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BACKGROUND AND PURPOSE
Resveratrol is a polyphenol abundantly found in grape skin and red wine. In the present study, we investigated whether
resveratrol exerts protective effects against cardiac ischaemia/reperfusion and also explored its mechanisms.

EXPERIMENTAL APPROACH

Infarct size and functional recovery in rat isolated perfused hearts subjected to no-flow global ischaemia followed by
reperfusion were measured. Cultured neonatal rat cardiomyocytes were exposed to H,O, (100 pmol-L™") to induce cell injury.
Intracellular ion concentrations were measured using specific dyes. Western blotting was used to quantify protein expression
levels.

KEY RESULTS

In rat isolated perfused hearts, treatment with resveratrol (20 and 100 umol-L™") 15 min before ischaemia considerably
improved left ventricular functional recovery and infarct size. In cultured neonatal rat cardiomyocytes, resveratrol significantly
attenuated the increase in reactive oxygen species (ROS) and loss of mitochondrial inner membrane potential. Resveratrol also
suppressed the increase in intracellular concentrations of Na* ([Na']) and Ca?" ([Ca*7];) after H,O, application; however, it did
not suppress the ouabain-induced [Ca?']; increase. By measuring changes in intracellular pH recovery after acidification, we
also confirmed that acid-induced activation of the Na*-H" exchanger (NHE) was prevented by pretreatment with resveratrol.
Furthermore, resveratrol inhibited the H,O,-induced translocation of PKC-o. from the cytosol to the cell membrane; this
translocation is believed to activate NHE.

CONCLUSION AND IMPLICATIONS
Resveratrol exerts cardioprotection by reducing ROS and preserving mitochondrial function. The PKC-o-dependent inhibition
of NHE and subsequent attenuation of [Ca®*]; overload may be a cardioprotective mechanism.

Abbreviations

AY¥, mitochondrial inner membrane potential; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LV, left
ventricular; LVDP, left ventricular developed pressure; mitoKarp, mitochondrial ATP-sensitive K* channels; mPTP,
mitochondrial permeability transition pore; NCX, Na*-Ca*" exchanger; NHE, Na*-H* exchanger; PI, propidium iodide;
PMA, phorbol 12-myristate 13-acetate; ROS, reactive oxygen species; TMRE, tetramethylrhodamine ethyl ester

Introduction anti-inflammation, inhibition of tumour cell growth, exten-

sion of lifespan and cardioprotection against ischaemia/
Resveratrol, a polyphenol abundantly found in red wine and reperfusion injury. Several mechanisms of these effects have
grapes, has been reported to exert beneficial effects such as been proposed, such as antioxidative action (Ray et al., 1999;
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Danz et al., 2009), up-regulation of NO synthesis (Hattori
et al., 2002; Das et al., 2005) and activation of the sirtuin-1
(Sirtl) pathway (Chen etal., 2009). However, the precise
mechanisms of resveratrol-induced cardioprotection have
not yet been established.

The sarcolemmal Na*-H* exchanger (NHE) plays a role in
regulation of intracellular pH (pH;) by H* extrusion driven by
the transmembrane Na' gradient in cardiomyocytes. NHE
activity is increased during ischaemia in response to intrac-
ellular acidosis (Avkiran and Marber, 2002). Increases in the
intracellular concentration of Na* ([Na'y) induced by
increased Na*-H* exchange facilitate Ca*" influx through the
Na*-Ca*" exchanger (NCX) working in reverse mode and exac-
erbate cell injury (transporter nomenclature follows Alex-
ander ef al., 2011). Hence, the inhibition of NHE is expected
to exert cardioprotection by indirectly limiting increases in
intracellular concentration of Ca? ([Ca*];). It has also been
reported that several NHE inhibitors protected cardiomyo-
cytes subjected to oxidative stress and ischaemia/reperfusion
with consistent improvement in functional recovery (Scholz
et al., 1995; Knight et al., 2001; Teshima et al., 2003; Garcia-
rena et al., 2011). Furthermore, a clinical study revealed that
the inhibition of NHE during reperfusion therapy preserved
cardiac function in patients with acute myocardial infarction
(Rupprecht et al., 2000). In addition, the sub-analysis of a
large clinical trial showed that the use of cariporide, a NHE
inhibitor, in patients who underwent high-risk coronary
artery bypass graft surgery reduced the incidence of myocar-
dial infarction and mortality (Boyce et al., 2003). Recently,
resveratrol has been reported to decrease the expression of
the NHE isoform 1 (NHE-1; SLC9A1) by repressing its pro-
moter in rat myoblasts Jhumka et al., 2009). This result indi-
cates a possible link between resveratrol and the inhibition of
NHE. In the present study, we investigated whether the inhi-
bition of NHE is a possible mechanism of the cardioprotective
effects of resveratrol.

