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Abstract
Methylglyoxal (MGO)-induced cellular apoptosis, oxidative stress, inflammation, and AGE formation are specific events
that induce vascular endothelial cell (EC) toxicity in endothelial dysfunction (ED). MGO accumulates quickly in various
tissues and plays a prominent role in the pathogeneses of several diabetic complications. Unbalanced angiogenesis is
a gateway to the development of diabetic complications. EC apoptosis and autophagy work together to regulate
angiogenesis by interacting with different angiogenic factors. In addition to understanding the deep mechanism
regarding MGO-dependent autophagy/apoptosis may provide new therapeutic applications to treat diabetes and
diabetic complications. Therefore, the present study aimed to investigate the regulatory effects of MGO-induced
autophagy and apoptosis on angiogenesis in HAoEC and to elucidate the molecular mechanisms to discover new
target base therapy for diabetes and diabetic complications. In MGO-stimulated HAoEC, protein expression was
identified using a western blot, autophagosomes were observed by bio-transmission electron microscopy (TEM), and
cell autophagic vacuoles and flux were measured using a confocal microscope. We found that MGO significantly
induced autophagy, declined the pro-angiogenic effect, decreased proliferation, migration, and formation of tube-like
structures, and increased autophagic vacuoles, flux and autophagosomes in the HAoEC in a dose-dependent manner.
We observed that MGO-induced autophagic cell death and inhibited the ROS-mediated Akt/mTOR signaling pathway.
MGO also triggered apoptosis by elevating the cleaved caspase-3 to Bax/Bcl-2 ratio and through activation of the ROS-
mediated MAPKs (p-JNK, p-p38, and p-ERK) signaling pathway. Collectively, these findings suggest that autophagy and
apoptosis inhibit angiogenesis via the ROS-mediated Akt/mTOR and MAPKs signaling pathways, respectively, when
HAoEC are treated with MGO.

Introduction
Diabetes mellitus (DM) is a major social problem1. A

previous study reported that the prevalence of DM is on
the rise, and 425 million patients live with diabetes
worldwide and are expected to increase by 47% to 629
million in 20452. DM, generally known as diabetes, is a
type of metabolic and inflammatory disease characterized

by hyperglycemia3,4. DM leads to hyperglycemia, which
slowly leads to secondary complications including
inflammation and cell death, among others (retinopathy,
nephropathy, neuropathy, vasculopathy, etc.)3. Although
the management of diabetes mainly focusses on treating
hyperglycemia, there is evidence to suggest that the
imbalance of vascular angiogenesis potentially contributes
to the pathogeneses of diabetic complications5. Balancing
in the angiogenesis of vascular endothelial cells (EC) is
associated with vein and aortic endothelial dysfunction
(ED)6. Several studies have suggested that EC might result
in apoptosis, necrosis, and autophagy, which activate
angiogenesis imbalance via interacting with various

© The Author(s) 2020
OpenAccessThis article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Sun Yeou Kim (sunnykim@gachon.ac.kr)
1College of Pharmacy, Gachon University, #191, Hambakmoero, Yeonsu-Gu,
Incheon 21936, Republic of Korea
2Korea Food Research Institute, 245, Nongsaengmyeong-Ro, Iseo-Myeon,
Wanju_Gun, Jeollabuk-Do 55365, Republic of Korea
Full list of author information is available at the end of the article
Edited by A. Stephanou

Official journal of the Cell Death Differentiation Association

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

http://orcid.org/0000-0002-4304-0198
http://orcid.org/0000-0002-4304-0198
http://orcid.org/0000-0002-4304-0198
http://orcid.org/0000-0002-4304-0198
http://orcid.org/0000-0002-4304-0198
http://creativecommons.org/licenses/by/4.0/
mailto:sunnykim@gachon.ac.kr


angiogenic factors7–9. Therefore, targeting autophagy/
apoptosis in relation to other causative factors may pro-
vide new therapeutic applications to ameliorate diabetic
complications.
Methylglyoxal (MGO) is the main precursor of

advanced glycation end-product (AGE) production. The
accumulation of MGO has been associated with the
pathogenesis of diabetes, vascular complications, and
several age-related chronic inflammatory diseases such as
cardiovascular disease, Parkinson’s diseases, and Alzhei-
mer’s disease10,11. As a highly reactive dicarbonyl meta-
bolite, MGO can react with proteins at lysine and arginine
residues, via the Maillard reaction, to form AGEs12. MGO
can accumulate quickly in various tissues and plays a
prominent role in the pathogeneses of several diabetic
complications13. A recent report demonstrated that MGO
can cause ED, microvascular complications (nephropathy,
retinopathy, and neuropathy), macrovascular (athero-
sclerosis, heart failure, impaired revascularization, and
wound healing), obesity, β-cells toxicity, insulin resis-
tance, and age-related diseases (hypertension, cancer, and
central nervous system; dementia, Parkinson’s disease,
schizophrenia, and anxiety disorders)11. Aminoguanidine
(AG) has been reported to prevent diabetic complications
by preventing the AGE formation and decreasing plasma
and aortic MGO levels14–16. Therefore, aminoguanidine
was used to confirm the underline mechanism associated
with MGO to treat diabetes.
Blood vessels consist of arteries, veins, or capillaries. In

comparison to the wall of veins, the wall of an artery
consists of three layers such as intima, media, and
adventitia. Both arteries and veins contain the vasa
vasorum, which has been reported to be involved in
angiogenesis and in the initiation and progression of
atherosclerosis17 and considered as a potential target for
the treatment of cardiovascular disease. However, ED in
arteries directly induces structural changes (athero-
sclerosis) and functional changes (ED) due to hyperten-
sion, dyslipidemia, diabetes, and obesity/metabolic
syndromes that, in turn, induce arterial stiffness and
impair vasodilation18. As previously reported that MGO
accumulated in arterial walls and aorta of spontaneously
hypertensive rats with aging and vascular contractile
dysfunction in high blood pressure19,20. In addition, pre-
vious studies have reported that diabetic patients have a
high risk of arterial diseases such as coronary heart dis-
ease, peripheral vascular disease, and carotid artery ste-
nosis21,22. Therefore, it expected that the role of MGO in
ECs from arteries may be more important than that of
veins in diabetic complications.
Angiogenesis is generally defined as the formation of

new blood vessels from existing capillaries, and it plays an
important role in maintaining vascular health23. Angio-
genesis can be dysfunctional in the peripheral vasculature,

