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Abstract

It has been reported that resveratrol from Mitis plants has various cardioprotective effects. itis
plants also include various resveratrol tetramers. The aim of our study is to clarify the
pharmacological properties of resveratrol tetramers. We isolated two resveratrol tetramers as
major products of Mtis plants. One is vitisin A, a complex of two resveratrol dimers,
(+)-e-viniferin and ampelopsin B, and the other is hopeaphenol composed of two moles of
ampelopsin B. Unexpectedly, vitisin A (30-300 nM) dose-dependently facilitated swelling and
depolarization of mitochondria, and cytochrome c release from mitochondria, that are indices
of cardiomyocyte apoptosis. Furthermore, vitisin A induced apoptosis in the primary culture
of adult rat ventricular myocytes. On the other hand, hopeaphenol (1-10 uM)
dose-dependently inhibited Ca®* (30 uM)-induced mitochondrial depolarization and
cytochrome c release from mitochondria but had not affected mitochondrial swelling.
Moreover, hopeaphenol inhibited vitisin A-induced apoptosis. In structural and functional
studies, we further confirmed that vitisin B, one of the resveratrol tetramers having
(+)-e-viniferin unit, induces mitochondrial swelling and cytochrome c release from
mitochondria like as vitisin A, and that vitisifuran A, one of the resveratrol tetramers having
ampelopsin B unit, inhibits Ca?*-induced cytochrome c release from mitochondria like as
hopeaphenol. These results show that resveratrol tetramers have at least two opposite effects
on cardiomyocytes: the one having (+)-e-viniferin unit induces cardiomyocyte apoptosis, and

the other having ampelopsin B but not (+)-e-viniferin unit inhibits it.
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I ntroduction

The family Vitaceae is primarily known for the commercial table grapes, raisins and
wine production (Bavaresco et al., 1999). These grapevines can synthesize antifungal
compounds, phytoalexins (Dercks and Creasy, 1989; Hain et al., 1993), in response to
elicitation such as an infection by Botrytis cinerea, the causal agent for gray mold
(Liswidowati et al., 1991). Their chemical structures are based on a polyphenol-type stilbene,
resveratrol (trans-3, 5, 4'-trihydroxystilbene) (Wu et al., 2001) (Fig. 1A). Resveratrol has been
credited with mediating a number of beneficial effects in the cardiovascular system.
Especialy, resveratrol’s beneficial effects on cardiomyocytes occur in myocardia infarction.
Resveratrol has anti-apoptotic effect through the reduction of INK phosphorylation (Abdalla
et a., 1999), the increase in Akt phosphorylation (Kaga et al., 2006), and the upregulation of
inducible nitric oxide synthase (Imamura et al., 2002) in rat myocardia infarction model,
preventing secondary myocardia infarction. These findings depict that resveratrol is a
potential therapeutic agent in a multitude of cardiovascular diseases.

In addition to resveratrol, numerous oligostilbenes, consisting of oxidative oligomers
of resveratrol, are biosynthesized as phytoalexins and polyphenols are believed to be active
principles of a wide range of medicinal plants used to produce cardioprotection, but their
mechanisms of action are not fully elucidated. In the last three decades, we have extracted and
purified various novel oligostilbenes that are resveratrol tetramers from the genus \tis
(Oshimaet al., 1995g; Ito et a., 1998, 1999). Some pharmacological properties of resveratrol
tetramers such as anti-inflammatory and/or hepatoprotective effects have been reported
(Oshima et al., 1993, 1995b; Huang et al., 2001). Recently, we reported that vitisin C induced
vasorelaxation in the rabbit aorta by increasing nitric oxide production (Seya et a., 2003). In
addition, Andriambeloson et al. (1997) have demonstrated that polyphenolic extracts,

including stilbenes, from red wines induce endothelium-dependent vasorelaxation. However,

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 16, 2008 as DOI: 10.1124/jpet.108.143172
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #143172
thereis no direct information about the cardioprotective effects of resveratrol tetramers.

It is known that cardiomyocyte apoptosis is induced by myocardia infarction and
reperfusion therapy of this disease. Olivetti et al. (1996) reported that, within 10 days of the
onset of acute myocardial infarction in humans, 12% of cardiomyocytes were TUNEL
(terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling)-positive, indicating
the induction of apoptaosis, in the border zone of the infarction. Although reperfusion therapy
for acute myocardial infarction is known to prevent the extension of infarct size, these
beneficial effects are limited by acceleration of damage by reperfusion, myocardial
inflammation, which activates inducible nitric oxide (NO) synthase, followed by
cardiomyocyte apoptosis (Moens et a., 2005; Frangogiannis et a., 2002). Recently, we
demonstrated that ODQ, an NO-sensitive guanylyl cyclase inhibitor, inhibited cardiomyocyte
apoptosis in the ischemia-reperfusion condition (Seya et al., 2007). Apoptosis evoked by
reperfusion after myocardial infarction may play an indispensable role in the development of
cardiac remodeling. Although it is well known that resveratrol has an anti-apoptotic effect on
the cardiomyocytes in the ischemic condition described as below, this effect of resveratrol
tetramers is yet unknown.

