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Abstract. Heme oxygenase‑1 (HO‑1), as an inducible and 
cytoprotective enzyme, has a protective effect against cellular 
oxidative stress. In the present study, cholesterol was used to 
induce lipid overload and increase reactive oxygen species 
(ROS), leading to oxidative stress in EA.hy926 cells. In the 
present study, western blotting and immunofluorescence 
analysis were used to detect the expression level of impor-
tant molecules in the metabolism process of cholesterol. It 
was confirmed that cholesterol stimulation upregulated the 
expression of HO‑1 in a time‑dependent manner via the acti-
vation and translocation of nuclear factor erythroid 2‑related 
factor 2 (Nrf2), activation of the mitogen‑activated protein 
kinase (MAPK)/extracellular signal‑regulated kinase (ERK) 
signaling pathway and increasing intercellular Ca2+ ([Ca2+]i) 

concentration. The results showed that increasing the expres-
sion of HO‑1 decreased activation of the phosphoinositide 
3‑kinase (PI3K)/AKT signaling pathway and inhibited the 
expression of c‑Myc. It was confirmed that cholesterol‑medi-
ated oxidative damage in vascular endothelial cells induced 
an increase in the expression of HO‑1 via the activation of 

Nrf2 and the MAPK/ERK signaling pathway, and increasing 
the [Ca2+]i concentration. The overexpression of HO‑1 allevi-
ated oxidative damage through inhibition of the PI3K/AKT 
signaling pathway and downregulation of the expression of 
c‑Myc.

Introduction

Heme oxygenase‑1 (HO‑1), as an inducible and cytoprotec-
tive enzyme, has a protective effect against cellular oxidative 
stress. Studies have confirmed that cholesterol has an initi-
ating role in several metabolic diseases, including obesity, 
diabetes and myocardial infarction (1,2). In particular, the 
excessive intake of cholesterol results in lipid overload, 
promotes the formation of foam cells, and increases the 
production of pro‑inflammatory factors, including inter-
leukin (IL)‑6, IL‑1, tumor necrosis factor (TNF)‑α, reactive 
oxygen species (ROS) and cytokines (2,3). These factors are 
released into the circulation and cause vascular endothelial 
damage.

HO‑1, as an important molecule in the antioxidant defense 
system, degrades heme into carbon monoxide (CO), biliverdin 
and ferrous iron. HO‑1 is involved in the inhibition of ROS 
production, the consumption of redundant ROS, and the 
induction of heme metabolism. Abundant ROS are usually 
produced under various pathological statuses, including 
irradiation, inflammatory processes, electron transport reac-
tions and lipid peroxidation (4,5). High levels of ROS disrupt 
the balance between ROS and reactive nitrogen species, and 
further cause oxidative stress in the organism (6). Several 
studies have shown that ROS can induce the proliferation of 
pre‑adipocytes and increase the size of adipocytes (7). The 
mass and volume of adipocytes is increased by the activation 
of NADPH oxidases and endoplasmic reticulum (ER) stress, 
further increasing the oxidative stress status, which increases 
the generation of ROS in adipocytes. The accumulation of ROS 
can increase the expression of glucose transporter 1 (GLUT1) 
by increasing transcription rate and mRNA stability, which 
leads to increased expression levels of GLUT1 and induces the 
uptake of glucose in cells (8,9).
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HO‑1 can degrade the p38α mitogen‑activated protein 
kinase (MAPK) isoform, and then alter the ratio of p38α 
and p38β to induce the cytoprotective effect of the HO‑1/CO 
metabolism pathway against the release of ROS from the mito-
chondrial and lipid peroxidation processes (10). CO can also 
mimic the effect of HO‑1 and degrade the p38α MAPK isoform, 
also exerting an antioxidant effect. Biliverdin can convert into 
bilirubin, and bilirubin is a potent antioxidant. HO‑1, CO 
and biliverdin also decrease the intracellular concentrations 
of ROS and protect cells from injuries caused by oxidative 
stress (11). The accumulation of low density lipoprotein (LDL) 
cholesterol can increase the production of ROS, and ROS can 
transform LDL to cytotoxic oxidized‑LDL, which results 
in the release of numerous pro‑inflammatory cytokines by 
macrophages or T cells (12). An increase in the expression of 
TNF‑α can decrease adhesion in endothelial cells, facilitating 
the transmigration of neutrophils and increase in vascular 
permeability, and promoting the formation of intercellular 
gaps. IL‑6 also can alter the shape of endothelial cells and 
disrupt the endothelial cell‑cell barrier (13,14). The stimulation 
of long‑term high levels of lipids induces the release of inflam-
matory factors, and an increase in the production of ROS can 
finally result in atherosclerosis of the coronary artery. The rise 
of ROS caused by high lipid levels may directly interact with 
Kelch‑like ECH associated protein 1 (Keap1) and cause the 
dissociation of the Keap1/nuclear factor erythroid 2‑related 
factor 2 (Nrf2) complex in the cytoplasm, promoting the 
transportation of Nrf2 into the nucleus. Nrf2 can recognize 
specific DNA‑binding elements of the HO‑1 promoter, and 
then increase the expression level of HO‑1 (11). However, the 
detailed mechanisms underlying the effect of HO‑1 against 
cholesterol‑induced oxidative damage in vascular endothelial 
cells remains to be elucidated.

