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Series Editor Introduction

The Nutrition and Health Series of books have, as an overriding mission, to
provide health professionals with texts that are considered essential because each
includes (1) a synthesis of the state of the science; (2) timely, in-depth reviews by the
leading researchers in their respective fields; (3) extensive, up-to-date fully anno-
tated reference lists; (4) a detailed index; (5) relevant tables and figures; (6) identi-
fication of paradigm shifts and the consequences; (7) virtually no overlap of infor-
mation between chapters, but targeted, interchapter referrals; (8) suggestions of
areas for future research; and (9) balanced, data-driven answers to patient/health
professionals questions that are based upon the totality of evidence rather than the
findings of any single study.

The goal of the series is to develop volumes that are adopted as the standard text
in each area of nutritional sciences that the volume reviews. Evidence of the success
of the series is the publication of second, third, and even fourth editions of more
than half of the volumes published since the Nutrition and Health Series was
initiated in 1997. The series volumes that are considered for second and subsequent
editions have clearly demonstrated their value to health professionals. Second
editions provide readers with updated information as well as new chapters that
contain relevant up-to-date information. Each editor of new and updated volumes
has the potential to examine a chosen area with a broad perspective, both in subject
matter as well as in the choice of chapter authors. The international perspective,
especially with regard to public health initiatives, is emphasized where appropriate.
The editors, whose trainings are both research and practice oriented, have the
opportunity to develop a primary objective for their book, define the scope and
focus, and then invite the leading authorities from around the world to be part of
their initiative. The authors are encouraged to provide an overview of the field,
discuss their own research, and relate the research findings to potential human
health consequences. Because each book is developed de novo, the chapters are
coordinated so that the resulting volume imparts greater knowledge than the sum of
the information contained in the individual chapters.

‘‘Handbook of Drug–Nutrient Interactions – Second Edition’’ edited by Joseph I.
Boullata and Vincent T. Armenti fully exemplifies the Nutrition and Health Series’
goals. This volume is very timely as about 80% of Americans consume at least one
drug – defined as a pharmaceutically active agent – regularly. Moreover, the fastest
growing population in the United States as well as globally is that over 60 years of
age and especially the oldest-old, those over 80 years of age, and drug use increases
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with increasing age. Additionally, the aged are at greatest risk for both deficiencies
as well as overconsumption of certain nutrients that could be further exacerbated by
drug–nutrient interactions. The editors clearly understand the seriousness of the
issue of drug–nutrient interactions. They have stated that ‘‘In the care of patients,
both drug therapy and nutritional therapy are critical. The potential for drugs and
nutrients to interact with each other is significant, but unrecognized by many
clinicians. These interactions may result in therapeutic failure or adverse effects of
the drug, or alterations in the nutritional status of the patient – in either case
impacting the patient’s outcome.’’

This important handbook presents a timely review of the latest science concern-
ing drug–nutrient interactions as well as practical, data-driven guidance for the
management of at-risk populations exposed to therapeutic interventions. The over-
arching goal of the editors is to provide fully referenced information to health
professionals so they may enhance the nutritional welfare and overall health of
clients and patients who may not have been aware of potential unexpected drug–
nutrient interactions. This excellent, up-to-date handbook will add great value to
the practicing health professional as well as those professionals and students who
have an interest in the latest information on the science behind the interactions of
nutritional status and drug metabolism and vice versa, the changes in these inter-
actions during the lifespan, and the potential for drug–nutrient interactions, either
beneficial or harmful, to modulate the effects of chronic diseases and conditions
that are widely seen in the majority of patient populations.

Drs. Boullata and Armenti are internationally recognized leaders in the field of
pharmacology and nutrition with particular expertise in clinical approaches to
effective management of drug/disease/diet interactions. Dr. Boullata is a recognized
leader in the field of nutritional pharmacology, and Dr. Armenti is a transplant
surgeon, and they serve as professors of Pharmacology and Therapeutics and of
Pathology, Anatomy and Cell Biology, and Surgery respectively. Both editors are
excellent communicators and they have worked tirelessly to develop the second
edition of their handbook that is already established as the benchmark in the field of
clinical nutrition. This volume continues to include extensive, in-depth chapters
covering the most important aspects of the complex interactions between dietary
components and nutrient requirements and their impact on drug absorption, dis-
tribution, and elimination. Drugs used in the treatment of chronic diseases as well as
the acute conditions in both men and women are reviewed with the emphasis on the
effects of these therapies on nutritional status.

The introductory chapters provide readers with the basics of the complexities
involved in drug disposition as the drugs move from the absorptive surface to the
blood and then to target organs and organelles in the liver and other organs that
contain drug-metabolizing enzymes. Detailed information about dosing and poten-
tial drug/nutrient interactions is tabulated. Additionally, a new chapter on drug
transporters including informative tables concerning their location and the mole-
cules that are transported into and out of cells has been added to the handbook.
Drug-metabolizing enzymes have complex functions. The next chapter describes the
actions of many of the 57 functional CYP enzymes in the liver and cites over 300
references. Finally, to assure that all readers have a basic understanding of the
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human gastrointestinal tract, the last chapter in this part describes the effects of
food movements in the GI tract, the release of enzymes and signaling molecules in
themouth through the anus, and the absorption of food in the intestine. Thus, in the
first part of the volume, the reader is provided with valuable information about the
basics of drug as well as nutrient metabolism and a review of the drug classes and
their expected disposition within the body and transport, enzymatic conversions,
and potential interactions with dietary constituents.

Part II reviews the influence of nutritional status on drug disposition and effects.
Two chapters examine the effects of either under- or over-nutrition (obesity) on
drug disposition and their effects. Both comprehensive chapters review relevant
classes of drugs that can be most affected by low body weight and obesity or
overweight conditions. As more than half the US population is either overweight
or obese, this chapter is of great importance when considering drug doses for
efficacy.

Part III contains seven chapters that examine the influence of foods, nutrients,
and supplements on drug disposition. Co-administration of a drug with a meal can
have significant effects on the drug’s pharmacokinetics and is especially critical if
the drug has a relatively narrow window of efficacy. Specific information about the
negative effects of meals on absorption of protease inhibitors as well as the benefits
of modified-release oral dosage forms is presented. Practical examples, clinical
study designs, and tables describing medications to be taken with and without
food are included to better assure that the effect of food on drug efficacy is under-
stood by the health provider. Specific foods and food components have been found
to have significant effects on drug absorption and effectiveness. Macronutrients
including fat and protein, cruciferous vegetables, grapefruit juice, caffeine, alcohol,
vitamins, and certain herbs as well as food preparation, such as charcoal broiling,
can all affect drug disposition and are reviewed. Because the effect of grapefruit
juice and other juices can affect many drugs, this topic that includes over 200
references, is presented in detail in its own chapter. Certain drugs are poorly
absorbed, but absorption is best when taken with food and/or specific nutrients.
Certain adverse effects of drugs, such as competing with essential nutrients, can be
blunted with dietary changes. These beneficial drug–nutrient interactions are
described for the relevant drug classes in the next chapter. Use of dietary supple-
ments has increased dramatically in the United States over the past decade and the
variety of supplements and their regulation as well as effects on drug disposition
definitely deserved its own chapter. This chapter concentrates on the herbal dietary
supplements with the greatest amount of scientific data and includes discussions of
garlic, valerian, kava, ginkgo, St. John’s Wort, glucosamine/chondroitin, and gin-
seng. The author has included discussion points as well as responses for the
educator or health provider. The next two chapters examine the serious conditions
that are associated with enteral and parenteral nutrition and the effects of these
nutrient delivery systems to patients who are very often taking one or more medica-
tions.Enteral feeding adds complexity to drugpharmacokinetics as co-administration via
the tube can result in physical inactivation of the drug and/or modifications to certain
nutrients because of exposure to the drug. There is a detailed description of the types of
interactions possible betweendrug and enteral nutrition feeding aswell as effects of site of
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administration, types of enteral formulas and their nutritional components and impor-
tantly, a comprehensive tabulation, in 12 tables, of practice guidelines and data on the
drugs and their components, such as sorbitol, that may require careful administration to
the tube fed patient. Intravenous delivery of nutrients to patients is also obviously
complex and challenged further by drug administration. The compatibility and stability
of both drug and nutrients are discussed at length, and practice guidelines are provided,
as well as 10 informative tables.

Part IV describes the influence of medications on nutritional status and nutrient
distribution and effects, and it contains five chapters. The first chapter examines the
effects of specific drugs on weight (gain or loss), taste changes, altered GI motility,
and metabolic effects, including nutrient depletion. Detailed tables list drugs asso-
ciated with alterations in taste as well as medications that affect vitamin andmineral
status. Because cardiovascular disease is the number one killer in developed nations,
and the number and classes of drugs used to treat CVD increase annually, a separate
chapter is devoted to the influence of CVD medications on nutritional status. Ten
classes of CVD drugs are described in detail with emphasis on their overall effects as
well as specific effects of the most commonly used drugs on metabolism and
nutritional status. The chapter contains over 200 citations. Drugs that treat neuro-
logical illnesses, especially epilepsy, often adversely affect certain B vitamin levels
and several are classified as anti-folates. There are also adverse effects on bone and
vitamin D status with many of these drugs. Many of the drugs are teratogenic in
part a result of their effects on essential nutrients. Parkinsonism, stroke and major
brain injury treatments, and nutritional consequences are outlined as well. This
informative chapter contains clinical discussions and recommendations. The next
chapter provides more in-depth analysis of the physiological roles of folic acid and
the effects of drugs that adversely affect folate status. There is also a very useful
patient handout that can be used when prescribing an anti-folate such as those
included in the comprehensive tables of this chapter. The final chapter in this part
reviews the potential effects of drugs on mineral status and includes discussions of
sodium, potassium, phosphorus, magnesium, iron, copper, zinc, chromium, sele-
nium, fluoride, iodine, and relevant information on several other trace minerals that
are summarized in key tables. The potential for alcohol, illicit drugs, and cigarette
smoking to affect mineral status is included as well.

Of particular relevance to clinicians are the chapters in Part V that examine drug
nutrient interactions by life stages. Drug–nutrient interactions in infancy and child-
hood are reviewed with emphasis on the determination of correct dosage levels and
dosage forms for the young child. As with the chapter on enteral nutrition, the
physical effect of the drug when in contact with infant formula or foods is an
important aspect of avoiding adverse reactions. Herb–drug interactions are also
included as the use of these products in children has increased in recent years. This
chapter contains 13 tables with relevant practice information for the health-care
provider. The next chapter in this part reviews drug–nutrient interactions during
pregnancy and lactation. Drug effects on the embryo and fetus, placental transfer of
drugs, expansion of plasma volume, increases in estrogen and other hormones that
can alter metabolic rate, and alterations in renal function, drug effects on appetite
and nutrient absorption, drug effects on milk production, drug transfer to breast
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milk, infant exposure are reviewed, and useful tabulations including information
sources on risk of drug use in pregnancy and lactation are provided. The final
chapter in this part discusses drug–nutrient interaction in the elderly. This chapter is
especially valuable as about one-third of all prescriptions are given to elderly
patients who actually make up about 12% of the US population. Drug–nutrient
interactions may be of increased risk to the elderly because of the age-related
decreases in nutrient absorption, metabolism, and excretion independent of drug
use. The chapter provides important insights to help the health provider avoid the
real potential for drug-induced adverse health outcomes in elderly patients taking a
single or more likely multiple drugs daily. Moreover, the 5 comprehensive tables
and more than 250 references provide additional resources to the reader.

The final part of the volume looks at drug–nutrient interactions in individuals
who have either chronic diseases or special needs for certain classes of drugs. The
chapter on cancer patients is particularly sensitive to the potential for the older as
well as newer classes of drugs to affect the precarious health balance in these
patients. Tables in the chapter review potential specific drug-induced changes in
nutritional status in the cancer patient. Transplant patients also have unique needs,
and this chapter provides details about the current antibodies used for transplant
induction immediately following transplant and effects on the GI tract – specific
issues with transplant of the kidney, liver, pancreas, lung, heart, and small bowel –
and concentrates on the nutrient requirements for patients post-transplant. Two
chapters examine the effects of the major diseases of the immune system and the
effects of chronic infections on nutritional status and then review the nutritional
effects of the drugs used to treat these diseases. New and older classes of drugs for
HIV and tuberculosis have different effects on the GI tract and nutritional status,
and these effects are discussed. There is a comprehensive overview of the human
immune system, the effects of specific essential nutrient deficiencies, the effects of
major diseases of the immune systemwith a concentration on autoimmune diseases,
including rheumatoid arthritis, diabetes, and lupus, the drugs used in treatment and
the interactions of the disease, drug, and nutritional status. Also, there is an in-
depth discussion of the importance of pre- and probiotics especially in reference to
autoimmune diseases of the GI tract. The seven extensive tables compile informa-
tion on the major drugs to treat autoimmune diseases as well as infections; the
chapter contains more than 300 references.

Drug–nutrient interactions are complex, yet the editors and authors have pro-
vided chapters that balance the most technical information with practical discus-
sions of the importance for clients and patients as well as graduate and medical
students, health professionals, and academicians. Hallmarks of the chapters include
chapter outlines that reflect the content, discussion questions that can guide the
reader to the critical areas covered in each chapter, complete definitions of terms
with the abbreviation fully defined, and consistent use of terms between chapters.
There are over 120 relevant tables, graphs, and figures as well as more than 3800 up-
to-date references; all of the 26 chapters include a conclusion section that provides
the highlights of major findings. The volume contains a highly annotated index, and
within chapters, readers are referred to relevant information in other chapters.
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The editors of this comprehensive volume have chosen 42 of the most well-
recognized and respected authors who are internationally distinguished researchers,
clinicians, and epidemiologists who provide a broad foundation for understanding
the role nutritional status, dietary intakes, route of drug administration, life stages
of patients, and also disease state andmultiple drug use in the background of genetic
and clinical aspects of nutritional and therapeutic management of these interac-
tions. Recommendations and practice guidelines are included at the end of relevant
chapters.

In conclusion, ‘‘Handbook of Drug–Nutrient Interactions – Second Edition’’ edited
by Joseph I. Boullata andVincent T. Armenti provides health professionals inmany
areas of research and practice with the most up-to-date, well-referenced volume on
the importance of the consideration of drug–nutrient interactions for determining
the potential for optimal responses to the medicines that are provided to patients.
This volume will serve the reader as the benchmark in this complex area of inter-
relationships between nutritional status, physiological functioning of organ sys-
tems, disease status, age, sex, route of administration, and duration and strength of
dosage of the myriad of prescription drugs currently available for treatment. More-
over, the interactions between genetic and environmental factors and the numerous
co-morbidities seen especially in the aging population are clearly delineated so that
students as well as practitioners can better understand the complexities of these
interactions. Drs. Boullata and Armenti are applauded for their efforts to develop
the most authoritative resource in the field to date, and this excellent text is a very
welcome addition to the Nutrition and Health Series.

Adrianne Bendich, PhD, FACN
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Foreword

Interactions between drugs and nutrients can cause an alteration of the pharma-
cokinetics and pharmacodynamics of a drug or pharmaconutrient that compro-
mises nutritional status as a result of their interplay. This can be either harmful or
beneficial. Common adverse events include nutritional deficiencies, drug toxicity,
loss of therapeutic efficacy or disease control, and unwanted physiological changes.
The working definition of drug–nutrient interactions used in this excellent hand-
book is broader than often described elsewhere. It is defined as an interaction
resulting from a physical, chemical, physiological, or pathophysiological relation-
ship between a drug and a nutrient, multiple nutrients, food in general, or nutri-
tional status. The clinical consequences of an interaction are related to alterations in
the disposition and effect of the drug or nutrient.

Rational drug or nutrition therapy requires a management plan based on the
correct interpretation of the symptoms and knowledge of the physiological action of
the remedy. The physician must therefore make the correct diagnosis and under-
stand the pathophysiology of the disorder before deciding on drug treatment. They
should also know enough about the drugs, or receive appropriate pharmaceutical
and nutritional advice to select the right drug and administer it in the right dose for
the right length of time by the most appropriate route. In addition, the physician
must be aware of the potential for both drug–drug and drug–nutrient interactions
within the environmental, genetic, and disease-related context.

Pharmaceuticals and pharmaconutrients undergo metabolism through the
action of a diverse group of enzymes. The activity of these enzymes is affected
by both diet and genotype, and this may be relevant to disease risk, response to
diet, and also to optimization of drug dosage in a clinical setting. Dietary factors
influence the expression and function of these genes and are likely to have flow-
on effects on both drug elimination and disease pathogenesis. Polymorphisms in
genes are also critical in determining an individual response to either foods or
drugs. Given the number of nutrients and dietary components affecting the
immune response, a combined approach involving drugs and pharmaconutrients
may become increasingly important in future clinical strategies against illness and
disease.

These are exciting times for the pharmaceutical and nutritional sciences. Within
the space of only 30 years, I have been privileged to participate in and observe the
American Society for Parenteral and Enteral Nutrition (ASPEN) metamorphose
from a group of dedicated Americans pioneering advances in nutrition support into
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a widely respected multidisciplinary international scientific society promoting opti-
mal nutrition therapy and pharmaconutrition. These new paradigms encompass the
same scientific advances in immunology, molecular biology, nutrigenomics, and
substrate metabolism that are being investigated in the development of new phar-
maceuticals for therapeutic interventions into the major debilitating diseases of the
21st century. Providing optimal nutrition therapy is as vital to patient outcome as
prescribing the correct drug, but as our knowledge of clinical nutrition has
expanded, so too have the complexities of the nutrition and drug therapies that
patients are prescribed. Incorporating drug–nutrient interaction investigations into
new drug development programs may eventually become important for obtaining
regulatory approval as well as for improving patient outcome.

The goal of this second edition of theHandbook of Drug–Nutrient Interactions is
to provide an updated compilation of information on drug–nutrient interactions
that will enable health-care providers to better manage their patients. This textbook
is intended for use by physicians, pharmacists, nurses, dietitians, and others
involved in clinical practice with patients using medication as part of their manage-
ment regimen. This latest edition, with much new data, will meet its goal by
providing both the scientific basis and the clinical relevance with appropriate
recommendations for many interactions.

As a researcher and teacher, I particularly appreciate the accessibility and logical
simplicity of this reference text which falls naturally into a series of discrete parts:
the introductory section provides a basic introduction to drug–nutrient interactions,
drug and nutrient dispositions, transporters, and their metabolizing enzymes. This
is followed by an important part describing the influence of the extremes of nutri-
tional status, i.e., malnutrition and obesity, on drug disposition and effect. Then a
comprehensive part provides a series of chapters on the influence of food and food
supplements on drug absorption; fruit juice interactions with medicines; positive
drug–nutrient interactions; and enteral and parenteral nutrition. A separate part
addresses drugs which influence nutritional status, and a further series of related
chapters focus on the role of specific micro- and macro-nutrients in various life
stages with particular attention to interactions in infancy and childhood; pregnancy
and lactation; and very importantly drug–nutrient interactions in the elderly.
Between 10% and 12% of the population in most Western countries is over the
age of 65, and it is projected that one in five Americans will be elderly by 2030.
However, this relatively small percentage of patients already use more than a third
of all medicines prescribed. Moreover, polypharmacy or multiple drug therapy is
common in older people. Malnutrition is also more prevalent in the elderly and can
be associated with impaired food metabolism, affecting the pharmacokinetics and/
or pharmacodynamics of drugs resulting in new drug–nutrient or metabolite
interactions.

The editors, Joseph Boullata, PharmD, and Vincent Armenti, MD, PhD, have
performed an outstanding service to clinical pharmacology and pharmaconutrition
by bringing together a multi-disciplinary group of authors for the second edition of
this handbook. The authors, many of whom I am acquainted with throughASPEN,
are experts in their designated area. Although predominantly based in North
America, they comprise pharmacists, physicians, dietitians, nurses, and
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nutritionists, who successfully ensure the text is written in a clear, direct, and
authoritative style to appeal to their peers throughout the international health-
care community. Their expertise and experience provide not only a comprehensive
up-to-date text for the total management of patients on drug and/or nutrition
therapy but also an insight into the recent developments in drug–nutrition interac-
tions which will act as a reliable reference for clinicians and students for many years
to come.

Gil Hardy, PhD, FRSC
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Preface

In the 5 years since publication of the first edition of the Handbook of Drug–
Nutrient Interactions, new perspectives have emerged and new data have been
generated on the subject matter. We have attempted to capture this in the current
chapters which have all been revised or are completely new to this edition.

This book is intended for use by physicians, pharmacists, nurses, dietitians, and
others whether in training, in clinical practice, in academia, or in research. The book
has retained the goals of the previous edition which include improving recognition
and management of drug–nutrient interactions. The topic of drug–nutrient inter-
actions is significant for clinicians and researchers alike. For clinicians in particular,
the book offers a guide for understanding, identifying or predicting, and ultimately
preventing or managing drug–nutrient interactions to optimize patient care. The
book provides a scientific look behind many drug–nutrient interactions, examines
their relevance, offers recommendations, and suggests research questions to be
explored. Although not inclusive of every potential interaction, we hope that the
breadth and depth of the book will challenge readers to actively engage in improv-
ing the quantity and quality of data in the field. This will help increase the profile of
drug–nutrient interactions to that comparable with drug–drug interactions in the
care of patients.

We appreciate the dedication of our many authors and those who have provided
encouraging comments in the continued development of this reference work. While
we welcome new authors who have contributed their expertise and perspective to
the book, we remain indebted to the authors from the first edition who set the book
in motion, many of whom have worked to revise and update their chapters for this
second edition. We were, however, saddened by the loss of Mary Berg, who con-
tributed the original chapter on the Effects of Antiepileptics on Nutritional Status,
and by the loss of David Fleisher, who helped prepare the chapter on Drug
Absorption with Food. Each was a leader in the respective subject matter of their
chapter and will be greatly missed. As we look forward to the ongoing emergence of
new information concerning drug–nutrient interactions, we continue to welcome
comments from readers that will improve this book and the care of patients.

Joseph I. Boullata, PharmD, BCNSP
Vincent T. Armenti, MD, PhD
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I APPROACHING DRUG–NUTRIENT

INTERACTIONS



1 An Introduction to Drug–Nutrient
Interactions

Joseph I. Boullata

Objectives

� Define the term drug–nutrient interaction in its broadest sense.

� Describe the classification of drug–nutrient interactions with examples of each.

� List possible approaches for identifying, preventing, and managing drug–nutrient

interactions.

Key Words: Classification; dietary supplement; drug-nutrient; drug-food; interaction;

regulation

1. SCOPE OF THE ISSUE

Advances in the pharmaceutical sciences and nutritional sciences continue
unabated. Their application to patient care are expected to generate clinical benefits.
Currently there are thousands of drug products commercially available, and approxi-
mately 80% of Americans take at least one pharmacologically active agent on a
regular basis (1). The sales of pharmaceuticals continue to risewith figures suggesting
global sales of over 700 billion U.S. dollars in 2007, nearly 290 billion dollars of that
in the United States alone with just over 3.8 trillion prescriptions dispensed (2).
Prescription drug use and spending is projected to accelerate significantly despite
economic instability (3).

The use of food and nutritional products is more difficult to quantify, although
obviously widespread. The availability of food for daily consumption on a global
scale averages out to about 2800 kcal per individual (4). Data in the United States
suggest mean per capita consumption of 2157 kcal and 81.8 g protein daily (5). Of
course actual nutrient consumption is influenced by many factors from availability,
cost, and economics to beliefs and preferences, cultural traditions, and geography
(4). Environmental factors further influence the nutritional status of populations
and individuals.

From: Handbook of Drug-Nutrient Interactions
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Given the widespread use of medication combined with the variability in nutritional
status, dietary habits, and food composition, the number of potential interactions
between medication and nutrition is overwhelming. Although the number of inter-
actions and permutations may seem infinite and the proportion that may be clinically
significant is not clear, scientists and clinicians should not discount the relevance of
drug–nutrient interactions to either product development or clinical practice. The
prevalence rate for hospital admissions associatedwith adverse drug reactions in adults
ranges from 3.9% to 13.3% (6). The proportion of these that may be drug–nutrient
interactions is not known. An ongoing drawback that remains is the absence of
properly designed and conducted epidemiologic studies of drug–nutrient interactions
(7). This is in large part due to limited or unclear definitions in the literature.

2. DEFINITIONS

The working definition of drug–nutrient interactions used throughout this book is
broader than often described elsewhere. It is defined as an interaction resulting from a
physical, chemical, physiologic, or pathophysiologic relationship between a drug and
a nutrient,multiple nutrients, food in general, or nutritional status (8). An interaction
is considered to be clinically significant if it alters pharmacotherapeutic response or
compromisesnutritional status.The clinical consequences of an interaction are related
to alterations in the disposition and effect of the drug or nutrient. The term disposition
refers to the absorption, distribution, and elimination of a drug or nutrient which can
involve physiologic transporters andmetabolizing enzymes.And the term effect refers
to the physiologic action of a drug or nutrient at the level of cellular or subcellular
targets. Drug–nutrient interactions can influence health outcomes particularly in
vulnerable populations (9).

Several factors may influence the risk for developing a clinically significant
drug–nutrient interaction. These include patients with chronic disease who use multi-
ple medications, particularly those drugs with a narrow therapeutic index. The
prevalence of medication use in the elderly is widely recognized with consequences
that include greater adverse drug effects and drug–nutrient interactions (10). Indivi-
duals at either end of the age spectrum, as well as those with genetic variants in drug
transporters, enzymes, or receptors, impaired organ function, or poor nutritional
status, also have heightened susceptibility to interactions. In this sense, poor nutri-
tional status refers to altered body composition or function resulting from any
imbalance between an individual’s nutrient requirements and intake – whether the
imbalance is due to poor dietary intake or altered nutrient disposition.

Drug–nutrient interactions can be viewed in terms of pharmacokinetics and
pharmacodynamics. Drugs and nutrients can influence signal transduction
pathways that ultimately impact on drug-metabolizing enzymes and transporters
through receptor-mediated gene expression (11,12). The more that is known about
drugs serving as substrate, inducer, or inhibitor of various transporters and enzymes
in various tissues, the closer that direct or indirect interaction with nutrients that
influence these same proteins can be determined or predicted. Pharmacokinetic
interactions can involve enzymes and transporters that are implicated in drug
absorption, distribution, or elimination. Pharmacokinetic interactions are best
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defined by changes in drug or nutrient parameters (e.g., bioavailability, volume of
distribution, clearance). Pharmacodynamic interactions involve the clinical effect
of a drug or physiologic effect of a nutrient. Qualitative or quantitative measures of
drug action or of nutritional status help to define pharmacodynamic interactions.

3. PERSPECTIVES

3.1. Historic

For years, the potential for interactions between drug therapy and nutrition was
barely mentioned in reference works that probably should have discussed the subject
(13–15). This began to change with publication of classic findings such as the
influence of vitamin C deficiency on barbiturate action (16), the influence of iron
on tetracycline absorption (17), the influence of isonaizid on vitamin B6 metabolism
(18), as well as reviews on the impact of malnutrition on drug disposition (19), the
effect of food on drug absorption (20), and the influence of drugs on nutrient
disposition (21). This historic perspective has been described in further detail (22).
The increased awareness of drug–nutrient interactions has yet to be fully translated
and integrated into the general knowledge of clinicians, scientists, and regulators who
in turn have the ability to make meaningful contributions to the subject.

3.2. Clinician

Drug interactions contribute to adverse drug effects and can lead to withdrawal
of approved drugs from the market (23). Interactions between one drug and
another have long been recognized as influencing patient outcomes through altered
drug disposition and effect. Drug–nutrient interactions have been considered less
significant than drug–drug interactions with the former often limited in scope to the
dosing of an oral drug in relation to a meal or perhaps the effect of a drug on body
weight or serum glucose and electrolyte concentrations. Surveys suggest poor
knowledge of common drug–nutrient interactions among health-care providers,
with few offering counseling to most of their patients on the topic (24,25). Some
clinicians may recognize specific interactions as individual pieces of information – for
example, interactions that interfere with drug absorption (e.g., calcium-containing
food products and tetracycline or ciprofloxacin) or other well-described classic
interactions (e.g., tyramine-containing foods with monoamine oxidase inhibitors) –
but not realize that each can fit into a larger classification system. Generally, product
information is not considered an optimal resource for information on drug–nutrient
interactions (26). In order for clinicians to recognize, identify, prevent, or manage
drug–nutrient interactions thathave thepotential to influencepatientoutcome,amore
systematic approach to this area of therapeutics is necessary. Such an approach may
also be of value to product development.

3.3. Scientist

The science of describing drug–drug interactions has evolved significantly (27).
Drug–drug interactions are widely recognized, identified, and managed in practice.
The evaluation of drug–drug interactions is also inherent to the drug development
process as reflected in guidance documents for industry. Unfortunately, the same
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may not be said for drug–nutrient interactions yet. The same attention given to the
potential for pharmaceutical, pharmacokinetic, or pharmacodynamic drug–drug
interactions needs to be afforded to the study of drug–nutrient interactions (8).
Drug–nutrient interactions beyond meal effects need to be considered in new drug
evaluations as well (23). In themeantime, clinicians should have access to interaction
information that allows safe treatment approaches. Because of limited clinical
drug–nutrient interaction data generated as part of the drug development process,
much will have to be explored in postmarketing observational studies, or from
individual case reports, with subsequent mechanistic investigations and descriptions
when novel interactions are identified.

3.4. Regulatory

The philosophic approach of the U.S. Food and Drug Administration (FDA)
within the framework of the Federal Food, Drug and Cosmetic Act has been to
reserve enforcement only when regulatory violations are identified; otherwise, they
encourage industry self-regulation (28). As part of that encouragement, the FDA
provides guidance for industry on emerging aspects of drug development, approval,
and safety. Although the FDA still does not require an evaluation of drug–nutrient
interactions in its guidance process for drug development, there may be room for its
consideration within the drug interaction guidance (29,30). A good guidance
practice document, specific for drug–nutrient interactions, may be less likely to be
considered, although the FDA could identify issues and determine whether a work-
ing group needs to be developed. Among other features, a discussion of pharmaco-
kinetic and pharmacodynamic endpoints as well as evaluating the degree of change
following an interaction (enzyme or transporter) is equally relevant to drug–nutrient
interactions (29). Although these can be used to guide characterization of new
molecular entities in the drug development process, they can also be applied to
a reevaluation of high-risk drugs already in use. New data generated for the latter
will require revision to the labeling. Any identification of potential interactions based
on early in vitro study helps determine the necessity of subsequent in vivo evaluation.
Currently available decision trees can be modified to address drug–nutrient
interactions, as can existing criteria (e.g., identifying inhibitor or inducer substrate)
(29). For example, an enzyme inhibitor would have to result in a twofold increase in
the area under the concentration–time curve (AUC) to be considered ‘‘moderate’’ in
its effect.

4. CLASSIFICATION AND DESCRIPTIONS

Based on the working definition provided above, drug–nutrient interactions can
be classified into one of five broad categories (Table 1) (8). The many types of
drug–nutrient interactions can thus be categorized with each having an identified
precipitating factor and an object of the interaction. In some cases, the drug is the
precipitating factor (i.e., causing changes to nutritional status), while in others the
drug is the object of the interaction (i.e., changes in drug disposition or effect result
from a nutrient, food, or nutritional status). Drug–nutrient interactions are
clinically important if the precipitating factor produces significant change in the
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object of the interaction. Interactions that need to be totally avoided are not
common; instead close monitoring with modification to the dosing schedules is
usually all that is necessary. The nature of any physicochemical or physiologic
interaction and its mechanism may be further classified to help in predicting and
preventing their occurrence (Table 2) (31). Mechanisms of an interaction relate to
the physicochemical attributes of the medication and of the food or nutrient, within
the environmental matrix (e.g., the feeding tube or the patient). The consequence of
an interaction (altered disposition of a drug or nutrient) is linked to its location. For
example, at the gastrointestinal mucosa, an influence on membrane transporters
and/or metabolizing enzymes can alter the bioavailability of a drug or nutrient.
Another dimension to be considered is that physiologic manifestations of a

Table 1
Classification of Drug–Nutrient Interactions (8)

Precipitating factor
Object of the
interaction Potential consequencey

Nutritional status Drug Treatment failure or
drug toxicity

Food or food component Drug Treatment failure or
drug toxicity

Specific nutrient or other dietary
supplement ingredient

Drug Treatment failure or
drug toxicity

Drug Nutritional
status

Altered nutritional
status

Drug Specific nutrient Altered nutrient status

ySee text for specific examples.

Table 2
Location and Mechanisms of Drug–Nutrient Interactions (31)

Site of interaction Consequencey Mechanism of interaction

In drug (or nutrient)
delivery device or
gastrointestinal
lumen

Reduced
bioavailability

Physicochemical reaction
and inactivation

Gastrointestinal mucosa Altered
bioavailability

Altered transporter and/or
enzyme function

Systemic circulation or
tissues

Altered
distribution/
effect

Altered transporter, enzyme,
or other physiologic function

Organs of excretion Altered clearance Antagonism, impairment, or
modulation of elimination

yConsequence to the drug and/or nutrient.
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drug–nutrient interaction may differ based on gene polymorphism (e.g., methotrex-
ate and folic acid) (32,33). The role of polymorphisms in nuclear receptors, metab-
olizing enzymes, and other proteins needs to be taken into account (34). A brief
description of each drug–nutrient interaction category follows with select examples.

4.1. Nutritional Status Influences Drug Disposition

Pharmacokinetic and pharmacodynamic data in special patient populations
usually focus on those with renal impairment, hepatic dysfunction, or unique life-
stage attributes. Drug disposition is much less frequently assessed based on nutri-
tional status (e.g., protein-calorie malnutrition, obesity, micronutrient deficits),
although the influence on drug metabolism has been recognized (35–37). The
nutritional status of subjects in clinical drug trials has not always been well
described. Drug distribution and clearance are the pharmacokinetic parameters
most likely to be influenced by malnutrition. Nutritional status may modify
susceptibility to other chemical exposures as well (9). Therapeutic effectiveness or
risk for toxicity can be altered by the degree of malnutrition (38).

Reviews on drug class-specific considerations in obesity are welcome, given the
ongoing epidemic. Much attention has been paid to antimicrobials in obesity, in
view of the clinical repercussions of not accounting for altered drug distribution or
clearance (39). This has also been suggested in the case of antibiotics used in
undernourished children (40).

During treatment for cellulitis with piperacillin-tazobactam 3.375 g q4h
intravenously in a morbidly obese patient (body mass index [BMI] 50 kg/m2),
pharmacokinetic sampling revealed an altered volume of distribution (Vd) (0.33
L/kg) and clearance (Cl) (27 L/h) for piperacillin, compared with normal values
(41). This indicates that the dosing of piperacillin can be based on total body
weight, especially if dealing with a Pseudomnas aeruginosa minimum inhibitory
concentration (MIC) > 8 mg/L (41).

An area of particular concern is the preoperative dosing of antimicrobials to
prevent postoperative infection in obese patients undergoing surgical procedures.
A 1 g dose of cefazolin as antibiotic prophylaxis for surgery in patients with BMI
> 40 kg/m2 resulted in serum drug concentrations below the MIC for several
organisms, but adjustment to 2 g dosing reduced surgical site infection rates from
16.5% to 5.6%, p<0.03 (42). Mediastinitis following cardiac surgery in obese
patients may also be related to inadequate antimicrobial dosing (43). Cephalo-
sporin clearance may be increased in obesity, requiring repeated dosing during an
operation that lasts longer than 2–3 h (44).

Despite high protein binding and distribution predominantly within the extra-
cellular compartment, the pharmacokinetics of ertapenem differ based on BMI
(45). Following a standard 1 g intravenous dose, Vd was significantly higher in
normal weight subjects than in obese and severely obese subjects (0.078 L/kg vs
0.063 L/kg and 0.057 L/kg) (45). The significantly lower drug exposure (i.e.,
AUC0–1) in the obese and severely obese subjects translates into lower probability
of attaining drug exposure targets at a given MIC compared with normal weight
subjects (45). Further data are still needed to recommend more optimal drug-
dosing schemes for patients with poor nutritional status.
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4.2. Food Effect on Drug Disposition

4.2.1. FOOD IN GENERAL

Oral drug administration concurrent with food intake alters the physicochemical
conditions within the gastrointestinal tract andmay influence the rate and/or extent
of drug absorption. The latter is more clinically significant varying with drug
properties and meal characteristics. The ability to predict the influence of food on
drug disposition has become more grounded in science (46). Prediction based on
classifications of physicochemical drug properties (e.g., Biopharmaceutics Classi-
fication System [BCS] (47) or the Biopharmaceutics Drug Disposition Classifica-
tion System [BDDCS] (48)) together with physiologic variables has become useful.
The FDA issued a guidance for industry that expanded drug labeling to include this
most basic of information on one aspect of drug–nutrient interactions (49). The
recommended test meal using the concept of worst-case scenario contains about
800–1000 kcal with about 50% of calories as fat. While valuable information is
provided for clinical use of the marketed medication, it is also in the interest of drug
development to identify these interactions early. The BCS data generated in cell
culture can often predict human disposition although classifying medication by
BDDCS may allow better prediction of food effects (46,50).

The influence of food on a once-daily orally administered iron chelating agent
(deferasirox) was recently evaluated (51). This agent may be considered a BCS
Class II drug whose bioavailability (�70%) would be predicted to increase with a
meal (52). At a dose of 20 mg/kg, the administration of deferasirox was evaluated
one-half hour before a high-calorie meal (1000 kcal, 50% fat), one-half hour before
or with a more standard breakfast meal (450 kcal, % fat not described), and in a
fasted state (51). Drug bioavailability was increased when taken with food, and
more so at higher fat content of the meal. Bioavailability was greatest when
administered with a standard breakfast (1580 mmol �h �L�1), followed by a lower
exposurewhen administered one-half hour before eithermeal (1340mmol�h�L�1and
1320 mmol�h �L�1), and it was lowest in the fasted state (1060 mmol �h �L�1). The
food effect is likely a result of increased solubilization at a more optimal pH, fat
content, and surfactant level. From a pharmacodynamic standpoint, the plasma
concentrations of iron–drug complex in patients with iron overload were unaffected
by food intake (51). The current recommendation is to administer deferasirox
30 min before a meal (53). The magnitude of change in bioavailability would
determine how clinically significant the difference is between the fed and fasted
states. A similar approach can be taken when describing influences of specific foods
or nutrients on drug disposition.

4.2.2. SPECIFIC FOODS OR FOOD COMPONENTS

Specific foods may also have a unique influence on drug disposition. In vitro and
in vivo studies help to tease apart possible mechanisms of these interactions.

Di- and trivalent cation-containing dietary products including dairy foods are
known to chelate with the fluoroquinolone antibiotics and reduce their
bioavailability. This remains true for the newer drugs in this class (54). Cow’s
milk may also reduce drug bioavailability by its xanthine oxidase content as in the

Chapter 1 / An Introduction to Drug–Nutrient Interactions 9



case of mercaptopurine and its transformation to the inactive 6-thiouric acid by the
enzyme (55). It is suggested that a 6 h gap should be sufficient to prevent the
interaction (55).

Cruciferous vegetables are a dietary source of glucosinolates that are metabolized to
isothiocyanates and indoles. The isothiocyanates are not only substrates for but also
inducers of glutathione-S-transferase (GST) enzymes. The potential for interaction
with drugs metabolized through the various GST isoenzymes is not well described.
Whether any potential interactions are influenced further by polymorphism in these
enzymeswill also need to bemore closely evaluated.GSTgenotypemay not necessarily
predict the influence of dietary sources of isothiocyanates (56).

Soy protein isolates reduce the expression and activity of the cytochrome P450
(CYP)-metabolizing isoenzyme CYP1A1, most likely by a posttranslational
reduction of the transcription factor AhR (aryl hydrocarbon receptor) (57). Based
on a gene array screening method, soy isoflavones can significantly upregulate two
drug transporters and three phase I and two phase II enzymes (58). A soy extract-
containing product did not appear to influence losartan pharmacokinetics in healthy
subjects, although the supplement product contents were not confirmed (58a).

Several juices can interact with medication at the level of transporters and
metabolizing enzymes to a broader degree than first described (59,60). Juices can
have an influence on drug disposition based on furanocoumarin and flavonoid
content. For some juices, the evidence provided by case reports is only
circumstantial and, as in the case of the influence of cranberry juice on warfarin,
prospective study may reveal no pharmacokinetic mechanism for an interaction
(61,62). The influence on drug transporters and metabolizing enzymes from
consuming juices from pureed vegetables remains unknown.

4.2.3. OTHERS

The influence of enteral nutrition on drug disposition and drug effect would also
be included in this category of drug–nutrient interactions. A plurality of mechanisms
can be involved whereby drug bioavailability may be altered in the presence of
enteral nutrition (63,64). Parenteral nutrition although administered directly into a
large vein and obviously bypassing the gastrointestinal tract can also interact with
medication (65,66). Although technically considered a prescription medication
parenteral nutrient admixtures can interact at many levels. The same can be said
for individual nutrients (e.g., potassium chloride, magnesium sulfate, multivitamins)
administered parenterally.

4.3. Effect of Specific Nutrients or Other Dietary Supplement Ingredients
on Drug Disposition

Data are available on drug interactions associated with individual nutrients and
with non-nutrient dietary supplement ingredients (67,68). This includes divalent
and trivalent cations administered in pharmaceutical dosage forms which can
chelate several drugs and reduce bioavailability of both. Sometimes an ex vivo
interaction – for example, iron and mycophenolic acid (the active form of
mycophenolate mofetil) – as identified in a simple solvent may not occur to a similar
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or clinically relevant extent in simulated gastric acid (69). Mechanistically, these
interactions can otherwise occur because of altered intestinal transport and metab-
olism or systemic metabolism and excretion, as well as an additive, synergistic, or
antagonistic pharmacodynamic effect.

Vitamin D, particularly in its most biologically active form, increases the expres-
sion of several phase I and II metabolizing enzymes (70). This is not unexpected
given that the vitamin D receptor is a nuclear receptor in the same subfamily as
others involved in enzyme induction. The influence of a nutrient on drug disposition
may be a positive interaction. One example would be the use of pyridoxine in the
prevention or treatment of isoniazid toxicity (71).

Interacting compounds within this category can encompass the various classes of
polyphenols and other phytochemicals. These include the flavonoids, phenolic
acids, stilbenes, and lignans that may possess therapeutic effects (72). Even
bioactive peptides from plants and non-plant food sources may play a role (73).
These compounds are found not only in foods but increasingly in dietary
supplements. Culinary herbs and spices contain many bioactive compounds
including flavonoids, terpenes, and vanilloids, which may carry health benefits
but may also influence drug disposition (74). Other flavoring agents may also
need to be evaluated. The estimated mean flavonoid intake from dietary sources
in the United States is 190 mg/day (75). Risk assessment and safety evaluation of
flavonoid intake includes consideration of interactions with drugs (76). Many of
these polyphenolic compounds are substrates for drug-metabolizing enzymes and
transporters. The inhibitory influence of some polyphenolic compounds may be
broad, while others are isoenzyme specific (77). More data are available describing
their influence on efflux transporters than on uptake transporters (78,79). An in
vitro study using a cell culture overexpressing P-glycoprotein revealed that some
phytochemicals (e.g., capsaicin, curcumin, gingerol, resveratrol) have an inhibitory
effect on this efflux transporter (80). Some of these and additional phytochemicals
found in spices may also influence CYP3A4 metabolism (81). Influences of
flavonoids on the expression and activity of several CYP, GST,N-acetyltransferase
(NAT), sulfotransferase (SULT), and uridine diphosphate glucuronosyltransferase
(UGT) enzyme isoforms have been documented in vitro and in vivo (82). For
example, numerous in vitro studies suggest that the flavonoids – particularly the
flavonol quercetin – are consistently potent inhibitors of cytosolic SULT isozymes
relevant to drug metabolism (82). Aside from the usual cautions in interpretation
and extrapolation from in vitro and in vivo data, and given discrepant findings, only
a few studies in humans are available.

Daidzein is an isoflavone that consumers may use for managing osteoporosis or
perimenopausal symptoms. At an oral dose of 200 mg twice daily for 10 days,
daidzein increased the bioavailability of theophylline in healthy volunteers and
reduced its elimination as a result of diminished CYP1A2 activity (83). The
bioavailability of metronidazole may be increased by diosmin (a flavone) and
decreased by silymarin (a flavonoid found in milk thistle) in healthy volunteers
(84,85). Diosmin, used in the treatment of chronic venous insufficiency and
hemorrhoids, also increases the bioavailability of diclofenac possibly through
CYP2C9 inhibition (86).

Chapter 1 / An Introduction to Drug–Nutrient Interactions 11



4.4. Influence of Drugs on Global Nutritional Status

4.4.1. FOOD INTAKE AND ABSORPTION

The influence of medication on overall nutritional status can be multifactorial
(87). Drugs can influence food intake, digestion, and absorption. A drug may alter
food intake by direct effects on the gastrointestinal tract or the gut–brain axis. The
mechanism for the sensitivity of gastrointestinal function to drugs has not received
much attention (88). When significant, disturbance in gastrointestinal function
(e.g., taste disorder, stomatitis, nausea, vomiting, diarrhea) can impair individuals’
ability to maintain or improve their nutritional status. Alternatively indirect effects
on food intake may occur as a result of drug-induced cognitive disturbances, visual
changes, movement disorders, and gait abnormalities when severe. Impaired ability
to gather, prepare, or ingest food may play a role (89,90).

4.4.2. METABOLISM

Medication may also be associated with altered metabolic function. Metabolic
adverse effects (e.g., weight gain, hyperglycemia, dyslipidemia, osteoporosis) have
been documented. Some changes in global nutritional status (e.g., weight gain) may
be sought clinically as in the example of megestrol (91) but for others it is an
adverse event as in the case of antipsychotics (92). Several metabolic adverse effects
(i.e., weight gain, hyperglycemia, dyslipidemia) have been associated with the use of
the second-generation antipsychotics (93). An evaluation of a large database
revealed that weight gain (increased BMI) was significantly more likely with the use
of risperidone, quetiapine, and olanzapine compared with first-generation
antipsychotic agents, while weight gain was less likely with aripiprazole, ziprasidone,
and clozapine (92). In nonobese individuals, the increased body weight and BMI
associated with risperidone does not result in a predictable change in lipid profile
(94). Pharmacoepidemiologic data suggest that there is no predictable difference
between first- and second-generation antispychotics in resultant diabetes (95).
Other drugs, for example capecitabine, may cause severe hypertriglyceridemia
(> 500 mg/dL), particularly in at-risk individuals (96).

4.5. Influence of Medication on the Status of Specific Nutrients

The influence of medication on the status of a specific nutrient can also be
multifactorial (87). Drugs can influence nutrient absorption, distribution,
metabolism, and excretion. The significance of changes in nutrient status as a result
of medication use will be based in part on the relevance of individual markers.
Furthermore, any clinical manifestation may be patient-specific as much as
drug-specific. The development of an overt classic nutrient deficiency syndrome
would be considered an extremely rare result of an interaction. Instead, some lesser
degree of deficit may be associated with clinical manifestations. The concept that
some adverse drug effects are directly related to their influence on nutrient status is
not new. Drug-induced nutrient deficits may be considered a subclass of adverse
drug effects whether dose-related, duration-related, or idiosyncratic in nature. For
example, the ability of carbamazepine to alter biotin status by decreasing
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absorption and increasing clearance may account for some of the idiosyncratic
adverse effects observed with this antiepileptic drug (97–99). The influence on the
status of a nutrient in these circumstances may or may not be adequately addressed
by nutrient supplementation (100).

Carnitine deficiency can occur with valproic acid treatment, resulting in
reductions of both plasma-free carnitine and plasma total carnitine concentrations,
as well as a reduction in urinary total and free carnitine with chronic valproic acid
treatment (101–103). Tissue carnitine depletion during treatment with valproic
acid may in part be due to an inhibition of tissue uptake (104). Valproic acid
treatment is also associated with altered acylcarnitine subspecies that reflect impaired
intermediary metabolism likely responsible for drug-induced hepatotoxicity (105).
Valproic acid seems to inhibit the hepatic synthesis of carnitine thereby contributing to
a deficiency state. This appears to occur at the level of butyrobetaine hydroxylase but
without direct inhibition, likely a result of reduced a-ketoglutarate levels required as a
cofactor (106). This deficit may contribute to the drug’s adverse effects including
hyperammonemia. Management of clinical deficiency has required a significant dose
of carnitine in children, in which case symptoms resolved within 1 week of the inter-
vention (102). It has been suggested that oral L-carnitine supplementation be con-
sidered for patients with symptomatic valproic acid-associated hyperammonemia, or
those with multiple risk factors for valproic acid hepatotoxicity, and infants and
children using valproic acid (107). The recommended oral dose of L-carnitine is
100mg/kg daily to amaximum of 2 g daily. Intravenous administration of L-carnitine
is also an option for patients with valproic acid-induced hepatotoxicity or other acute
metabolic crises associatedwith carnitine deficits (107). Supplementationmay not be
needed in all patients receiving valproic acid who are otherwise healthy and ingest a
regular diet (108). An appropriate prophylactic dose has not been described.

Even the use of drugs of addiction may influence nutritional status. For example,
cigarette smoking is associated with diminished status of several nutrients including
folate, pyridoxine, and vitamin B12 even after adjustment for dietary intake in
otherwise healthy individuals (109). Tobacco smoking increases biotin metabolism
placing women in marginal deficiency, and it has been speculated that this may
contribute to teratogenicity (110).

There are some medication regimens that are associated with improvements in
nutrient status. For example, the use of highly active antiretroviral therapy in
management of HIV infection is associated with improved concentrations of
a-carotene, b-carotene, a-tocopherol, vitamin B12, and folate, although these find-
ings were not adjusted for inflammatory state (111). The 3-OH-3-CH3-glutaryl
coenzyme A (HMG-CoA) reductase inhibitors may improve vitamin D status,
which may play a role in the drug’s therapeutic benefit beyond cholesterol concen-
tration modification (112). The role played by the increased availability of
7-dehydrocholesterol as the vitamin D precursor in the skin following HMG-CoA
reductase inhibition is unclear.

Despite improved awareness, definitions, classification schemes, and multiple
examples of drug–nutrient interactions available in the literature, further progress
should be expected. In order to better recognize, identify, prevent, or manage
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drug–nutrient interactions, more systematic contributions to the database will be
needed from all sectors. These can then be applied in both product development and
patient care.

5. MOVING FORWARD

5.1. Product Development and Evaluation

In the process of advancing the drug–nutrient interaction database, one can start
with systems already in place. Much can be gathered from the learning curves built
in the study of drug–drug interactions, as well as from the advancements in nutri-
tion and food science (12,27, 113–116). For example, strategies for conducting in
vitro and in vivo studies, selection of doses and study endpoints, sample size and
data analysis considerations are already provided for in guidance documents on
drug–drug interactions (114). Additionally a good appreciation of nutritional
biochemistry and nutritional pharmacology is necessary. This would include an
understanding of the physicochemical properties, kinetics, and cellular functions of
each of the nutrients and other dietary components. Practical investigations for
integrating pharmacokinetic and pharmacodynamic data will require knowledge of
both drug and nutrient disposition.

Knowledge of the affinities of drugs and nutrients for transporters and enzymes
has become invaluable. The cellular signaling pathways for the influence on drug-
metabolizing enzymes continue to be studied as well (117). The role that nutrients
play at this level will also need to be closely evaluated to further develop
drug–nutrient interaction models. As an example, a concerted effort is needed to
identify or at least to try and predict adverse drug–flavonoid interactions.
Validation of in vitro data using in vivo models for both metabolism and transport
would be appropriate (118). This would seem prudent especially for those
flavonoids used in pharmacologic doses in dietary supplement products. This
would occur in parallel with further characterization of the disposition of each
flavonoid and its numerous metabolites.

Enterocyte and hepatocyte cell culture systems could be used keeping in mind
their limitations. The ability to mechanistically evaluate single and then multiple
enzymatic and transporter pathways may provide the ability to help predict clin-
ically relevant drug–nutrient interactions. In vitro systems expressing single drug
transporters may not be able to predict the findings from more complex systems or
in vivo experiments (119). Even a drug class known to inhibit a metabolizing
enzyme may turn out to interfere with uptake transporters as well (120).

Animal models may be useful in examining interactions further, keeping in mind
the disadvantage in extrapolation to humans that come with species differences
(121). Selecting compounds that are unique to an enzyme or transporter will allow
for better evaluation of specific drug–nutrient interactions. However, even this will
require further determination of the influence of enzyme or transporter polymorph-
isms on the results.

DNA chip technology continues to improve and can be a valuable tool to
quantitatively evaluate gene expression profiles in various tissues (11). Pharma-
cogenomic information on absorption, distribution, metabolism, and excretion that
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may improve drug use can be included in drug labeling and prescriber information
(122). Select drug–nutrient interactions that involve pharmacogenomic aspects
could easily be included as well. This should be considered in the drug development
process when previous data suggest any potential for interaction.

Ultimately the ability to document clinical and experimental drug–nutrient inter-
actiondata into accessible databaseswillmakepossible the generationand investigation
of hypotheses. This will be true whether the data are at the level of a nutrient-sensitive
gene, a patient outcome, or the various parameters in between. This may allow for
mixed effects modeling and improve predictions of clinically relevant interactions –
particularly those that do not develop acutely. The benefit of standardized experimental
design with pharmacokinetic and pharmacodynamic studies can be extended to
nutrition research generally as has recently been suggested (123). Physiologically
based modeling can be used to predict parameters of interest (124,125).

While incorporating drug–nutrient interaction research strategies into the drug
development process for new agents is possible, much research will need to be
conducted on drugs already in the marketplace. Starting with those drugs having
a narrow therapeutic index and those with well-characterized transport and metab-
olic pathways would seem appropriate. Quantitative prediction of the magnitude of
a drug–nutrient interaction based on in vitro data (i.e., in vitro–in vivo correlation)
is still not perfect. The magnitude of change in a given kinetic or dynamic parameter
will reflect the severity or clinical relevance of an interaction after taking patient
(e.g., age, organ function) and drug (e.g., therapeutic index) factors into consider-
ation. For example, the strength of a metabolic interaction could be based on the
degree to which the AUC is influenced. Prospective research is also required on the
provision of micronutrient supplementation in cases of drug-induced depletion
(e.g., pyridoxine therapy concurrent with a regimen of isoniazid or folic acid
therapy concurrent with phenytoin).

5.2. Patient Care

5.2.1. APPROACH

Tomaximize a drug’s benefit while minimizing adverse drug outcomes, it becomes
necessary to recognize drug–nutrient interactions systematically as part of the patient
assessment process or the drug regimen review. To achieve this, clinicians need to
increase their overall level of awareness of drug–nutrient interactions beyond a few
isolated examples. There is an expectation that clinicians in health-care systems
identify and address drug–nutrient interactions (126). Whether at the institutional
level, or at the patient level, more needs to be done. In practice, drug–nutrient
interactions can best be identified as part of a thorough assessment of a patient’s
history and physical examination. A nutritionally focused history and physical exam
is important to allow for identification of potential nutrient deficits which can still
occur even in high-risk groups using nutrient supplementation (127).

5.2.2. INSTITUTIONAL LEVEL

The current Joint Commission standards for patient care and for medication
management are broad based, integrated, and less prescriptive (126). There are no
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longer specific standards that address drug–nutrient interactions. Several standards
relating to patient assessment, patient care plans, medication order review, safe
medication administration, patient monitoring, and patient education in a collab-
orative fashion based on the patient’s needs would be interpreted to include
a system for drug–nutrient interaction identification and management. An element
of performance for standard MM.05.01.01 indicates that all medication orders
are reviewed by a pharmacist for ‘‘existing or potential interactions between the
medication ordered and food and medications the patient is currently taking’’ (126).
Although narrow in definition, it does suggest that an organization perform this
evaluation. The current National Patient Safety Goals include one goal to reduce
the harm associated with the use of anticoagulation therapy (128). An associated
element of performance for this highlighted example describes that the institution’s
dietary service is notified of all patients receiving warfarin and responds according to
an established food–medication interaction program. Clinicians representing all
disciplines should be expected to play a role in determining institutional policy and
procedures that provide a framework for evaluating drug–nutrient interactions.
Responsibilities can be assigned across disciplines based on availability, with the intent
of optimizing patient safety.

One approach is to have a subcommittee or working group of the institution’s
pharmacy and therapeutics committee take the responsibility to develop and
maintain a policy and procedure on drug–nutrient interactions. By nature, this
would be an interdisciplinary group that would determine in a practical manner
which high-risk medications (e.g., antiepileptics, antimicrobials, warfarin) or
high-risk patients (e.g., the elderly, obese, transplant recipients) for the institution
to manage in terms of drug–nutrient interactions. Procedures for identifying
patients with a potential drug–nutrient interaction complete with assigned
responsibilities and documentation of each intervention would be critical. Periodic
review of the policy, procedure, and interventions by the pharmacy and therapeutics
committee would allow any necessary feedback.

The adverse consequences of drug–nutrient interactions (e.g., decreased efficacy,
increased toxicity, altered nutritional status) do not discriminate by health-care setting.
Special attention would be given to patients at the greatest risk for interactions
regardless of the practice setting.

Much has been made about the interactions between food or specific nutrients
and the pharmacokinetics or pharmacodynamics of warfarin. The ability to predict
or avoid such interactions may still not guarantee optimal anticoagulation given the
large number of genes involved in drug disposition and effect that result in the
significant interindividual variability in dosing requirements for this drug (129).
Warfarin dose requirements are predominantly affected byCYP2C9 and VKORC1
genotype, and age (130), while CYP2C19 genotype does not appear to impact
warfarin pharmacodynamics (131). However, drug–nutrient interactions are still
significant at the level of intraindividual variability of therapeutic or toxic response.

5.2.3. INDIVIDUAL PRACTITIONER–PATIENT LEVEL

Clinicians can increase the attention paid to a patient’s nutritional status and
dietary habits before and during drug therapy. A focus on the most commonly used
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chronic medications, especially those with a narrow therapeutic index and those
with active metabolites, makes practical sense. Particular attention could also be
paid to medication used in the elderly, the critically ill, or those receiving enteral
or parenteral nutrition therapy.

Patient management will be based on the severity of the presenting drug–nutrient
interaction or the risk potential for an interaction. In many cases, close monitoring
is required, in others the regimen needs to be adjusted. If the therapeutic efficacy of
a drug regimen is different than expected, the clinician could evaluate whether this
outcome is related to the patient’s nutritional status, dietary habits, or specific
nutrient or other dietary supplement intake. Similarly, if a change to a patient’s
overall nutritional status or to the status of a specific nutrient or biomarker occurs,
the contribution of the drug regimen could be evaluated closely. A technology-
based system for reporting observed drug–nutrient interactions in combination
with a broader surveillance database system would be beneficial. Some drug–drug
interactions are only recognized with widespread use after the drug is marketed so
clinicians should remain just as vigilant for such a possibility with drug–nutrient
interactions. Clinicians and scientists should continue to be encouraged to inves-
tigate and report drug–nutrient interactions in the literature as well as to the
FDA.

As with drug–drug interactions, the clinical significance and severity of
drug–nutrient interactions can vary. A rudimentary scoring system was sug-
gested (8). Although this is clearly subjective – and as such beholden to bias
and nuances in the evidence available – it is a starting point (Table 3). The
ability to assign causation in a clinical case or series would be welcome. Such a
proposal has been presented (132) and used to successfully evaluate
drug–nutrient interactions (133). The drug interaction probability scale was
designed to assess the probability of a causal relationship between a drug
interaction and an adverse event, and it follows the pattern used in the
frequently cited probability scale for adverse drug reactions. With slight modi-
fication to account for this chapter’s broader definitions of precipitating
factors and objects of interaction, the scale is presented in Table 4. This will
benefit from wider use, modification if necessary, and further validation. A falsely
low probability score is a risk when inadequate data are available to evaluate a
potential interaction. This again highlights the need for all clinicians to be vigilant
in identifying and documenting drug–nutrient interactions.

A coordinated interdisciplinary team-based approach that includes dietitians,
nurses, pharmacists, and physicians is considered critical to managing patients with
the potential for drug–nutrient interactions (134,135). Drug–nutrient interaction
resources are varied and continually evolving in terms of depth, breadth, and
accessibility. Data that are available in textbooks, handbooks, Internet-enabled
personal digital assistants, or online sources can be used to help identify or manage
drug–nutrient interactions. As was recently suggested for drug–herb interactions
(136), effective screening tools would be advantageous in improving the ability to
predict clinically significant drug–nutrient interactions, especially those involving
enzymes and transporters. Decision support systems integrated into an institution’s
rules-based informatics systems can also be valuable.
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Table 4
The Drug Interaction Probability Scoring System and Scale (132)

Reply

Question
Yes Unknown

or N/A
No

� Are there previous credible reports of this
interaction in humans?

+1 0 �1

� Is the observed interaction consistent with
the known interactive properties of the
precipitating factor?

+1 0 �1

� Is the observed interaction consistent with
the known interactive properties of the
object?

+1 0 �1

� Is the event consistent with the known or
reasonable time course of the interaction
(onset and/or offset)?

+1 0 �1

� Did the interaction remit upon dechallenge of
the precipitating factor with no change in the
object?

+1 0 �2

o If so, did the interaction reappear when the
precipitating factor was readministered in the
presence of continued use of the object?

+2 0 �1

� Are there reasonable alternative causes for
the event?y

�1 0 +1

� Was the object of the interaction detectable
in the blood or other fluids in concentrations
consistent with the proposed interaction?

+1 0 0

� Was the drug interaction confirmed by any
objective evidence consistent with the effects
on the object (other than concentrations
from the previous question)?

+1 0 0

� Was the interaction greater when the
precipitating factor was increased or less
when the precipitating factor was decreased?

+1 0 �1

Total score ___

Score Probability

<2 Doubtful
2–4 Possible
5–8 Probable
>8 Highly probable

y ¼ Consider clinical conditions, other interacting drugs, lack of adherence, risk factors (e.g., age,
inappropriate drug doses); an answer of ‘‘no’’ presumes that enough information was presented so that

one would expect any alternative causes to be mentioned; when in doubt, use the ‘‘unknown or N/A’’
designation.
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6. FINAL THOUGHTS

Based on the working definition of drug–nutrient interactions, the scope of the
issue is quite wide and requires ongoing effort at multiple levels. At the most basic
level, recognition of drug–nutrient interactions can be improved by including the
topic in health-care professional curricula and at postgraduate educational sympo-
sia. Furthermore, formalized recognition of drug–nutrient interactions at the level
of drug development and regulation will be critical. The drug development process
can include the drug–nutrient interaction categories (Table 1) as a framework to
generate data (Table 2) that will be useful to clinicians. It will require the work of all
clinicians and investigators with an interest in improving patient care. Clinicians
investigate drug–nutrient interactions for their clinical relevance, while other inves-
tigators evaluate interactions for their mechanism. Once mechanisms are better
identified, management approaches for widely recognized drug–nutrient inter-
actions can be offered and evaluated prospectively. As the data become more
available, the system of categorizing drug–nutrient interactions, as well as scoring
their significance and severity, will become better established. There is no reason
that this cannot evolve in the same way that drug–drug interactions have. Good
clinical judgment remains the cornerstone until that day. The goal of optimal drug
and nutrient management in patient care must be met.
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2 Drug Disposition and Response

Robert B. Raffa

Objectives

� Review basic principles of pharmacokinetics related to the absorption, distribution, metab-

olism, and elimination of drugs and nutrients.

� Discuss factors that can affect these processes.

� Review basic principles of pharmacodynamics and the quantification of drug and nutrient

action.

� Highlight potential pharmacokinetic and pharmacodynamic sites of drug–nutrient

interactions.

Key Words: Bioavailability; elimination; pharmacokinetics; pharmacodynamics

1. INTRODUCTION

This chapter presents an overview of drug disposition (pharmacokinetics) and
drug action (pharmacodynamics) as a basis for understanding drug–nutrient inter-
actions. Pharmacokinetics is the term used to describe the disposition of a drug
throughout the body – that is, the drug’s absorption, distribution, metabolism, and
excretion (ADME). Pharmacodynamics is the term used to describe a drug’s effect
and how that effect is produced (its mechanism of action). A drug–nutrient inter-
action is medically significant if either the patient’s response to the drug or the
patient’s nutritional status is affected adversely. Therefore, this chapter highlights
processes that can contribute to either outcome.

2. PHARMACOKINETICS

A substance can produce an effect only if it can reach its physiological target(s) in
sufficient concentration. Hence, the extent and rate of disposition of a drug or a
nutrient is important for understanding or predicting the magnitude or the duration
of their effect or possible interaction. Several factors affect the absorption and
distribution of drugs and nutrients.
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2.1. Absorption

The route by which a substance is introduced into the body affects its pharma-
cokinetics (1,2,3).

2.1.1. SYSTEMIC ROUTES

Systemic routes of administration are those that deliver the substance with the
intent of producing a systemic (on the whole system) effect, rather than a local effect
(for example, on the skin). A subdivision of the systemic route of administration is
parenteral, which refers to systemic routes other than alimentary routes (e.g., oral,
sublingual, buccal, or rectal). Systemic routes of administration provide an
opportunity for drug–nutrient interaction at several levels, including the rate at
which drug substance or nutrient is available for absorption (e.g., dissolution rate,
degree of ionization, adsorption); the extent of plasma protein binding; and the rate
or the route of metabolism.

Oral (PO) administration is generally the simplest, most convenient, safest
(because of slower onset of drug effect and ability to reverse a mistake), and often
most economical route of administration. Most drugs are well absorbed from the
gastrointestinal (GI) tract. The rate and extent of absorption is a function of the
physiochemical properties of the substance (e.g., water or lipid solubility), its
formulation (e.g., tablet, capsule, liquid, slow-release reservoir, matrix), excipients,
physiological environment (e.g., high acidity of the stomach), andmetabolism in the
gut wall. Alteration of any of these features, for example, as a result of change in
diet, lifestyle, age, or health status, can affect absorption. Nutrients and foodstuffs
can affect the absorption of a drug by binding to it or by altering the physiologic
environment (e.g., pH of the stomach). The simple act of food ingestion, or even its
anticipation, can release digestive enzymes that inactivate certain drugs
(e.g., penicillins).

The intravenous (IV) route of administration delivers the drug directly into the
bloodstream. The drug is then delivered to the heart and from there to the general
circulation. The IV route bypasses problems of absorption from theGI tract, allows
for rapid adjustment of dose to effect, can be used even if the patient is unconscious,
and avoids the ‘‘first-pass effect’’ (see below). The related intraarterial route of
administration, although used much less commonly than IV administration, is
useful when infusion of a high concentration of drug into a specific target is desired.
Examples include chemotherapeutic agents for the treatment of certain cancers and
vasodilators for the treatment of Raynaud’s syndrome.

Subcutaneous (SC) administration involves drug delivery into the tissue beneath
the skin and its subsequent entry into the blood perfusing the tissue. Absorption
following SC administration is generally rapid, depending on blood perfusion of a
particular site, and the rate of absorption can be accelerated (e.g., by heating or
vasodilators) or slowed (e.g., by cooling, vasoconstrictors, or slow-release
formulations).

Intramuscular (IM) administration is generally rapid because of the high vascu-
larity of muscles. It also provides space for drug depots, such as sustained-release
formulations, provided a patient has sufficient skeletal muscle.
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Inhalation provides one of the most rapid routes of drug administration due to
the large surface area and high vascularity of the lungs, provided adequate doses of
the active drug reach the distal airway.

Other systemic routes include intraperitoneal, which is particularly useful for the
administration of drugs to small animals because it provides a rapid, convenient,
and reproducible technique, and transdermal, because of its convenience and use for
extended drug delivery.

2.1.2. TOPICAL ROUTES

Topical routes of administration are generally used for the purpose of local drug
action and are generally not sites of drug–nutrient interactions (a possible exception
is the reduction of ultraviolet light exposure by sunscreen lotions and the resulting
decreased activation of vitamin D). However, if the skin is damaged (such as by
abrasions or burns) or if transmucosal passage is significant, the drug does not
remain localized to the site of application and administration is akin to systemic
administration with the attendant opportunity for a drug–nutrient interaction.

2.1.3. OTHER ROUTES

Direct application of drugs for localized effects to the eye (ophthalmic adminis-
tration), ear (otic administration), nerves (intraneural administration), spinal cord
(e.g., epidural or intrathecal administration), or brain (e.g., intracerebroventricular
administration) does not often lead to significant interactions, but any substance
that alters the drug’s access to specialized compartments particularly via common
transporters (e.g., through the blood–brain barrier) can alter the magnitude or the
duration of the drug effect.

2.1.4. FACTORS THAT AFFECT ABSORPTION

The rate and extent of absorption of a drug or a nutrient is influenced by the
characteristics of the drug or the nutrient and by the characteristics of the patient at
the time of administration (4). For example, the rate of dissolution depends on how
the product is formulated and also on the person’s state of health and other factors,
such as diet.

The absorption (and elimination) of substances generally follows either
zero-order kinetics – i.e., a constant amount is absorbed (or eliminated) per unit
time (Fig. 1a) – or first-order kinetics – i.e., a constant fraction is absorbed (or
eliminated) per unit time (Fig. 1b). Most currently used drugs follow first-order
kinetics.

2.2. Distribution

Once a drug or a nutrient enters the bloodstream, it might bind to a plasma
protein (e.g., albumin). In addition, the drug or the nutrient usually must pass some
biological barrier in order to reach its site of action.

2.2.1. PLASMA PROTEIN BINDING

Depending on their physicochemical characteristics, drug molecules (D) can
form weak, reversible bonds with plasma proteins (P) according to the general
equilibrium interaction represented as D + P, DP (5). Drug–protein complexes
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(DP) have nothing to dowith the drug’s therapeutic effect, but in some instances can
significantly influence the magnitude or the duration of the drug’s effect. This is
because a plasma protein-bound drug is less likely to reach its site of action, is less
likely to be active at its site of action, and is less likely to pass into the renal tubules
and be excreted. Every drug binds to plasma proteins to a different extent. The
extent depends on the physiochemical properties of the drug and on the amount of
plasma proteins in the patient’s blood. Drugs that bind avidly with plasma proteins
are susceptible to interaction with other drugs and nutrients that also bind to the
same sites. Plasma protein binding is saturable (i.e., there is a finite number of such
sites) and competition occurs among all substances that have affinity for such sites,
introducing a new equilibrium between bound and free drug. Transition from the
‘‘bound’’ to the ‘‘free’’ state can result in a significant increase in the magnitude or
the duration of effect. Thus, plasma protein binding is a possible site for
interactions.

2.2.2. FIRST-PASS EFFECT

The venous drainage system of the stomach and intestines differs from that of
most other organs in a way that has implications for drug–nutrient interactions. The
venous drainage of most organs goes directly to the heart, but venous drainage of
the GI tract sends blood into the portal circulation, which delivers blood to the liver.
Hepatic venous drainage then goes to the heart. This is of clinical significance
because the liver is a site of active biotransformation (drug metabolism) and a
potential site for interactions. Biotransformation in the liver can be extensive
(>99% for some commonly used drugs). In some cases, this biotransformation
results in the conversion of an inactive parent substance (a prodrug) to its active
metabolite(s). More often, the metabolites are less active than the parent substance.
Once through the liver, the drug and its metabolites follow the venous drainage to
the heart and into the systemic circulation. All subsequent pharmacokinetic features
are the same as for any other systemically administered substance. Hence, the portal
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Fig. 1. (A) An example of a zero-order kinetics relationship. (B) An example of a first-order
kinetics relationship.
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circulation introduces a special influence on distribution during a substance’s
‘‘first-pass’’ into the circulation (6). Oral administration of drugs results in the
largest first-pass effect. Drugs that are administered IV are not subjected to a first-
pass effect.

The extent of first-pass metabolism is an important consideration in drug design,
formulation, and dosage regimen. For drugs that undergo high first-pass metab-
olism, small changes in the rate or the extent of biotransformation (as may occur
with interactions) can result in large changes in systemic blood levels. Changes in
biotransformation can result from changes in GI and liver function or on hepatic
drug-metabolizing enzymes brought about by other drugs, nutrients, or food
components.

2.2.3. BLOOD–BRAIN BARRIER

Many drugs have only limited ability to enter the brain because of their physico-
chemical properties. The morphologic basis for the blood–brain barrier includes
tight junctions between the epithelial cells lining the brain capillaries and transport
mechanisms that pump substances out of the brain. In general, the blood–brain
barrier restricts the passage of substances that are either too hydrophilic (water
soluble) or too lipophilic (fat soluble). Nutritionally required substances can be
actively transported across the blood–brain barrier (7).

The permeability of the blood–brain barrier depends on such factors as age,
disease, and other influences, including nutritional state. Plasma protein binding is
also a factor, since drug molecules highly bound to plasma proteins are less able to
traverse the blood–brain barrier. Hence, drug interaction at the level of plasma
protein binding can affect blood–brain barrier passage.

2.2.4. BIOLOGICAL MEMBRANES

Biological membranes are bilayer, phospholipid matrices containing cholesterol,
proteins, and other constituents. Drugs can be transported around or through these
membranes, depending on the properties of the drug and the composition of the
particular membrane (see Chapter 3). Some mechanisms of drug transport are as
follows (8):

Passive diffusion. If a drug is sufficiently lipid soluble, it can diffuse down its
concentration gradient (energy is not required, hence the diffusion is ‘‘passive’’). For
weak acids (HA , H+ + A�) and weak bases (BH+ , H+ + B), it is the
nonionized form (HA and B respectively) that is more lipid soluble. Simple diffusion
occurs according to Fick’s law:

dQ

dt
¼ �DA

dC

dx
;

where the flux of drug across a membrane is determined by the diffusion constant
(D), the surface area (A), and the drug concentration (C). This type of diffusion
favors molecules in the uncharged form and is a function of the pH of the environ-
ment at themembrane and the pKa of the drug according to relationships termed the
Henderson–Hasselbach equations:

Chapter 2 / Drug Disposition and Response 31



pKa ¼ pHþ log
HA

A�

� �

for weak acids and

pKa ¼ pHþ log
BHþ

B

� �

for weak bases. As described by these equations, absorption of weak acids
(e.g., aspirin) is favored over weak bases in the low pH of the stomach. However,
the total amount of absorption is usually greater in the intestines due to the much
higher surface area. Conversely, the absorption of weak bases is favored in the small
intestine (higher pH). Renal excretion follows the same pattern. Weak acids are
usually excreted in alkaline urine; weak bases are excreted faster in acidic urine.

Filtration. Some vascular bed capillaries have pores or channels that allow the
passage of low-molecular-weight substances, whether they are polar or nonpolar.
Such capillaries serve as molecular sieves (filters) that exclude molecules larger than
a certain size.

Carrier-mediated (facilitated) diffusion. Transport of some substances across
membranes, although by diffusion down a concentration gradient, is facilitated
by membrane-associated molecules (carriers). This type of diffusion is generally
selective for molecules having specific structures or another property. If the con-
centration of drug or nutrient exceeds the number of carriers, the process becomes
saturated and any further increase in drug or nutrient concentration will not
increase the rate of their passage across the membrane.

Active transport. Some molecules are transported across biological membranes
against their concentration gradient. Transport in this direction – ‘‘up’’ a concen-
tration gradient – is not favored thermodynamically and, hence, does not occur
spontaneously. It requires input of energy, which is commonly supplied by coupled
biochemical reactions that, for example, convert ATP to cAMP (catalyzed by Na+/
K+-ATPase). Active transport is similar to carrier-mediated (facilitated) diffusion
in that transport is mediated by a membrane-associated macromolecule (pump); it
is saturable; and it is usually selective for certain drugs or nutrients (based on size,
shape, or other characteristic). It differs in its requirement for energy and the ability
to pump against a concentration gradient.

Endocytosis. Some drugs and nutrients can be transported across biological
membranes by becoming entrapped (in ‘‘pits’’) and internalized (in ‘‘vesicles’’) with
varying degrees of selectivity. For example, sucrose and insulin can be internalized
in this manner.

2.2.5. BIOAVAILABILITY

Due to the multiple barriers to absorption, the amount of a drug that enters the
systemic circulation is less than the amount administered (with the exception of IV
administration). The proportion (expressed either as fraction or percent) of an
administered drug dose that reaches the systemic circulation is referred to as the
drug’s bioavailability. Factors that affect a drug’s bioavailability include the
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first-pass effect, the solubility and stability, and the formulation of the drug product
(including the quality control of its manufacture). In addition, a person’s dietary
patterns, nutritional status, and state of health can affect a drug’s bioavailability.

2.2.6. FACTORS THAT AFFECT DISTRIBUTION

Multiple factors affect the distribution of substances in the body. Some are
related to the substance itself, such as its physical characteristics (e.g., size, solu-
bility) and its chemical characteristics (e.g., ability to form bonds with plasma
proteins or other biochemical substances). Other factors are related to the state of
the physiological system, such as concentration of plasma proteins, lipid content of
barrier or target tissues, cardiac output, capillary permeability in target or other
tissues, and many others. Many of these factors are a function of age, disease, or
other influences.

2.3. Metabolism

Drugs and nutrients are often biotransformed (metabolized) to other substances
(metabolites) by a variety of biochemical reactions in a variety of locations through-
out the body (9). Almost all tissues can metabolize drugs, but the liver, GI tract,
and lungs are the major sites of drugmetabolism of most drugs in humans. The liver
plays a predominant role in drug metabolism for two reasons: first, because of its
strategic location relative to the portal circulation and second, because it contains
high levels of enzymes capable of metabolizing foreign substances (see Chapter 4).
In general, but not always, metabolites are less active andmore water soluble (which
favors excretion in the urine) than the parent substance. In some instances, active
metabolites are formed from inactive parent drugs, in which case the parent is
termed a prodrug. The most common chemical reactions that metabolize drugs
and nutrients can be conveniently categorized into two broad types: reactions that
alter the basic chemical structure of the parent molecule – Phase 1 reactions– and
reactions that result in the attachment of some endogenous substance to the parent
molecule – Phase 2 or conjugation reactions.

2.3.1. PHASE 1 REACTIONS

Phase 1 reactions often occur in the cytosol, mitochondria, and microsomes
(a subcellular component containing membrane-associated enzymes on the smooth
endoplasmic reticulum) of cells of the liver and other organs.

2.3.1.1. Oxidation. Oxidation (e.g., the addition of oxygen or the removal of
hydrogen from the parent molecule) is a common Phase 1-type reaction. Micro-
somal oxidation is a common mechanism of metabolism of many drugs and
nutrients because these substances typically have chemical structures that make
them susceptible to oxidation reactions. There is an extensive system (family) of
enzymes that are capable of catalyzing oxidation reactions. Primary components of
this system are cytochrome P-450 reductase and the many isozymes of cytochrome
P-450 (CYP). Examples of microsomal oxidation reactions are C-oxidation or
C-hydroxylation of aliphatic or aromatic groups;N- orO-dealkylation;N-oxidation
orN-hydroxylation; sulfoxide formation; deamination; and desulfuration. Examples
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of nonmicrosomal enzymes having important roles in the metabolism of endogenous
and exogenous substances include alcohol- and aldehyde dehydrogenase; xanthine
oxidase; tyrosine hydroxylase; and monoamine oxidase.

The family of CYP enzymes is particularly important in studying metabolism
because of themany drugs and nutrients that aremetabolized by these enzymes and,
in addition, the potential for drug–nutrient interactions (10). For example, it is
estimated that over 90% of presently used drugs are metabolized by one or more of
the CYP enzymes. Of the most commonly used drugs, about 50% are metabolized
by the CYP3A subfamily; about 25% by the CYP2D6 isozyme; about 15% by the
CYP2C9 isozyme; and about 5%by the CYP1A2 isozyme. Because the enzymes are
saturable, and can be induced or inhibited, there is significant potential for
interactions.

2.3.1.2. Reduction. Reduction reactions (e.g., the addition of hydrogen or the
removal of oxygen from the parent molecule) occur both in microsomal and non-
microsomal fractions of hepatic and other cells. Examples of such reactions include
nitro-, azo-, aldehyde-, ketone-, and quinone reduction.

2.3.1.3. Hydrolysis. Hydrolysis-type reactions can occur in multiple locations
throughout the body, including the plasma. Examples of some nonmicrosomal
hydrolases include esterases, peptidases, and amidases.

2.3.2. PHASE 2 REACTIONS

The coupling (conjugation) of an endogenous substance to a drug or a nutrient
molecule typically alters its three-dimensional shape sufficiently to result in a
decrease in biological activity. Conjugation also typically results in an increase in
water solubility of the substance, which decreases the amount that is reabsorbed
through renal tubules and thereby enhances the fraction that is excreted in the urine.
Conjugation with glucuronic acid (glucuronidation) is the most common conjuga-
tion reaction in humans. Other Phase 2 reactions include glycine-, glutamate-, or
glutathione-conjugation;N-acetylation (acetyl coenzymeA as acetyl donor);O-, S-,
or N-methylation (S-adenosylmethionine as methyl donor); and sulfate or sulfani-
late formation (30-phosphoadenosine 50-phosphosulfate as the sulfate donor).

2.3.3. SEQUENCE OF METABOLISM

It is common for a drug to be metabolized through several biotransformation
reactions, resulting in the production and the elimination of several or many
metabolites, each having its own pharmacokinetic and pharmacodynamic charac-
teristics. It is also common for a substance to undergo a Phase 2-type reaction
following a Phase 1-type reaction, but this sequence is not a requirement. It is
possible for a Phase 2 reaction to precede a Phase 1 reaction.

2.3.4. INDUCTION OR INHIBITION

Many of the enzymes involved in the biotransformation of drugs and nutrients
can be induced (increased in number and activity) or inhibited (reduced in number
and activity) by a variety of chemical substances, including themselves and other
drugs or nutrients (11). Induction results in an enhanced metabolism of molecules
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that are biotransformed by the same pathway and results in a decrease in the level of
parent molecule and increase in the level of metabolites. The biological effect will be
decreased if the parent is more active than its metabolites and increased if the parent
is a prodrug. The opposite occurs with enzyme inhibition.

2.3.5. FACTORS THAT AFFECT METABOLISM

Multiple factors can affect metabolism (12), including genetics (polymor-
phisms); the chemical properties of the drug or the nutrient (which determines
their susceptibility to the various types of metabolic reactions); the route of admin-
istration (which affects, for example, the extent of the first-pass effect); dose (which
can exceed the capacity of substrates for conjugation reactions); diet (which can also
affect the capacity of substrates for conjugation reactions); age and disease (which
can affect hepatic function); and others.

2.4. Elimination

The biological effects of exogenous substances are terminated by the combined
processes of redistribution,metabolism, and excretion – i.e., elimination (13). Several
factors affect the rate and extent of elimination, and accumulation occurs if the rate of
absorption and distribution of a drug or a nutrient exceeds the rate of elimination.

2.4.1. ROUTES OF ELIMINATION

In humans, the kidney is the major route for elimination ofmany drugs, partly due
to the fact that the kidneys receive about 20–25%of the cardiac output. Other sites of
elimination include the lungs, the feces, and (usually to a lesser, but no less important,
extent) sweat, saliva, blood loss, gastric fluid, breast milk, semen, and others.

Size exclusion prevents plasma proteins – and drug molecules that are bound to
them – from passing through the glomerulus of a healthy kidney. The fate of a
substance that passes into the nephron depends on the substance’s physicochemical
properties. Lipophilic substances (such as the nonionized form of weak acids or
bases) are more likely to be reabsorbed through the wall of the nephron and back
into the circulation. Hydrophilic substances (such as the ionized form of weak acids
or bases) are more likely to be excreted in the urine. The pH dependence of
ionization is exploited clinically by adjusting the urine pH. Some substances are
actively transported across the wall of the nephron either into or out of the lumen of
the nephron. Such transport processes are generally saturable and, thus, are
possible sites of drug–nutrient interactions.

2.4.2. RATE OF ELIMINATION

The elimination of most current drugs follows first-order kinetics (i.e., ‘‘expo-
nential decay’’) in which the drug concentration at any time t (Ct) is related to the
original drug concentration (Co) by the equation Ct= Co e�kt. In first-order
elimination, equal fractions of drug are eliminated in equal times and Co is reduced
by 50% in one half-life (t1/2). Other drugs are eliminated by zero-order (linear)
kinetics. In zero-order elimination, equal amounts of drug are eliminated in equal
times. In both cases, elimination is a function both of the substance and of the
condition of the patient.
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2.4.3. CLEARANCE

The rate of elimination (mass/time) of a substance is equal to its concentration
(mass/volume) times the ‘‘clearance’’ (volume/time). Clearance is the volume of a
compartment (e.g., blood) per unit of time that is ‘‘cleared’’ of the substance due to
elimination (e.g., metabolism or excretion). The equation that relates renal plasma
clearance (Cl), rate of excretion (Re), drug concentration in plasma (Cp), and drug
concentration in urine (Cu) is:

CICp ¼ CuRe:

2.4.4. EFFECT OF MULTIPLE DOSING

When a drug is administered according to a fixed-interval schedule, the rate of
accumulation is predictable from the dose and half-life. For example, following the
repeated IV dosing of a drug having first-order elimination kinetics, the mean drug
concentration (Cav) can be estimated from the dose (D) and the fraction of drug
remaining (F) by the equation

Cav ¼ �D = lnF:

The upper (Cmax) and lower (Cmin) bounds can be estimated by

D=ð1� F Þ andFD=ð1� F Þ;

respectively (Fig. 2). The actual clinical results depend on the patient’s individual
characteristics.

2.4.5. FACTORS THAT AFFECT ELIMINATION

In addition to the factors already cited, elimination can be accelerated by enzyme
induction, increases in urine flow, or by change in urine pH and can be slowed by
renal impairment, change in pH, or other patient-specific factors.

2.5. Pharmacogenetics

Pharmacogenetics (pharmacogenomics) is the study of how a person’s genetic
makeup (genotype) influences the way they respond to a drug (their phenotype in
this regard) and the role genetic differences play in interindividual variability of
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Fig. 2. An example of multiple dosing of a drug having first-order elimination kinetics. Cmax,
Cav, and Cmin are described in the text.
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response to drugs. Many genes that encode drug-metabolizing enzymes,
transporters, and receptors are now known to be genetically polymorphic – defined
as the ability of a gene to assume multiple forms, where the least common allele
occurs in >1% of the population. The variation can be in the gene promoter, the
coding region (exons), the noncoding region (introns), or an untranslated gene
sequence. A polymorphism in any region can lead to faulty protein structure or
expression and there are numerous clinical examples of polymorphic enzymes
altering a drug’s disposition or effect. Single nucleotide polymorphisms (SNPs)
are defined as mutations that involve a single DNA base substitution. SNPs are
the most common variants in the human genome.

Knowledge of a person’s phenotype can facilitate better choice of therapeutic
approach and the design of more optimal drug regimens, particularly in patients
who may not be achieving the expected effect of a drug.

3. PHARMACODYNAMICS

A substance produces a biological effect by modification or interaction with
ongoing physiological processes. In some cases the target is foreign (e.g., bacteria
or viruses) or aberrant (cancer cells). Inmost other cases, the target is part of normal
physiology (e.g., enzymes or receptors). Drug actions are quantified and evaluated
using dose–response curves.

3.1. Mechanisms of Action

In the broadest sense, drug effects can be categorized into fourmajormechanisms
(14). They can kill invading organisms (e.g., antibiotics or antivirals), they can kill
aberrant cells (e.g., many cancer chemotherapies), they can neutralize acids
(antacids), and they can modify physiological processes.

3.1.1. ANTIBIOTICS/ANTIVIRALS

Antibiotics and antivirals target biochemical processes of invading organisms.
For example, penicillins, cephalosporins, carbapenems, and monobactams, which
have chemical structures that contain a b-lactam ring, disrupt cell walls or inhibit
their synthesis. Sulfonamides and trimethoprim act on enzymatic pathways,
resulting in the inhibition of folic acid synthesis. Aminoglycosides, tetracyclines,
chloramphenicol, and erythromycin interfere with mechanisms involved in the
synthesis of bacterial proteins. Quinolones inhibit bacterial DNA gyrase. Most
antivirals work by inhibiting viral replication. In all cases, the clinical utility is
significantly increased when the drug exhibits selectivity for biochemical processes
essential to the invading organism, but not essential to humans.

3.1.2. CANCER CHEMOTHERAPY

Much current cancer chemotherapy (antineoplastic agents) involves the use of
substances that are cytotoxic. In general, current antineoplastic drugs can be
divided into four major classes: alkylating agents, antimetabolites, alkaloids, and
antibiotics. Alkylating agents bind covalently to DNA, thereby impeding replica-
tion and transcription, leading to cell death. Antimetabolite drugs compete with
critical precursors of RNAandDNA synthesis, thereby inhibiting cell proliferation.
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Alkaloids inhibit microtubular formation and topoisomerase function, thereby
blocking cell division and DNA replication. Certain antibiotics inhibit RNA and
DNA synthesis. Many patients receive combinations of these drugs.

3.1.3. ANTACIDS

Excess gastric acidity is reduced by treatment with antacids, which are weak bases
that convert gastric (hydrochloric) acid to water and a salt. Most antacids in current
use contain aluminum hydroxide, magnesium hydroxide, sodium bicarbonate, or a
calcium salt.

3.1.4. MODULATION

The chemical nature of cellular function and communication within and between
cells allows for modulation by endogenous chemical substances (drugs and
nutrients). The targets of such modulation include enzymes, DNA, and a variety
of other molecules involved in the synthesis, storage, metabolism, or elimination of
endogenous substances.

3.2. Receptors

Many drugs interact with macromolecular components of cells that then initiate a
chainof events that lead to thedrug’s effect. In the commonlyusedanalogy, the receptor
is likea light switch.Abetteranalogy is thata receptor is likeadimmerswitch, since there
is generally some basal level of activity. A receptor also serves to limit the access to the
switch to only a select number of specific molecules (by ‘‘lock-and-key’’ fit).

3.2.1. OCCUPATION THEORY

Receptors are activated when specific molecules (drugs) form weak intermo-
lecular bonds with them – the magnitude of such a drug’s effect is related to the
number (or the fraction of the total) of receptors that are ‘‘occupied’’ (15). The
formation of drug–receptor complexes is usually reversible such that the reaction
between drug molecule (D) and receptor molecule (R) is an equilibrium reaction
that can be described and characterized – as any other chemical equilibrium
reaction – according to the equation D + R , DR. The ‘‘driving force’’ for the
reaction to proceed in the direction of drug–receptor complex depends on the
Gibb’s free energy difference (DG) according to DG ¼ �RT lnKeq, where R is a
constant, T is the temperature (Kelvin), and Keq is the equilibrium constant (16).

3.2.2. AGONISTS AND ANTAGONISTS

The vast majority of chemical substances do not fit a binding site on any receptor.
Chemicals that do bind to receptors are said to do so with a certain affinity, the
magnitude of which is given by the reciprocal of the equilibrium constant and
termed the ‘‘dissociation constant’’ (often designated as KD). Only a subset of
substances that bind to receptors are capable of eliciting an effect through the
receptor, i.e., have intrinsic activity. Substances that have affinity and intrinsic
activity are termed agonists and substances that have affinity, but not intrinsic
activity, are termed antagonists. Antagonists competitively or noncompetitively
inhibit the access of agonists to their receptors. Since receptors mediate the effects
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of endogenous agonists such as neurotransmitters, hormones, and peptides, antag-
onist drugs – although lacking intrinsic activity in vitro – can produce biological
effects in vivo by attenuating the signal of the endogenous agonist.

3.2.3. SIGNAL FIDELITY

One of the major functions of receptors is to provide the necessary fidelity for
accurate and reliable communication between neurons or other cells. The ‘‘lock-and-
key’’ requirement restricts access only to molecules of specific three-dimensional
shape. The fit is sufficiently flexible, however, that certain molecules (such as drugs)
having three-dimensional shapes similar to the endogenous ligand can bind to their
receptors (with greater or lesser affinity and intrinsic activity).

3.2.4. ‘‘UP-’’ AND ‘‘DOWNREGULATION’’

The number of receptors expressed at any given time is the difference between the
number synthesized and the number destroyed or internalized and, thus, is a
function of the age, health, and other characteristics of the individual. Repeated
exposure to an agonist or an antagonist can alter the number of expressed receptors.
The change in receptor number is often interpreted as the body’s attempt to
counteract excess action of an agonist or an antagonist and an effort to reestablish
homeostasis. More permanent change in receptor number can result from drug
effects at the level of the gene.

3.3. Signal Transduction

Signal transduction refers to the postreceptor sequence of events that lead to
an agonist’s effect. Transduction mechanisms can be divided broadly into two
types: ionotropic, in which activation of the receptor leads directly to influx of
ions, and metabotropic, in which activation of the receptor actuates a series of
biochemical second messengers that mediate the response (17).

3.3.1. LIGAND-GATED ION CHANNELS

Located on the membranes of excitable cells, ligand-gated ion channel receptors
(LGICRs) are comprised of segments of transmembrane proteins that form pores of
specific size and shape that allow the passage of certain ions. The magnitude or the
rate of flow of ions through the membrane is regulated by the binding of ligand to
the receptor. LGICRs usually display selectivity for ions (e.g., Na+, K+, Ca2+, or
Cl�) and can be composed of subunits that can be expressed or coupled in different
ways in different cells, thus mediating a variety of effects. Examples of LGICRs are
the nicotinic cholinergic, GABAA, glutamate, and glycine receptors.

3.3.2. GPCRS

The G-protein-coupled receptors (GPCRs) typically include seven transmem-
brane regions, an N-terminal extracellular region, and a C-terminal intracellular
region (18). A group of guanosine triphosphate (GTP) protein subtypes are
coupled to the receptor. Ligand activation of a GPCR induces GDP–GTP
exchange and modulation of associated second messengers such as adenylate
cyclase, phosphoinositide pathways, and ion channels. Multiple G-protein
subtypes allow for selective responses (19).
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3.3.3. TYROSINE KINASE RECEPTORS

Tyrosine kinase receptors span the cell membrane and their self-contained
catalytic domain functions as an enzyme. Examples include receptors for certain
growth factors and insulin.

3.3.4. NUCLEAR RECEPTORS

A large group of intracellular receptors, referred to as the nuclear receptors, are
ligand-dependent transcription factors that regulate gene expression. Along with
coreceptors and cofactors, the activation or the inhibition of these receptors
influences the synthesis and regulation of proteins (e.g., enzymes and receptors)
and other cellular components.

3.4. Dose–Response Curves

The relationship between the dose of a drug and its corresponding response is a
useful measure of effect from both a mechanistic and a practical standpoint. For
example, given a reaction scheme of the form D + R , DR, it follows that the
shape of the dose–response curve should be hyperbolic, something that is observed
for many drugs (19). In addition, certain features of a dose–response curve can
yield clinically valuable information, such as a measure of relative potency or
efficacy (20).

Several ways of displaying a dose–response curve are described in the following
sections. The type of display can affect certain mathematical (statistical) analyses of
the data (for details, see ref. (21)).

3.4.1. QUANTAL

A ‘‘quantal’’ dose–response curve is one in which the dependent variable, usually
plotted on the ordinate (y-axis), is measured as an all-or-none outcome (e.g., the
number of patients with systolic blood pressure greater than 140 mm Hg).

3.4.2. GRADED

A ‘‘graded’’ dose–response curve is one in which the dependent variable is
measured using a continuous scale (e.g., systolic blood pressure in mm Hg). As
with a quantal dose–response curve, the set of points on rectangular coordinates
derived from plotting the measured effect against the administered dose typically
forms a pattern that approximates a rectangular hyperbola (Fig. 3A).

3.4.3. LOG

For practical, and now partly unnecessary but historical, reasons, dose–response
curves are commonly constructed by plotting the response against the logarithm
(base 10) of the dose. The shape of such curves becomes sigmoidal or ‘‘S shaped’’ (Fig.
3B). This has become so customary that such a plot is often called a dose–response
curve, although log(dose)–response curve is more precise.

3.4.4. POTENCY AND EFFICACY

The dose of the drug estimated to produce 50% effect is termed the ED50 (or
equivalent) for a quantal dose–response curve and the D50 (or equivalent) for
a graded dose–response curve. Potency is a comparative term that refers to the
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amount of substance that is required to produce a specified level of effect (Fig. 4A).
Efficacy is a term that refers to a substance’s ability to achieve a certain degree of
response under specified conditions (Fig. 4B). Potency and efficacy are independent
characteristics.

3.4.5. ANTAGONISM

Antagonists, though lacking intrinsic activity, can produce effects when given to
a patient because they attenuate the action of an endogenous agonist involved in a
pathway that is tonically active. For example, antagonists of the muscarinic
cholinergic receptor attenuate the parasympathetic influence on heart rate, with
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Fig. 4. (A) Potency is indicated by the location of a dose–response curve along the x-axis. (B)
Efficacy is indicated by the maximal-attainable level of effect under specified conditions.
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Fig. 3. (A) A dose–response curve on rectangular coordinates. (B) Quantal or graded dose–
response data plotted against log10(dose).
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consequent increase in heart rate due to the less-opposed influence of the sympa-
thetic subdivision. Such ‘‘effects’’ of an antagonist can also be characterized by a
dose–response curve.

4. CONCLUSION

Drugs are substances taken to defend against invading organisms or to correct
aberrant physiological processes, while nutrients are substances taken for main-
tenance of normal physiological processes. Both types of substance are desirable.
Both types of substances also have chemical compositions that, by nature or by
design, interact with common sites within the body. Therefore, drug–nutrient
interactions can occur. The interactions can be deleterious to the intended action
of the drug or to the nutritional status of the patient. Either outcome is undesirable.
The principles of drug disposition and response outlined in this chapter provide the
basis for understanding, or predicting, such interactions. They further provide a
foundation for the more detailed treatments of these interactions presented
throughout the rest of this book.

Take Home Points

� In the broadest sense, drugs and nutrients share the feature of being chemical
substances that – within a proscribed concentration range – produce a beneficial
physiological effect.

� Drugs and nutrients share several common sites of transport within the body
(absorption, distribution, metabolism, and elimination), each of which represents
a potential site of drug–nutrient interaction.

� Drugs and nutrients produce their effects through similar pharmacodynamic
mechanisms (e.g., enzymes and receptors), which can be sites of drug–nutrient
interaction.

� The clinical significance of a pharmacokinetic or a pharmacodynamic drug–nutrient
interaction can be highly dependent on the individual patient – i.e., a function of
patient’s general health, nutritional status, age, etc.

� The basic principles of pharmacokinetics and pharmacodynamics provide a basis
for understanding the occurrence and treatment of drug–nutrient interactions.
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3 Drug Transporters

Richard H. Ho and Richard B. Kim

Objectives

� Illustrate the critical importance of uptake and efflux transporters to drug disposition and

maintenance of normal physiologic homeostasis.

� Discuss major uptake and efflux transporters involved in the absorption, tissue distribution,

and excretion of endobiotic and exobiotic compounds.

� Demonstrate the complexity of tissue-specific expression, overlap, and distribution of trans-

porters are important to drug disposition.

� Highlight the importance of drug transporters to clinically observed drug–drug interactions,

drug–nutrient interactions, and drug-mediated adverse effects.

� Underscore the notion that genetic heterogeneity in drug transporter genes contributes to the

oft witnessed interindividual variability in drug disposition.

Key Words: uptake transporter; efflux transporter; drug interaction; polymorphism;

drug disposition

1. INTRODUCTION

Drug efficacy is dependent on the interplay among multiple processes which govern
drug disposition (pharmacokinetics) and response (pharmacodynamics) (1,2). For
orally administered drugs, their pharmacologic action is dependent on adequate intes-
tinal absorption anddistribution to sites of action, prior to their elimination bymetabolic
and excretory pathways in organs such as the liver and kidney. Membrane transporters
have long been recognized to be an important class of proteins for regulating cellular and
physiologic solute and fluid balance and not surprisingly, it has been estimated that
nearly 1000 genes encode transport proteins (3,4). Some facilitate the cellular entry of
solutes or substrates while others prevent their entry. The goal of this chapter is to
summarize the current state of knowledge in the area of human transporters of relevance
to drug disposition. The molecular, biochemical, and physiological roles of each trans-
porter will be systematically outlined as well as functional relevance to the drug dispos-
ition process. Their potential role in drug–nutrient interactions becomes clear, given
common transporters for some drugs, nutrients, and other food components.

From: Handbook of Drug-Nutrient Interactions
Edited by: J.I. Boullata, V.T. Armenti, DOI 10.1007/978-1-60327-362-6_3

� Humana Press, a part of Springer ScienceþBusiness Media, LLC 2010
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2. TRANSPORTERS AND DRUG DISPOSITION

Drug transporters can be generally separated into twomajor classes – uptake and
efflux transporters (Table 1). As the name suggests, uptake transporters facilitate
the movement of drugs into cells. Of relevance to drug uptake are members of the
solute carrier (SLC) superfamily that includes the organic anion transporting poly-
peptide (OATP; SLCO) family (5), the organic anion transporter (OAT; SLC22A)
and the organic cation transporter (OCT; SLC22A) family, and the organic cation/
carnitine transporter (OCTN; SLC22A) family. Efflux transporters, on the other
hand, export drugs from the intracellular to the extracellular environment, often
against high concentration gradients, thereby requiring energy. Most efflux trans-
porters belong to the ATP-binding cassette (ABC) superfamily of transmembrane
proteins and utilize ATP hydrolysis to catalyze substrate translocation across bio-
logical membranes. Key members of the ABC transporter superfamily of particular
relevance to drug disposition are members of the P-glycoprotein (ABCB) family,
such as multidrug resistance protein 1 (MDR1; ABCB1) and the bile salt export
pump (BSEP; ABCB11), the multidrug resistance-associated (MRP; ABCC) pro-
tein family, and the breast cancer resistance protein (BCRP; ABCG).

Important to our understanding of transporter-mediated drug disposition is the
dynamic interplay between uptake and efflux transporters within any given epithe-
lial cells, where the movement of drugs across such cellular compartments may be
impeded or facilitated by the localization of transporters on apical or basolateral
membranes. Furthermore, the net directional or vectorial movement is markedly
affected by or dependent on the relative expression, activity, and substrate affinity
for the individual transporter (Fig. 1). Therefore, it is not surprising to see that the
net drug movement across organs such as the liver, kidney, and brain is highly
dependent on not only the complement of transporters but also their subcellular
localization. Considering that a number of known substrates of both uptake and
efflux transporters are environmental toxins or present in plant material, from an
evolutionary point of view, a number of transporters currently thought to play an
important role in drug disposition appear to have evolved to either enhance toxin
elimination or prevent their absorption from the gastrointestinal tract.

3. UPTAKE TRANSPORTERS

3.1. Organic Anion Transporting Polypeptides

The organic anion transporting polypeptides (OATPs) represent a superfamily of
important membrane transport proteins that mediate the sodium-independent
transport of a diverse range of amphipathic organic compounds including bile
salts, steroid conjugates, thyroid hormones, anionic peptides, numerous drugs,
and other xenobiotic substances (5). The OATP nomenclature system is based on
amino acid sequence identities. Using this approach specific families, subfamilies
and individual members can be defined (10) (http://www.bioparadigms.org/slc/
intro.asp). The general predicted OATP structure consists of proteins with 12
transmembrane (TM) domains with many conserved cysteine residues, N-glycosy-
lation sites in extracellular loops 2 and 5, and what is considered to be a consensus
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Fig. 1. Organ-specific expression of drug transporters. The compartmental expression of trans-
porters in various organs plays a critical role in the drug disposition process. In organs such as the
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superfamily signature of D-X-RW-(I,V)-GAWW-X-G-(F,L)-L at the junction
between extracellular loop 3 and TM 6 (5). The mechanism of transport appears
to consist of anion exchange by coupling the cellular uptake of substrate with the
efflux of endogenous conjugates such as bicarbonate, glutathione, and glutathione-
S-conjugates in a process that seems to be pH dependent and electroneutral (6–11).

3.1.1. OATP1A2 (OATP-A; SLCO1A2)

OATP1A2was the first humanmember of this family isolated using in situ hybrid-
ization screening from a human liver cDNA library. Interestingly, its expression was
noted to be strongest in brain and kidney (12,13). Subsequent studies have revealed
thatOATP1A2 is expressed in the intestine, cholangiocytes, colon cancer cells, as well
as in the human hepatoma cell line HepG2 (14–16). Its expression in capillary
endothelial cells that make up the blood–brain barrier suggests a potentially impor-
tant role in the uptake of drugs and neuroactive peptides into the central nervous
system (17). Substrates of OATP1A2 include endobiotics such as bile salts, steroid
conjugates, the thyroid hormones T4 (thyroxine), T3 (tri-iodothyronine) and rT3
(reverse tri-iodothyronine), and prostaglandin E2 (PGE2), and xenobiotics such as
bromosulfophthalein (BSP), the opioid receptor agonists [D-penicillamine2,5] enke-
phalin (DPDPE) and deltorphin II, fexofenadine, ouabain, rocuronium, and the
cyanobacterial toxin microcystin (5) (Table 1) (18). More recently, OATP1A2 was
demonstrated to be expressed on the apical membrane of intestinal enterocytes,
suggesting it plays a role in determining bioavailability of orally administered drugs
(19). In fact, inhibition of OATP1A2 activity appears to be onemechanism by which
dietary constituents such as grapefruit juice cause a nutrient–drug interaction to
decrease the oral bioavailability of the antihistamine fexofenadine.

3.1.2. OATP2B1 (OATP-B; SLCO2B1)

OATP2B1was originally isolated fromhumanbrain (20) and noted to have a near
80% amino acid sequence identity with its rat ortholog (5). Although cloned from a
brain library, its strongest expression is in the liver, followed by the spleen, placenta,
lung, kidney, heart, ovary, small intestine, and brain (14,18,21). Not surprisingly,
OATP2B1 is expressed at the basolateral (sinusoidal) membrane of hepatocytes (18).
Relative to other OATPs expressed in the hepatocyte, OATP2B1 appears to have a
more restricted substrate specificity, thus its importance in hepatic drug uptake
remains to be clarified (5,22). Recent studies suggest that the uptake of substrate
drugsmay be enhanced in cells exposed to acidic pH (22). Since the physiological pH
particularly in the proximal portions of the intestinal epithelial cells is acidic, the role
of OATP2B1 in the small intestine might differ from that in other tissues (23).

Fig.1. (Continued) liver (A) and kidney (B), the coordinated expression and activity of uptake
and efflux transporters mediate absorption of exogenous (drugs) and endogenous substrates
from the bloodstream in the hepatocyte or proximal tubular cell, respectively. Drugs may then
undergo biotransformation or be excreted unchanged into bile or urine. In the intestine (C),
expression of uptake and efflux transporters in enterocytes serves to either enhance or limit the
absorption of drugs from the intestinal lumen, thereby playing a pivotal role in determining
the bioavailability of orally administered drugs.
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3.1.3. OATP1B1 (OATP-C; SLCO1B1)

This hepatic uptake transporter is considered to be a major pathway to account
for the hepatic extraction of many drugs and endogenous compounds. Initially
cloned by several groups from human liver (14,24–26), OATP1B1 shares 80%
amino acid identity with OATP1B3, but only 65% identity with its rat and mouse
ortholog Oatp1b2 (5). OATP1B1 expression appears to be limited to the baso-
lateral membrane of hepatocytes (14,24–26). Its exclusive expression in human
liver is consistent with its putative role in the hepatic disposition of endogenous and
xenobiotic compounds. OATP1B1 has been functionally characterized using mul-
tiple heterologous expression systems including Xenopus laevis oocytes (18,25),
HEK293 cells (14,24,26), and HeLa cells (27). OATP1B1 has remarkably broad
substrate specificity that includes bile salts, conjugated and unconjugated bilirubin,
BSP, steroid conjugates, the thyroid hormones T4 and T3, eicosanoids, cyclic
peptides, and drugs such as benzylpenicillin, methotrexate, HMG-CoA reductase
inhibitors (statins), and rifampicin (5).

3.1.4. OATP1B3 (OATP8; SLCO1B3)

Similar to OATP1B1, OATP1B3 was cloned from human liver and appears to be
exclusively expressed at the basolateral membrane of hepatocytes (28,29). In add-
ition, OATP1B3 has been shown to be expressed in various human cancer tissues as
well as in different tumor cell lines derived from gastric, colon, pancreas, gallbladder,
lung, and brain cancers (28). The pathological significance of OATP1B3 expression
in human cancer tissues remains to be investigated and clarified. Similar to
OATP1B1, OATP1B3 also transports bile salts, monoglucuronosyl bilirubin, BSP,
steroid conjugates, the thyroid hormones T3 and T4, leukotriene C4 (LTC4), cyclic
peptides, and drugs such as methotrexate and rifampicin (5). However, OATP1B3
also exhibits unique transport properties in that it is able to mediate the cellular
uptake of the intestinal peptide cholecystokinin 8 (CCK-8) (30), the opioid peptide
deltorphin II (18), and the cardiac glycosides digoxin and ouabain (18).

3.1.5. OTHER OATPS

There are other OATPs whose spectrum of substrates appears to be much more
restricted to endogenous compounds, especially hormones, hormone conjugates,
and signalingmolecules such as prostaglandins. For example, OATP1C1 (OATP-F;
SLCO1C1), highly expressed in brain and testis, exhibits high transport affinity for
T4 (Km � 90 nmol/L) and rT3 (Km � 130 nmol/L), suggesting an important role in
the delivery and disposition of thyroid hormones in target organs (31). OATP3A1
(OATP-D; SLCO3A1) on the other hand is ubiquitously expressed and has also
been detected in several cancer cell lines (14), and when transiently expressed, it
appears capable of transporting estrone-3-sulfate, PGE2, and benzylpenicillin (14).
Considering the wide tissue distribution, this OATP might serve an as yet undeter-
mined but likely important physiologic function. OATP4A1 (OATP-E; SLCO4A1)
was isolated from human kidney and brain (14,32) and shown to possess 76%
amino acid sequence identity with its rodent ortholog Oatp4a1 (5). OATP4A1
mRNA expression is highest in liver, heart, placenta, and pancreas and has been
shown to transport taurocholate and the thyroid hormones T3, T4, and rT3 (32). In
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the placenta it has been localized to the apical surface of the syncytiotrophoblast
(33). Another member of the OATP4C subfamily is OATP4C1 (OATP-H;
SLCO4C1), initially isolated from human kidney and noted to be localized to the
basolateral membrane of renal proximal tubular cells (34). OATP4C1 appears
capable of transporting the cardiac glycosides digoxin and ouabain, the thyroid
hormones T3 and T4, cAMP, and methotrexate (34).

3.2. Major Facilitator Superfamily (SLC22)

While larger, lipophilic, and amphipathic organic anions tend to be transported
by the OATPs, small hydrophilic organic anions and cations are more efficiently
transported by members of the major facilitator (solute carrier) superfamily
(SLC22), which include organic cation transporters (OCT), organic anion trans-
porters (OAT), a urate transporter (URAT), and transporters of carnitine and/or
cations (OCTN) (35). These proteins tend to consist of 500–560 amino acids and
exhibit common structural features, including 12 alpha-helical TM domains, a large
glycosylated extracellular loop between TM 1 and 2, and a large intracellular loop
that contains phosphorylation sites between TM 6 and 7 (36).

3.2.1. ORGANIC CATION TRANSPORTER 1 (OCT1; SLC22A1)

Organic cation transporter substrates are comparatively small (generally with
molecular weight <400 Da) monovalent compounds, so-called ‘‘Type’’ I organic
cations (37). The OCTs represent facilitative diffusion systems that transport
cations bidirectionally independent of H+ andNa+ gradients (38)with the driving
force determining the direction of transport provided by the concentration gradient
of the transported substrate and membrane potential. Oct1 was first cloned from
the rat in 1994 (39). In humans, OCT1 is expressed mainly in the liver on the
basolateral membrane of hepatocytes where it mediates the hepatic extraction of
many cationic drugs. Note that this transporter is also expressed in the heart,
skeletal muscle, kidney, placenta, and small intestine (38). Because OCT1 can
mediate bidirectional transport, it also likely participates in the release of organic
cations from hepatocytes into the portal circulation.

Most OCT substrates are organic cations and weak bases (38,40), but some
uncharged compounds and even some anions are also transported. For example,
cimetidine, a weak base, is a substrate of human OCT2 (41), while anionic prosta-
glandins are transported by human OCT1 (42). Common substrates of
human OCT1, OCT2, and OCT3 include tetraethylammonium (TEA), the
neurotoxin 1-methyl-4-phenylpyridinium (MPP), endogenous compounds such as
5-hydroxytryptamine, noradrenaline, and histamine, and drugs such as phenoxy-
benzamine, prazosin, o-methyllisoprenanline, procainamide, desipramine, and
cimetidine (38,40). Interestingly, Oct1 knockout mice are fertile and have no
overt phenotypic defects (43–46). The tissue concentrations of choline and
cimetidine are similar in Oct1 knockout mice and wild-type mice (43,46).
However, the concentrations of TEA, MPP, and metformin in the liver and
small intestine are reduced indicating a likely key role for OCT1 in the biliary
disposition of certain organic cations.

52 Part I / Approaching Drug–Nutrient Interactions



3.2.2. ORGANIC CATION TRANSPORTER 2 (OCT2; SLC22A2)

OCT2 is expressed mainly in the kidney, but is also found in placenta, thymus,
adrenal gland, neurons, and choroid plexus (47–52). In rats and humans, OCT2
localizes to the basolateral membrane of renal proximal tubular cells (52–54) and
mediates the renal excretion of many cationic drugs.Moreover, it is likely that some
drugs which undergo glomerular filtration may be reabsorbed in the proximal
tubule across the luminal membrane and reenter systemic circulation via OCT2
on the basolateral membrane. Note that human kidneys express an alternatively
spliced variant of OCT2 which lacks three C-terminal TMs but is still capable of
transporting TEA,MPP, and cimetidine (55).Oct2 knockout mice demonstrate no
significant alteration in terms of levels of TEA in the small intestine, liver, and
kidney but decreased accumulation of TEA (45). However, in Oct1/Oct2 double-
knockout mice, TEA secretion in the proximal tubule is abolished, suggesting a
critical role of these transporters in rodent kidney (45).

3.2.3. ORGANIC CATION TRANSPORTER 3 (OCT3; SLC22A3)

OCT3 is expressed in a number of tissues including skeletal muscle, smooth
muscle, liver, placenta, kidney, heart, intestine, spleen, lung, neurons of the brain
and sympathetic ganglia, glial cells, and the choroid plexus (47,56–59). Interest-
ingly, tissue levels of MPP were reduced by 75% in the heart inOct3 knockout mice
compared to wild-type mice (44). Furthermore, after intravenous injection ofMPP
in pregnant females of anOct3 heterozygote cross, accumulation ofMPP inOct3–/–
fetuses was reduced by 65% compared with wild-type fetuses (44). These data
indicate a likely significant role of OCT3 in the uptake of organic cations and
substrate drugs into cardiomyocytes and in the transfer of organic cations and
drugs across the placenta.

3.2.4. ORGANIC ANION TRANSPORTER 1 (OAT1; SLC22A6)

The kidney and liver are the major routes for organic anion elimination. In the
kidney, the translocation of organic anions occurs predominantly in proximal
tubular cells (60,61). Similar to the liver, the hallmark of the renal organic anion
transport system is its multispecific substrate recognition (60–62). Historically,
p-aminohippurate (PAH) has been used as a prototypical substrate for this system.

The first PAH uptake transporter was cloned and designated OAT1 in 1997
(63–65). OAT1 mRNA is expressed predominantly in the kidneys and weakly in
the brain. OAT1 protein is localized at the basolateral membrane of renal proximal
tubular cells. OAT1-mediated PAHuptake appears to be stimulated by an outwardly
directed concentration gradient of dicarboxylates such as alpha-ketoglutarate, con-
sistent with the previous notion that OAT1 is an organic anion–dicarboxylate
exchanger (66). OAT1 possesses broad substrate specificity including endogenous
compounds, such as dicarboxylates, cyclic nucleotides, and prostaglandins, and
xenobiotics, such as the antibiotics penicillin and cephalosporin, the antivirals ade-
fovir, cidofovir, and amantadine, nonsteroidal anti-inflammatory drugs such as
indomethacin and ibuprofen, loop and thiazide diuretics, angiotensin-converting
enzyme inhibitors, and the antineoplastic drugs methotrexate, azathioprine,
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cyclophosphamide, and doxorubicin (67). Recent studies usingOat1 knockout mice
have confirmed the critical importance of this protein in the organic anion secretory
pathway of the renal proximal tubule (68).

3.2.5. ORGANIC ANION TRANSPORTER 2 (OAT2; SLC22A7)

OAT2 was isolated originally from rat liver as a novel transport protein with
unknown function (69). Because of its structural similarities to OAT1, OAT2 was
functionally characterized and typical substrates of OAT2 are PAH, salicylate,
PGE2, dicarboxylates, and drugs such as allopurinol, bumetanide, 5-fluorouracil,
and paclitaxel (70). OAT2 is expressed predominantly in the liver at the basolateral
membrane of hepatocytes and weakly in the kidneys and appears to be involved in
the hepatic disposition of some anionic drugs and endobiotics. Recent evidence
suggests that its mechanism of transport is consistent with that of OAT1, an organic
anion–dimethyldicarboxylate exchanger (70). Nevertheless, little is known about
the relevance of this transporter to hepatic or renal drug elimination.

3.2.6. ORGANIC ANION TRANSPORTER 3 (OAT3; SLC22A8)

OAT3 was initially isolated from rat (71) and, by mRNA analysis, was found to
be expressed in the kidneys, liver, brain, and eye. In the kidneys, OAT3, like OAT1,
is localized to the basolateral membrane of proximal tubular cells (72), while in the
brain, OAT3 is expressed on the brush border membrane of choroid plexus cells
(73,74) and in capillary endothelial cells (75). Like OAT1, OAT3 transports PAH,
estrone sulfate, ochratoxin A, and various drugs, including the cationic drug
cimetidine (76,77).

3.2.7. ORGANIC ANION TRANSPORTER 4 (OAT4; SLC22A9)

OAT4 was cloned from human kidney (78). OAT4 mRNA is expressed in the
kidneys and is localized at the apical membrane of proximal tubular cells. In the
placenta, OAT4 is expressed on the fetal side of the syncytiotrophoblast cells (79).
When expressed inX. laevis oocytes, OAT4mediates the sodium-independent, high-
affinity transport of estrone sulfate, dehydroepiandrosterone sulfate, ochratoxin A,
and PGE2. A recent study demonstrated that OAT4 functions as an organic
anion–dicarboxylate exchanger (80).

4. EFFLUX TRANSPORTERS

4.1. ATP-Binding Cassette Transporter Superfamily

Membrane-bound efflux transporter proteins have emerged as a key defense
mechanism for limiting the cellular exposure to potentially toxic xenobiotics. Mem-
bers of the ATP-binding cassette (ABC) transporter superfamily have been shown to
account for efflux transport of a wide variety of compounds across biological mem-
branes, including phospholipids, steroids, polysaccharides, peptides, amino acids,
ions, organic anions, bile acids, drugs, and other xenobiotics (81). In humans, 48
ABC genes have been described that are organized into seven subfamilies (A–G)
based on sequence homology (81,82) (http://www.humanabc.org).

ABC proteins are present in all known living species, with conserved structural
motifs consisting of a combination of conserved ABC and TM domains. In
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mammals, at least four such domains, consisting of two TMs and two ABCs,
present within one polypeptide chain (full transporter) or within two separate
proteins (half-transporters) have been noted (83). For the half-sized ABC trans-
porters, homodimerization results in a fully functional unit. As inferred by their
names, ATP binding and hydrolysis at their nucleotide binding domains (NBDs)
generate the energy needed for the translocation of their substrates across mem-
branes (84). Two sequencemotifs,Walker A andWalker B, located 100–200 amino
acids apart in each NBD are conserved among all ABC transporter superfamily
members (85). The lysine residue in theWalker Amotif is involved in the binding of
the b-phosphate of ATP, while the aspartic acid residue in the Walker B motif
interacts with Mg2+ (86,87). There is a highly conserved amino acid sequence
(ALSGGQ) located between the Walker A and B motifs, referred to as the ABC
signature motif (or C motif). The precise function of this sequence has yet to be
determined although it has been implicated in ATP recognition, binding, and
hydrolysis (84).

4.1.1. MULTIDRUG RESISTANCE PROTEIN 1 (MDR1, P-GP; ABCB1)

MDR1 was the first ABC transporter described and without a doubt the most
extensively studied ABC transporter to date. MDR1, also widely referred to as
P-glycoprotein (P-gp), is a 1280 amino acid protein with a molecular weight of
170 kDa (88). A notable property of this transporter is the diversity of substrates
that can be transported, including a vast number of drugs used for various thera-
peutic applications. Due to its broad substrate specificity and its overexpression in
cross-resistant cell lines to various cytotoxic drugs, it was named the multidrug
resistance (MDR) protein. Thus it is not surprising to see that many cytotoxic
anticancer drugs are transported by MDR1 (89).

MDR1 transports a diverse array of structurally divergent compounds with a
tendency toward lipophilic, cationic substrates (90). The list of substrates/inhibi-
tors is continually growing and includes chemotherapeutic drugs, antibiotics, anti-
virals, calcium channel blockers, and immunosuppressive agents (90,91). Despite
its widely appreciated role in chemotherapy resistance via its overexpression in
human cancers, MDR1 is also expressed in normal tissues such as the kidney,
liver, intestine, and blood–brain barrier, where the normal physiologic function is
thought to involve modulation of intestinal absorption, CNS entry, and enhanced
secretion of toxic xenobiotics and their metabolites into bile or urine (92–94). Mice
have two closely related homologs of MDR1, the Mdr1a and Mdr1b genes. Mice
homozygous for disruptedMdr1 genes are phenotypically normal but are extremely
sensitive to certain drugs, particularly CNS active compounds such as ivermectin
(95,96). These studies have led to the determination of a critical role of MDR1 at
the level of the blood–brain barrier, since the lack of expression leads to an
enhanced drug accumulation within the brain.

In the liver and small intestine, MDR1-mediated excretion appears to be coord-
inately regulated with enzymes of phase I and phase II metabolism, such as the
cytochrome P450 (CYP) family and glutathione-S-transferases (GST), respectively
(97). In particular, there appears to be an interplay between CYP3A4 and MDR1
in determining the bioavailability of many orally ingested compounds. The CYP3A
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subfamily is widely recognized as a key determinant of oral drug bioavailability in
humans since nearly 50% of all the drugs in clinical use today undergo drug
metabolism involving at least some degree of CYP3A-mediated oxidation (98)
and constitutes a large proportion of all CYP enzymes expressed both in human
liver (�30%) and in small intestine (�70%) (99) (see Chapter 4). MDR1 and
CYP3A4 possess overlapping substrate specificity (100) and their coordinated expres-
sion is consistent with functional synergy. For example, in small intestine, CYP3A4
and MDR1 are localized on villous enterocytes, with MDR1 expressed on the apical
brush bordermembrane (101) andCYP3A4 present in the endoplasmic reticulum just
below the apical membrane (102). Therefore, it is easy to envision CYP3A4 metab-
olizes substrates inside the cell, while MDR1 mediates their efflux in a coordinated
fashion thereby limiting systemic exposure to potentially toxic xenobiotics.

4.1.2. BREAST CANCER RESISTANCE PROTEIN (BCRP; ABCG2)

BCRP was cloned based on its overexpression in a highly doxorubicin-resistant
MCF7 breast cancer cell line (MCF-7/AdrVp) (103–105). BCRP cDNA trans-
fection demonstrated that BCRP could confer resistance to mitoxantrone, doxor-
ubicin, and daunorubicin (103,106). Because the gene was initially isolated from a
breast cancer cell line, it was called the breast cancer resistance protein (BCRP)
gene. However, as yet there is no indication that BCRP expression is specific for
breast cancer cells or that it plays a significant role in chemotherapy resistance
during breast cancer therapy. BCRP is an ABC half-transporter with molecular
weight �75 kDa, containing a single amino-terminal ABC followed by six putative
TMs (107). Based on comparison with other ABC transporters, it was hypothe-
sized that BCRP functioned as a homo- or heterodimer (106,108). Like MDR1,
BCRP possesses broad substrate specificity and can transport hydrophobic, amphi-
pathic molecules, including anticancer agents such as mitoxantrone, topotecan,
flavopiridol, and methotrexate, as well as statin drugs, fluorescent dyes, and toxic
compounds found in normal food such as pheophorbide A (109–115).

Similar to MDR1, BCRP likely plays an important role in conferring the multi-
drug resistance phenotype seen in various cancers through its overexpression
(116–119). Human BCRP is also expressed in normal tissues, such as the placental
syncytiotrophoblast, the apical (canalicular) membrane of liver hepatocytes, and
the apical (luminal) membrane of villous intestinal enterocytes, suggesting an
excretory function akin toMDR1 (120). Indeed, for some drugs such as topotecan,
BCRP has a large effect on its oral bioavailability (121).

4.1.3. BILE SALT EXPORT PUMP (BSEP; ABCB11)

This ABC transporter was initially termed sister of P-glycoprotein (Spgp) (122)
and named for its close sequence homology with MDR1 (P-gp). Recently, this
transporter was renamed the bile salt export pump (BSEP) since studies have
shown it to be exclusively localized to the canalicular domain of hepatocytes and
mediates the high-affinity transport of primary and secondary bile salts (123–125).

In addition to its critical role as a hepatic bile salt export pump, BSEP has
been demonstrated to transport a limited number of drugs such as vinblastine,
calcein-acetoxymethyl ester (126), and pravastatin (127). Not surprisingly, given
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its central role in the hepatic bile acid secretion, BSEP has been implicated in
drug-induced cholestasis. Several drugs known to cause cholestasis, including
glybenclamide (glyburide), troglitazone, and bosentan, have been shown capable
of inhibiting BSEP-mediated ATP-dependent bile salt transport in isolated rat liver
canalicular membrane vesicles (128–131). In addition, trans-inhibition of BSEP
has also been implicated as a mechanism to account for cholestasis induced by the
steroid conjugate, estradiol-17b-glucuronide (132).

4.1.4. MULTIDRUG RESISTANCE-ASSOCIATED PROTEIN 1 (MRP1; ABCC1)

MRP1was initially cloned from amultidrug-resistant human small cell lung cancer
cell line that did not express MDR1 (133). MRP1 exhibits widespread expression
with high levels in muscle, intestine, brain, kidney, lung, and testis, but much lower
expression in liver (134–137). MRP1 is localized to the basolateral membranes of
polarized epithelial cells including intestinal enterocytes (138), renal distal and
collecting tubular cells (138), and hepatocytes (139,140). MRP1 expression has
been linked to resistance to chemotherapeutic drugs including daunorubicin, doxor-
ubicin, and vincristine in a range of cancer cell lines (141–144). In contrast toMDR1,
MRP1 is capable of transporting hydrophobic drugs or other compounds conjugated
to glutathione (GSH), glucuronic acid, or sulfate (145–148) or co-transported with
reduced GSH (149,150). MRP1 substrates include glutathione conjugates such as
LTC4 and 2,4-dinitrophenyl-S-glutathione (DNP-SG), bilirubin glucuronides,
estradiol-17b-glucuronide, and dianionic bile salts (143,145,151–153), suggesting a
role for MRP1 in the removal of endogenous metabolites.

Studies have shown that Mrp1 expression on the basolateral membrane of rat
hepatocytes is markedly increased following bile duct ligation (154), suggesting its
role in facilitating cellular detoxification when normal routes of biliary elimination
are limited. Knockoutmice lackingMrp1 are viable and fertile but show deficiencies
in LTC4-mediated inflammatory reactions, suggesting that secretion of LTC4 is an
important physiological function ofMRP1 (155–157). In addition,Mrp1 knockout
mice are more sensitive to the toxicity of intravenously administered etoposide in
the oropharyngeal mucosal layer and testicular tubules (155,158). It should be
noted thatMRP1may act synergistically withMDR1 in terms of cellular protection
against xenobiotics and toxins. There appeared to be significant correlation
betweenMRP1 andMDR1 mRNA levels and resistance to doxorubicin in samples
of bladder cancer (159). Both MRP1 andMDR1 expression were markedly higher
in tumors after chemotherapeutic treatment compared to untreated tumors. Fur-
thermore, Mdr1a/1b/Mrp1 triple knockout mice appear to be highly sensitive to
intraperitoneally administered vincristine (up to 128-fold) and also to etoposide
(3.5-fold), whereas Mdr1a/1b deficiency alone resulted in a 16- and 1.75-fold
increased sensitivity to these drugs (160).

4.1.5. MULTIDRUG RESISTANCE-ASSOCIATED PROTEIN 2 (MRP2; ABCC2)

MRP2 shares 49% amino acid identity with MRP1 (161) and was originally
cloned from human liver as the canalicular multispecific organic anion transporter
(cMOAT) (162). Like MDR1, MRP2 is localized to the apical membrane of target
organs such as the liver, intestine, and kidney (163–165). Studies have shown that
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MRP2 is involved in transporting a range of both conjugated and unconjugated
amphipathic compounds into bile. Like MRP1, MRP2 has broad substrate specifi-
city and transports glutathione conjugates such as LTC4 and DNP-SG, bilirubin
glucuronides, and a number of drugs and conjugated drug metabolites
(152,166,167), consistent with MRP2 playing a central role in the secretion of
drug metabolites into bile. Note that there are patients with Dubin–Johnson syn-
drome (168) and EHBR (Esai hyperbilirubinemic rat) and TR-/GY rats that lack
MRP2 due to genetic mutations in this transporter (162,169–171). MRP2-defective
humans and rats exhibit conjugated hyperbilirubinemia, impaired biliary secretion
of glutathione, glutathione conjugates, and bilirubin glucuronides (170,172–174).

As well as transporting endobiotic and xenobiotic metabolites, MRP2 also mediates
cellular resistance to other cytotoxic drugs including vincristine, doxorubicin, and cispla-
tin (175–177). Other MRP2 substrates include the anti-retroviral protease inhibitors
(178,179), nucleoside phosphonates (180), and fluoroquinolone antibiotics (181).
MRP2 also transports dietary constituents such as the dietary flavonoids quercetin
40-b-glucoside (182) and sulfate conjugates of the tea flavonoid epicatechin (183).

4.1.6. MULTIDRUG RESISTANCE-ASSOCIATED PROTEIN 3 (MRP3; ABCC3)

Human MRP3 is most closely related to MRP1, with 58% amino acid identity (184)
and expressedmainly in liver, but is also present in small intestine, colon, lung, spleen, and
kidney(165,185,186).LikeMRP1,MRP3appears to localize to thebasolateralmembrane
in suchorgans (187).MRP3possesses significant substrate overlapwithMRP2andBSEP
in terms of transporting a wide range of bile salts, including taurocholate, glycocholate,
taurolithocholate-3-sulfate, and taurochenodeoxycholate-3-sulfate (188,189).

HumanMRP3 can confer resistance to the anticancer drugs etoposide, teniposide, and
methotrexate although its role in clinicalmultidrug resistance is unclear (187,190).MRP3
mediates efficient estradiol-17b-glucuronide transport andmoderate DNP-SG and LTC4

transport (189,191). InMRP2/Mrp2-deficient patients and rats, and with some pharma-
cologic-mediated cholestatic states, a strong upregulation of MRP3/Mrp3 is observed in
the liver (165,192,193), suggesting a compensatory function for this transporter in terms
of eliminating a range of toxic organic anions and glucuronide conjugates.

4.1.7. MULTIDRUG RESISTANCE-ASSOCIATED PROTEIN 4 (MRP4; ABCC4)

Human MRP4 shares 30–40% amino acid identity with other MRPs and has
been detected in many tissues including jejunum, kidney, brain, lung, and gallblad-
der (137,186,194,195). MRP4 has been localized to the apical membrane of renal
proximal tubular cells (195), but has also been found at the basolateral membrane
in tubuloacinar cells of the prostate gland (196,197). MRP4 substrates include folic
acid, leucovorin, and methotrexate (198) as well as cAMP, cGMP, estradiol-17b-
glucuronide, and bile acids (195,197,199,200). The overall significance of MRP4 in
drug disposition remains to be clarified, although it has been shown to transport the
nucleoside phosphonate analogs PMEG (9-[phosphonylmethoxyethyl] guanine)
and adefovir (PMEA; 9-[2-phosphonylmethoxyethyl] adenine), as well as azidothy-
midine monophosphate, from a number of cell lines (197,201). The apical local-
ization of MRP4 in kidney and intestine suggests that MRP4 might mediate renal
secretion of nucleoside phosphonate analogs.
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4.1.8. MULTIDRUG RESISTANCE-ASSOCIATED PROTEIN 5 (MRP5; ABCC5)

MRP5 shows approximately 33–37% amino acid identity toMRP1-4 (202). Expres-
sion of MRP5 is widespread, including colon, liver, kidney, skeletal muscle, and brain
(137,186,203). HumanMRP5 localizes to the basolateral membrane when stably trans-
fected into MDCKII cells (204), although immunofluorescence microscopy has
demonstratedMRP5 to be expressed on the apical (luminal) side of brain capillary
endothelial cells (205). MRP5 substrates include DNP-SG, adefovir, the
purine analogs 6-mercaptopurine and thioguanine, 5-fluorouracil (5-FU), and
methotrexate (204,206).

5. TRANSPORTERS AND TISSUE DISTRIBUTION

Tissue-specific and targeted subcellular localization of transporters appears to be
essential to the intestinal absorption and urinary or biliary excretion of many drugs.

5.1. Small Intestine

In the small intestine, enterocytes express a number of transporters critical for
enhancing or limiting the absorption of dietary constituents and drugs. MDR1 is a
particularly important efflux transporter which limits the bioavailability of substrate by
its ability to efflux substrate drugs back to the intestinal lumen. The oral bioavailability
of paclitaxel (207), digoxin (208), and HIV-1 protease inhibitors (209) is markedly
increased in Mdr1a knockout mice in comparison to wild-type mice, indicating the
importance of this transporter to the bioavailability of many drugs. In humans, extent
of intestinal MDR1 expression and activity has been shown to influence attained drug
levels after administration of cyclosporine (210) and digoxin (211).

5.2. Liver

In the liver, efficient extraction of drugs from the portal blood into hepatocytes is
often mediated by uptake transporters expressed on the basolateral (sinusoidal)
membrane. Available data strongly suggest that members of the OATP and OCT
transporter families are responsible for much of the efficient hepatic extraction of
drugs. For example, hepatic uptake of the HMG-CoA reductase inhibitor pravas-
tatin is dependent on OATP1B1 and its activity is thought to be the rate-limiting
step in pravastatin hepatic clearance (212). Once a drug gains access into hepato-
cytes, it often undergoes metabolism mediated by phase I and II enzymes or may be
secreted unchanged. Efflux transporters localized on the apical (canalicular) mem-
brane of the hepatocyte, such asMDR1,MRP2, and BCRP, represent the final step
in the vectorial transport of drugs from portal circulation into bile.

5.3. Kidney

In the kidney, drug secretion also represents the coordinate function of uptake
and efflux transporters localized to the basolateral and apical membranes of proxi-
mal tubular cells. Unlike liver, in the kidney, OAT family members appear to be the
major determinants of organic anion uptake. OAT substrates include a wide variety
of anionic drugs such as b-lactam antibiotics, diuretics, NSAIDs, nucleoside anti-
viral drugs, and anticancer agents (213). Renal efflux transporters have not been as
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extensively studied but members of the MRP and OATP families of transporters
have been localized to the apical membrane of proximal tubular cells and likely
contribute to the urinary elimination of substrate drugs.

5.4. Brain

In organs such as the brain, targeted transporter expression is critical to the
maintenance of barrier function. The blood–brain barrier serves a protective func-
tion by limiting access of drugs and toxic substances into the CNS. The barrier is
maintained by brain capillary endothelial cells, whose closely sealed tight junctions
effectively limit entry of drugs via the paracellular route (214). While there are key
uptake transporters which facilitate the CNS entry of essential endogenous com-
pounds such as glucose, amino acids, and nucleosides, efflux transporters, such as
MDR1, localized to the apical (luminal) side of the blood–brain barrier endothelial
cells, prevent CNS entry of substrate drugs (215). The clinical relevance of MDR1
expression at the level of the blood–brain barrier has been shown in studies using
Mdr1a knockout mice (95), noted to have 80–100-fold greater brain level of drugs
such as the neurotoxin ivermectin when compared to wild-type mice (95). Addi-
tional studies have demonstrated that the CNS entry of a number of MDR1 drug
substrates, such as digoxin, quinidine, tacrolimus, and anti-retroviral protease
inhibitors, is markedly greater when MDR1 is deficient at the level of the blood–
brain barrier (209,216,217).

6. TRANSPORTERS AND GENETIC HETEROGENEITY

Inherited defects in drug-metabolizing enzymes such as CYP2D6, CYP2C19, and
CYP2C9 have long been recognized to be critical to the observed intersubject
variation in response to drugs which undergo metabolism by such enzymes (218).
Not surprisingly, there is increasing evidence to suggest that genetic heterogeneity in
drug transporters may have similar impact on variable drug disposition or response
in humans. Numerous polymorphisms have been identified in transporters import-
ant to the drug disposition process (Table 2). However, for the most part, studies
relating to drug transporter pharmacogenetics have only recently become available
or initiated (218a,218b).

6.1. Genetic Polymorphisms in MDR1 (ABCB1)

MDR1has received the greatest attention in terms of identification and characterization
of single nucleotide polymorphisms in relation to drug efficacy. Genetic polymorphisms in
the MDR1 gene were first identified by Kioka et al. from in vitro studies in cancer cells
(219). A synonymous polymorphism in exon 26, C3435T, noted to be common in various
ethnic groups, was initially shown to correlatewith the expressed level ofMDR1protein in
the duodenum as determined byWestern blot analysis and quantitative immunohistology
(220). However, the functional role for this polymorphism still remains controversial.
Mechanistically, it has been unclear as to how a synonymous base pair change, which does
not alter amino acid coding sequence, could result in altered protein function. A recent
study would suggest that the C3435T polymorphism does not result in altered mRNA or
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protein levels, but does alter the conformation of the protein (221), possibly related to
affecting the timing of cotranslational folding and insertion of the protein into the
membrane, thereby altering the structure of substrate and inhibitor interaction sites.

It should be noted that the C3435T single nucleotide polymorphism in this trans-
porter has been linked to susceptibility to renal cell carcinoma (222), Parkinson’s
disease (223), inflammatory bowel disease (224), refractory epilepsy (225), and
response to anti-retroviral therapy (226). Clearly, additional studies are needed to
determine the functional consequences ofMDR1 polymorphisms in vivo to the drug
disposition process and disease states(226a), but MDR1 represents an illustrative
example of the wide-ranging impact of transporter proteins to clinical medicine.

6.2. Genetic Polymorphisms in OATP1B1 (SLCO1B1)

There are a number of nonsynonymous single nucleotide polymorphisms inOATP1B1
whose allelic frequencies vary by race (27,227,228). A number of the variant alleles that
introduced amino acid changes within the transmembrane-spanning domains and extra-
cellular loop 5 have been shown to be associated with a dramatic reduction of Vmax/Km

values indicating a significant decrease of OATP1B1-mediated transport function (27).
Cell surface trafficking defects proved to be responsible for altered transport function of
many of these variants (27). Several groups have investigated the in vivo contribution of
genetic OATP1B1 variants on pravastatin pharmacokinetics and demonstrated that
subjects carrying the OATP1B1*5 or OATP1B1*15 allele (OATP1B1*1b +
OATP1B1*5) had increased pravastatin plasma levels compared to individuals carrying
the wild-type OATP1B1*1a or *1b allele (228–230). More recently, we confirmed the
significance of the OATP1B1*15 variant to pravastatin pharmacokinetics in European-
Americans but also found significant ethnic differences in pravastatin pharmacokinetics
between European- and African-Americans (231). These racial differences were not
attributable to OATP1B1 genotype or common polymorphisms in MRP2, BCRP, or
BSEP, suggesting that polymorphisms in other drug disposition gene(s) may be respon-
sible for the observed ethnic differences.Whether other polymorphisms ofOATP1B1 also
result in decreasedOATP1B1 function in vivo and/or in additional phenotypic alterations
remain to be investigated. In the context of the current review, an exhaustive outline of all
the relevant transporters and their single nucleotide polymorphisms is not possible. A
number of detailed and in-depth reviews are available (232–237).

7. TRANSPORTERS AND DRUG–DRUG/DRUG–NUTRIENT
INTERACTIONS

As the number of newly approved drugs increases, medication errors and drug–drug
interactions have become a significant source of patient morbidity and, in some cases,
mortality. Indeed, it has been estimated that drug interactions alone account for nearly
3% of all hospital admissions (238). Factors such as age, diet, dietary supplement or
herbal and alternative therapies may also influence the extent of drug interactions
associated with medications. Moreover, inhibition of both drug-metabolizing enzymes
as well as transporters (Table 3) is now recognized as the likely mechanism accounting
for many drug–drug interactions as transporters and CYP enzymes often share over-
lapping tissue expression and substrate capacities.
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Table 3
Drug–Drug Interactions or Toxicities Involving Drug Transporters

Object Drugs
Inhibitor/
inducer

Measured effect/
toxicity

Putative
mechanism References

Penicillin Probenecid Decreased renal
clearance;
prolonged half-life

Inhibition of
OATs

(257)

ACE
inhibitors

Probenecid Decreased renal
clearance;
prolonged half-life

Inhibition of
OATs

(257)

Antiviral
drugs

Probenecid Decreased renal
clearance;
prolonged half-life

Inhibition of
OATs

(257)

Procainamide Cimetidine Decreased renal
clearance;
increased AUC

Inhibition of
OCT,
OAT,
OATP

(257)

Levofloxacin Cimetidine Decreased renal
clearance;
increased AUC

Inhibition of
OCT,
OAT,
OATP

(257)

Dofetilide Cimetidine Decreased renal
clearance;
increased AUC

Inhibition of
OCT,
OAT,
OATP

(257)

Fexofenadine Fruit juices Decreased plasma
levels

Inhibition of
OATPs

(266)

Methotrexate NSAIDs Decreased renal
clearance

Inhibition of
OAT3

(262)

Methotrexate Probenecid Decreased renal
clearance

Inhibition of
OAT3

(262)

Loperamide Quinidine Increased CNS
adverse effects

Inhibition of
MDR1

(254)

Talinolol Verapamil Decreased plasma
levels

Inhibition of
MDR1

(277)

Fexofenadine Erythromycin Increased plasma
levels

Inhibition of
MDR1

(278)

Fexofenadine Rifampicin Decreased plasma
levels

Induction of
MDR1

(279)

Digoxin Quinidine Increased plasma
levels, decreased
renal clearance

Inhibition of
MDR1

(216)

Digoxin Verapamil Increased plasma
levels, decreased
renal clearance

Inhibition of
MDR1

(280)
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Another aspect of drug interaction to consider relates to loss of drug efficacy
associated with induction of drug-metabolizing enzymes and drug transporters
expressed in the intestine and liver (239). It now appears that the expression of drug
disposition genes is largely under transcriptional control by members of the nuclear
receptor 1 (NR1) family of transcription factors, including constitutive androstane
receptor (CAR), pregnane X receptor (PXR), and farnesoid X receptor (FXR) (239).
These nuclear receptors share a common signalingmechanism involving ligand binding
to the receptor, heterodimerization with the 9-cis retinoic acid receptor (RXR), binding
of the heterodimer to response elements of target genes, and subsequent initiation of
gene transcription (240). For example, PXR appears to be critical for the regulated
expression of drug-metabolizing enzymes such as CYP3A4, CYP2B6, and CYP2C9
(241–244) aswell as the efflux transporterMDR1 (245).More comprehensive reviews
of the importance of transcriptional regulation to the drug disposition process have
recently been published (219,246–248).

Digoxin Talinolol Increased plasma
levels, decreased
renal clearance

Inhibition of
MDR1

(250)

Digoxin Clarithromycin Increased plasma
levels, decreased
renal clearance

Inhibition of
MDR1

(249)

Digoxin Statins Increased plasma
levels, decreased
renal clearance

Inhibition of
MDR1

(251)

Digoxin Rifampicin Decreased plasma
levels

Induction of
MDR1

(252)

Troglitazone Hepatotoxicity Inhibition of
BSEP

(270)

Bosentan Cholestasis Inhibition of
BSEP

(128)

Estrogens Cholestasis Inhibition of
BSEP

(129)

Cyclosporine Cholestasis Inhibition of
BSEP

(129)

Cidofovir Nephrotoxicity Inhibition of
OAT1

(271)

Adofovir Nephrotoxicity Inhibition of
OAT1

(271)

Cephaloridine Nephrotoxicity Inhibition of
OAT1

(274)
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7.1. MDR1 and Drug Interactions

Drug interactions involving the cardiac glycoside digoxin still remain a clinically
relevant interaction as the clinical indication for digoxin administration has remained
remarkably unchanged over the past century. Despite a wealth of data showing predict-
able digoxin interactions with concomitant administration of drugs such as quinidine,
verapamil, and cyclosporine, only recently has themechanism underlying this interaction
been defined. In vitro and animal studies clearly show digoxin is a high-affinity substrate
forMDR1, and interactingdrugshavebeen shown tobeMDR1 inhibitors. Indeed, other
knownMDR1 inhibitors, such as clarithromycin (249), talinolol (250), and atorvastatin
(251), have also been shown to increase the area under the plasma concentration time
curve (AUC) of digoxin. Due to the cellular membrane domain-specific expression of
MDR1, inhibition of intestinal MDR1 activity would be expected to increase digoxin
bioavailability, and inhibition of renal and hepatic MDR1 activity to decrease urinary
and biliary excretion of digoxin. Conversely, induction ofMDR1 associated with rifam-
pin therapy has been shown to lower the digoxin plasma level (252).

One clinically relevant effect ofMDR1-associated drug interactions relates to the
important role of this transporter in altering the CNS entry of substrate drugs. For
example, loperamide is a potent opioid that reduces gut motility by its action at
opioid receptors in the gut and is therefore widely used as an anti-diarrheal agent.
Due to its localized action to the gut, this drug is available as an over-the-counter
medication. The drug is devoid of significant central opioid effects because it is a
high-affinity MDR1 substrate, thus normally prevented from intestinal absorption
or CNS entry (253). Remarkably, co-administration of loperamide and theMDR1
inhibitor quinidine has been shown to elicit central opioid effects (254). Therefore,
inhibition of MDR1 at the level of the blood–brain barrier may result in an
unexpected increase in CNS entry of MDR1 substrate drugs. Given the broad
spectrum of structurally divergent drugs which have been shown to be transported
by MDR1 (91), it is likely that a number of adverse drug effects may be related to
alteration in the function of this transporter, especially at the CNS barrier.

7.2. OATs and Drug Interactions

Perhaps the most widely appreciated drug interaction is that of penicillin and
probenecid, in which co-administration of probenecid resulted in elevated penicillin
serum levels (255). Studies have shown that the high renal clearance of penicillins can
be decreased by inhibition of OAT-mediated transport on the basolateral membrane
of proximal tubular cells with co-administration of probenecid (256). Similar effects
of probenecid co-administration have now been extended to other anionic drugs such
as angiotensin-converting enzyme (ACE) inhibitors and anti-retroviral drugs (257).

Another well-known kidney-associated drug interaction relates to methotrexate,
a drug widely used in the treatment of various malignancies and rheumatoid
arthritis. Methotrexate is eliminated primarily unchanged in urine (258).
Interactions between methotrexate and drugs such as NSAIDs, probenecid, and
penicillin have been reported and have resulted in severe complications including
bone marrow suppression and acute renal failure (259–261). Like penicillin, we
now know that the mechanism behind this interaction is likely due to inhibition of
OAT-mediated methotrexate transport by these drugs (262).
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7.3. OATPs and Fruit Juice–Drug Interactions

Medications and foods are often taken together. Concomitant drug and food
intake creates the opportunity for interactions that may change the oral bio-
availability and resulting effectiveness or toxicity of a drug (see Chapter 8). The
first report of citrus juices’ effects on oral drug bioavailability was noted over 15
years ago when grapefruit juice was shown to increase the oral bioavailability
and effects of the calcium channel antagonists felodipine and nifedipine (263)
(see Chapter 10). Felodopine is metabolized by CYP3A4 (264) and it was
subsequently demonstrated that grapefruit juice caused a major reduction of
small intestinal enterocytes CYP3A4 protein expression (265), which was asso-
ciated with greater than three- and five-fold higher AUC and Cmax of felodipine,
respectively. Furanocumarins in grapefruit juice are thought to function as a
mechanism-based inhibitor of enteric CYP3A4.

More recently, it has been shown that certain fruit juices can act as inhibitors of
intestinal OATP function. Grapefruit, apple, and orange juices were shown to
decrease the overall absorption of the antihistamine fexofenadine, as exhibited by
a 70–75% reduction in fexofenadine bioavailability compared to consumption of
water (266). A follow-up study demonstrated that OATP1A2 expression in the
intestine, fexofenadine transport by OATP1A2 in vitro, and consumption of grape-
fruit juice concomitantly or 2 h before fexofenadine administration were associated
with reduced oral fexofenadine plasma exposure (19). Taken together, fruit juice-
mediated inhibition of OATP1A2 activity in the intestine is responsible for
decreased bioavailability of fexofenadine when given concomitantly. Although
the clinical consequences of these food interactions with fexofenadine have not
been fully explored, it is possible that reduced bioavailability of fexofenadine may
compromise its efficacy.

8. TRANSPORTER-RELATED ORGAN TOXICITY

In addition to drug–drug interactions, unexpected drug-induced organ toxicities
also represent an important subset of adverse drug reactions and may account for a
significant proportion of fatal reactions to drugs, estimated to be �100,000 deaths
per year (267). Potential risk factors for the development of drug-induced organ
toxicities include age, kidney and liver function, and lifestyle features such as
alcohol consumption, smoking, and diet. Interestingly, transporters are now
being considered in drug-induced organ toxicities. This is consistent with the
function of certain transporters in their elimination of often toxic xenobiotics.
Table 3 lists drug-induced organ toxicities which are thought to be mediated at
least in part by specific interactions with transporter proteins.

8.1. Inhibition of Bile Salt Transport and Hepatotoxicity

Drug-induced liver injury remains a significant problem for many drugs already
in clinical use as well as new drugs under development. The exact mechanisms or
pathways by which drug-induced hepatocellular damage occurs, for the most part,
have not been fully elucidated. However, there is emerging evidence to suggest that
drug-induced cholestasis can result in the intracellular accumulation of bile salts
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whose detergent actions promote hepatocellular damage by interfering with mito-
chondrial functions (268). Recent studies have implicated inhibition of certain
hepatic transporters as a key determinant of drug-induced cholestasis and hepato-
cellular injury.

The bile salt export pump (BSEP), an efflux transporter responsible for secretion
of bile salts across the canalicularmembrane into bile (123,269), appears to be a key
target of such drug-induced cholestasis. As noted earlier, in vitro studies have
demonstrated that drugs such as cyclosporine, rifampicin, and the oral hypogly-
cemic agent glybenclamide (glyburide) can directly inhibit rat BSEP-mediated
transport of bile salts (129). Bosentan, an endothelin receptor antagonist initially
developed for broad indications such as congestive heart failure, was found to cause
a dose-dependent cholestatic liver injury and noted to be a potent inhibitor of rat
BSEP (128). Similar types of conclusions have been noted for the novel antidiabetic
drug troglitazone, first to be marketed among drugs in this class, but subsequently
withdrawn from the market due to an unexpected number of drug-induced liver
injuries (270).

8.2. Nephrotoxicity and Transporter Involvement

For many renally eliminated drugs such as adefovir and cidofovir, their accumu-
lation in the proximal tubular cells mediated by the OAT family of transporters
appears to increase their potential for tubular damage (271). In vitro, cytotoxicity
of such agents were noted to be 400–500-fold greater in OAT1-expressing cells than
in control cells, suggesting that OAT1-mediated cellular accumulation of adefovir
and cidofovir may contribute to their organ-specific toxicity. Similar mechanisms
may apply to nephrotoxicity associated with certain b-lactam antibiotics such as
cephaloridine (256). Conversely, inhibition of such transporters in some cases may
offer a degree of cytoprotection during concomitant use. Indeed, recent studies have
demonstrated that probenecid and NSAIDs may reduce toxicity associated with
drugs, such as adefovir, cidofovir (272,273), and cephaloridine (274), suggesting
that competitive inhibition of OAT transporters may, in some cases, confer
nephrotoxicity.

9. CONCLUSIONS AND FUTURE PERSPECTIVES

Drug transporters are increasingly recognized as important proteins that
often possess an organ-specific expression pattern to facilitate the absorption,
distribution, and subsequent excretion of numerous xeno- and endobiotics.
Furthermore, alteration in transporter function by drugs and dietary constitu-
ents contributes to drug–drug and drug–nutrient interactions. In addition,
genetic variation in drug transporter genes appears to be a major contributor
to interindividual variation in drug response. This is an emerging field which
appears to be poised to provide important new insights into our understanding
of the mechanisms underlying intersubject variability in drug responsiveness.
Clearly, the extent of interplay between drug transporters and metabolizing
enzymes needs to be assessed in greater detail to better predict or individualize
drug therapies.
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DISCUSSION POINTS

� The targeted expression of uptake and efflux transporters in organs of importance
for drug and nutrient absorption, distribution, and elimination reflects the critical
importance of these proteins to overall drug disposition and normal homeostasis.

� The complex interplay amongst drug disposition genes, including those that
encode drug transporter and drug-metabolizing enzymes, must be taken into
consideration when assessing contributing factors to overall drug or nutrient
disposition.

� Modification of transport routes by drug competition or inhibition offers mech-
anisms by which potentially clinically beneficial or detrimental adverse drug–drug
or drug–nutrient interactions may occur.

� A number of polymorphic variants in drug transporter genes have been function-
ally characterized and not only have significant roles in determining interindivid-
ual variation in drug response but also have important implications for response
to, susceptibility to, and incidence of various disease states.
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4 Drug-Metabolizing Enzymes

Thomas K.H. Chang

Objectives

� Define the various superfamilies, subfamilies, and individual drug-metabolizing enzymes and

their tissue expression in humans.

� Identify the role of themajor drug-metabolizing enzymes in the disposition ofmedication and

other xenobiotics.

� Discuss the potential for interactions that can occur by induction or inhibition of major

drug-metabolizing enzymes.

Key Words: Cytochrome P450; drug interaction; glutathione S-transferase; UDP-

glucuronosyl transferase

1. INTRODUCTION

A drug interaction occurs when a drug or another substance modifies the pharma-
cokinetics and/or the pharmacodynamics of a concurrently administered drug.
Various types of drug interactions exist, including drug–drug interaction, herb–
drug interaction, and food–drug interaction, as well as nutrient–drug interaction
(1–4). The underlying mechanism of a pharmacokinetic drug interaction may be
due to an alteration in drug absorption, distribution, biotransformation (metab-
olism), or excretion. Many of the documented pharmacokinetic drug interactions
occur at the level of biotransformation by inducing or inhibiting drug-metabolizing
enzymes (5,6). Some drug–nutrient interactions may also occur at the level of drug-
metabolizing enzymes. A pharmacokinetic drug interaction may result in enhanced
drug efficacy. For example, inhibition of drug-metabolizing enzyme is the basis of
‘‘boosted’’ protease inhibitor therapy used clinically in the management of human
immunodeficiency virus infection (7). In other instances, a pharmacokinetic drug
interaction may lead to therapeutic failure (8), severe adverse events (9), or even
fatality (10). In fact, adverse effects due to drug interactions are one of the leading
causes of deaths in hospitalized patients (11). Drug interactions also have a high
economic cost to the pharmaceutical industry because drugs have been withdrawn
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from the market as a result of adverse consequences (12). This chapter provides an
overview of the major classes of drug-metabolizing enzymes, namely cytochrome
P450 (CYP), uridine diphosphate glucuronosyltransferases (UGT), and glutathione
S-transferases (GST). Other classes of drug-metabolizing enzymes include the flavin-
containing monooxygenases (FMO), epoxide hydrolases (EH), N-acetyltransferases
(NAT), sulfotransferases (SULT), and metyltransferases (MT).

2. CYTOCHROME P450

CYP enzymes are a superfamily of heme-containing proteins involved in the
biotransformation of numerous drugs and other chemicals, including naturally
occurring compounds (13). Each CYP enzyme is denoted by an Arabic numeral
designating the family (e.g., CYP1), a letter indicating the subfamily (e.g., CYP1A),
and an Arabic numeral representing the individual enzyme (e.g., CYP1A2) (14).
The gene coding for the enzyme protein is designated in italics (e.g., CYP1A2).
Individual enzyme variants that result from gene polymorphism are denoted
numerically following an asterisk (e.g., CYP1A2*1). CYP enzymes in the same
family have greater than 40% amino acid identity, whereas those in the same
subfamily have greater than 55% identity (14). There are 57 functional human
CYP genes (15). Members of the CYP1, CYP2, and CYP3 families are CYP
enzymes that play amajor role in human drugmetabolism. The focus of this chapter
is on CYP3A4, CYP2D6, CYP2C9, CYP2C19, CYP2B6, CYP2E1, and CYP1A2,
which collectively account for most of the drug-metabolizing CYP enzymes
expressed in human liver (16). According to an estimate (17), this subgroup of
individual CYP enzymes is responsible for the biotransformation of most of the
drugs in clinical use (Table 1).

2.1. CYP3A4

The human CYP3A subfamily consists of CYP3A4, CYP3A5, CYP3A7, and
CYP3A43. CYP3A4 and CYP3A5 are expressed primarily in adult tissues, whereas
CYP3A7 is expressed mainly in fetal tissues (18). By comparison, CYP3A43 has
been detected in both fetal and adult tissues (19). CYP3A4 protein has been

Table 1
Major CYP Enzymes in Human Drug Metabolism

Enzyme Percentage of prescription drugs metabolizeda

CYP3A4 45–50
CYP2D6 25–30
CYP2C9 10
CYP2C19 5
CYP2B6 2–4
CYP2E1 2–4
CYP1A2 2

aFrom Reference (17).
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detected in all human liver samples analyzed to date and it represents, on average,
approximately 30% of the total CYP content in adult human liver (20). It is the
most abundant CYP3A gene in adult human liver samples, as determined by real-
time polymerase chain reaction (21). CYP3A4 is expressed principally in liver (21),
although it has also been detected in various extrahepatic tissues (22), most notably
in all segments of the small intestine (23).

Approximately 40 single nucleotide polymorphisms have been identified in the
CYP3A4 gene (24). Among the various CYP3A4 allelic variants, CYP3A4*1B
(A392!G) is the most common (25). Its expression varies in different ethnic
groups, ranging from 0% in Chinese and Japanese to 45% in African-Americans
(26–28). However, this particular polymorphism does not appear to have major
functional consequences with respect to drug clearance (26,29,30).

Numerous drugs with diverse chemical structures and pharmacological functions
are substrates for CYP3A4 (Table 2). Both the expression and the catalytic activity
of these enzymes are subject to modulation. CYP3A4 is inducible by many drugs
(Table 2), such as rifampin (31), phenobarbital (32), phenytoin (33), carbamaze-
pine (33), and efavirenz (34), in addition to herbal products [e.g., St. John’s wort
(35–38)] and naturally occurring compounds [e.g., hyperforin (39)]. A mechanism
of CYP3A4 induction involves transactivation of the pregnane X receptor (PXR)
(40), which is a nuclear receptor also known as the steroid and xenobiotic receptor
(41) and the pregnane-activated receptor (42). Many of the CYP3A inducers have
been characterized to be activators of PXR (43). For example, St. John’s wort
activates PXR and this effect is mediated by hyperforin (44). Therefore, determin-
ing whether a drug is an activator of PXR allows one to predict its ability to induce
CYP3A4. In contrast to enzyme induction in which protein expression is enhanced,
CYP3A4 protein levels can be reduced, as demonstrated by studies with grapefruit
juice and Seville orange juice. The ingestion of grapefruit juice (45) or Seville
orange juice (46) is associated with a decrease in enterocyte CYP3A protein
expression, as shown in biopsy samples taken from human subjects. These effects
are attributed to 60,70-dihydroxybergamottin (46), which is present in both juices
(see Chapter 10). However, grapefruit juice, but not Seville orange juice, enhances
the bioavailability of cyclosporine (46). Additionally, the activity of CYP3A
enzymes can be altered by the co-administration of drugs, natural products
(e.g., goldenseal [Hydrastis canadensis]), or other substances (e.g., grapefruit juice)
that are inhibitors of these enzymes (Table 2). Clinically significant CYP3A4-
mediated drug–drug interactions include the enhanced clearance of indinavir by
carbamazepine that may lead to therapeutic failure of the anti-retroviral (47) and
the reduced clearance and excessive pharmacological effect of a benzodiazepine
hynoptic, triazolam, by ketoconazole or itraconazole (48).

2.2. CYP2D6

CYP2D6 is the only functional enzyme in the human CYP2D subfamily. It is
expressed in human liver, but at a level (2–5%of total CYP content) less than that of
CYP3A4, CYP2C9, or CYP1A2. This protein is also present in various extrahepatic
tissues, including the gastrointestinal tract (49), brain (50,51), and lung (52), but
at much lower levels when compared to the liver.
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An important aspect of CYP2D6 is that many allelic variants (>60) of this
enzyme have been identified (53), although most are quite rare. CYP2D6*1 is the
wild type, whereas CYP2D6*9, CYP2D6*10, CYP2D6*17, CYP2D6*29,
CYP2D6*36, and CYP2D6*41 have decreased catalytic activity (intermediate
metabolizer phenotype), and others such as CYP2D6*3, CYP2D6*4, CYP2D6*5,

Table 2
Examples of In Vivo Substrates, Inducer, and Inhibitors of Human CYP3A4

Substrate (Reference) Inducer (Reference) Inhibitor (Reference)

Alfentanil (220) Carbamazepine (33) Amiodarone (221)
Alprazolam (222) Efavirenz (34) Clarithromycin (223)
Amprenavir (224) Phenobarbital (32) Delavirdine (225)
Amitriptyline (226) Phenytoin (33) Diltiazem (227)
Bosentan (228) Rifampin (31) Erythromycin (229)
Budesonide (230) St. John’s wort (36) Goldenseal (H. canadensis) (231)
Buspirone (232) Troglitazone (233) Grapefruit juice (234)
Cyclosporine (235) Indinavir (236)
Dextromethorphan (237) Itraconazole (238)
Dapsone (239) Ketoconazole (48)
Docetaxel (240) Methadone (241)
Ethinylestradiol (242) Nelfinavir (236)
Erythromycin (243) Nefazodone (244)
Felodipine (245) Propofol (246)
Indinavir (47) Ritonavir (247)
Ifosfamide (248) Troleandomycin (249)
Imipramine (249)
Irinotecan (250)
Losartan (251)
Lovastatin (227)
Methylprednisolone (252)
Midazolam (253)
Nelfinavir (254)
Nifedipine (255)
Pimozide (256)
Quinidine (257)
Quinine (258)
Ritonavir (259)
Ropivacaine (147)
Saquinavir (260)
Sildenafil (261)
Simvastatin (262)
Tacrolimus (263)
Triazolam (48)
Verapamil (264)
Vincristine (265)
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CYP2D6*6, CYP2D6*7, CYP2D6*8, CYP2D6*14, CYP2D6*18, CYP2D6*21,
and CYP2D6*44 have no functional activity (poor metabolizer phenotype) (53).
In some individuals, genetic duplication of the CYP2D6*2 or CYP2D6*35 allele
results in enhanced functional capacity, which leads to the ultrarapid metabolizer
phenotype (53). Ethnic differences exist in the frequency in which the various
CYP2D6 alleles are expressed. A striking example is with CYP2D6*10, which is
expressed in up to 70% of Chinese subjects, but only in 5% of Caucasians (54). In
contrast, CYP2D6*4 is present in approximately 20%of Caucasians (55), but in less
than 1% of Japanese subjects (56). For drugs such as codeine, hydrocodone, and
oxycodone, the consequences of a poor metabolizer phenotype is particularly
significant because these drugs are bioactivated by CYP2D6. In fact, it has been
suggested that codeine not be prescribed to a patient with a CYP2D6 poor metab-
olizer phenotype (57). Conversely, in a patient with a CYP2D6 rapid metabolizer
phenotype excessive sedation may develop following codeine administration.

Numerous clinically useful drugs are substrates for CYP2D6 (Table 3), including
many of the analgesics, anti-arrhythmics, beta-blockers, anti-depressants, anti-
psychotics, and anti-emetics in common use. In contrast to other drug-metabolizing
CYP enzymes, CYP2D6 is not inducible. However, CYP2D6-mediated drug clear-
ance appears to be enhanced during pregnancy (58–60). The functional activity of
CYP2D6 is subject to inhibition by drugs (e.g., quinidine) and natural products
(e.g., goldenseal) (Table 3). In the case of quinidine, it is a potent and enzyme-
specific inhibitor of CYP2D6. An example of a CYP2D6-mediated drug–drug
interaction is the inhibition of venlafaxine clearance by diphenhydramine (61).

2.3. CYP2C9

The human CYP2C subfamily consists of CYP2C8, CYP2C9, CYP2C18, and
CYP2C19. CYP2C9 is the most important CYP2C enzyme with respect to expres-
sion and function. Immunoreactive CYP2C9 protein has been detected not only in
adult liver (62) but also in some fetal liver samples as early as 8–24 weeks of
gestation (63). It may account for up to 30% of the hepatic total CYP content in
adult liver (62). CYP2C9 is primarily a hepatic enzyme, but it has also been
detected in human intestinal microsomes (64) at approximately 20% of the
CYP3A4 protein content (expressed as pmol per mg microsomal protein) (23).
CYP2C9 is important in the in vivo metabolism of many drugs (Tables 1 and 4),
including tolbutamide (65), S-warfarin (66), phenytoin (67), losartan (68),
celecoxib (69), and glyburide (70).

CYP2C9 is subject to genetic polymorphism. More than 30 single nucleotide
polymorphisms have been reported to date in the regulatory and coding regions of
the CYP2C9 gene (53). CYP2C9*2 (Arg144!Cys144) and CYP2C9*3
(Ile359!Leu359) are the major CYP2C9 allelic variants of major functional import-
ance. Compared to individuals with the CYP2C9*1 allele (i.e., the wild type),
patients with the CYP2C9*2 or CYP2C9*3 allele have a decreased clearance of
warfarin and a reduced daily dose requirement for the drug (66,71,72). However,
individuals with these alleles do not appear to be more likely to experience severe
bleeding complications during long-term therapy (73). The effect of CYP2C9
genetic polymorphism is drug specific. For example, there is no relationship
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Table 3
Examples of In Vivo Substrates and Inhibitors of Human CYP2D6

Substrate (Reference) Inhibitor (Reference)

Amitriptyline (266) Amiodarone (267)
Atomoxetine (268) Amodiaquine (269)
Carvedilol (270) Cimetidine (271)
Chlorpheniramine (272) Citalopram (99)
Cilostazol (273) Diphenhydramine (274)
Citalopram (275) Fluoxetine (99)
Clomipramine (276) Fluvoxamine (99)
Codeine (277) Goldenseal (H. canadensis) (231)
Dextromethorphan (278) Methadone (279)
Desipramine (280) Moclobemide (101)
Dihydrocodone (281) Paroxetine (99)
Doxepin (282) Propafenone (283)
Encainide (284) Quinidine (285)
Flecainide (286) Sertraline (287)
Fluoxetine (288) Terbinafine (289)
Fluvoxamine (290)
Haloperidol (291)
Hydrocodone (292)
Imipramine (293)
Loratadine (294)
Maprotiline (295)
Methylphendiate (296)
Metoprolol (297)
Mexiletine (298)
Nefazodone (299)
Nicergoline (300)
Nortriptyline (301)
Ondansetron (302)
Oxycodone (303)
Paroxetine (304)
Perhexiline (305)
Perphenazine (306)
Procainamide (307)
Propafenone (308)
Propranolol (309)
Risperidone (310)
Thioridazine (311)
Timolol (312)
Tolterodine (313)
Tramadol (314)
Tropisetron (315)
Venlafaxine (316)
Zuclopenthixol (306)
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between CYP2C9 genotype (i.e., CYP2C9*1/*1, CYP2C9*1/*2, CYP2C9*1/*3,
CYP2C9*2/*2, CYP2C9*2/*3, and CYP2C9*3/*3) and the metabolism of diclo-
fenac in humans (74). Ethnic differences exist in the frequency distribution of the
CYP2C9 allele. The CYP2C9*2 allele is absent in Chinese subjects, but it has been
detected in up to 10% of Caucasian Americans (75). By comparison, the
CYP2C9*3 allele is expressed in 2–5% of Chinese subjects and in up to 20% of
Caucasian Americans (75).

The CYP2C9 enzyme is also subject to both induction and inhibition. Rifampin
is an inducer of this enzyme in humans (Table 4), and this drug increases the
clearance of CYP2C9 drug substrates, such as tolbutamide (76), phenytoin (77),
and S-warfarin (78). The transcriptional regulation of CYP2C9 is receptor medi-
ated. Studies from the past several years have shown a role for PXR (79), con-
stitutive androstane receptor (CAR) (80), and glucocorticoid receptor (80) in the
regulation of CYP2C9 induction. In vivo inhibitors of CYP2C9
include fluconazole (81), miconazole (82), fluvastatin (83), amiodarone (84),
sulfamethoxazole (85), and trimethoprim (85). An example of a clinically
significant drug–drug interaction involving CYP2C9 is the inhibition of warfarin
clearance by fluconazole (86).

2.4. CYP2C19

CYP2C19 is another human CYP2C enzyme of functional importance. It is
expressed primarily in human liver, although immunoreactive CYP2C19 protein
has also been detected in human intestinal microsomes (64). The developmental
expression of hepatic CYP2C19 is similar to that of hepatic CYP2C9, except during
the 8–40 week gestation period in which the specific content of CYP2C19 is approxi-
mately tenfold greater than that of CYP2C9 (63). Various alleles of CYP2C19 have

Table 4
Examples of In Vivo Substrates, Inducers, and Inhibitors of Human CYP2C9

Substrate (Reference) Inducer (Reference) Inhibitor (Reference)

Celecoxib (69) Rifampin (76) Amiodarone (84)
Fluvastatin (317) Avasimibe (318)
Glimepiride (319) Fluconazole (81)
Glyburide (320) Fluvastatin (83)
Ibuprofen (321) Miconazole (82)
Irbesartan (322) Sulfamethoxazole (85)
Lornoxicam (323) Trimethoprim (85)
Losartan (324)
Phenytoin (67)
Piroxicam (325)
Tenoxicam (326)
Tolbutamide (65)
Torsemide (327)
S-Warfarin (66)
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been identified (53). Some of these alleles (e.g., CYP2C19*2, CYP2C19*3,
CYP2C19*4, CYP2C19*6, and CYP2C19*7) are associated with enzymes that
have no functional activity, whereas others result in enzymes that have lesser (e.g.,
CYP2C19*5 and CYP2C19*8) or greater (e.g., CYP2C19*17) catalytic activity
(87,88). Ethnic differences exist in the frequencies of the CYP2C19 poormetabolizer
phenotype, as assessed by the capacity to metabolize the p-hydroxylation of (S)-
mephenytoin. For example, 12–20% of Asians are poor metabolizers, whereas the
frequency is only 2–6% in Caucasians (89). This may translate into a clinical
advantage during treatment with the gastric acid-suppressing agent omeprazole.

CYP2C19 catalyzes the metabolism of many drugs in humans (Table 5). It is the
major enzyme that metabolizes omeprazole (90), lansoprazole (91), and panto-
prazole (92). The enzyme can be induced by rifampin (Table 5), based on the
finding that the administration of this drug to human subjects increases the urinary
excretion of (S)-mephenytoin (93,94). Another inducer of CYP2C19 is artemisinin.
This antimalarial agent decreases the area under the concentration–time curve of
omeprazole in human subjects (95). A number of drugs have been shown to inhibit
CYP2C19 in vivo (Table 5), including omeprazole (96), ticlopidine (97), ketoco-
nazole (98), fluoxetine (99), fluvoxamine (99), isoniazid (100), moclobemide
(101), and oral contraceptives (102). Inhibition of CYP2C19 occurs in a gene

Table 5
Examples of In Vivo Substrates, Inducers, and Inhibitors of Human CYP2C19

Substrate (Reference) Inducer (Reference) Inhibitor (Reference)

Amitriptyline (328) Artemisinin (95) Cimetidine (103)
Citalopram (275) Rifampin (93) Fluoxetine (99)
Clomipramine (276) Fluvoxamine (329)
Clopidogrel (330) Isoniazid (100)
Cyclophosphamide (331) Ketoconazole (98)
Diazepam (332) Moclobemide (101)
Fluoxetine (333) Omeprazole (96)
Imipramine (334) Oral contraceptives (102)
Lansoprazole (91) Ticlopidine (97)
Mephobarbital (335)
Moclobemide (101)
Nelfinavir (336)
Omeprazole (90)
Pantoprazole (69)
Phenytoin (337)
Proguanil (338)
Propranolol (309)
Rabeprazole (339)
Sertraline (340)
St. John’s wort (341)
Thalidomide (342)
Voriconazole (343)
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dose-dependent manner such that the extent of inhibition is the greatest in homo-
zygous extensive metabolizers (CYP2C19*17/*17), intermediate in heterozygous
extensive metabolizers, and little or no inhibition in homozygous poor metabolizers
(87). Clinically relevant drug–drug interactions involving CYP2C19 include the
inhibition of phenytoinmetabolism by fluoxetine (103), cimetidine (103), isoniazid
(100), and felbamate (103), resulting in increased phenytoin toxicity.

2.5. CYP2B6

CYP2B6 is the only functional enzyme in the human CYP2B subfamily. Its
expression in human liver is relatively low, with estimates ranging from 0.2%
(20) to 10% (104), although a large interindividual variability exists at the
level of mRNA (105) and protein (106). In contrast to some of the other
CYP proteins such as CYP2C9, CYP3A4, and CYP3A5, the CYP2B6 protein
is not detectable in human intestinal microsomes, as assessed by immunoblot
analysis (23). However, extrahepatic CYP2B6 expression has been shown in
the nasal mucosa, trachea, and lung (22).

Considerably fewer drugs have been demonstrated as in vivo substrates for
CYP2B6 in humans (Table 6). The best characterized CYP2B6 drug substrate is
cyclophosphamide, which is a DNA-alkylating prodrug used in the management of a
variety of solid tumors. The initial finding that CYP2B6 catalyzes the bioactivation of
cyclophosphamide to produce the pharmacologically active phosphoramide mus-
tard (107) led to the preclinical development and experimental application of
gene-directed enzyme prodrug therapy to the cyclophosphamide/CYP2B6
combination (108). Other important CYP2B6 drug substrates are the anti-retroviral
drugs efavirenz and nevirapine and the smoking cessation agent bupropion (Table 6).
Pharmacogenetic analysis has shown that the combination of CYP2B6*6,
CYP2B6*16, and CYP2B6*18 alleles is associated with decreased capacity to
metabolize CYP2B6 substrates (109). The decreased metabolism may lead to the
development of systemic toxicity in the case of the pharmacologically active parent
drug (e.g., efavirenz), but inadequate drug efficacy in the case where the parent drug
is pharmacologically inactive (e.g., cyclophosphamide).

Similar to other mammalian CYP2B enzymes, the human CYP2B6 is highly
inducible. The mechanism of CYP2B6 induction involves the action of nuclear

Table 6
Examples of In Vivo Substrates, Inducers, and Inhibitors of Human CYP2B6

Substrate (Reference) Inducer (Reference) Inhibitor (Reference)

Bupropion (344) Artemisinin (345) Clopidogrel (114)
Cyclophosphamide (346) Rifampin (113) Hormone replacement

therapy* (347)
Efavirenz (109) Ticlopidine (114)
Mephobarbital (335)
Nevirapine (348)

*Containing 2 mg estradiol valerate and 250 mg levonorgestrel
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receptors, such as CAR (110) and PXR (111). Accordingly, CYP2B6 expression is
increased by activators of CAR, such as phenobarbital (as shown in vitro) (112),
and by agonists of PXR, such as rifampin (as shown in vivo) (113). CYP2B6-
mediated drug clearancemay also be influenced by the concurrent administration of
an inhibitor of CYP2B6 catalytic activity, as exemplified by the finding that the
antiplatelet drugs clopidogrel and ticlopidine decrease themetabolism of bupropion
to hydroxybupropion (114).

2.6. CYP2E1

CYP2E1 is expressed in adult (20,115) and fetal liver (116,117), in addition to
lung (118), placenta (118), and brain (119). Whereas a large number of small
molecular weight organic solvents (e.g., ethanol) are substrates for CYP2E1 (120),
only a few drugs have been found to be metabolized by CYP2E1 (Table 7).
Acetaminophen may be the most important CYP2E1 drug substrate in humans.
This enzyme is the predominant CYP catalyst in the in vivo bioactivation of
acetaminophen to form N-acetyl-p-benzoquinone imine (121), which is a reactive
intermediate linked to the development of hepatic necrosis (122). Several single
nucleotide polymorphisms of the human CYP2E1 gene have been identified, but
they are not associated with functional significance (123). Various factors can
influence the activity of this enzyme (Table 7). Chronic alcohol consumption is
associated with an increase in hepatic CYP2E1-mediated enzyme activity (124,125)
and this is accompanied by elevated protein andmRNA expression (126). The levels
of this enzyme are also elevated by fasting (127), in individuals with obesity
(127,128) or diabetes (129,130) and in patients with nonalcoholic steatohepatitis
(131). This enzyme can also be induced by isoniazid (124,132) and all-trans-retinoic
acid (133). Inhibitors of CYP2E1 are ethanol (acute ingestion) (134), disul-
firam (135), chlormethiazole (136), diallyl sulfide (134), watercress (137),
broccoli (138), and black tea (138). A clinically significant CYP2E1-mediated

Table 7
Examples of In Vivo Substrates, Inducers, and Inhibitors of Human CYP2E1

Substrate (Reference) Inducer (Reference) Inhibitor (Reference)

Acetaminophen (121) Alcohol (chronic
consumption) (124)

Alcohol (acute
consumption) (134)

Chlorzoxazone (349) All-trans-retinoic acid (133) Black tea (138)
Dapsone (350) Diabetes (130) Broccoli (138)
Enflurane (351) Fasting (127) Chlormethiazole (136)
Sevoflurane (352) Isoniazid (multiple

doses) (132)
Diallyl sulfide (134)

Nonalcoholic
steatohepatitis (131)

Disulfiram (135)

Obesity (128) Isoniazid (single
dose) (132)

Watercress (137)
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drug interaction is the inhibition of acetaminophen bioactivation by acute intake
of alcohol (139). Interestingly, this metabolic reaction is enhanced by the
consumption of multiple alcoholic drinks prior to ingestion of acetaminophen
(140).

2.7. CYP1A2

CYP1A2 is expressed primarily in liver, with little or no known extrahepatic
expression (141). This enzyme, which is under the regulatory control of the aryl
hydrocarbon receptor (142), is important in the bioactivation of aromatic amines
and heterocyclic amines (143) and metabolism of clinically useful drugs (Table 8),
including clozapine (144,145), mexiletine (146), ropivacaine (147), tacrine (148),
theophylline (149), and verapamil (150). Large interindividual differences (up to
100-fold) in human hepatic CYP1A2 protein content have been reported
(151–153), which may be due to genetic and/or environmental factors. Allelic
variants ofCYP1A2have been identified. TheG2964AandC734Apolymorphisms
are associated with high CYP1A2 inducibility (154,155), whereas the A164C and
T2464delTpolymorphismshaveno effect onCYP1A2phenotype, as determinedby
the caffeine metabolic ratio (156). This enzyme is subject to induction by various
factors (Table 8), including exposure to environmental pollutants, such as 2,3,7,8-
tetrachlorodibenzo-p-dioxin(157), cigarette smoking(158), consumptionof char-
broiled meats (159) and cruciferous vegetables (160,161), and ingestion of drugs
(i.e., carbamazepine (162)). The catalytic activity of CYP1A2 can be inhibited by
drugs (Table 8), such as ciprofloxacin (163), enoxacin (164), fluvoxamine (99),
oltipraz (165), and stiripentol (166). CYP1A2-mediated drug–drug interactions
havebeen reported, for example, the inductive effect of cigarette smoking(158)and
the inhibitory effect of ciprofloxacin (163) on drugs metabolized extensively by
CYP1A2.

In contrast to CYP, considerably less is known about the regulation and function
of other drug-metabolizing enzymes, such as the UGT and GST enzymes.

Table 8
Examples of In Vivo Substrates, Inducers, and Inhibitors of Human CYP1A2

Substrate (Reference) Inducer (Reference) Inhibitor (Reference)

Caffeine (353) Charcoal-broiled meat (159) Ciprofloxaxin (163)
Clozapine (144) Cigarette smoke (354) Enoxacin (164)
Lidocaine (355) Cruciferous vegetables (161) Fluvoxamine (99)
Melatonin (356) Carbamazepine (162) Oltipraz (165)
Mexiletine (146) Stiripentol (166)
Ropivacaine (147)
Tacrine (148)
Theophylline (149)
Verapamil (150)
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3. URIDINE DIPHOSPHATE GLUCURONOSYLTRANSFERASES

The UGTs are a superfamily of enzymes that catalyze the conjugation of drugs
and other substrates with the use of a cofactor containing a glycosyl group (e.g.,
glucuronic acid, glucose, xylose, and galactose) (167). In general, this type of
metabolic reaction results in more polar and, in most cases, less active metabolites.
The human UGT genes are categorized into four families, UGT1, UGT2, UGT3,
and UGT8 (167). Each UGT gene is denoted by an Arabic number designating the
family (e.g., UGT1 family), a letter indicating the subfamily (e.g., UGT1A sub-
family), and an Arabic number denoting the individual gene (e.g., UGT1A1 gene)
(168). UGT enzymes in the same family have greater than 45% amino acid identity
and those in the same subfamily have greater than 60% identity (168).

Pharmacokinetic studies have shown that many clinically useful drugs undergo
glucuronidation in humans (Table 9). Drugs that are glucuronidated at substantial
levels (�50% of the administered dose) include chloramphenicol (169), ketoprofen
(170), lamotrigine (171), lorazepam (172), morphine (173), S-naproxen (170),
oxazepam (174), propofol (175), temazepam (176), zidovudine (177), and
zomepirac (178). The extent of drug glucuronidationmay be increased or decreased
by the concurrent administration of a drug or another substance. For example,
rifampin (179), phenobarbital (180), phenytoin (180), carbamazepine (181), and
oral contraceptives (182) have been reported to enhance the glucuronidation of
various drugs. Interestingly, the consumption of watercress, which is a rich source
of phenethylisothiocyanate, results in increased glucuronidation of cotinine in
smokers (183). Inhibitors of drug glucuronidation include valproic acid (184),
salicyclic acid (185), and probenecid (186). While in vitro studies have established
the role of various individual UGT enzymes in drug glucuronidation (187), in vivo
human studies have been conducted only on UGT1A1, UGT1A6, UGT1A7,

Table 9
In Vivo Drug Glucuronidation by Individual Human UGT Enzymes

Enzyme Drug (Reference)

UGT1A1 Carvedilol (357)
SN-38 (7-ethyl-10-hydroxycamptothecin)* (358)

UGT1A6 Acetaminophen (359)
UGT1A7 Mycophenolic acid (360)

SN-38 (7-ethyl-10-hydroxycamptothecin) (361)
UGT1A8 Mycophenolic acid (194)
UGT1A9 Mycophenolic acid (360)
UGT2B7 Carvedilol (191)

Diclofenac (192)
Morphine (193)
Mycophenolic acid (194)

UGT2B15 Lorazepam (362)

*SN-38 is an active metabolite of irinotecan
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UGT1A8, UGT1A9, UGT2B7, and UGT2B15 (Table 9). Among this subgroup of
UGT enzymes, UGT2B7 is the best characterized to date with respect to in vivo
glucuronidation of drugs in humans.

3.1. UGT2B7

UGT2B7 has been detected in human liver and various extrahepatic tissues, such
as colon, small intestine, kidney, and esophagus (188). Hepatic UGT2B7 protein is
detectable in neonates, as assessed by immunoblot analysis of liver microsome
samples (189). The hepatic expression of this enzyme increases throughout the
developmental period, although a large interindividual variability exists (189).
Relative to the other UGT enzymes, UGT2B7 has been shown in vitro to catalyze
the glucuronidation of the greatest number of drugs (190). In vivo, a role of
UGT2B7 has been indicated in the glucuronidation of carvedilol (191), diclofenac
(192), morphine (193), andmycophenolic acid (194) in humans. Various alleles of
UGT2B7 have been identified. Some of these appear to be linked to an alteration in
the extent of drug glucuronidation in vivo. For example, a UGT2B7 promoter
variant (–840G>A) is associated with decreased glucuronidation of morphine in
patients with sickle cell disease (193). Very little is known about the molecular
regulation of UGT2B7 gene expression. However, in vitro experiments with human
cell lines have shown that t-butylhydroquinone, which is an antioxidant-type
inducer, increases UGT2B7 mRNA levels (195), suggesting a role for antioxi-
dant/electrophile response elements in the regulation of UGT2B7. In contrast, the
farnesoid X receptor may play a negative role in UGT2B7 expression, as indicated
by the finding that transfection of this receptor decreases UGT2B7 promoter
activity (196). A correlation exists in the mRNA expression of hepatocyte nuclear
factor-1 and UGT2B7 (197), but the biological significance of the finding remains
to be determined. A role for the aryl hydrocarbon receptor in the induction of
UGT2B7 may be ruled out because 2,3,7,8-tetrachlorodibenzo-p-dioxin does not
affect UGT2B7 gene expression in the Caco-2 human intestinal carcinoma cell line
(195). A role for other receptors, such as PXR, in the regulation of UGT2B7 has
not been reported. However, human pharmacokinetic studies have indicated that
rifampin, which is a PXR agonist (43), increases the apparent oral clearance of
zidovudine (198), which is glucuronidated predominantly by UGT2B7 (199).
Other inducers of UGT2B7 are valproic acid (200) and resveratrol (201), as
demonstrated in cell culture experiments with human cell lines. Drugs shown to
inhibit in vivoUGT2B7-mediated activity in humans include fluconazole (202) and
probenecid (186).

4. GLUTATHIONE S-TRANSFERASES

GST enzymes catalyze the glutathione conjugation of drugs and other electro-
philic compounds of exogenous and endogenous origin. For many chemicals,
including drugs, this represents an important detoxification pathway. There are
three families of human GST enzymes: cytosolic, mitochondrial, and microsomal.
The cytosolic family consists of 17 genes grouped into 7 subclasses (GSTA, GSTM,
GSTP, GSTS, GSTT, GSTZ, and GSTO) (203). The mitochondrial family has one
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member (K1-1), whereas the microsomal family has six enzymes (MGST2, FLAP,
LTC4S, MGST3, MGST1, and PGES1), but these enzymes are structurally distinct
from those in the cytosolic family. Human GST enzymes are expressed in a tissue-
dependent manner (204–207). For example, the GSTA1 enzyme is present at high
levels in liver, kidney, and testis, but absent in lung, heart, and spleen, whereas the
GSTP1 enzyme is expressed in lung, heart, small intestine, and prostate, but
undetectable in liver. Most of the studies on the function of GST enzymes have
focused on the role of these enzymes in the biotransformation of environmental
carcinogens. Much less is known about the specific drugs that are metabolized by
GST enzymes, except that the in vitro detoxification of some of the anticancer drugs
[e.g., 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU), busulfan, chlorambucil, mel-
phalan, and thio-TEPA] is catalyzed by individual GST enzymes (208). Drugs that
are known to be in vivo substrates for humanGST enzymes include acetaminophen
(209), valproic acid (210), and busulfan (211). Polymorphisms in human GST
genes have been identified (212). However, the clinical significance of GST poly-
morphisms on the pharmacokinetics and pharmacodynamics of therapeutic agents
is not clear. A study indicated a lack of a relationship between the various GSTA1
alleles and the glutathione conjugation of busulfan (213). Human studies on the
induction of GST enzymes are limited. The oral administration of oltipraz, which
has been evaluated as a cancer chemopreventive agent, has been shown to increase
lymphocyte GST enzyme levels in human volunteers (214). The consumption of
brussels sprouts for 1–3 weeks leads to a modest increase in plasma GSTA levels
(215–217). Very little is known about the inhibition of GST enzymes in humans.
The ingestion (daily for 4 months) of Curcuma extract, which contains the dietary
polyphenol curcumin, decreases glutathione S-transferase activity in lymphocytes
in human volunteers (218). Similarly, eugenol, which is the main constituent of oil
of cloves, diminishes human plasma GSTA enzyme activity (219). Overall, much
remains to be investigated on the interaction between drugs and individual GST
enzymes in humans.

5. CONCLUSION

This overview of CYP, UGT, and GST drug-metabolizing enzymes provides a
setting in which to appreciate the various drug–nutrient interactions.
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5 Nutrient Disposition and Response

Stacey Milan and Francis E. Rosato, Jr.

Objectives

� Review the mechanisms that control food intake and digestion.

� Review the basic principles of nutrient absorption, distribution, storage, and elimination.

� Briefly discuss the influence of disease on these processes.

Key Words: Absorption; digestion; food intake; macronutrient; micronutrient

1. INTRODUCTION

In order to gain a better understanding for potential drug–nutrient interactions,
an appreciation for the mechanisms controlling nutrient intake, digestion,
absorption, storage, and elimination is necessary. These mechanisms are regulated
by a variety of hormones and digestive enzymes and transporters acting in concert
to initiate the consumption and breakdown of food and the availability of the
nutrients needed to meet the metabolic demands of life. It is also important to
recognize that a myriad of disease states can affect this highly coordinated process.

2. CONTROL OF FOOD INTAKE

A variety of factors, including metabolic demands, environmental cues, appear-
ance of food, psychological states, social traits, and disease states have been shown
to play important roles in the ongoing cycle of initiating, maintaining, and termi-
nating food intake (1,2). However, our understanding of the exact mechanism of
what controls food intake is continually evolving. For years, a specific anatomic
region of the brain was thought to be the only area responsible for this process (3).
Experiments with rats were able to illustrate that the stimulation of the lateral
hypothalamus elicited a feeling of hunger, while ventromedial stimulation elicited
a feeling of satiety. Since these classic studies, the understanding of appetite
regulation has evolved from an explanation based on anatomic distribution into
one of a complex interaction between the central nervous system (CNS) and the
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peripheral neuroreceptors. Central modulation is working in concert with afferent
sensing and signaling pathways and efferent pathways to control short-term food
intake and long-term energy balance (Table 1) (4).

Hunger is the feeling that motivates people to seek food. This driving force is
generated by a variety of neuropeptides taking into account the body’s overall
energy balance, timing of the last meal, taste, smell, and appearance of food,
emotions, stressors, gastric volume, exercise, and climate. These neuropeptides
originate from the gut, the brain, and the region of the hypothalamus known as
the arcuate nucleus. Ghrelin has been a well-studied peptide secreted by the stomach
in response to fasting. This hormone stimulates the arcuate nucleus which in turn
stimulates the anterior hypothalamus causing the release of neuropeptide Y (NPY)
and agouti-related protein. These peptides are potent orexigenic agents producing
the desire to consume food.

As one continues to eat, the feeling of hunger is replaced by the feeling of satiety.
This is produced by another group of neuropeptides interacting between the arcuate
nucleus, the lateral hypothalamus, and the nucleus tractus solitaris of the brainstem.
Leptin, insulin, cholecystokinin, glucagon-like peptide-1 (GLP-1), polypeptide YY,
and serotonin are released in response to intraluminal nutrients. These hormones
promote the binding of propiomelanocortin (POMC) as well as its cleavage product
a-melanocyte stimulating hormone to the lateral hypothalamus causing an anorec-
tic sensation. In conjunction, vagal input from the mouth, stomach, and liver helps
to further suppress appetite. Leptin is recognized as a major factor in suppressing
food intake. This hormone is produced by adipocytes and has the effect ofmaintain-
ing satiety. For this reason, it has been targeted as a possible drug treatment for
obesity. As time passes, the feeling of satiety waxes and is once again replaced by
hunger and the cycle begins again.

3. DIGESTION AND ABSORPTION

3.1. Overview

Digestion is themechanical and chemical breakdown of foodstuff to the nutrients
that can be utilized by the body. This process begins with the gastrointestinal (GI)
tract which is a tube-like structure consisting of the mouth, esophagus, stomach,
small intestine, large intestine, and anus. Although its main function is the digestion

Table 1
Summary of Effects of Various Neuropeptides on Feeding

Hunger Promoting Agents Satiety Promoting Agents
Ghrelin Leptin
Agouti-related protein (AGRP) Insulin
Neuropeptide Y (NPY) Cholecystokinin (CCK)

Glucagon-like peptide-1(GLP-1)
Peptide YY (PYY)
a-Melanocyte-stimulating hormone (a-MSH)
Serotonin (5-HT)
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and absorption of nutrients (macronutrients – carbohydrate, protein, fat, water;
and micronutrients – vitamins, minerals), the GI tract also plays a role in the
excretion of waste and maintaining host immune defenses. There are a number of
accessory organs that aid the GI tract in carrying out its primary task; these include
the salivary glands, the liver, the gallbladder, and the pancreas. A variety of
specialized digestive cells which secrete specialized enzymes have evolved to meet
the requirements of digestion (Table 2).The GI tract orchestrates the use of these
accessory organs and specialized cells in concert to convert carbohydrate, protein,
and fat from their complex molecular form into their more usable forms of
monosaccharides, amino acids, and free fatty acids. The movement of the digested
nutrients from the intestinal lumen into the blood or lymph fluid is called
absorption. Absorption is a highly developed process that is very site specific and
utilizes a variety of transport systems (i.e., passive, active, or simple diffusion and
endocytosis) (5).

3.2. Mouth and Esophagus

Digestion begins in the mouth where mastication decreases the size of the food
bolus in preparation for its passage down the esophagus. The sight, smell, and taste
of food all lead to the release of amylase from the salivary gland. This enzyme begins
the breakdown of dietary starch and remains active until neutralized by the acidic
environment of the stomach. Saliva also serves as an antimicrobial and lubricant to
aid in speech and swallowing. Swallowing is a coordinated action involving both
voluntary and involuntary muscles. The process culminates in the relaxation of the
lower esophageal sphincter allowing the deposition of a food bolus into the
stomach. Altered physiology of the lower esophageal sphincter leads to the clinical
ailment known as acid reflux (4).

3.3. Stomach

The stomach serves the function of a reservoir to prepare food for absorption by
the small intestine and thus plays a minimal role in the absorption of nutrients.
Ethanol and short-chain fatty acids (SCFAs) are the only products absorbed by the
stomach during a meal. The lining of the stomach consists of three distinct types of
glandular tissue – cardiac, oxyntic, and antral. The oxyntic gland contains both
parietal and chief cells. Parietal cells secrete hydrochloric acid (HCl) and are
responsible for maintaining the acid environment of the stomach and secreting
intrinsic factor. This latter polypeptide plays an important role in the absorption
of vitamin B12. Chief cells release pepsinogen which is responsible for the digestion
of proteins. The G cells of the antrum secrete the hormone gastrin responsible for
acid production. Mucosal cells throughout the stomach secrete mucus and bicar-
bonate. All of these gastric cells are under tight neurohormonal regulation. The
combination of gastric distention and nutrients in the stomach leads to an increased
release of acetylcholine, histamine, and gastrin stimulating the release of HCl and
pepsinogen. Pepsinogen is cleaved to its active form pepsin byHCl. The end result is
the chemical breakdown of nutrients into smaller molecules. To further maximize
digestion, the stomach mixes food particles and gastric juices by continually
contracting against the pylorus. This process of mixing and grinding is called
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trituration. The gastric phase of digestion is crucial in the overall absorption of
nutrients as proven by a variety of malabsorption syndromes caused by alterations
in gastric physiology or anatomy (5).

