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Abstract
Endothelial dysfunction and excessively stimulated autophagy, often caused by oxidant injury or
inflammation, will lead to atherosclerosis development and progression in diabetes. The aim of this
study is to investigate the protective effect of glucagon-like peptide-1 (GLP-1) treatment on
preventing oxidative stress-induced endothelial dysfunction and excessively stimulated autophagy.
Treatment of endothelial cells with GLP-1 significantly attenuated oxidative stress-induced
endothelial dysfunction and autophagy, which was associated with the reduction of intracellular
reactive oxygen species (ROS) levels. These protective effects of GLP-1 were likely mediated by
reducing phosphorylation of ERK1/2. We further demonstrated that GLP-1 treatment could
reverse downregulation of epigenetic factor histone deacetylase 6 (HDAC6), a downstream
molecular of the EKR1/2, induced by oxidant injury. In conclusion, our results suggest that GLP-1
produces a protective effect on endothelial cells from oxidant injury by preventing endothelial
dysfunction and autophagy, which may be dependent on restoring HDAC6 through a
GLP-1R-ERK1/2-dependent manner.
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Introduction
The prevalence of type 2 diabetes mellitus
(T2DM) in China is 11.6% of the general adult
population [1]. Cardiovascular complications are
recognized as the leading cause for morbidity and
mortality in the diabetic population [2]. Diabetes
mellitus is proposed to accelerate arteriosclerosis
which has high risk at coronary heart disease and
stroke [3].
It is well known that diabetes could lead to
upregulation of intracellular reactive oxygen species
(ROS), subsequently inducing inflammation, injury in

endothelial cells and apoptotic cell death [4, 5].
Previous study indicated that elevated generation of
reactive oxygen species (ROS) and increased oxidative
stress lead to vascular dysfunction [6]. In mammalian
cells, mitochondrial ROS accumulation and lipids
oxidation seem to play a key role in autophagy, since
both O2• − and H2O2 could induce autophagy [7].
Through degradation of damaged intracellular
materials caused by ROS, autophagy plays a key role
in the maintenance of normal cellular homeostasis [8,
9]. It is clear that basal autophagy can protect cells
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against oxidative stress by eliminating damaged
intracellular materials [10]. However, it may cause
autophagic death in cells due to excessively
stimulated autophagy [11]. Endothelial cell death may
be unfavorable for the structure of plaque because
endothelial injury or death will promote lesional
thrombosis [12, 13]. Numerous data suggest that
autophagy is tightly associated with atherosclerosis
[14, 15]. In addition, dysregulated or impaired
autophagy has been associated with cardiovascular
diseases such as atherosclerosis [16], cardiomyopathy
[17], heart failure [18], and hypoperfusion injury [19].
Glucagon-like peptide-1 (GLP-1), released from
L-cells of the intestine, is a peptide with several
protective biological functions. Besides the insulin
tropic effects of GLP-1 on insulin-secreting cells,
numerous evidences demonstrated that GLP-1 has
cardiovascular effects and antioxidant effect [20-22].
Recent study indicated that GLP-1 could inhibit
advanced glycation end products (AGEs) -induced
increase of reactive oxygen species in HUVECs [23].
In addition, GLP-1 could improve H2O2-induced
cellular injury [24]. GLP-1 also exerts anti-apoptotic
effects in various cell types, including cardiomyocytes
[25], neuronal cells [26-28], cholangiocytes [29] and
pancreatic β cells [30-32]. However, there is limited
report about the effect of GLP-1 on dysfunction and
autophagy of endothelial cells subjected to oxidative
stress.
Epigenetic factor HDAC6 has been reported to
play a key role in redox regulation and oxidative
stress response [33]. HDAC6 regulates various
cellular processes, including cell motility, cell
migration, endocytosis, aggresome formation and
autophagy etc., by deacetylating cytoplasmic proteins,
such as cortactin, heat shock protein 90 (HSP90) and
α-tubulin [34].
In this study, we first investigated the effects of
GLP-1 on preventing dysfuction and autophagy in
endothelial cells induced through oxidative stress. We
further revealed the possible mechanism behind
anti-autophagic effects of GLP-1 by assessing the roles
of ERK1/2 and HDAC6.

