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Background-—Canonical studies indicate that cytochrome P450 2E1 (CYP2E1) plays a critical role in the metabolism of xenobiotics
and ultimately participates in tissue damage. CYP2E1 upregulates in the pathophysiological development of multiple diseases;
however, the mechanism of CYP2E1 upregulation, particularly in heart disease, remains elusive.

Methods and Results-—We found that the level of CYP2E1 increased in heart tissues from patients with hypertrophic
cardiomyopathy; multiple mouse models of heart diseases, including dilated cardiomyopathy, hypertrophic cardiomyopathy, and
myocardial ischemia; and HL-1 myocytes under stress. We determined that Myc bound to the CYP2E1 promoter and activated its
transcription by bioinformatics analysis, luciferase activity, and chromatin immunoprecipitation, and Myc expression was
modulated by extracellular signal–regulated kinases 1/2 and phosphatidylinositol 3 kinase/protein kinase B pathways under
stress or injury in myocardium by signal transduction analysis. In addition, the level of oxidative stress and apoptosis gradually
worsened with age in transgenic mice overexpressing CYP2E1, which was significantly inhibited with CYP2E1 knockdown.

Conclusions-—Our results demonstrated that CYP2E1 is likely a sensor of diverse pathophysiological factors and states in the
myocardium. Upregulated CYP2E1 has multiple pathophysiological roles in the heart, including increased oxidative stress and
apoptosis as well as energy supply to meet the energy demand of the heart in certain disease states. Our discovery thus provides a
basis for a therapeutic strategy for heart diseases targeting Myc and CYP2E1. ( J Am Heart Assoc. 2019;8:e009871. DOI:
10.1161/JAHA.118.009871.)
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C ytochrome P450 2E1 (CYP2E1) is a member of the
cytochrome P450 family of enzymes. Cytochrome P450

participates in the metabolism of a large number of exoge-
nous and endogenous substrates.1 CYP2E1 is expressed in
the liver, brain, and heart in humans and animals.2–4 CYP2E1

locates in different cell compartments, including the plasma
membrane, endoplasmic reticulum, Golgi apparatus, and
mitochondria.5

CYP2E1 plays a critical role in the metabolism and
activation of many important substrates, including small
organic molecules (such as ethanol and acetone), toxic
chemicals from diet and environmental contamination (such
as carbon tetrachloride, chloroform, nitrosamines, benzene,
and acrylamide), and endogenous compounds such as fatty
acids, ketone bodies, and glycerol.2,6 The CYP2E1 gene is
inducible in response to endogenous and exogenous sub-
strates. In the presence of oxygen and nicotinamide adenine
dinucleotide phosphate hydrogen, CYP2E1 can produce
reactive oxygen species (ROS) in the presence or absence
of substrate, and the nicotinamide adenine dinucleotide
phosphate hydrogen oxidase activity of CYP2E1 is remarkably
higher than those of other members of the cytochrome P450
family.7 CYP2E1 is a major source of cellular and mitochon-
drial ROS/reactive nitrogen species, which induces tissue
damages mainly through damage to cellular and mitochondrial
macromolecules, including mitochondrial DNA.8
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CYP2E1 has been implicated in the pathophysiological
development of a wide variety of diseases, including obesity,
diabetes mellitus, alcoholic liver disease, inflammation,
Parkinson disease, and cancer.8–12 However, upregulated
CYP2E1 levels are also observed under normal physiological
conditions, such as in overfed rat, in high-fat fed rat, and in
fasted rat.13–15 In addition, several studies have demon-
strated that hormones can mediate the regulation of CYP2E1
expression, including insulin, leptin, thyroid, and growth
hormones.16–18

Accumulating evidence suggests that numerous genes
associated with mechanotransduction, mitochondrial ener-
getics, oxidative stress, and extracellular matrix are regu-
lated in the development of heart diseases, including
CYP2E1.19,20 We previously demonstrated that the pheno-
type of transgenic mice overexpressing CYP2E1 in the
myocardium is similar to that of dilated cardiomyopathy
(DCM) and that knockdown of endogenous CYP2E1 expres-
sion markedly prevents the development of DCM in mouse
models.3 Thus, upregulation of CYP2E1 may be a key factor
in the pathogenesis of heart failure (HF), and CYP2E1 is
likely a sensor of diverse pathophysiological factors and
states in the myocardium.

Furthermore, we have previously established that CYP2E1
is upregulated under multiple pathological states of the heart,
including familiar DCM, as studies in cTnTR141W and LMNAE82K

transgenic mouse models and in drug-induced DCM/HF
mouse models, as to adriamycin-treated mice.3,21 Moreover,
CYP2E1 levels are increased in several cardiovascular
diseases, including ischemia, DCM, and spontaneously hyper-
tensive, and in several species, including human, mice, rats,
and dogs.9,21–26

In the present study, we determined that CYP2E1 is also
upregulated in the myocardium from mouse models of
ischemia induced by ligation of left anterior descending

(LAD) coronary artery, mouse models of hypertrophic car-
diomyopathy (HCM)/HF induced by thoracic aorta constric-
tion (TAC), and patients with HCM.

Systematic examinations of the mechanisms that CYP2E1
is upregulated under multiple pathophysiological states,
especially in heart disease, are lacking. Thus, in the present
study, we determined for the first time the molecular
mechanism involved in the CYP2E1 upregulation in the
myocardium based on promoter interaction and signal
pathway analysis in mice and myocyte models under stress
and/or injury. In addition, the characteristics of the patho-
logical role of CYP2E1 in oxidative stress and apoptosis were
also determined.

Methods
The data, analytic methods, and study materials will be
made available upon request to other researchers for
purposes of reproducing results or replicating procedures.
Material will be available from Dr Lu at the Institute of
Laboratory Animal Science. All procedures were performed
in accordance with the Animal Care and Use Committees of
the Institute of Laboratory Animal Science of Peking Union
Medical College.

Animals
Cardiac-specific CYP2E1-overexpression transgenic mice (re-
ferred to as CYP2E1-ov) and the cardiac-specific CYP2E1-
knockdown transgenic mice (referred to as CYP2E1-kd) were
previously generated in our laboratory, and genotyping of the
transgenic mice were performed by polymerase chain reac-
tion (PCR) as previously described (see Table S1 for primer
sequences).3,21

Mice Model of Myocardial Ischemia
C57BL6 mice at 8 to 12 weeks of age were assigned to
groups receiving either myocardial ischemia via LAD or
sham surgery as previously described.27 Briefly, the mice
were anesthetized with tribromoethanol and then intubated
to allow artificial ventilation with room air. The heart was
exposed through left thoracotomy and the LAD coronary
artery was ligated with an 8-0 nylon suture. The mice
were euthanized at 1 week after the operation. All surgeries
and subsequent analyses were performed in a blinded
fashion.

TAC Treatment
The TAC operation was performed in 8-week-old C57BL6
mice as previously described.28 Briefly, wild-type (WT) mice

Clinical Perspective

What Is New?

• Cytochrome P450 2E1 is likely a sensor of diverse
pathophysiological factors and states in the myocardium.

• Upregulated cytochrome P450 2E1 has multiple pathophys-
iological roles in the heart, including increase oxidative
stress and apoptosis as well as energy supply to meet the
energy demand of the heart in certain disease states.

What Are the Clinical Implications?

• Our findings provide a basis for a therapeutic strategy for
heart diseases targeting Myc and cytochrome P450 2E1, as
cytochrome P450 2E1 upregulation is related to multiple
heart diseases.
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were anesthetized with intraperitoneally administered tri-
bromoethanol at 216 mg/kg body weight. The surgery was
performed using a ventilator to acquire passive respiration.
The aorta was constricted using a 27-gauge blunted needle
as a calibrator. The innominate artery and left common
carotid artery blood flow was detected with Doppler
analysis at 1 week after the surgery. The innominate
artery/left common carotid artery ratio from 5.9 to 10.7
marked a comparable pressure gradient and was selected
in this study. The sham operation was the same except
that the aorta was not constricted. Mice that survived were
chosen for the following studies at 2, 4, or 8 weeks after
the surgery.

