
Int J Clin Exp Med 2018;11(12):12853-12863
www.ijcem.com /ISSN:1940-5901/IJCEM0078498

Review Article
Resveratrol upregulates synaptophysin expression by 
downregulating E3 ubiquitin ligase Siah-1 and RE1  
silencing transcription factor REST

Xiaohui Liu, Yichen Zhao, Xiaoye Ma, Junchao Xie, Yanxin Zhao, Xueyuan Liu

Department of Neurology, The 10th People’s Hospital, Tongji University, No.301 Middle Yanchang Road, Shanghai 
200072, PR China

Received April 25, 2018; Accepted September 6, 2018; Epub December 15, 2018; Published December 30, 2018

Abstract: Objective: A previous study has shown that E3 Ubiquitin Ligase Siah-1 downregulated synaptophysin ex-
pression under high glucose conditions, which may be related to cognitive impairment in diabetic patients. The 
present study aimed to investigate the effects of resveratrol on synaptophysin expression and explore the underling 
mechanisms. Methods and materials: High glucose (50 mM) and resveratrol (10 μM, 30 μM, 50 μM) were used 
to treat PC12 cells. Cell activity was detected by CCK-8 assay. Real-time quantitative PCR and Western blotting 
were used to determine the expression of E3 ubiquitin ligase Siah-1 and RE1 silencing transcription factor REST 
and synaptophysin. Overexpressing REST was used to infect PC12 cells, while real-time PCR and Western blotting 
were employed to detect levels of synaptophysin in different experimental groups. The effects of resveratrol on the 
ubiquitination of Synaptophysin under high glucose levels were observed by immunoprecipitation. Results: High 
glucose significantly increased expression of Siah-1 and REST, but decreased synaptophysin expression. However, 
resveratrol decreased expression of Siah-1 and REST and increased synaptophysin expression in cases of high glu-
cose. REST overexpression downregulated synaptophysin expression. Immunoprecipitation showed that resveratrol 
inhibited the ubiquitination of synaptophysin under high glucose conditions. Conclusion: Resveratrol upregulates 
synaptophysin expression by downregulating Siah-1 and REST, providing a new way for the prevention and treatment 
of diabetic cognitive dysfunction.
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Introduction

Diabetes mellitus (DM), one of the independent 
risk factors for cognitive dysfunction, has been 
associated with cognitive impairment because 
of its vascular effects. It has been reported that 
26% of inpatients over 65 years are diagnosed 
with DM [1]. Epidemiological studies [2-4] and 
biological evidence [5-7] support that older 
patients with DM are at greater risk for all types 
of dementia [8]. Animal experiments have dem-
onstrated that DM can lead to cognitive dys-
function, accompanied by reduced synaptic 
vesicles [9]. Change in protein profiles, includ-
ing synaptophysin in cases of DM, have been 
found to contribute greatly to cognitive decline 
[10]. 

Resveratrol (3,5,4’-trihydroxystilbene, RSV), a 
natural plant antitoxin extracted from a variety 

of plants, such as grapes, berries, and peanuts, 
can regulate cell growth. There is evidence 
showing that resveratrol has a variety of bio-
chemical and physiological activities, including 
anti-inflammatory [11-13], anti-apoptotic [14], 
anti-oxidative [15], anti-diabetic [16, 17], antivi-
ral [18], neuroprotective [19-21], and cardiopro-
tective [22] activities. 

Synaptophysin (Syp) is a key protein in the small 
synaptic vesicles. It has been proven to be 
closely related to cognitive function [23, 24]. It 
is ubiquitously expressed in neuroendocrine 
cells and neurons throughout the brain. E3 
ubiquitin ligase Siah1 is the main protease 
involved in the degradation of synaptophysin 
through the ubiquitin-proteasome system in 
neurons [25]. Furthermore, REST is a main tran-
scriptional factor in the transcriptional regula-
tion of synaptophysin [26, 27]. 
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A previous study demonstrated that Siah-1 
could downregulate synaptophysin expression 
under high glucose conditions, which may be a 
pathological change in diabetic cognitive dys-
function [10]. Results of the present study 
showed that resveratrol, at different concentra-
tions, was able to increase synaptophysin 
expression by downregulating expression of 
Siah-1 and REST, perhaps providing a new 
strategy for the prevention and treatment of 
diabetic cognitive dysfunction.

Materials and methods

Equipment and reagents

Equipment: high-speed low temperature centri-
fuge (Heraeus, Hanau, Germany), real-time PCR 
apparatus (Thermocycler; Biometra, Göttingen, 
Germany), gelimage processing system (Media 
Cybernetics, Inc., Rockville, MD, USA), and liq-
uid scintillation counter (Beckman Coulter, 
Brea CA, USA); Reagents: resveratrol (Sigma-
Aldrich Co. St. Louis, MO, USA), dimethyl sulfox-
ide (DMSO) (Sigma-Aldrich Co. St. Louis, MO, 
USA), D-glucose (Sigma-Aldrich Co. St. Louis, 
MO, USA), bovine serum albumin (BSA) (Sigma-
Aldrich Co. St. Louis, MO, USA), Dulbecco’s 

Modified Eagle’s medium (DMEM) (Gibco, 
Grand Island, NY, USA), fetal bovine serum 
(FBS) (Gibco, Grand Island, NY, USA), primers 
(Shanghai Sangon Biological Engineering Com- 
pany, Shanghai, China), Cell Counting Kit-8 
(CCK-8) (Dojindo Molecular Technologies, Inc., 
Japan), and real-time quantitative PCR kit 
(Takara Bio Inc., Otsu, Japan). 

