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Abstract. Post‑resuscitation myocardial dysfunction (PRMD) 
is a severe complication that arises in patients after cardiac 
arrest (CA). However, there are no safe or effective treatment 
strategies that are currently available to treat these patients. 
In the present study, it was investigated whether resveratrol 
administration could inhibit myocardial nitrative stress to 
alleviate PRMD. CA was induced in Sprague‑Dawley rats 
by trans‑oesophageal alternating electrical stimulation, 
followed by cardiopulmonary resuscitation. Rats were then 
randomly divided into a preconditioning or a postconditioning 
group. Left ventricular function (+dP/dtmax and ‑dP/dtmin) was 
recorded for 4 h after the return of spontaneous circulation 
(ROSC), after which the animals were euthanized. Myocardial 
nitrative stress was analysed using enzyme‑linked immuno-
sorbent assay, western blotting and immunohistochemistry. 
Wortmannin (a PI3K inhibitor) was used to investigate 
the involvement of the PI3k/Akt signalling pathway in the 
cardio‑protective activity of resveratrol. After ROSC, resvera-
trol improved PRMD compared to the vehicle control; however, 
resveratrol administration significantly improved PRMD in 
the preconditioning group compared to the postconditioning 
group. Likewise, resveratrol preconditioning significantly 
decreased the expression of iNOS and nitrotyrosine in rat 
hearts but did not significantly ameliorate myocardial nitrative 
stress. Wortmannin partially inhibited the protective effect of 
resveratrol preconditioning and resulted in the deterioration 
of cardiac function and increase in iNOS and nitrotyrosine 
levels. Resveratrol preconditioning could alleviate PRMD by 
inhibiting myocardial nitrative stress. The PI3K/Akt signalling 
pathway may be partially involved in the process.

Introduction

Cardiac arrest (CA) is a major cause of mortality worldwide. 
There are approximately 544,000 cases of CA each year in 
China (1). Although the preliminary rate of return of spon-
taneous circulation (ROSC) is 40‑50%, the majority of CA 
survivors succumb to this event before discharge, resulting in 
less than 10% in‑hospital survival rate (2). High in‑hospital 
mortality in the early stages after ROSC is most often asso-
ciated with multisystem organ failure due to myocardial 
dysfunction (3,4). Although a great amount of effort has been 
made to improve PRMD, no treatment, including drugs that 
have demonstrated translational efficacy in animal models, 
have exhibited clinical efficacy in humans to date.

The pathogenesis of PRMD is multifactorial and complex. 
To date, the mechanism underlying its pathogenesis remains 
to be deciphered. In rodent CA models, after ROSC, there 
were significant reductions in the activity of mitochondrial 
complex I, a marked production of ROS, mitochondrial protein 
oxidation, and tyrosine nitrosylation (5). Several studies have 
suggested that nitric oxide (NO)‑derived reactive nitrogen 
species (RNS) contributes to pathologic tissue injury by nitra-
tive protein modification (nitrative stress). This may serve 
as a possible target for therapeutic intervention (6,7). NO is 
produced from the conversion of L‑arginine by nitric oxide 
synthase (NOS). Previous studies have demonstrated that a 
high pathological concentration of NO, produced by inducible 
NOS (iNOS), results in nitrative stress and tissue injury (8). 
NO is not toxic and does not cause significant tissue injury 
even at high concentrations; however, NO and superoxide 
can combine in a diffusion‑limited reaction to generate 
peroxynitrite (ONOO‑), resulting in nitrative molecules that 
are toxic (9). Studies have demonstrated that ONOO‑ plays a 
critical role in myocardial ischemia/reperfusion injury (10). 
Hence, drugs that suppress ONOO‑ formation or antagonize 
its activity may protect the heart from reperfusion injury (11). 
However, it is not clear whether nitrative stress is involved in 
PRMD or whether inhibitors of nitrative stress could alleviate 
PRMD.

Resveratrol is a natural polyphenol phytoalexin that 
is present in numerous plant species and is thought to be 
responsible for the ‘French paradox’. Several studies have 
demonstrated that resveratrol has beneficial effects in several 
cardiovascular diseases. These benefits may be due to its 
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versatile biological effects such as attenuation of oxidative 
and nitrative stress, which are involved in the pathophysi-
ologic mechanisms of PRMD (12,13). In a rat model of local 
myocardial ischaemia‑reperfusion, resveratrol preconditioning 
inhibited excessive NO expression that resulted after reperfu-
sion (14). However, to date, there are limited studies regarding 
the use of resveratrol in post‑resuscitation models.

