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Abstract: Toll-like receptor 4 (TLR4)-mediated apoptosis plays a critical role in the etiology and pathogenesis of
myocardial ischemia/reperfusion (I/R) injury (MIRI). Bicyclol has been shown to possess a variety of pharmacologi-
cal effects, but its anti-apoptotic property has garnered particular interest. The aim of this study is to elucidate the
cardioprotective effect of bicyclol in I/R injury, and to explore the potential mechanisms involving in TLR4-medaited
apoptotic cascade. Bicyclol was intragastrically administered in rats for three days before myocardial ischemia was
induced at three different dosages: 25 mg/kg, 50 mg/kg and 100 mg/kg. The rat MIRI model was established by
30 min of left anterior descending (LAD) artery occlusion and 4 h of reperfusion. We then evaluated cardiac function
using a biotic signal collection and processing system. H&E and Evans blue plus TTC staining were used to observe
morphological changes and the infarct size of myocardium, respectively. TUNEL-positive cells were calculated to
assess myocardial apoptosis. Quantitative RT-PCR was used to detect TLR4, NF-kB and TNF-ac mRNA expression.
Western blotting was performed to measure TLR4, nuclear NF-kB/p65, TNF-a, Bax, Bcl-2 and caspase-3 proteins
levels. We determined that pretreatment with bicyclol improved cardiac function, reduced myocardial infarct size
and ameliorated morphological lesions of the myocardium in a dose-dependent manner. In addition, the expres-
sion levels of TLR4, NF-kB and TNF-a were significantly down-regulated following bicyclol pretreatment. This was
concomitant with inhibition of cardiomyocyte apoptosis, as evidenced by a decrease in TUNEL-positive cells and the
deactivation of the Bax/Bcl-2 dependent apoptotic cascade. Taken together, our findings demonstrate that admin-
istration of bicyclol has a cardioprotective effect against I/R injury, possibly through down-regulation of myocardial
apoptosis mediated by the TLR4/NF-kB signaling pathway.
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There is much evidence to demonstrate that
signaling pathways originated by transmem-
brane Toll-like receptor 4 (TLR4) and its down-
stream effector nuclear factor kB (NF-kB) regu-

Introduction

Acute myocardial infarction is the most com-
mon and most severe form of acute cardiac

injury [1]. Early reperfusion treatment yields
benefits for the ischemic myocardium but para-
doxically results in further damage to viable
tissue, which is characterized as myocardial
ischemia/reperfusion (I/R) injury (MIRI) [2, 3].
There are complex factors that contribute to
its pathogenesis, among which apoptosis has
been identified as a major contributing factor in
promotion of myocardial dysfunction [4, 5]. As
such, many recent investigations have focused
on the initiation of the apoptotic process and
on identifying interventional methods that may
represent potential therapeutic approaches for
the reduction of MIRI.

late the links between extracellular stimuli
and alteration in gene expression. The TLR4/
NF-kB axis functions as a critical sensor in
inducing the canonical apoptotic cascade [6].
Activated NF-kB translocates into the nucleus
and thus induces the synthesis of tumor nec-
rosis factor-alpha (TNF-a), which has recently
emerged as a potent pro-apoptotic cytokine in
MIRI [7, 8]. Importantly, myocardial apoptosis
can be markedly attenuated through interven-
tional strategies that target TLR4-depentent
signaling pathways via a variety of techniques,
ranging from antagonist, TLR4 gene deficiency,
and small interference RNA technique etc. [9,
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10]. This suggests, and is in agreement with
previous studies, that administration of anti-
apoptotic drugs which act through a TLR4-
mediated mechanism might confer encourag-
ing results for the treatment of MIRI [11, 12].

Bicyclol (4,4-dimethoxy-5,6,5’,6'-bis (methyle-
ne-dioxy)-2-hydroxymethyl-2’-methoxy carbonyl
biphenyl) is an extensively applied anti-hepati-
tis drug with clinical efficacy in China [13, 14].
Bicyclol administration has also been shown
to possess many pharmacological and pleio-
tropic organ-protective properties, including
protection against renal interstitial fibrosis,
neuroprotection against rat ischemic stroke
and anti-inflammatory potency in acute lung
injury [13-15]. Currently, the novel role of bicy-
clol in protection against I/R injury has aroused
attentions. For instance, Cui and colleagues
have confirmed that bicyclol exerts a protective
effect on cardiomyocytes through its ability to
limit oxidative stress during I/R in vivo [16].
Moreover, a current report has further exp-
anded our understanding of bicyclol’s biologi-
cal properties, specifically in terms of its anti-
apoptotic effects, through identifying a mecha-
nism that was closely correlated to the inhibi-
tion of the mitochondria-associated apoptotic
pathway [17]. To the best of our knowledge,
there exists neither clear histological or mor-
phological evidence nor appropriate dosage
regimen to demonstrate the cardioprotective
effect of bicyclol against I/R injury in vivo.
Neither has the related intracellular processes
mediating apoptosis in MIRI been determined.
The only prior study to highlight the protective
mechanism of bicyclol in ischemic conditions
was through the means of down-regulating
TLR4-associated signaling pathways [14]. The-
refore, the purpose of the present study was to
determine the cardioprotective potency of bicy-
clol during I/R injury, and to identifying the
underlying mechanisms associated with the
TLR4/NF-kB-mediated apoptotic cascade.

