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ABSTRACT

The objective was a comprehensive investigation of the mechanisms and sites of resveratrol cardioprotection
during and following ischemia-reperfusion (I-R) injury, and to determine whether direct preservation of
cardiomyocytes is an important site of cardioprotection. We now provide the first definitive evidence that
resveratrol specifically protects cardiomyocytes from I-R injury via a combination of suppression of super-
oxide levels and activation of potassium channels. This protection is apparent whether resveratrol is present
for the full duration of the insult or only on recovery. In addition, resveratrol improved postischemic recovery
of left ventricular contractile function, attenuated myocardial injury, and increased myocardial activation of
the survival kinase Akt in the intact heart. Furthermore, resveratrol elicited direct concentration-dependent
protective actions on the vasculature (vasorelaxation, superoxide suppression) and enhanced endothelium-
dependent vasodilatation. Resveratrol thus targets a number of consequences of myocardial I-R, including
release of reactive oxygen species, loss of recovery of contractile function, and impaired endothelium-depen-
dent vasodilatation. Previous evidence indicates that resveratrol elicits potent preconditioning in the heart.
Given that myocardial ischemic events are often unpredictable in humans, the findings that resveratrol pro-
tection is also evident when administered during and/or after the insult adds new dimensions to the clinical
potential of resveratrol. Antioxid. Redox Signal. 9, 101-113.

INTRODUCTION

ISCHEMIC MYOCARDIAL INJURY is a major cause of morbidity
and mortality in developed nations. Release of reactive
oxygen species (ROS), loss of recovery of contractile func-
tion, and impaired endothelium-dependent vasodilatation are
all adverse outcomes of myocardial damage evident follow-
ing prolonged interruption in coronary blood flow (28, 35).
Development of novel treatment strategies that protect
against multiple mechanisms of ischemia—reperfusion (I-R)
injury will have major clinical impact. Resveratrol (3,4,5'-tri-
hydroxystilbene) is an antioxidant abundant in red wine that

is a likely contributing factor to the cardiovascular benefits of
moderate red wine consumption (11, 27, 29). In recent years,
several laboratories have described the powerful precondi-
tioning effect of resveratrol. Transient pretreatment of the
heart with resveratrol, followed by a washout period prior to
I-R, is cardioprotective (3, 8, 9, 19-21). Adenosine, the cell
survival kinase Akt and p38 mitogen-activated protein kinase,
known mediators of cardioprotection, are implicated in this
effect (8, 9). This early time point of cardioprotection
strongly favors use of resveratrol as a preventative approach,
for example, as a dietary additive. In contrast, the protective
actions of resveratrol treatment during and/or following an is-
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chemic insult (also of clinical relevance given that the timing
of myocardial ischemia and infarction is unpredictable) re-
main to be fully characterized. Specifically, whether resvera-
trol directly protects cardiomyocytes from [-R injury, and the
mechanisms of this cardioprotection, have not previously
been determined.

The objective of the present study was to comprehensively
investigate the mechanisms and sites of resveratrol cardiopro-
tection during [-R injury. Although the potent vasodilatory ac-
tions of resveratrol (3, 12—14) likely limit the no-reflow phe-
nomenon, direct preservation of cardiomyocytes is an
important site of cardioprotection. We now test the hypotheses
that (a) resveratrol prevents cardiomyocyte I-R injury inde-
pendently of any vascular activity; (b) protection is evident
even when administered during recovery from the ischemic in-
sult; and (c) preservation of endothelial function accompanies
myocardial protection. We now demonstrate resveratrol causes
cardiomyocyte protection via antioxidant actions as well as by
activation of mitochondrial ATP-sensitive (K ;,) and calcium-
activated (BK_,) potassium channels. Many of these protec-
tive actions were evident even when resveratrol was adminis-
tered only during recovery from the insult, a clinically
important time point. Resveratrol also improved recovery of
myocardial function, enhanced Akt activation, and augmented
endothelium-dependent vasodilatation. Thus, resveratrol tar-
gets a number of outcomes of myocardial I-R injury (28, 35),
including release of ROS, loss of recovery of contractile func-
tion, and impaired endothelium-dependent vasodilatation.

MATERIALS AND METHODS

This investigation conforms with the Guide for the Care
and Use of Laboratory Animals published by the United
States National Institutes of Health (NIH Publications No.
85-23, revised 1996) and the National Health and Medical
Research Council of Australia guidelines, and was approved
by the Animal Ethics Committee of the Baker Heart Research
Institute (isolated cardiomyocytes, whole heart studies) and
the University of Melbourne’s Animal Experimentation
Ethics Committee (vascular studies).
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Ischemia—reperfusion in adult rat cardiomyocytes