The present study was performed to investigate the 
molecular mechanism through which HO‑1 alleviates injury in 
endothelial cells caused by cholesterol. It was confirmed that 
cholesterol stimulation upregulated the expression of HO‑1 
in a time‑dependent manner. The upregulated expression of 
HO‑1 alleviated oxidative damage in the vascular endothelial 
cells by activation of the MAPK/extracellular signal‑regulated 
kinase (ERK) pathway and inhibition of the phosphoinositide 
3‑kinase (PI3K)/AKT signaling pathway.

Materials and methods

Materials. H‑DMEM was obtained from Basalmedia 
Technologies Co., Ltd. (Shanghai, China) and FBS was 
from Bailing Biotechnology Co., Ltd. (Lanzhou, China). 
Lipofectamine 3000 transfection reagent (cat. no.  R0531) 
was from Thermo Fisher Scientific, Inc. (Waltham, MA, 
USA). Cholesterol was obtained from Sigma‑Aldrich; Merck 
Millipore (Darmstadt, Germany). Tin protoporphyrin (SnPP; 
cat. no. sc‑203452) was from Santa Cruz Biotechnology, Inc. 
(Dallas, TX, USA). The primary rabbit monoclonal anti‑c‑Myc 
(cat. no.  ab32072), anti‑ERK1+ERK2 (cat. no.  ab184699), 
anti‑phosphorylated (p‑) ERK1+p‑ERK2 (cat. no. ab76299), 
anti‑nuclear factor (NF)‑κB p65 (cat. no. ab7970), anti‑HO‑1 
(cat. no.  ab52947), anti‑Nrf2 (cat. no.  ab62352), anti‑AKT 
(cat. no. ab179463) and anti‑p‑AKT (cat. no. ab81283) anti-
bodies were from Abcam (Cambridge, MA, USA). The cell 

membrane permeable calcium fluorescent probe and CellROX 
Orange reagent were from Yeasen Biotechnology Co., Ltd. 
(cat. no. 40704ES50, Shanghai, China). The mitochondrial 
membrane potential (ΔΨm) assay kit with JC‑1 (cat. no. C2006) 
was from Beyotime Institute of Biotechnology (Haimen, 
China). The anti‑rabbit HRP‑labeled secondary antibodies 
were from KPL, Inc. (Gaithersburg, MD, USA).

Cell culture. HEK293T and EA.hy926 cells obtained from the 
Shanghai Cell Resource Center of the Chinese Academy of 
Sciences (Shanghai, China; cat. nos. GNHu17 and GNHu39) 
were cultured at a 37˚C in a humidified 5% CO2 atmosphere 
in H‑DMEM containing 10% FBS, respectively. According 
to a previous study  (15), the EA.hy926 cells (5x105) were 
seeded into 100 mm plastic dishes and cultured for 24 h, 
following which the cells were divided into three groups 
(SnPP, HO‑1‑overexpression and control). Cells in the SnPP 
group were treated with 20 mmol/l SnPP at 37˚C for 24 h; 
cells in the HO‑1‑overexpression group were transfected using 
TurboFect™ transfection reagent (cat. no. R0531; Thermo 
Fisher Scientific, Inc.), according to the manufacturer's 
protocol, with 10 µg pCDNA3.1‑HO‑1 vector for 24 h; and 
cells in the control group received no treatment. Following 
treatment, the cells in all groups were treated with 100 mmol/l 
cholesterol at 37˚C for 0, 12 and 24 h. For all assays, the cells 
were washed in sterile PBS prior to removal of the redundant 
cholesterol.