Materials and methods
Experimental animals

Male Sprague-Dawley (S-D) rats (SPF grade,
weighing 220-250 g) were supplied by the ani-
mal experiment centre of Wuhan University
(Wuhan, China). All rats were maintained under
controlled conditions with a normal photoperi-
od of 12/12 h light/dark cycle at 24°C, a rela-
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tive humidity of 60% and free access to food
and water. The experimental procedures and
animal care were performed in compliance
with the Guidelines for Animal Experiment-
ation at the Institutional Animal Care and Use
Committee of Wuhan University, which were
also conducted under the Guide for the Care
and Use of Laboratory Animals by the National
Institute of Health.

Drugs and animal pretreatments

Bicyclol (C, H,O,; purity >98%) was kindly pro-
vided by Beijing Union Pharmaceutical Manu-
factory (China), and dissolved in polyethylene
glycol 400 (PGE400) [18]. All rats were random-
ized into a sham operated group (SO group), a
myocardial I/R injury group (I/R group) and a
bicyclol-pretreated group for the dose-effect
relationship study. In the SO and I/R groups,
rats were orally administered with vehicle
(PEG400) by a gavage for 3 days and served
as a sham control and an I/R control. In bicy-
clol-treated groups, animals received a gavage
of bicyclol at three different dosages of 25 mg/
kg (L-Bic group), 50 mg/kg (M-Bic group) and
100 mg/kg (H-Bic group) for three consecutive
days prior to I/R injury. Each group contained
12 rats. The doses and duration regimes of
bicyclol pretreatment were determined by pre-
vious data by Cui et al [16] and data from the
pretests.

Establishments of myocardial I/R injury mod-
els

Animals in the I/R group and the bicyclol-
pretreated groups were subjected to experi-
mental coronary artery LAD ischemia for 30
min and reperfusion for 4 h (to represent I/R)
as previously described [5, 16]. In detail, rats
were anesthetized with sodium pentobarbital
at a dose of 30 mg/kg (i.p.), and were ventilat-
ed via a breathing machine at 70 breaths/min
and a tidal volume of 20 ml/kg. An electrocar-
diogram (ECG) in combination with a computer-
based EP system was used to detect alterna-
tion of ST-T segment and heart rate (LEAD-
2000B; Jinjiang Ltd., China). Body temperature
of rats during and after surgical procedures
was retained at 36-37°C via a homeothermic
blanket. A thoracotomy between the third and
fourth ribs on the left side was performed.
After rat heart exposure, a 6-0 silk suture was
used to ligate the LAD. In addition, a socket of
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medical latex tube (inner diameter = 1.5 mm)
was gently placed between the LAD and the
ligature. In this way, the reversible ischemia
was induced by tightening the silk for 30 min,
and then loosening of the knot restored bold
supply for 4 h. The elevation of the ECG ST-T
segment, the pale appearance in the apex of
the heart and abnormal wall motion were all
considered phenotypes of myocardial isch-
emia. Animals in the SO group were treated
with the same procedures except that the silk
was not tied. At 4 h post-reperfusion, all rats
underwent hemodynamic measurements and
then four rats in each group were maintained to
assess the myocardial infarct size. All other
rats were subjected to the hemodynamic
evaluation and then immediately sacrificed.
Left ventricular tissue near the heart apex and
blood samples were collected for correspond-
ing determinations.

Evaluations of hemodynamics

Following 4 h after I/R, a pressure transducer
was cannulated into the rat left ventricular cav-
ity via the right common carotid artery for a
hemodynamic evaluation [19]. Heart rate (HR),
left ventricular systolic pressure (LVSP), left
ventricular end-diastolic pressure (LVEDP) and
maximal rise/fall rate of left ventricular pres-
sure (+ dp/dt__ ) were measured to determine
the cardiac function by a data acquisition
system (BL420F-Powerlab, Taimeng Technology
Co., Ltd., China).

Measurements of myocardial infarct size

Myocardial infarct size was measured by Evans
blue plus 2,3,5-triphenyl tetrazolium chloride
(TTC) double staining 4 h after the reper-
fusion procedure [5, 19]. Once the LAD was
occluded again, 1.5 ml of 2% Evans blue dye
(Sigma-Aldrich, St Louis, MO, USA) was injected
into the jugular vein to stain viable non-isch-
emic tissue a blue colour. After being removed
and washed with saline, the entire heart was
frozen at -80°C for 5 min. Then, the heart was
cut into five 2 mm thick transverse slices, which
were then incubated in 1.5% TTC at 37°C
(Sigma, St. Louis, MO, USA). Twenty minutes
later, the ischemic but still viable area (the
area at risk, AAR) was dyed red with TTC, while
non-stained necrotic myocardium appeared
pale white. Image-Pro Plus 5.0 software (Media
Cybernetic, USA) was used to measure the
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infarct size and AAR. The ratio of infarct size
to AAR was calculated and represented as a
percentage.

Determinations of morphological changes

At the end of reperfusion, the left ventricular
tissue near the heart apex was collected and
fixed in 4% paraformaldehyde for 24 h. Then,
the samples underwent the standard protocol
for paraffin embedded sections. Approximately
5 um thick paraffin slices were then subjected
to hematoxylin & eosin (H&E) staining to mea-
sure morphological changes using an optical
microscope (200x magnificaion) as described
by Yang et al [20].

