
P R I N C I P L E S  O F  

Toxicology Testing

F R A N K  A  B A R I L E

S E C O N D  E D I T I O N



Principles of 
Toxicology Testing





Principles of 
Toxicology Testing

Second Edition

Frank A. Barile, PhD
Department of Pharmaceutical Sciences, St. John’s University, 

College of Pharmacy and Health Sciences, Queens, 
New York, USA

Boca Raton  London  New York

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



CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway NW, Suite 300

Boca Raton, FL 33487-2742

© 2013 by Taylor & Francis Group, LLC

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

No claim to original U.S. Government works

Version Date: 20130225

International Standard Book Number-13: 978-1-84214-529-6 (eBook - PDF)

This book contains information obtained from authentic and highly regarded sources. While all reasonable efforts have 

been made to publish reliable data and information, neither the author[s] nor the publisher can accept any legal respon-

sibility or liability for any errors or omissions that may be made. The publishers wish to make clear that any views or 

opinions expressed in this book by individual editors, authors or contributors are personal to them and do not neces-

sarily reflect the views/opinions of the publishers. The information or guidance contained in this book is intended for 

use by medical, scientific or health-care professionals and is provided strictly as a supplement to the medical or other 

professional’s own judgement, their knowledge of the patient’s medical history, relevant manufacturer’s instructions and 

the appropriate best practice guidelines. Because of the rapid advances in medical science, any information or advice 

on dosages, procedures or diagnoses should be independently verified. The reader is strongly urged to consult the drug 

companies’ printed instructions, and their websites, before administering any of the drugs recommended in this book. 

This book does not indicate whether a particular treatment is appropriate or suitable for a particular individual. Ulti-

mately it is the sole responsibility of the medical professional to make his or her own professional judgements, so as to 

advise and treat patients appropriately. The authors and publishers have also attempted to trace the copyright holders of 

all material reproduced in this publication and apologize to copyright holders if permission to publish in this form has 

not been obtained. If any copyright material has not been acknowledged please write and let us know so we may rectify 

in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or uti-

lized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopy-

ing, microfilming, and recording, or in any information storage or retrieval system, without written permission from the 

publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://

www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923, 

978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users. For 

organizations that have been granted a photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for 

identification and explanation without intent to infringe.

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

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



Dedication

To Pauline





vii

Contents

Preface viii
Acknowledgments x
Biography xi

SECTION I BASIC CONCEPTS IN TOXICOLOGY TESTING

Chapter 1.  Introduction to principles of toxicology 1

Chapter 2.  Effects of chemicals 8

Chapter 3.  Toxicokinetics 23

Chapter 4.  Risk assessment and regulatory toxicology 44

Chapter 5.  Descriptive animal toxicology tests 58

SECTION II TOXICOLOGY TESTING IN VIVO

Chapter 6.  Acute toxicology testing 74

Chapter 7.  Subchronic and chronic toxicology testing 93

Chapter 8.  Acute dermal toxicity testing 106

Chapter 9.  Acute ocular toxicity testing 116

Chapter 10. Toxicity testing for fertility and reproduction 122

Chapter 11. Carcinogenicity and mutagenicity testing in vivo 142

SECTION III TOXICOLOGY TESTING IN VITRO

Chapter 12. Introduction to in vitro toxicology testing 157

Chapter 13. Cell culture methodology 163

Chapter 14. Cell culture methods for acute toxicology testing 187

Chapter 15. Acute local toxicology testing in vitro 206

Chapter 16. Toxicokinetic studies in vitro 224

Chapter 17. Mutagenicity and carcinogenicity testing in vitro 229

Chapter 18. Reproductive and teratogenicity studies in vitro 256

Chapter 19. High-throughput screening and microarray analysis 264

Chapter 20. Toxicogenomics and epigenetic testing in vitro 276

Chapter 21. Experimental design and statistics 289

Chapter 22. Standardization and validation of alternative methods 302

Chapter 23. Applications of alternative models for toxicology testing 317

Index 331



viii

Preface

In the fi rst edition, I commented in the Preface that the science of toxicology testing has 
evolved in the last few decades from an applied and supportive science to its own refi ned and 
technical discipline. I also mentioned that the development and maturity of the discipline has 
been sporadic. In the last 5 years since the fi rst edition, however, the latter description has not 
held true. In fact, the fi eld has soared in its applications of the techniques and principles that 
defi ne the fi eld. Its progress has been prompted not by public health initiatives and needs but 
by the discovery of new disciplines, such as epigenetics, toxicogenetics, and toxicodynamics 
(for which new chapters have been added in the second edition). Thus, new roles have 
emerged for the application of both in vivo and in vitro techniques. These new roles have 
allowed for unique investigations in toxicology testing, followed by introduction of exciting 
principles to the fi eld. No sooner have the burgeoning advances of biotechnology allowed for 
the development of corresponding in vitro systems that complement traditional animal toxi-
cology testing methods, but the new disciplines have been fi tted as well to important applica-
tions within the toxicology arena.