Adriamycin Treatment
Adriamycin treatment was administered to 8-week-old
C57BL6 mice as previously described.3 Adriamycin (Shenzhen
Wanle Pharmaceutical Co, Ltd) was administered intraperi-
toneally with a constant volume of saline at 4 mg/kg every
other day for a total of 14 days. Echocardiographic analysis
was performed on mice at day 0 (before Adriamycin
treatment), and at 2 weeks after cessation of adriamycin
treatment.

Human Cardiac Samples
All procedures using human samples followed the princi-
ples summarized in the Declaration of Helsinki and were
approved by the ethics committee of Fuwai Hospital. The
interventricular septum of the left ventricle was acquired
from 14 patients with obstructive HCM who had Morrow
septal myectomy. To minimize any potential confounding
effects, we excluded patients with congenital heart
disease, myocardial infarction, and valvular heart diseases.
Control cardiac tissues were acquired from the same
region of 8 healthy donors who died because of an
accident and with no history of heart disease. Written
informed consent was acquired from all participants or
their relatives.

Protein Extraction and Immunoblotting
Total protein lysates were prepared as previously
described.3,29,30 Proteins were separated by SDS-PAGE and
transferred to the nitrocellulose membranes. Then the
membranes were incubated with antibodies against CYP2E1
(Abcam; ab28146, 1:5000), phosphor-p44/42 MAPK (Erk1/
2) (Thr201/Tyr204) (Cell Signaling; 4370, 1:2000), p44/42
MAPK (Erk1/2) (Cell Signaling; 9102, 1:1000), phosphor-PI3
Kinase p85 (Tyr458)/p55 (Tyr199) (Cell Signaling; 4228,
1:1000), PI3 Kinase p85 (Cell Signaling; 11889, 1:1000),

phosphor-Akt (Ser473) (Cell Signaling; 4060, 1:2000), Akt
(Cell Signaling; 8596, 1:1000), Myc (Abcam; ab17355, 1:500),
CEBP Alpha (Abcam, ab40764), CEBP Beta (Abcam, ab32358),
or C/EBP zdta (ThermoFisher, PA5-37925). Antibody binding
was detected with horseradish peroxidase–conjugated
immunoglobulin G using a chemiluminescence detection
system after incubation with the appropriate secondary
antibodies. GAPDH was used as normalization (Abcam;
ab9482, 1:5000). Bands were quantitatively analyzed with
ImageJ software.

Constructs
The overexpression plasmid of Myc (pMyc) contained Mus
muculus Myc cDNA and was purchased from OriGene
(MC216121). A series of truncated CYP2E1 promoter
fragments containing genomic sequence of the mouse
CYP2E1 gene at different 50 end positions and the same 30

end position, +37, was amplified by PCR to introduce the
KpnI and XhoI restriction sites, respectively. The functional
consequences were analyzed with the mutated vectors
that with the Myc binding site (�846 to �835,
CAAGCACATGGA) or the CCAAT enhancer binding protein
(C/EBP) binding site (�756 to �743, CATTTTTACAAATA)
deleted out in the p0.9Cyp2e1-luc plasmid, individually or
synchronously. The PCR products were cloned into the
pGL3-Basic vector with the firefly luciferase gene as
reporter. The pRL-CMV vector containing Renilla luciferase
gene as the reporter was used as normalization (Promega,
E2261). The constructs were all confirmed by DNA
sequencing (see Table S1 for primer sequences and
Table S2 for the sequencing results of the mutated vectors
in this study).

Cell Culture and Treatment
Cells of HL-1 adult mouse cardiac muscle were grown in
Claycomb Medium supplemented with 10% FCS, 4 mmol/L
L-glutamine, and 50 lmol/L noradrenaline (MedChem
Express, HY-13715B), in a humidified 5% CO2 incubator as
previously described.31 The HL-1 cells were changed to a
medium without noradrenaline 5 days before the treatment.
The stress treatments were starvation in a medium without
serum for 8 hours or treatment with isoprenaline (Sigma;
I6504, 10 lmol/L) for 12 hours. The inhibitor treatment was
performed by PD098059 (mitogen-activated protein kinase
kinase [MEK]/extracellular signal–regulated kinase [ERK]
inhibitor [Cell Signaling; 9900, 50 lmol/L]) or LY294002
(PI3K inhibitor [Cell Signaling; 9901, 25 lmol/L]) for
12 hours. After the treatment, cells were harvested for
protein extraction.
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Transient Transfections and Luciferase Assays
HL-1 cells were cultured as above. Upon reaching �35%
confluence, the cells were transfected with DNA using
ViaFect transfection reagent according to the instructions
(Promega, E4982). Firefly reporter plasmid (0.5 lg) was
cotransfected with pMyc in each treatment. The entire
amount of transfected DNA was equalized using pcDNA3
between each experiment. pRL-CMV vector (0.02 mg) was
always cotransfected as normalization. The cells were
harvested at 40 hours after transfection and �100%
confluence. Luciferase activity was analyzed using the
Dual-Luciferase system (Promega, E1910). The cells were
treated with 20 lmol/L 10058-F4 (Sigma, F3680), an Myc
inhibitor, for 6 hours in the specific regulation analysis
experiment.

Chromatin Immunoprecipitation Assay
HL-1 cells were cultured and transfected with either 3 lg of
pMyc or 3 lg of pcDNA3 as a control using ViaFect
transfection reagent, and 1.5 lg of the �855/+37 luciferase
reporter plasmid (p0.9Cyp2e1-luc) would be cotransfected
when indicated. To monitor the transfection efficiency, 0.3 lg
of the pGFP plasmid was added. At 42 hours after transfec-
tion and �100% confluence, cells were cross-linked with 1%
formaldehyde for 10 minutes and then treated with lysis
buffer containing a protease inhibitor cocktail (Thermo
Scientific, 87785). Chromatin was fragmented by sonication,
then precleared with a salmon sperm DNA-protein A-agarose
50% slurry. Immunoprecipitation was operated by incubation
with mouse monoclonal Myc antibody (Abcam; ab17355,
1 lg) at 4°C overnight. After the immune complexes were
washed and reversed from the cross-linking, the DNA
fragments were extracted and a fragment of the CYP2E1
promoter was amplified by PCR (see Table S1 for primer
sequences).

Survival Analysis
The cumulative percent mortality was calculated every
2 weeks for TAC-treated mice or every 1 week for adri-
amycin-treated mice. Upon death, mice underwent autopsy,
and the pathological changes in the heart were recorded.
Kaplan–Meier curves were assayed using log-rank test (SPSS
version 16.0 software [SPSS Inc]).

Echocardiography
Echocardiographic inspection was performed with a small
animal echocardiography system as previously described
(Vevo770).3,29,30

Histological Analysis
Heart tissues were fixed in 4% formaldehyde, and then
mounted in paraffin. The sections were stained with hema-
toxylin and eosin or Masson trichrome as previously
described.3 Myocardial fibrosis were measured using Aperio
Image Scope version 8.2.5 software (Leica Biosystems
Imaging).

