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Abstract: Isoniazid (INH) remains a mainstay for the prevention and treatment of tuberculosis though it can cause
liver injury and even liver failure. Therefore this study aimed to investigate the mechanism through which INH
causes hepatoxicity based on liver transporter Na*-taurocholate co-transporting polypeptide (NTCP) using human
hepatocellular carcinoma (HepG2) cell line. We evaluated cytotoxicity induced by INH and determined the role of
NTCP in INH-induced HepG2 cells apoptosis. We discovered that after 24 h treatment of 6.5, 13, 26, 52 and 104
mM INH, the cell viability decreased in a concentration-dependent manner. NTCP was increased at 6.5, 13, 26
and 52 mM INH, and declined to normal level at 104 mM INH. Next NTCP inhibitor Cyclosporin A (CsA) blocked the
cell viability suppression induced by INH. Likewise, the tendency to increase Annexin-positive cells and cleaved-
caspase3 expression in response to INH was dependent on NTCP. Furthermore, CsA also partly abolished significant
alterations including mitochondrial membrane potential and ratio of Bcl-2/Bax expression caused by INH. At last,
we identified hepatocyte nuclear factor 4a (HNF4x)/peroxisome proliferator activated receptor y coactivator 1o
(PGC1ax) as potential regulators of NTCP expression. Briefly, the results above provided the first evidence that NTCP
was indispensable in INH-induced HepG2 cells apoptosis and perhaps regulated by HNF4a/PGC1a.
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Introduction

Drug-induced liver injury (DILI) is a serious
adverse drug reaction and contributes greatly
to the acute liver failure and transplant, which
leads to the withdrawal of pharmaceuticals
from clinical use [1]. Interest in drug-induced
liver injury (DILI) has dramatically increased
over the past decade, among the various me-
chanisms of liver injury including hepatocellu-
lar, cholestatic and mixed types of liver dam-
age, the accumulation of bile acids (BAs) within
hepatocytes is thought to be a primary me-
chanism for the development of DILI [2]. In
the basolateral hepatocyte membrane, uptake
of bile salts occurs predominantly in a so-
dium-dependent manner via the sodium tau-
rocholate cotransporting polypeptide (Ntcp in
rodents, NTCP in humans) [3]. It has also been
reported NTCP is a transporter of steroidal hor-
mones and a variety of drugs [4, 5]. Upregulat-
ion of NTCP leads to cholestasis and accumu-
lation of toxic products, which is closely conce-

rned with DILI. Besides, NTCP was taken as the
key uptake receptor for hepatitis B and D virus
(HBV/HDV) pointed to novel applications of NT-
CP targeting in virology [6]. Due to the signifi-
cance of NTCP in the hepatic transport of bile
salts, the function and modulation should be
fully addressed.

Tuberculosis (TB) remains an urgent public he-
alth threat worldwide and has been declared
as a public health emergency by World Health
Organization (WHO) since 1993 [7]. Isoniazid
(INH) is one of the cheapest and most effe-
ctive drugs used for the prevention and treat-
ment of tuberculosis since 1952 [8]. Along with
the effectiveness of INH, side effects occur fre-
quently, of which hepatotoxicity is the most seri-
ous and common [9-11]. As the second lead-
ing cause of DILI, the high incidence and sever-
ity of INH leads to the significant limitation of
its clinical application [12, 13]. Hence, it is par-
ticularly important to elucidate the specific me-
chanism of INH-induced liver injury.



