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Abstract
Background and Aims: Rifampicin (RFP) and isoniazid
(INH) are widely used as anti-tuberculosis agents. However,
the mechanisms underlying the involvement of reactive oxygen species and mitochondria in RFP- and INH-related hepatotoxicity have not been established yet. This study aimed
to observe the intracellular mechanisms leading to mitochondrial dysfunction and morphological changes in RFPand INH-induced hepatocyte injury. Methods: Cell injury,
changes in mitochondrial function, and expression and activation of dynamin related protein 1 (Drp1), known as the
main protein for mitochondrial fission, were analyzed in cultured QSG7701 cells exposed to RFP and INH. Results: INH
and RFP treatment induced pronounced hepatocyte injury
and increased cell death. In the similar context of aspartate
aminotransferase elevation and adenosine triphosphate
synthesis decrease, changes in mitochondrial membrane
permeability and reactive oxygen species in hepatocytes
induced by RFP were significantly different from those
induced by INH (p < 0.05). Particularly, we observed the
overactivation and mitochondrial translocation of Drp1 in
RFP-induced cell injury, which was not occurred with exposure to INH. Conclusions: RFP-induced hepatotoxicity may
be closely related to mitochondrial dysfunction and Drp1mediated mitochondrial fission.
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Introduction
According to the World Health Organization, tuberculosis
remains the leading public health concern worldwide.1 For
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many decades, rifampicin (RFP) and isoniazid (INH) have
remained the most commonly used first-line anti-tuberculosis
drugs, but have been known to be hepatotoxic and have
already attracted immense attention. The clinical manifestation of hepatotoxicity occurs as an elevated transaminase
level, leading to acute liver failure with a high mortality.
Liver injury induced by anti-tuberculosis drugs is one of the
leading causes of acute liver failure worldwide;2 however, the
related pathophysiological processes are still obscure.
A previous study reported that oxidative stress resulting
from reactive oxygen species (ROS) overproduction is the
major pathogenesis of apoptosis in INH- and RFP-induced
hepatotoxicity in mice.3 Simultaneously, human growth
hormone could also remarkably alleviate oxidative stress
damage and RFP- and INH-induced apoptosis in mice, suggesting that ROS might fundamentally be crucial in the pathogenesis of RFP- and INH-induced hepatotoxicity through the
deterioration of cellular functions.4 Furthermore, vitamin E,
as an antioxidant, showed a significantly hepatoprotective
effect compared with the oral administration of vitamin E
and therapeutic doses of RFP.5 Indeed, superoxide generation
in urine in an experimental drug-induced liver injury (DILI)
group conspicuously increased, as compared with that in
the non-DILI group, further indicating the involvement of oxidative stress in hepatotoxic pathology through excessive ROS
production induced by the INH, RFP, pyrazinamide, and
ethambutol regimen (known as the HRZE regimen).6
Mitochondria are one of the important sites of ROS production. Knockdown of fusion proteins, such as OPA1 or MFNs,
induce mitochondrial fragmentation accompanied by an
increase in the ROS level. However, knockdown of fission
proteins (Fis1 and dynamin related protein 1 (Drp1)), indicating mitochondrial fusion, had no influence on ROS production
in human bronchial epithelial cells.7 Deranged dynamics of
mitochondrial fission and fusion is often associated with mitochondrial dysfunction and is a characteristic feature of various
disorders. RFP was found to induce mitochondrial fragmentation and a spherical shape of swine embryonal kidney cells
(commonly known as SPEV) cells.8 However, the role of
Drp1, which is one of the main players in these processes,
has not been investigated in RFP-associated hepatotoxicity.9,10
Drp1 translocation from the cytoplasm to the mitochondria, which organizes the oligomer ring around the mitochondria, is an initial step during mitochondrial fission. In addition,
the cytoplasmic concentration of Drp1 could increase the size
of the oligomeric form, which might be an indicator of
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mitochondrial fission.11 Hence, attempts were made to test
the hypothesis that RFP or INH and its metabolites, which are
closely related to liver injury manifesting as apoptosis and
proliferation, have a substantial influence on the expression
and activity of Drp1.

Determination of ROS

Methods

MitoSOX Red (Invitrogen) was used as the mitochondrial
superoxide indicator. After 72 h of exposure to stimuli,
QSG7701 cells were washed with phosphate-buffered saline
and incubated with 1.0–2.0 mL of 5 mM MitoSOX reagent for
10 m at 37°C, away from light. Images were then taken using
a fluorescence microscope.