When a food bolus reaches the stomach, vagal stimulation and gastrin secretion
promote gastric motility (5). So as not to exceed the absorptive capacity of the duode-
num, the body has developedmechanisms based on food consistency and composition to
regulate gastric emptying (6). Normally, food must be broken down to less than
1�2 mm before it may pass through the pylorus. Thus, food that is poorly chewed or
is high in fiber or fat will take longer to exit the stomach. The release of the hormone
cholecystokinin (CCK) in response to high levels of fat and protein in the lumen of the
duodenumalso acts to slowgastric emptying. Lastly, the hormone peptideYY is released
in response to incompletely digested carbohydrates reaching the terminal ileumand slows
gastric emptying (6). This phenomenon is referred to as the ‘‘ileal brake.’’

3.4. Small Intestine

The small intestine consists of the duodenum, jejunum, and ileum. The small bowel
has the largest surface area of any part of theGI tract thanks in part to its length (mean
�7 m) and unique anatomic configuration. The entire luminal surface consists of
mucosal folds, each with fingerlike projections called villi. On the surface of each villus
are more fingerlike projections called microvilli. The result is a surface area of approx-
imately 200m2 (7). The small bowel has a uniquemechanism ofmotility. Contents are
moved in a back and forth motion called segmentation. This ensures adequate mixing
of luminal contents with the surface area. The cells that line the intestinal lumen, called
enterocytes, have highly specialized roles in digestion, absorption, storage, and electro-
lyte balance. Enterocytes are renewed approximately every 3 days (5).

Digestion in the small bowel occurs in two phases – luminal and cellular. The
luminal phase involves the help of the liver, gallbladder, and pancreas. As the acidic
chyme is expelled from the stomach the pancreas secretes a bicarbonate-rich fluid
that acts to raise pH in the duodenum. The neutral environment optimizes the
activity of pancreatic digestive enzymes. An enzyme-rich cocktail containing
amylase, lipase, phospholipase A2, nucleolytic enzymes, trypsinogen, chymotryp-
sinogen, elastase, carboxypeptidases, and colipase is excreted by the pancreas in
response to partially digested nutrients. Many of these enzymes are stored in an
inactive form (zymogens) in order to protect the pancreas against autodigestion.
Bile salts are released from the liver and gallbladder in response to lipids. Bile acts to
compartmentalize small lipid particles into easily absorbable units called micelles.
Also playing roles in the luminal phase are a series of enzymes located on the brush
border of enterocytes called ectoenzymes. The end result of the luminal phase is the
conversion of carbohydrates into monosaccharides, proteins into amino acids and
small peptide fragments, and lipids into free fatty acids and monoglycerides.

The cellular phase of digestion begins as nutrients enter the cytoplasm of
enterocytes. Once inside the cell, peptidases breakdown di- and tripeptides into
free amino acids. Also present within enterocytes are enzymes used to convert
monoglycerides and free fatty acids into triglycerides for incorporation into
chylomicrons and distribution throughout the body.
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3.5. Large Intestine

The colon plays a more limited role in digestion. Nonabsorbed carbohydrates
reaching the ascending colon are either actively absorbed or converted to SCFAs by
colonic bacteria. This process is called fermentation and helps to provide a fuel
source for the cells lining the lumen of the colon. Dietary long-chain fatty acids are
not absorbed but their presence affects water absorption and electrolyte balance. In
cases where there is limited small bowel, the colon has been shown to adapt its
function over time and play a more significant role in absorbing nutrients (5).

3.6. Regulation

The process of digestion is regulated by the CNS, GI hormones, central and
peripheral neurotransmitters, and paracrine substances (8). This neuronal axis
responds to both external (i.e., smell, appearance) and internal (i.e., volume,
nutrient content) cues from a meal. Input carried from cranial, vagal, and visceral
afferent neurons stimulates the CNS via acetylcholine to increase glandular
secretions, gastric motility, and pancreatic exocrine function. G cells of the gastric
antrum release the hormone gastrin increasing acid production and gastric motility.
Secretin is released in response to a pH less than 4.5 by S cells of the duodenum and
jejunum stimulating the secretion of bicarbonate by the exocrine pancreas to
neutralize gastric chyme and promote the excretion of bile. Cholecystokinin is
released by I cells of the duodenum and jejunum in response to fat or protein in
the small bowel. Its action results in the contraction of the gallbladder and the
release of pancreatic digestive enzymes. Somatostatin is a paracrine peptide released
by D cells of the GI tract and pancreas to reduce overall intestinal secretions,
including HCl, pancreatic juice, and blood flow to the GI tract. A variety of other
factors including epidermal growth factor, motilin, gastric inhibitory peptide,
peptide YY, glucagon-like peptides, bombesin, and pancreatic peptide play smaller
roles in helping to regulate GI function (9).

3.7. Absorption

Absorption is the net movement of nutrients, including water and electrolytes,
from the intestinal mucosa to the vascular and lymphatic systems. The body has
developed several mechanisms to facilitate absorption including passive and active
transports, simple diffusion, endocytosis, and paracellularmovement. Although the
entire small bowel has the potential for absorption, the vast majority of nutrients
are absorbed by the jejunum. By the time gastric contents have reached the ileum,
the process of nutrient absorption is near completion.

4. MACRONUTRIENTS

4.1. Carbohydrates

The end result of digestion is the breakdown of complex carbohydrates (starch and
fibers) and simple carbohydrates (sugars) into themonosaccharides glucose, fructose,
and galactose. These three molecules, all hexoses, share a similar molecular formula.
The major enzymes responsible for the digestion of carbohydrates are salivary
amylase, pancreatic amylase, and brush border disaccharidases. These enzymes
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cleave theO–OHbonds between polysaccharides by a process called hydrolysis. After
a meal, all carbohydrates are absorbed and only a small portion of resistant starch
and dietary fiber remains undigested. These residual products are fermented to SCFA
by bacteria in the colon, to be used as an alternative source of energy. For the most
part, the absorption of monosaccharides occurs in the small intestine exclusively
through a group of hexose transporters (9). Glucose and galactose traverse the apical
membrane of enterocytes through a sodium-dependent active transport system called
SGLT-1, while fructose enters the epithelial cells, via facilitated diffusion, through a
separate transport system called GLUT-5. Once inside the epithelial cell, all three
monosaccharides are transported across the basolateral membrane by a passive
diffusion transporter called GLUT-2. Once across the basolateral membrane the
hexoses are transported by the portal system to the liver where their ultimate fate
will be determined. Glucose can be utilized in three different ways by the body: (1)
utilized by the cells of the body with the help of insulin and used to meet immediate
energy demands via glycolysis, (2) converted to glycogen and stored for later use, or
(3) the conversion to fatty acids for energy or storage as triglycerides in adipose tissue.
The liver contains one-third of the body’s total glycogen stores and muscle contains
the remaining two-thirds. During periods of low blood glucose, the liver converts
glycogen back to glucose to be used to maintain the energy requirements of the body.
Glycogen reserves in muscle are used solely to maintain their own energy require-
ments. The storage of fatty acid in adipose tissue occurs only when the body’s energy
needs have been satisfied and glycogen stores filled. Stores of intramyocellular lipids
as found in skeletal muscle are considered abnormal.

A recent field of nutritional study focuses on the interaction of nutrients with
different genes and their protein products (10). For example, carbohydrates have
been shown to effect the production of a variety of proteins. The presence of
glucose, galactose, and fructose in the GI tract causes increased expression of
their respective hexose transporters (9). Also, increased levels of glucose in blood
have been shown to upregulate the production of a myriad of enzymes involved in
glycolysis, fructose metabolism, and gluconeogenesis (9). As we gain a better
understanding of this field it is possible that nutrient–gene interactions could be
used for the identification and targeted treatment of a variety of diseases.

As one begins to understand the physiology of digestion and absorption, it
becomes apparent that malabsorption of carbohydrates can result from a variety
of diseases. For example, pancreatic insufficiency brought on by chronic pancrea-
titis, surgical resection, or a congenital condition like cystic fibrosis can lead to
insufficient amounts of amylase. Alterations in the function of enterocytes through
radiation injury or by celiac disease can affect carbohydrate absorption. And
finally, a decrease in bowel surface area caused by congenital short gut, inflamma-
tory bowel disease, or surgical resection can result in inadequate interaction
between mucosal cells and nutrients.

4.2. Proteins

Digestion breaks down proteins into individual amino acids and peptides that the
body can use. In the stomach, HCl denatures proteins exposing their peptide bonds
to the proteolytic enzyme pepsin, breaking down proteins into amino acids and
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smaller peptide molecules. This digestive process is accelerated in the small intestine
by a variety of pancreatic proteases. Enterocytes contain an enzyme on their apical
border (enteropeptidase) which acts to convert pancreatic trypsinogen into its active
form trypsin. This enzyme also activates the pancreatic zymogens chymotrypsino-
gen and procarboxypeptidase. This cascade-like action serves to protect the pan-
creas from autodigestion. Pancreatic proteases work in concert with intestinal
peptidase, elastase, and collagenase to further break down proteins to peptide
fragments, di- and tripeptides, and single amino acids. Individual amino acid
uptake occurs along the brush border membrane through a variety of sodium-
dependent transporters. These transporters have a specific affinity for each amino
acid based on their electrochemical properties – neutral, dibasic, acidic, or imino.
Di- and tripeptides are carried independently across the brush border membrane by
a group of substrate-selective carriers. Oligopeptides are also capable of being
absorbed; however, once in the cytosol, aminopeptidases break them down to
their respective amino acids. The advantage of having the capability to absorb
multiple peptide configurations assures the maximal amount of amino acid avail-
able to the body. These nutrients then exit the cells through membrane transporters
and are carried directly to the liver for subsequent disposition. It is important to
note that the rate-limiting step in dietary protein metabolism is the intestinal
absorption of amino acids. The body uses nutrient–gene interactions to regulate
the number of mucosal cell transporters in response to the dietary load of protein
(9). During periods of excessive food intake or in disease states where protein is
highly utilized, the number of mucosal cell amino acid transporters increases. The
opposite effect is seen during periods of starvation.

Once amino acids reach the liver they are utilized in one of three ways. The first is
to replenish the body’s protein stores, which are continually being broken down.
The second use of amino acids is for the production of energy. The carbon skeletons
of amino acids can be converted into intermediates used by the tricarboxylic acid
cycle and in gluconeogenesis. The last use of amino acids is in the formation of
compounds like nucleotides, neurotransmitters, catecholamines, hemoglobin, and
albumin. These uses involve the production of ammonia by transamination or
deamination reactions. The toxic by-product of the process is converted to urea
by the liver and excreted via the kidneys.

4.3. Lipids

The averageWestern diet contains 60–100 g of fat daily, most of which consists of
triglycerides; the remainder is a combination of sterols, phospholipids, and fat-
soluble vitamins. The digestion of lipids begins with the secretion of pancreatic
lipase. This enzyme cleaves the 1 and 3 positions along the glycerol backbone to
form two free fatty acids and a monoglyceride. The mucosal cells of the duodenum
release the hormone CCK in response to an increased concentration of lipids. This
hormone is responsible for the release of pancreatic lipase and bile. Bile acts as an
emulsifier to help with lipolysis. Once triglycerides are broken down to their con-
stituent monoglycerides and fatty acids, they form bile micelles. These aggregations
of bile salts and fatty acids act to orient the hydrophobic portions of the molecules
inward and the hydrophilic portions outward toward the aqueous environment.
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This orientation allows for easy movement across the watery layer above the brush
border and results in more efficient absorption. Once at the apical membrane, the
contents ofmicelles enter the cell by simple diffusion and themicelle recycles back to
the intestinal lumen. Short- andmedium-chain fatty acids and glycerol are absorbed
directly by mucosal cells and are transported to the portal circulation. Phospho-
lipids are absorbed in a similar fashion to triglycerides. Sterols can be absorbed
directly by mucosal cells.

Ninety percent of the bile secreted is reabsorbed by the distal small bowel and
returned to the liver through portal blood flow. This recirculated bile can then be
secreted again or stored in the gallbladder for further use. The route of recycling bile
salts is known as the enterohepatic circulation. Once absorbed into the enterocytes,
free fatty acids are reassembled into triglycerides and packaged with cholesterol,
phospholipids, and protein to form chylomicrons. Chylomicrons act as transport
vehicles for the journey through the lymphatic system. Short- and medium-chain
fatty acids are more water soluble and are thus able to enter the blood (and bind to
albumin) by simple diffusion. Those products of lipid digestion that are absorbed
via the blood go directly to the liver and are used for the synthesis of more
triglycerides, cholesterols, or other compounds. Those that are absorbed as chylo-
microns reach the vascular system through the thoracic duct and have their lipids
utilized by cells all over the body or store their fatty acids in adipose tissue. By the
time a chylomicron reaches the liver all that remains are proteins and lipid rem-
nants. This chylomicron remnant is then absorbed by the liver and converted into
new lipoproteins.

4.4. Water Absorption

The average adult ingests 1�2 L of fluid a day plus an additional 6�7 L from GI
secretions. Therefore, the body must be able to absorb large quantities of water. By
the time ingesta reach the large intestine, 80%of water has been absorbed (11). The
osmotic gradient is the principle by which water is absorbed and is dependent on the
absorption of sodium. The absorption of nutrients results in a large accumulation of
sodium and other molecules on the anti-luminal side of enterocytes. This causes a
high osmotic gradient toward which water flows. The net result is the movement of
water between the tight junctions of enterocytes and into the blood. As water moves
farther down the GI tract, the tight junction becomes less permeable. Water must
travel with the active absorption of sodium.

5. MICRONUTRIENTS

5.1. Vitamins

Vitamins are essential nutrients needed only in small amounts relative to the
macronutrients. They are distinguished from carbohydrates, proteins, lipids, and
minerals by the fact they are absorbed in their natural organic state. Historically,
they have been grouped according to solubility. The fat-soluble vitamins are A
(retinol), D (calciferol), E (tocopherols and tocotrienols), and K (phylloquinone
and menaquinone). These vitamins are absorbed in a fashion similar to lipids with
the help of chylomicrons and can be stored in cells associated with fat.Many require
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transport proteins as carriers. These vitamins generally are less readily excreted and
therefore are needed less frequently. The water-soluble vitamins include all of the
B-vitamins plus vitamin C. They travel in the blood and are excreted by the kidneys.
These vitamins are absorbed at various sites along the length of the small bowel by
both energy-dependent and energy-independent transport systems. Vitamin B12

requires intrinsic factor (IF) for its absorption. IF is produced by parietal cells of
the stomach. The IF–vitamin complex travels to the terminal ileum where it is
absorbed by a specific receptor. Any compromise of IF production or the inter-
action between B12 and IF (i.e., gastrectomy, pancreatic insufficiency, ileal resec-
tion) will lead to poor bioavailability of dietary B12 and subsequent deficiency. It is
important to note that deficiencies are extremely rare given the large hepatic stores
of this vitamin but when present they affect multiple organ systems. Fortunately, a
balanced diet provides adequate amounts of all vitamins. A list of vitamins, their
actions, and physiologic effects of varying concentrations can be found in Table 3.

5.2. Minerals

Minerals are inorganic compounds that are required in small amounts. These
compounds play vital roles assisting in energy production, growth, hemoglobin
synthesis, as well as themetabolism of carbohydrates, lipids, proteins, and vitamins.
Minerals are absorbed and distributed throughout the body without alteration to
their chemical structure.

Excessive amounts have the potential to be toxic, thus the body carefully controls
their absorption. Minerals are usually divided into two groups, major and minor,
depending on their required amounts. Calcium, phosphorous, potassium, sulfur,
sodium, chloride, and magnesium are classified as major or macrominerals. Their
daily requirements are often described in gram quantities. Iron, zinc, copper,
manganese, iodine, and selenium are considered minor or trace minerals and their
requirements aremeasured inmilligram ormicrogram amounts. A normal balanced
diet adequately supplies all required amounts of minerals. The following is a brief
description of a few minerals.

Calcium absorption is concentration dependent (12). During periods of low
calcium ingestion, active absorption occurs in the duodenum. Vitamin D plays an
important role in transporting calcium out of enterocytes and into the vascular
system. During periods of moderate to high calcium ingestion, the mineral is
absorbed by passive diffusion in the jejunum and ileum. The regulation of calcium
in the blood falls under the control of parathyroid hormone. An increase in this
hormone leads to increased intestinal absorption, decreased renal excretion, and
increased bone metabolism.

Phosphorous is the secondmost abundant mineral in the body. The vast majority
is bound to calcium in teeth and bones. It is predominantly absorbed in the upper
small intestine by a sodium cotransport system present on the apical surface of
brush border cells. The transport system is highly dependent on vitamin D for its
activity. There are no known dietary deficiencies of phosphorous because it is so
ubiquitous in the food supply.

Iron is absorbed from vegetable (non-heme iron) and meat (heme iron) sources.
The average dietary intake is 10�20 mg/day with only 1�2 mg/day being absorbed
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by men and 3�4 mg/day being absorbed by premenopausal women and iron-
deficient individuals. Heme iron is the more readily absorbed of the two (10–20%
vs. 1–6%). Dietary factors such as phosphates, phytates, and phosphoproteins can
render non-heme iron insoluble and impair its absorption. Both dietary forms of
iron are mainly absorbed by the duodenum. Some iron remains in enterocytes as
ferritin, while the remainder is transported through the blood bound to transferrin.
Iron is lost on a daily basis through the exfoliation of mucosal cells. A deficiency in
iron is manifested by anemia (microcytic), a decrease in serum ferritin, and increase
in serum transferrin levels. Iron overload can be toxic. The genetic disorder hemo-
siderosis leads to iron deposits in the liver and eventual cirrhosis.

Zinc plays a variety of roles throughout the body including maintaining pancre-
atic function, wound healing, enzymatic reactions, and blood clotting. Only about
15–40% of dietary zinc is absorbed. Various transporters have been identified for
the absorption of zinc, but the exact mechanism still remains incomplete (13).
Certain animal proteins have been shown to modulate zinc absorption. Phytates
have been shown to chelate zinc and prevent its absorption.

6. FACTORS INFLUENCING NUTRIENT ABSORPTION

6.1. Aging

The effects of aging can have a profound influence on the intake, digestion and
absorption of nutrients (see Chapter 22). Aging can impair memory, cognition, and
vision making the initiation of food intake more difficult. Tooth loss and decreased
sensory input serve to make the act of eating less enjoyable. The metabolic demands
of the body change and metabolism declines. Older people have less muscle mass
and increased fat, thus protein and carbohydrate consumption takes precedence
over fats in the diet. An older person has less total body water content and therefore
is more easily subject to dehydration. Vitamin deficiencies are more prevalent in
older people. B12 deficiency is common because of the increased incidence of
atrophic gastritis. As it ages, the body synthesizes less of the active form of vitamin
D leading to deficiencies. Osteoporosis can occur from calcium deficiencies. Iron
deficiency anemia is also a common problem found in older people secondary to
decreased production of gastric HCl. These absorptive problems are often exacer-
bated by the presence of other comorbid diseases, the use of multiple medicines, or
rigid learned dietary habits.

6.2. Disease

The effect of various diseases on absorption and digestion can result in malnu-
trition and ultimately severe illness. Disease, whether organic or functional, can be
found along the entireGI tract andmay result from genetic, infectious, or iatrogenic
causes. These alterations can affect the luminal factors involved in digestion or
impair the function of the brush border cells in absorption. Genetic diseases like
cystic fibrosis and lactase deficiency are common throughout the world. Inflamma-
tory conditions like pancreatitis, gastritis, and inflammatory bowel disease also lead
to impaired nutrient absorption. Bacterial overgrowth and commonly acquired
conditions like celiac disease, diabetes, and infectious gastritis also lead to impaired
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nutrient uptake. A variety of surgical procedures including gastric resection, short
bowel syndrome, ileostomy, or colostomy lead to altered nutrient absorption (14).
It is also important to note that diseases affecting other organs like the kidneys, the
liver, and gallbladder can also have an effect on nutrient digestion and absorption.

7. CONCLUSION

The absorption and digestion of nutrients is a complex and highly coordinated
process. Interactions between the CNS and peripheral nervous systems as well as the
GI tract must take place to assure that metabolic demands are met. In an effort to
better elucidate the effects of a multitude of diseases involving the GI tract as well as
the interventions performed upon it by themedical community, it is paramount that
we understand the roles that chemical messengers, GI hormones, digestive enzymes,
and mechanical stimuli play. We must also always remember when caring for
patients that age, disease processes, and altered physiologic states have profound
effects on the milieu of nutrient assimilation. An understanding of the workings of
each component, as an individual entity and in the overall picture, will allow for
better care of patients. Future efforts in better appreciating drug–nutrient interac-
tions will require this level of knowledge.
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II INFLUENCE OF NUTRITION STATUS ON

DRUG DISPOSITION AND EFFECT



6 Influence of Protein-Calorie
Malnutrition on Medication

Charlene W. Compher and Joseph I. Boullata

Objectives

� Describe malnutrition in healthy and ill individuals in the United States.

� Explain how malnutrition can impact drug absorption, distribution, clearance, and effect.

� Provide a compilation of findings regarding the impact of malnutrition on specific drugs.

Key Words: Malnutrition; inflammation; obesity; stunting; wasting; energy

1. INTRODUCTION TO MALNUTRITION

Malnutrition may exist as a chronic problem or as an acute disturbance. The
origin of malnutrition can be either primary as a result of inadequate food intake or
secondary to other processes (1). Malnutrition, regardless of the etiology, exists if
nutrient needs are not being matched by intake. By strict definition overweight and
obesity are also considered states of malnutrition. Chronic starvation due to inad-
equate food supply results in deficits of protein and energy, a syndrome known as
protein-energy malnutrition or protein-calorie malnutrition (PCM). Varying
degrees of micronutrient deficits are also likely to exist (1). When the predominant
deficiency is chronic undersupply of calories, unintentional weight loss occurs in
adults or severe growth failure in children (1). When the predominant deficiency is
protein, muscle wasting may develop. Some individuals may have combined defi-
ciencies of energy and protein particularly when weight loss or growth failure exists
and is complicated by an infection such as measles or diarrheal illness. This add-
itional illness results in an inflammatory response that secondarily reduces serum
protein production and results in edema due to low oncotic pressure. In fact, recent
efforts at managing diarrheal illnesses in Nigeria may have been a factor in reducing
the incidence of kwashiorkor – a specific subtype of PCM (2).
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1.1. Malnutrition in Children

1.1.1. UNDERWEIGHT IN CHILDREN

1.1.1.1. Definitions. Malnutrition in children in the United States is defined by
comparison to the Centers for Disease Control and Prevention (CDC) growth
charts. These charts are based on data from the ongoing National Health and
Nutrition Examination Surveys (NHANES) and include both bottle-fed and
breast-fed infants since the year 2000. By these charts, a child with a weight-for-
length measurement < 5th percentile is classified as underweight. A child whose
height- or length-for-age is< 5th percentile is classified as being of short stature (3).
These charts are used in clinics tomonitor for changes in weight or height status that
might signify a new disease or lifestyle problem.

Internationally, the World Health Organization (WHO) uses similar growth
charts (1,4,5). These define wasting as a child whose weight-for-height is > 2
standard deviations (SD) below the mean. A height-for-age > 2 SD below the
reference indicates stunting (5). Severe degrees of wasting and stunting in children
are defined as > 3 SD below the reference value (5).
1.1.1.2. Prevalence. The current prevalence of underweight, short stature, and
wasting in the United States has not been documented. Malnutrition and food
insecurity are closely related to levels of poverty. Nearly 13 million children in the
United States lived in families with incomes below the poverty level in 2006 (6).
Based on 2005 data in children less than 5 years of age 4.8% were underweight and
6.4% were of short stature in the United States (3).

Internationally, a comparison of other developed countries (Argentina and Italy)
with two developing countries (Maldives and Pakistan) revealed that the prevalence
of stunting was 4.5% in Argentina and 2.5% in Italy (severe stunting and wasting
each at � 1% in both countries). By contrast, 37% of children from the Maldives
and 27% from Pakistan were stunted, while 20% from theMaldives and 15% from
Pakistan were identified as meeting the definition for wasting (7). As can be seen
even in developed countries where the prevalence rates are low, undernutrition
exists nonetheless. The mortality rate remains above 20% in children with severe
malnutrition who are cared for in hospitals (8).

Fetal malnutrition is defined as failure to acquire adequate fat and muscle mass
during intrauterine growth (9). This condition is associated with a higher risk of
perinatal death as well as chronic diseases (hypertension, diabetes, coronary heart
disease) in later life. Fetal malnutrition is more prevalent when the mother is
malnourished (BMI<18.5 kg/m2) (9) and has been described as 10% in the United
States and up to 20% in India and Nigeria (9). When undernourished pregnant
women were supplied with multimicronutrient supplements, the incidence of low
birth weight declined from 43.1 to 16.2%, and early neonatal morbidity declined
from 28 to 14.8% in a group of 200 malnourished pregnant women in India (10).
These studies suggest that neonates are at high risk of malnutrition after birth, and
especially in those whose mothers do not have medical care during pregnancy.

More than 50% of deaths in children under five are due to malnutrition. Mal-
nourished children have a 10–20 times greater risk of dying than well-nourished
children. Countries with more than 10% of children under five with wasting also
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have mortality greater than 7%. These countries include Afghanistan, Bangladesh,
Cambodia, Congo, Ethiopia, India, Madagascar, and Pakistan. More than 2
million children die in India alone from causes related to undernutrition (5).
According to the 2006 WHO report, 20 million children under the age of five
years suffer from severe malnutrition, and they die from diarrhea and pneumonia.

1.1.2. OVERWEIGHT IN CHILDREN

1.1.2.1. Definition. Given that overweight is epidemic in children in developed
countries, the CDChas also developed BMI-for-age and sex charts to screen for this
form of malnutrition (3). The BMI is calculated as weight in kg/(height in m)2. If
BMI for age and sex is greater than the 85th but less than 95th percentile, a child is
considered as at risk for overweight and BMI > 95th percentile indicates overweight
status. The WHO has developed a similar BMI chart that begins with age 0 and is
based on European data (11).
1.1.2.2. Prevalence. By 2003–2004 NHANES data, 34.8% of boys and 32.4% of
girls in theUnited States were either at risk of overweight or overweight, with 17.1%
of all children being overweight (12). In children less than 5 years of age, 13.9%
were overweight in 2005 (3). By contrast, in the Maldives and Pakistan only 0.2%
and 1.2% of children were overweight and 0.2% obese (7).

1.2. Malnutrition in Adults

1.2.1. UNDERWEIGHT

In adults, energy malnutrition is defined by comparison of body weight or body
mass index to optimal levels. The BMI is calculated as weight in kg/(height in m)2.
By international agreement, BMI < 18.5 kg/m2 is considered malnourished and
associated with increased mortality risk (1).

Body weight is sometimes compared with predictive equations for ‘‘optimum’’
body weight or for ‘‘lean’’ body weight (13,14). These continue to be widely used
and often referred to as ‘‘ideal’’ body weight despite being empirically derived (15).
For the Hamwi standard ideal weight for women is 100 lbs for the first 5 feet of
height + 5 lbs for each additional inch, while for men, ideal body weight is 106 lbs
for first 5 feet of height + 6 lbs for each additional inch (13). For the Devine
standard ideal weight for women is 45.5 kg for the first 5 feet of height + 2.3 kg for
each additional inch, while for men, ideal body weight is 50 kg for the first 5 feet of
height + 2.3 kg for each additional inch (14). With these similar weight standards,
an individual whose current weight is 80–89%of ideal is at risk ofmild malnutrition,
and 70–80% ideal is at risk ofmoderate malnutrition, and if< 70% ideal is at risk of
severe malnutrition (16). Unfortunately, these standards did not consider non-
caucasian ethnic or racial groups and do not consider age. More importantly,
they have not been associated with clinical outcomes. Thus, BMI is suggested as a
preferred standard.

Unintentional weight loss from usual body weight has been associated with
negative clinical outcomes. A loss of > 10% of usual body weight is associated
with a threefold increase in mortality after gastric ulcer surgery (17). Weight loss in
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the elderly, whether in hospital or after discharge, is associated with mortality.
Weight loss during hospitalization is common due in part to unfamiliar food intake,
medication and disease effects on appetite, and limited intake due to procedures.
This degree of weight loss may alter physiologic function even if the BMI is within
the desirable limits.

There are no clear data on adult malnutrition in the United States. According to
the U.S. Census Bureau, nearly 24 million adults in the United States live in poverty
and therefore are at risk for food insecurity and malnutrition (6).

1.2.2. OVERWEIGHT

Rather than undernutrition, the more usual pattern in the general patient popu-
lation of the United States is normal weight, overweight, or obesity prior to hospital
admission (18). Adults with a BMI 25�29.9 kg/m2are considered overweight while
those with BMI> 30 kg/m2 are considered obese (12) (see Chapter 7). This reality is
associated with increased risk of chronic diseases (hypertension, type 2 diabetes
mellitus, osteoarthritis, sleep apnea, and several cancers). By the most recent
NHANES data, 66.3% of adults were either overweight or obese and 32.9% were
obese (12).

1.3. Secondary Malnutrition

While malnutrition can occur as a primary process due to reduced food intake or
availability, the more common pattern in developed countries is acute or chronic
malnutrition secondary to a disease. Weight loss during acute illness or hospital-
ization is common. Additionally, rapid development of severely depleted serum
protein levels occurs in response to injury, infection, surgical or medical treatments,
and prolonged limited intake of protein (19). Such unintentional weight loss is
associated with poor surgical outcomes. Patients with critical illness may require
intravenous or enteral tube feedings to meet their increased needs for energy,
protein, and other nutrients. Subacute and chronic diseases may result in reduced
food intake due to physiologic barriers (tumors or adhesions blocking the gastro-
intestinal tract), reduced nutrient absorption (malabsorption syndromes, surgically
induced malabsorption), or loss of appetite (cancer and cardiac cachexia). With
aging, any loss of cognitive function or reduced sensory acuitymay result in reduced
food intake. In addition, some types of malignancy and pulmonary disease (cystic
fibrosis) may increase the body’s requirement for energy. Treatment for these
diseases may also limit a patient’s ability to obtain adequate intake (malabsorption
due to chemotherapy or radiotherapy, prolonged NPO status, or clear liquid intake
for gastrointestinal symptom control). Findings on altered drug disposition related
specifically to secondary causes of malnutrition may be found elsewhere (20–23).
Following a summary on screening for malnutrition, the remainder of the chapter
will focus on primary malnutrition.

1.4. Monitoring or Screening for Malnutrition

1.4.1. PRIMARY MALNUTRITION

While protein and energy have classically defined the syndrome, in the most
typical presentation with starvation, the entire food supply is limited such that
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deficiencies of many other nutrients occur simultaneously (1). A relatively recent
observation in developing countries is increasing obesity concurrently with preva-
lent PCM or micronutrient deficits. In young American children the prevalence of
iron deficiency is significantly greater (OR 3.34, 95%CI 1.10, 10.12) in those who
are overweight/obese (24). Obesity can occur when caloric supply is adequate to
promote chronic diseases (obesity, diabetes, hypertension, and cancer) but the
nutrient content of the diet is poor (25).

In hospitalized or institutionalized patients, a nutrition screening tool is some-
times employed to distinguish adult patients with nutritional risk. These tools
typically include some component of low body weight, unintentional weight loss,
and a physical examination. The Subjective Global Assessment (SGA) includes
history of weight loss, appearance of wasted muscle, and fat mass and edema to
classify risk (18). The SGA has been validated in surgical patients, renal patients,
and the elderly. The British Association of Parenteral and Enteral Nutrition devel-
oped the Malnutrition Universal Screening Tool (MUST) that includes a score for
low BMI, one for weight loss, and additional points for acute disease-related
reduction in food intake (26). When this tool was applied to 1000 adult admissions
to a hospital in Glasgow, Scotland, 42% of patients were malnourished and their
mortality odds ratio was 2.04 (95% CI 1.22, 3.44) relative to the patients without
malnutrition (27).

A third tool used particularly in the elderly is the Mini Nutrition Assessment
(MNA). In addition to BMI, patients are screened for using more than 3 prescrip-
tion drugs daily, independence in activities of daily living, presence of pressure
ulcers, and food intake. Malnutrition by the MNA is associated with a threefold
greater mortality in hospitalized elderly patients (28). There is no doubt that
malnutrition is common and a negative finding in hospitalized and ill subjects.
Unfortunately, no single tool has been used widely enough that precise statements
about the extent of malnutrition among hospitalized patients can be made (29).
Given the prevalence of malnutrition and the widespread use of medication, an
appreciation of altered drug disposition is critical to optimal patient care.

1.4.2. SECONDARY MALNUTRITION

Serum protein concentration is sometimes used to define malnutrition. Albumin,
transferrin, and prealbumin are employed because of their different serum half-lives
(21 vs 10 vs 3 days, respectively) but all are negative acute phase reactants. When
inflammation occurs due to infection or autoimmune disease, hepatic production of
these proteins is reduced while that of positive acute phase reactants (C-reactive
protein [CRP], a1-acid glycoprotein, serum amyloid A, procalcitonin, haptoglobin,
and many others) are increased (30). Prealbumin concentration classified 41% of
patients as malnourished, a similar rate to a detailed nutritional assessment with
83% sensitivity and 77% specificity in a group of 108 hospitalized Italian adults
(31). Prealbumin was also inversely associated with CRP and fully 67% of these
hospitalized patients had elevated CRP (31). The Prognostic Inflammatory and
Nutritional Index (PINI) score has been suggested to include factors that reflect
nutrition (albumin) and inflammation (CRP, a1-glycoprotein) (32). A second ratio
calculates CRP/prealbumin (33). While these ratios may assist in clarifying the
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impact of concurrent inflammation on reduced serum concentration of albumin
and prealbumin, the ratios are most heavily impacted by the CRP. Low prealbumin
alone can increase the ratio perhaps two- to threefold, but even amild inflammatory
response will have a tenfold effect (30) making the utility of these proteins to
quantitatively define malnutrition questionable.

2. REVIEW OF BASIC SCIENCE

2.1. Physiologic Changes with PCM

Because PCMdevelops gradually over weeks tomonths, a series ofmetabolic and
behavioral adaptations occur, with the aim of preserving limited body tissue (34).
The adaptive processes include reduced resting energy expenditure due to loss of
metabolically active tissue, reduced activity-related energy expenditure as the
malnourished individual is too weak for physical exertion, and reduced thermic
effect of feeding as caloric supply is limited (34). Thus daily total energy expend-
iture is reduced. Adaptation involves changes in body composition and function.

Dramatic changes in body composition herald significant malnutrition. A loss of
subcutaneous body fat stores occurs, leaving visible bony prominences.

Protein catabolism leads slowly to muscle wasting (18,34), which can be detected
in adults by squared off shoulders and limited biceps mass. With severe disease,
visceral protein depletion (including reductions in serum total protein and albumin)
results from reduced protein synthesis, leading to edema and ascites (34).

With marasmic malnutrition, body fat stores are reduced and total body water
increased, as measured by body composition. By the point of marasmic malnutri-
tion, the fat mass has been reduced by 2/3, and the extracellular water expanded
50% (35).

With prolonged severe limitations in nutrient intake, however, the process of
adaptation is not successful and the patient succumbs, usually to death from an
otherwise minor infection (1). When gradual starvation is not complicated by
infection, the body reduces its production of less essential proteins, such as growth
and sex hormones, insulin, and thyroid hormone (34). The reduction in thyroid
hormone causes a significant decline in metabolic rate and thus energy expenditure.
Body cell mass, including red blood cells, T lymphocytes, and complement, is
reduced, leading to anemia and fatigue. Reduced immune surveillance, in the setting
of an overcrowded, unhygienic environment leaves malnourished individuals at far
greater susceptibility to infection (18,34).

Gradual loss in organ function occurs with prolonged, severe malnutrition (34).
Blood glucose concentration is initially maintained by the auto-catabolism of body
fats to glycerol (and free fatty acids) and of gluconeogenic amino acids. With severe
or end-stage PCM or when severe infections limit hepatic function, blood glucose
concentrations may drop. Total body potassium and zinc are lost with muscle
catabolism. As a result of PCM, muscle mass and its associated minerals and
trace elements are lost, leaving the individual with limited metabolic reserve. In
addition, the heart and liver are reduced in size and function. These changes can
limit the individual’s ability to metabolize drugs. Shifts in fluid status may also limit
drug excretion. Cardiac output, heart rate, and blood pressure are decreased, with
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reduced venous return. Renal plasma flow and GFR are limited secondary to
reduced cardiac output, but water and electrolyte clearance are unchanged.
Diarrhea is common with PCM, for various reasons including limited intestinal
secretions, bacterial overgrowth, nutrient deficiencies (particularly of vitamin A or
zinc), and villous atrophy (34). Hepatomegaly is associated with steatosis, as
nutrient deficiencies prevent the export of fat from hepatocytes. Hepatic production
of serum proteins (albumin, prealbumin, and transferrin) is reducedwith continuing
malnutrition, as are hemoglobin and hematocrit (34). The production of enzymes,
including those with a role in drug metabolism, is also reduced (36–42).

2.2. Impact on Medication

With malnutrition, drug absorption, distribution, and clearance are negatively
impacted. Changes in drug disposition may vary with the degree of altered body
composition and function associated with PCM. In severe PCM, drug absorption
may be reduced, protein carriers limited, andmetabolism slowed, resulting in higher
drug concentrations and a potential for toxicity especially with drugs that have a
narrow safety margin. In mild to moderate malnutrition, changes in metabolism
may be minimal or of limited clinical significance; however, the clinical data to
support this conclusion are very limited.

2.2.1. ABSORPTION

The physical properties of medications, such as lipid solubility, molecular weight,
acidity, and biopharmaceutical properties, impact their absorption (36–42).
During PCM, however, absorption may be reduced, particularly with children
with severe PCM and with alcoholic adults (43). Malabsorption of drugs can
occur if the malnutrition problem includes deficiency of zinc or vitamin D, and
secondarily generalized malabsorption.

2.2.2. DISTRIBUTION

In later stages of malnutrition, where hepatic protein synthesis is reduced, protein
carriers for drugs may be limited, resulting in greater concentrations of free drug
available for tissue use or elimination (36–42). In established kwashiorkor, both
extracellular fluid accumulation and low serum albumin concentrations prevail
(1,34) and may be exacerbated by the liver’s inflammatory response to infection
further reducing albumin synthesis. In addition to a reduction in carrier availability,
the associated fluid shifts and edema may impact drug concentrations or
distribution to needed tissues.

2.2.3. METABOLISM

Clinical reports to date have described a different pattern in the impact of
malnutrition on drugs depending on the severity of malnutrition (36–42). Reports
in children have primarily reflected severe PCM (marasmus, kwashiorkor, or
marasmic–kwashiorkor) with many children from Africa or the Asian subcon-
tinent. In the few published adult studies, subjects have been mildly to moderately
malnourished, likely of much shorter duration, but very small subject numbers.
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With the milder forms of malnutrition, oxidative metabolism of drugs is reported as
unchanged or increased. By contrast, when the malnutrition has progressed to
kwashiorkor, metabolism is consistently reduced.

Antipyrine is exclusively metabolized by the liver, with very limited hepatic
extraction, and is a suitable descriptor of overall mixed function oxidase activity
(44). The substance is protein bound to a limited degree and its elimination and
distribution are not impacted by hypoalbuminemia. In a group of 45 adult patients
with inflammatory bowel disease, who had suffered > 10% weight loss and/or
reduction in albumin concentration (malnourished=30 g/L vs 40 g/L in 25 normal
controls), cytochrome P450 (CYP) was evaluated by antipyrine metabolism (44).
Overall metabolic clearance was reduced, but weight-corrected clearance was
unchanged. In 27 of these patients, who were restudied after 30 days of nutritional
repletion, clearances were normalized in those who had protein malnutrition but
unchanged when the initial deficit was caloric (44). Hepatic blood flow is also
reduced inmalnourished individuals which would be critical for drugs dependent on
blood flow for their metabolism (45).

In 30 undernourished adults hospitalized with peptic ulcer disease or abdominal
pain and only mildly hypoalbuminemic, liver biopsy specimens were evaluated for
aryl hydrocarbon hydroxylase (AHH) and CYP concentrations (46). CYP was
unchanged, but AHH increased in the undernourished men, a pattern suggesting
increased ability to activate reactive metabolites concurrent with reduced ability to
detoxify them. Unfortunately, levels of expression and activity were not described.

Significant reductions in plasma proteins, hepatic microsomal proteins, and
hepatic microsomal CYP have been observed in animal models of PCM (47).
The changes in CYP isoenzymes using Western and Northern blot analyses in a
rat model of PCM have reported decreases of over 50% in CYP2E1, CYP1A2,
CYP2C11, but only slight decreases of CYP3A1/2 (48). There is a significant
degree of homology between CYP2C11 and CYP3A proteins in the rat with
CYP2C9 and CYP3A proteins in humans. The changes in enzyme extend to hepatic
microsomal epoxide hydrolase which increases in activity as well as in mRNA levels
in rats with PCM (49).

Male Sprague–Dawley rats were fed either a usual diet (20–25 g/d) or one creating
a level of PCM (10–12 g/d) for 8 weeks to determine whether altered hormone
secretion is a factor in the altered drug metabolism seen with PCM (50). The diet
contained 65.6% of calories as carbohydrate, 15.8% as fat, and 17.6% as protein
(50). Although serum albumin concentrations did not change following dietary
restriction, both body weight and liver weight decreased significantly, as did the
microsomal protein content (mg/g liver) and total CYP mRNA. Evaluation of
hepatic pathways of testosterone metabolism revealed significant reduction of Vmax

in four out of five hydroxylating enzymes along with corresponding increases in
enzyme affinity (50). The largest capacity normally resides in CYP2C11 which is
responsible for 2a-hydroxylation of testosterone, so this activity diminished the most
(50). Testosterone 16b-hydroxylation representing CYP2B1 activity remained
unchanged by PCM (50). Findings following PCM were less dramatic in adult
compared with juvenile animals but significant nonetheless (50). Secretion patterns
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and serum concentrations of growth hormone were not different between PCM
animals and controls (50). Pure protein malnutrition may have different effects on
metabolic pathways than does PCM.

2.2.4. EXCRETION

Renal clearance of drugs may be impacted by protein intake. Since renal tissue is
spared until very severe stages of malnutrition, however, most reports to date do not
report reduced renal drug clearance with PCM. The possibility that concurrent
clinical comorbidities (e.g., hypertension, diabetes, chronic kidney disease, or acute
kidney injury) may play a role in altered renal drug clearance, particularly in elderly
or metabolically stressed critical care patients, should be considered.

2.2.5. DRUG EFFECTS

The therapeutic effectiveness of a drug may be reduced or the risk of toxicity
increased due to malnutrition. When absorption is reduced and/or excretion
increased adequate drug levels in serum or tissues may not be achieved. When the
half-life of a drug is prolonged, due to reduced hepatic metabolism or renal
elimination, toxic drug or drug metabolite levels can occur. In malnourished
subjects, drugs with a narrow safety margin can produce toxicity at usual dosage
levels if the drug’s bioavailability is increased due to impaired hepatic function
(42). However, if the toxicity of a given drug is due to its metabolite, then the
slowing of CYP activity will actually reduce toxicity (42).

3. DATA FROM ANIMAL EXPERIMENTS

A series of animal experiments were designed to examine specific aspects of the
impact of severe malnutrition on drug handling and action. Experiments conducted
prior to the 1970s verified consistently that oxidation rates of drugs were in general
reduced with significant malnutrition (37). More recent experimental findings are
discussed below.

3.1. Analgesics

The salicylate analgesics are one class of drugs associated with ototoxicty.
Salicylate ototoxicity was enhanced with magnesium and zinc deficiencies (51).
Zinc deficiency also enhanced a reversible salicylate-induced nephrotoxicity (51).

Apomorphine is an opioid-related drug used for Parkinson disease. A group of
rats were randomized to receive a low-protein diet (0.5%) or standard animal chow
for some time (52). Following a dose of apomorphine 2 mg/kg administered intra-
venously, plasma clearance was significantly reduced in the PCM animals (52).
There was also a significant change in drug response in the PCM group following
varying intravenous infusions to achieve different steady-state concentrations.
Rather than exhibiting bradycardia at low doses and tachycardia at the higher
doses, the PCM animals exhibited bradycardia and baseline heart rates at
higher concentrations (52). This suggests a desensitization or down-regulation of
tachycardia-associated receptors in the PCM rats.
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3.2. Anesthetics

Ketamine is an anesthetic agent available as a racemic mixture. The two enantiom-
ers have different pharmacokinetic/dynamic properties. The influence of PCM on
these properties has been evaluated in a rat model (53). The model used an isocaloric
diet with protein intakes of 5.5% (PCM) or 22.5% (controls) for 17–20 days. Animals
with PCM had a significantly greater AUC following an 85 mg/kg intramuscular dose
of racemic ketamine than did the control animals, as a result of slower clearance
(N-demethylation) of each enantiomer (53). Exposure to each metabolite (norket-
amine, dehydronorketamine) was also increased in PCM animals, with significantly
higher concentrations of (S)-norketamine than (R)-norketamine – both active
metabolites (53). From a pharmacodynamic perspective, ketamine produced a longer
duration of immobilization in the PCM rats (53).

3.3. Antiepileptics

Phenytoin disposition was evaluated in a rat model of PCM (54). The model
used an isocaloric diet with a protein intake of 5% (PCM) or 23% (controls) for 4
weeks. Following a 25 mg/kg intravenous dose of phenytoin, hydroxylation of the
drug to the metabolite HPPHwas significantly less in animals with PCM compared
with controls, which was also reflected in lower 24-h urinary excretion of the
metabolite (54). The intrinsic clearance of phenytoin was slower in the PCM
animals. The Vmax was significantly lower in the PCM animals, with more
unchanged phenytoin excreted in the urine (54). The Vd in the central compartment
was much larger in this group probably due to increases in unbound drug fraction
allowing greater tissue binding (54). There were no improvements of phenytoin
pharmacokinetic parameters in this animal model following oral supplementation
of the sulfur-containing amino acid cysteine (250 mg/kg twice daily for 1 week)
(54). Supplementation of cysteine has improved pharmacokinetic findings in PCM
with some other medications (48).

3.4. Antimicrobial Medication

Given that infection andmalnutrition often co-exist, the influence of PCMon the
disposition and effect of antimicrobials is important. Animal data can serve to
explain pharmacokinetic alterations in humans or prompt further investigation in
humans.

3.4.1. AMINOGLYCOSIDES

The influence of nutritional status on gentamicin ototoxicity was investigated in a
guinea pig model (55). Animals were fed a 7% protein diet (PCM) or an 18.5%
protein diet (control) prior to exposure to gentamicin alone or in combination with
ethacrynic acid. As measured by auditory evoked brainstem responses the PCM
animals had significantly greater drug-induced hearing loss than the controls. These
differences were not attributed to differences in serum drug concentrations (55).

Gentamicin ototoxicity was enhanced with experimental magnesium and zinc
deficiencies in a rat model (51). Magnesium deficiency can induce hearing loss
independently of gentamicin, due to low extracellular magnesium concentrations
allowing influx and turnover of sodium, potassium, and calcium with a resulting
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reduction in cochlear blood flow (51). With magnesium deficiency, the hearing loss
induced by gentamicin treatment was nearly complete and irreversible in 36% of
animals. Enhanced membrane permeability of the hair cells and thus increased ion
pumping was the most likely mechanism behind increased ototoxicity with zinc
deficiency (51). Experimental dietary potassium depletion in the dog was
associated with increased gentamicin nephrotoxicity, with the drug concentrated
in the renal cortex of potassium-depleted animals (56). Gentamicin administration
also induced urinary potassium wasting (56).

3.4.2. CHLORAMPHENICOL

A limitation in protein carriers, which occurs commonly with PCM, reduced
chloramphenicol distribution in rats. Hypoproteinemic rats, given a single dose of
chloramphenicol, had higher circulating drug concentration, with greater renal than
hepatic drug distribution, and diminished plasma half-life (57). The authors
speculated that reduced protein binding of the drug allowed the higher drug levels
and the shortened half-life.

During malnutrition, the metabolism of chloramphenicol is reduced. In guinea pigs
fedaprotein-depleteddiet, totalbodyand liverweight (butnothepatocytenumber)were
reduced (58). Hepatic microsomes had reduced conjugation of chloramphenicol, due
to a reduced UDP-glucuronidase activity per cell, and reduced response to induction
by 3-methylcholanthrene (58). These data suggest that the increased drug levels of
chloramphenicol inmalnourishedpatientsmay inpart be due to reduceddrug clearance
by the liver (58). In malnourished rats treated with chloramphenicol, hepatic
microsomal aniline hydroxylase, and aminopyrine-N-demethylase activities were
markedly reduced (59). Mitochondrial oxidative phosphorylation, which was already
inhibited by PCM, was further potentiated by chloramphenicol treatment.

3.4.3. CLARITHROMYCIN

This macrolide antibiotic was evaluated in a rat model of PCM (60). Using an
isocaloric diet with protein content of 5% (PCM) or 23% (control) for a period of
4 weeks animals received a single dose of clarithromycin 20 mg/kg intravenously. The
AUC0�1 was significantly higher in malnutrition compared with the control animals
(60). Total and non-renal drug clearance was significantly slower in the PCM group,
as was intrinsic clearance from study of hepatic microsomal fractions, without any
change in VSS (60). The percent of drug remaining unmetabolized was higher in the
PCM animals (60). Cysteine supplementation (250 mg/kg twice daily by mouth for
1 week) permitted return of all measured pharmacokinetic parameters in PCM ani-
mals to the control values (60). This was expected given the return of enzyme activity
with cysteine supplementation following the 50% reduction of CYP3A23 as a result of
PCM in this model (48). This enzyme has �73% homology with human CYP3A4
responsible for metabolizing clarithromycin to 14-hydroxy-clarithromycin (47).

3.4.4. ITRACONAZOLE

The antifungal agent itraconazole was evaluated using a rat model of PCM (61).
The model used an isocaloric diet with protein content of 5% (PCM) or 23%
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(controls) for 4 weeks. Animals with PCM had a significantly greater AUC follow-
ing a 20 mg/kg intravenous dose of itraconazole than did the control animals, with
a significantly reduced non-renal drug clearance as a result of suppressed CYP3A1
(-3A23) levels (61). This isoenzyme has�73% homology to human CYP3A4 (61).
It had been previously reported that the expression of this enzyme using Western
and Northern blots was reduced in PCM (48). The AUC following a 50 mg/kg oral
dose of itraconazole was no different between PCM and control animals possibly
because of lesser impact on factors involved in first-pass effect (61). It is interesting
to note that alterations in CYP expression were improved in this animal model
following oral supplementation of the sulfur-containing amino acid cysteine
(250 mg/kg twice daily for 1 week) (48).

3.4.5. OXAZOLIDINONES

Although no animal data on linezolid are available, another newer oxazolidinone
(DA-7867) was evaluated in a rat model of PCM (62). The model of dietary protein
deficits was 5% (PCM) vs 23% (controls) continued for 4 weeks; designed to be
isocaloric, but significant reductions in caloric intake occur in the protein-deprived
animals. Following a dose of 10 mg/kg the AUC0�1 in PCM was significantly
smaller than that in the control animals, likely the result of a significantly more
rapid total body clearance of the drug (62). Renal clearance of the drug was
actually slower in the PCManimals, pointing toward significant increases in gastro-
intestinal (including biliary) excretion (62). Oral administration of DA-7867 in this
model revealed a significantly smaller AUC in the animals with PCM, in part due to
reduced intestinal absorption (62).

3.4.6. SULFADIAZENE

A rhesus monkey model was employed to examine the impact of malnutrition on
sulfadiazine acetylation by the hepatic phase II conjugation pathway, (63). States
of normal nutrition, PCM, and nutritional rehabilitation were induced by change in
quantities of diet. Total absorption of sulfadiazine was unchanged, though the peak
was delayed in the group with PCM. The peripheral volume of distribution of the
drug was reduced, as were the elimination rate constant and clearance rate. These
latter two factors resulted in increased drug half-life and AUC in the group with
PCM. Acetylation was only measured in hepatic tissue (representing 33% of total
acetylation) and appeared unchanged by PCM. The authors suggested that the
reduced volume of distribution of drug may be a key factor in reducing drug
elimination (63).

3.4.7. ANTI-TUBERCULARS

Isoniazid hepatotoxicity was examined in an experiment with caloric deprivation,
PCM, and usual diet in rats (64). After 2 weeks of isoniazid, all animals had
transaminitis and proliferation of the rough endoplasmic reticulum in liver tissue.
Glutathione activity was reduced in both liver and blood samples, suggesting
reduced free radical defense. The isoniazid-induced loss of glutathione activity
was further exacerbated by concurrent malnutrition (64). Similar findings were
noted in a related experiment testing both isoniazid and rifampicin (65).
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3.5. Cardiovascular Agents

The loop diuretics (bumetanide, furosemide, torsemide) have been used to man-
age volume in the extracellular fluid compartment. Bumetanide was evaluated
following intravenous and oral administration in a rat model of dietary protein
deficits 5% (PCM) vs 23% (controls) and otherwise isocaloric in content for 4 weeks
(66). The oral bioavailability of bumetanide was 73% greater in the PCM animals,
probably resulting from reduced first-pass effect (66). Both the excretion of
unchanged drug and renal clearance of bumetanide were over 150% greater in the
PCManimals relative to the controls following an intravenous dose while non-renal
clearance decreased by 28% (66). Incidentally, the urine output, natriuretic effect,
and kaluretic effect were not different between groups indicating the possibility that
loop diuretics are less efficient in PCM.

Another study by this group using a similar design and model of protein deficits
revealed that excretion of unchanged furosemide and renal clearance of the drug
were over 160% greater in the PCM animals relative to the controls following an
intravenous dose while non-renal clearance decreased by 54% (67). The oral
bioavailability of furosemide was 70% greater in the PCM animals (67).

The remaining loop diuretic, torsemide, was also evaluated using the similar
design (68). The oral bioavailability of torsemide was over 100% greater in the
PCM animals, probably resulting from reduced first-pass effect (68). However, the
renal clearance of torsemide was actually less in the PCM animals relative to the
controls following an intravenous dose while non-renal clearance decreased by 57%
(68). Animals with PCM had a significantly greater AUC0�1 following a 2 mg/kg
intravenous dose of torsemide than the control animals, accounted for by a significant
reduction of intrinsic drug clearance possibly because of lower affinity of the drug for
its enzyme (68). This diuretic with a low hepatic extraction ratio is metabolized by
CYP2C11 in rats (77% homology with human CYP2C9) which is decreased by
�80% in PCM (68). Pharmacodynamic characteristics of torsemide were not sig-
nificantly different between groups. It is interesting to note that alterations in CYP
expressionwere improved in this animalmodel following oral supplementation of the
sulfur-containing amino acid cysteine (250 mg/kg for 1 week) (48). When these
investigators applied the cysteine supplementation to the animal model across several
different drugs, the benefit to CYP expression was seen for some agents only.

An agent under evaluation as a treatment for erectile dysfunction, DA-8159, and
its active metabolite, DA-8164, were evaluated in a rat model of PCM (69). The
model was based on an isocaloric diet with dietary protein intakes of 5% (PCM) vs
23% (controls) continued for 4 weeks. Following both oral and intravenous admin-
istration of 30 mg/kg of the parent drug, the AUC0�1 of the metabolite was
significantly lower in PCM animals compared with control animals (69). The
significantly lower intrinsic clearance of the parent drug to form the metabolite as
seen in hepatic microsomal fractions would explain this finding (69). The metab-
olite is primarily formed by CYP3A1/2 known to be reduced by at least 50% in this
model of PCM (48). When compared with the control animals, the AUC of the
parent drug in the PCM animals was significantly greater after oral administration
but not significantly different following intravenous administration, probably
related to a reduced first-pass effect (69).

Chapter 6 / PCM and drugs 149



3.6. Chemotherapeutic Agents

Several classes of traditional chemotherapeutic agents are associated with sig-
nificant toxicity and the role that malnutrition plays requires scrutiny. Given the
prevalence of PCM in tumor-bearing hosts, a study on the influence of dietary
protein 2.5% casein (low protein) vs 21.5% casein (normal protein) for 25 days on
the metabolism of a parenterally administered weight-based dose of fluorouracil
was conducted in a rat model (70). The activity of hepatic cytosol dihydropyrimi-
dine dehydrogenase was significantly reduced in the low protein animals despite no
difference in cytosolic protein content. The metabolic clearance of fluorouracil was
significantly reduced in the low protein animals with no difference in volume of
distribution, accounting for more than doubling the drug half-life (70). As a result,
the low protein animals also experienced greater toxicity (leukopenia, weight loss,
diarrhea) and mortality than those fed normal protein diets (70). This would
indicate that dosage adjustment would be required in the setting of malnutrition,
assuming no significant individual variability in dihydropyrimidine dehydrogenase
activity which is known to occur in humans.

In a rabbit model, an isocaloric diet either low in protein (5%) or with normal
protein (15%) for 8–12 weeks resulted in significant changes in doxorubicin follow-
ing a 5mg/kg intravenous bolus (71). The AUC0�1was significantly increased and
drug clearance was significantly decreased in the PCM animals, without a signifi-
cant difference in volume of distribution (71). Doxorubicinol had a prolonged
elimination half-life indicating reduced ability to clear the parent drug and its
metabolite (71). Doxorubicin was also evaluated in a rat model of PCM (72).
The model was based on an isocaloric diet with dietary protein intakes of 5%
(PCM) vs 23% (controls) continued for 4 weeks. Following an intravenous bolus
dose of doxorubicin 16 mg/kg the AUC0�12 h in PCM was higher than that in the
control animals, with reduced urinary excretion of one of its metabolites suggesting
inhibited metabolism (72). There were significant improvements to doxorubicin
pharmacokinetic parameters in this animal model following oral supplementation
of cysteine (250mg/kg twice daily for 1 week) (72). Supplementation of cysteine has
improved findings with a number of other medications in large part by improving
CYP mRNA levels and CYP activity (48).

Methotrexate pharmacokinetics are altered in states of nutritional depletion
(73). Non-tumor-bearing rats received protein-free or regular diets for 10 days.
Following methotrexate 20 mg/kg administered parenterally, drug concentration
was significantly higher in PCM rats. The same design but using tumor-bearing
animals again found elevated drug levels in those fed protein-free diets, even in a
subset that was allowed nutritional repletion for 2 days (73). Methotrexate was
evaluated in rats randomized to an isocaloric diet that was either protein depleted
(0.03%) or contained standard protein (22%) for 35 days (74). Following a single
10 mg/kg intraperitoneal dose of methotrexate, the AUC was significantly higher,
while peak/time to peak concentrations were significantly greater/later in the PCM
group (74). This suggests delay in absorption and clearance of the drug in malnu-
trition. Significant reductions in creatinine clearance, serum albumin, and fraction of
unbound drug were found in the PCM animals (74).
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The influence of nutritional status on cisplatin toxicity was investigated in a
guinea pig model (55). Animals were fed a 7% protein diet (PCM) or an 18.5%
protein diet (control) prior to exposure to medication. As measured by auditory
evoked brainstem responses the PCM animals had significantly greater drug-
induced hearing losses that were not attributed to differences in serum drug con-
centrations (55).

Oltipraz is an agent being investigated for its chemopreventative effects. This
drug is metabolized by CYP isoenzymes, three of which (CYP1A2, -2C11, -3A)
are expressed poorly in rats with PCM (75). As would be expected, animals with
PCM had a significantly greater AUC0�1 following a 10 mg/kg intravenous or a
30 mg/kg oral dose of oltipraz than the control animals, explained by a
significant reduction of non-renal intrinsic drug clearance (75). Supplementation
with oral cysteine (250 mg/kg) returned most pharmacokinetic parameters to
control values (75). Another chemoprotective agent being investigated is
2-allylthio-pyrazine. In the PCM rat the AUC0�1 was significantly lower than
in the control animals likely due to an increased formation of one of the
metabolites (M4) (76). Oral cysteine supplementation resulted in an AUC
significantly greater than in the PCM or control animals due to reduced produc-
tion of M4 (76). S-methyltransferase is involved in M4 production but the
reason for the greater formation of this metabolite in PCM is not clear, although
increased enzyme activity cannot be ruled out.

3.7. Gastrointestinal Agents

The proton pump inhibitor omeprazole was evaluated in a rat model of PCM
(77). The model was based on an isocaloric diet with dietary protein intakes of 5%
(PCM) vs 23% (controls) continued for 4 weeks. Following oral administration of
40 mg/kg and intravenous administration of 20 mg/kg of omeprazole, the AUC of
the drug was significantly higher in PCM compared with control animals (77).
Findings of a significantly lower total body clearance, non-renal clearance, and a
significantly lower intrinsic clearance based on hepatic microsomal fractions
explain this finding (77). Omeprazole is primarily metabolized by CYP1A1/2,
CYP2D1, and CYP3A1/2 in rats; furthermore both CYP1A2 and CYP3A1/2
have been shown to exhibit significant reductions in this model of PCM (48).
There was a return of omeprazole pharmacokinetic parameters toward control
values in this animal model following oral supplementation of cysteine (250 mg/
kg twice daily for 1 week) (77). Supplementation of cysteine has been associated
with improved findings for several other medications in large part by improving
CYP mRNA levels and CYP activity (48).

4. CLINICAL EVIDENCE BY MEDICATION

The clinical evidence is rather limited in terms of the number of drugs tested and
the range of malnutrition described and is composed almost entirely of pharmaco-
kinetic data from very small numbers of subjects. Thus negative findings may be
based on too inadequate of a sample size to say robustly that there is no difference.
Given the potential for species differences, findings from animal models need to be
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comparedwith published reports in humans beforemaking clinical recommendations
based on extrapolations. In the absence of clinical reports describing the influence of
PCM on an individual drug, any extrapolation of animal data should take into
account species differences in pharmacokinetic and pharmacodynamic properties.

4.1. Analgesics

Acetaminophen is easily absorbed, rapidly distributed, has insignificant protein
binding, and is metabolized to non-toxic glucuronide and sulfate products, with
subsequent renal elimination (42,78). In children with severe PCM, the biotrans-
formation of acetaminophen was reduced, as evidenced by a prolonged half-life and
reduced elimination. This may be expected to increase the formation of toxic
reactive intermediates formed through CYP. The authors suggested monitoring
drug levels to avoid toxicity in patients with severe PCM (78). By contrast, in adults
with milder PCM, acetaminophen toxicity was not greater than in subjects with
normal nutrition, even with coadministration of vitamin C (37). Acetaminophen
pharmacokinetics were unchanged during a 5-day 500 kcal/day deficit diet in six
obese subjects and during a 13-day 1000 kcal/day deficit diet in three obese patients,
in a cross-over design study (79). Both of these studies in adults (78,79), however,
were seriously underpowered to detect a significant difference if there was one.

The impact of moderate malnutrition in children with rheumatoid arthritis or
rheumatic fever on salicylate pharmacokinetics was examined (80). The biotrans-
formation of salicylate and its AUC was reduced, relative to normally nourished
controls. The authors suggest kinetic modeling of salicylates in patients with even
moderate malnutrition (80).

4.2. Antimicrobial Medication

International guidelines for treating severemalnutrition particularly in children have
been expected to reduce case fatality rates but have fallen short with many individuals
still succumbing to infection (81). At least half of children with bacteremia die within
48hof admissiondespite receiving appropriate antimicrobials basedon susceptibility of
cultured organisms.While thismay be due to a variety of factors, it would be interesting
to identify whether medication (antimicrobials) were dosed appropriately based on the
altered drug disposition seen in severe malnutrition. All children received intravenous
ampicillin 50mg/kgQIDand intramuscular gentamicin 7.5mg/kg once daily, as well as
mebendazole 100 mg Q12H and metronidazole 5 mg/kg Q8H (81). The authors
appropriately suggested the need for further pharmacokinetic studies (81).

4.2.1. AMINOGLYCOSIDES

Gentamicin, an aminoglycoside antibiotic with a renal injury profile, is still
commonly used forGram-negative coverage in pediatric practice. In 11malnourished
3- to 10-month-old infants, gentamicinwasmetabolized and eliminated normally, but
its volume of distribution was increased, likely due to increased total body water,
which had replaced muscle mass in starvation (82). In a second group of six
malnourished children aged 4–14 years, gentamicin was reported as not different
from normally nourished controls (83). The maximal concentration increased by
20%, the clearancewas nearly halved, and as a result the half-life was almost doubled.
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The number of subjects was very limited and the standard deviations very large, thus
these differences were not statistically significant (83). In a third group of six children
with severe kwashiorkor, adequate gentamicin concentrations were achieved, though
its half-life was prolonged (84). Nutritional rehabilitation was associated with
normalization of gentamicin half-life (84).

Based on the findings one would rather administer larger loading doses of amino-
glycosides at extended intervals. To further characterize the risk of aminoglycoside use
in PCM, over 300 malnourished children less than 5 years of age were randomized to
receive gentamicin 5 mg/kg either once daily or in three divided doses (85). Once at
steady state a subgroup of these children underwent pharmacokinetic analysis. As
expected the gentamicin peak concentrations were significantly higher (11.7 vs
4.7 mg/L, P<0.001) and the trough concentrations were significantly lower (0.29 vs
0.48mg/L, P<0.001) in the group receiving the drug once daily (85). Adequate clinical
responses did not differ between groups (89 vs 81%, NS) and no child developed
nephrotoxcity indicating that once daily dosing would be appropriate in this PCM
patient population (85).

In 86 critically ill adult patients, those who had malnutrition (defined as low
albumin and >15% weight loss) were treated with parenteral nutrition (86). These
malnourished patients had increased Vdwith gentamicin, relative to patients without
malnutrition, who received intravenous fluids (86). The suspected mechanism was
the expanded extracellular fluid space due to hypoalbuminemia, though this study
was not controlled in total fluid intake or output. The clearance of gentamicin,
however, was not significantly changed. The authors advised to monitor gentamicin
drug levels in critically ill patients to ensure adequate serum concentrations while
avoiding nephrotoxicity.

Following suggestion that hypoalbuminemia is associated with a higher risk of
aminoglycoside nephrotoxicity, amikacin was studied in a large group of patients
(87). A total of 113 patients receiving intravenous amikacin for at least 36 h were
prospectively evaluated. The incidence of nephrotoxicity was 17.3% in patients with
an albumin concentration below 30 g/L and only 2.2% in those with higher albumin
levels (87). Of interest there was no difference in the age, sex, weight, diagnosis,
blood pressure, or nutritional status between the two groups.

4.2.2. CHLORAMPHENICOL

For the treatment of community-acquired pneumonia in Gambian children under
age 5 years, oral chloramphenicol was compared to cotrimoxazole in a prospective
clinical trial (88). In 111 children with marasmic malnutrition, the 2 antibiotic
regimens performed similarly to normally nourished controls, with 16 treatment
failures in each group. The 32 treatment failures were slightly more malnourished
(weight 59.3% standard vs 60.7%) than the 79 treatment responders and had a
higher percentage of positive blood or lung aspirate cultures (31 vs 13%, P<0.05).
Serum proteins were not measured (88). This study illustrates the difficulty in
separating the impact of malnutrition alone from that of concurrent infection.

In 33 Ethiopian children aged 0.6–6 years, nutritional status was evaluated as
8 normal, 8 marasmic, 8 kwashiorkor, and 9 withmarasmic–kwashiorkor malnutrition
(89). Drug absorption was erratic, with 30% absorption in marasmic–kwashiorkor and
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44% in kwashiorkor. With kwashiorkor, the clearance of chloramphenicol was
reduced to approximately half normal, the half-life prolonged, and effective drug
concentration increased. The authors suggest individual drug monitoring due to the
great inter-individual variation in pharmacokinetics (89).

Chloramphenicol clearance was reduced after its incomplete metabolism in mal-
nourished Ethiopian children (90). The 34 children, who ranged in age from
9 months to 10 years, were screened into three categories of malnutrition. Fourteen
were underweight with normal serum protein, 10 were marasmic with slightly
reduced serum protein, and 10 had kwashiorkor with marked reduction in serum
protein concentration. Unbound chloramphenicol and chloramphenicol succinate
were increased in serum, particularly in those with kwashiorkor, where the albumin
concentration was significantly reduced. Chloramphenicol monosuccinate clearance
was reduced due to limited non-renal clearance, and the fraction of pro-drug excreted
unchanged in the urine ranged from 0 to 51% (median 17%). The AUC of
chloramphenicol was doubled in the children with marasmus and tripled in those
with kwashiorkor, relative to those who were underweight. The authors suggest that
if drug monitoring is not possible, measurement of serum total protein may assist in
screening for patients who need dosage adjustment (90).

From a retrospective evaluation, pharmacokinetic parameters from 10 malnour-
ished septic children and 10 non-malnourished septic children each treated with
chloramphenicol were generated (91). In an additional group of malnourished
children with sepsis the model derived from the malnourished patients better
predicted peak and trough drug concentrations than the model derived from the
non-malnourished group (91). This indicates that a Bayesian modeling program
using PCM-specific data is more appropriate (good precision, minimal bias) in
drug dosing.

By contrast to the data with malnourished children, chloramphenicol metabolism
was not significantly changed from controls with normal nutritional status in six
undernourished adults (92), in spite of a significantly lower albumin concentration
(29.7 g/L in malnutrition vs 42 g/L in normals). Replication of this study in a larger
cohort would help to clarify whether there really is no difference or perhaps the study
simply lacked statistical power.

4.2.3. BROAD-SPECTRUM ANTIBIOTICS

Malnutrition has a negative impact on wound healing and resistance to infection.
In a PRCT of 302 adult surgical patients undergoing contaminated procedures, the
benefit of prophylactic broad-spectrum antibiotics (clindamycin and gentamicin
just prior to, 8 h after and 16 h post-procedure) on wound infection was evaluated
relative to nutritional status (93).With a liberal definition ofmalnutrition (albumin
< 30 g/L, TIBC < 220 mg/dl, or weight loss > 10%), 51.7% of patients were
malnourished. The malnourished patients experienced reduced wound infections
in response to antibiotic prophylaxis (19.7% of malnourished patients developed
wound infection in the absence of antibiotic prophylaxis vs 6.2% with antibiotics,
P<0.01). This finding was associated with a significant reduction in days of hospital
stay in malnourished patients (25.0 without vs 19.5 with prophylactic antibiotics,
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P<0.05). The patients who did not have malnutrition, however, received no
significant benefit in terms of wound infection or length of stay (93). This trial
underscores the morbidity and health-care costs associated with malnutrition.

4.2.4. PENICILLIN

Penicillin is easily absorbed, not metabolized, and renally eliminated (78,94). Alter-
ations in intestinal morphology may also play a role in pharmacokinetic variability.
Oral absorption of penicillin V was lower in Ethiopian children than in Swedish
children. A cohort of 104 children of varying nutritional status admitted to a hospital
in Ethiopia for treatment of bacterial infection were provided with phenoxymethyl-
penicillin 20mg/kgorally (n=49)orbenzylpenicillin30mg/kg intravenously (n=37)or
procaine penicillin G 30 mg/kg intramuscularly (n=18) (95). The oral regimens were
provided in a fasting state to 26 patients and without feeding restriction to another
23 patients. In the fasted state penicillin bioavailability was greatest for patients with
kwashiorkor (83%) than for patients with marasmus (66%) or underweight (36%). In
the non-fasted state bioavailabilitywas similarly low (23–30%) regardless of nutritional
status. Drug clearance was significantly lower in children who were underweight
(15 mL/min�kg) or had marasmus (14 mL/min�kg), kwashiorkor (17 mL/min�kg), or
combined PCM (12 mL/min�kg), compared with those with normal weight-for-age
(22 mL/min�kg, P<0.01) beyond the influence of acute illness alone following intra-
venousadministration.Bothpeakdrug concentrations andAUCwere similar in the few
patients who received intramuscular injections. In children with severe PCM, penicillin
renal clearance was reduced and half-life was increased, compared to normal controls.
Both parameters normalized after nutritional rehabilitation (78,94). In a small sample
of eight childrenwith kwashiorkor the plasma clearance of penicillin is reduced by 75%
most likely due to a reduction in renal drug clearance (96).

4.2.5. ANTI-MALARIALS

Quinine has a narrow therapeutic window and is administered orally and intra-
venously in the treatment of malaria. Given the great worldwide prevalence of
malaria and the not infrequent co-existence of malnutrition, any alteration in drug
disposition attributed to the infection and/or nutritional status would be important
for optimal drug use. Following 8 mg/kg doses of intravenous quinine in an open
study of 40 children (2–6 years old) with varying nutritional and infectious status,
plasma concentrations of the drug were higher in malnourished children than in
controls (AUC 43.5 vs 16.7 mg�h/L, P<0.05) (97). This resulted from reductions in
both volume of distribution (0.56 vs 1.63 L/kg, P<0.05) and clearance (1.7 vs 4.0mL/
min/kg, P<0.05) (97). However, the protein-bound drug fraction was increased with
higher plasma a1-acid glycoprotein concentrations in the malnourished children
(97). These findings are not significantly different from those seen in children with
malaria regardless of nutritional status (97). Erythrocyte uptake of quinine, as
measured by RBC:plasma concentrations, was similarly impaired in malnourished
children as in those with malaria relative to controls (97). These findings differ from
a previous study comparing children with global malnutrition to controls in which
free quinine concentrations and volume of distribution were similar between groups,
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and clearance was significantly higher in the PCM children following 16 mg/kg
intramuscular loading dose with a subsequent dosing interval of 12 h (98). Clearance
was significantly greater in PCM children compared with controls (4.4 vs 2.3 mL/
min/kg, P<0.05). The suggestion was made that the dosing interval be increased to
8 h in global malnutrition, but not if protein malnutrition.

Chloroquine pharmacokinetic parameters were measured in eight malnourished
adults with mean serum albumin of 30 g/L and seven normal controls with albumin
of 37 g/L (99). Drug half-life and distribution were unchanged, but clearance was
significantly increased. Similar therapeutic concentrations were achieved, and no
increased toxicity was observed, though this trial was subject to Type II statistical
error.

The presence of malnutrition increases the burden from malaria (100). Among
other deficits, thiamin deficiency remains a clinical problem in some vulnerable
populations and is expected to predispose to infection and exacerbate acidosis seen
in malaria (101,102). A group of 310 patients undergoing treatment for Plasmodium
falciparum malaria in Southeast Asia were randomized to chloroquine plus
sulfadoxine-pyrimethamine or artesunate plus mefloquine or artemether plus lume-
fantrine (101). They were also each provided with 1 mg each of thiamin, riboflavin,
and pyridoxine as well as ferrous sulfate 200 mg daily (101). Cure rates at day 42
were above 90% in all groups. Using the erythrocyte transketolase activity as a
functional marker for thiamin deficits, 30% were identified with thiamin deficiency
at baseline. Significant improvements were noted in thiamin status by day 42 and
were similar across the three drug treatments although this improvement is only
partly due to the supplementation regimen (101).

4.2.6. ANTI-TUBERCULARS

Isoniazid is acetylated by cytosolic N-acetyltransferases predominantly in the liver.
Isoniazid absorptionwas not impaired, but acetylationwas slowed in 31 childrenwith
PCM (103). The frequency of hepatotoxicity (as evidenced by transaminitis and
jaundice), in a cohort of 130 children with PCM followed for 3.5 years, was increased
threefold relative to normally nourished controls (42). Hepatic toxicity was not
significantly impacted by acetylator status (42). In 13 South African children with
tuberculous meningitis, baseline PCM was generally improved after 6 months
treatment with nutritional supplementation and a 4-drug regimen (20 mg/kg
isoniazid, 20 mg/kg rifampicin, 30 mg/kg pyrazinamide, and 20 mg/kg ethionamide)
(104). Isoniazid concentration and systemic elimination did not change after
nutritional rehabilitation, though slow, intermediate, and fast acetylators were
noted (104). The differences in hepatotoxicity reported by these two studies may
reflect the impact of treatment time (6 months vs 3.5 years) and statistical power
derived from larger subject numbers.

In eight undernourished adults, who were free of tuberculosis, the peak plasma
concentration, AUC, and protein binding of rifampicin were significantly reduced
but the half-life was unchanged and renal clearance increased (105). In ten other
undernourished adults who had tuberculosis, the AUC and protein binding were
reduced further, and GGT levels elevated (105), suggesting that toxicity risk may
increase with the combination of malnutrition and disease.

156 Part II / Influence of Nutrition Status on Drug Disposition and Effect



A pharmacokinetic study was conducted in children from Malawi being treated
with pyrazinamide (35 mg/kg) or ethambutol (30 mg/kg) three times weekly for
tuberculosis in addition to rifampin and isoniazid (106). Both malnutrition and
HIV infection were common to these children from 1–14 years of age although none
were receiving antiretroviral agents (106). In almost all cases Cmax did not reach the
MIC for M. tuberculosis. This was particularly evident for pyrazinamide in the
youngest children (106). There was also a non-significant trend toward lower Cmax

and AUC0-24h for pyrazinamide in malnourished children. A greater Cmax for
ethambutol was noted as nutritional status worsened, but AUC0-24h was unchanged
or lower in malnourished children (106). So while dosing may need to be more
aggressive, care should be taken in patients with PCM. More appropriate dosing is
important to clinical outcomes for children with tuberculosis.

4.2.7. SULFADIAZINE

Sulfadiazine is 50–55% bound and acetylated in the hepatic cytosol (78,94). In
six children with PCM, the rate of drug absorption was reduced, as evidenced by
peak blood levels occurring 4–8 h later than in normally nourished controls. Free
drug was eliminated at normal rates but acetylated drug elimination was reduced,
likely due to limited biotransformation in the malnourished liver. In six under-
nourished adults (107), sulfadiazine absorption and renal excretion were
unchanged, though its metabolism was increased and protein binding reduced
(40% vs 54% in normal controls). Therapeutic doses were achieved, however; so
specific monitoring was not recommended (107).

4.2.8. TETRACYCLINE

Tetracycline is not biotransformed and is excreted as free drug in the urine (108).
Tetracycline pharmacokinetics in eight malnourished adults was compared to six
well-nourished controls (108). Oral drug absorption was reduced, and the elimin-
ation rate increased (108). The authors proposed reduced protein binding (albumin
was significantly lower in the malnourished) as the most likely mechanism, and
suggested a more frequent dosing interval in order to obtain therapeutic drug
concentrations (108).

4.3. Anti-gout

The impact of dietary protein and caloric intake on the clearance of allopurinol
and its metabolite oxypurinol has been examined in a series of small cross-over
studies of normally nourished men. Caloric intake had no significant impact on
allopurinol or oxypurinol clearance, with observations ranging from 2600 kcal
(109), 1600 kcal (110), and 400 kcal (111). Allopurinol clearance also was not
impacted by protein intake, but oxypurinol clearance was reduced during periods of
limited protein intake (109–112). Protein intake ranged from 0–3 g/kg/d. Clear-
ances of inulin, creatinine, and oxypurinol were reduced on the low-protein-diet
treatment (0–0.3 g/kg/d) vs higher protein intake (1.5–3 g/kg/d). No changes in
allopurinol absorption, metabolism or excretion were noted, but the clearance of
oxypurinol was greatly reduced on the low-protein arm (112), and its half-life
increased (110). While these four studies each involved a small number of subjects
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(5–7 each) and were conducted by the same group, the consistency of the data is
encouraging, and suggests increased risk of toxicity with allopurinol use during
periods of limited protein intake.

4.4. Chemotherapeutic Agents

Malnutrition often exists in patients with cancer for many reasons. Whether
related to the tumor and its treatment or not, malnourished patients tolerate
chemotherapy poorly and have a worse prognosis compared to those in better
nutritional status (113). Poor recognition of differences in pharmacokinetics and
pharmacodynamics of agents used to manage solid or liquid tumors may contribute
to less than optimal management of these patients. Given the narrow therapeutic
index for many agents, it makes more sense to dose the drug based on systemic
exposure in an individual rather than based on body weight. Many traditional
agents used to manage malignancies have been dosed based on body weight or
body surface area. However, the data would suggest that dosing based on patient-
specific variables (including genetic polymorphisms and nutritional status) makes
more sense (114).

No data are available on absorption of chemotherapeutic medication in patients
with PCM. From the standpoint of distribution, drugs that are highly protein
bound may pose a higher risk for toxicity (assuming no change in drug clearance)
in patients with PCM given reductions in plasma protein concentrations. This
would include etoposide and teniposide as well as cisplatinum and paclitaxel
(113). The elimination half-life of methotrexate is prolonged in undernourished
patients compared with well-nourished patients (115). The cardiotoxicity of the
anthracyclines may be increased in malnutrition (116).

4.5. Gastrointestinal Agents

The impact of a 7-day, 1000-kcal deficit, 0.3 g protein/kg diet on pharmaco-
kinetics of a single dose of intravenous cimetidine was measured in a cross-over
design with a group of five normal volunteers (117). While cimetidine renal
clearance was unchanged, fractional excretion of the drug was significantly
increased, suggesting net tubular secretion of the drug during the protein- and
calorie-restricted diet.

4.6. Immunosuppressants

In children/adolescents requiring cyclosporine for renal transplantation there
were significant pharmacokinetic differences based on nutritional status (118).
The AUC0�1 was 52% lower in malnourished patients compared with the well-
nourished individuals following a single 3 mg/kg oral dose of cyclosporine which
was likely related to the expanded volume of distribution in the malnourished
patients (11.1 vs 4.6 L/kg, P<0.04) (118). This greater volume of distribution
may be accounted for by a relatively larger proportion of body weight as lean
mass to which the circulating drug distributes to and binds with (118). These
data suggest that a larger loading dose would be needed in poorly nourished
children/adolescents, but should be based on individual pharmacokinetic param-
eters to avoid subtherapeutic or toxic levels.
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Although patients requiring maintenance hemodialysis are often poorly
nourished, a small study comparing etanercept pharmacokinetics in a group of
hemodialysis patients to a group of patients with psoriasis did not find any signifi-
cant differences (119).

5. LIMITATIONS OF CURRENT DATA

The greatest limitation in currently available data is the dearth of trials compar-
ing the impact of malnutrition on drug action, which leaves health-care providers
with limited evidence on which to base practice decisions. Many available studies
have examined antibiotics, such as chloramphenicol and tetracycline, that are less
commonly used today – while a broad spectrum of newer drugs are in current use
with virtually no data on the impact of malnutrition on their action.

The quality of clinical trials is somewhat limited. For ethical reasons, prospective
randomized controlled trials of a drug vs placebo in a malnourished cohort with an
indication for the drug in question cannot be undertaken. Thus available data are
largely from case–control or open-label observations, study designs that are prone
to bias. Since both malnutrition and infection can independently impact hepatic
protein synthesis and fluid shifts, a further confounder is the impossibility to
evaluate independently the impact of infection from that of malnutrition. A further
difficulty is finding large enough cohorts of patients with similar degrees of malnu-
trition to power a comparison of one drug to another.

In the realities of clinical practice, malnutrition proceeds along a continuum that
begins with mild, short-term deficits and can progress to severe, protracted losses of
fat, muscle and organ function, ending in death. The preponderance of data
regarding malnutrition and drugs is from these more extreme degrees of PCM.
The few studies with underweight but not wasted children and with critically ill
adult patients in conditions of severe metabolic stress suggest that drug distribution
and metabolism may be impacted by lesser degrees of malnutrition. Thus we have
limited data on which to make decisions about the risk and effectiveness of drug
therapy, based on malnutrition.

For clinical purposes, it would be most helpful to see future evaluation of
medications using malnutrition stratifications by universally accepted standards,
such as the CDC and WHO standards for children and BMI categories for adults.
Clinical trials and bedside practice will continue to use height and body weight as
surrogates for the much more difficult to obtain body composition measures of
metabolically active tissue.

Simple, inexpensive, and rapid feedback methods for monitoring drug concen-
trations in the field or primary provider’s office would be very helpful in high-risk
patients.

6. FUTURE RESEARCH NEEDS

Clinical trials with pharmacokinetic modeling of representative members of drug
classes are needed in large patient groups with varying degrees of protein and calorie
malnutrition. Trials are also needed in cases with single nutrient deficiencies,
particularly those with impact on major metabolic pathways.
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Animal experiments should be undertaken with measurement of total body
water, fat, and protein compartments during PCM and various levels of obesity –
to clarify some of the difficult questions regarding drug distribution, sequestration
into body compartments, and protein binding. Animal models also could provide
a clean experimental evidence base for drug handling during single nutrient
deficiencies.

Studies should be considered in subjects with primary malnutrition and in those
with secondary malnutrition. Serum albumin is not a good indicator of PCM in
drug metabolism studies (50).

Since critically ill patients in current hospital practice have considerable rates of
nutritional risk at admission, and nutritional status can worsen during prolonged
hospital care, pharmacokinetics studies are indicated in patients with varied levels of
metabolic stress so that the concurrent impact of nutritional status on drug
effectiveness can be evaluated. Data on the impact of concurrent feeding with enteral
or parenteral nutrition therapy in patients with various levels of malnutrition and
clinical stressors are sorely lacking and have the potential to radically change medical
practice.

Whether the addition of sulfur-containing amino acids (especially cysteine) to a
regimen will minimize the impact of PCM on drug disposition remains to be tested
in humans. The rationale, based on observations in animal models, is that cysteine
and/or glutathione may be required for mRNA levels and expression of select CYP
isoenzymes and GST either directly or indirectly by scavenging reactive oxygen
species (60,120).

7. CLINICAL RECOMMENDATIONS

First and foremost, all patients who are ill enough to requiremedications should be
screened for malnutrition, using standard parameters. The components of this evalu-
ation, as a minimum, should include evaluation of body weight relative to standards,
of serum protein status, and of the likelihood of nutrient deficiencies due to dietary
practices. Since all health-care facilities in the United States are required to have a
process in place for nutritional screening, it may be possible to obtain a report from
the facility’s systematic evaluation of patients who are at nutritional risk.

Second, the available research is fairly consistent at recommending the
advisability of monitoring for drugs with a narrow safety profile in high-risk
patients due to their malnutrition. With the huge prevalence of malnutrition in
various disease states (cancer, HIV, geriatrics, to name a few) and clinical settings
(intensive care units, skilled nursing facilities, nursing homes, chemotherapy
centers), this could be an arduous task. To be successful in this effort, inexpensive
and widely available drug monitoring systems for field, clinic, and even home use
will need to be developed.

Clearly, since malnutrition alone can lead to death, we should maximize our
efforts to minimize time delay in using medications effectively in patients with
concurrent malnutrition. A better understanding of the influence of nutritional
status on drug disposition and effect would go a long way toward effective clinical
management.
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7 Influence of Overweight and Obesity
on Medication

Joseph I. Boullata

Objectives

� Define and describe the prevalence of overweight and obesity.

� Explain how obesity can impact on drug absorption, distribution, clearance, and effect.

� Provide a compilation of findings regarding the impact of obesity on specific drugs.

Key Words: Body weight; clearance; composition; distribution; obesity

1. INTRODUCTION

Providing appropriate therapeutic drug monitoring requires an understanding of
factors that influence drug disposition and effect. In order to make better use of
invaluable medication, altered effects of a drug need to be explained or, better yet,
predicted prior to use. There are many potential sources of variability that account
for differences in drug response between patients. These may include age, gender,
and genotype, as well as disease states – both acute and chronic. Included in the
latter are states of altered nutritional status. A better understanding of the influence
of obesity on drug disposition and drug effect may lead to more measured use of
medications in this group of individuals.

1.1. Definitions and Prevalence of Obesity

Obesity is a chronic disorder with a complex pathophysiology involving genetic
and environmental factors, which ultimately impact the balance between energy
intake and expenditure, and manifests as excess body fat. It is associated with
significant risk of morbidity and mortality, as well as increased health-care costs
and reduced quality of life. Morbidity includes diabetes which has seen a 61%
increase in prevalence over the last 10 years and is expected to accelerate as the
obesity epidemic continues (1–4). Obesity is considered a major risk factor for
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coronary heart disease and the second leading cause of preventable death in the
United States after tobacco use (4–6). The risk of comorbid disease (e.g., diabetes,
heart disease, hypertension, dyslipidemia) is tied to the degree of obesity.

Excessive body weight is best described by the body mass index (BMI) – an
expression of an individual’s weight relative to their height – in kilograms per meter
squared (kg/m2). The BMI cutpoint defining overweight is 25 kg/m2 and for obesity is
30 kg/m2 (7). Obesity, as a disorder of excess body fat (including that stored in the
midsection), is best defined in terms of the BMI in combination with waist circum-
ference for adults (8). The BMI and waist circumference are closely linked to health
risks associated with overweight (BMI � 25 kg/m2), obesity (BMI � 30 kg/m2), and
morbid obesity (BMI � 40 kg/m2) (9–12). Morbidity increases at a BMI of 25 or
greater, although this may vary with specific populations. The BMI has been
adequately compared to direct measurements of body composition (13,14). Defin-
itions of obesity used in drug investigations often rely on an arbitrary weight cutoff
relative to an idealized weight (e.g., actual weight� 120%of ‘‘ideal’’ weight). This can
be problematic without a standard definition or a substantiated reference weight that
could provide a more rational basis for classifying individuals in these studies. An
evaluation of various reference weights is discussed further in the next section.

Definitions of obesity in children have been less well defined but proposed age-
and gender-specific cutoff values for BMI linked to adult definitions have been
developed (15,16). The recent gender-specific BMI-for-age growth curves for those
aged 5–19 years can be useful as an appropriate reference particularly as the curves
are aligned with adult cutoffs for overweight and obesity at 19 years of age (16).
These take into account the changes in BMI distribution with age, therefore age-
specific percentiles are used to define overweight and obesity in children. The term
overweight in children is defined as a BMI between the 85th and 95th percentile,
which is indicative of health risks that vary with multiple factors including body
composition (17). When the BMI is �95th percentile the fat mass of the body is
high and defines obesity, with the term severe obesity suggested for those at the 99th
percentile (17). When BMI is <85th percentile the fat mass is not likely to pose a
health risk (17). The issue in children revolves around how much adiposity is
necessary for, and at what point is it excessive during, growth. The linking of
percent body fat data with BMI allows for study of relationships between body
composition and morbidity in children (18).

Using these definitions, the prevalence of obesity continues to climb across all age
groups. Current estimates are that 66%ofAmerican adults are overweight (34%) or
obese (32%) (19–21). This translates to well over 100 million adults in the United
States making it the most prevalent chronic disease. Morbid obesity (BMI � 40),
associated with the most severe adverse health consequences, has nearly tripled to
about 5% in the last 10 years (20–22). And central obesity occurs in 38% of men
and 60% of women (23). Both overweight and obesity are also highly prevalent in
children and adolescents with rates continuing to rise (24,25). The rates of obesity
are reported to be approaching 17% in older children and adolescents in the United
States (25). The NHANES data suggest that childhood obesity has doubled, while
the rates have tripled for adolescents in a span of 20 years (26). This trend of
increasing prevalence of obesity in adults and children is present outside the United

168 Part II / Influence of Nutrition Status on Drug Disposition and Effect



States as well (27–30). Assuming that the trend continues it has been estimated that
75% of adults will be overweight or obese and 24% of children/adolescents will be
obese by the year 2015 (25).

Given the higher risk of morbidity in obese individuals, they continue to have
higher health-care needs including the wide use of medication. Although the influ-
ence of obesity on morbidity and mortality is well described, the influence on drug
disposition and effect is not – especially in the absence of regulatory requirements to
do so. The difficulty in addressing appropriateness of medication regimens in obese
patients is in part based on limited drug-specific data and on varying clinical
approaches to describing or even recognizing obesity.

1.2. Assessing Body Weight for Drug Dosing

While not perfect, the most valid and practical indicator of overweight and
obesity is the BMI. This tool gained universal approval and was recommended
for use in determining body habitus and risk for morbidity and mortality a number
of years ago (31,32). BMI is the best predictor of the effect of body weight on health
risks but is not easily adapted, and therefore has been considered of little practical
use, for the dosing of medications. While weight-based dosing of a drug is less likely
to be problematic at a BMI < 25–30 kg/m2, in obesity the use of a patient’s actual
(i.e., total) body weight may be inappropriate and can increase the risk of adverse
effects. But something as basic as which weight measure should then be used for
weight-based drug dosing in obese individuals has been fraught with controversy.
Numerous dosing terms and predictive equations have been used (Table 1). Their
use in pharmacokinetic studies has been reviewed (33). The term dosing weight is
universally acceptable whether referring to an actual total body weight or an
alternative body weight – as one would consider in volume-overloaded or obese
patients. The derivation of the best dosing weight for use in obesity is unclear.
Adjusting a body weight for dosing in obesity will depend on the substance being
evaluated or dosed (e.g., creatinine, nutrient, drug) and how it is handled differ-
ently, if at all different, in obesity. Dosing may be based on the total body weight
(TBW) or on the lean body weight (LBW) or on some adjusted weight in between
LBW and TBW depending on the drug. A body size descriptor should take account
of age and ethnicity in addition to height, weight, and gender and remain robust at
extremes for each variable (33). The body weight terms described below refer to
their original descriptions as summarized in Table 1 (34–39). The reader is encour-
aged to appreciate the differences between the equations by calculating each body
weight term using their own data.

The life insurance industry’s actuarial tables, from the earliest versions to those
of 1983, are the source of the terms ‘‘ideal’’ and ‘‘desirable’’ body weight. They
were derived from data as collected beginning in the 1930s on low-risk, otherwise
healthy, young persons able to afford life insurance (40–43), a time when the
association between excess body weight and premature death was recognized
(30). These data from a limited population sample describing an ‘‘ideal’’ or
‘‘desirable’’ weight for a given height are also reflected in a simple to use regression
equation derived from those tables (34). The weight for height provided in the
insurance tables or by the equation based on those tables is not an ‘‘ideal’’ to be
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aimed for, is unrelated to TBW, and is not representative of the general popula-
tion. The weights based on these tables do not take physiology into account,
expecting the same weight for all individuals of the same height, and is not
necessarily of any value to drug dosing in obese patients. Additional predictive
equations for ‘‘optimum’’ body weight and for ‘‘lean’’ body weight have been
described and continue to be widely used (35,36).

The ‘‘optimum’’ body weight equation was described for diabetic persons with a
medium-sized frame for use in determining an approximate caloric requirement (35).
The suggestion was made to increase by 10% for patients of ‘‘heavy’’ frame and
decrease by 10% for those of a ‘‘light’’ frame (35). As can best be determined, this
equation is empirically derived but considered adequate for its intended purpose in
clinical practice. A role for improving drug dosing in obesity has never been described.

In a case report discussing gentamicin toxicity, the size of the daily dose as a
function of body weight was described (36). The weight used to estimate creatinine
production was critical in determining creatinine clearance and hence drug dosing.
The suggestion was made to use ‘‘lean’’ body weight, with obese patients requiring
an adjustment in TBW to derive their lean weight, based on an empiric equation.
This equation is one of the most frequently cited for determining a patient’s ‘‘lean’’
body weight despite not being based on any actual subject measurements (34,36).
The ‘‘optimum’’ and ‘‘lean’’ body weight values derived through these two equations
have in recent years been referred to as ‘‘ideal’’ body weight. However, the very
concept of ‘‘ideal’’ body weight was questioned years ago in well-supported and
valid critiques (32,44,45).

Even though ‘‘ideal’’ body weight may correlate with BMI in overweight and
possibly in level I obesity (BMI 30�34.9 kg/m2) this has not been shown true at all
levels of obesity (46). But more to the point, if the purpose is to (1) define a
reference ‘‘normal’’ weight withwhich to compare obese individuals and to (2) derive
proposed dosing adjustments for obese subjects, then several factors beyond height
and weight need to be considered. To be of most value, a reference weight should be
based on actual height/weight data from a representative sample of the entire
population or, better yet, be based further on the body composition of such a
reference sample. External measures of obesity (i.e., BMI) remain more practical
than obtaining body composition data; however, the latter should be used to better
define parameters in studies of drug disposition. Body composition is likely much
more important for the purpose of drug dosing than height and weight alone. Age
and gender influence body composition and should be taken into account in
determining ‘‘normal’’ expected body weights. Age and gender influence lean tissue
which in turn influences metabolic rate (38). Having designated the term ‘‘ideal’’
body weight as an inappropriate reference point for patients, a focus on lean body
mass in its place is needed.

Equations for lean body mass and body cell mass from body composition
data have been described that take into account age and the greater absolute
lean body mass found in obese patients (38,39). A proportion of the sample
populations used to derive these equations were in fact obese, although the
numbers of morbidly obese patients were small (47). It has been suggested
that the lean body mass equation (39) may underpredict true lean body mass
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of the morbidly obese subject (47). This may require revisiting the data in order
to re-adjust the constants (47). Regardless, this remains the only equation that
takes fractional fat mass and BMI into account. It is proposed that this equation
best reflects lean body mass – until further body composition analysis yields a
more accurate predictive equation or population-specific equations (48) – and
that lean body mass serves as the best predictor of drug dosage (49). So the lean
body mass from this equation will be used as the reference standard, for the true
LBW, on which to compare TBW between obese and non-obese individuals. For
the purposes of understanding drug disposition use the lean body mass equation
either in its original format (Table 1) or the more condensed form below (50),
where TBW is the total body weight in kg and Ht is the height in cm:

Men : (1.10)(TBW) – (128)(TBW/Ht)2

Women : (1.07)(TBW) – (148)(TBW/Ht)2

Another similar equation developed from a large sample size with wider weight
range has been suggested for prospective evaluation. This has been referred to as
predicted normal weight (PNW) as a means to exclude excess fat mass (37). It is
hoped that improved equations will be developed based on more recent data from a
more diverse population coincident with body composition. This data may be
available from a broad national sample (51). Such body composition data may
be helpful in addressing the dosing issues of obese individuals. Depending on body
composition the distribution of a drug under study can be identified and corrections
to body weight can be inferred. In this way a dosing weight is based on the
characteristic behavior of the drug rather than relative to a standard weight for
height. Dosing weight correction factors have been used to adjust body weight to a
value between the TBW and the LBW for dosing, although most have not been
systematically studied. The general equation often used to adjust body weight is

DWOB ¼ LBW þ CFð Þ TBW � LBWð Þ

where DWOB is dosing weight for obesity, LBW is the lean body weight, CF is a
correction factor, and TBW is the total body weight. The LBW will vary depend-
ing on the method used to determine it – but again the lean body mass equation is
suggested (50). After all, the distribution of body fluid is related to the lean body
mass, and overall metabolic activity is also associated with the lean bodymass. If a
single dosing weight correction factor is used for all obese patients, instead of
being individualized to the drug being administered, some drugs may be signifi-
cantly underdosed while others may be given in overdose. The correction factor is
a fraction of the ‘‘fat’’ weight (i.e., beyond LBW) that normalizes the volume of
distribution in an obese patient to that in a non-obese patient. Dosing is then
based on the excess weight beyond the predicted LBW that a drug’s pharma-
cokinetic characteristics are best correlated with. This relationship is rarely, if
ever, evaluated against a patient’s actual lean body mass.

What was not recognized early on, and has carried forward virtually unaddressed
by continual use of ‘‘ideal’’ body weight, is that not only is ‘‘ideal’’ body weight not
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necessarily physiologic but that excess weight in obesity is more than just adipose
tissue and the composition varies between obese subjects. Unfortunately, there is not
an abundance of body composition data. In general, non-obese, middle-aged adults
have a fat mass of about 20 kg that corresponds to about 25% of TBW in men and
about 33% of TBW in women. Obese individuals have, on average, a larger lean body
mass than their non-obese peers, accounting for 20–40% (mean 29%) of the excess
weight in obesity (52). In other words, only 60–80% of the excess weight in obesity
may be adipose tissue. A description of body composition for a much larger popula-
tion provides additional data (53). These were otherwise healthy subjects with BMI
values between 15 and 35 kg/m2.While BMI rises with age from 20 to 70 years, a slight
decreasewas seen in the 70- to 80-year-old age bracket in this cross-sectional study. Fat
mass increased in absolute value as well as a percentage of body weight with age up to
70 years as did the BMI. The use of fat mass corrected for height (i.e., fat mass index)
might allow use as reference values. Furthermore, the numerous adipose tissue com-
partments have been characterized using DEXA, MRI, and MRS and may also have
age- and gender-dependent patterns (53,54). It may even be possible to distinguish
adipose tissue composition phenotype at a specific compartment (55).

Unfortunately, most pharmacokinetic studies in obesity make use of predictive
equationswithout the benefit of actual body composition data (i.e., not physiologically
based). In dosingmedication, most clinicians make general assumptions for the dosing
weight in obese patients focusing on the excess fat. But it is the lean body mass that
correlates well with total body water – including the central compartment, metabolic
activity – and can be correlated with drug clearance. Clinicians need to keep in mind
that obesity can influence the tissue distribution of a drug, its clearance, and its clinical
effect. However, this occurs not simply because of excess fat mass but due to other
physiologic changes. This might then translate into modified dosing strategies for
initial doses and maintenance doses. This is especially important for medications for
which minimal effective concentrations or narrow therapeutic indices exist.

Although from a practical standpoint medications that follow weight-based
dosing in adults warrant important consideration in obesity, understanding the
broader impact of obesity on drug disposition and effect to explain or predict drug
effects in obesity is stressed in the remainder of the chapter.

2. BASIC SCIENCE

A review of how obesity impacts drug absorption, distribution, metabolism,
excretion, and action should be based on the available science. It is interesting to
note the discrepancy that exists across the study of obesity. Despite major
improvements in the understanding of the societal, economic, pathologic, and
clinical outcomes of obesity, there remains only limited study of pharmacokinetics
and pharmacodynamics in this disorder at the current time (50,56). One should
understand that it is not a simple task in any human study to clinically assess
pharmacokinetics and pharmacodynamics. In hepatic drug metabolism, for
example, blood flow, protein binding, and tissue binding are each important
factors that need to be taken into account and are also each difficult to assess.
Many of the assumptions made may not always be accurate for obese individuals.
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In fact, persons with obesity can be considered quite a heterogeneous group.
Subjects with a BMI of 30–35 may be quite different than those with a BMI of
45 and greater. A given BMI cannot differentiate the degree of fatness between
individuals (57,58). Indeed within a group of individuals at the same BMI there
may be differences in body composition that ultimately influence drug distribu-
tion and clearance. These physiologic factors among others make for difficulty in
modeling drug disposition in obesity.

Variability in fat mass may occur with a number of factors. Fat mass increases
as an individual ages. Gender is also a factor with women having higher body fat
mass than men in general. Inactive individuals are likely to have higher fat mass
than those who are more active. Ethnicity can also be a factor with individuals of
Native American, Latin American, and Asian heritage more likely to have higher
percent body fat than European Americans, which in turn may have higher
percent body fat than Africans or Polynesians (58–61). Percent body fat may
differ between individuals of the same BMI (58,59). Even the anatomic distribu-
tion of that fat (subcutaneous, visceral, intermuscular), including the blood flow
to those depot sites, may vary by gender and ethnicity (62,63). Each of these
variables will need to be accounted for in future studies of the influence of obesity
on drug disposition and effect. Anatomic and physiologic changes that occur with
obesity may impact on a drug’s absorption, distribution, and elimination through
metabolism or excretion.

2.1. Absorption

Altered gastrointestinal transit time and a higher splanchnic blood flow may
modify drug absorption including a reduction in the bioavailability of drugs with
high extraction ratios. However, the limited data suggest that oral drug absorption,
including drugs with higher extraction ratios, may be no different in obese indi-
viduals (e.g., cyclosporine, dexfenfluramine, midazolam, penicillin, propranolol)
(64–67). Absorption from transdermal or subcutaneous administration is not well
characterized in obesity. Depending on needle length and local fat depot mass,
intramuscular injection in many cases may be better characterized as intralipoma-
tous, which has not been well studied either.

2.2. Distribution

The distribution of a drug throughout the body following absorption from the
site of administration is determined by several factors – some related to the drug
(e.g., lipophilicity, degree of ionization), others related to the body (e.g., blood flow,
tissue-binding sites). Plasma protein binding, body composition, tissue size, tissue
permeability, and drug affinity for various tissues each determine a drug’s distribu-
tion. Knowledge of body composition, regional blood flow, and plasma protein
binding is necessary.

2.2.1. BODY COMPOSITION

Once considered a passive depot to store excess lipid, it has become clear that
adipose tissue is a metabolically active tissue, one of the body’s largest endocrine
organs with complex functions (68,69). Obese subjects have a larger fat mass and a
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larger lean body mass in absolute terms compared to non-obese individuals of the
same age, height, and gender. In relative terms, lean tissue as a percent of TBW is
reduced while percent adipose tissue mass is increased. In other words, not all the
excess weight in obesity is made up of fat compared to the non-obese individual. The
extra lean tissue makes up about 20–40% of the excess weight, about 29% on
average across a BMI range of 29�47 kg/m2 (52). This increase in lean body
mass does not hold for patients with obesity associated with Prader–Willi syndrome
or Cushing’s syndrome (52). Weight-based drug dosing would need to take into
account the relative distribution into various tissue compartments. Total body
water in obesity was estimated to include approximately 30% water content in
adipose tissue (70). This again likely reflected the 30% extra lean tissue of the excess
body weight in obesity. Although lean body mass may be determined through
bioelectrical impedance analysis or whole body densitometry, neither of these is
yet clinically practical across all settings. An equation that at least takes gender,
weight/height, and BMI into account allows a reasonable estimate of lean body
mass (see Section 1.2). Still the partition of a drug into adipose tissue may vary by
body region (71).

2.2.2. BLOOD FLOW

There are increases in blood volume, cardiac output, and organ mass in obesity
that also can influence drug distribution. Cardiac output increases to meet the
increased peripheral blood flow to tissues, while specific flow remains unchanged.
The proportion of cardiac output that reaches the adipose tissue is relatively small
(�5%) compared with the blood flow to lean tissue and viscera and might be
reduced further with increasing degrees of obesity (72–74). Adipose blood flow
may actually be less in morbidly obese individuals compared to the moderately
obese or thin (75). It appears that angiotensin II plays a significant role in regula-
ting blood flow to adipose tissue (76).

2.2.3. PROTEIN BINDING

Drugs can bind to several circulating proteins – albumin, a1-acid glycoprotein,
and the lipoproteins. Albumin concentrations do not appear to be altered as a result
of ‘‘moderate’’ obesity while a1-acid glycoprotein levels are increased (77). This
suggests an inconsistent alteration in drug affinity in obese individuals. The
influence of obesity is more likely on a1-acid glycoprotein than on albumin, thereby
decreasing the unbound fraction of basic drugs in some but not all instances
(77–79). Drugs bound to a1-acid glycoprotein may exhibit lower free drug concen-
trations (e.g., propranolol) or no change in free drug levels (e.g., triazolam,
verapamil), while the free levels of drugs bound to albumin do not appear to change
(e.g., phenytoin, thiopental). Despite little difference in serum albumin concentra-
tions in obese individuals there may be increased binding of fatty acids to the
albumin molecule, thereby potentially altering drug-binding sites. The clinical
significance of any changes is unclear. The associated tissue binding that may
determine the clinical relevance of alterations in unbound plasma drug is not
known. There is a balance of drug affinity between tissue components and plasma
proteins that ultimately determine clinical significance. Alterations in the
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concentration of, or affinity for, plasma proteins may influence drug availability to
the tissues where it may be active or may instead be cleared. It may come down to
the competition between a drug’s binding characteristics in vivo between lean tissue,
transport proteins, and adipose tissue. Lipoprotein levels can also be elevated in
obese individuals potentially impacting on pharmacokinetics and effect (e.g., cyclo-
sporine) (80,81). The potentially altered tissue perfusion and tissue binding has not
been well studied in obesity.

2.2.4. SUMMING UP DISTRIBUTION

It may be expected based on body composition that lipophilic drugs have a larger
volume of distribution (VD) in obese patients. While this is sometimes the case (e.g.,
bisoprolol, diazepam, thiopental), it is not always so (e.g., cyclosporine, digoxin,
procainamide). Hydrophilic drugs may actually have a larger VD (e.g., aminoglyco-
sides, ampicillin, cefamandole, cefotaxime, ciprofloxacin, nafcillin) or a similar VD

(e.g., cimetidine, ranitidine) in obese patients. A point to remember is that a drug’s
lipophilicity, based on its oil-to-water partition coefficient, is only one of several
characteristics of a drug and unlikely to be the single driving factor to overcome the
other factors (e.g., blood flow, in vivo binding competition) in determining drug
distribution on its own (82,83). Lipophilic agents do not necessarily have larger
distribution volumes in obese individuals and some may not even be stored in
adipose tissue (84). Distribution of a hydrophilic drug into adipose tissue or into
the excess lean tissue that supports the excess fat mass may need to be taken into
account for dosing.Most hydrophilic drugs distribute to a limited degree into excess
adipose tissue, but may more likely distribute into excess lean tissue. Besides
increases in fat and lean body mass, obesity is associated with increases in organ
mass, cardiac size and output, blood volume and regional flow. Even polar com-
pounds may not behave similarly with regard to volume of distribution and body
weight (83).

Antipyrine distributes into body water and exhibits a slightly higher absolute VD

in obese subjects (predicted by a higher absolute body water in obese subjects), but
significantly reduced VD when corrected for TBW (predicted by a lower relative
body water) (46). This important point suggests that comparisons of drug distri-
bution between obese and non-obese individuals should be done on the basis of
TBW, that is, the volume normalized to TBW rather than the absolute VD. A
decreased VD when normalized to TBW indicates a drug that distributes less into
the excess adipose tissue. This indicates that antipyrine distributes into the excess
body weight above the estimated LBW by a factor of 30% which incidentally
correlates with estimates of excess lean tissue in obesity. Ethanol also serves as a
marker of total body water. In subjects receiving ethanol 0.4 g/kg intravenously the
VD varied with BMI; from 0.7 L/kg at a BMI of 19 kg/m2 to 0.45 L/kg at a BMI of
32 kg/m2 (85).

Development of physiologically based pharmacokinetic/pharmacodynamic
models specific for obesity in adults and children have been identified as a need
based on the scant available data (86). Compartmental modeling using simultan-
eous markers of various volume spaces may be necessary to describe the true
distribution of drugs in obese individuals regardless of the drug’s lipophilicity.
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Furthermore, developing physiologically based pharmacokinetic models taking
into account each adipose compartment could be invaluable. Regional adipose
tissue differences in blood flow have been evaluated in non-obese subjects (87).
Based on work in laboratory animals rate constant changes in models cannot be
predicted based on the amount of adipose tissue alone (88). The distribution
kinetics of theophylline based on a 3-compartment model was simultaneously
compared with two reference compounds – urea and inulin, whose distribution
volumes represent total body water and extracellular fluid, respectively (89). This
animal study demonstrated that theophylline had a preferential binding for tissue,
with a tissue:intracellular water partition ratio >1. A similar model enabled accur-
ate prediction of antimicrobial pharmacokinetics in edible tissues of an animal
produced for human consumption (90).

2.3. Elimination

The elements that determine elimination of a drug, whether through metabolism
or excretion, may be altered in obese individuals. Increased cardiac output, fatty
infiltration of the liver, portal inflammation and fibrosis, increased renal plasma
and creatinine clearance are all known to occur in obesity (91–93). Additionally
adipose tissue itself must be considered metabolically active (68). Metabolism-
associated genes may be differentially expressed in obese compared with non-
obese individuals (94,95). The metabolic activity may vary between adipose tissue
compartments (i.e., omental, subcutaneous) (96,97). So the obesity phenotype may
also be a factor in drug disposition.

2.3.1. HEPATIC

The fatty infiltration of the liver could affect hepatic metabolic activity. Fatty
infiltration of the liver is more severe with increasing BMI and may impact on the
organ’s metabolic activity. Using antipyrine as a marker of hepatic oxidative
enzyme function, drug half-life was increased in obese individuals compared to
lean volunteers (98). However, this was due to an increased apparent VD, while
no change in drug clearance (Cl) was observed (98). The VD for antipyrine
corrected for TBW is significantly reduced in obese patients given distribution
limited to lean tissue (described in Section 2.2.4) (98). Given the multiple path-
ways by which antipyrine can be metabolized it is not clear whether there is
actually no change in activity of any specific pathway or whether the measured
effect is the resultant net effect across isoenzyme pathways – some increased,
others decreased. Drugs which undergo significant first-pass hepatic extraction
appear to have similar rates of Cl in obese compared to non-obese individuals
indicating that hepatic extraction is not dependent on body weight. Some, but
not all, drugs that undergo hepatic oxidation and conjugation may have
increased Cl in obesity.

Hepatic drug Cl through phase I metabolic reactions may be increased (e.g.,
prednisolone), decreased (e.g., methylprednisolone, triazolam), or unchanged in
obesity. This variability may be explained by specific enzyme activity. For example,
the activity of CYP2E1 may be increased (e.g., chlorzoxazone), while CYP3A
activity may be reduced or unchanged (e.g., erythromycin, cortisol) as body mass
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increases in obesity (99–103). Markers for specific CYP isoenzymes will be neces-
sary to differentiate the impact of obesity on each of them. Based on caffeine as a
marker of CYP1A2, there appears to be no difference in activity of this isoenzyme
between obese and non-obese individuals (104). All told, there remain very little
isoenzyme-specific data.

Some phase II metabolic reactions may be altered. The activity of both glucuronide
and sulfate conjugation appears to increase in obese individuals andmay impact ondrug
clearance (e.g., lorazepam, oxazepam) (105,106). On the other hand, activity of glycine
conjugation or of acetylation does not appear to be altered by obesity (107,108).
Adipose tissue itself possesses metabolic capacity which may be increased based on
the larger fatmass.While the findings of alteredmetabolic enzymes from animalmodels
of obesity aremany, the extrapolation of each uniquemodel (e.g., overfeeding vs genetic
defect) to the human condition is considered poor (109,110). Based on animal data the
significantly reduced AUC0�1 with a significantly higher VD and Cl of chlorzoxazone
in obese compared with non-obese animals suggests that obesity increases CYP2E1
activity not only in the liver but in adipose tissue as well (95).

2.3.2. RENAL

While using actual body weight may overestimate creatinine clearance predic-
tions, and the empirically derived ‘‘ideal’’ body weight underestimates it, a weight
based on a 30% adjustment (correction factor) appears to be the best predictor,
although requiring prospective confirmation (111). This reflects the more meta-
bolically active lean tissue, the source of creatinine, rather than renal capacity.
Generally, renal drug clearance can be increased in obesity (e.g., aminoglycosides,
cefamandole, cefotaxime, cimetidine, ciprofloxacin, lithium, procainamide). This is
partly a result of increased glomerular filtration, while indirect evidence suggests
that tubular secretion is also increased, thereby further affecting renal drug clear-
ance in obesity (108,112–114). Increased drug clearance is due to increased tubular
secretion (e.g., cimetidine, ciprofloxacin, procainamide) and reduced tubular
reabsorption (e.g., lithium). Increases in glomerular filtration as measured by
creatinine clearance can be increased in obese individuals (93,115,116) but have
also been reported to be unchanged in some obese patients (112,117). The reasons
for this discrepancy are not clear but may relate to variability in body composition
(i.e., actual lean body mass) and in renal dysfunction among the various obese
subjects and patients.

2.4. Drug Effect

Even after taking any pharmacokinetic changes into account, if a normal drug
concentration is subsequently achieved and delivered to the site of action in an obese
patient the clinical effect of the drug may still be other than expected. This may
occur with alterations in target tissue sensitivity, whether at the level of the drug
target or a downstream effect. There may be increased sensitivity to some drugs
(e.g., glipizide, glyburide, prednisolone, triazolam) (79) and decreased sensitivity to
others (e.g., atracurium, verapamil) (118). Receptor expression or affinity may be
altered. The drug effect may be more pronounced, including toxic effect, as an
extension of pharmackokinetic variables or pharmacodynamics, but is poorly
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predictable (119). Given the wide number of genes and loci implicated in obesity
(120), whether due to mutations, phenotypic associations, or linkages, the possi-
bility exists for associations or overlap with genetic markers of drug metabolism or
drug response.

2.5. Integrating the Data for a Clinical Approach to the Obese Patient

Loading doses of a drug will be based on information about a drug’s VD as it
relates to TBW (L/kg) (or body composition when possible). On the other hand,
maintenance doses will be based on the total Cl of the drug from the body (L/h) as
documented in obese subjects or patients. When VD is normalized to TBW the
extent of drug distribution into the excess weight, which is of mixed composition,
beyond the ‘‘lean’’ weight, has given rise to the figures (correction factors) used to
adjust the body weight. This, however, assumes that the subject’s LBW is correctly
estimated and that excess tissue is adipose alone. This being the case, there should be
no expected difference in values between men and women. However, the degree of
distribution into the excess weight above the predicted ‘‘ideal’’ or ‘‘lean’’ weight is
reported to differ for the hydrophilic analgesic acetaminophen, with men having an
apparently higher distribution into the excess tissue (105). This would be accounted
for by the higher proportion of lean tissue in men, including more lean tissue in the
excess weight above the predicted lean weight.

Therefore, the ratio of TBW-normalized VD in obese subjects to that in non-
obese subjects can help guide which body weight should be used for weight-based
loading doses:

For example, the VD for vecuronium is �0.5 L/kg TBW in obese patients and
�1 L/kg TBW in non-obese individuals. The ratio of the value in obesity (0.5 L/kg)
to the value in controls (1 L/kg) is 0.5, suggesting the use of LBW for the loading
dose of this drug. And a similar approach using total body Cl may be possible in
guiding which body weight should be used for weight-based maintenance doses in
drugs whose activity throughout the dosing interval is concentration dependent:

For example, the Cl for vecuronium is �16 L/h in obese patients and �20 L/h in
non-obese individuals. The ratio of the value in obesity (16 L/h) to the value in
controls (20 L/h) is 0.8, suggesting the use of adjusted or LBW for maintenance

VD/kg TBWOB: VD/kg TBWNon-OB Dosing Weight

�1 Actual TBW
0.7 up to 1 An adjusted body weight
<0.7 LBW

ClT OB:ClT Non-OB Dosing Weight

�1 Actual TBW
<1 Adjusted or LBW
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doses of this drug. Of course data from well-designed studies examining drug-
specific VD and Cl, as well as drug effect between obese and non-obese individuals,
will provide the best guidance compared to the empiric advice above. A review of
studies on descriptors of body size in pharmacokinetic parameters identified the
greatest success with TBW, an adjusted body weight, and LBW equation as
suggested above for VD and Cl (33). The best single descriptor would be based on
drug-specific distribution and Cl. Increased drug sensitivity, despite VD and Cl
parameters otherwise suggesting the use of TBW, supersedes this empiric advice too.

3. CLINICAL EVIDENCE

This section provides an overview of some of the drug-specific data available in the
literature to help guide pharmacotherapeutic decision making in patients with obesity.

3.1. Antiepileptic Drugs

The dosing of phenytoin can be complex enough in patients with a healthy BMI
given the many factors that can impact on its disposition. In obesity the volume of
phenytoin’s distribution is increased both in absolute terms andwhen normalized to
TBW (121). This indicates that the drug distributes especially into the excess
adipose tissue of obese individuals. The significant distribution of phenytoin into
adipose tissue sets the stage for potential redistribution from this site (122). The
data suggest that a loading dose for phenytoin should be based on an adjusted body
weight using a correction factor of greater than 1, in other words dosing based on at
least TBW. At the same time the metabolic clearance of phenytoin appears to be
increased in obesity (121). This does have the potential to decrease following
successful weight loss (123). Conversely, obese individuals have a slightly reduced
Cl of carbamazepine, which increases following reduction in body weight associated
with increased physical activity (124). Whether the increased Cl is due to weight
loss itself, a decrease in hepatic fat, or the effect of dietary changes on drug clearance
is unclear. Along with a lower Cl, the VD of carbamazepine is lower in obese
individuals when normalized to actual body weight despite a higher absolute VD

(124,125). This suggests that an adjusted body weightmay be used for initial dosing
of carbamazepine in an obese patient, but that maintenance doses could be admin-
istered at longer intervals. Doses of phenobarbital should be based on TBW in order
to achieve therapeutic concentrations in obesity (126).

3.2. Antimicrobials

Optimal dosing of antimicrobials in obese patients remains challenging. Dosing
adjustments of antimicrobials as a class are rarely made based on body weight or
degree of obesity but are based instead on drug-specific data. This would include
renal function for renally cleared antimicrobials, requiring an estimate of glomeru-
lar filtration rate known to be elevated in obesity. This drug-specific information
will determine whether adjustments should be made or whether dosing should take
actual, lean, or an adjusted body weight into account. A number of findings on the
dosing of antimicrobials in obesity have been recently reviewed (50,127). Much is
based on the degree of drug distribution into lean and fat mass and on the influence
of obesity on drug clearance. Some studies have sought to optimize doses of
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moderately lipophilic antimicrobials in obese patients (50). Based on a summary of
the literature, recommendations for dosing have been provided which include drug-
specific correction factors for antimicrobials requiring dose adjustment in obesity
(50,127). Given the difficulty in estimating renal function, renal drug clearance of
one drug has been used to guide dosing of another drug in morbid obesity (128).

3.2.1. BETA-LACTAMS

For beta-lactam drugs a correction factor of 0.3 is suggested for use in the dosing
weight equation – although no clinical study data exist to support this. Using patients
as their own control before and after intestinal bypass-associated weight loss, the VD

for ampicillin decreased from 0.6 L/kg to 0.41 L/kg, indicating some distribution into
adipose tissue for this hydrophilic compound (129). Although the absolute VD is
increased for nafcillin, no significant difference is seen in the TBW-normalized VD or
in total Cl in a morbidly obese patient (130). This would imply the potential to dose
nafcillin based on actual body weight, and the authors suggest dosing modification
upward to 3 g q6h in obesity (130). During treatment for cellulitis with piperacillin–
tazobactam 3.375 g q4h intravenously in a morbidly obese patient (BMI 50 kg/m2),
pharmacokinetic sampling revealed an altered VD (0.33 L/kg) and Cl (27 L/h) for
piperacillin compared with normal values (�0.2 L/kg and 13 L/h) (131). So the
dosing of piperacillin can be based on TBW, especially if dealing with a Pseudomonas
aeruginosa MIC > 8 mg/L (131). An area of concern is the pre-operative dosing of
antimicrobials to prevent post-operative infection in obese patients undergoing sur-
gical procedures. A 1 g dose of cefazolin as antibiotic prophylaxis for surgery in
patients with BMI> 40 kg/m2 resulted in serum drug concentrations below the MIC
for several organisms (132). An adjustment to 2 g cefazolin reduced surgical site
infection rates from 16.5 to 5.6%, P< 0.03 (132). Cephalosporin clearance may also
be increased in obesity, requiring repeated dosing during an operation that lasts
longer than 2–3 h (133). Mediastinitis following cardiac surgery in obese patients
may also be related to inadequate antimicrobial dosing (odds ratio 21 for patients
> 75 kg) (134). This was resolved by increasing cefazolin dose to 2 g for prophylaxis
in these patients (134). Despite high protein binding and distribution predominantly
within the extracellular compartment the pharmacokinetics of ertapenem differs
based on BMI (135). Following a standard 1 g intravenous dose central compart-
ment VD was significantly higher in normal weight (BMI 22.5 kg/m2) subjects than
in obese (BMI 33.4 kg/m2) and severely obese (BMI 43.4 kg/m2) subjects (0.078 vs
0.063 L/kg and 0.057 L/kg) (135). The significantly lower AUC0-1 in the obese and
severely obese subjects translates into lower probability of attaining drug exposure
targets at a given MIC compared with normal weight subjects (135). The subcuta-
neous adipose tissue exposure (AUC0�1) to ertapenem is about 5% of the plasma
value (136).

3.2.2. AMINOGLYCOSIDES

The aminoglycosides are quite similar to each other from a physicochemical
standpoint exhibiting comparable pharmacokinetic properties. This includes VD

that approximates the extracellular fluid volume. Obese individuals would be
expected to exhibit increased absolute VD given the increase in total body water,
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but lower values when adjusted for TBW. The typical weight-based dosing of
aminoglycosides takes renal function into account in determining a dosing interval.
Dosing aminoglycosides in obese patients using actual body weight can result in
higher than expected serum concentrations, whereas LBW may result in subther-
apeutic levels. A suitable correction factor for establishing a dosing weight that lies
between lean and actual weights varies with the study and may differ with degree of
obesity and presence of infection. A well-recognized method for predicting genta-
micin parameters is to use an adjusted dosing weight that incorporates only 40% of
the excess weight, that is, a correction factor of 0.4 in the dosing weight equation
(117). This would provide the basis for an initial dose of aminoglycoside. Given the
variability in correction factors determined for aminoglycoside dosing in obesity
(137), it has been suggested that serum concentrations still be used to monitor the
patients (127). Aminoglycoside Cl is increased in obesity (138–140). Renal Cl of
aminoglycosides may be increased in obesity, but this may be balanced out with the
increased VD, so that if an adequate dose is administered, no change in dosing
interval is necessary. Larger doses of isepamicin are required in obese, as compared
to lean, intensive care unit patients to achieve similar serum concentrations (141).
This is despite a slightly lower VD normalized to TBW, indicating some distribution
into the excess adipose tissue.

3.2.3. GLYCOPEPTIDES

Following single-dose administration of vancomycin, VD was higher in morbidly
obese patients compared to non-obese individuals (142). The TBW-adjusted VD was
lower in obese patients compared to control subjects. The Cl of vancomycin may be
increased in obesity, but may be less pronounced at higher BMI (115,116,142).
However, the difference in Cl disappeared when normalized to TBW, suggesting
that the actual TBW should be used for dosing vancomycin in obese individuals
(142–144). A recent case report of a patient with a BMI> 100 kg/m2 suggests that the
TBW-adjusted VD was only slightly lower, and the Cl was only modestly elevated
compared to values in non-obese patients (145). This again confirms that TBW can
be used for dosing vancomycin.Monitoring of serum trough concentrationsmay help
reduce the fear of using such large doses in the face of the variable effect on Cl and
could identify patients who may require more frequent dosing to stay ahead of MIC
targets. Vancomycin pharmacokinetics in a morbidly obese patient (BMI 66 kg/m2)
was used to estimate renal function and guide the dosing of daptomycin (128). Dosing
of daptomycin (6mg/kg) based onTBWat an interval based on renal function yielded
adequate concentrations for clinical efficacy (128). The lower VD in the patient (0.06
L/kg) than in non-obese subjects would suggest that an adjusted body weight could
have been used. Another study comparing daptomycin pharmacokinetics following a
4 mg/kg intravenous dose in 13 obese subjects (BMI 28�58 kg/m2) and 12 matched
controls suggests that TBW could be used for dosing daptomycin in the obese (146).

3.2.4. FLUROQUINOLONES

The fluoroquinolone antimicrobials are widely used. The increased absolute VD

for ciprofloxacin in obese individuals becomes slightly below that of controls,
proportional to BMI, when normalized to actual body weight (112). This indicates
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that ciprofloxacin distributes less into the excess adipose tissue than into the fat-free
tissue. It has been estimated to distribute into about 45% of the excess body weight
(i.e., a correction factor of 0.45) (112). Drug Cl, including renal Cl, is also increased
in obese individuals (112). Given both the reduced weight-adjusted VD and the
increased drug Cl for ciprofloxacin in obesity, dosing can be based on an adjusted
weight using a correction factor of 0.45 which can provide serum levels within the
recommended range (147). Single-dose evaluation of garenoxacin in 30 surgical
patients (BMI 16�51 kg/m2) revealed significant distribution into selected tissues
including adipose tissue, with tissue:plasma ratio of 0.10–0.53 (148). The much
higher VD of gemifloxacin with free drug exposure in tissue greater than in plasma
suggests that adipose tissue may serve as a storage site (149). Although no longer
marketed, trovafloxacin pharmacokinetics following a single dose in morbidly
obese patients appeared similar to non-obese individuals with similar subcutaneous
and deep adipose tissue drug concentrations (150). The exposure (AUC0-1) to
levofloxacin is similar in subcutaneous adipose tissue as in plasma using a micro-
dialysis technique following a single 500 mg intravenous dose. This is expected due
to interstitial fluid sampling (i.e., not intracellular as may be sampled from tissue
biopsy) (151,152).

3.2.5. ANTIFUNGALS

Pharmacokinetic parameters for antifungal agents in obese patients have not
been evaluated.Amphotericin has been dosed based on TBWgiven the much greater
VD for this drug in obesity (153). No clear data exist for dosing of the azoles in
obese patients, although it has been suggested that VD and Cl of fluconazole are
greater in obesity (154). A higher dose of fluconazole is recommended for obese
patients based on the higher drug Cl observed in an obese patient compared to data
in non-obese patients (155). Flucytosine dosing has been based on an estimated
LBW in an obese patient that yielded acceptable serum drug concentration (153).
This seems rational given the lower VD normalized to TBW and the reduced Cl
identified. In that patient case amphotericin was also used, with maintenance doses
based on actual body weight.

3.2.6. ANTIVIRALS

Little information is available on dosing of antiviral agents in obesity.Non-response
to interferon-a or peginterferon-a in patients with hepatitis C genotypes 1 and 4 viral
infection is independently associated with BMI � 30 kg/m2 (156). This appears to be
explained by an increased expression of an inhibitory factor (i.e., suppressor of
cytokine signaling type 3) in obese compared with lean subjects (156).

3.2.7. OTHERS

Despite excellent tissue penetration linezolid serum concentrations were reported
to be lower in obese patients (BMI 50.8 kg/m2) (157). This raises concerns about the
dose of 600 mg every 12 h against pathogens for which time above the MIC may be
inadequate if the VD is greater. A morbidly obese patient (BMI 86 kg/m2) receiving
this dose of linezolid was reported to have a VD of 0.47 L/kg comparedwith 0.6 L/kg
in non-obese individuals, suggesting that an adjusted body weight be used (158).
For the management of sepsis, dosing of activated drotrecogin-a has been based on
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TBW although not prospectively evaluated in patients weighing > 135 kg (159).
The limited data available for sulfonamides and macrolides do not establish which
weight can be used for dosing in obesity or whether dosing should be different in
obese patients. It has been suggested that antimycobacterial agents be dosed accord-
ing to LBW, based on a single case report (160).

3.3. Chemotherapy

3.3.1. BODY SURFACE AREA, BODY WEIGHT, AND SYSTEMIC EXPOSURE

Many drugs used to manage malignancies have a narrow therapeutic index. To
limit the interpatient variability and risks associated with many chemotherapeutic
agents, body surface area has often been used to guide dosing. Unfortunately, not
much data exist to guide dosing in overweight/obese patients with cancer. And
similar to the greater population prevalence, approximately one-third of patients
with cancer are obese, with its obvious implications for drug dosing.

In obese patients use of the body surface area that incorporates TBW or the
Calvert equation which incorporates the Cockroft–Gault equation to dose chemo-
therapymay result in increased drug exposure with the subsequent risk of treatment
toxicity (161). The use of TBW incorporated into body surface area or the Calvert
equation for obese patients (BMI 28�45 kg/m2) with cancer resulted in severe
chemotherapy-related toxicity for 11% (1st cycle), with reduction in subsequent
doses and toxicity of 7% (2nd cycle) and 4% (3rd cycle) (162). One suggestion to
address this has been to incorporate the BMI into a corrected body surface area in
estimating chemotherapy drug dosing (163). However, there are little data to
support using body surface area over body weight (162), and in fact more support
emerging to dose chemotherapeutic agents with traditional targets based on their
route of distribution and elimination (i.e., systemic exposure). Data suggest that
dosing should be based on patient-specific variables (including genetic polymorph-
isms and nutritional status) (164). The rationale for using body surface areamay be
even less clear for calculating doses of oral chemotherapy (165). Standardizing
dosing of oral chemotherapy rather than relying on body surface area dosing may
improve patient safety (165). It would seem reasonable to dose especially these
narrow therapeutic index agents based on systemic drug exposure. But many tradi-
tional agents have been dosed based on body surface area or body weight.

Of course a general decrease in drug dose for obese patients because of
concern for overdosing may actually increase the risk for therapeutic failure.
Obese patients were significantly more likely to receive a reduced chemother-
apy dose which was subsequently associated with a significantly worse out-
come in pre-menopausal patients with node-positive breast cancer treated with
cyclophosphamide, methotrexate, and fluorouracil (166). Tumor drug expos-
ure is related more to the absolute dose in the case of epirubicin rather than to
a body surface area-normalized dose (167). This is most likely due to a
reduced VD in individuals with higher BMI. In fact drug doses do not need
to be reduced in management of breast cancer in obese patients who may be
less likely to develop toxicity (168).
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3.3.2. SPECIFIC DRUGS

Ifosfamide may distribute into adipose tissue more than expected, as described
by a larger VD and longer elimination half-life, which may impact on potential for
toxicity (169). Encephalopathy subsequent to high-dose (�2 g/m2) ifosfamide was
more common in patients with a higher BMI despite identical body surface area in a
small retrospective cohort study (169a). Exposure of doxorubicin may also be
greater in obese patients compared to non-obese patients, in this case based on
decreased drug Cl without a change in VD (170,171). Another drug with reduced Cl
described for obese patients is cyclophosphamide (172). The apparent Cl of busulfan
was higher in obese patients than non-obese, but an adjusted body weight using a
correction factor of 0.25 eliminates any difference and is therefore suggested for
dosing this agent (173,174). For the renally eliminated drug carboplatin, using an
adjusted body weight based on a correction factor of about 0.5 provided the best
prediction of drug Cl in obese patients (175). A typical dosing approach resulted in
excessive exposures (based on area under the concentration–time curves) to
4-hydroxy-cyclophosphamide, tepa, and carboplatin in a morbidly obese patient
(161). It is suggested that an adjusted body weight be used for dosing cyclophos-
phamide, thiotepa, and carboplatin, with consideration to obtaining drug concen-
trations. There was a reduced weight-adjusted VD for all three agents, a slight
increase in Cl for cyclophosphamide and thiotepa, but a slightly reduced Cl of
carboplatin (161).

3.4. Immunosuppressants

The VD corrected to TBW is lower in obese individuals for both prednisolone and
methylprednisolonewithout apparent changes in plasma protein binding to albumin
or transcortin (176,177). However, the Cl of prednisolone is increased in obesity
and correlates with TBW (176). Although there may be increased Cl of prednis-
olone in obese patients, the increase in sensitivity to the drug means no dose change
is warranted. TBW is used to dose this drug. Conversely, there is a significant
reduction in Cl of methylprednisolone with obesity, such that reduced dosing
frequency may be needed and LBW is used (177). Infusion of cortisol in obese
patients who had undergone study of fat area allowed recognition that drug Cl
(absolute and body weight corrected) was much higher in those with larger intra-
abdominal fat areas (178). Cyclosporine may accumulate in adipose tissue, but its
pharmacokinetic parameters do not change significantly in obese patients other
than a reducedVD/kg TBW (66,179). This suggests that cyclosporine dosing should
be based on LBW in obese individuals (66,180). Based on higher initial tacrolimus
concentrations following renal transplantation in patients with a larger BMI the
suggestion is to use either lower doses or basing doses on ‘‘ideal’’ body weight (181).

3.5. Neuromuscular Blockers

To achieve complete neuromuscular blockade using succinylcholine in morbidly
obese patients, dosing should be based on TBW rather than on an ‘‘ideal’’ or LBW
(182). Given that this drug distributes into extracellular fluid this makes sense;
duration of effect may vary depending on pseudocholinesterase activity which may
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also be directly correlated with BMI (183). Vecuronium distributes into lean tissue
even in obese patients as indicated by the reduced VD/kg TBW (184). As a result,
dosing of this neuromuscular blocking agent should be based on LBW particularly
since prolongation of drug effect has been reported in obese patients (184). Recom-
mendations have been made to dose rocuronium on LBW also, based on findings of
a lower VD and Cl in patients with a higher BMI (185,186). While time to onset of
rocuronium was slightly shorter in obese women, duration of effect and spontan-
eous recovery time were no different between obese and normal weight groups
(187). Neither the VD/kg TBW nor the total drug Cl differed between groups,
although patients were not morbidly obese (BMI �34 kg/m2), indicating that
0.6 mg/kg TBW could be used. In a group of morbidly obese patients (BMI
43.8 kg/m2) rocuronium at 0.6 mg/kg based on an ‘‘ideal’’ weight resulted in similar
duration of action as in a control group compared with dosing based on actual body
weight (188). Although the absolute VD for atracurium is unchanged in obesity, it is
decreased significantly when normalized to TBW (118). This indicates that dosing
should be based on LBW. A possible alteration in protein binding and/or desensi-
tization of acetylcholine receptors may account for the reduced sensitivity of obese
patients to atracurium (118). Doses may need to be adjusted upward based on
hyposensitivity in these patients. Cisatracurium has become the recommended
agent to use in obesity although duration of effect may be prolonged regardless of
whether LBW or TBW is used (189). In one group of morbidly obese women (BMI
42.2 kg/m2) the duration of neuromuscular blockade following cisatracurium dosed
at 0.2 mg/kg TBW was prolonged compared to another group of women (BMI
43.5 kg/m2) in which the dose was 0.2 mg/kg of an ‘‘ideal’’ weight (75 vs 45 min,
P<0.001) (190). The duration of blockade in non-obese women (BMI 22.1 kg/m2)
following 0.2 mg/kg TBW was intermediate at 59 min which was significantly
different than in the two obese groups (190).

3.6. Benzodiazepines

While benzodiazepines as a class are considered highly lipophilic, the impact of
obesity on the apparent VD varies with the specific agent. This does not appear to be
an effect of plasma protein binding, which remains no different between obese and
control subjects. It was often considered that a correlation existed between the
coefficient of distribution into octanol:water and distribution into adipose tissue.
Diazepam, with the highest octanol:water partition coefficient, andmidazolam with
one of the lowest coefficients each have a significantly higher TBW-adjusted VD in
obese individuals compared to controls, indicating distribution into excess adipose
tissue. The VD of midazolam is significantly larger in obese compared with non-
obese subjects, while total Cl is similar (64). Given that drug effect is much more
dependent on extent of drug distribution than elimination, single doses should be
based on TBW. Use of continuous infusions, however, should be based on a LBW.
On the other hand, lorazepam and oxazepam with intermediate partition coeffi-
cients exhibit no difference in VD adjusted to TBW between obese and control
subjects (46). The Cl of benzodiazepines appears to be increased in obese individu-
als (46). The Cl of lorazepam and oxazepam increases in obese individuals and
appears to be correlated with TBW (106). This is documented for diazepam,
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nitrazepam, and lorazepam which undergo oxidation, nitroreduction, and glucur-
onidation, respectively. Furthermore, obese subjects are more sensitive to the same
dose of triazolam than are non-obese individuals (79).

3.7. Anesthetics

Local anesthetics administered via the epidural route may be used to reduce pain
during active labor. Obese women often experience higher levels of epidural block-
ade. A prospective evaluation of bupivacaine showed that the effective drug con-
centration in obese patients (BMI 39.5 kg/m2) was only 60% (0.067 vs 0.113% w/v,
P<0.001) of that required in non-obese (BMI 26.3 kg/m2), and yet the obese patients
experienced a significantly higher block level (191). It is not clear whether this is due
to a smaller volume of epidural space in obesity.

The very lipophilic agent propofolwould be expected to distribute predominantly
into adipose tissue. However, both absolute and corrected VD are not significantly
different between obese and non-obese individuals (192). This may be accounted
for in part by the high hepatic clearance, which appears to be related to TBW. This
in turn suggests that propofol maintenance dosing in obese individuals could be
based on actual body weight, although cautiously administered given the risk for
cardiovascular collapse. A patient’s sensitivity to propofol may be associated with
degree of body fat; however, this is most likely a lesser factor in the influence of age on
propofol pharmacodynamics (193). Physiologically based pharmacokinetic model-
ing taking into account the variability in obesity may allow for target-controlled
infusions with better prediction than compartmental models (194). Thiopental,
despite being highly lipophilic, may need to be dosed lower in obese patients under-
going anesthesia, not because of VD, which is clearly larger in these patients even
when adjusted to TBW (7.9 vs 1.9 L/kg), or because of Cl which is similar but because
of increased drug sensitivity (195–197). Despite a significantly longer elimination
half-life attributed to VD the obese patient should probably receive a dose based on
LBW. One paper describes modeling of thiopental disposition with alterations in
blood flow and body composition based on available data sets (71). The drug’s VD

increases (L/kg TBW), with an adipose tissue:plasma ratio of �8.5 which may vary
for adipose tissue from different body regions (71). It predicts a much lower peak
concentration of thiopental in obesity, suggesting that obese patients require 46%
higher thiopental doses (71). The volatile anesthetics halothane and enflurane are
metabolized through the liver to a greater extent in obese patients as determined by
levels of toxic metabolites, while having prolonged release of metabolites from
adipose tissue (198,199). A recent paper describes no difference in emergence and
recovery following the less lipophilic anesthetics desflurane or sevoflurane in morbidly
obese patients (200). It should be noted that volatile anesthetics are often avoided in
obesity because of ventilation–perfusion mismatch and airway difficulties in these
patients.

3.8. Analgesics

The synthetic opioid analgesics are also lipophilic compounds. Use of actual
TBW will overestimate fentanyl dosing requirements in obese surgical patients
(201). Based on an estimated ‘‘pharmacokinetic mass’’ of lean weight drug Cl
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is linear compared with a non-linear relationship if TBW is used. Sufentanil
has an elevated VD/kg TBW but a Cl not much different in the obese com-
pared to non-obese individual (202). This suggests that TBW could be used
for dosing sufentanil in obesity, with a reduced maintenance dose based on
clinical effect relative to drug redistribution. In a group of obese patients
(BMI 35�52.6 kg/m2) undergoing laparoscopic gastroplasty, sulfentanil was
administered as a target-controlled infusion based on pharmacokinetic data in
non-obese patients (203). This system overpredicted target drug concentra-
tions particularly at BMI > 40 kg/m2. However, remifentanil has a signifi-
cantly lower normalized VD and Cl in obese patients, suggesting that LBW
would be more appropriate for dosing and that TBW-based dosing would
result in excessively high drug concentrations (204,205). Given the prevalence
of obstructive sleep apnea in obesity the degree of sedation is best limited to
reduce the risk of airway obstruction.

The over-the-counter analgesic acetaminophen is a hydrophilic molecule with an
expected lower VD, adjusted to TBW, in obese subjects (206). The Cl of acetami-
nophen is increased in obesity, which may necessitate more frequent dosing. So
initial dosing of this drugwould not have to be increased in obese patients, but could
be adjusted. The VD for ibuprofen, once corrected to TBW, is reduced in obese
subjects relative to controls and not accounted for by plasma protein binding which
remains unchanged (207). Ibuprofen Cl is increased significantly in the obese
subjects and correlates with TBW.

3.9. Others

Limited data exist for most other drugs, including those used in cardiovascular,
pulmonary, and gastrointestinal illness. Verapamil tends to have a larger VD in
obese patients, but not different than normal weight patients when adjusted to
TBW, and Cl is not altered suggesting use of TBW (208,209). In addition, obese
patients may require higher drug concentrations to achieve similar cardiac effects as
that in control patients (209). The distribution volume and the Cl of digoxin appear
unaffected by obesity based on single-dose studies (210,211). This follows from the
limited distribution of the drug into adipose tissue and allows for the continued
recommendation to administer digoxin based on LBW. Lidocaine distribution
normalized to TBW reveals similar values for obese and control subjects and should
therefore be dosed based on TBW (212). Intravenous infusions of vasoactive
medication are administered using weight-based dosing. A recent search identified
only eight research articles covering a mere six medications for which data are very
limited (213). The consistent use of a dosing weight in a patient with adjustments
made based on close monitoring is suggested (214).

Given the risk for thrombo-embolic disorders in obesity, including post-operative
fatalities despite prophylaxis, better evaluation of the dose, timing, and duration of
anticoagulants is required (215,216). There is wide variability in the VD for
unfractionated heparin, which remains similar when normalized to TBW, suggesting
that TBW can be used for weight-based heparin dosing (217). However, the use
of heparin for obese patients undergoing cardiopulmonary bypass reached
better target-activated clotting time when administered as 300 units/kg LBW
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compared to those receiving 300 units/kg TBW and also required less protamine for
heparin neutralization (218). Low–molecular-weight heparin (LMWH) dose andVD

determine the peak drug level, which in turn has been associated with the bleeding
risk. Because the VD for LMWHs is expected to be similar to plasma volume, dosing
per kilogram is not expected to differ between obese and non-obese individuals. Only
limited study exists thus far in obese patients. Using anti-factor Xa activity as a
marker, weight-based dosing is more appropriate than fixed doses in obese patients
(216). Enoxaparin 1.5 mg/kg daily or 1 mg/kg twice daily provides predictable anti-
Xa responses (219). The pharmacodynamic effect of enoxaparin does not seem to
differ between obese and non-obese subjects (220). Based on a preliminary report,
dalteparin doses should make use of TBW (221). No apparent difference exists
between obese and non-obese individuals in VD normalized to TBW or in drug Cl.
Unfortunately, the effects of obesity on the absorption characteristics have not been
examined. Tinzaparin pharmacodynamics is not influenced across body weights of
up to 165 kg (BMI � 61) when dosed at 75 and 175 units/kg TBW (222). Based on
degree of platelet aggregation, with elevated BMI as the only independent predictor
of suboptimal platelet response, a higher loading dose of clopidogrelmay be required
following coronary stenting (223). It is not clear if this is a result of altered
pharmacokinetics or pharmacodynamics in obesity.

Theophylline, while considered a polar compound, is more lipophilic than caf-
feine but does not correlate perfectly well with either LBW or TBW. Theophylline
salts distribute predominantly into lean tissue even in obese individuals, indicating
that loading doses should be based on a LBW (224,225). As drug Cl may be
increased in obesity, a closemonitoring program should be in place to adjust dosing,
particularly if weight loss occurs. Histamine-type-2 receptor (H2)-antagonists as
expected by their hydrophilic nature have a much smaller VD normalized to TBW,
but may have an increased Cl (113,226). The Cl may be increased in obesity, in part
due to active tubular secretion of the drugs.

A mood-stabilizing drug such as lithium with a narrow therapeutic index would
be important to evaluate in obesity. Lithium’s VD normalized to actual body weight
is considerably smaller in obese individuals, which is in line with the fact that it
distributes to lean tissue (114). The Cl of lithium is, however, increased in obesity
(114). From these findings it would follow that initial dosing should be based on
LBW and that maintenance doses should be larger to maintain therapeutic levels.
Trazodone is another mood-stabilizing agent but with considerable distribution into
adipose tissue based on an increased VD even when corrected to TBW (227).

3.10. Obesity Treatments

3.10.1. MEDICATIONS

A number of drugs used in the management of obesity have been studied as well.
Presumably, appetite suppressants would only be used when indicated and the issue
of alterations relative to control individuals would not be relevant. Although no
longer on the US market, dexfenfluramine was found to distribute proportionally
into both the excess fat and the lean tissue, despite being considered lipophilic (67).
It appears from limited data that sibutramine pharmacokinetics is unchanged in
obese individuals compared to non-obese subjects (228). In an open-label study,
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adolescents receiving orlistat therapy to manage obesity also received a multi-
vitamin supplement that included lipid-soluble vitamins (229,230). Nevertheless,
serum concentrations of vitamin K and vitamin D were reduced, the latter signifi-
cantly enough to warrant a recommendation for regular monitoring despite
prophylactic supplementation. Levels of vitamin D, vitamin E, and b-carotene
can be significantly decreased while vitamin A usually remains unchanged with
orlistat (231). The levels of a number of minerals were not influenced by short-term
use of orlistat (232). Given the reduction in fat absorption induced by orlistat,
several lipophilic drugs have been evaluated in single-dose studies during the course
of an orlistat regimen in non-obese subjects (233,234). Absorption of amiodarone
was reduced by 27% and cyclosporine by 30%; however, orlistat had no significant
effect on the pharmacokinetics of metformin, phentermine, sibutramine, atorvas-
tatin, simvastatin, losartan, amitriptyline, or fluoxetine. Despite clinical efficacy
widespread use of rimonabant is not expected due to drug-associated mood dis-
orders. Although not indicated for management of obesity, requirements for levo-
thyroxine are dependent on lean body mass (235).

Given the ongoing surge in diabetes among obese individuals, it would be wise to
study the use of antidiabetic agents in this population. The oral Cl and VD of
glyburide and glipizide do not appear to be significantly different between obese
and non-obese diabetic patients, although some interindividual variability was
noted and VD normalized to TBW was lower for glyburide in obese patients
(236,237). Obese patients also appear to bemore sensitive to the effects of glyburide
requiring lower daily doses to maintain therapeutic effect (237). At a dose of 0.1
unit/kg, insulin aspart pharmacokinetic parameters are not significantly different
across BMI categories in patients with type 1 diabetes (238). Insulin glulisine may
be less likely to have any shift in action profile than insulin lispro or regular human
insulin with increasing subcutaneous fat content (239).

Obese patients may also have cardiovascular disorders requiring drug therapy.
Beta-adrenergic receptor antagonists, b-blockers, have been studied in obesity with
particular attention given to the degree of lipophilicity among agents in this class.
Although propranolol is more lipophilic than bisoprolol, the corrected VD of each
drug is reduced in obese subjects consistent with distribution into excess lean tissue
rather than excess adipose tissue (78,240,241). There are also no apparent differ-
ences between obese and non-obese in VD or Cl for sotalol, a b-blocker that is much
less lipophilic than propranolol or bisoprolol (242). Generally, these agents have a
slightly reduced VD/kg in obese subjects than in controls regardless of the degree of
lipophilicity not explained by hemodynamic effects or protein binding but likely
correlated with the distribution coefficient of each at physiologic pH (50).

3.10.2. SURGICAL INTERVENTION

Bariatric surgical procedures have helped certain morbidly obese patients reduce
their body mass and some comorbid risks. These operations have increased sub-
stantially to projections of over 100 000 annually in the United States (243). The
most common surgical approaches include gastric bypass, gastric restriction, or
intestinal bypass (244). Gastric bypass makes up 88–92%, gastroplasty 7.4–8%,
with more significant malabsorptive procedures making up the rest (243,245).
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Despite low rates of adjusted hospital complications and mortality, the post-
operative gastrointestinal complications include altered nutrient and drug dispos-
ition. The malabsorption of nutrients is expected and has been documented for
calcium, magnesium, iron, group B vitamins including cobalamin, vitamin D, and
other fat-soluble vitamins. Based on the alteration in those portions of the gastro-
intestinal tract normally responsible for preparing orally administered drugs for
absorption, these procedures would be expected to alter drug absorption either by
reducing time for disintegration and dissolution or by reducing the surface area and
sites for absorption (246).

Following gastric bypass, drug dissolution is likely to vary which can then
influence a drug’s bioavailability. An in vitro model evaluating 22 medications
revealed that 45% would have significantly less dissolution in the gastric environ-
ment following gastric bypass (247). Only two drugs evaluated (bupropion, lithium
carbonate) had significantly greater dissolution compared with the pre-operative
gastric environment (247). A clinical evaluation in patients prior to and following
gastric bypass will determine whether these findings translate into differences in
drug absorption. This is important given the medication use patterns of these
patients (248). Based on serum drug concentrations, the absorption of oral peni-
cillin is apparently not altered following gastroplasty for morbid obesity (249).
Even the use of gastric binding may increase the time that a drug spends in the
proximal stomach and thereby alter dissolution or detract from the use of modified-
release dosage forms (250). Mucosal changes in the excluded stomach following
gastric bypass may require management with proton pump inhibitors although it is
unclear where the bulk of drug absorption will take place given that the duodenum
is bypassed (251). Significant inter-patient variability occurs in the pharma-
cokinetics of sirolimus, tacrolimus and mycophenolate; the bioavailability of
these agents is further compromised following gastric bypass (251a). Jejunal bypass
produces significant malabsorption. A patient receiving cyclosporine (oral micro-
emulsion) for liver transplantation experienced significant drug malabsorption
compared with other patients following transplantation (252). Dosage adjustment
for these immunosuppressants is expected (251a, 252).

3.10.3. OTHER INTERVENTIONS

Liposuction involves administration of a wetting solution into the subcutaneous
tissue prior to aspirating that tissue. Epinephrine is included in the solution for
hemostatic and vasoconstrictive effects. Each liter of lactated Ringer’s solutionmay
include 1 mg epinephrine and 300 mg lidocaine, and often 5–10 L are used in the
procedure. As much as 32% of the epinephrine dose may be absorbed systemically
(253). And in large-volume liposuction procedures lidocaine may reach anti-
arrhythmic levels with as much as 93% absorbed systemically (253,254).

4. LIMITATIONS OF THE DATA AND FUTURE RESEARCH

Altered drug disposition in obese individuals has been describedmore frequently in
the literature in recent years. Unfortunately there is still not a concerted effort to
study this and provide clinical recommendations. Regulatory requirements to do so
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may be needed to advance current knowledge and patient care. Drug dosing guide-
lines are necessarily based on relatively small studies or case series in moderately
obese individuals. There is clearly a paucity of data when it comes to evaluating the
effect of obesity in general – let alone specific degrees of obesity or body composition,
or bariatric surgery, or the influence of severe weight loss or extreme weight cycling –
on the disposition and effect of medications. Much of the data are generated follow-
ing single dose, rather than repeated doses as used in clinical practice, or from single
case reports or case series often involving heterogeneous groups.

It remains difficult to predict the influence of obesity on drug disposition and
effect based solely on physicochemical factors (e.g., drug lipophilicity). Dosing
recommendations based on single case reports or small case series, as described
in the previous sections, cannot be made with as much confidence as those based
on more rigorous evaluation in a pharmacokinetic or pharmacodynamic study.
There is a clear need for development of physiologically based pharmacokinetic/
pharmacodynamic models specific for obesity. To accomplish this goal more
data are required in several areas. One significant area that requires more effort
is a method to clinically evaluate body composition of obese patients. A better
method to estimate body composition in sub-groups of the obese – by gender,
ethnicity, degree of obesity would be welcome. Whole body densitometry, bio-
electric impedance, dual-energy X-ray absorptiometry, and other methods can
be used to determine lean body mass as long as limitations in technique are
accounted for. Estimates may vary depending on data source and patient group
(255). This potential interindividual variability needs to be addressed. Also required
is to determine, drug by drug, theVD,Cl, and therapeutic effect in each. Itmay become
important to evaluate drug disposition in patients of similar BMI, body composition,
and even ethnic background. Differing body composition should be examined not just
between degrees of obesity but alsowithin a groupof individuals of the sameBMI. The
activity of specific CYP isoforms in pre-obese, obese, and morbidly obese subjects
should be documented. In this way drug regimensmay be better suited to an individual
patient to maximize the effectiveness of a drug regimen and limit potential toxicity.
Early phase drug studies for new compounds should account for pharmacokinetic
differences by body composition. Data in obesity remain an urgent need (256) and
should be required as part of the new drug approval process (257).

Suggestions made in this chapter regarding the lean body mass equation, use of the
VD normalized to TBW, and total body Cl between obese and non-obese individuals
need to be evaluated prospectively. A formal framework for evaluating the influence of
body weight and pharmacokinetic/pharmacodynamic parameters that considers all
physiologically related variables using a non-linear mixed effects model should be
pursued.

5. CONCLUSION AND RECOMMENDATIONS

The practice of using dosing regimens in the obese patient based on data obtained
in non-obese individuals may increase the risk of drug toxicity or therapeutic failure.
Similarly, generalizations cannot necessarily be made about agents from a related
class when data in obesity are only available for one of them. A therapeutic dosing
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strategy can be developed for obese patients. Specific data describing the independent
parameters of VD and Cl on each drug can be used to determine a therapeutic dosing
strategy for the drug in an obese patient. This requires use of drug-specific data in
obese individuals (Table 2). Loading doses can be based onVDdata, instead of simply

Table 2
Values in Obesity for Volume of Distribution and Clearance of Select Drugs

Medication VD (L) (L/kg TBW) Cl (L/h)

Acetaminophen 109 0.81 29
Amikacin 26.5 0.18 9.5
Atracurium 8.6 0.07 26.6
Bisoprolol 182 2 14.8
Carbamazepine 98.4 0.87 1.19
Ciprofloxacin 269 2.46 53.8
Cyclosporine 230 2.5 42
Diazepam 292 2.81 2.3
Digoxin 981 10.7 19.7
Doxorubicin 1119 14 53.5
Gentamicin 23.5 0.17 8.5
Glyburide 47 0.44 3.2
Glipizide 19.5 0.2 2.3
Labetalol 368 3.8 90
Linezolid 135.7 0.47 13.5
Lorazepam 131 1.25 6.1
Methylprednisolone 104 0.9 21.3
Midazolam 311 2.66 28.3
Oxazepam 97 0.84 9.4
Phenytoin 82.2 0.68 3.5
Prednisolone 44.1 0.3 11.1
Propofol 17.9 1.8 1.46
Propranolol 230.5 2.7 44.3
Ranitidine 86 0.8 34.5
Remifentanil 7.5 0.07 186
Sotalol 80 0.9 9.4
Sufentanil 547 5.8 1.25
Theophylline 40.5 0.4 3.3
Thiopental 350 3.5 17.4
Tobramycin 19.2 0.23 7.5
Trazodone 162 1.4 8.7
Vancomycin 43 0.26 11.3

52 0.32 11.8
Vecuronium 44.7 0.47 15.6
Verapamil 858 7 59.6

VD ¼ volume of distribution; L ¼ liters; L/kg TBW ¼ liters per kilogram of total body weight;

Cl ¼ clearance; L/h ¼ liters per hour
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on degree of lipophilicity, and maintenance doses can be based on drug Cl data.
Weight-based approach to loading doses will depend on the distribution of the drug
in obese individuals as determined by the VD/kg compared to that in the non-obese
(Table 3). For drugs with a Cl that appears to be correlated with increasing weight,
use TBW for dosing and of course consider the need to modify dosing intervals based
on pharmacodynamics. On this last point, any available pharmacodynamic data
should supplement recommendations based on pharmacokinetic parameters. Close
patient monitoring is always required.
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III INFLUENCE OF FOOD, NUTRIENTS,
OR SUPPLEMENTATION ON DRUG

DISPOSITION AND EFFECT



8 Drug Absorption with Food

David Fleisher,y Burgunda V. Sweet,
Ameeta Parekh, and Joseph I. Boullata

Objectives

� Describe the factors involved in oral drug absorption and the influences of meal-related

variables on those factors.

� Discuss the role that the BCS or BDDCS may play in allowing prediction of meal effects on

oral drug bioavailability.

� Describe practical issues in determining the influence of food on oral drug bioavailability

within the current regulatory framework.

Key Words: Absorption; bioavailability; dissolution; food; gastrointestinal;

permeability

1. INTRODUCTION

Given the convenience of the oral route for drug administration, the large
majority of available drug products are oral dosage forms (1). This dictates giving
consideration to the timing of drug administration with respect to food intake.
There are several reasons for taking a drug with a meal or nutrient beverage. It may
be expedient for clinical staff in an institutional setting to administer a drug at a time
when meals are provided for inpatients. Outpatient adherence to a prescribed drug
dosage regimenmay be aided with administration at regular mealtimes. Some drugs
are irritating in the gastrointestinal tract and their administration with food or a
nutrient beverage can diminish this effect as compared to administration with
water.

For some drugs however, administration with a meal can alter oral drug absorp-
tion and, possibly, therapeutic effect compared to drug administration in the fasted
state with water. In such cases, oral drug–meal interactions can be described as
pharmacokinetic and possibly pharmacodynamic in nature.
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One of the more dramatic pharmacodynamic drug–nutrient interactions with
significant clinical repercussions may occur following administration of a mono-
amine oxidase inhibitor with a meal containing tryptamine or tyramine. A patient
receiving oral tranylcypromine therapy who ingests wine and cheese as a meal
component (2) illustrates a classic example for such an interaction requiring
emergency care for the resultant hypertensive crisis. This extreme example illus-
trates an interaction in which a meal component alters clinical response to oral drug
administration. This requires that marketed drug product information contain
warnings and special prescription labeling.

Pharmacokinetic interactions are reflected by meal influences on drug plasma
levels and are the focus of this chapter. Clinically significant changes correspond to
maximum drug plasma levels varying above or below the therapeutic range with
meal administration. These changes are oftenmediated by the influence of ameal on
the extent of drug absorption and are most serious for drugs with a narrow
therapeutic window for which effective under- or overdosing can critically impact
patient health. Such changes, if known for a drug, dictate prescription labeling with
a statement to take the drug with (or without) food and patient counseling on the
timing of oral drug administration with respect to a meal. A more common
pharmacokinetic effect is represented by a reduction in rate of drug absorption
manifest as a delay in therapeutic drug concentrations from meal-induced reduc-
tions in gastric emptying without a change in systemic availability and extent of
absorption. While this interaction is not of concern for many drugs, a meal-induced
delay in absorption may be a significant clinical event to a patient on an oral
analgesic drug hoping to achieve rapid pain relief.

Following initial review of this topic (3), a number of recent review articles on
drug–food interactions are available in the literature (4–12). Since this text is
intended more for health-care professionals rather than for drug development
scientists in the pharmaceutical industry, this review is geared toward the patient
care perspective. A listing of timing of drug administration with respect to meal

Table 1
Medications to be Administered on an Empty Stomacha

Generic Name Brand Name Clinical Effect/Reason

Azithromycin capsules Zithromax Food decreases absorption of
capsules by 50%; taken on an empty
stomach. Tablets and suspension can
be taken without regard to meals.

Bisphosphonates
� Alendronate
� Etidronate
� Ibandronate
� Risedronate

Fosamax
Didronel
Boniva
Actonel

Dairy products/food can impair
absorption; administer
2 h prior to meal
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Dextroamphetamine Adderall Acidic foods/juices will impair
absorption

Digoxin Lanoxin Food delays absorption and may
decrease peak concentrations; take
consistently with respect to meals

Diltiazem Tiazac,
Cardizem

Absorption is increased in the fasting
state; administer before meals

Furosemide Lasix Absorption is increased in the fasting
state

Glipizide Glucotrol
XL

Increased absorption and improved
clinical effect when administered
30 min prior to meal

Levothyroxine Levoxyl,
Synthroid

Absorption is increased in the fasting
state; take at same time daily and
consistently with respect to meals

Metronidazole Flagyl Food decreases the peak
concentration and time to peak

Phenytoin Dilantin Food alters absorption; taken
consistently with respect to meals

Proton pump inhibitors
� Esomeprazole
� Lansoprazole
� Omeprazole
� Pantoprazole
� Rabeprazole

Nexium
Prevacid
Prilosec
Protonix
Aciphex

Administer before meals to improve
absorption andmaximize clinical effect

Quinolones
� Ciprofloxacin
� Norfloxacin

Cipro
Noroxin

Cations (Ca, Fe, Zn, etc.),
antacids, and dairy products will
decrease absorption

Tetracyclines
� Doxycycline
� Minocycline
� Tetracycline

Vibramycin
Minocin
Sumycin

Absorption is significantly impaired by
iron/milk/food

Theophylline TheoDur,
TheoBid,
SloBid

Food may decrease absorption; taken
consistently with respect to meals

Warfarin Coumadin Food alters absorption; taken
consistently with respect to meals

Zafirlukast Accolate Food decreases absorption
by up to 40%

Zolpidem Ambien Food may delay the onset of action

aList is based on 2006 Top 200 brand/generic prescribing by prescription volume. Note that drug/
food interactions may exist for othermedications not included on this list (e.g., anti-HIVmedications).

Many medications also have interactions with grapefruit juice.
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Table 2
Medications to be Administered with Fooda

Generic Name Brand Name Clinical Effect

Amoxicillin/
clavulanate

Augmentin Food increases absorption and decreases
GI upset

Carbamazepine Tegretol Food increases absorption
Carvedilol Coreg Food decreases risk for orthostatic

hypotension
Divalproex Depakote Food will decrease GI upset
Fenofibrate Tricor Food increases bioavailability
Glucocorticoids
� Methylprednisolone
� Prednisone

Medrol Food will decrease GI upset

Glyburide/
metformin

Glucovance Food will decrease GI upset from
metformin

Labetalol Normodyne Food increases absorption; taken
consistently with respect to meals

Metformin Glucophage
(reg and
XR)

Food will decrease GI upset

Metoprolol Toprol,
Toprol XL

Food increases absorption; taken
consistently with respect to meals

Niacin Niaspan Food decreases GI upset
Nitrofurantoin MacroBid Food improves tolerance and increases

bioavailability
Nonsteroidal Agents
� Celecoxib
� Diclofenac
� Etodolac
� Ibuprofen
� Meloxicam
� Nabumetone
� Naproxen
� Various others

Celebrex
Voltaren
Lodine
Motrin
Mobic
Relafen
Naprosyn

Food will decrease GI upset

Potassium chloride K-Dur, Klor-
Con

Food will decrease GI upset

Tamsulosin Flomax Food alters bioavailability; take
consistently 30 min after same meal
daily

Trazodone Desyrel Food increases absorption by 20%
Venlafaxine Effexor Food will decrease GI upset

aList is based on 2006 Top 200 brand/generic prescribing by prescription volume. Note that drug/
food interactions may exist for othermedications not included on this list (e.g., anti-HIVmedications).

Many medications also have interactions with grapefruit juice.
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effects on the pharmacokinetics of the most commonly prescribed oral drugs is
provided (Tables 1 and 2). In addition, guidelines for clinical meal-effect studies are
outlined based on regulatory considerations.

2. REVIEW OF BASIC SCIENCE

For an orally administered drug to become systemically bioavailable it must
have acceptable properties and overcome a number of barriers. The drug’s
dissolution rate, solubility in gastrointestinal (GI) fluids, and intestinal permea-
bility are critical parameters, while GI secretions, GI transit, and first-pass
extraction as well as presence of food can impact on drug bioavailability (12a).
Drugs vary in their degree of solubility and permeability and can be classified
using these properties (13,14). The Biopharmaceutics Classification System (BCS)
or the Biopharmaceutics Drug Disposition Classification System (BDDCS) may
allow for general predictions of the influence of GI changes including food intake
on drug absorption (Table 3a,3b) (9,13–15).

The potential for a meal to influence drug absorption depends on the
physicochemical properties of the drug and dosage form as well as meal effects
on GI physiology. Drug properties and the rate of drug release from the
dosage form into solution in the GI tract define rate-limiting steps in the
drug absorption process. Drug dissolution, gastric emptying, and intestinal
permeability determine the rate of absorption. However, both intestinal and
hepatic first-pass metabolism can couple with these absorption rate limits to
affect systemic drug availability. Each of these rate limits can be influenced by
meal input.

The extent of drug absorption is determined by drug residence time at sites
of absorption and sites of chemical degradation and enzymatic metabolism in
the GI tract. Some drugs are unstable in stomach acid so gastric residence time
is a critical physiologic variable (16). Since gastrointestinal pH is region
dependent, and ionizable drug solubility is a function of pH, drug dissolution
and precipitation can impact drug availability in solution for absorption.
Further, GI pH can affect intestinal permeability of ionizable drugs. Both
drug intestinal permeability and metabolism may be saturable as well as region
dependent so at a given dosage, administered fluid volume, gastric emptying,
and intestinal transit combine to play a role in rate and extent of drug
absorption. Each of these variables can be influenced by meal input.

2.1. Drug Absorption

Drug absorption depends on the physicochemical properties of an individual
agent as well as on the properties of the dosage form that contains the active drug.

2.1.1. DEPENDENCE ON DRUG PROPERTIES

The food effect is expected to be most pronounced for drugs whose GI absorp-
tion is solubility-limited. The solubility – aqueous or lipid – is a key drug property in
determining rate limits to intestinal drug absorption.Many drugs owe some of their
potency to their ability to permeate cell membranes and gain access to sites of

Chapter 8 / Drug Absorption with Food 213



T
ab

le
3

a
B

io
p

h
ar

m
ac

eu
ti

cs
C

la
ss

if
ic

at
io

n
Sy

st
em

an
d

P
re

d
ic

te
d

F
oo

d
E

ff
ec

t
(9

,1
3,

14
)

B
C
S

C
la
ss

S
o
lu
b
il
it
y

P
er
m
ea
b
il
it
y

E
x
a
m
p
le
s

A
b
so
rp
ti
o
n
E
ff
ec
t
b
y

F
o
o
d

M
ec
h
a
n
is
m

I
H
ig
h

H
ig
h

A
ce
ta
m
in
o
p
h
en
,

#
R
a
te
,
Ø

E
x
te
n
t

#
G
a
st
ri
c
em

p
ty
in
g

le
v
o
fl
o
x
a
ci
n
,
v
er
a
p
a
m
il

II
L
o
w

H
ig
h

C
a
rb
a
m
a
ze
p
in
e,
ci
p
ro
fl
o
x
a
ci
n
,

w
a
rf
a
ri
n

#
R
a
te

(b
a
se
s)
,
"
R
a
te

(a
ci
d
s)
,

A
lt
er
ed

so
lu
b
il
it
y
,
"
g
a
st
ri
c
p
H

"
E
x
te
n
t
(o
th
er
s)

"
V
o
lu
m
e
&

so
lu
b
il
iz
a
ti
o
n
in

d
ie
ta
ry

fa
ts
a
n
d
m
ix
ed

m
ic
el
le
s

II
I

H
ig
h

L
o
w

A
te
n
o
lo
l,
li
si
n
o
p
ri
l,
ra
n
it
id
in
e

G
en
er
a
ll
y
li
tt
le
ef
fe
ct

Ø
,
#
In
te
st
in
a
l
d
ru
g
co
n
ce
n
tr
a
ti
o
n
s

IV
L
o
w

L
o
w

G
a
n
ci
cl
o
v
ir
,
in
d
in
a
v
ir
,

m
eb
en
d
a
zo
le

N
o
t
p
re
d
ic
ta
b
le

N
/A

214 Part III / Influence of Food, Nutrients, or Supplementation



T
ab

le
3

b
B

io
p

h
ar

m
ac

eu
ti

cs
D

ru
g

D
is

p
os

it
io

n
C

la
ss

if
ic

at
io

n
Sy

st
em

an
d

P
re

d
ic

te
d

F
oo

d
E

ff
ec

t
(1

4)

B
D
D
C
S

C
la
ss

S
o
lu
b
il
it
y

M
et
a
b
o
li
sm

E
x
a
m
p
le
s

A
b
so
rp
ti
o
n
E
ff
ec
t
b
y

F
o
o
d

M
ec
h
a
n
is
m

1
H
ig
h

E
x
te
n
si
v
e

A
ce
ta
m
in
o
p
h
en
,
v
er
a
p
a
m
il

M
in
im

a
l
ef
fe
ct

o
n

b
io
a
v
a
il
a
b
il
it
y

A
b
so
rp
ti
o
n
d
o
m
in
a
te
d
b
y

p
a
ss
iv
e
d
if
fu
si
o
n

2
L
o
w

E
x
te
n
si
v
e

C
a
rb
a
m
a
ze
p
in
e,
m
eb
en
d
a
zo
le
,

w
a
rf
a
ri
n

In
cr
ea
se
d
b
io
a
v
a
il
a
b
il
it
y

O
ft
en

su
b
st
ra
te
s
fo
r
en
zy
m
es

a
n
d
ef
fl
u
x
tr
a
n
sp
o
rt
er
s
w
h
ic
h

m
a
y
b
e
in
h
ib
it
ed

3
H
ig
h

P
o
o
r

A
te
n
o
lo
l,
le
v
o
fl
o
x
a
ci
n
,

li
si
n
o
p
ri
l,
ra
n
it
id
in
e

R
ed
u
ce
d
b
io
a
v
a
il
a
b
il
it
y

R
el
ia
n
t
o
n
u
p
ta
k
e
tr
a
n
sp
o
rt
er
s

w
h
ic
h
m
a
y
b
e
in
h
ib
it
ed

4
L
o
w

P
o
o
r

A
m
p
h
o
te
ri
ci
n
,
ci
p
ro
fl
o
x
a
ci
n
,

fu
ro
se
m
id
e

N
o
t
p
re
d
ic
ta
b
le

N
/A

Chapter 8 / Drug Absorption with Food 215



pharmacological action. Good membrane permeability is generally a function of
good lipid solubility (lipophilicity). This is accompanied by poor hydrophilicity
(referring to aqueous solubility) so the absorption rate of lipophilic drugs is limited
by poor dissolution into the aqueous media of the GI tract. Dosage formulation can
sometimes reduce this problem since drug dissolution rate also depends on the
powder drug surface area exposed to water. Drug powder surface area can be
increased by micronization and for a low-dose drug like digoxin (0.25 mg; BCS
Class II or III; BDDCS Class 4); this greatly improves drug absorption into the
systemic circulation. Some increase in absorption via micronization is observed for
a high-dose drug like griseofulvin (500 mg; BCS Class III or IV, BDDCS Class 2)
but the improvement is only modest. Enhancing drug absorption through increased
dissolution at the drug particle surface area depends on the amount of drug that can
be dissolved within the small intestine during transit time. This is, of course, more
difficult to achieve at higher doses.

As would be expected, many lipophilic drugs are better absorbed when admin-
istered with a fat-containing meal. Absorption may increase as a direct function of
meal fat content. A good example of this is the first-marketed HIV-protease
inhibitor, saquinavir. This drug was approved quickly in spite of the fact that an
oral dose administered with water resulted in only 5–10% of this high-dose drug
reaching the systemic circulation. It was observed that when patients took this
medication with a high-fat meal, systemic availability increased five- to tenfold.
Newer dosage forms take advantage of this by putting the drug in a lipid vehicle
inside a soft-gel capsule (17).

Hydrophilic drugs possess good aqueous solubility and can dissolve quickly but
do not permeate lipid membranes very readily. The absorption of these drugs is
therefore limited by membrane permeability rather than dissolution rate.
Co-administration with meals does not typically affect the absorption of hydro-
philic drugs. Some hydrophilic drugs are exceptional and have high membrane
permeability due to membrane transport by nutrient carriers. Several amino acid
and small peptide drugs fall into this category. While it might be anticipated that
protein meals would inhibit the absorption of these drugs, this has not been
observed in clinical practice (18).

Another class of hydrophilic drugs with good membrane permeability
includes compounds of sufficiently small molecular size (< 200 Da) that per-
meate membrane paracellular pathways. Since neither dissolution nor membrane
permeation is rate limiting to absorption, gastric emptying controls the rate of
absorption of these smaller hydrophilic drugs (e.g., acetaminophen) (19). The
effect of meal intake on gastric emptying rate is a point to be discussed in a
later section of this chapter.

Drugs may also have both poor dissolution rates and poor membrane permea-
bility. Such drugs are not poorly water-soluble because they are lipophilic but rather
because they have a high capacity to form intermolecular hydrogen bonds. Such
compounds tend to have high melting points and form poorly dissolving crystals.
While food can negatively affect the absorption of such compounds, they rarely
make it to the market as oral drug products since their properties dictate poor oral
absorption even in the fasted state (20).
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2.1.2. DEPENDENCE ON DOSAGE FORM PROPERTIES

Some of the most clinically significant food effects on oral drug delivery
have been in association with the administration of modified-release dosage
formulations of drugs with narrow therapeutic indices (21–23). Since these
formulations typically contain very high doses of highly permeable drugs, meal
component interactions with formulation components that alter the intended
release rate can produce an effective under- or overdose. In the extreme,
meal-induced ‘‘dose dumping’’ as a bolus drug release process of the entire
dose of a modified-release formulation can result in toxicity in individual
patients (24).

Less dramatic meal effects on modified-release dosage forms are seen as
meal-controlled delays in oral drug delivery to the systemic circulation. Since
non-disintegrating particles greater than 2 mm in diameter do not empty from
the stomach with the gastric liquid contents (25), oral drug delivery from dosage
forms with these physical properties may be influenced by meal intake. Such
dosage forms are subject to emptying with the timing of the interdigestive
migrating motility complex (IMMC) under the control of the circulating gut
peptide, motilin (26). Following administration of a meal, this complex is dis-
rupted and gastric emptying is influenced by other gut peptides (27) as regulated
by caloric density and intestinal feedback control (28). Gastric emptying control
by IMMC is not re-established until most of the meal calories have been emptied.
As a result, with high-caloric density input, gastric emptying of non-disintegrating
dosage forms greater than 2 mm in diameter may experience substantial time lags
before emptying into the intestine. Such delays in absorption may be reflected in
delayed drug plasma levels (29).

2.2. Meal Effects

A meal may influence GI transit and drug absorption. Although mean small
intestinal transit time (between 3 and 4 h) is remarkably independent of fasted
versus fed-state conditions (30) several drugs (31,32), drug excipients (33), and
over-the-counter products (34) have been shown to influence the extent of drug
absorption via influences on intestinal transit. Careful studies have shown that a
drug’s small intestinal residence time in human subjects is approximately 200 min
whether it is administered with or without a meal (30). However, gastric emptying
rate is a function of fed or fasted state. Both volume and caloric density of a meal
play a role.

2.2.1. ADMINISTERED VOLUME

Inmany studies of meal effects on drug absorption, a comparison of fasted versus
fed conditions is not controlled for administered volume (9). This aspect is certainly
consistent with the variability in patient fluid intake with oral drug administration
of prescription drugs and may therefore represent a legitimate statistical compari-
son. Although studies uncontrolled for meal volume may verify whether or not
there is a significant food effect on oral drug bioavailability, fasted-state pharma-
cokinetics may depend on administered volume for several reasons. When a drug is
administered with a noncaloric aqueous liquid, the rate of human gastric emptying
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of liquid containing dissolved drug and small drug particles is first order and
dependent on the volume load after an initial lag period.When drug is administered
with small volumes of fluid in the range of 60 mL (2 fl oz), emptying of the gastric
contents is more dependent on the IMMC than is the case when larger volumes in
the range of 240 mL (8 fl oz) are administered (35). Thus, emptying of a drug
contained in the gastric fluid contents will be more erratic with respect to the time of
drug administration for smaller than larger co-administered fluid volumes. In
addition, the first-order gastric emptying of larger volumes is more rapid than for
smaller volumes for all phases of the IMMC.

Meal administration is typically high volume, but intestinal feedback control
dictates that the gastric emptying rate and the subsequent drug delivery to
absorption sites in the small intestine is a function of caloric load or density (kcal/
mL). Furthermore, if fasted-state drug administration is conducted under low
volume conditions compared to the typical high volumes consumed with meal
administration, initial intestinal drug concentrations will be much higher in the
fasted-state condition as compared to meal co-administration. In addition, certain
meals may dictate significant gastric, intestinal, biliary, and pancreatic secretions
that can further dilute fed-state drug concentrations as compared to the fasted state.
For those drugs that show nonlinear characteristics as a function of local concen-
trations, such differences in the volume of administration can complicate the
interpretation of food-effect studies. It would be advisable to administer the same
volume of noncaloric fluid in fasted-state studies as the volume of meal
administered in fed-state studies. While this only controls initial conditions, since
meals will influence GI fluid absorption and secretions, a more mechanistic
comparison is offered when meal-effect studies control for volume.

2.2.2. CALORIC LOAD

Caloric feedback signals from the intestine that control gastric emptying
have been studied for simple carbohydrate, fat, and protein meals. Triggers for
these signals include sodium-monosaccharide co-transport (36), peptide diges-
tion (37), and chylomicron formation (38). The magnitude of the signal and
the extent of gastric emptying inhibition are a function of the extent of
nutrient and intestinal sensor contact down the length of intestine (39,40)
and therefore depend on both digestion and initial caloric load. The pattern of
calorie-regulated gastric emptying is different than for volume-controlled gas-
tric emptying (35) and has been studied in most detail for simple glucose
meals (41). With respect to oral drug delivery, calorie intake will result in a
different volumetric input rate from drug contained in the gastric liquid into
the intestine than for noncaloric liquid intake. This will, in turn, influence
differences in rates of co-administered drug delivery to sites of absorption and
first pass elimination in the upper intestine with nutrient versus noncaloric
input. Even a very low-fat meal (166 kcal, 0.44 g fat) significantly improves
both rate and extent of absorption of a low solubility lipophilic drug (e.g.,
quazepam) compared to the fasted state, although making no difference to two
other lipophilic benzodiazepines (42). Caloric control of intestinal drug
delivery rates from gastric emptying can result in less variability in oral drug
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pharmacokinetic profiles compared to drug administration with small volumes
of noncaloric fluid. This is the case since the timing of gastric emptying with
an IMMC will be highly variable with respect to the time of oral drug
administration. For example, not only does the bioavailability of rifalazil
improve with food but the variability decreases as well (43).

2.2.3. MEAL TYPE

Although different meal types provide a similar rate of fluid delivery from
the stomach to the small intestine based on caloric density (44), intestinal
fluid volumes and resultant drug concentrations depend strongly on meal type.
Simple carbohydrate meals may result in substantial water absorption in the
small intestine (45) that may, in theory, result in more concentrated drug
solutions in the intestinal lumen. Protein meals promote higher intestinal fluid
volumes as the result of significant pancreatic secretions (37) which may, in
theory, result in more dilute drug solutions. Even greater intestinal volumes
should result from intake of high-fat meals since pancreatic and biliary secre-
tions will be stimulated to a greater extent than with other meal types (46).
Bile secretion in response to food is rapid and results in lipid degradation
products by the proximal jejunum (47). Dietary lipids and bile acids explain in
large part the significantly higher solubility of poorly soluble drugs in intes-
tinal fluids during the fed state (48). The fed-state balance between intestinal
fluid secretion and intestinal water absorption is very much a function of the
rate at which complex meals are converted to simple nutrients. Simple carbo-
hydrates tend to be rapidly broken down in the upper GI tract, while protein
and fat digestion are slower processes (46). The greater extent of upper
intestinal water absorption observed with simple carbohydrate meals as com-
pared to protein meals is the result of both differences in the rate of digestion
and differences in the absorption pathways of the resultant elementary
nutrients. Most monosaccharides are absorbed by sodium-dependent
co-transporters, which promote intestinal water absorption (49). While a
number of sodium-dependent transporters support amino acid transport,
many intestinal amino acid transporters utilize sodium-independent mecha-
nisms for mucosal absorption (50).

2.3. Physical–Chemical Interactions in the Gastrointestinal Tract

Absorption of drugs that are co-administered with meals may be altered both by
meal component influences onGI physiology and bymeal component influences on
drug and dosage form properties.

2.3.1. MEAL VISCOSITY

Although this factor is certainly related to meal type based on digestibility, the
fact that meal viscosity can be studied independent of caloric input dictates
consideration as an additional meal-effect factor. As opposed to the effect of high
fluid volume intake resulting in local gastric pressure distention, which speeds
gastric emptying, high viscosity intake slows gastric emptying (51). If insufficient
digestion occurs in the gastric contents to substantially reduce the solution viscosity
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entering the small intestine, several factors may effect drug absorption following
oral administration. First, higher viscosity may increase upper intestinal residence
time. In addition, based on the inverse dependence of solute diffusivity on medium
viscosity, diffusion of dissolved drug from the intestinal lumen to sites of absorption
at the intestinal membrane will be slowed. Finally, high viscosity can slow drug
dissolution rate by decreasing solute diffusion away from the solid drug
interface (52).

2.3.2. MEAL EFFECTS ON GASTROINTESTINAL PH

Medium pH can impact both the solubility and membrane permeability of
ionizable drugs. Since meal intake may alter gastric and upper intestinal pH, the
ionization state of weak acid and weak base drugs with pKa in the range of GI pH
variation will be affected. Since non-ionized drug has greater membrane
permeability than ionized drug, nutrient effects on mucosal microclimate pH
might be expected to influence the absorption of drugs in this class. Enterocyte
metabolism of glucose lowers microclimate pH via sodium–proton exchange (53).
However, little overall effect on drug absorption is observed.

Food effects on weak acid drugs are not common (4), since ionized drug
promotes high solution concentrations in the intestine and permeability of the
non-ionized compound is frequently high enough to shift ionization equilib-
rium toward favorable absorption. The previously marketed nonsteroidal
anti-inflammatory drug (NSAID), bromfenac, may be exceptional in this
regard (54). This drug showed a reduced analgesic effect when administered
with a meal. This unusual meal effect for a weak acid drug with a pKa within
normal GI pH variability may be a function of the exceptionally low dose of
bromfenac as compared to other NSAIDs.

The potential for meal effects on weak base drugs, with pKa in the range of GI pH
variation, is greater than for weak acids. This is a function of their potential to
precipitate at intestinal pHor high gastric pHaspromotedby some types ofmeals (55).

2.3.3. MEAL CALCIUM CONTENT

There is experimental evidence that the stomach controls the rate of soluble
calcium delivery to the small intestine. This element of intestinal feedback control
has been verified indirectly by observations on the rate of gastric emptying of
calcium chelators. The observation of feedback control appears to be an indirect
effect of the capacity of calcium chelators to remove ionic calcium from the tight
junctions (36). In isolated intestinal tissue and cell culture, removal of calcium from
the tight junctions may result in an increase in paracellular solute transport (56). A
defense mechanism to slow the delivery of calcium chelators from the stomach
would thus serve a protective feedback control function. Since a number of simple
nutrients resulting from fat digestion sequester calcium (36), this may provide a
parallel feedback control mechanism to that of caloric content in controlling the
rate of gastric emptying. In addition to the influence of this factor on the rate of
gastric delivery to the small intestine and the availability of the paracellular pathway
for absorption, calcium is known to bind a number of drugs, like tetracycline,
reducing their availability for absorption in the intestine (57).
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2.3.4. DRUG BINDING TO MEAL AND BILIARY COMPONENTS

Drug binding, complexation and micellar sequestration, including bile acid
interactions, can reduce effective drug concentration in the intestinal lumen and
thereby reduce absorption. Over-the-counter product influences include antacid
effects on drug binding, oil emulsion product effects on drug sequestration and
fiber effects on viscosity; these may mediate a number of these interactions.

Drug binding to nutrient components has been most often cited with drug
co-administration with enteral nutrition products. These interactions may include
both reversible and irreversible binding components when drug–nutrient
co-administration is through nasogastric tubes (58). Drug binding to the protein
component of common enteral nutrition formulations has also been reported (59).

2.3.5. MEAL EFFECTS ON FIRST-PASS ELIMINATION

The significant clinical impact of grapefruit juice on the oral bioavailability of
several drugs (60) broughtmeal component effects on first-pass drug elimination to
the forefront of food-effect studies. Other fruit juices have since been studied. This is
an example of a meal component directly inhibiting the activity of first-pass
elimination factors dictating an increase in oral bioavailability. Such inhibitory
effects can lead to dramatic increases in oral drug delivery with risk for toxicity
(61). Meal input can influence drug first-pass elimination elements through
saturation as well as inhibition. It has been stressed that oral drug dosage
form administration factors, including co-administered meals, influence drug con-
centration gradients that are the driving forces for drug absorption. For example,
meal lipid solubilization of an orally administered drug may serve to increase
lipophilic drug concentration in the GI lumen. Oral bioavailability is further deter-
mined by intestinal and hepatic transporters and enzymes with activities that may or
may not be saturated as a function of local drug concentration gradients. By
impacting local drug concentration gradients around first-order to zero-order
transition points for saturable absorption and first-pass elimination components,
meals can exert an effect on oral bioavailability independent of inhibition on first-
pass elimination.

2.3.5.1. First-Pass Metabolism. Meals can affect both intestinal and hepatic
first-pass metabolism. With regard to nutrient component inhibitory effects,
phase I drug-metabolizing pathways have been observed to be impacted to a greater
extent than phase II metabolic pathways (62). Since grapefruit juice inhibits the
cytochrome P450-3A4 isoenzyme (CYP3A4) which is responsible for the intestinal
metabolism of the greatest number of drugs and drug candidates, this elimination
element has been the focus of drug–nutrient interaction studies. Drug candidate
screening now includes human hepatocyte, microsomal, or recombinant enzyme
metabolism data. Since CYP3A4 is a component of this screening, a measure of the
potential for intestinal metabolism is also available. Caco-2 monolayers enhanced
in CYP3A4 have been developed to screen drug candidate intestinal metabolism
coupled to membrane influx and efflux transporters (63). It has been further
recognized that grapefruit juice may also inhibit influx transporters (e.g., OATP)
and efflux transporters (e.g., P-glycoprotein) (64). Basic studies to isolate the
grapefruit juice component responsible for CYP3A4 inhibition have focused on
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furanocoumarins acting as mechanism-based inhibitors, but have generated even
broader investigations of elementary nutrient factors that might impact the
important drug-metabolizing enzyme and coupled transporters (64,65).

Other drug oxidizing enzymes in the intestine (66) and liver (67) may be
influenced by nutrient intake. In animal studies, it was reported that methionine
and cysteine inhibited flavin monooxygenase (FMO)-mediated cimetidine
sulfoxidation (68). This interaction is less important in humans and cimetidine’s
safety further reduces its clinical significance. The absorption of a narrow
therapeutic index drug that undergoes FMO-mediated sulfoxidation is not
influenced by meal intake (69). However, for a new drug entity, the screening of
a battery of metabolizing enzymes and further basic investigations on elementary
nutrient effects on metabolism may yet uncover meal effects on drug-metabolizing
enzymes other than CYP3A4.

2.3.5.2. Permeability Limitations Due to Intestinal Efflux. Research has impli-
cated P-glycoprotein (Pgp)-mediated drug export as a factor limiting intestinal
permeability of some compounds (70). Although cell culture data may
overestimate the in vivo activity in some cases (1), this has led to further
investigations on the effect of nutrients on this elimination pathway (71). Inhibition
of Pgp by dietary flavanoid components has been reported (72). The influence of
grapefruit juice on Pgp activity was mentioned in the previous section. Because Pgp
substrates are typically hydrophobic and poorly water soluble, saturation of Pgp is
difficult to achieve. However, elevated drug concentrations through meal lipid
solubilization could lead to a nonlinear concentration dependence of Pgp-mediated
drug export (73). For lipophilic compounds that are Pgp substrates, the combined
effects of increased permeability via Pgp inhibition with an increase in drug
concentration through solubilization by a high-fat meal might be projected to
substantially increase absorptive flux. Most Pgp substrates are neutral or weak
base hydrophobic compounds (74). Some weak acid drugs are substrates for
intestinal multidrug resistance protein (MDR1 ¼ Pgp) and multidrug
resistance-associated proteins (MRP1-5) that belong to the ATP-binding cassette
(ABC) superfamily of membrane transporters (75). There may be additional
intestinal membrane proteins mediating drug and/or drug metabolite export yet
to be identified that could interact with the nutrient components of a meal (76).

There is evidence that drugmetabolites are substrates for intestinal exporters and
it is proposed that intestinal metabolism and mediated mucosal efflux are coupled
processes in intestinal drug elimination (77). The function of such coupling, with
respect to CYP3A4 and Pgp, is suggested to promote efficient intestinal elimination
(78). Since most metabolites are less hydrophobic than their parent drug, they
might be weaker substrates for Pgp. Efficient intracellular metabolite production
would set up a favorable metabolite-to-drug ratio minimizing potential competition
for Pgp export (79). Some inhibitors of Pgp are also inhibitors of CYP3A4 and
these include some compounds that are meal components (80,81). Given the
possibilities of inhibition and saturation of coupled intestinal drug elimination
components, the impact of meal intake on first-pass metabolism may be
mechanistically complex.
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2.3.6. MEAL EFFECTS AND REGION-DEPENDENT ABSORPTION

Many drugs possess sufficient lipophilicity to promote high permeability
throughout the small and large intestine (82,83). However, for some compounds,
intestinal absorption and elimination may not be a homogeneous or even a
continuous process throughout the entire small intestine. This is the case for some
drugs that are absorbed by a carrier-mediated process (84) and is generally true for
drugs of moderate lipophilicity as a function of a reduction in absorbing surface
area in the lower small intestine (85). For small hydrophilic compounds
predominantly absorbed through paracellular pathways, it would be anticipated
that permeability would decrease with distance down the intestine since paracellular
pathways becomemore restricted by the tight junctions (86). However, this has not
been confirmed with the paracellular marker compound mannitol (87) and
regulation of this pathway may be variable as a function of intestinal region (88).
What may prove to be a significant factor in regionally dependent drug absorption
are differences in drug elimination as a function of intestinal region (79).
Furthermore, resultant differences in the rate of absorption and elimination in
different regions of the intestine can dictate variability in the rate of drug
presentation to the liver.

Studies have indicated that region dependence in the absorption of some drugs
may underlie a significant meal effect on systemic drug availability following oral
administration (79,89). When drug absorption is better in the upper small intestine
than in themid and lower regions, meal factors that serve to reduce drug availability
to the absorbing membrane may produce negative effects on systemic availability.
These factors may include drug-binding interactions with meal components or any
physical hindrance to drug transport provided by meal intake in the upper intestine
that reduces drug availability to sites of absorption. Reduced drug absorption in the
upper intestine can result in delivery of lower drug concentrations to sites of
first-pass elimination. It is possible that drug administration without meals may
provide intestinal concentrations sufficient to saturate first-pass metabolism, while
administration with a meal results in drug concentrations below first-pass
saturation levels. Based on a limited set of studies, the potential for a negative
meal effect is more likely if there is region-dependent absorption.

2.3.7. MEAL EFFECTS ON SPLANCHNIC BLOOD FLOW

Just as nutrient effects on region-dependent drug absorption should alter rate
of drug delivery to sites of first-pass elimination, meal effects on splanchnic
blood flow would be anticipated to alter the rate, and possibly extent, of first-
pass drug elimination. This may be the case with meal effects on alcohol
elimination and possibly underlie varying meal effects on high first-pass drugs
like propranolol.

3. CLINICAL EVIDENCE – THE CASE OF THE PROTEASE INHIBITORS

The first HIV-protease inhibitor on the market was saquinavir. The need for
treatment with this drug class dictated approval in spite of a low 5% oral
bioavailability. This was due to the low intrinsic solubility and high first-pass
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metabolism of this drug. Although orally administered as the mesylate salt at
600–800 mg three times a day, this low pKa weak base drug may dissolve in the
acid pH of the stomach but would enter the upper small intestine at concentrations
three orders of magnitude above its intrinsic solubility. Such a high level of
supersaturation promotes the potential for intestinal precipitation. Observations
that saquinavir administration with a high-fat meal increased oral bioavailability
five- to tenfold (90) led to the development of a lipid-melt soft-gel capsule
formulation that similarly increased oral bioavailability (17). Although no longer
marketed, this tremendous increase in bioavailability, as a function of dosage for-
mulation, was likely due to a combination of solubilization of the drug in the intestine
by lipid meal components and the resultant saturation of some elements of first-pass
elimination, particularly in the intestine. Saturation of intestinal CYP3A4 and Pgp
should result in a faster rate of absorption and a higher rate of drug presentation in
the portal vein to the liver.

The third drug marketed in this class of compounds was indinavir, which showed
a decrease in bioavailability when administered with meals (91). Goals in the
molecular design of this drug included the addition of a weak base moiety with
higher pKa to increase its solubility. It is administered as a sulfate salt at a dosing
regimen similar to that of saquinavir. As was the goal of this molecular design ploy,
it is likely that indinavir achieves higher concentrations in the GI tract and a higher
driving force for absorption as compared to saquinavir when administered without
meals. The higher intestinal indinavir concentrations compared to saquinavir
saturate elements of first-pass elimination resulting in oral indinavir bioavailability
tenfold higher than the initial saquinavir product. However, when the drug is
administered with a high-caloric meal, a 60% reduction in indinavir bioavailability
is observed. When the drug is administered with a light meal of low caloric density,
the meal effect can be minimized (91).