H2O2, Malondialdehyde, Glutathione, and Total
Antioxidant Capacity Measurements
Heart tissues were homogenized rapidly in buffer with
0.15 mol/L KCl and 1.0 mmol/L EDTA, followed by centrifu-
gation at 13 000g at 4°C for 30 minutes, then the super-
natant were collected for the following assays. H2O2 (Abcam,
ab102500), malondialdehyde (Abcam, ab118970), glutathione
(Promega, V6612), and total antioxidant capacity (T-AOC;
BioVision, K274-100) were measured following the manufac-
turer’s instructions.3

Terminal Deoxynucleotidyl Transferase dUTP
Nick End Labeling Assay
The terminal deoxynucleotidyl transferase dUTP nick end
labeling assay was performed using an In Situ Apoptosis Kit
(Millipore, S7101) as previously described.3 The results are
expressed as the percentage of apoptotic cells among the
total cell population.

Measurement of CYP2E1 Activity
CYP2E1 activity was determined by the rate of oxidation of
p-nitrophenol to p-nitrocatechol in the presence of nicoti-
namide adenine dinucleotide phosphate hydrogen and oxygen
as previously described.16 The activity was determined using
the equation: p-nitrophenol activity (nmol/min per mg
protein)=D546/9.53/0.2/60/7.19103.3,21

Coimmunoprecipitation and Liquid
Chromatography Tandem Mass Spectrometry
Immunocomplexes samples run with SDS-PAGE and Western
blot analysis. After in-gel digestion, the peptides were
extracted from the gel and then analyzed by nano–coim-
munoprecipitation and liquid chromatography tandem mass
spectrometry (MS) on a Q Exactive mass spectrometer.
Chromatography was performed with solvent A (Milli-Q
[Millipore] water with 2% acetonitrile and 0.1% formic acid)
and solvent B (90% acetonitrile with 0.1% formic acid). Q
Exactive was operated in information-dependent data acqui-
sition mode to switch automatically between MS and MS/MS
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acquisition. MS spectra were acquired across the mass range
of 350 to 2000 m/z. Precursor ions were then analyzed using
Xcalibur software (Thermo Scientific). All MS/MS data were
analyzed using Mascot (Matrix Science, version 2.3.0). Only
those proteins with P<0.05 were accepted.

Statistical Analysis
Normal distribution of the sample sets was determined by
Shapiro–Wilk normality test. For sample sets with gaussian
distribution, Student 2-tailed t test or 2-way ANOVA was used.
For the sample sets with a nongaussian distribution, Mann–
Whitney test or Kruskal–Wallis test was used. All analyses
were considered statistically significant at P<0.05. Statistical
analysis was performed using Prism software (GraphPad).

Results

CYP2E1 Upregulated in Heart Disease in Patients
and Mouse Models
CYP2E1 is a major source of cellular and mitochondrial ROS/
reactive nitrogen species and therefore induces tissue
damage in a variety of diseases. The expression of CYP2E1
is altered under multiple conditions, including fasting, nutri-
tion intake, and various pathophysiological statuses.

We analyzed the expression of CYP2E1 in heart tissues
from patients with HCM, an ischemia mouse model, an HCM
mouse model, and a DCM mouse model. CYP2E1 expression
was significantly increased in heart tissues from patients with
HCM compared with normal controls (Figure 1A and 1B; n=8
in the normal group, n=14 in the HCM group [P<0.001]).
CYP2E1 levels were also significantly increased in myocar-
dium in the LAD ligation-induced ischemia mouse model
(Figure 1C and 1D; n=4 mice in the WT-LAD group, n=5 mice
in the WT-sham group [P<0.05]), the TAC-induced cardiomy-
opathy/HF mouse model (Figure 1C and 1D; n=4 mice in the
WT-TAC group, n=5 mice in the WT-sham group [P<0.01]), and
the adriamycin-induced DCM mouse model (Figure 1C and
1D; n=4 mice in the WT-adriamycin group, n=5 mice in the
WT-saline group [P<0.05]), consistent with the results from
patients with HCM.

CYP2E1 was also strongly upregulated in cultured HL-1
myocytes under stress induced by starvation (Figure 1E and
1F; n=4 independent experiment, cultured without serum for
8 hours [P<0.01 for starvation versus normal]) or isoprenaline
treatment (Figure 1E and 1F; n=4 independent experiment,
treated with isoprenaline [10 lmol/L] for 12 hours [P<0.01
for isoprenaline versus saline]).

In addition, we analyzed CYP2E1 activity and found that it
was in accordance with the level of CYP2E1 protein in vivo
mouse models (Figure 1G; n=3, WT-LAD versus WT-sham,

[P<0.05]; WT-TAC versus WT-sham [P<0.01]; WT-adriamycin
versus WT-saline [P<0.05]) and in vitro HL-1 cells under stress
(Figure 1H; starvation treatment, n=3 independent experi-
ment, cells cultured without serum for 8 hours [P<0.05 for
starvation versus normal]; isoprenaline treatment, n=3 inde-
pendent experiment, cells treated with isoprenaline
[10 lmol/L] for 12 hours [P<0.01 for isoprenaline versus
saline]).

Myc-Activated CYP2E1 Gene Promoter
CYP2E1 is upregulated in multiple heart diseases; therefore,
clarification of the regulation of the CYP2E1 promotor may
provide insights on the pathological development of heart
disease.

The promoter region of mouse CYP2E1 was determined by
searching for putative transcription factor and binding sites
(http://www.cbrc.jp/research/db/TFSEARCH.html). A series
of CYP2E1 50-flanking region-luciferase reporter plasmids was
then constructed in the back bone of the pGL3 basic vector
and transfected into HL-1 mouse cardiac muscle cells.

The highest transcriptional activation was produced by the
�855/+37 construct. The 50 deletion to �700 resulted in an
88.9% decrease in luciferase activity compared with the
�855/+37 construct. However, 50 deletion to �350 only
mildly reduced the luciferase activity compared with the
�700/+37 construct (Figure 1I, n=4 independent experi-
ment). These results suggest that the �855 to �700 region
of the CYP2E1 promoter is crucial for opening the CYP2E1
promoter.

In silico analysis using bioinformatics provides additional
information to identify direct targets of the transcription
factor studied, and the functionality of these response
elements can be analyzed using promoter gene reporter
assays. The proximal promoter sequence of the promoter of
interest, the CYP2E1, can be downloaded from the reference
mice genome by uploading the promoter sequence and using
the promoter search at http://www.cbrc.jp/research/db/
TFSEARCH.html. The identified response elements are com-
pared with the consensus sequence. Then, mutagenesis
analysis and cell transfection can be performed for visual
analysis.

The analysis showed that the �855 to �700 region of the
CYP2E1 promoter contains binding sites for Myc and C/EBP,
which have been implicated in heart diseases.27–30 In
addition, in astrocytes, lipopolysaccharide induces the acti-
vation of MAPK kinase, which subsequently provokes a
binding element of C/EBP-b and -d and mediates the
transcriptional activation of CYP2E1.27

Furthermore, we performed coimmunoprecipitation, fol-
lowed by liquid chromatography coupled with tandem MS to
screen the upstream and interacted proteins with CYP2E1,
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and Myc and C/EBP were both the upstreams with CYP2E1
(Table S3).

To explore the function of Myc in opening the CYP2E1
promoter, pMyc was cotransfected with p0.9Cyp2e1-luc into
HL-1 cells. The CYP2E1 promoter was activated by the
expression of Myc in a dose-dependent manner, whereas
promoter activation was completely inhibited by the Myc
inhibitor 10058-F4 (20 lmol/L for 6 hours; Figure 1J, n=3
independent experiment). Furthermore, pMyc and
p0.9Cyp2e1-luc were cotransfected, and PCR was per-
formed with specific primers after immunoprecipitation of
the cross-linked material with an anti-Myc antibody. We
obtained a band corresponding to sequences of the Myc
binding site in CYP2E1 promoter, indicating that Myc binds

to the mouse CYP2E1 promoter (Figure 1K, n=3 indepen-
dent experiments).

