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BACKGROUND AND PURPOSE
Oxidative stress is an important pathogenic factor in the development of hypertension. Resveratrol, the main antioxidant in
red wine, improves NO bioavailability and prevents cardiovascular disease. The aim of this study was to examine whether
resveratrol decreases the generation of reactive oxygen species (ROS), thereby reducing BP in rats with fructose-induced
hypertension.

EXPERIMENTAL APPROACH
Rats were fed 10% fructose with or without resveratrol (10 mg·kg−1·day−1) for 1 week or for 4 weeks with resveratrol
treatment beginning at week 2; systolic BP (SBP) was measured by tail-cuff method. Endogenous in vivo O2

− production in the
nucleus tractus solitarii (NTS) was determined with dihydroethidium. Real-time PCR and immunoblotting analyses were used
to quantify RNA and protein expression levels.

KEY RESULTS
In fructose-fed rats, ROS levels in the NTS were higher, whereas the NO level was significantly decreased. Also, RNA and
protein levels of NADPH oxidase subunits (p67, p22-phox) were elevated, superoxide dismutase 2 (SOD2) reduced and
AMP-activated PK (AMPK) T172 phosphorylation levels in the NTS were lower in fructose-fed rats. Treatment with the AMPK
activator resveratrol decreased levels of NADPH oxidase subunits and ROS, and increased NO and SOD2 levels in the NTS of
fructose-fed rats. Administration of resveratrol, in combination with fructose at week 0 and later at week 2, significantly
reduced the SBP of fructose-fed rats.
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CONCLUSIONS AND IMPLICATIONS
Collectively, resveratrol decreased BP through the phosphorylation of AMPK, Akt and neuronal NOS in fructose-fed rats. These
novel findings suggest that resveratrol may be a potential pharmacological candidate for the treatment of hypertension.

Abbreviations
AMPK, AMP-activated PK; eNOS, endothelial NOS; nNOS, neuronal NOS; NOx, nitrogen oxides; NTS, nucleus tractus
solitarii; ROS, reactive oxygen species; SHRs, spontaneously hypertensive rats; WKY, Wistar-Kyoto rats

Introduction

At the end of 2011, the World Health Organization warned
that high fructose consumption, mainly in the form of sweet-
ened beverages, is a risk factor for several metabolic diseases
(Aller et al., 2011). Fructose-fed rats are a model of acquired
systolic hypertension, which displays many of the features
symptomatic of metabolic syndrome in humans (Tran et al.,
2009).

The nucleus tractus solitarii (NTS) is located in the dorsal
medulla of the brainstem, which is the primary integrating
centre for cardiovascular regulation and other autonomic
functions of the CNS. Moreover, NO has important modula-
tory functions in the NTS, including the modulation of arte-
rial BP and sympathetic nerve activity (Ho et al., 2008).
Previous studies have indicated that fructose causes oxidative
stress and sympathetic overactivity. Oxidative stress presents
as chronically elevated levels of reactive oxygen species (ROS)
and is associated with cardiovascular disease (Paravicini and
Touyz, 2006). One possible mechanism that causes hyperten-
sion is that ROS interact with the vasodilator NO and
decrease its bioavailability (Zhang et al., 2004). Recent studies
have demonstrated that the phagocyte-type NADPH oxidase
is a major source of ROS in the vasculature (Bendall et al.,
2007). NADPH oxidase is composed of two catalytic subunits
(gp91phox and p22phox) and four regulatory subunits
(p47phox, p40phox, p67phox and Rac1). Superoxide dis-
mutases (SODs), antioxidant enzymes, are the first and most
important line of defence against ROS, particularly against
superoxide anion radicals. Three distinct isoforms of SOD
(CuZn-SOD or SOD1; Mn-SOD or SOD2; EC-SOD or SOD3)
have been identified in mammals.

Resveratrol has neuroprotective properties and is a potent
activator of AMPK in neuronal cell lines, primary neurons
and the brain (Dasgupta and Milbrandt, 2007). Resveratrol
also promotes antioxidant defences by regulating a host of
antioxidant enzymes (Li et al., 2006; Robb et al., 2008b).
AMP-activated PK (AMPK) is a serine/threonine PK that func-
tions as an energy sensor in the regulation of cellular metabo-
lism (see Alexander et al., 2013b). AMPK isoforms α1 and α2
consist of a catalytic α subunit together with β and γ non-
catalytic subunits (Stapleton et al., 1996), which requires
phosphorylation of Thr172 in the activation loop of the cata-
lytic α subunit (Hardie et al., 1999). Inhibition of AMPK by an
AMPK inhibitor leads to increases in Rac1 and NADPH
oxidase activities and decreases in SOD2 expression in
human aortic endothelial cells (Wang et al., 2012).