The aim of our present study is to demonstrate cardioprotective effects of resveratrol
tetramers using adult rat left ventricular mitochondria and primary cultured cardiomyocytes.
We isolated two resveratrol tetramers as magjor products of \tis plants, vitisin A (Fig. 1D), a
complex of two resveratrol dimers, (+)-e-viniferin (Fig. 1B) and ampelopsin B (Fig. 1C), and
hopeaphenol (Fig. 1E) composed of two ampelopsin B units and investigated the effects of
these natural products on cytochrome c release from mitochondria, activation of
mitochondrial membrane permeable transition, and induction of apoptosis in cardiac
mitochondria and primary cultured adult cardiomyocytes. Unexpectedly, we found that vitisin

A and hopeaphenol have opposite effects on cardiomyocyte apoptosis. To clarify the structural
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correlation between two natural products’ pharmacological effects, we further investigated
using vitisin B (Fig. 1F), having (+)-e-viniferin but not ampelopsin B unit, and vitisifuran A

(Fig. 1G), having ampelopsin B but not (+)-e-viniferin unit.
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M ethods
Materials

Cyclosporin A, 4-diisothiocyano-2, 2-disulfonic acid tilbene (DIDS), Ru360,
dimethyl sulfoxide (DMSO), annexin V-FITC and propidium iodide were obtained from
Wako Pure Chemical Industries (Japan). 3, 3'-Dipropylthiodicarbocyanide iodide (diS-C3(5))
was obtained from LAMBDA Fluoresztechnlogie (Austria). All chemicals used were of the
highest purity commercialy available. All chemicals were made fresh at sufficiently high
concentrations that only very small aliquots had to be added to the assay tubes or culture
medium. All natural products were freshly dissolved in DMSO. The final concentration of
DMSO in the experimental tubes never exceeded 0.4% and had no effect on the cells or
assays. The fina concentration of DM SO was 0.1% in the experiments using mitochondrial
suspension or 0.11% in those using primary cultured cardiomyocytes. Primary antibody
against cytochrome ¢ and Alexa Fluor 680 Goat Anti-mouse IgG as secondary antibody were
purchased from Invitrogen (Carlsbad, CA)

This study was carried out in accordance with the Guidelines for Animal

Experimentation, Hirosaki University.

I solation of resveratrol tetramers

Isolation of resveratrol tetramers was performed using methods described previously
(Oshimaet al., 1995a; Ito et al., 1999). Briefly, dried corks of Mtis vinifera and stems of \itis
coignetiae (Vitaceae) were extracted with methanol and acetone, respectively, at room
temperature to yield methanol and acetone extracts. The methanol extract was partitioned with
ethyl acetate, and water to give ethyl acetate-soluble fraction. This fraction was repeatedly
chromatographed over silica gel, and was eluted with n-hexane/ethyl acetate (1:4, v/v). The

n-hexane/ethyl acetate eluting fraction was chromatographed over silica gel, and was eluted
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with chloroform/methanol (10:1, v/v) to obtain vitisin B and vitisifuran A as an amorphous
powder. On the other hand, the acetone extract was partitioned with ethyl acetate, and water to
give ethyl acetate-soluble fraction. This fraction was repeatedly chromatographed over silica
gel to obtain vitisin A, vitisin B, and hopeaphenol. The yield of vitisin A, vitisin B,
hopeaphenol, and vitisifuran A is 0.003, 0.84, 0.003, and 0.00006%, respectively. The
structures of these tetramers were determined by IR, UV, fast-atom bombardment MS, and *H
and *C-NMR spectra (see Fig. 1). The resveratrol tetramers were completely pure by * H- and

3C-NMR spectra

I solation of mitochondria

Left ventricular mitochondria were isolated as described in a previous paper (Seya et
al 2007). Briefly, left ventricular mitochondria were isolated in a buffer consisting of 250 mM
sucrose, 10 mM Tris-HCI (pH 7.4) and 1 mM EGTA by differential centrifugation of heart
homogenates from male Wistar rats (350-400 g; CLEA Japan). The isolated mitochondria
were resuspended in 250 mM sucrose and 10 mM Tris-HCI (pH 7.4) and stored in ice. The
viability of the cardiac mitochondria was assessed by measuring the respiratory control ratio
(RCR) using a Clark-type oxygen electrode (Gilson, Middleton, WI). We used mitochondria
maintaining RCR value, more than 6. The protein concentration in the mitochondrial
suspension was determined by the Bradford method using bovine albumin fraction V as a
standard (Bradford, 1976). The protein concentration was determined and adjusted to 10

mg/ml with the homogenization buffer.

