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Advanced glycation end products-induced mitochondrial
energy metabolism dysfunction alters proliferation
of human umbilical vein endothelial cells
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Abstract. Advanced glycation end products (AGEs) restrain
the proliferation of endothelial cells, which is an important
determinant of diabetic vasculopathy. Mitochondrial biogen-
esis serves an essential role in cellular adaptation and repair.
The current study aimed to investigate alterations in mitochon-
drial energy metabolism in human umbilical vein endothelial
cells (HUVECG:) and the latent mechanism regulated by AGEs.
The proliferation of cultured HUVECsS stimulated with AGEs
was detected using an MTT assay and a real-time cell analyzer
(RTCA). Mitochondrial energy metabolism was measured
using a Seahorse metabolic flux analyzer. Mitochondrial
membrane potential was detected under fluorescence
microscopy following staining with tetraethylrhodamine
and MitoTracker Red. Respiratory chain complexes I-V were
detected using western blotting. MTT and RTCA assays
demonstrated that AGEs treatment significantly inhibited the
viability and proliferation of HUVECs when compared with
bovine serum albumin treatment. Results from the Seahorse
metabolic flux analyzer indicated that mitochondrial aerobic
respiration and glycolysis declined following AGEs treatment.
In addition, mitochondrial membrane potential and the expres-
sion of mitochondrial respiration chain complexes I/TI/III/TV/V
notably decreased in the presence of AGEs. In conclusion, the
results of the present study indicated that AGEs exhibited an
inhibitory effect on the proliferation in HUVECsS potentially
by mediating the dysfunction of mitochondrial energy metabo-
lism and glycolysis. This may provide a new consideration for
therapeutic methods in diabetic vascular complications.
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Introduction

Diabetes has become one of the three major chronic diseases,
along with hypertension and coronary heart disease, that
seriously endanger human health (1). Diabetic complications,
comprising macroangiopathy and microangiopathy, involve
multiple organs, including the heart, brain, kidney and eyes,
and are the primary underlying causes of increased mortality
and disability rates in patients with diabetes. The basic patho-
logical process of diabetes is atherosclerosis (2). It has been
reported (3,4) that the level of advanced glycation end products
(AGEs) in vivo was clearly associated with the severity of
diabetic complications and atherosclerosis.

AGEs are formed following long-term exposure to
high levels of sugar by a series of reactions and structural
rearrangements of non-enzymatic glycosylation and lipid
oxidation. While the glycosylation reaction occurs slowly in
normal organisms, the level of AGEs gradually increases with
age (5,6). However, during the aging process, particularly in
the case of long-term high blood glucose, the glycosylation
reaction and subsequent formation of AGEs increases. Thus,
it is acknowledged that this reaction is an inducing factor
of diabetic complications (7). In physiological conditions,
AGE:s are degraded to soluble polypeptides by the mono-
nuclear macrophage system via endocytosis or extracellular
protein degradation systems, and are primarily cleared by
the kidneys (8). However, in pathological conditions, particu-
larly diabetic complications, AGEs yet to be eliminated may
stimulate the secretion of cytokines from macrophage and
mesangial cells, thus leading to vascular hyperplasia, mesan-
gial proliferation and glomerular hypertrophy, which are
associated with the development of diabetic nephropathy (9).
In addition, AGEs may modify numerous additional proteins,
leading to a number of diseases. Glycosylated high density
lipoprotein cholesterol decreases the ability to reverse
cholesterol transport, as well as increasing the oxidation of
low density lipoprotein cholesterol by reducing the activity of
paraoxonase, which promotes the development of vessel wall
damage (10,11). In addition, AGEs combine with receptors
for advanced glycation end products (RAGE), which leads
to the activation of multiple intracellular signaling pathways
and serves a key role in the pathogenesis of several diseases,
including atherosclerosis (8), diabetes complications (12),
osteoporosis (13) and cancer (14,15).
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In diabetes complications or atherosclerosis, increasing
evidence suggests that endothelial dysfunction may be a key
factor. Endothelial dysfunction leads to inflammation, oxida-
tive stress and cell death, which result in vascular remodeling
and subsequent vascular diseases. It has been reported (16-18)
that AGEs bind to RAGE to induce oxidative stress, inflamma-
tion and apoptosis that lead to endothelium damage. Therefore,
exploring the potential mechanism of AGEs-induced endothe-
lial dysfunction is clearly significant for the prevention and
treatment of diabetic vascular damage.

