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Abstract

Drug-induced hepatotoxicity is a frequent cause of liver disease. Although
often presenting as acute hepatitis and/or cholestasis, virtually any clinical-
pathological pattern of acute or chronic liver disease can occur. Most reactions
occur in asmall proportion of the population using a particular drug. Each drug
associated with hepatotoxicity tends to have a characteristic signature regarding
latency and pattern of injury. The mechanism can be drug metaboli sm-dependent
or related to the chemical properties of the parent drug. The former are immune
mediated or due to metabolic idiosyncrasy. Monitoring serum ALT levelsis of
unproven effectiveness but should be considered when thereis an increased risk
of delayed onset serious hepatitis-like reactions. The key for the future is im-
proved identification of toxic potential in preclinical studies, clinical trials and
postmarketing experience. The elucidation of the genetic and environmental
mechanisms contributing to delayed idiosyncratic reactions is amgjor barrier to

overcomein thisfield.

Drug-induced liver disease represents a maor
problem for drug development and safety. Hun-
dreds of drugs have been implicated in causing
liver disease at least on rare occasions and in the
US, drug-induced liver diseaseisthe most common
cause of acute liver failure, accounting for one-third
to one-half of cases.[2 In addition to representing
an important diagnostic/therapeutic challenge for
physicians caring for patients presenting with liver
disorders, the frequency and economic impact of
thislong standing problem isamajor challengefor
the pharmaceutical industry and regulatory bodies.
Recent problems with bromfenac and troglitazone
have once again put the spotlight on this problem.

The purpose of thisreview isto call attention to
this important problem and the issuesit raises for
clinicians, pharmaceutical industry and regulatory
bodies. The material which forms the basis of the

factsand opinionsinthisreview was obtained from
the authors' files and aliterature search on drug-
induced liver disorders since 1994 to provide the
most up to date information.

1. Clinical Overview

Drug-induced liver disease can mimic all forms
of acute and chronic hepatobiliary diseases (table
.34 However, the predominant clinical presenta-
tions resembl e acute icteric hepatitis or cholestatic
liver disease. The former is of grave significance
as the mortality approximates 10% irrespective of
the causative drug.l®¥l This type of reaction is ac-
companied by systemic symptoms, jaundice, mark-
edly elevated serum transaminase levelsand, inthe
more severe cases, coagulopathy and encephal op-
athy indicative of acute (fulminant) liver failure.
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Table I. Spectrum of hepatic manifestations of drug-induced liver disorders

Acute hepatitis

Chronic hepatitis?

Acute cholestasis

Mixed hepatitis/cholestasis or atypical hepatitis
Chronic cholestasis®

Nonalcoholic steatohepatitis

Fibrosis/cirrhosis

Microvesicular fatty liver

Veno-occlusive disease

Isoniazid, paracetamol (acetaminophen), troglitazone
Nitofurantoin, methyldopa, diclofenac, minocyline
Amoxicillin-clavulanic acid, erythromycin, sulindac, chlorpromazine
Phenytoin, sulfonamides

Chlorpromazine

Amiodarone

Methotrexate

Valproic acid (sodium valproate), nucleoside reverse transcriptase
inhibitors

Busulfan, cyclophosphamide

a Drugs which cause chronic disease more frequently cause acute disease.

Cholestatic disease, athough not usualy life
threatening, presents with jaundice, disproportion-
ate increased serum akaline phosphatase levels
and pruritus; cholestatic reactions tend to resolve
very slowly (i.e. monthsversusweeksfor hepatitis)
and on rare occasion lead to vanishing bile duct
disease and biliary cirrhosis.[>® Individual drugs
tend to exhibit a consistent pattern or signature of
the reaction with characteristic latency and clinical
presentation. However, some drugs may show sev-
eral patterns: e.g. nimesulide can cause a short la-
tency hypersensitivity-mediated cholestatic injury
and a delayed idiosyncratic acute hepatitis-like re-
action.[”l Other typesof reactionsarelisted in table
| with some examples of causative drugs.