 As in the fi rst edition, the book begins with an introduction into the fundamentals of 
toxicology (Section I) to prepare students for the subsequent topics and continues through 
with a discussion of toxicokinetics and human risk assessment. This introductory material 
is useful in understanding the applications of toxicology testing.

Section II describes the fundamental principles of toxicology testing in animals in 
greater detail. This section describes acute toxicity studies as well as subchronic and 
chronic studies performed in animals. Special emphasis is placed on study design and 
determination of classical indicators for acute and chronic testing, such as the LD50. Other 
short- and long-term animal toxicity testing methodologies including dermal, ocular, and 
reproductive toxicity testing are discussed. Mutagenicity and carcinogenicity studies are 
also discussed in separate chapters.

Section III introduces and discusses in vitro alternatives to animal toxicology tests. 
This section emphasizes cell culture methodology and cellular methods for acute systemic 
toxicity, target organ toxicity, and local toxicity. The advantages and disadvantages of alter-
native methods are presented. Special features of this section describe the use of high-
throughput screening and its applications, the concepts of standardization and validation of 
in vitro techniques, especially large, organized validation efforts currently supported by US 
and EU regulatory agencies, and the theories supporting the development of in vitro meth-
odologies. Undergraduate and graduate toxicology students and industrial and academic 
research laboratories will fi nd the text useful for the entry level students in the discipline or 
for establishing a toxicology testing laboratory, respectively.

The juxtaposition of the principles of animal toxicology testing in the same text as 
in vitro alternative methods highlights the importance of both fi elds for interpretation of the 
signifi cance and relevance of the other. Thus, the discussions continuously refer to the cor-
responding methods available and the potential results from complementary designs of 
studies. In fact, both animal and in vitro toxicology testing methods are currently employed, 
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often together, in toxicological analysis, derivation of mechanisms of toxicity, mutagenic-
ity testing, and preclinical drug development. 

Several excellent texts are available in the fi eld concerning the details of individual 
protocols. Consequently, although some procedures are outlined in detail, the emphasis is 
on the principles of the disciplines rather than on the particular steps of the techniques. In 
fact, the title, Principles of Toxicology (rather than Toxicity) Testing, emphasizes the uni-
versal application of the fi eld as a scientifi c discipline as opposed to amplifi cation of labo-
ratory techniques. In addition, the book highlights contemporary issues in toxicology 
testing including the various means of possible exposure to chemicals, high-throughput 
screening of chemicals for preclinical drug development, and an overview of applications. 
Overall, the reader is challenged to interpret the signifi cance of toxicology testing results 
and to construct a logical approach toward the ultimate purpose of testing. Thus, the infor-
mation contained herein is presented with great enthusiasm, particularly for the students 
prepared to dedicate their careers to this intriguing and fascinating scientifi c discipline.
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1 Introduction to principles 
of toxicology

INTRODUCTION

From its inception in the medieval era to its maturity as a distinct and separate discipline in 
the twenty fi rst century, toxicology was taught primarily as an applied science. The fi eld 
incorporated the various approaches from a variety of disciplines, not limited to the broad 
sciences of chemistry and biology. In particular, toxicology evolved from applications of 
analytical and clinical chemists whose job defi nitions included chemical identifi cation and 
analysis of body fl uids.

The fi rst modern toxicologists were chemists who had specialized training in inorganic 
separation methods including chromatographic techniques. Analytical chemists later 
employed thin layer and gas chromatography. The development of methods for forensic 
analysis greatly promoted the fi eld. These advances were particularly important for accep-
tance within the legal community and in jurisprudence arenas. Furthermore, as the instru-
mentation evolved and the technology became more exacting, high-performance liquid 
chromatography was incorporated into the analytical arsenal in order to isolate minute 
quantities of compounds from complex mixtures of toxicological importance. Eventually, 
biological applications exerted their infl uence, incorporating such specialties as microbiol-
ogy, genetics, and cell culture methodology. Today, the fi eld has burgeoned into areas of 
specialization, some of which are hardly identifi able with their ancestral origins.