Possible contributions to a negative meal effect on indinavir were investigated in
HIV-infected patients as a function of meal type (55). Indinavir plasma levels and
gastric pH were simultaneously measured as a function of time after oral indinavir
administration. In this clinical study, protein meals produced the greatest and most
statistically consistent reduction in oral indinavir bioavailability as compared to
administration with an equal volume of water. Gastric pH, as measured by
radiotelemetry in these patients, showed that the protein meal caused a lengthy
(4 h) pH elevation (around pH¼ 6 over this time period) as compared to other meal
types or drug administrationwith water. Only slight pH elevations of short duration
were observed with the other meals since they offer little buffer capacity to gastric
acid secretion. It is suggested that the protein meal will provide the greatest
potential for poor dissolution and/or precipitation of indinavir in the stomach as
a function of elevated pH.

All meal types produced a significant negative meal effect on indinavir oral
bioavailability, though not to as great an extent or as consistently from
patient-to-patient as the protein meal. Meal types studied in addition to the
high-caloric protein meal included high-caloric carbohydrate and high-caloric
lipid meals as well as a noncaloric viscous meal. It is likely that high-caloric density
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meals, as well as high viscosity meals slow gastric emptying and the rate of drug
transport in the intestinal lumen to sites of first-pass elimination to an extent that
they are no longer saturated.

Other contributions to the negative meal effect have been investigated in isolated
animal and tissue experiments to include influences of intestinal regional differences
(79). In the case of indinavir, rat intestinal perfusion studies show high permeability
in the upper intestine and dramatically reduced permeability in the lower small
intestine. The drug is metabolized by CYP3A4 in both the upper intestine and the
liver, and the predominant intestinal metabolite is excreted into the intestinal
lumen. Interestingly, no metabolism is observed in the lower small intestine and
metabolism is greatly reduced in the mid-jejunum as compared to the upper
jejunum. Indinavir is also a substrate for intestinal Pgp and this may account for
its poor permeability in the lower intestine where Pgp exports drug that is absorbed
into the enterocyte back to the intestinal lumen. The fact that CYP3A4 metabolism
dominates indinavir elimination in the upper small intestine while Pgp efflux
controls its elimination in the lower small intestine permits somemechanistic studies
in the rat. Reaction-coupled transport in the form of cellular metabolism
subsequent to cell entry increases the rate of indinavir absorption into the
enterocyte by increasing the concentration gradient driving force for cellular
entry. If metabolites compete with drug for export by Pgp, this could promote
drug absorption across enterocytes in the upper small intestine while there would be
no such competition in the lower small intestine (79).

Continued elimination as the drug moves down the intestine will depend on
regional CYP3A4 and efflux activity as well as on changes in drug concen-
tration down the intestinal tract. Meal effects on the rate of drug delivery to
these sites of first-pass elimination might be anticipated to produce alterations
in bioavailability. The potential for a positive meal effect from lipid-enhanced
solubility compared to negative meal effects from slowed delivery to saturable
sites of first-pass elimination may also be determined by variation in these elimin-
ation factors as a function of intestinal region. Some evidence for this might be
gleaned by a comparison of indinavir with nelfinavir, the fourth HIV-protease
inhibitor to reach the market. Nelfinavir shows a positive meal effect similar to
saquinavir (92). In rat intestinal perfusion of upper jejunum compared to lower
ileum, nelfinavir showed no region-dependent permeability as compared to the
dramatic regional permeability differences cited above for indinavir (79).

4. PRACTICAL ISSUES AND REGULATORY CONSIDERATIONS

Food and drug intakes often coincide because meals habitually serve as
temporal reminders to patients of timely drug administration. Drugs may
also be intentionally co-administered with meals to minimize GI side effects,
a common practice for certain drug classes (e.g., NSAIDS). Administration of
drugs concomitantly with or in close proximity to meals could result in a
significant decrease or increase in the overall rate and extent of drug absorp-
tion and, as a consequence, may occasionally compromise efficacy or lead to
adverse effects. These situations justify drug administration under a fasted
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state. High doses of Theo-24, a formulation that allows for once daily theo-
phylline administration, and ibandronate, a bisphosphonate for improving
bone mineral density are examples in this category (93). On the other hand,
when changes in the rate and extent of absorption lead to lower side effects or
improved efficacy, concomitant administration with meals is desirable and is
generally recommended (e.g., atovaquone) (93). Often, changes in rate and
extent of drug absorption resulting from drug-food interactions are unlikely to
be clinically significant. In such cases, FDA-approved labels are either silent
with respect to how the drug should be administered or may state that the
drug could be taken without regards to meals (e.g., losartan) (93). Regulatory
agencies generally make these assessments and recommendations after review-
ing food-effect bioavailability studies for new drug applications (NDAs), fac-
toring in their exposure–response relationships and clinical safety and efficacy
information submitted with the sponsors’ registration dossier.

Food intake may influence drug exposure owing to the effect that meal
components have on the physiological system, which, in turn, may influence
absorption (e.g., grapefruit juice may increase exposure through enzyme and/or
efflux inhibition; high-fat, high-calorie meals prolong gastric emptying time and
may also affect drug solubility). Drugs may also physically or chemically bind
to specific food items (e.g., digoxin bioavailability may be lower with a high-
fiber meal) and as a result may affect drug exposure. In the following sections,
guidelines for meal-effect studies are provided from a regulatory perspective.

4.1. Drug Classification and Food Effects

4.1.1. BIOAVAILABILITY

Various physicochemical and physiological bases for oral drug-meal/food inter-
actions have been alluded to in this chapter (i.e., including delayed gastric emptying,
secretions affecting GI pH and solubilization, changes in splanchnic blood flow,
meal components affecting metabolism or transport systems and chelation or
complexation processes). Prediction of changes in drug exposure due to GI
perturbations has been attempted using BCS of drugs (13) and may be approached
using the BDDCS classification (14).

It has been postulated that important food effects on bioavailability are least
likely to occur with many rapidly dissolving, immediate-release drug products
containing highly soluble and highly permeable drug substances (BCS Class I)
(Table 3a,b). This is thought to be a consequence of pH- and site-independent
absorption of Class I drug substances, their insensitivity to differences in dis-
solution and their extensive absorption (94). Because the proximal intestinal
region is the primary site of drug absorption, a Class I drug may undergo
delayed absorption owing to meal-related prolonged gastric emptying time
(resulting in longer Tmax and lower Cmax) with an overall unchanged extent of
absorption (AUC) (e.g., immediate-release theophylline) (95). This concept
seems to hold true unless the drug undergoes high first-pass elimination, or is
highly adsorbed, complexed or unstable in the gastric milieu. Immediate-release
propranolol and metoprolol are BCS Class I drugs that undergo high first-pass
elimination. A large increase in the extent of absorption is observed when these
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drugs are administered with food (96). The latter is partly attributable to the
splanchnic blood flow changes caused by meal intake. Because dissolution of
low solubility drugs may be enhanced with food, bioavailability may be super-
ior, if taken with meals (e.g., carbamazepine) (97). In general however, for
immediate-release drug products of BCS Classes II, III, and IV with low
solubility or low permeability food effects are most likely to result from a
more complex combination of factors that influence the in vivo dissolution of
the drug product and/or the absorption of the drug substance. In all cases,
because the relative direction and/or the magnitude of food effects on formula-
tion bioavailability are difficult to predict, and because the regulatory agency
assesses the clinical implications of this change, a food-effect study is recom-
mended for all new chemical entities, irrespective of their classification.

4.1.2. BIOEQUIVALENCE

Formulation factors are expected to play a minor role in bioavailability of
Class I drug products because they rapidly dissolve in a wide pH-range
environment and are well absorbed. While food can affect Cmax and Tmax by
delaying gastric emptying and prolonging intestinal transit time or in certain
instances increasing bioavailability, the food effect on these measures is
expected to be similar for different formulations of the same Class I drug,
provided they have a rapid and similar dissolution. As a result, these products
should be bioequivalent under both fasted as well as fed conditions. Although
an increase in exposure is observed for propranolol and metoprolol when
concomitantly administered with meals, various immediate-release formula-
tions were shown to be bioequivalent under both fasted and fed conditions.
In the case of Class II, III, and IV drugs, excipients or interactions between
excipients and the food-induced changes in gut physiology can contribute to
food effects and consequently may influence the demonstration of bioequiva-
lence (98). When new formulations are developed with the intention of inter-
changeability, appropriate documentation of therapeutic equivalence (99) is
required.

4.2. Food Effects on Modified-Release Formulations

4.2.1. BIOAVAILABILITY

Administration of a drug product with food may change the bioavailability by
affecting either the drug substance or the formulation. In practice, it is difficult to
determine the exact mechanism by which food changes the bioavailability of a drug
product without performing specific mechanistic studies. The underlying BCS
principles involving the expected influence of food apply primarily to
immediate-release formulations where the drug is released instantaneously from
the dosage form. In these instances, solubility and permeability limit the rate of
absorption.

Unlike the conventional immediate-release formulations, modified-release
products are specially designed in that the formulation andmanufacturing variables
control the release rate of the drug from the dosage form. As a consequence, these
factors may play a key role in determining the outcome of a food-effect
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bioavailability study, irrespective of the BCS classification of the drug substance.
Systemic availability of a drug from the modified-release product under fed
conditions is complex. It consists of a combination of the physiological effects of
meals on drug release (affecting disintegration, dissolution, degradation, or
diffusion) from these dosage forms, as well as the effect of meals on drug
absorption, after it is released from the modified-release product.

Modified-release oral dosage forms (e.g., delayed-release, sustained-release,
products) are predominantly designed to provide therapeutic advantages over
conventional immediate-release formulations. These include curtailing frequent
dosing intervals, minimizing peak and trough plasma concentrations, and
overcoming the instability at gastric pH. During the late 1970s to early 1980s,
extensive experience with development of several modified-release dosage forms
demonstrated that integrity of these products in the physiological environment of a
fed state could present a challenge for formulation scientists. Theophylline is a
noteworthy example for which a number of modified-release preparations were
tested. Owing to its narrow therapeutic window of use, food effects on formulation
robustness drew considerable attention of the scientific community.
Immediate-release theophylline formulations have a minimal food effect on overall
drug exposure. However, when prepared as modified-release formulations, these
effects became formulation dependent. For instance, it was shown that rate as well
as extent of absorption was increased when Theo-24 was administered with a
high-calorie meal (800–1000 calories, 50% fat) yet a light meal had aminimal effect.
Temporal separation of meals and drug administration helped minimize the food
effect. In another example, although absorption from Theo-Dur sprinkles was
reduced, food effect from Theobid-Duracap remained unchanged (21).

Modified-release products may contain large amounts of drug, designed to be
delivered over a prolonged period of time. Lack of formulation integrity or
robustness may bear upon its safe and effective use. Findings frommodified-release
theophylline studies during the 1970s and 1980s served as a testimony to this
concern and reinforced the need for thorough in vivo formulation evaluation before
proceeding with further drug development. In fact, for regulatory purposes at the
U.S. FDA, oral modified-release dosage forms are required to demonstrate lack of
dose dumping, a phenomenon exemplifying the untimely release of an undesirable
and unintended amount of drug from the modified-release dosage form (100). To
date, in vitro tests have not been consistently predictive of either the extent of in vivo
food effect or the dose dumping with the modified-release formulations. The FDA
therefore recommends that a tangible in vivo food-effect study be conductedwith all
new modified-release formulations. This study serves to fulfill the regulatory
requirement of a test for dose dumping. Sponsors of all modified-release dosage
forms generally conduct one or more food-effect studies with the formulation under
development. When food effect is identified, sponsors generally attempt to under-
stand the source of interaction (i.e., whether food effect is due to the drug substance
or formulation). For certain drug products, insight into the temporal relationship
between food and drug intake and impact of different meal types on drug exposure
may be deemed clinically useful. The sponsors are encouraged to understand this

228 Part III / Influence of Food, Nutrients, or Supplementation



relationship and when appropriate, to specify these in the dosage and administra-
tion instructions of the package inserts to optimize therapeutic benefits of the drug
(101,102).

4.2.2. BIOEQUIVALENCE

It has been demonstrated that various modified-release formulations of the
same drug could exhibit different food effects. Some examples are theophylline
and nifedipine modified-release formulations (refer to theophylline labels for
Theo-24 and Uniphyl, nifedipine labels for Adalat CC and Procardia XL)
(93). When new modified-release formulations are developed with the inten-
tion of interchangeability, it is critical to demonstrate bioequivalence under
both fed and fasted conditions.

4.3. Regulatory Studies Under Fed Conditions

Concomitant food and drug intake could result in clinically significant effects
that may warrant appropriate study design considerations in the clinical trials.
Information on food administration in relation to drug intake also serves to
optimize efficacy and safety once drugs are approved, by providing important
and useful directions to patients regarding dosage and administration in package
inserts. FDA recommends that food-effect bioavailability studies be conducted for
all new drugs and drug products during the Investigational New Drug (IND)
period. The purpose of such a study is to assess the effects of food on the rate and
extent of absorption of a drug when the drug product is administered shortly after a
meal as compared to administration under fasting conditions.

When generic equivalents of approved new drugs are developed, the
manufacturer is required to submit an Abbreviated New Drug Application
(ANDA). The FDA requires demonstration of interchangeability between the
ANDA and the reference-listed drug. The bioequivalence studies in support of
interchangeability are recommended under both fasted and fed states, with a few
exceptions.

4.4. The Food-Effect Bioavailability and Fed Bioequivalence Studies
Guidance

Study design variables are central to the outcome of a food-effect bioavailability
study. Food effects on bioavailability are generally greatest when the drug product
is administered shortly after a meal is ingested. The nutrient and caloric contents of
the meal, the meal volume, and the meal temperature can cause physiological
changes in the GI tract in a way that affects drug product transit time, drug
dissolution, luminal diffusion, drug permeability, and systemic availability. In
general, meals that are high in total calories and fat content are more likely to affect
the GI physiology and thereby result in a larger influence on the bioavailability of a
drug substance or drug product. A survey of food-effect studies in NDAs for
immediate-release and modified-release products reviewed by FDA revealed that
important study design variables were not consistent in these studies and yet pack-
age inserts were not reflective of these irregularities. The FDA was also aware that
the meal recommended for the food-effect bioavailability studies was of a higher
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caloric content than the fed bioequivalence study meal. These findings provided the
impetus for harmonization through a formal guidance development from the
regulatory agency addressing study design issues, data analysis, and labeling for
studies under fed conditions.

FDA published a guidance document for industry (103) that provides
recommendations on (1) when food-effect bioavailability studies should be
conducted as part of INDs andNDAs and (2) when fed bioequivalence studies should
be conducted as part of ANDAs. This guidance applies to both immediate-release
and modified-release drug products and provides recommendations for food-effect
bioavailability and fed bioequivalence study designs, data analysis, and product
labeling.

4.4.1. RECOMMENDATIONS FOR IMMEDIATE-RELEASE DRUG PRODUCTS

The guidance recommends that a food-effect bioavailability study be conducted
for all new chemical entities during the IND period for INDs and NDAs. These
studies should be conducted early in the drug development process to guide and
select formulations for further development. Food-effect bioavailability informa-
tion should be available to help design clinical safety and efficacy studies and to
provide information for appropriate sections of product labels such as the one
entitled ‘‘Clinical Pharmacology’’ and ‘‘Dosage and Administration.’’

Two study approaches are required for ANDAs. In addition to a bioequivalence
study under fasting conditions comparing the ANDA formulation to the
reference-listed drug, a bioequivalence study under fed conditions is also
recommended for all orally administered immediate-release drug products. The
following exceptions exist:

� when both test product and reference-listed drug are rapidly dissolving, have similar
dissolution profiles, and contain a drug substance with high solubility and high
permeability (BCS Class I); or

� when the ‘‘Dosage and Administration’’ section of the reference-listed drug label
states that the product should be taken only on an empty stomach; or,

� when the reference-listed drug label does not make any statements about the effect of
food on absorption or administration.

4.4.2. RECOMMENDATIONS FOR MODIFIED-RELEASE DRUG PRODUCTS

The guidance recommends that food-effect bioavailability for NDAs and fed
bioequivalence studies for ANDAs be performed for all modified-release dosage
forms. This section provides general considerations for designing food-effect
bioavailability and fed bioequivalence studies. Sponsors may choose to use
alternative study designs with scientific rationale and justification. They may also
consider additional studies for a better understanding of the drug product and to
provide optimal labeling statements for dosage and administration (e.g., different
meals and different times of drug intake in relation to meals). In studying
modified-release dosage forms, consideration should be given to the possibility
that co-administration with food can result in dose dumping, creating a potential
safety risk for the study subjects.
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4.4.3. OVERVIEW OF THE GUIDANCE

4.4.3.1. General Design. The guidance document recommends a randomized,
balanced, single-dose, two-treatment (fed vs fasting), two-period, two-sequence
crossover design for studying the effects of food on the bioavailability of either an
immediate-release or a modified-release drug product. The formulation to be tested
should be administered on an empty stomach (fasting condition) in one period and
following a test meal (fed condition) in the other period. A similar, two-treatment,
two-period, two-sequence crossover design is recommend for a fed bioequivalence
study except that the treatments should consist of both test and reference formula-
tions administered following a test meal (fed condition). An adequate washout
period should separate the two treatments in both the food-effect bioavailability
and the fed bioequivalence studies.

4.4.3.2. Subject Selection. Both food-effect bioavailability and fed
bioequivalence studies can be carried out in healthy volunteers drawn from the
general population. Studies in the patient population are also appropriate if safety
concerns preclude the enrollment of healthy subjects. A sufficient number of
subjects should complete the study to achieve adequate power for a statistical
assessment of food effects on bioavailability to claim an absence of food effect or
to claim bioequivalence in a fed bioequivalence study. A minimum of 12 subjects
should complete the food-effect bioavailability and fed bioequivalence studies.

4.4.3.3. Dosage Strength. In general, the highest strength of a drug product
intended to be marketed should be tested in food-effect bioavailability and fed
bioequivalence studies. In some cases, clinical safety concerns can prevent the use
of the highest strength and warrant the use of lower strengths of the dosage form.
For products with multiple strengths in ANDAs, if a fed bioequivalence study has
been performed on the highest strength, bioequivalence determination of one or
more lower strengths can be waived based on dissolution profile comparisons (99).

4.4.3.4. Test Meal. In evaluating the exposure changes of new drugs (INDs/
NDAs) due to food intake, the FDA seeks information on the ‘‘worst case scenario’’
(i.e., the largest food effect likely resulting from co-administration of drugs with
meals). This information is evaluated in the landscape of safety and efficacy of the
drug and appropriate directions for use are incorporated in clinical trials and once
the drug is approved these directions are provided in the labeling. Additional studies
may be conducted if deemed useful. FDA recommends that the fed bioequivalence
study for ANDAs be conducted with a meal likely to provide maximal GI pertur-
bation, as well.

The FDA recommends a high-fat (approximately 50% of caloric content of the
meal) and high-calorie (approximately 800–1000 calories) meal for food-effect
bioavailability and fed bioequivalence studies. This test meal should derive
approximately 150, 250, and 500–600 calories from protein, carbohydrate, and
fat, respectively. An example test meal would be two eggs fried in butter, two
strips of bacon, two slices of toast with butter, four ounces of hash brown
potatoes and eight ounces of whole milk. Substitutions in this test meal can be
made as long as the meal provides a similar amount of calories from protein,

Chapter 8 / Drug Absorption with Food 231



carbohydrate, and fat and has comparable meal volume and viscosity. In NDAs,
it is recognized that a sponsor can choose to conduct food-effect bioavailability
studies using meals with different combinations of fats, carbohydrates, and
proteins for exploratory or label purposes. However, one of the meals for the
food-effect bioavailability studies should be the high-fat, high-calorie test meal
described above.

4.4.3.5. Administration. Fasted Treatments: Following an overnight fast of at
least 10 h, subjects should be administered the drug product with 240 mL (8 fl oz)
of water. No food should be allowed for at least 4 h post-dose. Water can be
allowed as desired except for 1 h before and after drug administration. Subjects
should receive standardized meals scheduled at the same time in each period of the
study.

Fed Treatments: Following an overnight fast of at least 10 h, subjects should start
the recommended meal 30 min prior to administration of the drug product. Study
subjects should eat this meal in 30 min or less; however, the drug product should be
administered 30 min after start of the meal. The drug product should be
administered with 240 mL (8 fl oz) of water. No food should be allowed for at
least 4 h post-dose. Water can be allowed as desired except for 1 h before and after
drug administration. Subjects should receive standardized meals scheduled at the
same time in each period of the study.

4.4.3.6. Sample Collection. Timed samples in biological fluid, usually plasma,
should be collected from the subjects for both fasted and fed treatment periods to
permit characterization of the complete shape of the plasma concentration-time
profile for the parent drug. It may be advisable to measure other moieties in the
plasma, such as active metabolites (99).

4.4.3.7. Data Analysis. Food-effect bioavailability studies may be exploratory
and descriptive or a sponsor may want to use a food-effect bioavailability study
to make a label claim. The following exposure measures and pharmacokinetic
parameters should be obtained from the resulting concentration-time curves for
the test and reference products in food-effect bioavailability and fed bioequiva-
lence studies:

Total exposure or area under the concentration-time curve (AUC0�1, AUC0�t)
Peak exposure (Cmax)
Time to peak exposure (Tmax)
Lag-time (tlag) for modified-release products, if present
Terminal elimination half-life (t½b)
Other relevant pharmacokinetic parameters

An equivalence approach is recommended for food-effect bioavailability (to
make a claim of no food effects) and fed bioequivalence studies, analyzing data
using an average criterion for AUC and Cmax. Log-transformation of exposure
measurements (AUC, Cmax) prior to analysis is recommended. The 90% confidence
interval for the ratio of population geometric means between test and reference
products should be provided for AUC0�1, AUC0�t, and Cmax (104). For IND or
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NDA food-effect bioavailability studies, the fasted treatment serves as the refer-
ence. For ANDA fed bioequivalence studies, the reference-listed drug administered
under fed condition serves as the reference treatment.

5. DRUG PRODUCT LABELING ON FOOD EFFECTS

The results of food effect on drug exposure from food-effect bioavailability
studies should be evaluated for clinical relevance and appropriately described
in package inserts.

For an NDA, if the 90% confidence interval for the ratio of population geometric
means between fed and fasted treatments, based on log-transformed data, is not
contained in the equivalence limits of 80–125% for either AUC0�1 (AUC0�twhen
appropriate) or Cmax, an absence of food effect on bioavailability is not established. In
these situations, the sponsor should provide specific recommendations on the clinical
significance of the food effect based on what is known from the total clinical database
about dose–response (exposure–response) and/or pharmacokinetic–pharmacodynamic
relationshipsof thedrugunder study.For example, a food-effect bioavailability studyof
rifalazil revealed that the 90% confidence interval of the fat-containing meals are
outside the 80–125% limits based on Cmax and AUC0�1 (43). Therefore bioequiva-
lence does not exist between the fed and fasted states, and rifalazil should be dosedwith
fat-containing food in upcoming clinical trials and recommended in relevant commu-
nications with the FDA. The sponsor should also indicate the clinical relevance of any
difference in Tmax and tlag. The results of the food-effect bioavailability study should be
reported factually in the ‘‘Clinical Pharmacology’’ section of the labeling and should
form the basis for making label recommendations (e.g., take only on an empty
stomach) in the ‘‘Dosage and Administration’’ section of the labeling. When
important, other sections of the label may include pertinent information about
interactions with meals. The following are two examples of general language for the
package insert:

1. A food-effect study involving administration of [the drug product] to healthy
volunteers under fasting conditions and with a high-fat meal indicated that the
Cmax and AUC were increased 57% and 45%, respectively, under fed conditions.
This increase in exposure can be clinically significant, and therefore [the drug] should
be taken only on an empty stomach (1 h before or 2 h after a meal).

2. A food-effect study involving administration of [the drug product] to healthy
volunteers under fasting conditions and with a high-fat meal indicated that the
Cmax was decreased 15% while the AUC remained unchanged. This decrease in
exposure is not clinically significant, and therefore [the drug] could be taken without
regard to meals.

An absence of food effect on bioavailability is indicated when the 90%
confidence interval for the ratio of population geometric means between fed
and fasted treatments, based on log-transformed data, is contained in the
equivalence limits of 80–125% for AUC0�1 (AUC0�t when appropriate) and
Cmax. In this case, a sponsor can make a specific claim in the ‘‘Clinical
Pharmacology’’ or ‘‘Dosage and Administration’’ section of the label that no
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food effect on bioavailability is expected provided that the Tmax differences
between the fasted and fed treatments are not clinically relevant. The following
is an example of language for the package insert:

1. The Cmax and AUC data from a food-effect study involving administration of [THE

DRUG PRODUCT] to healthy volunteers under fasting conditions and with a high-fat
meal indicated that exposure to the drug is not affected by food. Therefore, [the drug
product] may be taken without regard to meals.

For an ANDA, bioequivalence of a test product to the reference-listed drug
product under fed conditions is met with the following criterion: the 90%
confidence interval for the ratio of population geometric means between the test
and the reference-listed drug product, based on log-transformed data, is contained
in the bioequivalence limits of 80–125% for AUC and Cmax. Although no criterion
applies to Tmax, the Tmax values for the test and reference products are expected to
be comparable based on clinical relevance.

5.1. Labeling Examples from Approved Products

Historically, food-effect bioavailability studies have generated useful
information on optimal dosing instructions for patients with regard to meals.
The examples described in Tables 4–10 demonstrate the significance and utility
of meal types, meal timing, and other general information on drug intake with
meals. Note that these examples are relevant excerpts from some approved
labels; for complete information, refer to the respective package inserts (105).

Table 4
Didanosine Labeling Information

VIDEX1 EC (didanosine) Delayed-released Capsules
VIDEX1 (didanosine) Pediatric Powder for Oral Solution
DOSAGE AND ADMINISTRATION
VIDEX1 EC should be administered on an empty stomach
VIDEX1 should be administered on an empty stomach, at least 30 min before or 2 h

after eating.

Table 5
Boniva Labeling Information

BONIVA1 (ibandronate sodium) Tablets
DOSAGE AND ADMINISTRATION
To maximize absorption and clinical benefit, BONIVA1 should be taken at least

60 min before the first food or drink (other than water) of the day or before taking
any oral medication or supplementation, including calcium, antacids, or vitamins
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Table 6
Letairis Labeling Information

LETAIRIS1 (ambrisentan) Tablets
DOSAGE AND ADMINISTRATION
Initiate treatment at 5 mg once daily with or without food, and consider increasing

the dose to 10 mg once daily if 5 mg is tolerated

Table 7
Mepron Labeling Information

MEPRON1 (atovaquone) Suspension
DOSAGE AND ADMINISTRATION
Dosage: Prevention of PCP: Adults and Adolescents (13–16 Years): The

recommended oral dose is 1500 mg (10 mL) once daily administered with a meal.
Treatment of Mild-to-Moderate PCP: Adults and Adolescents (13–16 Years): The

recommended oral dose is 750 mg (5 mL) administered with meals twice daily for
21 days (total daily dose 1500 mg).

Note: Failure to administer MEPRON Suspension with meals may result in lower
plasma atovaquone concentrations and may limit response to therapy.

Table 8
Tekturna Labeling Information

TEKTURNA1 (aliskiren) Tablets
DOSAGE AND ADMINISTRATION
Patients should establish a routine pattern for taking TEKTURNA1with regard to

meals. High-fat meals decrease absorption substantially.

Table 9
Tasigna Labeling Information

TASIGNA1 (nilotinib) Capsules
DOSAGE AND ADMINISTRATION
TASIGNA1 should be taken orally (400 mg) twice daily, approximately 12 h apart

and should not be taken with food. The capsules should be swallowed whole with
water. No food should be consumed for at least 2 h before the dose is taken, and
no food should be consumed for at least 1 h after.
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6. FUTURE RESEARCH

In the process of drug discovery and drug development many models have been
generated to use available evidence to predict the influence of food on a drug
substance or formulation intended for oral administration (9,12a,13–15,106).
Much of the data involves an evaluation of the physicochemical properties of the
drug and its in vitro behavior. Better in-silico models are being considered that will
include in vivo data from human intestinal fluid perfusion studies (1). Issues that
need to be further examined include the effects of specific food types and nutrients,
the segmental effects of food, and the influence of limited bile secretion (e.g.,
cholecystectomy), pancreatic juice (e.g., partial pancreatectomy), or bowel surface
area (e.g., gastric bypass).

7. CONCLUDING REMARKS AND RECOMMENDATIONS

Food-effect bioavailability studies provide insights into the exposure changes due
to concomitant intake of drugs andmeals. Exposure–response relationships translate
these changes into clinical relevance, and guide clinical trial designs. The resulting
information also supports dosage and administration instructions for patients once
drugs are approved by providing directions in the package inserts on whether or not
the drug could be taken with meals or if temporal relationships between drugs and
meals are critical to optimize efficacy and safety. Interactions with specific foods (e.g.,
grapefruit juice) and nutrients (e.g., calcium supplements) may need to be studied
separately and are generally based on theoretical expectations of physicochemical or
physiological mechanisms for interactions with specific drugs. Patients are more
informed about disease states and drugs than ever before. Patients and health-care
providers need a good understanding of the potential for drug–food interactions in
order to guide drug therapy. Information in package inserts and the evolving litera-
ture can offer this guidance toward optimal therapy.
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9 Effects of Specific Foods and Dietary
Components on Drug Metabolism

Karl E. Anderson

Objectives

� Describe the major dietary components known to alter drug metabolism.

� Indicate the magnitude of changes in drug metabolism that can be induced by drugs.

� Understand why diet–drug interactions are difficult to recognize in patients and have been

studied mostly in healthy subjects and laboratory animals.

Key Words: Dietary components; drug metabolism; protein; tyramine; vegetable

1. INTRODUCTION

This chapter provides an overview of the effects of specific food components on the
metabolism and action of medications in humans. Although drug–food interactions
are becoming better defined and understood, progress has continued to be relatively
slow, and research has been less active than for drug–drug interactions (1).

Effects of diet on pharmacokinetics are most important clinically for drugs that
have a narrow therapeutic index and when the effect of a drug closely reflects its
plasma concentration. For such drugs, a diet-induced change in kinetics may, at any
given dosage level, alter plasma drug levels sufficiently to render the drug either
ineffective or toxic. In contrast, a change in drugmetabolism for a drugwith a broad
therapeutic window is likely to have little effect on efficacy or safety. Attention to
food–drug interactions has been considered important by the Joint Commission,
which is an indication of their clinical relevance (2).

2. STUDIES IN HEALTHY SUBJECTS AND OBSERVATIONS
IN PATIENTS

Some drug–nutrient interactions have been recognized in patients undergoing
treatment for medical or psychiatric conditions. However, many clinically relevant
drug–nutrient interactions are difficult to recognize and study in patients, because
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effects of diet on drug metabolismmay not be recognized and be attributed to other
causes instead. Observations in patients are also likely to be confounded by under-
lying illness, organ dysfunction, alterations in fluid distribution, and exposure to
multiple drugs. These concurrent confounding factors can limit recognition of diet-
induced effects. Moreover, dietary variations are often complex and difficult to
accurately determine in the clinical setting. Therefore, it is not surprising that many
such effects have been first recognized in studies of healthy subjects under con-
trolled experimental conditions. Studies in healthy subjects have also been impor-
tant for documenting and explaining the underlying mechanisms for such interac-
tions. Even if it remains difficult to recognize specific occurrences of such
interactions in individual patients, and such interactions are demonstrated mostly
in healthy subjects, it is important to warn patients and health professionals of their
potential for complicating drug therapy in clinical practice. Children and the elderly
may be at higher risk for complications due to drug–food interactions (3). Inter-
actions between diet and cancer chemotherapeutic agents may be important, but
have been little studied (4).

3. DRUG METABOLIC PATHWAYS LIKELY TO BE AFFECTED BY DIET

Foods, vegetables in particular, are a complex mixture of chemicals, many of
which do not provide recognized nutritional value to the host. Nutritive compo-
nents and nonnutritive chemicals may have unwanted effects on metabolic proc-
esses, including pathways of drug metabolism. Effects of some dietary substances
resemble the more easily recognized effects of certain drugs on the metabolism of
other drugs. Indeed, many drugs are derived from chemicals in plants. Therefore, it
is not surprising that drug–nutrient and drug–drug interactions have many com-
mon features and can be of similar magnitude (5).

The cytochrome P450 (CYP) enzymes found in the endoplasmic reticulumof cells
in the liver and intestinal mucosa are important for many diet–drug interactions.
These enzymes are also important for many drug–drug interactions, because many
drugs can either inhibit or induce one or more of these enzymes and thereby greatly
influence the metabolism and clearance of other drugs (see Chapter 4). CYP
enzymes are a large family of hemoproteins that oxidize both exogenous and
endogenous chemicals. The enzyme reactions require both molecular oxygen and
NADPH. CYP-catalyzed reactions are termed mixed function oxidase or mono-
oxygenase reactions because only one atom of the oxygen molecule is utilized for
oxidizing the substrate, whereas the other oxygen atom reacts with protons to form
water (6).

Diets and their components may, like drugs, induce or inhibit these important
enzymes. Effects of diet on drugs that are metabolized by CYP enzymes have been
most studied in humans (6). Effects on the conjugating enzymes and on the trans-
porter P-glycoprotein are also important for some drugs and dietary factors. It is
likely that many unknown effects of diet on drug metabolism remain to be discov-
ered both by clinical observations and in careful metabolic studies. Additional
studies are particularly needed in the elderly and in patients with specific diseases
that can affect diet and nutritional status (7).
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4. STUDIES IN ANIMALS AND HUMANS

Some effects of diet and nutrition on drugmetabolismwere initially recognized in
animals, particularly rodents (8–11), and such observations in animals have pre-
dicted effects of diet observed later in humans (6). But it is difficult to extrapolate
the conclusions of animal studies to humans, because of the major differences
between species in CYP and other drug-metabolizing enzymes. In addition, differ-
ences in CYP enzymes between male and female rodents are prominent but much
less important in humans (12).

In addition to being more relevant, studies in humans have other advantages.
Human subjects are more compliant with dietary changes especially during short-
term studies in a supervised setting, making it possible to make a specific change in
dietary composition without altering other components and total energy intake.
Therefore, it is possible to observe effects of a change in diet without a confounding
effect of a change in the total amount of energy consumed. Such studies are quite
difficult in animals, without resorting to study design strategies such as pair feeding.

Effects of diet have been studied for only a small proportion of the drugs
available for clinical usage. Many drugs are metabolized by several different CYP
enzymes and also by conjugating enzymes. Other pathways, such as transport by P-
glycoprotein, may also be influenced by diet. Although effects of diet components
on the metabolism of some drugs are well documented, it is not always evident
which specific enzyme isoform is affected, and it remains difficult to extrapolate
from one drug substrate to another.

4.1. Effects of Dietary Protein, Carbohydrate, and Fat

The first recognized effect of diet on human drug metabolism was seen in cross-
over studies in healthy male subjects. Dietary protein and carbohydrate were
exchanged sequentially, while keeping fat and total energy constant (13,14). Meta-
bolic clearances of both antipyrine and theophylline were more rapid, and plasma
levels of these drugs declined more rapidly, during the high-protein diet. These
drugs were chosen for study because their clearances are dependent on metabolic
transformations by CYP enzymes in the liver. The metabolism of these drugs may
especially reflect activity of hepatic CYP1A2 (12).

In further studies, the addition of a pure protein supplement (100 g sodium caseinate
each day for 2weeks) to a calculatedwell-balanced diet in two subjects increased the rates
ofmetabolismof antipyrine and theophylline,while in twoother subjects a supplement of
carbohydrate (200 g sucrose daily for 2 weeks) had the opposite effect (14). Increasing
the protein content of the diet also accelerated the metabolism of propranolol (15) and
perhaps aminopyrine and caffeine (16). An effect of protein on theophylline and
propranolol clearance has been shown to occur in both women and men (15).

Further studies compared the effects of high-carbohydrate, high-fat, and high-
protein diets on drug metabolism (17). Composition of the three diets permitted
observations on the effects of the isocaloric substitution of fat for carbohydrate
while keeping protein constant at 10% of total calories and the substitution of
dietary protein for fat while keeping carbohydrate constant at 20% of total calories
in the six healthy male subjects. As shown in Table 1, metabolic clearances for
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antipyrine and theophylline were greater during the high-protein dietary period
than during the other two diets, as in previous studies, but there were no differences
in the drug clearances between the high-fat and the high-carbohydrate dietary
periods. The conclusion was that the substitution of protein for either fat or
carbohydrate can increase drug oxidation rates, whereas exchanging carbohydrate
and fat has no major effect (17).

The lack of an effect of carbohydrate and fat, including both saturated and
unsaturated fats, was confirmed in an additional study in nine normal males (17).
Large isocaloric exchanges of carbohydrate for either unsaturated fat (corn oil) or
saturated fat (butter) were accomplished while maintaining dietary protein constant
at 15% of total calories. No significant changes in the metabolism of antipyrine and
theophylline were observed (17). Others have confirmed that substituting saturated
and unsaturated fat in the diet of normal subjects has no effect on the metabolism of
antipyrine (18). Therefore, isocaloric exchanges of saturated fat, unsaturated fat,
and carbohydrate do not appear to influence the metabolism of at least some
substrates for CYP enzymes in humans. Changes in dietary fat can influence hepatic
drug oxidation in animals (9). It remains possible that some CYP enzymes or other
enzymes important in drug metabolism may be influenced by dietary fat.

Thus, protein content of the diet appears to be more important for regulating
oxidative drug metabolism in humans than carbohydrate or fat. Moreover, studies
at different intakes of total calories indicate that dietary protein can influence drug
oxidation rates at levels of energy intake other than that needed to maintain body
weight (19). Protein content of the diet may influence drug metabolism in patients
with cirrhosis (20) as well as other clinical settings. For example, in hospitalized
children with asthma, clearance of theophylline was greater during a high-protein
diet than during two diets lower in protein content. Theophylline levels were higher
and wheezing episodes and requirements for additional medications less frequent
during a low-protein diet (Table 2) (21, 21a). In adults with obstructive pulmonary
disease, theophylline concentrations were lower during a high-protein diet than

Table 1
Drug Metabolism During Diets High in Protein, Carbohydrate, or Fat (17)

Diet Composition Clearance(mL�min�1 kg�1)

Diet
%

Protein
%
Fat

%
Carbohydrate Antipyrine Theophylline

High carbohydrate 10 10 80 0.57�0.02 0.76�0.06
High fat 10 70 20 0.59�0.02 0.74�0.04
High protein 50 30 20 0.71�0.05*y 0.98�0.08{

Each calculated diet was consumed in the order shown by six normal male subjects, and antipyrine

metabolism was studied on day 10 and theophylline metabolism on day 14 of each dietary period.
Clearance values (means� SE) during the high-protein dietary period were significantly different from
the high-carbohydrate dietary period (*p<0.005) and the high-fat dietary period (yp<0.01, {p<0.02,
paired t-test).
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Table 3
Effects of Dietary Brussels Sprouts and Cabbage on Antipyrine Metabo-
lism in Healthy Subjects (56)

Diet Antipyrine Clearance

(L h�1)
Control (first time) 3.09 � 0.31
Brussels sprouts and cabbage 3.44 � 0.32*
Control (second time) 2.98 � 0.33

Each diet was fed to 10 healthy subjects in the sequence shown. Values are
means � SE.

*Significantly different from both control diet periods (p<0.002, paired
t-test).

Table 4
Effects of Brussels Sprouts and Cabbage on Phenacetin Metabolism in
Healthy Subjects (56)

Diet Phenacetin AUC

(mg�h mL�1)
Control (first time) 5283 � 1864
Brussels sprouts and cabbage 2718 � 779*
Control (second time) 4391 � 1506

Diets were fed to 10 subjects in the order shown. Values for area under the
plasma concentration vs. time curve (AUC) are means � SE for 0–7 h.

* Plasma phenacetin concentrations were significantly lower at 3, 4, 5, and
7 h and plasma levels of totalN-acetyl-p-aminophenol were significantly higher

at 1, 2, and 7 h during the test diet period than during both control diet periods
(p<0.05–0.001, paired t-test).

Table 5
Effect of Charcoal-Broiled Beef on Phenacetin Metabolism in Healthy
Subjects (107)

Diet Phenacetin AUC

(mg�min mL�1)
Control (first time) 170 � 40
Charcoal-broiled beef 37 � 8*
Control (second time) 174 � 53

Each diet was consumed by nine subjects in the order shown. Values for area
under the plasma concentration vs. time curve (AUC) are means� SE for 0–7 h.

*Significantly different during the test diet than during control diet periods

(p<0.01, first time; p<0.025, second time; paired t-test).

248 Part III / Influence of Food, Nutrients, or Supplementation



during a high-carbohydrate diet (22). Warfarin dose requirements were reported to
be higher in several patients placed prospectively on high-protein–low-carbohy-
drate diets, but it is not known if this was due to a change in warfarin absorption, a
change in warfarin metabolism (23,24), or if changes in vitamin K intake may have
played a role (25).

The exactmechanismwhereby dietary protein accelerates drug oxidation in humans is
not established.While human studies have mostly involved solid food diets, it is unlikely
that nonnutritive components of the diet were responsible for the effects ascribed to
protein. The effects of feeding high-protein diets have been observed by different inves-
tigators that presumably were not uniform in terms of the solid foods in the experimental
diets. Moreover, a protein supplement had the same effect as a high-protein diet in
healthy subjects (14). Effects of dietary protein on drug metabolism in humans were
corroborated by earlier studies of high-protein diets in rodents, although the results in
rodents are more complex due to marked sex differences that are not found in humans.
Because the diets for the human studies were adequate in all essential nutrients, the
substantial effects on drug metabolism were not due to the correction of deficiencies in
protein or other nutrients. Impaired gastrointestinal absorption or altered distribution
after absorption of the test drugs has also not been a factor in such studies (26).

The mechanisms of protein and effects on CYP enzymes in laboratory animals
are also not known (6). High-protein intakes augment hepatic microsomal CYP
content, liver weight, and mitotic indices in rodents (8,27). These effects are
reminiscent of the inducing effects of phenobarbital. Certain amino acids such as
tryptophan and oxidized sulfur amino acidsmay increase liver protein synthesis and
induce the mixed function oxidase system in laboratory animals and in liver cell
cultures (28–32). The role of an indirect effect through orphan receptors (e.g.,
pregnane X receptor, PXR) is not yet clear. Under some circumstances, effects of
high-carbohydrate and fat diets on drug-metabolizing enzymesmay be attributed to
increased fat accumulation in hepatocytes (11).

The metabolism of steroid hormones occurs primarily in the liver through CYP
enzymes, microsomal reductases, and conjugating enzymes (33). Dietary effects on
these enzymes might also be expected. Indeed, an increase in the protein-to-carbo-
hydrate ratio of the diet can increase estrogen 2-hydroxylation (34) and decrease
androgen 5a-reduction in healthy subjects (35). The same dietary change may alter
the plasma concentrations of testosterone and cortisol in a reciprocal fashion and
produce parallel changes in the binding globulins for these steroids (36). These
effects mimic those induced by phenobarbital in humans (37).

Dietary protein can also alter the disposition of drugs that are cleared primarily
by the kidneys, by influencing renal plasma flow, creatinine clearance, and renal
tubular transport (38,39). Renal tubular transport of basic drugs or drug metab-
olites may be especially reduced. For example, allopurinol is readily absorbed from
the gastrointestinal tract and rapidly converted by hepatic xanthine oxidase or
aldehyde oxidase to its major metabolite, oxypurinol, which is then excreted largely
unchanged in the urine. Berlinger and coworkers studied the pharmacokinetics of
allopurinol in normal subjects during consumption of high-protein and low-protein
diets. A marked increase in area under the curve for oxypurinol and a decrease in
renal clearance of this metabolite were demonstrated in healthy subjects during a
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low-protein diet compared to a high-protein diet. It was postulated that protein
restriction produced an increase in the net tubular reabsorption of oxypurinol (40).
Therefore, in some patients treated with allopurinol, dietary restriction may
enhance the retention of oxypurinol and increase the likelihood of adverse effects.

Protein and other specific food components in the diet can also enhance or
interfere with the absorption of some drugs. For example, theophylline absorption
has been reported to be faster after a high-protein meal than after a high-carbohy-
drate or high-fat meal (41). The buffering capacity of protein is greater than for
carbohydrate and fat. Therefore, a high-protein diet may enhance the bioavailabil-
ity of acid-labile drugs to a greater extent than a lower protein diet.

A dietary component can influence delivery of a drug to its central site of action.
For example, a low-protein diet can benefit patients with Parkinson’s disease during
treatment with levodopa by reducing unpredictable fluctuations in response (the
‘‘on–off’’ phenomenon) (42–45). Levodopa absorption and blood levels are not
affected by protein restriction, indicating that the effect occurs at a more central
level (46,47). Rather, a high-protein intake provides amino acids, especially large
neutral amino acids, which inhibit the transport of levodopa across the blood–brain
barrier by the aromatic amino acid transporter (48). This leads to reduced brain
dopamine formation from exogenous levodopa (49). A protein redistribution diet,
with protein restriction during the day and unrestricted intake near bedtime, was
found to be beneficial in clinical studies (45,46, 50–52). But deficiencies may develop
if intakes of protein or other nutrients are marginal prior to the dietary change (53).
A diet balanced in protein and carbohydrate has also been advocated (54). As
described later, efficacy of levodopa can also be affected by vitamin B6 intake.

4.2. Cruciferous Vegetables

Cruciferous vegetables, such as cabbage andBrussels sprouts, and alfalfameal when
added to the diet of laboratory animals were found to markedly induce chemical
oxidations (55–57). The inducing effects of cruciferous vegetables were accounted
for primarily by indoles, including indole-3-carbinol and indole-3-acetonitrile (58).
Certain strains of cabbage and Brussels sprouts are particularly rich in these
inducing substances. These vegetables and indoles have effects on the metabolism
of environmental carcinogens such as aflatoxin B1 and binding of their metabo-
lites to DNA (59–61).

These observations led to studies of drug oxidation and conjugation in normal
subjects on calculated diets. Brussels sprouts and cabbage were substituted for other
vegetables shown not to enhance mixed function oxidation in animals. The crucif-
erous vegetables significantly enhanced the oxidative metabolism of antipyrine
(Table 3) and phenacetin (Table 4) (56) and the conjugation of acetaminophen (62).

Variations in vitamin K intake from foods including cruciferous vegetables, as
well as vitamin supplements, can significantly influence the stability of long-term
anticoagulation with warfarin (63,64). Furthermore, a diet rich in Brussels sprouts
can enhance the elimination rate of warfarin (65). A prospective dietary interven-
tion study in patients on a stabilized dose of warfarin demonstrated that alterations
in vitamin K content of the diet can lead to clinically relevant changes in the INR
(66). Low and erratic intakes of vitamin K may especially place patients at risk for
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unstable control of anticoagulation (67). Coumarins in some herbal teas may
enhance and vitamin K in smokeless tobacco products reduce the in vivo effects
of coumarin anticoagulants (2,68). In one patient, an unexpected increase in INR
during warfarin therapy was attributed to an effect of orlistat to decrease vitamin K
absorption (69). Taking royal jelly as a dietary supplement was associated with an
otherwise unexplained increase in INR and bleeding in one patient, although a
mechanism was not established (70). Maintaining a reasonably constant intake of
foods and supplements containing vitamin K and other substances that can influ-
ence the metabolism and effects of these anticoagulant drugs can help to keep the
prothrombin time within the desired therapeutic range during long-term
anticoagulation.

Watercress, also considered a cruciferous vegetable, contains a glucosinolate pre-
cursor of phenethyl-isothiocyanate, which is appreciably absorbed by humans (71)
and can impair CYP2E1 activity and the metabolism of drugs such as chlorzoxazone
(72). This drug is commonly used as an in vivo probe for CYP2E1 activity in human
study subjects. In 10 such subjects, a single ingestion of a watercress homogenate
(50 g) increased the area under the chlorzoxazone plasma concentration–time curve
by 56% and prolonged the chlorzoxazone elimination half-life by 53%; similar and
somewhat greater effects were seen with the knownCYP2E1 inhibitor isoniazid (73).
A watercress homogenate (50 g) significantly reduced the peak plasma concentration
and area under the plasma concentration–time curve for the oxidative metabolites of
acetaminophen, which appear as cysteine and mercapturate conjugates, as well as
their total urinary excretion. Formation and excretion of the major glucuronide and
sulfate conjugates of this drug were not affected (74).

4.3. Grapefruit Juice

The effect of grapefruit juice on metabolism of drugs that are metabolized by
CYP3A4 has become perhaps the best-known drug–food interaction and is dis-
cussed in detail elsewhere (see Chapter 10). The initial serendipitous observation of
this effect occurred in 1989 when grapefruit juice was used as a vehicle in a study of
the effects of alcohol on felodipine metabolism (75). It was noted that grapefruit
juice decreased the oral clearance of this calcium channel blocker and enhanced the
area under the plasma concentration vs. time curve. Because the bioavailability of
the drug was increased, its systemic exposure and pharmacodynamic effect
increased. Subsequently, interactions between a variety of drugs and grapefruit
juice were studied (76).

Grapefruit juice contains furanocoumarins and other substances that can inhibit
CYP3A and to some extent other CYP isoforms. Significant CYP3A inhibition by
grapefruit juice occurs in the small intestine. As a result, drugs that are substantially
metabolized byCYP3Aduring absorption from the intestinal lumen aremost notably
affected by grapefruit juice. Drugs administered parenterally are not expected to be
affected. Inhibition is both reversible and irreversible. Recovery from irreversible
inhibition requires synthesis of new enzyme, and the limited information available
suggests this may take up to 72 h after grapefruit juice exposure (76). Inhibition by
grapefruit juice is clinically important when drug response closely reflects plasma
concentration, as is the case for calcium channel blockers.
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Because this interaction occurs primarily with drugs that are subject to exten-
sive first-pass metabolism by CYP3A in the intestine, there are many drugs that
are not affected. As a result, it is often possible within a class of drugs to choose
an alternative that is not subject to inhibition by grapefruit juice or to predict
whether this interaction might occur based on the known pharmacokinetic fea-
tures and pathways of a drug’s metabolism. Examples of drug groups where such
choices can be made include calcium channel blockers, HMG-CoA reductase
inhibitors, sedative-hypnotics and anxiolytics, psychotropics, and antihistamines
(76). However, it must be kept in mind that inhibition of CYP3A4 may not be the
only mechanism whereby grapefruit juice affects drug metabolism. Drug trans-
porters such as P-glycoprotein in enterocytes may also be affected, and this
mechanism may be more important than CYP3A4 inhibition for some drugs
such as cyclosporin (76,77). In addition, grapefruit can inhibit organic anion
transporting polypeptides at least in vitro, which might decrease oral drug bio-
availability (78).

4.4. Herbs

Herbs are dietary supplements that are complex and incompletely characterized
mixtures of chemicals. These compounds have considerable potential for causing
unrecognized changes in drug metabolism and are discussed elsewhere in this book
(see Chapter 12). Reports of possible drug–herb interactions have often been
incomplete, and further studies are needed (79–82). Use of nonvitamin, nonmineral
supplements is changing in the population and is often incompletely recorded in
patient medical records. Moreover, patients are often not aware of potential inter-
actions of these supplements with drugs (83). It may be especially important to
identify risks for interactions in certain populations, such as the elderly, who are
often taking multiple prescription drugs and over-the-counter supplements (84),
and in patients undergoing cancer chemotherapy (85).

Interactions of herbs with warfarin are in general poorly documented (82).
Bleeding has been reported when warfarin is combined with ginkgo (Ginkgo biloba)
(82). However, a controlled prospective study failed to confirm such an effect (86).
Examples of other herbs reported to interact with warfarin to cause bleeding include
dong quai (Angelica sinensis) (87) and danshen (Salvia miltiorrhiza) (88).

St. John’s wort (Hypericum perforatum) can cause induction of CYP3A4 and
2E1 (89), possibly 2C9 and 1A2, and P-glycoprotein and decrease the blood
concentrations or effects of drugs such as digoxin, theophylline, cyclosporin,
protease inhibitors (e.g., indinivir and nevirapine), coumarin-derived anticoagu-
lants, amitriptyline, and oral contraceptives (10,79,90–92).The inducing effect on
CYP3A4 is greater in women than men (89). Serotonin syndrome has been noted
in patients who take St. John’s wort along with serotonin-reuptake inhibitors,
nefazodone, or triptans (79,90,91). Garlic oil was found to reduce CYP2E1 in
healthy subjects (89).

Ginseng has been reported to induce mania in patients taking antidepressants
(79,93). Heavy betel nut (Areca catechu) consumption may precipitate extrapyrami-
dal side effects with schizophrenic patients on neuroleptic drugs (94). Yohimbine
(Pausinystalia yohimbe) may increase risk of hypertension in patients taking tricyclic

252 Part III / Influence of Food, Nutrients, or Supplementation



antidepressants (79). Licorice (Glycyrrhiza glabra) may potentiate oral and topical
corticosteroids (79) and digitalis (95). Heavy intake of licorice products can be an
inapparent cause of hypertension that is resistant to drug therapy (96).

Because herbal products are not subject to consistent standardization and regu-
lation, their content is often variable and uncertain. Many of the chemical compo-
nents of these plant products and their effects on drug disposition and action remain
unknown. Therefore, it is widely recommended that patients taking prescribed drugs
should not take herbal remedies, unless authorized by their physicians (79,91).

4.5. Methylxanthines

Methylxanthines such as caffeine (1,3,7-trimethylxanthine) are common natural,
nonnutritive components of foods and especially beverages such as coffee and tea.
Caffeine is added to many popular carbonated beverages. The closely related drug
theophylline (1,3-dimethylxanthine) is used as a bronchodilator in treating asthma
and related pulmonary conditions.

These and other methylxanthines are extensively metabolized by CYP enzymes.
When ingested regularly, these substances can also accumulate and influence drug
metabolism. Effects on drugmetabolism are complex andmay involve saturation and
inhibition as well as induction of hepatic enzymes that metabolize methylxanthines
and other drugs and chemicals. For example, with repeated doses, theobromine (3,7-
dimethylxanthine), a major methylxanthine in chocolate, lowers its own metabolism
by saturating or inhibiting hepatic enzymes; but several days after the last repeated
dose, induction of theobromine hepatic metabolism can be demonstrated (97).
Theobromine induction of its own metabolism was shown to occur in rats as well
(98). Theophylline also can induce its own metabolism in humans (99). Studies in
healthy subjects indicate that a pool of methylxanthines derived from the diet may
compete with theophylline for common saturable metabolic pathways (100).

Cola nuts, which are reported to contain 2.3% caffeine, are commonly chewed in
Africa and elsewhere for stimulant effects. Antipyrine half-life was prolonged by
cola nut chewing in a cross-sectional study employing multiple regression analysis
in Gambian villagers (101). However, this effect was not seen in a controlled study
in normal male volunteers in the United States (102). This difference is not
explained, but it is possible that other nutritional factors influenced metabolism
of the test drug antipyrine in the West African study.

An interaction between caffeine and clozapine, both of which are CYP1A2 sub-
strates, has been demonstrated in schizophrenic patients (103). In seven subjects on
monotherapy, clozapine concentrations were lower after they were changed to a
caffeine-free diet for 5 days. Therefore, habitual caffeine intakes can alter the metab-
olism of this drug. The findings suggest that caffeine intake should be medically
supervised and levels of clozapine monitored in some schizophrenic patients (103).

4.6. Food Preparation

Chemical changes in foods are induced during cooking particularly at high
temperatures, and the consumed chemical products may be absorbed and then
influence drug metabolic pathways. For example, charcoal broiling of meats leads
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to formation of polycyclic aromatic hydrocarbons similar to those found in ciga-
rette smoke. Polycyclic aromatic hydrocarbons in cigarette smoke probably
account for enhanced drug oxidation rates in smokers (104).

These chemicals are products of incomplete combustion and are produced during
charcoal broiling when drippings contact the hot coals and are then volatilized and
redeposited on the meat (105). Oral administration of such compounds to rats increases
benzo(a)pyrene hydroxylase activity in the intestine and liver. Moreover, feeding char-
coal-broiled beef induces intestinal metabolism of phenacetin in the rat (106).

Charcoal-broiled beef can have substantial effects on the metabolism of drugs
such as phenacetin, theophylline, and antipyrine in healthy subjects (107–109).
Pharmacokinetics of these drugs was studied during periods of daily ingestion of
standard portions of hamburger (8 oz) and steak (6 oz) that were broiled over
charcoal and fed twice daily as part of a calculated test diet and again during control
diet periods, when aluminum foil was placed under the meat and drippings aspi-
rated by hand to prevent their falling onto the burning charcoal. Phenacetin plasma
concentrations were markedly reduced by consumption of charcoal-broiled beef
(Table 5), and the ratio of the major metabolite of phenacetin, N-acetyl-p-amino-
phenol (acetaminophen), to phenacetin was increased (107). Therefore, both char-
coal-broiled beef and cigarette smoking enhance phenacetin O-dealkylation in
humans. In a separate study, clearance of antipyrine and theophylline was increased
by consumption of charcoal-broiled beef (108). Clinical usage of phenacetin has
been largely replaced by acetaminophen, which is metabolized primarily by con-
jugation. Acetaminophen metabolism was not influenced by consumption of char-
coal-broiled beef (110).

4.7. Tyramine and Related Substances

Hypertensive reactions may occur in patients using monoamine oxidase (MAO)
inhibitors after ingestion of foods containing tyramine, such as some highly flavored
cheeses. These ‘‘tyramine reactions’’ or ‘‘cheese reactions’’ are among the best-known
drug–food interactions (111). They began to be reported with use of the irreversible
MAO inhibitors from about 1961. By about 1965 the underlying mechanisms were
understood to involve tyramine-provoked hypertension, and fairly simple dietary
precautions could be recommended (112,113). However, fear of these sometimes
severe reactions persisted and greatly limited the use of first-generation, non-selective
MAO inhibitors as antidepressants, such as tranylcypromine, pargyline, phenelzine,
selegiline (deprenyl), and isocarboxazide (111,112).

Manifestations of these sudden and dramatic reactionsmay include hypertension
with palpation, nausea, vomiting, and headache. The potentially life-threatening
hypertensive crises, which may occur within 1 h of ingestion of the tyramine-
containing food, are described as resembling the paroxysmal symptoms of pheo-
chromocytomas, which are neuroendocrine tumors that intermittently release cat-
echolamines into the circulation (111).

Tyramine and other phenylethylamines are formed from tyrosine due to the
actions of bacterial and fungal tyrosine decarboxylase. MAO in the intestine and
liver normally oxidatively deaminates phenylethylamines that are absorbed from the
diet. When MAO is inhibited in these tissues by a drug, dietary phenylethylamines
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can be absorbed systemically and displace norepinephrine from storage vesicles in the
nervous system. Large amounts of this neurotransmitter are then released into
synapses, which can lead to severe acute hypertension and additional complications
such as myocardial infarction and thrombotic or hemorrhagic stroke (2). Paradoxi-
cally, the interaction between cheddar cheese and tranylcypromine was used to
therapeutic advantage in two patients with severe postural hypotension (114).

Although highly flavored cheeses, such as cheddar, are most commonly associ-
ated with this adverse drug interaction, other high-protein foods that have started to
ferment may also contain large amounts of tyramine or other phenylethylamines
(2). These include pickled herring, yeast preparations, broad beans, and certain
wines (e.g., Chianti) and beers (115,116). Amounts of these substances in foods and
beers can vary greatly from sample to sample. Tap lager beers prepared by bottom
fermentation may contain amounts of tyramine that are significant even for mod-
erate levels of beer consumption and have been implicated in hypertensive reactions
to MAO inhibitors (115).

Rates of absorption and delivery of dietary phenylethylamines to the systemic
circulation can be greatly affected by other foods in the meal. Iron deficiency is said
to increase susceptibility to these reactions. Concurrent sympathomimetic drugs
may also exacerbate tyramine reactions. Reactions related to ingestion of broad
beans (fava beans) may be due in part to their content of dopa or its amine
derivative dopamine (2).

Other drugs with weak MAO-inhibiting properties, such as furazolidine (an
antiprotozoal) and meperidine (an opioid analgesic) have also been implicated in
tyramine reactions (2). The antimicrobial linezolid is a reversible and nonselective
MAO inhibitor with interaction potential. Procarbazine has been reported to cause
hypertension in patients consuming tyramine-containing foods while taking this
drug for Hodgkin’s disease (117). Isoniazid (an antituberculosis drug) is a weak
MAO inhibitor that may cause tyramine reactions in combination with tricyclic
antidepressants (118).

Strategies to avoid tyramine reactions in patients taking MAO inhibitors have
included dietary restrictions and development of new pharmaceutical products
(119). Based on analysis of phenylethylamine content of foods and case reports
of diet-related hypertensive reactions, rational guidelines for diet planning and
counseling of patients on MAO inhibitor drug regimens have been described.
Some confidence in the safe use of these drugs may be provided by beginning
dietary counseling before drug therapy, keeping tyramine intake below 5 mg, and
recommending consumption of only fresh foods. Any food rich in aromatic amino
acids can become high in tyramine with aging or when microbial contamination is
followed by prolonged storage or if spoilage occurs (113). It has been recom-
mended that all tap (draft) beers should be avoided even at modest levels of
consumption (116). Dietary compliance should be monitored and dietary restric-
tions continued 4 weeks after completion of drug therapy (113).

Altering the route of drug administration has been explored. For example, a
selegiline transdermal system when used for treating depression apparently allows
inhibition of central nervous systemMAO type A and type B (MAO-A andMAO-B)
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enzymes while avoiding inhibition of intestinal and liver MAO-A enzyme. Trans-
dermal administration of this drug to adults with major depression was reported to
not significantly increase sensitivity to dietary tyramine (120).

Pharmaceutical strategies of particular interest include combining MAO inhibitors
with tricyclic antidepressants and development of new selective and reversible MAO
inhibitors. Effectiveness of such approaches can be assessed by the tyramine pressor test
(119). Selegiline is approved as adjunctive treatment of Parkinson’s disease using lower
doses (e.g., 10 mg/day by mouth) than is used for depression. When used in this
manner, selegiline does not inhibit intestinal and hepatic MAO-A and is therefore a
selective, irreversible cerebralMAO-B inhibitor without significant risk of the tyramine
reaction (121,122). However, this dose-dependent selectivity is not absolute, and a few
hypertensive reactions have been reported even at the recommended doses for Parkin-
son disease, and there is some selectivity retained at higher doses as well (123,124).
Rapidly reversible MAO-A inhibitors, such as moclobemide, a novel benzamide, are
reported to carry less risk of a hypertensive reaction and yet appear to be effective
antidepressants (123,125), but with doses above 900 mg/day the risk of interaction
with dietary tyramine may be significant (126).

4.8. Alcohol

Adverse reactions develop soon after alcohol is consumed in patients treated with
tetraethylthiuram disulfide (disulfiram). For this reason, the drug has been used in
alcohol treatment programs as an adjunctive means of encouraging abstinence. The
unpleasant manifestations of this drug–food interaction may include flushing,
headache, nausea, vomiting, weakness, vertigo, hypotension, blurred vision, and
seizures. The drug inhibits the enzyme aldehyde dehydrogenase, which oxidizes
acetaldehyde that is derived from alcohol. Cyanamide is a disulfiram-like drug that
has been used for the management of alcoholism in some countries such as Japan,
but has been associated with adverse effects on the liver (127). The disulfiram
reaction has been reproduced using acetaldehyde and has therefore been termed the
‘‘acetaldehyde syndrome.’’ It can occur with ingestion of foods cooked with wine,
wine vinegar, or wine-containing desserts (128).

Other drugs have been found to cause disulfiram-like reactions in association
with alcohol (2). These drugs, some of which are aldehyde dehydrogenase inhib-
itors, include cyanamide, metronidazole, sulfonylureas (129), griseofulvin (130),
procarbazine, some cephalosporin antibiotics, and possibly ketoconazole (131).
Some mushrooms contain inhibitors of aldehyde dehydrogenase and may cause
such reactions (132,133). Inhibitors of this enzyme may be found in other foods,
such as cabbage (134).

The potential for metronidazole to cause a disulfiram-like reaction has been
questioned, based on lack of convincing case reports or evidence for inhibition of
hepatic alcohol dehydrogenase (135,136). This drug may increase acetaldehyde
production in the colon, at least in rats (137).

Cephalosporin antibiotics have differing effects on the liver alcohol dehydrogen-
ase and circulating acetaldehyde levels (138,139). Those reported to cause disul-
firam-like reactions include cefoperazone, moxalactam, ceftriaxone, cefonicid, and
cefmetazole (140–142). Reactive metabolites rather than the parent drugs are
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thought to be responsible for the enzyme inhibition (143). Drugs with a N-methyl-
tetrazole-thiol side chain in the 30-position and certain other side chains are particularly
associated with this reaction. Drugs with these structural features can also inhibit
vitamin K epoxide reductase (VKOR) and cause coagulopathies (hypoprothrombine-
mia and bleeding), particularly in patients with vitamin K deficiency (140,144–147).
Vitamin K administration can prevent this drug-induced coagulopathy.

4.9. Vitamins

A number of vitamin deficiencies alter hepatic mixed function oxidation in
laboratory animals (8,9,11,148). Therefore, it is likely that ingestion of vitamins
to correct evident or subtle vitamin deficiencies may alter drug metabolism. But
there are few studies in humans, and the observations in animals are difficult to
translate to human populations due to marked species differences in drug metabo-
lism. There is also some potential for large doses of vitamins to alter drug metab-
olism in subjects without vitamin deficiencies.

The effects of vitamin C have been most studied in humans. Several species, includ-
ing humans, guinea pigs, and other primates, as well as some strains of rats, are unable
to synthesize vitamin C and therefore require small amounts in the diet. Interrelation-
ships between vitamin C and CYP enzymes were examined in some detail in early
studies (149). Depletion of this vitamin in the guinea pig and in a rat strain unable to
synthesize ascorbic acid impairs oxidative drugmetabolism and reduces CYP andmost
associated enzyme activities (150,151). Amounts of ascorbic acid required for optimal
CYP induction by exogenous chemicals (e.g., polychlorinated biphenyls) exceed the
amounts required tomaintain induced levels ofmixed function oxidase activities (151).

Observations in a few patient populations suggest that vitamin C deficiency
impairs drug metabolism in humans. For example, antipyrine half-lives were longer
in liver disease patients with low leukocyte ascorbate levels than in patients with
higher ascorbate levels (152). Ascorbic acid supplementation of elderly patients
(153) and diabetics (154) with low initial leukocyte or serum ascorbate levels
resulted in shortening of antipyrine half-lives. It is possible that additional nutri-
tional deficiencies contributed to impaired drug metabolism in these studies.

Studies in healthy subjects have not found a substantial effect of vitamin C
deficiency. For example, subclinical vitamin C deficiency of short duration in five
male volunteers had no significant effect on antipyrine metabolism (155). In 10
elderly subjects who underwent ascorbate depletion for 4 weeks, there was also no
significant change in caffeine metabolism (156). It is possible that effects on drug
metabolism occur in humans only with more severe deficiency of vitamin C than
was induced in these experiments.

Large doses of vitamin C can decrease mono-oxygenase activities in animals (157).
Such effects have been little studied in humans. Vitamin C administered in large doses
increased antipyrine clearance in one study (158) but not in another (159). A small
influence on warfarin disposition was not considered clinically significant (160). Large
doses of this vitamin may have effects on nonoxidative pathways of drug metabolism.
For example, the vitaminmay reduce sulfate conjugation of drugs such as salicylamide
and acetaminophen by competing for available sulfate (161,162). High doses of
vitamin C may reduce steady-state indinavir plasma concentrations (163).
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Because reactive oxygen species may be involved in the clearance of the antibiotic
linezolid, the effects of dietary antioxidants were studied in humans. However, daily
oral doses of 1000 mg vitamin C or 800 IU of vitamin E were found not to alter the
pharmacokinetics of this drug in healthy subjects (164).

Administration of vitamin B6 can enhance the peripheral conversion of levodopa to
dopamine by dopa-decarboxylase, a pyridoxine-requiring enzyme, such that less is
available to cross the blood–brain barrier for conversion there to dopamine. Dopamine
itself does not cross the blood–brain barrier. Carbidopa, an inhibitor of peripheral
dopamine decarboxylase, which enhances the efficacy and reduces side effects of levo-
dopa, also prevents the reduction in efficacy of levodopa by exogenous vitaminB6 (165).

There is some evidence that fortification of the US diet with folate since 1997 to
prevent neural tube defects may have contributed to higher methotrexate dosing in
patients with rheumatoid arthritis. If real, this suggests an effect of folate on drug
action rather than disposition (166).

5. CONCLUSIONS AND IMPLICATIONS

It is apparent that the variety of macronutrients and micronutrients found in
foods can have major effects on the metabolism and effects of some drugs. There is
incomplete understanding of many of these interactions, because experimental and
clinical observations are incomplete. It is likely also that there are many specific
effects of dietary components on drug metabolism and actions that remain to be
discovered. Given the complex mixture of chemicals found in foods and the large
number of new drugs that come to market yearly, interactions between dietary
components and drugs will require continued attention from both investigators and
health professionals in the future.

Studies in healthy subjects indicated that diet may explain part of the intra-
individual variations in drug metabolism rates that occur over time (167). Further
studies in relevant patient populations on the effects on drug metabolism of natu-
rally occurring dietary variations are needed.

As knowledge of these interactions increases, there will be an increasing need for
physicians, pharmacists, and drug manufacturers to provide information on drug–-
nutrient interactions to patients. It must be kept in mind that public understanding
of diet and nutrition is less than desirable, and compliance with dietary recommen-
dations is often not satisfactory. Compliance is particularly difficult for individuals
who are physically or mentally impaired or do not normally prepare their own food.
Therefore, monitoring strategies may be considered for some drugs that are partic-
ularly affected by changes in diet.
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10 Grapefruit and Other Fruit Juices
Interactions with Medicines

David G. Bailey

Objectives

� Provide a comprehensive overview of the clinical interactions of grapefruit or other fruit

juices with medications to cause altered pharmacokinetics and potential clinical drug

response.

� Focus primarily on the extensive literature of interactions determined by modulation of drug

metabolism mediated by intestinal CYP3A4. Established/predicted and interacting/non-

interacting medications, important adverse events and possible beneficial effects and clinical

recommendations are discussed.

� Address more recent research on interactions determined most likely by changed presystemic

efflux/uptake drug transport.

Key Words: Bioavailability; citrus juice; drug metabolism; grapefruit; organic anion

transporting polypeptides; P-glycoprotein

1. INTRODUCTION

Medications and food are often taken together. Linking drug administration to a
regular event like ameal can improve adherence of the patient to the treatment regimen,
especially in the elderly. However, certain foods can create an interaction that can
increase or decrease systemic drug availability resulting in altered clinical effects.

Our research on fruit juice–drug interactions began with a single crucial
unexpected secondary observation in one clinical study that resulted in a highly
novel follow-up investigation more than 25 years ago (1,2). The finding was that
grapefruit juice could markedly augment oral drug bioavailability. The mechanism
was inhibition of drug metabolism, which was likely the first finding of a food
producing such an effect in humans (1–3). Subsequently, many scientists followed
up this finding with hundreds of original research articles that investigated a range
of related and relevant issues. It was discovered that grapefruit primarily attenuated
the activity of intestinal cytochrome P450 isoenzyme 3A4 (CYP3A4), which
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provided early endorsement of the gut as a central site of drug metabolism (4).
Moreover, grapefruit has been shown to interact with more than 50 medications,
some of which are highly utilized or essential for treatment of serious medical
conditions, by causing reduction in the normal extent of first-pass metabolism. In
an attempt to eliminate the possibility of a marked boost in oral drug systemic
availability and resulting unintentional serious overdose/toxicity, some drug pro-
duct monographs and a prescription vial label now caution against consumption of
grapefruit during pharmacotherapy. Since individuals over 50 years of age are the
prime purchasers of grapefruit, are commonly prescribed the affected drugs, have a
marked pharmacokinetic interaction and are less able to compensate for excessive
plasma drug concentration, they appear to be a particularly vulnerable patient
population (5). Furthermore, numerous articles in the lay press have made the
topic of grapefruit–drug interactions very familiar to the general population. Thus,
the original finding of grapefruit-mediated inhibition of intestinal drug metabolism
to augment oral drug bioavailability has attained significant scientific, clinical and
mainstream stature. It may also have been instrumental in initiating a significant
shift in the perception of the potential importance of food, especially fruit juices, in
drug interactions.

2. REVIEW OF BASIC SCIENCE

2.1. Drug Metabolism and Grapefruit Juice Effect

Metabolism of a drug to another chemical substance that becomes less active or
more readily eliminated by the kidney is a well-established mechanism for terminat-
ing the effects of a drug (6). A key step of drug metabolism is commonly oxidation
by a member of the family of enzymes known as the cytochrome P450s (CYPs) (see
Chapter 4). The enzyme, CYP3A4, oxidizes about 50% of all drugs (7). Moreover,
the location of CYP3A4 in apical enterocytes of the small intestine and in
hepatocytes of the liver means that this enzyme is well situated to inactivate orally
administered drug during passage from the gut into the systemic circulation, a
process known as first-pass or presystemic drug metabolism (8,9). The result can
be a markedly reduced oral bioavailability (the percent of the oral dose of drug that
reaches the systemic circulation unchanged) and clinical effect of the medication.
This concept is illustrated in Fig. 1. The calcium antagonist, felodipine, is normally
completely absorbed from the gastrointestinal tract (10). However, sequential
metabolism of felodipine in the small intestinal wall and liver by CYP3A4 results
in a lower mean oral bioavailability of 15%. The clinical dose is thereby corrected
for this effect. In the case of felodipine, 10 mg orally is administered to obtain the
equivalent response of 1.5 mg intravenously. The concern is that consumption
of a substance that alters the activity of enteric and/or hepatic CYP3A4 might
substantially change oral drug bioavailability sufficiently to risk adverse effects
(loss of efficacy or overdose toxicity).

The discovery that grapefruit juice could markedly increase oral drug systemic
availability was initially suggested by an unanticipated finding in an interaction
study that we designed to investigate the effect of ethanol on the pharmacokinetics
and pharmacodynamics of the dihydropyridine calcium channel antagonist,
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felodipine (1). In this subject-blinded investigation, grapefruit juice had been
chosen to mask the taste of the ethanol. Results showed that plasma felodipine
concentrations were not different between the groups receiving the treatment
(ethanol in grapefruit juice) and control (grapefruit juice). However, both groups
had plasma felodipine concentrations that were several-fold higher than those
observed in other pharmacokinetic investigations in which the same dose of
felodipine was given. A systematic examination for obvious possible causes, such

Fig. 1. Sequential presystemic felodipine metabolism by CYP3A4 in apical enterocytes of the
small bowel (A) and then the hepatocytes of the liver (B). The percent of unmetabolized
felodipine is presented before and after passage through the gut wall and the liver.
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as incorrect dose or error in the drug assay, did not resolve this discrepancy.
However, these previous investigations had not administered felodipine with
grapefruit juice. As a result, we conducted a pilot project in a single volunteer
[DGB] to judge the possible role of the juice. Plasma felodipine concentrations
were more than fivefold higher with grapefruit juice compared to those with water
(3).

A formal clinical study involving patients with untreated borderline hypertension
established the interaction (2). This finding underlined the importance of follow-up
on unexpected observations in research. The peak concentration (Cmax) and area
under the plasma drug concentration–time curve (AUC) of felodipine with grape-
fruit juice were essentially threefold compared to those with orange juice or water.
As little as a single normal amount of juice (200 mL) or one fresh grapefruit is now
known to produce this effect (3,11). Moreover, it appears that there can be
sufficient grapefruit in orange marmalade to produce severe overdose toxicity for
certain drugs (12). The elimination half-life (t1/2), i.e. rate of drug removal from the
systemic circulation, of felodipine was not affected (3). Also, the intravenous
pharmacokinetics of felodipine with grapefruit juice was not changed (13). Thus,
grapefruit juice primarily inhibited presystemic, rather than systemic, metabolism
of felodipine. The mechanism was a reduced activity of the primary and secondary
pathways of felodipine metabolism, both of which are mediated by CYP3A4,
during first-pass (14).

Administration of grapefruit juice (250 mL) caused mean 62% reduction of entero-
cyte CYP3A4 protein content (4). This provided early endorsement of the gastro-
intestinal tract as a central site of drugmetabolism. Subjects with the highest enterocyte
content of CYP3A4 before grapefruit juice had the largest reduction of this enzyme
and greatest increase in felodipine Cmax with the juice. In contrast, liver CYP3A4
activity, as measured by the erythromycin breath test, was not altered. Intestinal
content of other drug-metabolizing enzymes (CYP2D6, CYP1A1) was not affected.
Thus, grapefruit juice appeared to inhibit intestinal CYP3A4 activity selectively.

Decreased expression of intestinal CYP3A4 implied that the interaction was not
simply the result of competition for metabolism between felodipine and inhibitory
substrate(s) in grapefruit juice. Since the content of enterocyte CYP3A4mRNAwas
not changed, the interaction likely did not result from decreased production of
CYP3A4 protein (4). Rather, it indicated that the inhibitory effect was caused by
enhanced degradation of this enzyme. This effect could have been caused by one or
more substances in grapefruit juice that was initially metabolized by CYP3A4 to a
reactive intermediate(s) and then bonded covalently to the enzyme, a process
termed ‘‘suicide’’ or ‘‘mechanism-based’’ inhibition (3). The structurally modified
and inactivated CYP3A4 might then be expected to undergo rapid proteolysis
within the cell. Consequently, the return of CYP3A4 activity would require de
novo enzyme synthesis. Since reduced intestinal CYP3A4 protein by grapefruit
juice did not cause increased CYP3A4 mRNA, it indicated that there was not an
effective feedbackmechanismwithin the enterocyte to up-regulate CYP3A4 synthe-
sis. Thus, it might be predicted that return of CYP3A4 activity would require
enterocyte replacement. This could cause prolonged inhibition of CYP3A4-
mediated drug metabolism by grapefruit juice.
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The duration of inhibitory activity of grapefruit juice has been evaluated. In the
initial study, consumption of a single glass (200 mL) of grapefruit juice at various
time intervals before felodipine administration showed that the pharmacokinetic
interaction was maximal when administration occurred simultaneously or within
4 h of previous juice consumption (15). Then, the extent of the interaction declined
slowly with increasing time interval. The disappearance half-life of grapefruit juice’s
inhibitory effect on CYP3A4-mediated drug metabolism was estimated at 12 h (3).
Increased felodipine Cmax was still evident when this volume of grapefruit juice was
consumed 24 h beforehand. Subsequently, other studies using different drug probes
that included nisoldipine, simvastatin or midazolam confirmed the long duration of
effect of grapefruit juice (16–18). In the case of nisoldipine, increased drug AUC
was observed up to 72 h after a 7-day pretreatment period with grapefruit juice (200
mL) three times daily (16). For midazolam, the recovery half-life was estimated to
be 23 h for a single 300 mL volume of grapefruit juice (18).

Because grapefruit juice produced a long duration of inhibition of intestinal
CYP3A4 activity, repeated administration of juice might be expected to cause a
cumulative increase in the magnitude of pharmacokinetic interaction. Under single-
dose conditions, mean felodipineCmax andAUCwith a glass of grapefruit juice (250
mL) were 3.5-fold and 2.7-fold, respectively, compared to those with water (4).
During repeated juice consumption, grapefruit juice (250 mL three times daily for 5
days) further increased felodipine Cmax and AUC to 5.4-fold and 3.5-fold, respect-
ively, of those relative to single-dose administration of felodipine with water. Thus,
repeated administration of grapefruit juice can cause a cumulative increase in the
magnitude of the pharmacokinetic drug interaction.

3. CLINICAL EVIDENCE

3.1. Drug Interactions with Grapefruit Juice

Many drugs from a broad range of therapeutic categories have been examined for
a possible interaction with grapefruit juice. Those that have increased oral bioavail-
ability with grapefruit juice are listed in Table 1 (1–5, 11–112).Medications without
enhanced bioavailability are shown in Table 2 (113–138). Comparisons between
Tables 1 and 2 supported the concept that medications interacting with grapefruit
juice have inherently low to intermediate oral bioavailability (<5–60%) and
undergo presystemic metabolism primarily mediated by CYP3A4. In general,
drugs with lower intrinsic bioavailability will experience a greater magnitude of
interaction.

3.2. Adverse Drug Effects with Grapefruit Juice

3.2.1. TORSADES DE POINTES

The antiarrhythmic agents, amiodarone and quinidine, and the antimalarial
drug, halofantrine, can produce QTc interval prolongation and associated risk of
developing the life-threatening cardiac ventricular arrhythmia, torsades de pointes.
Other medications that produced this serious drug effect including the non-sedating
antihistamines, astemizole and terfenadine, and the gastrointestinal prokinetic

Chapter 10 / Fruit Juices–Drug Interactions 271



agent, cisapride, have been removed from the market because of this concern. The
risk of developing this arrhythmia appears to be increased in conditions where
plasma concentrations of these drugs are elevated.

Mean oral bioavailability of amiodarone is normally variable among
individuals (range: 20–80%) as a result of extensive first-pass metabolism (139).
N-desethylamiodarone (N-DEA) is the major metabolite formed by CYP3A4
(140). This metabolite appears to have significant antiarrhythmic properties.
Mean amiodarone Cmax and AUC, respectively, with grapefruit juice (300 mL at
0 h, 3 h and 9 h relative to drug administration) were 1.8-fold and 1.5-fold compared
to those with amiodarone alone (37). This resulted in plasma amiodarone
concentrations that exceeded recommended therapeutic levels. Plasma N-DEA
concentrations were decreased to undetectable levels, and prolongation of QTc
interval was less with concomitant grapefruit juice. Inhibition of N-DEA

Table 1
Drugs with Increased Oral Bioavailability with Grapefruit Juice from Inhibition of Intestinal
CYP3A4

Anti-infective Agents Central Nervous System Agents
Albendazole (19) Alfentanil (67)
Artemether (20–22) Buspirone (68)
Erythromycin (23) Carbamazepine (69)
Halofantrine (24) Dextromethorphan (70)
Praziquantil (25) Diazepam (71)
Primaquine (26) Fluvoxamine (72)
Saquinavir (27) Methadone (73)

Midazolam (18,74–78)
Anti-inflammatory Agents Quazepam (79)

Methyprednisolone (28) Scopolamine (80)
Sertraline (81)

Antilipemic Agents Triazolam (79,82–84)
Atorvastatin (29–31)
Lovastatin (32–34) Estrogens
Simvastatin (17,35,36) Ethinylestradiol (85)

Cardiovascular Agents Gastrointestinal Agents
Amiodarone (37) Cisapride (86–89)
Carvedilol (38)
Felodipine (1–5,11,13–15,39–50) Histamine H1 Antagonists
Manidipine (51) Terfenadine (90–93)
Nifedipine (2,52–56)
Nimodipine (57) Immunosuppresive Agents
Nicardipine (58) Cyclosporine (94–108)
Nisoldipine (16,59,60) Tacrolimus (12,109–111)
Nitrendipine (61,62)
Sildenafil (63) Oral Antidiabetic Agents
Verapamil (64–66) Repaglinide (112)
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production might decrease the beneficial action of amiodarone, or conversely, it
might reduce the unwanted proarrhythmic effects linked to QTc prolongation.
Because the clinical outcome is not clear, consumption of grapefruit juice should
be avoided in patients receiving amiodarone.

Quinidine has relatively high absolute oral bioavailability (about 70%), but it has
a narrow therapeutic range of effective and safe plasma drug concentrations (141,
142). In one single-dose study, grapefruit juice (240 mL) did not change mean
quinidineCmax or AUC; however, it decreased 3-hydroxyquinidine AUC compared
to water (127). In another study, chronic consumption of grapefruit juice (250 mL
twice daily) reduced the oral clearance of quinidine and 3-hydroxy and N-oxide
metabolites to 0.85, 0.81 and 0.73 of those with water (128). Thus, grapefruit juice
appears to have a small effect on mean pharmacokinetics of quinidine. However,
even modestly elevated plasma quinidine concentrations have the potential to cause
serious side effects. Thus, it seems reasonable to avoid grapefruit juice consumption
during therapy with quinidine until proven safe.

Halofantrine has a mean oral bioavailability of 10% and is metabolized to the
less cardiotoxic metabolite, N-debutylhalofantrine, by CYP3A4 (143–145). When

Table 2
Drugs with No Change in Oral Bioavailability with Grapefruit Juice

Antiasthmatic Agents Antilipemic Agents
Theophylline (113–114) Pravastatin (29,31)

Pitavastatin (30)

Anticoagulants Cardiovascular Agents
Acenocoumarin (115) Amlodipine (122,123)
Warfarin (116) Diltiazem (124,125)

Propafenone (126)*
Anti-infective Agents Quinidine (127,128)*

Amprenavir (117)
Clarithromycin (118) Central Nervous System Agents
Indinivir (119,120)
Quinine (121)

Alprazolam (129)
Clomipramine (130)
Clozapine (131–133)
Haloperidol (134)
Phenytoin (135)

Anti-inflammatory Agents
Prednisone (98)

Hormones
17b – estradiol (136)
Levothyroxine (137)

Oral Antidiabetic Agents
Glibenclamide (138)

* See text for discussion of concern for potential interaction

Chapter 10 / Fruit Juices–Drug Interactions 273



it was administered as a single dose after grapefruit juice (250 mL once daily for
3 days and once at 12 h before drug), halofantrineCmax and AUCwere 3.2-fold and
2.8-fold higher, respectively, those with water (24). N-Debutylhalofantrine AUC
was decreased to 0.4-fold that observed after water. Maximum QTc interval
prolongation with halofantrine was increased to a mean 31 ms with grapefruit
juice compared to 17 ms with water. It was concluded that grapefruit juice
consumption should be contraindicated during administration of halofantrine.

Other drugs can cause QTc prolongation and have the pharmacokinetic
properties of low to moderate oral bioavailability from CYP3A4-mediated
presystemic metabolism. They include the upper gastrointestinal motility
modifier, domperidone; the antipsychotic drug, pimozide; the urinary tract
antispasmodic drug, solifenacin; and the antitumour drug, sunitinib. An adverse
interaction with these drugs and grapefruit juice to cause QTc prolongation seems
predictable (Table 3).

Table 3
Drugs with Potential for Increased Oral Bioavailability with Grapefruit Juice
from Inhibition of Intestinal CYP3A4

Anticancer Agents
Cyclophosphamide
Dasatinib
Ifosfamide
Imatinib
Sunitinib
Trofosfamide

Anti-inflammatory Agents
Budesonide (176,177)

Cardiovascular Agents
Clopidogrel
Ergotamine
Propafenone
Tadalafil
Vardenafil

Central Nervous System Agents
Pimozide
Sibutramine

Gastrointestinal Agents
Domperidone

Immunosuppressants
Sirolimus (rapamycin)

Urinary Tract Agents
Darifenacin
Solifenacin
Tamsulosin
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3.2.2. RHABDOMYOLYSIS

HMG-CoA reductase inhibitors belong to an important class of cholesterol-
lowering medications. However, they can cause significant toxicity. Unwanted
effects range from diffuse myalgia and elevated creatine phosphokinase to severe
skeletal muscle degeneration (rhabdomyolysis) and associated acute renal failure.
These effects can occur when the plasma concentration of HMG-CoA reductase
inhibitor is markedly elevated. Atorvastatin, lovastatin and simvastatin are
extensively metabolized by CYP3A4 and have low oral systemic availability.

Atorvastatin is administered as the active acid form and has a mean absolute oral
bioavailability of 12% (146). The AUC of a single oral dose of atorvastatin was
increased and ranged from amean of 1.8-fold to 2.5-fold compared to that with water
following consumption of grapefruit juice three times per day for 2–4 days (29–31).
However, theAUCof an activemetabolite of atorvastatinwas approximately halved.

Simvastatin and lovastatin are inactive lactones that both have an absolute oral
bioavailability of less than 5% (32,147). They undergo conversion to the active acid
derivative, during systemic absorption. However, most of the simvastatin and
lovastatin are transformed to inactive metabolites through the action of CYP3A4.

Consumption of grapefruit juice at a relatively high volume (400 mL three times
daily for 3 days) or at a more usual amount (200 mL once daily for 3 days) prior to
co-administration of the corresponding quantity of juice with a single dose of
simvastatin increased the AUCs of simvastatin acid to 7.0-fold or 3.3-fold,
respectively, compared to that when simvastatin was ingested with water
(17,35,36). Moreover, 10 days consumption of one fresh grapefruit per day in an
athletic and healthy 40-year-old woman stabilized on a relatively high dose (80 mg)
of simvastatin caused rhabdomyolysis as evidenced by dramatically high creatine
phosphokinase (12,640 Units/L) and myoglobin (6,453 Units/L) and a markedly
low walking distance of less than 20 m (148).

Ingestion of grapefruit juice at comparatively high quantity (400 mL three times
daily for 3 days) followed by co-administration with a single dose of lovastatin
augmented lovastatin acid to fivefold compared to that with water (32).
Consumption of a more usual amount of grapefruit juice (200 mL once daily for
3 days) at breakfast followed by the administration of a single dose of lovastatin in
the evening increased the AUC of lovastatin acid to 1.6-fold that with water (33).
Although the interval between the last glass of juice and the intake of lovastatin was
not specified, it appears likely that the observed extent of the interaction may
substantially underpredict that with concomitant juice and lovastatin ingestion
(34). Consequently, it is recommended that consumption of grapefruit juice should
be avoided entirely during therapy with atorvastatin, lovastatin or simvastatin.

Pravastatin and rosuvastatin are metabolized to only a minor extent. Moreover,
pravastatin did not interact with grapefruit juice (29,31). The interaction between
rosuvastatin and grapefruit juice has not been reported. However, co-administration
of rosuvastatin with the potent CYP3A4 inhibitor, itraconazole, did not result in
a pharmacokinetic interaction (149). Fluvastatin has essentially complete oral
bioavailability and is predominantly metabolized by CYP2C9. Thus, pravastatin,
rosuvastatin or fluvastatin might serve as alternative agents when there is concern
for a potential interaction with grapefruit juice.
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3.2.3. SYMPTOMATIC HYPOTENSION

Dihydropyridinecalciumchannelantagonistsareselectivearteriolarvasodilatorsthat
areoftenemployedinthemanagementofhypertensionorothercardiovasculardisorders.
Adverse clinical consequences of excessive vasodilatation from elevated plasma
concentrationofthedihydropyridinesincludeheadache,ankleedemaandfacialflushing.
Althoughtheseeffectsaregenerallynotconsideredtobeserious,theycouldbesufficiently
unpleasant to decrease patient adherence to the treatment regimen and to negate drug
benefit. At the other extreme, adverse drug events from excessive vasodilatation may
result in symptomatic hypotension ormyocardial infarction.

Several dihydropyridines have low inherent oral bioavailability and are
inactivated, at least in part, by CYP3A4-mediated metabolism. In middle-aged
subjects with untreated borderline hypertension, mean felodipine AUC with grape-
fruit juice was 2.8-fold compared to that with water (2). This was associated with
enhanced diastolic blood pressure reduction and increased heart rate and frequency
of vasodilatation-related side events. In healthy elderly individuals (70–83 years of
age), mean oral felodipine AUCwith grapefruit juice was fourfold compared to that
with water, supporting the importance of intestinal CYP3A4-mediated drug
metabolism in this age group (5). In contrast with the effect in middle-age indi-
viduals, there was enhanced reduction of both systolic and diastolic blood pressure
in the elderly. Although some tachycardia was apparent in both age groups, lower
systolic blood pressure in only the elderly may have resulted from attenuated
baroreceptor reflex responsiveness that is known to occur with aging (150). This
likely also explains the greater blood pressure lowering effects of felodipine in the
elderly (151). Since the elderly are the prime purchasers of grapefruit juice, demon-
strate a marked pharmacokinetic interaction, are often prescribed affected drugs
and less able to compensate for excessive plasma drug concentration, there is
particular concern for grapefruit–drug interactions in this population.

Other dihydropyridine calcium channel antagonists that interact with grapefruit
juice include manidipine (51), nifedipine (2,52–56,60), nimodipine (57),
nicardipine (58), nisolidipine (16,59,60) and nitrendipine (61,62). Average
dihydropyridine Cmax and AUC with grapefruit juice ranged from 1.5-fold to
4.0-fold those with water under single-dose conditions. In contrast, amlodipine
had a negligible pharmacokinetic interaction with grapefruit juice (122,123). The
most likely reason is amlodipine’s inherently high (80%) oral bioavailability.

Sildenafil is used to treat erectile dysfunction by causing vasodilatation of
smooth muscle of the corpus cavernosa. At therapeutic drug concentration,
sildenafil inhibits a particular isoform of phosphodiesterase (PDE5) to selectively
increase intracellular cyclic guanosine monophosphate (cGMP) concentration in
this tissue. At higher drug concentration, the selectivity of sildenafil for PDE5 is lost
and other isoforms of PDE are inhibited, resulting in a more generalized increase in
intracellular cGMP and systemic vasodilatation. Organic nitrates can also increase
intracellular cGMP concentration, but this is by amechanism involving stimulation
of cGMP production. The combined effects of sildenafil and nitrates can be
sufficient to cause symptomatic hypotension, myocardial infarction or sudden
death. Sildenafil has intermediate oral bioavailability (mean: 41%, range:
25–63%) and is eliminated extensively through metabolism mediated by CYP3A4
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(152,153). The primary metabolite (N-desmethylsildenafil) is approximately 50%
as potent as the parent drug. Sildenafil and desmethylsildenafil AUCs with
grapefruit juice (250 mL) given 1 h before and together with drug were a mean
1.2-fold compared to those with water in a single-dose study (63). Mean decrease in
systolic and diastolic blood pressure and increase in heart rate were not different
between treatments. However, sildenafil AUC with grapefruit juice ranged from
0.8-fold to 2.6-fold compared to those with water among individuals. The authors
concluded that the small mean increase in the oral bioavailability of sildenafil and
active metabolite by grapefruit juice would probably not produce more enhanced
therapeutic or adverse effects. However, variability in the extent of the
pharmacokinetic interaction among individuals, in the amount of CYP3A4 inhibi-
tors among brands and batches of grapefruit juice and in the volume of juice
consumed make the effect less predictable. It is therefore recommended that the
combination of sildenafil and grapefruit juice should be avoided.

Other drugs with the potential to cause hypotension and to possess grapefruit
juice-interacting pharmacokinetic properties include the newer erectile dysfunction
agents, tadalafil and vardenafil, and the alpha1 adrenoreceptor blocker used for
treatment of urinary tract symptoms associated with benign prostatic hyperplasia,
tamsulosin (Table 3).

3.2.4. DYSRHYTHMIA

Verapamil depresses atrio-ventricular conduction and myocardial contractility
and moderately dilates arteriolar smooth muscle. Verapamil is a racemic mixture of
S- and R-enantiomers. The S-enantiomer is more pharmacologically active.
Verapamil undergoes stereoselective first-pass metabolism involving CYP3A4
that results in variable bioavailability of 13–34% for the S-enantiomer and
33–65% for the R-enantiomer among individuals.

The interaction between grapefruit juice and verapamil has been assessed in
several investigations. In one study, administration of a single glass of grapefruit
juice (200 mL) to 10 hypertensive patients receiving chronic short-acting verapamil
resulted in increased AUC ratio of the racemic parent drug to major active dealky-
lated metabolite, norverapamil, indicative of inhibition of CYP3A4-mediated
verapamil metabolism (64). However, the absolute pharmacokinetic values for
verapmil and norverapamil were not statistically changed. In a second study, grape-
fruit juice (200 mL twice daily for 5 days) increased steady-state plasma concentra-
tions of both S- and R-enantiomers of verapamil compared to an orange juice
control (65). Mean AUC and Cmax of S-verapamil with grapefruit juice were
1.4-fold and 1.6-fold those with orange juice, respectively. The effect was similar
for R-verapamil. Considerable inter-subject variability in the magnitude of the
pharmacokinetic interaction was apparent. No change in the mean pharmacodynamics
of verapamil (PR interval, blood pressure and heart rate) was observed. In a third
study, grapefruit juice (1 L/day for 3 days) augmented the steady-state plasma
concentration of S,R-verapamil administered in the prolonged release drug
formulation (66). Mean verapamil AUC and Cmax with grapefruit juice were
2.5-fold and 2.6-fold compared to those with water. The increases were slightly
greater for verapamil than for norverapamil. Prolongation of PR interval above
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350 ms occurred in 2 of the 24 individuals in the group receiving grapefruit juice.
Overall, the results of these studies show that a pharmacokinetic interaction
between grapefruit juice and verapamil can occur under most conditions. How-
ever, a pharmacodynamic interaction was evident only during repeated high
volume grapefruit juice and chronic verapamil administration. Nevertheless, the
high variability of the pharmacokinetic interaction among individuals suggests
that a clinically relevant interaction may occur with verapamil under single dose
and more usual volumes of grapefruit juice administration.

3.2.5. LOSS OF DRUG EFFICACY

Losartan and its active metabolite, E-3174, antagonize the vasoconstrictor and
aldosterone-stimulating effects of angiotensin II by blocking the binding of
angiotensin II to AT1 receptors found in many tissues, including vascular smooth
muscle. Losartan undergoes substantial first-pass metabolism, resulting in a mean
absolute oral bioavailability of 33%. CYP3A4 and CYP2C9 convert losartan to
E-3174, which has four times the inhibitory activity in vitro and is responsible for
the majority of the antagonism at the angiotensin II receptor clinically. Since
grapefruit juice substantially reduced the AUC of E-3174, the therapeutic effective-
ness of losartan may be decreased (154).

Carvedilol combines non-selective beta-receptor and alpha-1 receptor blockade
in a single racemic drug. Beta-receptor blockade is attributed to the S-enantiomer,
while alpha-1 receptor blockade is present in equal potency in both enantiomers.
Because heart failure can worsen when beta- and alpha-receptor blockade are
excessive, care must be taken in situations where plasma S,R-carvedilol
concentrations are increased. Racemic carvedilol has only a 25–35% absolute oral
bioavailability because of presystemic metabolism. This process is stereoselective
and results in plasma concentrations of S-carvedilol that are twofold to threefold
lower than those of R-carvedilol. Since glucuronidation as well as oxidation by
CYP2D6 and CYP2C9 appear to be the major pathways of drug elimination, it
might be predicted that grapefruit juice would not significantly interact with carvedilol.
Results of a clinical investigation showed that mean AUC of S,R-carvedilol with
grapefruit juice (300 mL) was 1.2-fold compared to that with water under single-dose
conditions (38). Unfortunately, the magnitude of the interaction among individuals
and the effect on each enantiomer was not reported. Since dosage and effect of
carvedilol must be carefully individualized and closely monitored by a physician
experienced in the treatment of heart failure, this makes a recommendation about
grapefruit juice use in this setting unclear. For no other reason than to eliminate factors
that might prevent establishment of a stable dose-response relationship, it seems
reasonable to indicate that patients with heart failure receiving carvedilol should
avoid grapefruit juice intake.

3.3. Potentially Beneficial Drug Effects with Grapefruit Juice

3.3.1. DRUG COST SAVINGS

Cyclosporine is an immunosuppressive agent useful in preventing organ rejection
following transplantation. It is crucial that plasma cyclosporine concentrations are
maintained within a narrow range so as to have adequate drug concentration to
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prevent transplant rejection but not to have sufficiently high concentration to cause
renal toxicity. Cyclosporine is very expensive and must be taken on a daily basis for
many years. Cyclosporine has a 30–40% oral bioavailability. Theoretically,
increasing cyclosporine bioavailability could result in reduced drug dose and
associated cost. Since cyclosporine is metabolized by CYP3A4, grapefruit juice
might be useful in this situation. Indeed, numerous investigations have shown
that grapefruit juice can increase cyclosporine bioavailability (94–108). However,
the effect was variable among studies. Since there is the absolute need for consist-
ency of effect, differences in the content of active ingredients among batches and
suppliers of the juice may be an important factor for this variability (155). Conse-
quently, it may not be possible to maintain a uniform effect on cyclosporine
bioavailability within any particular patient. Thus, grapefruit juice is currently
not recommended as a means to reduce drug cost in this circumstance.

3.3.2. MAINTENANCE OF DRUG EFFECTIVENESS

Artemether is an antimalarial drug with fast onset of action, few side effects and
good activity againstmultidrug resistant parasites. However, it has a high relapse rate
during monotherapy. Since there is marked reduction in plasma drug concentrations
on repeated administration, induction of its own metabolism (autoinduction) is
considered the cause of loss of efficacy. Artemether undergoes high presystemic
metabolism by CYP3A4. During single-dose administration, grapefruit juice
increased the oral bioavailability of artemether compared to water (20). After
5 days of concomitant grapefruit juice administration, higher plasma artemether
concentrations were observed compared to those with 5 days ofwater (21). However,
both grapefruit juice andwater produced decreased oral bioavailability of artemether
over this time period. Thus, grapefruit juice improved the oral bioavailability of
artemether under conditions of single and repeated administration. However,
grapefruit did not totally abolish the autoinduction of artemether. Nevertheless, it
prolonged effective plasma drug concentrations. Oral treatment with artemether may
be more effective when the medication is taken with grapefruit juice (22).

3.3.3. ENHANCED DRUG EFFICACY

Protease inhibitors are antiretroviral drugs used in the treatment of HIV-1
infection. Saquinavir has very low oral bioavailability (1–2%) and is a substrate
for CYP3A4. Since it does not appear to have important toxicity at high plasma
drug concentration, any increase in saquinavir bioavailability has the potential to
produce enhanced drug benefit. Saquinavir AUC with grapefruit juice was twofold
that with water (27). Although saquinavir with grapefruit might produce some
therapeutic benefits compared to saquinavir alone, the extent of the interaction was
minor compared to the 58-fold increase with ritonavir (156).

3.4. Drug Interactions with Other Fruit Juices

The search for other fruit juices creating a drug interaction by inhibition of
CYP3A4 logically required determination of the active ingredient(s) in grapefruit
juice. Citrus fruits contain a number of flavonoids, furanocoumarins, liminoids and
other polyphenolic compounds. The key in vitro finding was that it might be the
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furanocoumarins (157). Numerous studies have subsequently established that
several furanocoumarins in grapefruit are irreversible ‘‘mechanism-based’’
inhibitors of CYP3A4 (158–166).

3.4.1. SEVILLE ORANGE JUICE

Seville orange, which is commonly found in marmalades, contained two of the
major furanocoumarins in grapefruit, bergamottin and 6’,7’-dihydroxybergamottin
(43). A clinical study testing the effect of 240 mL of Seville orange juice and dilute
grapefruit juice, which contained equivalent total molar concentrations of these two
furanocoumarins, was conducted (43). These juices increased the AUC of
felodipine to 176 and 193% compared to that with the negative control, common
orange juice, respectively. Seville orange and grapefruit juices also produced similar
changes in the pharmacokinetics of the primary metabolite, dehydrofelodipine,
consistent with the same mechanism of inactivation of intestinal CYP3A4. It was
suggested that bergamottin and/or 6’,7’-dihydroxybergamottin may be ‘‘marker
substances’’ in foods to predict this type of interaction. Moreover, marmalades
containing Seville orange may produce clinically relevant drug interactions. As a
further indicator of the role played by the furanocoumarins, a furanocoumarin-free
grapefruit juice was developed and evaluated. When tested against original
grapefruit juice and orange juice as a control in healthy volunteers taking felodipine
or cyclosporine, the AUC andCmax were only increased with the original grapefruit
juice, with no difference between furanocoumarin-free juice or control (165,166).

3.4.2. PUMMELO OR POMELO JUICE

Pummelo or pomelo (Citrus grandis (L.)) is a citrus fruit closely related to
grapefruit (Citrus paradise Macf). Fruit juice of the pummelo was found to have
substantial furanocoumarin content and to cause inhibition of CYP3A4-mediated
testosterone 6b-hydroxylation by human liver microsomes (167). Pummelo juice
250 mL augmented the AUC and Cmax of felodipine to 200 and 206% of those with
water in 12 healthy male Chinese volunteers (167). This supports yet another fruit
juice producing this type of interaction. Clinically, pummelo juice 240 mL increased
the AUC and Cmax of cyclosporine to 119.4% [p < 0.05] and 112.1% [p < 0.05],
respectively, compared to those with water (168). In a case report involving a renal
transplant patient, pummelo juice induced an increase in the blood concentrations
of another immunosuppressant, tacrolimus (169). This juice was also shown to be a
potent inhibitor of CYP2C9 with a value for 50% inhibition (IC50) for
dihydroxybergamottin much lower than for bergamottin (170).

3.4.3. LIME JUICE

Lime juice was found to contain high bergamottin content, but essentially no
6’,7’-dihydroxybergamottin (45). In a study of eight healthy volunteers assessing
the potential for a clinical drug interaction, lime and grapefruit juices had measured
concentrations of bergamottin of 100 and 25 mmol/L, respectively (45). Overall,
lime juice 250 mL at one-fourth strength caused one-third the increase in the oral
bioavailability of felodipine compared to grapefruit juice. It more than doubled the
AUC andCmax of felodipine in the two study subjects who had the greatest increase
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with grapefruit juice. Thus, lime juice and bergamottin seem to have clinical activity.
Consumption of as little as 62 mL of lime juice may produce a relevant drug
interaction in grapefruit juice-sensitive individuals.

3.4.4. POMEGRANATE JUICE

Pomegranate and grapefruit caused 50% inhibition [IC50] of in vitro CYP3A
activity at very low juice concentrations [0.61 and 0.55% strength, respectively]
under competitive conditions (78). However, only grapefruit juice produced
mechanism-based inhibition. Pomegranate juice 240 mL did not alter the
pharmacokinetics of intravenous or oral midazolam compared to water. However,
grapefruit juice 240 mL increased the AUC and Cmax of oral midazolam to 153 and
136% compared to those with water, respectively. Using carbamazepine as a probe
with the 10,11-epoxide as a marker, pomegranate juice inhibited CYP3A activity in
human liver microsomes to a similar extent as grapefruit juice in a dose-dependent
manner (171). Testing in an animal model revealed increased AUC of the parent
drug and the 10,11-epoxide with no suggestion of pomegranate juice influencing
carbamazepine absorption (171). This indicated a post-luminal effect with recovery
of enzyme activity requiring 3 days. The results provide additional support that the
ability to cause mechanism-based enzyme inhibition is an important predictor of
juice-mediated drug interactions clinically.

3.4.5. TANGERINE JUICE

Tangeretin is a flavonoid that stimulates the in vitro catalytic activity of
CYP3A4 and is found in high levels in tangerine juice. It increased the
conversion of midazolam to 10-hydroxymidazolam by up to 212% by human
liver microsomes and to 152% by recombinant CYP3A4 (172). However,
tangerine juice 200 mL did not alter the total AUC of midazolam or AUC
ratio of 10-hydroxymidazolam/midazolam. It appears that tangerine juice will
not likely have any appreciable effect on CYP3A4-mediated drug metabolism
in humans.

3.4.6. CRANBERRY JUICE

Case reports implied that cranberry juice might increase the anticoagulant effect
of warfarin (173–177). Cranberry juice or water 200 mL ingested three times daily
for 10 days was followed by concomitant administration of R- and S-warfarin,
tizanidine and midazolam, which are probes of CYP2C9, CYP1A2 and CYP3A4,
respectively (178). Cranberry juice did not alter the AUC or Cmax of the probes or
metabolites or the anticoagulant effect of warfarin. Moreover, cranberry juice 240
mL did not influence the disposition of cyclosporine (168). Cranberry
juice-mediated pharmacokinetic or pharmacodynamic interaction with warfarin
seems questionable.

3.4.7. OTHERS

Further evidence that grapefruit or other juices are not alone comes from a recent
case report describing a transplant patient experiencing significant variability in
serum cyclosporine concentrations attributed directly to ingestion of a citrus soda
considered to contain furanocoumarins (179).
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4. LIMITATIONS OF THE DATA

4.1. Incomplete List of Drugs Interacting with Grapefruit Juice

A substantial number of drugs have been assessed for an interaction with
grapefruit juice. However, there are many more medications that have not been
studied. Nevertheless, it is possible to predict the likelihood of an interaction for
other drugs. Because grapefruit juice enhances oral drug bioavailability, the
suspected medication should have an inherent absolute bioavailability that is
normally low or intermediate (<70%). Additionally, there should be accompanying
data to indicate that the drug is extensively metabolized by CYP3A4. A number of
drugs with the potential to interact with grapefruit juice have been discussed
previously.

4.2. Adverse Effects with Grapefruit Juice

The glucocorticoid, budesonide, is available as an oral controlled release
formulation designed to optimize drug delivery to the ileum and colon for the
treatment of mild to moderate symptoms of Crohn’s disease (180). Although it is
well absorbed, oral budesonide has low systemic availability ranging from 9 to 21%
as a result of extensive first-pass elimination mediated by CYP3A4 that produces
metabolites with negligible glucocorticoid activity. Grapefruit juice consumption
would very likely markedly augment the oral bioavailability of budesonide
(180,181). Although this may not produce clinically relevant problems during
acute grapefruit juice consumption, there is the concern for significant adverse
effects (hyperglycemia, Cushingoid features, adrenal suppression) associated with
chronic grapefruit juice and budesonide ingestion.

The antiplatelet agent, clopidogrel, is an irreversible inhibitor of ADP-induced
platelet aggregation and is used for secondary prevention of vascular events in
patients with a history of symptomatic atherosclerotic disease. It is rapidly
converted to at least one active metabolite, and this results in a plasma clopidogrel
concentration that is normally not detectable following oral administration.
Findings have shown that concomitant administration of a CYP3A4 inhibitor,
erythromycin or troleandomycin, attenuated platelet aggregation inhibition;
whereas, pretreatment with a CYP3A4 inducer, rifampin, enhanced the inhibition
of platelet aggregation (182). Consequently, the active metabolite(s) of clopidogrel
is likely formed by CYP3A4. Because clopidrogel has negligible oral bioavailability,
extensive presystemic metabolism by intestinal CYP3A4 might be expected.
Consequently, grapefruit juice could reduce formation of the active metabolite(s)
and attenuate the therapeutic benefit of clopidogrel.

Cyclophosphamide, ifosfamide and trofosfamide are anticancer alkylating
agents that undergo extensive metabolism to yield both active (4-hydroxylated)
and therapeutically inactive but neurotoxic (N-dechloroethylated) metabolites
mediated mainly through the action of CYP3A4 (183–186). The manufacturer of
cyclophosphamide notes that the absolute oral systemic availability is 74%.
Importantly, the alkylating activity of cyclophosphamide was 3.5-fold greater
with oral administration than that with intravenous dosing. Thus, the intestinal
tract appears to be a key site for the metabolic activation process. Consequently, the
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manufacturer recommends avoidance of grapefruit or grapefruit juice during
therapy to prevent possible impairment in the conversion of cyclophosphamide to
the active metabolite(s). Similarly, ifosfamide has been estimated to have
incomplete oral bioavailability (�37%) and to be more cancerotoxic after oral
than intravenous administration. Avoidance of grapefruit and juice is recom-
mended for cyclophosphamide, ifosfamide and possibly trofosfamide.

Darifenacin is a muscarinic (M3 selective) receptor antagonist, which is indicated
for reduction of smooth muscle contraction in patients with overactive bladder.
Although darifenacin appears to be well absorbed after administration, the mean
oral bioavailability is normally 15% from first-pass metabolism mediated by
CYP3A4 and possibly CYP2D6 (187,188). None of the major metabolites appears
to contribute to overall clinical effect. Since concomitant administration of keto-
conazole and erythromycin increased the mean Cmax of darifenacin by 9.5-fold and
2.3-fold, respectively, grapefruit juice would be predicted to produce a relevant
pharmacokinetic interaction, which would likely enhance the primary effect of the
drug and increase the frequency of dry mouth and constipation. A marked
pharmacokinetic interaction in susceptible patients may precipitate acute urinary
retention, gastrointestinal obstructive disorders, glaucoma or anti-muscarinic
effects related to cardiac, visual or cognitive function.

Ergotamine is an alkaloid used to treat migraine headache. Serious toxicity can
occur during therapy. Ergotism is a syndrome referred to as ‘‘St Anthony’s Fire’’
and is characterized by vascular ischemia and neurological compromise as a result
of excessive ergotamine concentration. Cases of gangrene and stroke have been
reported that have resulted in amputation or death. Ergotamine appears to have
low oral bioavailability and is a substrate of CYP3A4 (189). Toxicity has occurred
in patients concomitantly receiving standard doses of ergotamine with the CYP3A4
inhibitors, clarithromycin, ritonavir or triacetyloleandomycin (190). Thus, an
interaction between ergotamine and grapefruit juice appears probable, and this
combination should be avoided. Alternatively, better options than ergotamine
exist for the treatment of migraine headache, including the class of drugs known
as triptans. There does not appear to be an interaction between most drugs of this
class and grapefruit juice.

Imatinib is a protein tyrosine kinase inhibitor indicated for the treatment of
certain patients with leukemia. It has been reported to have good oral bioavail-
ability and is metabolized mainly by CYP3A4 to the N-demethylated piperazine
derivative, which has similar in vitro potency to the parent imatinib. However, co-
administration of a single dose of ketoconazole increased the mean Cmax and AUC
of imatinib by 26 and 40% in healthy subjects (191). The manufacturer recom-
mends caution when administering imatinib with inhibitors of the CYP3A4 family
(e.g., ketoconazole, erythromycin, clarithromycin, itraconazole and grapefruit
juice) as theymay decreasemetabolism and increase drug concentrations. Dasatinib
is also a CYP3A4 substrate and has a similar warning by the manufacturer.

Propafenone undergoes presystemic metabolism resulting in an absolute oral
bioavailability that ranges markedly from 3 to 40%. Normally, the major route of
elimination is metabolism byCYP2D6, and theminor route involvesmetabolism by
CYP3A4. However, the activity of CYP2D6 varies markedly among individuals.
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Genetic mutations can result in CYP2D6 activity that is substantially reduced or
absent, a phenomenon known as ‘‘genetic polymorphism’’. The frequency–activity
distribution curve of CYP2D6 is divided into two basic populations classified as
extensive (EM) or poor (PM)metabolizers. The incidence of CYP2D6 PM is 5–10%
in Caucasians and about 1% in Asians. Preliminary data indicate that CYP3A4
inhibitors, erythromycin, ketoconazole or grapefruit juice, can increase plasma
propafenone concentrations in individuals who are CYP2D6 PM (126). Symptoms
of propafenone overdose include bradycardia, hypotension, conduction
disturbances, ventricular tachycardia and/or fibrillation, somnolence or
convulsions. This may explain the adverse interaction reported in a patient taking
propafenone for 4 years who experienced convulsions 2 days after starting treat-
ment with the CYP3A4 inhibitor, ketoconazole (192). Thus, grapefruit juice may
potentially cause propafenone toxicity in individuals who are CYP2D6 PM.

Sibutramine reduces body weight by enhancing satiety and inducing
thermogenesis through inhibition of neuronal reuptake of serotonin and
noradrenaline. Sibutramine appears to undergo extensive CYP3A4-mediated pre-
systemic metabolism to active metabolites. Concomitant administration of the
CYP3A4 inhibitors, ketoconazole or erythromycin, produced mean sibutramine
Cmax that were twofold or threefold, respectively, compared to those with
sibutramine alone (193). The Cmax of at least one active metabolite was also
increased. Systolic and diastolic blood pressures and heart rate were increased
compared to sibutramine alone. Since caution is recommended for administration
of sibutramine with CYP3A4 inhibitors, it may be also appropriate to include
avoidance of grapefruit juice. As patients might consider the ‘‘grapefruit diet’’ as
an adjunct to weight reduction, this precaution appears particularly relevant.

Sirolimus (rapamycin) is an immunosuppressant with a low oral bioavailability
averaging 20% that is a substrate for CYP3A4 and P-glycoprotein (194). A single-
dose pharmacokinetic interaction study showed that the AUC and Cmax of
sirolimus with diltiazem were 160 and 143% of those with water, respectively
(195). Moreover, two case reports have demonstrated a marked increase in trough
blood concentrations of sirolimus with clarithromycin or itraconazole (196,197).
Thus, grapefruit juice would likely cause a marked increase in the oral
bioavailability of sirolimus.

5. FUTURE RESEARCH NEEDS

5.1. Other Enzymes and Fruit Juices

Although most attention has been focused on CYP3A4 given its role in
metabolism of about half of all drugs, other enzymes may also be influenced by
compounds found in fruit juices.

5.1.1. CYP1A2

Naringin is a major flavonoid in grapefruit juice that can be converted to the
aglycone naringenin. The latter compound may contribute to CYP1A2 inhibition
(198). Clinically significant interactions with CYP1A2 substrates have not been
documented.
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5.1.2. CYP2C9

Both grapefruit juice and pummelo juice were evaluated for their inhibitory
influence on CYP2C9 at juice concentrations of 25, 5 and 1% (170). Grapefruit
juice (1% dilution) inhibited CYP2C9 by 48%, but the same dilution of pummelo
juice resulted in 74% inhibition. At higher concentrations, CYP2C9 inhibition was
complete for both juices. The IC50 values of the furanocoumarins for CYP2C9 were
lower than they were for CYP3A4. This included paradisin A (0.18 mmol/L),
dihydroxybergamottin (1.58 mmol/L) and bergamottin (4.51 mmol/L) (170).

5.1.3. CYP2D6

Both grapefruit juice and pummelo juice were evaluated for their inhibitory
influence on CYP2D6 at juice concentrations of 25, 5 and 1% (170). Pummelo
juice (1% dilution) inhibited CYP2D6 poorly at �13%, while grapefruit juice was
even less inhibitory. At the highest juice concentration (25% dilution), CYP2D6
inhibition was 73–90% with grapefruit and pummelo juice. The IC50 values of
the furanocoumarins for CYP2D6 were 0.30 mmol/L (paradisin A), 5.63 mmol/L
(dihydroxybergomottin) and 11.74 mmol/L (bergamottin) (170).

5.1.4. ESTERASES

Grapefruit juice inhibits esterase activity and can influence the activation of ester
prodrugs such as enalapril and lovastatin (199). The flavonoids (e.g., kaempferol
and naringenin) in grapefruit juice have been identified as being responsible, at least
in part, for the inhibitory effect on esterase activity (200). This would have the
potential to increase bioavailability of enalaprilat and lovastatin acid.

5.1.5. UGT1A1

Uridine diphosphate glucuronosyl transferases (UGT) catalyze drug conjugation
reactions. Among the 4 UGT gene families, UGT1A enzymes conjugate several
endogenous (e.g., bilirubin) and exogenous (e.g., carvedilol) compounds.
Polymorphisms of UGT1A1 include UGT1A1*28 (7 TA repeats) resulting in
lower levels of conjugated metabolites. Findings from an epidemiologic study
suggest that citrus fruit consumption may increase the activity of UGT1A1*28
(200a) based on lower serum bilirubin. It remains to be seen whether this will be
clinically relevant for medication.

5.2. Drug Transporters and Fruit Juices

Drug transporters can be generally separated into twomajor classes – uptake and
efflux transporters (201–206) (see Chapter 3). Members of the solute carrier (SLC)
superfamily are uptake transporters that facilitate the translocation of drugs into
cells. They comprise the organic anion transporting polypeptides (OATPs), organic
anion transporters (OATs), organic cation transporters (OCTs), organic cation/
carnitine transporters (OCTNs) and peptide transporters (PEPTs). The efflux
transporters export drugs from the intracellular to the extracellular environment.
Members of this ATP-binding cassette (ABC) superfamily can pump drugs out of
the cell against a marked concentration gradient. They comprise the P-glycoprotein
family (P-glycoprotein or MDR1), the bile salt export pump (BSEP), multidrug
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resistance-associated protein family (MRP1, MRP2 and MRP3) and the breast
cancer resistance protein (BCRP). Several furanocoumarins and flavonoids found
in fruit juices are likely more potent inhibitors of OATP than P-glycoprotein.

5.2.1. P-GLYCOPROTEIN

P-glycoprotein was first observed in tumour cells and caused resistance to
chemotherapeutic agents. Subsequently, it was shown to play an important physio-
logical role. P-glycoprotein is located in a number of tissues where it can affect both
drug elimination (gastrointestinal tract, liver and kidney) and drug distribution
(brain and testes). Regarding the systemic availability of drugs, P-glycoprotein is
located on the luminal surface of epithelial cells of the small intestine and the bile
canalicular membrane of the liver, where it can limit absorption from the gut and
facilitate first-pass removal into bile.

The clinical effect of grapefruit juice on P-glycoprotein has not been extensively
documented. However, grapefruit juice did modestly enhance the oral bioavailability
of the non-metabolized P-glycoprotein substrate, digoxin, to 109% [p=0.01]
compared to that with water in humans (207). This small increase prompted the
authors to conclude that grapefruit juice did not produce meaningful inhibition of
presystemic intestinal or hepatic P-glycoprotein activity. However, digoxin normally
has anoral bioavailability of 70–80%.Thus, inhibition of P-glycoprotein at these sites
would not be expected to enhance the oral absorption of digoxin markedly.

The issue of the effect of grapefruit juice on the clinical activity of P-glycoprotein
is currently difficult to assess due to the lack of an established ideal probe. Such a
probe would possess the profile of good safety, low inherent oral bioavailability and
disposition determined nearly entirely by P-glycoprotein. The angiotensin II
receptor blockers, candesartan, eprosartan, telmisartan and valsartan, are relatively
safe and have been reported to have absolute oral bioavailabilities of 15, 13, 43 and
23%, respectively. They are excreted essentially unchanged. Biliary clearance
appears to be important for systemic elimination. Since P-glycoprotein at the bile
canalicular membrane likely plays an important role, one of these drugs might
prove to be an appropriate probe to study the effect of grapefruit juice on the
activity of presystemic P-glycoprotein. However, this has yet to be determined.

In addition to lack of clinical data on the effect of grapefruit juice on
P-glycoprotein-mediated drug absorption, this juice also did not appear to alter
the intestinal expression of P-glycoprotein in humans (4,208). If grapefruit juice
were subsequently shown to inhibit presystemic P-glycoprotein activity, the
mechanism would likely be different from that involved in inactivation of
CYP3A4. Flavonoid content (e.g., nobiletin, tangeritin) of orange juice may be
involved in P-glycoprotein inhibition based on a Caco-2 cell model (166).

5.2.2. ORGANIC ANION TRANSPORTING POLYPEPTIDES (OATPS)

Passive diffusion has previously been considered the major method for drug
uptake. However, more recent findings indicate that drug transporters including
the OATPs appear to play an important role. In the small intestine, OATP
transporters are located on the luminal membrane of enterocytes and enable drug
uptake from the gastrointestinal tract into the portal circulation. In the liver, they
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are found on the sinusoidal membrane and facilitate the movement of drug from the
portal circulation into hepatocytes. Thus, these transporters have the potential to
affect the systemic availability of certain medications. Recently, OATP1A2 (OATP-A)
was found in healthy human small intestine (208). It was co-localized with
P-glycoprotein to the apical membrane of enterocytes and detected along the whole
crypt–villus axis with the greatest expression at the villus tip.

The non-sedating antihistamine, fexofenadine, is a zwitterion possessing pro-
nounced polarity over a wide pH range from uninterrupted ionization. It is
exceptionally hydrophilic, which would likely greatly impede passive drug diffusion
from the gut into the portal circulation (209). It is also chemically stable and undergoes
negligible metabolism in humans. Fexofenadine was identified as a substrate for
P-glycoprotein-mediated efflux (201–206). Additionally, it was found to undergo
cellular uptake by human OATP1A2 (210). Moreover, OATP1A2 was the only
humanuptake carrier capable of fexofenadine transport (208). Clinically, fexofenadine
has an estimatedmean absolute oral bioavailability of 33%,which appears to be largely
dependent on the interplay of P-glycoprotein and OATP1A2 in the small intestine and
liver. Consequently, fexofenadine is likely auseful probe to assess the effect of inhibitors
on the in vitro and clinical activities of P-glycoprotein and OATP1A2.

Grapefruit juice was assessed for in vitro effect on transport activity (211). This
juice at 5% normal strength, which maintained cellular integrity, essentially nulli-
fied fexofenadine uptake by human OATP1A2. Moreover, grapefruit at one-tenth
this concentration (0.5% normal strength) caused more than 50% reduction. In
contrast, grapefruit juice at 5% normal strength did not alter digoxin transport.
Thus, grapefruit juice at low juice concentration produced substantial and
preferential inhibition of OATP1A2 compared to P-glycoprotein drug transport.

The initial study in human subjects tested the effect of a relatively high volume of
grapefruit juice (1200 mL ingested over a 3 h period), in order to assess possible
maximal clinical effect (211). It decreased the oral systemic availability of fexo-
fenadine to 33% of that observed with water. Volume–effect relationships were
evaluated subsequently (209). Grapefruit juice 300 mL decreased the AUC and
Cmax of fexofenadine to 58 and 53%, respectively. Consequently, a single and more
commonly consumed volume of grapefruit juice had the potential to diminish oral
drug bioavailability sufficiently to be pertinent clinically.

Clinical mechanisms of the interaction might include reduced fexofenadine (1)
dissolution from the tablet, (2) transfer from the stomach to the intestinal site of
absorption, (3) passage through the intestinal wall into the portal circulation and/or
(4) conveyance through the liver into the systemic circulation. Because of the
physiochemical properties of fexofenadine, it seemed unlikely that decreased drug
dissolution was a logical basis for the interaction. Since the tmax values of
fexofenadine were not different among treatments, reduced transit of drug from
the stomach to the intestinal site of absorption was also a doubtful cause. Given that
fexofenadine has high polarity and ionization over a wide pH range, it might be
predicted that passive diffusion through the intestinal wall would be normally
negligible. Consequently, the absorption of fexofenadine from the small intestine
into the portal circulation would likely depend on the (1) innate activities of
OATP1A2 relative to P-glycoprotein and/or (2) duration of exposure of
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fexofenadine to these transporters. Thus, an effect of the juice to reduce either could
be an explanation for the interaction. Moreover, OATP1A2 has not been detected
in the liver and inhibition of it or P-glycoprotein there would tend to increase, rather
than to decrease, systemic drug availability.

If the mechanism were to involve inhibition of intestinal OATP1A2, the likely
cause would be specific ingredients in the juice. In vitro screening showed that
naringin, which is the foremost flavonoid (subclass: flavanone) in grapefruit juice,
caused concentration-dependent inhibition of humanOATP1A2with half-maximal
inhibition (IC50) of 3.6 mmol/L (212). Naringin IC50 was essentially 600-fold lower
than that causing equivalent in vitro inhibition of P-glycoprotein and 300-fold less
than the concentration often found in grapefruit juice. Thus, a flavanone in
grapefruit juice might be the chief causative constituent.

Naringin has been used commercially in certain food products and given safely as
the pure substance to humans in several studies (41,59). Thus, an aqueous solution
of naringin at the same concentration as that measured in the tested grapefruit juice
(1200 mmol/L) was investigated (212). The aqueous solution of pure naringin and
grapefruit juice (300 mL) decreased mean fexofenadine bioavailability to 75% (p <
0.05) and 55% (p < 0.001) of that with water, respectively. Thus, naringin was
clinically active and accounted for about half the reduction observedwith grapefruit
juice. It appears to be the first reported dietary constituent to modulate drug
transport in humans and to have sufficient safety, selectivity and clinical activity
to be an inhibitor probe of intestinal OATP1A2 activity.

This research into the interaction between grapefruit juice and fexofenadine
supported a newmechanism of food–drug interactions. Grapefruit juice also decreased
the oral bioavailability of other medications, indicating that this type of interaction
may be relevant to a wide range of medications (Table 4). These included the
non-metabolized and hydrophilic beta-blockers, acebutolol, celiprolol and talinolol
(212a,213,214). Grapefruit juice additionally reduced the oral bioavailability of the
anticancer agent, etoposide, and the hormone, thyroxine, which raises the additional
clinical concern of loss of or reduced efficacy of medications essential for the treatment
of serious medical conditions (215,215a). Furthermore, acebutolol, celiprolol and
thyroxine undergo in vitro uptake transport mediated by OATP1A2 (215b,215c).

5.2.3. OTHER FRUIT JUICES

5.2.3.1. Orange Juice. Orange juice was evaluated for inhibitory effect on in vitro
drug transport activity (211). At 0.5% normal strength, it caused more than 50%
reduction of uptake transport of fexofenadine by human OATP1A2. Ten times higher
concentrationof orange juicewas required for the equivalent 50% lower efflux transport
of digoxin by P-glycoprotein. Thus, orange juice at low juice concentration also pro-
duced substantial and preferential inhibition of OATP1A2 compared to P-glycoprotein
drug transport. Moreover, the major flavanone in orange juice, hesperidin, caused
concentration-dependent inhibition of human OATP1A2 with an IC50 of 2.7 mmol/L,
which is about 40-fold less than the concentration often found in this juice (212).

Orange juice at relatively high volume (1200 mL ingested over a 3 h period)
decreased the oral systemic availability of fexofenadine to 28% of that observed
with water (211). Such a large volume used to assess maximum clinical effect might
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raise the possibility that mechanisms other than direct inhibition of intestinal
OATP1A2 play a major role. For example, the osmotic effect of non-specific
ingredients in the juice might retain fluid in the gastrointestinal tract. The result
could be decreased exposure to OATP1A2 from the combination of reduced intes-
tinal drug concentration and transit time.

Orange juice not only reduced the oral bioavailability of fexofenadine but other
studies have shown that a more typical amount of juice significantly decreased the
systemic availability of a range of other drugs (Table 4). These include atenolol,
celiprolol, ciprofloxacin, clofazimine, itraconazole and levofloxacin (216–221).
Since atenolol, celiprolol, ciprofloxacin and levofloxacin undergo OATP1A2-
mediated transport, the interaction appears likely to involve inhibition of intestinal
OATP1A2 (215b,221a). An ethyl acetate extract of orange juice as well as several
isolated components (e.g. heptamethoxyflavone, nobiletin and tangeretin) inhibited
the efflux of vinblastine via P-glycoprotein and the efflux of saquinavir viaMPR2 in
an intestinal cell culture system (222).

5.2.3.2. Apple Juice. Apple juice produced a much different effect on in vitro
drug transport compared to grapefruit juice or orange juice (211). At 5% normal
strength, apple juice only reduced OATP1A2-mediated fexofenadine uptake to about
70% and increased P-glycoprotein-mediated digoxin efflux transport to 125% of
those of control. Moreover, a single major flavonoid in apple juice is not readily
apparent. Despite these in vitro findings, apple juice at relatively high volume (1200
mL ingested over a 3 h period) markedly decreased the oral systemic availability of

Table 4
Drugs with Decreased Oral Bioavailability with Fruit Juices from Possible
Inhibition of Intestinal OATP1A2

Grapefruit Juice
Acebutolol (212a)
Celiprolol (206)
Fexofenadine (202,204,205)
Etoposide (208)
Talinolol (207)
Thyroxine (215a)

Orange Juice
Atenolol (209)
Celiprolol (210)
Ciprofloxacin (211)
Clofazimine (212)
Fexofenadine (204)
Itraconazole (213)
Levofloxacin (214)

Apple Juice
Cyclosporine (215)
Fexofenadine (204)
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fexofenadine to 23% of that observed with water (211). Thus, the mechanism of
action of apple juice is not clear. However, apple juice has also been shown to cause a
clinically relevant reduction in the oral bioavailability of cyclosporine (223).

6. CLINICAL RECOMMENDATIONS

Drug-related issues such as pharmacokinetics, mechanism of elimination and tox-
icity play critical roles when assessing potential risk of an interaction with grapefruit
juice. If a medication has low oral bioavailability from high presystemic metabolism
mediated byCYP3A4and can produce serious overdose toxicity, it appearsmandatory
to advise against concomitant consumption of grapefruit juice. Although this may not
cause altered drug response in most instances, it is often difficult to predict. Conse-
quently, avoiding the combination will definitely prevent toxicity. Also, alternative
medications that don’t interact with grapefruit juice are often available.

Patient-related issues affect the clinical importance of the interaction. The mag-
nitude of pharmacokinetic interaction is normally markedly variable. For example,
felodipine AUCwith grapefruit juice can range from no change to at least eightfold
that with water among individuals (3,4,14,39,45,224). Moreover, the magnitude of
this effect appears to be substantially reproducible within individuals, at least within
a 1-month interval of retesting (39). In this case, factors inherent to the individual
accounted for essentially half the variability in the extent of the interaction. Since
subjects with the highest amount of intestinal CYP3A4 before consuming grapefruit
juice were the ones that showed the greatest increase in plasma felodipine concen-
tration, this is likely one logical and important factor (4). Unfortunately, there are
no routine clinical tests available to estimate the extent of pharmacokinetic
interaction before exposure. Pre-existing medical conditions can also affect clinical
response. For example, dihydropyridines produce an antihypertensive effect
dependent on pretreatment blood pressure. The greatest reduction in blood pres-
sure occurs in patients with the highest pretreatment blood pressure (151,225).
These patients are likely at greater risk of developing cardiovascular ischemic
symptoms with the combination of a dihydropyridine and grapefruit juice. Age
appears to affect susceptibility to drug interactions as well. For example, elderly
patients have demonstrated enhanced antihypertensive effect to dihydropyridines
compared to younger individuals (2,5). As mentioned previously, this may result
from reduced autonomic responsiveness from age-related decreased baroreceptor
sensitivity (150). Since the elderly are the group most often prescribed medications
and are major consumers of grapefruit juice, the potential for a relevant unwanted
grapefruit juice–drug interaction in this population appears substantial.

Administration-related issues require consideration as well. First, grapefruit juice
appears to have the potential to interact only with drugs that are administered orally
(13,94). Second, commercial white grapefruit juice from frozen concentrate,
diluted from concentrate or fresh frozen has been shown to interact with felodipine
(1–5,13–15,39–50). Segments from unprocessed grapefruit can do the same (11).
Thus, any form of grapefruit should be considered to produce a drug interaction.
Third, consumption of as little as a single glass of a normal amount of regular-
strength grapefruit juice (200 mL) can produce a clinically relevant increase in oral
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drug bioavailability (3,15,40). Since administration of the same volume of
double-strength juice did not substantially enhance this effect, it appears that just
200 mL of regular-strength grapefruit juice can produce near-maximal acute
pharmacokinetic interaction (40). Fourth, chronic consumption of a normal
amount of grapefruit juice several times daily should be considered to produce a
cumulative inhibitory effect on intestinal CYP3A4 and enhance the magnitude of
the drug interaction (4). Fifth, high consumption of grapefruit juice may also
inhibit hepatic CYP3A4 (83). Sixth, the amount of active ingredient(s) in grapefruit
may vary among batches and lots that may affect reproducibility of the interaction
(155). Seventh, grapefruit juice has a very long duration of action (15–18). A glass
of grapefruit juice consumed yesterday has the potential to augment the oral
bioavailability of drug administered today. Thus, it is recommended that grapefruit
juice consumption should best be avoided entirely during pharmacotherapy, rather
than just for concomitant juice and drug administration, when there is a concern for
drug toxicity from excessive plasma drug concentration.

Continued study of fruit and juice contents (226,227) as well as the influence of
those compounds on drug metabolism and transport (198) is clearly necessary.
Recommendations regarding other juices must await further clinical data.

DISCUSSION POINTS

Grapefruit can increase the oral bioavailability of certain drugs.

� Discuss the mechanism of the interaction and inherent characteristics of affected
drugs.

� Discuss factors determining the clinical importance of such a pharmacokinetic
interaction and several specific interactions that are known to be particularly
clinically important.

� Discuss approaches to avoid clinically relevant grapefruit–drug interactions.

Other fruit juices have the potential to augment the oral bioavailability of
drugs affected by grapefruit juice.

� Discuss the common active ingredients that these other fruit juices have with
grapefruit juice.

� Name the other fruit juices that have been shown to have this effect.
� Name the fruit juices that have been demonstrated not to have this effect.

Grapefruit and other juices can also decrease the oral bioavailability of differ-
ent drugs.

� Discuss possible mechanisms that cause this interaction and the inherent
characteristics of affected drugs.

� Discuss circumstances when a reduction in oral drug bioavailability can be
particularly clinically relevant.

� Name the other fruit juices that have been shown to decrease oral drug
bioavailability.

� Discuss what may be common active ingredients in grapefruit and other fruit
juices.

Chapter 10 / Fruit Juices–Drug Interactions 291



REFERENCES

1. Bailey DG, Spence JD, Edgar B, Bayliff CD, Arnold JMO. Ethanol enhances the hemodynamic

effects of felodipine. Clin Investig Med 1989;12:357–362.
2. Bailey DG, Spence JD, Munoz C, Arnold JMO. Interaction of citrus juices with felodipine and

nifedipine. Lancet 1991;337:268–269.
3. Bailey DG, Arnold JMO, Spence JD. Grapefruit juice–drug interactions. Br J Clin Pharmacol

1998;46:101–110.
4. Lown KS, Bailey DG, Fontana RJ, et al. Grapefruit juice increases felodipine oral availability in

humans by decreasing intestinal CYP3A protein expression. J Clin Invest 1997;99:2545–2553.
5. Dresser GK, Bailey DG, Carruthers SG. Grapefruit juice–felodipine interaction in the elderly.

Clin Pharmacol Ther 2000;68:28–34.
6. Levy RH, Thummel KE, Trager WF, Hansten PD, Eichelbaum M. Metabolic drug interactions.

1st ed. Philadelphia, PA: Lippincott Williams & Wilkins, 2000.
7. Guengerich FP. Cytochrome P-450 3A4: regulation and role in drug metabolism. Annu Rev

Pharmacol Toxicol 1999;39:1–17.
8. Dresser GK, Spence JD, Bailey DG. Pharmacokinetic-pharmacodynamic consequences and

clinical relevance of cytochrome P450 3A4 inhibition. Clin Pharmacokinet 2000;38:41–57.
9. Dresser GK, Bailey DG. A basic conceptual and practical overview of interactions with highly

prescribed drugs. Can J Clin Pharmacol 2002;9:191–198.
10. Edgar B, Regardh CG, Johnsson G, et al. Felodipine kinetics in healthy man. Clin Pharmacol

Ther 1985;38:205–211.
11. Bailey DG, Dresser GK, Kreeft JH, Munoz C, Freeman DJ, Bend JR. Grapefruit-felodipine

interaction: effect of unprocessed fruit and probable active ingredients. Clin Pharmacol Ther

2000;68:468–477.
12. Peynaus D, Charpiat B, Vial T, Gallavardin M, Ducerf C. Tacrolimus severe overdosage after

intake of masked grapefruit in orange marmalade. Eur J Clin Pharmacol 2007;63:721–722.
13. Lundahl J, Regardh CG, Edgar B, Johnsson G. Effects of grapefruit juice ingestion – pharmaco-

kinetics and haemodynamics of intravenously and orally administered felodipine in healthy men.

Eur J Clin Pharmacol 1997;52:139–145.
14. Bailey DG, Bend JR, Arnold JMO, Tran LT, Spence JD. Erythromycin-felodipine interaction:

magnitude, mechanism, and comparison with grapefruit juice. Clin Pharmacol Ther

1996;60:25–33.

15. Lundahl J, Regardh CG, Edgar B, Johnsson G. Relationship between time of intake of grapefruit

juice and its effect on pharmacokinetics and pharmacodynamics of felodipine in healthy subjects.

Eur J Clin Pharmacol 1995;49:61–67.
16. Takanaga H, Ohnishi A, Murakami H, et al. Relationship between time after intake of grapefruit

juice and the effect on the pharmacokinetics and pharmacodynamics of nisoldipine in healthy

subjects. Clin Pharmacol Ther 2000;67:201–214.
17. Lilja JJ, Kivisto KT, Neuvonen PJ. Duration of effect of grapefruit juice on the pharmacokinetics

of the CYP3A4 substrate simvastatin. Clin Pharmacol Ther 2000;68:384–390.
18. Greenblatt DJ, vonMoltke LL,Harmatz JS, et al. Time course of recovery of cytochrome P4503A

function after single doses of grapefruit juice. Clin Pharmacol Ther 2003;74:121–129.
19. Nagy J, Schipper HG, Koopmans RP, Butter JJ, Van Boxel CJ, Kager PA. Effect of grapefruit

juice or cimetidine coadministration on albendazole bioavailability. Am J Trop Med Hyg

2002;66:260–263.

20. van Agtmael MA, Gupta V, van der Wosten TH, Rutten JP, van Boxtel CJ. Grapefruit juice

increases the bioavailability of artemether. Eur J Clin Pharmacol 1999;55:405–410.

21. van AgtmaelMA,Gupta V, van der Graaf CA, van Boxtel CJ. The effect of grapefruit juice on the

time-dependent decline of artemeter plasma levels in healthy subjects. Clin Pharmacol Ther

1999;66:408–414.
22. El-Lakkany NM, Seif el-Din SH, Badawy AA, Ebeid FA. Effect of artemether alone and in

combination with grapefruit juice on hepatic drug-metabolizing enzymes and biochemical aspects

in experimental Schistosoma mansoni. Int J Parasitol 2004;34:1405–14712.

292 Part III / Influence of Food, Nutrients, or Supplementation



23. Kanazawa S, Ohkubo T, Sugawara K. The effects of grapefruit juice on the pharmacokinetics of

erythromycin. Eur J Clin Pharmacol 2001;56:799–803.

24. Charbit B, Becquemont L, Lepere B, Peytavin G, Funck-Bretano C. Pharmacokinetic and

pharmacodynamic interaction between grapefruit juice and halofantrine. Clin Pharmacol Ther

2002;72:514–523.
25. Castro N, Jung H, Medina R, Gonzalez-Esquivel D, Lopez M, Sotelo J. Interaction between

grapefruit juice and praziquantel in humans. Antimicrob Agents Chemother 2002;46:1614–1616.
26. Cuong BT, Binh VQ,Dai B, et al. Does gender, food or grapefruit juice alter the pharmacokinetics

of primaquine in healthy subjects? Br J Clin Pharmacol 2006;61:682–689.
27. Kupferschmidt HH, Fattinger KE, Ha HR, Follath F, Krahenbuhl S. Grapefruit juice enhances

the bioavailability of the HIV protease inhibitor saquinavir in man. Br J Clin Pharmacol

1998;45:355–359.
28. Varis T, Kivisto KT, Neuvonen PJ. Grapefruit juice can increase the plasma concentrations of

oral methylprednisolone. Eur J Clin Pharmacol 2000;56:489–493.
29. Lilja JJ, Kivisto KT, Neuvonen PJ. Grapefruit juice increases serum concentrations of

atorvastatin and has no effect on pravastatin. Clin Pharmacol Ther 1999;66:118–127.
30. Ando H, Tsuruoka S, Yanagihara H, et al. Effects of grapefruit juice on the pharmacokinetics of

pitavastatin and atorvastatin. Br J Clin Pharmacol 2005;60:494–497.
31. Fukazawa I, Uchida N, Uchida E, Yasuhara H. Effects of grapefruit juice pharmacokinetics of

atorvastatin and pravastatin in Japanese. Br J Clin Pharmacol 2004;57:448–455.
32. Kantola T, Kivisto KT, Neuvonen PJ. Grapefruit juice greatly increases serum concentrations of

lovastatin and lovastatin acid. Clin Pharmacol Ther 1998;63:397–402.
33. Rogers JD, Zhao J, Liu L, Amin RD, et al. Grapefruit juice has minimal effects on plasma

concentrations of lovastatin-derived 3-hydroxy-3-methylglutaryl coenzyme A reductase

inhibitors. Clin Pharmacol Ther 1999;66:358–366.
34. BaileyDG,DresserGK.Grapefruit juice – lovastatin interaction. Clin Pharmacol Ther 2000;67:690.
35. Lilja JJ, Kivisto KT, Neuvonen PJ. Grapefruit juice–simvastatin interaction: effect on serum

concentrations of simvastatin, simvastatin acid, and HMG-CoA reductase inhibitors. Clin

Pharmacol Ther 1998;64:477–483.
36. Lilja JJ, Neuvonen M, Neuvonen PJ. Effects of regular consumption of grapefruit juice on the

pharmacokinetics of simvastatin. Br J Clin Pharmacol 2004;58:56–60.
37. Libersa CC, Brique SA,Motte KB, et al. Dramatic inhibition of amiodarone metabolism induced

by grapefruit juice. Br J Clin Pharmacol 2000;49:373–378.
38. SmithKline Beecham Pharmaceuticals. Coreg Product Monograph. Oakville, Ontario, 1999.
39. Bailey DG, Arnold JMO, Bend JR, Tran LT, Spence JD. Grapefruit juice–felodipine interaction:

reproducibility and characterization with the extended release drug formulation. Br J Clin

Pharmacol 1995;40:135–140.
40. Edgar B, Bailey DG, Bergstrand R, Johnsson G, Regardh CG. Acute effects of drinking

grapefruit juice on the pharmacokinetics and pharmacodyanmics of felodipine – and its potential

clinical relevance. Eur J Clin Pharmacol 1992;42:313–317.

41. Bailey DG, Arnold JMO, Munoz C, Spence JD. Grapefruit juice–felodipine interaction:

mechanism, predictability and effect of naringin. Clin Pharmacol Ther 1993;53:637–642.

42. Bailey DG, Kreeft JH, Munoz C, Freeman JD, Bend JR. Grapefruit juice–felodipine interaction:

effect of naringin and 6’,7’-dihydroxybergamottin in humans. Clin Pharmacol Ther 1998;64:248–256.

43. Malhotra S, Bailey DG, Paine MF, Watkins PB. Seville orange juice–felodipine interaction:

comparison with dilute grapefruit juice and involvement of the furanocoumarins. Clin Pharmacol

Ther 2001;69:14–23.
44. Dresser GK, Wacher V, Wong S, Wong HT, Bailey DG. Evaluation of peppermint oil and

ascorbyl palmitate as inhibitors of CYP3A4 activity in vitro and in vivo. Clin Pharmacol Ther

2002;72:247–255
45. Bailey DG, Dresser GK, Bend JR. Bergamottin, lime juice and red wine as inhibitors of CYP3A4

activity: comparison with grapefruit juice. Clin Pharmacol Ther 2003;73:529–537.
46. Goosen TC, Cillie D, Bailey DG, et al. Bergamottin contribution to the grapefruit juice–felodipine

interaction and disposition in humans. Clin Pharmacol Ther 2004;76:607–617.

Chapter 10 / Fruit Juices–Drug Interactions 293



47. Guo LQ, Chen QY, Wang X, et al. Different roles of pummelo furanocoumarin and cytochrome

P450 3A5*3 polymorphism in the fate and action of felodipine. Curr Drug Metab 2007;8:623–630.

48. Paine MF, Widmer WW, Hart HL, et al. A furanocoumarin-free grapefruit juice establishes

furanocoumarins as the mediators of the grapefruit juice–felodipine interaction. Am J Clin Nutr

2006;83:1097–1105.
49. Kakar SM, Paine MF, Stewart PW, Watkins PB. 6’7’-Dihydroxybergamottin contributes to the

grapefruit juice effect. Clin Pharmacol Ther 2004;75:569–579.
50. Lundahl JU, Regardh CG, Edgar B, Johnsson G. The interaction effect of grapefruit juice is

maximal after the first glass. Eur J Clin Pharmacol 1998;54:75–781.
51. Uno T, Ohkubo T, Motomura S, Sugawara K. Effect of grapefruit juice on the disposition of

manidipine enantiomers in healthy subjects. Br J Clin Pharmacol 2006;61:533–537.
52. Rashid J, McKinstry C, Renwick AG, Dirnhuber M, Waller DG, George CF. Quercetin, an in

vitro inhibitor of CYP3A, does not contribute to the interaction between nifedipine and grapefruit

juice. Br J Clin Pharmacol 1993;36:460–463.
53. Rashid TJ, Martin U, Clarke H, Waller DG, Renwick AG, George CF. Factors affecting the

absolute bioavailability of nifedipine. Br J Clin Pharmacol 1995;40:51–58.
54. Sigush H, Hippius M, Henschel L, Kaufmann K, Hoffmann A. Influence of grapefruit juice on

the pharmacokinetics of a slow release nifedipine formulation. Pharmazie 1994;49:522–524.
55. Pisarik P. Blood pressure-lowering effect of adding grapefruit juice to nifedipine and terazosin in a

patient with severe renovascular hypertension. Arch Fam Med 1996;5:413–416.
56. Adigun AQ, Mudasiru Z. Clinical effects of grapefruit juice–nifedipine interaction in a

54-year-old Nigerian: a case report. J Natl Med Assoc 2002;94:276–278.
57. uhr U, Maier-Bruggemann A, Blume H, et al. Grapefruit juice increases oral nimodipine

bioavailability. Int J Clin Pharmacol Ther 1998;36:126–132.
58. Uno T, Ohkubo T, Sugawara K, Higashiyama A, Motomura S, Ishizaki T. Effect of grapefruit

juice on the stereoselective disposition of nicardipine in humans: evidence for dominant

presystemic elimination at the gut site. Eur J Clin Pharmacol 2000;56:643–649.
59. Bailey DG, Arnold JMO, Strong HA, Munoz C, Spence JD. Effect of grapefruit juice and

naringin on nisoldipine pharmacokinetics. Clin Pharmacol Ther 1993;54:589–594.
60. Ohtani M, Kawabata S, Kariva S, et al. Effect of grapefruit pulp on the pharmacokinetics of the

dihydropyridine calcium antagonists nifedipine and nisoldipine. Yakugaku Zasshi 2002;122:323–329.
61. Soons PA, Vogels BAPM, Roosemalen MCM, et al. Grapefruit juice and cimetidine inhibit

stereoselective metabolism of nitrendipine in man. Clin Pharmacol Ther 1991;50:394–403.
62. ailey DG, Munoz C, Arnold JMO, Strong HA, Spence JD. Grapefruit juice and naringin

interaction with nitrendipine. (Abstract). Clin Pharmacol Ther 1992;51:156.
63. Jetter A, Kinzig-Schippers M, Walchner-Bonjean M, et al. Effects of grapefruit juice on the

pharmacokinetics of sildenafil. Clin Pharmacol Ther 2002;71:21–29.
64. Zaidenstein R, Dishi V, Gips M, et al. The effect of grapefruit juice on the pharmacokinetics of

orally administered verapamil. Eur J Clin Pharmacol 1998;54:337–340.
65. Ho PC, Ghose K, Saville D, Wanwimolruk S. Effect of grapefruit juice on pharmacokinetics and

pharmacodynamics of verapamil enantiomers in healthy volunteers. Eur J Clin Pharmacol

2000;56:693–698.

66. Fuhr U, Muller-Peltzer H, Kern R, et al. Effects of grapefruit juice and smoking on verapamil

concentrations in steady state. Eur J Clin Pharmacol 2002;58:45–53.

67. Kharasch ED, Walker A, Hoffer C, Sheffels P. Intravenous and oral alfentanil as in vivo probes

for hepatic and first-pass cytochrome P450 3A activity: noninvasive assessment by use of papillary

miosis. Clin Pharmacol Ther 2004;76:452–466.
68. Lilja JJ, Kivisto KT, Backman JT, Lamberg TS, Neuvonen PJ. Grapefruit juice substantially

increases plasma concentrations of buspirone. Clin Pharmacol Ther 1998;64:655–660.
69. Garg SJ, Kumar N, Bhargava VK, Prabhakar SK. Effect of grapefruit juice on carbamazepine

bioavailability in patients with epilepsy. Clin Pharmacol Ther 1998;64:286–298.
70. DiMarco MP, Edwards DJ, Wainer IW, Ducharme MP. The effect of grapefruit juice and Seville

orange juice on the pharmacokinetics of dextromethorphan: the role of gut CYP3A and

P-glycoprotein. Life Sci 2002;71:1149–1160.

294 Part III / Influence of Food, Nutrients, or Supplementation



71. Ozedemir M, Aktan Y, Boydag BS, Cingi MI, Musmul A. Interaction between grapefruit juice

and diazepam in humans. Eur J Drug Metab Pharmacokinet 1998;23:55–59

72. Hori H, Yoshimura R, Nobuhisa U, et al. Grapefruit juice–fluvoxamine interaction: Is it risky or

not. J Clin Pyschopharmacol 2003;23:422–424.

73. Benmebarek M, Devaud C, Gex-Fabry M, et al. Effects of grapefruit juice on the

pharmacokinetics of the enantiomers of methadone. Clin Pharmacol Ther 2004;76:55–63.

74. Kupferschmidt HHT, Ha HR, Ziegler WH, Meir PJ, Krahenbuhl S. Interaction between

grapefruit juice and midazolam in humans. Clin Pharmacol Ther 1995;58:20–28.

75. Andersen V, Pedersen N, Larsen NE, Sonne J, Larsen S. Intestinal first pass metabolism of

midazolam in liver cirrhosis – effect of grapefruit juice. Br J Clin Pharmacol 2002;54:120–124.

76. Veronese ML, Gillen LP, Burke JP, et al. Exposure-dependent inhibition of intestinal and hepatic

CYP3A4 in vivo by grapefruit juice. J Clin Pharmacol 2003;43:831–839.

77. Chaobal HN, Kharasch ED. Single-point sampling for assessment of constitutive, induced, and

inhibited cytochrome P450 3A activity with alfentanil or midazolam. Clin Pharmacol Ther

2005;78:529–539.
78. Farkas D, Oleson LE, Zhao Y, et al. Pomegranate juice does not impair clearance of oral or

intravenous midazolam, a probe for cytochrome P450 3A activity: comparison with grapefruit

juice. J Clin Pharmacol 2007;47:286–294.
79. Sugimoto K, Araki N, Ohmori M, et al. Interaction between grapefruit juice and hypnotic drugs:

comparison of triazolam and quazepam. Eur J Clin Pharmacol 2006;62:209–215.
80. Ebert U, Oertel R, Kirch W. Influence of grapefruit juice on scopolamine pharmacokinetics and

pharmacodynamics in healthymale and female subjects. Int J Clin Pharmacol Ther 2000;38:523–531.
81. Lee AJ, Chan WK, Harralson AF, Buffum J, Bui BC. The effects of grapefruit juice on sertraline

metabolism: an in vitro and in vivo study. Clin Ther 1999;21:1890–1899.
82. Hukkinen SK, Varhe A, Olkkola KT, Neuvonen PJ. Plasma concentrations of triazolam are

increased by concomitant ingestion of grapefruit juice. Clin Pharmacol Ther 1995;58:127–133.
83. Lilja JJ, Kivisto KT, Backman JT, Neuvonen PJ. Effect of grapefruit juice dose on grapefruit

juice – triazolam interaction: repeated consumption prolongs triazolam half-life. Eur J Clin

Pharmacol 2000;56:411–415.
84. Culm-MerdekKE, vonMoltke LL,GanL, et al. Effect of extended exposure to grapefruit juice on

cytochrome P450 3A activity in humans: comparison with ritonavir. Clin Pharmacol Ther

2006;79:243–254.

85. Weber A, Jager R, Borner A, et al. Can grapefruit juice influence ethinylestradiol bioavailability?

Contraception 1996;53:41–47.

86. Gross AS, Goh YD, Addison RS, Shenfield GM. Influence of grapefruit juice on cisapride

pharmacokinetics. Clin Pharmacol Ther 1999;65:395–401.

87. Kivisto KT, Lilja JJ, Backman JT, Neuvonen PJ. Repeated consumption of grapefruit juice

considerably increases plasma concentrations of cisapride. Clin Pharmacol Ther 1999;66:448–453.

88. Offman EM, Freeman DJ, Dresser GK, Munoz C, Bend JR, Bailey DG. Red wine-cisapride

interaction: comparison with grapefruit juice. Clin Pharmacol Ther 2001;70:17–23.

89. Desta Z, Kivisto KT, Lilja JJ, et al. Stereoselective pharmacokinetics of cisapride in healthy

volunteers and the effect of repeated administration of grapefruit juice. Br J Clin Pharmacol

2001;52:399–407.
90. BentonRE,Honig PK, Zamani K, Cantilena LR,Woosley RL.Grapefruit juice alters terfenadine

pharmacokinetics, resulting in prolongation of repolarization on the electrocardiogram. Clin

Pharmacol Ther 1996;59:383–388.
91. Honig PK, Wortham DC, Lazarev A, Cantilena LR. Grapefruit juice alters the systemic

bioavailability and cardiac repolarization of terfenadine in poor metabolizers of terfenadine. J

Clin Pharmacol 1996;36:345–351.

92. Rau SE, Bend JR, Arnold JMO, Tran LT, Spence JD, Bailey DG. Grapefruit juice–terfenadine

single-dose interaction: magnitude, mechanism, and relevance. Clin Pharmacol Ther

1997;61:401–409.
93. Clifford CP, Adams DA, Murray S, et al. The cardiac effects of terfenadine after inhibition of its

metabolism by grapefruit juice. Eur J Clin Pharmacol 1997;52:311–315.

Chapter 10 / Fruit Juices–Drug Interactions 295



94. Ducharme MP, Warbasse LH, Edwards DJ. Disposition of intravenous and oral cyclosporine

after administration with grapefruit juice. Clin Pharmacol Ther 1995;57:485–491.

95. Yee GC, Stanley DL, Pessa JL, et al. Effect of grapefruit juice on blood cyclosporin

concentration. Lancet 1995;345:955–956.

96. Ducharme MP, Provenzano R, Dehoorne-Smith M, Edwards DJ. Trough concentrations of

cyclosporine following administration with grapefruit juice. Br J Clin Pharmacol 1993;36:457–459.

97. Herlitz H, Edgar B, Hedner T, Lidman K, Karlberg I. Grapefruit juice: a possible source of

variability in blood concentration of cyclosporin A (Letter). Nephrol Dial Transplant 1993;8:375.

98. Hollander AAMJ, van Rooij J, Lentjes EGWM, et al. The effect of grapefruit juice on cyclos

porin and prednisone metabolism in transplant patients. Clin Pharmacol Ther 1995;57:318–324.

99. Proppe DG, Hoch OD,McLean AJ, Visser KE. Influence of chronic ingestion of grapefruit juice

on steady state blood concentrations of cyclosporine A in renal transplant patients with stable

graft function. Br J Clin Pharmacol 1995;39:337.
100. Min DI, Ku Y-M, Perry PJ, et al. Effect of grapefruit juice on cyclosporine pharmacokinetics in

renal transplant patients. Transplantation 1996;62:123–245.
101. Johnston A, Holt DW. Effect of grapefruit juice on blood cyclosporin concentration. Lancet

1995;346:122–123.
102. Brunner LJ, Munar MY, Vallian J, Wolfson M, Stennett DJ, Meyer MM, Bennett WM.

Interaction between cyclosporine and grapefruit juice requires long-term ingestion in stable

renal transplant recipients. Pharmacotherapy 1998;18:23–29.
103. Ku YM, Min DI, Flanigan M. Effect of grapefruit juice on the pharmacokinetics of

microemulsion cyclosporine and its metabolite in healthy volunteers: does the formulation

difference matter? J Clin Pharmcol 1998;38:959–965.
104. EdwardsDJ, FitzsimmonsME, Schuetz EG, et al. 6’7’-Dihydroxybergamottin in grapefruit juice

and Seville orange juice: effects on cyclosporine disposition, enterocyte CYP3A4 and

P-glycoprotein. Clin Pharmacol Ther 1999;65:237–244.

105. Brunner LJ, Pai KS, Munar MY, Lande MB, Olyaei, Mowry JA. Effect of grapefruit juice on

cyclosporine A pharmacokinetics in pediatric renal transplant patients. Pediatr Transplant

2000;4:313–321.
106. BistrupC,Nielsen FT, JeppesenUE,DieperinkH. Effect of grapefruit juice on SandimmuneNeoral

absorption among stable renal allograft receipients. Nephrol Dial Transplant 2001;16:373–377.
107. Lee M, Min DI, Ku YM, Flanigan M. Effect of grapefruit juice on pharmacokinetics of

microemulsion cyclosporine in African American subjects compared with Caucasian subjects:

does ethic difference matter? J Clin Pharmacol 2001;41:317–323.
108. Schwarz UI, Johnston PE, Bailey DG, Kim RB, Mayo G, Milstone A. Impact of citrus soft

drinks relative to grapefruit juice on ciclosporin disposition. Br J Clin Pharmacol

2006;62:485–491.

109. Westveer MK, Farquhar ML, George P, Mayers JT. Co-administration of grapefruit juice

increases tacrolimus levels in liver transplant recipients. Ann Meet Am Soc Transplant

Physicians 1996;202:P115.
110. Lemahieu WP, Maes BD, Vanrenterghem Y. Different evolution of trough and dose levels

during the first year after transplantation for tacrolimus versus cyclosporine. Transplant Proc

2005;37:2051–2053.
111. Fukastu S, Fukudo M, Masuda S, et al. Delayed effect of grapefruit juice on pharmacokinetics

and pharmacodynamics of tacrolimus in a living-donor liver transplant recipient. Drug Metab

Pharmacokinet 2006;21:122–125.

112. Bidstrup TB, Damkier P, Olsen AK, Ekblom, Karlsson A, Brosen K. The impact of CYP2C8

polymorphism and grapefruit juice on the pharmacokinetics of repaglinide. Br J Clin

Pharmacol 2006;61:49–57.
113. FuhrU,Maier A, Keller A, Steinijans VW, Sauter R, Staib AH. Lacking effect of grapefruit juice

on theophylline pharmacokinetics. Inter J Clin Pharmacol Ther 1995;33:311–314.
114. Gupta MC, Garg SK, Badyal D, Malhotra S, Bhargava VK. Effect of grapefruit juice on the

pharmacokinetics of theophylline in healthymale volunteers.Methods Find ExpClin Pharmacol

1999;21:679–682.

296 Part III / Influence of Food, Nutrients, or Supplementation



115. van Rooij J, van der Meer FJM, Schoemaker HC, Cohen AF. Comparison of the effect of

grapefruit juice and cimetidine on pharmacokinetics and anticoagulant effect of a single dose of

acenocoumarol (Abstract). Br J Clin Pharmacol 1993;35:548P.
116. Sullivan DM, Ford MA, Boyden TW. Grapefruit juice and the response to warfarin. Am J

Health Syst Pharm 1998;55:1581–1583.
117. Demarles D, Gillotin C, Bonaventure-Paci S, Vincent I, Fosse S, Taburet AM. Single-dose

pharmacokinetics of amprenavir coadministered with grapefruit juice. Antimicrob Agents Che

mother 2002;46:1589–1590.
118. Cheng KL, Nafziger AN, Peloquin CA, Amsden GW. Effect of grapefruit juice on clarithromy

cin pharmacokinetics. Antimicrob Agents Chemother 1998;42:927–299.
119. Shelton MJ, Wynn HE, Hewitt RG, DiFrancesco R. Effects of grapefruit juice on pharmacoki

netic exposure to indinavir in HIV-positive subjects. J Clin Pharmacol 2001;41:435–442.
120. Penzak SR, Acosta EP, Turner M, et al. Effect of Seville orange juice and grapefruit juice on

indinavir pharmacokinetics. J Clin Pharmacol 2002;42:1165–1170.
121. Ho PC, Chalcroft SC, Coville PF, Wanwimolruk S. Grapefruit juice has no effect on quinine

pharmacokinetics. Eur J Clin Pharmacol 1999;55:393–398.
122. Josefsson M, Zackrisson AL, Ahlner J. Effect of grapefruit juice on the pharmacokinetics of

amlodipine in healthy volunteers. Eur J Clin Pharmacol 1996;51:189–193.
123. Vincent J, Harris SI, Foulds G, Dogolo LC, Willavize S, Friedman HL. Lack of effect of

grapefruit juice on the pharmacokinetics and pharmacodynamics of amlodipine. Br J Clin

Pharmacol 2000;50:455–463.
124. Sigusch H, Henschel L, Kraul H, Merkel U, Hoffmann A. Lack of effect of grapefruit juice on

diltiazem bioavailability in normal subjects. Pharmazie 1994;49:675–679.
125. Christensen H, Asberg A, Holmboe AB, Berg KJ. Coadministration of grapefruit juice increases

systemic exposure of diltiazem in healthy volunteers. Eur J Clin Pharmacol 2002;58:515–520.
126. Munoz CE, Ito S, Bend JR, et al. Propafenone interaction with CYP3A4 inhibitors in man

(Abstract). Clin Pharmacol Ther 1997;61:154.
127. Min DI, Ku Y-M, Geraets DR, Lee H-C. Effect of grapefruit juice on the pharmacokinetics and

pharmacodynamics of quinidine in healthy volunteers. J Clin Pharmacol 1996;36:469–476.
128. Damkier P, Hansen LL, Brosen K. Effect of diclofenac, disulfiram, itraconazole, grapefruit

juice and erythromycin on the pharmacokinetics of quinidine. Br J Clin Pharmacol

1999;48:829–838.

129. Yasui N, Kondo T, Furukori H, et al. Effects of repeated ingestion of grapefruit juice on the

single and multiple oral-dose pharmacokinetics and pharmacodynamics of alprazolam. Psycho

pharmacology 2000;150:185–190.
130. Oesterheld J, Kallepalli BR. Grapefruit juice and clomipramine: shiftingmetabolic ratios (letter).

J Clin Psychopharmacol 1997;17:62–63.
131. Vandel S, Netillard C, Perault MC, Bel AM. Plasma levels of clozapine and desmethylclozapine

are unaffected by concomitant ingestion of grapefruit juice. Eur J Clin Pharmacol

2000;56:347–348.
132. LaneHY, JannMW,ChangYC, et al.Repeated ingestionof grapefruit juice does not alter clozapine’s

steady-state plasma levels, effectiveness, and tolerability. J Clin Psychiatry 2001;62:812–817.
133. Lane HY, Chiu CC, Kazmi Y, et al. Lack of CYP3A4 inhibition by grapefruit juice and

ketoconazole upon clozapine administration in vivo. Drug Metabol Drug Interact

2001;18:263–278.

134. Yasui N, Kondo T, Suzuki A, et al. Lack of significant pharmacokinetic interaction between

haloperidol and grapefruit juice. Int Clin Psychopharmacol 1999;14:113–118.

135. Kumar N, Garg SK, Prabhakar S. Lack of pharmacokinetic interaction between grapefruit juice

and phenytoin in healthy male volunteers and epileptic patients. Methods Find Exp Clin

Pharmacol 1999;21:629–632.
136. Schubert W, Cullberg G, Edgar B, Hedner T. Inhibition of 17b-estradiol metabolism by

grapefruit juice in ovariectomized women. Maturitas 1994;20:155–163.
137. Lilja JJ, Laitinen K, Neuvonen PJ. Effects of grapefruit juice on the absorption of levothyroxine.

Br J Clin Pharmacol 2005;60:337–341.

Chapter 10 / Fruit Juices–Drug Interactions 297



138. Lilja JJ, NiemiM, Fredrikson H, Neuvonen PJ. Effects of clarithromycin and grapefruit juice on

the pharmacokinetics of glibenclamide. Br J Clin Pharmacol 2007;63:732–740.

139. Freedman MD, Somberg JC. Pharmacology and pharmacokinetics of amiodarone. J Clin

Pharmacol 1991;31:1061–1069.

140. Fabre G, Julian B, Saint-Auber B, Joyeux H, Berger Y. Evidence of CYP3A-mediated

N-deethylation of amiodarone in human liver microsomal fractions. Drug Metab Dispos

1993;21:978–985.
141. Guentert TW, Holford N, Coates PE, Upton RA, Riegelman S. Quinidine pharmacokinetics in

man: choice of a disposition model and absolute bioavailability studies. J Pharmacokinet

Biopharm 1979;7:315–330.
142. Kessler KM, Lowenthal DT, Warner H, Gibson T, Briggs W. Quinidine elimination in patients

with congestive heart failure or poor renal function. N Engl J Med 1974;290:706–709.
143. Milton KA, Edwards G, Ward SA, Orme ML, Breckenridge AM. Pharmacokinetics of halo-

fantrine in man: effects of food and dose size. Br J Clin Pharmacol 1989;28:71–77.
144. Baune B, Flinois JP, Furlan V, et al. Halofantrine metabolism in microsomes in man: major role

of CYP3A4 and CYP3A5. J Pharm Pharmacol 1999;51:419–426.
145. Wesche DL, Schuster BG, Wang WX, Woosley RL. Mechanism of cardiotoxicity of

halofantrine. Clin Pharmacol Ther 2000;67:521–529.
146. Lea AP, McTavish D. Atorvastatin: a review of its pharmacology and therapeutic potential in

the management of hyperlipidaemias. Drugs 1997;53:828–847.
147. Vickers S, Duncan CA, Chen IW, Rosegay A, Duggan DE. Metabolic disposition studies on

simvastatin, a cholesterol-lowering prodrug. Drug Metab Dispos 1990;18:138–145.
148. Drier JP, Endres M. Statin-associated rhabdomyolysis triggered by grapefruit consumption.

Neurology 2004;62:670.
149. Cooper KJ, Martin PD, Dane AL, Warwick MJ, Schneck DW, Cantarini MV. Effect of

itraconazole on the pharmacokinetics of rosuvastatin. Clin Pharmacol Ther 2003;73:322–329.
150. Laitinen T, Hartikainen J, Vanninen E, Niskanen L, Geelen G, Lansimies E. Age and gender

dependency of sensitivity in healthy subjects. J Appl Physiol 1998;84:576–583.
151. Landahl S, Edgar B, Gabrielsson M, et al. Pharmacokinetics and blood pressure effects of

felodipine in elderly hypertensive patients. A comparison with young healthy subjects. Clin

Pharmacokinet 1998;14:374–383.
152. Walker DK, Ackland MJ, James GC, et al. Pharmacokinetics and metabolism of sildenafil in

mouse, rat, rabbit, dog and man. Xenobiotica 1999;29:297–310.
153. Warrington JS, Shader RI, von Moltke LL, Greenblatt DJ. In vitro biotransformations of

sildenafil (Viagra): identification of human cytochromes and potential drug interactions. Drug

Metab Dispos 2000;28:392–397.

154. Zaidenstein R, Soback S, Gips M, et al. Effect of grapefruit juice on the pharmacokinetics of

losartan and its active metabolite E3174 in healthy volunteers. Ther Drug Monit

2001;23:369–373.
155. Uesawa Y, Mohri K. Drug interaction potentials among different brands of grapefruit juice.

Pharmazie 2008;63:144–146.
156. Merry C, Barry MG, Mulcahy F, et al. Saquinavir pharmacokinetics alone and in combination

with ritonavir in HIV-infected patients. AIDS 1997;11:F29–F33.
157. Edwards DJ, Bellevue FH III, Woster PM. Identification of 6’,7’-dihydroxybergamottin, a

cytochrome P450 inhibitor, in grapefruit juice. Drug Metab Dispos 1996;24:1287–1290.
158. Schmiedlin-Ren P, Edwards DJ, Fitzsimmons ME, et al. Mechanisms of enhanced oral

availability of CYP3A4 substrates by grapefruit constituents. Decreased enterocyte CYP3A4

concentration and mechanism-based inactivation by furanocoumarins. Drug Metab Dispos

1997;25:1228–1233.

159. Fukuda K, Ohta T, Oshima Y, Ohashi N, Yoshikawa M, Yamazoe Y. Specific CYP3A4

inhibitors in grapefruit juice: furocoumarin dimers as components of drug interaction.

Pharmacogenetics 1997;7:391–396.
160. He K, Iyer KR, Hayes RN, Sinz MW, Woolf TF, Hollenberg PF. Inactivation of cytochrome

P450 3A4 by bergamottin, a component of grapefruit juice. Chem Res Toxicol 1998;1:252–259.

298 Part III / Influence of Food, Nutrients, or Supplementation



161. Ohnishi A, Matsuo H, Yamada S, et al. Effect of furanocoumarin derivatives in grapefruit juice

on the uptake of vinblastine by Caco-2 cells and on the activity of cytochrome P450 3A4. Br J

Pharmacol 2000;130:1369–1377.
162. Tassaneeyakul W, Guo LQ, Fukuda K, Ohta T, Yamazoe Y. Inhibition selectivity of grapefruit

juice components on human cytochromes P450. Arch Biochem Biophys 2000;378:356–363.
163. Guo LQ, Fukuda K, Ohta T, Yamazoe Y. Role of furanocoumarin derivatives on grape-

fruit juice-mediated inhibition of human CYP3A activity. Drug Metab Dispos

2000;28:766–771.
164. Ohta T, Nagahashi M, Hosoi S, Tsukamoto S. Dihydroxybergamottin caproate as a potent and

stable CYP3A4 inhibitor. Bioorg Med Chem 2002;10:969–973.
165 Paine MF, Widmer WW, Hart HL, et al. A furanocoumarin-free grapefruit juice establishes

furanocoumarins as the mediators of the grapefruit juice–felodipine interaction. Am J Clin Nutr

2006;83:1097–1105.

166. Paine MF, Widmer WW, Pusek SN, et al. Further characterization of a furanocoumarin-free

grapefruit juice on drug disposition: studies with cyclosporine. Am J Clin Nutr 2008;87:863–871.

167. Guo LQ, Chen QY,Wang X, et al. Different roles of pummelo furanocoumarin and cytochrome

P450 3A4*3 polymorphism in the fate and action of felodipine. Curr Drug Metab

2007;8:623–630.

168. Grenier J, Fradette C, Morelli G, Merritt GJ, Vranderick M, Ducharme MP. Pomelo juice, but

not cranberry juice, affects the pharmacokinetics of cyclosporine in humans. Clin Pharmacol

Ther 2006;79:255–262.
169. Egashira K, Fukuda E, Onga T, et al. Pomelo-induced increase in the blood level of tacrolimus in

a renal transplant patient. Transplantation 2003;75:1057.
170. Girennavar B, JayaprakashaGK, Patil BS. Potent inhibition of human cytochrome P450 3A4, 2D6,

and 2C9 isoenzymes by grapefruit juice and its furocoumarins. J Food Sci 2007;72:C417–C421.
171. Hidaka M, Okumura M, Fujita KI, et al. Effects of pomegranate juice on human cytochrome

P450 3A (CYP3A) and carbamazepine pharmacokinetics in rats. Drug Metab Dispos

2005;33:644–648.
172. Backman JT,Maenpaa J, Belle DJ, Wrighton SA, Kvisto KT, Neuvonen PJ. Lack of correlation

between in vitro and in vivo studies on the effects of tangeretin and tangerine juice on midazolam

hydroxylation. Clin Pharmacol Ther 2000;67:382–390.

173. Grant P. Warfarin and cranberry juice: an interaction? J Heart Valve Dis 2004;13:25–6.
174. Aston JL, Lodolce AE, Shapiro NL. Interaction between warfarin and cranberry juice.

Pharmacotherapy 2006;26:1314–1319.
175. Rindone JP, Murphy TW. Warfarin-cranberry juice interaction resulting in profound

hypoprothrominemia and bleeding. Am J Ther 2006;13:283–4.
176. Pham DQ, Pham AQ. Interaction potential between cranberry juice and warfarin. Am J Health

Syst Pharm 2007;64:490–494.
177. Paeng CH, Sprague M, Jackevicius CA. Interaction between warfarin and cranberry juice. Clin

Ther 2007;29:1730–1735.
178. Lilja JJ, Backman JT, Neuvonen PJ. Effects of daily ingestion of cranberry juice on the

pharmacokinetics of warfarin, tizanidine, and midazolam-probes of CYP2C9, CYP1A2 and

CYP3A4. Clin Pharmacol Ther 2007;81:833–839.

179. Johnston PE, Milstone A. Probable interaction of bergamottin and cyclosporine in a lung

transplant recipient. Transplantation 2005;79:746.

180. Edsbacker S, Andersson T. Pharmacokinetics of budesonide (Entocort EC) capsules for Crohn’s

disease. Clin Pharmacokinet 2004;43:803–821.

181. Sagir A, Schmitt M Dilger K, Haussinger D. Inhibition of cytochrome Pa450 3A: relevant drug

interactions in gastroenterology. Digestion 2003;68:41–48.

182. Lau WC, Waskell LA, Watkins PB, et al. Atorvastatin reduces the ability of clopidogrel to

inhibit platelet aggregation: a new drug-drug interaction. Circulation 2003;107:32–37.

183. Ren S, Yang JS, Kalhorn TF, Slattery JT. Oxidation of cyclophosphamide to

4-hydroxy-cyclophosphamide and deschoroethylcyclophosphamide in human liver microsomes.

Cancer Res 1997;57:429–435.

Chapter 10 / Fruit Juices–Drug Interactions 299



184. Huang Z, Roy P, Waxman DJ. Role of human liver microsomal CYP3A4 and CYP2B6 in

catalyzing N-dechloroethylation of cyclophosphamide and ifosfamide. Biochem Pharmacol

2000;59:961–972.
185. Walker D, Flinois JP, Monkman SC, et al. Identification of the major human hepatic

cytochrome P450 involved in activation and N-dechloroethylation of ifosfamide. Biochem

Pharmacol 1994;47:1157–1163.
186. May-Manke A, Kroemer H, Hempel G, et al. Investigation of the major human hepatic

cytochrome P450 involved in the 4-hydroxylation and N-dechloroethylation of trofosfamide.

Cancer Chemother Pharmacol 1999;44:327–334.

187. Kay GG, Wesnes KA. Pharmacodynamic effects of darifenacin, a muscarinic M selective

receptor antagonist for the treatment of overactive bladder, in healthy volunteers. BJU Int

2005;96:1055–1062.
188. Skerjanec A. The clinical pharmacokinetics of darifenacin. Clin Pharmacokinet.

2006;45:325–350.
189. Sanders SW, Haering N, Mosberg H, et al. Pharmacokinetics of ergotamine in healthy

volunteers following oral and rectal dosing. Eur J Clin Pharmacol 1986;30:331–334.
190. Anonymous. New contraindications for medications containing ergotamine and

dihydroergotamine. Health Canada. Health Products and Food Branch. February 2003.

191. Dutreix C, Peng B, Mehring G, et al. Pharmacokinetic interaction between ketoconazole and

imatinib mesylate (Glivec) in healthy subjects. Cancer Chemother Pharmacol

2004;54:290–294.
192. Duvelleroy Hommet C, Jonville-Bera AP, Autret A, Saudeau D, Autret E, Fauchier JP.

Convulsive seizures in a patient treated with propafenone and ketoconazole. Therapie

1995;50:164–165.
193. Anonymous. Sibutramine ProductMonograph 2002. Abbott Laboratories Limited, Saint-Laur

ent, Quebec.
194. Paine MF, Leung LY, Watkins PB. New insights into drug absorption: studies with sirolimus.

Ther Drug Monit 2004;26:463–467.
195. Bottiger Y, Sawe J, Brattstrom C, et al. Pharmacokinetic interaction between single doses of

diltiazem and sirolimus in healthy volunteers. Clin Pharmacol Ther 2001;69:32–40.
196. Said A, Garnick JJ, Dieterle N, Peres E, Abidi MH, Ibrahim RB. Sirolimus-itraconazole

interaction in a hematopoietic stem cell transplant recipient. Pharmacotherapy

2006;26:289–295.

197. CaponeD, PalmieroG,Gentile A, et al. A pharmacokinetic interaction between clarithromycin

and sirolimus in kidney transplant recipient. Curr Drug Metab 2007;8:379–381.

198. Harris RZ, Jang GR, Tsunoda S. Dietary effects on drug metabolism and transport. Clin

Pharmacokinet 2003;42:1071–1088.

199. Li P, Callery PS, Gan LS, Balani SK. Esterase inhibition attribute of grapefruit juice leading to

a new drug interaction. Drug Metab Dispos 2007;35:1023–1031.

200. Li P, Callery PS, Gan LS, Balani SK. Esterase inhibition by grapefruit juice flavonoids leading

to a new drug interaction. Drug Metab Dispos 2007;35:1203–1208.

200a. Saracino MR, Bigler J, Schwarz Y, et al. Citrus fruit intake is associated with lower serum

bilirubin concentration among women with the UGT1A1*28 polymorphism. J Nutr

2009;139:555–560.
201. Kim RB. Transporters and drug discovery: why, when, and how. Mol Pharm 2006;3:26–32.

202. HoRH,KimRB. Transporters and drug therapy: implications for drug disposition and disease.

Clin Pharmacol Ther 2005;78:260–277.

203. Marzolini C, Tirona RG, Kim RG. Pharmacogenomics of the OATP and OAT families.

Pharmacogenetics 2004;5:273–282

204. Kim RB. Organic anion-transporting polypeptide (OATP) transporter family and drug

disposition. Eur J Clin Invest 2003;33 Suppl 2:1–5.

205. Kim RB. Transporters and xenobiotic disposition. Toxicology 2002;181–182:291–297
206. Tirona RG,KimRG. Pharmacogenomics of organic anion-transporting polypeptides (OATP).

Adv Drug Deliv Rev 2002;54:1343–1352.

300 Part III / Influence of Food, Nutrients, or Supplementation



207. Becquemont L, Verstuyft C, Kerb R, et al. Effect of grapefruit juice on digoxin pharmacoki-

netics in humans. Clin Pharmacol Ther 2001;70:311–316.

208. Glaeser H, Bailey DG, Dresser GK, et al. Intestinal drug transporter expression and the impact

of grapefruit juice in humans. Clin Pharmacol Ther 2007;81:362–370.

209. Dresser GK, Kim RB, Bailey DG. Effect of grapefruit juice volume on the reduction of

fexofenadine bioavailability: possible role of organic anion transporting polypeptides. Clin

Pharmacol Ther 2005;77:170–177.
210. Cvetkovic M, Leak B, Fromm MF, Wilkinson GR, Kim RB. OATP and P-glycoprotein

transporters mediate the cellular uptake and excretion of fexofenadine. Drug Metab Dispos

1999;27:866–871.
211. Dresser GK, Bailey DG, Leake BF, et al. Fruit juices inhibit organic anion transporting

polypeptide-mediated drug uptake to decrease the oral availability of fexofenadine. Clin

Pharmacol Ther 2002;71:11–20.

212. Bailey DG,Dresser GK, Leake BF, KimRB. Naringin is a major and selective clinical inhibitor

of organic anion transporting polypeptide 1A2 (OATP1A2) in grapefruit juice. Clin Pharmacol

Ther 2007;8:495–502.
212a. Lilja JJ, Raaska K, Neuvonen PJ. Effects of grapefruit juice on the pharmacokinetics of

acebutolol. Br J Clin Pharmacol 2005;60:659–663.

213. Lilja JJ, Backman JT, Laitila J, Luurila H, Neuvonen PJ. Itraconazole increases but

grapefruit juices decreases plasma concentrations of celiprolol. Clin Pharmacol Ther

2003;73:192–198.
214. Schwarz UI, Seemann D, Oertel R, et al. Grapefruit juice ingestion significantly reduces

talinolol bioavailability. Clin Pharmacol Ther 2005;77:291–301.
215. Reif S, Nicolson MC, Bisset D, et al. Effect of grapefruit juice intake on etoposide bioavail-

ability. Eur J Clin Pharmacol. 2002;58:491–494.
215a. Lilja JJ, Laitinen K, Neuvonen PJ. Effects of grapefruit juice on the absorption of levothyrox-

ine. Br J Clin Pharmacol 2005;60:337–341.
215b. Kato Y, Miyazaki T, Kano T, et al. Involvement of influx and efflux transport systems in

gastrointestinal absorption of celiprolol. J Pharm Sci 2008_DOI_10.1002/JPS.21618.
215c. Fujiwara K, Adachi H, Nishio T, et al. Identification of thyroid hormone transporters in

humans: different molecules are involved in a tissue-specific manner. Endocrinol

2001;142:2005–2012.
216. Lilja JJ, Raaska K, Neuvonen PJ. Effects of orange juice on the pharmacokinetics of atenolol.

Eur J Clin Pharmacol 2005;61:337–340.
217. Lilja JJ, Juntti-Patinen L, Neuvonen PJ. Orange juice substantially reduces the bioavailability

of the beta-adrenergic-blocking agent celiprolol. Clin Pharmacol Ther 2004;75:184–190.
218. Neuholfel AL,Wilton JH, Victory JM,Hejmanowsk LG, AmsdenGW. Lack of bioequivalence

of ciprofloxacin when administered with calcium-fortified orange juice: a new twist on an old

interaction. J Clin Pharmacol 2002;42:461–466.

219. Nix DE, Adam RD, Auclair B, Krueger TS, Godo PG, Peloquin CA. Pharmacokinetics and

relative oral bioavailability of clofazimine in relation to food, orange juice and antacid.

Tuberculosis (Edinb) 2004;84:365–373.
220. KawakamiM, SuzukiK, IshizukaT,HidakaT,MatsukiY,NakamuraH.Effect of grapefruit juice

on pharmacokinetics of itraconazole in health subjects. Int J Clin Pharmacol Ther 1998;36:306–308.
221. Wallace AW, Victory JM, Amsden GW. Lack of bioequivalence when levofloxacin and calcium-

fortified orange juice are coadministered to healthy volunteers. J Clin Pharmacol 2003;43:539–544.
221a. Maeda T, Takahashi K, Ohtsu N, et al. Identification of influx transporter for the quinolone

antibacterial agent levofloxacin. Molec Pharmacol 2007;4:85–94.
222. Honda Y, Ushigome F, Koyabu N, et al. Effects of grapefruit juice and orange juice

components on P-glycoprotein- and MRP2-mediated drug efflux. Br J Pharmacol

2004;143:856–864.
223. SangStat voluntarily recalls Sangcya cyclosporine oral solution. SangStat Medical Corpor-

ation; July 10, 2000, Available at: http://www.sangstat.com/press/press_release00-15.html.

Accessed 2001 July 3.

Chapter 10 / Fruit Juices–Drug Interactions 301



224. Bailey DG, Arnold JMO, Spence JD. Grapefruit juice and drugs: how significant is the interac
tion? Clin Pharmacokin 1994;26:91–98.

225. Leenen, FHH, Logan AG, Myers MG, Elkan I. The Canadian Felodipine Study Group.

Antihypertensive efficacy of the calcium antagonist felodipine in patients remaining hypertensive
on beta-adrenoceptor blocker therapy. Br J Clin Pharmacol 1988;26:535–545.

226. Cermak R. Effect of dietary flavonoids on pathways involved in drug metabolism. Exp Opin
Drug Metab Toxicol 2008;4:17–35.

227. Poulose SM, Jayaprakasha GK, Mayer RT, Girennavar B, Patil BS. Purification of citrus
liminoids and their differential inhibitory effects on human cytochrome P450 enzymes. J Sci
Food Agric 2007;87:1699–1709.

302 Part III / Influence of Food, Nutrients, or Supplementation



11 Positive Drug–Nutrient Interactions

Imad F. Btaiche, Burgunda V. Sweet,
and Michael D. Kraft

Objectives

� Identify the drug–food and drug–nutrient interactions that result in enhanced positive drug

effects

� Discuss the mechanisms of positive drug–food and drug–nutrient interactions

� Identify patient-specific clinical conditions that may benefit from positive drug–food and

drug–nutrient interactions

Key Words: Bioavailability; drug effect; physicochemical; physiologic; toxicity

1. INTRODUCTION

Drug–nutrient interactions are often the result of physical and chemical
interactions between drugs and nutrients. These interactions are influenced by factors
of a physicochemical nature (e.g., pH, dissolution, disintegration, binding) or
physiological determinants (e.g., absorption, elimination, gastrointestinal transit
time, gastrointestinal secretions, splanchnic blood flow, liver enzyme inhibition or
induction) (1,2). Clinically significant negative drug–nutrient interactions may result
in therapeutic failure, drug toxicity, or nutrient deficiency. Less commonly considered
are drug–nutrient interactions that may significantly enhance drug effect, reduce
drug toxicity, or reduce gastrointestinal drug intolerance. This chapter focuses on
beneficial and clinically relevant drug–food and drug–nutrient interactions that
improve serum drug concentrations, enhance therapeutic drug effects, or reduce or
prevent severe drug toxicities (Table 1). Although data describing positive effects of
food ondrug absorption are commonly recognized, there are also examples of specific
nutrients that improve drug absorption, enhance drug effect, and reduce drug
toxicity.

