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ABSTRACT The aim of this study was to clarify the efficacy of procyanidin C1 (Pro C1) for modulating vascular tone. Pro

C1 induced a potent vasorelaxant effect on phenylephrine-constricted endothelium-intact thoracic aortic rings, but had no

effect on denuded thoracic aortic rings. Moreover, Pro C1 caused a significant increase in nitric oxide (NO) production in

endothelial cells. Pro C1-induced vasorelaxation and Pro C1-induced NO production were significantly decreased in the

presence of a nonspecific potassium channel blocker (tetraethylammonium chloride [TEA]), an endothelial NO synthase

inhibitor (NG-monomethyl-L-arginine [L-NMMA]), and a store-operated calcium entry inhibitor (2-aminoethyl diphe-

nylborinate [2-APB]). Pro C1-induced vasorelaxation was also completely abolished by an inhibitor of soluble guanyl cyclase,

which suggests that the Pro C1 effects observed involved cyclic guanosine monophosphate (cGMP) production. Interestingly,

Pro C1 significantly enhanced basal cGMP levels. Taken together, these results indicate that Pro C1-induced vasorelaxation is

associated with the activation of the calcium-dependent NO/cGMP pathway, involving potassium channel activation. Thus,

Pro C1 may represent a novel and potentially therapeutically relevant compound for the treatment of cardiovascular diseases.
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INTRODUCTION

Cardiovascular diseases (CVD) remain the leading
cause of mortality in both men and women worldwide.

Blood vessels consist of an endothelial layer and a smooth
muscle layer. The vascular endothelium is probably the most
extensive tissue in the body. It is composed of a single layer
of cells located between the circulating blood and the vessel
wall.1 In addition to being a physical barrier, the endothe-
lium plays an important role in many physiological func-
tions, such as angiogenesis, metabolism, inflammatory cell
adhesion, platelet aggregation, vascular tone, and vascular
permeability,2,3 The vascular endothelium is responsible for
maintaining the balance between vasorelaxation and vaso-
constriction. Disturbance of this balance leads to endothelial
dysfunction, which in turn affects the vascular tone and

causes damage to the arterial wall,4 leading to CVD, mor-
bidity, and mortality.5 Human behavioral habits considered
protective against chronic cardiovascular pathologies have
gained considerable attention. In particular, the role of a
polyphenol-rich diet in preventing CVD associated with en-
dothelial dysfunction has been evaluated.6 Several epidemio-
logical studies indicate that the intake of polyphenol-rich
foods, including various fruits and vegetables, is associated
with a lower risk of coronary heart disease.7–9 In particular,
many flavonoids, including procyanidins, are well known as
the most potent endothelium-dependent vasorelaxant com-
pounds,10,11 and can be found in a variety of foods (e.g., apples,
wine, tea, peanuts, almonds, and cocoa).

Procyanidin-rich fractions from Parkia biglobosa (Mi-
mosaceae) leaves and Guazuma ulmifolia barks have been
shown to cause endothelium-dependent relaxation in por-
cine coronary arteries.12 Giancarlo et al. reported that pro-
cyanidins from Vitis vinifera L. seeds protected endothelial
cells from peroxynitrite damage and enhanced endothelium-
dependent vasorelaxation in human arteries.13 Furthermore,
procyanidins in the apple Malus pumila induced a potent
vasorelaxatant effect through an endothelium-dependent
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pathway.14 It has been proposed that the vasorelaxant
properties of procyanidins result from their ability to stim-
ulate the rapid formation of nitric oxide (NO) through en-
dothelial nitric oxide synthases (eNOS), leading in turn to
increased accumulation of cyclic guanosine monophosphate
(cGMP).15,16 Interestingly, our previous study demonstrated
that procyanidin C1 (Pro C1), an epicatechin trimer, induced
NO production in endothelial cells through both hyperpo-
larization and PI3K/Akt pathways.17 Although the protec-
tive effects of endothelium-derived relaxing factors, such as
NO and prostacyclin, and of endothelium-derived hy-
perpolarizing factor, against CVD have been attributed, at
least in part, to polyphenolic compounds,18 the efficacy of
Pro C1 for modulating vascular function ex vivo remains
unclear and its mechanisms of action need to be mecha-
nistically clarified. The present study was conducted to
validate our previous findings based on vascular endothelial
cell signaling.17

We therefore investigated the potential role of Pro C1
(Fig. 1) in regulating (1) vessel functions by using thoracic
aortic rings from Sprague-Dawley (SD) rats and (2) the
vessel signaling pathways involved in Pro C1-induced
vasorelaxation.