TYPES OF TOXICOLOGY

GENERAL TOXICOLOGY

General toxicology involves studies of exposure to chemical, biological, or physical agents 
and the untoward consequences that affect biological systems. The term, however, has been 
replaced by descriptions of areas that more closely refl ect the specialized fi elds of study 
within the discipline. The development of advanced methodologies in biotechnology, the 
requirement for increased training, and the involvement of toxicology in legal applications 
have made it necessary to more accurately label the discipline according to the expanding 
body of specialties. As a result, a variety of descriptions further defi ne the fi eld of toxicology.

MECHANISTIC TOXICOLOGY

Mechanistic toxicology involves the identifi cation of the cause, pathway, reaction, and cel-
lular modifi cation associated with the toxicity of a chemical at the level of the cell, tissue, or 
organ. The classifi cation of toxicity of a chemical, therefore, may be expressed in terms of 
its mechanism of toxicity, its site of action, target area, or the organ most affected by the 
toxic insult. A similar expression, mechanism of action, is universally applied in the study of 
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pharmacology. Thus, mechanistic toxicology seeks to determine the biochemical, physio-
logical, or organic basis of a toxic agent’s effects on biological systems.

REGULATORY TOXICOLOGY

Regulatory toxicology relates to the administrative dogma associated with the potential 
exposure to toxic agents encountered in the environment, in occupational settings, and in the 
home. Regulatory toxicology defi nes, directs, and dictates the rate at which an individual 
may encounter a synthetic or naturally occurring toxin and establishes guidelines for its 
maintenance in the environment, for risks due to possible exposure within the community 
and within the remedial market. The guidelines are generally promulgated by agencies 
whose jurisdiction and regulations are established by federal, state, and local authorities.

DESCRIPTIVE TOXICOLOGY

Descriptive toxicology is a subjective attempt to explain toxic agents and their applications. 
The list of descriptive areas developed principally as a method for bridging the vacuum 
between science and the public’s understanding of the fi eld, especially when it became nec-
essary for nonscientifi c sectors to comprehend and interpret the importance of toxicology. 
This is especially true for public sector interpretation so that they could translate the infor-
mation for the development of regulations and guidelines. For instance, the study of metals 
in the environment (metal toxicology) has become a popular discipline for toxicologists 
interested in examining the roles of heavy or trace metals in the environment.

FORENSIC TOXICOLOGY

From its inception in the medieval era to its maturity as a distinct and separate discipline in 
the 1950s, toxicology was taught primarily as an applied science. More recently, toxicology 
has evolved from applications of analytical and clinical chemists whose job defi nition was 
the chemical identifi cation and analysis of body fl uids. Thus the fi rst modern toxicologists 
were chemists with specialized training in inorganic separation methods, including chro-
matographic techniques. Eventual evolution toward liquid chromatographic methods 
allowed analysis and isolation of minute quantities of compounds from complex mixtures of 
toxicological importance. Forensic toxicology thus integrates these techniques to identify 
compounds of sometimes unrelated poisons from biological specimens as a result of inci-
dental or deliberate exposure. Initially, forensic sciences profi ted from the application of the 
principles of chemical separation methods for the identifi cation of controlled substances in 
body fl uids. Later, forensic toxicology applied biological principles of antigen–antibody 
interaction for paternity testing. By using the principles of blood grouping and “exclusion” 
of the potential outcomes of paternal contribution to offspring phenotype, it was feasible to 
eliminate the possibility of a male as the father of a child. Antigen–antibody interactions also 
became the basis for enzyme-linked immunosorbent assays (ELISA) currently used for spe-
cifi c and sensitive identifi cation of drugs in biological fl uids. Radioimmunoassays (RIAs) 
utilize similar antigen–antibody reactions while incorporating radiolabeled ligands as indi-
cators. DNA separation and sequencing techniques have now almost totally replaced tradi-
tional paternity exclusion testing. These methods are also the basis for inclusion or exclusions 
of evidence in criminal and civil cases.

