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Protective Effects of Pterostilbene Against Myocardial Ischemia/

Reperfusion Injury in Rats
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Abstract—Pterostilbene (PTB) has been suggested to protect against myocardial ischemia/reperfusion
(MI/R) injury. Gas6/Axl signaling has been suggested to play an important role in cell survival.
However, the interaction between PTB and Gas6/Axl signaling in MI/R remains unclear. This study
aims to evaluate the role of Gas6/AxI signaling in the protective effects of PTB against MI/R injury. In
experiment 1, the rats were subjected to 30 min of ischemia, followed by 3, 6, and 12 h of reperfusion,
respectively. In experiment 2, the rats were administered intraperitoneally with PTB or vehicle and
subjected to MI/R injury. The results suggested that the expression of Gas6 and Axl decreased
significantly after MI/R injury. PTB treatment conferred a cardioprotective effect with an improved
post-ischemic cardiac function, a reduced myocardial infarct size, and decreased lactate dehydrogenase
and creatine kinase-MB in the serum, a decreased oxidative stress and inflammation, and a reduced
number of apoptotic cardiomyocytes. Moreover, PTB treatment up-regulated the expression of Gas6,
Axl, and Bcl-2 and down-regulated Bax expression. Our findings suggest that PTB treatment exerts
cardioprotection against MI/R injury via attenuating inflammatory response, oxidative stress, and
apoptosis and up-regulating the expression of Gas6 and Axl. The application of PTB may be a new
strategy for the treatment of MI/R injury.
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INTRODUCTION

Myocardial ischemia/reperfusion (MI/R) injury is the
primary cause of cardiac failure and has a morbidity and
mortality worldwide [1, 2]. Accumulating evidence sug-
gests that the oxidative stress induced by the overproduc-
tion of reactive oxygen species (ROS) during the acute
reperfusion phase plays a pivotal role in the pathogenesis
of MI/R injury [3, 4]. In addition, ROS induces
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inflammation, leading to severe myocardial injury [3, 5].
Therefore, diminishing ROS production is a novel target
for attenuating MI/R injury.

Pterostilbene (PTB, Fig. 1), a natural dimethylated
analog of resveratrol from blueberries, has been reported
to exert various pharmacological effects, such as anti-can-
cer, anti-inflammation, and anti-oxidant [6]. Due to
methoxyl substitution-induced hyperlipophilicity, PTB
may present higher bioactivity than resveratrol [7]. In
animal studies, PTB was suggested to have 80% bioavail-
ability compared to 20% for resveratrol, making it poten-
tially advantageous as a therapeutic agent [8]. It has been
indicated that PTB attenuates the inflammatory reaction
induced by ischemia/reperfusion [9]. In another study, PTB
was shown to protect against atherosclerosis via regulation
of vascular smooth muscle cells and vascular endothelial
cells [10]. PTB inhibits rat aortic vascular smooth muscle
cell proliferation by inhibiting Akt-dependent pathway


http://crossmark.crossref.org/dialog/?doi=10.1007/s10753-016-0504-2&domain=pdf

Protective Effects of Pterostilbene Against MI/R Injury

[10]. However, whether PTB attenuates the oxidative stress
induced by MI/R injury remains unclear.

Growth arrest specific gene 6 protein (Gas6) is a
vitamin K-dependent protein and binds to receptor tyrosine
kinases including Axl, Mer, and Tyro3, known as TAM
receptors [11]. Gas6 has the highest affinity for Ax] among
its three receptors, and Gas6/AxI signaling pathway has
been suggested to play a critical role in various diseases
such as breast cancer [12], hypertension [13], and chronic
liver disease [14]. Lijnen ef al. showed that oral adminis-
tration of R428, an AxI antagonist, contributes to adipocyte
hypotrophy, increased macrophage infiltration, and apo-
ptosis [15]. Llacuna ef al. suggest that Gas6 is hepatopro-
tective against ischemia/reperfusion injury [16]. However,
the role of Gas6/Axl signaling in myocardial ischemia
remains unclear.

Therefore, this study was aimed to investigate the
cardioprotective effect of PTB against MI/R injury and
the possible molecular mechanisms involved in the protec-
tive effects of PTB was also investigated.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley (SD) rats (200-250 g) were
obtained from the Experimental Animal Center of the
Central South University (Changsha, China). All the rats
had free access to food and water. All of the procedures
were approved by the Committee of Experimental Animals
of the Central South University and conformed to the
Guide for the Care and Use of Laboratory Animals pub-
lished by the United States National Institutes of Health
(NIH Publication No. 85-23, revised 1996).