To further assess the functional consequences of the loss
of the Myc and/or C/EBP binding site in CYP2E1 promoter,
the Myc binding site (�846 to �835, CAAGCACATGGA) and
the C/EBP binding site (�756 to �743, CATTTTTACAAATA)
were mutated in the p0.9Cyp2e1-luc plasmid. Then, the
plasmids carrying the mutated binding sites were individually
or simultaneously transfected into the HL-1 cells. Interest-
ingly, transfection of the p0.9Cyp2e1-luc plasmid carrying a
mutated Myc or C/EBP binding site reduced the transcrip-
tional activity of CYP2E1 by 85.4% and 88.1%, respectively,
and simultaneous transfection of the 2 binding site mutants
reduced the transcriptional activity of CYP2E1 by 96.3%

Figure 1. Upregulation of cytochrome P450 2E1 (CYP2E1) in multiple heart diseases and Myc activated CYP2E1 gene promoter. CYP2E1
expression (A) in heart tissues from patients with hypertrophic cardiomyopathy (HCM) (n=14) and normal controls (n=8), and quantitative
analysis (B) using GAPDH for normalization (***P<0.001 vs normal). CYP2E1 expression (C and D) in heart tissues of the left anterior
descending (LAD) coronary artery–, thoracic aorta constriction (TAC)–, and adriamycin-induced mouse models, and quantitative analysis using
GAPDH for normalization (*P<0.05 or **P<0.01 vs sham or saline). CYP2E1 expression (E and F) in HL-1 cells under starvation or isoprenaline
stress, and quantitative analysis using GAPDH for normalization (**P<0.01 vs normal or saline). CYP2E1 activity in vivo models (G, *P<0.05 or
**P<0.01 vs sham or saline) and in vitro models (H, *P<0.05 or **P<0.01 vs normal or saline). Transcriptional activity of a series of truncated
CYP2E1 promoter constructs that transfected to HL-1 cells (I, n=4 independent experiments; see Table S1 for polymerase chain reaction primer
sequences). Promoter activities of the p0.9cyp2e1-luc and pGL3-Basic construct alone or cotransfected with the indicated amounts of Myc
expression plasmid with or without Myc inhibitor 10058-F4 (J, n=3 independent experiments). Chromatin immunoprecipitation assay on extracts
from HL-1 cells transfected with the Myc expression plasmid or with pcDNA3 plamid as a control (K, n=4 independent experiments).
Transcriptional activity of a series of mutated CYP2E1 promoter constructs that transfected to HL-1 cells (L, n=4 independent experiments).
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(Figure 1L, n=4 independent experiment). These results
suggest that both C/EBP and Myc are necessary to open
the CYP2E1 promoter in myocytes.

Myc Expression is Upregulated in Response to
Stress in the Myocardium
To assess the response of Myc and C/EBP expression facing
stress in the myocardium, we employed TAC- and adriamycin-
treated mouse models, which are used widely to evaluate
experiments under stress and injury in the myocardium.31,32

The TAC-treated mice displayed typical HCM/HF pheno-
types, with smaller chambers, thick-walled ventricles, cardiac
dysfunction, myocytes disarray, and fibrosis (Figure 2A
through 2F). The adriamycin-treated mice displayed typical
DCM/HF phenotypes with dilated chambers, thin walls,
cardiac dysfunction, myocytes disarray, and fibrosis (Fig-
ure 2A, 2F through 2J). The echocardiographic parameters of
left ventricular diameter, left ventricular posterior wall thick-
ness, left ventricular fractional shortening, and stroke volume
of the TAC-treated mouse model at 2, 4, and 8 weeks after
TAC treatment and the adriamycin-treated mouse model at
2 weeks after cessation of adriamycin treatment are shown in
Tables S4 through S7. The survival analysis of these 2 models
is shown in Figure S1.

We observed that Myc (Figure 2K and 2L; n=5 mice
per group [P<0.01], model versus control) but not C/EBP-a,
C/EBP-b, or C/EBP-f (Figure 2K, 2M through 2O; n=3 or 5
mice per group) was obviously upregulated in heart tissues
from these 2 mice models.

The results presented in Figures 1 and 2 suggest that Myc
is the main transcriptional factor that responded to stress and
opened the CYP2E1 promoter in the presence of C/EBP in the
myocardium.

CYP2E1 Expression is Associated With Myc
Expression and ERK1/2 Pathway and PI3K/Akt
Pathway Activities Under Stress in the
Myocardium
The ERK1/2 and phosphatidylinositol 3 kinase (PI3K)/protein
kinase B (Akt) pathway was activated under stress and injury
in the myocardium, along with an increase in Myc levels.33,34

Furthermore, we performed coimmunoprecipitation fol-
lowed by liquid chromatography coupled with tandem MS to
screen the canonical pathways, and ERK/mitogen-activated
protein kinase (MAPK) and PI3K signaling were both inter-
acted with the CYP2E1 (Table S8). All MS/MS data were
analyzed using Mascot (Matrix Science; version 2.3.0).
Mascot was set up to search the UniProt human database
containing 20 199 protein sequences. Mascot was searched
with a fragment ion mass tolerance of 0.050 Da and a parent

ion tolerance of 10.0 PPM. Carbamidomethyl of cysteine was
specified as fixed modifications. Oxidation of methionine was
specified in Mascot as variable modifications. Only those
proteins with P<0.05 were accepted.

We observed that ERK1/2, PI3K, and Akt phosphorylation
were all significantly increased in associated with increased
Myc and CYP2E1 levels in heart tissues from both TAC- and
adriamycin-treated mice (Figure 3A through 3F; n=5 mice per
group, WT-TAC versus WT-sham [P<0.01]; WT-adriamycin
versus WT-saline [P<0.05]).

This result suggested that CYP2E1 expression is associ-
ated with activation of the ERK1/2 and PI3K/Akt pathway,
which is involved in the regulation of Myc expression in the
heart under stress.

Activation of the ERK1/2 and PI3K/Akt Pathway
is Pivotal for the Expression of CYP2E1 and Myc
in HL-1 Cells Under Stress
To confirm the relationship between the activities of ERK1/2
and PI3K/Akt signal pathways and the expression of CYP2E1
and Myc, we analyzed the expression of CYP2E1 and Myc in
HL-1 cardiomyocytes treated with an MEK/ERK inhibitor and
a PI3K inhibitor.

First, the activities of the ERK1/2 and PI3K/Akt signal
pathway and the expression of CYP2E1 and Myc were all
upregulated by starvation in HL-1 cardiomyocytes (Figure 3G
through 3J; n=5 independent experiment, P<0.01 or P<0.001
for starvation versus normal), in accordance with the results
obtained in vivo (Figure 3A through 3F).

Second, when MEK/ERK phosphorylation was inhibited by
PD098059 (MEK/ERK inhibitor, 50 lmol/L, treatment for
1 hour) under starvation, the expression of CYP2E1 and Myc
decreased by 60.3% (Figure 3G and 3H; n=5 independent
experiment, starvation+PD098059 versus starvation
[P<0.01]) and 47.2% (Figure 3G and 3H; n=5 independent
experiment, starvation+PD098059 versus starvation
[P<0.01]), respectively, compared with starving cells treated
without PD098059.

Third, when PI3K phosphorylation was inhibited by
LY294002 (PI3K inhibitor, 25 lmol/L, treatment for 1 hour)
under starvation, the expression of CYP2E1 and Myc
decreased by 50.2% (Figure 3I and 3J; n=5 independent
experiment, starvation+LY294002 versus starvation [P<0.05])
and 42.2% (Figure 3I and 3J; n=5 independent experiment,
starvation+LY294002 versus starvation [P<0.01]), respec-
tively, compared with starving cells treated without
LY294002.