Methods

All animal care and experimental procedures were performed
in accordance with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996) and the Oita Uni-
versity animal care guidelines.

Isolated perfused heart experiments

Isolated perfused heart experiments and infarct size measure-
ments were performed using the Langendorff apparatus.
Sprague-Dawley rats (250-300 g) were anaesthetized with
an intraperitoneal injection of a mixture of ketamine
(60 mg-kg") and xylazine (10 mg-kg™'). After the depth of
anaesthesia was confirmed by stable heart rate and a lack of
flexor responses to a paw pinch, rat hearts were isolated and
perfused in retrograde mode at 37.0°C under a constant pres-
sure of 75 mmHg. After stabilization for 20 min, the hearts
were subjected to no-flow global ischaemia for 20 min, fol-
lowed by reperfusion for 30 min. In the resveratrol-treated
group, the hearts were perfused with 20 umol-L™ resveratrol
in Krebs-Henseleit buffer (composition (in mmol L) 118
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NacCl, 4.7 KCl, 2.5 CaCl,, 1.2 MgSO,, 1.2 KH,PO,, 25 NaHCO;,
10 glucose, 10 HEPES) 15 min before ischaemia. Left ventricu-
lar (LV) pressure was monitored using a pressure transducer to
record the peak positive and negative first derivatives of LV
pressure (dP/dtm.x and dP/dtnn respectively). LV developed
pressure (LVDP) was defined as the difference between LV
systolic and diastolic pressures. LV pressure, coronary perfu-
sion pressure and electrocardiograms were continuously
recorded using a polygraph recorder (Nihon Kohden, Tokyo,
Japan). Data were analysed using Lab Chart software (ADIn-
struments, Colorado Springs, CO, USA). At the end of reper-
fusion, the hearts were rapidly removed from the Langendorft
apparatus and sliced across the long axis of their left ven-
tricles into 2-mm-thick transverse sections. These slices were
incubated in 1% triphenyltetrazolium chloride in a phos-
phate buffer (0.1 mol L'": pH 7.4) at 37°C for 20 min. Infarct
areas were enhanced by storage in 10% formaldehyde solu-
tion for 24 h and determined by planimetry of each slice. The
volumes were calculated using image analysis software
(Image J) by multiplying each area by the slice thickness and
summing them for each heart.

Primary culture of neonatal

rat cardiomyocytes

Cardiac ventricular myocytes were prepared from Sprague-
Dawley rats aged 1-3 days and cultured as described else-
where (Teshima et al., 2003). In brief, rat pups were killed by
decapitation and the cardiac ventricles were removed and
digested with trypsin (2 mg-mL™) at 37°C. The cardiomyo-
cytes were then isolated and cultured in Dulbecco’s modified
Eagle’s minimal essential medium (DMEM) supplemented
with 5% fetal bovine serum, penicillin (100 U-mL™), strepto-
mycin (100 mg-mL™), vitamin By, (2 ug-mL™") and bromode-
oxyuridine (0.1 mmol-L™). These cells were placed in
serum-free DMEM for 24 h before the experiments. In each
isolation, we harvested cardiomyocytes from 11 neonatal
rats, which were divided into appropriate groups. An experi-
ment from one isolation was counted as n = 1.