Liver transporter NTCP plays a role in isoniazid-induced HepG2 cells apoptosis

Notably, the current two reports about mecha-
nism of INH-induced DILI in vivo is controver-
sial. Guo et al. showed that expressions of Ntcp
were inhibited in rat liver treated with INH (100
mg/kg) and the downregulated expression of
hepatic Ntcp might play an important role in
the development of anti-TB drugs induced liver
injury [14]. In contrast, Zhou et al. reported that
Ntcp expression was increased in rat liver tre-
ated with RIF (60 mg/kg) and INH (60 mg/kg)
[15]. To our knowledge, except the two contrast
studies in rat, few reports explaining cellular
and molecular mechanism underlying INH-in-
duced hepatotoxicity based on NTCP are avail-
able. Therefore a better understanding in hu-
man origin cells that avoid species difference
was required to demonstrate whether NTCP
was the factor that contributes to the develop-
ment of INH-induced hepatotoxicity. In the pre-
sent study, we aimed to investigate the funct-
ion of NTCP in INH-induced apoptosis using
HepG2 cells, which further verified the previous
conclusions in vivo and provided a basis for
future research. Here, we hypothesize that the
expression of NTCP is involved in the apoptosis
of INH treated HepG2 cells, which is regulated
by HNF4a and PGC1a, both are the known reg-
ulators of Ntcp expression and bile acid biosyn-
thesis [16, 17]. What's more, we specifically in-
hibited NTCP expression and evaluated a series
of apoptotic events induced by INH.

Material and methods
Drugs and regents

HepG2 cell line was obtained from Shanghai
cell bank of Chinese Academy of Sciences.
INH (Lot No. MKBV9475V, purity >299%) was
purchased from Sigma Aldrich Co. (St. Louis,
USA); Rabbit anti-SLC10A1 (NTCP/Ntcp, Biosy-
nthesis Biotechnology, Beijing, China); rabbit
anti-HNF4a/PGCla (Abcam, Shanghai, China);
rabbit anti-GAPDH (Goodhere Biotechnology,
Hangzhou, China); rabbit anti Bax/Bcl2, rabbit
anti-B-actin, Annexin V-FITC apoptosis detec-
tion kit and JC-1 probe (Beytime Biotechnolo-
gy, Shanghai, China). RAPI 1640 (Gibco, China),
Fetal Bovine Serum (Cellmax, China).

Cell culture

HepG2 cells were cultured in RAPI 1640 with
10% fetal bovine serum (FBS), 100 units/ml
penicillin G, 100 ug/ml streptomycin, and 0.25
ug/ml amphotericin B in a humidified incubator
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at 37°C and 5% CO,. Passages 3-10 were used
for the subsequent experiments. After adhered
for 24 h, cells seeded in 96-well culture dishes
at the density of 5 x 10° cells/well were used
for MTT test and 1 x 10° cells/well were seed-
ed in 6-well culture plates for all other tests.
Five different test concentrations of INH (6.5,
13, 26, 52, and 104 mM) were selected for the
present research [18]. All experiments were
performed at least in triplicate and repeated
at least three times.

Western blot analysis

The proteins were extracted as previous reports
and the concentration of that was examined
by the Bradford Protein Assay Kit ((Beytime
Biotechnology, Shanghai, China) [19]. Next pro-
teins were electrophoresed using 8-12% SDS-
PAGE and transferred onto the PVDF membr-
anes followed by incubating in a blocking buffer
(Tris 20 mM, pH 7.6, NaCl 150 mM, and Tween
20 0.1%) containing 5% nonfat milk for 1 h.
At last, conjugation with primary antibodies at
4°C overnight, secondary antibodies were incu-
bated for 1 h. ECL reagents were applied to
detect the blots.

Immunocytochemistry

Cells were first washed three times with PBS,
then immobilized with 4% paraformaldehyde
and permeabilized with 0.5% Triton X-100 be-
fore blocked with 3% normal bovine serum.
Next, antibody specific to NTCP (1:100) was
incubated at 4°C overnight, and FITC-conjug-
ated secondary antibody diluted with PBS was
added in a dark place incubated for 1 h. Last,
we used fluorescence microscope (Olympus)
to detect and record positive staining.

MTT

HepG2 cells were subjected to growth arrest
for 24 h before experimental treatment. At the
end of experimental treatment, cells were incu-
bated with 0.5% MTT in DMEM at 37°C for 4 h.
Dimethyl sulfoxide was added to stop reaction.
Spectrophotometer was used to read the ab-
sorbance at 490 nm.

