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Resveratrol Prevented Lipopolysaccharide-Induced Endothelial
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Background: The cardiovascular benefits of Resveratrol
(RVT) have been well established by previous experimental and clinical studies.
Aims: The goal of this study was to test the effectiveness
of RVT administration on the impaired endothelial function induced by lipopolysaccharide (LPS), and to elucidate the role of endothelial nitric oxide synthase (eNOS)/
Sirtuin 1 (SIRT1) pathway.
Study Design: Animal experiment.
Methods: Endotoxemia was induced by intraperitoneal
injection of 10 mg/kg LPS, and the thoracic aorta was
isolated six hours later. RVT was injected intraperitoneally 15 minutes before LPS administration. Six hours
after LPS injection, potassium chloride (KCl), phenylephrine (Phe), acetylcholine (ACh), and sodium nitroprusside (SNP) were used to examine to vascular reactivity and endothelial function. eNOS, phospho-eNOS
(p-eNOS) (Ser 1177), and SIRT1 expressions in thoracic aorta were evaluated by Western blot.

Impairment of endothelial function, known as endothelial
dysfunction (ED), has been associated with the pathophysiology of sepsis (1), which is one of the most frequent causes of
mortality among hospitalized patients. ED is a systemic pathological condition, as defined by a lack of functionally appropriate response of the endothelium in response to a variety of
vasodilatory stimuli including shear stress and acetylcholine
(2), and has been suggested to be a useful predictor of death
from sepsis. Because of the prognostic significance of ED on
patient survey, novel therapies are required to prevent the development of ED in sepsis (3).

Results: LPS administration significantly inhibited the
relaxation response induced by ACh, while the relaxation to SNP was not significantly altered. Phe- and KClinduced contractile responses in the thoracic aorta significantly decreased in LPS-injected group. eNOS and
p-eNOS expression decreased significantly in arteries
obtained from LPS group rats. The impaired vasoreactivity as well as decreased expressions of eNOS, p-eNOS,
and SIRT1 in vessels from LPS-injected rats were improved by RVT treatment.
Conclusion: The endothelium-dependent vasodilatation of the thoracic aorta was significantly inhibited by
LPS administration, and RVT treatment may improve
vascular endothelial function. The protective effect of
RVT might be associated with increased eNOS expression and activity.
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The promising cardiovascular benefits of the dietary polyphenol Resveratrol (RVT) have been reported by experimental
and clinical studies (4). At present, it is known that SIRT1
likely contributes to the regulation of endothelial homeostasis by regulating endothelial nitric oxide synthase (eNOS) (5).
An increasing number of studies have reported that RVT, a
polyphenolic activator of SIRT1, increases endothelial NO
production in endothelial cells by SIRT1-dependent eNOS
upregulation. Exposure of cultured endothelial cells for 24-72
h to RVT increases NO bioavailability via the up-regulation of
eNOS mRNA and protein expression (6). Moreover, the treat-
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ment of human umbilical vein endothelial cells (HUVECs)
with RVT for 5 days has been shown to increase the eNOS
protein content and NO production (7).
In experimental models, the administration of bacterial lipopolysaccharide (LPS) to animals mimics many of the features of sepsis. RVT may prove to be a therapeutically viable
treatment in managing sepsis; however, it is unclear whether
acute RVT administration has a potent protective effect on
LPS-induced ED.

MATERIALS AND METHODS
All animal experiments were carried out with the approval
of the Animal Experiments Local Ethics Committee. Twelve
week-old male Wistar rats (250–300 g) were used in the study.
Animals were intraperitoneally injected with either sterile saline of 1 mL/kg (Control group) or 1 mL/kg 50% ethanol (Vehicle group). The RVT group was intraperitoneally injected
with a 20 mg/kg dose of RVT. The LPS group received a single dose of LPS (10 mg/kg) intraperitoneally. The LPS+RVT
group was pretreated with RVT 15 min before LPS administration. Previous studies have indicated that blood pressure
(8), cardiac function (9,10), and vascular reactivity to vasoconstrictors (11) are most significantly changed at this time
point.
Isolated organ bath studies
Six hours after LPS injection, the thoracic aorta from male
Wistar rats was rapidly isolated, cut into rings of approximately 3 mm in length, and mounted in an oxygenated (95% O2/5%
CO2) organ bath with Krebs solution (pH 7.4) consisting of
(millimoles): NaCl 118, KCl 5, NaHCO3 25, KH2PO4 1.0,
MgSO4 1.2, CaCl2 2.5, and glucose 11.2. Each ring was connected to a force displacement transducer (FDT10-A, Commat
Ltd.; Ankara, Turkey) by using data acquisition unit (MP35,
Commat Ltd.; Ankara, Turkey). Resting tension of each vessel ring was set at 2 g for 60 min. Twelve thoracic aorta rings
were used for each group. After the equilibration period, contractile responses were evaluated by potassium chloride (KCl,
20-80 mM) in thoracic aorta rings. Arterial rings were also
contracted with phenylephrine (Phe, 10 nmol/L-10 μmol/L).
In addition, endothelium-intact tissues were initially contracted with Phe (1 μmol/L) and when the Phe-induced contraction
reached a plateau, acetylcholine (ACh, 1 nmol/L-100 μmol/L)
and sodium nitroprusside (SNP, 0.1 nmol/L-5 μmol/L) were
added cumulatively to the organ bath. This concentration of
Phe was chosen to achieve 80% of the maximum contraction.

