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Resveratrol enhances vascular reactivity in
mice following lipopolysaccharide challenge
via the RhoA-ROCK-MLCP pathway
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Abstract. The aim of the present study was to identify whether
sepsis-induced vascular hyporeactivity is associated with
microcirculation disturbance and multiple organ injuries. The
current study assessed the impact of resveratrol (Res) treatment
on lipopolysaccharide (LPS) challenge mediated vascular
hyporeactivity. Effects of Res treatment (30 mg/kg; i.m.)at 1 h
following LPS stimulation (5 mg/kg; i.v.) on the survival time,
mean arterial pressure (MAP), and maximal difference of
MAP (AMAP) to norepinephrine (NE; 4.2 ug/kg) in mice were
observed. The reactivity to gradient NE of isolated mesenteric
arterioles and the association with the RhoA-RhoA kinase
(ROCK)-myosin light chain phosphatase (MLCP) pathway
were investigated by myography, and the signaling molecule
protein levels were assessed using ELISA. Res treatment
prolonged the survival time of mice subjected to LPS chal-
lenge, but did not prevent the LPS-induced hypotension and
increase in AMAP. Res treatment and RhoA agonist U-46619
incubation prevented LPS-induced vascular hyporeactivity
ex vivo, which were suppressed by incubation with ROCK
inhibitor Y-27632. LPS-induced vascular hyporeactivity was
not affected by the MLCP inhibitor okadaic acid incubation,
but was further downregulated by the co-incubation of OA plus
Y-27632. The inhibiting effect of Y-27632 on Res treatment
was eradicated by incubation with U-46619. Furthermore,
RhoA inhibitor C3 transferase did not significantly inhibit the
enhancing role of Res treatment, which was further increased
by U-46619 plus C3 transferase co-incubation. In addition, Res
treatment eradicated the LPS-induced decreases in p-RhoA
and p-Myptl levels and increases in MLCP levels. The results
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of the present study indicate that post-treatment of Res signifi-
cantly ameliorates LPS-induced vascular hyporeactivity, which
is associated with the activation of the RhoA-ROCK-MLCP
pathway.

Introduction

A variety of serious infection factors induce endotoxic
and septic shock, which are common clinical pathological
processes (1,2). A previous study has demonstrated that
intravenous injection of lipopolysaccharide (LPS) attenuated
both norepinephrine (NE)-induced vascular contraction and
acetylcholine-induced vasodilation in the aortas of rats (3).
Liang et al (4) also indicated that LPS treatment decreased
the vascular reactivity of superior mesenteric arteries to a
alAR agonist (phenylephrine) after 2 h in rabbits. These results
demonstrated that endotoxic shock induced hypovascular
reactivity during the late stage, which is an important factor
of microcirculation disturbance and tissue hypoperfusion, and
further leads to multiple organ injuries and dysfunction (1,2).
A number of studies have indicated that resveratrol (Res) has
a variety of biological activities (5,6). Previous studies have
also revealed that Res alleviated the endotoxic shock-induced
structural damage and dysfunction of vital organs, including
the lung, kidney and liver (7-9). Mechanisms of Res have
been demonstrated to be associated with reducing oxidative
stress and inflammation and improving microcirculation
perfusion status (8-13). However, whether or not Res enhances
vascular reactivity following endotoxic shock remains unclear.
Tseng et al (14) indicated that LPS-induced hyporeactivity of
isolated mesenteric arteries is associated with the decreased
phosphorylation of Rho kinase (ROCK) and suppression of
Ras homolog gene family, member A (RhoA) activities in
smooth muscle of arteries. However, an increase of RhoA
activity may compensate for vascular reactivity in early endo-
toxaemia induced by LPS injection, and suppression of RhoA
activity may eventually lead to vascular hyporeactivity in late
endotoxaemia (15). In conclusion, the RhoA has an impor-
tant role in LPS-induced vascular hyporeactivity. Therefore,
the present study hypothesized that Res treatment alleviates
LPS-induced vascular hyporeactivity via the activation of
the RhoA-ROCK-myosin light chain phosphatase (MLCP)
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pathway. To assess this hypothesis, the current study observed
the role and mechanism of Res on vascular reactivity subjected
to LPS challenge using a microvascular tension measurement
technique. The current study may provide novel experimental
evidence for the treatment of vascular hyporeactivity induced
by endotoxic shock.

