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Abstract. There is growing evidence indicating that autophagy 
plays a protective role in liver ischemia/reperfusion (IR) injury. 
Heme oxygenase‑1 (HO‑1) can also prevent liver IR injury by 
limiting inflammation and inducing an anti‑apoptotic response. 
Autophagy also plays a crucial role in liver IR injury. The aim 
of the present study was to investigate the role of HO‑1 in 
liver IR injury and the association between HO‑1, autophagy 
and apoptotic pathways. IR simulation was performed using 
buffalo rat liver  (BRL) cells, and HO‑1 activity was either 
induced by hemin (HIR group) or inhibited by zinc protopor-
phyrin (ZnPP) (ZIR group). In the HIR and ZIR group, the 
expression of HO‑1 and autophagy-related genes [light chain 3‑Ⅱ 
(LC3‑Ⅱ)] was assessed by RT-qPCR and the protein expression 
of caspases, autophagy-related genes and genes associated with 
apoptotic pathways (Bax) was detected by western blot anla-
ysis. The results of RT‑PCR revealed the genetically decreased 
expression of HO‑1 and autophagy-related genes in the ZIR 
group. Similar results were obtained by western blot analysis 
and immunofluorescence. An ultrastructural analysis revealed 

a lower number of autophagosomes in the ZIR group; in the 
HIR group, the number of autophagosomes was increased. The 
expression of Bax and cytosolic cytochrome c was increased, 
while that of Bcl‑2 was decreased following treatment of the 
cells with ZnPP prior to IR simulation; the oppostie occurred 
in the HIR group. Cleaved caspase‑3, caspase‑9 and poly(ADP-
ribose) polymerase (PARP) protein were activated in the IR 
and ZIR groups. The disruption of mitochondrial membrane 
potential was also observed in the ZIR group. In general, the 
downregulation of HO‑1 reduced autophagy and activated the 
mitochondrial apoptotic pathway.

Introduction

Autophagy, or cellular self‑digestion, is an important patho-
physiological process of cell development, differentiation, 
survival and homeostasis. It involves the degradation of 
cellular proteins and organelles lying outside the membrane, 
which originate from the outer membrane of the mitochondria. 
Lysosomes participate in the formation of the autophagosome, 
which engulfs small molecules and nutrients and then recycles 
them for energy production (1‑3).

A number of studies have demonstrated that autophagy 
plays an essential role in a number of hepatic diseases (1‑3). 
It is known that autophagy can play a protective role during 
nutrient starvation, and it has been shown that autophagy can be 
induced in liver cells due to lack of nutrition or under hypoxic 
conditions (1). Hypoxic cell injury is aggravated in the liver 
that has suffered occlusion of the portal triad and following 
the return of blood flow delivery (4,5). It has also been found 
that autophagy can alleviate cell injury by limiting necrosis 
through cellular self‑digestion, reducing oxygen consumption 
or regulating cell apoptosis (6‑8).

Zinc protoporphyrin (ZnPP) is a compound found in red 
blood cells when heme production is inhibited by the lack of iron 
or due to other reasons, and it is an intermediate of glycine and 
succinyl‑CoA that is produced during heme biosynthesis (9). 
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ZnPP inhibits heme oxygenase (HO), the rate‑limiting enzyme 
in the heme degradation pathway. It has been demonstrated 
that the induction of heme oxygenase‑1 (HO‑1) attenuates liver 
cell injury, and that preconditioning with protoporphyrin Ⅸ 
zinc accentuates liver damage (10). A previous study reported 
that HO‑1 attenuates liver injury by inducing autophagy and 
inhibiting cell apoptosis, and that a decrease in HO‑1 activity 
increases cell apoptosis and thus accentuates liver injury (11). 
Therefore, it may be of interest to investigate the role of ZnPP 
in liver ischemia/reperfusion (IR) injury. ZnPP may play a role 
in hepatocyte injury by downregulating HO‑1 and reducing 
autophagy, or by inducing apoptosis. However, the mecha-
nisms involved, as well as the association between HO‑1 and 
autophagy and cell apoptotic pathways have not yet been fully 
elucidated. Increased HO‑1 expression may induce autophagy 
to alleviate liver injury. We thus hypothesized that ZnPP, a 
hemin inhibitor, may downregulate HO‑1 expression, which 
may subsequently reduce autophagy and induce apoptosis, 
aggravating hepatocyte injury.

