Toxicology of the
Gastrointestinal Tract

Edited by
Shayne C. Gad

TARGET
ORGAN
TOXICOLOGY
SERIES

Series Editors

A.Wallace Hayes
John A. Thomas
Donald E. Gardner

CRC Press

Taylor & Francis Group



Target Organ Toxicology Series

Toxicology of the
Gastrointestinal Tract



TARGET ORGAN TOXICOLOGY SERIES

Series Editors
A. Wallace Hayes, John A. Thomas, and Donald E. Gardner

TOXICOLOGY OF THE GASTROINTESTINAL TRACT
Shayne C. Gad, editor, 384 pp., 2007

IMMUNOTOXICOLOGY AND IMMUNOPHARMACOLOGY,
THIRD EDITION
Robert Luebke, Robert House, and lan Kimber,
editors, 676 pp., 2007

TOXICOLOGY OF THE LUNG, FOURTH EDITION
Donald E. Gardner, editor, 696 pp., 2006

TOXICOLOGY OF THE PANCREAS
Parviz M. Pour, editor, 720 pp., 2005

TOXICOLOGY OF THE KIDNEY, THIRD EDITION
Joan B. Tarloff and Lawrence H. Lash, editors, 1200 pp., 2004

OVARIAN TOXICOLOGY
Patricia B. Hoyer, editor, 248 pp., 2004

CARDIOVASCULAR TOXICOLOGY, THIRD EDITION
Daniel Acosta, Jr., editor, 616 pp., 2001

NUTRITIONAL TOXICOLOGY, SECOND EDITION
Frank N. Kotsonis and Maureen A. Mackey, editors, 480 pp., 2001

TOXICOLOGY OF SKIN
Howard 1. Maibach, editor, 558 pp., 2000

NEUROTOXICOLOGY, SECOND EDITION
Hugh A. Tilson and G. Jean Harry, editors, 386 pp., 1999

TOXICANT-RECEPTOR INTERACTIONS: MODULATION OF SIGNAL
TRANSDUCTIONS AND GENE EXPRESSION
Michael S. Denison and William G. Helferich, editors, 256 pp., 1998

(Continued)



TOXICOLOGY OF THE LIVER, SECOND EDITION
Gabriel L. Plaa and William R. Hewitt, editors, 444 pp., 1997

FREE RADICAL TOXICOLOGY
Kendall B. Wallace, editor, 454 pp., 1997

ENDOCRINE TOXICOLOGY, SECOND EDITION
Raphael J. Witorsch, editor, 336 pp., 1995

CARCINOGENESIS
Michael P. Waalkes and Jerrold M. Ward, editors, 496 pp., 1994

DEVELOPMENTAL TOXICOLOGY, SECOND EDITION
Carole A. Kimmel and Judy Buelke-Sam, editors, 496 pp., 1994

NUTRITIONAL TOXICOLOGY
Frank N. Kotsonis, Maureen A. Mackey, and Jerry J. Hjelle,
editors, 336 pp., 1994

OPHTHALMIC TOXICOLOGY
George C.Y. Chiou, editor, 352 pp., 1992

TOXICOLOGY OF THE BLOOD AND BONE MARROW
Richard D. Irons, editor, 192 pp., 1985

TOXICOLOGY OF THE EYE, EAR, AND OTHER SPECIAL SENSES
A. Wallace Hayes, editor, 264 pp., 1985

CUTANEOUS TOXICITY
Victor A. Drill and Paul Lazar, editors, 288 pp., 1984






Target Organ Toxicology Series

Toxicology of the
Gastrointestinal Tract

Edited by
Shayne C. Gad

CRC Press
Taylor & Francis Group

Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business



CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W, Suite 300
Boca Raton, FL 33487-2742

© 2007 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Printed in the United States of America on acid-free paper
10987654321

International Standard Book Number-10: 0-8493-2793-8 (Hardcover)
International Standard Book Number-13: 978-0-8493-2793-3 (Hardcover)

This book contains information obtained from authentic and highly regarded sources. Reprinted material
is quoted with permission, and sources are indicated. A wide variety of references are listed. Reasonable
efforts have been made to publish reliable data and information, but the author and the publisher cannot
assume responsibility for the validity of all materials or for the consequences of their use.

No part of this book may be reprinted, reproduced, transmitted, or utilized in any form by any electronic,
mechanical, or other means, now known or hereafter invented, including photocopying, microfilming,
and recording, or in any information storage or retrieval system, without written permission from the
publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.
com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC) 222 Rosewood
Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that provides licenses and
registration for a variety of users. For organizations that have been granted a photocopy license by the
CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are
used only for identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data

Toxicology of the gastrointestinal tract / Shayne C. Gad, editor.
p.; cm. -- (Target organ toxicology series)

“A CRC title.”

Includes bibliographical references and index.

ISBN-13: 978-0-8493-2793-3 (alk. paper)

ISBN-10: 0-8493-2793-8 (alk. paper)

1. Gastrointestinal system--Pathophysiology. 2. Toxicology. I. Gad, Shayne C.,
1948- II. Series. [DNLM: 1. Gastrointestinal Tract--drug effects. 2. Gastrointestinal
Tract--physiology. 3. Intestinal Absorption--drug effects. W1102 T675 2006] I. Title.

IL. Series.
RC802.T692 2006
616.3’3061--dc22 2006023250

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Dedication

To Spunky Dustmop Gad (1993-2006), the world’s only

published Lhasa Apso and a good friend and partner in

raising my children through all the years it was just us.
You will always be missed.






Preface

Toxicology of the Gastrointestinal Tract focuses on the specifics of the toxicology
of the gastrointestinal tract — on adverse effects of xenobiotic agents and phar-
maceuticals on the structure and function of the tract. Starting with an overview
of basic aspects of structure and function, the chapters proceed to take focused
looks at specific issues. This book is also concerned with a critical appraisal of
what we have come to know about the interactions of chemicals and drugs with
this critical organ system and the experimental methods and attempts to identify
those regions of research that should prove productive for our future efforts.

Within these two broad objectives, the volume focuses on a number of specific
areas of intestinal research. These areas reflect the increasing awareness and
documentation of the multiple roles of the multiple components of the GI tract,
starting with its well recognized and major roles of nutrient absorption and service
as a protective barrier. In addition, emphasis is given to the expanding body of
knowledge that relates to the intestines as major metabolic and immunologic
organs involved in the synthesis and degradation of both natural and foreign
substances. A further dimension is the inclusion of focused overviews of the
function and dysfunction of human absorptive processes and the effects on these
processes of microbial flora and specific classes of toxicants that target the
GI tract.
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INTRODUCTION

Toxicology of the Gastrointestinal Tract, a volume of the Target Organ Toxicology
Series, focuses on the specifics of the toxicology of the gastrointestinal tract —
the adverse effects on its structure and function. Starting with an overview of
basic aspects of structure and function, the chapters provide focused looks at
specific issues. This book also provides a critical appraisal of what we have known
about the interactions of chemical and drugs with organ systems and experimental
methods and attempts to define regions of research that should prove productive
for our future efforts.

Within these two broad objectives, the volume focuses on a number of specific
areas of gastrointestinal tract research. These areas of research reflect the increas-
ing awareness and documentation of the multiple roles of the many components
of the gastrointestinal tract including the well recognized and major roles of
nutrient absorption and barrier penetratation. In addition, emphasis is given to
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the expanding body of knowledge that relates to the intestines as major metabolic
and immunologic organs involved in the synthesis and degradation of both natural
and foreign substances. A further dimension is the inclusion of several discussions
aimed directly at the function and dysfunction of human absorptive processes
and the effects of microbial flora on these processes.

The gastrointestinal (GI) tract is one of the three great pathways into and out
of the body; the other two being the skin and the respiratory tract. The GI tract
is the great highway through the body and much more. Like the other two
pathways, it is also a major metabolic organ and a major interface of the envi-
ronment with the immune/lymphatic system.

A wide range of approaches and methodologies have been employed to
evaluate the maturation and functions of the gastrointestinal tract. Because of
their unusual morphologies, the mouth, intestines, and stomach can be examined
in vivo and in vitro by a variety of techniques, each providing different kinds of
relevant information and understanding. Sacs, loops, rings, and cells have pro-
vided ample data to reveal the importance of the GI tract as a barrier and
absorptive organ and also as a highly active major metabolic tissue. Examination
of the development of intestinal enzymes and metabolic pathways reveals an
understanding of nutrient active transport and metabolism as well as metabolism
of foreign substances. The relatively large mass of this organ system provides
additional significance to its metabolic roles in the homeostasis of the organism
as a whole.

Since ingestion is a major route of exposure to foreign substances, significant
research involving the absorption and metabolism of these substances is needed.
In addition, the effects of foreign substances on normal intestinal functions
constitute an area of research requiring further attention. Currently, more Amer-
icans are affected by serious diseases of the gastrointestinal tract than any other
system except the cardiovascular system; this provides emphasis for the increas-
ing concern for understanding possible environmental contributions to gas-
trointestinal disease.

STRUCTURE

The GI tract or alimentary canal (Figure 1.1) is a continuous tube that extends
from the mouth to the anus through the ventral body cavity. Organs of the
gastrointestinal tract include the mouth, most of the pharynx, esophagus, stomach,
small intestine, and large intestine. The length of the GI tract taken from an adult
cadaver is about 9 m (30 ft). In a living person, it is much shorter because the
muscles along the walls of GI tract organs are in a state of tonus (sustained
contraction). It should be noted that the associated digestive organs are the teeth,
tongue, salivary glands, liver, gallbladder, and pancreas.

The GI tract contains and processes food from the time it is eaten until it is
digested and absorbed or eliminated. In portions of the GI tract, muscular con-
tractions in the wall physically break down the food by repetitive mixing. The
contractions for mixing also help to dissolve foods by mixing them with fluids
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FIGURE 1.1 Gastrointestinal tract.

feces from the GI tract.

secreted into the tract. Enzymes secreted by accessory structures and cells that
line the tract break down the food chemically. Wave-like contractions of the
smooth muscle in the wall of the GI tract propel the food along the tract, from
the esophagus to the anus. The digestive system performs six basic processes:

Ingestion — This process involves taking foods and liquids into the mouth

(eating).

Secretion — Each day, cells within the walls of the tract and accessory
digestive organs secrete a total of about 7 liters of water, acid, buffers,
and enzymes into the lumen of the tract.

Mixing and propulsion — Alternating contraction and relaxation of

smooth muscle in the walls of the

GI tract mix food and secretions and

propel them toward the anus. This capability of the GI tract to mix and

move material along its length is

termed motility.

Digestion — Mechanical and chemical processes break down ingested
food into small molecules. In mechanical digestion, the teeth cut and
grind food before it is swallowed, and then smooth muscles of the
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stomach and small intestine churn the food. As a result, food molecules
become dissolved and thoroughly mixed with digestive enzymes. In
chemical digestion, the large carbohydrate, lipid, protein, and nucleic
acid molecules in food are split into smaller molecules by hydrolysis.
Digestive enzymes produced by the salivary glands, tongue, stomach,
pancreas, and small intestine catalyze these catabolic reactions. A few
substances in food can be absorbed without chemical digestion. These
include amino acids, cholesterol, glucose, vitamins, minerals, and water.

Absorption — The entrance of ingested and secreted fluid, ions, and the
small molecules that are products of digestion into the epithelial cells
lining the lumen of the GI tract is called absorption. The absorbed
substances pass into blood or lymph and circulate to cells throughout
the body.

Defecation — Wastes, indigestible substances, bacteria, cells sloughed
from the lining of the GI tract, and digested material that were not
absorbed leave the body through the anus in a process called defecation.
The eliminated material is termed feces.

The wall of the GI tract from the lower esophagus to the anal canal has the
same basic, four-layered arrangement of tissues. The four layers of the tract, from
deep to superficial, are the mucosa, submucosa, muscularis, and serosa.

Mucosa

The mucosa or inner lining of the tract is a mucous membrane (as are the other
surfaces of externally communicating body channels or orifices). It is composed
of a layer of epithelium in direct contact with the contents of the tract, connective
tissue, and a thin layer of smooth muscle.

The epithelium in the mouth, pharynx, esophagus, and anal canal is mainly
nonkeratinized stratified squamous epithelium that serves a protective function.
Simple columnar epithelium, which functions in secretion and absorption, lines
the stomach and intestines. Neighboring simple columnar epithelial cells are
firmly sealed to each other by tight junctions that restrict leakage between the
cells. The rate of renewal of GI tract epithelial cells is rapid (5 to 7 days.) Located
among the absorptive epithelial cells are exocrine cells that secrete mucus and
fluid into the lumen of the tract, and several types of endocrine cells, collectively
called enteroendocrine cells, that secrete hormones into the bloodstream.

The lamina propria is areolar connective tissue containing many blood and
lymphatic vessels, which are the routes by which nutrients absorbed into the tract
reach the other tissues of the body. This layer supports the epithelium and binds
it to the muscularis mucosae. The lamina propria also contains the majority of
the cells of the mucosa-associated lymphatic tissue (MALT). These prominent
lymphatic nodules contain immune system cells that protect against disease.
MALT is present all along the GI tract, especially in the tonsils, small intestine,
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appendix, and large intestine, and it contains about as many immune cells as are
present in all the rest of the body. The lymphocytes and macrophages in MALT
mount immune responses against microbes such as bacteria that may penetrate
the epithelium. It should be noted that current ICH and FDA guidance suggests
examination of the MALT tissues when evaluating potential immunotoxicity.

A thin layer of smooth muscle fibers called the muscularis mucosae throws
the mucous membrane of the stomach and small intestine into many small folds
that increase the surface area for digestion and absorption. Movements of the
muscularis mucosae ensure that all absorptive cells are fully exposed to the
contents of the gastrointestinal tract.

SUBMUCOSA

The submucosa consists of areolar connective tissue that binds the mucosa to the
muscularis. It contains many blood and lymphatic vessels that receive absorbed
food molecules. Also located in the submucosa is the submucosal plexus or plexus
of Meissner, an extensive network of neurons. The neurons are part of the enteric
nervous system (ENS), the “brain of the gut.” The ENS consists of about 100 million
neurons in two plexuses that extend the entire length of the tract. The submucosal
plexus contains sensory and motor enteric neurons, plus parasympathetic and sym-
pathetic postganglionic neurons that innervate the mucosa and submucosa. Enteric
nerves in the submucosa regulate movements of the mucosa and vasoconstriction
of blood vessels. Because its neurons also innervate secretory cells of mucosal and
submucosal glands, the ENS is important in controlling secretions by the GI tract.
The submucosa may also contain glands and lymphatic tissue.

MuscULARIS

The muscularis of the mouth, pharynx, and superior and middle parts of the
esophagus contains skeletal muscle that produces voluntary swallowing. Skeletal
muscle also forms the external anal sphincter that permits voluntary control of
defecation. Throughout the rest of the tract, the muscularis consists of smooth
muscle that is generally found in two sheets: an inner sheet of circular fibers and
an outer sheet of longitudinal fibers. Involuntary contractions of the smooth
muscle help break down food physically, mix it with digestive secretions, and
propel it along the tract. Between the layers of the muscularis is a second plexus
of the enteric nervous system — the myenteric plexus or plexus of Auerbach.
The myenteric plexus contains enteric neurons, parasympathetic ganglia, para-
sympathetic postganglionic neurons, and sympathetic postganglionic neurons that
innervate the muscularis. This plexus mostly controls tract motility, in particular
the frequency and strength of contraction of the muscularis.

SEROSA

The serosa is the superficial layer of those portions of the GI tract that are
suspended in the abdominopelvic cavity. It is a serous membrane composed of
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areolar connective tissue and simple squamous epithelium. As we will see shortly,
the esophagus, which passes through the mediastinum, has a superficial layer
called the adventitia composed of areolar connective tissue. Inferior to the dia-
phragm, the serosa is also called the visceral peritoneum; it forms a portion of
the peritoneum, which we examine in detail next.

The peritoneum is the largest serous membrane of the body; it consists of
a layer of simple squamous epithelium (mesothelium) with an underlying sup-
porting layer of connective tissue. The peritoneum is divided into the parietal
peritoneum, which lines the wall of the abdominopelvic cavity, and the visceral
peritoneum, which covers some of the organs in the cavity and is their serosa.
The slim space between the parietal and visceral portions of the peritoneum is
called the peritoneal cavity, which contains serous fluid. In certain diseases,
the peritoneal cavity may become distended by the accumulation of several
liters of fluid, a condition called ascites. As we will see, some organs lie on
the posterior abdominal wall and are covered by peritoneum only on their
anterior surfaces. Such organs, including the kidneys and pancreas, are said to
be retroperitoneal.

Unlike the pericardium and pleurae that smoothly cover the heart and lungs,
the peritoneum contains large folds that weave between the viscera. The folds
bind the organs to each other and to the walls of the abdominal cavity. They also
contain blood vessels, lymphatic vessels, and nerves that supply the abdominal
organs.

The greater omentum, the largest peritoneal fold, drapes over the transverse
colon and coils of the small intestine like a “fatty apron.” Because the greater
omentum is a double sheet that folds back upon itself, it is a four-layered structure.
From attachments along the stomach and duodenum, the greater omentum extends
downward anterior to the small intestine, then turns and extends upward and
attaches to the transverse colon. The greater omentum normally contains a con-
siderable amount of adipose tissue. Its adipose tissue content can greatly expand
with weight gain, giving rise to the characteristic “beer belly” seen in some
overweight individuals. The many lymph nodes of the greater omentum contribute
macrophages and antibody-producing plasma cells that help combat and contain
infections of the GI tract.

The falciform ligament attaches the liver to the anterior abdominal wall and
diaphragm. The liver is the only digestive organ attached to the anterior abdominal
wall.

The lesser omentum arises as two folds in the serosa of the stomach and
duodenum, and it suspends the stomach and duodenum from the liver. It contains
some lymph nodes.

Another fold of the peritoneum called the mesentery is fan-shaped and
binds the small intestine to the posterior abdominal wall. It extends from the
posterior abdominal wall to wrap around the small intestine and then returns
to its origin, forming a twice-mixed solution and move the luminal contents
along the tract.
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Peritonitis

Peritonitis is an acute inflammation of the peritoneum. A common cause of the
condition is contamination of the peritoneum by infectious microbes that can
result from accidental or surgical wounds in the abdominal wall or from perfo-
ration or rupture of abdominal organs. If, for example, bacteria gain access to
the peritoneal cavity through an intestinal perforation or rupture of the appendix,
they can produce an acute, life-threatening form of peritonitis. A less serious
form of peritonitis can result from the continual contact of inflamed peritoneal
surfaces.

The mouth, also referred to as the oral or buccal cavity, is formed by the
cheeks, hard and soft palates, and tongue. Forming the lateral walls of the oral
cavity are the cheeks — muscular structures covered externally by skin and
internally by nonkeratinized stratified squamous epithelium. The anterior portions
of the cheeks end at the lips.

The lips or labia are fleshy folds surrounding the opening of the mouth. They
are covered externally by skin and internally by a mucous membrane. There is
a transition zone where the two kinds of covering tissue meet. This portion of
the lips is nonkeratinized, and the color of the blood in the underlying blood
vessels is visible through the transparent surface layer. The inner surface of each
lip is attached to its corresponding gum by a midline fold of mucous membrane
called the labial frenulum.

The orbicularis oris muscle and connective tissue lie between the skin and
the mucous membrane of the oral cavity. During chewing, contraction of the
buccinator muscles in the cheeks and orbicularis oris muscle in the lips helps
keep food between the upper and lower teeth.

The vestibule of the oral cavity is a space bounded externally by the cheeks
and lips and internally by the gums and teeth. The oral cavity proper is a space
that extends from the gums and teeth to the fauces, the opening between the oral
cavity and the pharynx or throat.

The hard palate — the anterior portion of the roof of the mouth — is formed
by the maxillae and palatine bones, is covered by mucous membrane, and forms
a bony partition between the oral and nasal cavities. The soft palate that forms
the posterior portion of the roof of the mouth is an arch-shaped muscular partition
between the oropharynx and nasopharynx that is lined by mucous membrane.

Hanging from the free border of the soft palate is a conical muscular process
called the uvula. During swallowing, the soft palate and uvula are drawn supe-
riorly, closing off the nasopharynx and preventing swallowed foods and liquids
from entering the nasal cavity. Lateral to the base of the uvula are two muscular
folds that run down the lateral sides of the soft palate. Anteriorly, the palatoglossal
arch extends to the side of the base of the tongue; posteriorly, the palatopharyngeal
arch extends to the side of the pharynx. The palatine tonsils are situated between
the arches, and the lingual tonsils are situated at the base of the tongue. At the
posterior border of the soft palate, the mouth opens into the oropharynx through
the fauces.
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SALIVARY GLANDS

A salivary gland is any cell or organ that releases a secretion called saliva into
the oral cavity. Ordinarily, the glands secrete only enough saliva to keep the
mucous membranes of the mouth and pharynx moist and to cleanse the mouth
and teeth. When food enters the mouth, however, secretion of saliva increases,
and it lubricates, dissolves, and begins the chemical breakdown of the food.

The mucous membrane of the mouth and tongue contains many small salivary
glands that open directly or indirectly via short ducts to the oral cavity. These glands
include labial, buccal, and palatal glands in the lips, cheeks, and palate, respectively,
and lingual glands in the tongue, all of which make a small contribution to saliva.
However, most saliva is secreted by the major salivary glands that lie beyond the
oral mucosa. Their secretions empty into ducts that lead to the oral cavity.

There are three pairs of major salivary glands: the parotid, submandibular,
and sublingual glands. The parotid glands are located inferior and anterior to the
ears, between the skin and the masseter muscle. Each secretes saliva into the oral
cavity via a parotid duct that pierces the buccinator muscle to open into the
vestibule opposite the second maxillary (upper) molar tooth. The submandibular
glands are found beneath the base of the tongue in the posterior part of the floor
of the mouth. Their ducts, the submandibular ducts, run under the mucosa on
either side of the midline of the floor of the mouth and enter the oral cavity proper
lateral to the lingual frenulum. The sublingual glands are superior to the subman-
dibular glands. Their ducts, the lesser sublingual ducts, open into the floor of the
mouth in the oral cavity proper.

Composition and Functions of Saliva

Chemically, saliva is 99.5% water and 0.5% solutes. Among the solutes are ions,
including sodium, potassium, chloride, bicarbonate, and phosphate. Also present
are some dissolved gases and various organic substances, including urea and uric
acid, mucus, immunoglobulin A (IgA), the bacteriolytic enzyme lysozyme, and
salivary amylase, a digestive enzyme that acts on starch.

Each major salivary gland supplies different proportions of ingredients to
saliva. The parotid glands contain cells that secrete a serous liquid containing
salivary amylase. Because the submandibular glands contain cells similar to those
found in the parotid glands plus some mucous cells, they secrete a fluid that
contains amylase but is thickened with mucus. The sublingual glands contain
mostly mucous cells, so they secrete a much thicker fluid that contributes only a
small amount of amylase to the saliva.

The water in saliva provides a medium for dissolving foods so that they can
be tasted and digestive reactions can begin. Chloride ions in the saliva activate
salivary amylase. Bicarbonate and phosphate ions buffer acidic foods that enter
the mouth; as a result, saliva is only slightly acidic (pH 6.35 to 6.85). Urea and
uric acid are found in saliva because salivary glands (like the sweat glands of the
skin) help remove waste molecules from the body. Mucus lubricates the food so
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it can easily be moved about in the mouth, formed into a ball, and swallowed.
IgA is a secreted type of antibody that prevents attachment of microbes so they
cannot penetrate the epithelium. The lysozyme enzyme kills bacteria. Even though
these substances help protect the mucous membrane from infection and the teeth
from decay, they are not present in large enough quantities to eliminate all oral
bacteria.

TONGUE

The tongue is an accessory digestive organ composed of skeletal muscle covered
with mucous membrane. Together with its associated muscles, it forms the floor
of the oral cavity. The tongue is divided into symmetrical lateral halves by a
median septum that extends its entire length, and it is attached inferiorly to the
hyoid bone, styloid process of the temporal bone, and mandible. Each half of the
tongue consists of an identical complement of extrinsic and intrinsic muscles.

The extrinsic muscles of the tongue that originate outside the tongue and
insert into connective tissues in the tongue include the hyoglossus, genioglossus,
and styloglossus muscles. The extrinsic muscles move the tongue from side to
side and in and out to maneuver food for chewing, shape the food into a rounded
mass, and force the food to the back of the mouth for swallowing. They also
form the floor of the mouth and hold the tongue in position. The intrinsic muscles
originate in and insert into connective tissue within the tongue. They alter the
shape and size of the tongue for speech and swallowing. The intrinsic muscles
include the longitudinalis superior, longitudinalis inferior, transversus linguae,
and verticalis linguae muscles. The lingual frenulum, a fold of mucous membrane
in the midline of the undersurface of the tongue, is attached to the floor of the
mouth and aids in limiting the movement of the tongue posteriorly. If the lingual
frenulum is abnormally short or rigid — a condition called ankyloglossia —
eating and speaking are impaired such that the person is said to be “tongue-tied.”

The dorsum (upper surface) and lateral surfaces of the tongue are covered
with papillae (projections of the lamina propria covered with keratinized epithe-
lium). Many papillae contain taste buds, the receptors for taste. Fungiform papil-
lae are mushroom-like elevations distributed among the filiform papillae that are
more numerous near the tip of the tongue. They appear as red dots on the surface
of the tongue, and most of them contain taste buds. Vallate papillae are arranged
in an inverted V shape on the posterior surface of the tongue; all of them contain
taste buds. Foliate papillae are located in small trenches on the lateral margins
of the tongue but most of their taste buds degenerate in early childhood. Filiform
papillae are pointed, thread-like projections distributed in parallel rows over the
anterior two thirds of the tongue. Although filiform papillae lack taste buds, they
contain receptors for touch and increase friction between the tongue and food,
making it easier for the tongue to move food in the oral cavity. Lingual glands
in the lamina propria secrete both mucus and a watery serous fluid that contains
the lingual lipase enzyme that acts on triglycerides.
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PHARYNX

When food is first swallowed, it passes from the mouth into the pharynx, a funnel-
shaped tube that extends from the internal nares to the esophagus posteriorly and
to the larynx anteriorly. The pharynx is composed of skeletal muscle and lined
by mucous membrane. Whereas the nasopharynx functions only in respiration,
both the oropharynx and laryngopharynx have digestive as well as respiratory
functions. Swallowed food passes from the mouth into the oropharynx and laryn-
gopharynx, the muscular contractions of which help propel food into the esoph-
agus and then into the stomach.

The movement of food from the mouth into the stomach is achieved by the
act of swallowing or deglutition. Deglutition is facilitated by saliva and mucus
and involves the mouth, pharynx, and esophagus. Swallowing occurs in three
stages: (1) the voluntary stage in which the bolus is passed into the oropharynx;
(2) the pharyngeal stage, which is the involuntary passage of the bolus through
the pharynx into the esophagus; and (3) the esophageal stage, which is the
involuntary passage of the bolus through the esophagus into the stomach.

Swallowing starts when the bolus is forced to the back of the oral cavity and
into the oropharynx by the movement of the tongue upward and backward against
the palate; these actions constitute the voluntary stage of swallowing. With the
passage of the bolus into the oropharynx, the involuntary pharyngeal stage of
swallowing begins. The respiratory passageways close, and breathing is tempo-
rarily interrupted. The bolus stimulates receptors in the oropharynx that send
impulses to the deglutition center in the medulla oblongata and lower pons of
the brain stem. The returning impulses cause the soft palate and uvula to move
upward to close off the nasopharynx, and the larynx is pulled forward and upward
under the tongue. As the larynx rises, the epiglottis moves backward and down-
ward and seals off the rima glottidis. The movement of the larynx also pulls the
vocal cords together, further sealing off the respiratory tract, and widens the
opening between the laryngopharynx and esophagus. The bolus passes through
the laryngopharynx and enters the esophagus in 1 to 2 seconds. The respiratory
passageways then reopen, and breathing resumes.

EsoPHAGUS

The esophagus is a collapsible muscular tube that lies posterior to the trachea. It
is about 25 cm (10 in.) long. The esophagus begins at the inferior end of the
laryngopharynx and passes through the mediastinum anterior to the vertebral
column. It pierces the diaphragm through an opening called the esophageal hiatus,
and ends in the superior portion of the stomach. Sometimes, part of the stomach
protrudes above the diaphragm through the esophageal hiatus. This condition is
termed hiatal hernia.
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Histology

The mucosa of the esophagus consists of nonkeratinized stratified squamous
epithelium, lamina propria (areolar connective tissue), and a muscularis muscosae
(smooth muscle). Near the stomach, the mucosa of the esophagus also contains
mucous glands. The stratified squamous epithelium associated with the lips,
mouth, tongue, oropharynx, laryngopharynx, and esophagus affords considerable
protection against abrasion and wear and tear from food particles that are chewed,
mixed with secretions, and swallowed. The submucosa contains areolar connec-
tive tissue, blood vessels, and mucous glands. The muscularis of the superior
third of the esophagus is skeletal muscle, the intermediate third is skeletal and
smooth muscle, and the inferior third is smooth muscle.

The superficial layer is known as the adventitia rather than the serosa. Because
the areolar connective tissue of this layer is not covered by mesothelium and
because the connective tissue merges with the connective tissue of surrounding
structures of the mediastinum through which it passes. The adventitia attaches
the esophagus to surrounding structures.

The esophagus secretes mucus and transports food into the stomach. It does
not produce digestive enzymes or carry on absorption. The passage of food from
the laryngopharynx into the esophagus is regulated at the entrance to the esoph-
agus by a circular band or ring of normally contracted muscle called the upper
esophageal sphincter. It consists of the cricopharyngeus muscle attached to the
cricoid cartilage. The elevation of the larynx during the pharyngeal stage of
swallowing causes the sphincter to relax, and the bolus enters the esophagus.
This sphincter also relaxes during exhalation.

During the esophageal stage of swallowing, peristalsis, a progression of
coordinated contractions and relaxations of the circular and longitudinal layers
of the muscularis, pushes the food bolus onward. (Peristalsis occurs in other
tubular structures including other parts of the GI tract and the ureters, bile ducts,
and uterine tubes; in the esophagus it is controlled by the medulla oblongata.) In
the section of the esophagus just superior to the bolus, the circular muscle fibers
contract, constricting the esophageal wall and squeezing the bolus toward the
stomach. Meanwhile, longitudinal fibers inferior to the bolus also contract. The
contractions shorten this inferior section and push its walls outward so it can
receive the bolus. The contractions are repeated in a wave that pushes the food
toward the stomach. Mucus secreted by esophageal glands lubricates the bolus
and reduces friction. The passage of solid or semisolid food from the mouth to
the stomach takes 4 to 8 seconds; very soft foods and liquids pass through in
about 1 second.

Just superior to the diaphragm, the esophagus narrows slightly due to a
maintained contraction of the muscularis at the lowest part of the esophagus.
Known as the lower esophageal sphincter, this structure relaxes during swallowing
and thus allows the bolus to pass from the esophagus into the stomach.
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STOMACH
Anatomy

The stomach has four main regions: the cardia, fundus, body, and pylorus (Figure
1.2). The cardia surrounds the superior opening of the stomach. The rounded
portion superior to and to the left of the cardia is the fundus. Inferior to the fundus
is the large central portion called the body. The region of the stomach that connects
to the duodenum is the pylorus; it has two parts, the pyloric antrum that connects
to the body of the stomach and the pyloric canal that leads into the duodenum.
When the stomach is empty, the mucosa lies in large folds, called rugae, that can
be seen with the unaided eye. The pylorus communicates with the duodenum of
the small intestine via the pyloric sphincter. The concave medial border of the
stomach is called the lesser curvature, and the convex lateral border is called the
greater curvature.
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FIGURE 1.2 Four main regions of the stomach: cardia, fundus, body, and pylorus.
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Histology

The stomach wall is composed of the same four basic layers as the rest of the
GI tract, with certain modifications. The surface of the mucosa is a layer of simple
columnar epithelial cells called surface mucous cells. The mucosa contains a
lamina propria (areolar connective tissue) and a muscularis mucosae (smooth
muscle). Epithelial cells extend down into the lamina propria, where they form
columns of secretory cells called gastric glands that line many narrow channels
called gastric pits. Secretions from several gastric glands flow into each gastric
pit and then into the lumen of the stomach.

The gastric glands contain three types of exocrine gland cells that secrete
their products into the stomach lumen: mucous neck cells, chief cells, and parietal
cells. Both surface mucous cells and mucous neck cells secrete mucus. Parietal
cells produce hydrochloric acid and the intrinsic factor needed for absorption of
vitamin B,,. The chief cells secrete pepsinogen and gastric lipase. The secretions
of the mucous, parietal, and chief cells form gastric juice (2000 to 3000 mL or
roughly 2 to 3 qt.) per day. In addition, gastric glands include a type of enteroen-
docrine cell, the G cell, which is located mainly in the pyloric antrum and secretes
gastrin hormone into the bloodstream. As we will see shortly, this hormone
stimulates several aspects of gastric activity.

Three additional layers lie deep to the mucosa. The submucosa of the stomach
is composed of areolar connective tissue. The muscularis has three layers of
smooth muscle: an outer longitudinal layer, a middle circular layer, and an inner
oblique layer. The oblique layer is limited primarily to the body of the stomach.
The serosa is composed of simple squamous epithelium (mesothelium) and are-
olar connective tissue, and the portion of the serosa covering the stomach is part
of the visceral peritoneum. At the lesser curvature of the stomach, the visceral
peritoneum extends upward to the liver as the lesser omentum. At the greater
curvature of the stomach, the visceral peritoneum continues downward as the
greater omentum and drapes over the intestines.

SMALL INTESTINE
Anatomy

The small intestine is divided into three regions. The duodenum, the shortest
region, is retroperitoneal. It starts at the pyloric sphincter of the stomach and
extends about 25 cm until it merges with the jejunum. The jejunum is about 1 m
long and extends to the ileum. Jejunum means “empty,” which is how it is found
at death. The final and longest region of the small intestine, the ileum, measures
about 2 mm and joins the large intestine at the ileocecal sphincter.

Projections called circular folds are 10 mm (0.4 in.) permanent ridges in the
mucosa. The circular folds begin near the proximal portion of the duodenum and
end at about the midportion of the ileum; some extend all the way around the
circumference of the intestine and others extend only part of the way around.
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They enhance absorption by increasing surface area and causing the chyme to
spiral rather than move in a straight line as it passes through the small intestine.

Histology

Even though the wall of the small intestine is composed of the same four coats
that make up most of the GI tract, special features of both the mucosa and the
submucosa facilitate the processes of digestion and absorption. The mucosa forms
a series of finger-like villi, projections that are 0.5 to 1 mm long. The large number
of villi (20 to 40 per square millimeter) vastly increases the surface area of the
epithelium available for absorption and digestion and gives the intestinal mucosa
a velvety appearance. Each villus has a core of lamina propria; embedded in this
connective tissue are an arteriole, a venule, a blood capillary network, and a
lacteal, which is a lymphatic capillary. Nutrients absorbed by the epithelial cells
covering the villus pass through the wall of a capillary or a lacteal to enter blood
or lymph, respectively.

The epithelium of the mucosa consists of simple columnar epithelium that
contains absorptive cells, goblet cells, enteroendocrine cells, and Paneth’s cells.
The apical membranes of absorptive cells feature microvilli; each microvillus is
a 10-mm long, cylindrical, membrane-covered projection that contains a bundle
of 20 to 30 actin filaments.

The mucosa contains many deep crevices lined with glandular epithelium.
Cells lining the crevices form the intestinal glands (crypts of Lieberkiihn) and
secrete intestinal juice. Many of the epithelial cells in the mucosa are goblet cells
that secrete mucus. Paneth’s cells, found in the deepest parts of the intestinal
glands, secrete a bactericidal enzyme known as lysozyme and are capable of
phagocytosis. They may have a role in regulating the microbial population in the
intestines.

Three types of enteroendocrine cells, also in the deepest part of the intestinal
glands, secrete hormones: secretin (by S cells), cholecystokinin (by CCK cells),
and glucose-dependent insulinotropic peptide (by K cells). The lamina propria
of the small intestine has an abundance of MALT. Solitary lymphatic nodules are
most numerous in the distal part of the ileum. Groups of lymphatic nodules
referred to as aggregated lymphatic follicles (Peyer’s patches) are also present in
the ileum. The muscularis mucosae consists of smooth muscle. The submucosa
of the duodenum contains duodenal (Brunner’s) glands that secrete an alkaline
mucus that helps neutralize gastric acid in the chyme. Sometimes the lymphatic
tissue of the lamina propria extends through the muscularis mucosae into the
submucosa.

The muscularis of the small intestine consists of two layers of smooth muscle.
The thinner outer layer contains longitudinal fibers; the thicker inner layer con-
tains circular fibers. Except for a major portion of the duodenum, the serosa (or
visceral peritoneum) completely surrounds the small intestine.
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LARGE INTESTINE

The large intestine is the terminal portion of the GI tract and is divided into four
principal regions. The overall functions of the large intestine are the completion
of absorption, the production of certain vitamins, the formation of feces, and the
expulsion of feces from the body.

Anatomy

The large intestine, which is about 1.5 m long and 6.5 cm in diameter, extends
from the ileum to the anus. It is attached to the posterior abdominal wall by its
mesocolon — a double layer of peritoneum. Structurally, the four major regions
of the large intestine are the cecum, colon, rectum, and anal canal.

The opening from the ileum into the large intestine is guarded by a fold of
mucous membrane called the ileocecal sphincter that allows materials from the
small intestine to pass into the large intestine. Hanging inferior to the ileocecal
valve is the cecum, a blind pouch about 6 cm long. Attached to the cecum is a
coiled tube measuring about 8 cm in length called the appendix or vermiform
appendix. The mesentery of the appendix or mesoappendix attaches the appendix
to the inferior part of the mesentery ileum.

The open end of the cecum merges with a long tube called the colon, which
is divided into ascending, transverse, descending, and sigmoid portions. Both the
ascending and descending colon are retroperitoneal, whereas the transverse and
sigmoid colon are not. The ascending colon ascends on the right side of the
abdomen, reaches the inferior surface of the liver, and turns abruptly to the left
to form the right colic flexure. The colon continues across the abdomen to the
left side as the transverse colon. It curves beneath the inferior end of the spleen
on the left side as the left colic flexure and passes inferiorly to the level of the
iliac crest as the descending colon. The sigmoid colon begins near the left iliac
crest, projects medially to the midline, and terminates as the rectum at about the
level of the third sacral vertebra.

The rectum, the last 20 cm of the GI tract, lies anterior to the sacrum and
coccyx. The terminal 2 to 3 cm of the rectum is called the anal canal. The mucous
membrane of the anal canal is arranged in longitudinal folds called anal columns
that contain a network of arteries and veins. The opening of the anal canal to the
exterior, called the anus, is guarded by an internal anal sphincter of smooth muscle
(involuntary) and an external anal sphincter of skeletal muscle. Normally these
sphincters keep the anus closed except during the elimination of feces.

Histology

The wall of the large intestine differs from that of the small intestine in several
respects. No villi or permanent circular folds are found in the mucosa, which
consists of simple columnar epithelium, lamina propria (areolar connective tis-
sue), and muscularis mucosae. The epithelium contains mostly absorptive and
goblet cells. The absorptive cells function primarily in water absorption, whereas
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the goblet cells secrete mucus that lubricates the passage of the colonic contents.
Both absorptive and goblet cells are located in long, straight, tubular intestinal
glands that extend the full thickness of the mucosa. Solitary lymphatic nodules
are also found in the lamina propria of the mucosa and may extend through the
muscularis mucosae into the submucosa. The submucosa of the large intestine is
similar to that found in the rest of the GI tract. The muscularis consists of an
external layer of longitudinal smooth muscle and an internal layer of circular
smooth muscle. Unlike other parts of the GI tract, portions of the longitudinal
muscles are thickened, forming three conspicuous longitudinal barriers.

FUNCTION OF GI TRACT

Several minutes after food enters the stomach, gentle, rippling, peristaltic move-
ments called mixing waves pass over the stomach every 15 to 25 seconds. These
waves macerate food, mix it with secretions of the gastric glands, and reduce it
to a soupy liquid called chyme. Few mixing waves are observed in the fundus
(its primary function is storage). As digestion proceeds in the stomach, more
vigorous mixing waves begin at the body of the stomach and intensify as they
reach the pylorus. The pyloric sphincter normally remains almost but not com-
pletely closed. As food reaches the pylorus, each mixing wave forces several
milliliters of chyme into the duodenum through the pyloric sphincter. Most of
the chyme is forced back into the body of the stomach, where mixing continues.
The next wave pushes the chyme forward again and forces a little more into the
duodenum. These forward and backward movements of the gastric contents are
responsible for most mixing in the stomach.

MEecHANICAL AND CHEMICAL DIGESTION IN MOUTH

Mechanical digestion in the mouth results from chewing or mastication (pro-
nounced mas-ti-KAY-shun = to chew): food is manipulated by the tongue, ground
by the teeth, and mixed with saliva. As a result, the food is reduced to a soft,
flexible, easily swallowed mass called a bolus (= lump). Food molecules begin
to dissolve in the water in saliva, an important activity because enzymes can react
with food molecules in a liquid medium only. Two enzymes, salivary amylase
and lingual lipase, contribute to chemical digestion in the mouth. Salivary amylase
initiates the breakdown of starch. Dietary carbohydrates are either monosaccha-
ride and disaccharide sugars or complex polysaccharides.

Food may remain in the fundus about an hour without becoming mixed with
gastric juice. During this time, digestion by salivary amylase continues. Soon,
however, the churning action mixes chyme with acidic gastric juice, inactivating
salivary amylase and activating lingual lipase, which starts to digest triglycerides
into fatty acids and triglycerides.

Even though parietal cells secrete hydrogen ions (H*) and chloride ions (CI")
separately into the stomach lumen, the net effect is secretion of hydrochloric acid
(HCI). Proton pumps powered by H*/K* ATPases actively transport H* into the
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lumen while bringing potassium ions (K*) into the cell (Figure 1.3). At the same
time Cl-and K+ diffuse out through Cl and K channels in the apical membrane
(next to the lumen). The carbonic anhydrase enzyme that is especially plentiful
in parietal cells catalyzes the formation of carbonic acid (H,CO;) from water
(H,O) and carbon dioxide (CO,). As carbonic acid dissociates, it provides a ready
source of H* for the proton pumps but also generates bicarbonate ions (HCOO).
As HCO; builds up in the cytosol, it exits the parietal cell in exchange for ClI via
CI-/HCO;™ antiporters in the basolateral membrane (next to the lamina propria).
HCO;~ diffuses into nearby blood capillaries. This “alkaline tide” of bicarbonate
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ions entering the bloodstream after a meal may be large enough to slightly elevate
blood pH and make urine more alkaline.

The strongly acidic fluid of the stomach kills many microbes in food. HC1
partially denatures proteins in food and stimulates the secretion of hormones that
promote the flow of bile and pancreatic juice. Enzymatic digestion of proteins
also begins in the stomach. The only proteolytic enzyme in the stomach is pepsin,
which is secreted by chief cells. Because pepsin breaks certain peptide bonds
between the amino acids making up proteins, a protein chain of many amino
acids is broken down into smaller peptide fragments. Pepsin is most effective in
the very acidic environment of the stomach (pH 2); it becomes inactive at higher
pH.

Note that pepsin is secreted in an inactive form called pepsinogen; in this
form, it cannot digest the proteins in the chief cells that produce it. Pepsinogen
is not converted into active pepsin until it comes into contact with active pepsin
molecules or hydrochloric acid secreted by parietal cells. The stomach epithelial
cells are also protected from gastric juices by a 1- to 3-mm thick layer of alkaline
mucus secreted by surface mucous cells and mucous neck cells.

Another enzyme of the stomach is gastric lipase, which splits the short-chain
triglycerides in fat molecules found in milk into fatty acids and monoglycerides.
This enzyme has a limited role in the adult stomach and operates best at a pH
of 5 to 6. More important than either lingual lipase or gastric lipase is pancreatic
lipase, an enzyme secreted by the pancreas into the small intestine.

Only a small amount of absorption occurs in the stomach because its epithelial
cells are impermeable to most materials. However, mucous cells of the stomach
absorb some water, ions, and short-chain fatty acids, as well as certain drugs
(especially aspirin and other NSAIDs) and alcohol.

REGULATION OF GASTRIC SECRETION AND MOTILITY

Both neural and hormonal mechanisms control the secretion of gastric juice and
the contraction of smooth muscles in the stomach wall. Events in gastric digestion
occur in three overlapping phases: the cephalic, gastric, and intestinal phases.

Cephalic Phase

The cephalic phase of gastric digestion consists of reflexes initiated by sensory
receptors in the head. Even before food enters the stomach, the sight, smell, taste,
or thought of food initiates this reflex. The cerebral cortex and the feeding center
in the hypothalamus send nerve impulses to the medulla oblongata. The medulla
then transmits impulses to parasympathetic preganglionic neurons in the vagus
nerves that stimulate parasympathetic postganglionic neurons in the submucosal
plexus. In turn, impulses from parasympathetic postganglionic neurons stimulate
the gastric glands to secrete pepsinogen, hydrochloric acid, and mucus into
stomach chyme and gastrin into the blood. Impulses from parasympathetic neu-
rons also increase stomach motility. Emotions such as anger, fear, and anxiety
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may slow digestion in the stomach because they stimulate the sympathetic nervous
system, which inhibits gastric activity.

Gastric Phase

Once food reaches the stomach, sensory receptors in the stomach initiate both
neural and hormonal mechanisms to ensure that gastric secretion and motility
continue. This is the gastric phase of gastric digestion. Food of any kind distends
(stretches) the stomach and stimulates stretch receptors in its walls. Chemore-
ceptors in the stomach monitor the pH of the stomach chyme. When the stomach
walls are distended or pH increases because proteins have entered the stomach
and glands and secreted some of the stomach acid, the stretch receptors and
chemoreceptors are activated and a neural negative feedback loop is set in motion.
From the stretch receptors and chemoreceptors, nerve impulses propagate to the
submucosal plexus, where they activate parasympathetic and enteric neurons. The
resulting nerve impulses cause waves of peristalsis and continue to stimulate the
flow of gastric juice from parietal cells, chief cells, and mucous cells.

The peristaltic waves mix the food with gastric juice. When the waves become
strong enough, a small quantity of chyme (about 10 to 15 mL) squirts past the
pyloric sphincter into the duodenum. As the pH of the stomach chyme becomes
more acidic again and the stomach walls are less distended because chyme has
passed into the small intestine, a negative feedback cycle suppresses secretion of
gastric juice. During the cephalic and gastric phases, digestion in the stomach is
stimulated; during the intestinal phase, gastric juice secretion and gastric peri-
stalsis are inhibited.

Hormonal negative feedback also regulates gastric secretions during the gas-
tric phase. Partially digested proteins buffer H*, thus increasing pH, and ingested
food distends the stomach. Chemoreceptors and stretch receptors monitoring
these changes stimulate parasympathetic neurons that release acetylcholine. In
turn, acetylcholine stimulates secretion of the gastrin hormone by G cells, ente-
roendocrine cells in the mucosa of the pyloric antrum. (A small amount of gastrin
is also secreted by enteroendocrine cells in the small intestine; additionally, some
chemicals in food directly stimulate gastrin release.) Gastrin enters the blood-
stream and finally reaches its target cells, the gastric glands.

Gastrin stimulates growth of the gastric glands and secretion of large amounts
of gastric juice. It also strengthens contraction of the lower esophageal sphincter,
increases motility of the stomach, and relaxes the pyloric and ileocecal sphincters
(described later). Gastrin secretion is inhibited when the pH of gastric juice drops
below 2.0 and is stimulated when the pH rises. This negative feedback mechanism
helps provide an optimal low pH for the functioning of pepsin, the killing of
microbes, and the denaturing of proteins in the stomach.

Acetylcholine released by parasympathetic neurons and gastrin secreted by
G cells stimulate parietal cells to secrete more HCI in the presence of histamine.
In other words, histamine, a paracrine substance released by mast cells in the
lamina propria, acts on nearby parietal cells synergistically with acetylcholine
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and gastrin to enhance their effects. Receptors for all three substances are present
in the plasma membranes of parietal cells. The histamine receptors on parietal
cells are called H, receptors; they mediate different responses than do the H,
receptors involved in allergic responses.

Intestinal Phase

The intestinal phase of gastric digestion is due to activation of receptors in the
small intestine. While reflexes initiated during the cephalic and gastric phases
stimulate stomach secretory activity and motility, those occurring during the
intestinal phase have inhibitory effects that slow the exit of chyme from the
stomach and prevent overloading of the duodenum with more chyme than it can
handle. In addition, responses occurring during the intestinal phase promote the
continued digestion of foods that have reached the small intestine. When chyme
containing fatty acids and glucose leaves the stomach and enters the small intes-
tine, it triggers enteroendocrine cells in the small intestinal mucosa to release
into the blood two hormones that affect the stomach: secretin and cholecystokinin
(CCK).

Regulation of Gastric Emptying

Gastric emptying, the periodic release of chyme from the stomach into the
duodenum, is regulated by both neural and hormonal reflexes as follows:

1. Stimuli such as distention of the stomach and the presence of partially
digested proteins, alcohol, and caffeine initiate gastric emptying.

2. These stimuli increase the secretion of gastrin and generate parasym-
pathetic impulses in the vagus nerves.

3. Gastrin and nerve impulses stimulate contraction of the lower esoph-
ageal sphincter, increase motility of the stomach, and relax the pyloric
sphincter.

4. The net effect of these actions is gastric emptying.

Neural and hormonal reflexes also help ensure that the stomach does not release
more chyme than the small intestine can process. The neural reflex (or entero-
gastric reflex) and CCK inhibit gastric emptying as follows:

1. Stimuli such as distention of the duodenum and the presence of fatty
acids, glucose, and partially digested proteins in the duodenal chyme
inhibit gastric emptying.

2. These stimuli then initiate the enterogastric reflex. Nerve impulses
propagate from the duodenum to the medulla oblongata where they
inhibit parasympathetic stimulation and stimulate sympathetic activity
in the stomach. The same stimuli also increase secretion of CCK.
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3. Increased sympathetic impulses and CCK both decrease gastric motility.
4. The net effect of these actions is inhibition of gastric emptying.

Within 2 to 4 hours after a meal is eaten, the stomach has emptied its contents
into the duodenum. Foods rich in carbohydrate spend the shortest time in the
stomach; high protein foods remain somewhat longer, and emptying is slowest
after a fat-laden meal containing large amounts of triglycerides. The reason for
slower emptying after eating of triglycerides is that fatty acids in chyme stimulate
release of CCK, which slows stomach emptying.

Vomiting or emesis is the forcible expulsion of the contents of the upper tract
(stomach and sometimes duodenum) through the mouth. The strongest stimuli
for vomiting are irritation and distension of the stomach; other stimuli include
unpleasant sights, general anesthesia, dizziness, and certain drugs such as mor-
phine and derivatives of digitalis. Nerve impulses are transmitted to the vomiting
center in the medulla oblongata, and returning impulses propagate to the upper
tract organs, diaphragm, and abdominal muscles. Vomiting involves squeezing
the stomach between the diaphragm and abdominal muscles and expelling the
contents through open esophageal sphincters. Prolonged vomiting, especially in
infants and elderly people, can be serious because the loss of acidic gastric juice
can lead to alkalosis (higher than normal blood pH).

From the stomach, chyme passes into the small intestine. Because chemical
digestion in the small intestine depends on activities of the pancreas, liver, and
gallbladder, we first consider the activities of these accessory digestive organs
and their contributions to digestion in the small intestine.

Role and Composition of Bile

Each day, hepatocytes in the liver secrete 800 to 1000 mL (about a quart) of bile,
a yellow, brownish, or olive-green liquid. Bile has a pH of 7.6 to 8.6 and consists
mostly of water and bile acids, bile salts, cholesterol, a phospholipid called
lecithin, bile pigments, and several ions.

Bile is partially an excretory product and partially a digestive secretion. Bile
salts — sodium salts and potassium salts of bile acids (mostly cholic acid and
chenodeoxycholic acid) play a role in emulsification, the breakdown of large lipid
globules into a suspension of droplets about 1 um in diameter, and in the absorp-
tion of lipids following their digestion. The tiny lipid droplets present a very large
surface area that allows pancreatic lipase to more rapidly accomplish digestion
of triglycerides. Cholesterol is made soluble in bile by bile salts and lecithin.

The principal bile pigment is conjugated bilirubin. The phagocytosis of aged
red blood cells liberates iron, globin, and bilirubin (derived from heme). The iron
and globin are recycled and some of the bilirubin is converted to conjugated
bilirubin in which the bilirubin is attached to glucuronic acid molecules. Conju-
gated bilirubin is then secreted into the bile and is eventually broken down in the
intestine. Stercobilin, one of its breakdown products, gives feces their normal
brown color.
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Regulation of Bile Secretion

After they have served their function as emulsifying agents, most bile salts are
reabsorbed by active transport in the final segment of the small intestine (ileum)
and enter portal blood flowing toward the liver. Although hepatocytes continually
release bile, they increase production and secretion when the portal blood contains
more bile acids; thus, as digestion and absorption continue in the small intestine,
bile release increases. Between meals, after most absorption has occurred, bile
flows into the gallbladder for storage because the sphincter of the hepatopancre-
atic ampulla closes off the entrance to the duodenum. After a meal, several neural
and hormonal stimuli promote production and release of bile:

1. Parasympathetic impulses propagate along axons of the vagus nerve
and stimulate the liver to increase bile production.

2. Fatty acids and amino acids in chyme entering the duodenum stimulate
some duodenal enteroendocrine cells to secrete CCK into the blood.
Acidic chyme entering the duodenum stimulates other enteroendocrine
cells to secrete secretin into the blood.

3. CCK causes contraction of the wall of the gallbladder. This squeezes
stored bile from the gallbladder into the cystic duct and through the
common bile duct. CCK also causes relaxation of the sphincter of the
hepatopancreatic ampulla and this allows bile to flow into the duodenum.

4. Secretin, which stimulates secretion of pancreatic juice rich in HCO,,
also stimulates the secretion of HCO;~ by hepatocytes into bile.

Stretching of the stomach as it receives food and the buffering of gastric acids
by proteins in food trigger the release of gastrin. Gastrin in turn promotes secretion
of gastric juice and increases gastric motility so that ingested food becomes well
mixed into a thick, soupy chyme. Reflux of the acidic chyme into the esophagus
is prevented by tonic contraction of the lower esophageal sphincter, which is
enhanced by gastrin.

The major stimulus for secretion of secretin is acidic chyme (high concen-
tration of H*) entering the small intestine. In turn, secretin promotes secretion of
bicarbonate ions into pancreatic juice and bile. HCO;™ acts to buffer (soak up)
excess HCO,. Besides these major effects, secretin inhibits secretion of gastric
juice, promotes normal growth and maintenance of the pancreas, and enhances
the effects of CCK. Overall, secretin causes buffering of acid in chyme that
reaches the duodenum and slows production of acid in the stomach. Table 1.1
summarizes the hormones that control digestion.

Amino acids from partially digested proteins and fatty acids from partially
digested triglycerides stimulate secretion of CCK by enteroendocrine cells in the
mucosa of the small intestine. CCK stimulates secretion of pancreatic juice that
is rich in digestive enzymes and ejection of bile into the duodenum, slows gastric
emptying by promoting contraction of the pyloric sphincter, and produces satiety
(feeling full to satisfaction) by acting on the hypothalamus in the brain. Like
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TABLE 1.1
Major Hormones Controlling Digestion
Hormone Stimulus and Site of Secretion Actions
Gastrin Distension of stomach, partially Major effects:
digested proteins and caffeine in Promotes secretion of gastric juice,
stomach, and high pH of stomach increases gastric motility, and promotes
chyme stimulate gastrin secretion by growth of gastric mucosa
enteroendocrine G cells located Minor effects:
mainly in mucosa of pyloric antrum Constricts lower esophageal sphincter;
of stomach relaxes pyloric sphincter and ileocecal
sphincter
Secretin Acidic (high H* level) chyme that Major effects:
enters the small intestine stimulates Stimulates secretion of pancreatic juice
secretion of secretin by and bile that are rich in bicarbonate ions
enteroendocrine S cells in mucosa of ~ Minor effects:
duodenum Inhibits secretion of gastric juice,
promotes normal growth and
maintenance of pancreas, and enhances
effects of CCK
CCK Partially digested proteins (amino Major effects:

acids), triglycerides, and fatty acids
that enter small intestine stimulate
secretion of CCK by enteroendocrine
CCK cells in mucosa of small
intestine; CCK is also released in
brain

Stimulates secretion of pancreatic juice
rich in digestive enzymes, causes
ejection of bile from gallbladder and
opening of sphincter of hepatopancreatic
ampulla (sphincter of Oddi), induces
satiety (feeling full to satisfaction)

Minor effects:

Inhibits gastric emptying, promotes
normal growth and maintenance of
pancreas, enhances effects of secretin

secretin, CCK promotes normal growth and maintenance of the pancreas; it also
enhances the effects of secretin.

In addition to gastrin, secretin, and CCK, at least ten other so-called gut
hormones are secreted by and have effects on the GI tract. They include motilin,
substance P, and bombesin, all of which stimulate motility of the intestines.
Vasoactive intestinal polypeptide (VIP) stimulates secretion of ions and water by
the intestines and inhibits gastric acid secretion. Gastrin-releasing peptide stim-
ulates release of gastrin; and somatostatin inhibits gastrin release. Some of these
hormones are thought to act as local hormones, whereas others are secreted into
the blood or even into the lumen of the GI tract. The physiological roles of these
and other gut hormones are still under investigation.

Now that we have examined the sources of the main digestive enzymes and
hormones, we can discuss the next part of the GI tract and continue the story of
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digestion and absorption. The major events of digestion and absorption occur in
a long tube called the small intestine. Because most digestion and absorption of
nutrients occur in the small intestine, its structure is specially adapted for these
functions. Its length alone provides a large surface area for digestion and absorp-
tion, and that area is further increased by circular folds, villi, and microvilli. The
small intestine begins at the pyloric sphincter of the stomach, coils through the
central and inferior part of the abdominal cavity, and eventually opens into the
large intestine. It averages 2.5 cm in diameter; its length is about 3 m in a living
person and about 6.5 m in a cadaver due to the loss of smooth muscle tone after
death.

Role of Intestinal Juice and Brush-Border Enzymes

Intestinal juice is a clear yellow fluid secreted in amounts of 1 to 2 liters a day.
It contains water and mucus and is slightly alkaline (pH 7.6). Together, pancreatic
and intestinal juices provide a liquid medium that aids the absorption of sub-
stances from chyme as they come in contact with the microvilli. The absorptive
epithelial cells synthesize several digestive enzymes, called brush-border
enzymes, and insert them into the plasma membranes of the microvilli. Thus,
some enzymatic digestion occurs at the surfaces of the epithelial cells that line
the villi rather than in the lumen exclusively, as occurs in other parts of the GI
tract. Among the brush-border enzymes are four carbohydrate-digesting enzymes
called a-dextrinase, maltase, sucrase, and lactase; protein-digesting enzymes
called peptidases (aminopeptidase and dipeptidase); and two types of nucleotide-
digesting enzymes, nucleosidases and phosphatases. Also, as cells slough off into
the lumen of the small intestine, they break apart and release enzymes that help
digest nutrients in the chyme.

Mechanical Digestion in Small Intestine

The two types of movements of the small intestine — segmentations and a type
of peristalsis called a migrating motility complex (MMC) — are governed mainly
by the myenteric plexus. Segmentations are localized, mixing contractions that
occur in portions of intestine distended by a large volume of chyme. Segmenta-
tions mix chyme with the digestive juices and bring the particles of food into
contact with the mucosa for absorption; they do not push the intestinal contents
along the tract.

A segmentation starts with the contractions of circular muscle fibers in a
portion of the small intestine, an action that constricts the intestine into segments.
Next, muscle fibers that encircle the middle of each segment also contract,
dividing each segment again. Finally, the fibers that first contracted relax, and
each small segment unites with an adjoining small segment so that large segments
are formed again. As this sequence of events repeats, the chyme sloshes back and
forth. Segmentations occur most rapidly in the duodenum, about 12 times per
minute, and progressively slow to about 8 times per minute in the ileum. This
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movement is similar to alternately squeezing the middle and then the ends of a
capped tube of toothpaste.

After most of a meal has been absorbed, which lessens distention of the wall
of the small intestine, segmentation stops and peristalsis begins. The type of
peristalsis known as MMC that occurs in the small intestine begins in the lower
portion of the stomach and pushes chyme forward along a short stretch of small
intestine before dying out. The MMC slowly migrates down the small intestine,
reaching the end of the ileum in 90 to 120 minutes; then another MMC begins
in the stomach. Altogether, chyme remains in the small intestine for 3 to 5 hours.

Chemical Digestion in Small Intestine

Salivary amylase in the mouth converts starch (a polysaccharide) to maltose (a
disaccharide), maltotriose (a trisaccharide), and a-dextrins (short-chain, branched
fragments of starch with five to ten glucose units). In the stomach, pepsin converts
proteins to peptides (small fragments of proteins), and lingual and gastric lipases
convert some triglycerides into fatty acids, diglycerides, and monoglycerides.
Thus, chyme entering the small intestine contains partially digested carbohy-
drates, proteins, and lipids. The completion of the digestion of carbohydrates,
proteins, and lipids is a collective effort of pancreatic juice, bile, and intestinal
juice in the small intestine.

Digestion of Carbohydrates

Although the action of salivary amylase may continue in the stomach for a while,
the acidic pH of the stomach destroys salivary amylase and ends its activity. Thus,
only a few starches are reduced to maltose by the time chyme leaves the stomach.
Those starches not already broken down into maltose, maltotriose, and a-dextrins
are cleaved by pancreatic amylase, an enzyme in pancreatic juice that acts in the
small intestine. Although amylase acts on both glycogen and starches, it does not
act on another polysaccharide, an indigestible plant fiber called cellulose. After
amylase has split starch into smaller fragments, a brush-border enzyme called a-
dextrinase acts on the resulting a-dextrins, clipping off one glucose unit at a time.

Ingested molecules of sucrose, lactose, and maltose (three disaccharides) are
not acted on until they reach the small intestine. Three brush-border enzymes
digest the disaccharides into monosaccharides. Sucrase breaks sucrose into a
molecule of glucose and a molecule of fructose; lactase digests lactose into a
molecule of glucose and a molecule of galactose; and maltase splits maltose and
maltotriose into two or three molecules of glucose, respectively. Digestion of
carbohydrates ends with the production of monosaccharides, as mechanisms exist
for their absorption.

Lactose Intolerance

The mucosal cells of the small intestine of some people fail to produce enough
lactase, an enzyme essential for the digestion of lactose. This results in a condition
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called lactose intolerance, in which undigested lactose in chyme retains fluid in
the feces and bacterial fermentation of lactose results in the production of gases.
Symptoms of lactose intolerance include diarrhea, gas, bloating, and abdominal
cramps after consumption of milk and other dairy products. The severity of
symptoms varies from relatively minor to sufficiently serious to require medical
attention. Persons with lactose intolerance can take dietary supplements to aid in
the digestion of lactose.

Digestion of Proteins

Protein digestion starts in the stomach, where proteins are fragmented into pep-
tides by the action of pepsin. Enzymes in pancreatic juice — trypsin, chymo-
trypsin, carboxypeptidase, and elastase — continue to break proteins down into
peptides. Although all these enzymes convert whole proteins into peptides, their
actions differ somewhat because each splits peptide bonds between different
amino acids. Trypsin, chymotrypsin, and elastase all cleave the peptide bond
between a specific amino acid and its neighbor; carboxypeptidase breaks the
peptide bond that attaches the terminal amino acid to the carboxyl (acid) end of
the peptide. Protein digestion is completed by two peptidases in the brush border:
aminopeptidase and dipeptidase. Aminopeptidase acts on peptides by breaking
the peptide bond that attaches the terminal amino acid to the amino end of the
peptide. Dipeptidase splits dipeptides into single amino acids.

Digestion of Lipids

The most abundant lipids in the diet are triglycerides consisting of a molecule
of glycerol bonded to three fatty acid molecules. Enzymes that split triglycerides
and phospholipids are called lipases. In adults, most lipid digestion occurs in the
small intestine, although some occurs in the stomach through the action of lingual
and gastric lipases. When chyme enters the small intestine, bile salts emulsify
the globules of triglycerides into droplets about 11 wm in diameter. This increases
the surface area exposed to pancreatic lipase, another enzyme in pancreatic juice.
The enzyme hydrolyzes triglycerides into fatty acids and monoglycerides, the
main end products of triglyceride digestion. Pancreatic and gastric lipases remove
two of the three fatty acids from glycerol; the third remains attached to the
glycerol, forming a monoglyceride.

Digestion of Nucleic Acids

Pancreatic juice contains two nucleases. Ribonuclease digests RNA and deoxyri-
bonuclease digests DNA. The nucleotides that result from the action of the two
nucleases are further digested by brush-border enzymes called nucleosidases and
phosphatases into pentoses, phosphates, and nitrogenous bases. These products
are absorbed via active transport.
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Regulation of Intestinal Secretion and Motility

The most important mechanisms that regulate small intestinal secretion and
motility are enteric reflexes that respond to the presence of chyme; vasoactive
intestinal polypeptide also stimulates the production of intestinal juice. Segmen-
tation movements depend mainly on intestinal distention, which initiates nerve
impulses to the enteric plexuses and the central nervous system (CNS). Enteric
reflexes and returning parasympathetic impulses from the CNS increase motility;
sympathetic impulses decrease intestinal motility. Migrating motility complexes
strengthen when most nutrients and water have been absorbed, that is, when the
walls of the small intestine are less distended. With more vigorous peristalsis,
the chyme moves along toward the large intestine as fast as 10 cm/sec. The first
remnants of a meal reach the beginning of the large intestine in about 4 hr.

Absorption in Small Intestine

All the chemical and mechanical phases of digestion from the mouth through the
small intestine are directed toward changing food into forms that can pass through
the epithelial cells lining the mucosa and into the underlying blood and lymphatic
vessels. These forms are monosaccharides (glucose, fructose, and galactose) from
carbohydrates; single amino acids, dipeptides, and tripeptides from proteins; and
fatty acids, glycerol, and monoglycerides from triglycerides. Passage of these
digested nutrients from the gastrointestinal tract into the blood or lymph is called
absorption.

Absorption of materials occurs via diffusion, facilitated diffusion, osmosis,
and active transport. About 90% of all absorption of nutrients occurs in the small
intestine; the other 10% occurs in the stomach and large intestine. Any undigested
or unabsorbed material left in the small intestine passes on to the large intestine.

Absorption of Monosaccharides

All carbohydrates are absorbed as monosaccharides. The capacity of the small
intestine to absorb monosaccharides is huge: an estimated 120 g/hr. As a result,
all dietary carbohydrates that are digested normally are absorbed, leaving only
indigestible cellulose and fibers in the feces. Monosaccharides pass from the
lumen through the apical membrane via facilitated diffusion or active transport.
Fructose, a monosaccharide found in fruits, is transported via facilitated diffusion;
glucose and galactose are transported into epithelial cells of the villi via secondary
active transport coupled to the active transport of Na*. The transporter has binding
sites for one glucose molecule and two sodium ions; unless all three sites are
filled, neither substance is transported. Galactose competes with glucose to ride
the same transporter. (Because both Na* and glucose or galactose move in the
same direction, this is a symporter). The same type of Na* glucose symporter
reabsorbs filtered blood glucose in the tubules of the kidneys. Monosaccharides
then move out of the epithelial cells through their basolateral surfaces via facil-
itated diffusion and enter the capillaries of the villi.
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Absorption of Amino Acids, Dipeptides, and Tripeptides

Most proteins are absorbed as amino acids via active transport processes that
occur mainly in the duodenum and jejunum. About half of the absorbed amino
acids are present in food; the other half come from proteins in digestive juices
and dead cells that slough off the mucosal surface. Normally, 95 to 98% of the
protein present in the small intestine is digested and absorbed. Several transporters
carry different types of amino acids. Some amino acids enter epithelial cells of
the villi via Na*-dependent secondary active transport processes that are similar
to the glucose transporter; other amino acids are actively transported by them-
selves. At least one symporter brings dipeptides and tripeptides together with H*;
the peptides then are hydrolyzed to single amino acids inside the epithelial cells.
Amino acids move out of the epithelial cells via diffusion and enter capillaries
of the villus. Both monosaccharides and amino acids are transported in the blood
to the liver by way of the hepatic portal system. If not removed by hepatocytes,
they enter the general circulation.

Absorption of Lipids

All dietary lipids are absorbed via simple diffusion. Adults absorb about 95% of
the lipids present in the small intestine; due to their lower production of bile,
newborn infants absorb only about 85% of lipids. As a result of their emulsifi-
cation and digestion, triglycerides are broken down into monoglycerides and fatty
acids. Recall that lingual and pancreatic lipases remove two of the three fatty
acids from glycerol during digestion of a triglyceride; the other fatty acid remains
attached to glycerol, thus forming a monoglyceride. The small amount of short-
chain (fewer than 10 to 12 carbon atoms) fatty acids in the diet passes into the
epithelial cells via simple diffusion and follows the same route taken by monosac-
charides and amino acids into blood capillaries of villi.

Most dietary fatty acids, however, are long-chain types. They and monoglyc-
erides reach the bloodstream by a different route and require bile for adequate
absorption. Bile salts are amphipathic; they have both polar and nonpolar (hydro-
phobic) portions. They can form tiny spheres 2 to 10 nm in diameter called
micelles that include 20 to 50 bile salt molecules. Because they are small and
have polar portions of bile salt molecules at their surfaces, micelles can dissolve
in the water of intestinal fluid. In contrast, partially digested dietary lipids can
dissolve in the nonpolar central cores of micelles. It is in this form that fatty acids
and monoglycerides reach the epithelial cells of the villi.

At the apical surfaces of the epithelial cells, fatty acids and monoglycerides
diffuse into the cells, leaving the micelles behind in chyme. The micelles con-
tinually repeat this ferrying function. When chyme reaches the ileum, 90 to 95%
of the bile salts are reabsorbed and returned by the blood to the liver. Salt secretion
by hepatocytes into bile, reabsorption by the ileum, and resecretion into bile
constitute the enterohepatic circulation. Insufficient bile salts, due either to
obstruction of the bile ducts or removal of the gallbladder, can result in the loss
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of up to 40% of dietary lipids in feces due to diminished lipid absorption.
Moreover, when lipids are not absorbed properly, the fat-soluble A, D, E, and K
vitamins are not adequately absorbed.

Within the epithelial cells, many monoglycerides are further digested by lipase
to glycerol and fatty acids. The fatty acids and glycerol are then recombined to form
triglycerides that aggregate into globules along with phospholipids and cholesterol
and become coated with proteins. These large (about 80 nm in diameter) spherical
masses are called chylomicrons. The hydrophilic protein coats keep the chylomi-
crons suspended and prevent them from sticking to each other. Chylomicrons leave
the epithelial cell via exocytosis. Because they are so large and bulky, chylomicrons
cannot enter blood capillaries in the small intestine; instead, they enter the much
leakier lacteals. From there they are transported by way of lymphatic vessels to the
thoracic duct and enter the blood at the left subclavian vein.

Within 10 min after their absorption, about half the chylomicrons have already
been removed from the blood as they pass through capillaries in the liver and
adipose tissue. This removal is accomplished by the lipoprotein lipase enzyme in
capillary endothelial cells that breaks down triglycerides in chylomicrons and other
lipoproteins into fatty acids and glycerol. The fatty acids diffuse into hepatocytes
and adipose cells and combine with glycerol during resynthesis of triglycerides.
Two or three hours after a meal, few chylomicrons remain in the blood.

Absorption of Electrolytes

Many of the electrolytes absorbed by the small intestine come from gastrointes-
tinal secretions; some are contained in ingested foods and liquids. Sodium ions
are actively transported out of intestinal epithelial cells by sodium—potassium
pumps (Na*/K+ ATPase) after they have moved into epithelial cells via diffusion
and secondary active transport. Thus, most sodium ions in gastrointestinal secre-
tions are reclaimed and not lost in the feces. Negatively charged bicarbonate,
chloride, iodide, and nitrate ions can passively follow Na* or be actively trans-
ported. Calcium ions also are absorbed actively in a process stimulated by cal-
citriol. Other electrolytes such as iron, potassium, magnesium, and phosphate
ions also are absorbed via active transport mechanisms.

Absorption of Vitamins

The fat-soluble A, D, E, and K vitamins are included with ingested dietary lipids
in micelles and are absorbed via simple diffusion. Most water-soluble vitamins,
such as most B vitamins and vitamin C, also are absorbed via simple diffusion.
Vitamin B,,, however, combines with intrinsic factor produced by the stomach
and the combination is absorbed in the ileum via an active transport mechanism.

Absorption of Water

The total volume of fluid that enters the small intestine each day (about 9.3 liters)
comes from ingestion of liquids (about 2.3 liters) and from various gastrointestinal
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secretions (about 7.0 liters). The small intestine absorbs about 8.3 liters of the
fluid; the remainder passes into the large intestine, where most of the remainder
(about 0.9 liter) is also absorbed. Total water excretion in the feces is normally
limited to a tenth of a liter per day.

All water absorption in the GI tract occurs via osmosis from the lumen of
the intestines through epithelial cells and into blood capillaries. Because water
can move across the intestinal mucosa in both directions, the absorption of water
from the small intestine depends on the absorption of electrolytes and nutrients
to maintain an osmotic balance with the blood. The absorbed electrolytes,
monosaccharides, and amino acids establish a concentration gradient for water
that promotes water absorption via osmosis. Table 1.2 summarizes the digestive
activities of the pancreas, liver, gallbladder, and small intestine.

Mechanical Digestion in Large Intestine

The passage of chyme from the ileum into the cecum is regulated by the action
of the ileocecal sphincter. Normally, the valve remains partially closed so that
the passage of chyme into the cecum occurs slowly. Immediately after a meal, a
gastroileal reflex intensifies ileal peristalsis and forces any chyme in the ileum
into the cecum. The gastrin hormone also relaxes the sphincter. Whenever the
cecum is distended, the degree of contraction of the ileocecal sphincter intensifies.

Movements of the colon begin when substances pass the ileocecal sphincter.
Because chyme moves through the small intestine at a fairly constant rate, the
time required for a meal to pass into the colon is determined by gastric emptying
time. As food passes through the ileocecal sphincter, it fills the cecum and
accumulates in the ascending colon.

One movement characteristic of the large intestine is haustral churning. In
this process, the haustra remain relaxed and become distended as they fill up.
When the distension reaches a certain point, the walls contract and squeeze the
contents into the next haustrum. Peristalsis also occurs, although at a slower rate
(3 to 12 contractions per minute) than in more proximal portions of the tract. A
final type of movement is mass peristalsis, a strong peristaltic wave that begins
at about the middle of the transverse colon and quickly drives the contents of the
colon into the rectum. Because food in the stomach initiates this gastrocolic reflex
in the colon, mass peristalsis usually takes place three or four times a day, during
or immediately after a meal.

Chemical Digestion in Large Intestine

The final stage of digestion occurs in the colon through the activity of bacteria
that inhabit the lumen. Mucus is secreted by the glands of the large intestine, but
no enzymes are secreted. Chyme is prepared for elimination by the action of
bacteria that ferment any remaining carbohydrates and release hydrogen, carbon
dioxide, and methane gases. These gases contribute to flatus in the colon, termed
flatulence when it is excessive. Bacteria also convert any remaining proteins to
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TABLE 1.2

Digestive Activities in Pancreas, Liver, Gallbladder, and Small Intestine

Structure Locations

Pancreas

Liver

Gallbladder

Small intestine

Mucosa/submucosa
Intestinal glands
Duodenal (Brunner’s) glands
Microvilli
Villi
Circular folds
Muscularis
Segmentation

Migrating motility complex

Activity

Delivers pancreatic juice into duodenum
via pancreatic duct

Produces bile (bile salts) necessary for
emulsification and absorption of lipids

Stores, concentrates, and delivers bile into
duodenum via common bile duct

Major site of digestion and absorption of
nutrients and water in GI tract

Secrete intestinal juice

Secrete alkaline fluid to buffer stomach
acids and mucus for protection and
lubrication

Microscopic membrane-covered
projections of epithelial cells containing
brush-border enzymes that increase
surface area for digestion and absorption

Finger-like projections of mucosa that are
sites of absorption of digested food and
increase surface area for digestion and
absorption

Folds of mucosa and submucosa that
increase surface area for digestion and
absorption

Alternating contractions of circular
smooth muscle fibers that produce
segmentation and resegmentation of
sections of small intestine; mixes chyme
with digestive juices and brings food into
contact with mucosa for absorption

Type of peristalsis consisting of waves of
contraction and relaxation of circular and
longitudinal smooth muscle fibers
passing length of small intestine; moves
chyme toward ileocecal sphincter
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amino acids and break down the amino acids into simpler substances: indole,
skatole, hydrogen sulfide, and fatty acids. Some indole and skatole are eliminated
in the feces and contribute to their odor; the rest is absorbed and transported to
the liver where they are converted to less toxic compounds and excreted in the
urine. Bacteria also decompose bilirubin to simpler pigments including the ster-
cobilin that gives feces their brown color. Several vitamins needed for normal
metabolism, including some B vitamins and vitamin K, are bacterial products
that are absorbed in the colon.

Absorption and Feces Formation in Large Intestine

By the time chyme has remained in the large intestine 3 to 10 hours, it has become
solid or semisolid because of water absorption and is called feces. Chemically,
feces consist of water, inorganic salts, sloughed-off epithelial cells from the
mucosa of the gastrointestinal tract, bacteria, products of bacterial decomposition,
unabsorbed digested materials, and indigestible parts of food.

Although 90% of all water absorption occurs in the small intestine, the large
intestine absorbs enough to make it an important organ in maintaining the body’s
water balance. Of the 0.5 to 1.0 liter of water that enters the large intestine, all
but about 100 to 200 mL is absorbed via osmosis. The large intestine also absorbs
ions including sodium and chloride and some vitamins.

Occult Blood

Occult blood is hidden; it is not detectable by the human eye. The main diagnostic
value of occult blood testing is to screen for colorectal cancer. Two substances
often examined for occult blood are feces and urine. Several types of products
are available for at-home testing for hidden blood in feces. The tests are based
on color changes when reagents are added to the feces. The presence of occult
blood in urine may be detected at home by using dip-and-read reagent strips.

Defecation Reflex

Mass peristaltic movements push fecal material from the sigmoid colon into the
rectum. The resulting distention of the rectal wall stimulates stretch receptors and
this initiates a defecation reflex that empties the rectum. The defecation reflex
occurs as follows. In response to distention of the rectal wall, the receptors send
sensory nerve impulses to the sacral spinal cord. Motor impulses from the cord
travel along parasympathetic nerves back to the descending colon, sigmoid colon,
rectum, and anus. The resulting contraction of the longitudinal rectal muscles
shortens the rectum, thereby increasing the pressure within it. This pressure, along
with voluntary contractions of the diaphragm and abdominal muscles and para-
sympathetic stimulation opens the internal anal sphincter.

Diarrhea is an increase in the frequency, volume, and fluid content of the
feces caused by increased motility of and decreased absorption by the intestines.
When chyme passes too quickly through the small intestine and feces pass too
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quickly through the large intestine, there is not enough time for absorption.
Frequent diarrhea can result in dehydration and electrolyte imbalances. Excessive
motility may be caused by lactose intolerance, stress, and microbes that irritate
the gastrointestinal mucosa.

Constipation is infrequent or difficult defecation caused by decreased motility
of the intestines. Because the feces remain in the colon for prolonged periods,
excessive water absorption occurs, and the feces become dry and hard. Consti-
pation may be caused by poor habits (delaying defecation), spasms of the colon,
insufficient fiber in the diet, inadequate fluid intake, lack of exercise, emotional
stress, and certain drugs. A common treatment is a mild laxative such as milk of
magnesia to induce defecation. However, many physicians maintain that laxatives
are habit-forming, and that adding fiber to the diet, increasing the amount of
exercise, and increasing fluid intake are safer ways of controlling this common
problem.

Dietary Fiber

Dietary fiber consists of indigestible plant carbohydrates such as cellulose, lignin,
and pectin found in fruits, vegetables, grains, and beans. Insoluble fiber that does
not dissolve in water includes the woody or structural parts of plants such as the
skins of fruits and vegetables and the bran coatings around wheat and corn kernels.
Insoluble fiber passes through the GI tract largely unchanged but speeds the
passage of material through the tract. Soluble fiber that dissolves in water forms
a gel that slows the passage of material through the tract. It is found in abundance
in beans, oats, barley, broccoli, prunes, apples, and citrus fruits.
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INTRODUCTION

The gastrointestinal (GI) tract is very complex. It performs numerous functions,
many of which may be assessed through proven methodology. A number of the
published tests for GI functionality are targeted for the human population, but
many tests may also be utilized in laboratory animals. Numerous methods can
assess GI functionality appropriate for preclinical testing in vivo and in vitro. GI
functions include transit, absorption, digestion, secretion, microflora, immunity,
and viscerosensitivity (abdominal pain). Specific tests and models for functional
analyses are also mentioned in this chapter.

It is estimated that 60 to 70 million people are affected by all digestive
diseases.! Fourteen million people required hospitalization for digestive-related
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diseases in 2002; of all inpatient hospitalization procedures, 6 million were for
digestive diagnostic and therapeutic procedures. This chapter will primarily dis-
cuss non-clinical methods of analyses needed to assist in the interpretation of GI
effects and models used for specific functionality assessments. Determination of
the selection of a model is not a cut-and-dried process. For example, for in vitro
analyses, numerous endogenous interactions are not possible. Homogenization
of tissue, for instance, usually inactivates various messenger systems, as in the
adenylate cyclase systems and ion channels, e.g., Ca** channels. However, in vitro
studies can provide beneficial data.?

Many in vivo responses are affected by a variety of factors. Responses may
be different in a variety of situations, for example, anesthetized versus unanes-
thetized animals, animals with open abdomens in surgical situations versus post-
surgical animals, and fed versus fasted animals. For both in vitro or in vivo studies,
tissues may release chemicals (e.g., prostaglandins, leukotrienes, enzymes) when
activated, dissected, damaged, made ischemic, and exposed to unusual stress. As
another example, myogenic activities of the GI muscles are affected by in vitro
conditions as the frequency is reduced from uncoupling of higher frequency
oscillators or from coupled oscillators originating from the same or different
muscle layers. Any study conducted in vitro or in vivo must take a variety of
factors into consideration and both qualitative and quantitative conclusions in
addition to extrapolations should be drawn on a battery of studies, not on a single
independent study. Additional factors to consider are reviewed by Daniel et al.?

TRANSIT

Transit (how materials mix and progress through the GI tract) is one of the main
functions of the tract. Different areas have distinct functions. Transit is controlled
primarily by three mechanisms: myogenic, neural, and chemical.®> A myogenic
mechanism is an electrical control activity (ECA) generated in the smooth muscle
that affects resting membrane potential, frequency and periodic oscillations of
membrane potential, and phase relationships in adjacent cells. Neural mechanisms
concern control of the extrinsic and intrinsic nerves. Chemical mechanisms are
various substances released from the nerves, cells, and glands. Transit occurs in
the esophagus, stomach, small intestines, and colon.

GI motility may be studied in isolated single smooth muscle cell preparations
that are widely available in a variety of species including guinea pigs, dogs,
rabbits, and humans.? Cell lines for in vitro analyses of GI function and analyses
are described in Zweibaum et al.® In addition, human intestinal smooth muscle
cells have been shown to retain their sensitivity to stimuli for at least 6 days into
culture.

EsoPHAGEAL TRANSIT

The motility of the esophagus is relatively easy to study in humans because it is
readily accessible. Control of motility is more difficult to analyze because normal
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human tissue is not readily available. The human esophagus consists of striated
muscle in the proximal one-third to one-half and smooth muscle in the remaining
length.* In common laboratory animals, namely dogs, cats, rats, and mice, the
esophagus is primarily composed of striated muscle. Many marsupials and some
non-human primates have tissue in similar proportions to humans. The use of an
appropriate laboratory animal model may be restrictive, but the North American
opossum (Didelphys sp.) has been used as an animal model.* Additional animals
used to study esophageal function include the Australian possum and non-human
primates.

The movement of food in the esophagus has been shown to be inhibited by
muscarinic blockers (antimuscarinic, anticholinergic).’

An esophagoscopy is a convenient method for the observation of the esoph-
agus, especially the lower portion.® It is also useful for obtaining biopsy samples
and cytologic brushings in cases of suspected cancer. Animals may need to be
anesthetized to prevent discomfort through the procedure.

Intraluminal pressure studies of the esophagus are used to detect achalasia
and motor disorders of the muscle tissue and sphincter. A thin catheter with
pressure sensors imbedded in the wall is inserted into the esophagus. The outer
end of the catheter is attached to a transducer that records pressure. The catheter
records the duration and sequence of esophageal contractions, including assess-
ments of the integrated muscle activities of the different types of muscle in the
esophageal wall. In addition, in vivo studies in which pressure gauges have been
surgically implanted at specific points along the esophagus to record findings
have been conducted.’

Verapamil is a calcium channel blocker that was tested to determine its
efficacy as a treatment for esophageal disorders.® In the baboon, verapamil inhibits
the amplitude of esophageal contractions in the smooth muscle section of the
esophagus and decreases the lower esophageal sphincter pressure. To determine
this, baboons were fasted for 24 hours and then anesthetized with ketamine
hydrochloride prior to placement in restraint chairs. An esophageal manometric
catheter was inserted through the nose and into the stomach. The catheter was
slowly pulled across the gastroesophageal junction until the distal sleeve sensor
recorded lower esophageal sphincter pressure. Based on the design of the catheter,
this placement resulted in the measurement of primary striated muscle activity
and smooth muscle activity.

The rhesus monkey (Macaca mulatta) was used in manometric studies to
compare data obtained from similar human studies.” A small triple-lumen catheter
was constructed. Animals were fasted overnight and placed supine in restraining
boxes. A pneumographic belt was placed around the chest or upper abdomen to
record breathing. A disruption in the rhythmic respiratory waves indicated the
act of swallowing. The catheter was placed through the mouth to the stomach.
The catheter was then withdrawn at 0.5 to 1 cm increments to record pressure at
each site. The study measured resting gastric pressure, gastroesophageal pressure
gradient, the point of respiratory phase reversal, sphincter tone (inferior and
superior esophageal sphincter), primary and secondary peristalsis (at the upper,
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middle, and lower third of the esophagus), and diffuse spasms. This study con-
cluded that there were functional esophageal similarities in the macaque and
human.

