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Abstract. Resveratrol (3, 4', 5‑trihydroxy‑trans‑stilbene) is 
a natural, non‑flavonoid polyphenol that exerts protective 
properties against atherosclerosis‑associated endothelial 
dysfunction and senescence. The present study aimed to assess 
the influence of resveratrol on vascular contractility and 
molecular factors including sirtuin‑1 (SIRT1), adiponectin and 
calprotectin (S100A8/A9) that are considered to be important 
elements of atherogenesis. A total of 17 male rats were divided 
into a control and treatment group and administered resve-
ratrol or a placebo. Pharmacometrics were performed on an 
isolated and perfused tail artery. Serum SIRT1, adiponectin 
and S100A8/A9 levels were quantified using an ELISA assay. 
The level of SIRT1 in the control and treatment groups at time 
0 was 4.26 and 4.45 ng/ml, respectively. SIRT1 in the control 
and treatment groups following 2 weeks of treatment was 4.59 
and 6.86 ng/ml, respectively (P<0.05) and following 4 weeks of 
treatment was 4.15 and 6.38 ng/ml, respectively (P<0.05). The 
level of adiponectin in the control and treatment groups at time 
0 was 1.24 and 1.21 ng/ml, respectively. Following 2 weeks 
of treatment, the level of adiponectin in the control and treat-
ment groups was 1.22 and 1.2 ng/ml, respectively (P>0.05) and 
following 4 weeks of treatment was 1.26 and 1.58 ng/ml, respec-
tively (P<0.05). The S100A8/A9 level in control and treatment 
groups at time 0 was 0.39 and 0.33 ng/ml, respectively. The 
level of S100A8/A9 in control and treatment groups following 
2 weeks of treatment was 0.37 and 0.35 ng/ml, respectively 
(P>0.05) and following 4 weeks of treatment was 0.34 and 
0.32 ng/ml, respectively (P>0.05). EC50 values obtained for 

phenylephrine in resveratrol‑pretreated arteries were signifi-
cantly higher than controls in the presence and absence of 
A7‑hydrochloride (P<0.05). The results of the present study 
indicate a significant increase in the concentration of SIRT1 
and adiponectin in the resveratrol‑pretreated group (P<0.05). 
S100A8/A9 serum concentrations remained unchanged. 
Reactivity of resistant arteries was significantly reduced for 
resveratrol‑pretreated vessels and this effect was partially 
independent of phosphodiesterase (PDE1). Additionally, there 
was a synergistic interaction observed between resveratrol and 
the PDE1 inhibitor.

Introduction

Atherosclerosis is a chronic inflammation of the vascular wall 
that results in the development of plaques and subsequent 
stenosis of the arteries (1,2). A number of cytokines are involved 
in atherosclerosis‑related inflammation; these include tumor 
necrosis factor alpha (TNF‑α), interleukin (IL)‑6 and mono-
cyte chemoattractant protein‑1 (MCP‑1). These factors induce 
the expression of intercellular adhesion molecule 1 (ICAM‑1), 
vascular cell adhesion molecule 1 (VCAM‑1) and E‑selectin 
adhesion molecules and lipid homeostasis (3,4). Other impor-
tant cytokines responsible for the cross‑talk phenomenon that 
occurs between inflammatory cells and intrinsic factor wall 
cells are IL‑1β and platelet‑derived growth factor cross‑reactive 
material (1). Inflammation associated with atherosclerosis is 
mediated via the nuclear factor κB (NF‑κB) signaling pathway, 
implying that substances inhibiting or activating this factor 
serve an important role in atherogenesis (5). Sirtuin‑1 (SIRT1), 
adiponectin and calprotectin (S100A8/A9) are character-
ized as factors able to modulate either the NF‑κB signaling 
pathway or toll‑like receptor 4 (TLR‑4) (6‑9). Furthermore, 
they are considered to be important elements for the molecular 
pathogenesis of atherosclerosis (4‑6,10,11). SIRT1 is highly 
expressed in endothelial cells where it controls angiogenesis 
through a broad variety of transcriptional regulators, including 
p53, fork‑head box O (FoxO), NF‑κB, promyelocytic leukemia 
protein and activated receptor‑γ. SIRT1 serves a crucial role 
in endothelial homeostasis and it is suggested that overexpres-
sion of SIRT1 may contribute to vasoprotection (12,13). In a 
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previous experimental study, it was demonstrated that activa-
tion of SIRT1 is associated with a reduction in atherosclerotic 
lesion macrophage content, as well as atherosclerotic lesion size 
in aortic arches (6). Furthermore, SIRT1 transgenic apolipo-
protein E null (apoE−/−) mice had fewer atherosclerotic lesions, 
indicating that endothelium‑specific SIRT1 overexpression 
may suppress atherogenesis by influencing endothelial cell 
survival and function, mediated through regulating the level 
of nitric oxide synthase (NOS)‑3 (14).

