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Preface

About 30 years ago the need for trained toxicologists in the German chemical industry
prompted Professors Herbert Remmer and Helmut Greim to organize a 3-year toxicology
training program for 20 chemists. Using this experience the German Society of
Pharmacology and Toxicology developed criteria to receive a certificate designating
the ‘Fach-Toxikologe’ and initiated a broad training program to provide the information
required. It became obvious that a text book was needed to accompany the classroom
work to meet the needs of the students. The book* was published in the German language
in 1995 and subsequently in Italian.** When time came for a new edition, the publishers,
who were interested in expanding the market, suggested that a new edition, which could
service a broader representation of the community of scholars in toxicology, should be
written in English. The editors, Helmut Greim and Robert Snyder, decided to prepare a
completely new book to ensure that recent achievements in toxicology are covered and
each chapter produced by the faculty contained essential knowledge for a toxicologist.
The authors and editors hope that the book proves useful to students and provides
information at a level that will enable them to successfully study toxicology.

The current book is intended for people with a broad range of toxicological interests,
including both practical and mechanistic subjects. References at the end of each chapter
will allow the reader to go beyond this book into the toxicological literature. Further-
more, coverage extends into areas such as the ‘omics,” biomarkers, molecular and cell
biology, and newer approaches to risk assessment. It stresses the important need for
overlap between mechanistic studies and safety assessment.

There are two famous admonitions in toxicology. The first, by Paracelsus, appears in
the introduction. The second has been credited to any of several of our colleagues:
‘Toxicology can be learned in two lessons, each 20 years long.” We hope that this book
can start students down the path toward an exciting and productive career in toxicology.

Helmut Greim and Robert Snyder

*Toxikologie. Eine Einfiihrung fiir Naturwissenschaftler und Mediziner, H. Greim und E. Deml eds, (Wiley)-Verlag Chemie,
Weinheim, 1995.
MTossic‘ologia, H. Greim and E. Deml eds, Zanichelli, Bologna, 2000.
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1

Introduction to the Discipline
of Toxicology

Helmut Greim and Robert Snyder

“In all things there is a poison, and there is nothing without a poison. It depends only upon
the dose whether a poison is poison or not.”

Paracelsus (1493-1541)

1.1 Introduction

The discipline of Toxicology is concerned with the health risks of human
exposure to chemicals or radiation. According to Paracelsus’ paradigm, Tox-
icology is charged with describing the adverse effects of chemicals in a qualitative
sense, and with evaluating them quantitatively by determining how much of a
chemical is required to produce a given response. Taking these two together, we
can describe the intrinsic properties of an agent (hazard identification) and we
can estimate the amount of the chemical required to produce these properties
(risk characterization).

Fundamental to understanding Toxicology are the definitions of hazard, exposure, and
risk:

Hazard: Intrinsic toxic properties [Expression of hazard depends upon conditions of use
or exposure.]

Toxicology and Risk Assessment: A Comprehensive Introduction Edited by H. Greim and R. Snyder
© 2008 John Wiley & Sons, Ltd



2 Toxicology and Risk Assessment: A Comprehensive Introduction

Dose: Concentration of the chemical and the time of exposure
Risk: Likelihood of an adverse effect resulting from a given exposure

Since humans or organisms in the environment can be exposed via inhalation, skin
contact, or oral intake, the concentrations in the different environmental compartments,
which result in human or environmental exposure, must be determined. It is obvious from
this that risk characterization comprises the following elements:

e Hazard identification, i.e. a description of the agent’s toxic potential.

e Dose-response, including information on the concentration above which the agent
induces toxic effects to identify the no-observable-effect level (NOEL).

e Exposure assessment, in which the concentration of the agent in the relevant medium
and time of exposure are evaluated.

The sensitivity of measurements in analytical chemistry has advanced to the
point where infinitesimally small amounts of chemicals can be detected and
identified in the various media that characterize our environment. Detection of a
chemical does not mandate that a toxicological effect in exposed people will be
observed. Since the dose makes the poison, effects only occur when exposure
exceeds the NOEL.

People may be exposed to chemicals in the air, water, food, or on the skin. The external
dose at which a chemical exerts its toxic effects is a measure of its potency, i.e. a highly
potent chemical produces its effects at low doses. Ultimately, the response to the
chemical depends upon duration and route of exposure, the toxicokinetics of the
chemical, the dose-response relationship, and the susceptibility of the individual.

It is necessary to establish toxicological profiles of each chemical, either pre-existing
or newly developed, to insure that it can be utilized safely either by the public or under
specific conditions of use such as in the workplace. Toxicological evaluations may take
different forms for new and existing chemicals. In the case of newly developed drugs,
pesticides, or new chemicals a stepwise procedure is used starting from simple in vitro
and in vivo short-term tests. Depending on the hazardous potential of the agent, studies
can be extended to evaluate long-term effects by repeated dose studies, toxicokinetics,
and toxic mode of action. For existing chemicals the available information can be
collected and a risk assessment, based on exposure data, knowledge of the dose-response
relationship, and the mode of action, can be performed.

The parameters which determine toxic potential and potency are discussed in the
following chapters. Here they are briefly discussed to indicate their importance for
the risk-characterization process.

1.2 The Risk-Assessment Process
1.2.1 Hazard Identification

Acids or bases can be direct-acting agents which cause irritation or corrosion at the site of
exposure. However, most chemicals induce systemic effects such as embryotoxicity,
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hepatotoxicity, neurotoxicity, etc., after absorption from the gastrointestinal tract, through
the skin, or via the lungs. Depending on exposure, concentration and time of exposure,
acute or chronic effects may result. Acute intoxication usually occurs in response to
large doses. Chronic effects are seen after repeated exposure during which time the
chemical reaches critical concentrations at the target organ and the result is persistent
accumulated damage. Exposure to some chemicals, such as 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD), can result in retention and long-lasting effects even after a single
high exposure. This is because TCDD is lipophilic and not well metabolized, which
results in very slow elimination. The consequence is accumulation in adipose tissue. In
humans the half-life of excretion is about 8 years. In laboratory animals and humans
TCDD induces tumors in various organs. Since TCDD does not induce DNA damage or
mutations, the carcinogenic effect is considered to have a threshold, i.e. there are doses
below which no adverse effects will be observed. Induction of sensitization and of
allergic responses by sensitizing agents is also considered to require reaching a threshold
dose, even if this dose is very low, and the NOELs of these effects are rarely known.
When establishing acceptable exposure standards, thresholds are not considered to be a
property of the dose—response curves for genotoxic carcinogens because any genotoxic
event is considered irreversible. [A more detailed discussion of this concept appears
below.]

The Toxic Potential

Depending on reactivity, solubility, and metabolism, the chemical, or its metabolites, can
reach critical target organs. Irritation or corrosion may occur when the reactant comes
into contact with the skin or mucous membranes of the eye, the gastrointestinal tract, or
the respiratory system. Distribution and metabolism of the chemical can result in various
systemic effects upon interaction at targets in the critical organ. The organ-specific
effects are described in the various chapters on organ toxicity, e.g. liver, kidney, the
central and peripheral nervous system.

Historically, histopathological and biochemical changes have been the major para-
meters used to detect organ toxicity. Increasing availability of sensitive methods in
analytical chemistry and molecular-biological approaches including toxicokinetics and
the various ‘omics’ have significantly improved the understanding of alterations in
cellular and sub-cellular function and the reaction of the cell to toxic insults. The result is
a better understanding of toxic mechanisms, species differences, and the consequences of
exposures at high and low concentrations for different times.

1.2.2 Dose-Response and Toxic Potency

The Paracelsian admonition teaches us that the occurrence and intensity of toxic effects
are dose dependent. His paradigm addresses the concept of threshold effects, which
implies knowledge of the dose—response relationship. Animal or human exposure is
usually defined as the dose, e.g. in mg of the chemical/kg body weight/day. This daily
dose may result from oral, inhalation, or dermal exposure or as a sum thereof. The
external dose leads to a specific internal dose, which depends on the amount absorbed via
the different routes. Absorption rates via the different routes can vary significantly,
although oral and inhalation exposure usually lead to the highest internal dose. For
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Figure 1.1 Dose-response curve showing log dose on the X-axis and % response (Effect) on
the Y-axis. The figure illustrates the location of regulatory values such as the NOEL, Occupa-
tional Exposure Levels (OELs), or environmental standards such as Acceptable Daily Intake
(ADI). Note that a doubling of dose in the lower or upper part of the S-shaped curve results in
small increases of effects, whereas it is much more prominent in the steep part [Modified from
Greim and Deml, Toxikologie, Ch.1, Abt. 1-2. Copyright (1996), with permission from Wiley-
VCH].

example, about 50% of cadmium in inhaled air, e.g. in tobacco smoke, is absorbed in the
lung, whereas cadmium absorption from the gastrointestinal tract is about 10%.
Ultimately, it is the dose that reaches the cellular target over a given time period that
results in the toxicological response. The dose that defines the toxic potency of a
chemical is the product of the interrelated external, internal, and target doses. No toxic
effects will be seen if the dose is below the NOEL, whereas effects increase with
increasing exposure. The dose-response curve may be expressed using a variety of
mathematical formulas. Using the semi-logarithmic form of the dose—response relation-
ship the curve is sigmoidal in shape and varies in slope from chemical to chemical. Thus,
if the curve is shallow a doubling of the dose results in a small increase of effects,
whereas effects increase several-fold when the slope is steep (see Figure 1.1). The log of
the dose is plotted on the abscissa (X axis) and increases toward the right. The location of
the curve on the abscissa is a measure of the potency of the chemical.

1.2.3 Exposure Assessment

Since toxic effects are dose dependent, knowledge of the extent and duration of
exposure is an integral part of the risk-assessment process. Exposure defines the
amount of a chemical to which a population or individuals are exposed via
inhalation, oral, and dermal routes. Animal or human exposure is commonly
defined by mg of the chemical/kg body weight per day.
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Toxicologists are concerned with exposure to any chemical, by any route, which may
lead to adverse health effects. Workplace exposure may occur via dermal contact, by
inhalation, even inadvertently, by oral ingestion. Permissible levels of occupational
exposure are determined for an 8-hour work day over a 5-day work week extrapolated to
an estimated working lifetime of 40 years. Monitoring of exposure usually requires
measurement of the chemicals in the air of the workplace and/or the use of personal
monitoring equipment. Whereas occupational exposure is regular and repetitive, expo-
sure to consumer products is more difficult to assess. These methods are not usually
applied in the home or the ambient environment. Exposure in the home can be estimated
by the use of appropriate modeling techniques. Data useful for the determination of
exposure to chemicals in consumer products include frequency, duration and site
of exposure, concentration and weight of substance in the product, and the amount of
product used per contact. Children represent a special case of exposure. For example,
they may be exposed to chemicals that are released from toys during mouthing or via skin
contact. Accurate exposure determinations for children are difficult to achieve. Exposure
can be modeled based on data such as information on frequency of mouthing, migration
rates of the specific compound from the toy during mouthing, and absorption rates from
the oral cavity and gastrointestinal tract. The rate of absorption through the skin will also
influence the body burden of the chemical. Use of these parameters to assess exposure is
plagued by many uncertainties, which often lead to overestimation of the actual exposure.
This external exposure may not necessarily correlate with internal exposure.