Mitochondria exist in the majority of cells and possess
their own genome, termed mitochondrial DNA (mtDNA), and
a double-membrane organization that is required to produce
energy for conducting cellular aerobic respiration. In mammals,
mtDNA encodes 13 key structural subunits required for the
catalytic activity of four out of five oxidative phosphoryla-
tion (OXPHOS) enzyme complexes I, III, IV and V (19). The
OXPHOS enzyme complexes serve a critical role in electron
transfer in the respiratory chain (20). In addition to providing
adenosine 5'-triphosphate (ATP), mitochondria may serve as
an important source of reactive oxygen species (ROS) and
regulate various cellular process, including cell prolifera-
tion (21), cell signal transduction and apoptotic cell death (22).
Mitochondrial-derived ROS (mROS) appear to serve a cell
signaling function when maintained at low levels. However,
under pathological stresses, the production of excessive mROS
may contribute to decreased mitochondrial quality via several
interrelated mechanisms, including mitochondrial calcium
overload, increased levels of ROS, endoplasmic reticulum
stress and the accumulation of aggregated proteins. That
oxidative damage impairs the quality of the mitochondrial
population has been demonstrated by the increased harm to
mtDNA, decreased membrane potential and a diminished
bioenergetic reserve capacity that may be conducive to damage
of the complexes (20,23-25). Nevertheless, cells take imme-
diate measures in response to the accumulation of impaired
mitochondria. According to previous studies (26,27), two main
pathways are involved in this process. First, intramitochon-
drial proteases enable degradation of the oxidized proteins,
including ATP-stimulated mitochondrial Lon protease (27).
The mitochondrial ATPases associated with various cellular
activities have been reported to serve a vital role in preventing
mtDNA escaping from mitochondria to the nucleus ensuring
appropriate fission and fusion, in addition to expeditious
proteolysis of non-assembled inner membrane proteins (27).
Second, in response to more extensive mitochondrial damage,
elevated mitochondrial fragmentation and decreased fusion
may separate damaged mitochondrial proteins, lipids and
DNA from functional components, and the entire damaged
organelle is processed by mitophagy (26). Previously,
Kizhakekuttu et al (28) reported that mitochondrial dysfunc-
tion serves a central role in endothelial dysfunction in diabetes
mellitus, which was evidenced by lower mitochondrial O,
consumption, mitochondrial membrane potential, gluta-
thione/glutathione disulfide ratio and higher mROS production
in an additional study (29). Furthermore, 4-hydroxynonenal,
one of the oxidized lipids, contributes to mytocyte injury by
decreasing the bioenergetic reserve capacity (20). Together
these results indicate that mitochondrial energetic metabolism
may serve an essential role in cellular dysfunction. Therefore,
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the purpose of the present study was to explore whether AGEs
may induce the dysfunction of human umbilical vein endo-
thelial cells (HUVECSs) through mitochondrial dysfunction
and to determine the effect of AGEs on mitochondrial aerobic
respiration and glycolysis.

In summary, the primary aim was to explore the effect of
AGEs on the proliferation of HUVECs and to assess whether
mitochondrial metabolism may serve a key role in this process,
as well as the potential underlying mechanisms involved.

Materials and methods

Materials. A Seahorse metabolic flux analyzer (Seahorse
Bioscience; Agilent Technologies, Inc., Santa Clara, CA,
USA), LSM510 confocal microscope (Zeiss AG, Thornwood,
NY, USA), MicroChemi 4.2 (DNR Bio-Imaging Systems,
Ltd., Jerusalem, Israel) and bovine serum albumin (BSA)
and AGEs-BSA (Calbiochem; Merck KGaA, Darmstadt,
Germany) were used in the present study and obtained from
their respective manufacturers. All materials and reagents for
the extracellular flux assays were purchased from Seahorse
Bioscience (Agilent Technologies, Inc.). All antibodies,
staining and additional reagents used in the present study were
obtained from Sigma-Aldrich (Merck KGaA) unless otherwise
specified.

Cell culture and treatment. Primary HUVECs (S200-05N;
Sigma-Aldrich; Merck KGaA) were cultured at 37°C in a
humidified atmosphere and 5% CO, in Dulbecco's modified
Eagle's medium (DMEM; HyClone; GE Healthcare Life
Sciences, Logan, UT, USA) containing 10% fetal bovine serum
(FBS; HyClone; GE Healthcare Life Sciences). HUVECs
were incubated for 3 days until 70-80% confluence, before
they were starved in serum-free Basal Medium Eagle (B9638;
Sigma-Aldrich; Merck KGaA) for 24 h. Cells treated with
BSA served as a control. Cells in the AGEs-treated group were
incubated with AGEs-BSA (100 pg/ml) for varying durations
(12,24 and 48 h), while cells in the control group were treated
with BSA (100 pg/ml) for 24 h.