From: Handbook of Drug-Nutrient Interactions
Edited by: J.I. Boullata, V.T. Armenti, DOI 10.1007/978-1-60327-362-6_11

� Humana Press, a part of Springer ScienceþBusiness Media, LLC 2010

303



T
ab

le
1

Su
m

m
ar

y
of

R
el

ev
an

t
D

ru
g–

N
u

tr
ie

n
t

an
d

D
ru

g–
F

oo
d

In
te

ra
ct

io
n

s
th

at
M

ay
O

p
ti

m
iz

e
D

ru
g

E
ff

ec
t

(i
n

th
e

or
d

er
th

ey
ap

p
ea

r
in

th
e

te
xt

)

D
ru
g

D
ie
t/
N
u
tr
ie
n
t

P
ro
p
o
se
d
M
ec
h
a
n
is
m

o
f
In
te
ra
ct
io
n

R
el
ev
a
n
t
E
ff
ec
ts

R
ec
o
m
m
en
d
a
ti
o
n
s

A
lb
en
d
a
zo
le

F
a
tt
y
m
ea
l

In
cr
ea
se
d
so
lu
b
il
it
y
a
n
d
a
b
so
rp
ti
o
n

In
cr
ea
se
d
p
la
sm

a
a
n
d
ti
ss
u
e
d
ru
g

co
n
ce
n
tr
a
ti
o
n
s

S
h
o
u
ld

b
e
ta
k
en

w
it
h
fo
o
d
w
h
en

tr
ea
ti
n
g
sy
st
em

ic

in
fe
ct
io
n
s

E
n
h
a
n
ce
d
th
er
a
p
eu
ti
c
ef
fe
ct

M
eb
en
d
a
zo
le

M
ea
ls

In
cr
ea
se
d
a
b
so
rp
ti
o
n

In
cr
ea
se
d
ta
rg
et

d
ru
g
co
n
ce
n
tr
a
ti
o
n
s

S
h
o
u
ld

b
e
ta
k
en

w
it
h
fo
o
d
w
h
en

tr
ea
ti
n
g
sy
st
em

ic

in
fe
ct
io
n
s

E
n
h
a
n
ce
d
th
er
a
p
eu
ti
c
ef
fe
ct

C
ef
u
ro
x
im

e
M
ea
ls

In
cr
ea
se
d
a
b
so
rp
ti
o
n
w
it
h
d
ec
re
a
se
d

g
a
st
ri
c
p
H

In
cr
ea
se
d
p
la
sm

a
co
n
ce
n
tr
a
ti
o
n
s

S
u
sp
en
si
o
n
sh
o
u
ld

b
e
ta
k
en

w
it
h
fo
o
d

B
a
ct
er
ic
id
a
l
a
ct
iv
it
y
n
o
t
a
ff
ec
te
d

T
a
b
le
ts
ca
n
b
e
ta
k
en

w
it
h
o
r
w
it
h
o
u
t
fo
o
d

N
it
ro
fu
ra
n
to
in

M
ea
ls

In
cr
ea
se
d
d
is
so
lu
ti
o
n
a
n
d

a
b
so
rp
ti
o
n

In
cr
ea
se
d
d
u
ra
ti
o
n
o
f
u
ri
n
a
ry

co
n
ce
n
tr
a
ti
o
n
s

S
h
o
u
ld

b
e
ta
k
en

w
it
h
fo
o
d

R
ed
u
ce
d
p
ea
k
p
la
sm

a
co
n
ce
n
tr
a
ti
o
n
s

Im
p
ro
v
ed

g
a
st
ro
in
te
st
in
a
l
to
le
ra
n
ce

G
ri
se
o
fu
lv
in

F
a
tt
y
m
ea
l

In
cr
ea
se
d
d
is
in
te
g
ra
ti
o
n
a
n
d

a
b
so
rp
ti
o
n

In
cr
ea
se
d
p
la
sm

a
co
n
ce
n
tr
a
ti
o
n
s

S
h
o
u
ld

b
e
ta
k
en

w
it
h
fo
o
d

E
n
h
a
n
ce
d
th
er
a
p
eu
ti
c
ef
fe
ct

It
ra
co
n
a
zo
le

(c
a
p
su
le
s)

M
ea
ls
,
A
ci
d
ic

b
ev
er
a
g
es

In
cr
ea
se
d
so
lu
b
il
it
y
a
n
d
a
b
so
rp
ti
o
n

in
a
ci
d
ic
m
ed
iu
m

In
cr
ea
se
d
p
la
sm

a
co
n
ce
n
tr
a
ti
o
n
s

C
a
p
su
le
s
sh
o
u
ld

b
e
ta
k
en

w
it
h
fo
o
d
o
r
a
n
a
ci
d
ic

b
ev
er
a
g
e

E
n
h
a
n
ce
d
th
er
a
p
eu
ti
c
ef
fe
ct

O
ra
l
so
lu
ti
o
n
sh
o
u
ld

b
e
ta
k
en

o
n
em

p
ty

st
o
m
a
ch

P
o
sa
co
n
a
zo
le

M
ea
ls
,
N
u
tr
it
io
n
a
l

su
p
p
le
m
en
ts

In
cr
ea
se
d
a
b
so
rp
ti
o
n

In
cr
ea
se
d
th
er
a
p
eu
ti
c
ef
fe
ct

S
h
o
u
ld

b
e
ta
k
en

w
it
h
m
ea
ls
o
r
n
u
tr
it
io
n
a
ls
u
p
p
le
m
en
t

O
th
er
w
is
e,
co
n
si
d
er

a
lt
er
n
a
te

th
er
a
p
y
o
r
m
o
n
it
o
r

p
a
ti
en
t
cl
o
se
ly

fo
r
b
re
a
k
th
ro
u
g
h
o
f
fu
n
g
a
l

in
fe
ct
io
n

A
to
v
a
q
u
o
n
e

F
a
tt
y
m
ea
l

In
cr
ea
se
d
so
lu
b
il
it
y
a
n
d
a
b
so
rp
ti
o
n

In
cr
ea
se
d
p
la
sm

a
co
n
ce
n
tr
a
ti
o
n
s

S
h
o
u
ld

b
e
ta
k
en

w
it
h
fo
o
d

E
n
h
a
n
ce
d
th
er
a
p
eu
ti
c
ef
fe
ct

N
it
a
zo
x
a
n
id
e

M
ea
ls

In
cr
ea
se
d
a
b
so
rp
ti
o
n

E
n
h
a
n
ce
d
th
er
a
p
eu
ti
c
ef
fe
ct

S
h
o
u
ld

b
e
ta
k
en

w
it
h
fo
o
d
(o
ra
l
ta
b
le
t
a
n
d
so
lu
ti
o
n
)

A
ta
za
n
a
v
ir

M
ea
ls

In
cr
ea
se
d
a
b
so
rp
ti
o
n
a
n
d
d
ec
re
a
se
d

g
a
st
ri
c
p
H

In
cr
ea
se
d
p
la
sm

a
co
n
ce
n
tr
a
ti
o
n
s

S
h
o
u
ld

b
e
ta
k
en

w
it
h
fo
o
d

D
a
ru
n
a
v
ir

M
ea
ls

In
cr
ea
se
d
a
b
so
rp
ti
o
n

E
n
h
a
n
ce
d
th
er
a
p
eu
ti
c
ef
fe
ct

S
h
o
u
ld

b
e
ta
k
en

w
it
h
fo
o
d



L
o
p
in
a
v
ir

(o
ra
l

so
lu
ti
o
n
)

M
ea
ls

In
cr
ea
se
d
a
b
so
rp
ti
o
n

E
n
h
a
n
ce
d
th
er
a
p
eu
ti
c
ef
fe
ct

O
ra
l
so
lu
ti
o
n
sh
o
u
ld

b
e
ta
k
en

w
it
h
fo
o
d

O
ra
l
ta
b
le
ts
ca
n
b
e
ta
k
en

w
it
h
o
r
w
it
h
o
u
t
fo
o
d

N
el
fi
n
a
v
ir

M
ea
ls

In
cr
ea
se
d
a
b
so
rp
ti
o
n

E
n
h
a
n
ce
d
th
er
a
p
eu
ti
c
ef
fe
ct

S
h
o
u
ld

b
e
ta
k
en

w
it
h
fo
o
d

S
a
q
u
in
a
v
ir

M
ea
ls

In
cr
ea
se
d
d
is
so
lu
ti
o
n
,

d
is
in
te
g
ra
ti
o
n
,
a
n
d
a
b
so
rp
ti
o
n

E
n
h
a
n
ce
d
th
er
a
p
eu
ti
c
ef
fe
ct

S
h
o
u
ld

b
e
ta
k
en

w
it
h
fo
o
d
o
r
w
it
h
in

2
h
a
ft
er

a
m
ea
l

F
en
o
fi
b
ra
te

F
a
tt
y
m
ea
l

In
cr
ea
se
d
a
b
so
rp
ti
o
n

E
n
h
a
n
ce
d
th
er
a
p
eu
ti
c
ef
fe
ct

L
o
fi
b
ra

1
a
n
d
L
ip
o
fe
n
1

sh
o
u
ld

b
e
ta
k
en

w
it
h
fo
o
d

T
ri
co
r1

,T
ri
g
li
d
e1

a
n
d
A
n
ta
ra

1
ca
n
b
e
ta
k
en

w
it
h
o
r

w
it
h
o
u
t
fo
o
d

Is
o
tr
et
in
o
in

M
ea
ls

In
cr
ea
se
d
so
lu
b
il
it
y
a
n
d
a
b
so
rp
ti
o
n

In
cr
ea
se
d
p
la
sm

a
co
n
ce
n
tr
a
ti
o
n
s

S
h
o
u
ld

b
e
ta
k
en

w
it
h
fo
o
d

E
n
h
a
n
ce
d
th
er
a
p
eu
ti
c
ef
fe
ct

M
es
a
la
m
in
e/

O
ls
a
la
zi
n
e

M
ea
ls

D
el
a
y
s
th
e
p
re
se
n
ce

o
f
th
e
a
ct
iv
e

m
et
a
b
o
li
te

5
-a
m
in
o
sa
li
cy
li
c
a
ci
d

in
th
e
g
u
t

P
er
si
st
en
tl
y
h
ig
h
lo
ca
l
th
er
a
p
eu
ti
c

5
-a
m
in
o
sa
li
cy
li
c
a
ci
d
co
n
ce
n
tr
a
ti
o
n

in
co
lo
n

S
h
o
u
ld

b
e
ta
k
en

w
it
h
fo
o
d

M
is
o
p
ro
st
o
l

M
ea
ls

R
ed
u
ce
d
a
b
so
rp
ti
o
n
ra
t

R
ed
u
ce
d
fr
eq
u
en
cy

o
f
d
ia
rr
h
ea

S
h
o
u
ld

b
e
ta
k
en

w
it
h
fo
o
d

R
ed
u
ce
d
p
ea
k
p
la
sm

a

co
n
ce
n
tr
a
ti
o
n
s

Ir
o
n

A
sc
o
rb
ic
a
ci
d

In
h
ib
it
io
n
o
f
ir
o
n
ch
el
a
ti
o
n
to

p
h
y
ta
te
s

In
cr
ea
se
d
ir
o
n
a
b
so
rp
ti
o
n

C
o
a
d
m
in
is
te
r
a
sc
o
rb
ic
a
ci
d
(1
0
0
–
2
0
0
m
g
/d
a
y
)
w
it
h

ir
o
n
in

p
a
ti
en
ts
w
h
o
a
re

p
o
o
r
a
b
so
rb
er
s

R
ed
u
ct
io
n
o
f
ir
o
n
to

th
e
fe
rr
o
u
s

fo
rm

F
lu
o
ro
u
ra
ci
l

(5
-F
U
)

F
o
li
c
a
ci
d

In
cr
ea
se
d
le
v
el
s
o
f
re
d
u
ce
d
fo
la
te

m
et
a
b
o
li
te
s

P
o
ss
ib
le
re
d
u
ct
io
n
o
f
5
-F
U

to
x
ic
it
y
a
n
d

m
o
d
u
la
ti
o
n
o
f
5
-F
U

a
ct
iv
it
y

E
ff
ic
a
cy

a
n
d
sa
fe
ty

n
o
t
es
ta
b
li
sh
ed

M
et
h
o
tr
ex
a
te

F
o
li
c
a
ci
d

In
cr
ea
se
d
le
v
el
s
o
f
re
d
u
ce
d
fo
la
te

m
et
a
b
o
li
te
s

R
ed
u
ce
d
lo
w
d
o
se

m
et
h
o
tr
ex
a
te

to
x
ic
it
y
in

th
e
tr
ea
tm

en
t
o
f

rh
eu
m
a
to
id

a
rt
h
ri
ti
s

W
ee
k
ly

fo
li
c
a
ci
d
d
o
se
s
o
f
1
m
g
,
5
m
g
,
a
n
d
2
7
.5

m
g

h
a
v
e
b
ee
n
u
se
d
w
it
h
lo
w
-d
o
se

m
et
h
o
tr
ex
a
te

re
g
im

en
s

Is
o
n
ia
zi
d

P
y
ri
d
o
x
in
e

In
cr
ea
se
d
p
y
ri
d
o
x
a
l
p
h
o
sp
h
a
te

a
v
a
il
a
b
il
it
y

P
re
v
en
ti
o
n
o
f
is
o
n
ia
zi
d
-i
n
d
u
ce
d

p
er
ip
h
er
a
l
n
eu
ro
p
a
th
y

C
o
a
d
m
in
is
te
r
p
ro
p
h
y
la
ct
ic
p
y
ri
d
o
x
in
e
to

a
d
u
lt
s

(5
0
m
g
/d
a
y
)
a
n
d
ch
il
d
re
n
(1
–
2
m
g
/k
g
/d
a
y
)

re
ce
iv
in
g
is
o
n
ia
zi
d

D
o
ce
ta
x
el

C
a
lc
it
ri
o
l

P
o
ss
ib
le
en
h
a
n
ce
d
a
n
ti
tu
m
o
r

a
ct
iv
it
ie
s

Im
p
ro
v
ed

p
a
ti
en
t
su
rv
iv
a
l,
b
o
n
e
p
a
in
,

a
n
d
q
u
a
li
ty

o
f
li
fe

U
se
d
m
o
st
ly

in
cl
in
ic
a
l
st
u
d
ie
s
in

p
a
ti
en
ts
w
it
h

a
n
d
ro
g
en
-i
n
d
ep
en
d
en
t
p
ro
st
a
te

ca
n
ce
r
(A

IP
C
)

S
ta
ti
n
s

P
la
n
t
st
a
n
o
ls

B
lo
ck
a
g
e
o
f
ch
o
le
st
er
o
l
a
b
so
rp
ti
o
n

R
ed
u
ce
d
se
ru
m

ch
o
le
st
er
o
l
a
n
d
lo
w

d
en
si
ty

li
p
o
p
ro
te
in

(L
D
L
)

co
n
ce
n
tr
a
ti
o
n
s

U
se

st
a
n
o
ls
2
–
3
ti
m
es
/d
a
y
in

d
ie
t
o
r
a
s
a
d
ju
n
ct

to

li
p
id
-l
o
w
er
in
g
th
er
a
p
y



2. EFFECTS OF FOOD ON DRUG ABSORPTION

2.1. Anthelmintics

2.1.1. ALBENDAZOLE

Albendazole is a broad-spectrum anthelmintic agent effective against larval
and adult stages of trematodes and cestodes (3). Albendazole is available
commercially as oral tablets. Because of its low aqueous solubility, albendazole
is poorly absorbed from the gastrointestinal tract. However, administration
with a fatty meal enhances albendazole solubility and thereby increases its
bioavailability.

Fatty meals increase the oral bioavailability of albendazole up to fivefold as
compared with the fasting state. Maximal plasma concentrations of albendazole
sulfoxide (the primary active metabolite) were achieved in 2–5 h with albendazole
400 mg doses during treatment of patients with hydatid disease (4). In a study that
assessed the bioavailability of albendazole in six patients with hydatid disease, mean
plasma albendazole concentrations were 4.5 times higher when albendazole was
administered with breakfast as compared with fasting (5). In another study of adult
patients with onchocerciasis, plasma albendazole sulfoxide concentrations
increased fourfold when albendazole was administered with breakfast (43.1 g of
fat) instead of on an empty stomach (6). However, when albendazole was given
with 20 mL of olive oil in 100 mL of milk to four adult volunteers, plasma
albendazole sulfoxide concentrations increased 3.5-fold in one subject whereas
only small changes occurred in the other three subjects (7).

Albendazole absorption is significantly increased when taken with food.
Albendazole should be administered with fatty meals to increase its concentrations
within tissues and hydatid cysts (4). However, administration of albendazole on an
empty stomach is preferable when intraluminal effects are desired to treat suscep-
tible intestinal parasites (3,5).

2.1.2. MEBENDAZOLE

Mebendazole is a broad-spectrum anthelmintic agent that is available as oral
chewable tablets. Mebendazole is poorly absorbed from the gastrointestinal tract,
but its absorption is increased when administered with food (3). When used for the
treatment of echinococcosis, systemic bioavailability and intracystic mebendazole
concentrations are essential to achieve therapeutic effect.

Administration of mebendazole 1.5 g with a fatty meal to three healthy volun-
teers resulted in an eightfold increase in plasmamebendazole concentrations. When
administered in the fasting state, plasma mebendazole concentrations remained
<17 nmol/L in two subjects and reached 17 nmol/L in the third subject. When the
same dose was administered with a standard breakfast (2 slices of ham, 2 fried eggs,
10 g butter, jam, bread, and coffee), plasma mebendazole concentrations rose
within 2–4 h to 91 nmol/L, 112 nmol/L, and 142 nmol/L in the three subjects,
respectively (8). Mixing mebendazole with olive oil also increased the drug’s
bioavailability to a greater level than giving the tablets or suspension with a stand-
ard breakfast (9). A wide variability in mebendazole absorption was reported in
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patients treated for hydatid cysts. Although plasma mebendazole concentrations
were higher whenmebendazole was given with food, the difference was not found to
be significant (10).

When taken with food, higher plasma mebendazole concentrations are achieved.
This is a desirable effect for the treatment of hydatid cysts. Mebendazole tablets can
be chewed, swallowed whole, or crushed and mixed with food (11).

2.2. Antibiotics

2.2.1. CEFUROXIME

Cefuroxime is a broad-spectrum beta-lactam antibiotic belonging to the second-
generation cephalosporins. Cefuroxime has broad activity against susceptible bac-
teria that cause infections of the upper and lower respiratory tract, skin and soft
tissues, and the genitourinary tract (12). Cefuroxime is available as the prodrug
cefuroxime axetil in oral suspension and tablet dosage forms and as crystalline
cefuroxime for intravenous administration (13). Due to the enhanced lipid solu-
bility of the prodrug, oral cefuroxime axetil is rapidly absorbed from the gastro-
intestinal tract and is hydrolyzed to active cefuroxime once in the bloodstream
(12–14). However, the oral tablet and suspension forms of cefuroxime axetil are not
bioequivalent and cannot be used interchangeably (13). The safety and the efficacy
of oral cefuroxime tablet and suspension were established in separate clinical trials,
and the dosage forms have different therapeutic indications (12,13). Since the
cefuroxime axetil oral tablet first became available, it has been reformulated several
times due to absorption problems (14). Food (15–17) and milk (18) have been
shown to enhance cefuroxime axetil bioavailability, but the exact mechanism of this
effect remains unknown.

A randomized, crossover, open label study evaluated the effects of food and
fasting on cefuroxime bioavailability in healthy volunteers. The mean cefuroxime
absolute bioavailability during fasting was 32–35%. There was a 34% relative
increase in bioavailability when cefuroxime axetil was taken with food (area
under the plasma concentration-time curve, AUC: 50 mg�h/mL) as compared to
fasting (AUC: 36.4 mg�h/mL). Food also resulted in increases of the peak plasma
concentrations (Cmax: 13.9 mg/mL vs. 9.9 mg/mL) and time-to-peak concentration
(Tmax: 2.7 h vs. 2.1 h, respectively) compared to fasting. Cefuroxime elimination
half-life was not significantly changed (15). In another study, similar effects of food
on cefuroxime absorption were observed. A single 500 mg dose of cefuroxime axetil
taken with food resulted in increased absolute cefuroxime bioavailability from 36 to
52%, corresponding to a 45% relative increase. A linear correlation was also
observed between single doses of cefuroxime ranging from 125 to 1000 mg given
with food and both the AUC (r2 ¼ 0.958) and Cmax (r

2 ¼ 0.943) (16).
A study evaluated the effects of food and increased gastric pH (with adminis-

tration of ranitidine and sodium bicarbonate) on cefuroxime absorption in six
healthy volunteers. When cefuroxime was administrated with food, cefuroxime
bioavailability increased despite the anticipated negative effects of a higher gastric
pH on cefuroxime absorption. Cefuroxime AUC significantly increased with food
as compared to fasting (39.8� 2.9 mg �h/mL vs. 23.4� 2.9 mg�h/mL, p< 0.05); Tmax

was significantly longer when cefuroxime was taken with food as compared to
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fasting (13.6� 1.0 h vs. 7.3� 0.8 h, p< 0.05); andCmax was slightly higher in the fed
state with a statistically significant difference as compared to fasting (1.5� 0.1mg/L
vs. 1.4 � 0.152 mg/L, p < 0.05) (19).

In a study that evaluated the effects of food on cefuroxime serum concentrations
and the minimum inhibitory concentration (MIC), serum cefuroxime concentra-
tions were at or above the MIC of common respiratory pathogens for much of the
dosing interval (17). This suggests that administration of cefuroxime axetil with
food achieves adequate serum concentrations for the effective treatment of suscep-
tible organisms (12–17).

Pharmacokinetic differences exist between the cefuroxime tablet and suspension
forms to the point that they are not bioequivalent (12–20). The AUC and Cmax for
cefuroxime suspension average 91 and 71% respectively, of that for the tablet (12).
When given with meals, cefuroxime had a significantly lower AUC for oral
cefuroxime suspension as compared to the tablet (10.22 mg�h/mL vs. 14.02 mg�h/
mL, respectively; p¼ 0.001). Food resulted in significantly lowerCmaxwith cefuroxime
suspension as compared to the tablet (2.48 mg/mL vs. 4.04 mg/mL, respectively;
p ¼ 0.001). Despite these differences, serum cefuroxime bactericidal activities were
not affected and remained similar with both dosage forms (20). Because bacterio-
logical and clinical responses to cefuroxime axetil tablets are independent of food
ingestion, tablets may be administered without regard to meals. Pharmacokinetic,
efficacy, and safety studies of cefuroxime axetil suspension in pediatric patients were
conducted in the fed state. No kinetic data on the suspension formulation are available
when administered under fasting conditions in pediatrics (13).

In summary, cefuroxime axetil tablets and suspension are not bioequivalent and
cannot be substituted on a milligram-per-milligram basis. Oral cefuroxime axetil
tablets can be administered with or without food. Oral cefuroxime suspension
should be taken with food (13).

2.2.2. NITROFURANTOIN

Nitrofurantion is a broad-spectrum bactericidal agent that exerts its effects by
possibly interfering with bacterial carbohydrate metabolism (21,22) or cell wall
synthesis (23). Nitrofurantoin is used for the treatment of uncomplicated urinary
tract infections caused by susceptible microorganisms. Nitrofurantoin is available
in different oral formulations including a combination formulation of nitrofurantoin
monohydrate (75%of the drug) andmacrocrystals (25%of the drug) in oral capsules
(Macrobid1), nitrofurantoin macrocrystalline oral capsules (Macrodantin1), and
microcrystalline oral suspension (Furadantin1) (24–26). A tablet formulation of
nitrofurantoin was previously manufactured but is no longer available.

Oral nitrofurantoin is absorbed in the small intestines. Because serum nitro-
furantoin concentrations are usually low or undetectable in patients with normal
renal function (21,27,28), urinary nitrofurantoin levels are typically used to assess
nitrofurantoin absorption (29). Macrocrystalline nitrofurantoin has a slower dis-
solution and absorption rate than nitrofurantoin monohydrate. Food, however,
increases the bioavailability of nitrofurantoin by about 40% (24) and substantially
increases the duration of therapeutic nitrofurantoin urine concentrations (21).
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The effects of food on nitrofurantoin absorption in macrocrystalline and micro-
crystalline tablets were evaluated in a study of four healthy volunteers. Nitrofuran-
toin 100 mg single oral dose was administered either following an 8-h overnight fast
or immediately after breakfast. Serial urinary specimens were collected to measure
nitrofurantoin urine concentrations. Study results showed that food delayed nitro-
furantoin absorption in the macrocrystalline form but did not have a significant
effect on the rate of absorption of the microcrystalline form. Food also resulted in
increased maximum urine excretion rate of macrocrystalline nitrofurantoin but did
not have a significant effect on the rate of excretion of the microcrystalline form.
Compared to fasting, food increased nitrofurantoin bioavailability by an average of
30 and 80% of the microcrystalline and macrocrystalline forms, respectively (30).

Another study compared the effects of food on the oral bioavailability of nitro-
furantoin in three different microcrystalline tablets, a macrocrystalline capsule, and
an aqueous microcrystalline suspension. The percent of a single 100 mg oral dose
recovered in the urine was significantly greater when administered with food as
compared to the fasting state for the microcrystalline tablets (p < 0.05) and the
macrocrystalline capsule (p< 0.05). Food increased the bioavailability of the tablets
and the macrocrystalline capsule by 23–40 and 85%, respectively. Although the
bioavailability of the microcrystalline suspension was also increased with food, it
was not statistically significant. Compared to fasting, food also significantly
increased the mean duration of therapeutic urinary concentrations of nitrofuran-
toin macrocrystalline capsules (p < 0.05). Food also increased the duration of
therapeutic urinary concentrations of the microcrystalline suspension, but the
difference was not statistically significant compared to the fasted state. Nitro-
furantoin administration with food improved the uniformity of nitrofurantoin
absorption and decreased the coefficients of variation. It was hypothesized that by
decreasing the rate of gastric emptying, food increased nitrofurantoin residence in the
stomach thereby increasing drug dissolution that makes nitrofurantoin more readily
absorbed in the small intestines (31).

In summary, food delays nitrofurantoin delivery to the intestines thereby increas-
ing its absorption and reducing its peak plasma concentrations (26,31). Nitro-
furantoin macrocrystals are more slowly absorbed than the microcrystals (29,32).
Therefore, the macrocrystals are better tolerated and are associated with less nausea
and vomiting (33–35). Nitrofurantoin should be administeredwith food to enhance
its absorption, increase the duration of nitrofurantoin urinary concentrations, and
improve gastrointestinal tolerance (24).

2.3. Antifungals

2.3.1. GRISEOFULVIN

Griseofulvin is an oral antifungal agent used for the treatment of tinea infections.
Because of its low aqueous solubility, griseofulvin absorption is slow, irregular, and
incomplete, especially when taken on an empty stomach (36). However, griseoful-
vin absorption increases twofold when taken with fatty meals (37). Food increases
griseofulvin absorption by increasing its disintegration and de-aggregation (38).

In a study of 12 adult volunteers who each received a single dose of griseofulvin
500 mg tablet, there was a significant increase in griseofulvin bioavailability of
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70 and 120% when taken with a low-fat (29.3% calories from fat) and high-fat
(52.4% calories from fat) meals, respectively, compared to fasting (p < 0.01) (39).
However, one older study, using urinary excretion data, concluded that fatty meals
increase the rate but not the extent of griseofulvin absorption, and that griseofulvin
follows a circadian rhythm of absorption regardless of dietary fat content (40).

Griseofulvin absorption also varies with the dosage form used. A crossover study
of four healthy volunteers compared the absorption of two different dosage forms
consisting ofmicrosize and ultramicrosize griseofulvin tablets takenwith or without
food. When taken on an empty stomach, griseofulvin Cmax of the ultramicrosize
formulation was about 70% of the microsize formulation. When taken with food,
griseofulvin Cmax was 136% of the microsize formulation and about twice the Cmax

for the ultramicrosize formulation. The rate and the extent of griseofulvin bioavail-
ability were similar for both formulations when taken with food (38).

In summary, optimal plasma griseofulvin concentrations are attained when
griseofulvin is administered with a high-fat meal. Taking griseofulvin with meals
maximizes its absorption and enhances therapeutic drug effect.

2.3.2. ITRACONAZOLE

Itraconazole is a triazole antifungal used for treating superficial and systemic
fungal infections. Itraconazole is available as oral solution and capsule formula-
tions. Each oral itraconazole dosage form has specific indications (41). Injectable
itraconazole has been discontinued by the manufacturer for sales and distribution in
the United States. Itraconazole is a highly lipophilic, extremely weak base that is
almost insoluble in water and requires an acidic medium for optimal oral absorption
(42,43). The bioavailability of oral itraconazole also depends on the dosage form
and the presence or absence of food. Whereas food enhances itraconazole capsule
dissolution and absorption (44,45), oral itraconazole solution is already in the
dissolved form and is better absorbed when taken on empty stomach (46).

In one study, the bioavailability of itraconazole capsules increased from 40%
with fasting to 102% when administered with meals (44). In another study of 27
healthy volunteers, a single dose of itraconazole 200 mg capsule was administered
with or without food. Pharmacokinetic parameters were analyzed for itraconazole
and its active metabolite hydroxyitraconazole. The AUC for itraconazole and
hydroxyitraconazole was higher when the drug was administered with food (3423
� 1154 ng �h/mL and 7978 � 2648 ng�h/mL, respectively) as compared to fasting
(2094 � 905 ng�h/mL and 5191 � 2489 ng�h/mL, respectively). The Cmax for
itraconazole with fasting was 59% of that with food (140 � 65 ng/mL and 239 �
85 ng/mL, respectively), andCmax for hydroxyitraconazole with fasting was 72% of
that with food (286 � 101 ng/mL and 397 � 103 ng/mL, respectively) (41).

The absorption of oral itraconazole capsules is decreased with increasing gastric
pH such as in patients receiving gastric acid inhibitors (antacids, H2-receptor antag-
onists, proton pump inhibitors). In patients with hypochlorhydria, coadministration
of oral itraconazole capsules with an acidic beverage (e.g., cola) increased itraconazole
bioavailability (47,48). Following the administration of a single 100 mg dose of
itraconazole capsules with 325 mL of water or an acidic cola beverage (pH ¼ 2.5),
the itraconazole AUC was significantly higher with cola (2.02 � 1.41 mg�h/mL) than

310 Part III / Influence of Food, Nutrients, or Supplementation



with water (1.12� 1.09 mg�h/mL) (p< 0.05). Itraconazole Cmax was also significantly
higher with cola than with water (0.31 � 0.18 mg/mL vs. 0.14 � 0.9 mg/mL, respect-
ively; p< 0.05), and Tmax was significantly longer (3.38 � 0.79 h vs. 2.56 � 0.62 h;
p < 0.05) (48).

In contrast to itraconazole capsules, itraconazole oral solution does not require
food or an acidic medium to increase its absorption. Significantly higher itraconazole
and hydroxyitraconazole AUC and Cmax and shorter Tmax occur when itraconazole
oral solution is taken on an empty stomach rather than with food (42). Following
administration of oral itraconazole solution at a dose of 200mg/day, respective mean
itraconazole and hydroxyitraconazole concentrations were 43 and 38% higher when
the drug was taken with food as compared to fasting (46). The AUC with a single
100 mg dose of itraconazole oral solution was significantly higher when administered
during fasting (2379� 1353 ng�h/mL) as compared to the fed state (1713� 741 ng�h/
mL). Cmax was also significantly higher in the fasting state as compared to the fed
state (349 � 239 ng/mL vs. 147 � 74 ng/mL; p ¼ 0.006). Additionally, Tmax was
significantly shorter during fasting as compared to the fed state (1.7� 0.5 h vs. 3.8�
1.4 h; p ¼ 0.0001) (42).

In summary, oral itraconazole capsules should be taken with a full meal for
maximal absorption. However, oral itraconazole solution is better absorbed when
taken on empty stomach at least 2 h before or 2 h after a meal. Oral itraconazole
solution provides an alternative to itraconazole capsules in patients who have
difficulty swallowing the capsule or in those whose oral intake is restricted
(41,45). The optimal serum itraconazole and hydroxyitraconazole concentrations
are not known; however itraconazole oral solution is associated with higher serum
drug concentrations compared to oral capsules (49). Administration of itraconazole
with cola enhances itraconazole capsule absorption in patients receiving acid sup-
pression therapy (47). Patients receiving medications that alter gastric pH should
take itraconazole oral capsules with a cola beverage.

2.3.3. POSACONAZOLE

Posaconazole is a triazole antifungal agent that works by blocking the synthesis of
ergosterol, one of the key compounds in the fungal cell membrane. Posaconazole is
FDA labeled for the prophylaxis of invasive Aspergillus or Candida infections in
patients who are at risk of developing systemic infections due to an immunocom-
promised state (50). Posaconazole is insoluble in water and is commercially available
as a suspension for oral administration. It is well absorbed from the gastrointestinal
tract with a proportional increase in AUC and Cmaxwith increasing doses up to
800 mg daily. Steady-state plasma posaconazole concentrations are reached after
7–10 days of therapy with a Tmax ranging from 5.8 to 8.8 h (51).

A study evaluated the difference in absorption of posaconazole oral suspension
and tablet formulations and the effect of food and its fat content on posaconazole
bioavailability (52). In this randomized, open label, four-way crossover study, 20
healthy male volunteers received posaconazole 200 mg oral tablets administered
with a high-fat breakfast (841 calories, 52% fat), or posaconazole 200 mg oral
suspension administered with a high-fat breakfast, low-fat breakfast (461 calories,
0% fat), or after a 10-h fast. Absorption was significantly better with the oral
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suspension compared to the tablets with a 37% increase in AUC (p¼ 0.001) and 23%
increase inCmax(p¼ 0.004). In addition, theAUCandCmax of the oral suspensionwere
4 times greater with the high-fat meal compared with the fasted state (p < 0.001).
Administration with the low-fat meal also increased posaconazole absorption
(2.6 times) and Cmax (3 times) compared to the fasted state (p < 0.001). Pharmaco-
kinetic profiles were similar between the high-fat and nonfat meals, suggesting that
posaconazole should be administered with meals regardless of fat content and that the
suspension should be used over the tablets to enhance absorption. A related study
found that concomitant administration of antacids with posaconazole had no signifi-
cant effect on posaconazole bioavailability under fasting or nonfasting conditions (53).

Patients who receive posaconazole are often severely ill and may have difficulty
eating. It would not be uncommon for these patients to receive their nutritional
needs through enteral tube feedings. For this reason, a study evaluated the effect
of a nutritional supplement (Boost Plus1, Novartis Nutrition Corp.) on the
bioavailability of posaconazole (54). In a randomized, crossover study, 20
healthy subjects received 400 mg of posaconazole oral suspension either after an
overnight fast or with 8 ounces of the nutritional supplement (360 calories, 34%
fat). Coadministration of posaconazole with the nutritional supplement resulted
in a threefold increase in posaconazole Cmax and a 2.6-fold increase in AUC
compared to the fasted state. There was no difference in posaconazole Tmax or
half-life between the two groups.

In summary, posaconazole is a highly lipophilic compound for which adminis-
tration with food results in a clinically significant increase in bioavailability.
Posaconazole should always be administered with food regardless of fat content,
or with a nutritional supplement to ensure adequate plasma posaconazole concen-
trations. If the patient cannot meet these feeding requirements, the manufacturer of
posaconazole recommends that another antifungal agent be considered or that the
patient be closely monitored for breakthrough fungal infections (50).

2.4. Antiprotozoals

2.4.1. ATOVAQUONE

Atovaquone is an antiprotozoal agent available as an oral suspension. It is used
as a second-line agent for the treatment or prophylaxis ofmild tomoderatePneumo-
cystis carinii pneumonia in patients who are intolerant of trimethoprim-sulfame-
thoxazole (cotrimoxazole). Atovaquone is highly lipophilic with a low aqueous
solubilitymaking it slowly and irregularly absorbed on an empty stomach.Atovaquone
bioavailability is enhanced when taken with a fatty meal. The previously marketed
atovaquone tablet resulted in irregular absorption and subtherapeutic plasma concen-
trations. As such, manufacturing of atovaquone tablets (Mepron1) was discontinued
once the suspension became commercially available. Atovaquone suspension exhibits
double the bioavailability compared to the tablet (55), resulting in increased
atovaquone AUC and Cmax (56).

In a prospective, open label, crossover study of 10 healthy volunteers, the bio-
availability of atovaquone (single 750 mg dose of suspension) was enhanced when
administered following breakfast (fat content 21 g) or with an oral liquid nutrition
supplement (Sustacal Plus1, Mead Johnson Nutritionals: fat content 28 g). The
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AUC of atovaquone following breakfast (103.8 mg �h/mL) and Sustacal Plus1

(118.8 mg �h/mL) was significantly higher when compared to administration under
fasting conditions (43.4 mg �h/mL) (p< 0.0001). This corresponds to amean increase
in atovaquone bioavailability by 502 and 505% following breakfast and Sustacal
Plus1, respectively (57).

Two studies investigated the effect of food on the pharmacokinetics of
atovaquone suspension in patients infected with HIV (58,59). In an open
label, dose escalation study including 22 HIV-infected patients, administration
of atovaquone with breakfast (fat content 23 g) increased average atovaquone
steady-state plasma concentrations by 1.3- to 1.7-fold as compared to fasting
(58). Similarly, a single- and multiple-dose pharmacokinetic study in HIV-
infected patients showed food to increase atovaquone bioavailability by 1.4-fold.
However, an increased incidence of rash was observed when higher plasma
atovaquone concentrations were achieved with the 1000 mg twice daily dose
taken with food (59).

In summary, the rate and the extent of atovaquone absorption are significantly
increased when taken with food, especially fatty meals. As such, atovaquone should
be administered with meals to increase its absorption and improve its therapeutic
effects (55).

2.4.2. NITAZOXANIDE

Nitazoxanide is an antiprotozoal agent that is FDA labeled for the treatment of
diarrhea associated with cryptosporidiosis (caused byCryptosporidium parvum) and
giardiasis (caused by Giardia lamblia). Nitazoxanide is practically insoluble in
water. It is available in oral tablet (500 mg) and suspension (100 mg/5 mL) for-
mulations which are not bioequivalent. The relative bioavailability of nitazoxanide
suspension is 70% compared to the tablet. Although specific data on the bioavail-
ability of nitazoxanide are lacking, nitazoxanide is metabolized in the gut wall, liver,
and plasma. Nitazoxanide is rapidly converted to the active metabolite tizoxanide
that is ultimately excreted in the urine, bile, and feces. About 67% of the parent
nitazoxanide is excreted in the feces (60).

Food significantly increases the absorption of nitazoxanide. Administration of
nitazoxanide tablets with food resulted in a twofold increase in the AUC of
tizoxanide and the metabolite tizoxanide glucuronide, and a 50% increase in
Cmax. Administration of nitazoxanide oral suspension with food resulted in a
45–50% increase in AUC of tizoxanide and tizoxanide glucuronide and an
increase in Cmax by up to 10% (60). A study in 32 healthy volunteers evaluated
the absorption of nitazoxanide following the administration of a single oral
nitazoxanide dose of 1 g, 2 g, 3 g, or 4 g first under fasting conditions, and a
week later with breakfast. Study results showed that food approximately doubled
the plasma concentrations of tizoxanide and tizoxanide glucuronide irrespective
of the administered dose (61).

In clinical trials, nitazoxanide was administered with food that substantially
increased drug absorption. Therefore, nitazoxanide oral tablets and suspension
should be taken with food.
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2.5. Antiretrovirals

2.5.1. ATAZANAVIR

Atazanavir is an HIV-1 protease inhibitor that is indicated for the treatment
of HIV-1 infection when used in combination with other antiretroviral agents.
Atazanavir selectively inhibits virus-specific processing of HIV-1 infected cells,
thereby preventing the formation of mature virons (62).

Pharmacokinetic data supporting the effect of food on the absorption of atazanavir
capsules are limited to information found in the product labeling, but are worthy of
mention. Atazanavir is rapidly absorbed after oral administration. Steady-state
plasma atazanavir concentrations are achieved after 4–8 days of continuous therapy.
Absorption is significantly increased when atazanavir is administered with food as
compared to the fasting state. Thismay in part be due to improved atazanavir solubility
with decreasing pH. When a single dose of atazanavir 400 mg was administered with a
light meal, the AUC of atazanavir increased by 70%, and Cmax increased by 57%
relative to fasting. When administered with a high-fat meal, the AUC of atazanavir
increased by 35%with no change inCmax relative to the fasting state. In both cases (light
meal or high-fat meal), there was a decrease in the coefficient of variation for AUC and
Cmax by approximately one-half compared to the fasting state (62).

These data suggest that administration of atazanavir with food increases its
bioavailability and reduces pharmacokinetic variability. Therefore, it is recom-
mended that atazanavir be taken with food to enhance its absorption (62).

2.5.2. DARUNAVIR

Darunavir ethanolate (Prezista1), a protease inhibitor antiretroviral agent used
for treatment ofHIV-1 infection, is marketed as 300mg oral tablets. The usual adult
darunavir dose is 600 mg (two tablets) twice daily taken together with ritonavir
100 mg. Ritonavir, another anti-HIV protease inhibitor, is coadministered at a low
dose with darunavir because it inhibits darunavir metabolism through the CYP3A4
isoenzyme and increases its plasma concentrations. Ritonavir increases the absolute
systemic bioavailability of darunavir from 37 to 82% (63).

Food increases the bioavailability of darunavir. Regardless of the type of meal
(range 240 kcal with 12 g fat to 928 kcal with 56 g fat), taking darunavir with food
along with ritonavir increased the AUC andCmax of darunavir by about 30% (63).
An open label, randomized, crossover study evaluated the effects of different meal
types on the pharmacokinetic profile of darunavir in healthy adult volunteers who
were given the darunavir/ritonavir combination. Darunavir was taken after a
period of fasting for at least 10 h, immediately following a standard breakfast
(533 kcal, 21 g fat, 67 g carbohydrate, 19 g protein), following a high-fat breakfast
(928 kcal, 56 g fat, 65 g carbohydrate, 41 g protein), after a protein-rich nutritional
drink (250 kcal, 8.4 g fat, 33.4 g carbohydrate, 10.5 g protein), or after coffee with
croissant (240 kcal, 12 g fat, 28 g carbohydrate, 5 g protein). Study results showed
that the AUC and Cmax for darunavir were 30% lower under fasting conditions
compared to when darunavir was taken with a standard breakfast. There were no
significant differences in the AUC and Cmax for darunavir when taken with the
different types of meals (64).
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In summary, darunavir should only be used in combination with ritonavir. Food
increases darunavir absorption regardless of the meal composition. Therefore, the
combination of darunavir/ritonavir should be consistently taken with food, in order
to achieve optimal therapeutic drug effects (63).

2.5.3. LOPINAVIR

Lopinavir is a protease inhibitor antiretroviral agent used for the treatment of
HIV-1 infection. It is only marketed in a co-formulation with ritonavir, a structur-
ally related protease inhibitor. Ritonavir inhibits the principal isoenzyme CYP3A4
that metabolizes lopinavir; it is, therefore, combined with a low lopinavir dose to
decrease lopinavir metabolism and increase its plasma concentrations, thereby
enhancing its anti-HIV activity (65).The lopinavir/ritonavir co-formulation is
marketed as Kaletra1and is available as oral tablets (lopinavir 200 mg/ritonavir
50mg) and oral solution (lopinavir 80mg/ritonavir 20mg per 1mL) (66). Themain
antiviral activity of Kaletra1is due to lopinavir.

Originally, the lopinavir/ritonavir formulation was available in oral soft gelatin
capsules that required a daily dosing of six capsules taken with food. Because of
patient compliance issues and storage requirements, the lopinavir/ritonavir oral
capsules were replaced with a tablet formulation that was manufactured using a
special melt extrusion technology that limits the excipient mass. The tablet formu-
lation has significantly improved bioavailability under various meal conditions and
is bioequivalent to the oral soft gelatin capsule when taken after a moderate fat
meal. The tablet formulation also reduced the number of lopinavir/ritonavir doses
to four tablets daily that can be easily stored at room temperature (66,67). The
absorption of Kaletra1oral tablets is not significantly affected by the presence of
moderate or high-fat meals, but there is less variability and more consistent lopi-
navir and ritonavir absorption when administered with food compared to the fasted
state (67). However, the absorption of lopinavir in Kaletra1oral solution is sub-
stantially increased when taken with food. Compared to fasting, administration of
Kaletra1oral solution with a moderate fat meal (500–682 kcal, 23–25% fat)
increased lopinavir AUC by 80% and Cmax by 54%. Taking Kaletra1oral solution
with a high-fat meal (872 kcal, 56% fat) further increased lopinavir AUC by 130%
and Cmax by 56%, relative to fasting (66).

Because the bioavailability of lopinavir oral solution is significantly increased
when taken with moderate to high fat containing meals, Kaletra1 oral solution
must be taken with food to improve therapeutic drug effects. Kaletra1 oral tablets
can be taken with or without food.

2.5.4. NELFINAVIR

Nelfinavir is a protease inhibitor antiretroviral agent used for treatment of HIV-1
infection.Nelfinavir is available as oral tablet (250mg, 625mg) and powder (50mg/g)
formulations that have similar bioavailability. Food increases nelfinavir absorp-
tion and decreases nelfinavir pharmacokinetic variability compared to the fasting
state (68).

A study in healthy volunteers evaluated the pharmacokinetics of a single nelfinavir
dose of 1250 mg (5 � 250 mg tablets) taken under fasting conditions or with
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three different meals. Study results showed that nelfinavir AUC, Cmax, and
Tmax increased with higher caloric and fat intake. Compared to the fasting
state, a low calorie and fat meal (125 kcal, 20% fat) caused an increase in the
AUC and Cmax of nelfinavir by 2.2- and 2-fold, respectively. Further increases
in nelfinavir bioavailability occurred with a meal that provided higher calories
(500 kcal, 20% fat) leading to a 3.1-fold increase in AUC and 2.3-fold increase
in Cmax. A meal with even higher calories and fat content (1000 kcal, 50% fat)
was associated with a higher 5.2-fold increase in AUC and 3.3-fold increase in
Cmax. Similar pharmacokinetic results on nelfinavir absorption were obtained
from another study in healthy volunteers that evaluated the effects of low
(20%) vs. high (50%) fat meals with similar calorie intake (500 kcal) on (68).

Although the effect of food on the pharmacokinetics of the 625 mg nelfinavir
tablet has not been separately evaluated, a crossover study that compared the effects
of food (standard breakfast at 820 kcal) on a single dose administration of nelfinavir
1250 mg (5 � 250 mg tablets vs. 2 � 625 mg tablets) showed that compared to
fasting, food caused a six- and eightfold increase in nelfinavir absorption for the
250 mg and 625 mg tablet, respectively (69).

In summary, nelfinavir bioavailability is higher when the drug is taken with high
calorie or high-fat meals. For optimal absorption and enhanced therapeutic effects,
nelfinavir should be taken with meals.

2.5.5. SAQUINAVIR

Saquinavir is an antiretroviral agent used for treatment of HIV-1 infection. It is
available in oral capsules as saquinavir mesylate (Invirase1) and in soft capsules as
saquinavir (Fortovase1). The two dosage forms are not bioequivalent and cannot
be used interchangeably. Fortovase1 has better bioavailability as compared to
Invirase1. Following administration of single 600 mg doses of saquinavir, the
relative bioavailability of Fortovase1 was 331% as compared to Invirase1.
Food, however, substantially increases saquinavir absorption with either dosage
form (70,71). Administration of saquinavir with food was reported to increase
saquinavir bioavailability by 1800% (72).

In a study of six healthy volunteers who received saquinavir in a single 600 mg
dose, a 6.7-fold increase in AUC was reported when saquinavir was administered
with food as compared to fasting. Mean 24-h saquinavir AUC increased from
24 ng�h/mL with fasting to 161 ng �h/mL following breakfast (1006 kcal, 57 g fat,
60 g carbohydrate, 48 g protein). The 24-h AUC and Cmax were on average twofold
higher following a higher calorie and fat meal (943 kcal, 54 g fat) than a lower
calorie and fat meal (355 kcal, 8 g fat) (70). In another study of 12 healthy
volunteers who received a single dose of Fortovase1 800 mg, the mean 12-h AUC
increased from 167 ng �h/mL with fasting to 1120 ng�h/mL when saquinavir was
taken with breakfast (1006 kcal, 57 g fat, 60 g carbohydrate, 48 g protein) (71).

In summary, food increases saquinavir bioavailability by increasing drug dissol-
ution and disintegration (73). As such, Fortovase1 and Invirase1should be taken
with food or within 2 h after a meal (70,71). Due to its improved absorption,
Fortovase1 should be used as the saquinavir formulation of choice in an
antiretroviral regimen.
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2.6. Fenofibrate

Fenofibrate is a fibric acid derivative prodrug that is rapidly hydrolyzed to its
major pharmacologically active metabolite, fenofibric acid. Fenofibrate reduces
serum total cholesterol, low-density lipoprotein cholesterol (LDL), very low-density
lipoprotein cholesterol (VLDL), and triglycerides, and increases high-density
lipoprotein cholesterol (HDL) in patients with dyslipidemia. Fenofibrate also
increases urinary uric acid excretion via a different mechanism, hence its off-label
use in the treatment of hyperuricemia and gout (74,75). The FDA-labeled indication
of fenofibrate is for the treatment of hypercholesterolemia, hypertriglyceridemia, and
mixed dyslipidemia (types IV and V) in adjunct to a low-fat diet (76).

Fenofibrate is well absorbed from the gastrointestinal tract with Cmax attained
6–8 h after oral administration. Fenofibrate is a neutral lipophilic compound that is
practically insoluble in aqueous solution for injection, thus the lack of data on the
drug’s absolute bioavailability. The variable bioavailability and dissolution prob-
lems of fenofibrate have led to manufacturing innovations in oral fenofibrate
formulations. Fenofibrate is available in various tablet and capsule formulations
that have different bioavailability profiles and are not bioequivalent on amilligram-
for-milligram basis. The bioavailability of the original non-micronized tablet was
improved by micronization, conferring about a 30% increase in bioavailability.
Fenofibrate capsules contain micronized fenofibrate particles that disperse and
aggregate randomly to excipients. With the fenofibrate microcoated micronized
tablet formulation, fenofibrate is coated directly into an inert excipient core which
improved its in vitro dissolution by 46% owing to it its higher bioavailability over
the non-microcoated micronized capsules. Plasma fenofibric acid concentrations
that are achieved following administration of the 54 mg or 160 mg microcoated
micronized tablets are equivalent under fed conditions to those achieved with the
67 mg or 200 mg micronized capsules, respectively. The extent of absorption of
fenofibrate micronized capsules or micronized microcoated tablets is increased by
about 35% under fed conditions compared to fasting (74,77).

Commercially available fenofibrate products can be classified based on their
formulation and whether they should be taken with or without regards to meals.
Fenofibrate formulations that should be taken with food include micronized cap-
sules (Lofibra1 67 mg, 134 mg, 200 mg), microcoated micronized tablets (Lofibra1

54 mg, 160 mg), and CIP-fenofibrate hard gelatin capsules (Lipofen1 50 mg,
100 mg, 150 mg) (78–80). Fenofibrate formulations that can be taken with or
without meals include nanoparticle tablets (Tricor1 48 mg, 145 mg), Insoluble
Drug Delivery1-Microparticle (IDD-P) tablets (Triglide1 50 mg, 160 mg), and
micronized capsules (Antara1 43 mg, 130 mg) (76,81,82).

The CIP-fenofibrate formulation (Lipofen1) is a newly developed drug delivery
technology (Lidose) that increased fenofibrate bioavailability by about 25% com-
pared to the micronized form. The CIP-fenofibrate 150 mg capsule is bioequivalent
to 160 mg micronized microcoated tablet (Tricor1) under low- and high-fat-fed
conditions. When compared to fasting conditions, the extent of Lipofen1absorp-
tion increased by about 25% when taken with a low-fat meal and by 58% with a
high-fat meal (80). Similarly, the nanoparticle technology used in the reformula-
tion of Tricor1 allowed faster drug dissolution that improved its absorption and

Chapter 11 / Positive Drug–Nutrient Interactions 317



allowed the drug to be taken with or without food. On the other hand, the
formulation of the IDD-P tablets uses a technology of preparing fenofibrate micro-
particles that are stabilized with phospholipid-surface-modifying agents to prevent
the re-aggregation of microparticles. This preserves the expanded drug surface area
of microparticles and increases its dissolution for better absorption. Single-dose
pharmacokinetic studies of the fenofibrate IDD-P formulation in healthy adults
showed similar AUC for fenofibrate under fed or fasting conditions (83). Although
the micronized capsules in Antara1 are better absorbed with a high-fat meal, the
package insert states that Antara1 capsules may be taken without regard to meals.
When Antara1 was administered with a high-fat meal, there was a 26% increase of
the fenofibric acid AUC and a 108% increase inCmax compared to the fasting state.
However, the AUC of fenofibric acid was unaffected when Antara1was taken with
a low-fat meal or under fasting conditions. Tmax was also unaffected in the presence
of a low-fat meal. Although Antara1 absorption was increased when taken with a
fat-rich meal, the approval of Antara1 to be administered without regard to meals
was based on data from clinical studies that showed comparable outcomes on serum
triglycerides and cholesterol concentrations when Antara1 130 mg was taken once
daily with or between meals (82). A study of an investigational sustained-release
fenofibrate 250 mg capsule showed a significant increase in AUC (3.34-fold) and
Cmax (3.82-fold) when taken with a high-fat meal compared to fasting (p < 0.01).
There was also a significant increase in AUC (2.45-fold) and Cmax (2.89-fold) when
the same formulation was given with a standard breakfast compared to fasting (p<
0.01) (84).

In summary, many different fenofibrate oral formulations are commercially
available and they are not bioequivalent. The difference in bioequivalence should
be considered when a patient is switched from one fenofibrate formulation to
another. Lofibra1 and Lipofen1 should be taken withmeals to improve absorption
and optimize therapeutic effects. Tricor1, Triglide1, and Antara1 can be taken
with or without food.

2.7. Isotretinoin

Isotretinoin is a synthetic analog of vitamin A that is available in oral capsules
and used for the treatment of cystic acne. Isotretinoin is a highly lipophilic drugwith
maximal isotretinoin absorption achieved when administered with a fatty meal
(85).

The effects of food and fasting on isotretinoin bioavailability were evaluated in a
randomized, crossover study of 20 healthy, male volunteers. Isotretinoin 80 mg was
administered either during a complete fast, 1 h before a standard breakfast, with a
standard breakfast, or 1 h after a standard breakfast. Each treatment was separated
by a washout period. Study results showed that isotretinoin bioavailability
increased by about 1.5- to 2-fold when isotretinoin was administered 1 h before,
with, or 1 h after breakfast, as compared to fasting. Mean isotretinoin Cmax

increased 1.6- to 2.4-fold in the presence of food. Tmax was slightly delayed by
0.8–1.6 h. The investigators related the positive effects of food on isotretinoin
absorption to the increased bile flow that enhances isotretinoin solubility (86).
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In summary, isotretinoin bioavailability is increased when taken with food.
Consistent intake of isotretinoin with meals is recommended in order to optimize
isotretinoin clinical effects.

2.8. Mesalamine/Olsalazine

Mesalamine (5-aminosalicylic acid) is an oral agent indicated for the treatment of
chronic inflammatory bowel disease. The exact mechanism of action of mesalamine
is unknown, but may be due to its local effects that decrease colonic inflammation
by blocking the cyclooxygenase enzyme and inhibiting prostaglandin production in
the colonic mucosa. Several different formulations of mesalamine are available on
the market. Delayed-release tablets (Lialda1, Asacol1) and controlled-release
capsules (Pentasa1) are minimally absorbed (20–30%). In addition, the delayed-
release tablets are coated with an acrylic-based resin that only dissolves at a pH of 7
or higher, releasing mesalamine in the terminal ileum. When the delayed-release
tablets are given with a high-fat meal, target exposure and absorption are delayed,
and there is an increase in systemic exposure to mesalamine (91% increase in Cmax

and 16% increase in AUC) (87). Despite enhanced absorption, the effects of
mesalamine are believed to be due to its local effects in the colonic mucosa and
not due to its systemic concentration.

Olsalazine (Dipentum1) is a prodrug containing two azo-bound molecules
of mesalamine that is cleaved by bacteria in the colon to form mesalamine
(5-aminosalicylic acid). Olsalazine is used for the maintenance of remission of
ulcerative colitis in patients who are intolerant to sulfasalazine. The oral bio-
availability of the olsalazine is limited at<3%. Oral absorption of 5-aminosalicylic
acid is also very slow, which leaves high local therapeutic drug concentrations in the
colon. Of a 1 g dose of olsalazine, more than 0.9 g of 5-aminosalicylic acid reaches
the colon where it exerts its effects (88). Food does not affect the bioavailability of
olsalazine or 5-aminosalicylic acid (89). However, because the efficacy of olsalazine
is dependent on the colonic concentration of 5-aminosalicylic acid and is independ-
ent of serum drug concentrations, taking olsalazine with food increases drug
efficacy by prolonging the presence of 5-aminosalicylic acid in the gut (88).

Because the pharmacologic action of mesalamine and olsalazine depends on the
local effects of 5-aminosalicylic acid, they should be taken with food to maximize
local colonic effects in patients with ulcerative colitis (87,88).

2.9. Misoprostol

Misoprostol is a prostaglandin E1 analog that is primarily used for preventing
gastric ulceration in patients treated with nonsteroidal antiinflammatory drugs
(NSAIDs). Misoprostol is available as oral tablets. Gastrointestinal side effects
such as diarrhea and abdominal pain are common with misoprostol therapy.
Diarrhea is dose-related andmay sometimes require discontinuation of misoprostol
therapy. The incidence of diarrhea with misoprostol 800 mg/day in patients treated
with NSAIDs ranges between 14 and 40%. Administration of misoprostol after
meals slows the rate of misoprostol absorption and thus reduces the frequency of
diarrhea (90).
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In a randomized, open label, crossover study of 12 healthy volunteers, misoprostol
absorption was studied when taken with a high-fat meal or during fasting. Study
results showed that food decreases the rate of misoprostol absorption without sig-
nificantly affecting the amount or extent of misoprostol absorption. Food signifi-
cantly increased misoprostol Tmax compared to fasting (64 � 79 min vs. 14 � 8 min;
p< 0.05). Food, however, decreased misoprostol Cmax (303� 176 pg/mL) compared
to fasting (811� 317 pg/mL) (p < 0.05). Because achieving a rapid, high Cmax of the
active misoprostol metabolite (misoprostol acid) may result in increased side effects
(diarrhea, abdominal pain), these effects can beminimized whenmisoprostol is taken
with food (91).

The effects of misoprostol on bowel motility were evaluated in a double-blind,
crossover study of 12 healthy volunteers. Study results showed that oral-to-cecal
transit time (measured by H2 breath test following lactulose administration) was
shortened by 57 and 18% when misoprostol was administered before and after
meals, respectively. The mean oral-to-cecal transit time was significantly shorter
when misoprostol 400 mg was taken before meals compared to after meals
(p< 0.001) and to placebo (p< 0.001). Although other parameters such as stool
frequency, fecal fat and bile acids, and fecal weight showed differences between
treatments, these differences were not found to be significant (92).

In summary, administration of misoprostol before or after meals decreases the
Cmax of the active metabolite misoprostol acid without affecting misoprostol bio-
availability (91). Misoprostol should then be taken with food to reduce the inci-
dence of diarrhea (90).

3. EFFECTS OF SPECIFIC NUTRIENTS ON DRUG ABSORPTION

3.1. Ascorbic Acid and Iron

Iron deficiency anemia can affect all age groups, especially children and women
of childbearing age. There are two forms of iron found in the diet – heme iron from
meat and non-heme iron from cereals, fruits, and vegetables. Heme iron accounts
for about 10–15% of iron intake when consuming a meat-rich diet whereas most of
the remaining dietary iron is in the non-heme form. Factors that increase (e.g.,
ascorbic acid) or decrease (e.g., phytates) non-heme iron absorption do not, how-
ever, affect heme iron absorption (93). Ferrous iron (Fe2+) is better absorbed than
ferric iron (Fe3+). Most dietary iron is in the ferric state, but factors such as gastric
acidity, dietary ascorbic acid, and other reducing substances convert ferric iron to
ferrous iron.When considering oral iron supplements, the amount of iron absorbed
depends on the type of iron salt used (sulfate vs. fumarate vs. gluconate), iron dose
administered, and body iron stores. For instance, 10–35% of an oral iron dose is
normally absorbed, whereas up to 80–95% of iron is absorbed in patients with iron
deficiency anemia (94).

Iron absorption is significantly reduced by the presence of phytate in the diet.
Phytates or hexaphosphates are natural components of vegetables and cereals that
bind iron in the gastrointestinal tract to form insoluble and unabsorbable com-
pounds. Ascorbic acid inhibits iron chelation to phytates and also reduces iron to
the ferrous form, making it more available for absorption (94). The amount of
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ascorbic acid needed to inhibit phytate binding to iron depends on the amount of
phytate present in the gastrointestinal tract (95,96). The greater the amount of
phytate that is present, the more ascorbic acid is required to reverse the inhibition.
With meals containing no phytates, ascorbic acid increases iron absorption by
about 60% (97). When phytates were added into wheat rolls at 2 mg, 25 mg, and
250 mg, iron absorption was inhibited by 18, 64, and 82%, respectively. When
coadministered with 50 mg of ascorbic acid, absolute iron absorption was highest
when the rolls contained no phytates, and was lowest when the rolls contained
250 mg of phytates. It is estimated that about 80 mg of ascorbic acid is needed to
counteract the effects of 25 mg of phytates, and a few hundred milligrams of
ascorbic acid are required to counteract the effects of 250 mg of phytates (98).
The average North American person consumes about 750 mg of phytates daily,
although wide individual and geographical variation exist (99).

Iron absorption was increased two- to threefold when 50 mg of ascorbic acid was
added twice daily to each meal (93–96). The first 50–100 mg doses of ascorbic acid
appear to have the most significant effects on iron absorption. Higher doses have
little additional effects (97). Administration of ascorbic acid at doses of 500 mg
twice daily after meals for 2 months significantly improved iron status in strict
vegetarians (100). However, there was no significant effect on serum ferritin levels
when higher ascorbic acid doses of 1 g twice daily were given to adults consuming a
well-balanced diet. The lack of significant response with higher ascorbic acid doses
may indicate that iron reserves are maintained under tight control regardless of the
mechanisms that enhance iron bioavailability (101). Also, ascorbic acid supple-
mentation may have little effect on improving iron absorption in well-nourished,
iron-replete subjects.

The effects of ascorbic acid on iron retention were also evaluated in a study of
premenopausal women following induction of iron depletion by a low iron diet and
phlebotomy. Women in this study consumed a low iron diet that provided 5 mg of
elemental iron per 2000 calories for 67–88 days. At the end of the low iron diet
period, subjects were divided into three groups to receive a diet containing either
13.7 mg of iron per 2000 calories, supplemental ascorbic acid 500 mg 3 times daily
with meals, or a placebo supplement for a total of 5.5 weeks. Study results showed
significant improvement in apparent iron absorption (defined as the difference
between dietary and fecal iron) with ascorbic acid supplementation compared to
placebo. Blood analysis at the end of 5 weeks showed ascorbic acid supplementation
to have also improved hemoglobin, serum iron concentration, and erythrocyte
protoporphyrins. Ascorbic acid had no effect on improving serum ferritin, trans-
ferrin saturation, hematocrit, or total iron-binding capacity (102).

The effect of ascorbic acid on iron absorption was also reported in 54 preschool
Indian children who had iron deficiency. Ascorbic acid supplemented at a dose of
100 mg twice daily given with meals for 60 days resulted in a significant improve-
ment in hemoglobin (p< 0.001) and red cell morphology as compared with placebo
(p < 0.01) (103). In another study of 65 Chinese children with mild iron deficiency
anemia who were consuming a predominantly vegetarian diet, daily ascorbic acid
supplementation at 50 mg, 100 mg, and 150 mg had similar effects on improving
iron status (104).
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The fraction of iron in ferritin and ferric hydroxide that enters the non-heme
dietary iron is also influenced by diet composition. One study compared the
absorption of iron from ferritin iron and ferric hydroxide in 35 multiparous
women. When administered in water, the geometric mean iron absorption was 0.7
and 2.4% from ferritin iron and ferric hydroxide, respectively. With the presence of
ascorbic acid 100 mg in dietary maize porridge, iron absorption increased to 12.1%
for ferritin and 10.5% for ferric hydroxide, compared to 0.4% for both compounds
with maize porridge without ascorbic acid (105).

Ascorbic acid in fruit juices and vegetables is as effective as equal amounts of
synthetic ascorbic acid in enhancing iron absorption (96). In a study that evaluated
the effect of fruit and fruit juices on iron absorption from a rice diet containing
0.4 mg of iron, juices of citrus fruits with higher ascorbic acid content resulted in
higher amounts of iron absorbed (106).

Iron supplements are commercially available in different salt forms (gluconate,
fumarate, sulfate) each providing different amounts of elemental iron (107). Iron
sulfate, the most widely prescribed oral iron supplement, is usually given in 1–3
daily doses.Most clinical evidence of enhanced iron absorption with ascorbic acid is
with iron sulfate. (94,108). Coadministration of ascorbic acid 100–200mg/daywith
iron supplements enhances iron absorption, particularly in anemic patients (94).
Patients who absorb iron poorly, such as those with gastrectomy, would most
benefit from ascorbic acid supplementation during oral iron therapy (109). Various
combinations of commercial iron and ascorbic acid formulations can be found,
such as Fero-Grad-5001 (timed release tablet containing ferrous sulfate 105 mg
with sodium ascorbate 500 mg), Vitelle Irospan1 (timed release tablet and capsule
containing ferrous sulfate exsiccated 65mgwith ascorbic acid 150mg), Hemaspan1

(containing ferrous fumarate 110 mg with ascorbic acid 200 mg), and Cevi-Fer1

(timed release capsule containing ferrous fumarate 20 mg with ascorbic acid
300 mg). Slow-release iron formulations may result in portions of the dose bypass-
ing the intestinal sites of absorption.

4. EFFECTS OF SPECIFIC NUTRIENTS ON REDUCING DRUG
TOXICITY

4.1. Folic Acid and Fluorouracil

Fluorouracil (5-FU) is a fluorinated pyrimidine antineoplastic antimetabolite
used in the palliative management of colorectal, gastric, pancreatic, breast, ovarian,
and head and neck cancers. 5-FU exerts its effects primarily through its active
metabolite fluorodeoxyuridine monophosphate that inhibits thymidylate synthase,
a key enzyme in pyrimidine synthesis. Leucovorin, a modulator of 5-FU activity, is
typically administered intravenously in combination with 5-FU to enhance 5-FU
activity. Leucovorin enhances thymidylate synthase inhibition through increasing
the intracellular pool of folates that stabilize the thymidylate synthase–fluorode-
oxyuridinemonophosphate complex (110,111). Because reduced folatemetabolites
enhance 5-FU antitumor activity, folic acid has been proposed as an alternative to
leucovorin as long as it generates the same plasma metabolite levels. Animal studies
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have shown potential modulating effects for folic acid in mice with lymphocytic
leukemia treated with 5-FU (112). However, human studies evaluating the role of
folic acid as possible modulator of 5-FU activity are limited.

A crossover, randomized pharmacokinetic study evaluated the metabolism of
folic acid and its ability to yield reduced folates. The study included 10 adult
volunteers who were divided into two groups. One group received folic acid at
doses of 25 mg/m2 and the other group received 125mg/m2. After a 2-week washout
period, the same group received the same folic acid dose by the alternative route.
Serial blood samples were collected over 24 h following folic acid administration.
Plasma samples were analyzed for folic acid and for reduced folate metabolite
concentrations. Study results showed a twofold increase in plasma reduced folate
concentrations with the higher oral folic acid dose as compared to the lower dose. In
comparison with other studies using leucovorin, the same reduced folate metab-
olites were generated following folic acid administration. Folic acid at 125 mg/m2

was at least as effective as leucovorin in increasing plasma reduced folate concen-
trations. However, folic acid metabolites accumulated at a slower rate and persisted
longer than leucovorinmetabolites. Based on these results and considering the short
half-life of 5-FU, the study concluded that folic acid offers a potential therapeutic
alternative to leucovorin in modulating 5-FU efficacy. It was also concluded that
giving folic acid 4–6 h before 5-FU allows enough time for effective accumulation of
reduced folate metabolites (113).

A clinical study combining 5-FU and high-dose folic acid yielded disappointing
results. The study included 22 patients with metastatic colorectal cancer who
received a weekly dose of 5-FU 600 mg/m2 (maximum 1 g) administered 1 h
after an intravenous folic acid dose. The starting folic acid dose was 40 mg/m2

intravenously escalated based on tolerance to the maximum dose of 140 mg/m2.
Study results showed a low response rate and severe toxicities with the combin-
ation therapy of folic acid and 5-FU, as compared to 5-FU alone. Only four
patients had partial responses for a mean duration of 4 months; no patient had a
complete response. Severe diarrhea requiring hospitalization was reported in 12
patients and also caused 3 patients to drop out of the study. Two patients
developed leukopenia and later died from sepsis. The study concluded that the
use of folic acid with 5-FU could not be justified and that further studies were still
needed. There was no clear explanation for the low response rate and high
toxicities encountered in this study. The 5-FU dose was within the usual recom-
mended dose. Mean serum folate concentrations at 1 h after folic acid adminis-
tration were 11 nmol/L higher than the in vitro optimal levels for stabilization of
the thymidylate synthase–fluorodeoxyuridine monophosphate complex. How-
ever, interpretation of these levels is difficult because serum folate levels do not
necessarily correlate with intracellular folate concentrations. Also, it was
unknown whether folic acid or the folic acid dose could have contributed to
these effects, or even if patients with colorectal cancer are more sensitive to the
combination therapy (114). For instance, severe gastrointestinal toxicities (e.g.,
stomatitis and diarrhea) are more commonly seen in patients with colorectal
cancer who are treated with leucovorin and 5-FU, as compared to 5-FU alone.
Additionally, it remains unknown whether reductase enzyme phenotype plays any
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role in the findings. The C677T genotype codes for a poorly functional MTHFR
that allows accumulation of 5,10-methylenetetrahydrofolate which increase the
thymidylate synthase effects of 5-FU and drug-induced myelosuppression (115).
For safety reasons, it is generally recommended that patients who develop gastro-
intestinal toxicity not be initiated or continued on leucovorin therapy with 5-FU
and that patients should be monitored closely until diarrhea resolves (116).

At present, intravenous leucovorin remains the agent of choice for modulation of
5-FU effect. The safety, efficacy, optimal dose, and dosing schedule for folic acid as
a modulator of 5-FU activity remain unknown. Studies comparing leucovorin to
folic acid are needed before folic acid can be recommended as a safe and effective
modulator of 5-FU effect in the treatment of cancer.

4.2. Folic Acid and Methotrexate

Methotrexate is an antineoplastic antimetabolite used for the treatment of cer-
tain cancers. It is also used for treating psoriasis and rheumatoid arthritis (RA).
Methotrexate use in RA is based on its antiinflammatory, immunosuppressive, and
antiproliferative effects. A low methotrexate dose of 5–25 mg/wk is often used for
short- and long-term treatment of adults with RA (117,118). Higher methotrexate
doses are exceptionally used when efficacy is not achieved at low doses. Significant
toxicities, especially bone marrow suppression, occur at methotrexate doses exceed-
ing 20 mg/wk (119). Dose-related hematological, gastrointestinal, hepatic, and
pulmonary toxicities frequently lead to cessation of methotrexate therapy
(120,121).

Methotrexate is structurally similar to folic acid. Methotrexate inhibits the
dihydrofolate reductase enzyme that reduces folic acid to tetrahydrofolic acid.
This results in decreased intracellular levels of reduced folates and inhibition of
deoxyribonucleic acid (DNA) synthesis and cellular replication (120,121). The
resultant folate depletion and inhibition of folate-dependent enzymes contribute
to methotrexate toxicities in nontarget tissues. Diarrhea, stomatitis, and leukopenia
are manifestations of methotrexate toxicity that mimic the symptoms of folic
acid deficiency (122). Thus, adequate folate supplementation is crucial to reduce
methotrexate toxicity.

Leucovorin (folinic acid) is a chemically active reduced folate derivative that is
used clinically as a folate rescue to counteract methotrexate toxicity. Low oral doses
of leucovorin at 2.5–5 mg/wk are used in combination with low-dose methotrexate
(123). Low leucovorin doses reduce methotrexate toxicity without altering
its efficacy. However, higher leucovorin doses (45 mg/wk) may counteract
methotrexate efficacy and result in worsening of RA (124). As such, folic acid
has been investigated as a possible substitute for leucovorin. Compared to
methotrexate, folic acid has a lower affinity to the dihydrofolate reductase enzyme.
This gives folic acid the advantage of reducing methotrexate toxicity without
counteracting its efficacy.

Low plasma and erythrocyte folate and high homocysteine levels were reported in
patients treated with methotrexate without folate supplementation (125,126). Plasma
homocysteine levels decreased following folic acid or folinic acid supplementation
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(126). Reducing homocysteine levels may have long-term cardiovascular protective
effect because hyperhomocysteinemia may be a risk factor for cardiovascular
disease (127).

The optimal dose and the timing of folic acid supplementation in relation to
methotrexate therapy are still debatable. Although weekly folic acid doses of 1 mg
(128) and 5 mg (120)were shown to reduce low-dose methotrexate toxicity, higher
doses were suggested to sufficiently preventmethotrexate toxicity (129). The effects
of folic acid on reducing low-dose methotrexate toxicity were evaluated in a double-
blind, placebo-controlled trial of 79 patients with RA. Oral folic acid doses of 1 mg/
day (5 mg/wk) or 5.5 mg/day (27.5 mg/wk) were given 5 days a week on days not
coinciding with methotrexate administration. Study results showed that either folic
acid dose resulted in lower toxicity scores compared to placebo (p< 0.001). Neither
folic acid dose interfered with methotrexate efficacy as assessed by joint indices and
grip strengths (121). However, results of another study using folic acid doses at
5 mg/day for 13 consecutive days along with weekly intramuscular methotrexate
showed alterations in methotrexate pharmacokinetics. There was a significant
decrease in plasma methotrexate concentrations and increased total methotrexate
clearance. Study investigators concluded that decreased plasma methotrexate con-
centrations were possibly due to folic acid-induced increased cellular methotrexate
uptake (130). Based on these results, the question remains about the optimal folic
acid dose that reduces methotrexate toxicity without interfering with its efficacy.

A meta-analysis of seven double-blind, randomized, controlled studies was con-
ducted to evaluate the effects of folic acid or folinic acid on the toxicity of low-dose
methotrexate (< 20 mg/wk) in patients with RA. Results of the meta-analysis
showed a 79% reduction in methotrexate-induced mucosal and gastrointestinal
toxicity with folic acid supplementation. A clinically, but not statistically, signifi-
cant 42% reduction of the same side effects was seenwith folinic acid. Similar effects
were also achieved with low- and high-dose folic acid (1–27.5 mg/wk) or folinic acid
(1–20 mg/wk). However, high folinic acid doses were associated with increased
tender and swollen joint count, a possible indication of decreased response to
methotrexate (120). The protective effects of folic acid reported in the meta-
analysis (120) were not, however, replicated in a later individual study (131). In
a 48-week, multicenter, randomized, double-blind, placebo-controlled study, folic
acid 1 mg/day and folinic acid 2.5 mg/wk reduced the incidence of elevated liver
enzymes without affecting the incidence, severity, or duration of other toxicities
including mucosal and gastrointestinal side effects (131).

Based on available data, folic acid supplementation appears to reduce low-
dose methotrexate toxicity (129) and results in less frequent interruption of
methotrexate therapy (131). Relying on dietary folic acid intake alone may not
be sufficient to prevent methotrexate toxicity (132). Because folic acid supplements
are safe, effective, and less expensive than folinic acid (133), weekly oral folic acid
supplementation given on non-methotrexate days appears an appropriate substitute
to leucovorin. Although there is no agreement on the optimal folic acid dose, clinical
studies reported weekly folic acid doses of 1 mg, 5 mg, and 27.5 mg to be safe
and effective in reducing low-dose methotrexate toxicity (120). Baseline patient
folate status, methotrexate dose, duration of methotrexate therapy, and possibly
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reductase (DHFR, MTHFR) enzyme phenotypes should play a role in determining
the optimal protective dose of folic acid. Reports of possible liver protective effects of
folic acid are encouraging and require further exploration (134).

4.3. Pyridoxine and Isoniazid

Isoniazid is an antimycobacterial agent used for the treatment and prophylaxis of
Mycobacterium tuberculosis infections. Peripheral neuropathy is the most common
side effect of isoniazid therapy (135). Peripheral neuropathy is dose-related and is
most likely to occur in slow acetylators, chronic alcoholics, and malnourished,
uremic, and diabetic patients. Signs and symptoms of peripheral neuropathy
include paresthesias of the feet and hands, muscle weakness, and diminished or
exaggerated reflexes. The mechanism of isoniazid-induced peripheral neuropathy is
likely related to isoniazid-induced pyridoxine deficiency or to isoniazid blocking the
effect of pyridoxal phosphate synthesis by inhibition of pyridoxine kinase activity
(136,137). Vitamin B6 exists in the body as pyridoxine, pyridoxal, and pyrid-
oxamine (138). Pyridoxine kinase is the enzyme that converts pyridoxal to
pyridoxal phosphate (136,137). Pyridoxal phosphate is the active byproduct of
pyridoxal metabolism that acts as a coenzyme in the metabolism of neurotransmit-
ters. Reduced pyridoxal phosphate availability during isoniazid therapy is believed
to cause a reduction in neurotransmitter synthesis (including gamma-amino butyric
acid) that eventually leads to peripheral neuropathy (137).

The incidence of peripheral neuropathy correlates with the isoniazid dose and the
presence or absence of patient-specific factors. Peripheral neuropathy occurs in
about 1–2% of patients treated with the usual isoniazid doses of 3–5 mg/kg/day
(135). The incidence of peripheral neuropathy increases to 40% with isoniazid
doses of 20 mg/kg/day (136). In malnourished patients, even low isoniazid doses of
4–6 mg/kg/day may cause peripheral neuropathy in up to 20% of patients (137).
Peripheral neuropathy does not usually appear until 6 months of isoniazid therapy
(135), but it could appear earlier in malnourished patients or those with preexisting
pyridoxine deficiency (139).

It is common practice to supplement pyridoxine at doses of 15–50mg/day, during
the course of isoniazid therapy. Higher pyridoxine doses of 100mg/day are required
in patients treated with hemodialysis. Increased pyridoxine requirements during
hemodialysis likely result from reduced pyridoxine metabolism to active pyridoxal
phosphate and increased dialysis clearance of pyridoxal phosphate (140). Pyrid-
oxine has also been used to prevent or treat isoniazid-induced psychosis (138,141)
and seizures (142,143). Seizures are the major toxic reactions of isoniazid overdose
(135). In case of isoniazid overdose, intravenous pyridoxine doses of 1 g for each 1 g
of isoniazid dose ingested were used without evidence of pyridoxine toxicity
(143,144).

In summary, peripheral neuropathy rarely occurs in well-nourished patients
treated with isoniazid doses up to 5 mg/kg/day (145). Adult patients treated with
isoniazid, especially those at high risk for peripheral neuropathy, should receive
prophylactic oral pyridoxine doses of 50 mg/day (135). Although high pyridoxine
doses can possibly reduce isoniazid activity (146) or even cause neuropathy (147),
pyridoxine doses of 100–200 mg/day have been safely used to treat isoniazid-induced
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peripheral neuropathy (137,146). The practice of avoiding pyridoxine prophylaxis in
children receiving isoniazid should be discouraged, especially in malnourished chil-
dren (148). Children treated with isoniazid may be supplemented with oral pyridox-
ine at a dose of 1–2 mg/kg/day (149).

5. EFFECTS OF SPECIFIC NUTRIENTS ON ENHANCING
DRUG EFFECT

5.1. Calcitriol and Docetaxel

Docetaxel is an antineoplastic mitotic inhibitor used in the treatment of breast,
ovarian, head and neck, nonsmall cell, and hormone refractory androgen-
independent prostate cancer (AIPC). In patients with AIPC, docetaxel-based ther-
apy in conjunctionwith other chemotherapy agents improved patient survival, bone
pain, and quality of life. The antineoplastic activity of docetaxel may be signifi-
cantly enhanced when given in combination with calcitriol (1,25-dihydroxy-vitamin
D). Calcitriol is the most biologically active form of vitamin D that exerts its
antitumor activity at supraphysiologic concentrations. At the cellular level, calci-
triol exerts its antitumor effects via a genomic pathway that is mediated by the
vitamin D receptor present in many tissues and via cytoplasmic signaling pathways
through protein kinases, lipases, and prostaglandins. Clinically, several mecha-
nisms are proposed for calcitriol antineoplastic activities that varied with tumor
and experimental models. These include induction of cell apopotosis, inhibition of
differentiation and proliferation, and reduction in angiogenesis and invasiveness. In
experimental and clinical studies, combining calcitriol with other cytotoxic agents
(e.g., paclitaxel, docetaxel, cisplatin, carboplatin, mitoxantrone, and platinum com-
pounds) has shown synergistic and/or additive antitumor effects in certain types of
cancer. When combined with glucocorticoids, calcitriol-mediated inhibition of
tumor cell growth and cycle cell arrest were also enhanced (150,151).

The antineoplastic effects of calcitriol are dose dependent and occur at concen-
trations that exceed the physiologic calcitriol range. Calcitriol concentrations
� 1 nmol/L are required for in vitro antineoplastic activity. Clinically, achieving
these high calcitriol concentrations with high daily calcitriol doses resulted in
hypercalcemia, a limiting toxicity of intensive calcitriol regimen. Therefore, daily
dosing was replaced with weekly oral calcitriol administration with the goal of
avoiding hypercalcemia while still achieving high calcitriol concentrations. In a
phase I study, weekly oral calcitriol dose escalation from 0.06 mg/kg to 2.8 mg/kg
achieved higher blood calcitriol concentrations from 3.7 to 6 nmol/L without a
dose-limiting toxicity. With weekly calcitriol dosing at 60 mg, self-limited hyper-
calcemia was observed. There was no dose-limiting toxicity observed with single
calcitriol doses up to 165 mg (150).

Data are emerging on the beneficial role of a weekly high calcitriol dose in
combination with docetaxel for the treatment of patients with AIPC. Preliminary
human data also show a possible beneficial effect of a combined regimen using
calcitriol and docetaxel for improving the quality of life and pain relief of AIPC-
treated patients (152). A single center, phase II study evaluated the role of combin-
ing calcitriol and docetaxel in the treatment of 11 patients with AIPC. Oral calcitriol
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was administered weekly at 0.5 mg/kg on day 1 followed by intravenous docetaxel
36 mg/m2 on day 2 for 6 consecutive weeks of an 8-week cycle. The five patients who
completed the 8-week cycle had at least a 50% reduction in prostate-specific antigen
(PSA) (153). Another phase II study of 37 patients with AIPC used a similar dosing
regimen of calcitriol and docetaxel. The PSA response rate was 81% (30 of 37
patients); 59% of patients (22 of 37 patients) had> 75% reduction in PSA. Overall,
1-year patient survival was 89%, and treatment related toxicities were no different
than with a single dose docetaxel (154).

Because the commercial calcitriol (Rocaltrol1) formulation is available in 0.5 mg
capsules, a large number of capsules (about 70–100) is required for each weekly high
calcitriol dose. An investigational high-concentration calcitriol formulation (DN-
101) was developed to overcome this limitation. A double-blind, randomized,
international, multicenter, phase II study (Androgen Independent Prostate Cancer
Study of Calcitriol Enhancing Taxotere ¼ ASCENT-1) of 250 patients with AIPC
compared the effects of combining docetaxel with the DN-101 formulation or with
placebo. Oral DN-101 45 mg or placebo was given on day 1 before intravenous
docetaxel was administered on day 2 at weekly doses 36 mg/m2 for 3 weeks of a
4-week cycle. The primary study endpoint was a 50% reduction in PSA confirmed
4 weeks later within 6 months. The primary endpoint was reached in 59% of
DN-101-treated patients compared to 48% of placebo-treated patients (p ¼ 0.16).
At any time during the study, overall PSA response rates were 63% in DN-101-
treated patients compared to 52% in placebo-treated patients (p ¼ 0.07). An
adjusted survival analysis showed improved survival in the DN-101 group com-
pared to placebo (hazard ratio 0.67). The incidence of grade 3 and 4 adverse events
(hematologic and non-hematologic) was significantly lower in the DN-101 group
compared to placebo (58% vs. 70%, respectively; p¼ 0.065). In the DN-101 group,
there were significantly fewer serious adverse events (2.4 % vs. 9.6%; p¼ 0.02) and
thromboembolic events compared to placebo (1.6% vs. 7.2%; p ¼ 0.03). Study
investigators concluded that DN-101 treatment in combination with docetaxel does
not increase docetaxel toxicity. Although the docetaxel and DN-101 combination
improved survival of AIPC patients, this requires further confirmation in other
studies because survival was not a primary endpoint of this ASCENT-1 study
(155). Currently, a phase III study (ASCENT-2) including 900 patients with
AIPC is underway comparing weekly DN-101 with weekly docetaxel to the stand-
ard 3-weekly docetaxel 75 mg/m2 with prednisone. Results of the ASCENT-2 study
may better define the role of high-dose calcitriol in the treatment of AIPC. Calcitriol
use as adjunctive therapy for specific malignancies primarily remains investiga-
tional at this time.

5.2. Plant Stanols and Statins

The management of dyslipidemia combines drug therapy with lifestyle modifi-
cations. HMG-CoA reductase inhibitors (statins) are the most widely prescribed
agents to lower serum LDL concentration. Besides reducing saturated fat, trans fat,
and cholesterol intake, an alternate or adjunct approach in managing hypercholes-
terolemia is inhibiting cholesterol absorption with dietary inclusion of plant sterols
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and stanols. Plant sterols and stanols block dietary and biliary cholesterol absorp-
tion in the small intestines with subsequent reduction of serum cholesterol and LDL
concentrations (156,157).

Plant sterols (phytosterols) are naturally occurring plant constituents. They are
28-carbon (campesterol) and 29-carbon (sitosterol and stigmasterol) sterols found
in edible oils, nuts, and seeds. Plant stanols are saturated derivatives of plant sterols,
with sitostanol being the most common. Sitostanol is found mainly in wood pulp,
tall oil, and to a lesser extent, in soybean oil.

The Western diet provides about 100–300 mg/day of plant sterols and 20–50 mg/
day of plant stanols. Plant stanols and sterols have been incorporated into various
food products, including margarine and salad dressing. They are more commonly
used in Europe than in the United States. Although plant stanols and sterols have
been shown to be equally effective in reducing serum cholesterol concentrations
(156), the compounds have inherent differences. For instance, plant stanols are
preferable over plant sterols because they are relatively unabsorbed from the gastro-
intestinal tract. Although plant sterols are poorly absorbed, daily sterol intake of
3.24 g increases serum sitosterol and campesterol by 40 and 70%, respectively.
Because of concerns that plant sterols and their byproducts may initiate the devel-
opment of atherosclerosis, plant stanols appear safer substances, especially during
long-term consumption (158).

Plant stanols have been used as adjunctive therapy with statins to manage hyper-
cholesterolemia. Because statins inhibit cholesterol synthesis and stanols block
cholesterol absorption, an additive effect of combining the two agents would be
anticipated to further lower serum cholesterol concentrations. The combined effects
of statins and plant stanols are equivalent to a one- to twofold increase in statin dose
(159). A double-blind, placebo-controlled study evaluated the effects of adding
dietary plant stanol esters (esterified plant stanols) to statin therapy (160). One-
hundred-sixty-seven adults with serum LDL cholesterol concentrations � 130 mg/
dL and total cholesterol concentrations � 350 mg/dL who had been receiving a
stable dose of a statin for at least 90 days were included in the study. Subjects were
randomized to receive either dietary canola oil-based spread in three servings that
provided 5.1 g/day of plant stanol ester (equivalent to 3 g/day of plant stanols) or
placebo for a period of 8 weeks. Study results showed plant stanols in combination
with statins significantly reduced serum total cholesterol (12% vs. 5%, p < 0.0001)
and LDL concentrations (17% vs. 7%, p < 0.0001) compared to placebo. There
were no changes in serum triglyceride or HDL concentrations. Plant stanols were
well tolerated (160).

Plant sterols have also been studied. A double-blind, randomized, multicenter
study evaluated the effects of plant sterol ester margarine on serumLDL cholesterol
concentrations when combined with a statin drug in subjects with hypercholester-
olemia (baseline LDL cholesterol � 97 mg/dL) (161). The study design used four
parallel treatment arms with four daily treatment options of placebo with regular
margarine 25 g (n¼ 38), placebo with sterol ester margarine 25 g (2 g of plant sterol;
n ¼ 39), cerivastatin 0.4 mg with regular margarine 25 g (n ¼ 38), and cerivastatin
0.4 mg with sterol ester margarine 25 g (n ¼ 37). Study results at the end of 4 weeks
showed that cerivastatin significantly reduced serum LDL cholesterol by 32%
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compared to placebo (p< 0.0001). Sterol ester margarine reduced serum LDL
cholesterol concentrations by 8% compared to regular margarine (p< 0.0001).
There was an additive effect of sterol ester margarine with cerivastatin that resulted
in a 39% reduction in serum LDL cholesterol concentrations. All treatments were
well tolerated. Study investigators concluded that adding sterol ester margarine to
statin therapy reduces serum LDL cholesterol that is equivalent to doubling the
statin dose (161).

The effects of plant sterols were also investigated in patients with familial hyper-
cholesterolemia. Patients with heterozygous familial hypercholesterolemia have
markedly elevated serum cholesterol concentrations and require lifelong intensive
dietary and lifestyle modifications with intensive lipid-lowering drug therapy for
hypercholesterolemia. A double-blind, randomized, placebo-controlled, crossover
study with two consecutive periods of 8 weeks compared the effects of plant sterol
intake at 2.5 g/day in fat spread to placebo on plasma lipid and lipoprotein
concentrations (162). Thirty patients with heterozygous familial hypercholester-
olemia were concurrently treated with a statin drug, and 32 patients with type IIa
primary hypercholesterolemia with total serum cholesterol concentrations
> 250 mg/dL were not being treated with lipid-lowering agents. Because of possible
carryover effects at the end of the two 8-week study periods, data analysis was
limited to the first phase of treatment. At the end of the first 8 weeks, serum LDL
cholesterol concentrations had significantly decreased by 10% with sterol treatment
compared to no decrease in the placebo group (p< 0.0001). There was no difference
in response between patients receiving or not receiving concomitant statin therapy
(162). The lack of combined effects between plant stanols and sterols with statins in
patients with heterozygous familial hypercholesterolemia was replicated in another
study of children with heterozygous familial hypercholesterolemia. Combined inhib-
ition of cholesterol absorption by plant stanol ester intake at 2 g/day and inhibition
of cholesterol synthesis with pravastatin therapy (40 mg/day) in these patients did
not significantly improve serum cholesterol concentrations, especially in patients
with the highest serum cholesterol concentrations (163). It was postulated that high
baseline serum cholesterol concentrations, possible enhanced cholesterol absorption
by statins as detected by increased cholesterol absorption markers, and reduced
biliary secretion of plant sterols may be contributing factors to the lack of significant
combined effects between plant stanol esters and statins in patients with heterozy-
gous familial hypercholesterolemia (163).

Maximum lowering of serum LDL concentrations appears to be achieved with
plant stanol esters at 2 g/day; higher doses are unlikely to provide additional
efficacy (164). When considering statin therapy alone or in combination with
stanols, doubling the statin dose would reduce serum LDL concentrations by an
additional 6%, whereas a 10% reduction in LDL concentrations is achieved when
statins are combined with stanols. Also, doubling the statin dose carries the risk of
hepatic and muscle toxicity. Therefore, adding plant stanols to statin therapy
appears a safer alternative (159,160,164). A possible limiting factor to stanol
efficacy alone is related to liver upregulation of its LDL receptor activity to increase
LDL synthesis in response to decreased cholesterol levels in liver cells (165). The
magnitude of this compensatory effect remains unknown.
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Because plant sterols are not water-soluble but dissolve better in fat, most clinical
studies of sterol-containing foods have been brands of stanol-enriched margarine.
However, patients with hypercholesterolemia commonly avoid using margarine
products to limit their fat intake, and using stanol-containing margarine is not
convenient when eating out at a restaurant. A placebo-controlled study evaluated
the effect of a daily dispersible tablet formulation containing a 1.8 g dose of soy
stanols on serum LDL cholesterol in 26 subjects who were already eating a heart-
healthy diet and taking statin drugs. To help them dissolve in water and get to their
targets in the intestines, stanols were combined with lecithin and compressed
into the investigational tablet formulation. Following 9 weeks of therapy, study
results showed that the addition of plant stanols in a tablet decreased serum LDL
cholesterol concentrations by an additional 9.1% and serum total cholesterol by
12.2 mg/dL (166).

Currently, a commercial product of plant stanol esters (Benecol1) is available
in spreads (regular and light) and Chews. Benecol1spread is taken with meals in
2–3 daily servings (1 serving ¼ 1 tablespoon ¼ 0.85 g of plant stanol esters).
Benecol1Chews are usually taken as two Chews twice daily with meals and snacks
(1 Chew ¼ 0.85 g of plant stanol esters). There are also several multi-ingredient
products available as nutritional supplements that contain plant stanols and sterols.
However, the exact quantities of ingredients in these products are less well defined.
The overall efficacy of plant stanols and sterols on lowering serum cholesterol
remains modest, especially with the associated compensatory increase in liver
cholesterol synthesis (165). Also, stanol-enriched diets do not appear to have any
significant effects on lowering serum triglyceride concentrations (167).

The relatively high cost of plant stanol and sterol products and the need to
consume them several times daily make them less appealing to the consumer.
However, data are emerging on the cost-effectiveness of dietary supplementation
of plant stanol and sterols. A European study evaluated the cost-effectiveness in
Euros per quality adjusted life years (E/QALY) of the daily intake of dietary plant
stanol ester spread in combination with and without statin drugs in preventing
coronary heart disease (CHD). This was based on conducting two meta-analyses of
randomized, placebo-controlled clinical studies: one meta-analysis evaluated the
reduction of total serum cholesterol concentrations with the use of stanol esters
alone and another meta-analysis evaluated reduction of total serum cholesterol
concentrations with the use of stanol ester spread in combination with statin
therapy. Health-care data from Finland were used to determine age- and gender-
specific CHD risk factors. Study results showed that regular use of plant stanol ester
spreads alone (assuming consumption of 2 g stanol/day) and in combination with
statins reduced serum total cholesterol concentrations by about 14 mg/dL and
15 mg/dL, respectively. Regular use of plant stanol ester spreads was found to be
cost-effective in preventing CHD in adult males and older age women with total
serum cholesterol concentrations � 194 mg/dL. Based on the assumption that
changes in serum cholesterol concentrations are converted to changes in the inci-
dence of CHD events using the CHD risk equations, the base case cost (E/QALY)
gained ranged from E7,436 to E20,999 in men and from E34,327 to E112,151 in
women (168).
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6. CONCLUSIONS

6.1. Limitations of Current Data

Data on clinically beneficial drug–nutrient and drug–food interactions are
scarce. Well-designed clinical studies of positive drug–nutrient interactions are
few, andmainly focused on certain drugs and nutrients. A limitation to the available
data on beneficial drug–food and drug–nutrient interactions is that many studies
were performed in healthy individuals and/or with small sample size populations.
Because disease states may alter the normal physiology of organ functions that
ultimately affect drug and nutrient disposition, data from healthy subjects may not
always be replicated in sick individuals.

6.2. Research Needs

The list of commonly recognized positive drug–nutrient and drug–food inter-
actions that optimize drug effects is limited, considering the extensive number of
drugs available and their potential interactions with various nutrients and foods.
Future avenues should include research that focuses on identifying the potential
benefits of nutrients that enhance therapeutic drug effect and prevent drug toxicity,
determining the populations that may benefit from these positive interactions, and
defining the appropriate nutrient intake and drug dosing to achieve the clinically
desired beneficial effects. Prospective randomized controlled studies in patients
with different disease states and consuming different nutrients are needed to further
explore the arena of clinically beneficial drug–nutrient interactions.

6.3. Clinical Recommendations

Drug–nutrient and drug–food interactions can cause increased or decreased drug
effects. Beneficial drug–nutrient and drug–food interactions can enhance thera-
peutic drug effect and reduce or prevent drug toxicity. Clinicians should be aware
of these positive drug–nutrient and drug–food interactions and should apply them
to patient-specific clinical conditions when clinically indicated. Clinicians should
also counsel patients about the appropriate nutrient or food intake to improve the
safety and efficacy of drug therapy.

DISCUSSION POINTS

Drug–nutrient and drug–food interactions are often the result of physical and
chemical interactions between drugs and nutrients.

� Discuss the factors that can influence drug–nutrient and drug–food interactions.
� Discuss the mechanisms of positive drug–nutrient and drug–food interactions.

Positive drug–nutrient interactions can improve serum drug concentrations,
enhance therapeutic drug effects, or reduce or prevent adverse drug events.

� Discuss which nutrients can have a positive influence on drug effects.
� Discuss how nutrients can reduce drug toxicity.
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Certain foods can enhance the absorption of certain drugs.

� Discuss how a fatty meal can affect the absorption of certain drugs to enhance
their therapeutic effect.

Several of the antiretroviral drugs should be administered with food.

� Discuss the advantages of administering these antiretroviral drugs with food.

Plant stanols and sterols have been used in patients with hypercholesterolemia.

� Discuss the differences, including advantages and disadvantages, of plant stanols
vs. plant sterols for the management of hypercholesterolemia.

� Discuss the rationale behind using plant stanols in combination with statin
therapy.
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12 Interaction of Natural Products with
Medication and Nutrients

Lingtak-Neander Chan

Objectives

� Discuss the current regulations concerning the manufacturing and marketing of dietary

supplements in the United States.

� Discuss the prevalence of dietary supplement use.

� Describe the most common dietary supplements with a potential for having an interaction

with a medication based on the current clinical and scientific literature

Key Words: Dietary supplement; dynamic; herbal; kinetic; natural product

1. BACKGROUND

Driven by the desire to prevent certain illnesses and the belief that supple-
mentation of vitamins, herbal remedies, or other natural products is an effect-
ive means to achieve good health, the interest and the demand by the public
on the use of dietary supplements have continued to rise over the past decade.
According to the figures published in 2007, the U.S. dietary supplement
industry is a $22.5 billion annual business, on a sales volume that has quin-
tupled since 1994 when the Dietary Supplement Health and Education Act
(DSHEA) was first signed into law (1). Dietary supplements come in a variety
of dosage forms, such as tablets, capsules, powders, energy bars, or beverages.
With the relatively open regulation, today’s dietary supplements include not
only nutrient derivatives (i.e., vitamins, minerals, amino acids) but also sub-
stances such as herbs, botanical extracts, hormones, and enzymes that may not
be part of the regular human diet. Many of these compounds may have
disease-modifying and pharmacological activities. This suggests the potential
for interactions with other therapeutic agents which may lead to adverse
clinical outcomes. For the purpose of this chapter, only the term dietary
supplement will be used in preference to the term natural health product.
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1.1. Definition of Dietary Supplements

According to DSHEA, which amended the Food, Drug, and Cosmetic Act, a
dietary supplement is (2) ‘‘. . .a product (other than tobacco) intended to supple-
ment the diet that bears or contains one ormore of the following dietary ingredients:
a vitamin, mineral, herbs or other botanicals, amino acids, a dietary substance used
by man to supplement the diet by increasing the total dietary intake; or a concen-
trate, metabolite, constituent, extract, or combination of any ingredient described
above; and intended for ingestion in the form of a capsule, powder, soft gel, or gel
cap, and not represented as a conventional food or as sole item of a meal or diet.’’

The DSHEA was enacted in 1994 and changed the framework for regulating
dietary supplements as a unique entity. The stimulus for the change was the response
to the public’s desire and demand, in that many people considered these products
beneficial to their health. Although the intent was to increase the availability of – and
information about – these products, in effect, this act eliminated the premarket
safety evaluations for dietary supplements. Under this act and the regulations
currently in effect, dietary supplements are not required to undergo the rigorous
testing for safety and efficacy before being marketed, including identification of
interactions, which is currently required of all prescription medication. The U.S.
Food and Drug Administration (FDA) regulatory framework leaves the manufac-
turer responsible for maintaining data supporting any product claims in the labeling.
The FDA’s postmarketing responsibilities include monitoring safety, through vol-
untary dietary supplement adverse event reporting, and overseeing product infor-
mation, such as labeling, claims, package inserts, and accompanying literature. The
Federal Trade Commission regulates dietary supplement advertising. Thus, the
DSHEA places the burden of proof on the FDA if it wishes to take any regulatory
action against a supplement. The government must show that the supplement
presents a ‘‘significant or unreasonable risk of illness or injury’’ under the conditions
recommended or suggested in labeling (or under ordinary conditions of use if the
labeling is silent). The DSHEA’s regulatory framework, unlike the system involved
in drug regulation requiring extensive premarketing evaluation of safety and effi-
cacy, is primarily a ‘‘postmarket’’ program similar to the bulk of food regulation.

While the goal to ease the access of dietary supplements to the public is achieved
by DSHEA, product safety and false claims have become the primary concerns for
both consumers and clinicians. Reports such as the deaths linking the use of
ephedra-containing supplements in athletes highlight potential dangers associated
with dietary supplements (3–8). In addition, product contamination is increasingly
becoming a concern since many dietary supplements contain ingredients grown or
manufactured overseas (9–11). Currently, overseas facilities that manufacture,
process, pack, or hold the ingredients for the dietary supplements marketed in the
United States are only required to register their facility with the FDA. The manu-
facturing process and the conditions for storage and packaging are not subject to
routine inspection and approval prior to the marketing of the products (12).

Some of these concerns have been partially addressed by the recent amendments
and new laws. The passage of the Dietary Supplement and Nonprescription Drug
Consumer Protection Act in December 2007, which amends the Federal Food,
Drug, and Cosmetic Act with respect to serious adverse event reporting for dietary
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supplements and nonprescription drugs, is one of the few steps aimed toward
improving safety (13). The Act requires the manufacturers of dietary supplements
to notify the FDA about serious adverse events related to their products. It also
requires manufacturers to include contact information, either in the form of a
telephone number or address on the product label, for the consumers to contact
the manufacturer with questions and complaints. In addition, the final rule on the
current good manufacturing practices (cGMP) for dietary supplements issued by
the FDA has been in effect since June 2008 (14). Under the cGMP rule, manufac-
turers are required to:

� Employ qualified employees and supervisors;
� Design and construct their physical plant in a manner to protect dietary ingredients

and dietary supplements from becoming adulterated during manufacturing, pack-
aging, labeling, and holding;

� Use equipment and utensils that are of appropriate design, construction, and work-
manship for the intended use;

� Establish and use master manufacturing and batch production records;
� Establish procedures for quality control operations;
� Hold and distribute dietary supplements and materials used to manufacture dietary

supplements under appropriate conditions of temperature, humidity, light, and
sanitation so that the quality of the dietary supplement is not affected;

� Keep a written record of each product complaint related to cGMPs; and
� Retain records for 1 year past the shelf life date, if shelf life dating is used, or 2 years

beyond the date of distribution of the last batch of dietary supplements associated
with those records.

Undoubtedly, these changes reflect only the initial steps to increase public safety
regarding the use of dietary supplements while maintaining their ease of access by
the public. Nevertheless, the effectiveness and the adequacy of these measures
remain highly debated among legislators, health advocates, and practitioners.

1.2. Prevalence of Dietary Supplement Use

As a result of the DSHEA, use and sales of dietary supplements in the United
States have increased dramatically. The results of a survey of Americans conducted
in 1999 showed that at least 9.6% of the responders have turned to herbal medicine
as a form of alternative medicine second only to prayer (15). The belief that taking
dietary supplements is an effective way to maintain good health and prevent health
problems has further increased the widespread use and overall sales of these
products. Data published in 2005 showed that 74% of the responders to a survey
believed vitamin and mineral supplementation are effective in disease prevention.
Close to 70% of the responders use dietary supplements with the intention of
improving their existing health problems. Among people who use dietary supple-
ments for specific purposes, arthritis/joint pain is the leading health condition
(16,17). Other common preexisting conditions include osteoporosis, frequent cold
and flu, lack of energy, menopause issues, memory problems, gastrointestinal dis-
turbances, overweight, and depression (17,18). In terms of sales volume, condition-
specific supplements with a claim for sports/energy/weight loss had a highest sales
volume according to the data in 2005, whereas products with a claim for cancer
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prevention had the highest increase in sales volume. According to market survey and
the current trend, it is believed that products with an antioxidant claim on the labels
will also experience a significant growth in market shares and sales volume (17).

The use of dietary supplements is very common in the general population (17,19).
Among the most likely users of dietary supplements are middle-aged Caucasian
women and the elderly with preexisting medical conditions or chronic diseases.
Many of these individuals are taking at least one medication concurrently. Results
frommarketing surveys also suggest that the aging baby boomers are themost rapidly
expanding group of consumers of dietary supplements (17). Additionally, patients
who have recovered from other serious illness are also very likely to use dietary
supplements. Between 64 and 81% of cancer survivors report using any vitamin or
mineral supplements and 26–77% report using any multivitamins (17,20–25). With
the widespread use of dietary supplements by the general public, especially among
people who may be taking multiple prescription drugs for chronic illnesses, the
potential for these patients experiencing drug–nutrient interactions is high and the
resulting adverse reactions can be serious. The concern is substantiated by the findings
from the studies conducted in different health clinics. For example, it is reported that
approximately one-third of the anticoagulation clinic patients receiving chronic war-
farin therapy use nonvitamin dietary supplements on a regular basis (26). The number
of patients using vitamin-containing supplements is believed to be much higher. The
supplements most commonly used by these patients include glucosamine/chondroitin,
omega-3 fatty acid/fish oil, cranberry extract, coenzyme Q10, and green tea extracts.
Many of these supplements have been reported to interact with warfarin (26–29). In
another study aimed at assessing themost common clinically significant drug–nutrient
interactions among patients using dietary supplements and prescription medications
concurrently, the incidence of dietary supplement use was 40%. Out of the 710 dietary
supplement users, a total of 369 potential interactions were identified among 236
patients. Twenty-nine percent of these interactions were classified as clinically signifi-
cant and important interactions (30). In a Medicare population consisting of 5052
participants, 14.4% combined the use of supplements with conventional drugs with as
many as 1179 observed combinations having risk for an adverse interaction (31). The
incidence ismuch higher when the data are generalized to the population, although the
usage is highly variable among different ethnic groups and the clinical significance of
the interactions is more difficult to determine (32–34). Likewise, a survey conducted
in 979 preoperative patients undergoing anesthesia showed that 17.4% reported
current use of herbal or selected dietary supplements (35). In reality, the actual
number of patients using dietary supplements may be underrepresented in these
studies because not all patients readily report use of these products to their physicians
and other health care providers. Additionally, patients tend to underreport use of
these products on written questionnaires, and it is common that the medical team or
primary care provider is unaware of the use of dietary supplements by patients
(36,37). Because such a large number of people are using dietary supplementation
concomitantly with prescription medication, the stage is set for significant and
potentially dangerous interactions that may result in serious complications and
adverse events. When dietary supplement–drug interactions are encountered by
health care providers, they are rarely reported (38).
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Ideally, classification and characterization of drug–nutrient interactions based
on themechanism of interaction would offer themost practical approach to identify
and manage the interactions (39) (Table 1) (see Chapter 1). Unfortunately, the
complexity of products, paucity of clinical trials, void of product standardization,

Table 1
Classification, Characterization, and Examples of Drug–Nutrient Interactions

Category Description

Type I Ex vivo bioinactivation
Type II Absorption

IIA Metabolism
IIB Transport
IIC Complexation

Type III Physiologic disposition
Type IV Elimination

Likely mechanisms of some reported drug–dietary supplement interactions:
Danshen – Type II interaction

� Enhanced theophylline
oral absorption

Dong Quai – Type II or Type III interaction

� Increased anticoagulant effect of warfarin

Garlic – Type II interaction
� Decreased saquinavir and ritonavir (both protease inhibitors) absorption and

increased clearance
� Increased anticoagulant effect of warfarin
� Increased hypoglycemic effect of chlorpropamide

Ginseng – possible Type III interaction
� Precipitated CNS side effects of phenelzine and benzodiazepines

Ginkgo – possible Type III interaction
� Counteract the antihypertensive effect of thiazide diuretics
� Increased anticoagulant effect of warfarin

Kava – possible Type III interaction
� Precipitated CNS side effects of alprazolam
� Affected efficacy of levodopa

St. John’s Wort – Type IIA, IIB, and III interactions
Each oral itraconazole dosage form has specific indications (41)

� Immunosuppressive agents: Cyclosporine, tacrolimus
� Tyrosine kinase inhibitor: Imantinib
� Anticholesterol: Simvastatin
� Antihistamines: Fexofenadine
� Antifungal: Voriconazole
� Topoisomerase I inhibitor: Irinotecan
� Protease inhibitor: Indinavir
� Others: Digoxin, methadone, nefazodone, paroxetine, sertraline, theophylline,

verapamil, warfarin
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and lack of product dose reproducibility limit the ability to accurately delineate,
characterize, and quantify these interactions (39–40). Therefore, a specific recom-
mendation regarding a particular drug–dietary supplement pair is rarely available.
Most of the time, the practical approach toward drug–nutrient interaction includes
a combination of conducting a thorough literature search, with careful review of the
patient’s clinical conditions and concurrent medications, and then exercising good
clinical judgment. A suggested strategy is summarized in Table 2.

2. SCIENTIFIC PRINCIPLES

2.1. Confounding Issues with Dietary Supplements

Unlike drugs, but more like conventional foods, premarketing clinical evalu-
ations for safety and effectiveness for dietary supplements are not required by the
FDA. This creates a concern that the quality and consistency of the products
may vary among manufacturers, or even between two batches from the same
manufacturer. Additionally, the labeling of these products may not reflect the
actual ingredients present in the formulation. A wide array of compounds
were found in the products ranging from undeclared pharmaceuticals such as
ephedrine and chlorpheniramine, to toxic levels of heavy metals including lead
and arsenic in some Asian patent medicinal products sold in California as
dietary supplements (40). A review of 25 commercially available ginseng prepa-
rations found that although the labeled plant products were in fact present in
the preparation, the concentrations of these compounds differed from labeled
amounts (41). Also, a study of steroid-containing supplements found a dis-
parity between the labeled amount of steroids in the product and the actual
quantity within it. One product tested even contained testosterone, which is a

Table 2
Strategy in Approaching a Possible Interaction Between a Drug and a Dietary Supplement

1. Determine the possible symptoms associated with the object compound, which
could be the drug or the dietary supplement (e.g., cardiovascular effects, elevated
liver function tests, CNS disturbances, electrolyte abnormalities). Compare the
patient’s symptoms and clinical presentation to see if an interaction is plausible. If
an interaction is likely, discontinue the compound that is responsible for the
symptoms and provide supportive care if applicable.

2. Research the literature to determine if the potential interaction has been confirmed
through clinical investigations. If yes, the likelihood of the interaction is high.

3. If no clinical investigation exists, determine if there is any published case report or
letter regarding the interaction pair.

4. If neither clinical investigation nor case report can be found, consider researching
the online registry or the FDA MedWatch program (175).

5. If no existing report is available, determine whether a possible mechanism of
interaction between the compounds exists.

6. Assessment tools such as Drug Interaction Probability Scale (176) can be used to
determine whether a drug interaction is a likely explanation for the observe event.
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class III controlled substance in the United States (42). This inter- and intra-
manufacturer variation limits not only the accuracy for clinicians to predict
clinical response but also the accuracy and reliability to report and predict
drug interactions with these supplements. More importantly, the questionable
product purity and labeling accuracy further confounds health care profes-
sionals’ ability to accurately identify and manage potential interactions and
adverse reactions associated with FDA-approved medications. For example, a
documented interaction between a supplement product and a medication may
be the result of a poorly formulated product rather than the labeled active
ingredient per se. These issues are unlikely to be changed unless further
amendments to DSHEA take place.

2.2. Observed and Reported Mechanism of Interactions

Dietary supplements may interact with drugs through different mechanisms.
Like other types of drug–drug interactions, dietary supplements may act as
the precipitant agent and thus can affect the pharmacokinetics and pharma-
codynamics of a medication (object drug). Pharmacokinetic interactions
involve altering the absorption, distribution, and elimination of the drugs,
whereas pharmacodynamic interactions affect the pharmacological or biological
action of the drugs. A clinically significant pharmacokinetic interaction often leads
to a pharmacodynamic interaction, although the reverse is not always true. For
example, a supplement that inhibits the metabolism of warfarin (pharmacokinetic
interaction) will likely increase the pharmacodynamic effect of warfarin, potentially
increasing risk for bleeding. Nevertheless, a supplement may also increase bleeding
risk without affecting warfarin pharmacokinetic through inhibition of platelet
function. Some supplements may cause pharmacokinetic interactions with certain
drugs but pharmacodynamic interactions with others. For instance, St. John’s wort
(SJW) increases the intestinal and hepatic metabolism of drugs such as carba-
mazepine and cyclosporine (pharmacokinetic interactions), whereas it interacts
with tricyclic and some serotonergic antidepressants by potentiating their effect
on the neurotransmitters (pharmacodynamic interactions).

2.3. Quality of Data Available

Because of the difficulties associated with studying herbal products, the
literature currently available to classify these interactions is quite limited.
Although some clinical pharmacokinetic and pharmacodynamic studies are
available, the majority of the evidence consists mainly of case series and
anecdotal reports. From the pharmacokinetic standpoint, dietary supplements
can have profound effects on the absorption, distribution, elimination, or
clearance of the object drug through metabolic inhibition or induction of
specific enzymes and transporters. Mechanisms by which the absorption of a
drug is changed by a dietary supplement include binding in the gastrointestinal
tract and inhibition/induction of presystemic effect, which may include metab-
olism and transport of the drug in the intestinal epithelium and liver. Since
these changes affect the oral bioavailability of the object drugs, only drugs that
are administered orally or enterally are expected to be affected. A considerable
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number of dietary supplements have been identified as potent inhibitors of the
cytochrome P450 (CYP) enzyme system, the most important phase I enzyme
family responsible for the biotransformation of many biogenic amines, steroids,
cholesterol, and most prescription drugs (43–47) (see Chapter 4). Some herbs
and nutrient supplements also affect the functions of cell membrane transporters.
For example, SJW induces intestinal P-glycoprotein (P-gp) (48–52). P-gp is an
adenosine-5’-triphospate (ATP)-dependent efflux pump encoded by the multidrug
resistant-1 gene, which is located on chromosome 7. It belongs to the ATP-
binding cassette transporter family and is highly expressed in the gastrointestinal
tract, the renal tubule, the blood–brain barrier, the liver, and several other tissues
(see Chapter 3). P-gp is highly expressed and functionally active in the intestinal
epithelial tissues. Its primary function involves active transport of specific xeno-
biotics, drugs, chemicals, or even certain food substances that have already been
absorbed by the epithelial cells back into the gut lumen (53–57). This is an
intrinsic defense mechanism of the human body to decrease the exposure to
xenobiotics (in other words, ‘‘foreign’’ compounds). Many drugs, especially
those with low oral bioavailability, are substrates of P-gp, and modulation of
intestinal P-gp activity can directly alter their absorption. Cyclosporine, digoxin,
most dihydropyridine calcium channel blockers, and a number of protease inhibi-
tors are examples of P-gp substrates. Induction of P-gp by SJW can decrease the
systemic absorption of digoxin leading to subtherapeutic serum concentrations
and potentially treatment failure. SJW also induces CYP3A4, an enzyme respon-
sible for the elimination of indinavir, a protease inhibitor (47,58). This decreases
the oral absorption and increases the metabolic elimination of indinavir poten-
tially leading to treatment failure for human immunodeficiency virus (HIV). Some
dietary supplements can also alter the elimination rate of a drug by interfering
with its hepatic metabolism, biliary excretion and enterohepatic recirculation, or
renal excretion. In these cases, both orally and parenterally administered drugs
may be affected. Again, SJW is a classic example of a supplement that may
interact with drugs administered both orally and parenterally. On the contrary,
some supplements may interact with an object drug by potentiating their pharma-
cological effects on specific receptors. Therefore, dietary supplements can interact
with a patient’s medication regimen through multiple different mechanisms and
may have a profound effect on the patient’s treatment outcome. Clinicians should
carefully review the literature and attempt to understand the mechanism of
interaction whenever possible in order to optimize the clinical management of a
patient with drug–nutrient interactions.

3. ESTABLISHED EVIDENCE

A recent study suggests that the most common dietary supplements with a
potential for interaction include garlic, valerian, kava, ginkgo, SJW, glucosamine,
and ginseng. The most common prescription medication classes with a potential for
interaction are antithrombotic medications (e.g., warfarin), sedatives, antidepressant
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agents, and antidiabetic agents (30). The mechanism of interactions for these com-
monly used supplements will be briefly discussed. Other potential drug–dietary
supplement interactions are summarized in Table 3.

3.1. Garlic

Used for centuries as a flavoring ingredient in food, garlic is believed to carry
many beneficial effects. In the ancient world, garlic had a variety of uses, including
managing common ailments, headaches and body weakness, epilepsy, and even to
clean the arteries (59). This is very much in line with some of the more modern
therapeutic indications for garlic, which include hypertension, hypercholesterolemia,
atherosclerosis, to improve circulation, and even as a blood thinner (60–62). The
primary active component in garlic is thought to be allicin, which is only formedwhen
garlic is crushed. Cooking or heating destroys the necessary enzymes for the forma-
tion of allicin. However, there still are a number of other components found within
garlic products with potential activity.

Table 3
A list of dietary supplements capable of precipitating drug interactions

Alfalfa (Medicago sativa) Echinacea
Aloe (Aloe vera) Elder
Angelica sp. (e.g., Bai Zhi, Dong Quai) Fenugreek
Arnica flower Feverfew
Betel nut Flaxseed
Boldo Garcinia
Black cohosh Garlic
Bromelain Ginger
Caffeine (herbal caffeine) Ginkgo
Camellia (e.g., green tea extract) Ginseng
Capsicum Grape seed extract
Cascara Hawthorn
Cat’s claw Juniper
Chamomile Kava
Chlorella Lemon balm
Chondroitin Licorice
Clover Papaya extract
Cocoa Quercetin
CoEnzyme Q10 Saw palmetto
Cranberry extract St. John’s wort
Danshen Valerian
Devil’s claw Yohimbe

It is important to point out that many of these interactions are considered possible
drug interactions as this is mostly a collection of case reports of adverse reactions
associated with the use of these dietary supplements; in addition, the purity of the

supplements in many of these anecdotal reports can neither be quantified nor be con-
firmed; clinicians should perform an updated search of the literature and relevant data-
bases whenever a concern or suspicion of drug–dietary supplementation interaction arises

(177,178).
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In vitro data suggest that garlic may inhibit CYP2C9, CYP2C19, CYP2D6, and
CYP3A isoenzymes (63). In contrast, an in vivo study in nine healthy volunteers,
which examined the chronic administration of garlic (greater than 3 weeks), showed
that garlic decreased the systemic exposure and maximum concentrations of saqui-
navir, a protease inhibitor that is a known substrate of the CYP3A4 (64). However,
the exact mechanism of the decrease was unable to be determined from this trial.
Furthermore, garlic had a bimodal effect on the serum concentrations of subjects
tested. Six subjects showed a decreased saquinavir systemic exposure, measured by
the area under the concentration–time curve (AUC) during treatment with garlic,
which later returned to just below their baseline upon discontinuation of garlic. The
AUC of the three other subjects was unchanged while on garlic, but dropped
significantly after the discontinuation of garlic. The reason for this bimodal distri-
bution in subjects was unable to be determined. Because the overall maximal plasma
concentration (Cmax) and the AUC were decreased, the data imply that chronic
ingestion of garlic may have an induction effect on CYP3A4 in the intestinal
mucosa. However, because saquinavir is also a P-gp substrate, an effect on P-gp
at this time cannot be ruled out. Another trial that evaluated the effect of a variety of
herbal products, including garlic, on substrates of various different CYP isoen-
zymes in healthy volunteers found that garlic had no significant effect on the
CYP3A4 isoenzyme but did indeed have an inhibitory effect on the CYP2E1
metabolic pathway (65). Garlic inhibits the activity of CYP2E1, an enzyme respon-
sible for the metabolism ofmany inhalation anesthetic agents, and to a lesser extent,
acetaminophen and ethanol (66–69). Therefore, it is possible that in patients who
use garlic oil on a chronic basis, the dosing requirement of anesthetic agents for
surgerymay be decreased. The impact of garlic on other CYP enzymes appears to be
much less, with clinically significant interactions involving drugs metabolized by
CYP2D6 and CYP3A4 appearing less likely (70).

Garlic can interact with antithrombotic drugs through pharmacodynamic mech-
anisms. It prevents platelet aggregation by suppressing cyclooxygenase activity and
the formation of thromboxane A2. Garlic also suppresses the mobilization of
intraplatelet calcium ions and increases cAMP and cGMP concentrations. Further-
more, garlic acts directly on the GPIIb/IIIa receptors and reduces the ability of
platelets to bind to fibrinogen (60). Collectively, all these mechanisms suggest that
garlic inhibits platelet aggregation and may increase the risk of bleeding in patients
taking antithrombotic drugs such as ticlopidine, clopidogrel, and warfarin.

3.2. Valerian

Supplements containing valerian are often marketed as a sleep aid, a sedative, an
anxiolytic, and a gastrointestinal spasmolytic. Less common applications include
muscular cramping, uterine cramping, and headache. Pharmacological studies
suggest that valerian extracts affect g-aminobutyric acid-type A (GABAA) recep-
tors, with possible additional action on inducing the release of the inhibitory neuro-
transmitter GABA in the brain (71–75). Based on in vitro data, valerian exhibits
inhibitory effect on CYP3A4 (76). Subsequent clinical data have shown that the
inhibitory effect is likely not clinically significant. Data from clinical pharmaco-
kinetic study suggest that valerian causes clinically insignificant changes to the
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activity of CYP1A2, CYP2D6, CYP2E1, and CYP3A4 (77,78). Likewise, repeated
administration of valerian (Valeriana officinalis) also has shown minimal effects on
CYP3A4 activity and no effect on CYP2D6 activity in healthy volunteers (78).
Therefore, current knowledge suggests that the potential for valerian causing
pharmacokinetic interactions with CYP substrates appears fairly low.

However, because of the action on the GABA receptor, valerian may cause
pharmacodynamic interaction with other drugs that depress cognitive function. It
may also synergize the sedative effect of other drugs. For example, valerian has been
shown to prolong thiopental- and pentobarbital-induced sleep. It may be prudent to
avoid concurrent use of valerian with sedative agents and antiepileptic agents.

3.3. Kava

Kava (Piper methysticum) is a large-leaved Pacific island plant in the pepper
family. It has been marketed and promoted primarily as an anxiolytic agent. Other
uses include insomnia, promotion of relaxation, and relief ofmenopausal symptoms
(79–81). The primary constituent of commercially available kava is a group of
compounds belonging to the family of kavalactones (82). Based on in vitro data,
extracts of kava and several of the individual kavalactones are potent inhibitors of
the CYP enzymes, which include CYP1A2, CYP2C9, CYP2C19, CYP2D6, and
CYP3A4 (83). The clinical significance of kava on CYP inhibition is implicated by
a published case report describing a man who developed coma after concurrent
ingestion of kava and alprazolam, a known CYP3A4 substrate (84). In addition to
pharmacokinetic interactions via CYP enzyme system, pharmacodynamic interac-
tions between kava and other drugs have also been reported. An increased duration
and frequency of mental status deterioration has been suspected in cases involving a
patient with Parkinson’s disease taking levodopa and kava concurrently (85–86).
Dystonia and dyskinesia have been reported in patients using kava. The symptoms
are reversed by an anticholinergic drug biperiden (86). There is also evidence that
kava may reversibly inhibit monoamine oxidase-B and platelet aggregation,
whereas some kavalactones have demonstrated inhibitory effect of GABA recep-
tors, sodium channels, and calcium ion channels (87–92). Although the number of
clinical investigations is limited, caution is warranted when kava is used in combin-
ation with drugs, particularly those metabolized by CYP3A4 or with psychotropic
effects.

In 2002, many European countries suspended the sales of kava products follow-
ing a series of reports describing serious hepatotoxicity with fatalities. The mech-
anism of hepatotoxicity remains highly debated. The extract of kava or the process
to extract kava, not the herb itself, is the suspected cause for these adverse reactions
(93–103). In March 2002, the FDA issued a warning to health care providers
regarding the potential risk of severe liver injury associated with the use of kava-
containing dietary supplements (104). Nevertheless, kava remains available for sale
in the United States and is widely available for purchase over the Internet.

3.4. Ginkgo

Ginkgo is a popular herb that is derived from the dried leaves ofGinkgo biloba or
maidenhair, a tree that is native to China, but can be cultivated in Europe, Asia, and
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North America. Use of this herb dates back to the very beginnings of ancient
Chinese medicine. Today, the herb is used for a variety of purposes including
cognition, memory, cerebral vascular disease, peripheral vascular disease, and
multiple sclerosis, to name a few. The active components of Ginkgo biloba are
extracted from the leaves, which contain ginkgolides A, B, C, J, and M, and
bilobalide (105).

In terms of specific drug interactions with ginkgo, there are a number of case
reports documenting possible interactions between ginkgo and the anticoagulants
warfarin and aspirin (106–107). In the reported cases, bleeding seems to be themost
common result of the concomitant use of ginkgo with other anticoagulant agents.
This reaction may in part be exacerbated by the fact that various ginkolides are
capable of inhibiting platelet-activating factor (108). There has been a number of
case reports of ginkgo attributed to an increased risk of serious bleeding events
(109). It may be possible that the cumulative effects of ginkgo’s inhibition of
platelet-activating factor with other anticoagulants are responsible for the reaction.
Because of the potential for ginkgo to increase the risk of bleeding, clinicians should
recommend that patients avoid the use of this herb with any anticoagulant therapy
or prior to any scheduled surgery.

Metabolically, there are conflicting results regarding the potential for ginkgo to
affect CYP. Gingko biloba leaf extract has been shown to increase the absorption
and pharmacodynamic effect of nifedipine, a CYP3A4 substrate (110). However, a
published trial examining ginkgo’s effects on a number of different CYP substrates
found that the herb had no significant effect on any of the CYP isoenzymes (67).
Likewise, no interactions between ginkgo extract and CYP2C9 substrates were
observed in clinical investigation with healthy volunteers (111). Therefore, it is
not expected to alter the metabolism of warfarin. It is possible that different
formulations of ginkgo with differing concentrations and combinations of phyto-
chemicals might be responsible for the discrepancy. With current knowledge, it
could be concluded that pharmacokinetic interactions attributable to ginkgo are
not the result of phytochemical-mediated effects on CYP isoforms. Nevertheless,
ginkgo did potentiate the bleeding time prolongation effect of cilostazol, a phos-
phodiesterase inhibitor with antiplatelet effects (112). Caution should be exercised
when ginkgo is used in patients receiving antithrombotic therapy, especially anti-
platelet agents.

3.5. St. John’s Wort

SJW is one of themost investigated and understoodmedicinal plants with regard
to its potential and mechanism to cause specific interactions with prescription
medications. Its scientific name is Hypericum perforatum. The name SJW exists
because the bloom time of this plant coincides with the time of the feast of St. John
the Baptist in June. This herb has been used for thousands of years topically for
many ailments, including minor burns and wounds and in more recent times as an
oral extract to treat mild depression. SJW is a perennial weed that can be found
throughout Europe, Asia, North Africa, and in North America (113–117). The
product tends to be standardized in terms of its hypericin content, but as with other
herbal products, there have been published reports of discrepancies between labeled
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content and actual content assayed (118). In addition to hypericin, a number of its
derivatives and metabolites, such as hyperforin, chlorogenic acid, and quercetin,
may also contribute to its clinical effect.

The dramatic ability of SJW to alter the concentrations of concomitantly admin-
istered medications is thought to occur through two major mechanisms. First, SJW
has the ability to induce intestinal transporter (e.g., P-gp) activity. Second, the herb
can increase the activity of CYP3A4 and CYP2B6 through pregnane X receptor
activation (67,119–125). CYP3A4 is an enzyme responsible for the metabolism of a
majority of prescription agents, and its induction has important clinical implica-
tions. Although CYP2B6 activity is also increased by hyperforin, there are very few
medications identified to be CYP2B6 substrates. Therefore, the clinical relevance of
CYP2B6 induction remains to be determined. In the human small intestine,
CYP3A4 and P-gp function as a coupled system to reduce xenobiotic exposures
by the host. This coupling system has the most significant influence on the absorp-
tion of substances that are substrates of both CYP3A4 and P-gp. Drug molecules
that ‘‘escape’’ the initial extraction by the intestinal CYP3A4 enzymes and are
absorbed into the epithelial cells can be excreted back into the gut lumen by P-gp,
potentially reexposing them to gut-wall metabolism multiple times. Induction of
both P-gp and CYP3A4 by SJW may lead to a dramatic reduction in oral bioavail-
ability of drugs and can have grave implications for narrow therapeutic index
agents. Decreased oral absorption may lead to subtherapeutic serum concentra-
tions of medicinal agents resulting in treatment failure.

Even the induction of CYP3A4 alone may have grave complications for narrow
therapeutic index agents. SJW may cause up to a sixfold induction of CYP3A4
activity. CYP3A4 is the most important phase I oxidative enzyme in humans
accounting for the metabolism of more than 50% of prescription drugs currently
used. CYP3A4 is ubiquitous with the most significant concentrations found in a
variety of tissues including the liver and intestinal epithelium (126). However, in
terms of drug metabolism, the most significant locale for CYP3A4 is the liver and
intestine. An induction of CYP3A4 in the intestinal epithelium can increase the
presystemic metabolism of medicinal agents preventing their absorption. This can
lead to an overall decrease in the total bioavailability of an orally administered
agent. Also, an induction of CYP3A4 in the liver will increase the systemic elimin-
ation of medicinal agents primarily metabolized by this enzyme system. This could
lead to a decrease in the systemic exposure of the agent and potentially lost efficacy.
Like P-gp, this effect is especially true for narrow therapeutic index agents.

In addition to pharmacokinetic studies, a number of clinical trials and case
reports have corroborated the interaction between SJW and prescription medica-
tion with a narrow therapeutic index that is substrate for P-gp, CYP3A4, or both.
Several studies have demonstrated a positive pharmacokinetic interaction between
oral contraceptive agents and SJW, although the significance of pharmacodynamic
effects, especially on the contraceptive efficacy of the newer, more potent hormones,
remains controversial (127–130). All these results confirm that SJW has a strong
potential to alter therapeutic effects and drug concentrations. The alteration in
therapeutic concentrations in some cases potentially has very deleterious and dan-
gerous consequences for affected patients. For example, a decrease in the
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therapeutic concentrations of indinavir, a protease inhibitor used in the treatment
of HIV disease, may lead to an increase in HIV viral load or viral resistance
indicating treatment failure. Additionally, subtherapeutic concentrations of cyclo-
sporine or tacrolimus, medications used by organ transplant recipients to prevent
rejection, can lead to organ rejection and significant morbidity or evenmortality for
these patients.

Because of the potential for SJW to induce P-gp and CYP3A4, it is probably
prudent to avoid using SJW in patients treated with prescription medications that
are substrates of these two systems. Most importantly, it would be imperative to
avoid narrow therapeutic index agents transported by P-gp or metabolized by
CYP3A4 in order to avoid a dangerous interaction. Patients should be carefully
counseled about the potential risks of initiating therapy with SJW, and health care
professionals should be vigilant about the potential risks associated with this
herbal product.

Outside the realm of pharmacokinetic interactions, SJW may also interact
with a number of medications based on pharmacodynamic properties. The
agents that are particularly at risk for causing this type of reaction are anti-
depressants, including selective serotonin reuptake inhibitors (SSRIs), namely
paroxetine and sertraline, and agents such as trazodone or nefazodone. There
have been a number of cases of the combination of these agents with SJW
causing symptoms consistent with that of excess serotonin or serotonin syn-
drome (131,132). This reaction is thought to occur because of hyperforin, a
component of SJW that may inhibit the reuptake of serotonin. This, in combin-
ation with a prescription SSRI or other prescription agent that inhibits the
reuptake of serotonin, may have an additive effect and predispose one to the
serotonin syndrome. The potential for dangerous complications owing to serotonin
syndrome cannot be understated, and deaths have occurred as a result of this
syndrome. Patients who are currently being treated with SSRIs or other anti-
depressants that increase the concentrations of serotonin should be warned of this
potential interaction and should be advised not to use SJW with these prescription
medications.

3.6. Glucosamine/Chrondoitin

Glucosamine and chondroitin sulfate are the most widely used dietary supple-
ments for osteoarthritis and joint disorders with estimated sales around $730
million in 2004 (133–136). Glucosamine is an amino monosaccharide, which
participates in the constitution of glycosaminoglycans such as chondroitin.
Chondroitin, an extracellular polysaccharide, is an important structural com-
ponent of cartilage (137,138). Despite showing limited efficacy in a multicenter,
double-blind, placebo trial glucosamine hydrochloride or sulfate continues to be
widely used as a supplement for joint health either alone or together with
chondroitin sulfate (139,140). In addition, glucosamine-supplemented food
products (e.g., glucosamine-enhanced orange juice) are also available in the
United States. Glucosamine is approved as a prescription drug for the treatment
of osteoarthritis by regulatory agencies in Europe.
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A large number of reports have implicated a potential interaction between
warfarin and glucosamine with or without chondroitin sulfate. In patients who
have been stabilized on chronic warfarin therapy, the addition of glucosamine
can increase the international normalized ratio (INR) value, in some cases up to
two times the baseline value (141–144). This would significantly increase
the risk of bleeding. The mechanism of this interaction has not been elucidated.
The onset of the interaction is usually within a few weeks after initiation of
glucosamine/chondroitin therapy. Upon discontinuation of the supplement, the
patient’s INR returns to baseline and remains stable with the presupplementa-
tion warfarin doses. Therefore, it is advisable for patients receiving chronic
warfarin therapy to use alternative agents for joint pain. If the patient or care
provider chooses to use glucosamine, close monitoring of INR, especially in the
first 4 weeks after initiation of glucosamine, is necessary to minimize the risk of
bleeding from excessive anticoagulation.

3.7. Ginseng

Ginseng is one of the most popular herbal supplements in the United States.
There are a number of different species of ginseng. However, themost studied forms
of ginseng include just three species: Panax ginseng (Asian ginseng), Panax quin-
quefolius (American ginseng), and Panax japonicus(Japanese ginseng) (145). These
species can be found in many dosage forms including alcoholic extracts, fresh root,
teas, capsules, and in combination products with other mineral, vitamin, and herbal
ingredients (146). Ginseng has been used therapeutically for thousands of years in
Asia for a variety of illnesses and ailments. Some of these uses vary from more
traditional ones (e.g., increase general well-being) to now include use to improve
vitality, immune function, cognitive function, cardiovascular function, physical
performance, sexual performance, and even the treatment of cancer (147). Com-
pounds known as the ginsenosides are thought to be responsible for the therapeutic
activity of ginseng. However, because of the complexity of actions of these com-
pounds as well as the activity of non-ginsenoside compounds contained within the
herb, the overall activity of the herb is very complex (145). The potential inter-
actions with prescription medication are even less well understood. Reports of an
interaction between ginseng and the oral anticoagulant agent warfarin exist (148).
A 74-year-old man with a mechanical heart valve was being anticoagulated with
warfarin with an INR value within the therapeutic range for more than 5 years
before deciding to begin taking ginseng capsules. All of his other medications and
diet remained the same. Two weeks after taking the ginseng capsules, the patient’s
INR dropped to a subtherapeutic level. On discontinuation of the ginseng product,
the patient’s INR returned to the therapeutic level and continued to remain within
the therapeutic range. Doses of warfarin were not adjusted. An animal study
examining the interaction with warfarin and ginseng found conflicting results
(149). Several studies have shown that ginseng affects CYP2C9, resulting in altered
clinical effect of warfarin (150–154). These reports suggest that the use of ginseng
supplements should be discouraged in patients on warfarin therapy.

Similar to the cases of warfarin and ginseng, the human experience with an
interaction between ginseng and phenelzine is only documented in case report
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form. Phenelzine is a monoamine oxidase inhibitor with many known food
and drug interactions. It is used for the treatment of depression. In the cases
reported, upon addition of ginseng products to therapy with phenelzine,
patients developed tremulousness, headache, and sleeplessness. The symptoms
improved with discontinuation of the ginseng. While still being treated with
phenelzine, one of these patients was inadvertently rechallenged with ginseng
many years later and experienced similar results (155–157).

A case report by Becker suggested that a ginseng product containing ger-
manium may decrease the diuretic effect of furosemide. However, it is import-
ant to point out that exposure to germanium, a heavy metal, may itself lead to
renal failure. It is, therefore, unclear, based on this case report, whether a true
drug–herb interaction was present (158).

3.8. Other Emerging Drug Interactions with Dietary Supplements

Although it is well known that a number of drugs have the potential to cause
hypovitaminosis, it is less appreciated that dietary supplementation with vitamins
may affect drug disposition. Other nutrients may also interact with drugs—altering
absorption, metabolism, and pharmacodynamic effects. Unfortunately, most of the
data are obtained from case reports, including single patients and animal models, or
from in vitro investigations. The two better documented vitamins include folic acid
and vitamin E (a-tocopherol).

It has been established that patients receiving chronic therapywith phenytoin carry
a 50% risk of folate deficiency. Ironically, supplementation of 1 mg/d folic acid may
lead to a significant decrease in serum phenytoin concentrations in 15–50% of the
patients. This interaction between folic acid and phenytoin (see Chapters 17 and 18)
may involve the bilateral interdependent transport and possible metabolic processes
(159). Although the exact mechanism is unknown, pharmacokinetic analysis of
phenytoin suggests that folic acidmay increase the affinity of themetabolic enzyme(s)
involved in the elimination of the phenytoin without causing overall enzymatic
induction (160). Although it is important to monitor for any signs of folic acid
deficiency (such as megaloblastic anemia) in patients receiving long-term phenytoin
therapy, it is as important to closely follow their serum phenytoin concentration
should folate supplementation be deemed necessary in order to avoid breakthrough
seizures secondary to subtherapeutic serum phenytoin concentrations.

The mechanism of Vitamin E interactions with drugs is of particular interest. The
enhanced oral absorption of cyclosporine by water-soluble vitamin E was first
reported in pediatric patients after liver transplantation (161,162). Subsequently,
a more formal observation trial took place in liver transplant recipients. In 26
patients who failed to achieve therapeutic blood cyclosporine concentrations
despite prolonged intravenous administration or provision of daily oral cyclosporine
doses higher than the normally recommended range (>10 mg/kg/d for adults and
>30 mg/kg/d for children), concurrent administration of 6.25 IU/kg of vitamin E
liquid (d-a-tocopheryl-polyethylene-glycol-1000 succinate [TPGS]) before each
oral dose of cyclosporine led to a significant improvement in cyclosporine
absorption. TPGS coadministration resulted in a reduction of daily cyclosporine
dose by 28.3% in 19 adult patients and 31.7% in 7 pediatric patients. Steady-state,
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whole-blood cyclosporine trough concentrations were all significantly increased.
Patients who previously required intravenous administration of cyclosporine were
all successfully converted to oral therapy (163).

Although it was initially thought that TPGS acted as a vehicle to allow
lipophilic drugs, such as cyclosporine, to be more readily absorbed, subsequent
investigations showed that TPGS is a P-gp inhibitor (164,165). This mechanism
implies that coadministration of vitamin E liquid may increase the absorption of
a significant number of drugs. Vitamin E capsule (a-tocopheryl acetate) has not
been shown to cause similar drug interactions (166). It is reasonable to conclude,
however, that vitamin supplementation may not appear to be completely without
risks.

Omega-3 fatty acid supplements from fish oil have also been implicated to
increase the risk of bleeding in patients taking warfarin (167–169). The mechanism
has not been determined. Iron repletion in iron-deficient patients with chronic renal
failure receiving hemodialysis may also lead to an overall increase in CYP3A4
activity (170).

4. SUMMARY

The area of dietary supplements is a growing topic of interest within the public
and the medical community. Dietary supplement use has continually increased
over the last decade. With the high health care costs and the public desire to
maintain better health, it is expected that this trend will continue in the coming
years. While the supportive evidence linking the regular use of dietary supple-
ments and clinical benefits is generally lacking, the potential risks associated with
these products cannot be overlooked. Many suspected drug interactions between
dietary supplements and drugs have been reported in the literature. The mech-
anisms of some of these interactions have been determined and confirmed with
scientific methods which allow clinicians to better predict the significance of
potential interactions. Clinicians should also be reminded that the knowledge
in this area is also greatly limited by publication bias toward reports with
positive interactions (e.g., the change in pharmacodynamic or clinical effect with
the use of dietary supplements). Until recently, reports concerning the absence of
an interaction between two compounds (i.e., negative interactions) are rarely
written by clinicians or accepted for publication (171–173). Nevertheless, the
quality of the data often remains questionable since the purity of the products
cannot be ensured, and much knowledge has yet to be gained through continued
research. Screening tools may be able to help predict metabolic interactions
(174). From the practice standpoint, clinicians can also help advance the know-
ledge in this area by reporting suspected and observed interactions and adverse
reactions (175,176) through public databases such as the MedWatch program
(www.accessdata.fda.gov/scripts/medwatch/medwatch-online.htm), the ClotCare
International Registry of Interactions Between Oral Anticoagulants and Dietary
Supplements online registry (www.clotcare.com), and the medical and scientific
literature.
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DISCUSSION POINTS

1. Are manufacturers of dietary
supplements required by law to
submit proof of product safety to the
FDA before a new dietary
supplement product is being
marketed in theUnited States, even if
the product is manufactured outside
the United States?

No. Under DSHEA, proof of product
safety is not required before a dietary
supplement is marketed, even if the
ingredients and the manufacturing
process are outside theUnited States.
The manufacturing facility, however,
has to be registered with the FDA.

2. Are medically indigent individuals
more likely to use dietary
supplements than an individual with
insurance coverage?

It has been reported that over 30% of
the medical indigent individuals with
multiple medication conditions use
dietary supplement. But it is not
known whether medical indigence is
an independent factor for increased
dietary supplement use. It is possible
that the relative usage of dietary
supplements is actually lower in
indigent patients than those who
have prescription drug insurance
coverage because these products are
not inexpensive. The demographic of
the routine dietary supplement users
(i.e., educated individuals and cancer
patients) also appears to suggest that
medical indigence may not be an
independent factor for dietary
supplement use.

3. Where can consumers or clinicians
find information concerning the
potency and purity of a particular
brand or lot of dietary supplement?

Currently, the law does not require
dietary supplement manufacturers to
provide a record on file, either in the
public domain or government offices
regarding the purity and potency of
any of their dietary supplement
product. The most likely channel to
obtain such information is through
the product manufacturer.

4. SJW is known to increase the
metabolism and clearance of many
drugs. How long does it usually take
for the induction effect to subside
metabolism of other drug?

Pharmacokinetic studies suggest that it
takes at least 2 weeks after the
discontinuation of SJW for the
activity of the induced drug
metabolism enzymes to return to the
pre-SJW state.
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44. Nekvindová J, Anzenbacher P. Interactions of food and dietary supplements with drug metabo-

lising cytochrome P450 enzymes. Ceska Slov Farm 2007;56:165–173.

45. SparreboomA, CoxMC, AcharyaMR, FiggWD.Herbal remedies in theUnited States: potential

adverse interactions with anticancer agents. J Clin Oncol. 2004;22(12):2489–2503.

46. Venkataramanan R, Komoroski B, Strom S. In vitro and in vivo assessment of herb drug

interactions. Life Sci 2006;78(18):2105–2115.

47. Whitten DL, Myers SP, Hawrelak JA, Wohlmuth H. The effect of St John’s wort extracts on

CYP3A: a systematic review of prospective clinical trials. Br J Clin Pharmacol

2006;62(5):512–526.
48. Marchetti S, Mazzanti R, Beijnen JH, Schellens JH. Concise review: Clinical relevance of drug

drug and herb drug interactions mediated by the ABC transporter ABCB1 (MDR1, P-glycopro-

tein). Oncologist 2007;12(8):927–941.
49. Pal D, Mitra AK. MDR- and CYP3A4-mediated drug-herbal interactions. Life Sci

2006;78(18):2131–2145.
50. van den Bout-van den Beukel CJ, Koopmans PP, van der Ven AJ, De Smet PA, Burger DM.

Possible drug-metabolism interactions of medicinal herbs with antiretroviral agents. Drug Metab

Rev 2006;38(3):477–514.
51. Zhou S, Lim LY, Chowbay B. Herbal modulation of P-glycoprotein. Drug Metab Rev

2004;36(1):57–104.
52. Zhou S, Gao Y, Jiang W, et al. Interactions of herbs with cytochrome P450. Drug Metab Rev

2003;35(1):35–98.
53. Gatmaitan ZC, Arias IM. Structure and function of P-glycoprotein in normal liver and small

intestine. Adv Pharmacol 1993;24:77–97.
54. Van Asperen J, Van Tellingen O, Beijnen JH. The pharmacological role of P-glycoprotein in the

intestinal epithelium. Pharmacol Res 1998;37(6):429–435.
55. Mizutani T,MasudaM,Nakai E, et al. Genuine functions of P-glycoprotein (ABCB1). CurrDrug

Metab 2008;9(2):167–174.
56. Knight B, Troutman M, Thakker DR. Deconvoluting the effects of P-glycoprotein on intestinal

CYP3A: a major challenge. Curr Opin Pharmacol 2006;6(5):528–532.
57. VarmaMV, Perumal OP, Panchagnula R. Functional role of P-glycoprotein in limiting peroral

drug absorption: optimizing drug delivery. Curr Opin Chem Biol 2006;10(4):367–373.
58. Wang Z, Gorski JC, HammanMA, Huang SM, Lesko LJ, Hall SD. The effects of St John’s wort

(Hypericum perforatum) on human cytochrome P450 activity. Clin Pharmacol Ther

2001;70(4):317–326.

59. Mahady GB, Fong H, Farnsworth NR. Garlic In: Botanical dietary supplements: quality, safety

and efficacy. Lisse, The Netherlands: Swets & Zeitlinger B.V, 2001: 97–114.

60. Rahman K. Effects of garlic on platelet biochemistry and physiology. Mol Nutr Food Res

2007;51(11):1335–1344.

Chapter 12 / Interaction of Natural Products 361



61. Ohaeri OC, Adoga GI. Anticoagulant modulation of blood cells and platelet reactivity by garlic

oil in experimental diabetes mellitus. Biosci Rep 2006;26(1):1–6.

62. Allison GL, Lowe GM, Rahman K. Aged garlic extract and its constituents inhibit platelet

aggregation through multiple mechanisms. J Nutr 2006;136(3 Suppl):782S–788S.

63. Foster BC, Foster MS, Vandenhoek S, et al. An in vitro evaluation of human cytochrome P450

3A4 and P-glycoprotein inhibition by garlic. J Pharm Pharmaceut Sci 2001;4:176–184.

64. Piscitelli SC, Burstein AH,Welden N, Gallicano KD, Falloon J. The effects of garlic supplements

on the pharmacokinetics of saquinavir. Clin Infect Dis 2002;34:234–238.

65. Gurley BJ, Gardner SF, Hubbard MA et al. Cytochrome P450 phenotypic ratios for predicting

herb-drug interactions in humans. Clin Pharmacol Ther 2002;72:276–287.
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13 Drug–Nutrient Interactions in Patients
Receiving Enteral Nutrition

Carol J. Rollins

Objectives

� Describe enteral nutrition and discuss its indications, routes of administration,

administration regimens, and safety issues.

� Define different classes of interactions that can occur between enteral nutrition and

medication – including those that are specific to administration, formulation, drug, or

disease.

� Describe appropriate medication administration in the patient receiving enteral nutrition

therapy.

Key Words: Compatibility; enteral nutrition; feeding tube; pharmaceutical; stability

1. INTRODUCTION

Malnourished patients and those at risk of malnutrition are candidates for
nutrition intervention. This includes previously well-nourished patients who have
been or will be without oral intake for 3–5 days (pediatric populations) or 5–10 days
(adults). Enteral nutrition (EN), which is synonymous with tube feeding, should be
considered when a patient cannot, will not, or should not consume appropriate
quantities of nutrients by mouth to prevent malnutrition. There are few absolute
contraindications to tube feeding other than a bowel obstruction that cannot be
bypassed. However, conditions such as diffuse peritonitis, intractable vomiting,
intractable diarrhea, and ischemia of the small bowel may be contraindications to
EN therapy (1). Most other conditions allow at least some nutrients to be delivered
enterally.

Advances in enteral formulas and tube placement techniques over the past two
decades allow full nutrition therapy via EN today, where parenteral nutrition was
previously the norm (e.g., patients with pancreatitis). Some patients tolerate only
partial EN therapy and require both EN and parenteral nutrition to achieve full
support. Other patients require EN as a supplement to inadequate oral intake. Once
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EN is started, it is most often continued until the patient is able to meet their
nutrient requirements by mouth. Thus, EN therapy is relatively common in the
hospital setting, ‘‘step-down’’ facilities for rehabilitation or skilled nursing care, and
other patient care facilities. A large population also receives home enteral nutrition
(HEN). In 1992, it was estimated that 152,000 people received HEN therapy (2).
The number is estimated to be much greater today although there is no centralized
data collection that allows accurate determination of the number of HEN patients.

As the population of patients receiving EN in various settings grows, the poten-
tial for interactions between drugs and EN increases. The interaction can involve
components of the EN formula or administration techniques. Such drug–nutrient
interactions have the potential to adversely affect patient outcomes when feeding
tubes occlude, inadequate drug is absorbed, or nutrient provision is compromised.
To understand the potential for drug–nutrient interactions in patients receiving EN
therapy, it is first necessary to have a basic understanding of EN. This chapter
provides a brief overview of EN, then reviews available data, discusses problems in
extrapolating available data to current practice, and provides recommendations for
managing drug–nutrient interactions in patients receiving EN therapy.

2. REVIEW OF ENTERAL NUTRITION BASICS

2.1. Tube Placement

EN therapy is characterized by both the route of tube placement and the site of
feeding. Tubes can be placed through the nares or by ostomy formation. The route
of tube placement per se is unlikely to influence drug–nutrient interactions in
patients receiving EN therapy. Tube size and length, however, may be determined
by the route of placement, and these characteristics in turn can affect the risk of tube
occlusion when drugs are administered via the tube. Nasal placement requires that a
long, small-bore tube be passed through the nares, pharynx, and esophagus. Tubes
are described by both length (cm) and diameter (French units, with 1 Fr¼ 0.33mm).
Tubes used in adults are typically 8–10 French (Fr); pediatric tubes may be as small
as 2 Fr for young children. Polyurethane is the preferred material for nasal tubes.
These tubes remain soft and flexible when exposed to gastric acid rather than
becoming brittle as do polyethylene or polyvinyl chloride tubes. Polyurethane
tubes are less likely to collapse when aspiration is attempted and less likely to
occlude than silicone tubes due to their larger internal diameter for a given Fr
size. In general, the risk of tube occlusion decreases with increasing internal tube
diameter regardless of the tube material and with increasing external diameter (i.e.,
Fr size) for a specified feeding tube material. Patients expected to require EN for a
short duration of time aremost appropriate for nasal placement of the tube. Bedside
techniques are generally effective for tube placement through the nares, although
radiological guidance may be necessary in some patients.

Feeding ostomies (i.e., enterostomies) are reserved for patients requiring long-term
EN therapy. The definition of ‘‘long term’’ ranges fromaminimumof 4weeks to at least
6 months duration for EN therapy depending on specific patient characteristics, the
type of enterostomy, and physician preferences (3). Percutaneous techniques using
endoscopy or radiography (fluoroscopy, ultrasound, or computed tomography [CT])
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and surgical procedures are available for enterostomy formation. Passage of an endo-
scope into the stomach or small bowel and transillumination to the skin surface are
required to perform endoscopic enterostomy techniques. Conditions precluding endo-
scopic enterostomy include morbid obesity, peritoneal dialysis, hepatomegaly, and
portal hypertension (4). Massive ascites, coagulopathy, and a history of Crohn’s
disease or radiation enteritis (i.e., patients at high risk of enterocutaneous fistula
formation) hinder enterostomy formation by any method, percutaneous or surgical.
Percutaneous enterostomies are generally favored in patients who do not require
laparotomy for another purpose since general anesthesia is not required for percutan-
eous procedures. Tubes used for enterostomies vary from 5 Fr to 28 Fr depending on
the type of tube and site of placement. Percutaneous endoscopic gastrostomy (PEG)
and surgical gastrostomy tubes are the largest; needle catheter jejunostomy tubes and
those used in infants are the smallest. Most tubes used today for needle catheter
jejunostomies are at least 7 Fr or 8 Fr to reduce the risk of tube occlusion. To avoid
jejunal obstruction, jejunostomy tube size is generally a maximum of 16 Fr in adults.
Tubes used in children vary considerably in size based on the child’s weight and the type
of tube. Most of the tubes used for young children are quite small and more prone to
occlusion than tubes used for adolescents and adults. Silicone is the preferred material
in tubes designed for feeding ostomies, but red rubber tubes and Foley catheters made
of latex continue to be used (though not recommended) for replacement tubes in
enterostomies. Ease and safety of tube replacement depend on the exact procedure
used for initial tube placement and the time since tube placement. Needle catheter
jejunostomy tubes generally require laparotomy for placement and for replacement, if
an occlusion occurs that cannot be reversed. Gastrostomy tubes placed through a
stoma (e.g., Janeway gastrostomy) are easily removed and replaced.

2.2. Site of Feeding

The name of a feeding tube indicates both the proximal route of placement (i.e.,
nasal or ostomy) and the distal site of feeding. Location of the tube’s distal tip
determines the site of feeding – gastric, duodenal, or jejunal. Tube placement into
the stomach is easier than into the small bowel with either nasal or enterostomy
techniques. Gastric feeding is considered more physiologic than post-pyloric (i.e.,
duodenal or jejunal) feeding sincemost normal gastrointestinal (GI) functions, except
those of the mouth and esophagus, are utilized. However, post-pyloric feeding is
generally more appropriate for patients with gastric dysfunction (e.g., gastroparesis,
gastric atony) and when minimal pancreatic stimulation is desired (e.g., pancreatitis).
Post-pyloric tube placement may facilitate early postoperative enteral feeding since
the small bowel regains function more quickly after surgery than the stomach. For
patients at risk of aspiration, including those with poor gag reflex, neurological
injury, or delayed gastric emptying and those on mechanical ventilation, post-pyloric
feeding is suggested since this may reduce the risk of aspiration (1,5,6). However,
most studies have failed to show a difference in the incidence of aspiration between
gastric and post-pyloric feeding, although the post-pyloric location may play a role in
aspiration risk (7,8). EN formula from nasoduodenal feeding and the tubes them-
selves can migrate back into the stomach from a position just beyond the pylorus.
Formula and tubes placed past the ligament of Treitz (i.e., jejunal placement) are
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much less likely to migrate into the stomach. The site of feeding is an important
consideration for drug–nutrient interactions in patients receiving EN when the feed-
ing tube is used for drug administration.

2.3. Administration Regimens for Enteral Feeding

The administration regimen selected for EN therapy depends on the site of
feeding, patient tolerance to feeding volume, and fluid requirements. The regimen
includes the method of administration as well as the flush volume and frequency
necessary to provide adequate fluids. Gastric feeding offers more options for for-
mula administration than post-pyloric feeding. There are four general administra-
tion methods: continuous, cyclic, intermittent, and bolus. Continuous administra-
tion and cyclic administration are used for both gastric and post-pyloric feeding,
while intermittent and bolus regimens are reserved for gastric feeding. Continuous
infusion is the most common administration method for hospitalized patients. The
consistent rate of infusion over 24 h minimizes the volume of formula per hour and
may reduce the risk of feeding intolerance. Patients receiving post-pyloric feeding
are particularly prone to feeding intolerance with high infusion rates and/or
fluctuations in rate or volume of feeding. Intolerance generally manifests as
abdominal pain and cramping with or without diarrhea. The small bowel gradually
adapts to larger volumes thereby allowing transition to a cyclic regimen for many
HEN patients with post-pyloric feeding tubes. Patients receiving gastric feeding can
generally transition from continuous administration to a cyclic regimen faster than
those receiving post-pyloric feeding and with less risk of intolerance. Cyclic regi-
mens are convenient for manyHENpatients since formula infuses at a constant rate
but for less than 24 h per day. A typical cyclic regimen infuses for 8–12 h at night so
the patient is not encumbered by feeding during daytime hours when they are most
likely to be active. Intermittent administration and bolus administration provide
EN formula in a pattern similar to that of meals, with a few to several discrete
feedings daily depending on tolerance to volume. The volume provided per feeding
is considerably higher than the hourly rate for continuous administration or cyclic
regimens; therefore, the intermittent and bolus regimens are rarely tolerated by
patients with post-pyloric feeding tubes. The major difference between intermittent
and bolus feeding is the rate of administration. Intermittent feedings are infused
over 30–60 min, while bolus feedings typically infuse over 5–10 min. The admin-
istration method selected for EN induces physiologic responses by the GI tract that
can influence drug–nutrient interactions. In addition, the risk of physical inter-
actions between drugs and formula can be influenced by the feeding method.

2.4. Safety

Given the many opportunities for adverse outcomes in the process of EN therapy,
evidence-based safe practice guidelines have recently been developed by the American
Society for Parenteral and Enteral Nutrition (9). These guidelines cover best practices
for enteral access as well as ordering, labeling, preparing, and administering EN (9).
Medication administration recommendations are also included. Further documents
review appropriate administration of medication for patients receiving EN (10).

370 Part III / Influence of Food, Nutrients, or Supplementation



3. CLASSES OF INTERACTIONS

Interactions between drugs and EN therapy can be defined as direct inter-
actions between drugs and enteral formula, or they can be defined more broadly
as any effect of a drug on EN therapy or any effect of EN on a drug that results in
altered response to the other therapy. Using the broader definition, interactions
can be divided into several categories or classes as listed in Table 1. These
categories are not mutually exclusive as one class of interaction could be associ-
ated with another class. For example, a physical interaction that results in precipi-
tation of a drug could lead to altered absorption, a pharmacokinetic interaction.
Many pharmacokinetic interactions are, in fact, the result of another class of
interaction. Factors contributing to the various classes of interactions can be
organized into groups based on the moiety of EN therapy involved (Table 2).
These groups serve as a logical basis for reviewing drug–nutrient interactions in
patients receiving EN therapy, although there is considerable overlap between
some groups.

Table 1
Mechanistic Categories of Drug–Nutrient Interactions in Patients Receiving Enteral
Nutrition

Category of
Interaction Description/Definition

Physical Changes in physical appearance, viscosity, or consistency of a drug
and/or enteral formula that result in adverse outcomes such as
feeding tube occlusion when the drug and formula are allowed to
commingle

Pharmaceutical Inappropriate changes in the drug dosage form to allow
administration through a feeding tube that causes inadequate
drug delivery, toxicity, or irritation of the GI tract

Pharmacologic The expected effects of a drug based on the drug’s mechanism of
action interfere with nutrient absorption or induce intolerance to
enteral feeding

Physiologic A physiological response to a drug that causes intolerance to EN
therapy and is not related to the purpose for which the drug is
administered

A physiological response to an enteral formula that is not related to
the nutritional content and results in altered efficacy of a drug

Physiologic interactions may also be referred to as side effects or
adverse effects of the drug or formula

Pharmacokinetic Changes in absorption, distribution, metabolism, or elimination of
a drug or nutrient due to another drug or nutrient

Pathophysiologic Changes in the response to a drug or nutrient due to development
or alteration of a disease process (e.g., malnutrition) by a drug or
nutrient
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Table 2
Factors Contributing to Drug–Nutrient Interactions

Administration-related factors
Tube characteristics
French size, length, material

Administration regimen
Method – continuous, cyclic, intermittent, bolus
Flush protocol – water vs other fluid, frequency, volume

Site of feeding
Gastric, duodenal, jejunal

Drug-related factors
Dosage forms
State – solid, liquid
Specific dosage forms
Tablet – simple compressed, film-coated, enteric-coated,
extended duration, sublingual, buccal

Capsule – hard gelatin (contains powder, granules, beads, or
pellets), soft gelatin (contains liquid)

Solution – drug is in solution, does not specify liquid carrier or
solubilizing agent for drug

Elixir – drug is in solution, contains alcohol to solubilize drug
Syrup – drug is in solution, contains high concentration of

sugar
Suspension – fine particles of solid drug suspended in liquid

Excipients – sorbitol, alcohol, other solubilizing agents,
stabilizers, flavorings

Osmolality – described in mOsm/kg of water
Viscosity – described in mPa�s (equivalent to cP)

The absorptive environment
Solubility – acid, base

– hydrophilic, lipophilic
Therapeutic index – narrow therapeutic index drugs
Formula-related factors

Protein content
Complexity – intact, hydrolyzed
Source – caseinate, isolated milk protein, soy, whey

Components influencing GI motility
Fat content
Osmolality
Viscosity – fiber content and caloric density

Vitamin K content
Disease state-related factors

Visceral protein status
GI motility – gastric emptying and small bowel transit time
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3.1. Administration-Related Factors

3.1.1. TUBE CHARACTERISTICS

Tube size and length can affect the risk of tube occlusion when drugs are
administered via the tube. Long tubes with a small internal diameter are most
prone to occlusion. For a given tube material, smaller Fr size correlates with
increased risk of tube occlusion. Formula characteristics such as viscosity and
drug characteristics such as dosage form are synergistic with tube size and length
in causing tube occlusion, a form of physical interaction.

3.1.2. ADMINISTRATION REGIMEN

Drug–nutrient interactions can be affected by the EN administration regi-
men in several ways. The first is by the presence of enteral formula or lack
thereof at the time drugs are administered. Failure to stop a continuous
infusion of EN formula and flush the tube prior to drug administration
contributes to physical interactions between formula and drugs that often
result in tube occlusion. Second, the choice of flush fluid significantly affects
the risk of physical interactions that contribute to tube occlusion. Water is the
preferred fluid for flushing feeding tubes. Carbonated beverages are no better
than water as a flush solution and have the potential to interact with formula
or drugs (11). Acidic fluids such as fruit juice can cause clumping, curdling,
and other physical changes in enteral formula; cranberry juice is particularly
problematic as a flush solution (12,13). Adequate flush volume must be used
to clear the feeding tube of formula or drug and flushing should occur before,
after, and between drugs. Table 3 provides general guidelines for drug admin-
istration in patients receiving EN therapy, including recommended flush vol-
umes for nasogastric and small bowel tubes in adults (steps 7–8). Despite the
risk of tube occlusion or other complications when drug administration
guidelines are not followed, adherence to such guidelines remains woefully
inadequate (14).

Starting and stopping continuous infusion EN formula to allow an hour or more
separation between formula administration and drug administration can be diffi-
cult. The net result of holding formula administration too long is that patients
receive less than the prescribed enteral formula volume. Over time, this could result
in malnutrition (undernutrition) with concomitant alterations in drug response, a
pathophysiologic interaction. When formula is not held long enough after admin-
istration of specific drugs (e.g., phenytoin, warfarin) pharmacokinetic interactions
that result in reduced efficacy may occur. In this case, it may be easier to assure that
drug and formula administration are separated by an appropriate time period and
that adequate formula is delivered when the formula is administered periodically
(i.e., intermittent or bolus regimen).

The feeding regimen can result in physiologic interactions mediated by the GI
tract’s response to feeding. Patterns of GI motility and secretion can be divided into
‘‘fed’’ and ‘‘unfed’’ patterns. The fed pattern is associated with slower transit from
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Table 3
Guidelines for Drug Administration in Patients Receiving Enteral Nutrition

1. Administer drugs by the oral route whenever possible. Consider alternate routes (e.g.,
rectal, sublingual, buccal, transdermal) when drugs are available in these forms and the
patient cannot swallow the drug. Some oral dosage forms are effective when
administered by the sublingual or rectal route (e.g., sustained release morphine tablets
administered rectally). Consider cost to benefit in the selection of alternate dosage forms.
2. Oral liquid dosage forms are generally preferred, if available, when drugs must be
administered through the feeding tube. However, other dosage forms may be
preferred when the liquid is associated with a high risk of physical incompatibility
and/or GI intolerance.

Problematic oral liquids that should generally be avoided include
� syrups with a pH of 4 or less.
� possibly elixirs with a pH of 4 or less.
� oil-based products (e.g., MCT oil, cyclosporin).
� products with a high sorbitol content. Cumulative sorbitol dose should be no more
than 5 g/day. Consider an alternative dosage form (e.g., crushed tablet) if sorbitol
content cannot be determined and patient has abdominal cramping, bloating, or
diarrhea.
� some specific formulations that the manufacturer states should not be administered
through a feeding tube (e.g., clarithromycin suspension is a microgranular
formulation and erythromycin suspension is a microcapsular formulation that are
not to be administered through feeding tubes due to risk of tube occlusion).

3. Oral liquid dosages must be properly prepared to administer through a feeding tube.
� dilute viscous products with 30–50 mL water (minimum 50:50 volume:volume)
prior to administration (e.g., phenytoin suspension and carbamazepine
suspension).
� dilute hypertonic or irritating products prior to administration using a minimum of
30 mL, preferably more, of water. Hypertonic products may require dilution with
more than 100 mL of water to reach an osmolality of approximately 300 mOsm/kg,
the goal osmolality if possible.
� divide doses of hypertonic or irritating products into 2–4 smaller doses administered
at least 1 h apart when this does not alter therapeutic efficacy (e.g., divide 60 mmol
(mEq) liquid potassium chloride into 3 doses of 20 mmol (mEq) each).

4. Select appropriate solid dosage forms for administration through the feeding tube,
including most
� immediate release, compressed tablets.
� capsules that contain powdered drug.
� capsules containing beads or pellets that are an immediate release form of drug that
can be crushed.
� coated tablets or capsules designed to protect the oral mucosa from dyes, irritants,
or bad taste.
The dosing schedule must be adjusted if the dosage form is changed from one with a
prolonged duration of action to an immediate release form.

5. Oral solid dosage forms that should NOT be administered through a feeding tube
include
� sublingual products.
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� buccal products.
� enteric-coated products.*
� dosage forms designed for a prolonged duration of action.*
� any product which cannot be dissolved or adequately crushed to form a slurry that
can pass through the feeding tube without occluding the tube.

6. Prepare solid dosage forms properly for administration through a feeding tube.
� tablets – crush to a fine powder and mix with 30–50 mL of warm water (15 mL
minimum) for administration.
� capsules – open hard gelatin capsules containing powder and mix the powder with
30–50 mL of warm water (10 mL minimum) before administration through the
tube. Hard gelatin capsules containing beads or pellets are usually long-acting
dosage forms that should not be crushed. These products can be administered only
through large bore tubes that have openings large enough to permit intact beads to
pass through (i.e., 14 Fr or larger gastrostomy and PEG tubes, possibly
jejunostomies).
� capsules – dissolve soft gelatin capsules in warm water using adequate volume
(suggest 30 mL minimum) to keep the gelatin dissolved during administration.
Liquid contents can also be aspirated from these capsules andmixedwith 10–15mL
water for administration, although some of the drug may remain in the capsule
when the aspiration method is used.

7. Use only water for mixing and flushing.
� tap water is only acceptable if it meets municipal water quality standards,
including adequate microbial quality; otherwise particulate-free water should
be used.
� immunocompromised patients may require water containing no microbes or other
particulates (i.e., sterile water).
� do not mix drugs directly with enteral formula. Exceptions to this rule include
sodium chloride as table salt and some electrolyte injections.

8. Administer each drug separately with a minimum 5 mL flush of water between each
sequentially administered drug. Do not mix drugs together before administration as
this increases the risk of interactions and incompatibility.

9. Flush the tube adequately with water before and after administering drugs.
� nasogastric tubes require a minimum of 15 mL for flushes with 30 mL
recommended.
� tubes in the small bowel require a minimum of 20 mL for flushes with 30–50 mL
recommended.
� use the recommended flush volume whenever possible, especially to clear the tube
after drug administration.

10. Administer the dissolved drug or drug–water slurry using a 30–60 mL syringe and
allowing gravity flow to empty the syringe. Use only a gentle push on the syringe
plunger when necessary to aid flow. Excessive pressure on the syringe can damage
the feeding tube.

11. Hold feedings for the recommended time period before and after administration of
specific drugs.
� carbamazepine – hold formula administration for 2 h before and after drug
administration.

(Continued)
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the stomach to the small bowel and increased presence of digestive enzymes and GI
tract secretions. Based on individual drug and dosage form characteristics the ‘‘fed’’
state may be better or worse than the ‘‘unfed’’ state for drug absorption, hence
recommendations to take a drug with or without food (see Chapter 8). The influ-
ences of tube feeding on drug availability are likely to be similar to outcomes with
food, at least for intermittent feeding. Interestingly, continuous infusion of enteral
formula into the stomach appears to produce an ‘‘unfed’’ (i.e., fasting) pattern
within the GI tract for some drugs. A study in which hydralazine was administered
to eight healthy subjects with continuous infusion enteral formula via nasogastric
tube demonstrated pharmacokinetic parameters similar to those in the fasted state
(15). Hydralazine pharmacokinetic parameters with bolus feeding were similar to
those observed following a standard breakfast in this study. There is little evidence
to document reduced absorption when the majority of drugs to be taken on an
empty stomach are administered with continuous tube feeding. Therefore, the
decision to hold tube feeding for a period of time, usually an hour, before and
after drug administration must consider the potential for inadequate enteral for-
mula delivery as well as the consequences of inadequate drug absorption. It may be
prudent to hold feedings before and after critical medications to be taken on an
empty stomach (e.g., ofloxacin for a serious infection). For other drugs, it may be
better to continue feeding, monitor response to the drug, and only hold feedings if
the patient fails to respond adequately to the drug.

Table 3
(Continued)

� ciprofloxacin – hold formula for at least 1 h before and 2 h after drug
administration.
� penicillin V potassium – hold formula for at least 1 h before and 2 h after drug
administration.
� phenytoin – hold formula administration for 1–2 h before and after drug
administration.
� warfarin – hold formula for at least 1 h before after drug administration.

12. Assess response to drugs using clinical parameters and therapeutic drug monitoring
as appropriate.

13. Assess response to EN therapy.

* It may be possible to administer coated pellets, beads, or granules contained in hard gelatin
capsules by opening the capsule and delivering the pieces via a feeding tube with an internal diameter

and distal ports of adequate size to allow the pieces to pass through. An acidic fruit juice could be used
to flush the tube immediately after administering an enteric-coated product, then follow this with the
usual flush of water.

Note: Volumes for dilution and flushing are for adult patients. Reduce dilution volumes for

pediatric doses to a minimum of 50:50 volume:volume; use at least 5 mL for dilution when fluid
restriction is not required. Flush volume must be adequate to clear drug from the tube and will
depend on the tube length and internal diameter. Follow the manufacturer’s recommendation

for flush volume to maintain tube patency.
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3.1.3. THE SITE OF FEEDING

Substances administered through feeding tubes bypass specific regions of the GI
tract and avoid exposure to the environment at those locations. Drugs require
adequate dissolution to have an opportunity to be absorbed. Dissolution in turn
may depend on numerous factors (e.g., drug particle surface area, diffusion layer
thickness, solubility in gastric juice, bile, or pancreatic secretions). The site of
feeding determines the physiologic conditions which are avoided and those to
which a drug or nutrient is exposed. Table 4 outlines the physiologic conditions
and functions normally performed relative to drugs and foods at various sites along
the GI tract. The absorptive environment is established by the site of feeding and
has a major impact on pharmacokinetic interactions of drugs, absorption in par-
ticular. Drugs intended for a local effect in the stomach (e.g., antacids, sucralfate)
should not be administered through a post-pyloric tube as they will not be able to
exert their pharmacologic effect.

Table 4
Physiologic Conditions and Functions at Sites Within the GI Tract

Site Major Secretions Activity Related to Drugs Activity Related to Foods

Mouth Saliva
Salivary amylase

Disintegration of solid
forms started

Maceration;
Carbohydrate
digestion started

Esophagus None Transport to stomach;
Disintegration
continues

Transport to stomach;
Continue
carbohydrate
digestion

Stomach Gastrin
Gastric acid

(HCl)
Pepsinogen

(pepsin)
Gastric lipase
Intrinsic factor

Disintegration;
dissolution of acid
soluble drugs; some
absorption of small,
lipophilic molecules
and nonpolar weak
acids that are soluble
in low pH

Mixing; chyme
formation;
carbohydrate
digestion; begin
protein digestion;
release nutrients from
food; reduction of
iron (Fe+3) few
nutrients absorbed

Duodenum Gut hormonesa

Pancreatic
enzymesb

Bile

Disintegration of enteric
coated drugs;
dissolution of drugs
soluble at pH 5–7;
Passive absorption of
drugs in solution

Osmolality and pH of
chyme control gastric
emptying;
carbohydrate,
protein, and fat
digestion; absorption
of protein, fats, and
many micronutrients

(Continued)
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3.2. Drug-Related Factors

3.2.1. DOSAGE FORMS

The term ‘‘dosage form’’ refers to the drug product which encompasses the active
drug molecule itself plus all the inert ingredients (i.e., excipients) needed to produce a
stable, efficacious, nontoxic product for administration to a patient. Commondosage
forms include those intended for oral administration which take the form of capsules,
tablets, powders, suspensions, and solutions (including elixirs and syrups). Subsets of
solid dosage forms (tablets and capsules) designed for specific purposes are also
available, as listed in Table 2. Liquid dosage forms that are commonly administered
through feeding tubes are included in Table 2 as well. Solid dosage forms must be
altered by crushing or otherwise obtaining a fine powder that can be mixed with
purified water to form a slurry for administration through a feeding tube. When
changes in the pharmaceutical dosage form result in reduced efficacy, increased
toxicity, or increases in other adverse effects, a pharmaceutical interaction has
occurred. Enteric-coated and extended duration solid dosage forms are most prone
to pharmaceutical interactions. Some products may contain coated, delayed-release
and immediate-release particles in the same solid dosage form including some orally
disintegrating tablets. Other coatings (e.g., film coatings) can also be troublesome as
they tend to remain intact despite crushing of the tablet. Table 5 lists several accessory
terms associatedwith dosage forms that should not be crushed and provides examples
of drugs using these terms. Lists of drugs that should not be crushed or otherwise
altered are also available in the literature (16,17).

Table 4
(Continued)

Site Major Secretions Activity Related to Drugs Activity Related to Foods

Jejunum VIPc

Aminopeptidases
Dipeptidases
Disaccharidases

Dissolution of drugs
soluble at pH 5–7;
passive absorption of
most drugs occurs to
some extent

Absorption of
carbohydrate,
protein, fat, and many
micronutrients

Ileum Aminopeptidases
Dipeptidases
Disaccharidases

Continued dissolution of
drugs soluble at pH
5–7; passive
absorption of most
drugs occurs to some
extent

Absorption of
carbohydrate,
protein, fat, and many
micronutrients; site of
active absorption for
vitamin B12;
reabsorption of bile
acids

aGastrin, gastric inhibitory polypeptide (GIP), motilin, glucagon, pancreatic polypeptide, secretin,
and cholecystokinin

bTrypsinogen (trypsin), chymotrypsinogen (chymotrypsin), procarboxypeptidase (carboxypeptidase A
and B), elastase, collagenase, ribonuclease, deoxyribonuclease, alpha-amylase, lipase, cholesterol esterase

cVasoactive intestinal polypeptide
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Enteric coating is designed to resist gastric acid and dissolve in the higher pH of
the small bowel. Enteric coating is used when the drug is acid labile, causes
mucosal or gastric irritation, stains teeth or mucosa or when exposure to acid
results in toxic metabolites. Tablets are the most common enteric-coated dosage
form. In addition, microencapsulated dosage forms consisting of enteric-coated
pellets, beads, or granules enclosed in hard gelatin capsules are available. Crush-
ing enteric-coated tablets or microencapsulated dosages removes the protection
afforded by the coating thereby exposing the drug to gastric acid or the body to
irritants or toxins when the crushed product is administered by mouth or into the
stomach by tube.

For products delivered into the jejunum through a feeding tube, the enteric
coating is not necessary. However, crushing enteric-coated dosage forms is still

Table 5
Terms Associated with Dosage Forms that Should Not be Crushed

Accessory Term Meaning of term Examples

CD Controlled dosing/delivery Cardizem CD*
CR Controlled release DynaCirc CR, Norpace CR, Sinemet

CR
ER Extended release
Extentab Slow release Dimetane Extentab
LA Long acting Entex LA, Inderal LA
ODT Orally disintegrating

tabletsy
Prevacid Solutab

Repetab Slow release Proventil Repetab
SA Sustained action Choledyl SA, Tedral SA
Sequel Slow release Diamox Sequels, Ferro-Sequel
Spansule Slow release Feosol Spansule
Sprinkle Slow release Theo-Dur Sprinkle*
SR Sustained release Calan SR, Cardizem SR*, Isoptin SR,

Pronestyl SR, Wellbutrin SR
Timecaps Slow release Nitrocine Timecaps
TR Time release Rondec TR, Triaminic TR
XL Extended release Ditropan XL, Glucotrol XL,

Procardia XL, Ritalin XL
XR Extended release Dilacor XR, Tegretol XR
Enteric-coated Enteric-coated Creon*, Pancrease*, Pancrease MT*,

Prevacid*, Prilosec*, Prozac*,
Verelan*

* These drugs are microencapsulated dosage forms with pellets, beads, or granules in a hard gelatin

capsule. The capsule can be opened and the pieces administered via a feeding tube with adequate
diameter and distal port size to allow the pieces to pass through. For enteric-coated products, the tube
could be flushed with an acidic juice before the usual flush with water.
yNot all ODT products contain enteric-coated particles
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problematic for what might be considered a physical interaction. Enteric coatings
are troublesome to crush, tending to form fragments that clump together when
mixed with water and occluding the tube if administration through the tube is
attempted. Whenever possible, alternative routes or dosage forms should be used
rather than attempting to administer an enteric-coated drug through a feeding tube.
Nonetheless, when the dosage form is small and the internal diameter and distal
ports of the feeding tube are of adequate size (i.e.,� 14 Fr gastrostomy or jejunostomy
tubes), it may be possible to administer the dosage form through the tube. Some
microencapsulated dosages can be removed from their outer capsule and delivered
through the feeding tube. Table 5 notes some of these products. Pouring the pieces
from the capsule down the tube has been suggested (17); however, some pieces may
adhere to the inside of the tube with this method unless a vigorous flush with an acidic
juice follows the pieces. Another suggestion is to suspend the pieces in an acidic fruit
juice for administration. This method also poses some risk of tube clogging. Neither
method should be attempted with small diameter tubes, especially tubes that require
surgical replacement (i.e., needle catheter jejunostomies). For some drugs to be
administered through a jejunostomy tube, it may be possible to dissolve the enteric
coating using bicarbonate solution, then crush or dissolve the drug to form a
slurry.

Dosage forms designed to provide an extended duration of action should not be
crushed or otherwise altered for administration via a feeding tube. These dosage
forms contain several doses of drug in one tablet or capsule. Drug is released in the
GI tract over several hours thus reducing the number of times a drug must be
administered to once or twice daily. Crushing or dissolving an extended duration
dosage form delivers all the drug as an immediate release, consequently causing an
‘‘overdose’’ initially and no drug activity several hours later. Side effects or toxicity
of the drug may be increased and disease control may be erratic. As with enteric-
coated drugs, it may be possible to administer certain extended release dosage forms
through large-bore feeding tubes. Pellets, beads, or granules that are coated to
create an extended release of drug and enclosed in a hard gelatin capsule can
often be removed from their outer capsule and delivered through a feeding tube
with an internal diameter and distal ports of adequate size. However, the conse-
quences of possible tube occlusion should be considered before administering these
dosage forms that are more a convenience than a necessity.

Administration through a feeding tube of dosage forms not intended to be
swallowed often results in a pharmaceutical interaction with altered bioavailability
of the drug. Sublingual and buccal dosages are designed for absorption through
tissues in the mouth where exposure to gastric acid and hepatic metabolism prior to
systemic circulation are not a concern. As such, the amount of drug in most of these
dosage forms can be relatively small compared to dosage forms that are swallowed.
Likewise, intravenous dosage forms are not designed to withstand gastric acid,
digestive enzymes, or other conditions within the GI tract, and substantial loss of
drug can occur with administration through a feeding tube.

Excipients are additional ingredients in a dosage form that are intended to solu-
bilize, stabilize, bind, dilute, flavor, sweeten, or otherwise allow drugs to be converted
tousable dosage forms.Althoughnot intended toproduce a responseby thebody, some
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excipients can causeundesirablephysiologic responses (e.g., diarrhea). Suchunintended
responses toadrugadministered througha feeding tube thatoccur inpeoplewithawide
range of conditions requiring EN therapy are classified as physiologic interactions.
When these unintended responses are the result of exacerbating a disease process, the
interactions are considered tobepathophysiologic.Wheat or cornstarchused as abinder
in tablets, for example, could result in bloating, abdominal pain, and diarrhea for a
patient with gluten-induced enteropathy (i.e., Celiac disease) but would cause no
symptoms in most people. Alcohol, lactose, carbohydrates, and dyes are other
excipients of concern for some patient populations. The excipient of most concern for
people receiving EN therapy is sorbitol.

Sorbitol is a sugar alcohol used as a solubilizing agent, to prevent crystallization of
sucrose, and as a ‘‘sugar-free’’ sweetener in liquid dosage forms. However, sorbitol
doses of 20–50 g are used as a purgative agent and cause severe cramping and diarrhea
in most people. Doses of only 5–10 g cause GI symptoms such as bloating and
flatulence in a sizable share of the population (18). Several case reports of GI
intolerance secondary to cumulative sorbitol doses can be found in the literature.
Thus, care must be taken to avoid excessive cumulative sorbitol intake frommultiple
drugs (19–21). All dosage forms and doses of a given drug should be evaluated since
there can be clinically significant differences in sorbitol content, as shown in Table 6.
For example, use of furosemide solution 10mg/5mL to administer 40 mg furosemide
daily would contribute 9.6 g sorbitol while furosemide solution 40 mg/5 mL from the
same manufacturer would result in only 2.4 g sorbitol daily. Therapeutic equivalents
for the drug should be considered if necessary. A patient receiving 1200mg cimetidine
daily for erosive esophagitis would receive 11.2 g sorbitol using the 300 mg/5 mL

Table 6
Sorbitol Content of Selected Liquid Dosage Forms

Classification
Generic Name

Brand and Dosage
Form

Concentration
per 5 mL Manufacturera

Sorbitol
(g/mL)b

Analgesics

Acetaminophen Tylenol infant’s drops
(100 mg/mL)

500 mg McNeil none

Tylenol children’s
elixir

160 mg McNeil 0.2

Tylenol children’s
suspension

160 mg McNeil 0.2

Tylenol extra strength
liquid

167 mg McNeil 0.2

Ibuprofen Pedia-profen
suspension

100 mg McNeil 0.3

Naproxen Naprosyn suspension 125 mg Roche 0.1
Antibiotics

Nitrofurantoin Furadantin
suspension

25 mg PG 0.14

Tetracycline Sumycin suspension 125 mg Apothecon 0.3

(Continued)
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Table 6
(Continued)

Classification
Generic Name

Brand and Dosage
Form

Concentration
per 5 mL Manufacturera

Sorbitol
(g/mL)b

Trimethoprim/
Sulfamethoxazole
(TMP/SMZ)

Bactrim pediatric
suspension

Septra suspension
TMP/SMZ

[40mg TMP +
200 mg
SMZ]

Roche
GW
Biocraft

0.07
0.45
0.07

Antiepilepties

Carbamazepine Tegretol suspension 100 mg Novartis 0.12
Phenobarbital Phenobarbital elixir 15 mg and

20 mg
Lilly none

Phenytoin Dilantin-30
suspension

30 mg Parke-Davis none

Dilantin-125
suspension

125 mg Parke-Davis none

Primadone Mysoline suspension 250 mg WA none
Valproic acid Depakene syrup 250 mg Abbott 0.15

Antidiarrheals

Loperamide Imodium A–D 1 mg McNeil none
Loperamide oral

solution
1 mg Roxane none

Bronchodilators

Aminophylline Aminophylline oral
liquid

105 mg Roxane 0.14

Theophylline Elixophylline elixir
(80 mg/15 mL)

27 mg Forest none

Slo-Phyllin 80 syrup
(80 mg/15 mL)

27 mg RPR 0.58

Theoclear-80 syrup
(80 mg/15 mL)

27 mg Central 0.8

Theolair liquid (80mg/
15 mL)

27 mg 3 M Pharma 0.1

Theophylline solution
(80 mg/15 mL)

27 mg Roxane 0.46

Theophylline/
Guaifenesin

Elixophylline GG
elixir

Slo-Phyllin GG syrup

[27 mg theoph.
+ 100 mg
guaifen.]

Forest
RPR

0.46
0.12

Diuretics

Chlorothiazide Diuril oral suspension 250 mg Merck none
Furosemide Furosemide solution 10 mg Roxane 0.48

Furosemide solution 40 mg Roxane 0.48
Lasix oral solution 10 mg HMR none

Hydrochlorothiazide Hydrochlorothiazide
solution

50 mg Roxane none

382 Part III / Influence of Food, Nutrients, or Supplementation



Tagamet1 liquid. Changing to the therapeutic equivalent ranitidine at an equivalent
dose of 600 mg daily, the patient would receive only 4 g sorbitol from 150 mg/5 mL
Zantac1 syrup. A therapeutically equivalent dose of famotidine as Pepcid1 oral
suspension would provide no sorbitol at all.

Most drugs available without prescription now include a list of inert ingredients
(albeit without quantities) on the label but a large percentage of prescription
medications do not. Excipients may be classified as proprietary information by
the manufacturer although oftentimes the medical information department will
answer whether a specific excipient is or is not present in a specific product. The
amount of an excipient present may be much more difficult to obtain. Table 6
contains the sorbitol content of a few selected drugs based on information provided
by the manufacturer. In recent years, the trend has been toward elimination of
sorbitol in some classes of drugs, especially pediatric antibiotics. Table 7 lists several

GI Stimulants

Metoclopramide Metoclopramide
syrup

5 mg Biocraft 0.4

Metoclopramide oral
solution

5 mg Roxane 0.25

Metoclopramide
Intensol

10 mg Roxane 0.25

Histamine (H2)

Antagonist

Cimetidine Tagamet liquid 300 mg SKB 0.56
Famotidine Pepcid oral suspension 40 mg Merck none
Ranitidine Zantac syrup

(15 mg/mL)
75 mg GW 0.1

Sedative/Hypnotics

Diazepam Diazepam oral
solution

5 mg Roxane none

Diazepam Intensol
(2 mg/mL)

10 mg Roxane none

Diphenhydramine Benadryl elixir
(cherry)

12.5 mg Warner
Lambert

none

Benadryl elixir, diet 12.5 mg Warner
Lambert

0.45

Lorazepam Lorazepam Intensol
(2 mg/mL)

10 mg Roxane none

aBI, Boehringer Ingelheim; BMS, Bristol–Myers Squibb; GW, Glaxo Wellcome; BW, HMR,

Hoechst-Marion Roussel; PG, Procter & Gamble; RPR, Rhone-Poulenc Rorer; SKB, SmithKlein
Beecham; WA, Wyeth-Ayerst
bDetermine daily sorbitol dose by calculating the total mL/day of drug, then multiply by the grams of

sorbitol per mL. For example, the calculation for a patient receiving 320mg acetaminophen four times
daily using Tylenol Children’s suspension (160 mg/5 mL concentration) is as follows: 10 mL/dose �
0.2 g/mL � 4 doses/day¼ 8 g/day.

Use with permission, Pharmacy Services, Nutrition Support Team, University Medical Center,

Tucson, AZ (data obtained from manufacturers between 1999 and 2003).
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Table 7
Liquid Antibiotic Preparations Reported to Contain No Sorbitol

Generic
Name

Brand and
Dosage Form

Concentration
(per 5 mL) Manufacturera

Amoxicillin Various brands of
suspension

125 mg and
250 mg

Apothecon,
Biocraft,

Lederle, SKB,
WA

Amoxicillin Amoxil and Trimox
pediatric drops

250 mg (50 mg/
mL)

SKB,
Apothecon

Ampicillin Various brands of
suspension

125 mg and
250 mg

Apohecon,
Biocraft,

Lederle
Azithromycin Zithromax 100 suspension 100 mg Pfizer

Zithromax 100 suspension 200 mg Pfizer
Cefaclor Ceclor suspension 125 mg, 187 mg,

250 mg
Lilly

Cefadroxil Duricef suspension 125 mg and
250 mg

BMS

Cefuroxime Ceftin suspension 125 mg and
250 mg

GW

Cephalexin Cephalexin suspension 125 mg and
250 mg

Lederle,
Biocraft

Keflex oral suspension 125 mg and
250 mg

Dista

Cephradine Velosef suspension 125 mg and
250 mg

BMS

Ciprofloxacin Cipro oral suspension 250 mg and
500 mg

Bayer

Clarithromycin Biaxin suspension 125 mg and
250 mg

Abbott

Clindamycin Cleocin pediatric oral
solution

75 mg Upjohn

Dicloxacillin Dynapen and Pathocil
suspensions

62.5 mg Apothecon,
WA

Doxycycline Vibramycin monohydrate
suspension

25 mg Pfizer

Vibramycin calcium syrup 50 mg Pfizer
Erythromycin EES 200 200 mg Abbott

ethylsuccinate EES 400 400 mg Abbott
EryPed suspension drops 200 mg and

400 mg
Abbott

Erythromycin/
sulfisoxazole

EES/sulfisoxazole
suspension

200 mg /600 mg Lederle

Pediazole 200 mg /600 mg Ross
Loracarbef Lorabid suspension 100 mg and

200 mg
Lilly
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liquid antibiotic preparations that contain no sorbitol. However, published infor-
mation listing quantities of specific excipients such as dyes and sweeteners
(22), carbohydrate (23), or sorbitol (24,25), or statements that none of a
particular excipient is present in specific products must be interpreted with
caution. Excipients are often manufacturer specific and may change frequently
depending on market availability and cost. The best method to determine
whether a product currently on the market contains a particular excipient is
to contact the manufacturer and request the information for the care of a
specific patient.

Osmolality of liquid dosage forms is somewhat related to the drug itself but
more to the number and types of excipients. Hyperosmolar drug products can
cause symptoms including nausea, vomiting, diarrhea, bloating, cramping, and
abdominal pain that are attributed to EN intolerance, thereby resulting in a
physiologic interaction (26–29). Liquid dosage forms often have an osmolality
of 3000 mOsm/kg or higher (17,26,29,30). Small amounts of hyperosmolar
liquid delivered to the stomach are diluted by gastric fluid prior to being
emptied into the duodenum, and the rate of delivery is controlled by osmo-
regulators in the duodenum. Hyperosmolar liquid delivered directly into the
small bowel, however, must be diluted by an influx of water. The greater the
volume of hyperosmolar liquid and the higher the osmolality, the greater the
risk that cramping and diarrhea will result. Diluting the hyperosmolar liquid
prior to administration reduces the risk of cramping and diarrhea. For small
bowel administration, the desired osmolality is approximately 300 mOsm/kg.
The volume of water needed for dilution can be calculated by dividing the
drug osmolality by 300 then multiplying by the drug volume (mL) required to
deliver the dose. The drug volume in mL is then subtracted from the first
number to arrive at the mL of water for dilution. For example, a 500 mg dose
of acetaminophen elixir (65 mg/mL) with an osmolality of 5400 mOsm/kg
requires dilution with 131 mL of water to have an osmolality of about
300 mOsm/kg (30).

Penicillin VK Various brands of
suspension

125 mg Biocraft, SKB,
WA

Veetids oral suspension 125 mg and
250 mg

Apothacon

Sulfisoxazole Gantrisin pediatric
suspension

500 mg Roche

Vancomycin Vancocin oral solution 1 g bottle Lilly

aBI, Boehringer Ingelheim; BMS, Bristol–Myers Squibb; GW, Glaxo Wellcome; BW, HMR,
Hoechst-Marion Roussel; RPR, Rhone-Poulenc Rorer; SKB, SmithKlein Beecham; WA, Wyeth-
Ayerst

Use with permission, Pharmacy Services, Nutrition Support Team, University Medical Center,
Tucson, AZ (data obtained from manufacturers between 1999 and 2003)
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5400 mOsm=kg

300 mOsm=kg
� 500 mg

65 mg=mL

� �
� 7:7 mL ¼ 131 mL

Using the minimum dose of drug necessary to achieve the desired response
minimizes the amount of water needed as a diluent. Dividing the ordered dose
into two to four doses spread over a few hours can also reduce the impact of
hyperosmolar drugs onGI intolerance, but this approach should only be considered
if drug efficacy will not be adversely affected. For example, an 80 mmol dose of
potassium chloride can be divided into four doses of 20 mmol each spread over
several hours with little impact on overall effectiveness. Many ‘‘once-daily’’ doses
can be divided into two half doses administered 2–3 h apart with minimal change in
effectiveness.

Certain dosage forms appear to be troublesome with respect to physical inter-
actions between drugs and EN formulas. About one-third of all drugs tested have
demonstrated some degree of physical interaction with enteral formulas (30–36).
Syrups, elixirs, and oil-base liquid dosage forms are most often reported to cause
physical changes such as curdling, clumping, gelling, emulsion separation, precipi-
tation, increased viscosity, and reduced viscosity. The drug itself is probably of
minimal importance except to define the pH and/or solubilizing agent (e.g.,
alcohol) required for a stable, soluble liquid dosage form. In studies where pH
was determined, an association between low pH and physical interaction with
intact protein formulas was noted with 9 of 11 incompatible products at pH 4 or
below (30–32). Acidic syrups were more likely to interact than acidic elixirs (3/4
syrups vs 2/5 elixirs). Of the 25 drugs reported as incompatible with enteral
formula, pH was available for 18 and only two of these products had a pH
above 6; both were antacids (Riopan and Mylanta II at pH 7.5) (30–34).
Another in vitro study that evaluated drug vehicles (water, simple syrup, 9%
alcohol elixir, and 25% alcohol elixir) buffered to pH 2, 7, or 11, and formulas
containing single protein sources (caseinates, soy, and whey) found that syrups
were problematic at both acidic and neutral pH while elixirs caused undesirable
physical changes only at an acidic pH (37). This suggests that pharmaceutical
syrups, regardless of the drug or pH, must be used with caution when adminis-
tered through a feeding tube.

Methods of avoiding physical interactions between drugs and enteral formula are
summarized in Table 8. One of the most effective methods is to prevent physical
contact between the drug and formula. This can be accomplished by flushing
feeding tubes appropriately (Table 3) and by using routes of drug administration
other than the feeding tube whenever feasible. Oral drug administration can be used
when there is no contraindication to fluids by mouth and is the preferred route
whenever possible (17,29,30). Instant dissolving tablets that do not require water
may be another option for drugs that are available in this form, such as the
antiemetic ondansetron (Zofran1) and some nonprescription analgesics. Other
routes that are available for some drugs include transdermal, sublingual, and rectal.
Parenteral drug administration is the least desirable alternative to drug adminis-
tration via the feeding tube due to increased cost and venous access issues. Likewise,
cost of certain other alternative dosage forms (e.g., transdermal systems) can be
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prohibitive for some patients. When the drug ordered does not have alternative
routes and/or dosage forms that are available and cost effective, a therapeutically
equivalent drug may be available in more desirable dosage forms. Properly pre-
pared compressed tablets, hard gelatin capsules, or soft gelatin capsules are pref-
erable to ‘‘high-risk’’ liquid dosage forms in many cases and often are the most cost
effective means of providing a drug via the feeding tube. When drugs must be
administered through a feeding tube, flushing with water before and after drug
administration is essential to prevent tube occlusion. Liquids such as fruit juices
should never be used as the flush solution, although a rare drug might be mixed in
an acidic juice for administration.

Viscous liquid dosage forms (e.g., suspensions) have a tendency to coat the inside
of feeding tubes, and drug may even remain adherent to the tube after flushing with
water. The net result is reduced drug delivery and absorption, a pharmacokinetic
interaction. Separate in vitro studies using simulated administration of phenytoin
and carbamazepine suspensions through feeding tubes found better drug recovery
with diluted suspensions than with undiluted suspensions (38,39). Carbamazepine
suspension diluted 50:50 with water, saline, or 5% dextrose solution did not appear
to coat the tubes either before or after flushing with water, saline, or dextrose
solution (38). Undiluted suspension clung to the tube before flushing but was no
longer visible after the tubes were flushed. However, significantly less carbamazepine
was recovered in the effluents when undiluted suspension was administered,
suggesting that drug remained in the polyvinyl chloride tubes. Polyvinyl chloride
nasogastric tubes and silicone PEG tubes used in studies with phenytoin produced
essentially the same results (39,40). However, when diluted phenytoin was
administered through a PEG tube with latex coating, phenytoin recovery was
decreased perhaps because of increased solubility and concomitantly increased
binding to the latex (41). Thus, tube material may be an important factor in
reduced drug recovery although polyurethane, the most common material for
nasal tubes, has not been evaluated, but polyurethane is generally not associated
with significant adsorption of drugs to the tube. Diluting with water (50:50) prior
to administering viscous liquid dosage forms through a nonlatex feeding tube is
unlikely to cause any harm and may prevent erratic serum drug concentrations;
therefore, at least a 50:50 dilution of viscous dosage forms with water should be
the standard of practice. Further investigation is necessary to determine if this is
an appropriate practice for a latex tube.

3.2.2. THE ABSORPTIVE ENVIRONMENT

The environment to which a drug is exposed has a significant impact on pharma-
cokinetic interactions of drugs and the amount of drug ultimately available to
the body. Drugs typically must be in solution for passive absorption to occur, and
most drugs are absorbed by this method. Absorption then relies on the degree of
permeability which may also be determined by the environment. Before absorption
can occur, solid dosage forms generally undergo a two-step process consisting of
disintegration and dissolution. Disintegration entails breakup of the dosage form
into granules that then separate further into fine particles exposing a large surface
area to the environment. Drugs formulated as powders and those crushed to a fine
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powder bymechanical action prior to administration through a feeding tube require
dissolution but not disintegration. The large surface area of powders and fine
particles aids in dissolution. Liquid dosage forms may already be in solution (e.g.,
elixirs, syrups) or may require dissolution but not disintegration (e.g., suspensions).
Soft gelatin capsules contain a drug in solution or in an oil albeit the capsule itself
must be dissolved in warm water or the liquid contents extracted for administration
through a feeding tube.

Drugs and formula delivered via feeding tube bypass the mouth and esophagus,
where the processes of disintegration and digestion begin, as noted in Table 4. This
is of little consequence when the drugs are prepared as a slurry of fine particles in
water or in liquid dosage forms that do not require disintegration. Enteral formulas
are liquid foods that do not require maceration. Minimal digestion of carbohy-
drates occurs in the mouth and esophagus. Drugs and nutrients administered
through duodenal or jejunal tubes, however, circumvent the stomach and are
exposed to a very different environment than those that pass through the stomach.
Depending on chemical characteristics of the drug or nutrient, bypassing the
stomach may alter pharmacokinetic parameters and ultimately increase or decrease
the quantity of the substance that can be absorbed.

3.2.2.1. Stomach. Substances that enter the stomach are mixed with gastric
acid and digestive enzymes. Oral drugs in solid dosage forms that have not
disintegrated during passage through the esophagus generally complete that
process in the stomach, and some drugs undergo dissolution. Drugs that are
not soluble in an acidic environment must enter the small bowel before
dissolution begins. Weak to moderately acidic drugs (e.g., acetazolamide,
tolbutamide, warfarin) that are soluble at the pH of gastric acid are largely
in a nonionized form that can be absorbed by passive diffusion. Those that
are poorly soluble at the gastric pH (e.g., phenobarbital) are unlikely to be
absorbed to any measurable extent from the stomach. Drugs that are weak
bases (e.g., meperidine, procainamide, reserpine) are mostly in an ionized form
in a low pH environment and are typically not absorbed although they may
be relatively soluble in acid. Lipid-soluble, small, nonelectrolyte substances
(e.g., alcohol) are absorbed from the stomach. However, the stomach
provides a relatively small contribution to overall absorption of any substance
due to the small surface area and limited blood flow here relative to the small
bowel.

3.2.2.2. Small Bowel. Absorption from the small bowel requires that materials
first enter the small bowel and that disintegration and dissolution of drugs be
completed if this has not already occurred. In most cases, disintegration is complete
when drugs enter the small bowel; the notable exception being enteric-coated drugs.
In contrast, dissolution is complete only for drugs that are freely soluble in acid.
Many drugs have undergone only partial dissolution or are not dissolved at all when
they enter the small bowel. For readily absorbed drugs and nutrients delivered
through gastric feeding tubes or by the oral route, gastric emptying controls the
rate at which substances enter the small bowel and, therefore, is the rate-limiting
step for absorption. Gastric emptying is highly variable and influenced by a number
of factors (42–44). Table 9 lists several drugs, enteral formula characteristics, and
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Table 9
Factors Influencing GI Motility

Gastric Emptying Small Bowel Motility

Factor Delayed Increased Decreased Increased

Formula Characteristics

High fat (long-chain triglycerides) X
High protein X (< fat)
High viscosity (e.g., fiber) X
Liquid consistency X
Large particles or tablets X
Large volume X X
Hypotonic osmolarity (< 250mOsm/L) X
Osmolarity over 800 mOsm/L X X
Low pH X X

Drugs

Anticholinergic agents X X
Atropine, belladonna, benztropine,
Biperiden, ethopropazine,
Hyoscyamine, procyclidine,
Scopolamine, trihexphenidyl X X

Cholinergic agonists
Bethanechol, cisapridea X X

Dopamine agonists X X
Levodopa, metoclopramide

Motilin agonist
Erythomycin

Mucosal irritants X
Salicylic acid

Narcotic agents X X
Morphine, others

Octreotide X X

Disease States and Conditions

Autonomic neuropathy X
Diabetic gastropathy X
Dumping syndrome X X
Duodenal ulcers X
Gastric surgery X

Billroth I and II
Gastroesophageal

reflux disease
Irritable bowel syndrome

– Diarrhea predominant X
– Constipation predominant X

Partial gastrectomy X X
Peptic ulcer disease X
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disease states that can influence gastric emptying rate and GI motility. Anything
which alters gastric emptying rate is expected to alter the rate of absorption for most
drugs and nutrients in a similar manner; slowed gastric emptying slows the rate of
absorption while rapid gastric emptying increases the rate of absorption.

