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A B S T R A C T

Aims: Obesity is associated with increased cardiovascular morbidity and mortality. It is accompanied by aug-
mented O-linked β-N-acetylglucosamine (O-GlcNAc) modification of proteins via increasing hexosamine bio-
synthetic pathway (HBP) flux. However, the changes and regulation of the O-GlcNAc levels induced by obesity
are unclear.
Main methods: High fat diet (HFD) model was induced obesity in mice with or without the cholinergic drug
pyridostigmine (PYR, 3mg/kg/d) for 22 weeks and in vitro human umbilical vein endothelial cells (HUVECs) was
treated with high glucose (HG, 30mM) with or without acetylcholine (ACh).
Key findings: PYR significantly reduced body weight, blood glucose, and O-GlcNAcylation levels and attenuated
vascular endothelial cells detachment in HFD-fed mice. HG addition induced endoplasmic reticulum (ER) stress
and increased O-GlcNAcylation levels and apoptosis in HUVECs in a time-dependent manner. Additionally, HG
decreased levels of phosphorylated AMP-activated protein kinase (AMPK). Interestingly, ACh significantly
blocked damage to HUVECs induced by HG. Furthermore, the effects of ACh on HG-induced ER stress, O-
GlcNAcylation, and apoptosis were prevented by treating HUVECs with 4-diphenylacetoxy-N-methylpiperidine
methiodide (4-DAMP, a selective M3 AChR antagonist) or compound C (Comp C, an AMPK inhibitor). Treatment
with 5-aminoimidazole-4-carboxamide ribose (AICAR, an AMPK activator), 4-phenyl butyric acid (4-PBA, an ER
stress inhibitor), and 6-diazo-5-oxonorleucine (DON, a GFAT antagonist) reproduced a similar effect with ACh.
Significance: Activation of cholinergic signaling ameliorated endothelium damage, reduced levels of ER stress, O-
GlcNAcylation, and apoptosis in mice and HUVECs under obese conditions, which may function through M3
AChR-AMPK signaling.

1. Introduction

Obesity is associated with an increase in cardiovascular morbidity
and mortality. In the vasculature, obesity induces endothelial dys-
function, structural remodeling of the vascular wall [1,2], and myo-
cardial dysfunction and remodeling [3,4], resulting in the development
of cardiovascular disease. Despite decades of research identifying the
endothelium as the key in the origination and development of vascular
damage, the potential mechanisms of endothelium damage have not
been completely understood [5]. Recently, an increase in the levels of
O-linked N-acetylglucosamine (O-GlcNAc) on nuclear and cytosolic
proteins has been identified as a critical mediator of obesity-associated
vascular damage and cardiovascular disease [6].

The hexosamine biosynthesis pathway (HBP) generates sugar
nucleotide uridine diphospho-N-acetyl-glucosamine (UDP-GlcNAc),

a substrate for protein O-linked β-N-acetylglucosamine modification
(O-GlcNAcylation) [7]. O-GlcNAcylation is a post-translational
modification that adds N-acetylglucosamine (GlcNAc) to serine or
threonine residues of proteins. The reaction is catalyzed by O-linked
N-acetylglucosamine transferase (OGT) and is reversed by the N-
acetylglucosaminidase (OGA). Numerous nuclear, cytoplasmic, and
mitochondrial proteins have been identified as O-GlcNAc modifica-
tion targets. O-GlcNAcylation involves a variety of cellular activities,
including the cellular nutrient sensing pathway [8] and cellular
stress responses [9]. Normally, HBP metabolizes only 2–5% of glu-
cose in cells. However, the rate of HBP can be regulated by substrate
concentration, such as glucose and GlcNAc, and controlled by glu-
cosamine-fructose-6-phosphate amidotransferase (GFAT), the rate
limiting enzyme of HBP. Furthermore, augmented O-GlcNAcylation
in the vasculature increases vasoconstriction and impairs
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endothelium-dependent vasodilatation [10]. Although the role of
HBP in metabolism and various diseases is established, regulation of
the HBP remains largely unknown. Recent evidence suggests that
endoplasmic reticulum (ER) stress can lead to obesity-related com-
plications. It is known that prolonged perturbation of ER stress
contributes to endothelial and myocardial dysfunction, leading to
various cardiovascular risks [11,12]. More recently, various studies
showed that O-GlcNAcylation was associated with the ER stress re-
sponse. For example, glucosamine treatment upregulated O-GlcNAc
flux through HBP, and induced the expression of the ER stress marker
GRP78 [13]. Similarly, ER stress inducers promoted O-GlcNAcyla-
tion [14–16]. However, the interaction and relationship between O-
GlcNAcylation and the ER stress in obesity and hyperglycemia is
unclear.