Cell viability assays. For cell viability assays, cells were
plated in 96-well dishes (1x10* cells/well) and incubated
overnight. The following day, cells were treated with AGEs
in media containing 10% FBS and incubated for a further
12, 24 and 48 h. Cell viability was assessed using the MTT
assay (Chemicon; EMD Millipore, Billerica, MA, USA)
according to the manufacturer's protocol. The absorbance was
measured with a microplate reader (Bio-Rad, Hercules, CA,
USA) at 570 nm.

Growth curve assays using the real-time cell analyzer
(RTCA). Growth curve assays were performed in real-time
and in quadruplicate using the xCELLigence system (ACEA
Biosciences, Inc., San Diego, CA, USA). RTCA E-plates
(ACEA Biosciences, Inc.) were seeded with 5,000 cells/well.
After all the chambers were set up, the RTCA E-plates were put
into the xCELLigence instrument in an incubator at 37°C and
5% CQO,. Cell growth was reported as the cell index, which was
a dimensionless, relative measure of impedance reflecting the
number of viable adherent cells, with a consistent logarithmic
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association with cell number. Cell index was recorded auto-
matically every 15 min and monitored continuously for 48 h.

XF Cell Mito Stress test using the XF24 Extracellular Flux
analyzer. An XF24 Analyzer (Seahorse Bioscience; Agilent
Technologies, Inc.) was used to measure bioenergetic function
in HUVECs. The XF24 possesses a transient 2 yl chamber in
specialized microplates that allows for the measurement of the
oxygen consumption rate (OCR) and extracellular acidifica-
tion rate (ECAR) or proton production rate in real-time (30).
The cells were seeded at a density of 20,000 cells/well.
Following adherence for 4 h, AGEs or BSA was added to the
microplates for co-incubation with cells for 24 h, and 1 yuM
oligomycin, 0.5 uM carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP) and 0.5 #M rotenone/antimycin A
were subsequently added. The sensor cartridge was hydrated
in XF Calibrant at 37°C in a non-CO, incubator overnight.
The culture medium was refreshed at 1 h prior to all bioener-
getic assays using unbuffered DMEM (pH 7.4) supplemented
with 4 mM L-glutamine (Seahorse Bioscience; Agilent
Technologies, Inc.).

To test mitochondrial respiration, a XF Cell Mito Stress
Test kit (Seahorse Bioscience; Agilent Technologies, Inc.)
was used according to the manufacturer's protocol. Briefly,
1 uM oligomycin (final concentration), 0.5 yM FCCP
(final concentration) and 0.5 uM rotenone and antimycin
A (final concentration) were subsequently added to the
microplates. This enabled determination of the basal level
of oxygen consumption, ATP-linked oxygen consumption,
non-ATP-linked oxygen consumption, the maximal respiration
capacity and the non-mitochondrial oxygen consumption. A
total of three basal OCR measurements were recorded prior to
the injection of oligomycin. The decreased level of OCR repre-
sented oligomycin-sensitive OCR due to its inhibition of ATP
synthase (complex V). FCCP, an uncoupling protein, was then
injected and the FCCP-stimulated OCR was used to calculate
spare respiratory capacity, which was defined as the difference
between maximal respiration and basal respiration. The third
injection was a mixture of rotenone (a complex I inhibitor)
and antimycin A (a complex III inhibitor). This combination
inhibited mitochondrial respiration completely, and thus no
oxygen was further consumed by cytochrome ¢ oxidase. The
remaining OCR measurement obtained following this treat-
ment was primarily non-mitochondrial and may have been due
to cytosolic oxidase enzymes.