Materials and Methods
Reagents
GLP-1 and Ex-9 (Exendin-[9-39], a GLP-1
receptor antagonist) were purchased from Booteck
Company (Shanghai, China). Rohdamine123, DHE
(Dihydroethidium), compound LY294002 (PI3K
inhibitor) and compound U0126 (ERK1/2 inhibitor)
were
purchased
from
Biyuntian
Company
(Hangzhou, China). A fluorescent probe DCFH-DA
(St. Louis, MO, USA) was initially made in DMSO at
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10 mM and then sub stocked in PBS at 0.5 μM. The
antibodies (rabbit anti-human) against LC3, ATG7,
Akt, p-Akt, ERK1/2, p-ERK1/2, HDAC6 and
acetyl-α-tubulin were purchased from Cell Signaling
Technology (Beverly, MA, USA). GAPDH antibody
(rabbit anti-human) and horseradish peroxidase
(HRP)-conjugated second antibody (goat anti-rabbit)
were purchased from Fude Company (Wuhan,
China).

Cell culture and treatments
HUVECs (Human umbilical vein endothelial
cells) were purchased from American Tissue Culture
Consortium (ATCC) and cultured in RIPM 1640
medium supplemented with 10% FBS (Gibco,
Invitrogen, NY, USA) and 1% penicillin-streptomycin.
HUVECs were used from passages 2 and 6 in this
study.
The cells were grown to 70% confluence and
cultured in serum-free medium for 4 h before
treatments. To investigate the ROS generation, the
cells were cultured in serum-free medium containing
high glucose (HG, 45 mM D‑glucose) , normal glucose
(NG, 5 mM D‑glucose) and 1 mM H2O2 for 12 h. Then,
the protective effects of GLP-1 were evaluated. The
cells were pretreated with various concentrations (1,
10, 100 and 1000 nM) of GLP-1 for 1 h prior to
exposure to H2O2.
To reveal the possible mechanism of protective
effects of GLP-1, the cells were randomly assigned to
one of the following 7 groups: i) the control group:
cells were cultured under normal incubation
conditions; ii) the H2O2 group: cells were subjected to
H2O2 without pretreatment with GLP-1; iii) the H2O2
+ GLP-1 group: cells were pretreated with GLP-1 for 1
h prior to exposure to H2O2; iv) the GLP-1 + Ex-9
group: cells were pretreated with GLP-1 in addition
with Ex-9 for 1 h prior to exposure to H2O2; v) the
H2O2 + LY294002 group: cells were pretreated with
LY294002 for 1 h prior to exposure to H2O2; vi) the
H2O2 + U0126 group: cells were pretreated with U0126
for 1 h prior to exposure to H2O2. vii) the H2O2 +
GLP-1 + U0126 group: cells were pretreated with
GLP-1 in addition with U0126 for 1 h prior to
exposure to H2O2.
Afterwards, the cells were cultured in serum-free
medium containing 1 mM H2O2 for 12 h.

Measurement of Reactive Oxygen Species
The intracellular ROS level was detected by
labeling with DCFH-DA or DHE. The cells were
plated in 6-well plates. After reaching 60–70 %
confluent, they were treated with different conditions
respectively. After incubation for 12h, the cells were
washed with PBS (pH 7.4) and stained with
http://www.ijbs.com
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DCFH-DA or DHE at 37 °C for 20 min. Then the cells
were examined under a fluorescence microscope
(Olympus FV1000, Japan). The averaging fluorescence
intensity of numerous outlined cells was calculated
using Image-Pro Plus software version 6.0.

Measurement of mitochondrial membrane
potential (MMP)
The mitochondrial membrane potential (ΔΨm)
was measured by loading cells with 5 μM
Rhodamine123, a cationic lipophilic fluorochrome
taken up by mitochondria in proportion to the ΔΨm.
After 20 min incubation in the dark, the cells were
washed twice with PBS. Rhodamine123 staining was
visualized under a fluorescence microscope. Then,
mean fluorescence intensity of cells was analyzed
with Image-Pro Plus software version 6.0.

