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A comprehensive approach for drug safety assessment
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Abstract

A comprehensive, multidisciplinary approach is proposed here for the development of a drug with an acceptable safety profile.
Key parameters to be considered for drug safety evaluation based on this comprehensive approach include the following: (1)
Pharmacology: Possible toxicity due to drug–target interactions, including interactions with unintended molecular targets, or
with molecular targets in unintended organs. (2) Chemistry: Chemical scaffolding and side-chains with safety concerns. (3)
Toxicology: Toxicity in animals in vivo, and in relevant animal and human cells in culture. (4) Drug metabolism and pharma-
cokinetics: Safety concerns due to toxification or detoxification, organ distribution, clearance and pharmacokinetic drug–drug
interactions. (5) Risk factors: Physiological, environmental and genetic factors that may enhance a patient’s susceptibility. It is
proposed that this integrated, multidisciplinary approach to safety evaluation may enhance the accuracy of the prediction of drug
safety and thereby the efficiency of drug development.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

Classical toxicologists rely on Paracelsus’ Principle
1]:

All things are poison and nothing is without poison.
olely the dose determines that a thing is not a poison.”

This principle of toxicology derived in the 15th cen-
ury is the cornerstone of today’s traditional practice of
oxicology. Dose–response relationship is the most im-
ortant data set from which safety is determined. For
rugs, safety is estimated based on the therapeutic in-
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dex, a ratio of the toxic dose to the dose required
efficacy. It is because of Paracelsus’ Principle that t
cologists in general believe that safety can be estim
based on dose–response relationships without a
for mechanistic definition.

This empirical approach to safety evaluation is
parently not adequate, judging from the numbe
drugs with serious, sometimes fatal adverse eff
which have been erroneously concluded to hav
acceptable toxicity profile in preclinical and clinic
safety studies. It is proposed here that drug tox
should be defined based not only on dose–resp
relationship, but also as a function of pharmacol
chemistry, metabolism, and environmental and ge
risk factors.
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2. A comprehensive approach to drug safety
evaluation

The proposed comprehensive approach in drug
safety evaluation is based on an integrated, mul-
tidisciplinary approach. This comprehensive under-
standing of drug safety should be applied to-
wards all phases of drug discovery and devel-
opment, from target identification through clinical
trials.

The key scientific disciplines to be included in this
comprehensive approach to drug safety evaluation in-
clude pharmacology, chemistry, drug metabolism and
toxicology. A new discipline of risk factor identifica-
tion is also proposed.

2.1. Pharmacology

As drugs are developed to be pharmacologically
active, it is only logical that one should understand
the safety concerns, if any, associated with the in-
tended pharmacological effects. The toxicological ram-
ification of the interaction of the drug candidate with
the intended target in the target and nontarget tis-
sues, and the likelihood of interactions with unin-
tended targets, should be defined. This is especially
important for a novel target with little preexisting
clinical data. For instance, a novel target in the cell
signaling pathways, which may have myriad cellular
functions. Antagonists or agonists to a molecular tar-
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propriate target even though toxicity to normal tissues
is likely to occur (i.e. damage to normal tissue can be
monitored and managed).

An interesting case of an unintended pharmacology-
related adverse effect is associated with the bio-
logic infliximab—a monoclonal antibody against tu-
mor necrosis factor (TNF), indicated for the treatment
of rheumatoid arthritis and Crohn’s disease. The in-
hibitory effects of infliximab on macrophage activation
are the mechanism for its desired anti-inflammatory
effects. However, diminished macrophage activities
cause an increased susceptibility of the patients to-
wards infection. A warning was added to infliximab
in 2001 [2] for the following reason as stated in a
letter from the manufacturer to healthcare profession-
als:

“ . . .The Box Warning was added as a result of the oc-
currence of 84 cases of tuberculosis worldwide, during
the period from August 24th, 1998, through June 30th,
2001. . . An increased risk of infections associated with
tumor necrosis factor blockade, is consistent with the
known effects of TNF on macrophage activation and
granuloma formation.”

One should also anticipate possible drug–drug inter-
actions based on pharmacological properties. A recent
case of pharmacological drug–drug interaction is the
interaction between sildenafil, a drug for erectile dys-
function. Sildenafil acts via the inhibition of cGMP-
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et to cure a disease or to alleviate certain dis
ymptoms may lead to undesirable side effects
ot only to the effects of the agent on the “norm

unctions of the target but also the interactive c
ade of events set off by engagement of the mo
lar pharmacology target, culminating in organ d
ge.