XF Glycolysis Stress Test using the XF24 Extracellular Flux
Analyzer. The XF Glycolysis Stress Test (Seahorse Bioscience;
Agilent Technologies, Inc.) was used to assess glycolysis func-
tion in cells, which was conducted using the XF24 Analyzer.
By directly measuring ECAR, the kit provided a standard
method to assess the following key parameters of glycolysis
flux: Glycolysis, glycolytic capacity and glycolytic reserve, in
addition to non-glycolytic acidification. Cells were seeded at
a density of 20,000 cells/well. Cells were first incubated in
pyruvate-free glycolytic assay medium for 1 h prior to the first
injection of a saturated concentration of glucose (final concen-
tration: 10 mM). The cells catabolize glucose into pyruvate via
the glycolysis pathway, producing ATP, nicotinamide-adenine
dinucleotide (reduced form), water and protons. The discharge
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of protons into surrounding medium leads to a sudden increase
in ECAR, which was used to define the basal glycolytic
capacity. The second injection was oligomycin (final concentra-
tion: 1 xM), which may divert energy production to glycolysis
by restricting mitochondrial ATP production. Consequently,
the sharp increase in ECAR indicates the level of glycolytic
capacity. The final injection was 2-deoxy-glucose (2-DG; final
concentration: 50 mM), which is a glucose analog that inhibits
glycolysis through competitive binding to glucose hexokinase;
the first enzyme in the glycolytic pathway. The resulting
decrease in ECAR confirmed that the ECAR produced in
the experiment was caused by glycolysis. The gap between
glycolytic capacity and glycolysis was defined as the glycolytic
reserve. The ECAR prior to glucose injection is referred to as
non-glycolytic acidification, and may occur due to additional
processes in the cell.

Measurement of mitochondrial membrane potential.
Tetraethylrhodamine (TMRE) and MitoTracker Red were
used to detect changes in mitochondrial membrane potential,
as previously described (31,32). Briefly, cells were seeded into
a 6-wells plate at a density of 5,000/well. Then cells were
cultured in the presence of either 100 xg/ml BSA or 100 xg/ml
AGEs for 24 h. The old culture media was removed and cells
were incubated with 100 nM TMRE or 200 nM MitoTracker
Red for 30 min at 37°C and 5% CO,. In the last 5 min, cells
were incubated with Hoechst 33,342 (final concentration:
8 ug/ml) for 5 min at 37°C and 5% CO, to stain the nuclei.
Following washing with PBS, HUVECs were analyzed under
a fluorescence microscope.

Western blot analysis. Cells were lysed in lysis buffer (20 mM
Tris-HCI, 150 mM NaCl, 2 mM EDTA and 1% Triton X-100)
containing a protease inhibitor cocktail (Sigma-Aldrich;
Merck KGaA). Cell protein extracts were quantified using a
bicinchoninic acid protein assay kit (Sigma-Aldrich; Merck
KGaA). Equal quantities of protein (20 ug) were separated by
12% SDS-PAGE and transferred to polyvinylidene difluoride
(PVDF) membranes (EMD Millipore, Billerica, MA, USA).
Then the PVDF membranes were blocked with 5% nonfat milk
in Tris-buffered solution (TBS) for 1.5 h at the room tempera-
ture. After washing with 1X TBS (three times, 15 min/time),
the membranes were incubated with primary antibodies
against OXPHOS (ab110413; 1:1,000; Abcam, Cambridge,
UK) or GAPDH (AB2302; 1:1,000; EMD Millipore, Billerica,
MA, USA) at 4°C overnight. After washing with 1X TBS
(three times, 15 min/time), the membranes were incubated with
horseradish peroxidase-conjugated anti-mouse or anti-rabbit
secondary antibodies (AP181R for anti-mouse and AP187R
for anti-rabbit; 1:10,000; EMD Millipore) for 1.5 h at room
temperature. Finally, enhanced chemiluminescence solutions
(GE Healthcare Life Sciences, Chalfont, UK) was used to
detect immunoreactive binding. The band intensity was quan-
tified with Image J software version 1.47 (NIH, Bethesda, MD,
USA).

Statistical analysis. All data were obtained from >3 indepen-
dent experiments. Comparisons between two groups were
analyzed using the unpaired Student's t-test. Comparisons
among multiple groups were analyzed using one-way analysis
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of variance with Bonferroni post hoc tests where applicable.
All the statistical analyses were performed using SPSS 17.0
(SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to
indicate a statistically significant difference.

Results

AGEs inhibited the proliferation of HUVECs. In order to deter-
mine the effect of AGEs on the growth of HUVECs, HUVECs
were treated with AGEs (100 ug/ml) or BSA (100 pg/ml) for
24 h and cell proliferation was assessed using MTT and RTCA
assays. MTT assay analysis demonstrated that the viability of
HUVEC:s decreased in a time-dependent manner following
AGEs treatment (Fig. 1A). Similarly, the RTCA proliferation
assay demonstrated that the cell index was significantly lower
in AGEs (100 ug/ml)-group when compared with BSA-group
following treatment for 48 h (Fig. 1B). These results suggest
that AGEs reduces the proliferation of HUVECs in a
time-dependent manner.

