Am J Transl Res 2018;10(4):1109-1116
www.ajtr.org /ISSN:1943-8141/AJTRO074762

Original Article
Osthole attenuates myocardial ischemia/reperfusion
injury in rats by inhibiting apoptosis and inflammation
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Abstract: This study was performed to evaluate the cardioprotective effects of osthole (OST) in a rat model of myo-
cardial ischemia/reperfusion injury (MI/RI) and the underlying mechanism. We exposed rat hearts to left anterior
descending coronary artery ligation for 30 min followed by 24 h of reperfusion. The results showed that pretreat-
ment with OST ameliorated MI/RI as evidenced by histopathological examination. Moreover, the terminal deoxy-
nucleotidyl transferase dUTP nick end-labeling assay demonstrated that OST suppressed myocardial apoptosis,
which may be related to an increase in the Bcl-2/Bax ratio and inhibition of caspase-3 and caspase-9 activation.
Furthermore, we determined that OST ameliorated impaired mitochondrial morphology and the oxidation system;
OST also attenuated levels of pro-inflammatory cytokines, including tumor necrosis factor o and interleukins 6 and
1B. In conclusion, OST exerted a strong favorable cardioprotective effect on MI/RI, possibly by suppressing the

inflammatory response and inhibiting cell apoptosis.
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Introduction

Myocardial ischemia/reperfusion injury (MI/RI),
which refers to restoration of blood flow and
reperfusion of ischemic myocardium, aggra-
vates structural damage causing cell death and
leading to expansion of the infarction [1]. MI/RI
results in further damage to cardiac function
and affects the prognosis of patients who have
suffered a myocardial infarction [2]. Although
the pathogenesis of MI/RI is more complex,
many studies have shown that oxygen free radi-
cals [3], calcium overload [4], and inflammatory
mediators [5] are involved in the mechanism.
Further research is needed to fully understand
the mechanisms of ischemia reperfusion (I/R)
injury and to identify novel therapeutic strate-
gies.

Ischemia/reperfusion injury (I/R injury) is an
intricate process involving numerous mecha-
nisms. Apoptosis, inflammation, and oxidative
injury all play a core role in I/R injury [6]. Mono-
cytes, leukocytes, and other inflammatory cells
infiltrate the injured area soon after ischemia

[7]. Activated macrophages secrete pro-inflam-
matory cytokines that recruit neutrophils and
promote myocardial damage. Many studies
have shown that post-I/R inflammation aggra-
vates myocardial damage [8]. In addition, MI/RI
induces the production of oxygen free radicals,
which may further trigger apoptosis [9]. Cardio-
myocyte apoptosis and inflammation have been
identified as characteristics of MI/RI. There is
growing evidence that ischemia triggers apop-
tosis of cardiomyocytes and then expands and
partially contributes to cardiac death through
reperfusion [10]. Blocking apoptosis can pre-
vent the reduction of contractile cells, minimiz-
ing I/R-induced cardiac injury and slowing down
myocardial stunning and heart failure [11].

The natural coumarin derivative 7-methoxy-
8-isopentenoxycou marin, also known as ost-
hole (OST), was isolated from Cnidium monnieri
(L.) Cusson [12]. Accumulating evidence sug-
gests that OST has anti-inflammatory [13], anti-
apoptotic [14], anti-oxidative stress [15], and
neurotrophic properties [16] that make it pro-
mising for therapeutic applications. Moreover,
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OST has protective effects against MI/Rl in rats
[17]. However, the underlying mechanisms of
the therapeutic effects of MI/RI by OST in the
rat model remain unknown. Thus, in the pres-
ent study, we investigated the potential role of
OST against MI/RI in rats and explored the pos-
sible mechanisms through which OST mediates
these effects.

Materials and methods
Animals

Adult Sprague-Dawley rats (male, 220-250 §g)
were obtained from the Experimental Animal
Center of Sun Yat-sen University (Guangzhou,
P.R. China). The animals were housed in a room
at 23 + 2°C under 55 + 5% relative humidity
and a 12 h light/12 h dark cycle. All procedures
were approved by the ethics committee of the
First Affiliated Hospital of Sun Yat-sen Univer-
sity.

MI/RI procedure

The MI/RI model was induced by ligating the
left anterior descending coronary artery (LAD)
for 30 min followed by 24 h of reperfusion. The
rats were anesthetized by administering sodi-
um pentobarbital (50 mg/kg) intraperitoneally.
Following tracheal intubation, 6-0 silk was used
to ligate the LAD for a 30-min ischemic period.
Reperfusion was then allowed for 24 h by
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Figure 1. Effects of osthole (OST)
on cell morphology and hematoxy-
lin and eosin (HE) staining (x200).

releasing the LAD ligation. Rats in the Sham
control group were treated with the same surgi-
cal procedures except that ligation of the LAD
was not performed.

