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Curcumin activates autophagy and attenuates
high glucose-induced apoptosis in HUVECs
through the ROS/NF-kB signaling pathway
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Abstract. Curcumin (CUR) is well known for its
anti-inflammatory and antioxidant effects. However, the
endothelial protective effect of CUR in diabetes and the
underlying signaling pathway remains unclear. The goal of
the current study was to provide evidence regarding the protec-
tive mechanism of CUR against the high glucose (HG)-induced
damage to human umbilical vein endothelial cells (HUVEC:).
HG-induced HUVECS injury model was used to evaluate
the protective effect and the underlying mechanism of CUR
against endothelial injury. The cell viability was determined
by the MTT method. The cell reactive oxygen species (ROS)
were determined by using flow cytometry. The protein expres-
sion levels of Bcl-2, Bax, LC3-II/1, Beclin-1, p62, cleaved
caspase-3, IkBa and NF-«xB were measured by the western
blotting. Results showed that CUR significantly decreased
the cell apoptosis, the ROS generation and the inflammatory
cytokine NF-kB activity in the HG-induced HUVECs versus
the control, P<0.05. In addition, CUR significantly increased
the expressions of LC3-11/1, Beclin-1, IkBa and Bax/Bcl-2
in the HG-induced HUVECs versus the control, P<0.05.
Furthermore, the addition of autophagy inhibitor 3-MA
impaired the autophagy, exacerbated the apoptotic death and
increased the ROS and NF-kB levels in HUVECs under the
high glucose condition, P<0.05. In brief, autophagy served a
protective role in the HG-induced apoptosis in HUVECs and
CUR alleviated apoptosis by promoting autophagy and inhib-
iting the ROS/NF-«B signaling pathway.
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Introduction

Diabetes mellitus (DM) is a chronic metabolic disease, char-
acterized by hyperglycemia. Diabetic angiopathy, one of the
most common and serious complications, is also the main
cause of mortality in type 2 diabetes mellitus (T2DM) (1,2).
Long-term exposure of endothelial cells (ECs) to high glucose
(HG) contents leads to inflammation and oxidative stress in
diabetics, resulting in vascular endothelial cell injury and
eventually vascular endothelial dysfunction (3).

The mechanisms by which hyperglycemia influences
endothelial function are multiple. The vascular dysfunction in
the setting of diabetes is associated with increased vascular
oxidative stress and low-grade inflammation (4). Under
hyperglycemic conditions, the excessive production of reactive
oxygen species (ROS) is one of the key factors in the devel-
opment of pathological changes in the endothelium, causing
endothelial dysfunction or cell apoptosis (5). The endothelial
pathology, accompanied by excessive production of factors,
is related to the inflammatory process, such as TNF-a and
IL-6 (6,7). Hyperglycemia induces the production of proin-
flammatory cytokines and growth factors by activating the
key signal pathways that are associated with the MAPK and
NF-«B (8). Oxidative stress and inflammation are the major
mechanisms underlying the pathogenesis of DM complica-
tions. The overproduction of ROS, which results in oxidative
damage, including lipid peroxidation, protein oxidation and
DNA damage, can lead to cell death. Furthermore, ROS can
act as the second messengers to activate transcription factors
such as NF-xB and the activation of NF-kB is involved in
the multiple aspects of diabetic pathology, including cellular
differentiation, survival, autophagy and apoptosis (9).

Autophagy serves a vital role in cellular homeostasis by
acting as a housekeeper to eliminate the damaged organelles.
The impairment of autophagy, which is observed in the
endothelial injury, is implicated especially in the DM-induced
endothelial dysfunction. In vascular pathogenesis, autophagy
can act as a survival pathway, protecting endothelial cells from
oxidative stress (10,11). Vascular endothelial dysfunction is
recognized as an initial step of diabetic vascular complications,
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which might be caused by hyperglycemia-induced apop-
tosis (12). A complex interplay is engaged between autophagy
and apoptosis, which occurs simultaneously within the same
cell under various stresses. The interaction between autophagy
and ROS is frequently correlated with cell survival/death in
various diseases, including DM-related endothelial oxidative
damage (13,14). The regulation of autophagy, therefore, can
attenuate the endothelial oxidative damage, eliminate the
endothelial dysfunction and promote tissue repair, especially
the therapeutic angiogenesis (15). The drug 3-Methyladenine
(3-MA), which is widely used as an autophagy inhibitor in
animal experiments, has significant neurological impacts on
cerebral infarction (16,17).

