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Wine polyphenols induce hypotension, and decrease cardiac
reactivity and infarct size in rats: involvement of nitric oxide
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1 The effects of short-term oral administration of red wine polyphenolic compounds (RWPC,
20mgkg'day~! for 7 days) on haemodynamics, ex vivo cardiac responsiveness and ischaemia—
reperfusion injury were investigated in rats. The involvement of nitric oxide (NO) was evaluated using
the NO synthase inhibitor, N°-nitro-L-arginine methyl ester (L-NAME, 2mgkg~'day~"' for 7 days), at
a dose which did not affect blood pressure.

2 Ex vivo reactivity of hearts from RWPC-treated rats showed lower basal developed pressure,
greater heart rate and decreased inotropic responses to either -adrenoceptor or muscarinic receptor
stimulation with isoprenaline or carbachol, respectively.

3 RWPC treatment did not modify cardiac expression of endothelial NO synthase or Cu/Zn
superoxide dismutase. However, it increased nitrite in the coronary effluent.

4 In ischaemia—reperfusion, RWPC treatment reduced infarct size and oxidative stress, as shown by
the myocardial content of the end products of lipid peroxidation, malondialdehyde and 4-
hydroxynonenal, without affecting post-ischaemic contractile dysfunction. All the observed effects
of RWPC were prevented by L-NAME treatment.

5 Altogether, these data show that short-term treatment with RWPC decreases blood pressure and
cardiac responsiveness, and protects against post-ischaemic infarction via decreased oxidative stress.
All the above effects of RWPC are sensitive to NO synthase inhibition that implies an involvement of
NO-dependent pathway. This study suggests a basis for the beneficial effects of plant-derived
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polyphenols against cardiovascular disease.
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Introduction

Various epidemiological studies have indicated that the
consumption of foods and beverages rich in polyphenols,
including fruit, vegetables, tea or red wine is associated with
a lower incidence of coronary heart disease (Renaud & De
Lorgeril, 1992; Hertog et al., 1993) and especially with
myocardial infarction (Geleijnse et al., 2002). Furthermore, it
has been shown recently that moderate wine drinking is
associated with reduced risk of complications after myocardial
infarction (De Lorgeril et al., 2002). The beneficial effects of
polyphenols on the risk of myocardial infarction could be
related to their ability to reduce the susceptibility of low-
density lipoprotein to oxidation in healthy subjects and
patients with coronary heart disease (Stein et /., 1999; Serafini
et al., 2000; Abu-Amsha Caccetta et al., 2001). In addition, red
wine supplementation of drinking water has been shown to
modulate haemostasis and to prevent experimental thrombosis
in animals, independently of its alcohol content (Wollny et al.,
1999). In a previous work, we have provided evidence for in
vivo cardiovascular effects of red wine polyphenolic com-
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pounds (RWPC) (Diebolt et al., 2001). Oral administration of
RWPC was able to produce a decrease in blood pressure in
normotensive rats. This haemodynamic effect was associated
with an enhanced endothelium-dependent relaxation and
induction of the expression of inducible NO synthase (NOS)
and cyclooxygenase 2 within the arterial wall. Moreover, we
reported recently that RWPC accelerated the regression of
blood pressure and improved structural and functional
cardiovascular changes including cardiac fibrosis in hyperten-
sive rats (Bernatova et al., 2002). These effects of RWPC
probably involved the NO pathway; in as much as enhanced
in vitro endothelium-dependent relaxation was observed as a
result of enhanced NO synthesis (Andriambeloson et al., 1997;
1999). Experimental studies on the cardiac effects of RWPC
have essentially focused on their acute effects against ischae-
mia/reperfusion injury. Acute administration of RWPC im-
proved post-ischaemic ventricular function and reduces the
extent of myocardial infarction. This acute effect is related
mainly to their antioxidant property, but it also implicates Ktp
channels and NO (Sato et al., 2000; Mosca & Cingolani, 2002).