Immunofluorescence
The cells were treated with different conditions
respectively. Following 30 min fixation in 4 %
paraformaldehyde, they were washed with PBS, and
then permeabilized with 0.5 % Triton X-100 in PBS.
After washing with PBS and blocking with 10 % NGS
for 2 h at room temperature, the cells were incubated
with LC3B or HDAC6 primary antibody (1:200). After
washing with PBS, they were incubated with the
FITC-conjugated goat anti-rabbit IgG secondary
antibody (1:1000). Thereafter, the cell nuclei were
stained by DAPI. Samples were examined under a
fluorescence microscope (Olympus FV1000, Japan) or
a confocal microscope (Nikon Eclipse Ti, Japan).

Western blot analysis
Western blotting was performed using routine
protocols. Briefly, treated cells were harvested and
lysed in RIPA lysis buffer (Fude, Wuhan, China).
Protein samples were electrophoresed, transferred to
PVDF membrane (Millipore, Bedford, MA, USA) and
then blocked. Membranes were then incubated
overnight at 4℃ with primary antibody (1:1000
dilution). After washing, the membranes were
incubated with peroxidase-conjugated secondary
antibodies (1:5000). The membranes were then
washed and detected using a chemiluminescence
detection kit (ECL; Pierce, Rockford, USA) and
exposed to X-ray film. Bands of interest were
quantified by densitometry using Gel-Pro analysis
software.

Statistical analysis
All analyses were carried out with the GraphPad
Prism 4.0 software (GraphPad Software, San Diego,
CA, USA). Data were expressed as the mean ±SD and
then analyzed using one-way ANOVA followed by
Tukey’s Multiple Comparison Test. p value < 0.05 was
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considered statistically significant. The results are
representative an average of at least 3 experiments.

Results
GLP-1 treatment attenuates intracellular ROS
accumulation
Mitochondrial production of ROS induced by
hyperglycemia plays a key role in the pathogenesis of
diabetes. Herein, to investigate the production of
ROS, HUVECs were subjected to high glucose
medium (HG, 45 mM D‑glucose). As shown in Fig.
1A, compared with cells cultured in serum-free
medium (Ctrl group) or the normal glucose medium
(NG group), the cells cultured in the medium with
high glucose (HG group) or H2O2 (H2O2 group)
increased the ROS production significantly (p<0.01).
Then, in order to observe whether GLP-1 can
reduce oxidative-induced ROS generation, HUVECs
were incubated with increasing concentrations of
GLP-1 in the presence or absence of H2O2. As shown
in Fig. 1B, ROS significantly increased in HUVECs
upon subjected to 1 mM of H2O2 for 12 h (p<0.01),
while GLP-1 treatment reduced the ROS generation in
a dose dependent manner, and this decrease was
statistically significant at concentrations of GLP-1(1,10
and 100 nM) compared with the control group
(p<0.01). Additionally, as shown in Fig. 1C, the ROS
level was significantly increased through H2O2
stimulation (p<0.01), which was attenuated by GLP-1
(p<0.01). This effect was abolished by Ex-9 (p<0.01).
Mitochondrial membrane potential (MMP)
dissipation is a common early event during apoptosis.
In this study, MMP dissipation was induced by
exposure to 1mM H2O2 for 12 h. As shown in Fig. 1C
and 1D, exposure to 1mM H2O2 for 12 h led to MMP
dissipation (p<0.01), while pretreated with 1, 10, and
100 nM GLP-1 for 1h prior to H2O2 exposure
attenuated the changes in MMP.
In addition, the redox-sensitive probe DHE were
employed to test if the protective effect of GLP-1 on
HUVECs is associated with a decreased vascular
pro-oxidant response. Thus, we investigated
significantly decreased levels of DHE fluorescence in
GLP-1-pretreated cells upon oxidative stress
compared with cells not treated by GLP-1 (p<0.01)
(Fig. 1C and 1E).

