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A moderate consumption of red wine may reduce the risk of cardiovascular diseases via wine-derived
phenolic compounds. A variety of biological mechanisms have been proposed for wine-derived
phenolic compounds including nitric oxide-mediated vasorelaxation. This study examined whether
the vasodilating effect of wine-derived phenolic compounds was associated with the inhibition of
phosphodiesterases (PDESs) and, in particular, PDES. For this purpose, human recombinant PDE5A1
isoform was prepared by expression of the full-length cDNA of PDE5AL into COS-7 cells. Red wine
and the extracts from grape skin inhibited PDE5A1 activity, whereas the seed extracts had a negligible
effect. The mixture of anthocyanins inhibited the enzyme activity (ICso = 11.6 M), with malvidin-3-
O-f-glucoside (ICsp = 35.4 uM) and malvidin (ICsp = 24.9 uM) the most potent among the
monoglucosides and aglycons, respectively. trans-Resveratrol and trans-piceid exhibited negligible
effects, whereas hydroxycinnamates were completely inactive. These results indicate that polyphenols-
induced vasorelaxation may also be sustained by smooth muscle PDE inhibition by anthocyanins
present in red wines and grapes.
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INTRODUCTION wines, the concentration of the trans-isomer, which is the most

Wine has been an important component of human culture abundant form, ranges between 0.1 and 15 mg/L, and its

for over 6000 years, serving dietary and socioreligious functions c0rresponding 3-O-f-glucoside, naméans-piceid, is also

(1). Epidemiological studies have shown a putative correlation found (2.5-14.5 mg/L) (§. HCs, mainly caftaric, coutaric, and
between the moderate consumption of red wine and a |oweredfertar|_c acm!s, also occur_at levels of approxmately 130 and 60
risk of coronary heart diseas®, @). Red wine represents a rich ~ M9/L in white and red wines, respectively)(

source of phenolics such as anthocyanins (ACs), catechins, Biological mechanisms proposed for red wine-derived phe-
proanthocyanidins (PAs), stilbenes, hydroxycinnamates (HCs), nolic compounds include estrogenic activit§),( antioxidant/

and other phenolics. The levels of phenolics in wines are highly antiradical activity, inhibition of platelet aggregation, modulation
variable according to grape varieties, area of cultivation, and of lipid metabolism, inhibition of low-density lipoprotein
vinification methods, and many differences exist between red oxidation, and proliferation of smooth muscle cells (SM€) (
and white and aged versus young winds ACs are flavonoids 9—12). Last, but not least, wine polyphenols exhibit vasorelaxing
widely distributed in fruits, vegetables, and red wine. They effects, mainly through NO-dependent mechanisms (13—15).
provide color to red wines and to the skin of red and black  The NO-dependent vasorelaxation by red wine-derived
grapes (5). PAs, another class of plant phenol metabolites phenolic compounds has been extensively investigated: several
occurring in fruits, vegetables, seeds, and flowers, are usually studies reported that red wines and grapes exhibit endothelium-
the most abundant flavonoids in red wines. ACs and PAs are dependent vasorelaxation via enhanced generation and/or in-
among the most important compounds in determining the quality creased biological activity of NO, leading to elevation of cGMP
of red wine, because they greatly influence color, bitterness, levels (16). In vivo red wine-derived phenolic compounds were
astringency, and chemical stability toward oxidatié). (Res-  able to reduce blood pressure in normo- and hypertensive rats
veratrol, 3,4,5-trihydroxystiloene, is a naturally occurring phy- (17), and the amplitude of vasorelaxation changed as a function
toalexin produced by grapevines in response to injury. In red of the variability of wine constituents according to grape
varieties, cultivar, and methods for obtaining win&8)

02; 00301%?384%9r}dgggg%g%ro(giggllmariO-de"agli@unimi-it: telepherg9- Consequently, the vasodilatory effect does not apply to all wines,
T University N itan: ) and the degree of vasorelaxation is correlated to the content
8 |stituto Agrario di San Michele all’Adige. and the structure of the polyphenols. According to Burns et al.
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(18), vasodilation activity was correlated to the total content of mAU
ACs. Further investigations aiming to characterize the constitu- 100 ]
ents responsible for the vasorelaxation activity showed that AC-
enriched fractions and oligomeric PAs, mainly dimers, trimers, 80 1
and tetramers, were the active compounds, whereas monomers
(catechins) and simple phenols, such as benzoic acid, gallic acid, |
and HCs, were devoid of effeci4, 19, 20).