These results suggest that activation of the MEK/ERK
and PI3K signal pathway is pivotal in the regulation of
CYP2E1 and Myc expression in myocardium under stress
and/or injury.
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Inhibiting Myc Blunted CYP2E1 and Consequently
Reduced Oxidative Stress and Apoptosis

The molecular mechanism involved in CYP2E1 upregulation
in the myocardium based on promoter interaction and
signal pathway analysis in mice and myocyte models under
stress and/or injury were determined above. Then, we
further verified whether inhibiting Myc would result in
blunting of CYP2E1 and consequently reduced indices of
oxidative stress and release of cytochrome c and

activation of caspase 3 and 9. We measured H2O2,
malondialdehyde, antioxidant glutathione, and T-AOC,
which reflect the level of oxidative stress. H2O2 and
malondialdehyde were all increased, while glutathione and
T-AOC were all decreased after the starvation treatment (in
a medium without serum for 8 hours). All 4 indexes
reversed after the treatment of Myc inhibitor 10058-F4
(20 lmol/L for 8 hours, Figure 4A through 4D; n=3
independent experiment, starvation versus PBS and star-
vation+10058-F4 versus starvation [P<0.05]).

Figure 2. Myc expression is upregulated in response to stress in the myocardium. A, Hematoxylin and eosin (H&E) staining of the whole-heart
transverse sections after thoracic aorta constriction (TAC) or adriamycin treatment (left line). Magnification of H&E-stained sections of the left
ventricle (middle line; magnification 9400, scan bar is 20 lm). Magnification of Masson trichrome–stained left ventricle section (right line;
magnification 9400, scan bar is 20 lm). Myocytes stained red and collagen stained green. Echocardiographic parameters of left ventricular
posterior wall thickness in systole (LVPWS) (B), left ventricular fractional shortening (LVFS) (C), and left ventricular end-diastolic diameter (LVEDS)
(D) were analyzed in TAC-treated mice at 0, 2, 4, and 8 weeks after TAC treatment (*P<0.05, **P<0.01, or ***P<0.001 vs sham group). E, Heart
to body weight (HW/BW) ratio in TAC-treated mice (n=6 mice per group, **P<0.001 vs sham group). F, Quantitative analysis of collagen area for
mouse models (n=3 mice per group, n=3 microscopic fields per mice; ***P<0.001 vs control group). Echocardiographic parameters of LVPWS (G),
LVFS (H), and LVEDS (I) were analyzed in adriamycin-treated mice at 2 weeks after cessation of adriamycin treatment (n=8 mice in the adriamycin
group, n=10 mice in the saline group; **P<0.01 vs saline group). J, HW/BW ratio in adriamycin-treated mice (n=6 mice in the adriamycin group,
n=7 mice in the saline group; **P<0.01 vs saline group). K, Myc, CCAAT enhancer binding protein (C/EBP)-a, C/EBP-b, and C/EBP-f expression
in heart tissues of mouse models. Quantitative analysis of Myc (L), C/EBP-a (M), C/EBP-b (N), and C/EBP-f (O) proteins expression using GAPDH
for normalization (n=6 mice per group, **P<0.01 TAC vs sham; ##P<0.01 adriamycin vs saline. NS indicates nonsignificant.
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We then tested the apoptosis relative proteins, release of
cytochrome c, and activation of caspase 9 and 3 and they
were all increased after the starvation treatment (in a medium
without serum for 8 hours). All of these indexes reversed after
the treatment of Myc inhibitor 10058-F4 (20 lmol/L for
8 hours, Figure 4E through 4J; n=3 independent experiment,
starvation versus PBS and starvation+10058-F4 versus star-
vation [P<0.05 or P<0.01]).

In addition, the characteristics of the pathological role of
CYP2E1 in oxidative stress and apoptosis were also deter-
mined. We comparatively analyzed ROS production and
myocytes apoptosis in CYP2E1-ov and CYP2E1-kd mice at
1, 5, and 8 months of age.

CYP2E1 overexpression significantly increased the levels
of the oxidants of H2O2 (Figure S2A; n=3 mice per group at
each age [P<0.05]) and malondialdehyde (Figure S2B; n=3
mice per group at each age [P<0.05 or P<0.01]), and
decreased the levels of the antioxidant glutathione (Fig-
ure S2C; n=3 mice per group at each age [P<0.05 or
P<0.001]) and T-AOC (Figure S2D; n=3 mice per group at each
age [P<0.05]) in heart tissues, compared with the non-
transgenic group.

By contrast, knockdown of the expression of CYP2E1
resulted in an oxidation-resistance tendency, especially with
respect to glutathione and T-AOC levels in heart tissues at a
young age, compared with the non-transgenic group

Figure 3. Activation of the extracellular signal–regulated kinase (ERK) 1/2 and phosphatidylinositol 3 kinase (PI3K)/protein kinase B (Akt)
pathway is pivotal for the expression of cytochrome P450 2E1 (CYP2E1) and Myc in HL-1 cells under stress. Expression of CYP2E1, Myc,
phosphorylated, and total level of ERK1/2, PI3K, and Akt in heart tissues of thoracic aorta constriction (TAC)– and adriamycin-inducedmousemodels
(A). Quantitative analysis of protein expression using GAPDH for normalization (B through F, **P<0.01 or ***P<0.001 TAC vs sham; #P<0.05 or
##P<0.01 adriamycin vs saline). Expression of CYP2E1,Myc, phosphorylated, and total level of ERK1/2 in HL-1 cells under starvationwith or without
mitogen-activated protein kinase kinase/ERK inhibitor (G). Quantitative analysis of protein expression using GAPDH for normalization (H, **P<0.01
or ***P<0.001 starvation vs PBS; #P<0.05 or ##P<0.01 starvation+PD098059 vs starvation). Expression of CYP2E1,Myc, phosphorylated, and total
level of PI3K and Akt in HL-1 cells under starvation with or without a PI3K inhibitor (I). Quantitative analysis of protein expression using GAPDH for
normalization (J, **P<0.01 or ***P<0.001 starvation vs PBS; #P<0.05 or ##P<0.01 starvation+LY294002 vs starvation).
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(Figure S2A through S2D; n=3 mice per group at each age
[P<0.05]).

CYP2E1 overexpression increased ROS production and, in
turn, caused progressive myocyte apoptosis. The apoptotic
index reached up to 14.60% in CYP2E1-ov transgenic mice at
8 months of age (Figure S2E and S2F; n=3mice per group, n=3
slides per mouse, n=9 microscopic fields per slide [P<0.01]), a
7-fold increase compared with the non-transgenic group.

By contrast, apoptotic myocytes were rare in both non-
transgenic and CYP2E1-kd mice, with apoptotic index of
1.74% and 1.13%, respectively, at 8 months of age (Figure S2E
and S2F; n=3 mice per group, n=3 slides per mouse, n=9
microscopic fields per slide), Moreover, CYP2E1 knockdown
tended to inhibit apoptosis.

Discussion

Our results demonstrated that ERK1/2 and PI3K/Akt path-
ways and multiple environmental stimulus modulate Myc
expression, at least in part. Increased Myc is the key
transcriptional factor for opening CYP2E1 promoter especially
under stress or injury. Furthermore, CYP2E1 is likely a sensor
of diverse pathophysiological factors and states in the
myocardium, and upregulated CYP2E1 has multiple patho-
physiological roles in the heart, including increased oxidative
stress and apoptosis as well as energy supply to meet the
energy demand of the heart in certain disease states
(Figure 5). Our discovery thus provides a basis for a therapeu-
tic strategy for heart diseases targeting Myc and CYP2E1.