MTT assay. An MTT assay was performed according to 
a previous study (16). Briefly, a concentration of 1x104 cells 
was seeded into each well of a 96‑well plate (cat. no. 3599; 
Corning Incorporated, Corning, NY, USA). The cells in the 
three groups were respectively incubated with 5 mg/ml MTT 
buffer at 37˚C for 3 h, following incubation with 100 mmol/l 
cholesterol for 0, 12 and 24 h. The optical density at 490 nm 
was measured using the SpectraMax series microplate reader 
(Molecular Devices, LLC, Sunnyvale, CA, USA).

Western blot analysis. EA.hy926 cells were cultured and 
divided into three groups as described above. Following treat-
ment with 100 mmol/l cholesterol for 0, 12 and 24 h, the cells 
were lysed with RIPA buffer (50 mmol/l Tris‑HCl, 150 mmol/l 
NaCl, 24 mmol/l sodium deoxycholate, 3.68 mmol/l SDS, 1% 
TritonX‑100 and cocktail protease inhibitors) at 4˚C. A BCA 
assay was used to determine the concentration of protein, and 
60 µg of the protein samples were loaded and separated by 10% 
SDS‑PAGE, followed by transfer onto a 0.22 µm nitrocellulose 
membrane using a semi‑dry electroblotter. The membranes 
were respectively incubated with primary antibodies (1:1,000) 
overnight at 4˚C, followed by incubation with secondary anti-
body (1:5,000) for 1 h at room temperature. The quantification 
of protein was performed using ECL immunoblotting reagent 
(KPL, Inc.). The gray values of bands were quantified using 
Scion Image software (version 4.0.3.2; Scion Corporation, 
Frederick, MD, USA) and were normalized with β‑actin.

Analyses of ΔΨm, ROS and [Ca2+]i. According to a previous 
study (17), a total of 1x104 cells were seeded into a confocal 
plate (cat. no. 801002; Nest Scientific, Rahway, NJ, USA). 
Following treatment with 100 mmol/l cholesterol for 0, 12 and 
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24 h, the cells were incubated with 4 µmol/l Fluo‑4, 5 µmol/l 
CellROX Orange reagent and 5 µg/ml JC‑1 at 37˚C for 30 min 
following removal of culture medium, respectively. Following 
incubation, the cells were washed with PBS three times and 
were then visualized using confocal microscopy (x20 objec-
tive; Leica TCS SP8; Leica Microsystems GmbH, Wetzlar, 
Germany). The images were analyzed using Image‑Pro Plus 
6.0 software (Media Cybernetics, Inc., Bethesda, MD, USA).

Statistical analysis. Data are presented as the mean ± stan-
dard error of the mean of three independent experiments. 
Multi‑way analysis of variance was performed to evaluate the 
differences between groups using GraphPad Prism 6 software 
(GraphPad Software Inc., La Jolla, CA, USA) followed by the 
Tukey‑Kramer post hoc test. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Effects of cholesterol on the growth of EA.hy926 cells. The 
MTT results showed that cholesterol inhibited the prolif-
eration and viability of EA.hy926 cells, and exhibited in a 
dose‑ and time‑dependent effect (Fig. 1). Following stimula-
tion with 10 mmol/l cholesterol for 12 h, the cell viability 
rates in the SnPP treatment group and HO‑1 overexpression 
group were significantly increased, compared with that in the 
control group (P<0.05). Following stimulation with choles-
terol for 24 h, the viability of the HO‑1‑overexpressing cells 
treated with 10 mmol/l cholesterol for 24 h was significantly 
increased, compared with that of the control group (P<0.05). 
Following stimulation with 100 mmol/l cholesterol for 12 and 
24 h, the viability of cells in the HO‑1 overexpression group 
were significantly increased, compared with that of the control 
group (P<0.05). Following stimulation with 500  mmol/l 
cholesterol for 12 h, the viability of cells in the SnPP treatment 
and HO‑1 overexpression groups were significantly increased, 
compared with that in the control group (P<0.05). Following 
stimulation with cholesterol for 24 h, the viability of cells in the 
SnPP treatment group was significantly increased, compared 
with that in the control group (P<0.05).

