
Saudi Journal of Biological Sciences 28 (2021) 2772–2782
Contents lists available at ScienceDirect

Saudi Journal of Biological Sciences

journal homepage: www.sciencedirect .com
Original article
Quercetin prevents myocardial infarction adverse remodeling in rats by
attenuating TGF-b1/Smad3 signaling: Different mechanisms of action
https://doi.org/10.1016/j.sjbs.2021.02.007
1319-562X/� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author at: P.O. Box 84428, Riyadh 11671, Saudi Arabia.
E-mail address: gmalbadrani@pnu.edu.sa (G.M. Albadrani).

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier
Ghadeer M. Albadrani a,⇑, Mona N. BinMowyna b, May N. Bin-Jumah a, Gehan El–Akabawy c,d,
Hussain Aldera e, Ammar M. AL-Farga f

aDepartment of Biology, College of Science, Princess Nourah Bint Abdulrahman University, Riyadh, Saudi Arabia
bCollege of Applied Medical Sciences, Shaqra University, Shaqra, Saudi Arabia
cDepartment of Basic Sciences, College of Medicine, Princess Nourah Bint Abdulrahman University, Riyadh, Saudi Arabia
dDepartment of Anatomy and Embryology, Faculty of Medicine, Menoufia University, Menoufia, Egypt
eDepartment of Basic Medical Sciences, College of Medicine, King Saud bin Abdulaziz University for Health Sciences (KSAU-HS), Riyadh, Saudi Arabia
fBiochemistry Department, College of Sciences, University of Jeddah, Jeddah, Saudi Arabia

a r t i c l e i n f o a b s t r a c t
Article history:
Received 15 December 2020
Revised 19 January 2021
Accepted 1 February 2021
Available online 13 February 2021

Keywords:
Quercetin
Heart
Remodeling
Fibrosis
TGF-b1
BMPs
Smad
Rats
This study investigated the anti-remodeling and anti-fibrotic and effect of quercetin (QUR) in the remote
non-infarcted of rats after myocardial infarction (MI). Rats were divided as control, control + QUR, MI, and
MI + QUR. MI was introduced to the rats by ligating the eft anterior descending (LAD) coronary artery. All
treatments were given for 30 days, daily. QUR persevered the LV hemodynamic parameters and pre-
vented remote myocardium damage and fibrosis. Also, QUR supressed the generation of ROS, increased
the nuclear levels of Nrf2, and enhanced SOD and GSH levels in the LVs of the control and MI model rats.
It also reduced angiotensin II, nuclear level/activity of the nuclear factor NF-jb p65, and protein expres-
sion of TGF-b1, a-SMA, and total/phospho-smad3 in the LVs of both groups. Concomitantly, QUR upreg-
ulated LV smad7 and BMP7. In conclusion, QUR prevents MI-induced LV remodeling by antioxidant, anti-
inflammatory, and anti-fibrotica effects mediated by ROS scavenging, suppressing NF-jb, and stimulat-
ing Nrf-2, Smad7, and BMP7.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Adverse cardiac remodeling and fibrosis are common patholog-
ical mechanisms that alter the geometry and function of the left
ventricles (LVs) after myocardial infarction (MI) (Ma et al., 2018;
Hanna and Frangogiannis, 2019). While fibrosis prevents damage
in the infarcted area, it compromises the LV function in the viable
myocardium and eventually leads to heart failure (HF) (Sun, 2009;
Reichert et al., 2016). In the heart, the transforming growth factor-
b (TGF-b) superfamily plays significant roles in regulating numer-
ous biological functions including cell differentiation, proliferation,
survival, and fibrosis (Hanna and Frangogiannis, 2019). Among all,
TGF-b1, released from cardiomyocytes, inflammatory cells, acti-
vated fibroblast, and lymphocytes, is the most commonly studied
factor that is correlated with cardiac fibrosis, hypertrophy, and
apoptosis in the in the viable myocardium after injury or infarction
(Schneiders et al., 2005; Huntgeburth et al., 2011; Edgley et al.,
2012; Khan et al., 2016).

