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Abstract. Heme oxygenase-1 (HO-1) is an inducible and 
cytoprotective enzyme that provides a defense against oxidant 
damage. The present study screened 137 HO-1/interacting 
proteins using a profound co-immunoprecipitation (Co-IP) 
coupled with proteomics, and profiled the global HO-1 
interactome network, including oxidative phosphorylation, 
endoplasmic reticulum and transport vesicle functions. 
Among these molecules, we observed that a novel interactor, 
emopamil-binding protein  (EBP), is closely related to the 
cholesterol metabolism process. This study demonstrated 
that cholesterol promotes excessive oxidative stress and 
alters the energy metabolism in cardiomyocytes, further trig-
gering numerous cardiovascular diseases. We observed that 
cholesterol caused the overexpression of EBP and HO-1 by 
the activation of AKT and Nrf2/mTOR pathways. In addition, 
HO-1 and EBP performed a myocardial protective function. 
The overexpression of HO-1 alleviated the cholesterol-induced 
excessive oxidative stress status by inhibition of the carbohy-
drate metabolism. Notably, we also confirmed that the loss of 
partial HO-1 activity aggravated the oxidative damage and 
cardiac systolic function induced by a high-fat diet in HO-1 
heterozygous (HO-1+/-) mice. These findings indicate that the 
HO-1/EBP interaction plays a protective role in alleviating the 
dysfunction of oxidative stress and cardiac systolic function 
induced by cholesterol stimulation.

Introduction

The heme-heme oxygenase (HO) system is comprised of consti-
tutive HO-2 and inducible HO-1 isoforms, which play a key 
role in defense mechanisms against a series of external stimuli, 
including cytokines, oxidants, hypoxia and pharmacological 
agents  (1,2). HO-1 is a rapidly inducible stress-responsive 
enzyme that degrades heme to carbon monoxide (CO), bili-
verdin and ferrous iron  (3). Induction of HO-1 provides a 
protective function in the cardiovascular system through the 
effects of CO and bilirubin on various cells. HO-1 executes 
anti-apoptotic, anti-inflammatory, anti-hypertensive and anti-
oxidant functions, and protects the cardiovascular system by 
the activation of the p55/TNFR-1, p38 MAPK and PI3K/AKT 
signaling pathways (4-6). Importantly, the HO-1 gene promoter 
sequence contains a large quantity of regulatory cis-elements, 
such as stress-responsive, hypoxia-responsive, and cadmium 
responsive elements and NF-κB binding sites (7-9). Obesity 
is a risk factor leading to heart disease, including an increase 
in the incidence of cardiac diseases such as coronary artery 
disease, heart failure and cardiomyopathy (10-12). Metabolic 
syndrome induced by excessive intake of cholesterol is a patho-
logical condition. A long-term high-fat diet results in systemic 
inflammation and oxidative stress. The risk factor induces the 
disruption of metabolic homeostasis and promotes progressive 
cardiovascular dysfunction (13,14). HO-1 overexpression in 
macrophages can significantly improve the function of adipose 
cells and enhance insulin sensitivity. Meanwhile, HO-1 upreg-
ulation in the failing heart is a cardioprotective adaptation for 
improving left ventricular (LV) function.

Clinical studies have shown that a long-term high-fat diet 
may be a critical factor in the occurrence and progression of a 
series of cardiovascular diseases, including hypertension, coro-
nary atherosclerosis and heart failure. However, the protective 
mechanism underlying how HO-1 antagonizes the excessive 
intake of cholesterol is still obscure. The aim of the present 
study was to elucidate the mechanisms of the anti-oxidative 
damage effects of HO-1 against the cholesterol stimulation 
condition.

Here, we first demonstrated that 137 HO-1 interactive 
proteins, especially a novel interactor emopamil-binding 
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protein (EBP), may influence the intracellular lipid metabo-
lism. We constructed an HO-1 interactive network using 
bioinformatic analysis. We also confirmed that cholesterol 
stimulation could induce myocardial hypoxia, activate the 
PI3K/AKT and nuclear factor erythroid 2-like 2 (Nrf2)/mTOR 
signaling pathways, and subsequently upregulate the expres-
sion of HO-1, binding the increasing number of EBP to restore 
the balance of intracellular lipid metabolism and cardiomyo-
cyte function in in vivo and in vitro experiments.