Preconditioning and postconditioning with resveratrol 
have revealed beneficial effects in some local ischemia 
studies (15,16). Resveratrol had a dose‑dependent effect in the 
previous studies, where low doses (5‑20 µM) protected cells 
while higher doses (10‑40 mM) induced apoptosis  (17,18). 
However, these results have not been ascertained in CA 
models, where the optimal dose is unknown.

A rat CA model was used to determine whether resveratrol 
could attenuate PRMD via its inhibitory effect on myocardial 
nitrative stress.

Materials and methods

Ethical statement. The present study was performed in strict 
accordance to the recommendations by the Guide for the Care 
and Use of Laboratory Animals, National Institutes of Health. 
The Institutional Animal Care and Use Committee of West 
China Hospital (Sichuan University; approval no 2016045A) 
approved the study protocol. All surgeries were performed 
under sodium pentobarbital anaesthesia and every effort was 
made to minimize suffering.

Animals and preparatory procedures. Specific pathogen‑free 
Sprague‑Dawley (SD) male rats 12 weeks of age and weighing 
350‑400 g were used for the study. The animals were fasted 
on the night before the procedure but were allowed free 
access to water. The animals were prepared as previously 
described  (19,20). Briefly, rats were anaesthetized with 
intra‑peritoneal injections of 45 mg/kg 1.5% pentobarbital, 
placed in a supine position and immobilized. They were then 
intubated with a standard endotracheal tube and anaesthesia 
was maintained with 1.5% pentobarbital at 15  mg/kg/h 
intraperitoneally. The rats were mechanically ventilated 
using a volume‑controlled ventilator (HX‑100E; Chengdu 
TME Technology & Market Co., Ltd.) with a tidal volume of 
6 ml/kg and a fraction of inspired oxygen (FiO2) of 1.0 (21). 
Electrocardiograms (ECGs) were monitored with the aid of 
subcutaneous needles throughout the procedure. A 24G cath-
eter was introduced into the right femoral artery to measure 
arterial blood pressure, while drug infusion was performed 
through a 20G catheter inserted into the right femoral vein. A 
saline‑filled PE‑50 catheter (BD Biosciences) was advanced 
from the right carotid artery into the left ventricle cavity 
for measurement of left intraventricular pressure. The ECG, 
arterial blood pressure and left intraventricular pressure were 
monitored continuously via a 4‑channel physiological recorder 
(BL‑420F Data Acquisition & Analysis System; Chengdu 
TME Technology Co., Ltd.).

Experimental protocol and grouping. A pacing electrode 
(model 3830; Medtronic, Inc.) with two 1‑mm ring electrodes 
and an inter‑electrode distance of 5 mm was inserted orally 
into the oesophagus to a depth of 4  cm. After a 30‑min 

stabilization period, CA was induced via an oesophageal elec-
trode connected to a cardiac electrophysiological stimulation 
apparatus (BL‑420F Data Acquisition & Analysis System). 
The current had an amplitude of 6 mA, with a frequency of 
50 Hz, and a wave width of 10 msec (19).

CA was defined as an ECG having waveforms of ventric-
ular fibrillation, pulseless electricity activity, or asystole with a 
rapid decline in systolic pressure to below 25 mmHg. Artificial 
ventilation was paused while inducing CA. Cardiopulmonary 
resuscitation was initiated after 5 min of CA. A mechanical 
chest compressor (College of Electrical Engineering, Sichuan 
University) with artificial ventilation of 80 breaths/min, tidal 
volume of 6 ml/kg, and FiO2 of 1.00 was used to deliver 
200 chest compressions/min. Epinephrine was administered 
(20 µg/kg) immediately and one dose every 5 min after the 
compressions. After the first 5 min, a 2J electrical shock was 
delivered if ventricular fibrillation was present. Subsequently, 
an electrical shock was delivered every 1 min if necessary, 
however, the number of shocks were no more than 3 times in 
the whole experiment. ROSC was characterized by sponta-
neous cardiac rhythms with a mean arterial pressure (MAP) 
≥60 mmHg and persisting for more than 10 min. Rats were 
included for further study if ROSC persisted for at least 
30 min. Left ventricular function (+dP/dtmax and ‑dP/dtmin) 
was recorded at 0.5, 1, 2, 3 and 4 h after ROSC, after which 
the animals were euthanized and their hearts were rapidly 
removed for analyses. Post‑resuscitation care was similar for 
all rats in the different groups. Sham control animals were 
similarly treated except they received ventilation without 
CA induction (Fig. 1A and B). In the experiment, all rats 
were sacrificed by cervical dislocation under anesthetic 
conditions maintained by 1.5% pentobarbital at 15 mg/kg/h 
intraperitoneally. All experiments were performed at room 
temperature.

