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Development of a prediction system for anti-tuberculosis
drug-induced liver injury in Japanese patients

Taisei Mushiroda', Hideki Yanai®®, Takashi Yoshiyama®>, Yuka Sasaki?, Masao Okumura?, Hideo Ogata®* and Katsushi Tokunaga®

Drug-induced liver injury (DILI) is a common adverse drug reaction in patients receiving antituberculosis (anti-TB) treatment.
Among the anti-TB agents, isoniazid (INH) is the primary drug that causes hepatotoxicity in TB patients with DILI. Previous reports in
several populations have consistently demonstrated an association between polymorphisms in the N-acetyltransferase 2 (NAT2)
gene, which is responsible for INH hepatic metabolism, and a risk of DILI in TB patients. In this study, the genetic and baseline
clinical data from 366 Japanese patients with TB (73 patients with DILI and 293 without DILI) were used to develop a system to
predict DILI risk due to anti-TB agents. The distribution of the NAT2 acetylator status among the TB patients with DILI was 31
(42.5%), 29 (39.7%), and 13 (17.8%) for rapid, intermediate, and slow acetylators, respectively. A significant association was observed
between NAT2 slow acetylators and DILI risk (odds ratio 4.32, 95% confidence interval 1.93-9.66, P value =5.56 x 10~ %). A logistic
regression model based on age and NAT2 genotype revealed that the area under the curve for the receiver-operating characteristic
curve was 0.717. The findings demonstrated that slow NAT2 acetylator status is a significant predictor of the risk of DILI by anti-TB
agents, and a personalized anti-TB treatment approach may aid in making treatment decisions and reducing the incidence of DILI.
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INTRODUCTION

Tuberculosis (TB) is the most prevalent chronic respiratory
infection. In 2013, an estimated 9 million people developed TB
worldwide, and 1.5 million patients died from the disease.' In
Japan in 2013, the incidence of TB per 100,000 people was 18
(http://www.who.int/tb/country/data/profiles/en/). A combination
of four anti-TB agents—isoniazid (INH), rifampicin, pyrazinamide,
and ethambutol—has been recommended as the best treatment
regimen for patients with TB.! However, drug-induced liver injury
(DILI) is one of the most common adverse drug reactions in
patients receiving anti-TB treatment. Previous studies have
reported that DILI occurred in 6.9% of Japanese patients with
TB.> Most cases of DILI are reversible after anti-TB treatment is
stopped. However, the treatment must be restarted, leading to a
high prevalence of reoccurrence of DILI and a longer course of
anti-TB therapy (>6 months). Eventually, hyposensitization
therapy fails in a significant percentage of patients with TB.
Therefore, the frequent occurrence of DILI may affect the
continuation of anti-TB agent administration that leads to delayed
completion or failure of the treatment.

INH is primarily metabolized to N-acetyl INH by hepatic N-
acetyltransferase 2 (NAT2).2 Hydrazine, which is generated from
INH, is believed to be the cause of hepatotoxicity. Because NAT2
also metabolizes hydrazine to N-acetyl hydrazine, TB patients with
decreased NAT2 activity show higher levels of hydrazine in their
blood and are at a higher risk of developing DILI.> These adverse
effects on the liver in TB patients are usually accompanied by
hospitalization and adjustment of the anti-TB regimen that is
usually less effective and requires a longer treatment duration
than the standard short treatment course for TB.

Underlying differences in NAT2 enzyme activity have been
explained by haplotypes composed of several single-nucleotide
polymorphisms (SNPs) in the coding region of exon 2 of the NAT2
gene.4 Patients are classified into rapid, intermediate, and slow
acetylators based on the codominant expression of the rapid and
slow acetylator alleles.®> NAT2 rapid acetylators are homozygotes
for NAT2*4. Intermediate acetylators carry the NAT2*4/%5B, *4/%6A,
or *4/*7B diplotypes, whereas slow acetylators are individuals who
do not carry either of the rapid acetylator alleles (NAT2*4 or
NAT2*13).