Materials

PTB, triphenyltetrazolium chloride (TTC), and 4,6-
diamino-2-phenylindole (DAPI) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Lactate dehydroge-
nase (LDH) assay kit, creatine kinase-MB (CK-MB),
malondialdehyde (MDA), superoxide dismutase (SOD),
superoxide generation, TNF-o (detection range, 6.5—
2000 pg/mL), and IL-13 (detection range, 7.3-2000 pg/
mL) assay kits were purchased from Jiancheng Bioengi-
neering Institute (Nanjing, China). Terminal
deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) kits were purchased from Roche (Mannheim,
Germany). The anti-Gas6, anti-Bcl-2, anti-Bax, and anti-3-
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actin were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). The gp91P"* antibody, IL-13
antibody, and TNF-« antibody were obtained from Abcam
(Cambridge, UK). The AxI antibody was purchased from
Cell Signaling Technology (Beverly, MA, USA).

Experimental Protocol and Drug Administration

Our experiments included two steps. In step 1, SD rats
were randomly divided into four experimental groups: (1)
Sham group, the rats received sham operation; (2) MI/R 3 h
group, the rats were subjected to 30 min of ischemia,
followed by 3 h reperfusion; (3) MI/R 6 h group, the rats
were subjected to 30 min of ischemia, followed by 6 h
reperfusion; (4) MI/R 12 h group, the rats were subjected to
30 min of ischemia, followed by 12 h reperfusion. In step
2, SD rats were randomly divided into four experimental
groups: (1) Sham group; (2) MI/R + vehicle group, the rats
were subjected to 30 min of ischemia, followed by 12 h
reperfusion, and the rats received the same volume of
vehicle as the rats in group (3) at the same time point; (3)
MI/R + PTB group, the rats received PTB before MI/R.
PTB was first dissolved in 0.05% dimethyl sulfoxide
(DMSO) and then diluted with normal saline. PTB was
administered intraperitoneally at a dose of 10 mg/kg body
weight once a day for five consecutive days.

Myocardial Ischemia/Reperfusion Model

Myocardial ischemia/reperfusion model was carried
out as described previously [17]. Briefly, rats were anes-
thetized by 3% pentobarbital sodium. Then, a left thoracic
incision was made, and myocardial ischemia was induced
by exteriorizing the heart using a 6-0 silk suture. A slipknot
around the left anterior descending coronary artery (LAD)
was made. After 30 min of ischemia, the slipknot was
released and the myocardium underwent reperfusion.
Sham group underwent the same procedures without
LAD occlusion.

Evaluation of Cardiac Function by Invasive
Hemodynamic Assessment

A microcatheter was inserted into the left ventricle
through the right carotid artery to measure the left ventric-
ular pressure (LVP). The artery pressure was measured by
right femoral artery intubation. ECG and LVP were simul-
taneously recorded on a polygraph (RM-6200C; Chengdu,
Instrument, Chengdu, China). Left ventricular systolic
pressure (LVSP), left ventricular end diastolic pressure
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(LVEDP), and the instantaneous first derivation of LVP (+
dp/dt,.x) were recorded by computer algorithms.

Myocardial Infarct Size Measurement

After reperfusion, the slipknot around the LAD was
retied, and 1 mL Evans blue (1%) dye was injected into the
aorta. The heart was then quickly removed and frozen at
—80 °C. Then, the heart was sliced transversally into 1-
mm-thick sections and incubated at 37 °C for 30 min in 2%
TTC solution. Digital pictures were taken. TTC-unstained
pale area (infarct zone), TTC-stained red area (ischemic but
viable myocardium), and Evans blue-unstained regions
(area-at-risk, AAR) were analyzed by using an image
analysis system (Image Pro Plus 6.0; Media Cybernetics).
Myocardial infarct size was calculated as INF/AAR x
100%.

Evaluation of Serum CK-MB and LDH

After the 3-h reperfusion, blood was collected from
the carotid artery. Serum CK-MB and LDH levels were
measured using the commercial assay kits. The activities
were expressed as units/liter.

Myocardial Apoptosis Measurement

Myocardial apoptosis was evaluated by using termi-
nal deoxynucleotidyl nick-end labeling (TUNEL) and
caspase-3 activity assay. TUNEL staining was performed
by using an in situ cell death detection kit according to the
instructions. Briefly, the slides were incubated with
TUNEL reaction mixture and then with DAPI to detect
the nuclei. The apoptotic index was calculated as a per-
centage of the number of TUNEL-positive apoptotic cells
over the total number of nucleated cells. Myocardial
caspase-3 activity was determined by using a caspase
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colorimetric assay kit (Chemicon, Temecula, CA, USA)
according to the manufacturer’s instructions.

