
Journal of

Clinical Medicine

Article

Mitochondrial DNA Variants in Patients with Liver
Injury Due to Anti-Tuberculosis Drugs

Li-Na Lee 1, Chun-Ta Huang 2 , Chia-Lin Hsu 2, Hsiu-Ching Chang 2, I-Shiow Jan 3,
Jia-Luen Liu 4, Jin-Chuan Sheu 2,5, Jann-Tay Wang 2, Wei-Lun Liu 6 , Huei-Shu Wu 3,
Ching-Nien Chang 7 and Jann-Yuan Wang 2,*

1 Department of Laboratory Medicine, Fu Jen Catholic University Hospital, Fu Jen Catholic University,
New Taipei City 24352, Taiwan

2 Department of Internal Medicine, National Taiwan University Hospital, Taipei 10002, Taiwan
3 Department of Laboratory Medicine, National Taiwan University Hospital, Taipei 10002, Taiwan
4 One-Star Technology, New Taipei City 24352, Taiwan
5 Foundation of Liver Diseases, Taipei 10002, Taiwan
6 School of Medicine, College of Medicine, Fu Jen Catholic University, and Department of Emergency and

Critical Care Medicine, Fu Jen Catholic University Hospital, Fu Jen Catholic University,
New Taipei City 24205, Taiwan

7 Department of Surgery, Fu Jen Catholic University Hospital, Fu Jen Catholic University,
New Taipei City 24352, Taiwan

* Correspondence: jywang@ntu.edu.tw

Received: 20 July 2019; Accepted: 9 August 2019; Published: 13 August 2019
����������
�������

Abstract: Background: Hepatotoxicity is the most severe adverse effect of anti-tuberculosis therapy.
Isoniazid’s metabolite hydrazine is a mitochondrial complex II inhibitor. We hypothesized that
mitochondrial DNA variants are risk factors for drug-induced liver injury (DILI) due to isoniazid,
rifampicin or pyrazinamide. Methods: We obtained peripheral blood from tuberculosis (TB) patients
before anti-TB therapy. A total of 38 patients developed DILI due to anti-TB drugs. We selected 38
patients with TB but without DILI as controls. Next-generation sequencing detected point mutations
in the mitochondrial DNA genome. DILI was defined as ALT ≥5 times the upper limit of normal
(ULN), or ALT ≥3 times the ULN with total bilirubin ≥2 times the ULN. Results: In 38 patients with
DILI, the causative drug was isoniazid in eight, rifampicin in 14 and pyrazinamide in 16. Patients
with isoniazid-induced liver injury had more variants in complex I’s NADH subunit 5 and 1 genes,
more nonsynonymous mutations in NADH subunit 5, and a higher ratio of nonsynonymous to total
substitutions. Patients with rifampicin- or pyrazinamide-induced liver injury had no association with
mitochondrial DNA variants. Conclusions: Variants in complex I’s subunit 1 and 5 genes might affect
respiratory chain function and predispose isoniazid-induced liver injury when exposed to hydrazine,
a metabolite of isoniazid and a complex II inhibitor.
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Take home message: Mitochondrial DNA variants in ND1 and ND5 genes (coding NADH
dehydrogenase subunit 1 and 5 of complex I) might affect the oxidative phosphorylation function of
complex I and are associated with the risk of drug-induced liver injury (DILI) due to anti-TB drugs,
especially isoniazid.

1. Introduction

Hepatotoxicity is the most severe adverse effect of antituberculosis (anti-TB) therapy [1].
Hepatotoxicity may lead to liver failure that is fatal or result in a need for liver transplantation [2]. The
mechanism of hepatotoxicity due to anti-TB drugs remains unclear, although toxic metabolites such as
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hydrazine, a metabolite of isoniazid, have been suggested to play a crucial role [3,4]. Mitochondrial
dysfunction is an essential mechanism in drug-induced liver injury (DILI) due to acetaminophen,
amiodarone, diclofenac, propofol, valproic acid and many others [5,6]. The dysfunction can be caused
by abnormalities in mitochondrial membrane permeabilization, oxidative phosphorylation (OXPHOS),
fatty acid oxidation, or mitochondrial DNA mutation [5–9].

Mitochondrial dysfunction is also a possible mechanism in DILI due to anti-TB drugs. In mouse
experiment, co-administration of isoniazid (INH) and rifampicin (RIF) caused steatosis, increased
mitochondrial oxidative stress and necrosis of hepatocytes [10]. In cultured mouse hepatocytes,
inhibition of mitochondrial complex I by rotenone precipitated INH-induced cell necrosis, which may
be due to simultaneous inhibition of complex I and II (the latter by hydrazine) [11]. Thus, mitochondrial
dysfunction, especially those involving complex I, the largest enzyme catalyzing OXOPHOS system,
may be involved in DILI by anti-TB drugs. This remains, however, debatable since a recent in-vivo
study using mouse model reveals contradictory findings, showing that cotreatment with rotenone and
INH did not result in histological evidence of liver injury in wild-type mice and mice with impaired
immune tolerance [12].

Mitochondrial proteins have two generic origins. The majority of mitochondrial protein, including
a major part of complex I and entire complex II, are coded by nuclear DNA. A small part of complex I,
and the entire complex III, IV and V (ATP synthase) of the respiratory chain are coded by mitochondrial
(mt) DNA [13]. Human mtDNA, a circular DNA consisting of 16,569 base pairs, is located in
mitochondrial matrix. Studies have associated mtDNA mutations involving the respiratory chain
with mitochondrial diseases [14] and nonalcoholic fatty liver disease [15]. A recent report on patients
with biliary atresia described nonsynonymous mtDNA mutations in coding genes of complex I to V
that located in critical positions for the proton-pumping activity or enzyme subunit assembly [16].
However, whether mitochondrial DNA variants are associated with DILI due to anti-TB drugs has
not been reported. The hypothesis of our study is that mutations in mtDNA could be risk factors of
DILI due to isoniazid, rifampicin and pyrazinamide. We employed next-generation sequencing (NGS)
to sequence the entire mtDNA genome of patients with and without DILI due to anti-TB drugs and
determined the effects of mtDNA variants on the risk of DILI.

2. Patients and Methods

2.1. Study Design

This prospective study was conducted in National Taiwan University Hospital and according to
the Declaration of Helsinki guidelines. All participants gave informed written consent. The hospital’s
Institution Review Board approved the study (NTUH REB No.: 9561707008).

The case-control study compared peripheral blood mtDNA variants in patients with and without
DILI due to anti-TB drugs. We used peripheral blood mtDNA because a high degree of homology
(approximately 98%) has been reported between peripheral blood and liver mitochondrial genomes
in patients with non-alcoholic fatty liver disease [15]. We also investigated the N-acetyltransferase 2
(NAT2) genotype [17].