2. Pathogenesis

Adverse hepatic events dueto drugs can be con-
sidered simply as predictable (high incidence) or
unpredictable (low incidence). The bulk are un-
predictable and can be viewed as either immune-
mediated hypersensitivity reactions or as idiosyn-
cratic. Latency between the initiation of therapy and
the onset of liver disease provides some clue as to
the pathogenesis. Early onset within a few days
(particularly if there has been no previous expo-
sure) is strong evidence for direct toxicity of the
drug or itsmetabolitewhich ischaracteristic of pre-
dictable reactions; paracetamol (acetaminophen)
overdoseis an example.l8l Unpredictable reactions
manifested as overt or symptomatic disease can oc-
cur withintermediate (1 to 8 weeks) or long latency
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(up to 12 months). Intermediate latency is charac-
teristic of hypersensitivity reactions. These tend to
be associated with fever, rash and eosinophiliaand
arapid positive rechallenge.[34 Hepatotoxicity of
sulindac,!¥! phenytoinl’® and amoxicillin-clavulanic
acid! aretypical examples. It isimportant to rec-
ognise that these reactions may occur up to 3to 4
weeksafter alto 2 week courseof medication (e.g.
amoxicillin-clavulanic acid). Thelonglatency type
of reaction is characteristically not associated with
features of hypersensitivity and the response to re-
challengeisvariable. Thus, one assumes that these
events reflect some type of delayed change in the
metabolism of the drug or the response to injury
(repair or regeneration). Drugs associated with de-
layed reactions include isoniazidl'@ and troglita-
zone.['3l However, in the case of isoniazid, the la-
tency may be shortened when used in combination
with rifampicin (rifampin).[*4 Also, as noted above,
some drugs can produce either a short latency hy-
persensitivity or long latency idiosyncratic reac-
tion.[”]

An interesting feature of these low frequency
unpredictable reactions, either hypersensitivity or
idiosyncratic, is that they often occur on a back-
ground, higher rate of mild, asymptomatic, and
usually transient liver injury which is detected as
abnormal biochemical tests, particularly serum
ALT. Generally, the biochemical abnormality de-
fined as an ALT level >3 times the upper limit of
normal (ULN) may occur 10 to 20 more frequently
than overt disease. Thus, inthe mgjority of patients
with an increased ALT level some type of adapta-
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tion or ‘tolerance’ occurs and in the minority there
is afailure to do so. Thisissue is further compli-
cated by the mysterious nature of the long latency
in some of the idiosyncratic reactions.

Hepatotoxicity of drugs can be principally
metabolism-dependent, parent drug-dependent or
a combination of both. Metabolism takes place
largely in the liver which accountsfor its suscepti-
bility to drug-induced injury.[ The metabolites
may be electrophilic chemicals or free radicals
which deplete reduced glutathione, covalently bind
to proteins, lipids or nucleic acids, or induce lipid
peroxidation. The consequences include hepato-
cellular necrosis, apoptosis or sensitisation to
cytokines or inflammatory mediators produced by
nonparenchymal cells. Alternatively, the reactive
metabolites may covalently bind to or alter liver
proteins such as cytochrome P450 enzymes lead-
ing to sensitisation and immune mediated injury. The
immune phenomena nevertheless are metabolism-
dependent. Thus, the rare occurrence of immune-
mediated liver disease is often superimposed on a
higher frequency of mild injury (abnorma ALT
level) suggesting that the drug has a mild toxic
potential (e.g. phenytoin or halothane) but in rare
individuals this toxic potential leads to metabo-
lism-dependent hypersensitivity. Genetic poly-
morphisms of enzymesinvolved drug activation or
detoxification have been implicated in the suscep-
tibility to hypersensitivity reactions to sulfona-
mides 1516 and anti convulsants.[1%17] Presumably
genetic polymorphisms of either major histocom-
patibility complex (MHC)—I-dependent antigen
presentation in hepatocytes or MHC-I|-dependent
antigen presentation in macrophages, which have
scavenged necrotic or apoptotic hepatocytes di-
rectly killed by the drug, may further contribute to
determining the rare occurrence of these hypersen-
sitivity reactions/8l which most often have an in-
cidence of 1: 1000 or less.

