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GSTM1I and GSTT1 genetic polymorphisms and their
association with antituberculosis drug-induced liver injury
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Abstract. Antituberculosis (anti-TB) drugs are the most
common cause of drug-induced liver injury (DILI). There
are numerous studies revealing the associations between the
polymorphisms of pharmacogenes and the risk of anti-TB DILI
(ATDILI). In the present study, relevant studies regarding the
pharmacogenes associated with ATDILI were systematically
searched in PubMed and Scopus. A total of 24 genes associated
with ATDILI were reported on and the top five reported genes
in terms of frequency were revealed to be N-acetyltransferase 2,
cytochrome P450 family 2 subfamily E member 1, glutathione
S-transferases [glutathione S-transferase mu 1 (GSTMI) and
glutathione S-transferase theta 1 (GSTT1/)] and solute carrier
organic anion transporter family member 1B1. As ATDILI may
be the result of direct and indirect interactions, the encoded
proteins were further analysed using the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) to observe
the protein-protein interactions and the associations amongst
these proteins. The results suggested that only GSTT/ and
GSTM1 were central proteins associated with all the other
analysed proteins. Therefore, the association between GSTT! or
GSTM1 and the risk of developing ATDILI were further anal-
ysed. The results revealed that a GSTM1 deletion genotype was
significantly associated with risk of ATDILI [odds ratio (OR),
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1.28; 95% confidence interval (CI), 1.08-1.51; P=0.004], whereas
the GSTT] deletion genotype and GSTM1/GSTTI dual-deletion
genotype were not significantly associated with risk of ATDILI.
Subgroup analysis based on ethnicity was performed and the
results demonstrated a significant association between GSTM 1
and ATDILI in South Asian individuals (OR, 1.48; 95% ClI,
1.12-1.95; P=0.005), which has not been reported previously, to
the best of our knowledge. In conclusion, GSTM1 was associ-
ated with ATDILI in South Asian individuals.

Introduction

Antituberculosis drug-induced liver injury (ATDILI) is one
of the most common adverse reactions to drugs used to treat
tuberculosis (TB), frequently resulting in the discontinued
or interrupted use of drugs, and thus contributing to the
socio-economic burden of the disease (1). The majority of
patients with TB with DILI develop irreversible liver failure
and eventually require a liver transplant due to a poorly defined
pathogenesis and delayed diagnosis (2). Therefore, an improved
understanding of the causes underlying hepatotoxicity induced
by anti-TB drugs may result in the identification of novel markers
and novel therapeutic targets for preventing and slowing the
progression of DILI. Although the exact aetiology of DILI is not
completely understood, it is considered a multifactorial disease
which stems from a range of risk factors, including drugs used
for treatment of TB and the dose, duration, hepatic metabolism
and lipophilicity of those drugs, and other factors including sex,
age and metabolism (2). Genetics has been proposed as a critical
contributor to the pathogenesis of DILI (3). Thus, a focus has
been placed on the potential influence of genetic factors in the
development of ATDILI, in which a variety of genetic polymor-
phisms including in N-acetyltransferase 2 (NAT?2), cytochrome
P450 family 2 subfamily E member 1 (CYP2ET) and glutathione
S-transferases [glutathione S-transferase mu 1 (GSTMI) and
glutathione S-transferase theta 1 (GSTTT)] have been reported
to be associated with an increased risk of ATDILI (4).