3.2.2.3. Gastric Administration. Effects of altered gastric emptying rate on
extent of absorption (i.e., percent absorbed or bioavailability) are more variable
andmay bemore difficult to predict than the effects on rate of absorption. Extent of
absorption may be increased, decreased, or unchanged for either slow or rapid
gastric emptying depending on the drug or nutrient characteristics and the absorp-
tion mechanisms. Table 10 shows expected effects of various factors on extent of
absorption when gastric emptying rate is decreased. Effects of rapid gastric empty-
ing are much more difficult to predict and may depend on the drug dosage form

Pyloric obstruction X
Stenosis, gastric cancer

Scleroderma X X
Vagotomy X

aCisapride has only been available under a limited access investigational protocol
from the manufacturer since July 14, 2001, due to cardiac toxicity.

Table 10
Change in Extent of Absorption with Decreased Gastric Emptying Rate

Extent of Absorption Example

Increased Extent of Absorption

Active absorption in upper GI tract Riboflavin
Significant absorption in upper GI tract Ciprofloxacin
Poor solubility in stomach and small bowel, acid stable Griseofulvin

Carbamazepine
Release from food, binding to another substance in the stomach is
required

Cobalamin

Soluble in gastric pH but not small bowel (pH 5–7) Ketoconazole,
Tetracycline

Absorption from the stomach (weak acid; small nonelectrolyte) Alcohol

No Effect on Extent of Absorption

Enteric-coated tablet or granules Multiple
products

Decreased Extent of Absorption

Acid labile Ampicillin
Poor solubility in stomach and small bowel, acid labile Digoxin
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as well as on small bowel transit time. Dosage forms that require time for
disintegration have the least opportunity for absorption when both gastric empty-
ing and GI motility are rapid. With normal small bowel motility, rapid gastric
emptying is expected to reduce absorption to the greatest extent when an acidic
medium is required for dissolution or is otherwise necessary for absorption (e.g.,
ketoconazole, itraconazole, tetracycline). More than one factor may influence the
extent of absorption for a given drug or nutrient. For example, slow gastric
emptying increases the extent of riboflavin absorption by at least twomechanisms.
Riboflavin is released from foods in the stomach and absorbed by a saturable
transport process in the upper GI tract (i.e., duodenum and jejunum). Slow gastric
emptying allows more time to free riboflavin from foods, thereby making more
riboflavin available to absorption sites. In addition, riboflavin enters the region
containing transport sites at a reduced rate and over an extended time period. The
net effect is that a larger percentage of riboflavin is absorbed because fewer
transport sites are ‘‘occupied’’ or saturated when the ‘‘free’’ riboflavin reaches
these sites. In general, slow gastric emptying allows more complete release of
vitamins from the food matrix while food is in the stomach. Release of vitamins
from the food matrix continues in the small bowel as digestion progresses. The
majority of vitamins are absorbed by passive transport throughout much of the
small bowel; thus, incomplete release from the food matrix prior to entering the
small bowel is of limited clinical significance to overall absorption. In fact, jejunal
feeding with nonhydrolyzed formulas is routine and has not resulted in vitamin
deficiencies.

Gastric emptying rate is most likely to influence drug absorption through
effects on solubility. Slow gastric emptying increases the extent of dissolution
for drugs that are only soluble in an acidic environment (e.g., tetracycline) and
for relatively insoluble drugs (e.g., carbamazepine, digoxin, griseofulvin, spiro-
nolactone). The extent of absorption increases when these drugs are acid stable
(e.g., carbamazepine, griseofulvin) but decreases when the drug is acid labile (e.g.,
digoxin). In general, exposure to gastric acid increases destruction of acid-labile
drugs (e.g., ampicillin, digoxin, omeprazole), and bioavailability is reduced when
gastric emptying is slow unless the drug is protected by enteric coating. Substances
that can be absorbed from the stomach (i.e., weak acids in solution and small lipid-
soluble nonelectrolytes) will be absorbed to a greater extent with longer exposure
to the gastric mucosa, although this rarely has clinical significance since the
majority of absorption still occurs in the larger surface area of the small bowel.

3.2.2.4. Post-pyloric Administration. Administration of drugs through post-
pyloric tubes, either duodenal or jejunal, bypasses conditions in the stomach and
eliminates the effect of gastric emptying on rate of absorption. Amajor consequence
of bypassing the stomach is reduced exposure to acid. The pH in the proximal
duodenum is approximately 4–5 and increases to near neutral in the distal duode-
num as gastric acids are neutralized by bile salts and pancreatic secretions entering
the duodenum. The jejunum is neutral to slightly alkaline.With increasing pH,most
basic drugs transform from an ionized, nonabsorbable state to a primarily non-
ionized state that can be absorbed. Acidic drugs generally becomemore ionized and
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less absorbable. Nonetheless, the jejunum and the ileum remain the major sites of
absorption for all except highly acidic drugs because of the immense absorptive
surface area in these regions.

Drugs that are only soluble in an acid environment or otherwise require exposure
to an acidic environment for proper absorption (e.g., ketoconazole, itraconazole,
tetracycline) may be ineffective when administered through a feeding tube placed
into the small bowel. The more distal the tube, the greater the potential problem.
Mixing these drugs with an acidic fluid (e.g., dilute vinegar, ascorbic acid, fruit
juice) should, theoretically, improve absorption but documentation supporting this
assumption is lacking. In contrast, low itraconazole concentrations were noted in a
case report when an extemporaneously prepared suspension with an acidic pH was
administered through a post-pyloric feeding tube (45). It is unclear whether the low
itraconazole concentrations in this case were due to poor absorption because the
acidic medium used for the drug was ineffective or because of poorGI perfusion in a
critically ill patient.

A reduced extent of absorption is expectedwhen poorly soluble drugs are delivered
into the duodenum or jejunumbecause the time available for dissolution is decreased.
The more distal is the site of drug delivery, the less time there is for dissolution to
occur; thus, jejunal administration may be more problematic than duodenal admin-
istration. Use of a dosage form that does not require dissolution (e.g., elixir, syrup,
dissolved soft gelatin capsule) can overcome this problem and may result in greater
drug absorption than gastric administration for acid-labile drugs. In one small study
with digoxin, significantly more hydrolytic metabolites (2.9% vs 0.6%) were noted
after oral ingestion vs administration into the jejunum (46). Recovery of nonmetab-
olized digoxin was higher with jejunal administration (96.3% vs 90.8%), suggesting a
need for lower doses when digoxin is administered into the jejunum through a feeding
tube. Bypassing the stomach avoids acid hydrolysis of digoxin; therefore,more drug is
available for absorption. Therapeutic drug monitoring should be performed within a
couple ofdayswheneverdigoxindosing changes fromoral or gastric administration to
post-pyloric administration or vice versa.

The further a feeding tube is placed into the small bowel, the more important it
becomes to consider the site(s) of drug or nutrient absorption. When substantial
absorption occurs in the duodenum, delivery of a drug or nutrient into the jejunum
could significantly reduce the extent of absorption. An example of this is seen with
ciprofloxacin where healthy volunteers absorb up to 40% of an oral dose in the
duodenum (47). Administration of ciprofloxacin into the duodenum results in
better absorption than delivery into the stomach in both healthy volunteers and
ICU patients (48). Jejunal administration results in lower serum concentrations
than those found after oral administration (49,50). The majority of drugs are
absorbed by passive diffusion which is typically not limited to a specific segment
of the GI tract, although chemical characteristics of a drug can influence absorption
at different pHs. Unfortunately, published data rarely specify the percent of drug
absorbed in specific segments of the GI tract (i.e., stomach, duodenum, jejunum,
ileum, and colon), and few studies have compared serum drug concentrations
following administration by mouth compared with administration through tubes
at different sites within the GI tract.
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Most water-soluble vitamins are absorbed by passive diffusion primarily in the
upper small bowel, but absorption is rarely limited to the duodenum and may extend
into the ileum, depending on transit time. Thus, delivery of nutrients into the jejunum
has little impact on the amount of most water-soluble vitamins absorbed. Minerals
generally require facilitated absorption or active transport because most form chelates
or complexes that are too large to be absorbed efficiently by passive diffusion. Calcium,
phosphorus, iron, and most trace minerals are most efficiently absorbed from the
slightly acidic upper GI tract and demonstrate limited absorption in the ileum. Release
of minerals from the food matrix and formation of the complexes normally occurs in
the stomach; thus, theoretically jejunal administration could compromise absorption.
However, routine use of nonhydrolyzed formulas for jejunal feeding has not resulted in
reports of mineral deficiencies.

Administration of drugs that stimulate GI motility, as listed in Table 9, could
reduce nutrient absorption by reducing GI transit time. For example, diarrhea may
develop in a patient receiving metoclopramide or erythromycin. Although eryth-
romycin may have been ordered to treat an infection, its mechanism of action still
includes activity as a motilin agonist. When the mechanism of action for a drug
interferes with nutrient absorption or induces enteral feeding intolerance, this is
classified as a pharmacologic interaction. Pharmacologic effects on the GI tract
must be considered in drug selection to minimize such interactions. Other methods
of handling pharmacologic interactions are included in Table 8.

3.2.3. THERAPEUTIC INDEX

Drugs with a relatively small therapeutic range are more likely to result in patient
harmwhen drug–nutrient interactions are not anticipated andmanaged appropriately.
Drugs for which serum drug monitoring is performed are typically drugs with a
small therapeutic range and pharmacokinetic interactions are of most concern. With
only a small range of concentrations within the efficacious but nontoxic range, small
changes in absorption can have significant changes in therapeutic outcome. Phenytoin,
carbamazepine, and digoxin are among the ‘‘narrow’’ therapeutic index drugs of con-
cern when administered through a feeding tube. These drugs are discussed in Section 4.

3.3. Formula-Related Factors

3.3.1. PROTEIN CONTENT

Complexity of the protein source (i.e., intact protein vs hydrolyzed protein or free
amino acids) appears to play a key role in physical interactions between drugs and
enteral formulas. Intact proteins are complex, highly ordered chemical structures that
rely on various bonds and electrostatic attractions to maintain their order and shape.
Exposure to acids, salts, alcohol, or heat can result in breaking of bonds, conforma-
tional change, and loss of tertiary configuration with ‘‘unfolding’’ of proteins, a
process referred to as denaturation. Curdling of milk on exposure to acid is an
example of protein denaturation and of the differences among proteins in suscepti-
bility to denaturation. Casein undergoes denaturation on exposure to acid, and the
resulting changes in protein solubility and viscosity are visible as clumps or curds. On
the other hand, whey proteins do not denature and remain fluid unless a very strong
acid is used. The source of protein determines the pH at which denaturation begins
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and the sensitivity of the protein to various salts and alcohols. Whey protein is the
most acid stable of the intact protein sources routinely used in enteral formulas (i.e.,
caseinates, soy, orwhey), andwhey-based formulas are the least likely to be physically
incompatible with drugs (37). Casein and caseinates tend to form large clumps and
curds similar to curdled milk, while soy protein forms finer precipitates.

Protein denaturation explains many of the observations related to physical
interaction or incompatibility between drugs and enteral formulas. Nearly all of the
drug-formula incompatibilities reported are with formulas containing intact protein,
predominantly casein or caseinates, and no drug has been identified that is incompat-
ible with hydrolyzed protein formulas while being compatible with intact protein
formulas. Acidic syrups and elixirs are the most problematic dosage forms and both
acid and alcohol can cause protein denaturation. Formulas containing hydrolyzed
protein rarely result in physical incompatibility except with oil-based products. Of 25
drugs reported as incompatible with one or more formulas tested in an in vitro study,
only 3 were incompatible with hydrolyzed protein formulas (30–34). Two of these
three drugs were oil-based products (i.e., mandelamine suspension and MCT oil).
Hydrolyzed proteins and free amino acids lack the complex chemical structure of
intact proteins; thus, they are not subject to the same changes in structure and shape
as intact proteins. Enteral formulas containing hydrolyzed proteins are, however, an
emulsion much like intact protein formulas. The interaction with oil-based drugs is
more likely related to disruption of the emulsion than to effects on the hydrolyzed
protein. Nitrogen content (i.e., protein concentration) and dilution of the enteral
formula are not expected to alter denaturation and do not appear to influence the risk
of physical incompatibility between drugs and formulas (31). Likewise, fiber is not
expected to alter protein denaturation and does not appear to be a significant factor
for incompatibility (30). The source of fiber in the formulas studied was soy poly-
saccharide, a predominantly insoluble fiber. Addition of soluble fiber to a formula is
not expected to alter protein denaturation anymore than insoluble fiber. At least
theoretically, however, addition of some soluble fibers (e.g., pectin, banana flakes,
and apple flakes) to a formula at the bedside could increase the risk of tube occlusion
by gel formation, especially if an acidic drug is allowed tomix with formula. The fiber
content of enteral formulas has recently expanded in both type and dose; the impli-
cations of which are not yet clear.

Interactions between drugs and formula that result in physical incompati-
bility are a major contributor to tube occlusion and loss of enteral access.
Feeding tube occlusion can compromise drug and nutrient provision to
patients receiving EN therapy. Despite several studies that have assessed
enteral formula compatibility with drugs in liquid dosage forms, relatively
few formulas and drugs have been evaluated (30–36). The names of enteral
formulas included in these compatibility studies are commonly seen in the
marketplace today (e.g., Ensure, Osmolite); however, most formulas have
been reformulated with different nutrient sources and ratios than formulas of
the same name used in the studies. Drug formulations may also have changed
over the years. Therefore, care must be exercised when interpreting enteral
formula–drug compatibility studies relative to current practice. Tube occlusion
is not a measured outcome in these studies; in vitro observations are typically
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reported. Most data are subjective descriptions of changes in the formula’s
physical appearance, although viscosity measurements are sometimes included.
Nonetheless, when these observations are combined with data on chemical
stability of formula components and drug characteristics, a few generalizations
emerge. Table 11 summarizes generalizations related to physical interactions
between drugs and enteral formulas that are applicable to current practice and
may help the practitioner avoid many of these interactions.

Hepatic drug clearance may be influenced by the amount of protein provided by
EN therapy. Animal studies indicated that protein intake can modify hepatic
microsomal mixed-function oxidase system activity (44,51,52). High protein intake
stimulates this enzyme activity, thus increasing clearance of certain drugs (see
Chapters 4 and 9). Niacin, riboflavin, and large doses of vitamin C may also
increase enzymatic activity. Low protein intake may reduce renal plasma flow and
creatinine clearance, thus decreasing renal elimination of certain drugs. However,
much more research is needed in this area before any definitive statements can be
made regarding clinical impact of these observations. Most studies concerning
dietary effects on the mixed-function oxidases have been performed in animals.

3.3.2. COMPONENTS INFLUENCING GI MOTILITY

Formula components and characteristics that alter GI motility, as listed in Table
9, result in pharmacokinetic interactions when drug absorption is changed. Fats,
especially long-chain fatty acids, slow gastric emptying to a greater extent than
protein, and protein has a greater influence than carbohydrates. High osmolality

Table 11
Summary of Factors and Their Degree of Contributing to Drug–Formula Physical
Interactions

Protein complexity is a critical factor in drug–formula physical interactions.
�Caseinates appear to bemost prone to physical interactions, followed closely by soy
protein.
�Whey protein is the intact protein source least likely to be incompatible.
� Hydrolyzed proteins and amino acids rarely result in interactions except with oil-
based products.

The drug vehicle for liquid dosage forms is a critical factor in drug–formula physical
interactions.
� Acidic liquids are highly prone to interactions.
� Syrups are likely to be incompatible, especially when the pH of 4 or less.
�Alcohol contributes to interactions, especially with a low pH; thus acidic elixirs are
problematic.
� Oil-based products are incompatible.

Drug–formula physical interactions do not appear to be influenced by:
� Nitrogen content.
� Fiber content.
� Dilution of the enteral formula.
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also slows gastric emptying, as does increased formula viscosity. Calorically dense
formulas (i.e., 2 kcal/mL) have both an increased viscosity and an increased con-
centration of macronutrients that can slow gastric emptying. As discussed in
Section 3.2.2, slowed gastric emptying generally slows absorption of drugs admin-
istered by mouth or by a gastric feeding tube. Effects on extent of drug absorption
are related to the drug’s solubility and acid stability.

For drugs delivered through a post-pyloric feeding tube, formula effects on gastric
emptying are irrelevant, but effects on small bowel motility may change drug absorp-
tion. Formulas with a high osmolality delivered into the small bowel can cause nausea,
vomiting, diarrhea, and abdominal pain as water rapidly enters the bowel to dilute the
formula. Likewise, rapid administration or significant fluctuation in volume of for-
mula into the small bowel can cause diarrhea. When diarrhea shortens bowel transit
time, drug absorption can be reduced, especially when the drug must undergo dis-
solution in the small bowel. Use of dosage forms where the drug is in solution (e.g.,
elixirs, syrups) may reduce the impact on absorption in these situations.

3.3.3. VITAMIN K CONTENT

Formulas with a high vitamin K content can antagonize the anticoagulant effect
of warfarin, a significant pharmacologic interaction in which a nutrient interferes
with a drug’s mechanism of action. Warfarin acts by inhibiting formation of the
vitamin K-dependent clotting factors (II, VII, IX, and X) in the liver and can
overcome the typical daily intake of vitamin K in the diet. The amount of vitamin
K in the diet may vary considerably. Data from national dietary surveys in the
United States over the past 20 years report average dietary intake between 70 and
125 mg vitamin K daily, although previous data indicated intake of 300–500 mg
vitaminK from theWestern diet (53–55). This interaction is best avoided by careful
selection of the enteral formula for patients receiving warfarin therapy. Since the
initial reports of warfarin resistance in the early 1980s, most formulas have reduced
their vitamin K content (56–60). Table 12 lists the current vitamin K content of
several enteral formulas. It is probably best to avoid formulas containing over
100 mg of vitamin K per 1000 kcal in patients requiring warfarin anticoagulation,
although this recommendation has not been tested in controlled trials. Patients with

Table 12
Selected Enteral Formulas and Vitamin K Contenta

Vitamin K: 50 mg or less/1000 caloriesb

Pediatric Formulas

Nutren Junior (Nestle)
Peptamen Junior (Nestle)

Intact Protein Formulas

TwoCal HN (Abbott)
Osmolite (Abbott)
Nutren 1.0 [with or without fiber] (Nestle)
Nutren 1.5 and 2.0 (Nestle)
Replete [with or without fiber] (Nestle)

(Continued)
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Table 12
(Continued)

Vitamin K: 50 mg or less/1000 caloriesb

Specialized Formulas

Critical care
Crucial (Nestle)

Glucose control
Glytrol (Nestle)

Pulmonary function
NutriVent (Nestle)

Renal dysfunction
NutriRenal (Nestle)
Nepro (Abbott)
Suplena (Abbott)

Hydrolyzed protein/free amino acids
f.a.a. (Nestle)
Peptamen products (Nestle)

Vitamin K: 51–75 mg/1000 caloriesb

Pediatric formulas

Pediasure [with or without fiber] (Abbott)
Intact protein formulas

Ensure Plus (Abbott)
Jevity 1, 1.2, and 1.5 Cal (Abbott)
Osmolite 1.5 Cal (Abbott)
Osmolite 1 Cal (Abbott)
ProBalance (Nestle)
Osmolite 1.2 Cal (Abbott)
Specialized formulas

Critical care
Pivot 1.5 Cal (Abbott)

Glucose control
Glucerna (Abbott)

Pulmonary function
Pulmocare (Abbott)
Oxepa (Abbott)

Hydrolyzed protein/free amino acids
Perative (Abbott)
Vital HN (Abbott)

Vitamin K: 76–100 mg/1000 caloriesb

Intact protein formulas

Carnation Instant Breakfast (Nestle) with 2% milk
Carnation Instant Breakfast (Nestle) ready to drink
Promote [with or without fiber] (Abbott)
Ensure High Protein (Abbott)
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disruption of normal vitamin K production by GI flora (i.e., antibiotic-induced
diarrhea, gut decontamination prior to chemotherapy) may be at less risk of
warfarin resistance secondary to excess vitamin K intake. Separating warfarin
administration from formula administration does not prevent warfarin resistance
secondary to high vitamin K intake. However, there is evidence that holding enteral
feeding for at least an hour before and after warfarin administration can reduce the
risk of warfarin resistance in patients receiving EN therapy (29,61–63). This likely
reflects a separate pharmacokinetic interaction between warfarin and enteral for-
mula that would also account for reports of warfarin resistance in formulas with a
low to modest vitamin K content.

3.4. Disease-Related Factors

3.4.1. VISCERAL PROTEIN STATUS

Malnutrition is the most important disease process in relation to drug–nutrient
interactions in patients receiving EN therapy. The effects of malnutrition on drug–
nutrient interactions are not specific to patients receiving EN therapy, but the
majority of patients started on EN are malnourished or at high risk of malnutrition.
Pathophysiologic interactions in many disease processes are likely mediated through
development of malnutrition, especially protein malnutrition. The decreased vis-
ceral protein status and the increased edema that are noted with protein malnutri-
tion can significantly alter pharmacokinetic parameters of drugs and may alter
nutrient absorption. Drugs that are highly bound to albumin (e.g., warfarin) are
particularly susceptible to pathophysiologic interactions. As serum albumin concen-
trations decrease, drug distribution is altered and toxicity may be increased.

Specialized formulas

Glucose control
Glucerna Select (Abbott)
Hydrolyzed protein/free amino acids
Optimental (Abbott)

Vitamin K: 101–150 mg/1000 caloriesc

Intact protein formulas

Carnation Instant Breakfast Essentials (Nestle)
No sugar added with 2% milk or non-fat milk

aFormulas in each category are listed from least to most

vitamin K per 1000 calories. Always confirm current vitamin
K content with the product label and current manufacturer’s
data since vitamin K content of enteral formulas can change.

bFormulas with low to moderate vitamin K content are
generally safe to use in patients receiving warfarin therapy.

cFormulas with higher vitamin K content should be used
cautiously in patients receiving warfarin therapy. Consider

comparable formulas with lower vitamin K content for
patients with warfarin therapy.
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Metabolism may be reduced in severe protein malnutrition since production of
enzymes necessary for metabolism may be reduced. There are probably many
effects of malnutrition on drug–nutrient interactions, but less research than neces-
sary has focused on this subject (see Chapter 6).

3.4.2. GI MOTILITY

Multiple disease processes can increase or decrease GI motility, as indicated
in Table 9. As discussed in Section 3.2.2, gastric emptying rate often controls
the rate of drug absorption when drugs are taken by mouth or administered to
the stomach and may influence absorption of specific nutrients. Effects on
extent of absorption depend on specific drug characteristics. Small bowel
transit time can be altered by the pharmacologic effects of drugs, and drug
absorption can be altered by changes in transit time. For example, 48% of
patients in a pentobarbital-induced coma experienced feeding intolerance that
was not associated with dose, timing, or duration (64). The effects of altered
GI motility on drug–nutrient interactions are not specific to patients receiving
EN therapy, but many patients receiving EN have abnormal GI motility.
Therefore, the practitioner managing EN therapy must be alert to possible
problems related to drug and nutrient absorption in patients with abnormal
GI motility who are receiving EN therapy.

4. SPECIFIC DRUGS

Several drugs of key clinical importance relative to drug–nutrient interactions in
patients receiving EN therapy are discussed below. Pharmacokinetic interactions
involving absorption occur with all of the drugs, although pharmacologic inter-
actions can also occur with warfarin.Mechanisms responsible for these interactions
are often inadequately defined; studies documenting the interactions are few, small,
and not as rigorous as is desired for evidence-based recommendations. Table 3, step
11 includes recommendations for holding formula administration with specific
drugs, and Table 8 contains a summary of methods to handle pharmacokinetic
and pharmacologic interactions, as well as the other classes of drug–nutrient inter-
actions without reference to specific drugs.

4.1. Phenytoin

Phenytoin was one of the first drugs noted to have a significant interaction with
enteral formula, and this interaction continues to be classified as clinically signifi-
cant (65). Numerous studies have evaluated this interaction since Bauer’s initial
report (66). A review of in vivo and in vitro studies, case reports, and letters found
four prospective, randomized, controlled studies that do not support the existence
of an interaction (67). All four studies were in a small number of healthy volunteers
(i.e., 6–10), and only one study used continuous feeding through a nasogastric tube
(67,68). The remaining 25 reports and studies provide evidence of an interaction in
patients, although none of these are prospective, randomized, controlled studies.
The mechanism of the interaction has not been delineated despite multiple theories
including binding to the enteral administration tubing or with an enteral formula
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component (40,69) and various pH-related explanations (41,70,71). Protein
complexity does not appear to be an important factor as the interaction has
been reported with both intact protein and hydrolyzed protein formulas (72,73).
Methods reported to reduce the interaction include stopping feeding for an hour
before and after administration of phenytoin (74), clamping the feeding tube for an
hour after drug administration (75), diluting phenytoin suspension prior to admin-
istration (39), opening phenytoin capsules and administering the contents through
the tube (76), and using a commercial meat-based formula with a bolus feeding
schedule (69).

None of the suggested methods can assure therapeutic phenytoin concentrations,
but stopping feeding for at least an hour before and after the phenytoin dose appears
to most consistently produce therapeutic concentrations with reasonable drug doses.
Holding formula for 2 h on each side of the phenytoin dose has been more effective
than holding for 1 h in some studies, but this increases the risk of inadequate formula
delivery (66). Therefore, a 2 h hold time may be best reserved for patients in whom a
1 h hold fails to prevent subtherapeutic concentrations. Clamping the tube for an
hour after the phenytoin dose must be studied in a prospective, randomized manner
before this method can be routinely recommended. However, a retrospective review
of brain-injured patients receiving phenytoin through gastrostomy tubes noted sig-
nificantly higher serum phenytoin concentrations when the tube was clamped after
the drug dose vs uninterrupted feeding (75). Diluting phenytoin suspension prior to
administration through a feeding tube improves phenytoin delivery in vitro compared
to undiluted suspension (39). The dilution factor in this study was approximately
threefold with water on a volume:volume basis. As discussed in Section 3.2.1, dilution
of viscous suspensions such as phenytoin at least 50:50 with water prior to admin-
istration through a feeding tube should be a standard of practice, especially for small
bore nasal tubes. The effectiveness of using capsule contents administered through a
feeding tube is not adequately studied as only seven healthy volunteers were included
in the study suggesting this approach, and formula was ingested on an intermittent
oral schedule (76). Administration of a capsule’s contents through a small-bore tube
may cause occlusion, and the potential benefits are probably not adequate to balance
potential risks with an unproven method. Commercial meat-based formula is rela-
tively expensive compared to standard intact protein formulas, is often not covered by
third-party payers, and may require delivery through a large-bore tube. Only five
healthy volunteers were included in the study with meat-based formula, and inter-
mittent ingestion of the formula occurred rather than administration via a feeding
tube (69). Thus, use of a meat-based formula requires more rigorous evaluation
before this method can be routinely recommended. Regardless of the method(s) used
to minimize the phenytoin–enteral formula interaction, serum phenytoin concentra-
tions require close monitoring to avoid subtherapeutic concentration during EN
therapy and potentially toxic concentrations when EN therapy is discontinued.
Serum concentrations should be monitored once to twice weekly during the initiation
and discontinuation of EN therapy or until the patient is therapeutically stable on
phenytoin. Close clinical observation for signs and symptoms of inadequate disease
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control and drug toxicity are also warranted. When serum albumin is below 3 g/dL,
monitoring of free phenytoin concentration should be considered to avoid potentially
toxic levels from decreased binding of drug to albumin (77).

4.2. Carbamazepine

Dissolution is the rate-limiting step for absorption of carbamazepine. Anything
which slows gastric emptying, such as food, allows more time for dissolution and
is expected to increase absorption. However, there is concern that EN therapy
decreases carbamazepine absorption and may place patients at risk of inadequate
disease control when EN is required. Evidence supporting an interaction between
EN therapy and carbamazepine is sparse. Studies in patients receiving tube feed-
ing are lacking, and few in vivo studies are available.

One randomized, crossover study with seven healthy men reported a relative
bioavailability of 90% for carbamazepine suspension administered by nasogastric
tube with continuous feeding vs oral intake following an overnight fast (78).
Pharmacokinetic parameters were not significantly different, although serum car-
bamazepine concentrations were lower with feeding and significantly lower at 8 h.
The maximum serum concentration approached significance for being lower with
feeding. The small size of this study most likely prevented statistically significant
findings. With the same intact protein formula and use of carbamazepine com-
pressed or chewable tablets, recovery of drug after mixing with formula for an hour
was 58% (79). Drug recovery was 79% from simulated gastric juice alone and 75%
from simulated intestinal fluid alone. Addition of formula to the simulated gastric
juice increased drug recovery (85%) but decreased recovery from simulated intes-
tinal fluid (59%). Carbamazepine recovery from formula alone was essentially the
same as from formula plus simulated intestinal fluid. Such an in vitro study design
cannot account for effects of gastric emptying rate, which could increase absorption
above that from ‘‘gastric juice’’ in this study, especially if slow gastric emptying
improved dissolution. On the other hand, concern is raised that administration of
carbamazepine through a post-pyloric tube may result in subtherapeutic drug
concentrations whether or not formula is present in the small bowel. Holding
formula for 2 h on each side of the carbamezepine dose has been recommended to
minimize the interaction with carbamazepine in the clinical setting (80,81). How-
ever, carbamazepine has not been shown to bind with a component of enteral
formula either in vivo or in vitro. Studies in patients with feeding tubes are needed
to document the incidence of an enteral formula–carbamazepine interaction and to
determine the best method of managing the interaction when it occurs. Not
acknowledging the interaction could result in serious complications for patients
receiving carbamazepine through feeding tubes.

The limited data available suggest that an interaction is most likely to be clinically
significant when drug is administered through a post-pyloric tube. Formula should
be held for 2 h before and after drug administration in this population. It is less clear
that holding formula with drug administration through a gastric tube is necessary
and it may be best to hold formula on a case-by-case basis when maintaining a
therapeutic carbamazepine concentration is difficult. Carbamazepine suspension
should be diluted 50:50 with water, as discussed in Section 3.2.1 (38). However, it is
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unclear if the difference in drug recovery occurs with non-polyvinyl chloride tubes
andwith standard flush volumes as compared to the large flush volumes (i.e., two 50
mL flushes) used in this study.

4.3. Fluoroquinolones

Several studies have evaluated fluoroquinolone bioavailability in either healthy
volunteers or patients receiving EN therapy. Most studies have evaluated cipro-
floxacin and indicate lower bioavailability when quinolones are administered with
enteral formula. One of three small studies in healthy volunteers failed to detect a
difference in bioavailability, despite using a nasogastric tube for drug delivery in
two segments of the crossover design (82). Other studies in healthy volunteers
found a 25–28% reduction in ciprofloxacin bioavailability with intact protein
formula (83,84). Hydrolyzed protein formula was not evaluated in these or
other studies. In hospitalized patients, bioavailability decreased 27–67% depend-
ing on the site of feeding(48). The greatest decrease is seen with jejunal feeding, as
discussed in Section 3.2.2 (49,50). Decreased bioavailability is also noted in
critically ill patients receiving continuous EN therapy and ciprofloxacin via naso-
gastric tube (85,86). The clinical significance of this decrease in bioavailability is
not clear since ciprofloxacin concentrations have been reported to remain above
the minimum inhibitory concentration for many pathogens (87). However, larger
studies are needed to confirm adequate drug concentrations (AUC:MIC) for
treatment of major pathogens for which ciprofloxacin is selected before the
decrease in bioavailability can be considered clinically irrelevant. Inadequate
antibiotic concentrations could result in significant patient morbidity and poten-
tially mortality.

The interaction between fluoroquinolones and enteral formula appears to
be drug dependent and influenced by the hydrophilicity of the drug. In 13 healthy
volunteers, ofloxacin was found to have 90% bioavailability with an intact protein
formula compared to 72% bioavailability for ciprofloxacin (83). Gatifloxacin
bioavailability does not appear to be altered with concomitant enteral feeding
into the stomach, although a wide range of bioavailability may occur with
critical illness (88). Immediate loss of unbound antibiotic was noted in an in
vitro study when quinolone antibiotics were mixed with intact protein formula
(89). Recovery was about 54% for ofloxacin, 39% for levofloxacin, and 17.5%
for ciprofloxacin. Loss of drug did not appear to correlate with cation content
of the formula, suggesting that binding of quinolones with divalent cations (i.e.,
calcium and magnesium) may not be responsible for the interaction. Loss of
drug from binding to the feeding tube itself does not seem to be a problem and
no specific component of the enteral formula has been identified as binding
drug (90).

Holding formula for 1 h or more before and 2 h after the dose is the
recommended method to minimize effects of enteral feeding on serum concen-
trations of ciprofloxacin and norfloxacin (65,80,81). Holding the formula for
2 h before and 4 h after fluoroquinolone administration, or administering the
drug intravenously, has also been suggested(15). Although less hydrophilic
quinolones appear to be less affected by an interaction with enteral formula,
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the safest approach is to hold formula for at least 1 h before and 2 h after
quinolone administration through a feeding tube unless there is documentation
of excellent bioavailability, as is the case for gatifloxacin (88). Thus, a thera-
peutically appropriate quinolone with less frequent dosing may often be a better
choice for patients receiving EN therapy. Using a different antibiotic with
appropriate coverage for the infection would be another option to avoid the
interaction. It is important to note that the commercially available 5 and 10%
CIPRO oral suspension (ciprofloxacin from Bayer Corporation) ‘‘should not be
administered through feeding tubes due to its physical characteristics’’ as per
literature included in the package (91).

4.4. Warfarin

The pharmacologic interaction between warfarin and vitamin K in enteral
formulas was addressed in Section 3.3. A second pharmacokinetic interaction
was also mentioned as possibly explaining the continued problem of warfarin
resistance after reduction of vitamin K content in most enteral formulas more
than 10 years ago (60–63). A retrospective crossover case series in six ICU
patients revealed that the change in INR during a pair of 3-day observation
periods was significantly improved when feedings were held for 1 h before and
after warfarin administration compared to co-administration – despite similar
drug doses (63). Warfarin has been reported to bind to some filterable component
of the formula, but this specific mechanism of warfarin resistance has not been
adequately studied (62). Protein is the most likely filterable component to be
involved with warfarin binding, especially since warfarin is a highly protein-
bound drug. Assuming protein is the binding component, formulas containing
free amino acids would not be expected to cause warfarin resistance; hydrolyzed
proteins might, depending on the length of remaining peptide chains. Neither free
amino acid nor hydrolyzed protein formulas have been evaluated. Holding for-
mula administration for an hour before and after warfarin administration should
be an effective method of managing the pharmacokinetic interaction (61,63).
Warfarin therapy must be carefully monitored for an alteration in anticoagulant
response whenever EN therapy is initiated or discontinued and when formula
changes occur to assure patient safety.

4.5. Theophylline

Theophylline elimination is increased with high protein intake and decreased by a
high carbohydrate, low protein diet (92). Rate and extent of absorption may be
affected by food with rapid release of some sustained release preparations when
taken with food (see Chapters 8 and 9). Effects of EN therapy on theophylline are
poorly studied although one small study suggested that continuous nasogastric
feeding interfered with theophylline absorption (93). Nevertheless, holding for-
mula administration for 1 h before and 2 h after drug administration is recom-
mended (80,81). Two single-dose studies in healthy volunteers found no difference
in extent of absorption for sustained-release theophylline preparations with intact
protein formula taken bymouth (100mL every hour for a total of 10 h) compared to
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fasting (94,95). Studies are not available in healthy volunteers with feeding tubes in
place or in patients receiving EN therapy. Studies are necessary to determine
whether holding formula administration before and after theophylline administra-
tion provides any clinical benefit. At this time, it is difficult to justify holding
formula unless the patient has experienced erratic theophylline serum concentra-
tions or inadequate disease control after initiation of EN therapy.

4.6. Levothyroxin

A pharmacokinetic interaction involving absorption has been reported between
soy protein and levothyroxin sodium (80,81). Interference with drug absorption
results in higher than expected fecal loss of levothyroxin sodium with soy protein
formulas. Soy polysaccharide is the most common fiber source in enteral formulas,
but its effect on levothyroxin sodium pharmacokinetics has not been assessed.
Several enteral formulas contain soy protein. Without more definitive information,
it is probably best to avoid enteral formulas containing soy protein in patients
receiving levothyroxin. A large percentage of formulas containing fiber contain soy
polysaccharide; thus, it may not be practical to avoid soy polysaccharide when a
fiber-containing formula is appropriate. It is prudent to monitor thyroid function
within several days for patients receiving levothyroxin sodium who start EN
therapy since this is a poorly studied interaction, but it is most important if the
formula contains soy products. On the other hand, a change in clinical status that
warrants initiation of EN therapy probably warrants evaluation of the patient’s
levothyroxine dose whether the formula contains soy products or not.

4.7. Penicillin V Potassium

Directions for penicillin V potassium recommend the drug be taken on an empty
stomach since decreased absorption occurs with food (96). Absorption is reported
to be 30–80% and erratic with feeding (80,81). Holding administration of formula
for 1 h before and 2 h after administering, the drug is recommended to mitigate this
pharmacokinetic interaction. However, studies in patients receiving EN therapy are
lacking as are studies in any population receiving the drug and enteral formula
through a feeding tube. Recommendations for holding formula administration
follow guidelines for taking the drug on an empty stomach, generally recognized
as 1 h before a meal or 2 h after. Selecting another antibiotic that provides
appropriate coverage and site penetration also would be an appropriate method
of managing the interaction.

5. CONCLUSION

Using a broad definition, drug–nutrient interactions in patients receiving EN
therapy fall into several categories including physical, pharmaceutical, pharmaco-
logic, physiologic, pharmacokinetic, and pathophysiologic interactions. Physical
compatibility, pharmaceutical issues, and osmotic characteristics have received the
most attention, but even these topics are poorly researched. Unfortunately, in this
age of evidence-based medicine, expert opinion and consensus rather than strong
research data still dominate the domain of drug–nutrient interactions in patients
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receiving EN therapy. Data identifying interactions between drugs and enteral
formula components or administration techniques are minimal and sometimes con-
flicting. Likewise, evidence supporting techniques used to manage drug–nutrient
interactions in patients receiving EN therapy is often limited. Available data may
be old andmay not be applicable to products in use today.Well-designed prospective
human studies in patients with feeding tubes in place are difficult to find. Research is
needed on essentially every aspect of drug–nutrient interactions in this patient pop-
ulation. Until such research is completed, extrapolation from pharmaceutical prin-
ciples and pharmacokinetic theories, case reports, and in vitro data will remain the
mainstay of evidence for identifying and managing drug–nutrient interactions
in patients receiving EN therapy. The practitioner must be ever vigilant for
drug–nutrient interactions that interfere with appropriate drug and nutritional
therapy in patients receiving EN. Nevertheless, the specific steps discussed
throughout this chapter and summarized in Tables 3 and 8 can reduce the risk
of interactions and adverse outcomes for patients.
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14 Drug–Nutrient Interactions in Patients
Receiving Parenteral Nutrition

Jay M. Mirtallo

Objectives

� Describe parenteral nutrition and discuss its indications and routes of administration.

� Define stability and compatibility as it relates to parenteral drugs and nutrition.

� Determine the stability of drugs admixed with parenteral nutrition or co-infused by Y-site

administration.

� Discuss the guidelines for safe administration of drugs with parenteral nutrition.

Key Words: Admixture; compatibility; parenteral nutrition; stability

1. INTRODUCTION

Parenteral nutrition (PN) is a complex nutrition therapy applied in a variety of
health-care settings. Patient conditions where PN is used frequently require medi-
cations to treat or control symptoms of disease. It has been known for some time
thatmedications used in patients receiving PNoften interfere with the success of this
nutritional intervention (1). The purpose of this chapter is to describe the follow-
ing: the indications and use of PN, issues related to compatibility and stability of
medications with PN, and the influence of PN on the pharmacokinetic and pharma-
codynamic effect of medications.

2. PARENTERAL NUTRITION

2.1. Definitions

Parenteral nutrition is best described as the administration of nutrients intra-
venously (2). It has been used in adult, pediatric, geriatric, and neonatal patients
located in the hospital, home, nursing home, or extended care facility. PN is a
complex formulation made up of more than 40 different chemical compounds
(nutrients) that impart specific stability and compatibility issues. Compatibility
refers to the combining of two or more chemical products such that the physical
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integrity of the products is not altered (2). Stability is the extent to which a product
retains the same physicochemical properties and characteristics that it possessed at
the time of its manufacture throughout its period of storage and use (2). Incompati-
bility occurs as either a concentration-dependent precipitation or acid–base
reaction that results in the physical alteration of the products when combined
together. Serious harm and death have been attributed to incompatibilities resulting
from improperly compounded PN (3). Incompatibility of amixture or instability of
a nutrient or drug also has the potential to influence therapeutic effect.

There are two types of PN: 2-in-1 and 3-in-1 formulations. A 2-in-1 PN solution is
the combination of the two macronutrients dextrose and amino acids along with
electrolytes, vitamins, and trace elements in the same infusion container while the
intravenous fat emulsions (IVFE) are administered separately. IVFE is an intra-
venous fat-in-water emulsion of oil, egg yolk phosphatide, and glycerin. Because it
is an oil-in-water emulsion, when it is admixed in PN as a 3-in-1 formulation (i.e., all
three macronutrients in one infusion container) – also known as ‘‘total nutrient
admixture’’ or TNA – it remains an emulsion with its stability being dictated pre-
dominantly by its emulsifier content.

PN admixtures are hypertonic relative to body fluids and, if administered
inappropriately, may result in venous thrombosis, suppurative thrombophlebitis,
and extravasation. The osmolarity is dependent on the dextrose, amino acid, and
electrolyte content. The osmolar contribution of dextrose is approximately
5 mOsm/g. Amino acids yield about 10 mOsm/g and electrolytes provide
1 mOsm/mEq of individual electrolyte additive. The final osmolarity of PN dictates
the venous access site where the fluid may be safely administered. Generally, the
maximum osmolarity tolerated by peripheral vein is 900 mOsm/L (4). The usual
PN has an osmolarity>1000 mOsm/L and, therefore, must be delivered into a large
diameter vein, usually the superior vena cava adjacent to the right atrium (central
vein PN, CPN). The rate of blood flow in these large vessels rapidly dilutes the
hypertonic parenteral feeding formulation to that of body fluids, minimizing
venous complications of its infusion. Peripheral PN (PPN) is delivered into a
peripheral vein, usually of the hand or forearm. It has a similar composition to
CPNbut lower concentrations of nutrient components are required to allow for safe
peripheral administration. Therefore, PPN usually requires large fluid volumes to
be administered. Since venous tolerance continues to be a concern, this route for PN
is reserved for those with mild to moderate malnutrition who require treatment for
short periods of time (<2 weeks).

2.2. Indications for PN

PN is used in patients who are malnourished or may become malnourished
during prolonged periods of inadequate oral intake. Because PN is associated
with both complications of venous access (mechanical and/or infectious) and
metabolism (fluid, electrolyte, acid–base, glucose, or fat homeostasis in the short
term and additionally vitamin and trace element homeostasis in the long term), it is
reserved for those patients in whom the risk-to-benefit is appropriate. In general,
PN is used in patients who have temporary or permanent malfunction of the
gastrointestinal tract. The conditions in which enteral nutrition is contraindicated
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include the following: paralytic ileus, mesenteric ischemia, small bowel obstruction,
or enterocutaneous fistula (Table 1). Other conditions in which a trial of enteral
nutrition has failed with appropriate tube placement (post-pyloric) usually require
PN. Examples of such conditions are those with pancreatitis, malabsorption con-
ditions, or critical illness where mesenteric ischemia may be a contributing factor.

3. COMPATIBILITY AND STABILITY OF DRUGS WITH PN

3.1. General

Compatibility and stability problems associated with PN and medication use are
dependent on the composition of PN and sample formulas. Table 2 provides specific
components of PN formulations. The content of amino acid formulations (Table 3)
and IVFE (Table 4) is noteworthy, since these also contribute a multitude of
different chemical compounds to the final PN formulation (5). The variability in
content resulted in the recommendation that brand names for the amino acid and
IVFE products be included in patient-specific PN orders and labels (6).

Tables 5 and 6 provide sample formulas evaluated for drug–PN compatibility
(7,8). Since compatibility is dependent on the type of PN and its contents, the table

Table 2
Components of Parenteral Nutrition

Macronutrient Dextrose injection
Amino acids injection
Intravenous fat emulsion

Micronutrient
Electrolytes Sodium (as chloride, acetate, and phosphate salt)

Potassium (as chloride, acetate, and phosphate salt)
Magnesium (as sulfate and chloride salt)

Vitamins Calcium gluconate (only salt recommended for PN admixture)
Parenteral multivitamins (fat soluble: A, D, E, and K. Water soluble:

thiamin, riboflavin, niacin, pyridoxine, vitamin B12, folic acid,
biotin, pantothenic acid, and ascorbic acid)

Trace
elements

Multiple trace element products (include zinc, copper, chromium,
manganese, and selenium)

Table 1
Conditions Usually Requiring Parenteral Nutrition

Complete intestinal obstruction
Paralytic ileus (unless localized to the stomach)
High-output intestinal fistula (volume >500 mL/day)
Severe, intractable diarrhea (volume >1500 mL/day)
Short bowel syndrome
Severe hemodynamic instability
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provides sample PPN and CPN formulas with or without IVFE. The formulas
are presented in accordance with the Safe Practice Guidelines (6) developed
by the American Society for Parenteral and Enteral Nutrition (A.S.P.E.N.), in
a 1 L total volume so the total daily dose also represents the concentration of
ingredient per liter. It is important to represent PN formulas in this manner
because misinterpretation of the formula as patients transfer across health-care
organizations has resulted in patient harm. From this perspective, it is impor-
tant to represent the PN formula in a manner that facilitates its interpretation
related to the dose of nutrient (content). To meet the nutrient needs of patients

Table 3
Amino Acid Formulations

Type of Amino
Acid
Formulation*

Commercial
Product

(Manufacturer) Comments

Standard
solution

Aminosyn
(Abbott)

Aminosyn II
(Abbott)

Freamine III
(Braun)

Travasol (Baxter)

Contains a balanced amount of essential and
non-essential amino acids for general use.
Considered to be of high biological value

Hepatic formula Aminosyn HF
(Abbott)

Hepatamine
(Braun)

Formulas with higher amounts of branched-
chain amino acids and a lower content of
aromatic amino acids

Renal failure Aminosyn RF
(Abbott)

RenAmine
(Baxter)

NephrAmine
(Braun)

Products with higher content of essential
amino acids with or without additional
histidine and arginine

Metabolic stress/
trauma

Aminosyn HBC
(Abbott)

BranchAmin
(Baxter)

FreAmine HBC
(Braun)

Contains a higher content of branched-chain
amino acids

Pediatrics Aminosyn PF
(Abbott)

Trophamine
(Braun)

Premasol (Baxter)

Contains a lower content of methionine,
phenylalanine, and glycine. Also contains
taurine, glutamate, and aspartate

* Specific concentrations of each component differ between commercial products within each
formulation type
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ranging in weight from 50 to 100 kg, volumes of 1.5–2.5 L of these formulas
would need to be administered. For compatibility purposes, the manner by
which chemicals react are most often influenced by their concentration and

Table 5
Composition of 2-in-1 PN Solutions (7)

Formulas

Component and Unit Peripheral Line Central Line

Amino acids Injection Producta (g) 35 42.5
Dextrose (g) 50 250
Multivitaminsb (mL) 10 10
Trace elementsc (mL) 1 1
Electrolyted content

Sodium (mEq) 41 44
Potassium (mEq) 40 30–40
Calcium (mEq) 5–9 5–9
Magnesium (mEq) 8 8
Chloride (mEq) 65–78 43–65
Acetate (mEq) 25–31 30–38
Phosphorous (mmol) 3.5 10–15

aProducts tested: Aminosyn II 10%, Abbott Laboratories; FreAmine III 10%, Braun Laboratories
bM.V.I.-12, AstraZeneca
cAbbott, containing zinc 0.8 mg/mL, manganese 0.16 mg/mL, copper 0.2 mg/mL, and chromium

2 mg/mL as the chloride salts
dProvided from the addition of the following electrolyte salts: potassium phosphate, sodium

chloride, potassium chloride, and magnesium sulfate

Table 4
Composition of Intravenous Fat Emulsions in the United States

Component or Characteristic Intralipid (Baxter) Liposyn III (Hospira)

Oil (%) Soybean (10, 20, 30) Soybean (10, 20, 30)
Egg yolk phosphatide (%) 1.2 1.2
Glycerin (%) 2.25 2.5
Fatty acids (%)

Linoleic acid 50 54.5
Oleic acid 26 22.4
Palmitic acid 10 10.5
Linolenic acid 5 8.3
Stearic acid 3.5 4.2

Osmolarity (mOsm/L) 260–268 284–292
Approximate pH 8 8.3
Fat particle size (mm) 0.5 0.4
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environmental factors such as exposure to light and temperature. Therefore,
the concentration of ingredients (quantity per liter) is necessary to assess
compatibility of medications with PN.

3.2. Admixture Compatibility and Stability

Due to the high level of formula variability and patient-specific customization of
PN formulas (7), it is not feasible to test the compatibility of medications with every
PN formulation that could be used in clinical practice. The complex nature of PN
contributes to a high probability of incompatibilities when it is used as a vehicle for
drug administration or when it is co-infused via the same intravenous catheter.
These incompatibilities could result in precipitation in the venous catheter causing
malfunction of the catheter or, if administered, pulmonary emboli. Therefore,
admixture of medications with PN is not advised. However, there are periods when
there is no other alternative. In these cases, the following guidelines should be
followed:

� Assure the medication is stable and compatible with the PN formulation for the
period beginning with pharmacy admixture through completion of its infusion
(usually 24–36 h).

� Assure the PN remains stable and compatible with the medication additive.

Table 6
Composition of 3-in-1 PN Formulas (8)

Formulas

Component and Unit Peripheral Line Central Line

Amino acids injection producta (g) 30 49
Dextrose (g) 50 200
IVFEb (g) 20 35
Multivitaminsc (mL) 10 10
Trace elementsd (mL) 1 1
Electrolytee content

Sodium (mEq) 43 40
Potassium (mEq) 40 40
Calcium (mEq) 5–9 5–9
Magnesium (mEq) 8 8
Chloride (mEq) 35–45 35–45
Acetate (mEq) 42–52 45–68
Phosphorous (mmol) 7.5–15 10–15

aProducts tested: Aminosyn II 10%, Abbott Laboratories; FreAmine III 10%, Braun Laboratories
bProducts tested: Intralipid, Kabi Pharmacia, Inc.; Liposyn II and Liposyn III, Abbott Labor-

atories
cM.V.I.-12, AstraZeneca
dAbbott, containing zinc 0.8 mg/mL, manganese 0.16 mg/mL, copper 0.2 mg/mL, and chromium

2 mg/mL as the chloride salts
eProvided from the addition of the following electrolyte salts: potassium phosphate, sodium

chloride, potassium chloride, and magnesium sulfate
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� Assure the clinical effect of the drug is maintained if infused continuously with PN
and the dose of medication has been stabilized prior to PN admixture.

� Assure that there is a stable PN infusion rate.
� The PN should be labeled appropriately and reviewed in concert with the patient’s

medication profile to avoid therapeutic duplication or abrupt discontinuation of
medication therapy if the PN is discontinued.

In general, only histamine type-2 (H2) receptor antagonists and insulin have been
admixed with 3-in-1 PN (5,9). These drugs may also be admixed with 2-in-1 PN.
Other drugs demonstrating stability, compatibility, and clinical effect when
admixed with 2-in-1 PN include heparin, aminophylline, hydromorphone,
hydrochloric acid (maximum concentration: 100 mEq/L), and iron dextran (5,9).
Unfortunately, an evaluation of nutrient stability in these admixtures is not typ-
ically performed.

3.3. Co-infusion Compatibility and Stability

Co-administration with PN is often considered for intravenous medications that
would otherwise be administered via continuous infusion or as individual doses into
an existing intravenous catheter (i.e., ‘‘piggyback’’). This technique involves Y-site
administration with the drug administered either as a piggyback, continuous
infusion, or intravenous push at theY-site injection port of the venous access device.
Simulated studies of Y-site compatibility of medications with PN use a 1:1 volume
ratio of drug with PN. In adults, the time of drug exposure to PN is short due to the
rapid infusion of the medication and PN. In pediatrics, the time of contact is longer
due to the slower infusion rate of drug and PN. Trissel and co-workers have studied
the compatibility of medications with 2-in-1 and 3-in-1 PN formulations (7,8). This
information along with past reviews (5) is the basis for the compatibility data for
Tables 7, 8, 9, and 10. Compatibility is provided for 2-in-1 admixtures (Tables 7 and
9) as well as 3-in-1 (Tables 8 and 10) formulations. If the drug is not listed in any of
these tables, it has not been studied for compatibility and, therefore, should not be
administered by this technique. If a drug is not compatible with PN or if no
compatibility information exists, some options to consider for administration are
to use a separate lumen of amulti-lumen central venous catheter or cycle the PN and
administer the drug when the PN is not infusing. It is important to note the type of
reactions observed for incompatiblemixtures of drugs and PN. For 2-in-1 solutions,
reactions varied from the formation of a gross flocculent or yellow precipitate
(amphotericin B) to turbidity or color change (9). Incompatibility for 3-in-1 or
TNA admixtures frequently occurred as a result of damage to the emulsion integrity
and the possibility of the formation of free oil (9). Twenty-three of 106 commonly
used drugs were incompatible when studied against 9 different 3-in-1 formulations
based on visual inspection (8). Evaluations of drug stability or nutrient stability
were not performed.

In some instances, the incompatibility may be due to a single PN component, as
in the case of the interaction between ceftriaxone and calcium. It has been known
for some time that ceftriaxone has high calcium-binding affinity (10). Fatal
reactions associated with a precipitate of cetriaxone–calcium salt have occurred in
neonates receiving the antimicrobial co-administered with calcium-containing
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solutions including PN (11,12). This may even occur when administered through
different infusion lines. Although the reaction had not been reported in older
children or adults, the initial contraindication to the use of ceftriaxone in patients
receiving calcium-containing PN was broad nonetheless (11). Following further
study the absolute contraindication to concomitant use of ceftriaxone and intra-
venous calcium-containing preparations remains for neonates (�28 days of age).
For all other age groups the recommendation is to avoid simultaneous adminis-
tration via Y-site, or sequential administrationwithout thorough flushing of the line
between infusions (11a).

Table 7
Y-Site Injection Compatibility (1:1 Mixture): Drugs Compatible with 2-in-1 Solutions (5,7–9)

Amikacin sulfate
Aminophylline
Amoxicillin sodium
Ampicillin
Ampicillin/

sulbactam
Atracurium besylate
Aztreonam
Bumetanide
Buprenorphine HCl
Butorphanol tartrate
Calcium gluconate
Carboplatin
Cefazolin sodium
Cefepime
Cefotaxime
Cefoxitin
Ceftazidime
Ceftizoxime
Ceftriaxone sodium
Cefuroxime
Chlramphenicol

sodium succinate
Chlorpramazine HCl
Cimetidine HCl
Clindamycin

phosphate
Clonazepam
Cyclophosphamide
Dexamethasone

sodium phosphate
Digoxin

Diphenhydramine
HCl

Dobutamine
HCl

Dopamine HCl
Doxycycline
Droperidol
Enalaprilat
Epinephrine HCl
Erythromycin

lactobionate
Famotidine HCl
Fentanyl citrate
Fluconazole
Folic acid
Gentamicin sulfate
Granisetron HCl
Haloperidol lactate
Heparin sulfate
Hydrocortisone

sodium phosphate
Hydrocortisone

sodium succinate
Hydromorphone

HCl
Hydroxyzine HCl
Idarubicin HCl
Ifosfamide
IL-2
Imipenem–

cilastatin sodium
Insulin, regular

Iron dextran
Isoproterenol HCl
Kanamycin sulfate
Leucovorin calcium
Levorphanol tartrate
Lidocaine HCl
Linezolid
Lorazepam
Magnesium sulfate
Mannitol
Meperidine HCl
Mesna
Methyldopate HCl
Methylprednisolone

sodium succinate
Metronidazole
Milrinone lactate
Morphine sulfate
Multivitamins
Nafcillin sodium
Netilmicin sulfate
Nitroglycerin
Norepinephrine

bitartrate
Octreotide acetate
Ofloxacin
Ondansetron HCl
Oxacillin sodium
Paclitaxel
Penicillin G

Penicillin G
potassium

Pentobarbital
sodium

Phenobarbital
sodium

Piperacillin
sodium

Piperacillin
sodium–
tazobactam

Potassium
chloride

Prochlorperazine
edisylate

Propofol
Ranitidine HCl
Sargramostim
Sodium

nitroprusside
Tacrolimus
Ticarcillin

disodium
Ticarcillin

disodium–
clavulanate
potassium

Tobramycin
sulfate

Trimethoprim–
sulfamethoxazole

Urokinase
Vancomycin HCl
Vecuronium

bromide
Zidovudine
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Table 8
Y-Site Injection Compatibility (1:1 Mixture): Drugs Compatible with 3-in-1 (TNA)
Formulations (5,7–9)

Amikacin sulfate
Aminophylline
Amoxicillin

Sodium
Ampicillin
Ampicillin/

sulbactam
Aztreonam
Bumetanide
Buprenorphine

HCl
Butorphanol

tartrate
Calcium gluconate
Carboplatin
Cefazolin sodium
Cefotaxime
Cefoxitin
Ceftazidime
Ceftizoxime
Ceftriaxone

sodium
Cefuroxime
Chlorpramazine

HCl
Cimetidine HCl
Cisplatin
Clindamycin

phosphate
Cyclophosphamide

Cytarabine
Dexamethasone

sodium
phosphate

Digoxin
Diphenhydramine

HCl
Dobutamine HCl
Enalaprilat
Erythromycin

lactobionate
Famotidine HCl
Fentanyl citrate
Fluconazole
Furosemide
Gentamicin sulfate
Granisetron HCl
Hydrocortisone

sodium
phosphate

Hydrocortisone
sodium succinate

Hydroxyzine HCl
Ifosfamide
Imipenem–cilastatin

sodium
Insulin, regular

Isoproterenol HCl
Kanamycin sulfate
Leucovorin calcium
Levorphanol tartrate
Lidocaine HCl
Magnesium sulfate
Mannitol
Meperidine HCl
Meropenem
Mesna
Methotrexate sodium
Methylprednisolone
sodium succinate

Metronidazole
Morphine sulfatea

Nafcillin sodium
Netilmicin sulfate
Nitroglycerin
Norepinephrine
bitartrate

Octreotide acetate
Ofloxacin

Oxacillin sodium
Paclitaxel
Penicillin G

potassium
Piperacillin

sodium
Piperacillin

sodium–
tazobactam

Potassium
chloride

Prochlorperazine
edisylate

Promethazine HCl
Ranitidine HCl
Sodium

bicarbonate
Sodium

nitroprusside
Tacrolimus
Ticarcillin

disodium
Ticarcillin

disodium–
clavulanate
potassium

Tobramycin
sulfate

Trimethoprim–
sulfamethoxazole

Vancomycin HCl
Zidovudine

aMorphine sulfate incompatible at concentrations of 15 mg/mL but compatible at a
concentration of 1 mg/mL (7).

Table 9
Y-Site Injection Compatibility (1:1 Mixture): Drugs Incompatible with 2-in-1 Solutions (5,7–9)

Acyclovir
Amphotericin B
Cefazolin sodium
Cisplatin
Cyclosporine
Cytarabine

Doxorubicin
Fluorouracil
Furosemide
Ganciclovir sodium
Immunoglobulin
Methotrexate sodium

Metoclopramide HCl
Midazolam HCl
Minocycline HCl
Mitoxantrone HCl
Phenytoin sodium

Potassium phosphate
Promethazine HCl
Sodium bicarbonate
Sodium phosphate
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Lists of medication compatibility are often made as a matter of health-care
provider convenience. However, compatibility for a specific formula is very much
dependent on the PN composition, the drug, its concentration, time of exposure in
the access catheter, and environmental temperature as well as exposure to light.
Because of the complexity of drug–PN compatibility, original research reports
regarding experimental conditions and assay determinations should be reviewed
for similarities/differences of conditions for use at a specific institution or place of
administration, especially if it is to be in the home (5). Trissel’s Handbook of
Injectable Drugs (9) provides a comprehensive table of drug–PN compatibility
providing experimental conditions, PN formulations, and original citations for
the compatibility information.

Since there is a potential for serious harm caused by the incompatible mixture of
drugs with PN, safe practice guidelines (6) have been developed and should be
followed. These are quoted below:

� The responsible pharmacist should verify that the administration of drugs with PN
either admixed in the PN or co-infused through the same intravenous tubing is safe,
clinically appropriate, stable, and free from incompatibilities.

� If there is no information concerning compatibility of the medication with PN, it
should be administered separately from the PN.

� Compatibility information should be evaluated according to concentration of the
medication used and whether the base formulation is a 2-in-1 or a TNA (3-in-1).

4. INFLUENCE OF PN ON PHARMACODYNAMICS
AND PHARMACOKINETICS OF DRUGS

4.1. Glycemic Control

The predominant influence of PN on drug action is related to glucose control.
Abnormalities in glucose homeostasis have led to serious harm and death associated
with PN (13).Wolfe et al. determined the rate ofmaximum rate of glucose oxidation in
patients receiving PN to be 4–5 mg/kg/min (14). Rosemarin et al. (15) found that
hyperglycemiawas associatedwith glucose infusion rates that exceeded 4–5mg/kg/min.

Table 10
Y-Site Injection Compatibility (1:1Mixture):Drugs Incompatible with3-in-1 (TNA) Formulations (5,7–9)

Acyclovir
Amphotericin B
Cyclosporine
Dopamine HCl
Doxorubicin
Doxycycline hyclate
Droperidol
Fluorouracil

Ganciclovir
sodium

Haloperidol
Heparin
Hydrochloric acid
Hydromorphone
Iron dextran
Levorphanol

tartrate

Lorazepam
Methyldopate HCl
Midazolam HCl
Minocycline HCl
Morphinea sulfate
Nalbuphine HCl
Ondansetron HCl

Pentobarbital
sodium
Phenobarbital
sodium
Phenytoin sodium
Potassium phosphate
Sodium phosphate

aMorphine sulfate incompatible at concentrations of 15 mg/mL but compatible at a
concentration of 1 mg/mL (7).
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Therefore, the ability to control glucose in PN patients is dependent on the dose of
glucose prescribed. This is particularly important as it relates to the current practice of
maintaining normal glucose values in critically ill patients (16) and values<150mg/dL
for other patient types. These concepts will influence the indication, route, and type of
drug uses to control blood glucose. In some circumstances, insulin may be required.
In other cases such as the insulin-dependent diabetic, the type and route of adminis-
tration may need to be revised because the parenteral route of nutrition, bypasses
physiologic regulation through the enterohepatic route. In practice, there are variable
approaches to glucosemanagement, so guidelines have been developed to facilitate safe
practices in glucose control for PN patients (6).

� Insulin use in PN should be done in a consistent manner according to a method that
health-care personnel have adequate knowledge.

A.S.P.E.N. Safe Practices for PN outline issues related to hyperglycemia and PN
as follows:

� Diabetic patients receiving PN have a fivefold increase in catheter-related infections
than non-diabetic patients (17).

� Administration of carbohydrate calories in excess or 4–5 mg/kg/min or 20–25 kcal/kg/
day exceeds the mean oxidation rate of glucose predisposing to hyperglycemia.

� A reasonable target glucose level is between 100 and 150 mg/dL.
� Diabetic patients should not receive more than 100–150 g of dextrose on day 1 of PN.

No more than 100 g per day should be given to patients who have been previously
treated with insulin, oral hypoglycemic agents, or patients with fasting glucose levels
>200 mg/dL.

� A reasonable starting dose of insulin (Note: only regular human insulinmay be safely
admixed with PN) is 0.1 units per gram of dextrose. If the patient is hyperglycemic, a
dose of 0.15 units per gram of dextrose should be used.

� Capillary glucose should be measured every 6 h with appropriately dosed sliding
scale insulin coverage to maintain glucose in the goal range.

4.2. Oral Anticoagulants

Another potential effect of PN on drug action is the inclusion of vitamin K1

(phylloquinone; phytonadione) in parenteral multivitamin products as recently
mandated by the FDA (18). The concern for PN is not so much the dose of vitamin
K in the product but that not all multivitamin products contain vitamin K, and
IVFEs contain variable amounts of vitamin K depending on the product. This can
create problems as the patient transfers from one health-care setting to another
which may use a different IVFE product or multivitamin product.

4.3. Influence of PN on Drug Elimination

Drugs are eliminated from the body via metabolism (especially hepatic) and/or
excretion (hepatic, renal). The pathways involving enzymes and transporters are in
part dependent on nutritional status. Any influence of PN on drug elimination may
have clinical consequences. It is difficult to distill the effects of baseline nutritional
status and underlying disease from PN components on enzyme function. Just by
correcting malnutrition, PN may normalize drug metabolism that had been
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previously altered by malnutrition. PN-associated liver disease represents hepatic
injury/inflammation and may also influence hepatic function including drug
metabolism. It has also been suggested that administration of PN itself increases
pro-inflammatory cytokines which could contribute to depressed cytochrome P450
enzyme (CYP) expression and activity (19). In animal models, administration of
lipid-free PN seems to play a role in the significant influence on enzyme protein
synthesis and function and additionally is iso-enzyme specific (20). While IVFE
prevented the CYP downregulation seen in animal models (21), the effect in
animals extends to significant reductions in phase 2 (i.e., conjugation) drug
metabolism (22).

Malnourished patients receiving PN repletion have exhibited increased (corr-
ected) activity in CYP metabolic activity (23). The CYP enzyme system is
sensitive to PN regimens with significantly decreased activity noted in patients
receiving post-operative PN from dextrose-based compared with isonitrogenous
mixed dextrose–lipid formulations or a control group receiving IV fluids (24).
Recent reviews underscore that an exact mechanism(s) is still not completely
understood (25,26). The effects may be nutrient specific. The inclusion of
glutamine in PN formulations attenuates the PN-associated suppression of
CYP3A and CYP2C activity (27). Choline-supplemented PN increases the
activity of CYP2E1 compared with unsupplemented PN (28). Preliminary find-
ings suggest that intravenous iron may increase hepatic CYP3A4 activity as seen
in a subset of patients requiring hemodialysis with low baseline activity (29).
The influence of PN on drug metabolizing enzymes and on drug transporters,
including those at the liver responsible for excretion, is an area that could have
significant clinical impact and requires further study.

4.4. Others

Finally, PN is a hyperosmolar fluid infused intravenously that could influence
the volume of total body and extracellular fluid. If not closelymonitored, changes in
extracellular fluid volume could influence drugs that are predominantly distributed
to that space (e.g., aminoglycoside and b-lactam antibiotics). Also, long-term PN
may adversely affect hepatobiliary function thereby having the potential to effect
drugs that undergo hepatobiliary metabolism and excretion.

5. SUMMARY

Numerous factors influence the stability and compatibility of drugs and PN.
The PN composition, the chemical nature of the drug, the time of contact of drug
with PN, and environmental conditions influence whether a drug can be safely
administered with PN. Drug interactions with PN may be significant. The inter-
action may result in a decrease in clinical drug and/or nutrient effect, occlusion of
the venous catheter, or symptoms or death caused by infused particulates. Safe
practices (6) for drug administration with PN have been developed to assist
organizations in developing systems to minimize or avoid drug–nutrient inter-
actions with PN.
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DISCUSSION POINTS

Drug–nutrient interactions in patients receiving parenteral nutrition:

� PN is a complex admixture of over 40 different chemical compounds.
� PN is used in malnourished patients when the gastrointestinal tract in not

functional or should not be used.
� Drug compatibility with PN is dependent on whether the PN is a 2-in-1 or 3-in-1

formula.
� Drug–PN incompatibilities could result in the formation of a precipitate that

causes catheter malfunction or pulmonary emboli if infused.
� The effect of a drug may be influenced by PN administration as a result of clinical

effect (hyperglycemia), alteration in hepatic metabolism, or changes in the volume
of body fluid compartments.
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IV INFLUENCE OF MEDICATION

ON NUTRITION STATUS, NUTRIENT

DISPOSITION, AND EFFECT



15 Drug-Induced Changes to Nutritional
Status

Jane M. Gervasio

Objectives

� Identify drugs associated with alterations in weight and their subsequent effect on growth.

� Understand varying taste alterations and their effect on nutrition intake.

� Recognize the differing drugs’ mechanisms of action or their adverse effects and the varying

nutritional complications which may ensue.

Key Words: Body weight; gastrointestinal; metabolism; nutritional status; taste

1. INTRODUCTION

Drug-induced changes to nutritional status may be a direct or an indirect
consequence of a chemical class or specific medication. Recognizing and acknow-
ledging drug-induced changes to nutritional status is imperative for optimal patient
care. Changes to overall nutritional status or to nutrient-specific status can be
multifactorial. Medication may affect the patient’s nutritional status by altering
body weight and growth, altering taste perception (thereby decreasing intake),
decreasing nutrient absorption, altering macronutrient metabolism, or depleting
essential vitamins andminerals. Either as a result of the drug’s mechanism of action
or by its adverse effect profile, a patient’s nutritional status may be affected. Drug-
induced changes to nutritional status may be considered a subclass of adverse drug
effects (1).

2. DRUGS ASSOCIATED WITH WEIGHT GAIN

Treatment with medication for therapeutic purposes may result in an adverse
effect of weight gain. The most commonly reported agents include psychotropics,
antidiabetic drugs, corticosteroids, estrogen, and oral contraceptives, as well as
alcohol, b-blockers, and cyproheptadine (2–4).

From: Handbook of Drug-Nutrient Interactions
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2.1. Psychotropic Agents

Psychotropic medications are the most commonly reported group associated
with weight gain. This drug-induced weight gain can result in increased risk for
diabetes, coronary artery disease, and other health-related problems (5). Negative
self-image from the weight gain can further complicate the patient’s success with
psychotropic therapy (6). Psychotropic medications associated with large weight
gain include chlorpromazine, clozapine, olanzapine, valproate products, lithium,
amitriptyline, imipramine, mirtazapine, risperidone, and ziprasidone though many
of the remaining antipsychotic and antidepressant drugs have also been associated
with some weight gain (7).

2.2. Antidiabetic Agents

Insulin, sulfonylureas, and thiazolidinediones administered for diabetes control
are also associated with weight gain. Studies have reported weight increases from
0.8 to 6.6 kg after the start of the medication. Additionally, the higher dosages were
associated with greater weight gain. Most weight gain reached a plateau effect by
6–12 months (2).

2.3. Steroids

Reported adverse effects of testosterone, testosterone derivatives, and selec-
tive estrogen receptor modulators include weight gain. Subsequently, they have
been used purposefully to facilitate weight gain in the malnourished patient.
Oxandrolone, a testosterone derivative, is FDA approved to promote weight
gain in patients who have lost weight as a result of chronic infection, surgery,
or severe trauma (8). Smoked marijuana, oral dronabinol, megestrol acetate,
and anabolic steroids have been successfully used for the promotion of weight
gain in anorexia–cachexia syndromes including HIV/AIDS and cancer (9–11).
Testosterone therapy allows for reduction in fat mass while lean body mass
increases in HIV-positive patients with low testosterone levels and abdominal
obesity (12).

2.4. Management

The clinician must assess true weight gain from the medication before changing
or initiating new treatment. Patients starting hormone replacement therapy
associate weight gain with their medication when, in fact, it may solely be due to
their entrance into menopause (13). Continuous replacement therapy may reduce
central fat accumulation, but influences on body weight may depend on body
composition before treatment (14,15). Patients experiencing relief from symptoms
of depression may eat more or overindulge. Patient education concerning body
changes, proper diet, and exercise must be incorporated into the overall care of the
patient.

Drug-associated weight gain does not regress easily, particularly given the
high degree of adiposity in the weight gain. The extent of weight change
depends on the specific drug, the dosage, and the duration of treatment (7).
The clinician must assess each patient’s clinical presentation. Lower dosages or
alternative medications within a therapeutic category may need to be
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instituted. For example, psychotropic medications such as fluoxetine, isocar-
boxazide, lamotrigine, and topiramate are associated with weight loss and may
be an alternative to other medications. Lower dose oral contraceptives and
estrogen products may alleviate the problem of increased weight seen with this
class of drugs (16).

3. DRUGS ASSOCIATED WITH WEIGHT LOSS

3.1. Stimulants

Drugs associated with weight loss are predominantly central nervous system
stimulants. While the stimulants’ anorexic properties have been used for weight
loss in obese patients, many times it is an unwanted adverse effect. Children
receiving stimulant medications for attention deficit hyperactivity disorder may
also have minor growth suppression as well as weight loss but this does not appear
to affect adult height or weight (17). More common drug stimulants are listed in
Table 1.

3.2. Others

Serotonergic drugs, including selective serotonin reuptake inhibitors (SSRI)
and serotonin receptor agonists (SRA), have been reported to cause weight
loss in non-obese and obese individuals. The effect is strongly associated with
hypophagia and is probably mediated by the hypothalamic melanocortin sys-
tem (18). While drugs like fenfluramine and dexfenfluramine, both voluntarily
removed from the market, were manufactured for the sole purpose of weight
loss, SSRI and SRA are marketed for other medical conditions. Unrelated to a
serotonin or norepinephrine mechanism, the antiepileptic drug topiramate has
been shown in short-term evaluations to reduce body weight in patients with
obesity (19,20). Lamotrigine, another antiepileptic agent, is associated with
weight loss as seen in the treatment of bipolar disorder (21). The side effect of

Table 1
Drug Stimulants

Amphetamine
Armodafinil
Caffeine
Dextramphetamine
Doxapram
Ergotamine
Lisdexamfetamine
Methamphetamine
Methylphenidate
Modafinil
Theophylline
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appetite suppression from these drugs may be of benefit or consequence when
selecting a medication for treatment. The health-care practitioner must evalu-
ate the patient before initiation of the medication.

Other medications that may exhibit an anorexic adverse effect include the
antihistamines, bethionol, dacarbazine, epirubicin, etoposide, fluvoxamine, per-
hixiline, pimozide, sibutramine, temozalomide, trazodone, and zonisamide.

3.3. Drugs with Potentially Excessive Social Use

Evidence that caffeine and caffeinated beverages (cola, tea, coffee) result in
weight loss is lacking. Caffeine has been shown to cause greater thermogenesis,
lipolysis, fat oxidation, and insulin secretion in non-obese individuals than in obese
individuals (22). Additionally, weight loss may be induced from increases in
physical activity and improved exercise performances associated with caffeine and
caffeinated beverages (23). Further research is necessary before caffeine and caffei-
nated beverages should be recommended for weight loss. However, in patients
presenting with weight loss or anorexia, decreasing consumption of caffeine may
be warranted.

Alcohol intake in women and nicotine intake in both men and women are
associated with lower body weight. The mechanism of action of alcohol or
nicotine weight loss is unknown. Perkins and colleagues (24) showed a sig-
nificant thermogenic effect with nicotine alone or in combination with alcohol
in men but not women. Alcohol alone in either men or women and nicotine
alone in women showed no thermogenic effect. Hence, it is speculated that
in women, nicotine acts by suppressing appetite but more research is still
needed.

3.4. Management

The clinician must ascertain whether a patient’s weight loss is related to a
medication or indicative of another underlying condition. Any advantages in con-
tinuing a medication must be balanced against the patient’s unwanted weight loss.
Lower dosages or alternative medications may be necessary. Drug holidays in
children receiving stimulants may be indicated (25).

4. ALTERED TASTE PERCEPTION

4.1. Drug Induced

Medication-induced changes to an individual’s perception of taste can result in
decreased oral intake and weight loss (26,27). Taste is mediated by chemosensory
nerves that respond to stimulatory chemicals by direct receptor binding, opening
ion channels, or second messenger systems using cyclic nucleotides and phosphory-
lated inositol (28,29). Medications disrupting these cellular processes may result in
symptoms of ageusia (loss of taste), dysgeusia (distortion of taste), hypogeusia
(decreased sense of taste), and phantogeusia (gustatory hallucination) (Table 2)
(28–31).

Dry mouth (xerostomia) is also associated with altering taste perception.
Xerostomia results from the suppression of saliva production. Decreased saliva
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Table 2
Drug-Induced Taste Disorders

Drug Taste Defect Drug Taste Defect

Acemetacin D Bretylium H-salt
Acetazolamide D-acid Bromocriptine P
Acetylsulfosalicyclic D Bupropion D
Adriamycin D Butorphonol D
Albuterol D Cadmium D-metallic
Alcohol Calcifediol D-metallic
Allopurinol D-metallic Calcitriol D-metallic
Alprazolam H Calcitonin D-metallic, P-salt
Ambifylline D-bitter Calcium salts D-metallic
Amethocaine D-bitter/

sweet
Captopril A, D-bitter, P-metallic/

salt/sweet
Amezinium D Carbamazepine A, H, P
Amiloride
Amiodarone
Amiloride
Amitriptyline
Amlodipine
Amonafide
Amphotericin B
Amphetamine
Ampicillin
Amrinone
Amydricaine
Anisotropin
Antimony
Antithrombin III
Apomorphine
Apraclonidine
Aspirin
Auranofin
Azathioprine
Azelastine
Azothioprine
Azithromycin
Aztreonam
Bacampicillin
Baclofen
Beclomethasone
Benoxaprofen
Benzocaine
Bepridil
Bevacizumab
Biguanides
Bismuth
Bleomycin

A, D-salt, H
D
A, D-salt
H
D
D
H, P-metallic
D-bitter/sweet
H
H
D-sweet
A
D-bitter
D
D-metallic
D
D-bitter, H
H, D-metallic
H
D-bitter, metallic
P
D
D
H
A, H, P
A, H
A
D-sour
D
D
D-metallic, H
D-metallic
A, D, H

Carbenicillin
Carbimazole
Carboplatin
Carmustine
Cefacetrile
Cefadroxil
Cefamondole
Cefpirome
Cefodizime
Cefpodoxime
Ceftriazone
Cephalexin
Chlorhexidine
Chlormezanone
Chlorthalidone
Cholestyramine
Choline magnesium
trisalicylate

Cilazapril
Cimetidine
Ciprofloxacin
Cisplatin
Clarithromycin
Clomipramine
Clofibrate
Cocaine
Colchicine
Corticosterones
Cyclobenzaprine
Dantrolene
Daunorubicin
Deferoxamine
Desipramine

D
H
H
D-metallic
D, H
D
D
D
D
D
P-metallic
D
D, H-salt
A, H, P
D
D
A

D
H, P
D
A,D, H
H
D
H
D-sweet, H
H
H
P
D
D
D
D

(Continued )
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Table 2
(Continued)

Drug Taste Defect Drug Taste Defect

Dexamphetamine
Diazepam
Diazoxide
Diclofenac
Dicyclomine
Didanosine
Dilitiazem
Dimethyl sulfoxide
Dinitrophenol
Dinoprostone
Dinitrophenol
Dipyridamole
Disulfiram
Dicyclomine
Dorzolamide
Doxazosin
Doxepin
Doxorubicin
Duloxetine
EDTA
Enalapril

Ergocalciferol
Esmolol
Esomeprazole
Estazolam
Ethacrynic acid
Ethambutol

Ethchlorvynol
Ethionamide
Etidronate
Etodolac
Etretinate
Eucaine
Famotidine
Felbamate
Fenfluramine
Filgrastim
Flecainide
Flosequinan
Flunisolide
5-Fluorouracil
Fluoxetine
Fluphenazine

D
H
A,D,H
D
A
D, H
A,D, H
D
H
D
D-salt
D-metallic, P-salt
D, P-metallic
A
D
D
H
D, H
D
D
A, D-metallic, H,

P-salt
P-metallic
D
D
D
H
D-metallic, H,

P-metallic
P
D-metallic
A, H
D
D
D-sweet, H
D
D
D
D
D
D
A, D, H
D-sweet, H
D
P

Flurazepam
Flurbiprofen
Foscarnet
Fluphenazine
Fosinopril
Furosemide
Gallium
Glipizide
Glycopyrrolate
Gold salts
Granisetron
Griseofulvin
Guanfecine
Hydralazine
Hydrochlorothiazide
Hydrocortisone
Hyoscyamine
Ibuprofen
Idoxuridine
Imipramine
Inamrinone
Indomethacin
Insulin
Interferon-a
Interferon-g
Interleukin-2
Iodine
Isococaine
Isopropamide
Isosorbide Nitrates
Isotretinoin
Ketoprofen
Ketoralac
Labetalol
Lansoprazole
Lead
Levamisole
Levodopa
Levofloxacin
Lidocaine
Lincomycin
Lisdexamfetamine
Lisinopril
Lithium
Lomefloxacin

D-metallic, bitter
D
D
P
H
D-sweet, H, P-sweet
D-metallic
D
A
A, D-metallic, P
D
D, H
D
D
A,D
H
A
D, H
D
H
D, H
H
A, H
D, P
D-metallic
H
D-metallic
D-sweet
A
P
D, H
D, H
D
D
D
D-metallic
D-metallic
D-bitter, H, P
D
D-sweet, H
D, H
D
D, H
D-metallic
A
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Lomustine
Loratadine
Losartan

Lovastatin
Mazindol
Mefenamic acid
Mercury
Methscopolamine
Methimazole
Methocarbamol
Methotrexate
Methscopolamine
Methyldopa

Methylthiouracil
Metoclopramide
Metolazone
Metronidazole

Mexiletine
Minocycline
Misoprostol
Monoctanion
Moracizine
Moxifloxacin
Nabumetone
Nedocromic
Nickel
Nicotine
Nifedipine
Niridozole
Nitroglycerin
Norfloxacin
Nortriptyline
Nuproxen
Nylidrin
Ofloxacin
Omega fatty acids
Omeprazole
Opiates
Oxaprozin
Oxazepam
Oxyfedrine
Palifermin
Paroxetine
Penicillamine

D
D
A, D-salt/sour/

sweet
A
D
H
D-metallic
D
A, H
D-metallic
H, D-metallic
A
D-metallic, H,

P-metallic
H
H
P-metallic
D-metallic, H,

P-metallic
D
D
D
D-metallic
P
D
D
D-bitter
D-metallic
D
A, D-metallic, H
D
A, D, H
D-bitter
D
D
D-metallic
A, D
D
D
A
H, P
H
D, H
D
D
A, D-metallic/

salt, H

Pentamidine

Pentazocine
Pergolide
Perindopril
Phendimetrazine
Phenformin
Phenindione
Phentermine
Phenylbutazone
Phenytoin
Piperacillin
Pirbuterol
Piroxicam
Pravastatin
Procainamide
Procaine PCN
Promethazine
Propafenone
Propranolol
Propylthiouracil
Protirelin
Pseudoephedrine
Quinapril
Ramelteon
Rifabutin
Rimantadine
Risperidone
Scopolamine
Selegiline
Selenium
Sertraline
Sodium lauryl sulfate
Spironolactone
Stibogluconate
Streptomycin
Sucralfate
Sulfasalazine

Sulindac

Sumatriptan
Tacrine
Tegafur
Telithromycin
Tellurium
Temsirolimus
Terbinafine

D-metallic, H,
P-metallic

D
D
A, D-bitter
D
D-metallic
D, H
D
A, H, P
H
H
D, H
H
D
P
D-metallic, H
H
D-metallic, bitter
A, D, H
A, D, H
D-metallic
D
D
D
A
D, H
P
H
D
D-metallic
D
H
A, H
D-metallic
H
H
H, D-sweet,

P-metallic
A, D-metallic,

P-metallic
D-bitter
D
D-metallic
D
D-metallic
D
A, H

(Continued )
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production alters the ion concentrations between the saliva and the plasma
resulting in decreased taste sensation. Many drugs are associated with xerosto-
mia, especially those medications with anticholinergic properties. Medications
often associated with xerostomia include amitriptyline, brompheniramine, bume-
tanide, cetirizine, cyclopentolate, cyproheptadine, didanosine, diphenhydramine,
flecainide, flunitrazepam, granisetron, imipramine, isoniazid, loratadine, mesal-
amine, molindone, nizatidine, nomifensine, nortriptyline, ondansetron, olanza-
pine, orphenadrine, oxybutinin, pentoxyfylline, procainamide, propantheline,
rimantadine, selegiline, sertraline, terfenadine, trazodone, and trimethobenza-
mide (29).

4.2. Management

If the offending medications cannot be discontinued or the dosage
decreased, supplemental therapy may be offered. Masking techniques including
chewing sugarless gum or using lozenges or breath mints to help alleviate dry
mouth or altered taste may be tried. Artificial saliva spray and pilocarpine oral
tablets have successfully been used for xerostomia. Davies and colleagues (32)
reported statistically significant improvement in xerostomia symptoms with
pilocarpine 5 mg three times a day over artificial saliva spray. Though both
therapies improved dry mouth symptoms, many patients preferred the conven-
ience of the saliva spray (32).

Table 2
(Continued)

Drug Taste Defect Drug Taste Defect

Terfenadine
Tetracycline
Thallium
Thiamazole
Thiouracil
Tiagabine
Tinidazole
Tiopronin
Tocainide
Tolbutamide
Tramadol
Tranylcypromine
Trazodone
Triamterene
Triazolam

D
D-metallic
D-metallic
A
H
D
D
A, D
D-metallic
D
D
D
P
H
A, D

Trichlormethiazide
Tridihexethyl chloride.
Trihexyphenidyl
Trifluoperazine
Trimipramine
Varenicline
Venlafaxine
Vincristine
Vitamin D
Vorinostat
Zalcitabine
Zidovudine
Zinc oxide
Zolpidem
Zopiclone

H
A
H
P
P
D
D, H
H
D-metallic
D
D
D
D-metallic
D
A, D-bitter

D¼dysgeusia; H¼hypogeusia; A¼aguesia; P¼phantogeusia; EDTA¼ethylenediaminetetra-
acetic acid
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Betaine-containing toothpaste has been reported to reduce xerostoma in patients
with chronic dry mouth. In a double-blind, crossover study, 60% of patients
reported improvement from their symptoms of dry mouth after using toothpaste
containing betaine. No changes were reported in saliva flow rates, oral mucosa, or
mouth microflora (33).

Conflicting reports have been shown using zinc supplementation for the
treatment of taste disturbances (31,34). Impaired taste sensation is a clinical
manifestation of zinc deficiency. A variety of etiological factors have been att-
ributed to zinc deficiency including drug therapy. If the patient is experiencing
taste disturbances from zinc deficiency, administration of zinc sulfate may be
beneficial. The implementation of zinc therapy is not indicated for everyone.
Souder et al. (35) reported 34% of patients with chemosensory disorders were
treated with zinc but only 6% of those patients experienced any relief of symp-
toms. Careful assessment of the underlying cause of the taste disturbance must be
performed.

5. DRUGS ALTERING GASTROINTESTINAL FUNCTION

5.1. Overview of Gastrointestinal Function

One of the primary functions of the gastrointestinal (GI) tract is to provide the
body with a continual supply of water, electrolytes, and other nutrients. The GI
tract is composed of the following layers: (1) the serosa, (2) a longitudinal muscle
layer, (3) a circular muscle layer, (4) the submucosa, and (5) the mucosa. The
innervations of theGI tract are supported by the enteric nervous system. The enteric
nervous system controls most of the GI functions under the direction of the
autonomic nervous system. Sympathetic and parasympathetic nervous signals
from the brain to the GI tract strongly affect the degree of activity of the enteric
nervous system. Acetylcholine and norepinephrine are the primary neuro-
transmitters for the parasympathetic and sympathetic system, respectively.
Additional GI neurotransmitter receptors include cholinergic, histaminic, dopami-
nergic, opiate, serotonergic, and benzodiazepine receptors. Any drug affecting these
neurotransmitters, either centrally or locally, can affect GI tract function (36,37).
Ultimately, drugs altering the GI tract function of absorbing nutrients will affect
nutritional status.

5.2. Drug-Induced Emesis

Prolonged or severe vomiting will alter the absorption of nutrients. While
vomiting is a reported side effect from numerous medications, it is usually not
lingering. Tolerance to a medication or alternative therapy usually is rendered
and nutritional complications are not a concern. Nutritional complications
become a concern when vomiting is prolonged or severe, most notably from
cytotoxic chemotherapy. Cytotoxic chemotherapy may be highly emetogenic.
Chemotherapy agents associated with the most emetogenic potential include
aldesleukin, altretamine, carboplatin, carmustine, cisplatin, cyclophosphamide,
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dacarbazine, dactinomycin, daunorubicin, doxorubicin, epirubicin, idarubicin,
ifosfamide, irinotecan, lomustine, mechlorethamine, mitoxantrone, pentostatin,
and streptozocin (36).

5.3. Drug-Induced Motility Disturbances

5.3.1. INCREASED MOTILITY

Medications that increase themotility of theGI tract or causeGI intolerancemay
result in abdominal pain, cramping, or diarrhea. Similar to vomiting, if these
adverse effects are prolonged or severe, altered nutrient absorption may result.
Furthermore, patients experiencing abdominal pain and cramping from a
medication may decrease nutrient intake simply due to decreased appetite. Nutrient
losses resulting from prolonged or severe diarrhea are due to increased
oral–cecal transit or decreased GI absorption time. Aspirin, other nonsteroidal
anti-inflammatory agents, and iron are notorious for causing GI irritation. Medi-
cations associated with increasing motility include metoclopramide, erythromycin,
and cisapride.

Patients may become tolerant of the offending medication. If adverse effects
do not subside, alternative therapy may be instituted or the medication dis-
continued. Antidiarrheal medications may be introduced but careful consider-
ation must be given to potential contraindications. Resulting decreases in GI
motility from antidiarrheal medications may cause constipation and bowel
obstruction.

5.3.2. DECREASED MOTILITY

As previously mentioned, decreased GI motility may also result in inad-
equate delivery of nutrients. Decreased GI motility is associated with opioids
and anticholinergic medication or those with anticholinergic effects. Opioids
increase the resting tone of smooth muscles in the GI tract resulting in delayed
gastric emptying and decreased peristaltic movement (37). The effectiveness of
opioids for the relief of pain is often limited by its side effect of GI dysfunc-
tion. Implementation of stool softeners or laxatives may be indicated. Novel
selective peripheral opioid receptor antagonists (e.g., alvimopan) may be consid-
ered in managing opioid-induced bowel dysfunction in the acute care setting
(38,39).

Anticholinergic agents decrease GI motility by blocking the action of acetylchol-
ine at the parasympathetic receptor sites. Several anticholinergic medications
are currently available and are in use including atropine, belladonna, ben-
ztropine, hyoscyamine, ipratropium, isopropamide, oxybutynin, scopolamine,
and trihexyphenidyl. Other commonly prescribed medications with anticholinergic
effects include psychotropic agents such as amitriptyline, diphenhydramine,
imipramine, olanzapine, procainamide, and zotepine. In patients where severe
constipation or bowel obstruction occurs, these medications should be discontinued
and alternative therapy instituted.
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6. DRUG-INDUCED METABOLIC EFFECTS

Alterations in metabolic function or macronutrient status of a patient may be
attributed to medication as well. Drug-induced alterations in glucose and lipid
metabolism have been reported with several medications. Acute metabolic changes
may range from transient to life threatening for the patient. Drug-induced osteopo-
rosis and pancreatitis may be chronic consequences of exposure to some
medication.

6.1. Hyperglycemia

Drug-induced hyperglycemia may result from fluctuations in a patient’s metab-
olism. Drug-induced episodes of hyperglycemia may worsen glucose control in the
diabetic patient as well as increase patient risk for developing hyperglycemia and
subsequent diabetes. Since the introduction of antipsychotic medication, alterations
in glucosemetabolism have been reported.Medications for schizophrenia or schizo-
affective disorders are associated with increases in blood glucose concentrations
and type 2 diabetes. The atypical or second-generation antipsychotic drugs, includ-
ing clozapine, olanzapine, and risperidone, have a stronger diabetogenic effect than
the classical antipsychotics (e.g., haloperidol). Cohen et al. reported that among 200
mainly Caucasian patients with schizophrenia or schizoaffective disorder, 7%
suffered from hyperglycemia and 14.5% from diabetes. The prevalence of diabetes
was significantly greater compared with the general population (40).

Beta-blockers, especially in patientswith type 2 diabetes, have been reported to cause
hyperglycemia resulting in part from inhibition of insulin release (41). Corticosteroids
are associated with decreased peripheral utilization of glucose, promotion of gluco-
neogenesis, and accelerated synthesis of glucose. Hyperglycemia reported from the use
of oral contraceptives is associated with decreased insulin receptor binding or a post-
receptor defect in insulin actions (42). New-onset diabetes has been associated with
immunosuppressant agents – particularly corticosteroids and calcineurin inhibitors
(e.g., cyclosporine, tacrolimus) – used following organ transplantation (43). The
rapamycin derivative sirolimus may also be associated with new-onset diabetes (44).
Other commonly reported drugs implicated in the induction of hyperglycemia include
alcohol, caffeine, calcium channel blockers, growth hormone, morphine, nicotine,
phenytoin, protease inhibitors, second-generation antipsychotics, sympathomimetic
amines, thiazide diuretics, theophylline, and thyroid products (45,46). The fluoro-
quinolone antibiotics have been associated to varying degrees with hyperglycemia as
well as hypoglycemia (47).

6.2. Hypoglycemia

Not surprisingly, the most common causes of drug-induced hypoglycemia are
insulin, sulfonylureas, and thiazolidinediones when used for treatment of hyper-
glycemia (48).While excessive alcohol intake induces glucose intolerance, alcoholic
hypoglycemia is the better known alteration of carbohydrate metabolism (49). The
increased oxidation of ethanol results in reduced gluconeogenesis, hypoglycemia,
and ketoacidosis.
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Serotonin reuptake inhibitors have been reported to cause hypoglycemia.
A case report of hypoglycemia resulted from self-intoxication with a serotonin–
norepinephrine reuptake inhibitor (venlafaxine) and oxazepam (50,51). Add-
itional medications associated with hypoglycemia include the anabolic
steroids, angiotensin-converting enzyme inhibitors, calcium channel blockers,
insulin-like growth factor 1 (IGF-1), salicylates, tetracycline, and warfarin
(46,48,52).

6.3. Lipid Changes

Drugs may adversely affect a patient’s serum lipid profile. Anabolic agents,
beta-blockers, diuretics, progestins, combined oral contraceptives containing
progestins, danazol, immunosuppressive agents, protease inhibitors, and enzyme-
inducing anticonvulsants negatively affect serum lipid profiles. They increase total
cholesterol, low-density lipoprotein cholesterol, and triglycerides by up to 40, 50,
and 300%, respectively (53).

6.4. Protein Effects

Anabolic agents including growth hormone, anabolic steroids, and IGF-1 affect
protein synthesis. Growth hormone’s effect on protein metabolism includes
increasing protein synthesis without affecting protein degradation (54). IGF-1
promotes growth function as well as having insulin-like metabolic action including
inhibition of lipolysis in adipose tissue and stimulation of glucose and amino acid
transport intomuscle (55). Anabolic steroids have been shown to improve nitrogen
retention and restore muscle mass in HIV/AIDS, trauma, and thermally injured
patients (56–59).

Corticosteroids, including inhaled corticosteroids, have been associated with a
decreased rate of growth in children, especially with high-dose, long-term treat-
ment. Corticosteroids decrease the secretion of growth hormone as well as decrease
the tissue’s sensitivity to its effect (60).

Alcohol may also induce protein loss by inhibiting intestinal protein absorption
and increasing urinary nitrogen excretion. Negative nitrogen balances have been
reported in patients consuming alcohol and the catabolic effects continued for 1
week after the abstinence of alcohol (49).

7. DRUG-INDUCED NUTRIENT DEPLETIONS

Changes in a patient’s nutrient status may not necessarily be directly due to the
medication but may instead be due to a nutrient deficiency resulting from the
medication. Multiple drugs, including alcohol and illicit drugs, have been reported
to cause electrolyte, mineral, and vitamin deficiencies. Tables 3 and 4 are a select list
of drug-induced nutrient depletions from more extensive lists that are regularly
updated (30,61). See other chapters for greater detail on interactions that impact on
folate status (Chapter 18) and mineral status (Chapter 19).
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Table 3
Drug-Induced Mineral Depletion

Mineral/Electrolyte Deficiencies

Hypocalcemia

Alendronate Edetate disodium Pentamidine
Alvimopan Estrogens Phenobarbital
Amphotericin B Ethacrynic acid Phenytoin
Antacids Etidronate Phosphates
Bleomycin Famotidine Polymyxin B
Bumetanide Fluocortolone Plicamycin
Calcitonin Fluorouracil Propylthiouracil
Carboplatin Foscarnet Ranitidine
Cholestyramine Furosemide Risedronate
Cisplatin Gentamicin Rituximab
Cimetidine Hydroclorothiazide Saline laxatives
Citrate salts Ibandronate Sargramostim
Clodronate Interferon Sodium polystyrene

Sulfonate
Codeine Isoniazid Sulfonamides
Corticosteroids Lansoprazole Terbutline
Corticotropin Leucovorin Tetracyclines
Cytarabine Magnesium Tobramycin
Daunorubicin Mineral oil Torsemide
Didanosine Nizatadine Triamterene
Digoxin Pamidronate Zoledronic acid
Diethylstilbestrol Pentobarbital
Doxorubicin

Hypomagnesemia

Albuterol Digoxin Penicillamine
Amphotericin B Docusate Pentamidine
Bumetanide Estrogen Phosphates
Carboplatin Ethacrynic acid Sargramostim
Chlorothiazide Ethanol Sulfonamides
Cholestyramine Foscarnet Tacrolimus
Cisplatin Furosemide Tetracylines
Corticostroids Gentamicin Tobramycin
Cyclosporine Hydrochlorothiazide Zoledronic acid
Dextrose Oral contraceptives
Didanosine Pamidronate

Hypophosphatemia

Alendronate Demeclocycline Magnesium
Antacids Dextrose Pamidronate
Arginine Digoxin Sevelamer
Calcium Ethanol Sirolimus
Cefotetan Felbamate Tacrolimus

(Continued )
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Table 3
(Continued)

Mineral/Electrolyte Deficiencies

Cholestyramine Foscarnet Zoledronic acid
Cisplatin Ifosfamide

Lanthanum carbonate
Hypokalemia

Acetazolamide Didanosine Oxacillin
Activated charcoal Digoxin immune fab Pamidronate
Albuterol Dobutamine Penicillin G
Amiloride Doxorubicin Phosphates
Ammonium chloride Ethacrynic acid Piperacillin
Amphotericin B Fluconazole Polymyxin B
Aspirin Fluoxetine Prednisolone
Betamethasone Foscarnet Prednisone
Bisacodyl Furosemide Risperidone
Bumetanide Ganciclovir Saline laxatives
Carbenicillin Gentamicin Sargramostim
Carboplatin Hydrochlorothiazide Sirolimus
Carmustine Hydrocortisone Sodium bicarbonate
Chlorothiazide Insulin Sodium lactate
Chlorpropamide Isoflurane Sodium polystyrene Sulfonate
Chlorthalidone Isosorbide mononitrate Sotalol
Cisplatin Itraconazole Tacrolimus
Colchicine Levalbuterol Testosterone
Corticosteroids Levodopa/carbidopa Theophylline
Corticotropin Lithium Ticarcillin
Cortisone Methylprednisolone Tobramycin
Cyanocobalamin Mezlocillin Torsemide
Cytarabine Nafcillin Triamcinolone
Desirudin Nifedipine Vincristine
Dexamethasone Ondansetron
Dextrose

Zinc Deficiency

Antivirals Estrogen Potassium-sparing diuretics
Captopril Ethambutol Thiazides
Corticosteroids Folic acid Valproic acid
Deferiprone Hydrochlorothiazide
Edetate calcium disodium Oral contraceptives

Iron Deficiency

Aspirin Erythropoietins Sulfonamides
Calcium Ethanol Tetracyclines
Cholestyramine Indomethacin
Deferoxamine Neomycin

Copper Deficiency

Antacids Ethambutol
Antivirals Zinc salts
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Selenium Deficiency

Clozapine
Valproic acid

Table 4
Drug-Induced Vitamin Depletion

Vitamin Deficiencies

Folic Acid Deficiency

Aspirin Indomethacin Primidone
Carbamazepine Methotrexate Pyridoxine
Celecoxib NSAIDs Sulfasalazine
Cholestyramine Oral contraceptives Valproic acid
Corticosteriods Phenytoin
H2 blockers Potassium-sparing diuretics

Vitamin A (Retinol) Deficiency

Cholestyramine Mineral oil
Ethanol Neomycin

Orlistat
Vitamin B1 (Thiamin) Deficiency

Aminoglycosides Ethanol Phenytoin
Cephalosporins Fluoroquinolones Sulfonamides
Digoxin Loop diuretics Tetracyclines

Vitamin B2 (Riboflavin) Deficiency

Aminoglycosides Oral contraceptives Tetracyclines
Cephalosporins Phenothiazines
Fluoroquinolones Sulfonamides

Vitamin B3 (Niacin) Deficiency

Aminoglycosides Ethanol Sulfonamides
Cephalosporins Fluoroquinolones Tetracyclines
Cholestyramine Isoniazid Valproic acid
Colestipol

Vitamin B6 (Pyridoxine) Deficiency

Aminoglycosides Fluoroquinolones Oral contraceptives
Cephalosporins Hydralazine Sulfonamides
Estrogen Isoniazid Tetracyclines
Ethanol Loop diuretics Theophylline

Vitamin B12 (Cyanocobalamin) Deficiency

Aminoglycosides Ethanol Oral contraceptives
Antivirals Fluoroquinolones Phenytoin
Cephalosporins H2 blockers Proton pump inhibitors
Cholestyramine Metformin Sulfonamides
Colchicine Neomycin Tetracyclines

(Continued )
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8. SUMMARY

Drugs and chemicals may alter a patient’s nutritional status in a multitude of ways.
Clinicians need to recognizewhichmedications have the potential to disrupt the patient’s
nutritional status. Patients must be assessed to determine if a change in their nutritional
status is related toadrug-inducedcomplication.Drugdosagesmayneed tobedecreased,
alternativemedications incorporated, drugholidaysoffered, or theoffendingmedication
discontinued. Medications will continue to be identified as causes for changes in nutri-
tional status. Further research must be conducted to identify new or alternative agents
with fewer adverse effects or better resources to control these nutritional changes.

DISCUSSION POINTS

� Medications administered formental disorders anddiabetes are associatedwithweight
gain. Discuss the disadvantages of weight gain in these populations. How does the
adverse effect compromise treatment in these populations? How might it serve as an
advantage? Similarly, how might medications associated with weight loss be used?

� Caffeine, alcohol, and nicotine have associated weight loss. Discuss what the
research has shown and where additional research is needed.

� Many drugs have been associated with altering taste perception. Discuss the
various treatments to combat this problem.

� Alterations to the gastrointestinal tract include nausea/vomiting and diarrhea/
constipations. Which medications have a higher propensity to cause these side
effects and what types of interventions may be utilized to relieve these symptoms?

� Discuss the drugs associated with inducing hyperglycemia, hypoglycemia, lipid
changes, and catabolism.

Table 4
(Continued)

Vitamin Deficiencies

Vitamin C Deficiency

Aspirin

Vitamin D Deficiency

Mineral oil
Orlistat

Vitamin E Deficiency

Aspirin Loop diuretics
Cholestyramine Oral contraceptives
Colestipol Orlistat
Corticosteroids

Vitamin K Deficiency

Aminoglycosides Cholestyramine Phenytoin
Barbiturates Fluoroquinolones Sulfonamides
Cephalosporins (cefotetan) Mineral oil Tetracyclines
Cefoperazone Orlistat
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16 Influence of Cardiovascular Medication
on Nutritional Status

Nima M. Patel and Anna M. Wodlinger Jackson

Objectives

� Review effects of food on absorption of cardiovascular medications.

� Describe interactions of cardiovascular medication with nutrients.

� Describe cardiovascular medications’ effects on nutritional status or specific nutrients.

Key Words: Angiotensin; antithrombotic; cardiovascular; diuretic; vasoactive

1. INTRODUCTION

Cardiovascular diseases are the number one cause of mortality in the United
States (1). Current recommendations for treatment of cardiovascular diseases
include manymedications; patients will often require a complex multi-drug regimen
(2–7). The sheer number of drugs used increases the likelihood for drug–nutrient
interactions. This chapter will describe the effects on overall nutritional status or
nutrient-specific status from acute or chronic use of cardiovascular agents. In
addition, it will address the effects of food, food components, and nutrient or
dietary supplements on cardiovascular agents. The reader is advised to use the
information provided here in combination with their clinical expertise to determine
the relevance of these interactions in providing patient care.

The chapter reviews information on each of the following drug classes as a whole
as well as on the individual agents within the class when drug-specific data are
available:

1. Antiadrenergic agents
2. Antiarrhythmic agents
3. Antithrombotic agents
4. Calcium channel blocking agents
5. Cardiac glycosides
6. Diuretics

From: Handbook of Drug-Nutrient Interactions
Edited by: J.I. Boullata, V.T. Armenti, DOI 10.1007/978-1-60327-362-6_16
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7. Renin–angiotensin–aldosterone system agents
8. Lipid modulating agents
9. Organic nitrates

10. Vasoactive agents

Each section provides the available information for drugs within the class.
Drug–nutrient interactions for each drug include the following categories: effect
of nutritional status, food/food component effect, or nutrient/dietary supplement
effect on drug disposition, as well as drug effect on nutritional status or effect on
specific nutrients (8). In some sections, classifications will be combined.

2. ANTIADRENERGIC AGENTS

2.1. b-Blockers and a/b-Adrenergic Blocking Agents

2.1.1. GENERAL

Beta (b)-blockers comprise a relatively large class of antihypertensive drugs with
effects on cardiac conduction and contractility. b-Blocker administration remains a
standard of care in patients with angina pectoris, following myocardial infarction,
and those with left ventricular dysfunction (3,5,6).

2.1.1.1. Influence of Obesity. The pharmacokinetics of b-blockers can be
influenced by obesity since potential alterations include changes in drug
distribution, biotransformation, and excretion. Studies have examined whether
pharmacokinetic parameters of lipophilic b-blockers (i.e., propranolol) in
comparison to hydrophilic b-blockers (i.e., atenolol) would be different
in obese patients. In general, the volume of distribution (Vd) of b-blockers
at steady state expressed in L/kg total body weight is always slightly smaller in
obese than in non-obese patients (9). Compared to lean patients, obese
patients appear to have an approximately 24% larger absolute Vd (in L) but
a 23% smaller weight-normalized Vd (in L/kg), suggesting that lipophilic
b-blockers diffuse less into excess adipose tissue than into lean tissue (9)
(see Chapter 7). One article suggests that it is not only the lipophilic property
of the drug that influences diffusion into adipose tissue but also the extent of
blood flow to the adipose tissue which may be decreased by some b-blockers
(2). Another study examined whether serum lipid profile could influence
pharmacokinetics and pharmacodynamics of lipophilic propranolol and hydro-
philic atenolol in obese subjects with or without hyperlipidemia (10). The
study found that there was a trend toward increased Vd, bioavailability (F)
and clearance (Cl)/F of propranolol in obese patients with hyperlipidemia.
Additionally, the area under the serum concentration over time curve
(AUC), the mean maximal plasma concentration (Cmax), and the oral
clearance were significantly lower in obese patients receiving water-soluble
atenolol. Pharmacodynamically, the effects of b-blockers on heart rate, systolic
blood pressure, and diastolic blood pressure were similar. Findings of this
study and peer review suggest that plasma concentrations of b-blockers do
not reliably predict cardiovascular activities and clinically the differences were
not relevant (10,11).
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2.1.1.2. Influence on Nutritional Parameters. One of the drawbacks against the
primary use of b-blockers in overweight hypertensive patients is the possibility of
weight gain. A systematic analysis evaluated eight prospective randomized controlled
trials that lasted greater than 6 months. The median difference in body weight was
found to be 1.2 kg (–0.4 to 3.5 kg); however, regression analysis suggested that most
of the initial weight gain was during the first few months and no further weight gain
compared to control was apparent afterward. An accompanying editorial questioned
whether b-blockers put on weight or rather hinder attempts of hypertensive patients
to lose weight with side effects of fatigue, reluctance to start new tasks, depression,
difficulty breathing, and numb feet (12,13). Furthermore, no evaluations of
b-adrenergic receptor phenotype were performed.

Nonselective b-blockers (e.g., nadolol) have been associated with increased
serum triglycerides and reductions in high-density lipoprotein cholesterol. Agents
with intrinsic sympathomimetic activity (e.g., acebutolol) have little or no effects on
lipids, whereas cardioselective b-blockers (e.g., atenolol) have intermediate effects.
b-Blockers have been shown to lower morbidity and mortality so their effects on
cholesterol have little clinical significance. These changes in serum lipid profile are
not sustained with chronic therapy (14,15).

Insulin release and glycogenolysis are adrenergically mediated through unopposed
stimulation of the b2-receptor; therefore, blockade of b2-receptors may reduce either
process and cause hyperglycemia. Third-generation b-blockers, carvedilol and
nebivolol, possess vasodilator actions through such proposed mechanisms as nitric
oxide release, antioxidant effects, and calcium blockade that may improve insulin
sensitivity (16).

All b-blockers can mask the symptoms of hypoglycemia which are mediated
through epinephrine release (i.e., hunger, tremor, and palpitations). Thus b-blockers
can cause adverse effects on glucose homeostasis in diabetes, including worsening of
insulin sensitivity and potential masking of the epinephrine-mediated symptoms of
hypoglycemia; these problems are usually easily managed and are not absolute
contraindications for b-blockers use (7).

Stimulation of the b2-receptors by epinephrine promotes the movement of
extracellular potassium into the cells, thereby lowering the plasma potassium
concentration. Nonselective b-blockers (such as propranolol) are more likely to
exert this effect since they block both b1- and b2-receptors; as compared to selective
b-blockers which, at low doses, affect only b1 receptors. In most cases, the adminis-
tration of b-blockers is associated with only a minor elevation in the plasma
potassium concentration of less than 0.5 mmol/L, as the potassium that cannot
enter the cells is excreted in the urine. True hyperkalemia is rare, unless associated
with a superimposed problem such as a marked potassium load, severe exercise
(which is associated with the release of potassium from the cells into the extra-
cellular fluid), hypoaldosteronism, or end-stage renal disease. Hyperkalemia has
also been reported in renal transplant recipients treated with labetalol (17–20).

2.1.2. ACEBUTOLOL

Although the peak drug concentration and rate of absorption decrease slightly
with food, the effect on acebutolol AUC is not significant (21).

Chapter 16 / Cardiovascular Medication on Nutritional Status 449



2.1.3. ATENOLOL

Bioavailability of atenolol given by nasogastric tube in the postoperative period
was assessed in 18 patients scheduled for abdominal surgery. The study reported
36% reduction in the atenolol AUC and 46% reduction in the peak concentration
of atenolol in the postoperative period compared to preoperative values given.
Based on these findings, the authors concluded that reduced cardiac morbidity
related to intravenous atenolol in the immediate postoperative period cannot be
expected when the drug is given by nasogastric tube (22).

2.1.4. CARVEDILOL

The rate of absorption is decreased when carvedilol is administered with food;
however, there is no significant difference in overall bioavailability. Taking carvedilol
with food may minimize the risk of orthostatic hypotension (23).

2.1.5. PROPRANOLOL

Administration of propranolol with protein-rich foods increases the bioavail-
ability by about 50% (no change in plasma binding, half-life, time to peak concen-
tration, or the amount of unchanged drug in the urine) (24).

2.1.6. OTHERS

The absolute bioavailability of betaxolol is approximately 89% and appears
to be unaffected by the concomitant ingestion of food or alcohol (25). The
absolute bioavailability of bisoprolol fumarate is not affected by the presence
of food (26). The absolute bioavailability of labetalol is increased when
administered with food (27). The bioavailability of metoprolol succinate is
not significantly affected by food. For the immediate-release formulation,
metoprolol tartrate, patients should be advised to take metoprolol with or
immediately following meals (28,29). Food does not affect the rate or extent
of nadolol absorption (30). The bioavailability of pindolol is not significantly
affected by co-administration of food (31).

2.2. Centrally Acting Antiadrenergics

2.2.1. GENERAL

Methyldopa and clonidine are the two most commonly used agents in this class.
These agents stimulate alpha-adrenoreceptors in the brain stem which causes
a decrease in sympathetic outflow from the central nervous system resulting in
decreases in peripheral resistance, renal vascular resistance, heart rate, and blood
pressure. A major side effect in this class that may alter dietary habits is dry mouth
(32). Generally these drugs are used as last line agents for treatment of resistant
hypertension.

2.2.2. CLONIDINE

Patients with short bowel syndrome have significant fluid losses. Clonidine, an
alpha-2 agonist, is effective for the treatment of chronic diarrhea resulting from
long-standing diabetes and thus has been studied to determine if it is effective in
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decreasing fecal water and sodium losses in eight parenteral nutrition-dependent
patients with proximal jejunostomy. The results showed that transdermal adminis-
tration of 0.3 mg clonidine is associated with a clinically modest but statistically
significant decrease in fecal weight in patients with short bowel syndrome and high-
output proximal jejunostomy that require chronic parenteral fluid infusion (33).

In two studies, clonidine premedication showed attenuation of hyperglycemic
response to surgery. This is probably due to inhibition of surgical stress-induced
release of catecholamines and cortisol (34,35). Hypoglycemia has also been
reported with clonidine testing for growth hormone deficiency in children. Most
likely mechanism is blunting of the counterregulatory response to hypoglycemia
through decrease in cortisol levels and decreased sympathomimetic outflow (36).

2.3. Peripherally Acting Antiadrenergics

2.3.1. GENERAL

Antihypertensive effects of these drugs occur through blockade of peripheral
alpha-receptor causing overall relaxation of vascular smoothmuscle and decreasing
peripheral resistance. Specific food-related drug interactions in this class are
described below.

2.3.2. DOXAZOSIN

The effects of food on the absorption of doxazosin were studied in a crossover
study of 12 hypertensive subjects. A reduction of 12% in the AUC and 18% inmean
maximum plasma concentration was observed when doxazosin was administered
with food; however, neither of these differences was statistically significant (37).

2.3.3. TERAZOSIN

Food delays the time to peak concentration by about 1 h; however, it has little or
no effect on the extent of absorption of terazosin (38).

3. ANTIARRHYTHMIC MEDICATIONS

3.1. General

Antiarrhythmic medications are used in the treatment or prevention of cardiac
arrhythmias. Drug-induced torsades de pointes (TdP) is a potentially fatal cardiac
arrhythmia. Antiarrhythmic agents which prolong the QT interval have a more
than 1% chance of causing TdP (39). Additional risk factors for TdP include
hypokalemia and severe hypomagnesemia and, therefore, electrolyte abnormalities
and nutritional states which may cause these electrolyte abnormalities must
be monitored closely in patients receiving antiarrhythmic medications (39).

3.2. Amiodarone

An open-label, single-dose, crossover study in 30 healthy men found that
a standard high-fat breakfast significantly increased the rate and extent of absorption
(AUC increased 2.4-fold) of amiodarone relative to fasting (40,41). Several case
reports suggest that amiodarone can induce hyperglycemia; however, one
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prospective trial in a group of 10 patients on amiodarone therapy followed over
a 9-month period found no evidence of significant glucose intolerance (42–44).
Recommendations do not list hyperglycemia as a potential side effect of amiodarone
(40).

3.3. Disopyramide

Several case reports describe significant hypoglycemia in patients receiving
disopyramide (45–49). The risk for hypoglycemia is increased in patients with chronic
malnutrition, congestive heart failure, hepatic, or renal impairment. The risk is additive
in patients receiving other medications known to cause hypoglycemia (50).

3.4. Flecainide

Although food does not affect absorption, milk may inhibit the absorption of
flecainide in infants. As a result, a reduction in dose may be necessary if milk is
removed from the infant’s diet (51).

3.5. Lidocaine

In patients receiving lidocaine, the Vd increases with obesity and, therefore, total
body weight should be used to calculate loading doses. Maintenance infusions
should be calculated based on an ‘‘ideal’’ body weight as the clearance is determined
by hepatic blood flow and is not changed by increases in body weight (52).

3.6. Procainamide

The Vd for procainamide correlates best with ‘‘ideal’’ body weight and, therefore,
a measure of lean body weight should be used to calculate loading doses for obese
patients receiving procainamide (53).

3.7. Propafenone

Propafenone undergoes metabolism by the polymorphic oxidative enzyme
CYP2D6. One single-dose study evaluating the effect of breakfast on the absorption
of propafenone found that administering propafenone with food did not affect the
plasma concentration in subjects who were ‘‘slow’’ metabolizers (intrinsic clearance
<0.5 L/min) of propafenone; however, ‘‘rapid’’ metabolizers demonstrated a
significant 2.5-fold increase in the AUC (54). Despite evidence of increased
absorption demonstrated in single-dose studies, multiple-dose studies in healthy
volunteers did not demonstrate significant differences in bioavailability (55).

3.8. Quinidine

Quinidine absorption may differ depending on the oral salt administered. The
overall absorption of quinidine sulfate was not affected when administered with a
balanced meal in nine healthy male subjects; however, the rate of absorption was
decreased (44% increase in time to Cmax) (56). Another study evaluating the
absorption of quinidine sulfate in eight healthy volunteers (five women, three
men) confirmed that overall bioavailability was not affected by a standard
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breakfast; however, the rate of absorption was again decreased (57). The authors
postulate that this decrease in the rate of absorption may result in a dampening of
undesirable side effects when quinidine sulfate is administered with food (57).

The absorption of quinidine gluconate was unaffected by administration with
a standard breakfast in 9 healthy volunteers; however, a more recent study of 15
healthy men found that administration of quinidine gluconate with a low-fat or
high-fat breakfast increased both the rate and extent of bioavailability (58,59).
Recommendations state that food increases the rate and extent of absorption by 27
and 17%, respectively (60). Recommendations for quinidine gluconate also state
that a decrease in dietary salt may increase drug concentrations and, therefore,
changes in dietary salt intake should be avoided (60).

Several reports document the risk of hypoglycemia in patients receiving quinine for
the treatment of malaria (61–63). Quinidine, the diastereoisomer of quinine, has also
been found to increase insulin release and decrease plasma glucose concentrations,
although toa lesser extent thanquinine(64,65).Despite these studies, themanufacturer
recommendations make no mention of the risk of hypoglycemia in patients receiving
quinidine therapy (60).

3.9. Sotalol

Obesity had no significant effect on any clinical (heart rate, blood pressure,
cardiac index) or pharmacokinetic (AUC, Vd, Cl) parameters in 6 obese patients
receiving intravenous sotalol as compared to 12 healthy non-obese volunteers (66).
A study in five healthy subjects found that absorption was decreased by 20% when
administered with a meal, especially with milk (67, 68).

4. ANTITHROMBOTIC AGENTS

This class of medication includes several different agents that affect blood hemo-
stasis each with differing mechanisms of action that include antiplatelet, anti-
coagulant, and thrombolytic activity. These medications are used to treat and
prevent diseases where blood clotting is involved such as myocardial infarction,
peripheral vascular disease, deep vein thrombosis, and pulmonary embolism.

4.1. Aspirin

To evaluate whether obesity affects salicylate kinetics, a crossover study in 40
subjects (20 obese, mean weight 113 kg; 20 controls, mean weight 67 kg) matched for
age, sex, height, and smoking habits were administered a single 650mg dose of aspirin
intravenously and then orally (69). Following parenteral administration, the Vd
(in L) of total salicylate was 19% higher in obese patients (p<0.05); however, upon
correction for total weight the Vd was actually smaller in obese subjects (0.14 L/kg vs
0.19 L/kg, p<0.001), indicating that any weight-based dosing should use an adjusted
or lean body weight. Following the oral administration of aspirin, Cmax was signifi-
cantly lower in the obese subjects compared to normal subjects (27 vs 36 mg/mL,
p<0.002); however, the overall bioavailability of salicylate was not significantly
different between the two groups. Despite the changes observed in Vd and Cmax,
the overall extent of absorption and clearance of salicylate was not significantly
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different in obese patients compared to healthy volunteers and, therefore, the authors
conclude that salicylate dosage does not need to be adjusted in proportion to total
body weight. A more recent study in 21 nondiabetic subjects found that inhibition of
platelet aggregation by aspirin was less in obese insulin-resistant patients compared to
matched normal-weight patients (70). Following oral administration of 50 mg of
aspirin, platelet aggregation induced by adenosine diphosphate (ADP) concentra-
tions of 2 mmol/L were 74� 6% for the non-obese group and 91� 1% for the obese
group (p<0.01) (70).

Several studies have evaluated the effects of food on the absorption of aspirin
(71–73). One study found that a standard breakfast reduced bioavailability (as
measured by salicylate levels) of a single dose of 491 mg aspirin tablet by 15% (71).
Another study found that administration of a 650 mg tablet of aspirin in a fasting
state (as compared with a high-carbohydrate, high-protein, or high-fat meal)
resulted in higher salicylate levels during the first hour following administration
(73). Overall bioavailability was higher in the patients who took aspirin with a
high-fat meal and in patients who took aspirin on an empty stomach with 250 mL
water. A third study evaluated the absorption of conventional tablets and enteric-
coated tablets in the fasting and fed conditions and found that 1 g of aspirin
administered as an enteric-coated product had decreased absorption when admin-
istered with food during the fourth to eighth hour following dosing (p<0.05);
however, overall salicylate recovered over 48 h was not statistically significantly
different (with food 878 mg vs fasting 959 mg) (72). Decreased absorption of the
conventional aspirin tablet was observed during the first to second hour following
dosing; however, no difference was found over the 48 h. The manufacturer for
Aggrenox1 (dipyridamole/aspirin capsules) states that although a 50% decrease in
Cmax of aspirin occurred when Aggrenox1 was taken with a high-fat meal, there
was no difference in AUC at steady state and no difference in the degree of cyclo-
oxygenase inhibition and therefore is not clinically relevant (74). The reduction in
Cmax would only be relevant if aspirin were being administered for acute pain. An
analysis of several beverages (water, tea, coffee, orange juice, milk, beer, and
distilled alcohol) on salicylate absorption in five healthy volunteers found that
alcohol (whisky, rum, or vodka) increased absorption while milk and beer
decreased absorption (75).

One unusual effect that aspirin can have on food is an increased hypersensitivity
response. Several reports suggest that aspirin can increase and enhance type
I allergic reactions in patients with pre-existing food allergies and food-dependent
exercise-induced anaphylaxis (76–79).

Studies evaluating the effects of dietary supplements on aspirin were summarized
in a recent review article (80). Dietary supplements that have significant effects on
aspirin include the following: n-3 fatty acids (increase antiplatelet effects and bleeding
risk), vitamin E (increase antiplatelet effect and increase bleeding risk), and tamarind
(increased bioavailability by 516%) (80). An additional observational study of 255
patients hospitalized with cardiovascular disease found that patients using aspirin
were more often deficient in vitamin B12 compared to nonusers (81). There are also
some studies which suggest that aspirin, in doses ranging from 800 mg to 3 g, may
decrease the absorption of vitamin C (ascorbic acid) from the gut (82–84).
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Case reports suggest aspirin as a potential cause of hypoglycemia and an
analysis in six healthy volunteers found that aspirin decreases the jejunal
absorption of glucose by 50% (85–87). Another study found that aspirin
administration in non-insulin-dependent diabetic patients (n=18) resulted in
an increase in insulin mobilization and a decrease in blood glucose levels (88).
In both healthy and type 2 diabetic patients, aspirin (3 g/day for 3 days)
increased plasma insulin levels although it reduced tissue sensitivity to insulin.
In the diabetic patients aspirin also reduced hepatic glucose production (89).

4.2. Cilostazole

In a study of healthymale volunteers, theCmax andAUC of cilostazol (two 50mg
tablets) were increased by 90 and 25%, respectively (p<0.05) when administered
with a high-fat (62% fat) breakfast consisting of two fried eggs, two pieces of bacon,
two pieces of toast with butter, whole milk, and hash browns (90).

4.3. Clopidogrel

A study evaluated whether body mass index (BMI) affected platelet response to a
clopidogrel loading dose (91). Forty-eight patients (29 with BMI > 25 kg/m2 and 19
with BMI< 25 kg/m2)who had been on aspirin therapy (100–250mg/day) for at least 7
days were administered 300 mg of clopidogrel. Platelet aggregation (as induced by
6 mmol/L ADP) was assessed at baseline, 10 min, 4 h, and 24 h following clopidogrel
administration. While both groups demonstrated significant reduction in platelet
aggregation at 4 h, only the normal-weight patients continued to demonstrate a
significant decrease in platelet aggregation at 24 h. The aggregation was significantly
higher in the obese group compared to the normal-weight group at 24 h (38.5�13.6 vs
25.8�15.6%; p¼ 0.02) and the percentage inhibition of platelet aggregation at 24 hwas
suboptimal (<40%) in a higher percentage of obese patients (59%) compared to the
normal-weight patients (26%) (p=0.04). The findings of this study suggest that a dose
of 300 mg may not be sufficient in obese patients and that a higher dose may be
necessary to achieve optimal inhibition of platelet aggregation.

Although the manufacturer states that there is no effect of food on the
bioavailability of clopidogrel, a study in healthy male subjects found that
administration of clopidogrel with a standard high-fat breakfast (two eggs
fried in butter, two strips of bacon, two slices buttered toast, hash brown
potatoes, and whole milk) increased the Cmax and AUC by 6.1-fold and
9.2-fold, respectively (92,93).

4.4. Dipyridamole

The manufacturer of Aggrenox1 (aspirin/extended-release dipyridamole)
states that although peak plasma levels and total absorption of dipyridamole
were decreased by 20–30% when taken with a high-fat meal, the degree of
inhibition of adenosine uptake was similar and, therefore, the effect is not
clinically significant (74).
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4.5. Fondaparinux

The manufacturer recommendations state that fondaparinux should not be used
for prophylaxis in patients weighing less than 50 kg due to an increased risk of
bleeding (94).

4.6. Heparin

4.6.1. EFFECT OF HEPARIN ON NUTRITION STATUS

Heparin causes aldosterone suppression which can lead to hyperkalemia in 7–8%
of patients treatedwith heparin (95). Themajority of reports included in a review of
the published data of heparin-induced hyperkalemia were of patients receiving
unfractionated heparin (95). Recent studies suggest that the risk of hyperkalemia
appears to be less with low-molecular-weight heparin (LMWH) products (96–100).

4.6.2. INFLUENCE OF NUTRITION ON HEPARIN

Caution must be used when administering fixed-dose LMWHproducts to under-
weight patients. After a single subcutaneous dose of enoxaparin 40 mg, the anti-
factor Xa exposure was 27% higher in low-weight men (<57 kg) and 52% higher in
low-weight women (<45 kg) (101).

The safety and efficacy of LMWH in obese patients was recently reviewed in an
article that included information from nine trials using LMWH in obese patients
(102). The literature suggests that LMWH can be used safely in patients with BMI
greater than 30 kg/m2. The highest weight (when available) in the studies was
182 kg. The manufacturer recommendations for enoxaparin state that the mean
AUC of anti-factor Xa activity is marginally higher in obese healthy volunteers
(BMI 30–48 kg/m2) as compared to non-obese healthy volunteers administered
1.5 mg/kg once daily; however, the product labeling neither provides dosing
information for obese patients nor specifies a maximum recommended dose
(101). The manufacturer recommendations for tinzaparin state that although a
prospective study of heavy/obese subjects (101–165 kg; BMI 26–61 kg/m2) demon-
strated similar anti-Xa activity in obese and normal-weight volunteers, clinical trial
experience is limited in patients with a BMI > 40 kg/m2 (103).

4.7. Warfarin

Warfarin is the most widely used oral anticoagulant in the United States.
Warfarin exerts its effects by inhibiting synthesis of vitamin K-dependent clotting
factors II, VII, IX, and X and protein C, S, and Z in the liver (104). Since vitamin
K is found in many foods, patients receiving warfarin are sensitive to fluctuating
levels of dietary vitamin K intake. It was estimated that vitamin K intake of more
than 250 mg/day decreases warfarin response in anticoagulated patients consuming
regular diets. Similarly another study estimated that each 100 mg in the daily dietary
intake of vitamin K reduced the international normalized ratio (INR) by 0.2 (105,
106). Thus, patients consuming an increased amount of green vegetables or
vegetable oils, known to have high vitamin K content, can have reduced anti-
coagulant response to warfarin. This, however, does not mean that patients should
avoid eating green leafy vegetables or salad dressing. This is a popularmisconception
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among patients and some clinicians.Consistency in the intake of vitamin K-containing
foods should be stressed to patients in order to avoid fluctuations in warfarin response
(107,108). In fact, several studies have shown that poor intake of dietary vitamin
K is associated with instability of anticoagulation (109,110). In the vitamin
K-depleted patients, as little as 25 mg/day vitamin K in a multivitamin tablet was
enough to have significant impact on anticoagulation control (111,112). Several
small studies have investigated whether administration of vitamin K 100–500 mg/
day augments anticoagulation control to reduce variation in the INR. They
concluded supplementation with low daily dose of vitamin K significantly increases
anticoagulation control (113–116). Recent guidelines recommend that patients
receiving long term warfarin with a variable INR response that is not attributable
to any of the known causes for instability receive a low-dose oral vitamin K
(100-200 mg) daily. This should coincide with close monitoring of the INR and
drug dose adjustment to the initial lowering of the INR (107).

Besides green leafy vegetables, certain unusual culprits have been reported in the
literature as having high content of vitamin K. These include green tea, avocado
(large amounts), and sushi-containing seaweed (117,118).

Enteral feedings have also been implicated to alter the bioavailability of warfarin
(see Chapter 13). The interaction in the early 1980s resulted from the high vitamin K
content from tube feeding products, since then manufacturers have reformulated the
products to contain less vitamin K. Despite this change, additional case reports of
warfarin-enteral feedings have been published. Because the vitamin K content is low
in the tube feeding products, it is hypothesized that the drug interaction more likely
results from the binding betweenwarfarin and proteins in the feeding products (119).

Soy is widely advocated as a health food for antihypertensive, antihyperlipidemic,
and more recently alternative hormone therapy. One case report describes a drug
interactionwithwarfarin and soy protein (given as soymilk) leading to subtherapeutic
INR values. The exact mechanism of decline in INR is not known, the authors
speculate alteration in drug absorption, metabolism, and biliary excretion by the
isoflavones genistein and daidzein in soy protein (120).

Another popular trend in the United States is the use of high-protein, low-
carbohydrate diets. Two cases of decreased INR after initiation of a high-protein,
low-carbohydrate diet have been reported. High-protein diets can increase serum
albumin levels and this may lead to more warfarin binding to serum albumin,
thereby decreasing the anticoagulant effect (121).

A probable interaction between mango fruit and warfarin was reported to have
increased the anticoagulant effect among 13 male patients. Possible mechanisms for
this interaction include the high vitamin A content and its relation to CYP2C19
inhibition and the presence of other components in the mango. Further studies are
needed to confirm this interaction (122). Interactions between fruit juices and
warfarin have also been evaluated (see Chapter 10).

No case reports of garlic or ginger interaction with warfarin were identified.
However, both of these natural foods have been associated with decreased
platelet aggregation and episodes of prolonged bleeding (see Chapter 12).
Therefore, in theory concomitant use of these foods with warfarin may
increase bleeding risk (123).
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5. CALCIUM CHANNEL BLOCKERS

5.1. General

Calcium channel blockers (CCB) inhibit the elevation of intracellular calcium
required for contraction in the vascular smoothmuscle. In general, CCB can be divided
into two major subcategories, dihydropyridines and nondihydropyridines. The
dihydropyridines are potent vasodilators and have little or no negative effect upon
cardiac contractility or conduction, whereas nondihydropyridines (e.g., verapamil,
diltiazem) do have effect on cardiac contractility or conduction.

The influence of gastrointestinal (GI) motility and transport processes on the
pharmacokinetics of drugs, particularly when given as extended-release formulations,
has received little attention. A study evaluated the influence ofGI transit times on the
pharmacokinetics of three calcium channel blockers, 240 mg diltiazem, 10 mg
felodipine, and 5 mg amlodipine, recommended for once-daily dosing. Patients
were divided into slow (>35 h) or rapid (<15 h) GI transit times, assessed by the
metal detector method (EAS II). The AUC and concentration at 24 h of diltiazem
were significantly less in the rapid vs the slow group (1135 vs 1705 ng/mL*h, p<0.05,
and 22.8 vs 49.5 ng/mL, p<0.05, respectively). No significant difference in AUC,
Cmax, and tmax were found between the groups for felodipine and amlodipine. The
authors concluded that the pharmacokinetics of the CCB with once-daily for-
mulation characteristics are sensitive to GI transit if these processes are rapid enough
to interfere with the formulation-specific release profile (124).

Two studies investigated the effects of calcium supplementation on hypertension. In
the first study calcium (1200 mg/day) was given for 8 weeks in 30 hospitalized patients
with essential hypertension receiving oral manidipine or intravenous nicardipine. The
averagesystolicanddiastolicbloodpressureswerenotdecreasedorenhancedbycalcium
supplementation (125). The second study administered 1 g of elemental calcium and
administration of 2 mg bid lacidipine or placebo to healthy male subjects (126). No
significant difference in the effect of lacidipine vs placebo on standing or recumbent
systolic or diastolic blood pressure or heart rate was found between the placebo and
calcium groups.

Peripheral edema is a common adverse effect of dihydropyridine CCBs. It is also
observedwith verapamil anddiltiazem,however, to a lesser extent.The incidence is dose
dependent andmay be as high as 80%with very high doses of dihydropyridine calcium
antagonists (127). The etiology of CCB-induced peripheral edema is not completely
understood; however, it most likely involves increase in capillary hydrostatic pressure
with consequent transcapillary fluid loss that results from a relativelymore pronounced
vasodilatation in precapillary than postcapillary resistance vessels (128). The edema is
not associated with salt and water retention; in fact dihydropyridines are natriuretic,
and usually treatment with diuretic therapy does not improve the edema (129).

Constipation is a common side effect of verapamil. This effect can occur in over
25% of patients (130). A study evaluated whether nifedipine and verapamil inhibit
the sigmoid colon myoelectric response to eating in healthy volunteers. The results
showed that nifedipine strongly inhibited the sigmoid myoelectric response to the
meal. There was also significant response in those taking verapamil compared to
placebo, although to a much lesser extent than in those taking nifedipine. Since
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verapamil clinically has been implicated to a greater extent to cause constipation, the
authors conclude that verapamil probably displays other mechanisms (reduced
colonic transit, increased water absorption) in causing this adverse event (131).

5.2. Amlodipine

Forty healthy volunteers were enrolled in an open-label, single-dose, randomized,
two-way crossover study, with 14 day washout period between doses of amlodipine/
atorvastatin 10/80 mg tablets under fed or fasted conditions. The bioavailability of
amlodipine fromCaduet1 (amlodipine/atorvastatin) was not affected by food (132).
The rate of atorvastatin absorption decreased with food intake; however, food did
not significantly affect the extent of absorption.

5.3. Felodipine

Food affects the bioavailability of felodipine. When felodipine was administered
with either a high fat or carbohydrate diet, the Cmax is increased by approximately
60% although the overall AUC is unchanged. When felodipine was administered
after a light meal (orange juice, toast, and cereal), however, there is no effect on
felodipine’s pharmacokinetics (133).

Peppermint oil which containsmenthol, a widely used flavoring ingredient present in
a variety of commercial products, was shown to inhibit the CYP3A activity in rat and
human liver microsomes and to enhance the oral bioavailability of the CYP3A4
substrate felodipine in people. Therefore, a study evaluated the effect of menthol on
the pharmacokinetics and pharmacodynamics of felodipine in 11 healthy subjects
(134). The results of the study found there were no differences in dehydrofelodipine,
the inactivemetabolite of felodipine, and felodipineCmax andAUC0-24h valueswhen co-
administered with menthol or placebo. For pharmacodynamic evaluation, only eight
female subjects’ cardiovascular data were analyzed due to technical problems. There
was no difference in heart rate or blood pressure between the two treatments.

5.4. Isradipine

Administration of isradipine with food significantly increases the time to peak by
about an hour, but has no effect on the total bioavailability of the drug (135). For the
controlled release product DynaCirc1 there was no evidence of dose dumping either
in presence or absence of food though bioavailability was decreased by 25% in the
presence of food (136).

5.5. Nifedipine

The effect of food on nifedipine depends on the formulation. Bioavailability of
sustained-release nifedipine preparations is increased by 28–31% when administered
with food. However, bioavailability of modified release Adalat Retard and controlled
release Adalat Oros formulations is not significantly affected by food (137,138).
Another study showed similar results forAdalatOros; however, for nifedipine (Sandoz)
Retard formulation, food interaction was detected showing a threefold increase in the
mean Cmax when compared to values obtained in fasting subjects (139). Significant
food interactionwas alsodemonstratedwithmodified releaseAdalatCoral formulation
compared to Adalat Oros which are preparations marketed in the European Union.
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Significant dose-dumping effect was observed after fed administration of Coral,
resulting in nearly three- to fourfold increase in plasma nifedipine concentrations
(140). The clinical relevance of food interactions with nifedipine is formulation specific
and products should not be used interchangeably. Change in administration condition
(with or without food) can lead to changes in pharmacologic and therapeutic effect.

5.6. Verapamil

Controlled-onset extended-release verapamil (COER-verapamil) is developed to
control the release of the calcium antagonist, verapamil, in synchrony with the
circadian rhythm of blood pressure and heart rate. Although studies have evaluated
the safety and efficacy in the general population, studies have not been performed in
obese patients known to be at higher risk for cardiovascular events. Patients were
randomized to receive COER-verapamil (180–540 mg at bedtime) or placebo for
4–8 weeks and stratified according to BMI (‘‘obese’’> 28 kg/m2). The hemodynamic
effects of COER-verapamil assessed by blood pressure, heart rate, and rate-pressure
product in obese (n=166, average BMI ¼ 32.8 kg/m2) and non-obese (n=115,
average BMI ¼ 25 kg/m2) were similar (141). Two notable exceptions in terms of
adverse effect profile in the obese patients were the significantly lower rates of
constipation and fatigue compared to non-obese group. The authors concluded
that COER-verapamil is effective in reducing blood pressure, heart rate, and rate-
pressure product independently of BMI (141).

In 12 healthy volunteers the effects of high-protein food on the bioavailability of
the racemate and individual S-, R-enantiomers of verapamil were investigated. The
results showed that food had no effect on any parameter of bioavailability for both
the racemate and the individual enantiomers of verapamil except tmax which was
significantly prolonged after food intake. Clinical efficacy is not related to food
intake except for a slight prolongation in the time to onset of the pharmacologic
effects (142).

5.7. Manidipine

Food significantly improved the absorption with an increase in AUC from 19.1 to
27.2 ng/h/mL, but did not modify the rate of absorption of manidipine. Increase in
bioavailability of manidipine administeredwith food is related to its high lipophilicity
and may be explained by a solubilization effect by food and bile secretions (143).

6. CARDIAC GLYCOSIDES

Themain effect of cardiac glycosides is increased contractility of cardiac muscle and
decreased heart rate. Digoxin is the cardiac glycoside most often prescribed and is used
in the treatment of heart failure and for rate control in patients with atrial fibrillation.

The effect of dietary fiber ondigoxin absorptionwas evaluated in five healthywomen
(144). A 0.8 mg b-acetyl-digoxin tablet was administered along with a formula diet
(614 kcal, 19 g fat, 75.4 g carbohydrate, 30 g protein) and each of the following: 10 g
wheat bran, 5 gmicrocrystalline cellulose, 5 g pectin, 5 g carrageenan, and5g carob seed
flour. Although none of the fiber substances were found to lower overall digoxin
concentrations, the carob seed flour significantly increased the serum digoxin
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concentrations. In addition, the wheat bran, cellulose, and pectin increased the time to
peak serum digoxin concentration. Two additional studies evaluated the effect of diet-
ary fiber on digoxin absorption and found that, although there was a slight decrease in
digoxin serum concentrations, it was not clinically significant (145,146).

The influence of obesity on digoxin distribution was evaluated in a study of 29
patients (16 obese, mean weight 100.2�36.8 kg; 13 controls, mean weight
64.6�10.5 kg) (147). Patients were given a single 5 min infusion of 0.75 mg digoxin
followed by serial blood samples drawn up to 96 h following the infusion. The Vd,
elimination half-life, and total clearance were calculated for each patient. The
absolute Vd, total Cl and elimination half-life were similar in the two groups and
it is recommended that digoxin loading and maintenance doses be calculated based
on an ‘‘ideal’’ body weight in obese patients.

7. DIURETICS

Diuretics are a class of agents used to decrease fluid volume in patients with
hypervolemia from various causes. They are most commonly used for the treatment
of heart failure and hypertension.

7.1. Diazoxide

The recommendations for diazoxide state that the majority of patients treated
with diazoxide will experience transient hyperglycemia; however, treatment is usu-
ally only necessary in patients with pre-existing diabetes mellitus (148). Blood
glucose should be monitored closely, particularly in those patients receiving mul-
tiple injections.

7.2. Loop Diuretics

A review article summarized the effects of food on loop diuretic absorption (149).
Six studies were described which evaluated the effect of food on furosemide absorption
and each found that food decreased the overall absorption of furosemide. Despite a
consistent finding of decreased absorption, only one study demonstrated a resultant
decrease in diuresis. Bumetanide and torsemide bioavailability appears not to be
affected by administration with food (149,150).

The loop diuretics by their mechanism of action can lead to urinary loss of
potassium, sodium, calcium, and magnesium, and close monitoring and supple-
mentation are necessary (151–153).

Several studies have evaluated the effect of diuretic therapy on thiamin status.
A study in six volunteers found that furosemide (1, 3, and 10mg) doubled the rate of
urinary thiamin excretion which correlated with urine flow rate (154). Additional
studies observed that administration of furosemide in hospitalized patients pre-
dicted decrease in thiamin status (F=4.06, p<0.001) and that patients receiving
high-dose furosemide (mean 120 � 40 mg/day) and low-dose furosemide (mean
40 mg/day) were severely deficient in thiamin (96 and 57%, respectively, with
thiamin pyrophosphate effect [TPPE] percentage >25%) (155,156). The clinical
effect of this deficiency has been evaluated. One study of 38 heart failure patients
receiving furosemide (mean dose 242 � 216 mg/day) or bumetanide (mean daily
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dose not reported) found that biochemical evidence of severe thiamin deficiency
(thiamin pyrophosphate effect > 25% stimulation) was found in seven patients.
There was a nonsignificant trend for patients with thiamin deficiency to have lower
percentages of left ventricular ejection fractions (157). A case–control study found
that 23 patients with heart failure on long-term furosemide therapy (dose range
80–240 mg daily) were more likely to have thiamin deficiency (TPPE > 15%)
compared to a matched control group (21 of 23 in heart failure group vs 2 of 16
in control group, p<0.001) (158). When six of the heart failure patients were given
parenteral thiamin (100 mg twice daily), the mean TPPE decreased to normal
(27.0�3.8 to 4.5�1.3%, p<0.001) and left ventricular ejection fraction increased
from 24�4.3 to 37�2.4% in four out of five patients who underwent echocardiog-
raphy (one remained unchanged). No change in cardiac output was noted.
A prospective, double-blind randomized study evaluated the effect of 1 week of
daily intravenous thiamin HCl (200 mg) compared to placebo (normal saline) in
heart failure patients receiving furosemide (mean daily dose for placebo 108 �
45 mg/day and for thiamin treatment 120 � 36 mg/day) (159). This portion of
the study was followed by a 6-week open-label period in which all patients received
200 mg of oral thiamin daily. Fifteen of the 27 patients included in the study had
baseline TPPE higher than 15%. There was no change in TPPE in the placebo group
after 1 week; however, the thiamin-treated group decreased from 11.7� 6.5 to 5.4�
3.2% (p<0.01). Mean left ventricular ejection fraction (LVEF) increased in the
thiamin-treated group (0.28 � 0.11 to 0.32 � 0.09, p<0.05) but not in the placebo
group. Themean LVEF also increased 22% (p<0.01 compared to baseline) after the
6-week oral thiamin period.

7.3. Potassium-Sparing Diuretics

Foods that are high in potassium content and salt substitutes that contain
potassium may increase the risk of hyperkalemia in patients receiving potassium-
sparing diuretics.

A study in nine healthy subjects evaluated the effect of food (standardized
breakfast) on the absorption of spironolactone and its metabolites (160). The
results indicate that food increases absorption of spironolactone with a 95.4 �
66.9% mean increase in AUC when compared to a fasting state (p<0.001).

A report describes several studies that were conducted to evaluate the effects of
food on the absorption of combination hydrochlorothiazide/triamterene tablets or
capsules and combination hydrochlorothiazide/amiloride tablets (161). The
authors concluded that food, particularly food high in fat content, increases the
absorption of triamterene; however, this increase occurred only with the capsule
formulation and not with the tablet formulation. Food decreased the absorption of
amiloride by approximately 25%.

7.4. Thiazide/Thiazide-Like Diuretics

A study found that hydrochlorothiazide absorption was increased when adminis-
tered with a high-fat meal, but this occurred only with administration of hydro-
chlorothiazide/triamterene capsules and not with the tablets (161). An earlier study
also found that food enhanced the absorption of hydrochlorothiazide (162).
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In contrast, the manufacturer recommendations for Microzide1 (hydrochlorothiazide
capsules) state that administration of hydrochlorothiazide with food decreases bio-
availability by 10% and the maximum plasma concentration decreases by 20% (163).
The data to support this recommendation are no longer available, but perhaps it is
the formulation of hydrochlorothiazide that influences absorption and effects that
food have on absorption.

A review article describing the effects of low-dose diuretics summarized several
studies and concluded that hydrochlorothiazide can increase serum total choles-
terol, LDL cholesterol, and triglyceride levels (164). The author concluded that,
although there is controversy surrounding the issue, the available data suggest that
these adverse effects on lipid profile are dose related and low doses (<25 mg) have
minimal effects on lipids. This article also summarized the effect of hydrochloro-
thiazide (12.5 mg) on glucose and insulin metabolism. Based on the nine trials
evaluated, the author concluded that hydrochlorothiazide at doses <12.5 mg per
day have minimal effect on plasma glucose and insulin levels and that only doses
> 25 mg have the potential to cause significant insulin resistance and glucose
intolerance (164). A study designed to evaluate the frequency and severity of
ventricular arrhythmias in patients receiving diuretic therapy for hypertension
also evaluated the effect of diuretic therapy on glucose and insulin in hypertensive
men (165). This study randomized 232 men to one of six regimens: (1) 50 mg/day
hydrochlorothiazide, (2) 50 mg/day hydrochlorothiazide + 40 mmol KCl per day,
(3) 50mg hydrochlorothiazide+ 40mmolKCl per day+400mgmagnesium oxide
per day, (4) 50 mg hydrochlorothiazide + 100 mg triamterene per day, (5) 50 mg
chlorthalidone per day, or (6) placebo (10 mg/day thiamin). There was no signifi-
cant change in mean fasting glucose or insulin levels in any of the hydrochloro-
thiazide regimens; however, the chlorthalidone group experienced significant
increases in serum glucose (mean change 12 mg/dL, p<0.01).

Hydrochlorothiazide has been shown to increase zinc excretion (166). One study
evaluated the effects of combination hydrochlorothiazide/amiloride (50 mg/5 mg
daily; n=15) compared to hydrochlorothiazide alone (25 mg daily; n=8) and control
subjects (n=8) and found that the 24-h urinary excretion of zinc was significantly
greater for both patient groups as compared to control subjects (1103�103 mg/24 h
for hydrochlorothiazide/amiloride vs 1225�120 mg/24 h for hydrochlorothiazide vs
473�48 mg/24 h for control, p<0.0001 compared to controls) (167).

8. RENIN–ANGIOTENSIN–ALDOSTERONE SYSTEM (RAAS) AGENTS

8.1. Angiotensin-Converting Enzyme Inhibitors

8.1.1. GENERAL

Angiotensin-converting enzyme inhibitiors (ACE-I) interfere with the conversion
of angiotensin I to the potent vasoconstrictor angiotensin II. These agents are
widely used in reducing clinical events from ischemic heart disease and decreasing
the progression of renal dysfunction. Hyperkalemia is a common adverse event for
which the risk is increased in patients with renal insufficiency, patients taking
potassium-sparing diuretics, or patients with dietary intake high in potassium.
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Recently, a study described a drug–natural product interaction with ACE-I.
Licorice-induced pseudoaldosteronism has been described since 1968. Glycyrrihizin,
which is the active component of licorice, was being taken by a 77-year-old man for
allergic rhinitis for several years; however, the pseudoaldosteronism caused by
glycyrrihizin was masked by concurrent ACE-I use. Once the ACE-I dose was
reduced, hypokalemia became evident. This is the first case where masking effect of
ACE-I on the development of pseudoaldosteronism has been described (168).

Again, hyperkalemia is a common side effect of ACE-I. Patients with a history of
hypertension are routinely advised to follow a low-sodium diet and they may try to
achieve this through the use of available salt substitutes which usually contain
potassium salts. Two cases of severe hyperkalemia from concomitant use of salt
substitute and ACE-I have been reported. In the first case, the patient was on
lisinopril 20 mg daily and in the second case the patient was on enalapril 2.5 mg
twice daily. Both patients had some degree of renal dysfunction and were taking
excessive amount of ‘‘Lo Salt’’ substitute. Serum potassium levels were reported to
be 7.6 and 7.0 mmol/L, respectively, on admission. In each case the serum potas-
sium returned to normal range after cessation of the salt substitute (169). Fatal
hyperkalemia due to combined therapy with a cyclooxygenase-2 inhibitor, an ACE-
I, and potassium-rich diet was described in a 77-year-old mildly hypertensive and
hypothyroid woman with no underlying renal disease. Her diet included eating one
banana a day ‘‘to keep a good potassium level’’ and significant medications included
enalapril 2.5 mg daily and rofecoxib 25 mg daily (170).

Captopril at high doses has been associated with taste disturbance because the
thiol radical (-SH) within the compound can chelate with serum zinc and the
depletion of zinc subsequently leads to taste disturbance (171). However, a com-
parative study of taste disturbance by losartan and perindopril showed that both
drugs altered taste sensitivity in six Japanese men without influencing zinc concen-
trations in plasma and saliva (172).

Several case–control studies have shown an association between hypoglycemia
and ACE-I (173–175). Increase in insulin sensitivity due to enhanced insulin-
mediated peripheral glucose disposal from muscular tissue may be the mechanism
through which hypoglycemia occurs. The adverse event was usually but not always
reported in diabetic patients treated with antidiabetic agents. ACE-I have several
advantages over other antihypertensive medications in diabetic patients (i.e., pre-
venting nephropathy and preventing cardiovascular events) and, therefore, any
potential increase in risk of hypoglycemia is greatly outweighed by the other
benefits of ACE-I therapy (176).

8.1.2. SPECIFIC AGENTS

Absorption of benazepril is not affected by the presence of food (177). Food
decreases absorption by about 30–40% and, therefore, captopril should be given 1 h
before meals (178). Food does not affect the absorption of enalapril (179). The rate
of fosinopril absorption may be slowed by the presence of food in the GI tract;
however, the extent of absorption of fosinopril is not affected (180). Lisinopril
absorption is not influenced by the presence of food in the GI tract (181). Food
does not significantly lower the rate or extent of perindopril absorption. In clinical
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trials, perindopril was generally administered in a non-fasting state (182).
Although the rate of absorption is reduced, the overall absorption of ramipril is
not significantly affected by the presence of food in the GI tract (183). Food slows
absorption of trandolapril, but does not affect AUC or Cmax of trandolaprilat or
Cmax of trandolapril (184).

8.2. Angiotensin Receptor Blockers

8.2.1. GENERAL

The angiotensin receptor blockers (ARBs) inhibit the binding of angiotensin II to
the AT1receptor. ARBs are similar in clinical effect to the ACE-I; however, this
relatively new class has fewer side effects including cough. Little information is
available with regard to ARBs and drug-nutrient interactions.

8.2.2. SPECIFIC AGENTS

Food with a high fat content does not affect the bioavailability of candesartan
after candesartan administration (185). Subclinical reduction in taste sensitivity
was reported with candesartan and valsartan in eight healthy nonsmokingmen. The
mechanism of ARB-induced taste disturbance is not clear since serum and saliva
zinc concentrations did not change (186). Food does not affect the bioavailability
of irbesartan (187). Losartan may be administered with other antihypertensive
agents, and with or without food (188). Food does not appear to affect the
bioavailability of olmesartan (189). Food slightly reduces the bioavailability of
telmisartan, with a reduction in the AUC of about 6% with the 40 mg tablet and
about 20% after a 160mg dose (190). Food decreases the exposure (as measured by
AUC) to valsartan by about 40% and Cmax by about 50% (191).

8.3. Others

8.3.1. ALDOSTERONE BLOCKERS

Spirinolactone and eplerenone are two agents that are used commonly in this class.
Specific food–nutrient–drug interactions are discussed for eachdrug (see Section7.3.).
Because these agents affect the renin–angiotensin–aldosterone system, the risk of
hyperkalemia exists. Patients can become hyperkalemic if combined with other risk
factors such as renal dysfunction and diets rich in potassium. Spirinolactone was
discussedpreviously in the sectionondiuretics. Themanufacturer states that eplerenone
absorption is not affected by food (192).

8.3.2. RENIN INHIBITORS

Aliskiren is an agent that inhibits angiotensin I production. Relatively little
information is available with regard to drug-nutrient interactions. When taken
with a high-fat meal, the mean AUC and Cmax of aliskiren are decreased by 71
and 85%, respectively. In the clinical trials of aliskiren, it was administered without
requiring a fixed relation of administration to meals (193).
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9. LIPID MODULATING AGENTS

9.1. HMG-CoA Reductase Inhibitors

9.1.1. GENERAL

The so-called ‘‘statins’’ competitively inhibit 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase, the rate-limiting step in de novo cholesterol biosynthesis,
which causes a decrease in serum cholesterol and increase in low-density lipo-
protein (LDL) receptor number and activity. Grapefruit juice inhibits the
metabolism of certain HMG-CoA inhibitors leading to elevated drug levels
(see Chapter 10).

9.1.2. ATORVASTATIN

Although food decreases the Cmax by approximately 25% and the AUC by 9%,
LDL cholesterol reduction is similar whether atorvastatin is given with or without
food (194, 195).

9.1.3. ROSUVASTATIN

Administration of rosuvastatin with food decreased the rate of drug absorption
by 20% as assessed by Cmax, but there was no effect on the extent of absorption
as assessed by AUC. Significant LDL cholesterol reductions are seen when
rosuvastatin is given with or without food (196).

9.1.4. SIMVASTATIN

Low concentrations of high-density lipoprotein (HDL) is associated with cardiovas-
cular disease risk. One strategy for treating low HDL is to combine lifestyle changes
with niacin plus a statin. Antioxidants have also been advocated in CAD patients for
inhibiting LDL oxidation and atherogenesis. A recent study enrolled 160 subjects with
CAD and low HDL to determine the effects of simvastatin/niacin and/or antioxidant
therapy (vitamin E and C, b-carotene, and selenium) on progression and regression of
CAD. The results of the study surprisingly showed that when the simvastatin/niacin
combination is administered with antioxidants, the potentially beneficial response to
HDL was attenuated compared to subjects who took simvastatin/niacin alone (197).

Relative to the fasting state, the plasma profile of inhibitors was not affected
when simvastatin was administered immediately before an American Heart
Association-recommended low-fat meal (198).

9.1.5. LOVASTATIN

The plasma concentrations of lovastatin when given on an empty stomach were
reduced by an average of one-third as compared to when lovastatin was adminis-
tered immediately after a standard test meal and, therefore, lovastatin should be
administered with meals (199).

9.1.6. FLUVASTATIN

Administration of fluvastatin with food increases the rate (twofold increase in
Cmax as compared to administration 4 h after meal) but not the extent of absorption.
No differences in the lipid-lowering effects were observed between the two admin-
istrations (with or without food) (200).
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9.1.7. PRAVASTATIN

While the presence of food in the GI tract reduces systemic bioavailability, the
lipid-lowering effects of the drug are similar whether takenwith or 1 h prior tomeals
(201).

9.2. Niacin

Certain foods may exacerbate the flushing that is common when starting niacin
therapy. Alcohol, spicy foods, and hot beverages may need to be timed sufficiently
before or after niacin dosing (202). Tomaximize bioavailability and reduce the risk
of gastrointestinal upset, administration of niacin with a low-fat meal or snack is
recommended (203).

The effect of niacin on glucose is not well understood. After acute administration
of nicotinic acid, studies have reported glucose concentrations as falling, rising, or
not changing. Glucose tolerance testing studies have shown inconsistent results
from no effect to decreased glucose tolerance. However, chronic administration of
nicotinic acid has consistently shown deterioration of glucose tolerance and rise in
fasting blood glucose concentration in normal and diabetic patients. Minor
increases (4–5% on average) in glucose levels result from niacin-induced insulin
resistance, but these increases are often clinically insignificant or readily treated.
Glycemic control in diabetes should be monitored following niacin initiation or
dosage increase (202,204).

9.3. Fibric Acids

9.3.1. GENERAL

Gemfibrozil and fenofibrate are the two agents available in the United States.
Drug–nutrient interactions mainly relate to absorption of drug when given with or
without food (see Chapter 11).

9.3.2. FENOFIBRATE

Several studies have examined the bioavailability of fenofibrate. Fenofibrate
has low bioavailability when taken on an empty stomach and is highly lipophilic
and, therefore, is practically insoluble in water (205). In the presence of food
fenofibrate absorption increases �35%. Since high-fat meals are to be limited in
treatment of hypertriglyceridemia for which fenofibrate is often prescribed, studies
of newer formulations of fenofibrate have looked at whether it can be taken with or
without food. In 113 healthy adult subjects three different formulations of fenofibrate,
micronized or microcoated or insoluble drug delivery microparticle (IDD-P), were
evaluated. The study concluded IDD-P fenofibrate formulation had an equivalent
extent of absorption under fed or fasting conditions, suggesting that dosage
regimens could include administration of the product without food providing
greater convenience and simplicity for patients (205). A randomized, double-
blind, placebo-controlled trial evaluated food-related efficacy ofmicronized fenofibrate
coated on inert microgranules (FF-uG) for treatment of hypertriglyceridemia. The
study mainly looked at lipid parameters and found no inequivalence in
triglyceride-lowering effects of the fenofibrate given with or without food and
thus can be administered without regard to meals (206). In two other clinical trials,
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the bioavailability of various fenofibrate formulations was evaluated. The first
study evaluated a fenofibrate sustained-release formulation and concluded that
administering after a meal increased bioavailability, and the second study looked
at a nanoparticle formulation and found that they can be given without regard to
food since pharmacokinetics were not significantly altered by food (207,208).

9.3.3. GEMFIBROZIL

The absorption of gemfibrozil is affected by the presence of food. One study found
that both the rate and the extent of absorption of the drugwere significantly increased
when administered 0.5 h before meals. Average AUC was reduced by 14–44% when
gemfibrozil was administered after meals compared with administration 0.5 h before
meals. A subsequent study found that the rate of absorption of gemfibrozil was
increased (Cmax was 50–60% greater) when administered 0.5 h before meals as
compared to administration either with meals or fasting. In this study, there were no
significant effects on AUC with regard to administration with meals. Gemfibrozil is
recommended to be given before a morning and evening meal (209).

9.4. Bile Acid Resins

9.4.1. CHOLESTYRAMINE, COLESTIPOL, AND COLESEVELAM

Bile acid resins bind to and reduce enterohepatic circulation of bile acid, leading to
production of more bile acids from cholesterol. Bile acid resins in high doses,
cholestyramine and colestipol in particular, can reduce the absorption of fat-soluble
vitamins (A, D, E, or K) though the effect is negligible in healthy patients consuming
a well-balanced diet (210). These agents are not absorbed systemically and thus do
not cause serious systemic side effects; however, they can cause GI side effects such as
bloating and constipation and very rarely intestinal obstruction. Colesevelam, the
newer agent in this class, has greater specificity for bile acids and in comparison to
older agents it causes less constipation and clinically significant reduction in the
absorption of vitamins A, D, E, or K during clinical trials of up to 1 year
(211,212). Cholestyramine, colestipol, and colesevelam are recommended to be
given with meals (212).

9.5. Cholesterol Absorption Inhibitors

9.5.1. EZETIMIBE

Concomitant food administration (high-fat or non-fat meals) had no effect on
the extent of absorption of ezetimibe; however, the Cmax of ezetimibe was increased
by 38%with consumption of high-fat meals. Ezetimibe can be administered with or
without food (213).

9.6. Omega-3 Fatty Acids

Patients with diabetes are advised to be cautious when taking omega-3 fatty acids
because increases have been reported in plasma glucose requiring increased doses of
insulin or hypoglycemic agents. However, several reports show that omega-3 fatty
acids do not impair glycemic control in diabetic patients. A recent multicenter,
randomized, double-blind, placebo-controlled study evaluated the possible worsening
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of glycemic control after 2–3 g of omega-3 fatty acids per day in patients with
hypertriglyceridemia with and without glucose intolerance or diabetes. The study
did not findmajor alterations in glycemic indexes (fasting glucose,HbA1c, insulinemia,
and oral glucose tolerance) in patients with impaired glucose tolerance or diabetes
(214). In clinical trials the only prescription omega-3 fatty acid product (Lovaza1)
was administered with meals (215).

10. ORGANIC NITRATES

The organic nitrates exert their effect by increasing nitric oxide availability to
vascular smooth muscle which results in vasodilation. They are used primarily for
the treatment and prevention of myocardial ischemia.

10.1. Isosorbide Mononitrate

The influence of food on the bioavailability of isosorbide mononitrate after
single-dose administration, 60 mg tablet, was evaluated in three different studies
involving either a ‘‘light’’ breakfast or a high-calorie, high-fat breakfast. Results of
these studies indicate that concomitant food intake may decrease the rate but not
the extent of absorption of isosorbide mononitrate (216).

11. VASOACTIVE AGENTS

The agents included in this section are those which affect the vasculature and/or
cardiac contractility. They are utilized for several different disease states such as
heart failure (dobutamine), sepsis (epinephrine), pulmonary hypertension (bosen-
tan), and hypertension (hydralazine).

11.1. Dobutamine, Amrinone, and Norepinphrine

Two studies have evaluated the effect of dobutamine on serum potassium levels
(217,218). In 13 patients with severe idiopathic of ischemic dilated cardiomyop-
athy, dobutamine (10�1 mg/kg/min) was administered. A significant decrease in
plasma potassium occurred at peak infusion (4.6�0.1 to 4.2�0.2 mmol/L,
p<0.0001) and lasted for at least 45 min following discontinuation of the infusion
(217). A second study evaluated plasma potassium levels in 198 patients under-
going a dobutamine stress test and found that at peak dose of dobutamine (mean
peak dose ¼ 20 mg/kg/min) a small, yet statistically significant, decrease in plasma
potassium occurred (4.22 � 4.8 to 3.86 � 0.35 mmol/L, p<0.00001) (218).

To evaluate whether calcium inhibits the effect of dobutamine or amrinone,
a study of 46 patients was performed 1 day following elective aortocoronary bypass
surgery (219). Patients were given either dobutamine 2.5 mg/kg/min for 6 min
increased to 5 mg/kg/min for 6 min (n=22) or amrinone 10 mg/kg/min (n=12) or
20 mg/kg/min (n=12) for 20 min and then an infusion of calcium chloride 1 mg/kg/
min for 20 min (reduced to 0.25 mg/kg/min for 5 min in the dobutamine groups) or
saline (control). The patients served as their own controls and hemodynamic
parameters were measured at baseline and at 5 min intervals. The hemodynamic
parameters that were increased with dobutamine alone (cardiac output and heart
rate) were not increased as much when calcium was infused (30% less increase in
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CO). The calcium infusion did not alter the amrinone-induced hemodynamic
changes. The authors conclude that calcium may inhibit the cardiotonic actions of
b-adrenergic agonists.

In order to determine whether a redox environment contributes to cardiac
function in humans, two studies evaluated the effect of vitamin C on left ventricu-
lar function (220,221). The first study included 19 patients who were referred for
elective diagnostic heart catheterization and had no valvular disease or ventricular
dysfunction. A dobutamine infusion (2.5, 5, or 7.5 mg/kg/min) was administered
alone and was then administered with vitamin C (500 mg) infused into the left
main coronary artery for 10 min. Left ventricular (LV) pressure and LV peak
positive dP/dt (LV+dP/dt) were directly measured. Vitamin C was also adminis-
tered alone and had no effect on hemodynamic parameters measured. Infusion of
the vitamin C with dobutamine resulted in a 22% increase in inotropic response to
dobutamine (474� 60 mmHg/s increase in LV+ dP/dt with dobutamine alone vs
581� 76mmHg/s increase in LV+dP/dt with dobutamine+ vitamin C, p<0.01).
A similar study in heart failure patients did not produce the same findings which
lead to the hypothesis that increased endogenous nitric oxide (NO) in heart failure
patients opposes the positive effect of vitamin C on contractility. To examine this
the authors performed a study in 11 male heart failure patients testing the hypo-
thesis that in the setting of NO synthase inhibition vitamin C will augment the
response to dobutamine in patients with heart failure (221). Patients were given
dobutamine (2.5, 5, or 7.5 mg/kg/min) alone and then with both vitamin C
(500 mg) and NG-monomethyl-L-arginine (500 mg) infused intracoronary. The
results indicate that the addition of L-NMMA allows vitamin C to produce a
significant, albeit modest, increase in LV + dP/dt (25 � 5% increase with
dobutamine alone, 27 � 6% increase with dobutamine and L-NMMA, 37 � 5%
increase with dobutamine, L-NMMA, and vitamin C).

The metabolic effects of dobutamine and norepinephrine were evaluated in
16 healthy male volunteers. Patients were administered norepinephrine (0.1 mg/
kg/min, n=9), dobutamine (5 mg/kg/min, n=7), or placebo (0.9% NaCl, n=9)
in addition to infusions of [15N2]-urea (7 mg/kg bolus, then 0.0112 mg/kg/min
infusion), [6,6-D2]-glucose (4 mg/kg/min plus 0.05 mg/kg/min), and [1-13C]L-
leucine (0.27 mg/kg/min plus 0.005 mg/kg/min). Blood samples were taken
during regular intervals over an 8-h study period to determine plasma
concentrations of glucose, lactate, insulin, glucagon, norepinephrine, and epi-
nephrine. Metabolic parameters were determined and results demonstrate that
dobutamine causes a slight decrease in glucose production, leucine flux, and
ketoisocaproate flux; however, no change was observed in plasma glucose, insulin,
glucagon, or lactate concentrations. Norepinephrine resulted in an increase in
glucose production; however, no change in leucine and ketoisocaproate flux was
observed (222).

11.2. Epinephrine

Several studies have evaluated the effects of epinephrine infusions on metabolic
parameters (223–229). These studies have demonstrated that epinephrine causes
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glycogenolysis, suppression of glucose uptake in splanchnic and peripheral tissue,
and stimulation of endogenous glucose production (224,226,227,229). In addition,
it has been shown to increase proteolysis and VO2 (224, 225).

11.3. Bosentan

The effect of food on the bioavailability of bosentan (125 mg tablet and 62.5 mg
tablet) was studied in 16 healthy male volunteers (230). Despite earlier studies with
a 500 mg tablet which demonstrated a twofold increase in bioavailability when
administered with food, this study found only a slight increase (10% increase in
AUC with the 125 mg tablet).

11.4. Hydralazine

The effect of food on hydralazine absorption was evaluated in eight subjects who
were given oral hydralazine under four conditions: (1) fasting, (2) with a standard
breakfast (500 kcal, 17.4 g fat, 68.2 g carbohydrate, 17.4–17.6 g protein), (3) with
a bolus of enteral nutrients (470 mL containing 500 kcal, 17.5 g fat, 68.2 g carbohy-
drate, 17.5 g protein) given over 20 min, and (4) with a slow infusion of the same
enteral nutrients administered via nasogastric tube over 6 h (231). The study found
that hydralazine absorption was decreased by the standard breakfast and enteral
nutrition bolus and was increased by the enteral infusion as compared to the fasted
state.

12. CLINICAL RELEVANCE

The data presented here are based largely on small studies, case reports, and data
on file with drug manufacturers. The significance of these drug–nutrient inter-
actions and effects on nutritional status should be taken into consideration on an
individual patient basis and large-scale recommendations cannot be made until
larger studies have been performed. The information attained from the studies
presented can be used to influence therapy decisions and monitoring parameters
on an individual patient basis.

13. LIMITATIONS OF THE DATA

The information included in this chapter results from an extensive literature search.
Articleswere identified viaMEDLINEusing the following search terms in combination
with the drug classes and individual drugs: nutrition disorders, obesity, malnutrition,
nutritional status, protein–energy malnutrition, protein deficiency, food, absorption,
bioavailability, food–drug interactions, fatty meal, enteral nutrition, dietary proteins,
diet, vitamin, mineral, herbal, drug–nutrient interactions, dietary supplement, weight
loss, weight gain, hyperglycemia, hypoglycemia, lipids, electrolytes, and glucose. Search
findingswere limited toEnglish language andhumans.Article referenceswere also used
to identify additional literature. The limitations of the presented data are largely based
on the size of the studies identified. The majority of them are small studies or observa-
tional in design. Larger, prospective studies are necessary to truly examine the influence
of drugs on nutritional status and vice versa.
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14. RESEARCH NEEDS

Although there are many drug–nutrient interactions that have been identified,
there are many more that have yet to be evaluated. Areas of particular interest
include the influence of obesity on drug effects and how dietary supplements affect
drug absorption and efficacy.

15. CLINICAL RECOMMENDATIONS

The information included in this chapter should be used to help guide decisions
with regard to patient therapy for the treatment of cardiovascular disease and the
influence that nutritional status and food/dietary supplements may have on these
decisions. It is recommended to interpret and apply the data presented in this
chapter to patient care on an individual patient basis.

DISCUSSION POINTS

� The absorption of several agents used in the treatment of cardiovascular diseases
is affected by administration with food.

� Several agents used for the treatment of cardiovascular diseases have been shown
to affect glucose regulation and these effects should be considered when admin-
istering these agents to patients being treated for or at risk of developing diabetes
mellitus.

� There are limited studies evaluating the effects of dietary supplements or obesity
on the efficacy and safety of cardiovascular medications and, therefore, a need for
more research in this area exists.
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17 Influence of Neurological Medication
on Nutritional Status

Marianne S. Aloupis and Ame L. Golaszewski

Objectives

� Define the potential nutritional risks associated with chronic antiepileptic drug therapy.

� Understand the possible nutrition interactions in critically ill patients requiring aggressive

pharmacologic therapy in the acute management of neurologic insults, including traumatic

brain injury, stroke, and intracranial hemorrhage.

� Recognize the potential treatment strategies to prevent negative health outcomes related to

specific drug–nutrient interactions in neurologically impaired patient populations.

Key Words: Antiepileptic; carnitine; enteral nutrition; neurologic; osteopenia

1. INTRODUCTION

The treatment of neurologic illness frequently requires chronic, long-term
therapy with medication that may cause significant interactions with nutritional
status. Clinical impact of these drug–nutrient interactions may include altered
vitamin nutriture, increased or decreased metabolism of drugs or nutrients, and
alterations in gastrointestinal motility. The combined effects of these interactions
place patients receiving chronic medical therapy at risk for various degrees of
malnutrition. A review of the scientific background of these adverse interactions,
as well as possible therapeutic interactions, follows; the intent is to allow clinicians
to optimize the medical and nutrition therapy of this patient population.

2. ANTIEPILEPTIC DRUGS

Antiepileptic drugs (AEDs) are used to achieve seizure control in patients with
epilepsy. Patients frequently require long-term therapy with one or more medica-
tions. Due to the influence of AEDs, alterations in bone metabolism and status of B
vitamins have been documented. Absorption of some AEDs may be negatively
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impacted by co-administration with certain vitamins and enteral nutrition
products. Reviews of significant drug–nutrient interactions with the use of AEDs
are available (1) and several aspects will be discussed in the following sections.

2.1. Bone Mineral Status

2.1.1. REVIEW OF MECHANISMS/SCIENTIFIC BASIS

The use of AEDs has been shown to have a significant impact on bone mass and
bone mineral density (BMD) in various populations. Consequently, AED use has
been associated with an increased risk of bone fractures. In a case–control study of
more than 200,000 adult patients, use of AEDs had the highest odds ratio (OR) for
fracture risk when compared to any other independent risk factor (OR 2.1, 95%
confidence interval [CI] 2.0–2.2) (2).

Many theories have been suggested for alterations in BMD in epileptic patients
and have included evaluation of the role of AED-associated enzyme induction.
The enzyme-inducing AEDs include carbamazepine, oxcarbazepine, phenobar-
bital, phenytoin, and primidone, while the non-enzyme-inducing AEDs include
clonazepam, ethosuximide, gabapentin, lamotrigine, levetiracetam, topiramate,
valproic acid, and zonisamide (Table 1). Enzyme-inducing AEDs cause hepatic
induction of the cytochrome P450 (CYP) enzyme system including CYP27A1,
CYP27B1, and CYP24A1 responsible for vitamin D metabolism (3,4). With
increased catabolism of vitamin D via the CYP, the result is decreased levels of
active vitamin D and inadequate intestinal calcium absorption, hypocalcemia,
increased levels of parathyroid hormone, and increased bone turnover (3,5).
Conflicting reports related to the significance of vitamin D levels, as well as the
role of enzyme-inducing AED in the development of bone disease, have made the
mechanism of AED-associated bone disease more complex. The effect of vitamin
D deficiency on BMD, the impact of long-term AED use, and the impact of AED
enzyme inducers were examined in a cross-sectional study of ambulatory patients
(6). AED therapy was shown to decrease BMD in adult patients, regardless of

Table 1
Metabolism of Antiepileptic Drugs

Antiepileptic Drug Metabolized by Induces

Carbamazepine CYP1A2, -2C8, -2C9, -3A4 CYP2C9, -3A, UGT
Lamotrigine UGT UGT
Oxcarbazepine UGT CYP3A4/5, UGT
Phenobarbital CYP2C9/19 CYP2C, -3A, UGT
Primidone CYP2C9/19 CYP2C, -3A, UGT
Phenytoin CYP2C9/19 CYP2C, -3A, UGT
Topiramate – –
Valproic acid CYP2C9/19, UGT –
Zonisamide CYP3A4, UGT –
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vitamin D status as evaluated by 25(OH)-vitamin D. Enzyme-inducing medica-
tions were associated with lower BMD, although this was not statistically
significant. It should be noted that all patients receiving enzyme-inducing AEDs
had serum 25(OH)-vitamin D levels below what is considered normal by current
standards. BMD was negatively correlated with duration of AED therapy and
multiple drug therapy (6).

Subjects taking valproic acid also suffer from bone disease, although the
mechanism with this AED is not clear. A recent study compared 40 adult patients
on long-term valproic acid to age- and sex-matched patients taking phenytoin
(n=40) and age- and sex-matched healthy controls (n=40). All patients on valproic
acid and phenytoin had significant bone loss. BMD was 14% below controls in
patients treated with valproic acid and was 13% below controls in patients treated
with phenytoin. Two-thirds of patients treated with valproic acid had T-scores that
were diagnostic of osteopenia or osteoporosis (37 and 23%, respectively) (7). The
mechanism of bone loss appears to be related to increased bone resorption as
patients on valproic acid had higher levels of serum calcium, parathyroid hormone,
and telopeptide of Type I collagen (a marker of bone resorption). A longitudinal
study of patients on AED monotherapy compared BMD in Korean patients on
carbamazepine, valproic acid, and lamotrigine, evaluated at baseline and after 6
months of AED therapy using dual-energy X-ray absorptiometry (DEXA) of the
right calcaneus and biochemical markers of bone metabolism. Carbamazepine was
associated with significantly lower Z-scores and decreased levels of vitamin D (8).
Conversely, a twofold increase in osteocalcin (a marker of bone formation) levels
was seen in patients on valproic acid and lamotrigine, possibly suggesting a
compensatory mechanism to maintain bone homeostasis in the two agents without
enzyme-inducing properties (8). Unfortunately, no allowance was made for the
seasonal impact of vitamin D.

2.1.2. REPORTED CASES/DESCRIPTIONS

A prospective study of ambulatory male veterans examined alterations in BMD
at the femoral neck in patients on chronic AED therapy (phenytoin, carbamaze-
pine, valproic acid, lamotrigine, gabapentin, and phenobarbital). Younger males
(age 25–44 years) in this study were shown to have more than a 2.5-fold increased
prevalence of femoral bone loss (annual loss of 1.8% of femoral neck BMD) (9)
compared to a healthy male population (10,11). In a population of older women,
there was a 1.6-fold increased rate of annual bone loss at the calcaneus and the total
hip when continuous users of AEDs were compared to nonusers, translating to a
29% increased risk of hip fracture over 5 years in this cohort of patients (12).
Enzyme-inducing AEDs are thought to present the greatest risk for bone loss.
Ambulatory adult patients taking enzyme-inducing AEDs for >3 years were
evaluated retrospectively to assess degree of bone loss (13). Patients on AEDs
had a statistically significant increased risk of both osteopenia and osteoporosis
across all age and gender groups.When compared to amedically normal population
based on World Health Organization guidelines, 40% of the patients receiving
AEDs were osteopenic compared to an expected rate of 15.3%, while 18% were
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osteoporotic compared to an expected rate of 0.6% in healthy individuals. In
addition, based on decreases in T-scores across all age and gender groups, fracture
risk was doubled in this population (13).

Case reports of osteopenia and hypocalcemia further highlight the implications
of alterations in bone homeostasis in patients on AEDs. Valproic acid-induced
osteopenia has been suggested in a 28-year-old mentally retarded man being treated
with divalproate. Serum levels of 25(OH)-vitaminD and 1,25(OH)2-vitaminDwere
within normal limits. Osteopenia was diagnosed via DEXAwith lowT-scores in the
neck, Ward triangle, and trochanter. Other risk factors commonly associated with
osteopenia in these patients such as low vitaminD levels, small body size, andDown
syndrome were not present; lifestyle factors associated with bone loss such as
tobacco use, steroid use, and immobility were also not associated with osteopenia
in this case (14).

Hypocalcemia reduced seizure control in a 32-year-old mentally retarded,
institutionalized patient who began having seizures despite therapeutic drug levels
(15). He had previously been seizure-free for 5 years. His AED regimen included
phenytoin and phenobarbital and serum levels of AED were within the therapeutic
range. Additional blood work demonstrated the following: hypocalcemia (total
calcium 5.9 mg/dL) with an albumin of 37.7 g/L, hyperparathyroidemia
(PTH 160 pg/mL), and vitamin D deficiency (25(OH)-vitamin D 5.7 ng/mL with a
1,25(OH)2-vitamin D 53 ng/L). Intravenous calcium supplementation was instituted
until the calcium level approached normal. Supplementation was then converted to
1 g oral calcium and 0.25mg calcitriol daily. Calcium levels normalized after 2 months
of supplementation, and the patient subsequently became seizure-free. Loss of seizure
control due to hypocalcemia may be an uncommon clinical presentation that can be
successfully treated with calcium and vitamin D supplementation.

2.1.3. CLINICAL RELEVANCE

Risk of fracture is significantly higher in patients with epilepsy when compared to
a healthy population. In a population study of more than 40,000 patients with
epilepsy, fracture rates were almost twofold higher than the reference cohort.
In particular, the risk of hip fracture was three times higher in both men and
women>50 years of age (16). Whether fractures are traumatic as a result of seizure
activity or pathologic in nature is poorly defined. Due to the possible effects of
AEDs on BMD, it is suggested that AED use is an independent risk factor for
bone loss and subsequent fractures. A recent retrospective analysis of
AED-treated patients with a history of fractures demonstrated that pathologic
fractures are experienced throughout the life cycle at much higher rates than in
the general population; of note, more than half of the pathologic fractures in this
group occurred in patients less than 50 years of age (16). The effects of AEDs may
cause osteopenic/osteoporotic fractures to occur at a much younger age than would
be expected in a healthy population (17). Although the exact mechanism of AEDs
on bone health is yet to be defined, the clinical impact of metabolic bone disease in
this population suggests a need for intervention. Few neurologists routinely screen
their patients for bone disease (18), which increases the risk for considerable bone
loss and fractures in this population prior to diagnosis.
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In patients treated with phenytoin, carbamazepine, and valproic acid,
supplementation with vitamin D has been shown to increase levels of
25(OH)-vitamin D3 and parathyroid hormone and improve ultrasound
measures of bone mineralization 1 month after receiving supplementation
with 100,000 IU of 25(OH)D3 (19). Inadequate intake of calcium or vitamin
D may place patients on AEDs at increased risk for deficiencies or loss of
BMD. Several studies evaluating BMD in epileptic patients have documented
average calcium intakes of 541–1026 mg/day (6,8,12,20), which are below
recommended intake guidelines (21). Estimated annual health-care costs
related to the treatment of osteoporotic fractures in the United States exceed
13 billion dollars (22). Intervention in this population of high-risk patients
may help to decrease the morbidity and health-care costs associated with
decreased BMD and increased fracture risk.

2.1.4. LIMITATIONS OF DATA

Much of the research evaluating the impact of AED use on BMD is retrospective
in design. Retrospective and cross-sectional studies may be unable to control for
lifestyle factors such as physical activity, tobacco use, alcohol use, and calcium and
vitamin D intake or to control for other medical conditions that may confound the
association between AED use and bone loss.

2.1.5. RESEARCH NEEDS

Prospective longitudinal studies to define the mechanism of bone loss in patients
on AED are needed in order to determine appropriate preventative or treatment
strategies in individuals affected by metabolic bone disease. Newer AED regimens
should be evaluated to determine their role in development of bone disease.
The impact of calcium and vitamin supplementation on rates of bone loss should
also be evaluated prospectively to identify specific supplementation guidelines for
implementation in this at-risk population.

2.1.6. CLINICAL RECOMMENDATIONS

Supplementation with vitamin D and calcium may have significant impact on
the rate of bone loss. Therapeutic options in the management of AED-related bone
loss vary for prophylactic treatment of bone disease versus management of existing
disease. Disease prophylaxis should include vitamin D and calcium supplementa-
tion, although the exact amount is unclear. Vitamin D supplementation at a dose of
400 IU (10 mg) may be adequate to prevent bone loss (23). Individuals on multiple-
or high-dose AED therapy or who have limited outdoor exposure may require
prophylactic doses of vitamin D up to 2000 IU (50 mg) daily (24). Evaluation of
bone disease should be undertaken in individuals on long-term AED therapy who
have not received prophylactic treatment. Biochemical markers may be suggestive
of bone loss, such as hypocalcemia, hypophosphatemia, elevated alkaline phos-
phatase and parathyroid hormone levels, and decreased serum 25(OH)-vitamin D
levels; however, in some cases, biochemical markers will be normal. Individuals
with documented bone loss may benefit from treatment with vitamin D at doses of
2000–4000 IU (50–100mg) while monitoring for response to therapy, namely

Chapter 17 / Influence of Neurological Medication on Nutritional Status 487



Table 2
Management of Bone Loss from Antiepileptic Drug Therapy (23,24)

Degree of Bone
Disease Calcium Vitamin D Monitoring

Clinical
Considerations

Prophylaxis:
(monotherapy)

1000 mg 400 IU (10mg) Biochemical
markers: serum
calcium,
phosphorus,
alkaline
phosphatase,
25(OH)-
vitamin D,
parathyroid
hormone
(PTH)

DEXA

Adjust therapy in
setting of
decreased bone
density

Prophylaxis
(multi-drug
regimen or
high-dose
therapy, or
monotherapy
with risk
factors, i.e.,
limited sun
exposure,
immobility)

1000 mg 400–2000 IU
(10–50mg)

Biochemical
markers

DEXA

Adjust therapy in
setting of
decreased bone
density

Osteopenia or
osteoporosis

1000 mg 2000–4000 IU
(50–100mg)
(dose titrated to
improvement in
biochemical
markers or
DEXA)

Biochemical
markers

Urinary calcium
excretion

Serial DEXA

Consider
bisphosphonate
therapy with
lack of
improvement on
vitamin D
supplementation

Osteomalacia 1000 mg 5000–15,000 IU
(125–375mg) �
3–4 weeks
(titrate dose to
normalization
of 25(OH)-
vitamin D,
calcium, and
phosphorus
levels)

Biochemical
markers

Urinary calcium
excretion

Serial DEXA
Bone biopsy (may

be necessary to
diagnose)

Ongoing
monitoring to
prevent
morbidity
associated with
bone disease
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normalization of biochemical abnormalities or improvement in bone density.
In persons who have progressed to osteomalacia, evidenced by significant hypo-
calcemia, increased parathyroid hormone levels and alkaline phosphatase, and low
levels of 25(OH)-vitamin D, treatment should include higher doses of vitamin D.
Supplementation with vitamin D at doses of 5000–15,000 IU (125–375mg) con-
tinued over 3–4weeks should aim to raise 25(OH)-vitaminD levels above 30 ng/mL.
Inadequate data exist to routinely recommend the use of bisphosphonates in
patients on long-term AED (23). A summary of calcium and vitamin D supple-
mentation and monitoring guidelines is available in Table 2.

2.2. B-Vitamin Status

2.2.1. REVIEW OF MECHANISMS/SCIENTIFIC BASIS

Folate (FA) and vitamin B12 are important cofactors needed for the remethyla-
tion of homocysteine to methionine (Fig. 1). FA, in the form of 5-methyltetrahy-
drofolate, donates a methyl group and vitamin B12 is the coenzyme that allows the
conversion of homocysteine to methionine. Vitamin B6 is necessary for the
metabolism of homocysteine to cystathionine (25). An inverse relationship between
plasma homocysteine and folate levels exists in patients on AED therapy; folate
levels are decreased in patients on AEDs (26,27) (see Chapter 18). The low folate
levels seen in individuals receiving AEDs are attributable to several different
mechanisms: alteration in intestinal pH causing impaired intestinal absorption;
inhibition of intestinal conjugases to hydrolyze the polyglutamates of dietary folate
into an absorbable form; interference with transport of folate into tissues; and
depletion of folate due to its role as a cofactor in phenytoin metabolism (28).
Deficiencies of the B vitamins may result in hyperhomocysteinemia with a sub-
sequent increase in cardiovascular risk in individuals treated with AEDs. The
mechanism for vitamin B6 or vitamin B12 alterations in AED therapy is unclear.

Pregnant women on chronic AED therapy may also be at risk for impaired
B-vitamin status associated with AED. It is estimated that 1 in 200 pregnancies is
exposed to one or more AED, with a significant increase in the risk of congenital
malformations in the offspring of women with epilepsy. Treatment with more than
one agent appears to carry an even higher risk of fetal complications in comparison
to women on monotherapy (29). The increased risk of congenital malformations is
attributed to the teratogenic effects of AED, and women with epilepsy have double
the risk of having a child with a congenital malformation when compared to women
not receiving AED (30). Teratogenicity appears increased in women treated with
carbamazepine and valproic acid. Neural tube defects (NTD) occur at rates of
0.5–1% for carbamazepine and 1–5% for valproic acid (31,32,33). Altogether
major congenital malformations with carbamazepine are estimated at 2.2–8%
(34). More recent research has demonstrated that valproate (adjusted OR 4.1,
CI 1.6–11), carbamazepine (OR 2.5, CI 1.0–6.0), and oxcarbazepine (OR 10.8,
CI 1.8–106) were independent risk factors for development of congenital malfor-
mations; low serum folate (<4.4 mmol/L; OR 5.8, CI 1.3–27) was also an independ-
ent risk factor (35).
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The primary theory in the development of congenital malformations is related to
alterations in folate metabolism due to AEDs. Enzyme-inducing AEDs stimulate the
CYP system, causing significantly decreased levels of folate (36). As a result, women
with epilepsy are at higher risk for folate deficiency. Deficient folate status has been
closely linked to the development of NTD during the period of organogenesis which

Fig. 1. Summary of homocysteine metabolism.
Legend: B2, Riboflavin; B6, Pyridoxal-5-phosphate; B12, Cobalamin; BT, Betaine homocysteine
methyltransferase; CBS, Cystathionine-b-synthase; CL, Cystathioninelyase; MTHFR, Methyl-
enetetrahydrofolate reductase; MS, Methionine synthase; MT, a variety of methyltranferases;
SAH, S-Adenosylhomocysteine; SAM, S-Adenosylmethionine; THF, Tetrahydrofolate; 5-CH3-

THF, 5-Methyltetrahydrofolate; 5,10-CH2-THF, 5,10-Methylenetetrahydrofolate (25).
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occurs in the first several weeks after conception; consequently, routine FA supple-
mentation is recommended for all women of childbearing age (37). Women with a
prior pregnancy affected by a NTD carry an increased risk of a recurrent NTD-
affected pregnancy (38). Multiple trials have demonstrated significant risk reduction
for recurrent NTD when periconceptual FA supplementation is administered in
doses of 0.4 –4 mg/day (30). In particular, the Medical Research Council demon-
strated that risk of NTD was decreased by 72% when high-risk individuals were
supplemented with 4 mg FA daily (38). The American College of Obstetricians and
Gynecologists recommends that women treated with AEDs receive periconceptual
doses of FA similar to women with a history of NTD (39). Another set of recom-
mendations suggests supplementation of 5 mg of folic acid beginning 3 months prior
to conception and continuing through the end of the first trimester in women
receiving AEDs (34). Regardless of the specific folic acid dose administered the
patient’s vitamin B12 status should be assessed as well.

2.2.2. REPORTED CASES/DESCRIPTIONS

Plasma total homocysteine (tHcy) and FA levels were measured in 130 epileptic
patients on AED (25). An inverse correlation was found between FA and tHcy
concentrations in both young patients (1–14 years) and older patients (15–35 years)
(r¼ –0.289, p< 0.05; r= –0.465, p < 0.001, respectively). FA deficiency was found
in 8–18% of patients. Deficient patients were on long-term therapy (>5 years) and
required multiple AED for seizure control. Levels of vitamin B12 were within
normal limits while methionine levels were low, suggesting that FA deficiency was
responsible for the induction of elevated homocysteine levels. Supplementation
with FA resulted in normalized homocysteine levels (25).

Tamura and colleagues (40) demonstrated that few patients on AED
monotherapy displayed elevated homocysteine levels (11% of patients: three
on phenytoin, three on carbamazepine, one on lamotrigine); however, low
plasma folate status was found in 85% of patients on phenytoin, 65% on
carbamazepine, 54% on valproic acid, while this trend was only seen in 11%
of patients on lamotrigine; mean erythrocyte folate levels were normal in all
groups. While plasma folate levels reflect recent dietary intake, erythrocyte
folate reflects long-term folate consumption. In this report, decreased levels of
the coenzyme form of vitamin B6, pyridoxal-5

0-phosphate (PLP), were seen in
more than half of the patients on phenytoin, carbamazepine, and valproic
acid, but in only 22% of patients on lamotrigine (40). A significant inverse
relationship between tHcy and folate and vitamin B12 levels was found in
patients on carbamazepine, but no significant relationship existed with the
other AED in this population. Based on these results, it is suggested that
hyperhomocysteinemia may not be a significant clinical issue in patients with
adequate folate nutriture (40). More recent work evaluating homocysteine
levels in patients on lamotrigine and valproic acid has reinforced this view.
Homocysteine, FA, and vitamin B12 concentrations in newly diagnosed epi-
leptic patients treated with lamotrigine or valproic acid were assessed at base-
line prior to initiation of AED therapy and after 32 weeks of AED treatment.
No significant differences were found in tHcy, erythrocyte FA, and vitamin
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B12 levels between baseline and after treatment in patients on lamotrigine.
Patients on valproic acid had a decline in tHcy levels and increase in vitamin
B12 concentration after 32 weeks of treatment (41). Due to the short time on
AED therapy, the study period may have been inadequate to effectively
evaluate the impact of AED on plasma homocysteine levels or B-vitamin
status.

FA and vitamin B6 levels were significantly lower in patients compared to controls
(13.5� 1.0 nmol/L versus 17.4� 0.8 nmol/L, p<0.002, and 39.7� 3.4 nmol/L versus
66.2 � 7.5 nmol/L, p <0.001, respectively) and tHcy levels were significantly higher
(14.7 � 3.0mmol/Lversus 9.5 � 0.5mmol/L, p<0.05) in a population of 51 adult
patients on long-term AED compared to age- and sex-matched controls (27).
A significant inverse relationship between elevated homocysteine levels
(>14.9mmol/L) and low FA levels was noted (p <0.01), while no significant correl-
ations between vitamin B6 and tHcy levels were demonstrated (27).

Concentrations of tHcy before and after methionine loading were evaluated
in patients receiving enzyme-inducing AEDs or non-enzyme-inducing AEDs
(42). Higher levels of fasting tHcy (p=0.01) and postmethionine load tHcy
levels (p<0.001) were seen in individuals receiving enzyme inducers compared
to controls, while patients on non-enzyme-inducing AED had lower postme-
thionine load tHcy levels (p=0.01) (42). Vitamin B12 levels were normal in all
groups. An inverse relationship between plasma tHcy and erythrocyte FA was
demonstrated (p<0.0001) (42). Additional work by Apeland and colleagues
demonstrated that individuals receiving AEDs with documented hyperhomo-
cysteinemia, supplemented with folic acid (0.4 mg), pyridoxine (120 mg), and
riboflavin (75 mg) for 30 days, had significant reductions in fasting (36%) and
postmethionine loading (29%) tHcy levels with concurrent increases in serum
FA and plasma PLP levels. Total cholesterol and LDL cholesterol decreased
significantly although markers of endothelial activation such as P-selectin and
von Willebrand factor were unchanged, suggesting a possible increased risk of
cardiovascular disease (26).

In comparisons of epileptic patients on AED to epileptic patients not on AED
with a group of age- and sex-matched healthy controls, 64% of epileptic patients on
AED had hyperhomocysteinemia versus 20% of epileptics not on AED and 27% of
controls (43). In epileptic patients treated with phenytoin, significantly lower FA
levels were found compared to non-AED patients and controls (p <0.05), while
patients on carbamazepine tended to have lower levels of PLP (43). Significant
negative correlations were found between tHcy and FA levels in all study subjects.
In addition, an inverse relationship was found between duration of phenytoin
treatment and FA status (43).

Several case reports of pregnant women treated with AED who had pregnancies
affected by NTD bring into question the effectiveness of folic acid or B-vitamin
supplementation as a preventative tool. Many of these cases are associated with
valproic acid therapy which does not induce the CYP system. Craig et al. (44)
described a 26-year-old woman on long-term valproic acid who was treated with
high-dose folic acid supplementation (4 mg/day) for 18 months prior to conception.
Supplementationwas discontinued after the first trimester. The infantwas bornwith a
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NTD as well as other features consistent with fetal valproate syndrome (ventricular
and atrial septal defects, cleft palate, and bilateral talipes). Another case study of
biochemical abnormalities during pregnancy in a patient treated with valproic acid
supplementation suggested that high-dose multivitamin supplementation can offer a
protective effect to the teratogenesis associated with valproic acid (45).
The teratogenic effects of valproate have been attributed to various vitamin deficiency
states beyond folic acid, including pantothenate, vitamin B6, vitamin B12, riboflavin,
and niacin (45). Urinary metabolites were measured routinely throughout the preg-
nancy and compared to six pregnant historical control patients in order to assess the
role of high-dosemultivitamin supplementation in normalization ofmetabolite levels.
This supplementation was reduced and then discontinued after the occurrence of
several seizures. During the time period that supplementation was decreased, fetal
brain growth slowed, which may suggest that the high-dose multivitamins have a
protective effect against the teratogenic properties of valproic acid (45). Additional
studies are needed to determine the role for high-dose B-vitamin supplementation in
conjunction with valproic acid.