CLINICAL TOXICOLOGY

Clinical toxicology is also considered a descriptive category. However, toxic agents with 
clinical applications are also characterized in other toxicological fi elds. Clinical toxicology 
has evolved and branched from its counterpart, forensic toxicology, to include identifi cation, 
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diagnosis, and treatment of a condition, pathology, or disease resulting from environmental, 
therapeutic, or illicit exposure to chemicals or drugs. Treatment may involve amelioration of 
the signs and symptoms or controlling the underlying pathology. In clinical toxicology, expo-
sure is commonly understood to include individual risk of contact with a toxin, either deliber-
ate, accidental, or intentional. Exposure may further be defi ned to include population risk.1 
Table 1.1 defi nes other descriptive fi elds of toxicology. More recently, the fi eld has blos-
somed into more broadly defi ned areas including the study of apoptosis, receptor- mediated 
signal transduction, gene expression, proteomics, oxidative stress, and toxicogenomics, 
among others.

COMMON TERMS AND NOMENCLATURE

The classic defi nition of toxicology has traditionally been understood as the study of xeno-
biotics, the science of poisons, and refers particularly to the interactions of exogenous 
agents with biological systems. For purposes of organizing the nomenclature, chemicals, 
compounds, and drugs are often referred to as agents or substances. Because such agents 
induce undesirable effects, they are usually alluded to as toxins. Consequently, toxicology 
involves internal and external physiological exposures to toxins and their interactions with 
organisms. Gradually, the term has evolved to include many chemically or physically unre-
lated classes of agents. What transforms a chemical into a toxin, therefore, depends more 
on the duration of exposure, dose (or concentration), or route of exposure and less on the 
chemical structure, product formulation, or intended use of the material. As a result, 
almost any agent has the potential for toxicity and thus falls within the broad defi nition of 
toxicology.

 1Risk to groups of persons from exposure to radiation, pollutants, and chemical or biological threats, which neces-
sitates identifi cation, diagnosis, and treatment. 

TABLE 1.1
Other Descriptive Fields of Toxicology

Descriptive Field Defi nition

Genetic toxicology Incorporates molecular biology principles in applications of toxicological sciences, 
as applied to toxic agents that interfere with normal physiological function

Occupational toxicology Examines hazards associated with toxic exposure in the workplace, including 
industrial, agricultural, and communal sectors

In vitro toxicology Development of cell culture and biochemical techniques as alternatives to animal 
toxicity testing; a current defi nition of this fi eld includes alternative methods to 
animal toxicology, which more accurately describes the applications of in vitro 
methods

Analytical toxicology Chemical and biochemical procedures and methods associated with identifi cation, 
analysis, reactions, and detection of toxic substances in specimens

Developmental toxicology Study of toxic substances and their potential effects on biological reproduction, 
mating, fetal development, and embryogenesis

Immunotoxicology Study of toxic substances and their potential effects on immunity and resistance
Neurotoxicology Study of toxic substances and their potential effects on the function and activity of 

the nervous systems
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APPLICATIONS OF TOXICOLOGY

RESEARCH

Academic Applications

In the academic arena, research toxicologists examine the broad issues of toxicology in 
the laboratory setting. Academic concerns include all the public health areas in which 
progress in understanding toxicological sciences is necessary and include the elucidation 
of mechanistic, clinical, and descriptive toxicological theories. Research methods are 
modifi ed to answer specifi c questions that arise from toxicological concerns that affect 
public health.

Industrial Applications

Research toxicologists employed in toxicity testing in the biotechnology and pharmaceutical 
industries perform toxicity testing—the screening of chemicals and drugs that have toxic 
potential—before they are marketed. Preclinical testing in the pharmaceutical industry 
involves the conduct of phase I trials to test the toxicities of candidate agents that have been 
chemically and biochemically screened as potentially useful therapeutic drugs. The toxicity 
testing procedures include both in vitro and animal protocols.

REGULATORY TOXICOLOGY

Regulatory toxicologists are employed primarily in government administrative agencies, as 
consultants to government and industry or as representatives of industrial concerns. In this 
role, they sanction, approve, and monitor the uses of chemicals by establishing rules and 
guidelines. The guiding principles are promulgated through laws enacted by appropriate 
federal, state, and local jurisdictions that grant regulatory agencies their authority. Thus, 
through these regulations, an agency determines who is accountable and responsible for 
manufacturing, procurement, distribution, marketing, and, ultimately, release and dispens-
ing of chemical substances to the public.

FORENSIC TOXICOLOGY

Forensic toxicologists integrate appropriate techniques to identify compounds arising from 
mixtures of sometimes unrelated poisons as a result of incidental or deliberate exposure. 
Initially, forensic sciences profi ted from the application of the principles of chemical separa-
tion methods for the identifi cation of controlled substances in body fl uids. Later, forensic 
toxicologists applied biological principles of antigen–antibody interaction for paternity test-
ing. By using the principles of blood grouping and the exclusion of the possible outcomes of 
paternal contributions to offspring phenotypes, it became possible to eliminate a male as a 
possible father of a child.