Cell culture and treatment

Determination of adenosine triphosphate (ATP) levels

Experiments were performed on the cells of human hepatocyte line QSG-7701 in this study. The cells were cultured
under standard conditions in Dulbecco’s modified Eagle’s
medium plus 10% fetal bovine serum (Gibco, USA) and
100 U/mL penicillin and 100 mg/mL streptomycin (Gibco) at
37°C in a humidified incubator with a 5% CO2 atmosphere.
They were seeded at a density of 2 3 106 cells/well in sixwell plates for 24 h before stimulation and then exposed to
INH (0.24 M, dissolved with sterile water for injection
(SWFI)), RFP (0.18 mM, dissolved with SWFI), and SWFI
for 72 h.

The cellular ATP concentration was measured using a Molecular Probes ATP Determination Kit (Invitrogen), according to
the manufacturer’s protocol. In brief, the cells of each group
were lysed in 50 mL of ATP assay buffer, and total ATP levels
were determined at 560 nm using a microplate reader.

Cell biochemical analysis
The level of DILI was evaluated by measuring aspartate
aminotransferase (AST) and alanine aminotransferase levels
in the culture supernatant according to a manufacturer’s
protocol.
Cell viability analysis
Apoptosis and necrosis of QSG7701 cells were evaluated
using an Annexin V/propidium iodide kit (BD Biosciences,
USA), according to the manufacturer’s protocol. After 72 h of
exposure to stimuli, the cells were collected by treating them
with trypsin-EDTA-free medium (0.25%) (Sigma, USA),
centrifuged at 2000 rpm, washed with pre-cold phosphatebuffered saline, and suspended in 300 mL of the buffer. The
single-cell suspension was stained with 5 mL of Annexin
V/fluorescein 5-isothiocyanate for 15 m at room temperature, in the dark. Thereafter, the cells were incubated with
5 mL of propidium iodide for 5 m before analysis by flow
cytometry. Data were analyzed using FlowJo 9.3.2 software
(Tree Star, USA).
Determination of caspase-3 activity
Caspase-3 activity was determined using the luminescent
Caspase-Glo 3 Assay (Promega, Switzerland), which was
performed according to the manufacturer’s protocol.
Determination of mitochondrial membrane potential
QSG7701 cells were exposed to drugs and phosphatebuffered saline for 72 h and labeled with MitoTracker Red
CMXRos (Invitrogen, USA), according to the manufacturer’s
protocol. The culture media were removed from the plates
and treated with the pre-warmed (37°C) staining solution
containing a 100 nM MitoTracker probe. After incubation for
20 m at 37°C in the incubation box, the staining solution was
replaced with fresh pre-warmed phosphate-buffered saline,
and the cells were observed using a fluorescence microscope.

