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ABSTRACT
Sulforaphane (SPN) is reported to activate the Nrf2/Keap1 complex responsible for 
protein and gene expression promotion of various antioxidant enzymes. The present 
study examined the role of Nrf2 in modulating other signaling pathways involved in 
SPN’s attenuation of acrolein (ACL)-induced cardiomyopathy in rats. Forty-two rat 
was categorized into seven 4-week treatment groups: control, SPN, losartan (LTN), 
ACL, ACL+SPN, ACL+LTN, and ACL+SPN+LTN. Heart samples were harvested for 
analysis; cardiac oxidative and injury biomarker levels and histopathological examination 
were undertaken. PPARγ, Nrf2, NF-κB, COX-2, and CYP2E1 protein expressions were 
examined. Results show that SPN and SPN+LTN reduced GSH, catalase, and lipid 
peroxidation compared to the ACL-treated group. Also, levels of creatine kinase-MB, 
cardiac troponin, and caspase 3 induced by ACL were all attenuated. Altered cardiac 
tissue pathophysiology by ACL was alleviated. SPN+LTN significantly increased Nrf2 
expression via PPARγ action but decreased NF-κB and COX-2 expressions. Also, ACL-
increased CYP2E1 expression was significantly attenuated by the SPN+LTN combination. 
For the first time, it suggests that SPN+LTN might offer a better therapeutic alternative 
to ACL-induced cardiomyopathy by activating Nrf2 via PPARγ and reducing NF-κB/COX-
2/CYP2E1 expressions.
Key words: Sulforaphane, Losartan, Acrolein, Cardiomyopathy, Oxidative Stress, PPARγ; 
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INTRODUCTION
Acrolein (ACL) is an environmental 
pollutant and dietary aldehyde found in high 
concentrations in foods like cheese, donuts, 
and coffee.1,2 It is implicated in causing 
chronic cardiac disease, among other organ 
effects, by reacting with nucleophiles such 
as DNA and protein molecules to cause 
oxidative stress and myocardial damage.3,4  
The heart is usually a known target for assault  
by numerous agents, including ACL, because 
it is one of  the most energy-demanding organs. 
In this regard, cardiomyopathy becomes the 
likely outcome of  most drugs’ assault on the 

heart leading to failure. The mechanism of  
drug-induced cardiomyopathy is varied but 
related mostly to altered myocardial energy 
homeostasis and metabolic pathways. The 
heart function is regulated by multicomplex 
signaling protein pathways that control its 
activity.5 Exposure to ACL can exacerbate 
inflammatory activity by promoting mediators 
and prooxidant activities, causing oxidative 
stress that can lead to cardiomyopathy.3,6 
Accumulated evidence indicates that it can 
change the expressions of  protein signaling 
moieties particularly that of  nuclear factor 
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erythroid 2-related factor 2 (Nrf2) transcription factor 
and peroxisome proliferator-activated receptor (PPAR) 
superfamily.7 These signaling proteins are reported to 
play essential roles in adapting to homeostatic changes 
by modifying the expressional transcriptions of  chief  
antioxidant enzymes,8  particularly enzymes involved 
in protein-gene expression and antioxidant enzyme 
actions.5,9,10 Of  note is that PPARγ’s interactional 
activities on the heart are still controversial in terms 
of  their inverse relationships yet to be distinctly clear.11 
However, studies have shown that inhibition of  PPARγ 
activities in the cardiomyocytes, either induced by drug 
or diseased conditions, will promote inflammatory 
events of  mediators. A consequent oxidative stress 
situation will ensue, leading to cardiomyopathy.12 
Therefore, it could be interpreted to mean that increased 
expression of  PPARγ on the heart will likely nullify the 
generation of  pro-inflammatory mediators. Another 
nuclear transcription factor described as an antioxidant 
response element, Nrf2, has been documented to 
protect against inflammation and oxidative injury; it has 
been reported to induce the expression of  PPARγ.13,14 
Together, both play a critical protective role during 
inflammation and oxidative stress-induced cellular 
injury. Hence, studies have demonstrated a reciprocal 
transcriptional regulation between genes of  Nrf2 
and PPARγ.13 Evidence has shown that sulforaphane 
(SPN) (a dietary isothiocyanate) acts by inducing Nrf2 
signaling, promoting an antioxidant environment that 
alleviates inflammation and tissue oxidative stress15,16  
From the foregoing, SPN, if  supplemented with PPARγ 
agonist, might be an effective therapeutic combination 
in attenuating inflammatory and oxidative stress induced 
by ACL. SPN is a natural sulfur compound derived 
from glucosinolate found in cruciferous vegetables 
like cabbages, cauliflower, broccoli, and olives.15,17 We, 
therefore, hypothesized that the PPARγ expression ratio 
on the heart might be decreased in inflammatory and 
oxidative stress conditions induced by ACL. Hence it 
might be beneficial to use PPARγ agonist in this regard. 
This is because these regulatory proteins are very 
sensitive to such environments. In addition, reduced 
cardiac expressions of  these signaling proteins may 
increase the risk of  assault, as its functionality may be 
compromised. We also hypothesize that Nrf2-mediated 
protein expression of  PPARγ might be enhanced 
preferentially, thus contribute to the attenuation of  
the development of  ACL-induced cardiomyopathy. 
The aim of  the present study was to evaluate if  ACL 
can modulate the expressions of  Nrf2 and PPARy by 
promoting the expressions of  nuclear factor kappa-
light-chain-enhancer of  activated B cells (NF-κB), 