Materials and methods

Animals. A total of 72 healthy, male and specific pathogen-free
BALB/c mice (weight, 23-27 g; age, 3 months) were purchased
from the National Institutes for Food and Drug Control
[Beijing, China; SCXK (jing) 2009-0017], and housed in
clear plastic cages at a temperature of 23+1°C and humidity
of 40-50%, with a 12-h light/dark cycle and access to water
and food as indicated. Mice were randomly divided into four
groups, as follows: Sham, Sham + Res, LPS and LPS + Res
(n=18 per group). A total of 6 mice in each group were used
for the observation of survival time, 6 mice in each group were
used for the investigation of pressor response to NE in vivo and
the remaining 6 mice in each group were used for the investiga-
tion of vascular reactivity ex vivo. Prior to the experiment, the
mice were fasted for 12 h and were allowed ad libitum access
to water. All experimental procedures involving animals were
reviewed and approved by the Institutional Animal Care and
Use Committee of Hebei North University (Zhangjiakou,
China) and conformed to the National Institutes of Health
guidelines. All efforts were made to minimize the suffering of
the animals during the experiment.

Model preparation and survival assessment. Mice were
anesthetized with 1% pentobarbital sodium (70 mg/kg;
Merck KGaA, Darmstadt, Germany; H8060) in a volume
of 0.16-0.19 ml. Under the guidance of a stereomicroscope
(8Z61; Olympus Corporation, Shanghai, China), surgery
on the neck was performed in order to separate the right
jugular vein from the surrounding tissues. Following a
30-min stabilization period, LPS administration (0.5%,
5 mg/kg Escherichia coli; O111:B4; Sigma-Aldrich; Merck
KGaA) was performed via the right jugular vein in the LPS
and LPS + Res groups. The same amount of saline (NaCl),
instead of LPS, was administered in the sham and sham + Res
groups. Subsequently, jugular vein ligation, wound suture
and disinfection with iodine were performed in sequence.
After 1 h of LPS or saline administration, an intramuscular
injection of Res (30 mg/kg, Sigma-Aldrich; Merck KGaA)
was administered to mice in the LPS + Res and sham + Res
groups. The dosage of Res used in the present study was
in accordance with previous studies (16,17). The vehicle,
dimethyl sulfoxide, was administered instead of Res to the
mice in the sham and LPS groups. Subsequently, the survival
assessment was performed. Because the mice in the LPS and
LPS + Res groups were all sacrificed within 24 h, therefore, in
this current study, survival time and survival rate of 24 h were
recorded in each group (n=6) and the observed end-point was
24 h. Surviving mice in the sham and sham + Res groups were
anesthetized at 24 h with 1% pentobarbital sodium (70 mg/kg)
via intraperitoneal injection and sacrificed using cervical
dislocation. The full duration of this experiment was 24 h,
while subsequent experiments were completed.
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Pressor response to NE in vivo. In addition to the afore-
mentioned treatment, following anesthetization and
administration of intravenous heparin (500 U/kg, 1 ml/kg;
RongSheng Pharmaceutical Co., Ltd., Jiaozuo, China), the
mice were subjected to femoral surgery in order to separate
the right femoral artery from the surrounding tissues. A
minimally heparinized microcatheter was subsequently intro-
duced into the right femoral artery to monitor mean arterial
pressure (MAP) during the experiment, using the PowerLab
biological signal collection and processing system (ML818;
ADInstruments Australia, Bella Vista, NSW, Australia). At 6 h
after LPS or saline administration, NE (4.2 ug/kg) was injected
into the jugular vein. Changes in MAP at pre- and post-admin-
istration of NE were recorded and the maximal difference of
MAP (AMAP) was presented as an index of vascular reactivity
in vivo (18,19) (n=6 per group). Subsequently, the mice were
sacrificed by cervical dislocation. The present experiment
continued 7 h from anesthetization to sacrifice of mice, and
there was no animal sacrificed during the experiment.