However, little is known about the consequences of oral
administration of RWPC on cardiac reactivity and ischaemia
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injury. Therefore, the aim of the present study was to
determine the effect of short-term oral administration of
RWPC on haemodynamic parameters, on cardiac reactivity
both under basal conditions as well as in response to f[-
adrenoceptor and muscarinic agonists and on protection
against ischaemia/reperfusion injury. The implication of the
nitric oxide (NO) pathway in the effects of treatment with
RWPC has been investigated using the NOS inhibitor, N°-
nitro-L-arginine methyl ester (L-NAME). We have also
obtained insight into the mechanisms involved in the effects
of RWPC treatment by looking at the ventricular levels
of endothelial NO synthase (eNOS) and Cu/Zn superoxide
dismutase (SOD), by measuring nitrite concentration in
coronary effluent, and by assaying malondialdehyde (MDA)
and 4-hydroxynonenal (4-HNE) as an index of oxidative stress
after ischaemia—reperfusion.

Methods
Animals

This investigation conforms to authorization number 01918
given by the French Government Department of Agriculture.
Four groups of male Wistar rats (12-14 week old) were used
and treated daily for 7 days by intra-gastric gavage: the first
group (control) received the vehicle containing 5% glucose, the
second group received RWPC (20mgkg~'day™"), the third
group received L-NAME (2mgkg~'day™"), a dose at which it
had no effect on blood pressure per se, and the fourth group
was given a combination of RWPC plus L-NAME. This dose
of RWPC has been previously shown to induce cardiovascular
effects (Diebolt et al., 2001) and it corresponds to 10 times the
concentration that produced maximal relaxation of rat aortic
rings in vitro (Andriambeloson ez al., 1997; 1999). As only
5-10% of polyphenols can be absorbed in the digestive tract
(Duthie et al., 1998), it may be assumed that the concentration
of polyphenols present in the plasma is comparable to the
concentration at which RWPC produced endothelium-depen-
dent relaxation in rat aorta.

Systolic blood pressure (SBP, mmHg) and heart rate
(beatsmin~") were measured daily using the pneumatic tail-
cuff method (NarcoBio Systems, TX, U.S.A.). Rats were
accustomed to the tail-cuff measurements during 4 days and
the systolic blood pressure was measured 5 to 10 times in the
morning and the mean of these measurements was taken as
one measurement.

Cardiac reactivity studies were performed in each group of
rats 24 h after administration of the last dose of the treatment.

Isolated perfused heart

Rats were anaesthetized with pentobarbital (60 mgkg™", i.p.).
mixed with 500 units heparin. The heart was rapidly excised
and stopped in ice-cold Krebs—Henseleit buffer with the
following composition in mM: NaCl 118; NaHCO; 24; KCl
4.7, KH,PO, 1.2; MgS0O, 1.2; CaCl, 1.7; glucose 10. Then, the
heart was immediately mounted and cannulated in the
retrograde mode according to Langendorff method as
described previously (Gyorgy et al., 1999). Perfusion pressure
was maintained constant at 100 cmH,O with Krebs — Henseleit
buffer gassed with 95% O,, 5% CO, maintained at 37°C, and

was monitored with a pressure transducer connected to the
perfusion circuit immediately before the heart. A water-filled
latex balloon (Ealing S.A.R.L, France) connected to an
Isotec™ pressure transducer (Hugo-Sachs, Germany) was
inserted into the left ventricle for measurement of ventricular
pressure. Left ventricular end diastolic pressure was set to
10-15mmHg by adjusting the volume of the balloon and the
heart was allowed to equilibrate for 20 min. Cardiac para-
meters (i.e. left ventricular developed pressure (LVDP) in
mmHg, and heart rate in beatsmin~') were recorded con-
tinuously. Coronary flow (mlmin~!) was determined by
collecting and weighing 1-min samples of the effluent from
the heart.

After a 20min period of stabilization, the following
experimental protocols were performed. The first protocol
consisted of perfusing the heart with increasing concentrations
of isoprenaline (10™° to 107¥M). When the response to the
highest concentration of isoprenaline had reached a steady
state, the hearts were perfused with increasing concentrations
of carbachol (107¢ to 10> M). The second protocol consisted
of inducing a global no-flow ischaemia by stopping aortic
perfusion for 30 min. Ischaemia was carried out at 37°C and
was followed by 60 min of reperfusion. Cardiac parameters
were continuously recorded during all experiments. The
coronary flow was determined, as described above, at the
end of the equilibration period, during the steady-state
response to each tested compound and at different times
during reperfusion. The steady state was reached between
5 and 15min after starting perfusion of isoprenaline and
carbachol.