Experimental groups

Rats were given standard chow ad libitum for
the duration of the study and allowed 1 week to
adapt to the laboratory environment before the
experiment. The rats were randomly divided
into five groups (n = 10 per group): (1) Sham; (2)
I/R; (3) I/R+0OST 20 mg/kg; (4) I/R+0OST 40 mg/
kg; (5) I/R+0OST 80 mg/kg. The rats were admi-
nistered the drug (once daily, intragastrically)
for 7 days before the operation. The rats in the
Sham and I/R groups were given equal volumes
of water at the same time.

Histopathological analysis of the heart

Rat hearts were removed and fixed in 10% for-
malin solution. After embedding in paraffin
wax, the tissues were sliced to a 4-um thick-
ness, and the sections were stained with hema-
toxylin-eosin (HE) solution for the histopatho-
logical examination.

Terminal deoxynucleotidyl transferase dUTP
nick end-labeling (TUNEL) assay

Apoptosis was carried out using the In Situ Cell
Death Detection Kit, POD (Roche, Manheim,
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Figure 2. Osthole (OST) reduces creatine kinase (CK) (A) and lactate dehydro-
genase (LDH) (B) activity in the serum of rats with ischemia/reperfusion (I/R)
injury. Data are means + standard deviation. #P < 0.05, ##P < 0.01 compared
with the Sham group; *P < 0.05, **P < 0.01 compared with the I/R group.

A 154 22 B 804

_ 604 .

T 10 .

E 10 . E .

: - 2 404

: 2
204

0- 0 T
Sham IR 20 40 80 Sham IR 20 40 80

0ST (mg/kg) 0ST (ma/kg)
Figure 3. Osthole (OST) reduces the lipid peroxidation product malondialdehyde
(MDA) (A) and enhances the antioxidant enzyme superoxide dismutase (SOD)
(B) in serum of ischemia/reperfusion (I/R) injured rats. Data are mean * stan-
dard deviation. #P < 0.05, ##P < 0.01 compared with Sham group; *P < 0.05
compared with the I/R group.
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Figure 4. Osthole (OST) reduces
the levels of the pro-inflammatory
= 400 cytokines interleukin (IL)-6, IL-1p,
§ and tumor necrosis factor (TNF)-a
3 as detected by enzyme-linked im-
g' 504 munosorbent assay (A-C). Data are
means + standard deviation. ##P
< 0.01 compared with the Sham
group; *P < 0.05, **P < 0.01 com-
rTUE— % P Py pared with the I/R group.
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Germany) according to the
manufacturer’'s  protocol.
TUNEL-positive brown cells
were considered apoptotic
cells.

Determination of serum
creatine kinase (CK), lac-
tate dehydrogenase (LDH),
malondialdehyde (MDA),
and superoxide dismutase
(SOD) levels

After reperfusion, the con-
centrations of CK, LDH,
MDA, and SOD were mea-
sured using commercial
kits (Jiancheng Bioengin-
eering Institute, Nanjing,
China). All procedures were
performed according to
the manufacturer’s instru-
ctions. All measurements
were performed in dupli-
cate.

Determination of cytokines
in serum by enzyme-linked
immunosorbent assay
(ELISA)

Serum levels of interleukin
(IL)-6, 118 and tumor
necrosis factor (TNF)-a
were measured using en-
zyme-linked immunosorb-
ent assay kits according to
the manufacturer’s instruc-
tions.

Quantitative real-time PCR
(QPCR)

Total RNA was extracted
from heart tissues and re-
versed based on the proto-
col. Quantitative real-time
PCR was carried out acco-
rding to the manufacturer’s
instructions. All data were
quantified by use of the
threshold cycle normalized
to [B-actin. The primers
used in the study were list-
ed: IL6 forward: 5-GAC
TTC CAG CCA GTT GCC
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Figure 5. Effects of suppressing osthole (OST) on cardiomyocyte apoptosis (x400). Data are means * standard de-
viation. ##P < 0.01 compared with the Sham group; *P < 0.05 compared with the ischemia/reperfusion (I/R) group.

TT-3”; reverse: 5-TCT CCT CTC CGG ACT TGT
GAA-3’; IL-13 forward: 5-CAG GAT GAG GAC CCA
AGC AC-3’; reverse: 5-CAG GTC GTC ATC ATC
CCA CG-3; Bcl-2 forward: 5’-GGG ATG ACT TCT
CTC GTC GC-3’; reverse: 5-CCA CAA TCC TCC
CCC AGT TC-3’; Bax forward: 5-AGG ACG CAT
CCA CCA AGA AG-3’; reverse: 5-CAG TTG AAG
TTG CCG TCT GC-3’; B-actin forward: 5-CCC
GCG AGT ACA ACC TTC TT-3’; reverse: 5-CGC
AGC GAT ATC GTC ATC CA-3..