Figure 4. Inhibiting Myc blunted cytochrome P450 2E1 (CYP2E1) and consequently reduced Oxidative stress and apoptosis. Level of H2O2 (A),
malondialdehyde (B), glutathione (C), and total antioxidant capacity (T-AOC) (D) in HL-1 cells under starvation with or without Myc inhibitor
10058-F4 (*P<0.05 starvation vs PBS or starvation+100058-F4 vs starvation). Mitochondrial cytochrome c (Cyt-c) release and the activation of
caspase 9 and caspase 3 were measured by Western blot in lysate from HL-1 cells under starvation with or without Myc inhibitor 10058-F4 (E).
Quantitative analysis of Cyt-c in cytoplasm and mitochondria (F). Quantitative analysis of activation of caspase 9 and caspase 3 using GAPDH for
normalization (G through J, *P<0.05 or **P<0.01 starvation vs PBS or starvation+100058-F4 vs starvation).
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Major Findings

CYP2E1 upregulation has been associated with multiple
conditions, such as fasting, nutrition intake, and various
pathophysiological states, including liver disease, cardiovas-
cular injury, tumorigenesis, neuronal dysfunction, and dia-
betes mellitus.4,9,11,21 Upregulated expression of CYP2E1 is
involved not only in pathways related to energy metabolism
but also oxidative damage of heart tissues, with direct
importance for heart disease.2,9,21–26,35

We previously found that CYP2E1 upregulated under
multiple pathophysiological status in the myocardium, includ-
ing cTnTR141W DCM transgenic mice, LmnaE82K DCM trans-
genic mice, and the adriamycin-induced DCM/myocardial
injury mouse model.3,21 Consistent with these findings, in the
present study, we demonstrated that CYP2E1 levels were also
increased significantly in the myocardium of a LAD-induced
ischemia mouse model, TAC-induced cardiomyopathy/HF
mouse model, and HL-1 myocyte under stress due to
starvation or isoprenaline treatment. In addition, we also
observed a significant increase in CYP2E1 levels in heart
tissues from patients with HCM.

Taken together, these findings suggest that the upregula-
tion of CYP2E1 in the myocardium is a common event in
multiple heart diseases and states, including hypertension,
cardiomyopathy, myocardial ischemia, starvation, and stress.

CYP2E1 is likely a sensor of diverse pathophysiological
factors and status in the myocardium.

Another important new perspective provided by this work is
thatMyc interacted with the CYP2E1 promoter and activated its
transcription. Myc and C/EBP were both important transcrip-
tion factors for opening the CYP2E1 promoter in the
myocardium. However, the expression of C/EBP is stable,
and Myc exhibited a significant increase under stress or injury.
Therefore, Myc was the key transcription factor for opening the
CYP2E1 promoter especially under stress or injury.

We then determined that the characteristic of the patholog-
ical role that CYP2E1 involved in oxidative stress and apoptosis
with age. We found that the extent of oxidative stress worse
with age in CYP2E1-overexpressing transgenic mice, indicated
by levels of H2O2, malondialdehyde, antioxidant glutathione,
and T-AOC. By contrast, oxidation resistance was extremely
high in CYP2E1 knockdown transgenicmice at a young age, and
this resistance decreased with age. The trends in the levels of
H2O2, malondialdehyde, glutathione, and T-AOC in CYP2E1
knockdown mice were opposite of those observed in CYP2E1-
overexpressingmice.Our and others’ findings demonstrate that
CYP2E1 overexpression could increase oxidative stress and
apoptosis in heart tissues, and energy supply to meet the
energy requirement in disease status and the injury degree
increases gradually with age. By contrast, CYP2E1 knockdown
inhibits this process.

Figure 5. Schematic diagram showing the mechanism of cytochrome P450 2E1 (CYP2E1) expression and
its pathophysiological roles in myocardium. Akt indicates protein kinase B; Cyt-c, cytochrome c; ERK,
extracellular signal–regulated kinase; MEK mitogen-activated protein kinase kinase, PI3K, phosphatidyli-
nositol 3 kinase; T-AOC, total antioxidant capacity.
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Strengths and Limitations
The activation of both PI3K/Akt and ERK1/2 has been
implicated in the association with ischemic preconditioning,
cardioprotection, and hypertrophy.36 Both of these signaling
pathways and multiple stresses are indicated in the involve-
ment in the upregulation of Myc.33,37,38 In recent years, it has
been demonstrated that Myc is rapidly upregulated in response
to virtually all forms of pathologic stress, and Myc plays an
important role in the development of cardiac hypertrophy and
HF and energymetabolism in themyocardium.29,39,40 However,
the mechanism involved in the interaction between Myc and
CYP2E1 has not been reported until now. Taken together, our
results suggest that Myc participates in apoptosis and energy
metabolism, at least in part, through CYP2E1.

The PI3K/Akt pathway and the MAPK pathway are
usually known as protective pathways; however, it has been
determined that ROS induction is often accompanied by
activation of PI3K, and this has been proven by using
inhibitors of PI3K and PI3K knockout mice. Therefore, PI3K
seems to be commonly involved in the ROS accumulation
induced by cytokines and growth factors. ROS, such as
H2O2 and oxygen, have emerged as key mediators of
intracellular signaling, which is elevated by various types of
extracellular stimuli, including growth factors, cytokines,
and environmental stresses. It is widely accepted that ROS
can modulate cell functions by activating MAPKs, phospho-
lipase C, protein kinase C, and various other types of
signaling components. In addition to the role of PI3K in
ROS induction, PI3K in various cell types was activated in
response to the exogenous application of H2O2. H2O2

stimulation leads to the initiation of downstream signaling
events, such as stimulation of phospholipase Cc2 and
MAPK and activation of PI3K. In addition, hydrogen
peroxide treatment caused an increase in the amount of
p85 PI3K associated with the particulate fraction. Further-
more, upregulated CYP2E1 participated in oxidative stress
and apoptosis via bioactivation, leading to pronounced
formation of toxic secondary metabolites and ROS, which
ultimately induces tissue and cellular damage.7,8

In addition, our recent research has shown that CYP2E1 is
also involved in energy supply in myocardium, and this may be
one of the reasons for the activation of ERK1/2 and PI3K/Akt
pathways, which usually play a role in the organism. CYP2E1
is involved in the metabolism of endogenous ketones and also
participates in the metabolism of gluconeogenesis through
ketone bodies. Ketone bodies can be efficient fuel in special
disease statuses.41 Thus, CYP2E1 has multiple pathophysio-
logical roles in the heart, including increased oxidative stress
and apoptosis as well as energy supply to meet the energy
demand of the heart in certain disease states.

Conclusions
ERK1/2 and PI3K/Akt pathways and multiple environmental
stimuli modulate Myc expression, at least in part. Increased Myc
is the key transcriptional factor for opening the CYP2E1 promoter
especially under stress or injury. CYP2E1 has multiple patho-
physiological roles in the heart, including increased oxidative
stress and apoptosis as well as energy supply to meet the energy
demand of the heart in certain disease states. Thus, these
findings suggest that targeting CYP2E1 could potentially be a
therapeutic strategy for pathological cardiac hypertrophy and HF.
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SUPPLEMENTAL MATERIAL 



Table S1. The oligonucleotide/primer sequences in this study. 