Assessments of TUNEL-positive cardiomyo-
cytes

The terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) as-
say was utilized to evaluate the number of
apoptotic cells among cardiomyocytes [5]. At 4
h post-reperfusion, the collected heart sam-
ples were fixed with 4% paraformaldehyde,
dehydrated, and then paraffin-embedded. TU-
NEL staining was performed with an assay kit
(Roche, Basle, Switzerland) according to the
manufacturer’s instructions. Five microscopic
fields were randomly chosen to count the
TUNEL-positive cells, and photographs were
obtained under 400x magnification. Scale bar
represented 20 um. Apoptotic index (Al) was
calculated as follows: Al = TUNEL-positive cells/
total cells x100%.

Western blotting analysis

After I/R injury, the left ventricular tissue near
the heart apexin all groups was obtained. Then,
total and nuclear protein extractions were per-
formed by the methods of Yang et al, and
according to the manufacturer’'s instruction
[20]. Fifty ug of proteins per lane were separat-
ed by 12% SDS-polyacrylamide gel electropho-
resis, and transferred to a PVDF membrane.
Membranes loaded with proteins of interest
were blocked with Tris buffer saline (TBS)-0.1%
Tween-20 containing 5% w/v nonfat dry milk.
Then, blots were probed with primary antibod-
ies (Proteintech Group, Chicago, IL, USA) agai-
nst TLR4 (1:600), NF-kB/p65 (1:1500), TNF-a
(1:600), Bax (1:1000), caspase-3 (1:800) and
Bcl-2 (1:1500), followed by incubation with the
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Table 1. Effects of bicyclol on hemodynamic alternation after MIRI Results

LVEDP

Group  LVSP (mmHg) (mmHg)

+dp/dt_ (mmHg/s) -dp/dt

(mmHg/s) Treatment with bi-

max

SO 12732 +3.23 3.03+0.07 7499.21 +222.96  5346.75 + 83.79
I/R 97.09 £ 1.01"" 5.40 +0.25"" 5188.41 + 118.78""" 3149.79 + 85.86"""
532+0.43 5171.82 +106.12 3216.41 £ 61.99
M-Bic 108.02 + 0.93"" 4.69 + 0.17"" 6341.16 + 121.52% 4032.85 + 36.40*
H-Bic 114.65+ 1.72%% 4.14 + 0.09** 6847.75 + 127.05** 4280.48 + 33.25%&

L-Bic 99.55 + 1.11

cyclol ameliorates
cardiac function
following I/R injury

Hemodynamic ass-
essment was used

Data were presented as means + SEM, n = 6 per group. “*P<0.001 vs. SO group; “*P<0.01 and
#P<0.001 vs. I/R group, respectively; ¥P<0.05 vs. M-Bic group. LVSP, left ventricular systolic
pressure; LVEDP, left ventricular end-diastolic pressure; + dp/dt__, maximal rise/fall rate of left

ventricular pressure.

horseradish perioxidase-conjugated secondary
antibody. Each band was developed with an
enhanced chemiluminescence system. GAPDH
and Lamin B were employed as internal con-
trols for cytoplasmic and nuclear NF-kB/p65
proteins, respectively.

Quantitative real-time PCR

Total RNA from heart samples were extracted
and purified using TRIzol reagent (Takara,
Osaka, Japan). Four pyg of RNA was reverse-
transcribed into cDNA using a commercial syn-
thesis kit (Invitrogen) in accordance with manu-
facturer’s instruction. Real-time PCR was per-
formed with the SYBR green/fluorescein qPCR
Master Mix kit (Bio-rad). The -actin gene was
used as an internal control. Data were calcu-
lated according to the comparative quantifica-
tion method (222%), Sequence-specific primers
utilized to amplify genes of interest are listed
as follows: TLR4, forward 5-TATCGGTGGTCA-
GTGTGCTT-3’ reverse 5-CTCGTTTCTCACCCAG-
TCCT-3’ NF-kB, forward 5’AAGCACAGATACCAC-
TAAGACGCA-3’ reverse 5-TTCAGCCTCATAGAA-
GCCATCC-3’ TNF-a, forward 5-TAGAGGTGTCG-
TCCCATCGT-3’ reverse 5’ GGGCTTGTCACTCGA-
GTTTT-3’ B-actin, forward 5-CACGATGGAGGG-
GCCGGACTCATC-3’ reverse 5-TAAAGACCTCTA-
TGCCAACACAGT-3..

Statistical analysis

Quantitative data were analyzed using SPSS
software (Version 13.0), and expressed as the
means + SEM. Statistical comparison between
groups were determined by ANOVA and fol-
lowed with a SNK-q test. A p value less than
0.05 was considered statistically significant.
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to directly determi-
ne the effects of
bic-yclol on cardiac
function after MIRI.
As shown in Table
1, worse levels of LVEDP, LVSP and + dp/dt__
of the left ventricle were observed in post-I/R
groups relative to the SO group (P<0.001).
However, bicyclol pretreatment in the M-Bic
and H-Bic groups remarkably ameliorated
LVEDP, LVSP (P<0.01 vs. I/R group) and * dp/
dt .. (P<0.001 vs. I/R group) levels. In particu-
lar, visible improvements of these parameters
were observed in the H-Bic group compared
with those in the M-Bic group (P<0.05). Values
were alike between the I/R and L-Bic groups
(P>0.05). Moreover, there was no significant
difference in heart rate (HR) among the five
groups (data not shown).

