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This study evaluated the protective effect of astaxanthin (ASX) against high-fat diet (HFD)-induced car-
diac damage and fibrosis in rats and examined if the mechanism of protection involves modulating SIRT1.
Rat were divided into 5 groups (n = 10/group) as: 1) control: fed normal diet (3.82 kcal/g), 2)
control + ASX (200 mg/kg/orally), 3) HFD: fed HFD (4.7 kcal/g), 4) HFD + ASX (200 mg/kg/orally), and
HFD + ASX + EX-527 (1 mg/kg/i.p) (a selective SIRT1 inhibitor). All treatments were conducted for
14 weeks. Administration of ASX reduced cardiomyocyte damage, inhibited inflammatory cell infiltration,
preserved cardiac fibers structure, prevented collagen deposition and protein levels of TGF-b 1 in the left
ventricles (LVs) of HFD-fed rats. In the LVs of both the control and HFD-fed rat, ASX significantly reduced
levels of reactive oxygen species (ROS), tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), and p-
smad2/3 (Lys19) but increased the levels of glutathione (GSH), catalase, and manganese superoxide dis-
mutase (MnSOD). Concomitantly, it increased the nuclear activity of Nrf2 and reduced that of NF-jB p65.
Furthermore, administration of ASX to both the control and HFD-fed rats increased total and nuclear
levels of SIRT1, stimulated the nuclear activity of SIRT1, and reduced the acetylation of Nrf2, NF-jB
p65, and Smad3. All these cardiac beneficial effects of ASX in the HFD-fed rats were abolished by co-
administration of EX-527. In conclusion, ASX stimulates antioxidants and inhibits markers of inflamma-
tion under basal and HFD conditions. The mechanism of protection involves, at least, activation SIRT1
signaling.
� 2021 The Authors. 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

Cardiac remodeling is the leading mechanism of developing car-
diac dysfunction and heart failure (HF) with subsequent increase in
morbidity and mortality (Webber et al., 2020). At the same time,
obesity is a modifiable risk factor that is associated with
metabolic-cardiovascular disorders and HF among children, young,
and adults (Carbone et al., 2019; Cercato and Fonseca, 2019). In
this regard, it was shown that obesity can damage the heart and
induces cardiac hypertrophy, fibrosis, and hemodynamic
alterations by promoting cardiac oxidative stress and inflamma-
tion, manly by inducing hyperglycemia, hyperlipidemia, systemic
and cardiac insulin resistance (IR), and cardiac lipotoxicity
(Ebong et al., 2014; Nakamura and Sadoshima, 2020; Gutiérrez-
Cuevas et al., 2021). Weight loss, calorie restriction, and pharmaco-
logical drugs (i.e. glucose-lowering, hypolipidemic, and insulin-
sensitizing drugs) remain the available options to manage HF in
obese individuals (Dunlay et al., 2019; Jindal et al., 2013). Accord-
ingly, natural antioxidants and/or anti-inflammatory agents repre-
sent novel therapies to alleviate cardiac damage and remodeling in
obese patients and animals (Aimo et al., 2020; Geng et al., 2019).

On the other hand, current investigations are focusing on the
emerging roles of sirtuins (SIRT) proteins, and particularly SIRT1
in the modulating diverse cardiovascular disorders (CVDs) in
humans (Elibol and Kilic, 2018; Matsushima and Sadoshima,
2015). In the cardiomyocytes, SIRT1, an NAD+-dependent class III
histone deacetylases, stimulates cell survival and antioxidant
capacity but inhibtis oxidative stress, inflammation, and fibrosis
by deacetylating several transcription factors including the nuclear
factor erythroid 2–related factor 2 (Nrf2) and Forkhead Box O
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Table 1
Composition of the standard (STD) and high-fat diet (HFD).

Classic description Ingredients Normal diet HFD
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(FOXO), two masters antioxidant transcription factor, the nuclear
factor-kappa beta (NF-jB), a master inflammatory inducer, and
the Smad3 fibrotic transcription factor (Chong et al., 2012;
Matsushima and Sadoshima, 2015). SIRT1-deficient mice suffered
from severe developmental heart defects, dilated cardiomyopathy,
and a reduced survival rate (Matsushima and Sadoshima, 2015).
However, reduced cardiac levels and activities of SIRT1 were
reported in high-fat diet (HFD)-induced obese animal models, as
well as in animals with other CVDs and HF (i.e. diabetic cardiomy-
opathy, ischemia/reperfusion (I/R) injury, myocardial infarction
(MI), and dahl salt-sensitive rats), and were correlated with the
degree of the cardiac damage, oxidative stress, inflammation, fibro-
sis, and apoptosis (Chong et al., 2012; Matsushima and Sadoshima,
2015; Favero et al., 2020; Fry et al., 2016; Huang et al., 2014).
Besides, SIRT1 polymorphism was associated with an increased
risk of CVDs in the Iranian population (Mohtavinejad et al.,
2015). Therefore, findings drugs that target SIRT1 will provide an
interesting therapy to treat obesity-induced cardiac remodeling
and HF.

