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Abstract

Objectives: This study aims to determine the role and mechanism of autophagy in endothelial cell dysfunction by
glucolipotoxicity.
Methods: Human umbilical vein endothelial cells (HUVECs) were treated with high glucose and high palmitic acid. The
number of autophagosomes was evaluated by monodansylcadaverine (MDC) staining and transmission electron mi-
croscopy (TEM). The expression of autophagy-related proteins (LC3 and P62) was assessed byWestern blotting. Capillary
tube-like formation was evaluated on Matrigel. Reactive oxygen species (ROS) production was detected by DCFH-DA. Cell
apoptosis was measured by Hoechst 33258 staining and flow cytometry. Phosphorylation of AMPK, mTOR, and ULK1 was
also analyzed by Western blotting.
Results: We found that glucolipotoxicity induced autophagy initiation and hindered autophagosomes degradation.
Moreover, glucolipotoxicity increased the production of intracellular ROS, decreased the ability of tubular formation, and
increased cell apoptosis. However, endothelial cell dysfunction was alleviated by 3-methyladenine, an early-stage autophagy
inhibitor. Additionally, glucolipotoxicity promoted the phosphorylation of AMPK and ULK1 and inhibited the phos-
phorylation of mTOR.
Conclusions: Glucolipotoxicity initiates autophagy through the AMPK/mTOR/ULK1 signaling pathway and inhibits
autophagic flow, leading to the accumulation of autophagosomes, thereby inducing apoptosis and impairing endothelial cell
function.
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Introduction

Diabetes has many complications due to persistent hy-
perglycemia and long-term insulin resistance, among
which chronic vascular complications are the main cause of
death and disability in patients with diabetes.1 As an im-
portant barrier to the vascular environment and endocrine
organ, vascular endothelium responds to various injuries
such as hyperglycemia, dyslipidemia, and hemodynamic
changes, and therefore plays a vital role in the occurrence
of diabetic vascular complications.2 In recent years, the role
of lipotoxicity and glucolipotoxicity in vascular endothelial
dysfunction and diabetic vascular diseases has gradually
been recognized. The “lipotoxicity” of diabetes is due to
increased triglycerides, decreased high-density lipopro-
teins, and increased low-density lipoproteins in the blood
circulation, leading to insulin resistance and abnormal
pancreatic β-cells, thereby impairing glucose homeostasis.
The concept of “glucolipotoxicity” was first proposed in
diabetic β-cell damage.3 It is becoming more clearer that
lipotoxicity and glucolipotoxicity have synergistic toxic
effects in diabetic vascular injury now.4 This is also con-
sistent with the simultaneous presence of hyperglycemia
and hyperlipidemia in patients with diabetes.

Autophagy is a physiological process in which damaged
or senescent organelles are degraded in the cell. In the
process of autophagy, double-membrane vesicles that wrap
the organelles, namely autophagosomes, are formed and
transported to lysosomes to degrade the contents. Auto-
phagy ensures the metabolism of intracellular substances
and the renewal and recycling of damaged and aging
organelles.5,6 Under stress events, such as energy stress,
oxidative stress, hypoxia, and nutrient deficiency, cells will
accumulate damaged or toxic proteins and organelles,
which will drive autophagy to maintain cellular homeo-
stasis.6 Excessive activation of intracellular autophagy
leads to impaired autophagy flux, and induces apoptosis by
releasing mitochondrial cytochrome C and activating the
caspase system.7 Autophagy is the pathological basis of
many chronic diseases. It is closely related to diabetes,
obesity, cardiovascular diseases, tumors, neurodegenera-
tive diseases, autoimmune diseases, infections, and chronic
inflammatory diseases.5,8

Autophagy participates in the onset of diabetes and the
development of various related vascular complications,
but the role of autophagy in regulating endothelial cell
function under diabetic conditions is still inconclusive.
Studies have found that inhibiting hyperglycemia-induced
endothelial cell autophagy has a protective effect on en-
dothelial cell barrier and angiogenesis.9 However, other
studies have shown that under hyperglycemia conditions,
autophagy flux of endothelial cells is blocked, so acti-
vating autophagy can improve endothelial cell function.10

At present, most of the studies on glucolipotoxicity have

focused on pancreatic β cells. However, the effect of
glucolipotoxicity on endothelial cell function and auto-
phagy is rarely studied.

