
Received: 2017.07.09
Accepted: 2017.08.08

Published: 2018.03.12

 3450   4   5   38

Sulforaphane, a Natural Isothiocyanate 
Compound, Improves Cardiac Function and 
Remodeling by Inhibiting Oxidative Stress and 
Inflammation in a Rabbit Model of Chronic Heart 
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 Background: The aim of this study was to investigate the effects of sulforaphane (SFN), a natural isothiocyanate compound, 
in a rabbit ascending aortic cerclage model of chronic heart failure (CHF).

 Material/Methods: Thirty New Zealand White rabbits were divided into the sham operation group (n=10), the CHF group (n=10), 
and the CHF + SFN group (n=10) treated with subcutaneous SFN (0.5 mg/kg) for five days per week for 12 
weeks. After 12 weeks, echocardiography and biometric analysis were performed, followed by the examina-
tion of the rabbit hearts. Enzyme-linked immunosorbent assay (ELISA) and Western blot were used to detect 
levels of inflammatory cytokines, superoxide dismutase (SOD), and malondialdehyde (MDA).

 Results: In the CHF group, compared with the sham operation group, there was an increase in the heart weight to body 
weight ratio (HW/BW), the left ventricular weight to body weight ratio (LVW/BW), the left ventricular end di-
astolic diameter (LVEDD), the left ventricular end systolic diameter (LVESD), plasma brain natriuretic peptide 
(BNP) and atrial natriuretic peptide (ANP) levels, the cardiac collagen volume fraction (CVF), apoptotic index, 
expression levels of collagen I, collagen III, tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6) and malondi-
aldehyde (MDA) in the myocardial tissue, and a decrease in the left ventricular shortening fraction (LVFS) and 
left ventricular ejection fraction (LVEF), and cardiac superoxide dismutase (SOD) activity. These changes were 
corrected in the SFN-treated group.

 Conclusions: In a rabbit model of CHF, treatment with SFN improved cardiac function and remodeling by inhibiting oxida-
tive stress and inflammation.
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Background

Chronic heart failure (CHF) is a complex clinical syndrome that 
is characterized by a progressive reduction in cardiac output, 
due to a structural or functional cardiac disorder, and is most 
commonly due to myocardial ischemia [1]. The failing heart 
cannot satisfy the metabolic demands of the peripheral tis-
sues and other major organs and is a condition that is one 
of the major reasons for hospital admission in patients over 
65-years-of-age [2]. Despite recent progress in the treatment 
of CHF, and the implementation of national and international 
clinical management guidelines, morbidity and mortality from 
CHF remains high, and remains a global health and economic 
concern. It has been estimated that approximately 5.7 million 
patients in the US suffer from CHF, with 26 million patients 
with CHF globally [3]. For theses reasons, new and more ef-
fective prevention, diagnosis, and treatment approaches for 
CHF should continue to be investigated.

The change from compensated left ventricular hypertrophy to 
decompensated functional changes and heart failure is multifac-
torial, but studies have shown that oxidative stress and chron-
ic inflammation have a role in the pathogenesis of heart fail-
ure [4–6]. The generation of reactive oxygen species (ROS) during 
inflammation and ischemic cardiac damage can overwhelm the 
cardiac antioxidant defense processes and result in chronic oxi-
dative stress, which further damages the heart. The consequenc-
es of oxidative stress include cardiac remodeling as fibrosis re-
places functioning cardiac myocytes, ultimately leading to the 
heart failure [7,8]. Chronic inflammation is fundamental to the 
pathophysiology of heart failure as it contributes to myocardial 
remodeling, endothelial dysfunction, and peripheral vascular in-
jury [9]. For these reasons, future therapeutic strategies for heart 
failure may include targeting oxidative stress and inflammation.