Materials and methods

Materials. High-glucose Dulbecco's modified Eagle's medium 
(H-DMEM) was obtained from Basalmedia Technologies 
(Shanghai, China) and fetal bovine serum (FBS) was obtained 
from Bailing Biotechnology (Lanzhou, China). TurboFect™ 
transfection reagent (R0531) and Pierce™ Protein G Magnetic 
Beads were from Thermo Fisher Scientific (Waltham, NY, USA). 
Cholesterol was obtained from Sigma-Aldrich (St. Louis, MO, 
USA). The primary antibodies, rabbit monoclonal anti-AKT1 
(ab81283), anti-AKT-1/2/3 (ab179463), anti-mTOR/p-mTOR 
(ab32028, ab109268), anti-HO-1 (ab52947), anti-Aconitase2 
(Aco2) (ab129069), anti-lactate dehydrogenase (LDH) (ab134187), 
anti-pyruvate dehydrogenase E-1β (PDHE-1β) (ab155996), anti-
nuclear factor erythroid 2-like 2 (Nrf2) (ab62352) and anti-EBP 
(ab135745) were purchased from Abcam (Cambridge, MA, 
USA). Anti-histone H3.1 was obtained from Abmart. Anti-
malic dehydrogenase (MDH2) (#8610) was obtained from Cell 
Signaling Technology. The anti-rabbit HRP-labeling and the anti-
rabbit DyLight™ 488- and anti‑mouse DyLight™ 633-labeled 
secondary antibodies were from KPL.

Cell culture. 293T and H9c2 cells (Cat. nos. GNHu17 and 
GNR5; obtained from Shanghai Cell Resource Center of 
Chinese Academy of Sciences, Shanghai, China) were cultured 
in H-DMEM containing 10% FBS at 37˚C in a humidified 
5%  CO2 atmosphere. According to a previous study  (15), 
5x105 H9c2 cells were plated into 100-mm culture dishes, 
and cultured for 48 h. For cell viability following cholesterol 
treatment, the cells were washed with phosphate-buffered 
saline (PBS) prior to removing the additional cholesterol.

Ethics statement. The experiments were approved by the 
institution's Ethics Committee for Investigation of Logistics 
University of the Chinese People's Armed Police Force, and all 
of the 20 animals were treated under humane care in compli-
ance with the Public Health Service Policy on Humane Care 
and Use of Laboratory Animals.

Animals and treatments. Ten 24-week old male wild‑type (WT) 
C57BL/6 mice were acquired from the Laboratory Animal 
Center of the Academy of Military Medical Sciences, and 10 
24-week old male HO-1+/- mice were acquired from the South 
Model Animal Center of China. As a low HO-1 protein level 
is associated with high abortion rates (16), only 2 homozygote 
HO-1-/- mice survived out of 200 newborn HO-1-knockdown 
mice. Therefore, this study used HO-1+/- mice to perform the 
subsequent experiment.

All mice were raised in a controlled environment at a 
temperature of 25˚C and a 40-70% humidity with a 12-h light 

and dark cycle. Among the WT and HO-1+/- mice, 5 were 
fed with a normal diet while 5 were fed with a normal diet 
and added cholesterol (3.5 mg/kg) (17). Sixty days later, the 
weights of the mice were calculated, and the cardiac functions 
of the mice were assessed using cardiac ultrasound. Finally, 
the mice were sacrificed using cervical dislocation to collect 
samples for the Oil Red O staining and laser scanning confocal 
microscope image experiments.

Co-immunoprecipitation (Co-IP). Cells (1x105) were seeded 
into 100-mm culture dish, and transfection was performed 
when cells reached 30-50%. According to the transfection 
protocol, 10 µg of pCDNA3.1-HO-1 and pCDNA3.1-blank 
vectors were respectively transferred into the 293T cells using 
the TurboFect transfection reagent. After they were transfected 
for 24 h, the cells were lysed with a buffer (150 mmol/l NaCl, 
1 mmol/l EDTA, 50 mmol/l Tris-HCl, 5% glycerol, 0.1% NP-40 
and cocktails) at 4˚C. The supernatants were collected by 
centrifugation at 4˚C. The concentration of protein was deter-
mined by the BCA assay. Co-IP was performed according to 
a previous study (18). Briefly, 10 µg of rabbit anti-HO-1 anti-
body was added into 1 mg supernatants of 293T/HO-1 cells 
and then incubated overnight at 4˚C. This was followed by 
incubation with 25 µl Pierce™ Protein G Magnetic Beads for 
2 h at 4˚C. After the cells were washed completely, the Co-IP 
product was obtained with a 50 µl elution buffer [1.74 mmol/l 
sodium dodecyl sulfate (SDS), 0.037 mmol/l bromphenol blue, 
50% glycerol, 0.25 mol/l Tris-HCl and 2.5 mmol/l DTT]. Then 
the eluent was reduced with 10 mmol/l DTT for 10 min at 
100˚C and alkylated with 50 mmol/l IAA at room temperature 
in the dark for 30 min. Additionally, 10 µl of the Co-IP products 
was used to perform western blot analysis using an anti-EBP 
antibody to validate the interaction between HO-1 and EBP.