Deter mination of various mitochondrial functions
Cytochrome c release from mitochondria was measured by a western blot method

(Seya et d., 2007). Specificaly, initial mitochondrial suspension (0.05-0.1 mg protein/ml)
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was incubated in a medium consisting of 0.15 M KCI, 5 mM KH2PO,4, 5 mM succinic acid
and 10 mM HEPES (adjusted to pH 7.4 with 1 M Tris) at 30°C. At 10 min after drug
administration, the reaction medium was centrifuged a 7,000 g for 10 min at 4°C. The
supernatant was treated with trichloroacetic acid and the cytochrome c level in the precipitate
obtained following centrifugation at 20,000 g was measured by western blot. The protein
concentration of supernatant was measured to assess the mitochondrial outer membrane
integrity. We regarded supernatant maintaining protein concentration up to 10 pg/ml as intact
mitochondria and used it for the next step. Precipitates were separated on 14%
SDS-polyacrylamide gels and transferred to polyvinylidene difluoride membranes,
Immobilon-FL (Millipore, Billerica, MA). After blocking with PBST buffer (10 mM
NagHPO,—HCI, pH 7.5, 150 mM NaCl, and 0.05% Tween-20) plus 3% skim milk, membranes
were incubated with anti-cytochrome ¢ antibodies at room temperature for 1 h. Membranes
were then washed three times with PBST buffer (10 min each) and incubated with Alexa
Fluor 680 goat anti-mouse secondary antibody for 1 h at room temperature. After three
washes with PBST buffer, proteins were detected using Odyssey® Imaging System (LI-COR
Biosciences, Lincoln, NE).

Mitochondrial swelling was determined in the above-mentioned medium containing
initial mitochondrial suspension (0.05 mg protein/ml) by measuring the decrease in
absorbance at 540 nm (Smith, 1967).

The mitochondrial membrane potential was measured in the above-mentioned
medium containing 0.5 pg/ml of diS-C3(5) and initial mitochondrial suspension (0.1-0.2 mg
protein/ml) by recording the fluorescence intensity at 670 nm in a fluorescence
spectrophotometer (FP-750, Jasco, Japan) following excitation a 620 nm (Okimasu et al.,

1979).
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Céll culture and detection of apoptotic cells

Ventricular myocytes were isolated from adult Wistar rats (350-400 g) by collagenase
perfusion (Eppengerger-Eberhardt et al., 1990). Each intact rectangular cardiomyocyte was
very gently sucked up and down with a micro-tip to another dish, and total number of intact
cardiomyocytes isolated in this way was about 40 in each dish. After 12 h of culture, the
culture medium consisting of Medium-199 supplemented with 14.3 mM NaHCO;3 (pH 7.4), 5
mM creatine, 5 mM taurine, 100 1U/ml penicillin, 0.1 mg/ml streptomycin, and 0.2% BSA
was exchanged for medium containing vitisin A, hopeaphenol and other reagents. To inhibit
fibroblast growth, cytosine arabinofuranoside (10 uM) was added to the culture medium.

Fluorescein isothiocyanate (FITC)-linked annexin V/propidium iodide staining was
performed essentially as described previously (Vermes et a., 1995). In detail, an aiquot of
binding buffer (80 ul) containing 25 pg/ml annexin V-FITC and 1 pg/ml propidium iodide
was added to the cells and the mixture was incubated for 10 min a room temperature in the
dark. After formaldehyde fixation, cells were analyzed under a fluorescence microscope
(IX71; OLYMPUS, Japan). Cells treated with 1 mM H,O, served as a positive control.
Apoptotic cells were stained with annexin V-FITC, which binds with high affinity to
phaosphatidylserine, but excluded propidium iodide, a DNA dye that is unable to pass through
the plasma membrane. In contrast, necrotic cells were stained with both annexin V-FITC and
propidium iodide, since they had lost the physical integrity of their plasma membrane. The
number of apoptotic cells was calculated by comparing the rate of apoptotic cells relative to
the total cells. In each experiment, the average values of 50-100 cells were taken as the
experiment’s results.

To perform in situ labeling and quantitative analysis of late phase apoptotic cells, the
terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL)

method (Gavrieli et al., 1992) was used for detection of fragmented DNA of adult rat primary

10
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cultured cardiomyocytes after 1 to 3 days using a TaKaRa in situ apoptosis detection kit
(TaKaRa, Kusatsu, Japan). Apoptotic cells were visualized with 3, 3'-diaminobenzidine, and
detected by light microscopy. Non-apoptotic cells were counterstained by methyl green.
The value of apoptotic cells was calculated with a comparison of the rate of apoptotic cells to

the total cdlls.

Satistical analysis

Comparisons between two groups were carried out using the 2-tailed Student t-test.
Multiple group comparisons were performed by 1-way ANOVA, followed by Tukey's
procedure for the comparison of means. Values are presented as mean + SEM, and p < 0.05

was considered to indicate statistical significance.