Anticancer drugs represent where pharmacolog
ffects can be related to drug toxicity. Recently, no

argets have been proposed for anticancer drugs b
n the novel discoveries in tumor cell and mole

ar biology including molecular controls of cell div
ion, apoptosis, macromolecular processing, inva
nd angiogenesis. As many of these molecular ta
re also present in nontumor tissues, one needs
ure that the unintended toxicity in normal tissue is
ificantly less than that in the cancer cells, or at l
evelop a rationale for why the target remains an
pecific type 5 phosphodiesterase (PDE5). It also
uces mild decreases in systolic and diastolic b
ressure and an array of minimal side effects, p
bly due to the inhibition of other types of phosp
iesterase. Drug interactions involving the concur
se of sildenafil with nitrates and nitrites can prod
rofound hypotension leading to decreased coro
erfusion and myocardial infarction. A May 1998 l

er from the drug manufacturer[3] warns that the dru
s not to be co-administered with organic nitrates. T
otentially fatal drug interaction also led to the wi
rawal of several sildenafil-containing herbal med

ions from the market[4].
A conscientious effort to evaluate pharmacolo

ally related adverse drug effects should allow on
void the selection of a problematic target and to id
ify management strategies early on to eliminate u
ected postmarketing adverse events.
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Examples of pharmacology-related toxicological
investigations are as follows:

1. Are there adverse effects as a result of the desired
drug–target interactions?

2. Is the molecular target present in nontarget or-
gans/tissue? If so, would there be adverse effects
due to interactions with the pharmacological target
in nontarget tissues?

3. Are pharmacological drug–drug interactions likely?
4. Is the pharmacological species a relevant model for

human toxicology?

2.2. Chemistry

Many times during drug discovery, a project is aban-
doned because the major chemical structure (scaffold-
ing) chosen has undesirable toxicity, which cannot be
overcome via modification of the side-chains. It is
therefore important to make sure that chemical struc-
tures with a high probability of success are chosen ear-
lier in the program, especially when multiple chemical
structures are found positive in the early screening pro-
cess for efficacy.

One early approach is to evaluate whether the ma-
jor chemical structure chosen has a history of safety-
related problems. In silico approaches continue to be
developed to correlate chemical structure with toxicity.
As of this writing, it is generally believed that in silico
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3. Can the toxicophore be separated from the pharma-
cophore (using relevant in vitro or in vivo experi-
mental models)?

2.3. Drug metabolism and pharmacokinetics

The relationship between drug metabolism and tox-
icity cannot be overemphasized. Metabolism-related
toxicity is responsible for a number of adverse
drug effects in the liver, the organ where first
past drug metabolism occurs. Species-differences
in drug metabolism represent a key reason for
species-differences in drug toxicity. Pharmacokinetic
drug–drug interaction, the effect of one drug on the
metabolic clearance of a co-administered drug, is also a
major mechanism of adverse drug effects. While organ-
specific toxicity can be a function of metabolism in
specific organs (e.g. liver, kidney), it also can be due to
bioaccumulation (e.g. CNS toxicants).

An important development in drug metabolism is the
general acceptance of human tissue-derived systems,
especially human liver-derived systems such as liver
microsomes and fresh and cryopreserved human hep-
atocytes, in the evaluation of human drug metabolism.
Such studies include the evaluation of intestinal up-
take, metabolic stability, metabolite identification and
pharmacokinetic drug–drug interactions[7,8]. Drug
metabolism data obtained with human in vitro sys-
tem provides critical safety information such as the
identification of toxification and detoxification path-
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pproaches are adequate for the prediction of geno
ity such as the Ames Salmonella/histidine-revision
ay, but are not yet applicable for other types of toxi
e.g. hepatotoxicity; cardiotoxicity)[5,6]. A promising
pproach is to perform in vitro toxicological ass
arly in drug discovery to allow the selection of
hemical structures with the least toxicological liab
ies. Combined use of efficacy screens and in vitro
city screens allows one to evaluate whether the ch
al structures important for efficacy (pharmacopho
an be distinguished from those responsible to tox
toxicophores).

Examples of chemistry-related toxicological qu
ions are as follows:

. Are there known adverse drug effects assoc
with the major chemical structure (scaffolding)?