cyclooxygenase-2 (COX-2), and cytochrome P450 2E1 
(CYP2E1) in cardiomyopathy state and investigate the 
effect of  losartan (LTN), a PPARy agonist, on Nrf2 
activator SPN in ACL-induced cardiomyopathy and their 
effect on antioxidant activities. To date, there is no work 
done to evaluate the effect of  SPN plus LTN on ACL-
induced cardiomyopathy. This study will confirm the 
extent of  their involvement and the interplay of  these 
signaling pathways in ACL-induced cardiomyopathy. 
Also, it will adduce a more beneficial treatment that will 
improve the outcome of  this disease among vulnerable 
patients.

MATERIALS AND METHODS
Chemicals, Assay kits, and Antibodies

SPN, LTN, and ACL were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Assay kits for reduced 
glutathione (GSH) were procured from Sigma-Aldrich, 
and for catalase, lipid peroxidation, and caspase  
3 were purchased from BioVision (Milpitas, CA, USA). 
Creatine kinase-MB (CK-MB) and cardiac troponin 
were from MyBioSource (San Diego, CA, USA). Primary 
antibodies against PPARγ, Nrf2, and NF-κB (p65) were 
purchased from Santa Cruz Biotechnology (Dallas, TX, 
USA), while COX-2 and CYP2E1 were from Abcam 
(Waltham, MA, USA). Gels for Western blotting were 
procured from Bio-Rad (Hercules, CA, USA).

Animals

A total of  42 Wistar rats (males and females) with a 
weight range of  150-200 g were used for this study. 
They were obtained from the Animal House of  College 
of  Medicine, King Faisal University, Saudi Arabia. Rats 
were maintained in groups of  six per cage in controlled 
environmental conditions according to the specified 
standards, with 12 hr dark and 12 hr light cycle, at  
23 ± 1°C. They were allowed access to food and water 
throughout the study. Animal care and experimental 
procedures were carried out according to the guidelines 
of  the Research Ethics Committee at King Faisal 
University (KFU-REC/2021-06-07) and that of  the 
National Committee of  Bioethics (NCBE), King 
Abdulaziz City for Science and Technology (KACST), 
Saudi Arabia.

Experimental Protocol

The rats were divided into seven groups of  six animals 
each and treated once a day for 4 weeks. ACL and SPN 
were suspended in 0.3% w/v methyl cellulose and 
given orally. Group I (control) received normal saline + 
0.3% w/v methyl cellulose as a vehicle. Group II was 
treated with SPN (1 mg/kg).18 Group III was given  
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10 mg/kg of  PPARγ agonist (LTN).19 Group IV animals 
were treated with ACL 5 mg/kg.1 Group V was treated 
with SPN, and after 30 min it was given ACL. Group 
VI received LTN 30 min later was treated with ACL. 
Group VII was given SPN plus LTN, and after 30 min it 
was administered with ACL. After 4 weeks of  treatment, 
animals were euthanized by cervical dislocation under 
ether anesthesia. The blood and heart samples were 
harvested at the same time. The heart samples were 
thoroughly rinsed in phosphate-buffered saline to 
remove excess blood before being stored at -85°C for 
analysis. The collected samples were used to estimate 
biochemical markers of  cardiac antioxidants, namely 
GSH, catalase, and lipid peroxidation. Also, cardiac 
injury markers, CK-MB, cardiac troponin, and caspase 
3 were measured. Western blotting was performed to 
analyze the protein expressions of  PPARγ, Nrf2, NF-κB, 
COX-2, and CYP2E1.

Cardiac Oxidative Stress Evaluation

Harvested heart samples were homogenized in 
phosphate-buffered saline in a ratio of  1:10 (w⁄v) 
homogenates and then centrifuged at 13000g (4°C) for 
30 min; the supernatant was then collected for assay. 
GSH levels were determined following the instructions 
of  the manufacturer. Briefly, it is a colorimetric reaction  
of  5,5’-dithiobis(2-nitrobenzoic acid). Cardiac GSH 
contents were measured at 412 nm using a standard 
curve plot. Catalase activity was determined spectro
photometrically using a commercial kit according to 
the manufacturer’s instructions. Essentially, in the assay, 
catalase first reacts with H₂O₂ to produce water and 
oxygen, the unconverted H₂O₂ reacts with OxiRed™ 
probe to produce a product, which is then measured at 
570 nm. Concentrations of  MDA, as a marker for lipid 
peroxidation, were determined by the thiobarbituric 
acid-reactive substances method by determining the 
levels of  thiobarbituric acid-reactive substances, as 
earlier described by Emeka et al.20 Phosphoric acid 
solution (1%) and a known volume of  thiobarbituric 
acid were added to each homogenate sample and then 
incubated at 95°C for 1 hr. The concentration of  the 
subsequent thiobarbituric acid-reactive substances was 
then measured spectrophotometrically at 535 nm.

