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Garlic extract diallyl sul�de protects against dilated
cardiomyopathy through inhibition of oxidative
stress and apoptosis in mice
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Abstract
Background: Diallyl sul�de (DAS) is an active ingredient in garlic that is induced when the garlic is
chopped and ground. DAS has been found to act as a competitive inhibitor of CYP2E1, which is a
member of the cytochrome P450 enzyme family and catalyses the metabolism of various substrates.

CYP2E1 is upregulated in multiple heart diseases and causes damage mainly through the production of
ROS. In mice, increased CYP2E1 expression induces cardiac myocyte apoptosis, and CYP2E1 knockdown
can attenuate the pathological development of DCM. Nevertheless, Targeted inhibition of CYP2E1 for the
treatment of dilated cardiomyopathy (DCM) remain limited. The aim of this study was to investigate the
therapeutic effect of DAS on cardiomyopathy and its possible molecular mechanisms, and provide new
clues and approaches for the clinical treatment of cardiomyopathy and heart failure.

Methods: Echocardiography were performed to identify mouse heart function and structure. histological
analysis and RT-PCR were conducted to investigate that improved Myocardial morphology and �brosis
and measurement of reactive oxygen species (ROS) and tunel Assay were used to detected DAS inhibit
ROS production and myocyte apoptosis in cTnTR141W DCM mice. Western Blot were performed to
investigate the mechanism of apoptosis pathway.

Results: Diallyl sul�de (DAS), a competitive inhibitor of CYP2E1, improves the typical DCM phenotype,
including chamber dilation, wall thinning, �brosis, poor myo�bril organization and decreased ventricular
blood ejection, by inhibiting ROS production and myocyte apoptosis in cTnTR141W DCM mice.

Conclusions: Our results suggest that inhibition of CYP2E1 might be a valuable therapeutic strategy to
control the development of heart diseases associated with CYP2E1 overexpression. Moreover, the
development of DAS analogues with superior inhibitory properties and lower substrate potential for
CYP2E1 might be bene�cial for patients with heart disease. 

Background
Dilated cardiomyopathy (DCM), characterized by the dilation of the heart chambers and the attendant
impaired systolic functions, is the most frequent cause of heart transplantation and the third most
common reason for heart failure (HF). HF is a major health burden and occurs in response to many
genetic and non-genetic factors [1]. Therefore, development advanced therapies and exploration of new
and effective drugs are still desperately needed.

CYP2E1 is a member of the cytochrome P450 enzyme (CYP) family of heme proteins and is expressed in
the liver, brain and heart in humans and animals [2–5]. The expression of CYP2E1 is upregulated in a
wide variety of pathological states and diseases, including obesity, diabetes mellitus, alcoholic liver
disease, in�ammation, Parkinson's disease and cancer [6–10]. Our previous studies have showed that
increased CYP2E1 expression induces cardiac myocyte apoptosis, and CYP2E1 knockdown can
attenuate the pathological development of DCM [4, 11].
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CYP2E1 has been used as a therapeutic target in drug discovery [12]. Therefore, application of CYP2E1
inhibitors may be one of the feasible approaches for the treatment of cardiomyopathy. Diallyl sul�de
(DAS) is a competitive inhibitor of CYP2E1, which is isolated from garlic [12, 13]. Garlic is chopped and
ground to induce the production of a vacuolar alliinase enzyme that rapidly converts the most important
initial sulphide in garlic, alliin, into allicin, which is extremely unstable and can be easily converted into oil-
soluble sulphur compounds: diallyl disul�de (DADS), diallyl sul�de (DAS), diallyl trisul�de (DATS). Of
these, diallyl sul�de is a competitive inhibitor of CYP2E1 and has low toxicity and rapid metabolism [14,
15].

DAS treatment can recover ethanol-induced pathological changes in the liver by inhibiting CYP2E1-
mediated alcohol metabolism and subsequent oxidative stress [8, 16]. Furthermore, DAS treatment can
prevent or reduce myocardial systolic dysfunction induced by chronic ethanol exposure [17]. Studies of
the effects of DAS have suggested that CYP2E1 inhibition might have potential effects on the
development of diseases characterized by high CYP2E1 levels. Nevertheless, Targeted inhibition of
CYP2E1 for the treatment of dilated cardiomyopathy (DCM) remain limited.

And in this study, we use the cTnTR141W transgenic mice, a mouse model with typical DCM phenotypes,
which was established in our lab, as decreased survival rate, dilated chambers, thin walls, and cardiac
dysfunction [4, 18, 19]. Accumulating evidence suggests an important role of oxidative stress in the
pathophysiology of cardiac remodelling and HF [20, 21]. We and others have shown that CYP2E1 is
upregulated in human heart tissue with hypertrophic cardiomyopathy (HCM) and in animal heart tissue
with DCHF [4, 22, 18, 23–28], including the cTnTR141W transgenic mice.

Accordingly, in the present study, we used the established engineered DCM mice models, to investigate
the therapeutic effect of DAS on cardiomyopathy and its possible molecular mechanisms, and provide
new clues and approaches for the clinical treatment of cardiomyopathy and heart failure.

Methods

Animals
cTnTR141W transgenic mice were maintained in a C57BL/6J genetic background and developed
characteristics of DCM by 4 months of age as in our previous report [19].

All mice were bred in an AAALAC-accredited facility, and the procedures were approved by the Animal
Care and Use Committee at the Institute of Laboratory Animal Science, Peking Union Medical College
(ZLF18004).

Groups and Treatment
Four-month-old male and female cTnTR141W transgenic mice were randomly assigned to treatment
groups, half male and half female. DAS (A35801, Sigma-Aldrich, Saint Louis, USA) was diluted in corn oil



Page 4/21

to a �nal concentration of 80 mg/ml. In the treatment groups, cTnTR141W transgenic mice were
administered DAS at a dose of 200 mg/kg (n = 12) or 400mg/kg (n = 10) via intraperitoneal injection
twice weekly for 6 weeks. A group of cTnTR141W transgenic mice (n = 9) and Non-transgenic littermates
(NTG, n = 10) were treated with corn oil as the placebo control and wild-type normal control, respectively.
As a positive control, a group of cTnTR141W transgenic mice were treated with Enalaprilat, an angiotensin-
converting enzyme (ACE) inhibitor that has been widely used in the clinical treatment of DCM and HF [29,
30], at a dose of 0.76 mg/kg (n = 9). The dose of DAS was selected based on other experimental studies
[31, 32]. The dose of Enalaprilat was calculated from the ratio of mice to human weight.