Vascular reactivity ex vivo. A total of 24 mice received treat-
ment (n=6 from each group) at the same observed end-point as
described. At 6 h after LPS or corresponding sham administra-
tion, under anesthesia as described above, a laparotomy was
performed prior to cervical dislocation and a loop of intestine
with mesenteric tissues was removed and placed into chilled
physiological saline solution (PSS; in mmol/I: 118.99 NacCl,
4.69 KCl, 1.17 MgS0O,, 25.0 NaHCO;, 1.20 KH,PO,,2.50 CaCl,,
0.03 EDTA'Na, and 5.5 glucose at pH 7.3-7.4), which was
continuously bubbled with 95% O,/5% CO,. Suitable mesen-
tery arteries were identified and excised under the operating
microscope. Four segments of 2 mm in length were prepared
and transferred to an isolated vessel chamber of wire myograph
system (620M; Danish Myo Technology A/S, Aarhus N,
Denmark) filled with chilled PSS. Each vascular ring was
cannulated onto two 2.5-cm lengths of stainless steel wire
(diameter, 40 ym) in the raw; namely, no traction and tension.
Chambers were mounted onto a wire myograph. Following a
5-min stabilization period, the passive tension (preload) calcu-
lated with the standardized program was initially set using the
myograph system. Normalization was performed by stretching
the segment stepwise and measuring the micrometer and force
readings. These data are converted into values of internal
circumference (#m) and wall tension T (mN/mm), respectively.
Subsequently, the bath temperature was slowly increased to
37°C within 20 min and the vessel was equilibrated for 30 min
in PSS, which was continuously bubbled with 95% O,/5% CO,,
with the solution being changed and the transducer re-zeroed
at the end of the equilibration period. When the temperature
reached 37°C, the vessel underwent normalization and activa-
tion. The vessel was activated with NE (1x10 mol/l) and a
high potassium solution (2.70 NaCl, 120.0 KCl, 0.45 MgSO,,
25.0 NaHCO;, 1.20 KH,PO,,2.50 CaCl, and 5.5 glucose mmol/l
at pH 7.3-7.4). Following 3 to 5 washes with PSS solution for
10 min, NE was administered to all samples at final concentra-
tions of 1x107, 3x107, 1x10°%, 3x107%, 1x10~ and 3x10- mol/l
using a concentration accumulation method with an interval of
80 sec, respectively, as in previous studies (18,19). The difference
of tension and baseline induced by NE was recorded using the
PowerLab system as the vascular tension response. Following



310

the experiment, the dose-response line was constructed
using SigmaPlot software, version 11.0 (Systat Software, Inc.,
San Jose, CA, USA). Effective concentration at 50% (ECs,) and
negative log of molar concentration (pD,) were used to identify
the -log 50% effective concentration of the dose-response line
using the curve-fitting method. Dose-response line, maximum
tension (Emax), and pD, were presented as indices of vascular
tension reactivity. The full duration of micro-vascular reactivity
observation was 3 h.

When the contractile response to NE was measured in PSS,
the vessels were incubated with tool reagents of RhoA, ROCK
and MLCP in an isolated vessel chamber with PSS bubbled
with 95% 0,/5% CO, for 10 min, and then the contractile
response to NE was measured again to determine the role
of these signal molecules in vascular reactivity. Briefly, two
segments of microvascular vessels from the sham group were
treated with RhoA agonist U-46619 (Alexis, Inc., Lausen,
Switzerland; final concentration, 5x107 mol/l) or MLCP
inhibitor okadaic acid (OA; Enzo, Inc., New York, NY, USA;
final concentration, 1x10° mol/l) for 10 min to measure the
contractile response to NE. Following 3 to 5 washes with PSS,
the two segment vessels were treated with RhoA inhibitor C3
transferase (Cytoskeleton, Inc., Denver, CO, USA; final concen-
tration, 60 pg/1) or ROCK inhibitor Y-27632 (Alexis, Inc.; final
concentration, 6x10°° mol/l) for 10 min for the measurement
of the response to NE. Vessels from the sham + Res group
were treated with the same procedure as the sham group. Only
one segment of microvascular vessel from the LPS group was
treated with OA and measured for a response to NE, after 3 to
5 washes with PSS. The segment was then treated with OA and
Y-27632 together and the response to NE was measured. The
other segment of microvascular vessel from the LPS group
was treated with U-46619 and U-46619 plus Y-27632 for the
measurement of the response to NE. Similarly, the vascular
reactivity to NE of the LPS + Res group was measured
following treatment with Y-27632, Y-27632 plus U-46619, C3
transferase and C3 transferase plus U-46619 for the measure-
ment of the response to NE.