11
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Results
Apoptogenic effects of vitisin A

As indices of cardiomyocyte apoptosis, we monitored swelling and depolarization of
mitochondria, and cytochrome c release from mitochondria. For monitoring of mitochondrial
swelling, the decrease in absorbance of an initial mitochondrial suspension (0.05 mg of
protein/ml) was measured at 540 nm in high-potassium buffer. In the left panel of Fig. 2A,
bolus administration of 30 UM Ca?" as a positive control induced a marked swelling of
mitochondria (trace b), and this was completely inhibited in the presence of cyclosporin A, a
specific inhibitor of mitochondrial membrane permeable transition pore (trace c). Vitisin A
induced mitochondrial swelling in a dose-dependent manner (Fig. 2A, center panel). In the
right panel of Fig. 2A, the swelling (trace b) induced by vitisin A (300 nM) was diminished in
the presence of 0.2 mM EGTA (trace c), aCa* chelator or 1 uM Ru360 (trace d), an inhibitor
of Ca" unipoter but not cyclosporin A (trace €).

The mitochondrial membrane potential was measured using the cyanine dye
diS-C3(5) in high-potassium buffer. In the left panel of Fig. 2B, bolus administration of 30
1M Ca as a positive control induced depolarization of the mitochondrial membrane potential

(trace b), and this was completely inhibited in the presence of cyclosporin A (trace c). Vitisin

A aso evoked depolarization of the mitochondrial membrane potential, dose-dependently (Fig.

2B, center panel), but its change was inhibited in the presence of 0.2 mM EGTA or 1 uM
Ru360 (Fig. 2B, right panel, trace ¢ and d, respectively), but not cyclosporin A (trace €).

The levels of cytochrome c release from cardiac mitochondria induced by resveratrol
tetramers were determined by Western blot. Cytochrome c release induced by bolus
administration of 30 UM Ca®" was completely inhibited in the presence of cyclosporin A
(Seya et a., 2007). Vitisin A aso increased cytochrome c release from mitochondria in a

dose-dependent manner (Fig. 3A). Cytochrome c release reached 2.2 + 0.3-fold of the control

12

202 ‘02 |1MdV uo speuinor 134SY e Bio'sfeuinofiedse ed[ wol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 16, 2008 as DOI: 10.1124/jpet.108.143172
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #143172

level at 300 nM (n=5). These increases were significantly inhibited in the presence of 1 uM
Ru360 (1.2 + 0.04-fold of the control level, p < 0.05) or 100 uM 4-diisothiocyano-2,
2-disulfonic acid stilbene (DIDS) (1.3 £ 0.1-fold of the control level, p < 0.05), an inhibitor of
voltage dependent anion channel (VDAC) but not cyclosporin A (2.2 + 0.4-fold of the control

level) (Fig. 3B).

Vitisin A-induced apoptosisin adult rat cardiomyocytes

In the left panel of Fig. 4A shows representative images of annexin V-FITC staining
of cardiomyocytes after 4 h treatment with vitisin A (300 nM). Cells in the early phase of
apoptosis are stained by annexin V-FITC (Vermes et al., 1995). Vitisin A significantly
increased the number of apoptotic cells, and this increase was significantly inhibited in the
presence of Ru360 but not cyclosporin A. As shown in the right panel of Fig. 4A, the control
ratio of apoptotic cells before incubation of rat isolated cardiomyocytes with vitisn A was
16.3 + 2.6% (n=7). The ratio of apoptotic cells in the presence of vitisin A (300 nM) markedly
increased and reached 54.7 = 1.9% (n=7, p < 0.01 vs control). These increases were
significantly inhibited in the presence of 1 uM Ru360 (42.2 + 1.2%, n=4, p < 0.05 vs vitisin
A) but not cyclosporin A (56.3 + 3.1%, n=3).

To investigate the late phase of apoptosis in cardiomyocytes induced by vitisin A, we
detected target cells by terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) method. As shown in Fig. 4B, vitisin A (30-300 nM) caused the late phase
of apoptosis in cardiac myocytes. Control ratios of apoptotic cells for 1 day incubation of rat
isolated cardiomyocytes were 2.4 + 0.5% (n=5). The ratio of apoptotic cells in the presence of
vitisin A increased in a dose-dependent manner and reached 28.0 + 3.0% at 300 nM (n=5).
Increment of late apoptotic cells induced by vitisn A was significantly inhibited in the

presence of Ru360 (21.5 = 2.8%, n=3, p<0.01 vs vitisin A (300 nM)), but not cyclosporin A

13
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(37.3 £ 4.4%, n=3). Ru360 alone did not affect the ratio of apoptotic cells (data not shown).