Increased expression of TGF-b1 was reported in the infarcted,
border, and remote areas of the LV after MI (Dobaczewski et al.,
2011; Saxena et al., 2014; Hanna and Frangogiannis, 2019). How-
ever, the cellular effects of TGFb1 on the target cells involve both
canonical (Smad-dependent) and non-canonical (e.g. p38 MAPK,
TAK1, RhoA, and ERK) pathways (Liu et al., 2016). Currently, it is
well accepted that the canonical ALK5/Smad2/3 pathway is the
major pathway that mediates the fibrotic and apoptotic effects of
TGF-b1 in the survival myocardium by inducing fibroblast activa-
tion, inhibiting proteases (i.e. Matrix metallopeptidases (MMPs)
and collagenases), upregulating MMPs protease inhibitors, and
stimulating the release of the connective tissue growth factor
(CTGF) (Leask and Abraham, 2004; Mauviel, 2005; Schneiders
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et al., 2005; Liu et al., 2016; Ma et al., 2018). Yet, the bone morpho-
genetic protein7 (BMP7) and Smad7 are natural anti-fibrotic and
anti-apoptotic which can inhibit the cardiac smad2/3 signaling
(Wu et al., 2014; Sanders et al., 2016).

Modern cardiology encourages the search for cheaper and safer
drugs from natural resources such as polyphenols and flavonols
(Zhang et al., 2018; Ferenczyova et al., 2020). Quercetin (QUR) is
a common flavonol that is widely found in numerous fruits and
vegetables (Shu et al., 2017; Ferenczyova et al., 2020). QUR has
well reported cardioprotective effects and demonstrated in vitro
and in vivo in several animal models including doxorubicin
(DOX), isoproterenol, angiotensin II (ANG II), aldosterone, salt, high
fructose-diet, Duchenne muscular dystrophy, and autoimmune
myocarditis-induced cardiac damage (Ferenczyova et al., 2020).
Besides, the cardioprotective effect of QUR was demonstrated in
animal models of MI and ischemia/reperfusion (I/R)-induced injury
where it effectively reduces the size of the infarction, stimulated
cardiomyocytes survival, and improved LV function (Liu et al.,
2016; Tang et al., 2019). All these beneficial effects of QUR were
attributed to its antioxidant, anti-inflammatory, and anti-
panoptic effects (Ferenczyova et al., 2020).

Recently, the anti-fibrotic cardio-protective effect of QUR was
demonstrated in the failing hearts of rats after isoproterenol or
ANGII treatment mediated by downregulation/inhibiting TGF-b1
(Li et al., 2013; Wang et al., 2020). Besides, QUR prevented high-
fat diet (HFD)-induced cardiac remodeling and fibrosis by inhibit-
ing the nuclear factor kappa-beat (NF-jb) and activating the
nuclear factor erythroid 2–related factor 2 (Nrf2), two master
inflammatory and antioxidant transcription factors, respectively
(Panchal et al., 2012).

Despite these findings, the anti-fibrotic effect of QUR on the car-
diac remodeling of the survival myocardium of animals after
induction of MI is still unclear. Therefore, this study was designed
to investigate this effect by targeting the precise mechanism of
action including its effects on key pathways such as ANG II release,
TGF-b1/Smad3/7 signaling, activities of Nrf2, and NF-jB p65, and
the expression of BMP2/7.
2. Materials and methods

2.1. Drugs, chemicals, antibodies, and reagents

Quercetin (QUR) (Cat# Q4951) and Carboxymethyl Cellulose
(CMC) (Cat# C5678-500G) were purchased from Sigma Aldrich
(St. Louis, MO, USA). Colorimetric and ELISA kits to measure levels
of Troponin-I (Cat# E4737), creatinine kinase-MB (CKMB) (Cat#
E4608), interleukin-6 (Cat# K4145), superoxide dismutase (SOD)
(Cat# E458), tumor necrosis factor-a (TNF-a) (Cat# K1052),
reduced glutathione (GSH) (Cat. NO. K454), and malondialdehyde
(MDA) (Cat# K454) were purchased from BioVision, CA, USA. ROS
assay kit (Cat# E-BC-K138-F) was purchased from Elabscience,
CA, USA. A recombinant NF-jB p65 protein (Cat# 31102) and ELISA
kit to measure the nuclear activity of NF-jB p65 (Cat# 40096) were
purchased from Active Motif, Tokyo, Japan. An ELISA kit to measure
serum and tissue levels of ANG II (Cat# CSB-E04494r) was pur-
chased from CUSABIO, TX, USA. ANG II cocktail inhibitor (Cat#
9000681) was purchased from Cayman Chemicals, USA.
2.2. Antibodies

