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Background: Diabetic cardiomyopathy (DCM), which is associated with many pathological processes, 
commonly occurs when advanced glycation end products (AGEs) are present. β-carotene (BC) is a well-
known vitamin A precursor that is found in many fruits and vegetables. BC can reduce the risk of cancer and 
cardiovascular disease. This study aimed to investigate the effect of BC on AGE-induced myocardial injury 
in vitro. 
Methods: Cell viability test was used to select 40 µM concentrations of BC to treat AGE-induced H2c9 
cells. The cell apoptosis was detected by flow cytometry. Western blotting was used to measure the protein 
expression levels of Bcl-2-associated X protein (Bax), B-cell lymphoma-2 (Bcl-2), cleaved caspase-3, 
activating transcription factor 4 (ATF4), glucose-regulated protein 78 (GRP78), CCAAT/enhancer-binding 
protein homologous protein (CHOP), beclin 1, p62,microtubule-associated protein 1 light chain 3 (LC3), 
phosphorylated PI3K (p-PI3K), phosphorylated Akt (p-AKT), and phosphorylated mTOR (p-mTOR). 
Enzyme-linked immunosorbent assay (ELISA) was performed to measure the levels of lactate dehydrogenase 
(LDH) and cardiac troponin-1 (cTn-I). Reactive oxygen species (ROS) was detected by flow cytometry. The 
levels of malondialdehyde (MDA), glutathione peroxidase (GSH-Px), and superoxide dismutase (SOD) were 
used to determine MDA kits, SOD assay kit and GSH-Px kit, respectively.
Results: BC significantly inhibited AGE-induced cell death and apoptosis in H9c2 cells. BC had a 
suppressive effect on intracellular ROS production and antioxidative enzyme reduction. Moreover, BC 
decreased hyperactive endoplasmic reticulum (ER) stress and autophagy in H9c2 cells. Furthermore, BC 
exerted a cardioprotective effect in AGE-induced H9c2 cells via the activation of the PI3K/Akt/mTOR 
signaling pathway. 
Conclusions: BC exhibited a cardioprotective effect AGE-induced apoptosis. Our study provides a 
foundation for further study into the potential value of BC for treating DCM or other heart diseases.
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Introduction

Diabetic cardiomyopathy (DCM) is a cardiac dysfunction 
commonly underpinned by the formation of protein 
glycation and advanced glycation end products (AGEs) (1).  
About 12% of patients with diabetes encounter DCM, 
which can result in overt heart failure and, consequently, 
death (2). AGEs are created through an irreversible 
reaction, named the Maillard reaction, which involves 
on-enzymatic saccharification (3). Following continuous 
exposure of proteins and lipids to sugars or short-chain 
aldehydes with amino groups and/or high oxidative stress 
levels, glycation and oxidization occur, forming AGEs (4). 
An increasing amount of research has suggested that the 
pathogenesis of DCM involves AGEs interacting with the 
receptor for advanced glycation end products (RAGE) (5).  
In diabetic patients, AGEs have been shown to induce 
endothelial dysfunction, myocardial cell apoptosis, and 
oxidative stress, as well as to upregulate inflammation and 
to promote extracellular matrix accumulation (6-8). 

In patients with diabetes mellitus, nutrient excess induces 
endoplasmic reticulum (ER) stress in nonvascular tissues (9). 
When an elevated level of misfolded proteins is present in the 
ER, the unfolded protein response (UPR) signaling network is 
triggered, setting off a series of transcriptional and translational 
events to restore ER homeostasis (10). Emerging evidence has 
indicated that ER stress can be targeted by AGEs intracellular 
signaling, ER stress response by AGEs, or AGEs precursors in 
the pathogenesis of metabolic diseases (11). 

Autophagy, which is a degradation process, can transfer 
intracellular components to lysosomes by autophagosomes (12).  
Under the condition of excess nutrition, autophagy can 
mobilize energy to maintain cell survival in periods of 
nutrient deficiency (13); however, too much autophagy can 
injure cells (14). Recently, AGEs have been shown to induce 
cardiomyocyte autophagy by inhibiting the phosphatidyl 
inositol 3-kinase/Akt/mammalian target of rapamycin (PI3K/
Akt/mTOR) pathway via RAGE (15).