Biomonitoring of the compound or its reaction products in the exposed individuals
provides the most reliable estimate of internal exposure. However, dose-response curves
usually provide a correlation between external dose and effects. Therefore, risk assess-
ment of an internal exposure requires either knowledge of the dose-response of internal
exposure versus adverse effects or information to which extent external and internal
doses correlate. The estimation of exposure is more complicated when mixtures of
chemicals are the source of exposure.

1.2.4 Risk Characterization

The risk-assessment process requires differentiation between reversible and irreversible
effects. The dose—response curves for chemicals that induce reversible effects display a
region below which no effects can be observed. The highest dose at which no effects are
seen is called the ‘no-observable-effects level’ (NOEL). The point at which effects
become observable is called the ‘lowest-observable-effect level’ (LOEL). A threshold is
not the equivalent of an NOEL, since it describes concentration or exposure at which the
slope of the dose-response curves changes.

If damage is not repaired the effect persists and accumulates upon repeated exposure.
In such cases a NOEL cannot be determined and every exposure can be related to a
defined risk. Reversibility depends on the regenerative and repair capacity of cells, sub-
cellular structures, and macromolecules during and after exposure. Epithelial cells of the
intestinal tract or the liver have a high regenerating capacity and rapidly replace damaged
cells by increased cell replication. The highly specialized cells of the nervous system
have lost this capacity during natal and postnatal development. Consequently, damaged
cells are not replaced, at least in the adult.
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For chemicals which induce reversible effects the NOEL of the most sensitive endpoint
is determined and compared with the human exposure to describe the Margin of
Exposure (MOE) (or Margin of Safety: MOS). If the NOEL is derived from animal
experiments an MOE of 100 or greater is desirable. An MOE of at least 10 is sufficient if
the NOEL is derived from human data (see Figure 1.4).

The covalent binding of genotoxic mutagens and carcinogens to DNA is considered
an irreversible event despite the availability of repair processes. Although there is
increasing knowledge about DNA-repair mechanisms, the role of tumor-suppressor
genes and apoptosis, their interactions, and dose—responses are not sufficiently under-
stood to allow us to conclude whether genotoxic effects exhibit a threshold at low exposure
or even a NOEL. So far, the general agreement remains that the potency of genotoxic
carcinogens increases with increasing dose so that the risk at a given exposure needs to
be estimated by linear extrapolation from the dose-response data obtained from experi-
mental studies in animals or from data obtained from studies in humans.

1.3 Toxicological Evaluation of New and Existing Chemicals

The various toxic effects which chemicals may exert and the different applications
for which chemicals are designed require in-depth understanding of the cause-and-
effect relationship, i.e. knowledge of the chemical and the specific organs upon which
it impacts. As a result toxicologists tend to focus on specific organs, specific
applications (e.g., pesticides or drugs), specific compounds like metals or solvents,
or specific effects like carcinogenicity. Chapters in this book are devoted to specific
organ toxicity, and specific effects of compounds such as carcinogenicity and
mutagenicity.

1.3.1 General Requirements for Hazard Identification and Risk Assessment

Toxicological evaluation of chemicals requires knowledge on the health con-
sequences of acute, subchronic, and chronic exposure via routes relevant to the
common use of the chemical. Therefore, all elements of risk assessment: hazard
identification, dose-response, exposure, and risk have to be evaluated.

Organ specificity and other relevant endpoints like fertility, pre- and postnatal
toxicity or carcinogenicity, their dose-response, and determination of the NOEL
can only be identified by appropriate repeated-dose studies in animals. The use of
in vitro testing can contribute important pieces of information, but so far cannot
replace whole animal experimentation.

To obtain sufficient information on the hazardous properties of a chemical requires
investigation of:

e acute, sub-chronic and chronic toxicity (oral, inhalation, dermal);
e irritation (skin, mucous membranes, eye) and phototoxicity;
e sensitization and photosensitization;
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genotoxicity (in vitro and in vivo methods);
carcinogenicity (lifetime studies);
reproductive toxicity;

toxicokinetics;

mode and mechanism of action.

In all studies information on the dose-response of effects is essential to identify the
slope of the dose—response curves, possible thresholds, and the NOEL, LOEL, and the
maximal tolerated dose (MTD).

Acute Toxicity, Subchronic Toxicity, and Chronic Toxicity

Acute toxicity studies describe toxic effects assessed after a single administration of the
chemical to rodents and are primarily aimed at establishing a range of doses in which the
chemical is likely to produce lethality. After dosing, the animals are observed over a
period of one to two weeks to determine immediate or delayed effects. It is possible to
plan studies in which other endpoints are examined as well.

Having established the lethal dose range the chemical may be examined for effects
produced upon repeated administration. Common practice of such repeated-dose studies
is to treat animals each day for a few weeks or months. These studies usually include
rodents, but larger species such as dogs, and in the case of new drugs, monkeys or apes,
may be employed. The animals must be observed for effects on general, as well as
specific! organ toxicity. At the termination of these studies the animals are usually
examined for gross and microscopic pathology.

Chronic studies, usually in rodents, involve treatment of animals for several months
up to a lifetime. Their intent is to examine the likelihood of the development of pathology
after long-term exposure to low levels of chemicals and in the case of lifetime studies are
focused on cancer.

There is an ongoing discussion regarding the extent to which in vitro studies and
consideration of structure—activity relationships provide sufficient information to waive
repeated in vivo exposure studies. From a toxicological point of view it has to be stressed
that this discussion is primarily concerned with cost reduction and protection of animals.
It is necessary to insure that in this climate protection of human health and the
environment do not become secondary considerations.

In vitro studies allow identification of hazardous properties of substances, but only
those which can be detected by the specific test system. Even when the test system has a
metabolic capacity, its appropriateness must be verified in intact organisms. Conse-
quently, identification of all relevant endpoints, their dose-response, thresholds, and
NOELSs can be determined in the intact animal only by repeated-dose studies. In the
absence of such information hazard identification is incomplete and without information
of the dose-response relationship obtained from these studies there is no basis for
appropriate assessment of the risk of human exposure.

Irritation and Phototoxicity

Dermal irritation of compounds is evaluated by studies in animals and humans prior to
testing for sensitization. These are usually performed by using a single occluded patch
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under the same conditions as applied when testing skin sensitization. Phototoxicity and
photoallergic reactions have to be expected when compounds show significant absorption
in the ultraviolet range (290-400 nm). Using the test strategy for irritation, an additional
patch site is irradiated immediately after application of the test substance or after patch
removal. Phototoxicity can also be tested by validated in vitro tests, such as uptake of
Neutral Red by 3T3 cells. If such a test is negative further in vivo testing may not be
necessary.

Sensitization and Photosensitization

For detection of sensitizing potential of products the choice of a relevant animal is
crucial. However, in many cases animal models may be inappropriate for detection of a
sensitizing potential so that most dermatologists prefer studies in humans. An acceptable
alternative may be studies with nonhuman primate species like cynomologus or rhesus
monkeys. Generally the Buehler guinea pig test and the popliteal lymph node assay
(PLNA) in mice are used in the preclinical testing program. The PLNA received great
attention because it is the only reliable test for screening compounds that cause
sensitization via routes other than the skin. So far the test has been successfully applied
to determine relative potencies of contact allergens and has been reported to closely
correlate with NOELSs established from human repeat patch testing. When the animal
data indicate a weak contact-sensitizing potential, human skin-sensitizing testing is
conducted usually by a human repeated-insult patch test (HRIPT). In any case, detection
of antibodies in the serum during the studies using specific ELISA methods or bioassays
to measure antibodies may be appropriate.

Genotoxicity (Carcinogenicity)

Test systems and test strategies to evaluate possible genotoxicity of a compound are
described in detail in Chapter 4.3.1-3. Generally, a bacterial mutation assay and an in
vitro cytogenetic assay are performed. The results are often verified by the mouse bone
marrow micronucleus test, a reliable and widely used test system, which detects
aneugens as well as clastogens. Chemicals that yield positive responses to these tests
frequently do not undergo further development. However, those that appear to lack
genotoxicity may be carried forward and evaluated in lifetime carcinogenicity studies
in rodents.

Toxicity for Reproduction and Development

Studies to evaluate reproductive and developmental effects may only be needed if there
are indications that the chemical, or critical metabolites, can reach the embryo and/or
fetus and could cause either teratological, fetotoxic, or developmental effects. In such
cases tests such as a reproduction/developmental toxicity screening test (OECD 421), a
combined repeated dose toxicity study with the reproduction/developmental toxicity
screening test (OECD 422), or the appropriate standard tests to evaluate effects on
reproduction (One-generation reproduction toxicity, OECD 415) and prenatal develop-
mental study (OECD 414) may be performed.
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Toxicokinetics

Toxicokinetics describe Absorption, Distribution, Metabolism, and Elimination
(ADME) of a chemical in humans, experimental animals, or cellular systems. Of
specific importance for interpretation of animal studies and for extrapolation of
hazards between species is the comparative information on the exposure and the
dose that reaches the critical target.

A chemical may enter the body via food, air, or the skin. The amount absorbed
depends on the concentration in the different media, on physical-chemical parameters
such as solubility in water and fat, on its stability, and on the route of exposure
(Figure 1.2).

Upon inhalation or skin penetration the compound directly enters the circulation and
distributes into the organs. When absorbed from the gastrointestinal tract the chemical
enters the liver via the portal vein. The epithelial cells of the gut wall and the liver
demonstrate a large capacity for metabolizing chemicals so that a compound may be
extensively metabolized by this ‘first-pass effect’ before entering the general circulation.
Larger molecules, e.g. the glucuronosyl-conjugates, can be excreted via the biliary
system into the duodenum where the conjugates may be hydrolysed so that the original
compound is reabsorbed and reenters the liver. This process is defined as enterohepatic
circulation. Inhalation or dermal exposure to a chemical, or its intravenous or

Toxicokinetics

oral

dermal
/

Organs like «— inhalation
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Figure 1.2 Routes of exposure and systemic distribution of a compound within the organism.
After oral ingestion the compound reaches the liver, where it can be extensively metabolized.
Upon inhalation or dermal exposure and intravenous application the compound reaches the
circulation without major metabolism [Modified from Greim and Deml, Toxikologie, Ch.1, Fig.
1-1. Copyright (1996), with permission from Wiley-VCH].
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intraperitoneal injection, may result in different effects than after oral exposure because
of the ‘first-pass effect.’

After entering the general circulation the chemical or its metabolites distribute to the
organs where they can accumulate in organs such as fat or bones, or are further
metabolized. Reactive metabolites will interact with tissue components and may induce
cellular damage. This ‘tissue dose,” i.e. the concentration of a chemical or its metabolite
at the critical target over a given time, is an important factor that helps us to understand
the correlation between internal exposure and external (environmental) exposure in
relation to toxicity. By comparing tissue doses in different species at similar exposures it
also helps us to understand species differences in the sensitivity to chemicals, as well as
inter-individual variations.

The chemical or its more water-soluble metabolites are primarily excreted via the kidneys
or the biliary system. Volatile compounds may be exhaled. The great variety of processes
observed during absorption, metabolism, distribution, and excretion cannot be predicted
by modeling or by in vitro experiments without confirmatory data from animals and man.