Cardiac Injury Biomarkers

CK-MB activity was evaluated according to manufac-
turers’ procedure as described by Emeka et al.20 Heart 
homogenates samples were added to the micro-ELISA 
plate wells treated with a specific antibody and incubated 
for 90 min at 37°C. The liquid was decanted, and the 
biotinylated detection antibody specific for Rat CK-MB, 

and Avidin-Horseradish Peroxidase (HRP) conjugate 
were also added separately and incubated for another  
1 hr at the same temperature. Thereafter, substrate  
solution was added to the sample solutions, and enzyme 
reactions stopped by adding a stop solution. The  
ensuing colorful samples are then measured spectropho-
tometrically at a wavelength of  450 nm. Cardiac troponin 
levels were assayed in heart samples by ELISA method 
following the kit manufacturer’s instructions. Briefly, 
using purified rat cardiac troponin antibody, microtiter 
plates were coated with troponin antibody; then add  
HRP-Conjugate Reagent to form an antibody-antigen-
antibody-enzyme complex. The resultant solutions were 
washed several times, and a tetramethylbenzidine sub-
strate solution was added. The ensuing reactions were 
terminated by the addition of  sulfuric acid solution. The 
color developed is measured spectrophotometrically at a 
wavelength of  450 nm.

Cardiac Caspase 3 Activity Assay

Caspase 3 activity was measured in the different 
treatment groups using colorimetric assay, according to 
the manufacturer’s instructions as described by Emeka  
et al.20 The heart tissues were homogenized in 3 ml of   
10 mM phosphate buffer (pH 7.4). Detection of  caspase 
3 activity was predicated on the hydrolysis of  the peptide 
substrate acetyl-Asp-Glu-Val-Asp p-nitroanilide by 
caspase 3. The reaction led to the consequent release of  
the p-nitroaniline component, which was then measured 
spectrophotometrically at 405 nm.

Histopathological Examination

The hearts tissues were fixed in 10% buffered formalin 
for at least 24 hr and then processed using standard 
protocol for microscopical examination. Embedded 
paraffin sections were stained with hematoxylin and 
eosin. Slides were evaluated under a light microscope 
for pathology. Pathophysiological scores were used 
to evaluate levels of  cardiac injury according to the 
modified grading method described by Billingham  
et al.21 The control group was used to compare pathology 
observed in the different treatment groups as follows: 
0 = no pathology, 1 = mild pathology, 2 = moderate 
pathology, 3 = severe pathology.

Protein Expression Determination Using Western 
Blotting Technique

The protein expressions of  PPARγ, Nrf2, NF-κB, COX-
2, and CYP2E1 in the heart tissues were determined 
through Western blotting using their specific antibodies, 
according to the method described earlier by Emeka et al.20 

From the homogenized harvested heart samples treated 
with  with radioimmunoprecipitation assay using lysis  
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buffer, the nuclear and cytoplasmic extract were  isolated 
and prepared. The isolated nuclear extracts were used 
for the determination of  PPARγ, Nrf2, NF-κB. Whereas 
the protein extracts were used to determine COX-2, and 
CYP2E1 expressions. Approximately 50 μg of  protein 
samples were separated using 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
gels. These were later transferred onto polyvinylidene 
fluoride membranes, and 5% non-fat dried milk was 
used to block the non-specific sites at 20–22°C for  
1 hr. This was followed by washing the membranes with 
Tris-buffered saline and 0.1% Tween 20 (TBST). The 
membranes were then incubated overnight at 4°C with 
primary mouse monoclonal antibodies against PPARγ, 
Nrf2, NF-κB, COX-2, and CYP2E1 in a ratio of  1:1000. 
Thereafter, the membranes were washed with TBST and 
incubated with secondary peroxidase-conjugated goat 
anti-mouse IgG in a ratio of  1:5000 for 1 h. The resulting 
bands were visualized according to the manufacturer’s 
instructions, using an enhanced chemiluminescence 
system. ImageJ software (freeware; rsbweb.nih.gov/ij) 
was used to perform the densitometric analyses of  the 
bands.

Statistical Analysis

Data obtained were expressed as mean ± SD, and analysis 
was done using GraphPad Prism software version 8.2 
(San Diego, CA, USA). Comparison between control and 
treatment groups were made using the one-way analysis 
of  variance, and the differences between the groups 
were measured using Tukey’s multiple comparisons test. 
Statistically significant was taken as p < 0.05.