2.2. Patients and Definition of DILI

From March 2007 to December 2010, adult patients with culture-proven tuberculosis (TB) were
enrolled at the time of TB diagnosis and followed up prospectively for hepatotoxicity. Individuals
were excluded if they were pregnant, had abnormal baseline liver function test (LFT), alcoholism, life
expectancy < 6 months, or Mycobacterium tuberculosis isolates resistant to rifampicin, isoniazid, or both.

All participants had LFT, including aspartate transaminase (AST), alanine transaminase (ALT), total
and direct bilirubin, creatinine and hemogram determined before and every two weeks after starting
anti-TB treatment for 2 months, or any time when symptoms/signs of hepatitis developed during anti-TB
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treatment. HBV, HCV and HIV serology were checked before treatment initiation. N-acetyltransferase
2 (NAT2) genotype was also determined (see supplementary material for details) [4,18].

All patients received standard anti-TB treatment with daily isoniazid, rifampicin, ethambutol and
pyrazinamide for the initial 2 months, and daily isoniazid and rifampicin for the subsequent 4 months
with dosages adjusted by weight [19].

DILI was defined as ALT ≥5 times upper limit of normal (ULN), or ALT ≥3 times ULN with
total bilirubin ≥2 times ULN [20]. During anti-TB treatment, when DILI occurred, potentially
liver-toxic drugs (isoniazid, rifampicin and pyrazinamide) were all discontinued. Re-challenge was
commenced when ALT decreased to <2× ULN and total bilirubin <2× ULN. Diagnosis of isoniazid- or
rifampicin-induced liver injury required a positive re-challenge test, with doubling of ALT or total
bilirubin and recurrence of symptoms after re-challenge. Pyrazinamide-induced liver injury was
diagnosed using a positive re-challenge test or by exclusion [4].

A total of 38 patients with TB (men: 20) who had documented DILI consented to participate in
the study: 16 with DILI due to pyrazinamide, 14 rifampicin, and 8 isoniazid. We selected 38 sex- and
age-matched patients with TB but without DILI as non-DILI controls.

2.3. DNA Extraction

Peripheral blood was obtained before the initiation of anti-TB treatment. Total genomic DNA
was extracted from leukocytes using a commercial kit (Puregene Blood Core Kit C, QIAGEN,
Hilden, Germany).

2.4. Sequencing of the Entire Mitochondrial Genome by Using NGS

NGS was performed using PacBio single-molecule real-time (SMRT) sequencing (Pacific
Biosciences, CA, USA) [21,22] to detect point mutations in the entire mtDNA. Sequence reads were
aligned to the standard revised Cambridge Reference Sequence (rCRS NC_012920.1, Homo sapiens
mitochondrion complete genome). Variants were defined as positions with a nucleotide different
from reference sequence rCRS (see supplementary materials for details). Haplogroup-associated
polymorphism was defined as variants which developed during evolution and are related
to haplogroups, as analyzed through complete mtDNA sequencing of 560 individuals, and
non-haplogroup-associated (private) polymorphism are rare variants that are not associated with
evolution or haplogroups, but found only in a small population and not passed to future generations [23].

2.5. Statistical Analysis

Quantitative data are shown as mean ± standard deviation and compared using t-test. Percentages
of cases with a certain point mutation were compared using the z-test or chi-squared test.

3. Results

Clinical characteristics of patients with and without DILI are presented in Table 1. No differences
were discovered between patients with DILI and those without regarding age, sex, body mass index,
smoking history, coexisting diseases, and NAT2 genotype distribution. Sixteen (42%) patients with DILI
and 23 (61%) without DILI received medications other than anti-TB drugs. Five (13%) in the former
group and nine (24%) in the latter had received potentially hepatotoxic drugs (p = 0.237) (Table S1).
All the hepatotoxic drugs had been prescribed for more than 1 month prior to anti-TB treatment.

ALT level peaked 34 days after initiation of anti-TB treatment, with mean peak ALT 12.5× ULN.
Patients with DILI had a 74% anti-TB treatment completion rate at the end of 2 years, significantly
lower than that in non-DILI group (95%, p = 0.028). Patients with rifampicin-induced liver injury had
the lowest treatment completion rate in 2 years (57%, p = 0.004 vs. non-DILI group), followed by those
with DILI due to isoniazid (63 %, p = 0.042) and pyrazinamide (94%). All DILI patients who failed
to complete anti-TB treatment died before completion. The 90-day mortality rate was 11% and 5%
(p = 0.673), and the 2-year mortality rate 26% and 8% (p = 0.139) in the DILI and non-DILI group,



J. Clin. Med. 2019, 8, 1207 4 of 13

respectively. Table S2 shows the characteristics of patients who died within 2 years after initiation of
anti-TB treatment. The patients in DILI (66 ± 17 years, p = 0.280 vs. all DILI cases) and non-DILI (74 ±
19 years, p = 0.130 vs. all non-DILI cases) groups who died within 2 years were older than those who
survived, but differences were nonsignificant. None of DILI patients required liver transplantation or
died of DILI. Patients with rifampicin-induced liver injury had significantly higher 2-year mortality
rate (6/14, 43%) than those without DILI (8%, p = 0.011). Among the 6 patients with rifampicin-induced
liver injury that died within 2 years, the death was directly related to pulmonary TB in 4 (67%).

Table 1. Clinical characteristics and N-acetyltransferase 2 (NAT2) genotype of tuberculosis (TB) patients
with and without drug-induced liver injury (DILI) due to anti-TB drug.

Variable Patients with DILI
(n = 38)

Patients without DILI
(n = 38) p

Age (years) 58.7 ± 18.9 55.5 ± 20.0 0.476

Female 18 (47) 18 (47) 0.818

Body-mass index (kg/M2) 20.9 ± 3.26 20.7 ± 2.80 0.881

Never smoker 21 (55) 23 (61) 0.821

Co-existing diseases

Diabetes mellitus 6 (16) 8 (21) 0.764

Malignancy 6 (16) 8 (21) 0.764

Heart failure 4 (11) 2 (5) 0.678

CKD, stage 4 2 (5) 0 0.469

CKD, post-renal transplant 0 2 (5) 0.469

Autoimmune disease 3 (8) 1 (3) 0.602

NAT2 genotype*: n/total (%)

Slow acetylator 13/34 (38) 12/38 (32)
0.835Intermediate acetylator 11/34 (32) 14/38 (37)

Rapid acetylator 10/34 (29) 12/38 (32)

