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The Influence of NAT2 Genotypes on 
Isoniazid Plasma Concentration of 
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Background: Isoniazid (INH) is metabolized by polymorphic N-acetyltransferase 2 (NAT2) enzyme, which noticeably 
alters INH plasma concentration. We aimed to determine the distribution of NAT2 genotype in Thai tuberculosis (TB) 
patients and correlate their genotype with plasma INH concentrations. 
Methods: Blood samples from 55 newly diagnosed pulmonary tuberculosis participants from three hospitals were 
collected to classify the subject by NAT2  genotype performed by the Multiplex haplotype-specific polymerase chain 
reaction method. Patients were grouped into three acetylators (fast, intermediate, and slow). On day 14 of tuberculosis 
treatment, the second blood sample was taken to estimate the peak plasma concentration at 2 hours after oral 
administration. INH plasma concentration was analyzed by liquid chromatography‒tandem mass spectrometry/mass 
spectrometry method. 
Results: The NAT2 genotype distribution of fast, intermediate, and slow acetylator was 10.9%, 36.4%, and 52.7%, from 
six, 20, and 29 patients, respectively. The median (interquartile range) of INH plasma concentration at 2 hours post drug 
administration for these three genotypes were 0.75 (0.69–0.86), 2.56 (2.12–3.97), and 4.25 (3.56–5.50) µg/mL from four, 
14, and 12 cases, respectively. The INH plasma concentration at 2 hours after administration was significantly associated 
with body weight and NAT2 acetylator.
Conclusion: The INH plasma concentration was found lower in fast than intermediate and slow acetylators. Body 
weight and NAT2 acetylator influenced INH plasma concentrations at 2 hours after drug administration. Therefore, the 
NAT2 genotype should be known before starting TB treatment to maximize therapeutic outcomes.
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Introduction
The global treatment success rate for new tuberculosis (TB) 

decreased from 86% in 2013 to 83% in 20161. In Thailand, 
the treatment success rate was only 82% in 2016, while the 
country’s goal is 85%1,2. The first-line anti-tuberculosis drugs 
regimen for new TB patients containing isoniazid (INH), ri-
fampicin (R), ethambutol (E), and pyrazinamide (Z) is a very 
high effective course of treatment3. Since the drug concentra-
tion varies noticeably among patients, the variation of drug 
concentration may lead to adverse drug reactions due to toxic 
drug levels on one extreme and the development of antibiotic 
resistance and treatment failure produced by suboptimal drug 
levels on another extreme4.

INH, having a bactericidal effect on rapidly growing bacilli, 
is one of the most essential anti-TB drug for new TB patient5,6. 
N-acetyl transferase 2 (NAT2 ) is a deactivating enzyme for 
INH in the liver and small intestine. Its enzymatic activities 
are determined by the variation in single nucleotide polymor-
phisms of the coding region of exon 2 on NAT2  gene7. The 
human population is divided into three groups according to 
acetylation rate, i.e., fast, intermediate, and slow acetylators. 
Fast acetylators harbor NAT2*4 homozygous (wild-type) al-
lele, intermediate acetylators carry the NAT2*4/*5B, *4/*6A, or 
*4/*7B dipotypes, and slow acetylators are lacking the NAT2*4 
allele8-10.

Low plasma concentrations of anti-TB drugs associate with 
human immunodeficiency virus (HIV) infection, age, sex, 
gastrointestinal tract disorders, body weight, diabetes mellitus 
(DM), and alcohol consumption11-14. Moreover, the host NAT2 
enzyme activities affect the inter-individual variability in drug 
metabolism leading to low plasma concentrations of INH 
among fast acetylators12. Studies in several countries, includ-
ing Thailand, found that the slow acetylation status based on 
genetic variants in the NAT2 gene markedly contributed to the 
mechanism of drug-induced hepatotoxicity14-16.

The recent therapeutic drug monitoring (TDM) guideline 
for TB patients recommends measuring plasma concentra-
tion of INH collected at 2 hours after drug administration as 
the plasma INH level peaks around 2 hours after administra-
tion4,11,17. TDM is a beneficial approach to provide adequate 
drug doses and figure out drug-drug interactions, especially in 
TB patients who are slow responders to TB treatment or who 
have comorbidities11. 

The studies of INH plasma concentrations classified by 
NAT2 genotype among TB patients were published in some 
populations, it has been still limited in Thais. Therefore, in the 
present study, we aimed to determine the distribution of NAT2 
genotype in new TB patients and correlate the genotypes with 
plasma INH concentrations. The study was conducted under 
routine conditions at TB clinic with a high number of TB cases 
in southern Thailand.