Curcumin [(CUR); 1,7-bis-(4-hydroxy-3-methoxy-
phenyl)-1,6-heptadiene-3,5-dione] is a polyphenol extracted
from the Curcuma longa plant, commonly known as turmeric.
Fig. 1A shows the chemical structure of CUR. Accumulating
evidence suggests that CUR can act as an agent with
anti-inflammatory, antioxidant, anticarcinogenic and antili-
pidemic effects (18,19). Not only has the natural CUR been
investigated extensively for clinical application, but also some
synthetic curcumin analogs (20,21). CUR can improve gastric
emptying in rats by blocking the production of oxidative stress
and abolishing the NF-«kB signal transduction with diabetic
gastroparesis (22). In addition, CUR also induces autophagy
to protect the vascular endothelial cells and reduces the cell
apoptosis from the oxidative stress damage (23-25), suggesting
a potential mechanism underlying the anti-apoptosis effects of
CUR (26,27).

Overall, previous studies have confirmed that HG contents
can promote oxidative stress and apoptosis and CUR has
a strong antioxidant and antiapoptosis effect, but the exact
mechanisms are uncertain. To understand the pharmaco-
logical mechanisms of CUR, the current study investigated
the antiapoptosis effects of CUR in human umbilical vein
endothelial cells (HUVECs). HUVECs were pretreated with
various concentrations of CUR before the HG stimulation.
Alterations in the expression of autophagy, inflammation
and apoptosis-related proteins, cell viability and activation
of the ROS were observed. The goal was to provide evidence
regarding the protective mechanism of CUR against the
HG-induced damage to HUVECs.

Materials and methods

Experimental design. The whole experiment was conducted
in several parts. To explore the dose-dependent effects of
CUR on the viability of HUVECs, the cells were pretreated
for 4 h at 37°C with different concentrations of CUR (5, 10,
20 and 40 uM) and then incubated with HG concentration
for 24 h. Exposure of vascular ECs to a glucose level greater
than 10 mmol/1 (in vitro or in vivo, as in diabetes mellitus) is
considered an HG condition. As the cell viability is relatively
high under normal glucose exposure with no obvious glucose
toxicity and excessive oxidative stress, the effects of CUR
on cell viability were examined only with CUR added to an
HG concentration. The cell viability was determined with the
use of an MTT assay. To further clarify the effect of CUR on
apoptosis and autophagy, HUVECs that were pretreated with
20 uM CUR and then incubated in 33.3 mmol/l glucose (HG)

were used. The apoptosis was evaluated using the TUNEL
assay and the expression of the autophagy proteins was
measured by western blotting. To gain an insight into the apop-
tosis signaling pathway, the expression of caspase proteins
was examined by immunoblotting. To confirm whether ROS
and NF-kB would participate in the anti-apoptosis effect of
CUR, HUVECs were incubated for 4 h at 37°C with 20 uM
CUR and then for 24 h with or without the autophagy inhibitor
3-methyladenine (3-MA, 10 mM) in the HG condition. The
ROS production was detected with a flow cytometer while the
NF-«B-related protein was detected with the western blotting.

Cell culture. Immortalized HUVECs (Lonza Group Ltd.) were
cultured in Dulbecco's modified Eagle's medium (DMEM,;
MilliporeSigma), supplemented with 10% FBS and 1% peni-
cillin-streptomycin in a humidified 5% CO,, 37°C incubator
(Thermo Fisher Scientific, Inc.). All parts of the experiment on
HUVECs were conducted at the ~3-7 passages. Those HUVECs
that were cultured in a medium of 33.3 mmol/I glucose for 24 h
served as the HG group (8), while those HUVECs that were
cultured in a medium of 5.5 mmol/l glucose for an equivalent
time served as the control (Con) group.