AGEs can increase the rate of cardiomyocyte apoptosis 
and reactive oxygen species (ROS) production (16,17). ROS 
are essential in AGE-induced human periodontal ligament 
cells apoptosis and autophagy (18). In rat cardiomyocytes, 
AGEs can trigger autophagy via the PI3K/AKT/mTOR and 
ERK signalling pathways and apoptosis via the PI3K/AKT/
mTOR and p38/MAPK signalling pathways (19). However, 
in particular circumstances, autophagy or autophagy-
related proteins may eventually cause cells apoptosis or 

death. Generally, by inhibiting apoptosis, autophagy, and 
ER stress, cardiomyocyte injuries caused by AGEs may 
effectively be relieved.

β-carotene (BC), a vitamin A precursor, can be found in 
a larger number of fruits and vegetables (20). It is widely 
used as an antioxidant and natural colorant in foods (21,22). 
Higher BC biochemical status is associated with lower 
overall, cardiovascular disease, heart disease, stroke, cancer, 
and other causes of mortality (23). Long-term, low-dose 
BC treatment could be effective in the treatment of type-2-
diabetes and related cardiovascular diseases (24). BC display 
an antitumoral activity against breast cancer and have 
the potential to offer a natural strategy for breast cancer 
chemoprevention and reduce the risk of breast cancer 
recurrence (25). BC regulates epigenetic modifications for 
its anti-cancer effects in colon cancer stem cells (26).

 However, the benefits of BC in relation to AGE-induced 
cardiomyocyte injury have not been reported. Therefore, 
this study aimed to explore the effect of BC on ER stress, 
ROS production, apoptosis, and autophagy AGE-induced, 
and explored the potential mechanism.

Methods

Cell culture

H9c2 cells were purchased from American Type Culture 
Collection (ATCC, Maryland, USA). H9c2 cells were grown 
in an incubator in Dulbecco’s modified Eagle’s medium 
(DMEM) complemented with10% fetal bovine serum (FBS) 
at 37 ℃ in 5% CO2. Cell were divided four groups: the control 
group, BC group, AGE-induced group, BC+ AGE-induced 
group. BC group: H9c2 cells were treated with BC (40 µM) 
for 24 h. AGE-induced group: H9c2 cells were stimulated with 
AGEs (200 µg/mL) for 24 h. BC+ AGE-induced group: H9c2 
cells were stimulated with AGEs (200 µg/mL) for 24 h, then 
were treated with BC (40 µM) for 24 h.

Cell viability assay

H 9 c 2  c e l l  v i a b i l i t y  w a s  d e t e c t e d  b y  M T T 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) assay. Cells were incubated with MTT solution 
at 37 ℃ for 4 h following treatment. Subsequently, the 
medium was removed, and dimethyl sulfoxide (DMSO) was 
used to dissolve the formazan crystals. A spectrophotometer 
(Bio-Rad Laboratories, Hercules, CA, USA) was used to 
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detect the absorbance at 570 nm. 

Measurement of lactate dehydrogenase (LDH) and cardiac 
troponin-1 (cTn-I) leakage 

LDH activity and cTn-I content in the cultured supernatant 
were measured with diagnostic kits (Roche Diagnostics, 
Shanghai, China), in accordance with the manufacturer’s 
protocol.

Flow cytometry

H9c2 cells were treated with BC and/or AGEs for 24 h. 
They were washed with ice-cold phosphate-buffered saline 
(PBS) before resuspension in Annexin V binding buffer. 
Then, incubation with fluorescein isothiocyanate (FITC)-
conjugated Annexin V antibody (Cell Signaling Technology, 
Danvers, USA) and propidium iodide took place for 15 min 
at room temperature. Data analysis was performed using 
FlowJo (Tree Star, Ashland, OR, USA). 

