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Abstract. Heme oxygenase-1 (HO-1) is an antioxidant and 
cytoprotective protein, which has been proven to alleviate the 
proliferation of hepatic stellate cells (HSCs) and the devel-
opment of liver fibrosis. However, the role of HO‑1 in HSC 
apoptosis remains unclear. The aim of the present study was 
to investigate the effect of HO-1 on HSC apoptosis and its 
possible underlying mechanisms. HSCs‑T6 were incubated 
with different concentrations of hemin (HO-1 chemical 
inducer) and Znpp-IX (HO-1 chemical inhibitor) for 12, 24 
and 48 h. Cell viability was determined using an MTT assay. 
HSCs were classified into 4 groups as follows: Control, hemin, 
Znpp‑IX and hemin+Znpp‑IX co‑treatment groups. Apoptosis 
was quantitatively measured by Annexin V/propidium iodide 
double staining and a terminal deoxynucleotidyl transferase 
dUTP nick‑end labeling assay. The mRNA and protein 
expression of HO-1, α-smooth muscle actin, B-cell lymphoma 
(Bcl)-2, caspase-3 and nuclear factor (NF)-κB p65 were 
measured using quantitative polymerase chain reaction and 
western blotting. The levels of tumor growth factor (TGF)‑β 
and interleukin (IL)-6 in HSC supernatants were examined by 
ELISA. The results demonstrated that HO‑1 exerted antiprolif-
erative effects on HSCs in a time- and concentration-dependent 
manner. Increasing HO‑1 expression induced HSC apoptosis 
in vitro as demonstrated by a significant decrease in Bcl‑2 
and an increase in caspase‑3 expression. Additionally, the 
expression of NF-κB p65 and its downstream inflammatory 
factors TGF‑β and IL-6 in the HO-1 overexpression group 

was significantly decreased compared with the control group. 
Therefore, the present study provided evidence that HO-1 
serves an anti-fibrosis role in the liver by enhancing HSC 
apoptosis, which was partially associated with the regulation 
of NF-κB and its downstream effectors.

Introduction

Hepatic stellate cells (HSCs) play a crucial role in the develop-
ment of liver fibrosis (1,2). During various types of liver injury, 
such as that induced by viral infection, immune stimulation 
and alcohol, HSCs, which are the primary source of extracel-
lular matrix (ECM) and overexpression of α-smooth muscle 
actin (α-SMA), undergo activation and proliferation, leading 
to the development of fibrosis due to the abnormal deposition 
of collagen in the liver (3). Prior research has demonstrated 
that the reduction of HSC numbers observed during rever-
sion of liver fibrosis is due to the transformation of HSCs 
from their activated to a stationary state (4). It has also been 
demonstrated that apoptosis of HSCs is the main mechanism 
involved in the restoration stage of liver fibrosis, as this inhibits 
the self-activation of HSCs and decreases the production of 
ECM (5).

Heme oxygenase-1 (HO-1), also referred to as heat shock 
protein 32 (Hsp32), is a microsomal rate-limiting enzyme that 
catalyzes the degradation of heme into biliverdin, iron atoms, 
and carbon monoxide (CO) (6). HO‑1 and its breakdown 
products possess biological protective properties, including 
anti-oxidant, anti-inflammatory and immunoregulatory 
properties (7). HO‑1 is closely associated with cell apoptosis, 
and most studies suggest that HO-1 may regulate apoptosis 
by affecting the expression of key proteins in the apoptotic 
signaling pathway (8). In addition, HO‑1 appears to exert 
protective effects on liver cells under adverse conditions, such 
as in acute liver injury, alcoholic liver disease, liver transplan-
tation and ischemia/reperfusion injury (9-11). In our previous 
study using rats with cirrhosis induced by carbon tetrachloride 
(CCl4) as a research model in vivo, we demonstrated that HO-1 
upregulation was able to alleviate α-SMA expression, collagen 
synthesis and liver injury and limit the extent of fibrosis (12). 
Furthermore, we used activated HSC-T6 as a research model 
in vitro to demonstrate that the induction of HO-1 can inhibit 
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HSC proliferation and collagen metabolism. However, during 
the research mentioned above, we noticed that the upregula-
tion of HO-1 led to morphological changes in HSC-T6 cells, 
such as shrinkage and nuclear condensation (karyopyknosis). 
Thus, we aimed to investigate whether HO-1 is involved in 
liver protection by regulating the apoptosis of HSCs, which 
has not yet been fully elucidated.

