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Development of idiosyncratic hepatotoxicity is an intricate process involving both concurrent as well as sequen-
tial events determining the direction of the pathways, degree of liver injury and its outcome. Decades of clinical
observation have identified a number of drug and host related factors that are associated with an increased risk of
antituberculous drug-induced hepatotoxicity, although majority of the studies are retrospective with varied case
definitions and sample sizes. Investigations on genetic susceptibility to hepatotoxicity have so far focused on for-
mation and accumulation reactive metabolite as well as factors that contribute to cellular antioxidant defense
mechanisms and the environment which can modulate the threshold for hepatocyte death secondary to oxidative
stress. Recent advances in pharmacogenetics have promised the development of refined algorithms including
drug, host and environmental risk factors that allow better tailoring of medications based on accurate estimates
of risk-benefit ratio. Future investigations exploring the pathogenesis of hepatotoxicity should be performed us-
ing human tissue and samples whenever possible, so that the novel findings can be translated readily into clinical
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applications. (J Cun~ Exp HepaToL 2013;3:37-49)

uberculosis (TB) remains a major global health
problem despite the availability of highly effica-
cious treatment for decades. World Health
Organization (WHO) declared TB a global public health
emergency in 1993, at a time when an estimated 7-8 mil-
lion new cases and 1.3-1.6 million deaths occurred each
year. In 2010, there was an estimated 8.8 million new cases
reported and 1.4 million deaths including deaths from TB
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among HIV-positive people. In India, TB is a major public
health issue with an estimated prevalence of 256 per
100,000 population and 26 per 100,000 population dying
of TB.! Although about 85% of TB cases are successfully
treated, treatment-related adverse events including hepato-
toxicity, skin reactions, gastrointestinal and neurological
disorders account for significant morbidity leading to
reduced effectiveness of therapy. Hepatotoxicity is the
commonest of all adverse effect leading to drug discontin-
uation in 11% of patients treated with combination of iso-
niazid, rifampicin and pyrazinamide.”

Anti-TB drugs are one of the commonest group under-
lying idiosyncratic hepatotoxicity worldwide.>™ The
incidence of anti-TB drug induced hepatotoxicity varies
widely dependent upon the characteristics of the
particular cohort, drug regimens involved, threshold
used to define hepatotoxicity, monitoring and reporting
practices. Overall, hepatotoxicity attributed to anti-TB
drugs has been reported in 5%-28% of people treated
with anti-TB drugs.3 However, it is difficult to judge how
many of these fit into a more recent international consen-
sus case definition of drug-induced liver injury (DILI).®
Majority of the reports have used an elevated alanine
(ALT) or aspartate transaminase (AST) of 3 times upper
limit of normal range (ULN) with symptoms (abdominal
pain, nausea, vomiting, unexplained fatigue or jaundice)
attributable to liver injury or 5 times ULN of ALT or
AST without symptoms to define hepatotoxicity.”

Up to 20% of the patients receiving isoniazid either in
single or combination therapy develop transient asymp-
tomatic elevation in liver enzymes, which settle with
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continued use of the drug.*” Manifestation of the anti-TB
drug induced hepatotoxicity can vary from asymptomatic
elevations in the liver enzymes to fulminant liver failure.”!°
DILI generally takes hepatocellular pattern. Burden of
anti-TB drug related hepatotoxicity is based not only on
its prevalence or incidence, but also on its severity and
outcome. The median interval from treatment initiation
of drug to development of clinical symptoms is 16 weeks
(range 6 weeks-6 months)."'"? Anti-TB drug induced ful-
minant liver failure appears to have worse outcome when
compared with that related to acute viral hepatitis with
a case fatality rate between 0.042 and 0.07 per 1000 persons
at any given time during therapy.3‘4’14’16 Liver biopsy
specimens when available reveal lobular hepatitis, sub
massive to massive necrosis and hydropic degeneration
of hepatocytes in severe cases. In cases associated with
rifampicin hepatotoxicity, focal hepatocellular necrosis
and apoptosis in zone 3 and cholestasis have been noted
on histology.

Despite decades of use and large number of patients ex-
posed to anti-TB drugs worldwide, pathogenesis underly-
ing hepatotoxicity is poorly understood. Investigations
aimed at identifying drug related, host genetic and envi-
ronmental factors associated with susceptibility to hepato-
toxicity as well as those exploring the potential
mechanisms leading to DILI may allow clinicians to de-
velop strategies to reduce the occurrence of hepatotoxicity
and its adverse outcome.