Slow and intermediate acetylator 24/34 (70) 26/38 (68) 0.948

DILI due to INH 8/8 (1) 0.154

Days to peak ALT: M ± SD (Range) 33.8 ± 23.6 (2–117) 38.8 ± 27.4 (4–92) 0.398

Peak ALT value (ULN): M ± SD (Range) 12.5 ± 9.7 (3–47.3) 1.33 ± 0.99 (0.3–4) 0.000

Complete anti-TB Tx in 2 years: n/total (%) 28/38 (74) 36/38 (95) 0.028

In patients with DILI due to INH 5/8 (63) 0.042

In patients with DILI due to RIF 8/14 (57) 0.004

In patients with DILI due to PZA 15/16 (94) 0.604

90-day mortality rate: n/total (%) 4/38 (11) 2/38 (5) 0.673

In patients with DILI due to INH 1/8 (13) 0.970

In patients with DILI due to RIF 2/14 (14) 0.622

In patients with DILI due to PZA 1/16 (6) 0.610

2-year mortality rate: n/total (%) 10#/38 (26) 3§/38 (8) 0.068

In patients with DILI due to INH 3/8 (38) 0.093

In patients with DILI due to RIF 6/14 (43) 0.011

In patients with DILI due to PZA 1/16 (6) 0.716

Abbreviations: ALT, alanine transaminase; CKD, chronic kidney disease; INH, isoniazid; M ± SD, mean ± standard
deviation; PZA, pyrazinamide; RIF, rifampin; TB, tuberculosis; Tx, treatment; ULN, upper limit of normal. Data are
either number (%) or mean ± SD, unless otherwise mentioned. * NAT2 genotype was available in 34 patients with
DILI and 38 patients without DILI. # All died before completion of anti-TB treatment. § Two died before completion
of anti-TB treatment.



J. Clin. Med. 2019, 8, 1207 5 of 13

Comparing the sequences of the patients with the reference sequence, we discovered that in 8
nucleotide positions, the sequences in all of our patients were different from those in the reference
(Table S3). The positions are all haplogroup-associated polymorphisms [23]. We have not counted
these nucleotide positions as variants.

In total, we found 1985 variants in 558 mitochondrial positions (Table S4), 972 in DILI and 1013
in non-DILI group (Table 2). The nucleotide substitution rate is 3.36% (558/16569). In 484 (87%) of
the 558 nucleotide positions, the polymorphism had low frequency (<10%) (Figure 1). We observed
3 variants that have not been previously reported: (1) A1390G in RNR1, the region that synthesizes
12S ribosomal RNA, in a patient without DILI; (2) C5232A in ND2, the region that synthesizes NADH
dehydrogenase subunit 2, with proline to threonine substitution, in one patient with and one without
DILI; (3) A13930G in ND5, the region that synthesizes NADH dehydrogenase subunit 5, with isoleucine
to valine change, in a patient without DILI.

 

Figure 1. The map of human mitochondrial DNA, and number and percentage of low-
frequency polymorphisms among all polymorphisms in each region. (There were 28 
polymorphisms in the tRNA region, and all were low-frequency polymorphisms. Three of the 
four polymorphisms in the intron region were low-frequency polymorphisms.) 

Figure 1. The map of human mitochondrial DNA, and number and percentage of low-frequency
polymorphisms among all polymorphisms in each region. (There were 28 polymorphisms in the tRNA
region, and all were low-frequency polymorphisms. Three of the four polymorphisms in the intron
region were low-frequency polymorphisms.)
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Table 2. Total and average number of variants per patient in each mitochondrial mtDNA gene for TB patients with DILI (n = 38) and without DILI (n = 38).

mtDNA Region/Gene
Total and Average No. of Variants Per Patient

p
DILI (n = 38) No DILI (n = 38)

D-loop 251 (6.6 ± 2.4) 289 (7.6 ± 2.7) 0.094
RRNS (12S ribosomal RNA) 26 (0.7 ± 0.8) 36 (1.0 ± 0.8) 0.142
RRNL (16S ribosomal RNA) 26 (0.7 ± 0.9) 15 (0.4 ± 0.6) 0.103

ND1 (NADH dehydrogenase subunit 1) 54 (1.4 ± 1.1) 46 (1.2 ± 1.0) 0.425
DILI due to INH (n = 8) 17 (2.1 ± 1.2) 0.025

DILI due to PZA (n = 16) 17 (1.2 ± 1.3) 0.947
DILI due to RIF (n = 14) 20 (1.4 ± 0.8) 0.447

ND2 (NADH dehydrogenase subunit 2) 89 (2.3±1.2) 94 (2.5 ± 1.3) 0.644
DILI due to INH (n = 8) 16 (2.0 ± 1.1) 0.331

DILI due to PZA (n = 16) 42 (2.6 ± 1.3) 0.684
DILI due to RIF (n = 14) 31 (2.2 ± 1.2) 0.502

COX1 (Cytochrome c oxidase subunit 1) 44 (1.2 ± 1) 44 (1.2 ± 1.1) >0.999
COX2 (Cytochrome c oxidase subunit 2) 18 (0.5 ± 0.7) 23 (0.6 ± 0.9) 0.462

ATP8 (ATP synthase F0 subunit 8) 11 (0.3 ± 0.6) 5 (0.1 ± 0.3) 0.169
ATP6 (ATP synthase F0 subunit 6) 48 (1.3 ± 0.9) 50 (1.3 ± 1.1) 0.815

COX3 (Cytochrome c oxidase subunit 3) 36 (0.9 ± 0.9) 34 (0.8 ± 1.0) 0.524
ND3 (NADH dehydrogenase subunit 3) 52 (1.4 ± 0.9) 51 (1.3 ± 1.0) 0.903

ND4L (NADH dehydrogenase subunit 4L) 16 (0.4 ± 0.6) 10 (0.3 ± 0.6) 0.288
ND4 (NADH dehydrogenase subunit 4) 47 (1.2 ± 1.2) 40 (1.1 ± 1.0) 0.427
ND5 (NADH dehydrogenase subunit 5) 102 (2.6 ± 1.6) 77 (2.0 ± 1.2) 0.028

DILI due to INH (n = 8) 28 (3.5 ± 1.6) 0.005
DILI due to PZA (n = 16) 40 (2.6 ± 1.5) 0.128
DILI due to RIF (n = 14) 39 (2.4 ± 1.6) 0.332

ND6 (NADH dehydrogenase subunit 6)
(light strand) 12 (0.3 ± 0.5) 17 (0.4 ± 0.6) 0.292

CYTB (Cytochrome b) 124 (3.3 ± 1.9) 114 (3 ± 1.7) 0.528
tRNA genes 14 (0.3 ± 0.7) 19 (0.5 ± 0.7623) 0.353

Introns 2 (0.1 ± 0.2) 13 (0.3 ± 0.5) 0.001
All variants 972 (25.6 ± 6.0) 1013 (26.7 ± 7.9) 0.504

Abbreviations: DILI, drug-induced liver injury; INH, isoniazid, NADH, nicotinamide adenine dinucleotide; PZA, pyrazinamide; RIF, rifampin; TB, tuberculosis. Data are total number
(average number ± standard deviation), unless otherwise mentioned.