MATERIALS AND METHODS

Materials

Pro C1 was purchased from Sigma (San Diego, CA, USA).
Phenylephrine (PE), NG-monomethyl-L-arginine (L-NMMA),
tetraethylammonium chloride (TEA), 1-H-[1,2,4]oxadiazolo-
[4,3]quinoxalin-1-one (ODQ), 2-aminoethyl diphenylborinate
(2-APB), and acetylcholine (ACh) were purchased from Sig-
ma-Aldrich (St. Louis, MO, USA). All other chemicals were
of analytical reagent grade and used without further purifica-
tion in this study.

Preparation of isolated thoracic aortic rings

The animal procedures were in strict accordance with the
National Institutes of Health Guidelines for the Care and Use
of Laboratory Animals (NIH Publication No. 85-23, revised
1996) and were approved by the Institutional Animal Care
and Utilization Committee of Wonkwang University. Male
SD rats (weight, 250–300 g) were purchased from the Ko-
rean Experimental Animals Co. (Daejeon, Korea). After the
animals were killed by decapitation, the thoracic aorta was
rapidly and carefully dissected and placed in an ice-cold
Krebs solution (118 mM NaCl, 4.7 mM KCl, 1.1 mM
MgSO4, 1.2 mM KH2PO4, 1.5 mM CaCl2, 25 mM NaHCO3,
and 10 mM glucose, pH 7.4). The aorta, free of connective
tissue and fat, was then cut into rings of approximately 3 mm
width. All dissecting procedures were performed with ex-
treme care to protect the endothelium from inadvertent
damage. To examine the endothelium-independent vascular
responses, the aorta was denuded by gently rubbing the lu-
minal surface with a fine needle. The effectiveness of the
endothelium removal procedure was confirmed by the ab-
sence of vasorelaxation, induced by 100 lM Ach, in con-
stricted thoracic aortic rings.

Recording isometric vascular tone

First, two L-shaped stainless steel wires were inserted into
the lumen of the aortic rings, which were then placed in a
tissue bath containing the Krebs solution (pH 7.4) at 37�C.
The solution was continuously bubbled with 95% O2 and 5%
CO2 and then equilibrated for 60 min. The baseline load
placed on the aortic rings was 3 g, and the changes in iso-
metric tension were recorded with a transducer (Grass FT
03; Grass Instrument Co., Quincy, MA, USA) connected to
a Grass Polygraph recording system (Model 7E; Grass In-
strument Co.). In the first series of experiments, to determine
the vasorelaxant effects of Pro C1, the aortic rings were
exposed to PE (1 lM) treatment for maximal contraction.
Once the maximal response to PE was obtained, the aortic
rings were exposed to increasing doses of the testing agent.
The responses were recorded and then stopped by washing
the aortic rings with a fresh Krebs solution. In all experi-
ments aimed at measuring endothelium-dependent vascular
responses, special care was taken to avoid damaging the
luminal surface of the endothelium. For constricted studies
using inhibitors, thoracic aortic rings were pretreated with
10 lM L-NMMA, 10 lM ODQ, 100 lM 2-APB, or 10 mM
TEA for 15 min before the addition of 1 lM PE.

Measurement of cGMP in thoracic aortic rings

Vascular cGMP levels were evaluated in prepared tho-
racic aortic segments. Thoracic aortic rings (20 mg) were
incubated with 1 lM PE, alone or in the presence of 50 lg/
mL Pro C1 or 100 lM ACh. After incubation for 15 min, the
thoracic aortic rings were homogenized in 0.1 M HCl. The
homogenate was centrifuged for 10 min at 1500 g. The total
concentration of proteins in the supernatant was assayed
using a protein assay (Bio-Rad, Tokyo, Japan) and bovine
serum albumin as the standard. The cGMP concentration in

FIG. 1. Chemical structure of Pro C1 [epicatechin-(4b/8)-
epicatechin-(4b/8)-epicatechin]. Pro C1, procyanidin C1.
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the supernatant was assayed using a cGMP enzyme immu-
noassay (cGMP EIA; Assay Designs, Ann Arbor, MI, USA)
and expressed in picomole of cGMP/mg protein from tho-
racic aortic rings.