. Are there chemical side-chains with known toxic
(structural alerts for toxicity)?
ays. Drug metabolism data are routinely used to g
he selection of the most “relevant” animal species
afety and pharmacology studies based on their
arities to human in metabolism. In vitro human s
ems allow one to develop human metabolism data
ore a drug candidate is administered to human
ivo.

A consensus is being reached on drug metabo
roperties, which appear to occur frequently in dr
ith fatal idiosyncratic drug toxicity. These prop

ies include the formation of reactive metabolites,
yme induction, P450-related toxification pathw
nd propensity for drug–drug interactions[9–12].
hese common properties are consistent with the
osed mechanisms of idiosyncratic drug toxicity
an be used to guide the elimination of drug candid
ith high probability of causing idiosyncratic drug to

city.
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Examples of drug metabolism and pharmaco-
kinetics-related toxicological questions are as follows:

1. Is the chemical entity biotransformed? If so, is it
rendered more (toxification) or less (detoxification)
toxic?

2. Are the human metabolites similar or different
from the metabolites formed in laboratory animals?
Which animal species is most like human?

3. How rapidly is the chemical entity cleared?
4. Is the chemical entity or its metabolites accumulated

in specific organs?
5. Are pharmacokinetic drug–drug interactions likely

to occur?

2.4. Toxicology

Well-designed toxicity studies are key to safety
assessment. The commonly applied approach of
a battery of genotoxicity assays, and studies with
laboratory animals including acute, subchronic and
chronic studies, developmental toxicity studies, and
life-time carcinogenicity assays are invaluable in the
evaluation of drug toxicity. The emphasis here is that
the toxicity observed should be evaluated mechanisti-
cally to derive the most accurate prediction of human
safety.

Although the definition of human safety is the ulti-
mate goal, it is also important, during early phases of
drug development, to predict animal toxicity that may
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an integrated multiple organ culture system which in-
tegrates cells from multiple organs for the evaluation
of drug toxicity [16]. An advantage of in vitro exper-
imental systems using primary cells, which retain hu-
man specific properties is that the results are likely to
be relevant to human. A caveat of the use of in vitro sys-
tems is that care must be taken to avoid erroneous con-
clusions due to in vitro artifacts and the performance
of experiments under physiologically irrelevant condi-
tions (e.g. dose levels that would not be achievable in
human in vivo), and to fully recognize the limitations
of the in vitro system (e.g. the lack of blood circula-
tion, excretion, multiple organ and tissue interactions
(which may be improved via the use of the integrated
co-culture system, idMOC[16]), and an intact immune
system).

Toxicology studies should be performed using an
investigative approach. Adverse effects should be fur-
ther defined mechanistically, using endpoints and ex-
perimental systems, which may not be routine. In vitro
approaches using primary cells from human or animal
organs, high content assays such as genomics, pro-
teomics, metabolomics, are examples of experimental
tools for mechanistic studies. An example of an ap-
plication of novel technologies is a recent study with
troglitazone, a drug successfully marketed for the treat-
ment of type II diabetes but was withdrawn due to
its association with fatal liver toxicity. Troglitazone
was found to induce a significantly higher number of
gene expression changes for a battery of toxicologically
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ccur during preclinical safety trials to allow one
esign the most effective animal studies. A key in
se of laboratory animals is to use species that are
relevant” to human, whenever possible. Key toxic
eterminants that are different between the labora
nimals used and humans should be clearly defin
id data interpretation.

An expert group recently concluded that hum
ased experimental systems are useful in aiding
rediction of human drug toxicity and that in vitro s

ems with primary cells, especially from human orga
erve as promising experimental systems for the
ation of human-specific drug properties[7]. Exam-
les of such assays are the use of human blood v
ndothelial cells in the evaluation of vascular toxic

13], human hepatocytes in the evaluation of hepato
city [7,8,14], and human kidney proximal tubule ce
or nephrotoxicity[15]. A most recent development
elevant genes than the relatively nontoxic struc
nalogs rosiglitazone and pioglitazone[17]. Based on

he differences between toxic and nontoxic compou
n their effects on gene expression, one can cons
ossible mechanisms of toxicity, which can be ex

mentally verified and applied towards the predict
f human effects. Additionally, the knowledge can
pplied for the development of biomarkers of toxic
nd the development of screening assays for sp

oxic liability.
Examples of toxicological questions that are r

ant to the prediction of human drug toxicity are lis
elow:

. Is there toxicity observed with the chemical en
in vitro and in vivo?