Protein digestion and LC-MS/MS analysis. The Co-IP prod-
ucts were separated with 10% SDS-PAGE gel and then the gel 
was stained with Coomassie Blue G-250. The gel lane was then 
sliced into 8 bands followed by destaining and in-gel digestion 
with 10 ng/µl of trypsin (Promega, Madison, WI, USA) at 37˚C 
overnight according to a previous study (19). The peptides of 
bands were extracted by the addition of 25 mmol/l ammonium 
bicarbonate and 5%  v/v  FA (formic acid), and dried in a 
vacuum concentrator. The samples were later subjected to mass 
spectrometric analysis, and MS/MS analysis was performed 
as described previously  (20). The raw data obtained were 
searched via the MaxqQuant (version 1.5.3.28 build) search 
engine against a decoy database/composite target to appraise 
the false discovery rate (FDR) (21). The target proteins were 
acquired from the Swiss-Prot Homo sapiens reference protein 
database (release 2015_08, 69787 query number) and the decoy 
proteins were produced from pseudo-reversed sequences of the 
target proteins. Precursor ions were searched with an initial 
mass tolerance of 20 ppm. Only b and y ions were considered 
during the database search. Enzyme specificity was trypsin, 
with two missed cleavages allowed and peptides with at least 
6 amino acids. The dynamic modifications for methionine 
oxidation (+15.99492) and the static modification for cysteine 
carbamidomethylation (57.021465) were allowed. The FDR of 
peptides and proteins <1% was accepted after appraisal based 
on the number of accepted decoy hits.
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Profiling of the global HO-1 interactome network. The Gene 
Ontology (GO) information for the HO-1 interaction proteins 
was submitted to DAVID for biological process  (BP) and 
cellular component (CC) analysis (22), and the Homo sapiens 
species was selected as the background and species. The 
CluePedia plugin of the Cytoscape version 3.3 was used to 
generate the protein-protein interaction (PPI) network.

MTT assay. The MTT assay was carried out as referred to in a 
previous study (23). Briefly, a concentration of 1x104 cells was 
seeded into each well of a 96-well plate (Corning, 3599). The 
cells were incubated with 10, 100 and 500 mmol/l cholesterol 
for 12, 24, 36 and 48 h, and then were incubated with 5 mg/
ml MTT buffer for 5 h. The optical density at 450 nm was 
measured using the SpectraMax Series microplate reader 
(Molecular Devices, Sunnyvale, CA, USA).

Quantification of adipose droplets by staining lipids with 
Oil Red O. H9c2 cells were seeded onto a 6-well plate at a 
density of 3x104/ml in H-DMEM medium. After the cells 
grew to 60-70% confluence, the cells were treated with 
100 mmol/l cholesterol for 12, 24, 36 and 48 h, according to 
a previous study (24), followed by incubation with staining 
buffer (0.5% Oil Red O in pentanediol) for 15 min, and then 
incubated at room temperature with hematoxylin for 2 min. 
After washing the cells with pentanediol twice, the density of 
adipose droplets was measured by Image-Pro Plus 6.0 soft-
ware (Media Cybernetics, Inc., Bethesda, MD, USA).

Nuclear protein extraction. H9c2 cells were treated with 
100 mmol/l cholesterol for 12, 24, 36 and 48 h, washed with 
PBS twice, and then the cells were suspended in lysis buffer A 
(10 mmol/l HEPES pH 7.9, 10 mmol/l KCl, 0.1 mmol/l EDTA, 
0.1 mmol/l EGTA, 0.5% NP-40, 1 mmol/l DTT and protease 
inhibitor) and collected in tubes. The supernatants were 
collected after centrifugation. Buffer B [20 mmol/l HEPES 
(pH 7.9), 0.4 mol/l NaCl, 1 mmol/l EDTA, 1 mmol/l EGTA, 
1 mmol/l DTT and protease inhibitor] was added into the 
nuclear pellet, and incubated on ice for 30 min. After centrifu-
gation for 15 min, the supernatant was collected.

Western blot analysis. H9c2 cells were treated with 
100 mmol/l cholesterol for 12, 24, 36 and 48 h, and cells were 
lysed with RIPA buffer at 4˚C. The concentration of protein 
was measured using the BCA assay. Then 60 µg of the samples 
of the different groups was separated by 10% SDS-PAGE and 
then were transferred onto a 0.22-µm nitrocellulose membrane 
by a semi-dry electroblotter. The membranes were respectively 
incubated with the primary antibodies (1:1,000) overnight 
at 4˚C followed by incubation with the secondary antibody 
(1:5,000) for 1 h at room temperature. The concentration of 
protein was detected using the ECL immunoblotting reagent. 
The gray values of the bands were quantified with the Scion 
Image software and were normalized with β-actin and histone.

Measurements of the cardiac function of the mice using 
cardiac ultrasound. The mice were divided into groups as 
previously described. After they were fed for 60 days, the 
weights of the mice were measured. Then the cardiac func-
tion was measured using the Vevo 2100 Imaging System. A 

MS-400 scan head (30 MHz) was used to acquire the left 
ventricular short axis (SAX) and left ventricular long axis 
(PSLAX) views of the mouse ventricle in M-mode. The left 
ventricular short axis shortening (LVFS%), left ventricular 
ejection fraction (LVEF%) and left ventricular (LV) mass were 
analyzed by Visual Sonic Vevo 2100 software, and LV masses 
were normalized with the corresponding weight of the mice.

