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Abstract. The purpose of the present study was to inves-
tigate the effect of breviscapine injection on hepatic 
ischemia/reperfusion (I/R) injury in rats. To explore the rele-
vance and discuss the underlying mechanism of mitofusin 2 
(Mfn2) in hepatic I/R injury, 40 Sprague-Dawley male rats 
were randomly and equally divided into five groups (n=8 
per group) as follows: Sham, I/R + normal saline 1 (NS1), 
I/R + breviscapine 1 (Bre1), I/R + NS2 and I/R + Bre2 groups. 
Groups 1 and 2 represented ischemia for 20 and 60 min, 
respectively. Breviscapine or normal saline was injected via 
the tail vein (single dose of 10 mg/kg) 1 h prior to surgery and 
immediately postoperatively. The classical model of hepatic 
I/R injury was used in the present study. The blood and liver 
samples of different groups were collected following reper-
fusion to observe serum transaminases and histopathological 
changes. Alterations in Mfn2, cytosolic cytochrome c and 
cleaved caspase-3 were additionally assessed. The results 
demonstrated that breviscapine improved liver function, 
based on histopathological analysis, and decreased levels of 
the liver enzymes aspartate and alanine aminotransferase 
in the I/R + Bre groups compared with the I/R + NS group 
(P<0.05). The expression of Mfn2 was significantly increased 
in the I/R + Bre groups (P<0.05), whereas the expression of 
caspase-3 and cytosolic cytochrome c protein was decreased 
in the I/R + Bre groups (P<0.05) compared with the I/R + NS 
group. These data provided substantial evidence that brevis-
capine treatment exerted a protective effect against damage 
induced by hepatic I/R. This protective effect was possibly 
due to its ability to inhibit I/R-induced apoptosis and promote 
the expression of Mfn2.

Introduction

The occurrence of hepatic ischemia/reperfusion (I/R) injury is 
inevitable in cases of trauma, shock, hepatectomy and hepatic 
transplantation. These events may lead to the compromise 
of liver function and structure, particularly inpatients with 
hepatic steatosis or cirrhosis. To date, the exact pathogenesis 
of I/R injury remains unclear. I/R injury involves a series of 
complex pathophysiological mechanisms, and apoptosis is one 
of the most important mechanisms of cell death after hepatic 
I/R injury (1). I/R injury induces apoptosis of hepatic cells and 
results in the compromise of hepatic function (1). Therefore, 
it may be inferred that inhibition of apoptosis is a promising 
approach for the preservation of hepatic function.

The mitochondrial apoptosis pathway is a key step in 
the process of apoptosis (2), and the release of cytochrome 
c from mitochondria plays a key role. Under conditions of 
I/R injury, the fine balance between mitochondrial fusion and 
fission within a cell may be disrupted, as well as mitochon-
drial homeostasis, predisposing the cell to apoptosis (3,4). 
This suggests that protection of mitochondria may play an 
important role in the maintenance of cellular integrity during 
I/R injury (5). Mitofusin 2 (Mfn2), a protein that is present in 
the outer membrane of the mitochondrion, is a dynamin-like 
protein that mediates fusion of the mitochondria and plays an 
important role in the regulation of mitochondrial morphology 
and function (6,7). The fragmentation of mitochondria is 
aggravated in apoptotic hepatocytes when the expression of 
Mfn2 is downregulated in hepatic I/R injury (8). Therefore, 
investigating changes in the expression of Mfn2 may help to 
determine the role of the mitochondrial apoptosis pathway in 
hepatic I/R injury.

Breviscapine, a traditional Chinese medicine, is a flavo-
noid derived from the natural plant Erigeron breviscapus. 
Scutellarin is the main active ingredient and its structural 
formula is 4,5,6-trihydroxyf lavone-7-glucuronide (9). 
Previous studies have demonstrated that breviscapine 
decreases cardiomyocyte apoptosis and neuroapoptosis 
during I/R injury (10,11), and breviscapine is known to 
possess protective propertiesin myocardial and cerebral 
I/R injury. However, studieson its protective effects against 
hepatic I/R injury are currently scarce. Our previous study 
demonstrated that breviscapine preconditioning attenuates 
hepatic I/R injury by inhibiting the development of liver 
oxidative stress (12). Therefore, it may be inferred that the 
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reduction of hepatocellular apoptosis may be involved in the 
protective effect of breviscapine against hepatic I/R injury.