Echocardiography
Mouse heart function and structure were analysed by echocardiography once every two weeks during
treatment, with a total of three assessments per mouse. Brie�y, the mice were lightly anesthetized by
intraperitoneal injection of tribromoethanol at a dose of 216 mg/kg and then subjected to 2-D guided M-
mode echocardiography with a 30-MHz transducer for echocardiographic examination (Vevo770,
VisualSonics, Toronto, Canada). Measurements of left ventricular fractional shortening (LVFS), left
ventricular ejection fraction (LVEF), left ventricular end-systolic diameter (LVESD) and left ventricular
posterior wall at end systole (LVPWS) were based on the analysis of at least 10 separate cardiac cycles.

Histological Analysis
For light microscopy, heart tissues were �rst �xed in 4% formaldehyde and then processed according to
standard pathology procedures [4]. Heart tissue sections were photographed after HE staining and
Masson staining. For Masson trichrome staining, sections were incubated in celestine blue solution
(Solarbio, G1345, Beijing, China) for 5 min, brie�y washed with H2O, incubated in hemalun solution for 5
min, in H2O for 10 min, in Fuchsine acid / Ponceau Xylidine (0.5% Fuchsine acid, 1.5% Ponceau Xylidine,
1,75% glacial acetic acid) for 5 min, brie�y washed with H2O, incubated in phosphomolybdic acid (1%) for
10 min, in aniline blue solution (2.5% anilin blue, 2.5% glacial acetic acid) for 5 min, brie�y washed with
H2O, incubated in acetic acid (1%) for 1 min, then brie�y in an ascending isopropanol series followed by
xylol, before they were embedded.

For transmission electron microscopy (TEM), heart tissues were �xed in 2.5% glutaraldehyde that
dissolved in phosphate buffer and processed according to standard procedures [4]. Cutting thin tissue
sections on an ultramicrotome and mounted on a grid. Thin sections were further stained with an equal
mixture of 4% uranyl acetate and acetone for 30 s and lead citrate for 2 min. Through JEM-1400
transmission electron microscope (JEOL Ltd, Tokyo, Japan) ultrastructure observation, verifying the
effect of DAS on ultrastructure of cardiomyocytes in the cTnTR141W mice.

Measurement of ROS
After treatment, the mice were sacri�ced, and total lysates were prepared as previously reported [4]. H2O2,
lipid peroxidation (MDA) and glutathione (GSH) in heart tissues were measured with Abcam assay kits
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[Hydrogen Peroxide Assay Kit (ab102500, Cambridge, MA, USA), MDA Assay Kit (ab118970), GSH/GSSG
Ratio Detection Assay Kit (ab138881)] following the manufacturer's procedures.

For H2O2 assay, wash 10 mg tissue in cold PBS. Then homogenize tissue in 500 µL assay buffer with a
Dounce homogenizer sitting on ice, with 10–15 passes. Centrifuge sample for 5 minutes at 4°C at top
speed using a microcentrifuge to remove any insoluble material. Centrifuge at 13,000×g for 10 minutes. A
microplate reader was used to measure the content of H2O2 in the heart tissue of each group.

For lipid peroxidation assay, wash 10 mg heart tissue in cold PBS. Homogenize tissue in 303 µL Lysis
Solution with a Dounce homogenizer sitting on ice, with 10–15 passes. Centrifuge at 13,000×g for 10
minutes to remove insoluble material. Add TBA reagent into the supernatant to Generate MDA-TBA
adduct. Measure absorbance immediately at Ex/Em = 532/553 nm for �uorometric assay.

For glutathione assay, Wash 10 mg heart tissue in cold PBS. Resuspend tissue in 400 µL of cold
Mammalian Lysis Buffer. Homogenize heart tissue with 10–15 passes. Centrifuge sample for 15 minutes
at 4°C at top speed using a cold microcentrifuge to remove any insoluble material. Collect supernatant
and add 50 µL of GSH Assay Mixture (GAM) into each GSH standard and sample well to make the total
assay volume 100 µL/well. Incubate for 25 minutes and monitor �uorescence at Ex/Em = 490/520 nm
with a �uorescence microplate reader.

TUNEL Assay
For apoptotic cell staining, para�n slices of heart tissues were stained with an ApopTag Plus Peroxidase
In Situ Apoptosis Kit (S7101, Millipore, Billerica MA, USA) following the manufacturer's procedures. In
brie�y, hearts were stained in duplicate using the Apoptag kit previously optimized for formalin-�xed,
para�n embedded whole tissue sections. Formalin-�xed, para�n-embedded tissue slides were
rehydrated using xylene to alcohol washings, followed by a hydrogen peroxide–methanol quench. The
samples were treated with 25 µg/mL of proteinase K at 37° C for 8 minutes. After washing and
incubation with equilibration buffer for 5 minutes, Tdt was diluted 1:3.9 with reaction buffer and
incubated on the heart sections for 1 hour at 37°. After applying stop solution for 15 minutes and
washing, the samples were incubated with antidigoxigenin peroxidase conjugate at 37° C for 30 minutes.
Slides were developed with a 1:20 dilution of diaminobenzidine (3,3'-diaminobenzidine) substrate,
counterstained with methyl green, dehydrated, and coverslipped. In each group of three mice, three
discrete slices were selected from each mouse and the proportion of apoptotic cardiomyocytes was
calculated.

