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REVIEW: FRONTIERS IN PHARMACOLOGY

Principles of Safety Pharmacology
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Safety Pharmacology is a rapidly developing discipline that uses the basic principles of pharmacology in a regulatory-driven
process to generate data to inform risk/benefit assessment. The aim of Safety Pharmacology is to characterize the
pharmacodynamic/pharmacokinetic (PK/PD) relationship of a drug’s adverse effects using continuously evolving
methodology. Unlike toxicology, Safety Pharmacology includes within its remit a regulatory requirement to predict the risk
of rare lethal events. This gives Safety Pharmacology its unique character. The key issues for Safety Pharmacology are detection
of an adverse effect liability, projection of the data into safety margin calculation and finally clinical safety monitoring. This
article sets out to explain the drivers for Safety Pharmacology so that the wider pharmacology community is better placed to
understand the discipline. It concludes with a summary of principles that may help inform future resolution of unmet needs
(especially establishing model validation for accurate risk assessment). Subsequent articles in this issue of the journal address
specific aspects of Safety Pharmacology to explore the issues of model choice, the burden of proof and to highlight areas of
intensive activity (such as testing for drug-induced rare event liability, and the challenge of testing the safety of so-called
biologics (antibodies, gene therapy and so on.).
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A definition and history of Safety Pharmacology

Safety Pharmacology is the discipline that seeks to predict
whether a drug (in the widest sense of the word), if
administered to human (or animal) populations, is likely to
be found unsafe, and its professional mandate is to prevent
such an occurrence. Prior to 1990, pharmaceutical companies
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conducted toxicological testing of lead compounds as part
of preclinical drug discovery. However, it has become
increasingly clear over several decades that drugs may
progress as far as phase 3 clinical trials (that is, the intended
patient population) before rare and potentially lethal adverse
effects become apparent. The vigilant post-marketing sur-
veillance (PMS) efforts by regulatory authorities necessary to
confirm the existence of a rare adverse event occur after
approval for human use. The Food and Drug Administration
of the United States/Center for Drug Evaluation and



Research uses tools such as drug experience reports, medical
literature (clinical trial data) and multiple federal agency
data sources (Drug Enforcement Agency (DEA); National
Institute of Health (NIH); National Institute on Drug Abuse
(NIDA)) in conjunction with the division of pharmaco-
vigilance and epidemiology, which utilizes the spontaneous
reporting system (SRS) to monitor adverse drug effect
patterns potentially indicative of a public health concern
(a potential ‘signal’). The SRS receives adverse drug reaction
reports derived from health care providers and hospitals.
When an adverse effect is very rare, it may require millions of
prescriptions before an awareness of its existence emerges.
There are numerous examples of this in the literature
(for example, Kemp, 1992); one of the best is terfenadine.

In the mid 1990s the antihistamine, terfenadine (Seldane,
Marion Merrell Dow), was withdrawn following a growing
awareness that the drug could evoke the potentially life
threatening cardiac syndrome, torsades de pointes (TdP), in
otherwise healthy patients (Monahan et al., 1990; June and
Nasr, 1997). Prior to this, the general perception was that
only cardiac/cardiovascular compounds were considered to
possess such a tendency (liability). The problem here was
that terfenadine, a non-cardiovascular drug, had low efficacy
to evoke TdP making it so rare an event that it required
several million prescriptions before its liability became
suspected. The other important consideration here is that
the indication for which terfenadine was used (hayfever) is
itself far from life threatening. Therefore, risk (death) clearly
outweighs benefit (the amelioration of a ‘runny nose’;
Rosen, 1996).

This episode was of great importance to what we now call
Safety Pharmacology (a discipline that did not exist at the
time). This is because predicting terfenadine’s TdP risk was
not possible by the conventional preclinical toxicity testing
methods conducted at the time. Preclinical toxicology
testing, as an approach involved determining the high-dose
adverse event profile of a compound given at chronic, toxic
doses, but would not have detected a rare lethal event
liability at therapeutic dosage. Indeed, screening for TdP
liability risk in animals or in phase 1 and 2 clinical
investigations (whether by evaluating QT prolongation or
by exploring other putative biomarkers) was not recognized
as relevant, let alone necessary, in the late 1980s and early
1990s. Moreover, the magnitude of the effect of terfenadine
on QT interval is small, and peak effects may exhibit a
delayed onset (Ollerstam et al., 2007) and so the effect is hard
to detect even if one is looking. This problem could have
been avoided if, instead of routine toxicology, a programme
of specific high throughput screening (HTS) for TdP liability
had been utilized in early drug discovery at the time, but
consideration of biomarkers for rare adverse event liability
was not part of the toxicology agenda in the early 1990s.

Even though it was known that repolarization delay in the
ventricles of the heart was associated with TdP occurrence, it
was not until 1996 that Brown’s group identified the likely
mechanism of terfenadine’s ‘cardiotoxic’ actions (Roy et al.,
1996) and Rosen, by bringing together for consumption in
the mainstream literature (Rosen, 1996) all of the threads,
helped to inform a growing awareness in industry that
toxicology alone, as practised at the time, was insufficient for
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detecting rare but lethal adverse effect liability. In response
to this, within 4 years, Safety Pharmacology had evolved into
an industry department-based discipline designed to bridge
the gap between preclinical toxicology and (preclinical and
clinical) drug development (Bass et al., 2004a).

The creation of Safety Pharmacology has not resolved all
challenges, especially with respect to detection of rare and
lethal adverse effect liability. One of the most difficult
problems in Safety Pharmacology is how to conduct early
HTS for adverse effect liability with precision and accuracy
and in a manner that the data set for a drug deemed ‘safe’ by
the owner of the drug can be presented in a convincing way
to regulators. This is a particular problem for rare but
potentially lethal adverse drug effects. Furthermore, to
interject into this discourse, we noted earlier that Safety
Pharmacology (as exists today) is tasked with identifying
drugs as unsafe (within the therapeutic window) so, in effect,
the data set the company presents to regulators is a failure to
disprove that the drug is likely to be unsafe, rather than
positive indication of likely safety. The extent of this
difficulty becomes clear when we consider that even though
more than 10 years has passed since the terfenadine episode,
it is still not possible to quantify, with high certainty, a risk/
benefit assessment for TdP liability for a drug about to enter
phase 1 clinical studies based on preclinical (or even clinical
QT test) data sets (Shah, 2008). Thus, we really remain years
away from being able to take a drug’s range of I1Cs values for
different molecular targets (that is, its selectivity profile) and
generate a number that reflects its risk (that is, liability to
evoke TdP) that can then be balanced against a number that
reflects its likely therapeutic benefit. This model applies to
all and any rare, but potentially lethal, adverse effect issues.

So, how has this impacted on the unfolding (and evolving)
history of Safety Pharmacology? In the absence of quantifi-
cation of the predictive value of tests and programmes,
industry and the regulators have attempted to accommodate
one another through a series of industry- and regulatory-led
initiatives. Of the latter, the most important is the Interna-
tional Conference on Harmonization (ICH). The ICH is a
project started in 1990 that utilizes the regulatory authorities
of the United States, Europe and Japan in conjunction with
experts from the pharmaceutical industry (from the three
regulatory regions) to discuss scientific and technical aspects
of therapeutic drug registration (Bass et al., 2004a). What has
this to do with pharmacology? The answer is that Safety
Pharmacology has been shaped in structure and function by
this ongoing accommodation between pharmacologists and
regulatory authorities.

The agenda of Safety Pharmacology

Regulatory authorities (for example, the FDA (US), Health
Canada (Canada), European Medicines Agency (EMEA) and
Japanese Pharmaceutical Manufacturers Association (JPMA))
give approval for drug use in humans. Therefore, convincing
the regulators that a drug is safe and efficacious is a key part
of the drug discovery/development process. Thus, it is
important to consider who the regulators are and what they
want to know. The structure of a Safety Pharmacology ‘core
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An overview of the multidisciplinary integration required to evaluate the safety profile of a new chemical entity (NCE) in Safety

Pharmacology. Consideration is required of the physicochemical and pharmacological nature of the compound, along with toxicological and
associated ADME and pharmacokinetic findings. The lower panel of the figure depicts some of the possible non-clinical methods/parameters
recommended for assessment in the safety pharmacology core battery of tests by ICH Guidelines S7A and S7B.

battery’ programme (Figure 1) is to determine the potential
undesirable pharmacodynamic effects of a drug on the
central nervous, cardiovascular and respiratory systems, as
well as to implement supplementary tests to evaluate other
organ systems (Pugsley, 2004; Bass et al., 2004b). Thus it is
primarily designed to take account of regulatory require-
ments; scientific issues are secondary. Follow-up studies may
be triggered if there is a need to characterize specific adverse
effects found in initial Safety Pharmacology studies.
Although follow-up may appear more scientifically driven
than the core programme, the design of follow-up studies is
nevertheless based on what is perceived by the pharmaceu-
tical company to be the data required by the regulators. This
gives a rather special flavour to Safety Pharmacology—it
serves the needs of regulatory authorities primarily, and
scientific proof is a secondary issue. But pharmacology is a
science; this article therefore sets out to interrogate the
Safety Pharmacology agenda and explore how far its mores
digress from the rubric of science.