Based on these findings, a hepatic I/R rat model was 
established in the present study to investigate the protective 
effect of breviscapine against hepatic I/R injury after different 
durations of ischemia. The results revealed that breviscapine 
reduced cell apoptosis in hepatic I/R injury through upregu-
lation of the expression of the Mfn2 protein. The aim of the 
present study was to provide a theoretical basis for the clinical 
application of breviscapine to treat hepatic I/R injury.

Materials and methods

Experimental animals and treatment design. A total of 40 male 
Sprague-Dawley rats, weighing 225-250 g, were purchased 
from Jinan Peng Yue Experimental Animal Breeding Co., Ltd. 
(Shandong, China) and maintained in a temperature-controlled 
room with alternating 12 h light-dark cycles under 
pathogen-free conditions. All animal study protocols used in 
the present study were approved by the Laboratory Animal 
Ethics Committee of Jinan University and conducted in accor-
dance with their guidelines. The 40 male Sprague-Dawley 
rats were randomly divided into five groups (n=8 per group) 
as follows: i) Sham group: The animals underwent midline 
laparotomy only, without vessel occlusion. ii) I/R + NS1 group: 
Equivalent volume of normal saline was administered via the 
tail vein 1 h prior to surgery and immediately postoperatively. 
Hepatic reperfusion was recovered after 20 min of ischemia 
and the abdomen was closed. iii) I/R + Bre1 group: A brevis-
capine injection (10 mg/kg; Hunan Hang Seng Pharmaceutical 
Co., Ltd., Hong Kong, China) was administered via the tail 
vein 1 h prior to surgery and immediately postoperatively. 
Hepatic reperfusion was recovered after 20 min of ischemia 
and the abdomen was closed. iv) I/R + NS2 group: All surgical 
procedures were performed as in the I/R + NS1 group, but 
the time of ischemia was increased to 60 min. v) I/R + Bre2 
group (n=8): All surgical procedures were performed as in 
the I/R + NS2 group, but breviscapine (10 mg/kg) instead of 
normal saline was injected via the tail vein. All the rats were 
fasted but allowed free access to water for 12 h prior to surgery 
and were anesthetized with 10% chloralhydrate (4 ml/kg, i.p.). 
Surgery was performed as previously described (13). Briefly, 
laparotomy was performed through a small midline incision 
and the hilum of the liver was exposed. The hepatic artery, 
portal vein and bile duct to the left anterior and median hepatic 
lobes were clamped using a non-invasive vascular clamp, 
leading to ischemia of almost 70% of the liver. The clamps 
were removed after the aforementioned times. After 6 h of 
reperfusion, the animals were sacrificed, and blood and liver 
tissue samples were collected and immediately stored at ‑80˚C.

Serum aspartate and alanine aminotransferase (AST and 
ALT) levels. In order to determine the degree of hepatic injury, 
blood was collected in sterile syringes without anticoagulant 
and then centrifuged to separate the serum. The serum AST 
and ALT levels were determined using a Selectra-E auto 
analyzer.

Histological assessment. The liver tissue wasfixed in 10% 
neutral buffered formalin and the specimens were embedded 

in paraffin. The tissue were sliced into 4‑µm sections and 
stained with hematoxylin and eosin (H&E) for histopatho-
logical examination. The histological severity of the hepatic 
injury was evaluated under a light microscope by a pathologist 
who was blinded to the research. Histological examination was 
based on the standard procedures reported previously (14).

Tissue apoptosis assayed by TUNEL. Hepatocellular apoptosis 
was assessed using the terminal deoxynucleotidyl trans-
ferase deoxyuridine triphosphate (dUTP) nick end labeling 
(TUNEL). TUNEL staining was performed according to 
the manufacturer's instructions using an in situ apoptosis 
detection kit (Bio-Techne China Co., Ltd., Shanghai, China). 
Apoptotic cells exhibiteda brown-stained nucleus and were 
identified among viablecells. The results were expressed as the 
proportion of TUNEL-positive cells amongthe total number 
of hepatocytes in 5 non-overlapping serial scopes taken from 
each slide, with a random start, at x200 magnification.