Bicyclol pretreatment attenuates histopatho-
logical lesion and infarct size of the myocar-
dium

To further define the morphologic evidence of
the protective effects of bicyclol in MIRI, we
measured the pathological lesion and infarct
size of the myocardium. Heart samples were
harvested after the I/R procedure, and follow-
ing H&E staining they were examined under a
light microscope (Figure 1). In the SO group,
myocardial cells and the interstitium did not
show any obvious histopathological altera-
tions. Heart tissue isolated from the I/R group
displayed widespread striated cardiac muscle
disorder, local swelling of the myocardium,
myocardial necrosis, interstitial hemorrhage,
intercellular space widening and monocyte
infiltration. Heart tissue from the L-Bic group
were pathologically similar to that in the I/R
group. However, rats pretreated with medium-
and high-bicyclol doses showed slight edema of
the myocardium, mild disorder changes and
only a partially ruptured cardiac muscle fiber,
as well as a decrease in the amount of mono-
cyte infiltration.

Int J Clin Exp Med 2016;9(11):21213-21223
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H&E staining
SO

nted as the ratio of TUNEL-
positive cells to total cardio-
myocytes, was remarkably
increased in all I/R-treated
groups compared to the SO
group (P<0.001) (Figure 3A
and 3B). Bicyclol pretreat-
ment at medium and high
doses mitigated the incre-
ase in the number of apop-
totic cells in comparison
with that in the I/R group.
The M-Bic and H-Bic groups
showing a separate 30.37%
and 40.02% reduction in Al
relative to the IR group (p
both <0.001), while the L-
Bic group showed no sig-
nificant difference (P>0.05)
(Figure 3B). This suggests
that myocardial apoptosis
induced by I/R can be strik-
ingly ameliorated by bicyclol
in a dose-dependent man-
ner (H-Bic vs. M-Bic, P<0.05).

Bicyclol mitigates the Bax/
Bcl-2-depentent apoptotic
cascade

Figure 1. Bicyclol attenuates myocardial histopathological lesions caused by
I/R injury. Representative photographs of H&E-stained myocardial tissues in
each group (original magnification x200).

For the assessment of myocardial infarct size
(Figure 2), the necrotic area was determined
to be 44.31 + 1.96% of the AAR in the I/R
group. Bicyclol treatment at medium and high
dosages strongly attenuated this elevated inf-
arct size to 32.37 + 1.19% of the AAR and
25.25 + 1.19% of the AAR (M-Bic and H-Bic vs.
IR, p both <0.001), respectively. However, the
low-dosage bicyclol-treated group showed no
significant difference in necrotic area when
compared with the I/R group (P>0.05). This
would suggest that bicyclol's inhibitory effect
on myocardial infarct size is dose-dependent
(H-Bic vs. M-Bic, P<0.01).

Bicyclol alleviates the amount of TUNEL-
positive cardiomyocytes

To determine if bicyclol has an effect on myo-
cardial apoptosis caused by I/R injury, TUNEL
staining was performed to visualize the apop-
totic cell population. The Al, which is represe-
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To further validate that bicy-
clol reduces cardiomyocyte
apoptosis, and to determine
the potential molecular mechanisms underly-
ing this reduction, Western blot analysis was
performed to measure the protein levels of
cytoplasmic Bax, Bcl-2 and caspase-3 (Figure
4A and 4B). Our results demonstrated that
rats subjected to I/R showed strong elevation
in the levels of Bax and cleaved caspase-3
proteins (0.88 + 0.05 and 0.68 + 0.03, respec-
tively) relative to the SO group (0.33 £ 0.02 and
0.17 £ 0.01, respectively, p both <0.001). Upon
pretreatment with bicyclol at medium- and
high-doses, reductions in Bax (M-Bic = 0.67 +
0.03 and H-Bic = 0.57 £ 0.03) and cleaved cas-
pase-3 (M-Bic = 0.43 + 0.03 and H-Bic = 0.37
+ 0.03) protein levels were observed in com-
parison with that from the I/R group (M-Bic vs.
IR, P<0.01; H-Bic vs. IR, P<0.001). However, the
level of Bcl-2 was contrary to those observed
for Bax and cleaved caspase-3. Furthermore,
there were no differences in any of the protein
levels measured between the L-Bic and I/R
groups (P>0.05).

Int J Clin Exp Med 2016;9(11):21213-21223
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IR L-Bic

M-Bic

Fekdk

Infarct size/AAR(%)

T
SO IR L-Bic M-Bic  H-Bic

Figure 2. Effects of bicyclol on reducing myocardial
infarct size in I/R injury. A: Representative pictures
showing myocardial tissue cross-sectioned after
Evans Blue combined with TTC staining. B: Graphs
depicting the comparisons of infarction size/AAR
between groups. Values were means + SEM, n = 4/
group, ""P<0.01, ""P<0.001.

Bicyclol down-regulates the TLR4-mediated
signaling pathway

To determine which signaling pathways are
involved in the mechanism, in which bicyclol
prevents apoptosis, we detected the protein
and mRNA expression levels of TLR4, NF-kB
and TNF-a. As demonstrated in Figure 5A, the
MmRNA expression levels of TLR4, NF-kB and
TNF-o« were profoundly higher in the I/R group
relative to the SO group (4.15 + 0.44 vs. 1.00 +
0.05,4.43 £ 0.31 vs. 1.00 + 0.05 and 4.89 +
0.27 vs. 1.00 £ 0.04, respectively, p all <0.001).
Administration of bicyclol repressed TLR4
(M-Bic = 2.25 £ 0.18 and H-Bic = 1.60 £ 0.33),
NF-kB (M-Bic = 2.91 + 0.20 and H-Bic = 2.10 +
0.32) and TNF-a (M-Bic = 2.74 + 0.16 and H-Bic
= 1.62 + 0.31) mRNA expression (M-Bic vs. IR,
P<0.01; H-Bic vs. IR, P<0.001). No significant
difference in mRNA expression was observed
between the I/R and L-Bic groups (P>0.05).