Of the various genes known to be associated with ATDILI,
GSTs are gaining increasing interest as potential mediators
of hepatotoxicity. GSTs are essential phase II metabolizing
enzymes for detoxification, which are responsible for miti-
gating the cellular damage resulting from oxidative stress via
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conjugating glutathione to substrates including reactive oxygen
species (ROS) in response to liver injury, and have been impli-
cated in hepatotoxicity (5). Thus, they exert a protective effect
against cellular damage, and one study revealed that gene dele-
tions caused by the homozygous null mutations of GSTM 1 and
GSTTI, which are two major GST5 involved in the isoniazid
metabolism pathway, were significantly associated with an
elevated risk of DILI in patients with TB (6). A number of
clinical studies have demonstrated a potential significant
association between GSTMI or GSTT! and susceptibility to
ATDILI and DILI (7-21); however, the results obtained from
these studies are inconsistent. For example, Rana er al (14)
revealed that GSTMI was associated with an increased risk
of ATDILI; however, in a study by Chatterjee et al (7), an
association was not observed. A meta-analysis is a valuable
tool for deriving meaningful conclusions from data and may
help resolve inconsistencies in research, and may thus assist in
clarifying the association between polymorphisms of GSTM1
or GSTTI and ATDILI.

Numerous meta-analyses have revealed an association
between GSTM1 and GSTT1 null genotypes and susceptibility
to ATDILI (6,22-24); nevertheless, there remain important
gaps in our knowledge. Firstly, previous meta-analyses have
included publications with confounding factors, including
patients with hepatitis virus infection or human immunodefi-
ciency virus (HIV) (23,25). Furthermore, since a large number
of studies have been published, it is necessary to perform an
updated meta-analysis to assess the association of genetic
polymorphisms with ATDILI. Additionally, although genetic
data derived from numerous meta-analyses are based on a
large multi-ethnic population, the association between poly-
morphisms and individuals of South Asian descent require
further validation. To address the aforementioned limitations
of previous meta-analyses, the present meta-analysis was
designed with a more stringent selection criteria to verify the
precise associations between GSTM1 and GSTT1 with suscep-
tibility to ATDILI. Therefore, the aim of the present analysis
was to summarize and analyse the body of available data
regarding the pharmacogenomics associated with ATDILI
using a systematic review and meta-analysis approach,
along with network analysis in order to gain insight into the
molecular interactions between these pharmacogenes, their
genetic polymorphisms and association with a susceptibility
to ATDILI based on genetics and ethnicity.

Materials and methods

Identification of genes associated with ATDILI. The
PubMed (https:/www.ncbi.nlm.nih.gov/pubmed) and Scopus
(https://www.scopus.com/) databases were searched using the
following terms: ‘drug-induced liver injury’ OR ‘hepatitis” OR
‘drug-induced hepatitis’ OR ‘drug-induced hepatotoxicity’ OR
‘hepatotoxicity’ OR ‘liver injury’” AND ‘pharmacogenomic
OR pharmacogenetic*’ OR ‘genetic polymorphism’ OR
‘polymorphism*” AND ‘antituberculosis OR antitubercular’
OR ‘tuberculosis treatment’. Original articles examining the
association between genetic polymorphisms and ATDILI with
a cut-off date of October 30, 2018, were gathered. The frequen-
cies of each gene associated with ATDILI were counted and
the top five most frequent genes were and analysed using
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the STRING online software (26). STRING integrated and
ranked protein/gene associations were benchmarked based on
reference data which consisted of experimental and predicted
interactions between each protein. The interaction network
was considered relevant if the confidence score was >0.7 (26).
In the protein-protein interaction (PPI) network, each node
represented a protein, and each edge indicated a physical or
theoretical interaction between two proteins in the network.

Search strategy for literature on GSTMI and GSTTI.
Searches for original publications were performed in PubMed,
Scopus and Web of Science (https://www.webofknowledge.
com/) databases with a cut-off date of December 25, 2018.
The process was performed using the PICO strategy (27).
The PICO in this study was set as follows: Population (P),
tuberculosis patient; Intervention (I), GSTMI or GSTTI
polymorphisms; Comparator (C), gene deletion and wild type;
and Outcomes (O), liver injury or hepatotoxicity. The search
strategies were constructed by combining search terms using
Boolean operators, including ‘OR’ within the same domain
and ‘AND’ amongst domains (28).