Materials and Methods
1. Study design

A prospective cohort study was conducted among patients 
with newly diagnosed pulmonary TB, aged between 18 and 
65 years old, and receiving TB treatment. New TB outpatients 
were enrolled and gave informed consent at the TB clinic in 
Songklanagarind, Hat Yai, and Phatthalung hospitals from 
February 2018 to February 2019. 

2. Eligibility criteria and study groups

TB patients were administered standard first-line anti-TB 
drug regimen based on their weight once daily. Recommen-
dation dose of INH 4–6 mg/kg, rifampicin 8–10 mg/kg, etham-
butol 15–20 mg/kg, and pyrazinamide 20–30 mg/kg. More-
over, vitamin B6, 50 mg daily, was given for the prevention of 
neuropathy from INH. Dosage formulation of all anti-TB drugs 
is a single separate tablet manufactured by the Government 
Pharmaceutical Organization (GPO), Thailand. 

Exclusion criteria were as follows: (1) laboratory abnormal-
ity presenting before anti-TB drug treatment, (2) history of 
chronic hepatic illnesses such as cirrhosis, chronic hepatitis 
and viral hepatitis B or C, (3) pregnancy or lactation, (4) cur-
rent alcohol drinker (within 1 month), (5) HIV positive, (6) 
prolonged use of steroid, (7) severe systemic debilitation, and 
(8) severe drug-interactions which affected INH plasma con-
centration. We further excluded patients after the initiation 
of anti-TB treatment who were resistant to INH, infected with 
non-tuberculous mycobacteria, and fail to continue anti-TB 
drugs. 

3. Data collection

A questionnaire was used to collect demographic and 
clinical characteristics data. Blood tests for anti-HIV, liver 
function tests (albumin, aspartate aminotransferase, alanine 
aminotransferase, alkaline phosphatase, total bilirubin, and 
direct bilirubin), viral hepatitis B and C were performed at the 
screening phase after consenting. A whole blood sample was 
drawn and kept in a 5-mL EDTA tube for NAT2 genotyping at 
the Department of Medical Science (DMSc). Acid-fast bacilli 
staining test, standard sputum culture, drug sensitivity test, 
and chest radiography were done before TB treatment.

4. Measurement of INH concentration

Fourteen days after anti-TB drug initiation, drug sampling 
was performed as the expected steady-state of anti-TB drug 
concentrations was reached. On the sampling day, two ve-
nous blood samples were collected from patients after fasting 
at least 8 hours before 2 hours after drug administration at 
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the TB clinic. A blood sample of 3–5 mL was kept in a sodium 
heparin tube. Plasma was separated by centrifugation at 4°C 
and then stored at –80°C. It was transferred on dry ice to anal-
ysis at the laboratory in DMSc. Another sample was sent for 
the liver function tests. Any adverse drug reactions and drug 
compliance were interviewed.

5. NAT2 diplotyping method

NAT2  genotyping was determined by haplotype-specific 
polymerase chain reaction-based method18. Briefly, after DNA 
extraction from a whole blood sample using a commercial kit 
(QIAamp DNA blood mini kit, QIAGEN GmbH, Hilden, Ger-
many), polymerase chain reaction (PCR) amplification was 
done in a total volume of 10 µL by using Bio-RaD T100 Ther-
mal cycler (Hercules, CA, USA), initial denaturation at 95°C for 
5 minutes, followed by 32 cycles of 95°C for 20 seconds, 64.5°C 
for 20 seconds, and 72°C for 30 seconds. Each DNA sample 
was amplified by six haplotype-specific primers (NAT2*4 , 
*5B, *6A, *7B, *12A, and *13A) and internal control primers 
(TIMP1). NAT2 haplotypes were determined by direct visual-
izing of the specific size of PCR products in agarose gel after 
electrophoresis. The results NAT2 diplotypes (2 haplotypes) 
was then interpreted as acetylator (slow, intermediate, and 
fast) phenotypes. Fast acetylator phenotypes are homozy-
gotes or heterozygous of high activity enzymatic haplotypes 
(NAT2*4, NAT2*12A, and NAT2*13A), while slow acetylators 
are those homozygote/heterozygous of low enzymatic haplo-
types (NAT2*5B, NAT2*6A, and NAT2*7B). Heterozygotes of 
high and low enzymatic activity haplotypes were determined 
as intermediate acetylators. 

