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Abstract 

Background Tuberculosis (TB) patients undergoing anti-tuberculosis treatment often face serious adverse drug 
reactions, such as hepatotoxicity. Genetic variants of the N-acetyltransferase 2 (NAT2) gene have been linked 
to an increased risk of these toxic events.

Objective This study aims to provide a comprehensive evaluation of the evidence linking NAT2 genetic variants 
to anti-tuberculosis drug-related hepatotoxicity (ATDH).

Method A comprehensive review and meta-analysis was performed by accessing databases such as PubMed, 
Scopus, and Web of Science. A total of 24 articles were incorporated into the dataset. Meta-analyses were conducted 
to gather estimates of the association between the slow acetlylators (SA) genotype and ATDH. The studies were strati-
fied by ethnicity, regimen, genotyping methods, criteria for liver toxicity, and dosage. Also, meta-analysis for the spe-
cific SA type that was most likely responsible for the ATDH was also conducted.

Results The included studies showed individuals with a slow NAT2 acetylator had a significantly greater risk of expe-
riencing hepatotoxicity ATDH (odds ratio [OR] 2.52 (95% CI: 1.95–3.27; p value < 0.001) compared to individuals 
with other types of acetylator (i.e., rapid and immediate). Among individuals with slow acetylator NAT2*5/7, NAT2*5/6, 
and NAT2*6/6 genotypes, there is a greater likelihood of association compared to other variations.

Conclusion Our meta-analysis confirms a significant association between slow NAT2 acetylator and increased 
hepatotoxicity risk. The findings from the present underscore the potential of pharmacogenomic testing to improve 
TB treatment outcomes. By identifying patients with the slow acetylator NAT2 genotype, healthcare providers can 
predict an increased risk of anti-tuberculosis drug-induced hepatotoxicity. This allows for personalized treatment 
strategies, such as adjusting drug dosages or selecting alternative therapies, to minimize adverse effects and optimize 
efficacy.

Keywords N-acetyltransferase2, NAT2, Isoniazid, INH, Tuberculosis, TB, Personalised therapy, Anti-tuberculosis drug 
induced hepatotoxicity, ATDH

Introduction
Mycobacterium tuberculosis, the cause of tuberculo-
sis (TB), continues to pose a significant global health 
concern, leading to substantial morbidity and mortal-
ity [1]. In 2022, TB was the second most common cause 
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of mortality worldwide, after COVID-19, and caused 
nearly twice as many deaths as HIV/AIDS, despite its 
preventable and curable nature [2]. In 2022, the World 
Health Organisation (WHO) reported that over 10 mil-
lion individuals contracted TB, with 87% of cases occur-
ring in thirty high-burden countries [2]. Eight countries 
accounted for two-thirds of the global TB cases: India 
(27%), Indonesia (10%), China (7.1%), the Philippines 
(7.0%), Pakistan (5.7%), Nigeria (4.5%), Bangladesh 
(3.6%), and the Democratic Republic of the Congo (3.0%) 
[2]. The disease disproportionately affected men (55%), 
followed by women (33%), and children (aged 0–14 years) 
(12%) [2].

Given the widespread impact of TB, particularly in 
high-burden countries where two-thirds of global cases 
were observed, a standardized six-month treatment regi-
men is employed; comprised of two-month course of 
isoniazid (INH), rifampicin (RMP), pyrazinamide (PZA), 
and ethambutol (EMB), followed by a four-month course 
of INH and RMP [3]. This regimen is the standard treat-
ment for tuberculosis. But there are some problems with 
treating TB, such as the rise of multidrug-resistant tuber-
culosis (MDR-TB), acquired immunodeficiency, and 
ATDH [4]. An estimated 410,000 individuals contracted 
MDR-TB in 2022 [2]. Adverse effects, such as ATDH, sig-
nificantly influence non-adherence, leading to treatment 
failure, relapse, and the development of drug resistance 
[5]. It is essential to adhere to the prescribed treatment 
in order to cure TB; however, the extended treatment 
period frequently poses a challenge to patient motivation, 
particularly when they begin to feel better [3]. This leads 
to treatment interruptions, and the need to transition 
to second-line anti-tuberculosis drugs pharmaceuticals 
may result in suboptimal treatment responses [3]. These 
issues are compounded by various factors, including drug 

formulation, patient characteristics such as age, sex, and 
weight, and comorbidities, all of which influence the 
pharmacokinetic variability of INH and RMP [6, 7].

Furthermore, the pharmacogenetic variability in genes 
that encode drug metabolism and transport proteins fur-
ther exacerbates this uncertainty [4, 8]. ATDH has been 
associated with drug-metabolising enzymes in research 
[5]. Genetically polymorphic enzymatic systems, includ-
ing cytochrome P450 2E1 (CYP2E1), N-acetyltransferase 
2 (NAT2), and glutathione S-transferase (GST), con-
tribute to significant interindividual variations in drug 
metabolism and adverse effects [9]. (Fig. 1).

The NAT2 enzyme, characterised by significant vari-
ation among individuals due to genetic variability, pri-
marily metabolises INH, an essential medicine in the 
TB treatment regimen with bactericidal characteris-
tics [11]. Between 75 and 95% of the isoniazid (INH) is 
excreted by the kidneys within the first 24 h [12]. This 
excretion mainly occurs in the form of acetyl-isoniazid 
and isonicotinic acid, which are metabolic by-products. 
Isoniazid (INH) undergoes metabolic transforma-
tion by NAT2 within the liver, leading to the synthesis 
of acetylisoniazid (AcINH) [13]. Afterwards, AcINH 
undergoes hydrolysis to become acetylhydrazine 
(AcHZ), which is then oxidised by cytochrome CYP2E1 
to generate hepatotoxic intermediates [14]. These 
metabolites can cause injury to liver cells, specifically 
hepatocytes, by disturbing their normal equilibrium 
or by triggering immunological responses [15]. During 
these immunological reactions, the metabolites that are 
connected to proteins in the plasma of hepatocytes can 
function as haptens [15]. Another metabolic pathway 
for the synthesis of detrimental metabolites involves 
the enzymatic conversion of INH to hydrazine, a highly 
toxic compound that has the potential to induce liver 

Fig. 1 Schematic representation of the INH metabolism and role of NAT2 enzymes [10]
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injury [13]. NAT2 is responsible for the enzymatic con-
version of AcHZ into diacetylhydrazine (DiAcHZ), a 
non-toxic compound [10]. GST, an essential phase II 
detoxifying enzyme, is thought to serve as an intracel-
lular scavenger of free radicals, providing a protective 
role [10]. This is achieved by merging glutathione with 
detrimental metabolites generated by CYP2E1 [10]. 
Sulphydryl conjugation increases the elimination of 
metabolites from the body and reduces their detrimen-
tal effects [10]. Inadequate exposure to INH, which is 
directly linked to the concentration of medication, can 
lead to treatment failure and the emergence of drug 
resistance [13, 14].