Sulforaphane (SFN), is a natural isothiocyanate compound that 
is found in cruciferous vegetables, such as broccoli, cabbage, 
and cauliflower and is an antioxidant that has been shown to 
stimulate the production of intracellular antioxidants as well as 
phase-II detoxification enzymes [10]. The anti-oxidant effects 
of SFN have been shown to have a role in the prevention of the 
progression of chronic diseases of the cardiovascular system, 
kidney, brain, and also in cancer [11–14]. For example, SFN has 
been shown to be beneficial in the prevention of diabetes-in-
duced cardiomyopathy by reducing cardiac fibrosis, oxidative 
stress, and inflammation, and has been shown to upregulate the 
expression of Nrf2 which provides cellular defense against oxi-
dation [15]. SFN has also been shown to protect the cardiac tis-
sues from ischemic damage by activating the antioxidant path-
way and mitochondrial ATP-sensitive potassium channels [16].

However, there have been few studies to investigate the roles 
of SFN in the myocardium in CHF regarding its effects on 

inflammation, oxidative stress, and cardiac remodeling or to 
combine these pathophysiological effects with effects on car-
diac function. Therefore, the aim of this study was to investi-
gate the effects of SFN, a natural isothiocyanate compound, 
in a rabbit model of CHF.

Material and Methods

Establishment of a chronic heart failure (CHF) rabbit model

The purchase of 30 healthy New Zealand white rabbits of both 
sexes, at 6-months of age, and weighing between 2.5–3.5 kg, 
was made from the Experimental Animal Center of Nantong 
University. Approval for the use of animals in the experi-
ments was received from the Institutional Animal Care and 
Use Committee of Nantong University.

Three groups of rabbits were established for this study: the 
sham operation group (sham group) (n=10), the chronic heart 
failure (CHF) group (n=10), and the chronic heart failure with 
SFN treatment group (CHF + SFN group) (n=10). The rabbit 
model of CHF used in this study was based on an established 
model in which cerclage, or constriction, of the ascending aorta 
was performed, as previously described [17,18]. For the sham 
operation, a thoracotomy only was performed.

Subcutaneous administration of sulforaphane (SFN) (Sigma-
Aldrich) (0.5 mg/kg) given for five days every week for 12 weeks; 
the sham operation group and CHF group were treated with 
the same volume of control vehicle consisting of 1% dimeth-
yl sulfoxide (DMSO) in phosphate-buffered saline (PBS). The 
dose of SFN used was determined from previously published 
animal studies [15].

The laboratory animals were allowed free access to both water 
and food, and daily bedding changes were undertaken. For the 
rabbits in the CHF model group, the success of the model was 
confirmed physiologically and functionally as a left ventricu-
lar ejection fraction £40%. Following the three-month period 
of SFN or vehicle treatment, measurement of cardiac activity 
was performed. Thereafter, animals were euthanized with the 
collection of tissues for further analysis.

Echocardiographic studies

Rabbits were anesthetized with 3% sodium pentobarbital 
through marginal ear vein at a dose of 30–40 mg/kg, the chest 
of each animal was shaved, and the rabbits were positioned 
in a dorsal decubitus position. Transthoracic M-mode echocar-
diography was carried out with the help of a high-resolution 
system (ACUSON Sequoia 512, Siemens) that used a 5–10 MHz 
broadband transducer. Measurement and calculation of left 
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ventricular end diastolic diameter (LVEDD, mm), left ventricu-
lar end systolic diameter (LVESD, mm), interventricular septal 
thickness (IVS, mm), left ventricular posterior wall thickness 
(LVPW, mm), left ventricular shortening fraction (LVFS,%), and 
left ventricular ejection fraction (LVEF,%) were taken.

Hemodynamic measurements

Before sacrifice, the rabbits were anesthetized, as described 
above, and invasive hemodynamic measurements were per-
formed. A microtip catheter with a pressure transducer (Millar 
Instruments, Houston, TX, USA) was inserted into the right ca-
rotid artery and advanced into the left ventricular cavity. After 
at least 5 minutes of stabilization, the heart rate (HR), left ven-
tricular end-systolic pressure (LVESP), end-diastolic pressure 
(LVEDP) and mean arterial pressure (MAP) were recorded. The 
parameters of the maximal rates of increase and decrease in 
left ventricular pressure (±dP/dtmax) were also determined.