6. Analysis of INH plasma concentration

INH plasma concentration was measured by high perfor-

mance liquid chromatography‒tandem mass spectrometry us-
ing an ACQUITY UPLC H-Class system (Waters, Watford, UK) 
with a Kinetex XB-C18 column (2.1×100 mm, Phenomenex, 
Torrance, CA, USA). The flow rate was 200 µL/min. The mo-
bile phases was isocratic of a mixture of 5 mM ammonium 
acetate in water (solvent A) and acetonitrile (solvent B). After 
protein precipitation with 50% Acetonitrile, the plasma sam-
ples were mixed with an internal standard (carbamazepine) 
and centrifuged at 4°C for 10 minutes. Total running time of 
7 minutes with injection volume 1 µL for each sample. Drug 
concentrations were determined using a Xevo TQD (Waters). 
Quantification was achieved by multiple reaction monitoring 
in positive ion mode with transitions of m/z 138.20 to 121.10 
and m/z 237.03 to 194.03 for INH and the internal standard, 
respectively. The linear assay range is 2–50 ng/mL (r2=0.99). 
Intra- and inter-day coefficients of variation are monitored to 
be lower than 10%.

7. Statistical analysis

Continuous variables were presented by median (in-
terquartile range) for non-normal distributed data and 
mean±standard deviation for normally distributed data. The 
comparison of outcomes was made using Fisher exact test, 
Student’s t test, Wilcoxon rank-sum test according to the type 
of the variable with statistical significance defined at p<0.05. 
For multiple group comparisons, the analysis of variance 
(ANOVA) and Kruskal-Wallis test were used as appropriate. 
Univariate and generalized additive regression models (GAM) 
were performed to identify the factors associated with INH 
concentrations. All the analyses were performed using R soft-
ware version 3.3.2 (R Foundation for Statistical Computing, 
Vienna, Austria).

Table 1. Frequency and percentage of NAT2 genotype and acetylator in 55 new pulmonary TB patients

NAT2 genotype
NAT2 genotype

frequency (n=55)
NAT2 genotype (%) Acetylator type Acetylator (%)

95% Confidence 
interval

*4/*4 6 10.9 Fast, wild-type 10.9 2.7–19.2

*4/*5B 2 3.6 Intermediate 36.4 23.7–49.1

*4/*6A 14 25.5 - - -

*4/*7B 4 7.3 - - -

*5B/*5B 1 1.8 Slow 52.7 39.5–65.9

*5B/*6A 5 9.1 - - -

*5B/*7B 4 7.3 - - -

*6A/*6A 10 18.2 - - -

*6A/*7B 8 14.5 - - -

*6B/*7B 1 1.8 - - -

NAT2: N-acetyltransferase 2; TB: tuberculosis.
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Table 2. Patients’ demographics, clinical and laboratory information classified by NAT2 acetylator (fast, intermediate, and 
slow acetylator)

Characteristic
New pulmonary TB 

patients (n=30)
Fast 

(n=4)
Intermediate 

(n=14)
Slow 

(n=12)
p-value

Age, yr 44±14 57±8.4 40.7±14.2 43.5±13.5 0.120*

Weight, kg 53.9±7.9 53.7±3.0 57.5±8.0 50.8±7.8 0.100*

BMI, kg/m2 20.4±3.1 21.6±2.8 19.5±3 21±3.2 0.310*

Sex >0.999†

   Male 17 (56.7)  2 (50) 8 (57.1) 7 (58.3) 

   Female 13 (43.3)  2 (50) 6 (42.9) 5 (41.7) 

History of TB contact 0.838† 

   Yes 6 (20) 0 (0) 3 (21.4) 3 (25) 

   No 24 (80) 4 (100)  11 (78.6) 9 (75)

Occupation 0.986†

   Farmer/worker/merchant 12 (40) 2 (50) 6 (42.9) 4 (33.3) 

   Government officer 11 (36.7) 1 (25) 5 (35.7) 5 (41.7) 

   Student 2 (6.7) 0 (0) 1 (7.1) 1 (8.3) 

   Healthcare workers 2 (6.7) 0 (0) 1 (7.1) 1 (8.3) 

   Unemployed 3 (10) 1 (25) 1 (7.1) 1 (8.3) 

Former smoking 0.338†

   Yes 3 (10) 0 (0) 3 (21.4) 0 (0) 