This study was undertaken in order to evaluate the role 
of HO-1 in the apoptosis of activated HSCs-T6 in vitro. Our 
hypothesis was that HO-1 may induce HSC apoptosis while 
inhibiting the proliferation of HSCs, which would thus 
implicate HO-1 as a viable therapeutic target in preventing or 
reversing liver fibrosis.

Materials and methods

Materials and reagent preparation. Dulbecco's modified 
Eagle's medium (DMEM) and fetal bovine serum (FBS) were 
purchased from Invitrogen (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA). Hemin [ferriprotoporphyrin IX, HO‑1 
inducer (13)] and zinc protoporyphyrin IX [ZnPP‑IX, HO‑1 
inhibitor (14)] were purchased from Sigma-Aldrich (Merck 
KGaA, Darmstadt, Germany), and dissolved in 0.2 mol/l 
NaOH, titrated to pH 7.4 with 1 mol/l HCl and diluted in 
0.9% NaCl (15). The dose and preparation of hemin and 
ZnPP solution were based on the references (16,17). The final 
concentrations were 1 mg/ml hemin and 0.5 mg/ml ZnPP‑IX. 
Polyclonal antibodies against HO-1, α-SMA, nuclear factor 
(NF)-κB and caspase-3 were purchased from Cell Signaling 
Technology, Inc. (Danvers, MA, USA). Monoclonal antibodies 
against B-cell lymphoma (Bcl)-2 and anti-β-actin polyclonal 
antibody were purchased from Santa Cruz Biotechnology, Inc. 
(Dallas, TX, USA). A lactate dehydrogenase (LDH) release 
assay kit was obtained from Sigma‑Aldrich; Merck KGaA. 
An Annexin V-FITC/PI apoptosis detection kit was purchased 
from BD Biosciences (Franklin Lakes, NJ, USA). A terminal 
deoxynucleotidyl transferase dUTP nick-end labeling assay 
(TUNEL) apoptosis detection kit was purchased from Nanjing 
Keygen Biotechnology (Nanjing, China).

Cell culture and treatment. Immortalized rat HSC-T6 cells, 
which were provided by Professor Zhongfu Zhao (Changzhi 
Medical College, Changzhi, China), were cultured at 37˚C in 
a humidified incubator under a 5% CO2 atmosphere. The cells 
were passaged every 2 or 3 days and were used for the experi-
ment within 4 to 6 passages. HSC‑T6 cells were incubated 
with hemin at concentrations of 6.5, 13 and 26 µg/ml, and with 
Znpp‑IX at concentrations of 3, 6 and 12 µg/ml for 12, 24 and 
48 h.

Cell viability assay. An MTT assay was used to assess 
HSC-T6 cell viability under different concentrations of hemin 
and Znpp‑IX at 12, 24 and 48 h. HSC‑T6 cells were plated 
at a density of 1x104 cells/well in 96-well plates and cultured 
at 37˚C for 24 h. The medium was then replaced with fresh 
medium containing hemin or Znpp-IX at different concen-
trations, as mentioned above. Following incubation for 12, 
24 and 48 h, the supernatants were removed and cells were 
treated with 20 µl MTT solution (5 mg/ml) for 4 h at 37˚C. 
The formazan precipitates were dissolved in 150 µl dimethyl 

sulfoxide, and optical density (OD) was measured at 490 nm 
using an enzyme-linked immunometric meter: Cell survival 
rate=(ODexperimental group-ODblank group)/(ODcontrol group-ODblank group) 
x100%.

LDH release assay. In order to determine whether the decrease 
in HSC proliferative activity was due to apoptosis or necrosis 
caused by drugs, the cytotoxic effect of hemin or ZnPP-IX 
on HSC‑T6 cells was evaluated using the LDH release assay. 
Preconfluent HSCs were treated with hemin or ZnPP-IX 
at the indicated concentrations and for the indicated times. 
LDH released by necrotic cells was present in the supernatant 
and determined as LDHn, whereas LDH in precipitates and 
adherent cell lysates was determined as LDHc. The results 
are shown as follows: LDHn%=LDHn/(LDHn + LDHc) x100. 
Then, treatments with hemin at 13 µg/ml and Znpp-IX at 
3 µg/ml for 24 h were applied for subsequent experiments, as 
these were selected as the concentrations most prominently 
affecting the proliferation of HSC-T6 cells, without observable 
toxic cell damage.