Enzyme-linked immunosorbent assay (ELISA)

Arterial blood was collected into EDTA-coated centrifuge tubes. 
After centrifugation at 3000 rpm for 15 min at 4ºC, the plasma 
samples were separated and stored at –80°C for future analy-
sis. Plasma brain natriuretic peptide (BNP) and atrial natriuret-
ic peptide (ANP) were then detected by enzyme-linked immu-
nosorbent assay (ELISA) using commercial ELISA kits (Hermes 
Criterion Biotechnology, Canada) and following the manufac-
turer’s instructions.

Tissue preparation and histological examination

At the end of the cardiac and other physiological studies, the 
rabbits were euthanized by pentobarbital overdose, and imme-
diate isolation of the hearts was undertaken. Measurements of 
the heart weight, as well as left ventricular measurements, were 
taken. Calculation of the ratio of heart weight to body weight 
(HW/BW) together with the ratio of left ventricular weight to 
body weight (LVW/BW) was also performed. Sampling of the 
left ventricular myocardial tissues was performed with tissue 
sample storage in liquid nitrogen for future biochemical as-
says. Some of the cardiac tissue was fixed in 4% paraformal-
dehyde for histological analysis.

The fixed cardiac tissues were dehydrated in 70% alcohol, 
embedded in paraffin wax, and sectioned onto glass slides. 
Masson’s trichrome histochemical staining of the cardiac tissue 
sections was performed for the evaluation of cardiac fibrosis, 
as described previously [19]. Staining of the sections was per-
formed using Masson’s trichrome staining kit (Dako Sciences, 
Glostrup, Denmark) following the manufacturer’s introductions. 
On light microscopy, the myocardium was stained red, and the 
collagen was stained blue. Calculation of the collagen volume 

fraction (CVF) was performed as the aggregate of the area of 
collagen divided by the total area, using the Image ProPlus 6.0 
software (Media Cybernetics, MD, USA).

Quantitative real-time polymerase chain reaction 
(qRT-PCR)

The expression of mRNA for collagen I and collagen III in the 
myocardium was determined following isolation and purifica-
tion of mRNA from left ventricular myocardial tissues with the 
use of the TRIzol reagent (Invitrogen, USA). Quantitative real-
time PCR was performed using the SYBR Green PCR Kit (Takara, 
Japan) on the ABI 7500 Fast Real-Time PCR system, in accor-
dance with the guidelines of the manufacturer.

The premier sequences were: collagen I (forward: GGAGATGATG 
GGGAAGCTG and reverse: AATCCACGAGCACCCTGA), collagen III 
(forward): GGAATGGAGCAAGACAGTCTTTG and reverse: TGCGAT 
ATCTATGATGGGTAGTCTCA).

The use of b-actin was used as an internal control. Calculation 
of the relative expression of mRNAs was performed with the 
application of the 2–DDCt technique.

Western blot analysis

The proteins from the frozen cardiac tissues stored in liquid 
nitrogen were extracted in RIPA lysis buffer. Determination of 
the protein concentration was made using the BCA protein as-
say reagent kit (Beyotime Institute of Biotechnology, Shanghai, 
China). Specimens were fractionated using a 10% sodium do-
decyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred onto polyvinylidene difluoride (PVDF) mem-
branes. Incubation of the membranes with primary antibod-
ies, including collagen I (1: 800, Abcam), collagen III (1: 1000, 
Abcam), Bcl-2 (1: 500, Abcam), caspase-3 (1: 1000, Abcam) 
and GAPDH (1: 1500, Abcam). The GAPDH was used as a con-
trol. Following incubation with horseradish peroxidase (HRP)-
conjugated secondary antibody, detection of the protein bands 
was performed with the use of the improved chemilumines-
cence (ECL) system, with quantification performed using the 
Image ProPlus 6.0 software.