Cell treatment

PC12 cells were cultured in DMEM containing 
1% PS and 10% FBS at 37°C in a humidified 
environment with 5% CO2. Neurobasal medium 
containing 25 mM glucose was added to the 
DMEM. Cells were treated with 50 mM glucose 
to induce neuronal DM. In resveratrol treated 
groups, cells in the logarithmic growth phase 
were treated with resveratrol at different con-
centrations (10 μmol/L, 30 μmol/L, and 50 
μmol/L).

Cell viability assay

Cell viability was detected by CCK-8 assay. 
CCK-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitro- 
phenyl)-5-(2,4-disulfobenzene)-2H-tetrazole 
monosodium salt] can react with the electron 
carrier 1-methoxy-5-methylphenisinium sulfate 
(1-Methoxy PMS) to be reduced to formazan, 
which is dissolved by dehydrogenase in cells. 
The amount of formazan produced is propor-
tional to the number of viable cells. Optical den-
sity (OD) was measured at 450 nm using a 
microplate reader to indirectly reflect the num-
ber of viable cells. Cells (100 μl; about 10,000-
20,000/ml) were seeded into 96-well plates 
and treated with medium containing 50 mM 
glucose. After resveratrol treatment for 24 
hours, 10 μl of CCK-8 solution was added to 
each well, followed by incubation for 2 hours. 
OD was measured at 450 nm.

Quantitative PCR

Cells were treated with TRIzol Reagent for 
extraction of total RNA and cDNA synthesis was 
performed using PrimeScript RT reagent kit 
(Takara Bio Inc., Otsu, Japan). Primers were 
designed and synthesized for amplification of 
rat REST, Siah-1, synaptophysin, and β-actin 
using real-time quantitative PCR. The standard 
curve was obtained and CT values were calcu-
lated. MicroRNA expression of each gene was 
normalized to β-actin expression. The mixture 

Figure 1. After high glucose exposure, PC12 cells 
were cultured with different concentrations (0-100 
μM) of resveratrol for 24 hours and 48 hours. Res-
veratrol at 0-60 μM had no influence on the cell 
viability, but at >60 μM it significantly reduced the 
ability of cell proliferation, which was concentration 
dependent. In the following experiments, resveratrol 
at 10, 30, and 50 μmol/L was used to treat cells for 
24 hours. Data are mean ± SD from independent ex-
periments.
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used for PCR was as follows: DNA (1 μl), SYBR 
FAST qPCR Master Mix (10 μl), ROX High (0.4 
μl), Primer F (10 pmol/μl) (0.4 μl), Primer R (10 
pmol/μl) (0.4 μl), and Total Volume (20 μl). PCR 
was conducted as follows: 95°C for 3 minutes, 
95°C for 3 seconds, 60°C for 30 seconds, 
95°C for 15 seconds, 60°C for 15 seconds, 
and 95°C for 15 seconds, for a total of 40 
cycles.

Immunoblotting

PC12 cells were treated with RIPA buffer to 
extract total proteins and protein concentra-
tions were detected with the BSA method. 
Protein (40 μg) was mixed with loading buffer at 
a ratio of 4:1. After boiling for 10 minutes, the 
mixture was loaded for SDS-PAGE. After PVDF 
membranes were treated with TBST containing 
5% non-fat milk, they were incubated at 4°C 
overnight with rabbit anti-rat polyclonal anti-
body against REST (1:1000; Abcam Co., 
Cambridge, MA, USA), rabbit anti-rat monoclo-
nal antibody against synaptophysin (1:2000; 
Abcam Co., Cambridge, MA, USA), goat anti-rat 
polyclonal antibody against Siah-1 (1:1000; 
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, 
USA), or mouse anti-rat monoclonal antibody 
against β-actin (1:2000; Sigma-Aldrich Co., St. 
Louis, MO, USA). After incubation with second-
ary antibodies at 37°C for 2 hours, each band 
was observed visually with chemiluminescence 
(ECL Blotting Analysis System). OD was mea-
sured by Image software and normalized to that 
of β-actin (Shanghai Yeasen Biotechnology Co., 
Ltd., Shanghai, China).