Accumulating evidence indicates that obesity is accompanied with
an increase in sympathetic activity and a decrease in vagal activity
[17–19]. Our previous data revealed that pyridostigmine (PYR) in-
creased serum acetylcholine (ACh) levels, improved cardiac function
in obese rats [20], and protected endothelial ultrastructure integrity in
myocardial infarction rats [21]. Furthermore, studies from our la-
boratory showed that ACh exhibits protective effects against hypoxia/
reoxygenation-induced human umbilical vein endothelial cell (HU-
VECs) apoptosis via activation of adenosine 5′-monophosphate-acti-
vated protein kinase (AMPK) [22]. However, the role of M3 AChR/
AMPK in O-GlcNAcylation in HUVEC during obesity remains un-
known. In the present study, we investigated the role of cholinergic
drugs (PYR and ACh) in the protection of thoracic arterial endothelial
damage from obesity-induced O-GlcNAcylation, explored how aber-
rant ER stress and O-GlcNAcylation were involved in hyperglycemia-
induced endothelial injury, and determined how ACh functions as an
AMPK activator to reduce ER stress, O-GlcNAcylation, and subsequent
cell apoptosis.

2. Materials and methods

2.1. Reagents

Pyridostigmine (PYR) was purchased from Shanghai Zhongxi Sunve
Pharmaceutical (Shanghai, China), whereas acetylcholine (ACh), D-
glucose, glucosamine (GlcN), 5-aminoimidazole-4-carboxamide ribose
(AICAR), 4-phenyl butyric acid (4-PBA), 6-diazo-5-oxonorleucine
(DON), and 4-diphenylacetoxy-N-methylpiperidine methiodide (4-
DAMP) were purchased from Sigma (Sigma-Aldrich, St Louis, MO,
USA). Compound C (Comp C) was purchased from MedChem express
(New Jersey, USA). These reagents were dissolved in an appropriate
solvent according to the manufacturers' instructions, and then sterile-
filtered and added into cultured cells at indicated concentrations. All
other chemicals used in our experiments were of analytical reagent
grade.

2.2. Animals

All experimental procedures in this study were in accordance with
the Guide for the Care and Use of Laboratory Animals (National
Institutes of Health Publication no. 85-23, revised 1996) and approved
by the Ethics Committee of Xi'an Jiaotong University. 4-week-old
C57BL/6J male mice were obtained from the Experimental Animal
Center of the Xi'an Jiaotong University and housed in a temperature
controlled environment (24.0 ± 2.0 °C) with a 12 h light-dark cycle
and free ad libitum access to food and water.

2.3. Experimental protocol

C57BL/6J mice are a well-established animal model of diet-induced
obesity [23]. Mice were acclimatized to the new environment for two

Fig. 1. Experimental protocol and the effects of PYR
on body weight and blood glucose level in obese
mice. A: Experimental protocol. B & C: Effects of HFD
and PYR on body weight and blood glucose. Data
represent mean ± SEM (n=8). Two-way ANOVA
showed that body weight was significantly affected
by HFD (P < 0.001), PYR (P < 0.001), and their
interaction (P < 0.001). For the blood glucose level
the effect of HFD (P < 0.01), PYR (P < 0.01), and
their interaction (P < 0.05) was observed.
Significant between-group differences from post hoc
Tukey test are given as follows: **P < 0.01 vs. LFD:
Vehicle, ***P < 0.001 vs. LFD: Vehicle;
##P < 0.01 vs. HFD: Vehicle, ###P < 0.001 vs.
HFD: Vehicle. i.g.: intragastric administration.

Y.-L. Cui, et al. Life Sciences 222 (2019) 1–12

2



weeks before experiments and then randomly divided into the fol-
lowing groups (n=8), i.e., 1). The LFD group where mice were fed
with low fat diet with 10% kcal originating from fat; 2). The LFD+PYR
group, mice of which fed with low fat diet and treated with PYR (3mg/
kg/d) by intragastric (i.g.) for 22 weeks; 3). The HFD group, mice of
which fed with HFD containing 45% kcal of fat; 4). The HFD+PYR
group, mice of which fed with HFD and treated with PYR (3mg/kg/d)
i.g. for 22 weeks. At the end of experiments (mice at age of 28 weeks),
the mice were sacrificed and analyzed (The experimental protocol is
shown in Fig. 1A).

2.4. Cell line and culture

The HUVEC line was purchased from the American Type Culture
Collection (#CRL-1730; ATCC, Manassas, VA, USA). Cells were grown
in Ham's F12K medium (Macgene Biotech Co., Ltd., Beijing, China)
supplemented with 0.03mg/ml endothelial cell growth supplement
(Macgene Biotech Co., Ltd), 10% fetal bovine serum (FBS; Hyclone,
Logan, UT, USA) and 1× Penicillin-Streptomycin Solution (Beyotime
Biotech, Haimen, China) in a humidified incubator with 95% air and
5% CO2 at 37 °C. Cells between passage 3 and 6 were used for the ex-
periments.

2.5. Cell treatment

HUVECs were treated with 30mM D-glucose for 0, 12, 24, 48, 72 h
to investigate the effects of hyperglycemia on HUVEs ER stress and O-
GlcNAc level. Glucosamine (GlcN, 7.5mM) was also used to mimic the
effects of chronic hyperglycemia in part of the experiment. Except when
investigating the effects of ACh on ER stress and O-GlcNAcylation,
HUVEs were incubated with D-glucose (30mM, 48 h) in the presence of
10−8M, 10−7M, 10−6M, 10−5M ACh. Controls were performed in the
presence of media with normal D-glucose (Con, 5mM).