Assessment of apoptosis

Myocardial cell apoptosis was detected using the terminal 
deoxynucleotidyl transferase biotin-dUTP nick end labeling 
(TUNEL) assay, following the guidelines provided by the man-
ufacturer (Roche Applied Science, Germany). Calculation of the 
apoptosis index (AI) was performed as a percentage of TUNEL-
positive apoptotic cells in the total number of cells.
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Assessment of oxidative stress

Evaluation of superoxide dismutase (SOD) levels and malondi-
aldehyde (MDA) levels in myocardial tissues was made for the 
evaluation of oxidative stress, using commercial kits (Nanjing 
Jiancheng Bioengineering Company, China) following the guide-
lines of the manufacturer.

Measurement of inflammatory cytokines

Measurement of the levels of tumor necrosis factor-a (TNF-a), 
interleukin-6 (IL-6) and interleukin-1b (IL-1b) in the myocardial 
tissues was performed using ELISA kits (ELISA, USCN, Wuhan, 
China) according to the manufacturer’s guidelines. Analysis of 
the results was performed with the use of a microplate read-
er (Thermo Scientific, USA).

Statistical analysis

Data were calculated as the mean ± standard deviation (SD). 
Performance of all of the statistical analysis was done with 
the use of SPSS 18.0 software. Analysis of the heterogeneity 
between the groups was performed using one-way ANOVA. 
Comparison of data between two groups was performed us-
ing the least significant difference (LSD) technique.

Ten randomly selected animals were used to determine intra-
observer and interobserver variability for the cardiac imaging 
evaluation by two observers who were blinded to the previ-
ous measurements. The time between intra-observer measure-
ments was two weeks. Intra-observer and interobserver variabil-
ity were expressed by the coefficient of variation (SD/mean). 
A value of P<0.05 was deemed to be statistically significant.

Results

By the end of the study, 27 rabbits had survived, including 
ten in the sham group, eight in the chronic heart failure (CHF) 
group, and nine in the CHF + sulforaphane (SFN) group. The re-
maining CHF model animals still satisfied the criteria for CHF.

Sulforaphane (SFN) treatment improved cardiac function 
and remodeling

As shown in Table 1, the left ventricular systolic activity, eval-
uated by left ventricular ejection fraction (LVEF) as well as 
left ventricular shortening fraction (LVFS) showed a reduc-
tion in the CHF group in comparison with the sham group. 
Furthermore, SFN treatment resulted in a rapid decrease in 
both of the parameters.

The left ventricular end-systolic diameter (LVESD) and the left 
ventricular end-diastolic diameter (LVEDD) were increased in 
rabbits with CHF; whereas LVESD and LVEDD were reduced 
following the 12 weeks of treatment with SFN. No differenc-
es were observed in interventricular septal thickness (IVS) or 
left ventricular posterior wall thickness (LVPW) between the 
animal groups. Variation coefficients of intra-observer and in-
terobserver variability in parameters calculated from ultrasound 
imaging were less than 10% (Table 2). There was good interob-
server and intra-observer reproducibility for measurements.

The heart rate (HR) was relatively stable after 12 weeks of 
treatment with SFN in all groups of animals. As expected, CHF 
caused significant reduction of mean arterial pressure (MAP), 
left ventricular end systolic pressure (LVESP), ±dP/dtmax, but 
no obvious improvement was observed after 12 weeks of 

Sham (n=10) CHF (n=8) CHF+SFN (n=9)