Adult male Sprague—Dawley rats (200-300 g) were anes-
thetized (intraperitoneal ketamine hydrochloride 100 mg/kg +
xylazine 12 mg/kg, Troy Laboratories, NSW, Australia) for
isolation of primary cardiomyocytes, as previously described
(15, 31). Cardiomyocytes plated at a density of 104 cells/cm?
were incubated in modified serum-free medium 199 (JRH
Biosciences Pty Ltd, Brooklyn, Australia) prior to hypoxia
(95% N,—5% CO,, using a hypoxic chamber from QNA Inter-
national, Australia) and subsequent reoxygenation, all at
37°C. The optimal time period of hypoxia (over 30—120 min,
all followed by 2.5 h reoxygenation), and the optimal concen-
trations of both resveratrol (over 1-100 uM, Sigma-Aldrich,
St. Louis, MO) and the antioxidant tempol (over 0.01-1 mA/,
Sigma-Aldrich) in hypoxic cardiomyocytes were determined
initially in pilot studies; 90 min hypoxia and 10 pM of either
agent were demonstrated most effective and were used in all
subsequent cardiomyocyte studies (Table 1). Resveratrol or
the antioxidant tempol were added at two different time
points, either 5 min prior to (and for the full duration of) hy-
poxia-reoxygenation, or present only during reoxygenation.
The role of BK ., and mitochondrial K, channels in resvera-
trol actions was investigated using tetracthylammonium bro-
mide (TEA, 1 mM, Sigma-Aldrich) and 5-hydroxydecanoate
(5-HD, 500 puM, Sigma-Aldrich), respectively, at concentra-
tions previously shown to prevent cardioprotective actions
without any direct effects themselves on cardiomyocyte LDH
release (15, 31). Inhibitors were added concomitantly with
resveratrol. LDH activity in the culture medium and loss of
characteristic rod-shaped striated cardiomyocyte morphology
(light microscopy) was determined as markers of cardiomy-
ocyte injury. Cardiomyocyte levels of the ROS superoxide
were also determined in real time over the full 2.5 h of reoxy-
genation, using lucigenin (5 pM)-enhanced chemilumines-
cence (6), following replacement of culture medium with
Krebs buffer. Resveratrol or the antioxidant tempol were
added at two different time points, either 5 min prior to, and
for the full duration of, hypoxia (but not for reoxygenation),
or added only during reoxygenation, to specifically dissect
out resveratrol suppression of triggers of ROS production ac-
tivated during hypoxia, independent of any effect it has on

TABLE 1. PiLoT STuDIES DETERMINED A: THE OPTIMAL TIME PERIOD OF HYPOXIA (PRIOR TO 2.5 H REOXYGENATION)
AND B: THE OPTIMAL CONCENTRATIONS OF RESVERATROL AND TEMPOL
A: Optimal Time Period of Hypoxia
Cardiomyocyte injury (LDH, U/L)
Period of hypoxia 30 min 60 min 90 min 120 min
(min, n = 6) 11+6 U/L 15+9U/L 55+ 19 U/L* 20+7U/L
B: Optimal Drug Treatment Concentrations
Cardiomyocyte injury (LDH, U/L)
Resveratrol, pM 1 uM 10 pM 100 pM
(n=16) 35+ 6 U/L 20+4 U/L” 39+ 8 U/L
Tempol, mM 0.01 mM 0.10 mM 1.00 mM
(n=06) 12+ 3 U/L* 15+6 U/L 20+ 8 U/L

Asterisk (*) indicates optimum point chosen.
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directly scavenging ROS produced on reoxygenation. The
area-under-the-curve was then calculated for superoxide ac-
cumulation as a function of time post onset of reoxygenation.
Cardiomyocytes isolated from each heart were exposed to
different treatments to allow direct paired comparisons be-
tween treatment groups. An additional vehicle control (0.04%
dimethylsulfoxide, DMSO) was also included in all car-
diomyocyte studies using resveratrol.

Ischemia—reperfusion in isolated
Langendorff-perfused rat hearts

Hearts isolated from adult male Sprague—Dawley rats
(380—440 g) were perfused at constant flow and heart rate
(10 ml/min, 300 beats/min) as previously described (40).
Under these constant flow conditions, perfusion pressure as
measured at the aorta, was approximately 75 mm Hg. Fol-
lowing equilibration, hearts were subjected to 45 min global,
no-flow ischemia with 20 min reperfusion. Isovolumic LV
function (intraventricular fluid-filled balloon catheter) and
myocardial injury (lactate dehydrogenase activity, LDH)
were continuously assessed. Resveratrol (10 uM) was present
in the perfusion buffer from 10 min prior to ischemia until
the end of reperfusion. Results were compared to drug-free
hearts subjected to I-R, and to sham (time control) normoxic
hearts. DMSO (0.04%) was included in the perfusion buffer
for all hearts to control for vehicle. At the end of each exper-
iment, a small cube of left ventricular (LV) free wall was
rapidly dissected and fixed for electron microscopy. LV acti-
vation of Akt and p38 mitogen-activated protein kinase
(p38MAPK), as well as inactivation of glycogen synthase ki-
nase-33 (GSK-3p), following I-R was also determined,
using phospho-specific antibodies (Cell Signaling Technol-
ogy, Beverly, MA). Results for kinase (in)activation were ex-
pressed as the ratio of phosphorylated to total kinase, nor-
malized to normoxic sham controls, for each sample from
densitometric quantitation. Protein expression of the consti-
tutive (eNOS) and inducible (iNOS) isoforms of nitric oxide
synthase using selective antibodies (BD Biosciences, Bed-
ford, MA), was determined as previously described (32).