which can cause cardiac mortality due to delayed wound
healing, exacerbated peripheral limb ischemia, and
reduced collateral vessel development24. Also, angiogen-
esis including cell migration and proliferation are both
necessary constituents for wound closure25,26. Recently,
the main concern involves age-related alteration in nor-
mal physiological functions like diabetes. Disruption of
normal wound healing process such as proliferative phase,
remodeling phase in diabetes27. Therefore, impaired
wound healing is a common impediment of diabetes that
has potentially devastating consequences on suffering
patients. The mechanisms underlying diabetes in relation
to angiogenesis disorders are complex. However, several
molecular mechanisms have been suggested, including
MGO-induced vascular apoptosis in diabetic complica-
tions, mainly through mitochondrial membrane potential
impairment, reactive oxygen species (ROS) production,
ED, and glucotoxicity28–30. In a previous study, Xu et al.
revealed that MGO promotes autophagy and VEGF
receptor 2 (VEGFR2) in order to reduce vein endothelial
angiogenesis, and described a new mechanism behind
diabetic complications related to imbalanced angiogenesis
in human umbilical vein EC (HUVEC)31. In addition,
AGEs, glucose (sugars), and palmitate (lipids) trigger
autophagy in vascular EC32,33. Previous studies have sta-
ted that autophagy and apoptosis are triggered by several
common upstream signals and that they exhibit responses
in a mutually exclusive routine34. Autophagy is not only
involved in EC survival and death, but it also modulates
other important EC functions including homeostasis/
thrombosis, angiogenesis, and NO production35. Evidence
has increasingly indicated that autophagy and apoptosis
share major cellular mechanisms, either directly or
indirectly, and that they play a potential role in regulating
EC angiogenesis36,37. Considering all the above facts, we
realized the importance of MGO-dependent autophagy/
apoptosis in EC from arteries. This autophagy/apoptosis
in relation to causative factors such as MGO may provide
a new therapeutic approach to ameliorate diabetic dis-
eases interlinked with aortic ED. Therefore, the current
study was designed to explore deep mechanisms regard-
ing MGO-dependent autophagy/apoptosis relation in
human aortic EC to find out novel antidiabetic and anti-
diabetic complications therapy.

Materials and methods
Chemicals and reagents
Glyoxal solution (GO), MGO solution, and D-(+)-Glu-

cose were purchased from Sigma (St. Louis, MO, USA).
Bovine serum albumin (RD tech, C0082—100), Matrigel
matrix (Invitrogen, MA, USA), Endothelial cell growth
medium 2, and MV 2 (PromoCell, Heidelberg, Germany)
were also purchased from respective companies. p38
(9212S), phospho-p38 (p-p38; 9211S), ERK1/2 (9102S),
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phospho-ERK1/2 (p-ERK1/2; 9101S), JNK (9252S),
phospho-JNK (p-JNK; 9251S), mTOR (7C10, 2983s),
phospho-mTOR (p-mTOR, Ser2448, 2971s), Akt (9272S),
phospho-Akt (p-Akt; 9271S), Caspase-3 (9661S), and
Alexa Fluor® 555 Phalloidin (8953S) were purchased from
Cell Signaling Technology (Danvers, MA, USA). Bcl-2 (sc-
492), Bax (sc-493), and VEGF-C (sc-9047) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Beclin-1 (NB500249) was purchased from Novus Biolo-
gicals (Littleton, CO, USA). Hoechst 33342 (Waltham,
MA, USA) was purchased from Thermo Fisher Scientific.
Cyto-ID® autophagy detection kits were obtained from
Enzo Life Science (Farmingdale, NY, USA). p62 (610833)
and fluorescein isothiocyanate (FITC) Annexin V apop-
tosis detection kit I (San Diego, CA, USA) were purchased
from BD Biosciences Pharmingen.

Cell cultures
Human aortic EC (HAoEC; C-12271), HUVEC; C-

12206, and human dermal microvascular EC (HDMEC;
C-12212) were purchased from PromoCell (Heidelberg,
Germany). HUVEC were cultured in EGM-2 (Lot No.
406M001), and HAoEC and HDMEC were cultured in
MV-2 (Lot No. 411M081), and all cell lines were sup-
plemented and mixed with 1% penicillin/streptomycin.
All cell lines were cultured at 37 °C in a humidified
incubator containing 5% CO2.

Cell viability and morphological examinations
Cell viability was determined using Methyl Thiazolyl

Blue Tetrazolium Bromide (MTT) assays. HAoEC,
HUVEC, and HDMEC were seeded in 96-well plates at
1.0 × 104 and at 1.2 × 104 cells/well, respectively. After
incubation for 24 h, cells were treated with MGO at dif-
ferent concentrations (0.6, 0.8, and 1.0 mM) at two dif-
ferent times post-incubation (1 and 24 h). A final
concentration of 0.1 mg/mL MTT solution was added to
each well. The respective plates were incubated at 37 °C
for 2 h in 5% CO2, after which the medium was carefully
removed and 100 μl dimethyl sulfoxide was added to each
well. The absorbance at 570 nm was measured using a
microplate reader (Molecular Devices, CA, USA). The
morphology of the cells was observed using the IncuCyte
Zoom imaging system (Essen Bioscience, MI, USA).

Autophagy detection assays
HAoEC, HUVEC, and HDMEC were seeded in 8-well

plates at 3.0 × 105 cells/well. After 24 h incubation, the
cells were treated with several concentrations of MGO
(0.6, 0.8, and 1mM) for 1 h or 24 h. Cells were also treated
with a mixture of 500 nM rapamycin and 10 μM chlor-
oquine as a positive control. The Cyto-ID® autophagy
detection kit (Enzo Life Sciences, Plymouth Meeting, PA)

was used to measure autophagic flux, according to the
manufacturer’s instructions. Samples were briefly dyed
with Cyto-ID Green Dye and Hoechst 33342 at 37 °C for
30min. The cells were then washed with 1× assay buffer
and were observed under a laser scanning confocal
microscope (Nikon Al+, Japan). A standard FITC filter set
was used to visualize the autophagic flux. Also, the DAPI
filter was used to visualize nuclear signals.

Bio-transmission electron microscope (TEM) analysis
HAoEC were incubated with 1.0 mM MGO for 1 h.

Cells were fixed in 2.5% glutaraldehyde, washed with
phosphate-buffered saline (PBS), and postfixed with 1%
OsO4 for 3 h. The samples were then washed again,
dehydrated with alcohol, and embedded in propylene
oxide and Epon812 media. After that, ultrathin sections
were examined under a Bio‐High‐Voltage Electron
Microscope (JEM‐1000BEF, at 1000 kV) (JEOL, Tokyo,
Japan).

Cell proliferation assays
Cell proliferation assays were performed using BrdU cell

proliferation assay kits (Cell signaling, Danvers, USA).
Briefly, HAoEC, HUVEC, and HDMEC were seeded into a
24-well plate (4.0 × 104 cells/well) and were incubated for
24 h. Subsequently, cells were treated with different con-
centrations (0.6, 0.8, and 1.0 mM) of MGO in serum-free
media, along with BrdU, and were incubated for 48 h.
After incubation, the amount of BrdU-positive incor-
poration was determined by the ELISA method, following
the manufacturer’s instructions.

Cell migration assays
HAoEC, HUVEC, and HDMEC were seeded in 96-well

plates at 4.0 × 104 cells/well. After 24 h incubation, con-
fluent monolayers of cultured cells were scratch wounded
with a Wound Maker tool (Essen Bioscience, Ann Arbor,
MI). The medium was removed, and cells were washed
with PBS before being treated with different concentra-
tions (0.6, 0.8, and 1.0 mM) of MGO in a serum-free
medium. Following 24 h incubation, the scratch wells
were observed every two hours using IncuCyte ZOOM
(Essen Bioscience).