The mechanisms of brain oxidative stress-induced ROS
generation that cause NOx dysfunction in fructose-induced
hypertension remain unclear. Therefore, the aim of this study

was to examine whether resveratrol acts through the AMPK
pathway to decrease ROS generation and increase NOx in the
NTS, thereby reducing BP in rats with fructose-induced
hypertension. Our results suggest that in the NTS, fructose
induces NADPH oxidase activity and reduces SOD2 activity,
which contributes to increase BP in fructose-fed rats. Resvera-
trol decreases the BP in these fructose-induced hypertensive
rats through the activation of AMPK, which, by reducing the
activity of NADPH oxidase, activates the Akt-neuronal NOS
(nNOS) signal pathway in the brain and leads to a decrease in
the generation of ROS and an increase in SOD2 levels.

Methods

Reagents and chemicals
Experimental drugs including pentobarbital sodium salt,
fructose, resveratrol, DMSO, mouse anti-actin antibody and
goat anti-rabbit and goat anti-mouse IgG secondary antibod-
ies were all obtained from Sigma-Aldrich (Sigma Chemical
Co., St. Louis, MO, USA). Anti-p-AMPKT172, anti-AMPK, anti-
nNOSS1416 and anti-nNOS antibodies were purchased from
Cell Signaling Technology (Beverly, MA, USA). Anti-p22-phox
antibody was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti-p47-phox and anti-p67-phox
antibodies were purchased from Millipore (Bedford, MA,
USA). Anti-Cu/Zn-SOD and anti-Mn-SOD antibodies were
obtained from StressGen Biotechnologies (La Jolla, CA, USA)
and Abcam (Cambridge, UK) respectively.

Animals
Sixteen-week-old male Wistar-Kyoto rats (WKY) were
obtained from the National Science Council Animal Facility
(Taipei, Taiwan) and housed in the animal room of Kaohsi-
ung Veterans General Hospital (Kaohsiung, Taiwan). The rats
were kept in individual cages in a room with controlled
lighting (12 h light/12 h dark cycle), and the temperature was
maintained at 23–24°C. The rats were given normal rat chow
(Purina; St. Louis, MO, USA) and tap water ad libitum. All
animal research protocols had been approved by the Research
Animal Facility Committee of Kaohsiung Veterans General
Hospital and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication no. 85-23,
revised 1996; A5047-01). All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). The animals were killed with
pentobarbital sodium salt (200 mg·kg−1, i.p.) at the end of the
experiment. The rats were acclimatized to the housing con-
ditions for 1 week. They were then trained for 1 week to
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accustom them to the procedure of indirect BP measurement.
Then, the rats were randomly divided into five groups
(control; fed with 10% fructose; fed with resveratrol
10 mg·kg−1·day−1; fed with 10% fructose and resveratrol
10 mg·kg−1·day−1; fructose-fed for 2 weeks then fructose + res-
veratrol for 2 weeks); there were six rats in each group. The
fructose solution was prepared every 2 days by dissolving the
fructose in tap water. Ordinary tap water was given to control
animals to drink throughout the whole experimental period.

BP measurement
Using a tail-cuff method (Noninvasive Blood Pressure System,
SINGA, Taipei, Taiwan) (Cheng et al., 2010), the systolic BP
(SBP) of the rats was measured before the start of the fructose
or resveratrol treatment (week 0). The rats were placed in the
holder for 30 min at 37°C. With this method, the reappearance
of pulsation on a digital display of the BP cuff was detected by
a pressure transducer and amplified and recorded as the SBP.
During the measurement, 10 individual readings were
obtained in rapid sequence. The highest and lowest readings
were discarded, and the average of the remaining eight read-
ings was used. The SBP of the rats was measured every day.

Determination of NOx in the NTS
and cerebellum
The cerebellum was chosen as a negative control because
previous studies found that it was responsible for cognitive,
sensory and motor function (Bavithra et al., 2013). The brain
was excised immediately; cerebellum regions were separated
according to the rat brain in stereotaxic coordinates, sixth
edition (Paxinos and Watson, 2006). The NTS or cerebellum
(10–50 mg) was deproteinized using a Microcon YM-30 filter
unit (Millipore). The total amount of NOx in the samples was
determined by use of a modified chemiluminescence-based
procedure using a Sievers Nitric Oxide Analyzer (NOA 280i;
Sievers Instruments, Boulder, CO, USA) purge system (Li
et al., 2006; Cheng et al., 2010). The sample (10 µL) was
injected into a reflux column containing 0.1 mol·L−1 of VCl3

in 1 mol·L−1 of HCl at 90°C to reduce any nitrates and nitrites
into NO. The NOx was then combined with the O3 produced
by the analyser to form NO2. The emission resulting from the
excited NO2 was detected by a photomultiplier tube and
digitally recorded (mV). The values were then interpolated to
a standard curve of concurrently determined NaNO2 concen-
trations. The measurements were recorded in triplicate for
each sample. The NOx levels measured were corrected for the
NTS and cerebellum of the rats.