   No 27 (90) 4 (100) 11 (78.6) 12 (100) 

Comorbidities

   Diabetes mellitus 0.180†

      Yes 5 (16.7) 2 (50) 2 (14.3) 1 (8.3)

      No 25 (83.3) 2 (50) 12 (85.7) 11 (91.7) 

   Hypertension 0.134†

      Yes 5 (16.7) 2 (50) 1 (7.1) 2 (16.7)

      No 25 (83.3) 2 (50) 13 (92.9) 10 (83.3) 

   Dyslipidemia 0.056† 

      Yes 4 (13.3) 2 (50) 2 (14.3) 0 (0) 

      No 26 (86.7) 2 (50) 12 (85.7) 12 (100) 

Liver function tests prior treatment§

   Albumin, g/dL 3.9±0.4 3.8±0.4 3.9±0.4 3.8±0.5 0.731*

   AST, U/L 18.0 (16–21.5) 20.5 (12.8–29.2) 19.5 (18–22) 16.5 (15.5–18.2) 0.188‡

   ALT, U/L 12.5 (9–20.8) 13 (8–21.5) 11.5 (8.2–19.8) 15 (11.8–21) 0.330‡

   ALP, U/L 86 (73.3–102.5) 82 (73.5–84.8) 80 (70.8–96.8) 91 (80–105.5) 0.397‡

   Total bilirubin, g/dL 0.5±0.3 0.5±0.4 0.6±0.3 0.4±0.3 0.266*

   Direct bilirubin, g/dL 0.2 (0.1–0.3) 0.2 (0.1–0.2) 0.2 (0.1–0.3) 0.1 (0.1–0.2) 0.827‡

Dose of anti-TB drugs, mg/kg/day

   Isoniazid 5.5±0.8 5.6±0.3 5.7±0.8 5.3±0.7 0.424*

   Rifampicin 10±1.2 9.8±1.2 10.2±0.8 9.9±1.5 0.807*

   Ethambutol 17.8±1.7 15.8±1.3 18.1±1.5 18.1±1.9 0.051*

   Pyrazinamide 23.5±3.2 22±3.3 23.6±3.3  24±3.1 0.586*

Values are presented as mean±SD, number (%), or median (IQR).
*ANOVA F-test. †Fisher exact test. ‡Kruskal-Wallis test. §Reference range: albumin (3.5–5.2 g/dL), AST <40 U/L, ALT <41 U/L, ALP (35–105 U/L), 
total bilirubin (0.0–1.2 g/dL), direct bilirubin (0.0–0.3 g/dL).
NAT2: N-acetyltransferase 2; TB: tuberculosis; BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase; ALP: 
alkaline phosphatase.
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8. Ethics consideration

This study was approved by the Research Ethics Committee 
of the Faculty of Medicine, Prince of Songkla University, Thai-
land (REC No. 60-378-18-1) before data collection. The direc-
tors of the involved hospitals gave their permission to conduct 
the research in each study setting. Participants provided writ-
ten consent after an oral explanation concerning the study 
objectives and procedures.

Results
A total of 55 new patients with pulmonary TB were enrolled 

in the study. Twenty-five patients were excluded from further 
analysis because of INH resistance (n=5), hepatitis B virus 
surface antigen positive (n=1), failure to continue anti-TB drug 
treatment (n=1), loss to follow-up (n=1), failure to take medi-
cines on time (n=7), and withdrawal (n=10). The total number 
of remaining patients for plasma drug concentration analysis 
was 30. 

There were 10 of NAT2 genotypes among 55 new patients 
with pulmonary TB. The first three highest frequency of 
NAT2  genotypes were NAT2*4/*6A  (25.5%), NAT2*6A/*6A 
(18.2%), and NAT2*6A/*7B (14.5%), respectively. Six patients 
(10.9%) having NAT2*4/*4 were classified as fast acetyl-
ator; 20 patients (36.4%) as intermediate acetylator with 
NAT2*4/*5B,*4/*6A,*4/*7B ; and 29 patients (52.7%) as slow 
acetylators with NAT2*5B/*5B, *5B/*6A, etc. (Table 1).

The blood samples from 30 patients were analyzed. Table 2 

presents the demographics, clinical characteristics, and labo-
ratory results of patients classified by NAT2 acetylator (fast, 
intermediate, and slow). The majority of TB patients were 
male. The mean age, body weight, body mass index among 
the three groups were not statistically different. Six of 30 (20%) 
had a history of contact TB patients in their families. All liver 
function test parameters and anti-TB drug doses were within 
the normal range at the onset of treatment.