Cell culture

Rat aortic endothelial cells (RAECs) were purchased
from Cell Applications, Inc. (San Diego, CA, USA). RAECs
were cultured in a rat endothelial cell medium (RECM, San
Diego, CA, USA) supplemented with 10% fetal bovine se-
rum (FBS; Invitrogen Corporation’s GIBCO, Carlsbad, CA,
USA). RAECs were cultured in a 25-cm2 flask (Corning,
Corning, NY, USA) and then incubated at 37�C in 5% CO2

incubator up to 95% confluence. RAECs of passages 7 were
used in all experiments.

Measurement of cell cytotoxicity

Cytotoxicity measurements for RAECs were conducted
using a WST-8 assay. Briefly, RAECs (5 · 103 cells/well)
were cultured in 96-well plates in the DMEM containing 10%
FBS and then incubated at 37�C in a 5% CO2 incubator up to
95% confluence. The DMEM was changed to the FBS-free
medium for 24 h before experimental testing. The RAECs
were then incubated with Pro C1 (6.25–100lg/mL) in a vol-
ume of 100 lL. After incubation for 24 h, 10 lL of the WST-8
solution (Dojindo Laboratories, Kumamoto, Japan) was added
to each well and incubated for 4 h. Then, absorbance was
measured at 450 nm using a Wallac 1420-microplate reader.

Measurement of NO production

The concentration of NO in the culture medium was de-
termined by measuring its oxidation product, nitrite, using the
Griess method. Briefly, RAECs (1.5 · 104 cells/well) were
cultured in 96-well plates in the DMEM containing 10% FBS
and then incubated at 37�C in a 5% CO2 incubator up to 95%
confluence. Pro C1 (6.25–50 lg/mL) was added to each well
and incubated at 37�C for 24 h. To investigate the signaling

pathways involved in Pro C1-induced NO production, RAECs
were pretreated with L-NMMA (100 lM), 2-APB (100 lM),
or TEA (1 mM) for 10 min, before Pro C1 application (50 lg/
mL). The culture medium was then collected, mixed with the
Griess reagent (1:1), and incubated at room temperature for
15 min. The absorbance of the solution at 517 nm was then
measured using a microplate reader (Zenyth 3100; Anthos
Labtec Instruments GmbH). Solutions of NaNO2 (0–100 lM),
freshly prepared in deionized water, were used to generate a
standard curve and to calculate the corresponding nitrite
concentration in the cell culture medium.

Statistical analyses

All experiments were repeated at least three times, and
the results are expressed as mean – SEM. A two-way anal-
ysis of variance (ANOVA) test and a Student’s t-test were
performed to examine the statistical difference between two
groups. Statistical significance was defined as P < .05. All
analyses were conducted with Stat View J5.0 (SAS Institute,
Inc., Cary, NC, USA).

RESULTS AND DISCUSSION

Effect of Pro C1 on vasorelaxation in the presence
or absence of endothelium

Epidemiological studies have shown a significant inverse
correlation between cardiovascular risks and consumption of
polyphenols such as those from fruits and vegetables.19 In
particular, polyphenolic compounds have been reported to
modulate the vascular tone (e.g., through anti-arteriosclerotic
activity) and to prevent lifestyle-related diseases, such as
obesity.11,20,21 Nevertheless, the effects of Pro C1 on vasor-
elaxation are still unclear. We first tested the effect of Pro C1
on the vasorelaxation of thoracic aortic rings in the presence or
absence of endothelium. Pro C1 had a potent dose-dependent
vasorelaxant effect on 1 lM PE-constricted endothelium-intact
thoracic aortic rings, whereas it had no effect on denuded
thoracic aortic rings (Fig. 2). These results suggest that Pro C1

FIG. 2. Vasorelaxation profiles of endothelium-intact (+) or endothelium-denuded (-) thoracic aortic rings by Pro C1. Pro C1 was added in a
cumulative manner (6.25–50 lg/mL) to 1.0 lM PE-constricted thoracic aortic rings. Results are expressed as mean – SEM (n = 4). *P < .01 versus
vehicle. PE, phenylephrine.