Although several recent case-control association studies in
Japanese TB patients have reported that NAT2 slow acetylators
have a significantly higher risk of DILI caused by anti-TB drugs
compared with NAT2 rapid and intermediate acetylators, the true-
positive rates were < 33% when the NAT2 genotypes were used
as biomarkers to predict the risk of DILL>® In this study, the
genetic and clinical data from 366 Japanese patients with TB (73
patients with and 293 without DILI) were used to develop a
system to predict the risk of DILI by anti-TB agents.

MATERIALS AND METHODS
Patients
This study was approved by the institutional review boards of Fukujuji
Hospital, RIKEN Yokohama Institute, and the University of Tokyo. All
patients who participated in this study provided written informed consent.
Japanese TB patients who received anti-TB agents according to the
World Health Organization category | treatment regimen (2HRZE/4HR)
were enrolled in this study from Fukujuji Hospital (73 patients diagnosed
with DILI and 293 tolerant controls). DILI was defined according to the
World Health Organization toxicity classification standards,’ that is,
elevation of aspartate aminotransferase and/or alanine aminotransferase
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and/or total bilirubin levels more than 3 times the upper normal limit with
signs and symptoms of hepatitis.

SNP genotyping

Genomic DNA was extracted from peripheral blood by a commercial
laboratory (SRL, Tokyo, Japan). We sequenced four SNPs of the NAT2 gene
that cover the NAT2 haplotypes commonly found in the Japanese
population: rs1041983 (282C>T), rs1799929 (481C>T), rs1799930
(590G >A), and rs1799931 (857G > A).* PCR amplification was carried out
in a 20-pl reaction mixture containing 10 ng of genomic DNA, 0.5 U of Tks
Gflex DNA polymerase (Takara Bio, Otsu, Japan), Gflex PCR Buffer
(containing 1T mmol/I of Mg2+ and 200 pmol/I of dNTP), and 4 pmol of
each forward and reverse primer using a GeneAmp PCR System 9700
(Applied Biosystems, Foster City, CA, USA). The following PCR conditions
were used: initial denaturation at 94 °C for 2 min, 40 cycles at 98 °C
for 10s, 60 °C for 155, 68 °C for 2 min, and a final extension at 68 °C
for 5 min. Direct sequencing of the PCR products was performed
on an ABI 3730xlI DNA Analyzer (Applied Biosystems) using the BigDye
Terminator v.3.1 Cycle Sequencing Kit according to the manufacturer’s
protocol.

Statistical analysis

The haplotype analysis was performed using SNPAlyze software, version
8.0.1 (Dynacom, Chiba, Japan). Association studies were conducted using
Fisher's exact test. Nonparametric tests (x° test and Mann-Whitney U-test)
were used to detect significant associations between patients’ character-
istics and the risk of DILI caused by anti-TB agents. To identify independent
factors associated with DILI, we performed a logistic regression analysis
with a stepwise selection of variables. All analyses were performed using
IBM SPSS Statistics software, version 22 (IBM, Armonk, NY, USA).
A significance level was set at 0.05.

RESULTS

The patient profiles are shown in Table 1. In total, 73 TB patients
were diagnosed with DILI and 293 were tolerant controls. We
identified four NAT2 haplotypes from the four SNPs in the
Japanese TB patients (Table 2 and Supplementary Table S1).
NAT2*4 is a wild-type allele with a frequency of 70.6% in the
present study; the other NAT2 alleles show decreased metabolic
activity.> Among the three slow acetylator alleles, NAT2*6A had the
highest frequency (18.4%), followed by NAT2*7B (8.7%) and
NAT2#*5B (2.2%). The distribution of the NAT2 alleles was
significantly different between the DILI and tolerant control
groups (Table 2). NAT2*6A was significantly associated with a
risk of DILI (odds ratio 1.77, 95% confidence interval 1.15-2.72,
P value=1.19x 1072