The frequency distribution of NAT2  phenotype group 
among tuberculosis patients with INH level as fast, intermedi-
ate, and slow acetylators was 4, 14, and 12 cases, respectively. 
Table 3 describes the median of INH plasma concentration 
at 2 hours after drug administration of 30 patients. NAT2*4/*4 
genotype revealed the lowest INH plasma concentration at 
2 hours after drug administration, while NAT2*6A/*6A geno-
type showed the highest INH plasma concentration at 2 hours 
after drug administration. The increase in median INH plasma 
concentration at 2 hours after drug administration across the 
three acetylator activities (fast, intermediate, and slow) is ob-
served (Figure 1).

Age, sex, and height were not significantly associated with 
INH plasma concentration at 2 hours after drug administra-
tion by univariate analyses using ANOVA, t test, and linear 
regression, respectively. Dyslipidemia and NAT2  acetylator 
were associated with the INH plasma concentration at 2 hours 
after drug administration with a p-value of less than 0.05 in 
univariate analysis. The results from generalized linear model 
showed that the INH plasma concentration at 2 hours after 
administration was significantly in association with NAT2 
acetylator and body weight, as shown in Table 4. The status of 
dyslipidemia was found highly associated with DM. 

Table 3. INH plasma concentrations at 2 hours after 
administration stratified by NAT2 genotype and acetylator

Acetylator
NAT2 

genotype
No.

INH at 2 hr after 
administration (µµg/mL), 

median (IQR)

Fast *4/*4 4 0.75 (0.69–0.86)

Total 4 0.75 (0.69–0.86)

Intermediate *4/*6A 10 2.32 (1.92–2.99)

*4/*7B 4 4.85 (3.80–5.78)

Total 14 2.56 (2.24–3.97)

Slow *5B/*6A 1 2.81 (2.81–2.81)

*5B/*5B 1 4.55 (4.55–4.55)

*5B/*7B 2 4.29 (3.66–4.93)

*6A/*6A 2 6.54 (6.45–6.62)

*6A/*7B 6 3.86 (3.75–4.70)

Total 12 4.25 (3.56–5.51)

Overall 30 3.09 (2.24–4.85)

INH: isoniazid; NAT2 : N-acetyltransferase 2; IQR: interquartile 
range.
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Figure 1. Comparison of isoniazid (INH) plasma concentration at 
2 hours after administration among fast, intermediate, and slow 
acetylators. NAT2: N-acetyltransferase 2.
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Discussion
In this study, slow, intermediate, and fast acetylators were 

52.7%, 36.4%, and 10.9% among new pulmonary TB patients. 
The results are similar to a study conducted mainly in the 
northern and central regions, which presented the percentage 
of slow, intermediate, and fast acetylators among non-hepa-
totoxic controls being 22.4%, 62.4%, and 15.3%, respectively17. 
While the percentage of fast acetylator is similar to our study, 
the proportion of the other two acetylators are different. How-
ever, another study in the northeastern region of the country 
showed a high frequency of fast acetylator (63.8%) among 
healthy Thais19 as shown in Table 5. The difference in acetylator 
phenotypes in the four regions in Thailand has to be confirmed.

NAT2 acetylator status had been studied in some countries. 
The distribution of fast acetylator is similar among Caucasians 
(5.4%), Indians (7%), and Polish (10%) to Thais in the pres-
ent study, whereas Chinese, Koreans, and Japanese are more 
frequent in fast acetylator of 40%–42.8%4,8,20,21. The proportion 
of slow acetylator in our study is similar to Europeans (Cauca-
sians), Indians, and Africans. While South-East Asians (Malays, 

Filipinos, and Cambodians) are in the medium range of slow 
acetylator, but East Asians (Chinese, Koreans, and Japanese) 
have a low prevalence of NAT2 slow acetylator4,20.