Materials and methods

Reagents and materials. Dulbecco's modified Eagle's 
medium (DMEM), penicillin, streptomycin, 10% heat‑inac-
tivated fetal bovine serum  (FBS) and pancreatic enzymes 
were purchased from Gibco  (Grand Island, NY, USA). 
Protoporphyrin  Ⅸ zinc, mineral oil and Hank's balanced 
salt solution  (HBSS) were from Sigma‑Aldrich  (St. Louis, 
MO, USA). Antibodies against β‑actin, HO‑1, caspase‑3, 
caspase‑8, caspase‑9, Bax, Bcl‑2, poly(ADP-ribose) poly-
merase (PARP) and cleaved PARP were from Abcam 
(Cambridge, UK). Cytochrome c and light chain 3‑Ⅱ (LC3‑Ⅱ) 
antibodies were obtained from Novus Biologicals (Littleton, 
CO, USA). The following reagents were also used: the JC‑1 
mitochondrial membrane potential assay kit RIPA lysis 
buffer (Beyotime, Haimen, China), enhanced chemilumines-
cence (ECL), protease inhibitor (Pierce Biotechnology, Inc., 
Rockford, IL, USA), polyvinylidene difluoride membranes 
(Millipore, Bedford, MA, USA), horseradish peroxidase 
(HRP)‑conjugated secondary antibody (Beijing Zhongshan 
Golden Bridge Biotechnology Co., Ltd., Beijing, China), TRIzol 
reagent (Invitrogen Life Technologies, Carlsbad, CA, USA), 
PrimeScript RT Master Mix and the SYBR Premix Ex Taq™ 
real‑time PCR kit (Takara Bio, Inc., Shiga, Japan).

Cell culture and treatment. We purchased the buffalo rat 
liver (BRL) cells from the cell bank of the Chinese Academy 
of Sciences (Shanghai, China). The cells were cultured in 
DMEM plus 100 U/ml penicillin, 100 U/ml streptomycin and 
10% FBS. The cells were seeded in 6‑well plates for treat-
ments, western blot analysis and cell viability analysis.

The cells were divided into 6 groups: ⅰ) the control group, in 
which the cells were cultured in DMEM without any treatment; 
ⅱ) the IR (IR simulation) group, in which the cells were treated 
with mineral oil (1 ml/well) for 1 h initially, which simulated 
ischemia, and then the cells were washed with PBS before the 
return of nutritional and oxygen supply by the replacement of 
DMEM for 3, 6 and 12 h, as previously described (12,13); ⅲ) the 
ZIR (ZnPP treatment prior to IR simulation) group, in which 
the cells were pre‑treated with DMEM without 10% heat‑inac-

tivated FBS in the presence of 20 µmol/l ZnPP for 12 h, then 
the cells were washed twice with PBS, immersed in mineral 
oil, and cultured in DMEM for 3, 6 and 12 h, as previously 
described (14); ⅳ) the SIR (starvation prior to IR simulation) 
group, in which the cells were cultured in HBSS medium with 
Ca2+ and Mg2+ supplemented with 10 mM HEPES (1 ml/well) 
for 0.5 h to induce autophagy, then the cells were washed with 
PBS before being immersed in mineral oil, and then the cells 
were finally washed twice with PBS and cultured in DMEM for 
3, 6 and 12 h, as previously described (15); ⅴ) the HIR (hemin 
treatment prior to IR simulation) group, in which the cells were 
pre‑treated with DMEM without 10% heat‑inactivated FBS in 
the presence of 20 µmol/l hemin (HO‑1 inducer) for 12 h, then 
washed twice with PBS, immersed in mineral oil and cultured 
in DMEM for 3, 6 and 12 h, as previously described (14); and 
ⅵ) the ZSIR (ZnPP treatment then starvation prior to IR simula-
tion), in which the cells were pre‑treated with DMEM without 
10% heat‑inactivated FBS in the presence of 20 µmol/l ZnPP for 
12 h, and washed twice with PBS, then the cells were cultured in 
HBSS medium with Ca2+ and Mg2+ supplemented with 10 mM 
HEPES (1 ml/well) for 0.5 h to induce autophagy, and then the 
cells were washed with PBS before being immersed in mineral 
oil, and finally washed twice with PBS and cultured in DMEM 
for 3, 6 and 12 h.