The level of adiponectin is negatively associated with 
visceral fat area and body mass index increase; this explains the 
marked reduction of adiponectin levels in a number of obese 
and insulin‑resistant states (15). Observational human studies, 
despite their insufficiency, indicate that low adiponectin 
levels are associated with cardiometabolic disorders  (16). 
Furthermore, a low level of adiponectin is presented as a 
risk factor for the occurrence of atherosclerotic diseases (3). 
Previous studies using animal models provide conclusions 
that adiponectin possesses anti‑atherogenic properties, which 
inhibit the formation of atherosclerotic lesions, and overex-
pression of adiponectin protects against atherosclerosis (4,5).

The S100A8/A9 heterodimer protein is formed of the 
monomers S100A8 and S100A9, belonging to the S100 family. 
S100A8 and S100A9 are characterized by their ability to 
interact with numerous effector proteins, mostly in a calcium 
(Ca2+)‑dependent manner (17,18). The S100A8/A9 complex has 
the ability to bind to the endothelium, a process enabled by 
an interaction between S100A9 and heparin sulphate proteo-
glycans, but also the S100A8/A9 complex with carboxylated 
N‑glycans, expressed by endothelial cells during inflamma-
tion (19). The serum level of S100A8/A9 is associated with 
an early risk of acute coronary syndromes and the severity of 
coronary artery disease in diabetic individuals. Previous small 
sub‑group studies also indicate that S100A8/A9 may be a 
marker of subclinical atherosclerosis, as its elevation in serum 
corresponds with intima media thickness in patients with 
diabetes but without any history of previous cardiovascular 
diseases (CVD) (10,11).

Another identified factor in atherogenesis is vascular 
contractility, as it is considered clinically relevant that arte-
rial hypertension aggravates atherosclerosis (20). Essential 
hypertension is the consequence of increased peripheral 
vascular resistance in resistant arteries. Arteries in hyper-
tensive individuals present increased reactivity to contractive 
stimulus in comparison to healthy individuals, however the 
exact cause remains unclear (21,22). Hypertension increases 
oxidative stress in the vascular wall, contributing to changes 
in metabolism, subsequent endothelium dysfunction and 
proliferation of vascular smooth muscle cells (VSMCs) (20). 
Furthermore, hypertension causes an increase in the level of 
acute‑phase proteins that are circulating in the bloodstream, 
which have been demonstrated to activate the inflammation 
process through TLR‑4 signaling (21).

Structurally, resveratrol belongs to a group of polyphenols 
that have been described to have a number of beneficial effects 
on the cardiovascular system and have been proved to be potent 
activators of SIRT1 and adiponectin (23). Additionally, the 
present study hypothesized that it may have a regulatory effect 
on S100A8/A9 in the endothelium. Resveratrol exerts protec-
tive properties against atherosclerosis‑associated endothelial 

dysfunction and senescence by upregulating endothelial NOS 
and SIRT1 (12). Anti‑inflammatory features of the aforemen-
tioned polyphenol are described as the ability to scavenge free 
radicals, as well as inhibit the NF‑κB signaling pathway (24).