Tube formation assays
To assess tube formation, 96-well plates were coated

with 50 μL of Matrigel matrix and were incubated at 37°C
to allow gel formation. After 30 min, coated wells were
washed with PBS, and HAoEC, HUVEC, and HDMEC
(2.0 × 104) were seeded into each well with a vehicle or
different concentrations (0.6, 0.8, and 1.0 mM) of MGO
for 24 h. Tube formation was viewed using a microscope
(Nikon, Tokyo, Japan).
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Cell apoptosis assays
Apoptosis and necrosis production was evaluated using

the FITC/Annexin V Apoptosis Detection Kit I (BD
Biosciences Pharmingen, San Diego, CA, USA) according
to the manufacturer’s protocol. Briefly, HAoEC were
seeded into a 6-well plate (3.0 × 105 cells/well) were
incubated for 24. After 24 h, cells were treated with 0.6,
0.8, or 1.0 mM of MGO for 1 and 24 h. Cells were washed
with cold PBS and the cells were resuspended in 1×
binding buffer with FITC Annexin V and propidium
iodide (PI) at room temperature (25 °C) for 15min. Then,
the samples were analyzed using flow cytometry (FACS-
CaliburTM; Becton-Dickinson, San Jose, CA, USA) within
1 h.

Intracellular ROS detection
Intracellular ROS was measured using DCF-DA as a

fluorogenic dye, which interacts with hydroxyl, peroxyl,
and other ROS. Briefly, 1.0 × 106 cells were seeded in a
60mm dish and were incubated overnight in a 5% CO2

atmosphere at 37 °C. After 24 h, HAoEC were treated with
0.6, 0.8, or 1.0 mM of MGO for 1 h. The cells were then
stained with 30 μM DCF-DA. After 30 min incubation at
37 °C, cells were harvested and the change in fluorescence
intensity was analyzed using a flow cytometer (FACSCa-
libur™; Becton-Dickinson, San Jose, CA, USA).

Western blot analysis
HAoEC, HUVEC, and HDMEC were harvested, washed

with cold Dulbecco’s PBS (1×), and lysed in a PRO-PREP™
Protein Extraction Solution (iNtRON, Seoul, Korea)
containing protease and phosphatase inhibitors. The cell
lysates were centrifuged at 12,000 rpm for 20min at 4 °C.
Then, the supernatants were collected, and Bradford
Assays were used to quantify the proteins. Equivalent
amounts of each protein were separated using sodium
dodecyl sulfate polyacrylamide gel electrophoresis gels
and were transferred to nitrocellulose blotting mem-
branes using a Trans-Blot® Turbo™ Blotting System. The
membranes were blocked with 5% skimmed milk in TBST
for 1 h at 20 to 25 °C and were then subjected to primary
antibodies overnight at 4 °C. After 24 h incubation,
membranes were incubated with secondary antibodies
conjugated with horseradish peroxidase for 1 h at room
temperature. The protein signals were visualized using a
ChemiDoc XRS+ imaging system (Bio-Rad, CA, USA).

Immunofluorescence analysis
HAoEC, HUVEC, and HDMEC treated as described

were fixed with 10% formalin for 15min at room tem-
perature (25 °C). The cells were then washed with PBS,
dyed with Alex Fluor® 555 Phalloidin to F-actin for
30min and Hoechst 33342 for 5 min. The stained cells

were mounted with mounting medium to fixation
(Thermo Scientific, Waltham, MA, USA). Immuno-
fluorescence intensity was evaluated using a NIS-
Elements imaging software was used to quantify the F-
actin intensity.

Statistical analysis
The data are expressed as means ± SEM. Statistical

comparisons were carried out between control and
experimental groups using Bonferroni’s test for multiple
comparisons of one-way analysis of variance using
GraphPad Prism 5.0 (GraphPad Software Inc., San Diego,
CA, USA). P values < 0.05 were considered to be statisti-
cally significant.

Results
MGO induces LC3-I/LC3-II expression in vascular ECs
In this study, the effect of MGO-induced autophagy on

HAoEC, HUVEC, and HDMEC was investigated. The
effect of MGO on HUVEC has already been reported;
however, HAoEC and HDMEC share many characteristics
with HUVEC. Therefore, in this study, it was hypothe-
sized that MGO may exert similar effects on HDMEC and
HAoEC. Consequently, autophagy induction by MGO
was identified by changes in the LC3-I and LC3-II
autophagic marker proteins. HAoEC, HUVEC, and
HDMEC were treated with several concentrations of
MGO (0.6, 0.8, and 1.0 mM) for 1 and 24 h. As shown in
Fig. 1, at 1 h, the autophagy-related LC3-II/LC3-I ratio
increased in a dose-dependent manner (Fig. 1a, b).
However, at 24 h, the autophagy-related LC3-II/LC3-I
ratio decreased (Fig. 1c, d). The data clearly indicates the
presence of the autophagy-related LC3-II/LC3-I ratio at
1 h suggesting MGO-induced autophagy in vascular EC at
1 h. However, the expression of LC3-II/LC3-I ratio was
found to be more in HAoEC as compared to HUVEC and
HDMEC (Fig. 1e, f) representing HAoEC is more sus-
ceptible to autophagy.

MGO induces autophagic vacuoles and flux in vascular ECs
Cyto-ID® autophagy detection kits and a confocal

microscope were used to further confirm MGO-induced
autophagy through measuring the autophagic vacuoles
and by monitoring the autophagic flux in fixing cells. As
shown in Fig. 2a, b, the fluorescence intensities of HAoEC,
HUVEC, and HDMEC treated with MGO for 1 h were
greater than those of the chloroquine (10 μM) and rapa-
mycin (0.5 μM) positive controls, indicating MGO-
induced autophagy in vascular EC and confirming the
above-described results. The maximum increase in
autophagic vacuoles and flux was found in HAoEC as
compared to HUVEC and HDMEC (Fig. 2a, b) concluding
MGO is more specific and more sensitive to HAoEC.
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Fig. 1 Effects of MGO-induced autophagy in vascular endothelial cells. a–c, e MGO-treated HAoEC, HUVEC, and HDMEC were evaluated for the
expression of autophagy-associated proteins LC3-I and LC3-II. b–d, f The protein expression levels of LC3-I, II, and α-tubulin were analyzed by western
blot at 1 h and 24 h of MGO treatment. All data are shown as means ± SEM. N= 3 (*p < 0.05, **p < 0.01, ***p < 0.001 vs. Control).
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Fig. 2 Effects of MGO-induced autophagic vacuoles in vascular endothelial cells. a HAoEC, HUVEC, and HDMEC were treated with a control or
1.0 mM of MGO for 1 h and were evaluated for autophagic induction by staining with a Cyto-ID® autophagy detection kit. Cells were treated with a
mixture of chloroquine (10 μM) and rapamycin (0.5 μM) for 1 h to make a positive control and were evaluated as described in (a). The stained cells
were analyzed by confocal microscopy (×60 magnification). b Quantitative measurements of Cyto-ID green intensity were calculated using NIS-
Elements imaging software. Scale bar indicates 25 μm. c Bio-transmission electron microscopic images of HAoEC treated with or without MGO.
Untreated cells (control), MGO-treated cells. Abundant typical double-layer membrane autophagosomes (black arrows) observed in HAoEC treated
with MGO (1.0 mM) for 1 h. d The static results of autophagosomes were calculated random TEM images. Scale bar indicates 0.5 and 2 μm. All data
are shown as means ± SEM. N= 3 (***p < 0.001 vs. Control).
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MGO induces autophagosomes by bio-TEM in HAoEC
To identify changes in autophagosome formation, newly