Western blotting. The levels of cleaved caspase-3, cytoplasm 
cytochrome c and Mfn2 were determined using western blot 
analysis. The levels of cytochrome c were determined in 
cytoplasmic extracts as previously described (15). Briefly, 
liver tissues were ground and lysed in lysis buffer (Promega 
Corporation, Madison, WI, USA). The lysates were centrifuged 
at 850 x g for 10 min at 4˚C to remove the nuclei and cell debris, 
and the supernatants were further centrifuged at 10,000 x g for 
10 min at 4˚C. Subsequently, the supernatants were collected 
for cytoplasmic cytochrome c analysis. Protein concentration 
was determined by the BCA protein assay (Pierce; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). An equal amount 
of protein from each sample was separated by homogeneous 
10% SDS-polyacrylamide gels and then transferred onto PVDF 
membranes. The membranes were blocked with 5% fat-free 
milk blocking buffer at room temperature and then incubated 
with primary antibodies overnight at 4˚C. After being washed 
with TBST buffer, the corresponding secondary antibodies 
were used to identify primary antibody binding. After washing, 
the bands were visualized using enhanced chemiluminescence 
reagents (ECL; Bio-Rad Laboratories, Inc., Hercules, CA, USA) 
and the FluorChem 5500 imaging system (Alpha Innotech 
Corp., San Leandro, CA, USA). The band intensities were 
evaluated by densitometric analysis using Image J 1.50 software 
(National Institutes of Health, Bethesda, MD, USA).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from hepatic tissues using 
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocols. The RNA purity and 
concentration were determined spectrophotometrically using 
the NanoDrop ND-1000 (NanoDrop Technologies; Thermo 
Fisher Scientific, Inc., Wilmington, DE, USA). RNA (100 ng) 
was reverse-transcribed into complementary DNA (cDNA) with 
PrimeScript RT Master Mix (Takara Biotechnology Co., Ltd., 
Dalian, China) in a 20 ml final reaction volume, according to 
the manufacturer's protocol. The primer sequences (5'-3') were 
as follows: β-actin (forward) TGC TAT GTT GCC CTA GAC 
TTC G, (reverse) GTT GGC ATA GAG GTC TTT ACG G; Mfn2 
(forward) GAT GAC AGA GGA AGT GGA AAG GC, (reverse) 
ACA GAC ACA GGA AGA AGG GGC T. Relative expression 
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was measured by qPCR using SYBR Green PCR Master 
Mix SYBR Premix Ex Taq™ II (Takara Biotechnology Co., 
Ltd.,) on a Mastercycler ep realplex4 (Eppendorf, Hamburg, 
Germany). Mfn2 gene expression profiles were normalized 
to β-actin and calculated using real-time quantitative PCR and 
the 2-ΔΔCq method.

Statistical analysis. Data analysis was performed using the 
SPSS statistical package, version 13 (SPSS, Inc., Chicago, IL, 
USA). The results are expressed as the mean ± standard devia-
tion and one-way analysis of variance was used to compare 
groups. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Breviscapine alleviates I/R‑induced deterioration of hepatic 
function. The serum AST and ALT levels in each group are 
shown in Fig. 1. The levels of serum ALT and AST in the sham 

group were 81.63±14.49 and 409.8±23.06 U/l, respectively. 
After 20 and 60 min of ischemia and 6 h of reperfusion, the 
levels of serum ALT and AST were significantly increased in 
the two groups compared with the sham group (P<0.01). The 
serum levels of ALT and AST were significantly decreased 
in the I/R + Bre groups compared with those in the I/R + NS 
groups (P<0.05), particularly in the I/R + Bre2 group (P<0.01). 
These results indicated that breviscapine can reduce the serum 
level of ALT and AST compared with normal saline. These 
data were associated with histological tissue alterations and 
H&E staining revealed that the structure of hepatic tissue 
in the sham group appeared normal (Fig. 2A). Compared 
with the sham group, the livers of rats in the normal saline 
control groups exhibited extensive hepatocyte swelling with 
significantly more prominent vacuolar degeneration, unclear 
boundaries, narrower hepatic sinusoids and hepatocellular 
necrosis, accompanied by a large number of infiltrating 
neutrophils, particularly in the I/R + NS2 group. Tissues from 
the I/R + Bre groups exhibited less prominent neutrophil 