Vasoprotective properties of resveratrol are well docu-
mented by in vitro and animal model studies; therefore the 
present study used a rat model to assess the effect of 4‑week 
oral administration of resveratrol on serum concentrations 
of SIRT1, adiponectin and S100A8/A9. Another aim of the 
present study was to determine whether resveratrol contributes 
to decreased vascular reactivity and define the mechanisms 
underlying the resveratrol‑induced relaxation of VSMCs.

Materials and methods

Animals. A total of 17 male Wistar rats (Hodowla Zwierząt 
Laboratoryjnych, Brwinów, Poland) weighing 250‑350  g 
were selected for the study. The rats were maintained in 12‑h 
light and dark cycles at 20‑21˚C and a humidity of 50‑60%. 
Ad libitum access to food and drinking water during the day 
and night was provided. The rats were randomly grouped 
into a treatment (n=9) and control group (n=8). The treat-
ment group was administered resveratrol orally for a period 
of 4 weeks and the control group was administered a placebo 
(water). Blood sampling for biochemical tests was performed 
0, 2 and 4 weeks before the initiation of resveratrol pretreat-
ment via catheter placed in femoral vein. Following 4 weeks 
of resveratrol pretreatment rats were anesthetized with 
120 mg/kg urethane (Honeywell International Inc., Seelze, 
Germany) intraperitoneally, and subsequently sacrificed 
by cervical dislocation. The pharmacometric section of the 
present study was performed on isolated rat‑tail artery, as a 
recognized model of resistance artery (25). The protocol of 
the present study was approved by the Ethics Committee for 
Experiments on Animals (University of Technology and Life 
Sciences, Bydgoszcz, Poland). All experiments were carried 
out in accordance with the U.S. National Institutes of Health 
guidelines.

Drugs and solutions. Resveratrol (Tocris Bioscience, 
Bristol, UK) at a dose of 10  mg/kg was administered 
orally through orogastric catheter. Dose was selected 
based on a previous trial  (26). Reagents used during 
pharmacometr ic tests included: A‑7 hydrochloride 
[N‑(10‑Aminodecyl)‑5‑chloro‑1‑naphthalenesulfonamide 
hydrochloride] and Krebs‑Henseleit solution [NaCl (71.8 mM), 
KCl (4.7 mM), CaCl2 (1.7 mM), NaHCO3 (28.4 mM), MgSO4 
(2.4  mM), KH2PO4 (1.2  mM) and glucose (11.1  mM)]. 
Resveratrol and A‑7 hydrochloride were purchased from Tocris 
Bioscience (Bristol, UK), and Krebs‑Henseleit solution was 
purchased from Sigma‑Aldrich; Merck KGaA (Darmstadt, 
Germany).

Study design and conduction. The trial was divided in two 
sections. The first part consisted of the oral pretreatment of 
rats with 10 mg/kg resveratrol solution daily (treatment group) 
or the same volume of water (control group) for 4 weeks. 
Blood sampling was performed on day 0 and 2 and 4 weeks 
following the initiation of the trial. Blood was collected into 
a sample tube containing clotting activator and subsequently 
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subjected to centrifugation at room temperature for 15 min 
at 160  x  g. The supernatant was stored at ‑86˚C. Serum 
concentrations of S100A8/A9, SIRT1 and adiponectin were 
evaluated using a number of commercially available ELISA 
kits. These were a sirtuin ELISA kit (cat. no. 201‑11‑1498; 
Shanghai Sunred Biological Technology Co., Ltd.; Shanghai, 
China), a calprotectin ELISA kit (cat. no. EIA‑5111; DRG 
International, Inc., Springfield, NJ, USA) and an adiponectin 
ELISA kit (cat. no. E091‑R; Mediagnost GmbH, Reutlingen, 
Germany).