Animals which met the inclusion criteria as stated before 
were randomly assigned to one of two groups: A preconditioning 
or postconditioning group, based on different intervention 
times. Prior to administration, resveratrol (Sigma Aldrich; 
Merck KGaA) was dissolved in dimethyl sulfoxide (DMSO) 
and then in sterile water containing 0.01% DMSO. Resveratrol 
or vehicle was administered by bolus injection 15 min before 
CA to the preconditioning group and 1 min before CPR to the 
postconditioning group. Each group was then subdivided into 
four groups (6 rats/group) and administered different doses 
of resveratrol: i) Vehicle (DMSO); ii) 2.3 mg/kg resveratrol; 
iii) 0.23 mg/kg resveratrol, and iv) 0.023 mg/kg resveratrol 
(Fig. 1C). Resveratrol doses that were administered were based 
on data from several studies on the aqueous solubility of resve-
ratrol (12,22). The 6 rats in the sham group underwent surgical 
procedures without induced cardiac arrest and showed no 
differences between thepreconditioning and postconditioning 
groups.

Based on the preliminary results, the resveratrol group that 
exhibited the greatest significant myocardial protective effect 
was selected and it was investigated whether wortmannin 
(Sigma Aldrich; Merck KGaA) inhibited its protective effect. 
This part of the study comprised of four groups (6 rats/group): 
i) Sham; ii) vehicle; iii) resveratrol; iv) resveratrol + 15 µg/kg 
wortmannin (Rev+Wom). Resveratrol and wortmannin were 
administered simultaneously to the 4‑h group.
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Histological examination of heart sections. Left ventricular 
tissues were fixed in 4% buffered formalin for 20 min at 
room temperature. After embedding in paraffin, the tissues 
were sliced into 4‑µm sections and stained for nitrotyrosine 
by the following protocol. The sections were deparaffinized 
and hydrated using decreasing gradients of ethanol followed 
by antigen retrieval. The sections were then incubated in 
0.3% H2O2 in phosphate‑buffered saline (PBS) to block 
endogenous peroxidase activity. The sections were then incu-
bated with anti‑nitrotyrosine (1:1,000; 189542‑50; Cayman 
Chemical) antibody at 4˚C overnight in a moist chamber. 
Goat anti‑mouse Biotinylated secondary antibodies (1:1,000; 
10006617; Cayman Chemical) were then added to the tissues 
according to the manufacturer's instructions and then stained 
with DAPI (Sigma Aldrich; Merck KGaA) at room tempera-
ture for 3‑5 min. Subsequently, the sections were dehydrated 
in ethanol, cleared in xylene and mounted for viewing. Stained 

sections were visualized and images were acquired using 
an IX‑71 fluorescent microscope (Olympus Corporation). 
Histological evaluation was performed in a blinded manner.

Expression levels of iNOS, Akt, and phosphorylated‑Akt 
(p‑Akt). Left ventricle tissue samples were lysed using 
radioimmunoprecipitation assay buffer (Beyotime Institute 
of Biotechnology) containing a Protease Inhibitor Cocktail 
(Promega Corporation) for 30 min on ice, and after sonica-
tion were centrifuged for 10 min at 4˚C 12,000 x g. Equal 
amounts of protein (30 µg protein/lane) were separated by 
electrophoresis on a 10% sodium dodecyl sulphate polyacryl-
amide gel (SDS‑PAGE) and transferred onto polyvinylidene 
difluoride membranes (EMD Millipore). After blocking 
with 5% skim milk in Tris‑buffered saline at room tempera-
ture (18‑28˚C) for 1 h, the membranes were incubated with 
antibodies (1:1,000) against iNOS (ab49999; Abcam), Akt 