GLP-1 treatment attenuates oxidative
stress-mediated injury in endothelial cells.
To investigate the possible protective effects of
GLP-1 on oxidative stress-mediated injury, the cells
were pretreated with GLP-1 for 1h prior to exposure
to H2O2. We found that pretreatment with GLP-1
increased cell viability in a dose dependent manner,
http://www.ijbs.com
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and this increase was statistically significant (p<0.05)
at the concentrations of GLP-1 (10 and 100nM) (Fig.
2A). Our results suggest that GLP-1 exerts protective
effects against oxidative stress-caused damage in
HUVECs cells. Moreover, as shown in Fig. 2B, the cell
viability was significantly decreased through H2O2
stimulation (p<0.01), which was attenuated by GLP-1
(p<0.01). This effect was abolished by Ex-9 (p<0.01).
The expression of two cell death regulators,
BCL2 and Bax was evaluated by immunofluorescence
staining and Western blot. As shown in Fig. 2C -F, we
observed a significantly decrease signal of BCL2 when
the cells were subjected to H2O2 (p<0.01). However,
BCL2 expression was significantly restored by 1 h
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pretreatment with GLP-1 (p<0.01). This effect was
inhibited by Ex-9 (p<0.01). Conversely, the expression
of Bax was increased in HUVECs exposure to H2O2
(p<0.01), and then reversed by GLP-1 pretreatment at
10 nM (p<0.01). This effect was also abolished by Ex-9
(p<0.01).

GLP-1 treatment attenuates oxidative
stress-mediated autophagic response
We first examined whether H2O2 could induce
autophagy in HUVECs. Autophagy was assessed by
LC3-II fluorescent staining of cells to measure the
number of autophagosomes. As shown in Fig. 3A and

Fig. 1. GLP-1 treatment attenuates intracellular ROS accumulation. (A) Intracellular ROS generation in HUVECs in each experimental group. (B) Cells were pretreated with or
without 1, 10, and 100 nM GLP-1 for 1 h, incubated with H2O2 for 12 h, and then labeled with DCFH-DA (30 μM) prior to fluorescence microscopic analysis. Production of ROS
was quantified by the amount of cellular DCF synthesis. n = 6. (C) Cells were pretreated with or without GLP-1 (10 nM) for 1 h in addition of Ex-9 (10 nM), incubated with H2O2
(1 mM) for 12 h, and then labeled with DCFH-DA. (D, E, F) Cells were pretreated with 1, 10 and 100 nM GLP-1 for 1 h, and incubated with H2O2 (1 mM) for 12 h, and then labeled
with the fluorescent dyes Rhodamine 123, superoxide indicator DHE, and nucleic acid stain Hoechst 33342. All data are expressed as mean ±SD, **p<0.01 as compared with the
control values; #p<0.05, ##p<0.05 as compared with the values of cells treated with H2O2; &&p<0.01 as compared with the values of cells treated with H2O2 plus GLP-1. Scale
bar=100μm.
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3B, H2O2-induced autophagic flux was observed, and
was then sustained at high levels during 12 h
treatment (p<0.01). Next, we observed the effect of
GLP-1 on autophagy caused by H2O2 (p<0.01). The
result showed that GLP-1 pretreatment notably
decreased the rate of autophagy, which was inhibited
by Ex-9 (p<0.01).
Then, LC3II/I and ATG7 levels were
investigated through Western blot analysis, which are
both markers of autophagosome formation. As shown
in Fig. 3C-E, ATG7 and LC3II/I levels were
significantly increased in HUVECs exposure to H2O2,
which were attenuated by GLP-1 treatment. This
effect was blocked by Ex-9.
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GLP-1 treatment reduces phosphorylation of
AKT and ERK1/2 induced by oxidative stress.
To elucidate the possible mechanism of GLP-1
against oxidative stress-mediated autophagy, we
further assessed the effects of GLP-1 on
phosphorylated Akt and phosphorylated ERK1/2
levels in HUVECs cells. As shown in Fig. 4A-C, H2O2
loading were associated with an increase in the
phosphorylation of Akt and ERK1/2 (p<0.01), which
were attenuated by GLP-1 pretreatment (p<0.05).
These effects were abolished in addition of Ex-9
(p<0.05).