Study selection for meta-analysis of GSTMI and GSTTI.
For inclusion of a study, it had to satisfy the specific inclu-
sion and exclusion criteria. The inclusion criteria were: i)
case-control or cohort study investigating the association
between GSTM1 or GSTTI and susceptibility to ATDILI
susceptibility; and ii) study participants were patients with
TB receiving isoniazid, rifampicin, pyrazinamide or etham-
butol. The exclusion criteria were: i) case report, secondary or
tertiary publications including reviews, systematic review and
meta-analysis; ii) articles not available in English; iii) studies
using healthy volunteers as the control group; iv) studies using
a duplicated set of subjects and/or data; and v) studies which
included participants with confounding factors of hepatotox-
icity, including those co-infected with hepatitis virus or human
immunodeficiency virus, excessive consumption of alcoholic
beverages or concomitant administration of other potential
hepatotoxic medication.

Assessment of the quality of the study. To assess the quality
of each study, two reviewers independently evaluated the
quality of the publications according to the Newcastle-Ottawa
scale (29). The score from the Newcastle-Ottawa scale ranges
from 0-9. Publications were included and designated as ‘pass’
if the publication assessment score was >5.

Data extraction for meta-analysis. Data from all the eligible
studies were extracted into a data sheet. The following data
were extracted: First author, publication year, study design,
ethnicity, sample size, sex, age, body mass index (BMI),
observed medication and the number of cases/controls for
each GST (M1, T1 and M1/TI) genotype with their odds ratio
(OR) and 95% confidence intervals (CI). If any disagree-
ment between data extraction results by two reviewers were
revealed, it was resolved by discussion and consensus with a
third reviewer.

Statistical analysis. The extracted data such as age and BMI
are presented as the mean. Meta-analysis of the effects of
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Figure 1. Frequency of reports on each gene-associated ATDILI in PubMed and Scopus databases. The reports were searched up to October 30, 2018 and
separated according to ethnicity. ATDILI, antituberculosis drug-induced liver injury.

GSTM1I and GSTTI genes were performed using Review
Manager Version 5.3 (Nordic Cochrane Centre, Copenhagen,
Denmark). The Mantel-Haenszel fixed-effects model was used
for the overall calculation of the OR, 95% CI and P-value
calculations. All data are represented as estimated OR with
95% CI. Subgroup analyses were performed by stratifying
patients according to ethnicity as follows: East Asian, South
Asian, South East Asian, European and South American.
P<0.05 was considered to indicate a statistically significant
difference. Heterogeneity among studies was estimated using
a x* test or if the I value was >50% (30). Subgroup analysis
was utilized for the meta-analysis where a y? P-value <0.05
or an I? value >50% was considered significant (31). Finally,
publication bias was investigated using a funnel plot.

Results

Genes associated with ATDILI. A total of 973 studies were
obtained from PubMed and Scopus databases based on the
aforementioned search criteria. Of these, 91 were duplicates
and excluded. Subsequent to refining the data using the
exclusion criteria, 788 publications were excluded as follows:
irrelevant (n=695); studies in non-human models (n=54);
secondary publications (n=30); and studies where healthy
volunteers were used as the control group (n=9). Therefore,
94 publications were included in this analysis. However,
only 77 publications identified a statistically significant gene
associated with ATDILI. There were 94 reports of genes in
the 77 publications. The top five most frequently reported
genes were NAT2 (35 reports), CYP2EI (14 reports), GSTM1
(10 reports), GSTTI (4 reports) and solute carrier organic anion
transporter family member 1B1 (SLCOIBI; 4 reports) (Fig. 1).
The PPI analysis of these five genes revealed interactions
amongst GSTM1, GSTTI, CYP2EI and NAT2. Interestingly,