Mode and/or Mechanism of Action

Identification of the possible modes or mechanisms by which a chemical induces
toxicity and the dose-response relationship are essential to our understanding of
species specificities, species differences, sensitive populations, or the interpreta-
tion of data regarding threshold or nonthreshold effects. They also help us to
evaluate the relevance of the toxic effects to humans when the data are derived
from experimental animals. Whereas the toxic mechanism is often not known in
detail, modes of action, which can be described in a less restrictive manner, are
undergoing consideration for inclusion in the risk-assessment process.

There is an array of mechanisms by which chemicals or any other stressors like heat or
radiation can lead to toxicity. They may be differentiated as follows:

Physiological changes are modifications to the physiology and/or response of cells,
tissues, and organs. These include mitogenesis, compensatory cell division, escape from
apoptosis and/or senescence, inflammation, hyperplasia, metaplasia and/or preneoplasia,
angiogenesis, alterations in cellular adhesion, changes in steroidal estrogens and/or
androgens, and changes in immune surveillance.

Functional changes include alterations in cellular signaling pathways that manage
critical cellular processes (e.g. modified activities for enzymes involved in the metabo-
lism of chemicals such as dose-dependent alterations in phase I and phase II enzyme
activities, depletion of cofactors and their regenerative capacity), alterations in the
expression of genes that regulate key functions of the cell (e.g. DNA repair, cell cycle
progression, post-translational modifications of proteins), regulatory factors that deter-
mine rate of apoptosis, secretion of factors related to the stimulation of DNA replication
and transcription, or gap—junction-mediated intercellular communication.

Molecular changes include reversibility or irreversibility of changes in cellular struc-
tures at the molecular level, including genotoxicity. These may be formation of DNA
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adducts and DNA strand breaks, mutations in genes, chromosomal aberrations, aneu-
ploidy, and changes in DNA methylation patterns.

As indicated in the chapter on Toxicogenomics, data derived from gene expression
microarrays or from high-throughput testing of agents for a single endpoint will
become increasingly available and need to be evaluated for suitability for use in the
hazard and risk-assessment process. As long as the information is not related
to functional changes their applicability is poor and there is the possibility to
overinterpret the effects observed, although they might be useful in assessing
mechanisms. High-throughput data on specific endpoints may aid in the identification
of common mechanisms of multiple agents.

Mechanistic information is most relevant for the evaluation and classification of
carcinogens. If the carcinogenic effect is induced by a specific mechanism that does not
involve direct genotoxicity, such as hormonal deregulation, immune suppression, or
cytotoxicity, a detailed search for the underlying mode of action may allow identification
of an NOEL. This can also be considered for materials, such as poorly soluble fibers,
dusts, and particles, which induce persistent inflammatory reactions as a result of their
long-term physical presence, which ultimately lead to cancer.

1.3.2 General Approach for Hazard Identification and Risk Assessment

Before starting any evaluation, structural alerts and physical-chemical parameters like
water/lipid solubility and volatility need to be identified as well as the purpose of the
hazard identification. To screen for specific effects such as relative cytotoxicity,
mutagenicity, or hormonal effects, simple in vitro tests may be appropriate. This allows
identification of specific wanted or unwanted effects and by that selection of useful
compounds for further studies or their elimination.

For a more detailed evaluation (Figure 1.3) the stepwise procedure usually starts with the
determination of the dose range for Lethality and the evaluation of genotoxicity by an in vitro
bacterial test system (Ames test) and cytogenicity in mammalian cells. In the case of positive
results the results are verified in vivo usually by the mouse bone marrow micronucleus test. In
the case of structural alerts or questionable results the compound needs further evaluation by
additional tests, including studies on toxicokinetics or potential genotoxic mechanisms.

no genotoxicity, no

/ toxicokinetics \ / lifetime study

acute toxicity —— short-term tests —— | evaluation | —— repeated-dose

studies
/

genotoxicity

indicator or tests genotoxic potential

lifetime study

Figure 1.3 Stepwise procedure to evaluate the toxic potential of a chemical [Modified from
Greim and Deml, Toxikologie, Ch. 1, Fig. 1-3. Copyright (1996), with permission from Wiley-
VCH].
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Figure 1.4 Acceptable daily intake (ADI) and maximal acceptable concentration in air, food,
and drinking water [Modified from Greim and Deml, Toxikologie, Ch. 25, Abt. 25-1. Copyright
(1996), with permission from Wiley-VCH].

The information so far collected provides information on the reactivity of the test
compound, its absorption and distribution in the organism, and possibly on critical targets.
This allows the decision to be made as to whether the database is appropriate for further
testing by repeated-dose studies in animals for 28 and 90 days, which, depending on their
outcome and the intended use of the chemical, are followed by a 6-months or lifetime study
to evaluate potential effects upon long-term exposure, including carcinogenicity.

This information finally allows appropriate risk assessment for a potential human
exposure or to set acceptable exposure limits for risk management. For example, when
the detailed toxicological evaluation can exclude genotoxic and carcinogenic effects the
NOEL in long-term studies in experimental animals can be determined. This NOEL is the
starting point to set the ADI, which is usually 100-fold below the NOEL (Figure 1.4).
This factor considers a 10-fold difference between the sensitivity of the experimental
animals and humans and another factor of 10 to take into account possible inter-
individual differences among the human population. If the NOEL is derived from studies
in man a factor of 10 is used to cover possible individual differences. These factors can
be reduced if specific information is available to conclude that the species-species or
intra-species differences are less than 10. From the ADI, permissible concentrations in
food, drinking water, consumer products, indoor and outdoor air, and other environ-
mental compartments may be established.

1.3.3 Toxicological Issues Related to Specific Chemical Classes

Jurisdictions and regulatory agencies around the world have established a variety of
guidelines for risk assessment and permissible exposure standards for chemicals in the
workplace, the home, and the general environment. Regulatory decision-making depends
upon the estimation of health risks from chemical exposure.

Health risks of chemicals designed for specific applications, e.g. consumer products,
drugs, or pesticides, must be assessed when people are exposed in the many types of
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environment in which people can be found. Therefore all elements of risk assessment:
hazard identification, dose-response, exposure, and the risk, have to be thoroughly evaluated.

Data requirements for new and existing chemicals usually depend on annual
production rate and the extent of human exposure. When there is considerable exposure
regulatory requirements demand an extensive toxicological evaluation of the potential
adverse effects of the specific chemical and the likelihood of their expression under the
conditions of use or exposure and the definition of the MOE or the health risk under
defined conditions of exposure.

For drugs special emphasis must be placed on efficacy, therapeutic index, potential
side effects, and the effects of overdosage.

For pesticides the relative impacts of the chemical on the target versus on people is a
critical requirement. Thus, the NOEL for people must be established, and an ADI must be
determined because of the possibility of contamination of food and other consumer
products with the pesticide, and the margin of safety needs to be established.

Exposure to chemicals at the workplace is, according to law, controlled by the
Occupational Safety and Health Administration (OSHA) in the United States and by the
Chemicals Law Act (1992) in Europe. Various governmental and nongovernmental institu-
tions are involved in setting occupational exposure standards. Since the institutions publish
the complete toxicologically relevant information and a justification for the proposed
limit value these documentations are valuable sources for the toxicological database of
the compounds. Institutions that publish these documents are listed in Table 1.1.

1.3.4 Existing Chemicals

In 1992 the European Commission estimated that about 100,000 chemicals are in use. They
are produced in quantities ranging from less than a ton to several million tons per year.
Except for drugs and pesticides, toxicity data requirements for existing or new chemicals
have not been regulated. Although it is the responsibility of the producer and downstream
user to release safe products, there are high-volume products with a relatively small
database. Several programs have been launched to obtain knowledge at least for com-
pounds with high annual production rates. In the US the Environmental Protection Agency
(EPA) has initiated an HVP (High Production Volume) program. In an international
cooperation the Organization for Economic Cooperation and Development (OECD) has
launched the ICCA program, which evaluates and documents the available information on
environmental and human health hazards and risks for about 1000 chemicals. In Europe,
Risk Assessment Reports under the Existing Chemical Program of about 150 compounds
are being produced and the REACH regulation (see below) will be set into action by 2008.
A list of institutions that evaluate toxicity of chemicals and publish the results in
comprehensive English documentations is given in Table 1.2.

REACH

REACH (Registration, Evaluation and Authorization of Chemicals) of the European
Union is to identify hazardous properties of substances and to evaluate the risks of human
and environmental exposure. The regulation will become effective by 2008. It is the
responsibility of the producer or downstream user to provide the necessary information to
the ‘Agency’. As indicated in Table 1.3, the extent of toxicological information largely
depends on the annual production rate of a chemical. As long as there is no indication
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Table 1.1 The new DFG/MAK criteria for the classification of carcinogenic chemicals
compared with those from international bodies.

EU DFG/MAK ACGIH/TLV IARC
1 Substances known Substances which A1 Confirmed 1 The agent is
to be carcinogenic cause cancer in man human carcinogenic
to man carcinogen to humans
2 Substances which Substances which are A2 Suspected 2A The agent is
should be regarded considered to be human probably
as if they are carcinogenic for man carcinogen carcinogenic
carcinogenic to man to humans
3 Substances which Substances which A3 Animal 2B The agent is
cause concern for cause concern carcinogen possibly
man owing to possible that they could be carcinogenic
carcinogenic effects  carcinogenic for to humans
3b Substances which man but which
are insufficiently cannot be assessed
investigated conclusively because
of lack of data
3a Substances which Substances with A4 Not classifiable 3 The agent is
are well carcinogenic potential as a human not classifiable
investigated for which genotoxicity carcinogen as to its
plays no or at most a carcinogenicity
minor role. No significant to humans
contribution to human
cancer risk is expected,
provided that the MAK
value is observed.
Substances with
carcinogenic and
genotoxic potential, the
potency of which is
considered to be so low
that, provided that the
MAK value is observed,
no significant contribution
to human cancer risk is
to be expected
A5 Not suspected 4 The agent is

as a human
carcinogen

probably not
carcinogenic
to humans

Abbreviations: DFG/MAK: Deutsche Forschungsgemeinschaft (German Commission for the Investigation of Health
Hazards of Chemical Compounds in the Work Area); EU: European Union (EU); IARC: International Agency for
Research on Cancer (IARC); ACGIH/TLV: American Conference of Governmental Industrial Hygienists / Threshold Limit
Values Committee (ACGIH). For contacts see Table 1.2.

of a specific risk the chemicals will be registered for the intended use. Special attention
will be paid to carcinogens, mutagens, and reproductive toxins (CMR compounds) and to
other serious toxic effects as well as to chemicals which show bioaccumulation,
persistence, and toxicity (BPT compounds) in the environment. The specific use of
such compounds needs to be authorized. Within the first 3 years after implementation the
>1000 t/a chemicals need to be submitted, during the 2nd three-year phase the <100 t/a,
and within the 3rd phase the 10-100 t/a chemicals.
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Table 1.2 International institutions that publish documentations on chemicals.