Quantification of adipose droplets by staining tissue slices with 
Oil Red O. Myocardial tissues of the four previously described 
groups were fixed in 4%  paraformaldehyde for 24  h and 
dehydrated in 30% sucrose for 3 h. After they were embedded 
in tissue freezing medium (Leica, 14020108926), they were 
processed into 7-µm frozen sections using a freezing micro-
tome (Leica, CM1860). Oil Red O staining was performed 
as previous described (25). Briefly, five slices of each group 
were first soaked in 60% isopropanol for 10 min followed by 
incubation with staining buffer (60% Oil Red O in water) for 
25 min, and the slices were later differentiated in 75% ethanol 
containing 1% hydrochloric acid for 2 min. The slices were 
incubated with hematoxylin buffer at room temperature for 
2 min. After washing them with pentanediol twice, the lipid 
accumulation in myocardial tissues was observed using the 
Image-Pro Plus 6.0 software (Media Cybernetics, Inc.).

Laser scanning confocal microscope image. A total of 
1x104 cells were seeded onto a confocal plate (Nest, 801002) 
and treated with cholesterol as previously described. The 
ICC was performed as in a previous study (26). Briefly, the 
cells and 5 frozen slices from four groups were fixed in pre-
cooling methanol for 10 min and then permeabilized with 
0.5% Triton X-100 for 20 min at 37˚C. Then they were incubated 
with the anti-HO-1 and anti-EBP primary antibody (1:100) at 
4˚C for 12 h followed by incubation with the DyLight™ 488- 
and DyLight™ 633-labeled secondary antibody for 1 h at 
37˚C, as well as dyed in 1 µg/ml DAPI for 5 min. Cells and 
the slices were visualized using confocal microscopy (objec-
tive, 20X; Leica TCS SP8). The images were analyzed using 
IPP 6.0 software.

Statistical analysis. Data are expressed as the means ± SEM 
of three independent experiments. The differences between 
groups of the in  vivo experiments were analyzed using 
one-way ANOVA. Differences between groups of the in vitro 
experiments were analyzed using multi-way ANOVA. A 
P-value <0.05 was used to determine a statistically significant 
difference.

Results

Interaction between HO-1 and EBP. A total of 137 HO-1 inter-
active proteins were identified using overlap of two repeated 
filtering with control groups, and several of the interactive 
proteins are listed in Fig. 1A. In particular, a sterol isomerase 
named EBP, an integral membrane protein of the endoplasmic 
reticulum, catalyzes the conversion of Delta  (8)-sterols to 
their corresponding Delta  (7)-isomers for involvement in 
the cholesterol metabolism. The western blot analysis result 
of the Co-IP products confirmed that HO-1 and EBP indeed 
were interactive (Fig. 1B). Based on the results of the interac-
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tome, we speculated that overexpression of HO-1 may cause 
a cardioprotective adaptation for improvement under a high 
concentration cholesterol environment.

Global profiling and mapping of the HO-1-interacting protein 
network. By GO enrichment analysis, the HO-1‑interacting 
proteins were found to be mainly involved in BPs (Fig. 1C), 
including oxidative phosphorylation, ATP synthesis-coupled 
proton transport, mitochondrion organization and nitrogen 

catabolic process. Meanwhile, these proteins were also found 
to participate in CCs, such as mitochondrion, endoplasmic 
reticulum and transport vesicles.

Effects of cholesterol on the growth of H9c2 cells. The MTT 
assay was performed to determine the viability rates of the 
H9c2 cells treated with 10, 100 and 500 mmol/l cholesterol 
for 12, 24, 36 and 48 h. The viability rates were 83.92±0.51, 
87.99±1.22, 90.00±0.96 and 91.35±2.22% in the 10 mmol/l 

Figure 1. Global profiling and mapping of the heme oxygenase-1 (HO-1)-interacting protein network. (A) The major interactive proteins from two repeats of 
the MS analysis are shown in the table. (B) The western blot analysis results indicated that HO-1 and emopamil-binding protein (EBP) are interactive. (C) The 
network of HO-1 interacting proteins using Cytoscape 3.3 software.
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cholesterol treatment group. These rates were 78.33±1.14, 
74.62±0.54, 72.36±1.78 and 63.26±1.86% in the 100 mmol/l 
cholesterol treatment groups, and these rates were 54.60±0.89, 
41.12±0.74, 30.69±0.59 and 21.76±1.39% in the 500 mmol/l 
cholesterol treatment groups, respectively. As shown in Fig. 2, 
cholesterol significantly inhibited the H9c2 cell viability in a 
dose- and time-dependent manner (P<0.05).

