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Preface

The second edition of Drug Safety Evaluation is a complete revision of the
initial volume which maintains the central objective of presenting an all-
inclusive practical guide for those who are responsible for ensuring the safety
of drugs and biologics to patients, health care providers, those involved in the
manufacture of medicinal products, and all those who need to understand
how the safety of these products is evaluated. The many changes in regulatory
requirements, pharmaceutical development, and technology have required
both extensive revision to every chapter and the addition of a number of new
chapters.

This practical guide presents a road map for safety assessment as an integral
part of the development of new drugs and therapeutics. Individual chapters
also address specific approaches to evaluating hazards, including problems that
are encountered and their solutions. Also covered are the scientific and philo-
sophical bases for evaluation of specific concerns (e.g., carcinogenicity, devel-
opment toxicity) to provide both understanding and guidance for approaching
new problems. Drug Safety Evaluation is aimed specifically at the pharmaceu-
tical and biotechnology industries. It not only addresses the general cases for
safety evaluation of small and large molecules but also all of the significant
major subcases: imaging agents, dermal and inhalation route drugs, vaccines,
and gene therapy products. It is hoped that the approaches and methodologies
presented here will show a utilitarian, yet scientifically valid path to the every-
day challenges of safety evaluation and the problem solving that is required
in drug discovery and development.

Cary, North Carolina SHAYNE C. GAD
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Drug Development
Process and Global
Pharmaceutical
Marketplace

Much more so then when the last edition of this book was written, pharma-
ceuticals' are global in impact, their regulation, and market.

This volume focuses on the assessment of the safety of new drugs. In the
broadest sense, this means it must address not only the traditional “small
molecules” that have dominated the field for the last century and the large
therapeutic molecules derived from biotechnology sources but also vaccines,
biologics such blood and blood products, and excipients. The globalization of
the regulation of the safety, efficacy, and manufacture of their products comes
from the success of the ICH (International Conference on Harmonisation)
process. But, as will be seen, the same globalization of the industry and con-
tinuous our advance of science have also led to market diversification of the
types and use of drugs and, with this, a fragmentation of regulatory drug safety
evaluation requirements which has made things more complex rather than
simpler.

"The term pharmaceuticals is here used in the broadest sense of man-made therapeutics: small
molecules and large pills and vaccines, blood products, and, as must be, their attendant components
(excipients, impurities, and all) to different degrees and in different products.

Drug Safety Evaluation, Second Edition, by Shayne Cox Gad
Copyright © 2009 John Wiley & Sons, Inc.



2 DRUG DEVELOPMENT PROCESS AND GLOBAL PHARMACEUTICAL MARKETPLACE
1.1 THE MARKETPLACE

The world marketplace for drugs is large, although the majority of sales are
in three regions: about 51% of the pharmaceutical market resides in the
United States, about 25% in Europe, and 15% in Japan. The balance of sales
is spread across the globe. This does not mean, however, that the marketing
applicant should ignore the requirements of other countries (e.g., Indonesia).
Approval processes in these countries can, at times, be as rigorous as in any
other regulatory authority domain.

Pharmaceuticals in all their forms compete today as part of a global market,
though one which serves (and is available to) different parts of the world’s
population too.

According to the Intercontinental Marketing Service (IMS) 2008 global
pharmaceutical market and therapy forecast, the global market for regulated
drugs (as differentiated from dietary supplements, herbal products, and nutra-
ceuticals) is estimated to be some $690 billion in 2007 (U.S. dollars). The same
forecast projected growth to $735-745 billion in 2008 (Goozner,2004). In 2006,
there were 109 individual products with annual sales excess of $1 billion
(Greider, 2003) which have tended to be the focus of pharmaceutical develop-
ment until recently, but the impending demise of patents on which is changing
the industry (Table 1.1).

This concentration of total sales in a limited number of products (e.g., there
are currently more than 21,000 approved drugs in the United States) is widely
held to have distorted the therapeutic aspects of new drug development but
is now starting to undergo change (back to) a paradigm that looks at a
decreased emphasis on the $1 billion “blockbuster” drugs.

Widely misunderstood is the extent of the pharmaceutical research and
development (R&D) sector. While precise numbers are unavailable (and
meaningless, as companies are continuously starting, merging, or going out of
business though the overall trend is to increased numbers), best estimates
place the number of companies directly involved in discovering and develop-
ing new drugs in the United States and Canada at 3700. There are an equal
number in Europe and significant numbers in many other parts of the world
(China, Australia, India, and Israel, to name a few). While most of the public
focuses on the very large companies, such as those in Table 1.2, there are many
more midsize and small companies.

One factor to consider in the regulatory requirements for early develop-
ment of new therapeutic entities is the degree of barrier which costs may
present to the smaller, innovative companies. This is commonly overlooked by
many who also do not recognize that such small companies (most of which
fail) are the primary initial source of new therapeutics.

A second complicating factor in considering the “pharmaceutical” market
sector is the diversity of products involved. The most basic expression of this is
the division of drugs into “small molecules” [which currently constitute about
two-thirds of both investigational new drugs (INDs)—applications for clinical
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4 DRUG DEVELOPMENT PROCESS AND GLOBAL PHARMACEUTICAL MARKETPLACE

TABLE 1.2 Top 25 Drug Companies by Sales (2006)

Pharma Sales as

Company Pharma Sales ($ million) % Change % of Total Sales
Pfizer 45,083 1.8 95.9
GlaxoSmithKline 40,156 25.1 86.5
Sanofi-Aventis 38,555 29 100
Roche 27,290 31.8 79.2
AstraZeneca 26,475 10.5 100
Johnson & Johnson 23,267 4.2 43.6
Novartis 22,576 1.4 62.7
Merck & Co 20,375 -6.6 90
Wyeth 16,884 10.2 83
Lilly 15,691 13.9 100
Bristol-Myers Squibb 13,861 -9.1 77.4
Boehringer Ingelheim 13,860 27.6 96.5
Amgen 13,858 15.3 100
Abbott Laboratories 12,395 -8.9 55.2
Bayer 10,162 -9 25.8
Takeda 8,716 -3.9 88.6
Schering-Plough 8,561 13.2 80.8
Teva 7,821 65.5 93.1
Genentech 7,640 39.2 100
Astellas 7,390 71.2 98.9
Novo Nordisk 7,087 32.3 100
Daiichi Sankyo 6,790 6.7 90.1
Baxter International 6,461 67.7 62.3
Merck KGaA 5,643 22.4 65.8
Eisai 4,703 8.3 96.4

evaluation of a new drug in humans-and current new drug approvals] and
biotechnology products (which constitute the other third). The challenges in
both developing and assessing the safety of these are very different. As will also
be seen, if one considers further division into therapeutic claim areas [e.g.,
oncology, anti-infectives, cardiovascular, central nervous system (CNS)], the
differences become even more marked. Most of what will be presented and
discussed in this volume speaks to regulatory requirements for nonclinical
safety assessment in the general case for either small molecules or protein thera-
peutics. It should be kept in mind that this general case development model
never applies.

Additionally, there is now a significant hybrid area—combination products,
which include both device and drug (small-molecule or biological) compo-
nents. These will be addressed in a separate chapter of the book, though there
is no single dedicated regulatory arm [such as a center within the U.S. Food
and Drug Administration (FDA) dedicated to only their regulation] in any
major market country. For that reason, more exploration of regulatory consid-
erations will be provided in the chapter on these products.

The extent of regulations and practices for drug approval cause pharma-
ceutical companies to spend an enormous amount of resources on developing
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applications, following different standards for preclinical and nonclinical pro-
grams for specific therapeutic areas as well as time and resources to satisfy the
regulatory processes for clinical trials. Because of the regulatory diversity that
existed, representatives from the regulatory authorities and trade associations
came together in the late 1980s and early 1990s to attempt at harmonizing the
process for drug approvals. Clearly this was a daunting task. With time, however,
the International Conference on Harmonisation (ICH) of Technical Require-
ments for Registration of Pharmaceutical for Human Use has become increas-
ingly more effective. Japan, Europe, and the United States represent the major
pharmaceutical markets for the world, and these regions have the most influ-
ence on developments within the ICH and tend to follow the guidance docu-
ments that are prepared. However, other countries [rest of the world (ROW)]
follow the developments within the ICH and tend to follow the guidance
offered by the ICH. However, when seeking registration of pharmaceuticals,
it remains important to be aware of local country regulations. For example,
China is becoming a major economic force in many aspects. Placement of
pharmaceutical manufacturing facilities and the marketing of drugs in China
may potentially represent a significant marketing advantage to companies.
With this new market area in Asia, regulatory processes are being developed
sometimes—it seems at the whim of the government. With time it is hoped
that China aligns itself more with the processes and guidance that have been
developed by the ICH, FDA, and other developed countries.

1.2 HISTORY OF MODERN THERAPEUTICS

Although prior to the nineteenth century preventive medicine had made some
spectacular advances, for example, through nutrition (scurvy), controlling
infectious diseases (vaccination), public health through sanitation, and con-
trolling childbirth fever and surgical infections using antiseptic techniques,
truly therapeutic medicine was virtually nonexistent until the end of the nine-
teenth century (Mathieu, 2000; Rang, 2006).

Oliver Wendell Holmes (a physician and U.S. Supreme Court justice) wrote
in 1860: “I firmly believe that if the whole material medica, as now used, could
be sunk to the bottom of the sea, it would be all the better for mankind—and
the worse for the fishes.” While there were a few effective medicines—digitalis,
extract of willow bark, and quinine—on balance Holmes was quite correct—
medicines did more harm than good.

An idea of the state of therapeutics at the time comes from the first edition
of the British Pharmacopoeia, in 1864, which listed 311 preparations. Of these,
187 were plant-derived materials, only 9 of which were purified substances.
Most of the plant products—Ilemon juice, rose hips, yeasts, and so on—lacked
any components we would now regard as therapeutically relevant, but some—
digitalis, castor oil, ergot, colchicum—were pharmacologically active. Of the
311 preparations, 103 were truly synthetic inorganic chemicals, such as iodine,
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ferrous sulfate, sodium bicarbonate, and toxic salts of bismuth, arsenic, lead,
and mercury, with but a few synthetic chemicals (diethyl ether and chloro-
form). The remainder was miscellaneous materials and a few animal products,
such as lard, cantharidin, and cochineal.

For the pharmaceutical industry, the transition from theoretical to actual
an history occurred late in the nineteenth century, when three essential tech-
nologies came together—biomedicine (especially pharmacology), synthetic
organic chemistry, and the development of a chemical industry in Europe—
coupled with development of a medical supplies products-trade.

Science began to be applied wholeheartedly to medicine—as to almost
every other aspect of life—only late in the nineteenth century. Among the
most important milestones from the point of view of drug discovery was the
elaboration in 1858 of cell theory. This tremendous reductionist leap of cell
theory gave biology—and the pharmaceutical industry—the fundamental sci-
entific underpenning it required. Only by thinking of living systems in terms
of the function of their cells can one begin to understand how molecules affect
them.

A second milestone was the birth of pharmacology as a scientific discipline
when the world’s first Pharmacological Institute was set up in 1874 at Dorpat
by Rudolf Buchheim—Iliterally by Buchheim himself, as the institute was in
his own house and funded by him personally. This was advanced by pioneers
such as Magendie and Claude Bernard, who linked pharmacology to
therapeutics.

Another vital spark on this road came with Louis Pasteur’s germ theory of
disease, proposed in Paris in 1878. A chemist by training, Pasteur’s initial inter-
est was in the process of fermentation of wine and beer and the souring of
milk. He showed, famously, that airborne infection was the underlying cause
and concluded that the air was alive with microorganisms. Particular types, he
argued, were pathogenic to humans and accounted for many forms of disease,
including anthrax, cholera, and rabies. Pasteur successfully introduced several
specific immunization procedures to give protection against infectious dis-
eases. Robert Koch, Pasteur’s rival and near contemporary, clinched the infec-
tion theory by observing anthrax and other bacilli in the blood of infected
animals.

The founder of chemotherapy—some would says the father of molecular
pharmacology—was Paul Ehrlich. He invented “vital staining”—staining by
dyes injected into living animals—and described how the chemical properties
of the dyes, particularly their acidity and lipid solubility, influenced the distri-
bution of dye to particular tissues and cellular structures. Thence came the
idea of specific binding of molecules to particular specific binding of molecules
to particular cellular components. This not only led to Ehrlich’s study of che-
motherapeutic agents but also became the basis of pharmacological thinking
to the present day. “Receptors” and “magic bullets” were Ehrlich’s terms,
though he envisaged receptors as targets for toxins, rather than physiological
mediators. Working at Koch’s Institute, Ehrlich developed diphtheria antitoxin
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for clinical use and put forward a theory of antibody action based on specific
chemical recognition of microbial molecules, for which he won the 1908 Nobel
Prize.

The first synthetic organic chemicals to be used for medical purposes were
not therapeutic agents at all, but rather anesthetics. Diethyl ether (“sweet oil
of vitriol”) was first made and described in 1540. It and nitrous oxide (prepared
by Humphrey Davy in 1799 and found, by experiments on himself, to have
stupor-inducing properties) had their usefulness as surgical anesthetics dem-
onstrated only in the 1840s, by which time chloroform had also made its
appearance. Synthetic chemistry at the time could deal only with very simple
molecules, made by recipe rather than reason, as our understanding of chemi-
cal processes and molecular structure was still in its infancy. The first thera-
peutic drug to truly come from synthetic chemistry was amyl nitrite, prepared
in 1859 by Guthrie and used to treat angina by Brunton in 1864. This was the
first example of a drug born in a recognizably “modern” way, through the
application of synthetic chemistry, physiology, and clinical medicine. This was
a landmark indeed, for it was nearly 40 years before synthetic chemistry made
any further significant contribution to therapeutics, and it was not until well
into the twentieth century that physiological and pharmacological knowledge
began to be applied to the invention of new drugs.

During the latter half of the nineteenth century the foundations of synthetic
organic chemistry were laid, the impetus coming from work on aniline, a
copious byproduct of the coal-tar industry, with the discovery of how to
produce a purple dye. This discovery gave birth to the synthetic dyestuff indus-
try, which played a major part in establishing the commercial potential of
synthetic organic chemistry—a technology which became the underpinning of
the evolving pharmaceutical industry for the next century. A systematic
approach to organic synthesis went hand in hand with improved understand-
ing of chemical structure.

Despite the limited efficacy of the pharmaceutical preparations available in
the nineteenth century (“patent medicines”) the pharmacists’ trade flourished;
then, as now, physicians felt obligated to issue prescriptions to satisfy the
expectations of their patients for some therapeutic action—or at least cause
for hope. Early in the nineteenth century, a few enterprising chemists under-
took the task of isolating the active substances from the plants extracts. The
trend began with Friedrich Serturner, a junior apothecary in Westphalia, who
in 1805 isolated and purified morphine, barely surviving a test of its potency
on himself. This was the first “alkaloid,” so named because of its ability to
neutralize acids and form salts. This discovery in turn led to the isolation of
other plant alkaloids, including strychnine, caffeine, and quinine. The recogni-
tion that medicinal plants owed their properties to their individual chemical
constituents, rather than to some intangible property associated with their
living nature, marks a critical point in the history of the pharmaceutical indus-
try which can be recognized as the point of origin of two of the three roads
from which the industry grew—the beginnings of the “industrialization” of the
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pharmaceutical trade. It hinted at the future possibility of making drugs
artificially.

The first local apothecary business to move into large-scale production and
marketing of pharmaceuticals was the old-established Darmstadt firm Merck,
founded in 1668. This development, in 1827, was stimulated by the advances
in purification of natural products. Merck was closely followed in this astute
business move by other German- and Swiss-based apothecary businesses,
giving rise to some which later also became giant pharmaceutical companies,
such as Schering and Boehringer. The American pharmaceutical industry
emerged in the middle of the nineteenth century. Squibb began in 1858, with
ether as its main product. The move to pharmaceuticals was also followed by
several chemical companies, such as Bayer, Hoechst, Agfa, Sandoz, Geigy, and
others which began as dyestuff manufacturers. The dyestuff industry at that
time was also based largely on plant products, which had to be refined and
were sold in relatively small quantities, so the commercial parallels with the
pharmaceutical industry were plain.

After 1870, with the crucial discovery by Kekule of the structure of benzene,
the dyestuff industry turned increasingly to synthetic chemistry as a source of
new compounds, starting with aniline-based dyes. A glance through any
modern pharmacopeia will show the overwhelming preponderance of syn-
thetic aromatic compounds, based on the benzene ring structure, among the
list of useful drugs. Understanding the nature of aromaticity was critical.

Thus the beginning of the pharmaceutical industry as we now know it dates
from the 1800s, with origins in the apothecary and patent medicine trades on
the one hand and the dyestuff industry on the other. Unfortunately, these firms
had few effective products to sell (mainly inorganic compounds of varying
degrees of toxicity and others most charitably described as concoctions).

Entering the 1900s, synthetic drugs were made and tested, including the
“antipyretics” and various CNS depressants. Chemical developments based
on chloroform produced chloral hydrate, the first nonvolatile CNS depressant,
which was in clinical use for many years as a hypnotic drug. Independently,
various compounds based on urea were found to act similarly, and von
Mering followed this lead to produce the first barbiturate, barbitone (since
renamed barbital), which was introduced in 1903 by Bayer and gained
widespread clinical use as a hypnotic, tranquillizer, and antiepileptic drug—the
first blockbuster. Barbitone and procaine were triumphs for chemical
ingenuity but owed little or nothing to physiology or indeed pharmacology.
The physiological sites of action of barbiturates remain unclear to this day,
and their mechanism of action at the molecular level was unknown until the
1980s.

The pattern of drug discovery driven by synthetic chemistry—with biology
often struggling to keep up—became the established model in the early part
of the twentieth century and prevailed for at least 50 years. The balance of
research in the pharmaceutical industry up to the 1970s clearly placed chem-
istry as the key discipline in drug discovery, the task of biologists being mainly
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to devise and perform assays capable of revealing possible useful therapeutic
activity among the many anonymous white powders that arrived for testing.
Research management in the industry was largely in the hands of chemists.
This strategy produced many successes, including benzodiazepine tranquilliz-
ers, several antiepileptic drugs, antihypertensive drugs, antidepressants, and
antipsychotic drugs. The surviving practice of classifying many drugs on the
basis of their chemical structure rather than on the more logical basis of their
site or mode of action (therapeutic class) stems from this era. We have men-
tioned the early days of pharmacology, with its focus on plant-derived materi-
als, such as atropine, tubocurafine, strychnine, digitalis, and ergot alkaloids,
which were almost the only drugs that existed until well into the twentieth
century. Despite the rise of synthetic chemistry natural products remain a
significant source of new drugs, particularly in the field of chemotherapy, but
also in other applications. Following the discovery of penicillin by Fleming in
1929—and its development as an antibiotic for clinical use by Chain and
Florey in 1938—an intense search was undertaken for antibacterial com-
pounds produced by fungi and other microorganisms which yielded many
useful antibiotics, including chloramphenicol (1947), tetracyclines (1948), and
streptomycin (1949). The same fungal source that yielded streptomycin also
produced actinomycin D, used in cancer chemotherapy Higher plants have
continued to yield useful drugs, including vincristine and vinblastine (1958),
and paclitaxel (or taxol, 1971).

Outside the field of chemotherapy, successful drugs derived from natural
products include cyclosporin (1972) and tacrolimus (1993), both of which come
from fungi and are used to prevent transplant rejection. Soon after came
mevastatin (1976), another fungal metabolite, which was the first of the “statin”
series of cholesterol-lowering drugs which act by inhibiting the enzyme human
menopausal gonadotrophin (HMG) coenzyme A (CoA) reductase.

Opverall, the pharmaceutical industry continues to have something of a on-
again, off-again relationship with natural products. They often have weird and
wonderful structures that cause hardened chemists to turn pale, they are often
near-impossible to synthesize and troublesome to produce from natural
sources, and “optimizing” such molecules to make them suitable for therapeu-
tic use is prone to frequent failure. But nature continues to unexpectedly
provide some of our most useful drugs, and most of its potential remains
untapped.

Although chemistry was the preeminent discipline in drug discovery
until at least the 1970s, the seeds of the biological revolution were sown
long before. It started foremost in the field of chemotherapy, where Ehrlich
defined the principles of drug specificity in terms of a specific interaction
between the drug molecule and a target molecule—the “receptor site”—in the
organism. Although we now take it for granted that in almost all cases a highly
specific chemical target molecule, as well as the “pharmacophore” or an
outline portion of the drug molecule, determines what effects a therapeutic
will yield, before Ehrlich no one had envisaged drug action in this way. By
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TABLE 1.3 Examples of Drugs from Different Sources

Natural Products

Synthetic Chemistry

Biopharmaceuticals Produced

by Recombinant DNA
Technology

Antibiotics (penicillin,
streptomycin,
tetracyclines,
cephalosporins, etc.)

Early successes include:
Antiepileptic drugs
Antihypertensive drugs
Antimetabolites

Human insulin (the first biotech

product, registered 1982)
Human growth hormone
o-Interferon, y-interferon

Anticancer drugs Barbiturates Hepatitis B vaccine
(doxorubicin, bleomycin, Bronchodilators Tissue plasminogen activator
actinomycin, vincristine, Diuratics (t-PA)
vinblastine, taxol etc.) Local anaesthetics Hirudin

Atopine, hyoscine Sulfonamides Blood-clotting factors

Ciclosporin (Since ca.1950, synthetic ~ Erythropoietin

Cocaine chemistry has Granulocyte and granulocyte—

Colchicine accounted for the great monocyte colony-stimulating

Digitalis (digoxin) majority of new drugs) factor (G-CSF, GM-CSF)

Ephedrine

Heparin

Human growth hormone?

Insulin (porcine, bovine)?

Opium alkaloids (morphine,
papaverine)

Physostigmine

Rauwolfia alkaloids
(reserpine)

Statins

Streptokinase

Tubocurarine

Vaccines

“Now largely or entirely replaced by material prepared by recombinant DNA technology.

linking chemistry and biology, Ehrlich defined the parameters of modern drug
discovery.

Despite these discoveries in Ehrlich’s field, chemotherapy remained empiri-
cal rather than target directed. For many years, Ehrlich’s preoccupation with
the binding of chemical dyes, as exemplified by biologicals in the 1950s onward,
steadily shifted the industry’s focus from chemistry to biology (Lednicer,
1993). The history of successes in the field of chemotherapy prior to the anti-
biotic era (Table 1.3) demonstrates the diversity of sources of new therapeutic
entities. The popular image of magic bullets (a phrase invented by Ehrlich) is
the essence of today’s target-directed approaches to drug discovery.

1.3 DRUG DEVELOPMENT PROCESS

While processes for the discovery of new potential therapeutic drugs are
very diverse (Gad, 2007), once the decision is made to move a candidate com-
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pound forward to (hopefully) market approval, the process is well defined in
the components of its regulatory requirements. It has many components which
are beyond the scope of safety assessment and therefore of this volume
(including chemical development, clinical evaluation, and a host of regulatory
actions.)

The process generally proceeds by way of getting regulatory concurrences
for entering clinical trials, then proceeding through three (not strictly defined)
stages of clinical trials (phases I-III), followed by submission of a full set of
documents, data, and a proposed label seeking regulatory approval for a mar-
keting application.

The metrics of this process as it now operates makes cancer the most preva-
lent therapeutic target for new drugs, with perhaps as many as one-third of all
new drug candidates being in this claim area. Heart diseases, CNS diseases,
nervous system diseases, and immune system disorders follow in order of
current popularity (Table 1.4).

According to Pharma & Biolngredients (www.pharmabioingredients.com),
the more than 16,000 different drugs in development in 2006 were spread
across the entire course of the development process (Table 1.5).

At the same time, the metrics of regulatory applications for the develop-
ment of new drugs in the United States (where the best data are available)
show a continued increase in the number of candidates entering the develop-
ment process, as indicated by the number of new (or original) INDs filed, with
the proportion of these that are commercial (or traditional INDs) continuing
to increase (see Table 1.6).

TABLE 1.4 Potential New Drugs in U.S. Clinical Trials,

2005-2006

Cancer 5468
Heart disease 2342
Mental and behavioral disorders 2397
Bacterial and fungal diseases 1591
Blood and lymph conditions 1654
Digestive system diseases 1527
Nervous system diseases 2928
Rare diseases 5765
Respiratory tract diseases 1548
Viral diseases 1168
Injuries, poisonings, and occupational diseases 832
Immune system disorders (not including HIV/AIDS) 2578
Disease abnormalities at or before birth 1090
Gland- and hormone-related diseases 1216
Muscle, bone, and cartilage diseases 699
Nutritional and metabolic diseases 1296
Skin and connective tissue diseases 1727
Symptoms and general pathology 4227

Urinary tract and sexual organs and pregnancy 1756
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TABLE 1.5 2006 Status of Drug in Development

Stage Drugs
New drug application (NDA)/Biological license 482
application (BLA) filed

Phase Il 1,179
Phase I 2,622
Phase I/IND filed 2,415
Preclinical/discovery 7,569
Recent product launches 2,002

Total 16,269

TABLE 1.6 INDs Received and Active at Center for Drug Evaluation and Research

Number of Active INDs

Calendar Year Received Original INDs Received at Year End NDAs
1998 2,419 12,723 121
1999 1,763 12,584 139
2000 1,812 11,838 115
2001 1,872 10,873 98
2002 2,374 11,544 105
2003 2,120 (426 commercial) 12,661 (4544 commercial) 109
2004 1,837 (621 commercial) 12,778 (4827 commercial) 115
2005 1,936 (637 commercial) 13,360 (5029 commercial) 116
2006 1,863 (713 commercial) 14,117 (5445 commercial) 123

At the same time the rate of approval of new molecular entities has
decreased (and stayed stable at) 17 or 18 a year for the last three years. This
has finally caused recognition that the traditional/existing system of develop-
ment that focused on blockbusters is irretrievably broken.

1.4 STRATEGIES FOR DEVELOPMENT: LARGE VERSUS SMALL
COMPANY OR SHORT VERSUS LONG GAME

While harmonization and societal concern for safety are driving the changes
in regulatory processes for device and drug development to become less con-
fused, strategies for product development and the associated nonclinical safety
assessment can still be viewed in broad trends.

The truths driving strategies in developing new drugs are as follows:

1. Most molecules will fail. While the true success rate is certainly greater
than the often-quoted 1 in 10,000, it is clear that only 3-5% of those that
enter initial clinical evaluation (that is, for which an IND “opens”)
become marketed drugs. This rate varies depending on the therapeutic
class (oncology drugs dosing at a rate as low as 1-2% and CNS thera-
peutics being only somewhat higher) (Czerepak and Rysef, 2008;
Choerghade, 2000).
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2. The cost of developing drugs is high. While not the currently quoted
“average” of $1.4 billion, just getting to the point of an IND opening will
cost a minimum of $2 million. One can spread out the rate of expenditure
over time or shorten the required time by spending money more rapidly,
but there are fixed minimums for cost and time.

And costs of development go up sharply with time/progress. Subsequent to
a plain vanilla first-in-man (FIM) trial, outlays come to be spoken of first in
tens of millions and (frequently), before a marketing approval filing, in the
hundreds of millions. Once the decision is made to develop a molecule into a
drug, the process takes years. One can dispute how many (from 5 to 16 years
covers the extreme range), and at no point up to the end is success (achieving
marketing approval and economically successful therapeutic use) assured.
These truths conspire to produce the principal general goals behind a drug
development strategy:

1. Kill the losers as early as possible, before too much money is spent on
them.

2. Do all you can to minimize the time spent in developing a drug.

These principles produce a spectrum of strategies in the nonclinical
safety assessment of drugs, best illustrated by looking at the two extreme
cases.

Do only what you must. Driven by financial limitations and the plan that,
at an optimal point in development (most commonly after either FIM/phase
I trials or a “proof-of-concept” phase II trial), the candidate therapeutic will
be licensed to or partnered with a large company, only the technical and regu-
latory steps necessary to get a molecule to this point are to be performed. For
those pursuing this case, the guidance provided by this book should prove
essential (though not generally completely sufficient). This approach in sum-
marized in Figure 1.1.

Minimize the risk of subsequent failure. This is considered the traditional
big company model. Studies and technical tasks are not limited to the minimum
but rather are augmented by additional components. Development proceeds
through a series of well-defined and carefully considered “go/no-go” decision
points. This approach is summarized in Figure 1.2. Many of the additional
components are either limited, non-GLP (good laboratory practice) forms of
studies which will be required later [such as Ames, acute toxicity, human ether-
a-gogo related gene (hERG) at only one concentration and 7 days to 4 weeks
repeat-dose studies] or studies which are inexpensive and could be done later
[cytochrome p. 450 (CYP) inhibitors and induction, metabolic stability, and
longer than required repeat-dose toxicity studies before proceeding into phase
II]. Exactly which “extra” components are included vary from company to
company and frequently reflect past experiences of the organization or indi-
viduals involved.
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Figure 1.1 General case oral drug: lead through phase 1 (do only what you must).

The studies performed to meet regulatory nonclinical safety assessment
requirements (which must be considered to include all of the supportive toxi-
cokinetic and metabolism activities and studies) can be thought of as belong-
ing to three major categories.

(a) Those necessary to support the successful filing/opening of an IND,
clinical trial application (CTA), or equivalent application and of the
subsequent FIM clinical studies.
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Figure 1.2 General case oral drug: lead through phase 1 (minimize risk).

(b) Those required to support continuation of clinical evaluation and devel-

(©)

opment of up to and through successful phase III studies.

Those studies required to support a successful marketing,
approval application (NDA, BLA, or equivalent), but only required as
such. This group is typically exemplified for carcinogenicity studies
and the formal reproductive (as opposed to developmental) toxicity
studies.
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Which studies fit into what category is somewhat fluid and influenced by what
patient population will be served (therapeutic claim) and the mechanism of
action of the drug.

1.5 SAFETY ASSESSMENT AND EVOLUTION

In the mid-nineteenth century restrictions on the sale of poisonous substances
were imposed in the United States and United Kingdom, but it was not until
the early 1900s that system of “prescription-only” medicines was introduced,
requiring approval of purchase by a licensed medical practitioner. Soon after-
ward, restrictions began to be imposed on what “cures” could be claimed in
advertisements for pharmaceutical products and what information had to be
given on the label; legislation evolved at a leisurely pace. Most of the concern
was with controlling poisonous or addictive substances or contaminants, not
with the efficacy and possible harmful effects of new drugs.

In 1937, the use of diethylene glycol as a solvent for a sulfonamide prepara-
tion caused the deaths of 107 children in the United States, and a year
later the 1906 Food and Drugs Act was revised, requiring safety to be demon-
strated before new products could be marketed as well as federal inspection
of manufacturing facilities. The requirement for proven efficacy as well as
safety was added in the Kefauver—-Harris amendment in 1962 (said amend-
ment being brought about largely by a safety issue—the thalidomide disaster
in Europe).

In Europe, preoccupied with the political events in the first half of the
century, matters of drug safety and efficacy were a minor concern, and it was
not until the mid-1960s, in the wake of the thalidomide disaster—a disaster
averted in the United States by an officer who used the provisions of the 1938
Food and Drugs Act to delay licensing approval—that the United Kingdom
began to follow the U.S.lead in regulatory laws. Until then, the ability of drugs
to do harm—short of being poisonous or addictive—was not really appreci-
ated, most of the concern having been about contaminants. In 1959, when
thalidomide was first put on the market by the German company Chemie
Grumenthal, it was up to the company to decide how much research was
needed to satisfy itself that the drug was safe and effective. Grumenthal made
a disastrously wrong judgment [see Sjostrom and Nilsson (1972) for a full
account], which resulted in an estimated 10,000 cases of severe congenital
malformation following the company’s specific recommendation that the drug
was suitable for use by pregnant women. This single event caused an urgent
reappraisal on a global scale, leading to the introduction of much tighter gov-
ernment controls.

By the end of the 1960s, the primary planks in the regulatory platform—
evidence of safety, efficacy, and chemical purity—were in place in most devel-
oped countries. Subsequently, the regulations were adjusted in various minor
ways and were adopted with local variations in most countries.
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In 1988, Alder and Zbinden published national and international drug
safety guidelines which set forth the wide differences in safety assessment
requirements between the different nations of the world, at the time global
development of a drug required multiple safety assessment programs, with a
great number of repetition of studies and attendant extra costs and increased
usage of test animals.

The solution to this was the ICH paradigm, which starting in the late 1980s
sought to have a harmonized set of global requirements for all aspects of
drug development (not just assessment). The safety assessment aspects
were embodied primarily in the S series ICH guidelines (M4, which sets
forth the overall structure of nonclinical requirements, being an exception).
This did serve to largely regularize global requirements with minor
differences.

As the rest of this book will make clear, this system is now fraying a bit of
the edges. Recent additions of new guideline topic areas (e.g., immunotoxicol-
ogy) and revisions to existing guideline (on genotoxicity and biotechnology)
as well as recent regional guideline responses to recent occurrences [the case
in point being the failed TGN-412 FIM trial and the resulting two European
Medicines Agency (EMEA) special guidances issued in response to it] and
differences in requirements for different therapeutic classes have reversed the
harmonization trend.

1.6 THREE STAGES OF DRUG SAFETY EVALUATION ON
GENERAL CARE

Nonclinical safety assessment studies fall into three categories, as will be
examined in detail in the remainder of this book:

1. IND enabling (“FIM”): The studies necessary to support the initiation
of clinical trials in human beings. These are generally as specified in ICH
M3, and this is most commonly performed of the three sets.

2. To support continued clinical development: As clinical development pro-
ceeds, longer repeat drug studies must be performed, reproductive and
developmental toxicology studies must be done, and other ancillary
studies are required.

3. To support filing for marketing approval: The final studies
generally required to support marketing of drugs—such as
carcinogenicity.

Which studies fall into each of these categories and exactly what studies must
be done to support the development of a drug for a specific therapeutic claim
are extremely variable. The general case—much as specified in M3—gives us
a starting place for understanding what must be done.



18 DRUG DEVELOPMENT PROCESS AND GLOBAL PHARMACEUTICAL MARKETPLACE

But the general case really applies to the simplest oral drug intended for
chronic use and more often than not does not apply. In fact, it may never fully

apply.
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Regulation of Human
Pharmaceutical Safety

2.1 INTRODUCTION

The safety of pharmaceutical agents, medical devices, and food additives are
the toxicology issues of the most obvious and longest-standing concern to the
public. A common factor among the three is that any risk associated with a
lack of safety of these agents is likely to affect a very broad part of the popula-
tion, with those at risk having little or no option as to undertaking this risk.
Modern drugs are essential for life in our modern society, yet there is a
consistent high level of concern about their safety.

This chapter examines the regulations which establish how the safety of
human pharmaceutical products are evaluated and established in the United
States and the other major international markets. As a starting place, the
history of this regulation will be reviewed and the current organizational
structure of the U.S. Food and Drug Administration (FDA) will be briefly
reviewed along with the other quasi-governmental bodies that also influence
the regulatory processes. The current structure and context of the regulations
in the United States and overseas will also be presented. From this point the
general case of regulatory product development and approval will be pre-
sented. Toxicity assessment study designs will be presented. The broad special
case of biotechnology-derived therapeutic products and environmental
concerns associated with the production of pharmaceuticals will be briefly
addressed. The significant changes in regulation brought about by harmoniza-
tion are also reflected.

Drug Safety Evaluation, Second Edition, by Shayne Cox Gad
Copyright © 2009 John Wiley & Sons, Inc.
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As an aid to the reader, appendices are provided at the end of this book:
a codex of acronyms that are used in this field followed by a glossary which
defines some key terms.

2.2 BRIEF HISTORY OF U.S. PHARMACEUTICAL LAW

A synopsis of the history of U.S. drug legislation is presented in Table 2.1.
Here we will review the history of the three major legislative acts covering
pharmaceuticals.

2.2.1 1906: Pure Food and Drug Act

As so eloquently discussed by Temin (1991), the history of health product
legislation in the United States largely involves the passage of bills in Congress
which were primarily in response to public demand. In 1902, for example,
Congress passed the Biologics Act in response to a tragedy in St. Louis where
10 children died after being given contaminated diphtheria toxins. Interest-
ingly, the background that led to the passage of the first Pure Food and Drug
Act in 1906 had more to do with food processing than with drugs. The conver-
sion from an agrarian to an urban society fostered the growth of a food-
processing industry that was rife with poor practice. Tainted and adulterated
food was commonly sold. Such practices were sensationalized by the muckrak-
ing press, including books such as The Jungle by Sinclair Lewis.

In the early debates in the U.S. Congress on the Pure Food and Drug Act
(passed in 1906), there was little mention of toxicity testing. When Harvey
Wiley, chief of the Bureau of Chemistry. Department of Agriculture, and
driving force in the enactment of this early law, did his pioneering work
(beginning in 1904) on the effects of various food preservatives on health, he
did so using only human subjects and with no prior experiments with animals
(Anderson, 1988). Ironically, work that led to the establishment of the FDA
would probably not have been permitted under the current guidelines of the
agency. Wiley’s studies were not double blinded, so it is also doubtful that his
conclusions would have been accepted by the present agency or the modern
scientific community. Legislation in place in 1906 consisted strictly of a label-
ing law prohibiting the sale of processed food or drugs that were misbranded.
No approval process was involved and enforcement relied on postmarketing
criminal charges. Efficacy was not a consideration until 1911, when the Sherley
amendment outlawed fraudulent therapeutic claims.

2.2.2 1938: Food, Drug and Cosmetic Act

The present regulations are largely shaped by the law passed in 1938. It will
therefore be discussed in some detail. The story of the 1938 Food, Drug and
Cosmetic Act (FDCA) actually started in 1933. Franklin D. Roosevelt had
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TABLE 2.1 Important Dates in U.S. Federal Drug Law

Year Event

1902 Passage of the Virus Act, regulating therapeutic serums and antitoxins.
Enforcement by the Hygienic Laboratory (later to become the National
Institute of Health), Treasury Department.

1906 Passage of Pure Food Act, including provisions for the regulations of drugs to
prevent the sale of misbranded and adulterated products. Enforcement by
the Chemistry Laboratory, Agriculture.

1912 Passage of the Sherley Amendment. Specifically outlawed any false label
claims as to curative effect.

1927 Bureau of Chemistry renamed the Food, Drug and Insecticide Administration.

1931 Renamed again to Food and Drug Administration.

1938 Passage of the Food, Drug and Cosmetic Act. Superseded the law of 1906.
Required evidence of safety, e.g., studies in animals. Included coverage of
cosmetics and medical devices. Specifically excluded biologics.

1944 Administrative Procedures Act, codifying public health laws: included provision
that for a biological license to be granted, a product must meet standards
for safety, purity, and potency. The National Institutes of Health (NIH) also
given the responsibility for developing biologics not developed by the
private sector.

1945 Amendment to the 1936 act requiring that the FDA examine and certify for
release each batch of penicillin. Subsequently amended to include other
antibiotics.

1949 Publication of the first set of criteria for animal safety studies. Following
several revisions, guidelines published in 1959 as Appraisals Handbook.

1951 Passage of Durham—Humphrey Amendment. Provided the means for
manufacturers to classify drugs as over the counter (not requiring
prescription).

1953 Transfer of FDA to the Department of Health, Education and Welfare from
Agriculture (now the Department of Health and Human Services).

1962 Passage of major amendments (the Kefauver Bill) to the 1938 FDCA, which
required proof of safety and effectiveness (efficacy) before granting
approval of NDAS. Required affirmative FDA approval.

1968 FDA placed under the Public Health Service of Health, Education and Welfare
(HEW).

1970 Controlled Substances Act and Controlled Substances Import and Export Act.
Removed regulation of drug abuse from FDA (transferred to the Drug
Enforcement Agency) and provided for stringent regulation of
pharmaceuticals with abuse potential.

1972 Transfer of authority to regulate biologics transferred from NIH to FDA. The
NIH retained the responsibility of developing biologics.

1973 Consumer Product Safety Act, leading to the formation of separate Consumer
Product Safety Commission, which assumes responsibilities once handled
by the FDA's Bureau of Product Safety.

1976 Medical Device Amendment to the FDCA requiring for devices that not only
effectiveness be proven but also safety.

1979 Passage of the Good Laboratory Practices Act.

1983 Passage of the first Orphan Drug Amendment to encourage development of
drugs for small markets.

1984 Drug Price Competition and Patent Term Restoration Act intended to allow

companies to recover some of the useful patent life of a novel drug lost due
to the time it takes the FDA to review and approve. Also permits the
marketing of generic copies of approved drugs.
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TABLE 2.1 Continued

Year Event

1985 The “NDA rewrite” final rule. An administrative action streamlining and
clarifying the NDA process. Now embodied in 21 CFR 314.

1986 The United States Drug Export Amendment Act of 1986. Permitted the export
of drugs outside the United States prior to approval for the U.S. market.

1987 The “IND rewrite” final rule: “to encourage innovation and drug development

while continuing to assure the safety of (clinical) test subjects.” Federal
Register 52:8798, 1987. Now embodied in 21 CFR 312.

1990 Safe Medical Device Act, providing additional authority to the FDA for
regulation of medical devices.

1992 Safe Medical Device Amendments requiring more extensive testing of
devices.

1992 Prescription Drug User Fee Act. Established the payment of fees for the filing
of applications (e.g., IND, NDA, PLA).

1994 Orphan Drug Amendment.

1997 The Food and Drug Administration Modernization Act: to streamline the drug

and device review and approval process.
2002, 2007 Food and Drug Administration Modernization Act Amendments.

Note: Laws and amendments that have covered other aspects of FDA law, such as those governing food
additives [e.g., Food Quality Production Act (FQPA)], are not included in this table.

just won his first election and installed his first cabinet. Walter Campbell was
the chief of the FDA, reporting to Rexford Tugwell, the undersecretary of
agriculture. The country was in the depths of its greatest economic depression.
This was before the therapeutic revolution wrought by antibiotics in the 1940s,
and medicine and pharmacy as we know it in the 1990s were not practiced.
Most medicines were, in fact, self-prescribed. Only a relatively small number
of drugs were sold via physicians’ prescription. The use of so-called patent
(because the ingredients were kept secret) preparations was rife, as was fraud-
ulent advertising. Today, for example, it is difficult to believe that in the early
1930s a preparation such as Radithor (nothing more than a solution of radium)
was advertised for treatment of 160 diseases. It is in this environment that one
day in the winter of 1933 Campbell delivered a memo to Tugwell on an action
level of an insecticide (lead arsenite) used on fruits. Tugwell briskly asked
why, if the chemical was so toxic, was it not banned outright. He was amazed
to find out from Campbell that the agency had no power to do so.

The 1906 law was designed to control blatantly misbranded and/or adulter-
ated foods and drugs that relied on post facto criminal charges for enforce-
ment. Safety and efficacy were not an issue so long as the product was not
misbranded with regard to content. Premarketing review of a drug was an
unknown practice. Thus, attempts at rewriting the old 1906 law to include
control of bogus therapeutic claims and dangerous preparations proved to
be unsatisfactory. Paul Dunbar of the FDA suggested to Campbell that an
entirely new law was needed. A committee of FDA professionals and outside
academic consultants drafted a new bill which immediately ran into trouble
because no one in Congress was willing to sponsor it. After peddling the bill
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up and down the halls of Congress, Campbell and Tugwell convinced Senator
Royal Copeland of New York to sponsor the bill. Unknowingly at the time,
Copeland put himself in the eye of a hurricane that would last for five years.

The forces that swirled around Copeland and the Tugwell Bill (Senate
bill S.1944) were many. First was the immediate and fierce opposition from
the patent medicine lobby. Flyers decried S.1944 as everything from a com-
munist plot to un-American, stating it “would deny the sacred right of self-
medication.” In opposition to the patent trade organizations were two separate
but unlikely allies: a variety of consumer advocacy and women’s groups (such
as the American Association of University Women, whose unfaltering support
for the bill eventually proved critical to passage) and the mainline professional
organizations. Interestingly, many of these organizations at first opposed the
bill because it was not stringent enough. There were also the mainline profes-
sional pharmacy and medical organizations [such as the American Medical
Association (AMA) and the American Association of Colleges of Pharmacy]
whose support for the bill ranged from neutral to tepid but did grow over the
years from 1933 to 1938.

Second, there was the basic mistrust on the part of Congress toward Tugwell
and other “New Dealers.” At the same time, Roosevelt gave the measure only
lukewarm support at best (tradition has it that if it had not been for the First
Lady, Eleanor, he would have given it no support at all) because of his politi-
cal differences with Royal Copeland.

Third, there was a considerable bureaucratic turf war over the control of
pharmaceutical advertising. Finally, despite the efforts of the various lobbying
groups, there was no popular interest or support for the bill. At the end of the
congressional period, S.1944 died for lack of passage.

The next five years would see the introduction of new bills, amendments,
competing measures, committee meetings and hearings, lobbying, and House/
Senate conferences. The details of this parliamentary in-fighting make for
fascinating history but are outside the scope of this book. The reader is referred
to the excellent history of this period by Jackson (1970).

The FDA was surprised by the force and depth of the opposition to the
bill. The proposed law contained a then-novel idea that a drug was misbranded
if its labeling made any therapeutic claim which was contrary to general
medical practice and opinion. The definition of a drug was broadened to
include devices used for medical purposes.! Adulteration was defined as any
drug product dangerous to health when used according to label directions.
The patent manufacturers charged that no bill granted too much discretionary
power to a federal agency—that no manufacturer could stay in business except
by the grace of the Department of Agriculture, a charge that may have been

"The use of a broad definition of what constitutes a drug for regulatory purposes is a precedent
that remains in place today. For example, the computer software used in diagnostic systems is
considered to be a pharmaceutical for purposes of regulation.



24 REGULATION OF HUMAN PHARMACEUTICAL SAFETY

correct. In response to the patent trade lobbying effort, the FDA launched
its own educational drive of radio spots, displays (such as the sensationalized
chamber-of-horrors exhibition, in which the toxicity of a variety of useless
medicines was clearly displayed), mimeographed circulars, speaking engage-
ments, posters, and so on.

Ruth Lamb, FDA information officer at the time, was perhaps one of the
hardest working and most quotable of the FDA staffers working the street at
the time. For example, in reference to one of the counterbills that had lan-
guage similar to the original Copeland Bill, but with extremely complicated
enforcement provisions, Ruth Lamb called it “an opus for the relief of indigent
and unemployed lawyers” (Jackson, 1970). She once described the Bailey
amendment, which would have made proprietary drugs virtually immune to
multiple seizures, as permitting the “sale of colored tap water as a cure for
cancer ... unless arsenic was added to each dose making [it] immediately
dangerous.” After 1934, however, the educational efforts of the FDA were
greatly attenuated by federal laws prohibiting lobbying by federal agencies.

The fall of 1937 witnessed the beginning of the often-told elixir-of-
sulfanilamide incident, which remains one of the nation’s worst drug tragedies.
The Massengil Company was not one of the industry giants, but neither was
it a “snake oil peddler.” The company’s chief chemist, Harold Watkins, was
simply trying to develop a product and, in fact, did so in a manner consistent
with the norms of the time. There was a perceived need for a liquid form of
sulfanilamide, but it was difficult to dissolve. Watkins hit upon diethylene
glycol. No toxicity tests were performed on the finished product, although the
product did pass through the “control lab” where it was checked for appear-
ance, fragrance, and consistency.

The first reports of human toxicity occurred in October 1937 when Dr.
James Stevenson of Tulsa requested some information from the AMA
because of six deaths in his area that were attributable to the elixir. At the
time, no product of Massengil stood accepted by the Council on Pharmacy
and Chemistry, and the council recognized no solution of sulfanilamide.
The AMA telegraphed Massengil, requesting samples of the preparation for
testing. Massengil complied. The test revealed the diethylene glycol to be the
toxic agent and the AMA issued a general warning to the public on October
18, 1937. In the meantime, the FDA had become aware of the deaths and
launched an investigation through its Kansas City station. By October 20,
when at least 14 people had died, Massengil wired the AMA to request an
antidote for their own product. By the end of October, at least 73 people had
died and another 20 suspicious deaths were linked to the drug. Had it not
been for the response of the FDA, more deaths may have occurred. The
agency put its full force of field investigators (239 members) on the problem
and eventually recovered and accounted for 99.2% of the elixir produced.
Massengil fully cooperated with the investigation and in November published
a public letter expressing regret over the matter but further stating that no
law had been broken. In fact, the company was eventually convicted on a
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long list of misbranding charges and fined a total of $26,000 (the largest fine
ever levied under the 1906 law).

The Massengil incident made the limits of the 1906 law quite clear. Because
there were no provisions against dangerous drugs, the FDA could move only
on the technicality of misbranding. The term elixir was defined by the U.S.
Pharmacopeia (USP) as “a preparation containing alcohol,” which elixir of
sulfanilamide was not. It was only this technicality that permitted the FDA to
declare the “elixir” misbranded, to seize the inventory, and to stop the sale of
this preparation. If it had been called solution of sulfanilamide, no charges
could have been brought.

The extensive press coverage of the disaster became part of the national
dialogue. Letters poured in to congressmen demanding action to prevent
another such tragedy. Medical and pharmacy groups and journals insisted that
a new law was required. Congress was in special session in November 1937
and did not need to be told about the tragedy. Copeland and Representative
Chapman (of Kentucky) pressed resolutions calling for a report from the FDA
on the tragedy. When issued, the FDA report stunned Congress, not only
because of the human disaster but also because it made apparent that, even
had the bill then before Congress been law, the entire tragedy would still have
occurred because there were no provisions for toxicity testing before new
drugs entered the market. By December 1937 a new bill, S.3037, was intro-
duced which stated that manufacturers seeking to place new drugs on the
market would be required to supply records of testing, lists of components,
descriptions of each manufacturing process, and sample labels. Drugs would
require certification by the FDA before sale was permitted. A similar bill was
introduced in the House by Chapman, although the issues of which agency
was to control advertising of drugs was still festering in the House. In January
1938, debate started on the Wheeler-Lea Bill, which would ensure that all
controls over drug advertising would remain with the Federal Trade Commis-
sion (FTC). Despite strong opposition by the FDA, the Wheeler-Lea Bill was
signed into law March 1938. While the loss of advertising control was a blow
to the FDA, the Wheeler-Lea Bill did facilitate the passage of the new Food
and Drug Law.

With the issue of advertising controls settled, the Copeland—Chapman Bill
faced one last hurdle. Section 701, which had been added in committee, pro-
vided for appeal suits that could be entered in any federal district court to
enjoin the agency from enforcing new regulations promulgated as a result of
the act. Interestingly, this issue had more to do with foods than with drugs, as
its major focus was on acceptable tolerance limits for insecticides in food. The
new bill defined an adulterated food as one containing any poison. However,
because efforts to remove insecticides from fresh fruits and vegetables had
never been completely successful, the secretary of agriculture needed this
power to set tolerance levels. Allies of food producers tried to introduce provi-
sions in the new bill that provided methods for stalling a tolerance regulation
with rounds of appeals. The bill passed the House despite such provisions
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(Section 701) and the resistance of consumer groups and the FDA and went
into joint committee. Roosevelt, in one of his rare efforts to support the FDA,
made it clear that he would not accept the bill with such a cumbersome appeals
process. The resulting compromise was an appeals process which limited the
new evidence that could be introduced into one of the 10 circuit courts. Other
provisions regarding labeling were also rectified in joint committee. In May
1938, S.3073 passed by unanimous vote. Both chambers ratified the joint com-
mittee report, and Roosevelt signed the new law in June of 1938.

A historical note to this story was that Royal Copeland did not live to
see his measure passed. In May 1938, he collapsed on the Senate floor.
His death occurred one month before President Roosevelt signed his bill into
law.

2.2.3 1962: Major Amendment

The 1938 law very much changed the manner in which Americans purchased
pharmaceutical agents. In effect, it changed the pharmaceutical industry from
a traditional consumer product industry to one in which purchases were made
as directed by a third party (the physician). In 1929, ethical pharmaceuticals
(prescription drugs) comprised only 32% of all medicines, while by 1969 this
was up to 83% (Termini, 1980). This led to a peculiar lack of competition in
the ethical market. In 1959, Senator Estes Kefauver initiated his now-famous
hearings on the drug industry. Interestingly, almost 30 years later, Senator
Edward Kennedy had hearings on exactly the same matter. In 1961, Kefauver
submitted a proposed legislation to amend the 1938 act in such a way as to
increase FDA oversight of the drug industry. The proposed amendment
contained two novel propositions. The first was compulsory licensing, which
would have required, for example, company A to license (with a royalty of no
greater than 8% of sales) company B to market a drug patented by company
A. Company A would have only three years’ exclusivity with its patent. The
second novel provision was that new drugs had to be not only “safe” but also
“efficacious.” There was not a groundswell of support for this legislation.
When it was reported out of committee, it had been rewritten (including the
removal of the licensing requirement) to the point that even Kefauver refused
to support it. The Kennedy administration wanted new legislation but did not
specifically support the Kefauver Bill; rather it introduced its own legislation,
sponsored by Representative Orren Harris of Arkansas. It also had little
support.

