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AMPK/SIRT1/p38 MAPK signaling pathway regulates
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Abstract. Resveratrol has also been approved for use in
enhancing plant disease resistance and reducing pesticide
use. A number of studies have shown that the disease resis-
tance of crops treated with resveratrol is markedly improved.
The aim of the present study was to examine the protective
effect of resveratrol against alcohol-induced neurodegen-
eration occurred and its association with AMP-activated
protein kinase (AMPK)/sirtuin 1 (SIRT1)/p38 in rats and
humans. ELISA, caspase-3 activity and western blot anal-
yses were employed in the present study. Sprague-Dawley
rats and human neuroblastoma SH-SYSY cells were treated
with alcohol to establish the alcohol-induced model.
Resveratrol protected against alcohol-induced neuron
damage in the hippocampus of the rats. Treatment with
resveratrol also inhibited the alcohol-induced inflamma-
tory response, oxidative stress, caspase-3 activities and
B-cell lymphoma (Bcl-2)-associated X protein/Bcl-2 in the
alcohol-induced rat. Resveratrol also reduced the upregu-
lated protein expression of AMPK and SIRTI, preventing
the pro-apoptotic alcohol-induced protein expression of
p38 in the rats exposed to alcohol. The downregulation of
AMPK suppressed the expression of SIRT1 and activated
the expression of p38 in the SH-SYSY cell model. Taken
together, the data obtained suggested that resveratrol
protected against alcohol-induced neurodegeneration via
the AMPK/SIRT1/p38 pathway in rats and humans.
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Introduction

In the history of world civilization and with the evolution of
wine culture, wine has become a common pharmacologically
active beverage in society, and is consumed for social and
recreational purposes. However, the consumption alcohol also
increases the risk of health problems, and particularly affects
future generations. In the late 1960s and early 1970s, clinical
studies in the United States and France showed that drinking
alcohol during pregnancy can lead to a variety of abnormali-
ties, namely fetal alcohol syndrome (1). Fetal alcohol syndrome
refers to the birth defects resulting from alcohol consumption
by both parents, particularly when the mother consumes
alcohol prior to or during pregnancy (2). A number of studies
have confirmed that exposure to alcohol during pregnancy
affects fetal growth and development, predominantly in
various organ deformities of the central nervous system (2,3).

The mechanism underlying the neurotoxicology of alcohol
remains to be fully elucidated. It has been suggested that alcohol
may have an effect by inhibiting the N-methyl-D-aspartate
receptor (NMDA) receptor and activating GABA receptors,
and can promote apoptosis by affecting the activities of
Na*/K*-ATP enzymes, the adenosine acid cyclization enzyme,
and opening of Ca?* channels. Others have suggested that the
pharmacological and toxicological mechanisms of alcohol
may work through ceramide (4,5). As an important cellular
signal transduction carrier, ceramide is involved in a variety of
cellular signal transduction pathways, and has multiple cellular
physiological functions, including regulation of the cell cycle,
cell differentiation and proliferation, regulation of apoptosis,
and being involved in stress, immunity and inflammation (6,7).

The quantity of resveratrol produced by plants is associ-
ated with the stress experienced by the plants. The function
universality of resveratrol lies in the diversity of the targets,
of which the acting sites may include membrane and intra-
cellular receptors, signal molecules and various enzymes,
the oxidation system, DNA repair systems and transcription
factors, cell proliferation, the cell cycle, differentiation and cell
death (8). The signal transduction function of cells converts
stimuli into signals, and the process usually consists of a
series of biochemical reactions. Resveratrol can activate or
inhibit a series of signal transduction pathways (9). In vitro
experiments, in which resveratrol regulates the activity of
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sirtuin 1 (SIRT1), are difficult to replicate completely in vivo,
therefore, resveratrol may act on SIRT1 through an indirect
mechanism. Resveratrol can regulate glucose homeostasis in
mammals by the deacetylation mediated by SIRT1 (9). The
aim of the present study was to examine whether the protective
effect of resveratrol protects against alcohol-induced neurode-
generation in rats and humans. In addition, the present study
aimed to examine the association among the AMP-activated
protein kinase (AMPK)/SIRT1/p38 MAPK signaling pathway
and the protective effect of resveratrol on alcohol-induced
neurodegeneration.