formed autophagosomes in HAoEC were evaluated using
a bio-TEM. The number of autophagosomes (black
arrow) was significantly increased in MGO-induced
HAoEC compared to the untreated group (Fig. 2c). The
statistic results revealed significant differences between
control and MGO 1.0 mM treated groups (Fig. 2d).

MGO induces cell viability or toxicity in vascular ECs
To determine whether MGO was toxic to cells in any

way, cell viability and morphological analyses were con-
ducted after 1 and 24 h in HAoEC, HUVEC, and HDMEC
(Fig. 2). In addition, the morphological changes to cells at
different concentrations of MGO (0.6, 0.8, and 1.0 mM)
were examined Fig. 3a–f. MGO (0.8, 1.0 mM) exerted few
cytotoxicity effects on HAoEC and HUVEC when cells
were treated for 1 and 24 h. However, cell viability
decreased in a dose-dependent manner upon treatment
MGO in HDMEC. It was observed that HAoEC viability
was higher than HUVEC, HDMEC viability when cells
were treated with MGO for 24 h (Fig. 3g–i).

MGO induces cytoskeleton protein damage in vascular ECs
HAoEC, HUVEC, and HDMEC were used to explore

MGO-induced cytoskeleton protein damage using a
confocal. Cells treated with several concentrations (0.6,
0.8, and 1.0 mM) of MGO for 24 h were stained with
Hoechst 33342 and F-actin dye. The morphological
changes to cells at several concentrations (0.8 and
1.0 mM) of MGO in HAoEC, HUVEC, and HDMEC were
examined in Fig. 4a. Also, MGO (0.8 and 1.0 mM) exerted
significantly increased F-actin intensity effect on HAoEC
and HDMEC when cells were treated for 24 h (Fig. 4b).
However, F-actin intensity significantly decreased upon
treatment MGO 0.6 mM in HAoEC, HUVEC, and
HDMEC.

MGO induces apoptosis in HAoEC
HAoEC were used to explore MGO-induced apoptosis

and necrosis using a flow cytometer. Cells treated with
several concentrations (0.6, 0.8, and 1.0 mM) of MGO for
1 h and 24 h were stained with FITC Annexin V and PI
dye. As shown in Fig. 4c–f, MGO significantly increased
apoptosis production in a dose-dependent manner
in HAoEC.

MGO induces ROS production in HAoEC
HAoEC were used to investigate MGO-induced ROS

production using a flow cytometer. HAoEC treated with
various concentrations (0.6, 0.8, and 1.0 mM) of MGO for
1 h were stained with DCF-DA dye, and changes in
fluorescence intensity were observed by flow cytometer.
As shown in Fig. 5a, MGO significantly increased ROS

production in a dose-dependent manner in HAoEC. This
result suggests that MGO induces ROS production in
HAoEC.

MGO induces MAPKs signaling pathways in HAoEC
MAPKs signaling pathways play important roles in

regulating proliferation, apoptosis, autophagy, and cell
cycle arrest38. Therefore, the protein levels of these factors
were investigated by western blot analysis. Western blot
analysis showed MGO-activated phosphorylation of ERK,
JNK, and p38 in HAoEC (Fig. 5b). The band intensities
increased significantly in a dose-dependent manner
between phosphorylated and total-forms (Fig. 5b). Con-
sequently, the autophagy marker known as the LC3-II/
LC3-I ratio increased through the MAPKs signaling
pathway.

MGO induces Bax and caspase-3 expression and decreases
Bcl-2 expression
To investigate the effects of MGO-induced apoptotic

cell death, the expression levels of anti-apoptotic and pro-
apoptotic proteins such as Bax, Bcl-2, and cleaved
caspase-3 were examined. Among the pro-apoptotic
proteins, Bax expression levels increased in a dose-
dependent manner, whereas MGO decreased Bcl-2
expression levels compared to the control group (Fig.
5c). Apoptosis-related cleaved caspase-3, Bax, and Bcl-2
protein levels also increased in a dose-dependent manner
(Fig. 5c). Therefore, both autophagy and apoptosis occur
with MGO treatment in HAoEC.

MGO inhibits cell proliferation, migration, and tube
formation in vascular EC
To investigate the role of MGO on the migration, tube

formation, and proliferation of HAoEC, assays were per-
formed. The cell migration assays revealed that cell pro-
liferation rate significantly decreased in a dose-dependent
manner compared to the untreated group (Fig. 6a). To
evaluate the role of MGO in inhibiting the angiogenic
response, cell migration assays were performed. The
results, as shown in Fig. 6b determined that cells treated
with MGO exhibited a lower migration rate (wound
confluence and relative wound density) compared with
the untreated control group. In addition, microscopic
images taken after 24 h of treatment revealed that tube
formation inhibition occurred in a dose-dependent man-
ner (Fig. 6c).

MGO inhibits the PI3K/Akt/mTOR signaling pathway in
HAoEC
In order to understand the mechanisms of action of

MGO-induced autophagy, the autophagy regulation-
associated levels of Akt and mTOR proteins, which are
involved in the early stage of autophagy, were investigated.
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A previous study has shown that the PI3K/Akt/mTOR
signaling pathway plays a vital role in autophagy39. In
addition, inhibition of the phosphorylation activities of Akt
and mTOR is needed to promote autophagy40. Therefore,
we investigated whether MGO-induced autophagy occurs
via inhibition of the PI3K/Akt/mTOR signaling pathway.
HAoEC were treated with several concentrations of MGO

(0.6, 0.8, and 1.0mM) for 1 h, and western blot analysis
was carried out. Protein expression levels of VEGF-C,
p-Akt/Akt, and p-mTOR/mTOR decreased in a dose-
dependent manner (Fig. 6d–g). These results suggest that
MGO induces autophagy in HAoEC through inhibition of
the phosphorylation activities of Akt and mTOR via the
PI3K/Akt/mTOR signaling pathway.