RISK FACTORS ASSOCIATED WITH
HEPATOTOXICITY

Drug Related Factors

It is difficult to estimate the incidence of hepatotoxicity due
to individual agents as majority of patients are on combina-
tion of medications throughout the course of anti-TB ther-
apy. While isoniazid, rifampicin and pyrazinamide are
known to cause hepatotoxicity, ethambutol and streptomy-
cin are considered not to be hepatotoxic. Information re-
lated to hepatotoxicity from isoniazid (INH), rifampicin'’
and pyrazinamidel&19 are derived from observations made
during monotherapy for latent TB or when these drugs
were combined with apparently non-hepatotoxic medica-
tions. Rifampicin induced DILI has been well documented
when it is used to treat pruritus in patients with primary bil-
iary cirrhosis.?® However, this may be an overestimate and
excess risk could potentially be related to the underlying
liver disease. Other studies where rifampicin has been used
alone in prophylaxis in treatment of latent TB has demon-
strated relative low risk of DILI due to rifampicin.*"**
INH is the most common drug associated with toxicity.
Four large population based observational studies have
shown that the incidence of isoniazid hepatotoxicity
when used as monotherapy (in treatment of latent infec-
tion) to be in the range of 0.1%-0.56%.""'*?>** A review
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based on the data from U.S. Food and Drug
Administration (FDA) estimated that 23.2 per 100,000
people die receiving INH based prophylactic therapy.*® In
a meta-analysis, isoniazid was more likely to be associated
with hepatotoxicity (odds ratio (OR) 1.6) even in the ab-
sence of rifampicin, but the combination of these two
drugs was associated with higher rate of hepatotoxicity
(OR 2.6) when compared to each drug on its own.”® Daily
dosing regimens haven't been shown to be associated
higher risk of hepatotoxicity than three times a week re-

. 2
gimes. 7

Intrinsic Toxicity in Animals

Pre-clinical phase of drug development includes toxicity
studies in animals. The principle behind these experiments
is that the use of high doses of a compound in a group of
animals should reveal intrinsic potential toxicity (of a com-
pound) that would occur with a low frequency in patients
receiving much smaller therapeutic doses. These experi-
ments generally detect potential hepatotoxicity inherent
to the compound and allow elimination of those associ-
ated with unacceptable risk. Following these principles,
a few animal models of anti-TB DILI have been described.

In male Wister rats, evidence of liver injury appears on
treatment with isoniazid at a dose of 100 mg/kg for 21
days and a metabolite of isoniazid, hydrazine plays an impor-
tant role in liver injury.”® In another example, liver damage
was induced by a combination of isoniazid (50 mg/kg) and
rifampicin (100 mg/kg) in mice.”” Authors argued that
this model supported the hypothesis that mitochondrial re-
dox changes are crucial events in apoptotic liver cell injury in
hepatotoxicity due to anti-TB drugs. However, the doses
used in this model were about 10 times the human doses
on a milligram per kilogram basis. Histological changes
seen in the model was that of hepatic steatosis unlike that
is seen in human DILL Hepatocyte necrosis, a prominent
finding in human DILI was achieved only by profound glu-
tathione depletion induced by pretreatment with phorone.

Most idiosyncratic DILI by definition are unexpected
based on the pharmacological action of a drug.30 As in
the case of anti-TB drug induced hepatotoxicity, idiosyn-
crasy implies an individual's unique response to a particu-
lar drug and is expected to be dependent on host factors.
Therefore, such combination of circumstances is unlikely
to be recreated in animal models. Unsurprisingly, these an-
imal models do not closely reflect the phenotypic features
of anti-TB DILI in humans.

Drug  Biotransformation,
Elimination

Detoxification  and

Formation of reactive metabolites has been implicated in
arange of clinical toxicities including a proportion of those
classified as ‘idiosyncratic’ DILL Reactive metabolites are
generally electrophiles. When they escape detoxification,
they react with nucleophilic groups such as lysine and
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cysteine on cellular proteins. Covalently modified cellular
proteins can either be repaired or degraded. If these pro-
cesses fail, drug-metabolite adduct formation itself impairs
important cellular function leading to the manifestation
target organ injury. Generation of reactive metabolites fol-
lowed by covalent protein binding can also lead to immune
mediated injury.

High levels of reactive metabolite formation in an indi-
vidual may be due to high levels or increased activities of
enzymes involved in the biotransformation of a drug
into a reactive metabolite; these are generally phase I cyto-
chrome P450 enzyme involved in oxidation, reduction or
hydrolysis. Alternatively, individuals may have low levels
or reduced activities of enzymes that detoxify reactive me-
tabolites; usually mediated by phase II enzymes through
a process of glucuronidation, sulfation, acetylation or glu-
tathione conjugation. Phase III of drug disposition is me-
diated by transporter molecules or proteins which
facilitate excretion of the water soluble metabolites into
bile or systemic circulation. Most first line anti-TB drugs
are lipophilic and their biotransformation involves their
conversion into water soluble compounds and subsequent
elimination. Hepatotoxicity appears to involve reactive me-
tabolite formation and accumulation rather than the di-
rect effect of the parent drug itself.>"

Isoniazid: INH is metabolized and cleared predominantly
in the liver. The key enzymes in the metabolic pathway, N-
acetyltransferase 2 (NAT2) and microsomal enzyme cyto-

chrome P4502E1 (CYP2E1) determine the risk of hepato-
toxicity. As illustrated in Figure 1, NAT2 is responsible
for metabolism of isoniazid to acetyl isoniazid, which in
turn is hydrolyzed to acetyl hydrazine. Latter could be ox-
idized by CYP2El to form N-hydroxy-acetyl hydrazine,
which further dehydrates to yield acetyl diazine. Acetyl di-
azine may itself be the toxic metabolite or may break down
to reactive acetyl onium ion, acetyl radical and ketene,
which could bind covalently with hepatic macromolecules
resulting in liver injury. The enzyme NAT?2 is also respon-
sible for further acetylation of acetyl hydrazine to non-
toxic diacetyl hydrazine. Therefore, slow acetylation results
not only in accumulation of the parent compound, but
also of mono-acetyl hydrazine. Acetylation of acetyl hydra-
zine is further suppressed by INH itself. In addition, direct
hydrolysis of INH without acetylation produces hydrazine
that could cause liver injury.32 INH metabolism through
this minor pathway is increased ten-fold in slow acetyla-
tors, especially in association with rifampicin.>> The he-
patic NAT2 is polymorphic in humans, and the presence
of any two of the several variant alleles of the NAT2 gene
is associated with slow acetylation phenotype, whereas
rapid acetylators have one or more wild-type NAT2*4 al-
leles.>* Acetylation activity in vitro is progressively reduced
in association with NAT2*4 > NAT2*7 > NAT2*6 > NAT2*S
alleles.®® In their first study involving genotyping acetyla-
tor status in 224 subjects on anti-TB therapy, Huang,
et al found that patients possessing NAT2 genotypes asso-
ciated with slow acetylation had a four-fold risk of
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Figure 1 Pathways involved in the metabolism of isoniazid.