In this study, we used HUVECs treated with glucose and
palmitic acid to investigate the effects of glucolipotoxicity
on endothelial cell function and the role and mechanism of
autophagy in endothelial dysfunction. We found that
glucolipotoxicity induces endothelial dysfunction and
apoptosis through autophagy.

Materials and methods

Reagents

D-glucose, palmitic acid (P5585), bafilomycin A1
(196000), 3-methyladenine (3-MA, M9281), and rapa-
mycin (V900930) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Bovine serum albumin (BSA, 4240)
was purchased from BioFroxx GmbH (Einhausen, Ger-
many). Primary antibodies against β-actin (rabbit poly-
clonal, 1:1,000, 20536-1-AP), Bcl-2 (rabbit polyclonal, 1:
1,000, 12789-1-AP), BAX (rabbit polyclonal, 1:1,000,
50599-2-Ig), P62 (rabbit polyclonal, 1:1,000, 18420-1-AP)
and goat anti-rabbit IgG (H+L) (1:10,000, SA00001-2)
were from Proteintech (Wuhan, China). Primary antibodies
against LC3A/B (rabbit monoclonal, 1:1,000, 12741S),
cleaved caspase-3 (rabbit monoclonal, 1:500, 9664S), p-
AMPK (rabbit monoclonal, 1:1,000, 2535T), AMPK
(rabbit monoclonal, 1:1,000, 5832T), p-mTOR (rabbit
monoclonal, 1:1,000, 5536T), mTOR (rabbit monoclonal,
1:1,000, 2983T), ULK1 (rabbit monoclonal, 1:1,000,
8054T), and p-ULK1 (rabbit monoclonal, 1:1,000, 5869T)
were purchased from Cell Signaling Technology (Beverly,
MA, USA). AMPK specific inhibitor Compound C
(S7306) was purchased from Selleck Chemicals (Houston,
TX, USA).

Cell culture

HUVECs purchased from American Type Culture Col-
lection (CRL-1730; Manassas, VA, USA) were grown in
ECM (cat. no. 1001, Sciencell; San Diego, California,
USA) supplemented with 5% fetal bovine serum (FBS, cat.
no. 0025, Sciencell; San Diego, California, USA) and 1%
endothelial cell growth supplement (ECGS, cat. no. 1052,
Sciencell; San Diego, California, USA) at 37°C in a 5%
CO2 humidified atmosphere. Cells were treated with 0.5%
BSA-ECM as solvent control (CON group), 30 mM glu-
cose plus 100 μM palmitic acid (high glucose and high
palmitic acid, GL group), 30 mM glucose, 100 μMpalmitic
acid plus 5 mM 3-MA (GL+ 3-MA group), or 30 mM
glucose, 100 μM palmitic acid plus 5 μM Compound C
(GL+ Compound C) for 24 h. Before exposure to gluco-
lipotoxicity, cells were treated with 50 nM bafilomycin A1
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(GL+ BafA1 group) or 100 nM rapamycin (GL+ Rapa-
mycin group) for 2 h. In addition, specific configuration
steps for 100 μM palmitic acid can be found in Supple-
mentary Material.

Assessment of reactive oxygen species

Intracellular ROS production was measured using a 20, 70-
dichlorodihydrofluorescein diacetate (DCFH-DA) assay
according to the manufacturer’s protocol (S0033S, Be-
yotime Institute of Biotechnology, Shanghai, China). Cells
were washed thrice with serum-free ECM, seeded in 6-well
plates at a density of 2 × 105 cells/well, and incubated with
10 μM DCFH-DA for 30 min at 37°C. Subsequently, cells
were washed again and observed under an inverted fluo-
rescence microscope (Olympus Corp., Tokyo, Japan).
Mean fluorescence intensity were determined using ImageJ
software.