Parent drug—dependent toxicity occurs as a re-
sult of the properties of the parent drug (or meta-
balite) to: (i) accumulate in organelles (e.g. weak
bases such asamiodarone accumul atein mitochon-
dria);!19 (ii) undergo nonspecific redox cycling
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[e.g. quinones cycle electrons from nicotinamide
adenine dinucleotide phospate (NADPH) to O,
generating reactive oxygen species]; or (iii) specif-
ically inhibit enzymes or transporters (e.g. nucleo-
side reverse transcriptase inhibitors block mito-
chondrial DNA polymerasel?d and cyclosporin
inhibitscanalicular transporters).[21 In these cases,
if the parent drug’s chemical propertiesaccount for
direct toxicity, factors which enhance its availabil-
ity, such as decreased metabolism or export, may
increase susceptibility.

With the advent of new technologies in geno-
mics and proteomics, one can anticipate that new
insights into the mechanisms of susceptibility and
liver injury from drugs will be forthcoming.

3. Risk Factors

Regardless of whether hepatotoxicity ispredict-
able (frequent) or unpredictable (rare), hypersen-
sitivity-mediated or idiosyncratic, metabolism-
dependent or chemical structure-dependent, the
interplay of genetic and environmental risk factors
influences susceptibility.[2? Table |l listsexamples
of drugs and associated risk factors.

4. Monitoring

The background incidence of drug-induced
mild, reversible liver injury provides the rationale
for monitoring or surveillance. From this back-
ground of mildinjury aminority of individual swill
emerge with overt disease. Thus, by stopping the
medications at the first sign of mild injury one
should prevent serious consequences. Although
this seems a logical approach, a number of prob-
lems must be considered. First, the approach only
applies to delayed reactions. Secondly, oneis sac-
rificing potentially important therapy to a much
larger number of patients than would actually de-
velop overt disease. Thirdly, compliance with such
approaches is known to be poor and fourthly, the
rate of development of overt disease from the first
appearance of elevated ALT levels needs to be
gradual for monthly monitoring to be effective in
preventing life-threatening disease.

Drug Safety 2001; 24 (7)
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Table Il. Risk factors for drug-induced hepatotoxicity

Drug Factors

Methotrexate
Isoniazid

Chronic alcohol abuse, obesity, diabetes mellitus, chronic hepatitis, psoriasis
Hepatitis B infection, hepatitis C infection, HIV infection, alcohol abuse, older

age, female gender, slow acetylator phenotype, concurrent use of rifampicin
(rifampin) or pyrazinamide

Paracetamol (acetaminophen)
Valproic acid (sodium valproate)

Chronic alcohol abuse,? fasting, concurrent use of isoniazid
Young age, concurrent use of other anticonvulsants, genetic defects of

mitochondrial B-oxidation and respiratory chain enzymes

Diclofenac
Anticonvulsants
Sulfonamides

Female gender, osteoarthritis
Genetic defect in detoxification
HIV infection, slow acetylator phenotype, genetic defect in detoxification

a Controversial.[?324

Testing morefrequently than monthly isnot pra-
ctical, although the future development of afinger-
stick ALT test, that could be applied in a fashion
similar to monitoring glucose, might change this
by improving compliance and allowing more fre-
guent monitoring. In any case, monthly monitoring
for delayed idiosyncratic reactions is the best ap-
proach available, but the effectiveness of the ap-
proach is assumed and not proven. Furthermore,
this should not substitute for the need to educate
patients about symptoms of hepatotoxicity such as
fever, malaise, fatigue, gastrointestinal complaints,
abdominal pain, dark urine, jaundice, pruritus, etc,
and the need to report them to their physicians to
insure expeditious cessation of offending agents.
Despite monthly monitoring, some adverse events
may appear rapidly in afew weeksfollowing anor-
mal test. Thiswasthe experiencewith troglitazone;
the incidence of adverse events reported to the US
Food and Drug Administration (FDA) appeared to
decrease after monthly monitoring was recommen-
ded but rare cases of severe disease rapidly occur-
red (‘rapid risers') within a few weeks after a nor-
mal ALT or mild ALT eevation [<3 times the upper
limit of normal (ULN)] at the previous check-up.