Journal of Clinical and Experimental Hepatology | March 2013 | Vol. 3 | No. 1 | 37-49 39

DILI



nma

HEPATOTOXICITY RELATED TO ANTI-TUBERCULOSIS DRUGS

developing INH-induced hepatotoxicity®® and recent
meta-analysis of 14 studies involving 474 cases and 1446
controls have drawn similar conclusions with an odds ratio
of 4.6 for slow acetylators.37 In addition, slow acetylators
were prone to develop more severe hepatotoxicity than
rapid acetylators. Those with NAT2*6/6 and NAT2*6/7 ge-
notypes had a significantly higher risk than other geno-
types. The same group investigated whether genetic
polymorphism of CYP2EI influenced susceptibility to
anti-TB drug induced hepatotoxicity. During the adminis-
tration of INH, CYP2EL1 activity is inhibited. Under this in-
hibitory effect of INH, subjects who were homozygous for
CYP2EI cl allele (wild type) had higher enzyme activity
compared those with one or more CYP2EI c2 allele.®® A
study including 318 subjects on anti-TB therapy showed
that subjects with CYP2EI c1/c] were 2.5 times more likely
to develop hepatotoxicity when compared with the other
genotypes. The risk of hepatotoxicity increased 7-fold
when CYP2E1 cl/cl was combined with slow-acetylator sta-
tus. A similar study looking at 218 patients receiving ATT
by Bose et al in India examined the role of the NAT2 and
CYP2E1 (promoter and intron 6 region) polymorphisms
in ATT hepatotoxicity. There was a higher prevalence of
NAT2*5/*7 and NAT2*6/*7 genotypes (slow-acetylator)
genotypes in anti-TB DILI group. CYP2EI cl1/cl were pres-
ent in both DILI and non-DILI groups, however CYP2E1 C/
D or C/C genotypes 3 times more likely to develop anti-TB
DILL. The same study also demonstrated that slow-
acetylator status (NAT2 gene polymorphism) and the
CYP2E1 C/D or C/C genotype together showed a higher fre-
quency in DILL*

Glutathione plays an important protective role as an in-
tracellular free radical scavenger by conjugating with toxic
reactive metabolites that are generated from biotransfor-
mation of drugs and xenobiotics. Sulfhydryl (SH) conjuga-
tion of the metabolites facilitates their elimination from
the body, and so reduces the potential for toxicity. Defi-
ciency in GST activity, because of homozygous null muta-
tions at GSTM1 and GSTT1 loci, modulate susceptibility to
drug- and xenobiotic-induced hepatotoxicity. In a case
control study involving 33 cases and equal number of con-
trols Roy et al examined the frequency of GSTMI and
GSTTI null mutations and noted GSTM1 null mutations
twice as common in the cases with anti-TB DILL* In an-
other study involving Caucasian patients, anti-TB DILI
was 2.6 times more likely in those with GSTT1 null muta-
tions.*! The data so far suggest that INH hepatotoxicity is
caused by the reactive metabolites. A recent review on
mechanism of INH hepatotoxicity highlights the role of
immune mediated idiosyncrasy as a mechanism that is ex-
plained by the adaptive responses of liver to INH and het-
erogeneity of clinical picture of INH hepatotoxicity.42

Rifampicin: Rifampicin is well absorbed from the stomach
and metabolized in the liver by desacetylation to
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desacetyl rifampicin®*** and a separate pathway of

hydrolysis produces 3-formyl rifampicin.*>*® Desacetyl
rifampicin is more polar than the parent compound,
and microbiologically active. This metabolite accounts
for the majority of the antibacterial activity in the bile.
Rifampicin is almost equally excreted in the bile and
urine. These metabolites are non-toxic. Rifampicin is asso-
ciated with hepatocellular pattern of DILI’®**** and more
often it potentiates the hepatotoxicity of other anti-TB
clrugs.47’48 The xeno sensing pregnane X receptor (PXR)
is a member of the nuclear receptor superfamily of
ligand-dependent transcription factors that can be acti-
vated by a variety of drugs including rifampicin. Activated
PXR binds to response elements in the promoters and up-
regulates the transcription of phase I and II drug metabo-
lizing enzymes such as cytochrome P450 (CYP)s and gluta-
thione S-transferases (GSTs), and transporters (involved in
phase III). Rifampicin is a potent inducer of several meta-
bolic enzyme pathways in particular cytochrome P450
(CYP3A4) system via the hepatocyte PXR.***® This
activation of the CYP3A4 leads to increased metabolism
of isoniazid yielding toxic metabolites thus explains the
potentiating effect of rifampicin in anti-TB drug induced
hepatotoxicity. Rifampicin also induces isoniazid hydro-
lases, leading to increased hydrazine production especially
in slow acetylators thus increasing the toxicity when used
in combination with isoniazid.** Processes that are in-
volved in the excretion and elimination of the drug metab-
olite are grouped as phase Il of drug disposition.
Transporter ABCB1 is responsible for the transport of
many anti-retroviral and anti-TB drugs including rifampi-
cin and ethambutol. ABCBI 3435T variant allele is reported
to lower expression level and protein folding thereby alter-
ing the structure of substrate binding sites to and de-
creased transport activity.”' In a study involving patients
on treatment with a combination of anti-TB and anti-
retroviral therapy (ART), the proportion of those homozy-
gous for ABCB1 3435TT genotype was 3-fold higher in
those who developed DILL>? Rifampicin occasionally in-
terferes with bilirubin uptake and results in transient un-
conjugated hyperbilirubinemia  without hepatocyte
damage. However more commonly, it does contribute to
conjugated hyperbilirubinemia by interfering with the bil-
irubin excretion by inhibiting the bile salt exporter pump
(BSEP).>>">°