LVEF (%) 72.54±6.42 37.25±3.27* 55.06±4.86*#

LVFS (%) 44.16±4.39 23.35±2.31* 32.67±3.08*#

LVESD (mm) 8.68±0.54 11.75±0.82* 9.85±0.68*#

LVEDD (mm) 11.28±0.91 14.76±1.02* 12.80±0.69*#

IVS (mm) 2.02±0.24 2.32±0.28 2.14±0.18

LVPM (mm) 2.15±0.21 2.08±0.14 2.11±0.15

HW/BW (g/kg) 2.34±0.16 3.36±0.24* 2.75±0.26*#

LVW/BW (g/kg) 1.89±0.12 2.82±0.23* 2.35±0.10*#

LVEF indicates left ventricular ejection fraction; LVFS – left ventricular shortening fraction; LVESD – left ventricular end-systolic 
diameter; LVEDD – left ventricular end-diastolic diameter; IVS – interventricular septal thickness; LVPM – left ventricular posterior wall 
thickness; HW – heart weight; LVW – left ventricular weight; BW – body weight; SFN – sulforaphane. Data are presented as mean ±SD, 
* P<0.05 versus Sham (sham operation) group, # P<0.05 versus CHF (chronic heart failure) group.

Table 1. Comparison of cardiac function and structure parameters between experimental groups.
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treatment with SFN. The left ventricular end diastolic pressure 
(LVEDP) was increased in the CHF group when compared with 
the sham group and was slightly decreased in the CHF + SFN 
group when compared with the CHF group (Table 3).

The heart weight (HW) to body weight (BW) ratio was observed 
to increase in the CHF rabbits when compared with the sh-
am-operated rabbits. Also, the ratio of left ventricular weight 
(LVW) to BW was also increased in the CHF rabbits when com-
pared with the sham-operated rabbits. The increase in HW/
BW ratio, as well as the LVW/BW ratio, was reduced following 
SFN treatment (Table 1).

Effects of SFN treatment on plasma brain natriuretic 
peptide (BNP) and atrial natriuretic peptide (ANP)

The plasma brain natriuretic peptide (BNP) and atrial natriuretic 
peptide (ANP) levels, as markers of CHF, were significantly in-
creased in the CHF group and the CHF + SFN group, compared 
with the sham group. While SFN treatment reduced the levels 
of both BNP and ANP compared with the CHF group (Table 4).

Effects of SFN treatment on cardiac fibrosis

For the purpose of assessing the changes in cardiac fibrosis, 
Masson’s trichrome staining with CVF was carried out. As shown 
in Figure 1A, a massive collagen accumulation was present-
ed in left ventricular tissues in the CHF group, in comparison 

Sham (n=10) CHF (n=8) CHF+SFN (n=9)

BNP (pg/mL) 36.18±6.35 75.72±12.24* 59.4±10.60*#

ANP (pg/mL) 62.45±8.62 158.20±17.31* 115.33±11.58*#

BNP – B-type natriuretic peptide; ANP – atrial natriuretic peptide; SFN – sulforaphane. Data are presented as mean ±SD; * P<0.05 
versus Sham (sham operation) group, # P<0.05 versus CHF (chronic heart failure) group.

Table 4. Comparison of plasma BNP and ANP levels between experimental groups.

Coefficient of variation (%)

Inter-observer

 LVEF 5.58±1.24

 LVFS 1.75±0.62

 LVESD 4.25±3.14

 LVEDD 6.96±1.68

 IVS 0.79±0.24

 LVPM 4.55±2.38

Intra-observer

 LVEF 7.33±1.19

 LVFS 2.75±2.12

 LVESD 0.91±0.36

 LVEDD 4.42±2.98

 IVS 6.57±1.45

 LVPM 3.82±2.49

Table 2.  Inter and intra-observer variability of parameters from 
ultrasound evaluation.

LVEF indicates left ventricular ejection fraction; LVFS – left 
ventricular shortening fraction; LVESD – left ventricular end-
systolic diameter; LVEDD – left ventricular end-diastolic diameter; 
IVS – interventricular septal thickness; LVPM – left ventricular 
posterior wall thickness. Data are presented as mean ±SD.