Reverse transcription-quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was isolated from the cells and purified 
using TRIzol reagent. cDNA was synthesized using the 
PrimeScript RT Master Mix in a 10‑µl reaction mixture. 
According to the SYBR Premix Ex Taq real‑time PCR kit, we 
used cDNA (2 µl) as a template in a 20‑µl reaction. Primers 
were synthesized by Invitrogen (Shanghai, China). The primers 
for HO‑1 were 5'‑GTCAAGCACAGGGTGACAGA‑3' (sense) 
and 5'‑CTGCAGCTCCTCAAACAGC‑3' (antisense). The 
following primers were used for the detection of LC3‑Ⅱ 
expression: 5'‑GAGCTTCGAACAAA GAGTGGA‑3' (sense) 
and 5'‑CTTCTCACCCTTGTATCG CTCTA‑3' (antisense). 
β‑actin was used as the reference gene in our experiment, and 
the primers for β‑actin were 5'‑TCACCCACACTGTGCCC 
ATCTACGA‑3' (sense) and 5'‑CAGCGGAACCGCTCATTG 
CCAATGG‑3' (antisense). For RT‑PCR, we used the following 
cycles: 95˚C for 30 sec, 40 cycles of 95˚C for 5 sec, 60˚C for 
31 sec and the dissociation stage: 95˚C for 15 sec, 60˚C for 
1 min and 95˚C for 15 sec.

Western blot analysis. The cells were treated as described 
above. The cells were then cultured and homogenized in RIPA 
lysis buffer in the presence of 1% (v/w) protease inhibitor. 
Subsequently, we shook the mixture at 4˚C for 1 h and removed 
the insoluble matter by centrifugation at 40,000 x g at 4˚C for 
1 h. For the analysis of cytochrome c (16), we cultured the cell 
pellets in the HEPES buffer containing 250 mM sucrose, homog-
enization by a 22‑gauge needle, and then the homogenate was 
centrifuged at 800 x g at 4˚C for 15 min. The supernatants were 
centrifuged at 10,000 x g for 15 min at 4˚C. Finally, we collected 
the mitochondrial pellets and aliquots of the supernatant (cyto-
solic fraction). The total protein concentration was determined 
using the bicinchoninic acid protein assay kit. All proteins 
were mixed with loading buffer before being resolved on a 
12% sodium dodecyl sulfate polyacrylamide gel electrophoresis 
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gel, and this gel was subsequently transferred onto polyvinyli-
dene difluoride membranes at 250 mA for 2 h. Subsequently, 
the membranes were blocked in 5% milk for 1 h and incubated 
overnight with primary antibodies (HO‑1, LC3‑Ⅱ, β‑actin, 
caspase‑3, caspase‑8, caspase‑9, cytochrome c, Bax, Bcl‑2, 
PARP and cleaved PARP) in 5% milk. β‑actin protein was used 
as a control. The membranes were washed the following day in 
TBS Tween‑20 (TBST) for 30 min, and were then incubated 
with HRP‑conjugated secondary antibody (1:4,000) for 1 h and 
washed in TBST again before being visualized using an ECL 
detection kit. Each experiment was repeated at least 3 times, and 
the gray value of each protein was measured using Image‑Pro 
Plus 6.0 software for statistical analysis.

Electron microscopic analysis. The cells were plated on 6‑well 
plates, and were harvested with pancreatic enzymes before 
being fixed in 2% glutaraldehyde with 0.1 mol/l PBS (pH 7.4). 
For ultrastructural examination, the cells were post-fixed with 
2% osmium tetroxide (OsO4) and were dehydrated through a 
graded series of ethanol; the cells were then embedded in molds 
and incubated at 37˚C overnight. Subsequently, ultrathin sections 
were made using an ultramicrotome and stained with uranyl 

acetate and lead citrate. The sections were viewed udner an JEOL 
JEM 1010 transmission electron microscope (The basic medical 
laboratory of Nanjing Medical University, Nanjing, China).

Immunofluorescence. The BRL cells were plated on 6‑well 
plates and then following treatment, were fixed on coverslips 
with 4% paraformaldehyde for 20 min. After rinsing with PBS 
4 times (10 min each time), the cells were blocked in 10% BSA for 
1 h and incubated with primary antibody (LC3‑Ⅱ in 10% BSA) 
overnight. The following day, the cells were rinsed with PBS 
again before being cultured with secondary antibody (1:100) 
for 1 h at 37˚C. Subsequently, the nuclei were stained with 
4',6‑diamidino‑2‑phenylindole (DAPI) and autophagy was moni-
tored. Ten visual fields were randomly selected, and the optical 
density of each visual field was measured and a semi‑quantitative 
analysis using Image‑Pro Plus 6.0 software was performed.