. Is the toxicity associated with the chemical scaf
or its side-chain?
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3. Does drug metabolism or organ distribution con-
tribute to the toxicity observed?

4. Would there be species differences in toxicity? If
so, why?

5. What are the expected risk factors for toxicity?

2.5. Risk factor identification

While it is true that dose is key to toxicity, the
dose that is toxic to different individuals may differ
due to physiological, environmental and genetic fac-
tors. A dose that is nontoxic to a majority of the patient
population may be fatal to an individual due to one or
more of these factors (risk factors). A case in point, the
analgesic acetaminophen is a safe drug but is known
to cause fatal hepatotoxicity, especially in individuals
who consumed alcohol. Alcohol has been identified as
a risk factor for acetaminophen, presumably due to the
induction of the metabolic “toxification” pathway (e.g.
cytochrome P450 isoform 2E1) as well as the reduc-
tion of detoxifying protective cofactors (e.g. reduced
glutathione)[18].

The risk factor approach in drug toxicity is implied
in a recent proposed hypothesis for idiosyncratic drug
toxicity, the Multiple Parameter Hypothesis, which
states that the low frequency of idiosyncratic drug tox-
icity is due to concurrence of multiple independent
events[6]. Based on the hypothesis, the probability for
idiosyncratic drug toxicity (Pidt) is a product of the fol-
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where Toxindividual is the toxicity of the drug in a partic-
ular patient at the specific time of administration (e.g.
dose to cause liver failure);D the dose of the drug ad-
ministered; Toxinherentthe inherent toxicity of the drug
as related to the chemical structure; and RFtotal repre-
sents a single risk factor as a result of all risk factors
which can be physiological, environmental and genetic
factors that the patient has or is subjected to that would
enhance toxicity.

Definition of risk factors should be based on the
mechanistic understanding of the key toxic pathways.
For instance, if toxicity is due to the formation of toxic
metabolites, one needs to define potential risks due to
individual with enhanced toxification and/or reduced
detoxification pathways as well as pharmacokinetic
drug–drug interactions that may increase a patient’s
body burden of toxic metabolites.

As of this writing, risk factors associated with drug
metabolism (e.g. induction of toxifying metabolic ac-
tivities; reduction of detoxifying activities; polymor-
phism of metabolic enzymes; pharmacokinetic drug-
drug interactions) probably are better defined than
risk factors not associated with drug metabolism[19].
Current investigation of nonmetabolic risk factors for
established drugs (e.g. inflammation, disease status)
should help define risk factors of new drugs. There is
evidence, for instance, that inflammation is a risk factor
for drug induced liver failures[19,20].

A thorough understanding of risk factors based
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owing independent probabilities: (1) exposure to
rug (e.g. dose;Pexp); (2) inherent biological prope

ies of the drug due to its chemical structure (e.g. ab
o form reactive metabolites;Pchem); (3) environmen
al risk factors (e.g. co-exposure to interacting fo
r drugs;Penviron); and (4) host risk factors (e.g. g
etic determinant for drug toxicity; disease conditi
redisposing an individual to drug toxicity;Phost):

idt = PexpPchemPenvironPhost

A corollary of the Multiple Parameter Hypothe
s that there exist risk factors that can dramatically
ance a drug’s toxic potential. Individuals in an en
onment at a specific point in time may have the “rig
ombination of risk factors that, if administered a d
ith idiosyncratic toxic properties, would succumb

ts toxicity.

oxindividual = f (D, Toxinherent, RFtotal)
n known pharmacology, chemistry, drug metabol
oxic mechanism, and patient characteristics will
ey decisions in drug development. An estimation
he probability of human populations with unfavora
isk factors (to allow a go/no-go decision), and the
ibility of the identification of at-risk populations (
llow safe administration of the drug), are informat
hich may be critical to the development of safe dru
Examples of questions regarding risk factors

isted here:

. Physiological risk factors: Would specific age, ge
der, race and disease state enhance toxicity?
patient population known to be more susceptibl
certain types of adverse drug effects (e.g. hep
toxicity in the diabetic population)?

. Environmental risk factors: Are there environmen
tal conditions that can enhance toxicity? Are th
co-administered drugs or foods that would lea
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toxicity due to either pharmacokinetic or pharma-
cological interactions?