Upregulated expression of HO-1 and EBP plays a protective 
role during cholesterol stimulation. We speculated that a high 
concentration of cholesterol could result in the overexpression 
of HO-1 by activation of the Nrf2, AKT and mTOR signaling 
pathways. The western blot results showed that the HO-1 
expression levels in the H9c2 cells treated with cholesterol for 
24, 36 and 48 h were 1.72-, 1.87- and 2.00-fold, respectively, 
compared with those of the control group (P<0.05) (Fig. 3A 
and B). We also found that the abundance of post-translational 
modified and degraded HO-1 was gradually increased in the 
cholesterol treatment groups. The western blot results showed 
that the EBP expression levels in the H9c2 cells treated with 

cholesterol for 12, 24, 36 and 48 h were 1.66-, 2.34-, 2.44- 
and 2.26-fold, respectively, compared with that of the control 
group (P<0.05) (Fig. 3A and C).

We also found that expression of several critical molecules 
in lipid metabolism, Nrf2, AKT and mTOR, was significantly 
altered. Nrf2 is a type of transcription activator that binds to 
antioxidant response (ARE) elements in the promoter regions 
of downstream target genes. Nrf2 expression in H9c2 cells 
treated with cholesterol was significantly increased compared 
to that noted in the control group (P<0.05) (Fig. 4A and B). We 
also determined the expression level of Nrf2 in the cytoplasm 
and nucleus. The expression level of Nrf2 in the cytoplasm 
was significantly decreased after treatment with cholesterol 
for 48 h (P<0.05) (Fig. 5A and C) and the expression level of 
Nrf2 in the nucleus was significantly increased after treatment 
with cholesterol (P<0.05) (Fig. 5B and D). AKT and mTOR 
belong to the serine/threonine protein kinases, and are central 
regulators of cellular metabolism and growth in response to 
energy supplements and stress signals. We also found that the 
mTOR expression levels in the 12, 24 and 36 h cholesterol 
treatment groups were significantly increased compared with 
that of the control group. However, the expression level in the 
48-h cholesterol treatment group was significantly decreased 
(P<0.05). Notably, p-mTOR in the 12-h cholesterol treatment 
group was increased (P<0.05). Meanwhile, we also observed 
that the mTOR phosphorylation process was not obviously 
changed at 24 and 36 h. However, p-mTOR was significantly 
decreased in the H9c2 cells treated with cholesterol for 48 h 
compared with that of the control group (P<0.05) (Fig. 4C). 
This study confirmed that AKT expression in the H9c2 cells 
treated with cholesterol for 12 and 24 h was significantly 
increased compared to that of the control group (P<0.05), 
and the p-AKT level in all cholesterol treatment groups was 
significantly increased compared to that of the control group 
(P<0.05). The ratio of p-AKT/AKT in the cholesterol treat-
ment groups was significantly increased compared to that of 
the control group (P<0.05) (Fig. 4D). These results suggest that 
cholesterol stimulation induces an upregulated expression of 
HO-1 and EBP by activation of the Nrf2, AKT and mTOR 
signaling pathways.

Interaction between HO-1 and EBP alleviates the lipid accu-
mulation in H9c2 cells as determined using laser scanning 

Figure 2. Effects of cholesterol on the proliferation ability of H9c2 cells. 
Cholesterol inhibited the proliferation of H9c2 cells in a time- and dose-
dependent manner. Data are presented as means ± SEM of three individual 
experiments. P values were calculated using one-way ANOVA. *P<0.05 vs. 
the control group.

Figure 3. Effects of cholesterol on the expression of heme oxygenase-1 (HO-1) and emopamil-binding protein (EBP) in H9c2 cells following cholesterol 
stimulation. (A) Western blot analysis was used to evaluate the expression levels of HO-1 and EBP. (B and C) The expression levels of HO-1 and EBP quantified 
by densitometry. β-actin was used as an internal control. Data are presented as means ± SEM of three individual experiments. P-values were calculated using 
one-way ANOVA. *P<0.05 vs. the control group.
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confocal microscope image. Using Oil Red O staining, we 
found that the amount of lipid droplets in the H9c2 cells treated 

with cholesterol was significantly increased compared to that 
of the control group (Fig. 6A). The results of the confocal 

Figure 4. Effects of cholesterol on the expression of heme oxygenase-1 (HO-1)-related molecules. (A) Western blot analysis was used to evaluate the expression 
levels of nuclear factor erythroid 2-like 2 (Nrf2), AKT, p-AKT, mTOR and p-mTOR proteins (B-D) The expression levels of Nrf2, AKT, p-AKT, mTOR and 
p-mTOR proteins as quantified by densitometry. β-actin was used as an internal control. Data are presented as means ± SEM of three individual experiments. 
P-values were calculated using one-way ANOVA. *P<0.05 vs. the control group.