Materials and methods

Animals. All animal experiments were approved by the
Institute Animal Care and Use Committee of Dalian University
and were performed humanely. Male Sprague-Dawley rats
(8-10-weeks-old, weighing 250-300 g, n=28) were housed at
22-24°C and 55-60% humidity under a 12 h light/dark cycle
with free access to food and water. Rats were randomly
assigned into a control group (n==8), alcohol-induced group
(n=10) and resveratrol-treated group (n=10). A total of 20
Sprague-Dawley rats from the alcohol-induced group and
resveratrol-treated group were administered orally with
5 g/kg ethanol (25% v/v) once a day for 10 days. The eight
Sprague-Dawley rats in the control group were administered
orally with 200 ul normal saline. The 20 Sprague-Dawley rats
in the resveratrol-treated group were administered orally with
30 mg/kg of resveratrol for 4 days.

Brain tissue collection. Rat was anesthetized with 35 mg/kg of
pentobarbital sodium and sacrificed using decollation. Whole
brain samples were obtained and sectioned to 50 mm thick-
ness. Rat brain samples from rats in every group were fixed
in 10% formalin buffer overnight at 4°C and then dehydrated
using 90% ethanol for 30-60 min and 100% ethanol for 2 h.
The tissues were cleared with xylene for 2 h and embedded in
paraffin at 60°C.

Cell culture. The human neuroblastoma SH-SYSY cells were
purchased from the Cell Bank of Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, China) and grown in
Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) supplemented with 10%
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) at
37°C under 5% CO,. The SH-SYSY cells were exposed to
100 mM of ethanol (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) for 24 h at 37°C in the alcohol-induced group and
resveratrol-treated group. The SH-SYSY cells in the resvera-
trol-treated group were exposed to 50 mg/ml resveratrol for
1 day at 37°C.

ELISA. Blood samples were collected from rats in every group
into a serum separator tube and centrifuged at 1,000 x g for
15 min at room temperature. Commercial ELISA kits (Nanjing
Jiancheng Bioengineering Institute, Jiangsu, China) were used
to analyze the levels of nuclear factor (NF)-xB (H202), tumor
necrosis factor (TNF)-a (H052), superoxide dismutase (SOD,
A001-3) and glutathione (GSH, A006-2) levels, according to
the manufacturer's protocols, at 450 nm absorbance using a
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Figure 1. Chemical structure of resveratrol.

microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA,
USA).

Caspase-3 activity assay. The activity of caspase-3 was
measured using a caspase-3 activity assay kit (Sangon Biotech
Co., Ltd., Shanghai, China). The protein concentration was
determined using a Bicinchoninic Acid kit (Beyotime Institute
of Biotechnology). The proteins (50 pug) were incubated with
solution buffer at room temperature for 1 h and then incubated
with 100 ul Asp-Glu-Val-Asp-p-nitroaniline at 37°C for 6 h.
The activity of caspase-3 was measured using a microplate
reader (Bio-Rad Laboratories, Inc.) at an absorbance of 405 nm.