Individuals can be classified as rapid, intermediate, 
or slow acetylators (SA) based on NAT2 mutations. SA 
break down isoniazid and acetylhydrazine, the immedi-
ate precursors of hazardous intermediates, more slowly, 
resulting in a slower rate of conversion to the harm-
less product diacetylhydrazine [13]. This protective 
acetylation process is further impeded by competition 
from INH [13]. Furthermore, direct hydrolysis of una-
cetylated INH produces hydrazine, which can similarly 
damage the liver, and is an important mechanism for 
producing hazardous intermediates [16]. Consequently, 
SA might be more likely to accumulate INH hazard-
ous metabolites at a faster rate [13]. Pharmacokinetic 
studies also showed that the serum concentration of 
hydrazine was significantly higher in SA than in rapid 
acetylators, probably due to the high INH concentra-
tion [6, 8, 14] All of these drug-disposal processes may 
support the finding that SA are prone to INH-induced 
liver toxicity.

In this meta-analysis, our objective is to offer a compre-
hensive comprehension of the correlation between NAT2 
genetic polymorphisms and INH-induced hepatotoxicity 
through the examination of data from studies conducted 
in diverse regions of the globe. This global perspective 
will improve our understanding of the pharmacogenetic 
variability in TB treatment and facilitate the development 
of personalised medicine approaches to reduce adverse 
effects and improve treatment outcomes.

Materials and methods
A comprehensive review of the literature was performed 
in accordance with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) stand-
ards. By employing a search strategy and study selection 
process, research studies examining the correlation 
between ATDH and any genetic variant were success-
fully identified. Nevertheless, the scope of this article is 
restricted to the subset of studies that examined NAT2 
variants.

Search strategy
The search strategy involved utilizing the following terms 
and conditions to identify studies:

(“N-acetyltransferase 2” OR “NAT 2” OR “NAT2” OR 
“N-acetyltransferase2”).
AND (“Isoniazid” OR “INH”).
AND (“Anti-tuberculosis” OR “Therapeutic” OR 
“Anti-tuberculosis treatment”).
AND (“Personalized therapy” OR “Treatment” OR 
“Precision medicine” OR “Therapy”).

The databases PubMed, Web of Science, and Scopus 
were searched queried for relevant articles. The search 
was performed in English and spanned the time period 
from the earliest study conducted in 2000 to February 
2024.

Study selection
The search results were imported to Zotero. We removed 
duplicates, and both authors (R.M. and A.K.T.) evaluated 
the relevance of titles and abstracts and examined the 
complete texts to determine their suitability for inclu-
sion in accordance with the selection criteria. Justifica-
tions were provided for the exclusion of studies. Manual 
searching was conducted independently by both the 
authors through the reference lists of pertinent review 
articles and additional studies that were not retrieved 
through the search strategy.

Selection criteria
Inclusion criteria
This study included the research with only case–con-
trol design where the cases consisted of tuberculo-
sis patients with hepatotoxicity and the controls were 
tuberculosis patients without hepatotoxicity. The focus 
was exclusively on patients diagnosed with tuberculosis 
who had started anti-tuberculosis treatment. The stud-
ies were needed to involve the administration of INH 
alone or in combination with other drugs such as RMP, 
PZA, or EMB. Studies were considered if they assessed 
drug-related toxicity outcomes, with hepatotoxicity being 
the primary outcome. Additionally, studies also needed 
to include information on kidney profile tests such as 
AST, ALT, bilirubin, or other indicators of liver toxicity. 
Research papers that provided data on NAT2 variants, 
were included in the inclusion criteria for this study. 
Additionally, the studies needed to sufficient provide 
genotype distribution information sufficient to calculate 
the odds ratio (OR) and 95% confidence interval (CI). 
Almost all of the Studies included were with subjects 
were newly diagnosed and on treatment for pulmonary 
TB and all Patients were seen at regular intervals and 
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were questioned about their symptoms and adverse reac-
tions to anti-tuberculosis drugs.

Exclusion criteria
Studies were excluded if they involved patients who 
received INH for conditions other than tuberculosis, such 
as other mycobacterial infections. Research focusing on 
infants and children was excluded. Children with tuber-
culosis often receive different dosing regimens compared 
to adults due to variations in drug metabolism and body 
size, which can impact the pharmacokinetics and toxic-
ity profile of anti-TB medications. Since drug-induced 
hepatotoxicity may manifest differently in pediatric pop-
ulations, we excluded child data to focus specifically on 
adult studies. This allowed us to analyze adult-specific 
risk factors and ensure the findings are more relevant to 
adult clinical practice. Additionally, studies that did not 
provide information on both kidney profile tests and 
NAT2 polymorphism variants were not considered. To 
avoid potential data duplication, reviews or systematic 
reviews were also excluded from the review.

Data extraction and quality assessment
We designed and piloted a data extraction form. We 
extracted data in accordance with the methods outlined 
in the Cochrane Handbook. We contacted study authors 
if outcome data necessary for inclusion in a meta-analysis 
were not published in the paper. All data were extracted 
independently by two investigators, and disagreements 
were resolved by discussion between the two investiga-
tors. The following information was extracted from each 
study: first author, year of publication, ethnicity, sample 
size, diagnosis criteria, anti-tuberculosis regimen, INH 
dosage and genotyping method. The eligibility/exclu-
sion criteria mentioned above were used to assess the 
quality of the included studies, and study quality was 
assessed according to Newcastle–Ottawa quality assess-
ment. The Newcastle–Ottawa quality assessment scale 
was used to evaluate the quality of each included study 
as follows: high quality 7–9, medium quality 4–6, and low 
quality < 4.

Statistical analysis
All statistical analyses were conducted using R version 
4.4.1 (R Core Team, 2023), a software environment for 
statistical computing provided by the R Foundation for 
Statistical Computing, Vienna, Austria (URL: https:// 
www.R- proje ct. org/). The meta-analysis utilized the 
meta package (Rücker & Schwarzer, 2019). Pooled odds 
ratios (ORs) and their 95% confidence intervals (CIs) 
were calculated and presented as forest plots to evalu-
ate the strength of association based on comprehensive 
data on NAT2 polymorphism in cases and controls. 