Morphological analysis of cardiac ischaemic damage by
triphenyltetrazolium chloride (TTC) staining

After the ischaemic insult followed by 60 min of reperfusion,
the hearts were stored at —20°C for 24 h. Then, they were
sliced transversally (2 mm thickness) and incubated for 20 min
at 37°C with 1% TTC in phosphate buffer (0.1 M, pH 7.4).
Slices were then fixed with 10% formalin for 20 min. Sections
were scanned and the total and infarcted arecas were measured
using ImageTool (UTHSCSA, U.S.A)).

Western blotting

Heart ventricles were homogenized and approximately 1 ug
(for Cu/Zn SOD) or 100 ug (for eNOS) of total proteins from
the supernatant fraction were loaded onto 7% (for eNOS) or
15% SDS-PAGE (for Cu/Zn SOD). Total proteins were
measured using Lowry methods (BioRad, Marnes-la-Co-
quette, France). Proteins were transferred to nitrocellulose
membranes and were probed with monoclonal mouse anti-
eNOS (BD Biosciences, Le Pont de Claix, France) and rabbit
anti-Cu/Zn SOD polyclonal antibody (Stressgen Biotechno-
logies by TEBU, Le Perray en Yvelines, France). The sample
loading was verified by staining the membranes with Ponceau
red and amido black. Bound antibodies were detected with a
secondary peroxidase-conjugated anti-mouse IgG for eNOS
and anti-rabbit IgG for Cu/Zn SOD (Promega, Charbon-
nieres, France). The bands were visualized using the enhanced
chemiluminescence system (ECL Plus, Amersham, Buckin-
ghamshire, U.K.) and quantified by densitometry.
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Determination of nitrite in the coronary effluent

Samples (170 ul) of coronary effluent from hearts in each
group of treated rats were collected at the end of the
equilibration period during the response to 3 uM carbachol.
They were incubated with 17 ul of 2-3-diaminonaphthalene
(0.05mgl~" in 6 M HCI) at room temperature in the dark for
10min. Then the reaction was stopped with 30 ul NaOH
(10 M). Fluorescence emission was measured at 415nm, with
excitation at 365 nm, using a fluorescence spectrophotometer
(F-2000, Hitachi Ltd, Tokyo, Japan). Nitrite concentrations
were calculated from standard curves of known concentrations
of NaNO,; (30 to 700 nM).

Determination of MDA+ 4-HNE in hearts

Hearts were homogenized in 20mM Tris—-HCI, pH 7.4.
Homogenates were centrifuged and the supernatant was used
for the assay of total MDA and 4-HNE using a commercial
assay kit (Calbiochem, Cat No 437634). This assay is based on
the reaction of N-methyl-2-phenylindole with MDA and 4-
HNE at 45°C to yield a stable chromophore with its maximal
absorbance at 586 nm. Total proteins of the supernatant were
measured using the Lowry method (BioRad, Marnes-la-
Coquette, France).

Expression of results and statistical analysis

LVDP and heart rate were expressed as changes from the
baseline values. The baseline values represented the data
recorded before the addition of the drug in the case of
isoprenaline. Changes in coronary flow were expressed as a
percentage of the baseline values obtained in the absence of
any drug; the baseline was taken as 100%. In the case of
carbachol, the effects on LVDP and heart rate were expressed
as changes from the values obtained after stimulation of the
heart with the highest concentration of isoprenaline used (i.e.
10~8M). Coronary flow changes were expressed as a percen-
tage of the response induced by isoprenaline (107* M). For the
evaluation of post-ischaemic recovery, data for each cardiac
parameter were expressed as percentage of their own respective
pre-ischaemic value. Infarct size was expressed as the
percentage of total ventricular volume. The level of
MDA + 4-HNE was expressed in uM per mg of total proteins.
All results are expressed as mean+s.e.m. Two-way ANOVA
with repeated measures, Student’s unpaired z-test or one-way
ANOVA followed by Dunnett’s post-hoc test were used for
statistical analysis as appropriate. P<0.05 was considered
significant.

Drugs

The RWPC powder from red wine (Cabernet-Sauvignon grape
variety) was provided by Dr Moutounet (Institut National
de la Recherche Agronomique, Montpellier, France) and
contained 100 mg g~' of total catechins plus proanthocyanidins
expressed as catechin (with only 1.0%. of each monomeric
form of catechin and epicatechin), 64 mgg~' of total
anthocyanins (including 36% of malvidin-3-glucoside),
5mgg~" of total flavonols and 8.7mgg~"' of total phenolic
acids (including 19.5% of caftaric acid) as previously described
(Andriambeloson et al., 1997). The vehicle used for the

administration of RWPC and L-NAME was 5% glucose.
Pentobarbital was from CEVA SANTE ANIMAL (Libourne,
France). All the chemicals were purchased from Sigma
Chemical (Grenoble, France).