Fig. 3 Effects of MGO on HUVEC and HAoEC viability. a–f Photomicrographs of HAoEC, HUVEC, and HDMEC: a Control; b MGO 0.6 mM; c MGO
0.8 mM; d MGO 1.0 mM for 1 and 24 h. g–i The viability of HAoEC, HUVEC, and HDMEC under treatment with three concentrations (0.6, 0.8, and
1.0 mM) of MGO for 1 and 24 h. Cell viability was measured using MTT assay, as detailed in the methods section. Scale bar indicates 300 μm. All data
are shown as means ± SEM. N= 3 (***p < 0.001 vs. Control, ###p < 0.001 vs. MGO 0.6 mM).
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Fig. 4 Effects of MGO-induced cytoskeletal proteins and apoptosis in vascular endothelial cells. a HAoEC, HUVEC, and HDMEC were treated
with MGO for 1 h. Cells were stained with Hoechst 33342 (blue; nuclear) and F-actin (red) Alexa Fluor 555® Phalloidin, and measured using confocal
microscopy. Scale bar indicates 100 μm. b Quantitative measurements of F-actin fluorescence intensity were determined using NIS-Elements imaging
software. Scale bar indicates 100 μm. c, d Representative cytograms of Annexin V-FITC and PI staining of MGO-induced HAoEC. Cells were treated
with several concentrations (0.6, 0.8, and 1.0 mM) of MGO for 1 and 24 h. After 1 and 24 h, the concentrations of viable (Annexin V-FITC and PI
negative cells), early stage apoptotic (Annexin V-FITC positive, PI negative cells), late-stage apoptotic (Annexin V-FITC positive, PI-positive cells), and
necrotic (PI-positive cells) cells were evaluated by flow cytometry. a Control; b 0.6 mM MGO; c 0.8 mM MGO; and d 1.0 mM MGO. e, f Analysis value of
control, early stage apoptotic, late-stage apoptotic, and necrotic cells as evaluated by flow cytometry. All data are shown as means ± SEM. N= 3 (*p
< 0.05, **p < 0.01, ***p < 0.001 vs. Control, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. MGO 0.6 mM).
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Fig. 5 Effects of MGO on apoptosis-related proteins and MAPKs signaling pathway activation through ROS generation. The levels of ROS in
MGO-treated HAoEC were measured after 1 h by flow cytometry with DCFH-DA dye. a The number of cells is designed against the
dichlorofluorescein fluorescence detected by the FL-1 channel. Relative ROS production is represented in each histogram. b, c MGO-treated HAoEC
were measured for the expression levels of the MAPKs signaling pathway, Bax, Bcl-2, caspase-3, cleaved caspase-3, and α-tubulin by western blots for
1 h. The protein levels of p-ERK, ERK, p-JNK, JNK, p-p38, p-38, Bax, Bcl-2, caspase-3, and cleaved caspase-3 were determined by the Image Lab analysis
tool. All data are shown as means ± SEM. N= 3 (*p < 0.05, ***p < 0.001 vs. Control).
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Fig. 6 Effects of MGO on the cell proliferation, cell migration, tube formation, and PI3K/Akt/mTOR signaling pathway in HAoEC. Cells
exposed to different concentrations (0.6, 0.8, and 1.0 mM) of MGO. a HAoEC in the BrdU assay proliferated lower when cultured with MGO compared
with the control. b MGO-treated cells at 0 and 24 h subjected to scratch wound healing assays. Cell migration was quantified by wound confluence
and relative wound density in each group. Scale bar indicates 300 μm. c The representative photomicrographs exhibiting the effects of MGO
inhibition on the aortic-like morphology of HAoEC at 24 h after seeding onto Matrigel. Quantitative analyses of tube formation were carried out by
counting the number of branches from three randomly selected fields per well. Scale bar indicates 100 μm. d MGO-treated HAoEC were evaluated for
the expression levels of autophagy-associated proteins in the PI3K/Akt/mTOR signaling pathway. The protein expression levels of VEGF-C, Akt, p-Akt,
p-mTOR, mTOR, and α-tubulin were investigated by western blots for 1 h. e–g The densitometry values of VEGF-C, p-Akt/Akt, and p-mTOR/mTOR
were evaluated using the Image Lab analysis tool. All data are shown as means ± SEM. N= 3 (**p < 0.01, ***p < 0.001 vs. Control).
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Fig. 7 Effects of AG on MGO-induced autophagy in HAoEC. Cells exposed to MGO-treated HAoEC without (−) or with (+) AG.
a Photomicrographs of HAoEC: a control; b MGO 1mM; c MGO+ AG (1.0 mM). Cell viability was measured using MTT assays, as detailed in the
methods section. b HAoEC were subjected to scratch wound healing assays for 0 and 24 h. Cell migration activity was quantified by wound
confluence and relative wound density in each group. c Cells were evaluated for the expression of the LC3-I and LC3-II autophagy-associated
proteins. The protein expression levels of LC3-I, II, and α-tubulin were measured by western blots at 1 h. d HAoEC were pretreated with 1.0 mM AG for
1 h, followed by 1.0 mM MGO for 1 h. The levels of ROS generation from DCFH-DA dye was analyzed by flow cytometry. Quantitative measurements
of fluorescent intensity were measured using a flow cytometry analysis system. Scale bar indicates 200 μm. All data are shown as means ± SEM. N= 3
(*p < 0.05, ***p < 0.001 vs. Control, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. MGO 1.0 mM).
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The effect of Aminoguanidine (AG) on MGO-induced
autophagy in HAoEC
Pretreatment with AG 1.0 mM changed cell shape (red

arrows) in HAoEC (Fig. 7a). In addition, pretreatment
lessened the effects of AG on MGO-induced cell migra-
tion by the wound healing system. The results, as shown
in Fig. 7b determined that cells treated with AG exhibited
a higher migration rate (wound confluence and relative
wound density) compared to the untreated MGO group.
Also, pretreatment with AG 1.0 mM for 1 h significantly
decreased MGO-induced LC3-II/LC3-I (Fig. 7c). As
shown in Fig. 7d, 1.0 mM AG decreased MGO-induced
ROS generation in HAoEC.

Discussion
Autophagy (self-ingestion) and apoptosis (self-killing)

play important roles in cell development, differentiation,
and repair34,41. Maintaining autophagy and apoptosis is
important in maintaining cellular homeostasis. In pre-
vious studies, based on morphological data, the following
three major types of programmed cell death have been
reported: type I apoptotic cell death (apoptosis), type II
autophagic cell death (autophagy), and type III necrotic
cell death (necrosis)42,43. Chen et al.41 highlighted that the
molecular mechanisms behind several types of cell death
are distinct but also overlapping. Autophagy and apop-
tosis work together to maintain angiogenesis by inter-
acting with different angiogenic factors37. Previously, it
has been shown that MGO exhibits a protective role
against injures by inducing autophagy in human brain
microvascular EC44. However, until now, the role of MGO
in increasing or decreasing autophagy and apoptosis to
regulate angiogenesis in HAoEC had not been studied.
Therefore, the current study was conducted to address
this question, and the results were remarkable.
It has been studied and mentioned in previous research

that microtubule-associated protein 1A/1B-light chain 3
(LC3) lipidation is necessary for autophagy, and that
double-membrane structures are associated with the
conversion of LC3-I to LC3-II45. The present study found
that MGO increases this conversion rate and activates
autophagy for 1 h in a dose-dependent manner (Fig. 1a, b),
but that these activities decrease at 24 h post-treatment in
HAoEC (Fig. 1c, d). This decreased level of LC3-II is
associated with the co-degradation of autophagic cargo in
lysosomes46. In terms of LC3 conversion, MGO induces
more autophagy in HAoEC than in HUVEC and HDMEC
(Fig. 1e, f). HAoEC, being a vital component of the body,
may respond more sensitively to MGO treatment.
Increased amounts of LC3-II may be associated with other
metabolites including glucose and glyoxal but the results
of the present study indicated that MGO-induced
autophagy to a greater extent than other metabolites
(Fig. S1).