The practical agenda of Safety Pharmacology (to determine
if a drug is ‘unsafe’, and, if this is not the case, to inform drug
discovery that the drug is likely to be ‘safe’) is the flip side of
drug discovery itself (to determine whether a drug is
‘effective’). If these semantics are kept in mind, the process
of Safety Pharmacology is exactly the same as that for
discovery; for a drug to progress to patients, Safety
Pharmacology must conclude that a drug has a sufficiently
low potential to evoke adverse effects to be trialed in
patients, whereas discovery must conclude that a drug
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has a sufficiently high potential for benefit to be trialled
in patients. Clearly, therefore, Safety and Discovery
Pharmacology are interconnected, as a greater potential
benefit may offset a greater potentially adverse effect
liability.

Both Safety Pharmacology and discovery rely on pre-
clinical (animal) research prior to phase 1 human testing.
Thus both are subject to the same issues, namely concerns
over whether the animal models will allow accurate and
complete detection of ‘hits’ without false positives or
negatives. Thus, both seek to identify and use full-scale
clinically relevant end points (for example, detection of
disease generation in Safety Pharmacology, and protection
against generated disease in discovery). At the same time, for
reasons of practicality, both tend to use biomarkers (surro-
gate end points) such as kinase inhibition as a biomarker for
cancer suppression in drug discovery (Garber, 2006), and
hERG block for TdP in safety (Sanguinetti and Mitcheson,
2005) to reduce the need for experimental complexity.
Expert use of biomarkers is the most challenging aspect of
Safety Pharmacology, and is a topic to which we will return
on more than one occasion in this article, especially in the
context of HTS for rare but serious adverse drug effect
liability (for example, TdP liability).

One of the key roles of Safety Pharmacology is to help
inform the decision to begin testing in humans. Pharmaco-
logy alone does not define the fate of a new drug. The issues
determining the point at which it is ethical to proceed with
clinical trials informs a risk/benefit assessment that is



weighed against clinical development costs and the potential
market. Risk/benefit assessment may appear to be a rather
simple process; it is not. Determining the risk/benefit
ratio is especially difficult when rare, but potentially
lethal events are a concern for a drug, which is intended
for use against a non-life-threatening condition. The key
point to emphasize again in this regard is that just as
preclinical discovery studies never prove that a drug will be
effective in patients, preclinical Safety Pharmacology studies
never prove that a drug will be safe in patients. Thus the
point at which preclinical data is sufficient to inform a
decision on whether or not to proceed with a drug into
clinical investigation is subjective and a matter of judgement
(both for the company and for the regulators who scrutinize
the application).

How is the decision to begin human testing made? In the
absence of precise guidance from regulators (in some areas
the ICH recommendations are vague) the decision-making
process concerning when to apply for approval to proceed to
phase 1 studies is difficult to understand, especially if a drug
is found in preclinical tests to have a possible liability to
evoke a serious adverse effect. Ultimately the regulators will
decide whether to allow the drug to proceed to humans . . .
or not (there is no halfway house). Nevertheless, prior to
this, the regulators may put the drug ‘on hold’ and request
more preclinical data. Each sponsor/company will make the
initial decision to advance a compound into clinical testing
(for example, submit an Investigational New Drug (IND)
submission), and this will be based on both efficacy and
safety data. Then the regulatory agency would either support
an IND application, or place it ‘on hold’ with a request for
more data.

It is important to note that both discovery and safety
ought to take account of dosage to inform a likely safety
margin for the drug. If animal models can be used reliably to
predict the necessary dosage for benefit, and the maximum-
tolerated dosage, it may be possible to calculate a projected
safety margin. Of course this begins to become a challenge if
one attempts to equate in vitro data (using drug concentra-
tions) with in vivo data (and dosage).

Moreover, if biomarkers are used to substitute for real
benefit or real risk in discovery or Safety Pharmacology this
may lead to over- or underestimation of projected safety
margins. This is a highly problematic area. Unless one
proposes that both discovery efficacy and Safety Pharmaco-
logy adversity studies be conducted entirely in human
volunteers (which effectively means abandoning all
scientific research in medicine), a solution is required. There
are two contrary possibilities. One is to minimize the use of
surrogate biomarkers when estimating dose-response rela-
tionships in preclinical discovery and in preclinical Safety
Pharmacology. The other is to, in effect, maximize use of
surrogate biomarkers. This seems counter intuitive but it is
becoming a trend in larger pharmaceutical companies. The
rationale is to combine several surrogate biomarkers and
conduct an ‘integrated assessment’ under the assumption
that the predictive value of the integrated assessment is
sufficiently better than the predictive value of a single
surrogate biomarker to warrant this approach. Although this
is pragmatic, we would recommend avoidance of surrogate
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biomarkers if possible (that is, if the adverse effect itself is
available as a readout in a model).

As an aside, it is worthwhile at this point to define the
concept of good laboratory practise (GLP). In discovery and
Safety Pharmacology there comes a stage when it is necessary
to prepare IND documentation for submission for regulatory
approval. Regulators take most notice of GLP studies, which
use models that are formally validated (in as much as all
procedures are defined, monitored and documented accord-
ing to a recognized procedure, consideration of the details of
which is beyond the scope of this article). GLP ensures the
generation of verifiable quality data for the drug in
development and, as such, defines the framework in which
preclinical studies for regulatory submission must be con-
ducted. GLP regulations encompass all components of
regulated preclinical studies including the scientists involved
(Study Director/Monitor), the test facility, the test system
and the test article (test drug). The FDA regulates the
conduct of preclinical laboratory studies under Part 58 (good
laboratory practise for non-clinical laboratory studies) of
Title 21 of the Code of Federal Regulations (US FDA, 2005a).
We would add, as a further aside, that GLP validation is not
equivalent to scientific validation; GLP is primarily a process
of bookkeeping to ensure that agreed procedures have been
followed. This does not mean that the agreed procedures
constitute a validated method.

Once human testing has begun, risk/benefit assessment
continues, this time in the patient population. This means
taking into account the seriousness of the disease as well as
the seriousness of any adverse effects. This is primarily
relevant to pharmaceutical company choice making about
investment (spending). Thus, a very promising cure for a
rapidly progressing disease with a poor prognosis, such as
pancreatic cancer, will likely be allowed to enter phase 1
clinical trials in pancreatic cancer patients with minimal
preclinical Safety Pharmacology testing. In which case, the
extent of Safety Pharmacology investment will be mini-
mized. Thus, the oncology division at the FDA may not fully
enforce ICH S7A (the regulatory guidance document that
provides general principles and recommendations for safety
pharmacology studies) depending on the seriousness of the
disease and current therapy (or the absence of current
therapy) in this population, in which case the company will
be able to minimize their spending (by carrying out more
focused and, hence, fewer Safety Pharmacology tests).

An IND is a request, under the FDA's jurisdiction, to allow
initiation of clinical trials. A successful IND may be filled
with an abbreviated version of the core battery investigation
if the regulator deems it is worth providing this drug to
patients quickly. Of course, preclinical scientists who are
dealing with, for example, the oncology division of the FDA,
know the requirements of this division because they will be
aware of a number of IND packages that do not fully adhere
to the S7A guidance, and yet were approved to allow clinical
trials to proceed. This informs investment choices (spending).
Subsequently, the regulatory authorities will judge if the
Safety Pharmacology data is sufficient to establish that the
drug does not expose patients to an unreasonable risk; with a
rapidly lethal disease and a new type of treatment, time is of
the essence and minor adverse effects may not be a critical
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concern. Other considerations for regulators (when deciding
whether to allow a drug to progress to patients) include
manufacturing information documenting consistency of the
drug, the proposed clinical protocol and the qualifications of
the clinical investigators charged with managing the pro-
posed studies. The flexibility of requirements associated with
variations in disease severity, variations in the need for a new
drug and variations in the anticipated adverse effects of the
new drug should not be regarded as a charter for corner
cutting as even abbreviated submissions are subjected to
rigorous scrutiny.

Thus, industrial Safety Pharmacology departments seek to
fulfill the requirements of the S7A core battery using
different combinations of tests based on scientific judgement
and the particularities of each drug candidate (that is, on a
case-by-case basis). Experience is a major component in this
process from both the scientist and regulator perspectives.
The process is not dissimilar to jurisprudence (in the legal
milieu). Once a company (or a scientist) has submitted a
successful package (submission to the regulator), the com-
pany learns from this that the approach that informed
generation of the package is acceptable. As an example (from
personal experience) a single study with integrated telemetry
recording of cardiovascular parameters, CNS neurological
examination and a respiratory profile using a pneumotacho-

meter in only n=4 dogs may be sufficient to fulfill the core
battery requirement for a drug indicated for a life-threatening
disease. In contrast, if the condition to be treated is not
life-threatening it may be necessary to implement the full
functional observational battery (FOB). The FOB is a
formalized systematic evaluation of nervous system function
in the rat, comprising more than 30 parameters across
autonomic, neuromuscular, sensorimotor and behavioural
domains in rats (Redfern et al., 2005), respiratory function in
a second study (Murphy and Joran, 1992) and haemo-
dynamic telemetry in dogs (Ollerstam et al., 2007). Drugs for
diseases for which treatments are already available (even
life-threatening diseases such as Hodgkin’s lymphoma) will
usually require a complete Safety Pharmacology investiga-
tion programme and a relatively favourable safety profile.
Thus, there exists a risk/benefit continuum; many currently
available anticancer drugs are not in any way ‘safe’ for
healthy humans but they are considered ‘safe’ for cancer
patients given their debilitating condition. Likewise, given
the anticipated adverse effects of some anticancer drugs, no
testing is needed in healthy human volunteers (see Figure 2
for details on the continuum).