Due to genetic polymorphisms of NAT2, the results of this 
study show a significant difference in the INH plasma concen-
trations at 2 hours after administration in TB patients catego-
rized by fast, intermediate, and slow acetylators, which is simi-
lar to the results of previous studies from Poland and Japan8,16. 
While the studies in Chennai20 and Mumbai22 have higher 
INH plasma concentrations at 2 hours after administration in 
three phenotypes than our study. In addition, NAT2*4/*4 gen-
otype presented the lowest INH plasma concentration, while 
NAT2*6A/*6A genotype had the highest plasma concentra-
tion of the drug. The multivariate analysis revealed an effect 
of TB patient weight on INH plasma concentration at 2-hour 
post-administration as also shown in a previous report23. So, 
we could take NAT2 acetylator and body weight into account 
in estimating the INH plasma concentration at 2 hours post 
drug administration of which the expected INH plasma con-
centration 

Table 4. Results from generalized linear model between INH plasma concentration at 2 hours after administration and 
their covariates 

Characteristic
Univariate analysis

coefficient (ββ)
Multivariate analysis

Coefficient (ββ) Standard error 95% CI p-value

Intercept - 2.71 1.07 0.63 to 4.80 0.018*

Weight ≥50 kg –1.36 –1.48 0.63 –2.71 to –0.25 0.027*

Diabetes mellitus (yes) –1.60 0.45 1.81 –3.1 to 4.0 0.805

Dyslipidemia (yes)† –2.01 –0.25 1.73 –3.65 to 3.14 0.884

Hypertension (yes) –1.49 –1.06 1.14 –3.27 to 1.17 0.360

NAT2 acetylators (reference=fast)

   Intermediate 2.53 1.41 0.94 –0.45 to 3.26 0.150

   Slow 3.68 3.14 0.94 1.3 to 5.0 0.003*

*Statistical significant (if p<0.05). †Significant in univariate analysis but not significant in multivariate analysis.
INH: isoniazid; CI: confidence interval; NAT2: N-acetyltransferase 2.

Table 5. The distribution of NAT2 acetylator from different regions of Thailand 

Study
Regions of 
Thailand

Percentage of NAT2 acetylator
Thai population NAT2 genotyping method

Fast Intermediate Slow

Kukongviriyapan et al. 
(2003)19

Northeastern 63.8 - 36.2 Healthy Polymerase chain reaction with 
restriction fragment length 
polymorphism assays

Wattanapokayakit et al. 
(2016)17

Northern and 
central 

15.3 62.4 22.4 TB patients  
(non-hepatotoxic 
controls) 

NAT2 haplotyping from four 
common SNPs

Ungcharoen et al. 
(2020) (present study)

Southern 10.9 36.4 52.7 New TB patients Haplotype-specific PCR for 
NAT2 diplotyping

NAT2: N-acetyltransferase 2; TB: tuberculosis; SNP: single nucleotide polymorphism; PCR: polymerase chain reaction.
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=�2.71+ {
0 (if fast acetylator)

}1.41 (if intermediate acetylator)
3.14 (if slow acetylator)

 –  
 
 

{ 0 (if body weight<50 kg)}1.48 (if body weight≥50 kg)

Studies from Brazil, Japan, UK, and Thailand13,17,24,25 revealed 
that anti-TB drug induced hepatotoxicity was associated with 
slow acetylator; however, a study in China found no such rela-
tionship26. In the second week after anti-TB drugs administra-
tion, we found hepatotoxicity occurring in 4 of 29 slow and in 
0 of 6 fast and 0 of 20 intermediate acetylators without signifi-
cant difference owing to small numbers of the patients in each 
acetylator type. There were neither death nor serious adverse 
events during the study period. In contrast, fast acetylator 
has been suggested to result in the relapse, incomplete TB 
treatment, and drug failure due to sub-optimum plasma con-
centrations of INH in the previous studies27,28. Consequently, 
it is suggested that adverse drug reactions and treatment 
outcomes should be closely monitored in both slow and fast 
acetylators.

We designed the study on the basis of real clinical settings 
in TB patient management and kept a high standard labora-
tory test and specimen transfer. Firstly, we enrolled new TB 
patients who never took anti-TB drugs before and performed 
standard sputum culture for Mycobacterium tuberculosis to 
confirm TB cases and tested for the INH plasma concentra-
tion. Secondly, we kept samples on dry ice during transporta-
tion. We used a data locker to ensure the stability of tempera-
ture not being higher than –20°C during specimen transfer 
and storing at –80°C until analysis. Lastly, we ensured good 
compliance with anti-TB drugs of TB patients by telephone 
reminders and pill counts. Since this study focuses on the use-
fulness of the application of NAT2 genotyping on TDM of INH 
based on the physician and patient’s convenience, it under-
estimated the true peak concentration of INH (Cmax). Further 
studies on Cmax and area under curve from 0 to 8 h to clearly 
distinguish drug accumulation among these three NAT2 
acetylators are suggested. Even we cannot control pharmaco-
kinetic condition in real patients, the results of a cohort study 
are demonstrating the benefit of the use in a clinic setting with 
high biological and behavioral variation among patients and 
clinical conditions which can be treated in the variance of the 
statistical models. This study still had a limitation on the num-
ber of patients enrolled. Further study should enroll enough 
participants. 