Measurement of p-RhoA, p-Myptl and MLCP. At 6 h after
LPS or corresponding treatment, the mesenteric arteries were
separated under an operating microscope, and stored at -75
to -80°C. Subsequently, the vascular tissue was pulverized
using a MagNA Lyser automatic tissue homogenizer (Roche
Diagnostics International AG, Rotkreuz, Switzerland)
with 50 ul cell lysis buffer (Beyotime Biotechnology
Research Institute, Shanghai, China), and was centrifuged
at 850 x g at 0-4°C for 10 min using the 3-30K high-speed
refrigerated Laborzentrifugen (Sigma Laborzentrifugen
GmbH, Osterode am Harz, Germany). Phosphorylated (p-)
RhoA, p-myosin phosphatase target subunit 1 (Myptl) and
MLCP levels were examined using the mouse-specific
ELISA kits (Jiangsu Hope, Inc., Zhenjiang, China; for
p-RhoA, HBT-0587M; p-Myptl, HBT-0684M; and MLCP,
HBT-0622M) in accordance with the manufacturer's protocol.
Antibodies for p-RhoA (ab41435; 1:2,000), p-Myptl (ab59203;
1:4,000), and MLCP (ab59235; 1:4,000) were purchased
from Abcam (Cambridge, MA), and used for the ELISA
analysis. Protein concentration of the vascular homogenate
was measured using a bicinchoninic acid protein assay kit
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Figure 1. Res treatment prolonged the survival time of mice subjected to LPS
challenge through intravenous injection. Res, resveratrol; LPS, lipopolysac-
charide.

(Applygen Technologies Inc., Beijing, China), according to the
manufacturer's instructions, for the normalization of protein
levels.

Statistical analysis. Data in this study were expressed as
mean + or + standard deviation or mean + standard error as
indicated. For the comparison of more than two conditions, a
one-way analysis of variance (ANOVA) with Turkey's post hoc
test or repeated-measures ANOVA with Bonferroni post hoc
test were used. For survival time, Kaplan-Meier analysis was
used, followed by a Log-rank test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Effect of Res treatment on the survival time of mice subjected
to LPS challenge. Observation of survival time was initiated
at the point of intravenous injection of NaCl/LPS. Mice in
the sham and sham + Res groups survived for 24 h and the
24 h survival rate was 100% for these groups. Survival time
of mice in the LPS + Res group was 20.45+2.81 h, which was
significantly longer than the LPS group (13.89+2.37 h; P<0.05).
However, the 24-h survival rate for the LPS and LPS + Res
groups was 0%. The survival curve of the LPS and LPS + Res
groups is presented in Fig. 1.

Effect of Res treatment on MPA and AMAP levels of mice
subjected to LPS challenge. In the LPS and LPS + Res groups,
MAP was significantly decreased and AMAP was signifi-
cantly increased when compared with that of the sham and
sham + Res groups, 6 h after intravenous injection of NaCl/LPS
(P<0.05; Fig. 2). There were no significant differences in the
MAP and AMAP levels between the sham and sham + Res
groups or the LPS and LPS + Res groups (P>0.05; Fig. 2).
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Figure 2. (A) Changes in MAP and (B) difference of MAP following the administration of norepinephrine, 6 h after the LPS intravenous challenge in mice. ‘P<0.05
vs. sham and sham + Res groups. Data are presented as mean + standard deviation, n=6. MAP, mean artery pressure; LPS, lipopolysaccharide; Res, resveratrol.
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Figure 3. Res treatment enhanced the micro-vascular reactivity to NE in mice following LPS intravenous injection. (A) Images of the original recording for
(A-a) sham, (A-b) sham + Res, (A-c) LPS and (A-d) LPS + Res groups. (B) Results demonstrating the concentration-response curves of arteriole rings following
treatment with NE to assess the tension. ‘P<0.05 vs. sham group; “P<0.05 vs. sham + Res group; *P<0.05 vs. LPS group. Data are presented as mean + standard

error, n=6. Res, resveratrol; NE, norepinephrine; LPS, lipopolysaccharide.

Effect of Res treatment on the vascular reactivity of mice
subjected to LPS challenge. Fig. 3 and Table I indicate that
there were no significant differences in the response of mouse
arteriole rings to NE in the sham and sham + Res groups

(P>0.05), with the exception of the 1x10°® mol/l concentration
between the sham and sham + Res groups. The response of
mouse arteriole rings to NE in the LPS group was signifi-
cantly decreased when compared with that of the sham group
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Table I. Effects of Res on the Emax and pD, of micro-vessels to
norepinephrine in mice following LPS intravenous injection.