Fig. 2. GLP-1 alleviates oxidative stress-mediated injury in endothelial cells. (A) After pretreatment with GLP-1 of different concentration and induction by H2O2, cell viability was
assessed with MTT assay, n = 6. (B) Cells were pretreated with or without GLP-1 (10 nM) for 1 h in addition of Ex-9 (10 nM), incubated with H2O2 (1 mM) for 12 h, and then
cell viability was assessed with MTT assay, n = 6. (C) Cells were treated as (B), then stained with primary antibodies of BCL2 and Bax followed by staining with secondary
antibodies. Cell nuclei were labeled with DAPI and immunofluorescence analysis was performed under the fluorescence microscope. (D, E, F) Cell was treated as (B), BCL2 and
Bax were detected by Western blot. All data are expressed as mean ± SD, **p < 0.01 as compared with the control values; #p<0.05, ##p<0.01 as compared with the values of
cells treated with H2O2 group; &&p<0.01 as compared with the values of cells treated with H2O2 plus GLP-1. Scale bar =100μm.
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Fig. 3. GLP-1 alleviates oxidative stress-mediated autophagy in endothelial cells. (A) Cells were pretreated with or without GLP-1 (10 nM) for 1 h in the presence or absence of
Ex-9 (10 nM), incubated with H2O2 (1 mM) for 12 h, and then stained with primary antibodies of LC3II followed by staining with secondary antibodies. Cell nuclei were labeled
with DAPI and immunofluorescence analysis was performed under the confocal. (B) Quantification of the number of autophagosomes. (C, D, E) Cell was treated as (A), relative
changes in ATG7 and LC3II protein levels were analyzed by Western blot analysis, GAPDH was used as a loading control. The blots shown are the representative average of three
experiments. All data are expressed as mean ±SD, *p<0.05, **p<0.01 as compared with the control values; #p<0.05, ##p<0.01 as compared with the values of cells treated with
H2O2; &p<0.05, &&p<0.01 as compared with the values of cells treated with H2O2 plus GLP-1. Scale bar = 50μm.

In addition, as shown in Fig. 4D-E, LY294002 and
U0126, the inhibitors of PI3K and ERK1/2, could
decrease the LC3 levels and autophagosomes in
HUVECs subjected to H2O2. Our results suggest that
GLP-1
treatment
attenuates
H2O2-mediated
autophagy at least partially through Akt/ERK
pathway.

GLP-1 treatment improves migratory and
adhesive ability of HUVECs through increasing
HDAC6 expression.
HDAC6 has been reported as the downstream
molecular of the EKR1/2. Herein, HDAC6 levels were
investigated through Western blot analysis. As shown
in Fig. 5A and B, HDAC6 levels were significantly
increased in HUVECs exposure to GLP-1 (p<0.01).
Correspondingly, as shown in Fig. 5A and C, the

levels of acetylated α-tubulin, which was the substrate
of HDAC6, were markedly decreased in HUVECs
subjected to GLP-1 (p<0.01).
In addition, acetylated α-tubulin levels were
detected by immunofluorescence staining. As shown
in Fig. 5D, we observed a notably decreased signal of
acetylated α-tubulin in HUVECs exposure to GLP-1.
HDAC6 and acetylated α-tubulin were tightly
associated with the mobility. Thus, a Boyden chamber
assay was performed to assess the effect of GLP-1 on
HUVECs migration. As shown in Fig.5E and 5G,
GLP-1 treatment increased the number of migrated
cells in a dose dependent manner, and this increase
was statistically significant (p<0.01) at higher
concentrations of GLP-1(10 and 100 nM) compared
with the control group.
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Fig. 4. GLP-1 treatment reduces phosphorylation of AKT and ERK1/2 induced by oxidative stress. (A, B, C) Cells were pretreated with or without GLP-1 (10 nM) for 1 h in the
presence or absence of Ex-9 (10 nM), then incubated with H2O2 (1 mM) for 12 h, expressions of phosphorylated Akt and ERK1/2 were detected by Western blot. The blots
shown are the representative average of three experiments. (D) Cells were pretreated with or without GLP-1 (10 nM), LY294002 (20 μM) or U0126 (20 μM) for 1h, incubated
with H2O2 (1 mM) for 12 h, then stained with primary antibodies of LC3 followed by staining with secondary antibodies. (E) Quantification of the number of autophagosomes. All
data are expressed as mean ±SD, **p<0.01 as compared with the control values; #p<0.05, ##p<0.01 as compared with the values of cells treated with H2O2; &p<0.05 as
compared with the values of cells treated with H2O2 plus GLP-1. Scale bar = 50 μm.