RESULTS
Cardiac Oxidative Biomarkers

Figure 1 (A-C) represents graphs of  cardiac oxidative 
biomarkers obtained from different experimental 
groups. A, represents GSH levels measured in heart 
samples after 4 weeks of  treatments. Our data showed 
that ACL markedly (p < 0.0001) increased GSH levels 
(39.06 ± 1.2 nmol/mg protein) compared to control 
(5.3 ± 0.71 nmol/mg protein), indicating myocardial 
tissue adaptation to intense oxidative stress generated by 
ACL. However, pretreatment with SPN and LTN each 
reduced GSH levels significantly (p < 0.001) too to 18.8 
± 0.92 and 20.9 ± 0.95 nmol/mg protein, respectively, 
compared to ACL treatment. Moreover, combinations 
of  SPN+LTN reduced the level further to 12.5 ± 1.49 
nmol/mg protein, significantly too (p < 0.001) compared 
to ACL treatment. B, represents heart sample catalase 
levels observed from different treatment groups. It 

showed that catalase activity was significantly increased 
(p < 0.01) by ACL compared to control (12.3 ± 1.34 for 
ACL and 5.85 ± 0.5 unit/mg protein for control). Our 
result also showed that pretreatment with a combination 
of  SPN+LTN restored catalase activities significantly  
(p < 0.001) to 5.45 ± 1.2 unit/mg protein compared 
to ACL treatments. In Figure 1C, we observed that  
ACL gave a significant increase (p < 0.001) in lipid 
peroxidation (21.0 ± 1.4 nmol/mg protein) compared to 
control (5.5 ± 0.3 nmol/mg protein). Results obtained also 
indicated that only the pretreatment with SPN diminished 
lipid peroxidation significantly (p < 0.05) compared to 
the ACL treatment given 14.0 ± 1.4 nmol/mg protein  
compared to LTN pretreatment of  19.1 ± 2.8 nmol/mg  
protein. However, the use of  both agents brought lipid 
peroxidation to control levels. These results suggest that 
pre-treatment with a combination of  SPN and LTN has 
better potential in abolishing ACL-induced oxidative 
stress and inflammatory changes. Hence preventing 
progressive cardiomyopathy, evidenced by diminished 
lipid peroxidation.

Cardiac Injury Biomarkers

Results presented in Figure 2 (A-C) are measurements 
of  cardiac injury biomarker levels obtained from each 
experimental group. A, exhibits CK-MB levels of  all 
the treatments carried out in this study. It showed a 
very significant increase (p < 0.001) in CK levels for 
the ACL group (77.0 ± 5.7 nmol/mm/mg). However, 

Figure 1: Effects of sulforaphane (SPN), losartan (LTN), 
and acrolein (ACL), and pre-treatments with SPN, LTN, and 
SPN+LTN on antioxidant enzymes activities after 4 weeks of 
treatment. A, reduced glutathione (GSH) levels with different 
treatment groups; B, Catalase activity; C, Lipid peroxidation 
showing levels of malondialdehyde (MDA). Results repre-
sent mean ± SD. * Shows a significant difference (p < 0.05)  
compared to control; # represents a significant difference be-

tween ACL and other pre-treatment groups.
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all the pretreatment groups of  SPN, LTN, and their  
combination ameliorated ACL effects significantly  
(p < 0.001). In addition, the treatment combination 
restored CK level as seen with the control (36.0 ± 5.7  
and 33.0 ± 2.8 respectively). B, represents cardiac 
troponin levels obtained from each experimental 
group. Compared to control (4.70 ± 0.85 pg/ml), ACL 
produced a significant increase with 13.8 ± 0.42 pg/ml. 
We also found that both SPN and LTN pre-treatments  
reduced the effects of  ACL-generated increase to  
6.65 ± 2.05 and 9.6 ± 1.06 pg/ml, respectively. 
Furthermore, pre-treatment combination with SPN and 
LTN restored cardiac troponin level as seen with the 
control group (4.55 ± 0.49 pg/ml). C, shows caspase 
3 activity as determined in all experimental groups. 
Our data revealed a significant (p < 0.001) caspase  
3 activity (2.67 ± 0.33) in rats treated with ACL compared 
to control (1.1 ± 0.14). On the other hand, SPN  
pre-treatment significantly (p < 0.01) reduced caspase 
3 activity to 1.70 ± 0.28. Our results further indicated 
that the combination of  SPN and LTN showed a better 
ameliorative effect on ACL-induced cardiomyopathy 
than when they were administered individually.

Histopathological Examinations of Representative 
Heart Samples

Figure 3 (A-G) illustrates the histopathology profile 
observed in each experimental group after 4 weeks of   
treatment. A, represents the control experimental group,  

with no apparent pathological changes of  histo
architecture, showing normal striation and intercalated 
disc. B, represents a photomicrograph of  representative 
heart sample treated with SPN alone with no apparent 
histopathology visible. It shows a normal intercalated 
disc and monocyte nucleus. C, describes pathological 
features observed with LTN treatment alone, showing 
normal cardiac histoarchitecture with mild cells 
infiltration, confirming its antioxidant profile. D, shows a 
representative photomicrograph of  heart sample treated 
with ACL. It showed myocardial disarray, interstitial 