Flow cytometry

The percentages of apoptotic cells were mea-
sured by Annexin V-FITC apoptosis detection
Kit. In short, after exposed to the required ex-
perimental conditions, cells were digested with
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Figure 1. Viability of HepG2 cell was repressed
by INH. INH, isoniazid. All values are represented
as mean = s.e.m. (n = 6 separated experiments,
*p<0.05, ***p<0.001).

trypsin and collected by centrifugation. Then
cells were resuspended and fixed by 210 pL
binding buffer (195 pL Annexin V-FITC, 5 yL
Annexin FITC and 10 uL PI) for 15 min at room
temperature away from the light. The ratios of
apoptotic cells were analyzed by a flow-cyto-
meter.

Mitochondrial membrane potential assay

Mitochondrial depolarization was tested with
JC-1 probe. Firstly, after incubated with JC-1
staining solution (5 g/mL) at 37°C for 20 min,
cells in 6-well plates were washed with PBS for
two times. Then cells were observed under a
fluorescence microscope (Nikon) at 488 nm for
green and red fluorescence. Captured images
were analyzed to measure the fluorescence
intensity. The relative ratio of green/red fluores-
cence intensity indicated mitochondrial mem-
brane potential, and an augment in this ratio
signified mitochondrial depolarization.

Statistics

All the data were expressed as a mean + stan-
dard derivation (SD). The difference between
groups analysis was performed with one-way
ANOVA followed by Dunnett’s test or Student’s
t-test. Differences were considered to be sta-
tistically significant at p<0.05.

Results
Cell viability assay

The effect of INH on cell viability was tested by
MTT. HepG2 cells were treated with 6.5, 13,
26, 52 and 104 mM INH while controls were
treated with RAPI 1640 medium. It was obser-
ved that cell viability decreased strikingly in a
concentration-dependent manner (Figure 1).
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NTCP expression was mediated by isoniazid

In order to explore the relationship between
Ntcp expression and decrease of INH-induced
cell viability, western blot and immunofluores-
cence analysis were used to identify the effect
of INH on protein expression of NTCP. The result
showed that NTCP expression was evoked sig-
nificantly at 6.5, 13, 26 and 52 mM INH, and
returned to normal level when INH rose to 104
mM (Figure 2A). Besides, Figure 2B indicated
that Green fluorescence was significantly en-
hanced at 6.5, 13, 26 and 52 mM and weak-
ened at 104 mM, which was in accordance with
the result of western blot. Green fluorescence
intensity represented the expression of NTCP.

NTCP contributes to the apoptosis induced by
INH

To identify what role NTCP plays in INH-induc-
ed cell apoptosis, we conducted the following
experiments. Considering high expression of
NTCP and low cell viability at 26 Mm INH, this
concentration was used in follow-up experi-
ments. NTCP inhibitor CsA (20 yM) was added
to HepG2 cells before the treatment of INH
[20]. We observed that once NTCP was inhibit-
ed by CSA, decreased cell viability under INH
exposure was partly reversed (Figure 3A).

To further confirm the significance of NTCP
on apoptotic effects, apoptosis was detected
biochemically by immunoblotting of whole cell
lysates for the active 17-kDa cleavage fragme-
nt of caspase 3 as previously described. Cas-
pase family play a central role in the proteoly-
tic events of apoptosis and the expression of
cleaved-caspase 3 was always taken as an
indicator of cell apoptosis. Figure 3B showed
that high expression of cleaved-3 was detect-
ed after treated with INH, but this effect was
partly attenuated by CsA.

Flow cytometer analysis with Annexin V and
Pl staining was applied as another assay for
apoptosis, and similar results were observed.
The large population of Annexin V-positive cells
(apoptotic cells) was augmented in the pres-
ence of INH, which was abolished to some
extent by NTCP inhibitor CsA (Figure 3C). These
findings demonstrated that NTCP was an im-
portant mediator in regulating the apoptosis
induced by INH.