Vascular function and superoxide generation

Endothelium-dependent and -independent function of
male Sprague—Dawley rat (200—450 g) isolated, endothelium-
intact carotid arterial rings was determined using cumulative
concentration—response curves to acetylcholine (BDH Chem-
icals, Kilsyth, Australia) and sodium nitroprusside (Sigma-
Aldrich) respectively, in 5 ml myograph chambers as previ-
ously described (6), in the absence or presence of resveratrol
(10 uM, added 20 min prior to phenylephrine preconstriction,
Sigma-Aldrich). The impact of the auto-oxidant pyrogallol
(100 pM, Sigma-Aldrich, added 20 min prior to preconstric-
tion) + resveratrol on endothelial function was then deter-
mined. The direct vasorelaxant actions of resveratrol
(0.01-100 pM) were also determined in preconstricted, endo-
thelium-intact rat carotid arteries. Relaxation responses were
expressed as a percent of the preconstricted level of tone.
Vascular superoxide levels in response to vehicle or resvera-
trol (0.1-100 pM) was determined in rat aortic rings as previ-
ously described (6), using lucigenin (5 pM, Sigma-Aldrich)-
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enhanced chemiluminescence normalized to dry tissue
weight. DMSO (0.04%) was included in the incubation buffer
for all vessels to control for vehicle.

Statistical analysis

Results were expressed as mean + SE, with n representing
the number of animals per treatment group in the heart and
vascular studies, or the number of cardiomyocyte prepara-
tions studied, respectively. Statistical evaluation used two-
way repeated measures analysis of variance (ANOVA) for
changes in LDH and LV function in isolated perfused hearts
over time. Student’s unpaired ¢ tests, paired 7-tests, one-way
ANOVA, or one-way repeated measures ANOVA were used
as appropriate. The Student—Newman—Keuls (SNK) method
for multiple comparisons was applied where appropriate. p <
0.05 was accepted as significant.

RESULTS

Resveratrol prevents hypoxia-induced
cardiomyocyte injury: role of
potassium channels

Hypoxia-reoxygenation significantly increased LDH ac-
tivity, from 27 + 2 to 64 + 7 U/L, and increased loss of rod-
shaped striated cardiomyocytes by 22 + 3% (all n = 21, p <
0.001, paired r-test, compared to paired control normoxic car-
diomyocytes). This period of hypoxia (90 min) induced the
greatest cardiomyocyte injury in pilot studies comparing
30-120 min hypoxia, and was used for all subsequent experi-
ments (see Table 1).

Cardiomyocyte LDH release was largely prevented when
resveratrol was present from 5 min prior to and for the du-
ration of hypoxia—reoxygenation (10 pM, Fig. 1A, n = 21
cardiomyocyte preparations, p < 0.001, one-way ANOVA).
Hypoxia-induced loss of rod-shaped striated cardiomy-
ocytes was similarly prevented by 10 puM resveratrol (re-
stored to 106 + 3% of normoxic cardiomyocytes, n = 21).
Lower concentrations of resveratrol also tended to decrease
LDH activity (by 38 + 11% n = 6, p < 0.05 paired #-test for
1 uM resveratrol); higher concentrations of resveratrol (100
uM) did not elicit further reduction of LDH activity (see
Table 1). Although the vehicle control (0.04% DMSO)
modestly reduced cellular injury, this was significantly less
protective than resveratrol (Fig. 1A). Tempol elicited car-
diomyocyte protection similar to resveratrol. When added 5
min prior to hypoxia—reoxygenation, tempol (10 pM) sig-
nificantly reduced LDH activity compared to that observed
in untreated hypoxic myocytes (n = 6 cardiomyocyte prepa-
rations, p < 0.05, Fig. 1B), and prevented hypoxia-induced
loss of rod-shaped striated cardiomyocytes (restored to 97
+ 4% of normoxic cardiomyocytes, n = 6). The tempol ef-
fect was comparable at all concentrations studied (10-1000
uM, Table 1).

The potential mechanism(s) of resveratrol cardiomyocyte
protection were further investigated, using 5-hydroxyde-
canoate (500 uM, n =9 cardiomyocyte preparations, p < 0.05,
Fig. 1C) and tetraethylammonium bromide (1 mM, n = 9
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cardiomyocyte preparations, p < 0.05, Fig. 1C); both in-
hibitors abolished the protective effects of resveratrol against
hypoxia-induced cardiomyocyte injury. Tempol, resveratrol
and DMSO vehicle had no effect alone on LDH released from
normoxic cardiomyocytes, or on cardiomyocyte morphology
(data not shown). In addition, neither K* channel inhibitor
alone affected LDH release.

Resveratrol treatment following hypoxia
prevents cardiomyocyte injury

Resveratrol (10 pM) also protected isolated cardiomy-
ocytes against hypoxia-induced cardiomyocyte injury when
only present during reoxygenation (Fig. 2A, n = 6 cardiomy-
ocyte preparations, p < 0.05). Loss of rod-shaped striated car-
diomyocytes was similarly prevented (restored to 97 £ 10%
of that observed in normoxic cardiomyocytes, n = 6). Tempol
(10 uM) added at the onset of reoxygenation also protected
cardiomyocytes from both increased LDH (n = 6 cardiomy-
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ocyte preparations, p < 0.05, Fig. 2B) and loss of rod-shaped
striated cardiomyocytes (restored to 85 + 6% of that in nor-
moxic cardiomyocytes, n = 6).