Figure 1. Breviscapine treatment reduced serum transaminase level following ischemia/reperfusion (I/R) injury. Serum samples were collected 6 h after I/R 
injury for measuring (A) serum alanine aminotransferase (ALT) and (B) serum aspartate aminotransferase (AST). Data are expressed as the mean ± standard 
deviation (n=8). *P<0.05, **P<0.01, ***P<0.001 vs. normal saline (NS) groups.

Figure 2. Breviscapine treatment markedly attenuated ischemia/reperfusion (I/R) injury‑induced pathological changes. (A) Histological findings of the liver 
tissue in the sham, I/R + NS1, I/R + Bre1, I/R + NS2 and I/R + Bre2 groups. Photomicrographs of the liver tissue stained with hematoxylin and eosin (original 
magnification, x100). (B) Pathological score following hepatic I/R injury in rats. Data are expressed as the mean ± standard deviation (n=8). *P<0.05, **P<0.01 
vs. NS groups. Bre, breviscapine; NS, normal saline.
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infiltration, necrosis and hepatocyte swelling, particularly in 
the I/R + Bre2 group. As shown in Fig. 2B, tissues from the 
normal saline control groups exhibited a higher pathological 
score compared with the sham group. The level of hepatic 
function injury improved in the I/R + Bre groups, particu-
larly in the I/R + Bre2 group (P<0.01) when compared with 
the normal saline control groups. These results demonstrated 
that breviscapine improved the compromised hepatic func-
tion induced by I/R, and this protective effect became more 
pronounced with prolongation of the time of ischemia.

Breviscapine reduces the apoptotic index (AI) of hepato‑
cytes following I/R injury. A TUNEL assay was used to 
assess the level of apoptosis and AI was used to assess the 
protective effect of breviscapine. As shown in Fig. 3, the AI 
observably increased in the normal saline groups compared 
with the sham group (P<0.001). Furthermore, the AI in the 
I/R + Bre1 and I/R + Bre2 groups was markedly reduced 
compared with the normal saline groups (P<0.01). These 
results suggest that breviscapine protected the hepatocytes 
against I/R-induced apoptosis.

Breviscapine restores elevated cleaved caspase‑3 expression 
in the hepatic and cytosolic translocation of cytochrome c. To 
further explore the possible mechanism by which breviscapine 
reduces hepatocyte apoptosis, the expression level of caspase-3 
and cytochrome c was detected by western blotting. As shown 
in Fig. 4, the normal saline groups exhibited a higher expression 
of cytochrome c and cleaved caspase-3 compared with the sham 
group (P<0.05), and this discrepancy became more evident 
with prolongation of the time of ischemia, particularly in the 
I/R + NS2 group (P<0.01). These results demonstrated that 
breviscapine reduced the release of mitochondrial cytochrome 
c and the expression of cleaved caspase-3 compared with the 
normal saline groups (P<0.05). It is well established that the 

release of cytochrome c is associated with caspase family 
activation. Our findings suggest that breviscapine plays a role 
in preventing mitochondrial-related hepatocyte apoptosis by 
suppressing cytochrome c release and caspase activation during 
I/R injury.

Breviscapine downregulates the expression of Mfn2 in 
hepatocytes during I/R injury. Mfn2 is a mediator during 
mitochondrial fusion, an evolutionarily conserved process 
responsible for the surveillance of mitochondrial homeostasis. 
To further explore the effect of breviscapine on mitochondrial 
function, changes in the expression of Mfn2 were detected by 
western blotting. The results demonstrated that the expres-
sion of Mfn2 in the I/R + NS groups was significantly lower 
compared with the sham group (P<0.05). The expression 
of Mfn2 in the I/R + Bre groups was significantly higher 
compared with the I/R + NS groups (P<0.05; Fig. 5). Finally, 
RT‑qPCR was performed to further confirm the hypothesis 
that the mRNA concentration of Mfn2 in the normal saline 
groups wassignificantly decreased compared with that in the 
sham group (P<0.05). However, the mRNA concentrations of 
Mfn2 in the I/R + Bre groups were increased compared with 
those in the normal saline groups (Fig. 5). Our findings indi-
cate that breviscapine protects hepatocytes against I/R injury 
by upregulating the expression of Mfn2.