Until now, studies concerning the relaxing effects of wine 0 ]
polyphenols on the arterial wall focused on mechanisms
mediated by NO release, whereas other possible mechanisms
such as the inhibition of phosphodiesterases (PDESs) in the SMC
were never considered. Indeed, rat thoracic aortic rings could
be relaxed by red wine-derived phenolic compounds also when 01
functional endothelium was removed, and the anthocyanin- N A A
enriched fractions were the most active in this regdr@). ) ]

When NO is released by the endothelial cells, the direct Figure 1. Representative profile ofa_lgrape extract anglyzed by reversed
activation of guanyl cyclase leads to the accumulation of cGMp Phase HPLC at 520 nm, as described under Materials and Methods:
and the consequent activation of protein kinase G, which induce 4€/Phinidin 3-glucoside (Delp3gl), cyanidin 3-glucoside (Cyan3gl), petunidin
a decrease of smaoth muscle tone via an alteration in Ca|cium3-gluc03|de (Pet3gl), peonidin 3-glucoside (Peon3gl), malvidin 3-glucoside
signaling (21). The duration and amplitude of the signal are (Malv3gl), and their corresponding acetic acid (ac) and p-coumaric acid
controlled by the degradation of cGMP by cyclic nucleotide ©Sters (p-coum).

PDEs.
. . R .. winelike solution 4), to obtain quantitative information about the
Depending on tissue localization and substrate specificity, localization of the active fraction of the polyphenols in the berry. A

PDEs are 'nVOh_/ed In the_ control of platelet aggregation, blood wine produced with Cabernet Sauvignon grape, vintage 2000, aged in
pressure, cardiac function, vascular tone, and many otherparrique, was obtained from the lasma winery. Spectrophotometric
functions. Physiological regulation and the role for individual analyses of total polyphenols reactive to Felibiocalteu, expressed
PDE isoforms are reviewed by Bea&®. In particular, cGMP- as (+)-catechin (mg/L), and of PAs by conversion to anthocyanidins
specific PDE5 in vascular SMC regulates cGMP levels and, by acid-catalyzed cleavage of the interflavonoid bonds, expressed as
consequently, the duration and extent of vasorelaxation. Ac- cyanidin (mg/L), were carried out under the conditions described in
cordingly, the PDES5 isoform represents the pharmacological the IiteratureZB)._The spectrophotometric assay c_hosen for the analysis
target of the drugs for the treatment of erectile dysfunction, such ©f PAs was considered to be adequate because it has already proven to
as sildenafil (Viagra) (23). be in .agr‘eement_wnh the nprmal-phage HPLC method for the
. . . quantification of this class of wine phenolics (27).
Thus, the present work investigated whether vasorelaxation Th .
. : - e analysis of ACs was performed by a reversed-phase HPLC

by red W'ne'd?r'v_eq_pheno“(: cc_)mpounds COUI_d also be related method as previously describe2Bj. Delphinidin 3-glucoside, cyanidin
to the PDE inhibition; for this purpose, wine and grape g3.gcoside, petunidin 3-glucoside, peonidin 3-glucoside, malvidin
polyphenols were tested on cGMP-dependent PDES, using a3-glucoside, and their relevant acetic acid gadoumaric acid esters
recombinant form of human PDES5AL isoenzyme (24). were quantified at 520 nm with a calibration curve with malvidin-3-
glucoside chloride and expressed as milligrams per liter. The sum of
these 15 compounds gives the total amount of A&gure 1 reports
a representative analysis of the standardized mixture of grape ACs.

Materials. Culture medium Dulbecco’s modified Eagle’s medium, Preparation of the Standardized Mixture of Grape ACs, Single
trypsin, protease inhibitors, and all of the chemical reagents for cell AC, and the Corresponding Aglycons.The standardized mixture of
culture were purchased from Sigma Aldrich (Milan, Italy). Penicillin,  ACs employed for this experiment was isolated from the skin of grape
streptomycin, and-glutammine were from GIBCO (Grand Island, NY);  (vitis vinifera cv. Cabernet Sauvignon) according to the procedure
fetal calf serum was provided by Mascia Brunelli S.p.A. (Milan, Italy).  already reported20). It had the following composition, measured as
The COS-7 cell line was purchased from ATCC (Manassas, VA). percentage HPLC area at 520 nm: delphinidin 3-glucoside, 11.89%;
Superfect reagent for transient transfections was obtained from Qiagencyanidin 3-glucoside, 1.94%; petunidin 3-glucoside, 13.83%:; peonidin
GmbH (Hilden, Germany). The expression plasmid pcDNA3 containing 3-glucoside, 9.26%; malvidin 3-glucoside, 47.18%:; delphinidin 3-(6-
the full-length cDNA of PDESAL was a kind gift of Prof. C. S. Lin  O-acetyl)glucoside, 2.15%; cyanidin 3-(6-O-acetyl)glucoside, 0.24%;
(Department of Urology, University of California, San Francisco, CA).  petunidin 3-(6-O-acetyl)glucoside, 2.21%; peonidin 3q&cetyl)-