Diplotype estimation revealed 10 diplotypes composed of the
four alleles (Table 3), thereby demonstrating that the frequency of
the variant diplotype, NAT2*6A/*6A, was significantly higher in the
DILI group (8.2%) than in the controls (1.4%, odds ratio 6.47, 95%
confidence interval 1.78-23.6, P value =5.58 x 10 ). In addition, a
higher frequency of NAT2*6A/*7B was observed in the DILI group
(5.5%) as compared with the tolerant controls (1.7%), but this
finding was not significant (Table 3). When the NAT2 diplotypes
were classified into NAT2 rapid, intermediate, and slow acetylators,
the DILI group showed a significantly higher frequency of slow
acetylators (17.8%) compared with the tolerant controls
(4.8%, odds ratio 4.32, 95% confidence interval 1.93-9.66,
P value=5.56 x 10~%), whereas there were no significant differ-
ences in the frequency of intermediate acetylators between the
DILI and the control groups (Table 4).

Table 1. Characteristics of Japanese TB patients with or without DILI caused by anti-TB agents
DILI (n=73) Tolerant control (n=293) P value
Sex, female/male (%) 16 (21.9)/57 (78.1) 88 (30.0)/205 (70.0) 0.169
Age, years 64 (19-87) 52 (18-94) 596x107°
Baseline values
AST, U/I 6 (11-125) 0 (2-162) 290x10°*
ALT, U/l 20 (4-124) 15(3 127) 411%x1072
Total bilirubin, mg/dl 5 (0.2-1.8) 5 (0.1-2.1) 0.777
ALP, U/I 278 (153-1,633) 257 (38-2,683) 0.351
eGFR, ml/min per 1.73 m? 3 (26-153) 87 (17-185) 0.493
During TB treatment
AST, U/I 162 (44-1,659) 27 (9-414) 1.69%x 10734
ALT, U/l 137 (10-1,555) 20 (3-239) 1.10x 10~ %8
Total bilirubin, mg/dl 6 (0.3-5.1) 0.4 (0.2-15.5) 1.17x10°8
ALP, U/I 312 (159-1,097) 251 (87-12,328) 431%x107*

reported for continuous variables.

glomerular filtration rate; TB, tuberculosis.

Baseline values were examined before the initiation of treatment with anti-TB drugs. Counts are listed for categorical values and median and range are

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; DILI, drug-induced liver injury; eGFR, estimated

Table 2. Distribution of NAT2 haplotypes in Japanese TB patients with or without DILI

Haplotype SNPs Frequency OR (95% ClI) P value
rs1041983 rs1799929 rs1799930 rs1799931 DILI (2n=146) Tolerant control (2n =586)

NAT2%*4 C C G G 0.623 0.727 0.62 (0.42-0.91) 1.92x1072

NAT2*5B C T G G 0.021 0.022 0.92 (0.26-3.29) 1.00

NAT2*6A T C A G 0.260 0.166 1.77 (1.15-2.72) 1.19% 1072

NAT2*7B T C G A 0.096 0.085 1.14 (0.61-2.12) 0.743

TB, tuberculosis.

Abbreviations: Cl, confidence interval; DILI, drug-induced liver injury; NAT2, N-acetyltransferase 2; OR, odds ratio; SNP, single-nucleotide polymorphism;
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The following baseline clinical factors were significantly
associated with DILI: age, aspartate aminotransferase, and alanine
aminotransferase. When we included all the factors significantly
associated with DILI in the logistic regression analysis, age and
NAT2 slow acetylator status were identified as independent
predictors of the risk of DILI due to anti-TB agents (Table 5).
Furthermore, the area under the curve for the receiver-operating
characteristic curve was 0.717, with a true-positive rate of 93.2%
and a false-positive rate of 58.4% (Supplementary Figure S1). After
the prevalence of DILI due to anti-TB agents in Japanese patients
(6.9%) was incorporated, the positive predictive value and
negative predictive value of the model were 0.11 and 0.99,
respectively.? The population attributable risk was calculated by
subtracting the incidence of DILI due to anti-TB agents in the
nonrisk patients from the incidence in all the patients (risk and
nonrisk). The population attributable risk percent, calculated by
dividing the population attributable risk by the incidence of DILI
due to anti-TB agents in all the patients, was 82.5%. Therefore, the
probability of developing DILI can be calculated using the
following prediction formula:

log odds (DILI) = —3.900 + 0.040x age
+ 1.940x NAT2 slow acetylator

DISCUSSION

In the present study, we observed four NAT2 haplotypes in a study
population of 366 Japanese TB patients. Three of the four—
NAT2*5B, NAT2*6A, and NAT2*7B—are classified as slow acetylator
alleles. A significant association was observed between the NAT2
slow acetylators (individuals without NAT2*4) and DILI risk
(Table 4). These findings confirm that the slow acetylator status
of NAT2 is a significant risk factor for DILI caused by anti-TB agents.
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The frequency of NAT2*6A/6A was significantly higher in the
DILI group (8.2%) compared with the tolerant controls (1.4%),
whereas there was a higher frequency of the NAT2*6A/*7B
haplotype in the DILI group (5.5%) compared with the controls
(1.7%), although the difference was not significant (Table 3). In
previous reports, subjects with the NAT2*6A/*6A and NAT2*6A/*7B
haplotype demonstrated lower N-acetyltransferase activity
compared with the other slow acetylator haplotypes®? Selinski
et al.’ investigated the risk of bladder cancer associated with NAT2
dyplotypes and found that NAT2*6A/*6A, NAT2*6A/*7B, and
NAT2*¥7B/*7B should be classified as “ultra-slow” acetylators,
according to their in vivo caffeine N-acetyltransferase activity
compared with other slow acetylators. In the present study, TB
patients with the NAT2*6A/*6A haplotype showed a higher odds
ratio and a lower P value compared with patients with the
NAT2*6A/*7B haplotype, indicating that NAT2*6A might be super-
ior as a biomarker to other NAT2 alleles; however, this finding is
not conclusive because of the small sample size. Future studies
using meta-analysis will be conducted to compare the NAT2 “ultra-
slow” acetylators in other ethnic groups. In addition, we will
conduct a pharmacokinetic study to examine the correlation
between the NAT2 diplotypes and the levels of INH and hydrazine
in the plasma of patients with TB.

Although NAT2 slow acetylator status would be expected to be
the best predictor for the risk of DILI, true-positive rates were
reported to be < 33% when the NAT2 genotypes were used as
biomarkers to predict DILI in Japanese TB patients.>® The inclusion
of baseline clinical data should improve the true-positive rate for
the prediction of DILI. In this study, we demonstrated that age was
a clinical predictive factor for DILI due to anti-TB agents and
developed a simple predictive model incorporating age and
genetic variables. The model improved the true-positive rate from
17.8% (when applied only NAT2 slow acetylator status) to 93.2%. In
addition, the population attributable risk percent values of the
models using the two variables and of the model using only the
NAT2 slow acetylator status were 82.5% and 12.9%, respectively.
This indicates that there is a higher potential impact of the model
using the clinical and genetic variables compared with the model
using only the genetic variable.

The calculated positive predictive value (0.11) indicated that the
prediction system could identify 11 patients at high risk of DILI by
anti-TB agents per 100 Japanese TB patients, and the estimated
number needed to test was 9. Whether this number needed to
test is high or low depends on many factors, such as the cost of

Table 5. Multivariate predictors for risk of DILI due to anti-TB agents
Variable Coeff OR (95% Cl) P value
Age 0.040 1.04 (1.02-1.06) 1.53x10°°
NAT2 slow acetylator 1.940 6.96 (2.86-17.0) 1.93x10°°