ROS production in the NTS and cerebellum
Endogenous in vivo O2

− production in the NTS or cerebellum
was determined by staining the NTS and cerebellum slices
with dihydroethidium (DHE, Invitrogen, Carlsbad, CA, USA;
Gao et al., 2004; Cheng et al., 2010). The NTS and cerebellum
were dissected from the rats, placed in optimum cutting tem-
perature (tissue freezing medium) compound (Shandon Cry-
omatrix; Thermo Electron Co., Pittsburgh, PA, USA), flash-
frozen in a methylbutane-chilled bath, and then placed in
liquid nitrogen. Cryostat slices (10 µm) were stained in the
dark for 20 min at 37°C in a humidified 5% CO2 incubator
with a 1 µM solution of DHE. The samples were analysed by

fluorescence microscopy and Zeiss LSM Image Browser (Carl
Zeiss MicroImaging, Jena, Germany).

Real-time reverse transcriptase-PCR
Total RNA was extracted from the tissue samples using the
Trizol reagent (Invitrogen) according to the manufacturer’s
instructions, and cDNA was synthesized with SuperScript
(Invitrogen). As a control for intact RNA and cDNA, a PCR to
amplify the housekeeping gene GAPDH was performed for all
tissue samples. Data obtained from the real-time PCR for
p22phox, p47phox, p67phox, SOD1, SOD2 and SOD3 were
normalized to the housekeeping gene GAPDH content.
Amplification was for 30 s at 94°C, 30 s at 69°C, and 1 min at
72°C. The initial denaturation was 2 min at 95°C, and the
final elongation was 10 min at 72°C.

Immunoblotting analysis
All groups of rats (six rats per group) were used in this study.
The NTS was dissected under a microscope using a micro
punch (1 mm inner diameter) from a 1 mm thick brainstem
slice at the level of the obex. Total protein extract was prepared
by homogenization of the NTS in lysis buffer with a protease
inhibitor cocktail and a phosphatase inhibitor cocktail. The
homogenate was incubated for 1 h at 4°C. Protein extracts
(20 g per sample assessed by bicinchoninic acid protein assay;
Pierce) were subjected to 7.5–10.0% SDS-Tris glycerin gel elec-
trophoresis and transferred to a PVDF membrane (GE Health-
care, Buckingamshire, UK). The membrane was blocked with
5% non-fat milk in TBS/Tween 20 buffer (10 mmol·L−1 Tris,
150 mmol·L−1 NaCl, 0.1% Tween 20, pH 7.4); incubated with
anti-p22-phox, anti-p67-phox, anti-Cu/Zn-SOD, anti-Mn-
SOD, anti-p-AMPKT172, anti-AMPK, anti-p-AKTS473, anti-AKT,
anti-p-nNOSS1416 (Abcam, Cambridge, UK) or anti-nNOS anti-
body at 1:1000 in phosphate buffer saline Tween-20 with 5%
BSA; and incubated at 4°C; overnight. Peroxidase-conjugated
anti-mouse or anti-rabbit antibody (1:5000) was used as the
secondary antibody. The proteins were detected with an ECL-
Plus detection kit (GE Healthcare) and film. The films were
scanned by photo scanner (4490, Epson, Long Beach, CA,
USA) and analysed with NIH Image densitometry analysis
software (NIH, Bethesda, MD, USA).

Immunofluorescent staining analysis
The rats were perfused with saline, a solution of 4% formal-
dehyde, and finally with a 30% sucrose solution. Sections
(20 µm) of the brainstem were stained. Brain stem sections
were incubated with rabbit-anti-phospho-AMPKT172 antibody
(1:100). After washing with PBS, the sections were incubated
with green-fluorescent Alexa Fluor488 donkey anti-rabbit IgG
(1:200; Invitrogen) at 25°C for 2 h. Sections were analysed by
fluorescence microscopy and Zeiss LSM Image Browser (Carl
Zeiss MicroImaging).