GSTT1

Figure 2. Protein-protein interaction network of NAT2, CYP2EI, GSTMI,
GSTT1 and SLCO1BI with an interaction score of >0.7. Each node repre-
sents each protein in this pathway. There are three types of edge. The yellow
edge represents the interaction by textmining, while the cyan egde demon-
strates the interaction in curated databases, and the black edge represents
co-expression. NAT2, N-acetyltransferase 2; CYP2EI, cytochrome P450
family 2 subfamily E member 1; GSTMI, glutathione S-transferase mu 1;
GSTTI, glutathione S-transferase 01; SLCOIBI, solute carrier organic anion
transporter family member 1B1.

according to STRING analysis, associations between GSTM 1
or GSTTI with CYP2EI or NAT2 enzymes were observed in
the PPI network (Fig. 2).

Study selection for meta-analysis of the association between
GSTM1 or GSTTI with ATDILI. The selection process of
the included studies is illustrated in Fig. 3. Initially, a total of
278 publications were used, and 15 publications were selected
with 905 cases of ATDILI from a total of 3,785 patients with
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Figure 3. Flow diagram for the present meta-analysis. A total 278 publications were retrieved from databases up to December 25, 2018. A total of 15 studies
were selected as eligible publications subsequent to screening and quality assessment process. GSTM 1, glutathione S-transferase ul; GSTTI, glutathione

S-transferase 01; ATDILI, antituberculosis drug-induced liver injury.

TB. All included publications were qualified according to the
Newcastle-Ottawa scale for case-control and cohort studies.

Study characteristics of the meta-analyses. The studies used
were published between 2001 and 2018 and are presented in
Table I. The majority of the studies were performed on East
Asian (9,12,18,20,21) and South Asian (7,8,10,14-17) patients.
Other studies were performed on South East Asian (13), South
American (19) and European patients (11).

Meta-analysis of results. The associations between GSTM 1,
GSTTI and GSTM1/GSTTI dual-deletions with the suscep-
tibility of ATDILI in patients with TB are summarized
in Figs. 4-6. The results suggested that GSTMI was signifi-
cantly associated with a susceptibility of ATDILI with an OR

of 1.28 (95% CI, 1.08-1.51; P<0.05; Fig. 4). However, there
was no significant difference between the cases and controls
on the influence of the dual gene deletions, the deletion of
GSTTI (Fig. 5) or GSTM1/GSTTI (Fig. 6).

Meta-analysis sensitivity, heterogeneity and publication bias
analyses. Sensitivity analysis was performed by removing
a single study at a time to assess the effect of each study
on the overall estimate. The results demonstrated that the
meta-analysis of the GSTM1 deletion genotype passed the
sensitivity analysis. Heterogeneity was not observed in the
GSTM]1 deletion genotype studies (data not shown). Subgroup
analysis was used to explain the heterogeneity by subgrouping
the studies according to ethnicity as follows; East Asian,
South Asian and South East Asian (Fig. 7). Publication bias
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Experimental Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CIl Year M-H, Fixed, 95% CI
Roy (15) 17 33 8 33 1.6% 3.32[1.16, 9.48] 2001 e
Huang (9) 42 63 29 63 3.9% 2.34[1.14, 4.82] 2007
Leiro (11) 12 35 25 60 4.9% 0.73[0.31, 1.74] 2008 B |
Kim (10) 26 57 104 190 10.6% 0.69 [0.38, 1.26] 2010 o
Chatterjee (7) 25 51 49 100 6.9% 1.00 [0.51, 1.96] 2010 s
Wang (20) 63 104 54 111 8.4% 1.62 [0.94, 2.79] 2010 I
Teixeira (19) 11 26 61 141 4.5% 0.96 [0.41, 2.24] 2011 1T
Tang (18) 55 89 203 356 126% 1.22[0.76, 1.96] 2012 T
Gupta (8) 21 50 61 246 4.9% 2.20[1.17,4.13] 2013 -
Singla (17) 10 17 165 391 2.3% 1.96 [0.73, 5.25] 2014 n
Xiang (21) 41 75 792 1461 14.2% 1.02 [0.64, 1.62] 2014 -1
Sharma (16) 42 105 68 185 12.0% 1.15[0.70, 1.88] 2014 T
Rana (14) 41 55 164 245 6.2% 1.45[0.75, 2.81] 2014 [
Liu (12) 14 20 96 143 29% 1.14[0.41, 3.16] 2014 e
Perwitasari (13) 30 125 10 60 4.2% 1.58[0.71, 3.49] 2018 T
Total (95% CI) 905 3785 100.0% 1.28 [1.08, 1.51] ¢
Total events 450 1889 ) . . .
Heterogeneity: Chi® = 18.38, df =14 (P = 0.19); I* = 24% '0‘01 0:1 1 1'0 100'