Western blot

Cells were lysed for 30 min on ice in Radioimmunoprecipitation 
assay (RIPA) lysis buffer (Solarbio, Beijing, China) 
containing 0.1 mM phenylmethylsulfonyl fluoride (PMSF) 
and a protease inhibitor (Roche). BCA kit (Beyotime 
Institute of Biotechnology, Shanghai, China) was employed 
to determine protein concentration. The total protein 
sample was loaded into 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) loading 
buffer before being transferred to polyvinylidene difluoride 
(PVDF) membranes, which were sealed with 5% skim 
milk at 37 ℃ for 120 min. The membranes were then 
incubated with the following primary antibodies: Bcl-2, 
Bcl-2-associated X protein (Bax), Cleaved caspase-3, ATF4, 
GRP78, CHOP, Beclin4, p62, LC3I, LC3II, p-P13K, 
p-AKT, p-mTOR and β-actin (all purchased from Abcam, 
Cambridge, MA, USA) at 4 ℃ overnight. After that, the 
membranes were incubated with horseradish peroxidase 
(HRP)-conjugated secondary antibodies. The signals were 
visualized with the enhanced Horseradish Peroxidase 
(Pierce, Rockford, IL, USA). An automatic digital gel image 
analysis system Bio-Rad CFX-96 (Bio-Rad, CA, USA) was 

used to determine and analyze the density of the bands.

Measurement of intracellular oxidants and antioxidant 
enzyme activities

The ROS production was measured with dichloro-dihydro-
fluorescein diacetate (DCFH-DA; Beyotime Institute of 
Biotechnology, China), in accordance with the instructions 
of the manufacturer. Flow cytometry was performed to 
measure fluorescent density.

According to the manufacturer’s instructions, the levels 
of malondialdehyde (MDA), superoxide dismutase (SOD), 
and Glutathione peroxidase (GSH-Px) were measured with 
commercially available MDA kits, SOD assay kit and GSH-
Px kit (Jiancheng Bioengineering Institute, Nanjing, China), 
respectively.

Immunofluorescence staining

H9c2 cells were cultured on glass coverslips in a 12-well 
chamber and treated with BC and/or AGEs. Subsequently, 
H9c2 cells were incubated overnight with anti-microtubule-
associated protein 1 light chain 3 (LC3) antibody, and the 
corresponding anti-rabbit IgG secondary antibodies was 
incubated at 37 ℃ for 1 h. An Olympus DX51 fluorescence 
microscope (Olympus, Tokyo, Japan) was used to make 
observations. Data analysis was performed inimage6.0 
(Media Cybernetics, USA). 

Statistical analyses

Statistical analyses were performed using SPSS 19.0 
software (SPSS Inc., Chicago, IL, USA). The results were 
expressed as mean ± standard deviation (SD). One-way 
ANOVA was performed to analyze statistical significance. A 
P value of <0.05 was considered statistically significant.

Results

BC protects against AGE-induced cell death

To ga in  ins ight  in to  the  cy to tox ic i ty  o f  BC on 
cardiomyocytes, an MTT assay was performed to measure 
the viability of H9c2 cells exposed to BC at different doses. 
As shown in Figure 1A, BC up to 200 µM had no effect on 

javascript:;
javascript:;
javascript:;


Zhao et al. Beta carotene protects against myocardial injury

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2020;8(10):647 | http://dx.doi.org/10.21037/atm-20-3768

Page 4 of 13

150

100

50

0

150

100

50

0

200

150

100

50

0

80

60

40

20

0

Con
tro

l

Con
tro

l

Con
tro

l

Con
tro

l

AGEs

AGEs +
 10

 μM
 B

C

AGEs +
 20

 μM
 B

C

AGEs +
 40

 μM
 B

C

BC (1
0 μ

M
)

40
 μM

 B
C

40
 μM

 B
C

AGEs
AGEs

AGEs +
 10

 μM
 B

C

AGEs +
 10

 μM
 B

C

AGEs +
 20

 μM
 B

C

AGEs +
 20

 μM
 B

C

AGEs +
 40

 μM
 B

C

AGEs +
 40

 μM
 B

C

BC (2
0 μ

M
)

BC (4
0 μ

M
)

BC (1
00

 μM
)

BC (2
00

 μM
)

C
el

l v
ia

bi
lit

y 
(%

 o
f c

on
tr

ol
)

C
el

l v
ia

bi
lit

y 
(%

 o
f c

on
tr

ol
)

LD
H

 (U
/L

)

cT
n-

I (
ug

/L
)