RT-PCR
Total RNA was isolated from heart tissues using TRIzol reagent (15596018, Invitrogen, Carlsbad, CA,
USA) and used to synthesize cDNA with a reverse transcription kit (RR820A, TaKaRa, Shiga, Japan)
following the manufacturer's procedures. mRNA expression of Procollagen type III α1 (Col3α1) was
detected by RT-PCR and normalized under the standard condition of GAPDH (Primers: Col3α1: 5'-
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CTCAAGAGCGGAGAATACTGG and 5'-CAATGTCATAGGGTGCGATA; GAPDH: 5'-
CAAGGTCATCCATGACAACTTTG and 5'-GTCCACCACCCTGTTGCTGTAG). The PCR outputs of Col3α1
quanti�ed by Quantity One software.

Western Blot
Heart tissues were homogenized to obtain total lysates, followed by fractionation by a
Mitochondrial/Cytosol Fractionation Kit (ab65320, Abcam, Cambridge, MA, USA) to obtain the cytosolic
and mitochondrial fractions. The total lysates and cytosolic and mitochondrial fractions were separated
by 15% SDS/PAGE and transferred to a nitrocellulose membrane (Immobilon NC, Millipore, Billerica MA,
USA). Primary antibodies speci�c for CYP2E1, Cardiac Troponin T, cytochrome c, procaspases 3 and 9,
cleaved (active) caspases 3 and 9 (ab28146, Abcam; ab8295, Abcam; ab13575, Abcam; ab13847,
Abcam; ab47537, Abcam; 9507S, 9664S, Cell Signalling Technology, Beverly, MA, USA) and anti-beta-
tubulin (ab21058, Abcam) were used. Primary antibody binding was visualized using a chemiluminescent
detection system (Western Blotting Luminal Reagent, Santa Cruz Biotechnology) and analysed using the
densitometry function of Quantity One software (Bio-Rad, Hercules, CA, USA).

Statistical Analysis
The data were analysed by two-tailed unpaired t-tests and one-way ANOVA followed by Tukey’s post hoc
analysis.
Data shown are the mean ± s.d with P < 0.05 considered statistically signi�cant.

Results

DAS Improves Cardiac Morphology Breakage and
Dysfunction in cTnTR141W DCM Mice
The cTnTR141W transgenic mice displayed typical DCM phenotypes, with dilated chambers, thin walls, and
cardiac dysfunction, which were successfully established in our previous study. In cTnTR141W DCM mice,
CYP2E1 expression is induced in heart tissues, and knockdown of endogenous CYP2E1 level signi�cantly
prevents the development of DCM [4, 23].

To test the protective effect of DAS, an inhibitor of CYP2E1, on the development of DCM, we analysed
cardiac morphology and function with M-mode echocardiography in the cTnTR141W DCM mice during
treatment. And four-month-old cTnTR141W transgenic mice, typically develop DCM from this time of age,
were randomly assigned to three treatment groups, including. DAS low-dose group (200 mg/kg, n = 12),
DAS high-dose group (400 mg/kg, n = 10), positive drug control group (Enalaprilat, an angiotensin-
converting enzyme (ACE) inhibitor that has been widely used in the clinical treatment of DCM and HF,
0.76 mg/kg, n = 9). The dose of DAS was selected based on other experimental studies [31, 32]. The dose
of Enalaprilat was calculated from the ratio of mice to human weight. Non-transgenic littermates (NTG, n 
= 10) and a group of cTnTR141W transgenic mice (Placebo, n = 9) were treated with corn oil as the wild-
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type normal control and placebo control. Therefore, there are all �ve groups, including NTG, cTnTR141W,
DAS treatment (400mg/kg), DAS treatment (200mg/kg), Enalaprilat treatment in this study.

The DAS treatment improved cardiac morphology breakage and dysfunction in a dose-dependent
manner; furthermore, signi�cant improvements were observed in the early stages of treatment compared
with the Enalaprilat group (Fig. 1).

Compared with the non-transgenic group, the cTnTR141W transgenic mice showed typical FDCM
phenotypes as dilated chambers, thin walls and cardiac dysfunction. It was evidenced by a 34.5%
increase in LVESD (Fig. 1A- 1B and Table S1, n = 7, P < 0.001), a 19.7% decrease in LVPWS (Fig. 1A, 1C
and Table S1, n = 7, P < 0.001), and a 37.7% decrease in LVEF (Fig. 1A, 1D and Table S1, n = 7, P < 0.001).

After 2 weeks of treatment, compared with the cTnTR141W group, left ventricle end-systole diameter
(LVESD) decreased by 26.5% and 25.9% in the 400 mg/kg group (Fig. 1E and Table S1, n = 8, P < 0.001)
and 200 mg/kg group (Fig. 1E and Table S1, n = 9, P < 0.001), respectively, but decreased by 18.9% in the
Enalaprilat group (positive control, Fig. 1E and Table S1, n = 7, P < 0.01). Posterior wall at end systole
(LVPWS) also increased signi�cantly in both DAS groups (Fig. 1F and Table S1, n = 7, P < 0.01). There
were 57.8% and 43.1% increases in left ventricle ejection fraction (LVEF) in the 200 mg/kg group (Fig. 1G
and Table S1, n = 9, P < 0.001) and 400 mg/kg group (Fig. 1G and Table S1, n = 8, P < 0.001), compared
with the cTnTR141W group, respectively, but only by 35.2% in the Enalaprilat group (positive control,
Fig. 1G and Table S1, n = 7, P < 0.05).

After 6 weeks of processing, compared with the cTnTR141W group (placebo), LVESD decreased by 22.4%
in the 400 mg/kg group (Fig. 1E and Table S3, n = 7, P < 0.001), while the Enalaprilat group (positive
control) fell by only 11.1% (Fig. 1E and Table S3, n = 7, P < 0.05). LVPWS also increased signi�cantly in
the 400 mg/kg group compared with the placebo group (Fig. 1F and Table S3, n = 7, P < 0.05), but LVPWS
between the 400 mg/kg group and the Enalaprilat group was no signi�cant difference. There was a
50.2% increase in LVEF in the 400 mg/kg group (Fig. 1G and Table S3, n = 7, P < 0.001) compared with the
cTnTR141W group, but did not increase signi�cantly in the Enalaprilat group (Fig. 1G and Table S3, n = 7, P 
> 0.05), And all three parameters given no signi�cance between the 200 mg/kg group and the placebo
group.