Test for overall effect: Z =2.89 (P = 0.004)

Favours [ATDILI) Favours [Tolerant)

Figure 4. Forest plot comparison between GSTM! deletion and GSTM1 presence and the susceptibility of ATDILI from 15 publications. CI, confidential
interval; M-H, Mantel-Haenszel; ATDILI, antituberculosis drug-induced liver injury; GSTM1, glutathione S-transferase p1.

ATDILI Control Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Fixed, 95% Cl Year M-H, Fixed, 95% CI
Roy (15) 5 33 1 33 05% 5.71[0.63, 51.89] 2001
Huang (9) 24 63 25 63 9.0% 0.94 [0.46, 1.91] 2007 —
Leiro (11) 17 35 16 60 3.5% 2.60[1.08, 6.23] 2008
Kim (10) 34 57 103 190 11.2% 1.25[0.68, 2.28] 2010 -
Chatterjee (7) 3 51 3 100 1.1% 2.02[0.39, 10.39] 2010 - T -
Teixeira (19) 4 26 27 141 4.1% 0.77 [0.24, 2.41] 2011 - 1T
Tang (18) 40 89 164 356 21.0% 0.96 [0.60, 1.52] 2012 -
Gupta (8) 11 50 30 246 4.6% 2.03[0.94, 4.39] 2013
Xiang (21) 18 75 420 1461 18.1% 0.78 [0.46, 1.35] 2014 I
Singla (17) 8 17 102 391 2.6% 2.52 [0.95, 6.70] 2014 I
Rana (14) 36 55 203 245 15.0% 0.39[0.21, 0.75] 2014 -
Liu (12) 13 20 97 143 4.8% 0.88 [0.33, 2.35] 2014 T
Perwitasari (13) 11 125 6 57 4.4% 0.82 [0.29, 2.34] 2018 e
Total (95% CI) 696 3486 100.0%  1.04 [0.84, 1.28] L
Total events 224 1197 ‘ . . .
Heterogeneity: Chi® = 24.07, df = 12 (P = 0.02); I = 50% '0‘01 0:1 1'0 100'

Test for overall effect: Z=0.34 (P =0.73)

Favours [ATDILI] Favours [Tolerant]

Figure 5. Forest plot comparison between GSTT deletion and GSTT1 presence and the susceptibility of ATDILI from 13 publications. CI, confidential
interval; M-H, Mantel-Haenszel; ATDILI, antituberculosis drug-induced liver injury; GSTT], glutathione S-transferase 0 1.

was investigated using a funnel plot. In the funnel plots, a
condensed plot presented at the top of the 95% CI triangle
indicated a publication bias for studies with a large number
of enrolled patients. However, the plots were symmetrical
between each of the sides within the triangle which demon-
strated that publication bias was not revealed to be a negative
or positive result.

Results of subgroup meta-analysis. The subgroup analyses
based on the ethnicity of patients with TB were performed for
the GSTM1 gene deletion (Fig. 7). The results demonstrated
that the GSTM1 deletion was significantly associated with
ATDILI in South Asian patients with an OR of 1.48 (95% ClI,
1.12-1.95; P<0.01). On the contrary, there was no significant
association between GSTMI with ATDILI in any of the other
ethnicities.