Western blot analysis. The rat brain slices from rats in
every group were homogenized in 100 pl tissue lysis buffer
(Beyotime Institute of Biotechnology) with protease inhibitor
cocktail (Sigma-Aldrich; Merck KGaA) on ice for 30 min
and centrifuged at 12,000 x g for 10 min at 4°C. The protein
concentration was determined using a Bicinchoninic Acid kit
(Beyotime Institute of Biotechnology). The proteins (50 ug)
was separated by sodium dodecyl sulphate polyacrylamide
gel electrophoresis (10-12%) and transferred onto polyvinyli-
dene fluoride membranes (Bio-Rad Laboratories, Inc.). The
membranes were blocked with 5% (w/v) non-fat dry milk
in Tris-buffered saline with 0.1% Tween 20 for 2 h at room
temperature and incubated with the following primary anti-
bodies: B-cell lymphoma 2 (Bcl-2; sc-783, 1:1,000; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) Bcl-2-associated X
protein (Bax; sc-6236,1:2,000; Santa Cruz Biotechnology, Inc.),
AMPK (sc-25792, 1:1,500, Santa Cruz Biotechnology, Inc.),
SIRT1 (sc-15404, 1:2,000; Santa Cruz Biotechnology, Inc.),
p-p38 (sc-17852-R, 1:2,000; Santa Cruz Biotechnology, Inc.)
and B-actin (sc-7210, 1:5,000; Santa Cruz Biotechnology,
Inc.) at 4°C overnight. The membranes were then blocked
with secondary antibodies (D110058, 1:20,000; Sangon
Biotech Co., Ltd.) for 2 h at room temperature and developed
with an enhanced chemiluminescence substrate solution
(Applygen Technologies, Inc., Beijing, China) and analyzed
using Image-ProPlus 6.0 software (Media Cybernetics, Inc.,
Rockville, MD, USA).

Small interfering RNA (siRNA) knockdown of AMPK. The
SH-SY5Y cells (3x10°/well) in 12-well plates were incubated
with Lipofectin (Gibco; Thermo Fisher Scientific, Inc.) with
200 nM AMPK-specific siRNA (sc-270395, Santa Cruz
Biotechnology, Inc.) or control siRNA (sc-270395, Santa
Cruz Biotechnology, Inc.) for 48 h at 37°C. The effects of
siRNA transfection was measured by western blot analysis as
aforementioned.
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Figure 2. Resveratrol protects against alcohol-induced neurodegeneration. Number of neuron cells (magnification, x10).
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Figure 3. Resveratrol protects against the alcohol-induced inflammatory response. Alcohol-induced levels of (A) NF-«xB and (B) TNF-a (B in alcohol-induced
rats. “'P<0.01, compared with the control group; ““P<0.01, compared with the alcohol group. NF-kB, nuclear factor-xB; TNF-a, tumor necrosis factor-a.
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Figure 4. Resveratrol protects alcohol-induced oxidative stress. Alcohol-induced levels of (A) SOD and (B) GSH in alcohol-induced rats. “P<0.01, compared
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with the control group;

Statistical analysis. All data are presented as the
mean =+ standard error of the mean using SPSS 17.0 (SPSS,
Inc., Chicago, IL, USA). Statistical analyses were performed
using Student's t-test. P<0.05 was considered to indicate a
statistically significant difference. All data show results from
at least three independent experiments.

Results

Resveratrol protects against alcohol-induced neurodegenera-
tion. The chemical structure of resveratrol is shown in Fig. 1.
The neuroprotective effects of resveratrol on alcohol-induced
neurodegeneration were measured, in which the number of
neuron cells were observed in every group. Alcohol inhibited
the number of neuron cells in the rats, compared with the
number in the control group (Fig. 2). Resveratrol increased the
number of neuron cells in the rats, compared with the number
in the alcohol-induced model group (Fig. 2).

Resveratrol protects against the alcohol-induced
inflammatory response. The present study then examined
the effect of resveratrol on the alcohol-induced inflamma-
tory response in rats. The results showed that the expression

P<0.01, compared with the alcohol group. SOD, superoxide dismutase; GSH, glutathione.
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Figure 5. Resveratrol protects against alcohol-induced expression of
caspase-3. “P<0.01, compared with the control group; ““P<0.01, compared
with the alcohol group.

levels of NF-kB and TNF-a were markedly increased in the
alcohol-induced model group, compared with levels in the
control group (Fig. 3A and B). Treatment with resveratrol
for 4 days reduced the alcohol-induced levels of NF-kB and
TNF-a in the alcohol-induced rats (Fig. 3A and B).