744 BYUN ET AL.



causes an endothelium-dependent vasorelaxation, which is in
agreement with previous findings.13

Effect of NOS and K + channel inhibition
on the Pro C1-induced vasorelaxation

One of the most important pathways involved in the
control of vascular tone is the NO/cGMP signaling path-
way. NO-induced vasorelaxation is generally associated
with the activation of soluble guanyl cyclase (sGC) and the
subsequent accumulation of cGMP.22,23 Moreover, the ac-
tivation of K + channels is known to be involved in vasor-
elaxation by natural products of plant origin.24 Therefore,
we analyzed the involvement of the NO/cGMP system and
the effects of K + channel inhibitors on Pro C1-induced va-
sorelaxation. To verify the involvement of NO/K+ channel
pathways in Pro C1-induced vasorelaxation, we pretreated
endothelium-intact thoracic aortic rings with the eNOS in-
hibitor L-NMMA (10 lM) and the nonspecific K + channel
inhibitor TEA (10 mM) followed by Pro C1. We observed
that the addition of L-NMMA and TEA caused a significant
reduction in Pro C1-induced vasorelaxation (Fig. 3A, B).
Taken together, these results strongly indicate that Pro C1-
induced vasorelaxation is mediated by the eNOS pathway in
combination with K + channel activation, which confirms the
findings of our previous report demonstrating that Pro C1
promoted NO production and hyperpolarization in RAECs.17

These results are also in agreement with those of other
studies showing the involvement of EDHF, acting on K +

channels, in the vasorelaxant effects of plant extracts in
coronary arteries.10

Effect of store-operated Ca2 + entry inhibition
on the Pro C1-induced vasorelaxation

Store-operated Ca2 + entry (SOCE) is an important molec-
ular mechanism involved in the regulation of Ca2 + entry in the
vascular endothelium.25,26 We investigated the involvement of

FIG. 3. Vasorelaxation effect of Pro
C1 on 1.0 lM PE-constricted thoracic
aortic rings in the presence of inhibi-
tors. (A) 10 lM L-NMMA, (B) 10 mM
TEA, and (C) 100lM 2-APB were
added before 1.0 lM PE constriction.
Constricted tension was recorded after
the addition of Pro C1. Results are ex-
pressed as mean – SEM (n = 4). *P < .01
versus vehicle. 2-APB, 2-aminoethyl
diphenylborinate; L-NMMA, NG-
monomethyl-L-arginine; TEA, tetra-
ethylammonium chloride.

FIG. 4. Vasorelaxation effect of Pro C1 on 1.0 lM PE-constricted
thoracic aortic rings in the presence of inhibitors. ODQ (10 lM) was
added before 1.0 lM PE constriction. Constricted tension was recorded
after the addition of Pro C1. Results are expressed as mean – SEM
(n = 4). *P < .01 versus vehicle. ODQ, 1-H-[1,2,4]oxadiazolo-
[4,3]quinoxalin-1-one.
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Ca2 + influx in the Pro C1-induced vasorelaxation by using
modulators of SOCE. To further define the nature of Ca2 +

entry involved in the Pro C1-induced vasorelaxation, we tes-
ted an inhibitor of SOCE. Figure 3C shows that 100 lM of a
SOCE inhibitor, 2-APB, attenuated the Pro C1-induced va-
sorelaxation, suggesting that SOCE mechanisms are involved
in the Pro C1-induced vasorelaxation. These results are con-
sistent with previous findings showing the importance of
SOCE in vasorelaxation and eNOS activation.27,28