Discussion

Despite extensive research efforts, current understanding of the
mechanisms which regulate the progression of hepatotoxicity
progression during the treatment of TB remains unclear. As
such, the majority of the patients with hepatotoxicity induced
by anti-TB drugs will develop end-stage liver injury due to
a lack of reliable and specific biomarkers for ATDILI (32).
Genetic variations associated with ATDILI have been exten-
sively studied, and may be used as genetic biomarkers for
identifying patients who may be at increased risk of ATDILI,
prior to the prescription of therapeutics which may aggravate
the risk (33). In the present analysis, previous studies on the
association of genetic variations in patients with ATDILI
were analysed and the top five most frequently reported
genes were NAT2, CYP2EI, GSTM1, GSTTI and SLCOIBI.
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Leiro (11) 7 35 6 60 3.7% 2.25[0.69, 7.34] 2008 .
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Test for overall effect: Z = 0.94 (P = 0.35)

Favours [ATDILI] Favours [Tolerant]

Figure 6. Forest plot comparison between GSTM1/GSTT] dual-deletion and presence and the susceptibility of ATDILI from 8 publications. CI, confidential
interval; M-H, Mantel-Haenszel; ATDILI, antituberculosis drug-induced liver injury; GSTM 1, glutathione S-transferase u 1; GSTT1I, glutathione S-transferase 0 1.
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Singla (17) 10 17 165 391 2.5% 1.96 [0.73, 5.25] 2014 T
Sharma (16) 42 105 68 185 13.2% 1.15[0.70, 1.88] 2014 T
Rana (14) 41 55 164 245 6.9% 1.45[0.75, 2.81] 2014 T
Subtotal (95% CI) n 1200 37.3% 1.48 [1.12, 1.95] L
Total events 156 515
Helerogeneity: Chi? = 6.42, df = 5 (P = 0.27); I = 22%
Test for overall effect: Z = 2.79 (P = 0.005)
2.3.3 South East Asian
Perwitasari (13) 30 125 10 60  4.6% 1.58 [0.71, 3.49] 2018 T
Subtotal (95% Cl) 125 60 4.6% 1.58 [0.71, 3.49] = T
Total events 30 10
Heterogeneity: Not applicable
Test for overall effect: Z=1.13 (P = 0.26)
Total (95% CI) 844 3584 100.0% 1.32[1.11, 1.57] ¢
Total events 427 1803 . . ) .
Heterogeneity: Chi* = 16.18, df = 12 (P = 0.18); I* = 26% '0‘01 011 y 1'0 100'

Test for overall effect: Z = 3.16 (P = 0.002)
Test for subaroup differences: Chi? = 1.46, df = 2 (P = 0.48), = 0%

Favours [ATDILI] Favours [Tolerant]

Figure 7. Asian ethnicity subgroup analysis forest plot comparison between GSTM1 deletion and normal and the susceptibility of ATDILI from 13 publica-
tions and 3 Asian ethnicities. CI, confidential interval; M-H, Mantel-Haenszel; ATDILI, antituberculosis drug-induced liver injury; GSTM 1, glutathione

S-transferase ul.

In addition, PPI network analysis of these genes illustrated
that there were direct links between NAT2, CYP2EI, GSTM1
and GSTTI enzymes, and GSTs were indicated as serving as a
key molecule in this PPI network. Supporting this hypothesis,
alternative results from a PPI network delineated that GSTM
was functionally associated with CYP2E] and GSTT] in drug