The nature of the drug is also an important factor that will
modulate the requirements for Safety Pharmacology testing.
As an example, a monoclonal antibody (biologic) will be

Data required for decision making: the risk benefit continuum
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Figure 2 Risk/benefit continuum. In this figure, the wedge symbols represent the accumulation of data for positive discovery outcomes and
negative safety outcomes. At some point a decision needs to be made to proceed to human studies. This decision is taken when a subjective
threshold is met (indicated by arrows and dotted lines). The decision is an integrated risk assessment. The amount of time required to reach the
decision is arbitrary as it is the amount of information accumulated that is paramount. The extent data (discovery and safety) necessary and
sufficient for a decision is a trade off. Thus, for a drug for a lethal indication, only a moderate amount of positive discovery data is necessary for a
decision to proceed provided that a sufficient amount of worrisome (‘bad’) safety pharmacology data has not accumulated (quadrant labelled
1"). If a threshold level of bad safety data has accumulated before the threshold amount of ‘good’ discovery data is reached the drug will be
killed (quadrant labelled ‘2"). The same rules apply for a drug for an innocuous indication, except that the threshold amount of necessary
positive discovery data is greater (quadrant labelled ‘3"), while the threshold amount of bad safety data sufficient to kill the drug is much less
(quadrant 4). This figure emphasizes the role of subjective judgement in decision making, and the influence of disease severity on the risk/

benefit calculation.
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allowed to progress to first in human (FIH) studies with
minimal investigation of, for example, TdP liability. In
contrast, a small molecule first in a new drug class will
require a complete Safety Pharmacology assessment before it
can progress to phase 1 assessment in healthy volunteers,
owing to the probability that an entirely new class of drug
will have the greatest scope for unforeseen adverse effect
whereas a monoclonal will have better target selectivity.

As the decision from the regulators for a given product is a
risk/benefit continuum that goes beyond the ICH guidelines
(US FDA, 2001), the company must choose which Safety
Pharmacology tests to perform based on a subjective
judgement that takes into account the need to test for
‘safety preclinical signals’ in the context of the potential
benefit for the patient population by considering currently
available drugs for the indication and their adverse effects
(severity and reversibility of the adverse effects). After all, if,
for example, current best therapy for a lethal indication is
highly unsafe then to test a new drug for this indication for
possible trivial adverse effect liability is needless, and
constitutes development procrastination. Given that human
lives are at stake, the drug developer is under extreme time
pressure to assemble a Safety Pharmacology portfolio that
will provide the regulator with data that demonstrates the
risk/benefit ratio favours use of the drug in such patients.
The pressure exerted by patent laws (time-limited protec-
tion) on bringing a drug as quickly as possible to market
must also be acknowledged and set against the existence of
regulatory guidance on what is regarded as ‘reasonable
promise’ of expected effectiveness as well as ‘reasonable
expectation of safety’ if a drug is allowed to pass from
preclinical to clinical investigation. It is therefore clearly
difficult for regulators and drug developers to know where to
set the threshold for determining a judgement of ‘reasonable
promise’, and how to weigh this against the scope for
ambiguity regarding ‘reasonable expectation of safety’ in
many areas (especially for rare but lethal adverse effect
liability).

In the future, we can anticipate Safety Pharmacology
studies (especially non-GLP screening) being completed
earlier in the process of drug discovery and development,
with preclinical Safety Pharmacology data used to inform
decision making.

The development, validation and accreditation of
preclinical Safety Pharmacology methods

What are the goals of the studies undertaken in safety
pharmacology assessment?

As we have explained, the primary agenda of Safety
Pharmacology is to provide companies with data to dis-
continue development of (kill) unsafe drugs early in the
preclinical development phase. The sooner a decision is
made to kill a drug the sooner the company can begin to
strategize on development pathways, that is, either develop
another drug backup using a similar chemical scaffold or
consider a dissimilar drug class or programme. As real
(human) safety can usually only be decided after conduct
of a meta analysis of clinical trials (a statistical approach that
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evaluates the combined results of several independent
clinical investigation studies, each of which has addressed
a related hypothesis), which takes place after drug approval
and extensive human exposure, preclinical Safety Pharma-
cology does not seek to ordain a drug as ‘safe’. Indeed it
cannot (especially for very rare but potentially lethal adverse
effect liabilities, such as TdP). The best it can do is to attempt
to identify a drug as potentially safe. This means that, in
Safety Pharmacology, expense (of time, human resource and
money) is spent in pursuit, not of bringing drugs to the
market, but in stopping drugs going to market.

Understandably, therefore, it may be that companies with
limited resources to develop drugs could work on the
principle of ‘as little Safety Pharmacology as necessary’ or
‘only what is required’. This may result in cutting corners to
terminate a drug project, but it should not mean not cutting
corners to ordain a drug as safe. In contrast, large
pharmaceutical companies will commit to spend more to
achieve an integrated (in this context we mean comprehen-
sive) Safety Pharmacology programme that provides the best
prediction of human response in the shortest time. Essen-
tially, a larger, resource-rich company may be less ruthless in
terminating a drug candidate early than a smaller company
because a more extensive safety profile can be afforded to be
developed. This ensures a reduced probability of inappropri-
ately terminating development of what may eventually
become a therapeutically useful drug. There are two ways
of proceeding. First, to ensure appropriate decisions are
made, a more comprehensive (and expensive) Safety Phar-
macology programme may be judged to be required. To
make such a comprehensive programme work, the focus is
then placed upon integrating the use of time, resources and
decision-making procedures. On the other hand, the com-
pany may focus on avoiding drug failures owing to adverse
effects and attempt to ruthlessly weed out potential failures
using approaches that may have fewer false negatives in the
hope of achieving close to zero false positives. Both
approaches are subjective: one seeks to avoid throwing out
the baby with the bathwater whereas the other seeks to avoid
leaving a piranha in the bath in place of the baby. The
guiding principle, once again, is to optimize the overall
preclinical Safety Pharmacology programme to minimize
testing time and most importantly, to identify quickly and
accurately, any ‘show stopper’ adverse effect liability as soon
as possible. If drug development can be terminated during
the preclinical testing phase instead of phase 3, this is a
major resource and financial advantage.

What guides safety pharmacology in achieving its goals?
The guiding principle that informs the selection of what
safety tests to conduct, in accordance with those outlined in
guidance documents (S7A and S7B), may therefore be ‘as
little as is necessary and no more than is sufficient’. Safety
Pharmacology is not, after all, about establishing likely
therapeutic benefit, but rather is primarily about preventing
further cost with uncertain benefit.

What is necessary to achieve in the laboratory becomes
increasingly clear the closer one gets to a lead candidate.
Thus, with a new chemical entity (NCE) no safety tests are
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conducted until there is reason for considering the NCE to be
a potential lead compound (that is, until there is some
discovery data available). In contrast, at the other end of the
discovery process, just prior to phase 1 (FIH) clinical
investigations, there will have evolved a detailed portfolio
of Safety Pharmacology data for the ‘nominated’ compound
that will most typically include GLP study findings. The
interesting challenge therefore is to know when to do what
and how to interpret the findings, as the onus on Safety
Pharmacology is to inform the risk/benefit assessment at all
stages of drug discovery and development (see Figure 3).

As is inevitable, a nominated compound will have a
specific preclinical safety portfolio. However, an NCE that
fails in preclinical safety assessment could have an incom-
plete portfolio (the final entry of which will be the outcome
that indicated that potential risk outweighed potential
benefit). For any NCE that fails it is the goal of safety
assessment to inform the decision as early as possible in the
discovery process for reasons of cost (animal and monetary)
and time. Therefore, choice of test and timing of testing are
critical.

How does safety pharmacology go about achieving its goals?

There is a core battery of CNS, respiratory and cardiovascular
tests that will need to be completed if an NCE is to become a
drug (see ‘The agenda of safety pharmacology’ section
above), constructed for purposes of regulatory compliance
as well as reason of good scientific practise. However, as

safety assessment progresses from no data to completion, the
timing of the deployment of different safety tests (core
battery and other studies conducted either in house or at a
contract research organization) is a matter of subjective
judgement (Table 1). This means that different companies
likely conduct studies at different times (Friedrichs et al.,
2005; Lindgren et al., 2008), choosing different non-core-
battery tests from among those available according to
in-house judgement and expertise. While a majority of these
tests may have been validated by blinded experimentation
(for example, Hamlin et al., 2004; Lawrence et al., 2006)
others may not. For these reasons it is beyond the scope of
this article to provide a logical explanation for the process of
deployment of each test based on an appraisal of model
validation and cost effectiveness, therefore we offer here a
mere brief description of typical practise.