The results of TEM, a typical autophagy detection
method, indicated that the number of autophagosomes
was significantly increased in MGO-treated cells (Fig. 2c,
d). These results indicated that MGO activates autophagy
in HAoEC. However, autophagy is a multistep and highly
dynamic process. Accordingly, these results should be
carefully considered, because an increased LC3-II/LC3-I
ratio or formation of autophagosomes may reflect either
the generation of autophagy or a decrease in autophagic
turnover. In addition, increased LC3-II levels are related
to increased autophagy flux and the presence of autop-
hagic vacuoles during autophagy28,47. Thus, increased
autophagic flux and the presence of autophagic vacuoles
also suggest the induction of autophagy. The findings of
the present study also showed an increased level of LC3-II
in conjunction with increased autophagic flux and
autophagic vacuoles in MGO-treated cells (Fig. 2a, b).
Moreover, autophagic flux alterations have the potential
to contribute to disease processes such as pulmonary
hypertension and atherosclerosis48,49. There is growing
evidence that autophagy has roles in cell proliferation, cell
migration, and tube formation, and that increased levels
of autophagy indirectly inhibit this cellular pro-
cesses4,50,51. Our experimental results indicated that
MGO induced the anti-angiogenesis via inhibiting the
migration, cell proliferation, and tube formation (Fig. 6a-
c, S3) in HAoEC, HUVEC, and HDMEC. In HAoEC,
MGO was meore effective in inhibiting prolifreration and
tube formation in comparison with HUVEC and HDMEC.
Additionally, cytoskeleton proteins directly contribute to
migration during angiogenesis, a process throughout
which cytoskeletal remodeling occurs in EC and directly
affects cellular morphology and movement52–54. One of
the cytoskeleton proteins, F-actin, is considered as a
biomarker of autophagy like LC3 and its expression has
been noted55,56. The results showed the activation of F-
actin fluorescence intensity and cellular morphology
transformation which indicates the autophagy induction
and cellular damage on MGO treatment. (Fig. 4a, b).
Scherz-Shouval et al.57 reported that ROS stimulates

autophagy, protects cells from starvation by activating
autophagy-related proteins, and improves vascular func-
tions. As previously reported that increased ROS levels
inhibit the PI3K/AKT/mTOR signaling pathway and
induce MAPKs signaling pathway58 through effecting
their related proteins. The present results also demon-
strated the inhibition of p-AKT and p-mTOR, which are
involved in the PI3K/AKT/mTOR signaling pathway, and
the induction of p-JNK, p-p38, and p-ERK, which are
involved in the MAPKs signaling pathway (Figs. 5b and
6d–g) Furthermore, P13K/AKT/mTOR, VEGF-C, Bcl-2
families, ROS, p53 are considered as major molecules to
be involved in angiogenesis-related autophagy/apoptosis
mechanism to activate disease conditions in a variety of
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cells41,59,60. Upon investigation with MGO treatment, we
have found decreased expression of p-Akt, p-mTOR, and
VEGF-C, another linked signaling pathway of MGO-
induced autophagy to inhibit angiogenesis. Therefore, we
investigated that the relations among these three types of
cell death and explores the significance of cell death under
the specific conditions of human diseases, particularly
diabetes and diabetic complications such as ED.
AG, an effective inhibitor of AGEs formation, prevents

diabetic-related vascular complications through amelior-
ating MGO-induced glucotoxicity, apoptosis, and oxida-
tive stress in ECs28,29. Therefore, the effects of AG on
MGO-induced HAoEC autophagy were examined
in vitro. The findings suggested that AG prevents MGO-
induced HAoEC autophagy through changing cellular
morphology, increasing cell migration, and decreasing the
LC3-II/LC-I ratio and ROS generation (Fig. 7).

Conclusion
This study demonstrated that MGO induces aortic ED

via autophagic cell death and anti-angiogenesis in
HAoEC. Specifically, it proves that MGO activates the
ROS-mediated MAPKs signaling pathway, autophagy/
apoptosis and inhibits the Akt/mTOR signaling pathway,
cellular migration, proliferation, and tube formation via
the anti-angiogenesis process (Fig. 8). It has been pro-
posed that MGO plays a vital role in vascular damage to

EC and in the development of vascular disease. Thus, the
ability of therapeutic agents to prevent MGO-induced
dysfunction in EC may be effective against the develop-
ment of diabetic complications, and the underlying sig-
naling network may be a new therapeutic target. Based on
these new findings, in the future, new therapeutic agents
can be developed that focus on preventing and treating
diabetic vascular complications in clinical practice.

Acknowledgements
This research was supported by the Basic Science Research Program through
the National Research Foundation of Korea (NRF), funded by the Ministry of
Education (NRF-2018R1D1A1B07049500 and NRF-2019R1G1A1003693).

Author details
1College of Pharmacy, Gachon University, #191, Hambakmoero, Yeonsu-Gu,
Incheon 21936, Republic of Korea. 2Korea Food Research Institute, 245,
Nongsaengmyeong-Ro, Iseo-Myeon, Wanju_Gun, Jeollabuk-Do 55365,
Republic of Korea. 3Gachon Institute of Pharmaceutical Science, Gachon
University, #191 Hambakmoe-Ro, Yeonsu-Gu, Incheon 21936, Republic of
Korea. 4Gachon Medical Research Institute, Gil Medical Center, Inchon 21565,
Republic of Korea

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41419-020-2602-1).

Received: 7 November 2019 Revised: 6 April 2020 Accepted: 7 April 2020

References
1. Wojciechowska, J., Krajewski, W., Bolanowski, M., Krecicki, T. & Zatonski, T.

Diabetes and cancer: a review of current knowledge. Exp. Clin. Endocrinol.
Diabetes 124, 263–275 (2016).

2. Cho, N. H. et al. IDF Diabetes Atlas: global estimates of diabetes prevalence
for 2017 and projections for 2045. Diabetes Res. Clin. Pract. 138, 271–281
(2018).

3. Volpe, C. M. O., Villar-Delfino, P. H., Dos Anjos, P. M. F. & Nogueira-Machado, J.
A. Cellular death, reactive oxygen species (ROS) and diabetic complications.
Cell Death Dis. 9, 119 (2018).

4. Xu, Y. X. et al. Survivin regulated by autophagy mediates hyperglycemia-
induced vascular endothelial cell dysfunction. Exp. Cell Res. 364, 152–159
(2018).