Monodansylcadaverine staining

MDC-based autophagy staining kit (KGATG001, KeyGen
Biotech, Jiangsu, China) was used to monitor autophagy in
living cells. After cultured in a 24-well plate for 24 h under
glucolipotoxic conditions, cells were washed, and then
stained with MDC in the dark for 15 min at room tem-
perature. Autophagy was observed and captured with a
fluorescence microscope with a 355 nm wavelength ex-
citation filter and a 512 nm wavelength blocking filter.

Western blot analysis

Total cellular proteins were extracted with RIPA buffer
(KGP702, KeyGen Biotech, Jiangsu, China) and quantified
using a BCA kit (KGP902, KeyGen Biotech, Jiangsu,
China). Equal amounts of cellular proteins (20 μg) were
separated on 12% Tris-glycine gels and transferred to a
polyvinylidene membrane. After blocking with 5% non-fat
milk at room temperature for 2 h, the membranes were
incubated overnight at 4°C with primary antibodies. PVDF
membranes were then incubated with the HRP-conjugated
secondary antibody (goat anti-rabbit, SA00001-2, 1:
10,000, Proteintech) for 2 h at room temperature. The blots
were treated using a super sensitive ECL chem-
iluminescence substrate detection kit (BL523A, Biosharp,
Anhui, China). Signals were imaged using the UVP
ChemStudio Plus (Analytik Jena, Jena, Germany) and
quantified using the Image J software (National Institutes
of Health, Bethesda, MD, USA).

Endothelial cell tube formation assay

The formation of capillary-like structures by HUVECs was
assessed using a Matrigel basement membrane matrix

(354262, Corning Inc., Corning, NY, USA). Briefly,
HUVECs were seeded in Matrigel-coated 48-well plates at
a density of 2 × 104 cells/cm2. Tube formation was ob-
served under an inverted phase contrast fluorescent mi-
croscope (Olympus Corp.), and images were taken with a
digital camera. The results were quantified by measuring
the total length of the tubular structure in each vision.

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde for 15 min,
permeabilized by 0.5% Triton X-100 in phosphate buffered
saline (PBS) for 10 min, and blocked in 1%BSA in PBS for
30 min. Then, cells were serially incubated with primary
antibodies p62 (1:100) overnight at 4°C and secondary
antibodies was goat anti-rabbit IgG H&L (Alexa Fluor®

488) (1:1000, ab150077, Abcam) for 1 h at room temper-
ature. DAPI (1 μg/mL, BS097, Biosharp, Anhui, China) was
used for nuclear staining at room temperature for 5 min.
Cells were observed with a fluorescence microscope (RX71,
Olympus Corp., Japan) and digitized using ImageJ software.

Transmission electron microscopy

After 24 h of treatment, cells were harvested, fixed in 2.5%
glutaraldehyde overnight, and incubated with osmium te-
troxide at 4°C for 2 h. Subsequently, the epoxy resin em-
bedded specimens were cut into 100 nm and stained with
uranyl acetate and lead citrate. Cellular ultrastructure was
imaged using aHitachi HT7700TEM (Hitachi, Tokyo, Japan).

Hoechst 33258 staining

Hoechst 33258 staining (G3680, Solarbio, Beijing, China)
was used to evaluate cell apoptosis. According to the
manufacturer’s instructions, HUVECs were washed twice
with PBS, stained with Hoechst 33258 (10 μg/mL in PBS)
at 37°C in dark for 5 min, and then observed under a
fluorescent microscope.

Flow cytometry

Apoptosis was measured after staining with Annexin V-
Alexa Fluor 647/propidium iodide (PI) solution (FXP023,
4A Biotech, Beijing, China). Label the cells according to
the manufacturer’s protocol. For each sample, at least 1 ×
104 cells were assayed by flow cytometry (BD Biosciences,
San Jose, CA, USA) and analyzed using the FlowJo
software (v.18.0.0.0, Tree Star, Ashland, OR, USA).