Myoelectric activity of the esophagus can also be recorded in vivo utilizing
bipolar or monopolar electrodes.” This provides a more precise measurement of
muscle activity than does pressure recording. The electrodes are sewn into the
outside of the esophagus. The measurements indicate the sum of activities in the
various muscle layers.

Motor activity can also be studied in vitro.” Strips of the esophageal muscle
tissue are bathed in oxygenated physiologic solutions. These tissues are connected
to force transducers. Chemicals of interest may be added to the solutions to
determine their effect on motor function. In addition, intracellular microelectrodes
may be used to determine the electrical activity of individual esophageal smooth
muscle cells.”

Forceful reverse peristalsis occurs during emesis. Emesis can occur in dogs
and cats and most of the time in monkeys, but not in rats, mice, or rabbits.
Prolonged or repeated emesis may be responsible for alterations in normal elec-
trolyte concentrations. Blood samples may be obtained to determine whether
electrolytes have been affected.

GAsTRIC EMPTYING

Gastric emptying is the process by which the contents of the stomach (chyme)
are moved into the duodenum. Three types of movements occur in the full
stomach: peristaltic waves, systolic contractions of the terminal antrum, and
reduction of the size of the stomach. It has been determined that liquids leave
the stomach earlier than solids, and smaller solid particles leave the stomach
earlier than larger particles.!®!!

At fasting, the intraluminal pressure in the stomach is equal to the intra-
abdominal pressure.' In a study to determine the effects of pressure on a full
stomach, pressure was recorded in a vagally innervated pouch of the fundus of
the stomach of a dog.!? The effects of gastric emptying may be measured by the
x-ray of radio-opaque particles.!” Beagle dogs were fasted for approximately 15
hours. Various sized radio-opaque particles (1 to 3 mm in diameter) were prepared
and placed into size 000 gelatin capsules. The capsules were administered orally
to the dogs (fasted or 5 minutes after a meal). Following administration of the
capsule, the dogs were x-rayed every 2 to 3 minutes for the first 15 minutes, and
every 15 minutes thereafter to determine the locations of the particles.

An assessment of the difference in the motility of large and small particles
as well as liquids in the canine stomach was described.!' A duodenal fistula was
surgically implanted in the dogs. Cubes of beef liver labeled with 3’[Co]cyano-
cobalamine were fed to the dogs as the digestible solid food. Plastic spheres (7
mm) were fed as indigestible solid food. The liquid food was a dextrose solution
tagged with polyethylene [1,2-*H]glycol. Samples of the duodenal contents were
aspirated through a tube inserted into the fistula at various time points. The
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radioactivity for each marker was determined. The effects of test material admin-
istered prior to feeding on the motility of different food particle size and consis-
tency can be determined.

The effect of liquid nutrient loads on gastric emptying was assessed in the
rhesus monkey, Macaca mulatta.” Intragastric cannulas (41 mm ID X 76 mm
OD) were surgically implanted in the male monkeys in the stomach dorsal to the
greater curvature. The end of the cannula was externalized by the left side of the
spine and through the intercostal space at the level of the stomach. Canvas jackets
were placed on the monkeys for protection. In addition, the exterior cannula was
placed in a flexible steel cable that extended to the back of the cage so that
infusions could be performed without handling the monkeys. The monkeys’
movements were unrestricted. They were allowed to recover from surgery for 2
weeks before the gastric emptying experiments. Prior to the experiments, animals
were fasted for 16 hours. In addition, to determine the status of the contents in
the stomach 1 hour prior to the start of the study, 50 mL of isotonic saline (0.15
M NaCl) at 37°C was infused, then immediately withdrawn from the stomach.
If the stomach was empty of any food contents, the studies were conducted. Test
materials were administered to the monkeys followed by the liquid nutrient
loading (100 mL) 30 minutes later. A marker consisting of non-nutritive phenol
red dye was mixed with the test loads. Ten minutes later, the material remaining
in the stomach was withdrawn and the stomach was repeatedly washed with saline
until traces of the dye were no longer present. The volume of material remaining
in the stomach was then determined by dye dilution spectrophotometry. This
method may be used to determine the gastric inhibitory effect of a test material.

Other factors can affect transit time. Liquid gastric emptying time was delayed
in diabetic hyperglycemic rats.'# Intraperitoneal injections of a synthetic chole-
cystokinin slowed the gastric emptying of both liquid and solid food in rats.'> In
addition, electromechanical changes from canine fundal and antral smooth muscle
preparations have been shown to have different responses to nerve stimulation
which accounts for their physiologic responses in vivo.'¢

MOTILITY OF SMALL INTESTINE

The chyme that leaves the stomach is moved down into the duodenum. Once in
the intestine, it moves slowly via short, weak propulsive movements to allow for
digestion and absorption. In the dog, propulsive activity has been measured by
injecting body-temperature isotonic saline into the upper small intestine at a
pressure of 1 Hg.! The amount of time it takes for a specific volume of fluid to
be transported is an indication of the intestinal motility. The rate of transport is
affected by feeding, as the rate is reduced by 80%. This reduction is due to
increased intestinal contractions that narrow the lumen, thereby increasing resis-
tance to transport. The rate of transport is also affected by atonic conditions,
where movement would be rapid since there is less resistance. Morphine and
castor oil have also been shown to effect transit, and these could be used as
positive controls. Morphine causes inhibitory neurons to be suppressed, thereby
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causing spasms in the duodenum. Morphine also increases phasic and tonic
activities of the smooth muscles in the GI tract. These effects slow down transport
and may cause increased absorption of water from the feces, which may lead to
constipation. Castor oil (ricinoleic acid) causes a transient increased activity
followed by a prolonged inhibition. '

Safety pharmacologic studies have been designed to determine the effects of
drugs on the GI tract. Chapter 3 is devoted to this discussion. However, one study
determines the GI propulsion effects of a drug and will be discussed briefly. In
this study, the test article is administered to a rat. A 10% suspension of activated
charcoal in aqueous methylcellulose is administered by oral gavage to the animal.
The rats are then euthanized 30 minutes after receiving the charcoal suspension.
The intestines are removed and laid out on moist paper. The distance that the
charcoal traveled is evaluated and compared to control animals to determine
increased or decreased transit.

Rats were used to examine small intestinal transit specifically.!” Since gastric
emptying is variable, intraduodenal injections were made for consistency. Male
rats weighing approximately 200 to 300 kg were used. They underwent
intraduodenal intubation 5 days prior to the study. Further details are described
in detail in the manuscript. The procedure did not obstruct the duodenum or
interfere with normal eating and drinking. A variety of treatments were used to
alter intestinal propulsion. Drugs (0.5 mL) were administered 2 hours prior to
killing the animals. The solution administered intraduodenally was Krebs 0.1 M
phosphate buffer with 100 mg glucose, 2.0 mg polyethylene glycol, 0.5 mg phenol
red, and 100 puC of chromium as the sodium salt of chromate (NA,>'CrO,). Control
animals were killed at 0, 15, 30, and 60 minutes after the intraduodenal injections.
To prevent the movement of 3'Cr during dissection and removal of the intestines,
ligatures were placed at various points as soon as the animals were killed. In
increasing magnitude of slowed propulsion, morphine sulfate (10 mg/kg intra-
muscularly with epinephrine), chlorisondamine chloride (ganglionic blocking
agent, 8 mg/kg subcutaneously) and mecamylamine hydrochloride (ganglionic
blocking agent, 10 mg/kg subcutaneously) had greater retarding effects on pro-
pulsion than other drugs. The leading edge traveled a shorter distance in the
intestine than in the control animals. Accelerated propulsion was obtained by
irradiation (whole body radiation, 1400 R at 75 R/minute).

Another study determined the effects of certain drugs on the motility of the
rat small intestine and investigated whether motility affects small intestinal bac-
terial flora.'® Under conditions of extreme stagnation of motility, significant
bacterial overgrowth was found.

To determine effects on the myoelectric complex of the movement of the
fasting intestine, unanesthetized dogs may be used.!” Dogs are fasted for 12 hours
before observations are performed. The dogs previously had surgically implanted
electrodes placed in a row on the serosal surface of the gastric antrum and along
the entire length of the small intestine. The leads from the electrodes are fed
through to the surface of the body. Strain gauges may be sewn into muscle to
determine movement. Catheters may be inserted into the lumen to measure
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pressure. After the animal has recovered from surgery, the electrical activity can
then be monitored under a variety of test conditions. Contract medium can also
be injected through the catheter so that cinefluorography can be utilized to observe
the motility of the intestinal contents.

MoTiLITY OF LARGE INTESTINE

Many of the preceding techniques can be used to track transit in the large intestine.
However, the motility of the large intestine is not as regular and is more variable
than that of the stomach and small intestine. As with the small intestine and the
stomach, specific hormones and peptides may affect the motility in the colon.
Stimulation of motility is produced by gastrin, cholecystokinin, substance P, and
enkephalins, while motility is inhibited by glucagons, vasoactive intestinal
polypeptide, and secretin.> A comparative anatomical study of the distal end of
the colon was conducted in eight mammalian species.!” Due to the extreme
differences in the anatomy and physiology of the colon, there appears to be no
ideal animal model for studies of the large intestine.?’ However, specific aspects
of colonic motility have been investigated.

The motility in the large intestines was examined in the cat.?! Highly sensitive
semiconductor strain gage transducers were implanted extraluminally to detect
colonic motility as it is affected by stimulation of areas of the central nervous
system. Three transducers per animal were attached to the surface of the colon
transversely. They were attached to the colon near the cecum, at the middle part
of the colon, and at the sigmoid colon. The transducers did not appear to interfere
with the spontaneous activity of the colon. Intraluminal transducers were also
surgically placed in the colon through small antimesenteric incisions of the
intestinal wall. Pressure was recorded by the intraluminal transducers by means
of balloons filled with water, or by open ended tubes filled with saline.

The intraluminal balloons were sometimes observed to induce some degree
of colonic activity. In addition, solid or semisolid fecal mass blocked the open-
ended tubing on occasion. It was determined that for the feline colon, the extralu-
minal strain gage transducer was able to record the movements of various seg-
ments of the colon directly, while intraluminal recordings both with balloons or
open ended tubes were only able to record activity in a specific area. Although
the extraluminal transducer provided more sensitive readings, it was not able to
differentiate between contractile activity in longitudinal and circular muscle lay-
ers. In the same study, it was determined that deep anesthesia was associated
with decreased peristaltic motility, and minimal to no effects of nerve stimulation.
However, light anesthesia produced artifacts and a muscle relaxing agent was
needed.

Many drugs exert effects on the function of the large intestine.?’?? These may
be used to analyze or compare the motility of the colon or a colonic effect in in
vivo or in vitro studies. The drugs cited should not be construed as a complete
list or include drugs that affect the entire large intestine; that may not be the case
with all of the drugs. Alpha-adrenergic drugs increase contractions in circular
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muscle, but inhibit contractions on the longitudinal muscle of the cat colon. Beta-
agonists and dopamine cause inhibition of motility. The effects of atropine and
other anticholenergics on motility vary, depending on the methodology; however,
there may be a very small and brief inhibitory effect of atropine in vivo. In vitro
studies with atropine showed no effect on the electromyogram or spontaneous
contractions of the circular layer of the cat colon; however, it decreased sponta-
neous contractions of the longitudinal muscle layer. Substance P increases potent
contractions of the circular muscle layer. Metenkephalin increases motility in the
cat intestine. Bradykinin inhibits motility in both layers of the muscle in vivo,
but at high concentrations in vitro, stimulates the longitudinal muscle layer.
Cholecystokinin stimulates the circular muscle layers in vivo. Angiotensin
increases the contractions in both layers in vitro. Morphine increases the intensity
of the spike activity and prolongs the duration of slow waves in the cat colon in
vitro. Gamma-aminobutyric acid induces a temporary relaxation in both layers
of the guinea pig colon. As discussed for the small intestine, castor oil increases
colonic activity.

Numerous cell lines for colonic function assays have been established and
are described in Zweibaum, et al.

SECRETIONS

Secretions in the GI tract include gastric acid, hormones, bile, enzymes, electro-
Iytes, and mucus. Some examples of tests for the analyses of these secretions are
listed below, although they do not constitute a complete list.

Gastric acid determination is a procedure to evaluate gastric secretion function
by measuring the amount of acid secreted from the stomach.?* This is the most
widely practiced procedure in humans.?* In humans, it is often used in conjunction
with the gastric acid stimulation test, a procedure that measures gastric acid output
after injection of a drug to stimulate gastric acid secretion. In fasted animals, a
flexible tube is inserted through the mouth or nasogastrically to the stomach, with
proper positioning confirmed by fluoroscopy or x-ray. After a short acclimation
period, specimens are obtained every 15 minutes for a period of 90 minutes. The
first two specimens are discarded to eliminate gastric contents that might be
affected by the stress of the intubation process. The specimens are then analyzed
for gastric acid. A gastric acid stimulation test may be conducted immediately
after the last gastric sampling. Pentagastrin or a similar drug that stimulates gastric
acid output is injected subcutaneously. Specimens are collected every 15 minutes
for 1 hour and analyzed for gastric secretions.

The effects of intragastric acid and pH changes may be monitored by a
disposable radiotelemetric pH sensor, the Heidelberg capsule.!>2326 Capsules were
calibrated prior to the surgery and the calibration was checked after the comple-
tion of the study. In addition, gastric juices were aspirated through a stomach
tube inserted orally and the accuracy of the pH readings from the capsule was
assessed by measuring the pH with a conventional pH meter. In one study, a
length of surgical suture was attached to the Heidelberg capsule and held in place
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to ensure that the capsule would remain in the stomach.® In this manner, the pH
of the stomach could be monitored continuously throughout the study. In another
study, the capsule was allowed to traverse through the GI tract for collection of
pH data both in the stomach and the small intestine.?®

The effects of gastrointestinal hormones on function of the GI tract have been
examined. Gastric inhibitory peptide has an insulinotropic action that was studied
in humans, dogs, and rats.?” Gastric inhibitory peptide is normally released after
ingestion of carbohydrates and fats and after intraduodenal infusions of amino
acids. Dogs with indwelling venous catheters and gastric fistulas were utilized
and were fed peptone meals to determine the responses of gastric inhibitory
peptide and serum insulin and glucose levels. This study was able to detect gastric
inhibitory peptide release due to the utilization of a sensitive radioimmunoassay
method for measuring gastric inhibitory peptide. A gastrin-deficient mouse was
genetically developed to investigate the role of this peptide hormone in the
development and function of the stomach.”® It was determined that gastrin is
critical for the function of the acid secretory system.

Bile is secreted from the liver. It is stored in humans and some other animals
in the gallbladder and released into the duodenum. If the functionality of the
liver, gallbladder, or ducts is compromised, changes in blood chemistry values
may be observed. Extrahepatic cholestasis occurs when the flow of bile is
obstructed and bile acids leak into the plasma.? Other changes may be observed
in bilirubin, enzymes, and electrolytes.

Testing for pancreatic exocrine function can be conducted via a variety of
assays.”* These include tests that quantify pancreatic secretion through gastroduode-
nal intubation, studies that assess exocrine function indirectly using an orally admin-
istered test substance, tests that measure fat or pancreatic enzyme activity in feces,
and measurement of pancreatic serum enzyme activity. Pancreatic secretions con-
tain enzymes and an alkaline fluid to help neutralize the acid entering the duodenum.
In humans, cats, and dogs, the pancreas secretes primarily during digestion.*® Rats,
sheep, and rabbits are continuous feeders and their pancreas secretes continuously.
The centroacinar cells and duct cells secrete the alkaline fluid, and secretion of this
fluid is stimulated by secretin and cholecystokinin.?**%32 Any chemical that affects
the function of these cells will affect the material in the GI tract. Pancreatic fluid
may be collected from animals for analysis using a surgically placed duodenal
fistula with a tube placed opposite the pancreatic duct. In addition, secretions of
amylase can be measured from pancreatic lobule preparations from which the
lobules were excised and incubated in a medium.

Calcium is secreted primarily in the jejunum and ileum and is stimulated by
mucosal sodium and somatostatin.>*

Rat cell lines have been established. The effects of metabolic function of the
IEC cell line from rat small intestines have been determined by in vitro studies.®
The RCC rat colonic cell line was obtained from tumors induced chemically.®
The RCC-5 cell line has lost its ability to produce mucus in vitro. Therefore, it
is used for the study of hormonal, nutritional, and physical conditions necessary
for mucus differentiation of colon cells.
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GALL BLADDER, BiLe Ducts, AND PANCREAS

Myoelectric activity is important for proper functioning of the GI tract. Gall
bladder filling and emptying and duodenal bile acid delivery during fasting are
cyclically coordinated with myoelectric activity.® To determine this, dogs were
surgically implanted with duodenal cannulae and eight bipolar electrodes placed
from the duodenum to the terminal ileum. During continuous intravenous infusion
of [“C]taurocholic acid, fasting myoelectric activity and duodenal delivery of the
taurocholic acid were recorded under different conditions. Therefore, monitoring
these parameters may help expose functional changes related to gall bladder filling
and emptying in addition to duodenal bile acid distribution.

A study was conducted to determine the effects of sphincter of Oddi obstruc-
tion due to topical administration of carbachol on the sphincter.’” This study
assayed functionality through measurements of sphincter of Oddi motility, trans-
sphincter flow, pancreatic duct pressure, pancreatic exocrine secretion, plasma
amylase levels, and pancreatic tissue damage. The Australian brush-tailed possum
(Trichosurus vulpecula) was used due to the similarity of its pancreatic and bile
ducts to human ducts.

The effects of bile duct cannulation on functional gastrointestinal transit time
were studied in F-344-rats3® subjected to surgery consisting of laparotomy with
gut manipulation, sham bile duct cannulation, actual bile duct cannulation, or
halothane anesthesia alone. Rats received radio-opaque barium sulfate orally.
Radiographic images were made within 2 minutes and periodically to locate
movement of the barium through the GI tract. It was determined that bile duct
cannulation markedly slowed gastrointestinal motility.

ABSORPTION

Selection of an animal model of gastrointestinal absorption depends upon the
specific function to be studied.* Differences in absorption of various species are
reviewed based on function, anatomical variation, GI tract pH, flora, functional
differences, absorption of inorganics and organics, and confounding variables. In
a study of 38 organic compounds, more than a third appeared to be differently
absorbed by animal models as compared to human subjects.®

Absorption can be affected by a variety of parameters.*® When selecting a
study design to assess absorption-related features of the GI tract, certain para-
meters need to be taken into consideration. The following parameters are likely
to have a major effect on the kinetics of gastrointestinal absorption: vascularity,
transit time, surface area, contents, enterohepatic cycling, and the chemical prop-
erties of the compound studied.

Fat malabsorption can be measured from fat in fecal samples.?*#42 Stool
samples are pooled, mixed with water, and homogenized. A sample may then be
analyzed by hydrolysis, extraction, and titration of the fatty acids. Steatorrhea is
a condition where more fat in the stool is present than normal, an indication of
decreased fat absorption. A coagulation test for the determination of prothrombin
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time is an indication of vitamin K absorption.** An increase in prothrombin time
may also be due to steatorrhea. Fat malabsorption has also been determined in
breath tests to detect '“CO, levels after ingestion of meals containing '“C labeled
fats or triglycerides*** or in non-radioactive breath tests.*®

One indication of altered carbohydrate absorption is an oral glucose tolerance
test.3* A fasting blood sample is obtained, followed by samples every 30 minutes
for approximately 2 hours after oral administration of a known amount of glucose
dissolved in water. High values may indicate diabetes mellitus. Breath tests are
also available to evaluate carbohydrate malabsorption by evaluating H, after the
administration of carbohydrates.?* Lactose intolerance testing may also be uti-
lized.?

Protein absorption analyses of fecal samples are not normally conducted, as
amino acids are partially catabolized and reused for protein synthesis®® and are
metabolized by bacteria in the large intestine.

Iron may become malabsorbed if the duodenum is damaged, as iron normally
is absorbed at this location.’® A blood smear from an animal with deficient iron
absorption shows hypochromia and microcytosis. Serum iron levels are low with
malabsorption. Additional assays for absorption of iron are whole body counts
and fecal recovery. In these studies, after an overnight fast, animals are given
oral dosages of 10 mcg Ci *Fe. A whole body count is made 4 hours later. For
fecal recovery, feces are collected and radioactivity counted until less than 1%
of the administered dose appears.

Absorption may be measured in situ, as described in a study on cadmium.*’
Under surgical procedures, a loop of the small intestine was isolated and cadmium
was injected intraluminally. The mesenteric venous (portal) blood coming from
the loop was collected for 90 minutes and analyzed for cadmium.

MicrosiaL FLORA

Normally, the lower GI tract contains many organisms that assist with typical
gastrointestinal functionality. An imbalance may be due to an infection or xeno-
biotics, and could cause the GI tract to have impaired activity. Escherichia coli
enterotoxin-induced diarrhea has been shown to produce changes in intestinal
absorption and permeability.*® A simple rectal culture test can identify and isolate
organisms. A cotton swab is gently inserted into the rectum, rotated, and with-
drawn. A smear is placed on culture media and incubated. The culture is observed
at regular intervals. Organisms can then be identified and isolated.

The small intestine may also be sampled for bacterial flora. One method is
a needle aspiration of the intestines. Another method utilizes a double-lumen
radio-opaque tube.*” The tube is placed down the esophagus of a fasted animal
and positioned in the mid-jejunum area. Aspirates are taken and the tube is
withdrawn. Samples are then plated for both aerobic and anaerobic cultures.

Many intestinal bacteria are able to deconjugate bile acids.* This normally
occurs in the large intestine; however, if the deconjugation takes place in the
small intestine, absorption of ['*C]glycine occurs. The glycine, administered
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orally as “C-glycine-glycocholic acid, is completely metabolized and produces
14CO,, which may be measured in the breath.

Urinalyses may also be performed to detect excessive growth of bacteria in
the small intestines.* Analysis for the presence of indican (indoxyl sulfate) may
be conducted. Indoles are produced by bacteria, particularly Escherichia coli and
Bacterroides.

IMMUNE FUNCTION

The GI tract has ample immune function activity.’®! Alteration of immune
modulating cells and gut tissues is linked to abnormal function of the GI tract.
Mucosal tissues have glandular secretions that secrete on the epithelial surface.
Most antibody activity in mucosal secretions is of secretory IgA, but other factors
need to be taken into consideration during a local immune response, including
cellular and humoral mechanisms. There are many types of mucosal tissues,
including gut-associated lymphoid tissues (Peyer’s patches and isolated lymphoid
follicles), bronchus-associated lymphoid tissues. Other antibody cells include but
are not limited to IgG, IgM, T-lymphocytes, natural killer cells, mast cells,
macrophages, goblet cells, and precursor B-cells from Peyer’s patches.

Changes in the number of mast cells have been observed in a variety of
immune responses in different tissues including the GI tract.’> Mast cells have
been found to influence the immunologic, physiologic, and pathologic functions
of the GI tract including normal functions of the stomach and intestine. Mast
cell-deficient mice models have been identified (WBB6F1-W/W' and WCB6F1-
S1/S19). These animals may be used to assess numbers, phenotypic characteristics,
and anatomical distribution of mast cells potentially participating in responses
including mast cell degranulation.

Normal immune function of the intestines is absent in inflammatory bowel
diseases including Crohn’s disease. There are many models of inflammatory
bowel disease, but less progress has been made with models for fibrotic lesions.>
It is difficult to analyze for fibrosis in vivo because it is difficult to determine the
difference between indirect effects caused by altered inflammation from direct
effects. CD-1 and BALB/c mice were sedated weekly and intrarectal injections
of trinitrobenzene sulfonic acid were administered.>* Only a fraction of the ani-
mals developed severe fibrosis, and not all of those animals had persistent fibrosis
after the intrarectal injections ceased.

Inflammatory mediators, particularly platelet activating factor, play an impor-
tant role in the pathogenesis of necrotizing enterocolitis, a life threatening gas-
trointestinal problem in neonates.”> A neonatal piglet model for this inflammatory
disorder was developed and used to investigate the role of platelet activating
factor in its pathogenesis. Rodent models were also investigated; however, the
neonatal piglet model is more relevant to humans due to more similar anatomy
and physiology. Each piglet was anesthetized and a cuff-type electromagnetic
flow probe was surgically placed around a branch of the cranial (superior) mesen-
teric artery. The location was selected to monitor the mesenteric blood flow for
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additional data to support the model. The animals were allowed to recover and
the procedure for the development of the model occurred after stabilization of
the readings from the monitor. The animals received intravenous injections of an
endotoxin (lipopolysaccharide, 2 mg/kg). They were then allowed to breathe
normal room air for 45 minutes, followed by a 45-minute period of breathing
10% oxygen, then another 45-minute period of breathing room air. The animals
were then killed by lethal doses of pentobarbitone sodium and examined for gross
and microscopic changes. This treatment caused a reduction of mesenteric artery
blood flow in addition to the intestinal lesions consistent with necrotizing entero-
colitis.

A change in immune functionality of the gastrointestinal system may occur
due to allergy.”® A rat model was developed to assist the study of gastrointestinal
allergy. Allergic sensitivity to certain proteins was induced in rats by injecting
proteins and adjuvants in various regimes. Sensitivity was also established in
suckling rats by oral administration of the protein. A hypersensitive gastrointes-
tinal reaction to challenge was demonstrated by electron microscopy, by light
microscopy with the aid of conventional staining techniques, and also by a
radionuclide procedure utilizing 3'Cr-labeled albumin.

GASTROINTESTINAL BLEEDING

Bleeding from the GI tract may indicate a variety of functional or pathologic
problems. Detecting the presence of blood in feces is in most cases easier than
finding the bleeding site. Occult blood tests may be performed on fecal samples.’
A variety of methods can be used to detect occult bleeding, including the use of
chemical tests, microscopic examination of feces for erythrocytes or hemoglobin
crystals or its derivatives, spectroscopic analyses for hemoglobin or its derivatives,
and 'Cr-labeled erythrocytes. Fecal occult tests may produce false positives in
dark feces that may be due to injected iron; in this case, simple testing is needed
to rule out iron.>”-8

CLINICAL CHEMISTRY ANALYSES

Simple blood sampling and analyses can provide insights into functional problems
with the GI tract.> Electrolyte and fluid imbalance may be due to emesis, diarrhea,
or a variety of mechanisms for maintaining electrolyte and fluid homeostasis.
Chloride secretion from the pancreas varies inversely to the bicarbonate concen-
tration that varies directly with flow rate. Hypocalcemia may also accompany
severe pancreatic toxicity.

Glucose homeostasis is controlled by the liver and changes in that organ may
produce imbalances. Hormones and other chemicals also have additional control
of glucose levels, and include insulin (which is highly variable), glucagons,
growth hormone, adrenaline, and cortisol. Urinary levels of glucose may also be
determined to detect functional imbalances of glucose metabolism. Electrolyte
metabolism may be altered during carbohydrate metabolism disturbances.
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The measurement of enzymes is important for assessing gastrointestinal func-
tion, but many tests are specialized and are not common, especially in standard
toxicology tests. Plasma P amylase is a specific assay for pancreatitis. Lipases
are secreted by the pancreas. Alkaline phosphatase can change with gastrointes-
tinal conditions such as intestinal obstruction or infarction, parasitic infection,
obstruction of the biliary system, contraction of the sphincter of Oddi by specific
drug, withdrawal of food, and age-related changes. Alkaline phosphatase is also
secreted by bone, liver, and placenta. Since the liver can affect gastrointestinal
functionality, liver function testing should also be performed.®

PAIN

Pain due to gastrointestinal disorders may arise from numerous sources including
esophagitis, gastroesophageal reflux, restriction of the esophagus, tumors, infec-
tions and inflammation, constipation, irritable bowel syndrome, gall stones, pan-
creatitis, and metabolic and hormone disorders. Determination of the degree and
location of pain in laboratory animals is difficult to reproduce due to communi-
cation barriers. To determine whether a specific chemical causes pain in the GI
tract, one might look for gross (as a result of an endoscopy or at necropsy) or
histopathological effects only as indications of possible pain.
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INTRODUCTION

Long before safety pharmacology became a familiar term, pharmacologists and
toxicologists evaluated developmental compounds for side and/or adverse effects
on multiple organ systems in animal models. They did this mainly to evaluate
compounds early in the development process that exhibited unwanted effects at
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doses equal to or greater than those showing efficacy. These studies were felt to
be important in obtaining as much information as possible about serious toxico-
logical potential and also about those properties that produced unwanted and
sometimes annoying effects that seriously impacted patient compliance. This is
especially true with drugs for chronic therapy where even minor side effects can
affect compliance. These studies have various names: ancillary, general, or devel-
opmental pharmacology, and may have been performed in discovery or develop-
ment departments of pharmaceutical companies.

Only within the last 10 to 15 years have attempts been made to codify the
numbers and types of studies required for regulatory approval.

DEFINITION OF SAFETY PHARMACOLOGY

The origins of safety pharmacology are grounded upon observations that organ
functions (like organ structures) can be toxicological targets in humans exposed
to novel therapeutic agents, and that drug effects on organ functions (unlike organ
structures) are not readily detected by standard toxicological testing.! Non-clinical
safety assessment programs are usually designed to meet the needs of early
clinical studies and guidelines on non-clinical safety? of the International Con-
ference on Harmonization (ICH) or local regulatory agencies.

In addition to the repeated dose toxicity studies in one rodent and one non-
rodent species, genotoxicity and safety pharmacology evaluations are critical to
the full evaluation of drug safety and usually are conducted prior to the start of
the Phase I clinical studies. Due to their relevance for human safety, the conduct
of preclinical safety and pharmacokinetic studies before the start of clinical
studies and granting of marketing authorization has become a critical, mandatory,
and fairly standardized field regulated by national and international health author-
ities.’

However, there is no consistent official definition of safety pharmacology.
Kinter et al.* define it as the systematic approach of investigating a candidate
drug for activity to stimulate, potentiate, or inhibit the activity of physiological
or pharmacological responses or interaction with another drug, whether in vitro
or in vivo. Safety pharmacology studies are designed to assess the potential
adverse effects of a compound on the physiologic functions of one or more organs
or organ systems, in either intact or acutely prepared models that are of proven
relevance to humans, whether healthy or sick.

Adverse effects of a compound on body function can be consequences of
either primary or secondary pharmacological properties. Safety pharmacology,
therefore, must cover pharmacologic properties at dose levels that must be relevant
to clinical use and not excessive. In addition, safety pharmacology should focus
on effects that are difficult to detect within toxicity studies. Definition of safety
margins may also be important and it may be important to assess the therapeutic
index, i.e., the margin between the primary and secondary actions of a drug.
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Basic CONSIDERATIONS

Administration route and frequency — The intended human route should be
employed if possible. Usually, a single administration is sufficient.

Dose levels — Generally, three doses are chosen. The low dose is equal to or
slightly higher than the dose that produces the primary pharmacological action.
The intermediate and high doses are chosen in order to establish a possible
dose—response relationship.

Species, sex — For each test an appropriate animal species is chosen according
to background data related to the pharmacological effects, to its (the species)
acceptance as a predictor of pharmacological drug effects, and to the recognition
by regulatory authorities that the species is acceptable for pharmacodynamic
studies. Use of rats and dogs is recommended because these species are most
commonly used in toxicological evaluations, and pharmacokinetic and toxicoki-
netic data for these species are often available.

Experimental design — The number of animals per group is chosen on the basis
of the variability of measured parameters in order to test the absence or presence
of examined effects using appropriate statistical tests.

The U.S. Food & Drug Administration (FDA) and other governmental regu-
latory agencies drafted guidelines for safety pharmacology that have been issued.?
As of summer 2005, the S7A Safety Pharmacology Studies for Human Pharma-
ceuticals Guidelines provide suggestions and recommendations. It should be
emphasized that as of mid-2005, no official viewpoint specifies the necessity of
studies on most organ systems or how they are to be performed. Present require-
ments are basically limited to adverse effects on the cardiovascular system,
specifically potential effects on arrhythmias. No specific testing for safety related
to the gastrointestinal system is recommended at present. Alternative approaches
may be used if such approaches satisfy the requirements of the applicable statutes
and regulations.

SAFETY PHARMACOLOGY CORE BATTERY

Central nervous system — Effects of the test substance on the central nervous
system should be assessed appropriately. Motor activity, behavioral changes,
coordination, sensory and motor reflex responses, and body temperature should
be evaluated. For example, a functional observation battery,> modified Irwin’s,
or other appropriate test’ can be used.

Cardiovascular system — Effects of the test substance on the cardiovascular
system should be assessed appropriately. Blood pressure, heart rate, and an
electrocardiogram should be evaluated. In vivo, in vitro and/or ex vivo evaluations
including methods for determining repolarization and conductance abnormalities
should also be considered.

Respiratory system — Effects of the test substance on the respiratory system
should be assessed appropriately. Respiratory rate and other measures of respi-
ratory function (e.g., tidal volume® or hemoglobin oxygen saturation) should be
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evaluated. Clinical observation of animals is generally not adequate to assess
respiratory function and thus these parameters should be quantified by using
appropriate methodologies.

Follow-up and supplemental safety pharmacology studies — Adverse effects
may be suspected based on the pharmacological properties or chemical class of
the test substance. Concerns may arise from the safety pharmacology core battery,
clinical trials, pharmacovigilance, experimental in vitro or in vivo studies, or
literature reports. When such potential adverse effects raise concern for human
safety, they should be explored in follow-up or supplemental safety pharmacology
studies as appropriate.

FoLLow-Up STuDIES FOR SAFETY PHARMACOLOGY CORE BATTERY

Central nervous system — Behavioral pharmacology, learning and memory,
ligand-specific binding, neurochemistry, visual, auditory, and/or electrophysiol-
ogy examinations.

Cardiovascular system — Cardiac output, ventricular contractility, vascular
resistance, and effects of endogenous and/or exogenous substances on cardiovas-
cular responses.

Respiratory system — Airway resistance, compliance, pulmonary arterial pres-
sure, blood gases, and blood pH.

SUPPLEMENTAL SAFETY PHARMACOLOGY STUDIES

Supplemental studies are meant to evaluate potential adverse pharmacodynamic
effects on organ system functions not addressed by the core battery or repeated
dose toxicity studies when there is a cause for concern.
Renal-urinary system — Effects of the test substance on renal parameters
should be assessed. For example, urinary volume, specific gravity, osmolality,
pH, fluid/electrolyte balance, proteins, cytology, and blood chemistry determina-
tions such as blood urea nitrogen, creatinine, and plasma proteins can be used.
Autonomic nervous system — Effects of the test substance on the autonomic
nervous system should be assessed. For example, binding to receptors relevant
for the autonomic nervous system, functional responses to agonists or antagonists
in vivo or in vitro, direct stimulation of autonomic nerves and measurement of
cardiovascular responses, baroreflex testing, and heart rate variability can be used.
Gastrointestinal system — Effects of the test substance on the gastrointestinal
system should be assessed. For example, gastric secretion, gastrointestinal injury
potential, bile secretion, transit time, and ileal contraction in vitro.
Other organ systems — Effects of the test substance on organ systems not
investigated elsewhere should be assessed when there is reason for concern. For
example, dependency potential or skeletal muscle, immune, and endocrine func-
tions can be investigated.

Data from general pharmacology studies (U.S., Japan, European Union) or
safety pharmacology studies in the assessment of a marketing application have
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been accepted worldwide. The Japanese Ministry of Health and Welfare issued
its Guideline for General Pharmacology in 1991. The guideline states that general
pharmacology studies should include those designed to identify unexpected
effects on organ system function and to broaden pharmacological characterization
(pharmacological profiling). However, there has been no internationally accepted
definition of the terms primary pharmacodynamics, secondary pharmacodynam-
ics, or safety pharmacology.

The need for international harmonization of the nomenclature and the devel-
opment of an international guidance for safety pharmacology has been recog-
nized. The safety pharmacology studies term first appeared in ICH’s M3 Timing
of Nonclinical Safety Studies for the Conduct of Human Clinical Trials for
Pharmaceuticals®> and S6 Preclinical Safety Evaluation Of Biotechnology-
Derived Pharmaceuticals® as studies that should be conducted to support use of
therapeutics in humans. Details of the safety pharmacology studies including
their definitions and objectives were left for future discussion.

GENERAL PRINCIPLES FROM DRAFT GUIDELINE

The specific studies that should be conducted and their designs will vary based
on the individual properties and intended uses of the individual pharmaceuticals.
General principles for safety using scientifically valid methods should be used,
and when there are internationally recognized methods that are applicable to
pharmaceuticals, these methods are preferable. The objectives of safety pharma-
cology studies are to:

1. Identify undesirable pharmacodynamic properties of a substance that
may have relevance to its human safety.

2. Evaluate adverse pharmacodynamic and/or pathophysiological effects
of a substance observed in toxicology and/or clinical studies.

3. Investigate the mechanisms of the adverse pharmacodynamic effects
observed and/or suspected.

Regardless of the route of administration, exposure to the parent substance and
its major metabolites should be similar to or greater than that achieved in humans
when such information is available. Assessment of effects by more than one route
may be appropriate if the test substance is intended for clinical use by more than
one route of administration (e.g., oral and parenteral) or where significant qual-
itative and quantitative differences in systemic or local exposure are observed or
anticipated.

Generally, any parent compound and its major metabolites that achieve or
are expected to achieve systemic exposure in humans should be evaluated in
safety pharmacology studies. Evaluation of major metabolites is often accom-
plished through studies of the parent compound in animals. If the major human
metabolites are found to be absent or present only at relatively low concentrations
in animals, assessment of the effects of such metabolites on safety pharmacology
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endpoints should be considered. If metabolites from humans are known to sub-
stantially contribute to the pharmacological actions of the therapeutic agent, it
could be important to test such active metabolites. When in vivo studies on the
parent compound have not adequately assessed metabolites, the tests of metab-
olites can be used in in vitro systems based on practical considerations. In vitro
or in vivo testing of individual isomers should also be considered when a product
contains an isomeric mixture.

The following are some situations in which safety pharmacology may not be
required:

1. Locally applied agents (e.g., dermal or ocular): if the pharmacology
of the test substance is well characterized, and where systemic exposure
or distribution to other organs or tissues is demonstrated to be low.

2. Cytotoxic agents for treatment of end-state cancer patients: safety
pharmacology studies prior to the first administration in humans may
not be needed. However, for cytotoxic agents with novel mechanisms
of action, there may be value in conducting safety pharmacology stud-
ies.

3. Biotechnology-derived products that achieve highly specific receptor
targeting are often sufficient to evaluate safety pharmacology endpoints
as a part of toxicology and/or pharmacodynamic studies; therefore,
safety pharmacology studies can be reduced or eliminated for these
products.

4. Biotechnology-derived products that represent a novel therapeutic class
and/or products that do not achieve highly specific receptor targeting:
a more extensive evaluation by safety pharmacology studies should be
considered.

5. A new salt having similar pharmacokinetics and pharmacodynamics.

A pharmacology committee was established in November 2004 at the Center for
Drug Evaluation and Research (CDER) to develop regulatory guidance for use
by sponsors and applicants, to apply current scientific knowledge to emerging
technical problems, and to aid in the review process. The Safety Pharmacology
Subcommittee was initially formed as an ad hoc committee to ascertain the need
for a formal guidance document covering the safety pharmacology studies that
should be conducted for pharmaceuticals intended for human use. The PTCC
Safety Pharmacology Subcommittee has been constituted as a permanent sub-
committee of the PTCC to provide CDER divisions with consultations and rec-
ommendations on safety pharmacology issues and studies. Establishment of this
committee should increase the consistency of safety pharmacology requirements
among CDER drug product review divisions. The committee’s functions are to
review, consult, and provide written recommendations on safety pharmacology
issues and studies to CDER divisions.
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GASTROINTESTINAL SAFETY STUDIES

Effects on the gastrointestinal tract are not considered to be of primary importance
based on a hierarchy of organ systems. Vital organs or systems, the functions of
which are acutely critical for life (e.g., the cardiovascular, respiratory, and central
nervous systems), are considered the most important ones to assess in safety
pharmacology studies. Other organ systems (e.g., the renal and gastrointestinal
systems) whose functions can be transiently disrupted by adverse pharmacody-
namic effects without causing irreversible harm are of less immediate investiga-
tive concern. The guidelines suggest evaluation of gastric secretion, gastrointes-
tinal mucosal injury potential, bile secretion, and transit time.

The investigator has discretion on which testing shall be used, depending on
the class of pharmacological agent being developed.'” The gastrointestinal tract
extracts nutrients, electrolytes, minerals, and water, and is prone to injury as a
result of oral drug administration. Clinical assessment of the GI tract is often
limited to measurements of transit time and observations of vomiting or diarrhea,
despite the existence of methods and techniques capable of assessing specific
changes in GI function at the membrane, cell, and whole animal levels.

In some specific cases, membrane studies, measurement of the uptake of
solutes, and electrolyte transport assessing the affects of compounds on transep-
ithelial GI transport and flux may be required, but are not considered essential
prior to the initial human trials. Such methods lend themselves to permeability,
immunohistochemistry, morphology, and molecular biology techniques. In anes-
thetized animals, ligated segments of the intestine can be infused with test com-
pounds, providing information about absorptive and secretory processes impor-
tant for the treatment of diarrhea. Finally, advances in the field of imaging
combined with endoscopy have resulted in a wireless capsule that allows inspec-
tion of GI tract anatomy and pathology without surgical intervention.

The tests recommended for gastrointestinal safety include: ulcerogenic effect
(rat), gastric acid secretion (rat), gastric emptying (rat), fecal output models (mice
or rats), emetic effect (ferret), intestinal transit (mice or rats), biliary secretion
(rat), and pancreatic secretion (rat). This chapter will not consider in vitro organ
bath systems because they do not appear to offer useful additional information.

General Recommendation for Gl Safety Study Design

Acceptance by local animal use committee — All methods used should be
approved by the appropriate animal care committee.

Protocol — Detailed protocols should be written and used for all safety phar-
macology studies. All parameters should be spelled out.

Dose range testing — A dose range starting at the “therapeutic” dose and
increasing at multiples of two to five for at least three doses.

Choice of test animal — If possible, an animal similar (species, sex, and source)
to that in which efficacy has been shown should be used.
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Test material — The test material should be similar to that shown to be active
(same batch, if possible). Care should be taken to use the same vehicle, salt, and
method of preparation.

Time course — The duration of the study should be based on information derived
from efficacy studies.

Good laboratory practice (GLP) — If required, the necessary SOPs and pro-
tocols should conform to GLP and have all necessary approvals and audits.

ANIMAL MODELS FOR EVALUATION OF SAFETY
PHARMACOLOGY

This section describes animal models available and accepted for evaluation of safety
pharmacology on the gastrointestinal tract. Most of these methods are straightfor-
ward and do not require extensive equipment or surgical skills. They have been
chosen on the basis of reported usage in the literature and personal experience.

DRrRUG-INDUCED GASTROINTESTINAL MUCOSAL LESIONS
(ULCEROGENICITY)

Esophagus

Erosion of the mucosa of the esophagus has not been a common problem with
orally administered drugs because the time the drug is in contact with the esoph-
ageal mucosa is usually limited. Most tablet or capsule formulations are coated
and involve little contact with the mucosa. With a liquid preparation, unless the
compound has corrosive activity, clearance of the formulation is usually rapid.
However, in some circumstances, transport through the esophagus is delayed due
to pathophysiology or disintegration of the formulation in the esophagus in the
lumen, causing the releasing of a potentially damaging substance. Problems can
also occur if the patient is supine and transport along the esophagus is delayed.

Suspect Classes of Compounds and Mechanisms

A potential problem with bisphosphonates has been observed and special recom-
mendations as to when and how the tablet or capsule should be administered are
required. Initial instructions were to take the formulation prior to breakfast and
remain in an upright position for 30 minutes. Bisphosphonates appear to produce
specific mucosal pathology of the esophageal mucosa. Other drugs may be corrosive
or have other specific effects on esophageal mucosa upon prolonged exposure.

Animal Models Available

Acute dosing in rats with a solution or suspension of test agent is not a suitable
model. Esophageal ulcerogenicity is rarely evaluated in animal studies because
test compounds are usually delivered directly into the stomach via gavage. A test
using anesthetized dogs has been described.!" An endotracheal tube (internal
diameter, 5.0 mm) is passed into the esophagus, with the cuff inflated directly
caudal to the larynx. A rubber catheter is then passed through the tube, extending
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caudally just past the end of the tube. An infusion pump delivers the test liquid
through the catheter over a 30-minute period. The cranial portion of the dog is
elevated so that the liquid will flow aborally.

The infusions are generally administered for 5 consecutive days and the dogs
are euthanized on the fifth day for gross and histopathologic examinations of the
esophagus. For delivery of compounds in tablet form, a clear tube can be passed
into the cranial third of the esophagus. The tablet tied to a premeasured length
of silk suture is then introduced into the esophagus through the tube by using
endoscopic retrieval forceps. The tablets are left in place for 1 hour and the dogs
are then euthanized and examined. These techniques allowed for accurate and
reliable testing in dogs of the esophageal irritancy of compounds in either the
liquid or tablet form.

Endoscopy may also be useful for evaluation of acute dosing with a capsule
or tablet formulation administered to a dog followed by esophageal and gastric
endoscopy. A dog model to examine the possible mechanism for the esophageal
adverse events has been published and showed that under low pH conditions,
alendronate sodium can cause esophageal irritation.’> No esophageal irritation
occurred at pH 3.5 or higher where the drug exists primarily as the sodium salt.
The animal studies also showed that alendronate sodium could exacerbate pre-
existing esophageal damage. Exposure of the esophageal mucosa for a prolonged
period to alendronate sodium tablet can also cause mild esophageal irritation.
These findings suggest that the esophageal irritation in patients taking bisphos-
phonates can be from prolonged contact with the tablet, reflux of acidic gastric
contents, and exacerbation of preexisting esophageal damage.

Why Test?

Alendronate does not cause predictable esophageal, gastric, or duodenal mucosal
damage when used as directed.'> However, post-marketing surveys and endo-
scopic studies suggest that its use may be associated with significant predictable
esophageal mucosal pathology. Because treatment of osteoporosis may be needed
in as many as 30% of all postmenopausal women, and considering that alendr-
onate could be used in all postmenopausal women as prevention, the definition
of potential mucosal toxicity is crucial.

Stomach

One of the primary sites for the occurrence of adverse effects of a drug is the
gastric mucosa. Although it was long known that drugs could produce gastric
upset, and in some cases lesions and ulcerations leading to bleeding, there were
no animal models for prediction of acute effects on mucosal integrity other than
observations of lesions on necropsy after chronic treatment.

Classes of Compounds with Potential Liability and Possible
Mechanisms

Any class of compound may produce gastric damage. The propensity to injure
the gastric mucosa, which under normal conditions is resistant to acid conditions
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and the presence of proteolytic enzymes, is usually dependent on the ability of
a compound to modify the protective barrier. This allows the acid and enzymes
to contact mucosal cells lacking the protective coating of mucus. Drugs that are
organic acids, have detergent actions, or affect the levels of protective prostag-
landins are all suspect.

Borsch and Schmidt!* published a survey of the damaging effects of acetyl-
salicylic acid, nonsteroidal anti-inflammatory drugs (NSAIDS), and corticoster-
oids on the gastroduodenal mucosa. They showed that these effects could be
quantified in humans by blood loss studies, histology, and endoscopy. They
pointed out the pathophysiology of these lesions and stressed the cytoprotective
role of endogenous prostaglandins. This and other epidemiologic data strongly
support an association between frequent and heavy intake of acetylsalicylic acid
and other related compounds with gastrointestinal bleeding and gastric ulcer,
whereas the association with duodenal ulcers is far less clearly established.

The ulcerogenic potency of corticosteroids, at least in the small or medium
dose range, probably has been overstated in the past. Intensive ulcer therapy
making use of H, receptor antagonists and proton pump inhibitors often allows
healing of small ulcers with diameters up to 1 cm despite continued treatment
with low dose corticosteroids or NSAIDs, whereas continuation of these drugs
is associated with very poor healing in ulcers larger than 1 cm.

Aspirin and the then new class of NSAIDs were found to produce significant
and predictable lesions after single doses in fasted rats only in the mid 1960s."
Other agents such as alcohol and steroids were shown to have similar effects. It
was not until 1971 when Vane and his associates!® showed that the mechanisms
of action of aspirin and NSAIDS were due to inhibition of prostaglandin forma-
tion and that these were essential to the integrity of the upper gastrointestinal
mucosa.!” Cyclooxygenase (COX) leads to the formation of prostaglandins (PGs)
that cause inflammation, swelling, pain, and fever.!® By inhibiting this key enzyme
in PG synthesis, aspirin-like drugs also prevented the production of physiologi-
cally important PGs that protect the stomach mucosa from damage by hydrochlo-
ric acid, maintain kidney function, and aggregate platelets when required.

This conclusion provided a unifying explanation for the therapeutic actions
and shared side effects of the aspirin-like drugs. More recently with the discovery
of a second COX gene, it became clear that there are two isoforms of the COX
enzyme. The constitutive isoform, COX-1, supports the beneficial homeostatic
functions, whereas the inducible isoform, COX-2, becomes up-regulated by
inflammatory mediators and its products cause many of the symptoms of inflam-
matory diseases such as rheumatoid and osteoarthritis. Compounds that had
selective COX-2 inhibitory activity were found to have potent analgesic and anti-
inflammatory action but with less propensity to produce gastrointestinal mucosal
damage.

Oral administration of indomethacin and other NSAIDS produced hemor-
rhagic gastric lesions in both normal and arthritic rats, although the severity of
lesions was significantly greater in the latter group. In contrast, neither rofecoxib
nor celecoxib caused any gastric damage in normal rats, but both drugs provoked
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hemorrhagic gastric lesions in arthritic rats. The expression of COX-2 mRNA
and immunopositive cells was observed in the gastric mucosa of arthritic but not
normal rats. The gastric mucosal prostaglandin (PGE,) content was significantly
elevated in arthritic rats in a rofecoxib-sensitive manner.!”

Since COX-2 inhibitors produce gastric lesions in arthritic rats, similar to the
nonselective COX inhibitors, it may be important to test potential anti-inflamma-
tory agents in both normal and arthritic rats to evaluate the true gastric mucosal
toxicity. COX-2 is up-regulated in the stomachs of arthritic rats, and PGs produced
by COX-2 play a role in maintaining the integrity of the gastric mucosa. Dose-
dependent administration of celecoxib and rofecoxib as COX-2 inhibitors and
non-COX-1 inhibitors, respectively, did not produce toxic injuries on healthy
gastrointestinal mucosa, thus providing a broad therapeutic spectrum.?’ On the
other hand, when administered in the presence of altered gastrointestinal mucosa,
they worsened and complicated gastric ulcers and also induced necrosis in the
small intestine, thereby restricting clinical use.

The chronic use of NSAIDs, whether COX-1 or -2 inhibitors, is under attack
due to an apparent increase in cardiac-related deaths in patients on high doses.
It is not clear whether the use of COX-2 inhibitors in patients susceptible to
gastrointestinal pathology is a risk worth taking.

Pathogenesis of gastric damage induced by NSAIDs involves multiple ele-
ments, such as deficiency of prostaglandins (PG), gastric hypermotility, neutrophil
activation, and luminal acid.?! PG deficiency may be critical in the increase of
mucosal susceptibility to injury, and neutrophil activation alone is not ulcerogenic
in the gastric mucosa, nor does it potentiate the ulcerogenic effects of other ele-
ments. Luminal acid is a prerequisite for later extension of damage to severe lesions.

Ethanol is a well known gastric mucosal irritant. Ethanol (80% v/v P.O.)
given repeatedly to rats induces subchronic gastritis.?? It can also produce gastric
lesions after a single dose. Subchronic gastritis potentiated gastric ulcer forma-
tion, such as that produced by acetic acid. The induction of gastritis resulted in
an activation of TNF-a expression followed by apoptosis in the gastric mucosa.
This could lead to an increase in the severity of ulcerative damage in the stomach.
It may be useful to test therapeutic agents likely to be given to humans with
gastritis in mice with subchronic gastritis.

Models Available

Testing is usually simple and consists of oral dosing in 18- to 24-hour fasted rats
and sacrificing after 3 to 5 hours. The stomachs are removed and filled with either
saline or formalin. The mucosa is inspected, usually under low magnification, for
the presence or absence of hemorrhagic spots, lesions, and ulcerations. Numerous
attempts have been made to use scores and automated methods to provide quan-
titative data. However, in general, most investigators are interested in whether
their compound produces a significant degree of mucosal damage and how this
dose relates to the dose producing a therapeutic effect.

Multiple factors influence the rat model and its usefulness in predicting
activity in humans.? The most important factor in using this model is to ensure
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a fasting period with a sufficient duration so that the stomach is devoid of food
or ingested feces. Presence of material in the gastric content will interfere with
observation of gross lesions and hemorrhagic spots and may provide enough
buffering to raise the pH of the stomach above 4.

Why Test?

This test should be done for all clinical candidates that are to be administered
orally. Gastric irritation is such a common side effect that this information should
be available prior to the first human trials.

Small Intestine

The small intestine is also a common site for NSAID toxicity. Although NSAID
strictures and perforations are relatively rare in humans, two thirds of regular NSAID
users may be prone to small bowel enteropathy. With the use of a capsule camera,
it is now possible to visualize the whole small intestine in a human. This will allow
clinical trials to include evaluation for the potential of small intestinal pathology.
Previously only limited visualization with flexible endoscopes could be achieved.

Classes of Compounds with Potential Liability and Possible
Mechanisms

NSAID enteropathy is a step-wise process involving direct mucosal toxicity,
mitochondrial damage, breakdown of intercellular integrity, enterohepatic recir-
culation, and neutrophil activation by luminal contents including bacteria.?*?
Unlike upper gastrointestinal toxicity, cyclooxygenase-mediated mechanisms are
probably less important. No temporal relationship was noted between prostaglan-
din inhibition and the formation of lesions in the small intestine, since the lesions
became macroscopically apparent and developed at a time when cyclooxygenase
inhibition was already declining.

Aspirin caused a prolonged inhibition of small intestine cyclooxygenase
activity, yet failed to cause significant intestinal damage.??” Thus, inhibition of
prostaglandin synthesis alone may not be sufficient to initiate the processes that
ultimately result in intestinal lesions. The prostaglandin-independent processes
affected by indomethacin that lead to intestinal damage are as yet unknown. The
use of animal models is unraveling new mechanisms for determining mucosal
toxicity beyond the cyclooxygenase model.

Since one 5-HTj; antagonist, alosetron, has been found to produce ischemic
lesions in the small intestine, similar compounds may have to be evaluated prior
to clinical trials.

Models Available

The fed rat is the usual model for evaluation of small intestinal lesions, at least
those due to NSAIDs. The drug is administered with ad lib access to food and
water. The rat is observed for 2 to 3 days. Indomethacin and other NSAIDs will
produce significant lesions and even perforations in the small intestine.?® Fed rats
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were 8 times more susceptible to intestinal damage than fasted rats, whereas
fasted rats were 13 times more susceptible to gastric damage than fed rats.

The only model useful for specific evaluation of potential damage to small
intestinal and colonic mucosa was published by Fara.?® He used an in situ rabbit
colon or intestine model as a sensitive and reproducible test to evaluate the topical
effect of up to three substances applied to the colonic mucosa and found that
doxycycline hyclate tablets and propranolol hydrochloride tablets produced mac-
roscopic and histologic damage. Potassium released from Slow-K (potassium
chloride) and Micro-K Extencaps caused more irritation than controlled-release
GITS KCI (gastrointestinal therapeutic system KCI) Slow-K. This model may be
useful in evaluating sustained or enteric-coated formulations for potential lesion-
producing activity, and may be the only suitable way of evaluating potential
problems with formulated products that are too large to be dosed to most labo-
ratory animals.

Why Test?

All compounds believed to have anti-inflammatory activity or have effects on
cyclooxygenase should be tested. Because of problems in humans (ischemic
colitis) with at least one serotonin, antagonist, alosetron, this type of compound
should also be evaluated. The initial enthusiasm for the use of SHT; antagonists
has been somewhat blunted by the withdrawal of alosetron because of ischemic
colitis, but it remains to be seen whether this adverse event will be noted with
other SHT, antagonists.3%3!

Alosetron is a potent and selective serotonin antagonist that recently became
the first FDA-approved agent for diarrhea-predominant irritable bowel syndrome.
Since approval, significant side effects including severe constipation, fecal impac-
tion, and ischemic colitis have been noted with its use. Clinical, endoscopic, and
pathologic features of the focal colitis strongly suggested ischemia and were
observed in patients who should not have received the compound. Symptoms
correlated temporally with alosetron use and abated with discontinuation of the
drug.’? Unfortunately, there are no test models known that will predict this type
of small bowel enteropathy.

DRruG Errects ON GASTRIC ACID SECRETION

Although guidelines suggest that experimental drugs should be evaluated for
effects on gastric acid secretion, such testing does not appear to be needed for
most classes of compounds.

Classes of Compounds with Potential Liability and Possible
Mechanisms

Compounds that appear to be similar to known gastric antisecretory agents,
muscarinic agonists and antagonists, and histamine agonists and antagonists
should be tested to evaluate potential effects on acid secretion.
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Models Available

Several models are available for evaluation in intact unanesthetized animals —
the only appropriate approach. The pylorus-ligated rat has been the test most
often used for evaluation of antisecretory activity. Drugs can be administered by
any route, using an appropriate pretreatment time. Oral administration should
occur at least 30 minutes prior to ligation so that the drug may have time to
distribute to the small intestine. Topical activity can be evaluated by dosing after
ligation. The test should be done in rats of the same source as therapeutic testing.
Males or females may be used, although there has been some indication of gender
differences.

The rat is anesthetized with a short-lasting volatile or intravenous anesthetic.
Anesthetics having anticholinergic or o, agonist activity should not be used since
they will inhibit secretion.?*** After a midline incision, a cotton ligature is placed
snugly around the distal antrum (pylorus). The location and tightness of the
ligation are important. The test duration is usually 3 hours, although other times
have been used. The rat is euthanized, the stomach carefully removed, and the
contents emptied into a calibrated centrifuge tube and centrifuged to obtain a
clear supernatant. The volume is determined and an aliquot taken and titrated to
pH 7.4. Results are noted as volume, titratable acidity, and total acid output.®
The pH of the original sample should also be determined prior to dilution. Drugs
may affect volume, concentration H*, and the product of the two, total acid output
(TAO). In many cases, the mechanism by which the compound inhibits secretion
may be determined by which parameter is inhibited.

Ligation of the pylorus has been shown to stimulate acid secretion, so this
model is not appropriate to evaluate compounds that may have gastric acid
stimulatory activity. For this, a model in which gastric acid secretion is not
stimulated is needed. The rat gastric fistula model, either chronic* or acute®’
preparation, is appropriate. For an acute gastric fistula preparation, a flanged
plastic tube is inserted into the gastric lumen under anesthesia. The rat is allowed
to recover from surgery and gastric juice is collected for 1 to 3 hours. Gastric
acid secretion is about 50% of maximum so that both inhibitory and stimulatory
effects may be observed. If another species is required, the chronic gastric fistula
dog may be used.’” The dog does not secrete acid in the fasted state. Thus it is
the most sensitive for evaluation of compounds with potential acid secretory
stimulatory activities. If antisecretory activity must be evaluated in dogs, the
compound in question must be tested against gastric acid stimulated by gastrin,
histamine, and other acid secretory agents.

Why Test?

Unless tests of gastric acid secretion are suggested for safety pharmacology
purposes, they add little to information needed prior to clinical testing. If a series
of compounds is similar to those having known effects, this type of test may be
either postponed or eliminated.
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ErrecTs OF DRUGS ON GASTROINTESTINAL PROPULSIVE MOTILITY
Gastric Emptying

Although gastric emptying testing is not specifically required by guidelines, data
on the effects of experimental compounds on gastric emptying is important.

Classes of Compounds with Potential Liability and Possible
Mechanisms

Drugs affecting gastric emptying may cause a variety of objectionable side effects
that can be evaluated early in the discovery process. Compounds affecting the
autonomic nervous system (agonists or antagonists), drugs having serotonergic
(agonist or antagonist) activities, and a wide variety of compounds may have
profound effects on gastric emptying. Drugs influencing emptying can also result
in significant effects on pharmacokinetics, either increasing or decreasing blood
levels achieved after oral administration. Drugs augmenting gastric emptying may
also be useful in the treatment of patients with gastroparesis.

Models Available

The charcoal meal test is usually specified for evaluation of gastrointestinal
propulsive motility. Unfortunately, it is not a good model for evaluation of gastric
emptying, and can only provide an indirect indication of effects on gastric emp-
tying. There are many specific test models to evaluate effects on solid or liquid
emptying. When deciding what test to use, it is important to remember that drug
activity may differ depending on whether solid or liquid meals are used.
Liquid meals — Emptying of a non-nutrient liquid solution of a non-absorbable
dye (phenol red or carmine red) in conscious rats is a common method. Gastric
emptying is measured at different time points after administration of a semi-
viscous liquid (methylcellulose) containing a non-absorbable dye as the marker.
The volume of gastric emptying is calculated from the amount of dye remaining
in the stomach, taking into consideration the volume of gastric secretions.
Depending on the duration of the test, this method may be optimized for evalu-
ation of agents augmenting (10 to 20 minutes) or inhibiting gastric emptying (30
to 90 minutes). It may also be performed in chronically cannulated rats fitted
with stainless steel gastric cannulas.®

Rosalmeida et al. conducted a typical study.’® Phenol red dissolved in water
was administered in small volumes to fasted rats. After test agent administration,
the rats were gavaged (1.5 ml) with a test meal (phenol red in 5% glucose solution,
0.5 mg/ml) and sacrificed 10, 20, or 30 minutes later. The volume of gastric
contents was determined by analysis of the dye remaining in the stomach, then
compared to volumes from vehicle-treated animals. Sildenafil delayed gastric
emptying of a liquid meal. Phenol red has also been used in mice (0.15
ml/mouse).*

Feldman and Putcha*' studied the activities of atropine sulfate, trihex-
yphenidyl HCI, benztropine mesylate, diphenhydramine HCI, and ethopropazine
HCI on gastric emptying and intestinal transit of a phenol red solution in rats.
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Inhibition of gastric emptying and intestinal transit were only observed after
single and multiple oral doses of diphenhydramine and ethopropazine.

Glucose solution and other liquid meals — The emptying of a glucose meal
or other meal containing a thickening agent or plain water may be quantitated
by comparison of gastric weight after a set period. Although results may be
affected by secretion into the gastric lumen, the method provides a rough estimate
of emptying of a liquid load.>

Charcoal meal — Lotti et al.*> described a simple test in mice used to evaluate
CCK antagonists based upon visual determination of the gastric emptying of a
charcoal meal. CCK-8, but not various other peptide and nonpeptide agents,
effectively inhibited gastric emptying in this test system.

Drug absorption — The absorption of a compound known not to be absorbed
from the stomach but having consistent duodenal absorption characteristics has
been used to quantify gastric emptying of a liquid meal.*3 The usual compound
used is acetaminophen because it is not absorbed through the gastric mucosa and
blood levels are observed only after the compound reaches the duodenum. An
oral dose (100 mg/kg) was administered and blood samples were collected before
and up to 12 hours after administration. Plasma assays were performed using a
high performance liquid chromatography method with ultraviolet detection. The
calculated population pharmacokinetic parameters Ka, Kel (first order absorption
and elimination constants) and Vd/F (apparent volume of distribution) provided
information on the effects of drugs on transport of acetaminophen into the duode-
num compared to vehicle controls.

Radioisotopes — Emptying of liquid nutrient meals tagged with radioisotopes
has been used as a model in animals and is a common method in humans. The
method is useful for defining regulation of gastric emptying of nutrient liquid
meals in mice. In larger animals, a y-camera may be used to quantify radioactive
material remaining in the stomach. Solutions of non-absorbable radioisotopes
such as radiolabeled chromium have been used for estimating gastric emptying.
In one study, results were compared to emptying of a charcoal meal. Gastrointes-
tinal propulsive motility was assessed in rats 15 minutes after intragastric instil-
lation of a test meal containing charcoal (10%) and Na*!'CrO, (0.5 puCi/ml).*
Gastric emptying was determined by measuring the amount of radiolabeled chro-
mium contained in the small intestine as a percentage of the initial amount
received. Gastrointestinal transit was evaluated by calculating the geometric cen-
ter of distribution of the radiolabeled marker.

Solids: beads or pellets — The use of beads or non-dissolving tablets to evaluate
the effects of drugs on gastric emptying has been established as a method for
discovery of agents with gastroprokinetic activity.*> Jacoby and Brodie*® published
a study using 1-mm Amberlite pellets in rats and small enteric-coated barium tablets
tracked by fluoroscopy in rhesus monkeys to evaluate gastric emptying produced
by metoclopramide. Other variations of the use of small pellets (polystyrene, plastic,
glass) have been used to evaluate drug effects on gastric emptying.*’*® Twenty-
four-hour fasted rats are dosed with the test compound via the appropriate route and
at the appropriate dose. A set number of pellets is administered by an appropriate



Safety Pharmacology and the Gl Tract 69

size gavage tube and after 10 to 60 minutes the rat is euthanized and the stomach
carefully removed. The number of beads remaining in the stomach is counted and
compared to counts from a group of rats receiving the vehicle control. The exper-
iment can be designed to detect agents increasing gastric emptying (shorter dura-
tion) or those inhibiting gastric emptying (longer duration). Some information as
to intestinal propulsion can be obtained by counting pellets in segments of the small
intestine. The study may also be done in rats with delayed gastric emptying due to
streptotozin-induced diabetes.

Asai, Vickers, and Power* studied the effect of clonidine on gastric motility

by examining gastric emptying of indigestible solids. Clonidine or saline was
injected intraperitoneally, and ten steel balls (1.0 mm in diameter) were inserted
into the stomach. Gastric emptying was examined at 3 hours. Clonidine delayed
gastric emptying of the balls. Yohimbine, but not naloxone, significantly antag-
onized the inhibitory effect of clonidine.
Solids: chow meal — The use of a meal of ground rat or mouse chow may be
useful in the estimation of gastric emptying of a semi-liquid meal. Differences
in gastric weight between treated and control animals provide a rough index of
emptying. Animals are deprived of food for 18 to 24 hours and allowed free
access to preweighed solid chow for a set period (1 to 3 hours). The food is then
removed and gastric emptying can be determined over several hours by measuring
the wet weight of the stomach. For a more accurate estimate, the ground meal
can be labeled with a radioisotope that binds to the meal or ground-up liver from
an animal fed a radioisotope such as technetium can be used.

Why Test?

Slowing gastric emptying can affect absorption of an agent and may be respon-
sible for drug interactions by interference with the absorption of concomitantly
taken medication. Inhibition of gastric emptying in rats may also predict other
adverse effects such as gastroparesis. Augmentation of gastric emptying may also
affect the pharmacokinetics of co-administered agents and may indicate a useful
pharmacological action.

Small Intestinal Propulsion

Classes of Compounds with Potential Liability and Possible

Mechanisms

Opioids and a number of other classes of agents have significant effects on small
bowel propulsive motility. The charcoal meal test will usually pick up both
stimulants and inhibitors of propulsion and is one of the tests recommended in
the guidelines.

Animal Models Available

Charcoal meal — This test is most commonly used to determine effects on
propulsive motility. It can be performed in the fasted rats or mice. Charcoal meal
has long been used as a measure of small intestinal propulsive motility since
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Macht and Barba-Gose published the method in 1931.5! It is recommended in
most guidelines. The test agent is given by the appropriate route and a small
volume (depending on the size of the test animal) of non-activated charcoal
suspended in 1 to 2% carboxy or hydroxypropyl cellulose is administered orally.
The test animal is euthanized at an appropriate time (1 to 3 hours) and the stomach
and small intestine are removed. The distance of the furthest sign of charcoal in
the intestine is noted and compared to the total length of the small intestine
(pylorus to ileocecal valve).

The inhibitory effect of repetitiously administered loperamide, a peripheral
u-opioid receptor agonist and well recognized antidiarrheal agent, on mouse
gastrointestinal transit was compared with that of morphine in order to examine
the development of tolerance to [-opioid receptor agonist-induced constipation
(antitransit effect).”> When administered subcutaneously 15 minutes before the
oral injection of charcoal meal, loperamide (0.1 to 30 mg/kg) and morphine (1 to
8 mg/kg) dose-dependently and significantly inhibited gastrointestinal transit of
charcoal with IDs, values of 1.6 mg/kg and 3.6 mg/kg, respectively.

Other tests using radionuclides have also been used but require special lab-
oratories for handling radioactive materials and do not provide significantly more
information.

Why Test?

Drugs affecting small intestinal propulsive motility may possess either inhibitory
or stimulatory activity on small intestinal propulsive motility. These tests are good
predictors for evaluating the possibility that a test compound has constipating or
laxative activity.

Colonic Propulsive Motility

The purpose for testing the effects of compounds on colonic motility is primarily
to predict the potential for producing constipation or diarrhea. Several simple
tests have shown good correlation to clinical effects. They may also provide
information as to mechanism and duration of action.

Classes of Compounds with Potential Liability and Possible
Mechanisms

All compounds in development should be tested for effects on intestinal propul-
sive motility. These tests provide a simple method for determining constipation
or diarrhea as a potential adverse effect for many classes of compounds, and may
provide information indicating a better or worse profile in a series of compounds
or show that one compound performs better than reference compounds. A large
number of mechanisms including opioids, anticholinergics, and serotonin agonists
and antagonists may manifest themselves through effects on intestinal propulsion.

Animal Models Available

Fecal pellet output — Monitoring the output of fecal pellets by mice or rats is
one of the simplest tests available for evaluation of potential effects on intestinal



Safety Pharmacology and the Gl Tract 71

propulsive motility. It can be useful for predicting constipation or diarrhea in
mice or rats, although other species may be used. The test agent is administered
by the appropriate route to rats or mice that are provided with access to food and
water. Results may be monitored by counting fecal pellets and noting composition
(solid, semisolid, not formed) or by weighing fecal output (wet or dry weight).
Care must be taken to prevent loss of fecal pellets through the cage floor.

Drugs increasing colonic propulsion and excretion either by affecting motility
or increasing fluid content (inhibition of absorption or increasing secretion) can
be easily detected.>® Serotonin and a serotonin, receptor agonist, 2-methyl-5-HT,
dose-dependently increased fecal pellet output in conscious rats. The selective 5-
HT; receptor antagonists (GK-128, granisetron, ramosetron, azasetron, and
ondansetron) depressed the increase in fecal pellet output caused by 2-methyl-5-
HT. Granisetron and ramosetron dose-dependently reduced the spontaneous
excretion of fecal pellets.

Croci and Bianchetti** showed the effects of several o, ,-adrenoceptor antag-
onists on fecal output and water content in rats. The rat colon appears to be under
tonic inhibitory control of prejunctional o,-adrenergic receptors, whose blockage
by specific antagonists induces fecal excretion. The o, ,-receptor subtype appears
to be the most likely candidate for controlling fecal excretion through inhibition
of acetylcholine release.

Fecal pellet output has also been used to evaluate potential antidiarrheal
activity. Oral doses of castor oil increase both the fecal output (dry or wet weight)
and the frequency of diarrhea in mice. Bismuth subsalicylate significantly pre-
vented the enhancement of charcoal meal transport induced by castor oil in both
mice and rats.”>> Increased fecal output (dry or wet weight) and increased fre-
quency of diarrhea in mice were significantly reduced by bismuth subsalicylate
in a dose-related fashion. Blockade of castor oil diarrhea was also used to discover
the first synthetic antidiarrheal agents by Awouters et al.>®

The time course of castor oil-induced diarrhea in fasted rats was quantified
by weighing stools every 15 minutes for 8 hours after the challenge and then
after 24 hours. Diarrhea began within 1 hour as a series of rapidly occurring
evacuations over 20 to 40 minutes. Pretreatment with small doses of loperamide
caused a significant reduction. Riviere et al.”’ used prostaglandin E, to produce
diarrhea in mice. When given by intraperitoneal administration, PGE, induced a
dose- and time-dependent diarrhea. Fecal output measurement provides a conve-
nient method for investigation of mechanism of action of antidiarrheal agents.
Glass bead expulsion — The expulsion of glass beads inserted into the distal
colons of rats or mice has been utilized as assay to investigate potential effects
on colonic propulsive motility. This test is relatively specific for effects on pro-
pulsion and can detect most agents producing constipation in humans. It has been
used to screen for antidiarrheal agents. In rats, it may also be useful for evaluation
of agents increasing or decreasing colonic propulsive motility. However, in mice,
it is only suitable for agents inhibiting propulsion.

The test is simple and consists of inserting a glass bead (~2 to 4 mm) through
the anus into the distal colon. It can detect compounds that exert significant
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constipating activity or may be used as a primary screen for irritable bowel
syndrome. A single 3-mm glass bead is inserted 2 cm into the distal colon of
each mouse using a glass rod, one end of which was fire-polished so as to be
rendered atraumatic. After bead insertion, the mice are placed in individual plastic
cages lined with white paper to aid visualization of bead expulsion. The time
required for expulsion of the glass bead is determined to the nearest 0.1 minute
for each mouse. Mice that did not expel the beads within 0.5 to 1 hour are
necropsied to confirm the presence of the bead in the lumen of the large intestine.
Mice for which bead localization could not be confirmed were not included in
the results.

Drugs interfering with expulsion may work by local effects in the distal colon
blocking afferents, inhibiting smooth muscle propulsive motility directly or indi-
rectly through receptor-mediated effects on the nervous network in the colon or
through CNS-mediated effects. The rat provides a better model for detection of
agents that increase propulsive motility since expulsion by rats is much slower
than by mice. This test may be useful to evaluate laxatives such as SHT, agonists
that have direct effects on propulsive motility.

Studies using glass beads have been used to evaluate mechanisms of action.
Since drugs may be administered ICV in mice, the beads have also been used to
investigate the site of action when compared to peripherally administered com-
pounds,>-%° and also to study the effect of peptides and opioids,®"? urocortins,®
radio waves,* and nociceptin.®

Yamada and Onoda® studied the colonic prokinetic activity of oral T-1815
and compared it with that of yohimbine and naloxone in mice by designing an
experiment in which colonic propulsive motility is inhibited by clonidine (3 to
30 pg/kg s.c.) or loperamide (0.3 to 3.0 mg/kg s.c.). Yohimbine (0.3 to 10 mg/kg)
and T-1815 (0.1 to 10 mg/kg) showed a dose-dependent reduction of the delay
in evacuation induced by clonidine, but naloxone had no effect. The loperamide-
induced retardation of colonic propulsion was reduced by naloxone (0.3 to 10
mg/kg) and T-1815 (0.1 to 10 mg/kg) in a dose-dependent manner, but yohimbine
had no effect. In normal animals, yohimbine and naloxone had no significant
effect on evacuation, while a slight acceleration was observed with T-1815 at 10
mg/kg.

Why Test?

Diarrhea and constipation are two of the most commonly observed side effects
of therapeutic agents. The tests available are excellent at predicting the possibil-
ities in clinical studies and may be useful for choosing a lead compound in early
developmental studies. All compounds should be tested with one or more of these
methods prior to the first clinical trial.

Drug-Induced Emesis

Nausea and vomiting are the most frequent adverse effects observed in clinical
trials. Although emetic activity may be classified as a CNS-related side effect,
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emesis produces significant disturbance of gastrointestinal functions and may
produce problems in short- and long-term safety evaluations in dogs or monkeys.

Classes of Compounds with Potential Liability and Possible
Mechanisms

All compounds related to known emetogenic agents should be tested. A wide
variety of clinically useful compounds are associated with nausea and vomiting.
This testing may provide information as to improvement of side effect profiles
compared to positive controls. Among classes of compounds that have known
emetogenic activities are cytotoxics, dopamine agonists, and antidepressants.

Animal Models Available

Since most rodents are not capable of vomiting, initial studies in rats, mice, and
guinea pigs do not provide information concerning emetogenic activity. The dog
has been the standard model for testing; however, dog use may be a problem in
early drug development due to expense and supply. King® reviewed animal
models including nonhuman primates, dogs, cats, and ferrets. The categories of
pharmacologic compounds include those that act on identified membrane recep-
tors (e.g., cholinergic agonists, catecholamines, and neuroactive peptides) and
those that act on unidentified receptors (e.g., cardiac glycosides and veratrum
alkaloids, among others). Emphasis is placed on emetic dose-response relations
and threshold EDs, and ED,, values calculated from these relations as indices
of species sensitivity to emetic stimuli. For the more noxious emetics, the cyto-
toxins, and radiation, the latency to the first emetic episode and duration of emesis
were also compared across species.

Several alternatives to the use of dogs have been suggested. One, the house
musk shrew, has been used; however, it was not found to be sensitive to many
well known emetic agents such as morphine. In fact, opioids had anti-emetic
activity.®® There are few references to the use of this animal and its validity in
testing has not been proven.

The ferret has been shown to be an excellent model for screening anti-emetics
and is used extensively in the development of anti-emetics useful against chemo-
therapy and radiation-induced emesis. The use of ferrets to evaluate emetogenic
or anti-emetic activity is documented® and there appears to be good correlation
between emetogenic activity in ferrets and in humans.

The pathophysiology of the emetic reflex and the clinical management of
emesis are very complicated. Animal models of chemotherapy- and radiotherapy-
induced emesis successfully predicted the clinical efficacy of the 5-HT; receptor
antagonists for the control of acute emesis.”” Further studies in animals have
provided valuable information relating to the pathophysiology of emesis and the
mechanisms of action of 5-HT}; receptor antagonists. These agents inhibit emesis
by blocking the action of 5-HT at 5-HT; receptors on the vagus nerve in the
gastrointestinal tract and in the hindbrain vomiting system.

Serotonin is believed to be released from enterochromaffin cells following
cytotoxic therapy or radiation. The mechanism by which 5-HT is released from



74 Toxicology of the Gastrointestinal Tract

enterochromaffin cells is unknown. Although various mechanisms have been
proposed, none has provided convincing supportive evidence. Emetics may pro-
duce acute or delayed vomiting. This is specifically true for cytotoxic agents
similar to cisplatin. Ferrets, when given a dose of cisplatin and observed for 3
days, show a pattern of emesis similar to that seen in humans with two distinct
phases: acute and delayed emesis. Ondansetron and other 5-HT; compounds are
effective in reducing the emetic response over days 1 through 3. When a higher
dose of cisplatin is used, emesis usually occurs in less than 2 hours. This can
also be blocked by serotonin antagonists.

The typical emesis study is done using descented and castrated male ferrets
that are individually housed in stainless steel cages and provided ~75 g of ferret
diet each day and water ad lib. Dosing may be done in either overnight fasted or
fed ferrets. After oral dosing, the ferrets are observed for signs of lip licking,
malaise, retching, vomiting, and drooling for an appropriate time period. Ferrets
have also been used occasionally for safety evaluation studies.”

Why Test?

Although not required in guidelines for inclusion of safety pharmacology, drug-
induced emesis testing of all clinical candidates should be conducted prior to
Phase I studies. The test is relatively inexpensive and does not require a great
deal of test compound.

Liver and Gallbladder

Classes of Compound with Potential Liability and Possible
Mechanisms

Any experimental compound may affect bile secretion and gallbladder function.
However, only those compounds with known structural or pharmacologic simi-
larities to substances that exhibit activities on these functions need be tested.

Models Available

Effect on bile flow — Studies on bile flow are usually not included in safety
pharmacology testing but are performed during acute, short-term, or long-term
safety evaluations. In some limited instances, data on effects on bile (content,
volume) are required. Since rats do not have gallbladders, they are not appropriate
species for the study of bile storage. Short-term studies of effects on bile formation
and transport to the small intestine may be done in rats. Drug excretion and bile
content can be studied using acute or chronic bile duct cannulation to directly
collect bile. If these studies continue more than a few hours, some mechanism
for returning bile to the small intestine must be used because catheterization of
the common bile duct prevents recycling through the entero-porto-hepato-biliary
circulation. Steady-state conditions can be ensured by constant infusion of bile
or bile acids into the stomach or duodenum. Urine and feces can also be collected
to allow quantitative excretion of the compound(s) of interest.
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Enderlin and Honohan published a method for long-term collection of bile
using an externalized cannula brought through an intrascapular incision. The
cannula was protected by a 30-cm, 16-gauge stainless steel tube attached to the
skin through the incision. The rats were housed in cages at a level higher than
the collection vials to aid in drainage of bile. A hole in each vial cap permitted
the cannula to turn freely as a rat moved about the cage. This method allowed
bile to be collected conveniently over long periods with minimal restraint of the
animals.

In order to provide a steady state condition, Chipman and Cropper’® describe
a re-entrant cannula with a sampling arm that is inserted into the bile duct to
allow intermittent collections of bile from unanesthetized minimally restrained
rats for 30 days or more. The flow rate of bile (5.38 cm’/hour/kg) was higher
than that previously reported when using simple or re-entrant cannulas. This
higher flow rate may be a result of allowing a minimum of 10 days post-operative
recovery period before starting collection of bile and avoiding anesthesia and
other stresses at the time of collection. Other methods may be found in References
74 through 78.

Why Test?

The usual reason for collecting bile is to evaluate and quantify drug excretion in
the bile. However, bile collection may be used also to test the effects of com-
pounds on bile flow if effects are suspected. A rabbit or dog model must be used
to evaluate activity directly on the gallbladder.

Effects of Drugs on Exocrine Section of Pancreas

Classes of Compound with Potential Liability and Possible
Mechanisms

Many classes of drugs may affect the volume and content of pancreatic fluid.
The measurement of insulin and/or glucagon levels is usually a function of longer-
term safety evaluations and is not usually considered a gastrointestinal safety
study. Although such testing is not usually performed, in some cases the infor-
mation gained can be helpful in designing clinical trials and in preventing poten-
tial adverse effects.

Animal Models Available

Several methods for collection of pancreatic juice are available. Again it is
important that fluid and enzyme losses be replaced during experiments that last
more than a day. A surgical procedure allows injection into the stomach and the
duodenum by separate catheters, collection of the pancreatic juice during the
experiments, recirculation of the pancreatic juice into the duodenum between
experiments, and normal circulation of bile in rats.”” The methods of Colwell®
and Roze®! may also be used for collection of pancreatic juice in unanesthetized
rats.
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Why Test?

Compounds suspected of having effects on volume and content of pancreatic
juice should be tested.
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SUMMARY

This chapter presents current knowledge regarding the development of the human
gastrointestinal tract, including dietary, neuroendocrine, and immunological influ-
ences on gastrointestinal (GI) tract development and the course of bacterial
colonization of the gut. Two aspects of gut development related to assessment of
exposures to foreign chemicals or to dietary ingredients are considered: first, such
chemicals or dietary constituents may alter normal GI tract development either
by direct effects, by adversely affecting one or more of the regulatory influences
over gut development, or by altering the normal course of bacterial colonization.
Second, absorption of chemicals or dietary ingredients and the effects of microbial
enzymes on them may be different in the immature tract compared to the mature
tract; thus, the immature may be more or less susceptible to foreign substances
than the mature.

GI TRACT DEVELOPMENT IN HUMANS
EMBRYONIC DEVELOPMENT

In early human embryonic development, most of the components of the gas-
trointestinal (GI) tract arise from the endoderm germ cell layer during the second
and third weeks of gestation. During the fourth week, a tube forms the primitive
gut and develops into three portions known as the foregut, midgut, and hindgut
that extend the length of the embryo. The oral cavity forms from the buccopha-
ryngeal membrane arising from the mesoderm layer. The open tube contains
amniotic fluid at this stage as well as later stages when it is swallowed.

The earliest differentiated organ is the liver, formed from the liver bud of the
open GI tube. The midgut is a herniated umbilicus external to the abdomen during
this stage of development. An important step in early development is the rotation
of this midgut to allow the GI tract to be in the appropriate position to develop
mesentery derived from the mesoderm layer (see Figure 4.1). During the time
that the midgut is herniated, the small intestine coils, the cecum forms, and by
week 8 of gestation the descending colon is apparent (Hamilton, 2000).

Early in development, the GI tract differentiates to form identifiable structures
along its length — the esophagus, stomach, duodenum, jejunum, and the small
and large intestines. Continued growth of the GI tract results in bending of the
tract and organ movement from the tube-like form to localizing in permanent
anatomical positions (see Figure 4.1) (Hill, 2005).

During embryonic development the primitive gut is first formed, and then
through a sequence of cellular proliferation during weeks 5 and 6, the lumen is
occluded due to this cell growth during weeks 6 and 7, and then re-established
by week 9, first in the esophagus, then the stomach—duodenum, then the small
intestine, and finally in the colon by week 10. This gradient in sequencing from
proximal to distal sites occurs both in structural development and in subsequent
secretory development.
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FIGURE 4.1 Rotation of midgut to initiate curvature of primitive anatomical units.
(Source: adapted from Hill, 2005.)
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FIGURE 4.2 Origins of major components of GI tract and its blood supply. (Source:
adapted from Hill, 2005.)

The blood supply to the GI tract derives from the common dorsal mesentery,
arising from the mesoderm layer (see Figure 4.2). The midgut and hindgut are
supplied by the superior mesenteric and inferior mesenteric arteries. The portal
vessel is derived from the vitelline circulation, also from the mesoderm (Hill,
2005). The pancreas arises from the hepatic diverticulum and the duodenum, and
as it differentiates it establishes both the o and f cells responsible for endocrine
and exocrine function. During week 5, the spleen arises from the mesoderm, with
the cells responsible for hematopoiesis derived from the yolk sac wall.

By the end of the first 8 weeks, the intestinal loops return to the abdominal
cavity and the appendix appears as the fetal development period begins. During late
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embryonic and early fetal development — approximately the first trimester — cell
differentiation occurs at a rapid pace. Undifferentiated stem cells are present through-
out the GI tract by week 5, giving rise in the small intestine and colon first to
committed stem cells and then developing into four distinct lines of cells:

1. Paneth’s cells (secretory cells) found in the bases of crypts of Lie-
berkiihn that contribute to mucosal barrier function by the apical release
of granules containing a variety of antimicrobial products, including
peptides termed cryptdins (crypt defensins)

2. Goblet cells responsible for mucus production

3. Enteroendocrine cells that appear by week 8 and are responsible in the
duodenum for synthesis and release of hormones such as secretin and
cholecystokinin (CCK) in response to nutrients and neural factors
present in the upper GI tract

4. Columnar absorptive cells that become the major mucosal cells
involved in absorption and local metabolism of nutrients as well as
toxic contaminants

During week 11 crypt formation begins, with villi formation completed by week
13. Paneth’s cell defensins are considered early markers of crypt ontogeny (Ayabe
et al., 2000; Babyatsky and Poldosky, 2003; Ouellette and Bevin, 2001).