Cells were randomly divided into the following groups for further
treatment: 1) Con: cultured with normal glucose (5mM) for 48 h; 2)
ACh: treatment with ACh (10−6M) alone for 48 h; 3) HG: incubated
with high glucose (HG, 30mM) for 48 h; 4) HG+ACh: cells were
treated with ACh (10−6M) for 30min, and then cultured in high glu-
cose (30mM) for 48 h; 5) GlcN: treated with glucosamine (7.5mM) for
48 h; 6) GlcN+ACh: after ACh (10−6M) treatment for 30min, cells
were then cultured in glucosamine (7.5 mM) for 48 h; 7)
HG+ACh+4-DAMP: cells were treated with 4-DAMP (a selective M3
AChR antagonist, 10−6M) for 30min and cultured as the same as in
HG+ACh group for 48 h; 8) HG+ACh+Comp C: Treated with Comp
C (the AMPK inhibitor, 10−8M) for 30min and cultured as the same as
in HG+ACh group for 48 h; 9) AICAR: after AICAR (the AMPK acti-
vator, 10−6M) incubation cells were exposed to glucose (30mM)
treatment for 48 h; 10) 4-PBA: after 4-PBA (the ER stress inhibitor,
10−4M) incubation, cells were exposed to glucose (30mM) treatment
for 48 h; 11) DON: after DON (the GFAT antagonists, 5× 10−8M) in-
cubation, cells were exposed to glucose (30mM) treatment 48 h.

2.6. Western blot

Thoracic arterial tissues were homogenized and HUVECs were
harvested and incubated in the ice-cold RIPA lysis buffer (Beyotime
Biotech, Haimen, China) containing 1mM phenylmethylsulfonyl
fluoride and then centrifuged to collect the supernatants and stored at
−80 °C. Protein samples (30 μg) were separated in sodium dodecyl
sulfonate (SDS)-polyacrylamide gel electrophoresis gels and transferred
to polyvinylidene difluoride membranes (PVDF; Millipore, Billerica,
MA, USA). The membranes were blocked with 5% non-fat milk for 1 h
at room temperature and then incubated with primary antibodies [i.e.,
anti-O-GlcNAc (1:800; Sigma-Aldrich), anti-GFAT1 (1:1000; Abcam,
Cambridge, MA, USA), anti-OGT (1:1000; Sigma-Aldrich), anti-OGA
(1:1000; Bioworld Technology Inc., Louis Park, MN, USA), anti-XBP-1

(1:800; Abcam), anti-BIP (1:1000, Cell Signaling Technology, Beverly,
MA, USA), anti-CHOP (1:500, Abbkine, CA, USA), anti-AMPK (1:800,
Cell Signaling Technology), anti-pAMPK (1:800, Cell Signaling
Technology), and anti-GAPDH (1:5000; CMCTAG, Milwaukee, WI,
USA)] at 4 °C overnight. The membranes were washed on the next day
with Tris-based saline-Tween 20 (TBS-T) and then incubated with the
secondary antibody (1:5000; Cowin Biotech, Beijing, China) for 40min
at room temperature. After washing, the protein bands were visualized
using the ECL-Plus reagent (Millipore) and GAPDH was used as a
loading control. The blots were quantified using a Gel-Pro Analyzer
(Media Cybernetics, Bethesda, MD, USA).

2.7. Hematoxylin and eosin staining and immunohistochemistry

Mice thoracic aorta specimens were isolated and fixed in 4% par-
aformaldehyde in phosphate-buffered saline (PBS) for 24 h, dehydrated,
embedded in paraffin, and sectioned to 5-μm tissue slides using the
Leica RM-2135 microtome (Leica, Bensheim, Germany). The tissue
sections were used for hematoxylin and eosin (H&E) staining or im-
munohistochemistry (IHC). The antibodies used for IHC were the O-
GlcNAcylation markers: anti-O-GlcNAc (1:100; clone CTD 110.6), anti-
GFAT (1:100; Abcam), anti-OGT (1:100; Sigma-Aldrich), and anti-OGA
(1:100; Bioworld Technology, Inc.). IHC was performed according to a
previous study (15). The sections were washed in PBS and incubated
with the streptavidin-biotin-enzyme complex (SABC) kit (Bosterbio,
Wuhan, China) and 3, 3′-diaminobenzidine (DAB) peroxidase substrate
kit (Bioss, Beijing, China) according to the manufacturer's instructions.
The immunostained tissue sections were observed, scored, and photo-
graphed under a light microscopy (Olympus BX51, Tokyo, Japan).

2.8. TUNEL (terminal deoxynucleotidyl (TdT) transferase dUTP-biotin nick
end-labeling) assay

To assess HUVEC apoptosis, following the different treatments cells
were labeled with the DeadEnd Fluorometric TUNEL system (Promega,
Madison, WI, USA) according to the manufacturer's protocol. Briefly,
HUVECs were cultured and treated in laser confocal petri dishes and
then fixed in 4% paraformaldehyde, labeled with TUNEL reaction re-
agents, and stained with 4′,6-diamidino-2-phenylindole (DAPI) for vi-
sualization of cell nuclei. HUVECs were observed under an inverted
fluorescence microscope (TE-2000U, Nikon, Japan) for at least 10
randomly selected fields with 400 DAPI-positive cells. The number of
TUNEL-positive cells was summarized as percentage (%) of positive
nuclei/total nuclei x 100% according to a previous study [24].