Antibodies against Nrf2 (Cat# 12712), NF-jB p65 (Cat# 3034),
collagen A1 (Cat# 66948), collagen 3A (Cat#30565), alpha-
smooth muscle actin (a-SMA) (Cat#19245), b-actin (Cat# 4970),
and Lamin A (Cat# 86846) were purchased from Cell Signalling,
USA. Antibodies against TGFb-1 (Cat# sc-130348), smad3 (Cat#
2773
sc-101154), smad7 (Cat# sc-365846), phospho-smad3 (Ser425)
(Cat# sc-517575), and BMP7 (Cat# sc-53917) were purchased from
Santa Cruze biotechnology, USA. A Bradford-based protein assay
kit (Cat# 23200), phosphate buffer saline solution (Cat#
20012043), protease inhibitor cocktail (Cat# A32965), radio-
immuno-precipitation assay RIPA buffer (RIPA) buffer (Cat#
ab156-34); and nuclear-cytoplasmic/nuclear extraction kit (Cat#
78833) were purchased from ThermoFisher scientific.

2.3. Animals and ethics

Adult health Wistar albino male rats (140 ± 15 g) from the a
breed were kindly provided with care from the Experimental Ani-
mal Care Center at King Saud University, Riyadh, Saudi Arabia. All
rats were housed in separate plastic cages (5/cage) under 12/12 h
(dark/light), 21 ± 2 �C, and 53–63% humidity. All rats had a full
access to their normal chow and water all through the experimen-
tal period. All procedures included in this study were approved by
the Institutional Review Board (IRB. No: 20-0177), Princess Nourah
Bint Abdulrahman University, Riyadh, Saudi Arabia.

2.4. Induction of MI

The induction of MI was introduced to the rats by ligating the
LAD coronary artery as previously described by Eid et al. (2020).
In brief, each rat was anesthetized using 1.9 mg/kg ketamine/xy-
lazine hydrochloride solution. Once anesthesia was confirmed, a
a gel was placed on the rat’s eyes and the rat was placed on a heat-
ing blanket and the temperature was recorded by an anal probe.
Then, the rat were placed on a small animal ventilator and artifi-
cially ventilated. The chest was opened over by cutting ribs 2
and 4 and the heart was exposed. The pericardium was removed
and the LAD coronary artery was ligated using 6/0 sutures. The
chest was then closed in three layers and the rats was returned
to its cage and monitored over the next 2 days.

2.5. Experimental design

Rats were classified into 5 groups (n = 12/group) in the follow-
ing order: 1) Control sham-operated group: had a similar sham
surgical procure without tying the left anterior descending (LAD)
coronary artery and then received an equivalent oral dose of 0.5%
carboxymethyl cellulose (CMC) (a vehicle), daily, for the next
30 days; 2) Control + QUR treated group: had similar sham surgery
as in group but then received QUR (prepared in 0.5% CMC) (50 mg/
kg/orally) for 30 days; 3) MI-induced group: were rats with pre-
established MI and received 0.5% CMC as a vehicle for the next
30 days starting 1 h after the induction of MI, and 4) MI + QUR-
treated group: were rats with pre-established MI and administered
QUR solution, 1 h post-induction of MI (50 mg/kg/orally) and con-
tinued for the next 30 days starting. The preparation, dose, and
route of administration of this QUR were adopted from previous
studies, which demonstrated cardioprotective and anti-fibrotic
effects of QUR at this dose (Zaafan et al., 2013; Bin-Jaliah, 2017;
Wang et al., 2020).

2.6. Recording of the hemodynamic parameter

By the end of day 30 and over 3 days, the rats were anesthetized
by 60 mg/kg of 1% sodium pentobarbital solution, i.p. LV function
was studied using a Millar catheter and a Powerlab system (Model
ML780, ADInstruments, Australia) and analyzed using LabChart 8
(ADInstruments, Australia) as previously described by Eid et al.
(2020). The measured hemodynamic parameters were 1) LVSP:
LV systolic pressure, 2) dP/dtmax: maximum derivative of the
change in systolic pressure over time, 3) dP/dtmin: minimum
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derivative of the change in diastolic pressure; and 4) LVEDP: LV
end-diastolic pressure.
2.7. Serum collection and biochemical measurement in the serum

Serum samples were collected after the hemodynamic parame-
ters. Accordingly, 2 ml of blood were withdrawn from the carotid
artery into plain gel-containing tubes. Some other samples
(0.5 ml) were collected in plain tubes containing ANG II inhibitors
for the analysis of ANG II. All blood samples were centrifuged
(10 min/1500 � g/room temperature) to collect sera. All samples
were kept at �20℃ and then used to measure the levels of CK-
MB, ANG II, and Troponin-I levels using the provided kits.
2.8. Tissue collection and preparation