FeTAL DEVELOPMENT

Digestion, absorption of nutrients, and elimination of waste products are the
primary functions of the GI tract; digestion and absorption of nutrients require
developed digestive enzymes and transport systems and functioning smooth mus-
cle and enteric nervous systems (Doughty, 2004). As demonstrated by the timing
of the development of a number of GI systems, structural development occurs
prior to the maturation of secretory function and normal motility throughout most
of fetal life (Doughty, 2004).

Structure

As secretory cells differentiate and primitive structures form, muscle and neural
cells develop into organized tissue as well. During week 5, circular smooth muscle
is detected in the esophagus, where neuroblasts are found dispersed among the
muscle cells. By week 6, the rotation of the primitive gut results in linking the
left and right vagi nerves to the anterior and posterior areas of the stomach. By
week 8, enervation of the small intestine is initiated as synaptic protein and glial
supporting tissue penetrate the outer layers of the developing circular musculature
in the intestines; by week 9, the longitudinal muscle layer (inner layer within the
mesenchyme) is formed along with the myenteric plexus, a network of nerve
fibers between the outer longitudinal and middle circular muscle layers (Bab-
yatsky and Podolsky, 2003; Hill, 2005).
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The enteric nervous system initiated during week 7 in the stomach can be
detected in the rectum by week 13, another example of the longitudinal gradient
of development from a proximal to a distal direction. By the end of week 13, the
submucous plexus is formed between the middle circular muscle layer and the
submucosa, and mature ganglion cells are detected in the esophagus. Functionally,
fetal swallowing is initiated during week 11. During week 14, the anatomical
components of the stomach are distinguishable (curvatures, corpus, antrum, and
pylorus). By the end of the second trimester around week 26, the structural
features of the GI tract are well developed (Babyatsky and Podolsky, 2003;
Erdman and Pollack, 2001; Hamilton, 2000).

Functional Development

As the fetal period begins, cells responsible for secretory function become appar-
ent. Within the primordial stomach, rudimentary glands develop mucous neck
cells, then parietal and chief cells by week 8, with mRNA for mucl, 4, 5B, and
6 detected in epithelial mucin in the stomach at that time. By the second trimester,
the spleen is generating both red and white blood cells, thus initiating a mecha-
nism for developing oxygen transport as well as leukocytes to the gut.

Secretory Function

By week 10, a fully differentiated spectrum of endocrine cell types is present in
the stomach and duodenum. Sucrase—isomaltase, maltase, and trehalase enzymes
are present in the small intestine at 60 to 70% of adult levels. Active transport
of glucose is not demonstrated until week 20. Substance P and neurokinin A can
be detected in the stomach also at week 10. During week 11, gastric lipase
appears, and dipeptidases are detected in the small intestine microvilli. By week
12, intestinal lactase is measurable and pancreatic muc5B appears. Within the
developing pancreas, secretory acini (responsible for pancreatic enzyme produc-
tion and secretion) and islets of Langerhans (responsible for insulin, glucagon,
and somatostatin production, among other hormones) appear also in week 12.

Intrinsic factor- and histamine-containing cells are evident in the stomach by
week 14, followed by the attainment of adult levels of gastric lipase by week 16.
Because pancreatic lipase, which is first detected during week 16, is not fully
functional at adult levels until late into the first year of life (see Table 4.1), gastric
lipase becomes the primary determinant of lipolytic activity in premature and
newborn infants. Protein digestion at this gestational age is also developing; while
microvilli dipeptidases were first detected during week 11 (as was gastric lipase),
by week 16 they too are at adult levels. Leucine aminopeptidase activity in the
distal small intestine is high at this gestational age (one of the few examples of
a distal-to-proximal direction in development).

While detected during week 10 of gestation, proximal to distal gradients for
activity of lactase and other glucosidases are evident by week 17. As the
second trimester continues, ductal and acinar cells in the developing pancreas are
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TABLE 4.1

Comparison of Functionality at Birth vs. Maturity

Structure/Function

Esophagus
Striated muscle in mid-
esophagus
LES pressure
Swallowing

Neuronal density
Vagus nerves innervate
striated muscle

Stomach/Duodenum
Rate of DNA synthesis

Gastrin G cells
Gastrin

Histamine response
Somatostatin D cells
Gastric lipase activity
Parietal cells secrete HCI

Pepsinogen secreted by
chief cells
Intrinsic factor

Motility
Enterochromaffin-like cells

Small Intestine/Colon
Bacterial colonization
Microvilli
Disaccharidases
Glucose transporters
Fructose transporter
Enterokinase
Brush border and cytosolic

peptidases
Amino acid transporters
Pinocytosis
Bile acid reabsorption

At Birth

Same as adult

Poorly coordinated; rate = 450
ml/d in presence of mean
amniotic fluid volume of 850 ml

Decreased to adult level

Markedly higher than adult level,
leading to significant mucosal
growth

Appear in gastric antrum

High levels in neonatal plasma may
act to increase crypt and villus
density and parietal and ECL cells

Immature

Appear in gastric mucosa

HCI <50% of adult values;
pH = 4-5
<50% of adult values

Not fully developed
Accelerate 1-3 wks of age

None
Lengthening

Not present until after birth
20% of adult level

Higher rates in infant than in adult
Passive in infant

When Fully Mature
(Adult Level)

At birth

3—6 wks of age

Maturation of ennervation
complete by 2 yrs of age

1 yr of age

3 mos of age
1 yr of age, pH = 1-2

Mature chief cells; pepsinogen
at adult level by 1 yr

Increases rapidly to adult
value by day 10

Within a few days of birth
At birth
At birth
At birth
At birth

By weaning
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TABLE 4.1 (CONTINUED)
Comparison of Functionality at Birth vs. Maturity

When Fully Mature

Structure/Function At Birth (Adult Level)
Micelle formation Poor due to low level of bile acids,
pancreatic lipase
Passive and carrier- Increased at birth above adult
mediated absorption levels
Heavy metal (Cu, Fe, Zn, Efficiency > than in adults Returns to normal at weaning
Pb) absorption
Lactoferrin receptors Present for milk at birth
Contractile activity and Near adult levels
motility
Fat-soluble vitamin Poor Matures with weaning, normal
absorption fat absorption
Folate absorption Less
Vitamin B,, absorption Not well absorbed in proximal
ileum
Pancreatic lipase 10% of adult level By weaning

Sources: From Babyatsky, M.W. and Podolsky, D.K. 2003, in Textbook of Gastroenterology, 4th Ed.,
Philadelphia: Lippincott Williams Wilkins; Philipps, A.F. and Sherman, M.P. 2003, in Rudolph’s
Pediatrics, 21st Ed., New York: McGraw Hill; and Pacha, J. 2000. Physiol. Rev. 80: 1633.

undergoing rapid cell mitosis during week 19, and Peyer’s patches (aggregates
of lymph nodules) emerge during week 20 in the small intestine. By week 22
bile secretion is demonstrated, and by week 24 increased lactase activity is
present, indicating that induction by maternal lactose is not necessary.

By the end of the second trimester (around week 26), six amino acid trans-
porters for neutral and charged amino acids are found in muscosal cells, and fetal
macromolecular transport across the mucosal cell can be demonstrated — an
important activity that aids in the digestion of proteins and lipophilic compounds
present in amniotic fluid.

Early in the third trimester, trypsin activity is measurable in the small intestine,
reflecting developing pancreatic function and the presence of active enterokinase.
By week 30, enterokinase activity is at about 6% of adult levels. By week 32,
pancreatic lipase activity is at 50% of the level at birth (although still low compared
to adult levels). Lactase activity surges throughout the third trimester, while other
disaccharidases reach adult levels prenatally (Babyatsky and Podolsky, 2003).

Muscular Function and Motility

While muscle cells and nerve cells are visible in the early gut by week 9, the
muscularis mucosa is present throughout the small intestine to the colon by week
20, and neuronal density within the esophagus peaks by week 20 as well, resulting
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in swallowing rates of 13 ml/day at this gestational age, with sucking behavior
apparent. Contraction pressure within the intestines is at about 60% at week 25
compared to the level reached at term, indicating early ability to move intestinal
contents along the developing gut. By the end of the second trimester (week 26),
contraction is noted after electrical stimulation, indicating more coordinated
activity. Motility measured at week 28 is about 20 to 25% that seen in a term
infant.

During the third trimester, given that structural development is somewhat
complete, improved function is noted. By week 32 the lower esophageal sphincter
is functional, allowing more coordinated swallowing patterns to develop, although
mature patterns of contractile activity and motility are not seen until near term,
and coordinated contraction of smooth muscle in the colon and function of the
internal and external anal sphincters (perhaps due to the proximal—distal gradient
in development) are poorly developed before birth. Random peristaltic activity
can be detected by the 26th week but effective peristalsis is usually not present
until week 33, with nutritive sucking and coordinated swallowing not developing
until week 34 (Doughty, 2004).

POSTNATAL DEVELOPMENT

Many physiologists separate postnatal development into three time periods: birth and
the first few days after birth (when colostrum is available), the suckling period, and
the weaning period (Pacha, 2000). The weaning period marks the beginning of
notable changes in digestive and transport functions that result in maturation of the
GI system (Walthall et al., 2005). Macromolecules given as tracers late in utero,
either introduced into amniotic fluid or the intestinal lumen, are absorbed into
mucosal cells in humans and a number of other species including monkeys, guinea
pigs, and rats, thus demonstrating a high rate of pinocytosis that is highly active in
the first 10 days after birth and decreases substantially with weaning (Babyatsky and
Podolsky, 2003), providing a mechanism by which intact proteins are absorbed. This
can be demonstrated in premature infants as well during the first few months of life.
It has been suggested that the lack of a fully protective barrier during the first months
of life may play a significant role in subsequent sensitivity to dietary and environ-
mental proteins (Babyatsky and Poldolsky, 2003).

Birth

Humans have been classified as precocial animals in that prior to birth, essential
functions such as sight, hearing, hair, etc. are in place to allow for normal growth
and development. This is in contrast to other animals such as rodents that have
altricial characteristics: they become fully functioning during postnatal development
rather than prenatally. Thus, functional maturation in humans occurs in utero, allow-
ing viability in spite of prematurity prior to birth and even earlier for many functional
attributes such as absorption, swallowing, etc. Thus, animal models used to evaluate
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potential human toxicity during pre- and postnatal periods must be chosen carefully
to appropriately represent human age-dependent functional development.

Structure

At term, the small intestine is typically 250 to 300 cm (approximately one-half
the length of the adult small bowel) and the large intestine and colon together
are typically 30 to 40 cm in length (approximately one-fifth normal adult length)
(Doughty, 2004). Thus the neonatal colon, mirroring the cephalocaudal pattern
of development, is comparatively less functional than the small intestine. Solute
and electrolyte absorption and bile reabsorption are not yet at mature stages.

Function

At birth, while normal levels of many enzymes are present in humans so that
digestion and subsequent absorption of nutrients can occur, a few important func-
tions are not fully mature (see Table 4.1). A comparatively high rate of macromo-
lecular transport important to protein and lipid digestion occurs due to pinocytosis
during the first 2 weeks of life. This allows mucosal enzymes to assist in digestion
of proteins and lipids when pancreatic proteolytic enzymes are not yet available
in adequate amounts. These are assisted by higher than normal levels of lysosomal
proteases in enterocytes (e.g., cathepsins) that allow protein digestion.

In the early postnatal period, unhydrolyzed triglycerides are found in feces,
a result of only passive bile acid reabsorption that continues until weaning. Bile
acid concentrations are initially too low to allow for micelle formation, which
requires pancreatic lipase as well as bile acids. During the first 4 to 6 weeks of
life, intraluminal bile acids increase and absorptive mechanisms develop, leading
to improved but not mature lipid absorption (Babyatsky and Podolsky, 2003).

Fewer chief cells are present in the neonatal stomach compared to the levels
found in an adult stomach, with generally low levels of pepsin produced. The
number of chief cells increases with age as the stomach increases in size and
thickness. The mass of parietal cells (per unit area) at birth is two to three times
greater than that of the adult stomach, but with thinner walls than found in that
of an adult (Walthall et al., 2005). Acid output increases, as does pepsin produc-
tion, resulting in improved digestion of proteins.

Innate resistance to environmental and pathogenic microorganisms in the
neonate is provided by Paneth’s cells; considerable quantities of these cells are
present in the small intestine, in all probability keeping bacterial levels low
compared to levels present in the colon. Paneth’s cells produce and secrete
antimicrobial peptides known as defensins. Gram-negative and Gram-positive
bacteria and their bacterial products have been shown to stimulate their secretion
(Bourlioux et al., 2003; Porter et al., 2002).

In terms of muscle function, mature patterns of contractile activity and motil-
ity are not found until near term in humans, with coordinated contraction of
colonic smooth muscle and anal sphincters responses poorly developed (Bab-
yatsky and Podolsky, 2003). Sympathetic stimulation of the autonomic nerves
reduces secretion and motility, while parasympathetic stimulation has been shown
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to increase peristalsis and secretion; these functions are immature at birth
(Doughty, 2004).

Suckling Period

By 1 month of age, pepsin activity is only at 18% of adult levels, and since the
pH for maximum enzymatic activity of pepsin is =2, while it may be present, it
is not functioning at an optimal level due to the relatively high gastric pH, which
is about 4.0 to 4.5 (Adkins and Lonnerdal, 2003). At the same time, the pancreas
is still developing, with pancreatic function not attaining the adult stage until
much later in infancy. Pancreatic enzymes such as trypsinogen that require intes-
tinal enterokinase for cleavage to active forms are low at birth as well, limiting
the luminal digestion of proteins; at birth, enterokinase activity is about 25% of
that at 1 year of age (Atkins and Lonnerdal, 2003). It has been hypothesized that
proteins in human milk may not be hydrolyzed in the small intestine, thus enabling
them to exert a host-defense function beyond providing essential amino acids
(Adkins and Lonnerdal, 2003).

ROLE OF NUTRIENTS AND DIETARY
COMPONENTS IN NORMAL DEVELOPMENT

The nutrient needs of the developing GI tract are uniquely met by both the
nutrients present in the lumen derived from amniotic fluid and gut secretions
during the fetal period or milk and gut secretions postnatally, as well as those
provided by arterial blood flow. The comparatively high rate of mucosal cell
turnover within the GI tract is functionally of great importance, allowing a means
to protect an individual from adverse effects of constant exposure to potentially
injurious substances present in the lumen, particularly in the colon, where
mutagens and carcinogenic substances may be present.

Nutrients thus presented to the developing GI tract can act to regulate growth,
functional patency, and cellular differentiation in three ways: by exerting direct
effects on mucosal cells before joining the systemic circulation; by stimulating
hormonal production due to presence in the GI tract or post-absorption; and by
affecting motor activity. Exposure to nutrient and other trophic factors in the diet
has been shown to directly enhance villus height and crypt depth in the small
intestine to a greater extent than in the ileal region. This has been shown to be a
direct effect on the intestinal section itself, as transposition of ileal and jejunal
intestinal loops results in increased villus size in the ileal segment (Babyatsky
and Podolsky, 2003; Erdman and Pollack, 2001; Perin et al., 1997; Sanderson,
1999; Thiesen et al., 2000).

The presence of protein and fat in the duodenum and proximal small intestine
results in the secretion of CCK from specialized I cells in the duodenum. CCK
is thought to play key roles in stimulating pancreatic secretion, gallbladder con-
traction, and slowing down gastric motility, thus optimizing protein and fat
digestion, which in neonates is still immature (Sidhu et al., 2000).
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Exposures during critical periods of fetal and postnatal development are
thought to have lasting or lifelong effects on subsequent structures or functions
of organs (Hertzman, 1995) as well as impacting risk of chronic disease in later
life (Barker, 2002). Relating perinatal exposure to long-term effects must take
into account that factors that raise disease risk or promote good health accumulate
gradually over the course of life both independently and in patterned ways (Ben-
Shlomo and Kuh, 2002), so that connecting early exposure or lack thereof to later
health consequences, both positive and negative (life-course epidemiology), is
not yet a well researched model for establishing disease causation.

Fetal under-nutrition has been linked with increased risk of disease in later
life, specifically coronary heart disease, type 2 diabetes, stroke, and hypertension
(Barker, 2004). Nutrient supply, including oxygen, has been shown to have more
influence on fetal growth than genes (Harding, 2001). Smaller babies have fewer
cells than would be proportionally expected in key organs such as the kidney and
GI tract (Barker, 2004); this has been proposed as possibly a selective reduction
resulting from diverting blood flow from the trunk to protect the brain. Along
this line, it has been hypothesized that the tissue resistance seen to insulin in type
2 diabetes in adults may be a continuation of the fetal response noted in which
glucose concentrations are maintained in the blood to provide adequate glucose
to the brain at the expense of glucose transport into muscle, resulting in lower
levels of muscle growth (Phillips, 1996).

DEVELOPMENT OF IMMUNOLOGICAL
FUNCTION

DEVELOPMENT OF GASTROINTESTINAL MICROBIOTA

After birth, the GI tract exists in symbiosis with a large number and variety of
bacteria that contribute to the health of an individual. Gut microorganisms con-
tribute to diverse mammalian processes. In foto, the gut microflora acts as an
effective barrier against opportunistic and pathogenic microorganisms. Other
advantageous effects include modulation of the immune system, development of
intestinal microvilli, production of short chain fatty acids (SCFAs) upon which
the colonic mucosa is dependent for energy, fermentation of non-digestible dietary
fiber, and anaerobic metabolism of peptides and proteins, resulting in recovery
of metabolic energy for the host and removal of carcinogens and toxins (Nichol-
son et al., 2005; Cummings et al., 2004; Dai and Walker, 1999).

At birth, the intestinal tract of the human infant is sterile. During vaginal
birth, the infant is colonized by bacteria from its mother (vaginal microflora,
feces) and, to a lesser extent, from the environment; diet plays an important role
in the further development of the microbiota (Boehm et al., 2005; Dai and Walker,
1999; Hammerman et al., 2004; Mackie et al., 1999).

The GI microflora of vaginally delivered infants is quite different from that of
infants delivered via cesarean section; C-section infants often have a microflora
dominated by environmental or hospital isolates. Following birth, the mother
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delivers additional microbial strains to the infant during suckling, kissing, and
caressing (Mackie et al., 1999). Other factors that influence the constituents of the
infant gut microflora include birth environment (home or hospital), hygiene meas-
ures in place at the time of birth, developmental stage at birth (term or preterm),
use of antimicrobials, and diet (breast fed or formula fed) (Heavey and Rowland,
1999; Orrhage and Nord, 1999). Over several years, the microflora of a child will
change until it becomes identical to that of an adult (Stark and Lee, 1982).

The first components of the infant microflora (during the first 1 to 2 days)
are Streptococci and enterobacteria (Conway, 1997). Enterococci have also been
identified in infant feces during the first days of life (Stark and Lee, 1982; Balmer
et al., 1989; Lundequist et al., 1985). The physiochemical environment of the
infant gut changes during the first week of life; facultatively anaerobic bacteria
begin to predominate as oxygen in the gut is utilized and depleted. Anaerobes
including Bifidobacteria and Bacteroides begin to appear; these strains are found
as early as day 2 in the breast-fed infant’s microflora, although peak counts are
reached closer to day 7 (consistent with the depletion of oxygen). Other anaerobic
bacteria that appear during this change include Clostridium spp., Eubacterium
spp., and Lactobacilli (Stark and Lee, 1982; Lundequist et al., 1985; Balmer and
Wharton, 1989).

The earliest studies of infant microflora found a difference between those
who were breast-fed and those who ingested formula. Breast-fed infants have a
microflora dominated by Bifidobacteria that easily out-compete other genera and
whose presence is thought to depend on the occurrence of certain glycoproteins
in human breast milk (Cummings et al., 2004). In contrast, formula-fed infants
have a more complex flora that resembles the adult gut in that Bacteroides,
Clostridia, Bifidobacteria, Lactobacilli, Gram-positive cocci, coliforms, and other
groups are all represented in fairly equal proportions (Cummings et al., 2004).

Formula-fed infants have also been found to have higher fecal levels of
potentially harmful bacterial metabolic by-products (Edwards and Parrett, 2002).
Results from individual studies, however, are variable. Some investigators found
no differences between the microflora of formula-fed and breast-fed infants
(Kleessen et al., 1995; Lundequist et al., 1985). Some studies found that choice
of feeding had no effect on levels of Bifidobacteria (Balmer and Wharton, 1989;
Kleessen et al., 1995; Stark and Lee, 1982).

In summary, studies in term infants have shown that the normal microflora
of infants is variable and that these variations may be due to differences in an
infant’s environment, composition of formula, and limitations of the different
bacteriological identification schemes utilized in studies of microflora (Heavey
and Rowland, 1999; Orrhage and Nord, 1999; Conway, 1997; Wold and Adler-
berth, 2000; Fanaro et al., 2003).

In preterm infants in an intensive care setting, an abnormal pattern of bowel
colonization develops when compared with patterns of healthy full-term infants.
A critical factor in preterm infant flora development is the delay in appearance
of Bifidobacteria; they first appear in the stools of very low birth weight infants
at a mean age of approximately 10 days and become predominant around 20
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days. This is in contrast to full-term breast-fed infants in whom bifiobacterial
flora appear as early as 2 to 4 days of age (Hammerman et al., 2004; Dai and
Walker, 1999). In contrast to the more complex and diverse patterns of coloni-
zation seen in healthy term neonates, a delay in establishing normal intestinal
microflora and the resulting abnormal pattern of colonization may predispose to
overgrowth of potentially pathogenic species. This can create a reservoir of
antibiotic-resistant bacteria, with the potential of contributing to the pathogenesis
of one of the most common gastrointestinal medical or surgical emergencies
occurring in neonates: necrotizing enterocolitis (NEC) (Hammerman et al., 2004;
Dai and Walker, 1999).

NoON-IMMUNOLOGICAL PHYSICAL BARRIERS

The first step in producing systemic invasive infections is adherence of bacterial
cells to the surface of the intestine (Dai et al., 2000). The normal intestinal tract
is a dynamic environment wherein fluids and solids are constantly moved by
peristalsis; the failure of a bacterium to adhere to the surface of this environment
will result in its eventual elimination. Many bacteria utilize specific receptors on
their membranes or cell walls to interact with intestinal epithelial cells, thus
binding them to the surface of the intestine; these interactions are often mediated
through lectins (Mouricout, 1997). In addition, many bacterial toxins require
epithelial cell receptors in order to bind to and therefore affect the intestine
(Popoft, 1998).

Prevention of bacterial adhesion to the intestine is therefore a critical step in
preventing pathogen colonization. The use of probiotic strains of bacteria has
proven effective in reducing the adherence of pathogens to the intestinal epithe-
lium. Probiotic treatments seek to establish strains of bacteria (including Bifido-
bacteria spp. and Lactobacillus spp.) as components of normal microflora; these
probiotic strains are non-pathogenic, non-invasive, and able to out-compete patho-
gens for receptor sites on intestinal cells, thus preventing attachment (Duffy,
2000).

To cause systemic infection, colonizing bacteria must also translocate across
the intact intestinal barrier. Bacterial translocation (e.g., the passage of viable
bacteria from the lumen of the gastrointestinal tract to extraintestinal internal
locations such as the lymph nodes, liver, spleen, kidney, and bloodstream) is a
major concern in the progression of infections caused by enteropathogenic bac-
teria (Dai et al., 2000). Bacteria colonize the gut by adhering to a glycoprotein
or glycolipid receptor in the microvillus membrane. Several studies suggest that
the glycosylation in the microvillus membrane is under developmental regulation.
In adult animals, glycosylation results in complete carbohydrate side chains on
microvillus membrane glycoproteins and glycolipids. In contrast, the newborn
animal intestine has immature glycosylation that provides differences in the
availability of terminal glycoconjugates. This may account for enhanced patho-
genicity and pathogen toxin binding (Dai and Walker, 1999). Studies of human
neonatal intestine suggest that pathologic colonization of bacteria may occur
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because of immaturity in glycosylation of the mucosal surface molecules (Chu
et al., 1989).

The intestinal mucosa provides a natural physical cellular barrier, limiting
potentially harmful microorganisms present in the intestinal lumen from coloniz-
ing enterocytes, as described earlier. The gastrointestinal tract of the preterm
neonate is physiologically immature in its development at the time of birth,
rendering it more susceptible to bacterial translocation than that of the adult.
Many species of pathogenic bacteria are able to alter the permeability of the
intestine and invade deep tissue; these include, among others, Salmonella spp.,
Listeria monocytogenes, Yersinia spp., and Shigella spp. Infection of the intestinal
epithelium often leads to diarrhea; when the diarrhea fails to resolve the infection,
bacteria may move into deeper tissue and eventually cause systemic infections
and related symptoms (Pucciareli et al., 1997).

However, anaerobic lactic acid bacteria (Lactobacillus acidophilus, Bifido-
bacteria) have a protective role against the translocation of other bacteria. This
is mediated by the production via fermentation of SCFAs that produce an
acid environment unfavorable for many pathogens as well as production of
antimicrobial bacteriocins. Bacteriocins are proteins or protein complexes with
bactericidal activities directed against species that are closely related to the
producer bacterium (Hammerman et al., 2004; Dai and Walker, 1999). Several
studies have investigated the enteric flora of infants with NEC and found a decline
in the concentration of anaerobic species and increased colonization with Gram-
negative bacteria (Hammerman et al., 2004).

GuT-AssOCIATED LympHOID TissUE (IMMUNOLOGICAL) BARRIER
(GALT)

The intestine is one of the human body’s most critical immune organs. The gut-
associated lymphoid tissue (GALT) is the largest mass of lymphoid tissue in the
human body. One quarter of the intestinal lumen surface is composed of lymphoid
tissue and more than 70% of all immune cells are located in the intestine (Gaskins,
1997). The intestinal immune response is mediated through the follicles and
Peyer’s patches and then distributed into the mucosa, epithelium, and secretory
sites. Immunoglobulin A (IgA) production is abundant in the intestine; secreted
IgA is resistant to proteolysis in the lumen of the intestine and does not activate
complement or inflammatory responses. Because IgA secreted by the GALT is
a component of the common mucosal immune system, immune responses medi-
ated by GALT-derived IgA can affect immune responses at other mucosal surfaces
including the respiratory tract, salivary glands, and mammary glands (Isolauri et
al., 2001). Thus the GALT provides important immunological stimulation and
programming for the systemic immune system.

Very little antigen exposure occurs in utero. Therefore, at birth the immune
system is naive from an immunological standpoint. During early postnatal life,
exposure to antigens is a prerequisite for promoting the expansion of the immune
organs (Kelly and Coutts, 2000).
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Studies in germ-free animals exposed to dietary antigens but not bacterial
antigens revealed only a rudimentary immune system (Kelly and Coutts, 2000).
In the neonate, therefore, generation of appropriate immune responses and devel-
opment of immune regulatory networks are dependent on the development and
presence of normal intestinal flora and exposure to dietary antigens.

The microflora of the intestine can have significant effects on the GALT.
Studies examining the absence of a normal microflora demonstrated increased
antigen transport across the gut mucosa (Isolauri et al., 2001). Additionally,
intestinal colonization by nonpathogenic bacteria is an important antigenic stim-
ulus for the maturation of the GALT; as the gut microflora is established, the
capacity of the GALT to produce IgA-secreting cells increases.

The stimulatory effect of the microflora on the secretory IgA system and on
B cell function in general is well established (Gaskins, 1997). For example,
bacterial colonization of the mouse intestine during early post-natal growth plays
a critical role in the development of antibody-secreting cells in the small intestine.
Bacterial colonization is also thought to explain the characteristic increase in
IgA-positive plasma cells in the lamina propria at weaning. A study that made
use of the severe combined immunodeficient mouse model provides strong evi-
dence that antigenic components of the microflora are critical to the earliest
natural IgA responses in that animal species (Gaskins, 1997). The consistent
demonstration that oral ingestion of probiotic Lactobacilli can stimulate multiple
components of the secretory IgA system is often used as support for the notion
that direct feeding of microbial probiotics can modulate host immunity in humans
and animals (Gaskins, 1997).

Oral tolerance (e.g., the ability to consume antigenic materials without elic-
iting a massive immune response) is a critical step in the maturation of an infant’s
immune system. The GALT must continually protect against invasive organisms
and harmful antigens while remaining silent when confronted with normal anti-
gens present in food. Microbial probiotics have been shown to be critical to the
development and maintenance of oral tolerance (Kalliomaki and Isolauri, 2003).
The microflora is known to modulate a number of cytokines and other immune
signaling molecules, so the fact that oral tolerance is mediated by T cells, IL-10,
and TGF- suggests that it can be impacted by the type of bacteria present in the
gut (Tlaskalova-Hogenova et al., 2004).

Additionally, the timing of any such probiotic treatment is critical: in studies
with germ-free mice, the application of Bifidobacteria (a demonstrated probiotic)
during the neonatal period resulted in oral tolerance, while treatment at any
subsequent age did not (Sudo et al., 1997). This observation is supported by the
work of Gronlund and colleagues who evaluated the effect of microflora modu-
lation on the development of humoral immunity; they concluded that the type of
bacteria present in the gut microflora and the times at which they are present may
affect the abundance of IgA- and IgM-secreting immune cells in the intestine
(Gronlund et al., 2000).

The GALT also plays a major role in food allergy. Formula protein allergy
is one of the first forms of food allergy in infants and may occur as early as the



96 Toxicology of the Gastrointestinal Tract

first week of life (Vanderhoof and Young, 2003). The effects of early allergic
reactions are often observed in the GI tract (diarrhea, discomfort) but can also
be manifested as respiratory or cutaneous reactions as an infant ages. Probiotics
have been shown to lessen the effects of existing allergies to food. In one study,
31 infants with atopic eczema induced by consumption of cow’s milk showed
decreases in symptoms when treated with a probiotic Lactobacillus strain
(Majamaa and Isolauri, 1997). The exact mechanism by which probiotics mitigate
the effects of allergy-inducing antigens has not been fully elucidated. However,
it has been suggested that the ability of these organisms to adhere to the GI tract
via specific receptors can modulate the induction of an immune response. In
addition, stimulation of additional mucin secretion may play a role in this phe-
nomenon (Vanderhoof and Young, 2003).

The immune response to microorganisms relies on both innate mechanisms
and acquired components of immunity that require memory of previous exposure.
The innate immune system must discriminate between potential pathogens and
commensal bacteria with the use of a restricted number of preformed receptors
(Bourlioux et al., 2003). Strains of bacteria interact with the cells lining the GI
tract. As these bacteria lyse or shed molecules, receptors monitor the composition
of the lumen in an effort to determine what microbes are present. An example of
these receptors is a class of molecules known as Toll-like receptors or TLRs
(Kalliomaki and Isolauri, 2003). These receptors are able to recognize certain
bacterial molecules including lipopolysaccharides, lipoteichoic acid, CpG dinu-
cleotides, and others. TLRs can sense what types of bacteria are present in the
gut and induce cytokine production or signal the immune system in the event
that a pathogen is present. It has been suggested that the normal flora or probiotics
may have a different set of microbe-associated molecular patterns (MAMPs) from
foreign or pathogenic bacteria, and thus may send different signals to the immune
system (Schiffrin and Blum, 2002; Tlaskalova-Hogenova et al., 2004). Probiotics
may produce anti-inflammatory MAMPs, while the molecules released by patho-
gens may elicit an immune response. This signaling has been suggested to be
critical in the maintenance of immunologic homeostasis in the gut (Blum and
Schiffrin, 2003).

IMPLICATIONS FOR TOXICITY

Age-dependent changes in gastrointestinal structure and function contribute sig-
nificantly to age-dependent changes in toxicity. The principal causes of those
changes are related to factors affecting the pharmacokinetic profiles of foreign
compounds, although increased vulnerability of the neonatal GI tract to the direct
action of some toxicants can also alter systemic responses. There are, of course,
numerous age-dependent changes other than those occurring in the GI tract that
affect both the pharmacokinetic and pharmacodynamic profiles of foreign com-
pounds. Thus, the cumulative effects of age on both qualitative and quantitative
manifestations of toxicity cannot be discerned solely from consideration of the
status of the GI tract.
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It is certainly the case, for example, that age-related changes in the GI tract
that may serve to increase or decrease the toxicities of some substances may
sometimes be countered by other (systemic) factors that are also age-related.
Extreme caution is thus warranted when conclusions are drawn about the possible
consequences for the whole organism of alterations in toxicity due to age-depen-
dent effects of gastrointestinal structure or function (Schumann et al., 1999).

Much of the information available about age-dependent changes in toxicity
is necessarily based on experimental studies, and, as pointed out in Chapters 9
and 10, there are several cross-species differences in GI tract structure and
function that complicate interpretation of both rodent and non-rodent findings for
purposes of assessing risks to humans. This situation holds even for well devel-
oped models of mature animals and is compounded further when drawing infer-
ences from findings in immature animals.

Because of the highly incomplete state of knowledge regarding risks of
toxicity in immature humans and the similarly incomplete understanding of
available animal models, much of the following is based on known age-dependent
changes in the structure and function of the human GI tract that could affect
toxicity; further development of experimental models is necessary to reveal the
actual consequences of such changes. There are, however, notable examples of
the influence of GI tract immaturity and these will be highlighted.

In addition to the effects of age-dependent alteration of GI tract structure and
function on the toxic properties of foreign compounds, much concern focuses on
the effects of such compounds on developmental processes, particularly on neu-
rological development (NRC, 2001), but the possible consequences of in utero
and neonatal exposures on the development of the GI tract (that may in part be
related to neurodevelopmental toxicity) are also of interest. This topic will also
be discussed in the following section.

ALTERATIONS IN PHARMACOKINETIC PROFILES
Absorption

Absorption and metabolism of foreign compounds can be age-related. Absorption
from the GI tract depends upon many factors including the type of diet and the
timing of exposure relative to food intake, the pH levels of both GI tract contents
and the foreign compound, the rate of passage of contents through the tract, and
the surface area available for absorption. Certain disease states may also influence
absorption. All these factors are altered in neonates, infants, and even young
children relative to their status in adults. Their cuamulative effects on any single
drug or chemical are not readily predictable.

Gastric pH is decreased in neonates relative to adults, and secretion of acid
may not reach adult levels until early puberty (Rane, 1992). Interestingly, pH
appears to be increased during the first few days of life, then declines (Weber et
al. 1975). Although diet can alter gastric acidity, especially one high in milk and
formula, pH generally remains low until puberty and early adulthood (Rane,
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1992). The absorption of hydrophilic compounds, particularly those that can
undergo ionization, is most significantly affected by intragastric pH, because these
compounds do not readily traverse the lipid membrane matrix when ionized. The
relatively low pH of the immature GI tract will tend to most significantly affect
basic compounds, a higher proportion of which will exist in ionic form in the
immature GI tract than in the mature tract. Thus, based on gastric acidity alone,
basic compounds should be less readily absorbed in the young than in adults.
Absorption of lipid soluble compounds is generally little affected by pH (Ren-
wick, 2001).

GI transit times can alter absorption. Gastric transit time is generally longer
in neonates and infants than in older children and adults, and is also delayed by
diet, particularly one of high caloric density (Premji, 1998). These factors tend to
increase the opportunities for absorption of foreign compounds in the immature.

To make matters more complex, chemicals are generally less readily absorbed
from the stomach than from the small intestine. The relatively lower pH and
larger and well perfused surface area of the latter increases opportunities for
absorption (Renwick, 2001). Although small intestine perfusion in the immature
is not clearly greater than that of the adult, mucosal surface area and permeability
are increased; again, the opportunity for increased absorption in the young relative
to the adult is supported by these functional differences (Schumann et al., 1999;
Sreedharan and Mehta, 2005).

A range of enzymes involved in digestion and other biochemical functions
including pepsin, lipase, ci-amylase, B-glucuronidase, and UDP-glucuronyl trans-
ferase change in activity during the developmental period (see above). Some of
these changes may affect absorption of foreign compounds. Lower levels of bile
acids present in neonates may alter enterohepatic circulation of metabolites and
otherwise affect absorption (de Belle et al., 1979; Watkins, et al., 1973).

Altered drug absorption secondary to diseases such as infantile diarrhea,
gastroenteritis, malabsorption syndrome, and inflammatory bowel disease has
been reported for several pharmaceuticals (Maples et al., 2006). Reduced capacity
for gastric emptying with consequent increased absorption has been reported for
infants with congenital heart disease (Cavell, 1981).

The combined effects of these many factors influencing the GI absorption of
foreign chemicals are not readily predictable, but most tend to support increased
absorption in neonates, infants, and perhaps young children relative to adults.
Documentation of these differences through experimental studies has not been a
highly active area of research, but several well established examples exist in the
literature on pharmaceuticals and environmental toxicants.

Among the latter substances, lead stands out as perhaps the most thoroughly
investigated. In both human and non-human primates, the age dependence of lead
absorption rates is striking, with perhaps four to five times greater uptake in
children after oral exposure than has been observed in adults (Mahaffey, et al.,
2000). Much less clear is the age range over which absorption rates approach
those of adults. Some studies suggest that by ages 6 to 11, absorption rates become
comparable to those of adults (Gulson et al., 1997). The combination of increased
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TABLE 4.2

Differences in Gl Tract
Absorption between Very
Young and Adults

Chemical Differences (Species)

Lead 5-fold (humans)
Cadmium 20-fold (guinea pigs)
4-fold (humans)
Strontium 9-fold (rats)
Plutonium  85- to 100-fold (rats)
Radium 24-fold (rats)

Source: Calabrese, E.J. 1986. Age and
Susceptibility to Toxic Substances.
New York: John Wiley & Sons.

absorption and increased intake resulting from ingestion of a given environmental
level of lead explains why infants and children are most at risk from lead exposure
(CDC, 1991; Plunkett et al., 1992).

More limited data on other heavy metals — mercury, cadmium, and nickel
in particular — generally show the same trend observed for lead (Mahaffey et
al., 2000; Calabrese, 1986). Studies of absorption are sometimes confounded by
the fact that exposure of young children and adults to the same environmental
sources and concentrations results in greater intake per unit of body weight. It is
not always possible to separate and quantify the relative effects of increased intake
and increased GI tract absorption (Mahaffey et al., 2000). Data on this issue
compiled by Calabrese (1986) are presented in Table 4.2.

The pediatric pharmacology literature contains numerous examples of both
increased and decreased drug bioavailability in neonates, infants, and children.
Penicillin G, ampicillin, and nafcillin, for example, all display increased bioavail-
ability in neonates relative to older children and adults (Maples et al., 2006).
Reduced bioavailability and delayed absorption of phenobarbital, phenytoin, and
acetaminophen have been reported in children (Maples et al., 2006). Increased
bioavailability of drugs increases the risk of adverse side effects, while delayed
absorption and reduced bioavailability may render them relatively ineffective.

Metabolism

Although liver is the primary site of foreign chemical metabolism, the GI tract
is also a relatively active site. Moreover, microflora present in the mammalian
GI tract, most especially those of the large intestine, are involved in a range of
effects in the host, some of which are related to the metabolism and toxicity of
foreign chemicals. Indeed, some have postulated that gut microflora may be
substantially more significant contributors to both beneficial and detrimental



100 Toxicology of the Gastrointestinal Tract

health effects than we now recognize (Nicholson, et al. 2005). These two sources
of enzymatic activity are discussed in sequence below.

Age-associated changes in foreign compound metabolism are well docu-
mented. Both phase I and phase II metabolizing enzymes are expressed to dif-
ferent degrees in neonates and adults. Fetal enzyme activity is virtually absent,
increases in the neonatal period, and becomes fully mature in childhood. Although
this general trend holds, it appears that the different subsets of CYP enzymes
become active at different rates (Leeder and Kearns, 1997).

Caffeine metabolism in adults depends almost entirely on CYP1A2 activity
(Kalow and Tang, 1993). Fetal activity of CYP1A2 is, however, virtually absent,
and does not achieve mature status until the first 3 to 8 months of life (Cazeneuve
et al., 1994). Other CYP isozymes are active preterm and yield qualitatively and
quantitatively different metabolic profiles. Theophylline metabolism is similarly
affected (Kraus et al., 1993).

The CYP3A subfamily of enzymes is highly important in drug metabolism;
three isoforms (CYP3A4, 3AS5, 3A7) are known (Maples et al., 2006). Isoform
3A7 is highly expressed in fetal tissue and then declines throughout infancy
(Schuetz et al., 1994). At the same time 3A4 increases in activity throughout the
neonatal period, reaches peak levels in childhood, and then declines to adult levels
at puberty (deWildt et al., 1999). Clearance patterns for midazolam, cyclosporine,
and carbamazipine have been demonstrated to be consistent with the age-related
changes in CYP3A enzyme activity (Maples et al., 2006; Korinthenberg et al.,
1994).

These types of age-dependent changes are well-documented for certain CYP
enzymes such that effects on pediatric drug use are reasonably predictable. Much
less is known about other classes of chemicals, but the pharmaceutical literature
can provide much guidance.

Errects OF FOREIGN CoMPOUNDS ON NEONATAL Gl TracT

Irritating and corrosive compounds are well established causes of acute injury to
the upper regions of the GI tract including the oral cavity (Tyler, 1999). The
problem is most serious in children, related both to the potential for higher intakes
of chemicals per unit of GI tract surface area and greater susceptibility. Many
forms of acute poisoning leading to GI tract injuries appear in the literature, some
related to commercial products and some related to non-food plant products, the
latter often tempting to young children. Common irritants and corrosive materials
are the heavy metals and strong acids and bases. Plants that induce gastric injuries
and produce vomiting, diarrhea, and abdominal pain include pokeweed, holly,
castor, and various members of the Solanaceae family (Sreedharan and Mehta,
2005).

Increased vulnerabilities of infants and children are well documented in the
case of various bacterial toxins that are causes of food- and water-borne illnesses,
where less-than-fully-developed immune status compromises the response.
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The developing GI tract is a target for a number of chemical toxicants,
although it appears that most involve in utero exposures during critical periods
of fetal development. Anorectal malformations have been observed in rats fol-
lowing in utero exposure to ethylene thiourea (Hirai and Kuwabara, 1990); similar
malformations have been observed in mice following in utero exposure to all-
trans retinoic acid (Hashimoto et al., 2002). It seems that in utero exposure during
GI tract development is required to produce these effects and that the neonatal
animal would not be susceptible; direct studies to support such a conjecture are
not available. Whether the effect of in utero or neonatal exposures in neuro-
development may indirectly compromise GI tract development does not seem to
have been investigated.
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INTRODUCTION

The primary functions of the gastrointestinal (GI) tract are the breakdown of
foodstuffs and the absorption of nutrients and water. These functions occur
through the methodical mixing of food with digestive enzymes to create chyme
which is moved by peristaltic motion across the mucosal cells of the GI tract to
be absorbed. The small intestine is particularly well suited for this function
because of its musculature, secretive cells, and immense surface area. Almost
80% of the chyme entering the small intestine is absorbed before it enters the
colon. Because the small intestine is effective at absorbing the essential elements
for life, it is also a target for the entry of a host of additional entities such as
chemicals, bacteria, and toxic substances.

The body is designed to strive to permit only essential materials into the
system. While its defenses are certainly not foolproof, the mammalian digestive
system includes a series of inherent barriers that attempt to prevent the absorbance
of materials not recognized as essential substances. These barriers include cell
membranes of the intestinal mucosa that provide physical barriers. Recent studies
also reveal that intestinal cells that produce enzymes can also metabolize many
substances that attempt to minimize toxicants that pass through cell walls. Another
defense is an aqueous boundary layer sometimes referred to as the “unstirred
water layer” adjacent to the lumen of the GI tract that acts as a diffusion barrier
to a number of substances.

Immediately adjacent to the lumen is an acid microclimate that poses yet
another barrier for substances attempting to gain entry into the circulatory system.
If a substance does not disintegrate or dissolve, the amount that can be absorbed
into the bloodstream significantly decreases. The stomach pH of 3 to 5 not only
degrades many chemical structures, but destroys millions of bacteria that could
be absorbed into the bloodstream. If a xenobiotic is absorbed in spite of these
barriers, it is transported to the liver prior to entering the general circulation in
a process referred to as the first pass effect. A xenobiotic substance can be
metabolized extensively in the liver before reaching the general blood circulation.
Hence, a foreign substance must overcome numerous hurdles prior to its entrance
into the general circulatory system. Drugs are among the many xenobiotics that
are actively and passively prevented from absorption.
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In spite of the myriad hurdles drugs must overcome to gain entry into the
body via ingestion, ingestion remains the primary mode of drug administration.
It is well known that the peroral route for drug administration is preferred by
patients since it is in most cases the least stressful and most convenient mode.
Unfortunately, many drug formulations pose inherent solubility, absorption, dis-
tribution, and stability issues resulting from exposure to the GI tract. Several
major problems are associated with drugs administered via oral ingestion: (1)
too-rapid transit time across the ideal absorption site, (2) intense degradation of
peptide-based drugs in the GI tract, and (3) poor permeability across the lumen
wall (Harding, 2003). Drug companies are under considerable pressure to produce
drugs for oral administration because they are frequently less expensive to man-
ufacture, are preferred by clinicians and patients alike, and can be made into a
variety of delivery formats including fast release tablets, slow release tablets,
capsules, and enteric-coated preparations.

One critical prerequisite of both the successful manufacture and clinical use
of chemicals for oral administration is finding those with the highest potential to
be absorbed in the GI tract, distributed into the circulatory system, and not
metabolized before they can reach their ultimate receptor sites. Numerous factors
determine the degree of absorption of a compound across the GI tract membranes
and into the circulatory system. Physicochemical properties include solubility,
pKa, molecular size, hydrophobicity, hydrogen bonding capacity, particle size,
complexation, and chemical stability. Physiological factors include membrane
permeability, surface area of site of adsorption, available transporters, variations
in metabolism along the tract, amounts and types of foodstuffs present, amount
of water present, enterohepatic circulation engagement, intestinal and pancreatic
secretions, transit time, and local pH (Burton et al., 2002).

The purpose of this chapter is to describe the issues concerning the GI tract
as a route of drug administration and the associated processes of drug absorption,
bioavailability, and distribution. Because any xenobiotic or drug must overcome
so many barriers to gain effective entry, the drug companies strive to manufacture
oral medications that are successfully absorbed and ultimately transported to
receptor sites.

STRUCTURE AND FUNCTION OF
GASTROINTESTINAL TRACT

The primary function of the GI tract is the absorption of nutrients and water from
the surrounding environment for sustenance. The tract is a specialized structure
present in multicellular organisms that essentially obtains nourishment by the
ingestion of organic material. This process provides the body cells with nutrients
required to maintain life functions. The cell walls of the GI tract are composed
of numerous tissue types that serve to break down foodstuffs and fluids into
absorbable components and also create an environment for absorption of these
components into the circulatory system.
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The GI tract is a 25- to 30-foot series of hollow organs connected to form a
pathway that starts at the mouth and proceeds through the pharynx, esophagus,
stomach, small intestine, large intestine, and rectum, and ends at the anus.
Although positioned within the body, the contents of the lumen of the GI tract
are considered external and must traverse cell membranes to gain entry into the
circulatory system. The digestive system functions to modify the ingested luminal
content so that it can be absorbed from the lumen or exterior to the blood and/or
lymph circulatory system or interior of the body (Kapp, 2007).

The digestion system is organized into two divisions: (1) the GI tract or
alimentary canal that includes the mouth, pharynx, esophagus, stomach, small
intestine, large intestine, rectum, and anus; and (2) the accessory structures
including teeth, tongue, salivary glands, pharynx, liver, gallbladder, and pancreas
(Kapp, 2007). The major organs of the digestive tract are illustrated in Figure 5.1.

Each portion of the GI tract is highly specialized. In conjunction with the
accessory digestive organs connected through a series of ducts including the
salivary glands, pancreas, liver, and gallbladder, the foodstuffs are turned into a
thick semi-liquid mass of partially digested food (chyme) that is eventually

Mouth (oral cavity)
Parotid gland
Tongue Teeth
Pharynx Sublingual gland

Submandibular gland

Stomach
Transverse colon
Pancreas
Duodenum

Descending colon
Sigmoid colon

Rectum

Ascending colon

Cecum
Appendix:

FIGURE 5.1 Major organs of digestive tract. (Tortora, G.J. and Anagnostakos, N.P.,
Principles of Anatomy and Physiology, 6th ed., 1990. Reprinted with permission of John
Wiley & Sons.)



Gastrointestinal Tract as Major Route of Pharmaceutical Administration 111

absorbed in the small intestine for transport into the circulatory and lymphatic
systems. Table 5.1 summarizes the structures and primary functions of the various
portions of the GI tract.

Each portion of the GI tract has a specialized function and varying conditions
such as pH, transit time, and surface area. The oral cavity serves primarily as a
place where foodstuffs or xenobiotics first enter the GI tract by tearing of food
into smaller pieces through mastication. These substances rarely remain in the
oral cavity long enough to be absorbed. However, some materials can be absorbed
directly into the circulatory system via sublingual absorption. For example, nitro-
glycerin used to treat certain heart conditions is commonly administered in this
fashion since the material can quickly get into the bloodstream and bypasses the
first pass metabolism of the liver. This type of absorption, while important, is the
exception rather than the rule for absorption in the GI tract.

As a substance is swallowed, it enters the esophagus en route to the stomach.
The esophagus is thick and muscular and material quickly passes through this
section with little to no absorption occurring in transit. The substance is delivered
to the stomach which has a pH of 3 or lower and a capacity of about one liter.
The highly acidic stomach contents not only destroy the bacteria that enter with
the foreign materials, but activate pepsinogen in the break-down of proteins. The
stomach fluid also contains mucus, which protects the stomach lining from the
high acidity of the contents. The stomach mixes the contents into chyme for
transport into the next part of the digestive tract.

From the stomach, the chyme passes into the duodenum of the small intestine
where the pH varies from about 6 to 6.5 and the majority of the absorption into
the circulatory system occurs. Numerous digestive or intestinal juices are added
in the small intestine along with pancreatic and bile secretions that are critical to
the digestive process. The surface area of the duodenum is extremely large,
providing a vast area for absorption of food and xenobiotic substances. The cell
wall of this portion of the small intestine has millions of finger-like projections
called villi that can be found on projections called brush borders that are designed
to provide a vast area for nutrient absorption. Each villus is embedded into the
connective tissue of the wall of the small intestine and has an arteriole, a venule,
a capillary network, and a lymphatic vessel (lacteal) that allows nutrients to pass
through the capillary wall directly into the lymphatic and cardiovascular systems.

The jejunum and ileum lie beyond the duodenum. Although they comprise
the longest part of the small intestine, they provide only a fraction of the absorp-
tive surface. The jejunum possesses more absorptive surface area than the ileum,
which possesses the least area. (Magee and Dalley, 1986). The pH becomes more
basic as the distance from the stomach increases. The total time in transit through
the entire small intestine is about 3 to 4 hours. The final section of the GI tract
is the large intestine or colon. This section is the primary site of water and
electrolyte resorption. The pH of the large intestine ranges from 5 to 7. The blood
supply to the rectum is not transported to the liver for first pass metabolism. The
colon is similar to the sublingual area in that anything absorbed there such as
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suppositories and enemas goes directly into systemic circulation. The transit time
through the colon is quite long and can exceed 24 hours.

PHARMACOKINETICS

Pharmacokinetics broadly refers to the mathematics of movement of chemical
substances through the body including the way in which the body’s physiology
affects the substances over time. The composition of the substance in question
exerts an influence over the location of substance absorption, the specificity of
where that substance may be transported, the degree of metabolism, and the
rapidity of excretion. These four functions — absorption, distribution, metab-
olism, and excretion (ADME) — define the effectiveness of a pharmaceutical
compound (Beers and Berkow, 2005) and all are critical to its success. The
biological, physiological, and physicochemical factors that influence the transfer
of drugs within the body also influence the rate and extent of ADME of those
drugs. In many cases, pharmacological and toxicological actions are related to
plasma concentrations of drugs. The study of pharmacokinetics allows a phar-
macist to individualize therapy for a patient.

BIOAVAILABILITY

Bioavailability involves all the activities associated with the processes necessary
for the entrance of an active xenobiotic substance (drug) into the body and its
eventual arrival at a designated receptor site where it can have an effect. Hence,
bioavailability is a pharmacokinetic term that describes the rate and extent to
which a therapeutically active drug is absorbed from a drug matrix and becomes
available at the receptor site of drug action (Shargel and Yu, 1999; Banakar and
Makoid, 1997).

Oral absorptive mechanisms constitute a complex series of processes that are
dependent upon a number of factors including chemical properties of the sub-
stance as well as physiological factors inherent within the lumen of the GI tract.

Interestingly, drug concentrations generally cannot be readily measured at a
receptor site; therefore, most bioavailability studies involve the determination of
drug concentration in the blood or urine. This is based upon the premise that a
drug at a site of action is in equilibrium with drug in the circulatory system. It
is therefore postulated that one can obtain an indirect measure of drug response
by monitoring drug levels in the blood and/or urine. The bioavailability of a drug
product affects the onset, intensity, and duration of therapeutic response and
therefore can determine its therapeutic efficacy. Therefore, oral bioavailability
can specifically be defined as the extent of original drug appearing in the blood
after oral administration. F_,, is generally expressed by comparing the amount
of drug in the circulatory system post-oral administration as compared to the
amount of drug in the circulatory system post-intravenous administration. £, .q
is the fraction of the intact drug taken into the intestinal tissue. f, , 1s the

gut wal

fraction of drug that remains after intestinal metabolism and enters the portal
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vein. Fy . is the fraction of drug that remains following first pass intestinal and
hepatic metabolism (Pond and Tozer, 1985). One can express the mathematical
relationship of the bioavailability of a drug in the following equation:

Foral = fabsorbed X fgut wall X fhepatic

Thus, bioavailability can be equal to or (more often) less than the fraction of the
substance absorbed, depending upon the degree of drug loss in the gut wall and
through first pass metabolism. In most cases, the concern is the extent of absorp-
tion of drug, (that is, the fraction of the dose that actually reaches the bloodstream)
because it represents the effective dose. In general, numerous factors can and do
influence the bioavailability of a drug and many barriers can prevent a drug from
reaching the ultimate receptor sites in order to be effective.

Christopher Lipinski’s seminal manuscript (Lipinski et al., 1997) about the
“rule of five” identifies a series of features commonly found in orally active drugs.
The guidelines have been unofficially adopted by the pharmaceutical industry in
an effort to predict which chemicals in early drug development may have the best
possibilities of passive transcellular transport and permeability. The rule of five
is so called because most of the parameters start with the number five or represent
multiples of five. In general, an orally active drug has:

e Molecular weight below 500

* Low lipophilicity (expressed as cLogP less than 5)
¢ Not more than 5 hydrogen bond donors

e Not more than 10 hydrogen bond acceptors

Table 5.2 summarizes the most critical chemical factors affecting drug absorp-
tion. Table 5.3 summarizes the physical factors that affect drug absorption. Table
5.4 summarizes the most critical physiological factors affecting drug absorption.
In addition to the factors listed in Tables 5.1 through 5.4, additional issues
affecting drug—drug interactions are listed in Table 5.5.

ABSORPTION

Absorption is defined as the transfer of a substance from its site of entry to the
circulatory or lymphatic system. The rate and efficiency of absorption of any
substance administered orally are dependent upon numerous factors (Beers and
Berkow, 2005). As a substance passes into the GI tract, it can be absorbed by
one or more of several mechanisms. While no known mechanisms specifically
transport only xenobiotics into the body, many existing nutrient absorption path-
ways in the GI tract are also used by foreign substances such as drugs to gain
entry into the body. Generally, if a drug is an organic acid or base, it most likely
will be absorbed via simple diffusion.
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TABLE 5.2

Critical Chemical Factors Affecting Drug Absorption

Chemical Property
of Drug

Particle size or
molecular size

Hydrogen bonding

Partition coefficient

Hydrophilicity
Lipophilicity

Ton trapping

Crystalline structure
Stability

Low pH

Variable

Degree of disintegration

Degree of hydrogen bonding

Pathway of absorption

Tight junctions between epithelial
cells

Adipose tissue

Localization at non-receptor sites

Degree of hydration of active
ingredient

Active ingredient intact long
enough to be absorbed

Stomach

Effect

Larger size results in less absorption

Increases transit time and degree of
absorption (Whitehead, 2005)

Paracellular or transcellular route or
not transported

(Kulkami, 2002)

Prevents drug from passing through
cellular membrane tight junctions

Drug becomes trapped in adipose
tissue

Weak acid/or base drugs become
trapped at sites such as kidney and
cannot reach receptor site

Availability at membrane wall

Less stable drugs have decreased
absorption

Degradation of active ingredients

By virtue of the structures of these substances, one can estimate that an
organic acid exists primarily in lipid-soluble form in the stomach and in ionized
form in the small intestines. Hence, an organic acid would be absorbed more
readily in the acidic stomach than in the neutral small intestine. Organic bases,
on the other hand, would be absorbed more readily in the more neutral pH of the
small intestine rather than in the acidic stomach. However, since the pH is about
neutral in the small intestine, both weak acids and weak bases are non-ionized
and readily absorbed by passive diffusion. There are significant exceptions due
to the large surface area of the small intestine, varying blood flow rates, and the
law of mass action that maintains a gradient in the compartments.

In addition to the above passive transport mechanisms, a variety of active
and facilitated mechanisms transport nutrients including monosaccharides, amino
acids, and minerals into the mucosal epithelial cells. A xenobiotic transport
mechanism called the multi-drug-resistant (mdr) protein or p-glycoprotein has
been identified. This mechanism functions to move certain xenobiotics out of
cells which, in turn, acts to decrease the net amount of GI absorption for some
drugs and toxicants. The multi-resistant drug protein transport systems (mrps)
have been shown to transport glucuronides and glutathione metabolites out of
cells as well (Rozman and Klaassen, 2001). The iron transport mechanism also
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TABLE 5.3

Critical Physical Factors Affecting Drug Absorption

Dosage Form

Solutions (e.g., syrups and
elixirs)

Suspensions

Capsules

Uncoated tablets

Enteric-coated tablets

Controlled-release capsules

Controlled-release tablets

Variable

Already in aqueous form

In aqueous form;
suspended particles
must be disintegrated

Most readily
disintegratable form of
solid dosage; drug
inside capsule is easily
dissolved

Solids compressed into
small pills; must be
disintegrated before
they can be dissolved

Tablet coatings are more
difficult to disintegrate
than uncoated tablets

Designed to slowly
dissolve over time;
absorption is sequential
and constant

Designed to dissolve over
longer period for
sequential and constant
absorption

Effect

Readily absorbable

Less readily absorbable than solutions

Less readily absorbable than
suspensions

Less readily absorbable than capsules;
must be disintegrated

Less readily absorbable than uncoated
tablets; coating is designed not to
disintegrate upon administration

Less readily absorbable than enteric-
coated tablets

Less readily absorbable than
controlled-release capsules

absorbs xenobiotics such as thallium while manganese and cobalt both utilize
and also compete for access to the iron transport system. The calcium transport
mechanism also absorbs lead. The pyrimidine transport system also absorbs 5-
fluorouracil.

While these xenobiotics are actively transported into the mucosal epithelial
cells of the GI tract, the majority of toxicants and drugs enter by simple passive
diffusion. Low molecular weight lipid-insoluble compounds are absorbed through
aqueous membrane pores at the tight junctions in membranes via passive diffu-
sion. Another factor in the absorption of xenobiotics is that particulate drugs can
be absorbed via vesicular transport — either by pinocytosis or phagocytosis.

As described in Tables 5.1 through 5.5, other factors that can markedly affect
absorption include a drug’s package design (tablet, capsule, controlled-release
formulation, etc.); its physical and chemical properties; physiological character-
istics of the patient; and disease states of the patient. Generally, however, the rate
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TABLE 5.4

Critical Physiological Factors Affecting Drug Absorption

Physiological Properties

Intestinal contents

Gastrointestinal
microorganisms

Regional variations in pH
of digestive fluids

Regional variations in
absorptive capabilities of
digestive tract

Intestinal motility

Gastric emptying

Intestinal metabolism

Intestinal blood flow

Aqueous boundary layer
or unstirred water layer

Age, weight, sex

Pathology

Variable

Amount of food or other
chemicals already present
with substance to be absorbed

Numbers and locations of
microorganisms

Fluid volumes and secretion
rates of intestinal enzymes

Duodenum is very absorptive;
jejunum and ileum less
absorptive

Transit can increase or
decrease

Gastric emptying rate can
increase with stress, increased
pH; can decrease with
increased viscosity of GI tract
content, exercise, ingestion of
fatty acids or carbohydrates,
decreased pH

Metabolism occurring in cell
walls of GI tract

Blood flow varies with
stomach contents

Water/mucus layer
surrounding villi of small
intestine

Each biological variable can
affect absorption rates

Various disease states may
affect rate of drug absorption

Effect

Binding or complexation can
affect amount of drug available
for absorption (Galia, 1998)

Metabolism of active ingredients
to inactive forms

Changes in degradation rate and
partition coefficients can
increase or decrease absorption
rates (Fallingborg, 1989)

Certain areas of GI tract are more
prone to enhance absorption than
others

The slower the transit rate, the
more absorption can occur
(Pang, 2003)

The less time a substance remains
in GI tract, the less absorption
occurs (Pang, 2003)

Increases first pass metabolism of
liver which can deactivate or
activate drug

Increased blood flow decreases
transit time through gut and liver,
lessening potential for first pass
metabolism

Substances must diffuse across
this layer to gain access to
mucosal cell membranes

Variable effects are noted in
absorption rates with each
variable

Variable effects noted in
absorption rates with many
disease states
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TABLE 5.5
Drug-Drug Interactions
Item Variable Effect
pH Acidic or basic — indirect pH of one drug can change absorption of
effect another by changing drug ionization state
Gastric motility ~ Change in rate of transit — One drug can speed or slow transit rate in
indirect effect GI tract which can affect absorption rate

of second drug

Drug-induced Interference with mucosal One drug can change properties of intestinal
malabsorption function — indirect effect mucosa which can affect absorption rate
of second drug
Chelation Complexing with another drug ~ One drug can chemically bind with another,
— direct effect reducing absorption of both
Exchange resin Adsorption of resinof onedrug ~ One drug can bind with components of
binding with active moiety of second another, reducing absorption of both
drug — direct effect

of absorption is determined by the solubility of the active ingredient and the
permeability of the cell wall to the solute. A drug product frequently consists of
an active ingredient along with inactive ingredients such as diluents, disintegrants,
stabilizers, and lubricants that are compressed in varying degrees to enhance
absorption. If a drug is administered in solution, it is already in a form that is
theoretically, at least, absorbable. Nevertheless, the solution must not degrade
significantly in the presence of the acidic pH and enzymatic secretions of the GI
tract.

If a drug is administered in a solid form such as a tablet or capsule, several
additional steps in the process are necessary to facilitate absorption: (1) disinte-
gration of the substance; (2) dissolution of the substance in proximity of the
absorption site; and (3) transfer of the substance across the lumen of the GI tract
into the circulatory or lymphatic system. Disintegration increases the surface area
of the substance, which enhances the probability that the solid will dissolve into
the solute. Surfactants, disintegrants, and lubricants are usually added during the
manufacturing process to increase the solubility and dispersibility of the active
ingredient. In the case of enteric-coated tablets, hydrophobic lubricants and
extreme pressure may be applied during the manufacturing process to slow the
dissolution process. This allows the active ingredient to be released over a longer
period of time and is critical to time-release drugs. Dissolution is the rate of
availability of the active ingredient for absorption or the time required for a given
amount of drug to be released into solution from a solid dosage form. Dissolution
time is usually measured in vitro under conditions that simulate those that occur
in vivo in experiments in which the amount of drug in solution is determined as
a function of time (Ritter et al., 2003).
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Once a drug has entered the GI tract and is a liquid or a thoroughly dissolved
solid, it must pass through several lipid cell membrane barriers prior to reaching
the circulatory or lymphatic system. Immediately adjacent to the lumen cell wall
is an aqueous boundary layer or “unstirred water layer” comprised of <5% mucus
and 90% water (Carlstedt et al., 1985; Artursson, 1991). This layer acts as a
diffusion barrier to drugs, toxicants, and chyme alike and represents yet another
barrier to surmount in the absorption process. In addition to the unstirred water
layer, another layer termed the acid microclimate exists at the surface of the
luminal cell membrane. Once a substance traverses the unstirred water layer and
the acid microlayer, it reaches the surface of the membrane of the lumen. The
two main pathways for a substance to enter the membrane are the transcellular
(through the cells) and the paracellular (between the cells). The next section
describes each of these absorption mechanisms.

TRANSCELLULAR TRANSPORT

Substances entering the membrane via the transcellular route do so either pas-
sively or are actively transported. There are several types of transcellular transport
processes including those that are completely passive, those that are active, and
those that do not easily fit into either category in the conventional sense.

PAssivE CELLULAR TRANSPORT

This type of absorption expends no energy and is the most common route of
absorption in the GI tract. Passive cellular transport is dependent upon the per-
meability of the membrane and the surface area available for absorption. Four
types of passive cellular transport mechanisms are found in the GI tract: diffusion,
filtration, osmosis, and facilitated diffusion.

Diffusion

This type of transport shows low chemical specificity and does not involve a
carrier or the expenditure of energy. The process involves the absorption of a
substance across a concentration from a membrane compartment of high concen-
tration to a compartment of low concentration. Diffusion only occurs when there
is a concentration gradient of a substance separated by a membrane. The physics
of diffusion follows Fick’s first law which describes the passive movement down
a concentration gradient to equilibrate the substance in both compartments. Given
enough time, the flow of substance will eventually result in homogeneity within
the matrix, causing the net flow of substances to cease. Fick postulated that the
flux of material across a given plane is proportional to the concentration gradient
across the plane (Wilson, 2004). Mathematically this movement is described by
the following equation:

F = -D (9C(x,t)/9x)
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where F is the flux, D is the diffusion constant for the substance diffusing in the
specific solvent, and dC(x,t)/dx is the concentration gradient. The diffusion con-
stant of a substance is also referred to as its diffusion coefficient and it is expressed
in units of length*time (e.g., um?%hour). The negative sign [-] on the right side
of the equation indicates that the substances flow in the direction of lower
concentration.

This pathway is primarily for lipophilic substances. Fromm and Heirholzer
(2000) have shown that different sections of the GI tract membrane have varying
degrees of permeability because of thickness and fluidity of the basolateral mem-
brane. Additional factors governing absorption with passive cellular transport
include the available membrane surface area and transit time — both increasing
proportionately with increasing values.

Filtration

This phenomenon occurs when water flows across membranes in large quantities
due to hydrostatic pressure. Water flow tends to adhere to some substances with
molecular weights of 150 to 300 and pulls the molecules through the same
channels in the cell membrane. The movement and hydrostatic pressure of the
water forces substances through the membrane in a way that is greater than that
expected by random motion.

Osmosis

Osmosis is the passive movement of groups of water molecules through cell
membranes. Water molecules — unlike other substances — tend to be drawn
together by weak hydrogen bonds. This weak bonding makes the molecules stick
to one another in an amorphous mass and their movement across the membrane
is also referred to as bulk flow.

Facilitated Diffusion

Facilitated diffusion is a protein carrier-mediated process by which large sub-
stances can pass through cell walls. An example is glucose, which is not only
too large to enter the membrane, but is also insoluble in lipids. The process
involves binding of the substance to a specific carrier protein. The complex binds
to a receptor site within the cell which transports the entire complex through the
cell membrane and releases it on the other side. Since facilitated diffusion is a
passive process, these substances only move down the concentration gradient.

AcTIVE CELLULAR TRANSPORT

The movements of many compounds across the mucosal epithelial membrane
require active assistance and the expenditure of energy, generally because a
substance has a large molecular weight, is insoluble, or is moving against a
concentration gradient. Since these substances successfully traverse the
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membrane, a system of transport mechanisms has been devised to explain the
movements of numerous materials inside mucosal epithelial cells. This process
is characterized by selectivity and requires energy expenditure by cells. The
process of active transport moves molecules against their electrochemical gradi-
ent, a process that would not be possible if it were not coupled with the hydrolysis
of adenosine triphosphate (ATP). This coupling can be either primary or second-
ary. In the primary active transport, transporters that move molecules against their
electrical or chemical gradient chemically hydrolyze ATP. In the secondary active
transport, transporters use energy derived from transport of another molecule in
the direction of their gradient, to move other molecules in the direction against
their gradient. This can be either in the same direction — symport — or in the
opposite direction — antiport (Kimball, 2005).

Active transport processes have been identified for various ions, vitamins,
sugars, and amino acids as well as some xenobiotic materials. The divalent metal
ion transporter (dmt) assists with the absorption of metals while the nucleotide
transporter (nt) and peptide transporter (pept) function in the transport of nucle-
otides and peptides, respectively. While these transporters seem to be quite dif-
ferent as they transport widely diverse substances, they are similar in many
respects. The following characteristics are exhibited by most active transport
systems:

The system is chemical-structural specific.

The system is carrier-mediated.

The system utilizes energy.

The system is competitive among other similarly structured chemicals

that utilize the same transport system.

5. The system is transport-rate limiting either by saturation or competition
and exhibits a transport maximum (T,,).

6. The system moves substances against concentration/energy gradients.

Sl e

With few exceptions, actively transported substances are transported across the
mucosal epithelial cell by forming a membrane-bound complex on the low con-
centration side of the membrane. The substance then crosses the membrane
through specific channels by the expenditure of energy where it is released on
the high concentration side of the membrane. The coupling of transport to the
energy source may be direct or indirect (Rozman and Klaassen, 2001).

Direct Cellular Transport

Direct active transport or primary active transport is coupled directly to an
exergonic reaction which is mostly hydrolysis of ATP. These transport proteins
are termed ATPases or ATPase pumps. There are four types of transport ATPases.

P type ATPase — The P type is reversibly phosphorylated by ATP as part
of the transport mechanism and includes, Na*/K* ATPase of plasma membranes,
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H* ATPase of GI tract epithelial cells, and Ca** ATPase of skeletal muscle cells
and endoplasmic reticulum.

V type ATPase — The V type does not undergo phosphorylation. V type
ATPases are involved with vesicle pumps that pump protons into organelles of
the endosomal membranes.

F type ATPase — The F type is found only in bacteria, mitochondria, and
chloroplasts. These ATPases are involved with proton transport in organisms that
use the energy of ATP hydrolysis to drive ATP synthesis.

ABC type ATPase — The ABC type ATPases or ATP binding cassettes are
transmembrane proteins that expose a ligand-binding domain at one surface and
an ATP-binding domain at the other surface and are usually restricted to a single
type of molecule. The bound ATP provides the energy to the ligand transfer. The
human genome contains at least 48 ABC transporters including CFTR (cystic
fibrosis transmembrane conductance regulator) and TAP (transporter associated
with antigen processing) (Wright, 2005; Kimball, 2005).

Indirect Cellular Transport

Indirect or secondary active transport is characterized by the fact that the energy
driving the system is that of two molecules — one going down its gradient drives
the movement of the other substance against its gradient. Since the gradient is
maintained by ATP hydrolysis, ATP is the indirect source of energy for this
process. Generally, the driving ion in this scenario is Na* with its gradient
established by the Na*/K* ATPase. The two basic types of indirect active transport
mechanisms are symport and antiport. (Kimball, 2005).

Symport

In this type of indirect active transport, the driving ion (usually Na*) is forced
through the membrane pump in the same direction as a second molecule or ion.
An example of this is the Na*/glucose transporter in which the transmembrane
protein permits Na* ions and glucose to enter the cell together. The Na* ions flow
down their concentration gradient while the glucose molecules are pumped
against their concentration gradient. Eventually, the Na* is pumped back out of
the cell by the Na*/K* ATPase. This pump is used to actively transport glucose
out of the GI tract and into the circulatory system.

Antiport

In this type of indirect active transport, the driving ion (also usually Na*) diffuses
through the pump in one direction and that transfer provides the energy for the
active transport of another molecule in the opposite direction. An example of this
type of pump is the H*/K*+ ATPase that catalyzes the transport of H* out of gastric
parietal cells (toward the lumen of the stomach) in exchange for a K+ ion that
enters the cells (away from the lumen of the stomach).
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ENDOCYTOSIS

Endocytosis is the process by which a substance gains entry into a cell without
passing through the cell membrane proper. The cell wall invaginates or changes
shape in such a way that it encloses the substance, then the wall re-fuses, forming
a vesicle that moves to the interior of the cell. This mechanism of absorption
utilizes energy so it is considered a form of active transport. It is not believed
that endocytosis is involved with the absorption of many drugs in a major way.
The three distinct types of endocytosis are pinocytosis, phagocytosis, and recep-
tor-mediated endocytosis (Beers and Berkow, 2005).

Pinocytosis

The cell invaginates, engulfing relatively small amounts of dissolved substances
or liquids; hence the process is also referred to as ‘“cellular drinking.” The
invagination and subsequent restructuring of the cell wall require energy (Bourne,
2001).

Phagocytosis

The cell changes shape by sending out projections around the substance. These
projections are called pseudopodia or “false feet.” The cell wall is attracted to
the substance by a chemical (chemotaxis). The cell sends out projections in the
membrane that make contact with the substance, achieving a non-specific recep-
tor-ligand interaction. Subsequently, the membrane projections engulf the sub-
stance, eventually re-fusing the cell walls forming an intracellular vesicle. This
type of endocytosis is limited to certain specialized cells such as neutrophils,
macrophages, and amoebae so phagocytosis is not involved in the absorption of
drugs per se (Bourne, 2001).

Receptor-Mediated Endocytosis

Specific receptors on the outer cell wall bind tightly to specific ligands on the
outside of a cell. As that occurs, the cell sends out pseudopodia projections and
engulfs the substance as described for phagocytosis. The difference is that the
specific substances are very important to cell survival so the rate of absorption
may be as much as 1000 times more efficient than pinocytosis. An example of
this type of endocytosis is characterized by the uptake of iron. Iron, of course,
is necessary for cell survival. It is transported in the blood complexed to a protein
called transferrin. Interestingly, cell surfaces have receptors on their surfaces that
specifically bind to transferrin. The iron complex is subsequently absorbed into
the cell via endocytosis. Eventually, the iron is released for use by the cell. Since
the receptor is specific, the cell can get the required amount of iron—transferrin
complex even if the concentration is only a fraction of the content of the extra-
cellular fluid. Cells can obtain cholesterol by the same receptor-mediated endocy-
tosis (Kimball, 2005).
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ExocyTosis

Exocytosis is simply the reverse of endocytosis; the cell can release various
substances such as secretions and toxins outside of the cell. Generally, membrane-
bound (exocytic) vesicles move to the cell surface where they fuse with the cell
wall. As they fuse, these vesicles turn inside out and empty their contents into
the extracellular fluid. It is believed that the exocytic vesicles are created from
endosomes that do not fuse with lysosomes or the endoplasmic reticulum or Golgi
apparatus that take various cell products to the surface. These types of events
occur in the pancreas in the process of the secretion of pancreatic enzymes. In
addition, certain cells lining the intestinal lumen synthesize fat that is discharged
by exocytosis into lacteals (Kimball, 2005).

PARACELLULAR TRANSPORT

The paracellular pathway involves the passive movement of substances through
the intercellular spaces between epithelial cells. The controlling gateway of the
paracellular pathway is the tight junction, which is an apically located cell—cell
interaction of lumen epithelial cells. The tight junction permits the passage of
ions while restricting the movement of large molecules. The porosity of the tight
junction complex is dependent upon several factors including the molecular size
of the substance, the net charge of the compound, intra- and extra-cellular calcium
ion concentration, osmolarity, protein kinase inhibitors, and a complex network
of proteins including claudin, occludin, and the junctional adhesion molecule
JAM).

Claudins constitute a group of about 20 tissue-specific tight junction proteins
believed to be part of the structure containing two extracellular loops and varying
amino acid residues and short intracellular tails (Fasano and Shea-Donohue, 2005;
Furuse et al., 1998). Occludin is polypeptide that contains four transmembrane
domains with two extracellular loops with internal amino and carboxy termini
(Furuse et al., 1993; Fasano and Shea-Donohue, 2005). Junctional adhesion
molecule is an immunoglobin identified as a component of the tight junction
necessary to allow the transmigration of monocytes through the paracellular space
(Martin-Padura et al., 1998; Coyne et al., 2002). A tight junction possesses a
complex regulatory system that changes the network of tight junction proteins to
the physiological needs of the organism. Tight junctions are estimated to be less
than 0.1% of the total surface area of the intestinal tract. Further, the substances
absorbed by this method are small hydrophilic molecules. It is believed that
substances transported via the paracellular route are generally incompletely
absorbed into the circulatory system. Hence the tight junctions are dynamic
interactive structures that are critical in the physiology of absorption.
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DISTRIBUTION

Distribution is the process by which an absorbed substance is reversibly trans-
ported through the circulatory or lymphatic system to various tissues throughout
the body where it is able to react with various body tissues and/or endpoint
receptors. Once a substance is absorbed into the circulatory system, it is almost
immediately circulated throughout the entire body. While the blood and lymphatic
systems transport the substances quickly, the substances are not absorbed evenly
throughout the body. The rate of entry into the tissues and body compartments
is influenced by many factors such as local pH, perfusion rates, tissue binding,
blood flow to the tissue, tissue mass, partition characteristics of the tissue, and
specific cell membrane permeability (Beers and Berkow, 2005).

APPARENT VOLUME OF DISTRIBUTION

The apparent volume of distribution (V,) is the fluid volume required to contain
the substance in the body at the same concentration equal to that in the plasma.
This measure is a reference for the plasma concentration anticipated for a given
amount of substance required to produce that concentration in the plasma. The
following equation mathematically describes that relationship:

p

where Q is the amount of substance in the body at the same concentration as that
present in the plasma which is represented by C,. This equation, however, does
not provide any information about the pattern of distribution since each substance
is distributed within the body in a different way (Bourne, 2005).

PATTERNS OF DISTRIBUTION

Generally, drug distribution follows one of four basic patterns:

1. The substance remains bound within the vascular system such as those
materials that tightly bind to plasma proteins.

2. The substance becomes uniformly distributed through the body water.

3. The substance is concentrated in one or more tissues that may or may
not be the sites of action.

4. The substance is non-uniformly distributed throughout the body based
upon membrane permeability and lipid solubility with the greatest
concentrations often found in the kidney, liver and colon — a reflection
of the substance being eliminated from the body.
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Water-soluble substances usually remain in the blood and interstitial spaces.
Acidic substances tend to bind to various blood protein components such as
albumin. On the other hand, lipid-soluble substances tend to collect in adipose
tissue and rather than rendering it inactive tend to extend the effect of the
substance due to the storage depot effect. Some other substances are tightly bound
to liver and kidney tissues. Equilibrium between blood and the target tissue is
reached more rapidly in highly vascularized areas than in poorly perfused areas.
At equilibrium, substance concentrations in tissues and in extracellular fluids are
reflected by the plasma concentration (Bourne, 2005; Kimball, 2005).

Boby COMPARTMENTS

In general, absorbed substances are distributed primarily into the following major
body compartments (Ritter et al., 2003):

Plasma ~5%
Intercellular fluid ~16%
Intracellular fluid ~35%
Transcellular fluid ~2%
Adipose tissue ~20%

Nk L=

Substances are transported via the circulatory system, partially unbound and
partly bound as noted previously. Proteins such as albumin chemically freeze a
substance; this renders it pharmacologically inactive while the unbound portion
of the substance is considered the free fraction and is the pharmacologically active
portion. Plasma protein binding significantly influences both the distribution and
the relationship between the pharmacological activity and the substance concen-
tration in the plasma. As the number of available binding sites approaches satu-
ration at higher substance concentration levels, other substances may be displaced.
This displacement activity is a critical function in chemical interactions.

RATE OF DISTRIBUTION

The rate of distribution is primarily a function of membrane permeability and
blood perfusion. Membrane permeability is governed by the solubility of the
substance (lipids can pass through the membrane quickly whereas water soluble
compounds distribute less quickly). Substances that are ionizable in the blood
will increase the rate of transfer across the membrane. The blood perfusion rate
is the rate at which the blood is distributed throughout an organ. The perfusion
rate varies widely from one organ to the next as indicated in Table 5.6.

The higher the flow of blood through an organ, the higher the concentration
of a substance one can expect in that organ.
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TABLE 5.6
Perfusion Rates (Highest to Lowest)

Perfusion Rate Percent of
Organ (ml/min/ml tissue)  Cardiac Output

Kidney 4.0 22
Thyroid 2.4 1
Adrenals 1.2 0.2
Liver 0.8 27
Heart 0.6 4
Brain 0.5 14
Fat 0.03 4
Muscle 0.025 15
Skin 0.024 6
Bone 0.02 5

Source: Adapted from Shargel, L. and Yu, A.B., Applied
Biopharmaceutics and Pharmacokinetics, 4th ed.,
McGraw-Hill, New York, 1999.)

EXTENT OF DISTRIBUTION

The extent of distribution is affected by several factors including plasma protein
binding because a drug usually remains in the circulatory system rather than
transferring out into a tissue. Binding sites can be for acidic substances (albumins)
or basic substances (o, B, and & globulins) any of which can determine how
tightly bound a substance may be to a plasma protein. The degree of interaction
between the substance and the protein molecules in the circulatory system is
determined partially by electrostatic interactions, van der Waals’ forces, and
hydrogen bonding. Very small changes in binding can release enough unbound
substance into the plasma to make significant changes in the effect at the receptor
site. Mathematically, the binding of a substance to a binding site is described by
the following equation (Bourne, 2005):

Ka
D = [nP - rP] < [DP]
Kd

where D is the concentration of free substance, nP is the total concentration of
protein binding sites, and rP is the concentration of bound substance or bound
protein with “r”” substance molecules bound per protein molecule. Generally there
can be one to four binding sites per each protein molecule.
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INTRACELLULAR BINDING

Substances may also bind to intracellular molecules which can be the pharma-
cological endpoint receptors for certain substances. The overall binding rate is
influenced by tissue proteins, the affinity to lipids, or the binding to DNA.

METABOLISM

Metabolism or biotransformation generally refers to the process by which chem-
ical changes occur to a substance following entry into the body. Enzymes located
within specific tissues are responsible for changes in the structure of a substance
and subsequently altering its pharmacologic properties. Biotransformation of a
xenobiotic usually occurs within a matter of minutes or hours. The primary
location for metabolic changes is the liver. Other locations include the lungs,
kidneys, gastrointestinal epithelium, and skin. Some substances can be changed
into less toxic substances or can be prevented from metabolizing into toxic
derivatives altogether; hence the process can be an important defense mechanism.
Unfortunately, the reverse is also possible: a substance can enter the body as a
non-toxic entity and can be metabolized into a toxic derivative (Kapp, 2007,
Rozman and Klaassen, 2001).

PHASE 1 AND PHASE 1l REACTIONS

These metabolic reactions can be divided into two general types: phase I and
phase II reactions. In phase I reactions, the structure of the toxicant is changed
in a way that it is readied for additional changes during the next step in the
process. Phase I reactions involve the formation of new or modified functional
groups or cleavage and are non-synthetic reactions that can neutralize substances
in three ways:

1. By making a structure hydrophilic

2. By dividing a substance into two or more less toxic substances

3. By transforming a substance into an activated form that can be further
metabolized by other enzymes

The majority of phase I reactions are mediated by the cytochrome P-450 enzymes
that oxidize lipophilic toxicants and add polar groups to the molecular structure.
Next are the phase II reactions that involve conjugation with an endogenous
compound and are considered synthetic reactions. (Coppoc, 2004). The seven
major biochemical reactions occurring in phase II are:

¢ Glutathione conjugation
* Amino acid conjugation
e Methylation
e Acetylation
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e Sulfation
¢ Glucuronidation
¢ Sulfoxidation

Each of these reactions metabolizes specific types of activated substances by
adding a molecule to the structure that forms an inactive or significantly less
active water-soluble metabolite.

First PAss EFrecTs

The metabolic activity of the small intestine is referred to as the intestinal first
pass effect. While the small intestine is primarily an absorptive organ, it also has
the ability to metabolize drugs by many pathways involving preconjugation (phase
I) and conjugation (phase II) reactions (Ilett 1990; Renwick and George, 1989).
Many of the enzymes present in the liver are also found in the small intestine;
however, the enzyme levels are considerably lower in the small intestine than in
the liver (Lin et al., 1999). Certainly a factor that plays a critical role in the
amount of substance absorbed is a phenomenon called the hepatic first pass effect.
In this case, orally ingested substances are absorbed by the intestinal mucosal
cells, enter the capillaries and veins of the GI tract as described in the previous
sections, and are transported through the portal vein directly to the liver before
entering the general circulation of the body.

The absorbed substance is exposed to the liver before it is allowed to pass
through to the body. If the substance is lipophilic, non-polar, and has a low
molecular weight, it is absorbed through the GI tract mucosal cells. Such sub-
stances are difficult to eliminate and can accumulate throughout the body to toxic
levels. Many of these lipophilic substances are biotransformed into hydrophilic
metabolites that do not easily enter the membranes of the potential target tissues.
Endogenous materials such as bilirubin are also biotransformed into hydrophilic
derivatives that are excreted into the bile and are ultimately eliminated in the feces.

Substances can also be biotransformed into derivatives that are more toxic
than the parent compound. This activity is known as bioactivation and can be
very toxic to an organism. This process is also called toxication and it has several
pathways depending upon the chemical:

* Nucleophile formation
* Electrophile formation
* Free radical formation

In each of these scenarios, an electron-rich or electron-poor derivative that is very
reactive is created and can cause significant toxicity to the organism (Gregus and
Klaassen, 2001).
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ELIMINATION

The elimination of chemical substances from the body involves the processes of
metabolism as well as excretion and results in eliminating waste products of
metabolism and other materials that are of no use to the organism. Hence,
elimination is the sum of the processes of substance loss for the body. It is an
essential process in all forms of life. Generally, chemical substances are elimi-
nated from the body by two means: they are either metabolized to an alternative
form or they are excreted via urine (Beers and Berkow, 2005). Both forms of
elimination, however, often follow a first order process with the rates of excretion
and metabolism dependent on the amount of unchanged drug in the body. Most
substances are metabolized prior to being excreted by one or more of the reactions
described in the metabolism section above.

