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NAT2 variants are associated with drug-induced liver
injury caused by anti-tuberculosis drugs in Indonesian
patients with tuberculosis

Rika Yuliwulandari1,2,10, Retno Wilujeng Susilowati3, Britanto Dani Wicaksono2, Kencono Viyati3,
Kinasih Prayuni2, Intan Razari2, Erna Kristin4,10, Syafrizal5, Subagyo5, Eva Sri Diana5, Suci Setiawati5,
Aziza Ariyani5, Surakameth Mahasirimongkol6, Hideki Yanai7, Taisei Mushiroda8 and Katsushi Tokunaga9

Drug-induced liver injury (DILI) is the most common adverse drug reaction in the treatment of tuberculosis (TB). Several studies

showed that patients with TB and the slow-acetylator phenotype caused by NAT2 variants are highly susceptible to DILI caused

by anti-TB drugs, hereafter designated AT-DILI. However, the role of NAT2 variants in AT-DILI has never been assessed for

an Indonesian population. We recruited 50 patients with TB and AT-DILI and 191 patients with TB but without AT-DILI;

we then used direct DNA sequencing to assess single-nucleotide polymorphisms in the coding region of NAT2. NAT2*6A was

significantly associated with susceptibility to AT-DILI (P=7.7×10−4, odds ratio (OR)=4.75 (1.8–12.55)). Moreover, patients

with TB and the NAT2-associated slow-acetylator phenotype showed higher risk of AT-DILI than patients with the rapid- or

intermediate-acetylator phenotypes (P=1.7 ×10−4, OR=3.45 (1.79–6.67)). In conclusion, this study confirms the significance

of the association between slow-acetylator NAT2 variants and susceptibility to AT-DILI in an Indonesian population.
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INTRODUCTION

In 2013, Indonesia has the fifth highest incidence of tuberculosis (TB)
in the world, with approximately 0.4–0.5 million people infected by
pulmonary TB and a mortality rate of 25/100 000 people.1 The
standard regimens for TB consist of isoniazid (INH), ethambutol,
rifampicin and pyrazinamide.2 Despite their major contribution to the
eradication of TB, first-line anti-tuberculosis (Anti-TB) drugs, parti-
cularly INH, rifampicin and pyrazinamide, are associated with
hepatotoxicity and drug-induced liver injury (DILI) in patients
undergoing treatment with these drugs.3 DILI is characterized by an
increase in liver function, for example, aspartate aminotransferase,
alanine transaminase and total bilirubin levels increase to more than
twice the normal upper-limit levels.4 DILI caused by anti-TB drugs
(hereafter called AT-DILI) is the most common adverse drug reaction
in the treatment of TB, and AT-DILI frequently results in TB
treatment failure because of treatment interruption.3 AT-DILI
reactions are unpredictable and often unrelated to the treatment dose;
therefore, it is reasonable to assume that genetic factors have a role in
these adverse reactions.5 Although physiological, environmental and

other non-genetic factors such as sex and age may also influence
idiosyncratic DILI reactions, recent progress in the field and specifi-
cally a report on flucloxacillin (HLA-B*5701) indicate that genetic
factors may have a bigger role in apparently idiosyncratic and
non-dose-related DILI reactions.6 In the case of AT-DILI, genetic
variations in genes that code for drug transporters and metabolizing
enzymes are thought to cause irregular processing rate of toxic
Anti-TB drug intermediates, such as hydrazine, which then increase
the risk of AT-DILI.5

Several genes are associated with increased risk to AT-DILI; these
include CYP2E1,7,8 MnSOD,9 GSTM1,9–12 GSTT1,13 HLA-DQA1,14

HLA-DQB114 and NAT2.14,15 Each of these gene products, with the
exception of the HLA gene products, is involved in the processing of
anti-TB drugs in the liver. NAT2 has been previously studied in
association with AT-DILI, and certain NAT2 variants are strongly
associated with AT-DILI caused by INH.15,16

NAT2 is located on chromosome 8p22 and encodes an acetyltrans-
ferase enzyme called arylamine N-acetyltransferase, which has an
important role in acetylation of hydrazine-based drugs such as INH
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and in the deactivation of carcinogens in the liver. Several NAT2
variants affect NAT2-encoded enzymatic activity, specifically substrate
acetylation rate.17 Based on this acetylation rate, NAT2 phenotypes can
be categorized into two (bimodal distribution) or three (trimodal
distribution) groups; the bimodal distribution comprises rapid and
slow groups; the trimodal distribution comprises rapid, intermediate
and slow groups. Slow acetylation of INH results in increased plasma
levels of the drug, which may increase the toxicity of the drug.15,18