The results of this study suggest that NAT2 acetylator and 
body weight have a prediction power on INH plasma concen-
trations. The lower plasma concentration was found in fast 
than the other two groups of NAT2 acetylator. Therefore, the 
NAT2  genotyping should be done before starting TB treat-
ment to optimize INH plasma concentration and reduce ad-
verse drug reactions from INH.

Authors’ Contributions
Conceptualization: Ungcharoen U, Sriplung H, Mahasiri-

mongkol S, Chongsuvivatwong V. Methodology: Ungcharoen 
U, Sriplung H, Mahasirimongkol S, Mokmued P, Chongsuvi-
vatwong V. Formal analysis: Ungcharoen U, Sriplung H. Data 
curation: Ungcharoen U, Chusri S. Software: Ungcharoen U, 
Chongsuvivatwong V. Validation: Wichukchinda N, Maha-
sirimongkol S. Investigation: Chusri S, Chongsuvivatwong V. 
Writing - original draft preparation: Ungcharoen U, Sriplung 
H. Writing - review and editing: Ungcharoen U, Sriplung H, 
Wichukchinda N, Wattanapokayakit S, Mokmued P. Approval 
of final manuscript: all authors.

Conflicts of Interest
No potential conflict of interest relevant to this article was 

reported. 

Acknowledgments
This study was a part of the Master Thesis of the first author 

to fulfill the requirement for the TB/MDR-TB research training 
program at Epidemiology Unit, Prince of Songkla University. 
The authors would like to thank all medical staff at Songkla-
nagarind, Hat Yai, and Phatthalung hospitals for their facilities 
and to care for participants; staff at the Department of Medical 
Science for analyzing NAT2 genotype and drug concentration; 
Assoc. Prof. Dr. Threerakamol Pengsakul for instruments and 
specimen storage; Mr. Surichai Bilheem for his assistance in 
statistical analysis.

Funding
The study was supported by Fogarty International Center, 

National Institutes of Health -- Grant number D43TW009522.

References
1.	 World Health Organization. WHO Tuberculosis fact sheet [In-

ternet]. Geneva: World Health Organization; 2020 [cited 2017 
Jul 17]. Available from: http://www.who.int/mediacentre/
factsheets/fs104/en/.

2.	 World Health Organization. Global tuberculosis report 2018 
[Internet]. Geneva: World Health Organization; 2020 [cited 
2019 Jun 4]. Available from: http://www.who.int/tb/publica-
tions/global_report/en/.

3.	 World Health Organization. Treatment of tuberculosis: guide-
lines 2010. Geneva: World Health Organization; 2010.



U Ungcharoen et al.

S62 Tuberc Respir Dis 2020;83 Supple 1:S55-S62 www.e-trd.org

4.	 Choi R, Jeong BH, Koh WJ, Lee SY. Recommendations for 
optimizing tuberculosis treatment: therapeutic drug monitor-
ing, pharmacogenetics, and nutritional status considerations. 
Ann Lab Med 2017;37:97-107.

5.	 Arbex MA, Varella Mde C, Siqueira HR, Mello FA. Antitu-
berculosis drugs: drug interactions, adverse effects, and use 
in special situations. Part 1: first-line drugs. J Bras Pneumol 
2010;36:626-40.

6.	 Sarkar S, Ganguly A, Sunwoo HH. Current overview of anti-
tuberculosis drugs: metabolism and toxicities. Mycobact Dis 
2016;6:2.

7.	 Weber WW, Hein DW. Clinical pharmacokinetics of isonia-
zid. Clin Pharmacokinet 1979;4:401-22.

8.	 Zabost A, Brzezinska S, Kozinska M, Blachnio M, Jagodzinski 
J, Zwolska Z, et al. Correlation of N-acetyltransferase 2 geno-
type with isoniazid acetylation in Polish tuberculosis patients. 
Biomed Res Int 2013;2013:853602.

9.	 Um SW, Lee SW, Kwon SY, Yoon HI, Park KU, Song J, et al. 
Low serum concentrations of anti-tuberculosis drugs and 
determinants of their serum levels. Int J Tuberc Lung Dis 
2007;11:972-8.