The rats were ethically killed by the cervical dislocation proto-
col. The hearts were removed on ice. The infarcted area was iden-
tified by the bale color. The remote non-infarcted myocardial (and
corresponding area in the other non-infarcted groups) were
extracted and cut into smaller pieces. Parts of these LVs were
directly snap-frozen in liquid nitrogen, kept at �70 ℃. Other parts
of the LVs were placed in 10% buffered formalin.
2.9. Tissue fractionation, preparation, and cardiac biochemical
measurements

In some parts, the nuclear/cytoplasmic fractions were prepared
using the provided kit. Both fractions were stored at �80℃ until
used. The activities of NF-jB p65 in the nuclear fractions of all
samples were determined using the provided kit and standard.
Other parts of each LV (40 mg) were homogenized in 9 volumes
ml ice-cold PBS, centrifuged at 11000g at 4℃ for 15 min to collect
the total cell homogenates. These were stored at �80℃ and used
later for the biochemical analysis to measure the levels of TNFa,
IL-6, SOD, GSH, MDA, ROS, and ANG II, using the above-
mentioned provided kits. However, for the analysis of ANGII, the
tissue was homogenized in the presence of 10 mL ANG II inhibitor.
Also, other parts of the frozen LVs (30 mg) were homogenized in
0.25 ml RIPA buffer plus 10 mL protease inhibitor and centrifuged
as above. The resulted homogenates were then stored at �80℃
and used later for western blotting. Protein concentration in all
samples was determined using the provided Bradford-based pro-
tein assay kit. All biochemical analyses were performed for 6 rats
for each group and as per the manufacturers’ instructions.
2.10. Western blotting

Proteins collected from the total cell homogenates and nuclear
fraction were loaded in 1x loading dye (2 mg/ml) and boiled for
5 min. Then, a total of 40 mg proteins were loaded and separated
by SDS-PAGE (various rotios/6–12%) and transferred to nitrocellu-
lose membranes. Each membrane was then incubated with the tar-
get 1st antibody (2 h/room temperature/rotation) followed by a
second incubation with the 2nd antibody. The developed reactions
were detected using the provided enhanced Chemiluminescence
detergent. Band intestines were evaluated by the C-Di Git blot
scanner (LI-COR, NE, USA). A single membrane was stripped up
to 3 times and phosphorylated forms were detected first. The rela-
tive expression of the nuclear proteins was normalized with the
corresponding expression of laming A whereas the relative expres-
sion of total proteins was normalized with the corresponding
expression of b-actin.
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2.11. Histological evaluation

Freshly collected parts of the LV of the remote myocardium
were fixed in 10% buffered formalin. LVs samples were then dehy-
drated in increasing alcohol concentrations and exposed to xylene
clearance. The tissues were then embedded in paraffin, sectioned
(3–5 mm), and routinely stained with either hematoxylin and eosin
(for morphological analysis) or Masson’s trichrome (MT) stain (for
fibrosis evaluation). All pictures were collected under a light
microscope by a blind investigator.

2.12. Statistical analysis

GraphPad Prism software (version 8) was used to analyze the
data. The analysis was performed using -way ANOVA and Tukey’s
post hock test. Data were considered significantly varied at
p < 0.05. Average readings were presented as mean ± SD.

3. Results

3.1. QUR prevents the MI-induced increase in hearts weight and
circulatory levels of cardiac enzymes and serum levels of ANG II

Heart weights and serum levels of CK-MB, troponin I, and ANG
II were not significantly changed between the control (sham-
operated) and control + QUR-treated rats but were significantly
increased in the MI-induced rats as compared to both groups
(Fig. 1A-D). However, the heart weights and serum levels of all
these markers were significantly decreased in the MI + QUR-
treated rats as compared to MI-induced rats (Fig. 1A-D).

3.2. QUR preservers cardiac function and structure in infarcted rats
and increases contractility in the control hearts

The levels of LVSP showed a significant increase in control + Q
UR-treated rats as compared to control rats (Fig. 2A-D). However,
higher levels of LVEDP with a concomitant reduction in the values
of LVSP, dp/dtmin, and the dp/dtmax were observed in the MI-
induced rats as compared to the control rats (Fig. 2A-D). On the
other hand, the administration of QUR to MI-induced rats
(MI + AUR) reversed the alterations in all these hemodynamic
parameters as compared to MI-induced rats (Fig. 2A-D).