Group Emax, mN pD,
Sham 10.03+1.16 4.20+0.28
Sham + Res 9.12+1.41 3.95+0.14*
LPS 4.89+1.10*° 4.05+0.19
LPS + Res 8.30+0.59*¢ 4.04+0.08

“P<0.05 vs. sham group; "P<0.05 vs. sham + Res group; ‘P<0.05
vs. LPS group. Data are presented as mean + standard error (n=6).
Res, resveratrol; Emax, maximum tension; pD,, negative log of molar
concentration; LPS, lipopolysaccharide.

for 3x107, 1x1073, 3x10°, 1x10°°, 3x107 and 1x107 mol/I, and
the sham + Res group for 3x107, 1x107, 3x10°° and 10 mol/I
(P<0.05). Emax of the LPS group was significantly decreased
compared with that of the sham and sham + Res groups
(P<0.05). Concentration-response curves of arteriole rings
to NE in the LPS + Res group were shifted markedly to the
left, the tension reactivity induced by NE at 3x107, 1x10”
and 3x10°° mol/l and the Emax were significantly enhanced
compared with that of the LPS group (P<0.05).

Role of the RhoA-ROCK-MLCP signal pathway in Res
treatment improved the vascular reactivity in vitro of mice
subjected to LPS challenge. Results from different tool
agents on the arteriole rings reactivity to NE in the sham
mice indicated that the RhoA agonist U-46619 increased the
response of arteriole rings (at 3x107 and 1x107 mol/l of NE),
but exhibited no significant difference in Emax, and that both
the RhoA inhibitor C3 transferase (at 3x10”° and 1x10” mol/l
of NE) and ROCK inhibitor Y-27632 (at 3x107°, 1x10°, 3x10°,
1x10°® and 3x107 mol/l of NE) significantly decreased the
response (P<0.05; Fig. 4A; Table II). Emax and Y-26732 also
significantly decreased the response of PD, of arteriole rings
(P<0.05; Fig. 4A; Table II). However, the MLCP inhibitor
OA had no significant effect (P>0.05). Similarly, U-46619
treatment increased the response (at 3x107 and 1x107 mol/l
of NE) and Y-27632 incubation significantly decreased the
response (at 3x107, 1x107%, 3x10°, 1x10° and 3x107 mol/l of
NE) of Emax and the PD, of arteriole rings compared with the
sham+Res group (P<0.05; Fig. 4B; Table II).

As presented in Fig. 4C and Table I, RhoA agonist U-46619
increased the response of arteriole rings harvested from the
LPS challenged mice (at 1x107, 3x10°%, 1x10°°, 3x107, and
1x107 mol/l of NE; P<0.05), which was significantly reduced
following ROCK inhibitor Y-27632 co-incubation (at 3x107,
1x107, 3x10°, 1x10°¢, 3x107 and 1x107 mol/l of NE; P<0.05),
along with decreased Emax. The MLCP inhibitor, OA, had
no significant effect on arteriole rings from LPS-challenged
mice. However, the combination of OA and Y-27632 signifi-
cantly decreased the response to NE (at 3x107, 1x1075, 3x10°,
1x10° and 3x107 mol/l), Emax and PD, of the arteriole rings
harvested from LPS challenged mice and, following treatment
with OA (P<0.05; Fig. 4C).

As indicated in Fig. 4D and Table II, ROCK inhibitor
Y-27632 significantly decreased the response to NE (3x107,
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Table II. Effects of agonists or inhibitors of RhoA-RhoA
kinase-myosin light chain phosphatase pathway on the Emax
and pD, of micro-vessels to norepinephrine.

Group Emax, mN pD,
Sham 9.73x1.14  4.16x0.32
Sham + U-46619 9.55+0.78 3.96+x0.41
Sham + C3 7.78+0.86° 4.15+0.27
Sham 10.21+1.28  4.25+0.30
Sham + OA 9.50+1.27 4.22+0.12
Sham + Y-26732 6.73+1.19* 3.79+0.11*
Sham + Res 8.67x1.00 3.94+0.11
Sham + Res + U-46619 9.57+095 3.76x0.51
Sham + Res + C3 8.06x1.50 4.08+0.12
Sham + Res 9.58+191 3.98+0.22
Sham + Res + OA 1042+1.52 4.01+0.06
Sham + Res + Y-26732 6.68+2.03> 3.54+0.20°
LPS 4.82+1.00 3.92+0.29
LPS + U-46619 527090 3.90+0.17
LPS + U-46619 + Y-27632 3.75+0.92¢4 3.68+0.27
LPS 5.09«+1.24 4.10+0.16
LPS + OA 5.09+1.07 4.19+0.18
LPS + OA + Y-27632 3.25+0.88¢ 3.56+0.21°¢
LPS + Res 8.38+0.61 4.07+0.09
LPS + Res + C3 7.86x0.86 4.01+0.17
LPS + Res + C3 + U-46619 9.20+1.26° 3.88+0.23
LPS + Res 8.25+0.70  4.02+0.13
LPS + Res + Y-27632 493+0.68" 3.63+0.11f