Int J Clin Exp Med 2018;11(8):7856-7863
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Figure 2. INH promoted NTCP expression in HepG2 cells. A. HepG2 cells were treated with INH (6.5 mM, 13 mM, 26
mM, 52 mM, 104 mM). B. Cells were subjected to different concentrations of INH for 24 h and immunofluorescence
assay of NTCP was performed. Green color indicates NTCP stained with FITC. INH, isoniazid. All values are repre-
sented as mean + s.e.m. (n = 4 separated experiments, ***p<0.001, **p<0.01). Scale bars = 50 ym.
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Figure 3. The promotion of INH on apoptosis was mediated by NTCP. A. The cell viability repressed by INH was partly
reversed by CsA. B. The protein levels of cleaved-caspase 3 was measured by Western blot. C. Apoptotic cells in
separate groups were analyzed by flow cytometer. The bar graph showed quantification of Annexin V-positive cells
(apoptotic cells). CTL, control; INH, isoniazid; CsA, Cyclosporin A. All values are represented as mean + s.e.m. (n=4
separated experiments, **p<0.01, ##p<0.01, ***p<0.001, ###p<0.001).
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Figure 4. INH and NTCP induced apoptosis via mitochondrial. A. Ratio of Bcl-2/Bax was tested by Western blot.
Quantitative densitometric analysis showing the Bcl-2/Bax ratio in all treatment groups. B. JC-1 probe was incu-
bated to detect mitochondrial membrane potential. Increased proportion of mitochondrial green to red fluorescence
denoted mitochondrial depolarization in apoptotic cells. All values are from independent photographs shot in each
group. CTL, control; INH, isoniazid; CsA, Cyclosporin A. All values are represented as mean + s.e.m. (n = 4 separated
experiments, #p<0.05, ***p<0.001, ###p<0.001). Scale bars = 50 pm.

INH and NTCP induced apoptosis through mito-
chondrial damage

During apoptosis, caspase activity is a contrib-
utor to mitochondrial damage. Moreover, INH
has been implicated in targeting mitochond-
ria. The damage of mitochondrial was marked
by loss of mitochondrial membrane potential.
Therefore, we determined mitochondrial mem-
brane potential using JC-1 probe, which aggre-
gates in the intact mitochondria matrix of nor-
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mal cells, producing red fluorescence, and dis-
tributes widely in the impaired mitochondria of
apoptotic cells, producing green fluorescence.
In Figure 4A, expression of Bax protein didn’t
change significantly at 26 mM INH. Interest-
ingly, notable down-regulation of Bcl-2 protein
appeared in response to INH exposure and
significant decline in the Bcl-2/Bax ratio in
favor of pro-apoptotic Bax protein which was
partly reversed by CsA. Figure 4B showed that
INH elevated the ratio of green (low potential)

Int J Clin Exp Med 2018;11(8):7856-7863
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Figure 5. The expression of HNF4Aax and PGC1a after INH treatment in HepG2 cells. CTL, control; INH, isoniazid; CsA,
Cyclosporin A. All values are represented as mean + s.e.m. (n = 5 separated experiments, *p<0.05, **p<0.01,

**%*p<0.001).

[ 1soniazid | —> | HNF4alPGC1a 4] —> | NTCP 1]

‘ Liver Injury| <—‘ Cell Apoptosis |

Figure 6. Possible mechanisms by which INH in-
duced cell injury involved HNF4oa/PGC1a and NTCP.

to red (high potential), indicating declined mi-
tochondrial membrane potential and impaired
mitochondria. Nevertheless, the augment of
INH on mitochondrial depolarization was partly
abolished by CsA. Bcl-2 is an anti-apoptotic pro-
tein on mitochondrial membrane and Bax is
a pro-apoptotic protein, the two proteins par-
ticipate in mitochondria-dependent apoptosis.
Levels of Bcl-2 and Bax were checked by west-
ern blot in total cell lysate.