Subgroup analyses were performed by ethnicity, regi-
men, dosage, genotyping method, and ATDH toxicity 
criteria to explore differences in the association between 
NAT2 genotype distribution and ATDH risk. Continu-
ity correction has been implemented in the zero cases 
of the specific NAT2 2 slow variants. Depending on the 
heterogeneity among studies, either random effects or 
fixed effects models were employed. Heterogeneity was 
assessed using the standard Q-statistic test. Publica-
tion bias was evaluated using Begg’s funnel plot test. A p 
value < 0.05 was considered statistically significant.

Results
Selection strategy
PRISMA flow chart showing the selection of studies dur-
ing the literature search is provided in Fig. 2. An exhaus-
tive compilation of four hundred thirty one papers was 
identified during this investigation; one hundred five of 
these were obtained from PubMed, one hundred ninety 
five from Scopus, and one hundred thirty one from Web 
of Science. A combination of manual and automated 
methods were employed to eliminate duplicate arti-
cles, leading in the removal of one hundred five cases of 
duplication.

Following this, the authors thoroughly inspected and 
evaluated the abstracts and titles of the remaining arti-
cles, classifying each one by type using Zotero. A detailed 
screening of the titles and abstracts of the papers resulted 
in the exclusion of two hundred fifty six research papers. 
Studies that failed to include human subjects, studies that 
made abstract references to isoniazid (INH) or N-acetyl-
transferase 2 (NAT2) without explicitly addressing their 
relevance to the specific objective of this comprehensive 
analysis, and studies that failed to specify the acetyla-
tor status of NAT2 were the main factors considered for 
exclusion. Book chapters, reviews, conference abstracts, 
editorials, and publications in languages other than 
English were excluded, leaving seventy items remaining 
for additional evaluation. In consequence, sixty three 
recordings were retained, and the complete articles were 
gathered for the ultimate assessment. After conducting 
an exhaustive review of the entire articles as part of the 
final screening process, it was determined that the lack 
of liver profile/ missing information in the studies was 
the main reason for exclusion. Infants and children were 
not subjects in any of the studies that were evaluated for 
potential inclusion. Ultimately, twenty-four papers were 
integrated into this inclusive review. [17–40]

Characteristics of included studies
Demographics characteristics
The 24 included studies varied in design, including 
cohort studies, case–control studies, and observational 

https://www.R-project.org/
https://www.R-project.org/
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studies. The studies were conducted across 13 coun-
tries, with the highest representation from India (n = 5), 
and Brazil (n = 4). The total number of patients across 
these studies was 6671 with a greater proportion of 
male patients (60%) compared to female participants. 
The research population was dispersed with the largest 
numbers from China (2130) and India (1405), and Brazil 
(869). The sample sizes of these 24 studies ranged from 
66 to 1685. Significantly, countries like the UK, Canada, 
and Switzerland exhibited a substantial degree of demo-
graphic diversity, with almost half of their populations 
consisting of non-natives (Table 1).

It is worth mentioning that the median age and body 
mass index (BMI) of the participants were not pro-
vided in three and eleven of the publications, respec-
tively (Table 1). The median age was determined to be 
43 years on average. Nevertheless, it was noted that the 
median age of Indians diagnosed with tuberculosis was 
roughly 37 years, whereas for Taiwanese individuals, it 
was beyond 57 years. The BMI of the patients in all the 
studies found to be in normal range.

Fig. 2 Flowchart for identification of studies in the meta-analysis
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NAT2 genotype distribution
The distribution of NAT2 genotypes was reported in 
all studies. NAT2*5, NAT2*6 and NAT2*7 and Nat2*14 
were considered as slow Acetylator in our studies. The 
prevalence of slow acetylator ranged from 7 to 60%, 
with variations observed across different ethnic groups 
and geographic regions. The highest prevalence of slow 
acetylator was found in the Spanish, Tunisian, Indian and 
Brazilian populations. NAT2*5/5 (19%), NAT2*5/6 (18%), 
and NAT2*6/6 (16%) has shown the highest frequent 
among the SA.

Association with hepatotoxicity
In the meta-analysis, a significant association was 
observed between the slow NAT2 acetylator phenotype 
and the risk of hepatotoxicity. The pooled data revealed 
that slow NAT2 acetylator were significantly more likely 
to experience hepatotoxicity compared to other acetyla-
tor, with a random effects model yielding an odds ratio 
(OR) of 2.52 (95% CI: 1.95–3.27; p value < 0.001) and 
an I2 value of 58%, indicating moderate heterogene-
ity among studies (Fig.  3). Subgroup analyses were per-
formed to explore variations in this association across 
different factors.

Ethnicity
The first subgroup analysis examined the impact of eth-
nicity on the association between slow NAT2 acetylator 
and hepatotoxicity. The analysis showed that slow NAT2 
acetylator had a significantly increased risk of hepatotox-
icity in several ethnic groups: Middle Eastern (OR 5.92; 
95% CI: 1.85– 18.92), South Asian (OR 2.90; 95% CI: 
2.02– 4.15), East Asian (OR 2.37; 95% CI: 1.37– 4.13), 
Mixed ethnicity (OR 2.34; 95% CI: 1.49– 3.68) and South 
American group (OR 2.19; 95% CI: 1.32–3.64) (Fig. 3).

Therapeutic drug combinations
The second subgroup analysis evaluated the effect of dif-
ferent therapeutic drug combinations on the association 
between slow NAT2 acetylator and hepatotoxicity. Among 
the 24 studies analyzed, 15 studies used the standard 
four-drug regimen of INH + RMP + PZA+ EMB, 5 stud-
ies used the three-drug regimen of INH + RMP + PZA, 
one of the studies (Mahmoud et al.) used INH + RMP, and 
two studies (Yamada et al. and Vuillemier et al.) used INH 
alone, with data missing for one study. The results dem-
onstrated a positive association between the slow NAT2 
genotype and the risk of hepatotoxicity for all regimens 
except for INH alone. The odds ratios for hepatotoxic-
ity among slow acetylator compared to other acetyla-
tor were as follows: INH + RMP + PZA + EMB (OR 2.54; 
95% CI: 1.83–3.52), INH + RMP + PZA (OR 2.41; 95% CI: 

1.44–4.03), INH + RMP (OR 5.00; 95% CI: 1.25–20.08), 
and INH alone (OR 1.64; 95% CI: 0.76–3.54) (Fig. 4).

INH Dosage The third subgroup analysis examined the 
influence of INH dosage on the association between slow 
NAT2 acetylator and hepatotoxicity (Fig. 5). Interestingly, 
higher doses of INH showed a lower risk of hepatotoxicity 
(OR 1.15; 95% CI: 0.91–1.46) compared to the standard 
dose (OR 2.76; 95% CI: 2.03–3.74).