Compared with Enalaprilat treatment, treatment with 400 mg/kg DAS resulted in a greater improvement
of DCM dysfunction (Fig. 1H-1K), as evidenced by the changes in LVPWS and LVAWD (Fig. 1I and 1K).
Furthermore, this improvement occurred earlier in both DAS groups than in the Enalaprilat group
according to the signi�cance analysis.

DAS Inhibits Cardiac Pathological Changes in cTnTR141W

DCM Mice
After DAS treatment, hearts from all �ve groups were sampled for gross morphology examination and
pathological examination.
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First of all, we have analysed the expression of CYP2E1 protein by western blot, and which was dose
dependent with the dose treated by DAS. The expression of CYP2E1 protein in 200 mg/kg and 400 mg/kg
DAS groups decreased by 35.5% (Fig. 2A-2B, n = 3, P < 0.01) and 51.8% (Fig. 2A-2B, n = 3, P < 0.001). While
the expression of CYP2E1 protein fell by 35.9% in the Enalaprilat group (Fig. 2A-2B, n = 3, P < 0.01).
Furthermore, we have analysed the expression of cTnT protein, too. The mutant form of cTnT is the
human mutant form which was introduced by the transgenic method, that is, the cTnT band at the higher
molecular weight in Fig. 2A, and the location of endogenous cTnT proteins in mouse myocardium was
slightly lower than that of exogenous mutants. The expression of the cTnT given no difference between
three therapeutic groups and the model group (Fig. 2C)

The increased heart to body weight ratio of cTnTR141W mice was reversed by DAS treatment to nearly the
normal level found in the 400 mg/kg group and 200 mg/kg group (Fig. 2A, n = 6, P < 0.05). DAS treatment
signi�cantly improved the chamber dilation, wall thinning, myocyte disarray in cTnTR141W mice, as
analysed by hematoxylin-eosin (H&E) (Fig. 2E-2F). By contrast, Enalaprilat treatment failed to inhibit
chamber dilation in cTnTR141W mice (Fig. 2D-2E, n = 6, P > 0.05). Through transmission electron
microscopy (TEM) ultrastructure observation, DAS treatment also clearly improved the poor myo�bril
organization, including diffusion, damage and lysis, in cTnTR141W mice (Fig. 2H). Quantitative analysis of
the Masson stain and the RT-PCR of col3α1 (Fig. 2I-2K) showed that collagen deposition in the interstitial
space of cTnTR141W mice was reduced by DAS treatment (Fig. 2F-2G, n = 3, P < 0.001).

Although Enalaprilat treatment clearly improved most of the cardiac pathological changes, especially
changes in microstructure and ultrastructure, DAS treatment exhibited superior effects in controlling
dilation of the heart chamber in cTnTR141W mice.

DAS Reduces Oxidative Stress in cTnTR141W DCM Mice
CYP2E1 catalyses the production of ROS even in the absence of substrate, leading to oxidative stress. We
measured hydrogen peroxide (H2O2), malondialdehyde (MDA) and glutathione (GSH) as indicators of
oxidative stress levels in all �ve groups.

Compared with the placebo control group of cTnTR141W mice, H2O2 and MDA decreased (Fig. 3A-3B, n = 3,
P < 0.001) while GSH augmented (Fig. 3A-3B, n = 3, P < 0.01) signi�cantly in both 400 mg/kg and 200
mg/kg DAS treatment groups. By contrast, no signi�cant differences in these three parameters were
observed in the Enalaprilat group compared with the placebo control cTnTR141W group (Fig. 3A-3C, n = 3,
P > 0.05).

Thus, inhibition of the expression of CYP2E1 by DAS resulted in reversion of the levels of H2O2, MDA and
GSH in the heart to nearly the normal levels found in the 400 mg/kg group and 200 mg/kg group.
However, Enalaprilat failed to control oxidative stress in the hearts of cTnTR141W DCM mice.
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DAS Inhibits Mitochondrial Pathways of Apoptosis in
cTnTR141W DCM Mice
The induction of CYP2E1 causes cytochrome c release and activation of the mitochondrial apoptosis
pathway in the heart in cTnTR141W DCM mice [4]. In both DAS groups, the increased release of
cytochrome c in cTnTR141W DCM mice was reversed to normal levels (Fig. 4A-4B, n = 3, P < 0.05). The
activation of caspases 9 and 3 in the heart was inhibited by DAS treatment in cTnTR141W mice in a dose-
dependent manner (Fig. 4A, 4C-4D). The animation of caspase 9 was fell by 66.6% (Fig. 4C, n = 3, P < 
0.001) and 66.9% (Fig. 4C, n = 3, P < 0.001) in the 400 mg/kg and 200 mg/kg groups, respectively,
compared with the placebo control cTnTR141W group. The animation of caspase 3 was fell by 65.1%
(Fig. 4D, n = 3, P < 0.001) and 62.7% (Fig. 4D, n = 3, P < 0.001) in the 400 mg/kg and 200 mg/kg groups,
respectively, compared with the placebo control cTnTR141W group.

The release of cytochrome c from the mitochondria to the cytoplasm triggers the apoptosis of cardiac
myocytes in cTnTR141W mice. There were 69.3% and 64.7% decreases in apoptosis in the 400 mg/kg
(Fig. 4E-4F, n = 3, P < 0.05) and 200 mg/kg groups (Fig. 4E-4F, n = 3, P < 0.05), respectively, compared with
the placebo control cTnTR141W group (Fig. 4E-4F). Interestingly, Enalaprilat exhibited stronger effects than
DAS on apoptosis inhibition, but DAS and Enalaprilat had equivalent inhibitory effects on the animation
of the mitochondrial apoptosis pathway.