metabolism in Kyoto Encyclopedia of Genes and Genomes
pathway analysis (34) and was frequently reported alongside
the NAT2 enzyme in numerous studies (8,14,17). Based on the
metabolism pathway of isoniazid, NAT2, CYP2EI, GSTM1
and GSTTI enzymes functionally associate with each other
to metabolize isoniazid, and GSTMI and GSTTI enzymes
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function to detoxify the toxic metabolites formed following
the metabolism of isoniazid by NAT2 and CYP2EI (35).
Based on the data on the genes associated with ATDILI
NAT2, CYP2EI, GSTMI and GSTT1I, polymorphisms of these
genes may together contribute to the risk of ATDILI. Thus,
further investigation is required to determine the effects of
polymorphisms of these genes, and how they may contribute
to the risk of ATDILI. To the best of our knowledge, there are
no publications which have investigated the influence of the
multi-genetic contribution on the risk of ATDILI. Therefore,
the present study was not able to perform a meta-analysis to
demonstrate the association of the multi-gene effect on the risk
of ATDILI. A meta-analysis was performed to verify the asso-
ciation between polymorphisms of GSTMI and GSTTI and
ATDILI risk. There was an association between a GSTM 1 null
genotype with an increased risk of ATDILI in patients with
TB. This result supports the hypothesis that genetic variation
in genes encoding proteins responsible for managing oxidation
may increase the risk of ATDILI, and genetic polymorphisms
of GSTMI and GSTTI may serve as novel genetic markers
for predicting which patients with TB are at a higher risk of
ATDILI.

As the GST enzymes are fundamental for the elimination
of ROS through the conjugation of glutathione to substrates
including xenobiotics and ROS (4), it is not surprising that
they exert protective effects on numerous different types of
cells from the oxidative stress induced by anti-TB drugs, and
an absence of GST activity leaves the liver more susceptible
to ATDILI (2). The two major GST enzymes which conjugate
isoniazid metabolites are GSTM 1 and GSTTI, and an absence
of their activity caused by homozygous null mutations has
been implicated in liver injury owing to a lack of protec-
tion from oxidant species (5). Supporting this, the results
of the present meta-analysis revealed that a null GSTMI
genotype was significantly associated with a higher risk of
ATDILI (P<0.05), in agreement with a number of previous
meta-analyses (5,6,21-23). Previously, GSTM1I was reported
to be significantly correlated with a susceptibility to develop
ATDILI only in East Asian individuals, although in the present
analysis, an association between GSTM/ polymorphisms and
South Asian individuals was observed. The reason for this
inconsistency is unknown, but may be attributed to the lesser
number of included publications due to the more stringent
inclusion and exclusion criteria. Therefore, further investiga-
tion is required to determine the association between GSTM/
deletion and ATIDILI risk in East Asian, South East Asian,
Caucasian and African individuals.

It has been demonstrated that the homozygous null muta-
tion of GSTTI may result in the loss of detoxification activity
of hepatotoxic reactive metabolites in hepatocytes (36). Thus,
it seems plausible that a GSTT/ null genotype may result in an
increased risk of ATDILI. Nonetheless, in the present study,
no significant association between a null GSTT! genotype and
ATDILI was observed, consistent with previous meta-anal-
yses (6,22-24). A potential explanation for this result may be
due to the small sample sizes. In the present study, although
905 ATDILI cases and 2,880 controls were pooled, the number
of subjects was still insufficient. Tang ef al (6) suggested that a
cohort of >10,000 patients is required to determine the signifi-
cance of a polymorphism when the risk of a polymorphism
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is moderate (37). Alternatively, Bao er al (4) illustrated that
there are multiple factors, including genetic and environmental
factors, which influence the pathogenesis of ATDILI. In the
present analysis, confounding environmental factors including
viral hepatitis, HIV infection and alcohol consumption were
excluded, but other factors including age, sex and BMI were
included, which may have thus resulted in an inaccurate asso-
ciation. Altogether, it was not possible to ascertain whether a
null GSTTI genotype was associated with the risk of ATDILI,
for which a multi-centre genetic association study with larger
sample sizes and well-characterized subjects is required.