Statistical analysis
The BP measurements (fructose-treated and no treatment
groups) were analysed with two-way ANOVA for repeated meas-
urements and Bonferroni’s post hoc tests. Student’s unpaired
t-test was used to compare ROS and NOx levels (fructose-
treated and no treatment groups), and a one-way ANOVA with
Scheffe’s post hoc comparison were applied to compare group

BJPResveratrol eliminates fructose-induced ROS

British Journal of Pharmacology (2014) 171 2739–2750 2741



differences. Differences with P < 0.05 were considered signifi-
cant. All data are expressed as the means ± SEM.

Results

Fructose reduces the systemic vasodepressor
effect of NO by increasing ROS production in
the NTS of fructose-induced hypertensive rats
To determine whether ROS-dependent NO release elevates
SBP in fructose-induced hypertension, we examined the SBP,
nitrate levels and ROS in animals fed fructose for 2 weeks. Our
results showed that the SBP was significantly elevated in a
time-dependent manner (days 2, 7 and 14) in the fructose-fed
rats (Supporting Information Figure S1A). However, the NOx
levels in the NTS were significantly decreased, whereas the
levels of DHE fluorescence in the NTS sections were signifi-
cantly increased in the fructose-fed group on days 7 and 14

(Supporting Information Figure S1B and C). Therefore, we
used the rats fed fructose for 7 days to investigate the mecha-
nism whereby ROS-dependent release of NO elevated the SBP
during fructose-induced hypertension. NOx and DHE stain
levels in the cerebellum sections did not change in the
fructose-fed group compared with in the control groups
(Figure 1B and 1C, lanes 1 and 2; *P < 0.05, n = 6).

Fructose functions through receptor for
advanced glycation end products (RAGE) to
modulate the elevation of NADPH oxidases
and the decrease in SOD1/2 levels in the NTS
of fructose-induced hypertensive rats
The interaction between RAGE and its ligands may directly
induce the generation of ROS via NADPH oxidases (Wautier
et al., 2001). ROS in the brain are thought to contribute to the
neuropathogenesis of hypertension by enhancing sympa-
thetic nervous system (SNS) activity. We investigated whether

Figure 1
Superoxide-dependent NO production elevates SBP in the NTS of fructose-induced hypertensive rats. (A) The graph shows the SBP in the fructose
groups after 1 week. The SBP was significantly increased in the fructose group compared with the control group. (B) Quantification of NOx
concentrations in the NTS and cerebellum of fructose-fed rats. The bar graph shows the NOx concentration (as µM nitrate µg-1 of total protein).
NOx levels significantly decreased in the NTS of the fructose-fed rats compared with the control rats. However, NOx levels in the cerebellum
sections did not change in the fructose-fed group compared with in the control groups. (C) Representative images of DHE-treated brain sections.
The images were photographed at ×280 magnification. Bar graph representation of ROS index in the NTS and cerebellum of the fructose groups
as compared with WKY controls. The ROS index is the relative mean intensity of fluorescence of DHE. Sections including the NTS of fructose-fed
rats displayed a significant increase in DHE fluorescence compared with the control group sections. However, DHE stain levels in the cerebellum
sections did not change in the fructose-fed group compared with the control groups. Values are shown as the means ± SEM, n = 6. *P < 0.05,
**P < 0.01.
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fructose promotes an imbalance by simultaneously enhanc-
ing the production of NADPH oxidase and down-regulating
the main antioxidant enzymes, such as SOD1, SOD2 and
SOD3. As shown in Figure 2A, real-time PCR analysis demon-
strated that the expression of p22-phox and p67-phox mRNA
in the NTS was significantly increased in fructose-fed rats
compared with the control group (P < 0.05, n = 6). We
recorded significantly higher relative protein expression levels
of gp22-phox, p67-phox and RAGE in the NTS of fructose-fed
rats compared with control rats (Figure 2B). However, relative
mRNA and protein expression values of SOD2 were signifi-
cantly lower in the NTS of fructose-fed rats compared with
control rats (Figure 2C and 2D). These results indicate that
fructose functions through RAGE to modulate the elevation
in NADPH oxidase levels and the reduction in SOD1/2 levels
in the NTS of fructose-induced hypertensive rats.

Resveratrol may activate AMPK by eliminating ROS pro-
duction in the NTS of rats with fructose-induced hyperten-
sion. AMPKα2 deletion increases the expression of NADPH
oxidase subunits and oxidative stress in vascular endothelial
cells (Wang et al., 2010), suggesting that AMPK is an impor-
tant regulator of NADPH oxidase activity. Using immu-
nofluorescent staining, we demonstrated that AMPKT172

phosphorylation levels in the NTS were significantly reduced
by the administration of fructose (Figure 3A). DHE fluores-
cence was used to estimate the superoxide levels in the NTS of
animals fed fructose for 1 week. Representative images are
shown in Figure 3B. The levels of DHE fluorescence in the
NTS were significantly higher in the fructose-fed group than
in the control groups. Furthermore, the DHE fluorescence
levels in the NTS were significantly attenuated in the animals
that received both fructose and resveratrol. These results