As in 1938, a tragic incident would intercede in the legislative process: 1961
would see the development of the thalidomide tragedy. An antianxiety agent
marketed in Europe, thalidomide was prescribed for pregnancy-related
depression and taken by countless numbers of women. At about the same
time, phocomelia, a birth defect marked by the imperfect development of arms
and legs, appeared in Europe. Thalidomide was eventually determined to be
the causative teratogen in 1961 and subsequently taken off the market in
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Europe. The William S. Merrill Company had applied for a new drug applica-
tion (NDA) for thalidomide in the United States in 1960. It was never approved
because the FDA examiner, Dr. Frances Kelsey, had returned the application
for lack of sufficient information. Eventually, the company withdrew the appli-
cation. Senator Kefauver’s staff had uncovered the thalidomide story as it was
unfolding and had turned its findings over to the Washington Post. The Post
reported the episode under the headline “Heroine of the FDA Keeps Bad
Drug Off the Market” in July 1962, three days after the Kefauver Bill was
reported out of committee. Needless to say, the news created public support
for the bill, which was sent back to committee and reported out again with
new language in August 1962. The Kefauver—Harris Bill was signed into law
in October 1962. It was demonstrated after the fact that thalidomide was
teratogenic in the rabbit; out of the episode grew the current practice that
new human pharmaceuticals are tested for teratogenicity in two species, one
generally being the rabbit.

The 1962 Drug Amendment made three major changes in the manner in
which new drugs could be approved (Merrill, 1994). First, and perhaps the
most important, was that it introduced the concept of effectiveness into the
approval process. An NDA had to contain evidence that the drug was not only
safe but also effective. The 1938 law contained no such specification. The
effectiveness requirement necessitated that a drug company had to do more
extensive clinical trials. The new law required that companies apply to the
FDA for approval of its clinical testing plan under an investigational new drug
application (INDA). No response from the FDA was deemed to be accep-
tance. As each level of clinical testing came to require FDA review and
approval, the new law made the FDA an active partner in the development
of all drugs.

The second major change enacted under the 1962 amendment was the
change in the approval process from premarket notification to a premarket
approval system. Under the terms of the 1938 law, an NDA would take effect
automatically if the FDA did not respond. For example, the only reason tha-
lidomide was not approved was because Dr. Kelsey returned the application
to the sponsor with a request for more information. In contrast, the 1962 law
required affirmative FDA action before a drug could be put on the market.
Under the terms of the 1962 amendments, the FDA was also empowered to
withdraw NDA approval and remove the drug from the market for a variety
of reasons, including new evidence that the product was unsafe or that the
sponsor had misrepresented or underreported data.

The third major change enlarged the FDA’s authority over clinical testing
of new drugs. Thus, not only was evidence of effectiveness required, but
Section 505(d) of the act specified the types of studies required: “Substantial
evidence consisting of adequate and well-controlled investigations, including
clinical investigations by qualified expert.” In meeting the statutory require-
ment for setting standards of clinical evidence, the FDA has become highly
influential in the design of drug-testing regimens (Merrill, 1994). Interestingly,
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discussed in detail by Hutt (1987), the FDA was initially quite unprepared for
this new level of responsibility. It was not until 1973 that audited regulations
on the determination of safety and effectiveness were put into place (these
were, in fact, approved by the Supreme Court). While there have been several
procedural changes [e.g., the 1985 investigational new drug (IND) rewrite]
and additions (e.g., the 1988 IND procedures for life-threatening disease treat-
ment), there have actually been no major changes in the law through 1992
with the Prescription Drug User Fee Act (PDUFA) and 1997 with the Food
and Drug Administration Modernization Act (FDAMA).

We must interject an interesting historical sidelight at this point. Despite
its reputation, thalidomide made a bit of a comeback in the 1990s (Blakeslee,
1994). Among other properties, thalidomide has been shown to have good
anti-inflammatory properties due to the fact that it apparently decreases the
synthesis and/or release of tissue necrosis factor.

2.2.4 1992, 1997, 2002, and 2007: PDUFA and FDAMA

The history of pharmaceutical regulations has been dominated by two often-
opposing schools of thought: the need to provide the citizenry with effective
medicaments and the need to protect the consumer from unsafe and mis-
branded products. The reader is referred to Peter B. Hutt’s in-depth reviews
(1983a,b) on the subject. For example, the first federal drug legislation in the
United States was the Vaccine Act of 1813, which mandated the provision
of the smallpox vaccine to the general public. In the modern era, legislative
debate could be further defined as the constant swing back and forth on these
two issues (see Hutt, 1983a,b), that is, safety versus development costs. In
1963, for example, Senator Hubert Humphrey presided over hearings on the
FDA’s implementation of the Drug Amendment of 1962. The FDA came
under substantial criticism for failure to take strong action to protect the
public from dangerous drugs. Eleven years later (1974), Senator Edward
Kennedy conducted hearings addressing exactly the same issue. Commis-
sioner Schmidt pressed the point that the FDA is under constant scrutiny
regarding the approval of “dangerous” drugs, but no hearing had ever been
conducted (up to that time) on the failure of the FDA to approve an important
new therapy.

The next decade and a half saw a proliferation of work that analyzed the
impact of regulation on competitiveness and the introduction of new therapies
[see Hutt (1983b) for a complete review]. This included, for example,
Grabowski and Vernon’s work (1983), which concluded that regulation
had significant adverse effect on pharmaceutical innovation. This examination
of the cost of regulation continued into the 1990s. In a meticulous and
well-research study DiMasi et al. (1994) reported that throughout the 1980s
the number of INDAS were decreasing while the NDA success rate was
also dropping, and the length of time between discovery and approval was



BRIEF HISTORY OF U.S. PHARMACEUTICAL LAW 29

increasing. Clearly this is a situation that could not go on forever. The cost of
new drug development rose from $54 million (U.S.) in 1976 to $359 million
(U.S.) in 1990 (Anonymous, 1998a). Members of the pharmaceutical industry
and the biotechnology industry were becoming increasingly alarmed by the
negative synergy caused by increased costs and increased time to market. In
1991, Dranove published an editorial examining the increased costs and
decreased product flow that resulted from the 1962 amendment. He made the
observation that European requirements are less stringent than those of the
United States yet the Europeans did not seem to be afflicted by a greater
number of dangerous drugs (see Table 1.2). Yet, if one looks at an analysis of
worldwide withdrawals for safety from 1960 to 1999 (Fung et al., 2001), one
sees that of 121 products identified 42.1% were withdrawn from European
markets alone, 5% from North America, 3.3% from Asia Pacific, and 49.6%
from multiple markets. The top five safety reasons for withdrawal were hepatic
(26.2%), hematological (10.5%), cardiovascular (8.7%), dermatological
(6.3%), and carcinogenic (6.3%) issue.

In an age of decreasing regulatory recourses, the FDA (as well as Congress)
was under increasing pressure to review and release drugs more quickly.
In response, Congress passed the 1992 PDUFA. Under the terms of this act,
companies would pay a fee to the agency to defray costs associated with appli-
cation review. They would supposedly provide the FDA with the resources
available to decrease application review time. In return, companies were
guaranteed a more rapid review time. By all accounts, PDUFA has been
successful. In 1992 (the year PDUFA was passed), 26 NDAs were approved,
requiring on average 29.9 months for data review, while in 1996, 53 new drug
(or biological) products were approved, each requiring an average of 17.8
months of review time. PDUFA was successful in decreasing review times but
has not really streamlined the procedures.

The AIDS activist community was particularly vocal and effective in
demanding more rapid approvals and increased access to therapies. There was
also demand for FDA reform on a number of other fronts (e.g., medical
devices, pediatric claims, women and minority considerations, manufacturing
changes, etc.). In 1993 the House Commerce Committee on Oversight and
Investigations, chaired by John Dingel (D-MI), released a comprehensive
investigation and evaluation of the FDA entitled Less Than the Sum of Its
Parts. The report was highly critical of the FDA and made a number of recom-
mendations (Pilot and Waldemann, 1998). The mid-1990s also saw the rein-
venting government initiatives (RIGO) chaired by Vice President AL Gore.
Under RIGO, the FDA sought to identify and implement administrative
reform. The RIGO report issued was entitled Reinventing Regulation of Drugs
and Medical Devices. The 104th Congress started hearings on FDA reform
again in the winter of 1995. Two bills were introduced that provided the essen-
tial outline of what would become FDAMA. Senator Nancy Kassebaum (R-
KS), chair of the Senate Committee on Labor and Human Resources,
introduced S-1477. The second was H.R. 3201, introduced by Rep. Joe Barton
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(R-TX). Other bills were introduced by Senator Paul Wellstone (D-MN) and
Rep. Ron Weyden (D-OR), which focused more on medical devices but still
paved the way for bipartisan support of FDA reform (Pilot and Wladerman,
1998@@). Eventually, the 105th Congress passed FDAMA, which was signed
into law by President Clinton in November 1997. The various sections of
FDAMA are listed in Table 2.2. By any measure, it was a very broad and
complex, if not overdeep, piece of legislation. In 1998, Marwick (1998, p. 815)
observed, “a measure of the extent of the task is that implementation of the
act will require 42 new regulations, ... 23 new guidance notices, and 45 reports
and other tasks.” The FDA has identified these various tasks, regulations, and
guidances necessary for the implementation of FDAMA. (The FDAMA
implementation chart is available at http://www.fda.gov/po/modact97.html,
and the reader is urged to explore this site. There is an FDAMA icon on the
FDA home page, and both the Center for Biologics Evaluation and Research
(CBER) and the Center for Drug Evaluation and Research (CDER) have
issued various guidance documents. Some of the more interesting sections of
the act that may be of interest to toxicologists included:

« Two successive renewals of PDUFA for another five years.
« Fast track for break-through products.

+ Change in the fashion biologicals are regulated [elimination of the esta-
blishment and product licenses, both replaced with a biological license
application or (BLA)].

- Change in the fashion antibiotics are developed and regulated.
« Incentives for the development of pediatric claims.

+ Companies will be permitted to disseminate information about approved
uses for their products.

+ FDAMA requires that the FDA establishes a clinical trials database
for drugs used to treat serious and life-threatening diseases, other than
AIDS and cancers (databases for these diseases have already been
established).

The full impact of FDAMA in the pharmaceutical industry in general and
on toxicology within this industry in particular remains to be determined.

This is a debate that has continued to the present and has been highlighted
by the demands for anti-HIV chromotherapeutic agents.

While it is not possible to review the history of regulations worldwide, it is
possible to point out some differences. We will highlight specific differences
where appropriate throughout the remainder of the text.

The strength of the United States regulatory system was highlighted at the
BioEurope 1993 Conference. David Holtzman stated: “the main subject of the
conference was regulation, and the U.S. was perceived to have the superior
regulatory agency. It may be more difficult to satisfy but it is more predictable
and scientifically based” (Holtzman, 1993, p. 87). This predictability has not



BRIEF HISTORY OF U.S. PHARMACEUTICAL LAW 31

TABLE 2.2 Summary of Contents of 1997 Food and Drug Administration

Modernization Act

Title/Subtitle

Section

I. Improving Regulatory Drugs

A. Fees Relating to Drugs 101.
102.
108.
104.
105.
106.
107.
B. Other Improvements 111.
112.

113.

114.
115.
116.
118.

119.
120.
121.
122.
123.
124.
125.
126.

127.
128.

129.
130.

131.

II. Improving Regulation of Devices 201.
202.
203.

204.
205.

206.
207.

208.
209.
210.

Findings

Definitions

Authority to assess and use drug fees
Annual reports

Savings

Effective date

Termination of effectiveness

Pediatric studies of drugs

Expanding study and approval of fast-
track drugs

Information program on trials for
serious disease

Health care economic information
Manufacturing changes for drugs
Streamlining clinical research for drugs
Data requirements for drugs and
biologics

Content and review of applications
Scientific advisory panels

Positron emission tomography
Requirements for radiopharmaceuticals
Modernization of regulation

Pilot- and small-scale manufacture
Insulin and antibiotics

Elimination of certain labeling
requirements

Application of federal law to pharmacy
compounding

Reauthorization of clinical
pharmacology program

Regulation of sunscreen products
Report of postmarketing approval
studies

Notification of discontinuance of a life-
saving product

Investigational device exemptions
Special review for certain devices
Expanding humanitarian use of
devices

Device standards

Collaborative determinations of device
data requirements

Premarket notification

Evaluation of automatic class IlI
designation

Classification panels

Certainty of review time frames
Accreditation of person for review of
premarket notification reports
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TABLE 2.2 Continued

Title/Subtitle

Section

lll. Improving Regulation of Food

IV. General Provisions

V. Effective Date

211.
212.
213.
214.
215.
216.

217.

301.
302.
303.
304.
305.
306.
307.
308.
309.
401.
402.

403.

404.
405.
406.
407.
408.
409.

410.

411.
412.

413.

414.
415.
416.
417.
418.
419.
420.
421.

422,
501.

Device tracking

Postmarket notification

Reports

Practice of medicine

Noninvasive blood glucose meter
Data relating to premarket approval:
product development protocol
Number of required clinical
investigations for approval

Flexibility for regarding claims
Petitions for claims

Health claims for food products
Nutrient content claims

Referral statements

Disclosure of radiation

Irradiation petition

Glass and ceramic ware

Food contact substance
Dissemination of information new uses
Expanded access of investigational
therapies and diagnostics

Approval of supplemental applications
for approved products

Dispute resolution

Informal agency statements

FDA mission and annual report
Information system

Education and training

Centers for education and research on
therapeutics

Mutual recognition of agreements and
global harmonization

Environmental impact review

National uniformity for nonprescription
drugs and cosmetics

FDA study of mercury in drugs and
foods

Interagency collaboration

Contracts for expert review

Product classification

Registration of foreign establishments
Clarification of seizure authority
Interstate commerce

Safety report disclaimers

Labeling and advertising compliance
with statutory requirements

Rule of construction

Effective date




BRIEF HISTORY OF U.S. PHARMACEUTICAL LAW 33

stultified the growth and biotechnology industry in the United States. In fact,
it has made the United States a more inciting target for investment than
Europe. It is also a system that, while not perfect, has permitted very few
unsafe products on the market.

2.2.5 FDAMA: Summary—Consequences and Other Regulations

In summary, federal regulation of the safety of drugs has had three major
objectives:

+ Requiring testing to establish safety and efficacy

- Establishing guidelines as to which tests are required and how they are
designed

« Promulgating requirements of data recording and reporting

The first of these objectives was served by the 1906 act, which required that
agents be labeled appropriately. This was amended in 1938, in response to the
tragedies associated with elixir of sulfanilamide and Lash Lure, to require that
drugs and marketed formulations of drugs be shown to be safe when used as
intended. In the aftermath of the thalidomide tragedy, the 1962 Kefauver—
Harris Amendment significantly tightened requirements for preclinical testing
(the INDA) and premarket approval (the NDA) of new drugs. The regula-
tions pertaining to INDAs and NDAs have been modified (most recently in
1988) but essentially remain as the backbone of regulations of the toxicity
evaluation of new human pharmaceutical agents.

The Good Laboratories Practice (GLP) Act, which specifies standards for
study planning, personnel training, data recording, and reporting, came out in
1978 in response to perceived shoddy practices of the operations of laborato-
ries involved in the conduct of preclinical safety studies. It was revised in 1985
and is discussed elsewhere in this book.

The final major regulatory initiative on how drugs will be preclinically
evaluated for safety arose out of the AIDS crisis. To that point, the process
of drug review and approval had very generally been perceived as slowing
down, the FDA pursuing a conservative approach to requiring proof of
safety and efficacy before allowing new drugs to become generally available.
In response to AIDS, in 1988 the Expedited Delivery of Drugs for Life-
Threatening Diseases Act established a basis for less rigorous standards (and
more rapid drug development) in some limited cases.

In the United Kingdom, the Committee on Safety of Medicines (reporting
to the minister of health) regulates drug safety and development under the
Medicines Act of 1968 (which has replaced the Therapeutic Substances Act
of 1925). Details on differences in drug safety regulations in the international
marketplace can be found in Alder and Zbinden (1988), but key points are
presented in this chapter.
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2.3 OVERVIEW OF U.S. REGULATIONS

2.3.1 Regulations: General Considerations

The U.S. federal regulations that govern the testing, manufacture, and sale of
pharmaceutical agents and medical devices are covered in Chapter 1, Title 21,
of the Code of Federal Regulations (21 CFR). These comprise nine 6 x 8-in.
(printing on both sides of the pages) volumes which stack 8in. high. This title
also covers foods, veterinary products, and cosmetics. As these topics will be
discussed elsewhere in this book, here we will briefly review those parts of 21
CFR that are applicable to human health products and medicinal devices.

Of most interest to a toxicologist working in this arena would be Chapter
1, Subchapter A (Parts 1-78), which cover general provisions, organization,
and so on. The GLPs are codified in 21 CFR 58.

General regulations that apply to drugs are in Subchapter C (Parts 200—
299). This covers topics such as labeling, advertising, commercial registration,
manufacture, and distribution. Of most interest to a toxicologist would be a
section on labeling (Part 201, Subparts A-G, which covers Sections 201.1-
201.317 of the regulations) as much of the toxicological research on a human
prescription drug goes toward supporting a label claim. For example, specific
requirements on content and format of labeling for human prescription drugs
are covered in Section 201.57. Directions for what should be included under
the “Precautions” section of a label are listed in 201.57(f). This included
201.57(f)(6), which covers categorization of pregnancy risk, and the reliance
upon animal reproduction studies in making these categorizations is made
quite clear. For example, a drug is given a pregnancy category B if “animal
reproduction studies have failed to demonstrate a risk to the fetus.” The point
here is not to give the impression that the law is most concerned with preg-
nancy risk. Rather, we wish to emphasize that much basic toxicological infor-
mation must be summarized on the drug label (or package insert). This section
of the law is quite detailed as to what information is to be presented and the
format of the presentation. Toxicologists working in the pharmaceutical arena
should be familiar with this section of the CFR.

2.3.2 Regulations: Human Pharmaceuticals

The regulations specifically applicable to human drugs are covered in
Subchapter D, Parts 300-399. The definition of a new drug is covered in
Part 310(g):

A new drug substance means any substance that when used in the manufacture,
processing or packaging of a drug causes that drug to be a new drug but does
not include intermediates used in the synthesis of such substances.

The regulation then goes on to discuss “newness with regard to new for-
mulations, indications, or in combinations.” For toxicologists, the meat of the
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regulations can be found in Section 312 (INDA) and Section 314 (applications
for approval to market a new drug or antibiotic drug or NDA). The major
focus for a toxicologist working in the pharmaceutical industry is on preparing
the correct toxicology “packages” to be included to “support” these two types
of applications. (The exact nature of these packages will be covered below.)

In a nutshell, the law requires solid scientific evidence of safety and efficacy
before a new drug will be permitted in clinical trials or (later) on the market.
The INDA (covered in 21 CFR 310) is for permission to proceed with clinical
trials on human subjects. Once clinical trials have been completed, the manu-
facturer or “sponsor” can then proceed to file an NDA (covered in 21 CFR
314) for permission to market the new drug.

As stated in 321.21, “A sponsor shall submit an IND if the sponsor intends
to conduct a clinical investigation with a new drug ... [and] shall not begin a
clinical investigation until ... an IND ... is in effect.” Similar procedures are
in place in other major countries. In the United Kingdom, for example, a
clinical trials certificate (CTC) must be filed or a CTX (clinical trial exemp-
tion) obtained before clinical trials may proceed. Clinical trials are divided
into three phases, as described in 312.21. Phase [ trials are initial introductions
into healthy volunteers primarily for the purposes of establishing tolerance
(side effects), bioavailability, and metabolism. Phase II clinical trials are “con-
trolled studies ... to evaluate effectiveness of the drug for a particular indica-
tion or disease.” The secondary objective is to determine common short-term
side effects; hence the subjects are closely monitored. Phase III studies are
expanded clinical trials. It is during this phase that the definitive, large-scale,
double-blind studies are performed.

The toxicologist’s main responsibilities in the IND process are to design,
conduct, and interpret appropriate toxicology studies (or “packages”) to
support the initial IND and then design the appropriate studies necessary to
support each additional phase of investigation. Exactly what may constitute
appropriate studies are covered elsewhere in this chapter. The toxicologist’s
second responsibility is to prepare the toxicology summaries for the (clinical)
investigator’s brochure [described in 312.23(a)(8)(ii)]. This is an integrated
summary of the toxicological effects of the drug in animals and in vitro. The
FDA has prepared numerous guidance documents covering the content and
format of INDs. It is of interest that in the guidance for industry (Lumpkin,
1995) an in-depth description of the expected contents of the pharmacology
and toxicology sections was presented. The document contains the following
self-explanatory passage:

Therefore, if final, fully quality-assured individual study reports are not available
at the time of IND submission, an integrated summary report of toxicological
findings based on the unaudited draft toxicologic reports of the completed
animal studies may be submitted.

If unfinalized reports are used in an initial IND, the finalized report must
be submitted within 120 days of the start of the clinical trial. The sponsor must
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also prepare a document identifying any differences between the preliminary
and final reports and the impact (if any) on interpretation.

Thus, while the submission of fully audited reports is preferable, the agency
does allow for the use of incomplete reports.

Once an IND or CTC/X is opened, the toxicologists may have several
additional responsibilities. First is to design, conduct, and report the additional
tests necessary to support a new clinical protocol or an amendment to the
current clinical protocol (Section 312.20). Second is to bring to the sponsor’s
attention any finding in an ongoing toxicology study in animals “suggesting a
significant risk to human subjects, including any finding of mutagenicity, tera-
togenicity or carcinogenicity,” as described in 21 CFR 312.32. The sponsor has
a legal obligation to report such findings within 10 working days. Third is to
prepare a “list of the preclinical studies ... completed or in progress during
the past year” and a summary of the major preclinical findings. The sponsor
is required (under Section 312.23) to file an annual report (within 60 days of
the IND anniversary date) describing the progress of the investigation. INDs
are never “approved” in the strict sense of the word. Once filed, an IND can
be opened 30 days after submission unless the FDA informs the sponsor oth-
erwise. The structure of an IND is outlined in Table 2.3. Complete and thor-
ough reports on all pivotal toxicological studies must be provided with the
application.

If the clinical trials conducted under an IND are successful in demonstrat-
ing safety and effectiveness [often established at a pre-NDA meeting, described
in 21 CFR 312.47(b)(2)], the sponsor can then submit an NDA. Unlike an
IND, the NDA must be specifically approved by the agency. The toxicologist’s
responsibility in the NDA/marketing authorization application (MAA)
process is to prepare an integrated summary of all the toxicology and/or safety
studies performed and be in a position to present and review the toxicology
findings to the FDA or its advisory bodies. The approval process can be
exhausting, including many meetings, hearings, appeals, and so on. The ground

TABLE 2.3 Composition of Standard INDA

IND cover sheets (form FDA-1571)
Table of contents
Introductory statement
General (clinical) investigation plan
(Clinical) investigators brochure
(Proposed) clinical protocol(s)
Chemistry, manufacturing, and control information
Pharmacology and toxicology information (includes metabolism and pharmacokinetic
assessments done in animals)
9. Previous human experience with the investigational drug
10. Additional information
11. Other relevant information

© NN~




OVERVIEW OF U.S. REGULATIONS 37

rules for all of these are described in Part A of the law. For example, all NDAs
are reviewed by an “independent” (persons not connected with either the
sponsor or the agency) scientific advisory panel which will review the findings
and make recommendations as to approval. MA As must be reviewed by and
reported on by an expert recognized by the cognizant regulatory authority.
Final statutory approval in the United States lies with the commissioner of the
FDA. It is hoped that few additional studies will be requested during the NDA
review and approval process. When an NDA is approved, the agency will send
the sponsor an approval letter and will issue a summary basis of approval
(SBA) (312.30), which is designed and intended to provide a public record of
the agency’s reasoning for approving the NDA while not revealing any pro-
prietary information. The SBA can be obtained through Freedom of Informa-
tion and can provide insights into the precedents for which types of toxicology
studies are used to support specific types of claims.

2.3.3 Regulations: Environmental Impact

Environmental impact statements, while once important only for animal
drugs, must now accompany all MDAs. This assessment must also be included
in the drug master file (DMF). The procedures, formats, and requirements are
described in 21 CFR 2531. This requirement has grown in response to the
National Environmental Policy Act, the heart of which required that federal
agencies evaluate every major action that could effect the quality of the envi-
ronment. In the INDs, this statement can be a relatively short section claiming
that relatively small amounts will post little risk to the environment. The
European Economic Community (EEC) has similar requirements for drug
entities in Europe, though data requirements are more strenuous. With NDAs,
this statement must be more substantial, detailing any manufacturing and/or
distribution process that may result in release into the environment. Environ-
mental fate (e.g., photohydrolysis) and toxicity (e.g., fish, daphnia, and algae)
studies will be required. While not mammalian toxicology in the tradition of
pharmaceutical testing, preparing an environmental impact statement will
clearly require toxicological input. The FDA has published a technical bulletin
covering the tests it may require (FDA, 1987).

2.3.4 Regulations: Antibiotics

The NDA law (safety and effectiveness) applies to all drugs, but antibiotic
drugs were treated differently until the passage of FDAMA in 1997. Antibiotic
drugs had been treated differently by the FDA since the development of
penicillin revolutionized medicine during World War II. The laws applicable
to antibiotic drugs were covered in 21 CFR 430 and 431. Antibiotics such as
penicillin or doxorubicin are drugs derived (in whole or in part) from natural
sources (such as molds or plants) which have cytotoxic or cytostatic properties.
They were treated differently from other drugs as the applicable laws required
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a batch-to-batch certification process. Originally passed into law in 1945
specifically for penicillin, this certification process was expanded by the 1962
amendment (under Section 507 of the FDCA) to require certification of all
antibiotic drugs, meaning that the FDA would assay each lot of antibiotic for
purity, potency, and safety. The actual regulations were covered in 21 CFR
Subchapter D, Parts 430-460 (over 600 pages), which describes the standards
and methods used for certification for all approved antibiotics. Section 507
was repealed by FDAMA (Section 125). As a result of the repeal of Sections
507, the FDA is no longer required to publish antibiotic monographs. In addi-
tion, the testing, filing and reviewing of antibiotic applications are now handled
under Section 505 of the act like any other new therapeutic agent. The FDA
has published a guidance document to which the reader is referred for more
details (Anonymous, 1998a,b).

2.3.5 Regulations: Biologics

Biological products are covered in Subchapter F, Parts 600-680. As described
in 21 CFR 600.3(h), “biological product means any virus, therapeutic serum,
toxin, antitoxin or analogous product applicable to the prevention, treatment
or cure of diseases or injuries of man.” In other words, these are vaccines and
other protein products derived from animal sources. Clearly the toxicological
concerns with such products are vastly different than those involved with
low-molecular-weight synthetic molecules. There is little rational basis, for
example, for conducting a one-year, repeated dose toxicity study with a vaccine
or a human blood product. The FDA definition for safety with regard to these
products is found in 21 CFR 603.1(p): “Relative freedom from harmful effect
to persons affected, directly or indirectly, by a product when prudently
administered.” Such safety consideration has more to do with purity, sterility,
and adherence to good manufacturing standards than with the toxicity of the
therapeutic molecule itself. The testing required to show safety is stated in the
licensing procedures 21 CFR 601.25(d)(1): “Proof of safety shall consist of
adequate test methods reasonably applicable to show the biological product
is safe under the prescribed conditions.” Once a license is granted, each batch
or lot of biological product must be tested for safety, and the methods of doing
so are written into the law. A general test for safety (i.e., required in addition
to other safety tests) is prescribed using guinea pigs, as described in 610.11.
Additional tests are often applied to specific products. For example, 21 CFR
630.35 describes the safety tests required for measles vaccines, which include
tests in mice and in vitro assays with tissue culture. Many new therapeutic
entities produced by biotechnology are seeking approval as biologics with the
results being FDA approval of a product license application (PLA). Table 2.4
presents general guidance for the basis of deciding if an individual entity falls
under CDER or the CBER authority for review.

The International Conferences on Harmonisation (ICH) has published
its document S6, Preclincial Safety Evaluation of Biotechnology-Derived
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TABLE 2.4 Product Class Review Responsibilities

Center for Drug Evaluation and Review

Natural products purified from plant or mineral sources
Products produced from solid tissue sources (excluding procoagulants, venoms, blood
products, etc.)
Antibiotics, regardless of method of manufacture
Certain substances produced by fermentation
Disaccharidase inhibitors
HMG-CoA inhibitors
Synthetic chemicals
Traditional chemical synthesis
Synthesized mononuclear or polynuclear products including antisense chemicals
Hormone products

Center for Biologics Evaluation and Review

Vaccines, regardless of manufacturing method

In vivo diagnostic allergenic products

Human blood products

Protein, peptide, and/or carbohydrate products produced by cell culture
(other than antibiotics and hormones)

Immunoglobulin products

Products containing intact cells or microorganisms

Proteins secreted into fluids by transgenic animals

Animal venoms

Synthetic allergens

Blood banking and infusion adjuncts

Pharmaceuticals. The FDA (the CDER and CBER jointly) has published the
document as a guidance for industry (Anonymous, 1997a.b).

A current list of regulatory documents available by email (including the
most recent PTCs, or points to consider) can be found at doc_list@al.fda.gov.

2.3.6 Regulations versus Law

A note of caution must be inserted here. The law (the document passed by
Congress) and the regulations (the documents written by the regulatory
authorities to enforce the laws) are separate documents. The sections in the
law do not necessarily have numerical correspondence. For example, the regu-
lations on the NDA process is described in 21 CFR 312, but the law describing
the requirement for an NDA process is in Section 505 of the FDCA. Because
the regulations rather than the laws themselves have a greater impact on toxi-
cological practice, greater emphasis is placed on regulation in this chapter. For
a complete review of FDA law, the reader is referred to the monograph by
the Food and Drug Law Institute in 1999.

Laws authorize the activities and responsibilities of the various federal
agencies. All proposed laws before the U.S. Congress are referred to
committees for review and approval. The committees responsible for FDA
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TABLE 2.5 Congressional Committees Responsible for FDA Oversight

Authorization
Senate All public health service agencies are under the jurisdiction of the Labor
and Human Resources Committee.
House Most public health agencies are under the jurisdiction of Health and the
Environmental Subcommittee of the House Energy and Commerce
Committee.
Appropriation
Senate Unlike most other public health agencies, the FDA is under the jurisdiction

of the Agriculture, Rural Development, and Related Agencies
Subcommittee of the Senate Appropriations Committee.

House Under the jurisdiction of the Agriculture, Rural Development, and Related
Agencies Subcommittee of the House Appropriations Committee.

oversight are summarized in Table 2.5. This table also highlights the fact that
authorizations and appropriations (the funding necessary to execute authori-
zations) are handled by different committees.

2.4 ORGANIZATIONS REGULATING DRUG AND DEVICE SAFETY IN
THE UNITED STATES

The agency formally charged with overseeing the safety of drugs in the United
States is the FDA. It is headed by a commissioner who reports to the secretary
of the Department of Health and Human Services (DHHS) and has a tremen-
dous range of responsibilities. Drugs are overseen primarily by the CDER
(though some therapeutic or health care entities are considered biologics and
are overseen by the corresponding CBER). Figure 2.1 presents the organiza-
tion of CDER. The organization of CBER is shown in Figure 2.2.

Most of the regulatory interactions of toxicologists are with the two offices
of Drug Evaluation, which have under them a set of groups focused on areas
of therapeutic claim (cardiorenal, neuropharmacological, gastrointestinal and
coagulation, oncology and pulmonary, metabolism and endocrine, anti-
infective and antiviral). Within each of these are chemists, pharmacologists/
toxicologists, statisticians, and clinicians. When an INDA is submitted to the
offices of Drug Evaluation, it is assigned to one of the therapeutic groups
based on its area of therapeutic claim. Generally, it will remain with that group
throughout its regulatory approval “life.” When allowed, INDs grant investi-
gators the ability to go forward into clinical (human) trials with their drug
candidate in a predefined manner, advancing through various steps of evalu-
ation in human (and in additional preclinical or animal studies) until an NDA
can be supported, developed, and submitted. Likewise for biological products,
the PLA or other applications (INDA, IND) are handled by the offices of
Biological Products Review of the CBER.

For drugs, there is at least one nongovernmental body which must review
and approve various aspects—the USP (established in 1820), which maintains
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(and revises) the compendia of the same name, and the National Formulary,
which sets drug composition standards (Ember, 2001). This volume sets forth
standards for purity of products in which residues may be present and tests
for determining various characteristics of drugs, devices, and biologics. The
USP also contains significant “guidance” for the evaluation.

2.5 PROCESS OF PHARMACEUTICAL PRODUCT DEVELOPMENT
AND APPROVAL

Except for a very few special cases (treatments for life-threatening diseases
such as cancer or AIDS), the safety assessment of new drugs as mandated by
regulations are seemingly determined in a rather fixed manner. The IND is filed
to support this clinical testing. An initial set of studies [typically, studies of
appropriate length by the route intended for humans are performed in both a
rodent (typically rat) and a nonrodent (usually a dog or a primate)] is required
to support phase I clinical testing. Such phase I testing is intended to evaluate
the safety (“tolerance” in clinical subjects), pharmacokinetics, and general bio-
logical effects of a new drug and is conducted in normal volunteers (almost
always males).

Successful completion of phase I testing allows, with the approval of the
FDA, progression into phase II clinical testing. Here, selected patients are
enrolled to evaluate therapeutic efficacy, dose ranging, and more details about
the pharmacokinetics and metabolism. Longer term systemic toxicity studies
must be in conformity with the guidelines that are presented in the next
section. Once a sufficient understanding of the actions, therapeutic dose
response, and potential risk-to-benefit ratio of the drug is in hand (once again,
with FDA approval), trials move into phase III testing.

Phase III tests are large, long, and expensive. They are conducted using
large samples of selected patients and are intended to produce proof of safety
and efficacy of the drug. Two studies providing statistically significant proof
of the claimed therapeutic benefit must be provided. All the resulting data
from preclinical and clinical animal studies are organized in a specified format
in the form of a NDA, which is submitted to the FDA.

By the time that phase III testing is completed, some additional preclinical
safety tests must also generally be in hand. These include the three separate
reproductive and developmental toxicity studies (segments I and III in the rat
and segment II in the rat and rabbit) and carcinogenicity studies in both rats
and mice (unless the period of therapeutic usage is intended to be very short).
Some assessment of genetic toxicity will also be expected.

The ultimate product of the pharmaceutical toxicologist will thus generally
be the toxicology summaries of the IND and NDA (or PLA). For medical
devices, the equivalents are the investigational device exemption (IDE) and
product development notification (PDN). Data required to support each of
these documents is specified in a series of guidelines, as will be discussed below.
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Acceptance of these applications is contingent not only upon adherence to
guidelines and good science but also adherence to GLPs.

2.6 TESTING GUIDELINES

2.6.1 Toxicity Testing: Traditional Pharmaceuticals

Although the 1938 act required safety assessment studies, no consistent guide-
lines were available. Guidelines were first proposed in 1949 and published in
the Food, Drug and Cosmetic Law Journal that year (Burns, 1983). Following
several revisions, these guidelines were issued as The Appraisal Handbook in
1959. While never formally called a guideline, it set the standard for preclinical
toxicity test design for several years. The current basic guidelines for testing
required for safety assessment in support of the phases of clinical development
of drugs were first outlined by Goldenthal (1968) and later incorporated into
a 1971 FDA publication entitled FDA Introduction to Total Drug Quality.

2.6.2 General or Systematic Toxicity Assessment

Table 2.6 presents an overview of the current FDA toxicity testing guidelines
for human drugs. Table 2.7 presents the parallel ICH guidances (ICH, 2000),
which are now largely supplanting the FDA guidelines. They are misleading
in their apparent simplicity, however. First, each of the systemic toxicity
studies in these guidelines must be designed and executed in a satisfactory
manner. Sufficient animals must be used to have confidence in finding and
characterizing any adverse drug actions that may be present. In practice, as
the duration of the study increases, small doses are administered and larger
numbers of animals must be employed per group. These two features—dosage
level and group size—are critical to study designs. Table 2.8 presents general
guidance on the number of animals to be used in systemic studies. These and
other technical considerations for the safety assessment of pharmaceuticals
are presented in detail in Gad (1994).

The protocols discussed thus far have focused on general or systemic
toxicity assessment. The agency and, indeed, the lay public have a special set
of concerns with reproductive toxicity, fetal/embryo toxicity, and developmen-
tal toxicity (also called fteratogenicity). Collectively, these concerns often go
by the acronym DART (developmental and reproductive toxicity) or RTF
(reproduction, teratogenicity, fertility). Segment II studies are more designed
to detect developmental toxicity. Only pregnant females are dosed during
critical period of organogenesis. Generally, the first protocol DART test
(exclusive of range-finding studies) is a segment I study of rats in fertility and
general reproductive performance. This is generally done while the drug is in
phase II clinical trials. Alternatively, many companies are now performing the
segment II teratology study in rats before the segment I study because the
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TABLE 2.6 Synopsis of General Guidelines for Animal Toxicity Studies for Drugs

Duration of
Human Clinical Subacute or Chronic
Category Administration Phase Toxicity Special Studies
Oral or parenteral Several days I, I, 11, 2 Species; 2 weeks For parentally
NDA administered
drugs
Up to 2 weeks | 2 Species; 4 weeks
Il 2 Species; up to 4
weeks
I, NDA 2 Species; up to 3 Compatibility
months with blood
where
applicable
Up to 3 months |, Il 2 Species; 4 weeks
1] 2 Species; 3 months
NDA 2 Species; up to 6
months
6 Months to I, 1l 2 Species; 3 months
unlimited
1 2 Species; 6 months or
longer
NDA 2 Species; 9 months
(nonrodent) and 6
months (rodent)
+2 rodent species
for CA; 018 months
(mouse), 24 months
(rat). Mouse may be
replaced with an
allowable transgenic
mouse study.
Inhalationt(General I, I, Il, 4 Species; 5 days (3
Oanesthetics), NDA hours/day)
dermal Single | 1 Species; single 24-h  Sensitization
application exposure followed by
2-week observation
Single or short- |l 1 Species; 20-day
term repeated exposure
application (intact and abraded
skin)
Short-term 11 As above
application
Unlimited NDA As above, but intact
application skin study extended
up to 6 months
Ophthalmic Single | Eye irritation
application tests with
graded
doses
Multiple 1,10, 1 1 Species; 3 weeks
application daily applications, as

in clinical use



46 REGULATION OF HUMAN PHARMACEUTICAL SAFETY

TABLE 2.6 Continued

Duration of
Human Clinical Subacute or Chronic
Category Administration Phase Toxicity Special Studies
NDA 1 Species; duration
commensurate with
period of drug
administration
Vaginal or rectal Single Local and
application systematic
toxicity after
vaginal or
rectal
application in
2 species
Multiple I, 1, 1, 2 Species; duration
application NDA and number of
applications
determined by
proposed use
Drug combinations I, 1, 1, 2 Species; up to 3 Lethality by
NDA months appropriate
route,
compared to
components
run
concurrently
in 1 species

TABLE 2.7 Duration of Repeated-Dose Toxicity Studies to Support Clinical Trials and
Marketing®

Minimum Duration of Minimum Duration of
Repeated-Dose Toxicity Repeated-Dose Toxicity
H b H c

Duration of Studies Duration of Studies
Clinical Trials Rodents Nonrodents Clinical Trials Rodents Nonrodents
Single dose 2 Weeks? 2 Weeks Up to 2 Weeks 1 Month 1 Month
Up to 2 weeks 2 Weeks? 2 Weeks Up to 1 Month 3 Months 3 Months
Up to 1 month 1 Month 1 Month Up to 3 Months 6 Months 3 Months
Up to 6 months 6 Months 6 Months® >3 Months 6 Months Chronic?
>6 Months 6 Months Chronic®

“In Japan, if there are no phase Il clinical trials of equivalent duration to the planned phase Ill trials, conduct
of longer duration toxicity studies is recommended as given above.

“Data from 6 months of administration in nonrodents should be available before the initiation of clinical trials
longer than 3 months. Alternatively, if applicable, data from a 9-month nonrodent study should be available
before the treatment duration exceeds that which is supported by the available toxicity studies.

“The table also reflects the marketing recommendations in the three regions except that a chronic nonrodent
study is recommended for clinical use >1 month.

In the United States, as an alternative to 2-week studies, single-dose toxicity studies with extended examina-
tions can support single-dose human trials (4).

°To support phase | and Il trials in the EU and phase |, Il, and Ill trials in the United States and Japan.
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TABLE 2.8 Numbers of Animals per Dosage Group in Systemic Toxicity Studies

Study Duration (per Sex) Rodents (per Sex) Nonrodents

2—-4 Weeks 5 3

13 Weeks 207 6

26 Weeks 30 8

Chronic 50 10

Carcinogenicity 60° Applies only to contraceptives
Bioassays Applies only to contraceptives

“Starting with 13-week studies, one should consider adding animals (particularly to the high dose) to allow
evaluation of reversal of effects.

bIn recent years there have been decreasing levels of survival in rats on 2-year studies. What is required is
that at least 20—25 animals/sex/group survive at the end of the study. Accordingly, practice is beginning to
use 70 or 75 animals per sex per group.

former is less time and resource intensive. One or both should be completed
before including women of child-bearing potential in clinical trials. The FDA
requires teratogenicity testing in two species—a rodent (rat or mouse) and the
rabbit. The use of the rabbit was instituted as a result of the finding that tha-
lidomide was a positive teratogen in the rabbit but not in the rat. On occasion,
when a test article is not compatible with the rabbit, teratogenicity data in the
mouse may be substituted. There are also some specific classes of therapeutics
(e.g., the quinalone antibiotics) where segment II studies in primates are
effectively required prior to product approval. Both should be completed
before entering phase III clinical trials. The most complicated of the DART
protocols—segment I1I—is generally commenced during phase III trials and
should be part of the NDA. There are differences in the different national
guidelines (as discussed later with international considerations) regarding the
conduct of these studies. The large multinational drug companies try to design
their protocols to be in compliance with as many of the guidelines as possible
to avoid duplication of testing while allowing the broadest possible approval
and marketing of therapeutics.

2.6.3 Genetic Toxicity Assessment

Genetic toxicity testing generally focuses on the potential of a new drug to
cause mutations (in single-cell systems) or other forms of genetic damage. The
tests, generally short in duration, often rely on in vitro systems and generally
have a single endpoint of effect (point mutations, chromosomal damage, etc.).
For a complete review of protocols, technology, and so on, the reader is
referred to Brusick (1989). It is of interest that the FDA has no standard or
statutory requirement for genetic toxicity testing but generally expects to see
at least some such tests performed and will ask for them if the issue is not
addressed. If one performs such a study, any data collected, of course, must
be sent to the agency as part of any INDA, PLA, or NDA. These studies have
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yet to gain favor with the FDA (or other national regulatory agencies) as
substitutes for in vivo carcinogenicity testing. However, even with completed
negative carcinogenicity tests, at least some genetic toxicity assays are gener-
ally required. Generally, pharmaceuticals in the United States are evaluated
for mutagenic potential (e.g., the Ames assay) or for chromosomal damage
(e.g., the in vivo mouse micronucleus test). In general, in the United States,
pharmaceutical companies apply genetic toxicity testing in the following
fashion:

« As Screen  An agent that is positive in one or more genetic toxicity tests
may be more likely than one that is negative to be carcinogenic and,
therefore, may not warrant further development.

As Adjunct  An agent that is negative in carcinogenicity testing in two
species and also negative in a genetic toxicity battery is more likely than
not to be noncarcinogenic in human beings.

To Provide Mechanistic Insight For example, if an agent is negative in
a wide range of genetic toxicity screens but still produces tumors in
animals, then one could hypothesize that an epigenetic mechanism was
involved.

While not officially required, the FDA does have the authority to request, on
a case-by-case basis, as specific tests it feels may be necessary to address
a point of concern. A genetic toxicity test could be part of such a request.
In general, therefore, companies deal with genetic toxicity (after “screening”)
on a case-by-case basis, as dictated by good science. If more than a single
administration is intended, common practice is to perform the tests prior to
submitting an IND.

2.6.4 Toxicity Testing: Biotechnology Products

As mentioned, the regulation of traditional pharmaceuticals (small molecules
such as aspirin or digitalis) and the regulation of biologicals (proteins such as
vaccines and antitoxins derived from animal sources) have very different his-
tories. See the discussion on biologics in Section 2.3.5. Until 1972, the National
Institutes of Heath (NIH; or its forerunning agency, the Hygienic Laboratory
of the Department of the Treasury) was charged with the responsibilities of
administering the Virus Act of 1902. With the passage of the Food and Drug
Laws of 1906, 1938, and 1962, there was reoccurring debate about whether
these laws applied or should apply to biologics (Pendergast, 1983). This debate
was resolved when the authority for the regulation of biologics was transferred
to the FDA’s new Bureau of Biologics (now the CBER) in 1972. Since then,
there appears to have been little difference in the matter of regulation for
biologics and pharmaceuticals. The FDA essentially regulates biologics as
described under the 1902 act but then uses the rule-making authority granted
under the Food and Drug Act to “fill in the gaps.”
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The Bureau of Biologics was once a relatively “sleepy” agency, primarily
concerned with the regulation of human blood products and vaccines used for
mass immunization programs. The authors of the 1902 law could hardly have
foreseen the explosion in biotechnology that occurred in the 1980s. New
technology created a welter of new biological products, such as recombinant-
DNA-produced proteins (e.g., tissue plasminogen activator), biological
response modifiers (cytokinins and colony-stimulating factors), monoclonal
antibodies, antisense oligonucleotides, and self-directed vaccines (raising an
immune response to self-proteins such as gastrin for therapeutic reasons).
The new products raised a variety of new questions on the appropriateness of
traditional methods of evaluating drug toxicity that generated several PTC
documents. For the sake of brevity, this discussion will focus on the recombi-
nant DNA (rDNA) proteins. Some of the safety issues that have been raised
over the years are as follows:

+ The appropriateness of testing a human-specific peptide hormone in non-
human species

- The potential that the peptide could break down due to nonspecific
metabolism, resulting in products that had no therapeutic value or even
a toxic fragment

+ The potential sequelae to an immune response (formation of neutralizing
antibodies, provoking an autoimmune or a hypersensitivity response),
pathology due to immune precipitation, and so on

+ The presence of contamination with oncogenic virus DNA (depending on
whether a bacterial or mammalian system was used on the synthesizing
agent) or endotoxins

- The difficulty interpreting the scientific relevance of response to supra-
physiological systemic doses of potent biological response modifiers.

The intervening last few years have shown that some of these concerns were
more relevant than others. The “toxic peptide fragment” concern, for example,
has been shown to be without merit. The presence of potentially oncogenic
virus DNA and endotoxins is a quality assurance concern and is not truly a
toxicological problem. Regardless of the type of synthetic pathway, all pro-
teins must be synthesized in compliance with good manufacturing practices
(GMPs). Products must be as pure as possible, free of not only rDNA but also
other types of cell debris (endotoxin). Batch-to-batch consistency with regard
to molecular structure must also be demonstrated using appropriate methods
(e.g., amino acid). The regulatory thinking and experience over the last 15
years has come together in the document S6 Preclincial Safety Evaluation of
Biotechnology-Derived Pharmaceuticals, prepared by the ICH. The FDA (the
CDER and CBER jointly) has published the document as a guidance for
industry (Anonymous, 1997a,b). The document intended to provide basic
guidance for the preclinical evaluation of biotechnology-derived products,
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including proteins and peptides, either produced by cell culture using
rDNA technology (but did not cover antibiotics, allergenic extracts, heparin,
vitamins, cellular drug products vaccines) or as other products regulated as
biologics. Items covered are summarized as follows:

Test Article Specifications 1In general, the product that is used in the
definitive pharmacology and toxicology studies should be comparable to
the product proposed for the initial clinical studies.

Animal Species/Model Selection Safety evaluation should include the
use of relevant species, in which the test article is pharmacologically active
due, for example, to the expression of the appropriate receptor molecule.
These can be screened with in vitro receptor-binding assays. Safety evalu-
ation should normally include two appropriate species if possible and/or
feasible. The potential utility of gene knockout and/or transgenic animals
in safety assessment is discussed.

Group Size No specific numbers are given, but it does state that a small
sample size may lead to failure to observe toxic events.

Administration The route and frequency should be as close as possible
to that proposed for clinical use. Other routes can be used when scientifi-
cally warranted.

Immunogenicity It has also been clearly demonstrated in the testing of
rDNA protein products that animals will develop antibodies to foreign
proteins. This response has been shown to neutralize (rapidly remove
from circulation) the protein, but no pathological conditions have been
shown to occur as a sequelae to the immune response. Bear in mind,
however, that interleukins have powerful effects on immune response,
but these are due to their physiological activity and not to an antigen—
antibody response. The first has to do with “neutralizing antibodies”;
that is, is the immune response so great that the test article is being
removed from circulation as fast as it is being added? If this is the case,
does long-term testing of such a chemical make sense? In many cases, it
does not. The safety testing of any large molecule should include the
appropriate assays for determining whether the test system has devel-
oped a neutralizing antibody response. Depending on the species, route
of administration, intended therapeutic use, and development of neutral-
izing antibodies (which generally takes about two weeks), it is rare for a
toxicity test on an rDNA protein to be longer than four weeks duration.
However, if the course of therapy in humans is to be longer than two
weeks, formation of neutralizing antibodies must be demonstrated or
longer term testing performed. The second antigen—antibody formation
concern is that a hypersensitivity response will be elicited. Traditional
preclinical safety assays are generally adequate to guard against this if
they are two weeks or longer in duration and the relevant endpoints are
evaluated.
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Safety Pharmacology 1t is important to investigate the potential for
unwanted pharmacological activity in appropriate animal models and to
incorporate monitoring for these activities in the toxicity studies.

Exposure Assessment Single- and multiple-dose pharmacokinetics, toxi-
cokinetics, and tissue distribution studies in relevant species are useful.
Proteins are not given orally, demonstrating absorption and mass balance
are not typically primary considerations. Rather, this segment of the test
should be designed to determine the half-life (and other appropriate
pharmacokinetic descriptor parameters), the plasma concentration associ-
ated with biological effects, and potential changes due to the development
of neutralizing antibodies.

Reproductive Performance and Developmental Toxicity Studies These
will be dictated by the product, clinical indication, and intended patient
population.

Genotoxicity Studies 'The S6 document states that the battery of genotox-
icity studies routinely conducted for traditional pharmaceuticals are not
appropriate for biotechnology-derived pharmaceuticals. In contrast to
small molecules, genotoxicity testing with a battery of in vitro and in vivo
techniques of protein molecules has not become common U.S. industry
practice. Such tests are not formally required by the FDA but, if performed,
have to be reported. They are required by European and Japanese regula-
tory authorities. This has sparked a debate as to whether or not genotoxic-
ity testing is necessary or appropriate for rDNA protein molecules. It is the
author’s opinion that such testing is scientifically of little value. First, large
protein molecules will not easily penetrate the cell wall of bacteria or yeast,
and (depending on size, charge, lipophilicity, etc.) penetration across the
plasma lemma of mammalian cells will be highly variable. Second, if one
considers the well-established mechanism(s) of genotoxicity of small mol-
ecules, it is difficult to conceive how a protein can act in the same fashion.
For example, proteins will not be metabolized to be electrophilic active
intermediates that will crosslink guanine residues. In general, therefore,
genotoxicity testing with rDNA proteins is a waste of resources. It is con-
ceivable, however, that some proteins, because of their biological mecha-
nism of action, may stimulate the proliferation of transformed cells. For
example, it is a feasible hypothesis that a colony-stimulating factor could
stimulate the proliferation of leukemic cells (it should be emphasized that
this is a hypothetical situation, presented here for illustrative purposes).
Again, this is a question of a specific pharmacological property, and such
considerations should be tested on a case-by-case basis.