In some large pharmaceutical companies Safety Pharma-
cology may be divided into complementary phases. The
initial phase is part of the process that informs lead
candidate selection and optimization, and is usually not
conducted under GLP compliance. For most small molecule
drug candidates, this initial phase includes cardiovascular
screening. This initial phase typically includes ion channel
inhibition (for example, I, also known as the hERG
potassium channel assay; Murphy et al.,, 2006) and may
include an isolated organ preparation (wedge preparation
and/or isolated Langendorff heart; Wang et al., 2008;
Hondeghem et al.,, 2003; Hamlin et al., 2004), an
anesthetized animal model (dogs or monkeys) using
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l Dose-Response Phase |
ICH S7B Genl:etic 2
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Figure 3 Schematic depicting the complex interaction of preclinical scientific disciplines and study models used to characterize the safety
profile of a new chemical entity. A non-clinical development programme includes data from drug discovery models up through Safety
Pharmacology and Toxicology where an investigational new drug application (IND) is filed for a candidate drug. The IND is the means by
which a pharmaceutical company obtains regulatory permission (from the FDA) to provide drug to clinical investigators for use in phase |
clinical trials. The FDA reviews the IND application for safety to assure that clinical research subjects will not be subjected to unreasonable risk.
The candidate drug then proceeds through multiple clinical trials (phase I-lll) after which an NDA or new drug appliation is made to regulatory
authorities. In this document drug sponsors propose that the FDA approve a new pharmaceutical for sale and marketing. The goals of the NDA
are to provide enough information to permit FDA reviewers to establish whether the drug is safe and effective for its proposed indication.
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Table 1 Non-clinical methods recommended for use in the safety
pharmacology core battery of tests by ICH Guidelines S7A and S7B

Safety pharmacology core battery ~ Measured variables

Central nervous system
(Modified) Irwin’s test functional
observation battery (FOB)

Coordination, body temperature,
behavior, neuromuscular,
sensorimotor, convulsions.

Respiratory system
Plethysmography Respiratory rate, tidal volume,
airway resistance/compliance, pH,

pCO,, pO;

Cardiovascular system
QT Interval (telemetry) Blood Pressure, Heart Rate, ECG,
hERG Cardiac Output, Left-Ventricular
Isolated Purkinje fibers Pressure, Contractility, TRIaD, hERG
(Langendorff Isolated Hearts) IC50
(Proarrhythmia Models)

Supplemental systems*
Gastrointestinal
Renal/genitourinary
Blood
Inflammation
Immunological

Intestinal transit time, Gastric
emptying and secretion, urine
volume, total protein, Cl rate
(GFR, Na™*, K™, CI")
Electrolytes, BUN, platelet
aggregation, bleeding time

Abbreviations: Cl rate=renal clearance rate; GFR=glomerular filtration
rate.TRIaD (triangulation, reverse use dependence and instability) refers to
the integrated risk assessment of Luc Hondeghem (Hondeghem et al., 2003).
*Note that there are a number of additional supplemental systems that could
be interrogated, such as the immune system. This Table is not meant to be a
comprehensive list. Refer to S7A and S7B guidance documents for additional
study details.

continuous step infusion (n=2/compound) and a non-GLP
conscious telemetry study (Shah, 2008). Drug class and early
findings such as hERG assay results help define the next step.

The first phase of Safety Pharmacology that is usually done
prior to the core battery is subjective, based on needs,
findings and experience. Drug development teams will rely
on the experience of their safety pharmacology team
through meetings to decide on the successive steps—the
process is dynamic. It is important to remember that drug
discovery research (tests in disease models) occurs in parallel
to safety assessment, and the outcomes of each process
inform the decision making in each process (Figure 2). This is
the type of decision-making process by which drugs are
developed. A simple analogy is the decision making one may
make about taking a swim in the sea in the UK (for non UK
residents, we note that the sea in the UK can range from
balmy and rewarding to chilly, turbulent and treacherous
and the typical UK swimmer can range in competence from
Olympic to dyslipidemic). First, we decide how strongly we
desire to swim. Then we consider the weather. Then
ultimately, having travelled to the coast, we dip our toes
into the sea and decide (factoring in our general health and
fitness) whether or not to take the plunge. This is how drugs
go to market: is there a market? What conditions prevail? Do
we have a launchable product?

To provide a broader assessment of the safety profile, the
animal species selected for an anesthetized animal study may
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often be different from that used for conscious animal
telemetry. If the drug is bioavailable and has adequate PK in
different species, it will be tested in a range of species. If only
monkeys or dog are suitable (that is, owing to the unique
expression in these species of the drug’s primary molecular
target for benefit and/or possible anticipated adverse effects),
a single species can be used. For some drug classes, additional
screening models may be added. This early phase of Safety
Pharmacology may appear somewhat random but this is
because it is the most difficult to design. Should every NCE
be administered to monkeys? Obviously not, especially given
that the goal is to find a read-out that justifies terminating
drug development. It would be most ideal for a number of
reasons if this assessment could be achieved using a test tube
assay. However, we know that this is not achievable nor
realistic despite attempts to suggest otherwise—humans are
complex, integrated physiological systems so similarly
complex systems are needed to evaluate the safety profile
of the compound. Thus, for very novel NCEs, model and test
choice may be impossible to prejudge and decision-making
processes are likely to be frequently reviewed.

For the core battery of safety tests, there are regulatory
guidelines that test for potential undesirable pharmaco-
dynamic effects on physiological functions in relation to
the nature of the drug exposure relevant to functions vital to
life (US FDA, 2001). For the early phase Safety Pharmacology
investigations, decision-making is conducted on an ‘as
needed basis’. As an example, cardiovascular adverse effects
(for example, heart failure liability) of multi-targeted recep-
tor tyrosine kinase inhibitors (for example, sunitinib; Kerkala
et al., 2006; Chu et al., 2007) prompt consideration of the use
of repeated dose Safety Pharmacology screening methods in
conscious animals using telemetry with a focus on systemic
arterial pressure and chronotropic effects for drugs in the
same class (Khakoo et al., 2008). For other drugs, for example,
a topical acne treatment, this would be fatuous. Of course
these choices must be reviewed. Overall, previous failures of
the chosen Safety Pharmacology screening programme to
predict human adverse effects will dictate how the pro-
gramme should be revised. In drug development, companies
may focus on specific therapeutic targets (for example,
a specific enzyme) whereby their chemists will produce a
number of iterations (backup compounds) of the parent drug.
This may reduce the required extent of safety assessment.

If a company is too small to be able to afford progressing a
drug into phase 3 then its ambitions may be limited to sale of
their chemistry, technology and drug development
programmes to a bigger company. The best time to do this
is at FIH stage. Thus a smaller company will adhere to the
tenet ‘as little testing as needed’, as described earlier. A larger
company, fully intending to progress a drug to phase 3 itself
is more likely to carry out a more extensive and expensive
programme of preclinical Safety Pharmacology.

For drug candidates in the large molecule category, this
initial screening step may not be required on the basis of the
drug development team experience and the safety profile of
other drugs in the same class. In these cases, the toxicology
and Safety Pharmacology assessment programmes may share
the same first step, known as dose range finding (DRF)
studies (sometimes called toleration studies), which are
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initially conducted in rodents (mice or rats) and followed by
studies in a large animal species (for example, usually non-
human primates). According to the ICH S6A guidance
document (1997) the safety evaluation of a large molecule
should include the use of relevant species defined as one in
which the pharmacological activity of the large molecule (for
example, protein and/or monoclonal antibody) is active
because of expression of the receptor or binding epitope for
that large molecule. Selected species should also demonstrate
a similar immunological tissue cross-reactivity pattern to
that observed in humans. The DRF/toleration study design
utilizes a dose escalation paradigm to determine the dose at
which adverse effects are first seen in a single or limited
number of animals (somewhat rather a crude test as
statistical proof cannot be part of the process with such an
approach). Regardless, such studies characterize the toxico-
logical dose-response profile (usually for the first time for a
drug in development) and include cage side observations (for
physical and behavioural effects), drug exposure analysis,
blood chemistry, haematology, pathology and histopatho-
logy. A repeated dose administration toxicology study will
often be completed in selected animal species to confirm the
dose levels that will then be used in subsequent GLP
toxicology and Safety Pharmacology studies.

The second part of the Safety Pharmacology programme is
normally conducted in accordance with GLP guidelines for
regulatory submission and includes the Safety Pharmacology
core battery as defined in the ICH guideline S7A (US Food
and Drug Administration, 2001) as well as a GLP hERG assay.
Here decisions may be made that defer from ‘killing-the-
drug’ mode to ‘presenting-the-drug-as-likely-safe’ mode.
Thus there is a change in development status as the audience
is no longer the company’s strategic planners; it is now the
regulatory authorities who decide whether the drug is fit to
be entered for human consumption.