A more recent case of altered vitamin status associated with valproic acid therapy
compared 4 women with NTD-affected pregnancies to 2 pregnant controls on
valproic acid not affected by NTD and 40 pregnant women with normal pregnancies
who were not receiving AED (46). Women treated with valproic acid were taking
high-dose periconceptual folic acid (5 mg/day). Low levels of PLPwere seen in two of
the NTD-affected women and in one of the non-NTD-affected women. Despite folic
acid supplementation, levels of plasma and red cell folate were decreased in theNTD-
affected women compared to the non-NTD-affected women, which may suggest an
alteration in folate metabolism. In a subsequent pregnancy, one of the women with
low vitamin B6 levels added vitamin B6 supplementation to high-dose periconceptual
folic acid and delivered a healthy infant. The role of vitamin B6 supplementation may
offer some benefit in prevention ofNTD, but it must be used cautiously as high doses
of vitamin B6 may alter the therapeutic effectiveness of valproic acid by increasing
the activation of GABA transaminase; the therapeutic effect of valproic acid is
related to an increase in the amount of cerebral GABA activity (46).

Lamotrigine may also impact B-vitamin levels and increase the risk of NTD.
Candito (47) describes a case study of a multiple gestation pregnancy affected by a
double fetal neural tube defect despite high-dose periconceptual folate supplemen-
tation (5 mg/day). PLP and vitamin B12 levels were decreased when compared to a
control pregnancy (also multiple gestation), and 58 healthy pregnant controls who
were not supplemented with folic acid (47). The results of this case suggest that
supplementation with vitamins B6 and B12 may offer an additional protection
against NTD.

2.2.3. CLINICAL RELEVANCE

Inconsistent results are seen in studies evaluating homocysteine levels and AED
use. It appears that individuals on long-term therapy, particularly with enzyme-
inducing drugs, may be at risk for FA deficiency and possibly alterations in vitamin
B6 and B12 levels. A consistent inverse relationship between folate status and tHcy
levels suggests that intervention may be possible. Mortality risk from a
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cardiovascular event in epileptic patients is significant, as high as three times
compared to other populations (48,49). Measurement of FA and tHcy levels in
patients on long-term AED or in patients requiring multiple AED agents may
prevent the deleterious health effects related to hyperhomocysteinemia. Supplemen-
tation with folic acid, vitamin B6, and riboflavin was shown to normalize tHcy levels
and to increase FA and vitamin B6 status. Hyperhomocysteinemia may also
increase risk of fetal malformations or delay fetal growth (26).

Given the significant increased risk of NTD in women treated with AED,
appropriate vitamin supplementation must be considered in an effort to decrease
the potentially devastating consequences of NTD and malformations in the
offspring of epileptic women. Women with epilepsy should be counseled prior to
pregnancy about the importance of adequate intake of FA and possibly other
B vitamins.

2.2.4. LIMITATIONS OF DATA

Much of the available data include small subsets of patients on various AED.
The effects of therapeutic interventions with FA, vitamin B6, and vitamin B12 to
normalize homocysteine levels or to reduce risk of NTD in women treated with
AED have not been studied adequately to make strong supplementation recom-
mendations. In particular, much of the data onNTD onAED treatment come from
case studies or retrospective analyses of small groups of affected women.

2.2.5. RESEARCH NEEDS

Additional research is needed to further delineate the appropriate dosages of
B vitamins in individuals at risk for deficiency. The clinical impact of elevated
homocysteine levels in epileptic patients, as well as the outcomes of interventions
to modify hyperhomocysteinemia, should be evaluated prospectively.

With regard to pregnancy complications, research is needed to determine all the
mechanisms of NTD in women receiving AED therapy. Folic acid supplementation
decreases the risk, but case reports of infants exposed to AED developing NTD in
the setting of high-dose folic acid supplementation suggest that other causative
factors are at play. Other published cases suggest alterations in other B vitamins,
particularly vitamin B6 and vitamin B12, may play a role. Prospective, randomized
studies are needed to determine the efficacy and safety of additional B-vitamin
supplementation at doses that will be unlikely to impact the therapeutic affect of
AED therapy.

2.2.6. CLINICAL RECOMMENDATIONS

Individuals on long-term AED therapy should be screened for hyperhomocys-
teinemia and FA deficiency. Inadequate data are available to recommend routine
supplementation of individual B vitamins; however, a multivitamin supplement and
possibly folic acid supplementation may be beneficial in prevention of inadequate
B-vitamin nutriture. Individuals on carbamazepine with elevated homocysteine
levels should also be screened for vitamin B12 deficiency and supplemented
accordingly.

FA supplementation should be considered in all women of childbearing age on
AED. In the absence of negative outcomes associated with high-dose FA
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supplementation and its potential protective role, FA supplementation at a dose
of 4 mg/day may provide benefit. To date, inadequate data are available to
suggest a routine level of supplementation of other B vitamins in epileptic
women on AED who are planning pregnancy.

2.3. Hyperammonemia

2.3.1. REVIEW OF MECHANISMS/SCIENTIFIC BASIS

Valproic acid is routinely used to treat seizures and mood disorders. The
anticonvulsant effect is thought to be due to increased levels of GABA with
inhibition of N-methyl-D-aspartate (NMDA) receptors and blockade of
neuronal sodium and calcium channels (50). A rare side effect of treatment
with valproic acid is hyperammonemic encephalopathy (VHE), a severe
condition that can be lethal if left untreated.

The mechanism of VHE development is not clearly understood, but several
theories have been postulated. Valproic acid has been shown to deplete carnitine
stores in several ways including decreased endogenous carnitine synthesis due to
enzyme inhibition (butyrobetaine hydroxylase); inhibited intracellular carnitine
transport; competitive binding with mitochondrial enzymes that interrupt
b-oxidation; and decreased renal reabsorption of free carnitine and acylcarnitine
(51). Carnitine deficiency in patients on valproic acid has been associated with an
increased risk of VHE. In the setting of carnitine deficiency, long-chain fatty acids
are inhibited from transport into the mitochondria. Lack of long-chain fatty acids
decreases the rate of b-oxidation and the production of acetyl-CoA and adenosine
triphosphate (ATP). A lack of b-oxidation results in a shift to o-oxidation.
Metabolic by-products of valproic acid o-oxidation are 2-propyl-4-pentenoic acid
(4-en-VPA) and propionate. The 4-en-VPA metabolite has been associated with
hepatotoxic effects of valproic acid. Carnitine is essential for the conversion of
acyl-CoA to acylcarnitine; with suboptimal carnitine levels, toxic levels of acyl-CoA
accumulate resulting in impaired energy metabolism in the mitochondria. A final
consequence of carnitine deficiency is disruption of the urea cycle possibly by
decreased levels of the enzyme needed to initiate the urea cycle, carbamoyl
phosphate synthase I (CPS I), or decreased synthesis of N-acetylglutamate (NAG)
(51). It has been postulated that propionate, a metabolite of valproic acid, results in
a decreased level of NAG. Suboptimal levels of NAG inhibit CPS I which prevents
ammonia from entering the urea cycle. The urea cycle removes two ammonia ions
with each cycle; failure of the urea cycle results in increased ammonia levels.
The metabolite 4-en-VPA results in decreased availability of acetyl-CoA. Adequate
amounts of acetyl-CoA are needed to bind with glutamate to form NAG (52).
The end result of elevated ammonia levels is an increased cerebral glutamate
concentration which can cause astrocyte swelling and cerebral edema (52).

Increased risk for VHE has been suggested in carnitine-deficient individuals,
although not all studies have confirmed this correlation (51). Risk factors for
carnitine deficiency include cirrhosis and chronic renal failure due to decreased
endogenous carnitine biosynthesis; critical illness associated with hypercatabolism
such as sepsis, multi-system organ dysfunction, and trauma.
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2.3.2. REPORTED CASES/DESCRIPTIONS

Development of hyperammonemic encephalopathy is a rare side effect of
valproic acid. Cases have been reported in the pediatric population, in patients
treated for psychiatric disorders, and in epileptic patients on long-term valproic acid
therapy. Low carnitine levels have been documented in psychiatric patients
receiving valproic acid. Thirty patients receiving valproic acid for an average of
2.5 years (range 6 months to 9 years) had low levels of free and total carnitine,
although these patients did not have elevated ammonia levels or encephalopathy
(53). A recent evaluation of valproic acid-induced encephalopathy in a group of
seven adult patients demonstrated that all patients had elevated ammonia levels,
while only one patient had low carnitine levels. The patients in this observation were
on valproic acid for relatively short periods of time (range 3 days to 3 years).
Normalization of ammonia levels occurred after discontinuation of valproic acid.
Carnitine supplementation was administered to the patient with a documented
deficiency, but no difference was seen in recovery time or EEG findings (54).
Acute hyperammonemic coma was documented in an adult woman receiving
long-term valproic acid (6 years). Intermittent episodes of confusion and lethargy
followed by periods of lucidity were described over several months culminating in
periods of unresponsiveness and subsequent coma with a serum ammonia level of
921 mg/dL (normal range 22–78mg/dL). Carnitine levels were within normal limits.
Treatment involved discontinuation of valproic acid, lactulose therapy, and car-
nitine supplementation. Ammonia levels normalized over the next 48 h and the
patient regained consciousness (55).

2.3.3. CLINICAL RELEVANCE

There are insufficient data at the present time to make clinical recommendations
related to dietary protein in patients with VHE. The impact of protein on ammonia
levels was examined in a small group of young patients treated with valproic acid.
After a protein load of 1 g/kg body weight, ammonia levels were significantly higher
than after fasting or after an oral fat load (56).

2.3.4. LIMITATIONS OF DATA

VHE is a rare complication of valproic acid therapy. Much of the information
published is based on case studies or small case series. Few studies address the
impact of treatment options to lower ammonia levels. Inadequate information is
available to determine what subset of patients are at highest risk for this rare and
serious complication.

2.3.5. RESEARCH NEEDS

Protein metabolism increases production of ammonia. Current research has not
adequately addressed the impact of dietary protein load on hyperammonemia
related to valproic acid. Additional studies in this population should evaluate the
role of dietary protein restriction in patients with VHE, the appropriate level of
protein restriction if any, and the length of time that the protein restriction should
be continued. Other therapeutic options, such as carnitine supplementation should
be studied in prospective, randomized controlled trials in the adult population to
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determine appropriate dosage recommendations. Investigators should aim to better
define the population of patients who should receive routine screening for this
complication in order to prevent this clinical scenario.

2.3.6. CLINICAL RECOMMENDATIONS

It may be prudent to limit protein initially and monitor for fluctuations in the
serum ammonia level. If ammonia levels do not respond to modifications in the
protein load, clinicians need to assess utility of ongoing protein restriction based on
the clinical scenario. Long-term over-restriction of protein may lead to worsened
outcomes in critically ill patients. Supplementation with L-carnitine may provide
some benefit in individuals with documented carnitine deficiency or at risk for
carnitine deficiency. In the pediatric population, for individuals with valproic acid
toxicity carnitine dosage recommendations are 100 mg/kg/day in divided doses
every 6 h with a maximum dose of 3 g. In the setting of severe hepatotoxicity,
intravenous L-carnitine may have a higher likelihood of hepatic recovery (57,58).
Inadequate data are available to make recommendations related to the appropriate
dose of L-carnitine in adult patients with VHE.

2.4. Enteral Nutrition and Antiepileptic Drugs

2.4.1. REVIEW OF MECHANISMS/SCIENTIFIC BASIS

Historically, phenytoin has been the most prominent AED studied for its
proposed interaction with enteral nutrition (see Chapter 13). Carbamazepine has
also been evaluated for its potential interaction with enteral feeds. Carbamazepine
is an insoluble drug that is stable in an acid environment. Thus, slower gastric
clearance may improve bioavailability.

2.4.2. REPORTED CASES/DESCRIPTIONS

The interaction between phenytoin and enteral nutrition has long been theorized
and proposed solutions exist based on the current literature (59). Four prospective,
randomized, controlled trials of phenytoin and enteral nutrition in healthy volunteers
have been reviewed (60,61). Only one of those studies investigated the effect of the
enteral nutrition formulation delivered via a feeding tube, while the others studied the
effect on oral supplementation and phenytoin (59). None of these studies found an
interaction between phenytoin and enteral nutrition formulations (59). Ironically,
there were 25 documented reports and studies that were not randomized or
placebo-controlled, that did support an interaction in patients (60). The various
theories of interaction range from the impact of local pH (62–64), the tubing itself
(65), or to a particular component of the enteral nutrition formulation (66). Relative
bioavailability of 90% was reported in a randomized, crossover study comparing
administrationof carbamazepine suspension throughanasogastric tubewith continu-
ous enteral feeds and oral intake after an overnight fast in seven healthy adult males
(67). The serum carbamazepine concentrations with enteral nutrition were signifi-
cantly lower after 8 h (59). Likely because of the small study group, statistical
significance was not achieved when evaluating the lower maximum concentration of
carbamazepine (67).Kassamet al.(68) evaluated carbamazepine recovery and intact
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protein of an enteral nutrition product in vitro. An increase in recovery (79%) was
shownwhen simulated gastric secretionsversus intestinal secretions (59%)weremixed
with carbamazepine (68).

2.4.3. CLINICAL RELEVANCE

Frequently, high or multiple doses of phenytoin may be required to achieve
therapeutic levels in some patients (59). Perhaps, the bioavailability of carbama-
zepine is impacted more so with postpyloric continuous enteral feeding infusion
versus gastric feedings.

2.4.4. LIMITATIONS OF DATA

The lack of prospective, randomized, controlled studies compared with
numerous published case reports remains a limiting factor when reviewing the
literature of enteral nutrition and phenytoin. The small study sample sizes and
the in vitro studies limit the ability to draw complete conclusions regarding if
and when to hold enteral nutrition when administering carbamazepine.

2.4.5. RESEARCH NEEDS

Concise prospective, randomized, placebo-controlled studies evaluating the
exact mechanism of the enteral formulation that interacts, or does not interact,
with phenytoin and carbamazepine are suggested.

2.4.6. CLINICAL RECOMMENDATIONS

Of the various proposed methods optimizing the management of the
phenytoin–enteral nutrition interaction, none is completely reliable, and monitoring of
serum phenytoin concentrations is highly recommended (59). Separating the
administration of enteral nutrition and phenytoin dosing by 1 h, possibly 2 h, before
and after each phenytoin dose seems to produce the most consistent results (69,70).
Clinically, if the patient can attain therapeutic serum phenytoin levels while receiving
higher doses of phenytoin less frequently throughout the day, enteral nutrition
administration may be less impacted. Regardless of the method used to achieve
therapeutic serum concentration of phenytoin, consistency of drug administration and
goal enteralnutritionprovision is themainobjective(59).Theexistingrecommendation
for concurrent administration of carbamazepine and postpyloric enteral nutrition
infusion suggests holding the enteral nutrition 2 h before and after the drug dose (59).

3. DOPAMINERGIC DRUGS/ANTI-PARKINSONIAN AGENTS

3.1. Levodopa

3.1.1. REVIEW OF MECHANISMS/SCIENTIFIC BASIS

Parkinson’s disease is a chronic, progressive, irreversible neurodegenerative
disease, characterized by the loss of neurons in the substantia nigra (71). The nigral
neurons project to large, deep gray matter structures in the cerebral hemispheres
known as the corpus striatum. The nigral neurons are responsible for producing the
neurotransmitter dopamine. The nigrostriatal pathway in short provides the back-
ground control of smooth and balanced motor movements. Parkinson’s disease
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causes these neurons to die, thus overall motor movements are affected (71).
The actual cause of Parkinson’s disease remains unknown; however, both genetics
and environment may play a role in its development. Treatment has long included
the use of levodopa, a dopamine precursor.

The absorption of orally ingested levodopa depends upon the gastrointestinal transit
rates, as absorption occurs mainly in the proximal third of the small intestine
(duodenum/jejunum) (72). Although levodopa is not absorbed in the stomach, delayed
gastric emptying can affect overall absorption of levodopa. The bioavailability of
levodopa is approximately 30% due to prior decarboxylation to dopamine by the
enzymes dopa decarboxylase and to a lesser extent to 3-O-methyldopa by catechol-O-
methyltransferase (COMT)that is foundinthegutmucosaandthe liver(73).Therefore,
the longer levodopa remains in the stomach, or is delayed by gastric emptying, themore
it is subject to presystemic clearance. Parkinson’s disease induces a greater variability of
gastric emptyingdue todisturbedgastricmotor function(74).Meals and themakeupof
those meals may possibly interfere with the absorption of levodopa. The drug–nutrient
interactions between levodopa and dietary protein, and levodopa and pyridoxine
(vitamin B6) and aspartame, are a major nutritional focus when treating patients with
Parkinson’s disease. It has been presumed that certain peptides/amino acids (i.e., valine,
leucine, isoleucine, tryptophan, tyrosine, and phenylalanine) compete for transport at
the gastrointestinal level. Neutral amino acids are carried across cell membranes by
systemL-typeaminoacid transporters (e.g.,LAT1),whichareheterodimericandpartof
the solute carrier transporter super family (SLC3, SLC7). Levodopa is at least in major
part carried by this transporter as well (75). The affinity for these high capacity
transporters appears considerable. An interaction at this level although poorly
characterized can vary the rate of absorption of levodopa into the circulation and
possibly into the brain (76–78). Thus, limiting dietary protein during the day has been
thought to enhance the uptake of levodopa during the day (77,79). Decreasing protein
throughout the day has been thought to possibly decrease levodopa fluctuations which
may reduce some symptoms of Parkinson’s disease. This nutritional practice continues
to remain controversial, especially given the use of sustained-release products and
normal fluctuations.

3.1.2. REPORTED CASES/DESCRIPTIONS

Traditionally, previous studies have shown that dietary protein redistribution is
an effective treatment for some patients (76,80,81). Frankel and colleagues (81)
have suggested that levodopa absorption is hindered by a high-protein diet and
vitamin B6-rich foods (legumes, potato, spinach, andwhole grain, especially wheat).
More recently, researchers have been recommending a balanced diet (dietary
protein 0.8 g/kg) with a 5:1–7:1 carbohydrate to protein ratio for all meals
(77,82,83). With respect to the genetic component of Parkinson’s disease, a study
of twins showed that Parkinson’s disease before the age of 50 years is strongly
genetic (84). However, Tanner and colleagues did not find a genetic contribution to
Parkinson’s disease after the age of 50 years (84). It remains unknown whether
there exists a protective mechanism of coffee and smoking on the development of
Parkinson’s disease. Some researchers believe that there is a protective substance
in cigarettes and coffee (85–90), whereas others suggest that the substances
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themselves are not the relevant component, but it may be that individuals with
addictive behaviors have a brain chemistry that makes them more resistant to
developing Parkinson’s disease (85). Despite these claims, it is not recommended
that individuals begin or continue using tobacco or coffee in order to prevent
Parkinson’s disease.

3.1.3. CLINICAL RELEVANCE

As stated earlier, protein restriction remains controversial as an adjunct compon-
ent for the treatment of Parkinson’s disease. As the disease continues to progress
and motor function continues to decline, medication adjustment may be examined
more closely. Timing of medication administration and/or meal times may need to
be re-evaluated.

3.1.4. LIMITATIONS OF DATA

Most of the research available related to Parkinson’s disease and nutrition
include only a small sample size. Many studies examining dietary protein intake
and medication effects require that subjects maintain dietary records. This type of
data collection may be extremely time consuming and not accurate. Another
limitation in Parkinson’s disease research may be the decreased ability to perform
double-blinded trials when using actual foods (91). For example, low-protein foods
versus high-protein foods are easily distinguishable to many subjects.

3.1.5. RESEARCH NEEDS

The exact mechanism of why protein-controlled diets work remains a mystery.
The specific function of the heterodimeric amino acid transporters, as well as the
affinity of various substrates including levodopa, requires further research that may
prove beneficial in the ongoing treatment of Parkinson’s disease. Additional
pharmacokinetic data would be useful to establish if this carrier competition occurs
mainly in the intestinal mucosa, the blood–brain barrier, or both (91).

3.1.6. CLINICAL RECOMMENDATIONS

The consumption of low-protein foods appears to be safe and effective in
improving certain symptoms in fluctuating Parkinson’s disease patients (91).
However, additional studies on the long-term safety of low-protein diets, the impact
on quality of life, and again, the mechanism of action are needed to establish
whether or not this should be routinely introduced in patients with advanced
Parkinson’s disease (91).

3.2. Other Dopamine Agonists

Dopamine agonists, COMT inhibitors, and anticholinergics have also been used
in managing neurodegenerative disorders such as Parkinson’s disease. Dopamine
agonists are associated with many short-term side effects such as nausea, vomiting
dizziness, confusion, and hallucinations (85). COMT inhibitors block the metab-
olism of dopamine and thereby enhance the effectiveness of levodopa, thus possibly
reducing the incidence of Parkinson’s symptoms. Anticholinergics are used to
restore the balance between brain dopamine and acetylcholine in the corpus striatum.
The reduction in acetylcholine can reduce muscle stiffness and possibly tremor (71).
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Anticholinergics can impair memory and thinking, especially in older individuals;
thus, caution should be used when recommending these medications to patients with
Parkinson’s disease (71). Anticholinergics may reduce the production of orophar-
yngeal secretions. However, a common side effect with anticholinergic use is
increased thickening of the secretions. Another common side effect of anticholinergic
medications is constipation. Adequate hydration may help to improve both of these
side effects if seen in patients with Parkinson’s disease.

4. CEREBROVASCULAR ACCIDENT

4.1. Warfarin

Anticoagulant therapy is often a component of the medical management of
nonhemorrhagic stroke. Individuals with a history of cardioembolic stroke or
with risk factors for cardioembolic stroke may be initiated on oral warfarin
therapy. It is well known that a drug–nutrient interaction exists between vitamin
K and warfarin (see Chapter 16). With excessive or inconsistent intakes of vitamin
K, the therapeutic effect of warfarinmay be altered (92). Dysphagia after stroke is a
frequent indication for enteral nutrition therapy either via a temporary or more
permanent enteral access. Enteral nutrition formulations have been associated with
significantly reduced bioavailability of warfarin (93–95) (see Chapter 13).

4.1.1. REVIEW OF MECHANISMS/SCIENTIFIC BASIS

In the early 1980s, enteral nutrition products were reformulated to decrease the
vitamin K content due to concerns for the impact on prothrombin time. Despite
enteral formulations with lower vitamin K content, case studies of warfarin
resistance in patients receiving concurrent enteral nutrition continue to appear.
An in vitro analysis investigated the possibility that other components of enteral
nutrition rather than vitamin K are responsible for diminished warfarin effect.
Three enteral solutions (Isocal HC, Sustacal, and Vital HN) were compared to
water using reversed-phase HPLC to assay warfarin. Selection of enteral formulas
was based on case reports of warfarin resistance with Isocal and Sustacal, both of
which contain intact protein; Vital HN, a partially hydrolyzed formulation
containing protein as peptides and amino acids, was added as a comparison to
evaluate protein binding as a mechanism for warfarin resistance. Significant
decreases in warfarin concentration were seen in all three preparations of enteral
formula, whereas there was no significant difference in the warfarin concentration
in the water solution (94).

4.1.2. REPORTED CASES/DESCRIPTIONS

Despite decreased vitamin K content of enteral nutrition formulations, case
reports demonstrate a decreased warfarin effect in patients on enteral nutrition.
Martin described a case of a patient on continuous enteral feeding using Osmolite at
50–100 mL/h plus a full liquid diet (average vitamin K intake, approximately
100 mg/day). Minimal change in prothrombin time (PT) was seen despite increasing
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doses of warfarin (10–25 mg/day). Improvement in PT was seen after a parenteral
dose of warfarin. Additionally, PT continued to improve after withdrawal of enteral
feeding (93).

More recently, Penrod has described case reports of warfarin resistance in two
patients (94). In the first observation, the patient was being fed with Isocal via
continuous infusion into a percutaneous endoscopically placed gastrostomy (PEG)
tube. PT was subtherapeutic until the warfarin dose was increased to 20 mg/day.
When enteral feeds were discontinued, PT rapidly increased within 3 days and the
warfarin dose was decreased to 7.5 mg/day. Penrod’s second observation involved a
patient on a previously therapeutic dose of warfarin of 5 mg/day (94). Continuous
enteral feeding with Sustacal was initiated after episodes of aspiration and sub-
sequent decreases in PT were noted. Despite doubling the dose of warfarin, PT
remained subtherapeutic until enteral nutrition was discontinued. On discharge, the
patient was stable on an oral diet with a warfarin dose of 5 mg/day (94).

A retrospective crossover case series in six ICU patients revealed that the change
in INR during a pair of 3-day observation periods was significantly improved when
feedings were held for 1 h before and after warfarin administration compared to
co-administration despite similar drug doses (95).

4.1.3. CLINICAL RELEVANCE

Fluctuations in the therapeutic effects of warfarin can increase the risk of
negative outcomes in patients requiring oral anticoagulation. Numerous factors
are involved in the clinical effect of warfarin including the genetic influence on
pharmacokinetics (e.g.,CYP2C9 expression) and pharmacodynamics (e.g.,VKOR1
expression). Increased drug dosing in individuals on enteral feedings may be
indicated; however, there may be significant risk to these patients when feedings
are held temporarily or permanently. Alternating the timing of warfarin adminis-
tration and enteral nutrition may mitigate the interaction seen with concurrent
administration (95,96). Close clinical observation and INRmonitoring of warfarin
are warranted in patients receiving the drug concurrently with enteral nutrition.

4.1.4. LIMITATIONS OF DATA

Inadequate data are available to describe the mechanism of reduced bioavail-
ability of warfarin in patients receiving enteral feedings. Case study and
retrospective reports as well as in vitro analysis suggest that binding can occur
between warfarin and some component of enteral formulations. Some in vitro
analysis suggests that protein binding is the causative factor, but the data are
insufficient at this time to make this determination.

4.1.5. RESEARCH NEEDS

Further analysis of a potential interaction between warfarin and components of
enteral nutrition formulations would be useful. Understanding the interaction
would allow clinicians to determine a need for warfarin dosing adjustments or
modifications to the enteral feeding schedule to prevent negative consequences
from subtherapeutic or supertherapeutic anticoagulation.
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4.1.6. CLINICAL RECOMMENDATIONS

Although limited, the available data suggest holding continuous enteral
nutrition for 1 h during administration of oral warfarin therapy. As the
vitamin K content of enteral nutrition products is similar to the amount of
vitamin K typically consumed in an average oral diet (59), the choice of
enteral formula should be based on the patient’s nutritional requirements
and not the vitamin K content. In the setting of warfarin resistance in patients
on enteral feedings, adjusting the feeding schedule may enhance the thera-
peutic effect of warfarin without a need for increased medication dosage
(95,96). In general, holding the enteral formula for 1 h before and after the
dose of warfarin should be adequate to prevent competition for absorption
(59). For patients on continuous enteral nutrition, the infusion rate may need
to be increased in order to meet daily nutritional requirements. In patients on
warfarin in whom enteral nutrition will be discontinued, it may be necessary to
decrease the warfarin dose to prevent a supertherapeutic effect.

5. MANAGEMENT OF TRAUMATIC BRAIN INJURY

5.1. Mannitol

5.1.1. REVIEW OF MECHANISMS/SCIENTIFIC BASIS

Chemically, mannitol is a sugar alcohol that has a tendency to lose one
hydrogen ion in aqueous solutions, which causes the solution to become acidic
(97). Mannitol is also an osomotic diuretic that is believed to reduce intra-
cranial pressure after head injury and may improve patient outcome (98).
Mannitol is administered intravenously and is filtered by the glomerulus of the
kidney, but is not capable of being reabsorbed from the renal tubule, resulting
in decreased water and sodium reabsorption due to its osmotic effect (97).
Thus, mannitol can increase water and sodium excretion, resulting in
decreased extracellular fluid volume (97). This diuretic effect of mannitol
needs to be closely monitored when nutrition therapy is initiated to assure
adequate electrolyte repletion and/or stabilization. Hypernatremia may prevail
with high-dose mannitol for the treatment of elevated intracranial pressures.
Mannitol can also be used to open the blood–brain barrier by temporarily
shrinking the closely coupled endothelial cells which make up the barrier (97).
This allows mannitol to be virtually indispensable for delivering various drugs
to the brain directly (e.g., in the treatment of Alzheimer’s disease) (97).

5.1.2. REPORTED CASES/DESCRIPTIONS

The administration of high-dose mannitol in the treatment for head injury
has been under close scrutiny recently. Cruz and colleagues reported results
showing that high-dose mannitol greatly reduced death and disability 6
months after the head injury (99–101). A Cochrane systematic review that
included these trials concluded that ‘‘high-dose mannitol seems to be preferable
to conventional dose mannitol in the acute management of comatose patients
with severe head injury’’ (98,102). However, one of the trials was accompanied
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by an editorial that questioned the reliability and validity of the results, calling
for further multicenter studies (98,103). A follow-up investigation by the
Cochrane Collaboration was unable to verify that the study actually took
place (98).

5.1.3. RESEARCH NEEDS

Reliable and valid randomized, prospective longitudinal studies examining
the mechanism of high-dose mannitol administration are needed in order to
determine appropriate treatment strategies in head injury. The impact of high-
dose mannitol administration should be evaluated prospectively to identify
guidelines for implementation in this at-risk population.

5.1.4. CLINICAL RECOMMENDATIONS

Due to the discovery that recommendations are based on questionable data,
high-dose mannitol administration should be done with caution if at all. The
osmotic diuretic properties of the drug still exist, making mannitol therapy a
major contributing factor to electrolyte and fluid abnormalities. This may be
more detrimental when patients are also receiving parenteral nutrition admix-
tures. Routine monitoring and correction of serum electrolytes, serum osmo-
lality, and fluid disturbances are recommended.

5.2. Propofol

5.2.1. REVIEW OF MECHANISMS/SCIENTIFIC BASIS

Propofol is a short-acting intravenous anesthetic agent used for the induc-
tion of general anesthesia in adult and pediatric (>3 years old) patients;
maintenance of general anesthesia in adult and pediatric (>2 months old)
patients; and sedation in intubated, mechanically ventilated adults and for
patients undergoing procedures such as colonoscopy or endoscopic feeding
tube placement (104). Propofol is formulated in an oil-in-water emulsion
making it appear as a highly opaque white fluid (105). Propofol provides no
apparent analgesia. Propofol is highly protein bound in vivo and is metabo-
lized by conjugation in the liver (105). Its rate of clearance exceeds hepatic
blood flow, thus suggesting extrahepatic excretion (105). Propofol’s mechan-
ism of action remains uncertain although its primary effect may be potenti-
ation of the GABAA receptor, possibly by slowing the channel closing time
(105). More recent research has also postulated the endocannabinoid system
may also contribute significantly to propofol’s anesthetic action and to its
unique properties (106).

5.2.2. REPORTED CASES/DESCRIPTIONS

Cases have examined the incidence of propofol and postoperative pancrea-
titis (107). Leisure et al. describe the possibility of pancreatitis induced by
propofol infusion as seen by markedly elevated serum amylase, lipase levels,
and CT scans examining the pancreas.
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5.2.3. CLINICAL RELEVANCE

Individuals with hypersensitivity to eggs, egg products, soybeans, or soy products
may not receive propofol. Caution should be used with regard to patients with
underlying hyperlipidemia as evidenced by increased serum triglyceride levels or
serum turbidity (107).

5.2.4. RESEARCH NEEDS

Further research is required to assist clinicians in optimizing the management of
critically ill patients receiving propofol infusions. Additionally, further investiga-
tion on the long-term impact of extended propofol infusion in the critically ill
population would possibly help to guide more efficient clinical practice in the
intensive care setting.

5.2.5. CLINICAL RECOMMENDATIONS

Some formulations of propofol contain ethylenediamine tetraacetic acid
(EDTA) which may lead to decreased zinc levels in patients with prolonged
therapy (>5 days) or patients with a predisposition to zinc deficiency
(e.g., burns, diarrhea, sepsis). Serum triglyceride levels should be monitored
routinely with propofol infusion to assure adequate lipid clearance and possible
avoidance of pancreatitis (107).

5.3. Hypertonic Saline Therapy

5.3.1. REVIEW OF MECHANISMS/SCIENTIFIC BASIS

Hypertonic saline (3 and 5% sodium chloride injection) therapy may be used in
the treatment of intracranial hypertension (ICP ¼ 20 mmHg) in severely
brain-injured patients in whom mannitol has failed or is contraindicated. Hyper-
tonic saline therapy may also be utilized in patients with significant hyponatremia
(serum sodium <135 mmol/L) from cerebral salt wasting.

5.3.2. CLINICAL RELEVANCE

Hypertonic saline therapy has the potential to cause great harm if administered
inappropriately. Too rapid correction of hyponatremia can lead to profound
permanent neurologic impairment. Central pontine myelinolysis or extrapontine
myelinolysis can be seen in the early phases of hyponatremia correction (108). If the
serum sodium continues to rise too quickly, osmotic demyelination syndrome may
ensue. This can be defined as a neurological disorder that can cause ailments of
central neurons, spastic quadriparesis and pseudobulbar palsy, coma, and death
(108). To ensure the proper practice of hypertonic saline therapy, safeguards
should be put into place to minimize the likelihood of a medication error or harm
to a patient.

5.3.3. LIMITATIONS OF DATA

To date no studies have been conducted to evaluate drug–nutrient interactions
with 3 and 5% sodium chloride injection.
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5.3.4. RESEARCH NEEDS

Investigational research of hypertonic saline therapy and nutrition support
would be beneficial for the traumatic brain-injured patient population. Studies
examining the close monitoring of serum electrolytes and osmolality, along with
adequate nutrition support, would possibly provide optimal treatment and care for
the critically ill brain-injured patient.

5.3.5. CLINICAL RECOMMENDATIONS

Caution is warranted when patients are receiving both hypertonic saline therapy
and nutrition support containing sodium.

6. SUMMARY

Patients with neurological illnesses often require long-term pharmacologic
management in order to maintain disease control. Additionally, acute neurological
events such as traumatic brain injury, stroke, and intracranial hemorrhage are
frequently treated with medications that impact nutrient utilization and electrolyte
status. The combined effect of neurologic medications places patients at risk for
long-term health consequences throughout the life cycle. Failure to monitor
patients requiring long-term antiepileptic drug therapy may increase the risk of
metabolic bone disease, heart disease, and negative pregnancy outcomes. Acute
complications of antiepileptic drugs may result in hepatic damage possibly compli-
cated by nutritional deficiencies. Administration of neurologic medications may be
complicated by co-administration with enteral nutrition. Failure to recognize these
interactions may result in therapeutic failure.

Provision of adequate nutrient substrates may impact the overall therapeutic
effects of ceratin drugs. In individuals requiring levodopa, modifying the protein
content of the diet may be necessary to potentially suppress undesired symptoms of
Parkinson’s disease. Similarly, patients treated with propofol may require caloric
restrictions to prevent the negative consequences associated with overfeeding and
excessive lipid infusions. Modifications to the electrolyte content of nutrition
regimens may be necessary in patients treated for traumatic brain injury.
A thorough understanding of the potential drug–nutrient interactions associated
with neurologic medications will aid the clinician in optimizing patient care and
minimizing health complications.
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18 Drug–Nutrient Interactions Involving
Folate

Patricia Worthington and Leslie Schechter

Objectives

� Review folate requirements in health and disease.

� Describe the biochemical alterations that occur as a result of folate deficiency.

� Identify risk factors for folate deficiency.

� Delineate practice guidelines for managing potential drug–folate interactions.

Key Words: Anemia; folate; folic acid; homocysteine; methionine; polymorphism

1. INTRODUCTION

The importance of maintaining optimal folate status throughout all phases of the
life cycle has grown increasingly apparent in recent years. Studies have produced
convincing evidence linking folate deficiency to health risks that extend well beyond
the classic association with macrocytic anemia. The strongest evidence exists for the
relationship between folate deficiency and neural tube birth defects (1). Research
also indicates that inadequate folate levels may increase risks for other types of birth
defects, early miscarriage, atherosclerotic cardiovascular disease, some types of
cancer, and neurological and neuropsychiatric disorders (2,3). Among the many
factors that influence folate status, drug–nutrient interactions stand out as a sig-
nificant, and largely avoidable, cause of folate deficiency (4).

2. BASIC REVIEW OF FOLATE

2.1. Description

Folate and folic acid are synonyms for the water-soluble B-complex vitamin,
once referred to as B9. Folate consists of a group of structurally similar compounds
known as pteroylglutamates that occur naturally in food, whereas folic acid refers
to a stable, synthetic form of folate (pteroylmonoglutamic acid) that is used in
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dietary supplements and fortified foods (5). Folate coenzymes participate in
a variety of complex metabolic pathways that involve the transfer of one-carbon
units in methylation reactions that take place during synthesis of proteins, neuro-
transmitters, phospholipids, and nucleotides, which gives folate an essential role in
DNA synthesis and repair. Folate also acts in conjunction with vitamin B12 as an
essential cofactor in the remethylation cycle that converts homocysteine to methio-
nine (5). For this reason, a deficiency of either folate or vitamin B12 can lead to
hyperhomocysteinemia, which has been identified as an independent risk factor in a
number of medical conditions including occlusive cardiovascular disease, stroke,
and dementia (6,7). Because folate plays a role in so many critical metabolic
functions, it is an attractive target for pharmaceutical agents that influence cell
replication, neurotransmitter function, and cell membrane integrity.

Folate is naturally present in a wide range of foods including fresh green leafy
vegetables (e.g., spinach, turnip greens), yeast, dry beans and peas, and citrus fruits.
However, modern methods of cooking, processing, and distributing food can sub-
stantially reduce the amount of the dietary folate available. Since fortification of the
food supply went into effect, breakfast cereal has become one of the best dietary
sources of folic acid. No clinically significant interactions between folate and other
nutrients have been identified (5).

In the past, population surveys routinely revealed a high incidence of suboptimal
folate levels among otherwise well-nourished individuals. Therefore, folate deficiency
was once considered themost common vitamin deficiency found in developed nations
(8). To address this problem, the US Food and Drug Administration mandated that
food manufacturers fortify breakfast cereals and other grain products with folic acid
beginning in 1998, an action that initially led to substantial improvements in the folate
status of the US population (9). Subsequent data show an approximately 10%
decline in folate levels, which researchers attribute to the relatively low folate content
of the currently popular low-carbohydrate diets (10). Much of this decline occurred
at the high end of the distribution curves and, therefore, does not yet raise concerns
about a re-emergence of widespread folate deficiency.

2.2. Folate Deficiency

2.2.1. RISK FACTORS

Although low consumption of dietary folate ranks as the leading cause of folate
deficiency, inadequate levels can develop through a variety of mechanisms. Con-
ditions that impair absorption or utilization, elevate nutrient requirements, or
increase excretion of folate can also lead to a deficiency state. The risk for folate
deficiency is especially high during periods of rapid growth or hypermetabolic
activity (5). Suboptimal folate status is often found in pregnant women, chronic
alcoholics, the elderly, and individuals with sickle cell disease. As the folate status
of the US population has improved, research has shifted away from dietary causes
of folate deficiency to focus on the role of independent traits that may act as
additional risk factors for diseases associated with folate deficiency. An area of
increasing interest focuses on genetic variations in folate metabolism and the
influence of these factors in determining nutrient status, disease risk, and response
to drug therapy (11).
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Certain lifestyle factors can influence folate levels. Ethanol abuse contributes to
folate deficiency by combining poor diet with factors that interfere with absorption
and metabolism of the vitamin. In addition, population surveys have revealed
elevated homocysteine levels and low folate levels among smokers and coffee
drinkers, but whether this effect is due to poor intake of the vitamin, altered folate
metabolism, or a combination of the two is unclear (12,13). Assays of pregnant
women with a history of substance abuse have also revealed suboptimal folate
levels, but again, researchers attributed this problem to poor eating habits rather
than a direct effect by the substances in question (14). Table 1 provides additional
information concerning risk factors for folate deficiency (2,5).

One prospective community-based controlled study showed an association
between low folate levels and abuse of cough-suppressant mixtures containing
codeine and/or dextromethorphan (15). The same authors have also reported
cases of megaloblastic anemia (16) and a neural tube defect (17), which they also
ascribed to cough-suppressant drug abuse, although no mechanism of action for
this interaction was proposed. Poly-substance abuse, poor dietary habits, and
concomitant nutrient deficiencies (such as cobalamin) may have contributed to
these findings, but the authors, nevertheless, recommend that cough products
carry warnings concerning the potential impact on folate levels and further suggest
folate supplementation for individuals suspected of abusing cough suppressing
preparations.

2.2.2. IDENTIFYING FOLATE DEFICIENCY

Laboratory tests used to assess folate status include serum folate levels,
erythrocyte folate concentrations, and serum homocysteine concentrations. The
instability of folate and methodological differences among laboratories creates
variation in folate results that makes comparison difficult (5). Serum folate levels
fluctuate with changes in dietary folate intake, serving primarily as an indication
of current folate balance. Because low serum folate levels do not discriminate

Table 1
Risk Factors for Folate Deficiency (2,5)

Poor eating habits – Low intake of folate-rich foods, preference for cooked or processed
foods over raw vegetables and fresh fruit

Restricted diets – Low-carbohydrate weight-reduction diets, phenylketonuria diet
Elevated requirements – Periods of rapid growth including pregnancy, lactation, and

preterm infants; sickle cell disease; tumor growth, hemodialysis, hypermetabolic
states

Malabsorption – Celiac disease, inflammatory bowel disease, short bowel syndrome,
atrophic gastritis, lymphoma, or amyloidosis of the small intestine, intestinal bypass,
drug effects

Impaired utilization – Chronic alcoholism, smoking, liver disease, drug effects, age-
related changes, B12 deficiency, congenital enzyme deficiency

Increased excretion – Renal dialysis, biliary diversion, B12 deficiency
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between a transient deficit in folate intake and a chronic state of tissue depletion,
this laboratory test alone is a not a reliable indicator of folate status. Erythrocyte
folate concentrations, on the other hand, are not affected by transient events and
therefore do reflect tissue supplies of the vitamin. However, this value does not
detect recent changes in folate status and may miss a developing deficiency (5).
Finally, plasma homocysteine levels, which increase as folate stores become
depleted, can serve as an early, indirect measure of folate status. Elevated homo-
cysteine levels that occur in conjunction with low erythrocyte folate levels strongly
suggest the presence of a subclinical folate deficiency. However, vitamin B12

deficiency must also be excluded as an additional cause of elevated homocysteine
levels (5). Homocysteine levels may also serve as the best method for evaluating
response to folic acid supplementation.

Folate deficiency develops slowly, over a period of several months to years. In
a classic experiment conducted with himself as the only subject, Herbert delineated
four stages of folate deficiency, in which metabolic abnormalities occur before
clinical signs of deficiency appear (18). The initial stage of folate deficiency involves
negative folate balance characterized by low serum folate levels, while erythrocyte
folate concentrations remain within the normal range. In stage 2, erythrocyte folate
concentrations fall below 160 ng/mL, indicating a condition of folate depletion.
Stage 3 is marked by a further drop in erythrocyte folate (below 120 ng/mL),
elevated homocysteine levels, and evidence of metabolic dysfunction. In the final
stage, clinical folate deficiency becomes apparent.

The clinical picture of folate deficiency bears many similarities to vitamin B12

deficiency, although folate deficiency does not cause the neurological damage
associated with vitamin B12 deficiency. Patients with folate deficiency typically
present with non-specific, often subtle complaints such as diarrhea, anorexia, and
weight loss. Additional symptoms include cheilosis, glossitis, forgetfulness, irrita-
bility, and behavioral disorders (18). Megaloblastic anemia with elevated mean
corpuscular volume (MCV) is characteristic of the fourth, most advanced phase of
folate deficiency. Because some metabolic activities require both cobalamin and
folate, a B12 deficiency can lead to a functional folate deficiency, creating a hema-
tological picture resembling folate deficiency despite normal concentrations of the
vitamin.

2.3. Folate Requirements

The recommended intakes for folate appear in Table 2(8). These values are
expressed as dietary folate equivalents (DFE) to account for differences in bioavail-
ability between naturally occurring dietary folate and synthetic folic acid (8).
Overall, the bioavailability of folic acid is substantially greater than that of natural
folate, although data on bioavailability are quite limited. Naturally occurring diet-
ary folate has a bioavailability of approximately 50%. Synthetic folic acid is nearly
100% bioavailable when taken on an empty stomach but adding folic acid to food
reduces the bioavailability by approximately 15%. Despite these differences in
bioavailability, both the natural and synthetic forms of folate perform identically
after entering the blood stream (2,3).
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According to the calculation for DFEs, one DFE is equal to 1 mg of naturally
occurring dietary folate. If folic acid is taken on an empty stomach, 1 mg folic acid is
equivalent to 2 mg DFE. However, when folic acid is taken with meals or in fortified
food, 1 mg folic acid equals 1.7 mg DFE (8). Thus, 200 mg of synthetic folic acid
taken on an empty stomach would provide 100% of the 400 mg of DFE recom-
mended for adults. Of particular importance are the current guidelines for the
prevention of neural tube defects. Current guidelines recommend folic acid supple-
mentation for 1–3 months prior to conception with at least 400 mg/day of synthetic
folic acid for women at low risk and up to 4 mg for those at high risk for neural tube
defects (19,19a). Because unplanned pregnancies are common other guidelines
state that all fertile women, regardless of age, should receive 400 mg from fortified
foods or as a supplement in addition to natural dietary folate. This level of supple-
mentation would provide approximately 1000 mg of DFE (8).

2.4. Safety of Folic Acid Supplementation

Folic acid toxicity is rare. Studies have demonstrated the safety of folic acid
supplementation at daily doses of 15 mg over a period of 5 years (20). Yet because
high doses of folic acid can mask the hematological signs of vitamin B12 deficiency,
the upper limit for folic acid consumption has been set at 1 mg/day. This amount of
folic acid is considered unlikely to mask vitamin B12 deficiency. However, higher
doses of folic acid can prevent macrocytic anemia but will not prevent the poten-
tially irreversible neurological damage associated with vitamin B12 deficiency. This
upper limit does not apply to situations in which higher doses of folic acid are used
therapeutically under medical supervision (8). Guidelines for patients with con-
ditions that increase folate demands, including those receiving drugs with antifolate
properties, typically recommend folic acid supplementation in the range of 1–5 mg

Table 2
Recommended Folate Intakes for Individuals (8)

Age RDA(mg/day, DFE)

Infants (months)

0–6 65y

7–12 80y

Children (years)

1–3 150
4–8 200
9–13 300
14–18 400
Adults

>18 years 400
Pregnancy 600
Lactation 500

y Adequate intake levels, all others are Recommended Diet-
ary Allowance levels (8)

Chapter 18 / Folate 517



daily. However, the potential exists for patients to exceed the 1 mg/day limit with
a combination of fortified food and vitamin supplementation, underscoring the
importance of monitoring vitamin B12 status (21,22). Whether other deleterious
health effects may result from long-term folic acid intake at or above the upper
intake level remains largely unknown. Some concern has been raised regarding the
potential role for chronically high folic acid levels to have harmful effects related to
carcinogenesis, immune activity, and cognitive function, but these issues require
further study (23,24).

Sporadic reports of presumed – yet unconfirmed – allergic reactions to folic acid
have appeared in the literature (25,26,27). More recently, two published reports
describe anaphylactic reactions to oral folic acid that were verified by oral provo-
cational testing using folic acid as a single entity (28) and through positive intra-
dermal testing (29). In both cases, the patients’ histories suggested the allergy
involved only synthetic folic acid and not naturally occurring folates. Still another
report outlines the case of an 80-year-old woman who developed a rash and
profound hypotension after receiving intravenous folinic acid that required intra-
venous epinephrine (30).

2.5. Folate Disposition

2.5.1. OVERVIEW

Dietary folate is ingested in a chemically inactive polyglutamate form, whereas
the folic acid used in nutritional supplements and to fortify food is the monogluta-
mate form. Before absorption, folate polyglutamates must first undergo deconju-
gation by folate conjugases, found in saliva and in the small intestine, to form
monoglutamate folate. Absorption of monoglutamate folate then takes place in the
proximal small intestine, primarily in the duodenum and jejunum (2,3). Monoglu-
tamates undergo reduction by the enzyme dihydrofolate reductase to form the
biochemically active tetrahydrofolate (THF) form of the vitamin, which then enters
the portal circulation. Much of the folate in the portal circulation is taken up by the
liver, the primary storage site for the vitamin. Some free folate is present in plasma,
but approximately 60% is bound to proteins such as albumin or transferrin. High
oral doses of folic acid bypass normal folate absorption mechanisms, resulting in
unmodified folic acid entering the bloodstream along with the vitamin’s normal
circulating form, 5-methyltetrahydrofolate (5-methyl THF) (22). Supplemental
folate enters as DHF and requires dihydrofolate reductase (DHFR) action to be
converted to THF. Folate excretion occurs primarily in urine and in bile, although
enterohepatic circulation appears to play a role in maintaining serum folate levels
(2,5).

Although some folate enters the cell by diffusion, active transport by the system
known as ‘‘reduced folate carrier’’ (RFC) maintains adequate intracellular folate
concentrations (31). The role played by the proton-coupled folate transporter is
being explored. Fully reduced THFs can exist in several derivatives that serve as
cofactors in a number of complex metabolic pathways. The predominant circulat-
ing folate, 5-methyl THF, is formed through the catalytic action of methylenete-
trahydrofolate reductase (MTHFR) on 5,10-methylenetetrahydrofolate (MTHF).
Within the cell, 5-methyl THF donates a methyl group in the multi-step conversion
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of homocysteine tomethionine. In another metabolic cycle, the enzyme thymidylate
synthase (TS) acts on the same substrate (MTHF) in a step critical to DNA syn-
thesis and cell reproduction. Another fully reduced folate derivative, 5-formyl
tetrahydrofolic acid or folinic acid, exists in a state that may represent a storage
form of the vitamin. This folate is used therapeutically in cases where DHFR
activity is blocked by antifolate drugs (5).

2.5.2. POLYMORPHISMS OF ENZYMES INVOLVED IN FOLATE METABOLISM

Information gleaned from the Human Genome Project has identified numerous
genetic variants in enzymes involved in folate metabolism, including mutations of
key enzymes such as TS, DHFR, MHTFR, as well as the RFC transporter. This
research has provided intriguing insights into the interaction of genes, nutrients,
and the environment and has led to further investigation of the potential for poly-
morphisms involving folate-metabolizing enzymes to influence drug response and
treatment outcomes. In particular, polymorphisms of the MTHFR gene have
received the most scientific scrutiny.

Two relatively common variants of the MTHFR gene have been identified; both
result in a functional impairment of the enzyme and varying levels of hyperhomo-
cysteinemia (32). The most common polymorphism, MTHFR C677T, involves
a mutation at nucleotide position 677 on the MTHFR gene, with a change from
cytosine (C) to thymine (T). Another common mutation, referred to as MTHFR
A1298C, is distinguished by a substitution of adenine to cytosine at the 1298
nucleotide base pair. Estimates of the population frequency of these polymorphisms
vary widely according to ethnic background, but may be as high as 20–30% for the
C677T variant and up to 30% for the A1298C mutation in some populations
(32,33,34). Individuals who are homozygous for the MTHFR C677T polymor-
phism produce a heat-sensitive (thermolabile) enzyme that exhibits, in vitro, only
30–60% of the activity of the normal enzyme. The MTHFR A1298C enzyme does
not exhibit thermolability, but has only 35% of the activity of the normal enzyme
(34,35,36).

MTHFR mutations, especially the C677T polymorphism, have been linked to
health risks, including neural tube defects, poor pregnancy outcomes, and cardio-
vascular disease, while perhaps having a protective effect for certain cancers, such as
lymphocytic leukemia and colon cancer (32). However, folate status exerts a strong
influence on the degree of risk associated with these polymorphisms. Research has
shown, for example, that individuals with the MTHFR C677T polymorphism tend
to have elevated serum concentrations of homocysteine that respond favorably to
high folate intake. A DHFR mutation may be associated with an increased risk of
breast cancer in multivitamin users (37). The optimal dose, timing, and form of
folate supplementation appropriate for individuals with this and other polymor-
phisms have not been determined (38,39).

3. DRUG–FOLATE INTERACTIONS

Awell-known association exists between long-term use of certain drugs and the
development of megaloblastic anemia due to folate depletion. In some instances,
the antifolate properties of the drug represent the intended mechanism of action;
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in other cases, the interaction is an unwanted side effect of the drug. Until recently,
drugs that depleted folate stores were thought to pose a hazard only to individuals
in high-risk categories. However, drug–nutrient interactions involving folate have
received increased scrutiny with the recognition that even subclinical folate
deficiency can have serious and far-reaching health consequences. Specifically,
studies that have shown an association between the use of antifolate drugs and
elevated homocysteine levels have raised concerns regarding the safety of long-
term use of these agents in patients at increased risk for cardiovascular disease
(40,41). However, the clinical significance of this adverse effect requires further
study before definitive guidelines can be developed (42). Other studies indicate
that homocysteine levels may play a role in predicting the potential for toxicity
with certain antifolate drugs (43). Furthermore, evidence linking folate depletion
to a broad range of congenital defects in infants of women who took DHFR
inhibitors during pregnancy requires that the clinical significance of these inter-
actions be re-assessed (44).

Folate antagonists can disrupt folate activity through a variety of mechanisms.
For example, drugs can impair intestinal absorption, alter protein binding of folate
in the circulation, interfere with enzymes essential to folate metabolism, enhance
liver metabolism of the vitamin, or block the release of folate from cells (45).
A large number of folate antagonists act by inhibiting the enzyme DHFR, thus
blocking the conversion of dietary folate or supplemental folic acid to the active
THF derivative. DHFR inhibition depletes the pool of THFs, which in turn, limits
the availability of substrates for other folate-dependent enzymes. A better under-
standing of the numerous metabolic processes that depend on folate has led to the
development of a class of antineoplastic agents that target other folate-dependent
enzymes such as TS and glycinamide ribonucleotide transformylase, both of which
play a critical role in cell proliferation (46). Still newer antifolate agents – multi-
targeted antifolates – work by inhibiting several enzymes involved in folate metab-
olism (47,48). Administering folic acid or the reduced derivative, folinic acid,
during treatment with antifolate drugs has the potential to alter both the therapeutic
and the toxic effects associated with the drug (49).

Although no current drug therapy targets the MTHFR enzyme, studies have
examined the pharmacogenetic implications of MTHFR polymorphisms on plasma
homocysteine levels, therapeutic folic acid supplementation, and the efficacy and
toxicity of antifolate therapy. This growing body of scientific evidence suggests that
gene–nutrient interactions play a role in overall health risks, treatment failures, and
adverse drug reactions. However, further research is needed to elucidate ways this
information can lead to therapies tailored according to genotype (11,49,50). Strategies
that consider drug–nutrient interactions in combination with these gene interactions
hold much potential for the development of truly individualized treatment plans.

4. LIMITATIONS OF THE DATA AND FURTHER RESEARCH NEEDS

Overall, information concerning drug–nutrient interactions that impact folate
status is incomplete. An important limitation to the available data concerning
drug–folate interactions is that much of the early research relied on the development
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of megaloblastic anemia as the clinical end point for defining an interaction.
In addition, relatively few studies have explored the clinical impact of antifolate
drugs on homocysteine levels. This issue requires longitudinal trials that track the
influence of antifolate drugs on homocysteine levels and long-term health risks,
including the incidence of birth defects.

Theoretically, the improved folate status of the US population may lower the
risk for drug-related folate deficiency by reducing the number of individuals who
begin antifolate drug therapy with marginal folate stores. However, data support-
ing this premise are not yet available. Many questions remain unanswered con-
cerning the need for folic acid supplementation in patients receiving folate antag-
onists. Further studies that compare folic acid to folinic acid supplementation will
help clarify the indications for both agents. Of great concern is the potential for
folic acid supplementation to alter the therapeutic activity of drugs. However, few
guidelines are available regarding the optimal dosing regimen for folic acid
supplementation or the need to adjust the dose of antifolate drugs. This significant
issue requires further investigation that correlates vitamin status and drug con-
centrations with therapeutic efficacy and drug side effects. In addition, studies
must address the extent and frequency of monitoring that is appropriate for
patients receiving antifolate drugs.

In the years to come, prospective observational research is likely to produce drug-
specific clinical practice guidelines concerning appropriate levels of folate intake
during antifolate therapy. Further study of polymorphisms involving folate-metab-
olizing enzymes may lead to individualized strategies for enhancing the therapeutic
effectiveness or reducing the toxicity of antifolate agents based on the patient’s
genotype. Ultimately, the objective for all research related to drugs that impact
folate status is to delineate evidence-based clinical practice guidelines for maintain-
ing optimal folate status without compromising therapeutic goals.

5. RECOMMENDATIONS

Despite the lack of evidence-based recommendations, basic measures designed to
improve clinical outcomes related to the use of antifolate drugs are appropriate. For
example, all fertile women should receive folic acid supplementation as recommended
by the Institute of Medicine (8), the Centers for Disease Control and Prevention
(CDC) (1), and theUS Preventive Services Task Force (19a). In addition, documen-
tation of vitamin B12 status should be routine for all patients who are initiating folic
acid supplementation.A comprehensive approach for addressingdrug–nutrient inter-
actions that involve folate should include strategies formonitoring patients at risk for
drug–folate interactions, patient education, and appropriate intervention.

Monitoring for patients receiving drugs with antifolate properties aims to
ensure that therapeutic goals are met without compromising folate status. Current
information makes clear that monitoring must not depend on the development of
macrocytic anemia as the sole criteria for identifying a deficiency state. To
accurately evaluate folate status, monitoring must include homocysteine levels
and erythrocyte folate concentrations. Although homocysteine levels can provide
an early indication of declining folate stores, individual variation occurs in
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response to folate depletion and supplementation, suggesting that repeat testing
may be necessary to ensure the validity of the marker (51). At a minimum,
baseline folate status should be evaluated when drug therapy is initiated, whenever
the drug dose is changed, and at regular intervals in stable patients. No consensus
exists regarding the appropriate interval for routine monitoring in stable individ-
uals, however.

The risk assessment for folate–drug interactions should also include a dietary
evaluation to determine the level of folate intake, through both fortified food and
nutritional supplements. With the current level of food fortification and the wide-
spread use of vitamin products containing folic acid, the potential exists for patients
to achieve excessively high intakes of folic acid. The ramifications of chronically
high folic acid intake, with regard not only to drug–nutrient interactions but also to
other health risks, remain unknown (24).

Increasingly, guidelines recommend supplementation with folic acid for patients
receiving antifolate drug therapy. Considerable variation exists in the dose and
timing of folic acid supplementation, however. As noted earlier, pharmacologic
dosing regimens range from 1mg to 5mg per day, although evidence from studies of
some antifolate drugs suggests that lower doses of folic acid may be appropriate
(46). The ability to use lower doses of folic acid would reduce the potential to
obscure evidence of vitamin B12 deficiency. However, further studies are needed to
determine the optimal level of folic acid supplementation for patients undergoing
treatment with antifolate drugs, while taking into account relevant polymorphisms.

For patients receiving folic acid supplementation in conjunction with antifolate
drug therapy, monitoring the therapeutic efficacy of the drug takes on great impor-
tance. Depending on the drug in question, monitoringmay include regularmeasure-
ment of drug levels, assessing for clinical evidence of efficacy, or observing for toxic
side effects. For example, studies indicating that folic acid supplementation may
induce a rapid drop in serum phenytoin levels demand that phenytoin levels be
monitored closely in the early phase of folic acid supplementation until a new steady
state of each is established (52–54). On the other hand, disease activity and evidence
of toxicity guide decisions regarding the need to adjust the dose of methotrexate in
patients being treated for rheumatoid arthritis or psoriasis (55–57). Table 3
provides more information regarding interactions between folic acid and specific
drugs (58–113).

Finally, patient education plays a fundamental role in the management of
drug–nutrient interactions that impact folate status. Patients require information
regarding the harmful effects of folate deficiency as well as the ability of folate
consumption to alter drug activity. Awareness of the potential for an interaction
can help patients avoid circumstances that could lead to unfavorable outcomes.
A simple handout can be used to provide patients with the facts they need concern-
ing interactions involving folate (see Fig. 1 for an example). In addition, as part of
an ongoing campaign to reduce the incidence of neural tube defects, the CDC urge
health-care professionals to act as advocates by routinely encouraging daily folic
acid consumption among women of childbearing age in face-to-face encounters and
through a variety of educational strategies within both the community and the
health-care system (114).
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6. SUMMARY

Drug–nutrient interactions between therapeutic drugs and folate can impact
both drug levels and vitamin status. Clinicians have long recognized the potential
for drug–nutrient interactions to impact folate status, but the full clinical signifi-
cance of these interactions has only recently begun to emerge. A tremendous need
exists for research aimed at developing recommendations for the management of
interactions involving folate. Areas that require further study include measures
to promote optimal folate status without compromising therapeutic goals, appro-
priate dosing regimens for folic acid supplementation, monitoring guidelines, and
the long-term health risks associated with drug-induced alterations in folate status

Fig. 1. Patient education handout: information about folic acid.
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including hyperhomocysteinemia. The potential for developing targeted drug
therapy based on patients’ genotype represents a promising opportunity for
improving treatment outcomes.
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19 Drug–Nutrient Interactions That
Impact on Mineral Status

Sue A. Shapses, Yvette R. Schlussel, and
Mariana Cifuentes

Objectives

� Identify the macro- and microminerals and recall dietary sources of minerals and their

normal regulation.

� Define how mineral status may be altered by certain medications.

� Identify certain minerals that may alter the activity of medication.

� Recognize how other drug substances (i.e., ethanol, caffeine, nicotine, and illicit drugs) may

alter mineral status.

Key Words: Assessment; bioavailability; mineral; trace element; ultratrace element

1. INTRODUCTION

Concurrent administration of medication with nutrients can bring about inter-
actions that change the absorption or metabolism of the medication or nutrient
(1,2). There are many more dietary supplements and drugs that are now taken
simultaneously and some are known to interact with each other (3). Certain drugs
may exhibit decreased bioavailability or activity due to chelation and adsorption.
Mineral status may be altered due to decreased absorption, increased excretion, or
an altered mineral metabolism (Fig. 1). The results of such interactions may be
clinically insignificant or severe. This chapter discusses mineral bioavailability and
absorption and reviews mineral requirements, their sources, manifestations of
deficiency and toxicity, and normal levels in the serum (Tables 1 and 2). Drugs
that will affect mineral status (Table 3) in contrast to those minerals expected to
interfere with drug absorption or activity (Table 4) are reviewed. The tables in this
chapter have been designed to provide a simple and practical guide for practitioners.
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2. OVERVIEW OF MINERAL ABSORPTION AND BIOAVAILABILITY

Absorptive efficiency for many minerals is governed by homeostatic feedback
regulation. When the body is in a depleted state, the intestine upregulates absorption
of the nutrient. At a biochemical level, this regulation can be expressed by the control
of intraluminal binding ligands, cell surface receptors, intracellular carrier proteins,
intracellular storage proteins, or the energetics of transmembrane transport.

Mineral bioavailability is defined as the efficiency with which a natural or a
manufactured source of an element delivers the element to storage or supplies it to a
metabolically active tissue or to a protein. To assess for bioavailability, several
factors must be determined. This includes the following: (a) whether the intake is
below or above the physiologic requirement, (b) tissue mineral contents, if possible,
as dependent variables, (c) range of linearity between mineral dose and response,
and (d) the results of a slope ratio analysis. In general, mineral bioavailability may
decrease due to many drugs, decrease with age, and in the presence of malnutrition-
associated poorer integrity of the small intestine. Therefore, older individuals who
are often taking numerous medications and eating more poorly than the young are
at greater risk of mineral deficiencies.

The chemical form of a mineral is an important factor in its absorption and
bioavailability. Although few studies have been done comparing absorption differ-
ences amongmineral supplements, there is evidence that the form in which minerals
are ingested affects absorption (4). For example, the particle size, the surface area,
and the solubility of a substance affect its dissolution rate (5,6). Other
manufacturing variables that may affect the release characteristics of minerals in a
tablet include the tablet compression force and the type and amount of coating
materials.

Effect of Medication on Nutrient Absorption 
Drug complexes with mineral preventing the
absorption of nutrient and/or drug (i.e.,
antibiotics chelate with cations such as Ca, Mg,
Fe, Zn).   
Drug alters vitamin absorption that indirectly
affects mineral (i.e., mineral oil decreases
vitamin D absorption, thereby decreasing Ca
absorption). 
Drug alters gastric acidity (i.e., long term use
of antacids may decrease absorption of iron).
Drug damages mucosal surface (i.e.,
antineoplastic drugs may induce mucosal
damage and decrease nutrient absorption.

 Effect of Medication on Mineral Utilization 
Drug causes molecular modifications, (i.e.,
mitomycin C inhibits Zn/Cu superoxide dismutase
transcription).  
Drug changes the metabolism of nutrients
resulting in higher requirements (i.e.,
phenobarbital may increase the metabolism of
Vitamin D thereby decreasing Ca absorption).

Effect of Medication on Nutrient Excretion 
Drug increases urinary loss of minerals (i.e., loop
diuretics increase excretion of Na, K, Cl, Mg and
Ca). 
Drug decreases urinary excretion (i.e., thiazides
decrease urinary Ca excretion) 

Fig. 1. Effect of medication on mineral kinetics.
Ca, calcium; Cl, chloride; Cu, copper; Fe, iron; K, potassium; Mg, magnesium; Na, sodium; Zn,
zinc.
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The absorbability and bioavailability of minerals in foods is as similarly
complicated as minerals in solid dosage form. The composition of foods and
beverages determines the chemical form of a mineral component. In many solid
foods, elements are not free but are firmly bound in the food matrix. They can be in
covalent association with a protein, as in metalloenzymes, or in electrochemical
chelation arrangements to a nonspecific binder. Chelated forms of minerals may
interact with other minerals or drugs to reduce absorbability (7). Food fortification
may affect mineral absorption (8). The recommended US Food and Drug Admin-
istration meal used in drug–food interaction studies is a high-fat, high-calorie meal
with minimal micronutrient content. With changing patterns in food preferences,
fortification, and dietary supplementation, revision of current regulatory guidelines
should take into account potential new drug–nutrient interactions.

Factors that enhance mineral absorption include the form of the mineral ingested,
maintenance of chemical stability, presence of a specific transporter, small particle
size, solubility, ascorbic acid, and low intestinal motility. Although certain fibers
inhibit absorption ofminerals, soluble fibers including nondigestible oligosaccharides
(prebiotics) such as oligofructose, inulin, or lactulose stimulate absorption and
retention of several minerals, particularly magnesium, calcium,and iron (9). The
mechanism underlying these positive effects is most likely related to increased sol-
ubility of these minerals in the cecum and the colon as a consequence of increased
microbial fermentation and lower luminal pH. Clinical trials show evidence that
prebiotics will enhance calcium absorption (10,11). However, not all studies show
positive effects (12). For potential malabsorption with any mineral, it is best to
approach treatment and prevention based on whether the evidence is definitive. For
example, in those drugs whose effect is ‘‘questionable,’’ routine monitoring and
treatment is time consuming and therefore is not recommended.

Factors that inhibit absorption of minerals include oxalic acid, phytic acid (13),
fiber (14), sodium, tannins (15), caffeine, protein, fat, antacids, rapid transit time,
malabsorption syndromes, precipitation by alkalinization, other minerals (16), hor-
mones, and nutritional status (17). In addition, excess mineral excretion can occur
due to a common side effect of many antibiotics (i.e., diarrhea), whichmay be caused
by the alteration of the normal colonic flora. In this case, yogurt containing probiotic
microorganisms can protect against other antibiotic-induced diarrhea.

Finally, genetics may also influence the absorption ofminerals (18). This is likely
to be an important mechanism for individual absorptive responses to a specific
drug, but currently there is limited information about how genes influence mineral
and/or drug absorption and metabolism. A goal should be to identify
pharmacogenomic biomarkers that stratify individuals based on a likely response
to a particular medication, positive response, efficacy, negative response, and
development of side effect or toxicity (19).

3. MACROMINERALS

The macrominerals are discussed below with respect to absorption and
bioavailability, assessment of status, and drug interactions. Status is typically
measured in the serum (and sometimes in the urine). In general, hair mineral testing
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has been found to be an unreliable and crude estimate of mineral status due to
contamination from the environment (i.e., shampoos and emissions) (20). Remark-
able progress is being made in understanding the molecular basis of disorders of
human mineral metabolism, but this topic is tangential to our focus and therefore
will not be discussed.

3.1. Sodium

Sodium is the most abundant (93%) of the cations in the blood. Its primary
location is on the surface of bone crystals, and the rest is in the extracellular fluid,
nerves, andmuscles. Ingested sodium is almost completely absorbed in the intestine,
with only 5%unabsorbed and excreted in the feces. Intestinal absorptionmay occur
via the sodium/glucose cotransport system (distributed throughout the small intes-
tine), the sodium chloride cotransport system (located in the small intestine and
proximal colon), and a colon-located, electrogenic sodium absorption mechanism.
A basolateral sodium pump maintains the inward gradient necessary for sodium
absorption in all the described processes. With this very high absorption capacity,
more than necessary will enter the system and excess sodium absorbed is excreted by
the kidneys, a process that is in large part controlled by aldosterone. Low-sodium
concentrations signal the release of the hormone and this promotes renal sodium
reabsorption. Sodium is also lost through the sweat; however, the amount excreted
is variable (i.e., exercise, temperature conditions, etc.). Normal serum concentra-
tions of sodium range between 135 and 148 mmol/L (Table 1) and are measured
routinely in the laboratory to determine electrolyte balance.

Sodium homeostasis is maintained by mechanisms that involve thirst, arginine
vasopressin (antidiuretic hormone), and renal control of water excretion. In indi-
viduals with an altered sense of thirst (adipsia) or among electrolyte disorders,
dysnatremias occur very frequently, especially among hospitalized patients and
the elderly. Dysnatremias cause alterations in almost all body systems. Hyponatre-
mia (which is more common than hypernatremia) can lead to edema and cause
dehydration, both of which may lead to neuropathological damage and even death.
Inappropriate management of these disorders (particularly the speed of correction)
may in itself lead to severe damage (21,22,23).

3.1.1. DRUG INTERACTIONS

Excess use of sodium bicarbonate to relieve acid indigestion may cause
hypernatremia, and consumption of a high-sodium diet, especially in the elderly
with heart disease, may pose an elevated risk for metabolic derangements
(24,25,26) (Table 3). Sodium retention may also occur with other drugs, such as
nonsteroidal anti-inflammatory drugs (27), estrogens (28) and corticosteroids
(29), or with prolonged saline infusion (30).

Increased excretion of sodium occurs with diuretic use and angiotensin-convert-
ing enzyme (ACE) inhibitors (Table 3). Dietary sodium restriction improves the
antihypertensive action of diuretics and other blood pressure-lowering drugs. In
patients taking lithium, both sodium and potassium excretion are increased (31). In
individuals predisposed to form kidney stones, hypercalciuria may be associated
with a high-sodium intake (32), and sodium restriction alone or with thiazide
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Table 1
Clinical and Serum Assessment of Macromineral and Trace Mineral Status

Symptoms

Mineral
Food Sources and
Daily Adult RDA
or AI Deficiency Toxicity

Normal Serum Levels
and Diseases Altering

Status

Sodium
Salt, soy sauce,

processed foods
AI: 1.2–1.5 g

Muscle cramps, mental
fatigue, anorexia,
weight loss, poor
growth, nausea

Hypertension in salt-
sensitive individuals

135–148 mmol/L
(mEq/L)

# Renal dis., diarrhea,
profuse sweating,
excess ADH,
overhydration, HF,
cirrhosis

" Renal disease,
dehydration

Potassium
Meat, milk,

vegetables, fruits,
grains, legumes

AI: 4.7 g

Muscular weakness,
paralysis, confusion,
possible death

Cardiac arrhythmias,
paralysis, weight loss

Muscular weakness
Vomiting

3.5–5.3 mmol/L
(mEq/L)

# GI loss (vomiting,
diarrhea), urine loss
(Cushing’s disease,
drug-induced),
alkalosis, sweating,
dehydration

" Acidosis, renal
disease,
hypoaldosteronism

Calcium
Dairy products,

small fish with
bones, broccoli,
kale, tofu, Ca-
enriched products

AI: 1–1.2 g

Stunted growth
Osteoporosis
Rickets, osteomalacia,

tetany, parathyroid
hyperplasia

Constipation
Thirst, nausea,

vomiting, loss of
appetite

2.2–2.6 mmol/L
(8.5–10.5 mg/dL)

Free ionized
4.4–5.4 mg/dL

Tight regulation of
serum levels

# Hypoparathyroidism
diseases (liver, renal,
critical illness)

"Hyperparathyroidism,
excess vit D, renal
failure,
immobilization

Phosphorus
Animal protein (all

meats)
RDA: 700 mg

Rare
Neurological, skeletal,

hematological, renal
manifestations,
rickets,
osteomalacia,
anorexia

Occurs with low Ca
intake ––> secondary
hyperparathyroidism

Results in reduced
growth or bone loss

0.7–1.4 mmol/L
(2.3–4.3 mg/dL)

# Alkalosis,
gastrointestinal,
malnutrition
recovery, renal dis.

" Renal, malignancy,
sarcoidosis,
immobilization, Mg
deficiency, bone
malignancy,
Cushing’s dis.

(Continued )
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diuretics helps to reduce urinary calcium (33,34). Although immunosuppressive
agents, such as cyclosporine, may not alter sodium levels in the body, subtle renal
injury induced by cyclosporine could lead to salt sensitivity (35). There can also be
negative consequences of sodium restriction, especially in cases where the mechanisms
to conserve sodium are impaired. Sodium restriction in combination with ACE
inhibitors or amphotericin B can precipitate acute renal failure, and sodium repletion
improves renal function (36,37).

A number of drugs may cause inappropriate antidiuretic hormone (arginine
vasopressin) secretion, where patients continue to drink water/fluids despite having

Table 1
(continued)

Symptoms

Mineral
Food Sources and
Daily Adult RDA
or AI Deficiency Toxicity

Normal Serum Levels
and Diseases Altering

Status

Magnesium
Nuts, legumes,

grains, seafood,
dark green
vegetables,
chocolate

RDA: 420 mg (M),
320 mg (F)

Weakness, confusion,
hypertension,
tingling, muscle
weakness, poor
growth, convulsions,
neurological signs

Diarrhea (as with large
doses of epsom salts),
hypotension,
hypothermia

0.7–1.0 mmol/L
(1.8–2.3 mg/dL)

# Surgery, alcoholism,
malabsorption, some
renal diseases,
diabetes, acidosis

" Sepsis, cardiac arrest,
burns

Iron
Meat, fish, shellfish,

eggs, legumes,
leafy green
vegetables,
enriched cereal/
bread

RDA: 8 mg (18 mg
for women
<50 yr)

Anemia, weakness,
pallor, reduced
ability to
concentrate, lowered
cold tolerance

Infections, liver injury,
possible heart attack,
acidosis, bloody
stools, shock,
colorectal cancer

80–150 mg/dL
(14–24 mmol/L)

# Renal dis.,
malnutrition

" Hemochromatosis

Copper
Liver, shellfish,

water grains,
nuts, seeds

RDA: 900 mg

Rarely occurs; bone
abnormalities,
anemia, neutro- and
leukopenia

Vomiting, diarrhea,
liver and renal
damage

85–150 mg/dL (13–24
mmol/L)

# Diarrhea,
malnutrition,Menkes
disease (kinky hair)

"Wilson’s disease

Zinc
Meat, fish, shellfish,

grains, vegetables
RDA: 11 mg (M)
8 mg (F)

Anorexia, growth and
sexual retardation,
anemia, poor taste,
smell and wound
healing, hair, nails,
skin changes

Nausea, vomiting,
diarrhea, dizziness,
atherosclerosis, renal
failure

60–130 mg/dL
(9–20 mmol/L)

# Liver disease, stress,
malnutrition,
infection, burns

" Industrial exposure

ADH (antidiuretic hormone); AI (adequate intake level for nonpregnant adults); HF (heart
failure); d (day); dis. (disease); F (female); GI (gastrointestinal); M (male); RDA (recommended
dietary allowance for non-pregnant adults); vit (vitamin); yr (years)

542 Part IV / Influence of Medication on Nutrition Status, Nutrient Disposition, and Effect



hypotonic hyponatremia (38). Drugs that may cause hyponatremia include tricy-
clic antidepressants, selective serotonin reuptake inhibitors, monoamine oxidase
inhibitors, conventional and atypical antipsychotics, opioid analgesics, ACE inhib-
itors, sulfonylureas, thiazide diuretics, as well as clofibrate, the recreational drug
known as ‘‘ecstasy’’ (3,4-methylenedioxy-N-methylamphetamine), the antiepileptic
carbamazepine, nicotine, antineoplastic agents (cisplatin, cyclophosphamide and
vinca alkaloids), vasopressin, and oxytocin (23,38).

3.2. Potassium

Potassium is the major intracellular fluid cation, and extracellular fluid potassium
constitutes approximately 2% of total body potassium. It plays a crucial role in muscle
contractility (smooth, skeletal, and cardiac) and in the excitability of nerve tissue. In
addition, it is relevant in themaintenance of electrolyte and pH balance. As opposed to
the case of sodium, intestinal absorption of potassium is not so well understood. The
cation is largely (90%) absorbed, and it has been suggested that the colon is the main
site. Among the proposed mechanisms are a potassium/proton ATPase pump, at the
apical membrane and potassium channels. Potassium balance is regulated in the
kidney, with aldosterone promoting its excretion. Normal serum potassium is strictly
controlledwithin a narrow range, 3.5–5.3mmol/L, and is commonly assayed to identify
renal disease and monitor electrolyte balance (Table 1).

Elevated serum potassium concentrations (hyperkalemia) may result in severe
cardiac arrhythmias and cardiac arrest. However, this situation is not likely to occur
by dietary means in an individual with normal circulation, intestinal, and renal
function. Since the renal system is the primary (�90%) excretion route, lowered
renal function predisposes the patient to hyperkalemia. Another well-known
condition that increases the risk of hyperkalemia is diabetes mellitus. Extracellular
potassium is taken up intracellularly by insulin action, and deficient insulin
activation in diabetes leads to an increase in serum potassium (39). Hypokalemia,
on the other hand, is common among hospitalized patients and may occur with
severe vomiting and diarrhea. It is common that hypokalemia coexists with hypo-
natremia and hypomagnesemia (40). Hypokalemia is associated with muscular
weakness, nervous irritability, and mental disorientation and in severe cases may
result in cardiac arrhythmias and paralysis.

3.2.1. DRUG INTERACTIONS

Common drugs that cause potassium deficiency include thiazide and loop-type
diuretics and laxatives (Table 3). Potassium and magnesium deficiencies due to
diuretics are often not detectable using the standard methods of serum analysis and
may occur in spite of potassium supplements (41). Increased serum potassium
levels have been reported with use of b-blocking drugs in conjunction with
potassium-sparing diuretics (42). Hyperkalemia may also occur with drugs like
ACE inhibitors, angiotensin receptor blockers, salt substitutes, b-blockers, potas-
sium-sparing diuretics, nonsteroidal anti-inflammatory drugs (NSAIDs), and hep-
arin, among others. The development of hyperkalemia following hypokalemia is
not uncommon and may be prompted by potassium supplementation, potassium
iodide, potassium-sparing diuretics, parenteral nutrition (source of potassium), and
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magnesium supplementation (which may reduce kaliuresis) (40). The presence of
two or more of these medications is associated with an even faster development of
hyperkalemia. Particular care must be taken in prescribing these to the elderly and
patients with diabetes or renal impairment (39).

3.3. Calcium

Calcium is the most abundant divalent cation in the human body, averaging
about 1.5% of total body weight. Approximately 99% of the body’s calcium is in
bones and teeth, and the remaining 1% is in both the intracellular and extracellular
fluids. Normal serum calcium concentrations range from 2.2 to 2.6 mmol/L
(8.5–10.5 mg/dL) in adults (Table 1). Because total serum calcium concentrations
are tightly regulated, its measurement tells little about calcium status. Serum ionized
calcium better reflects alterations in calcium metabolism.

About 30% of dietary calcium is absorbed in the intestine via two main transport
processes. In the duodenum and the proximal jejunum, a saturable, energy-depend-
ent process occurs, which is regulated by calcitriol (1,25-dihydroxyvitamin D) and
involves a calcium-binding protein that transports the cation through the cell (43).
The other process occurs throughout the small intestine and is nonsaturable and
does not require energy. In this process, calcium is absorbed between the cells
(rather than through them). The large intestine contributes to approximately 4%
of dietary calcium absorption. Calcium is absorbed in its ionized form; therefore, it
must be released from the insoluble salts in which it is presented in food and dietary
supplements. Even though most calcium salts are dissolved in the acidic pH of the
stomach, absorption is not guaranteed since calciummay form insoluble complexes
with other dietary components within the more alkaline pH found in the small
intestine, limiting its bioavailability. One such component is fiber. Magnesium and
calcium compete for intestinal absorption when an excess of either is present in the
intestinal tract.

Excessive oxalate consumption in situations where calcium or magnesium is
unavailable (e.g., with consumption of aluminum hydroxide gels that bind calcium
and magnesium) may lead to formation of kidney stones and interstitial renal
failure. In addition, kidney stones have been associated with excessive dietary salt
and protein intakes rather than excessive dietary calcium (32).

3.3.1. DRUG INTERACTIONS

Furosemide, ethacrynic acid, triamterene, and other diuretics produce significant
hypercalciuria. Furosemide has been utilized to control symptoms of hypercalcemia
and has been observed to increase parathyroid hormone levels as it increases urinary
calcium excretion (44,45) and this has been associated with renal calcification (46).
Thiazide diuretics (e.g., hydrochlorothiazide), on the other hand, cause renal cal-
cium retention by stimulating calcium transport across the epithelial cells of the
distal tubule and can cause hypercalcemia, although this side effect may only be
transient. However, thiazide users do have a greater bone mineral content than do
age- and sex-matched nonusers (47). It has been suggested that thiazide drugs
might have a therapeutic role in the management of osteoporosis (48).
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Indirectly, calcium status may be affected by long-term intake of antiepileptic drugs
(Table 2). These medications, particularly phenobarbital and phenytoin, may induce
vitamin D deficiency (49), which in turn is expected to impair intestinal calcium
absorption. More recently, it has been reported that epileptic patients under treatment
have low bone mass in the absence of vitamin D deficiency (50). Vitamin D deficiency,
and therefore decreased calcium absorption, can also occur withmedications that impair
fat absorption such as antiobesity medications (e.g., orlistat) and hypolipidemic agents
(e.g., cholestyramine). Gentamicin has been associated with hypocalcemia in humans
(51). Nevertheless, excess oral calcium supplementationmay reduce gentamicin-induced
kidney damage (52). Prednisone and other glucocorticoids cause calciummalabsorption
and increased renal excretion that may lead to bone loss and secondary hyperparathyr-
oidism (53). The immunosuppressant drug cyclosporine has metal-binding properties,
with a high affinity for calcium and a somewhat lower affinity for magnesium and
potassium (54), which may reduce serum levels. Calcium carbonate has been shown to
attenuate the absorption of certain medications, including ciprofloxacin (55) as well as
other antibiotics, NSAIDs, and some b-blockers (Table 4). Proton pump inhibitors (e.g.,
lansoprazole, omeprazole, rabeprazole), which are used to treat ulcers, when taken
concomitantly with calcium carbonate or calcium phosphate, can cause decreased
absorptionof these calciumsalts and is associatedwith increased riskof hip fracture(56).

3.4. Phosphorus

Phosphorus is second only to calcium in abundance among the inorganic
elements in the human body. Approximately 85% is in the skeleton and the
remainder is associated with organic substances of soft tissue. Approximately
55–70% of dietary phosphorus is absorbed with normal dietary intakes, and this
may increase to 90%when intake is low or in infants and children (57). Phosphorus
absorption occurs in its inorganic form throughout the small intestine by a satu-
rable, carrier-mediated active transport system or a linear, concentration-depend-
ent diffusion process. Maintenance of phosphorus balance is achieved mainly
through renal excretion. Magnesium, aluminum, and calcium impair phosphorus
absorption. In adults, plasma inorganic phosphate ranges between 0.7 and
1.4 mmol/L (2.3 and 4.3 mg/dL) (Table 2); however, this varies largely with dietary
phosphate content, age, growth, time of day, hormones, and renal function.
Because of the widespread availability of phosphorus in food, deficiencies are rare
and therefore status assessment is not a major consideration. In addition,
evaluation of serum phosphorus concentrations lacks sensitivity and specificity
andmay be affected by several confounding factors unrelated to phosphorus status.

3.4.1. DRUG INTERACTIONS

Aluminum hydroxide and sevelamer combine with phosphates in the intestine to
form nonabsorbable products that are then excreted in the feces. The prolonged use
of antacids containing nonabsorbable aluminum and magnesium hydroxide may
result in hypophosphatemia (58) (Table 3). Phosphate depletion with the use of
antacids has been described to cause bone demineralization and osteomalacia and
rickets and symptoms of malaise and bone pain associated with hypophosphatemia
and hypercalciuria (59,60). These products are actually used to correct
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hyperphosphatemia associated with chronic kidney disease. Calcium acetate or
calcium carbonate are less frequently used as phosphate-binding agents in people
receiving hemodialysis with hyperphosphatemia.

Table 2
Clinical Assessment of Ultratrace Minerals

Symptoms

Mineral

Daily Adult RDA or AI Deficiency Toxicity

Chromium

Meat, unrefined foods,
Brewer’s yeast, beer

RDA: 20–35 mg

Diabetes-like condition,
reduced glucose control

Rare

Selenium

Seafood, organ meat,
meat, grains, certain
vegetables

RDA: 55 mg

Higher risk for heart
disease,
cardiomyopathy,
increased red blood cell
fragility, poor growth,
muscle pain

Nausea, abdominal pain,
nail and hair changes,
nerve damage

Fluorine (fluoride)

Drinking water, tea,
seafood, toothpaste

AI: 4 mg (M); 3 mg (F)

Dental caries, osteoporosis Fluorosis (pitting and
discoloration of teeth,
skeletal osteosclerosis),
nausea, diarrhea,
itching, vomiting

Iodine (I)

Iodized salt, seafood,
plants grown in high I
soil, and animals fed
with high I plants

RDA: 150 mg

Goiter, cretinism,
myxedema, increased
blood lipids, liver
gluconeogenesis,
retention of NaCl and
water

Decreased thyroid activity,
goiter-like enlargement

Manganese

Most foods
AI: 1.8 mg (M), 2.3 mg (F)

None reported in humans,
possibly impaired
growth, skeletal
abnormalities, impaired
central nervous system,
defects in lipid and
carbohydrate
metabolism

Rare; nervous system
disorders

Molybdenum

Legumes, grains, dark
green leafy vegetables,
organ meat

RDA: 45 mg

Rare; induces increased
uric acid and xanthine
excretion, mental
disturbances, coma,
hypermethioninemia

None reported

AI (adequate intake level for nonpregnant adults); F (female); M (male); NaCl (sodium chloride);
RDA (recommended dietary allowance for nonpregnant adults)
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3.5. Magnesium

Magnesium is the secondmost abundant intracellular cation after potassium.A total
of 21–28 g ofmagnesium is distributed between bone (60%) and extracellular fluids and
soft tissues (40%).Magnesium absorption occurs throughout the entire small intestine.
Absorption in the ileum appears to be saturable. Typical ingested amounts via the diet
are absorbed by a saturable, carrier-mediated, facilitative transport system, with an
efficiency of approximately 30–60%, which is expected to increase when magnesium
status is poor and/or intake is low.Magnesium absorption is influenced by a variety of
dietary factors (phytate, fiber, fatty acids).

Even though the homeostaticmechanisms are unclear, concentrations ofmagnesium
are maintained by the kidney and the small intestine. Under conditions of magnesium
deprivation, both organs increase retention of the mineral. Intestinal absorption, renal
excretion, and transmembranous cation flux rather than hormonal regulation seem to
be involved. Vitamin D increases magnesium absorption, but it is less relevant than its
role in regulating calcium absorption. Ifmagnesiumdepletion continues, the bone store
contributes by exchanging part of its contentwith extracellular fluid. Serummagnesium
can be normal in the presence of intracellular depletion of the mineral, but low serum
levels usually indicate significant magnesium deficiency (61).

Magnesium status is difficult to assess because only about 1% of total body
magnesium is located extracellularly, and since it is homeostatically regulated, normal
serum levels of 0.7–1.0 mmol/L (1.8–2.3 mg/dL) (Table 2) may occur in the presence
of intracellular deficit. Magnesium status may be assessed by renal magnesium
excretion after an intravenous magnesium load, where deficiency is revealed by a
decreased excretion over two 24-h periods following the magnesium load.

3.5.1. DRUG INTERACTIONS

Magnesium and potassium deficiency may coexist with some diuretic drug
therapies. Many drugs such as loop and thiazide diuretics, aminoglycosides, cispla-
tin, pentamidine, and foscarnet can cause increased urinary loss of magnesium and
subsequent deficiency (61,62) (Table 3). Magnesium deficiency is also seen with
other drugs (see Table 3). When drugs classified as inducing ‘‘significant’’ hypo-
magnesemia (i.e., cisplatin, amphotericin B, cyclosporine) are administered, routine
magnesium monitoring is warranted and routine magnesium supplementation
should be initiated (63). There are other drugs that may induce hypomagnesemia
(i.e., aminoglycosides, laxatives, pentamidine, tacrolimus, carboplatin), wheremag-
nesium monitoring is justified but not routine magnesium supplementation.

High serum magnesium may occur in response to drugs (Table 3). A case was
reported (64) where repetitive doses of the antacid aluminum magnesia for epi-
gastric pain following bone marrow transplantation lead to hypermagnesemia with
hypotension, hypothermia, and coma. It is noted thatmagnesium imbalancemay be
exacerbated in the posttransplant period with poor nutritional intake and other
concomitant health problems. In a randomized trial with eight healthy people,
850 mg magnesium hydroxide increased glipizide absorption and activity (65)
(Table 4). In theory, such changes could be therapeutic or detrimental under
varying circumstances, and people taking glipizide should consult with their
health-care provider before taking magnesium supplements.
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The long list of drug interactions with magnesium and calcium makes these
minerals (Tables 3 and 4) particularly susceptible to deficiency and/or interacting
with the efficacy of a particular drug (66,67). Hence, for patients onmultiple drugs,
careful monitoring and/or timing of supplementation should be considered.

Table 4
Medication with Absorption/Activity Affected by Minerals

Ca Mg Fe Cu Zn

Antibiotics

Azithromycin #
Nitrofurantoin #
Tetracycline, minocycline, doxycycline # # # #
Fluroquinolones (ciprofloxacin) # # # # #
Antihypertensive Therapy

ACE inhibitors ** #
b-blocker (nadalol, sotalol) #
Diuretics + #
Centrally acting (methyldopa) # #
Analgesic and/or anti-inflammatory

NSAIDS (ibuprofen) * +

NSAID–COX2 (rofecoxib) #
Opioids (fentanyl) +

Chlorhexidine +

H2blockers

Cimetidine # #
Famotidine #
Estrogens +

Miscellaneous used in rheumatoid arthritis

Penicillamine # # #
Sulfasalazine #
Hydroxychloroquine #
Anticoagulant (warfarin) # # #
Antidiabetic (glipizide) #
Bile acid sequestrants (cholestyramine) # #
Bisphosphonates

(alendronate, risedronate).
# # # #

Thyroxine (levothyroxine) #
Antiepileptics #
Glucocorticoids # #
Other: digoxin +

#: Reduces absorption or activity
þ: Increases activity of drug

*: Iron should not be used concurrently with NSAIDs due to GI irritation
**: Iron inhibits cough associated with ACE inhibitors
There are many drug interactions and not every drug within a class is listed

Chapter 19 / Drug–Nutrient Interactions That Impact on Mineral Status 551



4. TRACE AND ULTRATRACE MINERALS

Trace minerals are those that occur in microgram amounts per gram of tissue and
are required in the diet in milligram doses per day. The trace minerals include
copper, iron, and zinc. Ultratrace minerals are typically required in the diet in
microgram amounts per day and include arsenic, boron, cadmium, chromium,
cobalt, fluorine, iodine, lead, lithium, manganese, molybdenum, nickel, silicon,
selenium, and vanadium. Some of the ultratrace minerals have been studied more
than others and are considered essential in the diet (chromium, manganese, molyb-
denum, selenium, fluorine, iodine), while the functions of others are less clear and
toxicity is a greater concern. Included here is a discussion of iron, copper, zinc,
chromium, selenium, fluoride, and iodine, and Tables 1 and 2 include information
about these minerals as well as manganese and molybdenum.

4.1. Iron

The most common form of anemia is iron-deficiency anemia, resulting from an
inadequate iron supply for erythropoiesis (68). The number of red cells in the blood
stream is related to iron levels, and the red cell’s function of carrying oxygen
depends on its hemoglobin content. Body iron is contained primarily in
hemoglobin, which is the most abundant and easily sampled of the heme proteins
(69). Iron is found mainly in a trivalent form as ferric oxide or hydroxide or its
polymers. Iron absorption is very limited unless these salts can be solubilized and
ionized by the intestinal contents to ferrous salts. The amount of iron absorbed
from food can vary from 1% to more than 50%. Iron absorption depends on the
constituents of the diet, on the type of iron compound present, and on the body’s
physiological need for iron, which is regulated by the intestinal mucosa. Under
conditions of iron depletion, which exist for many women and children, the intes-
tinal mucosa increases iron uptake efficiency, especially that of the nonheme iron
(70). If the body is iron replete, the percentage of iron absorbed will be low. Iron
overload is thus prevented.

The availability of iron from food depends on its source (Table 2). For example,
Asian diets contain a soybean inhibitor that adversely affects iron absorption (71).
Tannins, phytates, certain fibers (not cellulose), carbonates, phosphates, zinc, manga-
nese, and low-protein diets also negatively impact iron absorption. In contrast, ascorbic
acid, fructose, citric acid, stearic acid, high-protein foods, lysine, histidine, cysteine,
methionine, and natural chelates (e.g., heme) all enhance the apparent absorption of
iron. In addition, iron overload can result from a genetic disorder, hemochromatosis,
which is associated with increased absorption of iron (72). Iron stores are best
evaluated with serum ferritin concentration (73), but are also assessed with serum
transferrin, red blood cell count, hemoglobin and by red blood cell size and color (74).

4.1.1. DRUG INTERACTIONS

Drugs that interact with iron include the dopa drugs (methyldopa, levodopa,
carbidopa), ciprofloxacin, penicillamine, and trientine. Thyroxine and ACE
inhibitors form stable complexes with iron (75) (Table 3). Iron-dependent
oxidative stress, elevated levels of iron and of monoamine oxidase (MAO)-B
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activity, and depletion of antioxidants in the brain may be major pathogenic
factors in Parkinson’s disease, Alzheimer’s disease, and related neurodegenera-
tive disease (76).

Aspirin use has been associated with lower serum ferritin in subjects with
inflammation, infection, or liver disease (77). In addition, high pH induced by
antacids may form iron aggregates and convert iron to its ferric form, decreasing
absorption (78). Aluminum hydroxide gels bind iron, also decreasing its
absorption; however, certain antacids may not reduce the efficacy of iron
absorption. Bile acid sequestrant drugs (e.g., cholestyramine, colestipol) may
reduce the absorption of iron. Medications used to treat ulcers or other stomach
problems, including histamine (H2-receptor) blockers (e.g., cimetidine, ranitidine,
famotidine, nizatidine), change the pH in the stomach and subsequently alter the
absorption of iron. It is possible that this effect could also occur with other antiulcer
medications including antacids and proton pump inhibitors (e.g., omeprazole,
lansoprazole). Iron levels may be increased by oral contraceptive medications.
Body iron stores as well as its bioavailability in tissue may be important independent
predictors of risk of cardiotoxicity in man (79). Iron ion preparations administered
concomitantly with mycophenolate mofetil, an immunosuppressive agent, may
decrease its absorption (80) but more recently, this has been refuted (81).

4.2. Copper

Copper is absorbed by the small intestine and is typically in the range of 30–40%.
A small fraction of dietary copper is solubilized in the stomach, but its absorption at
that site is not considered to be nutritionally significant. The absorption of copper
varies inversely with copper intake and can be as low as 12% with very high copper
intakes (82) to a theoretical maximum absorptive capacity of 67%. In developed
societies, these extremes in absorption would be rare. Copper absorption is believed
to be equally distributed along the small intestine and occurs through a rate-limiting
active transport and diffusion component. The enterohepatic circulation is impor-
tant for copper balance. Approximately 50% of the copper reaching the small
intestine reappears in the bile and is lost in the stool. After absorption, copper is
primarily bound to albumin and transported to the liver. Once copper reaches the
liver, it is distributed throughout the body primarily by the copper transport
protein, ceruloplasmin, with smaller amounts bound to albumin and other minor
copper binders.

Copper salts including chloride, acetate, sulfate, and carbonate are highly bio-
available, with the exception of copper oxide. In general, the macronutrients and
foods that will increase copper intestinal absorption include protein and polybasic
amino acids, whereas a decrease in copper absorption has been shown with hemi-
cellulose, fructose long-chain fatty acids, and a vegetarian diet (83,84). Copper
absorption and bioavailability are reduced in the presence of divalent cations
including zinc, iron, tin, and molybdenum. Copper and these minerals are antago-
nistic, following classical pharmacologic responses (85). Age is an important
determinant of copper absorption. A steady increase in serum copper levels has
been reported from childhood to old age (86), but this increase is not likely due to
an increased copper absorption (83). Although normally bound to proteins, copper
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may be released and become free to catalyze the formation of highly reactive
hydroxyl radicals in environmental exposure and cause oxidative damage associ-
ated with neurodegenerative changes. Interestingly, a deficiency in dietary copper
also increases cellular susceptibility to oxidative damage (87). Copper status is
measured in the serum with normal adult levels ranging from 65 to 150 mg/dL
(10–24 mmol/L).

4.2.1. DRUG INTERACTIONS

Copper absorption is blocked by zinc salts (see Section 4.3). Penicillamine,
zidovudine, and valproic acid have been shown to deplete serum copper levels
(Table 3) (88). Copper supplementation may enhance the anti-inflammatory
effects of NSAIDs, while reducing their ulcerogenic effects (89). Both iron and
copper decrease the absorption of ACE inhibitors, though the binding sites may
differ (90). Allopurinol, a medication used to treat gout, may reduce copper
levels. The H2-receptor blockers lower copper absorption. There is evidence that
stomach acid is needed for optimal absorption of copper. Long-term use of
H2-receptor blockers may therefore promote a deficiency of these nutrients
(91). Oral contraceptives and estrogen replacement for postmenopausal
women can increase blood levels of copper. Therefore, copper supplements are
not appropriate in women taking either of these.

Copper should be avoided when taking the antibiotic ciprofloxacin, since it may
decrease absorption of this fluoroquinolone (92). The interaction occurs due to
other minerals too (Table 4) and can be reduced by taking ciprofloxacin 2 h after
consuming mineral-containing supplements (93).

4.3. Zinc

The low pH of the stomach results in the release of bound zinc into its free form
but none is absorbed in the stomach. In man, zinc absorption occurs from the
duodenum to the ileum, with the greatest absorptive capacity in the jejunum. Zinc is
typically absorbed at a rate of 15–30%.At high zinc intakes, zinc absorptionmay be
inhibited by the production of intestinal cell metallothionein, a zinc-binding
protein. Zinc salts are regularly used for the treatment of Wilson’s disease, an
inherited disease of copper accumulation and toxicity in brain and liver. Zinc’s
mechanism of action in blocking copper absorption is due to metallothionein.
Although metallothionein also blocks zinc absorption, it is believed that copper
has a higher affinity for metallothionein than zinc. After absorption, copper and
zinc are bound to albumin in the serum and transported to the liver. Zinc is
repackaged and released into circulation bound to a2-macroglobulin. In circula-
tion, zinc is bound to albumin (57%), a2-macroglobulin (40%), and low-molecular-
weight ligands such as amino acids (3%). Zinc uptake into cells is carrier mediated
and energy independent, but the specific mechanisms are not known (94). In
tissues, zinc is often bound to metalloenzymes involved in the degradation of the
extracellular matrix and possibly involved in the process of tumor growth (95).

Zinc is normally consumed in the form of organic complexes with protein and its
content correlates with protein level. It is well known that the bioavailability of zinc
from plant sources is poor compared to animal sources. Dietary supplements are
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typically in the form of zinc sulfate, acetate, or gluconate, which are better absorbed
than zinc phosphate, citrate, or carbonate. Fibers and phytates (found in grains,
cereals, and vegetables) will decrease zinc bioavailability. Other metals will also
interfere with Zn absorption, such as aluminum salts (widely used as an antacid),
phosphorus, and tin. Zinc deficiency may contribute to anemia, which has been
shown to be correctible by combined iron and zinc supplementation, although iron
or zinc supplementation alone was only marginally effective (96). Zinc interferes
with calcium, magnesium (97), copper, iron (98), and selenium bioavailability
(99). Since copper deficiency may influence anemia, lower levels of HDL choles-
terol, or cardiac arrhythmias, copper intake should be increased if zinc is taken for
more than a few days (except for patients with Wilson’s disease) (100). Serum zinc
levels do not normally change in most healthy people except under conditions of
extreme deficiency (Table 2). Urinary zinc levels can be confounded due to con-
tamination and disease states that increase its excretion (101). A zinc tolerance test
requires the subject to ingest 200 mg zinc sulfate (45 mg elemental zinc) after an
overnight fast with blood draws at 2, 4, and 6 h after ingestion.

4.3.1. DRUG INTERACTIONS

Cholestyramine reduces plasma cholesterol because of its ability to sequester
intestinal bile acids. Metabolic alterations, including diminished intestinal
absorption of vitamin D, have been reported with long-term use of cholestyramine
and may negatively affect magnesium balance, as well as calcium, iron, and zinc
balance (102). Zinc status is also altered by many other drugs including aspirin,
diuretics, and corticosteroids (Table 3).

Zinc interferes with the gastrointestinal absorption of a number of drugs. Taking
zinc at the same time as tetracyclines inhibits the absorption of the antibiotic (103)
(Table 4). Benzamycin, a topical combination of benzoyl peroxide and erythromy-
cin, is used to treat acne. Using topical erythromycin with a zinc solution increases
the efficacy of the antibiotic in the treatment of inflammatory acne (104). People
taking penicillamine should not supplement with zinc since the supplement may
decrease the absorption and/or the activity of the medication in the body (105).
Similar to the effect of iron and copper, individuals taking ACE inhibitors for
hypertension may also experience decreased zinc absorption. It is prudent for
people taking these inhibitors long term to consider taking a multimineral tablet
preemptively. To guard against a zinc-induced copper deficiency, supplements
containing zinc should also contain copper (106). Calcium acetate is used to
prevent high phosphorus blood levels in people with kidney failure. However,
taking this drug together with zinc may reduce absorption of zinc (107,108) and
therefore zinc supplements are recommended. N-acetyl cysteine (NAC) may
increase urinary excretion of zinc. Long-term users of NAC may consider adding
supplements of zinc and copper (109).

There is some evidence that zinc supplementation enhances the response to
certain drugs, including interferon therapy in patients with chronic hepatitis C
(110) (Table 4). In addition, zinc enhances the effects of zidovudine, used to treat
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HIV infection. A study found that adding 200mg zinc per day of treatment in AIDS
patients decreased the number of Pneumocystis carinii pneumonia and Candida
infections compared with people treated with zidovudine alone (111).

Chlorhexidine is an antimicrobial used to prevent and treat gingivitis. Using a
zinc solution at the same time as chlorhexidine may increase the antiplaque activity
of the drug (112) and may reduce the possibility of staining (113). Whether taking
a zinc supplement at the same time as chlorhexidine produces the same beneficial
effects is unknown. Zinc supplementation may be protective against taste alter-
ations caused or exacerbated by irradiation, especially of head and neck cancers
(114). However, using zinc nasal spray has been associated with severe or complete
loss of smell (115). During menopause, women are at risk of nutritional
disturbances, but women on hormone-replacement therapy have been shown to
have improved serum copper, zinc, magnesium, and calcium levels (116). A study
showed that taking methyltestosterone increased the amount of zinc in the blood
and hair of boys with short stature or growth retardation (117).Methyltestosterone
is also used in men to treat testosterone deficiency and in women to treat breast
cancer and swelling following pregnancy and menopause.

4.4. Chromium

Dietary chromium primarily exists as trivalent chromium [chromium(III)] in the
food supply (118). Chromium salts differ substantially in solubility, which in turn
determines the absorption and utilization of this mineral. Similar to other minerals,
its absorption is increased by vitamin C (119). It is widely available in a variety of
foods; the RDA for chromium has been set at 20–35 mg/day (Table 2). Chromium is
needed for optimal action of insulin at target tissues. Chromium, in a form called
chromium picolinate, has been studied for its potential role in altering body com-
position with inconclusive results, thus far. One clinical trial in type 2 diabetics
found, however, that chromium picolinate helps to normalize glycosylated hemo-
globin, blood glucose, and serum cholesterol levels (120). Importantly, a meta-
analysis shows that there is no effect of chromium on glucose or insulin concen-
trations in nondiabetic subjects. The data for persons with diabetes are inconclusive
(121). Excessive chromium picolinate should be avoided since it can be altered by
antioxidants or hydrogen peroxide in the body and cause free radical damage (122).
Several cases of toxicity have been reported from megadoses of chromium picoli-
nate (>600 mg per day) (123).Taking more than 300 mg per day of chromium
without the supervision of a doctor is ill advised.

4.4.1. DRUG INTERACTIONS

Chromium tablets taken together with hypoglycemic agents require monitoring,
since supplements can reduce the need for insulin and oral agents. Therefore, hypo-
glycemia can result if a patient’s drug dosage is not adjusted (124). The administra-
tion of 16,16-dimethyl prostaglandin E2 may decrease chromium absorption (125).
Preliminary data suggest that corticosteroid treatment increases chromium loss
(126). Finally, there is also preliminary evidence that chromium enhances mood in
people taking sertraline (127), which is typically used for depression.
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4.5. Selenium

Selenium has both essential and toxic properties with a narrow range of intake
between the two. Selenium is instrumental in the detoxification of peroxides and
free radicals. The absorptive efficiency of selenium is high. Selenium is transported
on the very-low- and low-density lipoproteins. Normal blood values for adults
range from 55 to 72 mg/L. People with disorders that are manifested by increased
oxidative stress to the red cell (i.e., b-thalassemia, diabetes, and/or smoking) tend to
have slightly lower blood selenium levels. Toxicity is rare unless the individual has
excess intake or is exposed to environmental sources of selenium. Selenium defi-
ciency is rare in theUnited States. This is not the case in China (Keshan disease) and
other parts of the world where food choice is restricted to locally grown items from
soils deficient in selenium. Both selenium and iodine deficiency are associated with
impaired thyroid function, which in turn results in poor growth, reduced mental
capacity, and decreased longevity. Selenium deficiency has been demonstrated in
premature infants (128) and in persons using long-term selenium-free enteral or
parenteral nutrient solutions (129). Selenium enhances the antioxidant effect of
vitamin E. Although most research suggests that selenium prevents cancer, one
study found an increased risk of squamous cell carcinoma in people taking selenium
supplements (130). The National Academy of Sciences recommends that selenium
intake should not exceed 400 mg per day, unless the higher intake is monitored by a
health-care professional (131).

4.5.1. DRUG INTERACTIONS

Clozapine is a neuroleptic used to control symptoms of schizophrenia when other
treatments are ineffective. One controlled study showed that taking clozapine can
decrease blood levels of selenium (132). More research is needed to determine
whether people taking clozapine require selenium supplementation. Valproic
acid, which is used to manage epilepsy, is thought to decrease selenium levels
(133), yet a recent study in epileptic children shows no alterations of serum
selenium with valproic acid (134). Oral corticosteroids have been found to
increase urinary loss of selenium (135), but its clinical importance is not clear.

Selenium may reduce drug- or nutrient-induced oxidative stress (136). In one
study, administration of a selenium product (Seleno-Kappacarrageenan) reduced
the kidney damage and white blood cell-lowering effects of cisplatin (137).Others
found that selenium supplementation prevents cisplatin resistance in patients with
ovarian tumors (138). The amount of selenium used in these studies may be toxic
and should be used only under the supervision of a physician. Simvastatin and
niacin have been shown to lower LDL cholesterol and raise HDL cholesterol yet
may be less effective in raising HDL cholesterol when taken with antioxidants
(including selenium) (139).

4.6. Fluoride

Fifty percent of fluoride is absorbed within 30 min after ingestion. Without
simultaneous ingestion of calcium and other cations that may form insoluble
compounds with fluoride, 80% may be absorbed (140). Body fluid and tissue
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levels of fluoride concentrations are proportional to long-term intakes rather than
homeostatic regulation. Fluoride is largely (�99%) bound to calcified tissues in
the body. About 50% of absorbed fluoride is eliminated by the kidneys in the
urine, whereas in young children, only 20% may be excreted, while the rest is
retained for the developing bone and teeth(141,142). Fluoride deficiency has been
prevented with water fluoridation, mineral supplementation, and topical fluoride
products. In general, fluoride has a high bioavailability fromwater and toothpaste
but if consumed with other divalent or trivalent cations, absorption may be
reduced up to 25% (143). However, fluoride ingestion from toothpaste may result
in intakes equaling those ingested from food sources in young children, thus
possibly reaching recommended upper limits (144,145). The primary adverse
effect of chronic excess fluoride intake is fluorosis (146). At a water fluoride
level of 1 part per million (or 1 mg/L), roughly 13% will have enamel fluorosis.
Enamel fluorosis is considered only a cosmetic concern, as it causes the teeth to be
a brownish color with surface irregularities and may be more resistant to dental
caries. In children, this occurs due to high fluoride intakes before the teeth erupt
(<8 years of age).

In skeletal fluorosis, early signs may be an increased bone mass, stiffness, or pain
in joints, leading to osteosclerosis, muscle wasting, neurological defects(98), and
osteoarthritis (147). Although much research has been done concerning the safety
of water fluoridation, early studies showed some evidence of an increased fracture
risk. However, more recently a pooled analysis of 29 studies found no increased risk
of fracture in areas of water fluoridation and concluded that the earlier studies were
low in quality (148,149).

4.6.1. DRUG INTERACTIONS

Fluoride (in the form of monofluorophosphate) taken in combination with
estrogens produces a beneficial synergistic effect on bone mass (150). In addition,
sodium benzoate andmany compounds in tea, such as tannin, catechin, and caffeine
in combination with fluoride, may reduce dental caries but these studies need to be
confirmed in human trials (151).In general, drugs do not interfere with fluoride
absorption.

4.7. Iodine

Dietary iodide is rapidly and completely absorbed in the stomach and the
intestinal tract, with minor amounts appearing in the feces (152). Free iodide
appears in the blood and is distributed in the extracellular fluid, concentrating in
the thyroid, salivary, and gastric glands. The thyroid concentrates iodide, amount-
ing to 70–80% of the total body iodide. Since there is no mechanism in the kidneys
to conserve iodide, urinary output is up to 90% of total excretion of the mineral.
Urinary iodide closely correlates with its plasma concentrations and has been used
to monitor iodide status in populations. Iodide deficiency and depletion of thyroid
iodine stores cause a reduction in thyroid hormone release and ultimately goiter.
Several substances, called goitrogens, have been identified as capable of interfering
with iodide metabolism and inhibiting thyroid hormonogenesis. Some examples of
such compounds are halide ions (bromide and astatide), thiocyanate, perrhenate,
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pertechnetate, and perchlorate. Nutritional assessment of iodide is accomplished
with physical examination (i.e., presence of goiter), quantification of urinary iodide
excretion, and determination of serum thyroxine. Radioactive iodide uptake by the
thyroid gland may be measured. A high and quick overall iodide uptake suggests
iodide deficiency.

4.7.1. DRUG INTERACTIONS

The antiarrhythmic amiodarone induces thyrotoxicosis, partly because of its rich
iodine content (153). These patients may have altered thyroid hormone profile
without thyroid dysfunction, hypothyroidism, or thyrotoxicosis(154). Interest-
ingly, although considered generally very safe, cases of thyroid dysfunction have
been reported with long-term treatment with the antiseptic povidone-iodine. Care-
ful monitoring of thyroid dysfunction is recommended in patients treated with long-
term povidone-iodine (155). Lithium, used to treat psychiatric disorders, inhibits
thyroid hormone release from the gland. Lithium blocks the release of iodine and
thyroid hormones from the thyroid, thus enhancing the effectiveness of radioiodine
therapy (156). Additive hypothyroid effects may occur with the use of iodine
products in combination with antithyroid drugs (i.e., methimazole,
propylthiouracil).

4.8. Other Minerals

A number of other minerals have been shown to be essential, such as manganese
and molybdenum, which are included in Table 2. Information about drug interac-
tions for these two minerals is limited, but there is evidence that redox-active drugs,
such as antibiotics, enhance manganese–superoxide dismutase activity (157).
Arsenic, a known poison, has been shown to be essential to chickens, rats, pigs,
and goats, but its function in humans is unclear. It is thought to have a role in bone
metabolism. Animals with arsenic deficiency display depressed growth, myocardial
degeneration, and premature death. Boron is essential for rats, but its biological
function is unknown. Strontium is not an essential mineral but has been shown to
increase bone density when taken in the form of strontium ranelate (158). However,
excessive intakes will compete with calcium for absorption and may cause rachitic-
like bone (159). Silicon has been found essential to chickens and rats and seems to
be involved in bone formation. Skeletal abnormalities typify silicon deficiency in
these species. Lithium is a mineral that may be present in some supplements and is
used to treat mood disorders. Taking celecoxib, ibuprofen, indomethacin together
with lithium can result in significant increases in lithium blood levels (160). Hence,
NSAIDs should be usedwith caution in individuals taking lithium-containing drugs
or supplements, and they should consult their health-care practitioner about having
their lithium blood levels checked regularly.

Mercury is toxic, and exposure to this metal causes cutaneous and neurological
symptoms. In 1997, theFood andDrugAdministrationModernizationAct identified
food and drug products that contain intentionally introduced mercury compounds.
Drug products with mercury include dandruff/seborrheic dermatitis/psoriasis prod-
ucts (mercury oleate); external analgesic products; poison ivy products (merbromin,
mercurochrome); and stimulant laxatives (calomel or mercurous chloride). Many
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mercury compounds used in over-the-counter drug products have been found to be
not generally recognized as safe and effective and are classified as new drugs. In 1999,
the American Academy of Pediatrics and the US Public Health Service alerted
clinicians and the public about thimerosal, a mercury-containing preservative used
in some vaccines for children (161,162). Mercury in dental fillings has also been
implicated as potentially causing long-term toxic effects (163). Chelating agents (i.e.,
dimercaprol) should be used for a symptomatic patient.

5. OTHER SUBSTANCES AFFECTING MINERAL STATUS

5.1. Ethanol

Excess alcohol consumption has been associated with malnutrition in general and
studies have found alterations in several minerals. Higher hair zinc or copper values
were found in 43 male alcoholics than in 39 controls; however, in that study, no
relation was observed between hair zinc or copper and nutritional status (164).
Lower selenium status is found in heavy alcohol drinkers (165) and is associated
with impaired liver function in cirrhotic alcoholics, which may be corrected by
selenium supplementation (166). Alcoholics also commonly present with
magnesium deficiency, and short-term oral magnesium therapy has been observed
to improve liver cell function, muscle strength, and electrolyte status (serum sodium,
calcium, phosphorus, potassium, and magnesium) in these patients (167). Chronic
ethanol consumption also affects calcium status. Lower serum vitaminDmetabolites
and calcium levels below the reference limits have been observed in alcoholics without
differences in serum PTH, phosphorus, or magnesium (168). However, others have
found that excessive ethanol consumption may lead to decreased magnesium levels
(169), by inhibiting intestinal absorption or by increasing the rate of excretion (170).
Overall, ethanol can lead to a number of nutritional deficiencies due to both direct
and indirect (poor nutritional intake) causes.

5.2. Caffeine

Caffeine is found in coffee, tea, soft drinks, chocolate, guaraná (Paullinia
cupana), nonprescription drug products, and many supplement products. Excess
caffeine consumption is a concern in calcium nutrition since it not only increases
urinary excretion but also impairs intestinal calcium absorption, both leading to a
negative net calcium balance. It has been calculated that for each 6 fl oz serving of
coffee (�100 mg caffeine), calcium balance is more negative by 4.6 mg/day. It has
been observed that the harmful effects of caffeine on bone mass do not occur
unless the person is drinking more than three cups of coffee per day with a calcium
intake less than 800 mg/day (171). Adding milk to coffee may be an easy way to
offset this imbalance (172). Ciprofloxacin may decrease the elimination of
caffeine from the body, causing increased caffeine blood levels and unwanted
actions (173).

5.3. Smoking

There are few studies on the effect of cigarette smoking on mineral or other
nutrient status in general, even though impaired nutrient status may contribute to
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the development of smoking-related diseases. Many oxidants and pro-oxidants
contained in tobacco smoke are capable of producing free radicals and enhance
lipid peroxidation in biological membranes. Therefore, nutrients involved in cellu-
lar antioxidant processes would be affected, such as vitamin C, b-carotene and
vitamin E, and vitamins of the B complex.

Regarding mineral nutrition status, cadmium, which is present in tobacco,
decreases the bioavailability of selenium and acts antagonistically to zinc, a cofactor
for the antioxidant enzyme superoxide dismutase (174). Smoking has been found
to be a significant predictor of poor selenium status (175). Additionally, circulating
selenium may be influenced by smoking-associated elevated levels of inflammatory
mediators such as interleukin (IL)-1, IL-2, IL-6, and IL-8.

The effect of cigarette smoking on calcium balance and bone has been studied
more than other minerals and is associated with reduced bone mass and a higher
rate of bone loss (176). It is estimated that lifetime hip fracture risk is increased by
31% in women and 40% in men who smoke (177,178). A decreased intestinal
calcium absorption in smokers may be a contributing factor (179). Serum cerulo-
plasmin concentrations and erythrocyte copper/zinc–superoxide dismutase activity
are indices of copper status and are found to be elevated in smokers (176), probably
as the body’s anti-inflammatory response to smoking. Although there is evidence of
low hemoglobin in smokers, reduced serum iron levels are not consistently
observed.

An inadequate diet may compromise nutritional status in smokers. Data from
the Second National Health and Nutrition Examination Survey (180) indicate
that smokers are less likely to consume fruits and vegetables, high-fiber grains,
low-fat milk, and vitamin and mineral supplements than do nonsmokers. The
high cancer risk associated with smoking may be compounded by a lower intake
of cancer-protective nutrients. It is also possible that smokers have increased
mineral and nutrient requirements. Interestingly, an epidemiological study (181)
found that use of vitamin and mineral supplements may reduce fetal death risk
associated with maternal smoking.

5.4. Illicit Substances

Consumption of addictive drugs such as cocaine and marijuana affects food and
liquid intake, taste preference, and body weight. Also, there may be changes in
specific nutrient metabolism due to malnutrition. For example, heroin addiction
can cause hyperkalemia (182,183) and hypernatremia, possibly due to partial
dehydration (184). Others have found that heroin addicts show lower levels of
serum potassium and selenium levels than do control subjects, whereas sodium,
magnesium, phosphorus, and copper–zinc ratios were higher (185). Poor dietary
habits and low zinc status have been observed among marijuana abusers (185). It
has been shown that multiple illicit drug-dependent subjects have elevated serum
copper and zinc concentrations, as well as reduced iron levels as compared with
nondrug-dependent control subjects (186).

Both poor nutritional status and high-risk behavior lifestyles commonly
observed in illicit drug users influence mineral status. In this scenario, and given
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the relevance of mineral status in immunity and antioxidant defense, immunodefi-
ciency may be induced, which may increase susceptibility to infections such as HIV.
Illicit drug abusers may thus greatly benefit from micronutrient intervention.

6. LIMITATIONS OF CURRENT DATA AND FUTURE RESEARCH
NEEDS

Multiple drug use is common in the elderly, making them especially vulnerable to
an altered nutrient status. Studies to improve our understanding of polypharmacy
and its effects on nutrient status are essential. In addition, with more foods being
fortified, the effect on drug absorption and bioavailability should be examined.
Investigations into drug–mineral interactions with the wide variety of nutritional
and herbal supplements currently being consumed are also necessary in order to
understand possible alterations, optimize the effectiveness, and minimize the tox-
icities of these little-studied substances. In addition, there is limited information
about genetic influences on mineral and/or drug absorption and metabolism and
this should also be a goal of future studies. Finally, with the ever-present danger of
bioterrorism, investigations into how nutrient status is affected by potential bio-
logical agents and prophylactic antibiotics that would be distributed to prevent
biological warfare should be encouraged.

Given the relatively recent discoveries of beneficial effects of some trace and
ultratrace elements, further studies of drug interactions with these minerals, about
which little is currently known, are warranted. The use of stable isotopes to study
minerals rather than radioisotopes should be encouraged. And although the costs of
stable isotopes are high and require sophisticated laboratories with mass spectrom-
etry, as technology is refined (187), these techniques will become more standard.

7. CLINICAL RECOMMENDATIONS

In general, drugs that induce malabsorption should be taken 1–2 h before a meal.
Drugs that interfere with metabolism will cause problems if taken on a long-term
basis and supplementation of the affected mineral would be recommended. Other
methods to maintain mineral status should also be implemented, such as use of
probiotics (i.e., yogurt with live cultures) for drug-induced diarrhea (i.e., antibiot-
ics) causing excessive mineral loss.

The major drugs that influence sodium and potassium are the diuretics and these
need to be monitored in most hypertensive and/or cardiac patients. Many other
drugs may result in retention of sodium and potassium (Table 2). Adequate hydra-
tion is important to balance the electrolytes, as well as to recommend the appro-
priate foods (Table 1) to either restrict or replace these minerals.

There are many drugs that may deplete body stores of calcium that affect a wide
range of patients. For example, corticosteroids, antibiotics, sulfonamides, mineral
oil, and bile acid sequestrants will all result in malabsorption of calcium, whereas
loop diuretics, aminoglycosides, corticosteroids, antiepileptics, isoniazid, and thy-
roid hormones will deplete calcium stores (Table 2) and increase the risk of osteo-
porosis. The beneficial effects of estrogens and thiazides on maintaining calcium
balance should be considered when recommending these drugs to patients.
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Phosphorus is affected by fewer drugs, but its importance in maintaining bone
health should not be underestimated. The number of patients at risk of an imbal-
ance of these minerals essential for bone health is alarming and supplementation of
calcium (about 1 g/day) should be considered.

Magnesium status, like calcium, can be depleted by many drugs although there
are fewer that affect the absorption of magnesium (Table 2). Many patients are at
risk of magnesium deficiency including those with asthma, hypertension, emphy-
sema, heart conditions, tuberculosis, and diabetes. In addition, young women
taking oral contraceptives are also at risk of magnesium deficiency, and alcoholics
often present with deficiency signs associated with magnesium. Magnesium-rich
foods or supplements (�400 mg/day) can be recommended.

The traceminerals iron, copper, and zinc are also affected bymany drugs (Table 2)
and the appropriate mineral-rich foods should be recommended. Alternatively,
clinicians can suggest supplements of these minerals in amounts equal to or less
than their daily recommended levels (Table 1). The ultratrace minerals are important
for health and many (i.e., chromium, selenium, iodine) also have interactions with
drugs. For others, however, an excess rather than deficiency can be a problem.

As the use of a variety of nutritional supplements, including megadoses of
vitamins and minerals, increases, the need to assess for potential interactions
between vitamin and mineral supplements and medications becomes more and
more important. Older adults whose mineral status is already compromised due
to aging and who generally take a number of different medications daily (188)must
be questioned about all the medications and food supplements (e.g., herbs, vita-
mins, minerals) and any major dietary changes with their prescribing practitioner.
Furthermore, health education about medications should include warnings and
information about potential interactions between food supplements and drugs.
This could help improve the prognosis for drug interactions affecting mineral status
and minerals that affect drug absorption and activity.

DISCUSSION POINTS
� Many minerals interact with drugs and may result in deficiencies. Malabsorption

is especially common with calcium, magnesium, and iron. Name some of the
medications that are influencing these minerals.

� Mineral excess is less common than deficiencies, yet there are many drugs that
could potentially increase retention. Name a few of these drug–mineral
interactions.

� Discuss the primary disease states of patients whowould bemost at risk ofmineral
deficiencies.

� Understanding how minerals or other foods may increase or decrease the activity
of a drug can prevent unwanted side effects. Name the primary minerals that may
interfere with the activity of drugs and the types of patients who would be most at
risk.

� Illicit drug users have multiple reasons for mineral deficiencies. Discuss how you
would approach the nutritional care of these patients.
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20 Drug–Nutrient Interactions in Infancy
and Childhood

Laureen Murphy Kotzer, Maria R. Mascarenhas,
and Elizabeth Wallace

Objectives

� Understand the impact of nutritional status on the growth and development of pediatric

patients.

� Identify common interactions between drugs and nutrients and dietary supplements and

nutrients, including vitamins.

� Discuss ways to manage medications to avoid interactions.

Key Words: Childhood; development; growth; infancy; pediatric

1. INTRODUCTION

Medical care is becoming increasingly complex, especially for the pediatric popu-
lation as children with certain chronic diseases are living longer due to novel treat-
ments. Nutrition is exceedingly important in infants, children, and adolescents.
Inadequate nutrition will directly affect growth, development, and puberty. Chronic
medication use can result in a depletion of certain nutrients which in the growing
infant, child, and adolescent can have long-term consequences. Drug–nutrient inter-
actions occur between medications (prescription and nonprescription) and certain
foods, fluids, and vitamin and mineral supplements. Although not all of these
interactions are significant, some are serious. Health-care professionals need to be
aware of these interactions and prevent their occurrence by educating themselves and
their patients. It is through knowledge of these drug–nutrient interactions that one
can help optimize therapeutic effects, prevent therapeutic failures, and minimize
adverse drug events and drug–nutrient interactions (1).

Unfortunately there are no epidemiologic studies describing drug–nutrient inter-
action in pediatrics. However, drug–nutrient interactions may be more frequent in
children and infants because of the difficulty in taking medications, especially those in
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a solid oral dosage form. Crushing a tablet, opening a capsule, or making a liquid
preparation from a solid dosage form may result in changes in drug efficacy. Mixing
these forms with food to improve palatability may lead to a drug–nutrient interaction.
Childrenwith chronic illness receivemultiplemedications, thus increasing the likelihood
ofdrug–druganddrug–nutrient interactions.These children receive certainmedications
for long periods of time that can affect growth and development. Parents are also
treating their childrenwith ‘‘nontraditional pharmacological’’ agents andusing ‘‘natural
products,’’ someofwhich are not tested and can increase the likelihoodof drug–nutrient
interactions.

Although there are a large number of medications used in pediatrics, there
are certain drugs that are more routinely prescribed. Table 1 lists medications
routinely used in pediatric practice and their drug–nutrient interactions (1–3).
There is a global lack of information regarding medication use in pediatrics,

Table 1
Common Pediatric Conditions, Medications, and Selected Drug–Nutrient Interactions

Medical Condition Medication Comments

Asthma Albuterol Caffeine administration increases albuterol’s
adverse drug reactions

Theophylline Food may induce sudden release of sustained
release preparations

Cardiac disease Digoxin Digoxin absorption decreased with foods high
in fiber or pectin

Hydralazine Chronic hydralazine use may cause a
pyridoxine deficiency

Epilepsy Phenobarbital High doses of pyridoxine may decrease
phenobarbital’s effect Increased
requirements of folate may be required with
chronic use

Phenytoin Bioavailability is decreased with tube feedings;
consider holding feedings for 2 h prior to
and 2 h after phenytoin administration; high
doses of folate may decrease phenytoin
bioavailability; high doses of phenytoin may
increase folate clearance

Valproic acid Carnitine requirements may be increased
Infectious diseases Ciprofloxacin Suspension may adhere to feeding tubes and

divalent cations
Inflammatory

bowel disease
Sulfasalazine Folate absorption is impaired

Organ
transplantation

Cyclosporine Grapefruit juice increases and St. John’s wort
decreases cyclosporine concentrations

Tacrolimus Grapefruit juice increases tacrolimus
concentrations
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and the area of drug–nutrient interactions cannot be limited to pediatric
patients. Drug–nutrient interactions may be divided into several categories
including (1) effect of food on drug absorption (increased, decreased, or
delayed), (2) alterations of drug metabolism, (3) effects of medications on
nutrient absorption or use, and (4) pharmacologic interactions of medications
with nutrients. These are among those included in a broader definition of
drug–nutrient interactions (4).

The majority of the available literature focuses on the effect of food on the
absorption and bioavailability of medications (see Chapter 8). We now know
that food and nutritional components can have effects on the metabolism of
medication, as is the case with grapefruit juice’s effect on the cytochrome P450
enzyme system (see Chapter 10). There is, however, less information regarding
the effects of other nutrients on drug metabolism. Another area that needs
further investigation is the site of absorption of medications. Chronically ill
and critically ill patients often receive medications via an enteral feeding tube.
It is necessary to know where the drug is absorbed to be able to know its
extent of absorption when administered into a certain portion of the gastro-
intestinal tract. For example, a medication absorbed in the stomach will not be
effective if administered postpylorically. In this chapter we will discuss
the requirements for growth and development in pediatric patients and the
impact of nutritional status. We will describe common drug–nutrient inter-
actions in this age group, the limitations of current data, issues related to
natural health products (NHP), provide recommendations for the management
of drug–nutrient interactions, and suggestions for future directions related to
drug–nutrient interactions in infancy and childhood.

2. GROWTH AND DEVELOPMENT

Growth and development starts from conception and needs to be closely
monitored in infancy, throughout childhood, and into adulthood. Due to
physiological changes that occur after birth, an infant will lose about 10%
body weight in the first week of life and typically regain the weight by 8–10
days after birth. In the first year of life, the weight of an infant doubles by
about 5 months and triples in 1 year; body length increases by 55% and head
circumference by 40% (5). Growth then slows through childhood and another
growth spurt occurs during adolescence. During these periods of accelerated
growth, many changes occur in the body (e.g., puberty), and nutrient needs
change as well. There are a variety of medical conditions that can affect
growth and development. Some of these conditions are treated with drugs
that may alter growth and development by a variety of mechanisms. These
may include a direct effect of the drug on the body or a secondary effect (i.e.,
drug–nutrient interaction). Further discussion of specific conditions is beyond
the scope of this section but factors related to growth, development, and
nutritional status will be reviewed.
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3. NUTRITIONAL ASSESSMENT

Nutritional status is closely related to growth and development and may be
complicated by numerous medical conditions. Pediatric patients with complex
medical conditions will benefit from an assessment of nutritional status from a
dietitian and other clinicians who specialize in pediatric nutrition. Pediatric con-
ditions which may be high risk for drug–nutrient or drug–drug interactions include
childhood cancers, cystic fibrosis, congenital heart disease, bronchopulmonary
dysplasia, inflammatory bowel disease, gastrointestinal disorders, end-organ failure
requiring organ transplant, renal disease, seizure, and other neurologic disorders.
Table 2 provides a list of components to evaluate in the nutritional assessment of an

Table 2
Components of a Nutritional Assessment

Components Key Questions

Medical history What are the acute and chronic illnesses? Are there nutrition
and growth implications?

What diagnostic procedures, surgeries, medications, psychosocial
issues (e.g., socioeconomic status), or other therapies (e.g.,
chemotherapy, radiation, immunosuppression) that may have
an impact on nutrition?

Diet history Is the diet age appropriate? Texture or foods, frequency, and
amount of foods?

Is there any oral feeding difficulty?
Is there a history of food allergies (hypersensitivities) or

intolerances? If so what is the reaction(s)?
Any foods which are avoided and why?
Any recent changes in appetite or intake?
How is the diet taken (bymouth, enteral feedings, supplements,

parenteral nutrition)?
Any issues with limited access to food?
What is the assessment of the diet history? Adequate or

Inadequate?
Gastrointestinal

history
Any problems with nausea, vomiting, diarrhea, constipation,

or reflux?
Medications Do any of the medications have potential drug–nutrient

interactions, drug–drug interactions, or side effects affecting
nutritional status?

Is there a recent use of steroids, immunosuppressants,
chemotherapy, anticonvulsants, anticoagulants, or
gastrointestinal medications?

What is the timing and dosing of the medications? Who
administers the medications?

Are there side effects from the medications which may effect
dietary intake?
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Vitamin/mineral
supplements

Are there additional supplements being taken and how much
and how often? Are these appropriate, given the diet history,
medical history, and medication list?

Herbal supplements Any herbal supplements, which may interact with medications
taken, contribute to gastrointestinal history, or have
negative impact?

Available labs Are there abnormal lab values that can be attributed to the diet
and a modification to the diet or the supplement can be
added?

Any vitamin and mineral labs drawn due to possibility of
deficiency?

Growth parameters What is the growth history? What is the current growth
evaluation?

Has there been recent weight loss or rapid weight gain?
Is there stunting or wasting? Is the patient overweight?

Physical assessment Does physical assessment verify growth parameter assessment?
Are there any signs of a vitamin or amineral deficiency? Is there

skin breakdown?
How is dental health?

Nutritional needs Does the diet provide all of the needed, calories, proteins, fluid,
vitamins, and minerals? (see Tables 6–10 for guidelines)

Are there specific nutritional needs based on medical history?
Based on growth parameters and diet history is there a need for

a change in the current diet?
Assessment What is the assessment of the patients’ nutritional status taking

all of the above into consideration?
Recommendations Are any modifications needed to promote normal growth and

development?
If the diet is found to be inadequate, what can be done to make

the diet adequate?
Any changes or additions needed for vitamin and mineral

supplementation?
What monitoring methods are recommended (e.g. growth

assessments, food records, laboratory values, compliance)?
Are the recommendations, age appropriate, feasible, and how

will the outcome be measured and in what time frame?
Are appropriate referrals made (e.g., social work, speech

therapy, occupational therapy, early intervention, Women,
Infants, and Children (WIC) program, Registered Dietitian,
behavioral psychologist, or other specialty physicians)?

Education Is education needed? Verbal and written? Is it age and culturally
appropriate?

Have all caregivers been educated?
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infant or a child. If a child does not have appropriate nutrition, his/her growth will
be adversely affected, resulting in wasting, stunting, or obesity. All components
need to be taken into consideration in order to have a comprehensive nutritional
assessment to make the appropriate recommendations. Nutritional assessments
including growth assessments need to be reassessed often due to changing physio-
logic status of a child. Body composition and nutritional requirements change with
growth and development. These changes need to be accounted for in the evaluation
of a patient’s nutritional status since they will impact on drug action, metabolism,
and excretion.

It is important that regular growth measurements are taken at regular intervals
after birth and plotted on growth charts, which provide a visual picture of overall
growth. The National Center for Health Statistics in collaboration with the
National Center for Chronic Disease Prevention and HealthPromotion in 2000
revised the previous NCHS growth charts and are available on the Internet,
www.cdc.gov/growthcharts, for boys and girls for birth-to-36 months and 2-to-20
years. The measurements needed for birth-to-36 months are weight, length, and
head circumference. Standing height and weight are needed for the 2-to-20 year
growth charts. Between 1997 and 2003, the World Health Organization conducted
the Multicenter Growth Reference Study to develop new growth standards for
infants and young children from ages birth to 5. The WHO growth charts are
designed to promote the worldwide standard of growth and development based
on the breastfed infant. These charts are available at www.who.int/childgrowth/en.
Incremental growth can be calculated from weight and length measurements
obtained over a given period of time (e.g., 1 month) and can be compared to
recommended growth velocity values (Table 3) (6). Stunting is an indicator of
chronic malnutrition, whereas wasting alone is an indicator of acute malnutrition.
Table 4 shows the criteria and classification for wasting and stunting as defined by
theWaterlowCriteria (7). Bodymass index (BMI) is ameasure of relative weight to
height in an individual. BMI is calculated by dividing weight in kilograms by
standing height in meters squared (kg/m2). In children and adolescents ages 2–20,
the BMI is plotted on the growth chart, whereas children 0–24 months are plotted
on the weight-for-length chart. The BMI percentile value can be used to classify
weight status (Table 5) (8,9). The specific number value of the BMI is not as

Table 3
Growth Velocity (6)

Age (cm/month) Weight (g/day) Length

<3 months 25–35 2.6–3.5
3–6 months 15–21 1.6–2.5
6–12 months 10–13 1.2–1.7
1–3 years 4–10 0.7–1.1
4–6 years 5–8 0.5–0.8
7–10 years 5–112 0.4–0.6
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significant as assessing the percentile trend over time. BMI-for-age growth curves
for children 5–19 years old are also available (10). Growth measurements are only
one component of the nutritional assessment. Another component of the nutri-
tional assessment is a review of medications.

4. NUTRITIONAL REQUIREMENTS

The Standing Committee on the Scientific Evaluation of Dietary Reference
Intakes of the Food and Nutrition Board, Institute of Medicine of the National
Academies is the committee responsible for developing and maintaining the dietary
reference intakes (DRIs). These DRIs include Recommended Dietary Allowances
(RDAs) as well as three additional reference values, Adequate Intakes (AIs),
Estimated Average Requirements (EARs), and Upper Levels (ULs). Table 6 pro-
vides selected DRIs for infants, children, and adolescents (11). Energy require-
ments can also be estimated by using prediction equations to determine basal energy
needs (Table 7) (12). This value must then be multiplied by an activity/disease
severity factor (1.1–1.3 for mild illness, bed rest, 1.3–1.5 for moderate illness,
average activity, 1.5–1.7 for severe illness and above average activity) to determine
total energy needs. Tables 8 and 9 provide the equations to determine estimated
energy requirements. For children > 3 years of age, height, weight, and a determi-
nation of a physical activity coefficient are needed to use the equations. Note that
these equations provide only a guideline for the initial estimation of energy needs.
The patient’s response (e.g., weight and length) to the energy intake should be used

Table 4
Waterlow Criteria for Grading Malnutrition (7)

Weight Assessment Length/Height Assessment

% Median Weight-
for-Height Wasting Class

%Median Height-
for-Age Stunting Class

90–110% Within normal �95% Within normal
80–89% Mild 90–94% Mild
70–79% Moderate 85–89% Moderate
<70% Severe <85% Severe

Table 5
Body Mass Index Interpretation (8,9)

Weight Status Category BMI Percentile

Underweight <5th
Healthy weight 5th to <85th
Overweight 85th to <95th
Obese �95th
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to determine whether an adjustment to this caloric estimate should be made.
Reports on the DRIs can be found at www.nap.edu (11). For fluid requirements,
see Table 10(13).

5. MEDICATION ADMINISTRATION AND DRUG ABSORPTION

Pediatric patients use many of the same medications as the adult population;
however, the specific method of drug administration may be different. Pediatric
patients often cannot swallow a tablet or a capsule intact. In addition, since most

Table 6
Selected DRIs for Protein, Fiber, Iron, Calcium, and Vitamin D (11)

Life Stage Age Protein Fiber Iron Calcium Vitamin D
Category (year) (g/kg/d) (g/d) (mg/d) (mg/d) (mg/d)

Infants 0–0.5 1.52* ND 0.27* 210* 5*
0.5–1 1.2 ND 11 270* 5*

Children 1–3 1.05 19* 7 500* 5*
4–8 0.95 25* 10 800* 5*

Males 9–13 0.95 31* 8 1300* 5*
14–18 0.85 38* 11 1300* 5*

Females 9–13 0.95 26* 8 1300* 5*
14–18 0.85 26* 15 1300* 5*

* ¼ Adequate Intake levels, all others are Recommended Dietary Allowances
ND ¼ Not Determined

Table 7
WHO Equations for Predicting Energy Expenditure from Body Weight (12)

Age Equation to Determine Energy Expenditure at Rest (kcal/d)

(years) Males Females

0–3 (60.9 � wt (kg)) – 54 (6.1� wt (kg)) – 51
3–10 (22.7 � wt (kg)) + 495 (22.5 � wt (kg)) + 499
10–18 (17.5 � wt (kg)) + 671 (12.2 � wt (kg)) + 746

Table 8
Estimated Energy Requirements (EER) for Infants and Young Children (11)

Age (months) EER Equation (kcal/d)

0–3 (89 � wt (kg) –100) + 175 (kcal for energy deposition)
4–6 (89 � wt (kg) –100) + 56 (kcal for energy deposition)
7–12 (89 � wt (kg) –100) + 22 (kcal for energy deposition)
13–36 (89 � wt (kg) –100) + 20 (kcal for energy deposition)
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doses are individualized based on the child’s weight, a dose that is appropriate may
not be available in a preformulated tablet or capsule. This requires parents or
caregivers to crush tablets or open capsules and mix them with a small quantity of
liquid or food if a commercially liquid preparation is unavailable (1). Little data are
available on these potential drug–nutrient interactions.

5.1. pH Effects

By altering the integrity of the commercially available formulation, the medica-
tion may be adversely effected by the pH in the stomach. One classic example is
omeprazole, a highly acid-labile medication (14). Omeprazole is formulated as a

Table 9
Estimated Energy Requirements (EER) for Boys and Girls (11)

Life Stage EER Equation (kcal/d)

Boys
3–8 years 88.5 – (61.9 � age [years]) + PA � (26.7 � wt [kg] + 903 � height

[m]) +20
9–18 years 88.5 – (61.9 � age [years]) + PA � (26.7 � wt [kg] + 903 � height

[m]) +25

PA 1.00 if PAL is estimated to be �1.0<1.4 (sedentary)
1.13 if PAL is estimated to be �1.4<1.6 (low active)
1.26 if PAL is estimated to be �1.6<1.9 (active)
1.42 if PAL is estimated to be �1.9<2.5 (very active)

Girls
3–8 years 135.3 – (30.8 � age [years]) + PA � (10.0 � wt [kg] + 934 � height

[m]) +20
9–18 years 135.3 – (30.8 � age [years]) + PA � (10.0 � wt [kg] + 934 � height

[m]) +25

PA 1.00 if PAL is estimated to be �1.0<1.4 (sedentary)
1.16 if PAL is estimated to be �1.4<1.6 (low active)
1.31 if PAL is estimated to be �1.6<1.9 (active)
1.56 if PAL is estimated to be �1.9<2.5 (very active)

PA ¼ physical activity coefficient; PAL ¼ physical activity level or the ratio of total energy
expenditure divided by basal energy expenditure

Table 10
Fluid Requirements in Pediatric Patients (13)

Body Weight Baseline Fluid Requirements

1–10 kg 100 mL/kg
11–20 kg 1000 mL+50 mL/kg for each kilogram over 10 kg
> 20 kg 1500 mL+20 mL/kg for each kilogram over 20 kg
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capsule containing enteric-coated granules designed to protect the drug from
stomach acid until it can dissolve in the more alkalotic environment of the
intestine where the drug is absorbed. Crushing the granules or dissolving them
in an alkalotic liquid will impair the integrity of the enteric coating and result in
drug degradation in the stomach acid. There are two options for patients who
cannot swallow an intact capsule. The first is to open the capsule and mix the
granules with fruit juice. The second option is to prepare a suspension in a sodium
bicarbonate base that buffers the stomach contents long enough for the medi-
cation to pass through to the intestine.

5.2. Phenytoin and Enteral Feeds

Phenytoin presents multiple challenges secondary to its nonlinear pharmaco-
kinetics (absorption and elimination). Phenytoin suspension adheres to polyvinyl-
chloride found in feeding tubes. Also, the concomitant administration of phenytoin
suspension and enteral formulas can decrease phenytoin bioavailability, resulting in
decreased serum concentrations (15,16) (see Chapter 13).

Marvel and Bertino (15) conducted a study evaluating a single dose of
phenytoin suspension administered with Ensure (intact protein) and Vivonex
(hydrolyzed protein) and found no significant effect on the overall absorption of
the suspension. Despite these and similar findings, much of the remaining
literature suggests that absorption can be impaired. If clinically feasible, the
feedings should be interrupted for 2 h before and after the dose although the
outcome benefit of this procedure is not clear. It is also important to flush the
feeding tube to remove any enteral feeds that may remain in the tube prior to
medication administration.

5.3. Ciprofloxacin and Enteral Feeds

There are several problems with administering ciprofloxacin via feeding tubes.
The commercial suspension is oil based and adheres to feeding tubes. In addition,
the suspension has been found to clog the smaller bore feeding tubes used in
pediatric patients. To administer ciprofloxacin via feeding tube, an immediate-
release tablet should be crushed and mixed with water. The feeding tube should
be flushed before and after the dose is administered (3). Separation by at least 1 h is
also necessary to avoid complexation of drug with divalent cations in the feeds.
Additionally, ciprofloxacin should not be given via jejunal tube as absorption from
the jejunum is limited (17).

5.4. Effect of Food on Drug Absorption

Palatability of liquid medications is another issue that is continually addressed in
the pediatric population. To mask the taste of medications, they are often mixed
with a liquid or a soft food. As a result, the effect of food on drug absorption must
be considered (see Chapter 8). Table 11 lists medications whose absorption is known
to be affected by food (18–25).
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5.4.1. CONTRADICTORY AND ADDITIVE EFFECTS

Some clinical or adverse effects of medication may be enhanced by administra-
tion with food. The classic example has been consumption of vitamin K-rich foods
while taking warfarin. Warfarin interferes with hepatic recycling of vitamin K.
Inconsistent consumption of foods high in vitamin Kmay decrease the effectiveness
of warfarin and potentially place the patient at risk for a clot, while sudden
elimination of dietary vitamin K may place a patient at risk for bleeding episodes.
Patients should be instructed to eat a consistent diet to avoid rapid changes in INR
or prothrombin time (26).

Stimulant drugs such as methamphetamine derivatives and ephedrine derivatives
should not be taken with caffeine as this combination may result in jitteriness,
nervousness, or insomnia (27). Likewise alcohol (including drug products contain-
ing alcohol) should be avoided when taking medications known to cause drowsi-
ness, such as antihistamines (e.g., diphenhydramine). To further confuse matters, it
should be noted that pediatric patients often have paradoxical CNS stimulant
effects with antihistamines (28). Thus in these patients it may be especially impor-
tant to avoid caffeine and other stimulants.

6. NATURAL HEALTH PRODUCTS

The use of NHP is widespread in both adult and pediatric populations and still
increasing.One in six parents surveyed in one report admitted givendietary supplements
to their children (29). Another study evaluated adult patients who commonly took

Table 11
Drugs Effected by Food for Absorption (18–25)

Drug Comments

� Erythromycin base
(e.g., E-mycin1, EryTabs1,
EYRC1)

� Administer on an empty stomach

� Erythromycin stearate
(e.g., Erythrocin1)

� Administer on an empty stomach

� Fluorquinolones
(i.e., ciprofloxacin)

� Drug chelates with divalent cations and becomes
inactive; separate administration

� Penicillins (i.e., penicillin V
potassium, amoxicillin)

� Administer 1 hour before or 2 hours after a meal

� Nitrofurantoin
(e.g., Macrodantin1)

� Administer with food (increases absorption and
minimizes GI upset)

� Itraconazole
(e.g., Sporanox1)

� Administer capsules with food, administer
solution on empty stomach

� Griseofulvin (e.g., Fulvicin1,
Grifulvin V1)

� Administer with high-fat meal

� Theophylline (sustained
release products)

� ‘‘Dose dumping’’ possible with high-fat meal
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prescription medications. The authors noted that over 18% of those surveyed reported
using at least one herbal product or high-dose vitamin therapy.More concerning is that
over 60% of those patients did not report that use to their physicians (30).

A variety of reasons have been identified for the lack of patient’s disclosure of
NHP to physicians. For example, some patients do not believe NHP to be related to
their medical care or do not think of them as medications. Others do not disclose
NHP usage to avoid scorn from their health-care providers (29).

Although NHP may have some utility, they are not without toxicities and
interactions seen with more conventional medications (see Chapter 12). Tables 12
and 13 list some of the commonly used NHP and their interactions (25,26,29–41).

7. MANAGEMENT OF DRUG–NUTRIENT INTERACTIONS

Themanagement of drug–nutrient interactions includes identification, prevention,
and management.

7.1. Identification

During the medical interview, all patients need to be asked what medications
(prescription and nonprescription), oral supplements, and NHP they are taking

Table 12
Natural Health Product–Drug Interactions (29–32)

Natural
Health
Product Conventional Drug Result of Interaction

Chromium � Calcium carbonate and other
antacids

� Decreased chromium absorption

Garlic � Warfarin, NSAIDS, ticlopidine,
dipyridamole, and other
antiplatelet drugs
� Protease inhibitors

� Garlic inhibits platelet
aggregation and prolongs
bleeding and clotting times
� CYP450 interaction

Ginger � Anticoagulants
� Antidiabetic medications

� Platelet dysfunction
� Effects blood sugar levels

Ginseng � Anticoagulants
� Alcohol

� Increases INR
� Increases alcohol clearance

Licorice � Digitalis and cardiac glycosides
� Corticosteroids and thiazide

diuretics
� Spironolactone

� Effects potentiated by increased
potassium loss
� Increased sodium retention,

hypertension, and hypokalemia
� Most licorice candies sold in the

United States do not contain
licorice

Ma Huang � Monoamine oxidase inhibitors
� Methylxanthines (i.e., caffeine),

cardiac glycosides, anesthetics

� Increased toxicity
� Potentiates effects
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including the method of administration. This is especially true if the patient is
complaining of an unexpected side effect or experiencing a lack of therapeutic
effect. The health-care professional needs to have an open attitude so that patients
feel comfortable andwill disclose all medications they are using as well as share their

Table 13
Vitamin–Drug Interactions (25,26,33–41)

Vitamin Drug Comments

Vitamin A � Cholestyramine
� Mineral oil
� Neomycin
� Warfarin

Decreases vitamin A absorption

� Increases hypoprothrombinemic effects
Vitamin B � Aminoglycosides

� Aspirin
� Phenobarbital
� Phenytoin
� Chloramphenicol
� Vitamin C

Decreases vitamin B
12 absorption

� Antagonizes the response to vitamin B12

� Destroys dietary vitamin B12 in vitro

Vitamin K � Warfarin � Decreases the effectiveness
Calcium � Digoxin

� Calcium
� Iron
� Quinolones
� Tetracyclines

� Potentiates digoxin toxicity

Decreases drug absorption

� Calcium absorption impaired by bran,
oxalate-containing foods, and whole-grain
cereals

Folic acid � Chloramphenicol
� Phenytoin
� Sulfasalazine

� Decreases response to folic acid
� Increases phenytoin metabolism
� Decreased folic acid absorption

Iron � Antacids
� Chloramphenicol
� Quinolones
� Tetracyclines

� Binds to iron, decreasing its absorption
� Decreases the response to iron therapy
� Decreases quinolone absorption
� Decreases tetracycline absorption

Magnesium � Benzodiazepines
� Ciprofloxacin
� H2-blockers
� Iron
� Phenytoin
� Steroids
� Tetracyclines

Decreases drug absorption

Zinc � Calcium
� H2-blockers
� Iron
� Quinolones
� Tetracyclines

Decreases zinc absorption

Decreases drug absorption

� Zinc absorption impaired by coffee, brans,
and whole-grain cereals and legumes

jg

jg

jg

jg
jg
jg
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health beliefs. In addition, pharmacies dispensingmedications should have software
and appropriate upgrades to identify potential drug–nutrient interaction and pro-
cedures for addressing those identified.

7.2. Prevention

The best way to prevent drug–nutrient interactions is the education of all staff
and patients and their caretakers. Parents should be encouraged to get all their
medications through one pharmacy so that the pharmacist is able to identify all
potential interactions including drug–nutrient interactions. Pharmacies and health-
care facilities should ensure that drug–nutrient interaction software is current to
help identify and prevent potential interactions. Health-care professionals should
ask the patients about all medication and supplement administration. Hospitals and
pharmacies need to set up systems so that cross-check mechanisms exist to identify
drug–nutrient interaction (e.g., use of labels, computer alerts, and educational
materials) (42). Protocols should be developed for medication administration in
those patients with chronic disease. Those patients who are receiving several medi-
cations can benefit from an interview with a pharmacist who can help them develop
a schedule for medication administration. The involvement of dietitians and other
health-care professionals is essential in the management of and education on drug-
nutrient interactions. Dietitians need to be aware of the patient’s diet and drug
therapy and can help prevent and identify drug–nutrient interactions. They can
educate patients about the intake of certain foods as well as monitor the patient’s
daily intake of these foods (43).

7.3. Management

Once the drug–nutrient interaction has been identified, the specific problem
needs to be corrected. It may require changing the timing of medication
administration or checking a drug level. Another option is to select an alter-
nate medication, if appropriate. One mechanism to manage issues with medi-
cation absorption is to adequately separate feedings from medication adminis-
tration. Some of the literature states that feedings should be held 2 h prior to
and 2 h after medication administration. In pediatric patients, continuous
enteral feeding is not uncommon which makes medication administration
difficult in cases where feedings must be held. One recommendation is to
change the feeding regimen to bolus feedings or increase the infusion rate, if
appropriate, to eliminate nutritional losses resulting from holding the feedings.
If the patient has a GJ tube, it is possible to continue giving the feedings
postpylorically, but administer the medication into the stomach if the site of
absorption is unknown. Some patients will benefit from a schedule for medi-
cation administration for patients and their caretakers in an outpatient setting.
In an inpatient setting, systems change and alerts need to be put into place to
prevent the drug–nutrient interaction from occurring.

588 Part V / Drug–Nutrient Interactions by Life Stage



8. FUTURE DIRECTIONS

To fully understand the extent of drug–nutrient interactions, we need to have a
better understanding of the nutrient effects on drug metabolism and clearance and
vice versa. With a larger portion of patients receiving medications via feeding tubes,
it is important that the site of absorption of medications be more clearly defined.
There is still a lack of information regarding the interactions between NHP with
conventional medications. Given the widespread use of NHP, it is important that
these interactions are identified and health-care providers and patients are
adequately educated about the potential risks of taking the medications concomi-
tantly. Many drugs used in pediatric patients have not been adequately studied,
especially in neonates. In addition, drugs approved for adults are often used ‘‘off-
label’’ to treat pediatric patients with disorders such as hypertension and type 2
diabetes, which are rapidly becoming prevalent in pediatric patients.Much research
still needs to be done to evaluate drug–nutrient interactions in pediatric patients
with chronic diseases who take multiple medications. While we do know about the
effects of chronic disease on the nutritional status of the patients, we know much
less about the long-term effects of medications in pediatric patients with chronic
illness who now have longer life expectancies. Research also needs to be done on the
prevention of drug–nutrient interactions in pediatric patients.
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21 Drug–Nutrient Interaction
Considerations in Pregnancy
and Lactation

Myla E. Moretti and Danela L. Caprara

Objectives

� Describe the physiologic changes that occur with pregnancy and how they may impact on

drug disposition.

� Identify nutrient requirements in pregnancy and medication that may influence nutrient

status.

� Describe the physiologic changes and nutrient requirements of lactation and influences with

drug disposition.

Key Words: Human milk; lactation; placental transfer; pregnancy; risk assessment

1. INTRODUCTION

The use of drugs in pregnancy and lactation has long presented a clinical
dilemma for health-care practitioners and an ethical dilemma for the researcher.
Formulating a risk–benefit assessment becomes complicated by the fact that a
fetus or an infant may unnecessarily be exposed to potentially harmful drugs.
History has taught us that drugs used by the mother can have disastrous effects on
the offspring. The ironic dichotomy, however, is that lack of treatment itself may
pose a risk to maternal life, and subsequently to the fetus. In truth, relatively few
drugs to date have been proven human teratogens (1) and even fewer are known
to cause harm to the infant exposed via breast milk (2,3). The situation becomes
further complicated when one considers the unique nutritional challenges in this
population. Pregnancy and lactation is a time of increased caloric, macronutrient,
vitamin, and mineral requirements. While these requirements are clearly
warranted for the overall health and well-being of the mother, these increased
needs also offer protection to the offspring. Each year there is growing evidence
that maternal nutritional status and nutrient intake play a significant role in
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malformation rates and other pregnancy outcomes. Since drugs may impair or
interfere with such critical pathways, it is quite probable that drug–nutrient
interactions may provide the key to mechanisms of teratogenicity or drug toxicity
in pregnancy and lactation.

2. MATERNAL PHYSIOLOGICAL CHANGES IN PREGNANCY: THEIR
IMPACT ON DRUG PHARMACOKINETICS AND DISPOSITION

In any normal pregnancy there are several physiological changes that the mater-
nal body experiences in response to stimuli provided by the fetus. These adaptations
are essential to accommodate the growth and development of the fetus and the
supporting placental unit. They can also significantly alter disease course and
treatment. In this section we will focus on how physiological adaptations of car-
diovascular, respiratory, renal, gastrointestinal, and hepatic function in pregnancy
can have important implications on drug absorption, distribution, metabolism, and
elimination.

The process of assessing drug effects and safety relies heavily on understanding
their mode of action and the physiologic processes affected by this action. In this
respect, a drug’s pharmacokinetic properties play a tremendous role. Pregnancy,
however, presents a unique situation because the maternal–fetal unit undergoes
significant physiologic changes. This in turn results in an alteration of the
pharmacokinetic properties that have otherwise been established in the
nonpregnant patient.

2.1. Drug Absorption

In pregnancy, drug absorption can be affected in a variety of ways. Symptoms of
nausea and vomiting frequent in pregnancy may affect drug absorption. Modifying
the dosing schedule so that drugs are taken when the patient is least likely to vomit
may be of benefit in ensuring that drugs are more readily absorbed. The hormonal
changes of pregnancy, notably increases in progesterone, are thought to act on
smooth muscle, causing a decrease in intestinal motility and leading to delayed
gastric emptying (4) and prolonging bowel transit times (5). This potentially
delays onset of drug action and time to peak drug concentration, which is of
particular importance for drugs which require quick onset of action. In the first
and second trimester, gastricmucus secretion increases and acid secretion decreases,
changing gastric pH (6). Depending on an agent’s pKa, these gastric changes will
affect ionization of the drug, in turn modifying absorption, since only nonionized
drugs freely diffuse across the lipid bilayer. To date, both motility and acid changes
have not translated into clinical effect and appear to have little impact on overall
absorption. In clinical studies, changes in gastric transit time during each trimester
were not noted (7,8).

Increased cardiac output (9,10) and tidal volume (11) are observed early on in
pregnancy, resulting in increased pulmonary blood flow and hyperventilation. This
is likely to increase alveolar uptake of drugs administered by the inhalational route.
Certain anesthetics, namely halothane, isoflurane, and methoxyflurane, were
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shown to have reduced dose requirements in pregnancy (12). The skin andmucosal
membranes also experience increased perfusion (13) potentially resulting in
increased absorption of topically administered drugs.

2.2. Distribution

By the third trimester, plasma volume expands significantly, as much as
50% (14,15) increasing the apparent volume of distribution for most drugs. It
can be expected then that drugs which are highly distributed to water compart-
ments in the body will exhibit a decrease in peak concentration achieved. This
has been reported for a number of drugs (16–18) and clinically, higher doses
may be required (19). Along with an increase in cardiac output, uterine
(20,21) and renal perfusion (22,23) are also significantly increased in the
pregnant patient. The resulting enhanced clearance has translated to decreased
steady-state drug concentrations for several drugs (16–18,24–26). Once again
these changes indicate that in order to achieve an appropriate therapeutic
response, many drugs may have increased dosage requirements as pregnancy
progresses.

2.3. Placental Transfer

Most drugs easily gain access to the fetal compartment by moving across the
placenta. The placenta, really a lipid bilayer, is not a barrier to drugs as was once
believed and most drugs are likely to be found on the fetal side. Generally, for most
drugs which are small molecules, passage across the placenta is thought to occur by
passive diffusion. Active transport, facilitated diffusion, phagocytosis, and
pinocytosis have also been described (27); therefore, even larger molecules can be
transported across the placenta (Fig. 1). These transport mechanisms also play a
critical role in nutrient transport across the placenta.

Rate of
Transfer =

kA (C2 – C1)

d

Diffusion
Constant

Surface Area
Of Membrane

Membrane
Thickness

Concentration
Gradient

Transfer is greatest for Transfer is greatest for 
lipophiliclipophilic, non, non--ionized, and low molecular weight drugs.ionized, and low molecular weight drugs.

Transfer is greatest for Transfer is greatest for 
lipophiliclipophilic, non, non--ionized, and low molecular weight drugs.ionized, and low molecular weight drugs.

Fig. 1. Drug placental transfer during pregnancy.
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2.4. Protein Binding

As plasma volume expands in pregnancy, it is not accompanied by a proportional
increase in albumin production, resulting in decreased plasma protein concentrations
(28,29). In addition, albumin is more occupied by hormones during pregnancy,
leading to a diminished capacity of the protein to bind drugs and a subsequent increase
in free drug concentration. Although this would theoretically result in an increase in
available active drug, the effects of increased biotransformation and clearance seem to
offset the consequences of decreased albumin, with no resultant net effect.

Another serum protein a1-acid glycoprotein maintains constant levels in mater-
nal plasma throughout pregnancy. On the other hand, the fetus displays significant
decreases in this protein and although fetal data are not available, evidence in
newborns suggests that they have increased free fractions of some weak base
drugs which normally bind to a1-acid glycoprotein (30).

2.5. Metabolism

The dramatic changes in estrogen and progesterone in normal pregnancies have
multiple effects on hepatic metabolism. Progesterone stimulates microsomal
enzyme activity, increasing metabolism of drugs such as phenytoin (26). In con-
trast, progesterone and estradiol inhibit microsomal oxidases (31,32), thereby
reducing hepatic elimination of other drugs such as theophylline and caffeine.
Interestingly,Wadelius and colleagues (33) found that changes in CYP2D6 activity
during pregnancy were varied depending on whether patients were inherently poor
or extensive metabolizers. The specific role of changes in enzyme activity and its
alteration in drug metabolism have not yet been elucidated for many drugs.

2.6. Elimination

As early as the 6th week of gestation, glomerular filtration is increased (23,34),
though renal tubular reabsorption does not appear to be changed in pregnancy
(35). The resulting effect from the increased glomerular filtration is enhanced
elimination of drugs that are normally cleared by the kidney and a lowering of
steady-state concentrations.

2.7. Adherence

The patient’s perception of teratogenic risks of drugs is well documented (36–39)
and it is not surprising then that adherence with dosing regimens may be diminished
in the pregnant patient (40). Although this is not necessarily a direct pharmaco-
kinetic effect attributable to physiologic changes of pregnancy, compliance needs to
be considered into the equation when evaluating therapeutic effect and outcomes in
pregnancy.

2.8. Clinical Relevance

The clinical relevance of these pharmacokinetic changes remains very much
understudied (7,18). As a result, few pregnancy-specific dosing guidelines exist.
Most clinicians continue to use the doses recommended for the nonpregnant
patient, which could have detrimental effects on the mother and will likely have
an impact on pregnancy outcome. The difficulty of course is that performing drug
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studies on pregnant women presents significant ethical and therapeutic challenges.
Moreover, sequential studies need to be conducted at all stages of pregnancy
because the pharmacokinetics evolve as pregnancy does.

3. NUTRIENT REQUIREMENTS IN PREGNANCY

A woman’s nutritional status preconceptionally and during pregnancy can
profoundly affect maternal, fetal, and infant health. Ensuring proper nutrition
during pregnancy includes assessing maternal weight gain, caloric intake, and
dietary intake throughout pregnancy. Recommended nutrients from dietary sour-
ces have been described (Table 1). A normal pregnancy and a well-balanced diet
generally provide the requirements of all nutrients except iron and folate where
supplementation is recommended. The Institute of Medicine recommends multi-
vitamin supplementation for pregnant women who do not consume an adequate
diet (41). Women who may be at a higher risk of nutrient deficiencies include
women carrying multiple gestations, heavy smokers, adolescents, complete
vegetarians, substance abusers, and women with other dietary restrictions including
lactose intolerance (42). In these subgroups, daily multivitamin supplementation
has definite benefit and is part of the standard of prenatal care. The specific nutrient
requirements [Recommended Dietary Allowances (RDA) or Adequate Intake (AI)
levels] as set forth in the Institute of Medicine’s Dietary Reference Intakes are listed
in Table 2 (43–48). These dosing standard values are based on dietary intakes for
Americans and Canadians, and although they take population variability into
account, they are not intended for use in persons with acute or chronic disease.
Intake at or above the RDA/AI has a low probability of inadequacy (48).

3.1. Folic Acid

Several studies have documented the benefit of folate fortification in a gestational
diet in the prevention of neural tube defects (NTDs) (49,50). During the last
decade, there have been studies suggesting that supplementation with folic acid
fortified multivitamins may decrease the risk of defects beyond NTDs, such as
orofacial clefts, limb deficiencies, and cardiovascular abnormalities (51).
Multivitamin supplementation has also been associated with a reduction in the
number of low-birth-weight and small-for-gestational-age babies and maternal
anemia (42). Although studies may have included women with inadequate daily
nutrient intake from diet alone, they do suggest a benefit for the recommendation of
multivitamin supplementation preconceptionally and throughout pregnancy in all
expectant mothers.

Folate is a water-soluble B-complex vitamin important in the synthesis of DNA
and cell replication (see Chapter 18). Deficiencies during pregnancy have long been
associated with pregnancy-induced megaloblastic anemia and supplementation has
been proven a successful treatment strategy. Inadequate folate intake in early
pregnancy has also been associated with an increased risk for NTD (52). The
preconceptional supplementation of folic acid in women planning pregnancy has
been shown to reduce both the occurrence and the recurrence of NTDs (52,53).
Cereal fortification of folate in 1996 has resulted in a 32%decrease in the prevalence
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Table 2
Nutrient Requirements in Pregnancy and Lactation (43–48, 55a)*

Nonpregnant Pregnancy Lactation

Energy Based on age, weight, height, and
level of physical activity

+ 0 kcal (1st
trim)

+ 340 kcal
(2nd trim)

+ 352 kcal
(3rd trim)

+ 330 kcal
(1st 6 mo)

+ 400 kcal
(2nd 6 mo)

Protein 0.8 g/kg + 25 g + 25 g

Fat-soluble vitamins
Vitamin A
(retinol)

700 mg 770 mg 1300 mg

Vitamin Dy
(calciferol)

5 mg 5 mg 5 mg

Vitamin E
(a-tocopherol)

15 mg 15 mg 19 mg

Vitamin Ky
(phylloquinone)

90 mg 90 mg 90 mg

Water-soluble vitamins
Vitamin C 75 mg 85 mg 120 mg
Thiamin (B1) 1.1 mg 1.4 mg 1.4 mg
Riboflavin (B2) 1.1 mg 1.4 mg 1.6 mg
Niacin 14 mg 18 mg 17 mg
Pyridoxine (B6) 1.3 mg 1.9 mg 2 mg
Folate 400 mg 600 mg 500 mg
Vitamin B12 2.4 mg 2.6 mg 2.8 mg
Pantothenic

acidy
5 mg 6 mg 7 mg

Biotiny 30 mg 30 mg 35 mg
Choliney 425 mg 450 mg 550 mg

Minerals
Calciumy 1000 mg 1000 mg 1000 mg
Chromiumy 25 mg 30 mg 45 mg
Copper 0.9 mg 1 mg 1.3 mg
Iodine 150 mg 220 mg 290 mg
Iron 18 mg 27 mg 9 mg
Magnesium 310 mg 350 mg 31 mg
Manganesey 1.8 mg 2 mg 2.6 mg
Molybdenum 45 mg 50 mg 50 mg
Phosphorus 700 mg 700 mg 700 mg
Selenium 55 mg 60 mg 70 mg
Zinc 8 mg 11 mg 12 mg

* Compared with requirements for nonpregnant women 19–30 years of age

y Adequate intake (AI) level, all others represent Recommended Dietary Allowances (RDA)
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of elevated maternal serum a-fetoprotein values, a marker used to screen for open
NTDs (54) along with a 25% decline in the prevalence of open NTDs (55). Thus
folate is not only a nutrient needed to prevent megaloblastic anemia in pregnancy
but also a vitamin essential for reproductive health.

Folate supplements should be administered 3 months prior to conception and
throughout the first trimester. Since the preconceptional period is the optimal time
for ensuring adequate folate consumption, the RDA is for all fertile women to take
at least 400–800 mg/day (55a). If the mother has had a prior child affected by a
neural tube defect, supplementation in subsequent pregnancies should be increased
to 4 mg/day (56).

3.2. Iron

Iron is essential for the production of maternal hemoglobin and for fetal–
placental development. In normal pregnancy, the RDA is 30 mg/day. The absorp-
tion of iron is very inefficient and only 10% of this will be absorbed. The amount of
iron absorbed from diet together with that mobilized from maternal stores is
insufficient to meet maternal demands in pregnancy (57). As such, supplementa-
tion is recommended throughout pregnancy. Of note, iron competes with both
copper and zinc at intestinal absorption sites and cosupplementation of these
compounds is recommended via prenatal vitamins when iron supplementation is
required.

Studies have shownup to a twofold increase in risk for preterm labor inwomenwith
iron deficiency anemia (IDA) in the first or second trimester, with the risk depending
on the degree of hemoglobin deficiency (58). Severe anemia (Hb <6 g/dL) has been
associated with reduced amniotic fluid volume, fetal cerebral vasodilatation, and
nonreassuring fetal heart rate patterns (59). For expectant mothers with IDA in the
second or third trimester, it is recommended that an additional iron supplementation
of 30–120mg/day be given until the IDA is corrected.Due to the implications of severe
IDA, it is critical to treat aggressively with RBC transfusions, especially if there are
signs of fetal hypoxemia.

3.3. Vitamin A

Vitamin A (retinol) is a fat-soluble vitamin (a retinoid) important for the
maintenance of visual function. The RDA for pregnant women is 770 mg (700 mg
in nonpregnant women), which corresponds to approximately 2600 IU of vitamin
A per day using the previous dosing units. Beta-carotene is one of several plant-
synthesized carotenoids that are partially converted to retinol during or after
absorption (60). These are often referred to as pro-vitamin A carotenoids (e.g.,
b-carotene, a-carotene, b-cryptoxanthin). Although animal studies have identified
the teratogenic potential of retinoids, carotenoids have not been shown to be
teratogenic (60). In humans, doses exceeding 15,000 IU (4500 mg)/d are often
used to treat acne (i.e., isotretinoin). Research has shown that these levels of
synthetic retinoids can cause a 25% increase in congenital fetal anomalies (61).
This ‘‘retinoic acid embryopathy’’ is characterized by craniofacial, cardiac, thy-
mic, and central nervous system structure abnormalities (cranial–neural–crest
defects). Consumption of dietary vitamin A at levels above 10,000 IU (3000 mg)/
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day has also been associated with these congenital defects (62), although not in all
studies (63). Since well-balanced diets provide the RDA for vitamin A in preg-
nant and lactating women, a risk– benefit approach would suggest not recom-
mending daily supplementation in normal pregnancies.

4. SPECIAL MATERNAL CONSIDERATIONS: DRUGS AND DISEASE
WHICH AFFECT NUTRIENT STATUS

4.1. Antiepileptics and Vitamin K

Epilepsy is a common major neurological complication affecting approximately
0.5% of all pregnancies (64). Antiepileptic medications, such as phenobarbital,
phenytoin, and carbamazepine, have been shown to cross the placenta and induce
hepatic microsomal enzymes in the fetal liver, potentially inducing the degradation
of vitamin K. Several studies suggest that these enzyme-inducing antiepileptic drugs
(AEDs) may result in neonatal bleeding due to fetal vitamin K deficiency (65). As
such, it came into common practice to provide prenatal administration of oral
vitamin K to pregnant epileptic women taking AEDs in addition to the recom-
mended prophylactic dose given to neonates shortly after birth to help prevent
hemorrhagic disease in newborns. It is estimated that 24–40% of women with
epilepsy receive vitamin K prophylaxis during the last month of pregnancy (66).

Recent evidence does not support the notion that newborns of women treated
with AEDs are at increased risk of hemorrhagic disease. Antenatal vitaminK can be
prescribed on an individualized basis in certain circumstances, such as imminent
premature delivery (67); however, prophylaxis is not considered routine practice
for all epileptic pregnant women on AED (67).

4.2. Folic Acid Antagonists

There are two groups of folate antagonists. Dihydrofolate reductase (DHFR)
inhibitors displace folate from the enzyme, blocking the conversion of folate to its
more active reduced metabolites (68). Aminopterin, methotrexate, sulfasalazine,
pyrimethamine, triamterene, and trimethoprim are included in this group. The
second group of folate antagonists may affect other enzymes of folate metabolism,
impair the absorption of folate, or increase the degradation of folate (69). These
include primarily AEDs such as carbamazepine, phenytoin, primidone, and phe-
nobarbital (see Chapters 17 and 18).

The concern with folic acid antagonists in pregnancy involves their ability to
interfere with the metabolism of folate and thus theoretically placing the fetus at
risk of defects associated with folate deficiency (i.e., NTDs). Epidemiological
studies have shown that folic acid antagonists may increase the risk not only of
NTDs but also of cardiovascular defects, oral clefts, and urinary tract defects (69).
The folic acid component of multivitamins may reduce the risks of defects associ-
ated with DHFR inhibitors; however, evidence suggests that supplementation may
not protect the fetus from the risks associated with AEDs (69). This is not surpris-
ing since there has been a direct fetal toxic effect proposed for drugs such as
phenytoin and phenobarbital that extend beyond their ability to affect maternal
and fetal folate levels (70).
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4.3. Hyperemesis Gravidarum

Nausea and vomiting in pregnancy (NVP) is themost commonmedical condition
in pregnancy affecting 50–90% of women (71). Hyperemesis gravidarum is defined
as persistent vomiting leading to a 5% weight loss of prepregnancy weight along
with electrolyte imbalance and ketonuria and occurs in 1% of pregnancies (71).
The pathogenesis of NVP is poorly understood and the etiology is likely multi-
factorial (72).

Following the thalidomide scare and the voluntary withdrawal of Bendec-
tin1 in the United States in 1983, the use of pharmacological antiemetic
therapy has been used with great caution by pregnant women due to miscon-
ceptions of contraindication in pregnancy (73). However, the Society of
Obstetrics and Gynaecology of Canada (SOGC) has clearly outlined recom-
mendations in the treatment of NVP since early treatment can improve quality
of life, decrease hospitalizations and additional office visits, and reduce time
lost from work (72). Recommendations include beginning with dietary and
lifestyle changes, including eating small, frequent meals consisting of bland
food. Alternate remedies such as ginger supplementation, acupuncture, and
acupressure may also be useful. When conservative measures are not sufficient
to provide relief, doxylamine/pyridoxine combination (Diclectin1) should be
the standard of care since it has the greatest body of evidence to support its
efficacy and safety (72). The use of other histamine receptor (H1) antagonists
(i.e., dimenhydrinate, diphenhydramine, hydroxyzine) is considered safe in
pregnancy and may be considered in the management of acute or break-
through episodes of NVP. Metoclopramide is safe in the management of
NVP; however, evidence for its efficacy is limited (72). When NVP is refrac-
tory to initial recommended pharmacotherapy, investigations of other poten-
tial causes should be undertaken (72).

5. PHYSIOLOGIC CHANGES AND NUTRIENT REQUIREMENTS
IN LACTATION

During lactation and in the postnatal period, the physiologic changes which had
occurred during pregnancy begin to revert to their prepregnancy state. The number
and size of uterine vessels which had increased during pregnancy will diminish.
Extracellular volume lessens with a diuresis and increased blood volume will return
to normal within 1 week (57). It may take days or weeks for cardiac output and
other cardiac parameters to return to prepregnancy values (74,75), while the
hemostatic changes, such as increased coagulability, also normalize in the 4–6
weeks after delivery (76).

Postnatally, human milk production is divided into three distinct stages. The
breasts begin to secret colostrum within 24 h after delivery, a yellowish secretion
that persists for several days. Following colostrum is transitional milk, which has a
composition that can be highly variable between mothers and even over time within
the same mother (77). The transition to mature milk can take several weeks after
which time the composition of human milk is relatively stable (77). Colostrum
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contains higher proportions of minerals, vitamins, and proteins than transitional or
mature milk but is lower in fat content and energy value (78). Colostrum also
contains relatively high concentrations of immunoglobulins.

Breastfeeding is certainly the optimal form of human infant nutrition, recom-
mended for nearly all women and their infants. Human milk will meet all the
nutritional requirements of a suckling infant. The benefits of breastfeeding tran-
scend cultural, environmental, and geographic barriers (79). While its advantages
are striking in the developing world, even in industrialized nations such as the
United States and Canada, the benefits are still very apparent (79,80). Exclusive
breastfeeding is associated with reductions in a number childhood illnesses includ-
ing otitis media (81,82), sudden infant death syndrome (83), diarrhea (84), necrot-
izing enterocolitis (85), and respiratory infections (81). A number of studies have
also shown improvements in the child’s cognitive and neurobehavioral outcomes
(79,86). Benefits to the mother include decreased risks of breast cancer (87,88),
ovarian cancer (89), and osteoporosis (90).

The increased nutritional requirements of pregnancy do not end at delivery. In
fact during lactation, the mother may notice an increase in appetite and thirst.
Breastfeeding women are encouraged to continue eating well-balanced diets; how-
ever, routine supplementation is not necessarily required (91). Lactation creates
energy requirement for the mother and although some energy stores will be present
from pregnancy, women may require additional intakes of approximately 500 kcal
per day during lactation compared to prepregnancy intakes. Generally, lactating
women require greater vitamin and mineral intake as compared to the nonpregnant
or lactating patients. A summary of the nutrient requirements in lactation is shown
in Table 2.

Despite the incredible demands that lactation makes on the maternal system, it
is interesting to note that even when the maternal diet is suboptimal, and lacking
in nutrients, milk production remains relatively unchanged (78). Only in instan-
ces of severe maternal malnutrition or dehydration, such as those observed
during famine, is there an impact seen on maternal milk and subsequent infant
health (92).

6. DRUG DISTRIBUTION INTO HUMAN MILK

The process of selecting the appropriate pharmacological treatment for a lactating
woman is a complicated one. Any risk–benefit assessment must consider both the
mother and the infant who may potentially be exposed to drug but who is also
experiencing the benefits of mother’s milk. Almost all drugs will gain access to
the milk. When we consider the physicochemical properties of drugs, and the bio-
logical properties of breast milk and the mammary duct, it becomes apparent that
drugs gain access to the mammary compartment as to any other bodily fluid or tissue.
When measurements have been performed in humans, nearly all drugs have been
detected in milk. Since most drugs are believed to passively diffuse into breast milk,
transport across the mammary barrier is governed by standard pharmacokinetic and
pharmacodynamic principles, whereby drugs diffuse down the concentration gradient.
A drug’s lipid solubility, protein binding, acid/base characteristics, molecular weight,

604 Part V / Drug–Nutrient Interactions by Life Stage



maternal systemic bioavailability, and its half-life all influence transport into milk
(93). Additionally, transport proteins may play a role in active secretion of drugs into
milk (93a). An infant’s subsequent ‘‘dose’’ depends on the drug concentration in
breast milk and the milk volume consumed. To further quantify the amount of drug
that the infant will be systemically exposed to, one must also consider the gastro-
intestinal absorption or oral bioavailability (94) as well as the metabolism, elimina-
tion, and half-life of the drug in the infant (94).

Human milk can be considered a compartment just as any other tissue. The
reason most drugs passively diffuse into milk relates to their inherent physicochem-
ical properties. That is, they are frequently small in molecular weight, usually less
than 100–200 Da (95) and they are frequently weak acids or bases (96) Their small
molecular weight allows for easy diffusion across the lipid bilayers of the mammary
epithelia (alveolar cells) into mature milk. However, in the early stages of lactation,
there are gaps between alveolar cells of the mammary glands (93), allowing for
greater permeability of drugs in the first few days of lactation; larger molecules may
have easier access across these cells during this early period. Since human milk is
also slightly more acidic than blood (97), basic molecules will tend to become
ionized, depending on their pKa and become ‘‘ion trapped’’ in the milk. Breast
milk is relatively high in fat, about 3–4% (98), such that drugs which are highly
lipid soluble will tend to diffuse into breast milk to a greater extent. The protein
binding of a drug also influences the diffusion into breast milk since it is only the free
fraction of drug that is able to diffuse across the lipid bilayer. So, highly protein-
bound drugs are less likely to diffuse into human milk.

The mother’s plasma concentration of a drug will also influence the amount of
drug in milk. This is because the concentrations in milk tend to correlate with
concentrations in maternal plasma (99) and the two follow similar concentration–
time profiles. In fact, when sampled over time, the concentration of drug in milk will
display an initial peak followed by a more gradual decline in concentration. As
maternal plasma concentrations of drug fall, so will the drug concentrations in breast
milk, although there will be a lag in the breast milk concentrations to allow for
distribution. Maternal plasma half-life of a drug, therefore, will also influence the
amount of drug in milk. Drugs with very short half-lives may be present in the
maternal systemic circulation only for brief periods. Theymay peak rapidly in plasma
and dissipate just as rapidly, which may not allow for significant transfer into milk

6.1. Expressing and Quantifying Infant Exposure

Infant exposure to drugs in milk can be expressed in a number of ways. The
milk-to-maternal plasma concentration ratio (M:P) is an expression used to
represent the amount of drug reaching milk relative to maternal plasma
concentrations. Obtaining an accurate M:P value (CM/CP) would involve measure-
ment of drug concentration in maternal blood (CP) and in milk (CM) at precisely the
same time. Practically speaking, however, this simultaneous sampling is rarely
feasible. Another method to calculate this M:P value is to calculate the area under
the curve (AUC) of the concentration–time profile of the drug in plasma and milk
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and then express M:P as a ratio of AUCs. Nevertheless, the M:P ratio can still
fluctuate as milk composition is not homogenous from the fore milk to the hind
milk and can even vary by time of day.

Despite these fluctuations, by steady state and with appropriate sampling, most
drugs will display a relatively constant M:P value (93,99), stabilizing once the
drug has achieved steady-state concentrations in the mother and subsequently in
the milk. Still, this is not an ideal method of estimating infant risk since it does not
necessarily give information about infant dose. It is merely an indication of
relative drug disposition, which could probably have been predicted from its
physicochemical characteristics as described above. When the M:P value ¼ 1,
the milk and the plasma levels are similar; however, there is no indication of what
those levels are. In fact, this could mean that levels are low in both milk and
plasma.

A more appropriate method of quantifying infant exposure is the relative infant
dose (RID), as a percentage of a weight-adjusted dose. This value is calculated by
direct measurement of the drug in milk. For a fully breastfed infant, average milk
intakes are assumed to be approximately 150 mL/kg/day (100). Therefore the dose
to the infant (DINF) can be calculated as follows:

DINF ðper kgÞ ¼ CM � 150mL=kg=d

Expressing this as a percentage of the maternal dose (DMOM) provides
information about the relative infant exposure:

RID ¼ DINF ðper kgÞ
DMOM=Mom0s Wt

� �
� 100%

The resulting percentage is the amount of drug the infant would be expected to be
exposed to relative to the mother’s weight-adjusted dose. This expression is
complicated by the fact that a single-point concentration measurement would
only give an idea of infant exposure if drug concentrations in milk stayed constant
over time, which they do not. Therefore, some have suggested that milk be sampled
repeatedly over a dosing interval and the AUC of the drug in milk be calculated.
From the AUC, both the maximum and the average milk concentrations can be
determined (101). These can then be used in the above equation to represent
maximum and average relative infant exposures.When available, actual therapeutic
infant doses can also be used in this equation to express relative dose. This would be
ideal and it allows the clinician and the patient to understand the amount that the
suckling infant would ingest relative to how much an infant would be exposed to if
the child required this treatment therapeutically. Generally, a cutoff of 10% has
been considered acceptable as far as dose-related effects are concerned (101) and
drugs whose relative dose is less than 10% are usually compatible with breastfeed-
ing. Typically, this relative infant exposure is an easier concept to grasp for both
health-care practitioners and lactating women who are making treatment choices
and is preferred in counseling.
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6.2. Infant Issues

Once a drug has entered into the breast milk compartment, estimating the
exposure to the infant must still account for the disposition of the drug in the infant.
That is, even if the drug is ingested by the infant, oral bioavailability and infant half-
life play important roles in determining systemic exposure to the infant.Many drugs
which enter the infant’s gastrointestinal tract become unstable in the acidic
environment of the stomach and are rapidly inactivated (102). Other drugs, due
to their physicochemical properties, are simply poorly absorbed from the gut, such
as drugs which are not lipophilic or those which are very large (95). Moreover, even
after absorption, many drugs undergo significant metabolism in the liver before
reaching the systemic circulation (first-pass effect). These barriers to absorption
decrease the likelihood that significant drug concentrations will be found in the
systemic circulation of the infant and hence the likelihood of dose-related adverse
reactions. In short, although drugs may gain access to the milk, if they cannot be
absorbed by the infant to any appreciable degree, they are not likely to pose
significant risks of exposure.

Several investigators have suggested that breast milk concentrations of a drug
can be predicted solely based on these physicochemical characteristics of the drug
(103–105). Themodels which have been proposed take into account the drug’s pKa,
its lipid solubility, acid–base characteristics, protein binding, along with breast milk
characteristics such as fat and protein content and pH. Ito and Koren (106) have
also extrapolated this prediction of milk concentrations to estimate the exposure to
an infant by considering the clearance in infants and the normal daily dose to
infants.

Generally speaking, most drugs will gain access to the breast milk in very low
concentrations, usually less than 10% of the maternal dose on a per kg basis
(maternal weight-adjusted dose) and frequently less than 1% (101). Because of
these subclinical concentrations that will be delivered to the infant, most drugs pose
little risk for use in the lactating patient. However, the possibility of local reactions
within the gastrointestinal tract cannot be ruled out. Furthermore, nondose-related
or idiosyncratic reactions, which may result from even extremely low concentra-
tions in milk, cannot be predicted based on the concentrations of drug ingested by
the infant. For most agents, however, clinicians can encourage women to continue
breastfeeding. In cases where information is sparse or conflicting, infants should be
observed for changes.

Information about specific drugs, their excretion into human milk, and their
relative compatibility with breastfeeding has been reviewed extensively. There are a
number of excellent resources for clinicians and patients who require specific
information about the risks of drugs in lactation (Table 3).

7. SPECIAL CONSIDERATIONS: DRUGS THAT INFLUENCE MILK
PRODUCTION OR INFANT INTAKE

7.1. Drugs that Increase Milk Production

Human milk production is highly regulated by prolactin and oxytocin. Both
hormones are involved in milk production and milk ejection, although the precise
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Table 3
Information Sources for Evaluating Risks of Drug use in Pregnancy or Lactation

Resource
Type Resource Name

Pregnancy,
Lactation,
or Both Additional Comments

Website +
telephone
services

The Organization of
Teratology Information
Specialists

http://
www.otispregnancy.org

Both Located throughout
North America, service
hours and topics
covered vary

Website +
textbook

TERIS – Teratogen
Information System and
online version of
Shepard’s Catalog of
Teratogenic Agents

http://
depts.washington.edu/
�terisweb/teris/
index.html

Pregnancy Subscription required,
alone or as part of
ReproRisk subscription
within Micromedex

Website +
textbook

Catalog of Teratogenic
Agents, 11th ed.
Shepard TH. Baltimore,
MD: Johns Hopkins
University Press, 2004

Pregnancy Subscription required,
alone or as part of
ReproRisk subscription
within Micromedex

Website Reprotox: An Information
System on
Environmental Hazards
to Human
Reproduction and
Development

www.reprotox.org

Both Subscription required,
alone or as part of
ReproRisk subscription
within Micromedex

Website Developmental and
Reproductive
Toxicology Database
(DART): National
Library of Medicine

http://toxnet.nlm.nih.gov/
cgi-bin/sis/
htmlgen?DARTETIC.htm

Both Free database of
reproductive and
developmental
toxicology literature

Website LactMed, National
Library of Medicine

http://toxnet.nlm.nih.gov/
cgi-bin/sis/htmlgen?LACT

Lactation Free database, regularly
reviewed by editorial
board
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mechanism of milk production are complex and do involve several hormones (78).
The regulation by these hormones can be disturbed by drugs particularly those
which either stimulate or suppress prolactin release. Dopamine, for example, acts
on the pituitary to decrease prolactin, thereby decreasing milk production.

Drugs which have an antidopaminergic effect such as domperidone and meto-
clopramide can stimulate milk production (galactogogues) and are used clinically to
do so (107,108). Neither has been shown to cause serious adverse effects in infants.
Chlorpromazine, an antipsychotic, blocks the dopamine receptor, which would
increase prolactin and subsequently breast milk. It was shown to be clinically
effective in doing so (109); however, its unfavorable side effect profile (e.g., extrap-
yramidal effects) would make it less attractive as a galactogogue. Human growth
hormone was also shown to increase milk production (110,111) though little is

Textbook Drugs During Pregnancy
and Lactation, 2nd ed.
Schaefer C, Peters P,
Miller RK. London,
UK: Elsevier, 2007

Both

Textbook Drugs in Pregnancy and
Lactation: A Reference
Guide to Fetal and
Neonatal Risk, 7th ed.
Briggs, Freeman &
Yaffe. Baltimore, MD:
Lippincott, Williams &
Wilkins, 2005

Both Subscription for quarterly
updates also available

Textbook Drugs and Human
Lactation, PN Bennett
and AA Jensen,
Amsterdam: Elsevier,
1996 (95)

Lactation Not recently updated

Textbook Medications and Mothers’
Milk, T. Hale, Amarillo,
TX: Pharmasoft
Publishing, 2006

Lactation Published frequently

Article Transfer of drugs and
other chemicals into
human milk. American
Academy of Pediatrics
Committee on Drugs.
Pediatrics
(2001);108:776–789

Lactation Consensus guideline from
the AAP, updated
periodically

Article Drugs that affect the fetus
and newborn infant via
the placenta or breast
milk. Pediatr ClinNorth
Am 2004;51:539–579

Both Recent review
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known about its safety or mechanism of action and at this time, growth hormone is
principally used to increase milk production in cows. One human trial investigated
the use of thyrotropin-releasing hormone (TRH) for increasing milk production
(112) as it will increase prolactin release. Though effective, use of TRH has been
limited, possibly due to its unknown effects onmaternal thyroid function when used
for this indication.

7.2. Drugs that May Decrease Milk Yield

As part of family planning, manywomenwill need to consider their contraceptive
choices during lactation. Hormonal contraceptives are a mainstay in this regard;
however, because they modify the normal hormonal milieu of the woman, they are
likely to have an impact on lactation and milk production. Current
recommendations suggest that women should consider progestin-only agents
medroxyprogesterone or levonorgestrel implants as they do not impair milk volume
(113). In contrast, the estrogen–progestin combination contraceptives are not
recommended since they may decrease milk yield. The literature suggesting this is
predominantly based on earlier data with higher dose estrogen-containing products
which are no longer available on the market. A systematic review of the issue could
not establish sufficient evidence that hormonal contraceptives affected milk quality
or quantity (114). Nevertheless, most authorities recommend using the previously
mentioned products as first-line hormonal contraceptives in lactating women
(113).

Studies have shown that alcohol disrupts the hormonal milieu in the lactating
woman and may impair milk ejection (115,116). In addition, infants seem to
respond to alcohol-induced flavor changes by consuming less milk (117,118).
Though occasional use of small amounts of alcohol in a lactating women is unlikely
to pose significant risk, based on these data, it would be prudent to avoid high-dose
or chronic alcohol consumption in lactating women.

8. SUMMARY AND RECOMMENDATIONS

In an ideal world, randomized controlled studies would be conducted to precisely
document and investigate this unique population. However, it remains ethically
difficult to justify clinical trials in pregnant or lactating women. Withholding treat-
ment from such patients for research purposes would not be reasonable and as
evidence for the benefits of particular nutrients becomes more prevalent, clinicians
are obligated to encourage supplementation, even in the absence of clinical trials.
Practically speaking, these studies are difficult to perform and as a result data have
often been limited to observational trials, retrospective studies, or case reports and
case series. In the case of observational data, studies are therefore limited by the
number of patients who actually require a specific medication and from whom
appropriate data can be collected. Investigating the mechanisms of harm, and in
particular the interactions with nutritional components, adds a level of complexity to
such research (119–127). For example, the clinical consequence of drug competition
for a transporter known to secrete vitamins into milk is not yet known (128). As a

610 Part V / Drug–Nutrient Interactions by Life Stage



result, themedical community remains cautious, acknowledging that questions linger
and research into the efficacy and safety of drugs in pregnancy and in lactation needs
to continue.

In a common sense approach, pregnant and lactating patients should be offered
treatment that would be most clinically effective for them and which still takes into
account the fetal and infant safety data. Close monitoring of the mother and the
infant and drug measurements may help to provide an accurate picture of exposure.
Strong evidence has emerged about the tremendous benefits of adequate maternal
nutrition in preventing birth defects and promoting the well-being in their children.
The prevention of specific birth defects with nutrient supplementation may provide
the key to the mechanisms by which some drugs cause specific malformations and,
more importantly, may lead to advances in prevention.
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22 Drug–Nutrient Interactions
in the Elderly

Bruce P. Kinosian and Tanya C. Knight-Klimas

Objectives

� Provide a description of who makes up the elderly population.

� Identify risk factors for drug–nutrient interactions in the elderly.

� Describe examples of drug–nutrient interactions in the elderly.

Key Words: Geriatric; health care; malnutrition; polypharmacy

1. INTRODUCTION

The goal of geriatric pharmacotherapy is to promote successful aging by main-
taining functional independence, preventing disability and iatrogenic disease, and
increasing health-related quality of life. The prevalence of drug use in the elderly is
widely recognized, as are many of the consequences. These include a higher
incidence of adverse drug events and drug–nutrient interactions (1). The elderly
are more prone to experience drug–nutrient interactions, given their higher use of
medication, chronic and cumulative disorders, and the likelihood of marginal nutri-
tional state.

1.1. The Elderly

Numbering well over 37 million, the elderly, arbitrarily defined as those 65 years
of age and older, constitute approximately 12.4% of the population of the United
States. This segment of the population is expected to increase to 55 million by 2020.
By the year 2050 the elderly cohort will grow to approximately 21% of the nation’s
population, with the ‘‘old-old’’ cohort, aged 85 years and older, being the most
rapidly growing segment of the population (2). Demographics aside, elder adults
are the most heterogeneous population with respect to physical, social, and health
status (3). So the degree of frailty or disability is more clinically meaningful than an
individual’s chronological age. Frailty refers to a loss of physiologic reserve that
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makes a person susceptible to disability from minor stresses (4). Any definition of
frailty must include multisystem impairment, instability, change over time, an
association with aging, and an associated increased risk of adverse outcome (5).
Although several definitions exist for disability (e.g., impairment of a specific
function in activities of daily living), the prevalence rate is declining among the
elderly (6). This is in part explained by younger cohorts of elderly living in better
health for longer periods of time with implications for reduced health-care
expenditures (7,8). Successful aging has been described as a process by which
deleterious effects are minimized and function is preserved (9). One 75-year-old
man may be viewed as being a frail elder if he is suffering from chronic disease and
disability, whereas another 75-year-old man may be viewed as having aged
‘‘successfully’’ if he has limited disease and disability (9,10). Unfortunately the
elderly have the highest rate of acute illness, as well as chronic illness and disability
(11,12). The presentation of chronic disease increases with age as 80%of the elderly
population has at least one chronic condition (13,14). As a result, the elderly use a
disproportionate amount of medication.