Figure 2: Effects of sulforaphane (SPN), losartan (LTN), 
and acrolein (ACL), and pre-treatments with SPN, LTN, and 
SPN+LTN on myocardial injury makers. A, Creatine kinase-
MB (CK-MB); B, Cardiac troponin; C, Caspase 3 activities. Re-
sults represent mean ± SD. * Shows a significant difference  
(p < 0.05) compared to control; # represents a significant  

difference between ACL and other pre-treatment groups.
Figure 3: Histopathological analysis of heart samples after 4 
weeks of treatments with sulforaphane (SPN), losartan (LTN), 
and acrolein (ACL), and pretreatments with SPN, LTN, and 
SPN+LTN (A–G; H&E ×20; scale bar 10 µm). A, Longitudinal 
section in control group showing a normal appearance, nor-
mal striations (white arrow) with a proper intercalated disc 
(black arrows); B, SPN-treated heart tissue showing normal 
monocyte nucleus (yellow arrow) and normal intercalated 
disc (black arrow); C, Cardiac muscle treated with LTN show-
ing infiltration of neutrophils (blue arrow); D, ACL-treated 
cardiac muscle showing infiltration of cells (blue arrows), dis-
torted striation (red arrow), interstitial fibrosis (brown arrow), 
wavy myocardial fibers (green arrow), and myofibril disarray 
(black arrow). The insert (×20) shows infiltration of cells (blue  
arrow) and interstitial fibrosis (brown arrow); E, Cardiac tis-
sue treated with ACL+SPN showing distorted striation (white  
arrow) and infiltration of cells (blue arrow); F, ACL+LTN-treated 
cardiac tissue showing inflammation infiltration of neutro-
phils (blue arrow), wavy myocardial fibers (green arrow), and  
myofibril degeneration (grey arrow); G, SPN+LTN-treated car-
diac tissue showing normal histoarchitecture of the heart tis-
sue with normal striation (white arrow), monocyte nucleus (yel-

low arrow), and intercalated disc (black arrows).
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fibrosis, distorted intercalated disc, distorted striation, 
and in some cases, wavy myocardial fibers. These 
pathological features clearly indicate cardiomyopathy 
and correlate with observed cardiac injury biomarkers 
in ACL-treated rats. E, shows a representative of  SPN 
pre-treated heart tissue, indicating mildly distorted 
striation and inflammatory cell infiltration. F, illustrates 
representative heart sample pre-treated with LTN 
before ACL administration. It shows recovery with mild 
wavy myocardial fiber with much reduced myocardial 
disarray and mild infiltrated inflammatory cells. Finally, 
G, shows a representative heart sample pre-treated with 
a combination of  SPN and LTN displaying normal 
monocyte nucleus, striation, and intercalated disc. This 
observation suggests complete inhibition of  ACL-
induced cardiac effects.

Heart Tissue Histopathological Score Heatmap

Figure 4 is the heatmap showing pathological scores 
for each myocardial change observed in the different 
experimental groups using Billingham’s scoring method 
as aforementioned in the methodology. The heart 
sample from the control group had a score of  zero (0) in 
all listed pathology because no pathology was observed. 
However, the heatmap indicated that the ACL-treated 
group had scores ranging from 1-3 in all pathology 
described, with the highest score of  3 for myocardial 
disarray, interstitial fibrosis, and distorted intercalated  

disc confirming cardiomyopathy. Pre-treatment with 
either LTN or SPN had a total of  1, indicating mild 
pathology. Pre-treatment with LTN had a higher 
combined score of  1 for each parameter except in 
interstitial fibrosis and myocardial disarray, compared 
to SPN, suggesting that SPN pre-treatment had a 
better profile of  protection. Besides, pre-treatment 
with SPN+LTN showed complete protection from the 
adverse effects of  ACL.

Western Blotting Results

The results of  the Western blotting analysis are 
presented in Figure 5 (A-C). A, shows different bands 
of  phosphorylated protein expressions in each 
experimental group. Our data showed in A, that ACL 
increased the level of  Nrf2 compared to control. This 
means that the tissue was experiencing stress, and 
therefore the increase in Nrf2 can be described as 
oxidative stress adaptive measure. Pre-treatment with 
either LTN or SPN decreased this stress, as evidenced 
from histopathology observation. It was, however, 
noted that using SPN or LTN alone increased the 
levels of  Nrf2 considerably compared to control, 
confirming the ability of  SPN to induce Nrf2 protein 
expression. Interestingly, pre-treatment with SPN+LTN 
produced a profound increase in the expression of  
Nrf2 significantly (p < 0.0001) compared to control. 
Based on the overall results obtained, we suggest that 

Figure 5: Effects of acrolein (ACL), losartan (LTN), and sul-
foraphane (SPN), and pretreatments with LTN, SPN, and 
SPN+LTN after 4 weeks on A, different bands of protein  
expressions, and relative density of laminin-B. A,nuclear 
factor erythroid 2-related factor 2 (NRF-2); B, peroxisome 
proliferator-activated receptor-γ (PPARγ); C, nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB, p65). 
The nuclear proteins were compared with Lamin-B1. Results 
are represented as mean ± SD. * Represents a significant  
difference (p < 0.05) compared to control; # shows a significant 
difference between the ACL-treated and pre-treatment groups.