[*H]cGMP was from Amersham Pharmacia Biotech (Amersham glucoside, 1.24%; malvidin 3-(@-acetyl)glucoside, 7.49%; delphinidin
Place, Little Chalfont, Buckinghamshire, U.K.). 3-(6-O-p-coumaroyl)glucoside, 0.12%; cyanidin 3-@Bp-coumaroyl)-

DEAE-Sephadex A25 was from Pharmacia (Uppsala, Sweden). glucoside, 0.03%; petunidin 3-@®-p-coumaroyl)glucoside, 0.40%;
cGMP, zaprinast,Crotalus adamanteusnake venom, andrans- peonidin 3-(6-O-p-coumaroyl)glucoside, 0.17%; malvidin 3g-
resveratrol were purchased from Sigma Aldrich. Sildenafil was provided coumaroyl)glucoside, 1.86%. Delphinidin 3-glucoside, petunidin 3-glu-
by Sequoia Research Products (Oxford, U.K.). coside, peonidin 3-glucoside, and malvidin 3-glucoside were extracted

trans-Piceid was extracted with methanol from the dried roots of from V. vinifera (cv. Cabernet Sauvignon) grape and purified by means
Polygonum cuspidatum. The extract was concentrated under vacuumof sequential chromatography on three different absorbents (Polyclar
and taken up with ethyl acetate. Thens-piceid was selectively SB100, Sephadex LH 20, and Lichrospher 100 RP-18), according to
precipitated withn-hexane and recovered by filtration. The final the procedure described earlier and crystallized as chloride salts with
purification was obtained by (i) flash chromatography on a silica purity >98% (29).
column, (ii) reversed-phase HPLC chromatograpB$)( and (iii) All other standards of ACs were obtained in the chloride form from
crystallization, thus obtaining a compound of purit®8%. Polyphenols Laboratories (Sandnes, Norway) and were certified from

Preparation of Grape Extracts. The skins and seeds of fresh berries  the producer for a purity 97% (HPLC, 280 and 520 nm). The struc-
of five different varieties of red grape, namely, Barbera, Cabernet tures of the ACs used for the experiments are reportefigare 2.
Sauvignon, Nebbiolo, Sagrantino, and Teroldego, collected at harvest, Molar Absorptivity of the Anthocyanins. The pure standards of
were extracted by means of a selective extraction method with a ACs used for the study were dissolved in the solution ethanol/water/

13.979 - Malv3gl

10.411 - Pet3gl
12.545 - Peonigl
38.722 - Malv3gl p-coum

7.432 - Delpigl
8.920 - Malv3gl ac

8.994 - Cyan3gl

2
29.584 - Delp3gl p-coum

18.242 - Delp3gl ac
21.546 - Cyan3gl ac
23.910 - Pet3gl ac
32.628 - Cyan3gl p-coum
P 34.651 - Pet3gl p-coum

27.165 - Peon3gl ac

® 37.557 - Peon3gl p-coum

?_——

min
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Table 1. Average Experimental Values of Molar Absorptivity of
Available Standard Compounds