Assay for cell death

For quantification of cellular viability, the cardiomyocytes
were stimulated with hydrogen peroxide (H.O,)
(100 umol-L™) for 2 h with or without 20 umol-L™ resveratrol
(Sigma, St Louis, MO, USA), which was administered 1 h
before the application of H,O,. The cardiomyocytes were
stained with 50 ug-mL™ propidium iodide (PI) (Roche, Basel,
Switzerland), and images were captured by confocal micros-
copy (543 nm He/Ne laser line) using a x20 objective lens
(Carl Zeiss, Oberkochen, Germany). After scanning, the cells
were permeabilized with saponin (50 umol-L™") (Sigma) to
calculate the percentage of PI-positive cells in each group.

Assay for mitochondrial inner

membrane potential

To assay mitochondrial inner membrane potential (A¥n),
FACS analysis was performed. The cardiomyocytes were
stimulated by exposure to H;O, (100 umol-L™") for 30 min
with or without incubation with 20 umol-L! resveratrol
(except for the experiments using various concentrations of
resveratrol), which was added 1 h before H,O, (except for the



experiments in various pre-incubating durations with res-
veratrol). Other chemicals were added 30 min before resvera-
trol. Tetramethylrhodamine ethyl ester (TMRE; 100 nmol-L™)
(Invitrogen, Carlsbad, CA, USA) was loaded into the cells at
37°C for 30 min. The cells were harvested by trypsinization
and analysed using the FACSCalibur system (Becton Dickin-
son, Bedford, MA, USA). Fluorescence intensity was moni-
tored at 585 nm (FL-2 channel).

Assay for reactive oxygen species

We also investigated the changes in levels of reactive oxygen
species (ROS) by FACS analysis. Resveratrol (20 umol-L™) was
added 1 h before H,O, application. The cardiomyocytes were
loaded with 2 umol-L' CM-H,DCFDA (Invitrogen) in the
absence or presence of 100 umol-L™! H,O, and incubated at
37°C for 20 min. The cells were harvested by trypsinization
and fluorescence intensity was monitored at 530 nm (FL-1
channel). Data were analysed using the WinMDI analysis
software.

Assays for [Na']; and [Ca®'];

CoroNa Green (1 umol-L") and Fluo-4 (1 umol-L™") (Invitro-
gen) were used to examine [Na']; and [Ca®]; levels respec-
tively. The cardiomyocytes were loaded with dyes at 37°C for
30 min. The scanning began immediately after the applica-
tion of 100 umol-L™" H,O,, and fluorescence intensity was
sequentially monitored every 5 min by confocal microscopy
(488 nm argon laser line; x40 objective lens) (Carl Zeiss).

Measurement of pH;

pH; was measured by monitoring the fluorescence of a pH
indicator, BCECF-AM (Invitrogen). Cardiomyocytes were
plated on glass-bottomed dishes and loaded with BCECF-AM
(2 umol-L™") for 15 min at room temperature in Krebs-HEPES
solution (in mmol L™: 135 NaCl, 5.9 KCl, 1.5 CaCl,, 1.2
MgCl,, 11.6 HEPES, 11.5 D-glucose). The cells were dually
excited at wavelengths of 488 and 458 nm with a fixed emis-
sion at 540 nm, and images were sequentially acquired at
0.5 s intervals using a confocal microscope system (LSM 710,
Carl Zeiss). At the end of the experiments, pH; was calculated
from the ratio of the two fluorescence intensities (488 nm/
458 nm) using the nigericin high-K* protocol (Thomas et al.,
1979). In this protocol, the cells were superfused with a
high-K* solution (in mmol L™: 145 KCl, 5 NaCl, 0.01 EDTA, 5
HEPES) at varying pH levels ranging from 5.86 to 8.5 in the
presence of 5 mg-L™ nigericin. We confirmed that the ratios
of fluorescence intensity linearly correlated with the pH;
levels in a preliminary experiment.