Sham (n=10) CHF (n=8) CHF+SFN (n=9)

HR (bpm) 307.53±9.21 290.28±10.15 297.34±8.65

MAP (mmHg) 96.18±10.32 80.20±11.14* 85.38±9.42*

LVESP (mmHg) 110.62±7.25 94.80±9.23* 98.06±6.54*

LVEDP (mmHg) 4.35±1.20 16.42±1.92* 12.58±1.65*

+dP/dtmax (mmHg/s) 7253±356 4658±287* 5012±294*

–dP/dtmax (mmHg/s) 6645±332 4126±285* 4563±305*

HR – heart rate; MAP – mean arterial pressure; LVESP – left ventricular end-systolic pressure; LVEDP – left ventricular end-diastolic 
pressure; ±dP/dtmax – the maximal rates of increase and decrease in left ventricular pressure; SFN – sulforaphane. Data are presented 
as mean ±SD, * P<0.05 versus Sham (sham operation) group.

Table 3.  Comparison of hemodynamic parameters pre and after treatment with SFN between experimental groups.
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with the sham group. Significant increase was also observed 
in CVF in the CHF group (Figure 1B). In addition, subsequent 
to 12 weeks of SFN treatment, collagen areas of heart tissues 
were significantly reduced, while the remarkable decrease in 
CVF was observed as well (Figure 1C,1D).

Effect of SFN treatment on the expression of collagen I 
and collagen III

Collagen I and collagen III comprise most of the intracardiac 
collagen. The findings from quantitative real-time PCR as well 
as Western blot showed that mRNA and protein levels, colla-
gen I and collagen III were considerably increased in the CHF 
group compared with the sham group. Also, there was a re-
duction in expression of both collagen I and collagen III in CHF 
rabbits treated with SFN (Figure 2A–2C).

SFN treatment inhibited cardiomyocyte apoptosis

Findings from the TUNEL assay for cell apoptosis are shown 
in Figure 3A–3D. The percentage of TUNEL-positive cells was 
greater in the CHF group compared with the sham group. SFN 
treatment resulted in a reduction in the percentage of apoptotic 

cardiomyocytes when compared with the CHF group. The eval-
uation of protein expression levels of Bcl-2 and caspase-3 in 
cardiac tissues using Western blot showed that Bcl-2 expres-
sion was decreased and caspase-3 expression was increased 
in the CHF group, while these changes were reversed with SFN 
treatment (Figure 3E).

SFN treatment reduced cardiac oxidative stress

The activity of superoxide dismutase (SOD) was significantly 
decreased in heart tissues of CHF rabbits compared with the 
sham-operated rabbits, and the malondialdehyde (MDA) activ-
ity was significantly increased in CHF rabbits when compared 
with the sham-operated rabbits. SFN treatment increased the 
activity of SOD and reduced the activity of MDA when com-
pared with the CHF group (Figure 4).

SFN treatment reduced cardiac inflammatory cytokines 
levels

As shown in Figure 5, the expression levels of the inflammatory 
cytokines TNF-a as well as IL-6 in heart tissues were greater in 
the CHF group compared with the sham group. SFN treatment 
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Figure 1.  Effect of sulforaphane (SFN) treatment on cardiac fibrosis. Evaluation of the degree of cardiac fibrosis in the Sham group 
(A), the chronic heart failure (CHF) group (B), and the CHF + SFN group (C) were performed by Masson’s trichrome staining. 
(D) The collagen volume fraction (CVF) was presented as the sum of collagen areas (blue) divided by the total area. * P<0.05 
versus sham operation group, # P<0.05 versus the chronic heart failure (CHF) group.
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significantly reduced both TNF-a and IL-6 expression. However, 
no significant difference was observed in IL-1b expression be-
tween the experimental groups.

Discussion

In this study, the effects of sulforaphane (SFN) in a rabbit 
model of chronic heart failure (CHF) included improved cardi-
ac function and left ventricular remodeling, with inhibition of 
oxidative stress and inflammation. The key novel observations 
made in this study were that SFN treatment increased systolic 
cardiac function and reduced left ventricular remodeling and 
that SFN treatment significantly reduced cardiac fibrosis, apop-
tosis, oxidative stress, and inflammation in rabbits with CHF.