Carcinogenicity Studies These are generally inappropriate for biotech-
nology-derived pharmaceuticals; however, some products may have the
potential to support or induce proliferation of transformed cells, possibly
leading to neoplasia. When this concern is present, further studies in
relevant animal models may be needed.
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These items are covered in greater detail in the S6 guidance document.

So, given the above discussion, what should the toxicology testing package
of a typical rDNA protein resemble? Based on the products that have suc-
cessfully wound their way through the regulatory process, the following gen-
eralizations can be drawn:

« The safety tests look remarkably similar to those for traditional tests.
Most have been done on three species: the rat, the dog, or the monkey.
The big difference has to do with the length of the test. It is rare for a
safety test on a protein to be more than 13 weeks long.

- The dosing regimens can be quite variable and at times very technique
intensive. These chemicals are almost always administered by a
parenteral route of administration—normally intravenously or subcuta-
neously. Dosing regimens have run the range from once every 2 weeks
for an antihormone “vaccine” to continuous infusion for a short-lived
protein.

+ As reviewed by Ryffel (1996) most side effects in man of a therapy with
rDNA therapy may be predicted by data from experimental toxicology
studies, but there are exceptions. Interleukin 6 (IL-6), for example,
induced a sustained increase in blood platelets and acute phase proteins,
with no increase in body temperature. In human trials, however, there
were increases in temperature.

« The S6 document also mentions monoclonal antibody products. Indeed,
many of the considerations for rDNA products are also applicable to
monoclonal antibodies (including hybridized antibodies). With monoclo-
nal antibodies, there is the additional concern of cross-reactivity with
nontarget molecules.

As mentioned, the rapid development in the biotechnology industry has
created some confusion as to what arm of the FDA is responsible for such
products. In October 1992, the two major reviewing groups, CBER and
CDER, reached a series of agreements to explain and organize the FDA’s
position on products that did not easily fall into its traditional classification
schemes. CDER will continue to have responsibility for traditional chemically
synthesized molecules as well as those purified from mineral or plant sources
(except allergenics), antibiotics, hormones (including insulin, growth hormone,
etc.), most fungal or bacterial products (disaccharidase inhibitors), and most
products from animal or solid human tissue sources. CBER will have respon-
sibility for products subject to licensure (BLA), including all vaccines, human
blood or blood-derived products (as well as drugs used for blood banking and
transfusion), immunoglobulin products, products containing intact cells, fungi,
viruses, proteins produced by cell culture or transgenic animals, and synthetic
allergenic products. This situation was further simplified by the introduction
of the concept of “well-characterized biologics.” When introduced during the
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debate on FDA reform in 1996, the proposed section of S-1447 stated: “Bio-
logical products that the secretary determines to be well-characterized shall
be regulated solely under the Federal Food, Drug and Cosmetic Act.” Under
this concept, highly purified, well-characterized therapeutic rDNA proteins
would be regulated by CDER, regardless of therapeutic target (Anonymous,
1996).

2.6.5 Toxicity/Safety Testing: Cellular and Gene Therapy Products

Human clinical trials of cellular and gene therapies involve administration
to patients of materials considered investigational biological, drug, or device
products. Somatic cell therapy refers to the administration to humans of
autologous, allogenic, or xenogenic cells which have been manipulated or
processed ex vivo. Gene therapy refers to the introduction into the human
body of genes or cells containing genes foreign to the body for the purposes
of prevention, treatment, diagnosing, or curing disease.

Sponsors of cellular or gene therapy clinical trials must file an INDA or in
certain cases an IDE with the FDA before initiation of studies in humans. It
is the responsibility of the CBER to review the application and determine if
the submitted data and the investigational product meet applicable standards.
The critical parameters of identity, purity, potency, stability, consistency,
safety, and efficacy relevant to biological products are also relevant to cellular
and gene therapy products.

In 1991, the FDA first published “Points to Consider on Human Somatic
Cell and Gene Therapy.” At this time virtually all gene therapies were retro-
viral and were prepared as ex vivo somatic cell therapies. This was subse-
quently reviewed by Kessler et al. (1993). While the data for certain categories
of information such as the data regarding the molecular biology were defined
in previous guidance documents relating to recombinant DNA products, the
standards for preclinical and clinical development were less well defined. Over
the past five years, the field has advanced to include not only new vectors but
also novel routs of administration. “Points to Consider on Human Somatic
Cell and Gene Therapy” has thus been recently amended (1996) to reflect
both the advancements in product development and more importantly the
accumulation of safety information over the past five years.

FDA regulations state that the sponsor must submit, in the IND, adequate
information about pharmacological and toxicological studies of the drug,
including laboratory animals or in vitro studies on the basis of which the
sponsor has considered that it is reasonably safe to conduct the proposed
clinical investigation. For cellular and gene therapies, designing and conduct-
ing relevant preclinical safety testing have been a challenge to both the FDA
and the sponsor. For genes delivered using viral vectors, the safety of the
vector system per se must be considered and evaluated.

The preclinical knowledge base is initially developed by designing studies
to answer fundamental questions. The development of this knowledge base is
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generally applicable to most pharmaceuticals as well as biopharmaceuticals
and includes data to support (1) the relationship of the dose to the biological
activity, (2) the relationship of the dose to the toxicity, (3) the effect of route
and/or schedule on activity or toxicity, and (4) identification of the potential
risks for subsequent clinical studies. These questions are considered in the
context of indication and/or disease state. In addition there are often unique
concerns relating to the specific category or product class.

For cellular therapies safety concerns may include development of a data-
base from studies specifically designed to answer questions relating to growth
factor dependence, tumorigenicity, local and systemic toxicity, and effects on
host immune responses, including immune activation and altered susceptibil-
ity to disease. For viral-mediated gene therapies, specific questions may relate
to the potential for overexpression of the transduced gene, transduction of
normal cells/tissues, genetic transfer to germ cells and subsequent alterations
to the genome, recombination/rescue with endogenous virus, reconstitutions
of replication competence, potential for insertional mutagenesis/malignant
transformation, altered susceptibility to disease, and/or potential risk(s) to the
environment.

To date cellular and gene therapy products submitted to the FDA have
included clinical studies indicated for bone marrow marking, cancer, cystic
fibrosis, AIDS, and inborn errors of metabolism and infectious diseases. Of
the current active INDs approximately 78% have been sponsored by indi-
vidual investigators or academic institutions and 22% have also been industry
sponsored. In addition to the variety of clinical indications the cell types have
also been varied. Examples include tumor-infiltrating lymphocytes (TILs) and
lymphocyte-activated killer (LAK) cells, selected cells from bone marrow
and peripheral blood lymphocytes (e.g., stem cells), myoblasts, tumor cells,
and encapsulated cells (e.g., islet cells and adrenal chromaffin cells).

Cellular Therapies Since 1984 CBER has reviewed close to 300 somatic cell
therapy protocols. Examples of the specific categories include manipulation,
selection, mobilization, tumor vaccines, and others:

Manipulation  Autologous, allogenic, or xenogenic cells which have been
expanded, propagated, manipulated, or had their biological characteris-
tics altered ex vivo (e.g., TIL or LAK cells; islet cells housed in a
membrane).

Selection Products designed for positive or negative selection if autolo-
gous or allogenic cells are intended for therapy (e.g., purging of tumor
from bone marrow, selection of CD34* cells).

Mobilization In vivo mobilization of autologous stem cells intended for
transplantation.

Tumor Vaccines Autologous or allogenic tumor cells which are adminis-
tered as vaccine (e.g., tumor cell lines, tumor cell lysates, primary
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explant). This group also includes autologous antigen-presenting cells
pulsed with tumor-specific peptides or tumor cell lysates.

Other Autologous, allogenic, and xenogenic cells which do not specifically
fit above. This group includes cellular therapies such as extracorporeal
liver assist devices.

Gene Therapies The types of vectors that have been used, or proposed, for
gene transduction include retrovirus, adenovirus, adeno-associated viruses,
other viruses (e.g., herpes, vaccinia), and plasmid DNA. Methods for gene
introduction include ex vivo replacement, drug delivery, marker studies, and
others and in vivo, viral vectors, plasmid vectors, and vector producer cells.

Ex Vivo

Replacement Cells transduced with a vector expressing a normal gene in
order to correct or replace the function of a defective gene.

Drug Delivery Cells transduced with a vector expressing a gene encoding
a therapeutic molecule which can be novel or native to the host.

Marker Studies Cells (e.g., bone marrow, stem cells) transduced with a
vector expressing a marker or reporter gene used to distinguish it from
other similar host tissues.

Other Products which do not specifically fit above (e.g., tumor vaccines in
which cells are cultured or transduced ex vivo with a vector).

In Vivo

Viral Vectors The direct administration of a viral vector (e.g., retrovirus,
adenovirus, adeno-associated virus, herpes, vaccinia) to patients.

Plasmid Vectors The direct administration of plasmid vectors with or
without other vehicles (e.g., lipids) to patients.

Vector Producer Cells The direct administration of retroviral vector
producer cells [e.g., murine cells producing the Hidden Markov Model
ToolKit (HTK) vector] to patients.

Preclinical Safety Evaluation The goal of preclinical safety evaluation
includes recommendation of an initial safe starting dose and safe dose escala-
tion scheme in humans, identification of potential target organ(s) of toxicity,
identification of appropriate parameters for clinical monitoring, and identifi-
cation of “at-risk” patient population(s). Therefore, when feasible, toxicity
studies should be performed in relevant species to assess a dose-limiting
toxicity. General considerations in study design include selection of the model
(e.g., species, alternative model, animal model or disease), dose (e.g., route,
frequency, and duration), and study endpoint (e.g., activity and/or toxicity).
The approach to preclinical safety evaluation of biotechnology-derived
products, including novel cellular and gene therapies, has been referred to as
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the “case-by case” approach. This approach is science based, data driven, and
flexible. The major distinction from past practices from traditional pharma-
ceuticals is that the focus is directed at asking specific questions across various
product categories. Additionally, there is a consistent reevaluation of the
knowledge base to reassess real or theoretical safety concerns and hence
reevaluation of the need to answer the same questions across all product
categories. In some cases there may even be conditions which may not need
specific toxicity studies, for example, when there is a strong efficacy model
which is rationally designed to answer specific questions and/or there is previ-
ous human experience with a similar product with respect to dose and regimen.

Basic Principles for Preclinical Safety Evaluation of Cellular and
Gene Therapies

Biotechnology-Derived Products in General

« Use of product in animal studies that is comparable or the same as the
product proposed for clinical trial(s)

+ Adherence to basic principles of GLP to ensure quality of the study,
including a detailed protocol prepared prospectively

+ Use of the same or similar route and method of administration as pro-
posed for clinical trials (wWhenever possible)

« Determination of appropriate doses delivered based upon preliminary
activity obtained from both in vitro and in vivo studies (i.e., finding a dose
likely to be effective and not dangerous, at no observed adverse effect
level, and a dose causing dose-limiting toxicity)

Selection of one or more species sensitive to the endpoint being mea-
sured, for example, infections or pathological sequelae and/or biological
activity or receptor binding

+ Consideration of animal model(s) of disease, which may be better to
assess the contribution of changes in physiological or underlying physiol-
ogy to safety and efficacy

» Determination of affect on host immune response

Localization/distribution studies—evaluation of target tissue, normal sur-
rounding tissue, and distal tissue sites and any alteration in normal or
expected distribution

 Local reactogenicity at target tissue

Additional Considerations for Cellular Therapies

- Evaluation of cytopathogenicity

- Evaluation of signs of cell transformation/growth factor dependence
effect on animal cells, normal human cells, and cells prone to transform
easily
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 Determination of alteration in cell phenotype, altered cell products, and/
or function

« Tumorigenicity

Additional Considerations for Gene Therapies

- Determination of phenotype/activation state of effector cells
+ Determination of vector/transgene toxicity

- Determination of potential transfer to germ line

« In vitro challenge studies—evaluation of recombination or complementa-
tion, potential for “rescue” for subsequent infection with wild-type virus

+ Determination of persistence of cells/vector

+ Determination of potential for insertional mutagenesis (malignant
transformation)

+ Determination of environmental spread (e.g., viral shedding)

2.7 TOXICITY TESTING: SPECIAL CASES

On paper, the general-case guidelines for the evaluation of the safety of drugs
are relatively straightforward and well understood. However, there are also a
number of special-case situations under which either special rules apply or
some additional requirements are relevant. The more common of these are
summarized below.

2.7.1 Oral Contraceptives

Oral contraceptives are subject to special testing requirements. These have
recently been modified so that, in addition to those preclinical safety tests
generally required, the following are also required (Berliner, 1974):

+ A three-year carcinogenicity study in beagles (this is a 1987 modification
in practice from earlier FDA requirements and the 1974 publication)

« A rat reproductive (segment I) study, including a demonstration of return
to fertility

2.7.2 Life-Threatening Diseases (Compassionate Use)

Drugs to treat life-threatening diseases are not strictly held to the sequence
of testing requirements as put forth in Table 2.3 because the potential benefit
on any effective therapy in these situations is so high. In the early 1990s, this
situation applied to AIDS-associated diseases and cancer. The development
of more effective HIV therapies (protease inhibitors) has now made cancer
therapy more the focus of these considerations. Though the requirements
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for safety testing prior to initial human trials are unchanged, subsequent
requirements are flexible and subject to negotiation and close consultation
with the FDA’s Division of Oncology (within CDER) (FDA, 1988c). The more
recent thinking on anticancer agents has been reviewed by DeGeorge et al.
(1998). The preclinical studies that will be required to support clinical
trials and marketing of new anticancer agents will depend on the mechanism
of action and the target clinical population. Toxicity studies in animals
will be required to support initial clinical trials. These studies have multiple
goals:

 To determine a starting dose for clinical trials
- To identify target organ toxicity and assess recovery
- To assist in the design of clinical dosing regimens

The studies should generally conform to the protocols recommended by
the National Cancer Institute. as discussed by Grieshaber (1991). In general,
it can be assumed that most antineoplastic cytotoxic agents will be highly toxic.
Two studies are essential to support initial clinical trials (IND phase) in
patients with advanced disease. These studies are 5-14 days long with longer
recovery periods. A study in rodents is required that identifies those doses
that produce either life-threatening or non-life-threatening toxicity. Using the
information from this first study, a second study in nonrodents (generally the
dog) is conducted to determine if the tolerable dose in rodents is life threaten-
ing. Doses are compared on a milligram-per-square-meter basis. The staring
dose in initial clinical trials is generally one-tenth of that required to produce
severe toxicity in rodents (STD10) or one-tenth the highest dose in nonrodents
that does not cause severe irreversible toxicity. While not required, informa-
tion on pharmacokinetic parameters, especially data comparing the plasma
concentration associated with toxicity in both species, is very highly regarded.
Special attention is paid to organs with high cell division rates, bone marrow,
testes, lymphoid tissue testing, and gastrointestinal tract. As these agents are
almost always given intravenously, special attention needs to be given rela-
tively early in development to intravenous (IV) irritation and blood compat-
ibility study. Subsequent studies to support the NDA will be highly tailored,
depending on the following:

« Therapeutic indication and mechanism of action
 Results of the initial clinical trials

» Nature of the toxicity

+ Proposed clinical regimen

Even at the NDA stage, toxicity studies with more than 28 days of dosing
are rarely required. While not required for the IND, assessment of genotoxicity
and developmental toxicity will need to be addressed. For genotoxicity, it will
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be important to establish the ratio between cytotoxicity and mutagenicity. In
vivo models (e.g., the mouse micronucleus test) can be particularly important
in demonstrating the lack of genotoxicity at otherwise subtoxic doses. For
developmental toxicity, ICH stage C-D studies (traditionally known as segment
IT studies for teratogenicity in rat and rabbits) will also be necessary.

The emphasis of this discussion has been on purely cytotoxic neoplastic
agents. Additional considerations must be given to cytotoxic agents that are
administered under special circumstances: those that are photoactivated,
delivered as liposomal emulsions, or delivered as antibody conjugates. These
types of agents will require additional studies. For example, a liposomal agent
will need to be compared to the free agent and a blank liposomal preparation.
There are also studies that may be required for a particular class of agents.
For example, anthracyclines are known to be cardiotoxic, so comparison
of a new anthracycline agent to previously marketed anthracyclines will be
expected.

In addition to antineoplastic, cytotoxic agents, there are cancer therapeutic
or preventative drugs that are intended to be given on a chronic basis. This
includes chemopreventatives, hormonal agents, and immunomodulators. The
toxicity assessment studies on these will more closely resemble those of
more traditional pharmaceutical agents. Chronic toxicity, carcinogenicity,
and full developmental toxicity (ICH A-B, C-D, E-F) assessments will be
required. For a more complete review, the reader is referred to DeGeorge
et al. (1998).

2.7.3 Optical Isomers

The FDA [and like regulatory agencies, as reviewed by Daniels et al. (1997)]
has become increasingly concerned with the safety of stereoisomeric or chiral
drugs. Stereoisomers are molecules that are identical to one another in terms
of atomic formula and covalent bonding but differ in the three-dimensional
projections of the atoms. Within this class are those molecules that are non-
superimposable mirror images of one another. These are called enantiomers
(normally designated as R or S). Enantiomeric pairs of a molecule have identi-
cal physical and chemical characteristics except for the rotation of polarized
light. Drugs have generally been mixtures of optical isomers (enantiomers)
because of the difficulties in separating the isomers. It has become apparent
in recent years, however, that these different isomers may have different
degrees of both desirable therapeutic and undesirable toxicological effects.
Technology has also improved to the extent that it is now possible to perform
chiral specific syntheses, separations, and/or analyses. It is now highly desirable
from a regulatory (FDA, 1988a—c; Anonymous, 1992a) basis to develop a single
isomer unless all isomers have equivalent pharmacological and toxicological
activity. The FDA has divided enantiomeric mixtures in the following
categories:
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+ Both isomers have similar pharmacologic activity, which could be identi-
cal, or they could differ in the degrees of efficacy.

+ One isomer is pharmacologically active, while the other is inactive.
- Each isomer has completely different activity.

During preclinical assessment of an enantiomeric mixture, it may be
important to determine to which of these three classes it belongs. The phar-
macological and toxicological properties of the individual isomers should be
characterized. The pharmacokinetic profile of each isomer should be charac-
terized in animal models with regard to disposition and interconversion. It is
not at all unusual for each enantiomer to have a completely different phar-
macokinetic behavior.

If the test article is an enantiomer isolated from a mixture that is already
well characterized (e.g., already on the market), then appropriate bridging
guides need to be performed which compare the toxicity of the isomer to that
of the racemic mixture. The most common approach would be to conduct a
subchronic (three-month) and a segment-II-type teratology study with an
appropriate “positive” control group which received the racemate. In most
instances no additional studies would be required if the enantiomer and the
racemate did not differ in toxicity profile. If, on the other hand, differences
are identified, then the reasons for this difference need to be investigated and
the potential implications for human subjects need to be considered.

2.7.4 Special Populations: Pediatric and Geriatric Claims

Relatively few drugs marketed in the United States (approximately 20% ) have
pediatric dosing information available. Clinical trials had rarely been done
specifically on pediatric patients. Traditionally, dosing regimens for children
have been derived empirically by extrapolating on the basis of body weight or
surface area. This approach assumes that the pediatric patient is a young adult,
which simply may not be the case. There are many examples of how adults
and children differ qualitatively in metabolic and/or pharmacodynamic
responses to pharmaceutical agents. In their review, Schacter and DeSantis
(1998, p. 300) state:

The benefit of having appropriate usage information in the product label is that
health care practitioners are given the information necessary to administer drugs
and biologics in a manner that maximizes safety, minimizes unexpected adverse
events, and optimizes treatment efficacy. Without specific knowledge of poten-
tial drug effects, children may be placed at risk. In addition, the absence of
appropriate proscribing information, drugs and biologics that represent new
therapeutic advances may not be administered to the pediatric population in a
timely manner.

In response to the need for pediatric information, the FDA had developed
a pediatric plan. This two-phase plan called first for the development of
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pediatric information on marketed drugs. The second phase focused on new
drugs. The implementation of the plan was to be coordinated by the Pediatric
Subcommittee of the Medical Policy Coordinating Committee of CDER.
The Pediatric Use Labeling Rule was a direct result of phase 1 in 1994
(Anonymous, 1998b). Phase 2 resulted in 1997 from a proposed rule entitled
“Pediatric Patients; Regulations Requiring Manufacturers to Assess the Safety
and Effectiveness of New Drugs and Biologics.” Soon after this rule was pro-
posed, the FDA Modernization Act of 1997 was passed. FDAMA contained
provisions that specifically addressed the needs and requirements for the
development of drugs for the pediatric population.

The FDAMA bill essentially codified and expanded several regulatory
actions initiated by the FDA during the 1990s. Among the incentives offered
by the bill, companies will be offered an additional six months of patent pro-
tection for performing pediatric studies (clinical trials) on already approved
products. In fact, the FDA was mandated by FDAMA to develop a list of over
500 drugs for which additional information would produce benefits for pedi-
atric patients. The FDA is supposed to provide a written request for pediatric
studies to the manufacturers (Hart, 1999).

In response to the pediatric initiatives, the FDA has published policies
and guidelines and conducted a variety of meetings. CDER has established a
website (http//www.fda.gov/cder/pediatric) which lists three pages of such
information. Interestingly, the focus has been on clinical trials, and almost no
attention has been given to the preclinical toxicology studies that may be
necessary to support such trials. There are three pages of documents on the
pediatric website. None appear to address the issue of appropriate testing.
This situation is just now being addressed and is in a great deal of flux.

In the absence of any guidelines from the agency for testing drugs in young
or “pediatric” animals, one must fall back on the maxim of designing a program
that makes the most scientific sense. As a guide, the FDA-designated levels
of postnatal human development and the approximate equivalent ages (in the
author’s considered opinion) in various animal models are given in Table 2.9.
The table is somewhat inaccurate, however, because of differences in the
stages of development at birth. A rat is born quite underdeveloped when
compared to a human being. A one-day-old rat is not equivalent to a one-day-
old full-term human infant. A four-day-old rat would be more appropriate. In
terms of development, the pig may be the best model of those listed; however,
one should bear in mind that different organs have different developmental
schedules in different species.

Table 2.9 can be used as a rough guide in designing toxicity assessment
experiments in developing animals. In designing the treatment period, one
needs to consider not only the dose and proposed course of clinical treatment
but also the proposed age of the patient and whether or not an equivalent
dosing period in the selected animal model covers more than one
developmental stage. For example, if the proposed patient population is
human infants, initiating a toxicity study of the new pharmaceutical agent in
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TABLE 2.9 Comparison of Postnatal Development Stages

Stage Human Rat Dog Pig

Neonate Birth to 1 month Birth to 1 week Birth to 3 weeks Birth to 2 weeks

Infant 1 Month to 2 1-3 Weeks 3-6 Weeks 2—4 Weeks
years

Child 2 Years to 12 3-9 Weeks 6 Weeks—5 4 Weeks—4
years months months

Adolescent 12 Years to 16 9-13 Weeks 5 Moths—9 4-7 Months
years months

Adult Over 16 years Over 13 weeks Over 9 months Over 7 months

three-day-old rats is not appropriate. Furthermore, if the proposed course of
treatment in adult children is two weeks, it is unlikely that this would cross
over into a different developmental stage. A two-week treatment initiated in
puppies, however, might easily span two developmental stages. Thus, in
designing an experiment in young animals one must carefully consider the
length of the treatment period balancing the developmental age of the animal
model and the proposed length of clinical treatment. Where appropriate
(infant animals), one needs to also assess changes in standard developmental
landmarks (e.g., eye opening, pinnae eruption, external genitalia develop-
ment) as well as the more standard indicators of target organ toxicity. The
need for maintaining the experimental animals past the dosing period, perhaps
into sexual maturity, to assess recovery or delayed effects needs also to be
carefully considered.

To summarize, the current status of assessment of toxicity in postnatal
mammals, in response to the pediatric initiatives covered in FDAMA, is an
extremely fluid situation. One needs to carefully consider a variety of factors
in designing the study and should discuss proposed testing programs with the
appropriate office at CDER.

Drugs intended for use in the elderly, like those intended for the very
young, may also have special requirements for safety evaluation, but geriatric
issues were not addressed in the FDAMA of 1997. The FDA has published a
separate guidance document for geriatric labeling. As was the case with pedi-
atric guidance, this document does not address preclinical testing. With the
elderly, the toxicological concerns are quite different than the developmental
concerns associated with pediatric patients. With the elderly, one must be
concerned with the possible interactions between the test article and compro-
mised organ function. The FDA had previously issued a guidance for clinically
examining the clinical safety of new pharmaceutical agents in patients with
compromised renal and/or hepatic function (CDER, 1989). The equivalent
ICH guideline (S5A) was issued in 1994. Whether this type of emphasis
will require toxicity testing in animal models with specifically induced organ
insufficiency remains to be seen. In the interim, we must realize that there is
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tacit evaluation of test article-related toxicity in geriatric rodents for those
agents that undergo two-year carcinogenicity testing. As the graying of
America continues, labeling for geriatric use may become more of an issue in
the future.

2.7.5 Orphan Drugs

The development of sophisticated technologies coupled with the rigors and
time required for clinical and preclinical testing has made pharmaceutical
development very expensive. In order to recoup such expenses, pharmaceuti-
cal companies have tended to focus on therapeutic agents with large potential
markets. Treatment for rare but life-threatening diseases have been “orphaned”
as a result. An orphan product is defined as one targeted at a disease which
affects 200,000 or fewer individuals in the United States. Alternatively, the
therapy may be targeted for more than 200,000 but the developer would
have no hope of recovering the initial investment without exclusivity. The
Orphan Drug Act (ODA) of 1983 was passed in an attempt to address this
state of affairs. Currently applicable regulations were put in place in 1992
(Anonymous, 1992b). In 1994, there was an attempt in Congress to amend the
act, but it failed to be passed into law. The current regulations are adminis-
tered by the office of Orphan Product Development (OPD). The act offers the
following incentives to encourage the development of products to treat rare
diseases:

+ Seven years exclusive market following the approval of a product for an
orphan disease

 Written protocol assistance from the FDA
« Tax credits for up 50% of qualified clinical research expenses
« Available grant to support pivotal clinical trials

As reviewed by Haffner (1998), other developed countries have similar
regulations.

The ODA did not change the requirements of testing drug products. The
nonclinical testing programs are similar to those used for more conventional
products. They will undergo the same FDA review process. A major differ-
ence, however, is the involvement of the OPD. A sponsor must request OPD
review. Once the OPD determines that a drug meets the criteria for orphan
drug status, it will work with the sponsor to provide the assistance required
under the act. The ODA does not review a product for approval. The IND/
NDA process is still handled by the appropriate reviewing division (e.g., car-
diovascular) for formal review. The act does not waive the necessity for sub-
mission of an IND, not for the responsibility of toxicological assessment. As
always, in cases where there is ambiguity, a sponsor may be well served to
request a pre-IND meeting at the appropriate division to discuss the accept-
ability of a toxicology assessment plan.
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2.7.6 Botanical Drug Products

There is an old saying, “What goes around, comes around”: and so it is with
botanicals. At the beginning of the twentieth century, most marketed phar-
maceutical agents were botanical in origin. For example, aspirin was first iso-
lated from willow bark. These led the way to modern drug development in the
middle part of the century, for reasons having to do with patentability, manu-
facturing costs, standardization, selectivity, and potency. The dawning of the
twenty-first century has seen a grass-roots return to botanical preparations
(also sold as herbals or dietary supplements). These preparations are being
marketed to the lay public as “natural” supplements to the nasty synthetic
chemicals now proscribed as pharmaceutical products. In 1994, the Dietary
Supplement Health and Education Act was passed which permitted the mar-
keting of dietary supplements (including botanicals) with limited submissions
to the FDA (Wu et al., 2000). If a producer makes a claim that an herbal
preparation is beneficial to a specific part of the body (e.g.,enhanced memory),
then it may be marketed after a 75-day period of FDA review but without
formal approval. On the other hand, if any curative properties are claimed,
then the botanical will be regulated as a drug and producers will be required
to follow the IND/NDA process. In 1997 and 1998 combined, some 26 INDs
were filed for botanical products (Wu et al., 2000).

The weakness in the current regulation has to do with its ambiguity. The
line between a beneficial claim and a curative claim is sometimes difficult to
draw. What is the difference, for example, between an agent that enhances
memory and one that prevents memory loss? Given the number of products
and claims hitting the shelves every day, this situation will probably demand
increased regulatory scrutiny in the future.

2.8 INTERNATIONAL PHARMACEUTICAL REGULATION
AND REGISTRATION

2.8.1 International Conference on Harmonisation

The International Conference on Harmonisation of Technical Requirements
for Registration of Pharmaceuticals for Human Use was established to make
the drug regulatory process more efficient in the United States, Europe, and
Japan. The U.S. involvement grew out of the fact that the United States is
party to the General Agreement on Tariffs and Trade, which included the
Agreement on Technical Barriers to Trade, negotiated in the 1970s, to encour-
age reduction of nontariff barriers to trade (Barton, 1998). The main purpose
of ICH is, through harmonization, to make new medicines available to patients
with a minimum of delay. More recently, the need to harmonize regulation
has been driven, according to ICH, by the escalation of the cost of R&D. The
regulatory systems in all countries have the same fundamental concerns about
safety, efficacy, and quality, yet sponsors had to repeat many time-consuming
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TABLE 2.10 ICH Representation

Country/Region Regulatory Industry
European European Commission (2) European Federation of Pharmaceutical
Union Industries Associations (2)
Japan Ministry of Health and Welfare  Japanese Pharmaceutical
2) Manufactures Association (2)
United States Food and Drug Administration Pharmaceutical Research and
@) Manufacturers of America (2)
Observing World Health Organization, International Federation of
organizations European Free Trade Area, Pharmaceutical Manufactures
Canadian Health Protection Associations (2): also provides the
Branch secretariat

Note: Numbers in parentheses are number of representatives on the ICH steering committee.

and expensive technical tests to meet country-specific requirements. In
addition, there was a legitimate concern over the unnecessary use of animals.
Conference participants include representatives from the drug regulatory
bodies and research-based pharmaceutical industrial organizations of three
regions; the European Union, the United States, and Japan comprised over
90% of the world’s pharmaceutical industry. Representation is summarized in
Table 2.10. The biannual conference has met four times, beginning in 1991,
rotating between sites in the United States, Europe, and Japan. The next
meeting is scheduled for the year 2001 and will be held on the West Coast of
the United States. The precise venue has yet to be named.

The ICH meets its objectives by issuing guidelines for the manufacturing,
development, and testing of new pharmaceutical agents that are acceptable
to all three major parties. For each new guideline, the ICH steering
committee establishes an expert working group with representation from each
of the six major participatory ICH bodies. Each new draft guideline goes
through the five various steps of review and revision, summarized in Table
2.11. So far, the ICH has proposed or adopted over 40 safety, efficacy, and
quality guidelines (listed in Table 2.12) for use by drug regulatory agencies in
the United States, Europe, and Japan. The guidelines are organized
under broad categories: the E series having to do with clinical trials, the Q
series having to do with quality (including chemical manufacturing and
control as wells as traditional GLP issues), and the S series having to do with
safety. Guidelines may be obtained from the ICH secretariat, IFPMA, 30 rue
de St.-Jean, PO Box 9, 1211 Geneva 18, Switzerland, or may be downloaded
from a website set up by Nancy McClure (http://www.mcclurenet.com/index.
html). They are also published in the Federal Register. It is the guidelines of
the S series that will have the most impact on toxicologists. The biggest
changes, having to do with toxicological assessment, are summarized as
follows:
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TABLE 2.11 Steps in ICH Guideline Development and Implementation

1. Building scientific consensus in joint regulatory/industry expert working groups

2. Agreement by the steering committee to release the draft consensus text for wider
consultation

3. Regulatory consultation in the three regions; consolidation of the comments

. Agreement on a harmonized ICH guideline; adopted by the regulators

5. Implementation in the three ICH regions

N

1. Carcinogenicity Studies  Carcinogenicity studies are covered in guide-
lines S1A, S1B, and S1C. The guidelines are almost more philosophical than
they are technical. In comparison to the EPA guidelines, for example, the ICH
guidelines contain little in the way of concrete study criteria (e.g., the number
of animals, the necessity for clinical chemistry). There is discussion on when
carcinogenicity studies should be done, whether two species are more appro-
priate than one, and how to set dosages on the basis of human clinical phar-
macokinetic (PK) data. The major changes wrought by these guidelines are:

« Only one two-year carcinogenicity study should be generally required.

Ideally, the species chosen should be the one most like humans in terms
of metabolic transformations of the test article.

The traditional second long-term carcinogenicity study can be replaced
by a shorter term alternative model. In practical terms, this guideline is
beginning to result in sponsors conducting a two-year study in the rat and
a six-month study in an alternative mouse model, such as the P53 or the
TG.AC genetically manipulated mouse strains.

In the absence of target organ toxicity with which to set the high dose at
the maximally tolerated dose, the high dose can be set at the dose that
produces an area under the curve (AUC). This is 25-fold higher than that
obtained in human subjects.

2. Chronic Toxicity Traditionally, chronic toxicity of new pharmaceuti-
cals in the United States was assessed in studies of one year duration in both
rodent and nonrodent species of choice. The European view was that studies
of six months are generally sufficient. The resulting guideline (S4A) was a
compromise. Studies of six months duration were recommended for the
rodent, as rodents would also be examined in two-year studies. For the non-
rodent (dog, nonhuman primate, and pig) studies of nine months duration
were recommended.

3. Developmental and Reproductive Toxicity This was an area in which
there was considerable international disagreement and the area in which ICH
has promulgated the most technically detailed guidelines (SSA and S5B).
Some of the major changes include:

« The traditional segment I, II, and III nomenclature has been replaced
with different nomenclature, as summarized in Table 2.13.
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TABLE 2.12 International Conference on Harmonisation Guidelines

References Guideline Date

E1 The Extent of Population Exposure to Assess Clinical Safety Oct. 94

E2A Clinical Safety Data Management: Definitions and Standards for Oct. 94
Expedited Reporting

E2B Clinical Safety Data Management: Data Elements for Transmission ~ May 05
of Individual Case Safety Reports

E2C Clinical Safety Data Management: Periodic Safety Update Reports ~ May 97
for Marketed Drugs

E2D Definitions and Standards for Expedited Reporting Nov. 03

E2E Pharmocovigilance Planning Nov. 04

E3 Structure and Content of Clinical Study Reports Nov. 95

E4 Dose Response Information to Support Drug Registration Mar. 94

E5 Ethnic Factors in the Acceptability of Foreign Clinical Data Feb. 98

E6 Good Clinical Practice: Consolidated Guideline; Notice of May 96
Availability

E6A GCP Addendum on Investigator’s Brochure Mar. 95

E7 Studies in Support of Special Populations: Geriatrics June 93

E8 Guidance on General Considerations for Clinical Trials; Notice July 97

E9 Draft Guideline on Statistical Principles for Clinical Trials; Notice of  Feb. 98
Availability

E10 Choice of Control Group and Related Issues in Clinical Trials July 00

E11 Clinical Investigation of Medicinal Products in the Pediatric July 00
Population

E12 Principles for Clinical Evaluation of New Antihypertensive Drugs

E14 The Clinical Evaluation of QT/QTc Interval Prolongation and May 05
Proarrhythmic Potenial for Non-Antiarrhythmic Drugs

E15 Definitions for Genomic Biomakers, Pharmacogenomics, Nov. 07
Pharmacogenetics, Genomic Data and Sample Coding
Categories

M3 Guidance on Nonclinical Safety Studies for the Conduct of Human  Nov. 97
Clinical Trials for Pharmaceuticals; Notice

Q1A Stability Testing of New Drug Substances and Products Feb. 03

Q1B Stability Testing of New Drug Substances and Products Nov. 96

QiC Stability Testing for New Dosage Forms Nov. 96

Q1D Bracketing and Matrixing Designs for Stability Testing of Drug Feb. 02
Substances and Drug Products

Q1E Evaluation of Stability Data Feb. 03

Q1F Stability Data Package for Registration Applications in Climatic June 06
Zones Il and IV

Q2 Validation of Analytical Procedures: Text and Methodology Oct. 94

Q3A Guideline on Impurities in New Drug Substances Oct. 06

Q3B Guideline on Impurities in New Drug Products June 06

Q3C Guideline on Impurities: Guideline for Residual Solvents July 97

Q4 Pharmacopeias Nov. 07

Q4A Pharmacopeias Harmonisation Nov. 07

Q4B Evaluation and Recommendation of Pharmacopoeial Texts Nov. 07

Q4B Evaluation and Recommendation of Pharmacopoeial Texts: Nov. 07

Annex 1 Residue on Ignition/Sulphated Ash General Chapter
Q4B Evaluation and Recommendation of Pharmacopoeial Texts: Test Nov. 07
Annex 2 for Extractable Volume of Parenteral Preparations General

Chapter
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TABLE 2.12 Continued

References Guideline Date
Q4B Evaluation and Recommendation of Pharmacopoeial Texts: Test Nov. 07
Annex3 for Particulate Contamination: Sub-Visible Particles General

Chapter

Q5A Quality of Biotechnological Products Viral Safety Evaluation of Mar. 97
Biotechnology Products Derived from Cell Lines of Human or
Animal Origin

Q5B Quality of Biotechnology Products Analysis of the Expression Nov. 95
Construct in Cells Used for Production of r-DNA Derived Protein
Product

Q5C Quality of Biotechnological Products: Stability Testing of Nov. 95
Biotechnological/Biology Products

Q5D Availability of Draft Guideline on Quality of Biotechnological/ July 97
Biological Products: Derivation and Characterization of Cell
Substrates Used for Production of Biotechnological/Biological
Products

Q5E Comparability of Biotechnological/Biological Products Subject to Nov. 04
Changes in Their Manufacturing Process

Q6A Specifications: Test Procedures and Acceptance Criteria for New Oct. 99
Drug Substances and New Drug Products: Chemical
Substances (including Decision Trees)

Q6B Specifications: Test Procedures and Acceptance Criteria for Mar. 99
Biotechnological/Biological Products

Q7 Good Manufacturing Practice Guide for Active Pharmaceutical Nov. 00
Ingredients

Q8 Pharmaceutical Development Nov. 05

Annex to Pharmaceutical Development Annex Nov. 07

Q8

Q9 Quality Risk Management Nov. 05

Q10 Pharmaceutical Quality System May 07

Q6A Draft Guidance on Specifications: Test Procedures and Nov. 97
Acceptance Criteria for New Drug Substances and New Drug
Products: Chemical Substances; Notice

Q6B Specifications: Test Procedures and Acceptance Criteria for Feb. 98
Biotechnology Products

S1A Guidance on the Need for Carcinogenicity Studies of Nov. 95
Pharmaceuticals

S1B Draft Guideline on Testing for Carcinogenicity of Pharmaceuticals; July 97
Notice

Si1C Dose Selection for Carcinogenicity Studies of Pharmaceuticals Oct. 94

S1Ca Guidance on Dose Selection for Carcinogenicity Studies of Dec. 97
Pharmaceuticals: Addendum on a Limit Dose and Related
Notes; Availability; Notice

S2A Genotoxicity: Guidance on Specific Aspects of Regulatory July 95
Genotoxicity Tests for Pharmaceuticals

S2B Guidance on Genotoxicity: A Standard Battery for Genotoxicity July 97
Testing of Pharmaceuticals; Availability; Notice

S3A Toxicokinetics: Guidance on the Assessment of Systemic Oct. 94
Exposure in Toxicity Studies

S3B Pharmacokinetics: Guidance for Repeated Dose Tissue Oct. 94
Distribution Studies

S4 Single Dose Acute Toxicity Testing for Pharmaceuticals; Revised Sept. 98

Guidance; Availability; Notice
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TABLE 2.12 Continued

References Guideline Date
S4A Draft Guidance on the Duration of Chronic Toxicity Testing in Nov. 97
Animals (Rodent and Nonrodent Toxicity Testing); Availability;
Notice
S5A Detection of Toxicity to Reproduction for Medicinal Products Nov. 95
S5B Reproductive Toxicity to Male Fertility Nov. 95
S6A Guidance on Preclinical Safety Evaluation of Biotechnology- July 97
Derived Pharmaceuticals; Availability
S7A Safety Pharmacology Studies for Human Pharmaceuticals Nov. 00
S7B The Non-Clinical Evaluation of the Potential for Delayed May 05
Ventricular Repolarization (QT Interval Prolongation) by Human
Pharmaceuticals
S8 Immunotoxicity Studies for Human Pharmaceuticals Sept. 05

+ The dosing period of the pregnant animals during studies on embryonic
development (traditional segment II studies) has been standardized.

+ New guidelines for fertility assessment (traditional segment I) studies
have shortened the premating dosing schedule (e.g., in male rats from 10
to 4 weeks). There has been an increased interest in assessment of sper-
matogenesis and sperm function.

+ The new guidelines allow for a combination of studies in which the end-
points typically assessed in the traditional segment II and III studies are
now examined under a single protocol.

For a more complete review of the various study designs, the reader is
referred to Manson (1994).

While not quite as sweeping in approach as the aforementioned guidelines,
a toxicologist working in pharmaceutical safety assessment should become
familiar with all the other ICH guidelines in the S series.

In an interesting recent article, Ohno (1998) discussed not just the harmo-
nization of nonclinical guidelines but also the need to harmonize the timing
of nonclinical tests in relation to the conduct of clinical trials. For example,
there are regional differences in the inclusion of women of childbearing poten-
tial in clinical trials. In the United States, including women in such trials
is becoming more important, and therefore evaluation of embryo—fetal devel-
opment will occur earlier in the drug development process than in Japan.
Whether or not such timing or staging of nonclinical tests becomes part of an
ICH guideline in the near future remains to be established.

2.8.2 Other International Considerations

The United States is the single largest pharmaceutical market in the world.
But the rest of the world [particularly but not limited to the second and third
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TABLE 2.13 Comparison of Traditional and ICH Guidelines for Reproductive and
Developmental Toxicology

Traditional
Protocol

Stages Covered

ICH Protocol

Dosing Regimen

Segment | (rats)

A. Premating to
conception

B. Conception to
implantation

Fertility and early
embryonic
development,
including
implantation

Males: 4 weeks premating,
mating (1-3 weeks) plus 3
weeks postmating

Females: 2 weeks premating,
mating through day 7 of
gestation

Segment Il C. Implantation Embryo—fetal Female rabbits: day 6 to day 20
(rabbits) to closure of development of pregnancy
hard palate
D. Closure of
hard palate
to end of
pregnancy
Study Title Termination Endpoints: In Life Endpoints: Postmortem
Fertility and early  Females: Days Clinical signs and  Macroscopic examination plus
embryonic 13-15 of mortality histology on gross lesions
development, pregnancy Body weights and  Collection of reproductive
including Males: Day after feed intake organs for possible histology
implantation completion of ~ Vaginal cytology Quantitation of corpora lutea

Embryo—fetal
development

Pre- and
postnatal
development,
including
maternal
function

dosing

Clinical signs and
mortality

Body weights and
changes

Feed intake

Clinical signs and
mortality

Body weights and
changes

Feed intake

Duration of
pregnancy

Parturition

and implantation sites

Seminology (count, motility, and
morphology)

Macroscopic examination plus
histology on gross lesions

Quantitation of corpora lutea
and implantation sites

Fetal body weights

Fetal abnormalities

Macroscopic examination plus
histology on gross lesions

Implantation

Abnormalities (including terata)

Live/dead offspring at birth

Pre- and postweaning survival
and growth (F)

Physical development (F,)

Sensory functions and reflexes
(Fv)

Behavior (F4)
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largest markets, Japan and the European Union (EU)] represents in aggregate
a much larger market, so no one develops a new pharmaceutical for marketing
in just the United States. The effort at harmonization (exemplified by the
ICH) has significantly reduced differences in requirements for these other
countries but certainly not obliterated them. Though a detailed understanding
of their regulatory schemes is beyond this volume, the bare bones and differ-
ences in toxicology requirements are not.

European Union The standard EU toxicology and pharmacologic data
requirements for a pharmaceutical include:

Single-dose toxicity
Repeat-dose toxicity (subacute and chronic trials)

Reproduction studies (fertility and general reproductive performance,
embryotoxicity, and peri/postnatal toxicity)

Mutagenic potential (in vitro and in vivo)
Carcinogenicity
Pharmacodynamics
« Effects related to proposed drug indication
+ General pharmacodynamics
« Drug interactions
Pharmacokinetics
- Single dose
« Repeat dose
« Distribution in normal and pregnant animals
- Biotransformation
Local tissue tolerance
Environmental toxicity

In general, the registration process in the EU allows one apply to either an
overall medicines authority or an individual national authority. Either step is
supposed to lead to mutual recognition by all members.

Japan In Japan, the Koseisho is the national regulatory body for new drug.
The standard median lethal dose (LDs) test is no longer a regulatory require-
ment for new medicines in the United States, EU, or Japan. The Japanese
guidelines were the first to be amended in accordance with this agreement,
with the revised guidelines becoming effective in August 1993. The Japanese
may still anticipate that single-dose (acute) toxicity studies should be
conducted in at least two species, one rodent and one nonrodent (the rabbit
is not accepted as a nonrodent). Both males and females should be included
from at least one of the species selected: if the rodent, then a minimum of five
per sex; if the nonrodent, at least two per sex. In nonrodents, both the oral
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and parenteral routes should be used, and normally the clinical route of
administration should be employed. In nonrodents, only the intended route
of administration need be employed; if the intended route of administration
in humans is intravenous, then use of this route in both species is acceptable.
An appropriate number of doses should be employed to obtain a complete
toxicity profile and to establish any dose-response relationship. The severity,
onset, progression, and reversibility of toxicity should be studied during a 14-
day follow-up period, with all animals being necropsied. When macroscopic
changes are noted, the tissue must be subjected to histological examination.

Chronic and subchronic toxicity studies are conducted to define the dose
level, when given repeatedly, that cause toxicity and the dose level that does
not lead to toxic findings. In Japan, such studies are referred to as repeated-
dose toxicity studies. As with single-dose studies, at least two animal species
should be used, one rodent and one nonrodent (rabbit not acceptable). In
rodent studies, each group should consist of at least 10 males and 10 females;
in nonrodent species, 3 of each sex is deemed adequate. Where interim exami-
nations are planned, however, the number of animals employed should be
increased accordingly. The planned route of administration in human subjects
is normally explored. The duration of the study will be dictated by the planned
duration of clinical use (Table 2.14).

At least three different dose groups should be included, with the goals of
demonstrating an overtly toxic dose and a no-effect dose and establishing any
dose-response relationship. The establishment of a nontoxic dose within the
framework of these studies is more rigorously adhered to in Japan than else-
where in the world. All surviving animals should also be necropsied, either at
the completion of the study or during its extension recovery period, to assess
reversal of toxicity and the possible appearance of delayed toxicity. Full
histological examination is mandated on all nonrodent animals used in a
chronic toxicity study; at a minimum, the highest dose and control groups of
rodents must be submitted to a full histological examination.

TABLE 2.14 Required Duration of Dosing in Nonclinical Study to Support Clinical
Dosing

Duration of Dosing in Toxicity Study Duration of Human Exposure

1 Month Single dose or repeated dosage not
exceeding 1 week

3 Months Repeated dosing exceeding 1 week and to a
maximum of 4 weeks

6 Months Repeated dosing exceeding 4 weeks and to a
maximum of 6 months

12 Months?® Repeated dosing exceeding 6 months or

where this is deemed to be appropriate

“Where carcinogenicity studies are to be conducted, the Koseisho had agreed to forego chronic dosage
beyond 6 months.Source: New Drugs Division Notification No. 43, June 1992.
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While the value of repeated-dose testing beyond 6 months has been ques-
tioned (Lumley and Walker, 1992), such testing is a regulatory requirement for a
number of agencies, including the FDA and the Koseisho. In Japan, repeated-
dose testing for 12 months is required only for new medicines expected to be
administered to humans for periods in excess of 6 months (Yakuji Nippo, 1994).
Atthe first ICH held in Brussels, the consensus was that 12-month toxicity studies
in rodents could be reduced to 6 months where carcinogenicity studies are
required. While not yet adopted in the Japanese guidelines, 6-month repeated-
dose toxicity studies have been accepted by the agencies of all three regions.
Japan—Iike the EU—accepts 6 months duration if accompanied by a carcinoge-
nicity study. The United States still requires a 9-month nonrodent study.

With regard to reproductive toxicology, as a consequence of the first ICH,
the United States, EU, and Japan agreed to recommend mutual recognition
of their respective current guidelines. A tripartite, harmonized guideline on
reproductive toxicology has achieved ICH step 4 status and should soon be
incorporated into the local regulations of all three regions. This agreement
represents a very significant achievement that should eliminate many obstacles
to drug registration.

Preclinical Male Fertility Studies Before conducting a single-dose male
volunteer study in Japan, it is usually necessary to have completed a preclinical
male fertility study (segment I) that has an in-life phase of 10 or more weeks
(i.e., 10 weeks of dosing plus follow-up). Although government guidelines do
not require this study to be completed before phase I trials begin, the respon-
sible institutional review board or the investigator usually imposes this condi-
tion. Japanese regulatory authorities are aware that the segment I male fertility
study is of poor predictive value. The rat, which is used in this study, produces
a marked excess of sperm. Many scientists therefore believe that the test is
less sensitive than the evaluation of testicular weight and histology that con-
stitute part of the routine toxicology assessment

Female Reproductive Studies Before entering a female into a clinical study,
it is necessary to have completed the entire reproductive toxicology program,
which consists of the following studies:

« Segment I Fertility studies in the rat or mouse species used in the
segment II program

- Segment I1 Teratology studies in the rat or mouse and the rabbit

- Segment III Late gestation and lactation studies in a species used in the
segment II studies

Such studies usually take approximately two years. Although the U.S. regu-
lations state the need for completion of segments I and II and the demonstra-
tion of efficacy in male patients, where appropriate, before entering females
into a clinical program, the current trend in the United States is toward
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relaxation of the requirements to encourage investigation of the drug both
earlier and in a larger number of females during product development.
Growing pressure for the earlier inclusion of women in drug testing may
encourage selection of this issue as a future ICH topic. The trend in the United
States and the EU toward including women earlier in the critical program has
not yet been embraced in Japan, however.

The three tests required in Japan for genotoxicity evaluation are a bacterial
gene mutation test, in vitro cytogenetics, and in vivo tests for genetic damage.
The Japanese regulations state these tests to be the minimum requirement
and encourage additional tests. Currently, Japanese guidelines do not require
a mammalian cell gene mutation assay. Harmonization will likely be achieved
by the Koseisho recommending all four tests, which will match requirements
in the United States and the EU; at present, this topic is at step 1 in the ICH
process. The mutagenicity studies should be completed before the commence-
ment of phase II clinical studies.

Guidelines presented at the second ICH are likely to alter the preclinical
requirements for registration in Japan; they cover toxicokinetics and when to
conduct repeated-dose tissue distribution studies. The former document may
improve the ability of animal toxicology studies to predict possible adverse
events in humans; currently, there are not toxicokinetic requirements in Japan,
and their relevance is questioned by many there. Although there is general
agreement on the registration requirement for single-dose tissue distribution
studies, implementation of the repeated-dose study requirement has been
inconsistent across the three ICH parties.

2.8.3 Safety Pharmacology

Japan was the first major country to require extensive pharmacological profil-
ing on all new pharmaceutical agents as part of the safety assessment profile.
Prior to commencement of initial clinical studies, the drug’s pharmacology
must be characterized in animal models. In the United States and Europe,
these studies have been collectively called safety pharmacology studies. For a
good general review of the issues surrounding safety pharmacology the reader
is referred to Hite (1997). The Japanese guidelines for such characterizations
were published in 1991 (New Drugs Division Notification No. 4, January
1991):

- Effects on general activity and behavior

- Effects on the central nervous system

- Effects on the autonomic nervous system and smooth muscle
- Effects on the respiratory and cardiovascular systems

- Effects on the digestive system

- Effects on water and electrolyte metabolism

+ Other important pharmacological effects
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In the United States, pharmacological studies in demonstration of efficacy
have always been required, but specific safety pharmacological studies have
never been required. Special situational or mechanistic data would be
requested on a case-by-case basis. This is a situation that is changing. In the
United States the activities of the Safety Pharmacology Discussion Group, for
example, have helped bring attention to the utility and issues surrounding
safety pharmacology data. In 1999 and 2000, the major toxicological and phar-
macological societal meetings had symposia on safety pharmacological testing.
Many major U.S. pharmaceutical companies are in the process of implement-
ing programs in safety pharmacology. The issue has been taken up by ICH
and the draft guideline is currently at the initial stages of review. This initial
draft (guideline S7) includes core tests in the assessment of CNS, cardiovas-
cular, and respiratory function. Studies will be expected to be performed
under GLP guidelines.