Assays for NHE activity

NHE activity was measured by monitoring the recovery rate
of pH; from rapid acidification using the NH,CIl pre-pulse
technique as described elsewhere (Sabri et al., 1998). The cells
were superfused with Krebs-HEPES solution for 5 min, fol-
lowed by NH,CI solution (25 mmol-L™) for 6 min; thereafter,
the solution was replaced with Na*-free Krebs-HEPES solu-
tion. After 10 min of perfusion, the perfusate was switched
back to Na*-containing Krebs-HEPES solution and the cells
were superfused for 5 min. The solution in the dishes was
continuously changed during the experiment by perfusing
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fresh solution while aspirating the old solution at the same
rate (5 mL-min™') using a Harvard syringe system (Harvard
Apparatus, Holliston, MA, USA). The change in pH; was
sequentially analysed. During superfusion with Na*-free
Krebs-HEPES solution, pH; was stable at an acidic level and
did not recover until the perfusate was switched back to
Krebs-HEPES solution. The rate of pH; recovery was opera-
tionally defined as NHE activity. We quantified this rate by
measuring the slope of a straight line fitted to the initial
1 min from the onset of recovery. Resveratrol was added 1 h
before the experiment. H,O, and other reagents were added
from the beginning of perfusion with NH4Cl and continued
until the end of the experiment.

Western immunoblot analysis

The cells were incubated with resveratrol for 1 h. H,O, and
phorbol 12-myristate 13-acetate (PMA) were loaded 10 min
before cell harvesting. Membranous and cytosolic proteins
were extracted using the Subcellular Proteome Extraction Kit
(Merck, Darmstadt, Germany) according to the manufactur-
er’s instructions. Western immunoblot analyses were per-
formed as previously described (Thuc etal.,, 2010). The
primary antibody for PKC-o. was purchased from Cell
Signaling Technology (Danvers, MA, USA). Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as an internal
control. Equal amounts of protein were fractionated on 8.5%
SDS-polyacrylamide gels and transferred electrophoretically
onto a polyvinylidene difluoride membrane. The membranes
were blocked with 5% non-fat milk in Tris-buffered saline
containing 0.05% Tween 20 for 1 h at room temperature, and
incubated with primary antibodies at a 1:1000 dilution for
1h at room temperature. After washing, the membranes
were incubated with a 1:4000 dilution of horseradish
peroxidase-conjugated secondary antibodies for 1 h at room
temperature. The blots were visualized by enhanced chemi-
luminescence and exposure to Hyper-film. Band signals were
quantified densitometrically using Image ] software. All the
band signals were normalized by the GAPDH protein levels
and the values were expressed as percentage of the mean
value of the control.

Statistical analysis

All data are expressed as mean * SE. Multiple comparisons
among groups were performed by one-way ANOVA with Bon-
ferroni post hoc test. Sequential changes were analysed by
two-way ANOVA. A value of P < 0.05 was considered statisti-
cally significant.

Results

LV functional recovery and infarct size

At baseline, all haemodynamic parameters, such as LVDD,
coronary perfusion pressure and heart rate, were the same
between each group. The hearts subjected to global ischaemia
exhibited considerable decrease in LVDP during reperfusion.
Treatment with 20 or 100 pmol-L™ resveratrol 15 min before
global ischaemia showed a higher recovery of LVDP; however,
treatment with 10 umol-L™ resveratrol did not improve LVDP
recovery (Figure 1A). The infarct size was significantly
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Figure 1

Effects of resveratrol on LV functional recovery and infarct size. (A)
Treatment with 20 or 100 umol-L™" resveratrol (Res) 15 min before
ischaemia improved the recovery of LVDP in rat isolated perfused
hearts subjected to 20 min of global ischaemia, followed by 30 min
of reperfusion. (B) Treatment with 20 or 100 umol-L™ resveratrol
reduced the infarct size compared with the control group. Treatment
with 10 umol-L™" resveratrol neither improved LV functional recovery
nor reduced the infarct size in rat hearts. Data are means = SE (n =
5 for each group). *P < 0.05, **P < 0.01 significantly different from
control (CON).

decreased in the 20 and 100 umol-L™' resveratrol-treated
groups compared with that in the control group. Treatment
with 10 pmol-L™! resveratrol did not reduce infarct size as
compared with control (Figure 1B).