Western blot analysis
The western blot analysis of DRP1 was performed with rabbit
anti-human DRP1 antibodies (Cell Signaling, USA) and
secondary antibodies (Cell Signaling). Whole-cell lysates
were resolved using sodium dodecyl sulfate–polyacrylamide
gel, and proteins were transferred to membranes followed
by an immunoblot with the appropriate primary (dilution
1:500–1000) and secondary antibodies (dilution 1:5000–
10,000). Visualization by chemiluminescence was used for
presentation.
Immunofluorescence analysis
After treatments, the cells were washed with phosphatebuffered saline and fixed with 4% paraformaldehyde for
20 m. They were then permeabilized with 0.25% Triton
X-100 for 10 m, blocked with 5% bovine serum albumin for
30 m, incubated with primary antibody mouse monoclonal
anti-TOM20 (BD, USA) and rabbit monoclonal anti-phosphoDrp1S616 (Cell Signaling) overnight at 4°C. Then, they were
washed and incubated with secondary antibody (Alexa Fluor
488 donkey anti-rabbit immunoglobulin G (IgG) and Alexa
Fluor 594 goat anti-mouse IgG (H + L) antibody; Molecular
Probes) for 1 h at 37°C. Further, they were washed with
phosphate-buffered saline. The nuclei were stained with
DAPI (Invitrogen). Images were visualized under a 1003
objective Olympus FluoView1000 confocal microscope using
anti-p-drp1 (s616) (1:1000 dilution, green) and anti-Tom20
(a marker of mitochondria; 1:1000 dilution, red) antibodies.
The images were quantified with the ImageJ software.
Statistical analysis
The unpaired t-test (Microsoft Excel 2016) was used to
compare the results among treatments. Significance was
defined a priori as a p value of < 0.05.
Results
INH- and RFP-induced hepatocyte injury
The cell injury was assessed by evaluating cell death and
transaminase levels in vitro. Compared with the control, the
incubation of QSG7701 cells with RFP and INH induced a significant increase in alanine aminotransferase and AST levels
in the supernatant after 3-day exposure (p < 0.05; Fig. 1A).
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The flow cytometry analysis with Annexin V/propidium iodide
staining showed that both INH and RFP could strongly induce
apoptosis and necrosis of QSG7701 cells compared with the
control (p < 0.05; Fig. 1B and 1C), especially under the stimulation of RFP. Moreover, RFP had an even greater effect on
apoptosis compared with INH (p < 0.05; Fig. 1C and 1D). It
was shown by a quantitative analysis of caspase-3 production
that QSG7701 cells markedly increased production under the
influence of RFP compared with other groups (p < 0.05;
Fig. 1E). These results indicated that cell death due to RFP
was mainly through caspase-dependent apoptosis; other
mechanisms might exist for INH-induced cell damage.
INH- and RFP-induced mitochondrial dysfunction
The mitochondrial membrane potential and ROS and ATP
production were detected to determine the changes in mitochondrial function so as to further characterize the impact of
RFP and INH on mitochondria. After incubating the cells with
specific drugs for 72 h, the mitochondrial membrane potential
was found to be substantially lower in RFP-treated cells
compared with INH-treated cells and control group
(Fig. 2A). A bright luminescence of ROS in mitochondria was
observed, in particular for RFP-treated cells, compared with
the control group (Fig. 2B). Simultaneously, the decrease in
ATP production in the cells under the influence of RFP and INH
was remarkably different from that in the control group
(p < 0.05; Fig. 2C and 2D). Also, notably, the effects of RFP
on ATP synthesis were similar to those of INH. However, the
impact of RFP on ROS production and mitochondrial membrane permeability was significantly stronger than that of
INH. These data showed that INH, especially RFP, induced
severe mitochondrial dysfunction in QSG7701 cells.

Expression and translocation of DRP1 to mitochondria
under the influence of drugs
The western blot analysis showed that RFP dramatically
augmented the concentration of Drp1 in QSG7701 cells
compared with INH-treated cells and control group
(Fig. 3A). Confocal microscopy showed that DRP1 was translocated to mitochondria. Serine 616 (S616) phosphorylation
of human Drp1 is the activated form of Drp1 in cells that
mediates mitochondrial fragmentation. Consequently, the
phosphorylation of Drp1S616 (p-Drp1)/Tom20 co-localization
was analyzed. The findings consistently revealed that p-Drp1
was more frequently localized on mitochondria in QSG7701
cells exposed to RFP compared with INH-treated cells and
control group (Fig. 3B). These observations indicated that
RFP had a drastic influence on mitochondrial fission resulting
in damage; INH had no such effects.
Discussion
The observed effects included reduced mitochondrial membrane integrity, excessive production of ROS, and considerably decreased ATP production when QSG7701 cells were
exposed to RFP and INH, indicating that mitochondria were
the target of the toxic effects of drugs. The RFP-mediated
effects on mitochondria were also shown to be related to the
activity of Drp1, a GTPase predominantly controlling mitochondrial fission. Necrosis due to RFP was found to be
closely associated with apoptosis, which was confirmed by
the observed overexpression of caspase-3. Meanwhile,
INH-induced cell death might partially be caused via other
mechanisms independent of the caspase-3 pathway and
insensibly associated with ROS and Drp1 abnormalities

Fig. 1. Hepatotoxicity induced by RFP- and INH-stimulated QSG7701 cells. (A) AST and alanine aminotransferase levels in cell supernatant 72 h after stimulation.
After 72 h, p < 0.05 for 0.24 mM RFP and 18 mM INH versus SWFI as blank control. Data represent the results of one of three similar experiments. (B) After 72 h, p < 0.05 for
RFP and INH versus phosphate-buffered saline, when comparing the proportion of necrotic cells. (C) After 72 h, p < 0.05 for RFP and INH versus SWFI, when comparing the
proportion of apoptotic cells. (D) Annexin V/propidium iodide staining was assessed in every group by flow cytometry. (E) Caspase-3 levels in cells 72 h after addition of RFP,
INH, or control, determined using luminescent Caspase-Glo 3 Assay (p < 0.05 for drugs vs. control).
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Fig. 2. Toxicity effect on mitochondria in RFP- and INH-stimulated QSG7701 cells. (A) Integrity of mitochondrial membrane potential was evaluated by staining
cells with MitoTracker Red CMXRos after 72-h exposure to RFP and INH compared with the control group. (B) Inducible ROS production in QSG7701 cells for each group was
assessed using a MitoSOX Red mitochondrial superoxide indicator by immunofluorescence microscopy (2003). (C and D) Cellular ATP production for each group (p < 0.05 for
drugs vs. control).