Anti-apoptotic effects of hopeaphenaol

Hopeaphenol (1-10 uM) did not induce mitochondrial swelling (Fig. 5A, left graph)
nor affect Ca?*-induced mitochondrial swelling (Fig. 5A, right graph). The sudden increasein
absorbance at 540 nm just after the addition of resveratrol tetramers was caused by their
self-absorbencies.

On the other hand, hopeaphenol inhibited Ca**-induced mitochondrial depolarization

(Fig. 5B, trace c¢), although hopeaphenol did not affect mitochondrial membrane potential (Fig.

5B, trace d).

Although hopeaphenol (10 uM) could not stimulate the cytochrome c¢ release from
mitochondria (1.3 = 0.7-fold of the control level, n=4), it (1-10 uM) dose-dependently
inhibited Ca?*-induced cytochrome c release from mitochondria (Fig. 6A). Cytochrome c
release induced by Ca?* reached 2.7 + 0.3-fold of the control level (n=3, p < 0.01 vs control).
This increase was significantly and dose-dependently inhibited in the presence hopeaphenol
(1.5 + 0.2-fold of the control level for 3 uM hopeaphenol, p < 0.05 vs 30 uM Ca®* and 0.5 +
0.1-fold of the control level for 10 uM, p < 0.01 vs 30 uM Ca2+). Furthermore, hopeaphenol
(10 uM) aso inhibited SNAP (1 mM)-induced cytochrome c release (Fig. 6B, Seya et al.

2007).

Protective effect of hopeaphenol on vitisn A-induced apoptosis

Effect of hopeaphenol on vitisin A-induced cardiomyocyte apoptosis was
investigated (Fig. 6C). The control ratio of apoptotic cells before incubation with vitisin A
was 13.1 + 7.2% (n=3). However, the ratio after for 4 hr incubation with vitisn A (300 nM)

reached 43.9 + 2.0% (n=7, p < 0.01 vs control). These increases were significantly inhibited

14
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in the presence of 1 uM hopeaphenol (32.7 £ 3.0%, n=3, p < 0.05 vsvitisnA).

Effects of vitisin B and vitisifuran A on cardiomyocyte apoptosis

Vitisin B (Fig. 1F), one of the resveratrol tetramers having (+)-e-viniferin unit like as
vitisin A, induced mitochondrial swelling in a dose-dependent manner (Fig. 7A). The swelling
induced by vitisin B (10 uM) was inhibited in the presence of 0.2 mM EDTA, a Ca’* chelator
and 1 pM Ru-360, an inhibitor of Ca®* unipoter but not cyclosporin A (data not shown).
Vitisin B (10 uM) also increased cytochrome c release from mitochondria like as vitisin A
(Fig. 7C), and these increases were significantly inhibited in the presence of 1 uM Ru360
(data not shown).

Vitisifuran A (Fig. 1G), one of the resveratrol tetramers having ampelopsin B unit,
did not induce mitochondrial swelling (Fig. 7B, trace c). The sudden increase in absorbance at
540 nm just after the addition of resveratrol tetramers was caused by their self-absorbencies.
Furthermore, it did not affect Ca®*- induced mitochondrial swelling (Fig. 7B, trace d).
Although vitisifuran A (10 uM) alone did not induce cytochrome c release, it markedly

inhibited Ca?*-induced cytochrome c release like as hopeaphenol (Fig. 7D).

15
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Discussion

We demonstrated that two regioisomers of resveratrol tetramers, vitisn A and
hopeaphenol have two opposite effects on cardiomyocyte apoptosis. vitisin A facilitates adult
rat cardiomyocyte apoptosis, and hopeaphenol prevents it induced by various apoptotic
stimulations. The former effects are inhibited by two distinct reagents, Ru360, an inhibitor of
Ca?" uniporter in mitochondrial inner membrane, and 4-diisothiocyano-2, 2-disulfonic acid
stilbene (DIDS), an inhibitor of voltage dependent anion channel (VDAC) in mitochondrial
outer membrane. The later effects are induced by inhibition of opening of VDAC like as
DIDS.

Resveratrol is known as an anti-cancer substance. For example, in human tumor cell
lines, resveratrol inhibited cell growth and DNA synthesis in a dose dependent manner
(Huang et a., 1998; Clement et al., 1999). Furthermore, resveratrol induces CD95-dependent
and/or mitochondria/caspase-9-dependent apoptosis in human tumor cells. On the other hand,
there is a report that in the non-proliferative cells, resveratrol prevents apoptosis by
preventing Bax activation (Kaga et al., 2006). Unexpectedly, some resveratrol tetramers
especially having (+)-e-viniferin unit including vitisin A were able to induce cardiomyocyte
apoptosis. We confirmed that (+)-e-viniferin also induced mitochondrial swelling and
cytochrome ¢ release from cardiac mitochondria (unpublished data). Although resveratrol
selectively inhibits apoptosis of non-proliferative cells, resveratrol tetramers having
(+)-e-viniferin unit may induce apoptosis of all species of cells because of their effect of Ca*
uniporter activation in mitochondrial inner membrane.