J. Clin. Med. 2019, 8, 1207 7 of 13

Table 2 shows that the average number of mtDNA variants in the entire mitochondrial genomes
of patients with (25.6 ± 6.0) and those without DILI (26.7 ± 7.9), were not significantly different
(p = 0.504). However, in gene ND5, there were significantly more mtDNA variants in patients with
than in those without DILI (average 2.6 vs. 2.0 variants per person, p = 0.028). Further analysis
revealed that the significant difference existed between patients with isoniazid-induced liver injury
and those without DILI (average 3.5 vs. 2.0 variants per person, p = 0.005). Moreover, in gene ND1
(coding NADH dehydrogenase subunit 1 of complex I), the average number of mtDNA variants
in patients with isoniazid-induced liver injury was significantly higher than that of the non-DILI
group (2.1 vs. 1.2, p = 0.025). However, in patients with rifampicin- or pyrazinamide-induced liver
injury, mtDNA variants were not different compared with patients without DILI in any locus of the
mitochondrial genome.

Regarding nonsynonymous substitutions that result in amino acid alterations, 192 nonsynonymous
substitutions were discovered in DILI and 177 in non-DILI group (Table 3). The average number of
nonsynonymous substitutions in each mitochondrial gene was not significantly different between DILI
and non-DILI groups, except for ND5, for which the average number of nonsynonymous substitutions
in patients with isoniazid-induced liver injury was significantly higher than that in the non-DILI group
(1.5 ± 1.6 vs. 0.7 ± 0.8, p = 0.033). Rifampicin- or pyrazinamide-induced liver injury was not associated
with increased number of nonsynonymous substitutions in any mitochondrial gene.

We also observed that for the entire mitochondrial genome, the average ratio of nonsynonymous
to all substitutions in DILI group was significantly higher than that in non-DILI group (Table 3).
On further analysis, this difference was identified between patients with isoniazid-induced liver
injury (but not rifampicin- or pyrazinamide-induced liver injury) and non-DILI group. The ratio of
nonsynonymous to synonymous substitutions (Table S5) was 0.25 (192/780) and 0.21 (177/836) for
DILI and non-DILI groups, respectively (p = 0.212). In most mitochondrial genes, the ratio was <1,
indicating numerous synonymous substitutions. We found that the COX1 and ND4 genes had the
smallest ratios and the ATP6, ATP8 and ND6 genes the largest ratios (>1).

The majority of nucleotide substitutions are transitions (purine to purine or pyrimidine to
pyrimidine). The percentages of G to A or A to G transition, C to T or T to C transition, and
transversions (substitution between a purine and a pyrimidine) were 43.0%, 51.4% and 5.6% in the
DILI group, and 44.6%, 47.4% and 8.0% in the non-DILI group, respectively (p = 0.084).

We examined the significance of non-haplogroup-associated (“private”) polymorphisms in our
study. Among the 558 sites of polymorphisms in our patients, 68 were haplogroup-associated (Table S6).
When we subtracted the polymorphisms in these 68 sites from the total variants and re-analyzed the
data, 644 (average 17.0 ± 3.8) and 704 (average 18.5 ± 5.6) private variants were discovered in the DILI
and non-DILI groups, respectively (p = 0.153, Table 4). The average number of private variants in every
coding gene in patients with DILI compared with that in those without DILI was not significantly
different except for ND5, for which DILI patients had significantly more private variants than non-DILI
patients (2.0 ± 1.6 vs. 1.2 ± 1.3, p = 0.024). On further analysis, patients with isoniazid-induced liver
injury had more private variants than non-DILI patients (2.8 ± 1.8 vs. 1.2 ± 1.3, p = 0.007), but not
patients with rifampicin- or pyrazinamide-induced liver injury. We also found that in ND1, the average
number of private variants in patients with isoniazid-induced liver injury was significantly higher
than that in non-DILI patients (2.1 ± 1.2 vs. 1.1 ± 1.0, p = 0.027). Therefore, analysis on private variants
revealed similar results as all variants.



J. Clin. Med. 2019, 8, 1207 8 of 13

Table 3. Total and average number of nonsynonymous substitutions in mtDNA genes in TB patients with and without DILI.

mtDNA Gene
Total and Average No. (M ± SD) of NS Substitutions

p
DILI (n = 38) No DILI (n = 38)

ND1 (NADH dehydrogenase subunit 1) 16 (0.42 ± 0.60) 16 (0.42 ± 0.55) >0.999
ND2 (NADH dehydrogenase subunit 2) 23 (0.60 ± 0.68) 27 (0.71 ± 0.84) 0.550
COX1 (Cytochrome c oxidase subunit 1) 1 (0.03 ± 0.16) 4 (0.11 ± 0.31) 0.169
COX2 (Cytochrome c oxidase subunit 2) 4 (0.11 ± 0.31) 7 (0.18 ± 0.39) 0.335

ATP8 (ATP synthase F0 subunit 8) 6 (0.16 ± 0.37) 5 (0.13 ± 0.34) 0.749
ATP6 (ATP synthase F0 subunit 6) 37 (0.97 ± 0.75) 34 (0.90 ± 0.73) 0.640

COX3 (Cytochrome c oxidase subunit 3) 4 (0.11 ± 0.31) 1 (0.03 ± 0.16) 0.170
ND3 (NADH dehydrogenase subunit 3) 19 (0.5 ± 0.51) 22 (0.58 ± 0.55) 0.520

ND4L (NADH dehydrogenase subunit 4L) 5 (0.13 ± 0.34) 3 (0.08 ± 0.36) 0.515
ND4 (NADH dehydrogenase subunit 4) 4 (0.11 ± 0.31) 3 (0.08 ± 0.36) 0.734
ND5 (NADH dehydrogenase subunit 5) 39 (1.03 ± 1.26) 25 (0.66 ± 0.81) 0.135

DILI due to isoniazid (n = 8) 12 (1.50 ± 1.60) 0.033
ND6 (NADH dehydrogenase subunit 6) 7 (0.18 ± 0.39) 9 (0.26 ± 0.45) 0.415