The procedure for the pharmacometric trial was adapted 
from a previous study  (27). Sections of rat tail arteries 
(2.5‑3.0‑cm long), without significant branching, were 
dissected, subjected to the introduction of a cannula through 
the proximal section and placed vertically in a 20‑ml Multi 
Chamber Tissue Bath System (TSZ‑04; Experimetria Ltd., 
Budapest, Hungary). Subsequently, the cannula was connected 
to a perfusion device (Zalimp, Warsaw, Poland) and the artery 
was strained with 500 mg weight. During the initial part of the 
assay, the vessel was stabilized in oxygenated Krebs‑Henseleit 
solution (Merck KGaA) at a temperature 37.0˚C and pH 7.4. 
Perphusate flow was performed using a peristaltic pump 
with flow gradually increased from 0.25‑1.0 ml/min, until 
a perfusion pressure between 2‑4 kPa was achieved. Artery 
contraction was induced by injection of phenylephrine (PHE) 
(Merck KGaA) into the lumen of the vessel. PHE is a full 
α1‑adrenergic receptor agonist, in the control conditions and 
in the presence of A‑7 hydrochloride (Tocris Bioscience). A‑7 
hydrochloride at a dose of 3 µM/l was selected, as it is a potent 
calmodulin antagonist that is characterized by the ability to 
inhibit calmodulin‑activated phosphodiesterase (PDE) activity 
with an IC50 of 3.0 µM (28).

Vascular smooth muscle cells contractility was determined 
as an increase in continuously measured perfusion pressure. 
Perfusion pressure was measured on BPR‑01 and BPR‑02 
transducers (Experimetria Ltd.) connected to a digital recorder 
(Graphtec Midi Logger GL820; Grapthec Corp., Yokohama, 
Japan).

Statistical analysis. Statistical analysis was performed using 
SPSS version 23.0 software (IBM SPSS, Armonk, NY, USA). 
The Shapiro‑Wilk test was used to determine normal distribu-
tion of the investigated variables. To compare the differences 
between two mean values a one‑way analysis of variance 
test was used. Results were presented as mean ± standard 
deviation. P<0.05 was considered to represent a statistically 
significant difference. Concentration‑response curves (CRCs) 
were calculated according to the van Rossum method (29). The 
maximal response of tissue (Emax) was calculated as a percent 
of the maximal response for PHE. Half maximal effective 
concentration (EC50) was estimated using classical pharma-
cologic methods with pD2 as the negative logarithm of the 
EC50, similarly to previous studies (30). The number of CRCs 
and Emax were used in all calculations estimating the statistical 
significance.

Results

Effect of resveratrol administration on serum SIRT1 concen‑
tration. Initial values of SIRT1 in the control and treatment 

groups were 4.26 and 4.45 ng/ml, respectively (P=0.765). After 
2 weeks, a significant increase was observed compared with 
the control group (P=0.026). Values of serum SIRT1 in the 
control and treatment groups following 2 weeks of treatment 
were 4.59 and 6.86 ng/ml, respectively. Following 4 weeks 
there was no increase in the treatment group compared with 
the treatment group at 2  weeks (P=0.547), but there was 
a significant difference between the control and treatment 
groups following 4 weeks of treatment (P=0.011). The levels 
of SIRT1 in the serum of control and treatment groups were 
4.15 and 6.38 ng/ml, respectively, at 4 weeks (Fig. 1).

Effect of resveratrol administration on serum adiponectin 
concentration. The levels of adiponectin in the control and 
treatment groups at time 0 were 1.24 and 1.21 ng/ml, respec-
tively (P=0.827). After 2 weeks, there was no difference in 
adiponectin level in the treatment group compared with the 
treatment group at time 0, or with the corresponding control 
group at 2 weeks (P=0.886). The levels of serum adiponectin 
in the control and treatment groups following 2 weeks of 
treatment were 1.22 and 1.2 ng/ml, respectively. Following 
4 weeks, there was a significant increase in the treatment group 
compared with the treatment group at 2 weeks (P=0.036) and 
a significant difference between the control and treatment 
groups at 4 weeks (P=0.026). The levels of serum adiponectin 
in the control and treatment groups following 4 weeks of treat-
ment were 1.26 and 1.58 ng/ml, respectively (Fig. 2).