Results
In vivo haemodynamic parameters

The SBP and heart rates of rats receiving the vehicle, RWPC,
L-NAME alone or L-NAME plus RWPC were not signifi-
cantly different before the beginning of the treatment.
Treatment of the rats for 7 days with the vehicle (5% glucose)
did not alter the SBP significantly (Figure 1). However, intra-
gastric administration of RWPC produced a progressive
reduction in SBP during the treatment. When compared to
rats receiving the vehicle, the decrease in SBP produced by
RWPC was significantly different from day 5 until the end of
the treatment. Treatment of rats with L-NAME alone did not
affect the SBP, but prevented the decrease in blood pressure
produced by RWPC. Furthermore, co-administration of L-
NAME with RWPC unmasked a transient hypertension that
was significantly different from control rats on days 6 and 7
of the treatment but was not significant at the end of the
experiment on day 8.

In contrast, the heart rates of the rats receiving the vehicle,
RWPC, L-NAME or RWPC plus L-NAME were not
significantly different during the treatment both within the
group and between the groups (not shown).

Basal cardiac parameters ex vivo

At 24h after the end of the treatment, the basal cardiac
parameters were recorded in isolated hearts from the four
groups of rats (Table 1). When compared to hearts from rats
receiving the vehicle, those from RWPC-treated rats displayed
a lower LVDP (P<0.05) and a higher heart rate (P<0.05).
Alteration of LVDP and heart rate by RWPC were prevented
by the concomitant treatment of the rats with RWPC plus L-
NAME. It should be noted that L-NAME administered alone
during the treatment did not induce any change either in heart
rate or in LVDP. The coronary flow rates in hearts from rats
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Figure 1 Effects of RWPC treatment on systolic blood pressure.
Variation of systolic blood pressure in control rats and those treated
with RWPC (20mgkg 'day~'), RWPC (20mgkg 'day') + L-
NAME (2mgkg'day™!), or L-NAME (2mgkg 'day™'). Values
are the mean+s.e.m. of seven or eight experiments. *P< 0.05;
*P< 0.01; ***P< 0.001 show significant differences versus the
control group by Student’s unpaired #-test.
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Table 1 Baseline cardiac parameters ex vivo mea-
sured after equilibration period in isolated hearts from
rats treated with vehicle, RWPC, RWPC plus L-
NAME and L-NAME.

LVDP Heart rate  Coronary flow
(mmHg) (beats.min~') (ml.min~")
Control 68.5+7.7 246.9+9.9 12.8+1.2
RWPC 47.7+£5.7% 285+ 11.6* 11+1.2
RWPC+L-NAME 69.4+9.6 2452+8.8 10.3+£0.9
L-NAME 64.5+89 252.6+17.4 9.4+0.6%

Rats were treated with vehicle (5% glucose, Control), red
wine polyphenolic compounds (RWPC; 20mgkg 'day™'),
RWPC (20 mgkg~"'day™") + N¢-nitro-L-arginine methyl ester
(L-NAME; 2mgkg 'day™') or L-NAME (2mgkg'day™").
Values are presented as the mean+s.e.m. of 11-16 experi-
ments. *P<0.05 shows a significant difference versus the
control group.

receiving the vehicle, RWPC or RWPC plus L-NAME were
not significantly different between the groups. However, the
coronary flow in hearts from L-NAME treated rats was
significantly lower than that from control rats.

Cardiac reactivity to isoprenaline and carbachol

Isoprenaline produced concentration-dependent increase in
LVDP, heart rate and coronary flow (Figure 2). The positive
inotropic effect of isoprenaline was significantly reduced in
hearts from RWPC-treated rats as compared to those from
control animals (Figure 2a). Interestingly, treatment with L-
NAME alone did not affect the positive inotropic effect of
isoprenaline, but it completely prevented the inhibitory effect
of the RWPC treatment. However, the positive chronotropic
effect and the increase in coronary flow induced by isopren-
aline were not significantly different in the hearts from the four
groups of rats (Figures 2b and c).