It is known that DIDS also inhibit mitochondrial inner membrane anion channel
(IMAC) which has a wide variety anion selectivity and is inactivated in the physiological
condition (Beavis and Davatol-Hag, 1996). We consider that IMAC does not participate in the

apoptogenic effects of vitisin A because Ru360, completely inhibits the mitochondrial

16

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 16, 2008 as DOI: 10.1124/jpet.108.143172
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #143172

swelling, depolarization of mitochondrial membrane potential, and cytochrome c release from
mitochondria induced by vitisin A. However, cyclosporin A, an inhibitor of mitochondrial
adenine nucleotide translocase failed to inhibit them. Although it is necessary to measure the
inhibitory effect of DIDS on vitisin A-induced cardiomyocyte apoptosis, DIDS prohibited the
detection of apoptotic cells because of its high self-absorbance.

In this investigation, we measured various mitochondrial functions with the nominal
ca” free buffer. Although mitochondrial Ca®* uniporter is the Ca®* selective ion channel, in
the low Ca®* buffer, this uniporter is permeable to other various cations, which is significantly
inhibited by Ru360 (Kirichok et al. 2004). The results that cytochrome c release induced by
vitisin A from mitochondria was inhibited in the presence of Ru360 (1 uM) suggests the
possibility that vitisin A activates mitochondrial Ca?" uniporter. We further confirmed that
cardiomyocyte apoptosis induced by vitisin A was significantly but small inhibited by Ru360
(1 uM) (Fig. 4A). Higher than 3 uM of Ru360 caused the cell injury and increased necrotic
cells. In the TUNEL method for measurement of late phase apoptotic cells, Ru360 (1 uM)
strongly inhibited the cardiomyocyte apoptosis induced by vitisin A.

Hopeaphenol composed of two ampelopsin B units significantly inhibited Ca*- and
NO donor-induced cytochrome c release from cardiac mitochondria, and its mechanism may
be to inhibit the VDAC activity on the mitochondrial outer membrane. Although common
inhibitors DIDS and dicyclohexyl carbodiimide of VDAC are directly binding to VDAC and
inhibit its activity, they spontaneoudy induce mitochondrial swelling unlike hopeaphenol
(Bernardes et al. 1994; Yamamoto et a. 2005). From these observations, we hypothesize that
hopeaphenol and its derivatives having ampelopsin B are new type VDAC inhibitor, which
also inhibited cardiomyocyte apoptosis induced by vitisn A and ischemia-reperfusion
condition. We confirmed that ampelopsin A, which is a dehydroxy derivative of ampelopsin B,

also inhibited Ca?*-induced cytochrome c release from mitochondria (unpublished data).
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However, vitisin A also has ampelopsin B unit which was not affected by the inhibition of
VDAC activity. We consider that the binding activity of (+)-e-viniferin unit to Ca®*
uniporter may be stronger than that of ampelopsin B unit to VDAC. The more precise
mechanism by which resveratrol tetramers having ampelopsin B unit inhibit VDAC activity
awaits further investigation.

It has been demonstrated that hopeaphenol has various effects, namely,
anti-inflammatory, anti-tumor, and anti-microbial effects (Huang et al., 2001; Mishima et al.,
2003; Zgoda-Pols et a., 2002). All these effects are useful for medical care. Recently, we
demonstrated that the prevention of apoptosis by cytochrome c release from mitochondria
induced by large amount of NO produced by iNOS in the reperfusion therapy after acute
myocardial infarction is useful for the care of acute myocardial infarction (Seya et al., 2007).
In this study, we show that hopeaphenol inhibits Ca®*- and NO donor-induced cytochrome ¢
release and apoptosis in the primary cultured cardiomyocytes induced by vitisin A. These
results show that hopeaphenol may be useful for the care of acute myocardial infarction and
prevention of secondary myocardial infarction. It is expected that further clinical study using
hopeaphenol on myocardial infarction will be needed.

In conclusion, resveratrol tetramers have at least two opposite effects on
cardiomyocyte apoptosis. Vitisin A and vitisin B, having (+)-e-viniferin unit, markedly
increased the mitochondrial swelling and cytochrome ¢ release from mitochondria and
induced cardiomyocyte apoptosis. On the other hand, hopeaphenol and vitisifuran A inhibited
Cca®- and NO donor-induced cytochrome c release from cardiac mitochondria, and
cardiomyocyte apoptosis induced by vitisin A. These results show one way that resveratrol
tetramers having ampelopsin B structure are useful for clinical care, for example the

prevention of acute myocardial infarction.
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L egendsfor Figures
Figure 1 Structure of resveratrol (A), (+)-e-viniferin (B), ampelopsin B (C), vitisin A (D),

hopeaphenol (E), vitisin B (F) and vitisifuran A (G).

