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trans-Polydatin protects the mouse heart against
ischemia/reperfusion injury via inhibition of the
renin–angiotensin system (RAS) and Rho kinase
(ROCK) activity†
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Background: Recent studies highlighted the protective benefits of a Chinese herb extract from poly-

gonum cuspidatum, trans-polydatin, on cardiac disease. We investigated the therapeutic effect of trans-

polydatin on myocardial ischemia/reperfusion (IR) injury and the underlying mechanisms related to the

renin–angiotensin system (RAS) and RhoA kinase (ROCK) pathway. Methods and results: Experiments

were performed on neonatal rats’ ventricular myocytes that were subjected to hypoxia–reoxygenation

(simulated IR, SIR) and on adult mice which were subjected to left anterior descending coronary artery

occlusion for 45 min followed by a one-week reperfusion. trans-Polydatin significantly increased cell via-

bility and reduced apoptosis in SIR cardiomyocytes. It was also observed to reduce the infarct size and

increase the cardiac function in IR mice. trans-Polydatin decreased the expression of angiotensin and

inhibited the activities of renin and angiotensin-converting enzyme. Furthermore, trans-polydatin

inhibited ROCK activity, especially the angiotensin I receptor-activated ROCK pathway. Conclusions:

trans-Polydatin exerts a cardio-protection against myocardial IR injury likely through inhibiting both RAS

and the downstream ROCK pathway.

1. Introduction

Increasing applications of natural products have recently
emerged in the field of cardio therapy. trans-Polydatin (PD),
3,4′,5-trihydroxystilben-3-β-D-mono-D-glucoside, is a natural
resveratrol glucoside extracted from the perennial herbage
Polygonum cuspidatum Sieb. et Zucc.1 The orally administered
trans-polydatin is metabolized primarily to resveratrols in the
small intestine and liver, where they are further metabolized to
glucuronidated resveratrols.2 Similar to its resveratrol analogs,
PD participates in multiple biological activities of cardiovascular
and hematological systems, including anti-inflammation, anti-
oxidation, lipid synthesis reduction, and promotion of microcir-
culation. The cardio-protection of PD may involve the activation

of cNOS, which leads to an increase in NO production3 and a
decrease in apoptosis.4 It enhances the heart function, promotes
microcirculatory perfusion during shock,5 and increases the sur-
vival rate during severe shock.6 Experimental evidence has
shown that PD protects cardiomyocytes from ischemia and
ischemia-reperfusion injury.3,7 However, the beneficial effect of
PD on cardiac IR injury and the underlying mechanisms are
poorly understood.

Cardiac IR injury is known to stimulate the renin–angioten-
sin system (RAS), including the local tissue RAS in the
ischemic myocardium and the circulating RAS.8 Components
of the RAS, such as angiotensinogen, renin, angiotensin-
converting enzyme (ACE), angiotensins, and angiotensin recep-
tors, are activated during acute myocardial infarction and the
post-infarction remodeling process.8–10 Particularly, the
increased angiotensin II (Ang II) is a principle effector which
binds to Ang II type 1 (AT1) receptors exerting deleterious
effects on heart metabolism and functions. Thus, various
heart dysfunctions like arrhythmias, suppression of contracti-
lity, alterations in energy metabolism, and cardiac fibrosis
develop. The underlying mechanisms include but are not
limited to activation of the intracellular signaling Janus
kinase/signal transducer, generation of increased reactive
oxygen species (ROS), disturbance of Ca2+ homeostasis, and
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mitochondrial dysfunction. Interestingly, many studies have
demonstrated that the binding of Ang II to its receptors acti-
vates the Rho/Rho-kinase (ROCK) pathway which has recently
been proved to play an active role during cardiac IR injury.11

The active AT1R and AT2R target at different parts of ROCK
signaling, exerting detrimental or protective effects. Recently,
the activation of AT2R has been reported to cause RhoA phos-
phorylation at ser188, which partially counteracts the detri-
mental effect of ROCK activation after IR injury.12 Moreover,
due to the critical role of the RAS, AT1R blockers (ARB) and
ACE inhibitors (ACEi) have been applied as cornerstones in
therapy for cardiac IR injury.13,14 Early initiation and long-
term administration of ACEi are recommended in all major
guidelines to treat patients with left ventricular systolic dys-
function and heart failure due to myocardial infarction.
However, both ARB and ACEi have side effects. ARB may cause
uncontrolled Ang II concentration that results potentially in
hypotension and increases in creatinine and potassium levels;
ACEi may induce coughing, rashes, taste disturbance, and
angioedema.15 Thus, new agents (drugs) with multiple targets
at the RAS and its downstream signals but causing few side
effects are highly in demand.