Lyso-tracker red staining

HUVECs were stained with lysosome-specific fluorescent
dye Lyso-Tracker Red (50 nM, C1046, Beyotime Institute
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of Biotechnology, Shanghai, China) at 37°C for 15 min and
photographed with a fluorescence microscope. The in-
tensity of red fluorescence represents the number of
lysosomes.

Statistical analysis

All statistical analyses were performed using the SPSS 22.0
software (SPSS, Chicago, IL, USA). All experiments were
repeated at least thrice. Data are expressed as mean ±
standard deviation (SD). The comparisons of the means
between two groups were assessed by Student t-test, and
the comparisons of the means between multiple groups
were performed by one-way analysis of variance followed
by Tukey’s post hoc test. p < 0.05 was considered a sta-
tistically significant difference.

Results

Glucolipotoxicity initiates autophagy and inhibits
autophagy flow in human umbilical vein
endothelial cells

After treating HUVECs with high glucose and high
palmitic acid for 24 h, we first detected LC3 conversion,
a specific marker for autophagic activation.11 Although
we found that glucolipotoxic treatment increased the
turnover of LC3, we also found that the expression of
P62 increased (Figure 1(a)). We further confirmed
glycolipid-induced P62 expression by immunofluores-
cence assay (Figure 1(b)). As a substrate of autophagy,
P62 is delivered to the lysosome for degradation. The
increased expression of P62 after glucolipotoxic expo-
sure may be related to the discontinuous turnover of
autophagosomes.12

It is generally believed that the blockage of autophagic
flow is closely related to the change of lysosomal activity.13

To test this hypothesis, we first observed lysosome num-
bers with Lyso-Tracker Red dye and found that the red
fluorescence of glycolipid-treated cells was enhanced
(Figure 1(c)). Further TEM observed an increase in the
double membrane structure of autophagosomes and the
single membrane structure of autophagolysosomes (auto-
lysosome) in glycolipid-treated cells (Figure 1(d)). The
observation of autophagolysosomes (autolysosome) ac-
cumulation indicates that the autophagic flow may be in-
hibited by glucolipotoxicity.

But, the above results cannot confirm that the increase in
autophagosome is only due to the blocking of the auto-
phagic flow. This question was clarified by using the
autophagosome-lysosome fusion inhibitor bafilomycin
A1.14 Our results showed that bafilomycin A1 further
enhanced the effect of glucolipotoxicity on LC3-II

expression and the number of autophagic vesicles (Figures
1(e) and (f)), indicating that glucolipotoxicity induces
autophagosomes synthesis in HUVECs.

Glucolipotoxicity impairs cell function and increases
apoptosis in human umbilical vein endothelial cells

Next, we determined the effect of glucolipotoxicity on the
function of HUVECs. As shown in Figure 2(a), HUVECs
showed increased ROS production after exposure to glu-
colipotoxicity. Because angiogenesis is one of the im-
portant indicators for evaluating endothelial cell
function,15 we tested the tubule formation ability of
HUVECs and found that the tubule formation was sig-
nificantly reduced in the GL group compared to the un-
treated control group (Figure 2(b)). Furthermore, both
Hoechst 33258 staining and flow cytometry demonstrated
that glucolipotoxicity induced cell apoptosis (Figures 2(c)
and (d)). In addition, following glucolipotoxic treatment,
the expression of anti-apoptotic protein Bcl-2 decreased
and the expression of BAX and cleaved caspase-3 in-
creased in HUVECs (Figure 2(e)). These results indicate
that glucolipotoxicity damages endothelial cell function
and induces apoptosis.