*

*
*

#

#
#

##

####
## ##

##

A B

C D

Figure 1 BC protects against AGE-induced cell death. (A) H9c2 cells were treated with series doses of BC for 24 h. Cell viability was 
measured by MTT assay. (B) H9c2 cells were pre-treated with different concentrations of BC, then stimulated with AGEs (200 µg/mL) for 
24 h. Cell viability was measured by MTT assay. (C,D) The effect of BC on LDH (C) and cTn-I (D) leakage in AGE-induced H9c2 cells. 
Each experiment was performed in triplicate. *, P<0.05 vs. control group; #, P<0.05; ##, P<0.01 vs. AGE-induced group. BC, beta-carotene; 
AGEs, advanced glycation end products; LDH, lactate dehydrogenase; cTn-I, cardiac troponin-1.

cell death. In addition, the viability of AGE-induced H9c2 
cells was decreased, whereas a significant, dose-dependent 
increase was observed in the viability of BC-treated cells 
(Figure 1B). LDH and cTn-I, the release of which indicates 
cellular injury, were markedly upregulated by AGEs in 
comparison with the control group. However, pretreatment 
with BC dose-dependently decreased AGE-induced 
increase of LDH and cTn-I (Figure 1C,D). These results 
indicate that BC pretreatment inhibited AGE-induced cell 
death. Therefore, a dose of 40 µM BC was used for in the 
following experiments.

BC attenuates AGE-induced cell apoptosis

H9c2 cell apoptosis was upregulated in the AGEs group, 
while H9c2 cells apoptosis was downregulated in the AGEs+ 
BC group compared with the AGEs group (Figure 2A,B). 
Moreover, BC treatment caused a significant reduction 

in proapoptotic Bax expression but upregulated anti-
apoptotic B-cell lymphoma-2 (Bcl-2) expression, which was 
accompanied by downregulated caspase3 activity compared 
with the AGE-induced group (Figure 2C,D,E). These results 
suggested that BC inhibited early stage apoptosis AGE-
induced.

BC suppresses AGE-induced cell oxidative stress

The levels of ROS were enhanced in the AGEs group. 
However, the results showed that BC significantly inhibited 
AGE-induced intracellular ROS production (Figure 3A). 
The oxidative stress biomarker MDA decides the extent of 
membrane lipid peroxidation, and excessive ROS can be 
eliminated by free radical scavenging enzymes, such as SOD 
and GSH-Px. As shown in Figure 3B,C,D, AGE-stimulated 
cells displayed increased MDA production with decreased 
levels of GSH-Px and SOD; although, these effects were 



Annals of Translational Medicine, Vol 8, No 10 May 2020 Page 5 of 13

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2020;8(10):647 | http://dx.doi.org/10.21037/atm-20-3768

Con
tro

l
Con

tro
l

Control

0  102       103        104       105 0  102       103        104       105 0  102       103        104       105 0  102       103        104       105

P
I

Con
tro

l

Con
tro

l

BC

BC

BC

BC

BC

AGEs

AGEs

AGEs

AGEs

AGEs

AGEs +
 B

C AGEs +
 B

C

AGEs + BC

AGEs +
 B

C

AGEs +
 B

C

#

#

#

*
*

*

40

30

20

10

0

105

104

103

102

105

104

103

102

105

104

103

102

105

104

103

102

0 0 0 0

4

3

2

1

0

0.5

0.4

0.3

0.2

0.1

0.0

B
ax

/B
cl

-2
 (f

ol
d 

ch
an

ge
)

R
el

at
iv

e 
le

ve
l o

f  
cl

ea
ve

d-
ca

sp
as

e-
3

Bcl-2

Bax

Cleaved
caspase-3

β-actin

C
el

l a
po

pt
os

is
 r

at
e 

(%
)

Annexin V

A

C D E

B

Figure 2 BC attenuates AGE-induced cell apoptosis. (B) H9c2 cells were pre-treated with BC (40 µM) and then stimulated with AGEs 
(200 µg/mL) for 24 h. (A,B) Cell apoptosis was detected by Annexin V flow cytometry. (C) The protein expression levels of Bax, Bcl-2, and 
cleaved caspase-3 were detected by Western blot. (D,E) Semi-quantitative analysis of the relative levels of Bax, Bcl-2, and cleaved caspase-3. 
Each experiment was performed in triplicate. β-actin was used as loading control. *, P<0.05 vs. control group; #, P<0.05 vs. AGE-induced 
group. BC, beta-carotene; AGEs, advanced glycation end products; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma-2. 

essentially relieved by BC. Taken together, these results 
indicate that pretreatment with BC can suppress AGE-
induced oxidative stress in H9c2 cells.