Analysis of apoptosis. The apoptosis of the BRL cells was 
determined by double staining with Annexin V‑fluorescein 
isothiocyanate (FITC) and propidium iodide  (PI). The 
cells (5x105) were washed twice with ice‑cold PBS, and were 
then resuspended in 400 µl of binding buffer. Subsequently, 

Figure 1. Ischemia/reperfusion (IR) simulation of buffalo rat liver (BRL) cells increased hepatocyte apoptosis, and induced the expression of heme oxy-
genase‑1 (HO‑1) and increased autophagy. (A) IR simulation of BRL cells increased hepatocyte apoptosis; the highest apoptotic rate was observed in the 6-h 
group. (B) IR simulation of BRL cells enhanced the mRNA expression of HO‑1 and light chain 3‑Ⅱ (LC3‑Ⅱ) in the 6-h group, as shown by RT-qPCR. (C) IR 
simulation of BRL cells enhanced the mRNA expression of HO‑1 and LC3‑Ⅱ in the 6-h group. (D) IR simulation of BRL cells increased HO‑1 and LC3‑Ⅱ 
protein expression in the 6-h group, as shown by western blot analysis (*P<0.05 compared with the control group).
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5 µl of Annexin V‑FITC and 5 µl of PI were added followed by 
incubation for 5‑15 min in the dark at 4˚C. The samples were 
analyzed using a FACSCalibur flow cytometer (BD Biosciences, 
San Jose, CA, USA) using Cell Quest software (BD Biosciences).

Mitochondrial membrane potential assay. A JC‑1 mitochon-
drial membrane potential assay kit was used. Briefly, after the 
cells were washed with PBS, JC‑1 liquid dye was added to each 
well (1 ml/well), and the cells were incubated at 37˚C for 20 min. 
Subsequently, the cells were washed with 1X dyeing buffer 
twice, and were cultured in DMEM. Afterwards, the cells were 
observed under a fluorescence microscope (The basic medical 
laboratory of Nanjing Medical University).

Statistical analysis. Data are expressed as the means ± standard 
deviation. The parameters were analyzed by analysis of variance 
(ANOVA) and a Q test and Student's t‑test. A value of P<0.05 
was considered to indicate a statistically significant difference. 
SPSS 11.0 software was used in all statistical analyses.

Results

IR simulation in BRL cells increases hepatocyte apoptosis, 
and induces HO‑1 expression and autophagy. We detected 
hepatocyte apoptosis in the different IR simulation groups. The 
highest apoptotic rates were observed in the 6-h group (Fig. 1A; 
P<0.05). Thus, the 6‑h group was used for our research. 
RT‑qPCR was peformed using cDNA synthesized from 
different groups of BRL cells as mentioned above. IR simula-
tion enhanced the mRNA expression of HO‑1 and LC3‑Ⅱ in the 
6-h group (Fig. 1B and C; P<0.05). As shown by western blot 
analysis, the highest protein expression of HO‑1 and LC3‑Ⅱ 
was observed in the 6-h group,  (Fig. 1D; P<0.05).

ZnPP treatment prior to IR simulation increases hepatocyte 
apoptosis, inhibits HO‑1 expression and reduces autophagy. 
Treatment with ZnPP prior to IR simulation (ZIR group) 
increased the cell apoptotic rates compared with the control 
and IR groups  (Fig.  2B; P<0.05). We found that ZnPP 

Figure 2. The upregulation of heme oxygenase‑1 (HO‑1) and autophagy-related genes [light chain 3‑Ⅱ (LC3‑Ⅱ)] reduced hepatocyte apoptosis; however, pre-
treatment with Zinc protoporphyrin (ZnPP) decreased the protein expression of both HO‑1 and LC3‑Ⅱ. (A) Ischemia/reperfusion (IR) simulation induced HO‑1 
expression. (B) Treatment with ZnPP prior to IR simulation increased the cell apoptotic rates compared with the control and IR groups; however, treatment 
with hemin prior to IR simulation decreased the cell apoptotic rates compared with the control and IR groups. (C and D) Treatment of buffalo rat liver (BRL) 
cells with ZnPP prior to IR simulation decreased the mRNA expression of HO‑1 and LC3‑Ⅱ; treatment with hemin prior to IR simulation increased the mRNA 
expression of HO‑1 and LC3‑Ⅱ. (E) HO‑1 and LC3‑Ⅱ expression was inhibited in the BRL cells by treatment with ZnPP prior to IR simulation; however, their 
expression was increased by treatment with hemin. These results were verified by statistical analysis of the spatial distribution of gray values (*P<0.05 compared 
with the control group, #P<0.05 compared with the IR group, &P<0.05 compared with the HIR group).
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inhibited the expression of HO‑1 in the BRL cells (Fig. 2A). 
Treatment with ZnPP prior to IR simulation (ZIR group) did 
not induce any significant differences compared with the 
control group (Fig. 2B; P>0.05), and this result is in agreement 
with the results of a previous study (31). Treatment with ZnPP 
prior to IR simulation in the BRL cells induced a decrease in 
the mRNA expression of HO‑1 and LC3‑Ⅱ (Fig. 2C and D; 
P<0.05). HO‑1 and LC3‑Ⅱ protein expression was inhibited in 
the ZIR group (Fig. 2E; P<0.05).