Permanent transfection of constructs

Lentivirus with REST overexpression was con-
structed by Shanghai Genechem Co., Ltd. The 
multiplicity of infection (MOI) was 75. Adherent 
cells were plated at 1×105/well in 24-well 
plates. Next, 18-24 hours later, the lentivirus 
was transfected. The 24-well plates were inocu-

Figure 2. After high glucose exposure, resveratrol 
at 10, 30, and 50 μmol/L was used to treat PC12 
cells for 24 hours. A. Levels of Siah-1 and synapto-
physin were analyzed by immunoblotting. Compared 
with the NC group, relative expression of Siah-1 in 
Hg group was significantly increased, while rela-
tive expression of synaptophysin was significantly 

decreased. Compared with the Hg group, relative 
expression of Siah-1 in Rsv group was significantly 
decreased and relative expression of synaptophysin 
was significantly increased after effected by Rsv for 
24 hours. B. C. Densitometric quantification of Siah-
1 and synaptophysin in PC12 cells, which were treat-
ed as described above. Data are mean ± SD from 
independent experiments. *, P<0.05 (statistical sig-
nificance); NC, normal control; Hg, high glucose (50 
mM); Rsv, resveratrol (10 μM, 30 μM, 50 μM).
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lated and the original medium was removed. 
Fresh medium and Polybrene were added at a 
final concentration of 5 μg/mL and mixed into 
the incubator. After incubation at 37°C for 30 
minutes, the lentivirus was removed, slowly 
melting the ice. The virus solution was added 
according to MOI 75 into the cells and mixed. 
After culturing at 37°C for 12 hours, the medi-
um containing lentivirus were removed and the 
fresh medium was added. Transfection effi-
ciency was determined by fluorescence micros-
copy after incubation at 37°C for 48 hours. 
Transfected cells were processed for real-time 
quantitative PCR and Western blotting. 

Transient transfection of constructs

HEK 293 cells were transfected with HA-ubi- 
quitin, Flag-Siah-1, or Myc-synaptophysin plas-
mid using Lipofectamine TM 3000, according 
to manufacturer instructions. Eight hours later, 
the medium was removed and the DMEM con-
taining 10% FBS, 50 mM glucose, and 50 μM 
resveratrol was added. Transfected cells were 
processed for Western blotting with antibody 
against HA (1:1000, Abcam Co., Cambridge, 

Figure 3. HEK293 cells were co-expressed with Myc-
tagged synaptophysin along with HA tagged ubiquitin 
in the absence or presence of exogenous Siah-1. Cell 
lysates were subjected to immunoprecipitation with 
an anti-Myc antibody followed by immunoblotting 
with an anti-HA antibody to detect ubiquitin conju-
gated synaptophysin. Results showed that synapto-
physin expression significantly increased in resvera-
trol group, but ubiquitination decreased. Exogenous 
Siah-1 significantly decreased synaptophysin expres-
sion and increased association of ubiquitin with syn-
aptophysin was found by overexpression of Siah-1. 
Synaptophysin or HA-tagged ubiquitin was unde-
tectable in control IP, which using mouse IgG pulled 
down. 1. high glucose (50 mM); 2. high glucose + Rsv 
(50 μM); 3. high glucose + Siah-1; 4. high glucose + 
Rsv (50 μM) + Siah-1.

Figure 4. A. Levels of HA and Myc in Input group were 
analyzed by immunoblotting. Ratio of synaptophysin 
and tubulin was used as relative protein expression 
of synaptophysin. Data are mean ± SD from indepen-
dent experiments. B. Levels of HA and synaptophysin 
in IP group were analyzed by immunoblotting. Data 
are mean ± SD from independent experiments. *, 
P<0.05 (statistical significance).
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MA, USA), Flag (1:1000, Abcam Co., Cambridge, 
MA, USA) or Myc (1:1000, Abcam Co., Cam- 
bridge, MA, USA). 

Ubiquitination assays

HEK293 cells were transfected with plasmids 
containing HA-ubiquitin or Myc-synaptophysin 
in the presence or absence of Flag-Siah-1. Cells 
were washed twice with PBS and lysed in IP 
buffer containing a protease inhibitor and phos-
phatase inhibitor for 1 hour at 4°C. Supernatant 
was collected after centrifugation at 10,000 
rpm for 10 minutes at 4°C. Agarose Protein A + 
G beads were added and mixed. After washing 
twice with PBS, centrifugation was performed 
at 3000 rpm for 5 minutes. The resultant prod-
uct was divided into two parts, one for the 
removal of nonspecific binding and the other 
for binding to the specific antibody. The mono-
clonal anti-Myc antibody (5 μg, Abcam Co., 
Cambridge, MA, USA) was added, followed by 
incubation at 4°C for 12 hours. Agarose Protein 
A + G (30 μl/tube) was then added, followed by 
incubation at 4°C for 3 to 6 hours. After wash-
ing to remove the nonspecific binding, the 
bound protein was detected by immuno- 
blotting.

Statistical analysis

All data were analyzed using SPSS version 
20.0. One-way ANOVA was employed for com-
parisons. A value of P<0.05 is considered sta-
tistically significant.