The Safety Pharmacology core battery is typically con-
ducted with a single administration of drug using the same
administration route in conventional toxicology studies
(similar to that which will be used clinically) with evalua-
tions usually up to 24 h. Cardiovascular safety is assessed in a
conscious telemetry study (for example, n=4) usually in a
Latin square or dose-escalation design with sufficient drug
‘wash out’ times between dosing. These studies usually use
the same species as in the large animal toxicology studies.
Respiratory Safety Pharmacology is typically evaluated in
conscious rats (for example, n=8 given the greater varia-
bility of respiratory parameters) but large animals such as
dogs and monkeys may also be used when rodents are not
suitable (for example, if target is absent in rodents or
absorption distribution metabolism elimination (ADME)
profile is not adequate). Neurological safety is usually
evaluated using a modified Irwin test in rats (Irwin, 1968;
Mattsson et al., 1996) where qualitative evaluations are
conducted by an evaluator blinded to study treatments (for
example, n=10 per group). Neurological evaluations may
also be performed in other species (for example, mice, dogs,
minipigs or non human primates; Moscardo et al., 2007;
Tontodonati et al., 2007) as for respiratory Safety
Pharmacology. Beyond routine CNS Safety Pharmacology
evaluations, some models are developed to characterize
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specific neurological adverse effects with the use of EEG
monitoring by telemetry (Durmuller et al., 2007). A trend to
integrate some components of the Safety Pharmacology
evaluations such as respiratory, CNS and ECG study end
points into toxicology studies is currently noted (Luft and
Bode, 2002). Development of non-invasive methodologies
such as ECG monitoring (along with respiration, tempera-
ture and animal activity) using jacketed external telemetry
systems has significantly contributed to this emerging
practise (Morton et al., 2003). Among the advantages of
Safety Pharmacology assessments in toxicology studies, we
have an increased sensitivity (for example, increased statis-
tical power) based on the relatively large number of animals
in toxicology studies, reduction of the number of animals
required for overall safety evaluations, an integration of
Safety Pharmacology end points with histopathological and
hematological/clinical chemistry data and potential cost
reduction (for example, when including FOB and respiratory
assessments in toxicology studies).

The challenge of validation of safety pharmacology approaches
The key question about the core battery tests (as far as the
regulators are concerned) is: are they validated? In other
words, does the chosen model accurately identify the safety
liability of the drug candidate? Validation of Safety Pharma-
cology test systems for GLP compliance is achieved at each
test site using positive control drugs with currently accepted
models (Hauser et al., 2005; Chaves et al., 2006, 2007;
Authier et al., 2007, 2008). At a higher level, some initiatives
such as the QT-PRODACT project have helped characterize
the sensitivity of the methodologies and inter-facility
variability (Ando et al., 2005; Miyazaki et al., 2005; Omata
et al.,, 2005; Sasaki et al., 2005; Tashibu et al., 2005;
Toyoshima et al., 2005). These results have contributed to
the increasing harmonization of industry practises, making
it easier for regulators to make judgements based on
retrospective comparison considerations (precedents).
Although test system validation for regulatory purposes
appears to evolve within an accepted reference frame, does
this mean that regulatory authorities will accept as
‘validated’ a method that has not actually been scientifically
validated? From experience with regulatory audits and IND
package submissions, regulatory authorities will accept
models that have been demonstrated as reasonably valid in
the public domain (that is, used, and the data published).
Accuracy, reliability, use of standard agents as reference and
security of the systems are major elements in GLP validations.
True pharmacological validation remains a vexing issue in
Safety Pharmacology in exact mirror image of the issue of
validation of disease models in drug discovery. It is
important to emphasize that models and biomarkers are
‘valid’ only when they detect all and only those drugs that
have the same effectiveness and safety in the human. There
is a major paradox inherent in this requirement, one that is
not well recognized and one that is a fundamental problem
for the newest most potentially revolutionary drugs. Thus,
because new drugs are new by definition (FIH for an
untreated condition, NCE, new mechanism of action), the
disease for which the drug is intended may have no presently



available treatment. Clearly without a positive control to
provide a template response profile, this means there can be
no validated preclinical model for discovery. Thus the
models used to identify the new drug are not validated,
and will not be validated until the identified drug is shown
to be effective in humans. Likewise, in Safety Pharmacology,
no model is validated until a range of positive and negative
controls have been shown to produce the same outcome in
the model as occurs in humans. This sounds simple;
however, it is a huge problem for certain types of adverse
effects. Thus to validate a model that is to be used for
detecting a liability for a drug to evoke a very rare (but
potentially) lethal event (RLE) requires precise and accurate
human data on the liability of a range of drugs to evoke the
RLE (the ‘gold standard’).

Again, drug-induced TdP liability testing provides a good
example of the problems here. One of the most well known
TdP-causing drugs is terfenadine. One would imagine (on
the basis of foregoing considerations) that terfenadine would
be one of the first drugs to be chosen to be used in validating
any new TdP liability-testing model. However, one would
need to know the exact rate of occurrence in humans of TdP
with terfenadine to make use of terfenadine to validate a
model. The rate of occurrence could then be ranked against a
range of other drugs to generate a clinical ranking order. This
would then serve as the template to validate the model (by
generating a comparator ranking order for the model). There
are several problems with this, unfortunately. For TdP there
exists no reliable clinical ranking order for drugs. This is
because when events (such as TdP) are rare the calculation of
their preponderance cannot be made with acceptable
precision. Thus, for terfenadine, the rate of occurrence of
adverse cardiovascular events was 83 cases reported from
time of approval in Europe (1981) until 1992 after use in
millions of patients (Kemp, 1992; Schiefe and Cramer, 1996;
Yap and Camm, 1999). The drug manufacturer reported
the ‘events’ (cases presenting as TdP, QT prolongation,
ventricular tachycardia, flutter and fibrillation, cardiac arrest
and sudden death) to the FDA, which issued a ‘black box’
label warning of cardiovascular risk for the drug alone as well
as when prescribed in combination with macrolide
antibiotics and azole antifungal drugs (Morris and Carlson,
1998). On the basis of these findings the FDA issued a
proposal to withdraw terfenadine from the market in 1998
and the manufacturer complied. Interestingly, in a cohort
study comparing terfenidine to clemastine, non-prescription
antihistamines and ibuprofen, life-threatening ventricular
arrhythmias (used in lieu of categorical confirmed TdP
incidence) occurred in less than 0.063% (or 317 out of
>500000) of patients in a Medicaid recipient database (Pratt
et al., 1994). The authors concluded that terfenadine users
were no more likely to develop arrhythmias than those on
ibuprofen or clemastine (Tavist) (Pratt et al., 1994). Darpo
(2001) reviewed the annual number of adverse drug reaction
(ADR) reports of TdP submitted to the World Health
Organization drug monitoring centre over a 16-year period
(1983-1999). Of the 761 cases described 34 (or 4%) were
fatal. Of the 20 most commonly reported drugs only ~46%
were cardiovascular drugs (Class I, III and IV), the remainder
were non-cardiovascular (antibiotics, antihistamines, anti-
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psychotics and so on; Darpo, 2001). Interestingly, over this
time period 41 cases (one fatal) of terfenadine TdP reports
were named from 10047 (or 0.41%) reported ADR for this
drug. So, there is no reliable ‘gold standard’.

As an alternative, when events are rare, some investigators
have attempted to classify large numbers of drugs into a
small number (5-7) of distinct classes, reflecting a subjective
ranking of perceived risk. Already one can appreciate this
process is fraught with uncertainty as it lacks precision and
(probably also) accuracy. Indeed, the literature carries
examples of variable approaches used to rank the relative
risk of different drugs. The Arizona Center for Education and
Research on Therapeutics (CERT) website (www.qtdrugs.org
or www.torsades.org) provides a regularly updated list of
drugs (~132 as of April 2008) that can prolong QT (a
subjective biomarker for TdP liability). Risk is categorized
using integration of an international medical registry of
drug-induced arrhythmias, case reports, FDA drug labels and
data from preclinical, clinical and epidemiological studies by
an expert committee of advisors for agents known to cause
TdP. Drugs are then assigned as those with a possible risk,
those to be avoided in congenital long QT syndrome patients
and drugs unlikely to cause TdP unless other risk factors are
present. This is not precise. Thus, to use even this ‘template’
to attempt to validate a model is hazardous.

Recognizing and dealing with the validation gap

To conclude, when an adverse event is a concern (because it
is potentially lethal or debilitating), even if its occurrence is
rare and when the drugs known to have a liability for the
event have only a low liability, then it is almost impossible to
validate any preclinical test (owing to a lack of precision and
accuracy concerning the rank order of liability of the
template drugs).

To make matters worse, if a potentially lethal adverse event
is actually rather rare, even among the drugs with a known
liability, then the putative test model will either have a
similar low rate of adverse event making it impossible to use
(if the event rate in humans is 1 in 1000 it means that many
thousands of tests would be required to detect the adverse
event liability in the model), or it will need to be ‘modified’
to exaggerate the drug’s adverse event rate. The obvious
drawback here is that if the model exaggerates adverse event
liability then how reliable (precise and accurate) would be
the rank order of liabilities of the range of positive and
negative controls (the template drugs) in a validation test?
Moreover, in an exaggerated liability model there are likely
to be false positives.