Carbachol decreased LVDP, heart rate and coronary flow
in hearts from all groups (Figure 3). RWPC treatment
significantly reduced the negative inotropic effect, but not
the negative chronotropic effect of carbachol (Figures 3a and
b). RWPC significantly attenuated the decrease in coronary
flow induced by carbachol (Figure 3c). Treatment with L-
NAME alone did not significantly modify the effect of
carbachol on cardiac parameters. In contrast, it prevented
the inhibitory effect of RWPC treatment on LVDP (Figure 3).

Nitrite concentrations in coronary effluent

To study the involvement of a change in NO production,
nitrite concentration was measured in the coronary effluent
from hearts taken from each group of rats. Samples were taken
after the equilibration period and during the response to
perfusion with 3 uM carbachol. As shown in Figure 4, nitrite
concentration was significantly increased in the RWPC-treated
group as compared to the control (P<0.05). Addition of L-
NAME to the RWPC treatment prevented the increase in
nitrite concentration, although treatment with L-NAME alone
did not induce any modification in nitrite concentration as
compared to control.
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Figure 2 Cardiac consequences of RWPC treatment on cardiac
reactivity in response to isoprenaline. Changes in LVDP (a), heart
rate (b) and coronary flow (c) in isolated hearts from control
rats and those treated with RWPC (20mgkg 'day™'), RWPC
(20mgkg'day ') +L-NAME (2mgkg'day™), or L-NAME
(2mgkg 'day"). Columns represent the mean and bars show the
s.e.m. of six experiments. **P<0.01 shows a significant difference
from the control group by two-way ANOVA with repeated
measures.

Western blot analysis

Figures 5a and b showed that eNOS and Cu/Zn SOD protein
expression was not significantly different in hearts taken from
any of the groups of rats.

Ischaemia—reperfusion

All the hearts from the four groups of rats showed some
recovery from the ischaemia. Thus, in all the groups of rats,
the recovery of LVDP stabilized after 50 min of reperfusion.
However, the level of recovery of LVDP was lower than that
measured before the induction of the ischaemia (Figure 6a). In
all the groups of rats, the heart rate recovered rather quickly
and reached steady-state levels 20 min after reperfusion that
were comparable to the heart rates measured before the
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Figure 3 Cardiac consequences of RWPC treatment on cardiac
reactivity in response to carbachol. Changes in LVDP (a), heart rate
(b) and coronary flow (c), in isolated hearts from control rats
and those treated with RWPC (20mgkg 'day™'), RWPC
(20mgkg'day ") + L-NAME (2mgkg 'day™') or L-NAME
(2mgkg'day™"). Carbachol was perfused into the hearts after
obtaining the maximal response to the highest concentration of
isoprenaline (10~¥M). Columns represent the mean and bars show
the s.e.m. of six experiments. *P<0.05, **P<0.01 show significant
differences versus the control group by two-way ANOVA with
repeated measures.

ischaemia (Figure 6b). Finally, the coronary flow recovered
to a steady state 10min after reperfusion but then remained
significantly lower than pre-ischaemic values in the four
groups of rats (Figure 6c¢).

Myocardial infarct size was evaluated morphologically using
TTC staining as an index of irreversible myocardial injury. The
RWPC treatment significantly reduced the size of myocardial
infarction induced by ischaemia by two-fold relative to control
hearts (P<0.05). L-NAME, at a dose at which it had no effect
by itself, prevented the decrease in infarct size induced by
RWPC treatment (Figure 6d).

Total myocardial content of MDA and 4-HNE was
decreased in heart ventricles from RWPC-treated rats after
ischaemia-reperfusion. L-NAME treatment prevented this
effect of RWPC treatment although L-NAME alone did not
modify this index of oxidative stress as shown in Figure 6e.

3 Control
500 mmmRWPC

goﬂiﬁﬁ ﬁ'ﬁﬁ

3.10°® M Carbachol

Figure 4 Nitrite concentration in coronary effluent. Histogram
showing nitrite concentration in the coronary effluent of hearts from
control rats and those treated with RWPC (20mgkg'day™"),
RWPC (20mgkg~'day™) + L-NAME (2mgkg 'day™), or L-
NAME (2mgkg~'day™') under basal conditions and in response
to 3uM carbachol. Results are representative of five experiments,
*P< 0.05 shows a significant difference from the control group by
one-way ANOVA followed by Dunnett’s post-hoc test.
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Figure 5 eNOS and Cu/Zn SOD protein level in heart ventricles.
Western blot of eNOS (a) and Cu/Zn SOD (b) in heart ventricle
from control rats and those treated with RWPC (20 mgkg ' day "),
RWPC (20mgkg 'day ')+ L-NAME (2mgkg 'day™'), or L-
NAME (2mgkg'day™") treated rats. Density is relative to those
measured in lanes of control hearts in each experiment. Results are
representative of five experiments.