SDS polyacrylamide gel electrophoresis and Western
blotting
After the homogenization of thoracic aorta tissues, the supernatants were collected, and the protein concentrations were
determined using a Standard BCA assay. Then, 100 µg of each
protein sample was loaded into each lane. Samples were subjected to SDS polyacrylamide gel electrophoresis under standard conditions and then transferred onto a PVDF membrane
overnight. To evaluate the expression of eNOS, p-eNOS, and
SIRT1, the membranes were blocked for 1 h with 5% non-fat
dry milk and were then incubated for 1 h at room temperature with the anti-rabbit eNOS (sc-654, Santa Cruz Biotechnology; CA, USA), anti-goat p-eNOS (Ser 1177) (sc-12972,
Santa Cruz Biotechnology; CA, USA), and anti-rabbit SIRT1
(sc-15404, Santa Cruz Biotechnology; CA, USA). β-actin was
used as an internal standard. The band intensities were evaluated using ImageJ (NIH; Bethsada, MD, USA), which was
used to calculate the density of bands.
Chemicals
All chemicals were purchased from Sigma Chemical (St.
Louis; MO, USA), and were dissolved in distilled water, except for RVT (50% v/v ethanol).
Statistical Analyses
All data were expressed as the mean±SEM. All values
were analyzed with GraphPad Prism 4.0 statistical software
(GraphPad; CA, USA) using one-way analysis of variance
(ANOVA). Post-hoc comparisons were made using Bonferroni post-test. A p value lower than 0.05 was considered significant.

RESULTS
Effect of acute RVT treatment on vasoreactivity of
thoracic artery in LPS-injected rats
Figure 1 and Figure 2 demonstrate that contractile responses
to KCl and Phe were significantly decreased in arteries that
were obtained from LPS-injected animals. In these rats, both
contractions were significantly restored by the administration
of RVT 15 min before LPS injection. On the other hand, contractile responses to KCl and Phe were not significantly affected in vessels obtained from the vehicle or RVT group.
Lipopolysaccharide administration caused a significant
inhibition on ACh-induced relaxation response (Figure 3,
p<0.05). Emax value of ACh-induced relaxation of aortas decreased from 100.0±0.0% to 67.20±3.52% following LPS
administration. Similarly, the pD2 value for ACh-induced reBalkan Med J, Vol. 33, No. 2, 2016
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FIG. 1. KCl-induced contraction of rat thoracic aorta in all groups. All values
are expressed as mean±SEM. n=12 for all groups.

FIG. 3. Endothelium-dependent relaxation responses of thoracic aorta to ACh
in all groups. All values are expressed as mean±SEM. * p<0.05 as compared
with controls; ** p<0.05 as compared with LPS group. n=12 for all groups.
(LPS: lipopolysaccharide; RVT: Resveratrol; Phe: phenylephrine; ACh: acetylcholine)

(LPS: lipopolysaccharide; RVT: Resveratrol; KCI: potassium chloride)

FIG. 4. Endothelium-independent relaxation responses of thoracic aorta to
SNP in all groups. All values are expressed as mean±SEM. n=12 for all groups.

(LPS: lipopolysaccharide; RVT: Resveratrol; Phe: phenylephrine; SNP: sodium nitroprusside)

FIG. 2. Phe-induced contraction of rat thoracic aorta in all groups. All values
are expressed as mean±SEM. n=12 for all groups. * p<0.05 as compared
with controls; ** p<0.05 as compared with LPS group.
(LPS: lipopolysaccharide; RVT: Resveratrol; Phe: phenylephrine)

TABLE 1. pD2 (-log EC50) and Emax values for ACh-induced relaxations of
thoracic aorta obtained from control, vehicle, LPS, RVT, and LPS+RVT group rats
pD2

Emax

Control

7.91±0.07

100.00±0.00

Vehicle

7.84±0.08

100.00±0.00

RVT

7.90±0.12

100.00±0.00

LPS

6.70±0.10*

67.20±3.52*

LPS+RVT

6.98±0.10**

96.90±2.20**

All values are expressed as mean±SEM. n=12 for all groups.
RVT: resveratrol; LPS: lipopolysaccharide; Emax: maximal response; ACh: acetylcholine chloride
* p<0.05 compared with control, p<0.05 compared with LPS.
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laxations was significantly altered after LPS administration
(Table 1, p<0.05). On the other hand, LPS administration did
not cause any significant change in SNP-induced relaxations
(Figure 4, p<0.05). In LPS-injected rats, the administration of
RVT 15 min before LPS injection significantly protected the
endothelium-dependent relaxation (Figure 3, Table 1, p<0.05).
In control rats, however, ACh-induced relaxation response
was not significantly changed by acute RVT administration in
vivo (Figure 3, Table 1, p<0.05).
Effect of acute RVT treatment on eNOS, p-eNOS, and
SIRT1 expression in thoracic aorta rings
In order to evaluate the expression of eNOS, p-eNOS and
SIRT1, western blot assays were performed in the aorta; the
results are presented in Figure 5. In the control rings, strong
eNOS, p-eNOS and SIRT1 expressions were observed. However, a significant reduction in both eNOS and p-eNOS expression was detected in thoracic aorta rings obtained from
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LPS-injected rats (Figure 5, p<0.05). LPS-related changes in
the expression of these proteins were significantly improved
by acute RVT treatment. On the other hand, the SIRT1 expression level of aortas obtained from LPS-injected rats was not
significantly changed by acute RVT administration.