2.9. Statistical analysis

Data were presented as mean ± standard error of mean (SEM).
Differences between the groups were analyzed with one-way or two-
way analysis of variance (ANOVA), followed by Tukey's post hoc test
for multiple comparisons using GraphPad Prism 7.0 (GraphPad
Software, La Jolla, CA, USA). Results were considered significant when
P < 0.05.

3. Results

3.1. PYR protection of high fat diet-induced body weight and blood glucose
levels

In this study, we established a mouse model of HFD-induced obe-
sity. Animal body weight and blood glucose levels were all significantly
increased after 22 weeks of HFD feeding, and PYR treatment dramati-
cally decreased bodyweight (P < 0.001) (Fig. 1B) and blood glucose
levels (P < 0.01) (Fig. 1C). For animals fed a control low fat diet (LFD)
there was no significant difference in bodyweight and blood glucose
levels with PYR treatment(P > 0.05) (Fig. 1B&C).
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3.2. PYR regulation of expression of O-GlcNAc-related proteins in thoracic
aorta

To investigate changes in O-GlcNAcylation, we assessed expression
of O-GlcNAc-modified proteins, GFAT, OGT, and OGA by Western blot
in thoracic arterial tissues. HFD-fed mice exhibited an increase in O-
GlcNAc-modified proteins relative to LFD controls that was mitigated
with PYR treatment (P < 0.01) (Fig. 2B). Moreover, level of GFAT and
OGT expression, O-GlcNAc modification enzymes, was significantly
upregulated in vascular tissues of the HFD group. Similarly, PYR
treatment significantly attenuated the increase in expression following
HFD feeding (P < 0.001) (Fig. 2C&D). In addition, expression of OGA,
a hydrolytic enzyme that removes O-GlcNAc moieties, was significantly
lower in the HFD group than that in the LFD group (P < 0.001). PYR
treatment significantly reversed the HFD-induced reduction of OGA
expression in thoracic arterial tissues (P < 0.001) (Fig. 2E).

3.3. PYR protection of HFD-induced O-GlcNAc and structure damage in
thoracic aorta

We assessed expression of O-GlcNAc-modified proteins, GFAT, OGT
and OGA in thoracic arterial tissues using immunohistochemistry.

Similar to our western blot results, we observed a qualitative increase in
O-GlcNAcylation levels in thoracic arteries of obese mice after 22 weeks
of HFD that was as apparent with PYR treatment (Fig. 3A). Moreover,
expression of GFAT and OGT was significantly enhanced in the HFD
group relative to the LFD group. However, PYR treatment attenuated
the increase in GFAT and OGT caused by HFD (Fig. 3BC). Interestingly,
OGA was visually decreased in the thoracic arteries of obese mice, but
was restored with PYR treatment (Fig. 3D).

Histologically, the smooth muscle layers in the HFD group were
directly exposed to the vessel lumen because of endothelial cell des-
quamation compared with that of the LFD group, (Fig. 3E). However, as
shown in Fig. 3E, PYR treatment reduced HFD-induced changes in en-
dothelium structural morphology.

3.4. ACh decreased O-GlcNAcylation via M3 AChR/AMPK/ER stress
pathway in HUVECs

O-GlcNAcylation was first monitored in HUVECs after exposure to
HG for 0, 12, 24, 48, and 72 h. HG culture of HUVECs resulted in higher
O-GlcNAc levels compared to the control group, and significant dif-
ferences were apparent at 48 h (P < 0.05) (Fig. 4A). This result de-
monstrates that hyperglycemia treatment induced a time-dependent

Fig. 2. Effects of HFD and PYR treatment on O-GlcNAcylation in mice thoracic aorta. A: Representative Western blots of O-GlcNAc, GFAT, OGT, OGA and GAPDH.
B–E: Quantitative analysis results of the expression of O-GlcNAc, GFAT, OGT, OGA. Results are presented as mean ± SEM (n=8). The effect of HFD was detected by
two-way ANOVA for O-GlcNAc (P < 0.01), GFAT (P < 0.001), OGT (P < 0.001) and OGA (P < 0.05), while PYR affected O-GlcNAc (P < 0.001), GFAT
(P < 0.05), OGT (P < 0.05) and OGA (P < 0.01) protein levels. Interaction between HFD and PYR affected O-GlcNAc (P < 0.05), GFAT (P < 0.001), OGT
(P < 0.01) and OGA (P < 0.01) protein levels as detected by two-way ANOVA. Significant between-group differences from post hoc Tukey test are given as follows:
**P < 0.01 vs. LFD: Vehicle, ***P < 0.001 vs. LFD: Vehicle; ##P < 0.01 vs. HFD: Vehicle, ###P < 0.001 vs. HFD: Vehicle.
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rise of O-GlcNAc levels in HUVECs. HFD-induced increases in O-GlcNAc
levels were ameliorated after ACh treatment (10−8–10−5M) in a dose-
dependent manner (P < 0.01, P < 0.001) (Fig. 4B). Following these
experiments, we used ACh at a concentration of 10−6M.