Ultimately, the most difficult challenge to the
application of monitoring is cost effectiveness —
monthly monitoring is expensive and one needs to
weigh this quantitatively against the morbidity and
mortality of adverseliver events. If hospitalisation
occursin 1in 10 000 patients taking a medication
and acute liver failurein 1 in 100 000, is monitor-
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ing with its attendant issues of compliance and ef-
ficacy, really justified? What rate of adverse events
justifies monitoring? At present there are no defin-
itive answers to these questions. Regulatory agen-
cies and the pharmaceutical industry must decide
if any risk to life from drug-induced liver toxicity,
irrespective how rare, is justifiable with a specific
drug.

This extremely difficult question was faced by
industry and the FDA recently with bromfenac and
troglitazone. In the case of the nonsteroidal anti-
inflammatory drug, bromfenac, continued use of the
drug in the face of infrequent, delayed idiosyncra-
tic severe hepatotoxicity,[23 could not be justified
since many alternative treatments were available.
Inthe caseof troglitazone, the decisionto withdraw
was delayed and more complicated due to the im-
portant and unique therapeutic properties of the
drug in managing a serious medical condition, al-
beit with benefits which would not be evident for
many years (i.e. the effect long term control of
blood sugar on complications of diabetes mellitus),
whereas the life-threatening complication of acute
liver failure occurred in the first year and with an
incidence of about 1 : 20 000. It was decided that
the implementation of monthly monitoring would
likely protect the users and the drug was continued.
Although this strategy may have worked to some
extent, the issue of compliance with monitoring and
the possibility of occasional ‘rapid risers’ meant
that the population could not be completely pro-
tected. At the same time, several new drugsin this
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class were approved and after anumber of months
of postmarketing experience with the alternative
new agents, it was concluded that these agents
were probably less likely to induce severe hepato-
toxicity, leading to the withdrawal of troglitazone.

5. Issues for Drug Development

Nonclinical assessment using animal models
undoubtedly screens out most potent toxins. How-
ever, liver injury at extremely high dosesin animal
models does not necessarily predict problems in
humans. Obviously, drugsthat passthrough animal
testing and reach clinical trials have been consid-
ered of no or negligible risk to humans. Com-
pounds which are not hepatotoxic in animals usu-
aly do not induce serious hepatotoxicity in humans.
The occurrence of rare hypersensitivity or idiosyn-
cratic reactions in humans cannot be reliably pre-
dicted at present from preclinical studies. Thus,
whether or not animal testing shows some toxic
propensity at extreme doses, vigilance during clin-
ical trials and postmarketing needs to be univer-
sally practised.

The key arena for identification of drugs with
significant hepatotoxic potential is phase | to Il
clinical trials. At thisstageitiscritical to determine
the incidence of abnormalities in treated versus
control patients. The value of >3 times ULN for
ALT iscommonly used asasignal for concern. The
background incidence of thissignal dependsonthe
nature of the control population (obesity, diabetes
mellitus, heart failure, chronic hepatitis C infec-
tion) and ranges between 0.1 to 1.0%. Thus, if the
incidence of ALT in drug recipientsis 2 to 3%, this
is cause for some concern. However, even more
concerning would be the occurrence of ALT >8 to
10timesULN, in conjunction with hyperbilirubin-
aemia and/or symptomatic hepatitis. The rule of
threes appliesto thissituation: in order to be >95%
sure of not missing an adverse event (e.g. overt
icteric symptomatic disease) one needs to study
nearly 3-fold more patientsthan the trueincidence.