CYTB (Cytochrome b) 27 (0.71 ± 0.77) 21 (0.55 ± 0.69) 0.347

Total No. of NS substitutions 192 (5.39 ± 1.73) 177 (5.24 ± 2.09) 0.735
Average ratio of NS substitutions/all variants 0.20 ± 0.06 0.17 ± 0.06 0.045

DILI due to isoniazid (n = 8) 0.24 ± 0.07 0.010
DILI due to pyrazinamide (n = 16) 0.20 ± 0.07 0.230

DILI due to rifampin (n = 14) 0.18 ± 0.05 0.595

Abbreviations: ATP, adenosine triphosphate; DILI, drug-induced liver injury; NADH, nicotinamide adenine dinucleotide; NS, nonsynonymous; TB, tuberculosis.
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Table 4. Average number of private variants (with haplogroup-associated variants subtracted from total variants) in mtDNA genes for TB patients with DILI (n = 38)
and without DILI (n = 38).

mtDNA Region/Gene
Total and Average No. of Variants Per Patient

p
DILI (n = 38) No DILI (n = 38)

D-loop 3.7 ± 2.4 4.6 ± 2.2 0.063
RRNS (12S ribosomal RNA) 0.5 ± 0.7 0.6 ± 0.9 0.557
RRNL (16S ribosomal RNA) 0.4 ± 0.7 0.3 ± 0.5 0.186

ND1 (NADH dehydrogenase subunit 1) 1.3 ± 1.1 1.1 ± 1.0 0.236
DILI due to INH (n = 8) 2.1 ± 1.2 0.027

DILI due to PZA (n = 16) 1 ± 1.1 0.864
DILI due to RIF (n = 14) 1.3 ± 0.8 0.444

ND2 (NADH dehydrogenase subunit 2) 1.2 ± 1.2 1.3 ± 1.2 0.704
DILI due to INH (n = 8) 0.8 ± 0.7 0.268

DILI due to PZA (n = 16) 1.6 ± 1.3 0.341
DILI due to RIF (n = 14) 0.9 ± 1.0 0.371

COX1 (Cytochrome c oxidase subunit 1) 1.1 ± 0.9 1.1 ± 1.1 0.825
COX2 (Cytochrome c oxidase subunit 2) 0.4 ± 0.6 0.6 ± 0.9 0.292

ATP8 (ATP synthase F0 subunit 8) 0.1 ± 0.4 0.1 ± 0.2 0.703
ATP6 (ATP synthase F0 subunit 6) 1.3 ± 0.9 1.5 ± 1.1 0.252

COX3 (Cytochrome c oxidase subunit 3) 0.1 ± 0.3 0.03 ± 0.2 0.311
ND3 (NADH dehydrogenase subunit 3) 0.3 ± 0.5 0.4 ± 0.6 0.542

ND4L (NADH dehydrogenase subunit 4L) 0.4 ± 0.5 0.2 ± 0.5 0.202
ND4 (NADH dehydrogenase subunit 4) 0.7 ± 1.0 0.6 ± 0.8 0.902
ND5 (NADH dehydrogenase subunit 5) 2.0 ± 1.6 1.2 ± 1.3 0.024

DILI due to INH (n = 8) 2.8 ± 1.8 0.007
DILI due to PZA (n = 16) 1.7 ± 1.6 0.235
DILI due to RIF (n = 14) 1.9 ± 1.6 0.129

NS substitutions 0.9 ± 1.2 0.5 ± 0.8 0.073
DILI due to INH (n = 8) 1.5 ± 1.6 0.011

DILI due to PZA (n = 16) 0.7 ± 1.1 0.534
DILI due to RIF (n = 14) 0.9 ± 1.1 0.138

ND6 (NADH dehydrogenase subunit 6) (light strand) 0.2 ± 0.4 0.4 ± 0.5 0.534
CYTB (Cytochrome b) 0.7 ± 0.8 0.8 ± 1.1 0.811

All private variants: total (mean ± SD) 644 (17.0 ± 3.8) 704 (18.5 ± 5.6) 0.153

Abbreviations: DILI, drug-induced liver injury; INH, isoniazid, NS, non-synonymous; PZA, pyrazinamide; RIF, rifampin; TB, tuberculosis. Data are total number (average number ±
standard deviation), unless otherwise mentioned.
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4. Discussion

Our study shows that, compared with TB patients without DILI: (1) those with DILI had more
mtDNA variants in ND5 gene; and (2) Patients with isoniazid-induced DILI not only had more mtDNA
variants in ND1 and ND5 genes but also had more nonsynonymous substitutions, which lead to amino
acid changes, in ND5 gene, and a higher average ratio of nonsynonymous to all substitutions across
the entire mitochondrial genome.

Mechanisms of DILI caused by isoniazid, rifampicin and pyrazinamide are not well understood,
despite numerous investigations. Mitochondrial dysfunction–including mitochondrial permeability
transition pore opening, inhibition of mitochondrial fatty acid oxidation, OXPHOS impairment,
and mtDNA damage—has been observed in DILI [5]. The OXPHOS system consists of a series of
enzymes, including complex I (NADH: ubiquinone oxidoreductase), II (succinate dehydrogenase), III
(ubiquinol-cytochrome c reductase or cytochrome b), IV (cytochrome c oxidase) and V (ATP synthase),
all located in the inner membrane of mitochondria, and this system completes the final part of energy
generation. The largest enzyme unit of the OXPHOS system is complex I. Complex I comprises three
functional parts. The first part (coded by nuclear DNA) is the dehydrogenase, which binds with NADH
and oxidizes it to NAD+. The second part is the hydrogenase (also coded by nuclear DNA), which
transfers the electrons produced during NADH oxidation to ubiquinone. The third part consists of
ND1 to ND6 and ND4L (all coded by mitochondrial DNA), which utilizes the energy released during
electron transfer to pump four protons from mitochondria matrix to intermembrane space, creating the
proton gradient potential needed for ATP production [24].

Treating rat hepatocytes with hydrazine (a complex II inhibitor) [11] resulted in mega-mitochondrial
formation, followed by apoptosis [25,26]. Hydrazine’s effect alone, however, did not cause cell death.
However, exposure of mouse hepatocytes to a nontoxic dose of isoniazid and a complex I inhibitor
(rotenone or piericidin A) resulted in massive loss of cellular ATP and cell death [11,27].

Compatible with these findings, the results of our study suggest that TB patients with pre-existing
ND5/ND1 nonsynonymous variants which lead to amino acid substitutions might have baseline
mitochondrial complex I dysfunction due to proton translocation abnormality (which is explained in
the next paragraph). The mild baseline dysfunction alone may not cause overt cell damage because of
the large reserve of mitochondria in liver cells. However, when they are treated with isoniazid, their
mitochondrial complex II can be inhibited by hydrazine, a metabolite of isoniazid. With simultaneous
interference of functions of complex I and complex II, mitochondrial respiratory chain might not be
able to supply electrons and translocate protons efficiently, and the resultant ATP shortage might lead
to liver cell death.