5. Tahergorabi, Z. & Khazaei, M. Imbalance of angiogenesis in diabetic compli-
cations: the mechanisms. Int. J. Preventive Med. 3, 827–838 (2012).

6. Sonowal, H., Pal, P. B., Shukla, K. & Ramana, K. V. Aspalatone prevents VEGF-
induced lipid peroxidation, migration, tube formation, and dysfunction of
human aortic endothelial cells. Oxid. Med. Cell. Longev. 2017, 2769347 (2017).

7. Fallah, A. et al. Therapeutic targeting of angiogenesis molecular pathways in
angiogenesis-dependent diseases. Biomed. Pharmacother. 110, 775–785
(2019).

8. An, Y. et al. Autophagy promotes MSC-mediated vascularization in
cutaneous wound healing via regulation of VEGF secretion. Cell Death Dis. 9,
58 (2018).

9. Chan, W. H. & Wu, H. J. Methylglyoxal and high glucose co-treatment induces
apoptosis or necrosis in human umbilical vein endothelial cells. J. Cell. Bio-
chem. 103, 1144–1157 (2008).

10. Oishi, Y. & Manabe, I. Macrophages in age-related chronic inflammatory dis-
eases. NPJ Aging Mech. Dis. 2, 16018 (2016).

Fig. 8 Possible molecular mechanisms of MGO-induced aortic
endothelial dysfunction in human vascular ECs. This schematic
description of triggers in autophagy upon MGO treatment. Blue and
black arrow define the activity of MGO.

Lee et al. Cell Death and Disease          (2020) 11:403 Page 14 of 15

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-020-2602-1
https://doi.org/10.1038/s41419-020-2602-1


11. Schalkwijk, C. G. & Stehouwer, C. D. A. Methylglyoxal, a highly reactive dicar-
bonyl compound, in diabetes, its vascular complications, and other age-
related diseases. Physiol. Rev. 100, 407–461 (2020).

12. Thornalley, P. J. Dicarbonyl intermediates in the maillard reaction. Ann. N. Y.
Acad. Sci. 1043, 111–117 (2005).

13. Singh, V. P., Bali, A., Singh, N. & Jaggi, A. S. Advanced glycation end products
and diabetic complications. Korean J. Physiol. Pharmacol. 18, 1–14 (2014).

14. Jung, E., Park, S. B., Jung, W. K., Kim, H. R. & Kim, J. Antiglycation activity of
aucubin in vitro and in exogenous methylglyoxal injected rats. Molecules
https://doi.org/10.3390/molecules24203653 (2019).

15. Brownlee, M., Vlassara, H., Kooney, A., Ulrich, P. & Cerami, A. Aminoguanidine
prevents diabetes-induced arterial wall protein cross-linking. Science 232,
1629–1632 (1986).

16. Wang, X., Chang, T., Jiang, B., Desai, K. & Wu, L. Attenuation of hypertension
development by aminoguanidine in spontaneously hypertensive rats: role of
methylglyoxal. Am. J. Hypertens. 20, 629–636 (2007).

17. Sedding, D. G. et al. Vasa vasorum angiogenesis: key player in the initiation
and progression of atherosclerosis and potential target for the treatment of
cardiovascular disease. Front. Immunol. 9, 706 (2018).

18. Traish, A. M. & Galoosian, A. Androgens modulate endothelial function and
endothelial progenitor cells in erectile physiology. Korean J. Urol. 54, 721–731
(2013).

19. Mukohda, M., Okada, M., Hara, Y. & Yamawaki, H. Methylglyoxal accumulation
in arterial walls causes vascular contractile dysfunction in spontaneously
hypertensive rats. J. Pharmacol. Sci. 120, 26–35 (2012).

20. Ogawa, S. et al. Methylglyoxal is a predictor in type 2 diabetic patients of
intima-media thickening and elevation of blood pressure. Hypertension 56,
471–476 (2010).

21. Wilcox, T., Newman, J. D., Maldonado, T. S., Rockman, C. & Berger, J. S. Per-
ipheral vascular disease risk in diabetic individuals without coronary heart
disease. Atherosclerosis 275, 419–425 (2018).

22. Newman, J. D. et al. Diabetes mellitus is a coronary heart disease risk
equivalent for peripheral vascular disease. Am. Heart J. 184, 114–120 (2017).

23. Carmeliet, P. Angiogenesis in life, disease and medicine. Nature 438, 932–936
(2005).

24. Duh, E. & Aiello, L. P. Vascular endothelial growth factor and diabetes: the
agonist versus antagonist paradox. Diabetes 48, 1899–1906 (1999).

25. Norton, K. A. & Popel, A. S. Effects of endothelial cell proliferation and
migration rates in a computational model of sprouting angiogenesis. Sci. Rep.
6, 36992 (2016).

26. Ammann, K. R., DeCook, K. J., Li, M. & Slepian, M. J. Migration versus pro-
liferation as contributor to in vitro wound healing of vascular endothelial and
smooth muscle cells. Exp. Cell Res. 376, 58–66 (2019).

27. Patel, S., Srivastava, S., Singh, M. R. & Singh, D. Mechanistic insight into diabetic
wounds: Pathogenesis, molecular targets and treatment strategies to pace
wound healing. Biomed. Pharmacother. 112, 108615 (2019).

28. Do, M. H. et al. Lespedeza bicolor ameliorates endothelial dysfunction induced
by methylglyoxal glucotoxicity. Phytomedicine 36, 26–36 (2017).

29. Figarola, J. L., Singhal, J., Rahbar, S., Awasthi, S. & Singhal, S. S. LR-90 prevents
methylglyoxal-induced oxidative stress and apoptosis in human endothelial
cells. Apoptosis 19, 776–788 (2014).

30. Pang, N. et al. Polydatin prevents methylglyoxal-induced apoptosis through
reducing oxidative stress and improving mitochondrial function in human
umbilical vein endothelial cells. Oxid. Med. Cell. Longev. 2017, 7180943 (2017).

31. Liu, H., Yu, S., Zhang, H. & Xu, J. Angiogenesis impairment in diabetes: role of
methylglyoxal-induced receptor for advanced glycation endproducts, autop-
hagy and vascular endothelial growth factor receptor 2. PloS ONE 7, e46720
(2012).

32. Weikel, K. A., Cacicedo, J. M., Ruderman, N. B. & Ido, Y. Glucose and palmitate
uncouple AMPK from autophagy in human aortic endothelial cells. Am. J.
Physiol. Cell Physiol. 308, C249–C263 (2015).

33. Hou, X. et al. Advanced glycation endproducts trigger autophagy in cadio-
myocyte via RAGE/PI3K/AKT/mTOR pathway. Cardiovasc. Diabetol. 13, 78
(2014).

34. Maiuri, M. C., Zalckvar, E., Kimchi, A. & Kroemer, G. Self-eating and self-killing:
crosstalk between autophagy and apoptosis. Nat. Rev. Mol. Cell Biol. 8, 741–752
(2007).