Then, a fibronectin adhesion assay was
employed to assess the effect of GLP-1 on HUVECs
adhesive function. As shown in Fig.5F and 5H, GLP-1
treatment increased the number of adherent cells in a
dose dependent manner, and this increase was
statistically
significant
(p<0.01)
at
higher
concentrations of GLP-1(10 and 100 nM) compared
with the control group.

GLP-1 provides cellular protection against
oxidative stress through restoring HDAC6
expression.
Expression of HDAC6 was evaluated by
immunofluorescence staining (Fig. 6A). We observed
a dramatically decreased signal of HDAC6 when the

cells were exposed to H2O2. However, the reduction of
HDAC6 expression was significantly attenuated by 1
h pretreatment with GLP-1. This effect was inhibited
by Ex-9.
Western blot analysis indicated that GLP-1
substantially reversed the H2O2-induced reduction of
HDAC6 (Fig. 6B and 6C). HDAC6 level was
significantly reduced after 12 h in HUVECs in
response to H2O2 stimulation (p<0.01), while GLP-1
pretreatment notably restored expression of HDAC6
(p<0.05) and decreased the LC3II/LC3I ratio. This
effect was abolished by Ex-9 (p<0.01), implying that
GLP-1 restores HDAC6 levels reduced by oxidative
stress, which was tightly associated with autophagy.
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Fig. 5. GLP-1 treatment improves migratory and adhesive ability of HUVECs through increasing HDAC6 expression. (A, B, C) Cells were pretreated with 1, 10, 100 and 1000
nM GLP-1 for 12 h, HDAC6 and ac-α-tubulin were detected by Western blot. (D) Cell was treated as (A), then stained with primary antibodies of ac-α-tubulin followed by
staining with secondary antibodies. Cell nuclei were labeled with DAPI and immunofluorescence analysis was performed under the fluorescence microscope. (E, G) A Boyden
chamber assay was used to evaluate the effect of GLP-1 on HUVECs migration. The numbers of migrated cells were quantified by performing cell counts of 5 random fields. (F,
H) A fibronectin adhesion assay was used to evaluate the effect of GLP-1 on HUVECs adhesive function. Cells were stained with crystal violet. Quantification of attached cells was
determined by cell counting of 5 random fields. All data are expressed as mean ±SD, **p<0.01 as compared with the control values. Scale bar in D = 50 μm, in E, F=100 μm.

We also examined changes in the levels of
acetylated α-tubulin, which was reported as a
substrate of HDAC6 (Fig. 6B and 6D). Western blot
results showed that acetylated α-tubulin level was
significantly increased after 12 h in HUVECs in
response to H2O2 stimulation (p<0.01), while GLP-1
pretreatment notably decreased the expression of
acetylated α-tubulin (p<0.05). This effect was
abolished by Ex-9 (p<0.05).
Acetylation of α-tubulin is tightly associated
with the mobility of the cells. As shown in Fig. 6E,
H2O2 stimulation significantly reduced the number of
migrated cells (p<0.01), which was attenuated
through GLP-1 treatment (p<0.01). This effect was

inhibited by Ex-9 (p<0.01). Additionally, as shown in
Fig. 6F, the number of adherent cells were
significantly reduced through H2O2 stimulation
(p<0.01), which were attenuated by GLP-1 (p<0.05).
This effect was abolished by Ex-9 (p<0.01).

Blockade of ERK1/2 phosphorylation by GLP-1
restores HDAC6 expression.
We have confirmed that GLP-1 attenuated the
increase of ERK1/2 phosphorylation stimulated by
H2O2, while ERK1/2 has been reported to interact
with HDAC6. Herein, we hypothesize that GLP-1
restores HDAC6 expression through attenuating
increase of ERK1/2 phosphorylation.
http://www.ijbs.com
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Fig. 6. GLP-1 provides cellular protection against oxidative stress in endothelial cells through restoring HDAC6 expression. (A) Cells were pretreated with or without GLP-1
(10 nM) for 1 h in the presence or absence of Ex-9 (10 nM) and incubated with H2O2 (1 mM) for 12 h, HDAC6 were detected by immunofluorescence analysis. (B, C, D) Cells
were treated as (A), HDAC6, ac-α-tubulin and LC3 were detected by Western blot. (E, F) Cells were treated as (A), cell migratory and adhesive ability was determined by the
methods as described above. Data are expressed as mean ± SD, **p<0.01 as compared with the control values; #p<0.05, ##p<0.01 as compared with the values of cells treated
with H2O2; &p<0.05, &&p<0.01 as compared with the values of cells treated with H2O2 plus GLP-1. Scale bar = 50 μm.