Effect of AGEs on mitochondrial aerobic metabolism. In
order to investigate the specific negative effects of AGEs on
mitochondrial aerobic metabolism in HUVECs, the XF Cell
Mito Stress assay was employed. HUVECs were treated with
AGEs for 24 h prior to exposure to 1 #M oligomycin, 0.5 yM
FCCP and 0.5 M rotenone and antimycin A at various time
points. As demonstrated in Fig. 2, AGEs reduced the OCR prior
to the injection of oligomycin, suggesting that AGEs prohibited
mitochondrial aerobic respiration. In addition, HUVECsS treated
with AGEs exhibited an increase in basal oxygen consump-
tion and proton leakage when compared with the BSA-treated
cells (Fig. 2C). By contrast, a significant reduction in maximal
respiration capacity, spare respiration capacity and non-mito-
chondrial respiration was observed in the AGEs-treated cells
when compared with the BSA-treated cells (Fig. 2C).

Effect of AGEs on glycolytic function. In addition to the OCR,
the XF Cell Mito Stress assay facilitated the measurement
of protons that were produced by HUVEC cells, which is an
indicator of lactate production and may therefore be used as
an index of glycolysis (30). HUVECs were treated with AGEs
for 24 h prior to exposure to 10 mM glucose, 1 #M oligomycin
and 50 mM 2-DG at various time points, as demonstrated in
Fig. 3A. AGEs demonstrated an inhibitory effect on glycolytic
function (Fig. 3B). The key parameters of glycolysis, glycolytic
capacity, glycolytic reserve and non-glycolytic acidifica-
tion were decreased in the AGEs group compared with the
BSA-treated control group, indicating that AGEs inhibited
glycolysis (Fig. 3C).

Inhibitory effect of AGEs on OCR and ECAR in HUVECs. In
order to assess the influence of AGEs on mitochondrial bioen-
ergetic metabolism and anaerobic glycolysis, extracellular flux
analysis was used to determine rates of O, consumption. Cells
were incubated with AGEs (100 ug/ml) or BSA (100 pg/ml) in
the specialized microplates, and the XF24 assay was performed
to measure real-time OCR and ECAR over 24 h. As demon-
strated in Fig. 4A, the OCR decreased in response to AGEs
when compared with BSA over the course of the analysis.
Unexpectedly, ECAR in the AGEs-treated group was lower
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compared with the BSA-treated cells (Fig. 4B), which suggests
that significant cellular damage or even cell death may occur
in HUVECs exposed to AGEs.

Effect of AGEs on the mitochondrial membrane potential and
mitochondrial respiration chain complex. Since AGEs exhib-
ited an inhibitory effect on aerobic metabolism, the next aim
of the present study was to investigate whether AGEs affected
mitochondrial function. In order to determine whether
AGEs affected the mitochondrial membrane potential, cells
were labeled with TMRE or MitoTracker Red and HUVEC
nuclei were counterstained with Hoechst stain. TMRE and
MitoTracker Red staining demonstrated that the mitochondrial
membrane potential declined following treatment with AGEs
(Fig. 5A and B). In order to investigate the influence of AGEs
on mitochondrial respiration chain complexes, western blot-
ting was performed to detect the protein expression levels of
complexes I-V. Fig. 5C and D demonstrates that the expression
levels of complexes I-V were significantly reduced in the AGEs
group when compared with the BSA group (Fig. 5C and D).

Discussion

The present study utilized a newly-emerging assay for the
determination of mitochondrial function in intact HUVECs.
To the best of the authors' knowledge, the results of the
current study demonstrate for the first time the precise energy
metabolism and mitochondrial dysfunction elicited by AGEs
in endothelial cells.