MTT cell viability assay. The colorimetric MTT assay was
used to detect the cell viability in the 96-well plates. The MTT
substrate was prepared in a physiologically balanced solution,
added to HUVECsS in culture and incubated for 4 h at 37°C.
Viable cells with active metabolism converted MTT into
purple formazan. The optical density of formazan (directly
proportional to the number of viable cells) after dissolution
in DMSO was measured at 450 nm with a microplate reader
(Molecular Devices, LLC.). The mean optical density of
6 wells was used to calculate the cell viability percentage rela-
tive to the cell viability of control wells.

Caspase-3 activity. The caspase-3 activity was determined
with a Caspase-3 Assay kit (Colorimetric) ab39401 (Abcam)
according to the manufacturer's protocol. Briefly, the cells were
lysed with the cell lysis buffer, incubated on ice for 10 min at
37°C and centrifuged at 10,000 g for 1 min. The supernatant
was collected to measure the protein concentration with the
bicinchoninic acid (BCA) assay (Thermo Fisher Scientific,
Inc.). To measure the caspase-3 activity, the sample was mixed
with an equal volume of 2X reaction buffer (containing 10 mM
DTT) and 200 uM of DEVD-p-NA substrate. The mixture was
incubated at 37°C for 2 h. The optical density was measured
at 400 nm with a microplate reader (BioTek Instruments, Inc.).

Assay of intracellular ROS. The cells were seeded in a
6-well plate at a density of 5x10* cells/well. The levels of
intracellular ROS were measured with the fluorescent probe
dichloro-dihydro-fluorescein diacetate (DCFH-DA; Beijing
Baiaosentai Biotechnology). Following treatment with stimuli,
the cells were incubated with DCFH-DA (10 uM) at 37°C
for 30 min. The cells and probe were mixed thoroughly for
30 min by inverting the flask once every 3-5 min. The cell
suspension was centrifuged at 12,000 x g for 5 min at 4°C, and
the supernatant was discarded. The cells were resuspended
and washed 3 times with 1 ml serum-free medium to remove
the DCFH-DA that did not enter the cells. The cells were
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then centrifuged again at 12,000 x g for 5 min at 4°C, and the
supernatant was discarded, followed by the addition of 500 ml
phosphate-buffered saline (PBS) to resuspend the cells. After
30 min, the cells were subjected to flow cytometry (using
the parameters set for FITC) at an excitation wavelength of
535 nm and an emission wavelength of 610 nm to detect the
fluorescence intensity before and after stimulation. The fluo-
rescence images were obtained with fluorescence microscopy
(BX41F, Olympus Corporation).

Western blotting analysis. HUVECs were homogenized
in RIPA lysis (Wuhan Servicebio Technology Co., Ltd.)
buffer to obtain total proteins. According to the previous
studies (28,29), the protein concentrations were measured
by a BCA Protein Assay kit (Thermo Fisher Scientific, Inc.)
and denatured at 72°C for 10 min. Protein (~50 ug ) was sepa-
rated by 10% SDS-PAGE and then transferred onto a PVDF
membranes (MilliporeSigma). After blocking for 1 h at room
temperature with 5 % skimmed milk in TBS buffer (10 mM
Tris, 150 mM NacCl), the membranes were probed with primary
antibodies, including rabbit polyclonal antibodies (Cell
Signaling Technology, Inc.): Anti-LC3 (1:500; cat. no. 4108),
anti-Beclinl (1:500; cat. no. 3738), anti-cleaved-caspase3
(1:500; cat. no. 9661), anti-Bcl-2 (1:1,000; cat. no. 3498),
anti-Bax (1:1,000; cat. no. 2774) and a mouse monoclonal
antibody against B-actin (1:1,000; cat. no. 8457) at 4°C over-
night. Next, the membranes were washed four times, 15 min
each, with TBST buffer (10 mM Tris, 150 mM NaCl, and
0.1% Tween-20) and incubated for 30 min at 37°C with appro-
priate HRP-conjugated secondary antibodies (anti-rabbit IgG,
HRP-linked antibody cat. no. 7074; Cell Signaling Technology,
Inc.). The protein bands were visualized with chemilumi-
nescent reagents following the manufacturer's instructions
and exposed to Hyperfilm-ECL (Amersham; Cytiva).
Densitometry analysis of band intensity was performed using
Image]J software v 1.8.0 (National Institutes of Health).