Apoptosis quantif ication by f low cytometry analysis. 
HSC‑T6 cell apoptosis was measured by both flow cytometry 
Annexin V/FITC and propidium iodide (PI) double staining 
according to the manufacturer's instructions. HSCs were 
classified into the control, hemin-treated, Znpp-IX-treated 
and hemin and Znpp‑IX co‑treatment groups. After 24 h 
of treatment, cells were detached with ethylenediaminetet-
raacetic acid (EDTA)-free trypsin and washed twice with 
cooled phosphate-buffered saline (PBS), then re-suspended in 
500 µl 1X loading buffer with 5 µl Annexin V and 5 µl PI for 
15 min at room temperature in the dark. Binding buffer was 
then added and the cells were analyzed by flow cytometry on 
a FACSCalibur analyzer. The percentage of Annexin V/FITC+ 
cells reflected the apoptosis rate.

Qualitative measurement of apoptosis by TUNEL assay. To 
further investigate the apoptosis of HSC-T6 cells, a TUNEL 
assay was used. Preconfluent HSCs cultured in plates were 
placed on sterile coverslips and treated with hemin or Znpp-IX, 
grouped as mentioned above, for 24 h. Three replicates were 
made for each group. The cells were washed with cold PBS 
three times before fixation. Apoptotic HSCs were detected 
with the TUNEL Apoptosis Assay kit, according to the 
manufacturer's protocol. The results were expressed as apop-
tosis index: Apoptosis index=(number of apoptotic cells/total 
number of cells) x100%.

RNA isolation and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR) analysis of apop‑
tosis‑related genes. The effects of HO-1 on the mRNA level 
of NF-κB, Bcl‑2 and caspase‑3 were measured by RT‑qPCR. 
RNA was isolated using TRI Reagent (Sigma-Aldrich; Merck 
KGaA), according to the manufacturer's instructions. RT was 
performed on total RNA using random monomers in a final 
volume of 50 µl. RT was performed in three steps: 10 min at 
25˚C, 1 h at 37˚C and 5 min at 95˚C. Quantitative detection was 
performed on the ABI PRISM 7700 (PE Applied Biosystems, 
Nieuwerkerk a/d Ijssel, The Netherlands) initialized by 10 min 
at 95˚C, followed by 40 cycles (15 sec at 95˚C, and 1 min at 
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60˚C). Each sample was analyzed in duplicate. The relative 
number of mRNA transcripts was normalized against β-actin 
using the 2-ΔΔCq method. The specific primer sequences are 
listed in Table I.

Western blot analysis of apoptosis‑related proteins. The 
effect of HO-1 on the protein levels of NF-κB, Bcl-2 and 
caspase‑3 was measured by western blotting. Approximately 
2x107 HSCs‑T6 from each group were collected. The proteins 
were extracted using radioimmunoprecipitation assay buffer 
and loaded on SDS‑PAGE gels, then transferred onto PVDF 
membranes, which were blocked with 5% bovine serum 
albumin in TBST buffer overnight at 4˚C. Subsequently, 
the membranes were incubated with the following primary 
antibodies: anti-HO-1 polyclonal antibody at 1:1,000 dilu-
tion, anti-NF-κB p65 polyclonal antibody at 1:800 dilution, 
anti-α-SMA polyclonal antibody at 1:1,000 dilution, anti-Bcl-2 
monoclonal antibody at 1:1,000 dilution, anti-caspase-3 poly-
clonal antibody at 1:800 dilution and anti-β-actin polyclonal 
antibody at 1:4,000 dilution overnight at 4˚C. The membranes 
were then treated with a horseradish peroxidase‑conjugated 
secondary antibody. The blots were visualized using a Super 
ECL detection kit (Amersham Pharmacia Biotech, Piscataway, 
NJ, USA), according to the manufacturer's instructions. Protein 
bands were detected using a Kodak Digital Science Imaging 
System (Kodak, Rochester, NY, USA).