BC alleviates AGE-induced elevation of ER stress

To further explore the role of AGEs in ER stress. ER stress-
related proteins were detected by Western blot. AGEs 
induced a significant increase in the protein expressions 
levels of activating transcription factor 4 (ATF4), glucose-
regulated protein 78 (GRP78), and CCAAT/enhancer-
binding protein homologous protein (CHOP) (Figure 4),  
whereas BC treatment markedly decreased the levels 
of these proteins. These results indicate that BC could 
alleviate AGE-induced ER stress in H9c2 cells.

BC inhibits AGE-induced autophagy

Autophagy is also a necessary mechanism involved in 

different cardiac injuries. To understand whether BC affects 
AGE-induced myocardial cell autophagy, the autophagy-
related proteins were detected by Western blot. There was a 
marked increase in the protein expression levels of Beclin1, 
but a decrease inp62, with AGEs treatment. However, 
BC treatment effectively corrected these abnormalities 
(Figure 5A,B,C). Moreover, BC treatment significantly 
decreased AGE-induced elevation of LC3II/LC3I ratio and 
numberLC3-labeled puncta in each cell (Figure 5D,E,F). 
These results indicate that BC inhibited AGE-induced 
autophagy in H9c2 cells. 

BC activates AGE-induced inhibition of the PI3K/Akt/
mTOR signaling pathway

PI3K/Akt/mTOR signaling pathway oversees vital activity 
in regulating cell apoptosis and autophagy. As shown in 
Figure 6, treatment with AGEs significantly decreased the 
phosphorylation of PI3K, Akt, and mTOR. Interestingly, 
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Figure 3 BC suppresses AGE-induced cell oxidative stress. H9c2 cells were pre-treated with BC (40 µM) and then stimulated with AGEs 
(200 µg/mL) for 24 h. (A) Intracellular ROS was measured with DCFH-DA. The data were obtained by flow cytometry. (B) The production 
of MDA. (C,D) The activity of GSH-Px (C) and SOD (D). Each experiment was performed in triplicate. *, P<0.05 vs. control group; #, 
P<0.05 vs. AGE-induced. BC, beta-carotene; AGEs, advanced glycation end products; ROS, Reactive oxygen species; DCFH-DA, dichloro-
dihydro-fluorescein diacetate; MDA, malondialdehyde; GSH-Px, glutathione peroxidase; SOD, superoxide dismutase.

BC treatment notably upregulated the expression of 
phosphorylated PI3K, Akt, and mTOR. These results 
indicate that BC can activate AGE-induced inhibition of 
the PI3K/Akt/mTOR signaling pathway.

PI3K/Akt/mTOR is essential in BC protection of  
AGE-induced cardiac injuries

To determine whether BC activation of the PI3K/Akt/
mTOR pathway contributes to its cardiac protection, the 
PI3K signaling inhibitor LY294002 was further studied. 
The results showed that by inhibiting the PI3K/Akt/mTOR 
pathway withLY294002 there was a partial reversal in the 
downregulation of apoptosis, oxidative stress, ER stress, and 
autophagy induced by BC in H9c2 cells (Figure 7). These 
findings indicated that BC offers protection against AGE-

induced cardiac damageviaPI3K signaling.

Discussion

BC is an active antioxidant and the major dietary source 
of provitamin A. Previous research has showed that low 
serum carotenoid levels are indicative of a higher density 
of lipoproteins or inflammation, each of which are novel 
risk factors for coronary heart disease (27). Numerous 
studies have showed that BC has a potential role in the 
prevention of cardiovascular disease (28). A recent study on 
human lung cancer A549 cells demonstrated that Vitamin 
A downregulates the expression of RAGE byactivatingp38 
MAPK and NF-κB in an oxidant-dependent manner (29). 
In this study, we first found that BC could protect AGE-
induced cardiac dysfunction.
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Figure 4 BC alleviates AGE-induced elevation of ER stress. H9c2 cells were pre-treated with BC (40 µM) and then stimulated with AGEs 
(200 µg/mL) for 24 h. (A) The protein level of ATF4, GRP78, and CHOP was detected by Western blot. (B,C,D) Quantification of Figure 4A.  
Each experiment was performed in triplicate. *, P<0.05 vs. control group; #, P<0.05 vs. AGE-induced group. BC, beta-carotene; AGEs, 
advanced glycation end products; ER, endoplasmic reticulum; ATF4, activating transcription factor 4; GRP78, glucose-regulated protein 78; 
CHOP, CCAAT/enhancer-binding protein homologous protein.