Among all mtDNA encoded subunits of complex I, ND5 is the largest and composed of
discontinuous helices together with ND4 and DN2, suggesting their function in ion-translocating
and proton pumping [28]. Thus nonsynonymous ND5 polymorphisms with amino acid substitutions
may interfere with proton translocation and subsequent ATP production. The smaller ND1 subunit is
located at the interface between membrane and matrix arm. The x-ray structure showed that ND1’s
amino acids form a narrow entry for ubiquinone to reach its electron donor [29]. ND1’s polymorphisms
may result in amino acid substitutions and interfere with electron acceptance by ubiquinone. Failure
of ubiquinone reduction may interfere with subsequent proton translocation and final ATP production.
Thus, the combination of underlying ND5 and/or ND1 variants (which interfere with complex I
OXOPHOS function), and isoniazid usage with metabolite hydrazine, a complex II inhibitor [11], may
lead to liver cell ATP crisis and necrosis.

In our study, the observed effects of mtDNA polymorphisms were cumulative effects of multiple
variants in ND5 and ND1, not the influence of one specific variant, unlike in previous studies of
inherited mitochondrial diseases [14]. We did not find any specific variant that predicted increased
risk of DILI due to isoniazid. It suggested that most individual variants affected OXPHOS function
mildly. The presence of several nonsynonymous variants might augment the effects on OXPHOS
and increase the risk of isoniazid-induced liver injury. However, in inherited mitochondrial diseases,
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individual mutations affect OXPHOS system more critically. For example, In Leber’s inherited optic
neuropathy (LHON), the most common mutation is G3460A of ND1 with alanine substituted by a
larger threonine [30] at the narrow ubiquinone entrance and interfering with ubiquinone reduction [29].

In their analysis of 560 mitochondrial DNA coding region sequences, Herrnstadt el al. [23]
discovered that 497 polymorphisms were haplogroup-associated. These polymorphisms are related to
evolution and occur in different combination groups during evolution. Different ethnic groups have
characteristics haplogroups. Some haplogroup-associated polymorphisms are risk factors of ischemic
or hypertrophic cardiomyopathy [31,32]. Regarding private polymorphisms, the association with
diseases is not well established. Our results demonstrated an association between ND1/ND5 variants
and isoniazid-induced liver injury for all as well as for only private variants.

Our study did not find association between mitochondrial polymorphism and rifampicin- or
pyrazinamide-induced liver injury. Mechanisms of rifampicin-induced liver injury are not clear,
but rifampicin caused lipid accumulation and increased oxidative stress in rat hepatocytes [33].
Mechanisms of pyrazinamide-induced liver injury have been investigated in a zebra fish larvae model,
and peroxisome proliferator-activated receptor α (PPAR-α) downregulation with enhanced oxidative
stress were associated with pyrazinamide-induced liver injury [34]. Whether these findings are related
to mitochondrial dysfunction is uncertain.

Our study has some limitations. First, many of our patients had coexisting diseases and were
receiving treatment for these diseases. Although we selected a matched non-DILI group, the two
groups may still have different backgrounds, which could confound study results. Second, we did not
measure serum concentration of anti-TB drugs, which could make the diagnoses of causative drug of
liver injury less definite. Third, we used peripheral blood leukocyte rather than liver as the source of
mtDNA. Although peripheral blood and liver mitochondrial genomes in patients with non-alcoholic
fatty liver disease were shown to have a high degree homology (approximately 98%) [15], the extent
of heteroplasmy in patients with DILI is unknown. Liver biopsy is, however, not indicated for DILI
during anti-TB treatment and is seldomly performed because the diagnosis is often possible based on
the known hepatotoxic potential and temporal compatibilities. Fourth, the sample size was small.

5. Conclusions

Our study discovered that TB patients with isoniazid-induced liver injury had more mitochondrial
DNA variants in ND5 and ND1 gene that code part of complex I, more nonsynonymous substitutions
in ND5, and a higher ratio of nonsynonymous to all substitutions across the entire mitochondrial
genome. The variants might affect the OXPHOS function of complex I, and exposure of these patients
to isoniazid’s metabolite hydrazine (a complex II inhibitor) might predispose them to OXPHOS failure
and isoniazid-induced liver injury.
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Data Sharing Statement: All data were available for sharing upon reasonable request.

Author Contributions: L.-N.L.: Designing and overseeing entire study project, recruiting, analyzing and
interpreting laboratory and clinical data, drafting; J.-Y.W.: Recruiting, overseeing clinical study, analyzing and
interpreting data, statistical work and consultation, critically revising and final approval of manuscript; C.-T.H.:
Recruiting subjects, processing and analyzing clinical data; H.-C.C., J.-L.L., H.-S.W.: Designing and overseeing
laboratory work, analyzing and interpreting laboratory data, drafting; C.-L.H., I-S.J., J.-C.S., W.-L.L., J.-T.W.,
C.-N.C.: Recruiting, overseeing clinical study, analyzing and interpreting data.

http://www.mdpi.com/2077-0383/8/8/1207/s1


J. Clin. Med. 2019, 8, 1207 12 of 13

Funding: The study was funded by grants from the Ministry of Health and Welfare, Taiwan (104-2629-B-002-001),
and the Liver Disease Foundation.

Conflicts of Interest: All authors report no relationships that could be construed as a conflict of interest.

References

1. Frieden, T.R.; Sterling, T.R.; Munsiff, S.S.; Watt, C.J.; Dye, C. Tuberculosis. Lancet 2003, 362, 887–899.
[CrossRef]

2. Tostmann, A.; Boeree, M.J.; Aarnoutse, R.E.; de Lange, W.C.; van der Ven, A.J.; Dekhuijzen, R. Antituberculosis
drug-induced hepatotoxicity: Concise up-to-date review. J. Gastroenterol. Hepatol. 2008, 23, 192–202.
[CrossRef] [PubMed]

3. Sarich, T.C.; Youssefi, M.; Zhou, T.; Adams, S.P.; Wall, R.A.; Wright, J.M. Role of hydrazine in the mechanism
of isoniazid hepatotoxicity in rabbits. Arch. Toxicol. 1996, 70, 835–840. [CrossRef] [PubMed]