Discussion

The present study provides evidence that the decrease in blood
pressure produced by oral administration of RWPC for 1 week
was prevented by treatment of rats with L-NAME at a dose at
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Figure 6 Effects of RWPC treatment on post-ischaemic recovery.
Recovery of LVDP (a), heart rate (b) and coronary flow (c) during
post-ischaemic reperfusion in hearts removed from control rats
and those treated with RWPC (20mgkg 'day™!), RWPC
(20mgkg'day ")+ L-NAME (2mgkg'day™), or L-NAME
(2mgkg 'day"). Also shown are histograms showing infarct size
(d) and the content of MDA + 4-HNE (e) in hearts from control rats
and those treated with RWPC (20mgkg 'day~'), RWPC
(20mgkg 'day ")+ L-NAME (2mgkg 'day™'), or L-NAME
(2mgkg'day™"). *P< 0.05 shows a significant difference from
the control group by one way ANOVA followed by Dunnett’s post-
hoc test. Values are mean and the error bars show the s.e.m. of at
least 5-10 experiments.

which the NOS inhibitor had no observed effect when
administered alone. Furthermore, a transient increase in blood
pressure was observed during concomitant treatment with
both RWPC and L-NAME. Isolated hearts from rats treated
with RWPC displayed a lower basal LVDP and a greater basal
heart rate, and showed decreased inotropic responses to both
isoprenaline and carbachol. The RWPC treatment also
reduced myocardial infarct size and decreased the myocardial
content of MDA and 4-HNE, but was not able to improve
post-ischaemic functional recovery. These cardiac effects of
RWPC treatment were reversed by co-administration of L-
NAME with the RWPC. There was no change in eNOS
expression in the heart after RWPC treatment, although it
increased nitrite concentration in coronary effluent compared
to control. Altogether, these data show that the decreased
blood pressure, the reduced post-ischaemic infarct size and the
cardiac effects induced by chronic treatment of RWPC could
be attributable to an increased production of NO.

The present study confirms that short-term administration
of RWPC is adequate to produce a sufficient circulating
concentration of compounds to induce a decrease in blood
pressure and cardiovascular effects as in our previous report
(Diebolt et al., 2001). However, the molecular identity of
polyphenols responsible for the in vivo effect was still

unknown, but they may include oligomeric condensed tannins
and anthocyanins (Andriambeloson et al., 1998).

Many authors have advanced the hypothesis that NO
accounts for the in vivo effects of RWPC or purple grape
juice (Stein et al., 1999). An increase in NO production has
been reported to be induced by RWPC in vitro in cultured
endothelial cells (Martin et al., 2002), in rat aortic rings with
endothelium (Andriambeloson ez al., 1997; 1999) and in vivo
either in human beings or rats (Wollny et al., 1999; Matsuo
et al., 2001). In the present study, evidence is provided that, at
a dose at which it had no effect on blood pressure per se, L-
NAME treatment completely prevented the hypotensive effect
of RWPC, the increase of nitrite production of the heart both
under basal and in response to carbachol in RWPC-treated
heart. These data suggest the involvement of NO at least for
haemodynamic and cardiac effects of RWPC even though the
dose of L-NAME used in this work is not sufficient to block
entirely NOS activity in accordance with the results reported
by Tucker et al. (2000).

With regard to the haemodynamic parameters, L-NAME
treatment unmasked a transient hypertensive effect of RWPC.
Previously, we have reported that the haemodynamic effects of
RWPC were associated with an induction of the expression
protein of inducible NOS and cyclooxygenase-2 within the
arterial wall which, on balance, allows maintenance of vascular
reactivity in response to vasoconstrictor agonists (Diebolt
et al., 2001). Thus, it might be that, while blockade of NOS by
L-NAME blunted the vascular hyporeactivity component of
the effect of RWPC that is due to NO, the treatment allowed
the continued release of vasoconstrictor products, such as
thromboxane A, which might explain the transient hyper-
tension observed here.