Western blot analysis

Total protein was extracted from rat heart tis-
sues using RIPA buffer and measured using the
BCA method. First, the protein samples were
separated by 12% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and transferred
to PVDF membranes (Bio-Rad, Hercules, CA,
USA). After blocking with 5% milk, primary anti-
bodies against Bcl-2 (1:1000, ab59348S;
Abcam, Cambridge, MA, USA), Bax (1:1000,
ab53154; Abcam), caspase-3 (1:1000, #9664;
Cell Signaling Technology, Danvers, MA, USA),
and caspase-9 (1:1000, #9507; Cell Signaling
Technology) were incubated with the mem-
branes overnight at 4°C. After incubation with a
horseradish peroxidase-conjugated secondary
antibody for 1 h at 37°C, immunoreactivity was
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detected by enhanced chemiluminescent rea-
gents (Nanjing KeyGEN Biotechnology, Najiing,
China), and a gel imaging system (Tanon
Science & Technology Co., Ltd., Beijing, China)
was used to visualize the protein bands.

Statistical analysis

All data are expressed as means * standard
deviation and analyzed by one-way analysis of
variance followed by Tukey’s multiple compari-
son test using Graphpad Prism 5 software
(GraphPad Software, La Jolla, CA, USA). A
P-value < 0.05 was considered significant.

Results
Effect of OST on heart histopathology

As shown in Figure 1, changes in the morpho-
logical structures of myocardial tissues were
evaluated by HE staining. The I/R group
revealed disordered myocardial structures,
infammatory infiltration, and cardiac necrosis
compared with the Sham group. The groups
pretreated with OST showed markedly reduced
inflammatory infiltration and cardiac necrosis
compared with the I/R group in a dose-depen-
dent manner.
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Effect of OST on serum biochemical marker
enzymes

Leakage of LDH and CK from myocardial tis-
sues into the blood is an indicator of acute myo-
cardial infarction. As shown in Figure 2, serum
CK and LDH levels were significantly higher in
the I/R group than in the Sham group (P < 0.05,
P < 0.01, respectively). However, levels of CK
and LDH were decreased significantly in the
high-dose OST (80 mg/kg) group compared
with the I/R group (P < 0.05, P < 0.01,
respectively).

Effect of OST on antioxidant parameters in rat
I/R injury

Oxidative stress caused by reperfusion leads to
lipid peroxidation. As shown in Figure 3, MDA
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levels (12.86 + 2.21 vs. 5.12 + 0.88, P < 0.01)
were increased significantly and SOD activity
(42.66 + 4.16 vs. 61.02 + 8.45, P < 0.05) was
decreased significantly in the I/R versus Sham
group. However, pre-treatment with OST decre-
ased MDA content and increased SOD activity
in serum significantly, especially in the high-
dose OST group (80 mg/kg).

Effect of OST on pro-inflammatory cytokines
and expression of inflammation-related pro-
teins

Inflammation is one of the important causes of
MI/RI. Thus, we investigated the serum levels
of pro-inflammatory cytokines, including IL-6,
IL-1B, and TNF-a by ELISA. As shown in Figure
4, serum IL-1B, IL-6, and TNF-a levels were
increased significantly in the I/R group com-
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Figure 7. Inflammation- and apoptosis-related IL-6, IL-13, Bcl-2, and Bax mRNA
levels were measured by quantitative polymerase chain reaction. ##P < 0.01

the expression levels of
Bax (P < 0.01), caspase-3
(P < 0.01), and caspase-9
(P < 0.01) were upregulat-
ed by I/R injury, whereas
the anti-apoptotic protein
Bcl-2 (P < 0.01) was down-
regulated. OST significantly
reversed the apoptosis-
related protein expression
induced by I/R. Consistent
with the TUNEL assay
results, OST demonstrated
an anti-apoptotic effect by
reducing the expression of
pro-apoptotic proteins, incl-
uding Bax, caspase-3, and
caspase-9, and increasing
the expression of the anti-
apoptotic protein Bcl-2.

0ST (mg/kg)
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Effect of OST on myocatr-
dial inflammation and
apoptosis-related mRNA
levels

compared with the Sham group; *P < 0.05, **P < 0.01 compared with the

ischemia/reperfusion (I/R) group.

pared with the Sham group (P < 0.01), whereas
the levels decreased dose-dependently in the
groups treated with OST, especially 40 and 80
mg/kg OST. Taken together, these data suggest
that OST decreased the release of cytokines in
rats with myocardial I/R injury.