Immunofluorescence staining revealed decreased LC3‑Ⅱ 
staining in the ZIR group (Fig. 3A and B; P<0.05). The ultra-
structure of the BRL cells, which was examined by transmission 
electron microscopy (TEM), revealed few autophagosomes in 
the ZIR group compared with the IR group (Fig. 3C and D; 
P<0.05).

Upregulation of HO‑1 induces autophagy and reduces hepa-
tocyte apoptosis. Hemin was used in the BRL cells to induce 
HO‑1 expression. An increase in the expression of autophagy-
related genes (LC3‑Ⅱ) was detected by RT‑qPCR and western 
blot analysis (Fig. 2C-E; P<0.05). Furthermore, the intensity of 
immunostaining for LC3‑Ⅱ was also significantly increased in 
the HIR group (Fig. 3A and B; P<0.05). A greater number of 
autophagosomes was detected in the HIR group; this number 
was much greater than that detected in the control, IR and ZIR 
group (Fig. 3C and D; P<0.05).

Annexin  V/PI staining revealed that treatment with 
hemin decreased the early and late apoptotic rats of the BRL 
cells (Fig. 2B; P<0.05).

The protective role of autophagy in BRL cells may be related 
to HO‑1 expression. In order to fiurther dertermine the role of 
HO‑1 and autophagy, we used HBSS medium with Ca2+ and 
Mg2+ supplemented with 10 mM HEPES to induce autophagy. 
Western blot analysis revealed the increased expression of 
autophagy-related genes (LC3‑Ⅱ) in the SIR group (Fig. 4A). 
In the ZSIR group, the cells were pre-treated with ZnPP prior 
to starvation in HBSS medium. Our results revealed that there 
were no significant differences in LC3‑Ⅱ expression between 
the ZIR and the ZSIR group (Fig. 4B). Additionally, there was 
no significant difference in the cell apoptotic rates between the 
ZIR and the ZSIR group (Fig. 4C).

Pre-treatment with ZnPP induces Bax, cytochrome  c, 
caspase‑3 and caspase‑9 protein expression, and reduces 
Bcl‑2 expression. As shown in Fig. 5, following treatment with 
mineral oil (IR group), the protein expression of Bax and cyto-
solic cytochrome c in the BRL cells increased compared with 
the control group. When the cells were treated with ZnPP prior 
to IR simulation (ZIR group), the protein expression of Bax and 
cytosolic cytochrome c significantly increased; however, this 
increase was abrogated when the cells were treated with hemin 

Figure 3. Treatment with zinc protoporphyrin  (ZnPP) prior to ischemia/reperfusion  (IR) simulation of buffalo rat liver  (BRL) cells decreased light 
chain 3‑Ⅱ (LC3‑Ⅱ) expression, as shown by immunofluorescence and transmission electron microscopy (TEM). (A and B) Staining for LC3‑Ⅱ in the ZIR 
group was decreased, as shown by immunofluorescence, and decreased photometric values of LC3‑Ⅱ were observed in the ZIR group compared with the IR 
group; these effects were not observed in the HIR group. (C and D) Ultrastructure of BRL cells revealed by TEM showing few autophagosomes in the ZIR 
group compared with the IR group; the greatest number of autophagosomes was observed in the HIR group (*P<0.05 compared with the control group, #P<0.05 
compared with the IR group, &P<0.05 compared with the HIR group).
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prior to IR simulation (HIR group) (P<0.05). The expression 
of mitochondrial cytochrome c and Bcl‑2 protein was down-
regulated in the ZIR group compared with the IR and HIR 
groups (P<0.05).

Subsequently, the activity of cleaved caspase‑3, caspase‑8 
and caspase‑9 was detected. The expression of cleaved 
caspase‑3 and caspase‑9 in the cytosolic fraction at 6 h following 
IR simulation markedly increased compared with the control 
group (Fig. 6A and B; P<0.05). In the ZIR group, the activity 
of cleaved caspase‑3 and capsase‑9 was increased compared 
to the IR group (Fig. 6A and B; P<0.05). However, there was 
no significant change in caspase‑8 protein expression in any of 
the groups. Furthermore, treatment with hemin attenuated the 
increase in the protein expression of caspase‑3 and caspase‑9 
(Fig. 6A and B; P<0.05).