2.9 COMBINATION PRODUCTS

Recent years have seen a vast increase in the number of new therapeutic
products which are not purely drug, device, or biologic but rather a combina-
tion of two or more of these. This leads to a problem of deciding which of the
three centers shall have ultimate jurisdiction.

The Center for Devices and Radiological Health (CDRH) is designated the
center for major policy development and for the promulgation and interpreta-
tion of procedural regulations for medical devices under the act. The CDRH
regulates all medical devices, inclusive of radiation-related device, that are not
assigned categorically or specifically to CDER. In addition, CDRH will inde-
pendently administer the following activities (references to “sections” are the
provisions of the act):

1. A. Small business assistance programs under Section 10 of the amend-
ments [see Public Law (PL) 94-295]. Both CDER and CDRH will
identify any unique problems relating to medical device regulation for
small business.

B. Registration and listing under Section 510, including some CDER-
administered device applications. The CDER will receive printouts and
other assistance, as requested.

C. Color additives under Section 706, with review by CDER, as
appropriate.

D. Good Manufacturing Practices Advisory Committee. Under Section
520(f)(3), CDER will regularly receive notices of all meetings, with
participation by CDER, as appropriate.

E. Medical device reporting—The manufacturers, distributors, import-
ers, and users of all devices, including those regulated by CDER, shall
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report to CDRH under Section 519 of the act as required. The CDRH
will provide monthly reports and special reports as needed to CDER
for investigation and follow-up of those medical devices regulated by
CDER.

2.9.1 Device Programs That CDER and CDRH Each Will Administer

Both CDER and CDRH will administer and, as appropriate, enforce the fol-
lowing activities for medical devices assigned to their respective centers (refer-
ences to “sections” are the provisions of the act):

1. A. Surveillance and compliance actions involving general controls viola-
tions, such as misbranded or adulterated devices under Sections 301,
501, and 502

. Warning letters, seizures, injunctions, and prosecutions under Sections
302,303, and 304

. Civil penalties under Section 303(f) and administrative restraint under
Section 304(g)

. Nonregulatory activities, such as educational programs directed at us-
ers, participation in voluntary standards organizations, and so on

. Promulgation of performance standards and applications of special con-
trols under Section 514

F. Premarket notification, investigational device exemptions including
humanitarian exemptions, premarket approval, product development
protocols, classification, device tracking, petitions for reclassification,
postmarket surveillance under Sections 510(k), 513, 515, 519, 520(g)
and (m), and 522, and the advisory committees necessary to support
these activities

. Banned devices under Section 516

. FDA-requested and firm-initiated recalls whether under Section 518 or
another authority and other Section 518 remedies such as recall orders
1. Exemptions, variances, and applications of CGMP regulations under

Section 520(f)
J. Governmentwide quality assurance program
K. Requests for export approval under Sections 801(e) and 802

oe}

m O O

T Q

Coordination The centers will coordinate their activities in order to assure
that manufacturers do not have to independently secure authorization to
market their product from both centers unless this requirement is specified in
Section VII.

Submissions Submissions should be made to the appropriate center, as
specified herein, at the following addresses: Food and Drug Administration,
Center for Drug Evaluation and Research, Central Document Room (Room
2-14), 12420 Parklawn Drive, Rockville, Maryland 20852 or Food and Drug
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Administration, Center for Devices and Radiological Health, Document Mail
Center (HFZ-401), 1390 Piccard Drive, Rockville, Maryland 20850.

For submissions involving medical devices and/or drugs that are not clearly
addressed in this agreement, sponsors are referred to the product jurisdiction
regulations (21 CFR Part 3). These regulations have been promulgated to
facilitate the determination of regulatory jurisdiction but do not exclude the
possibility for a collaborative review between the centers.

2.9.2 Center Jurisdiction

The following subsections provide details concerning status, market approval
authority, special label/regulatory considerations, investigational options, and
intercenter consultations for the categories of products specified. Section VII
provides the general criteria that CDRH and CDER will apply in reaching
decisions as to which center will regulate a product.

A. 1. (a) Device with primary purpose of delivering or aiding in the delivery
of a drug that is distributed without a drug (i.e., unfilled)

Examples

Devices that calculate drug dosages

Drug delivery pump and/or catheter infusion pump for implantation

iontophoresis device

Medical or surgical kit (e.g., tray) with reference in instructions for use

with specific drug (e.g., local anesthetic)

Nebulizer

Small-particle aerosol generator (SPAG) for administering drug to ven-

tilated patient

Splitter block for mixing nitrous oxide and oxygen

Syringe, jet injector, storage and dispensing equipment

Status  Device and drug as separate entities

Market Approval Authority CDRH and CDER, respectively, unless the
intended use of the two products, through labeling, creates a combina-
tion product

Special Label/Regulatory Considerations The following specific proce-
dures will apply depending on the status of the drug delivery device and
drugs that will be delivered with the device:

(i) It may be determined during the design or conduct of clinical trials
for a new drug that it is not possible to develop adequate perfor-
mance specifications data on those characteristics of the device that
are required for the safe and effective use of the drug. If this is the
case, then drug labeling cannot be written to contain information
that makes it possible for the user to substitute a generic, marketed
device for the device used during development to use with the mar-
keted drug. In these situations, CDER will be the lead center for
regulation of the device under the device authorities.
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(i) For a device intended for use with a category of drugs that are

on the market, CDRH will be the lead center for regulation
for the device under the device authorities. The effects of the
device use on drug stability must be addressed in the device sub-
mission, when relevant. An additional showing of clinical effec-
tiveness of the drug when delivered by the specific device will
generally not be required. The device and drug labeling must
be mutually conforming with respect to indication, general
mode of delivery (e.g., topical, IV), and drug dosage/schedule
equivalents.

(iii) For a drug delivery device and drug that are developed for market-

ing to be used together as a system, a lead center will be designated
to be the contact point with the manufacturer(s). If a drug has been
developed and marketed and the development and study of de-
vice technology predominate, the principal mode of action will be
deemed to be that of the device, and CDRH would have the lead.
If a device has been developed and marketed and the develop-
ment and study of drug predominate, then, correspondingly, CDER
would have the lead. If neither the drug nor the device is on the
market, the lead center will be determined on a case-by-case basis.

Investigation Options 1DE or IND as appropriate

Intercenter Consultation CDER, when the lead center, will consult with
CDRH if CDER determines that a specific device is required as part of
the NDA process. CDRH as lead center will consult with CDER if
(a) the device is intended for use with (but not already containing) a

marketed drug and the device creates a significant change in the
intended use, mode of delivery (e.g., topical, IV), or dose/schedule
of the drug, or

(b) the device with primary purpose of delivering or aiding in the de-

livery of a drug and distributed containing a drug (i.e., “pre-filled
delivery system”).

Examples
Nebulizer
Oxygen tank for therapy and over-the-counter (OTC) emergency

use

Prefilled syringe
Transdermal patch

Combination product

Market Approval Authority CDER using drug authorities and device
authorities as necessary

Special Label/Regulatory Considerations None
Investigation Options IND
Intercenter Consultations Optional
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2. Device incorporating a drug component with the combination
product having the primary intended purpose of fulfilling a device
function

Examples
Bone cement containing antimicrobial agent
Cardiac pacemaker lead with steroid-coated tip
Condom, diaphragm, or cervical cap with contraceptive or antimicro-
bial agent (including virucidal) agent
Dental device with fluoride
Dental wood wedge with hemostatic agent
Percutaneous cuff (e.g., for a catheter or orthopedic pin) coated/im-
pregnated with antimicrobial agent
Skin closure or bandage with antimicrobial agent
Surgical or barrier drape with antimicrobial agent
Tissue graft with antimicrobial or other drug agent
Urinary and vascular catheter coated/impregnated with antimicrobial
agent
Wound dressing with antimicrobial agent
Status  Combination product
Market Approval Authority CDRH using device authorities

Special Label/Regulatory Considerations These products have a drug
component that is present to augment the safety and/or efficacy of the
device.

Investigation Options 1DE

Intercenter Consultation Required if a drug or the chemical form of the
drug has not been legally marketed in the United States as a human
drug for the intended effect

3. Drug incorporating a device component with the combination product
having the primary intended purpose of fulfilling a drug function
Examples

Skin-prep pads with antimicrobial agent
Surgical scrub brush with antimicrobial agent

Status  Combination product

Market Approval Authority CDER using drug authorities and, as neces-
sary, device authorities

Special Label/Regulatory Considerations Marketing of such a device
requires a submission of an NDA with safety and efficacy data on the
drug component or that it meet monograph specifications as generally
recognized as safe (GRAS) and generally recognized as effective
(GRAE). Drug requirements (e.g., CGMPs, registration and listing,
experience reporting) apply to products.

Investigation Options IND

Intercenter Consultation Optional
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4. (a) Device used in the production of a drug either to deliver directly to
a patient or for use in the producing medical facility (excluding use
in a registered drug manufacturing facility)

Examples
Oxygen concentrators (home or hospital)
Oxygen generator (chemical)
Ozone generator
Status  Device

Market Approval Authority CDER, applying both drug and device
authorities

Special Label/Regulatory Consideration May also require an NDA
if the drug produced is a new drug. Device requirements (e.g.,
CGMPs, registration and listing, experience reporting) will apply to
products.

Investigation Options 1DA or NDA as appropriate
Intercenter Consultation Optional

(b) Drug/device combination product intended to process a drug into a
finished package form

Examples

Device that uses drug concentrates to prepare large-volume parenter-
als

Oxygen concentrator (hospital) output used to fill oxygen tanks for use
within that medical facility

Status  Combination product

Market Approval Authority CDER, applying both drug and device
authorities

Special Label/Regulatory Considerations Respective drug and device
requirements (e.g., CGMPs, registration and listing, experience report-
ing) will apply.

Investigation Options 1DE or NDA as appropriate

Intercenter Consultation Optional but will be routinely obtained

B. 1. Device used concomitantly with a drug to directly activate or to aug-
ment drug effectiveness

Examples

Biliary lithotriptor used in conjunction with dissolution agent

Cancer hyperthermia used in conjunction with chemotherapy

Current generator used in conjunction with an implanted silver elec-
trode (drug) that produces silver ions for an antimicrobial purpose

Materials for blocking blood flow temporarily to restrict chemotherapy
drug to the intended site of action
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Ultraviolet and/or laser activation of oxsoralen for psoriasis or cutane-
ous T-cell lymphoma

Status Device and drug as separate entities
Market Approval Authority CDRH and CDER, respectively

Special Label/Regulatory Considerations The device and drug labeling
must be mutually conforming with respect to indications, general
mode of delivery (e.g., topical, IV), and drug dosage/schedule
equivalence. A lead center will be designated to be the contact point
with the manufacturer. If a drug has been developed and approved
for another use and development and study of device technology pre-
dominate, then CDRH would have the lead. If a device has been devel-
oped and marketed for another use and development and study of drug
action predominate, then CDER would have the lead. If neither the
drug nor the device is on the market, the lead center will be determined
on a case-by-case basis. If the labeling of the drug and device create a
combination product, as defined in the combination product regula-
tions, then the designation of the lead center for both applications
will be based upon a determination of the product’s primary mode of
action.

Investigation Options 1DE or IND as appropriate

Intercenter Consultations Required

2. Device kits labeled for use with drugs that include both device(s) and
drug(s) as separate entities in one package with the overall primary in-
tended purpose of the kit fulfilling a device function
Examples
Medical or surgical kit (e.g., tray) with drug component

Status  Combination product

Market Approval Authority CDRH, using device authorities, is respon-
sible for the kit if the manufacturer is repackaging a market drug.
Responsibility for overall packaging resides with CDRH. CDER will be
consulted as necessary on the use of drug authorities for the repackaged
drug component.

Special Label/Regulatory Consideration Device requirements (e.g.,
CGMPs, registration and listing, experience reporting) apply to Kkits.
Device manufacturers must assure that manufacturing steps do not
adversely affect drug components of the kit. If the manufacturing
steps do affect the marketed drug (e.g., the kit is sterilized by irradia-
tion), an ANDA or NDA would also be required with CDRH as the
lead center.

Investigation Options 1DA or IND as appropriate
Intercenter Consultation Optional if ANDA or NDA not required
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C. Liquids, gases, or solids intended for use as devices (e.g., implanted, or
components, parts, or accessories to devices)

Examples

Dye for tissues used in conjunction with laser surgery to enhance absorp-
tion of laser light in target tissue

Gas mixtures for pulmonary function-testing devices

Gases used to provide “physical effects”

Hemodialysis fluids

Hemostatic devices and dressings

Injectable silicon, collagen, and Teflon

Liquids functioning through physical action applied to the body to cool or
freeze tissues for therapeutic purposes

Liquids intended to inflate, flush, or moisten (lubricate) indwelling device
(in or on the body)

Lubricants and lubricating jellies

Ophthalmic solutions for contact lenses

Organ/tissue transport and/or perfusion fluid with antimicrobial or other
drug agent, that is, preservation solutions

Powders for lubricating surgical gloves

Sodium hyaluronate or hyaluronic acid for use as a surgical aid

Solution for use with dental “chemical drill”

Spray on dressings not containing a drug component

Status  Device

Market Approval Authority CDRH

Special Label/Regulatory Considerations None
Investigation Options 1DE

Intercenter Consultation Required if the device has direct contact with
the body and the drug or the chemical form of the drug has not been
legally marketed as a human drug

D. Products regulated as drugs
Examples
Irrigation solutions
Purified water or saline in prefilled nebulizers for use in inhalation therapy
Skin protectants (intended for use on intact skin)
Sun screens
Topical/internal analgesic-antipyretic
Status  Drug
Market Approval Authority CDER
Special Label/Regulatory Considerations None
Investigation Options IND
Intercenter Consultations Optional
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E. Ad hoc jurisdictional decisions
Examples

Status Center

Motility marker constructed of radiopaque plastic Device CDRH
Brachytherapy capsules, needles, etc., that are Device CDRH
radioactive and may be removed from the body
after radiation therapy has been administered
Skin markers Device CDRH

Status Device or drug

Market Approval Authority CDRH or CDER as indicated
Special Label/Regulatory Considerations None
Investigation Options 1DE or IND as appropriate

Intercenter Consultation Required to assure agreement on drug/device
status

General Criteria Affecting Drug/Device Determination

The following represent the general criteria that will apply in making device/
drug determinations.

A. Device Criteria

1. A liquid, powder, or other similar formulation intended only to serve
as a component, part, or accessory to a device with a primary mode
of action that is physical in nature will be regulated as a device by
CDRH.

2. A product that has the physical attributes described in 201(h) (e.g., in-
strument, apparatus) of the act and does not achieve its primary intend-
ed purpose through chemical action within or on the body or by being
metabolized will be regulated as a device by CDRH.

3. The phrase “within or on the body” as used in 201(h) of the act does
not include extra corporeal systems or the solutions used in conjunction
with such equipment. Such equipment and solutions will be regulated as
devices by CDRH.

4. An implant, including an injectable material, placed in the body for
primarily a structural purpose even though such an implant may be
absorbed or metabolized by the body after it has achieved its primary
purpose will be regulated as a device by CDRH.

5. A device containing a drug substance as a component with the primary
purpose of the combination being to fulfill a device function is a combi-
nation product and will be regulated as a device by CDRH.
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6. A device (e.g., machine or equipment) marketed to the user, pharmacy,
or licensed practitioner that produces a drug will be regulated as a de-
vice or combination product by CDER. This does not include equip-
ment marketed to a registered drug manufacturer.

7. A device whose labeling or promotional materials make reference to
a specific drug or generic class of drugs unless it is prefilled with a drug
ordinarily remains a device regulated by CDRH. It may, however, also
be subject to the combination products regulation.

B. Drug Criteria

1. A liquid, powder, tablet, or other similar formulation that achieves
its primary intended purpose through chemical action within or on the
body or by being metabolized, unless it meets one of the specified device
criteria, will as regulated as a drug by CDER.

2. A device that serves as a container for a drug or a device that is a drug
delivery system attached to the drug container where the drug is present
in the container is a combination product that will be regulated as a drug
by CDER.

3. A device containing a drug substance as a component with the primary
purpose of the combination product being to fulfill a drug purpose is a
combination product and will be regulated as a drug by CDER.

4. A drug whose labeling or promotional materials makes reference to a
specific device or generic class of devices ordinarily remains a drug regu-
lated by CDER. It may, however, also be subject to the combination
products regulation.

2.10 CONCLUSIONS

In summary, we have touched upon the regulations that currently control the
types of preclinical toxicity testing done on potential human pharmaceuticals
and medical device products. We have reviewed the history, the law, the
regulations themselves, the guidelines, and common practices employed to
meet regulatory standards. Types of toxicity testing were discussed, as were
the special cases pertaining to, for example, biotechnology products.
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Prior Art and Its
Use in Safety
Assessment Process

The appropriate starting place for the safety assessment of any new chemical
entity, particularly a potential new drug, is to first determine what is already
known about the molecule, its structural and therapeutics class analogues
(pharmacological analogues being agents with assumed similar pharmacologi-
cal mechanisms), and the disease one seeks to treat. Such a determination
requires the fullest possible access and review of the available literature. Here
we try to at least overview the range of approaches to gathering such data
(Table 3.1). In using this information, one must keep in mind that there is both
an initial requirement to build a data file or database and a continuing need
to update such a database on a regular basis, seving as part of the project
record. Updating a database requires not merely adding to what is already
there but also discarding out-of-date (i.e.,now known to be incorrect) informa-
tion and reviewing the entire structure for connections and organization.

Such data are first used in selecting which possible compounds should be
carried forward in development as a possible new drug [as illustrated in Figure
3.1 and explored in detail in Gad (2005)].

3.1 CLAIMS

Claims are what is said in labeling and advertising and may be either of a
positive (therapeutic or beneficial) or negative (lack of an adverse effect)

Drug Safety Evaluation, Second Edition, by Shayne Cox Gad
Copyright © 2009 John Wiley & Sons, Inc.
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TABLE 3.1 Sources of Prior Art

Internet

FDA: Inactive Ingredients for Currently Marketed Drug
Products, http://www.accessdata.fda.gov/scripts/cder/iig/
index.cfm

Proprietory databases

Medline/toxline/journals

Book (monographs and edited)

Personal network/meetings

Obscure databases

Drug discovery

Developability
assessment

A

Preclinical drug
development

T~

Clinical drug Nonclinical drug
development development

Figure 3.1 Prior art in assessing pharmaceutical developability.

nature. The positive or efficacy claims are not usually the direct concern of the
toxicologist, though it must be kept in mind that such claims both must be
proved and can easily exceed the limits of the statutory definition of a device,
turning the product into a drug or combination product. Negative claims such
as “nonirritating” or “hypoallergenic” also must be proved and are generally
the responsibility of the product safety professional to provide proof for. There
are special tests for such claims.

3.2 TIME AND ECONOMIES

The final factors of influence or arbitrator of test conduct and timing are the
requirements of the marketplace, the resources of the organization, and the
economic worth of the product. Plans for filings with regulatory agencies and
for market launches are typically set before actual testing (or final stage devel-
opment) is undertaken, as the need to be in the marketplace in a certain time
frame is critical. Such timing and economic issues are beyond the scope of this
volume but must be considered.
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3.3 PRIOR KNOWLEDGE

The first step in any new literature review is to obtain as much of the following
information as possible:

1. Correct chemical identity, including molecular formula, Chemical
Abstracts Service (CAS) registry number, common synonyms, trade
names, and a structural diagram. Gosselin et al. (1984) and Ash and Ash
(1995,2007) are excellent sources of information on existing commercial
products and their components and uses.

2. Chemical composition (if a mixture) and major impurities.

98]

. Production and use information.

4. Chemical and physical properties (physical state, vapor pressure, pH,
solubility, chemical reactivity, etc.).

5. Any structurally related chemical substances that are already on the
market or in production.

6. Known or presumed pharmacological properties.

Collection of the above information is not only important for hazard assess-
ment (high vapor pressure would indicate high inhalation potential, just as
high and low pH would indicate high irritation potential), but the prior iden-
tification of all intended use and exposure patterns may provide leads to
alternative information sources; for example, drugs to be used as antineoplas-
tics or antibiotics may already have extensive toxicology data obtainable from
government or private sources. A great deal of the existing toxicity informa-
tion (particularly information on acute toxicity) is not available in the pub-
lished or electronic literature because of concerns about the proprietary nature
of this information and the widespread opinion that it does not have enough
intrinsic scholarly value to merit publication. This unavailability is unfortunate,
as it leads to a lot of replication of effort and expenditure of resources that
could be better used elsewhere. It also means that an experienced toxicologist
must use an informal search of the unpublished literature of his colleagues as
a supplement to searches of the published and electronic literature.

There are now numerous published texts that should be considered for use
in literature-reviewing activities. An alphabetic listing of 24 of the more com-
monly used hard-copy sources for safety assessment data is provided in Table
3.2. Obviously, this is not a complete listing and consists of only the general
multipurpose texts that have a wider range of applicability for toxicology. Texts
dealing with specialized classes of agents (e.g., disinfectants) or with specific
target organ toxicity (neurotoxins and teratogens) are generally beyond the
scope of this text. Parker (1988) should be consulted for details on the use of
these texts. Wexler (2008), Parker (1988), and Sidhu et al. (1989) should be
consulted for more extensive listings of the literature and computerized data-
bases. Such sources can be off direct (free) Internet sources (where one must
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TABLE 3.2 Key Safety Assessment Reference Texts
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Ash, M., and Ash, |. (2007). Pharmaceuticals Additives, 2nd ed., Electronic Handbook.
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beware of GIGO: garbage in, garbage out), commercial databases, and package
products, to mention just the major categories. Appendix C provides addresses
for major free Internet sources.

3.4 MISCELLANEOUS REFERENCE SOURCES

There are some excellent published information sources covering some spe-
cific classes of chemicals, for example, heavy metals, plastics, resins, or petro-
leum hydrocarbons. The National Academy of Science series Medical and
Biologic Effects of Environment Pollutants covers 10-15 substances consid-
ered to be environmental pollutants. CRC Critical Reviews in Toxicology is a
well-known scientific journal that over the years has compiled over 20 volumes
of extensive literature reviews of a wide variety of chemical substances. A
photocopy of this journal’s topical index will prevent one from overlooking
information that may be contained in this important source. Trade organiza-
tions such as the Fragrance Industry Manufacturers Association and the
Chemical Manufacturers Association have extensive toxicology databases
from their research programs that are readily available to toxicologists of
member companies. Texts that deal with specific target organ toxicity—neuro-
toxicity, hepatotoxicity, or hematotoxicity—often contain detailed information
on a wide range of chemical structures. Published information sources like the
Target of Organ Toxicity series (Taylor and Francis, now halfway through a
second round of new editions) or a few examples of publications that contain
important information on many industrial chemicals may be useful either
directly or by analogy. Upon discovery that the material one is evaluating may
possess target organ toxicity, a cursory review of these types of texts is
warranted.

In the last decade, for many toxicologists the online literature search has
changed from an occasional, sporadic activity to a semicontinuous need.
Usually, non-toxicology-related search capabilities are already in place in
many companies. Therefore, all that is needed is to expand the information
source to include some of the databases that cover the types of toxicology
information one desires. However, if no capabilities exist within an organiza-
tion, one can approach a university, consultant, or private contract laboratory
and utilize their online system at a reasonable rate. It is even possible to access
most of these sources from home using a personal computer. The major avail-
able online databases are as follows:

A. National Library of Medicine The National Library of Medicine (NLM)
information retrieval service contains the well-known and frequently used
Medline, Toxline, and Cancerlit databases. Databases commonly used by
toxicologists for acute data in the NLM service are the following:

1. Toxline (Toxicology Information Online) is a bibliographic database
covering the pharmacological, biochemical, physiological, environmen-
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tal, and toxicological effects of drugs and other chemicals. It contains

approximately 1.7 million citations, most of which are complete with

abstract, index terms, and CAS registry numbers. Toxline citations have
publication dates of 1981 to the present. Older information is on Toxline

65 (pre-1965 through 1980).

2. Medline (Medical Information Online) is a database containing approx-
imately 7 million references to biomedical journal articles published
since 1966. These articles, usually with an English abstract, are from over
3000 journals. Coverage of previous years (back to 1966) is provided by
back files, searchable online, that total some 3.5 million references.

3. Toxnet (Toxicology Data Network) is a computerized network of toxico-
logically oriented data banks. Toxnet offers a sophisticated search and
retrieval package that accesses the following three subfiles:

a. Hazardous Substances Data Bank (HSDB) is a scientifically
reviewed and edited data bank containing toxicological information
enhanced with additional data related to the environment, emergency
situations, and regulatory issues. Data are derived from a variety of
sources, including government documents and special reports. This
database contains records for over 4100 chemical substances.

b. Toxicology Data Bank (TDB) is a peer-reviewed data bank focusing
on toxicological and pharmacological data, environmental and occu-
pational information, manufacturing and use data, and chemical and
physical properties. References have been extracted from a selected
list of standard source documents.

c. Chemical Carcinogenesis Research Information System (CCRIS) is a
National Cancer Institute—sponsored database derived from both
short- and long-term bioassays on 2379 chemical substances. Studies
cover carcinogenicity, mutagenicity, promotion, and cocarcinogenicity.

4. Registry of Toxic Effects of Chemical Substances (RTECS) is the NLM’s
online version of the National Institute for Occupational Safety and
Health’s (NIOSH) annual compilation of substances with toxic activity.
The original collection of data was derived from the 1971 Toxic Sub-
stances Lists. RTECS data contain threshold limit values, aquatic toxic-
ity ratings, air standards, National Toxicology Program carcinogenesis
bioassay information, and toxicological/carcinogenic review informa-
tion. The NIOSH is responsible for the file content in RTECS and for
providing quarterly updates to NLM: RTECS currently covers toxicity
data on more than 106,000 substances.

B. The Merck Index The Merck Index is now available online for up-to-the
minute access to new chemical entities.

3.5 SEARCH PROCEDURE

As mentioned in the introduction, chemical composition and identification
information should already have been obtained before the chemical is to be
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searched. With most information retrieval systems this is a relatively straight-
forward procedure. Citations on a given subject may be retrieved by entering
the desired free text terms as they appear in titles, key words, and abstracts of
articles. The search is then initiated by entering the CAS number and/or syn-
onyms. If you are only interested in a specific target organ effect—for instance,
carcinogenicity—or specific publication years, searches can be limited to a
finite number of abstracts before requesting the printout.

Often it is unnecessary to request a full printout (author, title, abstract).
You may choose to review just the author and title listing before selecting the
abstracts of interest. In the long run, this approach may save you computer
time, especially if the number of citations being searched is large.

Once you have reviewed the abstracts, the last step is to request photocop-
ies of the articles of interest. Extreme caution should be used in making any
final health hazard determination based solely on an abstract or nonprimary
literature source.

3.6 MONITORING PUBLISHED LITERATURE AND OTHER
RESEARCH IN PROGRESS

Although there are a few other publications offering similar services, the Life
Sciences edition of Current Contents is the publication most widely used by
toxicologists for monitoring the published literature. Current Contents moni-
tors over 1180 major journals and provides a weekly listing by title and author.
Selecting out those journals you wish to monitor is one means of selectively
monitoring the major toxicology journals.

Aids available to the toxicologist for monitoring research in progress
are quite variable. The National Toxicology Program’s (NTP) Annual Plan for
Fiscal Year XXX X highlights all the accomplishments of the previous year and
outlines the research plans for the coming year. Annual Plan contains all
projects in the president’s proposed fiscal year budget that occur within the
National Cancer Institute/National Institutes of Health, National Institute of
Environmental Health Sciences/National Institutes of Health, National Center
for Toxicological Research/Food and Drug Administration, and NIOSH/
Centers for Disease Control. this report includes a list of all the chemicals
selected for testing in research areas that include but are not limited to muta-
genicity, immunotoxicity, teratoly/reproduction, neurotoxicity, pharmacokinet-
ics, subchronic toxicity, and chronic toxicity/carcinogenicity.

Annual Plan also contains a bibliography of NTP publications from the
previous year. A companion publication is the 1999 NTP Review of Current
DHHS, DOE, and EPA Research Related to Toxicology. Similar to Annual
Plan, this document provides detailed summaries of both proposed and
ongoing research.

Another mechanism for monitoring research in progress is by reviewing
abstracts presented at the annual meetings of professional societies such as
the Society of Toxicology, Teratology Society, Environmental Mutagen Society,
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and American College of Toxicology. These societies usually have their
abstracts prepared in printed form; for example, the current 7oxicologist con-
tains over 1700 abstracts presented at the annual meeting. Copies of the titles
and authors of these abstracts are usually listed in the societies/respective
journals, which, in many cases, would be reproduced and could be reviewed
through Current Contents.

3.7 NEW SOURCES

Scientists today are more aware than ever before of the existence of what has
been called the “information revolutions.” At no other time in recent history
has so much information become available from so many different “tradi-
tional” resources—including books, reviews, journals, and meetings—as well
as personal computer—based materials such as databases, alerting services,
optical-disk-based information, and news media.

The good news for toxicologists interested in the safety of chemical entities
of all types is that numerous new computer-based information products are
available that can be extremely useful additions to current safety and toxicol-
ogy libraries. These tools enable one to save considerable time, effort, and
money while evaluating the safety of chemical entities.

The primary focus of this section is on the description and applications of
the recent innovations of newly emerging information services based on the
personal computer (PC).

3.8 KINDS OF INFORMATION

The kinds of information described here are found on three types of PC
media—floppy, CD-ROM, and laser disks. The products run the gamut of
allowing one to assess current developments on a weekly basis as well as carry
out more traditional reviews of historical information. The general types of
information one can cover include basic pharmacology, preclinical toxicology,
competitive products, and clinical safety.

The specific products discussed are as follows: two floppy disk—-based prod-
ucts called Current Contents on Diskette and Focus On Global Change; five
CD-ROM products called Toxic Release Inventory, Material Safety Data
Sheets, CCINFOdisc, Pollution/Toxicology, and Medline Ondisc; and a laser
disk product entitled the Veterinary Pathology Slide Bank. We provide a brief
synopsis of the major features of each as well as a description of their integra-
tion into a functional, PC-based toxicology information center (TIC).

When such a TIC is established, one will find that some unusual benefits
accrue. One now has immediate and uninterrupted access to libraries of valu-
able and comprehensive scientific data. This access is free of “online” con-
straints and designed to be user friendly, with readily retrievable information
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available 24 hours a day, 7 days a week. The retrieved information can also
usually be manipulated in electronic form, so one can use it in reports and/or
store it in machine-readable form as ASCII files.

The minimal hardware requirements, which are certainly adequate for all
items discussed here, are an IBM or IBM-compatible PC equipped with at
least 640K RAM, a single floppy disk drive, at least a 40-Mbyte hard-disk drive,
a CD-ROM drive, a VGA color monitor, and a printer. The basic point
here is that hardware requirements are minimal and readily available. In the
case of the laser disk products, a laser disk drive and high-resolution (VGA)
monitor are also required.

3.8.1 PC-Based Information Products: Floppy Disk Based

We currently have ready access to a rapidly growing variety of relevant infor-
mation resources. From a current awareness perspective, an excellent source
of weekly information is the floppy disk-based product called Current
Contents on Diskette (CCOD). Several versions are available; however, the
Life Sciences version is most appropriate for this review because of its cover-
age, on a weekly basis, of over 1200 journals describing work in the biological
sciences. One will note that the product has several useful features, including
very quick retrieval of article citations as well as several output options (includ-
ing either hard-copy or electronic storage of references as well as reprint
requests).

3.8.2 PC-Based Information Products: CD-ROM Media

The gradual emergence of this technology during the past several years has
recently blossomed with the introduction of several CD-ROM products that
deal with safety issues surrounding the toxicology and safety of chemicals.
CD-ROM media with such information can generally be characterized by two
major advantages: They are relatively easy to use and are amazingly quick in
retrieving data of interest.

Toxic Release Inventory (TRI) Before embarking on a discussion of prod-
ucts describing health, toxicology, and safety issues, it is well to be aware of a
new, pilot CD-ROM version of the U.S. Environmental Protection Agency’s
(EPA) 1987 Toxic Chemical Release Inventory and Hazardous Substances
Fact Sheets. This TRI resource, which contains information regarding the
annual inventory of hundreds of named toxic chemicals from certain facilities
(since 1987) as well as the toxicological and ecological effects of chemicals, is
available from the National Technical Information Service (NTIS), U.S.
Department of Commerce, Springfield, Virginia 22161.

The list of toxic chemicals subject to reporting was originally derived from
those designed for similar purposes by the states of Maryland and New Jersey.
As such, over 300 chemicals and categories are noted. (After appropriate rule
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making, modifications to the list can be made by the EPA.) The inventory
is designed to inform the public and government officials about routine and
accidental releases of toxic chemicals to the environment.

The CD-ROM version of the database can be efficiently searched with a
menu-driven type of software called Search Express. It allows one to search
with Boolean expressions as well as individual words and/or frequency of
“hits” as a function of the number of documents retrieved on a given topic.
Numerous searchable fields have been included, allowing one to retrieve infor-
mation by a variety of means—for example, the compound name; the chemical
registry number; the amount of material released into the air, water, or land;
the location of the site of release; and the Standard Industrial Classification
(SIC) code of the releasing party. One can also employ ranging methods with
available numeric fields and sorting of output.

It is hoped that this shared information will help to increase the awareness,
concern, and action by individuals to ensure a clean and safe environment.
The TRI database is a significant contribution to that effort and the CD-ROM
version is a superb medium with which to widely publicize and make accessible
the findings.

Material Safety Data Sheets (MSDSs) The MSDS CD-ROM is a useful
resource that contains over 33,000 MSDSs on chemicals submitted to the
Occupational Safety and Health Administration (OSHA) by chemical manu-
facturers. This resource contains complete MSDS information as well as other
important information such as the chemical formula, structure, physical prop-
erties, synonyms, registry number, and safety information.

Users can easily search the CD-ROM by employing the Aldrich catalog
number, CAS number, chemical name, or molecular formula. One can also
export the chemical structures to some supported software for subsequent
inclusion into work-processing programs. The product is available from Aldrich
Chemical Company, 940 West St. Paul Avenue, Milwaukee, Wisconsin 54233.

Canadian Centre for Occupational Health and Safety (CCINFO) This
set of four CD-ROM disks contains several valuable databases of information
that are updated on a quarterly basis: MSDS, CHEM Data, Occupational
Health and Safety (OHS) Source, and OHS Data. The MSDS component cur-
rently contains over 60,000 MSDSs supplied by chemical manufacturers and
distributors. It also contains several other databases [RIPP, RIPA, Pest Man-
agement Research Information System (PRIS)], one of which (PRIS) even
includes information on pest management products, including their presence
and allowable limits in food.

A second disk in the series (CHEM Data) contains comprehensive informa-
tion from CHEMINFO, Registry of Toxic Effects of Chemical Substances
(RTECS) and Chemical Evaluation Search and Retrieval System (CESARS)
data bases as well as recommendations on Transport of Dangerous Goods
(TDG)/Hazardous Materials (49 CFR).
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The third and fourth disks include OHS information. These disks contain
databases on resource organizations, resource people, case law, jurisprudence,
fatalities, mining incidents, and ADISCAN. Furthermore, information on noise
levels,and National Institute for Occupational Safety and Health (NIOSHTEC)
nonionizing radiation levels, and a Document Information Directory System
is readily retrievable. These CD-ROM materials are available from the
Canadian Center for Occupational Health and Safety, 250 Main Street East,
Hamilton, Ontario L8N 1H6.

Pollution and Toxicology (POLTOX) This CD-ROM library also focuses
our attention on environmental health and safety concerns. Scientists working
in any industry or capacity that deals with toxic or potentially toxic chemicals
will find it very useful. It allows one access to seven major databases in this
field in a single search through its use of “linking” features in its software. The
distributors of this product have provided us with a spectrum of information
dealing with toxic substances and environmental health.

The collection of these databases include five that are available exclusively
from Cambridge Scientific Abstracts (CSA)—Pollution Abstracts, Toxicology
Abstracts, Ecology Abstracts, Health and Safety Science Abstracts,and Aquatic
Pollution and Environmental Quality. The abstracts come from journals or
digests published by CSA on important issues, including environmental pol-
lution, toxicological studies of industrial chemicals, ecological impacts of bio-
logically active chemicals, as well as health, safety, and risk management in
occupational situations. The POLTOX CD-ROM contains over 200,000 records
from these sources since 1981.

POLTOX also contains two other useful databases—Toxline (described
earlier) and the Food Science and Technology Abstracts (FSTA) libraries. The
FSTA component is a reasonably comprehensive collection of information
regarding toxicological aspects of compounds found in food, including con-
tamination, poison, and carcinogenic properties. The CD-ROM product is
available from Compact Cambridge, 7200 Wisconsin Avenue, Bethesda,
Maryland 20814.

Medline The Medline database, which comes from the NLM, is a superb,
indispensable reference library that is particularly strong in its wide coverage
of research activities in the biomedical literature. It also encompasses the areas
of clinical medicine, health policy, and health care services. Each year, over
300,000 articles are reviewed and indexed into the database. The full biblio-
graphic citations of these articles, usually including the abstract of the pub-
lished work, are available from numerous vendors in CD-ROM format and
are usually updated on a monthly basis.

Information can be accessed from Medline in a variety of ways: by author,
title, subject, CAS registration number, keyword, publication year, and journal
title. Medline Ondisc is the CD-ROM product we employ (from Dialog Infor-
mation Services, 3460 Hillview Ave., Palo Alto, CA 94304). It allows one access
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to the full Medline files back to 1984. Each year from that time until 1988 is
covered on a single CD-ROM disk; starting in 1989, each disk covers only a
six-month time period. The information is accessed through either an easily
employed “menu-driven” system or a more standard online type of “command
language.”

Gower Publishing (Brookfield, VT) has published a series of “electronic
handbooks” providing approved ingredient information on materials used in
cosmetics, personal care additives, food additives, and pharmaceuticals. Aca-
demic Press, through its Sci-Vision branch, launched (in 2000) an ambitious
service of CD ROM-based toxicity database products which are structure and
substructure searchable.

It is worth nothing that the CD-ROM-based system has been seamlessly
integrated with both (proprietary) recordkeeping and communications soft-
ware so that one can optionally monitor the use of the online services and
easily continue searching in the Dialog “online” environment after using the
CD-ROM-based Medline library. Another very useful feature includes the
storage of one’s search logic so that repetitive types of searches, over time, for
example, can be done very easily.

3.8.3 PC-Based Information Products: Laser Disk

International Veterinary Pathology Slide Bank (IVPSB) This application
represents an important complementary approach toward training and aware-
ness using laser disk technology. The IVPSB provides a quality collection of
transparencies, laser videodisks, and interactive computer/videodisk training
programs. In particular, the videodisk contains over 21,000 slides from over 60
contributors representing 37 institutions from 6 countries. These slides are
accessible almost instantaneously because of the tremendous storage capacity
and rapid random-search capabilities of the videodisk through the interactive
flexibility of the computer. The information available is of particular interest
to toxicologists and pathologists because the visuals illustrate examples of
gross lesions of infectious diseases, regional diseases, clinical signs or external
microscopy, histopathology, normal histology, cytology and hematology, and
parasitology.

The laser disk, a catalog of the entrees, a computer database, and selected
interactive programs can be obtained from Dr. Wayne Crowell, Department
of Veterinary Pathology, University of Georgia, Athens, Georgia 30602.

3.9 CONCLUSIONS

This brief overview of some of the readily available PC-based information
resources will, hopefully, encourage more widespread use of this type of tech-
nology. Toxicologists and pathologists, in particular, can avail themselves of
these useful resources in a way that was simply not possible just a few years
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ago. The information one needs to make decisions is now far more accessible
to many more of us for relatively reasonable expenditures of money for soft-
ware and hardware.

An effective approach to provide maximal access to these resources is to
set up a TIC, which consists of the earlier noted PC hardware and single, cen-
trally available copies of the noted floppy disk, CD-ROM-based, and laser disk
products. By employing a menu-based system (available commercially or by
shareware) to access the respective products, one can usually provide entry
into each of the products discussed here with a single keystroke.

As time goes on, one can grow with the system by considering networking
the CD-ROM-based resources and/or setting up other, strategically located
TICs on one’s campus. The important concept here is that we wish to make
the superb “new” PC-based information products as available as we can to
interested scientists.

A critical part of the strategy for delivery of information to the end user is
that one can anticipate marked increased usage of the more traditional, hard-
copy-based resources of the centralized library. The tools described here are
frequently complementary to the pivotal library-based information center.
What one can anticipate, however, is a much more focused use of hard-copy-
based information.
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Screens in Safety and
Hazard Assessment

4.1 INTRODUCTION

In biological research, screens are tests designed and performed to identify
agents or organisms having a certain set of characteristics that will either
exclude them from further consideration or cause them to be selected for
closer attention. In pharmaceutical safety assessment, our use of screens is
usually negative (i.e.,no activity is found)—agents or objects possessing certain
biochemical activities are considered to present enough of a hazard that they
are not studied further or developed as potential therapeutic agents without
compelling reasons (in cases of extreme benefit such as life-saving qualities).

In the broadest terms what is done in preclinical (and, indeed, in phase I
clinical) studies can be considered a form of screening (Zbinden et al., 1984).
What varies is the degree of effectiveness of (or our confidence in) each of
the tests used. As a general rule, though we think of the expensive and labor-
intensive “pivotal” studies required to support regulatory requirements (e.g.,
4-week-to-1-year toxicity, carcinogenicity, and segment I-III studies) as defini-
tive, in fact, they are highly effective (or at least we generally so believe) but
not necessarily efficient screens.

Though toxicologists in the pharmaceutical industry are familiar with the
broad concepts of screening, they generally do not recognize the applicability
of screens. The principles underlying screening are also not generally well

Drug Safety Evaluation, Second Edition, by Shayne Cox Gad
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recognized or understood. The objective behind the entire safety assessment
process in the pharmaceutical industry is to identify those compounds for
which the risk of harming humans does not exceed the potential benefit to
them.

In most cases this means that if a test or screen identifies a level of risk that
we have confidence in (our “activity criterion”), then the compound that was
tested is no longer considered a viable candidate for development. In this
approach, what may change from test to test is the activity criterion (i.e., our
basis for and degree of confidence in the outcome). We are interested in mini-
mizing the number of false negatives in safety assessment. Anderson and
Hauck (1983) should be consulted for statistical methods to minimize false-
negative results.

Figure 4.1 illustrates how currently decisions are more likely to be made on
a multidimensional basis, which creates a need for balance among (1) degree
of benefit, (2) confidence that there is a benefit (efficacy is being evaluated
in “models” or screens at the same time safety is), (3) type of risk (with, e.g.,
muscle irritation, mutagenicity, acute lethality, and carcinogenicity having
various degrees of concern attached to them), and (4) confidence in and
degree of risk. This necessity for balance is commonly missed by many who
voice opposition to screens because “they may cause us to throw out a promis-
ing compound based on a finding in which we have only (for example) 80%
confidence.” Screens, particularly those performed early in the research and
development process, should be viewed as the biological equivalent of explor-
atory data analysis. They should be very sensitive, which by definition means
that they will have a lot of “noise” associated with them. Screens generally do
not establish that an agent is (or is not) a “bad actor” for a certain endpoint.
Rather, they confirm that if interest in a compound is sufficient, a more defini-
tive test (a confirmatory test) is required, which frequently will provide a basis
for selecting between multiple candidate compounds.

4.2 CHARACTERISTICS OF SCREENS

The terminology involved in screen design and evaluation and the character-
istics of a screen should be clearly stated and understood. The characteristics
of screen performance are defined as:

- Sensitivity: the ratio of true positives to total actives

- Specificity: the ratio of true negatives to total inactives

- Positive accuracy: the ratio of true to observed positives

- Negative accuracy: the ratio of true to observed negatives
+ Capacity: the number of compounds that can be evaluated

+ Reproducibility: the probability that a screen will produce the same
results at another time (and, perhaps, in some other laboratory)
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Figure 4.1 Decision making for pharmaceutical candidates based on outcome of screening
tests. (a) A 100% probability of efficacy means that every compound that has the observed
performance in the model(s) used has the desired activity in man. (b) A 0% probability of efficacy
means that every compound that has the observed performance in the model(s) used does not
have the desired activity in man. (c) A 100% probability of a safety finding means that such a
compound would definitely cause this toxicity in man. (d) A 0% probability means this will never
cause such a problem in man. Note: These four cases (a, b, ¢, and d) are almost never found.

The height of the “impact” column refers to the relative importance (“human risk”) of a safety
finding. Compound A has a high probability of efficacy but also a high probability of having
some adverse effect in man. But if that adverse effect is of low impact—say, transitory muscle
irritation for a life-saving antibiotic—A should go forward. Likewise, B, which has a low probabil-
ity of efficacy and a high probability of having an adverse effect with moderate impact, should
not be pursued. Compound C is at a place where the high end of the impact scale should be
considered. Though there is only a 5% probability of this finding (say, neurotoxicity or carcino-
genicity) being predictive in man, the adverse effect is not an acceptable one. Here a more
definitive test is called for or the compound should be dropped.

These characteristics may be optimized for a particular use if we also con-
sider the mathematics underlying them and “errors.”

A brief review of the basic relationships between error types and power
starts with considering each of five interacting factors (Gad, 1982a, 1982b,
1999) that serve to determine power and define competing error rates:

o: the probability of our committing a type I error (a false positive)
f: the probability of our committing a type II error (a false negative)

A: the desired sensitivity in a screen (such as being able to detect an increase
of 10% in mutations in a population)

o: the variability of the biological system and the effects of chance errors

n: the necessary sample size needed to achieve the desired levels of each
of these factors
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We can, by our actions, generally change only this portion of the equation,
since n is proportional to 6/(c, B, and A).

The implications of this are therefore that (1) the greater o is, the larger n
must be to achieve the desired levels of o, B, and/or A, and (2) the smaller the
desired levels of o, B, and/or A, if n is constant, the larger ¢ must be.

What are the background response level and the variability in our tech-
nique? As any good toxicologist will acknowledge, matched concurrent control
(or standardization) groups are essential to minimize within-group variability
as an “error” contributor. Unfortunately, in in vivo toxicology test systems,
large sample sizes are not readily attainable, and there are other complications
to this problem that we shall consider later.

In an early screen, a relatively large number of compounds will be tested.
It is unlikely that one will stand out so much as to have greater statistical
significance than all the other compounds (Bergman and Gittins, 1985). A
more or less continuous range of activities will be found instead. Compounds
showing the highest (beneficial) or lowest (adverse) activity will proceed to
the next assay or tier of tests in the series and may be used as lead compounds
in a new cycle of testing and evaluation.

The balance between how well a screen discovers activities of interest
versus other effects (specificity) is thus critical. Table 4.1 presents a graphic
illustration of the dynamic relationship between discovery and
discrimination.

Both discovery and discrimination in screens hinge on the decision criterion
that is used to determine if activity has or has not been detected. How sharply
such a criterion is defined and how well it reflects the working of a screening
system are two of the critical factors driving screen design.

An advantage of testing many compounds is that it gives the opportunity
to average activity evidence over structural classes or to study quantitative
structure—activity relationships (QSARs). Quantitative structure-activity
relationships can be used to predict the activity of new compounds and
thus reduce the chance of in vivo testing on negative compounds. The use of

TABLE 4.1 Discovery and Discrimination of Toxicants

Actual Activity of Agent Tested

Screen Outcome Positive Negative
Positive a b
Negative c d
Notes: Discovery (sensitivity) =a/(a + ¢), where a = all toxicants found positive

a+ c = all toxicants tested
Discrimination (specificity) =d/(b + d), where d = all nontoxicants found negative
b + d = all nontoxicants tested
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QSARs can increase the proportion of truly active compounds passing through
the system.

It should be remembered that maximization of the performance of a series
of screening assays requires close collaboration among the toxicologist,
chemist, and statistician. Screening, however, forms only part of a much larger
research and development context. Screens thus may be considered the bio-
logical equivalent of exploratory data analysis (EDA). In fact, EDA methods,
provide a number of useful possibilities for less rigid and yet utilitarian
approaches to the statistical analysis of the data from screens and are one
of the alternative approaches presented and evaluated here (Tukey, 1977,
Redman, 1981; Hoaglin et al., 1983, 1985). Over the years, the author has pub-
lished and consulted on a large number of screening studies and projects.
These have usually been directed at detecting or identifying potential behav-
ioral toxicants or neurotoxicants, but some have been directed at pharmaco-
logical, immunotoxic, and genotoxic agents (Gad, 1988, 1989a).

The general principles or considerations for screening in safety assessments
are as follows:

1. Screens almost always focus on detecting a single point of effect (such
as mutagenicity, lethality, neurotoxicity, or developmental toxicity) and
have a particular set of operating characteristics in common.

2. A large number of compounds are evaluated, so ease and speed of
performance (which may also be considered efficiency) are very desir-
able characteristics.

3. The screen must be very sensitive in its detection of potential effective
agents. An absolute minimum of active agents should escape detection;
that is, there should be very few false negatives (in other words, the type
I error rate or B level should be low). Stated yet another way, the signal
gain should be way up.

4. Tt is desirable that the number of false positives be small (i.e., there
should be a low type I error rate or o level).

5. Items 2-4, which to some degree are contradictory, require that involved
researchers agree on a set of compromises, starting with the acceptance
of a relatively high o level (0.10 or more), that is, a higher noise level.

6. In an effort to better serve item 1, safety assessment screens frequently
are performed in batteries so that multiple endpoints are measured in
the same operation. Additionally, such measurements may be repeated
over a period of time in each model as a means of supporting item 2.

7. The screen should use small amounts of compound to make item 1
possible and should allow evaluation of materials that have limited
availability (such as novel compounds) early in development.

8. Any screening system should be validated initially using a set of blind
(positive and negative) controls. These blind controls should also be
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evaluated in the screening system on a regular basis to ensure continu-
ing proper operation of the screen. As such, the analysis techniques
used here can then be used to ensure the quality or modify the perfor-
mance of a screening system.

9. The more that is known about the activity of interest, the more specific
the form of screen that can be employed. As specificity increases, so
should sensitivity. However, generally the size of what constitutes a
meaningful change (that is, A) must be estimated and is rarely truly
known.

10. Sample (group) sizes are generally small.

11. The data tend to be imprecisely gathered (often because researchers
are unsure what they are looking for) and therefore possess extreme
within-group variability or modify test performance.

12. Proper dose selection is essential for effective and efficient screen
design and conduct. If insufficient data are available, a suitably broad
range of doses must be evaluated (however, this technique is undesir-
able on multiple grounds, as has already been pointed out).

Much of the mathematics involved in calculating screen characteristics
came from World War II military-based operations analysis and research,
where it was important in the design of radar, antiair, and antisubmarine
warfare systems and operations (Garrett and London, 1970).

4.2.1 Uses of Screens

The use of screens first occurs most to pharmaceutical scientists in pharmacol-
ogy (Martin et al., 1988). Early experiences with the biological effects of a new
molecule are almost always in some form of efficacy or pharmacology screen.
The earliest of these tend to be with narrowly focused models, not infrequently
performed in vitro. The later pharmacology screens, performed in vivo to
increase confidence in the therapeutic potential of a new agent or to character-
ize its other activities [cardiovascular, central nervous system (CNS), etc.], can
frequently provide some information of use in safety assessment also (even if
only to narrow the limits of doses to be evaluated), and the results of these
screens should be considered in early planning. In the new millennium, require-
ments for specific safety pharmacology screens have been promulgated. Addi-
tionally, since the late 1990s two new areas of screening have become very
important in pharmaceutical safety assessment. The first is the use of screens
for detecting compounds with the potential to cause fatal cardiac arrhythmias.
These are almost always preceded by the early induction of a prolongation of
the Q-T interval. While this should be detected in electrocardiograms (ECGs)
performed in repeat-dose canine studies, several early screens [such as the
human Ether-a-go-go Related Gene (hERG)] are more rapid and efficient
(though not conclusive) for selecting candidate compounds for further
development.
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The other area is the use of microassays in toxicogenomic screening—
early detection of the potential for compounds to alter gene expressions with
adverse consequences (Pennie, 2000; Nuwaysir et al., 1999).