Short-term administration of RWPC reduced myocardial
infarct size even though it did not significantly improve post-
ischaemic recovery of cardiac parameters. It has been shown
that decreased energy demand during ischaemia allowed
improving functional recovery and decrease cellular injury
(Vanoverschelde et al., 1994). The decreased contractility
observed in hearts from RWPC-treated rats before ischaemia
might partially participate in the decreased infarct size by
decreasing energy demand and ATP depletion during ischae-
mia, and thus prevented cellular injury.

Some authors have reported a protective effect from acute
administration of RWPC on isolated hearts, as shown by
improved post-ischaemic ventricular dysfunction and reduced
infarct size (Mosca & Cingolani, 2000, 2002; Sato et al., 2000).
It is well documented that NO has protective effects against
global ischaemia—reperfusion injury (Ferdinandy & Schulz,
2003). In accordance with the literature, RWPC treatment
induced an increase in nitrite concentration in cardiac effluent
(which is an index of NO production even though a direct
measurement of NO using electronic paramagnetic resonance
technique would be more appropriate), which was sensitive to
concomitant administration of L-NAME. This basal increase
of NO that was also prevented by concomitant treatment with
L-NAME might partly explain the protective effect of RWPC
in terms of reduced infarct size. Altogether, these results
suggest the involvement of NO-related mechanisms in the
effects of RWPC. However, eNOS expression in heart
ventricles from RWPC-treated rats was not modified, and no
expression of inducible NOS could be detected (results not
shown). Therefore, an increase of NOS activity, other than
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through an increase in enzyme protein levels, or a decrease in
NO degradation may account for the effects of RWPC. With
regard to the former, our previous studies showed that the
effects of RWPC treatment on blood pressure, and the
amelioration of structural and functional cardiovascular
changes in a model of hypertension, were associated with an
increase of NOS activity in the left ventricle (Bernatova et al.,
2002). In respect of the latter, we did not observe a
modification in expression of Cu/Zn SOD in the heart,
although we could not exclude an increase in its activity or
another pathway that can scavenge oxygen radicals. Cu/Zn
SOD is important in cardio-protection against ischaemia and
reperfusion injury. Indeed, its deletion in mice makes hearts
more susceptible to ischaemia/reperfusion injury (Yoshida
et al., 2000) and its overexpression induced prevention of post-
ischaemic injury (Wang et al, 1998). However, RWPC
treatment induced a decrease in oxidative stress, as evidenced
by decreased levels of MDA and 4-HNE which were end
products of lipid peroxidation. Thus, an anti-oxidant mechan-
ism may be implicated in the effects of RWPC. Interestingly,
L-NAME treatment prevented this decrease in MDA and 4-
HNE level observed after RWPC treatment, suggesting that
the increase in NO production is necessary to induce the
decreased oxidative stress. In accordance with the present
study, RWPC can prevent the increased ventricular level of
conjugated dienes concentrations, another index of oxidative
stress, and this effect is associated to an increased NOS activity
in hypertensive rats (O. Pechanova, personal communication).
Similar anti-oxidant effects of NO have been shown in
literature. Indeed, it has been already shown that NO
decreased MDA content in post-ischaemic isolated heart (Oz
et al., 2000); this effect could be explained by a protective effect
of NO against lipid peroxidation reactions induced by reactive
oxygen species (Rubbo er al., 1996).

Although the RWPC treatment may be deduced to be
adequate to produce a sufficient circulating concentration of
compounds to induce a decrease in infarct size (through either
a reduced cell necrosis, apoptosis or both), we did not observe
any improvement in functional recovery. As discussed above,
NO from eNOS has a protective effect against global
ischaemia reperfusion injury. On the one hand, it is possible
that increased NO release in hearts from RWPC hearts results
in protection against infarction, while, on the other hand, NO
depresses myocardial contractility (Sumeray et al., 2000). It
should be noted that the experimental conditions used to
induce ischaemia are different from those occurring in vivo
during pathologic conditions. Indeed, a period of 30 min of
global ischaemia with no flow and perfusion might be too
severe for the myocardium, and thus a decreased oxidative
stress is not sufficient to induce an improvement of functional
recovery. Thus, a decreased period of ischaemia might induce
less injury and allow the detection of a decrease in the stunning
in hearts from RWPC-treated rats. Thus, it cannot be excluded
that a longer period of reperfusion might be needed to achieve
a complete recovery of cardiac parameters.
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