Quantification of Superoxide Production

Superoxide production was measured by lucigenin-
enhanced chemiluminescence as described previously
[18]. Superoxide production was expressed as relative light
units (RLU) per second per milligram heart weight (RLU/
mg/s).

Assessment of Malondialdehyde Content
and Superoxide Dismutase Activity

The MDA content and activity of SOD in heart ho-
mogenates were determined spectrophotometrically ac-
cording to the manufacturer’s instructions.

Assessment of Inflammatory Cytokines

Inflammatory cytokines in the serum and myocardial
tissue were assessed by using commercially available
TNF-« and IL-13 ELISA kits, under the guidance of the
manufacturer’s instructions. The data was analyzed using a
microplate reader (Multiskan Spectrum, Thermo Scientific,
USA).

Western Blot

The myocardium samples were lysed in lysis buffer.
After quantitation of protein concentration with BCA pro-
tein assay kit, 30 pg of protein was separated by SDS-
PAGE and then transferred to a polyvinylidene difluoride
membrane (Millipore, USA). The membranes were
blocked with 5% skim milk for 2 h at 37 °C and then
incubated with primary antibodies against Gas6, AxI,
gp91P"°* Bcl-2, Bax, and B-actin overnight at 4 °C. After
washing with TBST, the membranes were incubated with

OH

Fig. 1. The chemical structure of PTB.
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secondary antibody for 2 h at 37 °C and then washed using
TBST. The protein bands were detected using a chemilu-
minescent system, and the bands were scanned and quan-
tified using an image analyzer Quantity One System (Bio-
Rad, Richmond, CA, USA).

Statistical Analysis

All values are presented as mean + S.E.M. Statistical
tests were performed using GraphPad Prism software ver-
sion 5.0 (GraphPad Software, Inc., San Diego, CA, USA).
Differences among groups were compared with one-way

a
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ANOVA followed by Bonferroni corrected ¢ test where
appropriate. P < 0.05 was taken as statistically significant.

RESULTS

Gas6/AxI Signaling Was Inhibited During MI/R Injury

First, we detected the expression of Gas6 and Axl
during different reperfusion time points. As shown in
Fig. 2, the expression of Gas6 and Axl decreased gradually
and dramatically during reperfusion, suggesting that the
Gas6/AxI signaling was impaired after MI/R injury. Bcl-2

MI/R
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Fig. 2. The changes of expression levels of Gas6, Axl, Bcl-2, and Bax during MI/R. a Representative images of Western blots. b Gas6 expression. ¢ Axl
expression. d Bcl-2 expression. e Bax expression. The results are expressed as the mean + S.E.M. (n = 6 for each group). *P < 0.05 in comparison to the sham

group.
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expression decreased and Bax expression increased, indi-
cating myocardial apoptosis was induced during MI/R.

PTB Treatment Improved Cardiac Function
After MI/R

As shown in Fig. 3, MI/R impaired cardiac function
greatly, as evidenced by the decrease in LVSP and LV +
dP/dt,,, and the increase in LVEDP. PTB treatment dra-
matically induced an increase in LVSP and LV + dP/dt,,,
and a decrease in LVEDP in comparison with the MI/R +
vehicle group (P <0.05), suggesting that PTB treatment
improved cardiac function following MI/R injury.

PTB Treatment Alleviated MI/R Injury
and Myocardial Apoptosis

As shown in Fig. 4a, PTB treatment resulted in a
significantly decreased myocardial infarct size (versus the
MI/R + vehicle group, P < 0.05). Then, the serum levels of
CK-MB and LDH were measured. As shown in Fig. 4b, c,
MI/R injury triggered a dramatic increase in CK-MB and
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LDH levels in the serum. PTB administration significantly
decreased CK-MB and LDH levels in comparison with the
MI/R + vehicle group (P < 0.05). In addition, as apoptosis
is a major form of cell death after MI/R, we investigated
whether PTB treatment could decrease apoptosis induced
by MI/R injury. Compared with the Sham group, the
TUNEL-positive cells (Fig. 4d, ¢) and myocardial
caspase-3 activity (Fig. 4f) significantly increased in the
MI/R + vehicle group (P <0.05). PTB treatment signifi-
cantly reduced myocardial apoptosis in comparison with
the MI/R + vehicle group (P < 0.05). Our results suggested
that PTB treatment attenuated myocardial injury and apo-
ptosis induced by MI/R injury.