Pyrazinamide: Pyrazinamide is a nicotinic acid derivative.
It is deamidated to pyrazinoic acid. This is further oxidized
by xanthine oxidase to 5-hydroxy pyrazinoic acid.***” The
metabolites are excreted via the kidneys. The half-life of
pyrazinamide is longer than isoniazid and rifampicin; it
is prolonged even further in the presence of underlying
liver disease and when used with other drugs that inhibit
xanthine oxidase such as allopurinol. The toxicity of pyra-
zinamide is both dose dependent with a higher dose at 40-
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50 mg/kg being associated with a greater frequency of
hepatotoxicity than the doses used in current regimens
(25-35 mg/kg). In murine models, pyrazinamide inhibited
CYP450°® activity and NAD® levels were altered in associ-
ation with free radical species mediated hepatotoxicity.

Fluoroquinolones: Fluoroquinolones have been used as
second line agents in the context of multi-drug resistant
TB and in the events of hepatotoxicity due to first line
agents. Quinolones are either metabolized in the liver (as
with ciprofloxacin) or are excreted unchanged by the kid-
neys (as with levofloxacin). With an exception of trovaflox-
acin which is now withdrawn, fluoroquinolone induced
hepatotoxicity is very rare and identifiable only through
large-scale studies or worldwide pharmacovigilance report-
ing.60 Isolated cases of significant hepatotoxicity have been
reported with ciproﬂoxacin,61 levofloxacin,®* gatifloxa-
cin.*>** The mechanism of hepatotoxicity is thought to
be due to hypersensitivity reaction often associated with
peripheral eosinophilia and fever. Introduction of
fluoroquinolones didn't cause additional hepatotoxicity
when used in patients with hepatitis induced by first line
anti-TB drugs.®® In patients with pre-existent liver disease,
use of ofloxacin has been found to be safe and effective.®®

Host Related Risk Factors

Although several risk factors have been associated with
hepatotoxicity, robust conclusions can't be drawn due to
marked variations in study design, cohort size and case def-
initions.
Age
Age has been associated with an increased risk of DILL In
one study including 519 patients on standard anti-TB
medications, age over 60 years was associated with a 3.5-
fold risk of DILL* Another study including 430 patients,
pyrazinamide associated adverse events including DILI
was 2.6-fold higher in those over the age of 60 years.67 In
a cohort of over 3000 patients who were on INH mono-
therapy, frequency of DILI was higher in those aged 50
years or older."' The severity of INH hepatotoxicity and
consequent mortality has also been reported to be higher
after the age of 50.8162% In a case-control study, patients
who developed DILI on anti-TB drugs were older (39 years)
compared to those who did not (32 years).*® In another
study, the incidence of hepatotoxicity was 17% in patients
below 35 years of age and 33% in age above 35 years; in
a multivariate analysis, age >35 years was the only indepen-
dent variable for predicting anti-TB DILL®® Older age is as-
sociated with decreased liver blood flow, changes in the
drug distribution and metabolism, thus potentially reduc-
ing the effective clearance of the drugs.

Contrary to these, a meta-analysis reported a higher in-
cidence of clinical hepatitis (6.9%) in children receiving
INH and rifampicin, compared to 2.7% in adults.?® How-

ever, the high frequency of DILI in children was primarily
derived from the inclusion of 3 small studies each with 22-
60 patients, yet reporting a very high frequency of ‘clinical
hepatitis’ in 25%-52% of all patients.

Gender
Women are more susceptible to DILI from anti-TB ther-
apy67’70772 with a reported 4-fold risk.”? Activity of

CYP3A is higher in females rendering them more suscepti-
ble for hepatotoxicity.74 A trend toward increased inci-
dence of INH hepatotoxicity has been noted in pregnant
women in the third trimester and first three months

post—partum.75

Nutritional Status

Malnutrition is common in TB and associated with higher
incidence of anti-TB drug induced hepatotoxicity.76 A recent
retrospective observational study revealed that a weight loss
of 2 kg or more developing within 4 weeks during TB treat-
ment is highly significant independent risk factor for
DILL”” An adequate intake of nutrients is important for
the integrity of liver metabolism and detoxification of TB
drugs, as the cytochrome P450 enzyme system is affected
by nutrient intake, fasting and malnourished states.”®7?