Figure 5. Effects of cholesterol on the expression of nuclear factor erythroid 2-like 2 (Nrf2). (A) Western blot analysis was used to evaluate the expression levels 
of Nrf2 in the cytoplasm. (B) Western blot analysis was used to evaluate the expression levels of Nrf2 in the nucleus. (C and D) The expression levels of Nrf2 
in the cytoplasm and nucleus as quantified by densitometry. β-actin was used as an internal control. Data are presented as means ± SEM of three individual 
experiments. P values were calculated using one-way ANOVA. *P<0.05 vs. the control group.
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microscopy showed that the expression levels of HO-1 and EBP 
were significantly upregulated under cholesterol stimulation. 
We also confirmed that HO-1 and EBP have the same location 
in H9c2 cells according to the confocal image (Fig. 6B). These 
results also confirmed the interaction between HO-1 and EBP 
to alleviate lipid accumulation.

HO-1 overexpression alleviates H9c2 cell hypoxia by inhibi-
tion of the glucose metabolism process. Hypoxia inducible 
factor-1 (HIF-1) is a critical regulatory factor for stress reac-
tions, which usually degrades in the normal oxygen status; 
however, it maintains its stable state under a hypoxic status. 

After cholesterol stimulation for 12, 24 and 36 h, we noted 
that expression levels of HIF-1α were significantly increased 
compared with the control group (P<0.05) (Fig. 7A and B). 
However, the expression level of HIF-1α reverted to the 
normal status after cholesterol stimulation for 48 h. LDH, 
involved in the final step of aerobic glycolysis, catalyzes the 
conversion of L-lactate and NAD to pyruvate and NADH. 
After cholesterol stimulation for 36 and 48 h, LDH expression 
levels were significantly downregulated (P<0.05). However, 
LDH expression levels in the 12 and 24 h cholesterol treatment 
groups were not obviously different compared with that of the 
control group (P<0.05) (Fig. 7C). Aco2, a critical enzyme in 

Figure 6. Measurements of lipid accumulation and location of heme oxygenase-1 (HO-1) and emopamil-binding protein (EBP) in H9c2 cells following choles-
terol stimulation. (A) Oil Red O staining indicated that the concentration of cholesterol was increased in the cholesterol groups. (B) The interaction between 
HO-1 and EBP was noted in the cell membrane, cytoplasm and nucleus, and both showed the same upregulated expression trend using confocal microscopy 
(magnification, x200).
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the Krebs cycle, catalyzes citric acid into aconitic acid. After 
cholesterol stimulation for 48 h, Aco2 expression levels were 
significantly downregulated (P<0.05)  (Fig. 7D). MDH2, a 
crucial enzyme of malic acid shuttle, transferred malic acid 
into the mitochondria matrix. The results showed that the 
expression level of MDH2 was significantly upregulated after 
cholesterol stimulation for 24, 36 and 48 h (P<0.05) (Fig. 7E). 
PDHE-1β catalyzes pyruvate acid in the mitochondria 
matrix into acetyl-CoA. Our experiment showed that the 
expression level of PDHE-1β was significantly increased at 
24, 36 and 48 h (P<0.05) (Fig. 7F). These findings indicate 
that overexpression of HO-1 reduced the oxygen consump-
tion to alleviate the hypoxic effect by inhibition of glycolysis 
and aerobic oxidation processes after cholesterol treatment. 
Hence, we confirmed that HO-1 displayed cardioprotective 

effects against the oxidative damage induced by cholesterol 
in cardiomyocytes.

HO-1 plays a protective role during cholesterol stimulation in 
an in vivo experiment. We found that the mouse weight in all 
groups was not significantly different between the normal diet 
and high-fat diet groups (P>0.05). Using cardiac ultrasound, we 
determined that the values for LVEF% in the WT mice with a 
normal diet, the WT mice with a high fat diet, the HO-1+/- mice 
with a normal diet and the HO-1+/- mice with a high-fat diet were 
1.51±0.11, 1.34±0.20, 1.66±0.08 and 1.21±0.09, respectively. 
The values of LVFS% in these four groups were 0.75±0.06, 
0.64±0.11, 0.84±0.05 and 0.57±0.05, and the LV  mass in 
these four groups were 2.49±0.30, 2.89±0.37, 3.52±0.29 and 
3.03±0.32, respectively, according to the data obtained from 