In this study, we hypothesized that PD exerts a cardio-
protective function against IR injury by inhibiting the activated
RAS and its downstream signals. To test this hypothesis, we
examined the effects of PD on various components of the RAS
both in cultured neonatal rats’ cardiomyocytes that were
subjected to simulated IR (SIR, i.e., hypoxia/reoxygenation) injury
and in mice which were subjected to left anterior descending cor-
onary artery occlusion and reperfusion. Furthermore, we investi-
gated the influence of PD on the RhoA/ROCK signaling pathway.
We expected to find PD improving cardiac function both in vitro
and in vivo after IR injury. The cardio-protective effect of PD is
thought to be associated with inhibitions of both the RAS and its
downstream RhoA/ROCK signaling pathway.

2. Materials and methods
2.1 Drugs and reagents

trans-Polydatin (with a purity of 98.87%) was supplied by
Haiwang Co. (Shenzhen, Guangdong, China). The ROCK inac-
tivates myosin phosphatases via a specific phosphorylation of
myosin phosphatase target subunit 1 (MBS or MYPT1) at Thr-
853, which increases phosphorylated contents of the 20 kDa
myosin light chain (MLC20). Therefore, in this study, following
the most common method for ROCK activity measurement,
the ROCK activity was measured as the ratio of pMBS to MBS.
Primary monoclonal antibodies for western blotting and
immunostaining and their sources are listed as follows: anti-
myosin phosphatase target subunit-1 (MYPT-1), phosphor
T853-MYPT1, phospho-RhoA (ser-188), and angiotensin 1/2
receptor (AT1/2) were all from Santa Cruz Biotechnology;
angiotensinogen and angiotensin I–II were both from Abcam;
and β-actin was from Sigma (all diluted: 1 : 1000). Masson’s
trichrome kit Sigma HT15-1KT was used in the study.

Angiotensin-converting enzyme inhibitor (ACEi) (enalapril)
was obtained from Sigma (E9658).

2.2 Cell culture

All animal experiments were performed in accordance with the
ethical standard as formulated in the Guide for the Care and
Use of Laboratory Animals published by the U.S. National
Institutes of Health (NIH Publication 85-23, revised 1996) and
were approved by the Institutional Animal Care and Use
Committee of Shenzhen University. Neonatal cardiomyocytes
were isolated and cultured using a previously described
method.16 Cardiomyocytes were used in experiments only
when they showed beating and formed a confluent monolayer
in synchrony after 72 hours. To simulate ischemia reperfusion
heart injury, myocytes were then treated with 1% O2 for
2 hours in non-glucose culture media and placed under
normal conditions for 4 hours.

The Cmax of polydatin in the plasma is from 10 μg ml−1

(25 µM) to 20 μg ml−1 (50 µM) for humans (data from Haiwang
company, phase 2 clinical stage), so we used 30 and 50 µM as
the working concentrations in vitro. Polydatin was added
before one hour of IR treatment.

2.3 MTT analysis

Cell viability was assessed using the Vybrant MTT cell
Proliferation Assay Kit (Invitrogen) as previously described.17

The absorbance at 570 nm was measured for experimental
groups using a plate reader.

2.4 Mitochondrial membrane potential (Δψ) analysis

Cells were seeded onto small glass slides (Orange Scientific.
E.U). JC-1 assay reagent (25 μmol L−1) (Bi yuntian, Beijing) was
diluted with the dilution buffer (500 μL per well). The diluted
reagent was then added to cells and incubated at 37 °C for
20 min to stain the mitochondria. After 2 to 3 rinses with wash
buffer, the cells were inspected using an Axiovert 200 fluo-
rescence inverted microscope (Zeiss, Germany). Both mono-
mers (excitation at 488 nm, emission 500–550 nm) and aggre-
gations (excitation 488 nm, emission at 575–620 nm) were
registered using the microscope. In each slide, about 200 cells
were counted to confirm a visible and comparable result.

2.5 Western blotting

The total protein was measured with a bicinchoninic acid
assay kit (Pierce) after sonication of ischemic/reperfused myo-
cardial tissues and harvested cells. Protein components were
separated on 7.5% polyacrylamide gels, transferred onto nitro-
cellulose paper, and stained with primary and secondary
antibodies. Reactive bands were visualized by using the
Supersignal ECL western blotting detection kit (Pierce), and
densitometry was performed via the ImageJ software.

2.6 ELISA analysis of angiotensin converting enzyme (ACE)
and measurement of renin activity

The activity of angiotensin converting enzyme (ACE) was deter-
mined by spectrofluorometry using Z-phenyl-L-histidyl-L-
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leucine (Bachem Bioscience Inc) as the substrate and it is
expressed in units per milliliter (1 unit = 1 nmol of L-histidyl-L-
leucine formed per minute).18 A radioimmunoassay (RIA) was
designed to measure the renin activity of the rats’ neonatal
myocardiocytes in vitro and of the circulating plasma in vivo by
the quantitation of the generated Ang I.19