LPS + Res + Y-27632 + U-46619  6.38+0.93°¢ 3.95+0.20°

Data are presented as mean + standard error. “P<0.05 vs. sham group;
°P<0.05 vs. sham + Res group; ‘P<0.05 vs. LPS group; ‘P<0.05
vs. LPS + U46619 group or LPS + OA group; °P<0.05 vs. LPS + Res
+ C3 group or LPS + Res + Y-27632 group; P<0.05 vs. LPS + Res
group. Emax, maximum tension; pD,, negative log of molar concen-
tration; Res, resveratrol; LPS, lipopolysaccharide; OA, okadaic acid.

1x1073, 3x10°¢, 1x10°°, 3x107 and 1x107 mol/l), Emax and
PD, of arteriole rings harvested from mice of the LPS+Res
group (P<0.05). RhoA agonist U-46619 suppressed the effect
of Y-27632 on vascular response at any concentration of NE,
leading to significant increases at concentrations of 3x107 and
1x107 mol/l and Emax, and significant decreases at concen-
trations of 3x107, 1x10” and 3x10°° mol/l when compared
with that of the LPS + Res group (P<0.05). Furthermore,
RhoA inhibitor C3 transferase exhibited an inhibiting trend
on the response of arteriole rings harvested from mice of the
LPS + Res group, but no significant statistical differences were
observed. U-46619 plus C3 transferase co-incubation signifi-
cantly increased the response and Emax of arteriole rings
harvested from mice of the LPS + Res group compared with
those incubated with C3 transferase (3x107°, 1x107, 3x10°°,
1x10°, 3x107 and 1x107 mol/l) or not (at 3x10°¢, 1x10°, 3x107
and 1x107 mol/I; P<0.05; Fig. 4D).

Effect of Res treatment on the p-RhoA, p-Myptl and MLCP
levels in vascular tissue of mice subjected to LPS challenge.
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Figure 4. Role of agonists or inhibitors of the RhoA-Rho kinase-myosin light chain phosphatase pathway in the Res treatment enhancing micro-vascular
reactivity to NE in mice following challenge with LPS. (A) Micro-vascular reactivity in the (A) sham group, (B) sham + Res group, (C) LPS group and
(D) LPS + Res group. "P<0.05 vs. the sham group; “P<0.05 vs. the sham + Res group; *P<0.05 vs. the LPS group; *P<0.05 vs. LPS + U-46619 group; *P<0.05
vs. LPS + OA group; **P<0.05 vs. the LPS + Res group; “P<0.05 vs. LPS + Res + Y-27632 group; ““P<0.05 vs. LPS + Res + C3 group. Data are presented as
mean + standard deviation, n=6. Res, resveratrol; NE, norepinephrine; LPS, lipopolysaccharide.

As presented in Fig. 5, the LPS challenge significantly increased the MLCP level in vascular tissue (P<0.05), and
decreased the p-RhoA and p-Myptl levels and significantly  these adverse effects were eradicated following treatment
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Figure 5. Effects of Res treatment on the levels of (A) p-RhoA, (B) p-Myptl and (C) MLCP in the mesenteric arteries of mice subject to lipopolysaccharide
challenge. "P<0.05 vs. sham and sham + Res groups; “P<0.05 vs. LPS group. Data are presented as mean + standard deviation, n=6. Res, resveratrol; p-,
phosphorylated; MLCP, myosin light chain phosphatase; LPS, lipopolysaccharide.

with Res. However, the p-RhoA and p-Myptl levels in the
LPS + Res group were significantly decreased compared with
the sham and sham + Res groups (P<0.05).

Discussion

Previous breakthroughs indicate that endotoxemia is
characterized by vascular hyporeactivity, which contributes
to microcirculation failure and organ injury (3,4). Therefore,
vascular reactivity has been a focus of previous studies (18,19);
the present study demonstrated that post-treatment with Res
significantly ameliorated LPS-induced vascular hyporeactivity,
which was associated with the RhoA-ROCK-MLCP pathway.
However, no marked effects of Res treatment on MAP and
pressor response in LPS challenge mice were observed.