Higher cleaved PARP protein expression and disruption of 
mitochondrial membrane potential in IR and ZIR groups. 
Pre-treatment with ZnPP prior to IR simulation promoted the 
cleavage of PARP protein from its full‑length form to its cleaved 

form. However, this was was not observed in the control and 
HIR group (Fig. 6A and B; P<0.05).

As shown in Fig. 6C, more areas of red fluorescence were 
observed in the control and HIR groups. In the IR and ZIR 
groups however, there were more areas of green fluorescence. 
Greater areas of green fluorescence in cells denote a greater 
disruption of the mitochondrial membrane potential (Fig. 6C 
and D; P<0.05).

Discussion

Our results demonstrated that reduced autophagy was detected 
in an in vitro model of IR (mineral oil treatment), in which the 
cells were pre‑treated with ZnPP. Treatment with hemin however, 
induced HO‑1 expression in the cells and increased autophagy 
and alleviated hepatocyte apoptosis. Thus, autophagy induced 
by HBSS may be abrogated by pre‑treatment with ZnPP.

Moreover, the protein expression of cytochrome c, Bax, 
Bcl‑2, caspase‑3, caspase‑8 and caspase‑9 was detected. The 
inhibition of HO‑1 expression by ZnPP increased hepatocyte 

Figure 4. Heme oxygenase‑1 (HO‑1) and light chain 3‑Ⅱ (LC3‑Ⅱ) expression was at similar levels in the ZIR and ZSIR group. (A) Western blot analysis revealed 
the increased expression of autophagy-related proteins (LC3‑Ⅱ) in the SIR group. (B) Western blot analysis revealed that there was no significant difference in 
LC3‑Ⅱ expression between the ZIR and the ZSIR group [*P<0.05 compared with the control group, #P<0.05 compared with the ischemia/reperfusion (IR) group, 
&P<0.05 compared with the HIR group]. (C) There was no significant difference in the apoptotic rates between the ZIR and ZSIR group.
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apoptosis, increased the protein expression of cytosolic 
cytochrome c and Bax, and promoted the cleavage of caspase‑3 
and caspase‑9. The expression of mitochondrial cytochrome c 
and Bcl‑2 protein expression were decreased in the ZIR group. 
Based on these findings  (11), as well as those of previous 
studies, we hypothesized that the decrease in HO‑1 expression 
induced by ZnPP may reduce autophagy, thus increasing liver 
cell injury, and that this may partly occur through the activation 
of the mitochondrial apoptotic pathway.

Hepatic IR injury is an important phenomenon in hepatic 
transplantation, hepatic resection and trauma. Previous studies 
have identified a number of key factors associated with liver IR 
injury, such as Toll‑like receptor (TLR), HO, leukocyte cascades 
and oxygen-free radicals (OFRs) (17,18). Understanding the 
mechanism of IR injury is crucial to reducing liver injury 
during liver surgery. Pharmacological strategies, ischemic 
preconditioning or the application of new technologies have 
been shown to reduce liver IR injury (19,20). Our results, as 
well as those of a previous study have shown that ischemic 
preconditioning induces HO‑1, alleviating IR liver injury (21). 
As an important factor to reducing liver damage, HO‑1 is a hot 
topic of investigation in liver IR injury.

ZnPP is a general metabolite formed in the process of heme 
biosynthesis. The lack of iron or decreased iron utilization 
may lead to increased ZnPP formation in the blood. Evidence 
suggests that increased levels of ZnPP in the blood play a role 

in the inhibition of HO, which is the rate‑limiting enzyme in 
the heme degradation pathway (9). HO is the rate‑limiting 
enzyme in the process of the decomposition of heme metabo-
lism, which may catabolize heme into 3 products: carbon 
monoxide (CO), biliverdin and free iron. There are 3 types of 
HO: HO‑1, which mainly plays a role in the abnormal or stress 
state; HO‑2, which is mainly distributed in the central nervous 
system and testes and HO‑3, whose role is not known (22). 
Among these types, HO‑1 plays a very important role in a 
number of organs and cells. It serves as a protective factor by as 
it has anti‑inflammatory, anti‑apoptotic and anti‑proliferative 
properties. These beneficial effects are due to the metabolites 
of HO‑1 (CO, biliverdin and free iron) (23‑25).