Figure 4: Heatmap evaluation score of cardiac histopatho-
logical changes induced by sulforaphane (SPN), losartan 
(LTN), and acrolein (ACL), and pretreatments with SPN, LTN, 
and SPN+LTN after 4 weeks. Histopathology score: 0 = no 
pathology, 1 = mild pathology, 2 = moderate pathology, and  
3 = severe pathology. Str = striation; Icd = intercalated 
disc; I.F = interstitial fibrosis; D.S = distorted striation;  
W.M.F = wavy myocardial fibers; M.D = myofiber disarray;  

I.C = infiltration of cells; N.M.N = normal monocyte nucleus.



Emeka, et al.: Sulforaphane Attenuates Acrolein Induced Cardiomyopathy by Activating PPARy

1054� Indian Journal of Pharmaceutical Education and Research | Vol 55 | Issue 4 | Oct-Dec, 2021

this increase could be a protective measure as Nrf2 
downstream activity denotes enhancing antioxidant and 
antiapoptotic effects on tissues. However, this observed 
effect begs for further investigation. B, shows Western 
blotting analysis of  PPARγ phosphorylated protein 
expression in each experimental group. Our result 
revealed that following pre-treatments with either LTN  
or SPN, PPARγ expressions increased significantly  
(p < 0.001) compared to control. This result, in addition, 
confirmed that LTN has the potential to enhance the 
activity of  PPARγ. Moreover, pre-treatment with the 
combination of  SPN and LTN also showed an increase 
in the PPARy expression compared to control. These 
results suggest a corresponding increase with Nrf2 
along with PPARγ expressions indicating diminished 
oxidative stress induction by ACL. In C, we present 
protein expressions of  NF-κB in the wake of  ACL 
treatment and pre-treatments with LTN and SPN. As 
expected, ACL increased (p < 0.01) the expressions 
of  NF-κB in the heart samples implying oxidative 
stress and inflammatory condition. We also found that 
only pre-treatment with LTN and the combination of  
SPN+LTN produced a significant (p < 0.05) decrease in 
NF-κB expression in heart samples.
The results of  the Western blotting protein analysis 
are presented in Figure 6 (A-B).  In A, we present 
the protein expressions of  COX-2 in all experimental 
groups. It revealed that ACL significantly (p < 0.001) 
increased COX-2 expression compared to control. 
Pre-treatment with LTN, SPN, and their combination 
was found to decrease COX-2 expressions. This could 
suggest that ACL induction of  oxidative stress might be 
multifactorial. Figure 6 B. shows the effects of  treatment 

with ACL and pre-treatments with LTN and SPN on 
protein expressions of  CYP2E1. Our data show that 
ACL enhanced this expression considerably (p < 0.001) 
compared to control. In a similar fashion, both LTN and 
SPN significantly (p < 0.001) suppressed the expression 
of  CYP2E1 compared to ACL treatment. Unexpectedly, 
we observed that the combined pre-treatment of  SPN 
and LTN produced an increase in CYP2E1 expression 
compared to the ACL treatment, which we cannot 
explain.

DISCUSSION
Evidence from numerous studies reveals that cardiac 
tissue is very sensitive to the toxic effects of  ACL.1,22 
This is due to the ability of  ACL to form complex 
protein adducts in the cardiac mitochondria, resulting 
in decreased energy utilization.22 In this study, we have 
shown that ACL-induced cardiomyopathy was produced 
via the activation of  NF-κB, COX-2, and CYP2E1 
protein expressions. These signaling pathways have 
been reported to induce oxidative stress, inflammation 
and, in their wake, release proinflammatory mediators 
that induce oxidative stress23-25 Our present report 
also demonstrated that these effects were attenuated 
by pre-treatment with either SPN or LTN and more 
so with their combination. We, therefore, suggest that 
the SPN+LTN combination suppressed the activities 
of  pro-oxidative signaling pathways by stimulating the 
downstream protein expressions of  Nrf2 and PPARγ. 
According to documented evidence, SPN has been 
identified as a potent antioxidant and gene expression 
regulator, acting via the induction of  Nrf2 activity.26 In 
contrast, LTN (an agonist of  PPARy) is said to improve 
cardiac function by decreasing oxidative stress by 
stimulating the PPARγ signaling pathway,27,28 In terms 
of  oxidative stress induced by ACL, our study showed 
that GSH levels were increased significantly. Our finding 
is likened to the report of  Sthijins et al.7 and Uemura  
et al.29 indicating that ACL apparently induces an adaptive 
measure whereby GSH level is increased during oxidative 
stress conditions. They report that as the concentration 
of  ACL in the cell rises, it elicits a consequent increase 
in GSH level within the cell. This observed effect might 
be due to the induction of  several antioxidant signaling 
pathways as a self-protective measure.30 We report that 
pretreatment with either SPN or LTN suppressed the 
effect of  ACL, indicating reduced oxidant activity. 
Our observation is complemented by similar reported 
findings, demonstrating the ability of  SPN and LTN to 
reduce induced oxidative stress both in the heart and 
other tissues.31,32 However, the combination of  SPN and 