Safety assessment screens are performed in three major settings—discovery
support, development (what is generally considered the “real job” of safety
assessment), and occupational health/environmental assessment testing. Dis-
covery support is the most natural area of employment of screens and is where
effective and efficient screen design and conduct can pay the greatest long-
range benefits. If compounds with unacceptable safety profiles can be identi-
fied before substantial resources are invested in them—and structures modified
to maintain efficacy while avoiding early safety concerns—then long-term
success of the entire research and development effort is enhanced. In the
discovery support phase, one has the greatest flexibility in the design and use
of screens. Here screens truly are used to select from among a number of
compounds.

Examples of the use of screens in the development stage are presented in
some detail in the next section.

The use of screens in environmental assessment and occupational health is
fairly straightforward. On the occupational side the concerns (as addressed in
Chapter 11 of this volume) address the potential hazards to those involved in
making the bulk drug. The need to address potential environmental concerns
covers both true environmental items (e.g., aquatic toxicity) and potential
health concerns for environmental exposure of individuals. The resulting work
tends to be either regulatorily defined tests (for aquatic toxicity) or defined
endpoints such as dermal irritation and sensitization, which have been (in a
sense) screened for already in other nonspecific tests.

The most readily recognized examples of screens in toxicology are those
that focus on a single endpoint. The traditional members of this group include
genotoxicity tests, lethality tests (particularly recognizable as a screen when in
the form of limit tests), and tests for corrosion, irritation (both eye and skin),
and skin sensitization. Others that fit this same pattern, as will be shown,
include the carcinogenicity bioassay (especially the transgenic mouse models)
and developmental toxicity studies.

The “chronic” rodent carcinogenicity bioassay is thought of as the “gold
standard” or definitive study for carcinogenicity, but, in fact, it was originally
designed (and functions) as a screen for strong carcinogens (Page, 1977). It
uses high doses to increase its sensitivity in detecting an effect in a small
sample of animals. The model system (be it rats or mice) has significant back-
ground problems of interpretation. As with most screens, the design has been
optimized (by using inbred animals, high doses, etc.) to detect one type of
toxicant—strong carcinogens. Indeed, a negative finding does not mean that a
material is not a carcinogen but rather than it is unlikely to be a potent one.

Many of the studies done in safety assessment are multiple-endpoint screens.
Such study types as a 90-day toxicity study or immunotox/neurotox screens
are designed to measure multiple endpoints with the desire of increasing both
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sensitivity and reliability (by correspondence/correlation checks between
multiple data sets).

4.2.2 Types of Screens

There are three major types of screen designs: single stage, sequential, and
tiered. Both the sequential and tiered are multistage approaches, and each of
these types also varies in terms of how many parameters are measured. These
three major types have the following characteristics:

Single Stage A single test will be used to determine acceptance or rejection
of a test material. Once an activity criterion (such as X score in a righting
reflex test) is established, compounds are evaluated based on being less than
X (i.e., negative) or equal to or greater than X (i.e., positive). As more data
are accumulated, the criterion should be reassessed.

Sequential Two or more repetitions of the same test are performed, one
after the other, with the severity of the criterion for activity being increased
in each sequential stage. This procedure permits classification of compounds
into a set of various ranges of potencies. As a general rule, it appears that a
two-stage procedure, by optimizing decision rules and rescreening compounds
before declaring compounds “interesting,” increases both sensitivity and posi-
tive accuracy; however, efficiency is decreased (or is throughput rate).

Tier (or Multistage) In this procedure, materials found active in a screen
are reevaluated in one or more additional screens or tests that have greater
discrimination. Each subsequent screen or test is both more definitive and
more expensive.

For purposes of our discussion here, we will primarily focus on the single-
stage system, which is the simplest. The approaches presented here are appro-
priate for use in any of these screening systems, although establishment of
activity criteria becomes more complicated in successive screens. Clearly, the
use of multistage screens presents an opportunity to obtain increased benefits
from the use of earlier (lower order) screening data to modify subsequent
screen performance and the activity criterion.

4.2.3 Criterion: Development and Use

In any early screen, a relatively large number of compounds will be evaluated
with the expectation that a minority will be active. It is unlikely that any one
will stand out so much as to have greater statistical significance that all the
other compounds based on a formal statistical test. A more or less continuous
range of activities will be found. Compounds displaying a certain degree of
activity will be identified as “active” and handled as such. For safety screens,
those which are “inactive” go on to the next test in a series and may be used



CHARACTERISTICS OF SCREENS 111

as lead compounds in a new cycle of testing and evaluation. The single most
critical part of the use of screens is how to make the decision that activity has
been found.

Each test or assay has an associated activity criterion. If the result for a
particular test compound meets this criterion, the compound is active and
handled accordingly. Such a criterion could have a statistical basis (e.g., all
compounds with observed activities significantly greater than the control at
the 5% level could be tagged). However, for early screens, a statistical criterion
may be too strict, given the power of the assay, resulting in a few compounds
being identified as active. In fact, a criterion should be established (and perhaps
modified over time) to provide a desired degree of confidence in the predictive
value of the screen.

A useful indicator of the efficiency of an assay series is the frequency of dis-
covery of truly active compounds. This is related to the probability of discovery
and to the degree of risk (hazard to health) associated with an active compound
passing a screen undetected. These two factors in turn depend on the distribu-
tion of activities in the series of compounds being tested and the chances of
rejecting and accepting compounds with given activities at each stage.

Statistical modeling of the assay system may lead to the improvement of
the design of the system by reducing the interval between discoveries of active
compounds. The objectives behind a screen and considerations of (1) costs for
producing compounds and testing and (2) degree of uncertainty about test
performance will determine desired performance characteristics of specific
cases. In the most common case of early toxicity screens performed to remove
possible problem compounds, preliminary results suggest that it may be
beneficial to increase the number of compounds tested, decrease the numbers
of animals (or other test models) per assay, and increase the range and number
of doses. The result will be less information on more structures, but there will
be an overall increase in the frequency of discovery of active compounds
(assuming that truly active compounds are entering the system at a random
and steady rate).

The methods described here are well suited to analyzing screening data
when the interest is truly in detecting the absence of an effect with little chance
of false negatives. There are many forms of graphical analysis methods avail-
able, including some newer forms that are particularly well suited to multivari-
ate data (the type that are common in more complicated screening test
designs). It is intended that these aspects of analysis will be focused on in a
later publication.

The design of each assay and the choice of the activity criterion should,
therefore, be adjusted, bearing in mind the relative costs of retaining false
positives and rejecting false negatives (Bickis, 1990). Decreasing the group
sizes in the early assays reduced the chance of obtaining significance at any
particular level (such as 5%), so that the activity criterion must be relaxed, in
a statistical sense, to allow more compounds through. At some stage, however,
it becomes too expensive to continue screening many false positives, and the
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Figure 4.2 Setting thresholds using historical control data. The figure shows a Gaussian
(“normal’) distribution of screen parameters; 99.7% of the observations in the population are
within three standard deviations (SD) of the historic mean. Here the threshold (i.e., the point at
which a datum is outside of normal) was set at X, = mean + 3 SD. Note that such a screen is
one sided.

criteria must be tightened accordingly. Where the criteria are set depends on
the acceptable noise levels in a screening system.

Criteria can be as simple (lethality) or as complex (a number of clinical
chemical and hematological parameters) as required. The first step in estab-
lishing them should be an evaluation of the performance of test systems that
have not been treated (i.e., negative controls). There will be some innate vari-
ability in the population, and understanding this variability is essential to
selling some “threshold” for “activity” that has an acceptably low level of
occurrence in a control population. Figure 4.2 illustrates this approach.

What endpoints are measured as inputs to an activity criterion are intrinsic
in the screen system but may be either direct (i.e., having some established
mechanistic relationship to the endpoint that is being predicted in humans,
such as gene mutations as predictive of carcinogenicity) or correlative. Cor-
related variables (such as many of those measured in in vitro systems) are
“black-box” predictors—compounds causing certain changes in these vari-
ables have a high probability of having a certain effect in humans, though the
mechanisms (or commonality of mechanism) is not established. There is also,
it should be noted, a group of effects seen in animals the relevance of which
in humans is not known. This illustrates an important point to consider in the
design of a screen—one should have an understanding (in advance) of the
actions to be taken given each of the possible outcomes of a screen.

4.2.4 Analysis of Screening Data

Screening data present a special case that, due to their inherent characteristics,
is not well served by traditional approaches (Gad, 1988, 1989a,b,c).

Why? First consider which factors influence the power of a statistical test.
Gad (1988) established the basic factors that influence the statistical perfor-
mance of any bioassay in terms of its sensitivity and error rates. Recently,
Healy (1987) presented a review of the factors that influence the power of a
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study (the ability to detect a dose-related effect when it actually exists). In
brief, the power of a study depends on six aspects of study design:

« Sample size

+ Background variability (error variance)

« Size of true effect to be detected (i.e., objective of the study)
« Type of significance test

- Significance level

« Decision rule (the number of false positives one will accept)

There are several ways to increase power—each with a consequence:

Action Consequence

Increase the sample size Greater resources required

Design test to detect larger differences  Less useful conclusions

Use a more powerful significance test Stronger assumptions required

Increase the significance level Higher statistical false-positive
rate

Use one-tailed decision rule Blind to effects in the opposite
direction

Timely and constant incorporation of knowledge of test system character-
istics and performance will reduce background variability and allow sharper
focus on the actual variable of interest. There are, however, a variety of non-
traditional approaches to the analysis of screening data.

Univariate Data

Control Charts The control chart approach (Montgomery, 1985), commonly
used in manufacturing quality control in another form of screening (for defec-
tive product units), offers some desirable characteristics.

By keeping records of cumulative results during the development of screen
methodology, an initial estimate of the variability (such as standard deviation)
of each assay will be available when full-scale use of the screen starts. The
initial estimates can then be revised as more data are generated (i.c., as we
become more familiar with the screen).

The following example shows the usefulness of control charts for control
measurements in a screening procedure. Our example test for screening poten-
tial muscle strength suppressive agents measures reduction of grip strength by
test compounds compared with a control treatment. A control chart was estab-
lished to monitor the performance of the control agent to (1) establish the
mean and variability of the control and (2) ensure that the results of the
control for a given experiment are within reasonable limits (a validation of
the assay procedure).
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As in control charts for quality control, the mean and average range of the
assay were determined from previous experiments. In this example, the screen
had been run 20 times previous to collecting the data shown. These initial data
showed a mean grip strength X of 400g and a mean range R of 90g. These
values were used for the control chart (Figure 4.3). The subgroups are of size
S.The action limits for the mean and range charts were calculated as follows:

X +£0.58R=400£0.58x90 = 348452 (from X chart)
Then, using the upper limit (du) for n = 5,
211R=2.11x90=190 (upper limit for range)
Note that the range limit, which actually established a limit for the vari-
31;111111(‘;};)& our data, is in fact a “detector” for the presence of outliers (extreme

Such charts may also be constructed and used for proportion or count types
of data. By constructing such charts for the range of control data, we may then

50+

45 1 X X X
« _
Mean 40 X x Mean (X)
(9 354 y %

30 X x
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10- x

Tl

54 x o x x X X X x X

5 10 15 20
Test number

Figure 4.3 Example of a control chart used to “prescreen” data (actually, explore and identify
influential variables) from a portion of a functional observational battery.



CHARACTERISTICS OF SCREENS 115

use them as rapid and efficient tools for detecting effects in groups being
assessed for that same activity endpoint.

Central Tendency Plots The objective behind our analysis of screen data is
to have a means of efficiently, rapidly, and objectively identifying those agents
that have a reasonable probability of being active. Any materials that we so
identify may be further investigated in a more rigorous manner, which will
generate data that can be analyzed by traditional means. In other words, we
want a method that makes out-of-the-ordinary results stand out. To do this we
must first set the limits on “ordinary” (summarize the control case data) and
then overlay a scheme that causes those things that are not ordinary to become
readily detected (“exposed,” in EDA terms) (Velleman and Hoaglin, 1981;
Tufte, 1983). One can then perform “confirmatory” tests and statistical analysis
(using traditional hypothesis-testing techniques), if so desired.

If we collect a set of control data on a variable (say scores on our observa-
tions of the righting reflex) from some number of ordinary animals, we can
plot it as a set of two histograms (one for individual animals and the second
for the highest total score in each randomly assigned group of five animals),
such as those shown in Figure 4.4 (the data for which came from 200 actual
control animals).

Such a plot identifies the nature of our data, visually classifying them into
those that will not influence our analysis (in the set shown, clearly scores of
zero fit into this category) and those that will critically influence the outcome
of an analysis. In so doing, the position of control (“normal”) observations is

Individual Total scores

scores groups of five
190
(190) (21)

(17)
Incidence
(N)
(2)
— ) © ©)
0 1 2 >2 0 1 2 >2
Scores

Figure 4.4 Plotting central tendency. Possible individual scores for righting reflexes may range
from 0 to 8 (Gad, 1982a). Group total scores would thus range from 0 to 40. (Shown are the
number of groups that contain individual scores in the individual categories.)
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readily revealed as a “central tendency” in the data (hence the name for this
technique).

We can (and should) develop such plots for each of our variables. Simple
inspection makes clear that answers having no discriminatory power (zero
values in Figure 4.4) do not interest us or influence our identifying of an outlier
in a group and should simply be put aside or ignored before continuing with
the analysis. This first stage, summarizing the control data, thus gives us a
device for identifying data with discriminatory power (extreme values), allow-
ing us to set aside the data without discriminatory power.

Focusing our efforts on the remainder, it becomes clear that although the
incidence of a single, low, nonzero observation in a group means nothing, total
group scores of 2 or more occurred only 5% of the time by chance. So we can
simply perform an extreme-value screen on our “collapsed” data sets,looking for
total group values or individual values that are beyond our acceptance criteria.

The next step in this method is to develop a histogram for each ranked or
quantal variable by both individual and group. “Useless” data (those that will
not influence the outcome of the analysis) are then identified and dropped
from analysis. Group scores may then be simply evaluated against the baseline
histograms to identify those groups with scores divergent enough from control
to be either true positives or acceptably low incidence false positives. Addi-
tional control data can continue to be incorporated in such a system over time,
both increasing the power of the analysis and providing a check on screen
performance.

Multivariate Data The traditional acute, subchronic, and chronic toxicity
studies performed in rodents and other species also can be considered to
constitute multiple-endpoint screens. Although the numerically measured con-
tinuous variables (body weight, food consumption, hematology values) gener-
ally can be statistically evaluated individually by traditional means, the same
concerns of loss of information present in the interrelationship of such vari-
ables apply. Generally, traditional multivariate methods are not available, effi-
cient, sensitive, or practical (Young, 1985).

Analog Plot The human eye is extremely good at comparing the size, shape,
and color of pictorial symbols (Anderson, 1960; Andrews, 1972; Davison, 1983;
Schmid, 1983; Cleveland and McGill, 1985). Furthermore, it can simultane-
ously appreciate both the minute detail and the broad pattern.

The simple way of transforming a table of numbers to a sheet of pictures
is by using analog plots. Numbers are converted to symbols according to their
magnitude. The greater the number, the larger the symbol. Multiple variables
can be portrayed as separate columns or as differently shaped or colored
symbols (Wilk and Gnanadesikan, 1986).

The conversion requires a conversion chart from the magnitude of the
number to the symbol size. The conversion function should be monotonic (e.g.,
dose, and the measured responses should each change in one direction accord-
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ing to a linear, logarithmic, or probit function). Log conversion will give more
emphasis to differences at the lower end of the scale, whereas a probit will
stabilize the central range of response (16-84%) of a percentage variable. For
example, for numbers x, symbol radius r, and plotting scaling factor &, a log
mapping will give

1 r= &k
x=3 10 r=2k
100 r=3k

To compare different variables on the same sheet requires some form of
standardization to put them on the same scale. Also, a choice must be made
between displaying the magnitude of the numbers and their significance
(Kruskal, 1964; Kass, 1980). Two possibilities are:

« Express each mean as a percentage change from a control level or overall
mean (means plot)

« Calculate effects for meaningful contrasts (contrasts plot)

The analog plot chart in Figure 4.5 shows relationships for five measures
on a time-versus-dose basis, allowing ready evaluation of interrelationships
and patterns.

A study using 50 rats of each sex in each of five groups (two controls and
three increasing doses) measured body weight and food and liquid consump-
tion every week or month for two years. This resulted in 3 variables x 2
sexes X 5 groups x 53 times X 50 animals. Means alone constituted some 1600
four-digit numbers.

Body weight gains from the period immediately preceding each consump-
tion measurement were used since these were less correlated. For each vari-
able and at each time, the sums of squares for group differences were divided
into four meaningful contrasts:

Control A versus control B

Control A + B versus low

Control A + B + low versus medium
Control A + B + low + medium versus high

To make the variables comparable, the sums of squares were standardized
by the within-group standard deviations. Contrast involving doses can be
compared with the contrast for the difference between the controls, which
should be random. The clearest feature is the high-dose effect for food con-
sumption. However, this seems not to be closely correlated with changes in
body weight gains. Certain changes can be seen at the later measurement
times, probably because of dying animals.
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Figure 4.5 Analog plot for dose—response contrasts. One of many possible approaches to
graphically presenting multidimensional data. In this case, various effects—day of dosing, dose
response, and magnitude of response—are simultaneously portrayed, with the size of each
circle being proportional to the magnitude of the measured value.

There are numerous approaches to the problem of capturing all the infor-
mation in a set of multi-endpoint data. When the data are continuous in nature,
approaches such as the analog plot can be used (Chernoff, 1973; Chambers
et al., 1983). A form of control chart also can be derived for such uses when
detecting effect rather than exploring relationships between variables is the
goal. When the data are discontinuous, other forms of analysis must be used.
Just as the control chart can be adapted to analyzing attribute data, an analog
plot can be adapted. Other methods are also available.
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Formulations, Routes, and
Dosage Design

The perfect drug would be along the lines of Paul Eurlich’s “magic bullet”: As
illustrated in Figure 5.1, a drug molecule is readily administered, completely
absorbed, moves to the desired therapeutic target site, does what it is supposed
to, and is completely eliminated. The most pressing (and rewarding) area for
current drug development is optimizing the therapeutic target delivery part of
this process. One of the key steps in the nonclinical and clinical formulation
of the drug is the choice of the inactive ingredients (excipients). Excipients
are essential components of drug products in the United States, and one must
adequately address the safety of the proposed exposure to the excipients in
those products. The specific safety data that may be needed will vary depend-
ing upon the clinical situation, including such factors as the duration, level, and
route of exposure (i.e., means of patient drug administration).

Many guidances exist to aid in the development of pharmaceutical drugs,
but very few guidances exist to aid in the safety evaluation of pharmaceutical
excipients. The U.S. Food and Drug Administration (FDA)/Center for Drug
Evaluation and Research (CDER) adopted, in 2005, the guidance for industry
“Nonclinical Studies for Development of Pharmaceutical Excipients,” which
focuses on the development of safety profiles to support use of new excipients
as components of drug or biological products.

A similar guidance was published by the International Pharmaceutical
Excipients Council (IPEC), “Excipient Safety Evaluation Guidance,” in 1995

Drug Safety Evaluation, Second Edition, by Shayne Cox Gad
Copyright © 2009 John Wiley & Sons, Inc.
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Figure 5.1 Magic bullet: desired course of drug therapeutic development cycle.

(updated in 2002). These guidelines are presented in a tiered approach of
recommended data that should be available on an excipient to provide a
pharmaceutical formulator with a rational basis for including a new excipient
in a drug formulation.

The objective of the current proposal is to provide a rational approach to
cover the field between “nothing is needed” and “full testing.” The final aim
of these safety evaluation guidelines for excipients is to provide an important
element in the acceptability of a new excipient by health authorities indepen-
dently of the approval of a specific drug formulation.

The three essential requirements of the active pharmaceutical ingredients
(APTI) principles are compared with those of excipients. Fundamental for both
are quality and safety. The requirement of therapeutic efficacy for drugs is
replaced by that of functionality for excipient, defined as “the physical,
physicochemical and biopharmaceutical properties” of the same.

Throughout the development process for pharmaceuticals, formulation
development is proceeding with several objectives in mind. The importance of
each of these factors changes over time (Monkhouse and Rhodes, 1998; illus-
trated in Figure 5.2). First is optimizing the bioavailability of the therapeutic
target organ site by the intended clinical route. Clinical route(s) are selected
on a number of grounds (nature of the drug, patient acceptance, issues of
safety). Second is minimizing any safety concerns. This means not just systemic
toxicity but also local tissue tolerance at the site of application. Third is opti-
mizing stability of the drug active ingredient. Its activity and integrity must be
maintained for long enough to be made effectively available to patients. Early
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Figure 5.2 Formulation development during course of drug development.

on in preclinical development, simplicity and maximized bioavailability are
essential. Early single-dose studies in animals are the starting place and usually
bear no relationship to what is used later.

Formulations used to administer potential drugs undergoing development
occupy an unusual place in pharmaceutical safety assessment compared to the
rest of the industrial toxicology. Eventually, a separate function in the phar-
maceutical company developing a drug will develop a specific formulation that
is to be administered to people—a formulation that optimizes the conditions
of absorption and stability for the drug entity (Racy, 1989). The final formula-
tion will need to be assessed to see if it presents any unique local or short-term
hazards, but as long as its nonactive constituents are drawn from the approved
formulary lists, no significant separate evaluation of their safety is required
preclinically. These short-term hazards can, of course, alter the toxicity of the
drug under study.

Simultaneous with this development of an optimized clinical formulation,
however, preclinical evaluations of the safety of the drug moiety must be
performed. Separate preclinical formulations (which generally are less complex
than the clinical ones) are developed, sometimes by a formulation group and
other times by the toxicology group itself. These preclinical formulations will
frequently include much higher concentrations of the drug moiety being tested
than do any clinical formulations. The preclinical formulations are developed
and evaluated with the aim of reproducibly delivering the drug (if at all pos-
sible by the route intended in humans), maintaining drug stability through an
optimum period of time and occluding the observed effects of the drug with
vehicle effects to the minimum extent possible. And these preclinical formula-
tions are not restricted to materials that will (or even can) be used in final
clinical formulations.
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In pivotal studies, the actual blood levels of active moiety that are
achieved will be determined so that correlations to later clinical studies can
be made.

The formulations that are developed and used for preclinical studies
are sometimes specific for the test species to be employed, but their develop-
ment always starts with consideration of the route of exposure that is to be
used clinically and, if possible, in accordance with a specified regimen of treat-
ment (mirroring the intended clinical protocol as much as possible). One
aspect of both nonclinical and clinical formulation and testing which prevents
an important but often overlooked aspect of pharmaceutical safety assessment
is the special field of excipients. These will be considered at the end of this
chapter.

Among the cardinal principles of both toxicology and pharmacology is that
the means by which an agent comes in contact with or enters the body (i.e.,
the route of exposure or administration) does much to determine the nature
and magnitude of an effect. However, a rigorous understanding of formula-
tions, routes, and their implications to the design and analysis of safety studies
is not widespread. And in the day-to-day operations of performing studies in
animals, such an understanding of routes, their manipulation, means and pit-
falls of achieving them, and the art and science of vehicles and formulations
is essential to the sound and efficient conduct of a study.

As presented in Table 5.1, there are at least 26 potential routes of admin-
istration, of which 10 are commonly used in safety assessment and therefore
are addressed here.

5.1 MECHANISMS

There are three primary sets of reasons why differences in formulations and
the route of administration are critical in determining the effect of an agent
of the biological system: (1) local effects, (2) absorption and distribution, and
(3) metabolism.

Local Effects Local effects are those that are peculiar to the first area or
region of the body to which a test material gains entry or that it contacts.
For the dermal route, these include irritation, corrosion, and sensitization.
For the parenteral routes, these include irritation, pyrogenicity, sterility,
and blood compatibility. In general, the same categories of possible adverse
effects (irritation, immediate immune response, local tissue/cellular compati-
bility, and physicochemical interactions) are the mechanisms of or the basis
for concern.

In general, no matter what the route, certain characteristics will predispose
a material to have local effects (and, by definition, if not present, tend to limit
the possibility of local effects). These factors include pH, redox potential, high
molar concentration, and the low flexibility and sharp edges of certain solids.
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TABLE 5.1 Potential Routes of Administration

A. Oral routes
1. Oral (PO)?
2. Inhalation?
3. Sublingual
4. Buccal
B. Placed into natural orifice in body other than mouth
. Intranasal
. Intra-auricular
Rectal
. Intravaginal
. Intrauterine
. Intraurethral
C. Parenteral (injected into body or placed under skin)
. Intravenous (IV)?
. Subcutaneous (SC)?
. Intramuscular (IM)?
. Intra-arterial
. Intradermal (ID)*
. Intralesional
. Epidural
. Intrathecal
. Intracisternal
10. Intracardial
11. Intraventricular
12. Intraocular
13. Intraperitoneal (IP)?
D. Topical routes
1. Cutaneous?®
2. Transdermal (also called percutaneous)?®
3. Ophthalmic?®

ouhswN =

0N O~ WN =
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4Commonly used in safety assessment.

These characteristics will increase the potential for irritation by any route and,
subsequent to the initial irritation, other appropriate regional adaptive
responses (for orally administered materials, e.g., emesis and diarrhea).

Absorption and Distribution For a material to be toxic, it must be
absorbed into the organism (local effects are largely not true toxicities by this
definition).

There are characteristics that influence absorption by the different routes,
and these need to be understood by any person trying to evaluate and/or
predict the toxicities of different moieties. Some key characteristics and con-
siderations are summarized below by route.

Table 5.2 presents the normal pH ranges for human physiological fluids.
These need to be considered in terms of the impact on solubility and stability
of a formulation and active drug.
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TABLE 5.2 Normal pH Range for Human Physiological

Fluids

Medium Normal pH Range
Tears 7.35-7.45
Saliva 6.0-8.0
Gastric juice 1.5-6.5
Intestinal juice 6.5-7.6
Blood 7.35-7.45
Skin (sweat) 4.0-6.8

A. Oral and rectal routes [gastrointestinal (GI) tract]

1.

~

Lipid-soluble compounds (nonionized) are more readily absorbed than

water-soluble compounds (ionized).

a. Weak organic bases are in the nonionized, lipid-soluble form in the
intestine and tend to be absorbed there.

b. Weak organic acids are in the nonionized, lipid-soluble form in the
stomach and one would suspect that they would be absorbed there,
but absorption in the intestine is greater because of time and area of
exposure.

. Specialized transport systems exist for some moieties: sugars, amino

acids, pyrimidines, calcium, and sodium.

. Almost everything is absorbed—at least to a small extent (if it has a

molecular weight below 10,000).

. Digestive fluids may modify the structure of a chemical.
. Dilution increases toxicity because of more rapid absorption from the

intestine unless stomach contents bind the moiety.

. Physical properties are important; for example, dissolution of metallic

mercury is essential to allow its absorption.

. Age is important; for example, neonates have a poor intestinal barrier.
. Effect of fasting on absorption depends on the properties of the chemi-

cal of interest.

B. Inhalation (lungs)

1.

Aerosol deposition

a. Nasopharyngeal—5pum or larger in humans, less in common labora-
tory animals

b. Tracheobronchial—1-5um

c. Alveolar—1um

. If inhalant is a solid, mucociliary transport from lungs to GI tract may

clear it out.

. Lungs are anatomically good for absorption.

a. Large surface area (50-100m?)
b. Blood flow high
c. Close to blood (10pum between gas media and blood)
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4. Absorption of gases is dependent on solubility of the gas in blood.
a. Chloroform, for example, has high solubility and is all absorbed,
though respiration is limited.
b.Ethylene has low solubility and only a small percentage is absorbed—
blood flow limits absorption.
C. Parenteral routes

1. Irritation at the site of injection is influenced by solubility, toxicity, tem-
perature, and pH of injected solution.

2. Pyrogenicity and blood compatibility are major concerns for intrave-
nously administered materials.

3. Solubility of test material in an aqueous or modified aqueous
solution is the chief limitation on how much material may be given
intravenously.

D. Dermal routes

1. In general, any factor that increases absorption through the stratum
corneum will also increase the severity of an intrinsic response. Unless
this factor mirrors potential exposure conditions,it may,in turn, adversely
affect the relevance of test results.

2. The physical nature of solids must be carefully considered both before
testing and in interpreting results. Shape (sharp edges), size (small par-
ticles may abrade the skin due to being rubbed back and forth under
the occlusive wrap), and rigidity (stiff fibers or very hard particles will
be physically irritating) of solids may all enhance an irritation response
and alter absorption.

3. The degree of occlusion (in fact, the tightness of the wrap over the test
site) also alters percutaneous absorption and therefore irritation. One
important quality control issue in the laboratory is achieving a repro-
ducible degree of occlusion in dermal wrappings.

4. Both the age of the test animal and the application site (saddle of the
back vs. flank) can markedly alter test outcome. Both of these factors
are also operative in humans, of course, but in dermal irritation tests,
the objective is to remove all such sources of variability. In general, as
an animal ages, sensitivity to irritation decreases. And the skin on the
middle of the back (other than directly over the spine) tends to be
thicker (and therefore less sensitive to irritations) than that on the
flanks.

5. The sex of the test animals can also alter study results, because both
regional skin thickness and surface blood flow vary between males and
females.

As a generalization, there is a pattern of relative absorption rates that
characterizes the different routes that are commonly employed. This order of
absorption (by rate from fastest to slowest and, in a less rigorous manner, by
degree of absorption from most to least is intravenous (IV) > inhala-
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tion > intramuscular (IM) > intraperitoneal (IP) > subcutaneous (SC) >
oral > intradermal (ID) > other.

Metabolism Metabolism is directly influenced both by the region a material
is initially absorbed into and by distribution (both the rate and the pattern).
Rate determines whether the primary enzyme systems will handle the entire
xenobiotic dose or if these are overwhelmed. Pattern determines which routes
of metabolism are operative.

Absorption (total amount and rate), distribution, metabolism, and species
similarity in response are the reasons for selecting particular routes in toxicol-
ogy in general. In safety assessment of pharmaceuticals, however, the route
is usually dictated by the intended clinical route and dosing regimen. If this
route of human exposure is uncertain or if there is the potential for either the
number of routes or the human absorption rate and pattern being greater,
then common practice becomes that of the most conservative approach. This
approach stresses maximizing potential absorption in the animal species
(within the limits of practicality) and selecting from among those routes com-
monly used in the laboratory the ones that get the most material into the
animal’s system as quickly and completely as possible to evaluate the potential
toxicity. Under this approach, many compounds are administered intraperito-
neally in acute testing, though there is little or no real potential for human
exposure by this route.

Assuming that a material is absorbed, distribution of a compound in early
preclinical studies is usually of limited interest. In so-called heavy acute studies
(Gad et al., 1984), where acute systemic toxicity is intensive and evaluated to
the point of identifying target organs, or in range-finder-type study results, for
refining the design of longer term studies, distribution would be of interest.
Some factors that alter distribution are listed in Table 5.3.

The first special case is the parenteral route, where the systemic circulation
presents a peak level of the moiety of interest to the body at one time, tem-
pered only by the results of a single pass through the liver.

The second special case arises from inhalation exposure. Because of the
arrangement of the circulatory system, inhaled compounds (and those admin-
istered via the buccal route) enter the full range of systemic circulation without
any “first-pass” metabolism by the liver. Kerberle (1971) and O’Reilly (1972)
have previously published reviews of absorption, distribution, and metabolism
that are relevant to acute testing.

5.2 COMMON ROUTES

Each of the 10 routes most commonly used in safety assessment studies has
its own peculiarities, and for each there are practical considerations and
techniques (“tricks”) that should be either known or available to the practicing
toxicologist.
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TABLE 5.3 Selected Factors That May Affect Chemical Distribution to Various Tissues

A. Factors relating to chemical and its administration

1. Degree of binding of chemical to plasma proteins (i.e., agent affinity for proteins) and
tissues

2. Chelation to calcium, which is deposited in growing bones and teeth (e.g.,
tetracyclines in young children)

3. Whether chemical distributes evenly throughout body (one-compartment model) or
differentially between different compartments (models of two or more compartments)

4. Ability of chemical to cross blood-brain barrier

5. Diffusion of chemical into tissues or organs and degree of binding to receptors that
are and are not responsible for drug’s beneficial effects

6. Quantity of chemical given

7. Route of administration or exposure

8. Partition coefficients (nonpolar chemicals are distributed more readily to fat tissues
than are polar chemicals)

9. Interactions with other chemicals that may occupy receptors and prevent the drug
from attaching to receptor, inhibit active transport, or otherwise interfere with drug’s
activity

10. Molecular weight of chemical
B. Factors relating to test subject
1. Body size
. Fat content (e.g., obesity affects distribution of drugs that are highly soluble in fats)
. Permeability of membranes
. Active transport for chemicals carried across cell membranes by active processes
. Amount of proteins in blood, especially albumin
. Pathology or altered homeostasis that affects any of the other factors (e.g., cardiac
failure, renal failure)
7. Presence of competitive binding substances (e.g., specific receptor sites in tissues
bind drugs)
8. pH of blood and body tissues
9. pH of urine?
10. Blood flow to various tissues or organs (e.g., well-perfused organs usually tend to
accumulate more chemical than less well perfused organs)

o0 WN

“The pH of urine is usually more important than the pH of blood.

5.2.1 Dermal Route

For all agents of concern in occupational toxicology (except therapeutics), the
major route by which the general population is most frequently exposed is the
percutaneous (dermal) route. Brown (1980) has previously reviewed back-
ground incidence data on pesticides, for example, that show such exposures to
be common. Dermal (or topical) drugs are not as common but are certainly
numerous.

Percutaneous entry into the body is really by separate means (Marzulli,
1962; Scheuplein, 1965, 1967):

- Between the cells of the stratum corneum
« Through the cells of the stratum corneum
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+ Via the hair follicles
+ Via the sweat glands
- Via the sebaceous glands

Certain aspects of the material of interest as well as those of the test
animals, including absorption (Blank and Scheuplein, 1964), are as follows:

1. Small molecules penetrate skin better than large molecules.
2. Undissociated molecules penetrate skin better than do ions.

3. Preferential solubility of the toxicant in organic solvents indicates better
penetration characteristics than preferential solubility in water.

4. The less viscous or more volatile the toxicant, the greater its
penetrability.

5. The nature of the vehicle and the concentration of the toxicant in the
vehicle both affect absorption (vehicles are discussed later in this
chapter).

6. Hydration (water content) of the stratum corneum affects
penetrability.

7. Ambient temperature can influence the uptake of toxicant through the
skin. The warmer it is, the greater the blood flow through the skin and,
therefore, the greater the percutaneous absorption.

8. Molecular shape (particularly symmetry) influences absorption (Medved
and Kundiev, 1964).

There are at least two excellent texts on the subject of percutaneous
absorption that go into great detail (Brandau and Lippold, 1982; Bronaugh
and Maibach, 1985).

5.2.2 Parenteral Route

The parenteral routes include three major ones—IV, IM, and SC—and a
number of minor routes (such as intra-arterial) that are not considered here.
Administration by the parenteral routes raises a number of special safety
concerns in addition to the usual systemic safety questions. These include
irritation (vascular, muscular, or subcutaneous), pyrogenicity, blood compati-
bility, and sterility (Avis, 1985). The background of each of these, along with
the underlying mechanisms and factors that influence the level of occurrence
of such an effect, is discussed in Chapter 11.

The need for a rapid onset of action (and/or clearance) usually requires that
an IV route be used, although at a certain stage of cardiopulmonary resuscita-
tion (for example), the need for an even more rapid effect may require the
use of an intracardiac injection. The required site of action may influence the
choice of route of administration (e.g., certain radiopaque dyes are given intra-
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arterially near the site being evaluated; streptokinase is sometimes injected
experimentally into the coronary arteries close to coronary vessel occlusion
during a myocardial infarction to cause lysis of the thrombus and therefore
reestablish coronary blood flow).

The characteristics of the fluid to be injected will also influence the choice
of parenteral routes. The drug must be compatible with other fluids (e.g.,saline,
dextrose, Ringer’s lactate) with which it may be combined for administration
to the patient as well as with the components of the blood itself.

There are certain clinical situations in which a parenteral route of admin-
istration is preferred to other possible routes. These include the following:

1. When the amount of drug given to a subject must be precisely controlled
(e.g., in many pharmacokinetic studies), it is preferable to use a paren-
teral (usually IV) route of administration.

2. When the “first-pass effect” of a drug going through the liver must
be avoided, a parenteral route of administration is usually chosen,
although a sublingual route or dermal patch will also avoid the first-pass
effect.

3. When one requires complete assurance that an uncooperative subject
has actually received the drug and has not rejected it (e.g., via forced
emesis).

4. When subjects are in a stupor, coma, or otherwise unable to take a drug
orally.

5. When large volumes (i.e., more than a liter) of fluid are injected (such
as in peritoneal dialysis, hyperalimentation, fluid replacement, and other
conditions). Special consideration of fluid balance must be given to
patients receiving large volumes as well as careful consideration of the
systemic effects of injection fluid components (e.g., amino acids and their
nephrotoxicity).

The three significant parenteral routes we are concerned with here and their
specific set of advantages and disadvantages or specific considerations that
must be kept in mind will be discussed next.

Intravenous Route The IV route is the most common method of
introducing a drug directly into the systemic circulation (Lukas et al., 1971).
It has the following advantages:

1. Rapid onset of effect

2. Usefulness in situations of poor GI absorption

3. Avoidance of tissue irritation that may be present IM or other routes
(e.g., nitrogen mustard)

4. More precise control of levels of drug than with other routes, especially
of toxic drugs, where the levels must be kept within narrow limits
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S. Ability to administer large volumes over time by a slow infusion
6. Ability to administer drugs at a constant rate over a long period of time

It also suffers from disadvantages:

. Higher incidence of anaphylactic reactions than with many other routes
. Possibility of infection or phlebitis at site of injection
. Greater pain to patients than with many other routes
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. Possibility that embolic phenomena may occur—either air embolism or
vascular clot—as a result of damage to the vascular wall
5. Impossibility of removing or lavaging drug after it is given, except by
dialysis
6. Inconvenience in many situations
7. Possibility that rapid injection rates may cause severe adverse
reactions

8. Patient dislike of and psychological discomfort with the injection
procedure

For IV fluids, it must be determined how the dose will be given (i.e., by
bolus or slow injection, intermittent or constant infusion, or constant drip) and
whether special equipment will be used to control and monitor the flow. Drugs
with short half-lives are usually given by a constant drip or infusion technique.
All TV fluids given immediately subsequent to an IV drug must be evaluated
for their compatibility with the study drug. Suspensions are generally not given
intravenously because of the possibility of blocking the capillaries.

In the IV route, anaphylactic reactions (caused by administration of an
agent to an animal previously sensitized to it or to a particularly sensitive
species such as a guinea pig) may be especially severe—probably because of
sudden, massive antigen—antibody reactions. When the drug is given by other
routes, its access to antibody molecules is necessarily slower; moreover, its
further absorption can be retarded or prevented at the first sign of a serious
allergic reaction.

Embolism is another possible complication of the IV route. Particulate
matter may be introduced if a drug intended for IV use precipitates for
some reason or if a particular suspension intended for IM or SC use is inad-
vertently given into a vein. Hemolysis or agglutination of erythrocytes may be
caused by injection of hypotonic hypertonic solutions or by more specific
mechanisms (Gray, 1978).

Bolus versus Infusion Technically, for all the parenteral routes (but in
practice only for the IV route), there are two options for injecting a material
into the body. The bolus and infusion methods are differentiated on the
single basis of rate of injection, but they actually differ on a wide range
of characteristics.
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The most commonly exercised option is the bolus, “push,” injection, in
which the injection device (syringe or catheter) is appropriately entered into
the vein and a defined volume of material is introduced through the device.
The device is then removed. In this operation, it is relatively easy to restrain
an experimental animal and the stress on the animal is limited. Though the
person doing the injection must be skilled, it takes only a short amount of time
to become so. And the one variable to be controlled in determining dosage is
the total volume of material injected (assuming dosing solutions have been
properly prepared) (Theeuwes and Yum, 1976). See Chapter 9 for a more
complete discussion.

Subcutaneous Route Drugs given by the SC route are forced into spaces
between connective tissues, as with IM injections. Vasoconstrictors and drugs
that cause local irritation should not be given subcutaneously under usual
circumstances, since inflammation, abscess formation, or even tissue necrosis
may result. When daily or even more frequent SC injections are made, the site
of injection should be continually changed to prevent local complications.
Fluids given subcutaneously must have an appropriate tonicity to prevent pain.
Care must be taken to prevent injection of the drug directly into veins.

The absorption of drugs from a SC route is influenced by blood flow to the
area, as with IM injections. The rate of absorption may be retarded by cooling
the local area to cause vasoconstriction, adding epinephrine to the solution
for the same purpose (e.g., with local anesthetics), decreasing blood flow with
a tourniquet, or immobilizing the area. The opposite effect may be achieved
by warming the injection region or by using the enzyme hyaluronidase, which
breaks down mucopolysaccharides of the connective tissue matrix to allow the
injected solution to spread over a larger area and thus increase its rate of
absorption.

Absorption from SC injection sites is affected by the same factors that
determine the rate of absorption from IM sites (Schou, 1971). Blood flow
through these regions is generally poorer than in muscles, so the absorption
rate is generally slower.

The rate of absorption from an SC injection site may be retarded by immo-
bilization of the limb, local cooling to cause vasoconstriction, or application of
a tourniquet proximal to the injection site to block the superficial venous
drainage and lymphatic flow. In small amounts, adrenergic stimulants, such as
epinephrine, will constrict the local blood vessels and therefore slow systemic
absorption. Conversely, cholinergic stimulants (such as methacholine) will
induce very rapid systemic absorption subcutaneously. Other agents may also
alter their own rate of absorption by affecting local blood supply or capillary
permeability.

A prime determinant of the absorption rate from an SC injection is the
total surface area over which the absorption can occur. Although the SC
tissues are somewhat loose and moderate amounts of fluid can be adminis-
tered, the normal connective tissue matrix prevents indefinite lateral spread
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of the injected solution. These barriers may be overcome by agents that break
down mucopolysaccharides of the connective tissue matrix; the resulting
spread of injected solution leads to a much faster absorption rate.

In addition to fluids, solid forms of drugs may be given by SC injection. This
has been done with compressed pellets of testosterone placed under the skin
which are absorbed at a relatively constant rate over a long period.

Intramuscular Route The IM route is frequently used for drugs dissolved
in oily vehicles or for those in a microcrystalline formulation that are poorly
soluble in water (e.g., procaine or penicillin G). Advantages include rapid
absorption (often in under 30 min), the opportunity to inject a relatively
large amount of solution, and a reduction in pain and local irritation compared
with SC injections. Potential complications include infections and nerve
damage. The latter usually results from the choice of an incorrect site for
injection.

Although the time to peak drug concentration is often on the order of 1-2h,
depot preparations given by IM injection are absorbed extremely slowly.
Numerous physiochemical properties of a material given intramuscularly will
affect the rate of absorption from the site within the muscle (e.g., ionization
of the drug, lipid solubility, osmolality of the solution, volume given). The
primary sites used for IM injections in people are the gluteal (buttocks),
deltoid (upper arm), and lateral vastus (lateral thigh) muscles, with the cor-
responding sites in test animals being species specific. The rate of drug absorp-
tion and the peak drug levels obtained will often differ between sites used for
IM injections because of differences in blood flow between muscle groups. The
site chosen for an IM injection in humans and some animals may be a critical
factor in whether or not the drug exhibits an effect (Schwartz et al., 1974).
Agents injected into the larger muscle masses are generally absorbed rapidly.

Blood flow through muscles in aresting animalis about 0.02-0.07mL min™ g™*
of tissue, and this flow rate may increase many times during exercise, when
additional vascular channels open. Large amounts of solution can be intro-
duced intramuscularly, and there is usually less pain and local irritation than
is encountered by the SC route. Ordinary aqueous solutions of chemicals are
usually absorbed from an IM site within 10-30 min, but faster or slower absorp-
tion is possible, depending on the vascularity of the site, the ionization
and lipid solubility of the drug, the volume of the injection, the osmolality
of the solution, animal temperature, and other variables. Small molecules are
absorbed directly into the capillaries from an IM site, whereas large molecules
(e.g., proteins) gain access to the circulation by way of the lymphatic channels
(Ballard, 1968). Radiolabeled compounds of widely differing molecular
weights (maximum 585) and physical properties have been shown to be
absorbed from rat muscle at virtually the same rate, about 16% per minute
(i.e., the absorption process is limited by the rate of blood flow).

Drugs that are insoluble at tissue pH or that are in an oily vehicle form a
depot in the muscle tissue, from which absorption proceeds very slowly.
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Intraperitoneal Route Kruger et al. (1962) demonstrated the efficiency of
absorption of some chemicals injected intraperitoneally, while Lukas et al.
(1971) showed that compounds administered intraperitoneally are absorbed
primarily through the portal circulation.

A prime practical consideration in the use of the IP route for acute testing
should be the utilization of aseptic techniques to preclude bacterial or viral
contamination. If these are not exercised, the resulting infected and compro-
mised animals cannot be expected to produce either valid or reproducible
indications or actual chemical toxicity.

Compounds that are very lipophilic will be quickly absorbed systemically
by the IP route but not by the IM or SC route.

5.2.3 Oral Route

The oral route is the most commonly used route for the administration of
drugs both because of ease of administration and because it is the most readily
accepted route of administration. Although the dermal route may be as
common for occupational exposure, it is much easier to accurately measure
and administer doses by the oral route.

Enteral routes technically include any that will put a material directly into
the GI tract, but the use of enteral routes other than oral (such as rectal) is
rare in toxicology. Though there are a number of variations of technique and
peculiarities of animal response that are specific to different animal species,
there is also a great deal of commonality across species in methods, consider-
ations, and mechanisms.

Mechanisms of Absorption Ingestion is generally referred to as oral or
peroral (PO) exposure and includes direct intragastric exposure in experimen-
tal toxicology. The regions for possible agent action and absorption from PO
absorption should, however, be considered separately (Hogben et al., 1959;
Bates and Gibaldi, 1970; Gad 2007, 2008).

Because of the rich blood supply to the mucous membranes of the mouth
(buccal cavity), many compounds can be absorbed through them. Absorption
from the buccal cavity is limited to nonionized, lipid-soluble compounds.
Buccal absorption of a wide range of aromatic and aliphatic acids and basic
drugs in human subjects has been found to be parabolically dependent on
log P, where P is the octanol-water partition coefficient. The ideal lipophilic
character (log P,) for maximum buccal absorption has also been shown to be
in the range 4.2-5.5 (Schranker et al., 1957; Lien et al., 1971). Compounds with
large molecular weights are poorly absorbed in the buccal cavity, and, since
absorption increases linearly with concentration and there is generally no dif-
ference between optical enantiomorphs of several compounds known to be
absorbed from the mouth, it is believed that uptake is by passive diffusion
rather than by active transport chemical moieties.

A knowledge of the buccal absorption characteristics of a chemical can be
important in a case of accidental poisoning. Although an agent taken into the
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mouth will be voided immediately on being found objectionable, it is possible
that significant absorption can occur before any material is swallowed.

Unless voided, most materials in the buccal cavity are swallowed. No sig-
nificant absorption occurs in the esophagus and the agent passes on to enter
the stomach. It is common practice in safety assessment studies to avoid the
possibility of buccal absorption by intubation (gavage) or by the administra-
tion of the agent in gelatin capsules designed to disintegrate in the gastric fluid.

Absorption of chemicals with widely differing characteristics can occur at
different levels in the GI tract (Schranker, 1960). The two factors primarily
influencing this regional absorption are (1) the lipid—water partition charac-
teristics of the undissociated toxicant and (2) the dissociation constant pK,,
which determines the amount of toxicant in the dissociated form.

Therefore, weak organic acids and bases are readily absorbed as uncharged
lipid-soluble molecules, whereas ionized compounds are absorbed only with
difficulty, and nonionized toxicants with poor lipid solubility characteristics are
absorbed slowly. Lipid-soluble acid molecules can be absorbed efficiently
through the gastric mucosa, but bases are not absorbed in the stomach.

In the intestines the nonionized form of the drug is preferentially absorbed
and the rate of absorption is related to the lipid—water partition coefficient of
the toxicant. The highest pK, value for a base compatible with efficient gastric
absorption is about 7.8 and the lowest pK, for an acid is about 3.0, although
a limited amount of absorption can occur outside these ranges (Share et al.,
1971). The gastric absorption and the intestinal absorption of a series of com-
pounds with different carbon chain lengths follow two different patterns.
Absorption from the stomach increases as the chain lengthens from methyl to
n-hexyl, whereas intestinal absorption increases over the range methyl to
n-butyl and then diminishes as the chain length further increases. Houston et
al. (1974) concluded that to explain the logic of optimal partition coefficients
for intestinal absorption it was necessary to postulate a two-compartment
model with a hydrophilic barrier and a lipoidal membrane and that if there is
an acceptable optimal partition coefficient for gastric absorption it must be at
least 10 times greater than the corresponding intestinal value.

Because they are crucial to the course of an organism’s response, the rate
and extent of absorption of biologically active agents from the GI tract also
have major implications for the formulation of test material dosages and also
for how production (commercial) materials may be formulated to minimize
potential accidental intoxications while maximizing the therapeutic profile.

There are a number of separate mechanisms involved in absorption from
the GI tract, and these will be discussed below.

Passive Absorption The membrane lining of the tract has a passive role in
absorption. As toxicant molecules move from the bulk water phase of the
intestinal contents into the epithelial cells, they must pass through two mem-
branes in series, one the layer of water and the other the lipid membrane of
the microvillar surface (Wilson and Dietschy, 1974). The water layer may be
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the rate limiting factor for passive absorption into the intestinal mucosa, but
it is not rate limiting for active absorption. The concentration gradient and
the physiochemical properties of the drug and the lining membrane are
the controlling factors. Chemicals that are highly lipid soluble are capable
of passive diffusion, and they pass readily from the aqueous fluids of the
gut lumen through the lipid barrier of the intestinal wall and into the
bloodstream. The interference in the absorption process by the water layer
increases with increasing absorbability of the substances in the intestine
(Winne, 1978).

Aliphatic carbamates are rapidly absorbed from the colon by passive uptake
(Wood et al., 1978), and it is found that there is a linear relationship between
log k, and log P for absorption of these carbamates in the colon and the
stomach, whereas there is a parabolic relationship between these two values
for absorption in the small intestine. The factors to be considered are

Octanol-buffer partition coefficient P
Absorption rate constant k,

Time ¢

Half-life ¢* = In2/k,

Organic acids that are extensively ionized at intestinal pH’s are absorbed
primarily by simple diffusion.

Facilitated Diffusion Temporary combination of the chemical with some
form of “carrier” occurs in the gut wall, facilitating the transfer of the toxicant
across the membranes. This process is also dependent on the concentration
gradient across the membrane, and there is no energy utilization in making
the translocation. In some intoxications, the carrier may become saturated,
making this the rate-limiting step in the absorption process.

Active Transport As above, the process depends on a carrier but differs in
that the carrier provides energy for translocation from regions of lower con-
centration to regions of higher concentration.

Pinocytosis This process, by which particles are absorbed, can be an impor-
tant factor in the ingestion of particulate formulations of chemicals (e.g., dust
formulations, suspensions of wettable powders); however, it must not be con-
fused with absorption by one of the above processes, where the agent has been
released from particles.

Absorption via Lymphatic Channels Some lipophilic chemicals dissolved in
lipids may be absorbed through the lymphatics.

Convective Absorption Compounds with molecular radii of less than 4nm
can pass through pores in the gut membrane. The membrane exhibits a mole-
cular sieving effect.
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Characteristically, within certain concentration limits, if a chemical is
absorbed by passive diffusion, then the concentration of toxicant in the gut
and the rate of absorption are linearly related. However, if absorption is medi-
ated by active transport, the relationship between concentration and rate of
absorption conforms to Michaelis—Menten kinetics and a Lineweaver-Burk
plot (i.e., reciprocal of rate of absorption plotted against reciprocal of concen-
tration), which graphs as a straight line.