To investigate changes in O-GlcNAcylation in HG-induced HUVECs,
we assessed level of O-GlcNAc-modified proteins, GFAT, OGT, and OGA
using Western blot. We found that HG induced O-GlcNAcylation and

expression of O-GlcNAc, GFAT, and OGT (P < 0.01, P < 0.001,
P < 0.05). ACh treatment attenuated HG-induced O-GlcNAcylation
and expression of O-GlcNAc, GFAT, and OGT (P < 0.01, P < 0.001,
P < 0.05) (Fig. 4D-G). Similar to our in vivo observations, expression of
OGA was significantly lower in HG group than in the control group
(P < 0.01) and ACh treatment significantly reversed HG induced re-
duction of OGA expression (P < 0.01; Fig. 4F).

Fig. 3. Effects of PYR treatment on HFD-induced progression of O-GlcNAc on IHC staining and structure damage in thoracic aorta. A–D: Representative images of O-
GlcNAc, GFAT, OGT and OGA stained with IHC (400×magnification). Positive immunoreaction is observed as brown precipitate. Blue color represents the nucleus
in cells. Scale bar= 50 μm. E: H&E stained images. Scale bar= 50 μm. Blue color represents the nucleus and red represents the cytoplasm. Arrows indicate en-
dothelial cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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To dissect the role of signaling components of ACh's actions to re-
duced HG-induced changes in O-GlcNAcylation, we used a number of
well-described pharmacological tools. 4-DAMP (an M3 AChR inhibitor,
10−6M), Comp C (a nonselective inhibitor of AMPK, 10−8M), AICAR
(an AMPK activator, 10−6M), 4-PBA (an ER stress inhibitor, 10−4M),
and DON (a GFAT antagonist, 5× 10−8M) were used in the present
study. The effect of ACh on HG-induced O-GlcNAcylation was abolished
by 4-DAMP and Comp C, while AICAR, 4-PBA, and DON showed the
similar effect of ACh. These data demonstrate an important role of M3
AChR/AMPK in ACh-elicited inhibition of HG-induced O-GlcNAcylation
in HUVECs. Furthermore, 4-PBA also reduced levels of O-GlcNAcylation
compared with HG group, indicating that inhibition of ER stress could
decrease O-GlcNAcylation levels. The results suggest that during HG-

induced endothelial cell apoptosis, ER stress activation might precede
O-GlcNAcylation induction.

3.5. ACh-mediated AMPK signaling dose-dependently attenuates
hyperglycaemia-induced ER stress

AMPK activation protects endothelial cells from hypoxia/reox-
ygenation (H/R)-induced injury by inhibition of ER stress and apop-
tosis. Therefore, we evaluated the role of AMPK activation in the con-
text of ACh in HG-induced endothelial cells injury. As shown in Fig. 5A,
HG and GlcN reduced phosphorylated AMPK levels compared to the
control group (P < 0.05), whereas ACh treatment restored phos-
phorylated AMPK in the presence of HG (P < 0.01). This effect was

Fig. 4. ACh decreased the O-GlcNAcylation via M3 AChR/AMPK/ER stress pathway in HUVECs. To further clarify the potential mechanism of the ACh-mediated
protective effect, 4-DAMP (a selective M3AChR antagonist, 10−6mol/L), Comp C (an AMPK inhibitor, 10−8mol/L) were used in combination with ACh (10−6mol/
L) and HG (30mM). AICAR (an AMPK activator, 10−6mol/L), 4-PBA (an ER stress inhibitor, 10−4mol/L), DON (a GFAT antagonists, 5× 10−8mol/L) were used in
combination with HG (30mM). A: Treatment of HUVECs with HG for indicated time intervals, representative immunoblots and quantitative analysis of O-GlcNAc. B:
ACh diminished HG-induced O-GlcNAc levels in a dose-dependent manner. C: Representative immunoblots for O-GlcNAc, GFAT, OGT and OGA. D-G: Quantitative
analysis results of the expression of O-GlcNAc, GFAT, OGT and OGA. Results are presented as mean ± SEM (n=4). For statistical analysis, one-way ANOVA
followed by Tukey post hoc test was used. *P < 0.05 vs. Con, **P < 0.01 vs. Con, ***P < 0.001 vs. Con; #P < 0.05 vs. HG, ##P < 0.01 vs. HG, ###P < 0.001 vs.
HG; §§P < 0.01 vs. GlcN, §§§P < 0.001 vs. GlcN; ^P < 0.05 vs. HG+ACh, ^^P < 0.01 vs. HG+ACh, ^^^P < 0.001 vs. HG+ACh.