Figure 6: Effects of acrolein (ACL), losartan (LTN), and sul-
foraphane (SPN), and pretreatments with LTN, SPN, and 
SPN+LTN after 4 weeks on A, different bands of protein ex-
pressions, and relative density of beta-actin. A, cyclooxyge-
nase-2 (COX-2) and B, cytochrome P450 2E1 (CYP2E1) pro-
tein expressions. Cytoplasmic protein extracts extracts were 
compared with Beta-actin. Results are represented as mean 
± SD. * Represents a significant difference (p < 0.05) com-
pared to control; # shows a significant difference between the  

ACL-treated and pre-treatment groups.
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LTN gave a profound reduction, suggesting that it has a 
better potential to attenuate ACL cardiomyopathy.
In a similar fashion, ACL also caused a significant increase 
in catalase activity. We, therefore, suggest that this similar 
action resembles the increase of  GSH level observed 
and is reminiscent of  the same mechanism that might 
be at play here. It exemplifies dynamic cardioprotection 
towards ACL-induced cardiomyopathy.7 Compared to 
ACL treatment, combined pre-treatment with SPN and 
LTN produced a significant decrease in catalase activity 
to the same level as the control. However, our reported 
finding is contrary to previous studies conducted with 
cell lines, where ACL reportedly reduced catalase activity.31

Expectantly, in the present study, ACL increased cardiac 
lipid peroxidation, which was attenuated by SPN. 
Numerous studies have documented similar results 
in line with our own findings.31,33 Drug-induced lipid 
peroxidation has been linked to cardiac injury, including 
cardiomyopathy.34,35 Therefore, agents that will mitigate 
this aspect of  oxidative stress product will ameliorate 
cardiac disease progression. We hereby recount again that 
the combination of  SPN and LTN completely abolished 
the effect of  ACL in generating lipid peroxidation, 
suggesting a better potential antioxidant profile.
CK-MB, a product of  damaged myocyte is usually 
a sensitive marker of  myocardial injury.36 From the 
foregoing, we present here an increased level of  CK-MB 
in rats treated with ACL for 4 weeks, which is in line 
with previously documented studies.36,37 In addition, 
we also found a significant reduction in the levels of  
CK-MB amongst rats pre-treated with either SPN or 
LTN, and this finding is corroborated in the literature.38   

Elevated levels of  cardiac troponin have been described 
as an early marker for cardiomyopathy.39 Whereas Li  
et al.40 after reporting the association of  elevated 
cardiac troponin with cardiomyopathy, advocated for 
drugs that can modulate troponin for the treatment of  
cardiomyopathy, signifying the role of  troponin in the 
disease progression. In like manner, cardiac troponin was 
also found to be elevated by ACL and attenuated by pre-
treatment with SPN and LTN, as were also documented 
by various workers.35,41 In addition, SPN+LTN pre-
treatment restored troponin levels as seen with the 
control. The result suggests that the combination could 
be a good candidate to stem the progression of  heart 
injury to cardiomyopathy, as a report has linked increased 
cardiac troponin to apoptosis.42 The critical role that 
caspase 3 plays in apoptosis has been recognized as the 
primary factor in cell death.43 Numerous recent and past 
studies have shown that ACL induces apoptosis via the 
induction of  the caspase 3 signaling pathway.36,44,45 Our 
data support these findings in that we also observed a 