Effect of sGC inhibition on Pro C1-induced
vasorelaxation

It has been shown that activation of sGC by NO production
facilitates the conversion of guanosine-50-triphosphate to the

intracellular second messenger cGMP, which mediates smooth
muscle relaxation.29,30 Therefore, we investigated the in-
volvement of cGMP in Pro C1-induced vasorelaxation by
pretreating thoracic aortic rings with the sGC inhibitor (ODQ)
and then analyzed the effects of Pro C1. In the presence of
ODQ (10 lM), we observed a complete abolishment of the Pro
C1-induced vasorelaxation of PE-constricted thoracic aortic
rings (Fig. 4). These results indicate that Pro C1-induced
vasorelaxation is associated with cGMP accumulation. To
further assess the direct involvement of cGMP in Pro C1-
induced vasorelaxation, we incubated PE-stimulated thoracic
aortic rings with Pro C1. In PE-constricted thoracic aortic
rings, Pro C1 significantly enhanced the basal cGMP level,
similar to the positive control (100 lM ACh) (Fig. 6). Taken

FIG. 5. Effect of Pro C1 on the met-
abolic activity of rat aortic endothelial
cells. (A) Dose-dependent effect of Pro
C1 (6.25–100 lg/mL) on proliferation
was analyzed using the EZ-Cytox Cell
Viability Kit. (B) Dose-dependent effect
of Pro C1 (6.25–50 lg/mL) on NO
production was analyzed by a Griess
reagent assay. (C) Effect of Pro C1
(50 lM)-induced NO production in the
presence of 100 lM L-NMMA, 100 lM
2-APB, or 1 mM TEA (n = 4). The re-
sults are expressed as mean – SEM
(n = 4). **P < .01, *P < .05 versus Pro
C1. NO, nitric oxide.

FIG. 6. Effect of Pro C1 on cGMP
level in 1.0 lM PE-stimulated intact
thoracic aortic rings. Pro C1 (50 lg/mL)
was added to 1.0 lM PE-stimulated
thoracic aortic rings (about 20 mg). (A)
The cGMP level (pmol/mg protein) was
determined by a cGMP enzyme immu-
noassay. The results are expressed as
mean – SEM (n = 4). *P < .05 was con-
sidered to be significant. 100 lM ACh
was used as a positive control to confirm
the vascular tone of the thoracic aortic
rings in this experiment. (B) Proposed
mechanism(s) of Pro C1-induced vasor-
elaxation. ACh, acetylcholine; cGMP,
cyclic guanosine monophosphate.
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together, these results suggest that Pro C1-induced vasor-
elaxation is mediated by sGC signaling and subsequent
cGMP accumulation.

Effect of Pro C1 on the metabolic activity

eNOS/NO activation is an important pathway mediating
vasorelaxation, through endothelial cell hyperpolarization,
as well as Ca2 + influx.31 To determine the optimal con-
centration of Pro C1 for use in in vitro studies, the cytotoxic
effect of Pro C1 was examined in RAECs. The adminis-
tration of 6.25–50 lg/mL Pro C1 did not affect cell prolif-
eration, whereas higher concentrations of Pro C1 (100 lg/
mL) showed significant cell cytotoxicity compared to the
corresponding control group finding (Fig. 5A). For this
reason, 50 lg/mL Pro C1 was used as the maximum dose
throughout the subsequent experiments. As shown in Figure
5B and C, Pro C1 significantly enhanced the level of NO
production in a concentration-dependent manner. Interest-
ingly, Pro C1-induced NO production was significantly
decreased in the presence of TEA (1 mM), 2-APB (100 lM),
or L-NMMA (100 lM). These findings, in concert with sev-
eral previous reports, confirm that endothelial NO production
leading to vasorelaxation is mediated by K + channel acti-
vation as well as by a decrease in intracellular calcium
concentrations.14,32,33

SUMMARY

In this study, we clarified the efficacy of Pro C1 for vas-
cular tone modulation. Pro C1 is a powerful endothelium-
dependent vasodilator, stimulating endothelial NO production,
including hyperpolarization, and regulating Ca2 + entry in the
vascular endothelium. Pro C1 can facilitate vasorelaxation
and, therefore, represents a novel and effective therapeuti-
cally relevant compound for the treatment of CVD associated
with endothelial dysfunction.
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