Fig. 5. ACh-mediated AMPK signaling and in a dose-dependent manner attenuated HG-induced ER stress. To further clarify the potential mechanism of the ACh-
mediated protective effect, 4-DAMP (a selective M3AChR antagonist, 10−6mol/L), Comp C (the AMPK inhibitor, 10−8mol/L) were used in combination with ACh
(10−6mol/L) and HG (30mM). AICAR (the AMPK activator, 10−6mol/L) was used in combination with HG (30mM). A: ACh increased the phosphorylation of AMPK
after HG, which was blocked by 4-DAMP and Comp C. B: Treatment of HUVECs with HG for indicated time intervals, representative immunoblots and quantitative
analysis of XBP-1, BIP and CHOP. C: ACh diminished HG-induced ER stress in endothelial cells in a dose-dependent manner. Results are presented as mean ± SEM
(n=4). A value of P < 0.05 was considered statistically significant. For statistical analysis, one-way ANOVA followed by Tukey post hoc test was used. *P < 0.05
vs. Con, **P < 0.01 vs. Con, ***P < 0.001 vs. Con; # P < 0.05 vs. HG, ##P < 0.01 vs. HG, ###P < 0.001 vs. HG.
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abolished by 4-DAMP and Comp C (P < 0.05, P < 0.01). AICAR
showed the similar effect of ACh (P < 0.05). These results suggest that
AMPK may play an important role in ACh-induced endothelial protec-
tion in HUVECs in vitro.

HUVECs were then exposed to HG for 0, 12, 24, 48, or 72 h, after
which we assessed ER stress biomarkers, like XBP-1, BIP, and CHOP. As
shown in Fig. 5B, expression of XBP-1, BIP, and CHOP was significantly
increased in response to HG stimulation for 24 h compared with those
of the control group (P < 0.05). We found that ACh reduced expres-
sion levels of ER stress markers triggered by HG in cells. HG-induced
expression of XBP-1, BIP and CHOP was attenuated by ACh pre-treat-
ment (10−8–10−5M) in a dose-dependent manner, indicating that ACh
was able to inhibit HG-induced ER stress in HUVECs. Based on these
results, ACh was used at the concentration of 10−6M in the remaining
experiments.

3.6. ACh inhibition of the ER stress by activation M3 AChR

As shown in Fig. 6, HG treatment enhanced ER stress, evident by an
increase in the level of ER stress markers XBP-1, BIP, and CHOP
(P < 0.05, P < 0.01). On the contrary, ACh treatment significantly
reduced such an increase in XBP-1, BIP and CHOP expression
(P < 0.05, P < 0.01) (Fig. 6B–D), which was further confirmed by

cotreatment with 4-DAMP, Comp C, AICAR, 4-PBA, and DON. The
protective effect of ACh was blocked by treatment of 4-DAMP and
Comp C, while AICAR and 4-PBA treatment showed similar effects with
ACh, which further confirmed the role of ACh in HUVEC protection
from HG and indicates that the M3 AChR/AMPK plays a role in ACh
alleviated HG-induced ER stress in HUVECs. Interestingly, DON treat-
ment significantly reduced O-GlcNAcylation levels (P < 0.01), but did
not affect ER stress levels (P > 0.05). These data are consistent with
the hypothesis that ER stress might occur prior to O-GlcNAcylation
under HG conditions.

3.7. ACh inhibition of HG-induced apoptosis in HUVECs

Caspase-3 activation was assessed by Western blot and cell apop-
tosis was measured using the TUNEL assay. As shown in Fig. 7, cleaved
caspase-3 and the number of TUNEL-positive cells was significantly
increased in the HG group (P < 0.001, P < 0.05), whereas ACh
treatment significantly attenuated the HG-induced TUNEL-positive cells
and cleaved caspase-3 (P < 0.001, P < 0.05) (Fig. 7). Treatment with
4-DAMP and Comp C mitigated the anti-apoptotic effect of ACh
(P < 0.05), suggesting that M3 AChR/AMPK plays an essential role in
ACh-induced endothelial protection from HG-induced injury.

Fig. 6. ACh inhibited ER stress via M3 AChR/AMPK. To further clarify the potential mechanism of the ACh-mediated protective effect, 4-DAMP (a selective M3AChR
antagonist, 10−6mol/L), Comp C (an AMPK inhibitor, 10−8mol/L) were used in combination with ACh (10−6mol/L) and HG (30mM). AICAR (the AMPK activator,
10−6mol/L), 4-PBA (an ER stress inhibitor, 10−4mol/L), DON (a GFAT antagonists, 5× 10−8mol/L) were used in combination with HG (30mM). A: Representative
immunoblots for XBP-1, BIP and CHOP. B-D: Quantitative analysis results of the expression of XBP-1, BIP and CHOP. Results are presented as mean ± SEM (n=4).
For statistical analysis, one-way ANOVA followed by Tukey post hoc test was used. *P < 0.05 vs. Con, **P < 0.01 vs. Con; #P < 0.05 vs. HG, ##P < 0.01 vs. HG;
§P < 0.05 vs. GlcN, §§P < 0.01 vs. GlcN; ^P < 0.05 vs. HG+ACh, ^^^P < 0.001 vs. HG+ACh.
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4. Discussion

Obesity induces both structural and functional damage in the vas-
culature, which may be associated with metabolic disorders of lipid and
glucose [25]. However, the underlying molecular mechanisms linking
hyperglycemia to vascular injury are undefined in the context of obe-
sity. Increased level of O-GlcNAc and ER stress activation are important
contributors to endothelial cell dysfunction. Nonetheless, the effect of
hyperglycemia on O-GlcNAcylation, the ER stress, and vascular dys-
function needs further investigation. The main findings of the study
shown in Fig. 8. HFD led to an increase in body weight and blood

glucose, augmented O-GlcNAc levels, and produced structural damage
in thoracic aorta endothelium. In cultured cells, elevated glucose was
associated with the activation of ER stress upon hyperglycemia pro-
moted the O-GlcNAcylation accumulation, and these changes ulti-
mately resulted in endothelial cells apoptosis. PYR significantly de-
creased body weight and blood glucose, and reduced the level of O-
GlcNAc, as well as qualitatively improved vessel structural damage in
mouse thoracic aortal tissues. ACh suppressed HG-induced ER stress
activation, O-GlcNAc level accumulation, and cell apoptosis. In vitro
analyses demonstrated that HG triggered ER stress activation, elevated
O-GlcNAc levels, and induced subsequent apoptosis in endothelial cells.