Name Sequence (5’→3’) Application 

CYP2E1-ov forward CCAAGTTGGCAAAGCGCT Genotyping for 

Cyp2e1-ov mice CYP2E1-ov reverse AAAAGACCAAAGGCCAGCC 

CYP2E1-kd forward GGCATGGACGAGCTGTACAA Genotyping for 

Cyp2e1-kd mice CYP2E1-kd reverse CTCTAGATCAACCACTTTGT 

CYP2E1-ChIP 

forward 

CCTGGATGAACAAGCACA ChIP 

CYP2E1-ChIP 

reverse 

GGCAAGAGCACCTGAAAG PCR primer 

pGL3-cyp2e1(-

350~+37) forward 

GGAATGGTACCCCAGTGCCATG

GGGAAGAC 

PCR primer 

pGL3-cyp2e1(-

350~+37) reverse 

TTCTCGAGAGACAAGCAAGGC

AACGGT 

PCR primer 

pGL3-cyp2e1(-

700~+37) forward 

GGAATGGTACCTGCCTAGCATG

TGCAAGGC 

PCR primer 

pGL3-cyp2e1(-

700~+37) reverse 

TTCTCGAGAGACAAGCAAGGC

AACGGT 

PCR primer 

pGL3-cyp2e1(-

855~+37) forward 

GGAATGGTACCCTGGATGAAC

AAGCACATG 

PCR primer 

pGL3-cyp2e1(-

855~+37) reverse 

TTCTCGAGAGACAAGCAAGGC

AACGGT 

PCR primer 

pGL3-cyp2e1(-

1508~+37) forward 

GGAATGGTACCTCCTGCTCTCG

GGACCTTT 

PCR primer 

pGL3-cyp2e1(-

1508~+37) reverse 

TTCTCGAGAGACAAGCAAGGC

AACGGT 

PCR primer 

ChIP, chromatin immunoprecipitation assay. 



Table S2. The sequencing results of the mutated vectors in this study. 

Name Sequence (5’→3’) 

pGL3-

0.9cyp2e1(CEBP 

and MYC mut) 

>cyp2e1(-850~+36,delete -846~-835 and -756~-743)

ggtaccCTGGATGAAACAAATCCAATTTTTAAAAAATTTCTTCTTTTTTTCTTCTGTATTTGACAA 

AGTGTTTTGAAAAACATTTTCCACCTAAGTGGGGCTGTTGAAGGAC 

AGGTAGTACCTTTCAGGTGCTCTTGCCTAGCATGTGCAAGGCCCTGGGTTTGGTCCTTGG 

CACTGCAAATATTCGCTTACACAGACACTCAGAATATCTCAAAGTGCTTTAGCTTTATTT 

ACCTCTACTTTTTTGCCTCCATGGAATTTTCTGGTTGATTTGACAACGTGAAATGGGATC 

CAGAAGTGAGATTTCCTGTTCTGCCCTCAATTTCCAGGTGGGCCATTAGGGTTGTGGTGC 

CAGATCAGAAGTTAGAGGTCTGCAGCCTAGTGCTGTCTTTGGCCTGGAATGAGCAGTAAA 

TGGTTGGAAAAAAAACCTTTCCCAGCAAACAAACACATGCAAACATGATCTGAATGCATG 

CCTTCTGTGCTGACCAGTGCCATGGGGAAGACATTCCCCCACCCCCAGGACTGACCTATG 

AATTGGTGAGGTATTCCTACATGTACTCACCAGCACCCTGACAGGTGCCAGCAACCAGAG 

GATTGGCAGGGCCCAGCCTCATCCTTGTCAGATCAGTAGATGCAACTTCTAAGAGGCAAT 

GGCTCCAAGGGTCAGCCTTTGAAATGATAGCCAACTGCAGCTAATAATAAACCAGCACTT 

TAGGCCAAGGGAGATGAGTGGTTATTGGCTGATGAGCCACCCTCCTTCTCAACGACACGT 

TATAAAATCCTTGTTTCTCCTCAGGAAATTCCTACAAATTTAGAGTGGAGCCCCATCGGC 

ACCATGGCGGTTCTTGGCATCACCGTTGCCTTGCTTGTCTCTCGAG 

pGL3-

0.9cyp2e1(CEBP 

mut) 

>cyp2e1(-850~+36,delete -846~-835)

ggtaccCTGGATGAAACAAATCCAATTTTTAAAAAATTTCTTCTTTTTTTCTTCTGTATTTGACAA 

AGTGTTTTGAAAAACATTTTCCACCTACATTTTTACAAATAAGTGGGGCTGTTGAAGGAC 

AGGTAGTACCTTTCAGGTGCTCTTGCCTAGCATGTGCAAGGCCCTGGGTTTGGTCCTTGG 

CACTGCAAATATTCGCTTACACAGACACTCAGAATATCTCAAAGTGCTTTAGCTTTATTT 

ACCTCTACTTTTTTGCCTCCATGGAATTTTCTGGTTGATTTGACAACGTGAAATGGGATC 

CAGAAGTGAGATTTCCTGTTCTGCCCTCAATTTCCAGGTGGGCCATTAGGGTTGTGGTGC 

CAGATCAGAAGTTAGAGGTCTGCAGCCTAGTGCTGTCTTTGGCCTGGAATGAGCAGTAAA 

TGGTTGGAAAAAAAACCTTTCCCAGCAAACAAACACATGCAAACATGATCTGAATGCATG 

CCTTCTGTGCTGACCAGTGCCATGGGGAAGACATTCCCCCACCCCCAGGACTGACCTATG 

AATTGGTGAGGTATTCCTACATGTACTCACCAGCACCCTGACAGGTGCCAGCAACCAGAG 

GATTGGCAGGGCCCAGCCTCATCCTTGTCAGATCAGTAGATGCAACTTCTAAGAGGCAAT 

GGCTCCAAGGGTCAGCCTTTGAAATGATAGCCAACTGCAGCTAATAATAAACCAGCACTT 

TAGGCCAAGGGAGATGAGTGGTTATTGGCTGATGAGCCACCCTCCTTCTCAACGACACGT 

TATAAAATCCTTGTTTCTCCTCAGGAAATTCCTACAAATTTAGAGTGGAGCCCCATCGGC 

ACCATGGCGGTTCTTGGCATCACCGTTGCCTTGCTTGTCTCTCGAG 

pGL3-

0.9cyp2e1(MYC 

mut) 

>cyp2e1(-850~+36,delete -756~-743)

ggtaccCTGGATGAACAAGCACATGGAACAAATCCAATTTTTAAAAAATTTCTTCTTTTTTTCTTC 

TGTATTTGACAAAGTGTTTTGAAAAACATTTTCCACCTAAGTGGGGCTGTTGAAGGACAG 

GTAGTACCTTTCAGGTGCTCTTGCCTAGCATGTGCAAGGCCCTGGGTTTGGTCCTTGGCA 

CTGCAAATATTCGCTTACACAGACACTCAGAATATCTCAAAGTGCTTTAGCTTTATTTAC 

CTCTACTTTTTTGCCTCCATGGAATTTTCTGGTTGATTTGACAACGTGAAATGGGATCCA 

GAAGTGAGATTTCCTGTTCTGCCCTCAATTTCCAGGTGGGCCATTAGGGTTGTGGTGCCA 

GATCAGAAGTTAGAGGTCTGCAGCCTAGTGCTGTCTTTGGCCTGGAATGAGCAGTAAATG 

GTTGGAAAAAAAACCTTTCCCAGCAAACAAACACATGCAAACATGATCTGAATGCATGCC 

TTCTGTGCTGACCAGTGCCATGGGGAAGACATTCCCCCACCCCCAGGACTGACCTATGAA 



TTGGTGAGGTATTCCTACATGTACTCACCAGCACCCTGACAGGTGCCAGCAACCAGAGGA 

TTGGCAGGGCCCAGCCTCATCCTTGTCAGATCAGTAGATGCAACTTCTAAGAGGCAATGG 

CTCCAAGGGTCAGCCTTTGAAATGATAGCCAACTGCAGCTAATAATAAACCAGCACTTTA 

GGCCAAGGGAGATGAGTGGTTATTGGCTGATGAGCCACCCTCCTTCTCAACGACACGTTA 

TAAAATCCTTGTTTCTCCTCAGGAAATTCCTACAAATTTAGAGTGGAGCCCCATCGGCAC 

CATGGCGGTTCTTGGCATCACCGTTGCCTTGCTTGTCTCTCGAG 



Table S3. Upstream regulators of CYP2E1 screened by Co-IP-MS. 