Effect of resveratrol administration on serum S100A8/A9 
concentration. The levels of S100A8/A9 in control and treat-
ment groups at time 0 were 0.39 and 0.33 ng/ml, respectively 
(P=0.935). After 2 weeks, there was no significant difference 
between the treatment group at 2 weeks and the treatment 
group at time 0 (P=0.811), or between this and the control 
group at 2 weeks (P=0.827). In the control and treatment 
groups 2 weeks after the initiation of the study, the levels of 
serum adiponectin were 0.37 and 0.35 ng/ml, respectively. 
After 4 weeks, there was no significant difference in the 
treatment group at this time point compared with the treat-
ment group at 2 weeks (P=0.607), or with the control group 

Figure 1. Concentration of SIRT1 in the serum of control and treatment 
groups, at time 0 and following 2 and 4  weeks of treatment. Data are 
presented as mean ± standard deviation. *P=0.026 and **P=0.011 vs. control. 
SIRT1, sirtuin‑1.
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at 4 weeks (P=0.796). The levels of serum adiponectin in the 
control and treatment groups 4 weeks from the initiation of the 
study were 0.34 vs. 0.32 ng/ml, respectively (Fig. 3).

Effect of 4‑week resveratrol administration on VSMC 
contractility in the presence of A‑7 hydrochloride. CRCs 
calculated for arteries with endothelium derived from rats 
following 4 weeks of treatment with resveratrol in the pres-
ence of 3 µM A7‑hydrochloride shifted to the right in both 
the PHE control and PHE/A7‑hydrochloride treatment groups, 
with the maximal response decrease of 25% (P<0.001) and 
38.4% (P<0.001), respectively. The EC50 value in arteries with 
vascular endothelium calculated for PHE in rats following 
4  weeks of resveratrol administration in the presence of 
A7‑hydrochloride was 7.25±(0.24)x10‑7 M/l, whereas control 
values for PHE control and PHE/A7‑hydrochloride were 
3.85(±0.51)x10‑8 M/l and 7.25±(0.24)x10‑7 M/l, respectively. 
In both cases, the increase of the EC50 value was statistically 
significant (P<0.001; Fig. 4; Table I).

Effect of resveratrol on perfusion pressure in the presence and 
absence of A7 hydrochloride. There was a significant reduc-
tion in perfusion pressure in resveratrol‑pretreated rat arteries 
in the presence of A7‑hydrochloride compared with the PHE 
control and PHE/A7‑hydrochloride groups (P=0.032; Fig. 5). 
Perfusion pressures in PHE control, PHE/A7‑hydrochloride 
and resveratrol‑pretreated groups were 88±10, 76±6 and 
55.2±12 mmHg, respectively.

Discussion

During in vitro and animal studies, resveratrol previously 
demonstrated the ability to modulate inflammation in the 
human body by regulating pro‑ and anti‑inflammatory 
cytokines  (31). Long‑term human studies indicate that 
resveratrol improves the inflammatory status, lipid profile 
and quality of life of patients undergoing primary preven-
tion of CVD  (32‑34). Resveratrol inhibits the activation 
of inflammation‑related transcription factors including 
NF‑κB (33). Resveratrol reduces the serum concentrations 
of the inflammatory cytokines chemokine ligand 3, IL‑1β 
and TNF‑α (32). In the current study, resveratrol was demon-
strated to increase serum concentration levels of factors 
associated with atherosclerosis, including SIRT1 and adipo-
nectin, but this polyphenol did not significantly affect the 
S100A8/A9 serum levels (P>0.05). Furthermore, the effect 
on VSMC contractility was assessed and the mechanisms 
underlying the reduction of the aforementioned atheroscle-
rosis‑associated factors were evaluated. The results of the 
present study reveal that resveratrol may act as an inhibitor 
of Ca2+/calmodulin cyclic nucleotide PDE and contribute to 
decrease the contractility of vessels.