Criteria for liver toxicity
Another subgroup analysis based on different criteria for 
liver toxicity revealed that the association between slow 
NAT2 acetylator and hepatotoxicity was weaker when 
using criteria for severe liver damage compared to more 
inclusive definitions of liver toxicity. However, there was 
no significant difference observed between the categories 
of ALT = 2X Upper limit of normal (ULN) (2.64; 95% Cl: 
1.88–3.72) and 3X ULN (2.53; 95% Cl: 1.95- 3.27) (Fig. 6).

Genotyping methods
Finally, a subgroup analysis of genotyping methods 
showed differences in the strength of the association 
between slow NAT2 acetylator and hepatotoxicity. The 
methods of RFLP (2.37; 95% Cl: 1.61–3.49) and Sequenc-
ing (2.87; 95% Cl: 2.16–3.80), showed a positive associa-
tion, with hepatotoxicity (Fig. 7).

Additionally we have also performed metanalysis for 
the specific NAT2 SA. We have calculated OR, 95% Cl 
and p values for the NAT2*5/5, NAT2*5/6, NAT2*5/7, 
NAT2*6/6, NAT2*6/7 and NAT2*7/7. NAT2*5/6, 
NAT2*5/7 and NAT2*6/6 have showed the p values 
below 0.05 suggesting the significant association with 
ATDH (Table 2).

Sensitivity and quality assessment
The methodological quality of the included studies was 
assessed using the Newcastle–Ottawa Quality Assess-
ment Scale (SI, Table  1). Only studies with a score of 7 
or higher were included in this meta-analysis, ensuring a 
rigorous selection process focused on studies with robust 
design and minimized risk of bias.

Although available statistical approach for publica-
tion bias Begg’s test did not indicate clear evidence of 
bias (P = 0.5190). The funnel plot (SI, Fig.  1) displayed 
some asymmetry pattern may indicate genuine variabil-
ity in effect sizes across studies, possibly due to differ-
ences in population characteristics among studies. Study 
involved in the meta-analysis was deleted each time; the 
results remained similar, indicating the stability of our 
results. In conclusion, this meta-analysis showed that 
TB patients with a slow acetylator genotype had a higher 
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risk of ATDH than patients with rapid or intermediate 
acetylator.

Discussions
The relationship between NAT2 variations and the 
outcomes of anti-tuberculosis drug-associated toxicity 
is substantiated by substantial data, as has been previ-
ously established and confirmed by other systematic 

reviews and meta-analyses [8, 41–50]. Additionally, 
this meta-analysis provides robust evidence that the 
SA NAT2 acetylator phenotype is associated with an 
elevated risk of ATDH. The statistical analysis revealed 
a substantial correlation (p value < 0.001). In order to 
ensure a qualitative assessment, this meta-analysis 
excluded data that did not contain information on liver 
profile. Therefore, this meta-analysis is more compre-
hensive, as it includes all relevant information.

Fig. 3 Forest plot of ORs with 95% CI of INH-induced hepatotoxicity risk associated with NAT2 for the subgroup ethnicity
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Primary findings
In order to enhance the accuracy of genetic effect estima-
tions, meta-analyses were used. We have discovered that 
slow acetylators were substantially more susceptible to 
hepatotoxicity than other acetylators (rapid and immedi-
ate). This outcome is in accordance with the conclusions 
of numerous meta-analyses [41, 43, 44, 50]. 13 of the 24 
studies included in our meta-analysis examined the rela-
tionship between susceptibility to ATDH and slow NAT2 
acetylator [19–22, 24, 25, 27, 29, 30, 32, 33, 36, 37].

Previous meta-analyses on the association between 
NAT2 polymorphisms and anti-tuberculosis drug-induced 

hepatotoxicity (ATDH) have predominantly focused on 
overall NAT2 acetylator status, with limited attention given 
to individual single nucleotide polymorphisms within 
the NAT2 gene. This narrower approach has contributed 
to an incomplete understanding of how specific NAT2 
alleles may influence susceptibility to ATDH. In contrast, 
the current meta-analysis provides a novel contribution 
by examining individual NAT2 polymorphisms—specifi-
cally NAT2*5/7, NAT2*5/6, and NAT2*6/6—in relation 
to ATDH risk. Our findings indicate a relatively elevated 
risk of ATDH among individuals with these polymor-
phisms, thereby offering a more detailed characterization 

Fig. 4 Forest plot of ORs with 95% CI of INH-induced hepatotoxicity risk associated with NAT2 for the subgroup drug regimen
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of genetic predisposition within the NAT2 slow acetylator 
group. The ethnic group, such as Asian countries, is the 
primary location of these polymorphisms.

In an effort to ascertain whether the NAT2 gene poly-
morphism was differentially associated with ATDH risk, 
we conducted a subgroup analysis for a variety of factors, 
including ethnicity, drug regimen, dosage, hepatotoxicity 
criteria, and genotyping methodologies.

The variation in odds ratios observed across ethnic 
groups—ranging from a high of 5.92 in Middle East-
ern populations to 2.19 in South American popula-
tions. In the Middle-Eastern subgroup, the odds ratio 

for hepatotoxicity risk among NAT2 slow acetylator was 
notably high (OR 5.92; 95% CI: 1.85–18.92) as compared 
to other subgroups. However, this estimate is derived 
from two studies, both involving Tunisian populations, 
with a relatively small combined sample size compared to 
other ethnic groups [25, 36]. The limited sample size may 
have contributed to the higher odds ratio, as smaller stud-
ies are more susceptible to variability and may produce 
broader confidence intervals. Given the ethnic diversity 
in developed countries such as the United Kingdom, 
Canada, and those in Europe, demonstrating associations 
can be challenging [20, 28, 31]. Additional information 

Fig. 5 Forest plot of ORs with 95% CI of INH-induced hepatotoxicity risk associated with NAT2 for the subgroup INH dosage
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on the frequency of genetic variations and toxicity is 
necessary to accurately determine the impact on diverse 
populations. Additionally, it has been observed that 
NAT2 slow-acetylator alleles are associated with a higher 
risk of ATDH, particularly in TB patient from the South 
Asia and East Asia populations [19, 22–24, 27, 32, 33, 37].

In comparison to patients who received INH alone 
[28, 31], patients who received first-line combina-
tion drugs such as INH + RMP + PZB, INH + RMP, and 
INH + RMP + PZA + EMB exhibited significantly ele-
vated risks in slow acetylators. This implies that vari-
ous pharmacological treatments may induce distinct 
mechanisms.