Cell death

Cell death was induced by incubation with H,O, for 2 h.
Figure 2A shows the representative images and quantitative
results of PI staining in the cardiomyocytes. Incubation with
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Figure 2

Effects of resveratrol on cell death and the dissipation of A¥, induced
by H,O.. (A) Representative images of Pl staining of cardiomyocytes
stimulated by H,O, (100 umol-L™") in the presence or absence of
resveratrol (Res; 20 umol-L™") and quantitative percentages of
Pl-positive cells. Resveratrol suppressed the increase of Pl positivity
induced by H,0,. (B) Summarized data of FACS analysis with various
concentrations of resveratrol. Resveratrol preserved A¥, in a dose-
dependent manner. (C) Quantitative results of FACS analysis with
various durations of pre-incubation with resveratrol. Data are means
+ SE (n = 7 for each group). *P < 0.05 significantly different from
control (CON); #P < 0.05 significantly different from H,O.



H,O, significantly increased the number of PI-positive cells,
which was suppressed by pretreatment with resveratrol
(20 umol-L1).

Mitochondrial inner membrane potential
Dissipation of AW, is a critical event in the process of cell
death (Kroemer etal.,, 1998). We examined whether the
cardioprotective effect of resveratrol is associated with the
preservation of A¥,, by assessing the change in TMRE fluo-
rescence by FACS analysis. Incubation with H,O, decreased
TMRE fluorescence, indicating the depolarization of A¥,,. The
percentage of cells exhibiting higher TMRE fluorescence was
evaluated, as described elsewhere (Thuc etal., 2010). As
shown in Figure 2B, AY¥,, is preserved at resveratrol concen-
trations of 20-200 umol-L™!, but not at concentrations as low
as 10 umol-L™ or as high as 400 umol-L™'. The protective
effect of pre-incubation with resveratrol (20 umol-L™)
occurred as early as 5 min and continued up to 3 h. Cardio-
protection was not observed with pre-incubation for 24 h
(Figure 2C).

Levels of ROS

Oxidative stress is one of the key determinants of myocardial
ischaemia/reperfusion injury (Zweier and Talukder, 2006). We
also examined the role of ROS in the cardioprotective effect of
resveratrol. Figure 3 shows the representative histograms and
quantitative results from FACS analysis of ROS levels in car-
diomyocytes. Treatment with H,O, shifted the peak of the
histogram to the right, indicating an increase in ROS level
(Figure 3A). The summarized data showed a significant
increase in DCF fluorescence in H,O,-treated cells, which was
suppressed by pretreatment with resveratrol (Figure 3B).

[Na']; and [Ca?];

[Ca*]; overload following the accumulation of [Na']; leads to
the dissipation of AY,,. Therefore, we examined the effects of
resveratrol on H,0,-induced [Na']; and [Ca®']; increases in
cardiomyocytes. Figure 4A shows the representative images
and sequential changes of CoroNa Green fluorescence in six
randomly selected cells incubated with or without resvera-
trol. [Na']; gradually increased during the first 30 min after
H,O, application and thereafter the rate of increase was aug-
mented to reach its peak at approximately 45 min. Incuba-
tion with resveratrol diminished the increase in [Na'];.
Figure 4B shows the representative images and quantitative
results of Fluo-4 fluorescence in six randomly selected cardi-
omyocytes. [Ca?*]; was rapidly and considerably increased at
approximately 30 min after H,O, application and reached a
plateau at approximately 40 min. Incubation with resveratrol
almost completely inhibited the increase in [Ca*]; due to
H,O, application. The fluorescence of CoroNa Green and
Fluo-4 were steeply decreased 50 min after the incubation
with H,O; because of the rupture of the cardiomyocytes. To
examine a possible effect of resveratrol on NCX, we investi-
gated the changes in [Ca*]; by ouabain, a Na*/K* ATPase
inhibitor. [Ca®]; continuously increased during the 60 min
scanning after ouabain application. Incubation with resvera-
trol did not affect the increase in [Ca*]; due to ouabain
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Effects of resveratrol on ROS level. (A) Representative FACS histo-
grams obtained from cardiomyocytes loaded with CM-H,DCFDA
(2 pmol-L™") in the presence or absence of H,O, (100 umol-L™"). The
area under black line represents control, the grey area represents
resveratrol-treated cells and the area under dotted line represents the
cells stimulated by H,O,. Incubation with H,O, for 20 min shifted the
histogram to the right, indicating an increase in ROS level. Treatment
with resveratrol (Res; 20 umol-L™") for 1 h before H,O, application
almost totally suppressed the increase in ROS level induced by H,O,.
(B) Quantitative results analysed the intensity of fluorescence in the
peak of the histograms. Data are means * SE (n = 6 for each group).
*P < 0.05 significantly different from control, *P < 0.05 significantly
different from H,0O..