DISCUSSION

FIG. 5. a-c. Evaluation of eNOS (a), p-eNOS (b) and SIRT1 (c) expressions in
thoracic aorta rings by Western blot analysis in all groups. The graphs show
image analysis results after Western blot analysis.
*p<0.05 as compared with controls; **p<0.05 as compared with LPS group. n=6 for all groups.
(C: control; V: vehicle; LPS: lipopolysaccharide; RVT: Resveratrol; p-ENOS:
phosphoendothelial nitric oxide synthase; SIRT1: Sirtuin 1)

The goal of this study was to assess the protective effectiveness of RVT administration on endothelial function in LPSinjected rats, and to elucidate eNOS/SIRT1 signaling pathway
as a possible mechanism of its protective effect. This study
was the first to show that RVT treatment improves endothelium-dependent relaxation of the thoracic aorta in LPS-injected
rats primarily via an eNOS-dependent mechanism.
Vascular endothelial cells produce biologically active molecules which regulate blood pressure control. During sepsis, a
significant decrease in endothelium-dependent relaxation has
been demonstrated in blood vessels from endotoxemic animals
(12,13), which is characterized by impaired production of NO
by eNOS (14-16). Furthermore, it has been reported that sepsis
leads to decreased eNOS phosphorylation in rabbit mesenteric
arteries (17). This indicates that the production of NO by eNOS
is relatively lower in sepsis. In accordance with these findings,
our study clearly demonstrated that LPS administration significantly inhibited endothelial relaxation of the rat thoracic aorta,
while the endothelium-independent relaxation response was not
affected. Hence, our results indicate that induction of sepsis by
LPS causes a detrimental effect, mainly in the endothelium.
The diminished endothelium-dependent relaxation response
in LPS-administered rats may be related to the changes in
eNOS expression and/or activity. The activity of eNOS is associated with the phosphorylation of serine 1177 (18,19). The
results of the present study indicated that LPS injection caused
a significant reduction in eNOS expression and eNOS phosphorylation of the thoracic aorta endothelium. This indicates
that a significant reduction in vascular eNOS expression and/
or activity in LPS administered rats may account for the impaired endothelium-dependent relaxation.
Sirtuins may have an important role in the regulation of
endothelial homeostasis by regulating eNOS. SIRT1 tends to
decline with age, while SIRT1 activators exert significant antiaging impact in the cardiovascular system (20). RVT is the first
dietary polyphenol, which has been found to increase SIRT1
activation (21-23). SIRT1 promotes endothelium-dependent
relaxation by targeting eNOS deacetylation, thereby enhancing NO production (5). Based on the above explanation, RVT
may have a therapeutic potential in managing sepsis, however,
there is no study investigating its effect on decreased vasoBalkan Med J, Vol. 33, No. 2, 2016
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reactivity in the course of sepsis. Our results indicated that
acute administration of RVT to LPS-injected rats efficiently
increased endothelium-dependent relaxation induced by ACh.
In contrast, RVT did not cause any significant change in the
SNP-induced relaxations. In the light of these findings, protective effect of RVT on thoracic aorta relaxation is related with
increased NO production of endothelial cells, but not likely
due to a RVT-mediated increase in cGMP levels. Also, our
results have demonstrated that the administration of RVT improved the eNOS and p-eNOS protein expression levels of the
thoracic aorta in LPS-injected rats. The phosphorylation itself
was potentiated by RVT, as the ratio of p-eNOS to total eNOS
was increased in RVT plus LPS treated rats, when compared
with LPS group. Potentiation of eNOS and p-eNOS expression with RVT treatment also paralleled with the improvement
of endothelial function. Taken together, this indicates that LPS
may cause ED by decreasing the eNOS expression and/or activation, and RVT prevents LPS-induced ED through increasing NO-mediated endothelium-dependent relaxation. The results of Xia et al. have shown that the SIRT1/FOXO axis is
an important modulator of enhanced eNOS gene expression
and activity induced by RVT (24). Although RVT administration also resulted in an increase in SIRT1 expression, the
difference between the LPS and LPS plus RVT groups was
not significant.
In conclusion, the present study demonstrates that RVT
might prevent the development of ED in the course of sepsis
through an eNOS-dependent mechanism. In the future, RVT
might be a meaningful treatment for patients with sepsis in
whom the NO pathway is impaired.
Ethics Committee Approval: Ethics committee approval was received for this study from the Local Ethics Committee.
Informed Consent: N/A.
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