3.3. QUR preserves the structure of the LVs of the control rats and the
remote myocardium of the infarcted hearts

Viable myocardia of the LVs of the control and control + QUR
showed intact cardiomyocytes and myofibrils structures and abun-
dant intercalated disks (Fig. 3A&B). On the other hand, abnormally
oriented, damaged, and hypertrophied muscle fibers with nuclear
fading (karyolysis) and increased infiltration of inflammatory cells
were observed in the remote myocardia of the LVs of MI-induced
rats (Fig. 3C&D). However, almost normally appeared muscle fibers
with a reduction in cardiomyocyte size (hypertrophy) and inflam-
matory cell infiltration, intact nuclei structure, and reduced
myofibrils damage were observed in the LVs of MI + QUR-treated
rats (Fig. 3E&F).

3.4. QUR inhibits inflammation in remote myocardium of MI-induced
rats but suppresses ROS, NF-jB, and ANG II and boosts antioxidants
levels in the remote myocardium of both the control and MI-induced
hearts

Levels of TNF-a and IL-6 were not significantly different but the
nuclear activity and protein levels of NF-jB p65, as well as the



Fig. 1. Average heart weights (A) and serum levels of creatinine kinase-MB (B), angiotensin II (ANG II) (C), and Troponin- 1 (D) in all groups of rats. Data are expressed as
mean ± SD of 12 rats/groups. a: significantly different as compared to control rats, b: significantly different as compared to control + Quercetin (QUR)-treated rats; and c:
significantly different as compared with the myocardial infarction (MI)-induced rats.
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levels of ANG II, have significantly decreased in the viable myocar-
dia of the LVs of control + QUR-treated rats as compared to sham-
Fig. 2. Cardiac hemodynamic function in the hearts of all groups of rats. Data are expres
rats, b: significantly different as compared to control + Quercetin (QUR)-treated rats; and
rats. LVEDP: LV end-diastolic pressure. LVSP: LV systolic pressure.
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operated control rats (Fig. 4A-E). Concomitantly, levels of MDA
were not changed but the levels of ROS were significantly
sed as mean ± SD of 12 rats/groups. a: significantly different as compared to control
c: significantly different as compared with the myocardial infarction (MI)-induced



Fig. 3. Photomicrographs of the non-infracted left ventricles (LVs) of all groups of rats. (200X). A and B: were taken from corresponding areas of the LVs of the control (sham-
operated) and control + Quercetin (QUR)-treated rats and showed intact muscle fibers (red arrow), intercalated disk (arrowhead), cardiomyocytes nuclei (long black arrow)
and endothelial nuclei (short black arrow). C & D: were taken from the remote myocardia of the LVs of myocardial infarcted (MI)-induced rats and showed abnormalities in
the organization of myofibrils, hypertrophied muscle fibers (long black arrow), damaged muscle fibers (red arrow), infiltration of inflammatory cells (yellow arrow), and
nuclear fading (Karyolysis) (short black arrow). E and F: were taken from the remote myocardia of the LVs of MI+ treated rats and showed much improvement in the structure
and orientation of the myofibrils (long black arrow), as well as a normal size of the myofibrils (red arrow). Also, the endothelial and cardiomyocytes nuclei appeared normal
(short black arrow). However, few infiltrating cells were still observed (yellow arrow) with no obvious cardiomyocytes damage.
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decreased and levels of SOD, and GSH, as well as the total protein
levels of Nrf-2, were significantly increased in the LVs of control +
QUR-treated rats as compared to sham-operated control rats
(Fig. 5A-E). On the other hand, levels of MDA, ROS, ANG II, TNF-
a, and IL-6, as well the nuclear activity and protein levels of NF-
jB p65 were significantly increased but the levels of SOD, GSH,
and total protein levels of Nrf-2 were significantly decreased in
the remote myocardia of MI-induced rats as compared to control
sham-operated rats (Fig. 4A-E and Fig. 5A-E). The alteration in
the levels of all these biochemical endpoints was significantly
reversed in the remote myocardia of the LVs of MI + QUR as com-
pared to MI-induced rats (Fig. 4A-E and Fig. 5A-E).

3.5. QUR prevents collagen synthesis and deposition in the remote
myocardia of the LVs of MI-induced rats

The amount of collagen deposited in the viable LVs and the pro-
tein levels of collagen 1A and 3A were not significantly different
between the control and control + QUR-treated rats but were sig-
nificantly increased in the remote myocardia of the LVs of the
MI-induced rats as compared to both groups (Fig. 6A-G). Adminis-
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tration of QUR to MI-induced rats (MI + QUR) significantly lowered
the expression of both collagen 1A and 3A and reduced the amount
of collagen deposition in the remote myocardia of their LVs as
compared to MI-induced rats (Fig. 6A-G).