Figure 2
Fructose increases RAGE expression, which increases NADPH oxidases and decreases SOD1/2 in the NTS of fructose-induced hypertensive rats. (A)
In the bar graph showing the real-time PCR analysis of relative NADPH oxidase subunits p22-phox p47-phox and p67-phox mRNA expression
levels in the NTS of fructose groups after 1 week. Note the significant increase in the mRNA expression of the NADPH oxidase subunits p22-phox
and p67-phox in fructose-fed rats compared with control rats. (B) Quantitative immunoblotting analysis demonstrates that the ratio of NADPH
oxidase subunits p22-phox and p67-phox was significantly increased in the NTS of the fructose-fed group after 1 week. RAGE, was significantly
increased in the NTS of fructose-fed rats compared with control rats. (C) Bar graph showing the effect of after fructose-fed 1 week on SOD1, SOD2
and SOD3 mRNA expression. Note the significant decrease in SOD2 mRNA expression in fructose-fed rats compared with control rats. (D)
Quantitative immunoblotting analysis demonstrates that the SOD2 ratio was significantly decreased in the NTS of fructose-fed rats after 1 week.
The data shown are the means ± SEM of six independent experiments. *P < 0.05, **P < 0.01.
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suggest that resveratrol reduces ROS production in fructose-
fed rats by activating AMPK.

Resveratrol induces a systemic vasodepressor
effect and NO release through AMPK
activation in the NTS of fructose-induced
hypertensive rats
AMPK is an important regulator of NADPH oxidase activity.
In the previous experiment, we demonstrated that AMPK
dysfunction could be responsible for the increase in NADPH
oxidase and the decrease in SOD2 in fructose-fed rats. To
study the effect of resveratrol on BP regulation in fructose-fed

rats, SBP was measured every week in each group from week
0 to 4. As shown in Figure 4A, there were no differences in the
baseline SBP among the five groups (control; fructose; res-
veratrol; fructose + resveratrol; fructose-fed for 2 weeks then
fructose + resveratrol for 2 weeks) at week 0. However, res-
veratrol attenuated the increase in SBP induced by fructose
when administered together with fructose from weeks 1 to 4
and when administered from weeks 3 to 4 to rats fed fructose
for 2 weeks previously (Figure 4A).

As shown in Figure 4B, nitrate levels in the NTS were
significantly decreased in fructose-fed rats compared with
control groups. Interestingly, treatment with resveratrol
markedly enhanced NOx levels in the NTS of both the

Figure 3
AMPK is significantly decreased in the NTS of fructose-induced hypertensive rats. (A) Confocal analysis of green fluorescence was used to estimate
p-AMPKT172 levels in the NTS of fructose-fed rats after 1 week. The representative images demonstrate that the AMPK phosphorylation ratio was
reduced in the NTS by fructose. (B) DHE fluorescence was use to estimate the ROS levels in the NTS of animals fed fructose or resveratrol for 1
week. We examined three groups (control; 10% fructose-treated; and 10% fructose + resveratrol; n = 6 for each). The images were photographed
at ×100 and ×200 magnifications. Bar graph representation of ROS index in the NTS of the fructose groups as compared with WKY controls or
10% fructose + resveratrol group compared with fructose groups. The ROS index is the relative mean intensity of fluorescence of DHE. Sections
of the NTS from the fructose group showed significant increases in DHE fluorescence compared with the control group sections. Furthermore, the
DHE fluorescence in the NTS was significantly attenuated by the resveratrol treatment. Data are expressed as the means ± SEM (n = 6). **P < 0.01.
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fructose + resveratrol-fed rats and fructose-fed rats for 2 weeks
followed by fructose + resveratrol for 2 weeks (Figure 4B).
These results indicate that an attenuation of ROS is required
for AMPK-induced NO release and the depressor response.

Resveratrol overexpression of AMPK enhances
Akt-nNOS pathway activity in the NTS of
fructose-induced hypertension
Our results suggested that AMPK-induced NO release elimi-
nates NADPH oxidase and induces a depressor response.
However, the mechanisms by which brain oxidative stress
induces sympathoexcitation that then causes NO dysfunc-
tion in fructose-induced hypertension remain unclear. AMPK
has been shown to modulate the Akt axis by regulating
endothelial NOS (eNOS) in endothelial cells (Levine et al.,
2007). We used a pharmacological approach to further eluci-
date the involvement of the PI3K/Akt cascades in AMPK-
induced nNOS phosphorylation. As depicted in Figure 5,
immunoblotting analyses of proteins extracted from the NTS
demonstrated that treatment with the AMPK activator
resveratrol increased the phosphorylation of AktS473 and
nNOSS1416 but not eNOSS1177 in fructose-fed rats. These results
indicate that the Akt-nNOS pathways may play a role in the
AMPK-mediated depressor response in the NTS.