Clearly there is no ideal approach to safety testing for rare
but serious events. This area remains the most problematic in
Safety Pharmacology and has generated numerous publica-
tions in recent years (Yamaguchi et al., 2003; Hamlin et al.,
2004; Thomsen et al., 2004; Valentin et al., 2004; Lawrence
et al., 2006; Liu et al., 2006; Kagstrom et al., 2007). In this
context, validation of the predictive value of Safety Pharma-
cology models is an evolving understanding of the relation-
ship between clinical adverse effects and our integrated
preclinical screening tools.
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Refining the practise of safety pharmacology

How might we move forward? Let us again consider drug
discovery. The best models in discovery are validated retro-
spectively when they can be shown to have had a key role in
advancing a drug into clinical use. In discovery a model can
be perfectly valid even if it provides only partial information
(that is, accurately detects one class of effective drug but not
another—for example, rat heart arrhythmia bioassays are
effective for detecting class 1 antiarrhythmic activity (Farkas
and Curtis, 2002) but not class III antiarrhythmic activity
(Rees and Curtis, 1996)). Thus, in safety we cannot
necessarily expect validation of the core battery tests.
However, safety and discovery differ with respect to the
perceived need for validation of models, and in terms of the
influence of badly validated models on drug development.
Thus, in discovery, if a model gives regular false positives it is
quickly abandoned once the first products of the model fail
in man because of the lack of effectiveness. If, on the other
hand, the model regularly gives false negatives then there
will be no products to test in man, and the model will
eventually be abandoned and superseded by another. Model
competition is inherent in academia and industry; for
example, in antiarrhythmic drug discovery researchers have
had species issues (dog vs cat vs rat vs pig); conscious vs
anesthetized vs isolated heart preparations; myocardial
ischemia vs infarction vs reperfusion vs programmed
electrical stimulation (PES), with continuous re-appraisal of
models (Johnston et al., 1983; Botting et al., 1985; Chung
et al., 1993; Bellemin-Baurreau et al., 1994; Curtis, 1998;
Billman, 2006; Hamlin, 2007). As yet there has been little
equivalent assessment in Safety Pharmacology. It is critical
that the core battery tests be properly validated by showing
they are the best among the possible options in terms of
avoidance of false positives and false negatives.

What are the processes that drive new Safety Pharma-
cology model development and the processes used to
‘accept’ a model? The answer to this question is not
satisfactory in terms of science, since the overriding guiding
principle is pragmatism. This is exemplified (once again) by
reference to TdP liability testing. HTS screening for drug
block of the potassium current (so-called ‘hERG screening’ as
the gene, hERG, encodes the channel mediating Ig,) is
commonplace in industry even though it is known to
generate false positives, false negatives and highly variable
potency values (ICsp) compared with voltage-clamp methods
for channel inhibition (Zheng et al., 2004; Sorota et al., 2005;
Murphy et al., 2006; Slack et al., 2006). It is used because it is
quick and relatively inexpensive, once established in-house.
Its use is justified because the frequency of false negatives
compared with compound throughput in this crude HTS is
considered to be as low as inconsequential. Moreover, on the
other hand, the possibility of a false positive in an
inexpensive crude HTS screen is a trivial concern in
comparison with not using the screen and ending up with
a candidate that has a real adverse effect liability, which is
detected only much later in drug development when, for
example (TdP again), in vivo dog telemetry studies are (now
routinely) undertaken. Indeed, companies today are likely to
avoid what they regard as an Ik,-binding pharmacophore
in early stage synthesis of new chemical entities. This
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pragmatic approach is understandable, but it should be
remembered that this is a gamble and is not validated in that
we do not know how many potentially useful drugs are lost
by this process. It has been argued by Hondeghem that crude
screens for I, block may result in truly valuable agents being
lost to medicine (Shah and Hondeghem, 2005). Certainly if a
drug is intended for life extension in aggressive carcinoma
then it would seem ludicrously inappropriate to discard a
potentially useful drug just because it blocks I;.

The decision on whether a drug candidate should progress
to the next level in the discovery process is one of the most
important in Industry. Progression is driven by discovery
outcomes (that is, outcomes in studies focused on potential
therapeutic effectiveness) and is halted either because there
is a loss of signal (lack of benefit in a disease model, for
example, meaning that progression stops owing to efficacy
issues) or because of the emergence of an adverse effect
signal (meaning that progression may stop owing to safety
issues) (see Figure 2). An adverse effect signal may not
necessarily end progression, but it will certainly slow it. For a
drug that is late in the candidate selection process there is
reluctance for an adverse effect signal to be used to terminate
progression without a proper scientific interrogation of the
signal. This means a safety signal for a ‘mature’ drug in
preclinical development is likely to trigger new mechanistic-
based studies. These are likely to involve a step-up in
perceived clinical relevance (for example, if the signal was
in anaesthetized acutely prepared rodents the follow up
studies may be conducted in conscious canines or primates
with telemetry). This means a step-up in cost and time. The
integrated risk assessment (or evaluation of all non-clinical
study results from the core battery studies including findings
obtained from follow-up studies as well as other relevant
information including pharmacodynamics, tissue distribu-
tion and drug interaction studies) will therefore take into
account money already spent and the likely return if the
NCE becomes a drug (that is, whether or not the follow up
studies fail to reiterate the adverse effect signal).

If a surrogate end point is used as the decision-making
safety signal, false-positive and false-negative results may
inform false decision-making. For example, using the QT
interval in the ECG as a surrogate biomarker gives a false-
positive for ranolazine and a false-negative for disopyramide
(Shah, 2008). There is no absolute threshold for decision
making with any of the available surrogate biomarkers. The
burden is on the development team (discovery and safety
pharmacologists working together) to establish criteria for
decision making (see Figure 2). However, if the emphasis is
placed on safety signals over effectiveness signals (as is
inevitable), errors are unavoidable. For example, while a drug
candidate in the small molecule category with ICsq for
blocking Iy, above 1uM can usually be considered safe to
pursue in early stage preclinical development, application of
this pragmatic threshold would have lead to development
discontinuation of valuable candidates such as amiodarone
(Lin et al., 2005). The overall cost of preclinical development
for a single drug (US$2 to US$10 millions) is trivial compared
with clinical trial costs (US$100 to US$800 million; NCI
2007) but a large number of candidates that enter preclinical
screening programmes will be ‘killed’ prior to reaching the



FIH milestone. This situation is increasing the weight on
resource allocation at an early stage to maximize the output
of the drug development pipeline.

Molecule size is an important determinant of the type of
safety signal likely to be detected. Thus, drug-induced acute
QT prolongation is much more common among small
molecules owing to the QT-prolonging mechanism, which
commonly requires drug access to discrete molecular targets,
specific amino-acid residues that form the drug-binding site
located within the central cavity of the hERG channel
(Sanguinetti and Mitcheson, 2005; Kamiya et al., 2006). In
contrast, large molecules such as proteins, peptides or
monoclonal antibodies (biologics) that may be too large to
affect ion channels (Vargas et al., 2008) may evoke adverse
haemodynamic effects owing to actions on more readily
accessible targets in the vascular space. A trend for the
‘pipeline’ to contain an increasing number of large mole-
cules has been seen in the past few years (Marafino and
Pugsley, 2003) leading to an adjustment of drug screening
paradigms and Safety Pharmacology studies based on the
type of molecule. Thus, although a respiratory Safety
Pharmacology ‘hit’ is rarely the signal for small molecule
drug discontinuation, it is increasingly recognized as the
signal for large molecules intended for repeated administra-
tion, owing to a propensity for sensitization and allergic
reactions (Murphy and Joran, 1992).

Species sensitivity should also be considered in the
interpretation of Safety Pharmacology study findings. Drug
or vehicle administration in dogs occasionally leads to
histamine release with associated cardiovascular changes
(Masini et al., 1985; Eschalier et al., 1988). This phenomenon
is known to be species-specific and has relatively limited
clinical relevance. Pretreatment with antihistamine drugs
such as diphenhydramine and cimetidine (Kien et al., 1992)
or measurement of histamine plasma concentration are
determined in non-GLP Safety Pharmacology or mechanistic
toxicology studies to confirm histamine-mediated effects.

Getting the balance right, therefore, is the big challenge,
and different companies take different stances on this.
Again, decision making is informed by an awareness of a
paradox. Thus, in preclinical drug discovery the possibility
(from studies using disease models or biomarker models of
possibly dubious validity) that a drug may be of benefit
informs the regulatory process to take an optimistic stance.
In safety, the possibility (from preclinical studies of dubious
validity) that a drug may be unsafe, informs the regulatory
process to take a pessimistic stance. Although the latter
might mean the delay or preclusion of useful drugs entering
clinical use, it might also mean the prevention of harmful
drugs doing likewise. The task for scientific Safety Pharma-
cology is to provide better evidence to direct the decision
making. By this means the present guidelines might be
expected to evolve to become less vague.

The detail of safety pharmacology studies
From the most recent survey of industry practises (conducted

by the Safety Pharmacology Society from late 2007 to early
2008; Lindgren et al., 2008), we can provide the following
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summary of the survey regarding issues related to the
‘frontloading’ of Safety Pharmacology studies. ‘Frontloading’
defines a safety study that is conducted with a compound
prior to its selection as a drug candidate for continued
development. According to the survey, ~78% of safety
pharmacologists responding conduct such frontloaded
studies. Both Discovery (~51%) and Drug Development
(~49%) Research Centres share the responsibility for con-
ducting these studies.