Discussion
CYP2E1 is an inducible gene that is upregulated under multiple conditions, such as fasting, nutrition
intake, and a wide variety of pathophysiological states [2, 6–10, 33]. In addition to metabolizing
endogenous substrates and xenobiotics, CYP2E1 is the main source of cellular ROS, and its NADPH
oxidase activity is higher than that of other CYP family members [34, 35].

We previously demonstrated that expression of CYP2E1 increased in multiple mouse models of heart
disease, including models of DCM and HCM, and Myc is upregulated and binds to the CYP2E1 promoter
to activate its transcription [4, 23, 18]. The increase in CYP2E1 induces cardiac myocyte apoptosis
through mitochondrial pathways, and knockdown of CYP2E1 expression by siRNA can attenuate the
pathological development of DCM in cTnTR141W mice [4].

DAS is an organosulfur compound derived from the metabolism of allicin and has anti-cancer properties
[36, 37]. DAS inhibits the activity of CYP2E1 and thus has attracted attention as a potential therapeutic or
prophylactic agent [38, 39]. DAS treatment can attenuate the pathogenesis of diseases associated with
CYP2E1 overexpression in animal models, such as alcoholic liver disease, nonalcoholic steatohepatitis,
diabetes, and alcoholic cardiomyopathy [12, 40–43].
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DCM is one of the main causes of HF and the leading global indication for heart transplantation.
cTnTR141W mice typically develop DCM at 4 months of age, with death from HF after 8 months of age [19,
44]. The cTnTR141W transgenic mice displayed typical familial dilated cardiomyopathy (FDCM)
phenotypes with dilated chambers, thin walls, and cardiac dysfunction, furthermore, displayed
pathological phenotypes with myocytes disarray, and �brosis [4, 18, 19].

In the present study, we found that DAS treatment improved the DCM phenotypes of chamber dilation,
wall thinning, myocyte disarray, �brosis, poor myo�bril organization and decreased ventricular blood
ejection in cTnTR141W DCM mice (Fig. 1 and Fig. 2). Furthermore, DAS treatment inhibited ROS production
and decreased cytochrome c release, caspase 9-dependent caspase 3 activation, and thus apoptosis of
myocytes in cTnTR141W DCM mice (Fig. 3 and Fig. 4).

Meanwhile, we compared the DAS treatment groups and Enalaprilat treatment systematically. Enalaprilat
is an angiotensin-converting enzyme (ACE) inhibitor that has been widely used in the clinical treatment of
HF, including in patients with DCM [29, 30, 45–47]. The characteristic of DAS is its action speci�city, its
boundedness is rapid metabolism and cellular toxicity, so DAS can be chemically modi�ed to create a
relatively better inhibitor and weaker substrate of CYP2E1. Compared with Enalaprilat treatment,
treatment with 400 mg/kg DAS resulted in a greater improvement of DCM dysfunction, as evidenced by
the changes in LVFS and LVEF. Furthermore, this improvement occurred earlier in both DAS groups than
in the Enalaprilat group according to the signi�cance analysis after 2 weeks of treatment. DAS treatment
exhibited superior effects in controlling dilation of the heart chamber in cTnTR141W mice, while Enalaprilat
treatment improved most of the cardiac pathological changes clearly, especially changes in
microstructure and ultrastructure. Inhibition of the expression of CYP2E1 by DAS resulted in reversion of
the levels of H2O2, MDA and GSH in the heart were close to the normal levels of 400 mg/kg group and

200 mg/kg group. However, Enalaprilat failed to control oxidative stress in the hearts of cTnTR141W DCM
mice. Interestingly, Enalaprilat exhibited stronger effects than DAS on apoptosis inhibition, but DAS and
Enalaprilat had equivalent inhibitory effects on the animation of the mitochondrial apoptosis pathway.

The values of the three ROS indicators we measure in this paper are 5-10-fold different from those in the
literature, which may be attribute to the difference from the previous methods and kits, which resulting in
the difference of order of magnitude in values. However, the treatment on each group is consistent, so the
conclusion obtained from this result is still meaningful.

Therefore, DAS showed stronger effects in terms of improved chamber dilation and increased ventricular
blood ejection, and the improvement occurred earlier in both the DAS treatment group, while the
persistence is not good in the low-dose of DAS group. Furthermore, the ROS-reducing effects of DAS were
superior to those of Enalaprilat. Future studies will explore the range of diseases to which DAS can be
applied and its side effects and disadvantages.

Conclusion
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Diallyl sul�de (DAS), a competitive inhibitor of CYP2E1, improves the typical DCM phenotype by inhibiting
ROS production and myocyte apoptosis in cTnTR141W DCM mice. Our results suggest that inhibition of
CYP2E1 might be a valuable therapeutic strategy to control the development of heart diseases associated
with CYP2E1 overexpression. Moreover, the development of DAS analogues with superior inhibitory
properties and lower substrate potential for CYP2E1 might be bene�cial for patients with heart disease.

Abbreviations
DAS: diallyl sul�de; ROS: reactive oxygen species; RNS: reactive nitrogen species; DCM: Dilated
cardiomyopathy; HF: heart failure; HCM: hypertrophic cardiomyopathy; ACE: angiotensin-converting
enzyme; LVFS: left ventricular fractional shortening; LVEF: left ventricular ejection fraction; LVESD: left
ventricular end-systolic diameter; LVPWS: left ventricular posterior wall at end systole; TEM: transmission
electron microscopy; GSH: glutathione; NTG: Non-transgenic littermates; H2O2: hydrogen peroxide; MDA:
malondialdehyde; GSH: glutathione; FDCM: familial dilated cardiomyopathy.

Declarations
Ethical Approval 

All mice were bred in an AAALAC-accredited facility, and the procedures were approved by the Animal
Care and Use Committee at the Institute of Laboratory Animal Science, Peking Union Medical College
(ZLF18004).

Consent for Publication 

Not applicable. All authors agree to publication, and there are no permissions needed.

 Availability of data and materials

The datasets used or analysed during the current study are available from the corresponding author on
reasonable request.

Competing interests

The authors declare that they have no competing interests.