Institution

Contact

ACGIH (American

Conference of Governmental

Industrial Hygienists)
ATSDR (The Agency for
Toxic Substances and
Disease Registry)
BUA - Advisory Committee
on Existing Chemicals

(of the GDCh, the German

Chemical Society)

The Canadian Centre for
Occupational Health
and Safety

Dutch Expert Committee
on Occupational
Standards (DECOS),

Environmental Protection
Agency (EPA)

European Centre for
Ecotoxicology and
Toxicology of Chemicals

HSE (UK Health and
Safety Executive)

International Programme
on Chemical Safety

The Japanese Association
of Industrial Health

MAK Commission
(German Research
Foundation)

NIOSH

The Nordic Expert Group

OSHA

http://www.acgih.org/TLV/

http://www.atsdr.cdc.gov/

http://www.gdch.de/taetigkeiten/bua__e.htm;
http://www.gdch.de/taetigkeiten/bua/berichte__e.htm

http://www.ccohs.ca/

http://www.gr.nl/adviezen.php?Jaar=2006

http://www.epa.gov/

http://www.ecetoc.org/

http://www.hse.gov.uk/

http://www.inchem.org/
International Agency for
Research on Cancer (IARC)
Summaries and Evaluations
Concise International Chemical
Assessment Documents (CICADS)
Environmental Health Criteria (EHC) monographs
Health and Safety Guides (HSG)
JECFA (Joint Expert Committee on Food
Additives) - monographs and evaluations
JMPR (Joint Meeting on Pesticide
Residues) - monographs and evaluations.
OECD Screening Information Data Sets (SIDS)
http://joh.med.uoeh-u.ac.jp

http://www.mak-collection.com

http://www.dfg.de/mak
http://www.cdc.gov/niosh/homepage.html
http://www.nordicexpertgroup.org//
http://www.osha.gov/

SCOEL - EC Scientific
Committee on Occupational
Exposure Limits

http://ec.europa.eu/employment_social/health_safety/
docs_en.htm

The Globally Harmonized System (GHS) contains classification criteria and hazard communication
elements and is applicable for REACH
(http://www.unece.org/trans/danger/publi/ghs/ghs_rev00/00files_e.html).
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Table 1.3 Use- [tons of annual production(t/a) + import] dependent data requirements
of the European REACH regulation. LLNA: local lymph node assay.

Annual production 10-100t/a <100t/a >1000t/a
(Years) 1-10t/a (2014-2017) (2011-2013) (2008-2010)
Toxicokinetics assess assess assess
Acute toxicity oral, dermal, oral, dermal, oral, dermal,
inhalation inhalation inhalation
Irritation skin/eye in vitro skin/eye in vivo  skin/eye in vivo  skin/eye in vivo
Sensitization LLNA immunotoxicity ~ immunotoxicity immunotoxicity
Repeated dose 28 days 90 days >12mo
Genotoxicity bacterial test ~ cytogenetic, gene in vitro/in vivo ~ mutagenicity,
Carcinogenicity  in vitro mutation in vitro  mutagenicity carcinogenicity
Reproduction reproduction/ development development
development 2nd-generation  2nd-generation

screening test,
developmental
toxicity

The TTC Concept

The Threshold of Toxicological Concern (TTC) is a concept to establish a level of
exposure for chemicals, regardless of their chemical-specific toxicity data, below which
there is no appreciable risk to human health. The concept is based on knowledge of the
chemical structure for evaluation of structural alerts, the amount of a specific chemical in
a product, and the daily human exposure.

So far the TTC is applied for chemicals in food. It is defined as a nominal oral dose
which poses no or negligible risk to human health after a daily lifetime exposure. At a
mean dietary intake below the level of the TTC, toxicology safety testing is not
necessary or warranted. By that the TTC concept can contribute to a reduction in the
use of animals for safety tests. The TTC concept may also represent an appropriate
tool to evaluate or prioritize the need for toxicological testing. There is ongoing
discussion on its general applicability for safety assessment of substances that are
present at low levels in consumer products such as cosmetics of impurities or of
degradation products.

1.3.5 Classification of Carcinogens

The systems for classification of carcinogens used by various national or international
institutions were developed in the 1970s. Classification is based on qualitative criteria,
and reflects essentially the weight of evidence available from animal studies and
epidemiology. Classification is usually based on the certainty with which a carcinogenic
potential for a chemical can be established. Generally, three categories, the definitions of
which slightly differ, are used (Table 1.3):

e human carcinogens;
e animal carcinogens, reasonably anticipated to be human carcinogens;
e not classifiable because of inadequate data.
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For classification, the mode of action and potency of a compound are either not taken into
account, or at best are used as supporting arguments. The advancing knowledge of
reaction mechanisms and the different potencies of carcinogens has initiated a reevalua-
tion of the traditional concepts.

The International Agency for Research of Cancer (IARC 2006) and the OECD
propose to use data on the carcinogenic mechanism and potency in decision-making.
Similarly, the General Directorate of Employment of the European Union is currently
discussing the application of information on carcinogenic mode of action and potency as
criteria for a revised classification. The European Food and Safety Authority has
proposed to determine the margin of exposure (MOE) between the effect level obtained
from animal studies and human exposure assuming that carcinogenicity is ‘of minor
concern’ below a certain dose. Recently, the US Environmental Protection Agency
(EPA) and a committee of the German Research Foundation (Deutsche Forschungsge-
meinschaft) recommended consideration of the mode of action and have published
modified concepts for classification. These activities in part originate from the recogni-
tion that one can distinguish between mechanisms of carcinogenicity caused by
nongenotoxic and genotoxic carcinogens. Thus, it is possible to identify a NOEL for
nongenotoxic carcinogens, provided that there is sufficient information on the primarily
nongenotoxic mechanism. The American Conference of Governmental Industrial
Hygienists (ACGIH 1997) has used a concept that considers carcinogenic potency for
classification since 1995.

To determine the potency of genotoxic carcinogens and cancer risk at a given exposure
a linear or sub-linear extrapolation from the high-dose effects observed in animals to the
usually lower human exposure is requested by regulatory agencies. Recently, the
European Food and Safety Authority (EFSA) recommended avoiding this extrapolation
because of its inherent uncertainties. Instead, the margin of exposure (MOE) between a
benchmark dose, or the T25 (dose at which 25% of the animals developed tumors)
calculated from a carcinogenicity study in animals and human exposure should be
determined. An MOE of 10,000 and more would reduce concern for carcinogenicity to be
that of only a minor concern. The advantage is that neither a debatable extrapolation from
high to low doses needs to be performed nor are hypothetical cancer cases calculated.

1.4 Summary

Toxicology is charged with describing the adverse effects of chemicals in a qualitative
sense, and with evaluating them quantitatively by determining how much of a chemical is
required to produce a given response. Fundamental to understanding Toxicology are the
definitions of hazard, exposure, and risk. Since humans or organisms in the environment
can be exposed via different routes, the concentrations in the different environmental
compartments are a prerequisite for appropriate risk assessment. This needs to be
specifically recognized, since the sensitivity of measurements in analytical chemistry
has advanced to the point where infinitesimally small amounts of chemicals can be
detected and identified in the various media of human environment. When one under-
stands the principles of toxicology it is obvious that the presence of a chemical does not
necessarily imply a health hazard. Since the dose makes the poison, effects only occur
when exposure exceeds the NOEL. This applies for chemicals that induce reversible
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effects. If damage is not repaired the effect persists and accumulates upon repeated
exposure. In such cases every exposure represents a defined risk, which needs to be
quantified.

There is an array of testing procedures to determine the hazardous properties of a
chemical, such as acute, subchronic, and chronic toxicity, irritation and phototoxicity,
sensitization and photosensitization, genotoxicity, carcinogenicity, or toxicity to repro-
duction. Information on the toxicokinetics and mechanisms of the toxic effects improves
the relevance of the findings for man. More recent methodologies like toxicogenomics, or
high-throughput testing of agents for a single endpoint, will become increasingly
available and may improve hazard identification and may aid in the identification of
common mechanisms of multiple agents.

Altogether, Toxicology describes the intrinsic properties of an agent (hazard identifica-
tion) by applying conventional and substance-specific test procedures to estimate the amount
of the chemical required to produce these effects (risk characterization).
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Principles

2.1 Toxicokinetics

Johannes G. Filser

2.1.1 Definition and Purpose

The object of toxicokinetics is the investigation of absorption, distribution, and
elimination of toxicants and their toxicologically relevant metabolites as func-
tions of dose and time.

In toxicokinetic studies, concentrations of the administered substance and its relevant
metabolites in body fluids, organs, and excrement are determined in a time-dependent
manner. If substances are volatile, concentration—time courses are monitored in the
exhaled air. In vitro, concentration—time courses are examined in organs, cells, and cell
fractions, and distribution and binding studies are carried out.

For toxicological studies, experimental animals are used. Since the probability of
detection of a toxic or carcinogenic effect is a function of the dose, very high doses of the
toxicant are used so that even with small numbers of animals adverse effects can be seen.
The interpretation and extrapolation of the obtained dose-response curves to low doses
and concentrations relevant in the human environment require knowledge of the ultimate
active chemical species (the parent compound or a metabolite) and of its tissue burden as
a function of dose and time. Therefore, toxicokinetic studies must be carried out with
experimental animals, and very wide concentration ranges of the toxicant must be used.
On the other hand, to allow appropriate extrapolation of the dose-response curves to
man, it is also necessary to know the systemically available dose of the ultimately active
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substance. For ethical reasons we are limited in the toxicokinetic studies that can be
performed in people. However, it is possible to perform toxicokinetic experiments in
vitro using organ and tissue fractions from experimental animals, and, when available,
from man. Thus, animal studies, both in vivo and in vitro, and human in vitro studies, plus
the use of physiological toxicokinetic models that take into account physiological???

2.1.2 Absorption, Distribution, and Elimination

Absorption means uptake of a substance into the lymph and the bloodstream.
Distribution comprises both the transport of the substance with the circulating
blood and its accumulation in organs and tissues. Elimination describes
the removal of the substance from the organism. It covers two processes: the
biotransformation (metabolism) of the substance into other products (metabolites)
and the excretion from the organism (see Figure 2.1).

Once formed, metabolites can also be distributed in the bloodstream and finally
eliminated.
The basic physiology of these processes is summarized below.

Administration Orally Gavage Inhalation Epidermally —————— Injection

|
l l l Y l Y
Respiratory
Absorption [ Oral cavity tract and Skin SUb‘t’il::l?:WS Peritoneum|| Muscle
1

g
I N AN [} )
Stomach \_/ | I
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/ ‘ ? Y Y Y

Distribution vy Blood circulation
4_| i A
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Entero-
hepatic
. circuit

y: f \ \i Y \
Lung and
Excretion Gut respiratory Skin Kidney Mammary

glands

tract

l Lo l

Feces Exhalation Hair, sudor Urine Milk

Figure 2.1 Routes taken by substances in the organism: absorption, distribution, and
elimination (metabolism and excretion).
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Passage Through Membranes

During the processes of absorption, distribution, and elimination, substances
must pass through biological membranes.