Excretion is the removal of waste substances from body fluids. The main
organs of excretion are the kidneys and accessory urinary organs through which
urine is eliminated and the large intestine from which solid wastes are expelled.
The skin and lungs also have excretory functions of eliminating water and salt
(skin) and water and carbon dioxide (lungs). Other routes of excretion include
bile, saliva, and milk. Substances are eliminated by several processes.

Polar substances are filtered from the blood in the kidneys and removed into
urine. Non-polar substances, on the other hand, are generally reabsorbed from
the kidney or distributed into adipose tissue. The liver metabolizes many sub-
stances that are non-polar, producing compounds that are more polar and more
easily excreted. Enzymes in the liver form conjugates with substances or hydro-
lyze and oxidize them. The kinetics of a substance can be markedly altered by
changes in metabolism or excretion. These processes considered together result
in the elimination of a drug.

ReENAL EXCRETION

Renal clearance is the total amount of a substance excreted over a specific time
period. It depends upon all sources of renal excretion. The three processes
involved in renal clearance are tubular secretion, glomerular filtration, and tubule
resorption.

Substances and/or their biotransformed products are transported to the kidney
tubules. Most substances enter the kidney tubule by tubule secretion. Tubular
secretion is an active transport system consisting of two primary carriers — acidic
for acidic substances and basic for basic substances. The tubules also permit small
molecules and unbound chemicals to passively filter from the blood to the Bow-
man’s capsule of the tubule. Large molecules and substances bound to plasma
proteins such as albumin are not filtered and are not well excreted by this process,
which is termed glomerular filtration. Lastly, some substances that enter the
kidney tubule may be reabsorbed back into the blood stream. This is termed
resorption and it is a passive diffusion process requiring no energy. Since water
is resorbed back into the blood from the tubules to conserve body fluids, the
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process also transports some of these molecules; hence they are resorbed along
with the water (Bourne, 2001).

Another factor that influences the excretion rate is urine pH. Generally drugs
are weak acids and/or bases. Acidic substances are ionized more effectively in
alkaline urine, whereas alkaline substances are more effectively ionized in acidic
urine. Ionized substances are generally more soluble in water, which permits
efficient dissolution in body fluids and ultimately better excretion.

BiLIARY EXCRETION

Bile acids are synthesized from cholesterol in the liver and secreted into the small
intestine where they facilitate the absorption of lipids and some fat-soluble vita-
mins. The majority of bile acids are reabsorbed from the intestine, returned to
the liver via the portal venous circulation, and resecreted into bile in what is
termed the enterohepatic cycle. Over 90% of the intestinal bile acids are reab-
sorbed so less than 10% are excreted in the feces. Substances and their metabolites
that are excreted in bile are actively transported across the biliary membrane. In
the intestine, bile is reclaimed through a combination of passive absorption in
the jejunum, active transport in the distal ileum, and passive absorption in the
colon (Hoffman, 1994).

Bile acids are actively transported in the terminal ileum by the well charac-
terized ileal apical sodium bile acid cotransporter (ASBT or apical sodium-
dependent bile acid transporter). This sodium transporter moves bile acids from
the lumen of the small intestine across the membrane and into the portal circu-
lation (Dawson et al., 2003; Jung et al., 2004).

Chemicals with molecular weights greater than 300 and those with both polar
and lipophilic groups tend to be excreted in the bile. Conjugation with glucuronic
acid is also generally excreted in the bile. In addition, substances secreted into
the intestine undergo enterohepatic cycling upon hydrolyzation. Biliary excretion
only eliminates substances that are not recycled in the enterohepatic cycle.
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INTRODUCTION AND OVERVIEW

According to Dorland’s Medical Dictionary, gastrointestinal means “pertaining
to or communicating with the stomach and intestine.” The broadest and most
encompassing definition of the gastrointestinal (GI) tract can include the mouth,
throat, esophagus, stomach, duodenum, pancreas, jejunum, liver, ileum, cecum,
colon, rectum, and anus. However, for the purposes of this chapter the working
definition of the GI tract will refer to the esophagus, stomach, small intestine,
and large intestine.

The major function of the GI tract is to process and absorb water and nutrients
while food is physically moved from the mouth to the colon where nonabsorbable
wastes are stored for periodic elimination. The mucosal surface of the GI tract
is composed of a highly dynamic population of epithelial cells that are specialized
for transmembrane absorption and secretion. This epithelial lining comprises a
huge surface area approximating the size of a tennis court and interacts with food,
water, and xenobiotics from the external environment as well as with the intestinal
microflora.
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The secretory and absorptive abilities of the mucosa facilitate digestion and
nutrient uptake, all of which must be accomplished while keeping potentially
harmful pathogens and mutagens at bay in the gut lumen. The epithelium allows
the absorption of fluid, electrolytes, and nutrients in health and the secretion of
huge volumes of fluids and electrolytes in pathologic states. The lifetimes of
epithelial cells in the GI tract vary with region and cell type, but can be almost
as long as a week. Such a lifespan allows a period of environmental interaction
with genes that may lead to the development of neoplasia. However, cellular
turnover can occur as quickly as over a couple of days, thereby facilitating rapid
recovery of function following acute insult.

It is important to note that the small intestine rarely develops epithelial
neoplasia. However, the slower turnover of colonic epithelium, the slower move-
ment of colonic luminal contents, and the bacterial modifications of chemical
structures of xenobiotics in the luminal contents of the colon appear to support
the existence of higher rates of neoplasia in the colon.

A very important and fundamental feature of the GI mucosa is the spatial
segregation of the proliferative cellular compartment from terminally differenti-
ated cells, especially in the small intestine where a gradient of differentiation
exists from the depths of the crypts of Lieberkiihn to the tips of the villi. This
organization has a strong effect on the histology and pathophysiology of the GI
tract.

The gastrointestinal epithelial mucosa, while very dynamic in nature, also
serves a barrier function. This activity is accomplished through both the physical
integrity of the mucosal surface and the extensive population of resident immune
cells. Clinical consequences of physical disruption of the mucosal epithelial layer
can include blood loss, fluid loss, pathogenic invasion, impaired digestion, and
altered nutrient absorption. The intestinal lymphoid system must maintain a
balance between dampening immune reactivity at the mucosal surface in order
to prevent the constant and unrestrained activation of the immune system and the
amplification of an appropriate immune response when surface defenses have
been breached. Derangements in this balance of suppression and stimulation can
predispose the GI tract to inflammation.

Proper GI function also depends on the coordinated propulsion of food
through the gastrointestinal space via smooth muscle contractions. Dysfunction
of smooth muscle contraction can of itself result in major pathology of the GI
tract. The local and distant neural and endocrine factors that contribute to the
regulation of intestinal motility are complex and the disruption of motility can
alter the frequency of stool elimination and cause nausea, anorexia, abdominal
pain, flatulence, constipation, and abdominal distension.

There is a tendency to view the GI tract as only a muscular tube with an
epithelial lining, but such a view is myopic and incorrect. The GI tract can be
affected directly or indirectly via secreted hormones, paracrine mediators, and its
own enteric nervous system that contains 10 to 100 million neurons, an aggre-
gation equal to the total number of neurons in the spinal cord. Immune cells
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collectively constitute the GI tract’s associated lymphoid system (GALT) — the
largest immune organ of the body.

Collectively, all of these systems must work together in a well coordinated
and harmonious fashion to permit the smooth integration of the functions of this
complex organ system. However, this same complexity presents multiple foci of
potential interruption of function and subsequent dysfunction. To fully appreciate
and understand the potential for toxicity to and the dysfunction of the GI tract,
it is important to completely understand its structures, activities, and functions.

GROSS AND MICROSCOPIC ANATOMY

The esophagus is the first part of the GI tract [13, 16, 60, 73, 80, 94, 96, 124,
127, 174, 192, 199, 266, 277]. It is a connecting tube between the pharynx and
stomach. In the collapsed state in a dog about medium size, it is approximately
30 cm in length and 2 cm in diameter. Due to its length it is divided into cervical,
thoracic, and abdominal portions. The esophagus is not uniform in either the
thickness of its wall or the diameter of its lumen. The wall of the cervical portion
averages about 4 mm in thickness, the thoracic portion about 2.5 mm in thickness,
and the abdominal portion about 6 mm in thickness. As suggested by the longi-
tudinal folds (approximately ten) the esophagus is capable of a great degree of
distension. The least expandable portions are at the very beginning and end of
the organ.

The esophagus starts at the level of the axial vertebra and ends at the cardia
of the stomach. A plicated ridge of mucosa, the limen pharyngoesophageum,
which is most prominent ventrally, is the demarcation between the end of the
pharynx and the start of the esophagus. The termination of the esophagus lies
immediately ventral to the last thoracic vertebra. The cervical portion of the
esophagus is ventral and to the left of the trachea.

At its origin the esophagus starts to incline to the left, so that at the thoracic
inlet it usually is found to lie to the left lateral side of the trachea. However,
individual variation is not uncommon and the cervical esophagus can be found
to be left ventral or dorsal and left of the trachea. In proximity to the esophagus
on either side are the common carotids, vagosympathetic nerve trunks, and
internal jugular veins.

The thoracic portion of the esophagus extends from the thoracic inlet to the
esophageal hiatus of the diaphragm. At the point of the thoracic inlet it usually
is to the left of the trachea, but eventually obliquely crosses the left surface of
the trachea to gain a dorsal position at about the same point as where the trachea
bifurcates into bronchi ventral to the fifth and sixth thoracic vertebrae. The dorsal
branches of the left and right vagal nerves run dorso-caudally across the sides of
the esophagus and unite with each other on the dorsum of the esophagus at a
point approximately 2 to 4 cm cranial to the dorsal part of the esophageal hiatus.
The dorsal vagal trunk that is formed continues and passes through the dorsal
part of the esophageal hiatus. The ventral vagal trunk follows a similar course.
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The abdominal portion or terminal part of the esophagus is wedge-shaped. Dor-
sally, this portion of the esophagus immediately joins the stomach, but ventrally
it notches the thin dorsal edge of the caudate lobe of the liver.

The esophagus has four coats. Moving from the superficial to the deep, these
are the fibrous, muscular, submucous, and mucous coats. In the cervical region,
the fibrous coat or adventitia blends with the deep cervical fascia. The adventitia
of the thoracic and abdominal portions of the esophagus blends with the endo-
thoracic and transversalis fascia, respectively. The esophagus is largely covered
by pleura in the thorax and peritoneum in the abdomen. At those points where
the esophagus is not covered by serosa, its adventitia blends with that of the
organs with which it comes in contact.

The muscular coat is composed of two oblique layers of striated muscle fibers
— an inner coat and an outer coat. While muscular fiber patterns are somewhat
complex and possibly random in direction at the beginning and end of the
esophagus, the main musculature of the esophagus is in the form of well-defined
spiral fibers that start about 5 cm from the origination of the esophagus and end
at a point about 5 to 10 cm from the cardia of the stomach. Fibers that are
superficial on one side become deep on the other, kind of like a weaving pattern.
These apparently continuous obliquely oriented bundles spiral around the axis of
the esophagus in such a fashion as to cross each other at right angles, eventually
comprising the two muscular coats of the organ. Lines of decussation are located
both dorsal and ventral to the esophagus. In addition to the two oblique coats,
several poorly developed groups of longitudinal fibers exist. The best developed
of these bands are about 1 to 2 mm in width, located to the left and to the right
of the esophagus, and typically fade away to nothing on the caudal portion of
the cervical portion of the esophagus.

The submucous coat loosely connects the mucous and muscular coats and
this allows the relatively inelastic mucous coat to be cast into prominent longi-
tudinal folds when the esophagus is in the contracted or nondistended state. Blood
vessels, nerves, and mucous glands reside in this layer.

The mucous coat is composed of a superficially cornified, stratified squamous
epithelium that contains the openings at about 1-mm intervals of the esophageal
glands. In the collapsed esophagus, this coat is notable for forming the large and
numerous longitudinal rugae and folds observed upon gross examination. Cardiac
glands are noted to occur in the distal part of the esophagus.

Most nerve branches to the esophagus are too small to be seen with gross
examination and a degree of overlap or redundancy is known to exist. However,
for each nerve source, a focal or primary area of innervation does appear to exist.
The craniocaudal innervation of the esophagus involves as many as 23 paired
spinal ganglia located between C1 and L2. Two peak areas of innervation — C2
to C6 and T2 through T4 — serve the cervical sector of the esophagus. Similarly,
two peak areas of innervation — T2 through T4 and T8 through T12 — serve
the thoracic region. Generally speaking, the cervical portion of the esophagus is
thought to be supplied by the paired pharyngoesophageal and paired pararecurrent
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laryngeal nerves, the cranial thoracic region by the left pararecurrent laryngeal
nerve, and the caudal thoracic and abdominal portions by the vagal trunks.

The blood supply to the cervical portion of the esophagus is from small
branches originating from the cranial and caudal thyroid arteries. The cranial
two-thirds of the thoracic portion of the esophagus is supplied by the broncho-
esophageal artery. The blood supply of the remaining portion of the thoracic
esophagus comes from branches emanating from the dorsal intercostal arteries.
The terminal portion of the esophagus receives its blood from a branch of the
left gastric artery. The veins that drain the esophagus basically form a satellite
vasculature of the arteries that supply it. However, veins that drain the thoracic
portion of the esophagus for the most part empty into the azygous vein.

The stomach is a highly variable in size, musculoglandular organ located
between and connecting the esophagus and small intestine. In its dilated state, it
is the largest organ of the entire GI tract. When empty, the stomach does not
make contact with the abdominal wall, but when moderately filled, it presses
against the xiphoid and left hypochondriac areas of the abdominal wall caudal
to the liver. In its completely filled state, the stomach lies in contact ventrally
with the xiphoid and umbilical portions of the abdominal wall as well as the right
and left lateral portions of the abdominal wall, and reaches to a point just caudal
to the umbilicus. An imaginary axis placed through the stomach traces the letter
C rotated 90 degrees in a counterclockwise direction. It is therefore simple to
visualize that the stomach is positioned essentially in a transverse fashion, but
more to the left than the right of a median plane. The stomach forms a deep
impression into the caudal surface of the liver, however, when the stomach is
completely empty it can be located cranially to the thoracic outlet.

The stomach does not increase in size in a uniform fashion as it accumulates
ingesta. In fact, when the stomach increases its size as a result of filling, the first
part that expands is the fundus. As the fundus grows in size, it pushes caudally
and dorsally, displacing the liver ventrally. The second part of the stomach to fill
and expand is the body — the largest part of the stomach, capable of the greatest
degree of expansion.

As the body fills, the stomach moves caudally and ventrally, makes extensive
contact with the abdominal wall, and can crowd or displace the intestinal mass
and spleen. The pylorus varies least in its position and shape as the stomach fills
with ingesta and is the last to expand. Within the pyloric part, the pyloric antrum
expands more than the pyloric canal. The most likely reason for this limited
expansion is that the pyloric portion is designed to work essentially as a magazine
or ejection mechanism by which the partly digested stomach contents (chyme)
are squirted into the duodenum.

The capacity of the stomach is somewhat variable; its volume ranges from
0.5 to 8 liters. Typically, the capacity of the stomach is considered to be normal-
ized to 100 to 250 ml of volume per kilogram of body weight. It is noteworthy
that a normal stomach is capable of adjusting its size and capacity with only
minimal changes in intragastric pressure.
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The average empty stomach of a 15-kg dog weighs only about 100 g. Most
commonly, food remains in a dog’s stomach for 10 to 16 hours. The functions
of the stomach are accepting and storing food and partly mixing the ingesta with
enzymes, mucus, and hydrochloric acid coming from gastric glands. The inlet to
the stomach is referred to as the cardia and the outlet is the pylorus. The stomach
is divided into four areas, the cardiac portion, fundus, body, and pyloric portion.
The stomach also has two curvatures, the greater and lesser, and two surfaces, a
visceral and parietal.

The visceral surface of the stomach is the convex outer surface that faces
chiefly dorsally, but also caudally and to the right. It lies in contact with the left
lobe of the pancreas and is separated from the intestinal mass and left kidney by
a fat-filled peritoneal sheet known as the greater omentum. The parietal surface
of the stomach faces cranially, to the left, and ventrally. The greater curvature of
the stomach is convex in shape and extends from the cardia to the pylorus. In a
moderately filled state, the greater curvature is approximately 30 cm in length.
The lesser curvature also runs from the cardia to the pylorus, but by the shortest
path connecting the two parts. The lesser curvature forms an uneven concavity
containing an angular notch into which the papillary process of the liver juts. The
pyloric antrum and the pylorus lie to the right of the papillary process of the liver
and the body of the stomach lies to the left of it.

The cardiac portion of the stomach actually unites with the esophagus. While
the four coats of the stomach and esophagus blend together well, there are
differences in the muscular and mucous layers of each organ. The fundus is the
large blind outpocket of the stomach located to the left and dorsal to the cardia.
The large middle portion of the stomach is referred to as the body. It extends
from the fundus on the left to the pyloric region on the right. The shortest path
that ingesta can take in moving from the cardia to the pyloric region of the
stomach is known as the gastric groove. This path essentially follows the lesser
curvature of the stomach. The pyloric portion represents about the distal one-
third of the stomach, as measured along the lesser curvature. It is lightly sacculated
as it joins the body of the stomach to the duodenum and eventually assumes an
irregular funnel shape moving toward the cranially oriented pylorus.

The initial part of the pyloric portion has expandable thin walls and is referred
to as the pyloric antrum. The distal third of the pyloric portion referred to as the
pyloric canal is contracted and bent due to the presence of a heavy encircling
double sphincter. The presence of this musculature also leads to the formation of
the narrowest confine of the cavity of the stomach. The exit from the stomach to
the duodenum is through the muscular sphincter, the pylorus.

The stomach has four coats: serous, muscular, submucous, and mucous. The
serosa of the stomach is very thin and elastic and closely adheres to the stomach
musculature by a small amount of subserous tissue. This serous coat covers
virtually the entire surface of the stomach. The muscular coat is composed of an
outer longitudinal layer and an inner circular layer of smooth muscle fibers to
which is added a layer of oblique fibers in the region over the body of the stomach.
The outer longitudinal layer is essentially continuous with the longitudinal layers
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of both the esophagus and duodenum. The inner circular layer of the stomach is
better defined and more specialized than the longitudinal layer and is thickened
to form the relatively weak cardiac sphincter at the area of the cardia. The inner
circular layer is very well developed in the pyloric canal.

The pylorus is also surrounded by a distinct circular muscle referred to as
the pyloric sphincter. The oblique fibers are adjacent to the submucosa and spread
a pattern much like that of a fan. The submucous coat consists of a strong but
thin elastic layer of tissue that attaches more firmly to the mucosa than to the
muscularis and contains the finer branches of the gastric vessels and nerves. The
mucous coat consists of a columnar-type of surface epithelium, a glandular lamina
propria, and a lamina muscularis mucosae, with the latter consisting of irregularly
woven or stratified muscular fibers.

In the empty or slightly distended organ, the mucosa and much of the under-
lying submucosa are observed to be thrown into folds known as the plicae
gastricae. These folds are for the most part longitudinal in orientation and very
twisted and contorted in form, except in the area adjacent to the lesser curvature
where the folds are less crowded and relatively straight in form. In an empty
stomach, the folds may approach 1 cm in height and lie closely adjacent to one
another. The normal color of the mucosa in the body and the fundus of a fresh,
perfused, normal stomach is pink to red-gray. The color is the same but lighter
in hue in the pyloric portion. It should be mentioned that color can vary with the
degree of freshness of the specimen and the adequacy of blood supply.

With some magnification, the mucosa can be observed to contain approxi-
mately 40 very small, mountain-like raised areas in every square centimeter of
tissue. These areas are referred to as areae gastricae. Their surfaces and sides
are stippled, with numerous minute, pinprick-like openings, termed foveolae
gastricae. These structures are deepest in the pyloric region, where they average
about 0.68 mm in length. They gradually decrease in size moving toward the
cardia and eventually disappear, so that none are observed in the cardiac gland
region. The stomach of a dog contains approximately one million foveolae, and
each foveolae contains about sixteen gastric glands opening into it. Folds called
plicae villosae may be observed between the gland openings.

The stomach has numerous gastric glands. These glands have necks and
bodies, are branched and tubular in form, and extend all the way to the lamina
muscularis mucosae. The three types of glands found in dogs are cardiac glands,
pyloric glands, and gastric glands. It should be noted that the gross divisions of
the stomach do not match exactly the populations of glands of the same or similar
nomenclature. While cardiac glands are typically found in a narrow area encir-
cling the cardia, they can also be found to occur along the lesser curvature. Pyloric
glands inhabit the pyloric part of the stomach. Approximately two-thirds of the
gastric mucosa of the fundus and body of the stomach is occupied by gastric
glands or fundic glands. However, a zone of intermediate glands lies between the
gastric glands and the pyloric glands.

This intermediate zone is approximately 2 to 3 cm in width as observed on
an incised, opened, and laid-flat stomach. These glands differ by the types of
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cells that they contain and hence the secretions they produce. There are no strict
lines of anatomic or histological demarcation separating the different types of
glands found primarily in one area from those found in an adjacent area. Actually
the intermediate gland zone mentioned earlier is probably typical of the merging
of two different glandular populations.

The primary function of the glands of the cardiac, intermediate, and pyloric
regions is to produce mucus, but the gastric glands produce hydrochloric acid
and the pepsin enzyme. It should be noted that lymphoid tissue is scattered
throughout the mucosa of the stomach, with some extension of it penetrating
deeply through the lamina muscularis mucosae into the submucosa.

The four main types of glandular cells found in the stomach mucosa are parietal,
chief, mucous, and enterochromaffin cells. Parietal cells are the sources of the
hydrochloric acid in the gastric juice. Chief or zymogenic cells contain granules
containing pepsinogen, the precursor to the main gastric enzyme, pepsin. Mucous
cells are found in the necks of the gastric glands, occupying spaces between the
parietal cells; they produce mucus. Enterochromaffin cells are mostly found in the
gastric glands, to an extent in the pyloric glands, and also in the small and large
intestines and pancreas. These cells are known by many different names, some based
upon their histological staining characteristics, but all secrete polypeptides and bio-
genic amines. Alternate names for these cells include gastrointestinal endocrine cells,
argentaffin cells, argyrophilic cells, and gastroenterohepatic (GEP) cells.

The nerve supply of the stomach comes from parasympathetic fibers running
from the vagi and from sympathetic fibers coming from the celiac plexus. Sym-
pathetic fibers arise from the celiacomesenteric plexus and reach the stomach by
traveling on the numerous gastric branches of the celiac artery. Sensory innerva-
tion of the stomach comes from about 25 paired spinal ganglia (C2 through L5),
with peak innervation of the stomach coming from the T2 through T10 area. The
dorsal vagal trunk sends branches to the lesser curvature and ventral wall of the
stomach. The ventral vagal trunk sends out small branches to the pylorus and the
lesser curvature of the stomach.

The two main sets of arteries providing blood supplies to the stomach are
the left and right gastric arteries. These vessels run along the lesser curvature and
the right and left gastroepiploic arteries that travel along the greater curvature.
The veins draining the stomach are satellites of the arteries supplying the organ.
Blood leaving the stomach enters the liver via the portal vein and the lymphatic
vessels of the stomach drain into the hepatic lymph nodes.

The small intestine consists of three parts: the duodenum, jejunum, and ileum.
The initial portion of the small intestine is a short, relatively fixed-in-place loop
called the duodenum. The next segment is freely movable and is known as the
jejunum. The very short terminal portion is the ileum. The intestine extends from
the pylorus of the stomach to the ileocecal orifice that marks the start of the large
intestine. The small intestine is the longest part of the GI tract, having an average
length in a normal living dog of approximately 3.5 times the length of the body. It
should be noted that the length of the small intestine in a dead dog is significantly
longer due to cessation of peristaltic contractions and a loss of muscular tone.
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The duodenum is approximately 25 cm in length and originates in the upper
right hypochondriac region opposite the ninth intercostal space. Running in a
caudal fashion to the tuber coxae, the duodenum then turns back upon itself and
travels cranially and obliquely to the left, eventually connecting with the jejunum
at a position to the left of the root of the mesentery just beneath the spine. The
duodenum can be subdivided into the cranial, descending, caudal, and ascending
portions. Both the pancreatic and bile ducts open into the duodenum and accord-
ingly in this area the acid contents of the stomach are then mixed with the alkaline
secretions coming from the pancreas and the liver along with the small intestine.

The duodenum originates from the pylorus in such a fashion that its right
wall is longer than the left wall, which results in the formation of the cranial
duodenal flexure. This portion of the duodenum lies in contact medially with the
pancreas, ventrally with the stomach, and dorsally and laterally with the liver.
The descending portion of the duodenum moves caudad and is approximately 15
cm in length. The right lobe of the pancreas is dorsal to it and at its caudal extent
the cecum is medial to it. The caudal portion of the duodenum connects the
descending portion and the ascending portions, is approximately 5 cm in length,
and typically is located ventral to the sixth lumbar vertebra.

Ventral to this segment is the terminal portion of the ileum and the jejunum.
As the colon and urinary bladder fill, this portion of the duodenum can be pushed
cranially. The curvature of the caudal portion is not sharp, but rather gradual in
nature. The ascending portion of the duodenum is observed to course cranially,
obliquely, and to the left from this caudal flexure. Dorsal to this segment of the
duodenum are the ureters, caudal vena cava, aorta, and various nerve trunks,
while ventral to it are coils of the jejunum. On the left, it lies in close proximity
to the descending colon and eventually terminates in a ventral curve to form the
duodenojejunal flexure.

The jejunum and ileum comprise the largest amount of the small intestinal
mass by far. The jejunum starts with the duodenojejunal flexure located just caudal
and to the left of the root of the mesentery. The jejunum is ventral and caudal to
the empty stomach. Dorsal to it are the pancreas, kidneys, large intestine, aorta,
and vena cava. The ileum ends as the ileal papilla, opening into the initial portion
of the ascending colon. This papilla has an orifice and a sphincter muscle. The
orifice is typically located between the descending and ascending portions of the
duodenum. The jejunum and ileum are very mobile — probably the most mobile
portions of the GI tract. This is a result of their suspension from the cranial
portion of the sublumbar region via a large drape-like sheet of tissue called the
mesentery.

No distinguishable gross or microscopic features in the walls of the small
intestine definitely demarcate the division between the jejunum and ileum, but
significant differences distinguish the mucosa of the jejunum and the mucosa of
the ileum. Typically in a dog, the ileum comprises approximately the last 15 cm
of the small intestine. By convention, only the terminal and highly thickened and
contracted part of the small intestine is considered to be ileum. One easy way to
identify the ileum is to look for the ileocecal fold and its antimesenteric (opposite
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the side of the attached mesentery) ileal vessels. The ileocecal fold is a narrow
(1 cm in width) and long (2 to 30 cm) piece of peritoneum that connects the
ileum to the cecum.

As with other parts of the GI tract, the small intestine has four different layers
or coats: serous, muscular, submucous, and mucous. The serous coat covers
virtually the entire small intestine and is peritoneum. The muscular coat consists
of a thin outer longitudinal coat and a thicker inner circular layer of smooth
muscle. The submucous coat resembles the coats of the stomach and large intes-
tine. It loosely interconnects the muscular and mucous layers and smaller nerves,
lymphatics, and blood vessels are located within it. The mucous coat has a velvet-
like appearance throughout the entire small intestine that results from the presence
of a large number of intestinal villi. These villi significantly increase the absorp-
tive surface area of the small intestine; the ratio of mucosal area to serosal area
for the entire small intestine of the canine is approximately 8.5 to 1. Two different
types of cells comprise this surface. One produces mucus and is called a goblet
cell and the other is a columnar-type cell that functions in absorption.

The deeper part of the mucosa contains intestinal glands and lymphoid tissue.
Duodenal glands in the dog are different from general intestinal glands in that
they closely resemble the pyloric glands of the stomach and are located only
around a narrow zone of the duodenum contiguous to the pylorus. While the
glands reside mostly in the submucosa, portions of them may extend into the
lamina propria of the mucosa. Lymphoid tissue is aggregated together in about
22 different areas throughout the small intestine to form structures referred to as
follicles. These follicles are readily visible during inspection of the intestine from
the serosal surface in a distended bowel and are more frequently found in intestinal
side walls as opposed to those portions of the wall attached to or opposite the
mesentery. Many of these follicles are found in the duodenum and they are
persistently found throughout the entire length of the small intestinal tract. They
are reasonably well defined, circumscribed elevations approximately 2 by 1.5 cm
in size.

Nerve fibers to the small intestine arise from the vagus and splanchnic nerves,
via the celiac and cranial mesenteric plexuses. The small intestine receives its
sensory innervation from as many as 15 paired ganglia (T2 through L3), with
peak innervation coming from T6 through L1.

The duodenum receives its blood supply from both the cranial and caudal
pancreaticoduodenal arteries. The jejunum receives its blood supply from 12 to
15 jejunal arteries that originate from the cranial mesenteric artery. The ileum
receives its blood supply on its antimesenteric side via branches extending from
the ileocecal artery and on the mesenteric side by the accessory cecal artery. It
should be mentioned that the duodenum receives a richer blood supply than the
ileum. Perhaps this is because the duodenum produces more fluid than the ileum,
an amount approaching ten times as much. The veins draining the small intestine
are satellites of the arteries supplying the organ. Lymph vessels from the duode-
num drain into the hepatic lymph nodes and the variably present duodenal lymph
node, while lymphatics from the jejunum drain into the right and left mesenteric
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lymph nodes. The ileum’s lymphatics empty into the right and left mesenteric
lymph nodes and the colic lymph nodes.

The large intestine of the dog more closely resembles those of humans than
those of other domestic animals. It is of a slightly larger diameter than the small
intestine, relatively short, has no striking structural features, and is relatively unspe-
cialized in nature. Its most important functions are the absorption of water and
electrolytes from the fecal stream, conversion of the fecal stream into solid mass,
fermentation, and storage of the fecal stream until it can be expelled. Fermentation
in the large intestine does not occur to the degree found in ruminants.

The large intestine harbors numerous bacteria, especially bacilli, and these
microbes can digest substances like cellulose and perform various biochemical
transformations. End products of the activities of various microbes residing in
the large intestine include vitamin K, vitamin B,,, thiamin, and riboflavin. The
production of vitamin K is critical to the organism because the amount present
in normal food is insufficient to maintain a normal blood coagulation profile.

The large intestine can be subdivided into the cecum and colon. The cecum
is typically considered the first part of the large intestine, but it should be
emphasized that in dogs the ileum communicates with the colon and not the
cecum. The cecum is simply a blind sac, extending off the proximal portion of
the colon. The cecum can be of either sigmoid or corkscrew shape, with a large
U-shaped bend extending to the left from its ileal attachment. The cecum is
situated to the right side of a median plane and is partially encircled by the
duodenal loop. It is generally intimately applied to the coils of the jejunum and
ventral to the second to the fourth lumbar vertebrae. The openings of the cecum
and ileum are in close apposition to each other — only about 1 cm apart. In a
normal dog, the cecum is approximately 2 cm in diameter at its colic end, 5 cm
in length, and ends as a blunted cone of approximately 1 cm diameter.

The middle portion of the cecum is the body. The cecum is mobile and can
assume a variety of different orientations within the abdomen, but typically is
aimed transversely or caudally and ventrally. It is connected to the ileum via
peritoneum and is capable of expanding to twice its normal size. It is only able
to communicate with the colon through the cecocolic orifice that limits access
via the cecocolic sphincter, a specialized portion of the inner circular muscular
coat.

The colon is generally divided into three different portions and their inter-
connecting flexures. The subdivisions are ascending, transverse, and descending.
This organ is approximately 2 cm in diameter and 25 cm in length. The colon
occupies the dorsal part of the abdominal cavity and because of a shorter sheet
of mesenteric attachment does not shift around as much as the small intestine. It
is shaped much like an inverted letter J. The small arm of the J represents the
ascending colon; the curved portion, the transverse colon; and the long arm, the
descending colon. The ascending colon is on the right side of the body; the
descending colon is on the left side; and the transverse colon is cranial to the
root of the mesentery. The ascending and transverse colons are connected via the
right colic flexure and the descending and transverse colons are connected via
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the left colic flexure. The ascending colon originates at the ileocolic sphincter
and is typically about 5 cm in length. From its origin, the ascending colon travels
in a cranial fashion to its terminus at the right colic flexure. The ascending colon
lies ventral to the right kidney and is bound on the right by the descending
duodenum. The jejunal mass is generally ventral and to the left of the ascending
colon. Cranially, the ascending colon touches the stomach. It should be noted
that it is not uncommon for the ascending colon of a dog to be absent or found
lying in a different spatial relationship to other organs. In cases of altered geog-
raphy, the positional change has resulted from a failure of the entire gut to
adequately rotate about the cranial mesenteric artery as should normally happen
during development.

The transverse colon is approximately 7 cm in length and travels from right
to left in a slightly curved fashion, cranial to the cranial mesenteric artery and
the root of the mesentery. It lies cranially and dorsally to the left limb of the
pancreas and cranially and ventrally to the stomach and is also not uncommonly
found to be absent or lying in a different-from-normal spatial relationship to other
organs. The descending colon is approximately 12 cm in length and traverses
from the left colic flexure to and through the pelvic inlet, at which point it merges
without gross distinction to the rectum. The descending colon travels in a rela-
tively straight line along the left lateral abdominal wall, from approximately the
left costal arch to the sacrum and also lies in close apposition to the left kidney.
The ascending portion of the duodenum lies medial to the descending colon and
the urinary bladder lies ventral to its most terminal portion.

The large intestine has the same four coats as the small intestine: mucous,
submucous, muscular, and serous. The serous coat resembles that of the small
intestine and while the muscular coat is similar to that found in the small intestine,
is uniform in thickness, and consists of a thin outer longitudinal coat and a thicker
inner circular layer of smooth muscle if observed to be present. The submucous
coat does not differ significantly from that observed in the small intestine. Small
nerves, lymphatics, and blood vessels are located within it. The mucous coat
however is significantly different from that observed in the small intestine as it
has no intestinal villi or aggregations of lymphoid tissue. However, solitary lymph
nodules do exist and can be observed by viewing the dilated gut from the serosal
aspect.

Folds occur in the large intestine, but are only noticeable when it is highly
contracted; a minimal amount of distension is sufficient to remove them. The
folds can be either circular or longitudinal in orientation, depending upon the
type of contraction that the large intestine has undergone. The intestinal glands
of the large intestine are longer and straighter than those found in the small
intestine. The large intestine contains a significantly greater population of mucus-
producing cells than is found in the small intestine. A columnar epithelium lines
the intestinal glands and is continuous with the epithelium that lines the mucosal
surface of the lumen of the gut.

The nervous supply of the large intestine arises from vagal general visceral
afferents and vagal parasympathetics, with sympathetic fibers also supplying the
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large intestine via the cranial mesenteric plexus. The large intestine receives its
blood supply from the caudal mesenteric and colic arteries. The veins draining
the large intestine are satellites of the arteries supplying the organ with lymphatics
from the jejunum draining into the mesenteric and right, middle, and left colic
lymph nodes.

HISTOPHYSIOLOGY AND SECRETORY ACTIVITY

Numerous glands are located throughout the entire length of the GI tract and the
secretions from these glands include enzymes to accomplish digestion and mucus
for protection and lubrication [2, 4, 6, 47, 61, 65, 66, 72, 78, 79, 82, 86, 97, 98,
111, 112, 116, 133, 145, 147, 158, 166, 167, 170, 178, 205, 233-235, 242, 246,
248, 250, 287, 295, 299, 300, 306, 311]. The nature of the secretions can also
vary with the type of luminal contents present. Production is in response to the
anticipation or presence of food in the alimentary canal and interestingly only in
amounts sufficient to perform and complete their intended function.

The production of mucus is especially important. In its purest form, mucus
is a thick secretion composed of various glycoproteins, water, and electrolytes.
While the character of mucus can change, depending upon the region of the GI
tract that produces it, certain characteristics make it an ideal lubricant and pro-
tectant. Mucus has surface tension characteristics that promulgate a strong, even
coating ability of and adhesion to both intestinal luminal contents and gastrointes-
tinal epithelium. It has a low resistance to slippage and permits the facile sliding
of material along or past the gastrointestinal epithelium. It is resistant to digestion
by gastrointestinal enzymes and due to the chemical properties of inherent gly-
coproteins is capable of providing buffering action against both acid (hydrochloric
acid) and alkali (bicarbonate ion). Mucus contains bicarbonate ion that contributes
to the neutralization of hydrochloric and other acids. Finally, its presence causes
the fecal stream to adhere to itself, causing the consolidation of fecal particles
into a fecal mass.

The glands that produce these different secretions are various. In the stomach
and upper portion of the duodenum, the glands that produce acid and pepsinogen
are observed to be deep and tubular in shape. The intestinal epithelium has deep
invaginations that reach down to the submucosa. These deepened pits are referred
to as crypts of Lieberkiihn and contain specialized secretory cells. Mucus or
goblet cells are also prevalent and they respond to stimulation or irritation of the
gastrointestinal epithelium with the production of mucus. The mucus produced
by these glands extends all over the surface of the stomach and remaining GI
tract and protects the mucosal epithelium from injury due to frictional abrasion,
the caustic effects of acid, and the degradative effects of various enzymes.

As mentioned, the mechanical presence of food in the GI tract is in and of
itself a sufficient stimulus to initiate secretory activities of the various glands in
the area that the food occupies and in adjacent areas of the tract. This stimulation
is the result of direct contact of food with the gastrointestinal epithelium and the
glands. Distension of the gut wall, chemical interactions, and the presence of
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material can also activate the enteric nervous system. The resulting reflexes
stimulate both mucous cells on the epithelial surface of the GI tract and glands
located deep in the tract wall to increase their levels of secretory activity.

Stimulation of parasympathetic nerves innervating the GI tract also produces
an increase of secretory activity. This response is especially vigorous in the upper
portion of the tract where vagal parasympathetic nerves affect esophageal glands,
gastric glands, the pancreas, and Brunner’s (mucus-producing) glands of the
duodenum. Similarly, pelvic parasympathetic nerves stimulate glands in the distal
part of the large intestine. Secretion in the remainder of the small and large
intestines occurs essentially in response to local neural and hormonal stimuli.
Stimulation of sympathetic nerves in some parts of the GI tract can result in a
small degree of increase in secretion, but sympathetic stimulation also causes
vasoconstriction of the blood vessels supplying the epithelium and glands.
Because of this restriction of blood supply, sympathetic stimulation in the pres-
ence of parasympathetic or hormonal-induced stimulation will generally result
in a decrease of secretory activity.

Mention has been made to the importance of various hormones in the regu-
lation of the amount and character of gastrointestinal secretions. These hormones
are polypeptides or polypeptide-like and are released from the mucosa of the GI
tract in response to the presence of food. Upon release, the hormones are absorbed
into the blood where they are carried to different glands and secretion is stimu-
lated. The complete picture of hormonal stimulation of gastrointestinal secretion
is very complex and still not totally elucidated.

All of the steps of the processes of glandular secretion are not completely
known, but certain basic steps undoubtedly apply in all cases. Secretory sub-
stances are produced in the endoplasmic reticulum and Golgi complex of a
glandular cell using adenosine triphosphate generated by mitochondria and spe-
cific nutrients absorbed or actively transported into the cell. Ribosomes attached
to the endoplasmic reticulum are essential for the formation of protein material.
Secretory materials move through the endoplasmic reticulum to the Golgi appa-
ratus, where they are packaged in special secretory vesicles. The vesicles are then
moved to and stored in an area of the cell contiguous to a portion of the cell
membrane from which secretion will take place. Appropriate nervous or hormonal
stimulation increases the permeability of the cell membrane to calcium, which
enters the cell. The presence of this increased local concentration of calcium
causes the membranes of the secretory vesicles to fuse together with the cell
membrane, break open, and release their contents into the extracellular area.
However, for this secretion to be effectively delivered, permitting complete func-
tion, sufficient water and electrolytes are necessary to wash or carry away the
organic substances secreted and released through the secretory border of the cell.
It is generally believed that this washing or sweeping activity is accomplished in
response to appropriate neural stimulation.

Signals from nerve endings terminating on the bases of glandular cells cause
the active transport of chloride ions to the interiors of cells through the basal
portions of the cell membranes. The build-up of negatively charged ions inside
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a cell in turn causes positively charged sodium ions to also move into the cell to
preserve electric neutrality. The accumulation of sodium and chloride ions within
the cell drives the accumulation of water inside the cell via osmosis. The cell
swells and the interior hydrostatic pressure increases. This eventually causes small
breaks in the cell membrane along the secretory aspect that permit the movement
of water and electrolytes out of the cell. This rush of water and electrolytes moves
the secreted organic material away from the border of the cell.

Although the secretion of saliva will not be specifically discussed because it
is beyond the scope of this chapter, its production is nonetheless a very important
component of the normal function of the GI tract. If saliva is not secreted, food
becomes very difficult to swallow, even after the administration of copious
amounts of water. Saliva contains large amounts of potassium and bicarbonate
ions and lesser amounts of sodium and chloride ions; its typical pH range is
between 6 and 7. Saliva contains two different types of protein secretions: serous
and mucous. The serous portion contains ptyalin, an alpha-amylase carbohydrate
digestive enzyme; the mucous part contains mucin, a surface protectant.

The main esophageal secretion is mucus, the character of which changes with
region of the esophagus. Mucus secreted by the upper portion of the esophagus
acts essentially as only a lubricant. Mucus arising from the distal portion of the
esophagus must also provide protection from refluxing acidic gastric juices in
addition to providing lubrication. To accomplish this, the main body of the
esophagus is populated with simple mucous glands, but at the gastric end of the
esophagus the glands are of a different type and complex in nature.

With regard to the process of secretion in the stomach, it is important to
realize that gastric secretion has cephalic, gastric, and intestinal phases. In the
cephalic phase, the sight, odor, taste, or memory of food can cause stimulation
of the hypothalamus, amygdala, and/or cerebral cortex and in turn sends signals
via the vagus nerves to the stomach so that gastric secretion initiates before food
even enters the stomach. The relative contribution of this phase to gastric secretion
is approximately one-fifth of the total amount of secretions produced by the
ingestion of a bolus of food. The gastric phase is initiated as food enters the
stomach; gastric juice is secreted in response to local enteric reflexes, vagal-vagal
reflexes, and the gastrin hormonal cycle. This phase of gastric secretion can
generate over a liter of gastric secretion within the course of a day and contribute
the majority of total secretions.

The last or intestinal phase starts commences with the entry of food into the
duodenum. As the duodenum undergoes distension, small amounts of gastrin are
released by G cells located in the duodenal mucosa. Gastrin causes the stomach
to continue to secrete a small amount of gastric juice to further digestion.

The entire surface of the stomach is populated with mucous cells and collec-
tively these cells produce a continuous, very viscous, relatively insoluble coating
of alkaline mucus about 1 mm in thickness that acts as a lubricant and protectant,
preserving the gastric mucosa from abrasive or acid-induced injury. While it
should be obvious, it is important to repeat that as a result of the presence of
mucus, the gastric mucosa is never actually exposed to ingesta and the secretions
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of acid and enzymes produced by other glands in the gastric mucosa. Indeed,
even the slightest direct contact of the mixture of food, acid, and enzymes with
the gastric mucosa will trigger the secretion of additional amounts of viscous
alkaline mucus.

The stomach has two other common and different types of glands in addition
to the mucous glands and these are the gastric and pyloric glands. Pyloric glands
located in the antral portion of the stomach are tubular in shape and secrete mainly
mucus for protection of the pyloric gastric epithelium along with the enzyme
pepsinogen and the hormone gastrin. Gastric or oxyntic glands are tubular in
shape, located in the mucosa of the body and fundus of the stomach, and produce
pepsinogen, mucus, intrinsic factor, and hydrochloric acid. In terms of relative
populations, gastric glands outnumber pyloric glands by a ratio of almost 4:1.

The typical gastric gland is composed of parietal, peptic, and mucous neck cells.
The mucous neck cells produce mostly mucus and small amounts of pepsinogen.
Peptic or chief cells produce large quantities of pepsinogen. Parietal or oxyntic cells
secrete hydrochloric acid and intrinsic factor. The parietal cells on their secretory
borders have large numbers of deep, highly branched invaginations (canaliculi) that
are freely open to and communicate with the lumen of the gastric gland.

Hydrochloric acid formed in the recesses of these canalicular lumina moves
through these spaces to mix with other secretions of a gastric gland and then
eventually mix with gastric contents. The acid solution secreted by parietal cells
contains approximately 150 mmol of hydrochloric acid per liter. This concentra-
tion is essentially isotonic with body fluids, but at solution pH of about 0.8 and
this level of hydrogen ion, concentration is higher than that found in arterial blood
by a multiple of approximately three million. Although several proposed mech-
anisms exist with regard to the production of hydrochloric acid, one commonly
accepted mechanism is presented here. Chloride ions are moved via an active
transport process from the cytoplasm of a parietal cell into the lumen of the
canaliculus.

While this process proceeds, sodium ions are actively transported from the
lumen of the canaliculus. This combined action creates an electronegative sink
that consequently attracts the diffusion of potassium ions and some sodium ions
from the cytoplasm of the parietal cell into the lumen of the canaliculus. Thus
the contents of the canaliculus early in a secretory cycle are essentially composed
of potassium chloride with a small amount of sodium chloride. Water normally
exists in equilibrium with its component hydrogen and hydroxyl ions and a
membrane-bound H*/K*/ATPase pump actively transports and exchanges hydro-
gen ions from the cytoplasm into and potassium ions out of the canalicular lumen
while at the same time a separate sodium ion pump removes sodium ions from
the canalicular space. The end result is that eventually all the sodium and potas-
sium ions initially in the canaliculus are replaced by hydrogen ions.

Water persistently moves via osmosis into the canalicular space as a result
of the secretion of ions into the canaliculus. The resulting concentrated hydro-
chloric acid solution is then secreted outward through the open end of the canal-
iculus into the lumen of the gastric gland. The final hydrochloric acid solution
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secreted into the gastric space contains approximately 150 meg/l of hydrogen
chloride, 15 meq/1 of potassium chloride, and a small amount of sodium chloride.
In the final step of this cycle, carbon dioxide, an end product of normal metab-
olism, with the assistance of carbonic anhydrase, combines with hydroxyl ion in
the cytoplasm to form bicarbonate ions. Bicarbonate ions diffuse out of the
cytoplasm of the parietal cell into the extracellular fluid of the body in exchange
for the chloride ions that enter the parietal cell and are eventually secreted into
the canaliculus. In this fashion, electrical balance is maintained between the
parietal cell and its extracellular microenvironment.

Various types of pepsinogens are secreted by the peptic or chief cells and
mucous cells of the gastric glands, but despite differences, all pepsinogens per-
form the same biochemical activity. Nascent pepsinogen (molecular weight
approximately 42,000) has no enzymatic activity, but when it comes in contact
with hydrochloric acid, it becomes activated to pepsin (molecular weight 35,000).
This process is accelerated in the presence of previously formed pepsin. Pepsin
is a proteolytic enzyme exhibiting maximal hydrolytic activity within a pH range
of 1.8 to 3.5 and is essentially inactive at pH values above 5.0. Other enzymes
are found in gastric juices and these include but are not limited to gelatinase,
gastric lipase, and gastric amylase; however these enzymes play relatively minor
roles in the process of digestion.

The intrinsic factor substance mentioned earlier is essential for the absorption
of vitamin B, in the ileum and is secreted by parietal cells along with hydrochloric
acid. Pyloric glands are basically identical to gastric glands, but instead contain
mostly mucous cells and few or no parietal and peptic cells. The pyloric glands
secrete the gastrin hormone and a small amount of pepsinogen along with a large
amount of thin nonviscous mucus that aids the movement of ingesta along the
GI tract.

Essential neurotransmitters and hormones that can bring about secretion by
the gastric glands are gastrin, histamine, and acetylcholine. These substances bind
to specific receptors, the process of which triggers a cascade of events culminating
in secretion. Gastrin and histamine stimulate the production of acid, but exert
few other stimulatory effects on secretory cells of the stomach. Acetylcholine,
on the other hand, stimulates secretion by all cell types in the gastric glands and
secretory products can include hydrochloric acid, pepsinogen, and mucus.

The secretion of acid from parietal cells is under the control of both neural
signals and hormones. Parietal cells operate in close association with histamine-
producing enterochromaffin cells located deep within the stomach mucosa, contig-
uous to the gastric glands. The production of histamine by these cells is elicited
for the most part by the gastrin hormone and the acetylcholine neurotransmitter.
Gastrin is produced almost completely by cells in the antral portion of the stomach
mucosa in response to the presence of protein. Histamine is produced by parietal
cells in intimate contact with hydrochloric acid and the amount of histamine pro-
duced by parietal cells is proportional to the amount of histamine produced by
enterochromaffin cells. Acetylcholine is the end product of vagal nerve stimulation.
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Gastrin is produced in two different equally important forms. One is a 34-
amino acid polypeptide called G-34 and the other a 17-amino acid polypeptide
referred to as G-17. The G-17 form is the more abundantly produced substance.
Gastrin is produced by G or gastrin cells that reside in the pyloric glands of the
distal stomach. As protein enters the antral portion of the stomach, its presence
directly evokes a stimulatory response from the gastrin cells of the pyloric glands,
resulting in the release of gastrin into the stomach lumen. The mixing of the
gastric luminal contents promotes the interaction of gastrin with the enterochro-
maffin cells in the body of the stomach and histamine is released from the
enterochromaffin cells. This histamine in turn stimulates the production of hydro-
chloric acid from parietal cells.

Pepsinogen production occurs in response to the presence of hydrochloric
acid and acetylcholine. The hydrochloric acid most likely does not elicit its effect
on pepsinogen production directly, but rather indirectly via interaction with the
enteric nervous system and the initiation of enteric reflexes. Acetylcholine is
produced as a result of the stimulation of the vagus nerves or the gastric enteric
nervous plexus. While pepsinogen production appears to be essentially under
nervous control, the rate of secretion of pepsinogen is significantly affected by
the presence of hydrochloric acid in the stomach.

The gastric secretion of both hydrochloric acid and pepsinogen can be neg-
atively modulated by excess acid. When the pH level of gastric contents falls
below 3, the gastrin mechanism for the stimulation of gastric secretion becomes
nonfunctional because the presence of hydrochloric acid seems to generate an
inhibitory neural signal, ceasing gastric secretion and directly blocking the secre-
tion of gastrin by G cells. This acid-mediated feedback inhibition protects the
stomach from excess acidity or pepsin that could consequently damage the gastric
mucosa. This control mechanism also ensures that the pH of stomach contents
lies within a range supportive of optimal enzymatic function. The optimal pH of
stomach contents is about 3.

While material in the stomach generally stimulates the production of gastric
secretions, it can also inhibit the production during gastric secretion. Indeed,
inhibitory hormones and the enterogastric reflex work together to reduce gastric
motility at the same time gastric secretions are reduced. The benefit of intestinal-
mediated inhibition of gastric secretion is probably to slow the release of chyme
from the stomach when the small intestine is already filled or overly taxed. The
presence of irritating substances, hyper-osmotic fluid contents, fats, certain pro-
tein break-down products, hypo-osmotic fluid contents, or acid can stimulate the
release of a number of different intestinal hormones, including but not limited to
gastric inhibitory peptide, somatostatin, vasoactive intestinal polypeptide, and
secretin.

The roles played by these hormones, except for secretin, are relatively minor.
Secretin is very important in the control of generation and release of pancreatic
secretions, while at the same time reducing gastric secretions. The presence of
food in the small intestine is capable of initiating a reverse enterogastric reflex
that inhibits gastric secretion. This reflex is mediated through the vagus nerves,
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sympathetic nervous system, and myenteric nervous system and is elicited by a
number of potential factors including distension of the bowel wall, mucosal
irritation, or the presence of certain protein digestive products or acid.

Gastric secretions in the stomach persist between the introduction of food
loads, but at very low levels. The gastric secretions at these times consist essen-
tially of mucus, with little pepsinogen and no acid present. However, stress
working via a mechanism similar to that described for the cephalic phase can
significantly increase gastric secretions and alter their character from that
observed with baseline levels.

Within the proximal few centimeters of the duodenum is a large population
of compound mucous glands called Brunner’s glands located essentially between
the pylorus and the entry points of the ducts from the gallbladder and pancreas.
Brunner’s glands produce large amounts of alkaline mucus in response to secretin
and various other gastrointestinal hormones, vagal stimulation, and direct stim-
ulation. This alkaline mucus protects the sensitive intestinal mucosa from poten-
tial injury from very acidic gastric secretions. The copious amounts of bicarbonate
ions in the mucus also help neutralize the acid in the chyme entering the proximal
small intestine. Sympathetic stimulation inhibits the secretion of mucus by the
Brunner’s glands.

The entire surface of the small intestine is covered with what appears to be
stippling or small pits that are openings to structures referred to as crypts of
Lieberkiihn. These crypts are interposed between intestinal villi. The mucosa
covering both crypts and villi is populated with two visibly different types of
cells: enterocytes and goblet cells. Enterocytes are present in large numbers and
serve two different functions. Crypt enterocytes secrete copious quantities of
water and electrolytes, but no enzymes.

The stimulus for this secretion is not completely understood, but is thought
to be largely based in local enteric nervous reflexes stimulated by direct contact
of substances with the mucosa, gastrointestinal movement, and the movement of
gastrointestinal contents. There is some degree of hormonal regulation similar to
that described for more proximal regions of the GI tract and this control is for
the most part due to cholecystokinin and secretin hormones. Enterocytes located
in the crypts can produce over 1.5 liters of alkaline (pH 7.5 to 8.0) fluid per day.
This fluid acts as a solvent for the end products of digestion, decreases the
viscosity of the chyme, increases the fluidity of the chyme, and improves the
contact of substances with the absorptive surface of the intestinal mucosa, thereby
enhancing absorption.

Villous enterocytes, on the other hand, contain substantial quantities of diges-
tive enzymes that act to hydrolyze various food substances during the digestive
process. These enzymes are located in the brush borders of the cells and include
lactase, maltase, sucrase, isomaltase, intestinal lipase, and various peptidases. In
addition to the absorption of the end products of digestion, villous enterocytes
also absorb water and electrolytes. Goblet cells occur in moderate numbers and
produce mucus for purposes of protection of the mucosa and lubrication. A very
important aspect of the crypts of Lieberkiihn is that cells in the deepest recesses
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of the crypts are continually undergoing mitosis. Newly produced cells migrate
along the basement membrane away from the valley of the crypt to the tip of the
villus. In this fashion, the cells covering each villus are constantly replaced. As
cells move along in an escalator-type fashion, they mature in size and function.
The complete life cycle of an intestinal epithelial cell is approximately 5 days.
The failure or inadequacy of this regenerative system to compensate in a timely
fashion for damage to intestinal epithelium can result in substantial pathologic
consequences to the organism.

Enteroendocrine and Paneth’s cells are also found deep in the intestinal
glands. Paneth’s cells have not been previously mentioned. They have the appear-
ance of protein-secreting zymogenic cells and secrete antimicrobial substances
into the bottom area of the crypt.

Repeated reference has been made to the presence of various digestive
enzymes in the GI tract. Many of these enzymes come from the pancreas. When
the pancreas is mentioned, the first thing that comes to mind is insulin hormone.
However, insulin is produced by a different population of pancreatic cells — not
by digestive enzyme-producing cells. Furthermore, insulin is introduced into the
blood and not the intestinal lumen. While the structure and function of the
pancreas will not be addressed, the nature of the secretory process and the
secretions delivered to the intestine will be briefly discussed.

With proper stimulation, digestive enzymes are secreted and delivered in
copious amounts and in an alkaline aqueous solution through two long ducts from
the pancreas. Known as the pancreatic duct and the accessory pancreatic duct,
they open into the duodenum through the major and minor duodenal papillae,
respectively. The main stimulus for pancreatic secretion is essentially the presence
of chyme in the duodenum. However, similar to the stomach, the pancreas has
three phases of secretion: cephalic, gastric, and intestinal. In the cephalic phase,
the release of acetylcholine from nerve endings embedded in the pancreas is
initiated by the same stimuli that promote gastric secretion.

About 20% of a total postprandial bolus of enzymes is produced as a result
of this initial stimulation, but little water and electrolytes are concurrently pro-
duced. This is because pancreatic enzymes are produced by compound acinous
glands that deliver their contents into acini and a system of ducts increasing in
diameter that eventually terminate in the confluence and formation of the pan-
creatic duct. The aqueous bicarbonate solution produced by the pancreas as the
solvent for the protein component is secreted by the duct epithelium. In the
absence of appropriate stimulation and an adequate supply of fluid, the enzymes
remain stored in the acini and ducts until flushed into the duodenum with an
adequate flow of water with its electrolytes and bicarbonate.

In the gastric phase of pancreatic secretion, neural stimulation of the secretion
of enzymes continues, adding about an additional 10% contribution to the total
postprandial bolus production of enzymes. However, again as with the cephalic
phase, there is little production of fluid to wash the protein material into the
duodenum. As the stomach empties its contents into the duodenum, the chyme
initiates the release of the secretin and cholecystokinin hormones from the
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intestinal mucosa along with acetylcholine from parasympathetic vagal nerve
endings and other cholinergic nerves. The acetylcholine and cholecystokinin act
together to stimulate further enzyme production from appropriate acinar cells of
the pancreas, with little stimulation of the bicarbonate-producing epithelial cells
of the pancreas and its ducts.

Secretin, while not stimulating the production of any enzymes, does stimulate
pancreatic ductal epithelium to generate copious amounts of a watery and non-
viscous bicarbonate solution. This alkaline solution contains bicarbonate at a
concentration of approximately 145 meq/l, very little chloride ion, and almost no
enzymes. Secretin is a 27-amino acid polypeptide produced by S cells of the
mucosa of the duodenum and jejunum in an inactive form called prosecretin.
Upon mixture with the intestinal luminal contents where the pH is below 5.0, the
prosecretin is converted into active secretin and absorbed into the blood. The
critical reagent for this conversion of prosecretin to secretin is hydrochloric acid.
It is important to note that secretin is released only from the mucosal epithelium
of the small intestine when the pH of the intestinal contents falls below 5. Indeed,
the production of secretin increases as the pH falls below 3.

As the pancreatic juice mixes with the chyme, the hydrochloric acid that is
present and the added sodium bicarbonate react to form sodium chloride and
carbonic acid. The carbonic acid quickly breaks down to form carbon dioxide
and water. The carbon dioxide is rapidly removed via absorption and transport
in the blood to the lungs for discharge, leaving a neutral aqueous salt solution
behind in the gut lumen. With this simple mechanism, acidity from the stomach
is effectively controlled and additional peptic activity in the duodenum ceased.
This is very significant because the mucosa of the small intestine cannot withstand
a prolonged insult of gastric acid. Furthermore, the presence of bicarbonate in
the pancreatic secretion causes an average pH of 8.0 of the secretion, which works
to create an environment with a pH range of 7.0 to 8.0, which is optimal for the
highest degree of activity of pancreatic enzymes.

Cholecystokinin, a 33-amino acid polypeptide, is produced by I cells in the
mucosal epithelium of the small intestine. The long chain fatty acids, peptones,
proteoses, and to some degree hydrochloric acid initiate the secretion of this
hormone, which moves via the blood to the pancreas where it causes the secretion
of large quantities of digestive enzymes. Approximately 75% of the total post-
prandial bolus production of enzymes results from cholecystokinin stimulation.

The total pancreatic secretion is capable of hydrolyzing fats, proteins, and
carbohydrates. The character of pancreatic secretion can be modified by the
character of the chyme. Disaccharides and trisaccharides are products of the action
of pancreatic amylase on such substrates as glycogen, starches, and most other
carbohydrates. Neutral fats are reduced to fatty acids and monoglycerides via the
action of pancreatic lipase. Pancreatic phospholipase and cholesterol esterase
produce fatty acids and phospholipids and fatty acids and cholesterol, respec-
tively. The most important and abundant pancreatic proteolytic enzyme is trypsin.

Carboxypeptidase and chymotrypsin are also proteolytic enzymes of impor-
tance, but are found in lesser amounts than trypsin. Nucleases and elastases are
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also present in pancreatic secretions in small amounts, but are of lesser impor-
tance. Proteolytic enzymes produced by the pancreas are in enzymatically inactive
forms that are activated only upon entry into the GI tract. This activation is
achieved by kinases produced by the gastrointestinal mucosa and to a lesser
degree by autocatalysis. The actions of nucleases and elastases are obvious.
Trypsin and chymotrypsin cleave proteins and large polypeptides in such a fashion
as to produce smaller peptides, but not individual amino acids. Carboxypeptidase,
however, does hydrolyze peptides into individual amino acids.

Bile is another substance added to the intestinal stream to aid in the process
of digestion. It is highly concentrated and primarily composed of a variety of
different compounds classified as bile salts. These substances comprise almost
half the total solutes found in bile, along with bilirubin (the principal break-down
product of hemoglobin), lecithin, excess unused cholesterol, sodium ions, potas-
sium ions, calcium ions, chloride ions, and bicarbonate ions. The secretion of
bile by the liver is a two-part process. Hepatocytes contribute the bile salts,
bilirubin, lecithin, and cholesterol to bile secretion.

Secretory epithelial cells lining the ductules and ducts of the biliary tree
secrete water along with sodium and bicarbonate ions into the bile, which is
injected into the duodenum after passage through a long duct, the bile duct, that
opens into the duodenum through the major duodenal papilla. It should be noted
that both the bile duct and pancreatic duct open into the duodenum through the
major duodenal papilla.

The aqueous component of bile can equal in volume the very concentrated
organic component. Stimulated by the presence of fatty foods entering the duode-
num, I cells in the mucosa of the upper small intestine release cholecystokinin,
which acts as the main source of stimulation of contraction of the gallbladder,
injecting bile into the intestinal lumen. A smaller contribution to this contraction
comes from stimulation of the gallbladder by vagal nerves and the intestinal
enteric nervous system. It is noteworthy that when no fat is present in a meal,
the gallbladder ejects very little of its content into the duodenal lumen. The
secretion of the alkaline aqueous and electrolyte components is stimulated by the
presence of secretin hormone.

About half a liter of bile is secreted every 12 hours and the gallbladder can
maximally store only about 50 ml at any one time. A half to a full liter of bile
can be released into the small intestine each day. In response to a fatty meal, the
gallbladder can essentially empty itself completely in about 60 minutes. The
quantity of bile secreted each day by the liver is closely tied to the amount of
bile salts available. As much as 2.5 g of bile salts can be trapped in enterohepatic
circulation and if this amount increases, the production of bile increases. Indeed,
if bile salts are exogenously administered, the daily production of bile will
increase; it can increase by as much as a factor of ten. As bile is stored in the
gallbladder prior to its release into the small intestine, it is persistently concen-
trated by the epithelium of the gallbladder. This concentration effect can range
up to a factor of almost 20-fold.
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While bile contains no enzymes, it nevertheless plays a prominent role in the
digestion and absorption of fat through the presence of bile acids. These sub-
stances promote the emulsification of large fat droplets into tiny little particles
that can be readily attacked by pancreatic lipases and aid in the absorption of the
end products of fat digestion. As the digestive process initiates in the upper GI
tract, the gallbladder begins to empty its contents. This emptying is especially
effective in response to a fatty meal and occurs 20 to 30 minutes after a meal.

The epithelial cells of the mucosa of the large intestine do not secrete any
enzymes, acids, or factors into the lumen and are essentially of four different
types including undifferentiated, immature absorptive, and mucus-producing gob-
let cells. The predominant population is composed of cells that produce mucus,
the main secretion of the large intestine. Nonmucus-secreting cells located near
the mucus-secreting cells produce bicarbonate ions that give the mucus of the
large intestine an alkaline character.

There are no villi in the large intestine as are present in the small intestine,
but it contains many crypts of Lieberkiihn that are heavily populated with mucous
cells. Epithelial cells of the large intestine are replaced approximately every 6
days by the proliferation and differentiation of cells residing in the lower third
of the crypt. Secretion in the large intestine is initiated or controlled by local
nervous reflexes acting upon the mucus-secreting cells and direct stimulation of
the mucus-secreting cells. Parasympathetic innervations arising from the pelvic
nerves supply the distal half of the large intestine and can significantly increase
the amount of secretion of mucus and also motility. The mucus in the large
intestine provides lubrication for the movement of the fecal stream, promotes the
formation of the fecal mass, provides protection of the mucosa from the high
level of microbial activity in the lumen, and as a result of its alkaline character
(pH 8.0) provides protection of the mucosa from attack by acids and formed in
the feces.

We have talked about a number of different endocrine cell secretions along
the digestive tract. It seems appropriate to summarize the geography and distri-
bution of these types of secretions in the GI tract at the close of this section.
Gastrin is present in the intestinal stream, abruptly appearing at its highest levels
in the pyloric antrum and persistent at those concentrations in the proximal part
of the duodenum, at which point its concentration slowly falls to an almost
immeasurable level by the end of the jejunum. Secretin is present in the intestinal
stream, abruptly appearing at its highest levels in the proximal duodenum and
persistent at those concentrations through the jejunum, at which point its con-
centration slowly falls to an almost immeasurable level by the end of the ileum.
Cholecystokinin is present in the intestinal stream in a pattern that essentially
mirrors that of secretin. Glucagon-like substances, although not specifically dis-
cussed here, are found in increasing amounts along the length of the entire GI
tract through the end of the jejunum, at which point the concentration of these
substances reaches a zenith and then persists at that level through the end of the
large intestine.
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TABLE 6.1
Enteroendocrine Cells of the Canine Gl Tract
Cell Type Location Hormone Produced Hormone Action
A-cell Stomach Glucagon Hepatic glycogenolysis
D-cell Pyloric stomach ~ Somatostatin Inhibition of other entero-
Duodenum endocrine cells
D1-cell Entire GI tract Vasoactive intestinal Ion flow
polypeptide Water secretion
Enhanced gut motility
EC-cell Entire GI tract Serotonin Enhanced gut motility
Substance P
G-cell Pyloric stomach  Gastrin Gastric acid secretion stimulation
I-cell Small intestine Cholecystokinin Gall bladder contraction

Secretion pancreatic enzymes

K-cell Small intestine Gastric inhibitory Inhibition of gastric acid secretion
Polypeptide

L-cell Small intestine Glucagon-like substance ~ Hepatic glycogenolysis

Mo-cell Small intestine Motilin Enhanced gut motility

S-cell Small intestine Secretin Pancreatic bicarbonate secretion

Pancreatic water secretion
Gall bladder water secretion

Finally, somatostatin-like substances although not discussed here, are also
found throughout the entire length of the GI tract. They appear abruptly at high
levels in the fundic portion of the stomach and persist at these levels to the
proximal portion of the duodenum, at which point they rapidly fall to about half
their initial levels. These reduced levels of somatostatin-like substances then
persist through the remainder of the GI tract.

Table 6.1 lists the principal enteroendocrine cells of the GI tract by type,
location, hormone produced, and major action.

Only the cells that make major, well defined contributions to the function of
the GI tract have been discussed in this chapter. Other cell types and their
secretions have been mentioned as a matter of completeness.

DIGESTION AND ABSORPTION

Substances that enter the GI tract include minerals, water, electrolytes, carbohydrates,
vitamins, proteins, fats, and xenobiotics. Certainly the majority of these substances
fit into the general category of foods and nutrition. Compounds such as fats, proteins,
and carbohydrates are macromolecules and of little nutritional value without diges-
tion. To fully appreciate the function of the GI tract, it is important to first understand
the processes of normal digestion and absorption [15, 18, 21-23, 28, 31, 33, 41, 42,
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57,59, 67, 68, 76, 81, 88,91, 97, 101, 102, 119, 120, 134, 143, 157, 162, 198, 203,
204, 209, 214, 215, 224, 254, 256, 270, 276, 281, 282, 288].

Certainly xenobiotics are at least subject to the same biochemical processes
of digestion and absorption as food and so an appreciation of the details of these
activities as they pertain to food is important. Furthermore, xenobiotics have the
potential to interfere with the normal processes of digestion and absorption, again
making an understanding of the core processes important for better understanding
and predicting the toxic responses of the GI tract. To put the process of absorption
in perspective, each day the small intestine can absorb 50 to 100 g or more of
carbohydrates, fats, amino acids, and ions in addition to about 7.5 liters of water.
However, this level of absorption constitutes only 10 to 20% of the total absorptive
capacity of the small intestine. The large intestine can absorb even more water,
but only limited nutrients. This large capacity of the small intestine for absorption
indicates the importance of absorption for sustenance of the organism. Vitamins
and minerals have numerous and very specific mechanisms for uptake and these
will not be discussed here.

One very important process represents a common thread of digestion and that
process is hydrolysis. While the enzymes that perform hydrolysis change with
the type of substrate, the basic reaction is the same and this reaction is the
introduction of water into linkages that are specific for different types of sub-
strates. The water is introduced not as molecular water, but rather as hydroxyl
and hydrogen ions into a chemical bond that was previously formed in a con-
densation type of reaction during which water was extruded in the form of
hydroxyl and hydrogen ions.

The most common form of fat is the triglyceride or neutral fat, composed of
a molecule of glycerol and three fatty acids. Triglycerides are partly digested in
the stomach via lingual lipase secreted from glands in the mouth and then
swallowed with saliva. The degree of digestion from this lipase is small and the
overwhelming degree of fat digestion occurs in the small intestine. The first step
in digestion by the small intestine is emulsification or the break-down of the fat
globules into small droplets. This allows the relevant enzymes to operate on a
greater amount of fat per unit of volume and per unit of time since the surface
area is increased. Indeed, as the droplets become smaller, the surface area of a
unit of fat can increase by a factor as large as a thousand.

Gastric mixing contributes to the emulsification process, but the bulk of it
occurs in the duodenum with the admixing of bile salts and lecithin that interact
with the fat globules. Lecithin is a phospholipid and its presence is critical to the
process. The polar portions of lecithin and bile salts interact with water and
enhance solubility. The nonpolar portions of bile salts and lecithin are highly
lipid-soluble and readily dissolve in fat. The fat-soluble portions of these hepat-
ically produced molecules dissolve in the surface layers of the fat globules, with
the polar parts oriented so as to orthogonally extend outward from the fat globules
into the surrounding aqueous medium. This conglomeration or arrangement
reduces the surface tension that normally exists at the interface between fat and
water, facilitating emulsification and fragmentation of the fat globules. Lipases,
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which are water-soluble enzymes, can now more readily and effectively attack
the fat. However, this attack can take place only on the surfaces of the tiny fat
particles, emphasizing the importance of the process of emulsification.

The most important intestinal enzyme for fat digestion is pancreatic lipase,
which breaks triglycerides down into free fatty acids, diglycerides, and 2-
monoglycerides. The accumulation of fatty acids and monoglycerides in the
microenvironment of the digesting fat inhibits further digestion. Accordingly, it
is essential that these materials be moved quickly away from the globule-associ-
ated digestive processes. Compounds known as bile salts serve this important
function. Bile salts are produced by hepatocytes in an amount equal to about 600
mg per day.

Dietary or endogenously produced cholesterol is the starting material for the
synthesis or production of bile salts. In the first step, cholesterol is converted to
chenodeoxycholic or cholic acids that in turn combine with glycine or taurine
amino acids to form bile acids, which are nothing more than amino acid conju-
gates of the original acids, chenodeoxycholate or cholate. The sodium salts of
these bile acids are the substances that are actually secreted into the bile. Bile
acids and their salts can remove the fatty acids and monoglycerides away from
the digesting globules of fat almost as quickly as the hydrolytic products are
formed. A bile acid or salt is composed of a highly lipid-soluble sterol nucleus
and a water-soluble polar group at the end of a hydrocarbon side chain.

For reasons of thermodynamics, bile acids and their salts at high concentra-
tions aggregate to form structures known as micelles. A micelle is a collection
of 20 to 40 molecules of bile acids and salts in a spherical arrangement. The
central portion of the sphere is composed of sterol nuclei; the surface of the
sphere consists of polar groups on connecting hydrocarbon side chains. The
micelles incorporate into their lipid cores the very tiny products resulting from
fat emulsification and digestion and quickly and efficiently move these tiny fat
droplets away from the sites of hydrolysis. Micelles are approximately 3 to 6 nm
in diameter. Because of the negative charges on the exterior polar groups, the
micelle globule is readily dissolved in aqueous digestive fluid in stable fashion
until absorption. These bile salt micelles also work to carry the free fatty acids
and monoglycerides to the brush borders of the intestinal epithelial cells, where
they press deeply into the valleys of the undulating microvilli and are eventually
absorbed into the blood.

Cholesterol in the diet is generally found in the form of an ester composed
of one molecule of cholesterol and one molecule of fatty acid. Cholesterol ester
hydrolase, which comes from the pancreas, hydrolyzes cholesterol esters into
their components: free fatty acids and cholesterol. Phospholipids also found in
the diet are small molecules constructed of fatty acids and glycerol. However,
only two of the alcohols of phospholipids are connected to fatty acid chains; the
third is connected to a hydrophilic phosphate group that is in turn connected to
a small hydrophilic compound like choline. A phospholipid can be hydrolyzed
into a diglyceride (hydrolysis of carboxyl ester at position 2 of the glycerol)
by the pancreatic enzyme phospholipase A,. For both cholesterol esters and
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phospholipids, bile acid and salt micelles perform the same vital functions as for
cholesterol in the processes of digestion and absorption.

Before leaving the topic of digestion and absorption of fats and bile acids
and salts, we should mention enterohepatic circulation of bile salts. Indeed
approximately 95% of all bile acids and salts are reabsorbed into the circulation
from the small intestine. The same bile compounds can recycle themselves
approximately 18 times before they are eventually eliminated from the body in
the feces. This reabsorption is accomplished via an active transport type of process
in the mucosa of the distal ileum and diffusion through the mucosa of the proximal
part of the small intestine. Upon absorption into the blood, bile salts move via
the portal blood back to the liver and into the hepatic venous sinusoids, where
they are absorbed by hepatocytes and secreted again into the bile. Any bile
compounds that are lost in the feces are replaced by the synthesis of new bile
compounds.

The majority of ingested carbohydrates are mainly of three types: starches,
sucrose, and lactose. Starches are large complex polysaccharides; lactose and
sucrose are disaccharides. Other types of carbohydrates that are ingested in much
smaller amounts include cellulose, glycogen, amylose, dextrins, pectins, and
insignificant amounts of various carbohydrate derivatives. Mastication initiates
the process of digestion of carbohydrates with the introduction of ptyalin to a
bolus of food. This enzyme is secreted by the parotid salivary glands and hydro-
lyzes starch into the disaccharide maltose and various other 3- to 9-unit polymers
of glucose. However, only a small amount of the total starch load will have been
hydrolyzed by the time the food bolus has entered the stomach.

After the food bolus enters the stomach, this digestion will continue for
approximately 1 hour, after which the ingesta is thoroughly mixed with gastric
secretions that are added to the mixture. The acidity of the gastric secretions
inactivates the salivary amylase, but approximately half of the available starch
will have been hydrolyzed into maltose by the time this happens. Hydrolysis of
carbohydrates continues in the small intestine with the introduction of pancreatic
secretions. Pancreatic amylase performs the same activity as oral amylase, but
has a much higher throughput or turnover number. Indeed, almost all remaining
starches are converted to maltose and other very small polymers of glucose while
the ingesta transits the duodenum. The small polymers of glucose and disaccha-
rides produced as a result of prior hydrolytic cleavage must be further reduced
to monosaccharides for intestinal absorption to occur.

Four enzymes critical to achieving these chemical breakdowns are sucrase,
maltase, alpha-dextrinase, and lactase. These enzymes are found in the enterocytes
lining the microvilli brush border of the small intestine. As materials come in
contact with these enzymes, further hydrolysis takes place. Lactose is split into
a molecule of glucose and one of galactose; sucrose is split into a molecule of
glucose and a molecule of fructose. Maltose and other glucose polymers are
reduced to single units of glucose. The final hydrolytic product of carbohydrate
digestion is a monosaccharide and most commonly glucose. These terminal
products are all very water-soluble and readily absorbed.
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Proteins are macromolecules that are polymers of amino acids joined together
via peptide linkages. These linkages are broken down via hydrolysis by means
of the pepsin enzyme to produce compounds like peptones, polypeptides, and
proteoses. Pepsin can also hydrolyze collagen, a significant component of meat
that is very resistant to degradation by a number of other enzymes. If collagen
is not hydrolyzed, the effectiveness of hydrolysis or digestion of protein in
materials like meat is highly impaired and hence so is absorption. The products
resulting from the break-down of proteins by pepsin enter the small intestine, the
chief site for the digestion of protein.

As soon as stomach contents are moved into the duodenum, the chyme is
attacked by several pancreatic enzymes including proelastase, chymotrypsin, and
carboxypolypeptidase. Proelastase is converted into elastase, which degrades
elastin. Trypsin and chymotrypsin degrade protein into polypeptide fragments of
varying size. Carboxypolypeptidase trims amino acids off of the carboxy termini
of the various polypeptide products produced by previous enzymatic cleavage.
Unlike carbohydrates, only a small component of protein is completely hydro-
lyzed to component amino acids by pancreatic enzymes. Indeed, protein for the
most part is reduced only to dipeptides, tripeptides, tetrapeptides, etc.

The total amount of fluid that must be absorbed by the intestines on a daily
basis is approximately 9 liters, and this volume is comprised of up to 1.5 liters
of ingested fluid and 7.5 liters of secreted fluid. Approximately 80 to 90% of this
fluid is absorbed in the small intestine, leaving the remainder to be absorbed in
the large intestine. The stomach lining lacks a villus absorptive surface and has
very tightly woven junctions between apposed epithelial cells, making the gastric
mucosa a poor area for absorption. Exceptions to this are highly lipid-soluble
materials, salicylates, and ethanol, which can all be directly absorbed through the
stomach wall in small quantities.

The entire surface of the mucosa of the small intestine, basically from the
point at which the common bile duct empties into the duodenum to the terminus
of the ileum, contains millions of very small villi that project approximately 1
mm from the surface of the mucosa. While the villi are somewhat less populous
near the end of the small intestine, their density is such that they exist in very
close apposition to one another. Their presence increases the surface available
for absorption by a factor of almost 10. In addition to this gross anatomic
adaptation of the gut that acts to increase and facilitate absorption, a microscopic
adaptation increases the surface available for absorption by a factor of almost 20.
This feature is the brush border found on the free surface of each intestinal
epithelial mucosal cell on each villus.

The brush border is a series of multiple invaginations or evaginations of the
enterocytic membrane that result in the formation of microvilli. As many as 1000
microvilli may be present on the free surface of each intestinal enterocyte. These
microvilli are approximately 0.1 um in diameter and 1 um in length. Collectively
these adaptations work together to enhance the intestinal surface area available
for absorption by a factor of almost 500.
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The basic mechanisms of absorption include diffusion, active transport, and
solvent drag. The two different kinds of diffusion are simple and facilitated. In
simple diffusion, kinetic molecular motion moves molecules or ions through a
membrane, pore, gate, opening, or any intermolecular space without the necessity
of binding with a carrier protein in the membrane. The rate of diffusion is
dependent on the concentration of the substance, its kinetic energy, and the
numbers and sizes of openings through which the substance can pass. Facilitated
diffusion requires the participation or help of an ancillary or carrier protein that
chemically binds with the substance being moved and shuttles it through a
membrane.

Active transport is the process of moving or transporting materials against a
concentration gradient. It is important to appreciate that energy is imparted to
the substance transported via active transport. The two types of active transport
are primary and secondary, both of which utilize carrier proteins that span or
access both sides of a membrane. For primary active transport, the process energy
is derived directly from the break-down of adenosine triphosphate or an alternate
high energy phosphate bond compound. However, for secondary active transport,
the energy for the process comes from energy stored in the form of ionic con-
centration differentials between two sides of a membrane; the difference is created
by the process of active transport. In the case of solvent drag, dissolved substances
can be pulled along as a solvent is absorbed because of various physicochemical
forces that exist between the solvent and solute.

Transport systems exist not only in the surface membranes of cells, but also
in intracellular membranes and intercellular membranes or junctions. Transport
through the intestinal epithelium must occur through a sheet of cells and not
simply through one cell membrane. The basic mechanism for the transport of a
substance through a cellular sheet is active transport of the substance through the
cell membrane on one side of a cell followed by simple or facilitated diffusion
through the cell membrane on the opposite side of the cell. A variety of different
combinations and locations of transport systems for the absorption process exist
throughout the gut, but the basic principles remain the same, regardless of the
nature of the substance involved.

In addition to the above processes, a very small contribution is made to
absorption by pinocytosis, a physical process that occurs continually in most
cells, but at widely differing rates according to cell type. This process is the
means by which most macromolecules and proteins enter cells; however, the
process can involve large carbohydrates, lipids, and other substances. Indeed the
degree of pinocytosis significantly increases as macromolecules attach themselves
to a cell membrane.

Particles of several thousand nanometers in diameter were reported to have
been taken up by the duodenum. Latex particles of 22 microns in diameter have
been carried through the cytoplasm of intestinal epithelium and deposited into
the lamina propria, with subsequent absorption into the lymphatics. For this
process to occur, proteins bind to specialized receptors embedded in a cell mem-
brane; the receptors are specific to that type of protein or sequence within a
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protein. They are located in miniscule depressions called coated pits on the cell
surface. Deep in the coated pits and on the interior surfaces of cell membranes
are net-like arrays of clathrin and other proteins, possibly including actin and
myosin.

When the binding between protein and receptor is adequate and complete,
the pit invaginates, enveloping the entire protein and a small amount of extracel-
lular fluid. At the completion of this process, the invaginated portion of the cell
membrane pinches off in such a fashion as to maintain cell membrane integrity
and form a totally sealed vesicle (pinocytotic vesicle) inside the cell. The pinocy-
totic vesicle then combines with a lysosome and is digested or broken down by
the machinery of the cell. Small degradation products such as sugars, amino acids,
etc. can diffuse through the membrane of the digestive vesicle into the cytoplasm
where they can be immediately utilized or follow the paths of similar substances
being absorbed via other mechanisms. Undigested residual material is excreted
directly through the cell membrane in a process known as exocytosis.

Each intestinal villus is almost finger-like in shape. A cross-section cut trans-
versely mid-level through a villus appears somewhat like a small onion. The
outermost layer is the brush border, discussed previously. Immediately below this
layer are the enterocytes that are firmly anchored to the deeply underlying base-
ment membrane. The inner area of each villus is a network of vasculature embed-
ded in loose connective tissue. Capillaries connect a supplying artery with a
draining vein. At the innermost central core is the very important central lacteal
located approximately along the central axis of each villus that collects the
lymphatic fluid draining the villus.

The lymphatic system is an accessory route by which fluid can flow from
interstitial areas, eventually back into the blood. However, the lymphatic fluid
can also carry whole proteins, large molecules, fat, and particulate matter away
from a local tissue space, eventually back into the blood. This alternative route
compensates for the fact that none of these materials can be directly absorbed
into the bloodstream.

Water is absorbed from the small intestine by diffusion and obeys the laws
of osmosis. However, water can move in different directions. It can flow from
the fluid intestinal contents into the villous blood or from the plasma of the blood
into the lumen of the small intestine. The latter can occur when the chyme is
hyper-osmolar in character.

A variety of ions are absorbed from the small intestine and they include but
are not limited to sodium, calcium, potassium, magnesium, iron, chloride, bicar-
bonate, and phosphate. A significant deficit exists between sodium secreted into
the intestinal lumen (influx) and sodium absorbed from the intestinal contents
(efflux). This differential strongly favors the loss of sodium. Accordingly, under
normal conditions with no intervening pathology or toxicology, an amount of
sodium equal to about 10 to 20% of the total body sodium must be absorbed
each day. Fortunately, sodium is rapidly absorbed through the mucosal epithelium
of the intestine. Sodium ion concentration in intestinal contents averages approx-
imately 142 meq/l and approximates that of plasma, but intracellular sodium ion
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concentration is only approximately 50 meq/l. Consequently, sodium follows the
concentration gradient and moves by facilitated diffusion from the liquid intestinal
contents through the brush border of the epithelium of the small intestine into
the cytoplasm of the enterocytes. This sodium is then moved from the cell interior
through the basolateral aspect of the cell (base of cell rests on basement mem-
brane; brush border side of cell is exactly opposite and lies in contact with the
chyme) by means of active transport and the energy of adenosine triphosphate
into a paracellular space.

Paracellular spaces are small areas located between adjacent enterocytes.
They are bound deeply by the basement membrane and superficially by the tight
junctions welding adjacent intestinal epithelial cells together at points on the
lateral walls just beneath the brush border. Some chloride ion can be absorbed
simultaneously with sodium ion, as the opposing electrical charges work in an
attractive fashion causing a drag effect. Additional sodium is also absorbed as a
consequence of the necessary and required activity of the sodium—potassium
pump. As the sodium ions accumulate in the paracellular spaces, water moves
by osmosis into these same areas. The water for the most part enters these
paracellular spaces through the tight junctions mentioned earlier, but a small
portion arises from or through the cell membranes of the enterocytes. As the
water flows into and through the paracellular spaces, the ions and water eventually
enter the blood circulating in the villus. Before leaving the topic of sodium ion
absorption, it should be mentioned that under certain physiologic conditions the
adrenal cortical hormone aldosterone can be released and this hormone can
significantly enhance the absorption of sodium by the intestinal epithelium.

Chloride absorption occurs rapidly in the duodenum and jejunum and also
occurs via diffusion. As sodium ions follow the path described previously, an
electric potential is established and the intestinal contents become more negative.
Chloride ions follow the electrical gradient, trailing the sodium ions and moving
from the more negative area to the more positive area. Chloride ions are absorbed
by enterocytes located on the villi of the ileum and large intestine in a process
that secretes a bicarbonate ion for each chloride ion absorbed. The purpose of
this activity is most likely to provide some degree of basification of the acidic
products present in the intestinal stream contents as well as to maintain the
electrochemical gradient.