SPN is a naturally occurring compound that is found in veg-
etables, and can be extracted and used as a nutraceuti-
cal, which is food, or part of a food, that can provide med-
ical or health benefits, including prevention and treatment 
of a disease. For example, Scicchitano et al. reported that 
nutraceuticals might be effective in the prevention of ath-
erosclerosis and coronary heart disease [20]. Nutraceuticals 
have a role in the reduction hyperlipidemia, which is consid-
ered to be a risk factor for coronary heart disease and its 
sequelae [21]. However, the biochemical, physiological, and 

molecular mechanisms of action of many nutraceuticals re-
main poorly understood.

SFN has been used recently, in some countries, for the pre-
vention and treatment of cardiovascular disease. Studies have 
shown that SFN has pharmacological effects on the reduction 
of fibrosis, oxidative stress, and inflammation. Fernandes et al. 
have shown that SFN reduced the rate of progression of car-
diac remodeling post-infarction through its effects on reduc-
ing cardiac fibrosis and oxidative stress [11]. Other research 
groups have shown that SFN activates the transcriptional co-
factor, PPAR-gamma coactivator 1-alpha (PGC1-a), which may 
be a mechanism by which SFN reduces oxidative stress and 
cell apoptosis [22]. Xu et al. have shown that SFN reduces di-
abetes-induced cardiac dysfunction, hypertrophy, and fibro-
sis via Nrf2 activation in mice [23]. Li et al. have shown that 
SFN prevented doxorubicin-induced oxidative stress, as well 
apoptosis, in H9c2 rat myoblasts [24]. These previously pub-
lished findings support the findings of the present study, but 
the mechanism of action of SFN and the possible molecular 
pathways involved, remain to be clarified.

There have been no previous studies on the impact of SFN on 
cardiac activity and remodeling in heart failure. In this study, we 
established the rabbit model of CHF as confirmed by left ven-
tricular dilation, decreased left ventricular shortening fraction 
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Figure 2.  Effect of sulforaphane (SFN) treatment on the expressions of collagen type I and collagen type III. (A) Collagen I and collagen 
III protein expression in different experimental groups were detected by Western blot. (B) Collagen I and collagen III mRNA 
expression were examined by the quantitative real-time polymerase chain reaction (qRT-PCR). * P<0.05 versus Sham (sham 
operation) group, # P<0.05 versus chronic heart failure (CHF) group.
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(LVFS) and left ventricular ejection fraction (LVEF) measure-
ments, increased heart weight to body weight (HW/BW) ra-
tios in the CHF + SFN group, as well as plasma BNP and ANP 
levels. Also, this study has shown that, in the rabbit CHF mod-
el, treatment with SFN improved cardiac function and remod-
eling, reduced cardiomyocyte apoptosis, oxidative stress, and 
inflammation. To the best of our knowledge, this study ap-
pears to be the first to demonstrate the effects of SFN in an 
animal model of CHF.

In this study, cardiac fibrosis was evaluated because of its 
known importance in the pathogenesis of CHF and cardiac re-
modeling [25,26]. The use of the collagen volume fraction (CVF) 
in CHF rabbits was evaluated by histochemical staining and 
light microscopy and the findings associated with SFN treat-
ment of reduced collagen deposition were supported by the 

use of quantitative real-time PCR and Western blot for colla-
gen I and collagen III expression.