In addition, the protein levels of TLR4, nuclear
NF-kB/p65 and TNF-a exhibited a similar pat-
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tern of expressions. As shown in Figure 5B,
compared to the SO group, heart tissue sam-
ples isolated from the I/R group exhibited sig-
nificant up-regulation of TLR4, nuclear NF-kB/
p65 and TNF-a proteins (p all <0.001). Furthe-
rmore, in medium- and high-dosages of the
bicyclol-treated animals, the expression levels
of TLR4 (M-Bic and H-Bic vs. IR, p both <0.01),
nuclear NF-kB/p65 and TNF-a (M-Bic and H-
Bic vs. IR, p both <0.001) proteins were sig-
nificantly decreased compared with the I/R
group. However, no significant differences were
observed in protein expression levels between
the L-Bic and the I/R groups (P>0.05).

Discussion

Previous studies have demonstrated that
myocyte death from apoptosis is a critical
mediator of MIRI [4, 5]. In the present study, we
provide, for the first time, in vivo evidence that
administration of bicyclol can markedly inhibit
myocardial apoptosis and thus attenuate I/R
injury in a dose-dependent manner via medi-
ating the expression of apoptotic molecules
(Bax, Bcl-2 and caspase-3). The mechanism of
protection is most likely linked to the repres-
sion of the TLR4 and NF-kB signaling pathway.
Our findings suggest that bicyclol possesses
a novel therapeutic potential for MIRI through
the inhibition of myocardial apoptosis.

Bicyclol is a synthetic analog of the Chinese
herb Fructus schisandrin, which has been
widely used in the treatment of hepatitis [18,
21]. Recently, a number of studies have also
confirmed the pleiotropic organ-protective pro-
perties of bicyclol, as treatment that may pro-
vide protection against kidney and brain injury
resulting from I/R through the clearance of
free radicals [22, 23]. However, little is known
about its potential cardio-protective effect in
MIRI. In the present study, we provide clear
hemodynamic and histological evidence that
administration of medium (50 mg/kg) and high
(100 mg/kg) doses of bicyclol during I/R mark-
edly attenuates myocardial damage in vivo, as
measured by the amelioration of cardiac func-
tion and histological lesion as well as decre-
ases in myocardium infracted size. However,
treatment with low-dose of bicyclol (25 mg/kg)
shows no advantages in terms of myocardial
injury, suggesting that bicyclol possesses a
protective effect during MIRI in a dose-depen-
dent manner. To exploit the underlying mecha-

Int J Clin Exp Med 2016;9(11):21213-21223
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Figure 3. Bicyclol alleviates the amount of TUNEL-positive cardiomyocytes
observed in I/R injury. Representative photomicrographs of TUNEL-stained
cardiomyocytes (A) and graphs showing the mean apoptotic index in five
groups (B). Scale bar represents 20 um. Data were expressed as the means
+ SEM, n = 6/group, "P<0.05, ""P<0.001.

nism of this cardioprotection, we focused on
bicyclol’'s anti-apoptotic potency.

the possible molecular mecha-
nism of its protection through
regulation of myocardial apop-
tosis. I/R injuries remain the
major detriment to ischemic
cardiomyocytes following rep-
erfusion treatment [3, 4]. Pos-
sible reasons behind this form
of damage might be the activa-
tion of inflammatory pathways,
oxidative stress and/or pro-
grammed cell deaths as well
as, including apoptosis and
autophagy [5, 24, 25]. Apop-
tosis is a type | programmed
cell death, performed as the
final arbiters and thus plays an
indispensable role in inducing
MIRI [5, 25, 26]. The Bax/Bcl-
2-depentent cascade, which
triggers mitochondria-mediat-
ed apoptosis, is regarded as
the most pivotal signal in ind-
ucing intrinsic apoptotic casc-
ade [25-27]. Balance between
pro-apoptotic Bax and anti-
apoptotic Bcl-2 proteins, along
with the subsequent activa-
tion of caspase-3, which acts
as the direct initiator in the
induction of apoptosis, syner-
gistically results in cell apopto-
sis in MIRI [9]. As set forth,
the therapeutic interventions
focusing on Bax/Bcl-2-associ-
ated signaling have attracted
attention because of the pro-
tective effect against I/R inj-
ury [27, 28]. Here, we demon-
strate that bicyclol pretreat-
ment with 50 mg/kg and 100
mg/kg significantly decreased
the number of TUNEL-positive
cardiomyocytes. We also show
that there was a reversal in

the Bax/Bcl-2 balance following bicyclol treat-
ment, as evidenced by an increased level of

Bcl-2 and a decreased level of Bax, which was

Recently, Bao et al have elucidated that treat-
ment with bicyclol provides a protective effect
on HepG2 cells by its action to limit mito-
chondria-associated apoptotic cascade [17].
However, there is little evidence demonstrating

the efficacy of bicyclol treatment during I/R or cascade.
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accompanied by the down-regulation of cas-
pase-3. Taken together, we propose that bicy-
clol possesses a cardioactive effect against I/R
injury by preventing apoptosis through the inhi-
bition of the Bax/Bcl-2-dependent apoptotic

Int J Clin Exp Med 2016;9(11):21213-21223
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Figure 4. Bicyclol mitigates the Bax/Bcl-2-dependend
apoptotic cascade in MIRI. Representative Western
blots of Bax, Bcl-2 (A) and cleaved caspase-3 (B)
proteins. The corresponding densitometric analyses
were plotted as bar graphs. Data were normalized
to the GAPDH signal. Values were presented as the
means + SEM. n = 6/group, *"P<0.01, "*P<0.001.