Apoptosis assay. Cell apoptosis was determined with an
Annexin V-FITC Apoptosis kit (cat. no. C1062s; Beyotime
Institute of Biotechnology) according to the manufacturer's
protocol. In total, 1x10° cells were collected and the cells from
each sample were suspended in 195 pl of 1X Annexin V-FITC
binding buffer and 5 yl Annexin V-FITC. The cells were incu-
bated at room temperature for 10 min. Then, each sample was
centrifuged at 12,000 x g for 5 min, suspended again in 190 ul
of binding buffer, to which was added 10 ul of propidium iodide
(PI) working solution. The suspension was mixed and incubated
in the dark at room temperature for 15 min. Finally, cell apop-
totic rates (early + late) were determined using a flow cytometer
(FACSCanto II; BD Biosciences). FlowJo version 7.6.1 software
(FlowJo LLC) was used to analyze the data.

Statistical analysis. Data analysis was conducted with the
GraphPad Prism 8 software. All results were presented as
mean + standard deviation (SD). To compare measurements
obtained in different test conditions, a one-way analysis of
variances (ANOVA) was used to examine the effect of test
condition on the dependent variable. The post-hoc analysis was
conducted with Tukey's test for pairwise comparisons. P<0.05
was considered to indicate a statistically significant difference.
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Figure 1. CUR increases the cell viability in HG. (A) The chemical struc-
ture of CUR. (B) The cell viability was measured for cells treated with
glucose in different concentrations (5.5-100 mmol/l) and for cells treated
with curcumin in different concentrations (5-40 M) under HG conditions.
Each error bar is the standard deviation of the mean (n=6). Significance
level between two test conditions: "P<0.05. Con, control group treated
with 5.5 mmol/l glucose; HG, high glucose group treated with 33 mmol/l
glucose; CUR, curcumin.

Results

CUR enhances HUVEC viability in HG. The first part of
the experiment was to measure the cell viability in different
cell groups with the purpose to show the protective ability of
CUR against the damage induced by HG conditions (Fig. 1B).
The cell variability for cells that were treated only with
different glucose concentrations (5.5-100 mmol/l) for 24 h
was also included in Fig. 1B. The cell viability decreased in
a dose-dependent manner from the Con group (5.5 mmol/l
glucose) to the HG group (33.3 mmol/l glucose). In addition,
the cell viability for the HG group was similar to the cell
viability for cells treated with higher glucose concentrations
(50 and 100 mmol/l). The cell viability for the HG group
was significantly lower than the cell viability for the Con
group, P<0.01 (Fig. 1B), indicating HG conditions reduced
the number of healthy cells in the sample. Meanwhile, for
those cells that were pretreated with 5, 10, 20 and40 M CUR
for 4 h and then incubated in 33.3 mmol/l HG for 24 h, the
cell activity increased in a dose-dependent manner that was
peaked at 20 uM CUR. Compared to the cell viability (67%)
for the HG group, the cell viability (96%) for cells treated with
20 uM CUR in the HG condition was significantly higher,
P<0.05 (Fig. 1B), suggesting the 20 uM CUR treatment could
significantly enhance the cell viability in HG conditions.
Thus, the 20 uM CUR concentration provided the optimal cell
viability enhancement in HG conditions and the cells treated
with 20 uM CUR in HG were labeled as the HG+CUR group
for the subsequent parts of the experiment.