Alcobol Intake

Alcohol can induce enzymes and has potential to cause
liver injury. Several studies have demonstrated that alcohol
perpetuates anti-TB drug induced hepatotoxicity.®*
This risk has been demonstrated even in patients
receiving rifampicin for preventative therapy.gs’84

Concomitant Infection

The observation that drug hypersensitivity is more com-
mon in patients with concomitant viral infection has led
to the suggestion that mild inflammatory reaction due to
co-existent infection can often act as a ‘danger signal’
which permits the development of initial events in the
pathophysiological process into a full blown hepatotoxic
reaction.®> Whether chronic infections other than TB in-
crease the risk of DILI during anti-TB therapy has been in-
vestigated in several cohorts.

The risk of anti-TB drug induced hepatotoxicity is
higher in patients with chronic hepatitis B virus (HBV) pa-
tients compared to uninfected subjects (16% vs 4.7%
p <0.001) and the severity was much higher in the HBV pa-
tients in this study (4.7% vs 2.5% p < 0.001).%¢ Studies also
have shown that the severity of the hepatotoxicity is di-
rectly related to viral load at the time of initiation of
anti-TB therapy.®®

Similar to HBV infection, approximately 30% of all of
hepatitis C virus (HCV) infected patients receiving treat-
ment with anti-TB drugs developed hepatotoxicity com-
pared to 11% in controls with a 5-fold relative risk of
developing hepatotoxicity and severity associated directly
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with the viral load.*” Concomitant HIV infection also in-
creases the risk of anti-TB drug induced hepatotoxicity sig-
nificantly. This has been observed both before highly active
anti-retroviral therapy (HAART) era and during HAART
era. The hepatotoxicity in the pre-HAART era ranged
from 4 to 15% and in the HAART era ranges from 4 to
27%.%® However, there have been several confounding fac-
tors such as intravenous drug use, alcoholism, viral hepati-
tis, HAART therapy causing hepatotoxicity, drug-drug
interactions and liver injury due to immune reconstitu-
tion. Overall influence of HIV infection alone on the
anti-TB therapy induced hepatotoxicity has been estimated
to be 4 times higher than in controls and co-infection with
HCV, increases this risk by 14-fold.®®

GENETIC SUSCEPTIBILITY

Anti-TB DILI remains unpredictable even when variables
such as drug regimen and environmental factors are taken
into account. Neither the drug related factors nor the con-
current risk factors adequately explain why, in the vast ma-
jority of cases, hepatotoxicity occurs during the early phase
of anti-TB therapy. In addition, observations such as Asian
males have double the rate of isoniazid hepatitis than
white males and nearly 14 times that of black males'"'?
indicate that genetic susceptibility may contribute
substantially to the development of hepatotoxicity.

Single nucleotide polymorphisms in the genes coding
for the drug metabolizing enzymes (such as NAT2 and
CYP2EL1) eventually leading to an excess formation, accu-
mulation of reactive metabolites or their reduced clearance
(such as ABCC1) have been associated with increased risk
of anti-TB DILI (Table 1). Natural PXR protein variants
have been associated with inter-individual variability of
CYP3A4 expression® and may contribute to individuals'
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susceptibility to anti-TB DILIL. Magnitude of impact of re-
active metabolites can be modified by cellular response to
oxidative stress that is generated. Hence, polymorphisms
in the genes which influence antioxidant defense processes
(such as BACH1, MAFK, GST1 and MnSOD) appear to de-
termine one's predisposition to DILL

Although protein binding of reactive metabolites may
impair cellular function to cause toxicity, drug-metabolite
adducts may interact with the immune system. In order
for the drug-metabolite adduct to be recognized by the im-
mune system, they should be presented by antigen present-
ing cells in conjunction with major histocompatibility
complex (MHC) molecules. Consistent with this, studies
from India have shown that absence of HLA-DQAI1*0102 al-
lele, and presence of HLA-DQB1*0201 allele were indepen-
dent risk factors for anti-TB drug induced hepatotoxicity.®'

PATHOPHYSIOLOGY: UNIFYING
HYPOTHESIS

Development of idiosyncratic DILI is an intricate process in-
volving both concurrent as well as sequential events deter-
mining the direction of the pathways, degree of liver
injury and its outcome (Figure 2). The key upstream events
include drug specific pathways triggered by particular drugs
or their metabolites. Increased formation of reactive metab-
olites generally as a result of phase I metabolism or failure of
detoxification usually a function of phase II metabolism is
likely to be an initiating event. The expression of these
drug metabolizing enzymes and transporters involved in
the excretion and elimination of drug metabolites (phase
III) are regulated by transcription factors (nuclear hormone
receptors) such as pregnane X receptor. Genetic and envi-
ronmental factors that influence the expression and activi-
ties of proteins involved in phase I, II and III of drug

Table 1 Studies that have demonstrated association of specific genotypes with anti-TB DILI.

Drug Genotype Hazard ratio Cases (n) p Value
Isoniazid>® NAT2*6/6 or NAT2*6/7 3.7 33 0.003
Isoniazid>®->° CYP2E1 c1/c1 2.5 49 0.009
CYP2E1 C/D or C/C 3.2 41 0.005
Anti-TB drugs and HAART®? NAT2%*4, *12 or *13 0.4 65 0.04
ABCB1 3435T/T 5.3 65 0.02
Isoniazid®? MnSOD T/C or C/C 2.5 63 0.02
Isoniazid#%:41-92 GSTM1 nuli®? 2.2 63 0.03
GSTM1 null*® 2.1 66 <0.05
GSTT1 nuli** 2.6 95 0.03
Anti-TB drugs®® BACH1 C/C at rs2070401 9.7% 100 0.0006
MAFK G/A or A/A at rs4720833
Anti-TB drugs®* HLA-DQB1*0201 1.9 56 0.01
HLA-DQA1*0102 0.2 56 <0.001

BACH1 gene encodes transcription regulator protein BACH1 (BTB and CNC homology 1).