Myocardial I/R injury is an antigen-indepen-
dent pathological process. Various intra- and
extra-cellular molecules, such as high mobility
group box 1 protein (HMGB1), TNF-a, MAPKs
and NF-kB, participate in its development and
are expressed during its occurrence [9, 29,
30]. Upon binding with extracellular ligations,
TLR4, as an important signal transduction
sensor in MIRI, leads to the activation of down-
stream cascade of events. In particular, inter-
action with Myd88 precedes the nuclear trans-
location of NF-kB, which enables up-regulation
of inflammation-related genes (IL-6 and TNF-«)
[31, 32]. The activation of the TLR4/NF-kB/
TNF-a (IL-6) signaling pathway has been widely
accepted as the canonical pro-inflammatory
action in inducing I/R injury [31, 32]. Recent
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focus has turned to the innovative function of
this signaling axis in mediating the interior
apoptotic cascade through maintaining Bax/
Bcl-2 balance and activating caspase-3 [6, 7,
33]. Moreover, pharmacological inhibition of
TLR4 and/or NF-kB as well as TNF-a, also
significantly limits myocardial apoptosis and
results in the attenuation of I/R injuries [7, 34,
35]. Prior study has highlighted the protective
mechanism of bicyclol in ischemic condition
through means of down-regulating the TLR4-
associated signaling pathways [14]. Consist-
ent with previous studies, we provide the novel
findings that elevated expression of TLR4, nuc-
lear NF-kB subunit p65 and cytokine TNF-a
were presented during I/R injury and that bicy-
clol pretreatment robustly diminishes this up-
regulation of the TLR4/NF-kB/TNF-a pathway.
This is in parallel with a lower number of TUNEL-
positive cardiomyocytes and the limitation of
the Bax/Bcl-2-dependent apoptotic cascade
following bicyclol pretreatment. As such, our
findings identify a new role for the TLR4/NF-kB
signaling pathway beyond pro-inflammatory
action in MIRI. In addition, this could be regard-
ed as a potential drug target as to the patho-
logical mediatory effect involved in the pro-
apoptotic process.

In summary, our findings offer proof of concept
that the administration of bicyclol plays an
anti-apoptotic role and has a cardioprotective
effect in I/R injury; furthermore, the possible
mechanism of action might be due to the
down-regulation of the Bax/Bcl-2-dependent
apoptotic cascade mediated by the TLR4/
NF-kB signaling pathway. We provide a funda-
mental and pharmacological method of bic-
yclol pretreatment in the amelioration of MIRI,
although further studies are still needed to
clarify the causative association between bicy-
clol and the anti-apoptotic action involved in
the TLR4/NF-kB axis. Possible approaches may
include signaling pathway specific inhibitors or
small interfering RNAs to further test this idea.

Acknowledgements

This work was supported by the National Nat-
ural Science Foundation of China [81200156,
81200088, 81470387 and 81570331] and
the Fundamental Research Funds for the Cen-
tral Universities [20120141120079]. We thank

Int J Clin Exp Med 2016;9(11):21213-21223



Bicyclol ameliorates myocardial I/R injury

b

2 m— 3 —— 3 _s

s 2f Fgs| —w——n— e

bz £ £

SE 284 5.

7 Za o

g2’ Eg? Eg 3

a3 2% ,) s,

5E, ﬁ 2, g€,

3 ] [ [}

2 - 2

E ol . 0 ﬂ - 0

SO IR L-Bic M-Bic H-Bic SO0 IR L-Bic M-Bic H-Bic SO IR L-Bic M-Bic H-Bic

B TlR4 - ———— NF-KB p65 == e s o TNF-qg — ——————

GAPDH «us ass cus e e

=
g

g - )
® _osd TTTF T 2 £
£5 cE
£ a o6 &4
O ow
- ‘-@
89 . a g
ogT™ Q

2 z2q
5 £02 Sy
Q \‘DE
[ : 4

IR L-Bic M-Bic H-Bic

LaminB e e e cm— o

IR L-Bic M-Bic H-Bic

GAPDH s eus cun e e

— i —

e —

(TNF-a/GADPH)

Relative protein level

s 0.2+
T 0.0

IR L-Bic M-Bic H-Bic

Figure 5. Bicyclol down-regulates the TLR4-mediated signaling pathway in MIRI. A: Quantitative RT-PCR showing
mRNA expression of TLR4, NF-kB and TNF-a. B: Western blots of TLR4, nuclear NF-kB/p65, TNF-a and the respec-
tive bar graphs to illustrate densitometric quantitative measurements. The results were expressed as the means +

SEM. n = 6/group, “P<0.01, ""P<0.001.

Yan-Hong Tang, Xi Wang, Teng Wang, Ping Hu
from Renmin Hospital of Wuhan University for
excellent technical assistance.

Disclosure of conflict of interest
None.