application (Figure 4C). Taken together, these results indicate
that resveratrol may affect NHE, but not NCX, to suppress
[Ca?*]; overload.

NHE activity

Next, we examined the effect of resveratrol on NHE activity.
Figure SA shows the representative alteration in the pH; of
cardiomyocytes. Perfusion with NH4Cl solution increased
pH;, which rapidly decreased after the perfusate was switched
to a Na'-free solution. During 10 min of Na*-free perfusion,
pH; was stable at approximately 6.5. The recovery of pH;
began after the cells were superfused with Na*-containing
Krebs solution. A bold line indicates the slope of the initial
1 min of pH; recovery in each experiment (Figure SB).
Figure 5C shows the summarized data of the pH; recovery
rates from five independent experiments. Exposure to H,O,
for 10 min increased NHE activity, which was attenuated by
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Effects of resveratrol on [Na']; and [Ca?'].. (A) Representative sequential images of CoroNa Green fluorescence obtained from the cardiomyocytes
loaded with H,0, (100 umol-L™") in the presence or absence of resveratrol (Res; 20 umol-L™") and quantitative data from each group. [Na*]; started
to increase after the H,O, application and peaked at approximately 45 min. This increase was attenuated by pretreatment with resveratrol. (B)
Representative sequential images of Fluo-4 fluorescence obtained from the cardiomyocytes loaded with H,O, in the presence or absence of
resveratrol and quantitative data from each group. An increase in [Ca*']; by the H,O, application was suppressed by pretreatment with resveratrol.
(C) Representative sequential images of Fluo-4 fluorescence obtained from the cardiomyocytes loaded with ouabain (1 mmol-L™") in the presence
or absence of resveratrol (20 umol-L") and quantitative data from each group. Pretreatment with resveratrol did not affect the increase in [Ca®*];
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Figure 5

Effect of resveratrol on NHE activity. (A) pH; was continuously measured using the pH sensitive dye, BCECF. The rate of pH; recovery during the
initial 60 s was defined as NHE activity (outlined by rectangle). (B) Representative pH; recovery responses from rapid acidification in each group.
A line was fitted to pH; trace during the first minute of recovery. The slopes were measured and compared. (C) Summarized quantitative data from
independent experiments in each group. Exposure to H,O, (100 umol-L™") increased NHE activity in the cardiomyocytes, which was suppressed
by pretreatment with resveratrol (Res; 20 umol-L™") or chelerythrine (Chel; 1 umol-L™"). PMA (5 umol-L™") also activated NHE, which was
attenuated by pretreatment with resveratrol. Data are mean =+ SE (n =5 for each group). **P < 0.01 significantly different from control, **P < 0.01
significantly different from H,O,, TP < 0.01 significantly different from PMA.
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membrane was attenuated by resveratrol. Data are mean * SE (n =5 for each group). *P < 0.05, **P < 0.01 significantly different from control;
*P < 0.05, ¥P < 0.01 significantly different from H,O,; P < 0.01 significantly different from PMA.

treatment with resveratrol and chelerythrine, a PKC inhibi-
tor. Furthermore, PMA, a PKC activator, increased NHE activ-
ity, which was also attenuated by treatment with resveratrol.
Taken together, these results showed that resveratrol inhibits
NHE activity in a PKC-dependent manner.