Bicarbonate ions are present in large numbers in the small intestine, not only
as a result of intestinal secretory activity, but also through secretions from the
liver and pancreas. It is important to recapture these ions to maintain a normal
acid-base homeostasis in the body. The reabsorption occurs somewhat indirectly
in the duodenum and jejunum. Bicarbonate ions combine with existing hydrogen
ions to form carbonic acid, which is relatively unstable and decomposes rapidly
to form carbon dioxide and water. The water remains as part of the intestinal
contents and can follow the absorptive path described previously. The carbon
dioxide is very soluble, readily absorbed, and quickly moved to the blood in the
villi. It is eventually cleared from the body through the lungs with expiration.
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In general, monovalent ions are absorbed from the lumen of the gut with
great ease, but bivalent ions are absorbed in only small amounts. Indeed the
maximal absorption of bivalent ions can be as little as only 2% of the maximal
absorption of monovalent ions. Potassium (monovalent), magnesium, and phos-
phate are most likely actively absorbed through the intestinal mucosa. Calcium
absorption is very highly regulated and calcium is absorbed heavily from the
duodenum. Other factors controlling calcium absorption are vitamin D, parathy-
roid hormone, and the degree of physical activity of the organism (Wolf’s law).

Absorbed nutrients fall into three general classes: proteins, fats, and carbo-
hydrates, the same general classes cited for digestion. For the most part, carbo-
hydrates are ultimately absorbed as monosaccharides and the most common
monosaccharide is glucose. The sugar monomers of fructose and galactose are
also absorbed, but they exist in smaller amounts. Absorption of glucose is via an
active transport process. Disaccharides are absorbed in only small amounts and
sugar polymers of greater numbers are virtually not absorbed at all. A fact that
is not commonly appreciated is that no glucose absorption can occur in the
absence of sodium ion because glucose is co-transported with sodium ion.

We mentioned earlier that sodium follows a concentration gradient and moves
by facilitated diffusion from the liquid intestinal contents through the brush border
of the mucosal epithelium of the small intestine into the cytoplasm of the entero-
cytes. This sodium is then in turn moved from the cell interior through the
basolateral aspect of the cell by means of active transport into the paracellular
space. The facilitated diffusion is accomplished with the aid of a transport protein,
but sodium ion will not be transported into the interior of the cell unless the
transport protein combines with another appropriate moiety, glucose. In this
process, both glucose and sodium are co-transported into the interior of the
enterocyte. The low concentration of intracellular sodium ion is the energy driving
this process. Once inside the enterocyte, the glucose is moved outside the cell
through the basolateral membrane of the intestinal epithelial cell into the para-
cellular space by means of facilitated diffusion. From this space, the glucose is
readily taken up by the blood circulation of the villus. Galactose is absorbed by
the same exact mechanism as glucose, but fructose is not. Fructose moves through
the enterocyte by means of facilitated diffusion, but the movement is not coupled
with sodium ion transport. As fructose enters the cell, most of it is phosphorylated,
converted to glucose, and then transported as glucose into the paracellular space.
This lack of co-transportation with sodium ion leads to a significantly reduced
rate of transport when compared to that of glucose.

Most proteins are absorbed as dipeptides, tripeptides, and amino acids directly
through the enterocytic membranes that line the lumen of the gut, chiefly in the
areas of the duodenum and jejunum. Again, a sodium ion co-transport mechanism
works in the same fashion as that for sodium and glucose. The enterocytes have
brush borders composed of hundreds of microvilli projecting from the surface of
each cell. Anchored in the membranes of these microvilli are peptidases that
extend into the milieu of the intestinal luminal space. Two classes of peptidases
are worthy of note: dipeptidases and aminopolypeptidases. These enzymes
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degrade large polypeptides into dipeptides, tripeptides, and amino acids. The
small peptides or amino acids then bind to a specific transport protein in the
enterocyte’s microvillus membrane that requires sodium ion binding as a prereq-
uisite to transport.

The amino acids, dipeptides, and tripeptides are readily transported through
the membrane of the microvilli into the interiors of the enterocytes. As a sodium
ion moves down the electrochemical gradient into the enterocyte, it pulls along
an amino acid or small peptide. Some amino acids do not require a sodium ion
co-transportation mechanism, but rather move via facilitated diffusion and spe-
cialized membrane transport proteins.

While much still remains to be elucidated with regard to the absorption of
amino acids and small peptides, we know of at least five different types of amino
acid and peptide transport proteins in the luminal or free surface membranes of
enterocytes that are reflective of the different chemical characteristics of different
amino acids. When in the enterocytic cytosol, additional peptidases specific for
different types of amino acids act to degrade the small polymers of amino acids
into individual amino acid components. This process occurs within seconds to
minutes and the single amino acids are moved from the enterocyte most likely via
facilitated diffusion or active transport processes to enter the villus blood. It can
be seen from this that almost all the digestion products of proteins that are absorbed
are taken up in the form of amino acids. Only rarely are peptides and whole proteins
absorbed into the blood. Indeed, the absorption of proteinaceous material can result
in the development of serious allergic or immunologic disorders.

Because of their lipid solubility, the monoglyceride and fatty acid end prod-
ucts of fat digestion diffuse readily from their transporting micelles through the
membrane of the enterocyte into the interior of the cell when contact is made
between the micelle and the microvillus membrane. The unloaded micelles remain
in the chyme where they accumulate more monoglycerides and fatty acids to
repeat this ferrying or transport cycle until fat absorption is complete.

The importance of micelles to this whole process is illustrated by the fact
that almost 100% of the fat in any food load is absorbed in their presence. In the
absence of micelles, only about half the fat in a particular food load is absorbed.
When the monoglycerides and fatty acids are inside enterocytes, they are taken
up by the endoplasmic reticulum where they are recycled to form new triglycer-
ides that are extruded into the lymph. These triglycerides then become parts of
lymph chylomicrons — small structures that transport triglycerides through the
lymphatic system to a point at which they are eventually mixed with the blood
of the circulatory system. It should be noted that some proportion of very short-,
short-, and medium-chain length fatty acids can be absorbed directly into the
portal venous blood supply of the villi rather than following the processing path
and journey through the lacteals and lymphatic system as just described. The
reason for this difference is probably the greater degrees of water solubility of
these types of compounds.

The large intestine is the major site for the absorption of water and electrolytes
in the GI tract and can absorb up to a maximum of approximately 5 to 8 liters
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of fluid containing electrolytes daily. However, if this maximum capacity is
exceeded, watery stool or diarrhea can result, with a loss of water and electrolytes.
Similar to the small intestine, the mucosa of the large intestine has a large capacity
for absorption of both sodium and chloride ions. Indeed, by the time large
intestinal contents are ready for excretion, only a couple of milliequivalents each
of sodium and chloride ions remain in the feces.

The principles of absorption for ions and water are the same for both the
small and large intestines, with one important difference. The tight junctions
between the epithelial cells are much tighter in the large intestine than in the
small intestine. This closer apposition establishes a much stronger barrier because
any diffusion back into the intestinal lumen is prohibited. This increases the extent
of absorption of ions, especially sodium and chloride, and establishes a greater
concentration gradient of ions.

When the aldosterone hormone is secreted, the absorption process becomes
even more stringent or efficient. Similarly, as in the small intestine, the mucosa
of the large intestine secretes bicarbonate ion into the intestinal lumen to coun-
teract the acidity of microbial end products produced by bacterial fermentation.
As bicarbonate ions are secreted by the mucosa of the large intestine, equal
milliequivalent amounts of chloride ion are absorbed via the same mechanism
described previously. As observed more proximally in the GI tract, both sodium
and chloride ions exist in osmotic and electrochemical gradients across the barrier
of the epithelial mucosa of the large intestine and the energy of these gradients
indirectly drives the absorption of water from the intestinal fecal stream.

Unless there is a direct-acting pharmacologic or toxic effect, xenobiotics
present in the GI tract do not produce effects until they are absorbed into the
system [2, 141, 243, 244, 271, 272, 274, 293]. Agents can be absorbed anywhere
along the GI tract via any mechanism described. These mechanisms include but
are not limited to passive diffusion, facilitated diffusion, active transport, and co-
transport. The specific details with regard to each of these mechanisms have
already been addressed.

A number of factors must be appreciated with regard to the absorption of
xenobiotics from the GI tract regardless of the method of administration or
introduction. The fat content of a diet can produce a significant effect on the
absorption of individual xenobiotics and an understanding of these potential
effects must be achieved for any test. Similarly, fasting can also affect the profile
of absorption. Specialized transport systems commonly exist in the gastrointes-
tinal system, and it is not rare for a xenobiotic to be absorbed solely or partly
via one of these types of systems. While much still remains to be learned with
regard to these systems, a greater understanding has developed in recent years.
It is now thought that there are a number of different families of xenobiotic
transporters.

One transporter family consists of the multidrug-resistant (mdr) proteins or
p-glycoproteins. This transporter moves chemotherapeutic drugs out of neoplastic
cells and thereby contributes to the development of neoplastic resistance. Addi-
tionally, the mdr transporter system is responsible for the movement of chemicals
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out of hepatocytes, renal epithelial cells, intestinal epithelial cells, and brain
endothelial cells along with protection of the fetus. The multi-resistant drug
proteins (mdp) are also responsible for the movement of xenobiotics out of cells,
but favor phase II conjugates like glucuronides and glutathione adducts as sub-
strates.

Acids, bases and neutral compounds can be transported by organic anion-
transporting peptides (oatps), which also play a prominent role in the hepatic
absorption of xenobiotics. The organic anion transporter (oat) group is very
important in the uptake of anions, especially in the kidney. The organic cation
transporter plays a significant role in the absorption of xenobiotics and is of
special importance in renal and liver cells. Metals, nucleotides, and di- and tri-
peptides are absorbed with the assistance of the divalent metal ion transporter
(dmt), nucleotide transporter (nt), and peptide transporter (pept), respectively.
Thallium, cobalt, and manganese are absorbed by the same system that absorbs
iron and lead is absorbed by the calcium uptake system.

Congeners of various pyrimidines can be transported by pyrimidine transport
systems. Co-transport systems exist also, but are most common for metals and
metal-containing compounds. In such systems, the presence of one moiety can
affect the absorption of another in a positive or negative fashion. Despite the
broad spectrum of systems available for absorption, it is important to emphasize
that the number of xenobiotics that are actively absorbed or absorbed via co-
transportation by the GI tract is low. Most xenobiotics enter the body via the
process of simple diffusion across the gastrointestinal mucosal epithelial barrier.

If one looks at the locations of these specialized transport systems in the
small intestine and colon, the following general observations can be made. The
specialized transport of calcium, iron, fatty acids, and chloride is at a high level
in the proximal small intestine, moderate level in the mid small intestine, low in
the terminal small intestine, and nonexistent in the colon. Bile salts and vitamin
B, are transported only to a small degree in the mid portion of the small intestine
and a large degree in the terminal small intestine. Sodium is actively transported
at a high level throughout the entire length of the GI tract. Pyrimidines are
transported only in small amounts and only in the proximal and mid portions of
the small intestine. Sugars and neutral amino acids are transported in moderate
to high amounts through the entire length of small intestine, but not in the large
intestine. Basic amino acids and triglycerides are transported in moderate amounts
throughout the entire length of the small intestine, but not in the large intestine.
Gamma globulins are transported in increasing amounts through the length of
the small intestine only, reaching their zenith of absorption in the terminal ileum.
Hydrogen ion transport occurs at low levels in the middle portion of the small
intestine and at moderate levels in the distal portion of the small intestine and
the entire large intestine.

Generally speaking, if a test compound has a molecular weight below 10,000,
at least some degree of absorption will occur [1, 17, 46, 54, 75, 83, 87, 95, 107,
138, 202, 211, 222, 228, 230, 251, 252, 273, 280, 296, 298, 308, 309, 314]. How
much absorption takes place will depend in part upon the physical and chemical
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properties of a molecule (solubility, water partition coefficient, dissolution rate,
etc.) as well as the characteristics of the formulation in which the xenobiotic is
delivered. If xenobiotics are delivered as large particles, absorption can be very
low. Similarly, insoluble solids have little opportunity to make contact with the
intestinal mucosa.

Animal physiology can also have a profound effect on absorption. It is not
uncommonly assumed that the gastrointestinal absorption of xenobiotics is similar
or even identical across species. This is not the case and numerous studies
demonstrating significant differences in bioavailabilities of species are supported
with adequate distribution, metabolism, elimination, and excretion data. For
example, it has been suggested that the rate limiting step in the absorption of any
xenobiotic is the removal of the xenobiotic from the very thin static or non-
agitated water layer that lies in intimate contact with the lipophilic membranes
of the epithelium of the gastrointestinal mucosa. Species differences in the absorp-
tion of xenobiotics may well be due to differences in the thickness of this water
layer.

Differences of GI tract size, anatomy, histology, and histophysiology may
also contribute in a profound fashion to differences in the absorption of xenobi-
otics across species. Considerations of size alone may be of paramount impor-
tance, considering the fact that most xenobiotics are absorbed via the process of
passive diffusion. To that point, gastrointestinal absorption is highly dependent
on local pH values within the GI tract, and again important differences between
species have been found.

Neonates have poorly developed intestinal mucosal barriers that permit facile
absorption of a wide variety of substances. Inflammation and parasitic infestation
can also lead to enhanced or altered absorption. Scarring and thickening of the
intestinal wall can lead to decreased absorption. It is important to remember that
digestive fluids, microbial flora, and other moieties in the gastrointestinal stream
may modify the structure of a chemical or bind to it in some fashion, thereby
radically changing the absorptive profile of the test article as well as its anticipated
pharmacology and toxicology.

Secondary amines can be converted under certain circumstances into carci-
nogenic nitrosamines.

One interesting observation is that the dilution of a xenobiotic typically results
in an increased rate and degree of absorption. We do not know whether this
increase in absorption is a direct result of dilution or merely a consequence of
increased dose volume, more rapid emptying of the stomach, and the increased
transit of material into the small intestine where the absorptive surface area is
greater. It bears repeating that one of the most important aspects of the absorption
of xenobiotics from the GI tract is the fact that lipid-soluble compounds are
absorbed more readily than water-soluble compounds. This is because the former
are in a nonionized state and the latter are in an ionized state.

Two general rules burgeon from this concept. The first is that weak organic
acids exist in the nonionized and lipid soluble form in the stomach. Accordingly,
one might expect significant absorption of weak organic acids to take place in
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the stomach, but as a result of differences in the characteristics of gastric mucosa
and the intestinal mucosa, increased residence time in the intestine, and exposure
of the weak organic acid to significantly greater surface area in the intestine, the
greatest degree of absorption of weak organic acids takes place in the intestine.
This is because blood flow rate and absorptive surface area are more important
than pH for the absorption of weak acids. The second rule is that weak organic
bases exist in a nonionized and lipid-soluble form in the intestine and as a direct
result of this are indeed absorbed in the intestine. It was mentioned previously
that the lipid-soluble form of any substance is the preferred form for absorption.
Ethylenediaminetetraacetic acid (EDTA) is thought to increase the absorption of
some compounds by improving lipophilicity and thereby enhancing intestinal
permeability. However, the degree of lipid solubility apparently has an upper limit
since some exceedingly lipid-soluble compounds do not dissolve in the gas-
trointestinal contents and their absorption can be extremely low.

Not surprisingly, organic acids and bases of small molecular weight are
typically absorbed by simple diffusion. Remember that gastric juices are acidic
and intestinal contents are essentially neutral to very slightly basic, and the degree
of lipid solubility of weak organic acids or bases varies with the proportions of
populations of ionized and nonionized forms of the xenobiotic. The proportions
of these populations can differ markedly within different regions of the GI tract,
because of changes in the pH of the milieu. Davis and Morris reported the
approximate average values of pH in different regions of the canine GI tract:
anterior stomach, 5.5; posterior stomach, 3.4; proximal small intestine, 6.2; ter-
minal small intestine, 7.5; cecum, 6.4; large intestine, 6.5; and feces, 6.2. For
compounds that are organic in nature and either acidic or basic, the relative
proportion of ionized and nonionized species is of paramount importance. This
is best appreciated through the Henderson—Hasselbalch equation:

For a weak acid: pKa — pH = log {[nonionized]/[ionized] }

For a weak base: pKa — pH = log {[ionized]/[nonionized]}
A derivation of this equation is not appropriate for this text, but can be found in
any biochemistry textbook. However, some examples of the application of this
equation may be useful. For the case of a weak base having a pKa =5 and residing
in the stomach at a gastric environmental pH = 2,

pKa — pH = log {[ionized]/[nonionized] }
5 — 2 = log {[ionized]/[nonionized] }

3 = log {[ionized]/[nonionized]}

103 = [ionized]/[nonionized]
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1000 = [ionized]/[nonionized]

In this case, the equilibrium does not favor absorption.
For the case of a weak acid having a pKa = 4 and residing in the intestine
at an intestinal environmental pH = 6,

pKa — pH = log {[nonionized]/[ionized]}
4 — 6 = log {[nonionized]/[ionized]}
-2 = log {[nonionized]/[ionized]}
102 = [nonionized]/[ionized]
1/100 = [nonionized]/[ionized]

In this case the equilibrium does not favor absorption.

To this point we have focused on the absorptive capabilities of the GI tract
and tacitly assumed the presence of no other confounding processes. However,
it is important to point out that the GI tract is not simply a flexible tube capable
of absorption, but is a metabolically active organ. The flow of blood from and to
the GI tract serves as a vehicle for the transport of substances to the body as a
whole and also as a means for the delivery of vital nutrients to the GI tract for
the performance of all of its functions. Using a human as an example, the GI
tract devoid of contents comprises approximately 2% of the total body weight of
an average human and is very well perfused by the circulation system. In fact,
the human GI tract as defined in this chapter (esophagus, stomach, small intestine,
large intestine) receives approximately 20% of the total cardiac output and has
a blood flow in a resting normal subject of about 1050 ml/min. To put this into
perspective, this amount of blood flow is greater than that of the brain or skeletal
muscle and about equal to the flows of the liver and kidney. The metabolic
activities of the liver and kidney are well appreciated and so the potential for
metabolism in the GI tract should not be ignored. It should be emphasized that
the above figures are provided for purposes of relative comparison only and should
not be taken as exact values for the canine GI tract.

This potential for metabolism leads us to mention the first pass effect. Under
most circumstances, substances are absorbed into the body system via mecha-
nisms and routes previously described. However, for some xenobiotics a first pass
effect can be quite significant. In this process, xenobiotics are removed in normal
fashion from the intestinal stream and then either metabolized by intestinal
epithelial cells directly or hepatocytes after delivery to the liver by the portal
blood supply that drains the intestinal bed. The important aspect of this process
is that parent compound can be significantly reduced in amount by metabolism
before it even enters the systemic circulation. Indeed, this effect can be quite
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substantial for some compounds and in some cases can essentially obliterate the
total amount of parent compound administered.

With regard to the metabolic transformation of xenobiotics, the intestines are
considered to have a moderate level of metabolic activity, equal to that of the
kidney and second only in amount to that of the liver. While a variety of phase
I enzymes can be found in the GI tract, the most common phase I enzymes found
in the canine small intestine are from the CYP2C subfamily. The most phase II
reactions that take place in the canine intestine are glucuronidation, ethereal
sulfation, methylation, acetylation, and sulfation. While the first pass effect may
be a formidable protection mechanism, it can at the same time present a substantial
barrier to pharmacotherapy. The biotransformation of xenobiotics is addressed in
more detail elsewhere in this reference.

In summary, it is fair to state that much has been learned about the principles
of gastrointestinal absorption of xenobiotics from the mechanisms of absorption
of nutrients, carbohydrates, proteins, and fats. Xenobiotics penetrate the gas-
trointestinal epithelium to a degree and facility related to the chemical structure
of the substance and its physicochemical properties. Gastrointestinal absorption
of xenobiotics occurs mostly by diffusion and is highly dependent upon the values
of local pH within the GI tract.

A very important physicochemical property of a xenobiotic is its pKa, which
governs how much of a compound will exist in a lipophilic, nonionized, and
absorptive form versus a hydrophilic, ionized, nonabsorptive form at a specific
pH. Keep in mind that a difference of only a single unit of pH can translate into
a change of concentration of ionized versus nonionized species of one order of
magnitude.

The discussion of absorption to this point has focused on the movement and
transport of nutrients and xenobiotics into the system. However, what about the
movement of xenobiotics out of the system? It is commonly assumed that the
presence of xenobiotics, whether in parent form or not, in the feces is the result
of either lack of absorption or excretion into the bile. While this is true for many
compounds, it is not true for all. Indeed, for some substances, there appears to
be a direct transfer from the blood through the gastrointestinal mucosal epithelium
into the lumen of the GI tract. Again, passive diffusion is probably the most
common mechanism for this transfer, but cellular exfoliation may well be another
mechanism for the elimination of some xenobiotics into the intestinal stream.
The exfoliation of gastrointestinal epithelial cells into the gastrointestinal lumen
or intestinal excretion is a slow process. Accordingly, this mode is only a pathway
of significance for xenobiotics that exhibit low rates of biotransformation or low
rates of hepatic (biliary) or renal clearance. Not surprisingly, it has been found
that as the lipophilicity of gastrointestinal contents increases, the rate of intestinal
excretion increases.

Another way in which xenobiotics can enter the GI tract and be excreted in
the feces is the ingestion of secretions that contain the xenobiotic. Such secretions
include those that move up the tracheobronchial tree and are swallowed, secretions
from salivary glands, and secretions from the stomach, intestines, liver, or
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pancreas. With the exception of liver secretions, these contributions are generally
small amounts and of little concern; still the potential for the recirculation of
xenobiotics nonetheless exists via these routes. The liver, however, can be
involved in a not-so-insignificant recirculation process termed enterohepatic
cycling. In this process, xenobiotics secreted into the bile and excreted into the
intestinal contents are reabsorbed efficiently and quickly from the chyme and
redirected via the portal blood back to the liver for secretion again into the bile.
Substances can persist in this cycle for a large number of iterations. The end
result of this cyclic process is that the elimination half-life of a given xenobiotic
can be significantly prolonged and toxicity to the GI tract and other organs can
be amplified.

GASTROINTESTINAL MOTILITY

As substances are permitted entry into the GI tract, a variety of secretions are
added and for their presence to be effective, mixing must occur [12, 24, 35, 37,
43, 49, 50, 51, 58, 70, 71, 89, 92, 93, 97, 103, 109, 115, 117, 121, 130-132,
136,139, 140, 149-151, 153, 160, 161, 171, 175, 180, 183, 186188, 190, 191,
226, 238, 239, 259, 260, 266268, 278, 283, 284, 289, 292, 302, 307]. The proper
and adequate degree of mixing of gastrointestinal contents facilitates both diges-
tion and absorption. Materials must also be moved along the length of the GI
tract to optimize absorption, use the different regional absorptive capabilities of
the tract, and eventually eliminate the waste stream. For these activities to take
place, the GI tract must be a very physically active organ.

The GI tract is in a continuous state of contractile activity, mixing ingesta
via segmental contractions and then moving the material along in an aboral
fashion by a series of peristaltic contractions. The overall control of these activ-
ities is very complicated and not totally understood. However, it is known that
contributions are made by the enteric nervous system, central nervous system,
humoral agents, and muscles. The central nervous system achieves its effects by
means of autonomic nerves, somatic nerves, and humoral pathways.

As described previously, the GI tract is invested with smooth muscle that
extends both longitudinally down the tract and circularly enwraps it. The fibers
within each bundle of muscle are interconnected via large numbers of gap junc-
tions that permit the facile transfer of electrical currents and communication due
to the low-resistance movement of ions from one cell to the next. Accordingly,
electrical signals that initiate muscular contraction can spread readily from one
muscular fiber to another. While the smooth muscle fibers are separated from one
another by loose connective tissue, they are still joined together at many points,
forming a woven-like mass that functions as would be seen in a syncytium. When
an action potential is initiated anywhere within a muscle, it radiates outward in
all directions, but more quickly along the long axis of a muscle fiber as opposed
to the transverse axis of the fiber. However, the distance that the action potential
travels is dependent on the excitability of the muscle. If a muscle is not in an
electronically excitable state, it will not respond to stimulation. Connections also
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exist between the circular and longitudinal muscle layers, so that different layers
can excite each other as well.

The smooth muscle of the GI tract has a slow continuous level of electrical
activity taking place along its membranes. The two types of activity are slow
waves and spikes. The resting membrane potential of gastrointestinal smooth
muscle is not fixed and is capable of change, which can translate into changes
of the motor activity of the GI tract. Gastrointestinal contractions are rhythmic
in nature and the character of this rhythm is determined essentially by the fre-
quency and character of the slow waves. The cause of slow waves is not really
known, but may result from cyclical variations in the action of a sodium—potas-
sium pump. Slow waves are not true action potentials causing muscle contraction
except possibly in the stomach, but rather are slow persistent sinusoidal-like
cycling changes of the resting membrane potential that can shift to become more
hyperpolarized or depolarized in nature. The more depolarized the voltage about
which the cycling takes place will dictate the frequency of appearance of spike
potential waves that in turn stimulate muscle contraction. The intensities of
contractions vary with region of the GI tract.

Spike waves are action potentials and generally occur when the resting mem-
brane potential of gastrointestinal smooth muscle becomes more positive than
approximately —40mV. Again, the more the slow wave potential rises above this
level, the greater the frequency at which spike potentials occur. Spike potentials
can occur at frequencies of about 1 to 10 per second and in gastrointestinal muscle
are of greater duration than action potentials observed in nerve fibers by a factor
of 10 to 40. It is worth noting that the mode of generation of action potentials
in nerve fibers is different from that in gastrointestinal smooth muscle. In nerves,
action potentials are caused by the rapid flow of extracellular sodium into the
fiber, whereas in gastrointestinal smooth muscle, large amounts of calcium along
with smaller amounts of sodium enter the cells.

The gates through which this flux occurs are termed calcium—sodium channels
and they open and close more slowly than the channels of nerve fibers. This
slowness of action explains the long duration of action potentials in gastrointes-
tinal smooth muscle. As expected, the flux of calcium plays a significant role in
muscle contraction. As noted earlier, the resting membrane voltage can also
change. Under general conditions, the normal resting membrane potential is about
—56 mV. Factors that can make a membrane less negative than this baseline value
or more excitable are stimulation by gastrointestinal hormones, parasympathetic
nerve stimulation, physical stretching of the muscle, and acetylcholine. The
presence of epinephrine and norepinephrine and the stimulation of the sympa-
thetic nerves can make a membrane more refractory or negative. It is of sufficient
importance to bear repeating that the peaks of slow waves generate spike or action
potentials and that the large quantities of calcium that concomitantly enter the
muscle fibers cause most of the contractile activity.

The GI tract has a self-contained nervous system, known as the enteric nervous
system, located in the wall of the alimentary canal, starting in the esophagus and
extending through the colon, that controls gastrointestinal movements and secretion.
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This system is composed of an outer or myenteric plexus and an inner or submucosal
plexus. The myenteric plexus lies between the circular and longitudinal muscle
layers and the submucosal plexus resides in the submucosa. Gastrointestinal move-
ments such as the intensity of contraction, increased tonicity of contraction, rate of
contractile thythm, and velocity of conduction of excitatory waves along the GI
tract wall are controlled mostly by the myenteric plexus. The myenteric plexus also
releases through fiber endings vasoactive intestinal polypeptide. This inhibits intes-
tinal sphincter muscle activity and accordingly slows the movement of gastrointes-
tinal contents along the tract, the emptying of contents from the stomach into the
intestine, and the emptying of contents from the small intestine into the large
intestine.

Blood flow, secretion, local absorption, and local contraction that modulate
the degree of in-folding of the gastrointestinal mucosa are controlled by the
submucosal plexus. Some degree of intercommunication exists between the two
systems and sympathetic and parasympathetic fibers connect with both plexuses.
While the enteric nervous system can and does function independently, signals
from the parasympathetic or sympathetic systems can activate or inhibit gas-
trointestinal functions. Stimulation of the parasympathetic nerves causes a general
increase in activity of the complete enteric nervous system, enhancing the activity
of most gastrointestinal functions. Stimulation of the sympathetic nerves inhibits
activity of the GI tract, generally causing a decrease in the activity of most
gastrointestinal functions. Sensory nerve fibers originating in the mucosal epi-
thelium send fibers to both enteric plexuses, the vagus nerves, the paravertebral
ganglia, and the spinal cord.

The stomach has three motor functions. The first of these is storage of food
until it can be processed in the lower GI tract. The next is mixing food with
gastric secretions to turn it into chyme. The final function is slowly emptying the
chyme into the small intestine at a rate that permits adequate digestion and
absorption by the small bowel. If the stomach is empty, intense contractions can
occur and the contractions generally start 12 to 24 hours after the last ingestion
of food. These aborally moving rhythmic peristaltic contractions in the body of
the stomach can sustain themselves in tetany for up to 3 minutes. They can be
influenced by low levels of blood sugar.

When the stomach contains food, constrictor or mixing waves originate in
the middle portion of the stomach wall and travel toward the antrum at an
approximate frequency of one every 15 to 20 seconds. As these waves move from
the body to the antrum, they become ring-like constrictions of the gastric wall
and their increasingly greater intensity force the gastric contents under high
pressure toward the pylorus. These contractions can create forces of 50 to 70 cm
of water pressure; each time a peristaltic wave moves toward the antrum, it presses
firmly against the antral contents. However, the opening of the pylorus is small
enough to allow only a few milliliters of chyme into the duodenum with each
compressing peristaltic wave.

In its normal resting state, the pyloric sphincter usually remains sufficiently
open for liquids to empty from the stomach without resistance. However, this
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formidable barrier prevents the passage of food into the small bowel until it has
been adequately mixed. Keep in mind that as each peristaltic wave approaches
the pylorus, the pyloric muscle contracts. This activity inhibits the expulsion of
gastric contents into the duodenum and accordingly antral contents are ejected
upstream through a peristaltic ring back toward the body of the stomach. This
process is repeated over and over, permitting a great degree of mixing in the
stomach and reduction of a food mass to a fluid-like consistency. As the stomach
slowly begins to empty, contractions initiate further up the body of the stomach
wall, gradually isolating the food into the lower portions. This mixing and pro-
pelling activity is sometimes referred to as the pyloric pump.

The rate of emptying of the stomach is controlled via signals from the stomach
and duodenum, with the latter providing the more significant level of control,
which assures adequate digestion and absorption in the small intestine. The gastric
factors that stimulate emptying of the stomach are the volume of gastric contents
and the presence of the gastrin hormone. Duodenal-based factors that inhibit
gastric emptying are osmolarity of the chyme, degree of distension of the duode-
num, acidity of the chyme, irritation of duodenal mucosa, degradation products
of proteins, and the degradation products of fats and hormones released from the
small intestine (cholecystokinin, gastric inhibitory peptide, and secretin).

Similar to the stomach, the small intestine possesses muscular contracting
activities that facilitate the mixing and propulsion of its contents. Segmental
contractions ensure proper mixing, whereas peristaltic contractions move the
chyme along the tract in an aboral direction. The mixing and propulsion are not
separate activities; they overlap to a great extent. Reduced segmental activity can
speed transit time while reduced peristaltic activity can prolong it. As the wall
of the small bowel becomes distended, the stretching stimulates the initiation of
local ring-like contractions at various locations and intervals along the small
intestine. Each of these contractions resembles a hand squeezing a sausage-shaped
balloon. The contractions can be isolated, irregularly spaced, regularly spaced,
or weak and irregularly spaced. They occur at a frequency of about 12 per minute
in the duodenum and jejunum and about 9 per minute in the ileum. The slow
waves in the smooth muscle of the intestinal wall play an important role in the
maintenance of segmental contracting activity, but the assistance of and contri-
bution from the enteric nervous system are essential for normal function.

Peristaltic waves can occur in any part of the small intestine, producing a net
aboral movement of contents at an average velocity of about 1 (0.5 to 2.0) cm/sec.
Movement is somewhat faster in the more proximal segment of the small intestine.
This means that 2 to 5 hours are required for chyme to enter the duodenum and
reach the ileocolic sphincter. These waves are also initiated by distension of the
intestinal wall and typically travel 3 to 5 cm and only rarely travel further than
10 cm. They are characterized by the formation of ring-like contractions that
move aborally, pushing the intestinal contents along the long axis of the GI tract.
These contractions resemble the actions of a pair of pinched fingers working to
extrude toothpaste from a tube.
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With the proper type of stimulation (toxins, irritation, etc.), peristaltic and
segmental contractions can significantly increase in magnitude and frequency.
Peristalsis moves contents along the small intestine toward eventual elimination
and also spreads out the chyme along the intestinal mucosa, facilitating digestion
and absorption.

Peristalsis is significantly increased after a meal and subject to both neural
and hormonal control. The stimuli initiating peristalsis are the entry of chyme
into the duodenum and more significantly the gastroenteric reflex. This reflex is
started with distension of the stomach and impulses sent from the stomach through
the myenteric plexus to and along the walls of the small intestine. Gastrin,
serotonin, insulin, and cholecystokinin enhance intestinal motility; secretin and
glucagon inhibit it. Other neurotransmitters have been implicated in gastrointes-
tinal function, but little is known about their roles. These substances include
somatostatin, bombesin, dopamine, adenosine triphosphate, leu-enkephalin, and
met-enkephalin.

The muscularis mucosa mentioned in the section on anatomy can cause folds
of varying length to appear in the intestinal mucosa. The folds increase the
absorptive surface area and hence the rate of absorption. These same muscularis
mucosa fibers also extend into the intestinal villi, causing them to extend or
contract, again increasing or decreasing the available absorptive surface of the
small intestine. Local nervous reflexes mediate the mucosal and villous contrac-
tions. The repeated cycle of villus elongation and contraction aids in the drainage
of lymph from the central lacteal of the villus to the lymphatic system.

As chyme moves along the small intestine, it may eventually become blocked
at the ileocolic sphincter. The consumption of an additional meal can stimulate
the gastroileal reflex and propulsion of the chyme through the ileocolic sphincter
valve into the large intestine, which receives approximately 1500 ml of chyme
each day. The ileocolic sphincter has two main functions. The first is to prevent
the backwash of colonic contents into the small intestine and the second is to
prolong the residence time of intestinal contents so as to enhance absorption. The
ileocolic sphincter is of sufficient strength to withstand anterograde pressures of
approximately 50 cm of water.

The proximal half of the colon is designed for absorption and the distal half
primarily for storage. Accordingly, the movements of the colon are very slow.
Despite this sluggish nature, the same movements exhibited in the small intestine
occur in the large intestine. The mixing contractions can almost momentarily
obliterate the colonic lumen and the combined actions of the circular and longi-
tudinal muscles work to persistently turn over the fecal contents, much like the
tilling of a garden, constantly exposing new material to the colonic absorptive
surface. Propulsive contractions progressively move the increasingly more solid
fecal stream toward the rectum over a period of 8 to 15 hours. Typically about
80 to 200 ml of feces are expelled each day.

Mass movement is a modified type of peristalsis by which distal colonic
contents are forced into the rectum. As the colon becomes distended, constrictive
rings form and travel as they do in the small intestine to move colonic contents
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further along. These constrictive rings propagate for about 20 cm, with the
propulsive activity lasting about 30 seconds. After 2 to 3 minutes of relaxation,
the cycle begins anew. Mass movements typically last about 30 minutes and do
not recur until 12 to 24 hours later. Mass movements are stimulated by the
gastrocolic and duodenocolic reflexes, which in turn are initiated by distension
of the stomach and duodenum, respectively. Davies and Morris reported transit
times for dogs to be about 96 minutes through the stomach, approximately 110
minutes through the small intestine, and about 770 minutes through the entire
length of gut.

Reference was made earlier to the enterogastric, gastrocolic, duodenocolic,
and gastroileal reflexes that can affect motility of the GI tract. There are basically
three types of gastrointestinal reflexes. The first group of reflexes are contained
within the enteric nervous system and involve such activities as contraction,
peristalsis, local effects, mixing, and secretion. The second class of reflexes travels
from the wall of the gastrointestinal system to the paravertebral sympathetic
ganglia and then back to the wall of the gut. These reflexes send signals over
long distances and are involved in functions such as signals from the stomach to
elicit evacuation of the colon. The third and last group of reflexes are cycles that
involve the travel of impulses from the wall of the GI tract to the spinal cord or
brain stem and then back to the gut wall. These reflexes can initiate gastric motor
or secretory activity via the vagus nerves, defecation, or the sensing of pain and
the development of a response to it. Pain reflexes typically invoke a general
inhibition of GI tract activity. A number of reflexes such as the peritoneointestinal,
vesicointestinal, renointestinal, and somatointestinal not referenced in this chapter
can all inhibit gastrointestinal motility.

BACTERIAL FLORA

Any discussion of the GI tract would not be complete without some attention to
its bacterial flora [26, 163, 172, 182, 185, 227, 231, 232, 253, 285]. The digestion
and absorption of carbohydrates, fats, proteins, peptides, amino acids, and vita-
mins are all highly influenced by the presence of a healthy microbial population.
Indeed, some short-chain fatty acids produced by bacteria can even stimulate
secretory activity.

The resident microbial population works to prevent the colonization of patho-
gens and provides a low level of stimulation for the enteric immune system.
Indeed, the presence of a normal, functioning, and healthy population of intestinal
bacteria can affect such characteristics as intestinal motility, rate of enterocyte
turnover, rate of microvillous enzyme turnover, and even the size of villi. The
total population of microbial flora increases as one travels aborally from the
duodenum to the colon. The maintenance of this gradient of microbial numbers
is the result of many factors including patency of the ileo—ceco—colic valves,
degree of intestinal motility, amounts of bacteriostatic or bacteriocidal secretions
(gastric acid, pancreatic secretions, bile), substrate type, substrate availability,
and intestinal lumen size and patency. An imbalance of any of these factors or
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extreme divergence from the normal homeostatic state can cause the overgrowth
of small intestinal bacteria — an undesirable situation with adverse consequences.
The loss of tolerance of the normal population of flora can initiate inflammation
and dysfunction of the intestine and even neoplasia.

The normal canine small intestinal microbial population includes but is not
limited to aerobes, anaerobes, and facultative anaerobes. Proteus spp., Escheri-
chia coli, Bacillus spp., Staphylococcus spp., Corynebacterium spp., Enterococ-
cus spp., Streptococcus spp., and Enterobacteriaceae are common aerobes.
Clostridium and Bacteroides spp. are common anaerobes. A healthy dog has
approximately 10° colony-forming units of aerobic and anaerobic bacteria per
milliliter of undiluted gastrointestinal juice in the proximal portion of the small
intestine. Xenobiotics, especially antibiotics, can affect both the total count of
bacteria in the small intestine and also the relative populations of microbes.
However resident bacterial populations in the small intestine appear to be rela-
tively resistant to changes in the diet.

While qualitative and quantitative differences exist, microflora in animals are
strikingly similar, but exceptions to this general rule have been noted. First, the
number of bacteria in the canine intestinal tract exceeds by several orders of
magnitude the number found in humans, so caution should be used when com-
paring matters impacting bacterial flora in humans and dogs. As microbes can
be expected to contribute to the break-down, metabolism, and modification of
xenobiotics, species differences in bacterial populations can be important. An
example might be the presence of bacterial beta-glucosidase activity in the prox-
imal portion of the small intestine. If this activity is nonexistent or significantly
decreased due to low numbers of relevant microflora, the aglycone portion of a
xenobiotic may not be absorbed or may be absorbed at a significantly reduced
level.

The large intestine, however, contains the greatest number of bacteria of any
region in the canine GI tract. Typically 10'! organisms can be found per gram of
feces. Streptococci spp. and Enterobacteria spp. are the predominant aerobes
found in the large intestine. Lactobacilli spp., Clostridia spp., Bacteroides, spp.,
and Bifidobacteria are the predominant anaerobes. However, over 90% of the
microbial population in the large intestine is anaerobic. As in the small intestine,
a variety of factors are necessary to maintain proper balance to prevent bacterial
overgrowth and the development of ensuing pathology. These factors include
normal intestinal motility, normal coating of mucus on the mucosa, adequate
dietary nutrients and levels of oxygen, and bacterial interactions suitable to
fostering a normal stable microbial population. The presence of xenobiotics,
especially antibiotics, can upset this balance, as can increased levels of bile salts.

The microflora present in the large intestine serve an important function in
the digestion of remaining undigested proteins and carbohydrates. Luminal bac-
teria degrade protein and carbohydrate nutrients to short-chain fatty acids like
butyrate, acetate, and propionate that are quickly absorbed by the intestinal
mucosa. The acetate and propionate are utilized by hepatocytes for the synthesis
of triglycerides and cholesterol as well as for the production of energy. Butyric
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acid is the preferred energy source for colonic epithelial cells and is essential for
their normal growth and function. Collectively, the short-chain fatty acids con-
tribute to the maintenance of the acidic luminal pH. Such acidification prevents
the formation of potential large intestinal corrosive agents and irritants such as
ammonia, ionized bile acids, and ionized long-chain fatty acids which, if present
in significant amounts, can lead to dysfunction of the large intestine and the
development of pathology.

We have mentioned the potential of xenobiotics for direct killing effects on
microbes in the GI tract and the development of ensuing pathology. This killing
can be selective, favoring a particular species of bacterium or group or, alterna-
tively, can be broad spectrum, thereby eradicating the bacterial population as a
whole. In the former case, bacterial overgrowth can occur and lead to a loss of
the homeostasis in the gut. At the other extreme is the total obliteration of bacteria.
Neither of these options is desirable and both can lead to overgrowth of pathogenic
organisms.

Other toxicology-related consequences should be considered with regard to
xenobiotics and their potential interactions with gastrointestinal microflora. Bac-
teria can function in such a fashion as to produce toxic metabolites of xenobiotics
and even active carcinogens. These metabolites can be very different from those
found in tissues and the system of an organism as a whole and their concentrations
can be highly variable. Even insignificant levels can lead to the development of
notable toxicities. Alternatively, xenobiotics can be detoxified by microbes in the
GI tract or even converted into other pharmacologically active metabolites with
similar or different types of activities. The microbial metabolism of xenobiotics
can lead to the production of metabolites that are able to undergo enterohepatic
circulation, thereby resulting in increased exposure to the break-down products
of the parent.

Finally, as a result of differences in the genetics and metabolic activities of
varying components of the total population of gastrointestinal bacteria, different
toxicity profiles may emerge and may be noted as differences in the character or
degree of toxicity between species or between individuals within a species. One
example is the reduction of aromatic nitro groups to aromatic amines by bacterial
flora. These compounds can be goitrogenic or carcinogenic in nature.

PATHOPHYSIOLOGY AND TOXICOLOGY OF
GASTROINTESTINAL TRACT

As stated earlier, the GI tract communicates with the external environment and
is exposed to a wide variety of substances. Indeed, the GI tract is not surpassed
by any other organ of the body in terms of exposure to a broad spectrum of
materials. Because the GI tract is a dynamic organ that plays a key role in the
absorption of nutrients and facilitates the passage of ingesta, digesta, chyme, and
feces through the body, it finds itself very susceptible to injury via the same
processes that permit it to provide nutrition.
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A variety of mechanisms can damage the GI tract. They include immune
reactions, enterocyte necrosis, accelerated apoptosis of epithelial cells, destruction
or impairment of function of mucosal stem cells, stimulation of division of
mucosal stem cells, direct cytotoxicity, genetic toxicity, corrosion, irritation,
reduction in the supply of oxygen (ischemia or hypoxia), reduction in blood
supply, generation of reactive oxygen moieties, hypersensitivity, damage to the
enteric nervous system, compromise of the brush borders of enterocytes, enzyme
inhibition, enzyme activation, disruption of intracellular signaling processes,
altered permeability of the mucosal layer, destruction of the mucus barrier,
increased susceptibility to acid, inhibition of production of important humoral
agents (e.g., prostaglandins), stimulation of production of important humoral
agents (e.g., gastrin), and alteration of transport mechanisms. Toxic exposure can
also produce delayed consequences such as the development of neoplasia [3, 5,
8, 11, 17,53, 64, 90, 108, 110, 113, 129, 135, 163, 181, 189, 211, 212, 217, 217,
225, 229 237, 240, 247, 258, 261, 263, 297, 304, 310, 312, 313].

While some agents can cause toxicity of the GI tract by means of a single
mechanism, most involve multiple mechanisms that can be concurrent or sequen-
tial and can move toward single or different endpoints. Due to regional differences
in structure and function within the GI tract, manifestations of toxicity can vary
with the location of exposure. It is fair to state that toxic responses of the GI tract
can generally be classified as inflammatory, erosive, or stimulatory. Obviously,
the gross characterization of any toxic exposure depends upon a number of factors
such as the duration of exposure, size of the dose, extent of gastrointestinal
damage, types of cells or tissues involved in the damage, mechanism of action
of the offending agent, and accommodation of injury or ability of the GI tract to
implement repair in a timely fashion. At a microscopic level, the toxicity profile
is dictated at least in part by the abilities of individual cells to retain viability,
maintain internal homeostasis, generate energy, reseal damaged membranes, and
replace lost, damaged, or nonfunctional components.

Most materials consumed, regardless of toxicity, are absorbed into the body
by passing directly through enterocytes or around them via passive paracellular
diffusion. This passage is not without challenge. An agent must move from the
aqueous milieu of the lumen through the nonstirred water layer, mucus layer, and
epithelial cells to gain access to the circulation. The physicochemical character-
istics of a substance are very important to the successful navigation of this
movement, with large polar molecules poorly penetrating uncompromised normal
epithelium with functional tight junctions.

Tight junctions are of varying permeability, depending upon their location
within the intestine, and become progressively more impermeable the farther
aborally a material travels. Weak acids and bases as noted can exist in an equi-
librium that permits or does not favor absorption. Electrically neutral and small
molecules can quickly move around epithelial cells to accomplish absorption.
While specific transporters can play important roles in absorption, a substance
can be passively absorbed between epithelial cells through the tight junctions
joining the cells together if no such system exists.
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Moieties that gain access inside an enterocyte can be extruded via various
transporter systems back into the intestinal lumen, permitted full absorption,
metabolized, or eliminated. Metabolism, regardless of the site, can result in the
manufacture of substances that are equally, more, or less toxic than the parent
compound.

This brief review of the penetration of the gastrointestinal mucosal epithelial
barrier function and associated absorptive activities serves to emphasize the
complexity of gastrointestinal epithelial mucosal function and interaction. It
would also appear that the profiles of toxicity of the GI tract may also be complex.
The clinical signs of gastrointestinal toxicity are vomiting, diarrhea (with or
without blood), and/or malabsorption. Strangely, while vomiting and diarrhea are
considered primary responses to toxic agents, they also serve as the first lines of
defense in protection against toxic insult.

Emesis or vomition can be a toxic response, but can also be thought of as a
reflex to protect the stomach and intestines from the intromission of toxic sub-
stances and prevent deeper penetration into the alimentary canal and a greater
degree of absorption [6, 153, 154, 168, 207, 262, 264, 265]. Typically associated
with emesis is nausea, which is hard to assess in the canine. Typical signs of
nausea in canines include excess salivation, dullness, lack of responsiveness,
depression, lack of interest in food, and vomiting. Dogs are considered very
susceptible to vomition and a somewhat detailed discussion is in order.

The emetic process consists of three phases: pre-ejection, retching, and ejec-
tion. In the pre-ejection portion, gastric relaxation and retrograde peristalsis occur.
Retching involves the rhythmic action of respiratory muscles preparatory to the
act of vomiting and involves the contraction of intercostal, abdominal, and dia-
phragmatic muscles and relaxation of the upper esophageal sphincter. Shivering
and salivation driven by the autonomic system can accompany retching. If the
activity is prolonged, behavioral changes along with the dullness and depression
can occur.

These events are thought to be coordinated by a central emetic center residing
in the lateral reticular formation of the middle portion of the brainstem adjacent
to the chemoreceptor trigger zone in the area postrema, beneath the floor of the
fourth ventricle and the vagal-fed nucleus tractus solitarius. It is important to
mention no blood—brain barrier surrounds the chemoreceptor trigger zone (CTZ)
and this permits persistent analysis of substances in the blood or cerebrospinal
fluid by the CTZ. Upon proper stimulation, the CTZ can send signals to the
emetic center to initiate the protective process of emesis. Splanchnic afferents
and the vagus nerve also provide input to the emetic center along with the cerebral
cortex and the vestibular apparatus generally associated with motion-related stim-
ulation. The contribution of the cerebral cortex of the canine is not well defined,
but is nonetheless felt to be involved.

The emetic center communicates via appropriate efferents to generate relevant
smooth muscle, skeletal muscle, vasomotor, respiratory, and salivary activities
that participate in the process of emesis. Specific efferent information sent to the
GI tract results in the stimulation of retrograde duodenal contractions, retrograde
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gastric contractions, relaxation of the caudal esophageal sphincter, gastroesoph-
ageal reflux, opening of the proximal esophageal sphincter, and the evacuation
of gastrointestinal contents.

High concentrations of norepinephrine, serotonin (5-hydroxytryptamine),
acetylcholine, opioid, histamine, substance P, neurokinins, enkephalins, and dopa-
mine receptors exist in the CTZ. Specific receptor subpopulation types within
these groups are o, adrenergic, 5-hydroxytryptamine, (5-HT;) serotinergic, M,
cholinergic, H, and H, histaminergic, neurokinin 1 (NK,) neurokininergic,
enkephalin mu (ENK,) and enkephalin delta (ENK) enkephalinergic, and D,
dopaminergic. Associated with these neurotransmitters are various synthetic or
degradative enzymes including 5-hydroxytryptophan decarboxylase, choline
acetyltransferase, histidine decarboxylase, aminopeptidase, and enkephalinase,
dopa decarboxylase, and dopamine-hydroxylase. The presence of all of these
receptors and agonists/antagonists indicates that the emetic process is apparently
very complex. Undoubtedly some sort of hierarchy exists among the myriad
neurotransmitter and receptor pathways, but the relative levels of priority of the
mechanisms of action are not yet unequivocally defined.

The emetic center has been found to contain primarily a,-adrenergic (o,) and
5-hydroxytryptamine,, (5-HT,,) as the major receptors involved in the control
of emesis exerted by the emetic center. The vestibular apparatus more than likely
has a mixed population of histamine (H,) and muscarinic (M,) cholinergic recep-
tors. Opioid (ENK,,) and benzodiazepine (®,) receptors are purportedly present
in the cerebral cortex, but their contributions are not well recognized and may
play only minor roles in the emetic process. The nucleus tractus solitarius is
populated with many histamine, neurokinin (NK,), and cholinergic receptors
along with some 5-HT; receptors.

Specific toxins, corrosive activity, general irritation, mechanical irritation,
inflammation, luminal distension, cell necrosis, accelerated apoptosis, or any loss
of cells can cause emesis in the GI tract. Accordingly, many different types of
receptors such as motilin (MOT), muscarinic, cholinergic (M,), 5-
hydroxytryptamine, (5-HT,), neurokinin,, and 5-hydroxytryptamine, (5-HT;) are
found in the GI tract. The 5-hydroxytryptamine, (5-HT;) receptors more than
likely play the most important role in the initiation of emesis in the GI tract.
Drugs that are cytotoxic by nature bring about the release of 5-hydroxytryptamine
from enterochromaffin cells in the tract. The 5-hydroxytryptamine activates 5-
HT; receptors in vagal afferents that in turn stimulate the nucleus tractus solitarius,
which then stimulates the emetic center. Whether the release of 5-hydrox-
ytryptamine is associated with inflammation, irritation, corrosion, the presence
of specific toxins, cell necrosis, cell loss, and luminal distension has not been
unequivocally established.

The variety of motor activities performed by various parts of the GI tract that
cause vomition are mediated by signals from vagal efferents and myenteric
neurons. These signals cause excitation or inhibition of smooth muscle. Emptying
of the stomach and intestinal transit are at least partially controlled by receptors
located on myenteric neurons and gastrointestinal smooth muscle. They include
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neuronal-based, D,-dopaminergic, and 5-hydroxytryptamine, receptors as well as
those that are smooth muscle-based, motilin, and M, muscarinic cholinergic.

It is important to realize emesis can be induced in only two ways: via a
humoral pathway and via a neural pathway. In the humoral pathway, the CTZ is
stimulated by emetogenic substances in the blood. In the neural pathway, the
emetic center can be stimulated by (1) vestibular input (motion) to the cerebellum,
(2) sensory (pain, smell, sight) input to the cerebral cortex, (3) memories (fear)
in the cerebral cortex, (4) mechanical stimulation such as pharyngeal gagging
that sends signals through glossopharyngeal and trigeminal afferents to the
nucleus tractus solitarius, and (5) vagal and sympathetic afferents from the stom-
ach and small intestine that carry signals as a result of direct stimulation or
irritation to the nucleus tractus solitarius.

With the inputs identified above, the cerebral cortex, cerebellum, and nucleus
tractus solitarius can initiate activity in the emetic center that can result in
vomition. Vestibular and sensory inputs as well as memory undoubtedly provide
only small contributions to the emetic process of the canine. Antagonism of the
of the CTZ can abolish emetic activity stimulated by the presence in blood of
emetogenic substances, but emetic center antagonism, vagotomy, and sympath-
ectomy are not helpful in abolition of emetic activity brought about by the
presence of blood-borne emesis-inducing agents. Alternatively, gastrointestinal
pathology or toxicity-induced emetic activity can be abolished via emetic center
antagonism, sympathectomy, or vagotomy, but not by antagonism of the CTZ.
This redundancy of pathways underscores the importance of this process as a
method of protection. However, a complete, well defined, and uniformly accepted
process for emesis has still not been defined.

Emesis may occur as a result of or in association with toxicity and also with
a number of medical conditions such as infection or infectious conditions, inflam-
mation, neoplasia, uremia, hepatic failure, hypercalcemia, septicemia, endotox-
emia, systemic organ failure, hyperthyroidism, and hypoadrenocorticism. Chem-
ical substances that can be associated with emesis include opioids,
aminoglycosides, cytotoxic drugs, cholinergic mimetics, L-DOPA, bromocrip-
tine, macrolide antibiotics, and digitalis glycosides. Radiation can also induce
emesis.

Although diarrhea is a toxic response, it can also be considered a protective
mechanism when potentially toxic materials evade emesis and penetrate into the
GI tract beyond the stomach [38, 77, 84, 100, 159]. The pathophysiology of
diarrhea can have a variety of etiologies. The onset and progression may result
from many events occurring at the same time or consecutive events occurring in
a sequential and dependent fashion. For example, pancreatic toxicity can lead to
exocrine pancreatic insufficiency and the resulting intestinal bacterial overgrowth
can lead to inadequate digestion of intestinal contents, hyperosmolarity, and
irritation.

Another example is the administration of an antibiotic that can cause bacterial
overgrowth or a shift in the relative proportions of populations of flora. If the
Escherichia coli enteropathogenic bacteria take advantage of this situation, they
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will produce toxic amounts of a heat-stable enterotoxin that will stimulate the
production of cyclic guanosine monophosphate (cGMP) in enterocytes via the
activity of guanylate cyclase. cGMP in turn activates guanosine monophosphate-
dependent protein kinases, resulting in a profuse secretory diarrhea. Consequently
and concurrently, platelet-activating factor, prostaglandins, and leukotrienes are
locally released and can contribute to the development of disturbances of perme-
ability, intestinal motility, and malabsorption.

In any case of bacterial overgrowth, the potential exists for higher numbers
of different types of microbes to bring about the bacterial degradation of enzymes
admixed into the intestinal stream. If fat digestion and absorption are primarily
affected, a fatty type of diarrhea or steatorrhea develops. Diarrheas of small
intestinal origin are characterized by hypersecretion, altered mucosal permeabil-
ity, and dysfunctional absorption or malabsorption. Diarrheas of large intestinal
origin are characterized by mucosal injury, altered absorption or malabsorption,
and hypersecretion.

If a substance is not completely or sufficiently expelled from the body via
emetic activity or diarrhea and it establishes a presence in the GI tract, a variety
of responses in addition to vomiting and diarrhea may be manifest. In some cases,
generalized responses typical of the entire length of the GI tract may ensue. In
other cases, the responses may be regionally specific. These responses generally
can occur in conjunction with or exclusive of vomiting or diarrhea. However,
vomiting and diarrhea commonly develop as each pathogenic mechanism pursues
its course. Brief discussions of these responses follow [10, 25, 30, 32, 34, 36,
39, 62, 63, 74, 85, 104-106, 114, 118, 128, 137, 144, 146, 156, 169, 173, 176,
179, 194-197, 208, 210, 231, 236, 257, 269, 286, 294, 301, 305].

As stated previously, the mucosa of the GI tract comprises a protective barrier
to external insult, while at the same time performing functions vital to complete
digestion and efficient absorption. As part of its mucosal population the GI tract
has extensive areas containing rapidly dividing stem cells. This is strange because
of the hostile environment in which these cells reside. Other rapidly dividing
stem cells in the body such as the hematopoietic cells of the marrow and sperm
precursors in the testes exist in highly protected environments. However, despite
this lack of protection, the stem cells and the mucosa of the GI tract are not as
frequently sites of toxic injury as one might expect. Some possible explanations
for this finding are the fact that intestinal contents are dilute, a protective mucus
layer covers the entire mucosa, epithelial cell membranes are enriched with
membrane strengthening glycosphingolipids, mucosal cell lifetimes are relatively
short, and the large total surface area permits frequent and intimate contact of
xenobiotics with cells capable of bringing about detoxifying biotransformation.

The effectors of biotransformation can be membrane-bound or cytosolic in
location and comprise a variety of different types. Despite these protective mech-
anisms, if irritation of the mucosa does occur, increased levels of prostaglandins
can be produced; they protect the mucosal cells by preserving blood flow and
stimulating the secretion of bicarbonate into the small intestine. If mucosal
cells are not terminally damaged, they can retain viability through a process of
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resealing their damaged membranes. In general, mucosal cells are very effective
in modulating the basal rate of mucosal cell proliferation so as to maintain a fully
competent mucosal epithelial barrier. Indeed, in the presence of toxic substances,
the lifetime of an enterocyte is reduced and with the passage of a toxic threat,
the parameters of epithelial mucosal replacement return to normal within 72
hours.

Toxic substances can cause the losses or deaths of enterocytes. Regardless
of the cause, losses of cells from the epithelial population can impede the overall
ability of the GI tract to transport chloride ion, conduct sodium—glucose co-
transportation, and other aspects of absorption or secretion that are dependent on
cellular signal transduction pathways. These activities are mediated by opioid,
norepinephrine, 5-hydroxytryptamine, acetylcholine, and prostaglandin E, recep-
tors located on enterocyte membranes.

Disruption of the intestinal mucosal barrier can result in a loss of tolerance
and resistance of the intestinal epithelium to acids, bacteria, and enzymes, result-
ing in the development of inflammation, corrosion, ulcer formation, ischemia,
and cytotoxicity. In cases of dysfunction and malabsorption in the small intestine,
substances that are susceptible to fermentation are moved along to the large
intestine, where they are converted to products that exhibit a greater degree of
osmotic activity. This activity leads to the damage of large intestinal mucosa with
subsequent inflammation. Mucosal damage results in the development of altered
mucosal permeability and the exudation of fluids into the intestinal lumen. Inflam-
mation leads to the release of prostaglandins, which in turn stimulates the release
of histamine and the secretion of electrolytes. The consequences of inflammation
include altered absorption or malabsorption and the development of altered gas-
trointestinal motility.

Damage to the brush borders of enterocytes can occur as a result of direct
toxicity, inflammation, bacterial overgrowth, or enzyme inhibition. Anaerobic
bacteria are extremely proficient in causing destruction of the brush borders and
associated enzymes and transport proteins. Brush border damage can result in
maldigestion, dysfunctional absorption, and possible bacterial overgrowth with
complications of fermentation and the development of osmotic diarrhea.

Intestinal hypersensitivity can evoke the onset of diarrhea via the initiation
of inflammation and the production of a wide variety of different chemical
mediators. This topic is more completely discussed elsewhere in the section
addressing immunology of the GI tract [200].

Inflammation or inflammatory response can occur as the sole component or
complication of a toxic response of the GI tract and has been implicated in the
development of diarrhea and malabsorption. The development of inflammation
should be no surprise, considering the hostile environment that exists throughout
the total length of the lumen of the GI tract. It contains damaging enzymes, acids,
and millions of bacteria that can speed the development of serious lesions, most
commonly seen as ulcers. Intestinal inflammation can be initiated by any of a
number of factors including bacterial overgrowth, epithelial irritation or abrasion,
cell necrosis, cell loss, or the presence of specific directly toxic agents.
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While inflammatory responses associated with lesions of a pure toxicologic
origin tend to not be severe, the complication of insult due to the persistent
presence of acids, enzymes, and bacteria can radically change that pattern. Inflam-
mation of the stomach is generally referred to as gastritis and that of the large
intestine as colitis. Small intestinal inflammation is generally referred to as
enteritis, but if regional specificity is found, it may be termed duodenitis, jejunitis,
or ileitis. Stated simply, the various formed elements of the blood combined with
appropriate levels of a whole host of chemical mediators work in a synergistic
fashion to create an inflammatory response in the epithelial mucosa and submu-
cosa. The inflammatory response incurs the presence of cellular infiltrates, accu-
mulation of fluid (localized edema), and the alteration of epithelial barrier effi-
ciency, intestinal motility, and mucosal permeability.

Inflammation in the GI tract is characterized by alterations in vascular diam-
eter that lead to altered blood flow to the affected area, structural changes in the
microvasculature that permit plasma proteins to leave the circulation (exudates
or transudates), emigration of leukocytes from the microcirculation, accumulation
of leukocytes at the focus of injury or insult, activation of leukocytes, secretion
of large amounts of mucus, and development of ulcers, bleeding, and lymphoid
hyperplasia. It should be obvious that pain and loss of function are involved. Loss
of function can include the impairment of many different mechanistic processes
and the severity of loss of function can be directly proportional to the severity
of inflammation and the total amount of tissue damage sustained. Inflammation
can be acute or chronic in nature and can be characterized by the populations of
cells accumulating in the area of interest.

Chronic inflammation usually involves large numbers of lymphocytes, macro-
phages, and plasma cells in the affected area. Levels of arachidonic acid metab-
olites from the cyclooxygenase and lipoxygenase pathways become elevated
during inflammation. Thromboxane A, formed by platelets is one of these com-
pounds and is a potent vasoconstrictor that can bring about extensive mucosal
damage as a result of induced hypoxia, especially in the presence of the tauro-
cholate bile acid. Vascular thrombosis and local infarcts can also result from
increased levels of thromoxane A,, that cause aggregations of platelets. Leuko-
trienes are additional products of the arachidonic cascade and also promote
vasoconstriction and decreased supply of oxygen. At a sufficient level of hypoxia
or even ischemia, cells can become sloughed off the basement membranes and
the formation of ulcers initiated. However, prostaglandins, prostacyclins, and
lipoxins increase mucosal blood flow and improve the supply of oxygen, coun-
teracting the oxygen deprivation actions of other compounds. It is easy to see
that this process has a delicate balance that can be readily tipped to the disad-
vantage of the integrity of the GI tract.

Regardless of the cause, inflammation can involve the production of reactive
oxygen species. While these free radicals can provide defensive protective effects,
they can also create toxicity in the GI tract. Neutrophils and macrophages produce
hypochlorous acid and hydroxyl, superoxide, and peroxyl radicals. Neutrophils,
thrombocytes, and vascular endothelial cells produce nitric oxide. The generation
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of reactive oxygen species is an ongoing process in all tissues, but moieties are
generated at very low levels and in the presence of protective measures. If the
levels of reactive oxygen species rise above that for which adequate control can
be provided, tissue damage naturally occurs.

Xenobiotics and the processes of inflammation can overwhelm the intracel-
lular enzymes (catalase, superoxide dismutase, and glutathione(SH) peroxidase)
and extracellular fluid-based antioxidants (vitamin A, vitamin E, selenium,
B-carotenes, ascorbic acid, and o-tocopherols) normally present to prevent or
limit the degree of oxidative damage to tissues and cells. Sequelae to reactive
oxygen species include altered blood flow, alterations of vascular permeability,
direct cell toxicity, cell death, fluid secretion into the intestinal lumen, and cell
loss.

When the accelerated loss of enterocytes from villi or the reduced supply of
enterocytes from stem cells located in the bottoms of intestinal crypts occurs,
atrophy of the villi and hence total available absorptive surface area occurs.
Toxicity can target mature cells, maturing cells, or stem cells located deep in the
intestinal crypts. While cells can make accommodations to preserve the intestinal
barrier and absorptive functions, such actions occur at the price of loss of absorp-
tive function and capacity. The viral infections of dogs attract the most attention
to this aspect of the development of diarrhea, but any substance that directly or
indirectly results in the denudation of cells from a villus will produce the same
end result, diarrhea. Immunosuppressive drugs such as azathioprene, cyclophos-
phamide, vincristine, and glucocorticoids can all cause severe atrophy of villi.
Interestingly, some of these same compounds can facilitate epithelial cell renewal;
the type of end result is dose-related and the undesirable result occurs only at
high doses.

Enterocytes located on villi can in the face of decreasing numbers alter their
morphology to cover or occupy a greater area over the basement membrane.
Indeed, cells residing at the edges of ulcers and erosions are also stimulated to
restore the gastrointestinal barrier by spreading out or migrating over vacant basal
lamina. This is accomplished by means of an array of suitably anchored actin
microfilaments that permit cells to become taller, plumper, thinner, broader, or
flatter. These individual cellular changes working in concert with changes in the
shape and extension of individual villi brought about by threads of smooth muscle
located in the villous lamina propria work to preserve epithelial barrier integrity.
Failure to maintain this barrier can result in severe inflammation and deleterious
changes.

Not unlike other organs of the body that are engaged in substantial activities,
the mucosa of the GI tract requires a persistent supply of oxygenated blood.
Restriction of this flow can have disastrous consequences, including cell death
and the complete sloughing of the gastrointestinal mucosa. The blood supply to
the GI tract was discussed earlier. The blood flow is controlled by the central
nervous system by means of sympathetic and parasympathetic nerves and also
by the enteric nervous system, autoregulation, and sensory neurons contiguous
to local blood vessels. A variety of neurotransmitters can bring about either
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vasoconstriction (norepinephrine, adenosine triphosphate, neuropeptide Y) or
vasodilation (calcitonin gene-related peptide and vasoactive intestinal peptide).

Autacoids can also function in the control of flows and they include vasodilators
such as nitric oxide, prostaglandin E,, prostacyclin, and histamine and vasocon-
strictors such as leukotriene C, and thromboxane A,. Autacoids arise from vascular
endothelial cells, smooth muscle endothelial cells, mast cells, and platelets.

It is important to appreciate that sensory nerves play an important role in the
regulation of gastrointestinal blood flow. Calcitonin gene-related peptide and
vasoactive intestinal peptide, both of which cause vasodilation, can be released
from sensory nerves with stimulation. Calcitonin gene-related peptide is consid-
ered to be a major contributor to the development of increased gastric mucosal
blood flow associated with increased levels of nitric oxide. Increased blood flow
is associated with increased oxygen supply and is therefore thought to be con-
nected with the protection of the gastrointestinal mucosa from injury.

When speaking of the GI tract, we naturally think of nutrition, but seldom
consider water a nutrient. Water is essential for life, and death occurs much more
rapidly in its absence than it occurs in the absence of food. Two very important
functions of the GI tract are the absorption of water and also the secretion of
aqueous fluid. The fluxes of water balance strongly favor absorption and the
consequences of the development of diarrhea for any organism are simple: dehy-
dration and electrolyte imbalance. The dehydration results from increased secre-
tion of fluid into the intestinal lumen or decreased absorption of fluid from the
intestinal stream or a combination of both. In any event, losses of extracellular
and intracellular fluids from the body follow.

With regard to electrolyte imbalance, bicarbonate ions are lost in the diarrhea,
which leads to an increase in the anion gap (difference between positive and
negative charges in the body) and an accumulation of intracellular hydrogen ion
with the development of acidosis. The increasing amounts of positively charged
hydrogen ion cause the shedding and decrease in levels of intracellular potassium
ion. The reduction in the level of potassium impairs the homeostasis of existing
electrochemical gradients and the accumulation of intracellular hydrogen ion
changes pH and accordingly alters the levels of function of many physiologic
enzymes. All of these changes work collectively and synergistically to compro-
mise the functions of cells, tissues, organs, and the system as a whole. As
extracellular potassium levels increase, elimination of potassium is enhanced.
Hyperkalemia can provoke cardiac arrest.

Neoplasia is not a common problem with laboratory canines and will not be
discussed in detail here. However, it can produce diarrhea as a result of obstruction-
induced fluid secretion or the release from tumors of physiologically active sub-
stances like histamine, gastrin, or 5-hydroxytryptamine [7, 9, 19, 20, 27, 40, 48, 55,
56, 122, 148, 218-221]. These chemical mediators can also cause changes that result
in intestinal bacterial overgrowth, reduction in normal absorptive surface area, or
exudation of proteins and lipids. Neoplasia is usually the result of exposure to agents
that bring about altered states of proliferation of gastrointestinal mucosa. Mecha-
nisms can involve hyperproliferation, promotion, and alterations of apoptosis.
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Impairment of the flow of lymph as a result of inflammation or some advanced
states of hypertrophy in the intestinal tract can lead to the development of diarrhea.
Inadequate lymphatic drainage from the intestine secondary to right-sided heart
failure can also lead to the development of diarrhea.

Constipation is the opposite of diarrhea, cannot be considered a protective
activity, and can present a significant toxicologic or pathophysiologic event [303].
Indeed, constipation is one of two major toxicologic or pathophysiologic condi-
tions of the colon or large intestine; the other is diarrhea. Constipation is char-
acterized by lack of defecation, reduced defecation, painful defecation, or the
passage of dry or concrete-like feces. The presence of blood in the stool resulting
from mucosal irritation due to abrasion from the hardened intestinal stream is an
additional and not infrequent clinical sign. Constipation is usually a transient
event. If it becomes persistent or is irreversible, it is referred to as obstipation.

Obstipation can be associated with the permanent loss of function and can
lead to the development of a condition known as megacolon or toxic megacolon,
in which the body can begin to absorb toxic substances from the static fecal
stream. The pathophysiology of this condition is not entirely understood. It
appears to be neurally based, but could also be the result of impairment of smooth
muscle (longitudinal and circular) function. Nerves of the autonomic or enteric
nervous systems can be affected. In cases where megacolon has developed, no
gross or histological findings are observed, but smooth muscle develops a weaker
level of tone when compared to normal smooth muscle upon stimulation by
acetylcholine, substance P, and cholecystokinin. The current view is that mega-
colon possibly results from a disturbance in the intracellular cascade of events
that occur subsequent to occupancy of a membrane-bound receptor, resulting in
weaker contractile activity.

Conditions or agents associated with constipation are inflammation of colonic
epithelium, nerve dysfunction, myenteric plexus dysfunction, dehydration,
hypokalemia, hypocalcemia, hypercalcemia, hypothyroidism, nutritional second-
ary hyperparathyroidism, barium sulfate, phenothiazines, cholinergic antagonists,
diuretics, and opioid agonists.

The production of mucus and fluid is a benchmark response of toxicity that
can occur throughout the entire length of the GI tract and is typically the result
of increased levels of production of normal processes previously described in
detail. Both responses are protective as well as toxic in nature.

Enterocytes possess a variety of different types of receptors on their surfaces.
Some of these receptors appear to be specific for select toxins, such as that
expressed by Vibrio cholera. The reason for this is unknown, but the disruption
of intracellular signal transduction systems typically results in the development
of a secretory diarrhea. This diarrhea is a function of both fluid secretion by
enterocytes and nerve-mediated alterations of intestinal motility.

The GI tract is heavily invested with a nervous supply as previously described
and has its own myenteric nervous system. Neural function in the GI tract is very
complex and involves more than simple sensation and the stimulation of motor
activities. The loss, impairment, or stimulation of motor function affects the
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efficiency of the digestive process as well as absorption. However, nerves are
also intimately involved in the regulation of regional blood flow and the release
of substances essential for proper digestion and absorption. Accordingly, neural
damage can serve as a prelude to the development of diarrhea and malabsorption.

A variety of enzymes are present in the luminal space of the GI tract, in the
mucosal brush borders, and in the mucosal epithelial cells. In the presence of
injury or inflammation, even more enzymes can be added to the mix from cells
such as neutrophils. These latter enzymes can include gelatinases, elastases, and
collagenases that can bring about major structural damage to the scaffolding of
the GI tract upon which the mucosal epithelium rests. In conditions of toxicity,
enzymes can be activated or inhibited and these alterations can lead to the
development of gastrointestinal pathology. As discussed previously, many
enzymes are secreted in an inactive form, awaiting a proper set of conditions for
activation. For example, reactive oxygen species are able to avert normal pro-
cesses and are capable of prematurely converting inactive enzymes to active
forms. This alternate pathway and avoidance of normal control mechanisms can
predispose the gastrointestinal mucosa to enzymatic damage.

SPECIFIC TOXIC AGENTS

The final portion of this chapter includes a number of examples that demonstrate
toxicity to and the responses of the GI tract to the presence of a variety of toxic
agents. While the list of causative substances is by no means complete and the
mechanisms of pathophysiology not all inclusive, the wide range of substances
and responses serve to underscore the complexity of an organ system that does
not attract the attention given to higher profile organs such as the heart, liver,
hematopoietic, and central nervous systems.

Arsenic-containing compounds, when ingested, are readily absorbed by the
mucosal epithelium of the intestine [241, 245]. After this occurs, enterocytes can
rapidly die and are shed into the intestinal lumen. If this accelerated loss of
enterocytes is of sufficient magnitude that normal protective compensatory actions
cannot permit the maintenance of a complete, intact integral epithelial cell barrier,
areas of exposed basement membrane on the villi will develop. This exposure
will lead to an altered state of permeability of the villi, with movement of
exudates, transudates, and blood from the circulation into the intestinal lumen.
This significant influx of fluid into the intestine creates distension of the lumen
that stimulates increased motor activity with associated pain and diarrhea. The
normal replacement of cells is hampered by the persistent presence of arsenic;
barring complications, the gastrointestinal epithelium will eventually be replaced
by normal reparative processes.

Arsenates work by competing with phosphate ions, uncoupling oxidative
phosphorylation and disrupting the production of energy necessary for the per-
formance of normal enterocyte functions and cellular homeostasis. Arsenites react
with the sulfhydryl groups in proteins, thereby altering active sites and the
necessary specific three-dimensional structures required for activity. For example,
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arsenites inhibit alpha-keto oxidases that are involved in the oxidation of pyruvate.
The function of lipoic acid is also impaired. Lipoic acid is an essential coenzyme
for both pyruvic acid oxidase and alpha-glutaric acid oxidase. Elemental arsenic
induces vasodilation and vascular endothelial damage, and organic pentavalent
arsenic compounds may interfere with the functions of vitamins B, and B

We are all familiar with the toxicity caused by exposure to lead as manifested
in the central nervous, hematopoietic, and skeletal systems [255]. The gastrointes-
tinal toxicity of lead is based primarily upon its ability to inhibit various enzyme
systems. It too has an affinity for thiol groups and is also capable of competing
with zinc and calcium in zinc- and calcium-dependent enzyme systems. Lead
interferes with DNA transcription factors by binding to cysteine residues.

Lead can also interfere with the calcium-mediated exocytosis of neurotrans-
mitters. Protein kinase C, a calcium-dependent enzyme system that regulates a
variety of cellular activities including cell growth, is also adversely impacted by
lead. While acute exposures to lead can result in vomiting and abdominal pain,
chronic exposures can result in the development of constipation, most likely
secondary to reduced motility. The reduction in motility is most likely due to the
competition of lead with calcium in the contractile process.

Heavy metals can exhibit general corrosive effects on the mucosal epithelium
of the GI tract. Iron, for example, can cause severe ulceration and erosion of the
stomach lining with resulting dramatic losses of fluid into the lumen. The general
themes of toxicity for agents of this type appear to be corrosion and enzyme
inhibition.

Cholera toxin, although not a xenobiotic, is still considered a classical gas-
trointestinal toxin [14, 52, 142, 152, 279]. A discussion of its mode of action is
valuable from the perspective of illustrating the consequences of alteration of
intracellular signaling pathways. Cholera toxin is composed of a catalytic peptide
unit (A) and five smaller peptide units (B). The B peptides bind to carbohydrates
on Gy, gangliosides on the surfaces of intestinal epithelial cells. After binding,
peptide A is delivered into a cell via calveolar-mediated endosomal entry. Upon
entry into the cytoplasm, peptide A is cleaved by breakage of a disulfide bond
into two fragments, A, and A,. The A, fragment is the important catalytic com-
ponent and is involved with the development of pathology. A, interacts with 20-
kDa cytosolic proteins called ADP ribosylation factors. The resulting ADP ribo-
sylation factor—A, complex catalyzes the ADP ribosylation of a 49-kDa G protein
(G,) which, upon binding with nicotinamide adenine dinucleotide (NAD) and
guanosine triphosphate (GTP), leads to the generation of an activated G, that then
binds to and stimulates adenylate cyclase.

The ADP-ribosylated G, is permanently in an active GTP-bound state, result-
ing in the persistent activation of adenylate cyclase. The activated adenylate
cyclase generates high levels of intracellular cyclic adenosine monophosphate
(cAMP) from adenosine triphosphate (ATP). cAMP stimulates the secretion of
chloride and bicarbonate ions into the lumen of the intestine along with associated
sodium ions and water, but sodium and chloride reabsorption also appear to be
inhibited as part of this pathogenesis.
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Cholera toxin also exerts effects on the enteric nervous system, with subse-
quent alterations of gut motility and additional changes in the mucosal transport
of fluid and electrolytes. It is important to note that because the intestinal epi-
thelium remains intact and essentially competent, most absorptive processes
remain functional and competent as does the barrier function.

Nonsteroidal anti-inflammatory drugs (NSAIDs) in general are organic acids
and local gastrointestinal tissue damage is caused as a result of the direct contact
of dissolved drug with the gastric mucosa [29, 44, 69, 155, 164, 177, 184, 193,
206, 216, 223, 275]. NSAIDs increase gastric cell wall permeability and can
uncouple oxidative phosphorylation, which collectively or individually can result
in impaired cellular homeostasis and the development of cellular edema and
apoptosis. While all areas of the GI tract may theoretically be susceptible to the
development of NSAID-induced lesions, the most frequent sites of damage are
the stomach and duodenum.

Ulcers (peptic) are the classic lesions with associated blood, fluid, and protein
loss into the gastrointestinal stream. In advanced cases, ulcers can even progress
into perforations of the gastrointestinal wall. However, the most important mech-
anism associated with exposure to NSAIDs and the development of subsequent
pathology is the reversible inhibition of the cyclooxygenase-1 (COX-1) enzyme.
The inhibition of COX-1 by NSAIDs initiates the development of pathology by
blocking the production of prostaglandins in gastric tissues, which results in the
decreased production of mucus and bicarbonate, the increased production of acid,
and decreased flow of blood into the gastric mucosa. An underlying Helicobacter
pylori infection can potentially worsen the toxic profile.

The inhibition of COX-2 activity, however, is generally associated with a
lessening of the adverse effects that can be brought about with a triggering of
the cyclooxygenase cascade. NSAIDs that are specific for inhibition of COX-2
activity provide the most beneficial and least troublesome toxicologic profiles.

The cyclooxygenase system (COX) is responsible for the synthesis and pro-
duction of prostaglandins. Cyclooxygenases exist in two forms, COX-1 and COX-
2, and both possess cyclooxygenase and hydroxyperoxidase activities. COX-1 is
a constitutive, noninducible enzyme normally present in the stomach, intestine,
and platelets. It functions in the synthesis of platelet aggregation agents and the
regulation of regional blood flow, thereby providing gastrointestinal mucosal
protection. In contrast, COX-2 is an inducible enzyme; its activity increases in
response to a variety of inflammatory stimuli. Indeed, the prostanoids produced
by COX-2 are segments of a typical inflammatory response. In general, COX-
mediated prostaglandin synthetic activity can be initiated by a variety of stimu-
lators including physical trauma, chemical exposure, cell proliferation, and
inflammation. Arachidonic acid is the substrate for the COX enzyme system and
is generated when phospholipase A, splits arachidonic acid from the phospholipid
membrane of the cell.

Cyclooxygenases produce the unstable intermediate prostaglandin (PGG,)
that is quickly hydrolyzed via the same enzyme to prostaglandin H, (PGH,).
PGH, is unstable and rapidly metabolized by tissue-specific isomerases to
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multiple prostanoids such as prostacyclin (PGI,), thromboxane A, (TXA,), prosta-
glandin D, (PGD,), prostaglandin E, (PGE,), and prostaglandin F,, (PGF,,). These
prostanoids stimulate specific G protein-coupled receptors to induce various
effects that range from protection of the GI tract to the aggregation of platelets
(thrombus formation). PGI, is associated with vasodilation and the inhibition of
platelet aggregation, while PGD,, PGE,, and PGF,, are associated with vasodila-
tion and potentiation of edema. TXA, causes aggregation of platelets and vaso-
constriction.

It is worth noting that thromboxane A, may also be a mediator in the devel-
opment of gastrointestinal food-allergen hypersensitivity. The COX-1-mediated
production of prostacyclin PGI, and prostaglandin PGE, is considered protective
of the gastrointestinal mucosa, essentially because of the vasodilation induction
properties of the two compounds and the resulting ability to preserve or enhance
mucosal blood flow and oxygen supply; the initiation of COX-2 activity is
considered deleterious.

Mycotoxins are secondary fungal metabolites that exert toxic effects on a
variety of systems and a broad spectrum of species [123, 291]. They are typically
found as contaminants in grains and grain-based products. Although a variety of
different types of mycotoxins exist, we will discuss only one, the trichothecenes.

Trichothecenes are produced by Fusarium spp. and include such compounds
as deoxynivalenol (vomitoxin), T-2 toxin, and diacetoxyscirpenol. Gastrointesinal
toxicity is typically manifest as vomiting, bloody diarrhea, dehydration, and
weight loss. Trichothecenes generally inhibit protein synthesis, which eventually
causes cell death. Deoxynivalenol can delay gastric emptying and intestinal motor
activity, possibly through a serotonin-mediated pathway. The actively dividing
tissues of the GI tract are most susceptible to the actions of T-2. It is important
to note that even for certified feeds, mycotoxin presence and levels are not
routinely determined by analysis.

The 5-fluorouracil (5-FU) pyrimidine analog is a halogenated derivative of
pyrimidine and an antineoplastic agent of the antimetabolite class [125, 201]. 5-
FU requires enzymatic conversion to the nucleotide in order to exert its cytotoxic
activity. Incorporation of 5-FU into both RNA and DNA occurs, but the relevance
or importance of the incorporation is unclear because normal excision repair
processes may well remove the halogenated moiety before any toxic consequence
can be elicited. Alternatively, incorporation of 5-FU into RNA causes toxicity
resulting from the exertion of major effects on both the processing and functions
of RNA, thereby inhibiting cell division.

Accordingly, the rapidly dividing cells of the GI tract are ideal targets for
these types of compounds.

Steroid toxicity closely resembles the toxicity manifest by NSAIDs because
steroids inhibit the function of phospholipase A,, which generates arachidonic
acid, the substrate for the COX enzymatic system described above. In the absence
of substrate, adequate supplies of prostacyclin and prostaglandins cannot be
sustained, and the beneficial and protective effects of prostaglandins are missing;
this leaves the gastrointestinal mucosa susceptible to injury and compromise.
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The ingestion of a variety of plants, plant materials, and plant extracts is
followed by the development of nausea, vomiting, diarrhea, and bloody diarrhea.

The most common mechanism of gastrointestinal toxicity is direct irritation
of the gastric or intestinal mucosa. Another mechanism for plant-induced gas-
trointestinal toxicity is antimitosis. Colchicine is probably the best known cause
of this mechanistic type of toxicity. The antimitotic action is brought about by
the blockage of formation of microtubules and subsequent failure to form a
competent mitotic spindle.

Finally, glycoproteins, a group of compounds in a variety of plants, can
interact with select carbohydrate moieties present on the membranes of mucosal
epithelial cells. Once binding is complete, the function of the brush borders on
the luminal surfaces of enterocytes is altered and a nonspecific inhibition of all
absorption gradually develops. Among these glycoproteins is a group of com-
pounds called lectins. Upon entry into cells, lectins inhibit protein synthesis,
causing cell death.

The classic gastrointestinal toxin group includes the acetylcholinesterase
inhibitors. Acetylcholine is a neurotransmitter present at synaptic and neuroef-
fector endings of cholinergic motor and secretomotor neurons of the enteric
nervous system. Inhibition of the acetylcholinesterase enzyme leads to an accu-
mulation of acetylcholine at synapses or effector sites and resultant persistent
stimulation. Increased motor activity is the result of the interaction of acetylcho-
line with M; muscarinic receptors and the increase in gastric and intestinal
secretions results from stimulation of both M, and M; muscarinic receptors.
Inhibition of acetylcholinesterase activity causes the secretion of large volumes
of fluids and electrolytes into the GI tract, with the development of a profuse
watery diarrhea accompanied by a severe cramping pain.

Sucralfate is an oral antiulcer agent that acts by forming a protective barrier
over the site of an ulcer and consists of a complex of sucrose octasulfate and
polyaluminum hydroxide. In the local environment of the stomach, polymeriza-
tion and cross-linking occur and result in the formation of a sticky, yellow-white
gel that combines with proteinaceous exudates in the stomach to form an adherent
barrier preventing the contact of gastric acid with the lesion, compromising the
integrity of the mucosal barrier. Continued exposure can result in the slow release
of aluminum into the system and the development of constipation by a mechanism
that is unclear.

Ethanol is commonly used as a vehicle or excipient in a variety of concen-
trations and along with other alcohols can directly induce toxicity on the mucosal
epithelial cells of the GI tract. This toxicity is characterized by the formation of
hemorrhagic erosions in the gastric mucosa and is chiefly the result of a disor-
dering of the lipid bilayer of the cell membrane, which results in altered membrane
fluidity and subsequently cell damage, loss of cellular homeostasis, and cell death.
Vascular injury can also develop concurrently as a result of direct cytotoxicity,
which then leads to the degranulation of mast cells, release of leukotrienes, and
enhanced mucosal permeability. In the presence of a sound oxygen supply and
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good flow of blood, restitution of the mucosal epithelial cells can occur on a
timely basis.

Continued exposure to ethanol can result in the increased production of
various growth factors such as epidermal growth factor that possibly protect the
gastric mucosa from injury by stimulating the rate of cell proliferation, and also
generate susceptibility to the possible development of neoplasia. Exposure to
ethanol can inhibit the secretion of bicarbonate ion, impair the synthesis of mucus,
increase luminal sodium ion concentration, enhance the permeability of the
mucosa, permit the back-diffusion of hydrogen ion, and in a dose-response fashion
deplete intracellular stores of glutathione. At high concentrations, exposure to
ethanol can be associated with increased levels of synthesis of prostacyclin and
prostaglandins that possibly offer protective effects to the gastrointestinal mucosa
after ethanol-induced injury.
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INTRODUCTION

Primary human oral absorption of xenobiotics is, of course, dependent on a wide
range of mechanisms dictated by the structures in question. Basic patterns of
metabolism are a good place to start. Consider the pattern of phase I (mainly
oxidative functional group changes by cytochrome P450s), phase II (conjugating
enzymes that usually add large hydrophilic molecules to the molecules in phase
I metabolites), and finally phase III (elimination systems that facilitate the removal
of the metabolites from cells to other places). In absorption, this pattern can be
condensed from the perspective of moving things into — not out of — foods."!