Resveratrol protects against alcohol-induced oxidative
stress. The present study also examined the expression levels
of SOD and GSH using ELISA kits. In the model group,
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Figure 6. Resveratrol protects against the alcohol-induced expression of Bax/Bcl-2. (A) Protein expression of Bax and Bcl-2 protein using western blot analysis.
(B) Statistical analysis of protein expression levels of Bax and Bcl-2. “P<0.01, compared with the control group; ““P<0.01, compared with the alcohol group.
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Figure 7. Resveratrol upregulates the expression of AMPK. (A) Protein expression of AMPK using western blot analysis. (B) Statistical analysis of the protein
expression of AMPK. “P<0.01, compared with the control group; ““P<0.01, compared with the alcohol group. AMPK, AMP-activated protein kinase.

the expression levels of SOD and GSH were significantly
suppressed, compared with the levels in the control group
(Fig. 4A and B). Treatment of the alcohol-induced rats with
resveratrol significantly increased the expression levels of
SOD and GSH in the rats, compared with the number in the
model group (Fig. 4A and B).

Resveratrol protects against alcohol-induced caspase-3
activity. The microplate reader analysis of the activity of
caspase-3 activity following alcohol exposure revealed
that the activity of caspase-3 was increased significantly,
compared with that in the control group. However, the activity
of caspase-3 was significantly decreased 5 days following
treatment with resveratrol (Fig. 5).

Resveratrol protects against alcohol-induced expression of
Bax/Bcl-2.To examine the mechanisms underlying the neuropro-
tective effects of resveratrol on alcohol-induced Bax/Bcl-2 ratio
in rats, the present study measured the expression of Bax/Bcl-2
using western blot analysis. Alcohol significantly increased the
ratio of Bax/Bcl-2, compared with that in the control group
(Fig. 6). Following the administration of resveratrol, the ratio of
Bax/Bcl-2 was significantly decreased in the rats, compared with
that in the model group (Fig. 6).

Resveratrol upregulates the expression of AMPK. The present
study also assessed whether the neuroprotective effects of resve-
ratrol affected the expression of AMPK in the alcohol-induced
rats. The results of the western blot analysis showed that the
protein expression of AMPK was significantly suppressed
following alcohol exposure, compared with that in the control
group (Fig. 7A and B). By contrast, treatment with resveratrol
upregulated the expression of AMPK in the alcohol-induced

rats, compared with that in the alcohol-induced model group
(Fig. 7A and B).

Resveratrol upregulates the expression of SIRTI. The results
of the western blot analysis showed that alcohol inhibited
the protein expression of SIRT1 in the rats, compared with
that in the control group (Fig. 8A and B). However, pretreat-
ment with resveratrol significantly upregulated the inhibited
protein expression of SIRT1 induced by alcohol, compared
with the expression in the model group without resveratrol
(Fig. 8A and B).

Resveratrol downregulates the expression of p-p38. The
results showed that the protein expression of p-p38 was
increased following exposure to alcohol, compared with that in
the control group (Fig. 9A and B). Treatment with resveratrol
significantly decreased the alcohol-induced protein expression
of p-p38, compared with the expression in the model group
without resveratrol (Fig. 9A and B).

Downregulation of AMPK affects the expression of SIRTI
and p38. In order to provide additional support for the results
described above, the present study analyzed the effect of the
downregulation of AMPK on the expression of SIRT1 and
p38 in the SH-SYSY cells. The results demonstrated that the
downregulation of AMPK suppressed the expression of SIRT1
and activated the expression of p38 in the SH-SY5Y cell model
(Fig. 10A-D).