Upregulated expression of HO‑1 is protective during choles‑
terol stimulation. The present study hypothesized that a 
high concentration of cholesterol stimulation results in the 

overexpression of HO‑1 via activation of the Nrf2 signaling 
pathway. Under normal condition, the results of the western 
blot analysis showed that, compared with the control group, 
the expression levels of HO‑1 in the cells with SnPP treat-
ment and HO‑1 overexpression were significantly increased 
(P<0.05). Following stimulation with cholesterol for 12 h, the 
expression level of HO‑1 was significantly increased in the 
HO‑1 overexpression group, compared with that in the SnPP 
treated group (P<0.05). Following stimulation with choles-
terol for 24 h, the expression level of HO‑1 was significantly 
decreased in the SnPP treated group, compared with that in the 
control group (P<0.05), and was significantly increased in the 
HO‑1‑overexpressing group, compared with that in the control 
group and SnPP treatment group (P<0.05; Fig. 2A and B).

Nrf2 is a type of transcription activator, which can bind to 
antioxidant response elements (ARE) in the promoter regions 
of downstream target genes, including HO‑1. As shown in 
Fig. 2C, without stimulation with cholesterol, the expression 
level of Nrf2 in the SnPP treatment group was significantly 
decreased, compared with that in the control group (P<0.05), 
and that in the HO‑1 overexpression group was significantly 
increased, compared with that in the SnPP treatment group 
(P<0.05). Following stimulation with cholesterol for 12 h, 
the expression level of Nrf2 was significantly increased in 
the HO‑1 overexpression group, compared with levels in the 
control and SnPP treatment groups, respectively (P<0.05). 
Following stimulation with cholesterol for 24 h, the expression 
level of Nrf2 in the HO‑1 overexpression group was signifi-
cantly decreased compared with the control group (P<0.05; 
Fig. 2C).

NF‑κB, as a pleiotropic transcription factor, can be acti-
vated by several stimuli associated with a number of biological 
processes, including immunity, inflammation, cell growth, 
differentiation, apoptosis and tumorigenesis. NF‑κB is the 
endpoint of several signal transduction events. As shown in 
Fig. 2D, without cholesterol stimulation, the expression levels 
of NF‑κB were significantly increased in the SnPP‑treated 
group and HO‑1 overexpression group, compared with that in 
the control group (P<0.05). Following stimulation with choles-
terol for 12 h, the expression level of NF‑κB was significantly 
increased in the HO‑1 overexpression group, compared with 
the levels in the control and SnPP‑treated groups (P<0.05). 
Following stimulation with cholesterol for 24 h, the expression 
level of NF‑κB was significantly decreased in the SnPP‑treated 

Figure 1. Effects of cholesterol on the proliferation of EA.hy926 cells. Cholesterol inhibited the proliferation of EA.hy926 cells in a time‑ and dose‑dependent 
manner. Data are presented as the mean ± standard error of the mean for each group (n=3). *P<0.05, vs. control group. HO‑1, heme oxygenase 1; SnPP, tin 
protoporphyrin.
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Figure 3. Effects of cholesterol on the expression of HO‑1‑associated molecules in EA.hy926 cells stimulated with cholesterol. (A) Western blot analysis to 
evaluate the expression levels of AKT, p‑AKT, ERK, p‑ERK and c‑Myc. The expression levels of (B) AKT, p‑AKT, (C) ERK, p‑ERK and (D) c‑Myc were 
quantified by densitometry. β‑actin was used as an internal control. Data are presented as the mean ± standard error of the mean for each group (n=3). *P<0.05, 
vs. control group; #P<0.05, vs. SnPP group. HO‑1, heme oxygenase 1; SnPP, tin protoporphyrin; ERK, extracellular signal‑regulated kinase; p‑, phosphorylated.