4. Wang, J.Y.; Liu, C.H.; Hu, F.C.; Chang, H.C.; Liu, J.L.; Chen, J.M.; Yu, C.J.; Lee, L.N.; Kao, J.H.; Yang, P.C. Risk
factors of hepatitis during anti-tuberculous treatment and implications of hepatitis virus load. J. Infect. 2011,
62, 448–455. [CrossRef] [PubMed]

5. Begriche, K.; Massart, J.; Robin, M.A.; Borgne-Sanchez, A.; Fromenty, B. Drug-induced toxicity on
mitochondria and lipid metabolism: Mechanistic diversity and deleterious consequences for the liver.
J. Hepatol. 2011, 54, 773–794. [CrossRef] [PubMed]

6. Finsterer, J.; Segall, L. Drugs interfering with mitochondrial disorders. Drug Chem. Toxicol. 2010, 33, 138–151.
[CrossRef] [PubMed]

7. Fromenty, B.; Pessayre, D. Inhibition of mitochondrial beta-oxidation as a mechanism of hepatotoxicity.
Pharmacol. Ther. 1995, 67, 101–154. [CrossRef]

8. Labbe, G.; Pessayre, D.; Fromenty, B. Drug-induced liver injury through mitochondrial dysfunction:
Mechanisms and detection during preclinical safety studies. Fundam. Clin. Pharmacol. 2008, 22, 335–353.
[CrossRef]

9. Pessayre, D.; Mansouri, A.; Berson, A.; Fromenty, B. Mitochondrial involvement in drug-induced liver injury.
Handb. Exp. Pharmacol. 2010, 311–365.

10. Chowdhury, A.; Santra, A.; Bhattacharjee, K.; Ghatak, S.; Saha, D.R.; Dhali, G.K. Mitochondrial oxidative
stress and permeability transition in isoniazid and rifampicin induced liver injury in mice. J. Hepatol. 2006,
45, 117–126. [CrossRef]

11. Lee, K.K.; Fujimoto, K.; Zhang, C.; Schwall, C.T.; Alder, N.N.; Pinkert, C.A.; Krueger, W.; Rasmussen, T.;
Boelsterli, U.A. Isoniazid-induced cell death is precipitated by underlying mitochondrial complex i
dysfunction in mouse hepatocytes. Free Radic. Biol. Med. 2013, 65, 584–594. [CrossRef] [PubMed]

12. Cho, T.; Wang, X.; Uetrecht, J. Rotenone Increases Isoniazid Toxicity but Does Not Cause Significant Liver
Injury: Implications for the Hypothesis that Inhibition of the Mitochondrial Electron Transport Chain Is a
Common Mechanism of Idiosyncratic Drug-Induced Liver Injury. Chem. Res. Toxicol. 2019, 32, 1423–1431.
[CrossRef] [PubMed]

13. Anderson, S.; Bankier, A.T.; Barrell, B.G.; de Bruijn, M.H.; Coulson, A.R.; Drouin, J.; Eperon, I.C.; Nierlich, D.P.;
Roe, B.A.; Sanger, F.; et al. Sequence and organization of the human mitochondrial genome. Nature 1981, 290,
457–465. [CrossRef] [PubMed]

14. DiMauro, S.; Schon, E.A. Mitochondrial respiratory-chain diseases. N. Engl. J. Med. 2003, 348, 2656–2668.
[CrossRef] [PubMed]

15. Sookoian, S.; Flichman, D.; Scian, R.; Rohr, C.; Dopazo, H.; Gianotti, T.F.; Martino, J.S.; Castano, G.O.;
Pirola, C.J. Mitochondrial genome architecture in non-alcoholic fatty liver disease. J. Pathol. 2016, 240,
437–449. [CrossRef] [PubMed]

16. Koh, H.; Park, G.S.; Shin, S.M.; Park, C.E.; Kim, S.; Han, S.J.; Pham, H.Q.; Shin, J.H.; Lee, D.W. Mitochondrial
Mutations in Cholestatic Liver Disease with Biliary Atresia. Sci. Rep. 2018, 8, 905. [CrossRef]

17. Chan, S.L.; Chua, A.P.G.; Aminkeng, F.; Chee, C.B.E.; Jin, S.; Loh, M.; Gan, S.H.; Wang, Y.T.; Brunham, L.R.
Association and clinical utility of nat2 in the prediction of isoniazid-induced liver injury in singaporean
patients. PLoS ONE 2017, 12, e0186200. [CrossRef]

18. Hein, D.W.; Doll, M.A. Accuracy of various human nat2 snp genotyping panels to infer rapid, intermediate
and slow acetylator phenotypes. Pharmacogenomics 2012, 13, 31–41. [CrossRef]

http://dx.doi.org/10.1016/S0140-6736(03)14333-4
http://dx.doi.org/10.1111/j.1440-1746.2007.05207.x
http://www.ncbi.nlm.nih.gov/pubmed/17995946
http://dx.doi.org/10.1007/s002040050347
http://www.ncbi.nlm.nih.gov/pubmed/8911642
http://dx.doi.org/10.1016/j.jinf.2011.04.005
http://www.ncbi.nlm.nih.gov/pubmed/21570123
http://dx.doi.org/10.1016/j.jhep.2010.11.006
http://www.ncbi.nlm.nih.gov/pubmed/21145849
http://dx.doi.org/10.3109/01480540903207076
http://www.ncbi.nlm.nih.gov/pubmed/19839725
http://dx.doi.org/10.1016/0163-7258(95)00012-6
http://dx.doi.org/10.1111/j.1472-8206.2008.00608.x
http://dx.doi.org/10.1016/j.jhep.2006.01.027
http://dx.doi.org/10.1016/j.freeradbiomed.2013.07.038
http://www.ncbi.nlm.nih.gov/pubmed/23911619
http://dx.doi.org/10.1021/acs.chemrestox.9b00116
http://www.ncbi.nlm.nih.gov/pubmed/31251588
http://dx.doi.org/10.1038/290457a0
http://www.ncbi.nlm.nih.gov/pubmed/7219534
http://dx.doi.org/10.1056/NEJMra022567
http://www.ncbi.nlm.nih.gov/pubmed/12826641
http://dx.doi.org/10.1002/path.4803
http://www.ncbi.nlm.nih.gov/pubmed/27577682
http://dx.doi.org/10.1038/s41598-017-18958-8
http://dx.doi.org/10.1371/journal.pone.0186200
http://dx.doi.org/10.2217/pgs.11.122


J. Clin. Med. 2019, 8, 1207 13 of 13

19. Blumberg, H.M.; Burman, W.J.; Chaisson, R.E.; Daley, C.L.; Etkind, S.C.; Friedman, L.N.; Fujiwara, P.;
Grzemska, M.; Hopewell, P.C.; Iseman, M.D.; et al. American thoracic society/centers for disease control and
prevention/infectious diseases society of america: Treatment of tuberculosis. Am. J. Respir. Crit. Care Med.
2003, 167, 603–662.