Upstream Regulator Molecule Type p-value of overlap

BMI1 transcription regulator 3.55E-04 

MYC transcription regulator 1.08E-03 

SIRT1 transcription regulator 1.25E-03 

TBPL1 transcription regulator 1.27E-03 

CEBPZ transcription regulator 2.07E-02 

NUPR1 transcription regulator 4.39E-03 

HNF1A transcription regulator 5.07E-03 

TP53 transcription regulator 5.70E-03 

PIAS3 transcription regulator 8.39E-03 

SPDEF transcription regulator 9.80E-03 

CCND1 transcription regulator 1.10E-02 

E2F4 transcription regulator 1.13E-02 

STAT1 transcription regulator 2.02E-02 

MEF2B transcription regulator 2.07E-02 

NKX2-8 transcription regulator 2.07E-02 

ERG transcription regulator 2.34E-02 

CBX3 transcription regulator 2.46E-02 

MYOD1 transcription regulator 2.55E-02 

EGR3 transcription regulator 2.81E-02 

E2F3 transcription regulator 3.06E-02 

SNAI2 transcription regulator 3.29E-02 

MAX transcription regulator 3.57E-02 

YAP1 transcription regulator 3.96E-02 

TEAD3 transcription regulator 4.10E-02 

PLAGL2 transcription regulator 4.10E-02 

GLIS2 transcription regulator 4.24E-02 

SMARCB1 transcription regulator 4.58E-02 

ELF1 transcription regulator 4.74E-02 

PROX1 transcription regulator 4.74E-02 



Table S4. Echocardiographic characteristics of WT mice 2 weeks after TAC treatment. 

Group Sham TAC 

Number n=12 n=12 

LVDD, mm 3.55±0.31 3.59±0.29 

LVDS, mm 2.32±0.24 2.38±0.32 

LVPWD, mm 0.60±0.16 0.71±0.12 

LVPWS, mm 0.85±0.17 1.05±0.17** 

LVFS, % 34.27±3.91 36.18±5.79 

LVDD: left ventricle (LV) diameter at end diastole; LVDS: LV diameter at end systole; 

LVPWD: LV posterior wall thickness at end diastole; LVPWS: LV posterior wall thickness at 

end systole; LVFS: LV fractional shortening. **P<0.01 TAC versus Sham control. 



Table S5. Echocardiographic characteristics of WT mice 4 weeks after TAC treatment. 

Group Sham TAC 

Number n=11 n=13 

LVDD, mm 3.63±0.24 3.63±0.28 

LVDS, mm 2.38±0.26 2.41±0.48 

LVPWD, mm 0.61±0.12 0.82±0.13*** 

LVPWS, mm 0.88±0.14 1.16±0.12*** 

LVFS, % 33.64±4.57 38.35±6.51* 

LVDD: left ventricle (LV) diameter at end diastole; LVDS: LV diameter at end systole; 

LVPWD: LV posterior wall thickness at end diastole; LVPWS: LV posterior wall thickness at 

end systole; LVFS: LV fractional shortening. *P<0.05, ***P<0.001 TAC versus Sham control. 



Table S6. Echocardiographic characteristics of WT mice 8 weeks after TAC treatment. 

Group Sham TAC 

Number n=6 n=12 

LVDD, mm 3.69±0.59 3.77±0.60 

LVDS, mm 2.41±0.48 2.59±0.76 

LVPWD, mm 0.63±0.07 0.77±0.11** 

LVPWS, mm 0.89±0.12 1.06±0.17* 

LVFS, % 33.73±6.05 30.16±8.26 

LVDD: left ventricle (LV) diameter at end diastole; LVDS: LV diameter at end systole; 

LVPWD: LV posterior wall thickness at end diastole; LVPWS: LV posterior wall thickness at 

end systole; LVFS: LV fractional shortening. *P<0.05, **P<0.01 TAC versus Sham control. 



Table S7. Echocardiographic characteristics of WT mice 2 

weeks after cessation of ADR treatment. 

Group Saline ADR 

Number n=10 n=8 

LVDD, mm 3.46±0.21 3.59±0.19 

LVDS, mm 2.19±0.22 2.53±0.15 

LVPWD, mm 0.59±0.07 0.49±0.06** 

LVPWS, mm 0.85±0.09 0.69±0.09* 

SV, μl 38.18±5.92 35.12±3.32 

LVFS, % 36.73±4.86 28.45±5.15** 

LVDD: left ventricle (LV) diameter at end diastole; LVDS: LV diameter at end systole; 

LVPWD: LV posterior wall thickness at end diastole; LVPWS: LV posterior wall thickness at 

end systole; LVFS: LV fractional shortening; SV: stroke volume. *P<0.05, **P<0.01 ADR 

versus Saline control. 



Table S8. Canonical pathways interacted with CYP2E1 screened by Co-IP-MS. 

Ingenuity Canonical Pathways -log(p-value) Ratio 

p70S6K Signaling 2.26E+00 6.06E-02 

Phospholipase C Signaling 1.97E+00 4.55E-02 

ERK5 Signaling 1.97E+00 7.58E-02 

mTOR Signaling 1.67E+00 4.48E-02 

Cardiac Hypertrophy Signaling 1.66E+00 4.26E-02 

G Protein Signaling Mediated by Tubby 1.58E+00 9.38E-02 

Protein Kinase A Signaling 1.46E+00 3.49E-02 

PI3K Signaling 1.31E+00 4.62E-02 

ERK/MAPK Signaling 1.29E+00 4.00E-02 

Gαq Signaling 6.43E-01 3.11E-02 

JAK/Stat Signaling 6.27E-01 3.61E-02 

TGF-β Signaling 5.89E-01 3.45E-02 

Apoptosis Signaling 5.62E-01 3.33E-02 

SAPK/JNK Signaling 4.54E-01 2.88E-02 

Wnt/Ca+ pathway 4.37E-01 3.17E-02 

HGF Signaling 3.85E-01 2.61E-02 

ErbB4 Signaling 3.67E-01 2.78E-02 

RhoA Signaling 3.37E-01 2.42E-02 

Wnt/β-catenin Signaling 3.37E-01 2.33E-02 

FGF Signaling 2.58E-01 2.20E-02 

Death Receptor Signaling 2.49E-01 2.15E-02 

STAT3 Pathway 2.31E-01 2.06E-02 

AMPK Signaling 0.00E+00 1.39E-02 

PKCθ Signaling in T Lymphocytes 0.00E+00 1.89E-02 

Role of MAPK Signaling in the 

Pathogenesis of Influenza 0.00E+00 1.39E-02 



 A, WT-sham (n=16 mice) and WT-TAC (n=21 mice) mice was calculated every two weeks 

until the eighth week after TAC (non siganification versus TAC group). B, WT-saline (n=20 

mice) and WT-ADR (n=24 mice) mice was calculated every week until 2 weeks after 

cessation of ADR treatment (*P<0.05 versus saline group). 

Figure S1. Cumulative percent mortality for mouse models.



Level of H2O2 (A), malondialdehyde (MDA) (B), glutathione (GSH) (C) and total 

antioxidation capacity (T-AOC) (D) in heart tissues from NTG, CYP2E1-ov and CYP2E1-

kd transgenic mice at 1, 5 and 8 months of age (* P<0.05, **P<0.01 or ***P<0.001 versus 

NTG group). E, Representative photographs of heart tissue used for TUNEL assay. The 

arrows indicate TUNEL-positive cells (magnification, ×400). F, The quantitative analysis of 

apoptotic cells in the hearts tissues from NTG, CYP2E1-ov and CYP2E1-kd transgenic 

mice at 1, 5 and 8 months of age (n=3 mice per group, n=3 microscopic fields per mice, 

**P<0.01 versus NTG group). 

Figure S2. CYP2E1 increased oxidative stress and apoptosis in mice. 