Figure 2. Effects of cholesterol on the expression of HO‑1, Nrf2 and NF‑κB in EA.hy926 cells stimulated with cholesterol. (A) Western blot analysis to evaluate 
the expression levels of HO‑1, Nrf2 and NF‑κB. The expression levels of (B) HO‑1, (C) Nrf2 and (D) NF‑κB were quantified by densitometry. β‑actin was used 
as an internal control. Data are presented as the mean ± standard error of the mean for each group (n=3). *P<0.05, vs. control group; #P<0.05, vs. SnPP group. 
HO‑1, heme oxygenase 1; SnPP, tin protoporphyrin; Nfr2, nuclear factor erythroid 2‑related factor 2; NF‑κB, nuclear factor‑κB.
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group and the HO‑1 overexpression group compared with the 
control group (P<0.05; Fig. 2D).

Molecules involved in the regulatory progresses of HO‑1 
following cholesterol stimulation. The MAPK/ERK and 
PI3K/AKT signaling pathways are associated with the 
process of ROS metabolism. The results of the present study 
confirmed that the ratios of p‑AKT/AKT were significantly 
decreased in the SnPP treatment group and HO‑1 overexpres-
sion group, compared with that in the control group without 
cholesterol stimulation (P<0.05; Fig. 3A and B). Following 
stimulation with cholesterol for 12 h, the ratios of p‑AKT/AKT 
was significantly decreased in the SnPP treatment group and 
HO‑1 overexpression group, compared with that in the control 
group (P<0.05). Following stimulation with cholesterol for 
24 h, the ratio of p‑AKT/AKT was significantly decreased in 
the SnPP treatment group, compared with that in the control 
group (P<0.05), and was significantly increased in the HO‑1 
overexpression group, compared with that in the SnPP treat-
ment group (P<0.05; Fig. 3B).

The present study confirmed that there were no significant 
differences between the ratios of p‑ERK/ERK in the three 
treatment groups without exposure with cholesterol. Following 
stimulation with cholesterol for 12 h, the ratio of p‑ERK/ERK 
was significantly decreased in the SnPP treatment group, 
compared with that in the control group (P<0.05). Following 
stimulation with cholesterol for 24 h, the ratio of p‑ERK/ERK 
was significantly decreased in the HO‑1 overexpression group 
(P<0.05), compared with the ratios in the control group or 
SnPP treatment group (Fig. 3C).

The present study also measured the expression level of 
c‑Myc, a downstream molecule of the MARK/ERK pathway. 
No significant differences were found between the expres-
sion levels of c‑Myc in the three groups without cholesterol 
stimulation. Following stimulation with cholesterol for 12 h, 
the expression of c‑Myc in the HO‑1 overexpression group was 
significantly decreased, compared with than in SnPP group 
(P<0.05). Following stimulation with cholesterol for 24 h, the 
expression level of c‑Myc in the SnPP treatment group was 
significantly decreased, compared with that in the control 
group (P<0.05), and the expression level of c‑Myc in the HO‑1 
overexpression group was significantly decreased, compared 
with the ratios in the control group and SnPP treatment group 
(P<0.05; Fig. 3D).

Measurements of concentrations of intracellular ROS ([ROS]
i). Using confocal imaging, the present study measured the 
concentrations of [ROS]i (Fig. 4A). The mean optical inten-
sity (MOD) values of the control group, SnPP treatment 
group and HO‑1 overexpression group were 79.22±5.28, 
125.18±8.35 and 80.33±5.36, respectively, without stimula-
tion with cholesterol. Following stimulation with cholesterol 
for 12 h, the MOD values of three groups were 105.10±7.00, 
155.25±10.35 and 119.03±7.94. Following stimulation with 
cholesterol for 24 h, the MOD values were 260.80±17.39, 
212.02±14.13 and 146.07±9.74. These results indicated that, 
without cholesterol stimulation, [ROS]i in the SnPP treatment 
group was significantly increased, compared with that in the 
control group (P<0.05), whereas that of the HO‑1 overexpres-
sion group was significantly decreased, compared with that 

of the SnPP treatment group (P<0.05). Following stimulation 
with cholesterol for 12 h, [ROS]i in the SnPP treatment group 
was significantly increased, compared with that in the control 
group (P<0.05), and [ROS]i in the HO‑1 overexpression 
group was significantly decreased compared with that in the 
SnPP treatment group (P<0.05). Following stimulation with 
cholesterol for 24 h, [ROS]i in the SnPP treatment group was 
significantly decreased, compared with that in the control 
group (P<0.05), and [ROS]i in the HO‑1 overexpression group 
was significantly decreased (P<0.05), compared with that in 
the SnPP treatment group. The quantification results of mean 
fluorescence intensity of [ROS]i are presented in Fig. 4B.