Antigen–antibody interactions also became the basis for ELISA and enzyme multi-
plied immunoassay technique, which are currently used for specifi c and sensitive identi-
fi cation of drugs in biological fl uids. RIAs utilize similar antigen–antibody reactions 
while incorporating radiolabeled ligands as indicators. DNA separation and sequencing 
techniques have now almost totally replaced traditional paternity exclusion testing. 
These methods are also the basis for inclusion or exclusion of evidence in criminal and 
civil cases.
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CLINICAL TOXICOLOGY

Clinical toxicologists have evolved and branched away from their corresponding forensic 
applications. The clinical toxicologist is interested in the identifi cation, diagnosis, and treat-
ment of a condition, pathology, or disease resulting from an environmental, therapeutic, or 
illicit exposure to chemicals or drugs. Exposure is commonly understood to include the 
individual risk of contact with a toxin.

CLASSIFICATION OF TOXIC AGENTS

Classifi cation of toxic agents is a daunting task, considering the vast numbers and com-
plexities of chemical compounds in the public domain. The availability of the variety of 
chemicals, drugs, and physical agents, along with their varied toxicological and pharmaco-
logical effects, means that a single agent may be listed in several different categories. Even 
compounds with similar structures or toxicological actions may be alternatively grouped 
according to their activities or physical states. The following outline of the classifi cation 
system is generally accepted for demonstrating the complex nature of toxins.

CLASSIFICATION ACCORDING TO USE

Pesticides

The U.S. Environmental Protection Agency defi nes a pesticide as a substance or a mixture 
of substances intended to prevent, destroy, repel, or mitigate a pest. In general, pesticides are 
classifi ed according to their biological targets. The four major classes of pesticides are insec-
ticides, herbicides, rodenticides, and fungicides. Table 1.2 lists these categories and their 
general subclasses. Because of the physiological and biochemical similarities of target spe-
cies and mammalian organisms, an inherent toxicity is associated with pesticides in mam-
malian organisms. In addition, within each classifi cation, compounds are identifi ed according 
to mechanism of action, chemical structure, or semisynthetic source. For instance, although 
many fungicide categories exist, fungicidal toxicity in humans is mostly low order, with the 
exception of therapeutic antifungal agents, principally because of their specifi c mechanisms 
of action. Similarly, fumigants range from carbon tetrachloride to ethylene oxide and are 
used to kill insects, roundworms, and fungi in soil, stored grain, fruits, and vegetables. Their 
toxicity, however, is limited to occasional occupational exposure.

Food and Industrial Additives

Direct food and color additives are intentionally incorporated in foods and food-processing 
operations for purposes of changing, enhancing, or masking color. They are also used for a 
variety of functionalities ranging from anticaking agents to stabilizers, thickeners, and tex-
turizers. Food and industrial additives fall into the fi eld of food toxicology and readers are 
referred to review articles listed at the end of this chapter for information concerning food 
ingredients and contaminants.

Therapeutic Drugs

Toxicological classifi cation of therapeutic agents follows their pharmacological mechanisms 
of action or their principal target organs of toxicity. Several important references address 
clinical toxicologies of therapeutic drugs as extensions of their adverse reactions and direct 
effects resulting from their excessive use.
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SOURCES OF TOXINS

BOTANICAL

Contact dermatitis caused by poison ivy is a well-characterized syndrome of acute infl amma-
tion. Today, many compounds of botanical origin are classifi ed as herbal supplements, imply-
ing that their origins are botanical. Their importance in maintaining health is also related to 
their natural derivations. The toxicities of these agents, however, are poorly understood.

ENVIRONMENTAL

As a result of industrialization, many chemicals are associated with and classifi ed according 
to their continuous presence in the environment, that is, water, land, and soil. The phenom-
enon is not limited to developed Western nations and is becoming a problem among develop-
ing South American, Asian, and African countries.

Environmental toxicology is a distinct discipline encompassing the areas of air pollu-
tion and ecotoxicology. A discussion of air pollution necessarily includes outdoor and 
indoor air pollution, presence of atmospheric sulfuric acid, airborne particulate matter, 
interaction of photochemicals with the environment, and chemicals found in smog. 
 Ecotoxicology is the branch of environmental toxicology that investigates the effects of 
environmental chemicals on the ecosystems in question. Readers are referred to the review 
articles at the end of this chapter for further discussion.
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