Different countries adhere to distinct dosage regimens. 
A downward trend has been observed from a higher 
dose in comparison to the small amount of INH. In com-
parison to low doses, the risk association is smaller at 

higher doses. The Chinese population is administered 
with higher dose of 600 mg in the two investigations [38, 
39]. More studies with various drug treatments may be 
required to make further development in this field, as 
the number of available studies is relatively limited. Also 
the dosage information is missing in nine out of twenty-
four studies. The diagnosis of liver toxicity is based on a 
variety of criteria. This has the potential to significantly 
influence the association between the SA and toxicity. 
However, our findings did not reveal any distinction in 
the association between the mild and moderate forms of 
toxicity.

Various research groups employed a variety of 
molecular techniques for genotyping studies to inves-
tigate the correlation between polymorphisms in vari-
ous drug-metabolizing enzymes and the risk of ATDH. 
Therefore, it is crucial to evaluate the precision of the 

Fig. 6 Forest plot of ORs with 95% CI of INH-induced hepatotoxicity risk associated with NAT2 for the subgroup hepatotoxicity criteria
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genotyping techniques employed during the examina-
tion. The studies in this meta-analysis primarily uti-
lised RFLP and sequencing. There was no discernible 
distinction observed between these two genotyping 
methodologies. Nevertheless, the limited number of 
studies used to determine the efficacy of alternative 
methods such as qPCR and LDR remains inconclusive. 
Our review and meta-analysis have produced relevant 
and reliable results and are statistically robust in sensi-
tivity analyses, providing significant new information.

Limitations and future aspect of the studies
Our meta-analysis offers substantial evidence of a corre-
lation between the slow NAT2 acetylator phenotype and 
an elevated risk of hepatotoxicity from anti-tuberculosis 
drug. Nevertheless, the interpretation of our findings 
may be influenced by a number of limitations.

Initially, the absence of comprehensive patient data 
in numerous studies imposed limitations on our analy-
sis. In particular, the odds ratios for critical risk fac-
tors, including age, drug dosages, alcohol consumption, 

Fig. 7 Forest plot of ORs with 95% CI of INH-induced hepatotoxicity risk associated with NAT2 for the subgroup genotyping methods



Page 13 of 16Mahajan and Tyagi  BMC Genomic Data          (2024) 25:103  

Ta
bl

e 
2 

Co
m

pr
is

es
 o

f t
he

 d
at

a 
on

 s
pe

ci
fic

 N
AT

2 
sl

ow
 v

ar
ia

nt
 w

hi
ch

 in
cl

ud
es

 th
e 

po
ol

ed
 O

R,
 9

5%
 C

l a
nd

 p
 v

al
ue

s

Y 
=

 ca
se

s 
w

ith
 th

e 
he

pa
to

to
xi

ci
ty

N
 =

 a
bs

en
ce

 o
f h

ep
at

ot
ox

ic
ity

*  p
 v

al
ue

 <
 0

.0
05

, s
ta

tis
tic

al
ly

 s
ig

ni
fic

an
t

St
ud

y
N

AT
2*

5/
5

N
at

2*
5/

6
N

AT
2*

5/
7

N
at

2*
6/

6
N

AT
2*

6/
7

N
AT

2*
7/

7

Y
N

Y
N

Y
N

Y
N

Y
N

Y
N

H
ua

ng
, e

t a
l

0
1

0
6

0
2

6
10

7
12

1
8

Vu
ill

eu
m

ie
r, 

et
 a

l
3

5
2

9
2

1
4

8
0

1
-

-

C
ho

, e
t a

l
-

-
-

-
0

1
3

2
4

7
0

2

Po
ss

ue
lo

, e
t a

l
2

31
2

8
1

2
4

16
-

-
0

3

Bo
se

, e
t a

l
2

8
7

42
8

12
1

3
8

9
2

3

Te
ix

ei
ra

, e
t a

l
6

24
5

16
2

5
3

12
0

3
-

-

Le
iro

-F
er

na
nd

ez
, e

t a
l

8
8

14
24

7
8

4
3

3
1

0
0

M
ah

m
ou

d,
 e

t a
l

6
10

3
9

0
1

2
2

-
-

-
-

Lv
, e

t a
l

0
0

3
8

2
2

7
27

5
29

1
8

Ra
na

, e
t a

l
0

3
5

11
8

6
0

2
6

3
0

5

G
up

ta
, e

t a
l

8
13

13
27

-
-

7
23

-
-

-
-

H
o,

 e
t a

l
0

4
4

14
4

4
15

31
14

50
3

15

Sa
nt

os
, e

t a
l

9
64

0
4

2
4

0
2

0
1

-
-

Xi
an

g,
 e

t a
l

9
62

44
11

3
13

51
26

11
1

14
67

1
18

M
us

hi
ro

da
, e

t a
l

0
2

1
1

1
0

6
4

4
5

1
2

Be
n,

 e
t a

l
2

8
6

15
0

3
2

4
0

2
-

-

A
ra

uj
o,

 e
t a

l
-

-
-

-
-

-
5

6
-

-
-

-

Ja
ra

m
ill

o,
 e

t a
l

7
10

1
1

13
-

-
-

-
1

53
-

-

To
ta

l
62

34
4

11
0

32
0

50
10

2
95

26
6

66
24

3
9

64
Po

ol
ed

 O
R

1.
29

54
1.

59
67

2.
32

1.
69

1
1.

58
83

0.
76

04
95

%
 C

l
0.

91
86

—
1.

82
67

1.
19

76
—

2.
12

89
1.

61
12

—
3.

34
05

1.
27

25
—

2.
24

72
0.

98
13

—
2.

57
09

0.
40

72
—

1.
42

01
P 

(v
al

ue
)

0.
13

99
0.

00
14

*
 <

 0
.0

00
1*

0.
00

03
*

0.
05

97
0.