Several studies have shown that the slow-acetylator NAT2 phenotype is
strongly associated with a higher risk of AT-DILI consistently across
different ethnic groups.15,16,19–22

A previous study on NAT2 in individuals within the Javanese and
Sundanese ethnic groups of Indonesia reveals that slow-acetylator
NAT2 variants are frequently observed in the studied population.23

However, to our knowledge, no published study examines the
association between NAT2 genotypes and AT-DILI in the population.
Therefore, this study was designed to explore the relationship between
NAT2 genotypes and susceptibility to AT-DILI in the Indonesian
population. If there is a clear link between the NAT2 genotypes and
AT-DILI incidence in the Indonesian population, NAT2 genotyping
might be a useful tool for predicting patient susceptibility to AT-DILI
before initiating anti-TB treatments.

MATERIALS AND METHODS

Recruitment of Subjects
In this study, total of 50 unrelated pulmonary patients with TB and AT-DILI
were recruited from Pasar Rebo Hospital, East Jakarta, Indonesia, and 191
unrelated pulmonary patients with TB and normal liver function were
recruited from various TB clinics in Banten and West Java, Indonesia. Both
sets of patients, those with and without AT-DILI, were of the same ethnicity.
Whole-blood samples (5 ml each) were collected from each patient into an
EDTA tube and stored in a − 20 °C freezer until further processing. Patients
included in the study were male and female, ranged in age from 15 to 70
years old, suffered from TB according to the World Health Organizatio
standards, and were under monitored treatment with anti-TB drugs;
patients with AT-DILI were classified as cases and those without AT-DILI
were classified as controls. The ethnic backgrounds of patients in both
groups were Javanese, Sundanese and Betawi. Patient exclusion criteria were
as follows: (1) history of liver disease such as: hepatitis A B, or C; hepatoma;
liver cirrhosis or cholelithiasis positive or (2) abnormal levels of any liver
function test (alanine transaminase, aspartate aminotransferase or total
bilirubin) before anti-TB treatment.

Single-nucleotide polymorphism (SNP) genotyping
QIAamp DNA blood mini kits (Qiagen, Hilden, Germany) were used according
to the manufacturer’s instructions to extract genomic DNA from each blood
sample. A Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA) was used to
assess DNA quantity before SNP genotyping. PCR was performed to amplify
the coding region of NAT2 on a Sensoquest Labcycler Thermocycler
(Sensoquest, Gottingen, Germany); each 25-μl reaction mixture contained
20 ng of genomic DNA, 1× of FastStart 10 × PCR Buffer with 20 mM MgCl2
(Roche Applied Science, Penzberg, Germany), 200 μM of dNTPs, 0.2 μM of each
primers (Forward and Reverse) and 1 U of FastStart Taq DNA polymerase
(Roche Diagnostics, Mannheim, Germany). PCR conditions were as follow:
initial denaturation at 96 °C for 4 min; 40 cycles of denaturation at 96 °C for
30 s, annealing at 55 °C for 30 s and elongation at 72 °C for 30 s; and a final
elongation step at 72 °C for 5 min. Forward and reverse primers used for PCR
and DNA sequencing were based on a previously published report.23 Direct
DNA sequencing was used to genotype each of six NAT2 SNPs. Cycle
sequencing was performed using BigDYE terminator v3.1. (Applied Biosystems,
Foster City, CA, USA) on a Sensoquest Labcycler Thermocycler (Sensoquest,
Gottingen, Germany) according to the manufacturer’s instruction. Cycle
sequencing products were run through a ABI 310 Genetic Analyzer (Applied
Biosystems) to sequence the specific NAT2 fragments that contained the
following SNPs: rs1041983 [282C4T], rs1801280 [341T4C], rs1799929
[481C4T], rs1799930 [590G4A], rs1208 [803A4G] and rs1799931
[857G4A].23

Data analysis
NAT2 SNP genotypes were extracted from sequencing trace files using
NovoSNP.24 Haplotypes that each comprised a combination of alleles of six
genotyped SNPs were determined for each sample. Haplotype reconstruction
was performed using PHASE v2.1.1 software25,26 and confirmed by Haploview
software.27 NAT2 genotypes and acetylator phenotypes were inferred from the
reconstructed haplotype by comparisons to the human NAT2 allele database at
http://nat.mbg.duth.gr/Human NAT2 alleles_2013.htm. The χ2 test was used to
compare between cases and controls with regard to each variable and to test for
Hardy–Weinberg equilibrium. Odds ratios (ORs) and 95% confidential
intervals were calculated using conditional logistic regression. Any two-tailed
P-value of o0.05 was considered statistically significant.