Results

Cell viability

As shown in Figure 1, 24-hour cell viability was 
as follows: (100.590±0.512)%, (101.140± 
1.927)%, (98.201±0.460)%, (99.210±0.515)%, 
(97.967±1.430)%, (94.509±1.206)%, (76.740± 
1.750)%, (43.152±1.509)%, (3.024±1.128)%, 
(4.201±2.239)% (P<0.05); 48-hour cell viability 
was as follows: (95.704±4.507)%, (93.401± 
2.827)%, (92.150±2.343)%, (90.645±2.20)%, 

Figure 5. After high glucose exposure, PC12 cells 
were cultured with different concentrations of resve-
ratrol for 24 hours. A. Levels of REST and synapto-
physin were analyzed by immunoblotting. Compared 
with the NC group, relative expression of Siah-1 in 
Hg group was significantly increased, while rela-
tive expression of synaptophysin was significantly 
decreased. Compared with the Hg group, relative 
expression of REST in Rsv group was significantly 
decreased and relative expression of synaptophysin 

was significantly increased after affected by Rsv for 
24 hours. B. C. Densitometric quantification of REST 
and synaptophysin in PC12 cells, which were treated 
as described above. Data are mean ± SD from in-
dependent experiments. *, P<0.05 (statistical sig-
nificance); NC, normal control; Hg, high glucose (50 
mM); Rsv, resveratrol (10 μM, 30 μM, 50 μM).
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(92.088±0.710)%, (88.221±1.256)%, (68.289± 
1.588)%, (45.767±2.970)%, (6.067±4.633)%, 
(3.100±1.534)%; Resveratrol at 0-60 μM had 
no influence on cell viability. At >60 μM, how-
ever, it significantly reduced the ability of cell 
proliferation, which was concentration depen-
dent. In the following experiments, resveratrol 
at 10, 30, and 50 μmol/L was used to treat 
cells for 24 hours.

Resveratrol upregulates synaptophysin expres-
sion with decreased siah-1 expression

After high glucose exposure, PC12 cells were 
treated with different concentrations of resve-
ratrol for 24 hours. Expression of selective pro-
teins was detected by Western blotting. Siah-1 
expression in the high glucose group was mark-
edly higher than the normal control group 
(0.193±0.006) (P<0.05). There was a signifi-
cant difference in Siah-1 expression between 
the high glucose group (0.745±0.047) and  
Rsv groups (10 μM: 0.441±0.040; 30 μM: 
0.392±0.056; 50 μM: 0.401±0.065) (P<0.05). 
The syp expression in the high glucose group 
was markedly lower than the normal control 
group (0.905±0.052) (P<0.05). Significant dif-
ferences were also observed in syp expression 
between the high glucose group (0.392±0.026) 
and Rsv groups (10 μM: 0.667±0.034; 30 μM: 
0.986±0.066; 50 μM: 1.089±0.058) (P<0.05) 
(Figure 2).

Resveratrol inhibits the ubiquitination of syn-
aptophysin under high glucose conditions

With Myc-tagged synaptophysin, along with 
HA-tagged ubiquitin in the absence or pres-
ence of exogenous Siah-1, HEK 293 cells cul-
tured were transfected. Immunoprecipitation 
with anti-Myc antibody was then performed. 
Target proteins were immunoblotted with anti-
HA antibody to detect ubiquitin conjugated syn-
aptophysin. As shown in Figures 3, 4, synapto-
physin expression significantly increased in the 
resveratrol group, but ubiquitination decreased. 
Additionally, exogenous Siah-1 significantly de- 
creased synaptophysin expression. Increased 
association of ubiquitin with synaptophysin 

Figure 6. A. The mRNA level of REST in Hg group 
was 1.594±0.010 times higher than that in control 
group, while the level of REST in resveratrol group 
was 0.923±0.11 times (10 μM), 0.656±0.038 
times (30 μM), 0.384±0.160 (50 μM) times lower, 
respectively. The ratio of syp and β-actin was used 
as relative mRNA expression of syp. There was a sig-
nificant difference between high glucose treatment 
group and Rsv treatment group. B. MicroRNA expres-
sion of synaptophysin in High glucose group was 
0.670±0.067 times lower than that in control group 
and expression of synaptophysin in resveratrol group 
was 1.208±0.048 times (10 μM), 1.463±0.052 
times (30 μM), 2.110±0.23 times (50 μM) higher, re-
spectively. The ratio of REST and β-actin was used as 
relative mRNA expression of REST. There was a sig-
nificant difference between high glucose treatment 
group and Rsv treatment group. Data are mean ± 

SD from independent experiments. *, P<0.05 (sta-
tistical significance); NC, normal control; Hg, high 
glucose (50 mM); Rsv, resveratrol (10 μM, 30 μM, 
50 μM).
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was found by overexpression of Siah-1. Sy- 
naptophysin or HA-tagged ubiquitin was un- 
detectable in control IP, which using mouse IgG 
pulled down. Present findings indicate that res-
veratrol inhibits the ubiquitination of synapto-
physin under high glucose conditions by down-
regulating Siah-1 expression, providing an 
experimental basis for treatment of diabetic 
cognitive dysfunction. 