Address correspondence to: Hong Jiang and lJing
Chen, Department of Cardiology, Renmin Hospital
of Wuhan University, Cardiovascular Research Insti-
tute of Wuhan University, Hubei Key Laboratory of
Cardiology, Wuhan 430060, Hubei Province, China.
E-mail: hong-jiang@whu.edu.cn (HJ); gxqcl@sohu.
com (JC)

References

[1] LeBlanc M,Zuber V, Andreassen BK, Witoelar
A, Zeng L, Bettella F, Wang Y, McEvoy LK,
Thompson WK, Schork AJ, Reppe S, Barrett-
Connor E, Ligthart S, Dehghan A, Gautvik KM,
Nelson CP, Schunkert H, Samani NJ, Ridker
PM, Chasman DI, Aukrust P, Djurovic S, Friges-
si A, Desikan RS, Dale A, Andreassen OA. lden-
tifying novel gene variants in coronary artery
disease and shared genes with several cardio-
vascular risk factors. Circ Res 2016; 118: 83-
94,

[2] Conklin DJ, Guo Y, Jagatheesan G, Kilfoil PJ,
Haberzettl P, Hill BG, Baba SP, Guo L, Wetzel-
berger K, Obal D, Rokosh DG, Prough RA, Prab-

21221

(4]

(5]

(6]

(7]

hu SD, Velayutham M, Zweier JL, Hoetker JD,
Riggs DW, Srivastava S, Bolli R, Bhatnagar A.
Genetic deficiency of glutathione s-transferase
p increases myocardial sensitivity to ischemia-
reperfusion injury. Circ Res 2015; 117: 437-
449.

Zhang T, Zhang, Cui M, Jin L, Wang, Lv F, Liu
Y, Zheng W, Shang H, Zhang J, Zhang M, Wu H,
Guo J, Zhang X, Hu X, Cao CM, Xiao RP. CaMKII
is a RIP3 substrate mediating ischemia-and
oxidative stress-induced myocardial necropt-
osis. Nat Med 2016; 22: 175-182.

Chen XG, Lv YX, Zhao D, Zhang L, Zheng F,
Yang JY, Li XL, Wang L, Guo LY, Pan YM, Yan YW,
Chen SY, Wang JN, Tang JM, Wan Y. Vascular
endothelial growth factor-C protects heart from
ischemia/reperfusion injury by inhibiting car-
diomyocyte apoptosis. Mol Cell Biochem 2016;
413: 9-23.

Guo X, Jiang H, Chen J. RP105-PI3K-Akt axis: A
potential therapeutic approach for ameliorat-
ing myocardial ischemia/reperfusion injury. Int
J Cardiol 2016; 206: 95-96.

Shen M, Lu J, Dai W, Wang F, Xu L, Chen K, He
L, Cheng P, Zhang Y, Wang C, Wu D, Yang J, Zhu
R, Zhang H, Zhou Y, Guo C. Ethyl pyruvate ame-
liorates hepatic ischemia-reperfusion injury by
inhibiting intrinsic pathway of apoptosis and
autophagy. Mediators Inflamm 2013; 2013:
461536.

Zhao Y, Xu Y, Zhang J, Ji T. Cardioprotective ef-
fect of carvedilol: inhibition of apoptosis in
H9c2 cardiomyocytes via the TLR4/NF-kB

Int J Clin Exp Med 2016;9(11):21213-21223


mailto:hong-jiang@whu.edu.cn

(8]

(9]

(10]

(11]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

(19]

[20]

Bicyclol ameliorates myocardial I/R injury

pathway following ischemia/reperfusion injury.
Exp Ther Med 2014; 8: 1092-1096.

Fang Y, Hu J. Toll-like receptor and its roles in
myocardial ischemic/reperfusion injury. Med
Sci Monit 2011; 17: RA100-A109.

Ding HS, Yang J, Chen P, Yang J, Bo SQ, Ding
JW, Yu QQ. The HMGB1-TLR4 axis contributes
to myocardial ischemia/reperfusion injury via
regulation of cardiomyocyte apoptosis. Gene
2013; 527: 389-393.

Zhang ZX, Min WP, Jevnikar AM. Use of RNA
interference to minimize ischemia reperfusion
injury. Transplant Rev (Orlando) 2012; 26:
140-155.

Hadi NR, Al-Amran FG, Hussien YA, Al-Yasiri IK,
Al-Turfy M. The cardioprotective potential of
valsartan in myocardial ischaemia reperfusion
injury. Cent Eur J Immunol 2015; 40: 159-166.
Liu Q, Li J, Wang J, Li J, Janicki JS, Fan D. Ef-
fects and mechanisms of Chinese herbal med-
icine in ameliorating myocardial ischemia-
reperfusion injury. Evid Based Complement Al-
ternat Med 2013; 2013: 925625-925625.
Luo Y, Zhang B, Xu DQ, Dong MQ, Zhao PT, Li
ZC. Protective effect of bicyclol on lipopolysac-
charide-induced acute lung injury in mice.
Pulm Pharmacol Ther 2011; 24: 240-246.
Zhang J, Fu B, Zhang X, Chen L, Zhang L, Zhao
X, Bai X, Zhu C, Cui L, Wang L. Neuroprotective
effect of bicyclol in rat ischemic stroke: down-
regulates TLR4, TLR9, TRAF6, NF-kB, MMP-9
and up-regulates claudin-5 expression. Brain
Res 2013; 1528: 80-88.

Liu YH, Han ZM. Effects of bicyclol on renal PAI-
1 expression in rats with uniliteral ureteral ob-
struction. Zhongguo Dang Dai Er Ke Za Zhi
2011; 13: 509-513.

Cui J, Li Z, Qian L B, Gao Q, Wang J, Xue M, Lou
XE, Bruce IC, Xia Q, Wang HP. Reducing the
oxidative stress mediates the cardioprotection
of bicyclol against ischemia-reperfusion injury
in rats. J Zhejiang Univ Sci B 2013; 14: 487-
495.