A number of methods have been used to establish endo-
toxic shock models, including the intravenous (20-22) or
intraperitoneal injection of LPS or gram-negative bacteria
suspension (23-26) and cecal ligation and puncture (27-30),
with each model representing the common clinical patient
of endotoxic shock from different pathogenic factors. In
the present study, the LPS challenge model was established
through intravenous LPS injection, which reflects the shed-
ding of LPS from gram-negative bacteria transposition into
circulation, which results in endotoxemia. Based on the LPS
challenge model, the present study investigated the effect
of post-treatment of Res on survival time and revealed that
Res treatment prolonged the survival time of mice. This
result suggested that Res treatment inhibits the effect of the
LPS challenge. The survival time and rate identified in the
present study were similar to those indicated in previous
research (31). In this previous study, intraperitoneal injection
of highly purified LPS (5 mg/kg) resulted in a high mortality
rate of 100% in wild-type C57 mice within 24 h post-injection.
Because the mice in the LPS and LPS + Res groups were all
sacrificed within 24 h, the present study only compared the
survival time between the LPS and LPS + Res groups, and
did not observe the survival time of the Sham and Sham + Res
group. The results of MAP indicated that LPS challenge
induced a typical blood pressure curve of endotoxic shock,
which briefly decreases in the early stage, then rises up before
gradually declining. However, Res treatment was not observed

to exhibit an evidently perfecting effect on MAP. A previous
study reported that the ameliorating effect of post-treatment
with Res on LPS-induced acute kidney injury was weaker
when compared with Res pre-treatment (32). These previous
findings suggested that the lack of a marked effect on MAP
was associated with the opportunity of Res administration 1 h
following LPS challenge. The results of the current study also
demonstrated that the early application of Res treatment may
be favorable for patients with sepsis.

Vascular reactivity is typically assessed through observing
the pressor response of the whole animal to NE in vivo and
the contractile response of artery rings to NE ex vivo (4).
Thus, the current study measured the effect of Res on the
pressor response of intravenous LPS-challenged mice and the
contractile response to NE of microvessel rings from intrave-
nous LPS-challenged mice. However, the results from in vivo
and ex vivo experiments in the present study are inconsistent.
The pressor response of mice to NE increased 6 h after the
onset of intravenous infusion of LPS, whereas the contractile
response to NE of isolated microvessel rings decreased. Res
post-treatment increased the contractile response to NE of
microvessel rings, but had no significant effect on the pressor
response of mice.

Previous studies have demonstrated that an intravenous
injection of LPS with a dose of 10 mg/kg reproduced vascular
hyporeactivity to NE in vivo (15,33), but no marked change
was observed in the activity of NE following intraperitoneal
injection of LPS with a dose of 8.5 mg/kg (34). Therefore,
the present study hypothesized that the effect of LPS induced
an increased pressor response to NE and may be associated
with the lower dose of 5 mg/kg LPS. In addition, with the
exception of the contractile apparatus and proteins in vascular
smooth muscle cells (VSMCs), the pressor response in vivo is
associated with a series of neuro-humoral factors, including
a vasoconstrictive effect induced by sympathetic nervous
excitement, catecholamines, angiotensin and vasopressin and
a vasodilative effect of parasympathetic nervous hyper func-
tion, prostaglandins and nitric oxide (35). Thus, LPS injection
may induce the sympathomimetic action by contributing to
the vessel contraction and increase in pressor response. The
detailed mechanism of LPS-induced increase in pressor
response to NE requires further investigation.
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In general, the contractile tension of isolated vessels to
vasoconstrictor substances is associated with the contractile
apparatus and proteins in VSMCs, in addition to the function
and content of adrenergic receptors (36-38). Therefore, LPS
challenge-induced hyporeactivity of isolated vessels in the
present study was caused by the decreased contractile func-
tion of VSMCs, which may be associated with the damage of
contractile apparatus, the dysfunction of membrane ion chan-
nels and the desensitization of adrenal receptors. These results
suggested that Res treatment improved the reactivity of isolated
vessels to NE and was associated with the aforementioned
targets. Furthermore, the present study also hypothesized that
the discordance of pressor response and isolated vascular reac-
tivity to NE may be associated with the weaker effect of LPS
decreasing isolated vascular reactivity compared with sympa-
thomimetic action. This may explain why the Res treatment did
not affect the pressor response. Therefore, the mechanism by
which Res treatment improved the isolated vascular reactivity
of LPS-treated mice may be associated with the change of
vasoconstrictor substances in mesenteric arteries or VSMCs.