CUR reduces ROS generation in HG. The second part of the
experiment was conducted to measure the ROS content for the
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Figure 2. CUR reduces the high glucose-induced secretion of ROS. (A) The histogram of counting ROS was measured with the flow cytometry (FITC-A) for
the Con, HG and HG+CUR groups. (B) The fluorescence intensity was measured for the three groups. Each error bar is the standard deviation of the mean
(n=6). Significance level between two test conditions: “P<0.01. CUR, curcumin; ROS, reactive oxygen species; Con, control group treated with 5.5 mmol/I

glucose; HG, high glucose group treated with 33 mmol/l glucose.

three groups (Con, HG and HG+CUR) to show the effect of
CUR on ROS generation in a HG condition. Fig. 2A shows the
histogram of counting the ROS content using a flow cytometer
for the three groups. The fluorescence intensity of the ROS
content (%) among the three groups is presented in Fig. 2B.
The ROS content in the HG group was significantly higher
than the ROS content in the Con group, P<0.01; and the ROS
content in the HG+CUR group was significantly lower than
the ROS content in the HG group, P<0.01 (Fig. 2B). Therefore,
HG conditions could induce ROS production in HUVECs,
while the CUR treatment significantly decreased the intracel-
lular ROS generation in the HG condition.

CUR reduces HG-induced HUVEC apoptosis. The third part
of the experiment determined whether CUR could reduce cell
apoptosis in the HG-induced injury model. Fig. 3A shows the
detection of apoptosis in two-dimension using FITC Annexin
V and PI for the three groups: Con, HG and HG+CUR. Fig. 3B
shows the apoptosis rate detected with the TUNEL assay. The
apoptosis rate in the HG group was significantly higher than the
apoptosis rate in the Con group, P<0.01 (Fig. 3B), suggesting
the HG treatment for 24 h could sufficiently induce HUVEC
apoptosis. In addition, the cell apoptosis rate in the HG+CUR
group was reduced significantly when compared with the
apoptosis rate in the HG group, P<0.01 (Fig. 3B), demon-
strating that the CUR treatment could reduce the apoptosis
of HUVECs in the HG condition. These findings suggested
that CUR might have a protective effect on the endothelial cell
apoptosis that was induced by HG conditions.

CUR enhances autophagy in HG-cultured HUVECs. The
fourth part of the experiment was to determine whether the

CUR treatment could enhance the cell autophagy of endo-
thelial cells in HG stress. The autophagy-related protein
expressions of p62, Beclinl and LC3-II/I were detected with
the western blotting (Fig. 4A). In Fig. 4B, when compared with
the Con group, the stress in the HG group could significantly
increase the expression of p62 (P<0.05) while decreasing the
expression of Beclinl and LC3-I/II (P<0.01). However, when
compared with the protein expressions in the HG group, the
expression of p62 in the HG+CUR group was significantly
lower (P<0.01) and the expressions of Beclinl and LC3-11/1
were significantly higher (P<0.05). These results indicated that
CUR enhanced autophagy for HUVECS that were incubated
in the HG condition.

Autophagy inhibition attenuates the antioxidant effect of
CUR. The fifth part of the experiment was to investigate the
interaction between autophagy and ROS in the HG+CUR
group (Fig. 5). The amount of ROS was measured with the flow
cytometer (fluorescence intensity). In Fig. 5B, by comparing
the results in the Con group, the intracellular ROS in the
HG group were significantly increased, P<0.01. However,
compared with the ROS in the HG group, the CUR treatment
in the HG+CUR group significantly decreased the overpro-
duced ROS that was triggered by HG, P<0.01. Furthermore,
the inhibition of the HG-induced ROS in the HG+CUR group
was significantly attenuated by the autophagy inhibitor 3-MA
treatment as observed in the HG+CUR+3MA group, P<0.05.
Therefore, the CUR treatment could decrease ROS production
in the HG condition, whereas the 3-MA treatment significantly
reversed this effect. These findings suggested that the CUR
supplementation might have increased the autophagy effect by
inhibiting the HG-induced ROS.