HNF4o and PGCla participated in the regula-
tion of NTCP by INH

To identify potential inducers of NTCP expres-
sion modulated by INH, we assessed the levels
of expression of HNF4a and PGCl1a. The levels
of HNF4a and PGCla were both significantly
elevated after exposure to INH for 24 h, and the
trend of HNF4a and PGCla expression was in
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accordance with that of NTCP. The results were
showed in Figure 5A, 5B.

Discussion

The highlights of this study was we demon-
strate for the first time that liver transporter
NTCP played a vital role in INH induced HepG2
cells apoptosis by regulating caspase activity
and mitochondria function, which was closely
related to its expression and perhaps mediated
by HNF4a/PGCla (Figure 6).

Previous studies about INH induced liver injury
focused on oxidative stress and toxic metabo-
lites. In the present study, we have proved NT-
CP was actually crucial to INH hepatotoxicity
with a new perspective. As an important pro-
tein for bile homeostasis, NTCP is responsible
for uptaking 80% of conjugated bile salts and
approximately 50% of unconjugated bile salts
from the sinusoidal blood into hepatocytes.
High expression of NTCP is effective in cho-
lestasis and may contribute to cell apoptosis
and liver injury.

Due to species differences that the expression
of NTCP in mouse and rat was five-fold higher
than that in human, HepG2 cells were selected
as target cells as the cell line being of human
origin with a lot of advantages [21]. Our rese-
arch showed that after treatment of 6.5, 13,

Int J Clin Exp Med 2018;11(8):7856-7863
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26, 52, 104 mM INH for twenty-four hours led
to significant decrease of cell viability in a con-
centration dependent manner (Figure 1). Cas-
pase activity, mitochondrial membrane poten-
tial, and a major regulator of mitochondrial
integrity on mitochondrial membrane, Bcl-2/
Bax are reported to be regulated during the
process that INH induced apoptosis. Similarly,
we found increased caspase-3 activity, allevi-
ated mitochondrial transmembrane potential
and decreased ratio of Bcl-2/Bax by INH in
HepG2 cells (Figures 3B, 4B). Although some
reports believed NTCP is deficient in HepG2
cells, western blot and IF results in our study
have shown that in HepG2 cells, NTCP is heavily
evoked by INH, which was in agreement with
earlier study that INH strongly increased NTCP
expression in rat liver (Figure 2A, 2B). Interes-
tingly, we found that NTCP was increased at
concentration (6.5, 13, 26 and 52 mM), how-
ever, it even returned to normal level when INH
rose to 104 mM, which was perhaps related to
a phenomenon that liver function returns to
normal despite continued treatment with the
drug called ‘adaptation’ by hepatologists [22].
To further confirm NTCP was essential in INH
induced HepG2 cells apoptosis, NTCP inhibitor
CsA was added to cells for 3 h before INH tre-
atment. Magically, we found that the apoptotic
alterations produced by INH were partially re-
versed after the addition of CsA. Thus, we con-
clude that NTCP was an essential prerequisite
of INH induced hepatotoxity.

At last, we want to test if some signal way was
involved in the regulation of INH on NTCP. Due
to the knowledge that HNF4o/PGCla were the
essential regulatory factor of NTCP, we applied
western blot to test the effect of INH on the
expression of HNF4a/PGC1a. Interestingly, the
result showed that HNF4a/PGCla were signifi-
cantly upregulated by INH, which perhaps dem-
onstrated that the increment of NTCP was
mediated by HNF4a/PGClax (Figure 5A, 5B).
Though it is well known that HNF4o/PGCla
was the regulator of NTCP, we didn't use HN-
F4a/PGCla inhibitors to further prove the ef-
fect of HNF4a on NTCP in the present study,
which was the limitation of our work and need
to be further proved in future.

Despite a tight correlation between NTCP and
INH, as well as the critical role of NTCP during
apoptosis have been clearly confirmed in our
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study, further work is still necessary to reveal
possible mechanisms.

Conclusion

NTCP was a critical regulator in INH-induced
HepG2 cells apoptosis and perhaps mediated
by HNF4a/PGC1a, which facilitated a new un-
derstanding of INH-induced hepatotoxicity.
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