Discussion

With the growing number of patients undergoing liver trans-
plantation or hepatectomy, hepatic I/R injury is inevitable; this 
type of injury may also occur in other clinical settings, including 
trauma and hemorrhagic shock. Hepatic I/R injury not only 
results in liver dysfunction, but also increases mortality rate and 
the period of hospitalization. Therefore, alleviating the effects 
of hepatic I/R injury is urgent in clinical practice.

Figure 3. Breviscapine treatment markedly reduced ischemia/reperfusion (I/R) injury-induced apoptosis. (A) Cell apoptosis was analyzed using TUNEL 
staining (original magnification, x200). (B) The apoptotic index (AI) is quantified as the ratio of TUNEL‑positive cells to total number of hepatocytes. Data 
are expressed as the mean ± standard deviation (n=8). ***P<0.001 vs. Sham group; ++P<0.01 vs. normal saline (NS) groups.
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Breviscapine is a widely used traditional Chinese medicine 
that is derived from the natural plant Erigeron breviscapus. 
It is extensively used in clinical settings for treating cerebral 
infarction, cardiovascular disease and stroke in China. It was 
reported that breviscapine decreased cardiomyocyte apop-
tosis and neuroapoptosis during I/R injury (10,11). However, 

whether breviscapine is able to suppress hepatic I/R injury 
remains obscure. In the present study, breviscapine was found 
to decrease ALT and AST levels, ameliorate histological find-
ings and inhibit subsequent hepatocyte apoptosis following 
hepatic I/R injury in rats. Therefore, it was hypothesized that 
breviscapine protects hepatocytes from I/R-induced injury 

Figure 5. Breviscapine treatment limited the downregulation of Mfn2 expression in hepatocytes following ischemia/reperfusion (I/R) injury. (A) The protein 
levels of Mfn2 were determined via western blot analysis. (B) The bar chart demonstrates the relative expression of Mfn2. (C) The mRNA levels of Mfn2 were 
determined via reverse transcription-polymerase chain reaction analysis. Data are expressed as the mean ± standard deviation. **P<0.01, ***P<0.001 vs, sham 
group; +P<0.05, ++P<0.01, +++P<0.001 vs. NS groups. Mfn2, mitofusin 2; NS, normal saline.

Figure 4. Breviscapine treatment limited the increase in cleaved caspase-3 expression in the hepatic and cytosolic translocation of cytochrome c. (A) The 
protein levels of cleaved caspase-3 and cytochrome c were determined via western blot analysis. (B) The bar chart demonstrates the relative expression of 
cleaved caspase-3. (C) The bar chart demonstrates the relative expression of cleaved cytochrome c. Data are expressed as the mean ± standard deviation. 
*P<0.05, **P<0.01, ***P<0.001 vs. sham group; +P<0.05, ++P<0.01 vs. normal saline (NS) groups.
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and the mitochondrial-dependent apoptotic pathway may be 
involved in its protective effect.

The serum levels of ALT and AST reflect the degree of liver 
function damage. Any injury to the cellular membrane of hepa-
tocytes, such as I/R-induced hepatic injury, may result in a rapid 
increase of the serum ALT level (16). If the hepatic injury persists, 
AST expression in the mitochondria and circulation would 
be increased (17). The present study demonstrated that liver 
tissues from the breviscapine-treated groups exhibited a smaller 
increase in ALT and AST levels compared with the normal 
saline-treated groups. The protective effect of breviscapine was 
also supported by the fact that the pathomorphological changes 
of the liver tissue in the I/R + Bre groups were milder compared 
with those in the normal saline groups. These results suggest 
that breviscapine exerted a protective effect on hepatocytes and 
reduced I/R injury.