PTB Treatment Ameliorated Oxidative Stress
After MI/R

Compared with the Sham group, myocardial super-
oxide generation and MDA content were significantly
increased in MI/R + vehicle group (P<0.05), and PTB
administration inhibited superoxide accumulation and
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Fig. 3. PTB treatment improved cardiac function in MI/R rats. The results are expressed as the mean = S.E.M. (n = 6 for each group). “P < 0.05 in comparison
to the sham group, *P < 0.05 in comparison to the MI/R + vehicle group. PTB, pterostilbene; LVSP, left ventricular systolic pressure; LVEDP, left ventricular
end diastolic pressure; LV + dP/dt,, ., the instantaneous first derivation of left ventricle pressure.
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Fig. 4. PTB treatment alleviated MI/R injury and myocardial apoptosis. a Myocardial infarction. b Serum level of CK-MB. ¢ Serum level of LDH. d
Representative images of apoptotic cardiomyocytes by TUNEL staining. The green fluorescence shows the TUNEL-positive nuclei; the blue fluorescence
shows the nuclei of all cardiomyocytes, original magnification x400. e Apoptotic index. f Caspase-3 activity. The results are expressed as the mean + S.E.M.
(n=6 for each group). “P < 0.05 in comparison to the sham group, P < 0.05 in comparison to the MI/R + vehicle group. PTB pterostilbene, CK-MB creatine

kinase-MB, LDH lactate dehydrogenase.

decreased MDA content (Fig. 5a, b). In contrast, PTB
administration increased SOD activity in MI/R rats in
comparison with the MI/R + vehicle group (P <0.05,
Fig. 5¢). It is suggested that gp91°"* is a critical part of
NADPH oxidase, and it is the main source producing
superoxide. PTB administration markedly reduced
gp91P"* expression in MI/R + PTB group (versus MI/R
+ vehicle group, P <0.05, Fig. 5d).

PTB Treatment Reduced Levels of Inflammatory
Cytokines After MI/R

As shown in the Fig. 6, MI/R induced dramatic in-
creases in the levels of TNF-« and IL-1{ in the serum and
myocardial tissue. However, the levels of the inflammatory
cytokines TNF-oc and IL-1f3 in the serum and myocardial
tissue significantly decreased in the MI/R + PTB group
than those in the MI/R + vehicle group (P < 0.05).

Effect of PTB on Gas6/Axl Signaling Pathway
Following MI/R

To further investigate the mechanism of PTB’s
cardioprotective effects, we detected the Gas6/AxI signaling

pathway and apoptotic pathway. As shown in Fig. 7, PTB
dramatically up-regulated Gas6 and Axl expression after MI/
R (versus MI/R + vehicle group, P < 0.05). Moreover, PTB
also markedly decreased Bax expression increased Bcl-2
expression (versus MI/R + vehicle group, P <0.05). Our
results suggest that Gas6/Axl signaling activation was in-
volved in the cardioprotection conferred by PTB.

DISCUSSION

In the present study, our data show that PTB markedly
alleviates MI/R injury. The protective effects were demon-
strated by improved cardiac function, a decreased myocar-
dial infarct size, a decreased CK-MB and LDH release in
the serum, a reduced apoptosis, and decreasing in the
oxidative stress and inflammation. Importantly, the PTB
treatment can increase the expression of Gas6 and Axl,
suggesting that the Gas6/AxI signaling might be involved
in the cardioprotective effect of PTB.

PTB exhibits various pharmacological effects and po-
tentially confer cardioprotection [19, 20]. A recent study
suggests that PTB attenuates hypoxia-reoxygenation injury
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Fig. 5. PTB treatment ameliorated oxidative stress in MI/R rats. a Cardiac superoxide generation. b Myocardial MDA contents. ¢ Myocardial SOD activity.
d Western blot analysis of gp91P"* expression. The results are expressed as the mean = S.E.M. (n= 6 for each group). "P < 0.05 in comparison to the sham
group, *P < 0.05 in comparison to the MI/R + vehicle group. PTB pterostilbene, MDA malondialdehyde, SOD superoxide dismutase.

in cardiomyocytes by Sirtl activation [19]. Previous studies
have also indicated that PTB exerts inhibitory effects against
neutrophil activation and inflammatory mediators produc-
tion in different models [21, 22]. In the present study, PTB
treatment dramatically improved cardiac function, reduced
myocardial apoptosis, inflammation, and oxidative stress
triggered by MI/R. Importantly, the Gas6/AxI signaling
pathway is involved in the protective effects of PTB.