Inhibition of autophagy improves cell dysfunction
induced by glucolipotoxicity in human umbilical vein
endothelial cells

To further understand the role of autophagy in endothelial
cell dysfunction induced by glucolipotoxicity and explore
the relationship between autophagy and apoptosis, we
treated HUVECs with 3-MA to interfere with the for-
mation of autophagosomes. As shown in Figures 3(a) and
(b), 3-MA significantly reduced the expression of LC3-II
and the number of autophagosomes induced by glucoli-
potoxicity. After 3-MA inhibited autophagy, the tubular
structure formation ability of cells was partially restored,
and oxidative stress was also reduced (Figures 3(c) and
(d)). Simultaneously, the rate of cell apoptosis measured
by different methods was significantly reduced (Figures
3(e) to (g)). These results suggest that autophagy is in-
volved in endothelial cell dysfunction induced by
glucolipotoxicity.

Glucolipotoxicity initiates autophagy through AMPK/
mTOR/ULK1 pathway in human umbilical vein
endothelial cells

Autophagy is mainly regulated by AMPK and mTOR
signaling pathways, which converge on ULK1 and op-
positely regulate ULK1 activation. Therefore, we
evaluated the role of AMPK and mTOR signaling
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pathways in autophagy triggered by glucolipotoxicity in
HUVECs. As shown in Figures 4(a) and (b), glucoli-
potoxicity increased the phosphorylation and activation
of AMPK and ULK1, and reduced the phosphorylation
and activation of mTOR. To further confirm the role of
AMPK in glucolipotoxicity-induced autophagy,

Compound C, a specific AMPK inhibitor, was used to
inactivate AMPK.16 As expected, Compound C reduced
the accumulation of LC3-II induced by glucolipotoxicity
(Figure 4(b)). Conversely, rapamycin, a specific inhib-
itor of mTOR, increased autophagy induced by gluco-
lipotoxicity (Figure 4(c)). These results suggest that

Figure 1. Effect of glucolipotoxicity on autophagic activation and autophagic flow of HUVECs. Cells were treated with 30 mM glucose
and 100 μM palmitic acid (GL) for 24 h. A. Expression levels of autophagy proteins LC3 and P62 were detected by Western blot. B.
Immunofluorescence detection of P62 expression in cells. Scale bar: 100 μm. C. Quantification of cellular lysosome numbers by Lyso-
Tracker Red dye. Scale bar: 100 μm. D. Transmission electron microscopy observation of autophagosomes and autolysosomes in cells.
Scale bar: 2/5 μm. E. Western blot analysis of LC3 conversion in cells pretreated with Baf A1 (50 nM) for 2 h and then treated with GL
for 24 h. F. MDC staining of autophagic vacuoles. Scale bar: 100 μm. The band densities of LC3-II (A and E) and P62 (A) were quantitated
and normalized to those of corresponding loading control Actin. The mean fluorescence intensity of P62 (B), the number of lysosomes
(C), the number of autophagosomes (D), and the number of MDC vacuoles (F) were quantitated or counted in the whole field.
Representative images are shown or data are expressed as mean ± SD (n = 3) *p < 0.05 vs control group and #p < 0.05 vs GL group or Baf
A1 group. CON = control group; GL = glucolipotoxicity group; Baf A1= bafilomycin A1 group; GL+ Baf A1 = glucolipotoxicity +
bafilomycin A1 group; MDC= monodansylcadaverine.
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glucolipotoxicity initiates autophagy by activating
AMPK and inhibiting mTOR.

Discussion

In this study, we demonstrated for the first time that glu-
colipotoxicity causes endothelial dysfunction by inducing
autophagy initiation and inhibiting autophagic flow.
Moreover, we found that autophagy initiation in endo-
thelial cell was caused by glucolipotoxicity are through the
AMPK/mTOR/ULK1 pathway.