Resveratrol reduces hypoxia-induced
cardiomyocyte superoxide levels

As shown in Fig. 3, hypoxia—reoxygenation increased car-
diomyocyte superoxide levels; this effect was maximal by
~20 min reoxygenation. At this time point, superoxide levels
were increased from 44 + 4 in normoxic cardiomyocytes to 65
+ 5 RLU/s in paired post-hypoxic cardiomyocytes (n = 6 car-
diomyocyte preparations); resveratrol (10 uM) reduced this to
54 + 5 and to 42 + 5 RLU/s when present only during hy-
poxia, or only during reoxygenation, respectively (Fig. 3A).
Tempol (10 uM) similarly attenuated the peak of superoxide
accumulation, to 53 + 4 and to 48 + 3 RLU/s when present ei-
ther only during hypoxia, or only during reoxygenation, re-
spectively (Fig. 3A).
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The area-under-the-curve of cardiomyocyte superoxide for
the full 2.5 h reoxygenation period was calculated to indicate
the total superoxide generated. Hypoxia significantly in-
creased total cardiomyocyte superoxide accumulation (by 21
+ 7% on area-under-curve analysis, n = 6 cardiomyocyte
preparations, p < 0.005). This was significantly reduced by
resveratrol (by 13 + 4%, n = 6, p < 0.05) during the hypoxic
period, as well as only during reoxygenation (by 47 + 5%, n
=6, p <0.001, Fig. 3B). DMSO vehicle did not affect total
superoxide accumulation, whether added during hypoxia or
during reoxygenation (96 + 1% and 96 + 3% of drug-free hy-
poxic cardiomyocytes, respectively, both n = 6). Tempol also
tended to attenuate total cardiomyocyte superoxide accumu-
lation, whether present only during the hypoxic period (by 8
+ 4%, n = 6, cardiomyocyte preparations), or when present
only during reoxygenation (by 17 + 4%, n = 6, p < 0.05, Fig.
3B). Resveratrol and tempol did not affect basal superoxide
levels (93 + 6% and 97 + 2%, versus paired control respec-
tively, both n = 6) in normoxic cardiomyocytes when present
during the 90 min prior to lucigenin exposure; however, the
addition of resveratrol during the 2.5 h period of superoxide
detection following 1.5 h normoxia (the analogous time

+ Resveratrol

Equilibration Noflow ischemia

———

Reperfusion

GOHETAL.

point to reoxygenation) significantly reduced basal superox-
ide (by 44 + 4% of drug-free normoxic cardiomyocytes, n =
6 cardiomyocyte preparations, p < 0.001), suggesting resver-
atrol has direct superoxide scavenging actions. Having fully
characterized resveratol cardiomyocyte protection, our next
aims were to elucidate whether resveratrol preservation of
both myocardial and endothelial function accompanied car-
diomyocyte protection.

Resveratrol prevents ischemia—reperfusion
injury in rat isolated hearts

LDH release at the onset of reperfusion was significantly
increased above baseline, from 10 £ 6 to 258 + 54 U/L (n =9
hearts/group, p < 0.001, Fig, 4A). By 10 min reperfusion,
LDH had returned close to baseline (22 + 17 U/L), and
showed no further decline. The switch from drug-free to
resveratrol (10 uM)-containing perfusion buffer after 20 min
equilibration did not influence release of LDH into the coro-
nary perfusate (LDH was 6 + 3 and 13 + 4 U/L respectively, n
= 8 hearts/group, p = NS). Resveratrol significantly reduced
reperfusion-induced LDH release, however, to 142 + 20 U/L
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FIG. 4. Effect of resveratrol on adult rat
hearts subjected to ischemia-reperfusion
(I-R) injury. Hearts were subjected to 45-
min ischemia followed by 20-min reper-
fusion. Resveratrol (10 puM) was present
from 10 min prior to, and for the full dura-
tion of I-R. LV injury was assessed using
LDH release into coronary perfusate and on
electron microscopy. (A) LV injury on LDH
release. Time control hearts, untreated and
resveratrol-treated hearts subjected to I-R
shown in open circle, closed square, and
gray triangle symbols, respectively. *p <0.05
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point, and fp < 0.001 versus baseline (all on
SNK). (B) LV injury on electron microscopy
(bar = 0.5 pm).



RESVERATROL PREVENTION OF MYOCYTE INJURY

(» <0.001 versus drug-free reperfusion at the same time point,
Fig. 4A), and LDH values were returned to baseline within 2
min of reperfusion (16 + 3 U/L). In time control (sham)
hearts, LDH release at baseline was 2 + 2 U/L (n = 3 hearts per
group), and did not change over the 95 min of normoxic perfu-
sion at 10 ml/min. Myocardial injury assessed by electron mi-
croscopy showed that I-R induced marked mitochondrial
swelling and disruption, and early onset of myofilament con-
tracture in LV fibers and adjacent mitochondria (Fig. 4B). In
contrast, only modest postischemic structural perturbations
were observed in resveratrol-treated myocardium.