molar molar
absorp-  wave-  absorp-
tivity, length, tivity,
pigment source? max max 520 nm
pelargonidin chloride 1 26154 529 25357
cyanidin chloride 1 17559 544 14421
eonidin chloride 1 24584 543 20335
COMPOUND R, R, R, gelphinidin chloride 1 18492 553 12602
— - etunidin chloride 1 17359 552 12006
Malvidin 3-glucoside OCH, OCH, H alvidin chloide 1 28987 553 20101
- . elargonidin 3-glucoside chloride 1 22447 515 22066
Peonidin 3-glucoside OCH, H H Eyani%in 3-g|ucgside chloride 1 26758 534 24823
Delphinidin 3-glucoside OH OH H peoni_din S—glucosidg chloridg 1 25803 531 24476
delphinidin 3-glucoside chloride 2 21600 544 17302
Petunidin 3-glucoside OH OCH, H petunidin 3-glucoside chloride 2 33518 543 27207
malvidin 3-glucoside chloride 2 30433 542 25454
Cyanidin 3-glucoside OH H H cyanidin 3,5-diglucoside chloride 1 33358 529 31967
malvidin 3,5-diglucoside chloride 1 33760 538 28469
Pelargonidin 3-glucoside H H H
Malvidin 3,5-diglucoside OCH OCH Glu @1, pure standard from Polyphenols Laboratories; 2, pure standard isolated
: K from Cabernet Sauvignon grape.
Cyanidin 3,5-diglucoside OH H Glu
cells were cultured in 100 mm dishes ¢16ells/dish) and were
H:C transfected with expression plasmid pcDNA3 containing the full-length
I o cHy cDNA of PDE5A1 (10ug), using Superfect reagent. Forty-eight hours
N4 post-transfection, cells were collected in buffer containing 40 mM Tris-
¢ AN | N\ HCI, pH 7.5, 15 mM benzamidine, 15 mM 2-mercaptoethanatgl
o X / mL pepstatin, 1ug/mL leupeptin, and 5 mM EDTA. Cells were
3 N homogenized in a Dounce homogenizer on ice with 25 strokes. Insoluble
1% materials were removed by centrifugation (Centrifuge 5810 R, Eppen-
N 8 cHy dorf s.r.l., Milan, Italy) of the cell lysate at 1406®r 20 min at 4°C.
o] HN N\ 0=%=0 The supernatant was diluted with an equal volume of glycerol, and the
I /N N total protein concentration was determined according to the method of
XN N [ j Sildenafil Bradford (30). Cell lysates were stored-a80 °C.
H N Enzyme Assay PDE5A1 activity was determined according to the
Zaprinast J}b method of Kincaid and Manganiello (31). Cell lysate ¢d0at 0.2 mg

Figure 2. Structures of the ACs and reference compounds used for the
experiments.

HCI (70:30:1), at a pH value of 1.26. Two solutions were prepared
containing, respectively, 5 and 10 mg/L of each compound, thus obtain-
ing final concentrations in the range (6:3.9) x 10> mol/L. The

spectral characteristics of the known solutions were recorded on a

Hitachi U-2000 UV~vis spectrophotometer using quartz cells with a
10 mm optical path. The molecular weight used for molar absorptivity
calculations included the weight of a chloride counterion. The average

experimental values of the molar absorptivities of each standard antho-

cyanin, measured both ataxand at 520 nm, are reported Trable 1.
Preparation of the Standardized Mixture of HCs. The HCs were

extracted by pressing grape berri®&s ginifera cv. Rhine Riesling) in

the presence of ascorbic acid (1 g/kg) and sodium metabisulfite (1 g/kg).

The juice was treated with bentonite (1 g/L) for 12 h &Cito remove

proteins. The HCs were then absorbed by stirring the juice with 20

of protein/mL) was incubated with 08V cGMP and 60000 cpn¥ifi]-

cGMP in 40 mM Tris-HCI, pH 7.4, containing 10 mM Mg£and 2

mg/mL bovine albumin; final reaction volume was 100. After 30

min of incubation at 37C, the reaction was stopped with 0.1 N HCI;

the pH was then adjusted to 7 with 0.1 N NaOH, and samples were

incubated for a further 30 min at 3 with 100uL (1 mg/mL) of

nucleotidase (Crotalus adamantesisake venom) to cleave GMP to

the corresponding nucleoside. Guanyl nucleoside was then separated

from the unreacted products by anion exchange chromatography, using

DEAE-Sephadex A25. The eluted radioactive guanosine was counted

in a fS-scintillation counter. PDE5AL activity was expressed as

picomoles of product formed per minute per milligram of protein.
Cabernet Sauvignon wine (containing 2108 mg/L of total phenols)

and the polyphenols extracted separately from skins and seeds of five

different grape cultivars growing in Italy were assayed at the concentra-

tion of 25ug/mL (calculated as total phenols). Control samples were

added with the vehicle used to resuspend the extracts. Successively,

g/L of activated carbon and diatomaceous earth (1:1). The absorbentirans-resveratrolirans-piceid, the standardized mixture of ACs from
was washed with water, and the HCs were eluted with methanol/acetic Cabernet Sauvignon grapes, singléOg-glucosides of malvidin,