2.7 Animals

Ten-week-old C57BL/6 male mice (20–22 g) were supplied by
the animal center of Shenzhen Medical University. All animal
care and experimental procedures were performed in accord-
ance with institutional animal ethical committee guidelines.
The IR model was set up by subjecting mice to left anterior
descending coronary artery (LAD) occlusion for 45 min fol-
lowed by a 24 h reperfusion. The surgical procedures were per-
formed as previously described.20,21 The qualified result was
verified by regional cyanosis of the myocardium and changes
of the typical electrocardiogram (ECG).22 The experimental flow
chart was included (Fig. 1A). trans-Polydatin (50 mg kg−1 d−1,16

dissolved in saline) and the vehicle were orally administered to
experimental (I/R + PD) and positive control (sham) mice
respectively 24 hours after surgery. Cardiac function and
myocardial infarct size were examined 8 days after surgery.
The experiments were performed on mice with non-diseased
hearts and no abnormal ECG appeared. Unless accidental

death occurred due to anesthesia or surgical failures, the
number of mice in each group was recorded (sham: n = 15; I/R:
n = 20; and I/R + PD (50 mg kg−1): n = 17).

2.8 Infarct size

At the end of the study, all of the mice were sacrificed by an
overdose of sodium pentobarbital. The area at risk (AAR),
infarct size, and viable area were evaluated as previously
described via Evans blue/2,3,5-triphenyltetrazolium chloride
(TTC) staining.23 Briefly, the non-ischemia areas were indi-
cated by Evans blue staining. The infarct size was determined
by the size of white stains in the heart. The ischemic but
viable tissues were stained with TTC as red color. The AAR was
determined by the areas of white with red. All stained areas
were measured by computerized video planimetry (Adobe
Photo-shop, version 5.5). According to the area-based method,
the area of the infarcted region and/or AAR were recorded as a
percentage of the total area of the slide.

2.9 Cardiac function

Cardiac function was evaluated after 45 min coronary artery
occlusion and 8-day reperfusion. Mice were anesthetized with
2% isoflurane and placed in a supine position on a heated
platform. The chest and abdomen were shaved. The extremi-
ties were fixed to electrodes on the platform surface with tape

Fig. 1 PD attenuated apoptosis and increased viability in neonatal cardiomyocytes subjected to stimulated ischemia-reperfusion (SIR) injury. A. The
chemical structure of trans-polydatin. B. The representative images of neonatal cardiomyocytes stained with JC-1 after SIR injury with or without PD
treatment. SIR caused mitochondrial membrane potential (Δψ(m)) reduction in cells (green fluorescence increase) whereas PD treatment increased
SIR reduced the Δψ(m) production (green fluorescence decrease). (i) Control cells, (ii) cells with SIR injury, (iii) PD1 (30 µM) treated cells and (iv) PD2
(50 µM) treated cells after SIR injury. C. Statistics of the mitochondrial membrane potential of neonatal cardiomyocytes in different groups. Results
expressed as mean ± SD; n = 8. NC: normal control; SIR, simulated ischemia-reperfusion; PD: trans-polydatin. D. Cell viability by MTT assay in
different groups (n = 20). *p < 0.05 vs. normal control (NC), # p < 0.05 vs. SIR injury, §p < 0.05 vs. NC.
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and the highly conductive electrode gel. Echocardiography
evaluations were performed using a Vevo 2100 high-resolution
in vivo micro-imaging system equipped with a real-time micro-
visualization scan head of 17.5 MHz (VisualSonics, Toronto,
Ontario, Canada). M-mode 2-dimensional echocardiography
images were obtained from the parasternal short axis. Images
were analyzed using the Vevo 2100 Protocol-Based
Measurements software. All measurements were done from
the leading edge to the leading edge according to the
American Society of Echocardiography guidelines.

2.10 Masson trichrome and tunnel staining

Histopathology of the sections from the myocardial tissue was
performed after 45 min ischemia and 8-day reperfusion. To
assess the condition of myocardial fibrosis, the pathological
collagen deposition on each Masson’s trichrome-stained
section (HT15, Sigma) was measured using the microscope. The
ratio of the fibrotic area to the total area of the left ventricular
myocardium was calculated and analyzed for each heart. The
apoptotic myocytes were detected by terminal deoxy-nucleotidyl
transferase mediated dUTP nick end-labeling (TUNEL) assay
using a Cell Death Detection Kit (Roche) according to the
manufacturer’s instructions as described previously.24

2.11 Statistical analysis

All data were recorded as mean ± standard division.
Differences between two groups were evaluated using unpaired
Student’s t test. One-way ANOVA was conducted for multiple
comparisons. Both tests were followed by a post hoc Student–
Newman–Keuls test when necessary. All analyses were carried
out using SPSS 17.0 (SPSS, Chicago, IL), and p < 0.05 was con-
sidered to be statistically significant.