Table 3. Distribution of NAT2 diplotypes in Japanese TB patients with
or without DILI
Diplotype DILI, n (%) Tolerant OR (95% Cl) P value
control,
n (%)
NAT2*4/%*4 31 (42.5) 147 (50.2) 0.73 (0.44-1.23) 0.295
NAT2*4/*5B 1(1.4) 8 (2.7) 0.49 (0.06-4.02) 0.694
NAT2*4/%6A 21 (28.8) 83 (28.3) 1.02 (0.58-1.80) 1.00
NAT2*4/*7B 7 (9.6) 41 (14.0) 0.65 (0.28-1.52) 0.438
NAT2*5B/*5B 0 (0.0) 2 (0.7) NA 1.00
NAT2*5B/%6A 1 (1.4) 1(0.3) 4.06 (0.25-65.6) 0.360
NAT2*5B/*7B 1 (1.4) 0 (0.0) NA 0.199
NAT2*6A/*6A 6 (8.2) 4 (1.4) 6.47 (1.78-23.6) 5.58x1073
NAT2*6A/*7B 4 (5.5) 5(1.7) 3.34 (0.87-12.8) 0.0824
NAT2*7B/*7B 1 (1.4) 2 (0.7) 2.02 (0.18-22.6) 0.488
Abbreviations: Cl, confidence interval; DILI, drug-induced liver injury;
NA, not available; NAT2, N-acetyltransferase 2; OR, odds ratio; TB, tuberculosis.

Abbreviations: Cl, confidence interval; Coeff, coefficient; DILI, drug-induced
liver injury; OR, odds ratio; NAT2, N-acetyltransferase 2; TB, tuberculosis.

Table 4. Association of diplotype configurations for the NAT2 gene with DILI in Japanese TB patients

DILI Tolerant control OR (95% Cl)
n (%) n (%) P value
NAT2*4/*4 (rapid acetylators) 31 (42.5) 147 (50.2) 1.00? N
NAT2*4/%5B, *6A, *7B (intermediate acetylators) 29 (39.7) 132 (45.1) 1.04 (0.60-1.82) 1.00
0.888
NAT2*5B, *6A, *7B/ *5B, *6A, *7B (slow acetylators) 13 (17.8) 14 (4.8) 4.40 (1.88-10.29) 4.32 (1.93-9.66)
8.18x10°* 556x107*

“Reference category.

Abbreviations: Cl, confidence interval; DILI, drug-induced liver injury; NAT2, N-acetyltransferase 2; OR, odds ratio; TB, tuberculosis.
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genetic testing. Therefore, in the future, an economic evaluation
should be conducted from the perspective of a national health
insurance system in Japan. In addition, the cost of genetic testing
should be taken into consideration to determine whether both
NAT2 status and age information are necessary for the prediction
formula; however, a higher true-positive rate is more desirable
from the viewpoint of patient safety.

For patients with the INH-resistant strain of Mycobacterium
tuberculosis, levofloxacin has long been recommended by the
Japanese Society of Tuberculosis and other academic societies.
Recently, levofloxacin was approved as an anti-TB agent in Japan.
Other new drugs, such as delamanid, have already been approved
in Japan. Another new drug, betaquiline, has been approved in
many countries, and an application has been filed for approval in
Japan. Therefore, these drugs may be used as an alternative to INH
for patients at high risk of liver injury. In addition to the use of
alternative drugs, the results of the DILI risk predictions suggest
that dosing stratification of INH may be beneficial for TB
patients.

In conclusion, we confirmed that the NAT2 alleles significantly
contribute to susceptibility to DILI due to anti-TB agents in a
Japanese population. We also developed a predictive model
incorporating genetic and clinical risk factors to assess DILI risk.
Future prospective clinical trials are necessary to ascertain the
clinical utility of this model. These trials will provide clinical
evidence for INH dosage adjustment and lead to a reduction in
the incidence of DILI and improvement in the efficacy of anti-TB
treatment.
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