3. Genetic risk factors: Are there genetic determinants
of susceptibility to drug toxicity? For instance, is
there known genetic polymorphism of the toxify-
ing or detoxifying pathways (e.g. CYP2C9; uridine-
dependent glucuronosyl transferase) in the human
population?

2.6. Implementation

The proposed comprehensive approach allows one
to assess drug safety intelligently and scientifically, and
therefore should be an integral part of the drug dis-
covery and development process, from target selection
to clinical trials. Drug candidates conscientiously se-
lected based on the implementation of this approach
should have a higher probability of clinical success than
drugs selected based mainly on efficacy alone.

This comprehensive approach is best practiced
by a team with members with in depth knowl-
edge of the multiple scientific disciplines described
(pharmacology, chemistry, drug metabolism, phar-
macokinetics, toxicology, genetics). An example of
a Comprehensive Drug Safety Evaluation Team is
one led by a toxicologist, with team members
with expertise in pharmacology, chemistry, drug
metabolism/pharmacokinetics, pathology, genetics and
supplemented by other scientific disciplines (e.g. epi-
d
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is concluded to be safe to humans should rightly re-
ceive regulatory approval, and is in fact a more effi-
cient approach than the current approach of a min-
imum data package and optimistically interpreting
adverse data.

2. Prolonged time and extra resources needed for drug
development: As it is difficult for toxicity to be
clearly defined, this comprehensive approach may
require investigations which may lead to further in-
vestigations, thereby requiring further investment in
time and resources. As the ultimate goal is the selec-
tion of the best drug candidate so that a successful
drug can be developed, it needs to be ensured that the
team members are working at the highest efficiency
to reach this goal. Delays will occur, but only for
sound reasons. Additional investigative work early
in drug development should be more than compen-
sated by the subsequent decrease in failure rates
in the clinic. The extra costs can easily be justi-
fied by the higher success rate in the clinical tri-
als and the minimization of the incidence of with-
drawal of marketed drugs due to unacceptable drug
effects.

The underlying principle for the proposed approach
is that the accuracy of drug safety can be enhanced via
a multidisciplinary collaboration to allow a clear un-
derstanding of toxicity-related drug properties includ-
ing pharmacology, chemistry, drug metabolism, toxi-
cology and risk factors. Recent advances in informat-
i mics,
m cel-
l hen-
s

ss,
s gral
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emiology, statistics, medicine) as needed.
Two major objections to the adoption of this co

rehensive approach to drug safety evaluation a
ollows:

. Complications with regulatory approval: The old
adage in regulatory toxicology is to present the
ulatory agencies with the “cleanest” data pack
possible. Experimentations that may “complica
the package are to be avoided at all costs. The
to pay for this approach is that data interpretat
based purely on standardized, routine tests, w
out further investigative experimentations, may
allow one to accurately predict human drug saf
An investigative approach allows the presenta
of scientific information and the rationale of t
conclusion based on experimental data. It is arg
here that via objective and scientific experime
approaches and data analysis, a drug candidat
cs, high content assays such as genomics, proteo
etabolomics, in vitro biochemical, molecular and

ular experimental systems, should aid this compre
ive approach to evaluate drug safety.

As drug toxicity is a key determinant of succe
econdary only to efficacy, it should be an inte
art of drug discovery and development. It is e
ioned that the proposed integrated, multidisciplin
pproach will enhance the efficiency of drug deve
ent via minimizing the probability of the develo
ent of drugs with unacceptable toxicity. Most of

tudies outlined in this proposal are already being
cuted in most drug development programs—this
roach simply place human drug toxicity as the m

ocus and driving force. Adaptation of this appro
ill no doubt involve more resources than the c

ent “routine” approach, but it is expected that the
hould justify the means—the minimization of cos
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outcomes such as clinical failures and market with-
drawal due to adverse drug properties should more than
compensate for the extra initial expense.

Finally, the following modified version of the
Paracelsus’ Principle is proposed:

“While dose makes the poison, environmental, ge-
netic, and physiological factors determines the dose
that makes the poison for an individual”

The environmental factors include co-administered
foods, drugs and environmental chemicals; genetic fac-
tors include drug metabolizing enzyme genes and var-
ious damage–repair genes; and physiological factors
include size, age, gender and disease states.

Accurate prediction of human drug toxicity requires
not just the analysis of dose–response relationship, but
also a clear knowledge of the mechanism of toxicity
and the corresponding risk factors.
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