3. Results
3.1 trans-Polydatin protected cardiomyocytes from simulated
ischemia-reperfusion (SIR) injury

To simulate ischemia-reperfusion (SIR) injury, cultured
neonatal rat ventricular myocytes (NRVMs) were subjected to
hypoxia–reoxygenation. We examined the effect of PD on cellu-
lar apoptosis of cardiomyocytes subjected to SIR injury by
using a cationic and voltage-sensitive vital fluorochrome (JC-1)
and measuring the mitochondrial membrane potential (Δψm)
in situ. In mitochondria with normal Δψm, JC-1 aggregates to a
polymer and emits red fluorescent signals. On the other hand,
JC-1 is released into the cytoplasm and emits green fluorescent
signals in the damaged mitochondria with depolarized Δψm.
The chemical structure of trans-polydatin is shown in Fig. 1A.
The cellular damage was indicated by the mitochondrial mem-
brane potential (Δψ(m)) with a complete disappearance of
post-SIR red fluorescent signals (Fig. 1B). However, a relatively
stable post-SIR Δψm was observed in cardiomyocytes with PD
treatment (Fig. 1B and C). Furthermore, the potential effect of
PD on the cell viability of NRVMs subjected to SIR was
assessed by the MTT assay. We observed that SIR significantly

decreased the cell viability to 56.2% in the control group.
Treatments with a PD concentration of 30 and 50 μM remark-
ably increased the cell viability by 37.3% and 60.0%, respect-
ively (Fig. 1D). The observations collectively indicate that PD
has a protective effect on cardiomyocytes against IR injury.

3.2 trans-Polydatin inhibited the renin–angiotensin system
(RAS) in cardiomyocytes after SIR injury

We investigated the possible role of the RAS in PD-mediated
cardioprotection on cardiomyocytes after IR injury. As a key
effector of the RAS, the increased angiotensin (Ang) II
expression level in cardiomyocytes suggests the damaging effect
of the RAS on the ischemic myocardium. We thus determined
angiotensin expression in NRVMs subjected to SIR. Since no
available anti-angiotensin antibody distinguishes clearly Ang I
and II, we determined the total expression of Ang I and II in
this study. Consistent with the previous result, the protein level
of Ang I–II was obviously increased in NRVMs after SIR injury
(Fig. 2A and B). Surprisingly, PD treatment almost completely
eliminated the SIR-induced Ang I–II enrichment.

In RAS signal transduction, angiotensinogen, renin, and
ACE are required for the production of Ang II.
Angiotensinogen is cleaved by renin to form Ang I, which is
then transformed into Ang II by ACE.11 To determine the
responsible molecule(s) for PD-induced inhibition of Ang II
production after IR injury, we analyzed the contents of angio-
tensinogen and ACE, as well as the activity of renin in cardio-
myocytes. As the ACE is released by ACE secretase on the mem-
brane surface of various cells, we evaluated the ACE concen-
tration in the cultural supernatant to quantify the ACE on the
cardiomyocyte membrane. The increased protein level of
angiotensinogen in cardiomyocytes was observed after IR
injury (Fig. 2A and C). Similarly, the ACE concentration in the
cultural supernatant (Fig. 2D) and the activity of renin in
cardiomyocytes (Fig. 2E) were both increased. PD treatment
decreased the ACE concentration and the renin activity, but
further increased the angiotensinogen expression (Fig. 2B–E).
The results indicate that PD might decrease the Ang level by
inhibiting ACE and rennin activity rather than suppressing
angiotensinogen expression. The increase in angiotensinogen
with PD treatment might be partially attributed to the decrease
in renin activity, which likely inhibited the conversion of
angiotensinogen to angiotensin. Moreover, a decreased angio-
tensin level might cause angiotensinogen to increase as a com-
pensatory response. Similar to PD, we found that enalapril
(10 µM), the angiotensin converting enzyme inhibitor (ACEi),
increased the angiotensinogen level in both normal and SIR-
injured cardiomyocytes (ESI 1†). Therefore, the unexpected
increase in angiotensinogen may also be explained as the
result of PD-induced ACE inhibition.

To further confirm that the PD-mediated cardioprotective
effect in SIR-stimulated cardiomyocytes is associated with in-
hibition of the RAS, we treated SIR-injured cells with PD and
enalapril (an angiotensin-converting-enzyme (ACE) inhibitor)
(10 μM). Enalapril-only treatment significantly increased cell viabi-
lity and decreased apoptosis in SIR-stimulated cells (Fig. 2F and
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G), suggesting that the activated RAS plays an important role
during cardiac IR injury. Treating SIR-stimulated cells simul-
taneously with PD and enalapril, we found that the cardioprotective
effect of PD only slightly increases (Fig. 2F and G). The obser-
vations further prove the causal relationship between the inhibition
of the RAS and the PD-mediated cardioprotection in IR injury.