Funding

The present work was supported by Chinese Academy of Medical Sciences Innovation Fund for Medical
Sciences (CAMS-I2M, 2016-I2M-1-015), National Natural Science Foundation of China (31872314) and
Beijing Natural Science Foundation (5172027).



Page 12/21

Authors' contributions

Lian-feng Zhang contributed to the conception, data curation, formal analysis, funding acquisition,
investigation, methodology, project administration, resources, supervision, validation, visualization,
roles/writing of the original draft, as well as writing, reviewing and editing the �nal manuscript. Dan Lu
contributed to the conception, data curation, formal analysis, investigation, methodology, project
administration, resources, software, supervision, validation, visualization, roles/writing of the original
draft, as well as writing, reviewing and editing the �nal manuscript. Shuo Pang contributed to the
conception, data curation, formal analysis, methodology, project administration, resources, software,
supervision, validation, visualization, roles/writing of the original draft. Wei Dong, Ning Liu, Shan Gao and
Xu Zhang contributed to the methodology and supervision of the experiments.

Acknowledgements

The authors thank Dr Ya-jun Yang for detection and analysis of the pharmacokinetic study.

References
1. van Riet EE, Hoes AW, Wagenaar KP, Limburg A, Landman MA, Rutten FH. Epidemiology of heart

failure: the prevalence of heart failure and ventricular dysfunction in older adults over time. A
systematic review. Eur J Heart Fail. 2016;18(3):242–52.

2. Boussadia B, Ghosh C, Plaud C, Pascussi J-M, De Bock F, Rousset M, et al. Effect of status
epilepticus and antiepileptic drugs on CYP2E1 brain expression. Neuroscience. 2014;281:124–34.

3. Cederbaum AI. Alcohol metabolism. Clinics in liver disease. 2012;16(4):667–85.

4. Lu D, Ma Y, Zhang W, Bao D, Dong W, Lian H, et al. Knockdown of cytochrome P450 2E1 inhibits
oxidative stress and apoptosis in the cTnTR141W dilated cardiomyopathy transgenic mice.
Hypertension. 2012;60(1):81–9.

5. Neve EP, Ingelman-Sundberg M. Molecular basis for the transport of cytochrome P450 2E1 to the
plasma membrane. J Biol Chem. 2000;275(22):17130–5.

�. Aubert J, Begriche K, Knockaert L, Robin M-A, Fromenty B. Increased expression of cytochrome P450
2E1 in nonalcoholic fatty liver disease: mechanisms and pathophysiological role. Clinics research in
hepatology gastroenterology. 2011;35(10):630–7.

7. Navarro-Mabarak C, Camacho-Carranza R, Espinosa-Aguirre JJ. Cytochrome P450 in the central
nervous system as a therapeutic target in neurodegenerative diseases. Drug metabolism reviews.
2018;50(2):95–108.

�. Jin M, Ande A, Kumar A, Kumar S. Regulation of cytochrome P450 2e1 expression by ethanol: role of
oxidative stress-mediated pkc/jnk/sp1 pathway. Cell death disease. 2013;4(3):e554.



Page 13/21

9. Paradies G, Paradies V, Ruggiero FM, Petrosillo G. Oxidative stress, cardiolipin and mitochondrial
dysfunction in nonalcoholic fatty liver disease. World journal of gastroenterology: WJG.
2014;20(39):14205.

10. Baltazar MT, Dinis-Oliveira RJ, de Lourdes Bastos M, Tsatsakis AM, Duarte JA, Carvalho F. Pesticides
exposure as etiological factors of Parkinson's disease and other neurodegenerative diseases—a
mechanistic approach. Toxicology letters. 2014;230(2):85–103.

11. Zhang W, Lu D, Fau - Dong W, Dong W, Fau - Zhang L, Zhang L, Fau - Zhang X, Zhang X, Fau - Quan X,
Quan X, Fau - Ma C, et al. Expression of CYP2E1 increases oxidative stress and induces apoptosis of
cardiomyocytes in transgenic mice. (1742–4658 (Electronic)).

12. Rao P, Midde M, Miller ND, Chauhan D, Kumar S, Kumar A. S. Diallyl sul�de: potential use in novel
therapeutic interventions in alcohol, drugs, and disease mediated cellular toxicity by targeting
cytochrome P450 2E1. Curr Drug Metab. 2015;16(6):486–503.

13. Hong J-Y, Wang ZY, Smith TJ, Zhou S, Shi S, Pan J, et al. Inhibitory effects of diallyl sul�de on the
metabolism and tumorigenicity of the tobacco-speci�c carcinogen 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK) in A/J mouse lung. Carcinogenesis. 1992;13(5):901–4.

14. Freeman F. Kodera YJJoa, chemistry f. Garlic chemistry: stability of S-(2-propenyl)-2-propene-1-
sul�nothioate (allicin) in blood, solvents, and simulated physiological �uids. 1995;43(9):2332–8.

15. Brady JF, Ishizaki H, Fukuto JM, Lin MC, Fadel A, Gapac JM, et al. Inhibition of cytochrome P-450 2E1
by diallyl sul�de and its metabolites. 1991;4(6):642–7.

1�. Morimoto M, Hagbjork A-L, Wan Y-JY, Fu PC, Clot P, Albano E, et al. Modulation of experimental
alcohol-induced liver disease by cytochrome P450 2E1 inhibitors. Hepatology. 1995;21(6):1610–7.

17. Zhang R-H, Gao J-Y, Guo H-T, Scott GI, Eason AR, Wang X-M, et al. Inhibition of CYP2E1 attenuates
chronic alcohol intake-induced myocardial contractile dysfunction and apoptosis. Biochimica et
Biophysica Acta (BBA)-Molecular Basis of Disease. 2013;1832(1):128–41.

1�. Zhang W, Lu D, Dong W, Zhang L, Zhang X, Quan X, et al. Expression of CYP2E1 increases oxidative
stress and induces apoptosis of cardiomyocytes in transgenic mice. FEBS J. 2011;278(9):1484–92.