acid (99:1) and brought to dryness in rotary evaporator. The final
purification of the HCs was obtained by (i) flash chromatography on
a column packed with TSK gel Toyopearl HW-40S (Toso Haas) and
elution of the HCs fraction with the mixture (1:4) methanol and acid
water (0.5% acetic acid) and (ii) crystallization of HCs dissolved in
diethy! ether, stabilized with copper gauze (Carlo Erba, Milan, Italy)
with n-hexane. The final composition of the standardized mixture of
grape HCs (expressed as equivalent aretmaois-caffeic acid, HPLC,
320 nm) wagrans-caftaric acid (88.07%lrans-cutaric acid (7.45%),
andtrans-fertaric acid (4.48%).

Expression of Human Recombinant PDE5A1Human recombinant
PDE5SAL was prepared by expression of the full-length cDNA of
PDE5AL into COS-7 cells as previously describ2d) (Briefly, COS-7

delphinidin, cyanidin, petunidin, peonidin, pelargonidin, and their
corresponding aglycons (1—1@M), and the standardized mixture of
HCs (1-100uM) were assayed. Sildenafil (6500 nM) and zaprinast
(0.1-100uM), two selective inhibitors of PDE5, were used as reference
compounds (Figure 2). In our experimental conditionssd@alues of
sildenafil and zaprinast were 75.2 nM and 2/, respectively, close

to the values reported in the literatur4j.

Statistical Analysis. A two-way analysis of variance followed by
post hoc analysis using the Scheffe procedure was used to test for
statistical differences. Differences with< 0.05 were considered to
be significant. Concentration—inhibition curves were analyzed as
reported elsewhere3®), and each point represents the mean of six
replications+ the standard deviation (SD).
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Table 2. Effect of Cabernet Savignon Wine and the Polyphenols
Extracted from Grape Skin and Seeds of Different Cultivars of Italian
Grape on PDE5AL Activity?

PAs, ACs, PDE5AL,?

mg/L mg/L % vs control
Cabernet Sauvignon wine 2434 314 78.8 £ 2.0
Cabernet Sauvignon skin 908 38.1 74.7 £ 3.6**
Cabernet Sauvignon seeds 1104 0 91657
Teroldego skin 1111 87.4 73.6 £ 5.9**
Teroldego seeds 930 0 99.7+£0.7
Barbera skin 1017 350.7 78.3+2.7%
Barbera seeds 233 0 985+25
Nebbiolo skin 2371 64.6 85.1 + 4.6*
Nebbiolo seeds 785 0 93.3+2.2*
Sagrantino skin 3545 352.1 85.7 + 3.5**
Sagrantino seeds 1232 0 96.7 £ 4.5

@PAs and ACs were quantified as described under Materials and Methods.
The amounts of PAs and ACs are expressed as cyanidin and malvidin-3-
monoglucoside chloride, respectively.  Data on PDE5AL activity are expressed
as percent activity vs control (mean = SD, n = 9), testing all of the mixtures at 25
ug/mL of total polyphenols. *, p < 0.001; **, p < 0.0001.

RESULTS AND DISCUSSION

Control PDE5A1 activity was 51.9 9.1 pmol mirr! (mg
of proteiny* (mean+ SD, n 14). In the first set of
experiments, the effect of Cabernet Sauvignon wine and of the
polyphenols extracted from grape skin and seeds on in vitro
activity of PDE5AL was tested. The ACs as well as the HCs,

the PAs, and the resveratrols are ubiquitous components in the
skin of red grapes and therefore present in the skin extracts,

whereas the seed polyphenols are almost exclusively constitute
of PAs with a minor presence of the flavanol monomé?3)(
The seed flavanols are galloylated and nongalloylated PAs of
DP 2—-19, mDP~3, constituted mainly of the three subunits
(—)-epicatechin, (+)-catechin, anet)-epicatechin 3-gallate in
the ratio 3:1:1 and linked by 4> 8 and 4— 6 interflavanic
bonds (33). As shown iable 2, red wine and the extracts
from grape skin inhibited the activity of PDE5A1, whereas all
of the seed extracts were inactive or had a negligible effect.
The composition of the flavanols in the grape skin has been
suggested to differ from those in the seeds for having a lower
content of monomers and a higher DP of the PAs&3, mDP
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q:igure 3. Effect of standardized mixture of ACs, the single AC (A), and

the corresponding aglycons (B) on PDE5AL activity. Results are expressed
as percent of control activity £ SD. Control enzyme activity was 51.9 +
9.1 pmol min~* (mg of protein)~! (mean £ SD, n = 14).

ascribed to the experimental conditions for PDE testing, the type
of PDE isoform used, and the source of ACs mixture. Our results
confirmed the hypothesis that the effect of grape skin extracts
on PDE was due to the presence of ACs.