RESULTS

The distribution of SNP genotypes among the 241 TB patients was
consistent with Hardy–Weinberg equilibrium (Table 1). Statistical
analysis of the six SNPs assessed showed that the minor allele of
rs1041983 was significantly more prevalent among cases, TB patients
with AT-DILI, than among controls (P= 0.0023). Moreover, the

Table 1 Associations between six NAT2 SNPs and Anti-TB DILI among Indonesian patients with TB

Case Control P-value P-value HWE

SNP 11 12 22 11 12 22 2*3 1 vs 2 vs 11 vs 22 Case Control All

rs1041983 8 19 23 51 97 43 0.0023 0.004 0.140 0.002 0.3505 0.9518 0.6378

0.16 0.38 0.46 0.27 0.51 0.23

rs1801280 37 12 1 146 42 3 0.7029 0.929 0.712 1.000 1 1 1

0.74 0.24 0.02 0.76 0.22 0.02

rs1799929 38 11 1 146 42 3 0.9074 0.978 1.000 1.000 1 1 1

0.76 0.22 0.02 0.76 0.22 0.02

rs1799930 17 21 12 84 89 18 0.0222 0.029 0.259 0.014 0.3891 0.5473 1

0.34 0.42 0.24 0.44 0.47 0.09

rs1208 37 12 1 146 41 4 0.7568 0.928 0.713 1.000 1 0.7445 0.7644

0.74 0.24 0.02 0.76 0.21 0.02

rs1799931 32 17 1 138 52 1 0.2271 0.357 0.296 0.373 0.8846 0.1556 0.1174

0.64 0.34 0.02 0.72 0.27 0.01

Abbreviations: DILI, drug-induced liver injury; HWE, Hardy–Weinberg equilibrium; SNP, single-nucleotide polymorphism; TB, tuberculosis.
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minor allele of rs1799930 also showed a modest association with AT-
DILI (P= 0.0222). Based on the NAT2 haplotype reconstruction, we
identified eight NAT2 haplotype alleles each comprising the six SNPs
(Table 2). The most frequent NAT2 haplotypes among all 241 patients
were CTCGAG (NAT*4), TTCAAG (NAT2*6A), TTCGAA
(NAT2*7B) and CCTGGG (NAT2*5B), with frequencies of 0.35,
0.35, 0.15 and 0.13, respectively. According to the official human
NAT2 database (http://nat.mbg.duth.gr/Human NAT2 alleles_2013.
htm), NAT2*4, NAT2*12A and NAT2*13 are classified as rapid-
acetylator alleles, whereas NAT2*5B, NAT2*5C, NAT2*6A, NAT2*7A
and NAT2*7B are classified as slow-acetylator alleles. Further analysis
showed that the frequency of NAT2*6A was significantly higher
among patients with TB and AT-DILI than among those with only
TB (P= 7.7 × 10− 4, OR= 4.8 (1.8–12.55); Table 2). Conversely,
NAT2*4 was significantly higher among controls, patients with TB
but without AT-DILI, than among cases (P= 1.8× 10− 6, OR= 0.2
(0.1–0.39)). Using a trimodal distribution model of NAT2 acetylator
phenotype, the frequencies of the rapid-, intermediate- and slow-
acetylator NAT2 phenotypes among patients with TB and AT-DILI
(cases) versus those with only TB (controls) were 8% (cases) vs 15.2%
(controls), 28% vs 50.8% and 64% vs 34%, respectively (Table 3). We
further analyzed the association between NAT2 acetylator phenotypes
and predisposition to AT-DILI and discovered that the slow-acetylator
phenotype was more frequent among patients with TB and AT-DILI
than among those with only TB; moreover, the slow-acetylator
phenotype was a significant risk factor for susceptibility to AT-DILI
among patients with TB (P= 1.7 × 10− 4, OR= 3.45 (1.8–6.7);
Table 4).