Vitisin A (D) is composed of two resveratrol dimers, (+)-e-viniferin (B) and ampelopsin B (C).

Hopeaphenal is formed by two ampelopsin B units (C). Vitisin B (F) is partially formed by an

(+)-e-viniferin unit. Vitisifuran A (G) contains an ampelopsin B unit.

Figure 2 Effects of vitisin A on swelling (A) and membrane potential (B) of cardiac
mitochondria

(A) Mitochondrial swelling was monitored as an absorbance change of a mitochondrial
suspension (0.05 mg of protein/ml) a 540 nm in a high-potassium buffer. (Left panel)
Mitochondria were pre-incubated in the absence (control; trace a) or presence of 30 uM Ca?*
(positive control; trace b) or 30uM Ca™ + 1 uM cyclosporin A (trace c). (Center panel)
Mitochondria were pre-incubated in the absence (control; trace @) or presence of 10-300 nM
vitisin A (trace b: 10 nM, trace c: 30 nM, trace d: 100 nM, trace e: 300 nM). (Right panel)
Mitochondria were pre-incubated in the absence (control; trace @) or presence of 300 nM
vitisin A (trace b), 300 nM vitisin A + 0.2 mM EGTA (trace c), 300 nM vitisin A + 1 uM
Ru360 (trace d), or 300 nM vitisin A + 1 uM cyclosporin A (trace €).

(B) Mitochondrial membrane potential was monitored using the cyanine dye diS-C3(5) in a
high-potassium buffer. (Left panel) Mitochondria were pre-incubated in the absence (control;
trace @) or presence of 30 uM Ca®* (positive control; trace b) or 30uM Ca®* + 1 uM
cyclosporin A (trace c). (Center panel) Mitochondria were pre-incubated in the absence
(control; trace a) or presence of 30-300 nM vitisin A (trace b: 30 nM, trace c: 100 nM, trace d:
300 nM). (Right panel) Mitochondria were pre-incubated in the absence (control; trace a) or

presence of 300 NnM vitisin A (trace b), 300 nM vitisin A + 0.2 mM EGTA (trace c), 300 nM
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vitisn A + 1 uM Ru360 (trace d), or 300 nM vitisin A + 1 uM cyclosporin A (trace €).

Figure 3 Effects of vitisin A on cytochrome c release from car diac mitochondria

(A) Isolated cardiac mitochondria were incubated with various concentrations of vitisin A
(0-300 nM) in a high-potassium buffer for 10 min at 30 °C. Cytochrome c release from
mitochondria was determined by Western blot. Band intensity was normalized to the mean
value obtained from the control. Lane 1, control (Cont.); lane 2, 10 nM vitisin A; lane 3, 30
nM vitisin A; lane 4, 100 nM vitisin A; lane 5, 300 nM vitisin A; lane 6, cytochrome c (0.2
ug). Vaues are the mean + SEE.M. of five experiments. *p <0.05 and **p <0.01 compared
with control.

(B) Cytochrome c release was induced by vitisin A in the presence of cyclosporin A, Ru360 or
DIDS. Lane 1, control (Cont.); lane 2, 300 nM vitisin A; lane 3, 300 nM vitisin A + 1 uM
cyclosporin A; lane 4, 300 nM vitisin A + 1 uM Ru360; lane 5, 300 nM vitisin A + 0.1 mM
DIDS; lane 6, cytochrome c (0.2 nug). Values are the mean £ SE.M. of five experiments. *p

<0.05 compared with 300 nM vitisn A. #p < 0.01 compared with control.

Figure 4 Vitisin A-induced apoptosisin primary cultured adult rat cardiomyocytes

(A) Left upper panel shows representative images of annexin V—HTC/propidium iodide
staining of cardiomyocytes incubated for 4 h under the following conditions: (a) control; (b)
in the presence of 300 NnM vitisin A; (c) in the presence of vitisin A + 1 uM Ru360. The left
lower panel shows the phase-contrast views of each cardiomyocyte. The right graph shows
the alternation of vitisin A-induced cardiomyocyte apoptosis in the absence (control) or
presence of 300 NM vitisin A, 300 nM vitisin A + 1 uM cyclosporin A, or 300 nM vitisin A +
1 uM Ru360. The values for the apoptotic cells were calculated by comparing the rates of the

apoptotic cells relative to the total number of cells. Values are the mean + S.E.M. of seven
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(vitisin A), three (vitisin A + cyclosporin A), or four (vitisin A + Ru360) experiments. *p
<0.01 compared with control. #p <0.05 compared with the presence of 300 nM vitisin A
alone. (B) Vitisin A-induced apoptosis of adult rat cardiomyocytes was estimated by TUNEL
method. Bar graph show the rate of apoptotic cells after 1 day of culture in the various
concentrations of vitisin A (0 to 300 nM), 300 nM vitisin A + 1 uM cyclosporin A, and 300
nM vitisin A + 1 uM Ru360. The value of apoptotic cells was calculated as comparison of
the rate of apoptotic cells to the total cells. Values are mean = SEM of five (vitisin A), four
(vitisin A + cyclosporin A), or three (vitisin A + Ru360) experiments. Significant
differences: *p < 0.05 compared with control. #p <0.05 compared with the presence of 300

nM vitisin A alone.