3.3 trans-Polydatin decreased Rho-kinase (ROCK) activity in
SIR-stimulated cardiomyocytes

As RhoA/ROCK activation has a crucial contribution to IR-
induced cellular damage,22 in this study, we investigated the

effect of PD on ROCK activity in cardiomyocytes after IR injury.
We measured the phosphorylation level of a ROCK substrate
MYPT-1 via western blotting with anti-T853-phosphorylated
MYPT-1 antibody to determine ROCK activity. Consistent with the
previous report, ROCK activity was increased to 2.6-fold of normal
control after SIR (Fig. 3).25 PD treatment significantly attenuated
ROCK activity up to 60% (Fig. 3B). Interestingly, similar to the
effect of PD, suppressing the angiotensin production with enala-
pril (10 µM) also inhibited ROCK activation in SIR-stimulated
cardiomyocytes (Fig. 3C and D). However, no further influence on
the protein level of Ang I–II or the ROCK activity was observed in

Fig. 2 PD inhibited renin–angiotensin system (RAS) in cardiomyocytes after SIR injury. A. Representative western blotting images of angiotensin (I–II)
and angiotensinogen in SIR neonatal cardiomyocytes with or without PD treatment. B, C. Pooled data of the protein levels of angiotensin (I–II, B) and
angiotensinogen (C) in different groups. n = 4 in each group. D. Expression of ACE in cell supernatant in normal control (NC), SIR injury and PD treatment
groups. n = 4 in each group. E. Rennin activity in different groups. n = 4 in each group. Compared with normal control, renin activity in cardiomyocyte is
significantly increased after SIR injury and returns to normal with PD treatment, as well as plasma ACE level. F, G. Statistics of the cell viability by using
MTT assay (F, n = 10 in each group) and mitochondrial membrane potential indexed by JC-1 fluorescence (G) in SIR neonatal cardiomyocytes treated
with/without ACEI alone or a combination of ACEI and PD. Data are expressed as mean ± SD. *p < 0.01 vs. NC, #p < 0.01 vs. SIR, §p < 0.05 vs. NC.
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the enalapril and PD combining treatment (Fig. 3C and D). The
results collectively indicate that the inhibition of the activated
RAS by PD is largely responsible for the inhibition of RhoA/ROCK
activation by PD in SIR-stimulated cardiomyocytes.

3.4 trans-Polydatin dominantly inhibited AT1R-mediated
ROCK activation in SIR-stimulated cardiomyocytes

The AT1R-mediated biological activities are detrimental,
whereas AT2R is beneficial to cardiac function.11 Both AT1R
and AT2R are increased simultaneously after IR injury, and the

AT1R-mediated detrimental effects are dominant.11 Recently, a
study made a breakthrough finding distinguishing the AT2R-
mediated ROCK signal from AT1R. According to the study, the
activation of AT2R results in RhoA phosphorylation at ser188,
which partially counteracts the detrimental effect of AT1R-
mediated ROCK activation after IR injury.12 To explore whether
PD also exerts cardioprotection at the receptor level, i.e.,
increasing AT2R function, we firstly examined both
expressions of AT1R and AT2R. Consistent with previous
studies,26,27 both expressions of AT1R and AT2R were

Fig. 3 PD decreased Rho-kinase (ROCK) activity in SIR-stimulated cardiomyocytes. A. Representative western blotting bands of p-MYPT-1, total
MYPT-1 and β-actin proteins in neonatal cardiomyocytes in normal control, ischemic injury and PD treatment groups. B. The densitometric analysis
of ROCK activity (p-MYPT-1 divided by MYPT-1) was normalized to β-actin (n = 10). C. Western blotting bands of angiotensin (I–II), p-MYPT-1, total
MYPT-1 and β-actin proteins in neonatal cardiomyocytes in normal control, ischemic injury, PD treatment and ACEi treatment groups. D. The densi-
tometric analysis of ROCK activity (p-MYPT-1 divided by MYPT-1) and angiotensin (I–II) protein level (n = 4). Data are expressed as mean ± SD.
*p < 0.05 vs. normal control (NC), #p < 0.05 vs. SIR injury.
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increased after SIR (Fig. 4A and B). Both expressions of AT1R
and AT2R were decreased with PD treatment. However, the
suppression in AT1R by PD was more significant than that on
AT2R. The expression of AT1R was decreased by 75%, whereas
AT2R was only decreased by 17%. Corresponding to the
increase in the AT2R expression of SIR-stimulated cardiomyo-
cytes, phos-RhoA (ser188) was significantly increased (Fig. 4C).
Although the level of phos-RhoA (ser188) was reduced with PD
treatment, it was still much higher than that of the control
(Fig. 4C) (p < 0.05). In contrast, after the PD treatment, ROCK
activity was suppressed to the same level as that in control
(Fig. 3A and B). The results collectively indicate that the
inhibition of AT1R signal is dominant to the inhibition of
AT2R signal by PD-mediated cardioprotection.