Previous studies have shown that HO‑1 plays a very 
important anti‑inflammatory role in a number of inflam-
matory diseases, and it may act as an anti‑apoptotic and 
anti‑proliferative mediator for many damaged organs or cells 
under stress conditions (26‑28). In liver cell injury, induced 
HO‑1 preconditioning may lead to adaptive stress reaction, and 
may occur in response to organ ischemic insults, protecting 
the cells from injury (29,30). It has been suggested that ZnPP 
regulates heme catabolism through the inhibition of HO‑1, and 
thus aggravates organ damage and cell apoptosis (31). In our 
study, HO‑1 was downregulated in the ZIR group, and higher 
cell apoptotic ratios were detected in this group. However, 
when the cells were treated with hemin prior to IR simula-

Figure 5. Pre-treatment of buffalo rat liver (BRL) cells with zinc protoporphyrin (ZnPP) induced the protein exprssion of Bax, cytosolic cytochrome c, while it 
reduced mitochondrial cytochrome c and Bcl‑2 expression. (A and B) Following treatment with mineral oil, the expression of cytosolic cytochrome c in the BRL 
cells markedly increased compared with the control group. However, when the cells were pre‑treated with ZnPP prior to ischemia/reperfusion (IR) simulation, 
the expression of cytochrome c was significantly increased in the cytosolic fraction, but the increase was abrogated when hemin was used prior to IR simulation. 
(C and D) Bax protein expression was upregulated in the IR and ZIR groups, but Bcl‑2 protein was downregulated in the IR and ZIR groups. (E) The highest ratio of 
Bax/Bcl‑2 was observed in the ZIR group (*P<0.05 compared with the control group, #P<0.05 compared with the IR group, &P<0.05 compared with the HIR group).
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tion, less hepatocyte apoptosis was detected. Our results are 
in accordance with those of previous studies (11). The specific 
mechanisms involved require further investigation.

An increasing number of studies have reported that 
autophagy is a primarily protective factor for cells. Autophagy 
(self‑eating) is known as a process through which cytoplasmic 
macromolecules or organelles are delivered to lysosomes for 
degradation to maintain the energy balance in the cell. Previous 
studies have indicated that the induction of autophagy exerts a 
protective effect against tissue and cell injury (32‑34). Studies 
have demonstrated the protective effects of autophagy against 
liver injury (1,6,11); however, the mechanisms through which 
autophagy prevents liver injury are not yet completely under-
stood. Researchers have always supported the idea that one of 
the major functions of autophagy is to keep cells alive under 
stressful ‘life‑threatening’ conditions (6,34). In our study, the 
lack of nutrition and oxygen to BRL cells by treatment with 
mineral oil increased autophagy, and this was verified by the 
results of RT‑qPCR, western blot analsyis, electron microscopic 

analysis and immunofluorescence (Figs. 1-3). Thus, autophagy 
is an adaptive response in cells that are subjected to stress or 
are damaged.

Of note, in our study, the HO‑1 and LC3‑Ⅱ proteins were 
simultaneously upregulated following IR simulation; when 
the cells were treated with ZnPP (inhibitor of HO‑1) prior to 
IR simulation, both proteins were simultaneously downregu-
lated (Figs. 2 and 3). Based on the aforementioned results, we 
hypothesized that HO‑1 may be related to autophagy. It has been 
demonstrated that HO‑1 induces autophagy in a mouse model 
of liver IR injury; however, the specific mechanisms involved 
require further investigation (35). It has also been previously 
demonstrated that HO‑1 protein expression is induced in 
injured cells or cells under stess (26-28). In our study, this was 
achieved by treatment with mineral oil, which caused damage 
to the liver cells due to the lack of nutrients and oxygen. This 
was also associated with the process of autophagy.

A previous study demonstrated that the phloretin-induced 
expression of HO‑1 may contribute to the cellular defense 