Figure 7. Cholesterol inhibits the expression of LDH and activates the expression of hypoxia inducible factor-1α (HIF-1α) and mitochondrial enzymes. 
(A) Western blot analysis was used to evaluate the expression levels of each protein. β-actin was used as an internal control. (B-F) The expression level of each 
protein was quantified by densitometry. Data are presented as means ± SEM of three individual experiments. P-values were calculated using one-way ANOVA. 
*P<0.05 vs. the control group.
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the SAX view (Fig. 8A). The values of LVEF% of mice in 
these four groups were 1.46±0.07, 1.27±0.19, 1.69±0.08 and 
1.19±0.08, respectively. The values of LVFS% of these four 
groups were 0.73±0.04, 0.61±0.10, 0.86±0.05 and 0.56±0.04, 
and the LV mass of these four groups were 3.01±0.18, 
3.34±0.41, 3.62±0.30 and 3.56±0.28, respectively, according to 
the data obtained from the PSLAX view (Fig. 8B). In addition, 
all values were normalized with the corresponding weight of 
the mice. The LVEF% and the LVFS% of the HO-1+/- mice 
fed the high-fat diet was significantly decreased compared to 
the WT mice fed a normal diet (P<0.05). The LV mass of the 
HO-1+/- mice fed a normal diet was significantly higher than 
the WT mice fed a normal diet (P<0.05) according to the data 
obtained from the SAX view. The LVEF% and the LVFS% of 
the HO-1+/- mice fed a normal diet were significantly decreased 
compared to those of the WT mice fed a normal diet (P<0.05), 
and the LVEF% and LVFS% of the HO-1+/- mice fed a high 
fat diet were significantly decreased compared to those of the 
HO-1+/- mice fed a normal diet (P<0.05). The LV mass of the 
HO-1+/- mice fed a normal diet was significantly higher than 
the WT mice fed a normal diet (P<0.05) according to the data 
obtained from the PSLAX view.

Interaction between HO-1 and EBP alleviates lipid accumu-
lation in the in vivo experiment. Using Oil Red O staining, we 
found that the amount of lipid droplets in the myocardium of 
mice treated with cholesterol was also significantly increased 
compared with that in the mice fed a normal diet. The amount 
of lipid droplets in the HO-1+/- mice was significantly increased 
compared with that noted in the WT mice (Fig. 9A). We also 

confirmed that HO-1 and EBP are co-located in the myocar-
dium according to the confocal image (Fig. 9B).

Discussion

HO-1, an essential enzyme in heme catabolism, is activated 
at high concentrations of heme and during a certain patho-
physiological status, including oxidative stress, high glucose 
and viral infection, and exhibits cytoprotective effects (27,28). 
However, the detailed mechanism remains obscure. Our 
experiment showed that the signaling network of 137 HO-1 
interactive proteins was mainly distributed in oxidative 
phosphorylation, mitochondrion organization processes 
and endoplasmic reticulum and transport vesicle cellular 
components (29). Interestingly, we found that EBP is a  HO-1 
interactive proteins and is a sterol isomerase, closely related 
to lipid metabolisms, endoplasmic reticulum and vesicular 
fraction. The HO-1/EBP interaction was also confirmed both 
in vivo and in vitro using confocal microscopy. Moreover, we 
found that HO-1/EBP interaction not only occurred in the 
cytoplasm, but also in the nucleus and membrane. Meanwhile, 
our results also showed that HO-1 and EBP expression had a 
trend of consistency, presenting upregulated expression under 
cholesterol stimulation. Hence, we suggested that HO-1 inter-
acts with EBP and are involved in lipid metabolism, consume 
redundant cholesterol, and alleviate oxidative stress effects 
caused by cholesterol.

HO-1 usually is induced by a variety of signal transduction 
pathways that activate different transcription factors, including 
Bach2, p53, CREB and Nrf2 (30). Nrf2 recognizes specific 

Figure 8. Measurements of left ventricular short axis shortening (LVFS%), left ventricular ejection fraction (LVEF%) and left ventricular (LV) mass in the 
wild-type (WT) and heme oxygenase-1 (HO-1)+/- mice in 5 individual experiments using cardiac ultrasound. (A) Images of the left ventricle from SAX views 
illustrating the measurements obtained. (B) Images of the left ventricle from PSLAX views illustrating the measurements obtained. The diameters of mice fed 
a high-fat diet were decreased compared to the normal diet groups from the images.
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DNA-binding elements of the HO-1 promoter  (31-33). This 
study showed that cholesterol stimulation induced the upregula-
tion of Nrf2 expression in cardiomyocytes, and then caused the 
upregulation of HO-1 expression. Cholesterol simulation not 
only markedly evaluated the AKT expression, but also increased 
Nrf2 expression (34,35). Our results suggested that cholesterol 
may increase the intercellular reactive oxygen species (ROS) 
level and activate the PI3K/AKT signaling pathway, and then 
increase the Nrf2 expression and promote its separation from 
the Keap1-Nrf2 complex, which translocates to the nucleus 
and binds the promoter of HO-1 and plays an antioxidant role 
in cardiomyocytes. Our results also indicate that cholesterol 
simulation significantly increased the expression levels of AKT 
and p-AKT in cardiomyocytes by activation of the PI3K/AKT 
signaling pathway, which could not only evaluate the AKT 
expression, but it also increased the intercellular Ca2+ ([Ca2+]i) 
concentration.  [Ca2+]i plays a critical role in translocation of 
Nrf2 to the nucleus to perform the transcriptional factor func-
tion (36-38). Meanwhile, we also noted that cholesterol increased 
the expression levels of mTOR and p-mTOR in cardiomyocytes. 
mTOR, a type of serine/threonine protein kinase, mediates 
cellular responses to stresses such as DNA damage and nutrient 