1.2. Medication Use

Older adults account for at least one-third of the prescription and nonprescrip-
tion medication use even though they only comprise about 12.4% of the US
population (15,16). Data on drug use in the elderly vary by cohort age and clinical
setting. The average number of agents used increases with age, with an average of
4.4 drugs for those 80 years old and above. Drug use is significant in institu-
tionalized elderly, with 9% taking 10 or more drugs daily (17). Patients in long-
term care facilities can be at considerable risk for drug–nutrient interactions, where
drug use averages five agents per patient per month, placing them at risk for about
two potential interactions in that time (18). Although no simultaneous assessment
of nutritional status was performed in a group of patients surveyed, the most
frequently used medications were those associated with nutritional alterations
(17). Many of the interactions identified relate to the gastrointestinal tract or
those that impact on electrolyte status. Available data indicate that 91–94% of
ambulatory adults aged 65 and older use medications, 44–57% using five or more,
and 12%using ten ormoremedications (19). Of rural elderly, 10%use five or more
prescription drugs at a given point in time (12).

Community-dwelling elders use analgesics, diuretics, cardiovascular medica-
tions, and sedatives often, whereas nursing home residents use psychoactive
medications most often, followed by diuretics, antihypertensives, analgesics, car-
diovascular medications, and antibiotics (12,13,20–22). One well-known study
sought to examine the pharmacoepidemiology of prescription medication use in
community-dwelling elderly living in rural Pennsylvania (12). The authors found
that among more than 900 participants, over 71% reported taking at least one
prescription medication. The old-old participants reported taking more cardiovas-
cular agents, anticoagulants, vasodilating agents, potassium supplements, and
diuretics than did the younger elderly (12). Self-treatment with over-the-counter
medications is common, especially for chronic disease states whose prevalence
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increases with age, such as arthritis and constipation. The most frequently used over-
the-counter medications are analgesics such as nonsteroidal anti-inflammatory
drugs (NSAIDS), insulin, and gastrointestinal products such as laxatives.

In addition to high utilization of prescription and over-the-counter medications,
the use of dietary supplements (i.e., nutrients, herbal medicine, and other natural
health products) is also increasing. Surveys suggest that 25–59% of elderly use at
least one dietary supplement product (19,23–27). Common supplements used in the
elderly includemultivitamin–multimineral products, vitamin E, vitamin C, calcium,
gingko, ginseng, garlic, saw palmetto, and St. John’s wort (23,24,28,29). The rising
popularity and utilization of supplements is explained by the high price of medi-
cation and patient dissatisfaction with conventional medical treatment (30,31).
Vitamin and mineral supplement intake is often highest in those with the best
dietary intakes of those nutrients, setting the stage for drug–nutrient interactions
and potentially deleterious effects of excessive dosing. For example, while pharma-
cologic doses of vitamin E may play a role in modulating insulin action in the
elderly, it may increase the risk of bleeding with warfarin and may also increase the
risk or severity of infection in older individuals (32–34). One report identified that
54% of elderly patients using nonnutrient dietary supplements (three products on
average) with their medication regimen (six on average) were taking at least one
drug–supplement combination that could cause a recognized interaction (25). It
bears keeping in mind that many interactions involving dietary supplements are
based on case reports or on theoretical grounds and that no prospective evaluation
exists to identify the true prevalence or clinical relevance of many of these inter-
actions (see Chapter 12).

1.3. Appropriateness of Medication Use

Assuring medication appropriateness in the elderly is a concept popular with the
provision of pharmaceutical care (35–41). The elderly are at risk of specific drug-
related problems. These can include adverse drug reactions, withdrawal events,
cognitive impairment, medication error, overdose, therapeutic failure, nonadher-
ence and inappropriate medication use, and drug interactions that may encompass
drug–nutrient interactions (42,43). The screening and evaluation of drug
interactions is one component in ensuring medication appropriateness and should
encompass screening for drug–nutrient interactions (44,45). Because drug inter-
actions are common, it is important for the clinician to be knowledgeable about an
interaction, to recognize an interaction, to understand its potential implication, and
to determine an appropriate course of action in the management of a potential
interaction (see Chapter 1).

The geriatric population is at particularly high risk of developing adverse drug
events, including drug–nutrient interactions, for several reasons, with the most
consistently reported risk factor being polypharmacy. The risk of adverse drug
events increases exponentially as the number of medications increases (46–50).
Other associated or suspected risk factors include comorbidity, history of a previous
event, changes in pharmacokinetics and pharmacodynamics, nonadherence, and
fragmented health care (46,51,52). Although controversial, it is unlikely that age, in
and of itself, is a risk factor for adverse drug events (53,54).
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Because the elderly utilize a disproportionate percentage of medications and are
at risk of developing a host of drug-related problems, a list of medications best
avoided in the elderly was developed by Beers and colleagues (55). Using the Beers’
criteria, nearly 25% of community-dwelling elderly patients received potentially
inappropriate medications (56–59). Based on an evaluation of a national database,
it is estimated that the elderly are prescribed at least one potentially inappropriate
medication at 4.5% of the over 10 million outpatient visits they make (60). The
influence of many of these drugs has not been as well documented vis-à-vis nutri-
tional implications. The prevalence rates of adverse drug events in the community
have been shown to range from 2.5% to as high as 50.6%, in long-term care
9.5–67.4%, and in the hospital setting 1.5–44% (46–50,52,61–65). In nursing
home residents, adverse drug events occur in 22%, with as many as 20,000 life-
threatening or fatal events annually in the United States, many of which are
preventable (66). Often the drugs themselves are not so much the problem as is
the way in which they are used (67).

Analysis of self-reported adverse drug events in community veterans showed that
cardiovascular (33.3%), central nervous system (27.8%), musculoskeletal (9.7%),
respiratory (5.6%), endocrine (4.2%), and gastrointestinal (2.8%)medications were
most likely to cause an adverse drug event (61). Analysis of those associated with
hospital admissions in patients 50 years and above showed that corticosteroid,
digoxin, NSAID, antihypertensive, and benzodiazepine use were common (50).
The number of medications and the number of diseases on admission were also
associated with the risk of an adverse drug event, leading to hospitalization (50).

It has been estimated that for every dollar spent on medication in a nursing
facility, $1.33 is spent treating a drug-related problem (68). In the ambulatory
setting, the cost of these adverse drug events was approximated to be $76.6 billion
(69). This does not include problems of underutilization. The literature (e.g.,
cardiovascular) suggests that some effective medications are actually underused in
the elderly (e.g., b-blockers, angiotensin-converting enzyme inhibitors, warfarin)
despite evidence supporting their efficacy in these patients and consensus state-
ments advocating their use (70–78). Many adverse drug events are thought to be
preventable with a study of hospitalized patients, indicating that, compared to their
younger counterparts, the elderly had a higher rate of preventable events (5.3% vs
2.8%, P=0.001) (53). The authors suggest that this was due to more complex
medical issues in the elderly rather than to less aggressive or less appropriate care
(53). Clearly, drug-related problems are common in the elderly, costly to the
health-care system, and oftentimes preventable (56). Unfortunately, the propor-
tion that may be related to drug–nutrient interactions is not yet quantified.

2. A DESCRIPTION OF PHYSIOLOGIC ALTERATIONS IN THE
ELDERLY

Age-related physiologic changes result in a functional decline of organ systems
and homeostatic mechanisms, but at variable rates in different patients (3,79–81).
The resultant decline in reserve capacity can impair an individual’s ability to
respond to physiologic stress and to ‘‘bounce back’’ from illness. Functional decline
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Table 1
Age- Related Physiologic Changes

Organ System Physiologic Change

Body composition # Total body water
# Lean body mass
" Body fat
# Albumin
" a1-Acid glycoprotein

Integument # Collagen and elastin leading to epithelial and dermal thinning
and wrinkling

Changes in pigmentation due to loss of melanocytes
# Number of melanocytes in the hair bulbs
# Number of hair follicles

Skeletal system Osteopenia
Sensory changes # Accommodation of the eye lens, causing presbyopia

# Peripheral vision from glaucoma and night-time vision
Macular degeneration leading to loss of central vision
Cataracts
Presbycusis (high-frequency hearing loss)
" Threshold for smell, taste, pain, and temperature

Central nervous
system

# Brain mass and increase in neuronal apoptosis
# Neurotransmitters (some)
# Cognitive abilities (some)

Cardiovascular
system

# Cardiac mass
Loss of myocytes and subsequent hypertrophy
#Myocardial sensitivity to b-adrenergic stimulation
# Baroreceptor function
#Maximal cardiac output with exercise
" Total peripheral resistance
Delayed diastolic relaxation

Pulmonary system # Lung mass
# Respiratory muscle strength
# Chest wall compliance
# Functional alveolar surface area
# Tidal volume leading to decreased response to hypercapnia and
hypoxia
# Forced expiratory flow rates

Oral changes Altered dentition
# Ability to taste sweet, sour, and bitter

Gastrointestinal
system

# Lower esophageal sphincter pressure
Potential " in gastric pH
Delay in gastric emptying
# Gastrointestinal blood flow
# Intestinal mucosal surface area

(Continued )
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ensues and progresses and independence is jeopardized. Table 1 provides a
summary of age-related physiologic changes by organ system. The clinical
implication for some of these physiologic changes on drug therapy and nutri-
tional status is more readily apparent than others. Several of these are high-
lighted further.

2.1. Body Composition

Body composition changes with age, resulting in an increase in total body fat
and a decrease in total body water and lean mass in the elderly. This change in
composition affects the distribution of medications in the elderly. Although there
are exceptions, in general the volume of distribution of water-soluble medications,
such as digoxin (82), ethanol (82) cimetidine, and lithium (83), is decreased due
to the decrease in total body water (84). This leads to higher plasma concentra-
tions of these medications and the potential need for lower initial doses. Sproule
and colleagues reviewed the differential pharmacokinetics of lithium in elderly
patients (83). Their study suggests that lithium pharmacokinetics are influenced
by age, with the elderly requiring approximately 30% less of a dose to achieve
similar concentrations as those observed in the young (83). This observation is
likely due to an increase in body fat and a decrease in body water, resulting in a
smaller volume of distribution of this water-soluble medication. The opposite is
generally true of lipid-soluble medications. Since there is a relative increase in total
body fat in the aged, the distribution of these medications can be increased and the
plasma concentrations decreased, and if distributed to adipose tissue, they are
slower to leave the fat compartment for excretion. Thus the half-life of these
medications can sometimes be increased (depending upon other variables, such
as blood flow) and accumulation can occur. Examples of such lipid-soluble
medications are diazepam and chlordiazepoxide.

Table 1
(Continued)

Organ System Physiologic Change

Liver # Liver mass
# Blood flow leading to decreased presystemic metabolism of
medications with high extraction ratios

Renal system # Renal mass and blood flow
# Renal tubular function (secretion)
#Glomerular filtration
" Filtration fraction

Genitourinary
system

Atrophy of the vagina
Hyperplasia of the prostate
Potential predisposition to urinary incontinence

Endocrine system Atrophy of the thyroid gland and " incidence of thyroid disease
" Incidence of diabetes mellitus

Immune system # Cell-mediated immunity
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Changes in protein binding also affect the distribution of medications in the
elderly. A decrease in albumin concentration, due to age itself or more commonly
chronic disease, can result in higher free concentrations and increased clearance of
otherwise highly protein-bound (>90%), acidic medications. Often times, this is of
little clinical significance. However, there are a few acidic, highly bound medica-
tions in which the increase in free concentration is noteworthy, including that of
naproxen, phenytoin, valproate, and warfarin (84). Highly bound medications
have the potential to interact with other medications via competitive protein bind-
ing and they often possess other physicochemical properties, such as low extraction
by the liver, and small volumes of distribution that together create a profile of a
medication known as a narrow therapeutic index. Medications with narrow ther-
apeutic indices are those in which the difference between blood levels needed to
achieve efficacy and to cause toxicity is small. Phenytoin, valproate, and warfarin
are classic examples of such medications with a narrow therapeutic index. Thus,
vigilant monitoring of patients on these medications is the standard of care. Any
interactions with these drugs, including drug–nutrient interactions, would be
expected to be significant.

2.2. Gastrointestinal Function

Oral ulcers and poor dentition often occur in the elderly although they are
probably secondary to poor hygiene and other diseases rather than to aging
itself (10). Nonetheless, 50% of elderly patients have an ulcerative, a hyper-
plastic, or an atrophic oral lesion (10). The occurrence of these can have an
impact on pharmacotherapy because some medications (e.g., phenytoin, cortico-
steroids, immunosuppressants, and certain antibiotics) can contribute to oral
disease. Oral ulcers and poor dentition may also affect nutritional status due to
decreased oral intake.

Xerostomia, or dry mouth, is also common in the elderly and can be exacerbated
by any medication exhibiting anticholinergic properties such as the antihistamines,
decongestants, ipratropium, antipsychotics, certain antidepressants, and urinary
anticholinergic/antispasmodic agents, among others (see Chapter 15). Xerostomia
is particularly disturbing to patients, because it can contribute to dental caries and it
can cause difficulty in swallowing medication and food (85).

Other changes in the gastrointestinal tract include achlorhydria, delayed gastric
emptying, and a modest decrease in the intestinal mucosal surface area (10,86).
Theoretically these changesmay affect the extent or the rate of absorption of certain
medications. However, in most instances, this is not of clinical relevance.Moreover,
one study by Hurwitz and colleagues suggest that basal gastric hypoacidity in
healthy elderly may not be as common as previously thought (87). The effects
that these changes have on drug absorption are thought to be minimal in most
instances, as few drugs have been demonstrated to have a significantly decreased
rate or extent of absorption (88). There is also little evidence to suggest that such
changes in absorption have a clinically significant effect on pharmacological effi-
cacy or safety. An exception to this are medications absorbed by active transport
(e.g., calcium) whose decrease in absorption may be significant (86,89,90). Some
researchers suggest that the decreased absorption of calcium is associated with
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decreased production and activation of vitamin D or resistance to its effects
(91,92). Water-soluble vitamins are probably absorbed normally, including the
absorption of vitamin B12 in patients without gastric atrophy (86).

Little is known about the transdermal absorption of medications in the elderly.
One small study analyzed the pharmacokinetics of a transdermal fentanyl patch in
elderly patients vs young patients and found that the elderly required early patch
removal due to side effects that were not observed in their younger counterparts.
The study also found that higher serum concentrations accompanied the side effects
observed in the elderly patients (93). Lastly, the absorption of medications with
high first-pass metabolism may be increased.

2.3. Liver Function

Hepatic mass declines by approximately 40% by age 80 (3). This decrease
in mass and in hepatic blood flow has the potential to decrease the metabolism
of certain medications (86,94). Medications that are most affected include
those that undergo a large first-pass metabolism (e.g., fentanyl, propranolol)
(95), whereby the medication is in large part metabolized by the liver prior to
systemic availability. Medications with a large first-pass metabolism rely pri-
marily upon (hepatic mass and) blood flow for systemic clearance. In the case
of decreased hepatic blood flow and decreased first-pass metabolism, the
extent of absorption of these medications may be increased. Conversely,
medications with a low hepatic extraction (95) (e.g., phenytoin, warfarin,
valproic acid) rely primarily upon hepatic size and enzymatic activity for
systemic clearance. Changes in hepatic physiology due to aging itself are
difficult to quantify as diet, ethanol, tobacco use, and other medication also
contribute to changes in drug metabolism (84).

The metabolism of some medications in the elderly is decreased, whereas
that of others is largely unaffected. Hepatic metabolism is affected by changes
in hepatic mass, hepatic blood flow, and hepatic enzyme activity. In general,
the metabolism of medications that undergo Phase I reactions (i.e., oxidation,
reduction, dealkylation, hydroxylation) is decreased (e.g., diazepam, chlordia-
zepoxide), whereas medications that undergo Phase II reactions (i.e., glucur-
onidation, sulfation, acetylation) are unaffected (e.g., lorazepam, oxazepam)
(84,95,96). So from a pharmacokinetic standpoint, lorazepam or oxazepam
would be preferred benzodiazepines in the elderly – although it is important to
note that the elderly are particularly sensitive to the anxiolytic and sedative
effects of all benzodiazepines due to changes in pharmacodynamics (84).

Some medications when administered orally undergo first-pass metabolism
by the intestine and liver before they are able to reach the bloodstream for
distribution and effect. In the elderly, however, a decrease in metabolic
capacity and hepatic blood flow leads to an increase in bioavailability of
these medications with high extraction ratios (e.g., fentanyl, propranolol,
verapamil) (84). Because these medications are highly extracted from the
liver, clearance is primarily dependent upon (hepatic mass and) blood flow.
Medications that have a low extraction rate from the liver rely upon liver mass
and functional activity of hepatic enzymes for clearance. Medications with
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intermediate hepatic clearance rely upon hepatic enzyme activity, hepatic mass,
and blood flow for hepatic clearance (95). CYP3A4 is the most prevalent
isozyme responsible for metabolizing the largest percentage of medications.
The clinician could check for other factors that are known to affect the
metabolism of certain medications, such as diet, tobacco, and ethanol use.

2.4. Renal Function

The physiologic decline of the kidney and its implications are probably the
most evident of organ systems with respect to altered medication handling.
With age, there is a decrease in renal blood flow, kidney mass, and number of
functioning glomeruli (97,98). There are also renal tubular and vascular
changes that lead to declining renal function (97,98). In general, the creatinine
clearance starts to decline in the fourth decade of life at a rate of
approximately 1 mL/min/year (99). The serum creatinine concentration may
appear normal or unchanged in the aged despite true renal dysfunction (100).
This is observed because a decrease in the clearance of creatinine is offset by
a decrease in creatinine production, due to a decline in muscle mass with
age (98).

The age-related decline in renal function, and therefore the renal elimination
of medications, is of great clinical importance. Glomerular filtration is
decreased in the elderly and its decline can be estimated by measuring the
creatinine clearance (84,101–103). An actual measurement of creatinine clear-
ance via the 24-h collection of urine is often not feasible and may produce
inaccurate results in patients with urinary incontinence and urinary retention.
Therefore, the decline in glomerular filtration is often estimated using a
creatinine clearance equation (104). A decrease in the clearance of renally
eliminated medications in the elderly may lead to increases in the area under
the concentration–time curve (AUC), in half-life, and in steady-state concen-
trations, which may lead to toxicity. Therefore, many medications need to be
dose-adjusted based on the extent of decline in the creatinine clearance (e.g.,
allopurinol, gabapentin, many antibiotics, histamine2 receptor antagonists,
digoxin, amantadine, pramipexole, ropinirole) (84,101–103).

2.5. Pharmacokinetics and Pharmacodynamics

The changes in physiology described above are, in part, responsible for
alterations in the absorption, distribution, metabolism, and excretion of med-
ications. Study of the influence of aging on pharmacokinetics began in earnest
in the early 1970s (94). This information may also be utilized to identify risk
factors for drug–nutrient interactions in the elderly. A summary of the known
age-related changes in pharmacokinetic parameters seen in the elderly is given
in Table 2.

The participation of elderly patients in early clinical and pharmacokinetic
trials was very limited – often including only healthy elderly in single-dose pharma-
cokinetic studies, thereby not reflecting the clinical use of the medication. Presently,
the US Food and Drug Administration (FDA) mandates that the elderly be
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represented in clinical trials so that more can be learned about the differing
pharmacokinetic effects of a particular medication in the young and the old. It
mandates that pharmacokinetic and pharmacodynamic information derived
from studies (formal studies or pharmacokinetic screens) in the elderly be
described in the product labeling under a specific section devoted to geriatric
use of the medication (105). In 1997, the FDA established that prescription
drug labeling includes information on ‘‘geriatric use’’ (106). Although studying
a new drug in the elderly is not required, clinical trials are expected to report
data in populations for whom the drug will be marketed. Despite this, the

Table 2
Summary of Pharmacokinetic Changes in the Elderly (84,95,101–103,108)

Pharmacokinetic
Parameter Pharmacokinetic Change

Absorption Rate of absorption affected more than extent of absorption
Passive absorption unaffected
Active absorption may be affected
" Bioavailability of medications with high first-pass effect
Little evidence to suggest that absorption changes result in

clinically meaningful changes in outcome.
Rarely is the dose adjusted prospectively

Distribution # Albumin leading to increased free concentration of acidic
medications that are highly protein bound (� 90%)

" a1-Acid glycoprotein leading to decreased free concentrations
of basic medications

"Distribution of lipid-solublemedications potentially leading to
lower blood concentrations and longer half-lives

# Distribution of water-soluble medications potentially leading
to higher blood concentrations

Changes in volume of distribution primarily impact upon the
loading dose of a medication with a dose-related response

Rarely is the dose adjusted prospectively
Metabolism Medications with high extraction rates are most affected in the

elderly; a decrease in extraction occurs, leading to higher
bioavailability (e.g. fentanyl, propranolol, verapamil)

Rarely is the dose adjusted prospectively
Excretion Pharmacokinetic parameter most clinically affected

Decline in estimated creatinine clearance despite potentially
‘‘normal’’ serum creatinine value; ‘‘normal’’ serum creatinine
reflects decrease in production of creatinine rather than
normal renal function

Dose is commonly adjusted prospectively for decreased
estimated creatinine clearance
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numbers of elderly included remain small, with rare subjects 75 years and older.
This is important to recognize, given the known heterogeneity of the popula-
tion. Moreover, clinical recommendations made on the basis of limited phar-
macokinetic data are difficult. Sproule and colleagues highlight this disconnect
in their review of lithium pharmacokinetics in the elderly (83). They highlight
that even though there are some pharmacokinetic data on lithium in the aged,
there have been no placebo-controlled studies of lithium in the aged, so clinical
recommendations are based on extrapolation of small pharmacokinetic studies
and anecdotal reports of lithium use in the aged (83).

The in-depth study of pharmacodynamics in the elderly is limited to only a
few medications or medication classes, most notably the benzodiazepines,
b-adrenergic agents, calcium channel blockers, opioid analgesics, and warfarin
(84,107). However, many clinically relevant drug–nutrient interactions involve
changes in pharmacodynamics. The pharmacodynamic changes that are
observed with these medications in the aged are thought to be due to changes
in the intrinsic sensitivity of the elderly to these agents, rather than to changes
in pharmacokinetics. Such changes in intrinsic sensitivity are thought to occur
at the level of the drug–receptor complex or from alterations in postreceptor
events. It is here that interactions, including drug–nutrient interactions, may
take place mechanistically (81,108). The clinical effect of these changes is
either an increased response or a decreased response to the above agents or
classes.

Elderly patients are thought to exhibit an increased response to benzodia-
zepines, opioid analgesics, and warfarin (81,84,96,109,110). They have been
shown to inhibit more vitamin K-dependent clotting factor synthesis at similar
plasma warfarin levels than their younger counterparts and are often able to
achieve a therapeutic international normalized ratio (INR) at lower doses than
younger patients (111). The clinician should routinely check for drug–drug
interactions and drug–nutrient interactions as many medications and foods are
known to inhibit the metabolism of warfarin and increase the risk of bleeding.

Conversely, the elderly tend to exert an attenuated response to b-adrenergic
agonism and antagonism and are therefore less responsive to b-agonist and
b-antagonist medications (81,96,108,112). Lastly, the effects of calcium chan-
nel blockers are also altered in the elderly. While the elderly possess a height-
ened response to the antihypertensive effects of calcium channel blockers, they
also exhibit an attenuated response to the effects of calcium channel blockers
on cardiac conduction (81,84,107).

The FDA states, in a guidance document, that the number of pharmaco-
dynamic differences to date is too small to warrant separate pharmaco-
dynamic studies in the elderly as a routine requirement. Yet, one can argue
that the reason why there is little known difference in pharmacodynamics
between the young and old is because there has been little incentive to
investigate potential differences. The FDA does recommend separate studies
in sedative/ hypnotics, psychoactive medications, and in instances in which
Phase II/III studies suggest large differences in safety or efficacy in elderly vs
younger patients (113).
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2.6. Nutritional Status

Nutritional status is central to all the pieces of a traditional history and
physical patient assessment and needs to be included for each individual
patient. All health-care professionals involved in the care of geriatric patients
should at least screen them for poor nutritional status when a clinical nutrition
expert is unavailable.

Malnutrition is evident in many older persons for a variety of reasons –
some physiologic and others pathologic (114). Poor nutritional status may be
defined by protein-calorie undernutrition, overnutrition, dehydration, or
imbalances of specific nutrients determined by clinical history, physical exami-
nation, and laboratory findings. Addressing malnutrition can prevent morbid-
ity including the increased risk of infection, pressure ulcers, poor wound
healing, weakness, falls, osteopenia, macular degeneration, disturbed drug
metabolism, cognitive deficits, as well as the mortality that is associated with
poor nutritional status. The ability to identify those with malnutrition or at
risk for malnutrition is therefore important. Serum albumin levels, an inde-
pendent risk factor for all-cause mortality, likely reflect frailty and disease
severity more than they reflect nutritional status in the elderly (115).

A number of screening tests are available to help identify poor nutritional
status in the elderly. These range from the simple SCALES evaluation (Table
3) to slightly longer screening tools. The DETERMINE checklist, using a 10-
item form, can be used easily even by a nonhealth-care provider. The Level I
screen that follows that checklist, while still easy, does require a health-care
provider (116). The Mini-Nutritional Assessment (MNA) is another rapid yet
more sophisticated tool useful for identifying elderly patients with poor nutri-
tional status (117). The MNA has excellent sensitivity and specificity while
being both reproducible and easy to administer (118). Furthermore, it may be
applied to healthy, frail, and sick elderly. A comparison of several screening
tools is available (118), any of which can be used to quickly identify those at
risk for poor nutritional status. Most screening tools include ‘‘medication use’’
as a vital portion of the overall score. Given the relationship between malnu-
trition and poor outcome, all efforts at assessing nutritional status in the
elderly are necessary and must include evaluation of drug–nutrient
interactions.

The nonphysiologic causes of malnutrition, identified through weight loss,
can be due to social, psychological, and/or medical causes. A popular

Table 3
Screen for Malnutrition (114)

S – Sadness
C – Cholesterol <4.14 mmol/L (160 mg/dL)
A – Albumin <40 g/L (4 g/dL)
L – Loss of weight
E – Eating problems (cognitive or physical)
S – Shopping problems or inability to prepare a meal
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mnemonic for identifying the major treatable causes of malnutrition in the
elderly, MEALS ON WHEELS (Table 4), begins with ‘‘Medication’’ (119). At
the most basic level, those drugs implicated in weight loss in the elderly can be
identified among virtually all pharmacological classes. They include drugs that
induce anorexia, malabsorption, or hypermetabolism (Table 5).

Both institutionalized elderly and those dwelling in the community are at
risk for malnutrition, global or nutrient-specific. It has been estimated that
malnutrition, defined predominantly as protein-calorie undernutrition, occurs
in about 15% to as high as 25% of community-dwelling elderly, in as many as
65% of hospitalized elderly, and in 85% of those in long-term care institutions
(114,120,121). This does not include those with micronutrient (electrolyte,
vitamin, and mineral) deficits or excesses. With age there may be decreased
nutrient absorption, distribution, metabolism, and excretion. Deficits in diet-
ary intake of micronutrients are more likely than macronutrients in elderly
subjects living in institutions (122). More than 90% of these subjects did not
meet the recommended dietary allowance (RDA) for vitamin E, calcium, and
folate, while additionally more than 80% of the men did not meet the RDA
for pyridoxine and zinc. Rates of poor vitamin A or zinc status in the elderly
may approach 20% and 25%, respectively (121). Together these alterations in
nutritional status can impact negatively on immune function, contributing to
the risk of infection in this population (121). For example, a study of
community-acquired pneumonia in the elderly suggests that as many as 85%
of the patients were malnourished (123). A prospective follow-up study of
elderly patients admitted emergently to a hospital for noncancer medical
reasons revealed not only that 20% were malnourished but also that the
mortality rate at 9 months in the malnourished group was 44% compared to
18% in the nonmalnourished patients (P<0.001) (124).

Table 4
Etiology of Weight Loss (114,119,120,125)

M – Medication(s)
E – Emotional problems (depression)
A – Alcoholism, anorexia, or abuse of elders
L – Late-life paranoia
S – Swallowing problems (dysphagia)

O – Oral problems
N – No money for food, counseling, or care (poverty); nosocomial infections

W – Wandering and other dementia-related behavior
H – Hyperthyroidism, hyperparathyroidism, hypoadrenalism
E – Enteric problems, including malabsorption
E – Eating problems, including inability to feed oneself
L – Low-salt, low-cholesterol and other therapeutic diets
S – Social problems, including ethnic preferences, isolation, etc.
Shopping and meal preparation problems
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While protein-calorie and micronutrient deficits are associated with
increased morbidity and mortality, the obese elderly are also at risk for morbid-
ity and diminished quality of life. Data suggest the presence of a dysregulation
of the feeding response with age (125). There is also a decrease in lean body

Table 5
Medications that May Produce Weight Loss in the Elderly (114,231–234)

Mechanism ofWeight Loss Medication

Dysphagia Alendronate, anticholinergics, antineoplastics and
immunosuppressants, corticosteroids, iron,
nonsteroidal anti-inflammatory drugs (NSAIDs),
potassium, quinidine

Nausea, vomiting,
diarrhea or anorexia

Amantadine, amiodarone, anesthetics, antibiotics (most),
antineoplastics, cimetidine, colchicine, digoxin,
erythromycin, iron salts, levodopa, lithium, metformin,
metronidazole, NSAIDs, nutritional supplements,
opioids, phenothiazines, potassium salts, selective
serotonin reuptake inhibitors, spironolactone,
theophylline, tricyclic antidepressants, vitamin D

Delayed gastric emptying Anticholinergics, caffeine, calcium channel blockers,
clonidine, dicyclomine, iron, meperidine, nitrates,
opiates, oxybutynin, theophylline, tricyclic
antidepressants, verapamil

Increased gastric
emptying

Bethanachol, erythromycin, laxatives, metoclopramide,
misoprostol

Altered taste or smell Albuterol, allopurinol, amiloride, angiotensin-converting
enzyme inhibitors, antihistamines, aspirin, bismuth,
captopril, carbamazepine, chloral hydrate,
chlorpropamine, digoxin, diltiazem, dipyridamole/
aspirin, enalapril, flurazepam, iron, levodopa, lithium,
metformin, metronidazole, nifedipine, opioids,
penicillin, phenytoin, propranolol, thioridazine

Drowsiness (missed
meals)

Antidepressants, antiemetics, antihistamines,
antipsychotics, benzodiazepines, skeletal muscle
relaxants

Depression Anticonvulsants, barbiturates, benzodiazepines,
b-blockers, clonidine, digoxin, levodopa, neuroleptic

Dry mouth Antihistamines, anticholinergics, antipsychotics,
benzodiazepines,diuretics, decongestants, tricyclic
antidepressants

Malabsorption Cholestyramine, colchicine, ganglionic blockers, laxatives
(including sorbitol), methotrexate, neomycin

Hypermetabolism Pseudoephedrine, theophylline, thyroxine, thyroid
extracts, triiodothyronine
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mass (sarcopenia) with aging. This may be accounted for in part by the phys-
iologic anorexia of aging with central and peripheral mechanisms including
inflammation (125).

Micronutrient deficiencies include the vitamins pyridoxine, cobalamin, calci-
ferol, and folic acid, and the minerals calcium, magnesium, and zinc. These
nutrient deficits can result from reduced food intake or altered nutrient absorp-
tion, metabolism and excretion, or both. In one study of homebound elderly, the
intake of several nutrients (magnesium, vitamins E and C, zinc, vitamin B6, folate,
vitamin B12) was inadequate relative to the estimated average requirement in at
least 25% of subjects (126). Most concerning was that 95% of women did not
meet the adequate intake level for calcium, and all but one subject had vitamin D
intakes below the adequate intake level. Vitamin D deficits are associated with
declines in muscle function, which impacts upon mobility and increases the risk of
falls in the elderly (127).

Risk factors for poor nutritional status in the elderly are numerous, with some
data suggesting that two-thirds of independently living elderly are at significant risk
(128). Given that over 9.5 million elderly live alone in the United States, and their
risk of being found helpless or worse in the home is 3.2% per year, there is clearly
more to be done in terms of more seriously assessing this population (129). The risk
of malnutrition in the elderly occurs with depression, oral disorders, dementia,
concurrent illnesses, and the medications used to manage them. Poor micronutrient
status in turn may be responsible for some of the cognitive dysfunction seen in the
elderly (130,131). Given the fortification of the American food supply with folic
acid in recent years, concerns have arisen about potentially irreversible neurologic
dysfunction in elderly with marginal vitamin B12 status without apparent hemato-
logic signs (132).

While knowledge about optimal nutrition for the elderly is far from complete,
differences between the young and the old are seen. More attention has been
directed at specific nutrient dosing standards for the elderly (133), which have
for the most part been reflected in the most recent dietary reference intake
volumes (134). Coming to a consensus on requirements in the elderly neces-
sitates reviewing and interpreting the available data. Interpreting biochemical
indices of nutritional status in the elderly may be difficult due to the confound-
ing by disease and by medications that are being used (135). Many nursing
home residents are reported to have low vitamin blood levels, which may be
accounted for by poor intake as well as drug-induced alterations (136). The
clinical consequence of low circulating levels is likely less important than low
levels of functional indices of vitamin status. For example, despite serum
vitamin B12 levels in the normal range, many elderly may have clinically man-
ifest, functional cobalamin deficits based on serum methylmalonic acid and
homocysteine levels (137,138). While pyridoxine status is reported to decline
with aging, the data suggest that decreased intake, bioavailability, or total body
clearance are unlikely to explain the alteration (139,140). Depending on the
assay method used, the prevalence of vitamin B6 deficits in the elderly may be as
high as 86% (141). There exist age-dependent differences not only in nutrient
requirements per se but also in the established ratio of one nutrient to another.
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For example, the dose of vitamin B6 required per gram of protein intake is
lower for the elderly than for younger individuals (142). Whether this relation-
ship changes when consuming medications that alter pyridoxine status is not
known.

Drug-induced nutritional problems can occur as a result of decreased food
intake (inability to shop and prepare food due to altered mental status, as well
as drug-induced oral problems and anorexia), malabsorption, altered metabo-
lism, and excretion. These are more likely to occur in individuals with marginal
nutritional status to begin with. The elderly are at high risk for many reasons
including prolonged and chronic illnesses, the regimens used to manage them,
and reduced dietary intake with age. Adverse drug reactions could include
altered taste and smell, which would impact on food selection and intake.
Drug reactions that include lightheadedness, breathlessness, joint pain, or
impaired visual acuity could restrict food shopping or preparation, while loss
of appetite and adverse drug effects on the gastrointestinal tract can limit food
intake and absorption (143).

Energy expenditure decreases with advancing age due to less physical activity and
a lower metabolic rate. Energy requirements can be met at intakes of about 25 kcal/
kg daily on average, while protein requirements remain at about 1 g/kg daily for the
elderly. Fluid (water) needs of about 30 mL/kg per day remain important for the
elderly to prevent significant consequences of dehydration. Compared with younger
adults, the elderly have different requirements for a number of micronutrients (e.g.,
higher calcium, vitamin D, vitamin B6, and vitamin B12 requirements, lower chro-
mium and vitamin A requirements) based on altered absorption, circulating levels,
physiologic measures, metabolism, or excretion.

The influence of food/nutrients on drug disposition and the specific effect in the
elderly were extensively summarized at an international conference on nutrients,
medications, and aging (88). In that conference, the authors described the effects of
food on absorption, diet components on enzyme induction, protein on metabolism,
and malnutrition on metabolism (144).

Drug-induced malnutrition is concerning, given the findings of marginal nutri-
tional status in many elderly. What follows is a review of some medication con-
sumed by the elderly that can affect food intake, nutrient absorption, metabolism,
and excretion, as well as food influences on drug disposition.

3. CLINICAL EVIDENCE

3.1. Overview of Drug–Nutrient Interactions in the Elderly

The elderly are at risk for drug–nutrient interactions because they use a dispro-
portionate amount of prescription and over-the-counter medications, often have
poor nutritional status, and often are instructed to take their medication with
meals to increase adherence. The presence of food may alter the rate and/or
extent of drug absorption. A delayed rate of absorption is important only if it is
necessary to achieve a rapid effect or a high peak concentration – taking the drug
1 h before or 2 h after food avoids the interaction. For most chronic therapies,
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the rate of absorption is less important since a steady-state blood level is likely
attained and maintained. The effects of food that alter drug metabolism or
excretion can also serve as the mechanism of drug–nutrient interactions
(145–152). The mechanism of drug–nutrient interaction may be through food
acting as a physical barrier to drug absorption, by altering gastric emptying rate,
or by reacting physicochemically with the drug (chelation, precipitation). In
general, fatty meals decrease motility and gastric emptying rate, increasing the
time the medication spends in the stomach. This may be important if the drug is
unstable in an acidic environment or if rapid absorption is required. Conversely,
small meals and liquid meals empty rapidly and may decrease time available for
absorption.

Drug–nutrient interactions in elderly diabetics (153) and elderly cardiac
patients have been reviewed and guidelines provided (154). The risks vary
not only depending on the medications used but also with dietary patterns and
organ function. The consequence of these interactions in the diabetic, for
example, includes hyperglycemia, hyperosmolar hyperglycemic state, neuropa-
thies, and hypoglycemia with risk of pseudostroke (153). In patients with
cardiovascular disease, multiple risks for an interaction exist that involve
reduced drug absorption, as well as drug-induced edema, anorexia, and micro-
nutrient deficits (154).

3.2. The Effect of Food on Drug Disposition in the Elderly

3.2.1. ENTERAL FORMULAS

Strategies to improve adherence with drug regimens in community-dwelling
elderly may include recommendations to take all their medication with their
morning or evening meal. Strategies to improve nutritional status of the
elderly particularly in transitional care settings may increase the risk for
drug–nutrient interactions. For example, the use of liquid meal substitute
formulas in place of water or juice with each medication administration may
increase the total nutrient intake but can alter the bioavailability of some
drugs. Likewise, frequent feedings throughout the day may not allow for an
appropriate environment to administer drugs that should be administered on
an empty stomach. The mixing of some medications in various beverages to
increase drug regimen adherence should not be undertaken without evaluating
the potential for pharmaceutical interaction between the drug and the bever-
age. Many elderly patients with cerebrovascular disease, dementia, aspiration,
gastrointestinal disorders, and failure to thrive receive enteral feeding. Many
interactions exist between enteral formulas and medication (see Chapter 13).

3.2.2. DIETARY SUPPLEMENTS

The indiscriminant use of dietary supplements does not necessarily
improve outcomes in the elderly and has the potential to interact with
other medication (see Chapter 12). For example, the impact of vitamin A
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or vitamin E supplementation on the immune response of the elderly can
be deleterious and potentially counterproductive in the face of vaccina-
tion or antimicrobial regimens (155,156).

An examination of the literature on herbal supplements used by the elderly for
dementia identified a series of papers describing the potential drug–supplement
interactions that would place the elderly at risk for an adverse drug event (157).
In total, 28 were identified, which examined five herbals – St. John’s wort (11
articles), ginseng (7), kava (5), ginkgo (4), and valerian (1). These herbals are
marketed in the United States as dietary supplements. St. John’s wort is reported
to interact with theophylline, cyclosporin, warfarin, indinavir, digoxin, and the
selective serotonin-reuptake inhibitors. Digoxin, warfarin, and phenelzine inter-
act with ginseng. Aspirin, warfarin, and trazodone may interact with ginkgo.
Both kava and valerian may interact with sedatives including benzodiazepines
and barbiturates. A study was conducted that specifically evaluated the inter-
actions between dietary supplement use and prescription medications used in a
cohort of 285 patients in a Veterans Affairs geriatric clinic (25). The mean age of
patients in this study was 78 years. Patients were taking a mean of six prescrip-
tion medications, excluding vitamins and minerals, and a mean of three dietary
supplements (vitamins, minerals, herbals). The investigators found that 54% of
patients were taking at least one dietary supplement and prescription medication
that could potentially interact. Forty-five potential and possible interactions
were found; these mainly involved the interaction of an antiplatelet or an anti-
coagulant with garlic, gingko, and ginseng, leading to increased risk of bleeding;
the interaction of garlic with an antihypertensive, leading to excessive blood
pressure lowering effect; or decreased absorption of medication with flaxseed
or psyllium (25).

3.2.3. SUBSTANCES IN THE DIET USED HABITUALLY

3.2.3.1. Caffeine. Caffeine is probably the most frequently and widely con-
sumed drug (158), but it is often thought of as a dietary constituent rather
than a drug and considered as being generally safe. Yet, caffeine (1,3,7-trime-
thylxanthine) is a central nervous system stimulant that has been implicated in
various diseases and can be associated with toxicity when taken in excessive
amounts. Effects of caffeine taken in excess include gastrointestinal effects,
headache, palpitations, angina, nervousness, insomnia, delirium and seizures,
and decreased appetite, all of which could lead to decreased nutritional intake.
Caffeine is present not only in many foods and drinks but also in some dietary
supplements and over-the-counter medications. Not only is caffeine a common
substance in foods and medication, making cumulative intake easy, but it can
interact pharmacokinetically and pharmacodynamically with other medication.
Caffeine is metabolized primarily by CYP1A2. It therefore has the potential to
interact with medication also metabolized by the same isozyme (158). Phar-
macodynamic caffeine interactions include increased risk of hypokalemia with
other medications known to cause hypokalemia, such as diuretics and cortico-
steroids; increased gastrointestinal side effects of medications such as the
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NSAIDs, corticosteroids, and ethanol, which may lead to changes in appetite;
and increased central nervous stimulation with other stimulants such as theo-
phylline, b-agonists, and decongestants, which may also affect appetite (159).

3.2.3.2. Ethanol. The use of ethanol is a problem that is underrecognized in
the elderly population (160), when in fact, widowers over 75 years of age have
the highest rate of alcoholism in the country (161). Prevalence rates of
alcohol-related problems in the aged vary depending on the definition and
method of measurement. Estimates range from 1 to 6% for community-dwell-
ing elderly, 7 to 22% for hospitalized elderly, from 28 to 44% in patients
admitted to psychiatric units (162). Detecting alcohol-related problems in the
elderly is often difficult because symptoms may be confused with other medical
conditions and using changes in social and work functioning as an indicator of
alcohol abuse is often not applicable in the aged (162). Several scales and
questionnaires have been developed to detect alcohol abuse and have been
assessed specifically in the elderly (163–165).

Reid and colleagues suggest that theoretically there are many mechanisms
in which alcohol can cause functional impairment in the elderly including
trauma, osteoporosis, malnutrition, lack of control of chronic disease states,
and drug–alcohol interactions (166). Alcohol is related to a myriad of health
problems including liver disease, alcoholic dementia, neuropathy, depression,
insomnia, loss of libido, late-onset seizure disorder, incontinence, diarrhea,
myopathy, heart failure, poor self-care, hypertension, and falls/fractures.
Alcohol can also cause poor nutrition as a result of poor oral intake, as
well as the depletion of micronutrients such as folate, thiamin, pyridoxine,
zinc, magnesium, and selenium. Alcohol also affects lipid metabolism and can
lead to the development of adverse reactions due to alcohol–drug interactions
(162,166).

Functional impairment due to alcoholism can lead to drug–nutrient inter-
actions by way of decreased self-care abilities that lead to decreased food
acquisition, preparation, and intake. Alcohol and drug–nutrient interactions
can impair physical, cognitive, and functional abilities in the elderly. The
relationship between alcohol use and functional disability in cognitively
impaired patients (MMSE� 24, normal 27–30) was examined (166). The
authors retrospectively investigated the use of alcohol in 242 patients in a
hospital-based geriatric center and found that heavy drinkers (>14 drinks/ wk)
had higher basic activities of daily living scores and lower instrumental activ-
ities of daily living scores. Of note is that only 6% of the patients were heavy
drinkers. Moderate drinkers (>1 and <14) had higher basic and instrumental
activities of daily living scores. Their study suggests that the effect of alcohol
in elderly patients with cognitive impairment is complex. The authors recorded
concomitant medications but did not comment on potential drug–alcohol
interactions. Since these patients were cognitively impaired, it is likely that
some of the patients would have been on psychoactive medications, which
would presumably interact with alcohol (166). Such ethanol–drug interactions
can in turn contribute to the development of drug–nutrient interactions. For
example, a psychoactive medication has the potential of interacting with
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alcohol by augmenting its central nervous system effects, such as sedation and
confusion, which could lead to inadequate food preparation and intake and
altered nutritional status.

3.2.4. GRAPEFRUIT JUICE INTERACTIONS

Grapefruit juice, a common beverage consumed by many people over the
age of 50, contains compounds that may both reduce atherosclerotic plaque
formation and inhibit cancer cell proliferation (167,168). In recent years,
grapefruit has been shown to interact with many medications (167–171).
Because grapefruit juice is often consumed with breakfast when many medi-
cations are given, a scenario is set for many potential or actual drug–nutrient
interactions to occur. The most notable drug interactions with grapefruit are
its effects on cyclosporine, some dihydropyridine calcium channel blockers,
and most HMG-CoA reductase inhibitors (see Chapter 10).

Although the majority of grapefruit juice studies have been conducted in
healthy, young patients, the interaction between felodipine and grapefruit juice
has been evaluated in the elderly (171). Twelve healthy elderly subjects (70–83
years of age) were evaluated in an unblinded, single-dose, crossover study.
Subjects were administered 5 mg felodipine with grapefruit juice or water.
Subsequently, six of these subjects then received 2.5 mg felodipine for 2 days
followed by 5 mg felodipine for 6 days with 250 mL grapefruit juice or water.
Steady-state concentrations of felodipine and concentrations of the felodipine
metabolite (dehydrofelodipine) were measured as were blood pressure and
heart rate for 24 h after single dosing and after repeated dosing. Mean AUC
were 2.9-fold (P<0.001) and fourfold (P<0.05) greater with grapefruit juice in
both single-dose and multiple-dose studies. Interindividual variability in the
extent of the interaction was high. Half-life was not altered. Systolic and
diastolic blood pressures were lower with grapefruit juice in the single-dose
study (P<0.1 for systolic blood pressure and P<0.001 for diastolic blood
pressure), whereas they were not different between groups at steady state in
the multiple-dose study. Heart rates were higher with grapefruit juice in both
studies but this effect was greater and more prolonged at steady state
(P<0.01). This study demonstrates an instance in which a pharmacokinetic
and a pharmacodynamic drug–nutrient interaction with grapefruit juice
occurred even in healthy elderly. The authors concluded that normal dietary
amounts of grapefruit juice produced a pronounced, unpredictable sustained
interaction with felodipine by reducing its presystemic metabolism in the
elderly (171). This suggests that the elderly should be cautioned about con-
comitant grapefruit juice and felodipine ingestion. Because the elderly were
more susceptible to hypotensive events, the authors state it is particularly
important to caution against periodic consumption of grapefruit juice with
felodipine. This warning would apply to any time of day during drug therapy
as an interaction can still occur with a normal amount of grapefruit juice
consumed as much as 24 h before felodipine (171).
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3.3. The Effect of Medication on Nutritional Status in the Elderly

3.3.1. ANTICOAGULANTS

3.3.1.1. Warfarin. Warfarin is an anticoagulant used to prevent thromboembolic
events. Elders are widely thought to be at increased risk for warfarin-related bleeding
and are often less likely to be treated with warfarin, in part because of concern
regarding adherence with monitoring and bleeding risk (172–174). Pharmacody-
namic studies in the elderly suggest that geriatric patients are intrinsically more
sensitive to the anticoagulant effects of warfarin than are their younger counterparts
(81,84,96). Thus, elderly patients often require a lower dose of warfarin than do
younger patients to achieve the same INR goal (173). The elderly patient who is at
risk for falls or with a history of falls is often not perceived to be a good candidate for
warfarin because of a resultant bleed that can occur after a fall (71).

Elderly patients may also be nonadherent with either warfarin administration or
blood testing needed for INR monitoring. Warfarin interacts with numerous med-
ication and some foods. Thus, it is important to identify patients who may not
comply with warfarin therapy or other drug therapies, because sporadic use of
medication or foods that interact with warfarin can lead to clinically important
changes in the INR, resulting in bleeding or a thromboembolic event. Warfarin
inhibits activation of vitamin K-dependent clotting factors, which is the basis of its
interaction with foods containing vitamin K, such as green leafy vegetables, vege-
table broths, and vegetable oil-based salad dressings. Food interactions may be
harder to manage than drug–drug interactions because the astute clinician is able to
anticipate drug–drug interactions with warfarin and is knowledgeable in managing
drug interactions with warfarin. The issue is made more complex by the polymor-
phism in enzymes that either metabolize warfarin or serve as the drug’s target.

Food interactionsmay be harder tomanage because lessmay be known about the
amount and timing of intake of the interacting food. Therefore, rather than counsel
patients to decrease their intake of vitamin K-containing foods, which may lead to
micronutrient deficiencies, it is wise to counsel patients to maintain a consistent
intake of vitamin K. It is the drastic change in vitamin K intake, as opposed to the
absolute vitamin K intake, that can lead to variability in maintaining a goal INR.

Wells reviewed the literature on warfarin–drug and food interactions and rated
the evidence behind the proposed interaction using two independent raters (175).
Of 120 original articles reporting a drug or food interaction with warfarin, the
authors suggest that 43 foods or drugs were highly probable in causing a clinically
important interaction with warfarin (175). Among the reports possessing strong
evidence for a clinically relevant interaction with warfarin were foods high in
vitamin K, large amounts of avocado and enteral feeds, which likely contained
high amounts of vitamin K. (175,176). New formulations of enteral feeds usually
contain no more than the RDA for healthy elderly, so vitamin K is rarely the cause
of warfarin insensitivity (169). However, the protein content of enteral formula-
tions may play a role in warfarin resistance and as such the feedings should be held
at least 1 h before and after administering the warfarin (177). When educating
patients about warfarin–food interactions, it is important to relay to patients that
they need not avoid foods high in vitamin K, rather they should attempt to remain
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consistent in their intake of foods with vitamin K.Warfarin has also been known to
interact with vitamin E, gingko, ginseng, and garlic, resulting in an increase in INR
(25,146,178,179). Beyth and colleagues developed a multicomponent comprehen-
sive program for management of warfarin therapy aimed at improving control of
warfarin’s effects and reducing events that may precipitate bleeding. They random-
ized 325 patients 65 years and older to usual care or intervention, consisting of,
among other things, education about drug–drug and drug–nutrient interactions in
which patients were trained about changes in lifestyle and diet. At 6 months, major
bleeding was more common in the control group, whereas more time was spent at
goal range INR in the intervention group. Mortality was similar in both groups
(172).

3.3.2. ANTIEPILEPTICS

3.3.2.1. Phenytoin. Phenytoin is a common antiepileptic agent used in the eld-
erly. It is considered to be a narrow therapeutic index medication, meaning the
concentration difference between that which produces a therapeutic effect and that
which produces toxicity is small. Phenytoin also has a saturable absorption and
metabolism. At low levels, it possesses linear pharmacokinetics such that an
increase in dose produces a proportional increase in plasma concentration of
phenytoin. However, at higher concentrations, the same increase in dose will
produce a disproportionately greater increase in plasma concentration (180).
Owing to phenytoin’s narrow therapeutic index and nonlinear pharmacokinetics,
phenytoin–food interactions can markedly influence plasma concentrations and
therefore drug safety and effectiveness (181).

Wilder studied potential food-associated differences in absorption between 100mg
of Mylan’s ER phenytoin sodium capsules and Parke-Davis’ 100 mg Dilantin Kap-
seals1 (181). A single-dose, two-way crossover study was conducted in 24 healthy
subjects (18–70 years old) to determine the influence of a high-fat meal on the
pharmacokinetics of these two formulations. The impact of switching products at
steady-state levels was investigated using a simulation method of pharmacokinetic
data previously obtained from 30 epileptic patients. Based on AUC, the bioavail-
ability of the Mylan product administered with food was 13% lower than that of
Dilantin Kapseals1. Simulations of substituting the Mylan product with Dilantin
Kapseals1 suggested that the 13% decrease in bioavailability would result in a
median 37% decrease in phenytoin concentrations when given with food; in 46%
of patients, concentrations would likely fall below the normal range. Simulations of
substitutingDilantinKapseals1 for theMylan product suggested an increase of 15%
in bioavailability would occur and result in a median 102% increase in phenytoin
concentrations, with 84% of patients having concentrations above the therapeutic
range. Results suggest that when taking phenytoin sodium with food, product
switches may result in either side effects or loss of seizure control (181).

Yet another study by Cook et al., examining the effect of food on the bioavail-
ability of Dilantin Kapseals1 in a nonblinded, single-dose, randomized, crossover
studyin healthy patients 29–69 years old after a fast and a high-fat meal,suggested
that there were no clinically relevant changes in bioavailability and that patients
may take Dilantin Kapseals without respect to meals (182).
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Based on the results of these two studies, it seems prudent to avoid switching
phenytoin products in patients stabilized on a particular formulation and to rec-
ommend taking phenytoin consistently with respect to food. It is important to pay
particular attention to elderly patients and those requiring high concentrations of
phenytoin to maintain seizure control.

Phenytoin may interact with tube feedings and several mechanisms have been
proposed, including binding of phenytoin suspension to the tube or binding of
phenytoin to the nutrient formula. The type of formula may affect the extent of
this interaction (183,184). However, a study of the effects of elemental formula
(Vivonex TEN1) and lactose-free formula (Ensure1) on the absorption of pheny-
toin suspension was conducted in 10 normal volunteers. No difference in AUC,
peak concentrations, or time to peak was observed with either formula (184).
Likewise, the bioavailabilities of phenytoin sodium solution and acid suspension
were not found to be affected by continuous nasogastric administration of Isocal1

(185). Phenytoin is primarily absorbed in the duodenum. Using a jejunal feeding
tube for administration may impair absorption of phenytoin, since the primary site
of absorption is bypassed (186). Despite the frequent use of phenytoin and nutri-
tional supplements, there appears to be little information regarding outcomes
relating to phenytoin–enteral feed interactions in the elderly population who
would be likely to encounter such a potential interaction.

Phenytoin and folic acid also interact with one another; phenytoin can decrease
folic acid levels and folic acid can, in turn, decrease phenytoin concentrations.While
the exact mechanism of the interaction is unknown, phenytoin may induce metab-
olism that uses folate as a cofactor (187) and folic acid may affect the affinity of
phenytoin to the enzymes responsible for metabolizing the drug (188,189). Thus,
long-term phenytoin use can decrease folic acid levels. But subsequent supplemen-
tation with folic acid is controversial because folic acid supplementation can
decrease phenytoin levels to the point of seizure breakthrough (187), and a dose
increase in phenytoin may be needed.

Older studies examining the interaction were small (190,191) and administered
large doses of folate (10 mg/day) daily. The smaller quantities of folic acid found in
typical multivitamins are not likely to cause a clinically significant interaction with
phenytoin. Yet one case report describes a 79-year-old man with severe folate
deficiency who developed aplastic anemia while on phenytoin therapy (192). The
authors suggest that the aplastic anemia was due to phenytoin and folate deficiency,
because of the existence of a temporal relationship, discontinuation of phenytoin
and folate replacement, which corrected hematological values, and absence of other
recognizable causes of anemia (192).

3.3.3. ANTIDEPRESSANTS

3.3.3.1. Monoamine Oxidase Inhibitors. Nonselective monoamine oxidase
inhibitors (MAOI) represent the prototypical medication class known to interact
significantly with food. Although they are infrequently used in the current manage-
ment of depression in the elderly, it is still noteworthy to briefly discuss their
interaction with food. Nonselective MAOIs, such as tranylcypromine, phenelzine,
and isocarboxazid, inhibit the activity of monoamine oxidase A and B in a sustained
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and unpredictable manner, thereby decreasing the metabolism of amines such as
epinephrine, norepinephrine, and dopamine for a period of time, from several days
to several weeks after discontinuation of the drug (193).

There are numerous foods that contain tyramine, a monoamine, which is also
metabolized byMAO. Ingesting these foods concomitantly with anMAOI can lead
to the accumulation of these amines and consequential blood pressure elevation,
potentially resulting in fatal hypertensive crisis, with severe headache and stiff neck,
palpitations, nausea, and vomiting (193,194). Patients therefore need to avoid the
myriad of foods that contain tyramine. Examples of foods that contain tyramine
include aged cheeses and wines, processed and cured meats, and chocolate, to name
a few.

Selegiline is a selective monoamine oxidase B inhibitor used in elderly patients
with Parkinson’s disease and has also been used to manage depression with a
transdermal preparation. At recommended doses for Parkinson’s disease, selegiline
does not interact with tyramine (195). However, when taken above the recom-
mended dose of 5 mg orally twice daily, selegiline loses its selectivity and may
interact with tyramine-containing foods to cause a hypertensive crisis. It is impor-
tant to counsel patients to adhere to selegiline dosing to avoid this potentially
significant drug–nutrient interaction.

3.3.4. ANTIMICROBIALS

3.3.4.1. Tetracyclines and Fluoroquinolones. Tetracyclines and some fluoroqui-
nolones classically interact with antacids and other products containing calcium,
aluminum, magnesium, and iron by chelating with these polyvalent cations,
resulting in a decrease in the absorption of the tetracycline or fluoroquinolone
(151,196). Food, especially that containing dairy products, can decrease the
absorption of tetracycline and to a lesser extent, doxycycline. The effects of an
enteral feeding product, Ensure1, on ciprofloxacin and ofloxacin were studied in
healthy volunteers (197). The authors found that it decreased the absorption of
both ciprofloxacin and ofloxacin when compared to water (P<0.01), but also
suggested that ciprofloxacin was significantly more affected than ofloxacin
(P<0.005). The relative bioavailability of ciprofloxacin was 72�14% (P<0.005)
of that when given with water (197).

3.3.5. ENDOCRINE AGENTS

3.3.5.1. Metformin. Metformin, a biguanide used for the management of type 2
diabetes mellitus, may cause vitamin B12 malabsorption, especially in the presence
of atrophic gastritis (145) and with long-term therapy. Reports of metformin-
induced vitamin B12 deficiency in Europe date back to the 1970s when it was
predicted that approximately 10–30% of patients on metformin therapy would
develop vitamin B12 deficiency (198). The incidence of clinically significant
vitamin B12 deficiency is not known. It has been estimated that it takes less than
9 years to up to15 years on metformin therapy to develop associated vitamin B12

deficiency (199,200).
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Several mechanisms have been proposed by which metformin causes vitamin
B12 deficiency. These include alterations in the motility of the small intestines,
a direct effect on the absorption of vitamin B12, bacterial overgrowth, and
alteration in the calcium-dependent uptake of B12–intrinsic factor complex at
the ileum (199–201). Based on this hypothesis, administration of calcium may
decrease the severity of vitamin B12 deficiency associated with metformin. This
was tested by Bauman and colleagues in a small study of 21 patients originally
on sulfonylurea therapy without vitamin B12 deficiency. They switched half of
the patients to metformin therapy on study entry (in a 2:1 ratio based upon
study entry date). They measured baseline and serial vitamin B12 levels and
holotranscobalamin levels, which measures early, subclinical negative vitamin
B12 balance even before serum vitamin B12 levels decrease. Patients were given
calcium carbonate 1200 mg/day 3 months into metformin therapy. The authors
concluded that calcium supplementation reversed the decline in holotransco-
balamin levels and had no impact on serum vitamin B12 levels (201).

A case report in the United States describes a 63-year-old man on metfor-
min (dose unknown) for 5 years who developed a probable metformin-induced
vitamin B12 deficiency (200). The patient had no history of bowel surgery and
had a balanced nonvegetarian diet. No glossitis, parasthesias, or other neuro-
logical abnormalities were found on examination. Laboratory findings
included a mean corpuscular volume of 114 fl, a hematocrit of 33.6%, a
vitamin B12 level of 109.7 pg/mL (normal 187–1059 pg/mL), and a folate
level of 750 ng/mL (normal>190 ng/mL) and intrinsic factor antibody findings
were negative. A Schilling test was suggestive of intestinal malabsorption of
vitamin B12 (recovery of radiolabeled vitamin B12 of 2.5% and 3.4%). The
patient’s metformin therapy was stopped and oral vitamin B12 was instituted
at 1000 mg daily for 2 months. A repeat Schilling test was suggestive of normal
vitamin B12 absorption, with and without intrinsic factor (17.5% and 17.7%)
(200).

Andres and colleagues share their experience with metformin and vitamin
B12 deficiency (199). They describe 10 European patients with documented
metformin-induced vitamin B12 deficiency. The mean age of these patients was
69 (range 52–84). Patients were using metformin for an average of 9 years
(range 3–10) at an average dose of 2015 mg (range 1400–2550 mg). Clinical
symptoms were present in a few patients and included asthenia, peripheral
neuropathy, and edema. One patient required blood transfusions. Average
serum vitamin B12 levels were 148 pg/mL and serum homocysteine was also
abnormal. Patients had normal creatinine and folate levels, and no patient had
antibodies to intrinsic factor. The average hemoglobin level was 11 g/dL. Nine
of ten patients had normal Schilling tests. One patient had atrophic gastritis
and one patient had chronic diarrhea. All patients were treated with a max-
imum of 1000 mg of oral or intramuscular vitamin B12 and vitamin B12 levels
and blood counts normalized within 3 months of treatment (202,203).

These case reports suggest that long-term metformin therapy can cause
vitamin B12 deficiency, but in most cases, it is asymptomatic. In some instances,
metformin therapy was continued and in other instances, it was not. Whether
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metformin therapy should be discontinued or not remains to be determined
but treatment with oral vitamin B12 appears to reverse the deficiency within
2–3 months.

3.3.5.2. Levothyroxine. Antacids, ferrous sulfate, high-fiber diets, and calcium
have all been shown to decrease the absorption of levothyroxine (204–208). A case
report of a 63-year-old woman with long-standing hypothyroidism clinically euthy-
roid on levothyroxine revealed that chronic use of aluminum and magnesium
containing antacids decreased absorption of levothyroxine, resulting in elevated
thyroid-stimulating hormone levels despite levothyroxine 2000 mg daily (209).
Discontinuation of the antacids resulted in normalization of thyroid-stimulating
hormone and return to the previous dose of levothyroxine, 50mg/day (209). Singh
and colleagues further investigated the effects of calcium carbonate on the absorp-
tion of chronic levothyroxine in veterans aged 27–78 and found that calcium
carbonate reduced thyroxine absorption and increased TSH from 1.6 to 2.7 mIU/
L (P=0.008) (208). The proposed mechanism of this interaction is the adsorption
of levothyroxine to calcium carbonate.

3.3.5.3. Bisphosphonates. The oral bioavailability of the bisphosphonates (e.g.,
alendronate, ibandronate, risedronate) used for the prevention and treatment of
osteoporosis is poor (<1%) and is further decreased in the presence of food. Small
studies of alendronate and risedronate revealed their bioavailabilities were
reduced by 40% and 55%, respectively, when administered shortly before a
meal as opposed to in the fasting state (210,211). Even orange juice and coffee
were found to reduce the bioavailability of alendronate by 60% (210,211). The
bisphosphonates can also cause a local irritation of the gastrointestinal tract,
leading to esophagitis, esophageal ulcers, and esophageal strictures in rare instan-
ces, especially when taken inappropriately (210–212). Therefore they are contra-
indicated in patients with esophageal disease. Clinical studies suggest that the
incidence of gastrointestinal events, including dysphagia and esophagitis, is sim-
ilar to placebo (213–216), but these studies were efficacy studies in which safety
and tolerability were not primary endpoints and clinical experience suggests that
many patients do not tolerate the oral bisphosphonates well. One study evaluating
early case reports of alendronate and adverse event reporting to the manufacturer
suggests that about 16% (199/1213) of reported events were related to the esoph-
agus and 26% of those were considered serious. Alendronate was taken inap-
propriately in 61% of cases in which administration technique was known. Most
patients were elderly and symptoms developed within 2 months of starting alendr-
onate (212).

Because of their poor oral bioavailability and their risk of esophagitis, very
specific administration instructions are necessary to maximize bioavailability and
decrease the risk of esophagitis. The oral bisphosphonates should be taken with 6–8
ounces of plain water only, first thing in the morning at least one-half hour before
any food, drink (besides plain water), or medication has been consumed, and
patients must remain upright for one-half hour after taking the bisphosphonate
and until food is consumed to decrease the risk of reflux and esophageal irritation.
These complicated administration instructions can be difficult for elderly patients to
follow, especially if they have cognitive impairment, functional immobility, or are
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taking many medications. Moreover, calcium and vitamin D supplementation is
recommended in patients taking bisphosphonates to maximize their effectiveness.
But like all other medications, the administration of calcium/vitamin D with the
bisphosphonates needs to be staggered (210,211).

3.3.6. GASTROINTESTINAL AGENTS

3.3.6.1. Proton Pump Inhibitors. Proton pump inhibitors (PPIs) are commonly
used in the elderly to manage gastritis, gastroesophageal reflux disease and to
prevent NSAID-induced ulcers. The available PPIs include omeprazole, lansopra-
zole, esomeprazole, rabeprazole, and pantoprazole. The PPIs are acid-labile med-
ications formulated orally as enteric-coated granules that traverse the stomach
intact and the medication is released in the less-acidic medium of the duodenum.
The administration of PPIs with nonacidic juices may impair their absorption. Thus
it is recommended that these agents be administered with an acidic juice like apple
juice or orange juice and not with milk (217). Rabeprazole and pantoprazole
tablets should be swallowed whole and unaltered. They should not be chewed or
crushed. The same goes for the orally disintegrating tablets as they also contain
enteric-coated granules. Lansoprazole, omeprazole, and esomeprazole capsules can
be opened and their granules given with acidic juices. There is little data regarding
the PPI in the elderly (217). Among the data that are available in the elderly, there is
no information to suggest that the absorption of PPIs is impaired to any clinical
extent due to achlorhydria or impaired gastric acid secretion (217,218). Food may
decrease the maximum plasma concentration of the PPI but the AUC is not
significantly affected. Still, it is best to counsel patients to administer their PPI
about one-half hour prior to meals if practical. If this is not possible, counsel
patients to take their PPI at the start of the meal (217).

The acidic medium of the stomach is required for vitamin B12 to be released from
dietary sources. Thus, long-term use of histamine-2 receptor antagonists (H2RAs)
and PPIs may contribute to vitamin B12 deficiency (219), particularly in the elderly
who tend to be at higher risk (220). Force and colleagues conducted a retrospective,
case–control study in middle-aged and elderly patients (mean age 71.2�20.8) and
found that the need for vitamin B12 supplementation was preceded by at least 10–12
months of chronic acid suppression therapy with H2RAs and PPIs in more cases
than controls (18.4% vs 11%, OR 1.82, P=0.025) (221).

3.3.6.2. Bile Acid Sequestrants. Cholestyramine, colestipol, and colesevelam are
lipid-lowering agents that decrease gastrointestinal pH and bind bile salts to prevent
their reabsorption in the ileum. They are then excreted and may cause steatorrhea
and fat malabsorption (145).Malabsorption of fat-soluble vitamins A,D, E, andK
can occur because the absorption of these vitamins is usually facilitated by bile acids
(150,196,222).

3.3.6.3. Laxatives. The elderly use many laxatives, which may lead to fluid and
electrolyte imbalances and nutrient depletion (174). Mineral oil is well-known by
the elderly as an old remedy for constipation. When used as a laxative long term, it
may deplete fat-soluble vitamins by forming micelles and acting as a vehicle for
lipid-soluble moieties (145,150,151,223).
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3.3.7. PARKINSON AGENTS

3.3.7.1. Levodopa. The interaction between levodopa and food – especially
dietary protein – has been evaluated in several small studies (224,225). Levo-
dopa is absorbed in the small intestine by the neutral amino acid transporter
and is extensively metabolized in the periphery prior to uptake in the basal
ganglia, where it is needed to exert its effect. Two mechanisms have been
proposed for these interactions. One proposed mechanism is that food delays
and decreases the absorption of levodopa from the small intestines, by delaying
gastric emptying and increasing exposure of levodopa to degradative enzymes in
the stomach and intestines. Another proposed mechanism involves the ability of
levodopa, an amino acid, to compete with large neutral amino acids in the diet
for transport across membranes. Whatever the mechanism, this interaction is
likely to be more significant in patients with progressive Parkinson’s disease who
experience motor fluctuations like ‘‘on–off’’ phenomena, as opposed to patients
without existing motor fluctuations (224). It is also more likely to occur with
clinically significant consequences in patients receiving enteral nutrition by con-
tinuous administration (226). Switching to intermittent feedings can resolve the
interaction in this case. While the redistribution of dietary protein is cited as a
management option for patients experiencing motor fluctuations (227), this
interaction is not likely to be clinically significant in early staged Parkinson’s
disease patients because large amounts of protein are needed (2 g/kg) to cause a
significant interaction (224,228). Vitamin B6 may also decrease the effects of
levodopa; it is a codecarboxylase, which may decrease blood levels of levodopa
by increasing the peripheral metabolism of levodopa before it can cross the
blood–brain barrier for uptake into the basal ganglia (149–151). However,
levodopa is almost always coadministered with a dopa decarboxylase inhibitor
(carbidopa) and this likely minimizes the significance of this interaction.

3.3.8. WEIGHT-INFLUENCING MEDICATION

3.3.8.1. Unintentional Weight Loss. In the long-term care setting, there is a
growing regulatory focus on unintentional weight loss, as a marker of poor nutri-
tional status. The impact of substantial weight loss on quality of life and overall
health status can be significant. Pressure ulcers, falls, fractures, decreased resistance
to infection, impaired wound healing, increased skin friability, osteopenia, anemia,
and cognitive problems can occur. Studies show that undernutrition is associated
with increased morbidity and mortality (229,230).

The Center for Medicare and Medicaid Services (CMS) has identified nine addi-
tional quality indicators in nursing homes, one of which is unintentional weight loss
(231). Thus, nursing homes and surveyors are paying more attention to pressure
ulcers, malnutrition, and dehydration, all potentially linked with consequences of
unintentional weight loss. The nutrition section of the CMS surveyor guidance
document has been revised and expanded (232). Numerous preventable causes of
weight loss in the elderly can be explained with medications foremost among them
(Table 5). Duration of use should be considered in the evaluation of a potentially
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offending agent. It is unlikely that a 10-day course of antibiotic therapy will have a
substantial impact on weight. On the other hand, chronic use of a taste-altering
medication could have a major impact.

Medication regimens may cause cognitive disturbances (e.g., psychotropics,
clonidine, metoclopramide), anorexia (e.g., digoxin, antidepressants, theophylline),
gastrointestinal irritation (e.g., aspirin, erythromycin, NSAIDs), constipation (e.g.,
opioid agonists, calcium channel blockers), diarrhea (e.g., sorbitol-containing med-
ications), and altered metabolism (e.g., theophylline, levothyroxine). Medications
can cause weight loss indirectly by causing dysphagia, gastrointestinal side effects,
delayed gastric emptying, early satiety, altered taste or smell, sedative effects leading
to lack of desire to eat or napping and missed meals, or they may cause depression
(231,233).

3.3.8.2. Unintentional Weight Gain. Many psychoactive medications can cause
significant weight gain. The mechanism involved is complex and probably multi-
factorial, involving the metabolic, endocrine, and neuronal systems (234). Reports
of weight gain associated with antipsychotics date back to the 1960s (235). Many of
the first-generation antipsychotics and the newer atypical antipsychotics (clozapine,
olanzapine, quetiapine, risperidone, ziprasidone) all have the potential to cause
weight gain that can potentially be significant (236). Olanzapine and clozapinemay
have the potential to cause more weight gain than other atypicals, as evidenced by
direct comparative trials (237,238). Most studies evaluating weight gain with
psychoactive agents employed younger patients with schizophrenia. But because
these agents are widely used in elderly patients for neuropsychiatric symptoms, it is
important to research their weight-gaining properties in elders who likely have
concomitant cardiovascular disease and diabetes, which may make weight gain
more problematic. Allison and colleagues conducted a meta-analysis in studies
utilizing patients with a wide range of ages and found that mean weight change at
10 weeks was þ1.08 kg with haloperidol, þ4.45 kg with clozapine, þ2.1 kg with
risperidone, þ4.15 kg with olanzapine, þ2.18 with quetiapine (at 6 weeks), and
þ0.04 with ziprasidone (238). In general, the weight gain that occurs with psycho-
active agents is usually centrally distributed, occurs early in the course of therapy,
and has been associated with altered adherence to therapy (228,234,235,238).

Antidepressants can also cause a significant weight gain. Tricyclic antidepres-
sants (TCAs) can stimulate appetite and cause carbohydrate cravings (235).
Amitriptyline, typically avoided in the elderly, may cause the most side effects.
The weight gain associated with TCAs is dose dependent and duration dependent.
The SSRIs are less likely to affect weight significantly. In fact, there is often an
initial weight loss associated with the SSRIs, which may be followed by a return to
baseline weight. Therefore the overall weight change associated with them tends to
be negligible. Mirtazapine is also a well-known inducer of weight gain (239,240). In
short-term studies employing a large range of patient ages, it has been shown to
cause a >7% weight gain in 7.5% of patients (241). Long-term studies are under-
way to further investigate weight gain associatedwithmirtazapine. Lithium can also
cause significant weight gain. Patients on lithium can gain up to 10 kg in their first
several years of therapy (242,243). Other psychoactive medications that can
cause weight gain include some anticonvulsants, such as valproic acid and
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carbamazepine. Other medications that can cause weight gain include antidiabetic
medications, particularly sulfonylureas, repaglanide, netaglinide, and insulin and
corticosteroids. Antihistamines and NSAIDS can cause some fluid retention, but
clinically significant weight changes are rare (235).

3.3.9. OTHER MEDICATION-INDUCED MICRONUTRIENT ABNORMALITIES

3.3.9.1. Diuretics. The elderly are prone to fluid and electrolyte imbalances due
to changes in the renin–angiotensin–aldosterone system and antidiuretic hormone.
They also possess altered thermoregulatory function, baroreceptor function, and
have an altered thirst drive. Therefore the aged may be prone to interactions
between diuretics and electrolytes. It is widely known that potential effects of
thiazide diuretics include hyponatremia and hypokalemia, hyperlipidemia, hyper-
glycemia and hypercalcemia, although these metabolic disturbances are not always
as clinically relevant at doses used today. A retrospective review of elderly patients,
65–99 years old, investigated the need for lipid-lowering therapy following the
initiation of thiazide diuretics compared with other antihypertensives. The use of
low-dose thiazides was not associated with an increased need for lipid-lowering
therapy (244). The effects of diuretics on serum sodium and potassium are
described below.

3.3.9.2. Hyponatremia and Hypernatremia. Many medications can cause hypo-
natremia, including carbamazepine, valproic acid, TCAs, trazodone, venlafaxine,
antipsychotics, SSRIs, and thiazide diuretics (245–251). Booker describes the cases
of six elderly patients with severe symptomatic hyponatremia (112�5.5 mmol/L) in
which a thiazide diuretic was suspected of causing the electrolyte abnormality
(246). The patients were 65–87 years of age and had serum sodium concentrations
ranging from 105 to 121 mmol/L. Symptoms developed within 4 days of thiazide
initiation in the majority of instances. In two patients, hyponatremia was corrected
and recurred upon thiazide rechallenge and in another two patients, hyponatremia
recurred without rechallenge, perhaps suggesting that elderly patients with con-
comitant conditions are at risk of hyponatremia from various causes, including
stress. Proposed mechanisms of thiazide-induced hyponatremia include volume
contraction and decreased glomerular filtration rate and increased reabsorption
of sodium and water (246).

The SSRIs (e.g., fluoxetine, paroxetine, sertraline) can also cause hyponatre-
mia by causing a syndrome of inappropriate antidiuretic hormone (SIADH). The
incidence is rare, but because these medications are widely used in the manage-
ment of depression in the elderly, the prevalence of SIADH increases (245).
Guay reviewed a series of SSRI-induced SIADH in elderly patients (mean age 75
years). The majority of patients developed hyponatremia within 14 days of SSRI
therapy, although hyponatremia with SSRI therapy can occur at any time. Only
20% of patients were symptomatic (mean sodium level 120 mmol/L). Serum
sodium normalized within several days of discontinuing the SSRI. Christe and
Vogt described eight cases of SSRI-induced SIADH in elderly patients with a
mean age of 86 (range 78–89) (248). The development of SIADH occurred
within the first 3 months of SSRI therapy and as quickly as 3 days. Three patients
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were also on concomitant diuretic therapy. Three-quarters of the patients were
symptomatic (nausea, diarrhea, dizziness, confusion). The hyponatremia resolved
within 17 days after discontinuation of the SSRI in five cases. No rechallenge was
offered, but despite this, one patient developed recurrent hyponatremia, suggest-
ing that concomitant conditions can place elderly patients at risk of electrolyte
abnormalities (248). A survey of spontaneous reporting of adverse events asso-
ciated with antidepressant therapy found that hyponatremia occurred primarily
in elderly women, in the summer and during the first few weeks of antidepressant
use (249).

Other case reports of SIADH caused by citalopram, valproic acid, lisinopril, and
amiloride/hydrochlorothiazide have been described in elderly patients (250–253).

Stress, hypothyroidism, and hypoadrenalism can also impair diuresis, leading to
hyponatremia. The elderly are susceptible to these disease states and are on many
medications that can alter sodium levels. Additionally, signs and symptoms of
hyponatremia in the elderly are often subtle and nonspecific (including somnolence,
headache) and do not occur until the serum sodium falls below 125 or 130 mmol/L
or lower. Progression to coma and seizures can occur, so it is important that
clinicians recognize this important interaction (245,247,254). Medications that
can cause hypernatremia include those that can induce diabetes insipidus, including
lithium, amphotericin, and demeclocycline.

3.3.9.3. Hypokalemia and Hyperkalemia. Many prescription medications can
interact with potassium status, leading to hypokalemia or hyperkalemia. Loop
diuretics (e.g., furosemide), thiazide diuretics (e.g., hydrochlorothiazide), and cor-
ticosteroids can all cause hypokalemia (<3.5 mmol/L). Diuretic-induced hypoka-
lemia can be significant enough to warrant potassium supplementation. Unlike the
diuretics listed above, potassium-sparing diuretics (e.g., spironolactone, amiloride)
can cause hyperkalemia, as can many other medications.

Medications can cause hyperkalemia (>5 mmol/L) by three main mecha-
nisms: increase in potassium intake, decrease in potassium excretion, or a
shift of potassium from the intracellular fluid to the extracellular fluid (255).
Medications that increase potassium intake include enteral nutrient formulas
and oral nutrient supplements, oral potassium supplements, and penicillin G.
Salt substitutes, often used in the elderly cardiac patient trying to avoid a large
sodium intake, can also contribute to hyperkalemia, so it is important to inquire
about the use of salt substitutes in patients on other medications that can
increase potassium levels.

Medications commonly used in the elderly that decrease potassium output
include angiotensin-converting enzyme inhibitors (ACEI), angiotensin II receptor
antagonists, heparin, and NSAIDs. Medications that shift potassium extracell-
ularly include b-blockers and digoxin. In addition to the elderly using combination
medications that contribute to hyperkalemia, they also suffer from diseases that can
increase hyperkalemia, including diabetes, metabolic acidosis, and renal insuffi-
ciency. Reardon andMacpherson conducted a case–control study to analyze hyper-
kalemia in patients on ACEI. They found that 11% of 1818 patients (mean age 67)
developed hyperkalemia on ACEI and that concomitant risk factors included renal
insufficiency and heart failure (256). Therefore, it is important to know which
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medications and disease states can alter potassium levels, to inquire about enteral
supplements, salt substitutes, and other over-the-counter medications that can
cause hyperkalemia (such as NSAIDS), to monitor potassium levels in patients on
chronic medications that can alter potassium levels, and to educate patients on the
signs and symptoms of hyperkalemia (paresthesias and muscle weakness)
(255,257).

3.3.9.4. Other. Many medications can affect the absorption of vitamin B12,
often by interfering with intrinsic factor, which is necessary for vitamin B12 absorp-
tion. Examples include metformin and the PPIs, cholestyramine, ethanol, cimeti-
dine, allopurinol, and potassium (233).

Particular care needs to be exercised with the use of corticosteroids chronically or
in high doses. Corticosteroids can cause hyperglycemia or glycosuria that may
affect diabetic control and can lead to dehydration, sodium retention, and potas-
sium wasting. Corticosteroids can also cause calcium depletion, enhancing the risk
of osteoporosis and fractures (145).

Case reports have suggested that antipsychotics may impair glucose tolerance
and predispose patients to the development of diabetes mellitus. However, it is
difficult to determine whether this is due to the disease state for which the anti-
psychotic is being used (schizophrenia, bipolar disorder), to the antipsychotic
therapy itself, to confounding factors such as obesity, or concomitant cardiovas-
cular disorders. Despite antipsychotics being commonly used in the elderly for
agitation associated with dementia, case reports that exist are primarily in younger
patients being treated for schizophrenia. Therefore it is premature to determine
whether antipsychotics are associated with clinically important changes in glucose
tolerance in the elderly (258–263). Anticonvulsants may decrease the activation of
vitamin D3 to 1,25-dihydroxy-cholecalciferol (196). Antacids reduce the absorp-
tion of selenium, chromium, iron, calcium, zinc, folate, magnesium, and vitamin B12

(196). Thiazide diuretics can cause angina-like effects that are precipitated by foods
containing monosodium glutamate (151).

4. LIMITATIONS OF THE DATA

How well do the existing data describe drug–nutrient interactions in the elderly?
In 1994, the FDA issued a guidance document regarding studies in support of
special populations including the geriatric population (105,113). The guidance
states that drugs that are to be used substantially in the elderly should be adequately
studied in the elderly. The guideline further encourages the inclusion of patients 75
years and older in clinical studies and recommends that geriatric patients with
concomitant disease not be excluded from studies unnecessarily. However, this
was only a recommendation, not a requirement. Furthermore, no stipulation was
made to identify drug–nutrient interactions.

In 1997, the FDA established the geriatric use subsection of product labeling to
inform clinicians about the use of medication in the elderly (105,113). Under
the geriatric-labeling regulation, most prescription products need to include recom-
mendations for use in the geriatric population and the data supporting the
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recommendation also need to be included. Specific information that is supplied
includes information about the use of a medication in the elderly and relevant data
supporting it, a statement declaring whether a sufficient number of geriatric patients
were included in studies or not, difference in safety or effectiveness and supportive
data, pharmacokinetic and pharmacodynamic data in the elderly, determination if
the medication is substantially renally excreted, and information describing poten-
tial hazards with use in the elderly. Evidence is required that supports a recom-
mended dose and dosing interval and modification of the dose or the interval in the
elderly. Lastly, if there are no geriatric data pertinent to product labeling, the
sponsor must provide reasons for omission. Drug–nutrient interactions are still
not included.

Over-the-counter medications need not submit geriatric use information
(264–266). Although the FDA mandates a geriatric use section of the product
information, it requires little with respect to the actual data analysis of information
included in this section. Specifically, the FDAmerely recommends that an adequate
number of geriatric patients be included in clinical trials, with no actual percent
inclusion mandated. It offers suggestions for pharmacokinetic analyses, including
the option to perform pharmacokinetic screening involving trough blood level
determinations at steady state from geriatric and younger patients to detect a
difference, or from formal pharmacokinetic analyses, which can be done in either
healthy geriatric patients or volunteers. It does not recommend formal pharmaco-
dynamic studies be conducted unless other phase II/III studies suggest large differ-
ences in efficacy or safety between geriatric and other adult patients. The FDA
recommends drug–drug interaction studies be completed in the elderly if an inter-
action is likely and for certain medications, including digoxin, oral anticoagulants,
medication extensively metabolized hepatically but again, it makes no mention of
drug–nutrient interactions. In 1998, the FDA issued its ‘‘final rule’’ requiring
sponsors to tabulate the number of elderly patients they include in trials. It does
not address requirements for the conduct of clinical studies nor does it require
sponsors to perform additional studies to include more geriatric patients. It merely
requires sponsors to submit existing data that had already been collected (288).
More recently the FDA developed a guidance document addressing drug interac-
tions, yet there is no specific mention of drug–nutrient interactions (267).

5. FUTURE RESEARCH NEEDS

The elderly comprise the fastest growing segment of the population and they use
a disproportionately higher percentage of medication. As clinicians, it is important
to be aware of the changes in physiology that accompany aging and the effects that
these changes have on drug disposition in the elderly patient. Health-care providers
need to keep in mind that advancing by chronological age is not a clinical disease.
While much is made of the demographics of the elderly focusing on alterations
based on chronological age, the variability in physiologic function with age is more
important to determine. Physiologic function will relate more directly to nutrient
and drug disposition. This may help us to better understand, predict, or address the
clinical relevance of the interactions between nutrients and drugs. It is essential to
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evaluate the nutritional implications of each of the most frequently used medica-
tions for chronic conditions in the elderly. While it is unlikely to become a require-
ment of the drug approval process, it should be considered critical in the drug usage
process. It is also important to identify the alterations in drug disposition in
physiologic subgroups of the elderly with the use of oral meal replacements, vitamin
andmineral supplements, soy protein and amino acid supplements, as well as herbal
and other nonnutrient dietary supplements.

Crome and Flanagan address the future needs of pharmacokinetic studies in the
elderly. They state that the elderly should be included in more Phase I and Phase II
studies so that pharmacokinetic and pharmacodynamics can be collected early on.
They advocate conducting pharmacokinetic dose-ranging studies in elderly patients
to better determine appropriate doses for later clinical trials (Phase III and IV).
They also recommend using a parallel, placebo arm to collect controlled informa-
tion about pharmacodynamics and to be able to directly compare the groups (94).

Since the majority of studies, including drug–nutrient interaction studies, are
conducted in younger individuals, little data exist about drug–nutrient interactions
in the elderly per se. However, a few studies evaluating the implementation and
outcome of drug–nutrient interaction-tracking programs have been conducted
(268,269). These studies suggest that drug–nutrient interactions are common and
identifiable and preliminarily suggest that intervention programs can decrease the
incidence of drug–nutrient interactions. More of these studies are needed.

6. CLINICAL RECOMMENDATIONS TO PREVENT OR MANAGE
INTERACTIONS IN THE ELDERLY

Changes in geriatric physiology, pharmacokinetics, pharmacodynamics, and
nutritional status, in addition to other factors such as polypharmacy, nonadher-
ence, and suboptimal prescribing, can lead to atypical disease state presentation and
increased susceptibility to adverse drug events, including drug–drug and drug–nu-
trient interactions (238). The goals of geriatric pharmacotherapy are to maintain
functional independence, to prevent disability and iatrogenic disease, and to
increase health-related quality of life (270) by promoting the use of rational drug
therapy when drug therapy is indicated. Hanlon and colleagues developed the
Medication Appropriateness Index, an instrument with demonstrated reliability
and validity that should be used by clinicians in the routine evaluation of drug
therapy, including drug–nutrient interactions (44,45).

A comprehensive geriatric assessment is the standard of care in geriatric medicine
(11,238,271) and is often conducted using a team approach. Components of the
comprehensive geriatric assessment include a functional assessment, a cognitive
assessment, and a social and nutritional assessment, in addition to the standard
history and physical. An organized assessment of nutritional status, comprehensive
medication use, and drug–nutrient interactions should be performed routinely
(270,272). Meal supplements and dietary supplements should be used cautiously
in the elderly as they have the potential to adversely influence drug disposition and
nutritional status.
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Routinely educating oneself, patients, other clinicians, health professional stu-
dents, and federal agencies about changes in the elderly and drug–nutrient inter-
actions should occur. Specifically, one should become knowledgeable about
changes in physiology and drug disposition that occur in the elderly and the
mechanism, likelihood, severity, and the management of specific drug–nutrient
interactions. Periodic review of the literature, contribution to the literature, devel-
opment of continuing education programs, inclusion of geriatric and drug–nutrient
interaction topics in health professional curricula, and patient health fairs and
educational programs should serve to increase recognition and knowledge of geri-
atric issues and drug–nutrient interactions.

Research has shown education to be effective in preventing drug–nutrient inter-
actions. For example, Byeth and colleagues demonstrated that patient education
about warfarin, including drug–nutrient interactions, was effective in preventing
bleeding complications in the elderly (172). Strategies reported by Byeth were
successful and can and should be replicated in practice. These included assessment
of warfarin indication and risks, as well as the provision of patient education. The
patient education intervention used a workbook formatted for older adults and
used coaching techniques to teach the elderly to take an active role in their care and
to communicate necessary health information to their health-care providers (172).

Likewise, strategies to address drug–nutrient interactions in long-term care
facilities have been identified in the literature and should be replicated (18). They
include educating health-care providers (particularly about timing of food with
drug regimens), establishing administrative policies and protocols based on limiting
the occurrence of preventable drug–nutrient interactions, and regularmonitoring of
nutritional status, medication profiles, and laboratory data to evaluate the potential
for interactions. Clinicians can utilize some of the successful strategies outlined in
the few studies available.

Promotion of geriatric patient inclusion in clinical trials and research incentives
may also increase our recognition and knowledge about geriatric pharmacotherapy
and drug–nutrient interactions. Once we have become proficient in the understand-
ing of geriatric drug–nutrient interactions, we need to translate that knowledge into
implementable skills that can be used in clinical practice, with vigilant monitoring
conducted to prevent adverse drug–nutrient interactions in the elderly.

REFERENCES

1. Salazar JA, Poon I, Nair M. Clinical consequences of polypharmacy in elderly: expect the unex-

pected, think the unthinkable. Expert Opin Drug Saf 2007;6:695–704.
2. Administration on Aging, U.S. Department of Health and Humans Services. A profile of older

Americans: 2007. Available at: http://www.aoa.gov/prof/statistics/profile/2007/2007profile.pdf.

Accessed May 2008.

3. Oskvig RM. Special problems in the elderly. Chest 1999;115(5):158–164.
4. Basics of geriatric care: prevention of disease and disability. In: Beers MH, Berkow R, eds. The

Merck Manual of Geriatrics, 3rd ed. Whitehouse Station: Merck Research Laboratories,

2000:46–53.

5. Rockwood K, Hogan DB, MacKnight C. Conceptualisation and measurement of frailty in elderly

people. Drugs Aging 2000;17(4):295–302.

Chapter 22 / Drug–Nutrient Interactions in the Elderly 651



6. MantonKG,GuXL, LambVL. Change in chronic disability from 1982 to 2004/2005 asmeasured

by long-term changes in function and health in the U.S. elderly population. Proc Natl Acad Sci

2006;103:18374–18379.
7. Manton KG, GuXL, Lowrimore GR. Cohort changes in active life expectancy in the U.S. elderly

population: experience from the 1982–2004 national long-term care survey. J Gerontol

2008;63B:S269–S281.
8. MantonKG, LambVL,GuXL.Medicare cost effect of recent U.S. disability trends in the elderly.

J Aging Health 2007;19:359–381.
9. Basics of geriatric care: biology of aging. In: Beers MH, Berkow R, eds. The Merck Manual of

Geriatrics, 3rd ed. Whitehouse Station: Merck Research Laboratories, 2000:3–9.
10. SimonsonW. Introduction to the aging process. In: Delafuente JC, Stewart RB, eds. Therapeutics

in the Elderly, 3rd ed. Cincinnati: Harvey Whitney Books, 2001:1–39.
11. Devone CAJ. Comprehensive geriatric assessment: making the most of the aging years. Curr Opin

Clin Nutr Metab Care 2002;5:19–24.
12. Lassila HC, Stoehr GP, Ganguli M, et al. Use of prescription medications in an elderly rural

population: the MoVIES project. Ann Pharmacother 1996;30:589–595.
13. Saini A, Birrer R, Harghel C, et al. Polypharmacy, complementary and alternative medicine in the

elderly. P&T 2001;26(12):616–620, 627.
14. Delafeunte JC. Perspectives on geriatric pharmacotherapy. Pharmacotherapy

1991;11(3):222–224.
15. Baum C, Kennedy DL, Forbes MB, et al. Drug use in the United States in 1981. JAMA

1984;25:1293–1297.
16. Coons JS, Johnson M, Chandler MHH. Sources of self-treatment information and use of home

remedies and over-the-counter medications among older adults. J Geriatr Drug Ther

1992;7:71–82.
17. Chen LH, Liu S, Cook-Newell ME, Barnes K. Survey of drug use by the elderly and possible

impact of drugs on nutritional status. Drug-Nutr Interact 1985;3:73–86.
18. Lewis CW, Frongillo EA, Roe DA. Drug-nutrient interactions in three long-term-care facilities. J

Am Diet Assoc 1995;95:309–315.
19. Kaufman DW, Kelly JP, Rosenberg L, et al. Recent patterns of medication use in the ambulatory

adult population of the United States: the Slone survey. JAMA 2002;287:337–344.
20. Avorn J, Soumerai SB, Everitt DE, et al. A randomized trial of a program to reduce the use of

psychoactive medications in a nursing home. N Engl J Med 1992;327:168–173.
21. Tobias DE, Pulliam CC. General and psychotherapeutic medication use in 878 nursing homes: a

1997 national survey. Consult Pharm 1997;12:1401–1408.
22. BeersMH, BaranRW, FreniaK.Drugs and the elderly, part 1: the problems facingmanaged care.

Am J Manag Care 2000;6:1313–1320.
23. Fanning KD, Ruby CM, Twersky JI, et al. The prevalence of dietary supplement and home

remedy use by patients in a geriatric outpatient clinic. Consult Pharm 2002;17(11):972–978.
24. Dolder C, Lacro J, Dolder N, et al. Alternative medication use: results of a survey of older

veterans. Consult Pharm 2002;17:653–662.
25. Ly J, Percy L, Dhanani S. Use of dietary supplements and their interactions with prescription

drugs in the elderly. Am J Health-Syst Pharm 2002;59:1759–1762.
26. Marinac JS, Buchinger C, Godfrey L, et al. Vitamin and mineral supplement use among older

Americans. Pharmacotherapy 2001;21:1268–1269.
27. Zeilmann CA,Dole EJ, Skipper B, et al. Herb use in Anglo andHispanic elders. Pharmacotherapy

1999;19:1204.
28. Hanlon JT, Fillenbaum GG, Ruby CM, et al. Epidemiology of over-the-counter drug use in

community dwelling elderly: United States perspective. Drugs Aging 2001;18(2):123–131.
29. Anderson DL, Shane-McWhorter L, Crouch BI, et al. Prevalence and patterns of alternative

medication use in a university hospital outpatient clinic serving rheumatology and geriatric

patients. Pharmacotherapy 2000;20(8):958–966.

30. Zeilmann CA, Dole EJ, Skipper BJ, et al. Use of herbal medicine by elderly Hispanic and non-

hispanic white patients. Pharmacotherapy 2003;23(4):526–532.

652 Part V / Drug–Nutrient Interactions by Life Stage



31. Anderson DL, Shane-McWhorter L, Crouch BI, et al. Prevalence and patterns of alternative

medication use in a university hospital outpatient clinic serving rheumatology and geriatric

patients. Pharmacotherapy 2000;20(8):958–966.
32. Palisso G, Di Maro G, Galzerano D, et al. Pharmacological doses of vitamin E and insulin action

in elderly subjects. Am J Clin Nutr 1994;59:1291–1296.
33. Corrigan JJ, Marcus FI. Coagulopathy associated with vitamin E ingestion. JAMA

1974;230:1300–1301.
34. Graat JM, Schouten EG, Kok FJ. Effect of daily vitamin E and multivitamin-mineral supple-

mentation on acute respiratory tract infections in elderly persons: a randomized controlled trial.

JAMA 2002;288:715–721.
35. Hanlon JT, Schmader KE, Boult C, et al. Use of inappropriate prescription drugs by older people.

J Am Geriatr Soc 2002;50:26–34.
36. Dhall J, Larrat P, Lapane KL. Use of potentially inappropriate drugs in nursing homes. Pharma-

cotherapy 2002;22(1):88–96.
37. Hanlon JT, Fillenbaum GG, Schmader KE, et al. Inappropriate drug use among community-

dwelling elderly. Pharmacotherapy 2000;20(5):575–582.
38. Zhan C, Sangl J, Bierman AS, et al. Potentially inappropriate medication use in the community-

dwelling elderly: findings from the 1996 medical expenditure panel survey. JAMA

2001;286:2823–2829.
39. Schmader K, Hanlon JT, Weinberger M, et al. Appropriateness of medication prescribing in

ambulatory elderly patients. J Am Geriatr Soc 1994;42:1241–1247.
40. Stuck AE, Beers MH, Steiner A, et al. Inappropriate medication use in community-residing older

persons. Arch Intern Med 1994;154:2195–2200.
41. Beers MH, Ouslander JG, Fingold SF, et al. Inappropriate medication prescribing in skilled-

nursing facilities. Ann Intern Med 1992;117:684–689.
42. Strand LM, Morley PC, Cipolle RJ, et al. Drug-related problems: their structure and function.

DICP 1990;24(11):1093–1097.
43. Hanlon JT, Shimp LA, Semla TP. Recent advances in geriatrics: drug-related problems in the

elderly. Ann Pharmacother 2000;34:360–365.
44. Hanlon JT, SchmaderKE, SamsaGP, et al. Amethod for assessing drug therapy appropriateness.

J Clin Epidemiol 1992;45(10):1045–1051.
45. SamsaGP,Hanlon JT, SchmaderKE, et al. A summated score for themedication appropriateness

index: development and assessment of clinimetric properties including content validity. J Clin

Epidemiol 1994;47(8):891–896.

46. Hanlon JT, Gray SL, Schmader KE. Adverse drug reactions. In: Delafuente JC, Stewart RB, eds.

Therapeutics in the Elderly, 3rd ed. Cincinnati: Harvey Whitney Books, 2001:289–314.

47. Nolan L, O’Malley K. Prescribing for the elderly Part1: sensitivity of the elderly to adverse drug

reactions. J Am Geriatr Soc 1988;36:142–149.

48. Fields TS, Gurwitz JH, Avorn J, et al. Risk factors for adverse drug events among nursing home

residents. Arch Intern Med 2001;161(3):1629–1634.

49. Montamat SC, Cusack B. Overcoming problems with polypharmacy and drug misuse in the

elderly. Clin Geriatr Med 1992;8(1):143–158.

50. Grymonpre RE, Mitenko PA, Sitar DS, et al. Drug-associated hospital admissions in older

medical patients. J Am Geriatr Soc 1988;36:1092–1098.

51. Fouts M, Hanlon J, Pieper C, et al. Identification of elderly nursing facility residents at high risk

for drug-related problems. Consult Pharm 1997;12:1103–1111.

52. Schneider JK, Mion LC, Frengley D. Adverse drug reactions in an elderly outpatient population.

Am J Hosp Pharm 1992;49:90–96.

53. Thomas EJ, Brennan TA. Incidence and types of preventable adverse events in elderly patients:

population based review of medical records. BMJ 2000;320:741–744.

54. Beers MH. Aging as a risk factor for medication-related problems. Consult Pharm

1999;14(12):1337–1340.

55. Beers MH. Explicit criteria for determining potentially inappropriate medication use by the

elderly: an update. Arch Intern Med 1997;157(14):1531–1536.

Chapter 22 / Drug–Nutrient Interactions in the Elderly 653



56. Hanlon JT, Shimp LA, Semla TP. Recent advances in geriatrics: drug-related problems in the

elderly. Ann Pharmacother 2000;34:360–365.

57. Willcox SM, Himmelstein DU, Woolhandler S. Inappropriate drug prescribing for the commun-

ity-dwelling elderly. JAMA 1994;272:292–296.

58. Zhan C, Sangl J, Bierman AS, et al. Potentially inappropriate medication use in the community-

dwelling elderly: findings from the national 1996 medical expenditure panel survey. JAMA

2001;286:2823–2829.
59. Pitkala KH, Strandberg TE, Tilvis RS. Inappropriate drug prescribing in home-dwelling, elderly

patients: a population-based survey. Arch Intern Med 2002;162:1707–1712.
60. Aparasu RR, Sitzman SJ. Inappropriate prescribing for elderly outpatients. Am J Health Syst

Pharm 1999;56:433–439.
61. Hanlon JT, Schmader KE, Koronkowski MJ, et al. Adverse drug events in high risk older

outpatients. J Am Geriatr Soc 1997;45:945–948.
62. Chrischilles EA, Segar ET,Wallace RB. Self-reported adverse drug reactions and related resource

use. Ann Intern Med 1992;117:634–640.
63. Cooper JW. Probable adverse drug reactions in a rural geriatric nursing home population: a four-

year study. J Am Geriatr Soc 1996;44:194–197.
64. Gerety MB, Cornell JE, Plichta DT, et al. Adverse events related to drugs and drug withdrawal in

nursing home residents. J Am Geriatr Soc 1993;41:1326–1332.
65. Bates DW, Leape LL, Petrycki S, et al. Incidence and preventability of adverse drug events in

hospitalized adults. J Gen Intern Med 1993;8:289–294.
66. Gurwitz JH, Field TS, Avorn J, et al. Incidence and preventability of adverse dug events in nursing

homes. Am J Med 2000;109:87–94.
67. Gurwitz JH, Rochon P. Improving the quality of medication use in elderly patients: a not-so-

simple prescription. Arch Intern Med 2002;162:1670–1672.
68. Bootman JL, Harrison DL, Cox E. The health care cost of drug-related morbidity and mortality

in nursing facilities. Arch Intern Med 1997;157:2089–2096.
69. Johnson JA, Bootman JL. Drug-related morbidity and mortality: a cost-of- illness model. Arch

Intern Med 1995;155:1949–1956.
70. Anonymous. Guidelines abstracted from consensus recommendations for the management of

chronic heart failure. J Am Geriatr Soc.2000;48:1521–1524.
71. Anonymous. The use of oral anticoagulants in older people. J Am Geriatr Soc 2000;48:224–227.

72. Mendelson G, Ness J, Aranow WS. Drug treatment of hypertension in older persons in an

academic hospital-based geriatrics practice. J Am Geriatr Soc 1999;47:597–599.

73. Gattis WA, Larsen RL, Hasselblad V. Is optimal angiotensin-converting enzyme inhibitor dosing

neglected in elderly patients with heart failure. Am Heart J 1998;136:43–48.

74. Luzier AB, DiTusa L. Underutilization of ACE inhibitors in heart failure. Pharmacotherapy

1999;19(11):1296–1307.

75. Pahor M, Shorr JI, Somes GW, et al. Diuretic-based treatment and cardiovascular events in

patients with mild renal dysfunction enrolled in the systolic hypertension in the elderly program.

Arch Intern Med 1998;158:1340–1345.
76. Smith NL, Psaty BM, Pitt B, et al. Temporal patterns in the medical treatment of congestive heart

failure with angiotensin-converting enzyme inhibitors in older adults, 1989 through 1995. Arch

Intern Med 1998;158:1074–1080.
77. Krumholz HA, Radford MJ, Wang Y, et al. Early beta-blocker therapy for acute myocardial

infarction in elderly patients. Ann Intern Med 1999;131:648–654.
78. Krumholz HM, Radford MJ, Wang Y, et al. National use and effectiveness of beta-blockers for

the treatment of elderly patients after acute myocardial infarction. JAMA 1998;280(7):623–629.
79. Williams ME. Clinical implications of aging physiology. Am J Med 1984;76:1048–1054.
80. Kenney RA. Physiology of Aging. Clin Geriatr Med 1985;1(1):37–59.

81. Swift CG. Pharmacodynamics: changes in homeostatic mechanisms, receptor and target organ

sensitivity in the elderly. Br Med Bull 1990;46(1):36–52.

82. Hanratty CG, McGlinchey P, Johnston DG, et al. Differential pharmacokinetics of digoxin in

elderly patients. Drugs Aging 2000;17(5):353–362.

654 Part V / Drug–Nutrient Interactions by Life Stage



83. Sproule B, Hardy BG, Shulman KI. Differential pharmacokinetics of lithium in elderly patients.

Drugs Aging 2000;16(3):165–177.

84. Montamat SC, Cusack BJ, Vestal RE.Management of drug therapy in the elderly. N Engl JMed

1989;321(5) 303–321.

85. Berkey DB, Shay K. General dental care for the elderly. Clin Geriatr Med 1992;8(3):579–597.
86. Altman DF. Changes in gastrointestinal, pancreatic, biliary, and hepatic function with aging.

Gastroenterol Clin North Am 1990;19(2):227–234.
87. Hurwitz A, Brady DA, Schaal SE, et al. Gastric acidity in older adults. JAMA

1997;278(8):659–662.
88. Welling P. Nutrient effects on drug metabolism and action in the elderly. Drug-Nutr Interact

1985;4:173–207.
89. Ensrud KE, Duong T, Cauley JA, et al. Low fractional calcium absorption increases the risk for

hip fracture in women with low calcium intake. Ann Intern Med 2000;132:345–353.
90. Charles P. Calcium absorption and calcium bioavailability. J Intern Med 1992;231:161–168.
91. Chiu KM. Efficacy of calcium supplements on bone mass in postmenopausal women. J Ger-

ontol: Med Sci 1998;54A96:M275–280.
92. Pattanaungkul S, Riggs BL, Yergey Al, et al. Relationship of intestinal calcium absorption to

1,25-dihydroxyvitamin D [1,23(OH)2D] levels in young versus elderly women: evidence for age-

related intestinal resistance to 1,25(OH)2D action. J Clin Endocrinol Metab

2000;85(11):4023–4027.

93. Holdsworth MT, Forman WB, Killilea TA, et al. Transdermal fentanyl disposition in elderly

subjects. Gerontology 1994;40:32–37.

94. Crome P, Flanagan RJ. Pharmacokinetic studies in elderly people: are they necessary? Clin

Pharmacokinet 1994;26(4):243–247.

95. Chapron DJ. Drug disposition and response. In: Delafuente JC, Stewart RB, eds. Therapeutics

in the Elderly, 3rd ed. Cincinnati: Harvey Whitney Books, 2001:257–288.

96. Hanlon JT, Ruby CM, Guay D, et al. Geriatrics In: DiPiro JT, Talbert RL, Yee GC, et al., eds.

Pharmacotherapy: A Pathophysiologic Approach, 5rd ed. New York: McGraw-Hill,

2002:79–89.
97. Danziger RS, Tobin JD, Becker LC, et al. The age-associated decline in glomerular filtration in

healthy normotensive volunteers: lack of relationship to cardiovascular performance. J Am

Geriatr Soc 1990;38:1127–1132.
98. Meyer BR. Renal function in aging. J Am Geriatr Soc 1989;37:791–800.
99. Rowe JW, Andres RA, Robin FD, et al. Age adjusted normal standards for creatinine in man.

Ann Intern Med 1976;84:567–569.
100. Beck LH. The aging kidney: defending a delicate balance of fluid and electrolytes. Geriatrics

2000;55(4):26–28, 31–32.
101. Bennett WM. Guide to drug dosage in renal failure. Clin Pharmacokinet 1988;15:326–354.

102. Lam YWF, Banerji S, Hatfield C, et al. Principles of drug administration in renal insufficiency.

Clin Pharmacokinet 1997;32(1):30–57.

103. Appel HM. Coping with renal insufficiency in the elderly. Consult Pharm 2000;15(2):127–133.
104. Cockroft DW, Gault MH. Prediction of creatinine clearance from serum creatinine. Nephron

1976;16(1):31–41.
105. U.S. Food and Drug Administration. Guidance for industry: content and format for geriatric

labeling, October 2001. Available from: http://www.fda.gov/cber/guidelines.htm. AccessedMay

2008.

106. Hutt PB, Merrill RA, Grossman LA, eds. Food and drug law: cases and materials, 3rd ed. New

York: Foundation Press, 2007.

107. Abernethy DR. Altered pharmacodynamics of cardiovascular drugs and their relation to altered

pharmacokinetics in elderly patients. Clin Geriatr Med 1990;6(2):285–292.

108. Hammerlein A, Derendorf H, Lowenthal DT. Pharmacokinetic and pharmacodynamic changes

in the elderly. Clin Pharmacokinet 1998;35(1):49–64.

109. Reidenberg MM, Kevy M, Warner H, et al. Relationship between diazepam dose, plasma level,

age, and central nervous system depression. Clin Pharmacol Ther 1978;23:371–374.

Chapter 22 / Drug–Nutrient Interactions in the Elderly 655



110. Greenblatt DL, Divoll M, Harmatz JS, et al. Kinetics and clinical effects of flurazepam in young

and elderly noninsomniacs. Clin Pharmacol Ther 1981;30:475–486.

111. Gurwitz JH, Avorn J, Ross-Degnan D, et al. Aging and the anticoagulant response to warfarin

therapy. Ann Intern Med 1992;116:901–904.

112. Heinsimer JA, Lefkowitz RJ. The impact of aging on adrenergic receptor function: clinical and

biochemical aspects. J Am Geriatr Soc 1985;33(3):184–188.

113. U.S. Food and Drug Administration. Guideline for industry: studies in support of special

populations: geriatrics, August 1994. Available from: http://www.fda.gov/cder/guidance/iche7.

pdf. Accessed May 2008.
114. Morley JE. Anorexia of aging: physiologic and pathologic. Am J Clin Nutr 1997;66:760–773.

115. Corti MC, Guralnik JM, Salive ME, Sorkin JD. Serum albumin level and physical disability as

predictors of mortality in older persons. JAMA 1994;272:1036–1042.

116. Nutrition Screening Initiative. Nutrition interventions manual for professionals caring for older

Americans. Washington, DC: Nutrition Screening Initiative, 1992.

117. Vellas B, Garry PJ, Guigoz Y, eds. Mini Nutritional Assessment (MNA): research and practice
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23 Drug–Nutrient Interactions
and Immune Function

Adrianne Bendich and Ronit Zilberboim

Objectives

� Synthesize the data concerning nutritional status, immune function, immune-related disease,

nutritional consequences of infections, or autoimmune disease.

� Describe the dietary components that can affect immune function.

� Identify drug–nutrient interactions that can occur during infections and autoimmune diseases.

Key Words: Antioxidants; autoimmune disease; children; elderly; HIV; infection;

inflammation; tuberculosis

1. INTRODUCTION

The complex function of the immune system is dependent upon nutritional status.
The same can describe disorders of the immune system including infection and auto-
immune diseases. The medications used to manage these diseases have the potential to
interact with the intricate immune–nutrient axis. Each of these areas is complex and this
chapter builds upon the more general information before proceeding into the interac-
tions. There are brief overviews of the immune system and the major global infectious
agents. Up-to-date information concerning the numbers of individuals affected by
infections and immune-related diseases and their nutritional status, with emphasis on
at-risk populations in developing countries, is included. There is an extensive discussion
of gut immunity and the role of prebiotics andprobiotics.An in-depth look at themajor
autoimmune diseases that afflict adults and the nutritional consequences of these
diseases is included as well. An extensive review of the effects of major drug classes
used to treat infectionandautoimmunediseaseonnutritional status isprovided.Finally,
we include data on certain essential nutrients that enhance immune responses in clinical
studies of infection andautoimmunedisease, usually duringdrug therapy.Our goal is to
help the reader better understand the complexity of these interactions and how nutri-
tional status serves as the keystone to optimizing drug therapies for immune-related
diseases.
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Nutritional status greatly affects the ability to mount an effective immune
response. However, the effects of nutrients differ with the age of the individual, as
well as with lifestyle factors. Since seniors are the greatest consumers of prescription
drugs, often using multiple agents, we review the data from clinical studies that
examine the effects of nutrients and/or drugs on immune responses in this age
group. Immune-mediated diseases and immune responses can also affect nutritional
status and are affected by dietary habits. In this area, we examine the effects of acute
infection and the importance of vaccines especially in childhood and in the elderly.
The use of antimicrobials to treat chronic infections such as tuberculosis (TB) and
human immunodeficiency virus (HIV) infection and anti-inflammatory drugs for
treatment of autoimmune diseases including diabetes, systemic lupus erythemato-
sus (SLE), and rheumatoid arthritis (RA) is also included.

For the majority of chronic diseases, whether immune-related or not, there are
cardinal features of disease that impact nutritional status. Usually, during the
course of disease, there is an increase in metabolic rate that is often associated
with fever and pain. Additionally, gastrointestinal (GI) tract impairment results in
decreased intake and/or absorption and increased excretion. Often, prolonged drug
therapy adversely affects the liver and its capacity to enhance fat absorption (and
fat-soluble vitamin absorption) and produce nutrient carrier proteins. Similarly,
many drugs affect pancreatic function, causing alterations in protein breakdown
and glucose utilization. Drugs can also influence gastric emptying and intestinal
motility.Many chronic diseases (and a number of drugs used to treat them) result in
tissue destruction, possibly due to increases in oxidative damage; it is often difficult
to determine which is the first event and which is the consequence (1).

In the United States, immune-related conditions altogether are the third leading
cause of death, surpassed only by heart disease and cancer. Of the ten leading
individual causes of death, five have links to the immune system directly: chronic
lower respiratory disease, pneumonia/influenza, diabetes, nephritis, and septicemia
(2). It is estimated that in 2004, the United States spent about $1.9 trillion, or 16%
of its gross domestic product, on health care (3). Chronic diseases such as heart
disease, cancer, and diabetes are the leading causes of death and disability in the
United States, accounting for 70% of all deaths (1.7 million) each year. Chronic
diseases are among the most common and costly health problems; these are also
among the most preventable. In fact, the Centers for Disease Control and Preven-
tion (CDC) affirms that eating nutritious foods combined with being physically
active and avoiding tobacco use can help prevent or control the devastating effects
of these diseases (4).

It has been reported that chronic illnesses, such as diabetes, arthritis, and other
immune-related diseases, as well as cardiovascular disease affect about 45% of the
adult US population (5). It must also be noted that certain lifestyle habits, such as
cigarette smoking and alcohol consumption, may also affect dietary intake, immune
function, and drug disposition. In 2005, tobacco caused 5.4 million deaths world-
wide, which is an average of one death every 6 s (6). In 2006, about 15%ofmen and
8% of women were cigarette smokers in the United States (7).

Based on 2005 data, the percentage of individuals in the United States reporting
fair-to-poor health is about 12% in those 45–54 years of age and gradually increases
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to over 30% in those 75 years of age or older (8). Patients with multiple chronic
conditions cost up to seven times as much as patients with only one chronic
condition. Health-care expenditure by the elderly (age >65 years) is about three
times their percent in the population, and as life expectancy is increasing, so would
the percent elderly in the population. Furthermore, a much higher proportion of the
elderly than the non-elderly have expensive chronic conditions (3). Multiple
interactions add to the complexity of predicting the effects of nutritional status
and concomitant drug use on the immune responses of individuals, especially in the
very young and the very old.

2. THE HUMAN IMMUNE SYSTEM

The human immune system is comprised of cells, tissues, and organs that interact
with each other for the primary purpose of maintaining the internal integrity of the
body. In order to protect against external pathogens, immune cells are located at all
orifices as well as in the lungs, along the GI tract and in the liver. Immune cells are
also found in the central nervous system, in the walls of blood vessels, and they can
move to any area within the body that is the site of a challenge. The primary organs
of the immune system include the thymus, bone marrow and the spleen; lymph
nodes and mucosal-associated lymphoid tissues comprise the secondary organs.

The GI tract represents the largest surface area in the body in contact with the
external environment (9). Despite constant exposure to pathogens, defense
mechanisms assure that the mobility and proliferation of both internal and external
microorganisms is closely monitored and appropriate responses are coordinated for
the continuous protection of mucosal epithelial cells (10). In the past decade,
significant research has focused on understanding the mechanisms by which the gut
mucosal-associated lymphoid tissue (GALT) functions and its critical role.

2.1. Functions of Immune Organs

The primary function of the thymus is the maturation of certain lymphocytes.
Within the bone marrow, there are pluripotential cells or stem cells. The bone
marrow stem cell-derived white blood cells include granulocytes (most numerous
of which are the neutrophils), lymphocytes, and macrophages that circulate in the
blood and lymph and can move throughout the body (11).

There are two major categories of lymphocytes, T cells and B cells. T cells,
associated with immunosurveillance and cell-mediated immunity, are involved in
the killing of pathogens that live within human cells, such as viruses and
intracellular pathogenic organisms. The two major types of T cells include T helper
cells that help to generate most of the body’s immune responses and T cytotoxic
cells thatmodulate the helper response tomaintain immune balance. B cells produce
antibodies, in response to T helper cell signals. Antibodies adhere to extracellular
pathogens such as bacteria and contribute to their demise. The cells of the immune
system synthesize and secrete numerous cytokines that can bind to receptors on cells
of the immune system or other cells to initiate responses. The cytokines include
interleukins, interferons, and tumor necrosis factors; prostaglandins, formed from
long-chain fatty acids, alsomodulate immune responses and are synthesized by cells
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of the immune system. T and B cells are unique in that they have memory functions
and are rapidly activated when exposed to a pathogen for the second or subsequent
times. The memory function is the basis of vaccination responses. Under normal
circumstances, during the development of the immune system in the early months of
life, the immune system ‘‘learns’’ to recognize the antigens on its own cells and
develops tolerance for self-antigens.

The major chronic diseases of the immune system are caused by an inappropriate
response of the immune system to self-antigens resulting in autoimmune diseases.
Autoimmune diseases are noncontagious, although these may be triggered by an
infectious agent. On the cellular level, the T cells no longer recognize self-antigens;
either they stimulate the production of antibodies to the self-antigens, autoanti-
bodies, or there is otherwise destruction of self-cells by the immune system. There
is a strong genetic predisposition to autoimmune diseases; however, the triggering
event is considered to be environmental. Pathogens, pollutants, drugs, and even
nutritional factors have been implicated as initiating factors in autoimmune diseases.
Certain autoimmune diseases are organ specific such as Hashimoto’s disease, which
affects the thyroid, diabetes, which affects the pancreas, and inflammatory bowel
diseases (IBD), which affect the GI tract. Other diseases such as SLE and RA are
systemic. In themajority of autoimmune diseases, there is amuch greater incidence in
women relative to men. For example, the incidence of SLE is 10-fold higher and the
incidence of Hashimoto’s thyroiditis about 20 times higher in women.

Pregnancy is a time of change for the maternal immune system. The pregnant
woman’s immune responses must be modulated so that the developing embryo is
not destroyed when it is recognized by the immune system as ‘‘nonself.’’ Tolerance is
particularly important during the entire pregnancy, as the growing fetus’ immune
system is forming and maternal cells circulate within the amniotic fluid. Likewise,
the developing fetal immune system cannot be vigorous enough to destroy the
immune or other maternal cells and tissues. This one example provides a glimpse
into the flexibility as well as the complexity of the immune system. The neonatal
immune system is not fully developed at birth and exposure to external antigens is
critical for the ‘‘education’’ of immune cells. Many childhood infections occur only
once because the immune system remembers and destroys these pathogens if
challenged for a second time.

Although it may appear that the immune system has the capacity to defend
against pathogens, this is obviously not the case in many instances as there have
been epidemics throughout human history. A critical factor in host defense is
nutritional status. Millions of white blood cells are formed each day and usually a
corresponding number are destroyed. Significant nutritional resources are
expended to maintain the immune system at its optimum and if the required
nutrients are not consumed, the result is a less than optimal immune response to
infection. As discussed below, we still have many examples of undernutrition
associated with childhood pathogens such as measles and diarrheal disease.
Conversely, acute infections can also affect nutritional status. High fever is often
accompanied by a lack of appetite, nausea, and/or diarrhea. Chronic inflammation
from infection or autoimmune diseases also often adversely impacts nutritional
status.
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2.2. Gut Microflora and Immunity

Nonpathogenic bacteria that normally live in the GI tract, also called commensal
bacteria, play an important role in nutrition and in immunity. Specifically, there are
physiologic interactions between the bacteria at the interface in the GI tract and
both the adaptive and the innate immune responses. The gut bacteria stimulate
human gene expression and there is cross talk between the organisms that colonize
the intestine and in particular the intestine wall. The gut microflora provide
appropriate stimulation such that immune tolerance is established. Mechanisms
by which beneficial gut bacteria contribute are related to stimulation of a low-grade
upregulation of T cells that ultimately contributes to reduction of proinflammatory
processes thatmay be linked to invasion by pathogenicmicroorganisms and also the
maintenance of tolerance (12). Interplay between commensal microbes in the gut
lumen leads to both direct and indirect modes of protection from pathogens.
Disruption of these interactions may not only affect the integrity of the mucosal
barrier but may also allow certain pathogens to overwhelm or avoid mucosal
immune responses (9).

2.3. Nutrients and Nutritional Status and Immunity

Observations in the fields of nutrition, immunology, and epidemiology combined
with well-controlled clinical trials have demonstrated that various nutrients are
essential in the development, maintenance, and expression of the immune response.
Among essential nutrients, vitamin A has been most extensively studied as reviewed
by Semba (13). Specifically vitamin A deficiency has been directly linked to
depressed immunity (14,15). Children with no responses to recall antigens (anergy)
have significantly increased risk of diarrheal disease. Vitamin A deficiency is pre-
dictive of diarrheal disease and the disease also reduces vitamin A status, leading to
a vicious cycle of sickness. Zinc deficiency is also associated with diarrheal disease
and supplementation in children has been shown to reduce the incidence in under-
developed countries (16). The involvement of vitamins A and D in gene expression
that controls growth and immune development has also been extensively studied
(17).

2.4. Aging of the Immune System

The aging of the immune system results in greater occurrence of infection in
seniors (11). Bogden et al. (18) documented a significant decline in delayed-type
hypersensitivity responses (DTH) to previously encountered antigens (a clinically
relevant in vivo measure of immune function) in individuals 60 years old and older.
They found about 40% of this apparently healthy population were anergic and thus
did not have a skin test response to the seven common test antigens; another 30%
had partial responses. Similarly, Marrie et al. (19) have documented the progres-
sive decline in both number and diameter of skin test responses to seven test
antigens in individuals aged 66–82 compared to those aged 25–40; thirty five percent
of those aged 25–40 had positive responses to five of seven antigens, whereas none
of thematched group aged 66–82 had five responses. At the same time, only 1.5% of
the younger group was anergic, as evidenced by the lack of responses to the seven
antigens, while 18% of the older group had no responses. In addition to responding
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to fewer antigens, the older group also had approximately half the induration
response as seen in the younger group. The decline in immune function combined
with the loss of appetite, reduced mobility, and increased use of several drugs to
treat the multiple chronic conditions that affect the aging population also contrib-
utes to the rise in respiratory infections.

Clinical studies have shown that DTH can be used as a predictor of morbidity
andmortality in the elderly – elderly with anergy had twice the risk of death from all
causes as elderly that responded to the antigens (20). Moreover, in hospitalized
elderly who had undergone surgery for any reason, anergy was associated with a
greater than 10-fold increased risk ofmortality and a fivefold increased risk of sepsis
(21). DTH responses are also indicative ofmorbidity within an age-matched elderly
population; those who lived at home and were self-sufficient averaged positive
responses to two antigens and indurations of about 8 mm compared to those in
nursing homes who were self-sufficient (1.1 responses and 4 mm induration) and
nursing home residents that were not self-sufficient (0.5 responses and 4 mm
induration) (19). Thus, if micronutrient supplements could improve DTH
responses in the elderly, the health effects could be very great (22).

In addition to declines in responses to antigens that the body has already seen, the
aging immune system also has declines in response to new antigens, often presented
in the form of vaccines. Vaccines are important drugs used to ‘‘educate’’ the immune
system to very small quantities of an antigen from a pathogen so that it can respond
vigorously when challenged directly by the environmental pathogen. Several vacci-
nations are important in preventing infection-related morbidity and mortality,
especially in seniors. However, even when seniors are vaccinated, there is not a
100% response rate to the vaccines, and this may be in part due to the nutritional
status of the senior.

Two infections are associated with high rates of morbidity and mortality in the
aging population, influenza (flu) and pneumonia. The flu caused over 35,000 deaths
per year in US seniors during the 1990–1999 influenza seasons (23), and currently
the flu burden in the United States is still estimated to be between 25,000 and 50,000
cases per year, leading to 150,000 hospitalization and 30–40,000 deaths (24), and
reported by age (25). The CDC data from 2006 indicate that immunization cover-
age for seniors (>65 years) has been almost flat in the past 5 years, at about 65%
(23). Interestingly, the CDC also estimated that 132million doses of flu vaccine will
be distributed for the 2007–2008 flu season (26), higher than previous years. The
effectiveness of the vaccination has been debated but recent meta-analysis of the
data suggests that vaccination of the elderly was associated with a significant 27%
reduction in the risk of hospitalization for pneumonia or influenza and a 48%
reduction in the risk of death (27).

Pneumococcal disease is defined as infections that are caused by the bacteria
Streptococcus pneumoniae, also known as pneumococcus. The most common types
of infections caused by these bacteria include middle ear infections, pneumonia,
bacteremia, sinus infections, and meningitis (28). Pneumococcal diseases are a
worldwide public health problem, causing more than one million deaths each year
in children under 5 years of age, mainly in developing countries (29). In contrast, in
industrial countries, most pneumococcal diseases including bronchopneumonia
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occur in the elderly. The worldwide mortality rate average is between 10 and 20 per
100,000 people who are infected each year. This rate can reach 50 per 100,000
among the high-risk groups (those who suffer from chronic conditions and immune
deficiencies). In the United States, over 65% of seniors took the pneumococcal
vaccine in 2004–2005 (23). Traditionally, most seniors who took one of these
vaccines took both vaccines (30). Both influenza and pneumococcal vaccination
levels among adults aged>65 years remain below theHealthy People 2010 objective
of 90% coverage nationwide (23). Importantly, aside from improving vaccination
rates, optimization of immune responses to vaccines can significantly reduce the risk
of disease in the elderly.

Infections and other diseases are often diagnosed inmidlife; these illnessesmay not
occur independent of other chronic conditions such as allergies and immune-related
diseases (31–33). Both the prevalence and the number of conditions increase with
age, as reported in a study of US Medicare beneficiaries. While 82% of those who
were 65 years old suffered from one chronic condition, 65% had multiple chronic
conditions. The number of conditions increased from 74% in those aged 65–69 – with
an average of 2.3 conditions – to 88% in individuals aged 85 and older – with 2.7
conditions (34). In this population, the most prevalent cause of hospitalization was
for bronchopneumonia; 48%of hospitalizations had this diagnosis. Another cause of
serious illness in the elderly is postoperative infection, which was found to be the
cause of 13% of hospitalizations in the Medicare population. About 85% of adults
over age 65 were taking some prescription drug prior to the diagnosis of a new disease
such as diabetes (35).

Dietary practices affect pathogenesis and are able to alter the courses of several
diseases. With regard to the effect of diseases on nutritional status, it is known that
in many diseases and particularly in GI diseases, the disease itself has a significant
effect on the nutritional status (36). As mentioned earlier, the target population of
many of the diseases is the elderly. It must also be noted that about 30% of the US
population over 65 years of age have experienced total tooth loss (37). Tooth loss is
often associated with decreased total food consumption and especially decreased
consumption of nutrient-rich foods such as meats and raw fruits and vegetables that
are hard to chew.

3. OVERVIEW OF INFECTIOUS DISEASES AND VACCINES

Infectious diseases with global consequences, their mode of transfer, incidence
rates, and availability of vaccines are summarized in Table 1. The majority of the
infections are the result of viruses including measles, rubella, respiratory syncytial
virus (RSV), yellow fever, and smallpox. There are several new infectious agents,
such as Ebola virus and rotavirus, which have been seen in human populations in
the past decades. Bacterial infections with cholera and/ormeningococcal meningitis
are still the cause of widespreadmorbidity andmortality, especially during wars and
famines. Malaria, an intracellular parasitic infection, remains a major disease in
sub-Saharan Africa. Over 30% of all deaths worldwide can be attributed to
infectious diseases (38). Data published late in 2007 show that in the United States,
death from methicillin-resistant Staphylococcus aureus (MRSA) has surpassed
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la
rg
es
t
re
co
rd
ed

o
u
tb
re
a
k
o
f

ep
id
em

ic
m
en
in
g
it
is
in

h
is
to
ry
,

S
ev
er
a
l
v
a
cc
in
es

a
re

a
v
a
il
a
b
le
to

p
re
v
en
t
th
e
d
is
ea
se
.

P
o
ly
sa
cc
h
a
ri
d
e
v
a
cc
in
es
,
w
h
ic
h

h
a
v
e
b
ee
n
a
v
a
il
a
b
le
fo
r
o
v
er

3
0

y
ea
rs
,
ex
is
t
a
g
a
in
st
se
ro
g
ro
u
p
s

A
,
C
,
Y
,
W
1
3
5
in

v
a
ri
o
u
s

co
m
b
in
a
ti
o
n
s.
A

m
o
n
o
v
a
le
n
t

co
n
ju
g
a
te

v
a
cc
in
e
a
g
a
in
st

se
ro
g
ro
u
p
C
h
a
s
re
ce
n
tl
y
b
ee
n

li
ce
n
se
d
in

d
ev
el
o
p
ed

co
u
n
tr
ie
s

fo
r
u
se

in
ch
il
d
re
n
a
n
d

a
d
o
le
sc
en
ts
.
T
h
is
v
a
cc
in
e
is

(
2
7
9
)

(C
o
n
ti
n
u
ed

)



T
ab

le
1

(C
o
n
ti
n
u
ed
)

D
is
ea
se

T
ra
n
sm

is
si
o
n

In
ci
d
en
ce

V
a
cc
in
e
A
va
il
a
b
il
it
y

R
ef
er
en
ce

w
it
h
o
v
er

2
5
0
,0
0
0
ca
se
s
a
n
d

2
5
,0
0
0
d
ea
th
s
re
g
is
te
re
d
.

B
et
w
ee
n
th
a
t
cr
is
is
a
n
d
2
0
0
2
,

2
2
3
,0
0
0
n
ew

ca
se
s
o
f

m
en
in
g
o
co
cc
a
l
m
en
in
g
it
is
w
er
e

re
p
o
rt
ed

to
th
e
W
o
rl
d
H
ea
lt
h

O
rg
a
n
iz
a
ti
o
n
.
In

2
0
0
2
,
th
e

G
re
a
t
L
a
k
es

re
g
io
n
w
a
s

a
ff
ec
te
d
b
y
o
u
tb
re
a
k
s
in

v
il
la
g
es

a
n
d
re
fu
g
ee

ca
m
p
s

w
h
ic
h
ca
u
se
d
m
o
re

th
a
n
2
2
0
0

ca
se
s,
in
cl
u
d
in
g
2
0
0
d
ea
th
s

im
m
u
n
o
g
en
ic
,
p
a
rt
ic
u
la
rl
y
fo
r

ch
il
d
re
n
u
n
d
er

2
y
ea
rs

o
f
a
g
e,

w
h
er
ea
s
p
o
ly
sa
cc
h
a
ri
d
e

v
a
cc
in
es

a
re

n
o
t.
A
ll
th
es
e

v
a
cc
in
es

h
a
v
e
b
ee
n
p
ro
v
en

to
b
e
sa
fe

a
n
d
ef
fe
ct
iv
e
w
it
h

in
fr
eq
u
en
t
a
n
d
m
il
d
si
d
e

ef
fe
ct
s.
T
h
e
v
a
cc
in
es

m
a
y
n
o
t

p
ro
v
id
e
a
d
eq
u
a
te

p
ro
te
ct
io
n

fo
r
1
0
–
1
4
d
a
y
s
fo
ll
o
w
in
g

in
je
ct
io
n

R
es
p
ir
a
to
ry

sy
n
cy
ti
a
l
v
ir
u
s

(R
S
V
)

S
p
re
a
d
o
f
th
e
v
ir
u
s
fr
o
m

co
n
ta
m
in
a
te
d
n
a
sa
l
se
cr
et
io
n
s

o
cc
u
rs

v
ia

la
rg
e
re
sp
ir
a
to
ry

d
ro
p
le
ts
,
so

cl
o
se

co
n
ta
ct

w
it
h

a
n
in
fe
ct
ed

in
d
iv
id
u
a
l
o
r

co
n
ta
m
in
a
te
d
su
rf
a
ce

is
re
q
u
ir
ed

fo
r
tr
a
n
sm

is
si
o
n

R
S
V
is
th
e
si
n
g
le
m
o
st
im

p
o
rt
a
n
t

ca
u
se

o
f
se
v
er
e
lo
w
er

re
sp
ir
a
to
ry

in
fe
ct
io
n
s
in

in
fa
n
ts

a
n
d
y
o
u
n
g
ch
il
d
re
n
.
R
S
V

in
cl
u
d
es

a
m
o
n
g
o
th
er

d
is
ea
se
s

p
n
eu
m
o
n
ia

a
n
d
b
ro
n
ch
io
li
ti
s,

d
is
ea
se
s
b
ei
n
g
a
ss
o
ci
a
te
d
w
it
h

su
b
st
a
n
ti
a
l
m
o
rb
id
it
y
a
n
d

m
o
rt
a
li
ty
.
T
h
e
g
lo
b
a
l
a
n
n
u
a
l

in
fe
ct
io
n
a
n
d
m
o
rt
a
li
ty

fi
g
u
re
s

D
ev
el
o
p
m
en
t
o
f
v
a
cc
in
es

to
p
re
v
en
t
R
S
V
in
fe
ct
io
n
h
a
s
b
ee
n

co
m
p
li
ca
te
d
b
y
th
e
fa
ct

th
a
t

h
o
st
im

m
u
n
e
re
sp
o
n
se
s
a
p
p
ea
r

to
p
la
y
a
ro
le
in

th
e

p
a
th
o
g
en
es
is
o
f
th
e
d
is
ea
se
.
A

co
m
b
in
a
ti
o
n
o
f
a
li
v
e-

a
tt
en
u
a
te
d
v
a
cc
in
e
w
it
h
a

su
b
u
n
it
v
a
cc
in
e
is
a
ls
o
b
ei
n
g

co
n
si
d
er
ed

fo
r
p
ro
te
ct
in
g

a
d
u
lt
s
a
g
a
in
st
R
S
V
il
ln
es
s,

(
2
8
0
)



fo
r
R
S
V
a
re

es
ti
m
a
te
d
to

b
e
6
4

m
il
li
o
n
a
n
d
1
6
0
,0
0
0
,

re
sp
ec
ti
v
el
y

a
lt
h
o
u
g
h
a
p
re
li
m
in
a
ry

te
st
o
f

th
is
st
ra
te
g
y
in

h
ea
lt
h
y
y
o
u
n
g

a
n
d
el
d
er
ly

a
d
u
lt
s
w
a
s

in
co
n
cl
u
si
v
e

R
o
ta
v
ir
u
s
(R

V
)

P
er
so
n
-t
o
-p
er
so
n
co
n
ta
ct
s,

a
ir
b
o
rn
e
d
ro
p
le
ts
,
o
r
co
n
ta
ct

w
it
h
co
n
ta
m
in
a
te
d
it
em

s

W
o
rl
d
w
id
e,
R
V
is
es
ti
m
a
te
d
to

a
cc
o
u
n
t
fo
r
a
lm

o
st
4
0
%

o
f
a
ll

ca
se
s
o
f
se
v
er
e
d
ia
rr
h
ea
,
w
h
ic
h

tr
a
n
sl
a
te
s
in
to

6
0
0
,0
0
0
d
ea
th
s

ea
ch

y
ea
r,
m
o
st
ly

in
ch
il
d
re
n

u
n
d
er

a
g
e
2
.
U
p
to

8
5
%

o
f

th
es
e
d
ea
th
s
o
cc
u
r
in

co
u
n
tr
ie
s

d
ef
in
ed

a
s
‘‘l
o
w
in
co
m
e’
’

R
V
v
a
cc
in
e
b
ec
a
m
e
a
v
a
il
a
b
le

re
ce
n
tl
y
a
n
d
fi
n
a
n
ci
a
l
su
p
p
o
rt

fo
r
v
a
cc
in
a
ti
o
n
in

L
a
ti
n

A
m
er
ic
a
a
n
d
se
v
er
a
l
E
a
st
er
n

E
u
ro
p
ea
n
co
u
n
tr
ie
s
w
a
s
g
a
in
ed

(
2
8
1
)

(
2
8
2
)

R
u
b
el
la

R
u
b
el
la
is
a
n
in
fe
ct
io
n
ca
u
se
d
b
y
a

v
ir
u
s.
C
o
n
g
en
it
a
l
ru
b
el
la

sy
n
d
ro
m
e
(C

R
S
)
is
a
n

im
p
o
rt
a
n
t
ca
u
se

o
f
se
v
er
e
b
ir
th

d
ef
ec
ts
.
R
u
b
el
la

is
sp
re
a
d
in

a
ir
b
o
rn
e
d
ro
p
le
ts
w
h
en

in
fe
ct
ed

p
eo
p
le
sn
ee
ze

o
r
co
u
g
h

It
is
es
ti
m
a
te
d
th
a
t
th
er
e
a
re

7
0
0
,0
0
0
d
ea
th
s
d
u
e
to

C
R
S

ea
ch

y
ea
r

R
u
b
el
la

v
a
cc
in
es

a
re

sa
fe

a
n
d

ef
fe
ct
iv
e
a
n
d
fo
r
in
fa
n
t

im
m
u
n
iz
a
ti
o
n
a
re

u
su
a
ll
y
g
iv
en

in
co
m
b
in
a
ti
o
n
w
it
h
m
ea
sl
es
/

m
u
m
p
s
v
a
cc
in
e
a
s
M
M
R
.
In

so
m
e
co
u
n
tr
ie
s,
m
o
st
ly

in
th
e

in
d
u
st
ri
a
li
ze
d
w
o
rl
d
,
ru
b
el
la

h
a
s
b
ee
n
n
ea
rl
y
el
im

in
a
te
d

th
ro
u
g
h
ch
il
d
h
o
o
d

im
m
u
n
iz
a
ti
o
n
p
ro
g
ra
m
s.

H
o
w
ev
er
,
it
is
im

p
o
rt
a
n
t
to

en
su
re

th
a
t
co
v
er
a
g
e
in

in
fa
n
ts

is
su
st
a
in
ed

a
t
o
v
er

8
0
%

to
a
v
o
id

sh
if
ti
n
g
o
f
ru
b
el
la

tr
a
n
sm

is
si
o
n
to

o
ld
er

a
g
e

(
2
8
3
)

(C
o
n
ti
n
u
ed

)



T
ab

le
1

(C
o
n
ti
n
u
ed
)

D
is
ea
se

T
ra
n
sm

is
si
o
n

In
ci
d
en
ce

V
a
cc
in
e
A
va
il
a
b
il
it
y

R
ef
er
en
ce

g
ro
u
p
s.
F
o
r
p
re
v
en
ti
o
n
o
f

C
R
S
,
w
o
m
en

o
f
ch
il
d
b
ea
ri
n
g

a
g
e
a
re

th
e
p
ri
m
a
ry

ta
rg
et

g
ro
u
p
fo
r
ru
b
el
la

im
m
u
n
iz
a
ti
o
n
.
Im

m
u
n
iz
in
g

w
o
m
en

b
et
w
ee
n
th
e
a
g
es

o
f
1
5

a
n
d
4
0
w
il
l
ra
p
id
ly

re
d
u
ce

th
e

in
ci
d
en
ce

o
f
C
R
S
w
it
h
o
u
t

a
ff
ec
ti
n
g
ch
il
d
h
o
o
d

tr
a
n
sm

is
si
o
n
o
f
th
e
ru
b
el
la
v
ir
u
s

S
m
a
ll
p
o
x

A
n
a
cu
te
,
h
ig
h
ly

co
n
ta
g
io
u
s,

o
ft
en

fa
ta
l
in
fe
ct
io
u
s
d
is
ea
se

ca
u
se
d
b
y
a
n
o
rt
h
o
p
o
x
v
ir
u
s

ch
a
ra
ct
er
iz
ed

b
y
a
b
ip
h
a
si
c

fe
b
ri
le
co
u
rs
e
a
n
d
d
is
ti
n
ct
iv
e

p
ro
g
re
ss
iv
e
sk
in

er
u
p
ti
o
n
s.

S
m
a
ll
p
o
x
is
tr
a
n
sm

it
te
d
fr
o
m

p
er
so
n
to

p
er
so
n
b
y
in
fe
ct
ed

a
er
o
so
ls
a
n
d
a
ir
d
ro
p
le
ts
sp
re
a
d

in
fa
ce
-t
o
-f
a
ce

co
n
ta
ct

w
it
h
a
n

in
fe
ct
ed

p
er
so
n
a
ft
er

fe
v
er

h
a
s

b
eg
u
n
,
es
p
ec
ia
ll
y
if
sy
m
p
to
m
s

in
cl
u
d
e
co
u
g
h
in
g
.

T
h
e
d
is
ea
se

ca
n
a
ls
o
b
e

tr
a
n
sm

it
te
d
b
y
co
n
ta
m
in
a
te
d

cl
o
th
es

a
n
d
b
ed
d
in
g
,t
h
o
u
g
h
th
e

ri
sk

o
f
in
fe
ct
io
n
fr
o
m

th
is

so
u
rc
e
is
m
u
ch

lo
w
er

V
a
cc
in
a
ti
o
n
h
a
s
su
cc
ee
d
ed

in
er
a
d
ic
a
ti
n
g
sm

a
ll
p
o
x

w
o
rl
d
w
id
e

S
m
a
ll
p
o
x
v
a
cc
in
e
co
n
ta
in
s
li
v
e

v
a
cc
in
ia

v
ir
u
s,
a
v
ir
u
s
in

th
e

o
rt
h
o
p
o
x
v
ir
u
s
fa
m
il
y
a
n
d

cl
o
se
ly

re
la
te
d
to

v
a
ri
o
la

v
ir
u
s,

th
e
a
g
en
t
th
a
t
ca
u
se
s
sm

a
ll
p
o
x
.

Im
m
u
n
it
y
re
su
lt
in
g
fr
o
m

im
m
u
n
iz
a
ti
o
n
w
it
h
v
a
cc
in
ia

v
ir
u
s
(v
a
cc
in
a
ti
o
n
)
p
ro
te
ct
s

a
g
a
in
st
sm

a
ll
p
o
x

(
2
8
4
)



T
u
b
er
cu
lo
si
s
(T
B
)

A
n
in
fe
ct
io
u
s
b
a
ct
er
ia
l
d
is
ea
se

ca
u
se
d
b
y
M
.
tu
b
er
cu
lo
si
s,

w
h
ic
h
m
o
st
co
m
m
o
n
ly

a
ff
ec
ts

th
e
lu
n
g
s.
T
B
is
tr
a
n
sm

it
te
d

fr
o
m

p
er
so
n
to

p
er
so
n
v
ia

d
ro
p
le
ts
fr
o
m

th
e
th
ro
a
t
a
n
d

lu
n
g
s
o
f
p
eo
p
le
w
it
h
th
e
a
ct
iv
e

re
sp
ir
a
to
ry

d
is
ea
se
.

T
u
b
er
cu
lo
si
s
is
a
n
a
ir
b
o
rn
e

in
fe
ct
io
u
s
d
is
ea
se

th
a
t
is

p
re
v
en
ta
b
le
a
n
d
cu
ra
b
le
.

W
o
rl
d
w
id
e
in
ci
d
en
ce

w
it
h
th
e

cl
in
ic
a
l
d
is
ea
se

is
a
b
o
u
t
8

m
il
li
o
n
a
n
d
d
ea
th

o
v
er

1
.5

m
il
li
o
n

V
a
cc
in
e
is
a
v
a
il
a
b
le
b
u
t
b
o
o
st
er

m
a
y
b
e
n
ee
d
ed

(
2
8
5
,2
8
5
,

2
8
6
,2
8
6
)

Y
el
lo
w
fe
v
er

H
u
m
an

s
an

d
m
o
n
k
ey
s
ar
e
th
e

p
ri
n
ci
p
al
an

im
al
s
to

b
e
in
fe
ct
ed
.

T
h
e
vi
ru
s
is
ca
rr
ie
d
fr
o
m

o
n
e

an
im

al
to

an
o
th
er

(h
o
ri
zo
n
ta
l

tr
an

sm
is
si
o
n
)
b
y
a
b
it
in
g

m
o
sq
u
it
o
(t
h
e
ve
ct
o
r)
.
T
h
e

m
o
sq
u
it
o
ca
n
al
so

p
as
s
th
e
vi
ru
s

vi
a
in
fe
ct
ed

eg
gs

to
it
s
o
ff
sp
ri
n
g

(v
er
ti
ca
l
tr
an

sm
is
si
o
n
).
T
h
e
eg
gs

p
ro
d
u
ce
d
ar
e
re
si
st
an

t
to

d
ry
in
g

an
d
li
e
d
o
rm

an
t
th
ro
u
gh

d
ry

co
n
d
it
io
n
s,
h
at
ch
in
g
w
h
en

th
e

ra
in
y
se
as
o
n
b
eg
in
s.
T
h
er
ef
o
re
,

th
e
m
o
sq
u
it
o
is
th
e
tr
u
e
re
se
rv
o
ir

o
f
th
e
vi
ru
s,
en
su
ri
n
g

tr
an

sm
is
si
o
n
fr
o
m

o
n
e
ye
ar

to
th
e
n
ex
t

T
h
er
e
a
re

2
0
0
,0
0
0
es
ti
m
a
te
d
ca
se
s

o
f
y
el
lo
w
fe
v
er

(w
it
h
3
0
,0
0
0

d
ea
th
s)
p
er

y
ea
r

V
a
cc
in
a
ti
o
n
is
th
e
si
n
g
le
m
o
st

im
p
o
rt
a
n
t
m
ea
su
re

fo
r

p
re
v
en
ti
n
g
y
el
lo
w
fe
v
er
.
In

p
o
p
u
la
ti
o
n
s
w
h
er
e
v
a
cc
in
a
ti
o
n

co
v
er
a
g
e
is
lo
w
,
v
ig
il
a
n
t

su
rv
ei
ll
a
n
ce

is
cr
it
ic
a
l
fo
r

p
ro
m
p
t
re
co
g
n
it
io
n
a
n
d
ra
p
id

co
n
tr
o
l
o
f
o
u
tb
re
a
k
s.

M
o
sq
u
it
o
co
n
tr
o
lm

ea
su
re
s
ca
n

b
e
u
se
d
to

p
re
v
en
t
v
ir
u
s

tr
a
n
sm

is
si
o
n
u
n
ti
l
v
a
cc
in
a
ti
o
n

h
a
s
ta
k
en

ef
fe
ct

(
2
8
7
)
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T
ab

le
1

(C
o
n
ti
n
u
ed
)

D
is
ea
se

T
ra
n
sm

is
si
o
n

In
ci
d
en
ce

V
a
cc
in
e
A
va
il
a
b
il
it
y

R
ef
er
en
ce

S
ev
er
a
l
d
if
fe
re
n
t
sp
ec
ie
s
o
f
th
e

A
ed
es

a
n
d
H
a
em

o
g
o
g
u
s

(S
.
A
m
er
ic
a
o
n
ly
)
m
o
sq
u
it
o
es

tr
a
n
sm

it
th
e
y
el
lo
w
fe
v
er

v
ir
u
s.

T
h
es
e
m
o
sq
u
it
o
es

a
re

ei
th
er

d
o
m
es
ti
c
(i
.e
.t
h
ey

b
re
ed

a
ro
u
n
d

h
o
u
se
s)
,
w
il
d
(t
h
ey

b
re
ed

in
th
e

ju
n
g
le
),
o
r
se
m
id
o
m
es
ti
c
ty
p
es

(t
h
ey

d
is
p
la
y
a
m
ix
tu
re

o
f

h
a
b
it
s)
.
A
n
y
re
g
io
n
p
o
p
u
la
te
d
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death fromAIDS (39). There has also been a progressive and significant increase in
antibiotic-resistant strains of bacteria and other pathogens. For example, as
reported by the National Antimicrobial Resistance Monitoring System, 19% of
Campylobacter isolates were resistant to the fluoroquinolone ciprofloxacin in 2004
relative to 12.9% in 1997 (40). Most recently, there have been outbreaks of MRSA
in the United States. MRSA is resistant to most antibiotics including all penicillins
and cephalosporins. MRSA is most frequently found among persons in hospitals
and health-care facilities and in individuals who have weakened immune systems
(41).

Vaccines against childhood and adult infections have been responsible for
saving millions of lives annually throughout the world (Table 1). In developing
countries, the World Health Organization (WHO) has an active program of
immunization and developed nations also immunize their children against diseases
that were common in the 20th Century and now have been almost eradicated (42).
Common vaccines used throughout the world include tetanus, diphtheria, pertus-
sis, polio, measles, mumps, rubella, hepatitis B, and chicken pox. Analysis based
on 2005 data for the United States shows that this strategy has been very successful
and for diphtheria, mumps, pertussis, and tetanus, there has been a greater than
92% decline in cases and a 99% or greater decline in deaths (43). However, in
developing countries, the at-risk populations may not have access to certain
vaccines. The WHO estimated that in 2002, 1.4 million deaths among children
under 5 years were due to diseases that could have been prevented by routine
vaccination (44). This represents 14% of global total mortality in children under 5
years of age (45). It is important to note that nutritional status affects the efficacy
of the vaccination and that childhood malnutrition can compromise the protection
conferred by the vaccinations.

3.1. Infectious Diseases Prevalence and Evaluation of Risk Factors

3.1.1. RESPIRATORY INFECTION

Respiratory infections are major killers of infants and young children in devel-
oping countries, accounting for about 4 million deaths worldwide, the largest
infectious disease death toll (38). Over 30% of all deaths in young children in
underdeveloped countries can be attributed to respiratory infections. Influenza and
pneumonia, as well as acute respiratory infection following measles and HIV
infections, are the major causes of morbidity and mortality in children. Respiratory
infections are also the major killers of frail elderly. As indicated above, broncho-
pneumonia is the most prevalent cause of hospitalizations in the US Medicare
population (46) (Table 2).

Malnutrition is a serious risk factor for susceptibility to respiratory infection as
well as for the progression of respiratory infections. Prior viral infections, especially
RSV-associated pneumonia, often linked to malnutrition, also appears to reduce
immune responses to bacterial pathogens that infect the airways. Aside from
malnutrition that may be present prior to respiratory infection, the infections can
cause a further 10–20% reduction in food intake. Thus, nutritional intervention is
critical especially in the care of infected children.

Chapter 23 / Drug–Nutrient Interactions and Immune Function 681



3.1.2. HIV INFECTION AND AIDS

The human immunodeficiency virus was first identified in 1984 following the
recognition in 1981 of an unusually high number of infections caused by the
pathogenic microorganism Pneumocystis carinii and the appearance of a rare
form of cancer, Kaposi’s sarcoma, in homosexual men in San Francisco and New
York (47). HIV infection was shown to be caused by one of two retroviral species
designatedHIV-1 andHIV-2. The virus infects cells of the immune system, resulting
in severe immunosuppression that has been termed acquired immunodeficiency
syndrome (AIDS) (48).

Since its discovery, HIV infection has spread throughout the world and has
become a major threat to populations especially in underdeveloped nations. Cur-
rently, the WHO estimates that about 33.2 million people worldwide are infected
with the HIV virus; half of those infected are women (49). It is estimated that more
than 25 million people worldwide have died as a consequence of this epidemic.
During 2007, more than 2.5 million people worldwide were newly infected with the
virus, and the death toll is estimated to be about 2.1million (49), decreased from 2.7
million in 2002 (38).

During the last 25 years, HIV disease has been extensively studied, including the
relationship between HIV infection and nutrition. Nutritional status has been
demonstrated to affect the course of the infection from the onset, during latency
and progression to AIDS, as well as throughout the course of opportunistic
infections (50–60). Nutritional therapy is especially important in sub-Saharan
Africa and other underdeveloped countries where more than 60% of HIV-infected
people live (61) and where antiretroviral drugs are often not available (62). Of
great concern are the children under 5 years of age who are infected, are also
malnourished, and not receiving drug therapies; mortality rates are significantly
increased in malnourished, infected children (61).

Table 2
Major Global Diseases: Prevalence and Mortality (38,49,288–290)

Disease Prevalence/Mortality

Respiratory
infections

3.9 million deaths/year (38); cause of 30% of all childhood deaths
in underdeveloped countries

HIV Globally, 33.2 million people living with HIV, 2.5 million people
became newly infected, and 2.1 million people died of AIDS in
2007. Twenty-five million have died from AIDS since 1981. In
North America, there are about 1.3 million people living with
HIV/AIDS, with about 50,000 newly infected and about 21,000
death associated with the disease in 2007 (288)

Diarrheal
diseases

Two million deaths/year globally (289)

Tuberculosis Overall, one-third of the world’s population is currently infected
with the TB. Estimated, 1.6 million deaths resulted from TB in
2005 (49)
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3.1.3. DIARRHEAL DISEASES

Diarrheal diseases are the third most common cause of mortality from infectious
disease worldwide and the leading cause of childhood morbidity and mortality in
underdeveloped countries. About 1.7 million people die annually worldwide from
diarrheal diseases (38). The major causes are pathogenic viruses, bacteria, or gut
parasites that infect undernourished children. Associated with diarrheal disease are
dehydration, fever, anorexia, convulsions, measles, micronutrient deficiencies, and
severe protein–energy malnutrition (63).

Recently, it has been suggested that certain diarrheal diseases may be
associated with the modification of the gut environment due to the overuse
of antibiotics. Although antibiotics are beneficial for treating illness caused by
certain enteric pathogens, they may also contribute to disease by eliminating
certain commensal microbes that inhibit or suppress the growth of pathogenic
microbes in the gut.

3.1.4. TUBERCULOSIS

TB is the fourth leading cause of death from infectious diseases worldwide (38).
About one-third of the world’s population (almost 2 billion people) is infected with
the causative organism (Mycobacterium tuberculosis); in 2005, 8.8million people fell
ill with TB and 1.6 million people died (49) (Table 2). In the developed world, TB is
often seen in individuals infected with HIV or other chronic diseases that reduce
immune responses to bacterial infections. The most common type of TB is pulmo-
nary and infants, children, the elderly, those with diabetes or other immunodefi-
ciency diseases, or immune depression as a result of cancer chemotherapy, or organ
transplant medications are most at risk. The pulmonary form is spread via contact
with infected sputum. Malnutrition is a major risk factor for TB infection; specif-
ically, protein and calorie malnutrition are well-documented risk factors. Recently,
it has been suggested that loss of appetite may independently contribute to the
malnutrition in TB (64). Low intakes of vitamin A and C as well as reduced
exposure to the sun and/or low vitamin D intake have all been seen in individuals
infected with TB (65).

3.2. Nutritional Status and Infectious Diseases

Poor nutritional status is strongly associatedwith an increased risk of contracting
new infections and/or overcoming the disease. Scientific studies of undernutrition
have focused on the most at-risk populations (pregnant women, neonates, and
toddlers) and on single nutrients that have consistently been shown to be associated
with severe, observable adverse effects.

3.2.1. VITAMIN A IN DEFICIENT POPULATIONS

The most well-studied micronutrient deficiency is vitamin A; supplementation
has been shown to significantly reduce the risk of xerophthalmia, the major cause of
childhood blindness in developing countries even today (66). In addition to pre-
venting blindness, vitamin A has been acknowledged as the ‘‘anti-infective vitamin’’
for almost a century. However, vitamin A deficiency and its dire consequences still
affect over 250 million preschool children worldwide (67). Vitamin A deficiency
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consequences also include growth failure, depressed immunity, and a higher risk of
anemia (68). Decades of clinical studies have shown that vitamin A status is
significantly associated with morbidity and mortality from some infectious diseases
including measles and diarrheal infections (13,14). Vitamin A supplementation
studies have also shown that supplemented children have better outcomes, espe-
cially if their vitamin A status was low at the time of infection/hospitalization
(69,70). These data were confirmed and extended to show that vitamin A supple-
mentation also reduced the number of childrenwithmeasles-related pneumonia and
reduced the time to recovery (71). Recently, well-controlled studies in Mexican
children have shown that supplementation reduced diarrhea and respiratory
infections (72). The mechanism of action of vitamin A includes decreasing the
prevalence of diarrheal-related viral infections even though viral shedding was
prolonged (73). Another study demonstrated a pathogen-specific mucosal immune
response in the vitamin A-supplemented children as measured by the reduced fecal
concentration of monocyte chemoattractant protein-1 after infection with
Escherichia coli (74). In a separate study, Long et al. (75) reported that vitamin
A supplementation reduced certain gastrointestinal parasites in infected Mexican
children and concomitant zinc supplementation added to the beneficial effects of
vitamin A although not all parasites responded favorably.

3.2.2. ZINC IN DEFICIENT POPULATIONS

Zinc is a critical nutrient for immune function. This mineral is a component of the
thymic hormone thymulin required for the maturation of T lymphocytes. Zinc is
required for the functioning of over 200 enzymes necessary for virtually all cell
functions including cellular proliferation that is critical to the production of the
millions of new white blood cells daily. Zinc deficiency is associated with severe
immune dysfunctions. Zinc deficiency also results in a loss of appetite and thus may
further promote nutrient deficiencies due to decreased food intake.

In many underdeveloped countries worldwide, toddlers, young children, and
pregnant women are at a high risk for vitamin A, zinc, and iron deficiency (15).
Zinc deficiency, as with iron deficiency, is associated with diets low in meat protein
sources (46,63). Iron deficiency is a major problem among preschool children
worldwide, and consequences of iron deficiency include retarded psychomotor
development, impaired cognitive function, and anemia (76,77). The link between
iron deficiency and increased risk of infection is not as clear as it is for vitaminA and
zinc. However, vitamin A supplementation often also concomitantly increases iron
status and therefore it is difficult to separate the effects of any single nutrient from
the effects of others that change during a single nutrient supplementation program.

Zinc deficiency is common in underdeveloped countries and infant and toddler
morbidity and mortality has been directly associated with zinc intake and status
(78). Osendarp et al. (79) completed a well-controlled study in infants (about 1
month old) in Bangladesh. The infants were given 5 mg/d zinc or placebo for about
2 years. In the infants with low initial zinc serum levels, the supplementation
resulted in significantly enhanced growth and significant reduction in acute
respiratory tract infections. These researchers have also reported that zinc
supplementation during pregnancy significantly reduced infant diarrheal disease
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morbidity (79). Tielsch et al. (80) examined the potential for zinc supplementation
at twice the dose used in the Osendarp study (10 mg/d) in zinc-deficient Nepalese
children 1–35 months of age. They did not find an effect of zinc supplementation on
frequency and duration of either diarrhea or acute respiratory tract infections; there
was no effect on mortality.

Intervention studies have examined the effects of zinc supplementation on infec-
tion outcomes in adults and children in developing countries. Range et al. (81)
examined the potential for daily supplementation with 45 mg of zinc or a multi-
vitamin–mineral supplement (containing vitamins A, B, C, D, E, selenium, and
copper), or both supplements compared to placebo to affect mortality rates in 499
Tanzanian patients with tuberculosis, 43% also had HIV. Following 7 months of
supplementation, there was a significant reduction in deaths in those given both
supplements who were infected with both diseases. Some studies have examined the
effect of antiretroviral therapy onmicronutrient status and have found that the drug
therapy may enhance nutritional status by reducing the viral load. Other studies
have not confirmed this finding and it appears that the drugs may enhance certain
nutrient levels, but not all. Short-term zinc supplementation in Bangladeshi children
suffering from persistent diarrhea resulted in a significant reduction in episodes and
duration of diarrhea and improved linear growth in the underweight children (82).
A 6-month supplementation study in children 6–48 months of age in India found a
significant 25% reduction in diarrheal incidence with 25 mg/week of zinc supple-
mentation plus B vitamins compared to B vitamins alone. Moreover, there was a
14% reduction in diarrhea during the subsequent 6months (83). Hoque and Binder
(84) reviewed the beneficial effects of oral rehydration and zinc supplementation on
diarrheal disease morbidity and mortality and indicated that there is a biological
plausibility for zinc’s effects on the GI tract. Drain et al. (85) reviewed both the
observational and intervention studies and determined that further research is
required to clearly understand the effects of drugs on nutritional status and also
to determine when and if micronutrient supplementation, including zinc, should be
implemented. A similar recommendation for high-quality studies was made in an
extensive meta-analysis of intervention studies using zinc for 3 months or longer in
children less than 5 years of age. This review found significant beneficial effects of
zinc on both diarrhea and lower respiratory tract infections and pneumonia (86).

3.2.2.1. Zinc Status, Immune Function, and the Elderly. Both zinc and vitamin A
deficiencies have been associated with increased risk of respiratory infection.
Numerous studies have shown that zinc supplementation reduces the incidence of
infection in poor children, and a recent meta-analysis concluded that zinc supple-
mentation reduced significantly the frequency and severity of respiratory infections
(86). Since low zinc status has been associated with reduced immune function, there
is interest in whether enhanced zinc status might improve immune function in the
elderly. Some studies in senior men and women have found that zinc supplementa-
tion in populations with initially low zinc status resulted in increased serum thymu-
lin levels, enhanced appetite, improved antibody responses to influenza vaccine,
improved delayed hypersensitivity responses, and decreased respiratory infections
(87). In contrast, 6 months of zinc supplementation (at 15 or 30 mg/d) in healthy
seniors (55–70 year old) affected some immune cell ratios positively at 15 mg/d, but
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not at 30 mg/d (88). Elderly are also at increased risk of respiratory infections
including colds. Several zinc-containing products are marketed with the claim that
these reduce cold symptoms. Caruso et al. (89) published a meta-analysis of the
data from intervention studies with zinc lozenges, nasal spray, or nasal gel and
reported that the quality of the studies permitted only 4 of 14 studies to be included
in their analysis. Three of the four studies found no significant effect of the zinc
lozenges or nasal spray. There was one positive study for the nasal gel. Thus there
does not appear to be a consistent finding of benefit with these products even
though the dose of zinc is often well above current recommended intake levels.

3.2.3. BETA-CAROTENE

b-Carotene is the major carotenoid precursor of vitamin A and it too has
immunoenhancing properties that may be additional to its role as a source of
vitamin A (90). b-Carotene, because of its structure, can absorb the high energy
generated by UV light including sunlight. Long-term exposure to UV has been
shown to decrease immune responses. b-Carotene supplementation in both young
and senior men reduced the immunosuppressive effects of UV light in well-con-
trolled studies. Sincemany seniors relocate to sunnier environments where exposure
to UV is increased, these data suggest that b-carotene may protect from any
depressions in immune responses due to long-term sun exposure (91). Although
observational studies suggested that low serum b-carotene may influence HIV-1,
randomized trials were not able to demonstrate benefits of supplementation.
Recently, a cross-sectional study that looked at serum b-carotene relative to bio-
logic markers of HIV-1 disease severity showed a significant association. Of impor-
tance, this research also suggests that the low serum b-carotene may be a conse-
quence of a more active disease rather than a deficiency that is amenable to
intervention (92).

3.2.4. VITAMIN E

Low serum vitamin E levels have been seen in individuals with impaired
immune responses associated with viral infection. Vitamin E supplementation at
increasing doses up to 600 IU/day in healthy seniors has been shown to improve
the function of immune cells and cytokines associated with enhanced immune
responses. Vitamin E supplementation in healthy, well-nourished seniors resulted
in enhanced delayed hypersensitivity responses, responses to the hepatitis B
vaccine, lymphocyte proliferation, and reduction in the formation of immuno-
suppressive prostaglandins (93). Vitamin E supplementation has also been shown
to reduce the incidence of respiratory tract infections in seniors in a nursing home
environment (94). Von Herbay et al. (95) reported that serum vitamin E levels
were significantly lower in patients with severe viral hepatitis compared to con-
trols. Serum vitamin E levels returned to control levels when the hepatitis sub-
sided, suggesting that hepatitis involved oxidative reactions that consumed vita-
min E. Low vitamin E status has been associated with the conversion of an
avirulent viral strain to a virulent one in an animal model (96,97). However,
not all intervention studies have found an immunoenhancing effect of vitamin E
supplementation. Graat et al., (98) in a study involving over 650 individuals over
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age 60 gave one-fourth of the population a supplement of 200 mg of vitamin E for
about 14 months. They found no decrease in the incidence of self-reported acute
respiratory tract infection and an increase in the duration and symptoms
compared to placebo. The same study included a multivitamin/mineral
supplement arm and also showed no significant decreased risk of infection –
however, there was no increase in duration or symptoms in this arm of the
study. The group given both active treatments responded similarly to the
individuals getting each active alone.

3.2.5. OTHER RELEVANT ESSENTIAL NUTRIENTS

3.2.5.1. Vitamin C. Vitamin C supplementation, following depletion in a con-
trolled, metabolic ward study, restored the delayed hypersensitivity responses that
were severely depressed following the depletion phase of the study. The level of
supplementation required was several fold higher than the current recommended
intake level. Vitamin C also regenerates the antioxidant form of vitamin E and
therefore may be particularly important to see the full benefit of vitamin E supple-
mentation. Vitamin C is also critically important in the killing of bacterial
pathogens by neutrophils, the most abundant population of white blood cells.
Neutrophils contain very high concentrations of vitamin C, and the vitamin pro-
tects these cells from self-destruction by the oxidants produced to kill the pathogens
(99).

3.2.5.2. Vitamin D. Vitamin D can be synthesized in the skin during short-term
exposure to UV light. For light-skinned individuals, direct sunlight exposure
beyond 15–20 min does not result in further synthesis of vitamin D and may be
immunosuppressive. Many studies have shown that vitamin D in its active form
(1,25-dihydroxyvitamin D3) is an important immune system regulator (100,101).
Vitamin D deficiency is defined by most experts as a serum 25-hydroxyvitamin D
level of less than 20 ng/mL with insufficiency at concentrations below 30 ng/mL.
Using that definition, the prevalence estimation which has been recorded is that 1
billion people worldwide have vitamin D deficiency or insufficiency and between 40
and 100%ofUS andEuropean elderlymen andwomen still living in the community
suffer from vitamin D deficiency (102–106). Vitamin D deficiency has been linked
to different immune system-mediated diseases including ulcerative colitis and
Crohn’s disease (107,108) because of malabsorption and decreased outdoor activ-
ities in climates that are not optimal for vitamin D synthesis in the skin (108).
Vitamin D has been reported to play a role in TB infection in some but not all
studies. It has been suggested that destruction of M. tuberculosis results from
upregulation of genes for vitamin D receptor and for the 1-a-hydroxylase enzyme.
High levels of vitamin D result in the synthesis of cathelicidin which is a peptide
capable of destroying some infectious agents. In a recent small Finnish study,
Laaksi et al. found that subjects with serum 25(OH)D concentrations < 40 nmol/
L (16 ng/mL) had significantly more days of absence due to respiratory infection
than did control subjects (109).

Several investigators have examined the effects of different combinations of
vitamins and minerals on immune responses, mainly in healthy seniors (110).
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There are consistent findings of enhancement in delayed hypersensitivity responses,
proliferative responses, and enhancement of responses to certain vaccines impor-
tant for the health of the elderly. In some cases, there were also reductions in the
rates of infections and decreased morbidity if infections did occur.

3.2.5.3. Arginine and Glutamine. It is well accepted that protein deprivation
results in significant immune depression. In addition to nutritional deprivation,
major trauma to the body results in a hypermetabolic and hypercatabolic state in
which muscle tissue proteins are used to provide metabolic substrate for the trau-
matized body. In fact, major trauma can result in acute protein malnutrition that
can cause serious, life-threatening effects on the heart, liver, and immune system.
Recent research has focused on certain individual amino acids and nucleotides that
have been shown to individually enhance immune responses, especially during
stressful situations such as surgery and other trauma (111). The two amino acids
that have been studied most extensively are arginine and glutamine. Arginine
supplementation restores lymphocyte proliferative responses and enhances delayed
hypersensitivity responses; enhancement of T lymphocyte responses is thought to be
the major mechanism involved in the immune enhancement (112). In addition,
arginine enhances the formation of collagen and is thus important in wound healing
(113). Glutamine serves as a major source of energy for lymphocytes, mucosal cells
lining the GI tract, and for macrophages. This conditionally essential amino acid
also plays a role in cell signaling through gene regulation. Glutamine is also the
precursor of glutathione, a major water-soluble antioxidant. Nucleotides are
required for the proliferation of all rapidly dividing cells including cells of the
immune system and the lining of the GI tract. Nucleotide supplementation has
been found to enhance immune responses to infectious agents in animal models
(reviewed in 114,115).

4. EFFECT OF DRUGS (USED TO MANAGE MAJOR INFECTIOUS
DISEASES) ON NUTRITIONAL STATUS

Antibiotic use by humans in the United States is estimated at 4.5 million pounds
annually (116). As antibiotics are used to treat many acute and chronic infections,
we have tabulated important information about the numerous classes of these
drugs, their common names, the instructions for dosing and whether it should be
taken with or without food, the nutritional effects of the different antibiotics, and
any related adverse reactions on the GI tract (Table 3).

Antibiotic exposure, however, is considered to be much higher due to inadvertent
exposure to foods that contain antibiotics, such as beef, chicken, and certain root
vegetables. Estimates of antibiotic use in the veterinary industry and as growth
promoters in the animal feed industry approach 50 million pounds/year based on
2004 data. Antibiotic-resistant strains of pathogens are a growing problem and
result in the use of multiple antibiotics and stronger drugs that can further adversely
affect nutritional status via nutrient absorption, elimination, and/or utilization.

In 2005, evidence-based guidelines that were issued by the European Respiratory
Society in collaboration with the European Society of Clinical Microbiology and
Infectious Diseases for the management of community-acquired pneumonia were
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adapted by Switzerland. These guidelines take into consideration the increase in the
prevalence of resistant bacteria combined with relevant clinical information to help
determine an appropriate course of treatment. Treatment algorithms that carefully
exclude other causes based on symptoms as well as the use of the appropriate
antibiotic at a minimal dose were recommended. Since the use of antibiotics is
estimated to be well above the expected prevalence of bacterial infections in North
America, the optimal use of antibiotics in the context of respiratory infections still
needs to be determined (117). In addition to the increased risk related to antibiotic-
resistant bacteria, there are multiple nutritional and food-related considerations
related to antibiotic use, as illustrated for several common antibiotics in Table 3.
The use of antibiotics may trigger autoimmune diseases (118). The use of anti-
biotics is associated with significant temporary changes in the colonization of the
large intestine and the microbiota balance (see below).

4.1. HIV

The primary objective of HIV drug therapy is to halt viral replication. Most drugs
target the enzymes that either permit the virus to enter the host cell’s DNA or
decrease the potential for the virus to replicate within the host’s cells. Drug treatment
usually involves the simultaneous administration of at least two drugs; in developed
countries, these are given to infected individuals from the onset of symptoms and
continue indefinitely. Selected HIV-1 medications and their nutritional effects are
summarized in Table 4. This table includes detailed information about the 18 most
commonly used drugs, the effects of the drug on nutritional status, effects on
appetite, fat absorption and the effect of dietary fat on drug absorption and other
relevant information, and the detailed instructions for administration (see also
Chapter 26). Resistance to HIV drugs is common and thus throughout the course
of the disease there are multiple adjustments in drug combinations.

For HIV, even when patients are asymptomatic, there are many relevant nutri-
tional consequences due to the advance of the disease (47). Continuing production
of proinflammatory cytokines and a general state of increased metabolic activity
contribute to the weight loss seen as disease progresses. Reduced dietary intake and
nutrient malabsorption also contribute to the deteriorating nutritional status.
Finally, most drugs used to treat HIV and AIDS have similar adverse effects on
the GI tract, resulting in nausea and diarrhea, loss of appetite, dyspepsia and
anorexia, loss of sensation in the mouth, and changes in taste perception. Conse-
quently, patients suffer from decreased food intake. There is also an acceleration of
loss of nutrients because of the persistent diarrhea seen with the disease as well as in
response to drug therapy. Both macro- and micronutrients are lost in diarrhea
including proteins, fat, fat- and water-soluble vitamins, sodium, and potassium.
More serious adverse effects to drugs include pancreatitis and liver dysfunction
(48,119).

There appears to be an increased requirement for macronutrients and several of
the micronutrients in HIV-infected individuals. When clinical studies are under-
taken, these patients are almost always treated with a multidrug regimen. HIV-
infected patients often have elevated triglycerides and may have higher circulating
fatty acids. Arginine and glutamine, amino acids that have been shown to be
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immunomodulatory, have been given to HIV-infected patients with consequent
beneficial effects such as increases in lymphocyte counts and decreases in infections
(113).

With regard to micronutrients, there are consistent reports of significantly lower
circulating levels of riboflavin, niacin, folate, and vitamins B6 and B12; vitamin B6

and folate are important for optimal immune responses. Low serum vitamin A
levels are predictive of poor long-term outcomes. Indicators of increased oxidative
stress are well documented and circulating levels of selenium, vitamin C, and
vitamin E are often reduced (31,47,120–124).

4.2. TB

TB is normally treated with up to four antibiotics simultaneously in order to
reduce the potential of forming drug-resistant strains of the bacteria. TB treatment
is long term and the drugs have adverse effects on food consumption andmay cause
vomiting, diarrhea, and loss of appetite (Table 3). Following acute infection, there is
often a latent period where the bacteria are not reproducing and infected patients
recover their strength. There are few well-controlled studies that indicate that
nutritional interventions can affect the progression of TB once contracted.

There are also a few studies that show success in reducing the progression from
latent to reactivated disease with nutritional measures. However, there are very few
studies and it is difficult to separate the influence of nutritional intervention from
those of the antibiotic therapy. In summary, poor nutritional status increases the
risk of contracting TB and continued malnutrition cannot improve prognosis.
Long-term, beneficial nutritional interventions have yet to be identified for TB
patients (65).

5. AUTOIMMUNE DISEASES

5.1. Autoimmune Disease Prevalence and Evaluation of Risk Factors

The number of differentiated autoimmune diseases continues to grow and as of
recently, eighty distinct autoimmune diseases have been identified. Examples of
organ-specific autoimmune diseases include Type 1 diabetes (pancreas), Graves’
and Hashimoto’s diseases of the thyroid, andMeniere’s disease of the ear. Systemic
diseases include SLE, multiple sclerosis, RA, and other arthritides as well as
numerous other less frequently studied diseases such as myasthenia gravis and
scleroderma (125). A 1997 epidemiological study identified 24 of the most com-
monly occurring autoimmune diseases in the United States and found that about
3% of the adult population has an autoimmune disease. For the 24 types of auto-
immune disease, women were at 2.7 times greater risk than men (126). More
recently, it has been estimated that autoimmune diseases afflict 8–10% of the US
population or about 24million people. Importantly, 78%of the affected individuals
were women (127). Collectively, autoimmune disease is one of the top 10 leading
causes of death of children and for women for every age group up to 64 years old
(125,128). Incidence rates vary among the autoimmune diseases, with estimates
ranging from less than one newly diagnosed case of systemic sclerosis to more than
20 cases of adult-onset rheumatoid arthritis per 100,000 people. Prevalence rates
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range from less than 5 per 100,000 to more than 500 per 100,000 (Graves’ disease,
rheumatoid arthritis, thyroiditis) (129). For comparison, the prevalence of Type 1
diabetes is 192 per 100,000 US adults, whereas lupus is seen in about 24 per 100,000
people (mainly women). Jacobson et al. (126) indicate that the incidence of rheu-
matoid arthritis and Type 1 diabetes and three other autoimmune diseases will
increase over time, based upon past analyses. These authors also point out the need
for better demographic information about the prevalence and incidence of auto-
immune diseases. The economic impact is considerable because the majority is
afflicted during their most productive years, and the conditions are chronic, with
no cures currently available.

5.1.1. RHEUMATOID ARTHRITIS

RA is a chronic, progressive autoimmune disease of unknown origin that is
associated with a genetic predisposition and an environmental trigger (130). RA
causes a deterioration of articular joints causing pain, stiffness, swelling, and
deformity that over time results in severe disability. The autoantibodies in RA are
sometimes referred to as rheumatoid factor and titers are used diagnostically. The
autoantibodies are found in the joint fluids and are probably the initiators of the
inflammation seen in peripheral joints. The age of onset may be in youth or young
adulthood resulting in juvenile RA. About 1%of the population suffers from adult-
onset RA; more than 2 million American adults are affected and 75% are women
(131). Oxidative damage to the joints and increased production of inflammatory
cytokines are hallmarks of RA. Patients with RA may also have symptoms of
anemia that is unrelated to a lack of dietary intake of iron. Anemia of chronic
disease (ACD) is associated with a reduction in red blood cell (RBC) iron. There
appears to be a redistribution of iron from inside the RBC to within the synovial
fluid. The RBC have receptors for the rheumatoid factor. Binding of rheumatoid
factor to the receptor on the RBC triggers autoimmune destruction of the eryth-
rocyte and release of iron into the synovial fluid. RA-associated ACD causes an
increase in oxidative damage in the joints exposed to free iron (130,132). Low saliva
output is also seen in about 25% of RA patients who may also be suffering from a
second autoimmune disease, Sjogren’s syndrome. Hyposalivation results in
decreased buffering capacity, which can contribute to mucosal infections, dental
caries, difficulties in tasting, eating, swallowing, and/or speaking (133).

5.1.2. SYSTEMIC LUPUS ERYTHEMATOSUS

SLE mainly affects women of childbearing age; only 10% of lupus patients are
male.Worldwide, the incidence in white women is 1 in 1000, but it is 1 in 250 in black
women. In the United States, the disease affects about 1.4 million women. About
one-third of patients have more than one autoimmune disease; about half have a
relative that is also affected by autoimmune disease, highlighting the genetic com-
ponent of the disease. Broader health impact of SLE includes accelerated athero-
sclerosis, which increases the risk of heart attacks and other cardiovascular events
like heart failure and strokes. This makes it crucial to try to prevent such compli-
cations by reducing other risk factors for heart disease such as smoking, high blood
pressure, and high cholesterol. SLE may also cause kidney disease, which can

Chapter 23 / Drug–Nutrient Interactions and Immune Function 697



progress to renal failure and require dialysis (134). There are few data associating
nutritional status and risk of lupus. A prospective epidemiological study noted that
low vitamin E status preceded diagnosis of SLE and RA in a well-characterized
population (97). Another small study from Korea suggests that patients with SLE
have lower intakes of antioxidant nutrients and carotenoids than age- and sex-
matched controls (135). There are suggestions from a limited number of studies
that certain food components and nutrients, such as vitamin D, may affect the
course of the disease. Most of the data, however, are from small studies over
relatively short periods of time; however, a recent analysis from the Nurse’s Health
Study I and II of over 90,000 women who had been followed from 1980 to 2002 and
did not have either RA or SLE at baseline showed no association of vitamin D
intake with risk of developing these two autoimmune diseases (136).

5.1.3. INFLAMMATORY BOWEL DISEASE

Ulcerative colitis (UC) and Crohn’s disease (CD) are idiopathic, chronic, inflam-
matory disorders of the GI tract that are immunologically mediated. Collectively,
these disorders are referred to as IBD. The chronic inflammation can develop via
manymechanisms, suggesting these are heterogeneous diseases onmany levels. IBD
can present as bloody diarrhea, abdominal pain, malnutrition, and lifelong relapses.
Most commonly, these disorders present in two peaks with regard to age. The first
peak is between 15 and 30 years and the second peak is between 60 and 80 years.
Both age peaks share common pathophysiology (137). AlthoughUC andCD share
many aspects, there are few important differences related to the location of the
inflammation and the depth of the inflammation. In CD, the inflammation location
could be anywhere along the GI tract (from mouth to anus), whereas in UC, the
inflammation is restricted to the colon and is confined to the mucosal layer of the
large bowel. Finally although both diseases dispose the individuals affected to
cancer, UC does so to a greater extent (138).

The pathogenesis of IBD is very complex and only partly understood. Onset
or reactivation of the disease is believed to be due to convergence of four
separate components. These components are genetic susceptibility, environmen-
tal triggers, immune response combined with luminal antigens, and adjuvants.
Genes that control mucosal barrier integrity and microbial clearance and/or
homeostasis, as well as innate immune responses, have been implicated
(139,140). Although it is commonly believed that overaggressive T-cell immune
responses to commensal (i.e., nonpathogenic) bacteria found in the GI tract are
responsible, there is evidence that activated innate (macrophage) and acquired
(T and B cells) immune responses and loss of tolerance to enteric commensal
bacteria are involved. Further, recently it has been reported that there is no
direct evidence of defective T-cell regulatory function (139). Commensal gut
bacteria play a major role in the development and relapses of IBD either as
adjuvants (activation of innate immune response including dendritic cells and
antigen-presenting cells) or as antigens (stimulation of T cell and activation via
T-cell receptor) (139). Human data suggest that in UC the commensal bacteria
balance is tipped toward more proinflammatory types of bacteria, specifically,
bifidobacteria and peptostreptococci (141).
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Although mortality rates are low, IBD is associated with high morbidity (142).
There are variable incidence rates of IBD across different countries. As many as 1.4
million people in the United States and 2.2 million in Europe suffer from these
diseases (142). The highest incidence rates and prevalence for both UC and CD
have been reported from northern Europe (143,144), the United Kingdom (145),
and North America (137,146), which are the geographic regions that have been
historically associated with IBD. However, reports of increasing incidence and
prevalence from other areas of the world such as southern or central Europe
(144,147) and Asia (148–150) show that occurrence of IBD is a dynamic process.
The prevalence of IBD has increased in the past few decades and it is expected that
more people will be affected by this disease as more populations are adopting the
Western lifestyle. A 2008 analysis from the United Kingdom covering CD up to
2005 demonstrated that the incidence rate relative to previous decades is still on the
rise and that the incidence in children under age 16 is also increasing (151). It has
been suggested that the recent dramatic increase in incidence, especially in the
pediatric population, is related to modifiable environmental factors rather than
genetic changes, specifically to increased omega (o)-6 fatty acids and thus the
relative decrease in o-3 fatty acid consumption. Interestingly, the skewed consump-
tion towardo-6 relative too-3 starts in utero and continues during infancywhen the
GI system is still developing (152). Proinflammatory by-products from linoleic
acid metabolism such as prostaglandins (such as E2) and leukotrienes are
implicated.

The principal medical therapies used to induce disease remission in patients with
UC depend on disease activity and extent. Drugs that are used as a function of the
severity of the disease include aminosalicylates and antibiotics (for mild disease),
corticosteroids (for moderate disease), and immunosuppressants such as cyclospor-
ine (for severe disease). Therapies that are used to prevent disease relapse include
aminosalicylates, azathioprine, and meracaptopurine (140,153). Detailed review of
therapy including conventional and unconventional therapies as well as newer
approaches was reported by Ardizzone et al. and Domenech et al. (138,140).
Colectomy with creation of an ileal pouch, anal anastomosis (J pouch), has become
the standard of care for patients with severe or refractory colitis and results in an
improved quality of life in most patients (138). Drug therapy for patients with CD
ismore complex and depends on the location (ileal vs. colonic vs. ileocolonic) as well
as the behavior of the disease (inflammatory vs. penetrating vs. stenosing) and the
extent of activity of the disease (mild, moderate, or severe) in a given patient. Drug
therapy typically includes aminosalicylates and antibiotics (for mild mucosal dis-
ease), enteral nutritional therapy (including elemental or polymeric formulas),
corticosteroids (for moderate disease), and immunomodulators such as infliximab
(for corticosteroid-resistant or fistulizing disease). Aminosalicylates, mercaptopur-
ine, azathioprine, methotrexate, and infliximab can be used as maintenance thera-
pies (138).

Two additional biologic agents with recent FDA drug approval are natalizumab
and certolizumab. These drugs are for the induction and maintenance of remission
in patients with moderate to severely active Crohn’s disease. Natalizumab is a
recombinant, humanized immunoglobulin (Ig) G4 monoclonal antibody against
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a4 integrins (154,155). The approval contains highly restrictive conditions and
other comedications should be discontinued before starting treatments and other
comedications (steroids) should be tapered off (156). Certolizumab pegol is a
humanized anti-TNF monoclonal antibody fragment (157). Data suggest that in
a subpopulation of patients who responded to the initial induction therapy, there
were also fewer relapses with maintenance therapy (158).

Factors contributing to malnutrition in IBD may include reduced oral intake,
malabsorption, and increased nutrient losses from the gut and drug–nutrient inter-
actions. Specifically, people with CD often experience a decrease in appetite, which
can affect their ability to consume food needed for good health and healing.
Furthermore, in the case of CD there is often diarrhea and therefore increased
risk of developing overall malnutrition in terms of calories combined with poor
absorption of necessary nutrients. Of particular relevance is deficiency in calcium,
vitamin D (159,160), folate (161), and zinc (162). For example, folate deficiency
may result from competitive inhibition with concomitant sulfasalazine therapy used
to treat IBD (140,163).

There are no consistent dietary rules or a special diet that has been proven
effective in improving symptoms, preventing, or treating CD. However, it is very
important that people who have CD follow a nutritious diet and avoid foods that
seem to worsen their symptoms. In any case, dietary supplementation is an impor-
tant aspect of the overall strategy for the treatment of IBD (162,164,165), especially
for children. Interestingly, incorporation of fiber into the diet has been controver-
sial (166). Anti-inflammatory drugs such as steroids and mesalamine induce GI
side effects including nausea, vomiting, heartburn, and diarrhea, all of which may
decrease food intake or reduce food absorption (166).

5.1.4. DIABETES

There are two classes of diabetes: Type 1, an autoimmune disease, and Type 2,
associated with metabolic syndrome and obesity. Regardless of the initial cause, the
long-term consequences of these chronic conditions are similar. There are numerous
and cumulative debilities to many tissues and organs of the body as the consequen-
ces of diabetes (167–172); however, the major cause of death is atherosclerotic
cardiovascular disease (173). In addition, common secondary consequences of
diabetes include bacterial and fungal infections.

5.1.4.1. Type 1 Diabetes. Type 1 diabetes, an autoimmune disease, is caused by
the self-destruction of the majority of the insulin-secreting cells of the pancreas
(174,175). Genetic predisposition and a triggering factor that initiates the inappro-
priate recognition of the insulin-secreting pancreatic islet cell as nonself by T cells
are two major factors that are thought to be essential in the development of Type 1
diabetes (176). Inappropriate destruction of islet cells results in increased oxidative
stress on the pancreas and furthermore, due to the lack of insulin, there is imminent
increased oxidative damage and continued adverse effects (177–179).

The difference between the two types of diabetes is the need for insulin immedi-
ately once there is a diagnosis of Type 1 diabetes as the autoimmune destruction of
the islet cells of the pancreas that produce insulin has proceeded to the point of
clinical recognition of the disease. The precipitous rise in circulating glucose levels is
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often the defining feature of the diagnosis; glucose is also excreted at high levels in
the urine. Moreover, glucose does not enter the tissues appropriately, resulting in a
lack of energy source in critical tissues and organs such as the brain and the retina
(170,171). Without the administration of insulin, the Type 1 diabetic would suc-
cumb in a few weeks or months. Thus, insulin is the drug that is administered daily
to Type 1 diabetics. Type 1 diabetes often develops during childhood before the age
of 10. Evenwith the use of insulin, the nutritionalmanagement of the patient (who is
usually young) is critical for optimal long-term survival (180,181).

There is also an increase in the procoagulant factors in the blood along with
hypertriglyceridemia, increased LDL, and reduced HDL levels. Advanced glyca-
tion end products (AGEs) that result from glucose binding inappropriately with the
body’s proteins are triggers for many immune cells to produce inflammatory
cytokines. AGE receptors are also found on endothelial and renal cells where the
binding of AGE results in the production of inflammatory cytokines such as
interleukin-1, tumor necrosis factor, and insulin-like growth factor-1. Conse-
quently, there is an increase in inflammation in the blood vessels throughout the
body and over time, a loss of renal function (182).

As diabetes progresses, there is an overall decrease in antioxidant status with
decreased levels of vitamin C, glutathione, superoxide dismutase, and other anti-
oxidants in the blood of diabetics compared to nondiabetics that are age-, sex-, and
dietary intake matched (183). Reduced antioxidant status may be a major factor in
the increased damage to both the micro- and the macrovasculature in diabetics.
Hyperglycemia is associated with depressed cellular immune responses and that
results in increased prevalence of bacterial and fungal infections; infections are
often persistent, with the formation of ulcers and deep infections in soft tissue and
bone (184–186). Increased oxidative stress and free radical damage could be the
cause of many of the pathologies seen in diabetes (187). Important nutritional
consequences of diabetes including elevated triglycerides, increased lipid oxidation,
impaired function along the entire GI tract including dysphagia, nausea, and fecal
incontinence and the formation of glycation products in the blood are summarized
in Table 5.

The potential for beneficial effects of antioxidant supplementation in patients
with type 1 diabetes was examined by Jain et al. (177–179). They found a marked
decrease in glycosylated hemoglobin and reduction in triglyceride levels following
supplementation with vitamin E (177). Recently, Holick summarized many of the
adverse effects related to vitamin D deficiency including the effects on Type 1
diabetes (188). Specifically, there are several studies that show reduced risk of
Type 1 diabetes after vitamin D supplementation. Both reduced risk due to inter-
vention and increased risk due to deficiency are documented (see below).

5.1.4.2. Type 2 Diabetes. Type 2 diabetes develops most frequently in midlife,
although the incidence is increasing in the young in association with prevalence of
overweight and obesity. Approximately 50%of individuals with Type 2 diabetes are
65 years old or older. The disease is characterized by a depressed response of target
tissues to insulin, resulting in a higher than normal circulating level of glucose and a
lower than normal level of glucose in tissues (169,187). Additionally, Type 2
diabetics often have hyperlipidemia and hypertension and are also often obese.
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Elevated body mass index (BMI) is related to decreased insulin sensitivity in Type 2
diabetics (167). There is an increased risk of Type 2 diabetes in both men and
women with increased central or visceral obesity (189). Long-term effects of Type 2
diabetes include nephropathy, neuropathy, retinopathy, impaired cellular immun-
ity, osteoporosis, and multiple adverse effects on the cardiovascular system
(168,173,190–195). Diet changes are often the first line of defense against the
insulin resistance seen in Type 2 diabetes. However, only about 10% of adults can
control their circulating glucose levels with lifestyle changes alone (196).

5.2. Nutritional Status and Autoimmune Diseases

Most autoimmune diseases have an ongoing inflammatory component and
therefore it may be that the oxidative damage caused by the inflammation may
reduce the overall antioxidant status of the patient with autoimmune disease.
Comstock et al. (97) found that lower than average serum vitamin E levels preceded
the diagnosis of two autoimmune diseases, RA and SLE. De Pablo et al. (197),
using data from NHANES III, found that individuals 60 years or older and who
reported three or more of the criteria of RA had significantly lower serum levels of
antioxidant carotenoids and also had increased serum level of C reactive protein, a
marker of oxidative stress, compared to age-matched non-RA participants. As
mentioned above, several studies have noted the beneficial effects of vitamin E in
diabetes. Low sunlight exposure and/or vitamin D status has been associated with a
greater risk of multiple sclerosis. Additionally, cigarette smoking, which would
increase oxidative stress, is also linked to increased risk (198).

Exposure to tobacco smoke during the first years of life as well as within 3months
of breast feeding following delivery has been associated with the presence of
rheumatoid factor in healthy young children (199). Two recent papers point to
the potential for fetal exposures to increase the risk of developing autoimmune
diseases (200,201). Undernutrition in utero has been associated with decreased
immune responses in the neonate and increased risk of atopy. Similarly, low birth
weight has been shown to increase risk of autoimmune diseases in animal models
and may have a similar effect in humans. As indicated above, the immune system
can react to self-antigens and attack specific organs or multiple, systemic sites
within the body, resulting in inflammation and cellular destruction. One clear
example of how the immune system can influence one’s nutritional status is seen
in the autoimmune disease, pernicious anemia. In autoimmune-related pernicious
anemia, the body synthesizes antibodies against gastric parietal cells responsible for
the secretion of intrinsic factor that is required for the absorption of vitamin B12

(cobalamin). The autoimmune disease also results in a significant drop in the
production of acid in the stomach, as parietal cells are also the source of gastric
acid. Thus, both the intrinsic factor associated absorption and the acidic pH
required for B12 release from foods are adversely affected (202). Vitamin B12 is a
cofactor in the synthesis of DNA and is required for the development of all new
cells. Erythrocytes are one of the major cell types that are produced at high rates
daily. A deficiency of vitamin B12 causes a malformation of the nucleus of the
immature red blood cell. This larger than normal (i.e., megaloblastic) red cell is
characteristic of the anemia seen with B12 deficiency. Other major targets for the
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adverse effects of vitamin B12 deficiency are epithelial cells and the myelin-produc-
ing cells lining nerves; these cells are actually of immune-cell origin. Injections of
vitamin B12 overcome the requirement for both intrinsic factor and stomach acid.
High oral doses of B12 (1000 times the recommended intake level) can also reduce
the signs of B12 deficiency (203).

5.2.1. IBD

In the case of IBD, elemental diets will produce symptomatic relief and objective
remission in up to 90% of patients and may be considered as a first-line therapy for
pediatric patients (204). However, most patients relapse soon after resumption of a
normal diet. Achievement of prolonged remission has been possible when these
people are put onto diets that exclude specific foods that they are intolerant of such
as cereal, dairy products, yeast, and certain types of fat (205). Vitamin E in
combination with vitamin C has been found to decrease oxidative stress in a clinical
placebo-controlled trial, with individuals suffering from Crohn’s disease that were
in a state of high oxidative stress (206).

5.2.2. FIBER (PREBIOTICS)

Prebiotics have been defined as nondigestible food ingredients that beneficially
affect the host by selectively stimulating the growth and/or the activity of one or a
limited number of commensal bacteria in the colon and thus improve host health
(207). It is well established that breast milk confers health benefits to feeding
infants and although no one ingredient can be responsible alone, it is also recog-
nized that humanmilk contains oligosaccharides thatmay serve as prebiotics (208).
Prebiotics such as inulin and oligofructose are present in a large number of plant
species as storage carbohydrates and are naturally found in the diet in relatively low
concentration. Prebiotics can act as substrate for selected commensal bacteria, thus
helping promote and sustain beneficial species that are already present in the colon
(209). Microbial fermentation of dietary fibers and oligosaccharides results in the
production of the short-chain fatty acids (SCFA) – acetate, propionate, and buty-
rate. Production of these SCFA is associated with a reduction in the pH of the large
intestine and potentially several physiological benefits. Reduction of the pH due the
production of SCFA has been linked to reduced production of putrefactive sub-
stances as well as reduction of blood markers related to fat metabolism in hyper-
cholesterolemic patients (210). In addition, stimulation of intestinal peristalsis is
one benefit associated with the production of the SCFA (211). Importantly, the
SCFA profile changes as a function of the fiber (212).

Several immune-modulating effects of fructooligosaccharides (FOS), including
nonspecific immune enhancement, have been reported recently. Guigoz et al.
reported the results of an intervention study where elderly nursing home patients
received 8 g of FOS daily divided into two 4 g doses. Results showed that the
beneficial bifidobacteria counts increased significantly during the 3 weeks of sup-
plementation. Bacteroid [also found in IBD-inflamed regions of inflamed mucosa
(213)] counts also increased, while others (Enterobacteriaceae, enterococci, and
lactobacilli) were not significantly altered. Significant increase in peripheral T
lymphocytes and CD4+ and CD8+T cells, accompanied by a significant decrease
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in phagocytic activity of granulocytes and monocytes as well as a decrease in
inflammatory cytokine RNA in peripheral blood mononuclear cells, indicated a
decrease in the inflammatory process (214). The increase in the numbers of leuko-
cytes both in the gut mucosa and in the blood that coincided with a decrease in
proinflammatory cytokines demonstrated the powerful effects that are associated
with this prebiotic intake. Similar results were observed in a small clinical trial with
CDpatients withmoderately active disease. Significant reduction in disease activity,
as well as significant increase in fecal bifidobacteria combined with positive effects
on dendritic cells, suggesting promotion of immunoregulatory response as a con-
tributor to the overall improvements (215). Importantly, the increase in mucosal
bifidobacteria was associated with clinical remission; however, direct cause and
effect was not ascertained. More recently an animal study demonstrated that a
mixture of FOS:inulin enhanced immune function after administration of an oral
vaccine. While not all measured clinical markers met expected changes, several
important observations including increased survival rate in the FOS:inulin-treated
animals suggested that FOS:inulin treatment offered an overall improved immune
response, especially after the administration of the Salmonella vaccine (216).
Review of clinical trials with infants and with a combination of FOS and lactose-
based oligosaccharides demonstrated increased bifidobacteria, reduction of patho-
genic bacteria as well as reduction in stool pH, and improved consistency and
frequency (208). Importantly, despite differences in the basic sugar units and the
structure of the oligosaccharides, their incorporation resulted in quantifiable pos-
itive impact, suggesting a promising potential to the class of prebiotic compounds.