Biological membranes separate morphologically and functionally differing entities
(e.g., cells, nuclei, mitochondria, Golgi apparatus, endoplasmic reticulum). They consist
primarily of a protein-containing phospholipid bilayer. The proteins serve to maintain the
membrane structure and may also function as enzymes. Carriers that transport sub-strates
through the membrane span the entire membrane. Some proteins form ‘pores’ that permit
water to cross the membrane. The biological membrane is selectively permeable. Lipophilic
and small polar molecules can easily diffuse through it. Others require specific transport
mechanisms.

In decreasing order of importance, mechanisms for the transport of substances
through a biological membrane include: passive diffusion, convective transport,
active transport, facilitated diffusion, and pinocytosis.

Passive Diffusion Passive diffusion through membranes is most important for the
transfer of substances and takes place in both directions. To be able to be transported by
passive diffusion, the permeating substance must be in solution. The rates of diffusion
are directly proportional to the concentrations on the two sides of the membrane, and to
the surface area of the membrane, and are inversely proportional to the thickness of the
membrane. At equilibrium, the amounts of substance diffusing per time unit through
the membrane from the two sides are the same, but the concentrations on the two sides of
the membrane need not necessarily be the same: the concentrations of a substance which
accumulate in individual compartments of cells and tissues are determined by hydro-
philic and hydrophobic interactions between the substance and its biological surround-
ings. Lipophilic substances, for example, accumulate in the lipids of an organism. A
measure of the maximum possible accumulation of a substance in the various tissues is
given by the partition coefficients. They are thermodynamic constants, which express the
ratio of the concentrations of a substance in two phases in equilibrium. In Table 2.1 the
partition coefficients muscle:blood and fat:blood for some hydrocarbons and the partition
coefficients blood:air for their vapors are shown.

Ionized organic substances (e.g., quaternary ammonium compounds), which cannot
normally diffuse through biological membranes, can nonetheless be absorbed from the
gastrointestinal tract. It is assumed that these compounds combine with endogenous
polyionic substances to form ion pairs, which are externally uncharged and so can diffuse
passively through the membranes. Subsequently, the complexes are thought to dissociate.
Such ‘ion pair transport’ would also be a passive diffusion process.

Convective Transport Convective transport or ‘filtration’ is understood to mean the
permeation, through membranes, of substances dissolved in water, which flow with the
water through pores of 7-10 A diameter. This route is especially important for ionized
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Table 2.1 Partition coefficients muscle:blood and fat:blood for
some hydrocarbons, and partition coefficients blood:air for their
vapors; data for human tissues.

Partition coefficient

Substance muscle:blood fat:blood blood:air
n-Pentane 1.84 104 0.38
n-Hexane 6.25 130 0.80
n-Heptane 5.25 162 2.38
Benzene 2.23 51.5 7.37
Toluene 2.31 63.7 15.1
p-Xylene 1.61 51.9 38.9

Values were taken or calculated from a collection of blood:air and tissue:air partition
coefficients (Meulenberg and Vijverberg, 2000). Partition coefficients fat:blood and
muscle:blood were obtained by dividing the corresponding tissue:air partition coefficients
by the respective blood:air partition coefficients.

substances, for small hydrophilic molecules such as urea, and for substances such as the
lower alcohols with properties like those of water. In general, spherical and thread-like
molecules with molecular weights up to about 150 and 400, respectively, can cross
biological membranes by convective transport. Convective transport is another kind of
passive transport; the driving force is mainly the difference in hydrostatic pressure
between the two sides of the membrane. In addition, osmotic pressure plays an important
role, and the charge on the walls of pores can influence the transport of charged particles.

Active Transport When a substance is transported through the membrane with the help
of a carrier molecule in an energy-requiring process, the mechanism is described as
active transport. A carrier is a membrane-bound enzyme, generally an adenosine tri-
phosphatase, which binds the substance more or less specifically and transfers it to the
other side of the membrane, where it is released.

Being a process catalysed by an enzyme, active transport obeys saturation Kinetics (see
below). This means that an increase in the dose is associated with an increase in the rate
of transport only within a certain dose range. Active transport can also take place against
a concentration gradient as it involves energy consumption.

Among the enzyme-catalysed processes is exchange diffusion, an energy-consuming
process in which Na™ is actively transported out of the cell in exchange for K*, which
enters passively. This sodium pump is responsible for reducing intracellular Na® in
exchange for extracellular K.

Facilitated Diffusion Facilitated diffusion is also carrier-mediated and saturable.
However, in this case the concentration gradient is the driving force. The energy reserves
of the cell are not used.

Pinocytosis Pinocytosis is an active-transport mechanism by which larger aggregates
are moved into the cell. The aggregate is enclosed in the cell membrane and incorporated
by the cell in a vesicle. In the cytoplasm, the vesicle membrane is broken down and
the aggregate released. In this way even solid objects such as plastic particles can be
taken up.
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Absorption

Of most toxicological significance for the uptake of chemicals by the human
organism is absorption via the respiratory tract, the gastrointestinal tract, and
the skin. In animal studies other routes also play a role.

Respiratory Tract

Foreign compounds (xenobiotics) can be inhaled not only when they are in
gaseous form but also when they are particles, solid or liquid (aerosols),
suspended in the air.

Gaseous substances can be absorbed throughout the respiratory tract and most especially in
the alveoli (surface area of the alveolar epithelium is about 90 m? in an adult human and
3000 cm? in a rat of 250 g body weight). The alveoli are surrounded by a dense capillary net,
which is perfused with the blood from the pulmonary circulation. The gas exchange between
the alveolar space and the capillary blood proceeds extremely rapidly because the separating
alveolocapillary membrane is less than 1 um thick. This membrane consists of the alveolar
epithelium, an interstitium with elastic fibers, and the capillary endothelium. Consequently,
when neglecting any uptake in the upper airways, the inhalation and exhalation processes can
be described by considering only the mass transfer between air and capillary lung blood
(Figure2.2). The amount of a gaseous substance taken up from the capillary blood per time unit

[}
Cart
Valvi = Qalv * Cair Valve = Qaiy - 1
alveolus
Cart * Qcard

capillary blood

Figure 2.2  Processes describing the fate of an inhaled gaseous substance in lung capillaries.
Can: CONcentration in oxygen-rich (arterial) blood; c,;,: concentration in the inhaled air; cyen:
concentration in oxygen-poor (venous) blood; J.: partition coefficient blood:air; Q,y,: alveolar
ventilation; Qca,q: blood flow through the lung; v..: rate of alveolar elimination (exhalation);
Vani: rate of absorption in the capillary blood (inhalation); §: immediate distribution between
oxygen-rich capillary lung blood and alveolar air according to A.
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(vanvi) 1s equal to the product of the alveolar ventilation (Q,;,) and the concentration of the
substance in the inhaled air (c,;;) [Equation (2.1)]:

Valvi = Cair * Qalv (21)

The alveolar ventilation at rest is about 120 ml/min and 5 I/min in a rat of 250 g body
weight and an adult human, respectively.

The amount of gaseous substance exhaled per time unit into the alveolar space (V,ye) 1S
equal to the product of Q,;, and the concentration of the substance in the alveolar air that
is given by the ratio of the substance concentration in the oxygen-rich blood (c,,) leaving
the lung capillaries to the partition coefficient blood:air (1) [Equation (2.2)]:

Vatve = Qaly * Cart/jv (22)

The quantity of the substance entering the lung capillaries per time unit (Vye,) iS
equivalent to the product of the blood flow through the lung (Q...q) and the concentration of
the substance in the oxygen-poor blood (cy.p,) entering the lung capillaries [Equation (2.3)]:

Vven = Qcard * Cven (23)

Qcara 1s identical with the cardiac output - the total volume of blood pumped by the
ventricle per time - which is about 83 ml/min in a rat (250 g body weight) and 6.2 1/min in
a human (70kg body weight) at rest.

The absorbed amount of the substance that leaves the lung capillaries per time unit
(Vabs) in the oxygen-rich blood and enters the residual body is equivalent to the product of
QOcara and ¢, [Equation (2.4)]:

Vabs = Qcard * Cart (24)

Considering all four processes and taking into account that the amounts entering the
capillaries equal those leaving them per time unit, Equation (2.5) is obtained:

Qcard * Cven T+ Cair * Qalv = Cart * Qalv//1 + Cart Qcard (25)

Qcard * Cven 18 zero during the first inhalation process when there is still none of the
xenobiotic in the organism. Under this condition the absorption of the inhaled substance
into the oxygen-rich blood occurs with maximum rate (Vapsmax)- From Equations (2.4)
and (2.5) vupemax 1S Obtained as in Equation (2.6):

Vabsmax — Cair * [Qalv A Qcard/(Qalv + A Qcard)] (26)

From this equation it may be seen that, for large values of 4, vapsmax becomes the product
of only c,;, and Q,,, and at small values of 4, however, it becomes independent of Q,,,
(resulting in the product of ¢, 4, and Qaq). Only at high values of 4 is the maximum rate
of absorption of gaseous substances limited by the alveolar ventilation. If A is small,
estimation of v,psmax from only the alveolar ventilation yields values which are too high
(Figure 2.3). During intensive physical exercise, which leads to an increase especially in
Q.1v the vapemax for substances with small / increases less than that for those with large 1.

With the duration of exposure at constant c,;,, the concentration of the substance in the
oxygen-poor venous blood (cye,), which flows from the heart to the lung, increases to a
plateau determined not only by A4 but also by the rate of metabolic elimination of the
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Figure 2.3  Ratio of the maximum rate of absorption (V,psmax) Of an inhaled gaseous substance
to the concentration of the substance in the inhaled air (c,;,) as a function of the blood:air
partition coefficient (1) in persons at rest. Only when 2 is larger than about 10 is Vapsmax given by
the product of the alveolar ventilation (5 I/min at rest) and c,;,. At small values of 2, Vapsmax Can
be much smaller than this product.

substance. The effectiveness of metabolic elimination can be very different for different
substances. During the time to the plateau of c,., the absorption rate v, decreases from
the initial v psmax and then remains constant till the end of exposure.

Particles can become airborne when they are smaller in size than 100 pm. When
inhaled by man, the absorption of particles depends strongly upon their size and the kind
of breathing (nose or mouth). Particles larger than about 2.5 pm are almost exclusively
filtered by the nose under conditions of nose breathing. In mouth breathing, even
large particles reach the bronchi. Generally, particles can penetrate into the alveoli
when they are smaller than about 2 pm. Some of the particles, which are deposited in
the tracheobronchial tree, are transported by the ciliated epithelium into the throat where
they are swallowed and can then be absorbed in the gastrointestinal tract. Soluble
particles can be absorbed directly through the epithelium of the respiratory tract into
the bloodstream.