19. Juan F, Wei D, Xiongzhi Q, Ran D, Chunmei M, Lan H, et al. The changes of the cardiac structure and
function in cTnTR141W transgenic mice. Int J Cardiol. 2008;128(1):83–90.

20. Shakib S, Clark A. R. Heart failure pharmacotherapy and supports in the elderly-a short review. Curr
Cardiol Rev. 2016;12(3):180–5.

21. Tsutsui H, Kinugawa S, Matsushima S. Oxidative stress and heart failure. Am J Physiol Heart Circ
Physiol. 2011;301(6):H2181-H90.

22. Koop D. Oxidative and reductive metabolism by cytochrome P450 2E1. FASEB J. 1992;6(2):724–30.

23. Guan F, Yang X, Li J, Dong W, Zhang X, Liu N, et al. New Molecular Mechanism Underlying Myc-
Mediated Cytochrome P450 2E1 Upregulation in Apoptosis and Energy Metabolism in the
Myocardium. Journal of the American Heart Association. 2019;8(1):e009871.



Page 14/21

24. Hunter AL, Cruz RP, Cheyne BM, McManus BM, Granville DJ. Cytochrome p450 enzymes and
cardiovascular disease. Can J Physiol Pharmacol. 2004;82(12):1053–60.

25. Thum T, Borlak J. Cytochrome P450 mono-oxygenase gene expression and protein activity in
cultures of adult cardiomyocytes of the rat. Br J Pharmacol. 2000;130(8):1745–52.

2�. Aberle NS, Ren J. Short-term acetaldehyde exposure depresses ventricular myocyte contraction: role
of cytochrome P450 oxidase, xanthine oxidase, and lipid peroxidation. Alcoholism: Clinical and
Experimental Research. 2003;27(4):577 – 83.

27. Sidorik L, Kyyamova R, Bobyk V, Kapustian L, Rozhko O, Vigontina O, et al. Molecular chaperone,
HSP60, and cytochrome P450 2E1 co-expression in dilated cardiomyopathy. Cell Biol Int.
2005;29(1):51–5.

2�. Jing L, Jin C-m, Li S-s, Zhang F-m, Yuan L, Li W-m, et al. Chronic alcohol intake-induced oxidative
stress and apoptosis: role of CYP2E1 and calpain-1 in alcoholic cardiomyopathy. Molecular cellular
biochemistry. 2012;359(1–2):283–92.

29. Kobaladze N, Tsibadze T, Iakobashvili M, Tabidze G. Angiotensin-converting enzyme inhibitor
treatment of heart failure due to dilated cardiomyopathy. Georgian medical news. 2005(124–125):41
– 4.

30. Cernecka H, Ochodnicka-Mackovicova K, Kucerova D, Kmecova J, Nemcekova V, Doka G, et al.
Enalaprilat increases PPARβ/δ expression, without in�uence on PPARα and PPARγ, and modulate
cardiac function in sub-acute model of daunorubicin-induced cardiomyopathy. Eur J Pharmacol.
2013;714(1–3):472–7.

31. Salminen WF, Roberts SM, Pumford NR, Hinson JA. Immunochemical comparison of 3′-
hydroxyacetanilide and acetaminophen binding in mouse liver. Drug metabolism disposition.
1998;26(3):267–71.

32. Saldaña-Ruíz S, Boadas-Vaello P, Sedó-Cabezón L, Llorens J. Reduced systemic toxicity and
preserved vestibular toxicity following co-treatment with nitriles and CYP2E1 inhibitors: a mouse
model for hair cell loss. J Assoc Res Otolaryngol. 2013;14(5):661–71.

33. Abdelmegeed MA, Ha S-K, Choi Y, Akbar M, Song B-J. Role of CYP2E1 in mitochondrial dysfunction
and hepatic tissue injury in alcoholic and non-alcoholic diseases. Curr Mol Pharmacol.
2017;10(3):207.

34. Gorsky L, Koop DR, Coon MJ. On the stoichiometry of the oxidase and monooxygenase reactions
catalyzed by liver microsomal cytochrome P-450. Products of oxygen reduction. J Biol Chem.
1984;259(11):6812–7.

35. Caro AA, Cederbaum AI. Oxidative stress, toxicology, and pharmacology of CYP2E1. Annu Rev
Pharmacol Toxicol. 2004;44:27–42.

3�. Thomson M, Ali M. Garlic [Allium sativum]: a review of its potential use as an anti-cancer agent. Curr
Cancer Drug Targets. 2003;3(1):67–81.

37. Hayes M, Rushmore T, Goldberg M. Inhibition of hepatocarcinogenic responses to 1, 2-
dimethylhydrazine by diallyl sul�de, a component of garlic oil. Carcinogenesis. 1987;8(8):1155–7.



Page 15/21

3�. Jeong HG, Lee YW. Protective effects of diallyl sul�de on N-nitrosodimethylamine-induced
immunosuppression in mice. Cancer letters. 1998;134(1):73–9.

39. Jin L, Baillie TA. Metabolism of the chemoprotective agent diallyl sul�de to glutathione conjugates in
rats. Chem Res Toxicol. 1997;10(3):318–27.

40. Begriche K, Knockaert L, Massart J, Robin M-A, Fromenty B. Mitochondrial dysfunction in
nonalcoholic steatohepatitis (NASH): are there drugs able to improve it? Drug Discovery Today:
Disease Mechanisms. 2009;6(1–4):e11–23.

41. Louvet A, Mathurin P. Alcoholic liver disease: mechanisms of injury and targeted treatment. Nature
reviews Gastroenterology hepatology. 2015;12(4):231.

42. Starley BQ, Calcagno CJ, Harrison SA. Nonalcoholic fatty liver disease and hepatocellular carcinoma:
a weighty connection. Hepatology. 2010;51(5):1820–32.

43. Wieckowska A, McCullough AJ, Feldstein AE. Noninvasive diagnosis and monitoring of nonalcoholic
steatohepatitis: present and future. Hepatology. 2007;46(2):582–9.

44. Tayal U, Prasad S, Cook SA. Genetics and genomics of dilated cardiomyopathy and systolic heart
failure. Genome medicine. 2017;9(1):20.