Resveratrol administration reduces vascular contractility; 
results of the pharmacological section of this study indicate 
that resveratrol pretreated rat arteries require higher concen-
trations of phenylephrine to induce a contraction. Presence 
of A7‑hydrochloride in experimental vessels inhibits 
Ca2+/calmodulin cyclic nucleotide PDE1 (28), indicating that 
resveratrol mechanisms of action are only partially dependent 
on the aforementioned PDE1 enzyme. The shape of the CRCs 

Figure 3. Serum S100A8/A9 concentration in control and treatment groups 
at time 0 and following 2 and 4 weeks of treatment. Data are presented as 
mean ± standard deviation. P>0.05. S110A8/A9, calprotectin.

Figure 4. Concentration‑response curves in arteries with vascular endothe-
lium obtained for PHE in the resveratrol‑pretreated group in the presence of 
A7‑hydrochloride, PHE control and PHE/A7 hydrochloride control. Data are 
presented as mean ± standard deviation. For values between 20‑80%, P<0.05. 
*P<0.001 vs. control. PHE, phenylephrine; Emax, maximal response.

Figure 2. Serum adiponectin concentration in control and treatment groups, 
at time 0 and following 2 and 4 weeks of treatment. Data are presented as 
mean ± standard deviation. *P=0.026 vs. control.
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we acquired indicates that there is a synergistic interaction 
between resveratrol and PDE1. In the present study, rats that 
were administered 10 mg/kg resveratrol daily for 4 weeks 
had significantly lower vascular reactivity in the presence of 
A7‑hydrochloride (P<0.05), which indicates that resveratrol 
inhibits PDE1.

Resveratrol is described by Park et al (35) to be a potent 
antagonist of cAMP phosphodiesterases (including PDE1‑4) 
that inhibits these enzymes in a concentration‑dependent 
manner. The results of the study demonstrate that resveratrol 
is potentially a direct inhibitor of PDEs (35), appearing to 
be consistent with results of the present study. Specifically, 
conclusions were generated on the basis of the shape of 
the CRCs obtained. The ‘functional reserve’ of resveratrol 
(additional decrease of vessel reactivity in the presence of 
A7‑hydrochloride) suggests that resveratrol may not only 
induce vasorelaxation via the cyclic guanosine monophos-
phate (cGMP)‑dependent pathways. Kline and Karpinski (36) 
described the ability of resveratrol to induce NOS‑3 in direct 
and indirect manners through the 5' adenosine monophos-
phate‑activated protein kinase (AMPK), SIRT1 and nuclear 
factor erythroid 2‑related factor 2 pathways; but it is also 
stated that resveratrol acts directly on VSMCs by blocking 
the L‑type calcium channel and inhibiting intracellular Ca2+ 
release.

Rat model studies indicate that hypertension is associated 
with the increase of PDE1 expression and activation  (37). 
Inhibition of PDE1 is associated with the decrease of contrac-
tile response of the arteries, which is caused by the increase 
of intracellular concentrations of cGMP in VSMCs.  (38). 
Phosphodiesterase 1C (PDE1C) is potentially implicated in 
the pathogenesis of atherosclerosis. This subtype of PDE1 is 
expressed in proliferating smooth muscle cells (39). Inhibition 
of PDE1C by resveratrol may produce additional beneficial 
effects due to inhibition of VSMCs proliferation that appears 
to be one of the crucial elements of atherogenesis (40).