Resveratrol also significantly improved postischemic re-
covery of LV function. In untreated hearts (n = 9), each of LV
systolic pressure (LVSP, from 115 £+ 6 to 68 =4 mm Hg, p <
0.001, Fig. 5C), LV + dP/dt_, (from 3100 + 190 to 1980 +
170 mm Hg/s, p < 0.001, Fig. 5E) and LV — dP/dt_. (from
1830 + 120 to 1350 + 90 mm Hg/s, p < 0.05, Fig. 5F) and
LVDP (from 111 + 6 to 50 £ 5 mm Hg, p < 0.001, Fig. 5G),
were significantly decreased below baseline during early
reperfusion. Concomitantly LV end-diastolic pressure was in-
creased (LVEDP, from 4.3 + 0.3 to 18.3 £ 2.3 mm Hg, p <
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0.001, Fig. 5D). All parameters of LV function were still im-
paired after 20 min reperfusion. There was no sustained effect
on LV function at the commencement of resveratrol perfusion
(10 uM, n = 8 hearts); LVSP after 10 min normoxic perfusion
with resveratrol was 92 + 2% of the preresveratrol value (p =
NS). Resveratrol significantly improved recovery of LV func-
tion on reperfusion, on LVSP, LVDP, and LVEDP, evident
after 5 min reperfusion. These effects persisted for the
duration of reperfusion. Furthermore, LV + dP/dt  and
LV — dP/dt_, were significantly improved by resveratrol
after 10 and 20 min reperfusion compared to untreated hearts
at the same time point (Fig. 5). The time to onset of contrac-
ture, defined as the ischemic time required to evoke a 5 mm
Hg rise in LVEDP, was 23.7 £ 1.5 min in the absence of
resveratrol. The addition of resveratrol to the perfusion buffer
resulted in later contracture at 31.3 + 1.6 min of ischemia (p <
0.005, Fig. SH).

Resveratrol cardioprotection was accompanied by myocar-
dial activation of cardioprotective signaling (Fig. 6A). Akt
activity increased from 0.94 + 0.24 to 2.04 + 0.41 (ratio of
phosphorylated to total Akt, relative to sham normoxic
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FIG. 5. Effect of resveratrol on post-ischemic LV function in hearts subjected to I-R injury. Hearts were subjected to 45-
min ischemia followed by 20-min reperfusion. Resveratrol (10 pM) was present from 10 min prior to, and for the full duration of
I-R. (A) Representative trace of LV function from an untreated heart subjected to I-R. Bar = 2 min. (B) Representative trace of LV
function from a resveratrol-treated heart subjected to I-R. Bar = 2 min; dashed lines indicate minimum and maximum LVP in the
absence of resveratrol treatment. (C) Recovery of LVSP (mm Hg, p < 0.05 on two-way RM ANOVA). (D) LVEDP (mm Hg, p <
0.001 on two-way RM ANOVA). (E) LV +dP/dt  (mm Hg/s). (F) LV -dP/dt . (mm Hg/s). (G) LVDP (mm Hg, p <0.001 on two-
way RM ANOVA). (H) Time to ischemic contracture in untreated (n = 9) and resveratrol-treated (n = 8) hearts subjected to I-R.
Pooled data from untreated I-R hearts are represented by closed squares, resveratrol-treated [-R hearts by gray triangles, and sham
controls as open circles, except for H, where untreated and resveratrol-treated hearts are shown in black and gray columns, re-
spectively. *p < 0.05 and **p < 0.005 versus I-R at the same timepoint; p < 0.05 and Tp < 0.001 versus baseline (SNK).
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A: Myocardial kinase signaling
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hearts, p < 0.05). This was associated with increased phos-
phorylation of the downstream kinase GSK-3f3, from 0.55 +
0.06 to 1.17 = 0.31 (ratio of phosphorylated to total GSK-33,
relative to sham normoxic hearts, p < 0.05), indicative of in-
activation of this enzyme. Furthermore, activity of
p38MAPK was also modestly increased, from 0.62 + 0.05 to
0.78 £ 0.06 (ratio of phosphorylated to total pP38MAPK, rela-
tive to sham normoxic hearts, p < 0.05). Conversely, resvera-
trol failed to alter expression of either isoform in hearts sub-
jected to acute I-R, and iNOS was not detected in any
samples obtained (Fig. 6B). Sham hearts were not included in
the statistical analysis.

Resveratrol protects vascular function
in isolated rat carotid arteries

Resveratrol elicited direct, concentration-dependent vas-
cular responses, including relaxation of phenylephrine-pre-
constricted carotid artery rings (n = 7 animals/group, Fig.
7A) and suppression of aortic superoxide levels (n = 5 ani-
mals/group, p < 0.05 on one-way ANOVA, Fig. 7B) compared