MAFK gene encodes small Maf basic leucine zipper protein MafK.

®Hazard ratio for the any of the two single-nucleotide polymorphism (SNPs).
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Figure 2 Hypothetical model of DILI due to anti-TB agents with potential drug and host related factors (in blue) involved in the pathogenesis.

disposition or their regulation will determine the rate of for-
mation and accumulation of reactive metabolite.

These reactive metabolites induce the production of ex-
cessive reactive oxygen species (ROS) leading to lipid perox-
idation and cell death. Cellular environment can modulate
the threshold for hepatocyte death secondary to oxidative
stress. Transcription factor Nuclear Factor Erythroid 2-
related factor-2 (Nrf2) regulates glutathione synthetic
and detoxification enzymes. Heterodimers of Nrf2 and
small Maf basic leucine zipper proteins bind to the
antioxidant-responsive element in the promoters of cyto-
protective gene battery. Nrf2-directed endogenous antiox-
idant systems in the liver may dampen the injurious
effect of reactive metabolites. On the other hand, a hetero-
dimer complex of broad complex, tramtrack, bric-a-brac
domain (BTB) and capn’collar type of basic region
(CNC) homology 1 (Bach1) and small Maf proteins down-
regulate the expression of antioxidant enzymes. Therefore,
dysregulation of the activator arm (including Nrf2 and
small Mafs) and the repressor arm (including Bachl and
small Mafs) of the antioxidant pathway may contribute
to the propagation of anti-TB DILL”"

Reactive metabolite may induce cell stress by over-
whelming antioxidant defense or alternatively by binding
to cellular enzymes, lipids or nucleic acids. Mitochondria
have been considered an important target in DILI; inhibi-
tion of mitochondrial respiratory chain results in adeno-
sine triphosphate (ATP) depletion and accumulation of
reactive oxygen species (ROS). Manganese superoxide dis-
mutase (MnSOD) is a protein encoded by the nucleus
and residing in the mitochondrial matrix where it plays
a key role in the detoxification of superoxide anion radicals
that arise constantly during electron transport.”’ In a case-
control genetic association study that included 63 patients
with anti-TB DILI, those with a variant C allele (genotype
T/C or C/C) of MnSOD had 2.5-fold higher risk of hepato-
toxicity when compared with those MnSOD TT genotype.”>
Mitochondrial inhibition due to lack of defense against su-
peroxide ultimately leads to mitochondrial permeability
transition (MPT) with consequent apoptosis or necrosis
dependent on presence or absence of ATP.

Although variation of drug metabolism and clearance
are certainly the key upstream events determining suscep-
tibility to hepatotoxicity, the occurrence and extent of liver
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injury could be influenced by events downstream of initial
drug metabolism. Innate immune response can promote
or inhibit the inflammatory process and thereby determine
the progression and severity of DILL In addition, superim-
position of drug metabolizing enzymes and the immune
system creates a setting wherein a reactive drug metabolite
covalently binds to cellular proteins and this misleads the
immune system to mount an attack against the ‘modified
self’ resulting in immune mediated destruction of targeted
hepatocyte.m Association of anti-TB DILI with specific
human leukocyte antigen (HLA) genotypes®' implies that
the susceptible individual has an immune system that
would more readily recognize the formed neoantigens. Fea-
tures of hypersensitivity with multi-system involvement
manifested by renal dysfunction, hemolytic anemia, flu
like syndrome, arthralgia and rash have been reported
with rifampicin.”>** Rarely pyrazinamide also manifests
as granulomatous hepatitis” with fever, eosinophilia and
systemic illness. Alternatively, innate immune system
may be involved through cytokines that modulate the de-
gree of hepatic inflammation secondary to toxic injury or
the ability of liver to regenerate in response to hepatocyte
death. In certain circumstances neither the production of
reactive metabolites nor the auto-antibodies generated in
response to covalent binding of these metabolites to pro-
teins (haptenization) is sufficient to elicit and immune re-
sponse. Signal 1 represents the interaction between antigen
presenting cell and the T-cell receptor which requires a co-
stimulatory trigger, a ‘danger’ signal (signal 2) to prime the
adaptive immune system. Signal 3 represents polarizing cy-
tokine environment that drives T-cells to Th1 or Th2 im-
mune response. The ‘danger’ signals are thought to be
generated by cytokine release from inflammation associ-
ated with chronic viral infections which increase the risk
of anti-TB DILL® Altered cytokines environment under
these circumstances may prime a genetically susceptible
adaptive immune system to respond to anti-TB drug-
metabolite adduct (hapten) leading to DILI.