3.5 trans-Polydatin decreased infarct size, cardiomyocyte
fibrosis, and apoptosis in IR-injured mice

When orally administered to rats, trans-polydatin was absorbed
rapidly. The results of the non-compartmental pharmaco-
kinetic analysis are shown in Table 1. The therapeutic effect of
PD on cardiac IR injury was examined in vivo on the IR-injured

mouse model. The representative images of heart sections
stained with Evans blue/TTC are shown in Fig. 5B. The area at
risk (AAR)/LV (62 ± 12% vs. 60 ± 6%) (Fig. 5B) was almost equal
in all hearts exposed to IR treatments, indicating similar ratios
of ischemic and perfused tissue to the whole heart section
among groups. As an index of post-I/R tissue necrosis, the size
of the infarcted region was determined and normalized to
AAR. trans-Polydatin significantly decreased the infarct size/
AAR (81 ± 14% to 44 ± 7%, p < 0.05) after 45 min ischemia
followed by 8-day reperfusion (Fig. 5B). The release of the bio-
chemical marker Troponin-T (TnT) into serum was significantly
promoted, suggesting that IR injury induced the necrotic cell
death of myocytes (Fig. 5C). PD treatment significantly
decreased the serum TnT level in IR-injured mice. PD signifi-
cantly decreased the increased fibrotic area in the heart after IR
injury (Fig. 5D). Heart tissue from sham-operated mice exhibi-
ted extremely low levels of TUNEL staining (Fig. 5Ea). In con-
trast, a significantly large amount of TUNEL-positive myocytes
was detected on the ischemic myocardial tissue from the hearts
subjected to IR injury in the vehicle group (Fig. 5Eb). Notably,
the number of TUNEL-positive myocytes of the ischemic myo-
cardium was significantly decreased in PD-treated animals
(Fig. 5Ec). Quantitative measurement depicts a 45% reduction
in TUNEL-positive myocytes in the trans-polydatin-treated group
when compared with that in the vehicle group (n = 5) (Fig. 5Ed).

3.6 trans-Polydatin attenuated the reduction of left
ventricular function in mice after IR

The representative echocardiographic M-mode records show
that the mice exhibited a pronounced decline in LV wall

Fig. 4 Effects of PD on the expression of AT1R, AT2R and AT2R-mediated phosphorylation of RhoA (ser-188). A, B. Representative images of
western blotting (A) and pooled data (B) of angiotensin receptor type 1 (AT1R) and angiotensin receptor type 2 (AT2R) protein. C. Representative
images of western blotting (left) and pooled data (right) of phospho-RhoA (ser-188) and RhoA in neonatal cardiomyocytes under different con-
ditions. Data are expressed as mean ± SD. n = 4 in each group. *p < 0.05 vs. normal control (NC), #p < 0.05 vs. SIR injury.

Table 1 Main pharmacokinetic parameters of trans-polydatin (50 mg
kg−1) in rats after oral administration

Parameter trans-Polydatin (50 mg kg−1)

t1/2 (min) 115
Tmax (min) 23
Cmax (ng mL−1) 1100
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motion on the eighth day after IR and PD treatment preserved
it (Fig. 6A). The reduction of left ventricular (LV) function was
suggested by an attenuation of the LV wall motion and
reductions of the LV ejection fraction (LVEF) and ventricular
septum in IR mice (Fig. 6B and C). The result of further
analysis demonstrates that trans-polydatin treatment restored
effectively the LV function (Fig. 6B and C). In the same time,
the systolic and diastolic internal diameters were obviously
decreased in the polydatin treatment group when compared
with the IR group (Fig. 6D and E).

3.7 trans-Polydatin inhibited RAS components and ROCK
activity in IR-injured mice

We also investigated in vivo whether the cardio-protective
effect of PD is related to the inhibition of the RAS and RhoA/
ROCK signaling pathway as observed in vitro. Consistent with
the finding in vitro, in IR-injured mice, we observed increases
in the expressions of angiotensinogen, Ang I–II, AT1R, and
AT2R in heart tissue, and increases in the renin activity and
ACE concentration of circulating plasma, indicating that IR

Fig. 5 PD decreased infarct size, cardiomyocyte fibrosis and apoptosis in IR mice. A. Experimental flow chart. The IR model was generated by left
anterior descending coronary artery (LCA) occlusion for 45 min followed by reperfusion. After 24 hours of the surgery, trans-polydatin (40 mg kg−1 d−1,
dissolved in saline) or vehicle was orally administered. The experimental duration was 8 days. The right heart was taken out after 8 days of IR
surgery. The arrow points to the ischemic injury site in the heart. B. Representative illustrations of heart sections stained with Evans blue/TTC. The
area at risk (AAR) and infarct regions were determined at 8 days after reperfusion. Dark blue stain-viable area; white stain-infarct region; white plus
red stain-AAR. The ratio of AAR/LV area (%) was similar between all hearts exposed to IR treatments (upper). The infarct size was normalized to the
AAR (%), trans-polydatin administration significantly decreased the infarct size (% of AAR) after 45 min ischemia followed by 8 days of reperfusion
compared with the IR group (lower). C. The average of the serum level of Troponin-T in mice after 7 days to IR. Data are expressed as mean ± SD.
n = 15. D. Representative images and quantitative analysis of the fibrotic area (Masson trichrome-stained area in light blue normalized to the total
myocardial area; magnification, ×400). E. Apoptotic cardiomyocytes were identified by TUNEL analysis. TUNEL-positive cells were manifested as a
marked appearance of dark brown apoptotic cell nuclei (E, a–c, bar 250 mm). (E, d) Quantitative analysis of percentage of apoptotic cardiomyocytes
(n = 5). *p < 0.01 vs. NC, #p < 0.01 vs. IR. LCA: left anterior descending.