20. Aithal, G.P.; Watkins, P.B.; Andrade, R.J.; Larrey, D.; Molokhia, M.; Takikawa, H.; Hunt, C.M.; Wilke, R.A.;
Avigan, M.; Kaplowitz, N.; et al. Case definition and phenotype standardization in drug-induced liver injury.
Clin. Pharmacol. Ther. 2011, 89, 806–815. [CrossRef]

21. Rhoads, A.; Au, K.F. Pacbio sequencing and its applications. Genom. Proteom. Bioinform. 2015, 13, 278–289.
[CrossRef] [PubMed]

22. Ardui, S.; Ameur, A.; Vermeesch, J.R.; Hestand, M.S. Single molecule real-time (smrt) sequencing comes of
age: Applications and utilities for medical diagnostics. Nucleic Acids Res. 2018, 46, 2159–2168. [CrossRef]
[PubMed]

23. Herrnstadt, C.; Elson, J.L.; Fahy, E.; Preston, G.; Turnbull, D.M.; Anderson, C.; Ghosh, S.S.; Olefsky, J.M.;
Beal, M.F.; Davis, R.E.; et al. Reduced-median-network analysis of complete mitochondrial DNA
coding-region sequences for the major african, asian, and european haplogroups. Am. J. Hum. Genet. 2002,
70, 1152–1171. [CrossRef] [PubMed]

24. Friedrich, T.; Bottcher, B. The gross structure of the respiratory complex i: A lego system. Biochim. Biophys.
Acta 2004, 1608, 1–9. [CrossRef] [PubMed]

25. Ghatineh, S.; Morgan, W.; Preece, N.E.; Timbrell, J.A. A biochemical and nmr spectroscopic study of hydrazine
in the isolated rat hepatocyte. Arch. Toxicol. 1992, 66, 660–668. [CrossRef] [PubMed]

26. Karbowski, M.; Kurono, C.; Wozniak, M.; Ostrowski, M.; Teranishi, M.; Nishizawa, Y.; Usukura, J.; Soji, T.;
Wakabayashi, T. Free radical-induced megamitochondria formation and apoptosis. Free Radic Biol. Med.
1999, 26, 396–409. [CrossRef]

27. Boelsterli, U.A.; Lee, K.K. Mechanisms of isoniazid-induced idiosyncratic liver injury: Emerging role of
mitochondrial stress. J. Gastroenterol. Hepatol. 2014, 29, 678–687. [CrossRef]

28. Hunte, C.; Screpanti, E.; Venturi, M.; Rimon, A.; Padan, E.; Michel, H. Structure of a na+/h+ antiporter and
insights into mechanism of action and regulation by ph. Nature 2005, 435, 1197–1202. [CrossRef]

29. Zickermann, V.; Wirth, C.; Nasiri, H.; Siegmund, K.; Schwalbe, H.; Hunte, C.; Brandt, U. Structural biology.
Mechanistic insight from the crystal structure of mitochondrial complex i. Science 2015, 347, 44–49. [CrossRef]

30. Mackey, D.A.; Oostra, R.J.; Rosenberg, T.; Nikoskelainen, E.; Bronte-Stewart, J.; Poulton, J.; Harding, A.E.;
Govan, G.; Bolhuis, P.A.; Norby, S. Primary pathogenic mtdna mutations in multigeneration pedigrees with
leber hereditary optic neuropathy. Am. J. Hum. Genet. 1996, 59, 481–485.

31. Fernandez-Caggiano, M.; Barallobre-Barreiro, J.; Rego-Perez, I.; Crespo-Leiro, M.G.; Paniagua, M.J.; Grille, Z.;
Blanco, F.J.; Domenech, N. Mitochondrial haplogroups h and j: Risk and protective factors for ischemic
cardiomyopathy. PLoS ONE 2012, 7, e44128. [CrossRef] [PubMed]

32. Castro, M.G.; Huerta, C.; Reguero, J.R.; Soto, M.I.; Domenech, E.; Alvarez, V.; Gomez-Zaera, M.; Nunes, V.;
Gonzalez, P.; Corao, A.; et al. Mitochondrial DNA haplogroups in spanish patients with hypertrophic
cardiomyopathy. Int. J. Cardiol. 2006, 112, 202–206. [CrossRef] [PubMed]

33. Shen, C.; Cheng, X.; Li, D.; Meng, Q. Investigation of rifampicin-induced hepatotoxicity in rat hepatocytes
maintained in gel entrapment culture. Cell Biol. Toxicol. 2009, 25, 265–274. [CrossRef] [PubMed]

34. Zhang, Y.; Liu, K.; Hassan, H.M.; Guo, H.; Ding, P.; Han, L.; He, Q.; Chen, W.; Hsiao, C.D.; Zhang, L.; et al.
Liver fatty acid binding protein deficiency provokes oxidative stress, inflammation, and apoptosis-mediated
hepatotoxicity induced by pyrazinamide in zebrafish larvae. Antimicrob. Agents Chemother. 2016, 60,
7347–7356. [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/clpt.2011.58
http://dx.doi.org/10.1016/j.gpb.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/26542840
http://dx.doi.org/10.1093/nar/gky066
http://www.ncbi.nlm.nih.gov/pubmed/29401301
http://dx.doi.org/10.1086/339933
http://www.ncbi.nlm.nih.gov/pubmed/11938495
http://dx.doi.org/10.1016/j.bbabio.2003.10.002
http://www.ncbi.nlm.nih.gov/pubmed/14741580
http://dx.doi.org/10.1007/BF01981506
http://www.ncbi.nlm.nih.gov/pubmed/1336360
http://dx.doi.org/10.1016/S0891-5849(98)00209-3
http://dx.doi.org/10.1111/jgh.12516
http://dx.doi.org/10.1038/nature03692
http://dx.doi.org/10.1126/science.1259859
http://dx.doi.org/10.1371/journal.pone.0044128
http://www.ncbi.nlm.nih.gov/pubmed/22937160
http://dx.doi.org/10.1016/j.ijcard.2005.09.008
http://www.ncbi.nlm.nih.gov/pubmed/16313983
http://dx.doi.org/10.1007/s10565-008-9076-8
http://www.ncbi.nlm.nih.gov/pubmed/18496758
http://www.ncbi.nlm.nih.gov/pubmed/27697757
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Patients and Methods 
	Study Design 
	Patients and Definition of DILI 
	DNA Extraction 
	Sequencing of the Entire Mitochondrial Genome by Using NGS 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