Effect of OST on myocardial apoptosis and ex-
pression of apoptosis-related proteins

Many studies have reported that apoptosis
contributes to myocardial cell death. The eff-
ects of myocardial I/R on cardiomyocyte apop-
tosis were detected by TUNEL assay (Figure 5).
Apoptotic cells appear brown in color after
TUNEL staining. In contrast to the Sham group,
the number of apoptotic myocardial cells was
increased significantly in the I/R group (P <
0.01). However, pretreatment with OST mark-
edly reduced the number of apoptotic cells, but
no obvious changes were detected in the 40
and 80 mg/kg groups.

To further demonstrate the anti-apoptotic
mechanism of OST, we evaluated the expres-
sion of apoptosis-related proteins by western
blot analysis (Figure 6). According to our results,
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To determine the protective

effects of OST on apoptosis
and inflammation in myocardial tissues, the
mRNA levels of IL-6, IL-10, Bcl-2, and Bad were
detected by qPCR. As shown in Figure 7, the
expression levels of IL-6 (P < 0.01), IL-1B (P <
0.01), and Bax (P < 0.01) were upregulated by
I/R injury, whereas the anti-apoptotic protein
Bcl-2 was decreased significantly (P < 0.01).
The groups pretreated with OST significantly
reversed inflammation and apoptosis-related
MRNA expression. These results suggest that
OST attenuated MI/RI in rats by inhibiting apop-
tosis and inflammation.

Discussion

As one of the most serious problems in many
countries worldwide, ischemic heart disease,
characterized by a reduced blood supply to the
heart, remains the most common cause of
death in the industrialized world [18]. However,
although the mechanisms of I/R injury are fully
understood, few effective strategies for this
problem exist. Therefore, it is essential to iden-
tify a novel drug to treat myocardial I/R
damage.

Reperfusion injury is associated with an inflam-
matory cascade that perpetuates further dam-

Am J Transl Res 2018;10(4):1109-1116
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age to cardiac tissue after a period of ischemia.
MI/RI promotes free radical generation and
triggers the release of TNF-o from ischemic tis-
sue [19]. TNF-a further stimulates the release
of other pro-inflammatory cytokines that con-
tribute to cardiac dysfunction [20]. The pro-
inflammatory cytokine IL-6 is a downstream
target of IL-1B; therefore, its upregulation indi-
cates the presence of inflammation [21]. These
cytokines not only cause inflammatory injury
but also stimulate neutrophils to migrate into
myocardial tissues, resulting in damage to the
heart [22]. The results of this study showed
that OST reduced the release of pro-inflamma-
tory cytokines (IL-6, IL-1B, and TNF-&) into
serum during MI/RI in a dose-dependent man-
ner. Therefore, the OST mechanism that pro-
tects against MI/RI may involve suppression of
the inflammatory reaction.

Accumulation of neutrophils may be involved in
the pathogenesis of cardiomyocyte apoptosis,
as neutrophils release various pro-inflammato-
ry cytokines [23]. Apoptosis leads to tissue
damage secondary to reperfusion injury after
ischemia, which is a vital pathophysiological
mechanism associated with MI/RI. In our study,
the TUNEL assay (Figure 5) was performed to
examine myocardial apoptosis. In contrast to
the Sham group, myocardial apoptosis was
increased significantly in the I/R group, while
pretreatment with OST significantly decreased
apoptosis in myocardial tissue. Furthermore,
recent evidence suggests that apoptosis con-
tributes, in part, to overall myocyte death dur-
ing the reperfusion period [24]. As an important
mitochondrial regulator during myocardial
apoptosis, Bcl-2 exerts anti-apoptotic effects
by blocking the release of cytochrome ¢ and
downregulating caspase activity [25]. Apopto-
sis-related proteins, such as Bax, caspase-3,
and caspase-9, also play pivotal roles in apop-
tosis. The caspase-independent apoptotic pa-
thway responds to death signals by releasing
apoptosis-inducing factor from the mitochon-
drial inner membrane space, which is then
translocated to the nucleus [26]. In addition,
consistent with those results, pretreatment
with OST significantly decreased myocardial
apoptosis through expression of apoptosis-
related proteins, including Bax, caspase-3, cas-
pase-9, and Bcl-2, indicating that OST plays an
anti-apoptotic role by regulating Bax/Bcl and
caspase-3/caspase-9.
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In conclusion, our present results demonstrate
that OST exhibited significant cardioprotective
effects against I/R injury, which was associated
with its antioxidant, anti-apoptotic, and anti-
inflammatory activities. Thus, OST deserves
additional experimental and clinical study in
cardiovascular research.
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