deprivation. It acts as a part of two structurally and functionally 
distinct signaling complexes, mTORC1 and mTORC2. Research 
has confirmed that mTOR inhibitor molecules (TSC1/TSC2) 
inhibit mTOR activity. Activation of PI3K and AKT, involved 
in the phosphorylation of TSC1/TSC2 promoted mTOR 
activity (39). In this study, the expression levels of Nrf2, AKT, 
p-AKT, mTOR and p-mTOR following cholesterol stimula-
tion for 48 h were significantly decreased compared to those 
following cholesterol stimulation for 24 and 36 h. However, the 
expression levels of HO-1 and EBP were not different in any of 
the cholesterol stimulation groups.

Hyperlipidemia usually alters the balance of cellular 
oxygen levels and induces hypoxia (40). HIF-1 is a critical 
regulatory factor for stress reaction and belongs to downstream 
molecules of the mTOR signaling pathway. It is activated by 
oxygen-mediated protein post-translational modification and 
cytoplasm/nucleus translocation under hypoxic condition. 
HIF-1α is usually degraded in a normal oxygen condition; 
however, it maintains its stable state under hypoxia (41). The 
present study showed that the expression level of HIF-1α 
following cholesterol stimulation for 12, 24 and 36 h was 
significantly increased compared to the control group. 

Figure 9. Measurements of lipid and the location of heme oxygenase-1 (HO-1) and emopamil-binding protein (EBP) in myocardial tissues. (A) Oil Red O 
staining indicated that the concentration of lipids was increased in the high-fat diet groups and was more significant in the HO-1+/- groups. (B) HO-1 and EBP 
had the same location and the expression levels were downregulated in the HO-1+/- group and was upregulated after cholesterol stimulation (magnification, 
x200).
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However, in the 48 h group, there was no difference. The result 
confirmed that H9c2 cells recovered from a hypoxic condition 
to a normal oxygen status after cholesterol treatment for 48 h, 
and the expression level of HIF-1α was significantly decreased 
compared with that of the other groups.

Based on carbohydrate metabolism, we aimed to explain 
that HO-1 plays a cardioprotective role and improves the 
cholesterol-induced hypoxic status in H9c2 cells  (42). 
Our results showed that expression levels of tricarboxylic 
acid (TCA) cycle-related molecules, Aco2, malate MDH2 and 
PDHE-1β, were obviously changed. Of these, Aco2 catalyzes 
the conversion of citrate to isocitrate via cis-aconitate in the 
second step of the TCA cycle  (43). Aco2 was significantly 
decreased in the H9c2 cells under cholesterol stimulation. 
MDH2 catalyzes the reversible oxidation of malate to oxalo-
acetate, utilizing the NAD/NADH cofactor system in the TCA 
cycle (44). PDHE-1β is located in the mitochondrial matrix 
and catalyzes the conversion of pyruvate to acetyl coen-
zyme A (Acyl-CoA) (45). In the present study, the expression 
levels of MDH2 and PDHE-1β were significantly increased in 
the H9c2 cells treated with cholesterol. We suggest that choles-
terol may destroy the balance of the TCA cycle and induce 
the excessive accumulation of Acyl-CoA by downregulation 
of Aco2 expression and upregulation of MDH2 and PDHE-1β 
expression. Otherwise, LDH catalyzes the conversion of 
L-lactate and NAD to pyruvate and NADH in the final step 
of anaerobic glycolysis (46). The expression level of LDH was 
significantly decreased in the H9c2 cells treated with choles-
terol. These findings indicate that cholesterol could inhibit the 
glycolysis and TCA cycle in H9c2 cells.

In addition, hyperlipidemia can cause a vascular inflam-
mation reaction, leading to the occurrence of atherosclerosis. 
Atherosclerotic plaque blocks blood vessels, resulting in 
myocardial infarction, stroke and other serious diseases (47). 
In addition, hyperglycemia also causes an increase in ROS in 
clinical hypercholesterolemia patients, which generates the 
oxidative stress response resulting in the abnormal systolic 
function of cardiomyocytes (48,49). The results of the cardiac 
ultrasound indicated that the LV systolic score and ejection 
fraction of WT mice fed a high-fat diet were significantly 
decreased compared to that of the WT mice fed a normal diet. 
Meanwhile, the injury level of cardiac function in the HO-1+/- 
mice was significantly increased compared to that in the WT 
mice fed a high-fat diet. Meanwhile, the Oil Red O staining 
results also showed that the lipid accumulation phenomenon in 
cardiac muscle tissues of the HO-1+/- mice was more obvious. 
These findings indicate that HO-1 protects the systolic func-
tion of the heart, improves the blood supply of the coronary 
artery and target organs, and alleviates the occurrence and 
development of cardiovascular diseases.
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