As shown in Fig. 7A-E, H2O2 loading reduced
HDAC6 protein expression, while pretreatment with
GLP-1 and U0126 both partially restore HDAC6
levels, and attenuated increase of ATG7 and LC3II
levels. H2O2-induced autophagic responses were
attenuated when ERK1/2 activity were suppressed by
their inhibitor U0126, suggesting that ERK activation
are required for autophagy induced by H2O2 in
HUVECs, implying that an ERK1/2-HDAC6 pathway
is at least partially involved in H2O2-mediated
autophagy.

Moreover, ERK1/2 inhibition by U0126 and
GLP-1, which restored the HDAC6 expression,
resulted in declining ROS production, increasing cell
survival, increasing cell migratory and adhesive
ability upon H2O2-induced oxidative stress (Fig. 7F-I),
illustrating that the loss of ERK1/2 activity
accompanied with restore of HDAC6 is protective
during H2O2 stimulation.

Discussion
Type 2 diabetes mellitus generates chronic and
acute toxicity to vascular endothelium in patients,
http://www.ijbs.com
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Fig. 7. Blockade of ERK1/2 phosphorylation induced by GLP-1 restores HDAC6 expression. (A) Cells were pretreated with or without GLP-1 (10 nM) and U0126 (20 μM) for
1 h, incubated with H2O2 (1 mM) for 12 h, HDAC6 were detected by immunofluorescence analysis. (B, C, D, E) Cells were treated as (A), HDAC6, ac-α-tubulin and LC3Ⅱ were
detected by Western blot. The blots shown are the representative average of three experiments. (F, G, H, I) Cells were treated as (A), cellular ROS level, cellular viability, cell
migratory and adhesive ability were determined by the methods as described above. Data are expressed as mean ± SD, *p<0.05, **p<0.01 as compared with the control values;
#p<0.05, ##p<0.01 as compared with the values of cells treated with H2O2. Scale bar = 50 μm.

including
dyslipidemia,
hyperglycemia,
and
increased oxidative stress. This culminates in the
development of microvascular (i.e., neuropathy,
nephropathy, retinopathy) and macrovascular (i.e.,
myocardial infarction, peripheral vascular disease,
stroke) complications [35].
Besides
potent
insulin-releasing
and
glucose-lowering effects, GLP-1 has been proved of its
cardiovascular effects and antioxidant effect.
However, GLP-1 is unstable for it would be degraded
by dipeptidyl peptidase (DPP)-4 which make its
bioactivity lose rapidly [36]. To avoid the degradation,
we applied the serum-free medium which didn’t
contain dipeptidyl peptidase (DPP)-4. In addition,
cells were pretreated with GLP-1 for 1 h before added
H2O2 to avoid the degradation.
Excessive ROS generation response to
hyperglycemia plays a pivotal role in the onset and

development of diabetes complications. Our study
has proved that high glucose increased the ROS
generation of HUVECs in vitro. Previous studies
showed that H2O2 could induce oxidative damage by
enhancing ROS level [37, 38]. Our results showed that
GLP-1 treatment could decrease the levels of ROS in
HUVECs enhanced by H2O2. It suggests that GLP-1 is
of benefit to the H2O2-treated HUVECs cells through
decreasing ROS level.
It is well known that excessive ROS
accumulation may lead to cell apoptosis and the
mitochondrial pathway of apoptosis is regulated by
Bcl-2 family members. Thus, we studied the
expression of anti-apoptotic protein Bcl-2 and
pro-apoptotic protein Bax after incubation with H2O2.
Our study showed that H2O2 treatment induced cells
apoptosis and the GLP-1 treatment reduced the
apoptotic levels significantly.
http://www.ijbs.com
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Fig. 8. Schematic diagram of possible mechanism of oxidative stress-induced autophagy and endothelial dysfunction in HUVECs. GLP-1 treatment may protect endothelial cells
from oxidative stress-induced autophagy and endothelial dysfunction via GLP-1R-Erk1/2-HDAC6 signaling pathway.