Oral Cavity, Gastrointestinal Tract

In man, the absorption of toxic substances through the oral cavity and from the
gastrointestinal tract takes place when persons have eaten contaminated food or
accidentally ingested the toxin. It is also relevant for toxicological studies with
laboratory animals to which emulsified or dissolved xenobiotics are administered
by gavage.
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In man, uncharged and sufficiently lipophilic substances can readily enter the systemic
circulation through the oral mucosa, which is well supplied with blood vessels and has an
effective surface area of about 0.02 m? in adults. The administration of chemicals into the
stomach by means of a tube (gavage) is a standard method in animal studies. As a rule,
substances are taken up rapidly through the mucous membrane of the stomach, which has
an acid milieu, and that of the small intestine, which is weakly alkaline, and transferred
with the blood via the portal vein to the liver, the main metabolic organ of the body.
However, some substances, especially some heavy metals, are only poorly absorbed from
the gastrointestinal tract. Substances which are not stable in acid, such as epoxides, can
be rapidly hydrolysed in the stomach, resulting in reduced absorption. Many compounds
are subjected to a first biotransformation in the intestinal walls and, even more so, in the
liver (first-pass effect). Not until they have passed through the liver can they, or at least
the fraction which remains unmetabolized, enter the blood of the systemic circulation.
Because of the first-pass effect, usually only part of the dose of substances administered
orally becomes available systemically. This phenomenon is described as reduced
bioavailability. The bioavailability expresses the fraction of the dose which reaches
the systemic blood circulation. When the substance is absorbed through the lungs or the
skin, the bioavailability is usually not or is only slightly reduced.

Skin

The rate of absorption of a substance through the skin (surface area about 300 cm”
for a rat of 250 g and 1.8 m” for an adult man of 70 kg body weight) depends on the
physicochemical properties of the substance and the state of the skin. The stratum
corneum, the outermost layer of the skin, made up of stacked interconnected dead
corneocytes embedded in a lipohilic matrix, forms the main barrier and represents
the rate-determining step for the passage of xenobiotics through the skin.

There are four possible routes of percutaneous diffusion of substances: through the
cells (transcellular) or between the cells (intercellular) of the stratus corneum, through
the excretory ducts of the sebaceous and sweat glands (transglandular), and along the hair
shafts through the hair follicles (transfollicular). The last two possibilities are routes
through pores in the skin. As the pores account for only 0.1% of the surface area of the
human skin, these routes are of less importance than those through the stratum corneum.
Of these, hydrophilic compounds prefer the transcellular and lipophilic substances the
intercellular route. In general, the hydro- or lipophilicity of a substance and its molecular
size determine its ability to penetrate the skin. Additionally, the permeability of the skin
can be altered by the xenobiotic, for example as a result of swelling or defatting.

Water penetrates the stratum corneum only very slowly. Other substances may penetrate
relatively rapidly, especially lipophilic substances such as organophosphates and poly-
chlorinated biphenyls. For most gaseous substances, percutaneous absorption is only a few
percent of that from inhalation. High rates of transdermal uptake are found for vapors of
some volatile amphiphiles which have very high partition coefficients between tissue:gas
phase. For example, under conditions of whole body exposure the vapors of 2-butoxyethanol
and of dimethylformamide are taken up more rapidly through the skin than by inhalation.
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The rate of absorption through the skin (i.e., the stratum corneum) may be described in
a simplified way in terms of Fick’s first law [Equation (2.7)]:

J=ky, Ac (2.7)
J is designated as the flux. It expresses the quantity of substance that penetrates the
skin per unit area and time. Ac is the difference between the concentrations of the
substance on the two sides of the stratum corneum; k, is the permeability constant
(dimension: distance/time). Normally the concentration under the stratum corneum is
assumed to be negligible. This yields the generally used Equation (2.8):
J=ky-c (2.8)
Here, c is the concentration of the substance on the surface of the skin. The value of k,
depends on the properties of the substance and the state of the stratum corneum.

Intravascular, Subcutaneous, Intramuscular, and Intraperitoneal Injection

In animal studies, toxicants are often injected into a blood vessel (intravascular),
directly under the skin (subcutaneous), into the muscles (intramuscular), or into
the abdominal cavity (intraperitoneal).

Intravascular, mostly intravenous, injection of a substance bypasses the absorption
phase so that the administered dose is systemically available at once.

Substances administered by subcutaneous or intramuscular injection are transferred
relatively slowly into the blood so that, although the bioavailability is the same, the initial
concentrations in the blood are lower than after intravascular injection. Substances
injected intraperitoneally are absorbed through the peritoneum, a membrane that consists
of a thin epithelium covering a layer of well vascularized connective tissue and which
lines the abdominal cavities (peritoneum parietale) and covers the abdominal viscera
(peritoneum viscerale). In man and rat the peritoneum has a surface area of about 1 m?
and 500cm?, respectively. The movements of the intestines distribute the injected
substance rapidly over the peritoneum. Lipophilic substances are absorbed very rapidly.
After passage through the peritoneum, the absorbed substance can be transported in the
lymph ducts or bloodstream in two directions: via the lymph ducts and blood vessels of
the membrane covering the walls of the abdomen (peritoneum parietale) the absorbed
substance is transported to the heart and so directly into the systemic circulation, and via
the blood vessels of the membrane covering the peritoneum viscerale the absorbed
substance is transported through the portal vein to the liver. Because of this passage
through the liver, after intraperitoneal application a first-pass effect may be seen.

Distribution

The substances are distributed in the organism by the bloodstream.

At continuous uptake, substances accumulate in the organism until steady state is
reached, i.e. until the concentration-dependent rate of elimination (see below) equals
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the rate of uptake. The length of time required until steady state depends on the
physicochemical and biochemical properties of the substance and can be very different
for different substances; in particular, if the substance has a high affinity for poorly
vascularized tissues and if it is slowly or not metabolized the time until steady state can
be very long. Lipophilic substances accumulate in the adipose tissue, and heavy metals
such as strontium or lead with chemical properties similar to those of calcium are stored
in bones in the form of poorly soluble salts. Many substances can bind reversibly to
plasma and tissue proteins.

After a single dose or a brief exposure, redistribution of a substance between tissues
can take place. The substances are first distributed in the well perfused organs such as
brain, heart, liver, lungs, spleen, and kidneys. The accumulation in tissues which are less
well perfused occurs more slowly, and continues despite the decline in the concentration
in the blood and in well perfused organs exposure ceases [Figure 2.4(a)]. When a
substance is absorbed continuously at a constant rate, as it is during exposure to a
constant concentration in the inhaled air or during continuous infusion under constant
conditions, the tissues become saturated with the substance in sequence. Then, after the
end of exposure or infusion, redistribution does not take place. Instead the concentrations
decrease in all tissues, first more rapidly in the blood and in the better perfused organs.
Finally, in the terminal elimination phase, the concentrations decrease in a parallel
manner in all tissues. This phase is often determined by the slowest of the processes
which release the substance into the blood. With well metabolized lipophilic substances,
e.g. styrene, this is generally the release of the substance from the poorly perfused
adipose tissue that serves as a storage organ [Figure 2.4(b)].

84 (@ 1000+ (b)
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Figure 2.4 Modeled concentration—time courses of inhaled styrene in various tissues of a rat
during and after exposure to styrene vapor at a concentration of 100 ppm in the inhaled air.
(a) Duration of inhalation exposure 0.02h; post-exposure period 0.04h; linear plot.
(b) Duration of inhalation exposure 10h; post-exposure period 5h; half-logarithmic plot.
—: Oxygen-poor (venous) blood; ---: richly perfused organs; —-—-—- : moderately perfused
tissues (e.g. muscles); --- : adipose tissue. Curves were calculated with a physiologically based
toxicokinetic model for styrene (Csanady et al., 1994).
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Elimination

The two elimination routes are conversion of substance into metabolites and
excretion of the unchanged substance and of metabolites from the organism.

Metabolism Metabolism or biotransformation is generally catalysed by enzymes. It can
take place in all organs and tissues. For the biotransformation of most xenobiotics,
however, the liver plays the quantitatively most important role.

Metabolites are other substances than the initial one; they have their own chemical and
toxicological properties and their own toxicokinetic profiles. Frequently it is a metabolite
that is considered to be responsible for the toxic or carcinogenic effect of a substance.

Saturation kinetics

Enzyme-catalysed metabolism obeys saturation kinetics which, in the simplest
case, can be described by Michaelis—Menten kinetics.

The Michaelis—Menten equation expresses the rate of an enzyme-mediated substance
conversion (dc/df; dimension: concentration/time) as a function of the concentration of
the substrate (c) at the enzyme, the maximum change of substance concentration per time
(Smax), and the so-called Michaelis constant (K,,) [Equation (2.9)]:

de/dt = (Smax - ¢)/(Km + ¢) (2.9)

K., equals that value of ¢ at which half of S, is attained and is a measure of the
affinity of the substrate for the enzyme: the smaller the value of K, the larger is the
affinity. In the low concentration range where ¢ is much smaller than K, the reaction
obeys first-order kinetics. This means that dc/dr is directly proportional to ¢ as may be
seen from Equation (2.9), when ¢ < Ky, so we have Equation (2.9a):

de/dt 22 (Spax/Km) - € (whenc < Kn) (2.9a)

Here the proportionality factor is identical with the ratio Syax / K.

With increasing c, direct proportionality is no longer found; dc/d¢ increases more slowly
than ¢ and reaches 91% of Sy,.x When c is 10 times the K;,,. Further increases in ¢ have only
a little effect on dc/dt. When Sy, is attained, dc/dr obeys zero-order Kinetics. In a zero-
order reaction, dc/dr is independent of ¢ and is constant [Equation (2.9b)]:

lim,_,odc/dt = Spax = constant (2.9b)

The value of S,,.x is proportional to the total concentration of the enzyme involved.

Simultaneous presence of other substances which can interact with the enzyme can
reduce the rate of conversion. The most important example of such enzyme inhibition is
competitive inhibition in which a second substance competes with the substrate for the
binding site of the enzyme. This process causes a reduction in the value of dc/dr below that
for the substrate on its own. The properties of the enzyme itself are not changed; however,
the apparent K,,;, values obtained are higher than the real K, value determined in the
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Figure 2.5 Rate of conversion of a substrate as a function of its concentration: Michaelis—
Menten kinetics in the presence and absence of a competitive inhibitor (linear plot). —:
Without inhibitor; — ——: with inhibitor. K,,,: Michaelis constant: substrate concentration at half-
maximum conversion rate; K.;»: apparent K, in the presence of a certain concentration of the
inhibitor; Smax: maximum change of substance concentration per unit of time.

absence of the inhibitor. In Figure 2.5, the relationship between dc/dr and ¢ is shown for
Michaelis—Menten kinetics in the absence and presence of a competitive inhibitor.

Excretion

Excretion takes place mainly via the Kidneys, the intestinal tract and the lungs,
but the skin and mammary glands may also be involved.

Kidneys

Substances below a certain molecular size are excreted via the healthy kidney; in
man these are mostly substances with molecular weights below 300.

Many substances are converted by Phase I and Phase II reactions into more water-
soluble compounds, which are excreted in the urine. Both passive- and active-transport
processes can be involved in the excretion from the blood plasma via the kidney into the
urine. In the passive processes, the average rate of excretion with the urine (dimension:
amount/time) is directly proportional to the concentration of the free substance in the
blood plasma (cp). This is also the case for active processes if the concentration of the
substance is markedly smaller than the K, value of the active, enzyme-mediated
transport process (see above). The proportionality factor between rate of urinary
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excretion and cp is called the renal clearance (Cl,.,). To determine Cl,.,, cp is measured
in the middle of a relatively short urine collection period. In addition, the quantity of
substance eliminated with the urine during this period (At) is determined. It is the
product of the measured urine volume (V,,;) and the concentration of the substance in the
urine (c,.). Thus, Cl., is given by Equation (2.10).