when the extent of hepatocyte injury is similar to that with
RFP. In comparison to INH, the most characteristic features
of the RFP-induced liver cell injury model were the activation of DRP1 and translocation to mitochondria, which imply
Drp1 may involve DILI caused by RFP.11,12
In the present study, hepatocyte injury after RFP and INH
stimulation was evaluated by traditional clinical chemistry
analyses and flow cytometry. The incubation of cells with
18 mM INH and 0.24 mM RFP in vitro led to remarkable
hepatocyte injury manifestations, including significantly
increased AST. When exposed to RFP, there was a remarkable increase of ROS and mitochondrial permeability. In
contrast, the effect of INH was similar to that of RFP only
in terms of ATP reduction, implying that the mechanism of
INH-induced mitochondrial dysfunction might be different.
Although INH-induced hepatotoxicity was also caused by
mitochondrial stress,13 similar mitochondrial fragments
were also observed in HepG2 cells under stimulation of
INH. In contrast, regardless of Drp1 overexpression, the
INH-induced mitochondrial fragments are caused by the
inhibition of fusion protein MFN2 expression.14 Moreover,
knockdown of fusion proteins, such as OPA1 and MFNs,

apparently leads to mitochondrial fragmentation, simultaneously promoting increased ROS.7 In conclusion, it is reasonable to believe that the mechanisms are completely
different between RFP and INH inducing mitochondrial
fragmentation.
Mounting evidence shows that the toxic effect of RFP is
closely related to the excessive production of ROS and
mitochondrial dysfunction.3,4,6,8,15 However, the mechanism
by which RFP causes mitochondrial dysfunction is unclear. The
deleterious effect of RFP was coupled with increased ROS
levels. For instance, RFP (150 mg/kg, intragastrically) combined with INH (75 mg/kg, intragastrically) treatment for
7 days remarkably increased the ROS level in fresh-frozen
liver samples from mice,4 which was consistent with in vitro
findings of the present study and others.16 The ROS production partly led to mitochondrial fragmentation. Intriguingly,
the loss of Drp1 significantly reduced the ROS level in
kidneys and human bronchial epithelial cells upon exposure
to injury factors.7,17
ROS overproduction, defective ATP synthesis, and reduced
mitochondrial membrane potential frequently occur together,
and the occurrence of any of these leads to the other two,
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Fig. 3. Effect of RFP and INH on the expression and activation of Drp1 in QSG7701 cells. (A) Western blot analysis showed that RFP obviously increased the
expression of DRP1 compared with INH and control. (B) Representative immunofluorescence of Tom20 (red) and P-Drp1S616 (green) in cells 72 h after stimulation.
p-Drp1S616 was primarily localized to mitochondria in cells after RFP exposure compared with INH and control using the confocal imaging analysis.

subsequently establishing a vicious cycle indicating mitochondrial dysfunction.18 These are usually associated with
changes in mitochondrial morphology, commonly involving
disordered mitochondrial dynamics, such as the excessive
activation of Drp1. The current report describes confirmatory
experiments showing that Drp1 overexpression and activation directly exacerbated hepatocellular apoptosis, while
others have shown that manipulation of the translocation
and activation of Drp1 significantly reduced hepatocytes
apoptosis.19 It’s also been shown by others that small interfering RNAs’ inhibition of Drp1 can significantly alleviate the
loss of mitochondrial membrane potential, contributing to
mitochondrial death pathways in HT-22 cells.20 These
results clearly demonstrate that excessive activation of
DRP1 and increase of intracellular ROS are in an inescapable
network of mutuality.15
These finding described herein for RFP- and INH-induced
liver injury still need to be investigated in animal experiments, and it will be necessary to explore the origination of
the mitochondrial fragments. In conclusion, hepatotoxic
effects induced by RFP may be associated with specific Drp1
activation, although the mechanism is not yet clear. The
findings to date suggest potential treatment avenues for
Drp1-mediated diseases characterized by excessive mitochondrial fission for RFP-induced liver injury.21–23
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