ELISA analysis for inflammatory cytokines. To measure the 
secretion of cytokines from HSCs, 1x105/ml cells/well were 
cultured for 24 h in a 6-well plate, then changed to serum-free 
medium to starve for 12 h. The cells were further incubated 
with hemin or Znpp‑IX, as mentioned above, for 24 h. The 
levels of secreted inflammatory cytokines in the supernatants 
were determined by ELISA (Quantikine Cytokine kits; R&D 
Systems, Inc., Minneapolis, MN, USA) according to the 
manufacturer's instructions. Each treatment was performed in 
triplicate. The OD of each well was determined using a micro-
plate reader at 450 nm. The cytokine levels were derived from 
standard curves using the curve‑fitting program SOFTmax.

Statistical analysis. The quantitative data were expressed 
as mean ± standard deviation. Levene was used in test for 
homogeneity of variances. Comparisons between groups were 
tested by one‑way ANOVA and a post hoc LSD test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Observation of HSC growth. The morphology of HSCs-T6 in 
each concentration of hemin or Znpp-IX at 12 h exhibited no 
significant changes compared with that of the normal controls. 
However, at 24 h, the number of HSCs was reduced with 
increasing concentrations of hemin. The cells were shrunk and 
rounded, had started to aggregate into clusters, and the trans-
parency of the cytoplasm was decreased. These changes were 
more obvious at 48 h, particularly in the 13‑ and 26‑µg/ml 
groups, where cell fragments floating in the supernatant were 
also observed. Znpp‑IX treatment at all concentrations for 
24 h markedly improved HSC growth and proliferation, and 
the cells almost completely covered the bottom of culture flask 

(Fig. 1A). However, at 48 h in the 6‑ and 12‑µg/ml groups, the 
cells had become slender, smaller in size, and larger in pectin 
cavity, with cell fragments floating in the supernatant.

HO‑1‑induced inhibition of HSC proliferation. The prolif-
eration of HSCs following hemin and Znpp-IX treatment was 
determined by MTT assay. As shown in Fig. 1B, compared 
with normal control, hemin caused a dose- and time-dependent 
reduction in cell proliferation. In particular, HSC proliferation 
had decreased significantly at 24 and 48 h for all concentra-
tions of hemin (P<0.01). In the Znpp‑IX treated group, HSC 
proliferation increased with increasing dosage and treatment 
time. HSC survival at 12 h in the 12 µg/ml group and at 24 h 
in all concentrations was significantly different from normal 
control (P<0.05). However, at 48 h, HSC proliferation exhib-
ited a small decrease in the 12 µg/ml group. The toxic effect 
of hemin and Znpp-IX on HSCs was carefully studied with 
LDH release assays. As shown in Table II, cells treated with 
hemin 26 µg/ml at 24 h and all concentrations at 48 h, and with 
Znpp‑IX 12 µg/ml at 24 and 48 h and 6 µg/ml at 48 h, exhib-
ited a significant difference in LDH release compared with the 
normal control. Therefore, based on these observations, hemin 
at 13 µg/ml and Znpp‑IX at 3 µg/ml for 24 h were selected for 
the apoptosis analysis.

Effects of HO‑1 on the expression of α‑SMA in HSC‑T6 cells. 
Under treatment with hemin and Znpp-IX, the HO-1 mRNA 
and protein expression levels were detected as follows: HO-1 
expression increased significantly following 13 µg/ml hemin 
treatment compared with the normal control (P<0.01); it 
was the lowest in the Znpp‑IX group (P<0.05), while it was 
increased in the hemin + Znpp-IX group compared with 
the Znpp‑IX group (P<0.01), but remained lower by 48.7% 
compared with that in the hemin group (P<0.01). α-SMA is 
an important marker of HSC activation and proliferation. 
The expression of α-SMA mRNA in the HO-1 overexpres-
sion group decreased significantly compared with the normal 
control (P<0.01), but the strongest expression was observed 
in the Znpp‑IX group (P<0.05). The results of the protein 
expression were consistent with the mRNA levels, suggesting 
that HO-1 induction in HSCs may decrease the expression 
of α-SMA, with a decrease in HSC proliferative activity 
(Fig. 2).

Effects of HO‑1 on apoptosis of activated HSCs. To deter-
mine whether the decrease in HSC proliferation observed 
in hemin-treated groups was consistent with the induction 
of apoptosis, we examined the rate of HSC apoptosis using 
Annexin V-FITC/PI labeling. As shown in Fig. 3, the apop-
tosis rate of HSCs in the normal control group treated with 
saline for 24 h was 4.67±0.63%, whereas in the hemin group it 
was 22.11±1.38%, which was 3.73 times higher (P<0.01). In the 
hemin + Znpp‑IX group the apoptosis rate was 14.07±1.28%, 
which was 2.01 times higher compared with the normal 
control (P<0.01), but lower compared with that in the hemin 
group (P<0.01). The apoptosis rate in the Znpp‑IX group did 
not differ significantly from that in the normal control group 
(P=0.435).