3.6. QUR downregulates TGF-b1 and Smad3, inhibits Smad3
phosphorylation (activation), and upregulates BMP7 and Smad7 in the
remote myocardia of both the control and MI-induced rats

Total protein levels of TGF-b1, Smad3, p-smad3 (Ser425), and a-
SMA were significantly increased but total protein levels of Smad7
and BMP7 were significantly downregulated in the remote
myocardia of MI-induced rats as compared to sham-operated con-
trol rats (Fig. 7A-C and Fig. 8A&B). Total levels of Smad3 were not
significantly different between the control and control + QUR-trea
ted rats (Fig. 7C). Nevertheless, the protein levels of TGF-b1, a-
SMA, and p-smad3 (Ser425) were significantly suppressed but pro-
tein levels of Smad7 and BMP7 were significantly upregulated in
the remote myocardia/LVs of both the control + QUR and
MI + QUR-treated rats as compared sham-operated and MI-
induced rats, respectively (Fig. 7A-C and Fig. 8A&B).



Fig. 4. Levels of tumor necrosis factor (TNF-a) (A), interleukin-6 (IL-6) (C), and angiotensin II (ANG II) (C), as well as the nuclear activity (D) and levels (E) of NF-kB in the
viable non-infarcted myocardia of the left ventricles (LVs) of all groups of rats. Data are expressed as mean ± SD of 6 rats/groups. a: significantly different as compared to
control rats, b: significantly different as compared to control + Quercetin (QUR)-treated rats; and c: significantly different as compared with the myocardial infarction (MI)-
induced rats.
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4. Discussion

This study identified novel protective and anti-fibrotic effects of
QUR in the viable remote myocardium of rats, 4 weeks after induc-
tion MI. The major finding showed that QUR was able to blunt
fibroblast activation and collagen synthesis through downregulat-
ing and suppressing TGF-b1/smad-3 signaling, associated with 1)
reducing cardiac levels of ANG II, 2) scavenging ROS through
increasing antioxidants and the expression of Nrf-2/HO-1, 3) sup-
pressing inflammation by inhibiting NF-jB and the production of
the inflammatory cytokines, and 4) activation of Smad7 and upreg-
ulation of BMP2/7.

Dysregulated deposition of ECM (i.e. collagen) in the viable
myocardium induces pathological regenerative fibrosis that
impairs LV function and ultimately ends with HF (Nguyen et al.,
2010; Reichert et al., 2016). The first observations in this study that
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confirm the anti-hypertrophic and anti-fibrotic effects of QUR in
the LVs of the MI-induced rat, was the obvious improvement in
all measured hemodynamic parameter and LV histological feature.
Besides, further evidence is derived from the ability of QUR to pre-
vent the increase in heart weights, serum levels of CKMB and Tro-
ponin I, and the expression and deposition of collagen in the
remote myocardium of the infarcted hearts of these rats. Support-
ing our data, subacute administration of QUR (25 mg �50 50 mg/
kg) attenuated LV hypertrophy, improved LV structure, increased
ejection fraction (EF), and suppressed collagen deposition in the
viable myocardia of different animal’s models including isopro-
terenol; ANG II, aldosterone, and HFD-induced cardiac fibrosis
(Shahbaz et al., 2011; Panchal et al., 2012; Li et al., 2013).

However, the TGF-b-1/Smad2/3 is the major fibrotic signaling
pathway in the viable myocardium during the late stages post-
MI (Dobaczewski et al., 2011; Ma et al., 2018). While the ANG II



Fig. 5. Levels of reactive oxygen species (ROS), malondialdehyde (MDA) (B), superoxide dismutase (SOD) (C), and reduced glutathione (GSH) (D), as well protein levels of the
nuclear factor erythroid 2–related factor 2 (Nrf-2) (E) in the viable non-infarcted myocardia of the left ventricles (LVs) of all groups of rats. Data are expressed as mean ± SD of
6 rats/groups. a: significantly different as compared to control rats, b: significantly different as compared to control + Quercetin (QUR)-treated rats; and c: significantly
different as compared with the myocardial infarction (MI)-induced rats.
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and pressure overload induces the activation smad2 pathway in
the heart of experimental animals, smad3 is most commonly acti-
vated in the non-infarcted myocardium post-MI (Chen et al., 2014;
Lal et al., 2014; Guo et al., 2015). In this study, the anti-fibrotic
effect of QUR in the remote myocardium of rats involved downreg-
ulation of TGF-1b, reduced phosphorylation of smad3 (inhibition),
and decreasing fibroblast activation (low a-SMA expression).