DISCUSSION

Associations between NAT2 genetic variants and the risk of AT-DILI
have been widely studied recently. Numerous studies have investigated
the allele frequencies of NAT2 variants in major ethnic groups in the
world;28,29 however, none of these studies has assessed associations
between NAT2 genotypes and AT-DILI in the Indonesian population.
In this study, we investigated the distribution of NAT2 SNP genotypes
among 241 patients with TB from Javanese, Sundanese and Betawi
ethnic groups. All variants were in Hardy–Weinberg equilibrium
(Table 1). We identified eight NAT2 haplotypes (Table 2) and
analyzed associations between NAT2 acetylator phenotypes and
predisposition to AT-DILI. We found that the frequency of NAT2*6A,
which was categorized as a slow-acetylator haplotype, was significantly
higher among patients with TB and AT-DILI than among those with
only TB (P= 7.7× 10− 4, OR= 4.8 (1.8–12.55); Table 2). Conversely,
NAT2*4 was significantly more common among patients with only TB
than among those with both TB and AT-DILI (P= 1.8 × 10− 6,
OR= 0.2 (0.1–0.39); Table 2). Furthermore, we also analyzed the

data based on the predicted NAT2 phenotype and found that the
slow-acetylator phenotype was significantly more common among
patients with both TB and AT-DILI (Tables 3 and 4).
The results of this study showed that NAT2 acetylator status, as

determined based on SNP haplotype analysis, was a significant risk
predictor of AT-DILI in this Indonesian population, which comprised
the Javanese, Sundanese and Betawi ethnic groups. Moreover, to our
knowledge, this study is the first to examine genetic associations with
AT-DILI in an Indonesian population. To further confirm the results
of our study, a replication of this study that employs larger case and
control samples and that incorporates other ethnic groups of
Indonesia (for example, Melayu (Malay), Batak, Bugis and so on)
should be pursued to generate NAT2 data for this multi-ethnic
country. We found two NAT2 haplotype alleles (NAT2*5C and
NAT*7A) that are not identified and reported in the Javanese,
Sundanese and Betawi ethnic.23 These alleles were very rare in this
study of 241 patients with TB. In our previous study with the Javanese
and Sundanese ethnic groups that involve only a healthy control
sample, we only found six NAT2 haplotypes: NAT2*4, NAT2*5B,
NAT2*6A, NAT2*7B, NAT2*12A and NAT2*13.23

A visualization of the trend in the association between OR for
AT-DILI and the four most frequent NAT2 haplotypes observed in
this study is shown in Figure 1. This trend showed NAT2*6A and
NAT2*4 on opposing ends of the trend line; NAT2*6A was associated
with higher risk of AT-DILI and NAT2*4 was associated with
protection from AT-DILI based on the respective ORs. Previous
studies of in vitro NAT2 enzyme activity reveal that the degree of
acetylation activity varies among NAT2 alleles, with NAT2*4 displaying
the highest activity and NAT2*5 displaying the lowest; NAT2*6 and
NAT2*7 show activities between NAT2*4 and NAT2*5.30 However, if
lower NAT2 acetylator activity were associated with higher risk of
AT-DILI, our results would be inconsistent with the in vitro activity
data. The discrepancies between in vitro activity data and our
population-genetics findings may stem from the fact that in our study
both NAT2*5 and NAT2*7 were found in far lower frequencies than

Table 2 NAT2 haplotypes and predicted phenotypes among anti-TB DILI cases and non-anti-TB DILI controls

No Haplotype Allele Case, N (%) Control, N (%) P-value OR Predicted phenotype

1 TTCAAG NAT2*6A 45 (45.0) 125 (32.7) 7.7×10−4 4.75 (1.80–12.55) Slow

2 TTCGAA NAT2*7B 19 (19.0) 53 (13.9) 0.168 1.60 (0.83–3.07) Slow

3 CCTGGG NAT2*5B 13 (13.0) 48 (12.6) 1.0 1.05 (0.51–2.13) Slow

4 CTCGAA NAT2*7A 0 (0) 1 (0.3) 1.0 NA Slow

5 CCCGGG NAT2*5C 1 (1.0) 0 (0) 1.0 NA Slow

6 TTCGAG NAT2*13 1 (1.0) 5 (1.3) 1.0 0.76 (0.09–6.65) Rapid

7 CTCGAG NAT2*4 21 (21.0) 149 (39.0) 1.8×10−6 0.20 (0.11–0.39) Rapid

8 CTCGGG NAT2*12A 0 (0) 1 (0.3) 1.0 NA Rapid

Abbreviations: DILI, drug-induced liver injury; N, number of subjects; NA, not applicable; OR, odds ratio; TB, tuberculosis.