Differences in the physiological chemistry of GI fluids can have a significant
effect on toxicity. Both physical and chemical differences in the GI tract can
lead to species differences in susceptibility to acute intoxication. The antihel-
minthic pyrvinium chloride has an identical median lethal dose (LDs,) value
when administered intraperitoneally to rats and mice (approximately 4mgkg™);
when administered orally, however, the LDs, value in mice was found to be
15mgkg™, while for the rat, the LDs, values were 430mgkg™ for females and
1550mgkg™ for males. It is thought that this is an absorption difference rather
than a metabolic difference (Ritschel et al., 1974).

Most exogenous chemical absorbed from the GI tract must pass through
the liver via the hepatic-portal system (leading to the so-called first-pass
effect) and, as mixing of the venous blood with arterial blood from the liver
occurs, consideration and caution are called for in estimating the amounts of
chemical in both the systemic circulation and the liver itself.

Despite the GI absorption characteristics discussed above, it is common for
absorption from the alimentary tract to be facilitated by dilution of the toxi-
cant. Borowitz et al. (1971) have suggested that the concentration effects they
observed in atropine sulfate, aminopyrine, sodium salicylate, and sodium pen-
toparbital were due to a combination of rapid stomach emptying and the large
surface area for absorption of the drugs.

Major structural or physiological differences in the alimentary tract (e.g.,
species differences or surgical effects) can give rise to modifications of toxicity.
For example, ruminant animals may metabolize toxicants in the GI tract in a
way that is unlikely to occur in nonruminants.

The presence of bile salts in the alimentary tract can affect absorption
of potential toxicants in a variety of ways, depending on their solubility
characteristics.

Factors Affecting Absorption Test chemicals are given most commonly by
mouth. This is certainly the most convenient route, and it is the only one of
practical importance for self-administration. Absorption, in general, takes
place along the whole length of the GI tract, but the chemical properties of
each molecule determine whether it will be absorbed in the strongly acidic
stomach or in the nearly neutral intestine. Gastric absorption is favored by an
empty stomach, in which the chemical, in undiluted gastric juice, will have good
access to the mucosal wall. Only when a chemical would be irritating to the
gastric mucosa is it rational to administer it with or after a meal. However, the
antibiotic griseofulvin is an example of a substance with poor water solubility
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the absorption of which is aided by a fatty meal. The large surface area of the
intestinal villi, the presence of bile, and the rich blood supply all favor intes-
tinal absorption of griseofulvin and physiochemically similar compounds.

The presence of food can impair the absorption of chemicals given by
mouth. Suggested mechanisms include reduced mixing, complexing with sub-
stances in the food, and retarded gastric emptying. In experiments with rats,
prolonged fasting has been shown to diminish the absorption of several chemi-
cals, possibly by deleterious effects upon the epithelium of intestinal villi.

Chemicals that are metabolized rapidly by the liver cannot be given for
systemic effect by the enteral route because the portal circulation carries them
directly to the liver. For example, lidocaine, a drug of value in controlling
cardiac arrhythmias, is absorbed well from the gut but is completely inacti-
vated in a single passage through the liver.

The principles governing the absorption of drugs from the GI lumen are
the same as for the passage of drugs across biological membranes elsewhere.
Lower degree of ionization, high lipid—water partition coefficient of nonion-
ized form, and small atomic or molecular radii of water-soluble substances all
favor rapid absorption. Water passes readily in both directions across the wall
of the GI lumen. Sodium ion is probably transported actively from lumen into
blood. Magnesium ion is very poorly absorbed and therefore acts as a cathar-
tic, retaining an osmotic equivalent of water as it passes down the intestinal
tract. lonic iron is absorbed as an amino acid complex at a rate usually deter-
mined by the body’s need for it. Glucose and amino acids are transported
across the intestinal wall by specific carrier systems. Some compounds of high
molecular weight (polysaccharides and large proteins) cannot be absorbed
until they are degraded enzymatically. Other substances cannot be absorbed
because they are destroyed by GI enzymes—insulin, epinephrine, and hista-
mine are examples. Substances that form insoluble precipitates in the GI
lumen or that are insoluble either in water or in lipid clearly cannot be
absorbed.

Absorption of Weak Acids and Bases Human gastric juice is very acid
(about pH 1), whereas the intestinal contents are nearly neutral (actually very
slightly acid). The pH difference between plasma (pH 7.4) and the lumen of
the GI tract plays a major role in determining whether a drug that is a weak
electrolyte will be absorbed into plasma or excreted from plasma into the
stomach or intestine. For practical purposes, the mucosal lining of the GI tract
is impermeable to the ionized form of a weak acid or base, but the nonionized
form equilibrates freely. The rate of equilibration of the nonionized molecule
is directly related to its lipid solubility. If there is a pH difference across the
membrane, then the fraction ionized may be considerably greater on one side
than on the other. At equilibrium, the concentration of the nonionized moiety
will be the same on both sides, but there will be more total drug on the side
where the degree of ionization is greater. This mechanism is known as ion
trapping. The energy for sustaining the unequal chemical potential of the acid
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or base in question is derived from whatever mechanism maintains the pH
difference. In the stomach, this mechanism is the energy-dependent secretion
of hydrogen ions.

Consider how a weak electrolyte is distributed across the gastric mucosa
between plasma (pH 7.4) and gastric fluid (pH 1.0). In each compartment, the
Henderson-Hasselbalch equation gives the ratio of acid—base concentrations.
The negative logarithm of the acid dissociation constant is designated here by
the symbol pK, rather than the more precisely correct pK':

pH=pK, +log ba§e)
acid
log( ba.sj) =pH-pK,

% = antilog(pH - pK,)

The implications of the above equations are clear. Weak acids are readily
absorbed from the stomach. Weak bases are not absorbed well; indeed, they
would tend to accumulate within the stomach at the expense of agent in the
bloodstream. Naturally,in the more alkaline intestine, bases would be absorbed
better, acids more poorly.

It should be realized that although the principles outlines here are correct,
the system is dynamic, not static. Molecules that are absorbed across the gastric
or intestinal mucosa are removed constantly by blood flow; thus, simple revers-
ible equilibrium across the membrane does not occur until the agent is dis-
tributed throughout the body.

Absorption from the stomach, as determined by direct measurements, con-
forms, in general, to the principles outlined above. Organic acids (as indeed
many of the drug molecules) are absorbed well since they are all almost com-
pletely nonionized at the gastric pH; indeed, many of these substances are
absorbed faster than ethyl alcohol, which had long been considered one of the
few compounds that were absorbed well from the stomach. Strong acids whose
pK, values lie below 1, which are ionized even in the acid contents of the
stomach, are not absorbed well. Weak bases are absorbed only negligibly, but
their absorption can be increased by raising the pH of the gastric fluid.

As for bases, only the weakest are absorbed to any appreciable extent at
normal gastric pH, but their absorption can be increased substantially by
neutralizing the stomach contents. The quaternary cations, however, which are
charged at all pH values, are not absorbed at either pH.

The accumulation of weak bases in the stomach by ion trapping mimics a
secretory process; if the drug is administered systemically, it accumulates in
the stomach. Dogs given various drugs intravenously by continuous infusion
to maintain a constant drug level in the plasma had the gastric contents
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sampled by means of an indwelling catheter. The results showed that stronger
bases (pK, > 5) accumulated in stomach contents to many times their plasma
concentrations; the weak bases appeared in about equal concentrations in
gastric juice and in plasma. Among the acids, only the weakest appeared in
detectable amounts in the stomach. One might wonder why the strong bases,
which are completely ionized in gastric juice and whose theoretical concentra-
tion ratios (gastric juice/plasma) are very large, should nevertheless attain only
about a 40-fold excess over plasma. Direct measurements of arterial and
venous blood show that essentially all the blood flowing through the gastric
mucosa is cleared of these agents; obviously, no more chemical can enter the
gastric juice in a given time period than is brought there by circulation. Another
limitation comes into play when the base pK, exceeds 7.4;now a major fraction
of the circulating base is cationic and a decreasing fraction is nonionized, so
the effective concentration gradient for diffusion across the stomach wall is
reduced.

The ion-trapping mechanism provides a method of some forensic value for
detecting the presence of alkaloids (e.g., narcotics, cocaine, amphetamines) in
cases of death suspected to be due to overdosage of self-administered drugs.
Drug concentrations in gastric contents may be very high even after parenteral
injection.

Absorption from the intestine has been studied by perfusing drug solutions
slowly through rat intestine in situ and by varying the pH as desired. The
relationships that emerge from such studies are the same as those for the
stomach, the difference being that the intestinal pH is normally very near
neutrality. As the pH is increased, the bases are absorbed better, the acids
more poorly. Detailed studies with a great many drugs in unbuffered solutions
revealed that in the normal intestine acids with pK, > 3.0 and bases with
pK, < 7.8 are very well absorbed; outside these limits the absorption of acids
and bases falls off rapidly. This behavior leads to the conclusion that the
“virtual pH” in the microenvironment of the absorbing surface in the gut is
about 5.3; this is somewhat more acidic than the pH in the intestinal lumen is
usually considered to be.

Absorption from the buccal cavity has been shown to follow exactly the
same principles as those described for absorption from the stomach and intes-
tine. The pH of human and canine saliva is usually about 6. Bases in people
are absorbed only on the alkaline side of their pK,, that is, only in the nonion-
ized form. At normal saliva pH, only weak bases are absorbed to a significant
extent.

Bioavailability and Thresholds The difference between the extent of
availability (often designated solely as bioavailability) and the rate of avail-
ability is illustrated in Figure 5.3, which depicts the concentration-time curve
for a hypothetical agent formulated into three different dosage forms. Dosage
forms A and B are designed so that the agent is put into the blood circulation
at the same rate but twice as fast as for dosage form C. The times at which
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Figure 5.3 Blood concentration—time curves illustrating how changes in rate and extent of
chemical availability can influence duration of action and efficacy of dose of agent. The desig-
nated line indicates the threshold concentration (T.) of the agent in the body that will evoke a
response. Case A is absorbed rapidly and completely. This product produces a prompt and
prolonged response. The agent in case B is absorbed at the same rate as that in case A but
is only 50% as available. There will be no response from this dose of the agent because T, is
not reached. The agent in case C is absorbed at one-half the rate seen in cases A and B but
is 100% available.

agent concentrations reach a peak are identical for dosage forms A and B and
occur earlier than the peak time for dosage form C. In general, the relative
order of peak times following the administration of different dosage forms of
the drug corresponds to the rates of availability of the chemical moiety from
the various dosage forms. The extent of availability can be measured by using
either chemical concentrations in the plasma or blood or amounts of unchanged
chemical in the urine. The area under the blood concentration-time curve for
an agent can serve as a measure of the extent of its availability. In Figure 5.3,
the areas under curves A and C are identical and twice as great as the area
under curve B. In most cases, where clearance is constant, the relative areas
under the curves or the amount of unchanged chemical excreted in the urine
will quantitatively describe the relative availability of the agent from the dif-
ferent dosage forms. However, even in nonlinear cases, where clearance is dose
dependent, the relative areas under the curves will yield a measurement of the
rank order of availability from different dosage forms or from different routes
of administration.

Because there is usually a critical concentration of a chemical in the blood
that is necessary to elicit either a pharmacological or toxic effect, both the rate
and extent of input or availability can alter the toxicity of a compound. In the
majority of cases, the duration of effects will be a function of the length of
time the blood concentration curve is above the threshold concentration; the
intensity of the effect for many agents will be a function of the elevation of
the blood concentration curve above the threshold concentration.

Thus, the three different dosage forms depicted in Figure 5.3 will exhibit
significant differences in their levels of “toxicity.” Dosage form B requires that
twice the dose be administered to attain blood levels equivalent to those for
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dosage form A. Differences in the rate of availability are particularly impor-
tant for agents given acutely. Dosage for A reaches the target concentration
earlier than chemical from dosage form C; concentrations from A reach a
higher level and remain above the minimum effect concentration for a longer
period of time. In a multiple-dosing regimen, dosage forms A and C will yield
the same average blood concentrations, although dosage form A will show
somewhat greater maximum and lower minimum concentrations.

For most chemicals, the rate of disposition or loss from the biological system
is independent of rate of input once the agent is absorbed. Disposition is
defined as what happens to the active molecule after it reaches a site in the
blood circulation where concentration measurements can be made (the sys-
temic circulations, generally). Although disposition processes may be indepen-
dent of input, the inverse is not necessarily true, because disposition can
markedly affect the extent of availability. Agents absorbed from the stomach
and the intestine must first pass through the liver before reaching the general
circulation (Figure 5.4). Thus, if a compound is metabolized in the liver or
excreted in bile, some of the active molecule absorbed from the GI tract will
be inactivated by hepatic processes before it can reach the systemic circulation
and be distributed to its sites of action. If the metabolizing or biliary excreting
capacity of the liver is great, the effect on the extent of availability will be
substantial. Thus, if the hepatic blood clearance for the chemical is large rela-
tive to hepatic blood flow, the extent of availability for this chemical will be
low when it is given by a route that yields first-pass metabolic effects. This

I Oral administration ]

Sublingual or nasal administration ]
Buccal >
cavity Venous return from buccal cavity
Hepatic vein
Stomach v
Bile duct
Intestine
Portal vein ; Vena
Lymphatics cava
Rectum / Venous return from rectum g
Rectal administrationJ

Figure 5.4 Diagrammatic representation of entry of drug moieties into body from variety of
routes, with subsequent passage into bloodstream and out of bodly.
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decrease in availability is a function of the physiological site from which
absorption takes place, and no amount of modification to dosage form can
improve the availability under linear conditions. Of course, toxic blood levels
can be reached by this route of administration if larger doses are given.

It is important to realize that chemicals with high extraction ratios (i.e.,
greater extents of removal by the liver during first-pass metabolism) will
exhibit marked intersubject variability in bioavailability because of variations
in hepatic function or blood flow or both. For the chemical with an extraction
ratio of 0.90 that increases to 0.95, the bioavailability of the agent will be
halved, from 0.10 to 0.05. These relationships can explain the marked vari-
ability in plasma or blood drug concentrations that occurs among individual
animals given similar doses of a chemical that is markedly extracted. Small
variations in hepatic extraction between individual animals will result in large
differences in availability and plasma drug concentrations.

The first-pass effect can be avoided, to a great extent, by use of the sublin-
gual route and by topical preparations (e.g., nitroglycerine ointment), and it
can be partially avoided by using rectal suppositories. The capillaries in the
lower and middle sections of the rectum drain into the interior and middle
hemorrhoidal veins, which in turn drain into the inferior vena cava, thus
bypassing the liver. However, suppositories tend to move upward in the rectum
into a region where veins that lead to the liver predominate, such as the supe-
rior hemorrhoidal vein. In addition, there are extensive connections between
the superior and middle hemorrhoidal veins, and thus probably only about
50% of a rectal dose can be assumed to bypass the liver. The lungs represent
a good temporary clearing site for a number of chemical (especially basic)
compounds by partition into lipid tissues as well as serve a filtering function
for particulate matter that may be given by IV injection. In essence, the lung
may cause first-pass loss by excretion and possible metabolism for chemicals
input into the body by the non-GI routes of administration.

Biological (test subject) factors that can influence absorption of a chemical
from the GI tract are summarized in Table 5.4.

There are also a number of chemical factors that may influence absorption
from the GI tract. These are summarized in Table 5.5.

Techniques of Oral Absorption There are three major techniques for oral
delivery of drugs to test animals. The most common way is by gavage, which
requires that the material be in a solution or suspension for delivery by tube
to the stomach. Less common materials may be given as capsules (particularly
to dogs) or in diet (for longer term studies). Rarely, oral studies may also be
done by inclusion of materials in drinking water.

Test materials may be administered as solutions or suspensions as long as
they are homogeneous and delivery is accurate. For traditional oral adminis-
tration (gavage), the solution or suspension can be administered with a suit-
able stomach tube or feeding needle (“Popper” tube) attached to a syringe. If
the dose is too large to be administered at one time, it can be divided into



COMMON ROUTES 145

TABLE 5.4 Test Subject Characteristics That Can Influence Gl Tract Absorption®

A. General and inherent characteristics
1. General condition of subject (e.g., starved versus well fed, ambulatory versus supine)
2. Presence of concurrent diseases (i.e., diseases may either speed or slow gastric
emptying)
3. Age
4. Weight and degree of obesity
B. Physiological function
1. Status of subject’s renal function
. Status of subject’s hepatic function
. Status of subject’s cardiovascular system
. Status of subject’s Gl motility and function (e.g., ability to swallow)
. pH of gastric fluid (e.g., affected by fasting, disease, food intake, drugs)
. Gastrointestinal blood flow to area of absorption
. Blood flow to areas of absorption for dose forms other than those absorbed through Gl
routes
C. Acquired characteristics
1. Status of subject’s anatomy (e.g., previous surgery)
2. Status of subject’s Gl flora
3. Timing of drug administration relative to meals (i.e., presence of food in Gl tract)
4
5

No ok~ W

. Body position of subject (e.g., lying on side slows gastric emptying)
. Psychological state of subject (e.g., stress increases gastric emptying rate and
depression decreases rate)
6. Physical exercise of subject may reduce gastric-emptying rate
D. Physiological principles
1. Food enhances gastric blood flow, which should theoretically increase rate of
absorption
2. Food slows the rate of gastric emptying, which should theoretically slow the rate of
passage to the intestines where the largest amounts of most agents are absorbed.
This should decrease the rate of absorption for most agents. Agents absorbed to a
larger extent in the stomach will have increased time for absorption in the presence of
food and should be absorbed more completely than in fasted patients
3. Bile flow and secretion are stimulated by fats and certain other foods. Bile salts may
enhance or delay absorption depending on whether they form insoluble complexes with
drugs or enhance the solubility of agents
4. Changes in splanchnic blood flow as a result of food depend on direction and
magnitude of the type of food ingested
5. Presence of active (saturable transport mechanisms places a limit on the amount of a
chemical that may be absorbed

“The minimization of variability due to these factors rests on the selection of an appropriate animal model,
careful selection of healthy animals, and use of proper techniques.

equal subparts with 2—4h between each administration; however, this subdi-
vided dosing approach should generally be avoided.

Test chemicals placed into any natural orifice exert local effects and, in
many instances, systemic effects as well. The possibility of systemic effects
occurring when local effects are to be evaluated should be considered.

For routes of administration in which the chemical is given orally or placed
into an orifice other than the mouth, clear instructions about the correct
administration of the chemical must be provided. Many cases are known of
oral pediatric drops for ear infections being placed into the ear, and vice versa
(ear drops being swallowed) in humans. Errors in test article administration
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TABLE 5.5 Chemical Characteristics of Drug That May Influence Absorption

A. Administration of chemical and its passage through the body
1. Dissolution characteristics of solid dosage forms, which depend on formulation in
addition to the properties of the chemical itself (e.g., vehicle may decrease
permeability of suspension or capsule to water and retard dissolution and diffusion).
2. Rate of dissolution in Gl fluids. Chemicals that are inadequately dissolved in gastric
contents may be inadequately absorbed.
. Chemicals that are absorbed into food may have a delayed absorption.
. Carrier-transported chemicals are more likely to be absorbed in the small intestine.
. Route of administration.
. Chemicals undergo metabolism in the Gl tract.
B. Physiochemical properties of chemicals
. Chemicals that chelate metal ions in food may form insoluble complexes and will not
be adequately absorbed.
2. pH of dosing solutions—weakly basic solutions are absorbed to a greater degree in
the small intestine.
. Salts used.
. Hydrates or solvates.
. Crystal form of chemical (e.g., insulin).
“Pharmaceutical” form (e.qg., fluid, solid, suspension).
. Enteric coating.
. Absorption of quaternary compounds (e.g., hexamethonium, amiloride) is decreased
by food.
9. Molecular weight of chemical (e.g., when the molecular weight of a drug is above
about 1000, absorption is markedly decreased).
10. pK, (dissociation constant).
11. Lipid solubility (i.e., a hydrophobic property relating to penetration through
membranes).
12. Particle size of chemical in solid dosage form—smaller particle sizes will increase the
rate and/or degree of absorption if dissolution of the chemical is the rate-limiting factor
in absorption. Chemicals that have a low dissolution rate may be made in a
micronized form to increase their rate of dissolution.
13. Particle size of the dispersed phase in an emulsion.
14. Type of disintegrating agent in the formulation.
15. Hardness of a solid (granule, pellet, or tablet) (i.e. related to amount of compression
used to make tablet) or capsule if they do not disintegrate appropriately.
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are especially prevalent when a chemical form is being used in a nontraditional
manner (e.g., suppositories that are given by the buccal route).

Administration of a drug in capsules is a common means of dosing larger
test animals (particularly dogs). It is labor intensive (each capsule must be
individually prepared, though robotic systems are now available for this), but
capsules offer the advantages that neat drug may be used (no special formula-
tion need be prepared, and the questions of formulation or solution stability
are avoided), the dogs are less likely to vomit, and the actual act of dosing
requires less labor than using a gavage tube. Capsules may also be used with
primates, though they are not administered as easily.

Incorporation of a drug in the diet is commonly used for longer term studies
(particularly carcinogenicity studies, though the method is not limited to
these). Dosing by diet is much less labor intensive than any other oral dosing
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methodology, which is particularly attractive over the course of a long (13-
week, 1-year, 18-month, or 2-year) study.

The most critical factor to dietary studies is the proper preparation of
the test chemical-diet admixtures. The range of physical and chemical charac-
teristics of test materials requires that appropriate mixing techniques be deter-
mined on an individual basis. Standard practices generally dictate the
preparation of a premix to which is added appropriate amounts of feed to
achieve the proper concentrations.

Dietary preparation involving liquid materials frequently results in either
wet feed in which the test article does not disperse or formation of “gumballs”—
feed and test material that form discernible lumps and chemical “hotspots.”
Drying and grinding of the premix to a free-flowing form prior to mixing the
final diets may be required; however, these actions can affect the chemical
nature of the test article.

Solid materials require special techniques prior to or during addition to
diets. Materials that are soluble in water may be dissolved and added as
described above for liquids. Non-water-soluble materials may require several
preparatory steps. The test chemical may be dissolved in corn oil, acetone, or
other appropriate vehicle prior to addition to the weighed diet. When an
organic solvent such as acetone is used, the mixing time for the premix should
be sufficient for the solvent to evaporate. Some solids may require grinding in
a mortar and pestle with feed added during the grinding process.

Prior to study initiation, stability of the test chemical in the diet must be
determined over a test period at least equivalent to the time period during
which animals are to be exposed to a specific diet mix. Stability of test samples
under the conditions of the proposed study is preferable. Labor and expense
can be saved when long-term stability data permit mixing of several weeks (or
a month) of test diet in a single mixing interval.

Homogeneity and concentration analysis of the test article—diet admixture
are performed by sampling at three or four regions within the freshly mixed
diet (e.g., samples from the top, middle, and bottom of the mixing bowl or
blender).

A variety of feeders are commercially available for rats and mice. These
include various-sized glass jars and stainless steel or galvanized feed cups,
which can be equipped with restraining lids and food followers to preclude
significant losses of feed due to animals digging in the feeders. Slotted metal
feeders are designed so that animals cannot climb into the feed, and they also
contain mesh food followers to prevent digging.

Another problem sometimes encountered is palatability—the material may
taste so strongly that animals will not eat it. As a result, palatability, stability
in diet, and homogeneity of mix must all be ensured prior to the initiation of
an actual study.

Inclusion in drinking water is rarely used for oral administration of human
drugs to test animals, though it sees more frequent use for the study of envi-
ronmental agents.



148 FORMULATIONS, ROUTES, AND DOSAGE DESIGN

Physiochemical properties of the test material should be a major consider-
ation in selecting drinking water as a dosing matrix. Unlike diet preparation
or preparation of gavage dose solutions and suspensions where a variety of
solvents and physical processes can be utilized to prepare a dosable form,
preparations of drinking water solutions are less flexible. Water solubility of
the test chemical is the major governing factor and is dependent on factors
such as pH, dissolved salts, and temperature. The animal model itself sets limi-
tations for these factors (acceptability and suitability of pH and salt-adjusted
water by the animals as well as animal environmental specifications such as
room temperature).

Stability of the test chemical in drinking water under study conditions
should be determined prior to study initiation. Consideration should be given
to conducting stability tests on test chemical-drinking water admixtures pre-
sented to some test animals. Besides difficulties of inherent stability, changes
in chemical concentrations may result from other influences. Chemicals with
low vapor pressure can volatilize from the water into the air space located
above the water of an inverted water bottle; thus, a majority of the chemical
may be found in the “dead space,” not in the water.

Certain test chemicals may be degraded by contamination with microorgan-
isms. A primary source of these microorganisms is the oral cavity of rodents.
Although rats and mice are not as notorious as the guinea pig in spitting back
into water bottles, significant bacteria can pass via the sipper tubes and water
flow restraints into the water bottles. Sanitation and sterilization procedures
for water bottles and sipper tubes must be carefully attended to.

Many technicians may not be familiar with terms such as sublingual (under
the tongue), buccal (between the cheek and gingiva), otic, and so on. A clear
description of each of these nontraditional routes (i.e., other than gavage
routes) should be discussed with technicians, and instructions may also be
written down and given to them. Demonstrations are often useful to illustrate
selected techniques of administration (e.g., to use an inhaler or nebulizer).
Some chemicals must be placed by technicians into body orifices (e.g., medi-
cated intrauterine devices such as Progesterset).

5.2.4 Minor Routes

The minor routes see some use in safety assessment and four are briefly pre-
sented here.

Perocular Route The administration of drugs or accidental exposure of
chemicals to the eyes is not commonly a concern in systemic toxicity due to
the small surface area exposed and the efficiency of the protective mechanisms
(i.e., blink reflex and tears). As long as the epithelium of the eyes remains
intact, it is impermeable to many molecules, but, if the toxicant has a suitable
polar—nonpolar balance, penetration may occur (Kondrizer et al., 1959; Swan
and White, 1972).
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Holmstedt (1959) and Brown and Muir (1971) have reviewed perocular
absorption of pesticides. More recently, Sinow and Wei (1973) have shown that
the quarternary herbicide paraquat can be lethal to rabbits if applied directly
to the surface of the eyes. Parathion, in particular, is exceedingly toxic when
administered via the eye—a concern that must be kept in mind for the protec-
tion of pesticide applicators.

Rectal Administration Since a number of therapeutic compounds are given
in the form of suppositories, an indication of the toxicity after rectal adminis-
tration is sometimes required. Toxicity studies and initial drug formulations of
such compounds are usually performed by the oral route and the rectal for-
mulation comes late in development and marketing. In view of the difference
between laboratory animals and humans in the anatomy and microflora of the
colon and rectum, animal toxicity studies late in drug development are of
limited value. However, in cases where an indication of potential rectal hazard
or bioavailability is required, the compound may be introduced into the rectum
of the rat using an oral dosing needle to prevent tissue damage. To avoid the
rapid excretion of the unabsorbed dose, anesthetized animals should be used
and the dose retained with an inert plug or bung (such as a cork).

Drugs (and therefore test chemicals) are occasionally administered by
rectum, but most are not as well absorbed here as they are from the upper
intestine. Aminophylline, used in suppository form for the management of
asthma, is one of the few drugs routinely given in this way. Inert vehicles
employed for suppository preparations include cocoa butter, glycerinated
vehicles, gelatin, and polyethylene glycol. Because the rectal mucosa is irri-
tated by nonisotonic solutions, fluids administered by this route should always
be isotonic with plasma (e.g., 0.9% NaCl).

Vaginal Administration Though not a common one, some materials do
have routine exposure by this route (e.g., spermicides, tampons, douches, and
antibiotics) and therefore must be evaluated for irritation and toxicity. The
older preferred models used rabbits and monkeys (Eckstein et al., 1969), but
more recently a model that uses rats has been developed (Staab et al., 1987).
McConnell (1973) clearly described the limitations, particularly of volume of
test material, involved in such tests.

Nasal Administration A route that has gained increasing popularity of late
for pharmaceutical administration in humans is the intranasal route. The
reasons for this popularity are the ease of use (and therefore ready patient
acceptance and high compliance rate), the high degree and rate of absorption
of many substances (reportedly for most substances up to 1000 molecular
weight; McMartin et al., 1987), and avoidance of the highly acid environment
in the stomach and first-pass metabolism in the liver (particularly important
for some of the newer peptide moieties) (Attman and Dittmer, 1971). The
only special safety concerns are the potential for irritation of the mucous
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TABLE 5.6 General Guidelines for Maximum Dose Volumes by Route

Route Volume (mLkg™") Should Not Exceed Notes
Oral 20 Fasted animals
Dermal 2 Limit is accuracy of dosing per
available body surface
Intravenous 1 Over 5min
Intramuscular 0.5 At one site
Perocular 0.01mL
Rectal 0.5
Vaginal 0.2mL in rat
1mL in rabbit
Inhalation 2mg L™
Nasal 0.1mL per nostril in monkey or dog

Source: Baker et al., 1979; Garramone, 1986.

membrane and the rapid distribution of administered materials to the central
nervous system (CNS).

A number of means may be used to administer materials nasally—
nebulizers and aerosol pumps being the most attractive first choices. Accurate
dose administration requires careful planning, evaluation of the administra-
tion device, and attention to technique.

Volume Limitations by Route In the strictest sense, absolute limitations
on how much of a dosage form may be administered by any particular route
are determined by specific aspects of the test species or dosage form. But there
are some general guidelines (determined by issues of humane treatment of
animals, accurate deliver of dose, and such) that can be put forth. These are
summarized in Table 5.6. The chapter Appendix and Section 5.3 should, of
course, be checked to see if there is specific guidance due to the characteristics
of a particular vehicle.

5.2.5 Route Comparisons and Contrasts

The first part of this chapter described, compared, and contrasted the various
routes used in toxicology and presented guidelines for their use. There are,
however, some exceptions to the general rules that the practicing toxicologist
should keep in mind.

The relative ranking of efficacy of routes that was presented earlier in the
chapter is not absolute; there can be striking exceptions. For example, though
materials are usually much quicker acting and more potent when given by
the oral route than by the dermal one, this is not always the case. In the litera-
ture, Shaffer and West (1960) reported that tetram as an aqueous solution was
more toxic when applied dermally than when given orally to rats. The LDs,
values reported were as follows [LDs, (mgkg™) of tetram; 95% confidence
limits]:
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Rat Oral (mgkg™) Percutaneous (mgkg™)
Male 9 (7-13) 2 (1-3)
Female 8 (6—11) 2 (1-3)

The author has in the past experienced this same phenomenon. Several
materials that were found to be relatively nontoxic orally were extremely
potent by the dermal route (differences in potency of more than an order of
magnitude have been seen at least twice).

A general rule applicable to routes and vehicles should be presented here:

Vehicles can mask the effects of active ingredients. Particularly for clinical
signs, attention should be paid to the fact that a number of vehicles (e.g., pro-
pylene glycol) cause transient neurobehavioral effects that may mask similar
short-lived (though not necessarily equally transient and reversible) effects of
test materials.

5.3 FORMULATION OF TEST MATERIALS

One of the areas that is overlooked by virtually everyone in toxicology testing
and research yet is of crucial importance is the use of vehicles in the formula-
tion of test chemicals for administration to test animals. For a number of
reasons, a drug of interest is rarely administered or applied as is (“neat”).
Rather, it must be put in a form that can be accurately given to animals in
such a way that it will be absorbed and not be too irritating. Most laboratory
toxicologists come to understand vehicles and formulation, but to the knowl-
edge of the author, guidance on the subject is limited to a short chapter on
formulations by Fitzgerald et al. (1983). There is also a very helpful text on
veterinary dosage forms by Blodinger (1982).

Regulatory toxicology in the United States can be said to have arisen, due
to the problem of vehicles and formulation, in the late 1930s, when attempts
were made to formulate the new drug sulphanilamide. This drug is not very
soluble in water, and the U.S. firm Massengill produced a clear, syrupy elixir
formulation that was easy to take orally. The figures illustrate how easy it is to
be misled. The drug sulphanilamide is not very soluble in glycerol, which has an
LDs, in mice of 31.5gkg™, but there are other glycols that have the character-
istic sweet taste and a much higher solvent capacity. Ethylene glycol has an
LDj, of 13.7gkg™ in mice and 8.5gkg™ in rats, making it slightly more toxic
than diethylene glycol, which has an LDy in rats of 20.8gkg™, similar to that
for glycerol. The drug, which is itself inherently toxic, was marketed in a 75%
aqueous diethylene glycol-flavored elixir. Early in 1937 came the first reports
of deaths, but the situation remained obscure for about six months until it
became clear that the toxic ingredient in the elixir was the diethylene glycol.
Even as late as March 1937, Haag and Ambrose were reporting that the glycol
was excreted substantially unchanged in dogs, suggesting that it was likely to
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be safe (Hagenbusch, 1937). Within a few weeks, Holick (1937) confirmed that
a low concentration of diethylene in drinking water was fatal to a number of
species. Hagenbusch (1937) found that the results of necropsies performed on
patients who had been taking 60-70 mL of the solvent per day were similar to
those of rats, rabbits, and dogs taking the same dose of solvent with or without
the drug. This clearly implicated the solvent, although some authors considered
that the solvent was simply potentiating the toxicity of the drug. Some idea of
the magnitude of this disaster may be found in the paper of Calvary and Klump
(1939), who reviewed 105 deaths and a further 2560 survivors who were
affected to varying degrees, usually with progressive failure of the renal system.
It is easy to be wise after the event, but the formulator fell into a classic trap, in
that the difference between acute and chronic toxicity had not been adequately
considered. In passing, the widespread use of ethylene glycol itself as an anti-
freeze has led to a number of accidental deaths, which suggests that the lethal
dose in humans is around 1.4mLkg™, or a volume of about 100mL. In the
preface to the first United States Pharmacopeia (USP), published in 1820, there
is the statement that “it is the object of the Pharmacopoeia to select from
among substances which possess medical power, those, the utility of which is
most fully established and best understood; and to form from them prepara-
tions and compositions, in which their powers may be exerted to the greatest
advantage.” This statement suggests that the influence that formulation and
preparation may have on the biological activity of a drug (and on nonpharma-
ceutical chemicals) has been appreciated for a considerable time.

Available and commonly used vehicles and formulating agents are reviewed,
along with basic information on their characteristics and usages, in the appendix
at the end of the chapter. There is a general presumption that those excipients and
formulating agents listed in the USP or the Inactive Ingredient Guide prepared by
the FDA (www.accessdata.fda.gov) are safe to use and without biological effect.
This may not always be the case in either experimental animals (see appendix to
this chapter) or humans (see Weiner and Bernstein, 1989) either directly or in how
they alter absorption of and response to the active ingredient.

There are some basic principles to be observed in developing and preparing
test material formulations. These are presented in Table 5.7.

Bioavailability is defined as the fraction of the dose reaching either the
therapeutic target organ or tissue or the systemic circulation as unchanged
compound following administration by any route. For an agent administered
orally, bioavailability may be less than unity for several reasons. The chemical
may be incompletely absorbed. It may be metabolized in the gut, the gut wall,
the portal blood, or the liver prior to entry into the systemic circulation (see
Figure 5.4). It may undergo enterohepatic cycling with incomplete reabsorp-
tion following elimination into the bile. Biotransformation of some chemicals
in the liver following oral administration is an important factor in the phar-
macokinetic profile, as will be discussed further. Bioavailability measures fol-
lowing oral administration are generally given as the percentage of the dose
available to the systemic circulation.
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TABLE 5.7 Basic Principles in Developing Formulations

A. Preparation of the formulation should not involve heating of the test material anywhere
near the point where its chemical or physical characteristics are altered.

B. If the material is a solid and it is to be assessed for dermal effects, its shape and particle
size should be preserved. If intended for use in humans, topical studies should be
conducted with the closest possible formulation to that to be used on humans.

C. Multicomponent test materials (mixtures) should be formulated so that the administered
form accurately represents the original mixture (i.e., components should not be selectively
suspended or taken into solution).

D. Formulation should preserve the chemical stability and identity of the test material.

E. The formulation should be such as to minimize total test volumes. Use just enough
solvent or vehicle.

F. The formulation should be easy to administer accurately.

G. pH of dosing formulations should be between 5 and 9, if possible.

H. Acids or bases should not be used to divide the test material (for both humane reasons
and to avoid pH partitioning in either the gut or the renal tubule).

I. If a parenteral route is to be employed, final solutions should be as nearly isotonic as
possible. Do not assume a solution will remain such upon injection into the bloodstream.
It is usually a good idea to verify that the drug stays in solution upon injection by placing
some drops into plasma.

J. Particularly if use is to be more than a single injection, steps (such as filtration) should be
taken to ensure suitable sterility.

As the components of a mixture may have various physiochemical charac-
teristics (solubility, vapor pressure, density, etc.), great care must be taken in
preparing and administering any mixture so that what is actually tested is the
mixture of interest.

Examples of such procedures are making dilutions (not all components of
the mixture may be equally soluble or miscible with the vehicle) and generat-
ing either vapors or respirable aerosols (not all the components may have
equivalent volatility or surface tension, leading to a test atmosphere that con-
tains only a portion of the components of the mixture).

By increasing or decreasing the viscosity of a formulation, the absorption
of a toxicant can be altered (Ritschel et al., 1974). Conversely, the use of
absorbents to diminish absorption has been used as an antidote therapy for
some forms of intoxication. Using the knowledge that rats cannot vomit, there
have been serious attempts at making rodenticides safer to nontarget animals
by incorporating emetics into the formulations, but this has had only a limited
success. Gaines (1960) used in vivo liver perfusion techniques to investigate
the apparent anomaly that the carbamate Isolan was more toxic when admin-
istered to rats percutaneously than when administered orally. It has been
shown that these results, a manifestation of different formulations, have been
used for the two routes of exposure (oral and percutaneous) in estimating the
LDs, values using a common solvent, n-octanol. It was found that Isolan was
significantly more toxic by the oral route than by the percutaneous route; by
regression analysis it was found that at no level of lethal dose values was the
reverse correct.
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Although the oral route is the most convenient, there are numerous factors
that make it unpredictable. Absorption by this route is subject to significant
variation from animal to animal and even in the same individual animal at
different times. Considerable effort has been spent by the pharmaceutical
industry to develop drug formulations with absorption characteristics that are
both effective and dependable. Protective enteric coatings for pharmaceuticals
were introduced long ago to retard the action of gastric fluids and then
disintegrate and dissolve after passage of a tablet into the human intestine.
The purposes of these coatings for drugs are to protect the active ingredient,
which would be degraded in the stomach, to prevent nausea and vomiting
caused by local gastric irritation (also a big problem in rodent studies, where
over a long time period gastric irritation frequently leads to forestomach
hyperplasia), to obtain higher local concentrations of the active ingredient
intended to act locally in the intestinal tract, to produce a delayed biological
effect, or to deliver the active ingredient to the intestinal tract for optimal
absorption there. Such coatings are generally fats, fatty acids, waxes, or other
such agents, and all of these intended purposes for drug delivery can readily
be made to apply for some toxicity studies. Their major drawback, however, is
the marked variability in time for a substance to be passed through the
stomach. In humans, this gastric emptying time can range from minutes to as
long as 12h. One would expect the same for animals, as the limited available
data suggest is the case. Similar coating systems, including microencapsulation
(see Melnick et al., 1987), are available for and are currently used in animal
toxicity studies.

The test chemical is unlikely to be absorbed or excreted unless it is first
released from its formulation. It is this stage of the process that is the first
and most critical step for the activity of many chemicals. If the formulation
does not release the chemical, the rest of the process becomes somewhat
pointless.

It might be argued that the simplest way around the formulation problem
is to administer any test as a solution in water, thereby avoiding the difficulties
altogether. However, since multiple, small, accurately measured doses of a
chemical are required repeatedly, reproducible dilutions must be used. Also,
the water itself is to be regarded as the formulation vehicle, and the test sub-
stance must be water soluble and stable in solution, which many are not. If we
take into account the need for accuracy, stability, and optimum performance
in vivo, the problem can become complex.

Direct connection between observed toxicity and formulation components
is uncommon and it is usually assumed that vehicles and other nontest chemi-
cal components are innocuous or have only transitory pharmacological effects.
Historically, however, this has certainly not been the case. Even lactose may
have marked toxicity in individual test animals (or humans) who are geneti-
cally incapable of tolerating it.

The initial stage of drug release from the formulation, in terms of both the
amount and the rate of release, may exercise considerable influence at the
clinical response level. A close consideration of the formulation parameters
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of any chemical is therefore essential during the development of any new drug,
and, indeed, there are examples where formulations of established drugs also
appear to require additional investigation.

The effects of formulation additives on chemical bioavailability from oral
solutions and suspensions have been well reviewed by Hem (1973). He pointed
out how the presence of sugars in a formulation may increase the viscosity of
the vehicle. However, sugar solutions alone may delay stomach-emptying time
considerably when compared to solutions of the same viscosity prepared with
celluloses, which may be due to the sugar’s effect on osmotic pressure. Sugars
of different types may also have an effect on fluid uptake by tissues and this,
in turn, correlates with the effect of sugars such as glucose and mannitol on
drug transport.

Surfactants have been explored widely for their effects on drug absorption,
in particular using experimental animals (Gibaldi and Feldman, 1970; Gibaldi,
1976). Surfactants alter dissolution rates (of lipid materials), surface areas of
particles and droplets, and membrane characteristics, all of which affect
absorption.

Surfactants may increase the solubility of the drug via micelle formation,
but the amounts of material required to increase solubility significantly are
such that at least orally the laxative effects are likely to be unacceptable. The
competition between the surfactant micelles and the absorption sites is also
likely to reduce any useful effect and make any prediction of net overall effect
difficult. However, if a surfactant has any effect at all, it is likely to be in the
realm of agents that help disperse suspensions of insoluble materials and make
them available for solution. Natural surfactants, in particular bile salts, may
enhance absorption of poorly soluble materials.

The effective surface area of an ingested chemical is usually much smaller
than the specific surface area that is an idealized in vitro measurement. Many
drugs whose dissolution characteristics could be improved by particle size
reduction are extremely hydrophobic and may resist wetting by GI fluids.
Therefore, the GI fluids may come in intimate contact with only a fraction of
the potentially available surface area. The effective surface area of hydropho-
bic particle can often be increased by the addition of a surface-active agent to
the formulation, which reduces the contact angle between the solid and the
GI fluids, thereby increasing effective surface area and dissolution rate.

Formulations for administering dermally applied toxicants present different
considerations and problems. The extent of penetration and speed with which
a biologically active substance penetrates the skin or other biological mem-
brane depends on the effect that the three factors—vehicle, membrane, and
chemical—exert on the diffusion process. It is now accepted that they together
represent a functional unit that controls the penetration and location of the
externally applied chemicals in the deeper layers of the skin or membrane
layer. The importance of the vehicle for the absorption process has been
neglected until recently. One of the few requirements demanded of the vehicle
has been that it act as an inert medium that incorporates the test chemical in
the most homogeneous distribution possible. In addition, chemical stability
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and good cosmetic appearance have been desirable. Most formulation in toxi-
cology are based on empirical experience.

The chemical incorporated in a vehicle should reach the surface of the skin
at a suitable rate and concentration. If the site of action lies in the deeper
layers of the epidermis or below, the substance must cross the stratum corneum
if the skin is intact. Both processes, diffusion from the dosage form and diffu-
sion through the skin barriers, are inextricably linked. They should be consid-
ered simultaneously and can be influenced by the choice of formulation.

The thesis that all lipid-soluble compounds basically penetrate faster than
water-soluble ones cannot be supported in this absolute form. A lipophilic
agent can penetrate faster or slower or at the same rate as a hydrophilic agent,
depending on the vehicle used.

Disregarding such chemical-specific properties as dissociation constants (in
the case of ionic compounds), particle size, and polymorphism, as well as side
effects of viscosity, binding to vehicle components, complex formulation, and
the like, the following formulation principles arise:

(a) Optimization of the concentration of chemical capable of diffusion by
testing its maximum solubility

(b) Reduction of the proportion of solvent to a degree that is adequate to
keep the test material still in solution

(c) Use of vehicle components that reduce the permeability barriers

These principles lead to the conclusion that each test substance requires an
individual formulation. Sometimes different ingredients will be required for
different concentrations to obtain the maximum rate of release. No universal
vehicle is available for any route, but a number of approaches are. Dosage
preparation laboratories should be equipped with glassware, a stirring hot
plate, a sonicator, a good homogenizer, and a stock of the basic formulating
material, as detailed at the end of this chapter.

5.3.1 Dermal Formulations

Preparing formulations for application to the skin has special considerations
associated with it, which, in the case of human pharmaceuticals, has even led
to a separate book (Barry, 1983).

The physical state of the skin is considerably affected by external factors
such as relative humidity, temperature, and air movement at the skin surface.
If this contact is broken (e.g., by external applications of ointments or creams),
it is reasonable to assume that the new skin will change in some way, some-
times to an extent that creates new conditions of permeability for the test
material. This would be the case, for example, if the stratum corneum becomes
more hydrated than normal due to the topical delivery form. Temperature
might also have an effect, as is the case when any constituents of the vehicle
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affect the inner structure of the skin through interactions with endogenous
skin substances. Often several of these processes occur together. Figure 5.5
shows the relationship between water content and relative humidity.

Since this is a question of interaction between the vehicle and the skin (and
the latter cannot be viewed as an inert medium), the composition of the vehicle
itself may be altered (e.g., by incorporation of skin constituents or through
loss of volatile components).

The first contact between vehicle and skin occurs on the skin’s surface. The
first phase of interaction undoubtedly begins with the lipid mantle in the case
of so-called normal skin. If the skin has been damaged by wounds, the surface
can form a moist milieu of serious exudate, resulting in abnormal wetting
properties. Normally it is impregnated with oily sebaceous secretions and
horny fat, presenting a hydrophobic surface layer. Water will not spread out
as a film but will form droplets, while bases with a high affinity to the skin
surface constituents spread spontaneously into a film and can wet. In the case
of a base low viscosity, the degree of wetting can often be determined
by measuring the angle of contact. If the preparation wets the skin surface, is
drawn by capillary action from the visible area into the large inner surface
of the stratum corneum, and is transported away into the interior, then it is
said that the ointment or cream penetrates well. Spreading and wetting
are purely surface phenomena, not penetration in the strict sense. If the skin
shows a high content of its own lipids, spreading is limited. It is also reduced
if the value of the surface tension of the skin (o) decreases compared to the
value of the interfacial force between the skin and subject liquid (ys,) and the
surface tension of the subject liquid (0,), as is the case with aqueous bases.
Addition of amphiphilic compounds decreases 0, and yy; and thus spread-
ability increases.
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Figure 5.5 Sorption isotherms of water vapor as function of relative humidity, composition of
constituents, and water content in stratum corneum.
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How much the endogenous emulsifying substances of the fatty film, such
as cholesterol esters and fatty acid salts, affect this spreading process is not
clear. They can probably promote the emulsification of hydrophobic sub-
stances with water. Whether the sebaceous and epidermal lipids alone are
sufficient to emulsify water and so form a type of emulsive film remains con-
troversial. However, it is assumed that they, together with appropriate vehicle
components, improve the spreading of the applied vehicle and that this effect
can be potentiated by mechanical means such as intensive rubbing in. Good
spreadability ensures that the active ingredient is distributed over a large area.

High local concentrations are avoided and, at the same time, close contact
is made between the chemical and the upper layers of the skin.

In grossly simplified terms, hydrogels, suspensions, and oil-water emulsions
behave on the skin surface similarly to aqueous solutions. By contrast, pastes
and water—oil emulsions act like oil. The ability of an organic solvent to stick
or wet depends on its specific properties (e.g., its viscosity and its surface
tension).

At present, information concerning alterations in vehicle composition on
the skin surface is sparse. However, two possible extremes are conceivable. On
the one hand, if the vehicle has a high vapor pressure, it often completely
evaporates shortly after application. On the other hand, the vehicle may
remain on the skin surface in an almost completely unchanged composition
(e.g., highly viscous Vaseline or similar thick covering systems). Between these
two extremes lie the remaining types of vehicles.

The first situation applies for the short-chain alcohols, acetone, or ether.
After their evaporation, the drug remains finely dispersed on or in the skin at
100% concentration.

If individual components evaporate, the structure of the vehicle changes
and, under certain circumstances, also the effective drug concentration. Oil-
water emulsions lose water rapidly, giving rise to the well-known cooling
effect. If evaporation continues, the dispersed oil phase coalesces and forms a
more or less occlusive film on the skin, together with the emulsifier and the
drug. Of course, it is possible that a certain hydrophilic proportion of the drug
is then present in suspended form or at least can react with charged molecules
and is thus removed from the diffusion process at the start. At the same time,
it is to be expected that soluble constituents of the skin are incorporated so
that a new system can be formed on the surface and the adjoining layers of
skin. Comparable transformations probably also occur after application of
water—oil emulsions, providing one realizes that the water evaporates more
slowly, the cooling effect is less strong, and, due to the water—oil character of
the molecule, the occlusive effect can be more marked because of the affinity
of the oily components for the skin.

By contrast, Vaseline and similar highly viscous, lipid bases from the outset
form an impenetrable layer, virtually unaffected by external factors or effects
emanating from the skin itself. Interactions with the skin lipids are only likely
at the boundary between ointment and skin.
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The evaporation of the water from the skin into the atmosphere is a con-
tinuous process. It can be increased or decreased by the use of suitable vehi-
cles. An evaporation increase will always occur if the water vapor from the
vehicle is taken away more quickly than water can diffuse from the deeper
layers into the stratum corneum. This applies in principle to all hydrophilic
bases, particularly for systems with an oil-water character that, after loss of
most of their own water, develop a true draining effect that can lead to the
drying out of the underlying tissue. How much the penetration of hydrophilic
drugs can be proved with the help of oil-water systems depends on the solu-
tion properties of the rest of the components in the skin. Generally, such
compounds can only seldom reach deeper layers. It is equally difficult to show
an adequate release of water from hydrophilic systems to a dry skin. If any
such effects do occur, they are short term and are quickly overtaken by oppos-
ing processes. The same seems to apply to most traditional moisturizers such
as glycerin and propylene glycol (Powers and Fox, 1957; Rieger and Deems,
1974). They can also cause a large rise in the rate of evaporation, depending
on the relative humidity, and thus increase the transepidermal loss of water.
It is probably impossible to prevent this drying out without preparations
having some occlusive properties.

In contrast, vehicles that are immiscible with water and those with a high
proportion of oils have occlusive effects. They reduce both insensible perspira-
tion and the release of sweat. The sweat collects as droplets at the opening of
the glands but does not spread as a film between the hydrophobic skin surface
and the lipophilic base because the free surface energy of the vehicle—skin
interface is smaller than that between water and skin. If a lipophilic layer of
vehicle is present, this is not spontaneously replaced by the water—skin layer
if sweat is secreted.

The horny layer consists of about 10% extracellular components such
as lipids, proteins, and mucopolysaccharides. Around 5% of the protein and
lipids form the cell wall. The majority of the remainder is present in the
highly organized cell contents, predominantly as keratin fibers, which are gen-
erally assigned an a-helical structure. They are embedded in a sulfur-rich
amorphous matrix, enclosed by lipids that probably lie perpendicular to the
protein axis. Since the stratum corneum is able to take up considerably more
water than the amount that corresponds to its volume, it is assumed that
this absorbed fluid volume is mainly located in the region of these keratin
structures.

Some insight into where on the relative humidity continuum water mole-
cules are absorbed can be gained from equilibrium isotherms (Ziegenmeyer,
1982) (Figure 5.5), which show a characteristic sigmoidal shape. At low relative
humidity, water is first absorbed at specific skin sites, probably in the region
of the peptide compounds and the various polar side chains. At higher mois-
ture content, layers of water form on the skin. By using Zimm-Lundberg
cluster theory (Zimm and Lundberg, 1956), additional information can be
obtained about the nature of the absorbed water.
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Because of thick intertwining protein fibers in the cell and in the area of
the cell membrane, cell structure is rigid and remains so but is altered by the
osmotic effect of the penetrating water. The uptake of water entails a continual
shifting of the cell matrix, which gradually develops elastic opposing forces
that increasingly resist further expansion. An equilibrium is reached if both
forces balance each other. In the case of water, it takes quite a long time to
completely hydrate the cell. This process can, however, be shortened if there
are components present with a solvent effect diffusing out of a basic vehicle.
The duration and degree of swelling depends on the affinity of all the dissolved
substances for the tissue and on the size of the maximum possible elastic reac-
tion, which stabilizes cell structure.