Resveratrol administration increases the serum concentra-
tion of SIRT1; previous animal model studies confirm that 
SIRT1 is a potential target against atherosclerosis and its 
upregulation serves an important role in molecular mecha-
nisms of endothelial activation (12,13). In the present study, 
4‑week oral resveratrol treatment in rat models was observed 
to increase the level of SIRT1 in serum. The results obtained 
in the current study appear to be compatible with previously 
conducted trials assessing SIRT1 expression via immu-
nochemistry methods. Thompson  et al  (41) identified that 
resveratrol pretreatment of human VSMCs at a dose 3‑100 µM 
significantly increases SIRT1 expression. Kao et al (24) also 
observed an increase of SIRT1 mRNA in human umbilical 
vein endothelial cells following pretreatment with different 
doses of resveratrol (10‑100 µM).

The molecular mechanisms of SIRT1 action are linked with 
the prevention of atherosclerosis in a number of experimental 
models. SIRT1 deacetylates RelA/p65 at K310 and suppresses 
its binding to naked DNA in human aortic endothelial cells; 
subsequently this interferes with NF‑κB signal activation, 
thereby preventing the expression of genes responsible for 
synthesis of adhesion molecules, VCAM‑1 and ICAM‑1 (8,42). 
Furthermore, previously described NF‑κB signaling pathway 
suppression by SIRT1 contributes to inhibition of pro‑inflam-
matory cytokine synthesis, including TNF‑α, IL‑1β, IL‑6 and 
MCP‑1 (6). SIRT1 activation may also suppress angiotensin 
II type I receptor expression in VSMCs contributing to the 
mechanism by preventing the increase of blood pressure and 
vessel contraction (43).

Resveratrol, also known as a polyphenolic SIRT1‑activating 
compound, exhibits vasoprotective properties via SIRT1 
dependent pathways  (13). The exact mechanism of SIRT1 
activation by the aforementioned polyphenol remains unclear, 
however it is considered that resveratrol activates SIRT1 
indirectly  (44,45). The induction of AMPK by resveratrol 

Table I. Maximal relative response for phenylephrine in relation to the absence and presence of A7‑hydrochloride in resvera-
trol‑treated and control groups. 

Group	 na	 Emax, %	 P‑value vs. control

Control‑PHE (10 µM)	 12	 100	‑
PHE/A7‑hydrochloride (3 µM)	 18	 75.0±6.1	 P<0.001
Resveratrol pretreated rats + A7‑hydrochloride (3 µM)	 22	 61.6±4.9	 P<0.001 

Data are presented as mean ± standard deviation. P<0.05. aNumber of concentration‑response curves used for calculations. PHE, phenylephrine; 
Emax, maximal response.

Figure 5. Perfusion pressure in arteries of the resveratrol pretreated group in 
the presence of A7‑hydrochloride, PHE control and PHE/A7 hydrochloride 
control. Data are presented as mean ± standard deviation. *P<0.05 vs. control. 
PHE, phenylephrine.
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appears to be a potential mechanism of SIRT1 activation. 
AMPK affects the intracellular AMP‑to‑ATP concentration 
ratio, which indirectly increases the level of nicotinamide 
adenine dinucleotide (NAD+). Increased NAD+ concentrations 
potentially increase SIRT1 activity, as NAD+ is substrate for 
the aforementioned deacetylase (46). The results of the present 
study indicate that 4‑week resveratrol pretreatment signifi-
cantly increases the level of adiponectin in serum (P<0.05). A 
shorter period of therapy (2 weeks) did not cause a significant 
change in serum concentrations of adiponectin (P>0.05). 
Induction of adiponectin expression by resveratrol was also 
described in previous animal studies and Rivera et al (26) 
obtained comparable results. In their study, 8  weeks of 
10 mg/kg resveratrol pretreatment daily caused an increase 
in the adiponectin serum concentration in obese Zucker rats, 
although this increase was not observed in lean heterozygous 
littermates (22). Beaudoin et al (47) demonstrated that 6 weeks 
of high‑dose resveratrol administration (200 mg/kg daily) 
increases the adiponectin concentration and its release from 
adipose tissue in Zucker rats. Gómez‑Zorita et al (48) demon-
strated similar results to Beaudoin et al (47) following 6 weeks 
of 15 mg/kg resveratrol administration daily. By contrast, 
Palsamy and Subramanian (49) did not observe a significant 
increase of plasma adiponectin levels following 30 days of 
low‑dose resveratrol treatment (5 mg/kg) in a healthy popula-
tion of Wistar rats. However, an increase was observed in a 
diabetic population of Wistar rats (49).