Measurements of [Ca2+]i. The [Ca2+]i was measured using 
confocal images, the results are shown in Fig. 4C. The MOD of 
the control, SnPP treatment and HO‑1 overexpression groups 
were 127.62±6.38, 2201.20±110.06 and 98.50±4.93, respec-
tively, in the absence of cholesterol stimulation. Following 
stimulation with cholesterol for 12 h, the MOD values of 
these three groups were 592.91±29.65, 2,645.78±132.29 and 
212.36±10.62. Following stimulated with cholesterol for 
24 h, the MOD values were 1,157.45±57.87, 2,831.36±141.57 
and 1.062.75±53.14. Without stimulation with cholesterol, 
[Ca2+]i in the SnPP treatment group was significantly 
increased, compared with that in the control group (P<0.05), 
and [Ca2+]i in the HO‑1 overexpression group was significantly 
decreased, compared with that in the control and SnPP treat-
ment groups (P<0.05). Following stimulation with cholesterol 
for 12 h, the [Ca2+]i in the SnPP treatment group was signifi-
cantly increased, compared with that in the control group 
(P<0.05), and [Ca2+]i in the HO‑1 overexpression group was 
significantly decreased, compared with that in the control or 
SnPP treatment group (P<0.05). Following stimulation with 
cholesterol for 24 h, [Ca2+]i in the SnPP treatment group was  
significantly increased, compared with that in control group 
(P<0.05), whereas the level of [Ca2+]i in the HO‑1 overexpres-
sion group was significantly decreased, compared with that in 
the SnPP treatment group (P<0.05). The quantification results 
of mean fluorescence intensity of [Ca2+]i are presented in in 
Fig. 4D.

Measurements of ΔΨm. The present measured the ΔΨm in 
three groups using confocal imaging (Fig.  4E). The ratios 
of red fluorescence (JC‑1 polymer)/green fluorescence (JC‑1 
monomer) in the three groups are shown in Fig. 4F. Without 
cholesterol stimulation and with cholesterol stimulation for 12 h, 
the ratio of JC‑1 polymer/JC‑1 monomer in the SnPP treatment 
group was significantly decreased (P<0.05), compared with the 
ratios in the control or HO‑1 overexpression group. Following 
stimulation with cholesterol for 24 h, the ratio in the SnPP treat-
ment group was significantly decreased, compared with that in 
the control group (P<0.05), and that in the HO‑1 overexpression 
group was significantly increased, compared with the ratios in 
the control and SnPP treatment groups (P<0.05). 

Discussion

HO‑1, an essential enzyme in heme catabolism, is activated 
in conditions of high concentrations of heme and other 
pathophysiological statuses, including oxidative stress, high 
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glucose and viral infection, in which it exhibits cytoprotec-
tive effects (18,19). The results of the present study indicated 
that the expression of HO‑1 in EA.hy926 cells following 
stimulation with cholesterol for 12 h was increased. However, 

this expression decreased following stimulation with choles-
terol for 24 h. These results suggested that EA.hy926 cells 
gradually restored to a normal physiological status. The 
overexpression HO‑1 at the transcriptional level is essential 