to paired vehicle controls. DMSO vehicle did not exert signif-
icant vascular actions. At the highest concentration studied
(100 uM), resveratrol decreased vascular superoxide levels by
54 + 8% (p < 0.05, one-way ANOVA, SNK). In carotid artery
rings preconstricted with phenylephrine in the absence of
resveratrol, acetylcholine elicited concentration-dependent
relaxation responses (n = 6 animals/group, Fig. 8A). The
presence of resveratrol (10 pM, added 20 min prior to
phenylephrine, n = 4 animals/group, significantly shifted the
acetylcholine concentration-response curve to the left (pEC,,
was increased, p < 0.01, unpaired #-test), and increased the
maximal relaxation response to the vasodilator (p < 0.005,
unpaired #-test) in comparison to vehicle. Sodium nitroprus-
side also induced concentration-dependent relaxation of en-
dothelium-intact arteries (Fig. 8B), but this was not modu-
lated by resveratrol (n = 4 animals/group) compared to
vehicle (n = 5 animals/group). Responses to acetylcholine
were also examined in endothelium-intact carotid arteries in
the absence and presence of the auto-oxidant pyrogallol (100
uM, added 20 min prior to phenylephrine). Although acetyl-
choline still elicited concentration-dependent relaxation (all
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A: Resveratrol vasodilatation
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FIG. 7. Direct vascular actions of resveratrol. (A) The va-
sorelaxant actions of resveratrol (0.01-100 pM) were deter-
mined in preconstricted, endothelium-intact rat carotid arteries.
Relaxation responses were expressed as a percent of the precon-
stricted level of tone. The number of experiments (), maximum
relaxation (R ), and sensitivity (pEC,) is shown. (B) Vascular
superoxide levels in response to vehicle or resveratrol (0.1—
100 pM) was determined in rat aortic rings, using lucigenin-
enhanced chemiluminescence normalized to dry tissue weight
(n =15). *p < 0.05 versus control, one-way ANOVA with SNK.

n = 6 animals/group, Fig. 8C), pyrogallol significantly re-
duced the maximum relaxant response (p < 0.01 on one-way
ANOVA). Resveratrol, in the presence of pyrogallol, restored
the acetylcholine concentration-response comparable to ves-
sels in the absence of pyrogallol; the maximal relaxation re-
sponse to acetylcholine was significantly improved by resver-
atrol (p < 0.01, SNK) in comparison to pyrogallol alone. No
significant changes in pEC, were observed.

DISCUSSION

The key finding was that resveratrol prevents cardiomy-
ocyte injury (evidenced by reduced extracellular LDH release
and preserved post-hypoxic cardiomyocyte morphology), via
a combination of activation of cardiomyocyte mitochondrial
K, p and BK, channels and suppression of cardiomyocyte
superoxide levels. Importantly, we provide the first evidence
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FIG. 8. Impact of resveratrol on endothelium-dependent
and -independent vasodilatation in rat carotid arteries.
Concentration—response curves to acetylcholine (ACh) and so-
dium nitroprusside (SNP) were constructed in preconstricted
arterial rings, in the absence and presence of resveratrol (10
uM). Relaxation responses were expressed as a percent of the
preconstricted level of tone. (A) Endothelium-dependent va-
sodilatation (response to ACh); (B) endothelium-independent
vasodilatation (response to SNP); and (C) endothelium-depen-
dent vasodilatation in the presence and absence of the auto-
oxidant pyrogallol 100 uM, added 20 min prior to preconstric-
tion). Treatments are represented by open circles (control),
gray diamonds (resveratrol), closed squares (pyrogallol), and
open diamonds (pyrogallol + resveratrol). The number of ex-
periments (n), maximum relaxation (R ), and sensitivity
(pEC,,) for each treatment group are shown. *p < 0.05 and
#p <0.01 versus control, one-way ANOVA with SNK.

that cardiomyocyte protection is apparent whether resveratrol
was present for the full duration of the hypoxia-reoxygena-
tion insult, or only on reoxygenation. Our comprehensive
analysis also demonstrated that resveratrol elicits direct pro-
tective actions on the vasculature (vasorelaxation, superoxide
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suppression) in addition to improvement of endothelium-
dependent vasodilatation. Furthermore, resveratrol improved
post-ischemic recovery of LV contractile function, attenuated
myocardial injury, and increased LV activation of the survival
kinases Akt and p38MAPK in the intact heart. Our studies
thus strongly indicate that resveratrol targets multiple mecha-
nisms and sites of action of cardioprotection. This, together
with our demonstration that protection was evident even
when resveratrol was only administered after the insult, indi-
cates promising clinical utility for resveratrol in acute myo-
cardial ischemia.

Resveratrol protection of cardiomyocytes

The potent resveratrol prevention of cardiomyocyte injury
was one of the most exciting findings to emerge from this
study. Resveratrol markedly reduced both cardiomyocyte
LDH release and cardiomyocyte superoxide levels, in addi-
tion to preserving post-hypoxic cardiomyocyte morphology.
Previously, resveratrol has been shown to limit post-hypoxic
cardiomyocyte calcium overload and generation of reactive
oxygen species. Resveratrol at higher concentrations (= 50
uM) upregulates cardiomyocyte antioxidant proteins thiore-
doxin and hemoxygenase-1 and antioxidant enzyme activity.
Resveratrol prevention of hypoxia-induced cardiomyocyte in-
jury (release of cardiac enzymes such as LDH and/or changes
in cardiomyocyte morphology) were, however, not assessed
in these previous studies, nor did they control for vehicle ef-
fect (5, 12, 23). Both DMSO and ethanol, common vehicles
for resveratrol stock solutions, can themselves evoke cardio-
protective signaling. Furthermore, the earlier investigations
only demonstrated protection when resveratrol was adminis-
tered at the onset of the hypoxic insult, and no further mecha-
nistic insight was sought. Of clinical importance, the extent
of resveratrol cardiomyocyte protection in our hands was
comparable whether administered only on reoxygenation or
for the full duration of the hypoxia—reoxygenation insult.