5.3.2 Interactions between Skin, Vehicle, and Test Chemical

The diffusion coefficient of the hydrated stratum corneum is larger than that
of dry skin. Therefore, hydration increases the rate of passage of all substances
that penetrate the skin. If the hydrated keratin complex is represented by a
biphasix system, then it can be considered to exist as a continuous region
covered with layers of water and intervening layers of lipids. Nonpolar com-
pounds are predominantly dissolved in the nonpolar lipid matrix and diffuse
through it. Polar substances, by contrast, pass through the aqueous layers. The
diffusion of water and low-molecular-weight, hydrophilic molecules through
these layers of water is more difficult than a corresponding free diffusion in
an aqueous solution. This could, under certain circumstances, be due to a
higher degree of organization of water in the protein structures (than in
plasma or the free state), in the sense that this water is only available as the
driving force of the diffusion process to a limited degree.

The degree of hydration can be controlled by the choice of vehicle. Lipo-
philic paraffin bases are available, but vehicles such as water—oil emulsions are
more acceptable since they are less occlusive and offer ease of formulation.

In principle, temperature can also have an effect on penetration, which may
be exerted on the basic vehicle if it contains temperature-sensitive compo-
nents (e.g., nonionic tensides). Room and body temperatures can be enough
to change the hydrophilic-lipophilic balance and thus possibly change the
entire system. It has long been known that increasing temperature can con-
siderably reduce diffusional resistance and thereby increase the rate of pen-
etration of substances. In practice, however, this effect is of no importance. Of
course, skin temperature will be increased a few degrees by occlusion because
of the prevention of sweating and restriction of heat radiation. However,
compared to the increase in penetration achieved by the simultaneous hydra-
tion process, this effect is insignificant.

Additives aimed at accelerating penetration always attempt to enable dif-
fusion of pharmacologically active compounds into or through the stratum
corneum without damaging it and without causing undesirable systemic effects.
Although attempts have been made to limit these effects, this goal has not
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been achieved as yet. There are numerous substances that decrease the dif-
fusional resistance of the skin, such as propylene glycol, tensides, parotic
substances such as urea, dimethylsulfoxide (DMSO), dimethylformamide
(DMF), and various other organic solvents, mostly of medium chain length.
They all improve the penetration of dissolved agents, but only at the cost of
the integrity of skin structure, raising the question of the degree of damage
and reversibility.

If the substances have passed the stratum corneum, they also generally
diffuse into the living part of the epidermis, reach the circulation, and then
have systemic effects depending on the amount absorbed. Because these are
often constituents of formulations, one generally expects them to have little
direct influence on skin penetration. However, their amphiphilic properties
allow them to form new systems with the body’s constituents and even to
change the physical state of water in the skin. By this means, a pathway is
cleared for other hydrophilic substances to gain entry into the general
circulation.

Most of a permeability enhancer (such as a tenside) is bound to the stratum
corneum. It is assumed that the underlying mechanism of the process involves
interactions with keratin structures. Positively and negatively charged ionic
groups of proteins have been suggested as binding sites for ionic substances.
Ion pairs could also form. On the other hand, hydrophobic areas are present
that bind with the uncharged part of the enhancers. The total free binding
energy of molecules to keratin is made up of the contributions arising from
electrostatic and nonpolar interactions. Nonpolar interactions increase with
the chain length of the molecule. This would be the reason why predominantly
anionic molecules of medium chain length exert stronger effects on the keratin
structure than those of shorter chain length (Dominguez et al., 1977).

In order to reach the interior of the tightly enmeshed keratin, the molecule
must overcome the elastic energy of the polypeptide matrix. The energy neces-
sary to do this is proportional to the volume of the penetrating molecule. The
larger the volume, the more difficult it will be for the molecule to approach
the various binding sites of proteins in the interior of the keratin complex.
Thus, the size of the penetrating molecule is subject to certain limits. If more
molecules are present than can become bound, it is possible that a few of them
will reach the living layers of the epidermis, as has been described for several
anionic, mostly medium-chain enhancer molecules such as tensides. It remains
unclear whether this is a consequence of pure saturation or if other interac-
tions are involved (e.g., with structural lipids or hydrophilic materials from the
intercellular lipids).

The extent to which the vehicle can affect the entire diffusion process can
be shown by an example. In a four-component system of 40% oil, 40% water,
and 20% of an emulsifying agent and coemulsifier, alteration of only the
proportion of emulsifier to coemulsifier leads to systems of completely
different colloidal-chemical structures, which can be labeled as creams, gels,
or microemulsions.
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Dermal administration presents fewer logistic difficulties than oral admin-
istration. Liquids can be administered as supplied and powders or solids can
be moistened with saline to form a thick paste or slurry or can be applied dry
and moistened with saline. Solid materials (e.g., sheets of plastic, fabric) can
also be administered dermally. Liquid materials or slurries are applied directly
to the skin, taking care to spread the material evenly over the entire area or
as much of the area as can reasonably be covered and then covering with a
strip of gauze. If a large amount of material is being administered and the
abdominal skin will be exposed, it is sometimes necessary to apply material to
the gauze and to the skin. Dry materials are weighed out, then placed on the
gauze strip and moistened with physiological saline (generally 15mL) so that
they adhere to the gauze. The gauze is then wrapped around the animal. This
porous gauze dressing is then held in place by an additional wrapping,
generally of an impervious material, to create an “occlusive” covering. This
occlusion enhances penetration and prevents ingestion or evaporation of
the test material.

Another recently developed approach is the use of plastic containment
capsules (modified Hill Top Chambers) for administration of well-measured
doses in a moisturized microenvironment (Derelanko et al., 1987).

Finally, it should be noted that for some agents (contrary to the general
rule) decreasing the concentration of chemical in a vehicle may increase its
apparent intrinsic toxicity.

5.3.3 Oral Formulations

The physical form of a material destined for oral administration often presents
unique challenges. Liquids can be administered as supplied or diluted with an
appropriate vehicle, and powders or particulates can often be dissolved or
suspended in an appropriate vehicle. However, selection of an appropriate
vehicle is often difficult. Water and oil (such as vegetable oils) are used most
commonly. Materials that are not readily soluble in either water or oil can
frequently be suspended in a 1% aqueous mixture of methylcellulose. Occa-
sionally, a more concentrated methylcellulose suspension (up to 5%) may be
necessary. Materials for which appropriate solutions or suspensions cannot be
prepared using one of these three vehicles often present major difficulties.

Limited solubility or suspendability of a material often dictates preparation
of dilute mixtures that may require large volumes to be administered. The total
volume of liquid dosing solution or suspension that can be administered to a
rodent is limited by the size of its stomach. However, because rats lack a
gagging reflex and have no emetic mechanism, any material administered will
be retained. Guidelines for maximum amounts to be administered are given
in Table 5.6.

Limitations on total volume therefore present difficulties for materials that
cannot easily be dissolved or suspended. The most dilute solutions that can be
administered for a limit-type test (5000mgkg™), using the maximum volumes
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shown in Table 5.6, generally are 1% for aqueous mixtures and 50% for other
vehicles.

Although vehicle control animals are not required for commonly used
vehicles (water, oil, methylcellulose), most regulations require that the biologi-
cal properties of a vehicle be known and/or that historical data be available.
Unfortunately, the best solvents are generally toxic and thus cannot be
used as vehicles. Ethanol and acetone can be tolerated in relatively high doses
but produce effects that may complicate interpretation of toxicity associated
with the test material alone. It is sometimes possible to dissolve a material in
a small amount of one of these vehicles and then dilute the solution in water
or in oil.

Gels and resins often present problems because of their viscosity at room
temperature. Warming these materials in a water bath to a temperature of up
to 50°C will frequently facilitate mixing and dosing. However, it is important
to ascertain that no thermal degradation occurs and that actually administered
formulations be at or near body temperature.

Other possibilities for insoluble materials are to mix the desired amount of
material with a small amount of the animal’s diet or to use capsules. The dif-
ficulty with the diet approach is the likelihood that the animal will not consume
all of the treated diet or that it may selectively not consume chunks of test
material. Use of capsules, meanwhile, is labor intensive. In rare cases, if all of
these approaches fail, it may not be possible to test a material by oral admin-
istration. In capsules, particle size is generally inversely related to solubility
and bioavailability. However, milling of solids may adversely affect their chem-
ical nature and/or pose issues of safety.

If necessary, the test substance should be dissolved or suspended as a suit-
able vehicle, preferably in water, saline, or an aqueous suspension such as 0.5%
methylcellulose in water. If a test substance cannot be dissolved or suspended
in an aqueous medium to form a homogenous dosage preparation, corn oil or
another solvent can be used. The animals in the vehicle control group should
receive the same volume of vehicle given to animals in the highest dose group.

The test substance can be administered to animals at a constant concentra-
tion across all dose levels (i.e., varying the dose volume) or at a constant dose
volume (i.e., varying the dose concentration). However, the investigator should
be aware that the toxicity observed by administration in a constant concentra-
tion may be different from that observed when given in a constant dose
volume. For instance, when a large volume of corn oil is given orally, GI motil-
ity is increased, causing diarrhea and decreasing the time available for absorp-
tion of the test substance in the GI tract. This situation is particularly true
when a highly lipid-soluble chemical is tested.

If an organic solvent is used to dissolve the chemical, water should be added
to reduce the dehydrating effect of the solvent within the gut lumen. The
volume of water or solvent—water mixture used to dissolve the chemical should
be kept low, since excess quantities may distend the stomach and cause rapid
gastric emptying. In addition, larger volumes of water may carry the chemical
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through membrane pores and increase the rate of absorption. Thus, if dose-
dependent absorption is suspected, it is important that the different doses are
given in the same volume of solution.

Larger volumes than those detailed earlier may be given, although nonlin-
ear kinetics seen under such circumstances may be due to solvent-induced
alteration of intestinal function. The use of water-immiscible solvents such as
corn oil (which are sometimes used for gavage doses) should be avoided, since
it is possible that mobilization from the vehicle may be rate limiting. Magnetic
stirring bars or homogenizers can be used in preparing suspensions. Sometimes
a small amount of a surfactant such as Tween 80, Span 20, or Span 60 is helpful
in obtaining a homogenous suspension.

A large fraction of such a material may quickly pass through the GI tract
and remain unabsorbed. Local irritation by a test substance generally decreases
when the material is diluted. If the objective of the study is to establish sys-
temic toxicity, the test substance should be administered in a constant volume
to minimize GI irritation that may, in turn, affect its absorption. If, however,
the objective is to assess the irritation potential of the test substance, then it
should be administered undiluted.

5.3.4 Parenteral Formulations

Parenteral dose forms include aqueous, aqueous organic, and oily solutions,
emulsions, suspensions, and solid forms for implantation. These parenterals
need to be sterile and pyrogen free; they are, if possible, buffered
close to normal physiological pH and preferably are isotonic with the body
fluids.

The preparation of parenteral dosage forms of approved and potential
drugs for animals is the same as for humans. Turco and King (1974) provide a
comprehensive review of the subject, which though written with human thera-
peutics in mind contains very little that is not applicable to animals. Sterility,
lack of pyrogenicity, blood compatibility, and low to no irritation at the point
of injection are biological requirements; there are also a corresponding set of
physicochemical requirements.

Parenteral products are usually given to humans when an immediate effect
is needed, when a patient is unable to accept medication by the oral route, or
when the drug will be ineffective by the oral route. These conditions apply to
animals used in safety evaluation.

Parenteral products can be easily administered to confined or restrained
animals, leaving no doubt that the animal received its medication.

To be acceptable, a SC or IM formulation should cause only a minimum of
irritation and no permanent damage to the tissues and be systemically distrib-
uted and active when administered by this route. The ideal parenteral product
is an aqueous solution isotonic with the body fluids with a pH between 7 and
8. When the drug lacks sufficient aqueous solubility, a suspension may be con-
sidered; however, in most cases, the bioavailability of the drug may be affected
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and encapsulation by the body at the site of injection is extremely likely. The
solubility of the drug in water may be improved by the addition of cosolvents
such as alcohol, propylene glycol, polyethylene glycol, dimethylacetamide,
DMSO, or DMF. The resulting solution must have additional tolerance
for water so that the drug will not precipitate at the site of injection when
the solution is diluted by body fluids. If precipitation occurs at the site of
injection, the absorption of the drug may be delayed or even completely
inhibited.

Water-miscible solvents alone can be used when the drug is chemically
unstable in the presence of water. The number of solvents available for this
purpose is extremely limited. The classic review of this subject was made in
1963 (Spiegel and Noseworthy), and some 30 years later, no additional solvents
are available. This is unlikely to change in the near future due to the extensive
effort necessary to determine the safety of a solvent used as a vehicle. When
a nonaqueous vehicle is used, one can invariably expect some degree of pain
upon injection, and subsequent tissue destruction is possible. This damage may
be due to the heat of solution as vehicle mixes with body fluids, it may be
associated with tissues rejecting the solvent, or it may be an inherent property
of the solvent.

Fixed oils of vegetable origin and their esters may be used as parenteral
vehicles for some drugs, particularly steroidal hormones. While an oleaginous
vehicle may delay or impair absorption of the drug, this characteristic has been
used to advantage with some drugs where a small dose is desired over a long
period of time. The formulator must know which species will receive the for-
mulation and the type of equipment used in its administration. A product
intended for a dog or primate is usually given to a single animal at a time.
Conventional glass or disposable syringes will be used with a 20- or 22-gauge
needle, which may impede the flow of the liquid, especially when an oleaginous
vehicle is used. Impedance is usually compensated for by using small animals,
since the volume of injection is small and no more than one injection is nor-
mally given at one time.

The viscosity of the solution will influence its acceptability when automatic
injection equipment is used. If many animals are injected at one time, a viscous
solution that requires a great deal of force to eject will rapidly tire the user.
When the automatic injector is refilled from a reservoir, a viscous solution will
be slow to fill the volumetric chamber. The subjective aspect of measuring the
ease of expelling a dose can be eliminated by constructing an apparatus that
will measure the pressure needed to expel a dose (Groves, 1966). An objective
means of measuring ease will allow the formulator to vary the composition of
the injection and measure any improvement in injectability. For example, the
addition of a wetting agent can be investigated and, if improvement is seen,
the level of use can be optimized.

A parenteral product in a multidose vial must contain a preservative to
protect the contents of the vial against contamination during repeated with-
drawal of dose aliquots.
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5.4 DOSING CALCULATIONS

One of the first things a new technician (or graduate student) must learn is
how to calculate dose. Generally, administered doses in systemic toxicity
studies are based on the body weight of the animal (expressed as either weight
or volume—for liquids—of the test substance per kilogram of body weight of
the animal), although some would maintain that surface area may be a more
appropriate basis on which to gauge individual dose. The weight (or dose) of
the test substance is often expressed in milligrams or grams of active ingredi-
ent if the test substance is not pure (i.e., if it is not 100% active ingredient).

Ideally, only the 100% pure sample should be tested; however, impurity-free
samples are difficult to obtain and preparation of formulations (as previously
discussed) is frequently essential. The toxicity of impurities or formulation
components should be examined separately if the investigator feels that they
may contribute significantly to the toxicity of the test substance.

If the test substance contains only 75% active ingredient and the investiga-
tor chooses a constant dose volume of 10mLkg™" body weight across all dose
levels, it will be more convenient to prepare a stock solution such that, when
10mLkg™ of this stock solution is given to the animal, the dose will be the
desired one (say 500mgkg™" of active ingredient). The concentration of this
stock solution would be (500mg/10mL)/0.75 = 66.7mg of the test substance
per milliliter of diluent.

Aliquots of the test substance for other dose levels can then be prepared
by dilution of the stock solution. For example, the solution concentration for
a dose level of 250mgkg™ is (200mg/10mL)/0.75 = 26.7mg of the test sub-
stance per milliliter of diluent.

This solution can be prepared by diluting the stock solution 25 times; that
is, for each milliliter of the 26.7-mgmL"" solution to be prepared,

(26.7mgmL™")(1mL)
66.7mgmL™"

=0.400mL of stock solution

This amount should be diluted to a final volume of 1 mL with the vehicle.

The other way to express a relative dose in animals or humans is to do so
in terms of body surface area. There are many reasons for believing that the
surface area approach is more accurate for relating doses between species
(Schmidt-Nielsen, 1984)—and especially between test animals and humans—
but this is still a less common approach in safety assessment, although it is the
currently accepted norm in a couple of areas—carcinogenesis and chemo-
therapy, for example.

5.5 CALCULATING MATERIAL REQUIREMENTS

One of the essential basic skills for the efficient design and conduct of safety
assessment studies is to be able to accurately project compound requirements



EXCIPIENTS 167

for the conduct of a study. In theory, this simply requires plugging numbers
into a formula such as

(Ax BxCxD)x1.1=total compound requirement

where A = number of animals in each study group
B = sum of doses of the dose groups (such as 0.1 + 0.3 + 1.0mgkg ™" =

1.4mgkg™)
C =number of doses to be delivered (usually length of study in days)
D = average body weight per animal (assuming dosing is done on

per-body-weight basis)
1.1 = safety factor (in effect, 10%) to allow for spillage, etc.

As an example of this approach, consider a study that calls for 10 dogs
per sex per group (A = 10 x 2 = 20) to receive 0, 10, 50, or 150mgkg ™" day™*
(B =10 + 50 + 150 = 210mgkg™) for 30 days (C = 30). On average, our dogs
of the age range used weigh 10kg (D = 10kg). Our compound need is then
(20 x 210mgkg™ x 30 x 10kg) x 1.1 = 1.386 kg.

The real-life situation is a bit more complicated, since animal weights
change over time, diet studies have doses dependent on daily diet consump-
tion, the material may be a salt but dosage should be calculated on the basis
of the parent compound, and not all animals may be carried through the entire
study.

For rats and mice (where weight change is most dramatic and diet studies
most common), Table 5.8 presents some reliable planning values for com-
pound requirements during diet studies.

5.6 EXCIPIENTS

Excipients are usually thought of as inert substances (such as gum arabic and
starch) that form the vehicle or bulk of the dosage form of a drug. They are,
of course, both much more complicated than this and not necessarily inert. A
better definition would be that of the USP (2007) and National Formulary
(NF), which defined excipients as any component other than the active sub-
stances (i.e., drug substances or DSs) intentionally added to the formulation
of a dosage form. These substances serve a wide variety of purposes: enhancing
stability, adding bulking, increasing and/or controlling absorption, providing
or masking flavor, coloring, and serving as a lubricant in the manufacturing
process. They are, in fact, essential for the production and delivery of marketed
drug products. As will soon be made clear, they are regulated both directly
and as part of the drug product (DP). For the pharmaceutical manufacturers,
using established and accepted excipients [such as can be found in Hawley,
1971; Budavari, 1989; Smolinske 1992 or American Pharmaceutical Associa-
tion (APhA), 1994—though these lists are not complete] is much preferred.
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TABLE 5.8 Standardized Total Compound Requirements for Rodent Diet Studies®

Total Compound Requirement (g) per dose (mgkg~'day™)

Length of Study 1 3 10 30 100 300
Rat?
2 Weeks 0.2 0.4 1.2 4 10.6 32
4 Weeks 0.43 0.7 2.5 7.5 25 75
13 Weeks 0.8 2.6 8.5 25.5 85 260
52 Weeks 7 21 70 210 0.7¢ 2.1°¢
2 Years 15 45 150 450 1.5¢ 4.5°
Mouse
2 Weeks 0.03 0.06 0.22 0.65 2.2 6.4
4 Weeks 0.08 0.14 0.8 1.4 8 14
13 Weeks 0.14 0.42 14 4.2 14 42
18 Months 0.85 2.5 8.5 25 85 250

“Based on 10 animals per sex per group for the length of the study that are 6—8 weeks old at study initiation.
Animals are weighed to determine body weights.

"Sprague-Dawley rats (body weights and compound requirements for Fischer’s would be less).

°In kilograms.

However, both pharmaceutical manufacturers and the companies which supply
excipients must from time to time utilize (and therefore develop, evaluate for
safety, and get approved) new excipients.

5.6.1 Regulation of Excipients

Table 5.9 lists the relevant sections of Code of Federal Regulations (CFR) 21
which govern excipients. Under Section 201(g)(1) of the Federal Food, Drug,
and Cosmetic Act (FDCA; 1), the term drug is defined as:

(A) articles recognized in the official United States Pharmacopeia, official
Homeopathic Pharmacopeia of the United States, or official National Formulary,
or any supplement to any of them; and (B) Articles intended for use in the diag-
nosis, cure, mitigation, treatment, or prevention of disease in man or other
animals; and (C) Articles (other than food) intended to affect the structure of
any function of the body of man or other animals; and (D) Articles intended for
use as a component of any articles specified in clause (A), (B), or (C).

An excipient meets the definitions as listed in (A) and (D) above.

In 21 CFR 210.3(b)(8)(2), an “inactive ingredient means any component
other than an active ingredient.” According to the CFR, the term inactive
ingredient includes materials in addition to excipients. According to 21 CFR
201.117:

Inactive ingredients: A harmless drug that is ordinarily used as an inactive ingre-
dient, such as a coloring, emulsifier, excipient, flavoring, lubricant, preservative,
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TABLE 5.9 U.S. Code of Federal Register References to Excipients

Subject Reference Content
General 21 CFR 210.3(b)(8) Definitions

21 CFR 201.117 Inactive ingredients

21 CFR 210.3(b)(3) Definitions

Over-the-counter drug
products

Drug master files

Investigational new
drug application

New drug application

Abbreviated new drug
application

Current good
manufacturing
practice

Listing of drugs

Labeling

21 CFR 330.1(e)

21 CFR 328

21 CFR 314.420

21 CFR 312.23(a)(7)

21 CFR 312.31

21 CFR 314.50(d)(1)(ii)(a)

21 CFR 314.70

2

—_

CFR 314.94(a)(9)

2

—_

CFR 314.127

2

—_

CFR 314.127(a)(8)

2

—_

CFR 211.84(d)

21 CFR 211.165
21 CFR 211.180(b)
21 CFR 211.80

21 CFR 211.137
21 CFR 207

21 CFR 207.31(b)
21 CFR 207.10(e)

21 CFR 201.100(b)(5)
21 CFR 201.20

21 CFR 201.21

21 CFR 201.22

General conditions for general
recognition as safe, effective, and
not misbranded

Over-the-counter drug products
intended for oral ingestion that
contain alcohol

Drug master files

IND content and format

Information amendments

Content and format of an application

Supplements and other changes to
an approved application

Content and format of an abbreviated
application

Refusal to approve an abbreviated
new drug application

Refusal to approve an abbreviated
new drug application

Testing an approval or rejection of
components, drug product
containers, and closures

Testing and release for distribution

General requirements

General requirements

Expiration dating

Registration of procedures of drugs
and listing of drugs in commercial
distribution

Additional drug listing information

Exceptions for domestic
establishments

Prescription drugs for human use

Declaration of presence of FD&C
yellow no. 5 and/or FD&C yellow
no. 6 in certain drugs for human
use

Declaration of presence of
phenylalanine as component of
aspartame in over-the-counter and
prescription drugs for human use

Prescription drugs containing sulfites;
required warning statements
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or solvent in the preparation of other drugs shall be exempt from Section 502(f)
(1) of the Act. This exemption shall not apply to any substance intended for a
use which results in the preparation of a new drug, unless an approved new-drug
application provides for such use.

Excipients also meet the definition of component in the good manufactur-
ing practice (GMP) regulations in 21 CFR 210.3(b)(3): “Component means
any ingredient intended for use in the manufacture of a drug product, includ-
ing those that may not appear in such drug product.”

The NF admissions policy in the United States Pharmacopeia 30/National
Formulary 25 defines the word excipient (3): “An excipient is any component
other than the active substance(s), intentionally added to the formulation of
a dosage form. It is not defined as an inert commodity or an inert component
of a dosage form.”

Similar to all other drugs, excipients must comply with the adulteration and
misbranding provisions of the FDCA (Katdare and Chaubal, 2006). Under
Section 501(a), an excipient shall be deemed to be adulterated if it consists in
whole or in part of any filthy, putrid, or decomposed substance or if it has been
prepared, packed, or held under unsanitary conditions whereby it may have
been contaminated with filth or whereby it may have been rendered injurious
to health. An excipient is adulterated if the methods used in or the facilities
or controls used for its manufacture, processing, packing, or holding do not
conform to or are not operated or administered in conformity with current
GMPs to assure that such drug meets the requirements of the act as to safety
and has the identity and strength and meets the quality and purity character-
istics which it purports or is represented to possess. In addition, under Section
501(b), an excipient shall be deemed to be adulterated if it purports to be or
is represented as a drug the name of which is recognized in an official com-
pendium, and its strength differs from or its quality or purity falls below the
standards set forth in such compendium.

In 2005, the FDA promulgated new guidance on the selection and use of
excipients in nonclinical and clinical studies. FDA compliance officials require
the use of inactive ingredients that meet compendial standards when standards
exist and either have previous use in FDA-approved pharmaceuticals or may
be qualified as “novel” excipients (with studies as summarized in Table 5.10).
The CDER maintains an inactive ingredient committee whose charter includes
the evaluation of the safety of inactive ingredients on an as-needed basis,
preparation of recommendations concerning the types of data needed for
excipients to be declared safe for inclusion in a drug product, and other related
functions.

From a regulatory standpoint, the FDA’s concern regarding safety involves
the toxicity, degradants, and impurities of excipients, as discussed in other
chapters in this book. In addition, other chapters of this book address types
of toxicity concerns, toxicity-testing strategies, and exposure and risk assess-
ment of excipients.
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Excipients must be safe for their intended use. Under 21 CFR 330.1(e),
over-the-counter (OTC) human drugs that are generally recognized as safe
and effective and not misbranded may only contain inactive ingredients if they
are suitable and if the amounts administered are safe and do not interfere with
the effectiveness of the drug or with required tests or assays. Color additives
may be used in accordance with the provisions of the FDCA and the regula-
tions of 21 CFR Parts 70-82. The FDA proposed that, to be considered as
suitable within the meaning of 21 CFR 330.1(e), each inactive ingredient in an
OTC human drug product should perform a specific function (5). The pro-
posed regulation defined safe and suitable to mean that the inactive ingredient
meets various conditions as mentioned in the foregoing. Over-the-counter
drug manufacturers are responsible for assuring that these conditions are met.
There is no formal approval mechanism (Levi, 1963).

In the United States, the safety and suitability of excipients used in new
drugs are considered as part of the new drug application (NDA) process. There
is no separate and independent review and approval system for excipients.
There are no specific regulations or guidelines that specify the requirements
needed to gain approval of a new drug that contains a new excipient. Gener-
ally, pharmaceutical companies choose excipients that previously have been
approved for commercial use in other NDAs. The FDA’s Inactive Ingredient
Guide, discussed later in this chapter, contains a listing of inactive ingredients
present in approved drug products. There is currently no way of gaining a
listing for an excipient in the guide independent of the NDA route. The FDA
reviews the status of an excipient in food as information to support its use in
drug products. Factors relative to the use of an excipient, such as dosing
regimen and route of administration, are also reviewed. Advances in excipient
technology and drug dosage from technology have created a need for a sepa-
rate regulatory approval process for new excipients. The USP published IPEC’s
Excipient Safety Evaluation Guidelines as Information Chapter 1074, Excipi-
ent Biological Safety Evaluation Guideline.

Information on existing or new excipients can be described and provided
to the FDA in an NDA directly. Alternatively, the manufacturers of excipients
may prepare and submit type IV drug master files (DMFs) to support the use
of an excipient in one or more NDAs. The DMFs are discussed in FDA regula-
tions under 21 CFR 314.420 and the FDA-issued Guidance for Drug Master
Files. When authorized by the DMF submitter (i.e., the excipient manufac-
turer) and cross-referenced by an NDA submitter, the FDA reviews the DMF
to make determinations on the safety, manufacture, and quality of the excipi-
ent use in the new drug that is the subject of the then-pending NDA.The DMF
becomes active when reviewed in conjunction with the review and approval
of an NDA.

The USP/NF provides a listing of excipients by categories in a table accord-
ing to the function of the excipient in a dosage form, such as tablet binder,
disintegrant, and such. An excellent reference for excipient information is the
Handbook of Pharmaceutical Excipients (APhA, 2007). Additionally, Gad
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et al. (2006) provide an excellent and extensive database of nonclinical formu-
lation components and either acceptable maximum usage levels by species
route and duration of study.

Excipients have historically not been subjected to extensive safety testing
because they have been considered a priori to be biologically inactive and
therefore nontoxic. Many, if not most, excipients used are approved food
ingredients, the safety of which has been assured by a documented history of
safe use or appropriate animal testing. Some of the excipients are generally
recognized as safe (GRAS) food ingredients. The excipient is an integral
component of the finished drug preparation and, in most countries, is evalu-
ated as part of this preparation. There has been no apparent need to develop
specific guidelines for the safety evaluation of excipients, and most developed
countries do not have specific guidelines. However, as drug development has
become more complex and/or new dosage forms have developed, improved
drug bioavailability has become more important. It was noted that the avail-
able excipients were often inadequate, new pharmaceutical excipients specifi-
cally designed to meet the challenges of delivering new drugs were needed,
and these are being developed. The proper safety evaluation of new excipients
has now become an integral part of drug safety evaluation.

In the absence of official regulatory guidelines, safety committees of the
IPEC in the United States, Europe, and Japan developed guidelines for
the proper safety evaluation of new pharmaceutical excipients (IPEC, 1997).
The committees critically evaluated guidelines for the safety evaluation of
food ingredients, cosmetics, and other products as well as textbooks and other
appropriate materials. Before initiating a safety evaluation program for a new
pharmaceutical excipient, it is advisable to address the following:

1. Chemical and physical properties and functional characterization of the
test material

2. Analytical methods that are sensitive and specific for the test material
and that can be used to analyze for the test material in animal food used
in the feeding studies or in the vehicle used for other studies

3. Available biological, toxicological, and pharmacological information on
the test material and related materials (which involves a thorough search
of the scientific literature)

4. Intended conditions of use, including reasonable estimates of exposure
5. Potentially sensitive segments of the population

As discussed in Chapter 1, a comprehensive and critical search of the
scientific literature on the test material and related materials is essential
before the start of any testing program.

As pharmaceutical excipients are assumed to be biologically nonreactive,
dose-response relations cannot always be established. An acceptable alterna-
tive is to use a maximum attainable or maximum feasible dose. This is the
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highest dose possible that will not compromise the nutritional or health status
of the animal. Table 5.11 summarizes the maximum or limit doses for various
types of studies by different routes of exposure. For example, 2000mgkg™
body weight of an orally administered test material is the maximum dose
recommended for a testing strategy that has been developed for new pharma-
ceutical excipients that takes into consideration the physicochemical nature
of the product and the potential route(s) and duration of exposures, both
through its intended use as part of a drug product and through workplace
exposure during manufacturing. The number and types of studies recom-
mended in this tiered approach are based on the duration and routes of
potential human exposure. Thus, the longer the exposure to the new pharma-
ceutical excipient, the more studies are necessary to assure safety. Table 5.10
summarizes the entire set of toxicological studies recommended for new phar-
maceutical excipients (Wiener and Katkoskie, 1999; IPEC, 1997).

Tests have been outlined for each exposure category to assure safe use of the
time period designated. The tests for each exposure category assure the safe use
of the new pharmaceutical excipient of the time frame specified for the specific
exposure category. Additional tests are required for longer exposure times.

The base set required for all excipients is detailed in Table 5.12. These are
sufficient, however, only for those excipients intended for use for up to two
weeks in humans.

TABLE 5.11 Limit Doses for Toxicological Studies

Nature of Test Species Limit Dose?
Acute oral Rodent 2000mgkg~"'bw
Acute dermal Rabbit 2000mgkg™" bw
Rat
Acute inhalation® Rat 5mgL™" air for 4h or maximum
attainable level under conditions
of study
Dermal irritation Rabbit 0.5mL liquid
0.5¢ solid
Eye irritation Rabbit 0.1mL liquid
100mg solid
14-day/28-day oral repeated Rodent, nonrodent ~ 1000mgkg~'bw™" day
dosing; 90-day subchronic
14-day/28-day oral repeated Rat, rabbit 1000mgkg~'bw' day
dosing; 90-day subchronic
Chronic toxicity, carcinogenicity ~ Rats, mice 5% maximum dietary concentration
for nonnutrients
Reproduction Rats 1000mgkg~'bw™" day
Developmental toxicity Mice, rats, rabbits 1000mgkg~'bw™" day
(teratology)

“mgkg " bw, milligrams of test material dosed per kilogram of body weight to test species.

bAcute inhalation guidelines that indicate this limit dose are U.S. Environmental Protection Agency Toxic
Substance Health Effect Test Guidelines, Oct. 1984; (PB82-232984) Acute Inhalation Toxicity Study; the
OECD Guidelines of the Testing of Chemicals, Vol. 2, Section 4; Health Effects, 403, Acute Inhalation Toxicity
Study, May 12, 1982; and the Official Journal of the European Communities, L383A, Vol. 35, Dec. 29, 1992,
Part B.2 (adapted from Wiener and Katkoskie, 1999).
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TABLE 5.12 Base Set Studies for Single Dose Up to 2 Weeks Exposure in Humans

Test Purpose

Acute oral toxicity To determine potential acute toxicity—lethality following
single oral dose

Acute dermal toxicity To determine potential acute toxicity—lethality following
single dermal dose

Acute inhalation toxicity To determine potential acute toxicity—lethality following

single 4-h inhalation exposure to test atmosphere
containing new pharmaceutical excipient (aerosol, vapor,
or particles)

Eye irritation To determine potential to produce acute irritation or damage
to eye

Skin irritation To determine potential to produce acute irritation or damage
to skin

Skin sensitization To determine potential to induce skin sensitization reactions

Ames test To evaluate potential mutagenic activity in bacterial reverse
mutation system with and without metabolic activation

Micronucleus test To evaluate clastogenic activity in mice using polychromatic
erythrocytes

ADME—intended route To determine extent of absorption, distribution, metabolism,

and excretion by intended route of exposure following
single dose and repeated doses
28-Day toxicity—intended To assess repeated-dose toxicity in male and female
route animals of two species following dosing for 28 days by
intended route of exposure

TABLE 5.13 Studies for Intermediate Duration (28 Day to 3 Months) Exposure to
Humans

Test Purpose

90-Day Toxicity—intended To assess the repeated-dose toxicity in male and female
route (Rodent and animals of two species following daily dosing for 90 days by
nonrodent) the intended route of administration

Developmental Toxicity To assess the effects of dosing of pregnant female animals by

the intended route during the period of organogenesis

If exposure to the new pharmaceutical excipient is expected to occur for
longer than two but no more than six weeks, additional toxicological studies
are required, as shown in Table 5.13. The longer the expected human exposure,
the more extensive will be the toxicological studies to assure safety. A tiered
approach assures that those tests necessary to ensure safety for the expected
duration of human exposure are conducted. Thus, to assure safe use for greater
than two weeks but no more than six weeks in humans, subchronic toxicity
and developmental toxicity studies are required. To assure safe use for greater
than six continuous weeks, chronic or oncogenicity studies are conditionally
required, as per Table 5.14. This means long-term studies should be considered
for prolonged human exposures but may not be absolutely required. A thor-
ough scientific review of the data generated in the base set and Appendix 2
studies should be undertaken. From a critical evaluation by a competent toxi-
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TABLE 5.14 Appendix 3 Studies for Repeated Chronic Exposure in Humans

Test Purpose

Chronic toxicity To assess toxicity following chronic (lifetime) exposure by
route of intended exposure

Oncogenicity To assess potential to induce tumors by intended route of
exposure

One-generation reproduction To assess potential reproductive and developmental toxicity

in males and females by intended route of exposure

cologist, the results of the physicochemical properties of the test material, the
28- and 90-day tests, the ADME-PK (absorption distribution metabolism and
excretion pharmacokinetics) acute and repeated-dose tests, and the develop-
mental toxicity test(s), a final determination can be made on the value of
chronic toxicity or oncogenicity studies.

For example, if no toxicity is observed at a limit dose of 1000mgkg™" body
weight per day following the 90-day toxicity study, no genotoxicity was found,
and the ADME-PK profile indicates that the material is not absorbed and is
completely excreted unchanged in the feces, then it is likely that a chronic
study is not necessary. The decision to conduct chronic studies should be
determined on a case-by-case basis using scientific judgment. It will be inter-
esting to observe how this scheme may change in light of the International
Conference on Harmonisation (ICH).

APPENDIX PRIMARY POTENTIAL FORMULATION COMPONENTS FOR
NONCLINICAL TOXICITY STUDIES

Chemical
Abstract
Service Animal
Excipient/Vehicle Number Chemical Name Studies
2-Hydroxypropyl-f-cyclodextrin 128446-35-5 Rat,
primate,
mouse,
rabbit,
dog
Acacia 9000-01-5 Acaciae gummi Rat,
primate
Acetate, sodium 127-09-3 Acetic acid sodium salt Rat
Acetic acid 64-19-7 Ethanolic acid Rat, mouse
Acetone 67-64-1 2-Propanone Rat,
mouse,
guinea
pig,
rabbit
Acetylmethylamine in water 79-16-3 N-Methylacetamide

Alginic acid 9005-32-7 Norgine Rat
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Chemical
Abstract
Service Animal
Excipient/Vehicle Number Chemical Name Studies
Anecortave acetate 7753-60-8 — Rat
Benzoic acid 65-85-0 Benzoic acid Rat
B-Cyclodextrin 7585-39-9 B-Dextrin Rat,
primate
BHT 128-37-0 Butylated hydroxytoluene
Canola oil 120962-03-0 Canbra oil Dog
Capryol 90 31565-12-5 Propylene glycol monocaprylate Rat, dog,
rabbit
Captisol 182410-00-0 B-Cyclodextrin sulfobutyl ether, Rat,
sodium salt (CDSBE) primate,
mouse
Carboxymethylcellulose (CMC) 9000-11-7 acetic acid; 2,3,4,5,6- Primate, rat
pentahydroxyhexanal
Carboxymethylcellulose calcium  9050-04-8 Calcium CMC Dog
Carboxymethylcellulose sodium 9004-32-4 Carmellose sodium Rabbit
Cavasol W7 128446-35-5 2-Hydroxypropyl
cycloheptaamylose
Cetyl alcohol 36653-82-4 Hexadecan-1-ol Mouse
Citrate buffer 77-92-9 sodium citrate—citric acid buffer Dog, rat
Citric acid buffer 77-92-9 Rat
CMC with dimethicone 9004-32-4 Carboxymethylcellulose sodium
9006-65-9 trimethyltrimethylsilyloxysilane
Coconut oil 8001-31-8 N/A
Collagen matrix 9007-34-5 Collagen human Primate,
rabbit
Corn oil 8001-30-7 corn germ oil, glyceridic Dog, rat,
mouse,
rabbit,
chick
embryo
Cremophore EL 61791-12-6 Polyoxyl castor oil Dog, rat
Cyclohexane 110-82-7 Hexahydrobenzene; Rat, rabbit
hexamethylene;
hexanaphthene
DAM PEG (polyethyllene Dog, rat
Glycol)
Dextrose 50-99-7 D-Glucose, anhydrous; Dog, rat
dextrosol
Diethyleneglycolmonoethylether ~ 111-90-0 Primate
DMSO 67-68-5 Dimethylsulfoxide Dog, rat,
guinea
pig,
primate,
mouse,
rabbit
Dulbecco’s modified PBS Rat
EDTA 60-00-4 Ethylenediamineetraacetic acid
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Chemical
Abstract
Service Animal
Excipient/Vehicle Number Chemical Name Studies
Ethanol 64-17/5 Ethyl alcohol Dog, rat,
primate,
mouse
Gelucire 44/14 121548-04-7 PEG-32 glyceryl laurate Rabbit, rat,
dog
Gelucire 50/13 121548-05-8 G-50-13 Rabbit, rat,
dog
Glucose 50-99-7 Dextrose Dog, rat,
primate
Glycerol 56-81-5 Glycerine Rat, guinea
pig,
mouse,
rabbit
Gum tragacanth 9000-65-1 Mouse
Gum xanthane 11138-66-2
Hydroxypropy! B-cyclodextrin 94035-02-6 Dog, rat
Hydroxypropyl cellulose 9004-64-2 Methocel Rat
Hydroxypropyl methylcellulose 9004-65-3 Benecel MHPC, hypromellose Dog, rat,
mouse
Isopropyl alcohol 67-63-0 sec-Propyl alcohol Rabbit
Isopropyl myristate 110-27-0 Crodamol IPM Rabbit
Labrafil M1944 62563-68-2 Labrafil Dog
Labrasol 85536-07-8 Polyglycolyzed glycerides Rat, dog,
rabbit
Lauroglycol 27194-74-7 Lauric acid, monoester with Rabbit, rat
propane-1,2-diol
Lactose 63-42- O-B-D-Galactopyranosyl-(1->4)- Primate
3(anhy) o-D-glucopyranose
Lanolin 8006-54-0 Lanolin Rabbit
L-Ascorbic acid 50-81-7 Cevatine, Cevex, Cevital Rat
Maltitol solution 9053-46-7 Liquid maltitol Rat
Maltol 118-71-8 3-Hydroxy-2-methyl-4H-pyran-4-  Guinea pig,
one rabbit
Mannitol 69-65-8 D-Mannitol Primate
Methane sulfonic acid 75-75-2 Methylsulfonic acid
Methyl cellulose 9004-67-5 Cellulose methyl ester Rat, guinea
pig,
primate,
mouse,
rabbit,
dog
Miglyol 810 85409-09-2 Caprylic, capric triglycerides
Mineral oil 8012-95-1 Liquid paraffin Rat,
mouse,
dog
Neobee 1053 73398-61-5 Medium-chain triglycerides
N-Methylpyrrolidone 872-50-4 1-Methyl-2-pyrrolidinone

(Pharmasolv)
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Chemical
Abstract
Service Animal
Excipient/Vehicle Number Chemical Name Studies
PBS (phosphate-buffered Rat,
saline) primate,
mouse
Peanut oil 8002-03-7 Arachis oil, Fletcher’s Rat
PEG 300 25322-68-3 Polyethylene glycol #300 Guinea pig,
mouse,
rabbit
PEG 400 25322-68-3 Polyethylene glycol #400 Rat,
minipig,
guinea
pig,
mouse
Petrolatum 8009-03-8 Yellow soft paraffin Rabbit
Poloxamer 9003-11-6 Lutrol Rat, mouse
Polysorbate 80 9005-65-6 Polyoxyethylene (20) sorbitan
monooleate
Povidone 9080-59-5 2-methoxy-6-methyl-phenol Rat
Propylene glycol 57-55-6 1,2-Dihydroxypropane Rat,
minipig,
mouse,
dog
Rameb 7.5% Randomly Primate
methylated-B-cyclodextrins
Sesame oil 8008-74-0 Sesame oil Rat,
mouse,
rabbit,
dog
Sodium acetate trihydrate buffer  6131-90-4 Primate
Sodium chloride 7647-14-5 Salt, halite Dog, rat,
primate,
mouse,
rabbit
Sodium phosphate 7558-80-7 Dog, rat
Solutol® HS15/purified water 70142-34-6 Polyethylene
glycol-15-hydroxystearate
Succinate, sodium 150-90-3 Succinic acid Sodium salt
Tartaric acid 87-69-4 D-Tartaric acid; Rat, rabbit
2,3-dihydroxybutanedioic acid
Transcutol 111-90-0 2-(2-Ethoxyethoxy)ethanol Cat, rabbit,
rat
Trisodium citrate dihydrate 6132043 Dog, rat,
mouse
Tween 20 9005-64-5 Polysorbate 20 NF Rat, mouse
Tween 80 9005-65-6 armotan pmo-20, Tween(R) 80 Rat,
primate,
mouse,
dog
Xylitol 87-99-0 Xylite Primate

Source: Gad et al., 2006.
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Single-Dose (Acute) and
Pilot (DRF) Toxicity
Testing in Drug Safety
Evaluation

6.1 INTRODUCTION

Acute toxicity testing is the defining and evaluation of the toxic syndrome (if
any) produced by a single or a few doses over the course of a day, such as
twice or three times per day (bid or tid, in the case of continuously infused
intravenous formulation in a 24-h course of treatment) of a drug. Historically,
the main focus of these tests has been lethality determinations and the iden-
tification of overt signs and symptoms of overdosage. For a complete historical
perspective, see Deichmann and Gerarde (1969), Piegorsh (1989), Auletta
(1998), Gad and Chengelis (1999), or Rhodes (2000). A more enlightened and
modern view holds that, especially for pharmaceutical agents, lethality in
animals is a relatively poor predictor of hazard (other than lethality) in humans
(Gad and Chengelis, 1999). The current trend is toward gaining increasing
amounts of more sophisticated data from these tests. The various types of
acute study designs, their utility in pharmaceutical product testing, their limita-
tion, and the resultant sample data are discussed in this chapter.

For new product approvals (and first in human clinically trials), single-dose
toxicity studies are required by regulatory authorities though this requirement
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is being challenged in the European communities [Osterberg, 1983; U.S. Food
and Drug Administration (FDA), 1996, 2006]. In the pharmaceutical industry,
acute toxicity testing has uses other than simply product safety determinations.
First, as in other industries, acute toxicity determinations are part of industrial
hygiene or occupational health environmental impact assessments. These
requirements demand testing not only for finished products but frequently of
intermediates as well. These issues and requirements, however, are discussed
in that content in Chapter 2 and are not directly addressed here.

Another use, now almost abandoned except in natural product—derived
drugs (Pendergast, 1984), is in quality control testing or batch release testing.
The latter was once a mandated part of the standardization process for anti-
biotics, digoxin, and insulin in the U.S. Pharmacopeia. While, perhaps, this type
of testing is part of a broad safety picture, it is not typically part of a “preclini-
cal” safety package used to make decisions on whether to market a new
chemical entity or on what the allowable clinical dosage shall be. These uses
also therefore are not discussed here. The emphasis in this volume, rather, is
on tests used to elucidate the toxicity of new chemical entities, not the safely
of finished drug preparations. These tests fall into three general categories:
(1) range-finding studies, used primarily to set dosages for initial subchronic
or acute testing; (2) complete “heavy” or expanded acute toxicity tests, used
to thoroughly describe the single-dose toxicity of a chemical or to support the
opening of an explanatory or phase-zero investigational new drug (IND); and
(3) screening tests, used to select candidates for development.

6.2 RANGE-FINDING STUDIES

Range finders or pilots [now also commonly called dose range finders (DRFs)]
are not normally done completely under the auspices of the Good Laboratory
Practices Act. They are not used to generate data to support decisions on
human safety; rather, they are used to allow successful dose selection for
definitive toxicity studies. These dosage-level determinations can be used in
acute studies, in in vivo genotoxicity studies, or subchronic studies. As dis-
cussed by Gad and Chengelis (1999), however, there can be a great deal of
difference between the acute toxic dosage and subchronic daily dosage of a
drug. Therefore, acute range-finding studies currently most common include
a component (or second phase) whereby a second set of animals will receive
a short-term treatment (up to seven days) with the drug in question. Accord-
ingly, the definition of “acute” in this chapter is stretched to include “subacute”
(lower than acute level) dosing of very short duration.

6.2.1 Lethality Testing

Often, in range-finding tests, the endpoint is simply to determine the maximum
dosage of a drug that can be given without killing an animal. There are numer-
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ous designs available for obtaining this information that minimize the expen-
diture of animals and other resources.

Classical LDs, The median lethal dose (LLDs) test has a rich and controver-
sial history (it is one of a number of tests that raises the ire of the animal
welfare movement) (Trevan, 1927; Rowan, 1981; LeBeau, 1983). In pharma-
ceutical development, however, there is rarely a need or requirement for an
LDs,. In general, a complete, precisely calculated LDs, consumes more
resources than is generally required for range-finding purposes. The reader is
referred to Chapter 7 of Gad and Chengelis (1999) for a complete discussion
of this test.

Dose Probes Dose probe protocols (see Figure 6.1) are of value when one
needs the information supplied by a traditional protocol but has no prelimi-
nary data from which to choose dosages. In this acute protocol, one animal is
dosed at each of three widely spaced dosages, where the top dosage is gener-
ally the maximum deliverable. The method works best if the dosages are sepa-
rated by constant multiples (e.g., 3000, 300, and 30mgkg'—a logarithmic
progression). Subsequent dosages are selected on the basis of the results from
these probe animals. If none of these animals dies, the protocol defaults to a
limit test (described below), and two more animals are dosed at the top dosage
to confirm the limit.

Deaths at
Acclimatization 300, 3000
period mg kg—l1 Daily observations
4 N l I
-7 -2 1 5 9 11 13 15
Probe dosages Additional groups dosed; 2 (Days)
30, 300, 3000 rats at 30 mg kg~ and 3 rats
mg kg~" given to per each of 3 additional
1 rat per dosage dosages
Results
Dosage Mortality
30 mg kg™! 0/3
60 1/3
120 2/3
240 2/3
LDs,= 115 mg kg~ (moving-average method)

Figure 6.1 Example of typical dosage probe protocol.
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A dose probe can develop into a more thorough lethality determination. If
one or two animals die, then two additional dosages between the lethal and
nonlethal dosages are chosen and three animals are treated per dosage for
defining acute lethality. Selection of these dosages is often a matter of personal
judgment. If, for example, one wishes to apply the moving-average method of
calculation, these subsequent dosages can be either even fractions of the top
dosage or even multiples of the low dosage. In either case, two to three animals
are dosed at the initial dose and three to four animals are dosed at each of
the two to three new dosages. The results should be three to four groups of
three to four animals each, which should probably provide sufficient data for
calculating the LDs, and the slope of the curve. Probing can also be used to
define the dosages for subchronic tests. Instead of selecting additional doses
for an acute study, one can use the results from the probe to select two dosages
for a short (e.g., five-day) daily dosing regimen (see the later section entitled
“‘Rolling” Acute Tests”).

In a few instances, all the animals may die following the first day of dosing.
In that case, the probe activity continues on day 2 with two more animals dosed
at two widely spaced lower dosages (i.e.,3 and 0.3mgkg™). This regimen could
continue daily until a nonlethal dosage is identified. Unless one has grossly
misestimated the toxicity of the test substance, it is unlikely that the probing
process would take more than three days. Carrying our example into three
days of dosing would have resulted in probing in the range 3ugkg'-3gkg™,
and it is a rare chemical that is lethal at less than 3ugkg™. Once a nonlethal
dosage is identified, additional animals and/or dosages can be added, as dis-
cussed above.

There are two disadvantages to dose probe studies. First, delayed deaths
pose difficulties. Hence, all animals should be observed for at least seven days
after dosing (though most deaths occur within three days). Second, if the
follow-up dosages are not lethal, the next decision point is ill defined. Should
more animals be dosed at some different dosage? The resulting data sets may
be cumbersome and difficult to analyze by traditional statistical methods.
Alternatively (and this is true regardless of protocol design), if no “partial
response” (mortality greater than zero but less than 100%) dosage is identi-
fied, one can simply conclude that the LDs, is between two dosages, but the
data do not permit the calculation of the LDs, or the slope of the curve. This
can happen if the dosage response is fairly steep.

Lorke (1983) has developed a similar protocol design. His probe (or dose
range) experiment consists of three animals per dosage at 10, 100, and
1000mgkg™". The results of the experiment dictate the dosages for the second
round of dosing, as shown in Table 6.1. Animals were observed for 14 days
after dosing. Lorke (1983) compared the results obtained when one to five
animals were used per dosage group for the second test. He concluded that
using only one animal per group gives unreliable results in only 7% of chemi-
cals tested. Hence, the Lorke design can produce reasonable estimates of
lethal dosages using 14 or fewer animals. Schutz and Fuchs (1982) have pro-
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TABLE 6.1 Dosage Selection for Two-Step Dose-Probing Protocol Design

Dosages (mgkg™) for Definitive

Mortality by Dose®
y oy . Experiment as Determined by Results

10mgkg™ 100mgkg™ 1000mgkg™ of Probe

0/3 0/3 0/3 1600 2900 5000
0/3 0/3 1/3 600 1000° 1600 2900
0/3 0/3 2/3 200 400 800 1600
0/3 0/3 3/3 140 225 370 600
0/3 1/3 3/3 50 100° 200 400
0/3 2/3 3/3 20 40 80 160
0/3 3/3 3/3 15 25 40 60
1/3 3/3 3/3 5 10° 20 40
2/3 3/3 3/3 2 4 8 16
3/3 3/3 3/3 1 2 4 8

“Number of animals that died/number of animals used.
"The results from the probe is inserted for these doses.