Resveratrol upregulates synaptophysin expres-
sion with decreased REST expression

There was a significant difference in REST 
expression between the high glucose group 
and Rsv group. As shown in Figure 5, compared 
with the normal control group, REST expression 
in the high glucose group significantly increased 

and synaptophysin markedly decreased. Com- 
pared with the high glucose group, REST 
expression in the resveratrol group significantly 
decreased and synaptophysin markedly in- 
creased. The mRNA expression of REST in the 
high glucose group was 1.594±0.010 times 
higher than that in the normal control group. In 
resveratrol groups, it was 0.923±0.11 times 
(10 μM), 0.656±0.038 times (30 μM) and 
0.384±0.160 (50 μM) times lower than that in 
the high glucose group (Figure 6A). Present 
findings demonstrate that mRNA expression of 
synaptophysin in the high glucose group was 
0.670±0.067 times lower than the control gr- 
oup. In the resveratrol group, it was 1.208± 
0.048 times (10 μM), 1.463±0.052 times (30 
μM) and 2.110±0.23 times (50 μM) higher than 
in the high glucose group (P<0.05) (Figure 6B). 

Lentivirus with REST overexpression was 
constructed

Lentivirus with REST overexpression was used 
to transfect PC12 cells and mRNA expression 
of REST was detected. MicroRNA expression of 
REST, after transfection, was significantly high-
er than in the scramble control group (4.263-
fold) (P<0.05) (Figure 7B). Western blotting 
showed that protein expression of REST, after 
transfection, was about 2.760 times higher 
than that in the scramble control group, show-
ing significant differences between the groups 
(Figure 7A-C).

Expression of synaptophysin was downregu-
lated after REST overexpression

After transfection by lentivirus with REST over-
expression, PC12 cells were treated with 50 
μM resveratrol for 24 hours. Protein and RNA 
were extracted and expression of REST and 
synaptophysin was further detected. Expression 
of synaptophysin in Rsv (50 μM) treated cells 
after transfection was like that in the high glu-
cose group. This indicates that protein expres-
sion of synaptophysin was downregulated after 
REST overexpression and resveratrol restores 
expression of synaptophysin by downregulating 
REST expression (Figures 8, 9).

Discussion

Studies have confirmed that DM is an indepen-
dent risk factor for dementia [28-33]. The 
annual rate of global cognitive impairment is up 

Figure 7. Lentivirus with REST overexpression was 
used to transfect PC12 cells. A. Levels of REST were 
analyzed by immunoblotting. B. The ratio of REST 
and β-actin was used as relative mRNA expression 
of REST. Results showed that mRNA expression of 
REST after transfection was significantly higher than 
that in scramble control group (4.263-fold). C. West-
ern blotting showed that protein expression of REST 
after transfection was about 2.760 times higher than 
that in scramble control group, showing significant 
differences between them. Data are mean ± SD from 
independent experiments. *, P<0.05 (statistical sig-
nificance); NC, normal control; OE, overexpression.
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to 1.5 times greater in DM patients than in non-
diabetic subjects [28]. DM may enhance the 
risk for dementia and significantly promote the 
progression of MCI to dementia [34]. Synaptic 
transmission is an important step in the cogni-
tive process. Synaptophysin is involved in syn-
aptic plasticity, neurotransmitter release, syn-
aptic vesicle reuse, and formation, which are 
crucial for learning, memory, and other func-
tions. Synaptophysin also serves as a specific 
marker of synapses [35, 36]. Abnormal synap-
tophysin expression has been observed in a 
variety of neurodegenerative diseases [37-39].

Resveratrol is a natural plant antitoxin extract-
ed from a variety of plants, such as grapes, ber-
ries, and peanuts. It can regulate cell growth. In 
addition, resveratrol possesses a variety of bio-
chemical and physiological functions, including 
anti-inflammatory, anti-apoptotic, anti-oxida-
tive, anti-diabetic, anti-viral, neuroprotective, 
and cardioprotective properties [40]. In a previ-
ous study, results showed that Siah-1 could 
downregulate Synaptophysin expression under 
high glucose conditions, which is one of patho-
logical changes in cases of diabetic cognitive 
dysfunction [10]. Furthermore, REST is a main 
transcriptional factor in the transcriptional reg-
ulation of synaptophysin. There is a functional 
binding site for REST in the first intron of the 
human synaptophysin gene [26, 27]. There is 
evidence showing that resveratrol can protect 
against neuronal cell death by downregulating 
REST expression [41]. 

In the present study, the influence of resvera-
trol on synaptophysin expression was further 
investigated and potential mechanisms were 
explored by focusing on Siah-1 and REST. After 
high glucose exposure, PC12 cells were treated 
with different concentrations of resveratrol for 
24 hours. Results showed that Siah-1 expres-
sion in the high glucose group significantly 
increased, while synaptophysin expression sig-