Figure 1. Experimental protocol. SD rats were anesthetized and stabilized for 30 min before intervention. Rats were monitored for 4 h after ROSC. 
(A) Preconditioning group. Resveratrol or vehicle was administered 15 min prior to CA. CA was maintained for 5 min, after which CPR was initiated. 
(B) Post‑conditioning group. Resveratrol or vehicle was administered 1 min before CPR during CA. (C) Schematic for study grouping. Rev, resveratrol; 
Vec, vehicle; CA, cardiac arrest; CPR, cardiopulmonary resuscitation; ROSC, return of spontaneous circulation.
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(9272), or p‑Akt (4051; both Cell Signaling Technology, Inc.) 
at 4˚C overnight. The membranes were then washed with 
phosphate‑buffered saline with Tween‑20 and incubated with 
horseradish peroxidase‑conjugated IgG antibody (1:1,000; 
7076; Cell Signaling Technology, Inc.) at 37˚C for 1 h. Blots 
were developed using an enhanced chemiluminescence detec-
tion kit (Pierce Biotechnology; Thermo Fisher Scientific, Inc.). 
The proteins were visualized using ChemiDoc XRS and band 
densities were analysed using Quantity One software 4.6 (both 
from Bio‑Rad Laboratories, Inc.).

Quantitation of myocardial nitrotyrosine levels by 
enzyme‑linked immunosorbent assay (ELISA). Cardiac 
nitrotyrosine, a determinant for in vivo RNS formation, was 
measured using ELISA as previously reported (18). In brief, 
nitrotyrosine tissue levels were measured using a Nitrotyrosine 
ELISA kit (Chemiluminescence Detection kit; EMD 
Millipore) in accordance with the manufacturer's instructions 
and expressed as nmol/g protein.

Immunofluorescence measurements. Paraformaldehyde‑fixed 
myocardial tissues were cut into semi‑thin sections, of 4‑5 µm 
thickness, and stained with a primary antibody (1:1,000) 
against nitrotyrosine (189542; Cayman Chemical) at room 
temperature for 1 h in a wet box and then at 4˚C overnight, 
followed by incubation with the goat anti‑mouse secondary 
antibody (1:1,000; ZK‑9600; OriGene Technologies, Inc.) 
at 37˚C for 30 min and then counterstained with DAPI for 
10 min at 37˚C (Sigma Aldrich; Merck KGaA).

Statistical analysis. All data were expressed as the 
mean ± standard deviation. Statistical significance was deter-
mined using one‑way analysis of variance (ANOVA) followed 
by the Student‑Newman‑Keuls' method using SPSS 19.0 (IBM 
Corp.) and GraphPad Prism 5.0 software (GraphPad Software, 
Inc.). P<0.05 was considered statistically significant (two‑tailed).

Results

Animals. A total of 54 rats were used in this study. All rats 
attained ROSC and were sustained for over 30 min.

Left ventricular function. The left ventricular variables 
(+dp/dtmax and ‑dp/dtmin) for all post‑resuscitation animals 
were reduced after ROSC until the end of the procedure. From 
0.5 to 4 h after ROSC, resveratrol preconditioning improved 
left ventricular function significantly compared to vehicle 
(P<0.05). The effect of resveratrol on left ventricular function 
was significant at doses between 0.23 and 0.023 mg/kg, but 
not at 2.3 mg/kg (P<0.05; Fig. 2A and C). During the whole 
procedure, resveratrol improved +dp/dtmax and ‑dp/dtmin in the 
postconditioning group compared to the vehicle, however, 
the observed differences were not significant (P>0.05; 
Fig. 2B and D).

iNOS expression in heart tissue. Then, 4 h after ROSC, iNOS 
expression in the vehicle groups was significantly increased 
compared to the sham groups (P<0.05). However, the iNOS 
levels in the preconditioning groups were significantly lower 

Figure 2. Left ventricular function variables for the experimental groups. (A and C)  Preconditioning group. (B and D)  Postconditioning group. 
(A and C) Resveratrol preconditioning improved left ventricular function (+dp/dtmax and ‑dp/dtmin) compared to the vehicle. (B and D) +dp/dtmax and ‑dp/dtmin 
in the resveratrol postconditioning group were not significantly different compared to the vehicle group (*P<0.05 vs. the vehicle group and #P<0.05 vs. the 
2.3 mg/kg group).
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compared to the vehicle group (P<0.05), while the 0.23 and 
0.023  mg/kg administered groups were not significantly 
different compared to the sham group (P>0.05). The iNOS 
levels in the postconditioning groups were lower compared to 
the vehicle group (P<0.05), but were higher compared to the 
sham group (P<0.05; Fig. 3A‑C).