Whether combined GSTMI and GSTTI null genotypes
are associated with an elevated risk of ATDILI remains yet
to be determined. Lucena ef al (38) focused on investigating
the potential association between a combination of GSTM1
and GSTTI polymorphisms with DILI and demonstrated a
significant association between GSTM and GSTTI dual-null
polymorphisms and an increased risk of ATDILI. In the present
analysis, no significant association between GSTM1/GSTTI
dual-null genotypes and ATDILI risk was observed. This
contrasting result may be attributable to differences in the
pathophysiology of hepatoxicity, ethnicity and the type of
drugs prescribed between studies. Supporting the observa-
tion that there was no association between GSTM1/GSTTI
dual-null genotypes and ATDILI risk, Ginsberg et al (39)
investigated the genotypic frequency and distribution of
GSTM1 and GSTTI null genotypes in a wide spectrum of
the human populations, and they revealed that GSTMI or
GSTTI null genotypes were highly prevalent in Asian patients
compared with GSTM1/GSTTI dual-null polymorphisms.

If there is a direct link between a null GSTMI genotype
and an increased risk of ATDILI in patients with TB, it
may be hypothesized that a homozygous deletion of GSTM1
results in a loss of GSTMI1 enzyme activity contributing
to the pathogenesis of hepatoxicity influenced by anti-TB
drugs. Hepatotoxicity induced by anti-TB drugs, particularly
isoniazid, is mediated through toxic intermediaries, including
hydrazine and acetyldiazine, in addition to ROS (40,41). An
increase in ROS production results in increased oxidative
stress, which in turn induces organ failure, particularly of the
liver (40), in which NAT2 and CYP2EI have been revealed
to be responsible for a biotransformation pathway of isoni-
azid-induced increased ROS generation (34). In a NAT2- and
CYP2EI-mediated detoxification of an isoniazid-mediated
increase in ROS levels, GST enzymes are known to serve a
protective function against oxidative stress-induced cellular
injury (4), suggesting that GSTs may serve a function in the
detoxification of anti-TB drugs. This hypothesis is supported
by the results from the PPI network analysis, in which a
functional association between GSTs with NAT2 and CYP2E]
was observed, and the centrality of GST enzymes in the
interactions between molecules was established. Although
results from the present meta-analysis along with PPI network
analysis provide support for an association between GSTM
deletion and an increased risk of ATDILI in patients with TB,
the function of genetic variations of GST5s genes and the risk of
ATDILI remains yet to be determined, and additional research
is required to determine their function in the detoxification of
oxidative intermediates which results from the metabolism of
anti-TB drugs.
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There are certain limitations in the present study. The
major limitation of the present study is that it only illustrated
the association of ATDILI with GSTT! polymorphisms
using the previous case-control and cohort study results;
however, the exact function of GSTT! in the pathogenesis of
ATDILI was unable to be determined. To address the cause
and effect association, further experimental studies using
in vivo models need to be performed. Another limitation is
that the present study only included publications which were
published in the English language, thus a language bias was
unavoidable. In addition, pooling data from different types of
study designs, including case-controlled and cohort studies,
may provide a higher number of studies compared with
previous meta-analyses; however, these may contribute to
significant heterogeneity. On the other hand, the strength of the
present study is that all publications with confounding factors
were excluded to better mitigate the effect of the confounding
factors, providing more reliable results.

In conclusion, the meta-analysis revealed thata GSTM I null
genotype was significantly associated with the susceptibility
of ATDILI, particularly in South Asian individuals. However,
there was no association between a null GSTT! or a dual-null
GSTMI1/GSTTI genotype and risk of ATDILI. STRING
analysis revealed that GSTs interact with other proteins
associated with ATDILI, including NAT2 and CYP2EI, and
thus may exert a protective function. Additional studies are
required with larger sample sizes, well-characterized subjects
and various ethnicities including South East Asian, Caucasian
and African individuals to draw a more precise conclusion and
support the use of these genetic markers for predicting the risk
of ATDILI in patients with TB.
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