Figure 8. A. Levels of REST were analyzed by immu-
noblotting. Expression of REST in Rsv (50 μM) treat-

ed cells after transfection was in accord with that in 
the high glucose group. This indicates that protein 
expression of REST was upregulated after REST 
overexpression. B. The ratio of REST and β-actin was 
used as relative mRNA expression of REST. There 
was a significant difference between OE group and 
Rsv treatment group. C. Densitometric quantification 
of REST in PC12 cells treated with different group. 
Data are mean ± SD from independent experiments. 
*, P<0.05 (statistical significance); NC, normal con-
trol; Hg, high glucose (50 mM); Rsv, resveratrol (10 
μM, 30 μM, 50 μM); OE, overexpression.
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nificantly decreased, compared with the nor-
mal control group. Under high glucose condi-
tions, synaptophysin was ubiquitinated. Ubi- 
quitinated synaptophysin could be detected 
with anti-HA antibody by immunoblotting in the 
absence of exogenous Siah protein. Exogenous 
Siah-1 significantly decreased synaptophysin 
expression. Additionally, increased association 
of ubiquitin with synaptophysin was found in 
cases of Siah-1 overexpression. However, when 
compared with the high glucose group, Siah-1 
expression in the resveratrol group significantly 
decreased and synaptophysin expression sig-
nificantly increased after resveratrol treatment 
for 24 hours. IP showed that protein expression 
of synaptophysin significantly increased in the 
resveratrol group and ubiquitination decreased. 
Studies have shown that E3 ubiquitin ligase 
Siah1 is a main protease involved in the degra-
dation of synaptophysin through the ubiquitin-
proteasome system in the neurons [25]. 
Present findings indicate that resveratrol can 
inhibit the ubiquitination of synaptophysin 
under high glucose conditions, thereby upregu-
lating synaptophysin expression and preventing 
diabetic cognitive impairment. 

Furthermore, REST has been found to be a 
main transcriptional factor for synaptophysin 
[26, 27]. In the present study, when compared 
with the normal control group, REST expression 
in the high glucose group significantly in- 
creased, while synaptophysin expression sig-
nificantly decreased. However, when compared 
with the high glucose group, REST expression 
in the resveratrol group significantly decreased 
and synaptophysin expression significantly 
increased. Moreover, synaptophysin expres-
sion in PC12 cells with REST overexpression 
after resveratrol treatment for 24 hours was 
comparable to that in the high glucose group. 

Figure 9. A. Levels of synaptophysin were analyzed by 
immunoblotting. Expression of synaptophysin in Rsv 

(50 μM) treated cells after transfection was similar 
to that in high glucose group. This indicates that pro-
tein expression of synaptophysin was downregulated 
after REST overexpression and resveratrol restores 
expression of synaptophysin by downregulating REST 
expression. B. The ratio of synaptophysin and β-actin 
was used as the relative mRNA expression of synap-
tophysin. There was a significant difference between 
OE group and Rsv treatment group. C. Densitometric 
quantification of synaptophysin in PC12 cells treated 
with different group. Data are mean ± SD from in-
dependent experiments. *, P<0.05 (statistical sig-
nificance); NC, normal control; Hg, high glucose (50 
mM); Rsv, resveratrol (10 μM, 30 μM, 50 μM); OE, 
overexpression. 
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This indicates that synaptophysin expression is 
downregulated after REST overexpression, but 
resveratrol upregulates synaptophysin expres-
sion by downregulating REST expression. 

In summary, resveratrol upregulates synapto-
physin expression by downregulating E3 ubiqui-
tin ligase Siah-1 and RE1 silencing transcrip-
tion factor REST. This provides a new method 
for the prevention and treatment of diabetic 
cognitive dysfunction. 

Acknowledgements

This study was supported by the National 
Natural Science Foundation of China (8157- 
1033 [to Y.Z] and 81371212 [to X.L]) and 
Shanghai Municipal Commission of Health and 
Family Planning (No. 2014ZYJB0001).

Disclosure of conflict of interest

None.

Address correspondence to: Yanxin Zhao and 
Xueyuan Liu, Department of Neurology, Shanghai 
Tenth People’s Hospital, Tongji University School of 
Medicine, 301 Middle Yanchang Road, Shanghai 
200072, PR China. E-mail: zhao_yanxin@tongji.edu.
cn (YXZ); liuxy@tongji.edu.cn (XYL)

References

[1] Li J, Cesari M, Liu F, Dong B, Vellas B. Effects of 
diabetes mellitus on cognitive decline in pa-
tients with alzheimer disease: a systematic re-
view. Can J Diabetes 2017; 41: 114-119.

[2] Yaffe K, Falvey C, Hamilton N, Schwartz AV, Si-
monsick EM, Satterfield S, Cauley JA, Rosano 
C, Launer LJ, Strotmeyer ES, Harris TB. Diabe-
tes, glucose control, and 9-year cognitive de-
cline among older adults without dementia. 
Arch Neurol 2012; 69: 1170-1175.

[3] Roberts RO, Knopman DS, Geda YE, Cha RH, 
Pankratz VS, Baertlein L, Boeve BF, Tangalos 
EG, Ivnik RJ, Mielke MM, Petersen RC. Associa-
tion of diabetes with amnestic and nonamnes-
tic mild cognitive impairment. Alzheimers De-
ment 2014; 10: 18-26.

[4] Cukierman T, Gerstein HC, Williamson JD. Cog-
nitive decline and dementia in diabetes--sys-
tematic overview of prospective observational 
studies. Diabetologia 2005; 48: 2460-2469.