A TUNEL assay was performed to further evaluate the role 
of HO‑1 in HSC apoptosis. As shown in Fig. 4, the apoptotic 
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index of HSCs in the hemin group was 23.5±2.02%, which was 
significantly higher compared with that in the normal control 
group (P<0.01), whereas in the Znpp‑IX group it was 4±0.82% 
(P<0.01). In the hemin + Znpp‑IX group, the apoptosis index 

was 16.25±1.38%, which was still lower compared with that 
in the hemin group (P<0.01). These results indicated that the 
inhibitory effect of HO-1 on HSC proliferation was accompa-
nied by promotion of HSC apoptosis.

Table I. Primers for reverse transcription‑quantitative polymerase chain reaction analysis.

Target gene  Primer sequence (5'-3') Size (bp)

β‑actin F: GTCAGGTCATCACTATCGGCAAT 147 
 R: AGAGGTCTTTACGGATGTCAACGT 
HO‑1 F: CACGCATATACCCGCTACCT 227 
 R: AAGGCGGTCTTAGCCTCTTC 
α‑SMA F: TGTGCTGGACTCTGGAGATG 222
 R: GAAGGAATAGCCACGCTCAG 
NF-κB F: AACACTGCCGAGCTCAAGAT 163 
 R: CATCGGCTTGAGAAAAGGAG 
Bcl-2[14] F: GGATGACTTCTCTCGTCGCTAC 100 
 R: TGACATCTCCCTGTTGACGCT 
Caspase-3[15] F: GAGACAGACAGTGGAACTGACGATG 147
 R: GGCGCAAAGTGACTGGATGA 

HO-1, Heme Oxygenase-1; α-SMA, α-smooth muscle actin; NF-κB, nuclear factor-κB; bp, base pair; Bcl‑2, B‑cell lymphoma‑2.

Figure 1. (A) Growth of HSC‑T6 cells at 24 h following treatment with different concentrations of hemin and/or Znpp‑IX. H‑A group, 6.5 µg hemin/ml 
medium; H‑B group, 13 µg hemin/ml medium; H‑C group, 26 µg hemin/ml medium; Zn‑A group, 3 µg Znpp‑IX/ml medium; Zn‑B group, 6 µg Znpp‑IX/ml 
medium; Zn‑C group, 12 µg Znpp‑IX/ml medium. (B) Effect of hemin and Znpp‑IX at different concentrations on the proliferation of HSC‑T6. HSC‑T6 
cultured in DMEM only was used as the normal control. *P<0.01 vs. normal group, ΔP<0.05 vs. normal group. HSC, hepatic stellate cells.
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Effects of HO‑1 on the expression of Bcl‑2 and caspase‑3. To 
further investigate the involvement of hemin in cell apoptosis, 
the expression of Bcl‑2 and caspase‑3 was measured. Bcl‑2 is 
an antiapoptotic protein, and its expression at the mRNA and 
protein levels was detected as shown in Fig. 5: Bcl-2 expres-
sion in the hemin group was significantly decreased compared 
with that in the normal control group (P<0.05), while in the 
hemin + Znpp-IX group it was higher compared with that in 
the hemin group (P<0.05). Bcl‑2 expression in the Znpp‑IX 
group was the highest (P<0.05) compared with other groups.

Caspase-3 plays a key role in the execution phase of cell 
apoptosis. HO‑1 overexpression significantly increased the 
mRNA and protein expression of caspase‑3 (P<0.01) in the 
hemin group, while it was significantly decreased in the 
hemin + Znpp‑IX group (P<0.05) and was the lowest in the 
Znpp‑IX group. Taken together, these results indicated that the 
regulation of HSC apoptosis by HO-1 overexpression is medi-
ated by inhibition of Bcl‑2 and induction of caspase‑3.