Fig. 7. ACh inhibits HG-induced cell apoptosis. To further clarify the potential mechanism of the ACh-mediated protective effect, 4-DAMP (a selective M3AChR
antagonist, 10−6mol/L), Comp C (an AMPK inhibitor, 10−8mol/L) were used in combination with ACh (10−6mol/L) and HG (30mM). A and B: TUNEL assay
measured cells death in different groups. Scale bar= 50 um. C: The changes of cleaved caspase-3 expression were examined by Western blot. Results are presented as
mean ± SEM (n=4). For statistical analysis, one-way ANOVA followed by Tukey post hoc test was used.*P < 0.05 vs. Con, ***P < 0.001 vs. Con; #P < 0.05 vs.
HG, ### P < 0.001 vs. HG; §P < 0.05 vs. GlcN, §§§P < 0.001 vs. GlcN; ^ P < 0.05 vs. HG+ACh.
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The M3 AChR-AMPK signaling pathway plays a pivotal role in protec-
tion effect of ACh on HUVECs upon HG. Collectively, these findings
indicate that O-GlcNAcylation may represent an additional mechanism
that underlies vascular dysfunction in obesity and that PYR-induced
restoration of thoracic aorta endothelium structural damage in obese
mice is possibly associated with a decrease in O-GlcNAc levels, and that
ER stress may play a crucial role in the regulation O-GlcNAc levels. The
M3 AChR-AMPK pathway was also responsible for ACh-afforded en-
dothelial protection.

C57BL/6J mice have been widely used as an important model of
diet-induced diabetes, obesity and metabolic syndrome [26,27]. How-
ever, C57BL/6J mice naturally lack nicotinamide nucleotide transhy-
drogenase (Nnt) protein, which is linked to glucose intolerance and
reduced insulin secretion [28,29]. A recent study from our laboratory
showed that serum glucose levels were elevated in HFD-fed C57BL/6J
mice and that PYR treatment significantly decreased serum glucose
levels in mice of the HFD+PYR group (30). In our current study, PYR
reduced blood glucose levels in the HFD+PYR group, which is con-
sistent with a previous study [30]. Recent evidence indicates that in-
creased O-GlcNAcylated proteins were involved in cardiovascular dis-
eases, diabetes, and obesity [31–34]. It is well established that
augmented O-GlcNAcylation enhanced vascular reactivity to vasocon-
strictive stimuli and impaired nitric oxide (NO)-dependent arteriolar
dilations [35–37]. In the current study, H&E staining revealed that due
to degradation of endothelial structure in HFD-fed mice aorta, the
smooth muscle layers were directly exposed to the vessel lumen. There
was also a difference in O-GlcNAcylation level between the thoracic
aorta tissues of the LFD and HFD group. Levels of O-GlcNAcylation,
GFAT, and OGT were significantly increased, but OGA expression was
significantly reduced in HFD-fed mice. These results suggest that O-
GlcNAc could play a role in obesity-induced vascular injury, which is
consistent with the previous data reported by Lima et al. who showed
that O-GlcNAcylation in the vasculature of hypertensive rats impaired
endothelium-dependent relaxation and enhanced sensitivity to vaso-
constrictors [38,39]. Of importance, treatment with PYR reversed these
changes. PYR significantly reduced the level of O-GlcNAcylation, de-
creased GFAT and OGT expression, and increased OGA expression to
improve the vascular endothelium structure. These results indicate that
PYR-decreased O-GlcNAc and the alleviation in vascular endothelium
damage may be through inhibition of GFAT over-expression and re-
storation of OGT and OGA balance in the blood vessels. Taken together,
these results suggest that HFD-induced vascular damage may occur in

the vessel endothelium and the protective effect of PYR treatment may
be due to the prevention of HFD-induced increases in O-GlcNAc.

PYR, a reversible cholinesterase inhibitor increases serum ACh le-
vels by decreasing AChE activity [20]. Therefore, HUVECs were ad-
ministrated by HG and/or ACh in order to investigate the mechanisms
of PYR on O-GlcNAcylation. In vitro experiments demonstrated that HG
triggered O-GlcNAc elevated levels by increasing the expression of
GFAT and OGT, decreasing OGA level, and inducing subsequent
apoptosis in endothelial cells. HUVECs were exposed to HG for varying
durations (0, 12, 24, 48, 72 h) to assess ER stress and O-GlcNAcylation.
HG enhanced ER stress and O-GlcNAcylation levels, and ER stress ac-
tivation occurred upstream of the increase in O-GlcNAcylation levels.
Further, ACh suppressed HG-induced ER stress activation, O-GlcNAc
level accumulation, and cell apoptosis. These results indicate that PYR
may play a directly role in the reduction of O-GlcNAcylation level,
suggesting that ER stress is possibly involved in the process of O-
GlcNAcylation augment induced by HG.