Paper Food & Function

Food Funct. This journal is © The Royal Society of Chemistry 2017

Pu
bl

is
he

d 
on

 0
7 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
L

et
hb

ri
dg

e 
on

 0
8/

06
/2

01
7 

09
:1

9:
31

. 
View Article Online



induced the activation of the RAS (Fig. 7A–C). PD suppressed
the expressions of Ang I–II, AT1R, and AT2R, as well as reduced
the renin activity and ACE concentration (Fig. 7A–C). Thus, it
inhibited effectively the activated RAS components in IR mice.
Moreover, IR caused a 2.1-fold increase in phosphorylated
MYPT-1 (T853) when compared with the sham-operated heart.
PD treatment effectively decreased p-MYPT-1 by 32% (Fig. 7B).
The results indicate that PD treatment in vivo inhibited RAS and
ROCK activations which were induced by IR injury.

4. Discussion

In this study, PD has been proven to reduce the ischemia/
reperfusion damage in vitro and in vivo. PD reduced apoptosis
and increased cellular viability in neonatal cardiomyoytes
exposed to SIR injury. Moreover, in the IR-injured mouse
model of LAD coronary artery occlusion, PD reduced the
infarct size, decreased fibrosis and apoptosis in heart tissue,
and improved cardiac function. We propose for the first time

Fig. 6 PD attenuated the reduction of left ventricular function in IR mice. A. Representative echocardiographic M-mode records obtained at the
papillary muscle level at 8 days post-IR surgery in mice treated with saline or trans-polydatin. B, C. PD significantly increased in the left ventricular
ejection fraction (LVEF) and ventricular septum after 8 days of IR surgery. D and E were systolic and diastolic internal diameters. F and G were left
ventricular posterior wall (systolic and diastolic). Data are expressed as mean ± SD. n = 10. *p < 0.01 vs. NC, #p < 0.01 vs. IR.
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that PD suppressed the RAS by targeting on multiple RAS com-
ponents, which include rennin, ACE, Ang, and the receptors of
Ang. Furthermore, we found that the inhibition of the RAS by
PD accounts for the PD-induced inhibition of the activated
RhoA/ROCK signaling pathway. Notably, PD was observed to
mainly suppress the detrimental AT1R-activated ROCK
pathway (phos-MYPT-1 at T853), while it meanwhile inhibits
less effectively the protective AT2R-activated ROCK pathway
(phos-RhoA at ser188).

It has been proven that the RAS is activated and plays a
major role in IR cardiac injury.28 In addition to the circulating
RAS, the local cardiac RAS has also been found to be up-regu-
lated, and contributes to IR injury and post-IR remodeling.29

In the cascade of the RAS, renin cleaves angiotensinogen to
form Ang I. Ang I is then further cleaved by ACE to form
Ang II. Ang II is an effector peptide of the system. It stimulates
the receptors of AT1R and AT2R, and consequently induces
other biological activities. During cardiac IR injury, Ang II
exerts damaging effects on cardiac function by inducing AT1R
expression. In the past few decades, AT1R blockers (ARB) and
ACE inhibitors (ACEi) have been applied as cornerstones in
therapy to treat cardiac IR injury. However, ARB and ACEi
cause side effects while exerting therapeutic effects. Ang II

reactivation, aldosterone escape, and breakthrough have been
observed during ACEi and ARB treatments, and may endanger
the clinical benefits of the RAS blockade.30 Thus, novel
pharmacological agents and treatments have been increasingly
in demand to not only target at multiple components of the
RAS cascade but also prevent multiple side effects of ACEi and
ARB. The observations of our study proved that PD targeted at
multiple components of the RAS and inhibited both the local
and circulating RAS after IR injury. Moreover, it inhibited the
rennin activity, suppressed ACE and angiotensin, and reduced
the expressions of AT1R and AT2R. Therefore, PD may be
superior to all available RAS inhibitors, such as ACEi and ARB,
in the treatment of cardiac IR injury.