Bao XQ, Liu GT. Bicyclol protects HepG2 cells
against D-galactosamine-induced apoptosis
through inducing heat shock protein 27 and
mitochondria associated pathway. Acta Phar-
macol Sin 2010; 31: 219-226.

Bao XQ, Liu GT. Bicyclol: a novel antihepatitis
drug with hepatic heat shock protein 27/70-in-
ducing activity and cytoprotective effects in
mice. Cell Stress Chaperones 2008; 13: 347-
355.

ChangR, Li Y, Yang X, Dou L, Wang Y, Zhang W,
Li X. Protective role of deoxyschizandrin and
schisantherin A against myocardial ischemia-
reperfusion injury in rats. PLoS One 2013; 8:
€61590.

Yang J, Jiang Hong, Yang J, Ding JW, Chen LH,
Li S, Zhang XD. Valsartan pretreatment pro-

21222

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

tects against myocardial ischemia-reperfusion
injury through TLR4/NF-kB signaling pathway.
Mol Cell Biochem 2009; 330: 39-46.

Zhang J, Fu B, Zhang X, Zhang L, Bai X, Zhao X,
Chen L, Cui L, Zhu C, Wang L, Zhao Y, Zhao T,
Wang X. Bicyclol upregulates transcription fac-
tor Nrf2, HO-1 expression and protects rat
brains against focal ischemia. Brain Res Bull
2014; 100: 38-43.

Sun LN, Shen J, Su F, Wang Q, Zhu YJ, Lou XE,
Liang HW, Bruce IC, Xia Q. Bicyclol attenuates
oxidative stress and neuronal damage follow-
ing transient forebrain ischemia in mouse cor-
tex and hippocampus. Neurosci Lett 2009;
459: 84-87.

Zhao DM, Sun T, Li Y. The protective effect of
bicyclol on ischemia-reperfusion induced kid-
ney injury in rats. Yao Xue Xue Bao 2002; 37:
412-414.

Gustafsson AB, Gottlieb RA. Eat your heart out:
Role of autophagy in myocardial ischemia/re-
perfusion. Autophagy 2008; 4: 416-421.

Xu J, Qin X, Cai X, Yang L, Xing Y, Li J, Zhang L,
Tang Y, Liu J, Zhang X, Gao F. Mitochondrial
JNK activation triggers autophagy and apopto-
sis and aggravates myocardial injury following
ischemia/reperfusion. Biochim Biophys Acta
2015; 1852: 262-270.

Wang Y, Liu J, Ma A, Chen Y. Cardioprotective
effect of berberine against myocardial isch-
emia/reperfusion injury via attenuating mito-
chondrial dysfunction and apoptosis. Int J Clin
Exp Med 2015; 8: 14513-14519.

Morin D, Assaly R, Paradis S, Berdeaux A. Inhi-
bition of mitochondrial membrane permea-
bility as a putative pharmacological target for
cardioprotection. Curr Med Chem 2009; 16:
4382-4398.

Chen Q, Xu H, Xu A, Ross T, Bowler E, Hu Y, Le-
snefsky EJ. Inhibition of Bcl-2 sensitizes mito-
chondrial permeability transition pore (MPTP)
opening in ischemia-damaged mitochondria.
PLoS One 2015; 10: €118834.

Vassalli G, Milano G, Moccetti T. Role of mito-
gen-activated protein kinases in myocardial
ischemia-reperfusion injury during heart trans-
plantation. J Transplant 2012; 2012: 928954.
Ling H, Gray CB, Zambon AC, Grimm M, Gu Y,
Dalton N, Purcell NH, Peterson K, Brown JH.
Ca2+/Calmodulin-dependent protein kinase Il
0 mediates myocardial ischemia/reperfusion
injury through nuclear factor-kB. Circ Res
2013; 112: 935-944.

Yang J, Yang J, Ding JW, Chen LH, Wang YL, Li
S, Wu H. Sequential expression of TLR4 and its
effects on the myocardium of rats with myocar-
dial ischemia-reperfusion injury. Inflammation
2008; 31: 304-312.

Kaczorowski DJ, Nakao A, McCurry KR, Billiar
TR. Toll-like receptors and myocardial isch-

Int J Clin Exp Med 2016;9(11):21213-21223



[33]

[34]

Bicyclol ameliorates myocardial I/R injury

emia/reperfusion, inflammation, and injury.
Curr Cardiol Rev 2009; 5: 196-202.

Ha T, Liu L, Kelley J, Kao R, Williams D, Li C.
Toll-like receptors: new players in myocardial
ischemia/reperfusion injury. Antioxid Redox
Signal 2011; 15: 1875-1893.

Zhu L, Wei T, Gao J, Chang X, He H, Luo F, Zhou
R, Ma C, Liu Y, Yan T. The cardioprotective ef-
fect of salidroside against myocardial ischemia
reperfusion injury in rats by inhibiting apopto-
sis and inflammation. Apoptosis 2015; 20:
1433-1443.

21223

[35]

Lu M, Tang F, Zhang J, Luan A, Mei M, Xu C,
Zhang S, Wang H, Maslov LN. Astragaloside IV
attenuates injury caused by myocardial isch-
emia/reperfusion in rats via regulation of toll-
like receptor 4/nuclear factor-kB signaling
pathway. Phytother Res 2015; 29: 599-606.

Int J Clin Exp Med 2016;9(11):21213-21223