When such safety studies are partitioned and examined
(Lindgren et al., 2008) as to whether they are frontloaded or
not, all survey responders reported frontloading cardiovas-
cular safety studies (~69% during lead optimization prior to
candidate selection). CNS studies are also almost always
frontloaded (by ~63% of responders prior to candidate
selection). Interestingly, but not surprisingly, frontloading of
respiratory studies is low (only 28%) whereas ancillary
organs (such as the gastrointestinal (GI) tract and kidneys)
were generally not frontloaded (only ~21% of responders
frontload such safety studies). Note that such studies are not
usually conducted according to GLP standards.

Of all the studies that can be conducted during this phase
of drug development, the hERG assay appears to be
frontloaded by all the survey responders. Approximately
60% of respondents require mandatory hERG testing to
proceed with a development candidate (Lindgren et al.,
2008). Of the plethora of available methodologies that can
be used to determine drug effect on hERG channels the
majority use the following test systems: automated HTS
patch clamp (~84%); ligand-binding studies (~38%); non-
automated patch clamp (~ 34%) and Rubidium efflux studies
(~9%). Rabbit and guinea pig CV and ECG studies along
with many methods used to evaluate drug effects on
ventricular repolarization such as the action potential
duration are frontloaded.

The FDA has recently made abuse liability assessment a
mandatory part of the development phases of the submis-
sion process for all new CNS-active drug products (see
comprehensive reviews by Ator and Griffiths, 2003; Balser
and Bigelow, 2003). Abuse dependence liability studies are
required under the USCA Title 21, Chapter 13, Controlled
Substances Act, as amended 15 February 1996, §811(c), and
(f) and is maintained in full accordance with the National
Institutes of Mental Health’s Methods and Welfare Con-
siderations in Behavioural Research with Animals (Morrison
et al., 2002). A preclinical abuse liability testing guidance
document was recently approved for use by the EMEA
(EMEA/CHMP/SWP, 2006); however, such an equivalent
guideline is only in draft stage in the US, under the auspices
of the Controlled Substance Staff (CSS). The CSS provides
expertise to the FDA and CDER divisions in assessing drugs
for abuse liability and fulfills this unique role within the FDA
under the authority of the Controlled Substances Act (CSA)
of 1970. In Canada a clinical testing abuse liability guidance
document is also in review (Health Canada, 2006). Many in
the industry may not be fully aware of the new regulations
requiring abuse liability assessments (as originally estab-
lished according to the FDA Food Drug & Cosmetic Act
(FD & C, 1938) and the Control Substances Act (CSA, 1970),
which determines, labels and schedules abuse potential.
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However, as approval by the EMEA in 2006 numerous
scientific and procedural challenges have yet to be fully
resolved. Sponsors will need to select appropriate preclinical
in vitro (binding, functional) and in vivo (neuropharmaco-
logical, behavioural) models based upon the pharmacologi-
cal nature of the test compound and the onus will be placed
upon pharmaceutical companies to ‘build a case’ for
appropriate assessment, in consultation with regional
regulatory authorities. In the US, numerous agencies are
involved in drug scheduling (FDA, CSS, NIDA, DEA), but as
with safety studies, the FDA will require more testing rather
than less and will, if directed by clinical adverse effect
concerns, rely upon preclinical models for clarification of
mechanisms responsible for the adverse effect. The best
characterized, validated and predictable preclinical models
are used for Schedule I drugs (high abuse potential drugs
with no accepted medical use such as lysergic acid diethy-
lamide) and II (high abuse potential drugs with an accepted
medical use such as morphine); however, their applicability
to ‘weaker’ compounds may not be appropriate such as drugs
with Schedule 4 (low abuse potential drugs such as
diazepam) or no Schedule effects. One important issue that
was introduced resulting in much debate and controversy
was that the EMEA regulatory authorities consider that
‘behavioural pharmacology studies for investigating depen-
dence potential...should be conducted in compliance with
GLP to the greatest extent possible’ (EMEA/CHMP/SWP,
2006). Thus, GLP conditions are required in Japan, expected
by the EU (according to guidance) and preferred by the FDA.
However, scientists in Safety/Toxicology areas tend to have
limited experience with these models as preclinical testing
has historically been assessed using behavioural pharmaco-
logy models (Ator and Griffiths, 2003). As only a limited
number of CROs conduct preclinical abuse liability studies
there is an additional concern about the potential for delay
in drug package submissions; most studies are conducted at
academic institutions who do not comply fully with GLP
creating potential discord. Numerous other issues of concern
include debate regarding choice of species (rats or non-
human primates)—the FDA position is unclear (but more
reliance is placed upon primate data) whereas Japanese
regulators prefers non-human primates and the EU recom-
mends avoidance of primates and advocates use of the rat.
The FDA, in accordance with the EMEA, will likely suggest
that abuse liability potential be characterized over a dose
range, specifically up to doses that occur to several fold
above the expected clinical exposure (therapeutic) range.
The clinical route of drug administration is preferred as with
safety/toxicology studies; however, most self administration
behavioural study methods require the use of intravenous
formulation necessitating development of toxicology and
pharmacokinetic information before conduct of abuse
liability studies. Therefore, a better integration process is
needed between preclinical and clinical studies to provide an
adequate ‘integrated risk assessment’ regarding abuse liabi-
lity potential; preclinical data should be used to focus
clinical investigations and aid in identification of clinical
comparator compounds.

The EMEA guidance document recommends a two-tiered
strategy regarding abuse liability. The first tier pharmacology
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studies involve an assessment of the nature of the com-
pound. Information regarding chemical similarity to known
drugs of abuse, whether the mechanism of action is similar
to compounds known to have abuse liability potential and
data from receptor-binding studies, are all early signals for
such a potential liability requiring subsequent evaluation.
In vitro binding and functional cellular studies that are
conducted as a part of early development can provide signals
for possible dependence potential. Additional functional
assays measuring neurotransmitter release and second
messenger activity may also be conducted. In vivo neuro-
pharmacological models including microdialysis, neuro-
transmitter turnover, antinociception and locomotor
activity may be used (Johanson, 1990). Combined, these
first tier pharmacology studies should aid in elucidation of
the compound profile and mechanism of action and
establish the degree of elaboration of assessment needed to
establish the dependence potential.

A second tier behavioural pharmacology assessment is
necessary if these initial signals suggest dependence poten-
tial and insufficient information is available to define
dependence potential. Numerous animal models have been
developed to assess the potential for development of drug
abuse liability. Specific selection of an appropriate animal
model should be based upon the pharmacological profile
constructed (see 'Refining the practise of safety pharma-
cology’ section above). A complete dose-response profile
using multiple study end points (including motor and
cognitive function) should be conducted and parent and
metabolites considered. Clinical route of administration and
appropriate animal species must be used in animal models
(EMEA/CHMP/SWP, 2006; Weerts et al., 2007; Feltenstein
and See, 2008) that include physical dependence (drug
withdrawal), reinforcing properties (self-administration),
discriminative effects (drug discrimination) and tolerance.

The emergence of scientific safety pharmacology

Although the practise of Safety Pharmacology is dictated
principally by regulatory need, its development as a scientific
discipline is informed by the same issues as any other
biological science that requires the use of animals, namely
the issues that inform appraisal of the extent to which the data
sets are relevant to humans. By this we mean everything from
whether the human molecular target is expressed in the
chosen animal and whether the animal'’s basic physiology and
biochemistry is sufficiently similar to that of man, through to
the bioassay characteristics of the animal disease model and its
cost effectiveness. However, there are distinct differences
between safety and discovery pharmacology in the way these
issues are treated, partly alluded to earlier. Safety Pharmacol-
ogy is a discipline whose external role is simply to provide an
integrated assessment of data that addresses risk and deter-
mines whether a drug will not likely be unsafe in man. In
science one can never prove a negative and yet trying to prove
a negative is the agenda of Safety Pharmacology. This has
affected the evolution of the discipline.

The key issue to consider in this regard, given that the best
test bed for human safety is a human test bed (phase 1



testing) is: how much preclinical Safety Pharmacology is
necessary? Presently the guidance (ICH S7A; US FDA, 2001) is
moderately explicit, but the suggestions for ancillary studies
are almost open-ended. Thus, individuals conducting Safety
Pharmacology studies are actually shaping the guidance in
an ongoing manner by virtue of the nature of the data they
generate and the nature of its relationship with the eventual
clinical outcome. Thus, if the preclinical novel-type ancillary
data on a new drug is accepted by regulators, its validity will
presumably be assessed later by consideration of how the
drug fared in man from a safety perspective. However, this
process of ongoing validation will proceed only if there is
scrutiny and publication of findings. This means that there is
an onus on Industry and CROs to publish their Safety
Pharmacology data. Indeed we hope that this will become
mandatory.

In discovery, historically there has been a very meagre
documentation in the literature of exactly what preclinical
tests and preclinical thinking was involved in the generation
(from the first idea through the preclinical screening and
testing for potential effectiveness) of a commercially success-
ful drug (note that there is an obvious reluctance to divulge
thinking/serendipity because of the potential for competi-
tors developing similar drugs). If the same holds sway with
regard to Safety Pharmacology in terms of the ideas behind
and the development and validation of whatever methods a
company has successfully used to selectively extract poten-
tially unsafe drugs (as is likely) then it is difficult to imagine
how the process of validation will proceed in any sort of
systematic fashion. Safety pharmacologists need to publish
on their emerging battery of HTS safety screens, not only to
reveal their validity but also to publicly display the
company’s safety screening prowess. This will add to
credibility when presenting a drug for consideration that is
claimed to be safe.