39
02



Page 14 of 16Mahajan and Tyagi  BMC Genomic Data          (2024) 25:103 

and smoking behaviours, were unable to be adjusted as 
a result of the inconsistent reporting across studies. The 
omission of these factors, which are recognised to affect 
drug metabolism and toxicity, has the potential to distort 
our assessments of the relationship between NAT2 acety-
lator status and hepatotoxicity. Secondly, our literature 
search was restricted to English publications only, which 
introduces a potential language bias. This limitation may 
have resulted in the exclusion of important studies pub-
lished in other languages. Thirdly, the generalizability 
of our findings was restricted by the geographic vari-
ability in NAT2 polymorphism frequencies, particularly 
among developed countries with diverse ethnic popula-
tions. The applicability of our results to specific popula-
tions may be influenced by the variations in NAT2 allele 
distributions across regions, particularly in high-burden 
TB countries with significant ethnic diversity. Fourthly, 
the definitions of ATDH were not standardised, and the 
dosage information was missing in some studies included 
in our meta-analysis. Different studies employed vary-
ing definitions of elevated ALT levels, with some estab-
lishing specific thresholds while others utilized relative 
increases from baseline. This inconsistency complicates 
the interpretation of the aggregated findings and may 
lead to challenges in establishing a unified understand-
ing of liver toxicity. Moreover, our capacity to undertake 
a comprehensive dose–response analysis and to evaluate 
the impact of various INH regimens on the risk of liver 
toxicity was impeded by the absence of treatment details.

Future research should address these limitations by 
standardising definitions and dosage information for 
ATDH, assuring comprehensive reporting of patient 
characteristics, including the ethnicity and includ-
ing studies in a broader range of languages to minimise 
publication bias. Furthermore, in order to gain a more 
comprehensive understanding of NAT2 polymorphisms 
and their influence on drug-induced liver impairment, 
additional research should concentrate on finding the 
specific polymorphisms. A more comprehensive analy-
sis of drug interactions, genetic factors, and administra-
tion regimens will be essential for the development of 
personalised treatment strategies for tuberculosis. These 
strategies can enhance treatment effectiveness and lower 
healthcare costs, particularly in high-burden areas where 
personalized therapeutic approaches are crucial for 
improving patient outcomes and reducing the incidence 
of adverse drug reactions.

Conclusion
Our meta-analysis confirms a significant associa-
tion between slow NAT2 acetylators and increased 
hepatotoxicity risk with an observed OR 2.52 (95% 

CI: 1.95–3.27; p value < 0.001). Personalized TB drug 
therapy using NAT2 polymorphism data could reduce 
adverse drug reactions, particularly in South and East 
Asian populations with high ATDH incidence. Imple-
menting a personalized clinical drug-dosage model may 
enhance treatment efficacy and reduce interruptions 
due to hepatotoxicity. This approach could also be cost-
effective for high-burden TB countries, where treating 
ATDH is often more expensive than treating TB itself. 
Screening of patients for the NAT2 genetic polymor-
phisms can prove clinically useful for the prediction 
and prevention of ATDH.

Abbreviations
AcINH  Acetylisoniazid
AcHZ  Acetylhydrazine
ALT  Alanine aminotransferase
AST  Aspartate transaminase
ATDH  Anti-tuberculosis drug-related hepatotoxicity
CYP2E1  Cytochrome P450 2E1
DiAcHZ  Diacetylhydrazine
EMB  Ethambutol
GST  Glutathione S-transferase
INH  Isoniazid
NAT2  N-acetyltransferase 2
MDR-TB  Multidrug-resistant tuberculosis
RFLP  Restriction fragment length polymorphism
RMP  Rifampicin
SA  Slow acetylators
PZA  Pyrazinamide
TB  Tuberculosis
ULN  Upper limit of normal

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12863- 024- 01286-y.

Supplementary Material 1.

Acknowledgements
None.

Clinical Trial Number
Not applicable.

Authors’ contributions
RM and AKT designed the study and drafted the manuscript. RM and AKT 
screened the citations, assessed the eligibility of the articles and performed 
the quality assessment., RM and AKT extracted the data. RM ran the statistical 
analysis. RM, and AKT were involved in the interpretation of the data and criti-
cal revision of the manuscript.

Funding
None.

Data availability
The data sets from this study are available from the corresponding author 
upon request.

Declarations

Ethics approval and consent to participate
Not applicable.

https://doi.org/10.1186/s12863-024-01286-y
https://doi.org/10.1186/s12863-024-01286-y


Page 15 of 16Mahajan and Tyagi  BMC Genomic Data          (2024) 25:103  

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 3 September 2024   Accepted: 26 November 2024

References
 1. Moule MG, Cirillo JD. Mycobacterium tuberculosis dissemination plays a 

critical role in pathogenesis. Front Cell Infect Microbiol. 2020;10:65.
 2. Global tuberculosis report 2023. WHO. License no. CC BY-NC-SA 3.0 IGO. 

Geneva: World Health Organization.
 3. Pourmohamadi N. Pour Abdollah Toutkaboni M, Hayati Roodbari N, 

Tabarsi P, Baniasadi S. Association of cytochrome P450 2E1 and N-Acetyl-
transferase 2 genotypes with serum isoniazid level and anti-tuberculosis 
drug-induced hepatotoxicity: A cross-sectional study. Iran J Med Sci. 
2023;48:474–83.

 4. Hemanth Kumar AK, Ramesh K, Kannan T, Sudha V, Haribabu H, Lavanya 
J, et al. N-acetyltransferase gene polymorphisms & plasma isonia-
zid concentrations in patients with tuberculosis. Indian J Med Res. 
2017;145:118–23.

 5. Pillaye JN, Marakalala MJ, Khumalo N, Spearman W, Ndlovu H. Mechanis-
tic insights into antiretroviral drug-induced liver injury. Pharmacol Res 
Perspect. 2020;8: e00598.

 6. Requena-Méndez A, Davies G, Waterhouse D, Ardrey A, Jave O, López-
Romero SL, et al. Effects of dosage, comorbidities, and food on isoniazid 
pharmacokinetics in Peruvian tuberculosis patients. Antimicrob Agents 
Chemother. 2014;58:7164–70.

 7. Seo WJ, Koo HK, Kang JY, Kang J, Park SH, Kang HK, et al. Risk adjustment 
model for tuberculosis compared to non-tuberculosis mycobacterium or 
latent tuberculosis infection: center for personalized precision medicine 
of tuberculosis (cPMTb) cohort database. BMC Pulm Med. 2023;23:471.

 8. Thomas L, Raju AP, Chaithra MSS, Varma M, Saravu K, et al. Influence 
of N-acetyltransferase 2 (NAT2) genotype/single nucleotide polymor-
phisms on clearance of isoniazid in tuberculosis patients: a systematic 
review of population pharmacokinetic models. Eur J Clin Pharmacol. 
2022;78:1535–53.

 9. Ulanova V, Kivrane A, Viksna A, Pahirko L, Freimane L, Sadovska D, et al. 
Effect of NAT2, GSTM1 and CYP2E1 genetic polymorphisms on plasma 
concentration of isoniazid and its metabolites in patients with tuber-
culosis, and the assessment of exposure-response relationships. Front 
Pharmacol. 2024;15:1332752.