The molecular mechanisms of adiponectin involvement 
in the process of atherogenesis are not fully elucidated. 
Adiponectin inhibits atherogenesis by suppressing the nuclear 
translocation of NF‑κB lowering the endothelial synthesis of 
pro‑inflammatory chemokine IL‑8 (7). Additionally, adipo-
nectin attenuates TNF‑α‑induced expression of adhesion 
molecules on vascular endothelial cells, preventing monocyte 
adhesion, the initial step of atherogenesis (16).

Resveratrol is considered to upregulate SIRT1, FoxO1 
and adiponectin transcription via interconnecting gene 
modulation pathways (50). Induction of adiponectin may be 
dependent on a SIRT1‑independent mechanism, potentially 
mediated by downregulation of the phosphoinositide‑depen-
dent kinase 1/protein kinase B signaling pathway that leads 
to FoxO1 activation, or by activation of the AMPK signaling 
pathway. Resveratrol upregulates adiponectin indirectly by 
acting on the level of disulfide bond‑A oxidoreductase‑like 
protein (23).

Resveratrol administration does not affect S100A8/A9 
serum concentrations. Despite the anti‑atherogenic proper-
ties of resveratrol and the involvement of S100A8/A9 in the 
process of atherosclerosis, results acquired in the present 
study indicate that long‑term administration of resveratrol in 
rat models does not influence the S100A8/A9 serum concen-
tration. Furthermore, to the best of our knowledge, similar 
studies assessing the effect of resveratrol administration on 
serum levels of S100A8/A9 have not yet been completed.

S100A8/A9 is present in atherosclerotic plaques and has 
been demonstrated to interact with a number of cell types 
involved in the atherosclerosis  (23). S100A8/A9 acts as a 
ligand of proatherogenic receptors including TLR‑4 and 
receptors for advanced glycation end products (8,9). In human 
microvascular endothelial cells, S100A8/A9 induces a specific 

inflammatory response through an increased transcription of 
pro‑inflammatory IL‑8 and chemokine (C‑X‑C motif) ligand 
1 and the decrease of endothelial permeability (19). S100A8/
A9 promotes the binding of inflammatory cells to the vascular 
endothelium through the upregulation of adhesion molecules 
VCAM‑1 and ICAM‑1 and increase of CD11b‑CD18 binding 
capacity of leukocytes to endothelial ICAM‑1 (51).

Resveratrol inhibits the activation of NF‑κB, inter-
feron regulatory factor 3 and activator protein 1 (AP‑1) 
by suppressing the adaptor protein toll receptor‑dom
ain‑containing‑adaptor‑inducing interferon‑beta and 
TANK‑binding kinase (52). AP‑1 is potentially required for 
transcription of S100A8 and S100A9, containing common 
binding sites for transcription factors, such as AP‑1 and 
CCAAT‑enhancer‑binding proteins  (53). Taken together, 
resveratrol, via inhibition of AP‑1, may have an inhibitory 
effect on the expression of S100A8 and S100A9; however, 
this was not confirmed by the decrease in serum concen-
trations. In conclusion, resveratrol presents the ability 
to interact with modulators of NF‑κB and TLR‑4 that are 
involved in the atherogenesis (53). The results of the current 
trial suggest that long‑term resveratrol administration may 
improve the atherosclerosis. Nonetheless, pre‑clinical trials 
need to be followed by long‑term human studies to confirm 
the anti‑atherogenic properties of resveratrol.
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