Bz SPANDIDOS .
op PUBLICATIONS EXPERIMENTAL AND THERAPEUTIC MEDICINE 24: 596, 2022 5

A Con HG HG+CUR
1054 431% 1.13% 105.] 15.66% 25.78% 105 1 13.21% 9.87%
1a Q ol Q@
104 10% 104
T ]
10%4 108 103
] (o4
1024 - (@ 102 102
og °
303 0.83% % 0
LU R L R Rl L T Q)
0 102 10® 10* 105 0 102 10° 10* 105 0 102 10 10* 105
Annexin V-FITC Annexin V-FITC Annexin V-FITC
B 60 ®
;\? sk sk
o 40
[72
S
Q.
o
Q.
S 20
[
o
0
Con HG HG+CUR

Figure 3. CUR reduces the high glucose-induced cell apoptosis. (A) Detection of apoptosis was shown in a two-dimension graph using FITC Annexin V
and PI for the Con, HG and HG+CUR groups. (B) The cell apoptosis rate was measured with the TUNEL method for the three groups. Each error bar is the
standard deviation of the mean (n=6). Significance level between two test conditions: “P<0.05, “P<0.01. CUR, curcumin; FITC, fluorescein isothiocyanate;
PI, propidium iodide; Con, control group treated with 5.5 mmol/l glucose; HG, high glucose group treated with 33 mmol/I glucose.
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Figure 4. CUR enhances autophagy for HUVECsS incubated in high glucose conditions. (A) The autophagy-related protein expressions were measured with
western blotting for the Con, HG and HG+CUR groups. (B) The expressions of LC3II/I, Beclinl and p62 (after normalization to $-actin) for the three groups.
Each error bar is the standard deviation of the mean. Significance level between two test conditions: “P<0.05, “P<0.01. CUR, curcumin; HUVECs, human
umbilical vein endothelial cells; Con, control group treated with 5.5 mmol/l glucose; HG, high glucose group treated with 33 mmol/l glucose.

Autophagy inhibition attenuates the anti-inflammatory effect  experiment measured the expressions of NF-kB (mediator of
of CUR. To investigate the interaction between cell autophagy  inflammatory responses) and IkBa (inhibitor of NF-«kB) in
and inflammation in the HG+CUR group, the sixth part of the  different cell groups (Fig. 6). By comparing the results in the
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Figure 5. 3-MA treatment attenuates the antioxidant effect of CUR. (A) Histogram of ROS was measured with a flow cytometer for the Con, HG and HG+CUR,
HG+3MA and HG+CUR+3MA groups. (B) The fluorescence intensity was measured for the five groups. Each error bar is the standard deviation of the mean.
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Figure 6. 3-MA treatment attenuates the anti-inflammatory effect of CUR. (A) Different expressions were measured with western blotting for the Con, HG
and HG+CUR, HG+3MA and HG+CUR+3MA groups. (B) The expressions of NF-kB/B3-actin and IkBa/B-actin were measured for the five groups. Each
error bar is the standard deviation of the mean. Significance level between two test conditions: “P<0.05, “P<0.01. CUR, curcumin; Con, control group treated
with 5.5 mmol/l glucose; HG, high glucose group treated with 33 mmol/l glucose.

Con group (Fig. 6B), the NF-«xB level in the HG group was
significantly increased and the IkBa level was downregulated
when HUVECs were exposed to HG, P<0.05. The CUR treat-
ment, however, significantly decreased the overproduction
of HG-triggered NF-xB (P<0.01) and increased the IkBa

level (P<0.05). Furthermore, this anti-inflammatory effect
of CUR was significantly attenuated by the 3-MA treatment
as observed in the HG+CUR+3MA group, P<0.05. Thus, the
CUR treatment decreased inflammation in the HG condition,
whereas the 3-MA treatment significantly reversed the effect.
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Figure 7. 3-MA treatment attenuates the anti-apoptosis effect of CUR.
(A) Different expressions were measured with western blotting for the Con,
HG and HG+CUR, HG+3MA and HG+CUR+3MA groups. (B) The levels
of Cle-caspase-3/f-actin and Bax/Bcl-2 were measured for the five groups.
Each error bar is the standard deviation of the mean. Significance level
between two test conditions: "P<0.05, “P<0.01. CUR, curcumin; Con, control
group treated with 5.5 mmol/I glucose; HG, high glucose group treated with
33 mmol/I glucose; Cle, cleaved.

These findings suggested that the CUR supplementation might
have increased the autophagy effect as protection by inhibiting
the HG-induced inflammation.