[5] Craft S. Alzheimer disease: insulin resistance 
and AD--extending the translational path. Nat 
Rev Neurol 2012; 8: 360-362.

[6] Lesort M, Johnson GV. Insulin-like growth fac-
tor-1 and insulin mediate transient site-selec-
tive increases in tau phosphorylation in prima-
ry cortical neurons. Neuroscience 2000; 99: 
305-316.

[7] Takeda S, Sato N, Rakugi H, Morishita R. Mo-
lecular mechanisms linking diabetes mellitus 
and Alzheimer disease: beta-amyloid peptide, 
insulin signaling, and neuronal function. Mol 
Biosyst 2011; 7: 1822-1827.

[8] Akomolafe A, Beiser A, Meigs JB, Au R, Green 
RC, Farrer LA, Wolf PA, Seshadri S. Diabetes 
mellitus and risk of developing Alzheimer dis-
ease: results from the Framingham Study. Arch 
Neurol 2006; 63: 1551-1555.

[9] Sasaki-Hamada S, Sacai H, Oka JI. Diabetes 
onset influences hippocampal synaptic plastic-
ity in streptozotocin-treated rats. Neuroscience 
2012; 227: 293-304. 

[10] Zhao Y, Li Q, Jin A, Cui M, Liu X. E3 ubiquitin li-
gase Siah-1 downregulates synaptophysin ex-
pression under high glucose and hypoxia. Am J 
Transl Res 2015; 7: 15-27.

[11] Udenigwe CC, Ramprasath VR, Aluko RE, Jones 
PJ. Potential of resveratrol in anticancer and 
anti-inflammatory therapy. Nutr Rev 2008; 66: 
445-454.

[12] Zhang X, Li W, Wu Q, Wu L, Ye Z, Liu J, Zhuang 
Z, Zhou M, Zhang X, Hang C. Resveratrol at-
tenuates acute inflammatory injury in experi-
mental subarachnoid hemorrhage in rats via 
inhibition of TLR4 pathway. Int J Mol Sci 2016; 
17: 1331.

[13] Jeong SI, Shin JA, Cho S, Kim HW, Lee JY, Kang 
JL, Park E. Resveratrol attenuates peripheral 
and brain inflammation and reduces ischemic 
brain injury in aged female mice. Neurobiol Ag-
ing 2016; 44: 74-84. 

[14] Baarine M, Thandapilly SJ, Louis XL, Mazue F, 
Yu L, Delmas D, Netticadan T, Lizard G, La-
truffe N. Pro-apoptotic versus anti-apoptotic 
properties of dietary resveratrol on tumoral 
and normal cardiac cells. Genes Nutr 2011; 6: 
161-169.

[15] Chang CC, Chang CY, Huang JP, Hung LM. “Ef-
fect of resveratrol on oxidative and inflamma-
tory stress in liver and spleen of streptozoto-
cin-induced type 1 diabetic rats”. Chin J Physiol 
2012; 55: 192-201. 

[16] Dao TM, Waget A, Klopp P, Serino M, Vachoux 
C, Pechere L, Drucker DJ, Champion S, Barthe-
lemy S, Barra Y, Burcelin R, Seree E. Resvera-
trol increases glucose induced GLP-1 secre-
tion in mice: a mechanism which contributes 
to the glycemic control. PLoS One 2011; 6: 
e20700. 

[17] Diaz-Gerevini GT, Repossi G, Dain A, Tarres MC, 
Das UN, Eynard AR. Beneficial action of resve-

mailto:zhao_yanxin@tongji.edu.cn
mailto:zhao_yanxin@tongji.edu.cn
mailto:liuxy@tongji.edu.cn


Resveratrol upregulates synaptophysin expression

12863 Int J Clin Exp Med 2018;11(12):12853-12863

ratrol: how and why? Nutrition 2016; 32: 174-
178.

[18] Clouser CL, Chauhan J, Bess MA, van Oploo JL, 
Zhou D, Dimick-Gray S, Mansky LM, Patterson 
SE. Anti-HIV-1 activity of resveratrol derivatives 
and synergistic inhibition of HIV-1 by the com-
bination of resveratrol and decitabine. Bioorg 
Med Chem Lett 2012; 22: 6642-6646.

[19] Wan D, Zhou Y, Wang K, Hou Y, Hou R, Ye X. 
Resveratrol provides neuroprotection by inhib-
iting phosphodiesterases and regulating the 
cAMP/AMPK/SIRT1 pathway after stroke in 
rats. Brain Res Bull 2016; 121: 255-262. 

[20] Lopez MS, Dempsey RJ, Vemuganti R. Resvera-
trol neuroprotection in stroke and traumatic 
CNS injury. Neurochem Int 2015; 89: 75-82. 

[21] Dias GP, Cocks G, Do Nascimento Bevilaqua 
MC, Nardi AE, Thuret S. Resveratrol: a potential 
hippocampal plasticity enhancer. Oxid Med 
Cell Longev 2016; 2016: 1-14.