Clien = (Vir - Cur) /(AL - cp) (2.10)

In toxicokinetics, clearance (CI) is given the dimension volume / time. It links a rate (v,
dimension: amount/time), with a concentration (¢, dimension: amount/volume); as shown
in Equation (2.11).

Cl=v/c (2.11)
Cl is a constant over the concentration range in which the elimination obeys first-order
kinetics and thus v is directly proportional to c. When saturation kinetics applies, the
clearance becomes smaller with increasing concentration because the rate of the active
process tends gradually towards a maximum rate and thus becomes independent of the
concentration. The concentration-dependence of the clearance when kinetics according to
Michaelis—Menten apply is given by Equation (2.12) [cf. Equations (2.9) and (2.11)],

Cl = Vinax ) (Kunapp + €) (2.12)

where Vi is the maximum rate (dimension: amount/time) and the concentration Kpapp
is called the apparent Michaelis constant. (The abbreviation K., demonstrates that it is
not the true enzyme-specific K,).

Generally, a clearance is a measure of the elimination of a substance. Clearances can
be defined not only for the kidney but for any eliminating organ or tissue and for the sum
of such organs and tissues. As the clearance is related to a concentration, in all cases
the medium in which the concentration was determined, mostly plasma or blood, must
be given. Frequently, metabolic clearance is determined; this parameter enables the
calculation of the rate of metabolism in a certain organ (e.g., liver) or the whole organism
in association with the concentration of the substance in the medium. The sum of all
clearances from the organism, if related to the concentration in a single medium (e.g.,
plasma), is the so-called total clearance (Cly).

Intestinal tract

The intestinal tract includes the small and large intestines. Substances which are
excreted with the feces can have entered the intestinal tract from the liver via the
bile or have been excreted directly through the intestinal membrane.

Whereas low-molecular-weight substances are mostly excreted via the kidneys (see
above), substances with molecular weights greater than 300 are mostly transferred into
the intestines with the bile. The bile is actively secreted by the parenchymal cells of the
liver. To be excreted with the bile, substances must not only be of a certain minimum
size but must also contain a polar group. Both conditions may be fulfilled after the
substance has undergone Phase II conjugation reactions. Of most quantitative signifi-
cance is the conjugation with glucuronic acid, which is catalysed by the enzyme
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UDP-glucuronyltransferase. The concentration of xenobiotics in the bile can be a
multiple of that in plasma and so high concentrations of toxic substances can be found
in the hepatobiliary system. Some of the substances that enter the intestines with the bile
are metabolized by bacterial enzymes. For example, glucuronic acid conjugates can be
cleaved by bacterial B-glucuronidases. The substances so released can be absorbed and
transferred via the portal vein to the liver and, after conjugation with glucuronic acid, are
excreted with the bile back into the intestine where they are released again. This is the
so-called enterohepatic circulation (Figure 2.1).

Substances can enter the intestines directly through the intestinal mucosa, as has been
demonstrated both for the cardiotonic glycoside digoxin and for mercury. This route is
particularly significant for the elimination of 2,3,7,8-tetrachlorodibenzo-p-dioxin and its
congeners and for the very slowly metabolized biphenyls. These very lipophilic
substances, which are excreted in feces lipids, probably enter the lipids in the intestinal
contents by passive diffusion.

Lung

Volatile substances and gases can be eliminated via the lung by exhalation.

Not only volatile metabolites but also inhaled gases and vapors can be excreted by
respiration. The rate of alveolar elimination [v,,.; Equation (2.2)] depends not only on
Q.1v and / but also on the concentration of the substance in the oxygen-rich blood (c,)
which flows from the lung via the heart into the arteries of the body. It is obtained by
reformulating Equation (2.5) to Equation (2.13):

Cart = (Cven * Qcard + Cair - Qalv)/(Qcard + Qalv/i) (213)

In its turn ¢, depends on the rate of alveolar absorption from the air [v,,;; Equation
(2.D)], Vaive> Qcard> and cyep, the concentration of the substance in the oxygen-poor
blood which enters the lung capillaries [Equation (2.3) and Figure 2.2]. The extent of
metabolic elimination has a considerable influence on c,., and, consequently, also on
Valve-

The ratio of the amount of a volatile substance eliminated by exhalation to that
eliminated metabolically is substance-specific and concentration-dependent if saturation
kinetics occurs. It can have very different values. Some substances (e.g., 1,1,1-trichlor-
oethane) are exhaled mainly unchanged; others (e.g., styrene inhaled at concentrations of
less than 200 ppm) are eliminated predominantly by the metabolic route.

Perspiration is also an elimination route.

The final product of normal protein catabolism, urea, and a number of drugs have been
shown to be eliminated by this route. Arsenic and thallium can be readily detected in hair
because they accumulate in the skin and its appendages.
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Mammary glands

The elimination of xenobiotics with contaminated breast milk can result in an
internal exposure of the baby.

Passive diffusion is the main mechanism by which xenobiotics enter mother’s milk, the
pH of which (6.6) is slightly lower than that of the organism (7.4). Not only many
medicines (e.g., antibiotics) but also everyday drugs such as nicotine, ethanol, and
environmental substances such as heavy metals, polyhalogenated biphenyls, polychlori-
nated dibenzodioxins, and polychlorinated dibenzofurans (PCDD/PCDF) are eliminated
with the milk. In particular, the elimination of the slowly metabolized, highly lipophilic
PCDD/PCDF in milk fat has the effect of markedly reducing the body burden of these
substances in the breast-feeding woman. Reversely, in breast-fed babies, higher PCDD/
PCDF levels have been determined than in those who were not breast-fed.

2.1.3 Toxicokinetic Models

Toxicokinetic models describe the fate of substances (absorption, distribution,
elimination) by mathematical functions. Mostly ‘compartment models’ or ‘phy-
siologically based toxicokinetic models’ are used.

In both kinds of model, ‘open compartments’ are defined, which are characterized by
their volumes and current concentrations of substance. The number of compartments in a
model depends on the physicochemical and biochemical properties of the substance
investigated and on the problems that are dealt with.

Compartment Models

In compartment models (Figures 2.6 and 2.13), the compartments are usually
imaginary entities, which do not need a physiological basis.

In the low-concentration range, invasion and elimination processes generally obey
first-order kinetics. A kinetic is first order when a rate is directly proportional to a
concentration. It is therefore also described as linear kinetics. In such a process
(absorption, distribution, metabolism, or excretion) an exponential function of the
general form given in Equation (2.14)

coy=Ar-e T H Ay (2.14)

describes the substance concentration in dependence of time. The concentration in the
compartment at any time 7 is given by c(;. A; and A, are constants, their sum being the
initial substance concentration ¢, at time ¢ = 0; k is a rate constant with the dimension
time~!. If deviations from first-order kinetics are observed, like those always seen at
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higher concentrations in saturable processes, the kinetics are said to be nonlinear (see
heading Metabolism, above). To indicate the direction of a process in a particular tissue,
its rate (v; dimension amount/time) is given a positive sign if the amount of substance in
the compartment is increasing, and a negative sign if it is decreasing.

The One-compartment Model

The one-compartment model is the most straightforward toxicokinetic model. It
represents the whole body as a single compartment. A one-compartment model
(Figure 2.6) may be used when the distribution processes are much more rapid
than the absorption and elimination processes.

In the section below, the reader will be familiarized with the basic principles in
toxicokinetics exemplified by the one-compartment model.

Apparent volume of distribution The absorbed substance is often not evenly distributed
in the organism but concentrated in certain depots (e.g., adipose tissue, protein binding)
according to its physicochemical properties. The use of a factor (V) makes it possible
to associate the concentration c(;) measured in a defined body fluid at a certain time
point 7 with the amount of substance N(; present at this time in the body; as given by
Equation (2.15).

N(,) = Vd . C(,) (2.15)

V4 has the dimensions of a volume and is called the ‘apparent volume of
distribution’. Usually, it is a purely mathematical quantity. In a one-compartment
model for which it is assumed that the distribution processes take place so rapidly that
they have no effect on the toxicokinetics, the value of V4 is constant (which is not the
case in models that have more than one compartment). V4 can be calculated following
intravascular administration of the substance from the dose D;, [the administered
amount; see Figure 2.6(a)], and the measured concentration c(y, at time point t =0
[Equation (2.16)]:

Vd = DiV/C(()) (216)

Because most substances are not distributed homogeneously in the various tissues, the
size of V4 depends on the medium in which c is measured. For example, if the substance-
specific partition coefficient blood:blood plasma (Pgp), which can be determined in vitro,
is not equal to 1, then the value of V, obtained when c is measured in blood plasma (cp) is
different from that obtained when ¢ is measured in blood (cg). The apparent volume of
distribution when the concentration of the substance is measured in plasma (Vgp)) is given
by Equation (2.17):

Vdp = D,‘V/CP(Q) (217)

Considering that in a one-compartment model there is no distribution phase, that is,
Equation (2.18) holds,

CB(r) = Cp(r) PBP (2.18)
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Figure 2.6 One-compartment model for the description of the toxicokinetics of a substance
administered by various routes and eliminated according to first-order kinetics. (a) Intravascular
injection. (b) Absorption from a depot after extravascular administration. (c) Inhalation of a
substance at constant concentration in the air or continuous intravascular infusion. c(y: Concen-
tration at time t; D;,: intravascular dose; D: dose; k.: elimination rate constant; k;: invasion rate
constant (first-order kinetics); V4: apparent volume of distribution; v;: constant invasion rate.

the apparent volume of distribution related to the concentration in the blood (Vyp) is
given by Equation (2.19):

VdB = Div/(Cp(()> . PBP) (219)
or, considering Equation (2.17), by Equation (2.20):
Vag = Vap/Pgp (2.20)

In some few cases, Vgp is identical with the volume of the blood plasma, which
accounts for about 4% of the body weight of an adult human. This applies for example,
for heparin or Evan’s Blue, macromolecules which can penetrate neither the vessel walls
nor the cell membranes of the erythrocytes and which are therefore distributed only in the
intravascular plasma volume. For ethylene oxide, an epoxide, and the solvents ethanol,
ethylene glycol, and acetone, Vgp is slightly larger than the volume of the total body
water, which is about 60% of the body weight in adult men.

Many xenobiotics bind to plasma proteins, which reduces the concentration of the free
substance in the plasma. This phenomenon can result in very large values for Vyp because
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it is related to the concentration of the free substance. In general, the ratio of free to
bound substance is constant over a wide concentration range. However, with increasing
concentration the binding sites at the plasma proteins are increasingly occupied, and
finally the fraction of the total substance which is free also increases. In such cases, Vgp
becomes concentration-dependent, having a smaller value at high concentrations than at
lower ones.

Intravascular administration; elimination; total clearance; half-life The easiest tox-
icokinetic problem is the elimination kinetics of an intravascularly, as a single dose Djy
administered substance which is distributed much more rapidly than it is eliminated,
and for which the elimination obeys linear kinetics and so the amount eliminated per
time unit (dN./dr) is directly proportional to the amount of the substance in the
compartment, which is given by the product of its apparent volume V4 with the actual
concentration c(, [see Figure 2.6(a)]. Consequently, the rate of elimination is described
by Equation (2.21):

dNe/dt = —ko-Vg- C(r) (2.21)

The proportionality factor k. is the rate constant (dimension: time ') for the elimina-
tion process, and the product of k. and V4 represents the total clearance of elimination
from the organism (Cli; compare heading Excretion, above); where Cliy is given by
Equation (2.22).