Tempol elicited similar effects to resveratrol on both car-
diomyocyte injury and cardiomyocyte superoxide levels,
suggesting that the antioxidant capacity of resveratrol was
important for its cardioprotective actions. Detection of super-
oxide in the present investigation was determined in the pres-
ence of NADPH, to ensure sufficient substrate availability for
NADPH oxidase, a major cardiovascular source of ROS (33).
Our studies were, however, not designed to distinguish be-
tween resveratrol superoxide scavenging actions or resvera-
trol inhibition of cardiomyocyte NADPH oxidase activity; the
latter mechanism may also occur. At the concentration used
here, resveratrol consistently inhibits NADPH oxidase activ-
ity and upregulates endogenous antioxidants in other cell
types (10, 27). In the present study, resveratrol both sup-
pressed ROS production triggered by events occurring during
hypoxia as well as directly scavenging ROS production on re-
oxygenation. This is the first definitive evidence that resvera-
trol decreases cardiomyocyte superoxide levels in parallel
with cardiomyocyte preservation.

In the present study, we demonstrate that activation of car-
diomyocyte mitochondrial K., and BK, channels is an im-
portant site of resveratrol cardioprotection from I-R injury.
These novel actions in isolated cardiomyocytes indicate that
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resveratrol cardioprotection goes well beyond coronary va-
sodilatation. Influx of potassium into mitochondria via K,
or BK, channels is a key trigger of cardioprotection in the
intact heart and in cardiomyocytes (4, 14, 15, 17, 22, 39). The
present study used both 5-HD and TEA to provide evidence
supporting the involvement of both channels in resveratrol
cardiomyocyte protection. The mechanism by which resvera-
trol activates these channels was not, however, explored;
moreover these experiments were not designed to specifically
assess whether BK_, and/or mitochondrial K,., channels
contribute to resveratrol postconditioning. Resveratrol en-
hances the bioactivity of nitric oxide (7, 25, 27, 19, 42).
Resveratrol activation of cardiomyocyte K., or BK ., chan-
nels in the present study may have been a direct action, as oc-
curs in endothelial cells (38). Alternatively, the channels
might have been activated by resveratrol-induced increases in
nitric oxide (15) or decreases in ROS production (1, 16). Fur-
thermore, mitochondrial K, , channel activation in the heart

ATP
is downstream of the cell survival kinase Akt (18, 36).

Resveratrol protection of the intact heart

The ability of resveratrol to protect the intact heart from
I-R injury has some precedent (3, 8, 9, 19-21, 30). Of these
previous studies, however, the majority only explored cardio-
protection when resveratrol was used as a preconditioning
stimulus (3, 8, 9, 19-21). An intravenous resveratrol bolus
administered 15 min prior to occlusion of the left main coro-
nary artery for 30 min attenuated myocardial injury (on LDH
analysis) on reperfusion in anesthetized rats in vivo (19).
Similarly, a 15 min resveratrol infusion prior to 30 min isch-
emia reduces infarct size and improves recovery of left ven-
tricular function in the isolated working rat heart in vitro (8,
9). Neither of these studies continued to provide the myocar-
dium with resveratrol for the duration of the ischemic insult
or following recovery. Furthermore, the impact of resveratrol
on [-R damage to the cardiomyocytes has never been sought.
The landmark study of Ray et al. (30) demonstrated improved
recovery of myocardial function and decreased infarct size
with resveratrol present during and following the ischemic in-
sult. This clinically relevant study did not, however, investi-
gate the mechanism of those effects, whether they were evi-
dent at the level of cardiomyocytes, nor were vehicle controls
included. Previously, cardioprotection observed with resvera-
trol preconditioning (distinct to the longer and later time pe-
riod employed here), implicated a role for activation of the
serine/threonine cell survival protein kinase Akt (8, 9). Prior
to our study, the precise mechanism and site of resveratrol ac-
tion during and/or following ischemia, however, remained
largely unresolved. We now demonstrate the first evidence of
protective resveratrol actions during an I-R insult (as op-
posed to preconditioning) compared to vehicle-treated con-
trols. Cardioprotection is evident on both myocardial injury
(LDH) and recovery of myocardial contractile function
(LVSP, LVEDP, LVDP, and LV + dP/dt ). Our evidence that
resveratrol potently improves postischemic diastolic dysfunc-
tion is of particular clinical importance. Moreover, protection
is also evident in cardiomyocytes. Preserved mitochondrial
integrity and an approximately twofold increase in Akt acti-
vation (within the optimal physiological range, 26), in addi-
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tion to activation of p38MAPK and inactivation of GSK-3f3,
accompany myocardial protection. Taken together with the
dependence of resveratrol cardiomyocyte protection on mito-
chondrial K, channels, upstream of p38MAPK activation in
cardioprotection (41), we suggest that resveratrol protection
in the whole heart in our own studies was also potassium
channel dependent. Downstream signals of Akt include GSK-
3B and eNOS (17, 18). In the trigger phase of late delayed is-
chemic preconditioning, eNOS-derived NO serves as the ini-
tiator of a cascade of molecular events that culminates in the
delayed activation of iNOS, which then confers protection
(22). In the present study, however, resveratrol failed to in-
crease expression of either eNOS or iNOS. The absence of ef-
fect on iNOS is perhaps predictable as iNOS is not constitu-
tively expressed in the normal heart (32) and its induction
requires at least 6 h (34).