Nitrotyrosine expression in heart tissue. Four hours after 
ROSC, the expression of nitrotyrosine in the vehicle group 
was significantly higher compared to the sham group (P<0.05). 
Nitrotyrosine levels in the preconditioning groups were 
significantly lower compared to the vehicle group (P<0.05), 
especially in the 0.23 and 0.023 mg/kg administered groups. 
However, resveratrol postconditioning did not significantly 
decrease the nitrotyrosine expression levels compared to the 
vehicle (P>0.05; Figs. 3D and 4).

Role of the PI3K/Akt signalling pathway in the myocardial 
protective effect of resveratrol; wortmannin prevents the 
protective effects of resveratrol in PRMD. From 0.5 h after 
ROSC until the end of the procedure, the left ventricular 
function variables (+dp/dtmax and ‑dp/dtmin) in the resveratrol 
(0.23 mg/kg)+wortmannin group were lower compared to the 
resveratrol (0.23 mg/kg) group (P<0.05), but higher compared 
with the vehicle group (P<0.05). Wortmannin partially 

inhibited the beneficial effects of resveratrol on left ventricular 
function (Fig. 5).

Preliminary results revealed that resveratrol precon-
ditioning ameliorated myocardial nitrative stress after 
ROSC. Administration of resveratrol+wortmannin had 
higher iNOS expression levels compared to resveratrol 
alone (P<0.05); however, iNOS expression levels in the 
resveratrol+wortmannin and resveratrol groups were lower 
compared to the vehicle group (P<0.05; Figs. 6 and 7). These 
results indicated that wortmannin partially reversed the inhibi-
tory effect of resveratrol on nitrative stress. p‑Akt levels in the 
resveratrol group were higher compared to the sham group and 
the vehicle group, while wortmannin decreased p‑Akt levels. 
These differences were statistically significant (P<0.05). No 
significant differences in Akt levels were observed for the four 
groups (Fig. 6).

Discussion

In the present study, resveratrol had diverse effects on myocar-
dial function after cardiac arrest. This effect was dose‑ and 
time‑dependent. Resveratrol preconditioning improved 
myocardial function after CA, but not when administered post 
CA. Lower doses (0.23, 0.023 mg/kg) had superior efficacy 
compared to higher doses of resveratrol.

Figure 3. iNOS and nitrotyrosine expression in heart tissues. Data are presented as the mean ± standard deviation. (A) Resveratrol preconditioning. 
(B) Resveratrol postconditioning. A: Representative blots of iNOS in heart tissues from rats administered different doses of resveratrol in preconditioning 
groups. B: Representative blots of iNOS in heart tissues from rats administered different doses of resveratrol in the postconditioning groups. (C) Statistical 
data obtained from quantitative densitometric analysis of iNOS blots. Sham group, n=3; other groups, n=6. *P<0.05 vs. sham, #P<0.05 vs. vehicle, $P<0.05 vs. 
the 2.3 mg/kg group. (D) Statistical data obtained for quantitative RLU of nitrotyrosine levels obtained by ELISA. *P<0.05 vs. the sham group, #P<0.05 vs. the 
vehicle group and $P<0.05 vs. the 2.3 mg/kg group. RLU, relative light units; iNOS, inducible NOS.
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As the results revealed, resveratrol preconditioning 
improved left ventricular function after CA, which was 
similar to certain previous studies  (16,23). Given the 
sudden onset and unpredictability of CA, the protocol in 
the present study appears infeasible in clinical practice, 
however, oral resveratrol for a short period of time maybe 
practicable, as a previous study reported, this however 
requires validation in the future (24). In the present study 
resveratrol, postconditioning did not significantly ameliorate 
myocardial dysfunction after CA which was not similar 
to previous research. In an in vitro ischemia‑reperfusion 
rat model, 1 µM or 10 µM resveratrol administered during 
the reoxygenation period after recovery from ischemia 
improved left ventricular contractile function and attenuated 

myocardial injury  (16). In another local myocardial isch-
emia‑reperfusion rat study, 10 µM resveratrol administered 
during the ischemic period and before perfusion improved 
myocardial infarct size and mitochondrial injury (15). The 
present study did not demonstrate a significant postcondi-
tioning effect of resveratrol after CA, which may be due to 
the following reasons. First, the effect of resveratrol on the 
induction of mRNA transcript levels may take a longer time 
resulting in delayed protein expression. This delayed effect 
may be too long to reverse or inhibit post‑cardiac arrest 
syndrome (14,25). Second, a synergistic effect of heart injury 
and haemodynamic instability may reduce the tolerance of 
internal organs to ischemia (26,27). Third, different times of 
drug administration may result in different effects. During 