Previous studies demonstrated that LPS-induced vascular
hyporeactivity was associated with the suppression of small
guanosine triphosphate-binding proteins, including RhoA,
ROCK and non-muscular isoform of myosin light chain kinase
activities (15,39,40). However, the RhoA/ROCK pathway is
involved in the hemorrhagic shock-induced vascular hypo-
reactivity (41-44). The current study observed the role of the
RhoA/ROCK pathway in Res treatment enhancing vascular
reactivity following LPS challenge, through the isolated vascular
rings treated by tool reagents of RhoA, ROCK and MLCP
ex vivo. The results of the present study indicated that the RhoA
agonist and MLCP inhibitor eradicated the vascular hyporeac-
tivity caused by challenge with LPS. The ROCK inhibitor may
antagonize the effects of RhoA agonist and MLCP inhibitor,
increasing vascular reactivity and the effect of ROCK inhibitor
may be reversed by the RhoA agonist, U-46619. In addition, the
effect of Res treatment enhancing vascular reactivity on LPS
challenged mice was suppressed by ROCK inhibitor incubation,
which was further eradicated by the RhoA agonist. Furthermore,
RhoA inhibitor C3 transferase did not significantly inhibit the
enhancing role of Res treatment, which was further increased
by U-46619 plus C3 transferase co-incubation.

To assess the association between Res-treatment enhancing
vascular reactivity and the RhoA-ROCK-MLCP signal pathway,
the present study measured the effect of Res treatment on protein
levels of p-RhoA, p-Myptl (which is a substrate of ROCK and
reflects the activity of ROCK) and MLCP in the mesenteric
arteries. The results of the present study indicated that after
LPS treatment, Res treatment increased the level of RhoA and
p-Myptl and decreased the level of MLCP. Combined with the
results of the ex vivo experiment; while the inhibiting effect of
the ROCK inhibitor Y-27632 on Res treatment was suppressed
by the RhoA agonist U-46619 treatment and the increasing
effect of U-46619 on LPS-induced vascular hyporeactivity
were eradicated by Y-27632 incubation, the present findings
suggested that the mechanism by which LPS challenge was
eliciting vascular hyporeactivity is associated with the suppres-
sion of the RhoA-ROCK-MLCP signal pathway. Furthermore,
the vascular protective effect of Res treatment for LPS challenge
is also associated with this signal pathway.
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A number of studies have indicated that the RhoA-ROCK
pathway has various pathophysiologic roles in the process of cell
death or apoptosis (45), reactive oxygen species generation (46),
cytoskeleton remodeling (47) and vasoconstriction (15,42).
However, the mechanism of activation or suppression for the
RhoA-ROCK pathway remains unknown. The detailed mecha-
nism by which Res activates the RhoA-ROCK-MLCP pathway
following LPS challenge also requires further research.

In addition, Liang et al (4) reported that the suppression of
vascular al adrenergic receptors expression was involved in
LPS-induced vascular hyporeactivity. Therefore, whether or
not Res treatment may enhance vascular al adrenergic recep-
tors expression requires further investigation. A number of
studies have provided evidence that mitochondrial dysfunction
is involved in hemorrhagic shock-induced vascular hyporeac-
tivity (48,49). Res treatment may attenuate the mitochondrial
dysfunction of VSMCs induced by serious hemorrhagic shock,
enhance ATP levels, reduce the content of lipid peroxides
and improve the vascular reactivity of hemorrhagic shock
animals (50,51). Therefore, whether the LPS challenge elicited
mitochondrial injury of VSMCs and whether Res improves
vascular reactivity may be associated with its mitochondrial
protective effect remains to be elucidated.

In conclusion, the present findings demonstrated that Res
attenuates the vascular hyporeactivity and survival time of
LPS challenged mice, but no significant effects were observed
regarding MAP and pressor response for the whole animal.
The inconsistent results of pressor response in vivo and
contractile response of isolated vascular rings to NE may be
associated with the LPS-induced sympathomimetic effect,
but the mechanism requires further investigation. The present
study presents a novel underlying role of Res on LPS-induced
sepsis and further investigation of the mechanism by which
Res elevates vascular reactivity may provide novel insights for
the associated diseases in clinical practice.
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