Figure 5 Effects of hopeaphenol on swelling (A) and membrane potential (B) of cardiac
mitochondria

(A) Absorbance of a mitochondrial suspension (0.05 mg of protein/ml) was measured at 540
nm in a high-potassium buffer. (Left graph) Mitochondria were pre-incubated in the absence
(control; trace &) or presence of 30 uM Ca* (positive control; trace b), 1 pM hopeaphenol
(trace c¢), 3 uM hopeaphenol (trace d), or 10 uM hopeaphenol (trace €). (Right graph)
Mitochondria were pre-incubated in the absence (control; trace a) or presence of 30 uM Ca?*
(trace b), 30 uM Ca®* + 1 uM hopeaphenol (trace c), 30 uM Ca’™ + 3 uM hopeaphenol (trace
d), or 30 uM Ca”* + 10 uM hopeaphenol (trace €). (B) Mitochondrial membrane potential was
measured using the cyanine dye diS-C3(5) in a high-potassium buffer. Mitochondria (0.1 mg
of protein/ml) were pre-incubated in the absence (control; trace &) or presence of 30 uM Ca*

(trace b), 30 uM Ca* + 10 uM hopeaphenol (trace c), 10 uM hopeaphenol (trace d).

Figure 6 Effects of hopeaphenol on Ca?-induced cytochrome c release from cardiac
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mitochondria and car diomyocyte apoptosis

(A) Isolated cardiac mitochondria were incubated with 30 uM Ca?* and/or hopeaphenol in a
high-potassium buffer for 10 min a 30 °C. Cytochrome c release from mitochondria was
determined by Western blot. Band intensity was normalized to the mean value obtained from
the control. Lane 1, control (Cont.); lane 2, 30 uM C&*"; lane 3, 30 uM C&" + 1 uM
cyclosporin A; lane 4, 30 uM Ca®* + 3 uM hopeaphenol; lane 5, 30 uM Ca®* + 10 uM
hopeaphenol; lane 6, cytochrome c (0.2 pg). Values are the mean =+ S.E.M. of four
experiments. *p < 0.01 compared with control. #p < 0.05 and ##p < 0.01 compared with 30
uM Ca*. (B) Isolated cardiac mitochondria were incubated with 1 mM SNAP and/or
hopeaphenol in a high-potassium buffer for 10 min a 30 °C. Cytochrome c release from
mitochondria was determined by Western blot. Lane 1, control (Cont.); lane 2, 1 mM SNAP,
lane 3, 1 mM SNAP + 10 uM hopeaphenol. (C) The changes in the rate of apoptotic cells by
incubating for 4 h under the following conditions in the absence (control; closed bar) or
presence of 300 nM vitisin A (grey bar), or 300 nM vitisin A + 1 uM hopeaphenol (open bars).
The values for the apoptotic cells were calculated by comparing the rates of the apoptotic cells
relative to the total number of cells. Values are the mean + SE.M. of three experiments. *P
<0.01 compared with control. #P <0.05 compared with the presence of 300 nM vitisin A

alone.

Figure 7 Effects of vitisin B and vitisifuran A on cardiac mitochondria

(A and B) Absorbance of a mitochondrial suspension (0.05 mg of protein/ml) was measured at
540 nm in a high-potassium buffer. (A) Mitochondria were pre-incubated in the absence
(control; trace &) or presence of 30 uM Ca* (trace b) or 1-10 uM vitisin B (trace c¢: 1 uM,
trace d: 3 uM, trace e: 10 uM). (B) Mitochondria were pre-incubated in the absence (control;

trace a) or presence of 30 uM Ca’* (trace b), 10 uM vitisifuran A (trace c), or 30 uM Ca* + 10
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uM vitisifuran A (trace d).

(C and D) Isolated cardiac mitochondria were incubated with 30 uM Ca?", vitisifuran A, or
vitisin B in a high-potassium buffer for 10 min at 30 °C. Cytochrome c release from
mitochondria was determined by Western blot. (C) Lane 1, control (Cont.); lane 2, 30 uM
Ca’; lane 3, 10 uM vitisin B; lane 4, 10 uM vitisifuran A; lane 5, cytochrome ¢ (0.2 ug). (D)
Lane 1, control (Cont.); lane 2, 30 uM Ca’*; lane 3, 30 uM Ca®* + 10 uM vitisifuran A; lane 4,

10 uM vitisifuran A.
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