Figure 4. Representative photomicrographs of in situ detection of nitrotyrosine expression levels and DAPI staining in rat heart tissues (inverted phase 
contrast microscope, x400). Blue fluorescence indicates nuclei of cardiomyocytes. Green fluorescence indicates nitrotyrosine in the cytoplasm. (A) Sham; 
(B) vehicle; (C‑E) resveratrol preconditioning group (2.3, 0.23 and 0.023 mg/kg, respectively); and (F‑H) resveratrol postconditioning group (2.3, 0.23 and 
0.023 mg/kg, respectively). Nitrotyrosine expression increased after ROSC. Resveratrol preconditioning significantly decreased nitrotyrosine expression levels 
while resveratrol postconditioning had no effect. *P<0.05 vs. the sham group, #P<0.05 vs. the vehicle group and $P<0.05 vs. the 2.3 mg/kg group. ROSC, return 
of spontaneous circulation.
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CPR, chest compressions only provide blood volumes of 
~25‑40% compared to normal stroke volume which may not 
attain effective drug concentration (28). In a rat CA model, 
administration of sevoflurane at the onset of ROSC rather 
than during resuscitation improved myocardial function (21). 
Finally, resveratrol was administered via bolus injection in 
the present study. Given the short half‑life of resveratrol 
(~8‑14 min), whether continuous intravenous administration 
could improve myocardial function is yet to be demonstrated.

Considering that the blood volume in rats is ~100 ml/kg 
of its body weight, the calculated blood concentrations corre-
sponding to the infused dose of resveratrol (MW:228.25) in the 
present study would be 100, 10 and 1 µM. As previous studies 
revealed, resveratrol is characterized by hormesis, which 
means a stimulating effect at a lower level and an inhibitory 
effect at a higher level (17,18). In our research, a lower level 
of resveratrol in fact revealed improved myocardial function 
than a higher level. The results were similar to a myocardial 

Figure 5. Left ventricular function. (A) +dp/dtmax. (B) ‑dp/dtmin. As previously mentioned, +dp/dtmax and ‑dp/dtmin in the vehicle group were lower compared 
to the sham group (P<0.05), while resveratrol protected left ventricular function (P<0.05 vs. the vehicle group). +dp/dtmax and ‑dp/dtmin in the Rev + Wom 
group were lower compared to the Rev group (P<0.05), but higher compared to the vehicle group (P<0.05). *P<0.05 vs. the vehicle group and #P<0.05 vs. the 
2.3 mg/kg group. Rev, resveratrol; Wom, wortmannin.

Figure 7. Representative photomicrographs of in situ detection of nitro-
tyrosine expression levels and DAPI staining in rat heart tissues (x400). 
(A) Sham; (B) vehicle; (C) resveratrol group; and (D) Rev + Wom group. 
Resveratrol significantly decreased nitrotyrosine expression levels, while 
wortmannin partially reversed this trend. *P<0.05 vs. the sham group, 
#P<0.05 vs. the vehicle group and $P<0.05 vs. the Rev group. Rev, resveratrol; 
Wom, wortmannin.

Figure 6. Representative blots of iNOS, p‑Akt, and Akt expression in rat heart 
tissues from the different groups. Resveratrol decreased iNOS levels signifi-
cantly while wortmannin partially reversed iNOS levels but were still lower 
compared to the vehicle group. Resveratrol increased p‑Akt levels significantly 
while wortmannin completely blocked phosphorylation of Akt. No significant 
differences in total Akt levels were observed for the four groups. *P<0.05 vs. 
the sham group, #P<0.05 vs. the vehicle group and $P<0.05 vs. the Rev + Wom 
group. iNOS, inducible NOS; Rev, resveratrol; Wom, wortmannin.
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ischemia‑reperfusion injury study involving resveratrol (29). 
However, we did not investigate whether lower doses would 
produce improved efficacy. A study by Hung et al (12), demon-
strated that 2.3x10‑4 mg/kg resveratrol improved myocardial 
function in a rat myocardial infarction model. We hypothesize 
that resveratrol has selective distribution in vivo and hence 
plasma concentration does not represent concentration in the 
myocardium.