ANATOMICAL BASIS OF ABSORPTION

The total quantity of fluid that must be absorbed each day is equal to the ingested
fluid (about 1.5 liters in humans) plus that secreted in the various gastrointestinal
secretions (about 7 liters). All but about 1.5 liters of the total is absorbed in the
small intestine, leaving only these 1.5 liters to pass into the colon each day.

The stomach is a poor absorptive area of the gastrointestinal (GI) tract because
it lacks the typical villus type of absorptive membrane and because the junctions
between the epithelial cells are tight junctions. Generally only a few highly lipid-
soluble substances such as alcohol and molecules like aspirin can be absorbed
in small quantities. The hydrolytic process of digestion and the extreme range of
pH values serve to make this entry route unattractive for many molecules such
as proteins.

ABSORPTIVE SURFACE OF INTESTINAL MuUCOSA: VILLI

The absorptive surface of the intestinal mucosa has many folds called valvulae
conniventes that increase the surface area of the absorptive mucosa about three-
fold. These folds extend circularly most of the way around the intestine and are
especially well developed in the duodenum and jejunum, where they protrude
markedly into the lumen.

Located over the entire surface of the small intestine, from about the point
at which the common bile duct empties into the duodenum down to the ileocecal
valve, are literally millions of small villi that project about 1 mm from the surface
of the mucosa. These villi lie so close to one another in the upper small intestine
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that they touch most areas, but their distribution is less profuse in the distal small
intestine. The presence of villi on the mucosal surface enhances the absorptive
area an additional ten-fold.

Finally, each intestinal epithelial cell is characterized by a brush border
consisting of as many as 1000 microvilli, 1 um in length and 0.1 um in diameter,
protruding into the intestinal chyme. This increases the surface area exposed to
the intestinal materials at least another 20-fold. The combination of the folds of
Kerckring, the villi, and the microvilli increases the absorptive area of the mucosa
perhaps 1000-fold in humans, yielding a tremendous total area of 250 or more
square meters for the entire small intestine.

The general organization of the villus, emphasizing especially the advanta-
geous arrangement of the vasculature system for absorption of fluid and dissolved
material into the portal blood and the arrangement of the central lacteal for
absorption into the lymphatics, which are pinched-off portions of infolded entero-
cyte membrane that contain inside the vesicles extracellular materials that have
been entrapped. Minute amounts of substances are absorbed by this physical
process of pinocytosis, although comparatively they represent a very small pro-
portion of total absorption. Also, extending linearly into each microvillus of the
brush border are multiple actin filaments that contract intermittently and cause
continual movements of the microvilli, keeping them constantly exposed to new
quantities of intestinal fluid.

BASIC MECHANISMS OF ABSORPTION

Absorption through the gastrointestinal mucosa occurs by active transport, dif-
fusion, and solvent drag. Briefly, active transport imparts energy to the substance
as it is transported for the purpose of concentrating it on the other side of the
membrane or moving it against an electrical potential. On the other hand, transport
by diffusion means simply transport through the membrane as a result of molec-
ular movement along an electrochemical gradient. Transport by solvent drag
occurs any time a solvent is absorbed because of physical absorptive forces. The
movement of the solvent will “drag” dissolved substances along — the basis of
many formulation approaches for pharmaceuticals.

Materials can pass from the mucosal side of the GI tract across to the serosal
side via five different mechanisms: passive diffusion through a lipid membrane;
diffusion through pores; active energy-dependent transport; absorption through
lymphatics; and absorption of macromolecules by pinocytosis.

HybpRroLYsIS As PRIMARY STEP IN ABSORPTION OF MACROMOLECULES

Almost all carbohydrate xenobiotics are large polysaccharides or disaccharides
that are combinations of monosaccharides bound to one another by condensation.
The two monosaccharides then are combined with each other at these sites of
removal, and the hydrogen and hydroxyl ions combine to form water. When the
carbohydrates are broken down into monosaccharides, specific enzymes return
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the hydrogen and hydroxyl ions to the polysaccharides and thereby separate the
monosaccharides from each other. This process called hydrolysis is the following
(in which R-R is a disaccharide):

R” _ R’ + HZO digestive enzymes _)R”OH + R’H

Almost the entire lipid portion of the diet consists of triglycerides (neutral fats)
that are combinations of three fatty acid molecules condensed with a single
glycerol molecule. In condensation, three molecules of water have been removed.
Digestion of the triglycerides consists of the reverse process, the fat-digesting
enzymes returning molecules of water to the triglyceride molecule, thereby split-
ting the fatty acid molecules away from the glycerol. Here again, the digestive
process is one of hydrolysis.

Finally, proteins and peptides are formed from amino acids that are bound
together by peptide linkages. In this linkage, a hydroxyl ion is removed from one
amino acid and a hydrogen ion is removed from the succeeding one; thus, the
amino acids in the peptides or protein chain are bound together by condensation
and tend to reverse the process. Proteolytic enzymes return water to the molecules
to split them into their constituent amino acids. The chemistry of digestion and
the break-down of xenobiotics for absorption in the GI tract is simple because
in the case of all three major types of primary organic structures, the basic process
of hydrolysis is involved. The only difference lies in the enzymes required to
promote the reactions for each type of molecule.

ABSORPTION OF WATER

Water is transported through the intestinal membrane entirely by diffusion, obey-
ing the usual laws of osmosis. Therefore, when the stomach contents are dilute,
water is absorbed through the intestinal mucosa into the blood of the villi by
osmosis. At the same time, water can also be transported in the opposite direction,
from the plasma into the contents. This occurs especially when hyperosmotic
solutions are discharged from the stomach into the duodenum. Sufficient water
usually is rapidly transferred by osmosis to make the chyme isosmotic with the
plasma. Generally, nature abhors a vacuum.

As dissolved substances are absorbed from the lumen of the gut into the
blood, absorption tends to decrease the osmotic pressure of the GI tract contents
(chyme). However, water diffuses so readily through the intestinal membrane
(because of large 0.7- to 1.5-nm paracellular pores through the so-called tight
junctions between the epithelial cells) that it almost instantaneously “follows”
the absorbed substances into the blood. Therefore, as molecules are absorbed, so
also is an isosmotic equivalent of water absorbed.
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ABSORPTION OF lONS

Twenty to thirty grams of sodium are secreted into the intestinal secretions each
day. In addition, a normal person eats 5 to 8 g of sodium each day. Combining
these, the small intestine must absorb 25 to 35 g of sodium each day, which is
equal to about one-seventh of all the sodium present in the body. Therefore, one
can well understand that whenever intestinal secretions are lost to the exterior as
in extreme diarrhea, the body’s sodium reserves can be depleted to a lethal level
within hours. Normally, however, less than 0.5% of the intestinal sodium is lost
in the feces each day because of its rapid absorption through the intestinal mucosa.
Sodium also plays an important role in the absorption of sugars and amino acids.

The motive power for the sodium absorption is provided by active transport
of sodium from inside the epithelial cells through the basal and side walls of
these cells into the paracellular spaces. This active transport obeys the usual laws
of active transport: it requires energy, and the energy process is catalyzed by
appropriate adenosine triphosphatase enzymes in the cell membranes. Part of the
sodium is absorbed simultaneously with chloride ions; the chloride ions are
passively dragged along by the positive electrical charges of the sodium ion.
Additional sodium ions are absorbed while either potassium or hydrogen ions
are transported in the opposite direction in exchange for the sodium ions.

ABSORPTION IN LARGE INTESTINE: FORMATION OF FECES

About 1500 mL of chyme normally pass into the large intestine each day. Most
of the water and electrolytes in the chyme are absorbed in the colon, usually
leaving less than 100 mL of fluid to be excreted in the feces. Essentially all the
ions are absorbed, leaving only 1 to 5 meq each of sodium and chloride ions to
be lost in the feces. Most of the absorption in the large intestine occurs in the
proximal one half of the colon, whereas the distal colon functions principally for
storage.

The mucosa of the large intestine also has a high capability for active absorption
of sodium, and the electrical potential created by the absorption of the sodium
causes chloride absorption as well. The tight junctions between epithelial cells of
the large intestinal epithelium are much tighter than those of the small intestine.
This prevents significant amounts of back-diffusion of ions through these junctions,
thus allowing the large intestinal mucosa to absorb sodium ions far more completely
than can occur in the small intestine. This is especially true when large quantities
of aldosterone are available to enhance sodium transport capability.

In addition, as in the distal portion of the small intestine, the mucosa of the
large intestine secretes bicarbonate ions while it simultaneously absorbs an equal
number of chloride ions in an exchange transport process. The bicarbonate helps
neutralize the acidic end products of bacterial action in the colon. The absorption
of sodium and chloride ions creates an osmotic gradient across the large intestinal
mucosa, which in turn enhances absorption of water.
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A human large intestine can absorb up to 5 to 7 liters of fluid and electrolytes
each day. When the total quantity entering the large intestine exceeds this amount,
the excess appears in the feces as diarrhea. As noted earlier, toxins from cholera,
other bacterial infections, and certain other xenobiotics can often cause the crypts
of Lieberkiihn in the terminal ileum and the large intestine to secrete more liters
of fluid each day, leading to severe and sometimes lethal diarrhea.

Numerous bacteria, especially colon bacilli, are normally present in the
absorbing colon. They are capable of digesting small amounts of cellulose, in
this way providing a few calories of nutrition to the body each day. In herbivorous
animals, this source of energy is significant, although it is of negligible importance
in human beings. Other substances formed as a result of bacterial activity are
vitamin K, vitamin B,,, thiamin, riboflavin, and various gases that contribute to
flatus in the colon, especially carbon dioxide, hydrogen gas, and methane. Vitamin
K is especially important because the amount of this vitamin ingested in foods
is normally insufficient to maintain proper blood coagulation.

The feces normally are about three-fourths water and one-fourth solid matter
which is composed of about 30% inorganic matter, 2 to 3% protein, and 30%
undigested roughage of the food and dried constituents of digestive juices such
as bile pigment and sloughed epithelial cells. The large amount of fat derives
mainly from fat formed by bacteria and fat in the sloughed epithelial cells. The
brown color of feces is caused by stercobilin and urobilin, derivatives of bilirubin.
The odor is caused principally by the products of bacterial action; these products
vary from one individual or species to another, depending on colonic bacterial
flora and on the type of food eaten.

Errects oF PH AND VOLUME

A number of barriers are present to impede the simple diffusion of molecules
across the membranes of the epithelial cells lining the tract. First, the molecules
must transverse the unstirred layers of fluid lying immediately adjacent to the
membrane, then cross the mucus layer coating the membrane, and finally cross
the bilipid membrane into the cell. Once within the cytoplasm of the cell, the
molecule must pass through the cytoplasm and then through the basement mem-
brane and the capillary or lymphatic wall membranes. The bilipid structure of
the cell membrane greatly favors the absorption of hydrophobic structures over
hydrophilic ones. The fact that ionized forms are marginally absorbed may be
the result of microenvironments of lower pH in the unstirred layers immediately
adjacent to the membrane or the acidity of the membrane.

The process of diffusion is driven by the concentration gradient across the
membrane, and thus the fluid volume in the tract can have a major influence on
the rate at which an ingested material may appear in the bloodstream. The active
transport of sodium through the basolateral membranes of the cell reduces
the sodium concentration inside the cell to a low value. Sodium moves down a
steep electrochemical gradient from the chyme through the brush border of the
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epithelial cell into the epithelial cell cytoplasm, replacing the sodium that is
actively transported out of the epithelial cells into the paracellular spaces.

Next, water moves by osmosis into the paracellular spaces. This is caused by
the gradient created by the elevated concentration of ions in the paracellular space.
Most of this osmosis occurs through the tight junctions between the apical borders
of the epithelial cells, but a smaller proportion occurs through the cells them-
selves. The osmotic movement of water creates a flow of fluid into and through
the paracellular space and from there to the circulating blood of the villus.

When a person or animal becomes dehydrated, large amounts of aldosterone
are almost always secreted by the adrenal glands. Within 1 to 3 hours the excess
aldosterone greatly enhances all the enzyme and transport mechanisms for all
aspects of sodium absorption by the intestinal epithelial cells. The increased
sodium absorption then causes secondary increases in absorption of chloride ions,
water, and some other substances. Aldosterone in the intestinal tract acts the same
as that activated by aldosterone in the renal tubules, which also serves to conserve
salt and water in the body when an organism becomes dehydrated.

In the upper part of the small intestine, chloride absorption is rapid and mainly
by passive diffusion. The absorption of sodium ions through the epithelium creates
slight electronegativity in intestinal chyme and electropositivity on the basal sides
of the epithelial cells. Chloride ions move along this electrical gradient to follow
the sodium ions.

Often large quantities of bicarbonate ions must be reabsorbed from the upper
small intestine because of the large amounts of bicarbonate ions in both the
pancreatic secretion and the bile. The bicarbonate ion is absorbed individually as
follows. When sodium ions are absorbed, moderate amounts of hydrogen ions
are secreted into the gut in exchange for some of the sodium. Such hydrogen
ions combine with the bicarbonate ions to form carbonic acid (H,CO;), which
then dissociates to form water and carbon dioxide. The water remains in the
intestines, but the carbon dioxide is readily absorbed into the blood and subse-
quently expired through the lungs. This is a so-called active absorption of bicar-
bonate ions. It is the same mechanism that occurs in some of the tubules of the
kidneys.

SECRETION OF BICARBONATE IONS IN ILEUM AND LARGE INTESTINE:
SIMULTANEOUS ABSORPTION OF CHLORIDE IONS

The epithelial cells on the surfaces of the villi in the ileum and on all surfaces
of the large intestine have a special capability of secreting bicarbonate ions in
exchange for absorption of chloride ions. This provides alkaline bicarbonate ions
that are used to neutralize acid products formed by bacteria, especially in the
large intestine. The exact mechanism of this exchange is unclear, but depends on
the exchange of protein in the luminal membrane of the epithelial cell that forcibly
exchanges bicarbonate ions formed inside the cell for chloride ions in the intes-
tinal lumen. The excess chloride in the cell is then transported by facilitated
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diffusion through the basolateral membrane of the epithelial cell, completing the
chloride absorption.

Immature epithelial cells in the crypts of Lieberkiihn continually divide to
form new epithelial cells that then spread outward over the luminal surfaces of
the intestines. These new cells have properties different from those of the mature
cells already on the outer luminal surfaces. Normally, they secrete small quantities
of sodium chloride and water into the intestinal lumen, but this secretion is
immediately reabsorbed by the older epithelial cells outside the crypts, providing
a watery solution for absorbing intestinal digestates.

Extreme secretion is initiated by entry of a subunit of the cholera toxin into
a cell. This stimulates the formation of excess cyclic adenosine monophosphate,
which then opens tremendous numbers of chloride channels, allowing chloride
ions to flow rapidly from inside the cell into the crypts. In turn, this is believed
to activate a sodium pump that pumps sodium ions into the crypts to go along
with the chloride ions. Finally, all this extra sodium chloride causes extreme
osmosis of water into the crypts as well, thus providing the rapid flow of fluid
along with the salt. Initially, all this excess fluid washes away the bacteria and
is of value in combating the disease, but ultimately can be lethal because of the
serious dehydration of the body that may ensue.

The transport of an absorbed molecule into the bloodstream is driven by a
large concentration gradient between the luminal side and the serosal side of the
intestine. Because of the rapid blood flow and concomitant rapid removal of
absorbed solutes into the general systemic circulation, concentration gradients
are invariably favorable for movement from the gut into the circulatory system.
The major impediment to absorption of nutrients and exogenous chemicals is the
initial movement across the mucosal cell membrane.

It is believed that a major portion of the water present in the GI tract is
reabsorbed through pores present in the apical junctions of the epithelial cell
lining. These pores are large enough to allow penetration of small molecules,
particularly small ionized species. The net direction of flow of water is either
from the GI tract into the serosal fluid, as is generally the case when the contents
are either iso-osmotic or hypotonic, or into the GI tract, as might occur when the
gastrointestinal contents are hyper-osmotic or in certain pathological states.

Vogel et al.” studied the effect of water flow on the toxicity of atropine, an
azoniaspiro compound, phenobarbitol, and nicotine by infusing solutions of these
substances into the duodenum of rats. Mannitol was concomitantly infused to
adjust the osmotic concentration of the contents and thus the flow of water from
the serosal side to the mucosal side of the GI tract. Toxic effects were increased
by a factor of two to four, with a decrease in osmotic concentration from triple
isotonicity to isotonicity for three of the four materials; the only exception was
the azoniaspiro compound. The depression of absorption of solutes resulting from
the flow of water from the serosa into the lumen of the intestine is termed solvent
drag. This process can play an important role in evoking toxic responses of certain
compounds, primarily small water-soluble ions.
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ACTIVE TRANSPORT

Active energy-dependent transport mechanisms of absorption are primarily for
molecules resembling nutrients, i.e., amino acids, sugars, essential vitamins, and
minerals, etc. Specific exogenous substances can also be absorbed from the GI
tract using these same transport systems. For instance, pyrimidines and amino
acids are absorbed by active transport systems. 5-Fluorouracil and 5-bromouracil
are actively transported across the rat intestinal epithelium by the process that
transports natural pyrimidines.®> Penicillamine and levodopa utilize an active
transport mechanism for natural amino acids. Processes designed for the transport
of essential metals are also responsible for the absorption of such toxic metals
as lead and aluminum. Chlorothiazide has been demonstrated to be absorbed by
a non-saturable active absorption process.”

MAMMALIAN ABSORPTION TRANSPORTERS

Absorption is not purely a matter of passive mechanisms based on physiochemical
characteristics of a xenobiotic. Molecules are taken into the body via a number
of active mechanisms. The GI tract contains a whole family of active “transporter”
mechanisms. All the transporters listed below are present to varying extents in
humans and most common laboratory species.

PepTIDE TRANSPORTERS

e Located in the brush border membrane of the intestine.

e Broad substrate specificity of various peptidomimetic drugs and small
peptides.

e Many -lactam antibiotics and some other drugs can be transported via
this system, e.g., cephalexin, ampicillin, amoxicillin, captopril (and
other ACE inhibitors), and the amino acid prodrug of acyclovir (has
no peptide bond, suggesting a broader spectrum than just peptides).

NUCLEOSIDE TRANSPORTERS

* One type involved in facilitated diffusion (carrier attachment without
energy input).

* Another type involved in active transport (requires input of energy).

* Probably affect absorption of nucleoside analogues used in antiviral
and anticancer therapies.

SUGAR TRANSPORTERS

e There are at least two types with high affinities for D-glucose and D-
fructose and low affinities for D-galactose and mannose. At least one
type is facilitated transport.

e L sugars have affinities about 1000 times lower than D sugars.
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BiLe AciID TRANSPORTERS

e Preserve bile salts via absorption from the ileum (enterohepatic
recirculation).

AMINO AcID TRANSPORTERS

e Many different types exist in the intestine.
* Some drugs absorbed with these transporters include o-methyldopa,
baclofen and D-cyclosporin.

ORGANIC ANION TRANSPORTERS

* Anions are generally negatively charged moietics, such as produced
by carboxylic acids in neutral or basic media, e.g., acetate.

VITAMIN TRANSPORTERS

* The following have specific transporters: thiamine, vitamin C, folic
acid, vitamin B ,.

* Methotrexate (analogue of folic acid) is absorbed by the intestine in a
manner similar to folic acid.

* The nicotinic acid transporter also has affinity for valproic acid, sali-
cylic acid, and penicillins.

PHOSPHATE TRANSPORTERS

e Foscarnet (antiviral drug) and fosfomycin (water soluble antibiotic)
utilize this transporter.

BICARBONATE TRANSPORTERS

* These are the principal regulators of pH in cells and play a vital role
in acid—base movement.
e These transporters help exchange bicarbonate, sodium, and chloride.

ORGANIC CATION TRANSPORTERS

¢ Choline is a substrate.

FATTY AcID TRANSPORTERS

* Long chain fatty acids such as palmitate and oleate, but not short chain
fatty acids, can saturate the transporter.
e A protein may assist in directing fatty acids to transporter sites.



Absorption of Macromolecules by Mammalian Intestinal Epithelium 223

HuMAN ErrLux TRANSPORTERS (P-GLYCOPROTEIN)

¢ Exists on the brush border.

e Pumps out (exorbs) a large number of drugs (broad substrate specificity).

* Substrates include vincristine, taxol, digoxin, some fluoroquinolone
antibacterials, quinidine, etoposide, cyclosporine, varapamil, and
nifedipine.

ABSORPTION BY LYMPHATICS

Absorption by way of the lymphatics is limited to nonpolar materials and operates
by mechanisms analogous to the mechanism that absorbs fatty acids. Bile salts
play an important role in dispersing triglycerides and other fat-soluble molecules
and are critical in the formation of micelles that allow dissolution of fatty materials
within the chyme. The fact that rats do not possess gallbladders may lead to
differences in their ability to absorb materials efficiently by way of the lymphatics.

Fatty acids derived from the hydrolysis of triglycerides by various lipases
migrate to the brush borders of the mucosal cells and readily diffuse through the
mucosal membrane into the cytosol of the cell. Once in the cell, the fatty acids
are reincorporated into triglycerides within the endoplasmic reticulum and pack-
aged into chylomicrons — conglomerates of triglycerides, cholesterol, and phos-
pholipids encased in a protein coat. These provide an ideal environment to entrain
other lipid-soluble molecules. The protein coat provides a hydrophilic exterior to
the conglomerate that is extruded from the cell into the serosal fluid and into the
central lacteals of the villi.

The chylomicrons are pumped through the lymphatic system and empty into
the systemic circulatory system at the entrance of the thoracic duct in the veins
of the neck. In this manner, fatty lipophilic materials avoid entering the hepatic
portal circulatory system and first-pass effects of metabolism by liver enzymes.
Sieber ¢ has shown that p,p’-DDT and structurally related analogues are absorbed
through the lymphatics. The extent of lymphatic absorption is limited, however,
presumably because of the relatively slow rate of movement of lymph through
the lymphatics as compared with movement of blood through the general circu-
latory system. The extent of absorption may vary greatly, depending on the vehicle
in which a test substance is administered. Thus, Sieber ¢ recovered only 15% of
a dose of p,p’-DDT in the lymph when administered in ethanol compared with
34% when administered in corn oil.

P-aminosalicylic acid (PAS) and tetracycline have also been demonstrated to
be absorbed by way of the lymphatics. Both these drugs and silicone oils are also
rapidly distributed throughout the extracellular fluid, including lymph, when
administered by the intravenous route.'® Thus, care must be taken in interpretation
of data in which accountability of a substance in lymph is used to determine
absorption through lymphatics after peroral dosing. Other materials shown to be
absorbed by way of the lymphatics include 3-methylcholanthrene, polychlori-
nated biphenyls, and benzpyrene.



224 Toxicology of the Gastrointestinal Tract

MACROMOLECULES

The direct absorption of macromolecules from the GI tract is well established
and has both wide application in pharmacotherapeutics and grave toxicological
implications in some instances, e.g., the absorption of botulinum toxins, which
are proteins of molecular weights ranging from 200,000 to 400,000. Macromol-
ecules are believed to be absorbed by pinocytosis. Intestinal mucosas in the area
of the Peyer’s patches and lymphoid follicle aggregates are believed to be par-
ticularly active in this respect.! Peyer’s patches are the sites of lymphoid follicle-
associated epithelium that contain cells capable of transporting antigens and
microorganisms.?® Mucosa-associated lymphoid tissue is separated from the
lumen of the intestine by lymphoid follicle-associated epithelium.

The ability of macrostructures to cross the epithelium lining, particularly in
the area of Peyer’s patches, has been explored for use in the delivery of pharma-
ceutical and molecular biological preparations. Polyanhydride copolymers of
fumaric and sebacic acid have demonstrated high biological adhesive properties.*
Microspheres of the polyanhydride copolymer with diameters ranging from 0.1
to 10 um have been fed to rats and observed by histological procedures to
transverse both the mucosal epithelium through and between individual cells and
the follicle-associated epithelium covering the lymphatic elements of Peyer’s
patches. Once taken into mucosal cells, the macromolecules are transported to
the general circulation by way of the lymphatics. The process is age dependent,
decreasing with age.

ACQUISITION OF PASSIVE POSTNATAL
HUMORAL IMMUNITY

We should at this point recall that the GI tract serves as one of the three principal
routes for entry of xenobiotics into the body for mammals and also as one of the
major routes for immune system interaction with the environment. Two major
avenues are available for absorption of macromolecules such as immunoglobulin
G (IgG) by the intestine. One is receptor-mediated endocytosis and the other is
nonreceptor-mediated endocytosis.

Coated pits and vesicles are involved in receptor-mediated endocytosis.!”->
Clathrin, with a molecular weight 180,000, is the major structural protein of
coated pits and vesicles.’>>* Clathrin defines the cytoplasmic sides of endocytotic
organelles by enclosing them in a lattice of pentamers and hexamers. Finally a
polyhedral vesicle is produced. In receptor-mediated endocytosis, it is believed
that specific protein receptors are randomly dispersed in the lipid bilayer of the
plasmalemma.* To initiate internalization, the macromolecule or ligand binds to
its receptor. This in turn promotes the binding of clathrin to the other end of the
receptor. Ligand-receptor—clathrin complexes cluster at the base of the microvilli,
causing the plasmalemma to invaginate or pit. The coated pit pinches off, forming
a coated submicroscopic vesicle that then traverses the cell and fuses with the
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basal lateral membrane. Finally, the microvesicle undergoes reverse pinocytosis
(exocytosis), resulting in the discharge of the ligand into extracellular space.’%"2

In nonreceptor-mediated endocytosis, macromolecules are trapped within a
submicroscopic apical tubular system, which is contiguous with the plasma-
lemma.”®"2 The trapped macromolecules flow down the tubule, eventually reach-
ing the apical cytoplasm. The blind end pinches off and forms a microvesicle,
visible by light microscopy. These microvesicles join lysosomes, becoming
phagolysosomes. Intracellular digestion is the most probable fate of macro-
molecules internalized by this nonselective route.

Another mechanism exists for transporting macromolecules (soluble antigens,
bacteria, viruses, etc.) through endocytosis.!%32537> M cells (specialized cells
sandwiched between enterocytes overlying Peyer’s patches) may be responsible
for initiating a local immune response by transferring g antigens from the gut
lumen to the lymphoid tissue in the Peyer’s patches.

WHEN Do MAMMALS ACQUIRE PAssivE HUMORAL IMMUNITY?

Mammals can be divided into three groups based on when they acquire passive
humoral immunity.®2® Group I mammals acquire passive immunity exclusively
postpartum; some examples are pigs, horses, and ruminants. Group II mammals
acquire passive immunity both pre- and postpartum; examples are mice, rats,
hamsters, dogs, and cats. Group III mammals acquire passive immunity exclu-
sively prepartum and include humans, other primates, and guinea pigs.

Neonates in Group I nonselectively absorb macromolecules for a short period
postpartum. Enterocytes on the intestinal epithelium of neonates in Group I
nonselectively transport macromolecules from the lumen of the gut into the blood
for about 2 days postpartum.>892831:35 However, enterocytes continue to internal-
ize (but do not transport) macromolecules nonselectively for a much longer
period. Because of the dichotomy between internalization and transport, the
absorption of macromolecules is divided into two phases: (1) uptake or internal-
ization within the enterocyte and (2) transport through the enterocyte. The period
after which enterocytes can no longer internalize macromolecules is called clo-
sure.9*3‘v32’36

In neonatal pigs, dietary regimens influence both cessation of transport and
closure.?>27:31:32.3637 Piglets denied food from birth transport macromolecules from
the gut into the blood as long as they live (about 3.5 days), while nursing pigs
eating about 300 mL of colostrum or milk cease transporting within 24 hours
postpartum.’” It appears that eating stimulates the release of a humoral signal
(hormone) that turns off transport. Although transport is qualitatively nonselec-
tive, the process is energy-dependent 2° and preferential, i.e., more immunoglo-
bulin is transported than albumin when ligated segments of neonatal gut are
injected with a solution containing both albumin and IgG. Also, the upper half
of the small intestine transports more efficiently than the lower half. Enterocytes
in the lower half have more lysosmal-like proteolytic activity.?’
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By the time a pig has nursed for 2 days, the intestine can no longer transport
macromolecules, but the lower half of the small intestine can still internalize
them. As the pig ages, more and more of the small intestine (proceeding toward
the ileum) ceases internalizing macromolecules. Finally, by 2 to 3 weeks of age
all enterocytes throughout the length of the small intestine are closed and the pig
cannot internalize macromolecules.?' As with transport, dietary regimens affect
the time of closure and the signal for closure seems to be humoral, since an
intestinal segment surgically removed from the digestive pathway closes at the
same time as its counterpart in the digestive pathway.?*

Histological studies show that enterocytes capable of transporting macro-
molecules have a submicroscopic noncoated interconnecting tubule system that
traverse enterocytes from the plasmalemma to the basal lateral membrane.?? These
kinds of enterocytes are found mainly in the upper thirds of the small intestines
of newborn pigs. In the lower thirds, enterocytes mainly internalize macro-
molecules for digestion. These enterocytes have a few apical tubules and many
small vacuoles that appear to fuse, eventually producing large macroscopic vac-
uoles. Enterocytes in the mid small intestines of newborn pigs contain numerous
apical tubules and vacuoles, indicating that they are both internalizing and trans-
porting macromolecules.

Thus, the neonatal pig has enterocytes that transport macromolecules (mainly
upper small intestines), enterocytes that internalize and digest macromolecules
(mainly lower small intestines), and enterocytes that do both (mainly mid small
intestines).

At about 2 days of age, neonatal pigs cease transporting macromolecules
from the gut lumen to the blood. They cease internalizing macromolecules in the
upper half of the small intestines. They continue to internalize nonselectively
macromolecules in the ileal area for 2 more weeks. Time of cessation of transport
and closure are both influenced by a humoral signal induced by eating. The
separation of transport from digestion would be of value to a neonate requiring
intact protein for transport (IgG) and digested protein for amino acid building
blocks.

Animals in Group II selectively absorb macromolecules for extended periods,
e.g., rats for 21 days, mice for 17 days, and hamsters for 7 days postpartum.®30-32

Rats, mice, and hamsters have been extensively studied regarding this phe-
nomenon. Absorption can be divided into a transport in rats and mice that occurs
exclusively in the upper third of the small intestines and is selective for [gG.3%4>>7
The lower third of the small intestine nonselectively internalizes macromolecules
and the mid third does both absorption and transport.

Clathrin-like coated pits, coated vesicles, and Fc-receptors for IgG have been
associated with apical tubular systems in enterocytes located in the upper part of
the small intestines but not with the apical tubular systems of enterocytes in the
ileal area.*07.70.7273 Thus, it seems that IgG is routed through the enterocyte of
the upper gut in coated submicroscopic vesicles’"? and tubules to the basal lateral
membrane, a process not too different from that of the pig except that neonatal
rat enterocytes absorb selectively via clathrin-coated organelles.
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Enterocytes in the lower part of the small intestine internalize macromolecules
nonselectively in uncoated submicroscopic vesicles that fuse with others. Even-
tually, as with the ileal area in the pig, these fusing vesicles produce a macroscopic
vesicle that appears to join the supranuclear vacuole.” Thus, the internalization
of macromolecules in the ileal area leads to the digestion or storage of the
macromolecules rather than transport. Compartmentation is an elegant way to
reconcile the neonate’s distinct needs for intact immunoglobulin for transport into
the blood and digested proteins for building blocks. Cessation of transport and
closure occur at the same time, coincident with weaning. These phenomena may
be under adrenal hormone control in that glucocorticoids (at unphysiologically
high levels) can precociously initiate closure, provided the neonate’s adrenals
have reached the proper maturational state.?!4344

Neonates in Group III lack the capacity to transport macromolecules postna-
tally in appreciable amounts.® Even though they do not transport appreciable
amounts of macromolecules, perhaps they can internalize and digest macro-
molecules for a short period. This notion is supported by evidence from guinea
pigs.

Guinea pigs can nonselectively internalize macromolecules for about 2 days
postnatally.?>® Pinocytotic macrovesicles are present in enterocytes during the
internalization phase and probably contribute to the digestion of soluble protein
in this early neonatal period.’?> Thus, enterocytes in neonatal guinea pigs have
internalizing and digesting organelles that are similar to those seen in the neonates
in Groups I and II.

Reports have noted small amounts of antibody transported by the nursing
human infant gut.>? Interestingly, the human infant gut during fetal development
undergoes maturational changes analogous to those seen postnatally in pigs and
rats.>3%4648 These structural changes are apical tubules that appear in enterocytes
throughout the entire length of the small intestine at the time villi are formed,
around 10 weeks of gestation. (This same kind of structure is seen in suckling rats
and newborn pigs as noted above.) Apical tubules and lysosomal elements are more
numerous in the lower third of the intestine (again, like suckling rats and pigs). By
22 weeks of gestation, apical tubules disappear, and enterocytes in the upper area
of the small intestine resemble adult-type enterocytes (a pattern seen in 2- to 8-day
old pigs). At term or shortly thereafter, the infant’s gut is replete with adult-type
enterocytes. Although fetal enterocytes in humans seem capable of internalizing
macromolecules, some doubt surrounds the capacity of these enterocytes to trans-
port macromolecules through cells in appreciable amounts.*

NORMAL ADULTS

Investigators using a highly sensitive enzymatic macromolecular marker (horse-
radish peroxidase) found evidence for transport of this macromolecule through
adult rat and rabbit enterocytes.'>!861.9 Horseradish peroxidase injected into
ligated segments of adult jejunum was visualized histochemically within entero-
cytes in an apical tubular system. Further, this marker was transmitted into the
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extracellular space of the lamina propria. Others, using horseradish peroxidase
and lactoperoxidase, detected apical tubular systems in enterocytes on villi in
organ-cultured adult human small intestine.>” Adult enterocytes internalize
macromolecules in a manner analogous to that described for neonatal rats except
that the apical tubular system is less well developed in the adult.!261.6

Thus, evidence indicates that low levels of macromolecules (antigens) can
break the adult mucosal barrier. They can be absorbed nonselectively by entero-
cytes via an apical tubular system (that may be a vestige of the neonatal system)
or they can be absorbed by M cells.

ABNORMAL ADULTS

In the normal adult, low-level absorption of macromolecules does not seem to
be a threat to health.®*52 However, disease could result if increased quantities of
antigens or toxic substances were absorbed. For example, in adults with gastric
and pancreatic insufficiency, macromolecules are less efficiently digested. Thus,
higher concentrations of macromolecules would be presented to the enterocytes
and more macromolecules would likely be absorbed.?33%606268 Also, an increase
in absorption would occur if intracellular digestion was decreased because of
faulty lysosomes.

Mucosa that no longer functions as a viable structure (radiation damage)
could serve as a source of passively transmitted macromolecules. Increased
absorption of macromolecules could result from an immune deficiency. In this
case, secretory antibodies capable of reacting with antigens and thereby blocking
their absorption would be lacking.!#16636+ Certain diseases, e.g., celiac disease,
allergic gastroenteropathies, inflammatory bowel disease, viral and bacterial
enteritis, parasitic infestations of the gut, and radiation enteritis may be associated
with increased absorption and transport of macromolecules.*6062

CONCLUSION

Neonatal mammals have mechanisms for absorbing macromolecules. The normal
function of the mechanism is to absorb physiologically useful macromolecules
such as immunoglobulins. However, if the neonate is ill managed and placed in
an environment replete with toxic macromolecules, the potential exists for absorb-
ing these toxins. In the neonatal period when pigs and mice have immature
intestinal epithelium, they are more susceptible to enteric pathogens like Escher-
ichia coli and rotaviruses and they can internalize toxins like endotoxins from
Gram-negative rods. 33334385574 Ag the intestine matures and can no longer absorb
macromolecules, these animals become less susceptible to these enteropathogens.

A remnant of the neonatal system for absorbing macromolecules continues
to exist in mature mammals. Thus, adults can absorb macromolecules at a low
level. In a normal adult, the absorption of insignificant quantities of macro-
molecules produces no ill effects. However, if alteration in the intraluminal
digestive process occurs or if the mucosal barrier becomes defective, increased
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quantities of antigenic or toxic substances could gain entrance to the body,
resulting in local intestinal or systemic disorders.
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GASTROINTESTINAL TRACT: DESCRIPTION

Morphologically, the gastrointestinal (GI) tract can be described as a tube extend-
ing from the oral cavity to the anus. The longest section is the small intestine
that connects the pylorus of the stomach to the large intestine or colon. The small
intestine is divided into three sections: the duodenum, the jejunum, and the ileum.
The GI tract consists of four distinct layers extending from the mucosa (ablumina
or innermost layer closest to the lumen) to the adventitia or serosa or most
ablumina or outermost layer from the lumen. These four layers include: (1) the
mucosa which includes the epithelium, lamina propria, and muscularis mucosae,
(2) the submucosa which includes the connective tissue, (3) the muscularis externa
which is the muscular wall, and (4) the adventitia or serosa layer (see Figure 8.1).
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FIGURE 8.1 Four layers of gastrointestinal tract.

The mucosal epithelium lines the entire GI tract and is characterized by folds
resulting in crypts and villi that increase the surface area for nutrient absorption
— one of the major functions of the GI tract — performed by enterocytes. The
crypts or invaginations also provide sites for stem cells and are the locations of
Paneth’s cells. The mucosa is the most highly differentiated layer of the GI tract.
The mucosal epithelium includes the apical surface (gut luminal side) and the
basal or connective tissue side. The gastrointestinal differentiation is related to
function along the GI tract and includes protective aspects of the epithelium,
production of digestive acid and enzymes, mucus-secreting cells, absorption of
nutrients, secretory epithelium, stem cells for replenishment, smooth muscle
fibers, and lymphoid cells. Specialized functions include sensory discrimination,
mechanical processing, enzymatic and chemical digestion, and immunological
surveillance.

MUCOSAL EPITHELIUM BARRIER FUNCTION

The mucosal epithelium with its tight junctions forms an effective physical barrier
that normally functions as a perfect barrier. The cells of the mucosal epithelium
form a continuous intact physical barrier with tight junctions formed with each
neighboring cell. This tight physical barrier separates the inside of the human
body from the outside. Cells of the mucosal epithelium have three important
functions: (1) nutritional function (see Chapters 1 and 7), (2) barrier function
(see Chapters 1 and 7), and (3) immunological function.

The mucosal epithelium thus acts as a watchdog, sentinel, or security guard
to allow essential nutrients and electrolytes to enter, to deny passage of pathogenic
microorganisms, to generate immune responses against pathogenic microorgan-
isms, and to prevent immune responses against non-pathogenic or commensal
microorganisms and foods that provide nourishment. However, the complexity
of the mucosal epithelium which includes the multitude of tissue layers, cell
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types, cell functions, cellular control mechanisms, and messenger molecules such
as hormones, neurotransmitters, cytokines, and chemokines makes providing the
perfect barrier a difficult balancing act to maintain. The mucosal epithelium must
perform disparate functions: serve as a barrier to protect the body from the outside
world while serving as a mechanism to allow entry of nutrients, electrolytes,
water, and antigens in order to allow initiation of an immune response.

The mucosal epithelium of the small intestine is folded into repeated villus
and crypt structures and has a surface area of 400 m?> (MacDonald and Montele-
one, 2005). While this large surface area is beneficial for the absorption of
nutrients, water, and electrolytes, the large access area is not beneficial and in
fact complicates the immunological function.

MUCOSAL IMMUNITY

The perfect immunological GI barrier would prevent disease from infectious
pathogenic microorganisms. Protection from infectious disease would be medi-
ated by (1) a physical barrier to infection, (2) innate immunity, and (3) adaptive
immunity. The perfect barrier would prevent an inappropriate immune response
including responses to commensal microorganisms, food hypersensitivity,
Crohn’s disease, and IBD. The perfect barrier would allow commensal micro-
organisms of the normal GI flora to co-exist.

Control mechanisms must not allow immune responses to food antigens or
against the commensal microorganisms residing in the intestines as part of the
normal flora or allow entry of infectious agents that may result in serious local
or systemic infection. The entry must allow antigenic sampling in order that an
immunological response can be initiated and produced in defense against patho-
genic microorganisms, but not against commensal microorganisms, nutrients, or
food antigens. While the mucosal epithelium with its tight junctions performs as
a barrier, the selective entry or antigenic sampling is performed by specialized
immune cells in the Peyer’s patches.

MALT AND MUCOSAL IMMUNITY OF GI TRACT

The mucosa-associated lymphoid tissue (MALT) term is used to describe all the
mucosal lymphoid tissues in the body. One component of the MALT is the
mucosal intestinal immune system that provides immunological surveillance and
includes the GALT or gut-associated lymphoid tissue. Resistance to infectious
and neoplastic disease is the raison d’étre of the immunological armamentarium
(Burleson, 2000). The total immune system of the body consists of a vast network
of lymphoid and non-lymphoid cells communicating via messenger molecules to
create a functional immune system to protect against disease. This network, while
interconnected via mediator molecules, contains compartmentalized units espe-
cially equipped to defend against insults to the integrity of the immune system
(Burleson, 2000). The intestinal immune system, like the pulmonary immune
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system, is specialized and compartmentalized. It is capable of performing all
immunological functions locally and is also capable of interacting with the sys-
temic immune system (reviewed by Burleson, 1987, 1995, 1996, 2000; and Lebrec
and Burleson, 1994).

Mucosal immunity in the GI tract is composed of physical factors and non-
immune molecules, plus non-immune (non-lymphoid cells) and immune (lym-
phoid) cells of the mucosal epithelium and Peyer’s patches.

PHysicAL FACTORS AND NON-IMMUNE MOLECULES

The physical barrier is provided by a continuous line of epithelial cells to protect
against infection, exclude unwanted macromolecules, and minimize fluid and
electrolyte loss into the intestinal lumen (Figure 8.2). Several components of the
physical barrier are designed to keep potential pathogens from reaching the
epithelium. Pathogenic microorganisms must compete with microorganisms of
the normal flora for nutrients and space. Mucus secreted by goblet cells not only
binds and immobilizes potential pathogens but also contains antimicrobial sub-
stances including lysozyme, hydrolytic enzymes, lactoferrin, and secretory anti-
bodies.

The brush border with its glycocalyx containing mucin-like molecules pro-
vides a protective shield over the epithelial cells and also immobilizes potential
threats to the epithelium (MacDonald and Monteleone, 2005). Peristalsis is
another physical mechanism that moves infectious agents along unless they attach
to susceptible epithelial cells.

Nevertheless, the gut epithelial barrier does not completely prevent luminal
antigens from entering the tissues. Thus, intact food proteins can be detected in
plasma (Husby et al., 1985) and a few gut bacteria can be detected in the
mesenteric lymph nodes draining the guts of healthy animals (Berg, 1995).
Antigens can cross the epithelial surfaces through breaks in tight junctions,

Peyer’s Mucosal Epithelium
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] g //7 / /—CD
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FIGURE 8.2 Gastrointestinal tract with mucosal epithelium and Peyer’s patches.
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perhaps at villus tips where epithelial cells are shed or through the follicle-
associated epithelium (FAE) that overlies the organized lymphoid tissues of the
intestinal wall (Neutra et al., 2001).

NoN-LympHOID CELLS

Non-lymphoid cells include the intestinal epithelial cells (IECs) that form a
continuous monolayer separating the outside world from the human body (Christ
and Blumberg, 1997). IECs are capable of producing defensins such as cryptdins
and numerous cytokines as messenger molecules that call in and activate the
effector cells of the immune system. IECs are also involved in IgA transport as
well as antigen uptake and presentation (Christ and Blumberg, 1997). IECs,
enterocytes (absorptive intestinal cells), goblet cells, Paneth’s cells (located at the
bottoms of intestinal crypts), and enteroendocrine cells that produce neuroendo-
crine molecules with autocrine and paracrine effects on intestinal cells are all
important non-lymphoid cell contributors to immunological protection.

LympHOID CELLS: MucCOSsAL EPITHELIUM

Lymphoid cells residing in the mucosal epithelium consist predominantly of the
following types: intestinal intraepithelial lymphocytes (IELs) including IELoB and
IELY9, natural killer (NK) cells, T lymphocytes including Tofy and Tyd and macro-
phages (Figure 8.3). These cells are capable of providing both innate (non-specific)
and specific (acquired) immunity.

PeYER’s PATCHES: DESCRIPTION AND FUNCTION

Peyer’s patches are lymphoid aggregates or nodules that were first described by
Johanni Conradi Peyeri in 1677 in his thesis titled “De glandulis Intestinorum

Villus Apical Surface } Gut Lumen
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/\
\_/ \/

FIGURE 8.3 Non-immune and immune cells of mucosal epithelium and lamina propria.
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Earumque Usu et Affectionibus Cui Fubjungitur Anatome Ventriculi Gallinacei”
(Croitoru and Bienenstock, 1994). Peyer’s patches are located in the distal ileum
of the small intestine. In addition to increased numbers of Peyer’s patches or
mucosal lymphoid tissue, the ileum also has more goblet cells than proximal
sections of the small intestine.

Immunological surveillance within the mucosal epithelium is primarily pro-
vided by Peyer’s patches (Figure 8.2 and Figure 8.4). The mucosal lymphoid
aggregates comprising Peyer’s patches functionally perform the important role
of initiating the local immune system. Peyer’s patches are collections of lymphoid
tissue underneath the follicle-associated epithelium (FAE) consisting of cells with
microvilli. These lymphoid follicles differ from lymph nodes in that they lack
capsules, medullae, afferent lymphatic ducts, and clear borders. M cells are
situated within this epithelium among the microvilli-covered cells. Also present
are B lymphocytes, macrophages, follicular dendritic cells, and NK cells.

M CELLs

Specialized epithelial cells designated membranous or microfold (M) cells pro-
vide access to Peyer’s patches (Figure 8.4). Antigen attaches and enters M cells
that contain a specialized epithelium and are located above the lymphoid follicles.
M cells continuously transport intestinal bacteria and antigens from the lumen
into lymphoid tissues. These specialized M cells in the FAE sample foreign
material and deliver it to the organized mucosal lymphoid tissue. The purpose is
to initiate the specific immune response. While induction of the immune response
occurs in M cells of the Peyer’s patches, the effector region is the lamina propria.

Follicular dendritic cells (DCs) are numerous in the subepithelial dome (SED)
region located beneath the FAE. DCs are professional antigen-presenting cells
(APCs); they are able to engulf, process, and present the antigen that has been
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sampled from the intestinal lumen by the M cell. While normally maturing and
migrating through the lymphatics or blood vessels to T cell areas in secondary
lymphoid organs, the DCs in the SED region are in close proximity to T and B
cell zones and thus present antigen locally.

Pever’s PAaTcHEs: LympHOID CELLS

Lymphoid cells include dendritic cells, macrophages, mast cells, polymorphonu-
clear (PMN) leukocytes, NK cells, T lymphocytes (CD4+ helper T lymphocytes
and CD8+ cytotoxic T lymphocytes), and B lymphocytes. More than 80% of the
body’s activated B cells are located in the intestines and 80 to 90% of the
terminally differentiated B cells are found in the lamina propria IgA blasts and
plasma cells (Brandtzaeg et al., 2001; Campbell, et al., 2003).

BARRIER DYSFUNCTION

As noted above, the mucosal epithelium performs numerous specialized functions
required for health, nutrition, and protection of the body from the outside envi-
ronment. Perturbation of this finely balanced homeostasis may result in altered
function such as altered barrier function. Furthermore, the immunological mech-
anisms designed to prevent infection with enteric pathogens may be circumvented
by the M cells to actually transport pathogenic microorganisms into the body.

IMMUNE-INDUCED BARRIER DYSFUNCTION

Immunological defense against infection results in the production of various
cytokines and chemokines that have a multitude of autocrine and paracrine effects.
While immunological defense is the designated and desired role of the mucosal
immune system, infectious disease may regulate in a positive or negative fashion
the delicate and tightly controlled homeostatic balance required in the GI tract.
Infection by microorganisms results in the production of cytokines by T helper
or CD4+ cells that is termed either a TH, or TH, response. TH, cells produce
IFNyand IL-2, are active against intracellular bacteria and viruses, and induce
isotype switching in humans to IgG1 and IgG3. TH, cells produce IL-4, IL-5,
and IL-10, are active against extracellular bacteria and parasites, and induce
isotype switching to IgA, IgE, and IgG4.

Lymphocytes in the intestines include CD8+ IELs or submucosal popula-
tions of CD4+ lamina propria lymphocytes (LPLs). While CD4+ TH, T cells
are known to produce IL-4, evidence now demonstrates that subsets of IEL also
produce IL-4 (Fujihashi et al., 1993a and 1993b). Thus, infection by intracellular
bacteria or viruses results in the production of IFNy while infection by extra-
cellular bacteria or parasites results in the production of IL-4.

Either IL-4 or IFNycan act directly on epithelial cells to alter the barrier
function of the mucosal epithelium and modulate the effect of electrolyte and
water loss through the intestinal barrier as a result of a derangement or pertur-
bation of epithelial tight junctions (Watson et al., 2004).
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TrojAN HORSE BARRIER DYSFUNCTION: REOVIRUS, LOCAL, AND
SYSTEMIC INFECTION THROUGH PEYER’S PATCHES EPITHELIUM

Reoviruses (respiratory, enteric, orphan viruses) have been studied in the respi-
ratory and GI tracts. Reovirus serotype 1 (Lang) and serotype 3 (Dearing) strains
have been most thoroughly characterized. Reovirus type 1 (Lang) replicates to
high titers after oral infection in suckling mice while reovirus type 3 (Dearing)
does not. The molecular basis for this differential replication and subsequent viral
shedding from the GI tract resides in the L2 and S1 genes. The S1 gene that
codes for the outer capsid protein -1 and the L2 gene that codes for the -2 core
spike protein are responsible for the difference in allowing the Lang strain (but
not the Dearing strain) to replicate in intestinal tissue (Keroack and Fields, 1986;
Bodkin and Fields, 1989).

Reoviruses enter the body through the very mechanism that protects and
initiates an immune response against infections agents — demonstrating the imper-
fect barrier function of Peyer’s patches. Reoviruses (respiratory, enteric, orphan
viruses) were named by Sabin in 1959 because they were typically isolated from
the respiratory and GI tracts and were not associated with any known disease.
Infection in the GI tract occurs when intestinal M cells are used as portals of entry.

Studies in mice demonstrated that reovirus type 1 was detected adhering to
the surfaces of intestinal M cells (but not other epithelial cells) 30 min after
administration into the intestinal lumen. Viruses were detected in the M cell
cytoplasm within 1 hr (Wolf et al., 1981). Thus, reoviruses attach to the surfaces
of specialized epithelial M cells that overlie the domes of Peyer’s patches. M
cells transport macromolecules from the intestinal lumen to the intercellular
space. Following facilitated access through M cells, a reovirus is spread and is
sequentially detected in Peyer’s patches, mesenteric lymph nodes, spleen, and
the CNS (Kauffman et al., 1983).

Numerous other bacteria, viruses, protozoa, and helminths are capable of
causing intestinal infections with clinical illness (Table 8.1). The majority of these
infectious agents cause diseases ranging from mild to severe, including diarrheal
illnesses, dysenteries, enteric fevers, and malabsorptive states. Virulence proper-
ties typically include cytotoxic enterotoxins, fimbrial attachment factors, expres-
sion of proteins leading to effacement of outer membrane proteins that allow
bacteria to be internalized by epithelial cells, cytotoxins that suppress protein
synthesis and lead to cell death, and expression of proteins that allows survival
within macrophage phagolysosomes. Two recurrent bacterial properties of enteric
bacterial pathogens include: (1) mechanisms allowing adherence to mucosal
epithelial cells, and (2) elaboration of toxins (reviewed by Levine and Nataro,
1994).

In cholera, the cholera toxin is capable of killing epithelial cells so that cell-
to-cell junctions no longer maintain the integrity of the fluid barrier between
lumen and lamina propria. Body fluid thus accumulates in the lumen and passes
through the intestine as watery diarrhea, leading to rapid dehydration and may
even lead to death. Treatment involves antibiotics and hydration therapy, with an
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TABLE 8.1

Infectious Microorganisms, M Cells, and the GI Tract

Pathogenic Microorganisms

Viruses
Adenovirus
Astrovirus
Breda virus
Coxsackievirus

Human immunodeficiency virus Type 1

(HIV-1)
Mouse mammary tumor virus
Poliovirus type 1
Reovirus Type 1

Reovirus Type 3
Rotovirus
Transmissible gastroenteritis virus

Bacteria
Calmette—Guerin bacillus

Brucella abortus
Campylobacter jejuni
Chlamydia

Escherichia coli RDEC-1 strain
Escherichia coli 0:124 K:72
Listeria monocytogenes
Mpycobacterium paratuberculosis
Rhodococcus equi

Shigella flexneri

Salmonella choleraesuis
Salmonella enteritidis
Salmonella gallinarium
Salmonella typhi

Salmonella typhimurium
Streptococcus pyogenes
Yersinia enterocolitica

Yersinia pseudotuberculosis

Vibrio cholerae
Vibrio parahemolyticus

Protozoa
Cryptosporidium

Prions
Scrapie prion protein (PrP)
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intravenous plasma substitute or a properly balanced solution of salt delivered
orally. The cholera bacteria will clear and the epithelium will be replaced by stem
cells dividing in the crypts.

Enterotoxigenic Escherichia coli, enteropathogenic E. coli, Shigella, rotavi-
ruses, Vibrio cholera 01 and Shigella dysenteriae 1, Salmonella typhi, Campylo-
bacter jejuni, enteric adenoviruses and Entamoeba histolytica are among the most
important pathogens from a public health view that cause intestinal disease
(reviewed by Levine and Nataro, 1994).
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INTRODUCTION

The gastrointestinal (GI) tract shares with the skin and lungs the distinction of
being of a major route of both exposure and systemic absorption for environmen-
tal chemicals and serving as a target for their actions. Most pharmaceuticals,
foods, and water-borne chemicals enter the body via the GI tract, whereas occu-
pational exposure to chemicals occurs primarily through skin and lungs. When
the GI tract is injured by ingested materials, their deleterious effects impact the
whole organism. In addition, damage to the gastrointestinal barrier may enhance
or suppress absorption of other substances. Because an intact GI tract is necessary
for the maintenance of the nutritional status, a chemically injured intestinal
mucosa may alter the normal and absorptive functions as reflected by poor
nutritional status and altered responsiveness to the chemical insult.

The response of the GI tract to viral agents or microorganisms may cause a
self-limited diarrheal disease. The limited course of such disease tends to remove
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chemicals via diarrheal secretions and increased motility. Intestinal toxins that
result from interactions of chemicals, nutrients, and microorganisms add another
dimension to the possible alterations of intestinal function by chemical exposure.
The possible interactions of chemicals, nutrients, and microorganisms continue
to be explored.®® Animal gene knockout models are used to evaluate the identities,
membrane locations, and metabolic activities of epithelial ion transporters includ-
ing the secretory isoforms of the Na(+)/H(+) exchanger and the colonic H(+)-
K(+)-ATPase.”

NATURE OF XENOBIOTIC EXPOSURE

The numbers and amounts of potentially toxic chemicals entering the environment
have increased steadily since the beginning of the Industrial Revolution. Their
effects went unnoticed or were of little concern initially, but gradual awareness
of risks posed to human health by chemically contaminated food and water has
developed.? Although the rate of increase in chemical pollution has slowed,
thousands of chemicals are still emitted into the air, dumped into rivers and lakes,
and buried in the land. It appears that large-scale degradation of surface waters
has been stopped, but water quality data indicate that surface water pollution
from conventional and toxic pollutants is still widespread.

Ground water has always been considered a pristine resource, but recent
information reveals that ground water is contaminated in many locations. This
contamination arises from many sources and includes a variety of materials, e.g.,
synthetic organic chemicals and inorganic chemicals. The concentrations of these
synthetic organic chemicals in the ground water are often orders of magnitude
higher than concentrations found in raw or surface water supplies. A third of all
public supplies and 95% of all rural domestic supplies depend on ground water
resources.”? Based on total use (withdrawal), fresh groundwater is used predom-
inantly for agricultural purposes. The identities of potential pollutants are largely
unknown and uncharacterized at present.

Comprehensive surveys reveal a vast array of chemical entities added to foods
by humans. These include food additives and residues as well as entities occurring
as natural toxicants and contaminants such as the food additives and residues
from migration of packaging materials to food. Estimates of the number of
compounds included in the food additive and residue category vary, but a 10,000
figure is probably conservative. Since 95% of the food reaching consumers is
processed in some way, the intentional food additives consumed have been esti-
mated as 1.5 kg/yr/capita. As a toxicological consideration, the extensiveness of
this consumption makes it difficult to draw attention to individual substances or
groups of related compounds.

NATURE OF INTESTINAL FUNCTION

The principal function of the GI tract is to modify ingested food so that the
nutrients can be absorbed by the intestines, passed into the bloodstream and lymph
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TABLE 9.1
Major Gastrointestinal Processes

Process Description

Secretion Release of ions, substances, and enzymes
Digestion Intraluminal breakdown of ingested substances
Absorption Uptake of molecules across mucosal surface
Metabolism  Intracellular synthesis

Motility Movement of intraluminal contents along tract

system, and transported throughout the organism. This function involves the
processes of secretion, digestion, absorption, metabolism, and motility all work-
ing together (Table 9.1). In addition, the intestine serves as a selective barrier to
foreign molecules, some of which provoke antigenic responses.

Food- and water-borne chemicals entering the GI tract can injure it and alter
these normal functions and modulate their effects. Interactions of these chemicals
within the tract reflect the properties of the tract per se, the chemicals and the
organisms. Examination of the roles of the GI tract in these interactions requires
an understanding of the luminal milieu (bacterial and biochemical components),
the dietary factors, the brush border, and the intracellular processes (metabolism
of nutrients and chemicals). The ingested chemicals may vary in solubility, size,
and reactivity, all of which affect their digestion, absorption, and interactions
with the mucosal surface. Specific organism factors such as age, genetic defects,
and disease state also influence the interactions of chemicals with the GI tract.
The major diseases of the tract are at least, in part, environmentally determined.®

Examination of the effects of ingested environmental chemicals on the GI
tract as a target organ system may focus on the time course of damage, recovery,
repair, and adaptation within this system. To better understand the impacts of
these chemicals, model systems are designed to evaluate these effects. The mod-
eling effort develops and exploits animal analogs of the disease processes. A
number of approaches have been developed to examine various aspects of GI
tract function. The choice of approach reflects the focus of a project and may
involve enzymes, isolated cells, intestinal sacs, or whole animals. Recent work
examines intraluminal metabolism as well as intracellular metabolism.

APPROACHES TO STUDYING CHEMICAL
ALTERATION OF INTESTINAL FUNCTION

The body of knowledge concerning the effects of ingested chemicals on gas-
trointestinal function is growing rapidly. The approaches utilized in the exami-
nation of chemically altered gastrointestinal function include in vivo exposure
and in vivo, in situ, or in vitro evaluation, or in vitro exposure and in vitro
evaluation.%® The various methodologies for evaluating gastrointestinal function
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TABLE 9.2
Evaluation of Altered Gastrointestinal Function

Method of Exposure/

Method of Monitoring Function Studied Environmental Agent Reference

In vivo/in vivo Digestion, flora Methyl mercury 76
Barrier Cadmium 77,41

In vivo/in situ Absorption Organochlorine compounds 84
Absorption Cadmium 85

In vivo/in vitro Absorption Dieldrin 47
Motility Hexachlorobenzene 64
Absorption Lindane; DDT 49,58

In vitro/in vitro Metabolism Salicylate 82
Absorption Aluminum; DDT; DDE 24
Motility Anmitraz (pesticide) 33,62

were reviewed previously. Specific examples of these approaches taken from the
current literature are given in Table 9.2.

GASTROINTESTINAL FUNCTIONS AFFECTED BY
XENOBIOTIC EXPOSURE

Ingested food is processed by the GI tract by mixing with a number of secretions
produced primarily by the salivary glands, stomach, pancreas, liver, and intestines.
These secretions consist of ions, water, enzymes, and bile. In some instances, the
degradation processes are assisted by the intestinal flora. Although the salivary
glands and their secretions are not essential to life, the secreted electrolytes, K+
and HCO,, and enzymes, a-amylase, lysozyme, and kallikrein, enhance the diges-
tive process. The stomach elaborates electrolytes, intrinsic factor, pepsinogen,
and mucus that convert the ingested food into semiliquid form.

More specific enzymes, e.g., trypsin, chymotrypsin, carboxypeptidase, and
pancreatic lipase, enter the intestinal lumen from the pancreas. The human liver
secretes up to a liter per day of bile containing bile salts, mucin, hemoglobin
breakdown products, phospholipids, cholesterol, and electrolytes. Bile salts are
essential for the emulsification of the oil and water portions of semidigested food
and for the formation of micelles. The intestinal secretions such as mucus play
important roles as lubricants.

Examination of the effects of known food and water contaminants and food
additives on gastrointestinal secretion and digestion of food is in its infancy. As
would be expected, agents identified as liver, pancreatic, stomach, and colon
carcinogens would be anticipated to affect these normal functions. Also, agents
that are destructive of the mucosa surfaces on contact would be expected to disrupt
secretory and digestive functions. Examples of such agents include gastric juices,
aspirin,’ alcohol,* and T-2 toxin.*
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TABLE 9.3
Excretion of Several Chemicals in Feces of Conventional (Control),
Germ-Free, and Antibiotic-Treated Animals

Germ-Free
Chemical Conventional (% of Dose)  Antibiotic-Treated  Reference
‘Warfarin 24 31 33 63
Inorganic mercury 9.3 — 1.8 71
Diphenylhydantoin 78 — 95 21

The GI tract contains a bacterial system within the lumen, particularly in the
colon. These microorganisms contain enzymes that hydrolyze undigested food
and chemicals. A well known role of the gastrointestinal flora is the hydrolysis
of glucuronide conjugates. Studies have shown that a variety of compounds
secreted in the bile as glucuronide conjugates are hydrolyzed by the bacterial
a-glucuronidase that allows for reabsorption of the compounds. Facilitation of
enterohepatic circulation by rat intestinal bacteria has been reported for pheny-
toin,?! phenacetin,® diethylstilbesterol,?> digitoxin,®” and warfarin.®> More
recently, these microorganisms have been demonstrated to convert methyl mer-
cury to inorganic mercury.”®’” There are many recent examples of the effects of
microorganisms on the concentration of ingested substances in the feces (Table
9.3).

The monitoring of substances in the feces is one approach to measuring the
relative absorption of agents such as aliphatic hydrocarbons.! The effects of a
dioxin on lipid absorption have been examined in detail in rats.”®

Prior oral exposure to low doses of 2,3,7,8-tetrachlorodibenzo-p-dioxin mark-
edly augmented the appearance of lipid in the serum after a dose of corn oil.”
Several agents have been used to limit the absorption of lipophilic toxins, e.g.,
cholestyramine? and paraffin.®* Monitoring radiolabeled carbon dioxide produc-
tion from radiolabeled nutrients has been utilized to examine malabsorption
induced by chemical exposure. In this instance, careful selection of dose and time
of monitoring are essential for detecting altered nutrient absorption and subse-
quent metabolism. Several investigators have used the everted sacs technique for
examining alterations in intestinal absorptions of nutrients, e.g., simple sugars
and amino acids (Table 9.4).

One aspect of the target organ approach that has changed in emphasis is the
recognition that metabolism by an organ is not necessarily synonymous with
detoxification. The role of intestinal metabolism of foreign substances by labo-
ratory animals and humans is discussed fully in later chapters.

The intestinal mucosa is an extremely active metabolic tissue. The prolifer-
ative nature of the crypt cells and differentiation to well defined absorptive villous
tip cells require marked synthesis of macromolecules. For instance, it has been
estimated that 50 g of protein is sloughed per day.® The active transport and
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TABLE 9.4
Altered Absorption of Nutrients by Chemicals
Suggested
Chemical Species Method Effect Mechanism Reference
DDT Rats Everted sacs Inhibition of active Inhibition of sodium 1,19
transport of glucose pump
and tyrosine
Dieldrin Monkeys Everted sacs Augmented glucose Increased 8,17
and depressedleucine  disaccharidase
uptake activity
Malathion Rats Tissue Reduced glucose and Depressed brush
accumulation  glycine absorption border enzyme
activities
TCDD Rats Everted sacs No physiologically Monosaccharide 16,22
significantchangesin ~ and amino acid

glucose or leucine
active transport

active transport
unaffected

synthetic components of intestinal metabolism entail the production of large
amounts of metabolic energy. Intestinal absorptive cells contain increased num-
bers of apical mitochondria. Isolated mucosal cells have been utilized to monitor
the unique energy requirements, e.g., glucose and glutamine, for this tissue.”>’8
Salicylate alters oxidative phosphorylation monitored in isolated gastric mucosal
cells.?? It has been demonstrated that arsenate inhibits mitochondrial oxidative
phosphorylation that is pyruvate-mediated.? Intestinal pyruvate dehydrogenase
has been implicated in that inhibitory process.”! The full impact of foreign sub-
stances on gastrointestinal metabolism is largely unknown.

Control of intestinal motility is complex and involves both cholinergic and
adrenergic nervous system components.’* In general, cholinergic stimulation
increases intestinal motility and adrenergic stimulation inhibits motility. Somno-
lence and constipation are side effects of many antihistamines.®® A formamidine
pesticide, amitraz, is widely used to control ticks but with some toxicity to
horses.® The effects of amitraz on drug-induced contractions of guinea pig ileum
in vitro indicate inhibition of the histamine H, agonists which stimulated con-
tractions.%? This action may be relevant to the intestinal stasis observed in horses.

Recent approaches to monitoring motility rely on marker substances other
than polyethylene glycol, chromium sesquioxide, and barium sulfate. Of partic-
ular value as marker substances are polystryrene particles that are available in
varying sizes (50 to 100 p and 800 to 1000 p) and are of low specific gravity.’
Phenol reds alone and complexed with a high molecular weight anion exchange
resin have also been confirmed as appropriate markers for gastrointestinal transit
time in mammals® and poultry.3°
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A second in vitro model, the parallel artificial membrane permeability assay
(PAMPA),S is more recent. Several caveats are associated with the use of Caco
models (e.g., poor predictability for transporter-mediated and paracellularly
absorbed compounds, significant nonspecific binding to cells and devices leading
to poor recovery, and variability associated with experimental factors) and these
must be considered carefully to utilize their full potential.

PAMPA was introduced in 1998 and since then numerous reports have been
published illustrating the general applicability of this model as a high throughput
permeability screening tool.?%¥*-#! The model consists of a hydrophobic filter
material coated with a mixture of lecithin and phospholipids dissolved in an inert
organic solvent such as dodecane to create an artificial lipid membrane barrier
that mimics the intestinal epithelium. The rate of permeation across the membrane
barrier was shown to correlate well with the extent of drug absorption in humans.
The use of 96-well microtiter plates coupled with rapid analysis using a spectro-
photometric plate reader makes this system a very attractive model for screening
large numbers of compounds and libraries. PAMPA is much less labor intensive
than cell culture methods and appears to show similar predictability. One of the
main limitations is that PAMPA underestimates the absorption of compounds that
are actively absorbed via drug transporters. Despite the limitation, PAMPA may
serve as an invaluable primary permeability screen during early drug discovery
process because of its high throughput capability.

PAMPA is a non-cell-based permeability model that provides estimates of
passive transcellular permeability. The lack of any functional drug transporters
and paracellular pores in PAMPA makes it an inappropriate model for compounds
that are absorbed via transporter- and pore-mediated processes. However, the lack
of transporter- and pore-mediated permeability may be an advantage. Because
PAMPA provides uncontaminated transcellular passive permeability data, it could
be more useful in constructing structure—permeability relationships at the chem-
istry bench.

Lipophilicity (most commonly expressed as Log P or Log D values) plays a
major role in passive diffusion. Adequate lipophilicity is required for a protein
to travel across a phospholipid membrane. However, the PAMPA permeabilities
of 22 marketed drugs did not correlate well with lipophilicity alone because other
factors (polar surface area, molecular volume and flexibility, hydrogen bonding)
are also involved in passive diffusion. Although pharmaceutically important drug
transporters (e.g., PEPT 1, OCT, and OAT) are functionally expressed in Caco-
2 cells, they are quantitatively unexpressed when compared with in vivo situations.

For example, B-lactam antibiotics (e.g., cephalexin, amoxicillin) and ACE
inhibitors that are known substrates of dipeptide transporters are poorly permeable
across the Caco-2 cell monolayer despite the fact that they are completely
absorbed in vivo. This model is likely to generate false negatives with drug
candidates that are transported by carrier-mediated processes. Caco-2 cells have
tight junctions that are significantly tighter compared with human intestine, and
thus Caco-2 cells normally under-predict the permeability values of drugs that are
absorbed primarily via paracellular pathways. Low molecular weight hydrophilic
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compounds such as metformin, ranitidine, atenolol, furosemide, and hydrochlo-
rothiazide) showed poor permeability (equal to or less than mannitol) in Caco-2
cells despite adequate absorption (more than 50% of dose) in humans. Therefore,
models such as PAMPA and Caco-2 cells can serve only as one-way screens such
that compounds that show high permeability in these models are typically well
absorbed but compounds with low permeability cannot be ruled out as poorly
absorbed compounds in humans.

Two in vitro models of intestinal absorption in drug development are widely
used predictively in various forms. These are the Caco and PAMPA models. The
Caco system is a cell culture-based assay of the intestinal mucosa using the human
colon carcinoma cell line (Caco-2).3 It is now widely used by scientists in academia
and industry.>7131531.36 The popularity of the Caco-2 cell culture model in studies
of intestinal drug transport is due mainly to the ease with which new information
is generated. Transport studies using this cell culture model can be performed in
large numbers and under controlled conditions, resulting in the generation of a
wealth of information. Much of the recent knowledge about transporters in the
intestinal mucosa has been derived from in vitro cell culture models like the Caco-
2 system. The good correlation between passive compound permeation across Caco-
2 cell monolayers and that found in vivo’® has made it possible to use this cell culture
system (in some situations) to establish structure—transport relationships for drug
candidates and predict intestinal mucosal permeation in humans.> In fact, the U.S.
Food and Drug Administration (FDA) is currently evaluating the application of cell
culture assays like the Caco-2 in its biopharmaceutical classification systems for
drugs (see Internet resources).

To facilitate the use of Caco-2 cell experiments to estimate intestinal perme-
ation of lead compounds, many pharmaceutical companies now perform these
experiments in an HTS format. Conversion to HTS formats was made possible
by technological advances including (1) miniaturization of cell culture apparatus
(24-well instead of 6-well inserts); (2) automation of cell culture and transport
experiments; (3) coupling of cell culture experiments to sophisticated and sensi-
tive analytical methodologies such as liquid chromatography/tandem mass
spectrometry; (4) development of standardized methods for quantitation of trans-
port data; and (5) development of sophisticated data systems for the analysis,
storage, and retrieval of transport data.

In addition to using this cell culture assay to estimate the intestinal mucosal
permeation of compounds, the Caco-2 cell culture system has also been used in
many mechanistic studies of compound transport and delivery (see Table 9.5 for
a summary of applications). The development of cell culture assays represents
one of the most exciting advances in the pharmaceutical sciences. These systems,
if properly used, can lead to improved understanding of the biochemical basis of
the barrier properties of the intestinal mucosa and potentially expedite the pro-
cesses of drug discovery and development, thus improving the efficiency of these
processes in the pharmaceutical industry. However, in order to maximize the
benefits from these technologies, meaningful refinements such as inducing the
expression of underexpressed transporters and enzymes to in vivo levels by cell
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TABLE 9.5
Application of Caco-2 Cell Culture System to Mechanistic Studies of
Drug Transport

Applications Reference

Elucidate pathways of drug transport (paracellular versus transcellular; passive 44
versus carrier-mediated) across intestinal mucosa

Determine optimal physiochemical characteristics (hydrogen bonding potential, 14
conformation) of a drug for passive diffusion via paracellular or transcellular
pathways across intestinal mucosa

Determine structure—transport relationships for carrier-mediated pathways (peptide 34
transporter of drug

Determine structure—transport relationships for apically polarized efflux systems 15
(P-glycoprotein) in intestinal mucosa

Determine how formulation components (adjuvants) may influence intestinal 61
mucosal transport of drug candidates

Assess potential toxic effects of drug candidates or formulation components on 83
intestinal mucosa

Elucidate potential pathways of drug metabolism in intestinal mucosa 75

Determine potential drug—drug interactions during intestinal mucosal transport 88

biology methods, shortening culturing times, miniaturizing the cell culture appa-
ratus, and automating the transport and metabolism experiments must be made.*!!

Caco-2 cells, when grown to polycarbonate filters, form confluent monolayers
that can be used as in vitro models of the intestinal mucosa. By measuring the
permeability of a compound across these cell monolayers, one can estimate the
extent of its permeation through the intestinal mucosa.

INTESTINAL TRANSIT

Drugs that modify intestinal transit include atropine, morphine, clonidine, papav-
erine, and isoproterenol. In addition to in vivo testing, a number of in vitro
techniques have been developed to evaluate the effects of test compounds on
visceral smooth muscle function. Among them, a method for studying peristalsis®
is particularly valuable in producing results predictive of activity on intestinal
transit. However, this test does not meet the requirements of safety pharmaco-
logical drug testing intended to assess possible direct and indirect effects of drugs.
For these studies, in vivo assays are preferable. The intestinal transit assay pre-
sented in this unit is very simple, reliable, reproducible, and relatively low in
cost; it requires no expensive equipment. The assay is widely used for primary
screening and as a test for safety pharmacology.

The effects of drugs on the extent of intestinal transit during a fixed period
following oral administration of a test compound can be evaluated in rats. The
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TABLE 9.6
Treatment Groups for Measurement of
Intestinal Transit

Group Treatment
1 Vehicle control
2 Test compound, dose 1
3 Test compound, dose 2
4 Test compound, dose 3
5 Reference compound (positive control)?

2 For measurement of intestinal transit, the reference
compounds are atropine sulfate (0.8 mg/ml) and mor-
phine (4.8 mg/ml).

TABLE 9.7
Effects of Test Compounds on Intestinal Transit in Rats

Distance Covered by Charcoal  Percent Transit

Treatment® Dose (cm = SEM) (£ SEM)?
Control 0.5% CMC¢ 80«5 70+ 6
Atropine sulfate 2 mg/kg 54 +6 50 + 2°
Morphine hydrochloride 12 mg/kg 51+3 50 + 3°
Test compound 10 mg/kg 68 + 4 62 +3
Test compound 30 mg/kg 66 + 6 60 + 4
Test compound 100 mg/kg 72+3 70+3

2 Single oral dose of vehicle, reference compound (atropine sulfate and morphine hydrochloride),
or test compound (glucose) was administered 1 hr prior to administration of charcoal suspension.
Values are mean + standard error of mean (SEM); eight animals per group.

b P £0.001 for intergroup versus control comparisons.

¢ Control is 0.5% carboxymethylcellulose.

measured endpoint is the extent of passage of a charcoal suspension through the
small intestine.’>?” Atrophine sulfate and morphine hydrochloride (reference com-
pounds) are used as positive controls. For each test compound, five groups of
eight animals each are used (Table 9.6). This protocol can also be used with the
modifications noted to measure intestinal transit in mice. Typical results are shown
in Table 9.7.

ULCEROGENIC ACTIVITY

Mucus acts as a lubricant barrier to protect the surface of the GI tract against acid,
pepsin, and the mechanical forces of digestion.>?® Nonsteroidal anti-inflammatory
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TABLE 9.8
Treatment Groups for Measurement of Ulcerogenic
Activity
Group Treatment Evaluated on Day
1 Vehicle control 1
2 Vehicle control 4
3 Test compound, dose 1 1
4 Test compound, dose 1 4
5 Test compound, dose 2 1
6 Test compound, dose 2 4
7 Test compound, dose 3 1
8 Test compound, dose 3 4
9 Reference compound (positive control)? 1
10 Reference compound (positive control)? 4

* For measurement of ulcerogenic activity, the reference compound is
indomethacin (6.4 mg/ml).

drugs (NSAIDs) decrease the thickness of the mucus gel layer,’’ provoking
mucosal erosion and ultimately ulcers. Similarly, a serious side effect of adreno-
corticotropic hormone (ACTH) and corticoid therapy in humans is development
or reactivation of gastroduodenal ulcers.®> A variety of other agents including
ethanol*® also cause damage to the GI tract. The ulcerogenic assay is described
below; it is simple, reliable, and reproducible and widely used for safety phar-
macology studies.

Estimation of luminal mucus in gastric washings has been used as an index
of secretion.!®*? Among the techniques developed for measuring the dimensions
of the gastric mucus layer are the slit lamp and pachymeter® and direct micro-
scopic methods.”® Basic Protocol 2 is a rapid assay that allows easy detection
and quantification of the ulcerogenic potential of test substances, but it provides
no information on the effects of test substances on the gastric mucus layer. The
ulcerogenic effects of drugs can readily be evaluated in rats. Test compounds are
administered orally to rats once daily for 1 to 4 days, then the stomach and the
duodenum are removed and scored for irritation and ulcers. Indomethacin (ref-
erence compound) is used as a positive control. For each test compound, ten
groups of eight animals each are used: five groups for examination on day 1 and
five additional groups for examination on day 4 (Table 9.8).

CONCLUSIONS

Appreciation of the gastrointestinal tract as a target organ system for ingested
substances is growing. This appreciation is reflected in the increasing interest in
the GI tract as metabolic organ contributing to the homeostasis of an entire
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organism. The several areas of gastrointestinal research at the forefront include
the role of the bacterial ecosystem in the metabolism of nutrients and foreign
substances?”%7 and the role of enterohepatic circulation in affecting the absorption
of substances from the lumen,!”?° the role of fiber in digestion, absorption, and
protection of the intestines,?!%° and response of the local gastrointestinal immune
system to toxic substances.!®40 Adaptation normally occurs in the GI tract in
response to increasing age, enteral feeding of nutrients, and after surgical removal
of a section of intestine.” The ability of the GI tract to adapt after toxic insults
is being explored. Because of the high metabolic and cell turnover rates of the
intestinal mucosa, it is likely that this tissue is particularly susceptible to injury.
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INTRODUCTION

In toxicologic evaluation of xenobiotics in laboratory animals, treatment by the
oral route of administration is a typical means of exposure. Oral administration
of drugs or chemicals is an easily accessible route and, with training, ensures
complete delivery of a test article. Considerations of dosing formulations and
solubility of the test article, although important, can usually be overcome by
encapsulation, divided dosing or other means that are less easily accomplished
when drugs, for example, are administered intravenously, by inhalation, or via
some other route.

Exposure of humans to environmental or therapeutic agents is most often by
the oral route of administration. Hence, in assessing the potential for adverse
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health effects in humans, an understanding of the similarities in absorption and
the physiology of systemic distribution and metabolism of these agents in animals
is of prime importance. Changes in regional blood flow to the gastrointestinal
(GI) tract, the presence of food and nutrients, and disease states will all have
some influence on the degree of absorption and the biological fate of an agent.
Therefore, a great deal of time and energy has been devoted to furthering our
knowledge relative to in vitro and in vivo models used in toxicological assessment
of environmental and therapeutic agents.

Since this topic was covered about 20 years ago (Chhabra and Eastin, 1984),
there has been considerable advancement in our knowledge of intestinal absorp-
tion and metabolism of xenobiotics. This chapter will review the state of this
knowledge since the original 1984 review by Chhabra and Eastin although an in-
depth review is beyond the scope of this chapter. The reader is referred, however,
to reviews cited by Chhabra and Eastin in addition to Kaminsky and Zhang
(2003), Carriere et al. (2001), Klaassen and Slitt (2005), Ioannides and Lewis
(2004), and Schuetz (2001).

MECHANISMS OF INTESTINAL ABSORPTION
OF XENOBIOTICS

The GI system should be viewed as a long tube that is open to the outside
environment. Absorption occurs along the entire length of the GI tract. The
cellular makeup of this system is described elsewhere in this book. Because of
this cellular environment, the surface areas available for absorption of xenobiotics
are very large. Absorption across gastrointestinal tissue can occur via several
processes — the same processes used for absorption of nutrients. Furthermore,
absorption of xenobiotics is dependent on the molecular size of a compound, the
microenvironment of the gastrointestinal lumen, and the lipophilicity of the agent,
i.e., the greater the lipid solubility of the agent the greater potential for absorption.

Absorption of xenobiotics and nutrients from the GI tract occurs primarily
by passive diffusion or active transport. Other means of absorption, however,
include filtration, facilitated transport, pinocytosis, etc.

PAssive DIFFUSION

Permeation of xenobiotics across biological membranes occurs primarily by
diffusion, with absorption into systemic circulation dependent on the concentra-
tion gradients across the gastrointestinal epithelium. Small molecules of molec-
ular weights below 600 are readily absorbed across the epithelia through aqueous
pores within the membrane whereas larger molecules are absorbed across the
gastrointestinal epithelium based primarily on the physiochemical properties of
the agent, e.g., hydrophobicity. The degree of gastrointestinal absorption tends
to increase with an increase in hydrophobicity.
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TABLE 10.1
Octanol: Water Partition
Coefficients of Selected

Agents

Compound Log P
Glucose -3.24
Glutathione -3.05
Citric acid -1.72
p-Aminohippuric acid -0.25
2-Butanone 0.3
Aniline 0.9
Methylene chloride 1.25
Benzoic acid 1.9
Trichloroethylene 2.61
1,4-Dichlorobenzene 3.4
Phenanthrene 4.5
Vitamin A 5.68
DDT 6.2

Estimation of absorption has historically been associated with an assessment
of the octanol:water partition coefficient, Log P, and is the equilibrium ratio of
the solute concentrations in the two solvents:

K, = [solute] ./[solute],

Very lipid soluble compounds that can readily traverse biological membranes
have high positive values of Log P (Table 10.1).

Absorption across biological membranes is based also on the ionization of
molecules because many compounds are organic acids or bases. The ionized form
of a molecule will be more water soluble and less likely to be absorbed although
some absorption will occur through aqueous pores. In contrast, the un-ionized
form of the molecule will have greater absorption with the limit of that absorption
based on molecular size and lipid solubility as noted above. The degree of
ionization is dependent on the pKa and pH of the solution according to the
Henderson—Hasselbalch equation. This basic principle of ionization that we all
learned in introductory chemistry was that the pKa is the ratio of the concentration
of the un-ionized form of the molecule to the concentration of the ionized form
of the molecule.

For acids: pKa — pH = log [un-ionized
[ionized]

For bases: pKa — pH = log [ionized]
[un-ionized]
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At acidic pH as encountered in the stomach, organic acids would be largely un-
ionized and readily available for absorption. For example, benzoic acid (pKa 4)
is about 50% ionized at stomach pH. As the compound is moved into the small
intestines, the local pH increases to about 7 and greater so that the proportion of
the molecule becomes largely ionized. For organic bases, the opposite occurs. At
low pH, the organic base would be highly ionized with very little of the compound
available for absorption whereas within the intestines, the degree of ionization
declines and absorption potential increases.

ACTIVE TRANSPORT

Although most xenobiotics will be absorbed across the gastrointestinal epithelium
by simple diffusion, a number of compounds including many nutrients are
absorbed via active transport mechanisms. Overall, these mechanisms require an
expenditure of energy, and transport into and out of cells is against a concentration
gradient.

Active transport is the movement of a molecule across a membrane that is
driven by energy in the form of expenditure of ATP and against a concentration
gradient. In addition, specific transport proteins that facilitate transport are often
present so that even large molecules can be moved across the membrane. Active
transport results in greater concentrations of compounds within cells. Indeed,
active transport of compounds into cells becomes particularly important when
structurally related toxicants, e.g., 5-fluorouracil, compete with a nutrient, for
example, for the transporter protein. This competition can be used for therapeutic
benefits.

In the last decade, a great deal of research has been reported on protein
transporters. Several gastrointestinal protein transporters have been identified.
The multi-drug resistant protein (mdr) was one of the first families of protein
transporters identified. This transporter was found to transport chemotherapeutic
agents out of gastrointestinal cells and cells of other organs. Other gastrointestinal
transporters that have been identified include nucleotide (nt), divalent-metal ion
(dmt), and peptide (pept) transporters.

FILTRATION

Passage of small solutes can occur with movement of water through pores and
tight epithelial junctions within the GI tract. Transport of molecules with molec-
ular weights below 200 is carried through by the hydrostatic forces of water. This
phenomenon is known as solvent drag (Blanchard, 1975). Although filtration is
more common in the kidney, it can occur to a limited extent in the GI tract, e.g.,
calcium absorption.

FAciLITATED DIFFUSION

Facilitated diffusion is a carrier-mediated process of absorption similar to active
transport. However, absorption does not occur against a concentration gradient,
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FIGURE 10.1 Facilitated glucose transport across gastrointestinal epithelium.

thereby distinguishing this process from active transport. Furthermore, facilitated
diffusion does not require the expenditure of cellular energy and is not subject
to inhibition by cell poisons.

The transport of glucose into the cell occurs with the Na*—K* pump that
generates a Na* gradient across the cell membrane. The glucose—Na* symport
protein uses that Na* gradient to transport glucose into the cell (Figure 10.1).

In the GI tract, cells take in glucose and Na* from the intestine and transport
them through the cell into the bloodstream by the Na* glucose transporter, glucose
permease (a glucose-facilitated diffusion protein), and Na*—K* pumps. A similar
mechanism for glucose transport occurs in the central nervous system.

PiNOcYTOSIS

Cells have the ability to transport macromolecules (proteins, polysaccharides,
polynucleotides) to their interiors through endocytosis — a broad term that
includes phagocytosis and pinocytosis. Phagocytosis is the process of enveloping
a particle by modifying its membrane to form a phagosome around the particle.
Phagosomes are then pulled by cytoskeleton motion of the cytosol into one or
more lysosomes for digestion of the particles.