Translocation of PKC

PKC isozymes are reported to translocate to different parts of
the cell and exert divergent effects in ischaemia/reperfusion
injury. During ischaemia, PKC-a is translocated from the
cytosol to the cell membrane (Yoshida et al., 1996). Therefore,
we examined the effect of resveratrol on the translocation of
PKC-o.. Incubation with H,O, for 10 min increased the
expression of PKC-o. in the sarcolemmal membrane and
decreased that in the cytosol, which was prevented by pre-
treatment with resveratrol (Figure 6A,B). The PMA-induced
increase in PKC-o expression in the sarcolemmal membrane
was also considerably reduced by treatment with resveratrol
(Figure 6C). These results indicate that resveratrol inhibited
NHE activity by inhibiting the translocation of PKC-a.

Discussion

The main findings of the present study are as follows: (i)
resveratrol reduced infarct size and improved LV functional
recovery in isolated hearts that were subjected to ischaemia/
reperfusion; (ii) resveratrol attenuated cardiomyocyte death
by reducing ROS and preserving mitochondrial function; and
(iii) resveratrol prevented NHE activation by inhibiting the
translocation of PKC-o. from the cytosol to the sarcolemmal
membrane in cardiomyocytes. This is the first report to dem-
onstrate the PKC-dependent inhibition of NHE as a mecha-
nism of rapid cardioprotection by resveratrol.
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On the basis of our results, we have proposed a possible
protective pathway for resveratrol in which resveratrol inhib-
its the translocation of PKC-o from the cytosol to the cell
membrane and prevents the subsequent events leading to cell
injury (Figure 7). PKC plays a critical role in ischaemia/
reperfusion injury. PKC-o is translocated from the cytosol to
the cell membrane during ischaemia/reperfusion (Yoshida
etal., 1996), and membrane-associated PKC-o. has been
reported to activate NHE (Maly et al., 2002). In this report,
the PKC inhibitor and genetic ablation of PKC-a suppressed
the activation of NHE. These results indicate that PKC-o. may
contribute importantly to the activation of NHE. Further-
more, a study by Slater et al., (2003) showed that resveratrol
inhibited the activity of conventional PKC-a. in an in vitro
assay system. In this report, resveratrol inhibited activation of
PKC-o. by competitive binding to the activator-binding sites
of this kinase which prevented PKC-o from binding to plasma
membrane and becoming active. These results strongly
support our present finding that the inhibitory effect of res-
veratrol on NHE was PKC-o dependent. Activation of ERK1/2
is another pathway leading to NHE activation by oxidative
stress (Snabaitis ef al., 2002; Cingolani et al., 2011). Although
our data clearly demonstrated a PKC-o-dependent NHE inhi-
bition by resveratrol, the involvement of ERK1/2 is an inter-
esting issue for further study. In a previous study, PKC
activated NADPH oxidase (Dekker et al., 2000) which will
increase ROS production, suggesting that PKC may work
upstream of ROS. However, the present result that activation
of NHE by H,O, was inhibited by chelerythrine strongly sup-
ports the ROS-PKC-NHE activation sequence as shown in
Figure 7. Considering that NHE is activated in response to
intracellular acidosis, the link between acidosis and the trans-
location of PKC-o remains unclear.

An increase in [Ca*]; precedes irreversible myocardial
injury. Much of the increase in [Ca*]; during ischaemia is due
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Proposed pathways of cardioprotective effects of resveratrol in
ischaemia/reperfusion.