Previous studies have shown that high glucose induces
increased autophagy, senescence, and apoptosis via RAS-
mediated mitochondrial damage in endothelial cells.17

Studies have also explored that PA overload of endothe-
lial cells results in the Ca2+-dependent development of
autophagy, ultimately leading to programmed necrotic cell
death.18 Besides, there have also been some related studies
on the combined effect of glycolipids in recent years. For
example, while lipotoxic or glucotoxic insult alone pro-
duces a similar increase in ROS during initial exposure, the
addition of lipotoxicity to a glucotoxic environment

further exacerbates ROS production and accelerates
their damaging effect on mitochondrial homeostasis.
This study shows that early pharmacological interven-
tion in patients with prediabetes with dyslipidemia can
delay the development of retinopathy before hyper-
glycemia develops.19 Intriguingly, the active form of
vitamin D protects endothelial cells from the harmful
effects of glucolipotoxicity by regulating gene ex-
pression of related enzymes.20 Besides, glucolipotox-
icity can damage the viability and tube-forming
capability of endothelial cells and increase the level of
inflammatory factors in the cells. However, co-culture of
mesenchymal stem cells and endothelial cells improves
the damage of glucolipotoxicity to endothelial cells.21

In clinical practice, most patients with diabetes with
hyperglycemia develop hyperlipidemia,22 so the role of
lipotoxicity in exploring the mechanism of diabetes-
related vascular disease cannot be ignored. It is for this
reason that we focused on the effects and mechanisms of
glycolipid toxicity on endothelial function. In this study,
we observed the harmful effects of glucolipotoxicity on
endothelial cells, such as impaired tube formation

Figure 2. Effect of glucolipotoxicity on tubular formation and apoptosis of HUVECs. Cells were cultured for 24 h under glucolipotoxic
conditions, as described in Figure 1. A. Detection of intracellular ROS production by a fluorescent probe DCFH-DA. The mean
fluorescence intensity of ROS was quantitated in the whole field. B. Evaluation of the capillary structure formation of cells on Matrigel
and quantification of the tubule length with the ImageJ. Scale bar: 100 μm. C. Quantification of apoptotic cells by Hoechst 33258 staining.
The nuclei of apoptotic cells are concentrated, dense, and high blue. Scale bar: 100 μm. D. Flow cytometric analysis of cell apoptosis
rate with Annexin V-Alexa Fluor 647/PI staining. E. Western blot analysis of the expression of apoptotic protein BAX, cleaved caspase-3
and anti-apoptotic protein Bcl-2. The band densities were quantitated. Representative images are shown or data are expressed as mean ±
SD (n = 3). *p < 0.05 vs control group and **p < 0.01 vs control group. CON = control group; GL= glucolipotoxicity group; PI,
propidium iodide; ROS, reactive oxygen species.
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ability, increased ROS production, and increased en-
dothelial cell apoptosis.

Autophagy is a basic catabolic process that wraps excess
or impaired cell components to form a double-membrane
structure and fuse with lysosomes to degrade the con-
tents.23 Autophagy seems to play multiple roles in the
various cardiovascular complications of diabetes. For ex-
ample, hyperglycemia can impair endothelial cell function

and induce autophagy. However, activation of the
Hedgehog pathway and down-regulation of autophagy can
improve endothelial dysfunction.9 In the cardiovascular
complications of diabetes, autophagy also reduces cardiac
microvascular endothelial cell apoptosis through the
mTOR signaling pathway.24 Diabetes complicated by
peripheral arterial disease is still a clinical problem. Studies
have shown that endothelial cell-specific knockout of