Effects of HO‑1 on the expression of NF‑κB p65 and its down‑
stream inflammatory factors TGF‑β and interleukin (IL)‑6. 
To elucidate the possible mechanism underlying the effect of 
HO-1 on HSC apoptosis, we examined the mRNA and protein 
expression of NF-κB p65 and its downstream inflammatory 
factors TGF‑β and IL‑6 in each experimental group. As shown 
in Fig. 6, the mRNA and protein expression of NF-κB p65 in 
the hemin group was significantly decreased (P<0.05), while 
in the hemin + Znpp‑IX co‑treatment group it was significantly 
increased (P<0.05) compared with the hemin group, but was 
highest in the Znpp‑IX group (P<0.05). The levels of TGF‑β 
and IL-6 in the HSC supernatants were consistent with NF-κB 
p65, also decreasing after hemin treatment (P<0.05) while 
increasing after ZnPP‑IX treatment.

Discussion

The present study demonstrated that regulation of HSC 
activity is key to delaying or reversing hepatic fibrosis. During 
the development of hepatic fibrosis, the numbers of HSCs 
increase significantly, due to the proliferation of activated 
cells and relative inhibition of apoptosis (18). HSC apoptosis, 
as a potential regulatory mechanism, significantly reduces the 
level of specific tissue inhibitors of matrix metalloproteinases 
synthesized by activated HSCs, and increases the degradation 
of ECM components, so as to prevent the progression of hepatic 
fibrosis, or even reverse this process (19). Therefore, inducing 
apoptosis of activated HSCs is one of the major strategies in 
the study of prevention of hepatic fibrosis.

HO‑1 has anti‑inflammatory and anti‑oxidant properties, 
and is involved in the regulation of apoptosis. HO‑1 was shown 
to markedly affect the cell cycle in renal epithelial cells by 
upregulating the expression of p21, leading to alterations in 

Figure 2. Effects of HO‑1 on α‑SMA expression in HSCs. Cells were divided 
into 4 groups according to different treatment: Normal, hemin-treated, 
Znpp‑IX‑treated, and hemin + Znpp‑\IX co‑treatment groups. (A) HO‑1 and 
α‑SMA mRNA expression in HSC‑T6 cells. Magnification, x100. (B) HO‑1 
and α‑SMA protein expression in HSC‑T6 cells. *P<0.01 vs. normal group; 
ΔP<0.05 vs. normal group; ▲P<0.05 vs. hemin group. HSC, hepatic stellate 
cells; SMA, smooth muscle actin; HSC, hepatic stellate cell; HO-1, Heme 
oxygenase‑1.

Table II. Lactate dehydrogenase release in cultured HSC‑T6 treated with Hemin or Znpp‑IX.

 Lactate dehydrogenase (U/l)
 ------------------------------------------------------------------------------------------------------------------------------
Group Concentration (µg/ml) 12 h 24 h 48 h

Normal ‑ 22.12±0.65 22.83±1.21 26.57±0.75
Hemin 6.5 23.81±1.43 23.83±0.39 31.62±1.36b

 13 22.40±0.31 25.21±0.93 42.34±2.95a

 26  23.63±0.59 31.33±0.75a 40.82±1.57a

Znpp‑IX 3 24.04±0.38 24.40±1.40 29.73±1.32
 6 24.53±1.39 25.24±0.36 47.80±1.67a

 12 26.43±0.84a 28.43±1.03a 60.23±1.68a

aP<0.01 vs. the normal group; bP<0.05 vs. the normal group. Data are presented as the mean ± standard deviation. HSC, hepatic stellate cells.
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cell growth pattern and resistance to apoptosis (20). Induction 
of HO-1 was found to protect endothelial cells from under-
going apoptosis, mediated through heme catabolism into 
CO by the p38 mitogen-activated protein kinase signal 
transduction pathway (21). HO‑1 also plays a protective role 
in preventing nutritional steatohepatitis through suppressing 
hepatocyte apoptosis in mice by upregulating the expression 
of anti-apoptosis genes and downregulating pro-apoptosis 
genes (22). Interestingly, previous findings suggested that 
HO‑1 may also induce apoptosis. Aung et al suggested that 
high-dose DEHP exposure induces caspase-3-dependent 
apoptosis in Neuro-2a cells, which was mediated by the 
upregulation of the HO-1 gene (23). The study of Liu et al on 
the biological role of HO-1 in vascular smooth muscle cells 
(SMCs) demonstrated that infection of SMCs with AdHO-1 