AGEs are key components in cardiac aging and fibrosis. 
RAGE and the TGF-β/Smad signaling pathway may 
feature in the cardiac aging process caused by AGE (30).  
The accumulation of AGEs is the main mechanism of 
cardiomyocyte aging and plays a significance role in 
metabolic diseases (31-33). AGE-RAGE activity is crucial in 
cardiac dysfunction and the onset of DCM (34). This study 
found that AGEs could induce cell death in H9c2 cells, as 
demonstrated by the marked loss of viability, the release 
of LDH and cTn-I, and the induction of cell apoptosis. 
However, BC treatment effectively corrected these 
abnormalities. In this research, these findings exhibited that 
BC could protect against AGE-induced cardiac cell death.

The enhancement of oxidative stress is central in the 
pathogenesis of DCM though RAGE activation (35,36). 
Chrysin, as a PPAR-γ agonist, relieves myocardial injury 
by inhibiting AGE-RAGE-mediated oxidative stress and 

inflammation in diabetic rats (37). Mangiferin inhibits AGEs 
by deactivating NF-κB and had displayed an anti-oxidative 
effect in streptozotocin and rats with DCM on a high-fat 
diet-DCM rats (38). By pre-treating K562 cells with BC, 
the impact of oxidative damage resulting from H2O2 and cell 
death was altered (39). Oxidative stress was reduced after beta-
carotene supplementation in chronic lead poisoning (40). In 
this research, the function of BC on AGE-induced oxidative 
stress in H9c2 cells was investigated. This result displayed 
that there was a significant increase in ROS generation in 
the AGE-induced H9c2 group. Pre-treatment with BC 
mitigated the ROS production and the inhibitory functions 
of AGEs on the synthesis of antioxidases. 

Previous studies have indicated that inhibitors of 
advanced glycation acting as potent ER stress modulators 
with beneficial effects in restoring ER homeostasis (11). 
More specifically, an evidence has shown that advanced 



Zhao et al. Beta carotene protects against myocardial injury

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2020;8(10):647 | http://dx.doi.org/10.21037/atm-20-3768

Page 8 of 13

Beclin 1

p62

LC3 I
LC3 II

β-actin

0.8

0.6

0.4

0.2

0.0

0.8

0.6

0.4

0.2

0.0

2.0

1.5

1.0

0.5

0.0

60

40

20

0

R
el

at
iv

e 
pr

ot
ei

n 
Je

ve
l o

f B
ec

lin
1

R
e 

la
tiv

e 
pr

ot
ei

n 
le

ve
l o

f p
62

LC
3 

II/
LC

3 
I  

(fo
ld

 c
ha

ng
e)

LC
3+

 p
un

ct
a 

pe
r 

ce
ll

Con
tro

l

Con
tro

l

Con
tro

l

Con
tro

l

Control

Con
tro

l

BC
BC

BCBC

BC

BC

AGEs

AGEs

AGEs
AGEs

AGEs

AGEs

AGEs +
 B

C

AGEs +
 B

C

AGEs +
 B

C

AGEs +
 B

C

AGEs + BC

AGEs +
 B

C

#

*

#

*

#

*

#

*

A

C

E

B

D

F

Figure 5 BC inhibits AGE-induced autophagy. H9c2 cells were pre-treated with BC (40 µM) and then stimulated with AGEs (200 µg/mL) 
for 24 h. (A) The protein levels of beclin 1, p62, and LC3 were detected by Western blot. (B,C,D) Semi-quantitative analysis of the relative 
level of beclin 1, p62, and LC3. (E) Representative images of intracellular LC3 redistribution (green spots) in H9c2 cells under different 
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chain 3. 

oxidation protein products trigger podocyte apoptosis 
through induction of ER stress (41). A similar study on 
Alzheimer’s disease showed that through ER stress, AGEs 
counteracted the neuroprotective influence of Sirt1, 
resulting in the death of neuronal cells (42). Subsequent 

studies showed that AGEs directly induced ER stress 
in human aortic endothelial cells and were significantly 
involved with apoptosis of endothelial cells (43). At the 
same time, the ER stress pathway through activation of 
Nox4 by integrins alpha1beta1 plays a key role in 3DG-
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collagen-induced caspase-3 activation (44). Our results 
indicated that AGEs can adversely affect ER function, 
leading to pathogenic ER stress, as demonstrated by the 
upregulation of ATF4, GRP78, and CHOP. BC treatment 
also relieved AGE-induced ER stress, which shows that it 
may offer protection effect.