Myocardial nitrative stress after ROSC was similar to 
that reported previously in a mouse model (5). The authors 
observed that mitochondrial tyrosine nitration by peroxynitrite 
was significantly increased at 60 min after ROSC. In addition, 
it has been demonstrated that the extent of nitrative stress is 
proportional to the severity of myocardial dysfunction, with 
higher nitrative stress resulting from worse myocardial func-
tion (30). The results from our study indicated that myocardial 
nitrative stress was involved in the pathogenesis of myocardial 
dysfunction after ROSC.

The present results revealed that nitrative stress was 
involved in PCMD and resveratrol preconditioning amelio-
rated myocardial nitrative stress and decreased the expression 
of iNOS and nitrotyrosine. These results were similar to 
previous studies (31,32) and suggested that resveratrol inhibits 
nitrative stress via a bidirectional regulation of the iNOS and 
eNOS expression levels. Resveratrol had a protective effect by 
downregulating excessive iNOS expression and upregulating 
endothelial NOS (eNOS) expression, with a concomitant 
minor increase in NO (31). However, there are several incon-
sistencies with previous studies. Resveratrol was revealed to 
induce iNOS expression in porcine pulmonary artery endothe-
lial cells (33). The differences may be due to how the models 
were produced, experimental protocols, or which laboratory 
animals were used. It appears that lower expression of iNOS, 
rather than higher expression is important for resveratrol to 
exhibit its myocardial protective effect.

In the present study, wortmannin, a PI3K inhibitor, partially 
inhibited the myocardial protective effects of resveratrol by 
reducing p‑Akt expression levels and increasing iNOS and 
nitrotyrosine levels. This suggests the PI3K/Akt signalling 
pathway was involved in the mechanism by which resveratrol 
inhibits nitrative stress. Our results were similar to previous 
studies. Wang et al (34) demonstrated that resveratrol exerts 
an anti‑inflammatory effect by increasing the activity of 
adiponectin. It has been revealed that adiponectin enhanced 
eNOS phosphorylation and decreased ROS production, with 
a concomitant inhibition of nitrative stress via the PI3K/Akt 
signalling pathway in a mouse model of myocardial isch-
emia‑reperfusion (35,36). Thus, it was surmised that resveratrol 
can inhibit nitrative stress via adiponectin/PI3K/Akt, but this 
hypothesis requires validation in a further study. In a study 
by Huang  et  al  (37), resveratrol inhibited oxygen‑glucose 
deprivation‑induced cell apoptosis via the NF‑κB/iNOS/NO 
signalling pathway. In an animal model of diabetic heart disease, 
resveratrol inhibited TNF‑α and NF‑κB expression, and thereby 
inhibited iNOS and ROS expression, which ameliorated nitra-
tive stress and myocardial injury (38). From these studies, it 
is inferred that TNF‑α and NF‑κB are also involved in the 
mechanism by which resveratrol regulates iNOS expression 
via the PI3K/Akt signalling pathway in a cardiac arrest model. 
However, this needs to be established by further study.

A limitation of the present study is that healthy SD rats 
were used, which is not consistent with the clinical reality in 
which numerous CA victims have heart disease or are at a 
high risk for heart disease. SD rats are different from humans 
with regard to pathophysiological characteristics; hence, larger 
animals such as swine should be considered for future studies.

In addition, the study was conducted for only 4 h after 
ROSC, which is an appropriate early stage model for myocar-
dial dysfunction after ROSC; however, going beyond 4 h after 
ROSC is necessary for investigating the effects of resveratrol 
on intermediate‑ and late‑stage myocardial dysfunction.

The molecular mechanism of resveratrol as hypothesized 
in the present study is insufficient. The role of inflammatory 
factors in the inhibitory effect of resveratrol on nitrative stress 
should be investigated. In addition, as mentioned in several 
studies, mitochondria are critical for myocardial function after 
CA, and should be studied with regard to resveratrol.

Resveratrol preconditioning could alleviate cardiac 
dysfunction after resuscitation. This effect of resveratrol was 
associated with its inhibitory effect on nitrative stress and may 
partially involve the PI3K/Akt signalling pathway, however 
postconditioning with resveratrol was not more effective 
compared to the vehicle control.
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