Resveratrol protection of the vasculature

In the present study, resveratrol elicited dose-dependent
vascular relaxation and suppression of vascular superoxide
levels compared to vehicle-treated control arteries in vitro,
confirming earlier reports (7, 25, 27, 42). In addition, we now
provide the first evidence that resveratrol also improves en-
dothelial function (shifting the acetylcholine concentration—
response curve leftward, indicative of improved nitric oxide
bioavailability), under both normal and oxidant stress-
induced (using the superoxide generator pyrogallol) condi-
tions in vitro. Our vascular studies thus clearly demonstrate
that resveratrol acutely prevents the adverse effects of super-
oxide, reacting with superoxide in a very rapid fashion. Taken
together with improved nitric oxide bioavailability, these vas-
cular protective actions of resveratrol are clearly advanta-
geous for improving postischemic vasodilator reserve and re-
ducing the no-flow phenomenon, of significance for potential
management of acute myocardial infarction (37). Over the
longer term, these vascular resveratrol actions result in fur-
ther augmentation of myocardial blood flow in vivo (23).
Resveratrol induced enhancement of endothelial function and
vascular superoxide suppression is consistent with resveratrol
superoxide-scavenging actions, which would likely play a
causal role in resveratrol prevention of myocardial injury post
I-R in the intact heart.

CONCLUSIONS

This study documents the spectrum of cardioprotective
actions of resveratrol across cardiomyocytes, vessels, and in-
tact isolated hearts following I-R. Cardioprotection by
resveratrol was evident at the same concentrations in all three
preparations, and was specifically attributable to resveratrol
and not its solvent vehicle (as has confounded findings in
previous studies). Our findings provide compelling evidence
that resveratrol specifically protects cardiomyocytes from
I-R injury. Moreover, important mechanistic insights were
revealed; resveratrol-mediated cardioprotection involves in-
hibition of cardiomyocyte and vascular superoxide levels, ac-

tivation of mitochondrial K, and BK_, channels in car-
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diomyocytes, and preservation of endothelial function and
mitochondrial integrity, thus permitting improved postis-
chemic/hypoxic recovery of myocardial contractile function
and attenuation of myocardial damage. Akt activation down-
stream of PI-3 kinase triggers a cascade of events involving
serial phosphorylation and activation of eNOS, opening of
mitochondrial K, , channels with subsequent activation of
mediators of cardioprotection, including p38MAPK (18). Our
evidence that resveratrol cardioprotection, when present for
the duration of I-R, encompasses activation of Akt,
p38MAPK, mitochondrial K, and BK, channels, inactiva-
tion of GSK-3(3, and improved endothelial NO bioavailability
(even in the face of no effect on myocardial eNOS expres-
sion) is in line with cardioprotective signaling implicated in
both preconditioning and postconditioning (18). Thus, resver-
atrol targets a number of outcomes of myocardial I-R injury
(28, 35), including release of reactive oxygen species, loss of
recovery of contractile function, and impaired endothelium-
dependent vasodilatation.

Clinical significance of resveratrol

Coronary heart disease remains a major cause of morbidity
and mortality in developed nations. Numerous interventions
have been reported to protect the ischemic myocardium in ex-
perimental animals. Only strategies that permit more rapid
reperfusion, including thrombolysis and percutaneous coronary
interventions, have, however, translated into clinical practice (2,
4, 13, 24). Moderate red wine consumption, however, has car-
diovascular benefits and is a key contributing factor to the rela-
tively low incidence of coronary heart disease in France, known
as the “French paradox” (11, 27, 29). In recent years, resvera-
trol, an antioxidant abundant in red wine, has been increasingly
implicated in this phenomenon, and certainly has cardioprotec-
tive actions when used as a preconditioning stimulus (3, 8, 9,
19-21). This early time point of cardioprotection strongly fa-
vors the prophylactic potential of resveratrol in coronary heart
disease, for example, as a dietary additive. Given that myocar-
dial ischemic events in humans cannot be predicted, our obser-
vations that resveratrol-induced cardioprotection can be evoked
even when administered only on recovery from an ischemic in-
sult (analogous to postconditioning, 18), indicates promising
clinical relevance. Resveratrol-based therapy may thus provide
a valuable clinical strategy to limit acute myocardial reperfusion
injury in patients with coronary artery disease presenting for
angioplasty or coronary artery bypass graft surgery.
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ABBREVIATIONS

DMSO, dimethylsulphoxide; eNOS, constitutive nitric
oxide synthase; GSK-3B, glycogen synthase kinase-3(3; 5-
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HD, 5-hydroxydecanoate; iNOS, inducible nitric oxide

synthase; I-R, ischemia-reperfusion; K,., channels, ATP-
sensitive potassium; K., channels, calcium-sensitive potas-
sium channels; LDH, lactate dehydrogenase; LV, left ventric-
ular; LVDP, LV developed pressure; LV + dP/dt_ , peak rate
of rise of LV pressure; LV — dP/dt , , peak rate of decline of
LV pressure; LVEDP, LV end-diastolic pressure; LVSP, LV
systolic pressure; p38MAPK, p38 mitogen-activated protein
kinase; ROS, reactive oxygen species; SNK, Student—
Newman—Keuls; SOD, superoxide dismutase; TEA, tetracthy-
lammonium bromide.
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