Figure 6. Pre-treatment of buffalo rat liver (BRL) cells with zinc protoporphyrin (ZnPP) induced the expression of cleaved caspase‑3, caspase‑9 and cleaved 
PARP. (A) The expression of cleaved caspase‑3 and caspase‑9 in the cytosolic fraction at 6 h after ischemia/reperfusion (IR) simulation was markedly increased 
compared with the control group. When compared to that in the IR group, the activity of cleaved caspase‑3 and caspase‑9 was increased in the ZIR group (P<0.05). 
However, there were no significant changes observed in caspase‑8 expression in any of the groups. Furthermore, treatment with hemin attenuated this increase in the 
expression of caspase‑3 and caspase‑9. Treatment with ZnPP prior to IR simulation promoted the cleavage of PARP from the full‑length form to its cleaved form. 
However, this was not observed in the control and HIR groups. (B) Fold changes of protein levels; each group of bars indicates a different protein. The order of the 
proteins shown is according to the order shown in (A). (C and D) More areas of red fluorescence were observed in the control and HIR group, but more areas of 
green fluorescence were observed in the IR and ZIR group. Higher levels of green fluorescence in cells indicate an increased disruption of mitochondrial membrane 
potential (*P<0.05 compared with the control group, #P<0.05 compared with the IR group, &P<0.05 compared with the HIR group). CL, cleaved.
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mechanisms against cisplatin‑induced apoptosis (36). Another 
study found that the induction of HO‑1 ameliorated hepatocyte 
apoptotic activity and oxidative damage in rats with hyper-
thyroidism, and decreased the expression of cytochrome c, 
caspase‑3, caspase‑8 and Bax. Liver injury was aggravated by 
the administration of ZnPP (HO‑1 inhibitor) (37). In addition, 
it has been demonstrated that mitophagy, which is the selec-
tive removal of mitochondria by autophagy, plays a crucial 
role in IR injury (38). Thus, in the present study, we focused 
on HO‑1, autophagy and the mitochondrial apoptotic pathway. 
We demonstrated the adverse effects of ZnPP on autophagy 
induced by treatment with mineral oil and the increase in 
apoptotis, which was due to the inhibition of HO‑1 (Fig. 4).

There are two classical apoptosis pathways, the intrinsic 
pathway, which is also known as the mitochondrial‑mediated 
pathway and the extrinsic or death receptor‑mediated 
pathway (39). It has also been reported that the Bcl‑2 family 
of proteins, including the anti‑apoptotic protein, Bcl‑2, and 
the pro‑apoptotic protein, Bax, are crucial in initiating the 
mitochondrial death cascade. When cells are under stress, Bax 
protein translocates to the outer mitochondrial membrane and 
promotes the release of cytochrome c from the mitochondria 
to the cytosol. By contrast, Bcl‑2 protein disrupts this process 
and decreases apoptosis (40). It has also been demonstrated that 
Bcl‑2 expression is reduced while that of Bax is increased in 
HECI‑OC1 cells pre‑treated with ZnPP (36). Thus, we hypoth-
esized that pre-treatment with ZnPP would promote the release 
of cytochrome c and the activation of the mitochondrial death 
cascade. The upregulation of Bax and the downregulation of 
Bcl‑2 was observed in the ZIR group, while the induction of 
HO‑1 prevented this event. The expression of cytosolic cyto-
chrome c was induced in the cells pre-treated with ZnPP and 
the expression of mitochondrial cytochrome c was decreased. 
When mitochondrial membrane potential was examined, more 
areas of red fluorescence were observed in the control and the 
HIR group; however, more areas of green fluorescence were 
observed in the IR and ZIR group. Higher levels of green 
fluorescence indicate a greater disruption of mitochondrial 
membrane potential. A previous study found that the activa-
tion of caspase‑3 and caspase‑9 was important in the intrinsic 
pathway (41). In our study, there was an increase in the expres-
sion of cleaved caspase‑3 and caspase‑9 in the IR group and the 
group treated with ZnPP prior to IR simulation; however, this 
increase was not observed in the control and HIR group.

PARP protein, another important protein associated with 
apoptosis, is cleaved by activated caspase‑3. It is regarded as 
the symbol of the activation of caspase‑3 (42). In our study, 
the cleavage of PARP from the full‑length 116 kDa form 
to its cleaved 89 kDa form was observed in the IR and ZIR 
groups (Fig. 6). Based on this result, we hypothesized that the 
inhibition of HO‑1 by ZnPP increased BRL cell apoptosis and 
that it may play a role in the mitochondrial‑mediated apoptotic 
pathway.

In conclusion, in the present study, we demonstrate that 
ZnPP reduces HO‑1 expression and subsequently inhibits 
autophagy, thus aggravating BRL cell IR injury and has a 
pro‑apoptotic effect via the mitochondrial apoptotic pathway. 
In the present study, we hypothesized that the reduction of 
autophagy by HO‑1 inhibition may lead to the activation of 
the mitochondrial apoptotic pathway. However, the association 

between autophagy and the mitochondrial apoptotic pathway, 
as well as the role of autophagy in ZnPP‑induced apoptosis 
require further investigation.
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