[22] Xu Q, Si L. Resveratrol role in cardiovascular 
and metabolic health and potential mecha-
nisms of action. Nutr Res 2012; 32: 648-658. 

[23] Wiedenmann B, Franke WW. Identification and 
localization of synaptophysin, an integral mem-
brane glycoprotein of Mr 38,000 characteristic 
of presynaptic vesicles. Cell 1985; 41: 1017-
1028.

[24] Tarsa L, Goda Y. Synaptophysin regulates activ-
ity-dependent synapse formation in cultured 
hippocampal neurons. Proc Natl Acad Sci U S A 
2002; 99: 1012-1016. 

[25] Wheeler TC, Chin LS, Li Y, Roudabush FL, Li L. 
Regulation of synaptophysin degradation by 
mammalian homologues of seven in absentia. 
J Biol Chem 2002; 277: 10273-10282.

[26] Hohl M, Thiel G. Cell type-specific regulation of 
RE-1 silencing transcription factor (REST) tar-
get genes. Eur J Neurosci 2005; 22: 2216-
2230. 

[27] Ekici M, Schmitz F, Hohl M, Seigel G, Thiel G. 
Chromatin structure and expression of synap-
sin I and synaptophysin in retinal precursor 
cells. Neurochem Int 2008; 53: 165-172. 

[28] Cukierman T, Gerstein HC, Williamson JD. Cog-
nitive decline and dementia in diabetes--sys-
tematic overview of prospective observational 
studies. Diabetologia 2005; 48: 2460-2469. 

[29] Lu FP, Lin KP, Kuo HK. Diabetes and the risk of 
multi-system aging phenotypes: a systematic 
review and meta-analysis. PLoS One 2009; 4: 
e4144.

[30] Yaffe K, Fiocco AJ, Lindquist K, Vittinghoff E, 
Simonsick EM, Newman AB, Satterfield S, Ro-
sano C, Rubin SM, Ayonayon HN, Harris TB. 
Predictors of maintaining cognitive function in 
older adults: the health ABC study. Neurology 
2009; 72: 2029-2035.

[31] Christman AL, Matsushita K, Gottesman RF, 
Mosley T, Alonso A, Coresh J, Hill-Briggs F, 
Sharrett AR, Selvin E. Glycated haemoglobin 
and cognitive decline: the atherosclerosis risk 
in communities (ARIC) study. Diabetologia 
2011; 54: 1645-1652. 

[32] Comijs HC, Kriegsman DM, Dik MG, Deeg DJ, 
Jonker C, Stalman WA. Somatic chronic dis-
eases and 6-year change in cognitive function-
ing among older persons. Arch Gerontol Geri-
atr 2009; 48: 191-196. 

[33] Knopman DS, Mosley TH, Catellier DJ, Coker 
LH. Fourteen-year longitudinal study of vascu-
lar risk factors, APOE genotype, and cognition: 
the ARIC MRI study. Alzheimers Dement 2009; 
5: 207-214. 

[34] Xu W, Caracciolo B, Wang HX, Winblad B, Back-
man L, Qiu C, Fratiglioni L. Accelerated pro-
gression from mild cognitive impairment to 
dementia in people with diabetes. Diabetes 
2010; 59: 2928-2935.

[35] Kwon SE, Chapman ER. Synaptophysin regu-
lates the kinetics of synaptic vesicle endocyto-
sis in central neurons. Neuron 2011; 70: 847-
854.

[36] Gordon SL, Leube RE, Cousin MA. Synaptophy-
sin is required for synaptobrevin retrieval dur-
ing synaptic vesicle endocytosis. J Neurosci 
2011; 31: 14032-14036. 

[37] Schmitt U, Tanimoto N, Seeliger M, Schaeffel F, 
Leube RE. Detection of behavioral alterations 
and learning deficits in mice lacking synapto-
physin. Neuroscience 2009; 162: 234-243. 

[38] Tampellini D, Capetillo-Zarate E, Dumont M, 
Huang Z, Yu F, Lin MT, Gouras GK. Effects of 
synaptic modulation on beta-amyloid, synapto-
physin, and memory performance in Alzheim-
er’s disease transgenic mice. J Neurosci 2010; 
30: 14299-14304. 

[39] Callahan LM, Vaules WA, Coleman PD. Pro-
gressive reduction of synaptophysin message 
in single neurons in Alzheimer disease. J Neu-
ropathol Exp Neurol 2002; 61: 384-395. 

[40] Singh N, Agrawal M, Doré S. Neuroprotective 
properties and Mechanisms of resveratrol in 
invitro and in vivo experimental cerebral stroke 
models. Acs Chem Neurosci 2013; 4: 1151-
1162. 

[41] Guida N, Laudati G, Anzilotti S, Secondo A, 
Montuori P, Di Renzo G, Canzoniero LM, Formi-
sano L. Resveratrol via sirtuin-1 downregulates 
RE1-silencing transcription factor (REST) ex-
pression preventing PCB-95-induced neuronal 
cell death. Toxicol Appl Pharm 2015; 288: 
387-398.