 10. Figueiredo Teixeira RL de, Pires Lopes MQ, Noel P, Rezende A. Tuberculosis 
pharmacogenetics: state of the art. In: Mahboub B, editor. Tuberculosis - 
Current Issues in Diagnosis and Management. InTech; 2013.

 11. Sileshi T, Telele NF, Burkley V, Makonnen E, Aklillu E. Correlation of 
N-acetyltransferase 2 genotype and acetylation status with plasma 
isoniazid concentration and its metabolic ratio in ethiopian tuberculosis 
patients. Sci Rep. 2023;13:11438.

 12. Gurnani A, Chawla R, Kundra P, Bhattacharya A. Acute isoniazid poisoning. 
Anaesthesia. 1992;47:781–3.

 13. Wang P, Pradhan K, Zhong X-B, Ma X. Isoniazid metabolism and hepato-
toxicity. Acta Pharm Sin B. 2016;6:384–92.

 14. Klein DJ, Boukouvala S, McDonagh EM, Shuldiner SR, Laurieri N, Thorn CF, 
et al. PharmGKB summary: isoniazid pathway, pharmacokinetics. Pharma-
cogenet Genomics. 2016;26:436–44.

 15. Gong J, Tu W, Liu J, Tian D. Hepatocytes: A key role in liver inflammation. 
Front Immunol. 2022;13:1083780.

 16. Tafazoli S, Mashregi M, O’Brien PJ. Role of hydrazine in isoniazid-induced 
hepatotoxicity in a hepatocyte inflammation model. Toxicol Appl Phar-
macol. 2008;229:94–101.

 17. Jaramillo-Valverde L, Levano KS, Tarazona DD, Capristano S, Zegarra-
Chapoñan R, Sanchez C, et al. NAT2 and CYP2E1 polymorphisms and 
antituberculosis drug-induced hepatotoxicity in Peruvian patients. Mol 
Genet Genomic Med. 2022;10: e1987.

 18. Teixeira RL, Morato RG, Cabello PH, Muniz LMK, Moreira AS, Kritski AL, 
et al. Genetic polymorphisms of NAT2, CYP2E1 and GST enzymes and 
the occurrence of antituberculosis drug-induced hepatitis in Brazilian TB 
patients. Mem Inst Oswaldo Cruz. 2011;106:716–24.

 19. Singla N, Gupta D, Birbian N, Singh J. Association of NAT2, GST and 
CYP2E1 polymorphisms and anti-tuberculosis drug-induced hepatotoxic-
ity. Tuberculosis (Edinb). 2014;94:293–8.

 20. Ng CS, Hasnat A, Al Maruf A, Ahmed MU, Pirmohamed M, Day CP, et al. 
N-acetyltransferase 2 (NAT2) genotype as a risk factor for development of 
drug-induced liver injury relating to antituberculosis drug treatment in a 
mixed-ethnicity patient group. Eur J Clin Pharmacol. 2014;70:1079–86.

 21. Santos NP, Callegari-Jacques SM, Ribeiro Dos Santos AK, Silva CA, Vallinoto 
AC, Fernandes DC, et al. N-acetyl transferase 2 and cytochrome P450 2E1 
genes and isoniazid-induced hepatotoxicity in Brazilian patients. Int J 
Tuberc Lung Dis. 2013;17:499–504.

 22. Ho H-T, Wang T-H, Hsiong C-H, Perng W-C, Wang N-C, Huang T-Y, et al. The 
NAT2 tag SNP rs1495741 correlates with the susceptibility of antitu-
berculosis drug-induced hepatotoxicity. Pharmacogenet Genomics. 
2013;23:200–7.

 23. Gupta VH, Amarapurkar DN, Singh M, Sasi P, Joshi JM, Baijal R, et al. 
Association of N-acetyltransferase 2 and cytochrome P450 2E1 gene 
polymorphisms with antituberculosis drug-induced hepatotoxicity in 
Western India. J Gastroenterol Hepatol. 2013;28:1368–74.

 24. Rana SV, Ola RP, Sharma SK, Arora SK, Sinha SK, Pandhi P, et al. Comparison 
between acetylator phenotype and genotype polymorphism of N-acetyl-
transferase-2 in tuberculosis patients. Hepatol Int. 2012;6:397–402.

 25. Ben Mahmoud L, Ghozzi H, Kamoun A, Hakim A, Hachicha H, Hammami 
S, et al. Polymorphism of the N-acetyltransferase 2 gene as a susceptibil-
ity risk factor for antituberculosis drug-induced hepatotoxicity in Tunisian 
patients with tuberculosis. Pathol Biol. 2012;60:324–30.

 26. Sotsuka T, Sasaki Y, Hirai S, Yamagishi F, Ueno K. Association of isoniazid-
metabolizing enzyme genotypes and isoniazid-induced hepatotoxicity in 
tuberculosis patients. In Vivo. 2011;25:803–12.

 27. Bose PD, Sarma MP, Medhi S, Das BC, Husain SA, Kar P. Role of poly-
morphic N-acetyl transferase 2 and cytochrome P4502E1 gene in 
antituberculosis treatment-induced hepatitis. J Gastroenterol Hepatol. 
2011;26:312–8.

 28. Yamada S, Tang M, Richardson K, Halaschek-Wiener J, Chan M, Cook VJ, 
et al. Genetic variations of NAT2 and CYP2E1 and isoniazid hepatotoxicity 
in a diverse population. Pharmacogenomics. 2009;10:1433–45.

 29. Possuelo LG, Castelan JA, de Brito TC, Ribeiro AW, Cafrune PI, Picon 
PD, et al. Association of slow N-acetyltransferase 2 profile and anti-TB 
drug-induced hepatotoxicity in patients from Southern Brazil. Eur J Clin 
Pharmacol. 2008;64:673–81.

 30. Cho H-J, Koh W-J, Ryu Y-J, Ki C-S, Nam M-H, Kim J-W, et al. Genetic poly-
morphisms of NAT2 and CYP2E1 associated with antituberculosis drug-
induced hepatotoxicity in Korean patients with pulmonary tuberculosis. 
Tuberculosis (Edinb). 2007;87:551–6.

 31. Vuilleumier N, Rossier MF, Chiappe A, Degoumois F, Dayer P, Mermillod B, 
et al. CYP2E1 genotype and isoniazid-induced hepatotoxicity in patients 
treated for latent tuberculosis. Eur J Clin Pharmacol. 2006;62:423–9.

 32. Huang YS, Chern HD, Su WJ, Wu JC, Lai SL, Yang SY, et al. Polymorphism of 
the N-acetyltransferase 2 gene as a susceptibility risk factor for antituber-
culosis drug-induced hepatitis. Hepatology. 2002;35:883–9.