Autophagy inhibition attenuates the anti-apoptosis effect
of CUR. The last part of the experiment investigated the
interaction between apoptosis and autophagy by measuring
the levels of apoptosis-related cleaved (Cle-) caspase-3, Bcl-2
and Bax in different cell groups (Fig. 7). Compared with the
results in the HG group (Fig. 7B), the CUR treatment in the
HG+CUR group could significantly lower the apoptotic levels
of Cle-caspase-3/f-actin and Bax/Bcl-2 that were induced
by HG, P<0.01. By contrast, compared with the results in the
HG+CUR group, the Cle-caspase-3/p-actin and Bax/Bcl-2
expressions in the CUR+HG+3MA group were significantly
increased after the 3-MA treatment, P<0.05. Taken together,
these findings suggested that CUR could protect HUVECs
from HG-induced apoptosis through autophagy.

Discussion

The current study investigated the effects of CUR on apop-
tosis and autography in HUVECs under HG conditions. It
also explored the molecular mechanism of CUR and the
ROS/NF-kB pathway. The current results have shown that
CUR can promote autophagy and decrease apoptosis in
HUVECs by inhibiting ROS and NF-xB. The present study
further supported the putative role of CUR on autophagy
induction, revealing the underlying mechanisms that may
account for the beneficial effects on endothelial cell apoptosis.
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CUR, a hydrophobic polyphenol compound extracted from
the spice turmeric, has different pharmacological effects on
both in vitro and in vivo models. A number of studies have
reported that CUR is capable of triggering autophagy in
several types of cells. For example, CUR is known for its
potential anti-inflammatory and antioxidant properties (30).
Increasing evidence suggests that CUR may take a protective
effect against diabetic complications (31). CUR, therefore,
protects against diabetic cardiomyopathy by modulating
the crosstalk between autophagic and apoptotic machinery.
The modulation of autophagy may be an effective strategy
for the treatment of cardiovascular diseases associated with
diabetes (32-35). Focusing on how CUR can target autophagy
in different cellular settings may extend our knowledge of
the new pharmacological agents in overcoming the relevant
diseases.

In T2DM, elevated oxidative stress can cause injury to
the vascular endothelial cells during the process of diabetic
vascular complications (36). Evidence has revealed that HG
conditions induce the production of ROS, causing endothelial
cell apoptosis (37). Constant oxidative stress eventually leads
to apoptosis or cell death. The current findings demonstrated
that the HG group promoted more ROS generation. However,
the CUR treatment markedly restored the HG-reduced ROS
protein levels, while the HG-reduced Bax/Bcl-2 ratio was
significantly reverted and the Cle-caspase-3 under HG stimu-
lation was also downregulated.

Autophagy is usually an adaptive mechanism that regu-
lates the cell response to stress and enhances the resistance
to apoptosis, and defective autophagy has been linked to
increased apoptosis (38). Abundant evidence indicates that HG
decreases autophagy in different cell types (39). The current
study demonstrated that HG decreased both the protein expres-
sions of LC3II/T and Beclin-1 and increased the level of p62.
Thus, insufficient autophagy has been observed in HUVECs
treated with HG (40). In addition, compared to the HG group,
the CUR treatment markedly upregulated the expressions of
LC3II/T and Beclin-1 and downregulated p62 in HUVECs.
The present study also has found that the Cle-caspase-3 and
Bax/Bcl-2 levels were downregulated when autophagy was
activated and that treatment with autophagy inhibitor 3-MA
abolished the autophagy upregulation triggered by CUR in
the HG condition with aggravated apoptosis. In summary,
autophagy had a protective effect on the HG-induced apop-
tosis in HUVECs. Previous studies have confirmed the current
findings and have shown that CUR protects against diabetic
cardiomyopathy and nephropathy by promoting autophagy
and alleviating apoptosis (16,32).