The ‘danger’ signals are derived from cells that are
stressed by reactive metabolite formation or released from
cells dying from necrosis.®® In addition to being a second
signal in the adaptive immune response, ‘danger’ signals
can also activate signaling pathways for oxidative stress.
Therefore, sub-clinical hepatocyte injury manifesting as
asymptomatic transaminitis may itself represent the ‘dan-
ger’ signal indicating both an individual's vulnerability
and act as a determinant of more significant serious DILL>®

More recently, investigations have provided evidence of
DILI may potentially be mediated through inhibition of
a histone modification.”” Histone acetylation results in
an open chromatin structure enabling genes in that region
to be read; this acetylation is mediated by enzymes known
as histone acetyltransferases.98 Authors hypothesized that
histone acetyltransferase can be involved in acetylation of
hydralazine derivatives including INH (on long term ad-
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ministration of the drug) leading to exhaustion of the en-
zyme.””  Considering the fundamental role histone
acetylation has in activation of gene transcription, the ex-
haustion of histone acetyltransferase can lead to failure
of hepatocyte regeneration and hence, unrestrained pro-
gression of the pathogenic process leading to DILL

MANAGEMENT

Despite the huge global burden of TB and decades of expe-
rience in the use of anti-TB medications, studies investigat-
ing DILI lack scientific rigor, consistent methodology and
large enough scale to generate the evidence on which rec-
ommendations can be based upon. Therefore, approaches
to prevent, monitor and manage hepatotoxicity have been
based primarily on retrospective observational studies.
Recommendations from the American Thoracic Society
(ATS)," the British Thoracic Society (BTS)” and more re-
cently by National Institute for Clinical Excellence (NICE),
UK for the assessment, choice of anti-TB drug regimen,
patient education, clinical monitoring and interventions in
the event of hepatotoxicity have been published. It must be
noted that many of these recommendations are reliant on
expert opinion only.

Risk Stratification

Pretreatment evaluation whenever feasible should include
screening for existing chronic liver disease including his-
tory of excess alcohol consumption, intravenous drug
abuse and nutritional assessment. Baseline evaluation
should also include serology for chronic viral infections
(hepatitis B, C and HIV) and appropriate assessment for
underlying liver disease.””'% Assessment of risk-benefit
ratio is critical when empirical treatment for TB is being
considered as these patients have been shown to have
excess risk of adverse outcome.*® Individual's risk of
DILI should be weighed against that for developing
active TB before opting to treat latent TB.

Choice of Drugs and Regimen

There is no evidence to suggest that three times per week
regimes are associated with lower risk of hepatotoxicity
than daily dosing regimens.27 Guidelines from profes-
sional bodies'®"'% provide advice on the choice of drugs,
combinations and duration of therapy that are
considered suitable to different clinical scenarios.
Considerations should include the cost, affordability,
access as well as efficacy and associated adverse effects.

As isoniazid and rifampicin are highly efficacious, their
use in the treatment of latent or active TB infection is de-
sirable whenever possible. However, considering that com-
bination therapy increases the risk of DILL>® monotherapy
with either isoniazid or rifampicin is preferable for the
treatment of latent TB when particular individual is at
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higher risk of hepatotoxicity. In patients with unstable or
advanced liver disease, if the serum alanine aminotransfer-
ase level is more than 3 times normal at baseline, the fol-
lowing regimens should be considered. The more
unstable or severe the liver disease is, the fewer hepatotoxic
drugs should be used.

Possible regimens include'®’:

e Two hepatotoxic drugs regimen (rather than the three in
the standard regimen):

— 9 months of isoniazid and rifampicin, plus ethambu-
tol

— 2 months of isoniazid, rifampicin, streptomycin and
ethambutol, followed by 6 months of isoniazid and
rifampicin;

— 6-9 months of rifampicin, pyrazinamide and etham-
butol.

e One hepatotoxic drug regimen:

— 2 months of isoniazid, ethambutol and streptomy-
cin, followed by 10 months of isoniazid and etham-
butol.

e No hepatotoxic drug regimen: in patients with advanced
cirrhosis or portosystemic encephalopathy

— 18-24 months treatment with a combination of eth-
ambutol, fluoroquinolone, cycloserine and capreo-
mycin or aminoglycoside has been suggested as an
option.

Patient Education

Patients should be educated about the importance of ad-
herence to medications, follow up visits for monitoring
and symptoms of hepatotoxicity with appropriate re-
minders wherever possible. In the event of symptoms
that are attributable to hepatotoxicity, patients should be
forewarned to stop all anti-TB medications and seek med-
ical advice in the event of any symptoms of hepatotoxicity
and seek immediate medical advice. One report from a pro-
gramme of INH based chemoprophylaxis suggested that
regular inquiry and reporting of symptoms at monthly
visits proved effective in averting serious DILI without
the need for routine measurements of liver biochemistry.24
Patients should be advised to refrain from alcohol and to
seek medical advice about any prescription or non-pre-
scription medication use as these could potentially in-
crease toxicity leading to DILL

Monitoring

Regular clinical review of patients is helpful to monitor
treatment adherence and directly observed short-course
therapy (DOTS) enhances its effectiveness. Therapeutic
drug rnonitoringw“’106 has been shown to improve
clinical response, but its use in predicting hepatotoxicity
remains to be demonstrated. Within the first few weeks
of initiation of anti-TB therapy, up to 20% of patients

develop transient, asymptomatic elevations in ALT and
as these spontaneously resolve these are thought to repre-
sent ‘adaptation’®” rather than hepatotoxicity; potential
mechanisms underlying the former phenomenon are dis-
cussed in the literature.'®® The Seattle-King County Public
Health Department used a protocol to monitor INH ther-
apy which included advising the patient at each visit to
stop the medication and call the clinic if symptoms of hep-
atotoxicity occurred.** With careful clinical monitoring
without routine laboratory tests, the rate of hepatotoxicity
in 11,141 patients was much lower (0.1%-0.15%) than pre-
viously expected (1%) and there were no deaths.** The ATS
guidelines do not recommend routine liver biochemistry
testing in those without any obvious risk factors; but, liver
biochemistry based monitoring should be considered at 2
weekly intervals in the first 2-3 months of therapy in pa-
tients with risk factors for developing hepatotoxicity and
in those who have abnormal baseline tests.