Blood vessels injury occurs early in the disease
process, thus, patients often present with
cardiovascular
disease
and
its
associated
complications before being diagnosed with type 2
diabetes mellitus [39-41]. Autophagy is a potent
adaptive mechanism, which protects cells against the
stress-caused injury by the lysosome-mediated
degradation of damaged or dysfunctional organelles
and protein aggregates. However, excessively
stimulated autophagy in endothelial cells may cause
autophagic death. Moreover, the death of endothelial
cells may be detrimental for the structure of plaque,
because endothelial injury or death will promote
lesion thrombosis, which may lead to the occurrence
of acute vascular events [12, 13].
LC3 is a crucial autophagy marker. Cytosolic
LC3-I is conjugated with phosphatidylethanolamine
to form LC3-II during the formation of
autophagosomes. This lipidated form remains
associated with the autophagosome membranes.
Hence, an increased conversion of LC3-I to LC3-II is
an indicator of autophagy [42].Our results showed
that H2O2 treatment could increase LC3-II/ LC3-I
ratio, which indicated that H2O2 activated autophagy
pathway, would possibly become excessively
stimulated autophagy. This oxidative stress-mediated
autophagy effect was significantly attenuated by
GLP-1 treatment. To our best knowledge, it is the first
report on the effect of GLP-1 on reducing autophagy
of endothelial cells subjected to oxidative stress. We
further explored the mechanism underlying the effect
of GLP-1 treatment on preventing autophagy of

endothelial cells and found that H2O2 promoted
autophagy in HUVECs cells through activation of the
ROS dependent Akt and ERK1/2 signaling pathway.
In our study, GLP-1 attenuated H2O2-induced
autophagy, as identified by reducing autophagosome
formation, accompanied with reducing Akt and
ERK1/2 phosphorylation, and this effect was blocked
by Ex-9.
As the final effectors of ERK-MAPK pathway,
ERK1/2 was reported to interact with HDAC6 [43].
One study showed that reduction of HDAC6 by
LBH589 showed elevated ERK1/2 phosphorylation in
a prostate cancer cell [44]. In our study, through
oxidative stress injury, ERK1/2 phosphorylation was
increased with reduction of HDAC6 (Figure 8). The
upregulation of ERK1/2 phosphorylation was
attenuated by GLP-1 treatment while levels of
HDAC6 expression exhibited a contrary tendency.
Oxidant injury or inflammation induced by
diabetes often causes endothelial dysfunction,
subsequently lead to cardiovascular disease [6, 7]. In
present study, our findings confirmed that H2O2
impaired the migration and adhesion of HUVECs.
Whereas GLP-1 could improve migration and
adhesion in H2O2-treated HUVECs, restoring cellular
function to similar levels as the non-H2O2-treated
cells. To our best knowledge, it is the first report on
the effects of GLP-1 on improving endothelial
dysfunction induced by oxidative stress.
Epigenetic factor HDAC6 has been reported to
be associated tightly with both cell migration and
autophagy among all histone deacetylases. Previous
http://www.ijbs.com
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study revealed that HDAC6 promoted cell migration
by deacetylated cytoplasmic proteins such as
α-tubulin [45]. In our study, the reduction of HDAC6
levels induced by oxidative stress led to migration
and adhesion impairment, which was reversed by
GLP-1 treatment. In addition, HDAC6 mediated
retrograde transport of inclusion bodies containing
aggregate to be degraded by autophagy through
deacetylating α-tubulin [46]. In line with our study,
reduction of HDAC6 expression induced by oxidative
stress resulted in aggravating autophagy, which was
reversed through GLP-1 treatment.
In conclusion, our findings suggest that GLP-1
prevent oxidative stress-induced dysfunction and
autophagy in endothelial cells. This anti-autophagic
effect of GLP-1 on endothelial cells at an early stage
may be crucial for preventing arteriosclerosis which
will further lead to serious cardiovascular
complications. The protective effects of GLP-1 may be
dependent on downstream restore of HDAC6
through a GLP-1R-ERK1/2-dependent manner. These
findings suggest the potential therapeutic application
of GLP-1 in the prevention and treatment of
endothelial damage induced by oxidative stress in
diabetic patients.
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