inhibited serum-stimulated SMC proliferation and stimulated 
SMC apoptosis in a dose-dependent manner, as demonstrated 
by DNA fragmentation and caspase-3 activation (24); they 
also found that HO-1-mediated apoptosis was associated 
with a marked increase in the expression of the pro-apoptotic 
protein p53. In addition, HO‑1 has been reported to induce 
apoptosis and suppress proliferation and invasion in breast 
cancer cells (25,26). HO‑1 was also found to be the key 
protein involved in determining the selective effect on cancer 
cell apoptosis (27). It was first reported that piperlongumine 
induced breast cancer cell apoptosis through the upregula-
tion of HO-1 expression, while protecting normal cells from 
piperlongumine‑induced apoptosis.

Our previous study demonstrated that HO-1 upregulation 
decreased α‑SMA expression, collagen synthesis, liver injury 

Figure 3. (A) HSC‑T6 cell apoptosis was determined by flow cytometry analysis of cells stained with Annexin V‑FITC and PI. (B) The percentages of apoptotic 
cells were compared. The quantified data represent the mean from 3 independent experiments *P<0.01 vs. normal group; ▲P<0.01 vs. hemin‑treated group. 
HSC, hepatic stellate cell; PI, propidium iodide.
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and the development of fibrosis in a rat model of CCl4-induced 
liver fibrosis (12), which was correlated with the expression 
of PPAR and NF-κB in liver tissues. In the present study, 
we further demonstrated that the induction of HO-1 reduced 
the proliferation and activation of HSC-T6 cells in vitro and 
decreased the expression of α‑SMA. It was observed that 
hemin (a selective HO-1 inducer) inhibited the proliferation 
and activation of HSCs in a time- and dose-dependent manner; 
in addition, morphological changes reflecting a decrease in 
the growth of HSCs were observed under a light microscope, 
such as group clustering, volume reduction and karyopyknosis. 
Similarly, the group treated with ZnPP-IX (an inhibitor of 
HO-1) exhibited increased HSC proliferation with increasing 
treatment time and higher concentration. The growth of HSCs 
under the microscope was vigorous and folded together on the 
bottom of the flask. Based on these results, we hypothesized 
that HO‑1 may be involved in the regulation of HSC apoptosis. 
To confirm this hypothesis, the TUNEL assay demonstrated 

Figure 4. Apoptotic rates of HSC‑T6 cells detected by TUNEL assay; 
magnification, x400. (A) Apoptotic cells appeared shrunk and rounded, had 
started to aggregate into clusters, and the transparency of cytoplasm had 
decreased; these findings were more prominent in the hemin‑treated group, 
but decreased in the hemin + Znpp‑IX co‑treatment group. There were 
few apoptotic cells in the Znpp‑IX group. (B) The results are expressed as 
apoptosis index. *P<0.01 vs. normal group; ▲P<0.01 vs. hemin‑treated group. 
HSC, hepatic stellate cell; TUNEL, terminal deoxynucleotidyl transferase 
dUTP nick‑end labeling.

Figure 5. Effects of HO‑1 on the expression of Bcl‑2 and caspase‑3 in HSCs. 
(A) Bcl‑2 and caspase‑3 mRNA expression in HSC‑T6 cells. (B) Bcl‑2 and 
caspase‑3 protein expression in HSC‑T6 cells. *P<0.01 vs. normal group; 
ΔP<0.05 vs. normal group; ▲P<0.05 vs. hemin group. HSC, hepatic stellate 
cell; Bcl‑2, B‑cell lymphoma‑2; HO‑1, Heme oxygenase‑1.

Figure 6. Effects of HO‑1 on the expression of NF‑κB p65 and its down-
stream inflammatory factors. (A) NF‑κB p65 mRNA expression in HSC-T6 
cells. (B) NF‑κB p65 protein expression in HSC‑T6 cells. (C) Effect of HO‑1 
on the expression of TGF‑β1 and IL‑6 in the HSC‑T6 supernatant. *P<0.01 
vs. normal group; ΔP<0.05 vs. normal group; ▲P<0.05 vs. hemin group. HSC, 
hepatic stellate cell; NF, nuclear factor; TGF, tumor growth factor; IL, inter-
leukin; HO‑1, Heme oxygenase‑1.
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that HO-1 induction promoted HSC apoptosis with volume 
reduction, spindled or crescent-shaped cells, karyopyknosis 
and clustered accumulation. Additionally, Annexin V/FITC 
and PI double‑label flow cytometry was used to detect HSC 
apoptosis and the results were consistent with those of the 
TUNEL assay.