Inflammation is probably another key factor for the onset
and progression of endothelial dysfunction. Inflammatory
processes can enhance vascular ROS generation and endo-
thelial cell apoptosis. The present study found that the CUR
treatment inhibited the HG-induced inflammatory response,
as evidenced by a decrease in IkBa protein level and an
induced NF-kB activity. The enhanced generation of ROS and
NF-«B was markedly suppressed by CUR in cells subjected
to the HG-induced injury. Furthermore, although the current
study investigated ROS and NF-«B separately after autophagy
inhibition, the ROS/NF-«kB pathway is speculative and gener-
ally accepted. Based on these findings, it is hypothesized that


https://www.spandidos-publications.com/10.3892/etm.2022.11533

8 JIN et al: CURCUMIN ACTIVATES AUTOPHAGY AND ATTENUATES HIGH GLUCOSE-INDUCED APOPTOSIS

ROS could be an important cellular mediator that triggers
the NF-kB-dependent pathway after the administration of
CUR in HUVEG:s. It appears that ROS/NF-kB activation is
involved in the pathogenesis of the HG-induced cell dysfunc-
tion and apoptosis, suggesting that CUR, which can block
the ROS/NF-«B signaling, may be effective in protecting the
cell activity. A previous study shows that the stimulation of
autophagy can reduce oxidative status and rapamycin can
protect HUVECSs from the damages caused by HG (41). The
present study found that HG could increase ROS generation
and activate the downstream NF-kB pathway in endothelial
cells, which indicated that HG induced an oxidative stress
reaction in endothelial cells. This result is consistent with
previous studies that demonstrated that oxidative stress may
be a potential mechanism for HG-related cell degenerative
changes (42,43).

Overall, the present study indicated that CUR could
promote autography and decrease apoptosis in HUVECs under
HG conditions and that CUR treatment markedly restored the
HG-reduced ROS protein levels and NF-kB expression. The
ROS/NF-kB signaling pathway was, therefore, considered as
the potential mechanism involved in the autophagy activa-
tion by curcumin. Previous reports have shown that there
are a number of different potential intracellular sources of
ROS which are capable of influencing or being influenced by
NF-«B (44,45). ROS can activate NF-xB through IxB kinase
(IKK)-dependent pathway (46). In other words, ROS can modu-
late an NF-«kB response and NF-kB target genes can decrease
ROS to promote survival in a number of ways. Depending on
the setting, ROS can both act as promoters or inhibitors of
NF-«B signaling (47). For example, NF-kB activity is able to
influence ROS levels via increased expression of antioxidant
proteins and NF-kB would also induce inflammatory enzymes
that could promote the production of ROS (46). Therefore,
the ROS/NF-«B signaling pathway in autophagy activated by
CUR may serve a role in the potential anti-inflammatory and
antioxidant properties of CUR.

To confirm that the enhanced autophagy due to CUR has a
potential role in reducing the generation of NF-«xB, caspase-3
and Bax/Bcl-2 in the HG-treated HUVEC:sS, the present study
adopted the autophagy inhibitor 3-MA. The results showed
that 3-MA induced an additional increase in the Cle-caspase-3,
Bax/Bcl-2 and NF-«kB levels when compared to the levels in
HG treated with CUR. This finding suggested that autophagy
served an essential role in reducing caspase-3, Bax/Bcl-2
and NF-kB generation in HG and that CUR could promote
autophagy and reduce apoptosis and inflammation. Therefore,
the effect of inhibition on autophagy not only exacerbates the
HG-induced apoptosis but also diminishes the suppression
effects of CUR in NF-kB, providing a scientific basis for
further research and clinical application of CUR.

The present study had several limitations. Since it was an
in vitro simulation of the diabetic endothelial cells exposed
to HG, it may not be equivalent to a T2DM model. It is
also agreed that the mechanisms by which CUR activates
autophagy should be the focus of research. The current study
may be considered a pilot study in understanding some funda-
mental effects of CUR on cells exposed to HG, the protective
mechanisms of CUR need to be examine further in another
study.

The activation of autophagy is to protect the HG-induced
HUVECs. Meanwhile, curcumin protects the HG-induced
HUVEC:s by restoring autophagy, an effect attributed to the
inhibition of the ROS/NF-B pathway. Therefore, it was hypoth-
esized that enhancing autophagy by inhibiting ROS/NF-B
expression may be a potential therapeutic strategy for treating
vascular complications in diabetes. Furthermore, the regula-
tion of endothelial cell autophagy may be another key point
of control in regulating vascular function under disease condi-
tions associated with oxidative stress.
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