Another key issue is the relationship between preclinical
Safety Pharmacology and phase 1 clinical studies. Here it is
important to acknowledge the regrettable clinician concept
that preclinical (animal) Safety Pharmacology studies are
minimally useful or predictive. Once again, the issue of drug-
induced TdP provides a good basis for elaborating this
important point. For an example of this presumption, in a
recent authoritative book on cardiac safety of non-cardiac
drugs edited by respected clinicians (Morganroth and
Gussack, 2005) only 4 out of 18 chapters focused on relevant
preclinical aspects (and of those, one chapter discussed
molecular aspects of ion channels and another was
concerned with pharmacogenomics). The vast majority of
chapters were concerned with the minutiae of recording and
identifying subtle indicators of TdP liability in human
subjects (from phase 1 assessment of small QT interval and
QT shape changes to ‘thorough QT’ evaluation). This focus
on determining whether a horse has bolted from the barn or
is about to bolt would surely be better dealt with by ensuring
the barn door had been locked in the first place (that is, by
ensuring that preclinical methods are sufficient to block any
progression of an unsafe drug to the clinical setting).

Nevertheless, it is undeniable (and quite proper) that once
reliable human data that shows that a drug is either safe or
unsafe relative to therapeutic benefit in humans has been
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generated this renders most preclinical data unnecessary—
however, there are times when it can provide some
important information regarding mechanisms that may be
responsible for adverse events that can become evident
during post-marketing surveillance. Preclinical Safety Phar-
macology models are constantly evolving and improving
under the pressure of clinical trial findings. This is illustrated
by the recent findings with sunitinib (the first multi-targeted
receptor tyrosine kinase inhibitor approved simultaneously
for the treatment of renal cell carcinoma and imatinib-
resistant gastrointestinal stromal tumour; Demetri et al.,
2006) in which a cardiovascular adverse effect liability (heart
failure) was not detected in initial Safety Pharmacology
studies (Khakoo et al., 2008).

Interestingly, preclinical model validation that is not
tailored to clinical results has only a minor impact on
industry practises. As an example, the lack of the transient
outward potassium current (I,) in minipigs (Mow et al.,
2008) has not triggered major concerns for the use of this
species for in vivo QT evaluations. The physiological and
Safety Pharmacology role of I, has been extensively
characterized in various species including humans (Patel
and Campbell, 2005) and, even though I, contributes to
ventricular repolarization, its block has not been associated
with significant arrhythmogenic potential in humans. In
other words, the fact that pigs have no I, has not stopped
this species from being used for QT testing, because there is
no positive data to show that selective I, blockers have no
TdP liability. Thus although the pig will become a pariah if it
fails to pick up QT widening by I, block for a drug that is
later found to have a TdP liability in humans, the absence of
a ‘hit’ in this case means the pig is presently acceptable. This
is pragmatism, and this is an important reality of Safety
Pharmacology where the inability to predict a human
response is usually needed before the industry and regulators
correct the tools that are accepted. Again this is similar to
jurisprudence where similar logical disposition is granted in
relation to historical precedent, experience and judgement,
all of which have a role to play in decision making. The
problem with this is the consequence it has for preclinical
Safety Pharmacology.

When a decision is to be made whether to take a new drug
into clinical studies, the decision makers and clinical trial
designers are required to know that the drug they hope they
can show to be effective will also be safe. Thus, the clinical
development attitude to Safety Pharmacology tends to
reduce to a request for a simple yes/no answer. Thus, the
bottom line in preclinical Safety Pharmacology is to generate
a provisional integrated risk assessment that may be con-
templated by individuals in charge of clinical development,
and also to provide advice concerning whether the drug is
likely to be sufficiently safe to warrant the start of clinical
investigation. In other words: ‘will it be safe?’ Indeed, often
the question asked by the next level of management is even
more demanding: ‘is it safe?” Thus, preclinical Safety
Pharmacology involves an integrated risk assessment but
the need for a risk/benefit calculation requires an unequi-
vocal assessment of risk. This is very challenging.

Given these considerations it is understandable that those
in charge of clinical development require clear guidance (yes
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or no) and even then will wish to rely on clinical data when
managing development of the drug. Indeed, (back to TdP
liability once more) the concept of ‘Thorough QT’ assess-
ment (TQT) in humans has emerged in recent years (US FDA,
2005a, b). ‘Thorough QT’ assessment derives from the ICH
E14 guidance document (Darpo et al., 2006) that provides
recommendations concerning the design, conduct, analysis
and interpretation of clinical studies to assess the potential
of a drug to delay cardiac repolarization (Shah, 2005, 2008).
Such a clinical trial is applicable to both new drugs with
systemic bioavailability but also to approved drugs where
there may be a change in dose or route of administration
(resulting in an increase in exposure) or a change in patient
population (US FDA, 2005b). Similarly, such a study may be
triggered in response to the pharmacological class to which
the drug being developed belongs where there may be an
association with QT/QTc interval prolongation or TdP
during post marketing surveillance (US FDA, 2005b). A
‘thorough QT’ study is extremely expensive to conduct
(US$3-5 million), and as it measures only QT (a putative
surrogate biomarker for TdP risk) and not TdP itself, is not
necessarily predictive of TdP liability. This (the cost and the
uncertainty of human biomarker data sets) is one further
reason why preclinical safety assessment should be inclined
to take a safety-first attitude to ‘hits’ in safety screens.

As noted earlier, this is no different in qualitative terms
from the drug discovery position, whereby clinical develop-
ment will proceed on the basis of a yes/no judgement about
likely effectiveness. However, once again, the stakes are
different between discovery and Safety Pharmacology. If a
drug fails owing to lack of effectiveness, the apparent
preclinical false positive will not kill off further preclinical
discovery efforts. On the other hand, when a drug fails
because of adverse effects in man the consequences for
preclinical development are catastrophic. In the cardiac
arrhythmia suppression trial and survival with oral D-sotalol
trials, two drugs intended to treat ventricular arrhythmias
were found to evoke ventricular arrhythmias and Kkill
patients (Pratt et al., 1998; Weiss et al., 1999). In the
preclinical studies conducted at the time, although the types
of proarrhythmia studies that may be used today were not
undertaken, there was nevertheless an apparent failure in
adequate safety testing as the proarrhythmic liability of these
compounds went undetected. The consequences were that,
not only did the preclinical disease models detect the
potential ventricular arrhythmia effectiveness fall into
disrepute, but also the world’s pharmaceutical drug develop-
ment programmes for treatment of ventricular arrhythmias
were abandoned owing to lack of faith by the pharmaceu-
tical industry in preclinical models in this area. This is
catastrophic because 30-40% of adults today will die from
ventricular arrhythmias for which there are no adequate
prophylaxis (one of the largest untapped markets in the
drug world). So the stakes for inadequate Safety Pharmacol-
ogy are much higher than the stakes for flawed discovery
(effectiveness) pharmacology. The upshot is that the scope
and extent of preclinical Safety Pharmacology data sets
necessary to support a claim that a drug is safe is ever
growing. Moreover if, among a large set of preclinical
Safety Pharmacology data that shows a lack of safety risk
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there is one subset that can be interpreted as hinting at the
possibility that the drug may be unsafe, a great deal of
notice is taken by the regulatory authorities. The upshot is
that better confidence is required for preclinical Safety
Pharmacology method validity. To achieve this will require
a better and more generally accepted methodology for
validation of Safety Pharmacology approaches.

The principles of safety pharmacology and the
unmet needs

When there are a large number of drugs that have precise
and known relative liabilities for producing common and
frequent minor adverse effects it is a simple matter to
validate preclinical models using the human template of
responses to positive and negative controls. The challenge in

Safety Pharmacology is dealing with rare events of a life

threatening nature, especially for drugs aimed at treating

non life-threatening diseases. Here follows a simple guide. It
is not intended to be prescriptive and we invite the
community to interrogate it, modify it and challenge it.

e Preclinical safety pharmacology models require better
validation

e Validation requires a quantitative and accurate human
template of liabilities of positive and negative controls
with which to compare model data sets

e Validation is not possible for models screening for
liabilities that are rare or imprecise with current drugs in
humans

e Validation is also not possible for methods for evaluating
human-specific biologics (that are antigenic in animals)

e When validation is not possible, especially when the
liability in humans is rare but life threatening, the use of
surrogate biomarkers is unavoidable

e It must be understood that interpretation of surrogate
biomarker data sets is unavoidably subjective

e Preclinical safety testing in a non-validated setting must
therefore be regarded as non-scientific whereby yes/no
judgements will remain subjective in the absence of true
validation of the models available

e Scientific validation of safety testing methods remains the
goal, however, elusive this may seem

e Scientific validation requires blinded randomized testing
of drugs known to have and known to not have a liability
for the specific adverse effect in humans

e A rank order of liable drugs in humans (‘gold standard’) is
the best template

e It must be acknowledged that a gold standard does not
exist for most adverse effect liabilities. This poses a
problem

e In the absence of validation it is better to live with false
positives than risk the chance of false negatives.
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