In contrast, pinocytosis transports liquid substances into cells. A pocket in a
given area of a cell membrane captures the liquid and forms vesicles that are then
pulled by cytoskeleton motion into the cytoplasm. Pinocytosis may be selective
or non-selective. Selective pinocytosis occurs in two stages. The liquid substance
adheres initially to membrane receptors and is then transferred to vesicles
that leave the membrane surface and transport their content to the cytoplasm. In
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non-selective pinocytosis, the vesicles envelop all the solutes eventually present
in the extracellular fluid.

Absorption of nutrient biomolecules occurs via this route, and the disposition
of particles, e.g., cadmium, is absorbed via this mechanism. Uptake of proteins
via pinocytosis has been observed in neonatal rats, guinea pigs, and rabbits (Leece
and Broughton, 1973). Interestingly, immune complexes responsible for food
allergies may be absorbed into systemic circulation by pinocytosis (Walker and
Bloch, 1983; Sasser and Jarboe, 1980; LeFevre and Joel, 1984).

FACTORS AFFECTING INTESTINAL ABSORPTION

Normal physiological functioning of the GI tract (food intake and bodily
responses to food intake) can affect the systemic absorption of xenobiotics as
well as nutrients. In addition, absorption into the systemic circulation from the
GI tract is affected by the metabolism of the agent by intestinal microflora or
metabolic enzymes present in the gastrointestinal epithelium.

Foobp AND DRUG INTERACTIONS

Food has long been recognized as a factor that influences absorption drugs,
chemicals, and other nutrients. Indeed, in routine acute oral toxicity testing of
substances, fasting of animals is often utilized as suggested by regulatory guid-
ance (OECD 1987). The influence of foods on absorption has been recognized
for many years. Dahan and Altman (2004) and Palumbo et al. (2005) reported
that grapefruit juice co-administered with drugs will alter the pharmacokinetics
of some drugs due to inhibition of cytochrome P4503A4 in the small intestine.
These authors have also suggested that grapefruit juice may inhibit P-glycoprotein
(P-gp), a transporter that carries drugs from the enterocytes back into the lumen,
resulting in greater absorption. Flavanols appear to affect various gastric trans-
porters for drugs and other substances with the multi-drug-transporter P-gp being
the more characterized transporter (Wagner et al., 2001). Edwards et al. (1996)
also identified 67,7 -dihydroxybergamottin, a furancoumarin in grapefruit juice,
as a potent inhibitor of cytochrome P4503A4 that may be responsible for the
altered pharmacokinetics of certain drugs.

Foods can modify the absorption of substances including other foods, by
changing dissolution and solubility, enhancing binding to food-containing mate-
rials, changing gastric residence time, altering blood flow, etc. In an extensive
review of the subject, Singh (1999) classified drugs into decreased, delayed,
accelerated, increased, and unaffected categories in terms of the effects of foods
on gastrointestinal absorption (Table 10.2).

The classification is based on an alteration of the maximum blood concen-
tration (Cmax) and the area under the blood concentration and time curve (AUC)
of the pharmaceutical. For decreased and delayed absorption, the author indicates
that the extent of absorption is not affected, but the time course of absorption is
changed. Whether such a change is due to a direct interaction of the food with
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the pharmaceutical or whether there is a delay in gastric emptying time from the
stomach to the intestine remains possible and appears to largely depend on the
pharmaceutical.

In contrast, drugs that show accelerated or increased absorption appear to be
those with poor solubility. Furthermore, the altered absorption results from a
greater gastric residence time, allowing for increased dissolution in the presence
of, for example, bile acids. Overall, however, a majority of the drugs that Singh
(1999) examined were unaffected by the co-administration of foods, with only a
few drugs showing accelerated absorption in the presence of foods.

Weber and Ehrlein (1998) also showed that gastric emptying time affects
intestinal absorption. In their studies, carbohydrates were absorbed at a higher
rate compared to fats and proteins although there continued to be a large absorp-
tive reserve within the intestine. Numerous authors have examined the effects of
foods and beverages on the absorption of drugs and nutrients, with the outcome
of the research showing a great deal of disparity among drugs and food substances
(Lee et al., 1997; Fraser, 1997; Kinoshita, et al., 1996; Watkins, et al., 1992).

In addition to the literature on the influence of foods on gastrointestinal
absorption, a large number of publications concern the interactions between drugs
and other substances on absorption. Choi et al. (2004) demonstrated that co-
administration of flavone enhanced the pharmacokinetics of paclitaxel, prolong-
ing the half-life and increasing the AUC. The authors suggested that the alteration
in the pharmacokinetics of paclitaxel was related to the inhibition of cytochrome
P450 and the P-gp efflux pump. Similarly, Zhang et al. (2003) had previously
suggested that Tween 80, a common solvent for drug delivery, inhibits P-gp,
resulting in increased absorption of digoxin administered to rats.

Alteration of gastrointestinal absorption by inhibition of transporters or alter-
ing the metabolism of substances is clearly recognized as one means of enhancing
or inhibiting absorption. However, other factors will be of importance and include
binding of gastrointestinal contents, as described above for foods, and chelation.
In in vitro studies, Tanaka et al (1993) demonstrated that levofloxacin and other
quinolones will bind to different aluminum salts, resulting in a lower bioavail-
ability. Mechanistically, the authors suggested that the absorption of quinolones
by aluminum hydroxide re-precipitation may be responsible for the reduced
bioavailability. Similarly, absorption of inorganic ions such as iron is disrupted
by the presence of other cations such as copper. Iturri and Nunez (1998) found
that cadmium and copper, manganese, or lead, but not mercury, inhibited the
uptake of iron in perfused mouse duodenal preparations. Furthermore, the inhi-
bition by copper and cadmium was dependent on the iron redox state, since
neither cation inhibited Fe3* uptake. The authors proposed that Fe?* and Fe3* are
transported from the GI tract by different mechanisms, or that Fe**is reduced to
Fe?* in enterocytes and the subsequent absorption is not inhibited by either
cadmium or copper.
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ReGIONAL DIFFERENCES IN ABSORPTION

As stated previously, the GI tract is a tube open to the environment with absorption
occurring along its entire length. The extent of absorption is dependent on a
variety of factors but the epithelial lining, regional blood flow along the tube,
and local environment within the lumen exert a certain amount of influence on
absorption.

Absorption from the buccal cavity has long been recognized as a way to
achieve high therapeutic levels quickly, and has been an advantageous route for
administration of nitrites for treatment of cardiovascular disorders such as angina.
More recently, a number of investigators have examined buccal absorption of
insulin as a means of treatment for diabetes (Oh and Ritschel, 1990; Hoffman
and Ziv, 1997; Chetty and Chien, 1998). However, this route has not yet proven
completely efficacious and continues to be the subject of research for a variety
of drugs and over-the-counter (OTC) preparations such as steroids, anti-inflam-
matory agents, etc.

Although absorption across the esophageal tissue has not been examined
thoroughly, absorption does occur following the principles of absorption outlined
above. However, absorption from the stomach occurs to a very great extent and
is a primary site for the absorption of nutrients and many substances (see
Chapter 5).

Intestinal absorption of xenobiotics has received the greatest attention. A
number of investigators have examined jejunal and ileal absorption of compounds
as these segments of the gastrointestinal tract represent those areas where the
greatest absorption of pharmaceutical agents occurs. Studies with Caco-2 cells,
intestinal perfusion, everted intestinal sacs, and other membrane systems have
been used to examine the active transport of xenobiotics (Berggren et al., 2004).
In these studies the in vitro models were predictive of jejunal and ileal absorption
of compounds such as digoxin, verapamil, bile acids, etc. (Amelsberg, et al.,
1996; Johnson et al., 2003; Berggren et al., 2004). In a review by Bohlen (1998),
he showed that the role of intestinal blood flow and other physiological factors
and cellular mechanisms influence intestinal absorption. Such a conclusion was
similarly reached by Winne (1980) more than 25 years ago.

Absorption from the colon has a clear benefit in certain disease cases, and
has long been recognized as means to avoid first-pass liver metabolism. The
degree of absorption depends on the many factors described above, and this route
has proven useful for many therapeutic agents. Calcagno et al. (2006) compared
the gene expression of Caco-2 cell line to normal colon to determine whether the
cell line was predictive of colonic absorption. They found that the gene expression
pattern of the cell line closely patterned the transporter profile of normal colon,
but was distinctly different from tumor samples. Hence, colonic drug absorption
will parallel normal colon but caution must be utilized in predicting absorption
in colon cancer.
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INTESTINAL METABOLISM

Historically, the metabolism of xenobiotics has been classified as either a Phase
1 or Phase 2 reaction. Although such terminology is outdated, these classes remain
convenient for the purposes of description of the mechanisms of metabolism.
Phase 1 reactions result primarily in the oxidation of parent compounds but also
involve reduction reactions. These cytochrome P450 reactions often result in an
increased polarity of the parent molecule and generally precede conjugation
reactions (Phase 2 metabolism). These enzyme systems are responsible for the
metabolism of xenobiotics, but also are responsible for the metabolism of nutri-
ents and endogenous compounds.

Over the last 10 to 20 years, different isoforms of cytochrome P450 have
been characterized for their metabolic specificity. For example, cytochrome
P4503A4 is the major isoform that metabolizes most drugs whereas halogenated
hydrocarbons are generally substrates for cytochrome P4502E1. Parkinson (2001)
described the different isoforms of cytochrome P450 with regard to substrate
specificity and inhibitors and inducers of these enzyme systems. The liver contains
the highest concentration of the metabolic enzymes, and the enzymes are located
within the endoplasmic reticulum.

Distribution studies by Chhabra and Fouts (1976) revealed that enzyme activ-
ity declines from the proximal end of the intestine to the distal-colonic end of
the intestine. These authors examined aniline hydroxylase, aminopyrine N-dem-
ethylase, and aryl hydrocarbon hydroxylase in intestinal microsomes and found
these enzymes along the entire length of small intestine. Maximal activity was
present in the proximal 60 cm of the intestine. Mizuma et al. (1997) examined
the intestinal transport and metabolism of kyotorphin (KTP) in everted small
intestines in rats. They found that KTP on the mucosal side was metabolized
within 60 min. No metabolism was detected on the serosal side of the intestine.
In intestinal homogenates, KTP was metabolized and metabolism was decreased
by peptidase inhibitors, bestatin, o-phenanthrolin, and tryptophan hydroxamate.

In perfusion studies of the rat small intestine, regional differences in intestinal
metabolism and elimination of cimetidine were observed (Piyapolrungroj et al.,
2000). The metabolite cimetidine S-oxide was formed to a greater extent in the
jejunum compared with the ileum, and the occurrence of the metabolite was a
function of the pH-dependent intracellular uptake. Perfusion studies with inhib-
itors of cimetidine mucosal transport and inhibitors of microsomal S-oxidation
provided an inhibition profile suggesting that jejunal cimetidine permeability
decreases with increasing intracellular cimetidine concentration.

Inhibitors and inducers of cytochrome P450 enzymes have been extensively
examined. In the original article by Chhabra and Eastin (1984), the authors
presented data from their laboratory demonstrating induction of intestinal metab-
olism in various species. They found (Table 10.3) that intestinal cytochrome P450
activity was refractory to induction by phenobarbital or 3-methylcholantrene
although it is well known that hepatic cytochrome P450 isozymes are well induced
by either substance (Parkinson, 2001).
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TABLE 10.3

Intestinal Cytochrome P450 Activity in Animals Treated
with Phenobarbital (PB) or 3-Methylcholanthrene
3-MO)*

Species Control PB Control 3-MC

Guinea pig 022 +£0.02 0231 +0.03 0.26 £ 0.014  0.26 = 0.004
Rabbit 0.41 = 0.06 040 +£0.04 054 +0.12 0.34 + 0.03

* Values = mean (+ SE) expressed as nmol/mg protein

Source: From Chhabra, R.S. and Eastin, W.C. (1984). In Intestinal Toxicology,
Schiller, C.M., Ed., Raven Press, New York.

As discussed above, dietary components have an influence on the absorption
of xenobiotics. Similarly, diet will influence the metabolism of xenobiotics, and
the literature is full of examples (Domeneghini et al., 2006; Ramesh et al., 2004).
Furthermore, we have long recognized that gut microflora play a major role in
the metabolism of xenobiotics in the GI tract (Goel et al., 2005; Smith et al.,
2005). Local interactions at the cellular level between bacteria and food constit-
uents, therefore, may have dramatic influence on the metabolism of xenobiotics,
thereby influencing the absorption and hence toxicity.
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In humans as in most animal species, the primary function of the gastrointestinal
(GI) tract is to process food materials and absorb nutrients from these materials
required for cellular metabolism and maintaining normal systemic functions. The
process of digestion and absorption in the GI tract is thus essential both in terms
of maintaining the nutritional status and homeostasis of the entire body. The GI
tract is the primary organ system responsive initially to the composition of the
diet and mediates as well as modulates variations in dietary consumption and
composition. Since the processing and absorption of nutrients within the GI tract
is highly dependent on normal intestinal function, it is important to understand
the processes involved as well as how intestinal absorption affects the human GI
response under both normal and abnormal conditions. It is critical for studies to
show how toxicants and toxins may affect GI function and the overall metabolic
response by the whole organism.

The digestive and absorptive functions of the GI system depend on a variety
of mechanisms that soften the food, propel it through the GI tract, and mix it
with hepatic bile stored in the gallbladder and digestive enzymes secreted by the
salivary glands and pancreas. Some of these mechanisms depend on intrinsic
properties of the intestinal smooth muscle; others involve the operation of reflexes
involving the neurons intrinsic to the gut, reflexes involving the central nervous
system (CNS), paracrine effects of chemical messengers, and GI hormones. The
hormones are humoral agents secreted by cells in the mucosa and transported in
the circulation to influence the functions of the stomach, intestines, pancreas, and
gallbladder, and can act in a paracrine fashion. Some of the principal functions
within the GI tract critical to its role in nutrition and human health are shown by
principal regions in Table 11.1.

The diets of early humans were extremely varied due to a wide range of plant
species and plant organs consumed [1]. Foods of animal origin included combi-
nations of those taken opportunistically, such as invertebrates, amphibians,
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TABLE 11.1
Regional Functions of Human Gl Tract in Absorption of Nutrients and
Maintenance of Fluid and Electrolyte Balance

Gastrointestinal

Location Normal Absorption Function(s) and pH
Oral cavity Mastication, maceration of food, fluid intake, saliva production; pH 6 to 7
Esophagus Food and fluid transport to stomach; pH 4 to 6
Stomach Digestive processing (acidic and enzymatic) to absorbable units;
pH 1t0 2.5
Pylorus Muscular control of absorbable unit entry from stomach into small
intestine
Small intestine Mixing with bile and pancreatic secretions; iron and calcium absorption;
(duodenum) bicarbonate secretion; pH 4 to 8
Small intestine Intestinal digestion; pH 6.5 to 8
(jejunum)
Small intestine Absorption of fat soluble vitamins (B,, especially), other nutrients, fatty
(ileum) acids and bile salts; pH 7 to 8
Cecum Separates intestinal contents from microbial-laden colon contents;
pH 5.7 to 7
Colon (ascending) Fluid absorption; some protein absorption; liquid to solid conversion;
pH6to7
Colon (transverse) Fluid absorption; liquid to solid stool formation; pH 6 to 7
Colon (descending) Stool formation; fluid absorption; pH 6 to 7
Colon (sigmoid) Stool formation and storage; some fluid absorption; pH 6 to 7
Rectum Stool formation and storage; stool retention and expulsion control;
pH6t07
Anus Stool release; stool retention and expulsion control

reptiles, small mammals, birds and their eggs, and the scavenging and hunting
of larger mammals. All these types of foods have characteristic nutritional com-
positions. Studies of the compositional features of the diets of early humans reveal
that an adequate diet could be obtained in a variety of ways. Obtaining adequate
water and energy are likely to have been the main physiological drives and the
selection of fat-containing foods probably had substantial advantages in reducing
the amount of plant foods that had to be gathered due to their ability to provide
essential nutrients and a higher degree of satiety.

Then, just as now, many plant foods contained, in addition to nutrients, natural
toxicants that needed to be recognized and either avoided or eliminated by
processing in some fashion or by cooking. Although it is certain that primitive
humans must have possessed a vast knowledge of the consequences of consuming
acutely toxic plants, it has also been surmised that a preference for sweet tastes
may have played a role in protecting early humans from consuming sometimes
bitter toxic plants [1].
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TABLE 11.2
Estimated Daily Nutrient
Intakes for Adults?

Nutrient Amount
Protein, g 91
Carbohydrate, g 271
Total fat, g 65
Saturated fat, g 17
Monounsaturated fat, g 24
Polyunsaturated fat, g 20
Linoleic acid, g 18
Alphalinolenic acid, g 1.7
Cholesterol, mg 230
Total dietary fiber, g 31
Potassium, mg 4,044
Sodium, mg 1,779
Calcium, mg 1,316
Magnesium, mg 380
Copper, mg 1.5
Iron, mg 18
Phosphorus, mg 1,740
Zinc, mg 14
Thiamin, mg 2.0
Riboflavin, mg 2.8
Niacin equivalents, mg 22
Vitamin B, mg 2.4
Vitamin B,, ug 8.3
Vitamin C, mg 155
Vitamin E, mg 9.5
Vitamin A, ug 1,052

a U.S. Department of Agriculture Food
Guide nutrient values based on popula-
tion-weighted averages of typical food
choices within each food group or sub-
group at 2000-calorie level.

Although some primitive populations continue to consume traditional food-
stuffs regularly in the modern world, it is still the case and is well known that
the sources and estimated daily amounts of essential nutrients ingested by adults
vary worldwide. This is primarily due to differences in dietary preferences and
the types and natures of available foodstuffs. Current values estimated by the
U.S. Department of Agriculture are shown in Table 11.2 [2]. The recommended
daily water consumption is 2 to 3 liters. The data shown in Table 11.2 pertain to
dietary solids only and do not include the absorption of water and fluids from



Normal and Abnormal Intestinal Absorption by Humans 283

endogenous secretions that are processed and absorbed daily. It has been estimated
that endogenous secretions account for about 6 to 7 liters of water overall, an
additional 35 to 100 g of protein, and 20 to 30 g of fat [2].

The GI tract has a very high nutrient demand, in large part due to the high
turnover of epithelial cells along the villi and the daily synthesis and secretion
of protein as a digestive enzyme. Protein turnover in the GI tract is estimated to
account for about 20% of total body protein turnover, although the GI tract
typically constitutes less than 5% of total tissue mass in the body. The intestinal
organs are able to derive part of their nutrient needs from the nutrients present
in the lumen during digestion. In fact, the hormones released during the gastric
and intestinal phases of digestion to stimulate secretion and motility also have
trophic effects that ensure cell and enzyme renewal during the postprandial phase
[3].

The luminal presence of nutrients is requisite to maintaining normal GI tract
function. Research comparing enteral and parenteral feeding demonstrates that
atrophy of intestinal tissue occurs when luminal nutrients are not present to
support growth [4]. Because of high nutrient requirements, GI function may be
severely compromised during malnutrition. The potential consequences of mal-
nutrition on GI function include:

e Decreased digestion of food materials by pancreatic enzymes

* Mucosal surface atrophication

e Impairment of immune functions of the GI tract

e Increased microbial activity in the colon due to decreased intestinal
motility and a greater presence of undigested substrates

In a malnourished state, the GI tract can fail to function effectively to provide
nutrients to other tissues. Restoration of normal GI function is critical because
the loss of digestive and absorptive capacity in the malnourished state can result
in serious consequences [5].

RESPONSE TO DIET

The GI response to diet is mediated by neural and hormonal stimuli. An important
part of the neural stimulation of GI function occurs during the cephalic phase of
digestion, when food is seen and smelled. This response essentially prepares the
GI tract for the presence of food. Neural stimulation, primarily mediated by the
vagus nerve, elicits acid and pepsin secretion in the stomach, gallbladder con-
traction, and secretion of enzyme-rich fluid from the pancreas. Neural reflexes
are also known to be involved in mediating motility of the small and large
intestines.

GI smooth muscle responses to stimulation of nonadrenergic noncholinergic
inhibitory nerves are thought to be mediated by polypeptides, ATP, or another
unidentified neurotransmitter [6]. Nitric oxide (NO), an inorganic, gaseous mol-
ecule, appears to act as an inhibitory neurotransmitter on GI smooth muscle. The
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“nitrergic” nerves appear to play major roles in the control of smooth muscle
tone, motility, and fluid secretion in the GI tract. This knowledge is currently
revising our understanding of GI tract neural response. NO-induced GI smooth
muscle relaxation is mediated not only by cyclic GMP directly or indirectly via
hyperpolarization, but also by cyclic GMP-independent mechanisms. Understand-
ing nitrergic innervation and responses in the GI tract may to lead to a new
understanding of its regulation, physiology, and pathophysiology and may also
demonstrate how this sort of smooth muscle control affects GI motility and
intestinal absorption overall.

In addition to the innervation of the gut, the GI tract contains various hor-
mones and regulatory peptides that can be released by the presence of food and
elicit responses from organs in the gut, which is one of the richest endocrine
organs in the body. Insulin and glucagon are examples of hormones that are
released from the GI tract whose peripheral effects on organs other than those of
the GI tract have been well studied. The potential effects of other gut hormones
on non-GI tissues have not been well characterized. The distribution of hormones
and regulatory peptides along the gut is regional as shown in Table 11.3.

The release of hormones is mediated by the presence of protein or amino
acids, fats, and carbohydrates in the GI tract. Protein is a potent stimulant of
gastrin, cholecystokinin (CCK), and gastric inhibitory peptide (GIP) release; fat
is a stimulant of CCK, secretin, and GIP release as well as enteroglucagon,
neurotensin, and peptide YY release. Carbohydrate presence is involved in the
release of GIP as well as the endocrine hormones, insulin, and glucagon and the
magnitude of carbohydrate exposed surface area is also important [7-9].

The pancreas contains a range of hydrolytic enzymes that digest the macro-
molecules that are ingested in the diet. These enzymes include proteases (e.g.,
trypsinogen, chymotrypsinogen, proelastase, procarboxypeptidases), [o]-amy-
lase, lipase, colipase, phospholipase, and cholesterol esterase. The proteases and
possibly the lipid digestive enzymes are secreted from the pancreas in an inactive
form and are activated in the small intestine by the action of enterokinase or
trypsin. The secretion of an enzyme-rich fluid from the pancreas can be stimulated
by the gastrin hormone released from the stomach and CCK released from the
duodenum [10,11]. Thus, during the cephalic and gastric phases of digestion,
pancreatic secretion is initiated, and while nutrients are in the small intestine,
CCK has an important role in sustaining sufficient enzyme secretion for digestion
to occur.

Dietary constituents can also stimulate enzyme secretion from the pancreas
by feedback mechanisms. For example, dietary composition and content can
stimulate pancreatic enzyme secretion via a vagal cholinergic pathway. This
response is mediated by differences in the release of GI hormones [12,13].

The effect of diet on the secretion of digestive enzymes other than the
proteases differs. The pancreas can adapt to a high fat, low carbohydrate diet by
increasing the activity of lipase and decreasing the activity of amylase [14].
The mechanism for this adaptation is not known but may be mediated by the
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TABLE 11.3

Regional Distribution of Gastrointestinal Hormones

Origin

Stomach

Duodenum and proximal
jejunum (upper small
intestine)

Distal intestine (ileum and
colon)

Pancreas

Entire GI tract

Hormone(s)

Gastrin
Cholecystokinin (CCK-A)

Secretin

Gastric inhibitory peptide
(GIP)

Motilin

Enkephalins

Bombesin-like
immunoreactivity

Neurotensin

Glucagon-like-peptide 1
Glucagon-like-peptide 2
Oxyntomodulin

Peptide YY

Insulin

Glucagon
Pancreatic polypeptide

Somatostatin

Vasoactive intestinal peptide

Substance P

Function

Acid release/pH regulation
Stimulates pancreatic enzyme delivery
Stimulates bile delivery from gallbladder

Bicarbonate release/pH regulation
Inhibits gastric motility and acid secretion
Enhances insulin release

Controls upper GI pattern of contraction
Opiate-like actions

Stimulates CCK and gastrin release

Modulates motility

Relaxes the lower esophageal sphincter

Blocks stimulation of acid and pepsin
secretion

Enhances the release of insulin in
response to glucose

Stimulation of intestinal cell proliferation

Inhibition of gastric secretion and
motility

Inhibition of pancreatic secretion

Regulates appetite control/obesity
regulation

Regulates carbohydrate metabolism

Blood glucose regulation

Increases gastric emptying and secretion

Relaxes pyloric and ileocecocolic
sphincters

Relaxes the gall bladder and colon

Inhibits release of GIP, motilin, secretin,
gastrin, CCK-A

Lowers gastric emptying rate

Inhibits release of insulin and glucagon

Smooth muscle relaxation

Stimulates pancreatic secretion

Pain (nociception)

Vomit reflex

Induces vasodilation

Stimulates salivary secretion
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absorption of lipid and carbohydrate digestion products rather than release of a
specific hormone.

It has long been known that dietary proteins and fats are potent stimulants
of GI function, but until recently the carbohydrate portion of the diet, whether
the digestible carbohydrates (starch and sugars) or the nondigestible polysaccha-
rides associated with dietary fiber, have been viewed as somewhat neutral. How-
ever, it is now known that glucose is a potent releaser of GIP, which augments
insulin release [8].

Some sources of dietary fiber such as pectins and gums have been associated
with slower digestion and absorption of carbohydrates and fats due to their ability
to interfere with digestive enzyme activity, to increase the viscosity and volume
of the intestinal contents, and to bind micellar components [15,16]. Dietary fiber
and undegraded starch have been shown to be primary sources of fermentable
substrate for the microflora of the large intestine [17]. The products of dietary
fiber fermentation such as short-chain fatty acids can be absorbed and utilized
by the body. Increases in plasma triglycerides after a meal originate from both
intestinal and hepatic sources [18,19]. In contrast, plasma cholesterol concentra-
tions do not change significantly during the alimentary period after a meal
[18-20].

NORMAL INTESTINAL ABSORPTION

During the process of digestion, large, naturally occurring carbohydrates, pro-
teins, and fats are hydrolyzed by catalytic enzymes to simple sugars, amino acids,
and fatty acids, respectively. These smaller compounds are more efficiently
absorbed in the small intestine and provide the necessary building blocks and
energy content to be used by the cells of the body. Besides the absorption of
dietary nutrients, the intestinal mucosa functions in the absorption of water,
electrolytes, vitamins, and minerals. Electrolytes, water, and metabolic substrates
are absorbed into the blood and distributed to cells throughout the body for their
use. Figure 11.1 shows how different dietary components are processed and
absorbed by the intestines.

As shown in Figure 11.1, intestinal absorption essentially involves the trans-
port of nutrients from digested food and water from the gut lumen, across the
intestinal epithelium, into the lymph or venous blood. Basic mechanisms of
absorption into an intestinal cell are by three different mechanisms: simple dif-
fusion, facilitated diffusion, and active transport. Diffusion does not use metabolic
energy, and the solute is not transported against a gradient. It does not need a
transport protein and velocity-versus-substrate concentration is linear. Facilitated
diffusion involves a transport protein, demonstrates substrate specificity, and the
reaction is saturable. The solute is not transported against a gradient and does
not need metabolic energy. Active transport involves transport proteins and dem-
onstrates substrate specificity. Transport is against a concentration gradient and
metabolic energy is necessary.
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FIGURE 11.1 Intestinal processing and absorption of dietary components.

Most absorption takes place in the small intestine. The surface area of the
intestine is well suited to its function: the structural adaptations of mucosal folds,
villi, and microvilli give a total absorptive area for the small intestine of 200 to
500 m?, or a 600-fold increase over the projected surface area of a smooth-
surfaced tube of equivalent length. On average, for adults, total daily intestinal
absorption amounts to 200 to 300 g of carbohydrates, about 100 g of amino acids,
about 100 g of fat, about 100 g of electrolytes, and 7 or 8 liters of water. Under
normal conditions and with few exceptions, much of what is ingested is absorbed.
It has been estimated that the intestinal tract has enough reserve capacity to allow
five to ten times more food substances and two to three times more water to be
absorbed per day over recommended average consumption [21].

The human small intestine villar absorptive surface and mucosal structure
greatly increase the total surface area for highly efficient absorption. The lining
of the stomach, in contrast, has a poor absorptive area because it lacks a villar
absorptive surface and has tight junctions between its epithelial cells. Only alcohol
and some drugs such as aspirin are absorbed in the stomach and the amount of
absorption is low.

The mucosa of the human small intestine has structures called folds of
Kerckring that increase the surface area of the mucosa about three-fold. The
millions of villi covering the surface of the mucosa enhance this absorptive surface
area by perhaps another ten-fold. Furthermore, each intestinal mucosal cell in the
villus is characterized by a brush border that consists of approximately 600
microvilli per cell that substantially increase the total absorptive surface area of
the small intestine perhaps another twenty-fold [22].
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In addition to diffusion and active transport of digested materials across the
cells of the intestinal epithelium, small amounts of substances are also taken into
the cells via pinocytosis [21].

Actin filaments contract intermittently and cause continual movement in the
microvilli, keeping mucosal cells exposed to new quantities of intestinal fluid,
enhancing opportunities for absorption. Absorbed materials can be sent directly
into the portal circulation or lymphatic system. Each intestinal villus contains a
vascular system with an artery, a vein, blood capillaries, and a central lacteal for
absorption into the lymph.

FLuiDs AND ELECTROLYTES

The small intestine is the primary site of fluid and solute absorption in the GI
tract and absorbs approximately 85% of the fluid, with the colon absorbing the
remaining 15%. It is estimated that an adult human ingests about 2 liters of fluid
daily, not including the volume of fluid from internal secretions. The secreted
volumes are approximately three to four times the amount of fluid ingested or
between 6 and 8 liters of which approximate proportional amounts of the different
components of secreted fluid are saliva, 15%; gastric juice, 25%; pancreatic juice
10%; bile 20%; and intestinal secretions 30%. During GI absorption, the small
intestine absorbs the majority of this fluid and the colon a lesser amount. It is
estimated that of the total fluid entering the GI tract only 1% or less is excreted
via fecal matter [21,23].

Water is transported through the intestinal membrane by osmosis. Partially
digested solubilized food (chyme) delivered from the stomach into the intestinal
tract is hypertonic and is adjusted to isotonicity in the duodenum. The opposite
occurs when chyme is hyperosmotic. Water then is transferred to the chyme,
making it iso-osmotic with blood plasma. When dissolved substances are
absorbed, the osmotic pressure of the chyme is decreased. Water diffuses rapidly
through the membranes of the intestine and is absorbed immediately into the
blood with any associated ions. Water absorption by the jejunum is greater than
the ileum; however, the colon is most efficient and absorbs more water than any
other part of the GI tract.

Due to the handling of electrolytes, the small intestinal mucosal cell may be
considered a polarized epithelial cell. The plasma membrane consists of the brush
border facing the lumen and the basolateral membrane facing the blood. The
Na*—K*—ATPase is located exclusively on the basolateral membrane. Its function
is to transport K* into the cell and Na* out of the cell. Both of these transport
processes occur against a concentration gradient requiring metabolic energy. The
Na*—K*—ATPase is a transport protein as well as an ATPase. The energy released
after ATP hydrolysis is used to energize the transport. The stoichiometry between
the transported ions is 3 Na*:2 K*. This results in Na* and K* gradients across
the basolateral membrane. It also produces a chemical gradient across the mem-
brane (inside-negative). Under normal conditions, luminal fluid contains high
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concentrations of Na* (from diet, intestinal, and pancreatic secretions), so an
electrochemical gradient is created across the brush border membrane.

CARBOHYDRATE ABSORPTION

Luminal and membrane digestion of dietary carbohydrates produces glucose,
galactose, and fructose. Fructose is absorbed by facilitated diffusion, so there is
no need for metabolic energy, but a specific carrier is required. Once inside the
cell, fructose is phosphorylated and converted to glucose prior to entering the
portal blood.

Galactose and glucose are actively transported into mucosal cells by a com-
mon transport protein [24]. The energy for this active transport is provided by
the electrochemical Na* gradient. The glucose carrier has binding sites for Na*
and glucose. When both sites are occupied, it translocates across the membrane.
The Na* and glucose are released into the cytoplasm of cells and the unloaded,
empty carrier returns to the original position to start the transport cycle again.
Stoichiometry between Na* and glucose is 2:1 or 1:1. The transport of glucose
and Na* via the carrier results in the transfer of a positive charge across the
membrane. Both the electrical and chemical components of the electrochemical
Na* gradient provide energy for glucose transport. This process is known as
Na*—glucose co-transport. Galactose shares the glucose binding site and can be
absorbed in a manner similar to that outlined for glucose [24].

The electrochemical Na* gradient is the direct energy source for glucose
transport, but ATP ultimately is necessary for the transport. The hydrolysis of
ATP via the Na*—K*—ATPase system generates the electrochemical Na* gradient.
In the intact cell, glucose transport is inhibited by metabolic poisons such as
dinitrophenol (causes a reduction of ATP synthesis), hypoxia (synthesis of ATP
is reduced), ouabain (Na*—K*—ATPase is inhibited), and phlorizen (blocks glucose
from binding to its site on the carrier) [25,26]. Absorbed glucose leaves the cell
across the basolateral membrane to enter mucosal capillaries. This process occurs
via a facilitated glucose transport system, GLUT 2 [27]. The transporter is Na*-
independent and is inhibited by phlorizen. In a healthy human fed a meal con-
taining 20 to 60 g of starch, as much as 10% of the starch metabolic product
escapes absorption in the small intestine. This starch passes on to the colon, where
it provides a carbon source for bacteria of the colon.

AMINO AciDs AND PEPTIDES

Intact proteins and large peptides are not appreciably absorbed in the human
intestinal tract. Several different types of peptide and amino acid transport proteins
have been characterized in the luminal membranes of intestinal epithelial cells
[28-31,48]. Dipeptides and tripeptides are transported across the brush border
membrane. A single-membrane transport system with broad specificity is respon-
sible for such small peptides. It has a high affinity for dipeptides and tripeptides
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with physiologic L-amino acids. This membrane transport system has greater
affinity for peptides with amino acids containing bulky side chains [31].

The brush border mucosal cells of the small intestine have an active peptide
transport system and there may be multiple systems. The transport system is
energized by an electrochemical H* gradient and not by a Na* gradient. It accepts
dipeptides and tripeptides as substrates. The H* gradient across the brush border
membrane is generated by the action of the Na*—H* exchanger. The total amount
of each amino acid that enters intestinal epithelial cells in the form of dipeptides
and tripeptides is considerably greater than the amount that enters as a single
amino acid.

Amino acids are transported across the brush border plasma membrane into
the intestinal mucosal cells by way of certain specific amino acid transport
systems. There are three main sodium-dependent active transport systems for
amino acids in brush border membranes. The neutral brush border (NBB) system
transports most of the neutral amino acids, both hydrophobic and hydrophilic.
The amino acid transport system handles proline and hydroxyproline. The PHE
system transports phenylalanine and methionine. The dicarboxylic amino acid
transporter transports aspartate and glutamate [32,33,47].

Two facilitated transport systems are independent of Na*. The Y* system
transports basic amino acids such as arginine and lysine, while the L system
transports neutral amino acids, preferably those with hydrophobic side chains
[35]. At the basolateral membrane are two different types of sodium-dependent
transport systems. One system prefers small, hydrophobic amino acids and the
other system prefers small neutral amino acids. The sodium-independent L system
transports neutral hydrophobic amino acids [36]. This basolateral membrane is
more permeable to amino acids than is the brush border membrane. Therefore,
diffusion is an important pathway for transport across the basolateral plasma
membrane. This is especially true for amino acids with hydrophobic side chains.

FAT ABSORPTION

Fat digestion products, i.e., monoglycerides, fatty acids, cholesterol, and phos-
pholipids, are present in the intestinal lumen in the form of micelles (aggregates).
Micelle formation is aided by the presence of bile acids. These products are
absorbed into the intestinal mucosal cell from these micelles. On the surface of
the brush border, pH is acidic due to secretion of H* from cells by the Nat*—H*
exchanger. This acidic pH causes the dissociation of micelles and these products
can now pass freely through the brush border membrane by diffusion, largely
dependent on lipid solubility. Free fatty acids, 2-monoglycerides, and other prod-
ucts of lipid digestion can diffuse across the brush border membrane very rapidly.
Cholesterol is absorbed more slowly than the other lipid products associated
with micelles. As the micelles travel down the small intestine, they become
more concentrated with cholesterol. Although the duodenum and jejunum are
active in absorbing fatty components, most of the ingested fat is absorbed at the
mid-jejunum.
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The absorbed monoglycerides and free fatty acids are converted back into
triglycerides within the intestinal cell. A recently discovered cytoplasmic fatty
acid-binding protein plays a role in transporting fatty acid to the smooth endo-
plasmic reticulum. This protein has a higher affinity for unsaturated fatty acids
than for saturated fatty acids, and it binds long-chain fatty acids more tightly than
medium- or short-chain fatty acids. In the smooth endoplasmic reticulum, the 2-
monoglycerides are re-esterified with fatty acids at the 1 and 11 carbons to reform
triglycerides. Cholesterol is largely re-esterified, although some free cholesterol
remains. Lysophospholipids are reconverted to phospholipids, such as lecithin.
Some de novo synthesis of lipids can take place in intestinal epithelial cells [37].
Triglyceride synthesis occurs via two pathways: the monoglyceride pathway and
the phosphatidic acid pathway.

The monoglyceride pathway accounts for about 70% of intestinal triglyceride
synthesis. The reprocessed lipids and lipids that have been synthesized de novo
accumulate in the vesicles of the smooth endoplasmic reticulum. Phospholipid
covers the external surfaces of these droplets (vesicles). Their polar head groups
face toward the aqueous exterior and hydrophobic acyl chains face the fatty
interior. The lipid droplets thus formed, some as large as 1 mm in diameter, are
known as chylomicrons. About 10% of the surface is covered by -lipoprotein,
which is synthesized by intestinal epithelial cells.

The resynthesized triglycerides leave the cell in the chylomicron form. They
form a milky fluid, the chyle, which diffuses into lymphatic lacteals, passes via
lymphatic vessels to the thoracic duct, and into systemic circulation. Chylomi-
crons may now be as large as 750 nm in diameter. They are macromolecular
particles containing 80 to 90% triglycerides, about 10% phospholipids, 3% cho-
lesterol, and 2% protein. This protein needed for chylomicron synthesis is called
apoprotein. If protein synthesis is inhibited in the intestinal cell, fewer chylomi-
cron forms and triglycerides accumulate in the cytoplasm of the cell.

The majority of absorbed fatty acids larger than 10-carbon atoms are absorbed
as esterified fatty acids in the lymph. Fatty acids smaller than 10-carbon atoms
are transported into the portal venous blood. Glycerol and medium-chain fatty
acids are water-soluble and can be transported into blood without going through
the chylomicron pathway [37].

BiLe AciDs

The ileum is the principal site of bile acid absorption. Bile acids cross the brush
border plasma membrane by simple diffusion or active transport. The active
process is a secondary active transport powered by a Na* gradient across the
brush border plasma membrane. Na* is co-transported with bile acids. Conjugated
bile acids (bile salts) are substrates for active absorption. Deconjugated bile acids
are less polar and can be absorbed by simple diffusion. Absorbed bile acids leave
the intestinal cell via the basolateral membrane and enter the portal circulation.
Hepatocytes take up the bile acids and reconjugate most deconjugated bile acids
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and rehydroxlate some secondary bile acids. These reprocessed bile acids, along
with newly synthesized bile acids, are secreted into the bile [37].

VITAMINS
Fat-Soluble Vitamins

The fat-soluble vitamins (A, D, E, and K) partition into mixed micelles formed
by bile acids and lipid digestion products. Fat-soluble vitamins diffuse across the
brush border plasma membranes of intestinal epithelial cells. Bile acids and lipid
digestion products enhance the absorption of fat-soluble vitamins. Fat-soluble
vitamins diffuse into intestinal mucosal cells and enter the chylomicrons that
leave the intestine in the lymph. If bile acids are not present, a good proportion
of fat-soluble vitamins leave the intestine in the portal blood.

Vitamin A (retinol) is absorbed better than -carotene (provitamin A) and
retinal; -carotene and retinal are converted to retinol in the intestine. In the thoracic
duct, vitamin A is present as fatty acid esters of retinol. Vitamin A is absorbed
independently of bile acid and leaves the intestine in the portal blood. Vitamin
D is absorbed as the free vitamin in the jejunum. Many esters of vitamin D are
hydrolyzed in the intestinal lumen before absorption, and 55 to 99% of ingested
vitamin D is absorbed. The absorption of vitamin E requires the presence of bile-
acid mixed micelles [37]. Although small quantities of ingested vitamin E are
absorbed, significant amounts are not absorbed if ingested in larger quantities,
and will appear in feces. This vitamin also leaves the intestine in the lymph.

Vitamins K, and K, contain hydrophobic side chains partitioned into bile-
acid mixed micelles and leave the intestine through lacteals into lymphatic ves-
sels. Vitamin K; lacks a side chain and is absorbed independently of the mixed
micelles. It leaves the intestine via portal blood.

Water-Soluble Vitamins

Most water-soluble vitamins, if consumed in high doses, are absorbed by simple
diffusion. However, specific transport mechanisms also play an important role in
absorption of these vitamins under other conditions. Vitamin C (ascorbic acid)
is absorbed in the proximal ileum by active transport. Na* and ascorbate are co-
transported into cells [37]. The energy for this transport comes from the Na*
electrochemical potential gradient. Biotin is transported by facilitated diffusion
in the upper small intestine by a mechanism involving Na* presence in the lumen.
Folic acid as 5-methyltetrahydrofolate is absorbed by simple diffusion [45]. Folic
acid also is absorbed by carrier-mediated active transport via an H* gradient
supplying energy in the jejunum.

Thiamine (vitamin B)) is absorbed in free form by a Na*-dependent active
transport in the jejunum. Some thiamine is phosphorylated in mucosal cells of
the jejunum. Riboflavin (vitamin B,) is absorbed in the proximal small intestine
by facilitated transport; absorption is increased if bile acids are present. Pyridox-
ine (vitamin By) is most likely absorbed by simple diffusion. Nicotinic acid also
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is absorbed by the jejunum by a Na*-dependent mechanism. Pantothenic acid and
inositol are actively transported by the small intestine via a Na* gradient providing
the energy. Choline absorption is by facilitated diffusion.

Vitamin B, absorption involves an active transport process. Four physio-
logically important forms of vitamin B,, are cyanocobalamin, hydroxycobal-
amin, methylcobalamin, and deoxyadenosylcobalamin. Up to 5 mg of vitamin
B, is stored in the liver. About 70% of the vitamin B,, present in the bile is
reabsorbed. This liver storage is thought to be sufficient for 3 to 6 years [37].
Most cobalamins are bound to proteins and absorbed in the intestine. The low
pH of the stomach and pepsin release cobalamins that are bound to R proteins,
i.e., haptocorrin (HC) secreted from salivary glands and gastric juice. Intrinsic
factor (IF) is a cobalamin-binding protein secreted by the gastric parietal cells
[38]. Its secretory rate usually parallels that of HCI. Dietary cobalamin bound
to food proteins is released in the stomach by pepsin and acid pH and more free
cobalamin binds to HC than IF.

The cobalamin—HC complex moves to the intestinal lumen, is digested by
pancreatic proteases, and the liberated cobalamin complexes with IF. The cobal-
amin—IF complex moves through the small intestine and binds to a transmembrane
receptor (IFCR) in the ileum. After endocytosis of the complex, cobalamin is
released intracellularly and transferred to transcobalamin II (TC II). This cobal-
amin—-TC II complex leaves the ileal mucosal cell and enters the circulation.

Sobium AND CHLORIDE

The Na*—H* exchange system in the brush border of small intestinal and colonic
cells is the principal means of Na* absorption from the intestinal lumen. This
process is responsible for the acid pH microclimate at the surface of the brush
border membrane and transports Na+ from the lumen into the cell and H* from
the cell into the lumen. The electroneutral NaCl transport across the brush border
membrane of the small intestine is due to two exchangers: the Na*—H* exchanger
and the CI-HCO;~ exchanger. The transport is inhibited by acetazolamide, an
inhibitor of carbonic anhydrase that reduces HCO;~ within cells. Na* is often co-
transported with glucose, bile salts, amino acids, and water-soluble vitamins in
the small intestine. In addition, a small amount of Na* may enter small intestine
cells by passive diffusion [37].

The sodium pump, Na*—K*—ATpase, is responsible for active transport of
Na* from the intestinal cell to the capillary. This pump is found in the basolateral
membrane of the small intestinal cell. It is inhibited by ouabain, a cardiac
glycoside.

Finally, in aldosterone-stimulated Na* transport, the transport occurs at the
apical (luminal) membrane of the distal colon. This is due to a Na* channel that
allows Na* to move passively down the electrochemical Na* gradient. Aldosterone
stimulates the Na* channel. Chloride ions in the duodenum and jejunum are
absorbed by passive diffusion.
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CHLORIDE AND BICARBONATE

HCO; secreted into the proximal duodenum moves to the jejunum where both
CI- and HCOj; are absorbed in large amounts. Most HCOj is absorbed in the distal
jejunum. CI- is absorbed and HCOj is secreted in the ileum. Cl- is absorbed and
HCO; secreted in the colon [37].

PoTassium

In the jejunum and in the ileum, the net flux of K* is from the lumen to the blood.
As the intestinal contents are reduced through the absorption of water, the K*
concentration increases and K* moves across the intestinal mucosa into the blood.
Active transport of K* is absent in the small intestine, but in the colon K* may
be secreted or absorbed. Usually K* is secreted in the colon [37]. Most K*
absorption is due to its enhanced concentration in the lumen, caused by the
absorption of water. K* loss may occur in diarrhea. If diarrhea is prolonged, the
K+ level falls in the body’s extracellular fluid. Normal K* levels are needed for
the heart to function properly, or cardiac dysrhythmias may occur

CALCcIUM

Abnormal or inadequate intestinal calcium absorption is a contributing factor in
certain disease states, e.g., osteoporosis. The quantity of calcium absorbed in the
intestine is controlled by the amount of calcium in the diet during recent periods.
Calcium is absorbed by two distinct mechanisms, and their relative magnitude
of importance is set by dietary calcium “history.” Active transcellular absorption
occurs only in the duodenum when calcium intake has been low. This process
involves import of calcium into enterocytes, transport across the cells, and export
into extracellular fluid and blood. Calcium enters the intestinal epithelial cells
through voltage-insensitive channels and is pumped out of the cell via cal-
cium—ATPase. The rate limiting step in transcellular calcium absorption is trans-
port across epithelial cells, which is greatly enhanced by the carrier protein
calbindin, the synthesis of which is totally dependent on vitamin D [39,40,46].

Passive paracellular absorption occurs in the jejunum and ileum, and to a
much lesser extent, in the colon when dietary calcium levels have been moderate
or high. In this case, ionized calcium diffuses through tight junctions into the
basolateral spaces around enterocytes, and hence into blood. Such transport
depends on having higher concentrations of free calcium in the intestinal lumen
than in blood.

Calcium ions are actively absorbed throughout the small intestine, especially
in the duodenum and jejunum, where Ca** can be concentrated against a greater
than ten-fold concentration gradient. Although the absorption rate of Ca** is
greater than that of other divalent ions, it is 50 times slower than Na* absorption.
Intestinal absorption of Ca*™ is stimulated by hormonal vitamin D (1,25 dihy-
droxycholecalciferol) and parathyroid hormone. Ca™ moves from the brush bor-
der of the mucosal cell of the small intestine down its electrochemical potential
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gradient into the cytosol. This Ca** is bound to an intestinal membrane calcium-
binding protein (IMCal) that most likely is the transporter for Ca**. The cytosol
of the intestinal epithelial cells contains a cytosolic calcium-binding protein
(CaBP) that binds two calcium ions with high affinity. CaBP is an essential
component of Ca** absorption. Its synthesis is stimulated by hormonal vitamin
D. Free and bound Ca** are in dynamic exchange with Ca** in the mitochondria
and endoplasmic reticulum.

Within cells, Ca**is stored in the mitochondria and endoplasmic reticulum,
and it can be mobilized by the action of a secondary messenger inositol triphos-
phate. The basolateral cell membrane contains two transport proteins that are
capable of ejecting Ca** against its electrochemical potential gradient.
Ca**—ATPase in the basolateral membrane is the primary transport protein that
splits ATP and uses the energy to transport Ca**. The Na*—Ca** exchanger uses
this energy of the Na* gradient to exude Ca** by active transport. Ca** stimulates
the activity of Ca**—ATPase by binding to calmodulin, a calcium-binding protein.
The calcium—calmodulin complex then stimulates a protein kinase that phospho-
rylates the Ca**—ATPase, thereby activating it and enhancing its enzymatic and
transport activities.

Hormonal vitamin D is essential for normal calcium absorption, binds to
nuclear receptors, and stimulates messenger RNA that codes for a particular
protein. Vitamin D induces the synthesis of Ca**-binding protein, the absorption
of Ca* into intestinal mucosal cells, and exocytosis out of mucosal cells into
capillaries at the level of the basolateral membrane. A Na*—Ca** exchanger may
also be involved at the basolateral membrane, but this is not regulated by hormonal
vitamin D.

IRON

Iron homeostasis is regulated at the level of intestinal absorption, and it is
important that adequate but not excessive quantities of iron be absorbed from the
diet. Inadequate absorption can lead to iron deficiency disorders such as anemia.
On the other hand, excessive iron is toxic because mammals do not have physi-
ologic pathways for its elimination. Iron is absorbed by villus enterocytes in the
proximal duodenum. Efficient absorption requires an acidic environment, and
antacids or other conditions that interfere with gastric acid secretion can interfere
with iron absorption.

Ferric iron (Fe***) in the duodenal lumen is reduced to its ferrous (Fe**) form
through the action of a brush border ferrireductase. Iron is then co-transported
with a proton into enterocytes via the divalent metal transporter DMT-1. This
transporter is not specific for iron, and also transports other divalent metal ions
[41].

Once inside an enterocyte, iron follows one of two major pathways. The path
taken depends on a complex programming of the cell based on both dietary and
systemic iron loads:
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Iron abundance states — Iron within the enterocyte is trapped by incorpo-
ration into ferritin and hence not transported into blood. When the enterocyte
dies and is shed, this iron is lost.

Iron-limiting states — Iron is exported out of the enterocyte via a transporter
(ferroportin) located in the basolateral membrane. It then binds to the iron carrier
transferrin for transport throughout the body.

Iron in the form of heme, from ingestion of hemoglobin or myoglobin, is
also readily absorbed. In this case, it appears that intact heme is taken up by
small intestinal enterocytes via endocytosis. Once inside enterocytes, iron is
liberated and essentially follows the same pathway for export as absorbed inor-
ganic iron. Some heme may be transported intact into the circulation
[28,37,51,52].

Dietary iron contains both inorganic iron and heme. The duodenum actively
absorbs both forms. Iron is released from heme inside mucosal cells and trans-
ferred into the body as inorganic iron. Fe** is absorbed faster than Fe*** because
ferric iron is insoluble above pH 3, whereas ferrous iron remains soluble at pH
8. Dietary constituents such as phosphates, carbonates, and oxalates reduce iron
absorption because they form insoluble complexes with iron. These iron com-
plexes are more soluble at low pH. Therefore, HCI secreted by the stomach
enhances iron absorption; ascorbate also promotes iron absorption. The quantity
of iron in the body is maintained by controlled absorption from the duodenum.
Iron deficiency enhances erythropoiesis, and hypoxia increases intestinal iron
absorption. Iron is stored in the mucosal cell as a ferritin complex. When iron
absorption is increased, no ferritin complex is formed and the iron is rapidly
delivered into the plasma. When iron absorption is depressed, more iron is trapped
in the form of a ferritin complex and retained in the mucosal cell. When Fet*
leaves the mucosal cell, transferrin in the circulating blood is the carrier that
delivers it to other tissues via transferrin receptors in the plasma membrane [37].

OTHER lONS
Copper

Two processes appear responsible for copper absorption: a rapid, low capacity
system and a slower, high capacity system. The processes may be similar to the
two processes involved with calcium absorption. Many molecular details of
copper absorption remain to be elucidated. Inactivating mutations in the gene
encoding an intracellular copper ATPase have been shown responsible for the
failure of intestinal copper absorption in Menkes’ disease.

A number of dietary factors have been shown to influence copper absorption.
For example, excessive dietary intake of either zinc or molybdenum can induce
secondary copper deficiency states. Copper is absorbed in the jejunum with about
50% efficiency. Some copper is secreted in the bile bound to certain bile acids
and then lost in the feces. Magnesium is absorbed from the entire length of the
small intestine, with about half of the dietary intake absorbed. Phosphate is
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absorbed all along the small intestine. Some phosphate may be absorbed by active
transport [37,42,43].

Phosphorus

Phosphorus is predominantly absorbed as inorganic phosphate in the upper small
intestine. Phosphate is transported into the epithelial cells by co-transport with
sodium, and expression of the transporters is enhanced by vitamin D [37].

Zinc

Zinc homeostasis is largely regulated by its uptake and loss through the small
intestine. Although a number of zinc transporters and binding proteins have been
identified in villus epithelial cells, a detailed picture of the molecules involved
in zinc absorption is not yet in hand. Intestinal excretion of zinc occurs via
shedding of epithelial cells and in pancreatic and biliary secretions [50]. A number
of factors modulate zinc absorption. Some animal proteins in the diet enhance
zinc absorption. Phytates from dietary plant materials (including cereal grains,
rice, and corn) can chelate zinc and inhibit its absorption. Subsistence on phytate-
rich diets is thought responsible for a considerable fraction of human zinc defi-
ciencies [44].

ABNORMAL INTESTINAL ABSORPTION

A wide variety of conditions and agents can adversely affect intestinal absorption.
These range from a variety of disease conditions that cause malabsorption of
many nutrients to conditions that produce abnormal absorption of only one or a
few specific nutrients [53].

A comprehensive treatise on all known causes of abnormal intestinal absorp-
tion in humans is beyond the scope of this chapter. Some conditions may have
little relevance to toxicology and are beyond the scope of this chapter. However,
many of the major causes of abnormal intestinal absorption including malabsorp-
tion syndrome are presented below including selected naturally occurring agents
and agents of abuse that may be taken into the GI tract. The effects of synthetic
drugs, biomolecules, and other xenobiotics on intestinal absorption and function
are covered elsewhere in this text.

MALABSORPTION SYNDROME

Malabsorption syndrome is typically characterized by weight loss and steatorrhea
that may occur from a number of conditions (see Table 11.4) that may be classified
by mechanism or cause. Most of these conditions produce malabsorption of many
or most nutrients but some conditions cause malabsorption of specific nutrients
and may or may not produce malabsorption syndromes [49,53]. Some of these
are listed in Table 11.5. Unless a condition is quite severe, in many cases the
large amount of reserve capacity within the GI tract for nutrient absorption often
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TABLE 11.4
Conditions That Cause Malabsorption Syndrome

Diseases of small intestinal wall a-B-lipoproteinemia
Blind-loop syndrome
Celiac disease
Gluten enteropathy
Infiltrative disease-amyloid, lymphoma
Intestinal lymphangiectasia
Jejunal resection
Small bowel ishmeia-athersclerosis vasculitis
Myotonic dystrophy
Celiac sprue
Tropical sprue
Whipple’s disease

Drugs Alcohol
Cathartics
Cholestyramine
Clofibrate
Colchicine
Neomycin
Phenindione
P-aminosalicylate

Insufficient bile acid Extrahepatic biliary obstruction
Intestinal stasis syndromes
Intrahepatic biliary obstruction
Short bowel syndrome

Insufficient pancreatic enzyme activity =~ Chronic pancreatitis
Cystic fibrosis
Enterokinase deficiency
Isolated lipase deficiency
Pancreatic carcinoma
Pancreatic resection

Conditions requiring further diagnosis Adrenal insufficiency
or mechanism unknown Crohn’s disease

Bacterial enteritis
Food anaphylaxis
Carcinoid
Diabetes mellitus
Irritable bowel syndrome
Hyperthyroidism
Immune deficiencies
Mast cell disease
Parasitic infections (i.e., giardiasis, cryptosporidiosis)
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TABLE 11.4 (CONTINUED)
Conditions That Cause Malabsorption Syndrome

Multiple defects

Gastrin-secreting tumor

Ileal dysfunction

Radiation enteritis

Scleroderma

Steatorrhea following gastric surgery

TABLE 11.5

Conditions That Cause Malabsorption of Nutrients

Amino acid malabsorption

Folic acid malabsorption

Monosaccharide malabsorption

Primary disaccharidase deficiency

Vitamin B,, malabsorption

Cystinuria

Hartnup’s disease
Methionine malabsorption
Proline malabsorption
Alcohol

Dilantin

Oral contraceptives

Fructose malabsorption
Glucose malabsorption
Acquired lactase deficiency
Congenital lactase deficiency
Congenital sucrase—isomaltase deficiency
Alcohol

Congenital B, malabsorption
Pernicious anemia

may compensate to a substantial degree and normal health continues. This can
make the selection and interpretation of various tests for the diagnosis of malab-
sorption difficult.

In general, the digestion and absorption of food materials can be divided into
three major phases.

1. During the luminal phase, dietary fats, proteins, and carbohydrates are

2.

hydrolyzed and solubilized by secreted digestive enzymes and bile.
The mucosal phase relies on the integrity of the brush border mem-
branes of intestinal epithelial cells to transport digested products from
the lumen into the cells.
In the postabsorptive phase, reassembled lipids and other key nutrients
are transported via lymphatics and portal circulation from epithelial
cells to other parts of the body.
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Perturbation by disease processes in any of these phases frequently results in
malabsorption. Most patients with malabsorption experience diarrhea and weight
loss with perhaps other symptoms such as weakness, amenorrhea, bone pain,
tetany, a tendency for bruising or bleeding, sore mouth or tongue, or peripheral
neuritis. Since conditions that could produce these symptoms and signs are
numerous and may or may not involve malabsorption, macroscopic and micro-
scopic stool examination is generally a part of any investigation of malabsorption.

The stool is examined for the presence of undigested material, particularly
meat fibers, and the presence of fecal fat by counting lipid droplets in the stool
and by using quantitative analysis procedures from a 72-hour stool collection
when the patient has been ingesting 50 to 100 g of fat per day for at least 48
hours before initiating collection [54,55]. This test is commonly called the “stool
fat test” and is based on the assumption that when secretions from the pancreas
and liver are adequate, emulsified dietary fats are almost completely absorbed in
the small intestine. When a malabsorption disorder or other cause disrupts this
process, excretion of fat in the stool increases.

The test evaluates digestion of fats by determining excessive excretion of
lipids in patients exhibiting signs of malabsorption, such as weight loss, abdom-
inal distention, and scaly skin [54]. Reference values may vary from laboratory
to laboratory, but are generally found within the range of 5 to 7 g/24 hours for
a normal human. Measuring the difference between ingested fat and fecal fat and
expressing that difference as a percentage results in a “fat retention coefficient.”
The coefficient is 95% or more in healthy children and adults. A low value is
indicative of steatorrhea [55].

Increased fecal fat levels are found in cystic fibrosis, malabsorption secondary
to other conditions like Whipple’s disease or Crohn’s disease, maldigestion sec-
ondary to pancreatic or bile duct obstruction, and “short gut” syndrome secondary
to surgical resection, bypass, or congenital anomaly [56].

The management of patients with malabsorption addresses two principal
factors: (1) the correction of nutritional deficiencies and (2) the treatment of
causative disease if possible. With regard to nutritional deficiencies the following
treatments are considered most important [56,57].

e Supplementation with essential vitamins and minerals such as calcium,
magnesium, iron, and vitamins that may be deficient

e (Caloric and protein replacement

* Administration of medium-chain triglycerides as fat substitutes as they
do not require micelle formation for absorption and their transport is
portal rather than lymphatic

e Parenteral nutrition in severe cases of intestinal disease

Treatment of causative disease may include the following as necessary:

e Consumption of a gluten-free diet to help correct celiac disease
¢ Consumption of a lactose-free diet to correct lactose intolerance
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e Administration of protease and lipase supplements for pancreatic insuf-
ficiency

* Administration of antibiotics are the treatment for bacterial overgrowth

* Administration of corticosteroids and other anti-inflammatory agents
to treat regional enteritis

OTHER TESTS FOR MALABSORPTION

Most available methods for measuring intestinal fat absorption have a common
limitation in that the results depend on digestion as well as on absorption of the
ingested lipid. These techniques have other practical disadvantages when applied
to infants and children because they may require adjustment of the amount of fat
consumed; because the test requires a few days to complete, loss of stool collec-
tion can be a problem. There is also considerable variability in the recommended
dosage and in the interpretation of what constitutes abnormal response. Table
11.6 lists additional tests that may be useful in the investigation of malabsorption
conditions. References are included to provide further information about how the
tests were conducted.

CARBOHYDRATE MALABSORPTION SYNDROMES

Lactose malabsorption syndrome is due to a lack of lactase in the brush borders
of the duodenum and jejunum. Individuals who have this condition — at least
50% of human adults — are lactose intolerant. Lactose intolerance is almost
universal in oriental countries. To circumvent it, some lactose-intolerant individ-
uals simply avoid using dairy products or take lactase pills along with dairy
products and get along quite well. Some infants have rare congenital lactose
intolerance. If they are fed a formula rich in sucrose or fructose, they do well [58].

Sucrose—isomaltase deficiency in the small intestine is an autosomal-recessive
inherited disorder. Significant portions of the Eskimo population in Greenland
have this type of deficiency. If placed on low sucrose diets, they show few
problems. A glucose—galactose malabsorption syndrome arises from a defect in
active transport for these monosaccharides, although fructose is well tolerated
and can be substituted [59].

PROTEIN ENERGY MALNUTRITION

Protein energy malnutrition (PEM) is associated with atrophy of the gastric
mucosa and pancreas and morphological changes in the intestine. Intestinal
changes are not distinguishable from morphological and functional abnormalities
termed “sprue” or tropical enteropathy. The highest prevalence of PEM is in
tropical locations lacking adequate sanitation [60,61]. Clinically the intestinal
changes may present as hypo- or achlorhydria, bacterial proliferation in the
stomach and upper intestine, and malabsorption. Acute and chronic diarrhea and
tropical enteropathy, often with colonization by enteric pathogens and subclinical
malabsorption, are often superimposed on PEM.
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TABLE 11.6
Other Tests Used to Investigate Malabsorption Conditions in Humans
Test Basis References
D-xylose test Proximal intestine primarily absorbs D-xylose; 40
documents integrity of intestinal mucosa
Small bowel biopsy Direct histopathological evaluation 111
Fructose breath test Detects fructose malabsorption as unabsorbed 112, 113
fructose that results in elevated hydrogen content
in expired air from microbial degradation in colon
Schilling test Evaluates vitamin B, absorption using 114, 115
radiolabelled B,
Double-contrast small bowel Detects short gut, giant diverticula, fistulae, etc. via 119, 120
enteroclysis radiographic radiographic imaging
Video capsule endoscopy Detects small bowel Crohn’s disease using capsule 117, 118,
imaging technology; capable of detecting limited 126
mucosal lesions
Magnetic resonance imaging Detects small bowel Crohn’s disease using capsule 117
(MRI) imaging technology
CT scan of abdomen Detects evidence of chronic pancreatitis; enlarged 120, 121
lymph nodes are seen in Whipple’s disease and
lymphoma; intussusception
14C-triolein breath test Amount of label expired as '“CO, 116
Endoscopic retrograde Detects malabsorption due to pancreas or biliary- 122
cholangiopancreatogram related disorders
(ERCP):
Lactose/hydrogen breath test Detects lactose malabsorption as unabsorbed 123, 124
lactose results in elevated hydrogen content in
expired air
14C-Bile salt breath test Determines integrity of bile salt metabolism 125
Upper GI endoscopy Direct visual with biopsy for mucosal 126, 127,
histopathological examination 128
Multidetector-row helical CT ‘Workup of patients with symptoms of intermittent 120

enteroclysis

small bowel obstruction, history of prior
abdominal surgery for malignant tumor or
radiation treatment

Malabsorption associated with acute, infectious diarrheas can result in the

loss of 7% of yearly food energy; subclinical malabsorption nutrient losses in
adults might equal 4 to 6% of yearly food energy. The consequences vary with
the adequacy of nutrient intake and presence or absence of concurrent infection.
Protein—energy interactions include: (1) at any given energy intake, increasing
protein will improve nitrogen retention until physiologic needs for nitrogen bal-
ance are approached, (2) at any given protein intake, increasing energy will
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improve nitrogen retention, (3) the efficiency of nitrogen retention will parallel
the degree of malnutrition, and (4) in the hypermetabolic phases of infection,
there will be less nitrogen retention for any given energy and protein intake
because of increased catabolism. Special attention should be given to situations
in which caloric intake is normal while protein intake is inadequate. This has
been associated with more marked intestinal morphological changes than when
both protein and caloric intakes are decreased. Outcomes in investigations
designed to assess nutritional needs in clinical or subclinical malabsorption should
be evaluated under usual living conditions and dietary intake to avoid erroneous
conclusions regarding prevalence or nutritional consequences.

WHIPPLE’s DISEASE

Whipple’s disease is a rare infectious disease caused by a bacterium, Tropheryma
whippelii. It can affect any system but occurs most often in the small intestine
and interferes with the body’s ability to absorb certain nutrients. Whipple’s disease
causes weight loss, incomplete break-down of carbohydrates or fats, and mal-
functions of the immune system. Diagnosis is based on symptoms and the results
of a biopsy of tissue from the small intestine or other organs that are affected.
When recognized and treated with antibiotics, Whipple’s disease can usually be
cured. It may be fatal if untreated. Full recovery of the small intestine may take
years and relapses are not uncommon [62].

CROHN’s DISEASE

Crohn’s disease is an inflammatory bowel disease (IBD) that causes chronic
inflammation of the intestinal tract. It is estimated that 500,000 Americans have
this condition. It is similar to another common IBD, ulcerative colitis [63,64].
Crohn’s disease and ulcerative colitis are often mistaken for one another. Both
cause many of the same symptoms: diarrhea, abdominal pain and cramping,
bloody stools, ulcers, reduced appetite, and weight loss. Crohn’s disease begins
with inflammation, most often in the lower part of the small intestine (ileum) or
in the colon, but sometimes in the rectum, stomach, esophagus, or mouth. Unlike
ulcerative colitis, in which inflammation occurs uniformly throughout an affected
area, Crohn’s disease can develop in several places simultaneously, with healthy
tissue in between. In time, large ulcers that extend deep into the intestinal wall
may develop in the inflamed areas.

A virus or bacterium may cause Crohn’s disease and inflammation occurs
when the immune system responds to the infection. The microorganism may also
be more directly causal to the inflammatory response. Mycobacterium avium
subspecies paratuberculosis (MAP), a bacterium that causes intestinal disease in
cattle, has been suggested as a possible candidate because MAP is often isolated
from the blood and intestinal tissue of patients with Crohn’s disease, but only
rarely in people with ulcerative colitis. It is also thought genetic susceptibility
may trigger an abnormal response to the bacteria in some people, whereas it is
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also possible that the disease is caused by an abnormal immune response to
bacteria present in the normal intestinal microflora. Approximately 20% of those
with Crohn’s disease have a parent, sibling, or child who also has the disease.
Mutations in a gene, NOD2/CARD15, occur with significant frequency in people
with Crohn’s disease and appear to be associated with the early onset of symptoms
and a high risk of relapse following surgery for the disease. Demographically,
Crohn’s disease occurs more often among people living in urban areas and in
industrialized nations; therefore factors associated with such environments such
as a diet high in fat or refined foods may also have some involvement [65].

AGING

As people age, gastric motility volume and acid content of gastric juice diminish.
This causes hypochlorhydria (insufficient hydrochloric acid) and delayed gastric
emptying. Intestinal absorption, motility, and blood flow decrease, impairing drug
absorption, along with a proportionate decline in lean mass and blood volume.
This results in higher serum drug levels in the elderly if not dosed appropriately
[66-68].

Geriatric patients appear to be at increased risk for developing GI problems
associated with the use of non-steroidal anti-inflammatory drugs (NSAIDs). It
has been estimated that 3 to 4% of patients aged 60 or older using NSAIDs
develop gastrointestinal bleeding, as compared with 1% of the general population
[66,70,71].

ErrecTs OF ToXiC SUBSTANCES
Toxins

Various naturally occurring toxins can affect intestinal absorption. These toxins
can be of microbial origin or from fungal, plant or animal sources. Diarrheal
diseases caused by microorganisms and their toxins are major causes of mortality
and morbidity throughout the world [75]. Acute diarrhea characterized by
increased intestinal secretion is commonly a result of infection with enterotoxin
producing organisms (enterotoxigenic Escherichia coli, Vibrio cholera, etc.) or
due to decreased intestinal absorption from infection with organisms that damage
the intestinal epithelium (enteropathogenic E. coli sp., Shigella sp., Salmonella
sp.).

Most bacterial toxins exert their effects through involvement of ADP ribosy-
lation proteins essential for several cellular functions, while other toxins involve
guanylate cyclase systems or calcium and protein kinases for their ultimate
actions. Many of these toxins are of microbial origin and play significant roles
in enteral infectious disease outbreaks. For example, cholera toxin affects the
human jejunum by reducing the absorption of water and electrolytes progressively
and induces secretion in a dose-dependent fashion [71,75].

Shiga toxin (Stx)-producing Escherichia coli (STEC) colonizes the large
intestine, causing a spectrum of disorders including watery diarrhea, bloody



Normal and Abnormal Intestinal Absorption by Humans 305

diarrhea (hemorrhagic colitis), and hemolytic—uremic syndrome [72]. Stx is a
multimeric toxin composed of one A subunit and five B subunits. The Stx2 B
subunit induces fluid accumulation independently of A subunit activity by altering
the usual balance of intestinal absorption and secretion toward net secretion.

Clostridium perfringens type A produces a 35-kDa enterotoxin (CPE) that is
an important cause of food poisoning, human non-foodborne GI disease, and
some veterinary GI diseases. CPE action involves formation of complexes in
mammalian plasma membranes. One such complex of approximately 155 kDa
is responsible for plasma membrane permeability alterations that result in entero-
toxin-treated mammalian cell death.

Such membrane permeability changes also damage the epithelium, allowing
the enterotoxin to interact with the tight junction (TJ) protein occludin. CPE and
occludin interact to form an approximately 200 kDa CPE complex and the
internalization of occludin into the cytoplasm. Removal of occludin (and possibly
other proteins) damages TJs and disrupts the normal paracellular permeability
barrier of the intestinal epithelium and may contribute to CPE-induced diarrhea.
Low CPE doses kill mammalian cells by inducing a classic apoptotic pathway
involving mitochondrial membrane depolarization, cytochrome C release, and
caspase 3/7 activation. High enterotoxin doses, however, induce oncosis, that is
a proinflammatory event. CPE is a unique, multifunctional toxin with cytotoxic,
TJ-damaging, and potentially significant proinflammatory action [73].

Botulism occurs from consumption or inhalation of preformed botulinum
toxin or growth of Clostridium botulinum bacteria in the GI tract or within a
wound. Growth of C. botulinum in the GI tract releases botulinum toxin that
reaches the circulation. All forms of botulism cause progressive weakness, bulbar
signs (blurred vision, diplopia, mydriasis, dysphagia, and dysarthria), and respi-
ratory failure with normal sensation and mentation. Patients can recover normal
muscle strength within weeks to months, but usually complain of fatigue for years
[74].

Fungal toxins, such as amatoxins and orellanine, can cause severe organ
damage in the human body. Amatoxins are bicyclic octapeptides occurring in
some Amanita, Galerina, and Lepiota species. They induce deficient protein
synthesis resulting in cell death and also may exert toxicity by inducing apoptosis.
Target organs are the intestinal mucosa, liver, and kidneys.

Poisoning generally results in dehydration and electrolyte imbalance, liver
necrosis, and possibly kidney damage. Amatoxins from Amanita phalloides and
related species of mushrooms are associated with severe morbidity and high
mortality. Circulating amatoxins can be detected in the sera of poisoned patients
as long as 30 hours after ingestion. Toxic effects are particularly high in suscep-
tible cells such as hepatocytes. The administration of cathartics, adsorbent agents,
and gastroduodenal lavage are of value in preventing further absorption of toxins
from the GI tract [76,77].

Recently, the number of blooms of algae that produce toxins has increased
in frequency, intensity, and geographical distribution. Illnesses resulting from
toxins from marine algae, fish, and shellfish contaminated with toxins may also
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be increasing. Scombrotoxic poisoning from toxins in the tissues of certain fish
is currently the most common cause of food poisoning associated with the con-
sumption of fish and shellfish. Poisoning results from the consumption of spoiled
fish of the families Scomberesocidae or Scombridae — in particular tuna, mack-
erel, skipjack, and bonito — that naturally contain high levels of histidine.
Incorrect storage of fish allows bacterial histidine decarboxylase to convert his-
tidine to histamine. The ensuing symptoms are thought to result from the ingestion
and GI absorption of large amounts of histamine [78,79].

Pharmaceuticals and Toxicants

Many pharmaceutical agents and toxic chemicals can affect intestinal absorption;
to attempt to list or discuss them all is beyond the scope of this chapter and will
be covered elsewhere in this text. Some are encountered unintentionally or by
accident and the result is intoxication while others are employed pharmacologi-
cally to affect some form of localized intestinal effect or absorbed by any of the
avenues of absorption discussed previously to systemically distribute and act
therapeutically. Examples of agents that affect intestinal absorption significantly
are listed below.

Acetazolamide — Inhibitor of carbonic anhydrase in intestinal epithelial
cells involved with HCO;~ production.

Belladonna (atropine) — Competitive antagonist of acetylcholine at mus-
carinic receptors; antisecretory agent; decreases GI motility.

Clonidine — -Adrenergic stimulating agent with antisecretory and antidiar-
rheal properties.

Domperidone — Blocks inhibitory effects of dopamine and increases GI
motility.

Ezetimibe — Cholesterol absorption inhibitor that blocks the translocation
of dietary and biliary cholesterol from the gastrointestinal lumen into the intra-
cellular spaces of jejunal enterocytes [80].

Histamine-2 receptor antagonists (cimetidine, ranitidine, famotidine) —
Reduce gastric acid output that may affect subsequent intestinal absorption pro-
cesses.

Loperamide — Opioid receptor agonist; antisecretory agent that slows
colonic motility.

Opiates — Antisecretory effects from relaxation of intestinal smooth muscle.

QOuabain — Inhibits the Na*—K*—ATPase pumps of intestinal epithelial cells.

Prokinetic drugs (cisapride, metoclopramide, erythromycin,
bethanechol) — Increase GI motility in selected portions of the GI tract or less
selectively over the entire tract, depending on pharmacologic action and mecha-
nism of the agent.

Proton pump inhibitors (lansoprazole, rabeprazole, esomeprazole, ome-
prazole) — Inhibit gastric acid secretion that may affect subsequent intestinal
absorption and motility events.
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Somatostatin — Regulatory peptide that inhibits the release of insulin and
glucagon from the pancreas and exerts a general inhibitory effect on many other
GI hormones including gastrin, gastric inhibitory peptide, cholecystokinin, secre-
tin, vasoactive intestinal polypeptide, and motilin; hormonal action reduces exo-
crine secretions and slows digestion, decreases GI motility, and decreases absorp-
tion of nutrients.

ErrecTs OF NATURALLY OCCURRING STIMULANTS, DEPRESSANTS, AND
SUBSTANCES OF ABUSE

Alcohol

Many alcohols can reach the intestinal tract either intentionally or unintentionally.
Common alcohols include ethanol, isopropanol, and methanol. Ethanol (ethyl
alcohol) can be used as a solvent, antiseptic, or beverage. Alcoholic beverages
such as beer, wine, and distilled spirits all contain ethanol. It is the single most
widely used drug in the world and therefore its effects on the digestive system
have been studied extensively. It may cause decreased absorption of D-xylose,
folic acid, and thiamin. In alcoholics, it may cause decreased absorption of
essential nutrients such as vitamin B, and methionine.

Ethyl alcohol is one of the most commonly abused drugs. Consumption
averages 10 liters per person per year in the United States. Alcohol is distributed
throughout the tissues of the body by means of water; therefore, major organs of
the body such as the heart and the brain receive the same blood alcohol concen-
tration. Alcohol is not digested; instead it is absorbed into the mucus linings of
the digestive system. Rate of absorption differs, depending on different factors
such as body size, sex, and concentration of alcohol. Alcohol dehydrogenase, the
principal enzyme involved in the metabolism and detoxification of alcohol, is
typically less abundant in women. Therefore some women may have less resis-
tance to the effects of alcohol than most men.

Carbonated drinks contain carbon dioxide that appears to affect the gas-
trointestinal epithelium in a manner that results in a higher rate of alcohol
absorption. Mucosal absorption begins within 10 minutes after the first sip of the
beverage, and absorption is completed in the small intestine. The majority of
absorption (80%) occurs in the small intestine because of its large surface area
and concentration of villi and microvilli. More specifically, the duodenum and
jejunum contain the largest surface areas and the ileum contains the least amount
of surface area. Consumption of large quantities of alcohol may lead to impaired
intestinal absorption of nutrients, vitamins, sodium, and water that may lead to
diarrhea.

Additionally, alcoholics may be inhibited from absorbing other nutrients such
as vitamin B,, folic acid, thiamin, amino acids, calcium, and magnesium. The
consumption of alcohol may also inhibit the absorption of some drugs such as
cephalosporins, chlorpropamides, and sulfonamides. Metabolism of antihista-
mines, barbiturates, and narcotics may be slowed with alcohol intoxication.
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Damage to the mucus of the digestive system due to alcohol consumption may
lead to duodenal erosions and bleeding. It can also lead to greater permeability
that may allow bacterial toxins to enter the blood from the digestive tract that
can cause additional damage to digestive and other organs. Another consequence
of excessive consumption of alcohol is the relaxation of the esophageal sphincter
that deters gastric contents from damaging the esophageal mucus. Alcohol reduces
the pressure of the esophageal sphincter leading to increased heartburn.

Alcoholics have more relaxed esophageal muscles and thus have greater
increases in acid reflux and are more prone to esophageal tears due to vomiting.
Membranes in the mouth may become irritated due to consumption of alcohol
and eventually cause throat or mouth cancer. Consumption of alcohol has also
been linked to increased risks of tumors in the pharynx, colon, mouth, stomach,
and esophagus. Tumors may also develop in the GI tract due to free radicals such
as preservatives and additives found in alcoholic beverages. The risk of developing
these cancers may increase linearly with the addition of tobacco usage.

Low alcohol-containing beverages such as wine and beer, when consumed
in small amounts, may contain substances that induce gastric motility. Higher
quantities may delay gastric emptying and thus cause a feeling of fullness or
nausea [81]. Appetite is increased with consumption of small quantities of alcohol
because it stimulates the production of stomach juices; over time, appetite may
become dulled, which can lead to malnutrition. An influx of gastric juices due to
alcohol consumption may also lead to ulcers on the stomach lining.

The toxicity of isopropanol is almost twice that of ethanol. Symptoms of
poisoning may include catatonia and ketonuria with the loss of metabolic acidosis.
Methanol is generally considered nontoxic and can be found in items such as
antifreeze, fuel, solvent, and paint remover.

Betel

It is common for people in countries of South and Southeast Asia to chew a
combination of betel, areca nut, and tobacco packaged into “quids.” Nuts of the
Areca palm are wrapped in leaves and spread with lime paste to form small
packets that can be inserted into the mouth. In some populations, tobacco may
also be inserted. Betel chewing is the fourth most common habit in South Asia,
behind smoking, alcohol, and caffeine usage. Some diseases that are linked to
the use of betel chewing are oral submucous fibrosis, oral leukoplakias, and oral
cavity, head, and neck cancers [82]. Betel chewing may lead to the development
of esophageal cancer and may increase the carcinogenetic effects of smoking and
alcohol.

Although the effects of betel on the development of cancer are well known,
the effects of betel quids on vitamin D metabolism and calcium homeostasis in
the GI tract are only now being studied. It is likely that this practice has other
effects on intestinal motility and absorption that are worthy of study given the
commonality of use in some parts of the world.
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Caffeine

Caffeinated coffee stimulates colonic motor activity with a magnitude similar to
that of a meal. It is 60% stronger than water and 23% stronger than decaffeinated
coffee [83]. Coffee contains a multitude of substances, many of which are poten-
tially biologically active, although the main physiologic effects resulting from
consumption are usually ascribed to the presence of caffeine. Coffee is also an
extremely rich source of chlorogenic acids (CGAs), an important group of bio-
logically active dietary phenols, the best known of which is 5-caffeoylquinic acid
(5-CQA).

The daily intake of CGA by coffee drinkers ranges from 0.5 to 1.0 g (3,6).
Olthof et. al. [84] showed that 33% of a 2.8-mmol load of CGA was absorbed
by ileostomy patients. Plasma glucose concentrations were significantly higher
after consumption of caffeinated coffee than after consumption of a control
beverage or decaffeinated coffee. Caffeine is an adenosine receptor antagonist
[107] and inhibits muscular glucose uptake, even in the presence of insulin [108].
Moreover, Sharp and Debnam [106] showed that acute luminal exposure of GI
cells to cAMP has stimulatory effects on sugar transport. The secretion of the
GIP and GLP-1 hormones is significantly altered in response to the consumption
of caffeinated beverages.

Cannabinoids

The human nervous system contains cannabinoid CB1 receptors that decrease
the functions of the GI tract. CB1 receptors depress gastrointestinal motility by
inhibiting ongoing contractile transmitter release. This results in a relaxation of
the sphincters of the lower esophagus that in turn retards gastric emptying and
inhibition of the transit of materials through the small intestine. The inhibitory
effects of cannabinoid receptor agonists on gastric emptying and intestinal transit
are mediated to some extent by CB1 receptors in the brain and by enteric CB1
receptors.

Acid production in the stomach is also inhibited by the activation of CB1
receptors. In clinical trials, marijuana was found to aid in colon functioning,
intestinal dysfunction, and diarrhea. In the future, cannibinoids may be used to
help treat gastrointestinal dysfunction, diarrhea, vomiting, nausea, colon cancer
and inflammation of the bowels [85].

Evidence also indicates that cannabinoid receptor agonists can suppress
increases in gastrointestinal activity precipitated by naloxone in morphine-depen-
dent animals. A9-THC (but not cannabidiol) produces a dose-related blockade
of naloxone-induced signs of heightened gastrointestinal activity (diarrhea and
increased defecation) and other abstinence signs in morphine-dependent rats.
These findings indicate that cannabinoids may have potential for the management
of opioid withdrawal in human clinical settings [86].
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Catechins

Recently, the benefit to metabolism from drinking green and black tea has been
widely publicized. Green and black tea both originate from the leaves of Camellia
sinensis. The leaves of tea plants contain large amounts of monomeric flavonoids
called catechins. Green tea is made by inactivating the enzymes in the freshly
picked leaves while black tea is produced from fresh green teas through a fer-
mentation process. Tea catechins have been shown to reduce plasma cholesterol
and suppress hypertriacylglycerolemia by reducing triglyceride absorption. How-
ever, the mechanism is not yet clear.

One of the possible mechanisms is that tea polyphenols may modify dietary
fat emulsification in the GI tract. The digestive enzyme (lipase) acts on specific
emulsion interface properties (droplet size and surface area). Therefore, changes
in these properties may modify emulsification and lead to changes in dietary fat
digestion and absorption. The effects of both green and black tea on changes of
emulsification were examined in vitro by measuring droplet size and the surface
area [87]. Using a model emulsion system containing olive oil, phosphatidylcho-
line (PC), and bile salt developed to simulate small intestinal conditions, initial
changes in droplet size (from 1.4 to 52.8 p and from 1.4 to 25.9 ) of the emulsion
were observed in the presence of 1.04 mg/mL and 0.10 mg/mL of total catechins
prepared from green and black tea, respectively. Both teas caused similar changes
of emulsion properties; however, black tea was more effective than green tea.

Flavonoids that are not absorbed in the small intestine are metabolized by
the bacterial flora in the colon [97-99]. Colonic microorganisms mediate fission
of the central C3 rings of catechins. This type of fission is decisive for the basic
structure of the resulting metabolites, i.e., hydroxyphenyl-valerolactones and
phenolic acids [98]. These metabolites are absorbed from the colon, and their
urinary concentrations exceed that of the intact flavonoid [84,100-102]. In addi-
tion, dietary flavonoids may have significant effects on colonic flora [103] and
thus confer a type of prebiotic effect.

It has been noted that drinking tea and also wine [102], cider [104], and
coffee [84] can result in increases in urinary hippuric acid excretion, which
indicates that polyphenols from different dietary sources may have similar effects
on colonic flora. Green tea consumption and black tea consumption result in
absorption of similar amounts of microbial degradation products by the body.
These microbial metabolites, and not the native tea flavonoids, may be responsible
for at least some of the health effects attributed to tea consumption. [105].

Cocaine

Historically, cocaine was utilized by Native Americans and other indigenous
people because of its ability to suppress hunger and was taken orally by chewing
on the leaves of the plant. Current data suggests a rise in the number of deaths
attributed to cocaine by means of oral ingestion. A popular means of drug
smuggling involves the swallowing of several balloons, condoms, or small vials
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containing cocaine. This practice is commonly termed “body packing” and is
also used to smuggle other drugs of addiction such as cannabis and heroin.
However, most research on the effects of body packing has been conducted on
individuals who smuggle cocaine.

In the past, it was assumed that cocaine was harmless when ingested orally
[88], but current studies have shown the opposite [89]. On occasion, a swallowed
vessel may rupture in the stomach of a body packer and may cause severe
complications of digestion and normal gastric functioning. Thirty minutes after
ingestion, cocaine begins to be absorbed into the GI tract and becomes ionized
due to the acid in the stomach. The cocaine may pass through the stomach, but
it does not become appreciably absorbed until it reaches the more alkaline small
intestine. After a ruptured package is discovered through x-ray or sonogram, an
emergency surgical exploration may ensue or, in the absence of complications,
the individual may be administered laxatives. Complications due to ingestion of
cocaine may include status epilepticus, wide and narrow complex bradyarrhyth-
mias, ventricular arrhythmias, and delayed hyperthermia [89].

Although the most common application of cocaine is through the nasal
passage, a study conduced by van Dyke and colleagues [90] concluded that oral
administration produced the quickest high (15 to 60 minutes) versus intranasal
application (45 to 90 minutes). The highs experienced by users who chose intra-
nasal application may be attributed to the passage of cocaine through the
nasopharynx into the GI tract.