AGEs serve a detrimental role in the pathogenesis of
diabetic complications and atherosclerosis (5,33). The majority
of studies (6,34-36) have demonstrated that AGEs induce
harmful effects during endothelial dysfunction, including inhib-
ited proliferation, apoptosis, increased inflammatory response
and endoplasmic reticulum and oxidative stress, via various
signaling pathways. An increasing number of studies [reviewed
in (37)] have focused on mitochondrial dysfunction induced by
AGEs in endothelial cells. However, few studies have investi-
gating the effect of AGEs on mitochondrial function and the
precise alterations in energy metabolism in HUVECs have
been conducted. In the present study, extracellular flux analysis,
which is a recent mainstream method for measuring mitochon-
drial function in cells and tissues, was used to monitor the
mitochondrial function of intact HUVECs. The results revealed
that AGE:s significantly inhibit the viability and proliferation of
HUVEC: potentially via an energy deficiency due to decreasing
mitochondrial aerobic respiration and glycolysis.

Mitochondria are the metabolic powerhouses of the
cell, providing ATP for inducing reactions and maintaining
core metabolites for the fundamental survival of cells.
Mitochondria regulate various cellular processes, including
proliferation, apoptosis and ROS generation (21,22). Under
pathological conditions, several interacting mechanisms
facilitate a decline in mitochondrial quality, as evidenced
by the decreased mitochondrial potential, increased mtDNA
damage and destruction of bioenergetic reserve capacity (38).
Defects in mitochondrial biogenesis and dynamics serve a
detrimental role in the bioenergy supply and appear to be a
contributor to endothelial cell dysfunction and the pathogen-
esis of cardiovascular diseases (39,40). In the present study,
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Figure 1. Antiproliferative activity of AGEs in HUVECs. Cells were cultured in the presence of AGEs (100 yg/ml) or BSA (100 pxg/ml) and cell viability was
assessed using the (A) MTT assay and the (B) RTCA cell index. Data are presented as the mean + standard deviation (n>3). "P<0.05 vs. BSA group. AGEs,
advanced glycation end products; HUVECs, human umbilical vein endothelial cells; BSA, bovine serum albumin; RTCA, real-time cell analyzer.
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used to determine the OCR. (B) HUVECs were seeded in the Seahorse Bioscience microplates (20,000 cells/well). Following adherence for 4 h, AGEs or BSA
was added to the microplates for co-incubation with cells for 24 h, and 1 M oligomycin, 0.5 yM FCCP and 0.5 M rotenone/antimycin A were subsequently
added. (C) Individual parameters for respiration, including basal respiration, maximal respiration, spare respiration capacity, ATP-linked oxygen consumption,
proton leakage and non-mito respiration in HUVECs. Each data point represents an OCR measurement. Data are presented as the mean + standard deviation
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the effect of AGEs on the mitochondrial aerobic metabolism
and mitochondrial membrane potential profiles were analyzed
in order to investigate the mechanism of AGEs-induced cell
dysfunction associated with mitochondrial dysfunction. A
previous review (41) confirmed that oxidative stress serves a
fundamental role in AGEs-induced cell death. The results of
the present study demonstrated that AGEs-induced oxidative
stress elevated proton leakage thus resulting in a decline of
mitochondrial membrane potential. In addition, the results
demonstrated that AGEs may damage the OXPHOS system
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encoded by mtDNA. It is possible that the impaired mitochon-
drial respiration chain in AGEs-treated HUVECs was unable
to transfer electrons to oxygen, which is the major factor in
the production of ATP, resulting in the observed increase in
basal respiration capacity, ATP-linked oxygen consumption
and spare respiration capacity.

Of particular note, endothelial cells are known to possess
a relatively low mitochondrial content and depend primarily
on glycolysis (42). As energy deficiency occurs in cells, a high
glycolytic flux may yield increased ATP in a shorter period than
OXPHOS in the presence of an unlimited glucose supply (43).
Previous studies (20,23) demonstrated that stimuli factors such
as ROS and 4-hydroxynonenal significantly augmented the
glycolysis response to the decreased OCR in myocardial cells
or bovine aortic endothelial cells. Unexpectedly, the present
study demonstrated that AGEs negatively affected the glycol-
ysis response. However, the latent molecular mechanisms
underlying the observed AGEs-induced glycolytic dysfunction
require further investigation. The present study hypothesized
that AGEs may affect the activity or expression of crucial
rate-limiting enzymes involved in glycolysis.

In conclusion, the results of the present study demonstrated
that AGEs inhibited the viability and proliferation of intact
HUVEGC:s by negatively affecting mitochondrial aerobic respi-
ration and glycolysis. These results may serve as a foundation
for the further study of AGEs-induced endothelial dysfunc-
tion, which may provide a novel perspective for exploring
therapeutic strategies for diabetic vascular complications.
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