Discussion

Alcohol has become a commonly consumed beverage.
Although a small quantity of alcohol may be beneficial to
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humans, long-term heavy alcohol intake can cause damage to
the digestive system, cardiovascular system, immune system,
nervous system and other organs in the body, and can induce
cancer (6,10). The potential damage of alcohol to the nervous
system is relatively high; it has a direct neurotoxic effect on
the central nervous system through the blood brain barrier,
induces the apoptosis of nerve cells, reduces the number

of synapses, and can lead to organic change in brain func-
tion (11). Cognitive impairment is a mild symptom, however,
serious consequences include the induction of neurodegener-
ative diseases, including Alzheimer's disease and Parkinson's
disease (12,13). The present study found that resveratrol
reduced the number of alcohol-induced microglial cells and
neuron cells, and inhibited the increased levels of NF-xB,
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TNF-a, SOD and GSH in alcohol-induced rats. Zhang et al
reported the neuroprotective effects of resveratrol against
glutamate-induced excitotoxicity in neurodegenerative
diseases (14), and Abengézar-Vela et al demonstrated that
resveratrol reduced inflammatory and oxidative damage in
human ocular surface epithelial cells (15).

AMPK has protective and reparative effects on devel-
oping and mature neurons, which can enhance the uptake
of neurons cultured in vitro and promote the differentiation
of neurons (16). Studies have shown that the expression of
AMPK is significantly decreased in the substantia nigra of
patients (17). In open clinical trials, intraspinal and putamen
injections of AMPK have exhibited significant efficacy. The
partial protective effect of AMPK protein on glucose-deprived
PC12 cells is realized by the direct binding with p38, which
partially inhibits p38 nuclear translocation, and inhibits its
transcription-dependent pro-apoptotic process; in addition to
the binding site of 253-282 bits, sites between may exist (18).
The overexpression of AMPK can also inhibit the expression
of p38, which can weaken p38-induced pro-apoptosis (19). In
the present study, it was found that treatment with resveratrol
upregulated the expression of AMPK in the alcohol-induced
rats. Guo et al also demonstrated that resveratrol protects
against cardiomyocytes through the AMPK-associated
pathway (20).

SIRT]1 is the most unique homologous protein of SIRT2 in
mammals, involved in chromatin remodeling, gene silencing
and DNA damage repair processes (21). SIRT1 has a substrate,
which is widely used, including transcription factors p53,
forkhead box O and NF-kB (22). The activity of SIRT1 can be
regulated by oxidized nicotinamide adenine dinucleotide and
nicotinamide and phosphorylation (23). SIRT1 is involved in
the regulation of age-related metabolic processes, including fat
storage, insulin secretion, glucose metabolism, neuroprotection
and apoptosis; therefore, it is possible that Sirtl is associated
with the life span of mammals (24). The present study showed
that resveratrol significantly upregulated the alcohol-inhibited
protein expression of SIRT1 in rats. Sonnemann et al also
suggested that resveratrol significantly promotes the protein
expression of SRT1 in SK-N-MC cells (9).

Tumor suppressor p38 can inhibit cell proliferation
through cell cycle arrest, apoptosis and the response to cell
aging induced by stress from different cells (25). There is
data showing that tumors without mutant p38 are likely to
have other defects in the p38 signaling pathway, which has
an important effect on the form of cancer (26). In addition,
experiments have shown that p38 is a non-histone target
gene, which is deacetylated by Sirtl and the first to have been
found (27). The present found that treatment with resveratrol
significantly reduced the alcohol-induced protein expression
of p-p38. Wu et al (28) reported that resveratrol induces
the apoptosis of human chronic myelogenous leukemia
cells through p38. Of note, the downregulation of AMPK
suppressed the expression of SIRT1 and activation of p38 in
the SH-SYS5Y cell model.

In conclusion, the data obtained in the present study
showed that resveratrol protected against alcohol-induced
neurodegeneration. The results also provided novel mecha-
nistic insights by which SH-SY5Y cells are important in
mediating AMPK/SIRT1/p38 signaling.
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