45. Mital S, Barbone A, Addonizio LJ, Quaegebeur JM, Mosca RJ, Oz MC, et al. Endogenous endothelium-
derived nitric oxide inhibits myocardial caspase activity: implications for treatment of end-stage
heart failure. The Journal of heart lung transplantation. 2002;21(5):576–85.

4�. Travessa AM, Falcao LM. Vasodilators in acute heart failure-evidence based on new studies.
European journal of internal medicine. 2018;51:1–10.

47. Momma K. ACE inhibitors in pediatric patients with heart failure. Pediatric Drugs. 2006;8(1):55–69.

Figures



Page 16/21

Figure 1

Echocardiographic analysis of cardiac morphology and function. Mice were analysed after 6 weeks of
treatment in �ve groups: non-transgenic (NTG) (wild-type control), cTnTR141W (placebo control),
treatment with 400 mg/kg DAS, treatment with 200 mg/kg DAS and treatment with Enalaprilat (positive
control). (A) Representative M-mode echocardiographic images of the LV long axis. (B) Left ventricular
end-systolic diameter (LVESD, n=7, *P<0.05, non-transgenic group versus cTnTR141W group). (C) Left



Page 17/21

ventricular posterior wall at end systole (LVPWS n=7, *P<0.05, non-transgenic group versus cTnTR141W
group). (D) Left ventricular ejection fraction (LVEF, n=7, *P<0.05, non-transgenic group versus
cTnTR141W group). (E) Left ventricular end-systolic diameter (LVESD, n=7, *P<0.05, 400 mg/kg DAS, 200
mg/kg DAS and Enalaprilat group versus cTnTR141W group). (F) Left ventricular posterior wall at end
systole (LVPWS n=7, *P<0.05, 400 mg/kg DAS, 200 mg/kg DAS and Enalaprilat group versus cTnTR141W
group). (G) Left ventricular ejection fraction (LVEF, n=7, *P<0.05, 400 mg/kg DAS, 200 mg/kg DAS and
Enalaprilat group versus cTnTR141W group). (H) Left ventricular end-systolic diameter (LVESD, n=7,
*P<0.05, 400 mg/kg DAS group versus Enalaprilat group). (I) Left ventricular posterior wall at end systole
(LVPWS n=7, *P<0.05, 400 mg/kg DAS group versus Enalaprilat group). (J) Left ventricular ejection
fraction (LVEF, n=7, *P<0.05, 400 mg/kg DAS group versus Enalaprilat group). (K) Left ventricular anterior
wall at end diastole (LVAWD, *P<0.05, 400 mg/kg DAS group versus Enalaprilat group).
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Figure 2

Pathological observation. (A) CYP2E1 and cardiac troponin T in the heart tissues of mice in the NTG,
cTnTR141W, 400 mg/kg DAS, 200 mg/kg DAS and Enalaprilat groups were detected by Western blot.
(B&C) CYP2E1 and cardiac troponin T were quantitatively analysed using GAPDH for normalization (n=3,
*P<0.05, cTnTR141W group versus NTG; *P<0.05 versus cTnTR141W mice). (D) Ratio of heart weight
(HW) to body weight (BW) (n=6, *P<0.05, NTG versus cTnTR141W group; n=6, *P<0.05, 400 mg/kg DAS
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group versus cTnTR141W group; n=6, *P<0.05, 200 mg/kg DAS group versus cTnTR141W group). (E)
Haematoxylin and eosin (H&E) staining patterns of whole-heart longitudinal sections. (F) Magni�cation
of H&E-stained sections of the left ventricle (magni�cation × 400, scale bar = 20 μm). (G) Magni�cation
of Masson's trichrome-stained left ventricle sections (magni�cation × 400, scale bar = 20 μm). Myocytes
are stained red; collagenous tissue is stained blue. (H) Ultrastructure observation by transmission electron
microscopy (scale bar = 0.5 µm). (I) Quantitative analysis of Masson stain (n=3, *P<0.05, NTG versus
cTnTR141W group; n=3, *P<0.05, 400 mg/kg DAS group versus cTnTR141W group; n=3, *P<0.05, 200
mg/kg DAS group versus cTnTR141W group). (J&K) Expression of procollagen type III α1 (Col3α1) (n=3,
*P<0.05, NTG versus cTnTR141W group; n=3, *P<0.05, 400 mg/kg DAS group versus cTnTR141W group;
n=3, *P<0.05, 200 mg/kg DAS group versus cTnTR141W group; n=3, *P<0.05, Enalaprilat group versus
cTnTR141W group).

Figure 3

Measurement of ROS. (A-C) Levels of H2O2, malondialdehyde (MDA) and glutathione (GSH) in the heart
tissues of mice in the NTG, cTnTR141W, 400 mg/kg DAS, 200 mg/kg DAS and Enalaprilat groups were
determined by colorimetric assays. n=3, *P<0.05, cTnTR141W group versus NTG; *P<0.05 versus
cTnTR141W mice.
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Figure 4

Analysis of the mitochondrial pathway and cardiac myocyte apoptosis. (A) Cytochrome c release and
activation of caspase 9 and caspase 3 in the heart tissues of mice in the NTG, cTnTR141W, 400 mg/kg
DAS, 200 mg/kg DAS and Enalaprilat groups were detected by Western blot. (B) Cytochrome c in the
cytoplasm and mitochondria was quantitatively analysed using β-tubulin for normalization. (C&D)
Procaspases 3 and 9 and active caspases 3 and 9 were quantitatively analysed using β-tubulin for
normalization (n=3, *P<0.05, cTnTR141W group versus NTG; *P<0.05 versus cTnTR141W mice). (E)
Cardiac myocyte apoptosis was detected by TUNEL assay, and the arrows indicate TUNEL-positive cells



Page 21/21

(magni�cation × 400). (F) The number of positive cells was counted, and the proportion of apoptotic cells
among the total cells in each image was calculated (n=3, *P<0.05, cTnTR141W group versus NTG;
*P<0.05 versus cTnTR141W mice).
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