significant increase in caspase 3 activity amongst ACL-
treated rats. As confirmed by the studies of  Ma et al.46 
and Fernandos et al.47 we also report that SPN attenuated 
the effect of  ACL on caspase 3 activity. The implication, 
therefore, is the diminishing of  apoptosis, consequent 
upon abolishment of  attendant cardiomyopathy. The 
reversal of  ACL cardiac damage by SPN has also been 
documented befor.38,48 This documented evidence 
confirms our findings, suggesting that combined 
treatment with SPN and LTN has shown a potential 
therapeutic agent for ACL-induced cardiomyopathy. 
The attenuation of  cardiomyopathy-induced histo
pathological changes by SPN and LTN, both 
individually and in combination, reflects their ability to 
mitigate cardiac oxidative and cardiac injury biomarkers 
levels. Hence, we observe normal striation, normal 
monocyte nucleus, and diminished myocyte disarray in 
heart samples examined in these pre-treatment groups, 
compared to ACL.
The upregulation of  Nrf2 expression came with 
downregulation of  NF-κB, COX-2, and CYP2E1 
expressions, evidenced by attenuation of  ACL-induced 
cardiomyopathy in this study by SPN.31,49,50 According to 
Hayes and Dinkova-Kostova,51 Nrf2 allows adaptation 
by promoting the induction of  antioxidant genes to 
maintain redox homeostasis. Hence, this could explain 
our observation of  increased Nrf2 expressions. The 
overall effect is the modulation of  oxidative stress 
and apoptosis involved in cardiomyopathy.47 On the 
other hand, evidence shows that activation of  PPARy 
signaling suppresses inflammation induced by NF-κB 
and COX-2 upregulation.28 Previous reports showed 
that ACL-induced toxicity reduced PPARy level with 
increased NF-κB and COX-2 activities, in line with 
our present observation.52 In addition, PPARy down 
and upregulation can be affected by the actions of  
inducible CYP2E1.53,54 Therefore, the mechanism by 
which SPN and its combination with LTN mediate the 
antioxidant and antiapoptotic effects in drug-induced 
cardiomyopathy has been documented.31,55-58 However, 
according to a recent study, SPN can affect the activity 
of  CYP2E1 in conditions of  oxidative stress.50 An 
increase in CYP2E1 expression in the heart has been 
reported to induce oxidative stress and apoptosis, 
leading to cardiomyopathy.25 From the foregoing, 
our present report showed upregulation of  Nrf2 and 
PPARy expressions by a combination of  SPN and 
LTN, which seemly ameliorated the effect of  ACL. 
Also consistent with our finding is that both Nrf2 and 
PPARy reduced troponin levels and decreased caspase 3 
activities.59,60 However, literature is silent as regards the 
mechanism by which SPN and LTN could potentiate 
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their effect in the attenuation of  ACL-induced 
cardiomyopathy. Therefore, in this study, we further 
evaluated their potential mechanism when combined. 
According to documented studies, Nrf2 and PPARy 
signaling pathways appear to be linked positively.13 Also 
reported is that PPARy agonists were found to induce 
the transcription of  factor genes belonging to Nrf2, 
suggesting that PPARy can regulate the Nrf2 pathway.61 
In addition, expressions of  Nrf2 were suppressed in 
PPARy null mouse model.14 Therefore, it is suggested 
that PPARy and transcription factor Nrf2 could be acting 
synergistically to activate antioxidant factor genes.62 

From the present study, we suggest that simultaneous 
activation of  these signaling pathways could portend 
a beneficial effect in conditions of  cardiomyopathy. In 
the present study, we observed that proinflammatory 
mediators’ expressions were all attenuated, with a 
consequent reduction in both troponin and caspase 3 
activity. Hence, also suggesting that they might be acting 
in a synergistic fashion. From the foregoing, therefore, 
the effect of  SPN+LTN combination on ACL-induced 
cardiomyopathy appears to have therapeutic potential 
and should be further investigated. Studies have shown 
that treatment with SPN improved cardiac function and 
remodelling by inhibiting inflammation and oxidative 
stress in a rabbit model of  chronic heart failure.46,63 LTN 
also has been documented and approved for patients 
with heart failure.64 The present study could potentially 
indicate that SPN, together with LTN, could potentially 
exert a cardiovascular protective effect by activating 
PPARγ/Nrf2 signaling. Hence, inducing the expressions 
of  antioxidant enzymes that will reduce oxidative stress, 
ultimately improving cardiovascular complications and 
dysfunction in the clinical settings. Therefore, synergistic 
use in the clinical application should be exploited.32,49,65,66 
One of  the limitations of  this study is that the authors 
did not observe the animals further to check if  the 
induced cardiomyopathy is reversible. Secondly, we did 
not include mortality data.

CONCLUSION
For the first time, we report the combination of  
Nrf2 and PPARy agonists in the attenuation of  ACL-
induced cardiomyopathy. In this study, we explored the 
mechanisms by which SPN modulates other signaling 
pathways involved in cardioprotection via the activation 
of  the Nrf2 pathway. We demonstrated that activation of  
Nrf2, which suppressed NF-κB, COX-2, and CYP2E1 
pathways, was upregulated by PPARγ that known to play 
a pivotal role in cardioprotection by reducing cardiac 
injury. LTN acted in a similar fashion, as was observed 

with SPN. However, the combination of  SPN and LTN 
appeared to act synergistically to attenuate the effect of  
ACL-induced oxidative stress. These results suggest that 
the pharmacological activation of  PPARγ interplays 
with Nrf2 to suppress the cardiomyopathy induced by 
ACL. Therefore, this may provide a better therapeutic 
benefit against cardiomyopathy induced by ACL.
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SUMMARY

The paper addresses the problem of  acrolein that 
might be ingested unintentionally or by accident. 
Cardiomyopathy from acroelin has been a health 
concern and treatment is still elusive. In this study, we 
modulated the effects of  ACL induced cardiomyopathy 
by enhancing the expressions of  Nrf2 via PPARy. 
Hence will attenuated the expressions of  nuclear 
factor kappa-light-chain-enhancer of  activated B cells 
(NF-κB), cyclooxygenase-2 (COX-2), and cytochrome 
P450 2E1 (CYP2E1). The expressions of  PPARy was 
increased by administration of  LTN, a PPARy agonist, 
which enhanced the effect of  SPN, an Nrf2 activator. 
The results here suggests a potential treatment option 
that can be beneficial to this ubiquitous compound, 
acrolein. Therefore, the report presents a combination 
of  agents that appear to work synergistically in 
mitigating acrolein induced cardiomyopathy.
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