It is well established that many bacteria capable of causing food poisoning reside
within the gut flora of humans and animals and may even be consumed inadver-
tently (217). Regardless of the safety and processing standards that the food
undergoes, it is impossible to prevent exposure to pathogenic species that are an
integral part of the food system. However, the individual’s response to such chal-
lenges varies. It has been proposed that by preferential feeding, indirectly, prebiotics
enhance resistance to colonization by undesired species, while promoting coloniza-
tion by desired species (209). Due to the effects of colonization, there is a modu-
lation of the enteric and the systemic immune functions with a consequent decrease
in overall inflammation and disease (218). It has been suggested that the benefit of
prebiotics in IBD is related to their production of butyrate as a result of fermenta-
tion and production of short-chain fatty acids in the colon. In vitro studies show
that butyrate suppresses the activation of nuclear factor-kB (NF-kB), and butyrate-
containing enemas of individuals suffering from UC decrease inflammation as
measured by the reduction of macrophages that are positive for NF-kB (219).

A combination of prebiotics and probiotics to enhance the potential of each
alone is referred to as synbiotics. The combination assumes that it would encourage
indigenous probiotic bacteria and provide them with prebiotics to promote their
growth. The first data set from a randomized clinical trial with such a combination
in patients with UC was encouraging and resulted in a short-term improvement
based on various clinical measures (220). It was concluded, however, that the direct
effect of the probiotic bacteria is unknown and several possible mechanisms might
be involved.
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5.2.3. PROBIOTICS

Selected beneficial bacteria have been traditionally used in various human food
products to modify the food format while extending the shelf life of the product.
Currently, in addition to their functional effects on the food, their effects on the host
are also being studied. MacFarlance defines probiotics as ‘‘live microbial additives
that change the composition and or the metabolic activities of the microbiota or
modulate host immune function in a way that benefits health’’ (209). However,
there might be a significant role for inactivated bacteria as well. The most common
probiotics used are bifidobacteria and lactobacilli (209). Importantly, bifidobac-
teria and lactobacilli are more predominant in breast-fed infants (221). Specific
mechanisms involved with probiotic bacteria include successful competition with
other bacteria that are involved in disease etiology; removal of inflammatory
stimuli; direct effect on the expression of inflammatory cytokines; direct influence
on dendritic cells; and influence on both downregulation of proinflammatory
response and stimulation of a more tolerant immune response (220). Overall,
probiotics bring in an additional remarkable opportunity to treat various GI
diseases. Although only a small number of organisms have been evaluated to
date, there are still tremendous and fertile grounds for future candidates. The
long-term effects, especially for infants, of the manipulations of both prebiotics
and probiotics need careful attention as these potentially can affect multiple dis-
eases and can have long-term consequences. The mechanism by which intake of
probiotics contributes to the delicate gut microbiota balance is important as there
may be a concern related to overstimulation and a consequent inflammatory
response. The benefits and risks associated with the use of live – relative to inacti-
vated – bacteria to simulate response also needs to be carefully evaluated (222). The
use of specific strains as probiotics must be emphasized as even traditional probiotic
strains have been shown to induce inflammation in susceptible host animal model
systems (139).

The role of probiotics in the treatment of intestinal infection and inflammation
was reviewed by Vanderhoof (223), who examined the clinical data in intestinal
infections including viral, antibiotics, C. difficile, and traveler’s diarrhea, as well as
newer evidence related to inflammatory diseases.

Probiotic bacteria may offer benefits in cases of bowel-related autoimmune
diseases, such as IBD. The therapeutic potential of probiotics has been investigated
as an attractive alternative, one that may directly affect one of the causes of the
disease. The therapy could potentially direct the gut’s microbiota away from the
proinflammatory bacterial species. The proposed mechanism of action claims that
regular feeding with live probiotic microorganisms effectively dilutes pathogenic
bacteria and beneficially affects gut health, thus stimulating immune responses
(220,224). In addition, this treatment option would be associated with low side
effect burden (213). Traditional therapies for mild UC have had only limited
success as the disease tends to relapse; conventional therapies do not eliminate the
root cause of the inflammation but offer temporary relief. Similarly in CD, despite
manipulation of the gut’s bacteria that has been associated with short-term efficacy
due to antibiotic use, long-term efficacy has not been established, while major side
effects exist. One successful intervention with probiotic therapy was reported in a
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placebo-controlled clinical trial with individuals with relapsing chronic pouchitis
despite ileal pouch-anal anastomosis. It was concluded that the specific probiotic
mixture (VSL#3, a mixture of eight different bacterial stains) is effective in prevent-
ing flare-ups (225). Benefits were attributed to increase in concentration of pro-
tective bacteria due to the specific bacteria that were used. In a follow-up study with
the same combination (VSL#3) but at a higher dose, Gionchetti et al. concluded
that this treatment is effective for mild disease (226) and suggested that this has
potential as an alternative treatment after further well-controlled clinical confirma-
tory trials.

5.3. Nutrients as Anti-inflammatory Agents

Various nutrients act to modulate the immune response and therefore act to
suppress inflammation. Some nutrients (like zinc) are central to several processes
and they participate via several mechanisms including their catalytic contribution in
enzymatic activities, their role in DNA transcription that is related to immune
response, and as a component of proteins that are involved in signal transductions.
Other nutrients are not essential and rely on their biological effects. Vitamins and
minerals such as copper, iron, selenium, and zinc and other nutrients such as the
amino acids arginine and glutamine, the sulfur-containing amino acids cysteine or
methionine have been reported beneficial (227). Yet other nutrients such as poly-
phenols, specifically epigallocatechin, has also been shown to confer some anti-
inflammatory effects as well (228). Downregulation of COX-2 activity is consid-
ered protective, and several dietary components have been shown to inhibit COX-2
and/or reduce the formation of inflammatory prostaglandins – the products of
COX-2 enzyme activity (229,230). COXs are involved in the oxidation of arach-
idonic acid (o-6), vitamin E and other essential antioxidant vitamins and minerals
(231,232).

5.3.1. OMEGA-3 FATTY ACIDS

Omega-3 (o-3) fatty acids contain their first double bond between the third and
fourth carbon atom from the methyl end of the molecule. The essential o-3 fatty
acid is linolenic acid and it contains 18 carbons. The longest o-3 fatty acids are
eicosapentaenoic acid and docosahexaenoic acid with 20 and 22 carbons, respec-
tively. Omega-3 fatty acids have anti-inflammatory properties compared to o-6
fatty acids and it is the dietary balance between o-3 and o-6 fatty acids that can
impact inflammatory responses at the cellular and tissue levels (233,234). The
mechanisms by which o-3 fatty acids reduce inflammation are related in part to
their ability to act as an antagonist to the o-6 fatty acid, arachidonic acid, by
decreasing the amount of arachidonic acid that is available for production of
inflammatory mediators (228).

Simopoulos (231) and Belluzzi (235,236) have reviewed the clinical data on the
anti-inflammatory properties of the longest chain o-3 polyunsaturated fatty acids
eicosapentaenoic acid and docosahexaenoic acid. These oils, usually in the form of
either algal or fish oil, have been shown to reduce the inflammation associated with
several types of autoimmune diseases including RA, IBD, SLE, multiple sclerosis,
and psoriasis. The fish oil-derived o-3 polyunsaturated fatty acid inhibits
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leukotriene B4, a potent chemoattractant and proinflammatory eicosanoid impli-
cated in the pathogenesis of inflammatory bowel disease (237). Supplementation
with a liquid formula containing antioxidant and o-3 fatty acid significantly
improved serum antioxidant status, reduced the proportion of arachidonic acid,
and increased the proportion of eicosapentaenoic acid and docosahexaenoic acid in
plasma phospholipids and adipose tissue, suggesting a shift to an anti-inflammatory
phenotype (238). Supplementation of nine capsules of an enteric-coated fish oil
preparation (equals 2.7 g o-3 polyunsaturated fatty acid) has been shown to be
efficacious in maintaining remission in Crohn’s disease when compared with pla-
cebo (239). In addition to clinical benefits, supplementation appears to be safe at
the levels given in most clinical studies. In many of the studies in patients with RA,
there was also a decreased need for NSAID and/or corticosteroids. Anderson and
Fritsche (240) in a comprehensive review examined the divergent database on the
effects of o-3 fatty acid supplementation during infectious disease. Since o-3 fatty
acids can reduce inflammatory responses in part by downregulating macrophage
and lymphocyte functions, there is still a question about the efficacy of supplemen-
tation during infection. This extensive review concluded that o-3 fatty acids can
have beneficial effects in some instances, but not in all, and that further research is
warranted.

5.3.2. RA AND OTHER ARTHRITIDES

As indicated above, the types of fats consumed can directly affect the concen-
tration of inflammatory mediators in tissues in joints. Survey data suggest that
consumption of olive oil as part of aMediterranean diet is associated with lower risk
of development of RA as well as decreased symptom severity. Olive oil contains
monounsaturated (o-9) fatty acids and is considered to be either neutral or reducing
the proinflammatory responses seen with o-6 fatty acid intakes. High fish con-
sumption, which would increase the intake of o-3 fatty acids, is also associated with
decreased risk of incident RA (241). In addition to survey data, an intervention
study in patients with RA showed that aMediterranean diet vs. a Western-type diet
consumed for 12 weeks resulted in a significant decrease in a composite index of
disease activity, an increase in physical activity, and an improved vitality (242).

Supplementation with anti-inflammatory nutrients has resulted in pain reduction
in some studies and reduction in pain medication use in others. In one study
involving 49 RA patients, supplementation with l-linolenic acid (o-6) and eicosa-
pentaenoic acid (o-3) for 1 year resulted in decreased pain and tapering of NSAID
use in 80% of patients compared to 33% in the placebo group. A number of studies
have examined the effects of supplementation with o-3 fatty acids and have shown
consistent reductions in tender joints and morning stiffness (232,235). A prospec-
tive case-control study, EPIC_NOAR, investigated the potential for fruits, vegeta-
bles, and vitamin C intakes to reduce the risk of incident inflammatory polyarthri-
tis. Lower intakes of all these dietary components significantly increased the risk of
disease. The adjusted odds ratio for disease comparing the lowest vitamin C intake
to the highest was 3.3 and for fruits and vegetables, the odds ratio was 1.9 (243).
Recent data from the Nurse’s Health Study examined the association of intake of
nutrients that have been associated with increased risk of inflammation and risk of
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developing RA. Benito-Garcia et al. prospectively examined the association
between intakes of protein (total, animal, and vegetable), iron (total, dietary,
supplemental, and heme iron) and their food sources and the risk of RA. After
adjusting for age, smoking, BMI, and reproductive factors, they found no clear
association between either protein or iron intake and risk of incident RA (244).

6. EFFECT OF DRUGS (USED TO MANAGE AUTOIMMUNE DISEASES)
ON NUTRITIONAL STATUS

6.1. RA

Aspirin and other NSAIDS are usually the first medications given to reduce the
inflammation in RA. However, their efficacy is often inadequate. Corticosteroids
are potent anti-inflammatory drugs but do not stop the joint erosion and their
efficacy decreases with use. Disease-modifying drugs, such as gold compounds,
cause potential adverse reactions that include GI tract disturbances. Cytotoxic
drugs (e.g., methotrexate) are the next group of drugs given when RA continues
to cause pain and joint destruction. These drugs reduce pain but do not affect
disease progression. The progressive nature of RA results in the successive use of
more toxic drugs that have serious side effects on overall health and nutritional
status (122,245,246). Additionally, as discussed below, the potential for the devel-
opment of drug-induced osteoporosis is significantly increased by both cortico-
steroids and cytotoxic drugs. Table 6 outlines the five major classes of drugs used in
the treatment of autoimmune diseases. These include NSAIDs, corticosteroids,
disease-modifying antirheumatic drugs (DMARDs), cytotoxic drugs, and novel
drugs including tumor necrosis factor antagonists (TNF antagonists). The table
also includes instructions on drug administration and the nutritional effects of the
drugs.

Liver dysfunction andGI tract discomforts are commonwithNSAIDs, cytotoxic
drugs, and corticosteroids. Newer NSAIDs that target only the COX-2 may not
cause as many GI tract problems as older drugs that targeted both COX-1 and
COX-2. Most of the cytotoxic drugs, such as methotrexate, are folate antagonists
and therefore these will decrease folate status and increase homocysteine levels.
Increasing folate intake can overcome some of these effects; however, there may be
a decrease in drug efficacy (247). Methotrexate can also cause mouth ulcers that
can affect overall consumption of food. Cyclosporine, another cytotoxic drug,
reduces the activity of T cells and is a potent immunosuppressive agent used
for transplantation and RA therapy (248). However, side effects include hyper-
glycemia, hypercholesterolemia, electrolyte disturbances, and renal insufficiency
(249). Some studies show that intravenous cyclosporine is also associated with
hypomagnesemia. The TNF-targeted drugs can result in increased infections, as
TNF is a normal immune cytokine involved in the destruction of pathogens (130).
Newer drugs that target TNF used to treat RA include etanercept and infliximab,
which show indications of actually stopping the disease progression. The drugs bind
to TNF before it can trigger inflammatory responses. Both drugs are not given
orally; etanercept is given by injection and infliximab is given by intravenous
infusion (122,250).
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6.2. SLE

As with most diseases, treatment is traditionally carried out in progressive fash-
ion (Table 6). For patients with symptoms that are not life-threatening, with muscle
or joint pain, fatigue, skin manifestations (such as rashes), options include NSAIDs
and antimalarial medications.More aggressive therapy is required for life-threat-
ening and more serious manifestations such as kidney inflammation, lung or heart
involvement, and central nervous system symptoms. Treatment in these circum-
stances might involve high-dose corticosteroids and other immunosuppressive
drugs such as azathioprine, cyclophosphamide, and cyclosporine. As with other
immune-related diseases, sometimes several medications must be combined to
control the disease and prevent tissue damage. Treatment depends upon an indi-
vidual assessment of risks and benefits. Most immunosuppressive medications, for
instance, may cause significant side effects including increased risk of infections,
nausea, vomiting, hair loss, diarrhea, high blood pressure, and osteoporosis (134).

6.3. Type 2 Diabetes

There are a number of distinctive oral drugs that are used alone or in combina-
tion for treatment of Type 2 diabetes. Table 7 includes the administration instruc-
tions and the nutritional effects of these noninsulin-containing drugs. However,
many patients eventually also require insulin injections (251–253). Metformin,
which is frequently the first drug used in the treatment of Type 2 diabetes in
overweight adults, is currently approved for the treatment of Type 2 diabetes in
children. Combination therapies are frequently prescribed. These include the addi-
tion of a-glucosidase inhibitors or thiazolidinediones, meglitinides, and sulfony-
lurea agents (253,254). Sulfonylureas have been associated with causing increased
weight gain and hypoglycemia (255). a-Glucosidase inhibitors compete with the
native enzyme and slow the breakdown of starches, thereby slowing the rise in blood
glucose following a meal. However, there are significant GI side effects such as
diarrhea, cramping, abdominal pain, and flatulence that can affect compliance and
also result in loss of fluids andmicronutrients. Lowered serum levels of vitamins B6,
B12, and folic acid are associated with increased serum homocysteine, a risk factor
for cardiovascular and cerebrovascular diseases and diabetic neuropathy
(256–261). Although there has not been a clear association between serum homo-
cysteine levels and drugs to treat diabetes, metformin may induce vitamin B12

malabsorption, and this may result in higher homocysteine levels (262).
Insulin, which is the most commonly used drug for treatment of both types of

diabetes, has a well-recognized side effect of inducing weight gain. Thus it is
especially difficult for the overweight or obese patient to lose or even maintain
weight during insulin therapy. Currently, obese diabetics are also often given
antiobesity drugs including sibutramine or orlistat. The latter agent may reduce
fat-soluble vitamin and carotenoid status and also reduce long-chain fatty acid
levels that are important immunomodulators. The effects of weight reduction
interventions on nutritional as well as immunological status can be numerous and
particularly serious for the diabetic (35,263)

Oxidative stress is increased in diabetics (183,264) and antioxidant nutrient
status is often lower than optimal (265). Ascorbic acid and glucose enter cells
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through a glucose transporter and elevated glucose levels competitively inhibit the
movement of vitamin C into cells. Consequences of lower than optimal antioxidant
status have been documented in the cardiovascular tissues and lipoproteins of
diabetics (266). Supplementation with vitamin E and vitamin C has been shown
to have beneficial effects on several immune parameters in diabetics (267). Vitamin
E supplementation reduced protein glycosylation and platelet aggregation in Type 1
diabetics and improved glycemic control and insulin action in Type 2 diabetics
(268). Several studies have shown that vitamin E supplementation reduced the
potential for LDL oxidation ex vivo. Recent data suggest that vitamin E reduces the
synthesis and secretion of inflammatory cytokines from macrophages taken from
diabetics (182). The efficacy of vitamin E in diabetes may be influenced by genetic
factors (269).

Chromium supplementation in some studies in diabetics has been shown to
decrease blood glucose by potentiating the action of insulin. However, there are
data indicating that chromium absorption is decreased in diabetics (270,271).

7. CONCLUSIONS

The immune system functions to ensure the internal integrity of the body by
constant surveillance of the normal portals of entry to the body, responding to
unanticipated breaks in the skin or other body parts, and by monitoring the cells of
the body to recognize and destroy cells that have been altered in some way to make
them recognizable as ‘‘nonself.’’ During fetal development and continuing through
the first years of life, the cells of the immune system that are responsible for self-
recognition are educated to tolerate, and not destroy, cells that have self-antigens on
their surface. The immune system involves the formation of millions of new cells
daily and thus there is a very high requirement for energy and essential nutrients to
support this high cellular turnover. The immune system is not fully developed at
birth and responses become more vigorous during adulthood and then, in general,
become less strong during the sixth decade and thereafter.

Pathogenic organisms (e.g., viruses, bacteria, fungi, protozoans) can be
destroyed by the immune system, but the immune system can also be overcome
by these pathogens. Many of these infectious agents seriously affect nutrient
absorption and/or inappropriately increase loss of nutrients. The double effects
of infection and loss of nutrients can cause the pathogen to overwhelm the
body’s capacity to fight off the infection. The availability of antibiotics has
increased survival from infections. But all drugs have negative effects, and
many involve the GI tract, resulting in lowered nutritional status. Moreover,
there are new, highly virulent infectious agents and current antibiotics may not
be effective against these new human pathogens. Multidrug therapies are often
used, and these can have additive and/or synergistic negative effects on dietary
intake/nutrient losses.

Vaccines are critical drugs that work only if there is an optimal immune response
to the vaccine’s antigen. Responses to vaccines are also, in many cases, dependent
upon the nutritional status of the individual being vaccinated.Moreover, in the very
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early years of life and in the elderly, immune responses are not as vigorous as these
are in adulthood. Research has found that certain micronutrient supplementations
can improve responses to certain vaccines.

Several serious infections, such as respiratory tract infections, diarrheal diseases,
HIV, and tuberculosis, affect billions of lives globally and are responsible for
millions of deaths annually. Numerous drugs are used in the treatment of these
infections. Both the disease itself and the treatments can cause additional detriments
to the immune system. These interactions are often overlooked and an examination
of the detailed tables provided in this chapter documents the need for attention to
the drug–nutrient effects as well as the potential nutrient–drug effects.

When the immune system is triggered by some unknown agent to recognize
certain cells or tissues of the body as nonself, the result is autoimmune disease.
There are about 80 characterized autoimmune diseases and virtually all of them are
found in a much greater frequency in women compared to men. This chapter
reviewed the major effects of RA, SLE, and diabetes and the drugs used to treat
these diseases as well as the nutritional consequences of the disease, drugs, and their
interactions. The limited data on the potential for certain nutrients to be of benefit
in autoimmune disease treatment are also reviewed. Additional research is required
in this area.

Finally, there are data that suggest that certain vitamins, minerals, multivita-
mins, o-3 fatty acids, and certain amino acids may enhance immune responses to
infections, reduce autoimmune responses, improve vaccine responses, and reduce
secondary infections. Many of the studies have been done in young children and in
the elderly, groups with compromised immune responses. These studies are partic-
ularly important in the elderly as it is this population group that has the greatest
exposure to drugs, often multidrugs, daily. At present, most of the nutritional
studies have included healthy elderly who do not consume drugs. It is critical for
future studies to examine the role that nutritional interventions can play in improv-
ing immune responses in elderly taking commonly used drugs that could adversely
influence their nutritional status. Drug–nutrient interactions can have serious
effects on the ability of the body to mount an optimal immune response.

The authors would like to thank Daniel Kaplan and Marc Tuazon for their efforts
and help in updating this manuscript.
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24 Drug–Nutrient Interactions in Patients
with Cancer

Todd W. Canada

Objectives

� Describe the nutritional status of patients with cancer.

� Identify drug-induced changes in the nutritional status of patients with cancer.

� Provide suggestions for further research in this area to better manage these patients.

Key Words: Antioxidants; cachexia; chemotherapy; electrolytes; oncology

1. INTRODUCTION

Patients with cancer are at risk for poor nutritional status. This poor nutritional
status may be a result of treatment modalities or conversely it may influence the
patient’s response to therapeutic interventions. This drug–nutrient interaction
interface is important to explore further.

1.1. Epidemiology

Nutrition plays a major role in cancer prevention and its therapy. Dietary choices
and physical activity are the two major modifiable determinants of cancer risk.
Evidence suggests that one-third of the more than 500,000 cancer deaths in the
United States can be attributed to these each year (1). The observation of improved
5-year survival rates for all cancers is encouraging becausemuch of the research into
early cancer detection and treatment appears to be invaluable (2). Unfortunately,
the increase in 5-year survival over time (1950–1990) had little relationship to
changes in the mortality from cancer. There are several reasons that the 5-year
survival rates have increased. These include improvements in the treatment of
established cancer, earlier identification of patients in their disease course, and
early effective treatment regimens. Naturally, if more effective treatments of
existing disease and more cancers are found early and treated, then mortality
rates should decrease. The major explanation for improved 5-year survival rates
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without improved mortality is simply changes in the diagnosis of cancer, including
better detection of subclinical cancers. However, epidemiological studies of popu-
lations whose diets are high in vegetables and fruits and low in animal fat, meat, and
total calories have shown reduced risks for some of the most common types of
cancer (3).

1.2. Nutritional Status in Patients with Cancer

One of the most important factors in the response to cancer treatment and
mortality is the overall condition of the patient at the time of diagnosis. Approxi-
mately 50% of patients have experienced weight loss by the time of cancer diagnosis
and this unfortunately conveys a poor prognosis. By the time of death, virtually all
cancer patients will experience loss of their lean body mass although their weight
may actually increase from fluid retention (e.g., anasarca) or underlying tumor
burden. Additionally, cancer has one of the highest incidences of protein-calorie
malnutrition among hospitalized patients. The protein-calorie malnutrition is
often related to the underlying disease itself, treatments related to the cancer, or
a combination of the two. The major causes of death in more than 800 cancer
patients were infections and organ failure associated with the underlying malig-
nancy (4). Interestingly, 10% of these patients were characterized at autopsy to
have had extreme degrees of debilitation, malnutrition, and electrolyte imbalance.
Most of these cancer patients experienced greater than 25% loss of their body
weight. This represented one of the earliest reports of the syndrome of cancer-
related cachexia. It also emphasized the important role of malnutrition in the
pathogenesis of cancer and how commonly nutrition therapy is overlooked in this
patient population (5).

The cancer anorexia–cachexia syndrome is characterized by progressive,
unintentional loss of body cell mass or lean body mass and systemic inflammation
(6–8). Clinical features of cachexia include host tissue wasting with skeletal
muscle atrophy, anorexia, anergy, fatigue, anemia, hypoalbuminemia, and
ultimately debilitation. Reduced muscle strength may help diagnose cancer
cachexia (9). Patients with nearly identical primary cancers and disease stages
may vary significantly in terms of the development of cachexia. Although cachexia
is often seen in patients with advanced malignancies, it may already be present in
the early stages of tumor growth. The development of cachexia may be related to
variations in tumor phenotype, oxidative stress, and host response although
several facets of this multifactorial etiology are still unclear (10). The primary
clinical determinants of weight loss in cancer represent a multifactorial process as
depicted in Fig. 1.

Themost common rationales for weight loss are typically decreased oral intake of
nutrients, increased requirements either from the tumor or its associated treatments,
and inefficient use of nutrients (11). Tumors of the gastrointestinal (GI) tract may
present a physical obstruction or induce a malabsorptive state, thereby reducing
oral intake or its absorption. There are several reasons for decreased oral intake and
the frequent observation of GI symptoms in cancer patients may influence weight
loss. In a study to identify the primary symptoms responsible, the following were
evaluated in approximately 250 cancer patients: constipation, diarrhea, nausea,
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vomiting, abdominal fullness, abdominal pain, milk product intolerance, difficulty
swallowing, mouth pain, mouth dryness, taste changes, denture problems, and
difficulty chewing (12). After obtaining a complete nutritional assessment includ-
ing dietary and weight history, it was observed that the most common symptoms
were abdominal fullness (61%), taste changes (dysgeusia) (46%), constipation
(41%), mouth dryness (40%), nausea (39%), and vomiting (27%). The effects of
these symptoms in patients with greater than 5% weight loss were compared to
those with less than 5%weight loss. Interestingly, constipation and nausea were not
statistically significant between the groups; however, they may have been clinically
significant in terms of inducing weight loss, given the frequent use of opioid
analgesics for cancer-related pain.

During simple starvation, the host is normally able to adapt by reducing energy
expenditure, conserving protein, and utilizing fatty acids and ketone bodies derived
from fat as an energy source. These adaptations are attenuated or absent in cancer-
related cachexia, where energy expenditure may be increased and ongoing protein
losses occur. Increased requirements may be a direct effect of increased energy
expenditure. Resting energy expenditure (REE) measurements from indirect
calorimetry in cancer patients represent wide variability. In an evaluation of 200
cancer patients, the mean measured REE was 98.6% of predicted using the
anthropometric-based formula of Harris and Benedict (13). However, it was
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Fig. 1. Factors associated with weight loss in cancer.
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noted that 33% were hypometabolic (measured REE < 90% of predicted), 41%
were normometabolic (measured REE 90–110% of predicted), and 26% were
hypermetabolic (measured REE > 110% of predicted). Patients who were charac-
terized as hypermetabolic had a longer duration of disease than the normometa-
bolic patients (32.8 vs. 12.8 months), indicating that duration of malignancy may
have some impact on energy metabolism.

Several changes in nutrientmetabolismhavebeendescribed in patientswith cancer-
related cachexia. These changes have been ascribed to a number of tumor-derived,
proteolysis-inducing factors and lipid-mobilizing factors (e.g., zinc–a2-glycoprotein)
as well as proinflammatory cytokines derived from the immune system
(e.g., tumor-necrosis factor-a, interleukin-1, and interleukin-6). These patients exhibit
glucose intolerance and insulin resistance with increased rates of glucose production
and recycling via lactate (from the Cori cycle) (11). Lipolysis rates have not always
been found to be significantly increased but lipogenesis appears to be reduced.
Whole-body protein turnover and proteolysis has been observed to be increased in
most advanced cancer patients compared to starved normal individuals and weight-
losing noncancer patients (11). As expected with progression of disease, protein
turnover appears to increase further. Cancer patients with advanced disease and
weight loss appear to exhibit an impaired adaptability to simple starvation, because
fat mobilization is impaired and muscle proteolysis persists. All of these metabolic
alterations observed in cancer have been referred to as an inefficient use of nutrients.
Additionally, if surgery is required as part of the cancer treatment, itmay cause further
alterations in nutrient metabolism, such as an increased energy expenditure and
protein requirements. It becomes apparent that reversing the metabolic defects
observed in cancer patients is not a simple process.

2. EVALUATING NUTRITIONAL DERANGEMENTS IN PATIENTS
WITH CANCER

2.1. Nutritional Assessment

Nutritional assessment of cancer patients is routinely accomplished by taking a
medical and nutrition history while conducting a thorough physical exam guided by
subjective global assessment (14). The Mini-Nutritional Assessment and the
Malnutrition Screening Tool can identify oncology patients who are nutritionally
at risk (15). Several factors that may place cancer patients at nutritional risk
include other underlying acute or chronic diseases, inadequate food and nutrient
intake patterns, multiple medications, and poor psychological or socioeconomic
status.Whether patients have a new or recurrent cancer diagnosis, their current stage
of cancer, and the presence of voluntary and involuntary weight loss are especially
informative for nutritional assessment in the cancer population. Serum albumin may
also be helpful, as it has been shown to be of prognostic significance (16).

2.2. Role of Therapeutic Modalities

Chemotherapeutic agents may contribute to host malnutrition by a variety of
direct and indirect mechanisms including nausea, vomiting, mucositis, GI dysfunc-
tion, and learned food aversions (Table 1). The adverse nutritional effects of
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chemotherapy may be compounded in the host who is already cachectic from the
tumor or who has received prior or concurrent radiation therapy. Fortunately, the
adverse effects of chemotherapy are relatively short lived, but repeated courses
within 2–4-week intervals generally do not allow the host to recover fully. Most
patients usually have 1–2 weeks of fatigue, GI symptoms, and poor oral intake after
each course of chemotherapy followed by 1–2 weeks of suboptimal oral intake and
slowly improved activities of daily living. These durations may be prolonged
depending on the host’s functional and socioeconomic status, depression, opioid
use, and concurrent radiation therapy.

2.3. Drug–Nutrient Interaction Data

Drug–nutrient interactions can broadly be interpreted to include the influence of
nutritional status on drug disposition and the influence ofmedication on nutritional
status, as well as the influence of food or specific nutrients on drug disposition (17).

Despite the wealth of information regarding malnutrition in cancer from reduced
intake of nutrients, there are very few reports that have specifically focused on
drug–nutrient interactions and their impact in this population (18,19). The actual
incidence and the clinical significance of drug–nutrient interactions in oncology are
likely patient and cancer-dependent owing to the variations in age and treatment
modalities. The combination of chemotherapy, radiation therapy, and/or surgery
may induce specific nutrient deficiencies, appetite suppression, altered taste percep-
tion, and impaired nutrient absorption, metabolism, and excretion. One of the
reasons for few reports of drug–nutrient interactions in cancer may be related to

Table 1
Chemotherapy-Related Effects in Cancer

Head and Neck
Oropharyngeal ulcerations/stomatitis
Anosmia/dysgeusia
Anorexia
Learned food aversions

Esophagus
Esophagitis

Stomach
Nausea and vomiting

Small and large intestine
Enteritis/colitis
Typhilitis (neutropenic enterocolitis)
Diarrhea
Protein-losing enteropathy (BMT regimens)

Other
Depression/grief
Pain
Anemia/fatigue
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the route of administration, given the historically narrow focus on drug–food
interactions. Most chemotherapeutic agents used clinically are administered
parenterally; however, there are exceptions as some are taken orally (e.g., busulfan,
melphalan, hydroxyurea, procarbazine, fludarabine, capecitabine, and temozolomide).
The bioavailability of these oral drugs has generally been the major focus of the
published drug–nutrient interactions where most have shown reduced absorption
when administered with food (18).

3. THE INFLUENCE OF NUTRITIONAL STATUS

Weight loss in cancer patients can be of prognostic significance. The effects of
weight loss in cancer were originally described from the Eastern Cooperative
Oncology Group in over 3000 patients (20). The prognostic effect of weight loss
on response to chemotherapy and survival alongwith the frequency of weight loss in
a variety of tumor types was evaluated. Chemotherapy response rates were lower
overall in the patients with weight loss. Within each tumor type evaluated, survival
was shorter in the patients who had experienced weight loss compared to those
patients who had not. The study noted that 46% of patients had experienced no
weight loss in the previous 6 months and were comprised of non-Hodgkin’s
lymphoma, breast cancer, acute nonlymphocytic leukemia, and sarcoma tumor
types. The remaining 54% of patients had lost between 0 and 5%, 5 and 10%, or
greater than 10% of their body weight. Of the patients reporting greater than 10%
weight loss,most hadGI cancers primarily of pancreatic or gastric origin. These study
findings emphasize the importance of pre-existing malnutrition in patients about to
undergo chemotherapy and signify how early recognition and intervention to prevent
worsening of cancer-related cachexia may afford the best opportunity to prevent
its debilitating consequences (16). It could be argued in a broad sense that the poor
drug response in the malnourished patients is itself an adverse drug–nutrient
(drug–nutritional status) interaction in these patients with cancer.

The role that weight-based dosing or body surface area-based dosing of
chemotherapy plays in the adverse outcomes of patients with cancer remains unclear.
Datasuggestthatdosingofchemotherapyagentsmightbebetterbasedonpatient-specific
variables (e.g., nutritional status, gene polymorphisms, total body clearance) (21).

Alternatively, some data support specific nutrient deficits in improving patient
response. The study of deprivingmalignant tumors of their copper supply as a potent
antiangiogenesis strategy for stabilizing patients with advanced cancer is one of the
true drug–nutrient interactions in oncology. The use of the investigational agent
tetrathiomolybdate to purposefully lower total body copper content in patients with
advanced stages of metastatic breast, kidney, colon, lung, skin, and pancreatic cancer
did show that those able to achieve a mild copper deficiency had longer survival
periods and stable disease (22). Another impressive drug–nutrient interaction was
observed when patients with gastric cancer received 5-fluorouracil (FU) and paren-
teral nutrition that was depleted of L-methionine (23). This study evaluated the
effects of 7 days of an L-methionine-depleted diet with 5-FU and found marked
degeneration of the gastric cancer postoperatively. The depletion of L-methionine
apparently enhanced the therapeutic effects of 5-FU in this gastric cancer study.
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4. THE INFLUENCE OF MEDICATION

4.1. Gastrointestinal Function

Drug-induced GI disorders (nausea, vomiting, diarrhea, or constipation) may
influence oral or enteral nutrition therapy tolerance and administration. Furthermore,
most cancer patients with chronic pain often require maintenance bowel regimens to
prevent obstipation from their opioid-based treatments. Clinicians should routinely
monitor bowel function in the oncology patient as this is frequently problematic, given
the adverse effects from chemotherapy (e.g., mucositis) and the other extreme of
constipation fromopioids and poor oral intake of fluids and/or food. Specific attention
should be focused on the remaining GI tract integrity if prior surgery or radiation
therapy has been part of the treatment regimen. This becomes a major consideration
when selecting drug or nutrition therapy.

4.2. Macronutrient Status

Drug-induced alterations in nutrient substrate utilization (protein, carbohydrate,
or fat) may alter the interpretation of response to any form of nutrition therapy
(Table 2) (24,25). Glucose intolerance or overt hyperglycemia is common in cancer
patients who present with febrile neutropenia and deserves prompt treatment and
consideration in feeding.

Table 2
Common Drug-Induced Alterations in Nutrient Substrate Utilization (24,25)

Nutrient Altered Interfering Drug(s)

Glucose metabolism
- Hyperglycemia, altered insulin sensitivity

Corticosteroids
Catecholamines (epinephrine,

norepinephrine, dopamine)
Megesterol
Fluoroquinolones
Diuretics
Octreotide
Tacrolimus

Glucose metabolism
- Hypoglycemia

Fluoroquinolones
Pentamidine (increased insulin

secretion)
Octreotide (reduced glucagon

secretion)
Protein metabolism*
- Elevated blood urea nitrogen and urinary nitrogen

losses, peripheral muscle wasting

Corticosteroids

Fat metabolism
- Hypertriglyceridemia

Cyclosporine
Tacrolimus
Propofol

* Elevated BUN may occur from hypovolemia with diuretics and from renal vaso-
constriction with amphotericin B or cyclosporine (24,25)
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4.3. Fluid, Electrolyte, and Acid–Base Status

Common drug–electrolyte interactions in the cancer patient generally occur 1–3
days after initiation of the drug therapy; however, patients with pre-existing renal
dysfunction may develop manifestations immediately (especially tumor lysis
syndrome). Tables 3 and 4 list many of the common drug-induced electrolyte and

Table 3
Common Drug–Electrolyte Interactions in Cancer Patients (26–30)

Disorder Interfering Drug(s) and Mechanism of Action

Hypernatremia Amphotericin B – Nephrogenic diabetes insipidus
Lactulose – Fecal water loss from diarrhea

Hyponatremia Diuretics (loop > thiazide) – Increased renal Na+losses
Cisplatin – Renal tubular defect in Na+handling
Cyclophosphamide, vincristine, selective serotonin reuptake

inhibitors (SSRIs) – SIADH
Hyperkalemia Trimethoprim, triamterene, amiloride, pentamidine – Inhibits

renal K+secretion
Angiotensin-converting enzyme (ACE) inhibitors – Inhibits

ACE and aldosterone
Heparin, spironolactone, cyclosporine, tacrolimus – Inhibits

aldosterone
Nonsteroidal anti-inflammatory drugs (NSAIDs) – Decreased

renal blood flow
Antineoplastics – Tumor lysis syndrome

Hypokalemia Diuretics (loop > thiazide), amphotericin B, ifosfamide -
Increased renal K+losses

Corticosteroids (hydrocortisone) – aldosterone-induced K+losses
Insulin, dextrose, b-agonists, and sodium bicarbonate –

Intracellular shift of K+

Foscarnet – Unknown mechanism
Hyperphosphatemia Antineoplastics – Tumor lysis syndrome

Phosphate-containing laxatives – Increased PO4 intake
Hypophosphatemia Aluminum-containing antacids, sucralfate, Caþþ supplements –

Increased binding of PO4

Dextrose – Intracellular shift of PO4

Foscarnet – Unknown mechanism
Corticosteroids, ifosfamide, cidofovir – Increased renal PO4

losses
Hypermagnesemia Magnesium-containing antacids and laxatives – Increased

Mgþþintake
Hypomagnesemia Diuretics (loop > thiazide), amphotericin B, cisplatin,

carboplatin, cetuximab, cyclosporine, tacrolimus,
aminoglycosides – Increased renal Mgþþ losses

Foscarnet – Chelation of Mgþþ

Hypercalcemia Thiazide diuretics – Decreased renal Caþþ losses
Vitamin D – Increased GI Caþþabsorption

Hypocalcemia Loop diuretics, corticosteroids – Increased renal Caþþ losses
Foscarnet – Chelation of Caþþ

SIADH, syndrome of inappropriate antidiuretic hormone (26–29)
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acid/base disorders seen in cancer patients (26–30). The clinician should attempt
electrolyte replacement from a chronic perspective (weeks tomonths) more than the
acute (hours to days) time frame, given the durations of treatment many cancer
patients receive along with the residual drug effects that can remain for years
(e.g., cisplatin).

4.4. Vitamin Status

One of the few trials to examine specific nutrients in the plasma of breast cancer
patients prior to a diagnostic biopsy and then 3–4 months after diagnosis showed
some interesting results (31). Although this study was not designed to evaluate
drug–nutrient interactions, it did show that women with breast cancer who received
chemotherapy (agents not specified) had higher concentrations of retinol and a- and
g-tocopherol compared to those with benign breast disease. The changes observed
in these patients were small and may have had statistical significance; however, it is
not clear what physiologic or clinical effects this truly represents. It may reflect the
common use of nutrient supplements or dietary alterations in the oncology popu-
lation after diagnosis since this is one of the few interventions patients feel they have
some control over in their disease.

Another study that evaluated the effects of vitamin and trace element
supplementation in lung cancer patients was unfortunately unable to show any
significant differences in the serum concentrations of the nutrients tested in sur-
vivors or those dying during or after their treatments, which included chemotherapy
(cyclophosphamide, doxorubicin, vincristine) and irradiation (32). Again, this trial
was small and not designed to evaluate drug–nutrient interactions but did empha-
size that nutrient concentrations changed only slightly with supplementation and
did not appear to affect overall mortality.

4.5. Nutrient Antioxidant Status

The observation that chemotherapeutic agents induce cell damage and destruc-
tion intuitively leads clinicians to believe that nutrient supplementation is beneficial
in cancer patients. One trial examined this phenomenon in patients with various
tumor types from osteosarcoma to testicular cancer who underwent various plasma

Table 4
Common Drug-Induced Acid–Base Disorders in Cancer Patients (26–29)

Disorder Interfering Drug(s) and Mechanism of Action

Metabolic
alkalosis

Corticosteroids – Increased renal hydrogen losses and bicarbonate
reabsorption, hypokalemia

Diuretics (loop > thiazide) – Same as above with hypovolemia
Sodium bicarbonate, acetate, and citrate, Lactated Ringer’s – Source

of alkali or bicarbonate precursor
Metabolic

acidosis
Acetazolamide, ifosfamide – Increased renal bicarbonate losses
Amphotericin B, ifosfamide, cidofovir – Renal tubular acidosis

(distal and proximal)
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antioxidant testing prior to and8–15days after chemotherapy (33). The chemotherapy
consisted of either cisplatin and doxorubicin, cisplatin and etoposide� bleomycin, or
cisplatin with 5-FU or methotrexate. The plasma concentrations of vitamin C and
vitamin E and copper decreased, whereas vitamin A and b-carotene concentrations
increased from baseline to values at 8–15 days later. Interestingly, all of the mean
values obtained throughout the study were within the normal ranges for the testing
laboratory. As a clinician, it is difficult to interpret the results of this trial, given the
lack of physiological or clinical relevance of the alterations in the antioxidant
concentrations.

5. OTHER INFLUENCES

Several issues have gained greater importance to cancer patients and clinicians,
including the older age now seen at diagnosis and lack of information on the
benefits of current treatments with this aging population. The physiological and
metabolic changes of aging have important implications for potential drug–nutrient
interactions in the cancer patient. The elderly often exhibit subclinical or overt signs
of malnutrition, including deficiencies of visceral proteins (e.g., albumin), minerals
(e.g., calcium), and vitamins (e.g., vitaminD). Furthermore, many of the elderly will
have altered organ function, chronic diseases, and a poorer socioeconomic status,
which may influence their nutritional well-being. The potential impact of oncologic
treatments on the worsening of nutritional status in the elderly is a major area of
future research.

6. LIMITATIONS OF CURRENT DATA

The obvious major limitation of the current data is the lack of published studies
to guide oncology clinicians and patients in their identification, prevention, and
treatment of the many potential drug–nutrient interactions. Most clinicians are
unaware of any clinically important interactions as few have been the subject of
short- or long-term oncologic research. The development of new treatment
regimens or combinations of chemotherapeutic agents to cure cancer has a greater
precedent for reduction of mortality than the observance of decreased nutrients in
various bodily fluids from a potential drug–nutrient interaction. Furthermore,
most of the research devoted to studying the relationship between dietary habits
and cancer has used case-control designs. These are often limited, given the
potential for dietary interviews or questionnaires to misclassify patients based
upon their nutrient intake, use of supplements, or other factors.

The biochemical measurement of circulating nutrients to identify toxicities or
deficiencies has been a promising research potential for oncology. However, the
interpretation of these measurements is often complicated by the underlying
malignancy or its treatment in altering the concentrations (31), not to mention
the cellular control and interaction not captured by serum biomarkers. Many of the
studies have enrolled cancer patients after surgery, during chemotherapy and
radiation treatment, or shortly after these have ended. Consequently, this leaves
clinicians to question the etiological relevance of the findings. Some study designs
have collected blood samples of various nutrients at different times in a patient’s
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disease course that may include hospital admission, months after treatment has
ended or just begun. What is uncertain is the time required for these patients to
return to their baseline concentrations of the nutrients tested after resumption of
their normal dietary habits (if possible).

7. FUTURE RESEARCH

Research in the area of drug–nutrient interactions for the cancer population
is vastly unexplored. The observation that cancer can occur at any age and
many patients are now survivors of cancer greatly impacts researchers as this
does not easily allow physiological comparisons with healthy controls.
The following areas are suggested as potentially valuable research areas for
drug–nutrient interactions:

� The influence of nutritional status on drug disposition
� Influence of weight-based compared with body surface area-based dosing on drug

disposition and effect

� The influence of food or specific nutrients on drug disposition
� Use of dietary supplements particularly those with antioxidant properties
� Amino acid (e.g., methionine) or trace element (e.g., copper) restriction diets in

newly diagnosed and end-stage cancer patients as a potential treatment option
� Impact of micronutrient supplementation (or other nonnutrient supplements) on

clinical efficacy and toxicity of chemotherapy regimens

� The influence of chemotherapeutic medication on nutritional status
� Pediatric/elderly populations and the impact of oncologic treatments on nutri-

tional status
� Acute and chronic vitamin and trace element toxicities or deficiencies with

chemotherapy (including commonly used regimens), radiation therapy, surgical
resections of the GI tract, or any combinations of the above

� Defining the time course for alterations in nutrients at diagnosis, prior to and after
treatments, during unexpected hospital admissions, and when clinically cured or no
other treatment options available.

8. CONCLUSION AND RECOMMENDATIONS

Despite the absence of published studies examining drug–nutrient interactions
in oncology patients, there are some clinically important drug–nutrient inter-
actions that deserve attention. Clinicians need to be familiar with the drugs listed
in Table 2 as these often result in worsening malnutrition (propofol is the exception)
if not considered in the nutritional care plan of the patient. The perceptive
clinician can easily appreciate how the development of drug-induced nutritional
deficiencies may occur more quickly in the oncology population secondary to their
frequent underlying chronic malnutrition. The use of a multidisciplinary
approach including a physician, nurse, dietitian, and pharmacist can greatly
improve the overall care of the cancer patient when considering drug–nutrient
interactions.
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25 Drug–Nutrient Interactions
in Transplantation

Matthew J. Weiss, Vincent T. Armenti,
Nicole Sifontis, and Jeanette M. Hasse

Objectives

� Update developments within the field of transplant drug–nutrient interactions.

� Describe the biology of immunosuppressive medications used for transplantation.

� Evaluate the nutritional impairments associated with solid organ transplantation.

� Offer recommendations to health-care providers caring for these medically complex

patients.

Key Words: Antibodies; immunosuppression; nutritional status; transplant

1. INTRODUCTION

Achievements in solid organ transplantation have relied heavily on
developments in immunosuppressive therapy. With the advent of modern immu-
nosuppression, post-transplant patient survival rates have improved dramatically
over the last quarter of a century. The goal of current therapy is to improve
outcomes by achieving adequate immunomodulation to allow acceptance of the
allograft while preventing the numerous adverse effects of these medications. Of
relevance to this chapter, immunosuppressive drugs clearly interact with the
nutritional status of patients (1). Solid organ recipients are frequently already
nutritionally deficient as a result of their chronic disease and in a catabolic state
from end-organ failure (2), emphasizing the need for providers to better under-
stand the interplay of drug–nutrient interactions. The current chapter is an update
and elaboration of the previous edition (3) and will emphasize the specific
metabolic disturbances of lifelong immunosuppression that need to be treated to
maximize graft and patient survival.
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2. REVIEW OF MECHANISMS

A non-pharmacologically treated immune system will recognize a transplanted
organ as foreign and attempt to reject the allograft. Lifelong immunosuppression
with drugs is required to prevent rejection. Transplantation centers currently
employ lower doses of several immunosuppressive agents simultaneously to achieve
a desired effect while reducing the toxicity and adverse effects of each individual
agent. The choice of which agents to employ is still both center and organ specific.
Therefore, any attempt to learn a single regimen and the nutritional sequelae would
be futile and caretakers should be familiar with the drug–nutrient interactions of
each medication. However, the choice of agent can generally be associated with two
distinct post-transplant time periods: ‘‘induction’’ and ‘‘maintenance.’’

2.1. Induction Agents

The induction phase is marked by a heightened response to the transplanted
organ and many (but not all) centers are now using specific induction agents
during this early postoperative period. The goal of induction therapy is to
minimize the risk of rejection during this time of increased alloreactivity (4).
Agents used for the induction phase of transplantation are generally very potent
inhibitors of specific areas of the immune system and are only used for a short
period of time (days to weeks) because of the risks of infection and development
of post-transplant lymphoproliferative disorders. They are frequently mono- and
polyclonal antibodies to specific subsets of lymphocytes. Due to their potent
immunosuppressive effects, these agents are frequently given to treat steroid-
resistant rejection as well.

2.1.1. MONOCLONAL ANTIBODIES

Monoclonal antibodies consist of OKT-3 (Muromonab-CD3, Orthoclone1;
Ortho Biotech, Bridgewater, NJ), daclizumab (Zenapax1; Roche Laboratories,
Nutley, NJ), basiliximab (Simulect1; Novartis Pharmaceuticals, Inc; East Hanover,
NJ), and alemtuzumab (Campath1; Bayer Healthcare Pharmaceuticals, Inc; Wayne,
NJ). OKT-3 can be used for induction and treatment of rejection crisis and it works
by binding the CD3 complex and depleting CD3+ T lymphocytes. The use of this
agent results in the release of inflammatory cytokines and repetitive exposure can
result in the development of human antimouse antibodies (5). It has been reported
to cause nausea, vomiting, diarrhea, and decreased appetite (6). The use of antie-
metics and nonsteroidal anti-inflammatory agents prior to administration can alle-
viate the gastrointestinal effects. Daclizumab and basiliximab are monoclonal anti-
bodies against the IL-2 receptor and mediate their effects by blocking T-cell
activation rather than depletion. The side effects of daclizumab and basiliximab
are less than OKT-3, but their role in treating rejection crisis is limited (5).
Alemtuzumab depletes lymphocytes and monocytes by binding to the CD52 com-
plex; its side effect profile is similar to that of OKT-3 and can be managed with the
same agents (5). The potential role of alemtuzumab for treating rejection crisis as
well as the long-term effects of this drug still need further study (7).
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2.1.2. POLYCLONAL ANTIBODIES

Polyclonal antibody preparations include the more popular rabbit antithymocyte
globulin (ATG; thymoglobulin; Genzyme, Cambridge, MA) and horse antithymo-
cyte globulin (ATGAM; Pharmacia-Upjohn, Kalamazoo, MI). ATG contains anti-
bodies to numerous T-cell antigens and results in depletion of T cells. As a result of
the profound T-cell depletion, the administration of ATG is associated with cytokine
release and resulting fevers, chills, and constitutional symptoms (5). Antithymocyte
preparations are associated with loss of appetite (6). Another complication of
OKT-3 and ATG is post-transplantation lymphoproliferative disorders (PTLD).
PTLD include a number of disorders (e.g., malignant monoclonal lymphomas), the
treatment of which can complicate maintenance of nutritional status.

2.2. Maintenance Agents

The ‘‘heightened’’ anti-donor response that exists during the induction phase is
‘‘heightened’’ relative to the persistent response that recipients will mount against
their organ for the life of the allograft. Therefore, maintenance agents are begun at
the time of transplantation and administered to recipients for the life of the trans-
planted organ. The drugs utilized for maintenance therapy act on numerous levels
of the immune system and are often bundled together to limit toxicity andmaximize
immunosuppression (8). Although every transplant center individualizes the
maintenance regimen based on the individual patient and their own experience,
most consist of (1) corticosteroids, (2) calcineurin inhibitors, or mTOR inhibitors,
and (3) antiproliferative agents. Since numerous combinations exist, it is essential
that caretakers be familiar with each of the agents’ side effect profiles and potential
drug–nutrient interactions.

2.2.1. CORTICOSTEROIDS

Corticosteroids have been a seminal component of immunosuppression in
transplantation for 50 years. Steroids inhibit prostaglandin synthesis and thus are
powerful anti-inflammatory agents (5,9), but other mechanisms are still not well
known and adverse clinical effects are common. The ill effects of prolonged steroid
therapy include cataracts, hyperlipidemia, hypertension, increased infectious risk,
glucose intolerance, muscle wasting, osteopenia, peptic ulcer disease, delayed
wound healing, sodium retention, and weight gain (5,9). Steroids reduce lipopro-
tein lipase activity, increase very low-density lipoprotein synthesis in the liver,
inhibit bile acid synthesis, and decrease low-density lipoprotein receptor activity
(10). Lipoprotein abnormalities have been demonstrated to increase the risk of
cardiovascular-related death in the post-transplant period (11).

The risk of hyperglycemia and post-transplantation diabetes mellitus (PTDM) is
particularly significant because patients who developPTDMhave an increased risk of
other comorbidities and mortality (12). Patients who develop PTDM have worse
long-term outcomes than those who do not (13–25). The patient with new-onset
PTDM is characterized by both impaired b-cell insulin secretion and increased insulin
resistance (26). Steroids can increase hepatic gluconeogenesis, which is associated
with elevated protein and amino acid catabolism and decreased anabolism (27).
The result is insulin resistance whereas calcineurin inhibitors inhibit pancreatic islet
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cell function. For the nutritionist, identifying those at risk and then aggressively
treating according to the International Diabetes Federation-endorsed consensus
guidelines on new-onset diabetes after transplantation (28) is crucial. Risk factors
forPTDMincludeobesity, age, family historyofdiabetes, abnormal glucose tolerance
tests, and African-American, Native American, or Hispanic descent (29,30).

We now know that the influence of steroids on the development of DM is dose-
dependent (29) and that transplant recipients with DM have worse outcomes than
recipients who do not (13–25). Therefore, it is not surprising that steroid reduction
or elimination is a goal of most transplant physicians (31) and patients (32,33).
Several centers have developed steroid avoidance protocols (34–36). However, the
extent that steroid avoidance prevents cardiovascular risk factors and osteopenia
has been mixed thus far (37–48) and requires further study (49). Moreover, some
prospective randomized data exist which suggest that steroid use may actually
prevent calcineurin nephrotoxicity (50).

2.2.2. CALCINEURIN INHIBITORS

Regardless of steroid usage, most solid organ transplant recipients also receive
a calcineurin inhibitor for maintenance therapy. The calcineurin inhibitors
frequently encountered when caring for a transplant recipient are cyclosporine
(Neoral1, Novartis Pharmaceuticals, East Hanover, NJ; Sandimmune1,
Novartis Pharmaceuticals; Gengraf1, Abbott, Abbott Park, IL) and tacrolimus
(Prograf1; Astellas Pharma US, Deerfield, IL). Both calcineurin inhibitors act
by interfering with T-cell activation and proliferation by preventing IL-2 syn-
thesis (5,9). The therapeutic ranges for cyclosporine and tacrolimus are quite
narrow and therefore require drug level monitoring. In addition, both drugs are
metabolized by the cytochrome P450 enzyme (CYP) pathway, so the use of other
drugs or consumption of foods that affect this pathway can dramatically impact
drug levels.

The side effect profiles of calcineurin inhibitors are quite broad. They can cause
neurotoxicity and nephrotoxicity. Tremors or headaches are commonwhen levels are
too high, and nephrotoxicity usually requires a dose reduction or drug change to
prevent kidney graft loss or renal failure. In addition, hypertension, diabetes, and
electrolyte disturbances are common. Both calcineurin inhibitors are diabetogenic,
although tacrolimus seems to cause a higher rate of DM than does cyclosporine.
These drugs also appear to cause hypertension through the inhibition of calcineurin,
which causes systemic hypertension and decreased renal blood flow (51–54).
Therefore, the hypertensive side effect of calcineurin inhibitors is inseparable from
the therapeutic suppression of the immune system. Interestingly, although tacrolimus
is a more potent immunosuppressive agent, the rate of hypertension is higher with
patients receiving cyclosporine than those on tacrolimus (55). Treatment options for
post-transplant hypertension should include sodium restriction, weight control, and
regular exercise. Since sodium retention and graft vasoconstriction are mechanisms
of hypertension in this patient population, diuretics and calcium channel blockers are
frequently beneficial. The use of angiotensin-converting enzyme inhibitors should be
approached with trepidation because they may decrease renal function or instigate
graft thrombosis or acute tubular necrosis (56,57).
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Tacrolimus in particular is associated with hypomagnesemia and hyperkalemia.
Hypomagnesemia is usually treated with magnesium supplementation and hyper-
kalemia with a low-potassium diet. More severe hyperkalemia can be treated with
mineralocorticoids such as fludrocortisone acetate (Florinef1; Bristol-Myers
Squibb, New York, NY), but this may lead to peripheral edema.

2.2.3. MTOR INHIBITORS

An alternative to calcineurin inhibitors would be inhibitors of the mammalian
target of rapamycin (mTOR). One potential advantage to using mTOR inhibitors
over calcineurin inhibitors is the reduced risk of nephrotoxicity. Care must be taken
in initiating mTOR inhibitors for the patient still receiving full dose calcineurin
inhibitors, as this may exacerbate renal toxicity (58). Sirolimus (rapamycin;
Rapamune1; Wyeth Pharmaceuticals, Madison, NJ) is a macrolide antibiotic that
blocks T-cell activation by forming a complex with FK-binding protein which then
binds mTOR and arrests various cell types in the G1 to S phase (59). Sirolimus has a
long half-life and is metabolized by the CYP pathway. Therefore, drug monitoring is
essential to ensure efficacy and avoid toxicity. The side effect profile of sirolimus
includes hypertriglyceridemia, hypercholesterolemia, impaired wound healing,
diarrhea, and bone marrow suppression (60). Sirolimus reduces the catabolism of
apoB-100-containing lipoproteins and increases lipid levels (61). Wound healing can
be improved by avoiding the drug around the time of surgical interventions (35).
Hypertriglyceridemia may be effectively treated by administration of marine
omega-3 fatty acids or the use of HMG-CoA-reductase inhibitors (i.e., statins) (62).

2.2.4. ANTIPROLIFERATIVE AGENTS

The antiproliferative agents used for transplantation are azathioprine
(Imuran1), mycophenolate mofetil or MMF (CellCept1; Roche Laboratories,
Nutley, NJ), and enteric-coated mycophenolate sodium (Myfortic1; Novartis
Pharmaceuticals, Inc.). These agents inhibit purine metabolism and prevent
lymphocyte proliferation after stimulation. Azathioprine frequently results in
bone marrow suppression, leukopenia, and hepatotoxicity and thus is no longer
commonly used. Instead, centers are now relying on MMF or the delayed-release
mycophenolate sodium as antiproliferative agents. The major side effects of MMF
are leukopenia, nausea, and diarrhea (63). In most cases, the side effects of
MMF can be treated with dose reduction (1). Alternatively, switching to the
enteric-coated mycophenolate sodium was designed to reduce the gastrointestinal
complications, but the efficacy still requires further study (5).

3. DESCRIPTIONS AND CLINICAL RELEVANCE OF NUTRITIONAL
STATUS

3.1. Renal Transplantation

Themost common causes of chronic kidney disease requiring transplantation are
diabetes, hypertension, glomerulonephritis, systemic lupus erythematosus, intersti-
tial nephritis, renal stones, chronic pyelonephritis, and polycystic kidney disease
(64). As a result of their underlying chronic disease, many patients will already be
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malnourished and have vitamin and mineral deficiencies. Malnutrition, altered
protein and lipid metabolism, and obesity can all be altered by poor renal function
(65). Renal failure also disrupts calcium, phosphorous, vitamin D, and aluminum
homeostasis, which require vigorous electrolyte monitoring. Many patients are on
restricted diets because of dialysis needs and may suffer nausea or poor appetite
secondary to uremia. Fortunately, the recovery of renal function following trans-
plantation results in an overall improvement in nutritional status (66).

In the postoperative setting, malnutrition increases the patient’s risk of infection,
inhibits wound healing, and prolongs rehabilitation. Although renal transplant
recipients’ diets are frequently advanced rapidly, nutrient requirements need to be
considered on an individual basis. As in any surgical patient, the decision to start
enteral nutrition is decided on a case-by-case basis. Kidney transplant recipients
remain at risk for obesity, diabetes, hypertension, hyperlipidemia, and osteoporo-
sis. Themajor cause of long-termmorbidity andmortality is cardiovascular disease.
There is evidence that lipoprotein abnormalities can cause graft failure and chronic
vascular rejection (67,68). The traditional causes of atherosclerotic disease occur in
transplant recipients, including hypertension, hyperlipidemia, DM, and lack of
exercise, which are modifiable. In addition, more recent data demonstrate that
calcium and phosphate homeostasis, homocysteine, inflammation, and oxidative
stress are associated with disease (69). In addition, recent data collected from the
United Network for Organ Sharing (UNOS) database documented that recipient
morbid obesity (defined by BMI > 35 kg/m2) conferred a statistically significantly
increased risk of delayed graft function, prolonged hospitalization, and acute
rejection as well as a decreased overall graft survival in a study sample of over
27,000 recipients compared to normal weight patients (BMI 18.5–24.9 kg/m2) (70).
Other registry databases and single center studies also report a similar trend but
suggest that poorer outcomes are dependent on type of organ transplanted and
degree of obesity as well (71–73).

Impaired homeostasis of calcium, phosphorous, and vitamin D can result in
osteopenia. The key is prevention with supplements because no effective treatment
exists once bone injury has occurred. Daily calcium (800–1500 mg), phosphorous
(1200–1500mg), and active vitaminD (1–2 mg daily) may all be indicated but should
be adjusted according to serum levels. In addition, hypomagnesemia secondary to
cyclosporine may exist which requires supplementation.

3.2. Liver Transplantation

The liver is an integral component to nutrition and metabolism. Therefore, it is
not surprising that patients with end-stage liver disease (ESLD) awaiting trans-
plantation often suffer from malnutrition. A worsening nutrition status is associ-
ated with poor outcomes of patients with ESLD secondary to cirrhosis (74). The
etiology of malnutrition in the liver transplant patient is clearly multifactorial but
nutrient and caloric intake, decreased intestinal absorption, and metabolic distur-
bances are all important (75). Patients often have poor appetites and insufficient
caloric intake resulting in a metabolic state resembling prolonged starvation with
depleted glycogen stores, increased lipid oxidation, and decreased carbohydrate
utilization (76). The increased oxidative stress on the liver becomes additionally
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important because antioxidant deficiencies frequently co-exist. The causes of
inadequate nutrient intake and utilization in liver disease include altered taste
from zinc deficiency, hyperglycemia, restricted food choices due to dietary restric-
tions, and early satiety from ascites leading to gastric compression and sensations of
fullness.

Cholestatic liver disease can lead to nutrient malabsorption. In particular,
patients often have poor absorption of the fat-soluble vitamins (A, D, E, and K)
secondary to bile acid deficiency. Patients requiring frequent paracentesis usually
develop some level of protein deficiency. Adequate pretransplant nutritional status
correlates favorably with post-transplant outcomes (77,78). Thus, every effort
should be made to optimize nutrition prior to surgery. The main goals of pretrans-
plant nutritional therapy are to prevent further muscle breakdown and replete
vitamin and mineral deficiencies (79).

In the immediate postoperative setting of a functioning graft, increased protein
breakdown continues and repletion of this substrate is beneficial at promoting
wound healing and preventing complications (79). Protein breakdown slows after
surgery but continues for up to 12 months. However, some nutrient abnormalities,
such as zinc and vitamin A levels, will return to normal within days of surgery
(80,81). In order to maximize dietary intake, small frequent meals can be used with
supplements.

Long term, patients may develop osteopenia, weight gain, DM, hypertension, or
elevated cholesterol levels which all contribute to morbidity and mortality (82).
Maintenance immunosuppressive agents are usually the cause. Steroid minimiza-
tion or avoidance is usually attempted to avoid cardiovascular risk factors.
In addition, there are data that the use of tacrolimus has reduced the prevalence
of cardiovascular factors over cyclosporine (55). As in the general population,
exercise and low-fat, calorie-controlled diet is recommended. The use of antihyper-
lipidemics, antihypertensives, and diabetic medications may be necessary. The use
of alendronate may prevent bone loss after liver transplantation (83). More
research is needed to determine long-term micronutrient needs of these transplant
recipients.

3.3. Pancreas Transplantation

Pancreas transplantation is performed for diabetes mellitus. The majority of
pancreas transplants performed yearly are in conjunction with renal transplants
for diabetic nephropathy. Outcomes have improved over the last three decades, but
simultaneous pancreas kidney transplants (SPKs) still have increased graft survival
over isolated pancreas transplants, and kidney after pancreas transplants (84).
SPKs were historically performed with exocrine drainage provided via the bladder,
but this frequently led to urinary complications and bicarbonate losses. Currently,
most centers utilize enteric exocrine drainage as a first choice to prevent the afore-
mentioned complications.

As a result of their diabetes, patients awaiting pancreas transplantation
frequently have some degree of renal failure, gastroparesis, cardiovascular disease,
and retinopathy. Therefore, preoperative nutritional status should be evaluated.
Hyperglycemia should return to normal with a well-functioning graft and
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glycosylated hemoglobin levels should reflect this change after 2 months. Fluid and
electrolyte disturbances require close attention in the immediate postoperative
setting. Patients are at increased risk of hyperglycemia, hypokalemia, hypocalce-
mia, and metabolic acidosis secondary to bicarbonate loss. If urinary exocrine
drainage is employed, urinary bicarbonate losses must be repleted. Graft and native
pancreatitis can occur which requires aggressive fluid resuscitation. If the patients
have gastroparesis, prolonged nasogastric decompression may be beneficial with
postpyloric enteric feeding.

Interestingly, pancreas transplant recipients with diabetes still have similar carbo-
hydrate metabolism to non-diabetic subjects receiving the same immunosuppressive
medications, despite systemic insulin secretion (85). Lifelong immunosuppression
puts pancreas recipients at risk for fluid and electrolyte abnormalities, fistulas,
gastroparesis, pancreatitis, hyperglycemia, obesity, hyperlipidemia, hypertension,
and osteoporosis (86). These conditions should be treated as in other solid organ
recipients with diet therapy, exercise, vitamin supplementation, and hydration.
The use of motility agents may be beneficial in patients with gastroparesis and the
placement of a feeding jejunostomy tube should be considered in severe states.

3.4. Heart and Lung Transplantation

Depending on the etiology and severity of their disease, patients may undergo
transplantation of the heart, single lung, double lung, or heart and lung simulta-
neously. The common causes of heart failure requiring transplantation are ischemic
heart disease and cardiomyopathy. Patients awaiting lung transplantation
frequently suffer from chronic obstructive lung disease, cystic fibrosis (CF), bron-
chiectasis, or pulmonary hypertension (87).

3.4.1. HEART TRANSPLANTATION

The nutritional status of the patient depends on the etiology of their underlying
disease. Chronic heart failure patients frequently suffer from malnutrition (88,89).
As a result of decreased cardiac output and peripheral blood flow, the body
responds by releasing catecholamines that vasoconstrict splanchnic arterioles
resulting in decreased gut perfusion. In addition, right heart failure leading to
venous congestion can result in renal and hepatic dysfunction, which can exacerbate
gastrointestinal disturbances. The increased catecholamines can also increase the
patient’s metabolic rate and lead to increased nutritional demands (90).
The presence of cardiac cachexia is associated with poor outcomes following
heart transplantation (91).

3.4.2. LUNG TRANSPLANTATION

In chronic lung disease, the etiology of malnutrition is different. There is increased
energy expenditure from the work of breathing and patients with hyperinflated lungs
can have decreased oral intake secondary to feelings of fullness. Patients with CF and
bronchiectasis frequently suffer from infections that result in production of cachectin
and increased energy expenditure. Patients with CFmay also suffer frommalabsorp-
tion due to pancreatic insufficiency. Determination of the nutritional status is essen-
tial because preoperative nutritional support is effective at reducing postoperative
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morbidity andmortality in lung transplant recipients (92). In those patients requiring
a heart and lung transplant, there is a high prevalence of gastroparesis that is often
severe and resistant to prokinetic agents (93).

3.5. Small Bowel Transplantation

Small intestinal transplantation is reserved for patients with irreversible small intes-
tinal failure that have apoor prognosis onparenteral nutrition (PN).Themost common
conditions resulting in the need for transplantation are short bowel syndrome, malab-
sorption syndrome, motility disorders, neoplastic disease, and primary or secondary
transplant failure (94). The intestines can be transplanted alone, with a liver, or with
multiple viscera depending on the etiology of disease. Fortunately, outcomes have
improved in this field and currently represent a viable surgical option for patients
dependent on long-term PN (95). Current 4-year survival rates are 50% (intestine
alone), 50% (intestine and liver), and 62% (multivisceral) (96).

The nutritional management of small bowel transplant recipients is complex and
labor intensive. Because of their underlying disease, patients may be malnourished
and depleted of vitamins and minerals despite being maintained on PN.

In the immediate postoperative setting, diarrhea is quite common and
requires close attention to fluid and electrolytes. Patients may have high
volumes of enteric fluid losses. The causes of diarrhea are multifactorial and
include changes in the grafts neural modulatory pathway, malabsorption, loss
of ileocecal valve, bacterial overgrowth, graft ischemia–reperfusion injury,
chylous ascites from disrupted lymphatics, and immunosuppression (97).
Patients may suffer from hyponatremia, hypokalemia, and hypomagnesemia.
PN is frequently utilized for several weeks after intestinal transplantation, and
enteral nutrition (EN) can be considered when the graft and remnant recipient
intestines appear to have motility (usually 5–7 days).

Most recipients are able to maintain adequate nutrition following intestinal
transplantation and children maintain growth velocities. Some centers advocate
low-fat enteral formula for 4–6 weeks after surgery to prevent chylous ascites from
disrupted lymphatics (98). Medium-chain triglycerides are preferred because
normalizing the absorption of fats is believed to take 4–6 weeks (99).

Studies of long-term health risks to recipients of intestinal transplants still
need further follow-up. Hypertension can occur and should be treated phar-
macologically to avoid sodium restriction, which may discourage oral intake.
The complex immunobiological mechanisms that are inherent to the intestines
are a source of great research. The amount of immunosuppression needed to
avoid rejection is quite high and leads to higher infectious risks. The main
cause of transplant-related death is currently infection because induction
agents have reduced rejection rates (100).

4. LIMITATIONS OF THE DATA

As with any rapidly advancing field, much of the data concerning immunosup-
pressive drug–nutrient interactions are observational and not from prospective
randomized trials. In addition, many transplant centers rely on experience and
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intuition to develop protocols for their individualized patient populations.
The wide variety of disease states leading to end-organ failure and their respective
nutritional ramifications result in many distinct combinations of medications.
In addition, recent improvements within the field result in reluctance by providers
to change modalities without solid data. Those centers which have pioneered
newer protocols often have done so in a prospective manner without random-
ization, which means other concurrent advancements in critical care and infec-
tious diseases significantly alter the interpretation of the results.

5. RESEARCH NEEDS

It is evident that current immunosuppressive agents are not without risks. As a
result, newer agents are currently under development and need further study in
pre-clinical trials. Most of these agents are aimed at minimizing calcineurin
toxicity. MR4, a modified release tacrolimus formulation, is currently undergoing
phase III trials but similar levels for efficacy will be necessary, giving it the same
side effect profile as tacrolimus. Some of the other agents on the horizon include
FTY720 (a sphingosine 1-phosphate receptor modulator), FK778 (an inhibitor of
pyrimidine synthase), CP-690550 (a JAK3 inhibitor), AEB-071 (a protein kinase
C inhibitor), and costimulatory blocking agents (101,102). Many of these agents
appear promising but further pre-clinical and clinical data are needed. It remains
to be seen whether an evaluation of drug–nutrient interactions will be included in
the drug development and testing process. In any event, a more thorough under-
standing of immunobiology will be needed to design lifelong agents with the
specificity necessary to avoid adverse effects. Some centers are now focusing on
short courses of treatment to induce states of tolerance to the grafts that avoid
lifelong immunosuppression altogether (103). Transplantation tolerance can be
defined as an acquired modification to the host immune system that leads to
indefinite, drug-free, allograft survival with maintenance of full immunocompe-
tence (104). Significant pre-clinical data are necessary before protocols aimed at
avoiding lifelong immunosuppression through tolerance induction will reach the
clinics (105).

6. CLINICAL RECOMMENDATIONS

The success of transplantation has resulted from developments in immuno-
suppressive therapy. With the advent of these agents, patients benefit from
longer, disease-free lives. Unfortunately, many of the agents currently used
still have adverse effects that can interact with patients’ nutritional status
requiring long-term close surveillance and management. As the number of
transplants performed has increased and outcomes improved, the number of
health-care providers caring for these complex patients across settings has also
increased. It is essential that providers have a complete understanding of the
interplay between the nutritional status and immunosuppressive medications
employed to minimize adverse effects. A multidisciplinary team is essential in
caring for these patients.
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26 Drug–Nutrient Interactions in Patients
with Chronic Infections

Steven P. Gelone and Judith A. O’Donnell

Objectives

� Describe the potential significance of the food effect on drugs used to treat chronic infection.

� Identify the various drug–nutrient interactions with medication used to treat HIV infection.

� Describe drug–nutrient interactions involved in the treatment of tuberculosis and chronic

hepatitis

Key Words: Antimicrobial; HIV; tuberculosis; metabolic disorder; viral hepatitis

1. INTRODUCTION

Drug–nutrient interactions can result in significant inconvenience to patients that
may subsequently cause an increase in patient non-adherence. Unless instructed
otherwise, most patients will take their medication along with meals. They assume
that this may minimize gastrointestinal (GI) adverse effects, as well as potentially
provide them a trigger to remember to take their medications. A lack of knowledge
about drug–nutrient interactions may therefore lead to poor clinical outcomes. The
impact of these interactions may potentially be of greatest individual and public
health consequence in the treatment of chronic infection. This chapter deals specifi-
cally with drug–nutrient interactions in patients infected with Mycobacterium
tuberculosis, the human immunodeficiency virus (HIV), or the chronic viral hepa-
titis viruses. Much of the focus will be on interactions occurring between oral drug
dosage regimens and food.

2. MECHANISMS OF DRUG–NUTRIENT INTERACTION

2.1. The Food Effect

Although it is often difficult to determine the exact mechanism by which food
causes a change in the bioavailability of a drug, several mechanisms may be
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involved (1). These include a delay in gastric emptying, stimulation of bile flow,
a change in GI pH, an increase in splanchnic blood flow, a change in luminal or
mucosal metabolism of the drug substance, and a physical or chemical interaction
with the dosage form or drug substance that may each contribute to altered drug
bioavailability (see Chapter 8).

Food intake will directly affect GI secretions and gastric pH. In general, GI
secretions will increase in response to food intake, resulting in an increase in acid
secretion in the stomach and a lowering of gastric pH (2). The impact of this change
is that in the presence of a more acidic environment, the dissolution and absorption
of basic drugs will be accelerated, whereas acid-labile agents will be degraded more
rapidly. The quantity and content of a meal will also affect drug absorption. The
intake of a large solid food meal, particularly when fat-containing, will delay the
stomach-emptying rate, potentially resulting in increased degradation of acid-labile
agents, butmay result in increased absorption of agents that have slower dissolution
rates (2). The intake of large fluid volumes tends to increase gastric-emptying rates
and can have the opposite effect of a large solid meal (1). The contents of a meal
also may play an important role in drug–nutrient interactions. For example, meals
containing polyvalent metal ions (aluminum, calcium, iron, magnesium, or zinc)
may bind to or chelate drug substances, making the drug unavailable for absorp-
tion. Examples of this type of interaction include the potential chelation of tetra-
cycline or fluoroquinolone derivatives when coadministered with food items that
have high quantities of polyvalent ions (1). The content of a meal may also be an
important determinant of alterations in drug metabolism (3). Important examples
include dietary protein, cruciferous vegetables, grapefruit juice, and the intake of
charcoal-broiled meats (see Chapter 9).

Ultimately, drug–nutrient interactions can have one of three outcomes with
regard to oral drug absorption. Drug absorption may be increased, decreased, or
not affected at all. With regard to decreased absorption, it is important to separate
delayed absorption (an increase in the time to reach maximal absorption [Tmax] but
no change in area under the concentration–time curve [AUC]) from reduced absorp-
tion (a decrease in the AUC). Depending on the magnitude of the latter, a reduction
in AUC may be clinically important, whereas the former is generally not clinically
important.

2.2. Studying and Evaluating Food Effect

The US Food and Drug Administration (FDA), through the Center for Drug
Evaluation and Research’s (CDER) Food Effect Working Group, published guide-
lines for food effect bioavailability and bioequivalence studies for immediate and
modified-release drug products (4). This document provides consideration for
study design, subject selection, dosage strength, the contents of the test meal, drug
administration, sample collection, and data analysis. A randomized, balanced,
single-dose, two-treatment (fed versus fasting), two-period, two-sequence crossover
design involving a minimum of 12 subjects receiving the highest strength of a drug
intended to be marketed is recommended for the study of food effect. In particular,
the meal conditions recommended are those that ‘‘are expected to provide the
greatest effects on GI physiology so that systemic drug availability is maximally
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affected.’’ Specifically, a high-fat (approximately 50% of total caloric content of the
meal) and high-calorie (approximately 800–1000 kcal) meal is recommended as
a test meal for food effect bioavailability and fed bioequivalence studies. This
meal should derive 150, 250, and 500–600 kcal from protein, carbohydrate, and
fat, respectively. The specifics of the design and test meal should be clearly outlined
in the study report and are of great importance in interpreting the results of any
food effect study.

3. DRUG–NUTRIENT INTERACTIONS FOR MEDICATIONS USED
TO TREAT HIV INFECTION

The treatment of HIV infection has continued to evolve and includes the use of
multiple agents simultaneously (5,6). Currently, no cure for this infection exists,
and therefore patients receiving pharmacological treatments are currently commit-
ting to prolonged and potentially lifelong therapy. The complexity of taking multi-
ple agents, multiple times per day, is made that muchmore troublesome whenmany
of the antiretroviral agents’ bioavailability can be significantly impacted by food
(Tables 1–4). The added burden of needing to administer one ormore agents with or
without food canmake an already difficult to manage regimen nearly impossible for
a patient to adhere to over the long term. The clinical ramification of poor adher-
ence in this setting is clinically significant. The virus is more able to mutate and
treatment failure is more likely if a patient is not adherent to their prescribed
antiretroviral regimen more than 90% of the time (5,6).

Table 1
Nucleoside Reverse Transcriptase Inhibitors: Recommendations for Coadministration with
Food

Generic name Brand name Current recommendation

Abacavir Ziagen,
Epzicom*,
Trizivir*

Can be given without regard to food

Didanosine Videx, Videx-EC Take on an empty stomach, 30–60 min before or
2 h after a meal

Emtricitabine Emtriva Can be given without regard to food
Lamivudine Epivir,

Combivir*,
Trizivir*

Can be given without regard to food

Stavudine Zerit Can be given without regard to food
Tenofovir Viread Administer with food
Zalcitabine HIVID Can be given without regard to food; avoid

simultaneous Mg/Al-containing products
Zidovudine Retrovir,

Combivir*,
Trizivir*

Can be given without regard to food; consider
low-fat meal coadministration

* Combination products

Chapter 26 / Patients with Chronic Infections 769



3.1. Nucleoside Reverse Transcriptase Inhibitors (NRTIs)

3.1.1. ABACAVIR

Abacavir is rapidly and extensively absorbed after oral administration. Themean
absolute bioavailability of the tablet formulation is 83% (7,8). The bioavailability
of abacavir tablets was assessed in the fed and fasting states (9). After single doses
of abacavir were taken with food, the maximum drug concentration in blood (Cmax)
was reduced by 35% and the AUC by 5%. No significant difference in systemic
exposure (i.e., AUC) was noted in the fed and fasting states and the tablets may
therefore be administered with or without food. No specific food effect studies have
been conducted on the oral solution, but the oral solution provides comparable
systemic exposure to the tablet formulation and these products have been deemed
interchangeable (7).

Abacavir is eliminated metabolically via alcohol dehydrogenase. Because of their
common metabolic fate, the pharmacokinetic interaction between abacavir and
ethanol was studied in 24 HIV-infected patients (7). Each patient received the
following treatments on separate occasions: a single 600 mg dose of abacavir,
0.7 g/kg of ethanol, and abacavir 600 mg plus 0.7 g/kg ethanol. Coadministration
of abacavir and ethanol resulted in a 41% increase in abacavir AUC and a 26%
increase in abacavir half-life (t½). No effect on ethanol was seen in men.

Abacavir is available in a combination product (abacavir and lamivudine, (Epzi-
comTM) that may be administered with or without food. Administration of this
product with a high-fat meal does not change the bioavailability of lamivudine.
Food does not alter the extent of systemic exposure to abacavir, but the rate of
absorption decreases by approximately 24% compared with fasted conditions (10).

3.1.2. DIDANOSINE

Didanosine is currently available as enteric-coated beadlets in a capsule and as
a buffered formulation. The enteric coating protects didanosine from degradation
by gastric acid. Additionally, this formulation has been shown to provide an
equivalent AUC to the buffered tablet formulation of didanosine, although the
Cmax is reduced by 40% and the Tmax is increased by approximately 1.5 h when
administered as the enteric-coated formulation (11). The impact of food on the two
formulations is quite different. Food reduces the absolute bioavailability of the
buffered formulation by approximately 50% (12). The presence of food reduces the
AUC of the enteric-coated formulation by 19% (11). The timing of food adminis-
tration has been studied in 10 HIV-infected patients (13). This study showed that
the food effect could be minimized if one administers the buffered formulation
30–60 min before or 2 h after a meal. As a result it is recommended that the buffered
formulation be administered 30–60 min before or 2 h after a meal and the enteric-
coated formulation be administered on an empty stomach.

3.1.3. EMTRICITABINE

Emtricitabine is available as a capsule and a solution for oral administration.
This drugmay be administered with or without food. The AUCwas unchanged and

770 Part VI / Drug–Nutrient Interactions in Specific Conditions



theCmax was decreased by 29%when the capsule form of the drug was administered
with a 1000 kcal high-fat meal. AUC and Cmax were unaffected when the oral
solution was administered with either a high- or a low-fat meal (14).

3.1.4. LAMIVUDINE

Lamivudine is rapidly absorbed after oral administration with an absolute bio-
availability in HIV-infected patients of 86% for the 150-mg tablet and 87% for the
oral solution (15). Lamivudine was administered to 12 HIV-infected patients on
two occasions, once in the fasted state and once with food (1099 kcal, 75 g fat, 72 g
carbohydrate, 34 g protein) (15,16). Absorption was slower in the fed state (Tmax

3.2 h versus 0.9 h), Cmax was 40% lower in the fed state than fasted state, but there
was no difference in the systemic exposure between the fed and fasted states.
Therefore, lamivudine (tablet or oral solution) may be administered with or without
food.

3.1.5. STAVUDINE

Stavudine is rapidly absorbed after oral administration with achievement of the
Cmax within 1 h after dosing of the capsule or oral solution. The administration of
stavudine is not affected by food and it can be taken with or without food (17,18).

3.1.6. TENOFOVIR

Tenofovir disoproxil fumarate is a water-soluble diester prodrug of the active
ingredient tenofovir. Following oral administration, the oral bioavailability of
tenofovir from this formulation is approximately 25%. Administration of tenofovir
following a high-fat meal (700–1000 kcal, 40–50% fat) increases the oral bioavail-
ability as evidenced by an AUC increase of approximately 40%, an increase in the
Cmax of 14%, and an increase in the Tmax by 1 h (19). It is therefore recommended
that tenofovir be administered with a meal to enhance its bioavailability.

3.1.7. ZALCITABINE

Zalcitabine, when administered orally to HIV-infected patients, has a mean
absolute bioavailability of more than 80% (20). Coadministration with food in
20 patients resulted in a reduced rate of absorption (Tmax of 1.6 h versus 0.8 h in
fasted state), a 39% decrease in the Cmax, and a 14% reduction in the AUC (21).
This has been considered to be clinically insignificant and zalcitabine can therefore
be administered with or without food.

Coadministration ofMaalox1 (30 mL) with a single dose of 1.5 mg of zalcitabine
in 12 HIV-infected patients resulted in a decrease in the mean Cmax by approxi-
mately 33% and a reduction in the AUC by approximately 25% (20). Although the
clinical significance of this is not known, it is recommended that zalcitabine not be
ingested simultaneously with magnesium/aluminum-containing products.

3.1.8. ZIDOVUDINE

Zidovudine is well absorbed after oral administration with a bioavailability that
averages between 60 and 70% (22,23). Considerable variability between patients
does exist, and the bioavailability can range from 40 to 100%. Several studies have
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evaluated the impact of food on the absorption of zidovudine (24,25). In general, food
consumption tends to decrease the rate but not the extent of absorption of zidovudine.
This is especially true for high-fat meals. One study in 13 patients with acquired
immunodeficiency syndrome (AIDS) was conducted in the fed (a standard breakfast)
and fasting states (26). ThemeanAUC in the fed statewas 24% lower than fasted state
and there was more interpatient variability. In general, zidovudine is recommended to
be administered without regard to food. Based on the results in patients with AIDS, it
may be advisable to administer zidovudine on an empty stomach. If GI adverse events
preclude this, coadministration with a low-fat meal is recommended.

Zidovudine is commercially available as a combination dosage form with lam-
ivudine (Combivir1) and with lamivudine and abacavir (Trizivir1). Combivir1 has
been studied in 24 healthy subjects in the fed and fasted states (27). There was no
difference in the AUC regardless of the coadministration with food. Trizivir1 has
been studied in 24 subjects in the fed and fasted states as well (28). TheCmax was 32,
18, and 28% lower for zidovudine, lamivudine, and abacavir, respectively, when
administered with a high-fat meal compared to the fasting state. Food did not alter
the extent of absorption (i.e., AUC) of any of the components of Trizivir1. It is
therefore recommended that both available combination oral products be admin-
istered with or without food.

3.2. Non-nucleoside Reverse Transcriptase Inhibitors (NNRTIs) (Table 2)

3.2.1. DELAVIRDINE

Delavirdine is rapidly absorbed after oral administration, with peak plasma
concentrations occurring approximately 1 h after administration and a bioavail-
ability of approximately 85% (29). Single-dose bioavailability of 100-mg tablets of
delavirdine was studied in 16 healthy subjects and has been shown to be increased by
approximately 20% when the tablets are allowed to dissolve in water and form
a slurry before administration (30). The 200-mg tablet has not been evaluated as
a slurry for administration as it is not readily dissolved in water.

The effect of food on delavirdine absorption was evaluated in 13 HIV-infected
patients in a multiple-dose, crossover study (29). Patients were maintained on their
typical diet (meal content was not standardized) and delavirdine was administered

Table 2
Non-nucleoside Reverse Transcriptase Inhibitors: Recommendations for Coadministration
with Food

Generic name Brand name Current recommendation

Delavirdine Rescriptor Can be given without regard to food
Efavirenz Sustiva

Atripla*
Avoid taking with high-fat meals
Take on an empty stomach

Etravirine Intelence Take following a meal
Nevirapine Viramune Can be given without regard to food

* Combination product
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every 8 h with food or 1 h before or 2 h after a meal. Although theCmax was reduced
by 25% in the fed state, there was no effect on AUC or Cmin of coadministering
delavirdine with food. It is therefore recommended that delavirdine be administered
with or without food.

The effect of an acidic beverage on the pharmacokinetics of delavirdine has been
evaluated in HIV-infected patients. Matched subjects with (n=11) and without
(n=10) gastric hypoacidity were given delavirdine 400 mg three times daily. The
pharmacokinetics of delavirdine and itsN-desalkyl metabolite was determined over
8 h after administration for 14 days. Delavirdine exposure (as measured by Cmax,
AUC, and Cmin) was lower and the extent of metabolism greater in subjects with
gastric hypoacidity. Orange juice increased the absorption of delavirdine by
50–70% in subjects with gastric hypoacidity, but had only a marginal impact on
absorption in subjects without gastric hypoacidity (31).

3.2.2. EFAVIRENZ

The absolute bioavailability of efavirenz has not been determined after oral
administration. In HIV-infected patients, the Tmax is reached in 3–5 h and patients
achieve steady-state concentrations in 6–10 days (32). The administration of
efavirenz 600-mg capsules with a high-fat/high-caloric meal (894 kcal, 54 g fat)
or a reduced-fat/normal caloric meal (440 kcal, 2 g fat) was associated with a mean
AUC increase of 22 and 17% and a mean increase of 39 and 51% in efavirenz
Cmax, respectively, relative to the exposures achieved when given under fasted
conditions (28).

Administration of efavirenz 600-mg tablets with a high-fat/high-caloric meal
(approximately 1000 kcal, 50–60% fat) was associated with a 28% increase in
mean AUC of efavirenz and a 79% increase in mean Cmax of efavirenz relative to
the exposures achieved in the fasted condition (32). It is recommended that coad-
ministration of efavirenz with a high-fat meal be avoided to minimize the likelihood
of adverse events.

Efavirenz is available in a combination product with emtricitabine and tenofovir
(Atripla1). This product should be taken on an empty stomach (33). However,
Atripla1 has not been evaluated in the presence of food.

3.2.3. ETRAVIRINE

Following administration of a 200-mg dose of etravirine the Tmax occurs in
2.5–4 h, although the absolute bioavailability of this drug is unknown (34). The
drug’s AUC is approximately twofold greater when administered following a meal
compared to the fasted state (34). The food content of the meal (345–1160 kcal,
17–70 g fat) does not seem to influence the extent of etravirine exposure (34). So the
current recommendation is that this drug should be taken following a meal.

3.2.4. NEVIRAPINE

Nevirapine is readily absorbed after oral administration with an absolute bio-
availability of more than 90% in both healthy subjects and HIV-infected patients
(35). Nevirapine 200 mg was studied in 24 healthy adults (12 men, 12 women) with
either a high-fat breakfast (857 kcal, 50 g fat) or an antacid (Maalox1 30 mL) (35).
The AUC of nevirapine absorption was comparable to that observed under fasting
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conditions. In a separate study of sixHIV-infected patients, nevirapinewas studiedwhen
coadministered with the buffered formulation of didanosine (35). Again, the AUC of
nevirapine was not significantly altered. It is recommended that nevirapine be adminis-
tered with or without food, a magnesium/aluminum-containing antacid, or didanosine.

3.3. Protease Inhibitors (PIs) (Table 3)

3.3.1. AMPRENAVIR

Amprenavir capsules and oral solution are rapidly absorbed after oral admin-
istration in HIV-infected patients with a Tmax of between 1–2 h (36). The absolute
oral bioavailability of amprenavir has not been established. It is important to note
that the oral solution is 14% less bioavailable than the capsule and is therefore not
interchangeable on a milligram-per-milligram basis.

The relative bioavailability of amprenavir capsules has been assessed in the fed
and fasting states in healthy subjects (36). Subjects were given a single 1200-mg
dose of amprenavir on an empty stomach or after ingestion of a standardized meal
(967 kcal, 67 g fat, 58 g carbohydrate, 33 g protein). In the fed state, Cmax and Tmax

were reduced by approximately 33%, while the AUCwas reduced by approximately
27%. It is therefore recommended that amprenavir be administered with or without
food, but that it should not be taken with a high-fat meal.

Each capsule of amprenavir contains 109 IU of vitamin E in the form of d-a
tocopheryl polyethylene glycol 1000 succinate. The total amount of vitamin E in the

Table 3
Protease Inhibitors: Recommendations for Coadministration with Food

Generic name
Brand
name Current recommendation

Amprenavir Ziagen Can be given without regard to food; avoid high-fat
meals; avoid vitamin E-containing supplements

Atazanavir Reyataz Can be given without regard to food
Darunavir Prezista Take with a meal
Fosamprenavir Agenerase Can be given without regard to food
Indinavir Crixivan Administer 1 h before or 2 h after a meal with sufficient

quantity of water
Lopinavir/

Ritonavir
Kaletra Take with food

Nelfinavir Viracept Take with a meal
Ritonavir Norvir Can be given without regard to food; take with meals to

prevent GI upset
Saquinavir Invirase Take with a high-fat meal
Saquinavir Fortovase Take with food
Tipranavir Aptivus Can be given without regard to food; avoid

simultaneous Mg/Al-containing products
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recommended daily adult dose of amprenavir is 1744 IU (almost 1200 mg/day). It is
therefore recommended that patients receiving amprenavir not take additional
vitamin E supplements.

Fosamprenavir is the calcium phosphate ester prodrug of amprenavir, which is
rapidly and almost completely hydrolyzed to amprenavir and inorganic phosphate by
cellular phosphatases in the gut epithelium as it is absorbed. Fosamprenavir has been
studied in both healthy adult volunteers and HIV-infected patients; no substantial
differences in steady-state amprenavir concentrations were observed between the two
populations. TheTmax amprenavir concentration after administration of a single dose
of fosamprenavir occurred between 1.5–4h (median, 2.5 h). The absolute oral bio-
availability of amprenavir after administration of fosamprenavir has not been estab-
lished (37).

In a fasted state, administration of single, 1400-mg doses using the fosamprenavir
50 mg/mL suspension and of the 700-mg tablet provided similar amprenavir AUC
exposures, although the Cmax of amprenavir increased 14.5% with administration
of the suspension compared with the tablet (37).

3.3.2. ATAZANAVIR

Atazanavir is rapidly absorbed, with a median Tmax of approximately 2.5 h in
healthy people and 2 h in HIV-infected individuals. Administration with food
enhances bioavailability and reduces pharmacokinetic variability. Administration
of a single dose of 400-mg atazanavir with a light meal resulted in a 70% increase in
the AUC and a 57% increase in Cmax relative to the fasting state, while adminis-
tration with a high-fat meal resulted in a mean increase in AUC of 35% and no
change in Cmax relative to the fasting state. Administration with either a light or
high-fat meal decreases the coefficient of variation of AUC and Cmax by approxi-
mately one-half, compared to the fasting state (38).

3.3.3. DARUNAVIR

The absolute oral bioavailability of a single 600-mg dose of darunavir alone and
after coadministration with ritonavir 100 mg twice daily was 37 and 82%, respec-
tively. Darunavir coadministered with ritonavir 100 mg twice daily was absorbed
following oral administration with a Tmax of approximately 2.5–4 h. When admin-
istered with food, theCmax andAUCof darunavir coadministeredwith ritonavir are
approximately 30% greater than in the fasting state. Therefore, darunavir
coadministered with ritonavir should always be taken with food. Within the range
of meals studied, darunavir exposure is similar (39). In a study of 119 HIV-infected
patients, the mean 12-h AUC was 61,668 ng�h/mL with darunavir 600 mg and
ritonavir 100 mg twice-daily dosing.

3.3.4. INDINAVIR

Indinavir is rapidly absorbed in the fasted state with a time to serum peak
concentration of 0.8 h, with an oral bioavailability of approximately 65% (40).
Indinavir was administered to 10 subjects ingesting a high-fat/high-calorie
(784 kcal, 48.6 g fat, 31.3 g protein) meal (41). In the fed state, the AUCof indinavir
was reduced by approximately 77% and the Cmax was reduced by 84%. A similar
study in 12 subjects was performed to investigate the impact of a ‘‘light meal’’ (40).
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Subjects ingested a meal including dry toast with jelly, apple juice, and coffee with
skim milk and sugar, or a meal of corn flakes, skim milk, and sugar. This meal type
had little or no change in the AUC,Cmax, or trough concentrations of indinavir. It is
recommended that indinavir be taken 1 h before or 2 h after meals. If GI upset
occurs, indinavir may be administered with skim milk or a light/low-fat meal as
described earlier.

The impact of grapefruit juice on indinavir pharmacokinetics was also studied
(40). A single 400-mg dose of indinavir was administered with or without 8 oz of
grapefruit juice. The addition of grapefruit juice resulted in a reduction of indinavir
AUC by approximately 26%. It is recommended that patients avoid taking indina-
vir with grapefruit juice.

Indinavir was studied in eight HIV-negative volunteers to determine the impact
of the dietary supplement St. John’s wort (Hypericum perforatum, standardized to
0.3%hypericin) on indinavir levels (42). Patients received 800mg of indinavir every
8 h for four doses prior to and at the end of a 14-day course of St. John’s wort
300 mg three times per day. Indinavir concentrations were determined following
the fourth dose of indinavir prior to and following St. John’s wort. Following the
course of St. John’s wort, the AUC of indinavir was decreased by 57% and theCmin

was decreased by 81%. It is therefore recommended that indinavir not be admin-
istered concomitantly with St. John’s wort.

A known adverse effect of indinavir is nephrolithiasis. The stones that form in the
kidney consist of indinavir crystals which form because indinavir is poorly soluble
(40,41). To minimize this adverse effect, it is recommended that indinavir be taken
with at least 32 oz of water daily.

3.3.5. LOPINAVIR/RITONAVIR

The oral bioavailability of the combination product Kaletra1 in humans has not
been determined. In HIV-infected patients with no meal restrictions, Kaletra1

400 mg/100 mg at steady state had a Tmax of approximately 4 h (43). Under
nonfasting conditions (500 kcal, 25% fat), lopinavir concentrations were similar
following administration of capsules or liquid. Under fasting conditions, the AUC
and Cmax of lopinavir were 22% lower for the liquid relative to the capsule
formulation.

A single dose of 400 mg/100mg of Kaletra1 capsule was studied when given with
a moderate fat meal (500–682 kcal, 23–25% fat) (43). The AUC of lopinavir was
increased by 48% and the Cmax was increased by 23% relative to the fasting state.
For the oral solution, the corresponding increases in lopinavir AUC and Cmax were
80 and 54%, respectively. Relative to fasting, administration of Kaletra1 with
a high-fat meal (872 kcal, 56% fat) increased the lopinavir AUC and Cmax by 97
and 43%, respectively, for capsules, and 130 and 56%, respectively, for the oral
solution (43). It is recommended that Kaletra1 be administered with food to
enhance bioavailability and minimize pharmacokinetic variability.

3.3.6. NELFINAVIR

After oral administration of 750 mg (three 250 mg tablets) three times daily in 11
HIV-infected patients for 28 days, or 1250 mg twice daily in 10 HIV-infected
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patients, oral bioavailability has ranged from 20 to 80% (44). The effect of food
was evaluated in two studies (14 subjects) (44). The meals contained 517–759 kcal
(153–313 kcal derived from fat). Maximal plasma concentrations and the AUC of
nelfinavir were two to threefold higher under fed conditions compared to fasting.

In healthy volunteers, a newly approved 625 mg tablet was not bioequivalent to
the 250 mg tablet. Under fasted conditions in 27 subjects, the AUC and Cmax were
34 and 24% higher, respectively, for the 625 mg tablet. In a relative bioavailability
study under fed conditions in 28 subjects, the AUC was 24% higher for the 625 mg
tablet, whereas the Cmax was comparable for both formulations (44).

It is recommended that nelfinavir should be taken with food to maximize bio-
availability. Patients unable to swallow the tablets may dissolve the tablets in a
small amount of water. Once dissolved, patients should mix the cloudy liquid well
and consume it immediately. The glass should be rinsed with water and swallowed
to ensure that the entire dose has been consumed (44).

3.3.7. RITONAVIR

The absolute oral bioavailability of ritonavir in humans has not been determined.
After administration of a 600-mg dose of the oral solution under fed (514 kcal, 9%
fat, 79% carbohydrate, 12%protein) and fasting conditions, theTmax was 4 and 2 h,
respectively. When the oral solution was given under nonfasting conditions, peak
ritonavir concentrations were reduced by 23% and the AUC was reduced by 7%
relative to fasting. A single 600-mg dose of the soft gelatin capsule (57 patients) and
oral solution (18 patients) under nonfasting conditions (615 kcal, 14.5% fat, 76%
carbohydrate, 9% protein) was evaluated in two separate studies (45). Relative to
the fasting condition, the extent of absorption (i.e., AUC) of the soft gelatin capsule
was 13% higher in the fed state, whereas it was slightly reduced with the oral
solution. These changes have been considered clinically not significant and, there-
fore, it is recommended that ritonavir be administered with or without food.

It is important to note that GI adverse reactions are quite common following the
administration of ritonavir and that patients can take ritonavir with food to
minimize these effects. These adverse effects are particularly troublesome with the
oral solution. To remedy this, ritonavir oral solution has been studied when diluted
with 240 mL of chocolate milk, or the enteral nutrition products Advera1 or
Ensure1 (45). Dilution occurred within 1 h of administration and did not signifi-
cantly effect the rate or extent of absorption.

3.3.8. SAQUINAVIR

Saquinavir was originally introduced as a hard gelatin capsule (Invirase1). This
formulation had an absolute oral bioavailability of approximately 4% following
a high-fat breakfast (1006 kcal, 57 g fat, 60 g carbohydrate, 48 g protein) (46,47).
Additionally, the administration of grapefruit juice in eight healthy subjects has
been shown to increase the bioavailability up to twofold (48). Invirase1 is currently
most commonly administered in combination with ritonavir. When done so, it can
be administered without regard to food (5,46). If Invirase1 is administered as the
sole PI, it is recommended that it be administered with a high-fat meal to enhance
bioavailability.
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More recently, a soft gelatin capsule formulation (Fortovase1) has been
introduced to improve on the poor bioavailability of the Invirase1 formulation.
The absolute oral bioavailability of saquinavir administered as Fortovase1 has
not been assessed. However, following single 600-mg doses, the relative bioavail-
ability of saquinavir as Fortovase1 compared to Invirase1 was estimated to be
331% (49). The effect of food on Fortovase1 was evaluated in 12 healthy
subjects receiving a single 800-mg dose with breakfast (1006 kcal, 57 g fat, 60 g
carbohydrate, 48 g protein) (49). The AUC in the fed state was increased
approximately 6.7-fold. It is recommended that Fortovase1 be administered
with food.

3.3.9. TIPRANAVIR

Absorption of tipranavir in humans is limited, although no absolute quanti-
fication of absorption is available (50). To achieve effective plasma concentra-
tions on a twice-daily dosing regimen, tipranavir must be coadministered with
200 mg of ritonavir. In a dose-ranging evaluation in 113 HIV-uninfected volun-
teers (men and women), there was a 29-fold increase in the geometric mean
morning steady state trough plasma concentrations of tipranavir after coadmin-
istration with ritonavir twice daily as compared with administration of twice-
daily tipranavir alone. Bioavailability of tipranavir is increased when taken with
a high-fat meal.

Antacids reduce absorption of tipranavir, requiring timing adjustments of ant-
acid use. When tipranavir (coadministered with ritonavir) was given with 20 mL of
aluminum- andmagnesium-based liquid antacid, tipranavir AUC,Cmax, and serum
concentration at 12 h after dosing were reduced by 25–29%. Consideration should
be given to separating tipranavir with ritonavir dosing from antacid administration
to prevent reduced absorption of tipranavir (50).

3.4. Newer Antiretroviral Agents (Table 4)

3.4.1. MARAVIROC

Maraviroc is a chemokine receptor antagonist that acts as an entry inhibitor. It is
designed to prevent HIV infection of CD4 cells by blocking chemokine receptor
5 (CCR5), a co-receptor necessary for HIV entry, from binding the virus. Peak
plasma concentrations of maraviroc are achieved between 0.5 and 4 h after single

Table 4
Other Antiretroviral Agents: Recommendations for Coadministration with Food

Generic
name

Brand
name Current recommendation

Maraviroc Selzentry Can be given without regard to food; caution with high-fat
meals

Raltegravir Isentress Can be given without regard to food
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oral doses of maraviroc 1200 mg in healthy volunteers. Maraviroc pharmaco-
kinetics are not dose proportional. The absolute bioavailability of a 100-mg dose
is 23% and is predicted to be 33% after a 300-mg dose (51).

In a small, Phase I study, 24 HIV-infected adults with CCR5-tropic HIV were
randomized to receive maraviroc 25 mg once daily, 100 mg twice daily, or placebo.
Steady-state drug levels were reached within 7 days, with more favorable drug levels
achieved in the fasted state. Coadministration of a 300 mg maraviroc tablet and
a high-fat meal resulted in reduced Cmax and AUC by 33% each in healthy
volunteers. However, because no food restrictions were enacted during clinical
trials, maraviroc may be taken with or without food (51).

3.4.2. RALTEGRAVIR

Raltegravir inhibits the catalytic activity of HIV-1 integrase, an HIV-1-encoded
enzyme required for viral replication. Inhibition of integrase prevents covalent
insertion of unintegrated, linear HIV-1 DNA into the host cell genome, therefore
preventing the formation of HIV-1 provirus.

Administration of raltegravir following a high-fat meal increased the raltegravir
AUC by approximately 19% (52). A high-fat meal slowed the rate of absorption,
resulting in an approximately 34% decrease in the Cmax, an 8.5-fold increase in the
plasma concentration at 12 h, and a delay in the Tmax following a single 400-mg
dose. The effect of consumption of a range of food types on steady-state pharma-
cokinetics is not known. Raltegravir was administered without regard to food in
pivotal safety and efficacy studies in HIV-1-infected patients. Raltegravir is
absorbed with a Tmax of approximately 3 h post-dose in the fasted state (52).

3.5. Alternative Therapies

Complementary and alternative therapies are commonly used by patients with
HIV infection. As mentioned previously, St. John’s wort has been shown to
decrease the AUC of indinavir by 57% and the Cmin by 81% (42). As these
decreases are likely to be clinically significant, the use of St. John’s wort should be
avoided in patients receiving PI therapy (5). Garlic ingestion in two patients on
ritonavir has been reported to result in severe GI symptoms (53). The mechanism
has not been fully elucidated, and no evaluation of this interaction at steady state is
currently available. The effect of coadministration of garlic with saquinavir has
been evaluated more formally in 10 healthy subjects (54). Volunteers received
1200 mg of Fortovase1 three times daily with meals for three 4-day study periods.
During the second 4-day period, subjects received garlic capsules twice daily. In the
presence of garlic, the mean saquinavir AUC decreased by 51%, the trough level
decreased by 49%, and the mean Cmax decreased by 54%. After a 10 day washout,
the AUC, trough, and Cmax values returned to 60–70% of their baseline. The use of
ethanol in combination with didanosine can increase the risk of pancreatitis and
should be avoided (5,11). Anecdotal reports of recreational drug use in HIV-
infected patients and its impact on antiretroviral disease and/or HIV disease pro-
gression and adverse events continue to appear. Table 5 summarizes current reports
(55,56).

Chapter 26 / Patients with Chronic Infections 779



Future studies are needed to address this growing area in much greater detail. In
the meantime, clinicians must include alternative therapies and recreational drugs
as part of the assessment of a patient’s medication history.

3.6. Metabolic Impact of the Treatment of HIV Infection – Beyond the Food
Effect

As new, more effective therapies have been developed for the treatment of HIV
infection, patients are living longer lives. As patients’ lives have been extended, the
use of antiretroviral agents has been prolonged for many in significant numbers of
patients. As a result of this improvement in the care for and outcomes in patients
with HIV infection, a variety of new adverse effects associated with both HIV
disease and its treatment have been documented. In particular and germane to
this text, a variety of metabolic complications have been identified in patients taking
long-term antiretroviral therapy. These include fat accumulation, lipoatrophy,
disorders of lipid and glucose metabolism, hyperlactatemia and lactic acidosis,
and bone disorders.

3.6.1. FAT ACCUMULATION

A variety of syndromes of fat accumulation have been documented in patients
with HIV infection (5). These include obesity, enlarged dorsocervical fat pad
(buffalo hump), and, less commonly, benign symmetric lipomatosis. In addition,
breast enlargement has been reported in women, and gynecomastia in men.
Syndromes of fat accumulation have been noted both in the presence and in the
absence of lipoatrophy.

Because recognition of abnormal fat accumulation coincided with the wide-
spread use of PIs, many people initially assumed that these changes were directly
related to this class of drugs. It is now widely recognized that these changes occur
in PI-naı̈ve patients and terms such as ‘‘protease paunch’’ have been removed from
the lexicon used to describe these conditions. The specific roles of PIs and

Table 5
Interactions of Antiretroviral Agents with Substances of Abuse

Agent Comments

g-Hydroxy-butyrate (GHB, liquid
XTC)

May result in increased levels and prolonged
effect; avoid use in patients on non-nucleoside
reverse transcriptase or protease inhibitors

Amyl nitrate Can cause glutathione depletion in the liver;
associated with increased disease progression

Ketamine Use with ritonavir has been associated with an
increased incidence of hepatitis

Alcohol Increased risk of pancreatitis in patients taking
didanosine

Methylenedioxymethamphetamine
(MDMA, Ecstasy)

Possible increased levels with protease
inhibitors; one death reported (ritonavir)
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NNRTIs in the development of these syndromes have not been defined, and it is
evident that host factors such as age, baseline fat content and body mass index,
race, gender, and HIV-specific factors also affect the risk for developing these
syndromes (57).

Cross-sectional studies in HIV-infected subjects with increased abdominal girth
have demonstrated marked accumulation of visceral or intra-abdominal fat tissue
(VAT) (57). This is of concern as excess VAT is associated with increased risk of
coronary artery disease, type 2 diabetes mellitus, cerebrovascular disease, gall-
stones, and in women, breast cancer. Additionally, visceral adiposity can be a factor
in the development of metabolic syndromes characterized by glucose intolerance,
hyperinsulinemia with insulin resistance, dyslipidemia, and hypertension (57). The
degree to which these are associated with low levels of adiponectin is not clear.

Although no specific treatment is approved for fat accumulation in HIV-infected
patients, the followingmodalities have been studied with varying degrees of success:
antiretroviral therapy switching, diet and exercise, metformin, thiazolidinediones,
growth hormone, and liposuction.

3.6.2. LIPOATROPHY

Peripheral fat wasting in patients with HIV infection treated with antiretroviral
therapy has emerged as a distressing complication that threatens long-term treat-
ment of the virus. Cross-sectional studies have reported prevalence rates that range
from 25 to 60% (58).

The etiology of adipose tissue loss is unclear. Currently available information
suggests that the development of lipoatrophy is influenced by both the use of
antiretroviral therapy and a variety of host factors including age, race, and degree
of immunosuppression (58). Both PIs and NRTIs are likely to play a role in the
pathogenesis of lipoatrophy. Interestingly, antiretroviral therapy consisting exclu-
sively of PIs appears to have a minimal tendency toward the development of lipo-
atrophy (58). The risk of development of lipoatrophy is, however, dramatically
increased when NRTIs and PIs are used in combination.

Currently there are no proven therapies known to reverse or prevent peripheral
lipoatrophy associated with HIV infection. Approaches that have been considered
include antiretroviral switching, the use of thiazolidinediones, antioxidants, and
cosmetic surgery.

3.6.3. LIPID ABNORMALITIES

Elevations of serum triglycerides and low-density lipoprotein cholesterol (LDL-C)
with decreases in high-density lipoprotein cholesterol (HDL-C) have been observed in
patients with HIV infection receiving antiretroviral therapy (5). Both HIV infection
(low HDL-C and elevated triglycerides) and PIs (elevated total and LDL-C and
triglycerides) are important underlying causes of dyslipidemia in HIV-infected
patients (45). The use of NNRTIs will increase total cholesterol and LDL-C, but
this may be offset by increases in HDL-C (59).

It is recommended that a fasting lipid profile be performed prior to initiating
antiretroviral therapy. It should consist of total cholesterol, HDL-C, triglycerides,
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and a calculated LDL-C. A repeat fasting profile should be obtained approximately
3 months after initiating antiretroviral therapy. If this remains normal, yearly
repeats are recommended.

The decision to intervene for lipid abnormalities is a complex one that must take
into account the patient’s general condition, prognosis, and the presence or absence
of significant cardiovascular risk factors. The following interventions are recom-
mended (59): (a) evaluate for potential exacerbating factors such as hypogonadism,
hypothyroidism, liver disease, or alcohol abuse; (b) perform a cardiovascular risk
assessment per the Adult Treatment Panel III guidelines; (c) encourage therapeutic
lifestyle modification; and for patients who continue to be at significantly increased
risk of cardiovascular disease despite the above, clinicians should consider substi-
tuting a non-PI-containing regimen and/or instituting a lipid-lowering agent.

3.6.4. DISORDERS OF GLUCOSE METABOLISM

Prior to the availability of potent antiretroviral therapy, insulin resistance and
diabetes were relatively uncommon in HIV-infected patients. Although fasting
glucose levels remain normal in most patients receiving potent antiretroviral ther-
apy, up to 40% of patients on a PI-containing regimen will have impaired glucose
tolerance due to significant insulin resistance (5,60).

Indinavir may induce insulin resistance by inhibiting cellular glucose uptake
through interfering with the cellular glucose transporter GLUT-4 and/or inhibiting
peroxisome proliferator-activated receptor g (PPAR-g) expression (60). Whether
all drugs in this class induce such changes remains uncertain, and the relative
tendency of the different PIs to induce insulin resistance is unknown.

Fasting glucose should be obtained prior to and during antiretroviral treatment
(3–6 months after initiating therapy and annually thereafter) with a PI-containing
regimen. Because of a paucity of data regarding the treatment of diabetes duringHIV
infection, established guidelines for treating diabetes mellitus in the general popula-
tion should be followed. In specific, when drug therapy for diabetes is required,
consideration should be given to using an insulin-sensitizing agent such as metformin
or a thiazolidinedione as first-line therapy (60). Careful monitoring for potential
adverse effects such as liver dysfunction and lactic acidemia is recommended.

Consideration should be given to avoiding the use of a PI as initial therapy or
to substitute alternatives to the PIs if possible in patients with preexisting abnor-
malities of glucose metabolism or who have risk factors for diabetes mellitus.
Substitution of the PI component of a regimen with nevirapine, efavirenz, or
abacavir has been associated with short-term improvements in insulin resistance
and may be considered where virologically appropriate (5).

3.6.5. HYPERLACTATEMIA AND LACTIC ACIDOSIS

Hyperlactatemia and lactic acidosis have been observed in HIV-infected
patients receiving antiretroviral therapy (5). The spectrum of disease ranges
from mild to moderate asymptomatic (subclinical) hyperlacatatemia
to fulminant and life-threatening lactic acidosis. Fortunately, symptomatic
hyperlactatemia is uncommon and life-threatening lactic acidosis is even
more rare.

782 Part VI / Drug–Nutrient Interactions in Specific Conditions



Asymptomatic and subclinical hyperlactatemia has been observed in 10–36% of
cohorts ofHIV-infected patients examined (61). Evidence suggests that exposure to
one or more NRTIs plays a central role through toxic effects on mitochondrial
function (61). It remains unclear what other factors may be involved in the patho-
genesis of this disorder.

Interventions that should be considered for symptomatic hyperlactatemia and
lactic acidosis include (61) (a) discontinuation of current antiretroviral regimen or
switching to aNRTI-sparing regimen and (b) addition of any or all of the following:
thiamin, riboflavin, L-carnitine, coenzyme-Q-10, vitamin C, vitamin E, and/or
vitamin A. It should be noted that the use of these nutrients is based on case reports
rather than prospective intervention trials. More generally, the administration of
micronutrient supplements along with antiretroviral therapy may have biochemical
and clinical benefits although these have not been well studied and the risk for harm
may exist (62).

3.6.6. BONE DISORDERS

Alterations in bone mineralization and development of avascular necrosis
(AVN) have been reported to be more prevalent in HIV-infected persons than
in non-HIV-infected persons (5). Although vitamin D status is poor in young
adults with HIV infection, it does not seem to be an influence of the infection
(63). The specific contributions of antiretroviral agents and HIV infection to
osteopenia, osteoporosis, and AVN are not well defined. Patients on potent
antiretroviral therapy regardless of drug class have higher rates of osteopenia
and osteoporosis than treatment-naı̈ve patients (64). The link between AVN
and antiretroviral therapy is weaker. AVN has been frequently reported in HIV-
infected patients not receiving antiretrovirals and has been associated with low
CD4+ cell counts, duration of HIV infection, and prior corticosteroid
treatment.

The safety and efficacy of standard therapies used to treat bone demineralization
have not been evaluated in HIV-infected patients. The following are recommended
based on results obtained in non-HIV-infected individuals (65). Lifestyle modifi-
cation including weight loss and exercise should be attempted prior to considering
drug therapy. The use of specific drug therapy including calcium and vitamin D
supplementation, bisphosphonates (once vitamin D status is normalized), estrogen
or selective estrogen receptor modulators, calcitonin, and teriparatide may be
considered. Currently, no specific recommendation exists regarding changing anti-
retroviral therapy as no drug or drug class has been specifically associated with
alteration in bone metabolism.

4. DRUG–NUTRIENT INTERACTIONS FOR MEDICATIONS USED
TO TREAT M. TUBERCULOSIS INFECTION

The management of tuberculosis has long been a difficult clinical problem, as the
causative agent is a slow-growing organism and effective therapy requires the use of
multiple agents for extended periods of time. As with the treatment of HIV infec-
tion, alterations in one’s lifestyle to accommodate drug therapy for a prolonged
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period of time add to the complexity of achieving optimal patient adherence. Given
that pulmonary tuberculosis is transmitted via droplet nuclei that are aerosolized
when an infected patient coughs, the public health impact of treatment failure,
especially owing to a modifiable risk such as a drug–nutrient interaction, is unac-
ceptable. Clinicians and patients alike need to be keenly aware of the food effect on
the bioavailability of these agents (Table 6).

4.1. Aminosalicylic Acid Granules

Aminosalicylic acid is commercially available in a granule formulation. The
granules are designed for gradual release so as to avoid high peak levels that may
cause toxicity. Aminosalicylic acid is rapidly degraded in acid media. After 2 h in
simulated gastric fluid, 10%of unprotected aminosalicylic acid is decarboxylated to
form meta-aminophenol, a known hepatotoxin (66). The small granules are
designed to escape the usual restriction on gastric emptying of large particles.
Under neutral conditions such as those found in the small intestine or in neutral
foods, the acid-resistant coating is dissolved within 1 min. The protective acid-
resistant outer coating is rapidly dissolved in a neutral media so a mildly acidic food
such as orange, apple, or tomato juice, yogurt, or apple sauce should be used to
enhance the oral bioavailability (66,67). In a single-dose (4 g) pharmacokinetic
study with food in healthy subjects, the median time to peak serum levels was 6 h
(range 45 min to 24 h) (66,67). Patients who have neutralized gastric acid with
antacids will not need to protect the acid-resistant coating with an acidic food, but

Table 6
Medications for the Treatment of Tuberculosis: Recommendations for Coadministration
with Food and Antacids

Generic name Brand name Current recommendation

Aminosalicylic
acid

Paser Administer with a mildly acidic beverage or food
such as orange, apple, or tomato juice, yogurt, or
apple sauce; avoid antacids if possible

Cycloserine Seromycin Do not administer with food
Ethambutol Myambutol May be administered with or without food; avoid

administration with an antacid
Ethionamide Trecator May be administered with or without food or an

antacid; avoid excessive ethanol intake
Isoniazid Nydrazid Administer on an empty stomach and avoid

antacids
Pyrazinamide Pyrazinamide May be administered without regard to food
Rifabutin Mycobutin May be administered with food; avoid antacids
Rifampin Rifadin May be administered with food; avoid antacids
Rifapentine Priftin May be administered with food; if taking

concomitant antacid therapy, take rifapentine 1 h
before or 2 h after antacid ingestion
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the administration of an antacid is not necessary to achieve good absorption. It is
also important to note that the granules are made of a soft skeleton and these may
appear in the stool of patients (66).

4.2. Cycloserine

Cycloserine is well absorbed after oral administration, with a Tmax of 2–4 h (68).
The coadministration of cycloserine with food results in a 16% reduction in the
Cmax but no change in the AUC (67,69). Preliminary data suggest that adminis-
tration with a high-fat meal reduces the Cmax by 31%, whereas administration with
orange juice reduces the Cmax by 20% (67). The impact of antacid administration
on cycloserine is also minimal (67). It is recommended that cycloserine adminis-
tration be without food if possible.

4.3. Ethambutol

Ethambutol is rapidly absorbed following oral administration with aTmax of 2–3 h
and an approximate bioavailability of 80% (70). Two separate studies have
evaluated the impact of food on ethambutol (67,69). The impact of a ‘‘standardized
breakfast’’ on themean AUC in 11 healthy subjects wasminimal (71). The coadmin-
istration of a high-fatmeal in 14 healthy subjects (men andwomen) showed a delay in
the time to peak serum levels, a decrease in the Cmax by 16%, but little effect on the
extent of absorption (i.e., AUC) (72). The administration of an antacid is associated
with a 28%decrease inCmax and a 10%decrease in theAUCof ethambutol (72). It is
therefore recommended that ethambutol be administered with or without food, but
that it should not be administered with an antacid.

4.4. Ethionamide

Ethionamide is essentially completely absorbed following oral administration
(approximately 80%) (68,73). There appears to be no affect of the administra-
tion of ethionamide with a high-fat meal or an antacid on Cmax or AUC (67).
Ethionamide can be administered without regard to food or an antacid.
Excessive ethanol intake should be avoided as psychotic reactions have been
reported (74).

4.5. Isoniazid

Isoniazid is well absorbed following oral dosing, with the Tmax of 1–2 h (68).
There are conflicting data regarding the impact of food on the bioavailability of
isoniazid. In one study, the Cmax and AUC of isoniazid were decreased by 70 and
40%, respectively, in the presence of food (75). A more recent study in 14 healthy
volunteers evaluated the impact of a high-fat breakfast on the absorption of
isoniazid (76). The high-fat meal reduced the Cmax by 51%, increased the Tmax

twofold, and reduced the AUC by 12%. Additionally, data conflict with regard to
antacid administration. A decrease ranging from 0 to 19% in the AUC has been
reported (76). The current recommendation is that isoniazid be administered on an
empty stomach and that whenever possible, coadministration with an antacid
should be avoided.
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4.6. Pyrazinamide

Pyrazinamide absorption takes place in 1–2 h and appears to be complete (69).
The effect of a high-fat meal or an antacid on the bioavailability of pyrazinamide has
been evaluated in 14 healthy volunteers (77). Neither the high-fat meal nor the
antacid had a significant effect on the extent of absorption. As a result, pyrazinamide
may be administered without regard to meals.

4.7. Rifabutin

Following a single dose of 300 mg to nine healthy subjects, the drug was readily
absorbed, with a Tmax of 3.3 h (78). The bioavailability of the capsule formulation,
relative to an oral solution, was 85% in 12 healthy subjects (78).

The effect of a high-fat meal was studied in 12 healthy men (79). Although the
time to maximal peak levels was prolonged from 3 to 5.4 h, relative to the fasting
condition, there was no significant impact on the extent of absorption. The effect of
an antacid on rifabutin has not been studied. The impact of the buffered didanosine
formulation has been evaluated and this has shown no effect on rifabutin absorp-
tion (67). Rifabutin may be given with food, but coadministration with an antacid
should be avoided until it is specifically studied.

4.8. Rifampin

Rifampin is well absorbed from the GI tract, with a Tmax of approximately 2 h
(range 2–4 h) (68,80). Rifampin is better absorbed in an acidic environment than in
a neutral or alkaline one. The administration of a high-fat meal with rifampin has
been evaluated in 14 healthy subjects (81). The addition of a high-fat meal reduced
the Cmax by 36% and the AUC by 6%. The administration of an aluminum/
magnesium-containing antacid had no effect on the bioavailability of rifampin
(81). It is recommended that rifampin be taken on an empty stomach whenever
possible to minimize any potential decrease in absorption.

4.9. Rifapentine

The absolute bioavailability of rifapentine has not been determined. The relative
bioavailability (with an oral solution as a relevance of rifapentine) after a single
600-mg dose to healthy adult volunteers was 70% (82). The maximum concen-
trations were achieved from 5 to 6 h after administration of the 600-mg rifapentine
dose. Food (850 kcal, 55 g fat, 58 g carbohydrate, 33 g protein) increased AUC0–24 h

andCmax by 43 and 44%, respectively, over that observed when administered under
fasting conditions.

5. DRUG–NUTRIENT INTERACTIONS FOR MEDICATIONS USED
TO TREAT CHRONIC VIRAL HEPATITIS

Chronic viral hepatitis is commonly caused by the hepatitis C virus (most
common) or by the hepatitis B virus. Major advances in the pharmacological
management of these diseases continue to be introduced. For hepatitis B virus,
the introduction of oral therapies including lamivudine (discussed in Section 3.1)
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and adefovir has enabled patients to achieve improved therapeutic outcomes as
compared to using injectable interferon therapy. For hepatitis C virus, the use of
combination therapy with interferon plus oral ribavirin has dramatically improved
the responsiveness of this difficult to treat disease. Given that these advances in
therapy are administered orally, the potential for drug–food interactions is dis-
cussed (Table 7).

5.1. Adefovir

Adefovir is available as a diester prodrug. Oral bioavailability is approximately
59%, with a Tmax that ranges from 0.58 to 4 h. When coadministered with food
(1000 kcal high-fat meal) there was no affect on the pharmacokinetics of adefovir
(83). It is therefore recommended that adefovir be administered without regard
to food.

5.2. Ribavirin

Ribavirin when administered orally is quickly absorbed through the concentra-
tive nucleoside transporter (CNT2; SLC28A2), with a Tmax of approximately 2 h.
When coadministered with a high-fat meal, the rate of absorption was slowed (Tmax

4 h), but the AUC was increased by 42% and the Cmax was increased by 66% (84).
As bioavailability is enhanced in the presence of food, it is recommended that
ribavirin be administered consistently with food. A recent study suggests that a
high purine-containing meal significantly reduces ribavirin bioavailability (85).

6. CONCLUSION

The impact of food on the absorption of drugs significantly complicates the
treatment of any chronic disease. Increases in absorption may result in adverse
reactions. Importantly, the impact on those with chronic infections differs from
conditions such as hypertension and diabetes. Obviously, infections can be trans-
mitted from one individual to another. So a decrease in absorption in treating an
infection can lead to the development of a resistant infection. Subsequent spread of
a resistant infection has significant public health ramifications.

Although many unanswered questions regarding drug–food interactions still
exist, the information provided in this chapter should be used to educate health-
care professionals and patients to optimize patient outcome and minimize the
development of drug-resistant infections. Older agents still in use were not subject

Table 7
Medications for the Treatment of Chronic Hepatitis: Recommendations for Coadministra-
tion with Food

Generic name Brand name Current recommendation

Adefovir Hespera Administer without regard to food
Ribavirin Virazole Administer with food
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to the more current, rigorous requirements of labeling and should be further
investigated for interactions with food. Future studies are also needed to answer
remaining questions about interactions between drugs used for chronic infections
and food, alternative therapies, or illicit drugs.
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mesalamine/olsalazine, 319

misoprostol, 319–320
influencing factors

aging, 132

disease, 132–133
intracerebroventricular route (brain), 29
intraneural route, 29

lipids, 127
malnutrition impact on medication, 143
minerals, 538–539

calcium, 544–545

iron, 552–553
phosphorus, 545–546
zinc, 554–556

nutrient disposition and, 538–539
obesity impact on, 174
otic route, 29

proteins, 126

specific nutrients effects on drug
ascorbic acid, 320–322

iron, 320–322
systemic routes, 28–29

alimentary, 28
parenteral, 28

topical routes, 29
vitamins, 128
water, 128

See also Drug disposition; Diffusion;
Digestion; Distribution; Metabolism

Acetaldehyde syndrome, 256

Acetaminophen, 152, 179
Active transport, 32
Addictive drugs, 561

Adefovir
viral hepatitis and, 786
See also Chronic infection treatment

medications

Adherence
drug–nutrient interaction in pregnancy and

lactation, 596

Advanced glycation end products (AGEs), 701
Aging

as absorption influencing factor, 132

See also Nutrient disposition
Agonists

defined, 38
See also Pharmacodynamics

AIDS
HIV and, 682
See also HIV infection

Albendazole, 306
Alcohol

metabolism study in animals and humans and,

256–257
weight loss and, 430
See also Caffeine

Aldosterone blockers, 465
Alimentary absorption, 28
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Allopurinol, 157
Altered taste perception

drug-induced, 430–435

See also Nutrient disposition
Alternative therapies, see under HIV infection
Aminoglycosides

PCM influence on medication, 146–147,

152–153
weight-based dosing and, 182

Aminosalicylic acid granules

tuberculosis infection and, 783–784
Amiodarone, 272–273, 451
Amlodipine, 459

Amphotericin, 183
Ampicillin, 181
Amprenavir

for HIV infection, 774–775
See also Chronic infection treatment

medications
Amrinone, 469–470

Analgesics
PCM influence on medication, 145, 152
weight-based dosing and, 187–188

Anemia, 513
See also Folate

Anesthetics

PCM influence on medication, 146
weight-based dosing and, 187

Angiotensin receptor blockers (ARBs)

specific agents, 465
See also Cardiovascular medications

Angiotensin-converting enzyme inhibitiors
(ACE-I), 463–465

Anion transporting polypeptides, see Organic
anion transporting polypeptides
(OATPs)

Antacids, 38
Antagonism

defined, 38

dose–response curve and, 41
See also Pharmacodynamics

Anthelmintics, 306
Anthrax, 672

Antiadrenergic agents
b-blockers and a/b blocking agents

atenolol, 450

carvedilol, 450
influence on nutritional parameters, 449
obesity influence, 448

propranolol, 450
centrally acting antiadrenergics (clonidine),

450–451

peripherally acting antiadrenergics
doxazosin, 451

terazosin, 451
Antiarrhythmic medications, see under

Cardiovascular medications

Antibiotics
broad-spectrum, PCM influence on, 154
food effects on drug absorption, 307–309
infectious diseases and, 688–696

mechanisms of action, 37
See also Antimicrobial medications

Antibodies

monoclonal, 752
polyclonal, 753

Anticholinergics, 500

Anticoagulants
oral, 421
warfarin effect on elderly, 637–638

Antidepressants
MAOI effect on elderly, 639–640
See also Drug–nutrient interactions in elderly

Antidiabetic agents

drug-induced changes to weight gain, 428
See also Diabetes

Antiepileptic drugs (AEDs), 483

affecting nutrient status
in elderly (phenytoin), 638–639
in pregnancy and lactation, 602

bone mineral status
clinical recommendations, 487–489
clinical relevance, 486–487

data limitations, 487
reported cases/descriptions, 485–486
research needs, 487
review of mechanisms/scientific basis,

484–485
B-vitamin status

clinical recommendations, 494

clinical relevance, 493–494
data limitations, 494
reported cases/descriptions, 491–493

research needs, 494
review of mechanisms/scientific basis,

489–491
enteral nutrition (EN) and, 497–498

hyperammonemia, 495–497

PCM influence on medication, 146
weight-based dosing and, 180–181

Antifungal medications
food effects on drug absorption, 309–312
weight-based dosing and, 184

Anti-gout, 157
Anti-malarials

chloroquine, 155–156

PCM influence on medication, 155–156
Antimicrobial medications
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effect on nutritional status in elderly
(tetracyclines and fluoroquinolones), 640

PCM influence on medication

aminoglycosides, 146–147, 152–153
anti-malarials, 155–156
anti-tuberculars, 148, 156–157
broad-spectrum antibiotics, 154

chloramphenicol, 147, 153–154
clarithromycin, 147
itraconazole, 147–148

oxazolidinones, 148
penicillin, 155
sulfadiazene, 148, 157

tetracycline, 157
weight-based dosing and, 181–184

Antioxidant status in cancer patients, 745–746

Anti-parkinsonian agents, see Dopaminergic
drugs

Antiproliferative agents
for transplantation, 755

See also Drug–nutrient interactions in
transplantation

Antiprotozoals, 312–313

Antipyrine, 144, 176
Antiretrovirals, 314–316
Antithrombotic agents, see under Cardiovascular

medications
Anti-tuberculars

isoniazid, 156

PCM influence on medication, 148, 156–157
pyrazinamide, 156–157
See also Tuberculosis (TB)

Antivirals

mechanisms of action, 37
weight-based dosing and, 184

Apomorphine, 145

Apple juice
drug transporters and fruit juices, 289
See also Grapefruit juice effect

Arginine, 688
Arsenic, 559
Arthritides, 708–709
Aspirin, 453–455

Atazanavir
food effects on drug absorption, 314
for HIV infection, 775

Atenolol, 450
Atorvastatin

as lipid modulating agent, 466

grapefruit juice effect on bioavailability
of, 275

Atovaquone, 312

ATP-binding cassette (ABC) transporter
superfamily

bile salt export pump (BSEP:ABCB11), 56–57
breast cancer resistance protein

(BCRP:ABCG2), 56

multidrug resistance protein 1
(MDR1:ABCB1), 55–56

drug interactions and, 66
genetic polymorphisms in, 60–63

multidrug resistance-associated protein (MRP)
MRP1:ABCC11, 57
MRP2:ABCC22, 57–58

MRP3:ABCC33, 58
MRP4:ABCC44, 58
MRP5:ABCC55, 59

Atracurium, 186
Autoimmune diseases

diabetes

nutritional status and, 703–707
prevalence and evaluation of risk factors,

696–697
inflammatory bowel disease (IBD)

Crohn’s disease (CD), 698–700
nutritional status and, 703
prevalence and evaluation of risk factors,

699–700
ulcerative colitis (UC), 698–700

nutrients as anti-inflammatory agents

omega-3 fatty acids, 707–708
RA and other arthritides, 708–709

nutritional status and, 698, 703–707

effect of drugs on status, 709–722
prebiotics, 704–705
probiotics, 706

rheumatoid arthritis (RA)

drugs effect on nutrient status, 709
nutrients as anti-inflammatory agents,

708–709

nutritional status and, 697
prevalence and evaluation of risk factors,

697

systemic lupus erythematosus (SLE)
drugs effect on nutrient status, 703
nutritional status and, 698
prevalence and evaluation of risk factors,

697–698

B

Bariatric surgical procedures, 190

B cells, 667–668
Benzodiazepines, 186
Bile acid

resins
cholestyramine, 468
colesevelam, 468
colestipol, 468
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Bile acid (Cont.)
sequestrants effect on nutritional status in

elderly, 643

Bile salt
export pump (BSEP:ABCB11), 56–57
transport inhibition and hepatotoxicity,

67–68

Bioavailability
distribution and, 32–33
food effects

drug classification and, 226–227
modified-release formulations and,

227–229

study design, 229–230
grapefruit juice and drug,
see Grapefruit juice effect

mineral, 538–539
Bioequivalence

food effects
drug classification and, 227

modified-release formulations and, 229
study design, 229–230

See also Bioavailability

Biological membranes
active transport, 32
carrier-mediated (facilitated) diffusion, 32

endocytosis, 32
filtration, 32
passive diffusion, 31

See also Distribution
Bisphosphonates, 642
b-blockers

atenolol, 450

carvedilol, 450
for obesity treatment, 190
influence on nutritional parameters, 449

obesity influence, 448
propranolol, 450

Blood–brain barrier, 31

Body mass index (BMI), 168
body weight assessment for drug dosing,

169–173
desirable body weight, 169

heavy body weight, 169
ideal body weight, 171–172
LBW, 169–171

normal body weight, 171
optimum body weight, 170
PNW, 172

TBW, 169–170
See also Obesity; Overweight

Bone disorders, 783

Bosentan, 471
Brain

drug transporters and, 60
See also Neurological medications

Breast cancer resistance protein

(BCRP:ABCG2), 56
Broad-spectrum antibiotics, 154
Bumetanide, 149
Bupivacaine, 187

Busulfan, 185

C

Caffeine

drug disposition in elderly and, 633
drug induced changes to weight loss and, 438
drug metabolism and, 253

minerals status and, 560
See also Alcohol

Calcineurin inhibitors, 754

Calcitriol, 327–328
Calcium

absorption, 129
drug interaction as macromineral, 539–540

meal calcium content, 220
Calcium channel blockers (CCB), 458–460

amlodipine, 459

dihydropyridines, 458
felodipine, 459
isradipine, 459

manidipine, 460
nifedipine, 459
nondihydropyridines, 458
verapamil, 460

Calvert equation, 184
See also Obesity

Cancer chemotherapy

drug–nutrient interactions,
see Drug–nutrient interactions in cancer

patients

mechanisms of action, 37
Carbamazepine

interactions in patients receiving enteral

nutrition, 402
weight-based dosing and, 182

Carbohydrates
drug metabolism and dietary, 245–250

nutrient disposition aspects, 125–126
Carboplatin, 185
Cardiac glycoside (digoxin), 460–461

Cardiovascular medications, 447
antiadrenergic agents

b-blockers and a/b agents, 448–450

centrally acting antiadrenergics, 450–451
peripherally acting antiadrenergics, 451

antiarrhythmic medications
amiodarone, 451
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disopyramide, 451
flecainide, 452
lidocaine, 452

procainamide, 452
propafenone, 452
quinidine, 452–453
sotalol, 453

antithrombotic agents
aspirin, 453–455
cilostazole, 455

clopidogrel, 455
dipyridamole, 455
fondaparinux, 455

heparin, 456
warfarin, 456–457

calcium channel blockers, 458–460

amlodipine, 459
felodipine, 459
isradipine, 459
manidipine, 460

nifedipine, 459
verapamil, 460

cardiac glycosides, 460–461

clinical recommendations, 472
clinical relevance, 486
data limitations, 471

discussion points, 472
diuretics

diazoxide, 461

loop diuretics, 461–462
potassium-sparing, 462
thiazide/thiazide-like, 462–463

lipid modulating agents

bile acid resins, 468
cholesterol absorption inhibitors, 468
fibric acids, 467–468

HMG-CoA reductase inhibitors, 466–467
niacin, 467
omega-3 fatty acids, 468–469

organic nitrates, 469
PCM influence on medication (loop

diuretics), 149
RAAS agents

ACE inhibitors, 463–464
aldosterone blockers, 465
ARBs, 465

renin inhibitors, 465
research needs, 472
vasoactive agents

amrinone, 469–470
bosentan, 471
dobutamine, 469

epinephrine, 470
hydralazine, 471

norepinphrine, 469–470
weight-based dosing, 169
See also Neurological medications

Carotene, 686
b-carotene, 686
Carrier-mediated (facilitated) diffusion, 32
Carvedilol, 450

grapefruit juice effect on bioavailability of, 278
See also Antiadrenergic agents

Catechol-O-methyltransferase (COMT)

inhibitors, 500
See also Dopaminergic drugs

Cefazolin, 181

Cefuroxime, 307–308
Cephalosporin, 181
Cerebrovascular accident, 501

Cheese reactions, see Tyramine reactions
Chemotherapeutic agents

PCM influence on medication, 150–151, 158
pharmacodynamics, 37

weight-based dosing and, 169–170
Chicken pox, 681
Childhood, see Drug–nutrient interactions in

infancy and childhood
Chloramphenicol, 147, 153–154
Chlorhexidine, 556

Chloroquine, 156
Cholera, 671
Cholesterol absorption inhibitors, 468

Cholestyramine, 468, 555
Chromium

drug interaction, 559
See also Trace minerals

Chrondoitin, 354
Chronic infection treatment medications

HIV, 769–783

alternative therapies, 779–780
metabolic impact of treatment, 780–783
newer drugs, 778

NNRTIs, 772–774
NRTIs, 770–772
protease inhibitors (PIs), 774–778

TB

aminosalicylic acid granules, 784–785
cycloserine, 785
ethambutol, 785

ethionamide, 785
isoniazid, 783
pyrazinamide, 786

rifabutin, 786
rifampin, 784
rifapentine, 786

viral hepatitis
adefovir, 787
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Chronic infection treatment medications (Cont.)
ribavirin, 787

Cilostazole, 455

Ciprofloxacin
enteral feeds and, 584
interactions in patients receiving enteral

nutrition, 367

weight-based dosing and, 169
Citrus fruits juices

drug interactions with, 279–280

cranberry juice, 281
lime juice, 280–281
pomegranate juice, 281

pummelo or pomelo juice, 280
Seville orange juice, 280
tangerine juice, 281

See also Grapefruit juice effect
Clarithromycin, 147
Clearance

defined, 37

See also Elimination
Clonidine, 450–451
Clopidogrel, 455

grapefruit juices adverse drug effects, 282
weight-based dosing and, 169

Colesevelam, 468

Colestipol, 468
Conjugation, see phase 2 reactions (conjugation)

under Metabolism

Copper
drug interaction as trace mineral, 552–553
See also Minerals status

Corticosteroids, 753–754

Cortisol, 185
COX-1 and 2, 709
Cranberry juice

drug interactions with
See also Citrus fruits juices

Crohn’s disease (CD), 698–700, 704

Cruciferous vegetables, drug metabolism and,
250–251

Cyclophosphamide
grapefruit juices adverse drug effects, 282–283

weight-based dosing and, 169
Cycloserine

grapefruit juice effect on bioavailability of,

278–279
tuberculosis infection and, 783
weight-based dosing and, 169

Cytochrome P450 (CYP) enzymes, 10
CYP1A22, 95
CYP2B66, 93–94

CYP2C119, 92
CYP2C99, 90–92

CYP2D66, 87–89
CYP2E11, 94–95
CYP3A44, 86–87

drug interactions with grapefruit juice
adverse drug effects, 271–278
clinical evidence, 271–278
CYP1A22, 284

CYP2C99, 285
CYP2D66, 285
drug metabolism aspects, 268–271

esterases, 285
drug metabolism

cruciferous vegetables, 250–251

diet-affected metabolic pathways, 244
dietary protein, carbohydrate, and fat,

245–250

grapefruit juice, 251–252, 268–271
herbs, 252–253
methylxanthines, 253
studies in animals and humans, 245–258

See also Glutathione s-transferases (GST);
Uridine diphosphate
glucuronosyltransferases (UGT)

D

Daidzein, 11
Daptomycin, 182

Darifenacin, 283
Darunavir

food effects on drug absorption, 314–315
for HIV infection, 780–781

Delavirdine
for HIV infection, 772–773
See also Chronic infection treatment

medications
Desflurane, 187
Dexfenfluramine, 189

Diabetes
prevalence and evaluation of risk factors,

700–703

type 1, 700–701
type 2, 701–703, 710–722

Diarrheal diseases, 683
Diazepam, 186

Diazoxide, 461
See also Diuretics

Didanosine, 770

Dietary folate equivalents (DFE), 516–517
Dietary reference intakes (DRIs), 581
Dietary supplements, 341

defined, 342–343
drug disposition in elderly and, 633
use prevalence, 343–346
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See also Drug interactions with dietary
supplements

Diffusion

carrier-mediated (facilitated), 32
passive, 31
See also Distribution

Digestion

carbohydrates, 125
defined, 120
large intestine, 125

lipids, 127–128
mouth and esophagus, 121
proteins, 126–127

regulation, 125
small intestine, 124
stomach, 121–124

See also Absorption; Metabolism
Digoxin

as cardiovascular medication, 460–461
weight-based dosing and, 169

Dihydrofolate reductase (DHFR), 602
Dihydropyridines, 276
Dipyridamole, 455

Disopyramide, 452
Disposition, see Drug disposition; Nutrient

disposition

Distribution
bioavailability aspects, 32–33
biological membranes, 31

active transport, 32
carrier-mediated (facilitated) diffusion, 32
endocytosis, 32
filtration, 32

passive diffusion, 31
blood–brain barrier, 31
factors affecting, 33

first-pass effect, 30–31
in pregnancy and lactation, 595
malnutrition impact on medication, 143

obesity impact on, 174–177
plasma protein binding, 29–30
See also Absorption; Metabolism

Diuretics

diazoxide, 461
effect on nutritional status in elderly, 646
loop, 461–462

bumetanide, 149
furosemide, 149
PCM influence on medication (animal

experiments data), 149
torsemide, 149

potassium-sparing, 462

thiazide/thiazide-like, 462–463
Dobutamine, 469

Docetaxel, 327–328
Dopaminergic drugs (levodopa)

clinical recommendations, 500

clinical relevance, 505
data limitations, 500
reported cases/descriptions, 499–500
research needs, 500

review of mechanisms/scientific basis,
498–499

See also Anticholinergics

Dosage forms, 378–388
defined, 386
liquid, 378

solid, 378
See also Drug–nutrient interactions in

patients receiving enteral nutrition

(EN)
Doxazosin, 451
Doxorubicin, 185
Drug absorption with food, 209–236

anthelmintics
albendazole, 306
mebendazole, 306

antibiotics
cefuroxime, 307–308
nitrofurantion, 308–309

antifungals
griseofulvin, 309–310
itraconazole, 310–311

posaconazole, 311–312
antiprotozoals

atovaquone, 312–313
nitazoxanide, 313

antiretrovirals
atazanavir, 314
darunavir, 314

lopinavir, 315
nelfinavir, 315–316
saquinavir, 316

clinical evidence (protease inhibitors case),
223–225

dependence on
dosage form properties, 217

drug properties, 213–216
drug classification and food effects

bioavailability, 226–227

bioequivalence, 227
fenofibrate, 317–318
food effects onmodified-release formulations,

227
bioavailability, 227–228
bioequivalence, 229

future research, 236
guidance document
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Drug absorption with food, 209 (Cont.)
administration, 232
data analysis, 232–233

dosage strength, 231
fasted treatments, 232
Fed treatments, 232
general design, 231

sample collection, 232
subject selection, 231
test meal, 231–232

isotretinoin, 318
meal effects, 217

administered volume, 217–218

caloric load, 218–219
meal types, 219

mesalamine/olsalazine, 319

misoprostol, 319–320
physical–chemical interactions in

gastrointestinal tract, 219
binding to meal and biliary components,

221
first-pass metabolism, 221–222
first-pass elimination, 221–222

gastrointestinal pH, 220
meal calcium content, 220
permeability limitations due to intestinal

efflux, 222
region-dependent absorption, 223
splanchnic blood flow, 223

viscosity, 219–220
practical issues and regulatory considerations

drug classification and food effects,
226–227

food-effect bioavailability and federal
bioequivalence studies guidance,
229–233

guidance document, 231–233
modified-release formulations, 227–229,

231

immediate-release drug products
recommendations, 230

regulatory studies under Fed conditions,
229

product labeling on food effects, 233–236
Drug disposition

folate, 519–520

food effect on
food in general, 9
specific foods or food components, 9–10

in elderly, 633–636
nutritional status influencing, 8
pharmacodynamics basis of, 37–42

dose–response curves, 40–41
mechanisms of action, 37–38

receptors, 38–40
signal transduction, 39–40

pharmacokinetics basis of, 27–37

absorption, 28–29
distribution, 29–33
elimination, 35–36
metabolism, 33–35

pharmacogenetics, 36–37
specific nutrients/dietary supplement

ingredients effects on, 10–11

See also Nutrient disposition
Drug interactions with dietary supplements

data quality, 347

data quality aspects, 347
established evidence, 350
garlic, 349–350

ginkgo, 351–352
ginseng, 355–356
glucosamine/chrondoitin, 354–355
issues with dietary supplements, 346

kava, 351
observed and reported mechanism of

interactions, 347

St. John’s Wort, 352–354
valerian, 350–351
vitamins

folic acid, 356
vitamin E, 356

Drug transporters, 45

drug disposition and, 46
drug interactions and, 63–67

MDR1 (ABCB1), 66
OATP1A2 expression, 67

OATPs and fruit juice–drug interactions,
67

drug–drug/drug–nutrient interactions and, 66

efflux transporters (ABC transporter
superfamily), 54–59

(BCRP:ABCG2), 56

(BSEP:ABCB11), 56–57
(MDR1:ABCB1), 55–56
(MRP1:ABCC1), 57
(MRP2:ABCC2), 57–58

(MRP3:ABCC3), 58
(MRP4:ABCC4), 58
(MRP5:ABCC5), 59

fruit juices and
apple, 289–290
grapefruit, 285–288

OATPS, 286–288
orange, 288–289
P-glycoprotein, 286

genetic heterogeneity and
MDR1 (ABCB1), 60–63
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OATP1B1 (SLCO1B1), 63
organ toxicity and

inhibition of bile salt transport and

hepatotoxicity, 67–68
nephrotoxicity, 68

tissue distribution and
brain, 60

kidney, 59–60
liver, 59
small intestine, 59

uptake transporters
major facilitator superfamily (SLC22),

52–54

OATPs, 46–52
Drug–nutrient interactions, 3, 20

classification and descriptions, 6–14

BDDCS/BCS classification system, 9
drugs influence on global nutritional

status, 12
drugs influence on specific nutrients status,

12–14
effect of specific nutrients or other dietary

supplement ingredients on drug

disposition, 10–11
food effect on drug disposition, 9–10
nutritional status influencing drug

disposition, 8
clinical recommendations, 332
data limitations, 332

defined
in terms of pharmacodynamics, 4–5
in terms of pharmacokinetics, 4

drug transporters and, 60–63

grapefruit,
see Grapefruit juice effect
patient care aspects

approach, 15
institutional level, 15–16
patient level (individual practitioner),

16–17
perspectives

classification and descriptions, 8
clinician, 5

historical, 5
regulatory, 6
scientist, 5–6

positive, 303
probability scoring system and scale, 19
product development and evaluation aspects,

14–15
research needs, 332
subjective approach to, 18

Drug–nutrient interactions and immune
function, 665

autoimmune diseases, 696–703
diabetes, 700–703
IBD, 704

nutrients as anti-inflammatory agents,
707–709

nutritional status and, 703–707, 709–722
rheumatoid arthritis, 697

SLE, 697–698
human immune system

aging aspects, 669–671

gut microflora and immunity, 669
immune organs functions, 667–668
nutritional status and immunity, 669

infectious diseases and vaccines, 671–681
arginine and glutamine, 688
beta-carotene, 686

diarrheal diseases, 683
HIV infection and AIDS, 682
nutritional status aspects, 683–688
respiratory infection, 681

tuberculosis, 683
vitamin A in deficient populations,

683–684

vitamin C, 687
vitamin D, 687
vitamin E, 686–687

zinc in deficient populations, 684–686
nutritional status, effect of drugs on

HIV, 682, 692

RA, 709
SLE, 710
TB, 696
type 2 diabetes, 710–722

Drug–nutrient interactions in cancer patients
data limitations, 746
epidemiology of cancer, 737–738

future research, 746
medication influence on

antioxidant status, 745–746

fluid, electrolyte, and acid–base status,
744–745

gastrointestinal function, 743
macronutrient status, 743

vitamin status, 745
nutritional derangements evaluation

drug–nutrient interaction data, 741–742

nutritional assessment, 740
therapeutic modalities role, 740–741

nutritional status in cancer patients, 742

nutritional status, influence of, 747
recommendations, 747

Drug–nutrient interactions in elderly, 617

clinical evidence, 632–633
data limitations, 648–649
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Drug (Cont.)
drug disposition in elderly

caffeine, 634

dietary supplements, 634
enteral formulas, 633
ethanol, 635
grapefruit juice, 636

elderly overview, 632–633
endocrine agents

bisphosphonates, 642

levothyroxine, 642
metformin, 640–641

future research needs, 649–650

gastrointestinal agents
bile acid sequestrants, 643
laxatives, 643

PPIs, 643
management aspects, 650–651
medication use, 619–620
medication use, appropriateness of, 619–620

medications effect on nutritional status
anticoagulants (warfarin), 637–638
antidepressants (MAOI), 639–640

antiepileptics (phenytoin), 638–639
antimicrobials (tetracyclines and

fluoroquinolones), 640

diuretics, 646
endocrine agents, 640–642
gastrointestinal agents, 643

hypokalemia and hyperkalemia,
647–648

hyponatremia and hypernatremia,
646–647

medication-induced micronutrient
abnormalities, 646–648

parkinson agents (levodopa), 644

physiologic alterations in elderly, 620–622
body composition, 622–623
gastrointestinal function, 623–624

liver function, 624–625
nutritional status, 628–632
pharmacokinetics and

pharmacodynamics, 625–627

renal function, 625
weight-influencing medication

unintentional weight gain, 645–646

unintentional weight loss, 644–645
Drug–nutrient interactions in infancy and

childhood, 575–589

food effects on drug absorption
(contradictory and additive effects),
584–585

future directions, 589
growth and development aspects, 578–580

management
identification aspects, 586
prevention, 588

medication administration and drug
absorption

food effects on drug absorption,
588–589

pH effects, 583
phenytoin and enteral feeds, 584

natural health products (NHP), 585

nutritional assessment, 578–581
nutritional requirements, 581–582

Drug–nutrient interactions in patients receiving

enteral nutrition (EN), 367–406
absorptive environment

gastric administration, 391–392

post-pyloric administration, 392–394
small bowel, 389
stomach, 389

administration-related factors

administration regimen, 373–375
feeding site, 369
tube characteristics, 373

classes of interactions
pathophysiologic, 373
pharmaceutical, 367

pharmacokinetic, 371
pharmacologic, 371
physical, 371

physiologic, 373
disease-related factors (visceral protein

status), 399–400
drug-related factors

absorptive environment, 388–389
dosage forms, 378–394
therapeutic index, 394

formula-related factors
components influencing GI motility,

396–397

protein content, 394–399
vitamin K content, 397–399

specific drugs
carbamazepine, 402

fluoroquinolones, 403–404
levothyroxin, 405
penicillin V potassium, 405

phenytoin, 400–402
theophylline, 404–405
warfarin, 404

Drug–nutrient interactions in patients receiving
parenteral nutrition (PN), 411

compatibility and stability aspects

admixture compatibility and stability,
416–417
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co-infusion compatibility and stability,
417–420

general, 413–416

PN influence on drug elimination, 421–422
PN influence on pharmacodynamics and

pharmacokinetics of drugs
glycemic control, 420–421

oral anticoagulants, 421
Drug–nutrient interactions in pregnancy and

lactation, 593

adherence and, 596
drug absorption aspects, 594
drug distribution aspects, 604

drug distribution into human milk, 604
expressing and quantifying infant

exposure, 605–607

infant issues, 607
elimination and, 596
metabolism and, 596
milk production decreasing drugs, 610

milk production increasing drugs, 610
nutrient requirements in pregnancy, 597–602

folic acid, 597, 602

iron, 601
vitamin A, 601–602

nutrient status affecting drugs and disease

antiepileptics and vitamin K, 602
folic acid antagonists, 602–603
hyperemesis gravidarum, 603

physiologic changes and nutrient
requirements in lactation, 603–604

placental transfer and, 595
protein binding and, 596

Drug–nutrient interactions in transplantation,
751

clinical recommendations, 760

clinical relevance of nutritional states
heart transplantation, 758
liver transplantation, 756–757

lung transplantation, 758
pancreas transplantation, 757–758
renal transplantation, 755–756
small bowel transplantation, 759

data limitations, 759–760
induction agents

monoclonal antibodies, 752

polyclonal antibodies, 753
maintenance agents

antiproliferative agents, 755

calcineurin inhibitors, 755
corticosteroids, 753
mTOR inhibitors, 755

research needs, 760
Dysrhythmia, 277–278

E

Ebola hemorrhagic fever, 673
Efavirenz, 773
Efficacy

dose–response curve and, 41
See also Pharmacodynamics

Efflux transporters, see under Drug transporters
Elderly, seeDrug–nutrient interactions in elderly

Elimination
clearance, 36
drug–nutrient interaction in pregnancy and

lactation, 593
factors affecting, 35
first-pass, 221

multiple dosing effect on, 36
obesity impact on, 173–174
parenteral nutrition influence on, 411–413

physical–chemical interactions in
gastrointestinal tract, 219

rates of, 35
routes, 35

See also Metabolism
Emtricitabine, 773
Endocrine agents

bisphosphonates, 642
levothyroxine, 642
metformin, 641, 642

Endocytosis, 32
End-stage liver disease (ESLD), 756
Enflurane, 187
Enoxaparin, 189

Enteral nutrition (EN), 367
AED and

clinical recommendations, 500

clinical relevance, 500
data limitations, 494
reported cases/descriptions, 496

research needs, 498
review of mechanisms/scientific basis, 495

basics

administration regimens for enteral
feeding, 370

safety aspects, 370
site of feeding, 370

tube placement, 369–370
drug disposition in elderly and, 633
drug–nutrient interactions in patients

receiving,
see Drug–nutrient interactions in patients

receiving enteral nutrition (EN)

in infancy and childhood
ciprofloxacin, 584
phenytoin, 584

See also Parenteral nutrition (PN)
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Enzymes, drug-metabolizing, 85
CYP, 86–95
GST, 98–99

UGT, 96–98
Epinephrine, 470
Ergotamine, 283
Ertapenem, 181

Esophagus, 121
Esterases, 285
Ethambutol, 785

Ethanol
drug disposition in elderly and, 633
minerals status and, 559

Ethionamide, 785
Etravirine, 773
Excretion

malnutrition impact on medication, 145
See also Elimination

Ezetimibe, 468

F

Fat
accumulation andHIV infection and, 780–781
drug metabolism and dietary, 243–258

Fatty infiltration, 177
Felodipine

calcium channel blockers (CCB) and, 458

grapefruit juice effect on bioavailability of,
280

Fenofibrate
food effects on drug absorption, 306, 313

lipid modulating agents and, 466
Fentanyl, weight-based dosing and, 187
Fibric acids

fenofibrate, 467
gemfibrozil, 468

Filtration, 32

See also Distribution
First-order kinetics, 29

See also zero-order kinetics

First-pass effect, 30–31
elimination, 221
metabolism, 221–222

Flecainide, 452

Fluconazole, 183
Flucytosine, 183
Fluoride

drug interaction, 559
See also Trace minerals

Fluoroquinolones

effect on nutritional status in elderly, 640
interactions in patients receiving enteral

nutrition, 403–404
weight-based dosing and, 169

Fluorosis, 558
Fluorouracil, 150

and folic acid effects on drug toxicity

reduction, 322–324
Fluvastatin

grapefruit juice effect on bioavailability of,
275

lipid modulating agents and, 466
Folate, 513

deficiency

identifying, 515–516
risk factors, 514–515

dietary folate equivalents (DFE), 516–517

dihydrofolate reductase (DHFR), 518
disposition, 518

polymorphisms of enzymes involved in

folate metabolism, 519
drug–folate interactions, 519–520

data limitations, 505
future research needs, 520–521

recommendations, 521–531
methylenetetrahydrofolate reductase

(MTHFR), 518

reduced folate carrier (RFC), 518
requirements, 516–517
safety of folic acid supplementation, 517–518

tetrahydrofolate (THF), 518
Folic acid

and fluorouracil effects on drug toxicity

reduction, 322–324
and methotrexate effects on drug toxicity

reduction, 324–326
antagonists affecting nutrient status in

pregnancy and lactation, 602
drug interactions with dietary supplements,

356

effect on nutritional status in elderly, 639
requirement in pregnancy, 597–602

Fondaparinux, 456

Food effects
bioavailability

drug classification and, 226–227
modified-release formulations, 227–229

study design, 230
bioequivalence

drug classification and, 227

modified-release formulations, 229
study design, 230

drug product labeling on, 233–236

drug–nutrient interactions in chronic
infections and, 767–768

on drug absorption,

see drug absorption with food
on drug disposition in elderly, 633–636
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See also Nutrients effect on drug absorption
Fructooligosaccharides (FOS), 704–705
Fruit juices

drug interactions with
citrus fruits, 279–281
clinical recommendations, 290–291
discussion points, 291

grapefruit juice,
see Grapefruit juice effect

OATPs and, 67

drug transporters and
apple, 289–290
grapefruit, 282–284

orange, 288–289
future research needs

CYP1A22, 284

CYP2C99, 285
CYP2D66, 285
drug transporters and fruit juices, 285–290
esterases, 285

Furosemide, 149

G

Garenoxacin, 183

Garlic, 349–350
Gastric emptying, 391–392
Gastrointestinal agents

effect on nutritional status in elderly
bile acid sequestrants, 643
laxatives, 643
proton pump inhibitors (PPIs), 643

PCM influence on medication, 151, 158
Gastrointestinal function

drug-induced altered, 430–425

GI motility
components influencing, 396–397
drug–nutrient interactions in patients

receiving EN, 396–397, 405
in elderly, 623–624
meal effects on gastrointestinal pH, 220

medication influence in cancer patients, 741
physical–chemical interactions in

gastrointestinal tract
binding to meal and biliary components,

221
first-pass metabolism, 221–222
first-pass elimination, 221

gastrointestinal pH, 220
meal calcium content, 220
permeability limitations due to intestinal

efflux, 222
region-dependent absorption, 223
splanchnic blood flow, 223
viscosity, 219–220

Gatifloxacin, 403
Gemfibrozil, 468
Gemifloxacin, 183

Gentamicin, 182
Gentamicin, 146, 152
Ginkgo, 351–352
Ginseng, 355

Glipizide, 190
Glucosamine, 354–355
Glucose metabolism disorders, 782

Glutamine, 688
Glutathione s-transferases (GST), 10, 98–99

See also Uridine diphosphate

glucuronosyltransferases (UGT)
Glyburide, 190
Glycemic control, 420–421

Glycopeptides
weight-based dosing and, 169

Glycosides
cardiac, 460–461

See also Cardiovascular medications
G-protein-coupled receptors (GPCRs), 39
Graded dose–response curve, 40

Grapefruit juice
drug disposition in elderly and, 633
drug metabolism and, 251–252

Grapefruit juice effect, 267–268
adverse drug effects

dysrhythmia, 277–278

loss of drug efficacy, 278
rhabdomyolysis, 275
symptomatic hypotension, 276–277
torsades de pointes, 271–274

beneficial drug effects
cost savings, 278–279
drug effectiveness maintenance, 279

enhanced drug efficacy, 279
clinical recommendations, 290–291
data limitations

adverse effects and, 282–284
incomplete list of drugs interacting with

grapefruit juice, 282
drug metabolism and, 268–271

drug transporters and
OATPs, 286–288
P-glycoprotein, 285

future research needs
CYP1A22, 284
CYP2C99, 285

CYP2D66, 285
esterases, 285
transporters, 285–286

on indinavir, 775
Griseofulvin, 309, 310
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Gut microflora
immunity and, 669
See also Drug–nutrient interactions and

immune function

H

Halofantrine, 273–274
Halothane, 187

Heart transplantation, 758
Hemorrhagic fever, Ebola, 673–674
Heparin

effect on nutrition status, 456
influence of nutrition on, 456
weight-based dosing and, 188

Hepatic elimination
obesity impact on, 173

Hepatotoxicity, 67–68

Herbs, 252–253
Histamine receptors, 189
HIV infection

alternative therapies, 779, 780

and AIDS, 682
drug–nutrient interactions for medications

used in treating, 769–783

drugs effect on nutrient status, 692, 698
metabolic impact of treatment

bone disorders, 783

fat accumulation, 780–781
glucose metabolism disorders, 782
hyperlactatemia and lactic acidosis,

782–783

lipid abnormalities, 781–782
lipoatrophy, 781

new drugs

maraviroc, 779
raltegravir, 779

NNRTIs

delavirdine, 773
efavirenz, 773
etravirine, 773

nevirapine, 773
NRTIs

abacavir, 770
didanosine, 770

emtricitabine, 770
lamivudine, 771
stavudine, 771

tenofovir, 771
zalcitabine, 771
zidovudine, 771, 772

protease inhibitors (PIs)
amprenavir, 774–775
atazanavir, 775
darunavir, 775

indinavir, 775–776
lopinavir/ritonavir, 776
nelfinavir, 776

ritonavir, 776–777
saquinavir, 777
tipranavir, 778

See also Tuberculosis (TB); Viral hepatitis

HMG-CoA (3-hydroxy-3-methylglutaryl
coenzyme A) reductase inhibitors

atorvastatin, 466

fluvastatin, 466
lovastatin, 466
pravastatin, 467

rosuvastatin, 466
simvastatin, 466

Homocysteine, 514

Hydralazine, 471
Hydrochlorothiazide, 462, 463
Hydrolysis, 34
Hydrophilic drugs, 216

Hydrophilic drugs, 176
Hyperammonemia

AED and

clinical recommendations, 497
clinical relevance, 496
data limitations, 496

reported cases/descriptions, 496
research needs, 496
review of mechanisms/scientific

basis, 495
See also Neurological medications

Hypercalciuria, 545
Hyperemesis gravidarum, 603

Hyperglycemia, 437
Hyperkalemia, 543, 647–648
Hyperlactatemia, 782–783

Hypernatremia, 646–647
Hyperphosphatemia, 546
Hypertonic saline therapy, 505–506

Hypoglycemia, 438
Hypokalemia, 543, 646–647
Hyponatremia, 646–647
Hypophosphatemia, 545

Hypotension
symptomatic, 276–277
See also Grapefruit juice effect

I

Ibuprofen, 188
Ifosfamide, 185

Imatinib, 283
Immediate-release drug products

recommendations for, 230
See also Modified-release drug products
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Immune function, seeDrug–nutrient interactions
and immune function

Immunosuppressants

PCM influence on medication, 158
weight-based dosing and, 188

Indinavir
drug absorption with food, 224–225

for HIV infection, 775
grapefruit juice on, 776

Induction, metabolism and, 34

Infancy, see Drug–nutrient interactions in
infancy and childhood

Infectious diseases, 671–688

food effect and drug interactions, 767–768
HIV

alternative therapies, 779–780

metabolic impact of treatment, 780–783
newer drugs, 779
NNRTIs, 772–773
NRTIs, 770–772

nutritional status aspects, 693, 698
protease inhibitors (PIs), 774–780
treatment medications, 769–783

nutritional status, 688–696
arginine and glutamine, 688
b-carotene, 686
vitamin A, 683–684
vitamin C, 687
vitamin D, 687

vitamin E, 686–687
zinc in deficient populations, 684–686

prevalence and evaluation of risk factors
diarrheal diseases, 683

HIV infection, 682
respiratory infection, 681
tuberculosis, 683

TB treatment medications
aminosalicylic acid granules, 784–785
cycloserine, 785

ethambutol, 785
ethionamide, 785
isoniazid, 785
nutritional status aspects, 697

pyrazinamide, 786
rifabutin, 786
rifampin, 786

rifapentine, 786
viral hepatitis treatment medications

adefovir, 787

ribavirin, 787
Inflammatory bowel disease (IBD), see under

Autoimmune diseases

Inhalation absorption, 29
Inhibition, metabolism and, 34

Intraarterial route absorption, 28
Intramuscular (IM) absorption, 28
Intraperitoneal absorption, 29

Intravenous (IV) absorption, 28
Iodine

drug interaction, 558–559
See also Trace minerals

Ionotropic transduction, 39
Iron

absorption, 132

drug interaction as trace mineral, 552–553
effects on drug absorption, 320–322
requirement in pregnancy, 600

Isepamicin, 182
Isoniazid, 148, 156

and pyridoxine effects on drug toxicity

reduction, 322
tuberculosis infection and, 783–786

Isosorbide mononitrate, 469
Isotretinoin, 318

Isradipine, 459
Itraconazole

food effects on drug absorption, 306–307

PCM influence on medication, 147–148

K

Kava, 351

Ketamine, 146
Kidney, drug transporters and, 59, 60

L

Labeling

drug product labeling on food effects,
233–236

examples from approved products, 234–236

b-lactams, 181
Lactation

drug distribution into human milk, 604–607

expressing and quantifying infant
exposure, 605–606

infant issues, 607
milk production

decreasing drugs, 610
increasing drugs, 610

See also Drug–nutrient interactions in

pregnancy and lactation
Lactic acidosis, 782–783
Lamivudine, 772

Large intestine
digestion aspects, 125

Laxatives, 643

Lean body weight (LBW), 170–171
Leucovorin, 322
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Levodopa
dopaminergic drug, 498–501
effect on nutritional status in elderly, 644

Levofloxacin, 183
Levothyroxine

effect on nutritional status in elderly, 644
for obesity treatment, 189

interactions in patients receiving enteral
nutrition, 405

Lidocaine, 188, 452

Ligand-gated ion channel receptors
(LGICRs), 39

Lime juice

drug interactions with, 280–281
See also Citrus fruits juices

Linezolid, 183

Lipid abnormalities
drug-induced lipid changes, 448
HIV infection and, 781, 782

Lipid modulating agents

bile acid resins, 468
cholesterol absorption inhibitors, 468
fibric acids, 467–468

HMG-CoA reductase inhibitors, 466
atorvastatin, 466
fluvastatin, 466

lovastatin, 466
pravastatin, 467
rosuvastatin, 466

simvastatin, 466
niacin, 467
omega-3 fatty acids, 468–469

Lipoatrophy, 781

Liposuction, 191
Lithium

minerals status, 559

weight-based dosing and, 189
Liver

drug transporters and, 59

function in elderly, 624
inhibition of bile salt transport and

hepatotoxicity, 67–68
transplantation, 755–756

Log dose–response curve, 40
See also Pharmacodynamics

Lopinavir

food effects on drug absorption, 315
for HIV infection (lopinavir/ritonavir),

776–777

Lorazepam, 186
Losartan, 278
Lovastatin

lipid modulating agents and, 466
grapefruit juice effect on bioavailability of, 275

Lung transplantation, 758
Lymphocytes

B cells, 667–668

T cells, 667–668

M

Macrolides, 184
Macrominerals

calcium, 544–545
magnesium, 547, 551
phosphorus, 545–546

potassium, 543
sodium, 540, 542–543

Macronutrients

carbohydrates, 125–126
lipids, 127–128
proteins, 126–127

water absorption, 128
Magnesium

drug interaction as macromineral, 547, 551
Major facilitator superfamily (SLC22)

organic anion transporter (OAT), 53–54
organic cation transporter (OCT), 52–53
See also Organic anion transporting

polypeptides (OATPs)
Malaria, 675
Malnutrition

in adults
overweight, 140
underweight, 139–140

in children

overweight, 139
underweight, 138

monitoring or screening for

primary malnutrition, 140–141
secondary malnutrition, 141

secondary, 140

See also Enteral nutrition (EN); Parenteral
nutrition (PN); Protein-calorie
malnutrition (PCM)

Manganese minerals status, 559
Manidipine, 460
Mannitol, 503–504
Maraviroc, 778

Measles, 675
Mebendazole, 306
Meningococcal meningitis, 671

Mercury minerals status, 560
Mesalamine, 319
Metabolism

and grapefruit juice effect, 268–271
diet-affected metabolic pathways, 244
drug metabolism study in animals and

humans
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alcohol, 256–257
dietary protein, carbohydrate, and fat,

245–250

effects of cruciferous vegetables, 250–251
effects of dietary protein, carbohydrate,

and fat, 245–250
effects of grapefruit juice, 251–252

effects of herbs, 252–253
food preparation aspects, 253–254
methylxanthines, 253

tyramine and related substances, 254–256
vitamins, 257–258

drug metabolizing enzymes, 85

CYP, 86–95
GST, 98–99
UGT, 96–98

drug-induced, 437
hyperglycemia, 437
hypoglycemia, 438
lipid changes, 438

protein effects, 438
drug–nutrient interaction in pregnancy and

lactation, 593

drugs influence on global nutritional status
and, 12

factors affecting, 35

folate, 519
induction, 34
inhibition, 34

malnutrition impact on medication, 143, 144
phase 1 reactions

hydrolysis, 34
oxidation, 33–34

reduction, 34
phase 2 reactions (conjugation), 34
physical–chemical interactions in

gastrointestinal tract (first-pass
metabolism), 221–222

sequence of, 34

study in healthy subjects and observations in
patients, 243–244

See also Absorption; Distribution;
Elimination

Metabotropic transduction, 39
Metformin, 640–641
Methionine, 514

Methotrexate, 150, 158, 324–325
Methylprednisolone, 185
Methylxanthines, 253

Micronutrients
minerals, 129, 131
vitamins, 128–129

Midazolam, 186
Minerals

drug-induced nutrient depletions and,
438–442

major, 129

minor, 129
nutrient disposition aspects, 129, 132

Minerals status, 537
absorption and bioavailability aspects,

538–539
arsenic, 559
macromineral drug interaction

calcium, 544–545
magnesium, 547, 551
phosphorus, 545–546

potassium, 543
sodium, 540, 542–543

trace mineral drug interaction

chromium, 556
copper, 553–554
fluoride, 557–558
iodine, 558–559

iron, 552–553
selenium, 557
zinc, 554–556

lithium, 559
manganese, 559
mercury, 559–560

molybdenum, 559
silicon, 559
strontium, 559

substances affecting
caffeine, 560
clinical recommendations, 562
data limitations and future research, 562

ethanol, 560
illicit substances, 561
smoking, 560–561

Misoprostol, 319, 320
Modified-release drug products

food effects on

bioavailability, 227–229
bioequivalence, 229

recommendations for, 230
See also Immediate-release drug products

Molybdenum minerals status, 559
Monoamine oxidase inhibitor (MAOI), 254–256

effect on nutritional status in elderly, 637–638

Monoclonal antibodies, 752
Mood-stabilizing drugs, 189
Motility disturbances, drug-induced

decreased motility, 436
increased motility, 436

Mouth, digestion aspects OF, 121

mTOR (mammalian target of rapamycin)
inhibitors
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mTOR (Cont.)
transplantation and, 755

Multidrug resistance protein (MDR1:ABCB1),

55–56
drug interactions and, 66
genetic polymorphisms in, 60–63

Multidrug resistance-associated protein

protein 1 (MRP1:ABCC1), 57
protein 2 (MRP2:ABCC2), 57–58
protein 3 (MRP3:ABCC3), 58

protein 4 (MRP4:ABCC4), 58
protein 5 (MRP5:ABCC5), 59

N

Nafcillin, 181
Natural health products (NHP), 586
Nausea and vomiting in pregnancy (NVP), 603

Nelfinavir, 225
drug absorption with food, 225
food effects on drug absorption, 315–316
for HIV infection, 780

Nephrotoxicity, 68
Neural tube defects (NTD), 489–490, 493–494
Neurological medications

antiepileptic drugs (AEDs)
bone mineral status, 484–488
enteral nutrition (EN) and, 497–498

hyperammonemia, 495–497
vitamin B status, 489–494

cerebrovascular accident (warfarin), 501–503
dopaminergic drugs (levodopa), 498–500

for traumatic brain injury (TBI)
hypertonic saline therapy, 505–506
mannitol, 503–504

propofol, 504–505
See also Cardiovascular medications

Neuromuscular blockers

weight-based dosing and, 188
Nevirapine, 773
Niacin, 467

Nifedipine, 459
Nitazoxanide, 313
Nitrates, organic, 469
Nitrazepam, 187

Nitrofurantion, 308–309
Non-nucleoside reverse transcriptase inhibitors

(NNRTIs)

delavirdine, 772
efavirenz, 773
etravirine, 773

nevirapine, 773
See also Nucleoside reverse transcriptase

inhibitors (NRTIs)
Norepinphrine, 469–470

Nuclear receptors, 40
Nucleoside reverse transcriptase inhibitors (NRTIs)

abacavir, 770

didanosine, 770
emtricitabine, 770
lamivudine, 771
stavudine, 771

tenofovir, 771
zalcitabine, 771
zidovudine, 771–772

See also Non-nucleoside reverse transcriptase
inhibitors (NNRTIs)

Nutrient disposition

absorption aspects, 125
absorption influencing factors

aging, 132

disease, 132–133
digestion aspects, 120

large intestine, 125
mouth and esophagus, 121

regulation, 125
small intestine, 124
stomach, 121, 124

food intake control aspects, 119–120
macronutrients, 125–128
micronutrients, 128–129, 132

See also Drug disposition
Nutrient status

autoimmune diseases and, 703, 709–716

fiber (prebiotics), 704–705
IBD, 704
nutrients as anti-inflammatory agents,

707–709

probiotics, 706
RA, 703, 709
SLE, 703

cardiovascular medication influence on,
see Cardiovascular medications
drug-induced changes

altered GI function, 435–436
altered taste perception, 430–435
motility disturbances, 436
on global food intake and absorption, 12

on global metabolism, 12
to weight gain, 427–429
to weight loss, 429–430

drug-induced metabolic effects, 437
hyperglycemia, 437
hypoglycemia, 437

lipid changes, 438
protein effects, 438

drug-induced nutrient depletions, 438

mineral, 439–441
vitamins, 442
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in cancer patients, 739–742
influence of nutritional status, 742
nutritional derangements evaluation,

740–742
in elderly, effect of medication, 628–632

anticoagulants, 637, 638
antidepressants, 639–640

antiepileptics, 638–639
antimicrobials, 640
endocrine agents, 640–642

gastrointestinal agents, 643
hypernatremia and hyponatremia,

646–647

hypokalemia and hyperkalemia, 647–648
medication-induced micronutrient

abnormalities, 646–648

parkinson agents, 644
weight-influencing medication, 644–646

in infancy and childhood
nutritional assessment, 578–581

nutritional requirements, 582–583
in lactation, 603–604
in pregnancy

nutrient requirements, 597–602
nutrient status affecting drugs and disease,

602–603

infectious diseases and, 683
arginine and glutamine, 688
beta-carotene, 686

vitamin A in deficient populations,
683–684

vitamin C, 687
vitamin D, 687

vitamin E, 686–687
zinc in deficient populations, 684–686

infectious diseases and (effect of drugs

nutrient status), 688–692
antibiotics, 688–696
HIV, 693, 697

TB, 697
influencing drug disposition, 8
See also Minerals status; Protein-calorie

malnutrition (PCM)

Nutrients effect on drug
absorption

ascorbic acid, 320–322

iron, 320–322
effect enhancement

calcitriol and docetaxel, 327–328

plant stanols and statins, 328–331
toxicity reduction

folic acid and fluorouracil, 322–324

folic acid and methotrexate, 324–325
pyridoxine and isoniazid, 326

O

Obesity
drug dosing

analgesics, 187

anesthetics, 187
antiepileptics, 180–181
antimicrobials, 180–184
benzodiazepines, 186

beta-blockers, 448
chemotherapy agents, 184–185
immunosuppressants, 185

BMI and, 168
body weight assessment for drug dosing,

169–173

LBW, 169
TBW, 169

data integration and clinical approach to

loading doses, 179–180
maintenance doses, 179–180

data limitations and future research, 191–192
defined, 167–168

drug effects and, 178
impact on absorption, 174
impact on distribution, 174–176

blood flow, 174
body composition, 174
protein binding, 175

impact on elimination, 177–178
hepatic, 177
renal, 177–178

neuromuscular blockers dosing

and, 185
prevalence, 168
recommendations, 192–193

treatments
liposuction, 191
medications, 189–190

surgical intervention, 190
See also Overweight; Protein-calorie

malnutrition (PCM)

Occupation theory, 38
See also Pharmacodynamics

Olsalazine, 319
Oltipraz, 151

Omega-3 fatty acids
as anti-inflammatory agents and autoimmune

diseases, 707–709

lipid modulating agents and, 466–469
Omeprazole, 151
On–off phenomena, see under Parkinson’s

disease
Oral absorption, 28
Oral anticoagulants, 421

See also Parenteral nutrition (PN)
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Orange juice
drug interactions with, 280
drug transporters and fruit juices, 288–289

See also Citrus fruits juices
Organ toxicity, drug transporters and, 67

inhibition of bile salt transport and
hepatotoxicity, 67–68

nephrotoxicity and transporter
involvement, 68

Organic anion transporter (OAT)

nephrotoxicity and transporter
involvement, 68

(OAT1:SLC22A6), 53

(OAT2:SLC22A7), 54
(OAT3:SLC22A8), 54
(OAT4:SLC22A9), 54

See also Organic cation transporter (OCT)
Organic anion transporting polypeptides

(OATPs), 46–50
fruit juice–drug interactions, 67, 285–288

OATP1A2 (OATP-A:SLCO1A2), 50
OATP1B1 (OATP-C:SLCO1B1), 51, 63
OATP1B3 (OATP8:SLCO1B3), 51

OATP1C1 (OATP-F:SLCO1C1), 51
OATP2B1 (OATP-B:SLCO2B1), 50
OATP3A1 (OATP-D:SLCO3A1), 51

OATP4A1 (OATP-E:SLCO4A1), 51
OATP4C1 (OATP-H:SLCO4C1), 52
See also Grapefruit juice effect; Major

facilitator superfamily (SLC22)
Organic cation transporter (OCT)

(OCT1:SLC22A1), 52
(OCT2:SLC22A2), 53

(OCT3:SLC22A3), 53
See also Organic anion transporter (OAT)

Organic nitrates, 469

Orlistat, 190
Overweight, 167

malnutrition in adults, 140

malnutrition in children
definitions, 139
prevalence, 139

See also Obesity

Oxazepam, 186
Oxazolidinones, 148
Oxidation, metabolism and, 33–34

Oxypurinol, 157

P

Pancreas transplantation, 757–758

Parenteral absorption, 28
Parenteral nutrition (PN)

defined, 411–412
drug–nutrient interactions in patients,

see Drug–nutrient interactions in patients
receiving parenteral nutrition (PN)

indications for, 412–413

See also Enteral nutrition (EN)
Parkinson agents

effect on nutritional status in elderly, 644
See also Dopaminergic drugs (levodopa)

Parkinson’s disease
anticholinergics for, 500
dopamine agonists for, 500

on–off phenomena, 644
Passive diffusion, 31
Penicillin

PCM influence on medication, 155
V potassium interactions in patients receiving

enteral nutrition, 405

P-glycoprotein, 286
Pharmacodynamics, 5

dose–response curves
antagonism, 41

efficacy, 41
graded, 40
log, 40

potency, 40
quantal, 40

in elderly, 625

mechanisms of action
antacids, 38
antibiotics/antivirals, 37

cancer chemotherapy, 37
modulation, 38

receptors
agonists and antagonists, 38

occupation theory, 38
signal fidelity, 39
signal transduction, 39, 40

up- and down-regulation, 39
signal transduction

G-protein-coupled receptors (GPCRs), 39

ligand-gated ion channel receptors
(LGICRs), 39

See also Pharmacokinetics
Pharmacokinetics, 4, 27

absorption routes, 28
factors affecting, 29
systemic, 28–29

topical, 29
distribution

bioavailability aspects, 32–33

biological membranes, 31–32
blood-brain barrier, 31
factors affecting, 33

first-pass effect, 30–31
plasma protein binding, 29–30
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elimination
clearance, 36
factors affecting, 36

multiple dosing effect on, 36
rates of, 35
routes, 35

in elderly, 625

metabolism, 33–35
pharmacogenetics, 36–37
See also Pharmacodynamics

Phenobarbital, 180
Phenylethylamines, 254–255
Phenytoin

effect on nutritional status in elderly, 638
enteral feeds and, 584
interactions in patients receiving enteral

nutrition, 400–401
weight-based dosing and, 182

Phosphorus
absorption, 129

drug interaction as macromineral, 545–546
Phytochemicals, 11
Piperacillin, 181

Placental transfer, 595
See also Drug–nutrient interactions in

pregnancy and lactation

Plant stanols, 328–331
Plasma protein binding, 29
Polyclonal antibodies, 753

Polypeptides, see Organic anion transporting
polypeptides (OATPs)

Polyphenols, 11
Pomegranate juice

drug interactions with, 281
See also Citrus fruits juices

Posaconazole, 311–312

Post-pyloric administration, 392–394
Potassium

drug interaction as macromineral, 543

penicillin V potassium, 405
sparing diuretics, 462

Potency
dose–response curve and, 40

See also Pharmacodynamics
Pravastatin, 467

grapefruit juice effect on bioavailability

of, 275
See also Lipid modulating agents

Prebiotics

nutritional status and autoimmune diseases,
703–706

See also Probiotics

Predicted normal weight (PNW), 170
prednisolone, 185

Pregnancy, see Drug–nutrient interactions in
pregnancy and lactation

Primary malnutrition, 140, 141

Probiotics
nutritional status and autoimmune diseases,

703
See also Prebiotics

Procainamide, 452
Prodrug, 33
Propafenone

as antiarrhythmic medication, 452
grapefruit juices adverse drug effects, 283–285

Propofol

as antiadrenergic agent, 450
as neurological medication for traumatic

brain injury, 504–505

weight-based dosing and, 187
Protease inhibitors (PIs)

amprenavir, 774–775
atazanavir, 775

darunavir, 775
indinavir, 224–225, 775–776
lopinavir/ritonavir, 776

nelfinavir, 225, 776–777
ritonavir, 777
saquinavir, 223–224, 777–778

tipranavir, 778
See also Drug absorption with food

Protein

binding
drug–nutrient interaction in pregnancy

and lactation, 593
plasma, 29–30

drug induced protein effects, 438
drug metabolism and dietary, 245–250
drug–nutrient interactions in patients

receiving EN
disease-related factors, 309–400
formula-related factors, 394–396

protein content, 394–396
nutrient disposition aspects, 126–127

Protein-calorie malnutrition (PCM), 137
animal experiments data, 145

impact on medication
absorption, 143
clinical recommendations, 160

distribution, 143
drug effects, 145
excretion, 145

future research aspects, 159–160
limitations of current data, 159

metabolism, 143–144

influence on medication (animal experiments
data)
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Protein-calorie malnutrition (PCM) (Cont.)
aminoglycosides, 146–147
analgesics, 145

anesthetics, 146
antiepileptics, 146
antimicrobials, 146–148
anti-tuberculars, 148

cardiovascular agents, 149
chemotherapeutic agents, 150–151
chloramphenicol, 147

clarithromycin, 147
gastrointestinal agents, 151
itraconazole, 147–148

oxazolidinones, 148
sulfadiazene, 148

influence on medication (clinical evidence by

medication), 151
aminoglycosides, 152–153
analgesics, 152
anti-gout, 157

anti-malarials, 155–156
antimicrobials, 152–157
anti-tuberculars, 156–157

broad-spectrum antibiotics, 154
chemotherapeutic agents, 158
chloramphenicol, 153–154

gastrointestinal agents, 158
immunosuppressants, 158
penicillin, 155

sulfadiazine, 157
tetracycline, 157

physiologic changes with, 142–143
See also Nutrition status

Proton pump inhibitors (PPIs)
effect on nutritional status in elderly, 643

Psychotropic agents, 428

Pummelo or pomelo juice
drug interactions with, 280
See also Citrus fruits juices

Pyrazinamide, 156–157, 786
Pyridoxine, 326

Q

Quantal dose–response curve, 40

Quinidine
as antiarrhythmic medication, 452–453
grapefruit juice effect on bioavailability of, 273

Quinine, 155

R

Raltegravir, 779

Rapamycin, see mTOR (mammalian target of
rapamycin) inhibitors

Receptors
agonists and antagonists, 38–39
occupation theory, 38

signal fidelity, 39
signal transduction

GPCRs, 39
LGICRs, 39

nuclear receptors, 40
tyrosine kinase receptors, 40

up- and downregulation, 39

Recommended Dietary Allowances (RDAs), 581
Reduction

metabolism and, 34

Remifentanil, 188
Renal function

in elderly, 625

obesity impact on renal elimination, 178
Renal transplantation, 755–756
Renin inhibitors, 465
Renin–angiotensin–aldosterone system (RAAS)

agents
ACE inhibitors, 463–464
aldosterone blockers, 465

ARBs, 465
renin inhibitors, 465

Respiratory infection, 681

Respiratory syncytial virus (RSV), 671
Resting energy expenditure (REE), 739
Rhabdomyolysis, 275

Rheumatoid arthritis (RA), see under
Autoimmune diseases

Ribavirin, 787
Rifabutin, 786

Rifampin, 156, 786
Rifapentine, 786
Rimonabant, 190

Ritonavir
for HIV infection, 777
See also Chronic infection treatment

medications
Rocuronium, 186
Rosuvastatin, 466

grapefruit juice effect on bioavailability of,

275
See also Lipid modulating agents

Rotavirus (RV), 677

Rubella, 677

S

St. John’s Wort, 352–354

Salicylate analgesics, 145
Saline therapy, see Hypertonic saline therapy
Saquinavir

drug absorption with food, 224
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food effects on drug absorption, 316
for HIV infection, 777–778
grapefruit juice effect on bioavailability

of, 279
Secondary malnutrition, 140–141
Selenium, 557
Serotonergic drugs

drug-induced changes to weight loss, 429–430
SRA, 429
SSRI, 429

Sevoflurane, 187
Short-chain fatty acids (SCFA), 704
Sibutramine

for obesity treatment, 189
grapefruit juices adverse drug effects, 284

Signal transduction, see under Receptors

Sildenafil, 276–277
Silicon minerals status, 559
Simvastatin, 466

grapefruit juice effect on bioavailability of,

275
See also Lipid modulating agents

Sirolimus, 284

Small bowel
as absorptive environment in patients

receiving EN, 389

digestion aspects, 124
drug transporters and, 59
transplantation, 759

Smallpox, 678
Smoking, minerals status and, 560–561
Sodium, 539, 540
Sotalol, 453

Stanols, see Plant stanols
Statins, 328–331
Stavudine, 771

Steroids, 428
Stimulants, 429
Stomach

as absorptive environment in patients
receiving EN, 389

digestion aspects, 121, 124
Strontium minerals status, 559

Subcutaneous (SC) absorption, 28
Succinylcholine, 185
Sufentanil, 188

Sulfadiazene, 148, 157
Sulfonamides, 184
Surgical intervention

bariatric, 190–191
for obesity treatment, 190–191

Symptomatic hypotension, 276–277

Syndrome of inappropriate antidiuretic hormone
(SIADH), 646–647

Systemic lupus erythematosus (SLE), see under
Autoimmune diseases

Systemic routes

of absorption
alimentary, 28
inhalation, 29
intraarterial route, 28

intramuscular (IM), 28
intraperitoneal, 29
intravenous (IV), 28

oral, 28
parenteral, 28
subcutaneous (SC), 28

transdermal, 29
See also Drug disposition

T

Tacrolimus, 185
Tangerine juice

drug interactions with, 281
See also Citrus fruits juices

Taste perception, see Altered taste perception
T cells, 667–668
Tenofovir, 771

Terazosin, 451
Tetracyclines

effect on nutritional status in elderly, 640

PCM influence on medication, 157
Theophylline

interactions in patients receiving EN, 404–405
weight-based dosing and, 189

Thiazide/thiazide-like diuretics, 462–463
Thiopental, 187
Tinzaparin, 189

Tipranavir, 778
Topical routes, see under Absorption
Torsades de pointes, 271–274

See also Grapefruit juice effect
Torsemide, 149
Total body weight (TBW), 169

Toxicity reduction
nutrients effect on

folic acid and fluorouracil, 322–324
folic acid and methotrexate, 324–326

pyridoxine and isoniazid, 326
See also Organ toxicity

Trace minerals

chromium, 556
copper, 553–554
fluoride, 557–558

iodine, 558–559
iron, 552
selenium, 557
zinc, 554–555
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Transdermal
absorption, 29
See also Systemic routes

Transduction
ionotropic, 39
metabotropic, 39

Transferases

GST, 98–99
UGT, 96–98
See also Cytochrome P450 (CYP) enzymes

Transplantation, see Drug–nutrient interactions
in transplantation

Transporters, see Drug transporters

Traumatic brain injury (TBI)
hypertonic saline therapy as neurological

medication for

clinical recommendations, 506
clinical relevance, 505
data limitations, 505
research needs, 506

review of mechanisms/scientific basis, 505
mannitol as neurological medication for

clinical recommendations, 504

reported cases/descriptions, 503–504
research needs, 504
review of mechanisms/scientific basis, 503

propofol as neurological medication for
clinical recommendations, 505
clinical relevance, 505

reported cases/descriptions, 504
research needs, 505
review of mechanisms/scientific basis, 504

See also Antiepileptic drugs (AEDs)

Trazodone, 189
Triazolam, 187
Trovafloxacin, 183

Tube
feeding tubes, 373
placement, 368–369

See also Enteral nutrition (EN)
Tuberculosis (TB), 679

drugs effect on nutrient status, 696
drug–nutrient interactions for medications

used in treating, 783
aminosalicylic acid granules, 784–785
cycloserine, 785

ethambutol, 785
ethionamide, 785
isoniazid, 785

pyrazinamide, 786
rifabutin, 786
rifampin, 786

rifapentine, 786
prevalence and evaluation of risk factors, 683

See also Anti-tuberculars; HIV infection;
Viral hepatitis

Tyramine, 254–256

Tyramine reactions, 254
Tyrosine kinase receptors

signal transduction, 40

U

Ulcerative colitis (UC), 698–700
Ultratrace minerals, 552
Underweight

malnutrition in adults, 139–140
malnutrition in children

definitions, 138

fetal malnutrition, 138
prevalence, 138

See also Obesity; Overweight

Uptake transporters, see underDrug transporters
Uridine diphosphate glucuronosyltransferases

(UGT)
UGT11, 96

UGT22, 96
UGT2B77, 97, 98
UGT33, 96

UGT88, 96
See also Cytochrome P450 (CYP) enzymes;

Glutathione s-transferases (GST)

V

Valerian, 350–351
Vancomycin, 182
Vasoactive agents, see under Cardiovascular

medications
Vecuronium, 186
Verapamil

controlled-onset extended-release (COER-
verapamil), 460

grapefruit juice effect on bioavailability of,

277–278
weight-based dosing and, 188
See also Calcium channel blockers (CCB)

Viral hepatitis

drug–nutrient interactions for medications
used in treating

adefovir, 787

ribavirin, 787
See also HIV infection; Tuberculosis (TB)

Visceral protein status, 399–400

Vitamins

drug interactions with dietary supplements
folic acid, 356

vitamin E, 356
drug-induced nutrient depletions, 441
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drug–nutrient interactions
and infectious diseases, 683–684,

686–687

in cancer patients, 745
drug–nutrient interactions in patients

receiving EN
formula-related factors, 394–399

vitamin K content, 397–399
fat-soluble, 128–129
metabolism study in animals and humans,

257–258
vitamin B, 258
vitamin C, 257

nutrient disposition aspects, 128–129
vitamin A

nutritional status and infectious diseases,

683–684
requirement in pregnancy, 601–602

vitamin B
absorption in elderly, 648

deficiency in elderly, 640
status and antiepileptic drugs (AEDs),

489–491

vitamin C (ascorbic acid)
effect on drug absorption, 320–322
nutritional status and infectious

diseases, 687
vitamin D, 11, 687
vitamin E, 686–687

vitamin K
content and drug–nutrient interactions in

patients receiving EN, 397–399
affecting nutrient status in pregnancy and

lactation, 602
water-soluble, 129
See also Minerals status

W

Warfarin, 456–457
as neurological medication for

cerebrovascular accident, 501–503
clinical recommendations, 503
clinical relevance, 502
data limitations, 502

reported cases/descriptions, 501–502
research needs, 502
review of mechanisms/scientific

basis, 501
effect on nutritional status in elderly,

637–638

interactions in patients receiving enteral
nutrition, 404

vitamin K content and,
397–399

See alsoantithrombotic agents under
Cardiovascular medications

Water absorption

nutrient disposition aspects, 128
Weight

gain, drug-induced changes to, 427
antidiabetic agents, 428

management aspects, 428–429
psychotropic agents, 428
steroids, 428

influencing medication effect on elderly
unintentional weight gain,

644–645

unintentional weight loss, 645–646
loss, drug-induced changes to

drugs with potentially excessive social

use, 430
management aspects, 430
serotonergic drugs, 429
stimulants, 429

See also Body mass index (BMI); Obesity;
Overweight

Weight-based dosing

analgesics, 187–188
anesthetics, 187
antiepileptic drugs, 180

antimicrobials
aminoglycosides, 181–182
antifungals, 183

antivirals, 183
beta-lactams, 181
fluroquinolones, 182–183
glycopeptides, 182

benzodiazepines, 186–187
cardiovascular agents, 188
chemotherapy agents

body surface area, body weight, and
systemic exposure, 184

specific drugs, 185

heparin, 188
immunosuppressants, 185
loading doses, 179–180
maintenance doses, 179–180

mood-stabilizing drug, 189
neuromuscular blockers, 185–186

Xerostomia, 431

Z

Zalcitabine
for HIV infection

See also Chronic infection treatment
medications

Zero-order kinetics, 29
See also First-order kinetics
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Zidovudine, 771–772
Zinc

absorption, 132

drug interaction as trace mineral,
554–555

nutritional status and infectious diseases,
684–686

status in Elderly and infectious diseases,

685–686
See also Minerals
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