 33. Thomas L, Raju AP, Chaithra S, Kulavalli S, Varma M, Sv CS, et al. Influence 
of N-acetyltransferase 2 polymorphisms and clinical variables on liver 
function profile of tuberculosis patients. Expert Rev Clin Pharmacol. 
2024;17:263–74.

 34. Cavaco MJ, Alcobia C, Oliveiros B, Mesquita LA, Carvalho A, Matos F, et al. 
Clinical and Genetic Risk Factors for Drug-Induced Liver Injury Associated 
with Anti-Tuberculosis Treatment-A Study from Patients of Portuguese 
Health Centers. J Pers Med. 2022;12:790.

 35. Araujo-Mariz C, Militão de Albuquerque MFP, Lopes EP, Ximenes RAA, 
Lacerda HR, Miranda-Filho DB, et al. Hepatotoxicity during TB treatment 
in people with HIV/AIDS related to NAT2 polymorphisms in Pernambuco. 
Northeast Brazil Ann Hepatol. 2020;19:153–60.

 36. Ben Fredj N, Gam R, Kerkni E, Chaabane A, Chadly Z, Boughattas N, et al. 
Risk factors of isoniazid-induced hepatotoxicity in Tunisian tuberculosis 
patients. Pharmacogenomics J. 2017;17:372–7.



Page 16 of 16Mahajan and Tyagi  BMC Genomic Data          (2024) 25:103 

 37. Mushiroda T, Yanai H, Yoshiyama T, Sasaki Y, Okumura M, Ogata H, et al. 
Development of a prediction system for anti-tuberculosis drug-induced 
liver injury in Japanese patients. Hum Gen Variation. 2016;3:16014.

 38. Xiang Y, Ma L, Wu W, Liu W, Li Y, Zhu X, et al. The incidence of liver injury 
in Uyghur patients treated for TB in Xinjiang Uyghur autonomous region, 
China, and its association with hepatic enzyme polymorphisms NAT2, 
CYP2E1, GSTM1 and GSTT1. PLoS ONE. 2014;9: e85905. 

 39. Lv X, Tang S, Xia Y, Zhang Y, Wu S, Yang Z, et al. NAT2 genetic polymor-
phisms and anti-tuberculosis drug-induced hepatotoxicity in Chinese 
community population. Ann Hepatol. 2012;11:700–7.

 40. Leiro-Fernandez V, Valverde D, Vázquez-Gallardo R, Botana-Rial M, 
Constenla L, Agúndez JA, et al. N-acetyltransferase 2 polymorphisms and 
risk of anti-tuberculosis drug-induced hepatotoxicity in Caucasians. Int J 
Tuberc Lung Dis. 2011;15:1403–8.

 41. Shi J, Xie M, Wang J, Xu Y, Liu X. Susceptibility of N-acetyltransferase 2 
slow acetylators to antituberculosis drug-induced liver injury: a meta-
analysis. Pharmacogenomics. 2015;16:2083–97.

 42. Lukoye D, Ssengooba W, Musisi K, Kasule GW, Cobelens FGJ, Joloba 
M, et al. Variation and risk factors of drug resistant tuberculosis in sub-
Saharan Africa: a systematic review and meta-analysis. BMC Public Health. 
2015;15:291.

 43. Suvichapanich S, Fukunaga K, Zahroh H, Mushiroda T, Mahasirimongkol S, 
Toyo-Oka L, et al. NAT2 ultra-slow acetylator and risk of anti-tuberculosis 
drug-induced liver injury: a genotype-based meta-analysis. Pharmaco-
genet Genomics. 2018;28:167–76.

 44. Zhang M, Wang S, Wilffert B, Tong R, van Soolingen D, van den Hof S, et al. 
The association between the NAT2 genetic polymorphisms and risk of 
DILI during anti-TB treatment: a systematic review and meta-analysis. Br J 
Clin Pharmacol. 2018;84:2747–60.

 45. Khan S, Mandal RK, Elasbali AM, Dar SA, Jawed A, Wahid M, et al. Pharma-
cogenetic association between NAT2 gene polymorphisms and isoniazid 
induced hepatotoxicity: trial sequence meta-analysis as evidence. Biosci 
Rep. 2019;39:BSR20180845.

 46. Richardson M, Kirkham J, Dwan K, Sloan DJ, Davies G, Jorgensen AL. NAT2 
variants and toxicity related to anti-tuberculosis agents: a systematic 
review and meta-analysis. Int J Tuberc Lung Dis. 2019;23:293–305.

 47. Li J, Cai X, Chen Y, Wang C, Jiao Z. Parametric population pharmacoki-
netics of isoniazid: a systematic review. Expert Rev Clin Pharmacol. 
2023;16:467–89.

 48. Gafar F, Wasmann RE, McIlleron HM, Aarnoutse RE, Schaaf HS, Marais 
BJ, et al. Global estimates and determinants of antituberculosis drug 
pharmacokinetics in children and adolescents: a systematic review and 
individual patient data meta-analysis. Eur Respir J. 2023;61.

 49. Yang S, Hwang SJ, Park JY, Chung EK, Lee JI. Association of genetic 
polymorphisms of CYP2E1, NAT2, GST and SLCO1B1 with the risk of 
anti-tuberculosis drug-induced liver injury: a systematic review and 
meta-analysis. BMJ Open. 2019;9:e027940.

 50. Noor NFM, Kek TL, Zim MAM, Bakar ZA, Zakaria NI, Lailanor MI, et al. Asso-
ciation of N-acetyltransferase-2 Polymorphism with AntituberculosisIn-
duced Hepatotoxicity: A Meta-analysis. Curr Pharmacogenomics Person 
Med. 2021;18:123–32.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Pharmacogenomic insights into tuberculosis treatment shows the NAT2 genetic variants linked to hepatotoxicity risk: a systematic review and meta-analysis
	Abstract 
	Background 
	Objective 
	Method 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Search strategy
	Study selection
	Selection criteria
	Inclusion criteria
	Exclusion criteria

	Data extraction and quality assessment
	Statistical analysis

	Results
	Selection strategy
	Characteristics of included studies
	Demographics characteristics
	NAT2 genotype distribution
	Association with hepatotoxicity
	Ethnicity
	Therapeutic drug combinations
	INH Dosage 

	Criteria for liver toxicity
	Genotyping methods
	Sensitivity and quality assessment


	Discussions
	Primary findings
	Limitations and future aspect of the studies

	Conclusion
	Acknowledgements
	References