The circulating rennin is expressed and secreted mainly by
juxtaglomerular cells.31 During cardiac IR injury, increased
circulation of rennin may contribute to insufficient renal
perfusion. On the other hand, PD has been proved to improve
microcirculation, and consequently the ischemia organ func-
tion during hemorrhagic shock.6 This biological function of
PD may at least partially account for the PD-induced inhibition
of the circulating RAS. Previous studies have shown that
rennin might be released from cardiac mast cells to damage
cardiomyocytes via paracrine.32 In our recent study, we demon-

Fig. 7 Effects of PD on myocardial and circulating RAS signaling and myocardial ROCK activation in IR mice. A, B. Representative images of (A)
pooled data (B) of western blot of angiotensin I–II (n = 4), angiotensinogen (n = 4), AT1R (n = 5), AT2R (n = 4), and ROCK activity (n = 4). C. Levels of
renin activity and ACE in plasma. Data are expressed as mean ± SD. *p < 0.01 vs. NC, #p < 0.01 vs. IR.
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strated that PD could act as a mast cell stabilizer,33 and has
therapeutic effects during IR injury, decreasing both circulat-
ing and secretary rennin activities. In addition, PD was
observed to decrease the local RAS in cardiomyocytes after IR
injury. However, the underlying mechanisms of how PD
improves the microenvironment and consequently inhibits
renin and ACE in cardiomyocytes remain still unknown and
require further studies.

In this study, we also found that PD suppressed the acti-
vated Rho/ROCK signaling pathway that has been reported to

play an important role during cardiac IR injury. Evidence indi-
cated the causal relationship between the inhibitions of the
RAS and RhoA/ROCK pathways by PD treatment. Briefly, ACEi
was observed to decrease Angs and inhibit potently ROCK
activation after IR injury. Similarly, PD was found to inhibit
the angiotensin level and ROCK activity in the cardiomyocytes
subjected to IR. No further inhibition in ROCK activity was
noticed in the PD and ACEi combined treatment. The binding
with either AT1R or AT2R of Ang II has been known to cause
ROCK activation. However, recently, activation of AT1R and

Fig. 8 Schematic representation of the protective effect of trans-polydatin on IR injury via inhibition of the RAS and downstream RhoA/ROCK
pathway. PD inhibited the activity of rennin and ACE to reduce the content of ANG II, preventing the detrimental effect of AT1R mediated ROCK acti-
vation (shown in this study), as well as MLCK activation and ROS production (reported in previous studies). ROCK, Rho kinase; ACE, angiotensin-
converting enzyme; AT1R, angiotensin receptor type 1; AT2R, angiotensin receptor type 2; ANG, angiotensin; ROS, reactive oxygen species.
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AT2R was discovered to target at different parts of the ROCK
pathway and play different roles from what has been known.
The activated AT2R has been reported to specifically phosphory-
late RhoA at the site of ser188, counteracting the ROCK-
induced cardiac injury. Therefore, the balance between AT1R
and AT2R might be associated with the regulation of the RAS
during cardiac injury. After cardiac IR injury, AT1R and AT2R
were observed to be up-regulated. Notably, the AT1R was found
to induce major detrimental effects. In the study, with PD
treatment, the expressions of AT1R and AT2R were decreased.
However, during the further analysis, we noticed that PD
exerted a more effective inhibition in AT1R expression and its
downstream Rho/ROCK pathway than on AT2R expression and
AT2R-mediated RhoA phosphorylation (ser188). For its potent
protection against the major harm, PD might be superior to
other ROCK inhibitors in treating the ROCK-related heart
disease. The possible mechanism of the therapeutic function
of PD during IR-induced cardiac injury is illustrated in Fig. 8.
In our previous study, we discovered that orally administered
trans-polydatin with a daily dose of 50 mg kg−1 caused a pro-
tective effect in mice against the cardiac hypertrophy induced
by transverse aortic constriction, and thus could be a potential
treatment for cardiac hypertrophy.34 Moreover, in this study,
we found that orally administered PD with a safe dosage
decreased the infarct size, attenuated myocardial fibrosis and
apoptosis, and effectively increased the cardiac function in
IR-injured mice. This in vivo trial highlights the important
clinical function of PD in the treatment of cardiac IR injury.

In summary, this study confirms a strong cardio-protective
effect of PD against IR injury. We demonstrate for the first time
that PD inhibits both the local and circulating RAS by regulating
renin and ACE, and therefore, is considered to be a potent substi-
tute for ACEi and ARB to avoid the side effects. Furthermore, our
study reveals further the causal relationship between the
PD-induced inhibition of the RAS and the PD-induced inhibition
of activated RhoA/ROCK, the former of which is highly respon-
sible for the latter (Fig. 8). These findings thus underscore PD as
a potential therapeutic strategy to optimally treat IR injury.

Limitation

In this study, polydatin was added to cells before IR in vitro.
However, it was administered to mice after IR. In vitro and
in vivo approaches should match. This should be explored
further. Another limitation of this study is using neonatal
cardiomyocytes as the in vitro model. It would be interesting to
examine the effects of polydatin on adult cardiomyocytes sub-
jected to IR in future studies.
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