Cltot = ke -V (222)

The value of Cl can be calculated not only from Equation (2.22); there are also other
possibilities (see below).

Since dN. /dt equals the product of the concentration change in the compartment with
V4, Equation (2.21) can be rewritten as Equation (2.21a).

degy/dt - Vg = —ke - Va - ¢y (2.21a)

Canceling Vy in the differential Equation (2.21a) and solving it for c(; we obtain
Equation (2.23).

ci = c) e (2.23)

The constant ¢, stands for the initial concentration when the whole dose Djy is still

present in the organism. Consequently, Equation (2.23) can also be expressed by
considering Equation (2.16) as Equation (2.23a).

cw = (Di/Va) e 7! (2.23a)

Concentration—time curves corresponding to the function given in Equation (2.23) are
shown in Figures 2.7(a) and 2.8. By plotting ¢(,) in the log scale versus  in the linear scale
(half-logarithmic plot) this function yields a straight line with a slope of —k./In 10
[Figure 2.7(b)]. After taking the logarithm of Equation (2.23), k. can be expressed as
Equation (2.24).

ke = ln(C(())/C(,))/l‘ (224)
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Figure 2.7 Concentration-time course of a substance administered as a single dose and
eliminated according to first-order kinetics as shown by a one-compartment model. (a) Linear
plot. (b) Half-logarithmic plot. ¢, c(y: Concentration at time 0 and time t, respectively; k:
elimination rate constant; In 10: factor for the conversion of logarithm base 10 into natural
logarithm.

Substituting c(g)/2 for ¢(,y in Equation (2.24) yields the elimination half-life (,/,) at
which the initial concentration has been reduced to one half [Equation (2.25)]:

tyy = In 2/ke ~ 0.693 [k (2.25)

This equation demonstrates that #;, depends only on k. and is independent of the
concentration of the substance in the organism in the exposure range in which the
elimination follows first-order kinetics. The value of ¢/, gives the time span required to
halve a given c(;).

Extravascular administration; Bateman function The most straightforward model to
describe the absorption of a substance administered as a single oral, intraperitoneal,
intramuscular, epicutaneous, or subcutaneous dose (D) is shown in Figure 2.6(b). It is
assumed that the substance moves quantitatively in only one direction, from the
application site into the compartment that represents the organism. In analogy to
Equation (2.23), the quantity of substance N, at the application site (intestinal tract,
peritoneum, muscle, skin, or subcutaneous tissue) is given at any time by Equation (2.26).

Niy =D -e™h! (2.26)

Because the substance is taken into the compartment from the application site, the rate
constant for the invasion process is designated as k;.

The derivative of Equation (2.26) with respect to time yields the rate of disappearance
of the substance at the application site [Equation (2.27)].

dNi(/dt = —k; - D - e " (2.27)

If the substance is taken up quantitatively (no first-pass effect!), the rate of
absorption into the organism is the same as the rate of disappearance of substance
at the application site. Thus, taking into account the volume of distribution Vj, the
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Figure 2.8 Concentration-time courses of a substance during absorption and elimination
obeying first-order kinetics as shown by a one-compartment model. — — —: Elimination after
intravascular injection [Equation (2.23a)]; - - - - - : invasion from a depot without elimination
[Equation (2.29)]; —: interaction of invasion and elimination (Equation (2.31), Bateman
function); gray marked: area under the Bateman curve.

increase in the concentration (c(,)) of the absorbed substance in the compartment is
given by Equation (2.28):

dey/dt = +(k - D/Vq) - e " (2.28)

Integrating Equation (2.28) over time and considering that ¢y, at time point # = 0 is
zero, Equation (2.29) is obtained:

oy = D/Va - [l — e (2.29)

This function describes a curve as shown as a dotted line in Figure 2.8. If there is no
elimination from the organism (k. = O in the model), the concentration of the absorbed
substance increases rapidly at first and finally reaches a plateau when the whole dose has
been taken up.

In general, substances are not only taken up by the organism but also eliminated
(ke > 0)! The elimination of a substance begins simultaneously with its absorption. In the
one-compartment model [Figure 2.6(b)] the concentration change per unit time is written,
when both processes absorption [Equation (2.28)] and elimination [Equation (2.21a)] are
considered, by Equation (2.30):

degy/dt = +(ki - D/Va) - e — ke - c(y (2.30)
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Given that the initial concentration in the body c(q) is zero, solution of this differential
equation yields a function describing the substance concentration in the one-compart-
ment organism in dependence of time which is called the Bateman function (Figure 2.8);
shown in Equation (2.31).

ey = (D/Va) - [ki/ (ke — k)] - [e ™" — e 7] (2.31)

The half-life of the final concentration—time course depends on that expression e ¥ in

the Bateman function, which has the smaller value of k. The values of the expression with
the smaller k approaches zero more slowly than the values of that with the larger k. In the
rare cases where the terminal elimination phase is determined by k; and not by k., one
speaks of ‘flip-flop’ kinetics. In such cases the absorption is slower than the elimination.
It must be stressed again that Equations (2.26)—(2.29) are true only if there is complete
absorption of the extravascularly administered substance.

Area under the concentration—time curve; bioavailability The probability of chronic
damage and the extent of such damage are often correlated with the area under the
concentration—time curve (AUC) of the active substance in blood or plasma.

The AUC (dimension: concentration - time) for the period between t = 0 and t = oo is
given by Equation (2.32):

AUCSOZ/ C(t)-dl (2.32)
0

For concentration ranges in which linear kinetics apply, c(;) is generally given by a
function of the form shown in Equation (2.33):

cp=Ar-e M+ A e p LA, e (233)

A; to A, (dimension: amount/volume) are concentration constants and k; to k,
(dimension: time ') are rate constants [cf. Equations (2.14) and (2.31)].
For such a function, AUC{® is given by Equation (2.34):

AUCY = A /ki + AsJky + ... + Ay [k, (2.34)

According to Equations (2.33) and (2.34), AUC{® obtained following intravascular
administration [Equation (2.23a)] is given by Equation (2.35):

AUCY = Dy, / (ke - V) (2.35)

The AUC{® of the Bateman function (grey area marked in Figure 2.8) is given by
Equation (2.36):

AUCG = (D/Va) - [ki/ (ke — ki)] - [1/ki — 1/ke] (2.36)
which can be cancelled to Equation (2.35a).

AUCE =D/(ke - Vy) (2.35a)

Obviously, the AUC® of the Bateman function is identical with the AUCZ® following
intravascular administration when the same doses are given. This is because it was
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shown that the extravascularly administered dose D is completely taken up (see also
below).

As derived from Equations (2.35), (2.35a), and (2.22) it can be seen from
Equation (2.37) that Cly, can also be obtained from the administered dose and AUC{°:

Cltot - DlV/AUCSC (237)
and, if D is completely taken up, Equation (2.37a) holds:
Cliot = D/AUCY’ (2.37a)

Because the value of V4 depends on the medium in which the substance concentration
is measured (see above), this holds true also for Cliy. A simple way of determining Cly
in blood (Cli,) or blood plasma (Cliyp) is based on the experimental determination of
AUCE;, in blood (AUCG;,z) or blood plasma (AUCG;, ) after intravenous injection of a
dose Djy,. Intravenous administration has to be chosen because only by this method is
complete bioavailability (see heading Absorption, above) ensured.

If the partition coefficient Pgp is known, Cli,p and Cliypg can be interconverted; as
shown in Equation (2.38):

Cliss = Cliop/Pap (2.38)

When determining Cli, via an experimentally determined AUCG;, no use of a

toxicokinetic model is required. It is emphasized again that Cl, is a concentration-
independent constant only if the elimination kinetics is linear (see heading Excretion,
above).

After extravascular administration of a substance, often only a fraction (F) of the
administered dose reaches the systemic blood circulation (e.g., because of a first-pass
effect). The bioavailability expresses this fraction (see heading Absorption, above). For
example, under conditions of first-order kinetics the bioavailability F of an orally
administered dose (Dp,) can be calculated from the corresponding dose-normalized
AUCS‘I’)0 and from the dose-normalized AUCg;, determined after intravenous injection of
a dose (Djy) in a second experiment, as given in Equation (2.39):

F = (AUCZ,/Dyo)/(AUCE, /D) (2.39)

F is a dimensionless number. When F' = 1 a substance is completely bioavailable and
there is no first-pass effect (applicable for first-order kinetics).

Continuous administration The one-compartment model for continuous administration
is shown in Figure 2.6(c). During continuous administration of a substance, e.g. during
intravascular infusion or exposure to a constant concentration of a gas in the inhaled air,
the absorption of the substance into the compartment representing the organism can be
modeled as a process obeying zero-order kinetics: the substance enters the compartment
with a constant absorption rate v; (dimension: amount / time). When the elimination from
the organism obeys first-order kinetics [Equation (2.21)] the change in the concentration
in the organism in dependence of time is given by Equation (2.40).

degy/dt = 4vi/Vy — ke - ¢(y) (2.40)

Solving this differential equation for c(;) considering that c¢(q) = 0, yields Equation (2.41).
ey = i/ (ke - Va)] - [1 — e (2.41)
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Figure 2.9 Concentration—time courses of a substance during continuous absorption (e.g., by
intravenous infusion or inhalation) and thereafter as shown by a one-compartment model
(linear plot). Elimination follows first-order kinetics. c;s: Concentration at equilibrium; t;,: half-
life; v;i: invasion rate (constant).

A plot of the concentration—time curve as given by this function is shown in Figure 2.9.
With increasing time c(;y approaches a plateau concentration (c,,) at which steady state is
attained; that is, the elimination rate [k. - Vq - cs; see Equation (2.21)] is exactly equal to
the constant rate of absorption (v;). Thus the change in concentration of the substance in
the organism at the steady-state concentration (cg) is equal to zero [Equation (2.42)]:

degs/dt =0 (2.42)
Inserting Equation (2.42) into Equation (2.40) and solving for ¢ yields Equation (2.43):
Cgs = Vi/(ke . Vd) (243)

Equations (2.22) and (2.43) show that the plateau concentration cg (the maximum
accumulation of a substance) is determined only by the ratio of v; to Cli,;. As may be seen
from Figure 2.9, increasing v; by a factor of 2 doubles the value of cg. The time until ¢
is attained does not depend on v;; it is determined only by k.. After four elimination half-
lives, about 94% of cg has been attained. In the elimination phase after the end of
administration, the course of the reduction in concentration is also given by an
exponential function with 71/, = In2 /ke (Figure 2.9).

Repeated administration The simplest case of repeated administration via a depot (for
example, oral or intraperitoneal doses; bioavailability F = 1; linear kinetics) is shown
schematically in Figure 2.10. Regular administration of the dose D with a constant
time interval t between doses is equivalent to a constant dose rate D/z. In analogy to
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Figure 2.10 Concentration—time courses of a substance administered repeatedly at constant
in