Of note, ANGII, ROS, NF-jB p65 and inflammatory cytokines are
the best activators of TGFb1 in the infarcted and non-infarcted
myocardium (Spinale, 2007; Frangogiannis, 2012; Moris et al.,
2017; Liu et al., 2018). However, the promoter region of TGF-b1
lacks an NF-kB p65 binding site (Perez et al., 1994), suggesting that
ROS and increasing inflammatory cytokines released from the car-
diac cells or infiltrating macrophages are the major triggers for
TGF-b1 activation (Onai et al., 2007). Interestingly, Smad7 is a
potent anti-fibrotic and anti-inflammatory protein in most cardiac
cells that inhibit TGF-b1/smad2/3 and NF-jB p65 (Wei et al., 2013;
Ma et al., 2017). Low expression levels of smad7 were reported in
the ischemic or failing hearts and were correlated with the severity
and degree of the LV fibrosis and remodeling (Wang et al., 2002;
2778
Wei et al., 2013). However, ANG II is reported to be the common
inhibitor of Smad7 (Wei et al., 2013).

To understand the possible mechanisms by which QUR sup-
presses the levels and signaling of TGF-b1/smad3 in the LVs of
MI-induced rats, we have measured the levels of all the above-
mentioned fibrotic/anti-fibrotic markers in the LVs of these rats.
As expected, we have found a significant reduction in the nuclear
levels/activation of NF-jB p65 that is coincided with reduced
levels of ANGII, ROS, MDA, IL-6, and TNF-b1, and increased levels
of SOD and GSH Smad7 in the viable myocardia of MI + QUR-
treated rats. Besides, QUR also increased the expression of Nrf-2,
master antioxidant transcription factors in most tissues including
the heart (Pall and Levine, 2015). With no change in MDA and
ROS levels, similar alterations were also seen in the LVs of control
rats that were treated with the same concentration of QUR. Accord-
ingly, this suggests that the anti-fibrotic effect of QUR involves
suppressing ANG II and inflammatory cytokines, inhibiting NF-jB
p65, scavenging ROS, and stimulating the expression of Smad7
and Nrf-2. It also indicates that the antioxidant potential of QUR
is possibly mediated by the upregulation of Nrf2. Since ANG II



Fig. 6. Photomicrographs of the left ventricles (LVs) of rats from all experimental groups as stained by Masson’s trichrome stain (A-F) and protein levels of collagen 1A1 and
3A1 (G) in the viable non-infarcted myocardia of the LVs of all groups of rats. Collagen deposition is indicated by the blue color. A and B: were taken from the corresponding
LVs sham-operated (control) and control + QUR-treated rats. C and D: were taken from the remote myocardia myocardial infarcted (MI) hearts. E and F: were taken from the
remote myocardia of MI + QUR-treated rats. In G: data are expressed as mean ± SD of 6 rats/groups. a: significantly different as compared to control rats, b: significantly
different as compared to control + Quercetin (QUR)-treated rats; and c: significantly different as compared with the myocardial infarction (MI)-induced rats.

G.M. Albadrani, M.N. BinMowyna, M.N. Bin-Jumah et al. Saudi Journal of Biological Sciences 28 (2021) 2772–2782
downregulates Smad-7, our data may suggest that the stimulatory
effect of QUR on Smad7 could be secondary to reducing cardiac
production of ANG II or reducing cardiac peripheral ANG II stimu-
lation, which could be also predicted from the previously reported
decrease in serum levels of ANG II in the control and MI + QUR-
treated rats.

Nonetheless, previous reports have shown that ROS rapidly
activates NF-jB in ischemic hearts (Moris et al., 2017). The anti-
inflammatory potential of QUR is well reported in several studies
(Miles et al., 2014; D’Andrea, 2015; Ferenczyova et al., 2020).
Besides, QUR can inhibit cardiac NF-jB p65 in the hearts of I/R
hearts activating the peroxisome proliferator-activated receptor
(PPAR) (Liu et al., 2016). Also, QUR can directly prevent the cardiac
transcription of NF-jB in rats exposed to sodium nitrate-induced
myopathy and I/R injury (Liu et al., 2016; Fadda et al., 2018). Fur-
thermore, QUR suppresses inflammation in other tissue by
decreasing the production of inflammatory prostaglandins through
inhibiting cyclo-oxygenase 1 (COX1) and lipoxygenase-12 (12-
LOX) enzymes, which mediate the arachidonic acid metabolism
(O’Leary et al., 2004; Takano-Ishikawa et al., 2006). In addition to
these mechanisms and the given the contradictory effect of ROS
and Smad7 on the activity of NF-jB p65, we could also assume that
the anti-inflammatory effect of QUR occurs indirectly due to its
antioxidant potential and its ability to activate smadd7, possibly
directly or through attenuating ANG II levels. This can’t be con-
firmed based on our data and further studies are required to con-
firm this.