Autophagy is also a major regulator of homeostasis and 
function of the heart (45). Autophagy especially contributes 
to cardiac ischemia, hypertension and diabetes by interacting 
with ROS generated in the ER and mitochondria (46). 
Surprisingly, autophagy is inhibited by high glucose  
levels (47). Furthermore, decreased autophagy is an adaptive 
response that can limit cardiac dysfunction in type 1 
diabetes by upregulating autophagy and the alternative 
effects of autophagy (48). We observed that autophagy was 
activated by AGEs in H9c2 cells. BC treatment reversed the 
induction of autophagy-related proteins, indicating that the 
inhibition of autophagy also plays a role in the protective 
effect of BC on AGEs-induced cardiac dysfunction.

The PI3K/Akt/mTOR signaling pathway, a vital 
intracellular mediator, is essential in regulating survival, 
apoptosis, and autophagy in cells (49-51). It is reported 
that the autophagy and apoptosis are activated via the 
inhibition of the PI3K/Akt/mTOR signaling pathway in 
prostate cancer stem cells (52). Likewise, ER stress may also 
be induced by inhibiting the PI3K/Akt/mTOR signaling 
pathway (53). We observed the marked downregulation 
of phosphorylated PI3K (p-PI3K), phosphorylated Akt 
(p-AKT), and phosphorylated mTOR (p-mTOR) following 
exposure to AGEs, and their partial restoration after BC 
treatment. Moreover, LY29022-mediated suppression of 
PI3K/Akt/mTOR signaling in part reversed the effects 
exhibited by BC on apoptosis, oxidative stress, ER stress, 
and autophagy. These results indicated that BC protects 
H9c2 cardiomyocytes from AGE-induced by activating the 
PI3K/Akt/mTOR pathway.

In summary, BC was observed to protect H9c2 
cardiomyocytes from AGE-induced apoptosis, ER stress, 
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Figure 7 PI3K/Akt/mTOR is essential in BC protection of AGE-induced cardiac injuries. H9c2 cells were pre-treated with BC (40 µM) and 
LY294002 (LY, 10 µM) and then stimulated with AGEs (200 µg/mL) for 24 h. (A) The expression levels of Bax and Bcl-2 were detected by 
Western blot. (B) Semi-quantitative analysis of the relative levels of Bax and Bcl-2. (C) Cell apoptosis rate. (D) Intracellular ROS production. 
(E) SOD activity. (F) The expression levels of ATF4, GRP78, and CHOP were detected by Western blot. (G) Semi-quantitative analysis of 
the relative levels ofATF4, GRP78, and CHOP. (H) The expression levels of beclin 1, p62, and LC3 were detected by Western blot. (I) Semi-
quantitative analysis of the relative level of beclin 1, p62 and LC3. (J) The quantification of the number of LC3 puncta. Each experiment was 
performed in triplicate. *, P<0.05 vs. control; #, P<0.05 vs. AGEs; $, P<0.05 vs. AGEs + BC. PI3K/Akt/mTOR, Phosphatidyl inositol 3-kinase/
Akt/mammalian target of rapamycin; BC, beta-carotene; AGEs, advanced glycation end products; Bax, Bcl-2-associated X protein; Bcl-2, B-cell 
lymphoma-2; ROS, reactive oxygen species; SOD, superoxide dismutase; ATF4, activating transcription factor 4; GRP78, glucose-regulated 
protein 78; CHOP, CCAAT/enhancer-binding protein homologous protein; LC3, microtubule-associated protein 1 light chain 3.
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and autophagy. Our study provides new insights into the 
potential application of BC in the treatment of DCM or 
other cardiac dysfunction and provides a basis for further 
exploration into the sequence and interaction between the 
biological processes involved.
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