Source: Lorke, 1983.

Results
Dosage, mg kg™' mortality
10 01
32 0N
8 ?52‘} 1
) ) LDg, = 75 mg kg™
14-21 Day observation period | 1%00 iﬁ (65-87)
| Following all doses 1000 11
Acclimatization
period, 1000 mg kg~' 100 mg kg—1 80 mg kg™' 100 mg kg™! 63 mg kg™’
7-14 days death death death death death
y v v ——
1 | | | | | K
(Study 1 8 15 22 29 36 42 57
day) ¢ $ 3
Dose Dose Dose Last
10mg kg™ 10 32mgkg™ 10 100mg kg™ 10 observation
1000 mg kg~' 15 2Q
Dose Dose Dose
100 mg kg™" 10 50mgkg 12029  63mgkg 20,29

80mgkg 120129

Figure 6.2 Example of dose probe method with delayed deaths. From Schultz and Fuchs
(1982).

posed a dose probe protocol that adequately deals with delayed deaths (Figure
6.2). All animals are observed for seven days before subsequent dosages are
given. Dosing is initiated at two widely delivered dosages using one rate for
each dosage. A third probe dosage is determined pending the outcome of the
first two probes. A fourth may also be used. After that groups of three to four
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animals are used at subsequent dosages either as part of a “para-acute” dosing
regimen to select or confirm dosages for a subchronic study or to continue
with the definition of an acute lethality curve.

Up/Down Method Using classical or traditional acute lethality protocols,
15-30 animals per curve may be required to calculate a singe LDs,. This is
because the method relies on the analysis of group responses. The up/down
method can provide lethality information by analyzing the responses on an
individual animal basis using appropriate statistical maximum-likelihood
methods (Bruce, 1985). Deichmann and LeBlanc (1943) published an early
method that provided an estimate of lethality using no more than 6 animals.
All animals were dosed at the same time. The dosage range was defined as 1.5
times a multiplication factor (e.g., 1.0, 1.5, 2.2, 3.4, 5.1 mL kg™). The approxi-
mate lethal dose (ALD), as they defined it, was the highest dose that did not
kill the recipient animal. The resultant ALD differed from the LDy, (as posi-
tive calculated by the probit method from more complete data sets) by —22 to
+33%.

The Deichmann method proved to be too imprecise (Muller and Kley,
1982). Later, Dixon and Wood (1948), followed by Brownlee et al. (1953),
developed the method in which one animal was exposed per dosage, but sub-
sequent dosages were adjusted up or down by some constant factor depending
on the outcome of the previous dosage. In this method (Figure 6.3), which has
been developed more extensively by Bruce (1985), individual animals are
dosed at different dosages on successive days. If an animal dies, the dosage for
the next animal is decreased by a factor of 1.3. Conversely, if an animal lives,
the next dosage is increased by a factor of 1.3. The process is continued until

Second part

e A N\
Acclimatization First Death Death Death Last_obs_ervatlon,
. termination
period part i l l
A
4 60 x 0 x O x '
| | | [ 1 | | [ T B |
-14 -10 -6 -2 1 383 5 9 11 13 15 17 19 23
Pttt ottt O
Dosage 200 260 340 445 340 445 340 445 mg kg™’
Log dosage 2.3 2.412.53 2.65 2.532.65 2.53 2.65
Animal # 1 2 3 4 5 6 7 8

LD, — 398 mg kg~" (as calculated by Dixon, 1963) |

Figure 6.3 Example of typical up/down acute lethality protocol.
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five animals have been dosed after a reversal of the first observation. Alter-
natively, one can use the tables developed by Dixon (1965). This design can
be used not only for range-finding purposes but also to define an LDy, if this
value is needed. In general, only six to nine animals are required—unless the
initial dosages are grossly high or low. When compared to the LDs, obtained
by other more classical protocols, excellent agreement is obtained with the up/
down method (Bruce, 1985). As with classical protocols, sexes should be tested
separately. However a further reduction in the numbers of animals used can
be accomplished if one is willing to accept that females are of the same or
increased sensitivity as males, as is the case approximately 85-90% of the time
(Gad and Chengelis, 1999).

There are three main disadvantages to using the up/down method. The first
is regulatory, the second procedural, and the third scientific. First, many regula-
tory guidelines simply have a requirement for the use of traditional protocols.
Some also specify the method of calculation. Second, the sequential dosing
design is inappropriate for substances that cause delayed deaths. As reported
by various authors (Gad et al., 1984; Bruce, 1985), delayed deaths (beyond two
days after dosing) are rare but not known. They are most prevalent when
animals are dosed by the intraperitoneal route with a chemical that causes
peritonitis. Death secondary to severe liver or gastrointestinal damage may
also take over two days to occur. To guard against possible spurious results,
all animals should be maintained and observed for at least seven days after
dosing. If delayed deaths occur, the original data set must be corrected and
the LDs, recalculated. A substantial number of delayed deaths could result in
a data set from which an LDy, cannot be calculated, in which case the test
should be rerun.

“Pyramiding” Studies Using this type of design (Figure 6.4), one can obtain
information about lethality with the minimum expenditure of animals. A
minimum of two animals are dosed throughout the study, usually on alternate
days (e.g., Monday, Wednesday, and Friday), but the dosage at session may be
1, 3,10, 30, 100, 300, 1000, and 3000mgkg™" or 10, 20, 40, 80, 160, 320, 640, and
1280mgkg™. One is literally stepping up, or pyramiding, the lethality—dosage
curve. Dosing continues in this fashion until one or both animals die or until
some practical upward limit is reached. For drugs, there is no longer a need to
go higher than 1000mgkg™ for rodents or nonrodents. An alternative, but
similar, design is the “leapfrog” study (Figure 6.5). This consists of two groups
of two animals each. They are dosed on alternating days, but the dosages are
increased each day. Extending the example of the pyramiding regiment, group
1 would receive 10, 60, and 120mgkg™, while group 2 would be given 30, 100,
and 120mgkg ™. This design is of value when one has to complete the range-
finding activity in a short period of time. Because these designs utilize few
animals, they are commonly used for assessing lethality in nonrodent species.
An exploratory study typically uses an animal of each sex.
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(Study day)

Termination of
Acclimatization Dosing original experiment
period continued
A A Dosing confirmatory
- g . )
lanlmals (optional)
L | | | I I I A B [
-14 -10 -6 =2 1 3 5 7 9 11 1115 18
Initial dose 10 30 100 300 600 (Limit Termination or
administered dosage) conflrmatory
2 animals/sex experiment
Results
Dosage Mortality
600 mg kg~ 0/4

Both minimal lethal dosage
and LDy, >600mg kg™

Figure 6.4 Example of typical pyramiding dose protocol.

Confirmatory Termination

dose (necropsy
Acclimatization period (optional)  optional)
I
! ! ! | | | | | | (Study
i 2 3 4 5 6 7 8 9day
2 animals (1/sex) in two groups T T T T T T (Dosage
10 30 60 100 120 120 mgkg™)
1 2 1 2 1 2 Group
Results
Dosage Group Mortatity
10 1 -
30 2 -
60 1 -
100 2 -
120 1,2 1/4
Minimun lethal dose > 100 but less than 120

Figure 6.5 Example of typical “leapfrog” dosing protocol.

There are three conclusions that can be reached on the basis of data from
a pyramiding dosage study. First, if none of the animals die, then both the
threshold or minimum lethal dosage (MLD) and the LDs, are greater than the
top or limit dosage. Second, if all animals die at the same dosage, then both
the MLD and the LDy, are reported as being between the last two dosages
given. This not uncommon finding is an indication that the lethality curve has
a steep slope. Third, one animal may die at one dosage, and remaining deaths
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occur at a subsequent dosage. In this care, the MLD is between the lowest
nonlethal dosage and the dosage at which the first death occurred, while the
LD is reported as being between this latter dosage and the dosage at which
the last animal dies. A frequently employed variation with nonrodents is, if
lethality is not observed, the animals are dosed for five or seven consecutive
days at the highest observed tolerated dose. This “phase B” study portion
serves to provide more confidence in selecting the top dose in subsequent
repeat-dose studies.

There are some disadvantages to the pyramiding dose protocol. First, it
cannot produce a lethality curve or provide for the calculation of an LDs.
Second, this method cannot identify delayed deaths. If an animal, for example,
dies 1 h after the second dosage, one has no way of determining whether it was
actually the second dosage or a delayed effect of the first. For this reason it is
of little value to observe the animals for any more than a few days after the
last dosage. Third, if the test article has an unusually long half-life, bioaccumu-
lation can lead to an underestimation of the acute lethal dosage. By contract,
the pharmacological accommodation can lead to a spuriously high estimate of
lethality. Depending on the importance of the finding, one may want to confirm
that the results obtained at the highest dosage administered were dosing
two naive animals at the same dosage. Fortunately, the minimum 48-h period
between dosing sessions will minimize such effects. Because of this design
feature, it may take as long as three weeks to complete the dosing sequence.
However, as there is generally no need for a one- to two-week postdosing
observation or holding period, the actual study may not take significantly more
time than a test of more traditional design.

Keep in mind that the objective of such studies is to gain information about
lethality and gross tolerance. For nonrodents (especially monkeys), if none of
the animals die or demonstrate obvious signs of toxicity, little would be gained
by euthanizing and necropsying such animals. They can be saved and used
again, following a reasonable “washout” period, to assess the lethality, toxicity,
or safety pharmacology of a different chemical. In the hands of a skilled toxi-
cologist, such adaptive reuse of animals is a cost-effective way to minimize
overall usage.

Limit Tests There are relatively innocuous drugs that are simply not potently
lethal. The limit test (Figure 6.6) provides the simplest protocol for determin-
ing the lethality or such substances. The limit test is designed to obtain clear-
ance at a specific dosage based on the assumption that what may occur at a
higher dosage is not of practical relevance. Thus, one dosage only is studied.
This limit “dosage” can be set on the basis of the chemical or physical proper-
ties of the test article (or vehicle) or on the basis of an upward safety margin.
If the preparation is highly acidic (pH < 3), large intravenous dose would
be expected to cause systemic acidosis as well as local irritation but will yield
little relevant toxicology information, as such a preparation would never be
approved for clinical use. Alternately, if the anticipated human dosage of a
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Figure 6.6 Example of typical limit test protocol.

drug is 0.3mgkg™, there is probably little reason to test dosages in excess of
300mgkg™ (1000 times the expected human dosage). In general, there is never
any reason to use dosages of 5gkg™ or greater and rarely any reason to exceed
3gkg™.

There are three possible outcomes to a limit test. If none of the animals die,
then the conclusion is that the MLD is greater than the limit dosage. If fewer
than 50% of the animals die, then the conclusion is that the LDs, is greater
than the limit dosage. If more than 50% of the animals die, then one has a
problem. Depending on the reasons for performing the test, one could reset
the limit and repeat the study or one could assess lethality by a different
protocol. Alternatively, the change in the limit could reflect a change in the
chemical or biological properties of the test substance that should be evaluated
further.

Fixed-Dose Procedure The fixed-dose design (Figure 6.7) was proposed by
the British Toxicology Society (1984). It is designed to supply the data needed
for classification or labeling purposes. It is essentially a three-step limit test.

Five rats per sex are given 50mgkg™". If survival is less than 90%, a second
group of animals is given 5mgkg™". If survival is again less than 90%, the sub-
stance is classified as “very toxic”; otherwise, it is classified as “toxic.”

If, after the 50-mgkg™ dose, survival is 90% but there is evident toxicity, no
further dosages are given and the substance is classified as “harmful.” If, on
the other hand, there is no evident toxicity at 50mgkg™, another group of rats
is given 500mgkg. If there is again 90% survival and no evident toxicity, the
substance is given “unclassified” or “slightly toxic” status.

The fixed-dose procedure is relatively new and apparently results in a large
decrease in animal usage. It is also noteworthy in that it utilizes not only lethal-
ity but also “evident toxicity,” which, in all likelihood, refers to obvious signs
of central nervous system (CNS) effect, such as seizures or prostration. Whether
or not this protocol design becomes widely accepted by various regulatory
agencies remains to be established.
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Figure 6.7 British Toxicology Society fixed-dose procedure.

The potential utility of the fixed-dose procedure was demonstrated in an
international validation study in which the acute oral toxicity of 20 different
chemicals was evaluated using both the fixed-dose and classical LDs, proce-
dures. Thirty-three laboratories in 11 different countries were involved in the
validation project, and the results have been published (van den Heuvel et al.,
1990). The results demonstrated that the fixed-dose procedure produced
consistent evaluations of acute toxicity that were not subject to significant
interlaboratory variation and provided sufficient information for hazard iden-
tification and risk assessment based on signs of toxicity (clinical signs, time to
onset, duration, outcome, etc.). The fixed-dose procedure used fewer animals
than the classical LDs, tests and generally required less time to complete.
Because of the emphasis on toxicity (rather than mortality) and the use of
fewer animals, the fixed-dose procedure could be considered a more “humane”
or animal-sparing design than the classical LDy, test. When the results of the
fixed-dose and LDs, tests were compared for hazard-ranking purposes (Table
6.2), comparable results were obtained. Thus, it would appear that the fixed-
dose procedure has utility and has been recommended late in 2000 for broad
regulatory adaptation by ICVAM (Interagency Coordinating Committee on
the Validation of Alternative Methods).

“Rolling” Acute Test The rolling acute test is a combination protocol that
is designed to find a tolerated dose to use for a subchronic toxicity test. The
first segment can be either a dose probe or an up/down or pyramiding type of
study to define the MLD. In the second segment, three to five animals are
dosed for a short period of time—five to seven days. The objective of this
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TABLE 6.2 Comparison of Toxicity Classification Based on LDs, versus Fixed-Dose

Procedure
- Fixed Dose: Number of Laboratories
Toxicity Classifying Chemical
Classification Based
Test Chemical on LD Very Toxic Toxic Harmful Unclassified
Nicotine Toxic — 23 3 —
Sodium Harmful — 1 25 —
Ferrocene Harmful/unclassified — — 3
2-Chloroethyl Toxic — 19 7 —
alcohol
Sodium arsenite Toxic — 25 1 —
Phenyl mercury Toxic 2 24 — —
acetate
p-Dichlorobenzene  Unclassified — — — 26
Fentin hydroxide Toxic — 8 17 1
Acetanilide Harmful — — 4 22
Quercetin Unclassified — — — 26
dihydrate
Tetrachlorvinphos Unclassified —_ —_ 1 25
Piperidine Harmful — 2 24 —
Mercuric chloride Toxic — 25 1 —
1-Phenyl-2- Toxic/harmful 12 12 2 —
thiourea
4-Aminophenol harmful — — 17 9
Naphthalene Unclassified — — — 26
Acetonitrile Harmful — — 4 22
Aldicarb (10%) Very toxic 22 — — —
Resorcinol Harmful —_ —_ 25 1
Dimethyl Unclassified — — — 26
formamide

Source: van der Heuvel et al., 1990.

design is to compensate for the fact that cumulative toxicity can occur at sub-
stantial differences in acute and subchronic toxic dosages. One can be easily
misled by selecting subchronic dosages based entirely on acute lethality data.
An example is a drug tested where it was found that 360mgkg™" was acutely
nonlethal and the MLD was 970mgkg™". The dosages selected for the four-
week subchronic study were 50, 100, 200, and 400mgkg™" day™. The top-dose
animals all died within a week. Substantial mortality occurred at 200mgkg™
and evident toxicity was present at 50mgkg™'. A no-effect dosage was not
identified, so the entire test had to be repeated with a different dosage struc-
ture. The rolling acute structure is a quick and relatively simple “sanity” check
that permits one to avoid making such mistakes.

6.2.2 Using Range-Finding Lethality Data in Drug Development:
Minimum Lethal Dosage

Range-finding data are often used early in drug development to make prelimi-
nary safety estimates. The LDy, is simply a calculated point on a curve. The
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shape or slope of this curve is also an important characteristic of the test sub-
stance. However, unless one does a great deal of acute toxicity testing, the
difference between a slope of 1.5 and a slope of 4 has very little meaning.
Further, for safety considerations, the dosage that kills 50% of the animals is
not as important as the dosage at which lethality first becomes apparent (i.e.,
the threshold dosage or MLD). For example, if the oral LDys of two different
drugs (A and B) were 0.6 and 2.0gkg™, respectively, what would we conclude
about the relative safety of these compounds? Further, let us assume that the
estimated human dosage of drug A is 0.5mgkg™" and of drug B is 5mgkg™.
Do our conclusions concerning the relative safety of these two drugs change?
In fact, the LDss of both drugs are so high that both are considered only
slightly toxic (0.5-5.0gkg™). One can also compute the lethality safety margin
or index (LSI, equal to LDs/EHD, where EHD is the estimated human dose)
for these two drugs; both indices are so large (1200 for A and 400 for B) that
there is still no toxicologically relevant difference between the two drugs. Let
us now assume that the lethality curve for substance A is very steep, such that
0.4gkg™ causes death in a very small percentage of animals—it is, in fact, the
lowest dose administered that causes death. This is the MLD or estimated
MLD (EMLD). Let us now assume that the lethality curve for B is very
shallow, such that its MLD is also 0.4 gkg™. Does this change our safety con-
siderations of these two drugs? One can calculate a new more conservative
safety index (MLD/EHD) of 800 for A and 80 for B. As a very general rule
of thumb, an index for lethality of less than 100 is cause for mild concern, one
less than 10 is cause for caution, and one less than 1 should be cause for
extreme caution. In the case of our two hypothetical drugs, the development
of drug B should be approached with more caution than that of drug A, despite
the fact that B has a higher LDs. This is demonstrated in Figure 6.8. There are
drugs sold over the counter, however, that have lethality safety indices of less
than 10. For example, the MLD of indomethacin in rats is 3.7mgkg™" (from
data reported by Schiantarelli and Cadel, 1981), while the maximum recom-
mended human dose is 200mg (2.9mgkg™ for a 70-kg person); hence, indo-
methacin has an LSI of 1.3. Such a finding is only cause for some caution but
does not in and of itself justify restricting the use or sale of a drug. Hence,
because it results in a more conservative safety factor and also takes into
consideration the slope of the lethality curve, the use of the MLD rather than
the LDs, is recommended in calculating acute safety indices.

A number of different safety factors and therapeutic indices have been
proposed in the literature. Despite their similarity, some distinction should be
made between these two. A therapeutic index applies only to drugs and is the
ratio between a toxic dosage (TD or LD: the toxic endpoint does not always
have to be death) and the pharmacologically effective dosage (ED) in
the same species. A safety index can be calculated for all xenobiotics, not
just drugs. A safety index is the ratio of likely human exposure (or dosage)
and the dosage that causes death or other forms of toxicity in the most sensi-
tive experimental animal species. The most conservative (lethality) safety
index (LSI) is obtained by dividing the maximum estimated human dosage or
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Figure 6.8 Examples of probit-log dosage—response curves illustrating differences in slope
curves and relationship between slope, LDs,, and LD,;.

exposure by either the minimum lethal dosage or the maximum nonlethal
dosage.

Minimum Lethal Dosage Protocols Stating that the MLD is preferable to
the LDs, for safety considerations is one thing; trying to determine what a
specific MLD may be or could be is another. There are no commonly used
experimental designs that have the MLD as an endpoint. Assuming a log dose
response, the MLD may become a function of group size. Theoretically, if
enough animals are dosed, at least one animal could die at any reasonable
dosage. There are, however, practical considerations that can and should be
applied to determining an MLD. As a practical rule of thumb, we recommend
that the estimated LD, —the dose that would be expected to kill 1% of the
experimental animals exposed—be used as an estimate of the MLD. If one
already has sufficient data to describe a lethality curve, an LDy, can be calcu-
lated as easily as the LDs,. This is often the case with acute toxicity data
obtained to support regulatory submission.

How is the MLD calculated without a complete lethality curve? A modified
pyramiding dosage design may be the most appropriate approach. With this
design, groups of animals are treated with stepwise increases in dosage until
death occurs or a limit dosage is attained. If one has no idea as to what the
initial dosage should be or how to graduate the dosages, a dose-probing experi-
ment can be conducted. If the dose-probing experiment produces no deaths,
two to three more animals can be dosed at the limit dose to confirm the results;
the lethality determination is now complete. If the probe experiment does
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produce death, then the additional dosages can be graduated between the
lowest lethal and the highest nonlethal dosages. A typical progression may
proceed as follows (Figure 6.9): On day 1 of the study, three probe animals are
dosed at 10, 100, and 1000mgkg ™. The animal at 100mgkg™" dies within a few
hours of dosing. The two remaining animals are dosed at 300mgkg™ on day
3. Neither dies. They are then dosed at 500mgkg™ on day 5. One dies. Three
additional animals should be dosed on day 7 or 8 at a dosage in between (i.e.,
400mgkg™ is a good estimate of the maximum nonlethal dosage, or MNLD).
While different by definition, there is usually not a great deal of distance
between the MLD and the MNLD, as this example illustrates. In fact, even for
a well-characterized lethality curve, the confidence limits for the LDy, will be
quite broad and encompass both the MLD and MNLD.

Malmfors and Teiling (1983) have proposed a similar method for determin-
ing what they also termed the MNLD. Rather than initiating the study
with probe animals, their design calls for three consecutive pyramiding-type
studies with the steps becoming increasingly smaller. For example, two animals
will be sequentially dosed at 2, 200, and 2000mgkg™. If death occurs
at 2000mgkg™', a new pair of animals is initiated at 200mgkg™, and sequential
dosages are increased by a factor of 1.8 until death occurs. Then another
pair of animals is initiated at the highest nonlethal dosage, and successive
dosages are increased by a factor of 1.15. The result of this exercise will be
two dosages, one apparently nonlethal and the other lethal. Six animals are
dosed at each dosage. If none die at the lower dosage and one dies at the
higher dose, then the lower dose is considered to be the MNLD. At least 24h
between dosing rounds are recommended. While this method may have some
utility, there are some disadvantages. First, the recommended limiting dosage
of 6.5gkg™ is too high. Second, 24 h between doses may be too short a period
to allow for recovery. Third, even with only 24 h between doses, this is a time-
consuming procedure—it may take up to two weeks to complete the dosing.
Finally, it does not decrease the number of animals needed, since it may use
18-20 animals.

Pre dosing 1000 300 500 Post dosing
acclima_tization mg kg~' mg kg~! mg kg~' obseryation
period death Death period
’ . ! l il . )
I | | | | | | I
1 3 5 7 9 11 13 15
Dose T T Dose T T Dose
1/dosage 2 remaining 3 new animals
10, 100, 1000 animals at 400 mg kg™

mg kg™
Figure 6.9 Example of MLD pyramiding dose design.
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Dose probing is not generally used for nonrodents (rather, the pyramiding
dose scheme is) and the initiating dosage is normally in the range of 1-5 times
the projected human clinical dosage. The limit is generally in the area of 1 gkg™
or 100-200 times the human dosage, whichever is less. The normal study will
include two animals of each sex treated with the test article. For simple lethal-
ity, there is seldom any need to include control animals. If the projected human
dosage is 4mgkg™, for example, the initial dosage in an MLD range finder in
dogs will be 20mgkg™ and succeeding dosages will increase stepwise at half-
log intervals; thus, 20-, 60-, 200-, and 600-mg kg™ doses are separated by at least
48h. The MLD is simply reported as being between the highest observable
nonlethal and the lowest lethal dosages, or at greater than the limit dosage—in
this case, 600mgkg™". Studies should not be done with nonrodents solely for
determining lethality, because this would not be an appropriate use of time
and animals. Generally, these studies should also include some combination
of extensive physical examinations, such as electrocardiograms (ECGs) and
rectal temperatures, careful observations of behavior and activity, and exten-
sive clinical laboratory workups after each dose.

The pyramiding dose study is not without disadvantages. The small number
of animals used can cause simple random variation resulting in misestimation
of lethality. It is a well-accepted statistical maxim that the smaller the sample
size, the greater the impact of any random variation (error or outlier) on the
population characteristic. This may be especially true for a nonrodent species
where experimental animals are drawn from an outbred population. Second,
the pyramiding dose regimen can permit the development of tolerance. For
example, pyramiding dosage studies were conducted to range find dosages for
a two-week study on 1,4-benzodiazepine. Lethality in dogs was observed at
600mgkg™ in the pyramiding study. For the subsequent subchronic study, the
top dose was set at 300mgkg™; both dogs died of CNS depression of the first
day of dosing.

6.3 ACUTE SYSTEMIC TOXICITY CHARACTERIZATION

Acute systemic toxicity studies are performed to more completely define the
acute toxicity of a drug. They are more extensive and time consuming than
range-finding tests or screens and are normally the type of study done to
satisfy regulatory requirements or to provide a more thorough early charac-
terization or prediction of toxicity (McClain, 1983). In pharmaceutical devel-
opment, rarely would an acute test be sufficient to support registration, but it
could support exploratory INDs first in a human single-dose study (FDA,
2006) or a single human dose study of an imaging agent and it may be required
as part of an overall package. These protocols may resemble range-finding
tests, but they call for collection of more data. A list of the types of data that
can be obtained in well-conducted acute toxicity tests is given in Table 6.3.
Given that these studies usually include control groups, the classical or tradi-
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TABLE 6.3 Information, Including Lethality, That Can be Gained in Acute Toxicity
Testing

Lethality/mortality
LDs, with confidence limits
Shape and slope of lethality curves
Estimation of maximum nonlethal dose or minimum lethal dose (LDy)
Time to dose estimates
Clinical signs
Times of onset and recovery
Thresholds
Agonal vs. nonagonal (i.e., do signs occur only in animals that die?)
Specific vs. general responses
Separation of dose—response curves from lethality curves
Body weight changes
Actual loss vs. decreased gain
Recovery
Accompanied by changes in feed consumption
Changes in animals that die vs. those that survive
Target organ identification
Gross examinations
Histological examinations
Clinical chemical changes
Hematological changes
Specialized function tests
Immunocompetency
Neuromuscular screening
Behavioral screening
Pharmacokinetic considerations
Different routes of administration yielding differences in toxicity
Plasma levels of test article
Areas under the curves, volume of distribution, half-life
Metabolic pattern of test article
Distribution to key organs
Relationship between plasma levels and occurrence of clinical signs

tional design is the most common because it allows for the most straightfor-
ward statistical analyses. In addition, while the use of staggered dosing days
for different groups is still a fairly common practice, data analyses may be
more sensitive if all animals are dosed on the same day, requiring that one
have preliminary range finder data that permit selection of appropriate
dosages. Studies of more than one species and/or more than one route should
be limited to those instances where they are required by statute.

In general, traditionally designed acute toxicity tests can be divided into
three types that can be called the minimal acute toxicity test, the complete
acute toxicity test, and the supplemented acute toxicity test. Of these, the
minimal protocol is by far the most common and is discussed first. The other
two represent increasing orders of complexity as additional parameters of
measurement are added to the basic minimal study.



202 SINGLE-DOSE (ACUTE) & PILOT (DRF) TOXICITY TESTING IN DRUG SAFETY EVALUATION

6.3.1 Minimal Acute Toxicity Test

An example of a typical minimal acute toxicity test protocol is shown in Figure
6.10. This study resembles a traditional lethality test in terms of the number
of groups and the number of animals per group. Standard protocols consist of
three or four groups of treated animals and one group of control animals, each
group consisting of five animals per sex per dosage (OECD, 1991). Tradition-
ally, the emphasis in these types of studies was on determining the LDs, time
to death, slope of the lethality curve, and prominent clinical signs, as illustrated
by the data reported by Jenner et al. (1964). More recent designs specify, in
addition to lethality and clinical observations, that body weights be recorded
during the study and gross necropsies performed at the end of the postdosing
observation period. For an excellent example of a well-performed acute toxic-
ity evaluation the reader is referred to the paper by Peterson et al. (1987) of
the acute toxicity of the alkaloids of Lupinus angustifolius,in which the LD,
time to death, clinical signs, body weight effect, and gross necropsy findings
were all discussed. For pharmaceuticals, where acute toxicity data for more
than one species are often required, these studies will be done as batteries on
both rats and mice. In addition, because many drugs will be given by more
than one route to human patients, these batteries will include groups treated
by two different routes. Thus, an acute study on a pharmaceutical agent will
often result in eight “curves”—one per route per species per sex. For tests on
nonrodent species, as required for pharmaceuticals, a different design is used
(discussed later).

The animals should be acclimated to laboratory conditions for 7-14 days
prior to dosing. For acute toxicity tests, this pretreatment period should be
more than just a holding period. Animals should be checked daily for signs of
ill health and/or abnormal behavior. Body weights may also be determined.
These data should be used to exclude abnormal animals from the test. Such
data also provide an additional basis for interpreting the data gathered during
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0 5/Sex Freqauent and mortality and morbidity, Termination,
200 5/Sex extensive gross necopsy on gross necropsies
600 5/Sex observations animals found dead.
2000 5/Sex

Figure 6.10 Example of minimal acute toxicity protocol.
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the postdosing period. Finally, these activities acclimate the animals to the
frequent handling that is a necessary part of an acute toxicity test.

In selecting dosages for an acute systemic toxicity study, the same general
guidelines apply as with lethality testing:

1. There is little to be gained from testing dosages that are so high that the
physical rather than biological properties become prominent. Generally,
little additional information is gained by pushing dosages past 2gkg™.
The usual regulatory limit for pharmaceuticals is now 1.5gkg™.

2. The highest dosage should be no larger than 100-300 times the antici-
pated human dosage.

3. Widely spaced dosages are better than narrowly spaced dosages.

This latter point is particularly true in an acute toxicity test on a drug,
because pharmacologically based clinical signs may occur at dosages consider-
ably lower than those that cause death. Also, as discussed by Sperling (1976)
and Gad (1982), the effects at high dosages may mask the effects that would
be observed at low dosages. As human beings are more likely to be exposed
to lower dosages than experimental animals, these low-dosage effects may be
important parameters to define.

Historically, it has been stated in various regulatory communications that a
well-conducted acute toxicity test should contain sufficient data to calculate
an LDs,. This is no longer necessarily the case. Simpler, less resource-intensive
range-finding protocols should be used for defining lethality. Because it is rare
that an extensive acute protocol would be attempted without preliminary
lethality data, the lethality objectives of acute systemic testing are not always
critical. Ideally, the highest dosage should elicit marked toxicity (such as lethal-
ity), but it does not need to kill all of the animals to satisfy one’s need to show
due diligence in stressing the test system. If one already has sufficient prelimi-
nary data to suspect that the top dosage will be nonlethal or otherwise innocu-
ous, the test can be conducted as a limit test, consisting of one treated group
and one control group.

Clinical Signs The nonlethal parameters of acute toxicity testing have been
extensively reviewed by Sperling (1976) and Balazs (1970, 1976). Clinical
observations or signs of toxicity are perhaps the most important aspect of a
minimal acute toxicity test because they are the first indicators of drug- or
chemical-related toxicity or morbidity, and they are necessary in the interpre-
tation of other data collected. For example, body weight loss (or a reduction
in body weight gain) would be expected if an animal had profound CNS
depression lasting several hours.

With regard to clinical signs and observations, there are some basic defini-
tions that should be kept in mind. Symptomatology is the overall manifestation
of toxicity. Signs are overt and observable events (Brown, 1983). Symptoms



204 SINGLE-DOSE (ACUTE) & PILOT (DRF) TOXICITY TESTING IN DRUG SAFETY EVALUATION

are the subjective impressions of a human patient (e.g., headache) and cannot
be described or reported by speechless animals (Balazs, 1970). Clinical signs
can be reversible or irreversible. Reversible signs are those that dissipate as
the chemical is cleared from the body or tolerance develops (Chan et al., 1982)
and are generally not accompanied by permanent organ damage. Irreversible
signs are those that do not dissipate and are generally accompanied by organ
or tissue damage. Signs can also represent a normal biological or pharmaco-
logical response (Chan et al., 1982). For example, an antidepressant would be
expected to cause decreased activity and some ataxia. These symptoms are
generally reversible and can lead to secondary, nonspecific signs—nonspecific
in that any number of agents or stimuli can evoke the same response and
secondary in that they are probably not due (at least, one has no evidence to
determine otherwise) to the direct action of the test article. Responses can
also be abnormal in that they are not due to a homeostatic process. The
increases in serum urea and creatinine due to kidney damage, for example, are
abnormal responses. These are often irreversible, but this is not always the
case, depending on the repair capacity or functional reserves of the target
organ. These abnormal responses may also be called primary effects because
they reflect the direct action of a test article. Agonal signs are those occurring
immediately prior to or concomitantly with death. They are obviously irrevers-
ible, but not necessarily reflective of a specific effect of a test article. For
example, regardless of the cause, labored breathing will occur in a moribund
animal. It is therefore important to distinguish between signs that occur in
animals that die and those that do not. It should also be kept in mind that
agonal signs may mask (make it difficult or impossible) to observe other signs,
including those clearly seen at lower doses.

In their simplest form, clinical observations are those done on an animal in
its cage or, preferably, in an open plane, such as on the top of a counter or
laboratory cart. These are considered passive observations. One can gain even
more information by active examination of the animal, such as the animal’s
response to stimulation. Fowler and Rutty (1983) divide their clinical evalua-
tion of toxicity into those signs scored by simple observations (e.g., ataxia),
those scored by provocation (e.g., righting reflex), those scored in the hand
(e.g., mydriasis), and those scored by monitoring (e.g., rectal temperature).
Cage pans should always be examined for unusually large or small amounts
of excreta or excreta of abnormal color or consistency. A list of typical obser-
vations is summarized in Table 6.4. A more extensive table has been prepared
by Chan et al. (1982). Given the fact that the number of different signs dis-
played is not infinite and that some signs are simply easier to discern than
others, most clinical signs are referable to the CNS (e.g., lack of activity), the
gastrointestinal (GI) tract (e.g., diarrhea), or the general autonomic nervous
system (e.g., increased salivation or lacrimation). This is illustrated by an actual
example set of data from acute toxicity studies summarized in Table 6.5.

Other signs can be detected by a well-trained observer but are nonetheless
less common than those described above. Respiratory distress can be diag-
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TABLE 6.4 Clinical Observations in Acute Toxicity Tests

Observation and

Organ System Examination Common Signs of Toxicity
CNS and somatomotor Behavior Unusual aggressiveness, unusual
vocalization, restlessness,
sedation
Movements Twitch, tremor, ataxia, catatonia,

Autonomic nervous
system
Respiratory

Cardiovascular

Gastrointestinal

Genitourinary

Skin and fur

Mucous membranes

Eye

Others

Reactivity to various stimuli

Cerebral and spinal reflexes
Muscle tone
Pupil size

Nostrils
Character and rate

Palpation of cardiac region

Events

Abdominal shape

Feces consistency and color
Vulva, mammary glands
Penis

Perineal region

Color, turgor, integrity

Conjunctiva, mouth

Eyelids

Eyeball

Transparency

Rectal or paw skin
temperature

Injection site

General condition

paralysis, convulsion
Irritability, passivity, anesthesia,
hyperesthesia
Sluggishness, absence of reflex
Rigidity, flaccidity
Miosis, mydriasis

Discharge (color vs. uncolored)

Bradypnea, dyspnea, Cheyne—
Stokes breathing, Kussmaul
breathing

Thrill, bradycardia, arrhythmia,
stronger or weaker beat

Diarrhea, constipation

Flatulence, contraction

Unformed, black or clay colored

Swelling

Prolapse

Soiled

Reddening, flaccid skinfold,
eruptions, piloerection

Discharge, congestion,
hemorrhage, cyanosis,
jaundice

Ptosis

Exophthalmos, nystagmus

Opacities

Subnormal, increased

Swelling
Abnormal posture, emaciation

Source: Balazs, 1970.

nosed by examining the animal’s breathing motions and listening for breathing
noises. Cardiovascular signs are generally limited to pallor, cyanosis, and/or
hypothermia. Changes in cardiac function can be difficult to detect in small
animals and generally consist of “weak” or “slow” breathing. Arrhythmias can
be difficult to detect because the normal heart rate in a rodent is quite rapid.
ECGs are difficult to record from rodents on a routine basis. Therefore, the
assessment of potential acute cardiovascular effect of a drug or chemical is
usually restricted to a nonrodent species, usually the dog.

Given the subjective nature of recognizing clinical signs, careful steps must
be taken to ensure uniformity (is the animal depressed or prostrated?) of
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TABLE 6.5 Summary of Clinical Observations from Actual Acute Toxicity Tests

Drug (Route) Indication Acute Clinical Signs?

SC-37407 (PO)  Analgesic (opiate) Reduced motor activity, mydriasis, reduced
fecal output, hunched posture, convulsions
(tonic), ataxia

SC-35135 (PO)  Arrhythmias Reduced motor activity, lost righting reflex,
tremors, dyspnea, ataxia, mydriasis

SC-32840 (PO) Intravascular thrombosis ~ Reduced motor activity, ataxia, lost righting
reflex, closed eyes, red/clear tears

SC-31828 (PO)  Arrhythmias Reduced activity, dyspnea, ataxia, lost righting
reflex, red/clear tears
SC-25469 (PO)  Analgesic (nonopiate) Reduced motor activity, ataxia, lost righting

reflex, dyspnea, convulsions (clonic)

“The five or six most frequent signs in descending order of occurrence.

observation so that the data can be analyzed in a meaningful fashion. There
are three ways of achieving this. First, signs should be restricted to a predefined
list of simple descriptive terms, such as those listed in Table 6.4 or in Appendix
B. Second, if a computerized data acquisition system is unavailable, the use of
standardized forms will add uniformity to the observation and recording pro-
cesses. An example of such a form is shown in Figure 6.11. Third, technicians
should be trained in studies (not intended for regulatory submission) using
material of known toxicity, so that all personnel involved in such evaluations
are using the same terminology to describe the same signs.

Animals should be observed continuously for several hours following dosing.
Times of observation should be recorded as well as the actual observations.
After the first day of the study, observations generally need only to consist of
brief checks for sign remission and the development of new signs of morbidity.
Data should be collected in such a way that the following could be concluded
for each sign: (1) estimated times of onset and recovery, (2) the range of thresh-
old dosages, and (3) whether signs are directly related (primary) to the test
article. An example of clinical signs provoked by a specific drug is given in Table
6.6. Incidences are broken down by dosage group and sex. These data illustrate
the fact that mortality can censor (preclude) the occurrence of clinical signs.
Note that reduced fecal output was a more frequent observation at the inter-
mediate dosages because most of the animals died at the higher dosages.

Therapeutic ratios are traditionally calculated using the dose of the lowest
observed adverse effect. A more sensitive therapeutic ratio could be calculated
using the EDy, (effective dose) for the most prominent clinical sign. However,
while it may be possible to describe a dosage-response curve (which may, in
fact, have a different slope than the lethality curve) for a clinical sign and
calculate the EDs, in practice this is rarely done. It is more common for the
approximate threshold dosages or no observable effect levels (NOELs) to be
reported. A typical minimal acute toxicity study can be summarized as shown
in Table 6.7.
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Acute observation record

(Days, other than Study Day 1, on which no signs
are observed are recorded on the Log of Animal Observations)

Species Sex Route Dose level Animals coded* Date dosed
Study day Page of notes:
Observations: *An.Code *An. ID

Time
Date
No signs -
observed
Reduced
motor activity -
Ataxia
Lost righting *Animal code for
reflex recording
Convulsions observations
( )
Mydriasia
Read and
understood
Date
Death
Observer

Figure 6.11 Example of form for recording clinical observations in acute systemic toxicity
studies.

TABLE 6.6 Example of Clinical Observations Broken Down by Dosage Group and Sex
in Acute Toxicity Study of Drug SC-37407

Dose Levels (mgkg™) by Sex

0 50 160 500 1600
Signs Observed M F M F M F M F M F
Reduced motor activity — — — — — — 5/5 5/5 4/5 4/5
Mydriasis — — — — 35 45 45 5/5 5/5 5/5
Reduced fecal output — — 56 55 35 55 — 15 — —
Hunched posture — — — — — 1/5 3/5 3/5 — —
Convulsions (tonic) — — — — — — 55 1/5 55 3/5
Ataxia — — — — — — 5/5 4/5 2/5 1/5
Tremors — — — — — — 1/5 2/5 1/5 —
Death 0/5 0/5 0/5 0/5 0/5 0/5 5/5 4/5 5/5 5/5

“Signs observed in rats treated orally (no. exhibiting sign within 14 days after treatment/no. treated). A dash
indicates the sign was not observed at that dose level.
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TABLE 6.7 Minimal Acute Toxicity Study Summary of Drug SC-34871

Treatment
Species Dose Dead/ to Death
(Route) (mgkg™)  Dosed LDs, (mgkg™) Signs Observed Intervals
Rat (PO) 2400 0/10  >2400° None None
Rat (1V) 16 0/10  Approximately 67  Reduced motor 0-2h
50 2/10 activity at
160 10/10 50mgkg™;
convulsions,
dyspnea, lost
righting reflex at
160mgkg™
Mouse (PO) 500 0/10  >2400 None None
1600 0/10
2400 0/10
Mouse (IV) 50 110 120 (75-200)° Reduced motor 0-2h
160 6/10 activity, ataxia at
500 10/10 160mgkg™;
tremors,
convulsions,
dyspnea at
500mgkg™

“Limit dosage.
bFiducial limits.

6.3.2 Complete Acute Toxicity Testing

An example of the next-level test, the complete acute toxicity test, is given in
Figure 6.12. As stated by Dayan (1983), the value of doing more than the
minimal test will depend on the nature of subsequent testing. The complete
protocol is designed to provide for a more in-depth search for target organs
than the minimal protocol. This type of study, which has been well described
by Gad and co-workers (1984), is similar in design to a minimal acute toxicity
study but includes feed consumption data, more frequent body weight deter-
minations, and more detailed and frequent clinical sign assessment. Groups
should consist of at least 10 animals per group; 5 per sex per dosage should
then be sacrificed 24-48 h for more immediate examination of any pathological
changes induced by the test article. The remaining animals will be sacrificed
at the end of the two-week period and examined for pathological changes.
Blood will be collected at both sacrifices for clinical chemistry and/or hematol-
ogy determinations. It should be noted that this design bears a striking resem-
blance to the design specified for an “expanded acute” study as required under
the exploratory IND guidance (FDA, 2006), as shown in Figure 6.13.

Body Weight Considerations Body weight and feed consumption are fre-
quently determined parameters in toxicity testing. To an extent, the ability of
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Acclimatization Weigh/feed
period consumption Weigh Weigh

, R $hvd -
| | | | | | | | | | |

1 5 7 9 1 13 15

3
tt t

Dosing, Interim sacrifice, Final sacrifice,
extensive gross necropsies gross necropsies
Group Dosagﬁ observations and organ collection, and organ
M clin lab, 5/sex/dosage collection, clin lab
1 0
2 200 Organs collected
* Brain * Heart
3 600 e Liver * Kidney
4 2000 e Stomach e Spleen
* Thymus e Testes

Figure 6.12 Example of complete acute toxicity protocol.

%
=7* One or two
species

— O -

Do

7]
(¢

* One species only (selections justified with in vitro data) or two species

** Clinical chemistry & hematology, gross necropsy & histopathology—interim
groups & histopathology

**% Clinical chemistry & hematology, gross necropsy & histopathology—in
terminal groups

Also body weights (days 1,2, 4,7, & 14)
Clinical observations (daily)
Doses—100x what you want to do in clinic (microdoses)

Figure 6.13 Exploratory IND enabling acute study. From Gad et al. (1984).

an animal to gain or maintain weight may be considered a sensitive but non-
specific indicator of health. While this is true in subchronic or chronic studies,
its relevance in acute studies must be carefully considered. In most protocols,
body weights are determined on day 1 (prior to dosing), day 7, and day 14,
which are the days mandated by most regulatory guidelines. Despite being
common, the design is not well founded: If an animal has not died within seven
days postdosing, it has probably recovered and its body weight may not be
noticeably different from controls by day 14. A complete protocol addresses
this problem by specifying more frequent body weight determinations (daily
for the first three to five days of the observation period) so that not only can



210 SINGLE-DOSE (ACUTE) & PILOT (DRF) TOXICITY TESTING IN DRUG SAFETY EVALUATION

initial decreases (if they occur) be detected, but recovery can also be charted.
Feed consumption measurements should be made at the same times, because
it is difficult to determine the causes behind body weight changes in the
absence of feed consumption data. Body weight loss accompanied by normal
feed consumption implies something very different than body weight loss (or
lack of gain) accompanied by lack of feed consumption. In the absence of feed
consumption data, however, changes in body weight should still be considered
indicative of a change in an animal’s health status.

Yet another reason why body weight determinations are of questionable
value in acute studies has to do with the statistical analysis of the data. Deaths
may substantially alter group size and complicate analysis. The death of two
of five animals causes a 40% decrease in group size and a substantial diminu-
tion of the power of any statistical test. In addition, the resulting data sets are
censored: Comparisons will often be between the control group, a dosage
group where all the animals survive, and a high-dosage group where less than
50% of the animals survive to the end of the observation period. One has to
question the utility of body weight changes if they occur at dosages that are
acutely lethal. The data in Table 6.8 illustrate this point. Body weight changes
tended to occur only at dosages that were acutely lethal. Additionally, one
would suspect that the censoring of body weights in groups where death occurs
is not random; that is, the animals that die are most likely those that are most
sensitive, while those that survive are the most resistant or robust. This problem
can be addressed by building exclusionary criteria into a protocol. For example,
one could statistically analyze body weight data in groups that only had less
than 50% mortality.

Minimal rather than complete protocols tend to be more common in the
acute testing of pharmaceutical agents. Drugs will almost always be subjected
to at least one subchronic study. Body weight and feed consumption determi-
nations are a standard feature of such studies. Additionally, changes in body
weight and feed consumption are more likely in a subchronic than an acute
study because the animals are dosed continuously between body weight
determinations.

Pathology Considerations One of the objectives of any well-conducted
toxicity study is to identify target organs. There is some question, however,
concerning the utility of extensive pathological assessments as part of an acute
study. Gross necropsies are generally the minimum assessments requested by
most regulatory bodies. Hence, minimal protocols will include necropsies on
all animals found dead and those sacrificed following the postdosing observa-
tion period. An example of necropsy findings is given in Table 6.9. This table
illustrates that gross necropsy observations on acute studies rarely predict the
toxicity that will be seen when the chemical is given for longer periods of time.
This is not surprising, because most drug-related histological lesions are the
result of chronicity; that is, discernible lesions tend to result from the cumula-
tive effect of dosages that are acutely well tolerated.
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TABLE 6.8 Examples of Body Weight Changes in Rats from Minimal Acute Toxicity
Studies

Drug (Route) Dosage (mgkg™) BWT Change (9)* Mortality
SC-32561
PO 0 45+ 4 0/10
5000 39+10 0/10
P 0 43+4 0/10
500 43+9 0/10
890 44 £ 11 0/10
1600 6+ 14° 2/10
2800 24 +20° 3/10
SC-36250
PO 0 38+ 10 0/10
5000 34+£10 0/10
IP 0 34+6 0/10
670 50 + 8° 2/10
890 46 + 8° 3/10
1200 45+ 4 4/10
1400 35° 9/10
SC-36602
I\ 0 38+9 0/10
58 38+3 0/10
67 367 2/10
77 49 + 5° 3/10
89 41 +7 7110
PO 0 38+5 0/10
2100 41+5 3/10
2800 38+5 710
3700 26+ 6 710

“Mean + standard deviation. Body weight (BWT) changes in grams for each group during the first week of
the postdosing observation period.

bStatistically different from control (0 dosage group), p < 0.05.

°Only one animal survived, so there is no standard deviation.

The data in Table 6.9 also demonstrate that substantial gross macroscopic
findings are rare in minimal acute studies and seldom suggestive of a specific
effect. There are several reasons for the lack of specificity. The first is the rather
limited nature of gross observations, in that they are limited to broad descrip-
tive terms (size, shape, color, etc.). Second, for animals found dead, it is difficult
to separate the chemically associated effects from agonal and/or autolytic
changes. Finally, it is difficult to come to a conclusion about the nature of a
gross lesion without histological assessment.

If there are any identifiable gross lesions, they often differ between animals
that die and those that survive to the end of the observation period. The reason
for these differences is very simple. An animal that dies less than 24h after
chemical exposure probably has not had sufficient time to develop a well-
defined lesion. As mentioned earlier, most deaths occur within 24h. Animals
that survive for the two-week observation period have probably totally recov-
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TABLE 6.9 Examples of Gross Necropsy Findings from Acute Toxicity Studies

Drug Acute Gross Pathology Subchronic Target Organs?®

SC-36602 Distended stomach and intestine, bloody =~ None
fluid in intestine, congested lung, pale

liver
SC-38394  None Liver, testes, bone marrow, thymus,
kidney
SC-32840  None Heart, stomach, kidney, bladder
SC-25469  Peritonitis (IP route only) None
SC-36250  Peritonitis (IP route only) Adrenal, liver, thyroid
SC-27166  None Liver

?Organs that showed any evidence of test-article-related changes in repeated-dose studies of two weeks or
longer duration.

ered and rarely have apparent lesions. Hence, the animals that provide the
best chance to identify test-article-specific lesions are those that die in the
region of 24-96h postdosing. This is, in fact, one of the problems with acute
pathology data—that is, comparing animals found dead with those sacrificed
at a different time and comparing both to controls. As mentioned, a complete
protocol, where groups of animals are sacrificed 24 to 96 h after dosing, at least
partially solves this problem.

Many guidelines suggest microscopic confirmation of gross lesions “when
necessary”’; however, these are seldom done because of the autolytic nature
of many of the tissues collected from animals found dead. Additionally, the
practice of collecting and examining only gross lesions is difficult to justify
because it does not permit in-depth comparisons. Pathological findings are
most easily interpreted when the same organs are collected and examined
from all animals on a test regardless of the circumstances of death. Elsberry
(1986) recommends that the GI tract, kidney, heart, brain, liver, and spleen be
specifically examined routinely in acute studies. Given the timing issues dis-
cussed in the previous paragraph, the amount of effort may not be worth the
result. In an attempt to address these problems, Gad and co-workers (1984)
have developed a complete protocol that includes groups of satellite animals
that are sacrificed 48h after exposure, necropsied, and a standardized organ
list collected, weighed, and prepared for histological assessment. This list rou-
tinely includes the “first-line” organs: brain, thyroid, liver, kidneys, heart, and
adrenals. The same organs are collected from all other animals, that is, those
that die as a result of the toxicity as well as control animals. Additional tests
can be included if one has a specific concern. For example, the structure of a
test article may suggest that it has anticholinesterase potential. Therefore, one
could include serum pseudocholinesterase determinations in the clinical labo-
ratory package, as is frequently done for organophosphate and carbamate
structures.
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6.3.3 Supplemented Acute Studies

An example of the third-level acute toxicity test, a supplemented study, is given
in Figure 6.14. Such tests are rarely performed but are of use when one wishes
to obtain data other than descriptive toxicity data. For example, the addition
of satellite groups of animals to be dosed with a radiolabeled compound to
gain pharmacokinetic information will turn a “complete” study into a “supple-
mented” one. Another common practice is the addition of other examinations
or measurements to gain more information about a potential target organ. An
example of this would be recording ECGs in rats, which is too complicated
and time consuming to do on a routine basis but should be considered if the
heart is a potential target organ. One way of describing such a study is that it
is a complete toxicity study carrying a specific screen “piggyback.”

An excellent example of a supplemented protocol is that described by Gad
and colleagues (1984). A neuromuscular screen was developed (Gad, 1982)
and incorporated into their routine acute toxicity protocol for testing nonphar-
maceuticals. Doing so allowed for the more systematic and quantifiable exami-
nation of effects of the CNS than reliance on simple clinical observations. The
neuromuscular screen consists of a battery incorporating standard clinical
observations plus some behavioral assessment techniques already described
in the literature. These are summarized in Table 6.10. This screen has been
further developed to become the now regulatorily required FOB (functional
observational battery). An advantage of this screen is that it uses noninvasive
techniques and therefore will require the use of no additional animals. If an
animal is displaying signs of severe CNS depression 2 h postdosing, little useful
data will be gathered by examining behavior. In testing a pharmaceutical it is
probably better practice to apply the neuromuscular screen on days 2, 7, and
14 postdosing in an attempt to identify more subtle or lingering effects and to
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