Besides, QUR can suppress the cardiac synthesis of ANG II ani-
mal models of hypertension and HF. Within this view, QUR sup-
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pressed LV fibrosis and reduced serum levels of ANG II and
aldosterone in isoproterenol-treated rats (Li et al., 2013). However,
the mechanism by which QUR inhibits ANG II production remained
elusive based on our data. This could be due to cardiac or systemic
effects mediated by inhibiting ACE and/or downregulating AT1
receptors as previously demonstrated in hypertensive animals
(Häckl et al., 2002; Lesjak et al., 2018). Concerning its antioxidant
potential, QUR also prevented the adverse remodeling in the LVs
of DOX and HFD-fed rats by increasing the levels of endogenous
antioxidant enzymes and GSH and upregulating/activation of Nrf-
2/heme-oxygenase-1 (HO-1) axis (Panchal et al., 2012). Also, QUR
can increase the intracellular GSH levels directly by activation of
c-glutamylcysteine synthase (GCS), a critical enzyme that stimu-
lates GSH synthesis (Li et al., 2016). Besides, QUR has a potent
ROS scavenging potential due to the presence of 5-OH (hydroxyl)
groups on its backbone (Lesjak et al., 2018).

Nonetheless, similar to the effect afforded by smad7, BMP7 is
another important anti-fibrotic and anti-inflammatory mediator
in mammalian hearts (Hanna and Frangogiannis, 2019). Another
interesting finding in this study is the higher expression of BMP7
in the heart of the control and MI-induced rats, which received
QUR. In the heart, BMP7 can suppress fibrosis by inhibiting the
TGFb1/smad2/3 signaling and the endothelial to mesenchymal
transition (Merino et al., 2016). Exogenous administration of
BMP7 attenuated the decline in cardiac function and prevented
cardiac remodeling of infarcted hearts (Jin et al., 2018). Also,
BMP7 inhibits cardiac inflammation by promoting the polarization
of M2 macrophages (Urbina and Singla, 2014). Therefore, we could
strongly argue that the anti-fibrotic effect of QUR is mediated by



Fig. 7. Protein levels of transforming growth factor-b1 (TGF-b1) (A), smooth muscle actin-a (B), and total and phosphorylated Smad-3 (Ser425) (C) in the viable non-infarcted
myocardia of the left ventricles (LVs) of all groups of rats. Data are expressed as mean ± SD of 6rats/groups. a: significantly different as compared to control rats, b: significantly
different as compared to control + Quercetin (QUR)-treated rats; and c: significantly different as compared with the myocardial infarction (MI)-induced rats.
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the independent upregulation of MBP7. This finding is novel and
the first to show such an effect, which further adds more mecha-
nism for its anti-inflammatory and anti-fibrotic effects of QUR.
Supporting these findings, kaempferol, another similar flavonoid,
also inhibited renal fibrosis by upregulation of BMP7-induced acti-
vation of smad1/5 signaling.. Despite these findings, this study may
still have some limitations. For example, in this study, we have tar-
geted the effect of QUR on the remote non-infarcted myocardium
of MI-rats. Such protective effect could be also due to the initial
protective effect of QUR on the infarct myocardium. Therefore, fur-
ther studies investigated all these mechanisms should be also per-
formed in the infracted area. Also, the data reported in this study
still observational which is another limitation of this study. There-
fore, further studies using animals deficient with major key players
such as AT1, smad7, BMP7 should be used in future research to
confirm these findings

In conclusion, the findings of this study confirm a potent protec-
tive effect of QUR against MI-induced cardiac remodeling that hap-
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pens after MI. These data are encouraging for further well-
organized clinical trials in a trail to discover new safe therapeutics.
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Fig. 8. Total protein levels of Smad7 (A) and bone morphogenetic protein-7 (BMP7) (B) in the viable non-infarcted myocardia of the left ventricles (LVs) of all groups of rats.
Data are expressed as mean ± SD of 6 rats/groups. a: significantly different as compared to control rats, b: significantly different as compared to control + Quercetin (QUR)-
treated rats; and c: significantly different as compared with the myocardial infarction (MI)-induced rats.
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