To investigate how the single glucosides contributed to the
overall effect, we tested six among the most representative ACs.

~33) and for containing in their structure, in addition to the Even if not presentin red grape, pelargonidi®33-glucoside

three subunits present in grape seeds PAs, also a considerabl@@s also tested, to obtain structural information required for

completely clarified because inconsistencies between the ter-t0 be the most potent, with an dgof 35.44M. None among
minal subunits identified with different methods have been the tested glucosides accounted for the total effect of the mixture

observed (35).
The similar chemical nature of seeds and skin PAs and the

(Figure 3A). It is worth recalling that the ACs mixture, like in
the wine or in the skin extract§igure 1), contains also a non-

lack of effect of the seeds extracts led us to hypothesize thatnegligible amount of ACs esterified with-coumaric or acetic
PAs, among the polyphenols present in the skin extracts, doacid, which could possibly explain the higher activity of the

not contribute significantly to the inhibitory effect against
PDESAL.

To evaluate whether the effect on PDE5AL activity could be
linked to the presence of ACs, we tested a mixture of ACs,
isolated from Cabernet Sauvignon. As shownFigure 3A,
the mixture inhibited PDE5AL in a concentration-dependent
fashion, statistically significant inhibition starting agM. At
100 uM, the inhibition was almost complete. The st
calculated by considering an average MW of 527, was AM6
which is very close to that of zaprinast (81). Our results
are in agreement with a previous study by Ferretti et28),(
who found that ACs fronmVVaccinium myrtillusnhibited PDEs
from different tissues. Other investigations were not consistent
with our data (37,38). The controversial results could be

mixture. The unavailability of these compounds in a pure
isolated form is an obstacle to the verification of this hypothesis.
Because it is not defined yet if glucosides reach the site of
effect as such or after deconjugation to give the corresponding
aglycons, the latter were also tested for PDE activity. The
concentration—inhibition curves for the aglycons are reported
in Figure 3B. Malvidin was still the most potent, with an 4
of 24.9uM, but glucosidation diminished the inhibitory effect
on PDESAL1 activity. This observation was further confirmed
because the corresponding 3,5-diglucosides of malvidin and
cyanidin tested on PDE5SA1 activity at 50M were found to
be inactive [57.01 2.5 and 57.4+ 4.1, respectively, vs control
PDE activity of 62.9+ 0.7 pmol mimr® (mg of proteiny']. The
degree of inhibition for both glucosides and aglycons followed
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Figure 4. Effect of trans-resveratrol, trans-piceid, and HCs on PDE5SA1
activity. Results are expressed as percent of control activity + SD. Control
enzyme activity was 51.9 + 9.1 pmol min=! (mg of protein)=t (*, p <
0.05).

this order: malvidin> peonidin= delphinidin> petunidin>
pelargonidin= cyanidin.

Because wine contains also stilbengar{s-resveratrol and
trans-piceid) and HCs, it was also investigated whether both
of these classes of compounds could affect PDE5SAL activity.
As shown inFigure 4, PDE5A1 was not inhibited by either
compound. Only a minor effect30% vs control) was seen
with 100 uM trans-resveratrol anttans-piceid.

The results reported in this paper demonstrate that red wine
and polyphenols occurring in red grapes inhibit human cGMP-
specific PDE. Among the different classes of phenols, only ACs

seem to be the active constituents, because seed extracts (mainly

containing PAs), stilbenes, and HCs showed no effect. Our
results agree with previous observations that red wine-derived
phenolic compounds caused relaxation of aortic rings in the
absence of functional endothelium, although at higher concen-

Dell'Agli et al.

ABBREVIATIONS USED

PDE, phosphodiesterase; ACs, anthocyanins; HCs, hydroxy-
cinnamates; PAs, proanthocyanidins; NO, nitric oxide; HPLC,
high-performance liquid chromatography; SMC, smooth muscle
cell.
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