Most phase | to Il trials involve of a total of
2000 to 3000 patients and volunteers who receive
adrug for variable time; a subgroup may undergo
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long term exposure (e.g. 6 months or more). If the
drug in question turns out to cause overt liver dis-
easein 1in 100 patients, 300 patients would need
to be treated to ensure that the adverse event is not
missed. However, if overt liver disease occurs in
approximately 1 in 1000 patients, the number of
patients needed would be 3000. This is exactly
what was seen with troglitazone: a 2- to 3-fold in-
creased incidence ALT > 3 times ULN and 2 pa-
tients with jaundice in the cohort of 2500 patients
treated with the drug.[28] Thus, the clinical trials
provided the signals for concern.

On the other hand, if the trueincidence of overt
drug-induced liver disease is 1 in 10 000, there
would beahighlikelihood of missing overt disease
in the clinical trials due to insufficient numbers of
patients involved. Thus, the absence of hyperbili-
rubinaemia and markedly elevated ALT levelsin
3000 study patients predicts that the incidence of
overt disease should be somewhere between zero
and lessthan 1 per 1000 and fatal disease between
zero and less than 1 per 10 000 (remembering that
we are concerned with this issue because overt
drug-induced cytotoxic disease carriesabout alin
10 chance of death or liver transplantation).

A magjor dilemma is whether to not approve a
drug with asignal of increased incidence of ALT >
3times ULN and morethan 1 case of hyperhbilirub-
inaemia with elevated ALT level versus approval
with arecommendation for monitoring. In general,
it would seem prudent to require more extensive
premarketing assessment of safety when time-
tested, well-tolerated aternatives are already avail-
able. The decision depends on the uniqueness or
importance of the new drug and the prediction (un-
proved) for the effectiveness of monitoring. The
|atter approach should include careful postmarket-
ing surveillance or expanded phase 1V studiesin-
cluding an assessment of theimpact of monitoring.
There are situations in which a statistically signif-
icant increase in mild liver injury (ALT level >3
times ULN) has been observed without overt dis-
ease. Under such circumstances, predictions about
risk of seriousliver injury cannot be made and de-
cisions concerning the need for monitoring are

Drug Safety 2001; 24 (7)



488

Kaplowitz

very difficult to support. The cholesterol-lowering
HMG-CoA reductase inhibitors (‘statins’) exem-
plify thisproblem. Some have been associated with
anincreaseinincidenceof ALT level increasesver-
suscontrolsin clinical trialsbut extensive postmar-
keting experience has shown little cause for con-
cern.

Although most drugs with a propensity for hep-
atotoxicity will be identified in preclinical testing
and clinical trials, occasional drugs slip through
because the reactions are rare and either hypersen-
sitivity or delayed idiosyncratic in nature. Post-
marketing surveillance of newly approved drugsis
very important but is associated with limitations
due to lack of compliance with reporting adverse
events and lack of controls. Occasional unexplained
liver failure in a patient receiving a drug must be
weighed against the background incidence of liver
failurein the general population or associated with
thediseasebeing treated. For example, it isestimat-
ed that about 2000 cases of acuteliver failure occur
inthe US population of 300 000 000 (incidence<1
: 100 000). At least 10 to 20% of these cases have
no identifiable cause, resulting in abackground in-
cidence of 1to 2 cases per million. Thus, the repor-
ting of 1 or 2 cases of acute liver failurein the first
million recipients of anew drug must be viewed dif-
ferently than 10 to 100 times that number.