Interventions

Prompt withdrawal of the offending medication is the most
critical intervention in the management of hepatotoxicity.
However, considering the lack of specific markers that dis-
tinguish transient self-resolving transamintis from poten-
tially serious DILIL, the thresholds set for discontinuation
of anti-TB drugs remain pragmatic rather than evidence
based. The ATS, BTS,NICE and World Health Organization
(WHO) and the International Union Against Tuberculosis
and Lung Disease guidelines have some minor variations
in the interventions for hepatotoxicity. In general, advice
is to stop all anti-TB medications when elevation in ALT rea-
ches 3 times ULN with symptoms attributable to hepatotox-
icity or ALT level of 5 times ULN is detected. In smear
positive TB cases or where discontinuation of therapy is
deemed unsafe due to severity of the illness, a non-
hepatotoxic anti-TB treatment such as ethambutol, fluoro-
quinolone or cycloserine could be considered.

Once withdrawn, anti-TB treatment should be withheld
ideally until the liver tests normalize, or at least ALT falls
below 2 times ULN. Considering that first line anti-TB
drugs are highly effective and relatively inexpensive, bene-
fits of re-challenge must outweigh its risks; it is unwise
to discard these drugs from the regimen. Therefore, it is ac-
ceptable to attempt reintroduction of these medica-
tions.'® In 11%-24% of patients, re-exposure to the same
drug regimen leads to recurrence of DILI''® and positive
re-challenge is not affected by the degree of initial injury.1 10
Both ATS and BTS advice restarting the anti-TB medica-
tions one at a time. The WHO as well as the International
Union Against Tuberculosis and Lung Disease advice re-
starting all the drugs simultaneously; if however, there is
a second bout of hepatotoxicity after re-challenge, then
the drugs are to be reintroduced consecutively. A study ran-
domized 175 patients with hepatotoxicity into these 3 rein-
troduction regimens and found no difference in the
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frequency of recurrent DILL''® On the contrary a small

randomized controlled trial of 45 patients with hepatotox-
icity compared restarting of all drugs simultaneously with
sequential reintroduction regimen without pyrazinamide
showed safety of the latter regimen.111 In the light of
such controversial evidence one has to weigh the risks of
severe life threatening forms of TB, need for faster sputum
conversion, need for reduction in disease transmission in
the community and to reduce the risk of developing
multi-drug resistance forms against the risks of hepatotox-
icity. A sequential regimen with or without pyrazinamide
would be suitable in those individuals who have a higher
baseline prediction of hepatotoxicity as defined by their
phenotype of malnutrition, low albumin, alcoholics and
HIV-positive individuals. 110

Co-administration of N-acetyl cysteine (NAC)''* was
protective against DILI in animals treated with hepatotoxic
doses of INH and rifampicin. A report on benefit of oral ad-
ministration of NAC (600 mg twice daily) in the prevention
of anti-TB DILI comes from an open labeled trial including
60 patients of age >60 years; in the study 37.5% developed
elevation of both AST (mean 99.4) and ALT (mean 65.8)
and mean bilirubin of 1.1 mg/dl within a mean duration
of 5 days of starting combination anti-TB therapy when
not treated with NAC.'"® In contrast, none in the group
treated with NAC developed abnormalities of the liver
chemistry. It is difficult to put the details of this study in
the context of a vast amount of clinical observations de-
scribed in the literature; significance of these findings
and their generalizability are unclear due to the fact, that
mean age of the cohorts were 73 years and possibility
that the asymptomatic transaminitis could have been tol-
erance and not clinically significant DILL Report of reduc-
tion of incidence and severity of anti-TB hepatotoxicity by
the use herbal formulation''* warrants replication in large
clinical trials in independent cohorts.

FUTURE DEVELOPMENTS

Anti-TB drug induced hepatotoxicity is a serious adverse
effect and continues to be a problem worldwide. Efforts
at prevention and/or early recognition of anti-TB DILI
are severely hampered by limited understanding of its
pathogenesis. Future investigations exploring the mecha-
nisms underlying the pathogenesis of anti-TB DILI should
be performed using human tissue and samples whenever
possible, so that the novel findings can be translated read-
ily into clinical applications. Clear and consistent pheno-
typic definitions are essential first step115 in those studies
seeking to identify risk factors of DILI in large cohorts of
patients. Recent investigations focused on genetic suscep-
tibility to ‘idiosyncratic’ DILI have promised the develop-
ment of refined algorithms including drug, host and
environmental risk factors that would allow pre-emption
of DILI''® and hence allow better tailoring of medications
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based on accurate estimates of risk-benefit ratio. Undoubt-
edly, there is an urgent need for more refined, novel, ge-
netic, proteinaceous and metabolite biomarkers which
will detect patients with increased susceptibility to DILI,
assist in early diagnosis and monitoring for DILI during
therapy. Anti-TB DILI provides an opportunity for re-
search that will have considerable impact on wide areas
such as drug discovery/development process, primary
and secondary care.
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