Oxidative stress can be caused by a variety of stimuli and re-
sults in the production of reactive oxygen species (ROS), which 
lead to cellular oxidative injury [27]. Oxidative stress contrib-
utes to cardiac remodeling and fibrosis, ultimately leading 
to heart failure [8,28]. Yoshioka et al. have shown that se-
piapterin could prevent left ventricular hypertrophy and dil-
atory remodeling induced by pressure overload by inhibiting 
oxidative stress [29]. In this study, we detected myocardial ox-
idative stress through the measurement of SOD function as 
well as MDA content; SOD is a key cellular defense against su-
peroxide, whereas MDA is capable of causing the toxic cellu-
lar stress [30]. In this study, a significant decrease in SOD ac-
tivity, together with an increase in the MDA was found in the 
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Figure 3.  Effect of sulforaphane (SFN) treatment on cardiomyocyte apoptosis. The cardiomyocyte apoptosis levels of the Sham group 
(A), chronic heart failure (CHF) group (B) and the CHF +S FN group (C) were detected by using the terminal deoxynucleotidyl 
transferase biotin-dUTP nick end labeling (TUNEL) assay. (D) The apoptotic index was presented as the ratio of apoptotic 
nuclei (brown-stained) to total nuclei counted. (E) Bcl-2 and caspase-3 protein expression of different experimental groups 
were detected by Western blot. * P<0.05 versus sham operation group, # P<0.05 versus chronic heart failure (CHF) group.
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Figure 4.  Effect of sulforaphane (SFN) treatment on cardiac oxidative stress. (A) Superoxide dismutase (SOD) activity was significantly 
decreased in the chronic heart failure (CHF) group compared with the sham operation group, while sulforaphane (SFN) 
treatment significantly increased SOD activity. (B) Malondialdehyde (MDA) expression was significantly increased in 
the chronic heart failure (CHF) group compared with the sham operation group, and sulforaphane (SFN) administration 
decreased MDA expression. * P<0.05 versus sham operation group, # P<0.05 versus chronic heart failure (CHF) group.

Figure 5.  Effect of sulforaphane (SFN) treatment on the expression levels of cardiac inflammatory cytokines. The levels of the 
inflammatory cytokines tumor necrosis factor-a (TNF-a) (A) and interleukin (IL)-6 (B) were markedly increased in the chronic 
heart failure (CHF) group compared with the Sham group. Sulforaphane (SFN) treatment significantly reduced the tumor 
necrosis TNF-a and IL-6 levels. (C) There was no significant difference in the IL-1b levels between experimental groups. 
* P<0.05 versus sham operation group, # P<0.05 versus chronic heart failure (CHF) group.
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myocardium of CHF rabbits when compared with the sham-
operated rabbits, but SFN treatment reduced cardiac oxida-
tive stress, which may explain its effects on reduction of car-
diac fibrosis and remodeling in CHF.

In this study, inflammatory cytokines were evaluated in the 
animal model studies as inflammation is another important 
factor involved in the pathophysiology of CHF [31], and serum 
levels of IL-6 level have been shown to be increased in car-
diac hypertrophy in rabbits [32]. Sriramula et al. have shown 
that TNF-a contributed to angiotensin II-induced hyperten-
sion and cardiac remodeling [33]. ROS generation in oxidative 
stress is also likely to have a role in the modulation of inflam-
matory mechanism in CHF [34]. In the present study, inflam-
matory cytokines TNF-a, as well as IL-6 levels, in the myocar-
dium increased in the in CHF group when compared with the 
sham group, and levels of these cytokines were reduced fol-
lowing treatment with SFN.

Previous studies have shown that cardiac myocyte apoptosis 
occurs in CHF and the percentage of apoptotic cardiac myocytes 

in the failing human heart increase with increasing severity of 
the condition [35]. Moe et al. have shown that early and con-
sistent activation of myocardial apoptosis and pro-apoptotic 
factors contributed to the progression of HF in canine cardi-
ac pacing-induced cardiomyopathy [36]. Inhibition of cardiac 
myocyte apoptosis is capable of improving the symptoms of 
HF [37]. A recent study in a rat model of myocardial ischemia 
has shown that SFN can reduce stress-induced cardiomyocyte 
apoptosis through the activation of the SIRT1 signaling path-
way [38]. Collectively, these previous studies support the find-
ings of the present study and serve as an incentive to inves-
tigate further the mechanisms of action of SFN on the heart.

Conclusions

In a rabbit model of chronic heart failure, treatment with sul-
foraphane, a natural isothiocyanate compound, improved car-
diac function and remodeling by inhibiting oxidative stress 
and inflammation.
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