Figure 4. Measurements of ΔΨm, [Ca2+]i and [ROS]i in EA.hy926 cells stimulated with cholesterol. (A) Changes in the concentrations of [ROS]i in EA.hy926 
cells following stimulation with cholesterol using confocal microscopy (magnification, x200). (B) The quantification results of mean fluorescence intensity 
of [ROS]i in EA.hy926 cells following stimulation with cholesterol. (C) Changes in the concentrations of [Ca2+]i in EA.hy926 cells following stimulation 
with cholesterol using confocal microscopy (magnification, x200). (D) The quantification results of mean fluorescence intensity of [Ca2+]i in EA.hy926 cells 
following stimulation with cholesterol. (E) Changes of ΔΨm in EA.hy926 cells following stimulation with cholesterol using confocal microscopy (magnifica-
tion, x200). (F) Ratio of JC‑1 polymer/JC‑1 monomer in EA.hy926 cells following stimulation with cholesterol. *P<0.05 vs. control group; #P<0.05 vs. SnPP 
group. HO‑1, heme oxygenase 1; SnPP, tin protoporphyrin; ΔΨm, mitochondrial membrane potential; [Ca2+]i, intercellular Ca2+; ROS, reactive oxygen species.
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to adapt to cholesterol‑mediated oxidative stress. Previous 
studies have confirmed that HO‑1 can be activated by hypoxia, 
and the present study showed that the expression of HO‑1 
was increased with alleviation of the cell injury caused by a 
combination of cholesterol stimulation and SnPP inhibition in 
the EA.hy926 cells (18).

Several signal transduction pathways can induce HO‑1 
expression via the activation of different transcription 
factors, including BTB domain and CNC homolog 2, P53, 
cAMP response element binding protein and Nrf2  (20). 
EA.hy926 cells have different defense systems in response 
to oxidative stress, including phase I enzymes and phase II 
enzymes (21). The results of the present study showed that 
the expression levels of Nrf2 in EA.hy926 cells stimulated 
with cholesterol were increased, and the activation of Nrf2 
promoted the upregulation in the expression of HO‑1. 
Under oxidative stress, Nrf2 is released from Keap1 and 
translocated to the nucleus, where it binds to AREs in the 
promoter/enhancer region of antioxidant enzyme genes of 
the phase II anti‑oxidative system, including HO‑1. Nrf2 can 
upregulate the expression of these antioxidant enzymes, and 
has a cytoprotective role (22,23). The results of the present 
study also showed that the [Ca2+]i was increased following 
stimulation with cholesterol, and the concentration of 
[Ca2+]i in the HO‑1‑overexpressing group was significantly 
decreased, indicating that the expression of HO‑1 may be a 
negative regulator of [Ca2+]i. [Ca2+]i, as a second messenger 
in several signaling pathways, promotes the translocation of 
Nrf2 from the cytoplasm to the nucleus, and functions as a 
transcriptional factor to regulate downstream molecules (24). 
The activation of Nrf2 signaling increases the expression of 
HO‑1, activates the phase II antioxidant response, and exerts 
its anti‑oxidative function to protect endothelial cells.

NF‑κB consists of a family of transcription factors, 
including p52, p50, c‑rel, RelA (p65) and RelB, and is a key 
transcription factor, which mediates immune responses to 
inflammation and cell proliferation, and protects against UV 
radiation (25). Several studies have shown that the generation 
of ROS can subsequently activate NF‑κB (26,27). The results 
of the present study showed that expression levels of the NF‑κB 
p65 subunit were increased following exposure to cholesterol, 
indicating that cholesterol induced the accumulation of ROS 
in EA.hy926 cells  (28) and then caused the upregulation 
of NF‑κB. Studies have also shown that the p65 subunit of 
NF‑κB assists in increasing the level of nuclear Keap1. Keap1 
can bind with Nrf2, decreasing the binding of Nrf2 with AREs 
in the promoter/enhancer region, and then inhibits the activa-
tion of antioxidant enzyme genes in the phase II anti‑oxidative 
system, including the expression of HO‑1 (29,30). In addition, 
p65 can promote the interaction of histone deacetylase 3 with 
MAF bZIP transcription factor K (MafK), preventing the 
heterodimer formation of MafK with Nrf2 and decreasing the 
expression of ARE‑associated genes (31).