Discussion and conclusions

Recent studies have shown that a high-fructose diet/solution
is associated with increased BP in rats (Dimo et al., 2002).
Studies in yeast have suggested that high fructose consump-
tion is a risk factor for several metabolic diseases in humans
through the resultant increase in ROS levels (Hecker et al.,
2012; Rebollo et al., 2012). ROS in the brain are thought to
contribute to the neuropathogenesis of hypertension by
enhancing SNS activity (Paravicini and Touyz, 2006). Dys-
regulation or elimination of ROS production in brain plays a
pivotal role in the pathophysiology of a number of cardio-
vascular diseases associated with metabolic disorders, includ-
ing hypertension, obesity, metabolic syndrome, type-2
diabetes and dyslipidaemia (Chan et al., 2009; Farina et al.,
2013; Ilkun and Boudina, 2013). The major findings of the
present study are that the activation of AMPK decreases BP,
decreases the production of ROS, and enhances the activity of
the Akt-nNOS pathway by down-regulating the levels of
NADPH oxidase and up-regulating the levels of SOD2 in the
NTS of oxidative stress-associated hypertensive rats (Figure 6).

Hyperglycaemia, a consequence of diabetes, increases the
formation of AGEs, which are senescent protein derivatives
that result from the auto-oxidation of glucose and fructose
(Guglielmotto et al., 2012). However, AGEs and their recep-
tor, RAGE, may directly induce the generation of ROS via
NADPH oxidases and/or other identified mechanisms
(Wautier et al., 2001). In the present study, we observed a
significant increase in the expression of RAGE and the
NADPH oxidase subunits p22-phox and p67-phox in the NTS
of fructose-fed rats compared with control rats (Figure 2).
NADPH oxidase subunits such as p22-phox, p67-phox and
p47-phox may be subjected to ubiquitination and proteaso-
mal degradation by the 26S proteasome. Thus, an increased

Figure 4
Resveratrol elevates SBP and reverses superoxide-dependent NO pro-
duction in the NTS of rats with fructose-induced hypertension. (A) The
graph shows the effects of resveratrol on SBP in the study groups
during weeks 1–4 of treatment. We examined five groups (control
group, fructose-fed group, resveratrol group, fructose + resveratrol
group, fructose-fed week 2 + resveratrol group; n = 6 for each). The
SBP significantly recovered after resveratrol treatment compared with
the fructose group. (B) Quantification of the NOx concentration in the
NTS of rats. The rats were randomly divided into five groups (control;
fed with 10% fructose; fed with resveratrol 10 mg·kg−1·day−1; fed with
10% fructose and resveratrol 10 mg·kg−1·day−1; fructose-fed for 2
weeks then fructose + resveratrol for 2 weeks) of six rats each. The bar
graph shows the NOx concentration (as µM nitrate µg-1 of total
protein). Fructose significantly decreased the NOx levels in the NTS of
the fructose group compared with the control group. However,
treatment with resveratrol significantly increased the NOx levels in the
NTS of the fructose + resveratrol group or fructose-fed week 2 +
resveratrol group compared with the frucotse group. Data are
expressed as the means ± SEM (n = 6). *P < 0.05.
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level of NADPH oxidase is unlikely to results from a decrease
in its rate degradation. In addition, the NADPH oxidase-
derived superoxide anion in the rostroventrolateral medulla
mediates the chronic pressor response induced by angioten-

sin II (Ang II; Chan et al., 2007). As an important antioxidant
in red wine, resveratrol is likely to contribute to the ability of
red wine to prevent cardiovascular disease (Siemann and
Creasy, 1992). By inhibiting the Ang II-induced production of