Nicotine

Smoking has been found to have both negative and positive consequences on the
gastrointestinal system. Cigarette smoking presents a high risk factor for devel-
oping gastroduodenal ulcers and gastric carcinoma. Smoking may also tighten
the gastric mucosa in smokers and is associated with a smaller increase of gastric
permeability induced by alcohol [91].

Smokeless tobacco users consume a significantly larger amount of nicotine
into the GI tract because they may swallow small amounts of tobacco juice. Most
of the absorbed nicotine is converted to cotinine during first pass hepatic metab-
olism [92]. Smoking can have detrimental and beneficial effects on gastrointes-
tinal disease — it has a polarizing effect in patients with Crohn’s disease and
ulcerative colitis. Studies of tobacco smokers have not clearly identified which
agents are responsible for these effects, but research on the action of nicotine
alone may help explain some of the positive and negative links between smoking
and gastrointestinal disease [93].

Unlike cigarette smokers, spit tobacco (ST) users absorb significant amounts
of nicotine through the GI tract while swallowing tobacco juice. This process
potentially compromises the utility of cotinine as a biomarker for systemic nic-
otine exposure in ST users. To investigate this question, Ebert [92] correlated
nicotine and cotinine concentrations with clinical measures of ST use in 68 daily
ST users enrolled in a non-nicotine pharmacologic intervention trial. It was found
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that a higher frequency of swallowing tobacco juice (P = 0.007) was an indepen-
dent predictor of higher serum cotinine concentrations. Serum nicotine concen-
trations, on the other hand, were not correlated with a higher frequency of
swallowing. In the absence of a reliable way to measure frequency of swallowing,
it was concluded that cotinine should not be used for guiding clinical decisions
that depend upon a precise quantification of systemic nicotine exposure such as
tailored nicotine replacement therapy.

Glycyrrhizic acid is widely applied as a sweetener in food products and
chewing tobacco. In addition, it is of clinical interest for possible treatment of
chronic hepatitis C. In some highly exposed subjects, side effects such as hyper-
tension and symptoms associated with electrolyte disturbances have been
reported. Glycyrrhizic acid is mainly absorbed after presystemic hydrolysis as
glycyrrhetic acid.

Because glycyrrhetic acid is a 200 to 1000 times more potent inhibitor of 11-
beta-hydroxysteroid dehydrogenase compared to glycyrrhizic acid, the kinetics
of glycyrrhetic acid are relevant in a toxicological perspective. Once absorbed,
glycyrrhetic acid is transported and taken into the liver by capacity-limited car-
riers, where it is metabolized into glucuronide and sulfate conjugates. These
conjugates are transported efficiently into the bile. After outflow of the bile into
the duodenum, the conjugates are hydrolyzed to glycyrrhetic acid by commensal
bacteria; glycyrrhetic acid is subsequently reabsorbed, causing a pronounced
delay in terminal plasma clearance.

Pharmacokinetic modeling shows that in humans the transit rate of gas-
trointestinal contents through the small and large intestines predominantly deter-
mines to what extent glycyrrhetic acid conjugates will be reabsorbed. Parameters
that can be estimated noninvasively may serve as useful risk estimators for
glycyrrhizic-acid-induced adverse effects because glycyrrhetic acid may accumu-
late after repeated intake in subjects with prolonged gastrointestinal transit times
[94].

Clinical evaluation, upper gastrointestinal endoscopy, and electron micro-
scopy of mucosal biopsies from the antrum, body, and fundus of stomach from
control subjects and habitual tobacco chewers show marked differences. Electron
microscopic abnormalities such as discontinuous fragmented basement mem-
branes with reduction in hemidesmosomes and widened intercellular spaces filled
with clusters of desmosomes were found in the gastric mucosa of habitual tobacco
chewers; these were similar to those reported in experimental carcinogenesis and
leukoplakia. It is concluded that habitual chewing of tobacco produces electron
microscopic alterations in the human gastric mucosa that may be important
precursors for gastric malignancy. [95].

Smoking cessation aids include nicotine patches, chewing gums, and loz-
enges. Nicotine lozenges have been available over the counter for over 15 years.
Studies have found that they contain substantial amounts of nicotine and may
provoke irritation in the GI tract that may result in vomiting [96].
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Opium and Opioids

Opioid receptors in the GI tract mediate the effects of endogenous opioid peptides
and exogenously administered opioid analgesics on a variety of physiological
functions associated with motility, secretion, and visceral pain.

INTESTINAL ABSORPTION MODELING

Human intestinal absorption is an important roadblock in the formulation of new
drug substances. In many cases obtaining direct information for evaluating the
intestinal absorption of new candidate drug compounds is (1) time consuming
due to the need for clinical study design and conduct, (2) expensive due to the
cost of conducting clinical studies with several candidate compounds, or (3)
potentially dangerous if a compound has not been well characterized toxicolog-
ically. For these reasons computational models are constantly developed and
utilized for the rapid estimation and prediction of the human intestinal absorption
of various substances and compounds.

Generally, the initial parameter estimates are determined via in vivo animal
experiments or in vitro permeability studies. Currently, permeability through
human Caco-2 cells is a method in common use. Several different methods are
available for the development of predictive models and statistical quality is of
importance in their selection and use [109]. As pharmaceutical and biotechnology
companies strive to reduce the enormous costs and time required to bring new
drugs to market, computational modeling methods have become important and
necessary parts of drug discovery and development. These computational models
range from simple spreadsheet routines to sophisticated supercomputer molecular
dynamics models. Modeling procedures to predict human intestinal absorption
generally have one or more of the following objectives.

* Rapid analysis and understanding of the behaviors of drug candidates
in animals and humans

* Rapid ability to test hypotheses regarding formulation, changing
physicochemical parameters, fasted and fed state effects, ionization
effects on solubility and absorption

e Ability to quickly estimate the best dosing for toxicity studies in
animals

e Ability to fit absorption and pharmacokinetic models to Phase I data
in humans and use those models to determine optimum dosing for later
phases

The ability of these models to predict human intestinal absorption depends
on the quality of the input information but generally have the ability to predict
absorption with 70 to 90% percent success on a qualitative basis using datasets
from compounds that have known or subsequently determined human intestinal
absorption data.
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More than 100 computational packages are commercially available for the
development of absorption models. Some are used more widely than others and
some claim to be “validated.” In quality control terms, this typically indicates
that each keystroke has been checked and each module has been tested with a
standard dataset and returned a computed value within acceptable numerical
limits. One popular software package, GastroPlus™ (Simulations Plus, Inc.,
Lancaster, CA) is widely used as are packages designed to make building of
physiologically based pharmacokinetic (PBPK) models for humans relatively
simple by building in collections of human parameter data from the literature so
that each model is built on a relatively similar set of initial physiological parameter
estimates. Commercial software packages for PBPK model development include
commercial turn-key packages such as PBPK Modeling™ (The Lifeline Group,
Annandale, VA) and acslExtreme® (Aegis Technologies Inc., Huntsville, AL).
Other computational methods employ various molecular structure-based
approaches such as the topological substructural approach (TOPS-MODE) used
by Pérez et al. [110].

These in silico methods of estimating human intestinal absorption of a variety
of substances are rapidly gaining international popularity and the quality, quantity,
and variety of information in databases available to develop these models is
increasing such that modeling methods are becoming accepted and regular fix-
tures in many current pharmaceutical development projects.

SUMMARY

Intestinal absorption encompasses many highly significant and important pro-
cesses in health and disease. As our understanding of normal intestinal function
improves so will our ability to recognize and potentially treat or correct abnormal
intestinal function. Advances in genomics, proteomics, computational modeling,
and nanotechnology are certain to have major impacts toward advancing both our
knowledge of human intestinal function and the quality of life of those with
conditions involving abnormal intestinal function. The sciences of gastroenterol-
ogy and toxicology will be important contributors to these advancements.
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INTRODUCTION

In previous chapters to this text, gastrointestinal (GI) absorption and metabolism
of xenobiotics in animals were reviewed, as were normal and abnormal intestinal
functions in humans. Those chapters described the various physiological and
biochemical mechanisms of absorption, including factors that influence xenobi-
otic absorption. In the original work to this series, Hoensch and Schwenk (1984)
extensively reviewed the biochemical and cellular processes of absorption and
metabolism of agents and described in detail the factors that influenced gas-
trointestinal absorption and metabolism of xenobiotics. It is quite clear that the
processes are essentially the same for animals and humans although quantitative
and qualitative differences of absorption are expected.

Because the earlier work of this series addressed the fundamental concepts
of absorption, and this topic is very well described in textbooks of toxicology
(Klaassen, 2001; Hayes, 2001), these concepts will not be discussed in too much
detail. Furthermore, readers are urged to review the prior chapters on gastrointes-
tinal anatomy and physiology and the processes involved in absorption and the
text book of Yamada (2004). In the current chapter, we will briefly review the
absorption of agents, primarily pharmaceutics, and the biochemical and physio-
logical factors that modulate gastrointestinal absorption and metabolism in
humans.

HUMAN INTESTINAL TRACT

The intestine can absorb vast quantities of fluid from the intestinal lumen to
maintain normal homeostasis. More than 98% is absorbed to preserve health,
with a majority of the fluid secreted rather than ingested. The balance between
absorptive and secretory functions is a highly regulated process that is disrupted
by disease states or conditions that can result in excessive fluid secretion. Under
certain conditions, the secretory function can exceed the absorptive function,
leading to diarrhea and loss of fluid. An extreme example has been noted in
cholera patients, where fluid loss can be up to 20 L per day (Montrose, et al.,
2003).

Over decades of study, the scientific understanding of the intestinal tract has
seen dramatic advances. We have gained new appreciation of the molecular
transport and the regulatory and structural proteins involved in normal absorption
and malabsorption of nutrients and xenobiotics. Through advances in biochem-
istry, we have identified various protein transporters and how these transporters
interact with secondary messenger pathways and with the cytoskeleton to allow
the intestinal epithelium to respond to changes in the extracellular environment.

In the stomach, gastric juice contains a variety of substances, e.g., ions,
enzymes, etc. and about 2500 mL are secreted daily. The hydrochloric acid
secreted by the gastric tissue kills ingested bacteria, provides the necessary pH
for pepsin to start protein digestion, and stimulates bile flow. The mucosal cells
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of the stomach secrete HCO;~ to maintain pH gradients of 1 to 2 at the luminal
side and 6 to 7 at the surfaces of the epithelial cells.

The previous chapter covered normal and abnormal intestinal absorption in
humans and provided a review of human intestinal functions and malabsorption
syndromes. The differential pH ranges of the human GI tract cited in the previous
chapter should be consulted for an appreciation of the overall ranges involved
and the regional nature of the pH gradients along the human GI tract, both of
which are important issues for understanding the forms in which pH-sensitive
substances are absorbed.

Lui et al. (1986) examined differences in stomach pH levels of humans and
dogs because dogs are often used to examine absorption pharmacokinetics. In
this investigation, pH was continuously recorded through the use of Heidelberg
capsules that transmit data through a radio frequency transmitter. Gastric pH was
significantly higher in dogs compared to humans, although gastric emptying time
was similar (Table 12.1). The intestinal pH of the dogs was also greater.

The authors suggested that the differences between dogs and humans related
to differences in gastric secretion and pancreatic bicarbonate secretion, with
gastric secretion lower in dogs and pancreatic secretion higher in humans. Hence,
it would be expected that dogs would have higher gastric and intestinal pH levels.
The implications of this difference could be that xenobiotic absorption may differ.
However, the time—pH profiles for dogs and humans tend to be similar such that
absorption of compounds would not significantly differ. Clearly, where the pKa
values of poorly soluble drugs fall within the range of pH 5 to 8, there may be
discrepancies in absorption between dogs and humans. The purest specimens of
parietal cell secretion that have been obtained contain approximately 0.17 N HCI,
with pH as low as 0.87 (Montrose et al., 2003). The pH of the cytoplasm of the
parietal cells, like that of other cells, is 7.0 to 7.2.

Acid secretion is stimulated by histamine (H, receptors) and by acetylcholine
(M; muscarinic receptors). The H, receptors increase intracellular cAMP, and the
muscarinic receptors and the gastrin receptors exert their effects by increasing

TABLE 12.1
Gastric pH and Emptying Time in Dogs and
Humans?

Measure Dog Human
Gastric pH 1.8 £ 0.07 1.1 £0.15
Gastric emptying time (min)  99.8 £ 27.2  59.7 + 14.8
Intestinal pH 7.3 +0.09 6.0 = 0.05

2 Values = mean + standard deviation.

Source: From Lui, C.Y. et al., J. Pharmaecut. Sci. 75: 271,
1986.
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intracellular free Ca?*. Gastrin also acts by stimulating the secretion of histamine
from enterochromaffin-like (ECL) cells, vesicle- and granule-containing cells that
are the predominant endocrine cell type in the acid-secreting portion of the
stomach.

The presence of food in the mouth reflexively stimulates gastric secretion.
Vagal nerve stimulation increases in gastric secretion. In humans, for example,
the sight, smell, and thought of food increase gastric secretion, a Pavlovian
response. Food in the stomach accelerates the increase in gastric secretion pro-
duced by the sight and smell of food and the presence of food in the mouth.
Although gastrin-containing cells are present in the small intestine and stomach,
instillation of amino acids directly into the duodenum does not increase circulat-
ing gastrin levels (Montrose, et al., 2003). Fats, carbohydrates, and acid in the
duodenum inhibit gastric acid and pepsin secretion and gastric motility. Gastric
acid secretion increases with surgical removal of large parts of the small intestine
and tends to be proportionate in degree to the amount of intestine removed.

The rate at which the stomach empties into the duodenum depends on the
type of food ingested. Food rich in carbohydrates leaves the stomach in a few
hours. Protein-rich food leaves more slowly, and emptying is slowest after a meal
containing fat. The rate of emptying also depends on the osmotic pressure of the
material entering the duodenum. Since fats are particularly effective in inhibiting
gastric emptying, some people drink milk, cream, or even olive oil before a
cocktail party. The fat delays intestinal transport from the stomach where its
absorption is slower. Hence alcohol enters the small intestine more slowly so that
— theoretically, at least — a sudden rise of blood alcohol to a high level and
consequent embarrassing intoxication are avoided. Fraser (1997) suggested that
alcohol interacts with drugs and foods, delaying absorption and gastric emptying
time. Therefore, it remains uncertain whether foods affect alcohol transit time or
alcohol affects food transit time.

BIOPHARMACEUTIC CLASSIFICATION SYSTEM
AND HUMAN DRUG ABSORPTION

In 1995, Amidon et al. devised a biopharmaceutics classification system (BCS)
to classify drugs based on their aqueous solubility and intestinal permeability.
The authors suggested that dissolution rate has a negligible impact on bioavail-
ability of highly soluble and highly permeable (BCS Class I) drugs when the
dissolution of a drug is sufficiently rapid (Kaus, et al., 1999). As a result, various
regulatory agencies including the Food and Drug Administration (FDA) now
allow bioequivalence waivers of formulations of BCS Class I drugs to be dem-
onstrated by in vitro dissolution (often called a biowaiver). Definitive BCS clas-
sification is done when a potential Class I candidate enters human testing with
classification according to methods outlined in the FDA guidance (2000; Table
12.2). For instance, solubility is determined at pH 1.2 and 7.5 and also at pH
approximating the pKa (pKa — 1, pKa, and pKa + 1) of the agent.
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TABLE 12.2
Biopharmaceutical Classification System

Biopharmaceutical

Classification Description Examples
Class 1 High solubility, high permeability ~ Chlorpheniramine, cloxacillin
Class 2 Low solubility, high permeability =~ Clofazimine, gibenclamide
Class 3 High solubility, low permeability Hydralizaine, methotrexate
Class 4 Low solubility, low permeability Teophylline, trimethoprim

Sources: Food and Drug Administration, Guidance for Industry, etc., 2000; Amidon, G.L. et al.,
Pharmaceut. Res. 12: 413, 1995.

Kasim et al. (2004) undertook an analysis of approximately 260 oral imme-
diate release drugs and compared the BCS classifications of these drugs based
on partition coefficient (log P or CLogP) or dose number.* For a majority of the
drugs examined, BCS classification was the same. About 67% of the drugs were
classified as “high solubility” drugs.

For classification of drugs, preference is often given to data developed from
clinical or preclinical studies with a preference given to data developed from
renal excretion data in human studies or a human mass balance study with
radiolabeled material. Human absolute bioavailability studies and preclinical
permeability studies using rat intestinal perfusion or Caco-2 cells are also con-
sidered for classification. For immediate release dosage forms, a product is
considered to be a rapidly dissolved substance when not less than 85% of a
labeled amount of the substance dissolves within 30 min in acidic media (0.1 N
HCI or simulated gastric media), pH 4.5 media, and pH 6.8 media or simulated
intestinal fluid without enzymes.

Class 1 substances are well absorbed; the rate limiting step for absorption is
dissolution of the agent. For immediate release dosage forms, i.e., those formu-
lations that dissolve very quickly, gastric emptying time becomes rate limiting
for absorption. Drug dissolution is the rate limiting step for the absorption of
formulations that are Class 2 drugs. In this case, the in vivo dissolution profile
will be a determinant for blood concentrations. Amidon et al. (1995) proposed
that the dissolution profile should be determined over time and for at least 85%
dissolution at several different pH values. This proposal has been incorporated
into the FDA guidance (2000). For Class 3 drugs, absorption is limiting, and
drugs of this class show large variations in permeability.

Monographs for several pharmaceuticals have been published in the open
literature with an eye toward obtaining biowaivers from conducting in vitro or in
vivo bioequivalence and bioavailability studies (Yu et al., 2002; Blume and Schug,

* Dose number (Do) was calculated as the highest dose strength divided by a predetermined volume
(250 mL) and the result divided by the solubility. CLogP is an estimate of gastrointestinal permeability.
(see Kasim et al., 2004).
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1999; Kortejarvi et al., 2005). Without waivers, pharmaceutical companies would
be mandated to undertake in vivo bioavailability and bioequivalence testing for
newly formulated generic drugs or re-formulations of existing patented drugs.
Such testing could have considerable cost ramifications. Class 4 drugs are difficult
to formulate for oral dosage forms.

In vivo differences in the rate and extent of absorption of two equivalent solid
oral products may be due to differences in drug dissolution. When the in vivo
dissolution of a solid oral dosage form is rapid in relation to gastric emptying
time, the drug has high permeability and the rate and extent of drug absorption
are unlikely to be dependent on dissolution and/or gastrointestinal transit time.
Under such circumstances, the FDA suggests that demonstrations of in vivo
bioavailability or bioequivalence may not be necessary for products containing
Class 1 substances. The BCS approach outlined by the FDA may be used to
justify biowaivers for highly soluble and highly permeable drug substances (Class
1 agents) for immediate release, solid oral dosage forms.

A drug substance is considered highly soluble when the highest dose strength
is soluble in 250 mL or less of aqueous media over a pH range of 1 to 7.5. The
permeability class boundary is based on the fraction of dose absorbed in humans
and on the rate of mass transfer across human intestinal membrane. A drug
substance is considered highly permeable when the extent of absorption in
humans is determined to be 90% or more of an administered dose based on a
mass balance determination or in comparison to an intravenous reference dose.
A drug substance is considered rapidly dissolving if 85% or more of the labeled
amount dissolves within 30 min.

Lennernas (1998) examined several methods used to predicting human intes-
tinal permeability. The authors suggested a good correlation exists between the
measured human effective permeability values and the extent of absorption of
drugs in clinical pharmacokinetic studies. Estimations of the absorption half-lives
from the measured effective intestinal permeability (P.;) agreed very well with
the time to maximal amount of the dose absorbed. Human in vivo permeability
can be predicted using preclinical permeability models such as in situ perfusion
of rat jejunum, the Caco-2 model, and excised intestinal segments.

Prediction of passively transported compounds can be accurately predicted
although evaluation of agents absorbed by carrier-mediated transport mechanisms
requires a special degree of caution (Lennernas, 1998; Lennernas, 1997). Clearly,
additional research is needed to further characterize the influence of active trans-
port mechanisms, e.g., multidrug resistance transporters, and intestinal metab-
olism, e.g., Cytochrome P4503A4, on drug bioavailability observed with anti-
cancer agents (Schellens et al., 2000).

XENOBIOTIC ABSORPTION

A xenobiotic, for the purposes of this chapter, is a natural or synthetic chemical
substance that is foreign to the body — in other words, a chemical that is not a
natural component of the organism exposed to it which in this case is a human.
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With respect to intestinal absorption and metabolism, xenobiotics essentially must
be (1) absorbed intact or unchanged, (2) combined or bound with some other
substance that facilitates or enhances intestinal absorption by co-transport, (3)
metabolized, then absorbed as some metabolite or metabolites, or (4) absorbed
intact, then metabolized before the metabolites are absorbed into the blood or
lymphatics.

In humans, as in most higher mammals and primates that have well developed
intestinal tracts, a variety of means ranging from simple diffusion to energy-
requiring, carrier-mediated transport systems (see Chapter 11) allow nutrients to
be absorbed in the GI tract. These same absorption processes and transport
systems are available to xenobiotics and, in general, the better the chemical
similarity of a xenobiotic to the nutrient chemicals normally absorbed, the greater
the likelihood of absorption.

Most absorption takes place in the first 1 to 2 m of the small intestine, the
proximal region. This portion of the intestine contains gastric secretions, bile
acids, and pancreatic secretions and for this reason has a relatively wide pH range.
Absorption may occur all along the intestinal tract as well as the colon and, given
the different conditions of regional pH as well as emulsifier, enzymatic, and
microbial contents and the degree of motility, xenobiotic absorption occurs over
a wide range of conditions. Most chemicals, nutrients, and xenobiotics absorbed
in the GI tract are first transported to the liver, because all blood vessels sur-
rounding the GI tract lead to the portal vein to the liver.

PriNCIPAL ROUTES OF XENOBIOTIC ABSORPTION
Diffusion

Permeation of xenobiotics across biological membranes occurs primarily by
diffusion, with absorption into systemic circulation dependent on the concentra-
tion gradients across the gastrointestinal epithelium. Small molecules of molec-
ular weight below 600 are readily absorbed across the epithelia through aqueous
pores within the membrane, whereas larger molecules are absorbed across the
gastrointestinal epithelium based primarily on the physiochemical properties of
the agent, e.g., hydrophobicity. The degree of gastrointestinal absorption tends
to increase with an increase in hydrophobicity. Estimation of absorption has
historically been associated with an assessment of the octanol:water partition
coefficient, Log P, and is the equilibrium ratio of the solute concentrations in the
two solvents (see Chapter 10).

Active Transport

Although most xenobiotics will be absorbed across the gastrointestinal epithelium
by simple diffusion, a number of compounds including many nutrients are
absorbed via active transport mechanisms. Active transport is the movement of
a molecule across a membrane, driven by energy in the form of expenditure of
ATP and against a concentration gradient. In addition, specific proteins facilitate
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transport so that even large molecules can be moved across the membrane. Active
transport results in greater concentrations of compounds within cells. Indeed,
active transport of compounds into cells becomes particularly important when
structurally related toxicants, e.g., S-fluorouracil compete with a nutrient, for
example, for the transporter protein. This competition can be used for therapeutic
benefits.

In the last decade or more, a great deal of research has been reported on
various protein transporters. Several gastrointestinal protein transporters have
been identified. The multidrug-resistant protein (mdr) was one of the first family
of protein transporters identified and was found to transport chemotherapeutic
agents out of gastrointestinal cells and cells of other organs. Other gastrointestinal
transporters that have been identified include nucleotide (nt), divalent-metal ion
(dmt), and peptide (pept) transporters.

Filtration

Transport of molecules with molecular weights below 200 is carried through by
the hydrostatic forces of water; this phenomenon is known as solvent drag (Blan-
chard, 1975). Although filtration is more common in the kidneys, it can occur to
a limited extent in the gastrointestinal tract, e.g., calcium absorption.

Facilitated Diffusion

Facilitated diffusion is a carrier-mediated process of absorption similar to active
transport. However, absorption does not occur against a concentration gradient,
thereby distinguishing this process from active transport. The transport of glucose
into the cell occurs with the Na*—K* pump that generates a Na* gradient across
the cell membrane. The glucose—-Na* symport protein uses that Na* gradient to
transport glucose into the cell.

Pinocytosis

Cells have the ability to transport macromolecules (proteins, polysaccharides,
polynucleotides) to their interiors through endocytosis — a broad term that
includes phagocytosis and pinocytosis. Phagocytosis is the process of enveloping
a particle by modifying its membrane to form a phagosome around the particle.
Phagosomes are then pulled by cytoskeleton motion of the cytosol into one or
more lysosomes for digestion of the particles.

In contrast, pinocytosis transports liquid substances into cells. Pockets occur
in a given area of a cell membrane, capturing the liquid and forming vesicles that
are then pulled by cytoskeleton motion into the cytoplasm. Pinocytosis may be
selective or non-selective. Selective pinocytosis occurs in two stages. The liquid
substance adheres initially to membrane receptors and then the substance is
transferred to vesicles that leave the membrane surface and transport their content
to the cytoplasm. In non-selective pinocytosis, the vesicles envelop all the solutes
eventually present in the extracellular fluid. Absorption of nutrient biomolecules
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occurs via this route, and various particles, e.g., cadmium, ferretin, are absorbed
via the mechanism.

Properties of a xenobiotic also are significant factors determining whether
absorption will occur and if so, where in the intestinal tract absorption is most
likely. Examples of such factors include:

* Ability to withstand the harsh pH conditions of the stomach

» Physical properties of the xenobiotic: molecular structure, molecular
size, ionization potential (pKa or pKb)

* Membrane solubility characteristics: hydrophilic, lipophilic

PARTITION THEORY

No discourse on the absorption of xenobiotics from the human intestine would
be complete without a discussion of pH partitioning in the GI tract. To cross a
membrane barrier, a drug must normally be soluble in the lipid material of the
membrane; to enter and exit the membrane, it must be soluble in the aqueous
phase. Many drugs have polar and nonpolar characteristics or are weak acids or
bases. For drugs that are weak acids or bases, the pKa of the drug, the pH of the
GI tract fluid, and the pH of the bloodstream will control the solubility of the
drug and thereby the rate of absorption through the membranes lining the GI tract.

In general, it is recognized that non-ionized molecules can diffuse or be more
readily absorbed across the lipophilic membrane surfaces of the GI tract than
ionized xenobiotics, particularly those that are highly ionized. Xenobiotics that
are prone to ionization typically have acid or base ionization or dissociation
constants, pK, or pK, values, respectively, that can be determined experimentally.
The pK, of a xenobiotic can be defined as the pH at which the xenobiotic is 50%
ionized, when pK, — pH = 0; then the xenobiotic is 50% ionized and 50% non-
ionized. Similarly, if pK, — pH = 0.5, the solution is 24% ionized and 76% non-
ionized. If pKa — pH >3 then the solution is <0.1% ionized. A useful relationship
to calculate the percent ionization of a xenobiotic at any of the different pH levels
that may be encountered in the human intestinal tract is as follows.

100
1+ 10%(pH-pK,)

where x = —1 for an acid drug and 1 for a basic drug. This relationship is based
on the familiar Henderson—Hasselbalch chemistry equation:

pH = pKa + log,, [A7]/[HA]
or

pH = pKa log,, ([base]/[acid])
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that relates pH and pKa in terms of the log, base 10, proportions for a weak acid
[HA] and its conjugate base [A-]. Hasselbalch originally used this relationship
in his studies of metabolic acidosis 90 years ago but since then it has found more
widespread use in toxicology and pharmacology in describing the membrane
absorption characteristics of ionized substances including xenobiotics under dif-
ferent pH conditions such as are found in the stomach and intestinal lumen of
the GI tract. Because the pH of the human GI tract including the intestines is
variable along its length, this relationship is of value in predicting regions of the
GI tract where a substance is most likely to be non-ionized and hence more
readily absorbed (Henderson, 1908; Hasselbalch, 1916; de Levie, 2003). Most
xenobiotics that can ionize represent either a weak acid or a weak base. For any
weak acid—weak base conjugate pair and their respective ionization constants in
aqueous solution:

Ka+ Kb =Kw or pKa+ pKa=pKw=14

Weak acids are absorbed mainly in the stomach because they are present in
non-ionized forms whereas weak bases are absorbed mainly in the intestine
because of their non-ionized forms.

Brodie and colleagues (Shore, et al. 1957; Hogben et al. 1959) further devel-
oped the above relationships for application to the absorption of pharmaceuticals
and proposed the pH partition theory to explain the influence of GI pH and drug
pKa on the extent of drug transfer or absorption. Brodie and colleagues reasoned
an ionized drug will not be able to get through the lipid membrane, but it can do
so only when it is non-ionized and therefore has higher lipid solubility. They
proposed the following general drug partition relationship that has since become
known as “Brodie’s D value.”

D = total concentration in blood/total concentration in GI tract

stated in terms of ionized [I] and nonionized [U] drug in the blood (b) and GI
(g) compartments where the ratio [U]/[I] is a function of the pH of the solution
and the pKa of the drug, and can be estimated by the Henderson—Hasselbalch
relationship as:

log,, [1]/[U] = pKa — pH
When the pKa of the xenobiotic is known as are the pH values for the blood and
region of the GI tract of interest, the relationship below can be used to estimate
D values:

D = [U], + [1Iy/[U], + [U],

Originally Brodie determined D values experimentally and then reasoned that
it should be possible to calculate a theoretical value if it is assumed that only
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non-ionized drug crosses the membrane and that net transfer of the drug stops
when [U], = [U],. The result was that Brodie found an excellent correlation
between the calculated D value and the experimentally determined values and
that the calculation and use of D values are useful means of describing the relative
concentration of ionized substances including xenobiotics in the GI tract and the
blood. Table 12.3 shows a range of dissociation constants for various xenobiotics
and calculated D values for the stomach (pH 2) and the intestine in the proximal
region (pH 6.8) at a blood pH of 7.4. Note that due to the relative differential
between the intestinal and blood pH values, the relative magnitude of the D value,
even under the most favorable pKa or pKb conditions, is lower than the D values
for the greater pH differential between the pH of the stomach and the blood. Even
when absorption is favorable in the stomach for xenobiotics with low pKa values,
the relative surface area for absorption is far less than that of the intestine such
that conditions for greatest absorption can still be favorable even when D < 1
and are most favorable when D > 1.

FAcTORS AFFECTING Gl ABSORPTION OF XENOBIOTICS

Even when the chemical and biochemical conditions for absorption of a xenobi-
otic are favorable, some general factors can affect the amount of absorption of
any xenobiotic. Some of the principal factors are:

Gastric emptying time — Less time in the stomach means more time in the
small intestine. Obstructions in the GI tract can affect gastric emptying time as
can a number of other factors including gastric bypass surgery sometimes used
as a treatment for morbid obesity.

Intestinal motility — Increased GI motility may facilitate absorption by
more thoroughly mixing GI contents and bringing more toxicant in contact with
mucosa. Decreased GI motility gives a toxicant more time to be absorbed.

Mucosal sloughing damage — Sloughing of the mucosal cells lining the
intestines can be caused by toxic actions of a xenobiotic, ionizing radiation, and
physical damage. Removal and scarring of this lining can result in poor absorption
of xenobiotics and nutrients.

Diarrhea — This condition effectively dilutes and increases motility and can
result in lowered absorption of a xenobiotic or absorption along a larger length
of intestine than usual.

Disease — Malabsorption syndrome, gamma radiation, and toxic substances
can all affect the GI tract in ways that can reduce xenobiotic absorption, especially
if the condition causes mucosal sloughing and diarrhea as noted above.

Food — Generally, the presence of food reduces toxicant absorption. Certain
xenobiotics can complex with Ca?* ions in food or milk, leading to a reduction
in absorption.

Splanchnic blood flow — This flow increases during eating and generally
increases the rate of absorption of many substances including some xenobiotics.

Metabolism — Xenobiotics may be inactivated or activated toxicologically
by GI enzymes or stomach acid before they are absorbed. GI microflora may also



332

Toxicology of the Gastrointestinal Tract

TABLE 12.3

Xenobiotics with Different pKa or pKb Values and Estimated D

Values?

Xenobiotic

Acetamizin
Acetylsalicyclic acid
Aniline
Atropine
Barbital
Caffeine
Codeine
Diclofenac
Ephedrine
Erythromycin
Fentiazac
Hydromorphone HCl
Ibuprofen
Indomethacin
Ketoprofen
Morphine
Penicillin V
Pilocarpine
Quinine
Salicyclic acid
Sulfathiazole
Tetracycline
Thiopental
Tolbutamide
Tolmetin
Secobarbital
Thiopental

lonization
Value

pKa=4.0

pKa = 3.49
pKa=4.6

pKb =4.35
pKa=7.8

pKb =104, 134
pKb =58

pKa =45
pKa=9.6

pKb =52
pKa=3.6
pKa=28.1
pKa=52

pKa =45
pKa=4.6

pKb =6.13
pKa=2.73
pKb=72,12.7
pKb = 6.0, 9.89
pKa =297
pKa=7.12
pKa = 3.3, 7.68, 9.69
pKa=17.6

pKb = 8.7
pKa=3.5
pKa=79
pKa=7.6

2 pKa and pKb values at 25°C in water.

D Value
(Stomach)

2490

7870

630

0.000004

1.4

0.0245, 0.962
0.00000461

793

1.01

0.00000414
6160

1.2

159

793

630

0.00000533
39400
0.0000198, 0.834
0.00000498, 0.00771
24300

291

12000, 1.52, 1.01
1.63

0.000505

7700

1.32

1.63

D Value
(Intestine)

3.98
3.98
3.96
0.252
1.27
1,1
0.28
3.97

1

0.259
3.98
1.14
391
3.97
3.96
0.31
3.98
0.626, 1
0.296, 0.998
3.98
1.96
3.98, 1.35,
1.41
0.977
3.98
1.22
1.41

Sources: From Schanker, L.S., in Fundamentals of Drug Metabolism and Drug Distri-
bution, Williams & Wilkins, Baltimore, 1971; Martin A., Physical Pharmacy, 4th ed.,
Lea & Febiger, Philadelphia, 1993; and Martinez-Pla, J.J. et al., http:www.biochemp-

ress;.com, 2003.

metabolize xenobiotics. Depending on the resulting metabolites, these actions
would most likely improve absorption of the metabolite whether it is still poten-
tially toxic or not. It is also possible that certain metabolic actions can hasten
elimination, particularly those associated with the microbial flora in the lower GI
tract.
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Other Factors

Non-steroidal anti-inflammatory drugs (NSAIDs) — These drugs are associ-
ated with more adverse gastrointestinal effects than any other drug class. Roughly
20% of hospital admissions for bleeding ulcers in patients older than 60 years of
age are the results of NSAID usage. In this population, death from upper GI
bleeding is four times more likely in NSAID users than in non-users. Larger
studies demonstrate similar findings in that the elderly have higher incidences of
gastrointestinal hemorrhages, perforations, and fatalities as a result of NSAID
therapy.

Thiefin and Beaugerie (2005) reviewed the effects of NSAIDs on the GI tract
and found that the gastrointestinal toxicity of conventional NSAIDs is not con-
fined to the stomach and proximal duodenum but extends to the rest of the small
bowel, colon, and rectum. Long-term NSAID therapy usually induces clinically
silent enteropathy characterized by increased intestinal permeability and inflam-
mation. At the colon and rectum, NSAID use can result in de novo lesions such
as non-specific colitis and rectitis, ulcers, and diaphragm-like strictures. In
patients with diverticular disease, NSAID use increases the risk of severe diver-
ticular infection and perforation. NSAIDs can trigger exacerbations of ulcerative
colitis or Crohn’s disease. With selective COX-2 inhibitors, the risk of gastrointes-
tinal toxicity is reduced as compared to conventional NSAIDs but is not com-
pletely eliminated. Experimental studies suggest that long-term COX-2 inhibitor
therapy may cause damage to a previously healthy small bowel. Similar to
conventional NSAIDs, COX-2 inhibitors may be capable of triggering exacerba-
tions of inflammatory bowel disease.

Erythromycin — Doses of 200 mg over 30 mins administered intravenously
to mechanically ventilated patents increased indices of antral motility, accelerated
gastric emptying, and altered the kinetics of acetaminophen absorption (Dive et
al., 1995).

Wood creosote — This compound has been used as a gastrointestinal micro-
bicide. However Ataka et al. (2005) found that the oral amounts usually admin-
istered were not sufficient to produce intraluminal antimicrobial activity. Wood
creosote does apparently inhibit intestinal secretion induced by enterotoxins by
blocking the CI- channel on the intestinal epithelium and also decreases intestinal
motility accelerated by mechanical, chemical, or electrical stimulus by the inhi-
bition of the Ca?* influx into the smooth muscle cells. The antimotility and
antisecretory effects of wood creosote are compared with those of loperamide.

Microbial effects — There are many examples of intestinal mucosal colo-
nization by microbes leading to damage that allows increased penetration of
xenobiotics in animal studies. In humans, it is known that impairment of blood
flow and changes in gastric mucosa associated with Campylobacter pylori gastritis
may predispose the elderly to NSAID-induced gastric damage (Gyires, 1994).
Mucosal barrier defects in patients with irritable bowel syndrome also may allow
the passage of luminal antigens of dietary and bacterial origin that then elicit the
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activation of mucosal immune responses involved in the generation of diarrhea
(Barbara, 2006).

Radiation damage — It is well known from animal studies and human
exposure studies that sufficient doses of ionizing radiation to the gastrointestinal
tissues can result in damage to the intestinal mucosa termed gastrointestinal
syndrome. This condition will surely affect the absorption of xenobiotics and
nutrients and is a recognized concern when treating carcinoma patients with
radiation in the vicinity of the GI tract (Lantz et al., 1984).

Penetration enhancers — The addition of substances to formulations can
enhance the penetration of drugs through the intestinal wall. For example, gas-
trointestinal absorption of heparin is enhanced by lipidization or co-administration
with penetration enhancers such as deoxycholic acid (Ross et al., 2005). It is
therefore feasible that membrane penetration enhancers may also affect xenobi-
otic absorption.

Cellular efflux pump effects — Cellular efflux pumps such as P-glycoprotein
(P-gp), serve as natural defense mechanisms and also influence the bioavailability
and disposition of drugs and other xenobiotics. Efflux transporters in the intestine
can hinder drug absorption. P-gp is a plasma membrane-bound drug efflux protein
found primarily in drug-eliminating organs and presumably functions as a detox-
ifying transporter because it actively extrudes xenobiotics from the body (Ambud-
kar et al., 1999). In the small intestine, P-gp has been localized to the apical
membranes of intestinal epithelial cells (Thiebaut et al., 1987), consistent with a
role in effluxing compounds back into the intestinal lumen. Pharmacokinetic
studies of paclitaxel, digoxin, and cyclosporine A (CsA) in knockout mice
revealed the importance of intestinal P-gp in limiting the oral bioavailability of
these drugs (Schinkel et al., 1995; Sparreboom et al., 1997).

In humans, intestinal P-gp contributes to the variability in the pharmacokinetic
properties of CsA (Lown et al.,, 1997) and tacrolimus (Hashida et al., 2001;
Fukatsu et al., 2001) in organ transplant patients. There is also evidence that these
systems can be upregulated by environmental xenobiotics. Lecoeur et al (2006)
analyzed the ability of diazinon to act as an efflux modulator in human Caco-2
cells and concluded that following repeated oral exposure, diazinon increased P-
gp expression and activity. This suggests the involvement of P-gp in the transfer
of diazinon that may lead to potential consequences for xenobiotic interactions.

XENOBIOTIC METABOLISM

There are many ways that xenobiotics can be metabolized before, during, and
after intestinal absorption. For the sake of clarity, two different types of metab-
olism will be discussed with respect to intestinal metabolism: (1) intraluminal
metabolism, referring to processes occurring inside the GI tract, and (2) extralu-
minal tissue metabolism, referring to processes occurring in the membranes and
walls of the GI tract. Once absorbed into the portal blood and/or lymphatics,
other forms of xenobiotic metabolism may occur. These will not be discussed
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here and are addressed in other volumes on hepatic drug metabolism and lym-
phatic function.

INTRALUMINAL METABOLISM

Inside the GI tract, a variety of enzyme systems are present and naturally act on
food substances to prepare them for absorption. Much of this action is directed
toward digestion and dissolution of food and nutrients in preparation for intestinal
absorption. However some enzymes and processes in the intestinal lumen also
metabolize xenobiotics and can make them either more or less prone to absorp-
tion. These may originate from normally secreted luminal substances or can be
microbial.

The microbial flora within the human intestinal tract is particularly rich and
contains species capable of xenobiotic metabolism and biotransformation (Zoet-
andal et al., 2006; Vaughan et al., 2002). The potential roles that various microbes
may play in the metabolism, biotransformation (detoxification and toxification),
and absorption of xenobiotics in humans have yet to be elucidated and further
study is needed.

Humblot et al. (2005), for example, showed that 2-amino-3-methylimidazo
[4,5-f] quinoline (IQ), a mutagenic/carcinogenic compound formed from meat
and fish during cooking, may be biotransformed by human intestinal bacteria in
addition to liver xenobiotic-metabolizing enzymes.

Animal studies indicate that flavonols are subjected to microbial metabolism
in the porcine hindgut and that the glycosidic structure strongly influences the
rate of metabolism (Cermak et al., 2006). This evidence suggests that intraluminal
metabolism of flavonols also is likely to occur in humans.

EXTRALUMINAL TissUE AND CELLULAR METABOLISM

Although we typically think of the liver as the principal site of xenobiotic metab-
olism of the digestive tract, the intestine also has the ability to metabolize some
xenobiotics. Beginning with the gastrointestinal epithelium, metabolism is pos-
sible from the moment of absorption and both Phase I and Phase II metabolism
reactions can occur. Cytochrome P450 metabolism is perhaps the most significant
of the Phase I reactions that involve xenobiotics.

Phase | Drug Metabolism in Human Intestine

Cytochromes

Microsomal fractions can be prepared from the intestine just as they are prepared
from the liver. The intestine in general possesses the same mechanisms of Phase
I drug metabolism found in the liver, but the relative proportions are different:
the N-oxide formation was predominant, followed by N-demethylation and
hydroxylation.

Intestinal drug metabolism by cytochrome P450 3A (CYP3A) is increasingly
recognized as an important determinant in limiting drug bioavailability (Cummins
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et al., 2002). CYP3A4 is the most prominent oxidative cytochrome P450 enzyme
present in the human intestine (Wrighton et al., 1987; Voice et al., 1999) where
it is localized to the columnar epithelial cells lining the intestinal lumen (Kolars
et al., 1994). Despite the lower CYP3A4 content in the intestine relative to the
liver, first pass metabolism in the intestine by CYP3A has conclusively been
shown to be important in the disposition of midazolam (Paine et al., 1996) and
cyclosporin (Kolars et al., 1991) in studies of anhepatic patients. Grapefruit juice
that naturally contains grapefruit oil and two furanocoumarin constituents that
are suicide inhibitors of intestinal CYP3A (Schmiedlin-Ren et al., 1997) were
shown to be related to significant increases in the oral bioavailability of many
CYP3A4 substrates including felodipine (Edgar et al., 1992).

Interestingly, most substrates of CYP3A4 are also substrates of P-gp, dem-
onstrating the mutually broad selectivity of these proteins (Wacher et al., 1995).
Co-induction of CYP3A and P-gp by rifampin was shown in human LS180 colon
carcinoma cells (Schuetz et al., 1996) and human intestine (Kolars et al., 1992;
Greiner et al., 1999). It appears that the nuclear receptor SXR/PXR, which can
activate both CYP3A4 and P-gp, has species specific patterns of induction (Leh-
mann et al., 1998; LeCluyse, 2001; Synold et al., 2001).

The considerable overlap in substrate selectivity, tissue localization, and co-
inducibility of CYP3A4 and P-gp led to the hypothesis that these two proteins
work together to coordinate an absorption barrier against xenobiotics (Wacher et
al., 1998; Zhang and Benet, 2001). In the enterocyte, the spatial separation of P-
gp (located on the apical plasma membrane) and CYP3A4 (located on the endo-
plasmic reticulum) supports the idea that P-gp may control the access of drugs
to intracellular metabolism by CYP3A4. Drugs absorbed into the intestinal epi-
thelium can interact with P-gp and be actively extruded back into the intestinal
lumen. If this process of diffusion and active transport occurred repeatedly, the
circulation of the drug from the lumen to the intracellular compartment would
potentially prolong the intracellular residence time of the drug, decrease the rate
of absorption, and result in increased drug metabolism by CYP3A4 relative to
the parent drug crossing the intestine (Ito et al., 1999; Hochman et al., 2000).

Epoxide hydrolase

Epoxide hydrolase (EH) is both cytosolic and peroxisomal in human hepatocytes
and renal proximal tubules. In the human intestinal epithelium, it is exclusively
cytosolic (Enayetallah et al., 2006).

Transglutamases

Transglutamases (TGs) are ubiquitous enzymes that have many functions. They
are able to transform proteins by deamidation and/or transamidation that can
crosslink proteins together (Malandain, 2005). Intestinal tissue TGs play an
important role in immune reactions to wheat: celiac disease and wheat-dependent
exercise-induced anaphylaxis. It therefore seems possible that some xenobiotics
having amidated gluten or similar structural moieties may also be metabolized
in similar fashion.
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Phase Il Metabolism in Human Intestine

Phase II metabolism, i.e., conjugation reactions, occurs to a large extent in the
liver although there is a limited ability for these reactions to occur in GI cells.
Multiple polymorphisms of the glucuronosytransferase (UGT) enzyme family
have been demonstrated and various forms of UGT1 and UGT2 have been
identified in the GI tract (Tukey et al., 2001). The best studies of polymorphisms
involve UGT1Al, the enzyme responsible for bilirubin conjugation.

Some liver UGTs do not appear to be expressed in the digestive tract (e.g.,
UGT2B4). Some UGTs are expressed in the intestine but not in the liver (e.g.,
UGT1AS8). The UGTs have been found primarily in the gastric tissue and the
upper intestine, e.g., duodenum, but have also been identified in the lower GI
tract (Tukey et al., 2001). The implications of UGT polymorphisms in drug
metabolism are generally unknown although polymorphism in UGT1A6 may
influence susceptibility to, for example, acetaminophen liver toxicity.

The glutathione transferase (GST) enzymes involved in liver and intestinal
drug metabolism are cytosolic enzymes belonging to eight separate gene families
and function primarily to detoxify electrophilic-reactive species (Hayes and
Strange, 2000). The complements of GSTs present in liver and intestine are not
identical. Some GSTs have greater activity in the intestine than in the liver, e.g.,
GSTA4, although most exert more activity in the liver. Children appear to have
higher levels of intestinal GST1A1 activity, and this has been proposed as the
basis for an increased dosing requirement of busulfan in young children (Gibbs,
et al., 1999).

Bile contains millimolar concentrations of glutathione, and it is believed that
this serves to prevent intestinal cells from becoming depleted of substrate for
GSTs (Eberle et al., 1981). A recent study by Samiec et al. (2000) indicates that
GSTs may exist outside enterocytes and within the overlying mucus. Polymor-
phisms in GSTs are common, and GSTM1 and GSTT]1 are absent in 40% and
15% of whites, respectively (Hayes and Strange, 2000). Because depletion of
hepatic cellular glutathione enhances susceptibility to the toxicity of electrophilic
metabolites, polymorphisms or depletion of gastrointestinal GSTs may contribute
also to susceptibility to certain types of drug-induced disease.

Cytosolic sulfotransferases also are polymorphic and are divided into five
gene families. The human intestine expresses these enzymes (Nagata and Yam-
azoe, 2000) with catalytic activity showing considerable variation among indi-
viduals. Hepatic sulfotransferases are inducible, but induction of intestinal sulfo-
transferases has not been identified.

ENTEROHEPATIC CIRCULATION

Metabolism of most xenobiotics entering the portal blood after being absorbed
from the intestines typically occurs in the liver; however, determinants of the
bioavailability of xenobiotics are the degree of intestinal absorption and the
hepatic first pass effect. As discussed above, xenobiotics must overcome several
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membrane barriers with various arrays of specialized transport proteins for xeno-
biotic uptake or efflux before reaching the systemic circulation. One of these, the
P-glycoprotein MDR1 (multidrug resistance gene product, ABCB1) is expressed
at the apical surfaces of enterocytes, where it mediates the efflux of xenobiotics
into the intestinal lumen before they access the portal circulation. Increased
expression of MDR1 reduces the bioavailability of MDRI substrates such as
digoxin, cyclosporin, and taxol.

Numerous xenobiotics can induce the MDR1 gene through activation of the
nuclear pregnane X receptor (PXR). Some of these include PXR ligands such as
rifampin, phenobarbital, statins, and St. John’s wort. Other PXR-regulated genes
include cytochrome P4503 A4, the digoxin and bile salt transporter Oatp2 (organic
anion transporting polypeptide 2, SlcOla4) of the basolateral hepatocyte mem-
brane, and the xenobiotic efflux pump Mrp2 (multidrug resistance-associated
protein 2, Abcc2) of the canalicular hepatocyte membrane. The constitutive
androstane receptor (CAR) that induces Mrp2 and Mrp3 (Abcc3) can also interact
with xenobiotics in a similar manner. Thus PXR and CAR are important “xenos-
ensors” that mediate xenobiotic-induced activation of the detoxifying transport
and enzyme systems in the intestine and liver (Kullak-Ublick et al., 2003).

Some xenobiotics can be absorbed into the portal circulation, transported to
the liver, and excreted back into the intestine unchanged via the bile and may
even be absorbed, transported to the liver, and again excreted via the bile. This
enterohepatic circulation or cycling of some xenobiotics is not uncommon (Rob-
erts et al., 2002). Xenobiotics that are typically excreted unchanged in the bile
have the following characteristics:

* Molecular weight of 400 to 500
e Polarity: highly polar or capable of forming highly polar conjugates
e Degree of protein binding

Xenobiotics that are conjugated in the liver, typically as glucuronides, and
then are excreted back into the intestinal lumen are valproic acid, chlorampheni-
col, digitoxin, and estradiol.

Some substances appear to be excreted unchanged in the feces. Balance
studies comparing oral intake to fecal and urinary excretion indicate that they are
entirely excreted via the feces in original molecular form. However, some of these
xenobiotics are actually absorbed in significant amounts but are returned very
rapidly and unchanged into the intestinal tract via the bile and then excreted in
the feces. Imipramine is one such example (Dencker et al., 1976).

When enterohepatic cycling of a xenobiotic is interrupted by the administra-
tion of an intestinal binding agent such as activated charcoal or cholestyramine,
there can be an impact on the plasma half-life of the xenobiotic. For example,
the half-life of dapsone (approximately 20 hours) can be reduced by about 50%
with the administration of activated charcoal. Activated charcoal administration
also greatly accelerates the elimination of tricyclic antidepressants. Swartz et al.
(1984) found that the apparent half-life fell below 10 hours for patients who had
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nasogastric administration of activated charcoal. Untreated patients exhibited
extended half-lives averaging 36.8 hours and regularly over 60 hours.

METHODS FOR ASSESSMENT OF INTESTINAL
XENOBIOTIC ABSORPTION AND METABOLISM

The three general classes of methods in current use to assess intestinal absorption
of xenobiotics in humans are in silico computer modeling, in vitro procedures,
and in vivo studies.

IN SiLico MODELS

These methods of modeling intestinal absorption of substances from the human
GI tract were discussed in Chapter 11. In general, these models may be con-
structed using different approaches and software but all models seek to predict
the amount of a substance absorbed into the bloodstream from the GI tract and
most particularly from the intestinal tract. For this reason, the parameters neces-
sary for constructing these models include chemical, physicochemical, and struc-
tural data of the substance to be absorbed and estimates of the biochemical and
physiological parameters of the human GI tract for the regions of interest.

Models may be constructed using relatively rigid assumptions such as the
biochemical and physiological parameters taken from normal or average values
obtained from published literature. Alternatively, they may be more flexible and
use physiological and biochemical parameters obtained from a population sample
of the subjects who represent the exposed or potentially exposed population (i.e.
diabetics, patients with a particular malabsorption syndrome, children, or subjects
who follow a particular diet or activity regimen). Some quantitative struc-
ture—activity relationship (QSAR) models simply use structural data and in vivo
outcome data, with or without additional physicochemical, physiological, or
biochemical data, and predict qualitative absorption outcomes for substances for
which preliminary risk estimates are needed quickly and obtaining actual human
data is difficult or prohibitive.

IN ViTRO PROCEDURES

In vitro procedures are often conducted with tissues from animals and to a lesser
degree with human intestinal tissues or cells. Some studies using human intestinal
tissue yielded useful results for isolating and studying specific phenomena, but
results do not completely simulate actual conditions (Horikawa et al., 2005;
Prabhu et al., 2003; Milovanovic et al., 2002).

Human Caco-2 (colon carcinoma) cells are used increasingly to study cellular
transport phenomena and xenobiotic metabolism. Data from these studies are
often useful in the construction of kinetic models of intestinal absorption (see
Chapter 11).
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While it can be argued that a cell line of this nature does not represent
completely the biochemical and physiological characteristics of normal intestinal
epithelial cells, data obtained from these models can be of value — particularly
in understanding basic processes and xenobiotic biotransformations that would
likely occur in normal cells or studying normal cells under particular conditions.
Important data obtained in vitro can then be confirmed in vivo with human
subjects.

There are many current examples of the use of this methodology to evaluate
xenobiotic absorption and metabolism. Cummins et al. (2001) characterized the
transport of [*H]-digoxin and the metabolism of midazolam in cells under differ-
ent inducing conditions using sodium butyrate (NaB) and 12-O-tetrade-
canoylphorbol-13-acetate (TPA) inducers. Their results demonstrated that in the
presence of both inducers, CYP3A4 protein levels were increased 40-fold over
uninduced cells, MRP2 expression was decreased by 90%, and P-gp and MRP1
expression was unchanged. They also showed that midazolam 1-OH formation
correlated with increased CYP3A4 protein, whereas [3H]-digoxin transport (a
measure of P-gp activity) was unchanged with induction. P-gp and MRP2 were
found on the apical membranes, whereas MRP1 was found perinuclearly within
cells. CYP3A4 displayed a punctate pattern of expression consistent with endo-
plasmic reticulum localization and exhibited preferential polarization toward the
apical sides of the cells.

IN Vivo PROCEDURES

In vivo measurement of gastrointestinal absorption has often been evaluated by
the measurement of the substance in blood (see above discussion on BCS). Direct
placement of the xenobiotic into the lumen of the stomach with serial sampling
further gives a measurement of gastric absorption. In animal studies, this meth-
odology is often used, particularly with ligation of the distal end of the stomach.
Many of these procedures are used in animal studies; only limited numbers are
conducted on humans.

Malabsorption methods in humans include gastroduodenal intubation and
measurements of gastric juices, e.g., cholecystokinin and secretin (Chey and Chey,
2003). Malabsorption of nutrient substances also is measured in humans. D-
Xylase and disaccharides are useful for determining altered absorption of nutri-
ents from the intestine since these substances are often transported by active
transport mechanisms (Walsh, 2001). Furthermore, measurement of excreted fats
provides a limited measurement of absorption, but is useful as a diagnostic
procedure prior to using more invasive methods such as endoscopy.
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transport of, 167
Direct cellular transport, 121
Disaccharides, 155, 166
Distribution
apparent volume of, 125
extent of, 127
patterns of, 125
rate of, 126
DNA transcription factors, lead and, 193
Domperidone, 306
Dopamine
agonists, emetogenic activities of, 73
receptors, 184
Drug(s)
absorption
chemical factors affecting, 115
physical factors affecting, 116
physiological factors affecting, 117
administration, primary mode of, 109
dissolution, 325
—drug interactions, issues affecting, 118
high solubility, 325
interaction of food and, 270
time-release, 118
Duodenum, 14, 142
length of, 143
lymph vessels from, 144
origination of, 143
rate at which stomach empties into, 324

E

ECA, see Electrical control activity

ECL cells, see Enterochromaffin-like cells
EDTA, see Ethylenediaminetetraacetic acid
Efflux transporters, 334

EH, see Epoxide hydrolase
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Elastases, 192
Electrical control activity (ECA), 36
Electrolyte(s)
absorption of, 30
imbalance, 47, 190
metabolism, altering of, 47
Embryonic development, 82
Emesis, 22, 183
chemical substances associated with, 185
drug-induced, 72
Emotions, digestion and, 19-20
Endocytosis, 123
nonreceptor-mediated, 225
receptor-mediated, 123, 224
Enkephalins, 184
ENS, see Enteric nervous system
Entamoeba histolytica, 244
Enteric bacterial pathogens, bacterial properties
of, 242
Enteric nervous system (ENS), 6, 175, 176
Enteritis, 188
Enterobacteriaceae, 180
Enterochromaffin-like (ECL) cells, 324
Enterococcus spp., 180
Enterocyte(s), 153, 166
damage to brush borders of, 187
deaths of, 187
macromolecule transport and, 226
proteolytic activity of, 225
receptors, 191
Enteroendocrine, 5, 154
Enteroglucagon, 284
Enterohepatic cycling, 131, 174
Environmental chemicals, 249
Epinephrine, 175
Epoxide hydrolase (EH), 336
Equation, Henderson—Hasselbalch, 171, 267,
329
Erythromycin, 306, 333
Erythropoiesis, iron deficiency and, 296
Escherichia coli, 45, 180, 185-186, 228, 244,
304
Esomeprazole, 306
Esophageal hiatus, 11
Esophagus
blood supply, 139
coats of, 138
intraluminal pressure studies of, 37
length of, 11
motility of, 36
movement of food in, 37
mucus secretion by, 12
myoelectric activity of, 38
nerve branches to, 138
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thickness of, 137

ulcerogenicity of, 60
Ethanol, 63, 196-197, 307
Ethyl alcohol, abuse of, 307
Ethylenediaminetetraacetic acid (EDTA), 171
Excretion, 130
Exocytosis, 124, 164
Extreme secretion, initiation of, 220
Ezetimibe, 306

F

Facilitated diffusion, 120, 268, 286, 328
FAE, see Follicle-associated epithelium
False feet, 123
Famotidine, 306
Fat
digestion
most important intestinal enzyme for,
160
products, 167, 290
malabsorption, measurement of, 44
most common form of, 159
-soluble vitamins, 292
Fatty acid transporters, 222
FDA, see U.S. Food and Drug
Administration
Fecal output models, 59
Feces, 5, 33
composition of, 218
excretion of chemicals in, 253
formation of, 217
Ferric iron, 295
Fetal development, 84
Fick’s first law, 119
Filtration, 120, 268, 328
First pass effect, 108, 172
Flatulence, 31
Flavonoids, 310
5-Fluorouracil (5-FU), 195, 221, 268, 328
Folds of Kerckring, 287
Follicle-associated epithelium (FAE), 239, 240
Food
additives, 250
allergy, GALT and, 95
antigens, mucosal immunity and, 237
digestion, enzyme systems and, 335
effects, classification of therapeutic
substances based on, 271
interaction of alcohol with, 324
interaction of drugs and, 270
protein-rich, 324
toxicant absorption and, 331
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Foreign substances
age-related absorption of, 97
research involving absorption of, 3
Formula
-fed infants, 92
protein allergy, 95
Foveolae gastricae, 141
Fructose, 166
5-FU, see 5-Fluorouracil
Fundus, 140
Fungal toxins, 305
Furancoumarin, 270
Fusarium spp., 195

G-17, 152
Galactose, 166, 289
Galerina, 305
Gallbladder
digestive activities in, 32
effect of compounds on, 74
GALT, see Gut-associated lymphoid tissue
Gamma globulins, transport of, 169
Gastric acid secretion, drug effects on, 65
Gastric digestion
cephalic phase of, 19
gastric phase, 20
intestinal phase of, 21
Gastric emptying, 38
drugs affecting, 67
duodenal-based factors inhibiting, 177
effect of liquid nutrient loads on, 39
regulation of, 21
time, 272, 331
Gastric gland(s)
composition of, 150
growth of, 20
neurotransmitters and, 151
Gastric groove, 140
Gastric inhibitory peptide (GIP), 43, 284
Gastric juice(s)
measurement of, 340
substances contained in, 322
Gastric lipase, 19
Gastric secretion
food in mouth and, 324
phases of, 149
regulation of, 19
Gastrin, 151, 152, 157
Gastritis, 188, 333
Gastroenteritis, 98
Gastroenterohepatic (GEP) cells, 142
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Gastrointestinal absorption, alteration of, 272
Gastrointestinal bleeding, 47
Gastrointestinal epithelial mucosa, barrier
function of, 136
Gastrointestinal function, see Analysis of
gastrointestinal function, methods
for; Canines, gastrointestinal
function and toxicology in
Gastrointestinal hormones, regional distribution
of, 285
Gastrointestinal microbicide, 333
Gastrointestinal processes, major, 251
Gastrointestinal reflexes, types of, 179
Gastrointestinal syndrome, 334
Gastrointestinal system, studies on, 56
Gastrointestinal (GI) tract, 4, 135, see also
Gastrointestinal tract development,
toxicology and
absorption of water in, 190
bacterial flora and, 179
canine
bacteria in, 180
enteroendocrine cells of, 158
complexity of, 35
contractile activity of, 174
damage to, 182
definition of, 135
description of, 235
digestive enzymes in, 154
emesis in, 184
functions of, 17, 190
glands of, 147
immune function activity of, 46
inflammation of, 136, 188
largest organ of, 139
layers of, 235, 236
lifetimes of epithelial cells in, 136
longest part of, 142
major function of, 135
most frequent sites of damage, 194
most mobile portions of, 143
movement of ingesta along, 151
mucosal surface of, 135
neonatal, effects of foreign compounds on,
100
neural function in, 191
nutrient demand of, 283
organs of, 3
pain reflexes and, 179
parasympathetic nerves innervating, 148
pH ranges of, 323
potential for metabolism in, 172
primary function of, 108, 109, 280
protein turnover in, 283

Toxicology of the Gastrointestinal Tract

regional functions of, 281
research, 2
secretions in, 42
self-contained nervous system of, 175
size, 170
smooth muscle of, 175
structures and functions, 112
substances entering, 158
toxicity of, 183, 188
water absorption in, 31
Gastrointestinal tract, as barrier and absorptive
and metabolic organ, 1-34
function of GI tract, 17-34
mechanical and chemical digestion in
mouth, 17-19
regulation of gastric secretion and
motility, 19-34
structure, 3—17
esophagus, 11-12
large intestine, 16—17
mucosa, 5-6
muscularis, 6
pharynx, 11
salivary glands, 9-10
serosa, 6-8
small intestine, 14—15
stomach, 13-14
submucosa, 6
tongue, 10
Gastrointestinal tract development, toxicology
and, 81-105
development of immunological function,
91-96
development of gastrointestinal
microbiota, 91-93
gut-associated lymphoid tissue barrier,
94-96
non-immunological physical barriers,
93-94
GI tract development in humans, 82-90
embryonic development, 82—-84
fetal development, 84—88
postnatal development, 88-90
implications for toxicity, 96-101
alterations in pharmacokinetic profiles,
97-100
effects of foreign compounds on
neonatal GI tract, 100-101
role of nutrients and dietary components in
normal development, 90-91
Gelatinases, 192
GEP cells, see Gastroenterohepatic cells
Geriatric patients, NSAID use among, 304
GIP, see Gastric inhibitory peptide
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GI tract, see Gastrointestinal tract
Glomerular filtration, 130
GLP, see Good laboratory practice
Glucocorticoids, 189
Glucose
—galactose malabsorption syndrome, 301
homeostasis, 47
Glucuronosytransferase, 337
Glutathione transferase (GST), 337
Glycoproteins, 196
Glycosphingolipids, 186
Glycyrrhizic acid, 312
Goblet cells, 84, 144, 153, 238
Good laboratory practice (GLP), 60
Greater omentum, 140
Ground water, contamination of, 250
GST, see Glutathione transferase
GTP, see Guanosine triphosphate
Guanosine triphosphate (GTP), 193
Gums, carbohydrate absorption and, 286
Gut-associated lymphoid tissue (GALT), 94, 95,
237
Gut hormones, 24

H

Haptocorrin (HC), 293
HC, see Haptocorrin
Heavy metals, 100, 193
Helicobacter pylori infection, 194
Hemoglobin oxygen saturation, 55
Hemolytic—uremic syndrome, 305
Henderson—Hasselbach equation, 171, 267, 329
Hepatic first pass effect, 129
Hepatic sulfotransferases, 337
Heroin, 311
Hiatal hernia, 11
High solubility drugs, 325
Histamine, 151, 184
acid secretion and, 323
-containing cells, 85
production, 151
Histamine-2 receptor antagonists, 306
Hormones, gastrointestinal secretions and, 148
Human efflux transporters, 223
Hydrochloric acid
bacteria and, 322
formation of, 150
nascent pepsinogen and, 151
secretion of, 17
Hydrolysis, 159, 215, 216
5-Hydroxytryptamine, 184, 187
Hyperkalemia, 190
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IBD, see Inflammatory bowel disease
ICH, see International Conference on
Harmonization
IECs, see Intestinal epithelial cells
IELs, see Intraepithelial lymphocytes
IF, see Intrinsic factor
IgA, see Immunoglobulin A
Tleocecal sphincter, 16
Ileum, 14, 111, 143
absorption of vitamin B, in, 151
secretion of bicarbonate ions in, 219
IMCal, see Intestinal membrane calcium-
binding protein
Immune function, 46
Immune system, infant, 95
Immunoglobulin A (IgA), 94
Immunological function, development of, 91
Immunosuppressive drugs, 189
Indirect cellular transport, 122
Indole production, 46
Indomethacin, 62
Infantile diarrhea, 98
Infectious disease, protection from, 237
Infectious microorganisms, 243
Inflammatory bowel disease (IBD), 98, 303
Inflammatory mediators, 46
Ingestion, 4
Inorganic ions, absorption of, 272
Insoluble fiber, 34
International Conference on Harmonization
(ICH), 54
Intestinal absorption, normal and abnormal,
279-320
abnormal intestinal absorption, 297-313
aging, 304
carbohydrate malabsorption syndromes,
301
Crohn’s disease, 303-304
effects of naturally occurring stimulants,
depressants, and substances of
abuse, 307-313
effects of toxic substances, 304-306
malabsorption syndrome, 297-301
other tests for malabsorption, 301
protein energy malnutrition, 301-303
Whipple’s disease, 303
intestinal absorption modeling, 313-314
normal intestinal absorption, 286-297
amino acids and peptides, 289-290
bile acids, 291-292
calcium, 294-295
carbohydrate absorption, 289
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chloride and bicarbonate, 294
copper, 296-297
fat absorption, 290-291
fluids and electrolytes, 288-289
iron, 295-296
phosphorus, 297
potassium, 294
sodium and chloride, 293
vitamins, 292-293
zinc, 297
response to diet, 283-286
Intestinal epithelial cells (IECs), 239
Intestinal epithelium, see Macromolecules,
absorption of by mammalian
intestinal epithelium
Intestinal first pass effect, 129
Intestinal juice, role of, 25
Intestinal lymphoid system, 136
Intestinal membrane calcium-binding protein
(IMCal), 295
Intestinal motility, 331
Intestinal permeability, measurement of, 326
Intestinal secretion, regulation of, 28
Intestinal transit
drugs modifying, 257
effects of test compounds on, 258
measurement of, 258
Intracellular binding, 128
Intraepithelial lymphocytes (IELs), 239
Intrinsic factor (IF), 293
Tons, absorption of, 217
Iron
abundance states, 296
deficiency, 296
dietary, 296
homeostasis, 295
-limiting states, 296
malabsorption, 45
Irritable bowel syndrome, 48, 65, 72, 333
Isopropanol, 307
Isoproterenol, 257

J

JAM, see Junctional adhesion molecule
Jejunum, 14, 111, 142, 143
Junctional adhesion molecule (JAM), 124

K

KTP, see Kyotorphin
Kyotorphin (KTP), 274
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L

Labial frenulum, 8
Lactobacillus
acidophilus, 94
spp., 180
Lactose, 161
intolerance, 26-27, 45, 301
malabsorption syndrome, 301
Lamina propria lymphocytes (LPLs), 241
Lansoprazole, 306
Large intestine
absorption in, 33, 217
chemical digestion in, 31
coats of, 146
feces formation in, 33
folds of, 146
functions of, 16
mechanical digestion in, 31
motility of, 41
nervous supply of, 146
secretion of bicarbonate ions in, 219
subdivisions of, 145
Lead exposure, children at risk from, 99
Lecithin, 22, 159
Lectins, 196
Lepiota, 305
Leukotrienes, 188
Ligand-receptor—clathrin complexes, 224
Limen pharyngoesophageum, 137
Lipases, 27
Lipids
absorption of, 29
digestion of, 27
Lipoic acid, 193
Lipophilicity, passive diffusion and, 255
Lipopolysaccharides, 96
Listeria monocytogenes, 94
Liver
digestive activities in, 32
effect of compounds on, 74
Long chain fatty acids, 222
Loperamide, 306
Lower esophageal sphincter, 12
LPLs, see Lamina propria lymphocytes
Lymphatics, absorption by, 223
Lymphatic system, 164, 167
Lymphoid cells, 239, 241
Lymphoid tissue, follicles of, 144
Lysophospholipids, 291
Lysozyme, 15
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M

Macromolecules, absorption of by mammalian
intestinal epithelium, 213-233
absorption by lymphatics, 223-224
acquisition of passive postnatal humoral
immunity, 224-228
abnormal adults, 228
mammals acquiring passive humoral
immunity, 225-227
normal adults, 227-228
anatomical basis of absorption, 214-215
basic mechanisms of absorption, 215-21
absorption of ions, 217
absorption in large intestine, 217-218
absorption of water, 216
active transport, 221
effects of pH and volume, 218-219
hydrolysis as primary step, 215-216
secretion of bicarbonate ions in ileum
and large intestine, 219-220
mammalian absorption transporters,
221-223
amino acid transporters, 222
bicarbonate transporters, 222
bile acid transporters, 222
fatty acid transporters, 222
human efflux transporters, 223
nucleoside transporters, 221
organic anion transporters, 222
organic cation transporters, 222
peptide transporters, 221
phosphate transporters, 222
sugar transporters, 221
vitamin transporters, 222
Malabsorption
conditions, tests used to investigate, 302
syndrome, 98, 297, 298-299, 323, 331, 339
Malnutrition, consequences of, 283
MALT, see Mucosa-associated lymphoid tissue
Maltose, 161
MAMPs, see Microbe-associated molecular
patterns
Mannitol, 220
MAP, see Mycobacterium avium subspecies
paratuberculosis
Mass movement, 178
M cells, 225, 240, 241, 243
mdr protein, see Multi-drug-resistant protein
Megacolon, 191
Mesentery, 7, 143
Metabolism
first pass effects, 129
phase I and phase II reactions, 128
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Methanol, 307
Metoclopramide, 306
Micelles, 29, 160, 167
Microbe-associated molecular patterns
(MAMPs), 96
Microbial flora, 45
Micro-K Extencaps, 65
Microorganisms, immune response to, 96
Migrating motility complex (MMC), 25, 26
Mixing and propulsion, 4
Mixing waves, 17
MMC, see Migrating motility complex
Model(s)
animal gene knockout, 250
Caco, 256, 326
fecal output, 59
immunodeficient mouse, 95
in silico, 339
mice, mast cell-deficient, 46
non-cell-based permeability, 255
PAMPA, 256
permeability, 326
physiologically based pharmacokinetic, 314
quantitative structure—activity relationship,
339
safety pharmacology, 60
selection, determination of, 36
Monosaccharides, absorption of, 28
Morphine, 257
duodenum and, 39-40
slow waves and, 42
Mouth, 8
mechanical and chemical digestion in, 17
mucous membrane of, 9
mrps, see Multi-resistant drug protein transport
systems
Mucosa-associated lymphoid tissue (MALT), 5,
6, 237
Mucosal epithelium
barrier function, 236
functions of, 237
immunological surveillance within, 240
lymphoid cells in, 239
Mucosal sloughing damage, 331
Mucus
production, 191
secretion of, 149
Multi-drug-resistant (mdr) protein, 115, 168,
268, 328
Multi-resistant drug protein transport systems
(mrps), 115
Muscularis mucosae, 6
Mycobacterium avium subspecies
paratuberculosis (MAP), 303
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Myenteric plexus,176
Myoelectric activity, 44

N

NAD, see Nicotinamide adenine dinucleotide
Na*—glucose co-transport, 289
Na*-K*—ATPase, 288, 293
Nascent pepsinogen, 151
Natural killer (NK) cells, 239
Nausea, 183
NBB, see Neutral brush border
NEC, see Necrotizing enterocolitis
Necrotizing enterocolitis (NEC), 93
Neurokinins, 184
Neurotransmitters
gastric glands and, 151
gastrointestinal function and, 178
Neutral brush border (NBB), 290
Neutral fat, 159
Nicotinamide adenine dinucleotide (NAD), 193
Nicotine replacement therapy, 312
Nitrergic nerves, 284
Nitric oxide (NO), 283
NK cells, see Natural killer cells
NO, see Nitric oxide
Non-lymphoid cells, 239
Non-polar substances, 130
Nonsteroidal anti-inflammatory drugs
(NSAIDs), 19, 62, 194, 195, 304
adverse effects of, 333
mucus gel layer and, 258-259
toxicity in small intestine, 64
Norepinephrine, 175, 184
NSAIDs, see Nonsteroidal anti-inflammatory
drugs
Nucleic acids, digestion of, 27
Nucleosidases, 27
Nucleoside transporters, 221
Nutrient(s)
absorption, chemical alteration of, 254
intakes, estimated daily, 282
malabsorption
conditions causing, 299
measurement of, 340
normal development and, 90

(0

oatps, see Organic anion-transporting peptides
Obstipation, 191
Occludin, 124, 305
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Occult blood, 33
Octanol:water partition coefficients, 267
Omeprazole, 306
Opiates, 306
Opioid(s)
receptors, 184, 313
small intestine and, 69
Oral cavity, 8
Orally active drug, 114
Oral tolerance, 95
Organic acids, absorption of, 171
Organic anion transporters, 222
Organic anion-transporting peptides (oatps),
169
Organic cation transporters, 222
Osmosis, 120, 219, 288
Osteoarthritis, 62
Ouabain, 306

Paclitaxel, 334
Pain
gastrointestinal disorders and, 48
reflexes, GI tract activity and, 179
P-aminosalicylic acid (PAS), 223
PAMPA, see Parallel artificial membrane
permeability assay
Pancreas
digestive activities in, 32
effects of drugs on exocrine section of, 75
hydrolytic enzymes of, 284
Pancreatic duct, 154
Pancreatic exocrine function, testing for, 43
Pancreatic lipase, 160, 252
Pancreatic secretions, release of, 152
Paneth’s cells, 15, 154
Papaverine, 257
Paracellular spaces, 165
Paracellular transport, 124
Parallel artificial membrane permeability assay
(PAMPA), 255
Parietal cells, 142
Partition theory, 329
PAS, see P-aminosalicylic acid
Passive cellular transport, 119
Passive diffusion, 255, 266
PBPK models, see Physiologically based
pharmacokinetic models
PC, see Phosphatidylcholine
Pectins, carbohydrate absorption and, 286
Pelvic parasympathetic nerves, 148, 157
PEM, see Protein energy malnutrition
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Penicillamine, 221
Pepsin, 19, 162
Pepsinogen, 14, 19, 142
nascent, 151
production, 152
secretion of, 151
Peptidases, classes of, 166
Peptide
formation, 216
transporters, 221
Perfusion rates, 127
Peristalsis, 12, 178, 238
Peritoneal cavity, 7
Peritonitis, 8
Permeability models, 326
Peyer’s patch(es), 15, 46, 224, 225
description of, 239
lymphoid cells, 241
systemic infection and, 242
Peyer’s patch epithelium, 235-247
barrier dysfunction, 241-244
immune-induced barrier dysfunction,
241
Trojan horse barrier dysfunction,
242-244
gastrointestinal tract, 235-236
MALT and mucosal immunity of GI tract,
237-241
lymphoid cells, 239, 241
M cells, 240-241
non-lymphoid cells, 239
Peyer’s patches, 239-240
physical factors and non-immune
molecules, 238-239
mucosal epithelium barrier function,
236-237
mucosal immunity, 237
PGE,, see Prostaglandin E,
PGH,, see Prostaglandin H,
P-glycoprotein, 115, 168, 223, 270, 334, 340
PGs, see Prostaglandins
Phagocytosis, 123
Pharmaceutical administration, gastrointestinal
tract as major route of, 107-133
absorption, 114-119
distribution, 125-128
apparent volume of, 125
body compartments, 126
extent of, 127
intracellular binding, 128
patterns of, 125-126
rate of, 126
elimination, 130-131
biliary, 131
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renal, 130-131
metabolism, 128-129
first pass effects, 129
phase I and phase II reactions, 128-129
paracellular transport, 124
pharmacokinetics, 113-114
structure and function of gastrointestinal
tract, 109-113
transcellular transport, 119-124
active cellular transport, 120-122
endocytosis, 123
exocytosis, 124
passive cellular transport, 119-120
Pharmaceutical compound, functions defining
effectiveness of, 113
Pharynx, composition of, 11
Phenacetin, 253
Phenytoin, 253
Phosphatases, 27
Phosphate transporters, 222
Phosphatidylcholine (PC), 310
Phospholipids, 160
Phosphorus absorption, 297
Physiologically based pharmacokinetic (PBPK)
models, 314
Pinocytosis, 123, 269, 328
Platelet activating factor, 46
Plicae gastricae, 141
Plicae villosae, 141
PMN leukocytes, see Polymorphonuclear
leukocytes
Polar substances, 130
Polymorphonuclear (PMN) leukocytes, 241
Postnatal development, 88
Potassium, 294
Pregnane X receptor (PXR), 338
Proelastase, 162
Prokinetic drugs, 306
Prosecretin, 155
Prostacyclin, 195
Prostaglandin E, (PGE,), 187, 195
Prostaglandin H, (PGH,), 194
Prostaglandins (PGs), 62, 63
Protein(s)
absorption, 166
calcium-binding, 295
cobalamin-binding, 293
degradation, luminal bacteria and, 180
description of, 162
-digesting enzymes, 25
digestion of, 27
—energy interactions, 302
energy malnutrition (PEM), 301
enzymatic digestion of, 19
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formation, 216
formula, 95

intestinal membrane calcium-binding, 295

kinase C, 193
multi-drug resistant, 115, 168, 268, 328
-rich food, 324
synthesis, inhibition of, 291
tight junction, 305
transport, 286
turnover, GI tract, 283
Proteolyses enzymes, 156
Proteus spp., 180
Prothrombin time, determination of, 44—45
Proton pump inhibitors, 306
Pseudopodia, 123
PXR, see Pregnane X receptor
Pyloric antrum, 140
Pyloric glands, 151
Pyloric pump, 177
Pyloric sphincter, 141, 176
Pylorus, 140
Pyrimidine transport systems, 169

Q

QSAR models, see Quantitative
structure—activity relationship
models

Quantitative structure—activity relationship
(QSAR) models, 339

R
Rabeprazole, 306
Radiation
damage, 334

emesis and, 185
Ranitidine, 306
Receptor-mediated endocytosis, 123
Renal excretion, 130
Renal-urinary system, studies on, 56
Resorption, 130
Respiratory system
effects of test substance on, 55
follow-up studies on, 56
Retching, 183
Rheumatoid arthritis, 62
Rofecoxib, 62, 63
Rotaviruses, 228
Rule of five, 114
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S

Safety pharmacology, 53-80
animal models for evaluation of, 60-76
drug effects on gastric acid secretion,
65-66
drug-induced gastrointestinal mucosal
lesions, 60-65
effects of drugs on gastrointestinal
propulsive motility, 67-76
definition of, 54-60
basic considerations, 55
core battery, 55-56
follow-up studies for core battery, 56
gastrointestinal safety studies, 59-60
general principles from draft guideline,
57-58
supplemental studies, 56-57
Saliva
composition of, 9
protein secretions of, 149
secretion of, 9
Salivary glands, 9
Salmonella typhi, 244
SCFAs, see Short chain fatty acids
Scombrotoxic poisoning, 306
Secretin release, 154—155
Secretory substances, production of, 148
SED, see Subepithelial dome
Serosa, 6
Serotonin, 73, 184
Shiga toxin-producing Escherichia coli (STEC),
304
Shigella dysenteriae, 244
Short chain fatty acids (SCFAs), 91, 94, 286
Short gut syndrome, 300
Slow-K, 65
Slow waves, 42, 175
Small intestine
absorption in, 28, 287
alcohol entering, 324
chemical digestion in, 26
chloride absorption in, 219
coats of, 144
development of antibody-secreting cells in,
95
digestive activities in, 32
inflammation of, 188
ion absorption, 164
mechanical digestion in, 25
motility of, 39
nerve fibers to, 144
NSAID toxicity in, 64
opioids and, 69
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parts of, 142
regions of, 14
sampling of for bacterial flora, 45
water absorption, 164
Smokeless tobacco users, 311
Smoking cessation aids, 312
Smooth muscle contraction, dysfunction of, 136
Sodium—potassium pump, 165
Sodium transport, 169
Solvent drag, 163, 215, 220, 268, 328
Somatostatin, 307
Spike waves, 175
Spit tobacco (ST) users, 311
Splanchnic blood flow, 331
Sprue, 298, 301
Staphylococcus spp., 180
Starches, 161
STEC, see Shiga toxin-producing Escherichia
coli
Stem cells, 186, 189s, 236, 244
Stercobilin, 22
Steroid toxicity, 195
Stomach
adverse effects of drug on, 61
body of, 140
capacity of, 139
cardiac portion of, 140
coats of, 140
dilated state of, 139
emptying, rate of, 177
gastric glands of, 141
gastric secretions in, 153
glands of, 150
intraluminal pressure in, 38
main regions of, 13
motor functions of, 176
mucosa, glandular cells found in, 142
nerve supply of, 142
visceral surface of, 140
wall, composition of, 14
Stool fat test, 300
Streptococcus spp., 180
ST users, see Spit tobacco users
Subepithelial dome (SED), 240
Submucosa, 6
Substance P, 184, 191
Suckling period, pepsin activity and, 90
Sucralfate, 196
Sucrose, 161
Sucrose—isomaltase deficiency, 301
Sugar transporters, 221
Sulfonamides, 307
Sulfotransferases, 337
Surface mucous cells, 14
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Swallowing, 11
Sympathetic nerves, stimulation of, 176
Systemic infection, colonizing bacteria and, 93

T

TAO, see Total acid output
TAP, see Transporter associated with antigen
processing
Tea catechins, 310
TGs, see Transglutamases
Thromboxane A,, 188, 195
Tidal volume, 55
Tight junction (TJ), 216, 217
permeability of, 182
protein, 305
Time-release drugs, 118
TJ protein, see Tight junction protein
TLRs, see Toll-like receptors
Toll-like receptors (TLRs), 96
Tongue, 10
Tongue-tied person, 10
Topological substructural approach (TOPS-
MODE), 314
TOPS-MODE, see Topological substructural
approach
Total acid output (TAO), 66
Toxication, pathways of, 129
Toxicity, age-dependent changes in, 97
Toxic megacolon, 191
Toxicology, see Canines, gastrointestinal
function and toxicology in;
Gastrointestinal tract development,
toxicology and
Transcellular transport, 119
Transferrin, 123
Transglutamases (TGs), 336
Transport
protein, 286
systems, 163
Transporter associated with antigen processing
(TAP), 122
Transverse colon, 145, 146
Trichothecenes, production of, 195
Tricyclic antidepressants, 338
Triglyceride(s), 22, 159
digestion of, 216
hydrolysis, fatty acids derived from, 223
synthesis, 291
transport, 169
Tripeptides
absorption of, 29
transport of, 167
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Trisaccharides, 155

Trojan horse barrier dysfunction, 242
Tropical enteropathy, 301

Trypsin, 87, 162, 252

U

Ulcerative colitis, 311

Ulcerogenicity, 60, 258

Unstirred water layer, 108, 119

Upper esophageal sphincter, 12

U.S. Food and Drug Administration (FDA), 55,
256, 324, 326

Uvula, 8

\%

Valvulae conniventes, 214
Vascular thrombosis, 188
Vasoactive intestinal peptide, 190
Vasoactive intestinal polypeptide (VIP), 24
Verapamil, 37, 273
Vermiform appendix, 16
Vibrio cholera, 191, 244, 304
Villi, 214
Villous enterocytes, 153
Vincristine, 189
VIP, see Vasoactive intestinal polypeptide
Visceral peritoneum, 7
Vitamin(s)
absorption of, 30
fat-soluble, 292
transporters, 222
water-soluble, 292
Vomiting, 22

W

Warfarin, 253

Water, absorption of, 30, 164, 216
Water-soluble vitamins, 292
Weak acids, absorption of, 330
Whipple’s disease, 300, 303
‘Wood creosote, 333

X

Xenobiotic(s), see also Xenobiotics, intestinal
absorption and metabolism of in
humans; Xenobiotics, intestinal
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absorption and metabolism of in
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absorption, 168, 326
active transport, 327
diffusion, 327
facilitated diffusion, 328
factors affecting, 331
filtration, 328
method to evaluate, 340
partition theory, 329
pinocytosis, 328
dilution of, 170
direct killing effects on microbes by, 181
enterohepatic cycling of, 338
first pass effect for, 172
metabolic transformation of, 173
metabolism, enzyme systems responsible
for, 274
pKa of, 173
properties of, 329
Xenobiotic exposure, alteration of intestinal
function by, 249-264
approaches to studying chemical alteration
of intestinal function, 251-252
gastrointestinal functions affected by
xenobiotic exposure, 252-257
intestinal transit, 257-259
nature of intestinal function, 250-251
nature of xenobiotic exposure, 250
Xenobiotics, intestinal absorption and
metabolism of in humans,
321-344
biopharmaceutic classification system and
human drug absorption, 324-326
human intestinal tract, 322-324
methods for assessment, 339-340
in silico models, 339
in vitro procedures, 339-340
in vivo procedures, 340
xenobiotic absorption, 326-334
factors affecting GI absorption of
xenobiotics, 331-334
partition theory, 329-331
principal routes of, 327-329
xenobiotic metabolism, 334-339
enterohepatic circulation, 337-339
extraluminal tissue and cellular
metabolism, 335-337
intraluminal metabolism, 335
Xenobiotics, intestinal absorption and
metabolism of in laboratory
animals, 265-277
factors affecting intestinal absorption,
270-273
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