Figure 3. Effect of autophagic inhibition on glucolipotoxicity-induced cell dysfunction in HUVECs. Cells were treated with 3-MA
(5 mM), an early-stage autophagy inhibitor, and glucolipotoxicity for 24 h. A. Western blot analysis of LC3 expression. B. Observation
of autophagosomes and autolysosomes in HUVECs under TEM. Scale bar: 2/5 μm. C. Detection of intracellular ROS by DCFH-DA. D.
Evaluation of tubular formation of cells on Matrigel. E. Quantification of apoptotic cells by Hoechst 33258 staining. Scale bar: 100 μm. F.
Flow cytometric analysis of cell apoptosis rate with Annexin V-Alexa Fluor647/PI staining. G. Western blot detection of expression of
cleaved caspase-3, BAX and Bcl-2. Representative images are shown or data are expressed as mean ± SD (n = 3). *p < 0.05 vs control
group, **p < 0.01 vs control group, and #p < 0.05 vs GL group. CON = control group; GL = glucolipotoxicity group; GL + 3-MA =
glucolipotoxicity + 3-MA group; 3-MA, 3-methyladenine; PI, propidium iodide; ROS, reactive oxygen species.
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mTORC1 may prevent hindlimb ischemic injury by acti-
vating autophagy, reducing oxidative stress, and reducing
inflammation.23–25 In diabetic nephropathy, the autophagic
activity of endothelial cells and podocytes together protect
against glomerular sclerosis caused by diabetes.26 All these
evidence shows that autophagy is a promising new strategy
for the treatment of diabetes. The interaction between
autophagy and apoptosis is complex and closely related.
Also in our study, glucolipotoxicity induced the initiation
of autophagy and hindered the unimpeded flux of auto-
phagy, leading to the accumulation of a large number of
autophagosomes and then endothelial cell apoptosis. After
inhibiting the formation of autophagosomes, endothelial
apoptosis was alleviated and endothelial dysfunction was
improved.

AMPK andmTOR signaling pathways are considered to
be the most important autophagy-regulatory pathways.27

The ULK1 protein is a bridge connecting upstream nutrient
or energy receptors AMPK and mTOR with downstream

autophagosomes.28 AMPK promotes autophagy in two
main ways. On the one hand, it directly phosphorylates and
activates ULK1 kinase; on the other hand, it indirectly
inhibits the phosphorylation of mTOR to alleviate auto-
phagic inhibition. Both ultimately lead to the activation of
the Beclin1-VPS34 complex through Beclin1 phosphor-
ylation.29 In our study, glucolipotoxicity activated the
phosphorylation of AMPK and inhibited the phosphory-
lation of mTOR, thereby synergistically activating the
phosphorylation of downstream ULK1 and initiating
autophagy. By using the AMPK-specific inhibitor Com-
pound C, we confirmed that the phosphorylation of AMPK
was suppressed, resulting in the reduction of LC3-II ex-
pression in glucolipotoxicity-treated cells. Moreover, the
mTOR inhibitor rapamycin reduced the phosphorylation of
mTOR, leading to a further increase in LC3-II expression.
All in all, these results suggest that glucolipotoxicity may
initiate autophagy by promoting AMPK phosphorylation
and inhibiting mTOR phosphorylation.

Figure 4. The involvement of AMPK/mTOR/ULK1 pathway in autophagy induction by glucolipotoxicity in HUVECs. A. Western blot
analysis of AMPK, mTOR, and ULK1 phosphorylation in cells exposed to glucolipotoxicity for 24 h. B. Western blot analysis of AMPK
phosphorylation and LC3 expression in cells treated with AMPK specific inhibitor Compound C (5 μM) and glucolipotoxicity for 24 h. C.
Western blot analysis of mTOR phosphorylation and LC3 expression in cells pretreated with mTOR inhibitor rapamycin (100 nM) for 2 h
and then treated with glucolipotoxicity for 24 h. Representative images are shown or data are expressed as mean ± SD (n = 3). *p <
0.05 vs control group, **p < 0.01 vs control group, ***p < 0.001 vs control group, and #p < 0.05 vs GL group. CON = control group; GL
= glucolipotoxicity group; GL+ Compound C = glucolipotoxicity + Compound C group; GL+ Rapamycin = glucolipotoxicity+ rapamycin
group.
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However, our study has limitations by extrapolating
data from in vitro exposure to high glucose and palmitic
acid to more complex diabetes. Next, we will design ex-
periments to study endothelial cells from diabetic human
donors or diabetic mice to validate the above findings and
make them more convincing and meaningful.

In conclusion, glucolipotoxicity initiates autophagy by
activating the AMPK/mTOR/ULK1 signaling pathway and
inhibits autophagic flow, leading to a large accumulation of
autophagosomes, thereby inducing apoptosis and impair-
ing endothelial cell angiogenesis (Figure 5).
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