Figure 5
Resveratrol increases the activity of the AMPK-Akt-nNOS pathway in the NTS of rats with fructose-induced hypertension. (A–D) Immunoblot
showing the levels of P-AMPKT172, P-AktS473, P-nNOSS1416 and P-eNOSS1177 after treatment with resveratrol. The AMPK, Akt and nNOS phospho-
rylation ratios were significantly higher in the NTS after treatment with resveratrol. The values shown are the means ± SEM, n = 6. *P < 0.05, **P
< 0.01.
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ROS, resveratrol inhibits Ang-II-induced cardiomyocyte
hypertrophy, which is clearly linked to its antioxidant effects
(Cheng et al., 2004). Resveratrol has been shown to have
potent antioxidant and antitumorigenic activities as well as
important protective effects on the nervous system (Baur and
Sinclair, 2006). In addition, the major pathways by which the
numerous biological effects attributed to resveratrol occur
include activation of AMPK and Sirt1 (Chong et al., 2012).
Overexpression of Sirt1 has also been demonstrated to
promote recruitment of PI3K/Akt and NO. FOXO1-
dependent gene expression appears to be regulated by the
NAD+-dependent deacetylase Sirt1, a key mechanism in the
progression of many diseases, including cardiovascular disor-
ders (Hughes et al., 2011). Mammalian Sirt1 is a protein dea-
cetylase that has been shown to be involved in resveratrol-
mediated protection from high-fat diet-induced metabolic
damage (Pfluger et al., 2008). Furthermore, resveratrol has
been shown to reduce the expression of AT1 receptors (for
nomenclature see Alexander et al., 2013a) through Sirt1 acti-
vation both in vivo and in vitro. This inhibition of the renin–
angiotensin system may contribute, at least in part, to the
ability of resveratrol to suppress Ang II-induced hypertension
(Miyazaki et al., 2008).

There is accumulating evidence that fructose promotes an
ROS imbalance by simultaneously enhancing ROS production
and down-regulation of the main antioxidant enzymes, such
as SOD1 and SOD2. In the present study, we also demon-
strated that the relative protein expression levels of SOD1 and
SOD2 were significantly lower in the NTS of fructose-fed rats
than in control rats. Nozoe et al. reported that the transfection
of SOD1, which scavenges ROS generation, into the NTS
decreased BP and HR (Nozoe et al., 2007). Recently, AMPKα1
or AMPKα2 silencing was shown to elevate oxidative stress
through the down-regulation of genes involved in antioxi-
dant defence, including SOD2, catalase, γ-glutamylcysteine
synthase and thioredoxin (Colombo and Moncada, 2009;
Fisslthaler and Fleming, 2009; Dong et al., 2010). However,
activation of AMPK by agents such as metformin or AICAR
(5-amino-1-β -D-ribofuranosyl - imidazole-4-carboxamide)
inhibits hyperglycaemia-induced intracellular and mitochon-
drial ROS production and increases the expression of PPARγ
coactivator-1α and SOD2. Therefore, we hypothesized that
AMPK is an important regulator of NADPH oxidase activity. In
the present study, we used the AMPK activator resveratrol to
demonstrate that AMPK is an important regulator of the
ability of NADPH oxidase to affect BP (Figure 4).

NO is synthesized within cardiac myocytes and plays a
key role in modulating cardiovascular signalling. In the
present study, we demonstrated that ROS levels of fructose-
fed rats (1 week) were significantly higher in the NTS, leading
to the down-regulation of NO release and the development of
hypertension (Figure 1). We also used rats fed fructose from
weeks 1 to 2 to investigate the mechanism of the elevated SBP
induced by the ROS-dependent reduction in the release of
NO. For several years, a number of laboratories have focused
on the interplay between NO and ROS in the CVS, as well as
the brain, organs that play a critical role in the regulation of
BP. Several studies have determined that NO plays an impor-
tant role in the modulation of sympathetic activity, and
hence central regulation of arterial pressure. Superoxide
derived from NAD(P)H oxidase avidly reacts with and inacti-
vates NO and, thereby, modulates its bioavailability
(Campese et al., 2007). Resveratrol treatment from 3 to 4
weeks to 11 to 12 weeks of age has been shown to reduce H2O2

content and elevate SOD activity and significantly attenuate
the rise in BP in spontaneously hypertensive rats (SHR; Bhatt
et al., 2011). In our studies, we also demonstrated that treat-
ment with resveratrol attenuated the increase in SBP induced
by fructose when administered from weeks 1 to 4 and also
when administered from weeks 3 to 4 to rats that had been
fed fructose for the previous 2 weeks (Figure 4). Therefore,
early treatment with resveratrol lowers oxidative stress, pre-
serves SOD function and attenuates the development of
hypertension.