The MAPK signaling pathways, including ERK1/2, p38 
and c‑Jun N‑terminal kinase, are the regulators of the expres-
sion of HO‑1 under extracellular stimulation. MAPKs act as 
positive and negative regulators between the extracellular 
stimulation and expression of HO‑1, depending on different 
cell types and various extracellular stimulations  (32). 
The results of the present study showed that the ratios of 

p‑ERK/ERK were increased in the three groups following 
stimulation with cholesterol. MAPKs, as critical signaling 
pathways, are involved in the activation and translocation 
of Nrf2 for the synthesis of essential proteins, particularly 
HO‑1. ERK signaling can promote the Nrf2 phosphoryla-
tion process, which can induce the release of Nrf2 from the 
Keap1‑Nrf2 complex and cause the translocation of Nrf2 
from the cytoplasm into the nucleus, inducing the upregula-
tion of HO‑1. ERK is involved in cellular responses under 
the stimulation of a number of growth and differentiation 
factors; however, several studies have confirmed that HO‑1 
is also induced by the ERK signaling pathway under physi-
ological conditions (23,33). According to the results of the 
present study, the ERK signaling pathway was activated 
under stimulation with cholesterol, which resulted in the 
upregulated expression of HO‑1 and a cytoprotective effect 
in EA.hy926 cells.

The present study showed that the expression levels of 
NF‑κB in the three groups were upregulated following stimu-
lation with cholesterol for 12 h, and were decreased following 
stimulation for 24 h. The ratio of p‑ERK/ERK was increased 
following stimulation with cholesterol for 12 and 24 h in the 
control and SnPP treatment groups. The ratio in the HO‑1 
overexpression group was increased following stimulation 
with cholesterol for 12 h. Therefore, it was hypothesized that 
endothelial cells can alleviate cholesterol‑induced oxidative 
stress via the activation and translocation of Nrf2, activa-
tion of the MAPK/ERK signaling pathway and increased 
concentration of [Ca2+]i to promote the expression of HO‑1 
in EA.hy926 cells.

Several studies have shown that oxidative stress can 
decrease the expression of several survival signaling molecules, 
including PI3K, p‑AKT and Bcl‑2. PI3K pathway activation is 
involved in cell proliferation and cell survival in response to 
cytokines and growth factors (34‑36). In the present study, it was 
found that the ratio of p‑AKT/AKT was decreased following 
stimulation with cholesterol, indicating that the PI3K/AKT 
signaling pathway was inhibited by stimulation of cholesterol. 
p‑AKT can inhibit several cytosolic pro‑apoptotic substrates. 
The results of the present study suggested that cholesterol 
increased ROS concentrations, which may significantly 
increase the expression of HO‑1. The ratio of p‑AKT/AKT 
deceased as the expression of HO‑1 increased, therefore, the 
overexpression of HO‑1 decreased the ratio of p‑AKT/AKT in 
endothelial cells under cholesterol stimulation. These results 
suggested that the upregulation of HO‑1 significantly inhibited 
the cholesterol‑activated PI3K/AKT signaling pathway.

The present study also found that expression levels of 
c‑Myc were decreased under stimulation with cholesterol. 
Upregulation of the expression of HO‑1 may indirectly 
suppress the expression level of c‑Myc. Studies have shown 
that the overexpression of c‑Myc leads to a marked reduc-
tion in the phosphorylation of enhancer of zeste homolog 
2 (EZH2) in phoenix cells and immortalizes mammary 
epithelial cells (37). c‑Myc can phosphorylate AKT at the 
S21 site and suppress the activation of AKT in parallel with 
reduced phosphorylation of EZH2. Similarly, the apoptotic 
effect or mechanisms of c‑Myc are primarily involved in the 
regulation of BCL family members at the transcription stage, 
including pro‑apoptotic Bcl‑2‑associated X protein, Bcl‑2 
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antagonist killer and p53 upregulated modulator of apop-
tosis/Bcl‑2‑binding component 3. Studies have shown that the 
potent apoptotic potential of c‑Myc can also be enforced via 
the p14ARF/p53 axis (38,39).

Therefore, the results of the present study suggested that 
cholesterol induced the oxidative stress status and increased 
the generation of ROS in endothelial cells. This accumulation 
of ROS subsequently resulted in the upregulated expression 
of HO‑1. The present study found that cholesterol stimulation 
increased the expression of Nrf2 and the concentration of 
[Ca2+]i, activating ERK signaling and inducing the overexpres-
sion of HO‑1. HO‑1 exerted a cytoprotective effect through 
the inhibition of PI3K/AKT signaling and by decreasing the 
expression of c‑Myc in EA.hy926 cells.
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