Table 3 Predicted NAT2 acetylator phenotypes among anti-TB DILI

cases and non-anti-TB DILI controls

SA IA RA

AT-DILI (N=50) 32 14 4

64.0% 28.0% 8.0%

Control (N=191) 65 97 29

34.0% 50.8% 15.2%

Abbreviations: AT-DILI, anti-drug-induced liver injury; IA, intermediate acetylator; N, number of
subjects; RA, rapid acetylator; SA, slow acetylator; TB, tuberculosis.
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NAT2*6 and NAT2*4. Notably, The NAT2*6A allele significantly
predicts predisposition to AT-DILI in Taiwanese, Japanese and
Chinese.15,31,32 However, study of Caucasian populations showed a
different result.33,34 Therefore, a meta-analysis of these data would be
worthwhile for determining whether NAT2 slow-acetylators alleles are
associated with a higher risk of AT-DILI especially in Southeast Asian
populations. Previous meta-analyses show that NAT2 slow-acetylator
alleles are associated with a higher risk of AT-DILI across different
populations.33–35 Significant results were also found for populations in
East Asian, South Asian, Brazilians and Middle Easterns, whereas data
on Caucasians did not show a similar result.33,35 Unfortunately, the
meta-analysis studies did not include data from Southeast Asian
populations, including the Indonesian population that contributes to
the fifth largest incidence of TB in the world. Thus, our study results
will be important for addressing AT-DILI in this important Southeast
Asian population.
Functional characterization of NAT2 SNPs and NAT2 haplotypes by

Zhang et al.36 shows that the SNPs in haplotype with slow-acetylator
phenotypes reduce the sulfamethazine N-acetylation activity. The
biochemical changes that reduce NAT2 enzyme activity vary between
the SNPs, but the finding is consistent with the slow-acetylator
phenotype being secondary to a reduction in NAT2 protein levels.
The NAT2*6 haplotype, [590G4A], either alone or in combination
with other SNPs, reduces the thermostability and the level of soluble
NAT2 protein, whereas the tag SNP for alleles in NAT2*5, [341T4C],
apparently causes different changes that result in the slow-acetylator

phenotype. A proposed mechanism based on the Zhang et al.37 study
involves enhancement of protein degradation as the primary mechan-
ism for reduced NAT2 protein and activity.
Differences in the distribution of NAT2 genotypes among ethnic

groups reflect the differences in the standard anti-TB drug dosages
used among these groups; hence, our current study provides
additional evidence to support the administration of individualized
INH dosages in the Indonesian population. Individuals with a
homozygous wild-type NAT2*4 genotype, which is predicted to result
in a rapid-acetylator NAT2 phenotype, are reportedly relatively
immune to AT-DILI with the standard dosage given to Indonesian
(300 mg per day).31,38 Moreover, due to the effectiveness of the
acetylating property of the NAT2 enzyme, individuals with this
genotype may benefit from increased anti-TB treatment dose.39

Conversely, the standard INH dosage may be excessive for individuals
with a homozygous slow-acetylator genotype; therefore, a review of an
individual’s NAT2 genotype may be useful when determining the
appropriate INH dosage.
Complex diseases such as DILI are known to be affected by multiple

genetic variants.34,40 Our candidate-gene analysis showed results
consistent with results from studies of other groups. Although
NAT2 variants have consistently exhibited significant associations with
AT-DILI, the notion that NAT2 is the only genetic factor that affects
DILI underestimates the complexity of this adverse drug reaction.
Therefore, further genome-wide association studies may assist in
elucidating other genetic variants important to AT-DILI.41,42

In conclusion, this study confirms the importance of NAT2
acetylator status in providing risk assessment of AT-DILI for patients
with TB; notably, we found that the slow-acetylator type NAT2*6A
haplotype was especially relevant in this Indonesian population.
However, this encouraging study needs to be replicated with larger
samples that include other major Indonesian ethnic groups to reflect
the ethnic diversity of Indonesia. A positive replication of our findings
could lead to routine implementation of NAT2 genotype-guided
dosing in the Indonesian population. Furthermore, a meta-analysis
should be conducted with data from Southeast Asian populations to
clarify the relationship between NAT2 variants and AT-DILI risk in
this group of closely related populations.
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