H2O2-activated AMPK phosphorylates eNOS on serine
1177, but does not phosphorylate nNOS in cardiac myocytes
(Sartoretto et al., 2011) and phosphorylates eNOS on serine
633 in vascular endothelial cells (Chen et al., 2009). NO
inhibits the activation of the SNS in the brain, which modu-
lates BP. nNOS is present in neurons found in specific regions
of the brain including the NTS, RVLM, paraventricular
nucleus and the caudal ventrolateral medulla (CVLM)
(Kantzides and Badoer, 2005). However, AMPK plays a key
role in modulating NO, but its signalling mechanisms in the

Figure 6
The proposed mechanism by which the AMPK signalling pathway
regulates BP in the NTS of rats with fructose-induced hypertension.
Treatment with an AMPK activator (resveratrol) demonstrated that
AMPK acts as an important regulator of BP through NADPH oxidase
activity. AMPK decreased BP, decreased the generation of ROS, and
enhanced the activity of the Akt-nNOS pathway by down-regulating
NADPH oxidase levels and up-regulating SOD2 levels in the NTS of
rats with oxidative stress-induced hypertension.
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NTS remain unclear. In the present study, we demonstrated
that the overexpression of AMPK affects nNOS but not eNOS
in the depressor response mediated by the PI3K/Akt signal-
ling pathway in the NTS of fructose-induced hypertensive
rats (Figure 5). Thus, we propose that AMPK lowers BP,
decreases the generation of ROS, and enhances Akt-nNOS
pathway activity by down-regulation of NADPH oxidase
levels and up-regulation of SOD2 levels in the NTS of oxida-
tive stress-associated hypertensive rats.

Thandapilly et al.’s study demonstrates that 10 weeks of
resveratrol treatment significantly improved the NO levels in
plasma of SHR. Treatment with resveratrol did not affect NO
levels and P-AMPK/T-AMPK ratio in normotensive WKY rats.
NO-AMPK signalling has also been shown to be linked to the
anti-hypertrophic effect of resveratrol in the SHR model in
vivo (Thandapilly et al., 2011). In addition, Bhatt et al., using
SHR and WKY rats (3–4 weeks old), showed that untreated
control SHR exhibited increased BP, oxidative stress and
attenuated endothelium-dependent relaxation in compari-
son to WKY rats. The impaired endothelium function in SHR
was associated with lower nitrite/nitrate levels. Resveratrol
treatment, in drinking water for 10 weeks, attenuated the
hypertension development in SHR, as indicated by lower BP
in resveratrol-treated SHR (SHR-R) compared with control
SHR. SHR-R also had reduced H2O2 content and elevated SOD
activity. However, resveratrol did not affect SBP, H2O2 and NO
levels in WKY rats (Bhatt et al., 2011). Taken together, these
findings show that resveratrol treatment normalized the SOD
activity and H2O2 levels in SHR rats, but did not affect SOD,
H2O2 and NO levels in WKY rats (normotensive rats). Resvera-
trol has also been shown to induce a 14-fold increase in the
action of SOD2 in cells (Robb et al., 2008a). SOD2 reduces
superoxide to hydrogen peroxide (H2O2), but the levels of
H2O2 did not increase because of other cellular activities.
There is also evidence suggesting that SOD2 is up-regulated
following resveratrol supplementation (Qiu et al., 2010). In
our opinion, resveratrol alone may be able to increase SOD2
levels in the control group (normotensive rats). Therefore,
early treatment with resveratrol lowers oxidative stress, pre-
serves endothelial function and attenuates the development
of hypertension.

In conclusion, apart from its well-characterized actions
as an antioxidant, accumulating evidence suggests that res-
veratrol can eliminate ROS and has cardioprotective and
chemopreventive effects. In addition, the CNS is a target
of resveratrol, which can cross the blood–brain barrier
and have neuroprotective effects (Quincozes-Santos and
Gottfried, 2011). The beneficial effects of resveratrol may
be mediated by the activation of AMPK, which down-
regulates several downstream factors, such as Rac1, NADPH
oxidases and SOD2, leading to CNS protection. These novel
findings suggest that the AMPK activator resveratrol is a
potential pharmacological candidate for the treatment of
hypertension.
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Figure S1 Superoxide-dependent NO production elevated
SBP has significantly time-dependent manner in the NTS of
fructose-induced hypertensive rats. (A) The graph shows the
SBP in the fructose groups after 2 weeks. The SBP’s time-
dependent manner (day 2, 7 and 14) significantly increased
in the fructose group compared with the day 0 group. (B)
Quantification of NOx concentrations in the NTS of fructose-
fed rats. The bar graph shows the NOx concentration (as µM
nitrate µg-1 of total protein). NOx levels significantly
decreased in the NTS of the fructose-fed rats (day 7 and 14)
compared with the day 0 group. (C) Representative images of
DHE-treated brain sections. The images were photographed at
×100 magnification. Bar graph representation of ROS index in
the NTS of tShe fructose groups. The ROS index is the relative
mean intensity of fluorescence of DHE. Sections including
the NTS of fructose-fed rats (days 7 and 14) displayed a
significant increase in DHE fluorescence compared with the
day 0 sections. Values are shown as the means ± SEM, n = 6.
*P < 0.05, **P < 0.01.
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