to Ca?* entry because of the reverse mode activity of the NCX.
During ischaemia/reperfusion, pH; becomes acidic, which
facilitates the extrusion of H* from the cytosol in exchange
for Na' by NHE. Increased [Na']; can be extruded by NCX in
exchange for Ca*, thereby increasing [Ca*];. Thus, the inhi-
bition of NCX and NHE should attenuate [Ca?']; overload and
is a possible target for cardioprotection. Previous studies
showed that NCX inhibitors such as KB-R7943 and SEA0400
exerted cardioprotective effects against ischaemia/reperfusion
injury by attenuating [Ca*]; overload (Yoshitomi et al., 2005;
Motegi et al., 2007). In the present study, resveratrol pre-
vented the increase not only in [Ca*]; but also in [Na']; by
H,0,. Furthermore, resveratrol did not affect the increase in
[Ca*]; by ouabain, which facilitates Ca*" influx through NCX
working in reverse mode by inhibiting the Na'/K" ATPase
pump. These results indicate that resveratrol may affect NHE,
but not NCX. We also assayed NHE activity by monitoring
pH; recovery from acid loading and confirmed that resvera-
trol suppressed H,O,-induced NHE activation.

Mitochondria play a key role in the process of cell injury,
and loss of the mitochondrial potential, A¥,, because of the
opening of mitochondrial permeability transition pore
(mPTP) is a critical step towards cell death. Opening of the
mPTP collapses A¥,, and halts oxidative phosphorylation,
resulting in ATP depletion and cell death. The association of
mitochondrial ATP-sensitive potassium (mitoKur) channels
with cardioprotection by the inhibition of NHE has been

Na*-H* exchange inhibition by resveratrol

previously reported (Miura et al., 2001). Aiello and Cingolani
(2011) and Mosca and Cingolani (2002), reported that red
wine extracts conferred cardioprotection by opening
mitoKsrp channels. In contrast, in our preliminary experi-
ments, we did not observe any effect of 5-hydroxydecanoate,
a mitoKarp channel inhibitor, on resveratrol-induced cardio-
protection. Considering that PKC is an activator of the
mitoKsrp channels (Sato etal., 1998), the cardioprotective
effects of resveratrol may be independent of the mitoKurp
channels.

Increase in ROS is a key determinant of ischaemia/
reperfusion injury. On reperfusion, re-oxygenation of the
cells triggers a burst of ROS; an increase in ROS favours mPTP
opening (Crompton et al., 1987). In this study, we showed
that resveratrol attenuated a burst of ROS in the cardiomyo-
cytes. Hence, cardioprotection by resveratrol may be medi-
ated by suppressing ROS increase and subsequently
preventing mPTP opening. Consistent with the present
result, a recent study showed that NHE inhibitors decreased
myocardial superoxide production (Garciarena et al., 2008).
However, the mechanisms by which resveratrol suppresses
ROS increase remain elusive. Considering that several ROS-
generating enzymes are Ca”** dependent (Gordeeva et al.,
2003; Brookes, 2004), the prevention of ROS increase may be
a secondary effect of the inhibition of [Ca*]; overload. The
preservation of mitochondrial function is also another pos-
sible mechanism of ROS reduction. Mitochondria are a major
source of ROS production, particularly in a functionally
impaired condition, and mitochondrial Ca* overload can
enhance the generation of ROS from mitochondria (Gorde-
eva et al., 2003; Brookes, 2004). Furthermore, resveratrol may
have ROS-scavenging property as suggested in some previous
reports (Ray et al., 1999; Danz et al., 2009). In our preliminary
experiments, resveratrol exerted cardioprotection against
exogenously added H,O, even after the washing out of res-
veratrol after 1h pre-incubation. This result excludes the
direct effect of resveratrol on H,O,. However, it does not
exclude a possible scavenging effect of resveratrol after NHE
activation.

The plasma concentration of resveratrol in humans after
an oral administration of 25 mg resveratrol is reportedly
equivalent to 2 umol-L' (Walle et al., 2004). Also, plasma
levels after oral administration of 20 mg-kg™' resveratrol to
rats were less than 1 umol-L™ (Asensi et al., 2002). These
concentrations were lower than those we used in the present
study. Higher levels of resveratrol supplementation may be
necessary to induce cardioprotection.

In conclusion, we have shown that resveratrol conferred
cardioprotection against ischaemia/reperfusion injury and
oxidative stress by preserving mitochondrial function and
reducing ROS burst. This protection was mediated by the
PKC-dependent inhibition of NHE and subsequent attenua-
tion of [Ca*]; overload.
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