10.	 Alsultan A, Peloquin CA. Therapeutic drug monitoring in the 
treatment of tuberculosis: an update. Drugs 2014;74:839-54.

11.	 Babalik A, Babalik A, Mannix S, Francis D, Menzies D. Thera-
peutic drug monitoring in the treatment of active tuberculo-
sis. Can Respir J 2011;18:225-9.

12.	 Seifart HI, Parkin DP, Botha FJ, Donald PR, Van Der Walt BJ. 
Population screening for isoniazid acetylator phenotype. 
Pharmacoepidemiol Drug Saf 2001;10:127-34.

13.	 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 Genome Var 2016;3:16014.

14.	 Matsumoto T, Ohno M, Azuma J. Future of pharmacoge-
netics-based therapy for tuberculosis. Pharmacogenomics 
2014;15:601-7.

15.	 Burhan E, Ruesen C, Ruslami R, Ginanjar A, Mangunnegoro 
H, Ascobat P, et al. Isoniazid, rifampin, and pyrazinamide 
plasma concentrations in relation to treatment response in 
Indonesian pulmonary tuberculosis patients. Antimicrob 
Agents Chemother 2013;57:3614-9.

16.	 Kubota R, Ohno M, Hasunuma T, Iijima H, Azuma J. Dose-
escalation study of isoniazid in healthy volunteers with the 
rapid acetylator genotype of arylamine N-acetyltransferase 2. 
Eur J Clin Pharmacol 2007;63:927-33.

17.	 Wattanapokayakit S, Mushiroda T, Yanai H, Wichukchinda 
N, Chuchottawon C, Nedsuwan S, et al. NAT2 slow acetylator 

associated with anti-tuberculosis drug-induced liver injury in 
Thai patients. Int J Tuberc Lung Dis 2016;20:1364-9.

18.	 Wichukchinda N, Pakdee J, Kunhapan P, Imunchot W, Toyo-
Oka L, Tokunaga K, et al. Haplotype-specific PCR for NAT2 
diplotyping. Hum Genome Var 2020;7:13.

19.	 Kukongviriyapan V, Prawan A, Tassaneyakul W, Aiemsa-Ard 
J, Warasiha B. Arylamine N-acetyltransferase-2 genotypes in 
the Thai population. Br J Clin Pharmacol 2003;55:278-81.

20.	 Hemanth Kumar AK, Ramesh K, Kannan T, Sudha V, Harib-
abu H, Lavanya J, et al. N-acetyltransferase gene polymor-
phisms & plasma isoniazid concentrations in patients with 
tuberculosis. Indian J Med Res 2017;145:118-23.

21.	 Leiro-Fernandez V, Valverde D, Vazquez-Gallardo R, Botana-
Rial M, Constenla L, Agundez 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.

22.	 Singh N, Dubey S, Chinnaraj S, Golani A, Maitra A. Study of 
NAT2 gene polymorphisms in an Indian population: associa-
tion with plasma isoniazid concentration in a cohort of tuber-
culosis patients. Mol Diagn Ther 2009;13:49-58.

23.	 Jung JA, Kim TE, Lee H, Jeong BH, Park HY, Jeon K, et al. A 
proposal for an individualized pharmacogenetic-guided iso-
niazid dosage regimen for patients with tuberculosis. Drug 
Des Devel Ther 2015;9:5433-8.

24.	 Teixeira RL, Morato RG, Cabello PH, Muniz LM, Moreira Ada 
S, 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 Os-
waldo Cruz 2011;106:716-24.

25.	 Lv X, Tang S, Xia Y, Zhang Y, Wu S, Yang Z, et al. NAT2 genetic 
polymorphisms and anti-tuberculosis drug-induced hepa-
totoxicity in Chinese community population. Ann Hepatol 
2012;11:700-7.

26.	 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.

27.	 Heysell SK, Moore JL, Keller SJ, Houpt ER. Therapeutic drug 
monitoring for slow response to tuberculosis treatment in 
a state control program, Virginia, USA. Emerg Infect Dis 
2010;16:1546-53.

28.	 Pasipanodya JG, Srivastava S, Gumbo T. Meta-analysis of 
clinical studies supports the pharmacokinetic variability hy-
pothesis for acquired drug resistance and failure of antituber-
culosis therapy. Clin Infect Dis 2012;55:169-77.