A growing number of studies have speculated that HBP was con-
nected with the ER stress responses. HBP was recently shown to be
activated by ER stress through the Xbp1-dependent transcription of
GFAT, a rate-limiting enzyme of HBP [40]. While glucosamine treat-
ment increased flux through HBP induction of ER stress activation [13].
In this study, HUVECs were treated with HG and GlcN, mimic the effect
of chronic hyperglycemia, to investigate that the link between activa-
tion of ER stress response and total cellular O-GlcNAcylation level in
hyperglycemia treatment endothelial cells. Incubation of HUVECs with
HG and GlcN not only enhanced the ER stress and O-GlcNAcylation
level, but also showed that ER stress activation occurred upstream of
the increase in O-GlcNAcylation. Moreover, the level of ER stress
markers expression was not affected following inhibition of O-GlcNA-
cylation by using DON, the GFAT antagonist. The O-GlcNAcylation
level was restored when HUVECs exposed to HG and incubated with 4-
PBA, the ER-stress inhibitor. Collectively, these data provide evidence
for the coupling of ER stress and HBP under HG conditions in culture.

In addition, we assessed the possible mechanism of attenuating ER
stress, O-GlcNAcylation and apoptosis in HUVECs using ACh. Previous
studies have demonstrated that ACh prevents endothelial cells apop-
tosis induced by multiple pathological insults, including H/R or I/R,
likely through M3 AChR [41–43]. Consistent with those results, in this
study, ACh was able to activate M3 ACh receptors to reduce ER stress,
O-GlcNAcylation, and expression of apoptosis markers, while the M3
AChR inhibitor 4-DAMP was able to abolish the effects of ACh that

Fig. 8. The putative mechanism underlying PYR-in-
duced vascular protection of thoracic aorta. PYR:
pyridostigmine; HBP: hexosamine biosynthetic
pathway; GFAT: glutamine fructose-6-phosphate
amidotransferase; UDP-GlcNAc: UDP-N-acetyl-gluco-
samine; O-GlcNAc: O-linked β-N-acetylglucosamine;
OGT: O-GlcNAc transferase; OGA: β-N-acet-
ylglucosaminidase; IHC: immunohistochemistry; ACh,
acetylcholine; AMPK, AMP-activated protein kinase;
CHOP, C/EBP homologous protein; ER, endoplasmic
reticulum; M3 AChR, type-3 muscarinic acetylcholine
receptor; TUNEL, terminal deoxynucleotidyl trans-
ferase mediated dUTP-biotin nick end labeling; 4-
DAMP, 4-diphenylacetoxy-N-methylpiperidine me-
thiodide; 4-PBA, 4-phenyl butyric acid; DON, O-dia-
zoacetyl-L-serine (azaserine) and 6-diazo-5-ox-
onorleucine; Comp C, Compound C; AICAR, 5-
aminoimidazole-4-carboxamide ribose; BIP, binding
immunoglobulin protein; XBP1, X box-binding pro-
tein. i.g.: intragastric administration.
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restore the levels of ER stress, O-GlcNAcylation, and apoptosis in HG-
cultured HUVECs. It was observed that HG negatively affected p-AMPK
expression, whereas ACh treatment resulted in a restoration of p-AMPK
activity, indicating the role of ACh in modulation of the AMPK
pathway. Furthermore, activation or blockage of p-AMPK activity using
its activator AICAR or inhibitor Comp C, respectively showed that
AICAR decreased ER stress, O-GlcNAcylation, and apoptosis, whereas
Comp C could increase ER stress and O-GlcNAcylation level to promote
cell apoptosis. Indeed, previous studies from our lab showed that ACh
treatment benefited the heart and endothelium through activation of
M3 AChR [42,43]. Both M3 AChR siRNA and 4-DAMP abolished the
protective effect of ACh on cells and M3 AChR siRNA blocked the ACh-
induced restoration of AMPK activity under H/R [22]. These results
suggested that the M3 AChR-AMPK pathway play a role in the bene-
ficial effects of ACh.

However, our current study does have some limitations; for ex-
ample, our in vitro data showed that the AMPK inhibitor Compound C
was able to abolish the protective effect of ACh on ER-stress, but our
current data do not provide a direct support of the ER stress down-
stream of AMPK. Thus, it is unclear what the exact signals induced by
HG to regulate the ER-stress are. Thus, a future study needs to define
these signals.

5. Conclusion

In conclusion, the current study demonstrates that PYR was able to
protect vascular endothelium damage induced by HFD by decreasing
the level of O-GlcNAcylation. ACh ameliorated HG-induced apoptosis of
HUVECs by regulation of the M3 AChR/AMPK to reduce the ER stress
and O-GlcNAcylation. The data from the current study indicate that O-
GlcNAcylation in blood vessels could represent an additional me-
chanism underlying vascular dysfunction in obesity and provide a novel
insight into a better understanding of cholinergic drugs PYR and ACh
induced vascular protection effects.
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