6. Diagnosis

Establishing a diagnosis of drug-induced liver
disease in an individual case is mainly based upon
circumstantial evidenceaided by thesignaturetype
of reaction (if known) with respect to latency and
clinical characteristicsaswell asexclusion of other
more plausible aternative causes. Additiona in-
formation can be gained from the response to the
removal of the drug, i.e. rapid improvement in
cytotoxic reactions and slow improvement in cho-
lestatic reactions. A rechallenge with recrudes-
cence of liver abnormalities is the most definitive
evidence, i.e. highly probable, but hardly ever jus-
tified and not always positive in idiosyncratic
cases. A practical approach isto consider the diag-
nosis probable/possibleif the signaturelatency and
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pattern of diseasefit and other causes are excluded
(e.g. viral hepatitis, ischaemic hepatitis, biliary dis-
ease). The remainder of cases are unlikely or unre-
lated depending on the completeness of the work-
up and the strength of the evidence in favour of an
alternative diagnosis. This ad hoc approach is
equivalent to diagnosing as yes, ho, or maybe.

The presence of autoantibodies to specific
forms of cytochrome P450 enzymes have been as-
sociated with hypersensitivity reactions to certain
drugs.[18:27.28] Although of uncertain but intriguing
significance with respect to pathophysiology, their
presence may be helpful in the diagnosis of drug-
induced liver disease in these special cases (table
I11). However, testing for these autoantibodies is
mainly aresearch tool at present.

Several groups have attempted to generate
quantitative systems designed to generate anumer-
ical score which reflects the probability of adrug
asthe causefor liver disease.[2%-32 The Council for
International Organisation of Medical Sciences
(CIOMYS) scoring system appears to be the most
accuratel®334 and puts numerical weight on the
factors discussed at the beginning of this section to
generate acomposite score which reflectsthe prob-
ability that liver injury isdrug-induced. Theadvan-
tage is that this system is less subjective than the
ad hoc approach. This type of scoring system per-
forms well when validated against well documented
cases of drug-induced liver disease. Specialists,
pharmaceutical industry and regulatory bodies
should be encouraged to use this scale. It also
would be reasonableto apply the scoring system to
individual case reports submitted to medical jour-

Table Ill. Autoantibodies in drug-induced liver disorders

Autoantibody target Drug

CYP 2C92 Tienilic acid
CYP 1A2° Dihydralazine
CYP 3AP Anticonvulsants
CYP 2E1 Halothane
mEH Germander

a Also referred to as anti-LKM2 autoantibody.
b Also referred to as anti-LM autoantibody.
CYP = cytochrome P450; mEH = microsomal epoxide hydrolase.
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nals. Although it is not perfect and may not dis-
criminate between multiple concurrently used can-
didate toxins, it does provide consistency and fo-
cuses the attention of the evaluator on most of the
critical parameters which need to be considered in
estimating the probability of causality.

7. Conclusions

Drug-induced liver disorders occur frequently,
may belife-threatening and can mimic all forms of
liver disease. Preclinical drug development screens
out potent toxins but isimperfect in identifying the
potential for unpredictable rare hypersensitivity
and idiosyncratic reactions. Although knowledge
of the metabolism of drugs and the identification
of toxic metabolites may be helpful in improving
the value of preclinical studies, advancement will
require the elucidation of the mechanism of toxic-
ity in humans so asto employ animal modelswhich
express the determinants of risk. This will allow
deployment of transgenic and knockout models
and other pretreatments which unmask the toxic
potential. In the clinical development phase,
greater attention to the identification of signals, such
as increased frequency of ALT level elevations,
and more precise definition of true versus false
positive signals is needed. In the postmarketing
phase, along with improving compliancein report-
ing adverse events and causality assessment, stud-
ies of the value of monitoring are of critical impor-
tance. The employment of new technologies such
as genomics and proteomics should lead to better
understanding of the mechanisms of unpredictable
reactions, identification of individuals at risk, and
development of relevant animal model systemsto
screen new drugs. These new technologies will be
useful at multiplelevels. Inanima andinvitro sys-
tems, the identification of signature patterns of
gene expression (toxicogenomics) may predict
toxic potential even when overt organ damage does
not occur. Inthe patientswith ALT level abnormal-
ities or overt disease, the new technologies offer
the hope of identifying the genetic predisposition
to rare immunological or idiosyncratic hepatotox-
icity (pharmacogenomics).
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