Apoptosis is the major type of cell death and it plays 
a crucial role in hepatic I/R injury (1). Mitochondria play a 
key role in the regulation of cell apoptosis. It was previ-
ously demonstrated that I/R injury leads to the opening of 
a non-specific pore in the inner mitochondrial membrane, 
referred to as the mitochondrial permeability transition pore 
(mPTP) (18). The opening of the mPTP results in dissipation 
of the mitochondrial membrane potential (ΔΨm), followed 
by progressive mitochondrial swelling and the loss of soluble 
components of the respiratory chain, which eventually leads to 
rupture of the outer mitochondrial membrane and leakage of 
the pro-apoptotic protein cytochrome c from the mitochondria 
to the cytosol (19). I/R-induced mPTP opening leads to ΔΨm 
collapse and cytochrome c release from mitochondria to the 
cytosol, where it interacts with the apoptosis protease-activating 
factor-1 (APAF-1) that causes activation of caspase-9, which in 
turn activates caspase-3 (20,21). Caspase-3 is a major factor 
in the process of cell apoptosis and its activated form, cleaved 
caspase-3, marks the irreversible phase of cell apoptosis.

We herein hypothesized that breviscapine may be able to 
reduce apoptosis in hepatic I/R injury via reducing the activity 
of mitochondria-related apoptotic pathways. In the present 
study, it was observed that breviscapine effectively downregu-
lated the expression of cleaved caspase-3 in hepatocytes and 
reduced the translocation of cytochrome c from mitochondria 
to the cytosol. The results suggested that breviscapine may 
exert anti-apoptotic effects against hepatic I/R injury.

Mitochondria are dynamic organelles and their morpho-
logical transitions are mainly effected by undergoing fission 
and fusion, processes essential to mitochondrial homeo-
stasis (21,22). The fine balance between mitochondrial fusion 
and fission within a cell may be affected by I/R injury (3), 
which promotes mPTP opening (23) and predisposes the 
cell to apoptosis (4). Mfn2, a mitochondrial outer membrane 
protein, is essential for mitochondrial fusion and it regulates 
mitochondrial metabolism and cell death (6). The fragmenta-
tion of mitochondria is aggravated when the expression of 
Mfn2 is suppressed, and it observably increases the sensitivity 
of the cell to apoptotic signals (24). Mfn2 is vital for main-
taining the mitochondrial structure. It has been demonstrated 
that Mfn2 not only preserves mitochondrial morphology in 
hepatocytes, but also is associated with the opening of mPTP 
in the liver under conditions of I/R injury (25). Ong et al (22) 
also reported that the overexpression of Mfn2 prevented 

mPTP opening induced by I/R injury in the HL-1 cardiac 
cell line. As mentioned above, mPTP opening leads to cyto-
chrome c release from the mitochondria to the cytosol. It has 
been reported that upregulating the expression of Mfn2 may 
reduce the release of cytochrome c (26), while downregu-
lating the expression of Mfn2 exacerbates ceramide-induced 
mitochondrial dysfunction and release of cytochrome c (27). 
These findings indicate that Mfn2 reduces apoptosis through 
inhibiting the mitochondrial apoptosis pathway. In the present 
study, the expression of Mfn2 was found to be significantly 
decreased in the normal saline groups compared with that 
in the sham group, while the level of Mfn2 in the I/R + Bre 
groups increased compared with that in the normal saline 
groups. These results suggest that the protective effect of 
breviscapine against hepatic I/R maybe effected via upregu-
lating the expression of Mfn2.

In summary, our results demonstrated the protective effect 
of breviscapine against hepatic I/R injury in an animal model. 
The mechanism underlying this protective effect is likely 
through inhibiting the mitochondrial apoptosis pathway and 
upregulating Mfn2 expression, which reduces hepatocyte 
apoptosis. Therefore, breviscapine may have potential as a 
novel therapeutic agent for the treatment of hepatic I/R injury 
and may be of value in a clinical setting. However, further 
studies are required to fully elucidate the mechanisms under-
lying its effects.
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