35. Jiang, F. Autophagy in vascular endothelial cells. Clin. Exp. Pharmacol. Physiol.
43, 1021–1028 (2016).

36. Liang, P. et al. Autophagy promotes angiogenesis via AMPK/Akt/mTOR sig-
naling during the recovery of heat-denatured endothelial cells. Cell Death Dis.
9, 1152 (2018).

37. Hassanpour, M., Rezabakhsh, A., Pezeshkian, M., Rahbarghazi, R. & Nouri, M.
Distinct role of autophagy on angiogenesis: highlights on the effect of
autophagy in endothelial lineage and progenitor cells. Stem Cell Res. Ther. 9,
305 (2018).

38. Yu, P. et al. Anti-proliferation of triple-negative breast cancer cells with phy-
sagulide P: ROS/JNK signaling pathway induces apoptosis and autophagic cell
death. Oncotarget 8, 64032–64049 (2017).

39. Kim, J., Kundu, M., Viollet, B. & Guan, K. L. AMPK and mTOR regulate autophagy
through direct phosphorylation of Ulk1. Nat. Cell Biol. 13, 132–141 (2011).

40. Guertin, D. A. & Sabatini, D. M. Defining the role of mTOR in cancer. Cancer Cell
12, 9–22 (2007).

41. Chen, Q., Kang, J. & Fu, C. The independence of and associations among
apoptosis, autophagy, and necrosis. Signal Transduct. Target. Ther. 3, 18 (2018).

42. Clarke, P. G. Developmental cell death: morphological diversity and multiple
mechanisms. Anat. Embryol. 181, 195–213 (1990).

43. Galluzzi, L. et al. Molecular mechanisms of cell death: recommendations of the
Nomenclature Committee on Cell Death 2018. Cell Death Differ. 25, 486–541
(2018).

44. Fang, L. et al. Autophagy protects human brain microvascular endothelial cells
against methylglyoxal-induced injuries, reproducible in a cerebral ischemic
model in diabetic rats. J. Neurochem. 135, 431–440 (2015).

45. Tanida, I., Minematsu-Ikeguchi, N., Ueno, T. & Kominami, E. Lysosomal turnover,
but not a cellular level, of endogenous LC3 is a marker for autophagy.
Autophagy 1, 84–91 (2005).

46. Yang, J., Carra, S., Zhu, W. G. & Kampinga, H. H. The regulation of the
autophagic network and its implications for human disease. Int. J. Biol. Sci. 9,
1121–1133 (2013).

47. Vion, A. C. et al. Autophagy is required for endothelial cell alignment and
atheroprotection under physiological blood flow. Proc. Natl. Acad. Sci. USA
114, E8675–e8684 (2017).

48. Torisu, K. et al. Intact endothelial autophagy is required to maintain vascular
lipid homeostasis. Aging cell 15, 187–191 (2016).

49. LaRocca, T. J. et al. Translational evidence that impaired autophagy contributes
to arterial ageing. J. Physiol. 590, 3305–3316 (2012).

50. Mathiassen, S. G., De Zio, D. & Cecconi, F. Autophagy and the cell cycle: a
complex landscape. Front. Oncol. 7, 51 (2017).

51. Nazio, F., Bordi, M., Cianfanelli, V., Locatelli, F. & Cecconi, F. Autophagy and
cancer stem cells: molecular mechanisms and therapeutic applications. Cell
Death Differ. 26, 690–702 (2019).

52. Liang, Z. W. et al. Nestin-mediated cytoskeletal remodeling in endothelial cells:
novel mechanistic insight into VEGF-induced cell migration in angiogenesis.
Am. J. Physiol. Cell Physiol. 308, C349–C358 (2015).

53. Mostowy, S. Multiple roles of the cytoskeleton in bacterial autophagy. PLoS
Pathog. 10, e1004409 (2014).

54. Locatelli, L., Cazzaniga, A., De Palma, C., Castiglioni, S. & Maier, J. A. M. Mito-
phagy contributes to endothelial adaptation to simulated microgravity. FASEB
J. 34, 1833–1845 (2020).

55. Mi, N. et al. CapZ regulates autophagosomal membrane shaping by pro-
moting actin assembly inside the isolation membrane. Nat. Cell Biol. 17,
1112–1123 (2015).

56. Holland, P. & Simonsen, A. Actin shapes the autophagosome. Nat. Cell Biol. 17,
1094–1096 (2015).

57. Scherz-Shouval, R. et al. Reactive oxygen species are essential for
autophagy and specifically regulate the activity of Atg4. EMBO J. 26,
1749–1760 (2007).

58. Kim, G. D., Oh, J., Park, H. J., Bae, K. & Lee, S. K. Magnolol inhibits angiogenesis
by regulating ROS-mediated apoptosis and the PI3K/AKT/mTOR signaling
pathway in mES/EB-derived endothelial-like cells. Int. J. Oncol. 43, 600–610
(2013).

59. Pan, S. T. et al. Plumbagin induces G2/M arrest, apoptosis, and autophagy via
p38 MAPK- and PI3K/Akt/mTOR-mediated pathways in human tongue
squamous cell carcinoma cells. Drug Des. Dev. Ther. 9, 1601–1626 (2015).

60. Shin, S. et al. The omega-3 polyunsaturated fatty acid DHA induces simulta-
neous apoptosis and autophagy via mitochondrial ROS-mediated Akt-mTOR
signaling in prostate cancer cells expressing mutant p53. BioMed. Res. Int.
2013, 568671 (2013).

Lee et al. Cell Death and Disease          (2020) 11:403 Page 15 of 15

Official journal of the Cell Death Differentiation Association

https://doi.org/10.3390/molecules24203653

	Molecular mechanisms of methylglyoxal-induced aortic endothelial dysfunction in human vascular endothelial cells
	Introduction
	Materials and methods
	Chemicals and reagents
	Cell cultures
	Cell viability and morphological examinations
	Autophagy detection assays
	Bio-transmission electron microscope (TEM) analysis
	Cell proliferation assays
	Cell migration assays
	Tube formation assays
	Cell apoptosis assays
	Intracellular ROS detection
	Western blot analysis
	Immunofluorescence analysis
	Statistical analysis

	Results
	MGO induces LC3-I/LC3-II expression in vascular ECs
	MGO induces autophagic vacuoles and flux in vascular ECs
	MGO induces autophagosomes by bio-TEM in HAoEC
	MGO induces cell viability or toxicity in vascular ECs
	MGO induces cytoskeleton protein damage in vascular ECs
	MGO induces apoptosis in HAoEC
	MGO induces ROS production in HAoEC
	MGO induces MAPKs signaling pathways in HAoEC
	MGO induces Bax and caspase-3 expression and decreases Bcl-2 expression
	MGO inhibits cell proliferation, migration, and tube formation in vascular EC
	MGO inhibits the PI3K/Akt/mTOR signaling pathway in HAoEC
	The effect of Aminoguanidine (AG) on MGO-induced autophagy in HAoEC

	Discussion
	Conclusion
	Acknowledgements