Bcl-2 is an anti-apoptotic protein that acts by reducing the 
permeability of the mitochondrial membrane and inhibiting 
mitochondrial depolarization and cytochrome C release (28). 
Our study demonstrated that Bcl-2 expression decreased in 
HSCs in the HO-1 upregulation group by hemin, recovered 
in the hemin + Znpp-IX co-treatment group, and increased in 
the Znpp-IX group, suggesting that the anti-apoptosis protein 
Bcl-2 was involved in the regulatory effect of HO-1 on HSC 
apoptosis. Caspase‑3 is considered to be the major protein in 
the apoptotic cascade reaction, which is closely associated with 
the apoptosis of HSCs. Various drugs induce HSC apoptosis 
by activation of caspase-3 (29). We observed that the expres-
sion of caspase-3 increased with the upregulation of HO-1 
in HSCs, but decreased in the Znpp‑IX group. These results 
indicate that caspase-3 was also involved in the regulation of 
HSC apoptosis by HO‑1.

NF-κB, a gene pleiotropism transcription factor, can acti-
vate gene transcription in a number of cell processes, including 
the inflammatory response, cell proliferation, differentiation 
and apoptosis (30). Numerous studies have demonstrated that 
the activity of NF-κB increases in HSCs during liver fibrosis, 
resulting in increased expression of inflammatory factors, 
such as TNF-α, IL‑6, ICAM‑1 and TGF‑β, amplifying the 
inflammatory reaction of the liver (29). Increased activity of 
NF-κB can also upregulate its downstream target genes, such 
as COX-2, cyclin D1 and Bcl-2, while inhibiting the activation 
of caspase-3 to inhibit apoptosis (31,32). Accumulating data 
indicate that the promoter region of HO-1 has binding sites for 
NF-κB, and that the action of HO-1 is directly associated with 
NF-κB (33). Zhang et al reported that the protective effect of 
HO-1 against intestinal barrier dysfunction in cholestatic liver 
injury was associated with NF‑κB inhibition (34). Yeh et al 
suggested that HO-1 activation may decrease myocardial 
ischemia‑reperfusion injury with cardioplegia during 
cardiopulmonary bypass via inhibition of NF-κB and AP-1 
translocation (35). So et al reported that flunarizine attenu-
ates cisplatin‑induced pro‑inflammatory cytokine secretion 
and cyototoxicity through the downregulation of NF-κB by 
Nrf2/HO-1 activation (36). In our previous research, we also 
found that HO-1 upregulation decreased the inflammation 
and pathological damage of liver tissues in rats with hepatic 
fibrosis, while the expression of NF-κB in the liver was 
markedly reduced. Consistent with these findings, in order to 
elucidate the possible mechanisms underlying the regulation 
of HSC apoptosis by HO-1, we examined the expression of 
NF-κB p65 and its downstream inflammatory factors TGF‑β 
and IL‑6 in each experimental group. Our results clearly 
demonstrated that HO-1 upregulation was able to reduce the 
expression of NF-κB p65 and the release of TGF‑β and IL-6, 
whereas co-treatment with Znpp-IX alleviated these inhibi-
tory effects. By contrast, treatment of Znpp‑IX alone exerted 
the opposite effects.

The findings of the present study suggested that the 
anti‑fibrosis effects of HO‑1 on activated HSCs were mediated by 

inhibiting the proliferation of HSCs, and also through promoting 
the apoptosis of HSCs by regulating the expression of 
apoptosis‑related proteins, such as Bcl‑2 and caspase‑3. This 
was inconsistent with the majority of previous studies that 
suggested HO‑1 and its metabolites play a major inhibitory role 
in the regulation of apoptosis. In combination with our previous 
animal experiments, we further confirmed that HO‑1 promoted 
HSC apoptosis by attenuating the expression of NF-κB and its 
downstream signaling molecules in HSCs. This indirect regula-
tion may be advantageous to the direct regulation of HO-1 itself 
and its metabolites on the apoptosis-related pathway and protein 
expression in HSCs. Thus, the protective role of HO‑1 may be 
considered as a potential candidate in the prevention of liver 
fibrosis, although further experiments are required to clearly 
determine its role and potential applications in liver diseases.
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