MI/R injury is associated with enhanced inflamma-
tion and oxidative stress. The underlying mechanisms in-
clude (1) cell injury caused by the release of oxygen free
radicals and cytotoxic factors, (2) the released inflamma-
tory cytokines that lead to vascular endothelial cell damage
and increased vascular permeability, and (3) activated in-
flammatory cells that enhance the inflammatory response
[23]. Therefore, inhibition of oxidative stress and inflam-
mation response during MI/R injury is of great significance
for developing cardioprotective strategies against MI/R
injury [24]. In the present study, we found that PTB treat-
ment markedly reduced superoxide generation, MDA

content, and gp91P"°* expression, and increased SOD

activity, suggesting that PTB inhibited oxidative stress
induced by MI/R injury. Moreover, we found PTB treat-
ment significantly reduced myocardial TNF-oc and IL-1f3
production, indicating that PTB reduced cardiac inflamma-
tion. Taken together, these experimental results showed
that PTB possibly attenuated inflammation response and
reducing oxidative stress during myocardial reperfusion.
Oxidative stress contributes to cardiac injury after M1/
R [25]. In the myocardium, the NADPH oxidase is an
important source of superoxide, which includes membrane
integrated subunits (p22P"°* and gp91P"), cytosolic
subunits (p40P", p47P"°* and p67°"°), and the G-
protein (Rac 1) [26]. Of these subunits, gp91°"°* is one of
the most important. The superoxide can bring injury to the
proteins, lipids, and DNA, leading to cell damage [27].
Additionally, superoxide can react with nitric oxide,
leading to the production of peroxynitrite, which can
contribute to nitrative stress [28]. MDA is a product and
indicator of lipid peroxidation. And SOD is an enzyme-
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Fig. 6. PTB treatment reduced levels of inflammatory cytokines in MI/R rats. a Serum TNF-o. b Myocardial TNF-c. ¢ Serum IL-1{3. d Myocardial IL-1f3. e
Representative image of pro-IL-1{3 and cleaved-IL-13 detected using Western blot. f Cleaved-IL-1{3/3-actin. The results are expressed as the mean + S.E.M.
(n=6 for each group). "P < 0.05 in comparison to the sham group, *P < 0.05 in comparison to the MI/R + vehicle group. PTB pterostilbene.

diminishing superoxide. Our results suggest that PTB treat-
ment decreases superoxide generation, MDA content, and
gp91P"°* expression, and increases SOD activity,
indicating that PTB protects against MI/R injury via alle-
viating oxidative stress.

Gas6/Axl signaling pathway has been reported to
confer various effects in different diseases. Yan ef al
suggest that testosterone delays vascular smooth muscle
cell senescence and inhibits collagen synthesis via the
Gas6/AxI signaling pathway [29]. Recombinant mouse

Gas6 has been reported to confer anti-inflammatory
effects in sepsis-induced kidney injury, sepsis-induced
lung injury, and renal I/R injury [30-32]. Moreover, it
is indicated that Gas6 protects against liver I/R injury
and Gas6”~ mice were highly sensitive to hepatic I/R
injury [16]. It has been demonstrated that Axl can be
activated by Gas6, and the downstream signaling of
Axl may include the suppressor of cytokine signaling
1, 3 (SOCS1, SOCS3) [33, 34]. SOCSs have been
suggested to suppress cytokines release, such as IL-6,
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Fig. 7. PTB activated the Gas6/Axl signaling and inhibited myocardial apoptosis. a Representative images of Western blots. b Gas6 expression. ¢ Axl
expression. d Bcl-2 expression. e Bax expression. The results are expressed as the mean + S.E.M. (n = 6 for each group). “P < 0.05 in comparison to the sham

group, *P < 0.05 in comparison to the MI/R + vehicle group. PTB pterostilbene.

IL-4, and IL-1 [35-37]. SOCS-1 selectively inhibits
LPS-induced IL-6 production [35] and SOCSI-
deficient mice develop severe inflammatory disease
[36]. Additionally, administration of adenovirus overex-
pressing Gas6 attenuates arthritis inflammation [38].
Gruber et al. also indicated that intraventricular delivery
of Gas6 inhibits inflammation in experimental autoim-
mune encephalomyelitis (EAE) [39]. In the present
study, our results suggest that PTB up-regulated Gas6

and Axl expression, possibly leading to the inhibition
of inflammation after myocardial ischemia.

In summary, PTB exhibits cardioprotection via alle-
viating inflammatory reaction, oxidative stress, and apo-
ptosis. Additionally, the molecular mechanisms are associ-
ated with the up-regulation of levels of Gas6 and Axl. The
study suggests the potential application of PTB in the
treatment of ischemic heart disease and promotes the de-
velopment of a novel therapy against MI/R injury.
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