Astaxanthin (ASX) (C40H52O4) is a carotenoid that is isolated
from deeply colored microorganism’s marine species (i.e. microal-
gae, crayfish, salmon, and shrimp) and is known for its powerful
antioxidant, immunomodulatory, anti-inflammatory, and anti-
fibrotic properties (Landon et al., 2020). The cardioprotective
effects of ASX have been reported in humans and animals
(Fassett and Coombes, 2011; 2012; Kato et al., 2020). In this
review, 3-months supplementation of ASX to patients with HF
improved the LV ejection fraction (LVEF), extended their 6-min
walking distance, and decreased markers of oxidative stress
(Kato et al., 2020). Also, ASX prevented cardiac muscle damage
and preserved left ventricular LV function after heavy exercise,
ischemia/reperfusion, and myocardial infarction (MI)-induced car-
diac injury by suppressing oxidative stress and inflammation
(Adluri et al., 2013; Aoi et al., 2003; Gross and Lockwood, 2004;
2005). In addition, ASX improved cardiac contractility and attenu-
ated cardiac inflammation in BALB/c Mice (Nakao et al., 2010).
Interestingly, in a recent study, Zhang et al. (Zhang et al., 2017)
have shown that ASX can protect against pressure overload-
induced cardiac dysfunction and myocardial fibrosis, partially by
activating SIRT1.

Up-to-date, the protective effect of ASX against obesity or HFD-
induced cardiac damage and remodeling was never studied before.
Therefore, we assumed that chronic supplementation of ASX could
attenuate HFD-induced LV oxidative stress, inflammation, and
interstitial fibrosis in rats by activating SIRT1 signaling and subse-
quent deacetylation of Nrf2, NF-jB p65, and Smad3, whereas co-
administration of EX-527, a selective SIRT1 inhibitor prevents this.
g/diet g/diet

Protein Cystine, L 3 g 3
Protein Casein, Lactic, 30 Mesh 200 200
Carbohydrate Starch.corn 315 72
Carbohydrate Lodex 10 35 100
Carbohydrate Sucrose 354 176
Fiber Solka Floc, FCC200 50 50
Fat Soybean Oil, USP 25 25
Fat Lard 20 177
Mineral S10026B 50 50
Vitamin Choline bitartrate 2 2
Vitamin V10001C 1 1
Dye Yellow FD&C #5, Alum.

Lake 35–42%
0.05 0.05

Protein 20% 20%
Carbohydrate 70% 40%
Fat 10% 40%

Total Calorie (kcal/g) 3.82 4.7
2. Materials and methods

2.1. Animals

Adult Wistar male rats (150 ± 15 g/7 weeks old) were supplied
and kept in the animal facility department at King Khalid Univer-
sity (KKU) in Abha, Kingdom of Saudi Arabia. All rats were always
lived under fixed ambient conditions (23 ± 1 �C, 61–62% humidity,
and 12/12 h light/dark cycle) and always had free access to their
designed diet and drinking water. All the procedures and protocols
conducted in this study were approved by the institutional animal
care unit which follows the guidelines of the US National Institutes
of Health (NIH publication No. 85-23, revised 1996).
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2.2. Animal diets

Both normal diet (cat D12450B) and HFD (cat D12451) for rats
were used in this study and have been previously used by others to
induced obesity-mediated cardiomyopathy (Wang et al., 2018).
The total energy of the normal diet was 3.82 kcal/g in which 10%,
20%, and 70% were derived from fat, protein, and carbohydrates,
respectively. The total energy obtained from the HFD was
4.7 kcal/g in which 40%, 20%, and 40% were derived from fat, pro-
tein, and carbohydrates, respectively. The ingredients of both diets
are shown in Table 1.
2.3. Experimental design

After 1 week adaptation period, the rats were randomly classi-
fied into 5 groups (n = 10/each) as 1) control rats: fed normal diet
and orally administered the vehicle (1% DMSO dimethyl sulfoxide
(DMSO) (cat 472301, Sigma Sigma-Aldrich, MO, USA) diluted in
phosphate buffer saline (PBS/pH = 7.4); 2) control + ASX-treated
rats: fed normal diet and orally administered ASX (prepared in
1% DMSO/PBS) (cat SML0982, Sigma Sigma-Aldrich, MO, USA), at
a final dose of 200 mg/kg; 3) HFD-fed rats: fed HFD and orally
administered 1% DMSO solution; 4) HFD + ASX-treated rats: fed
HFD and orally treated with ASX (200 mg/kg), and 5) HFD + AS
X + EX-527-treated rats: fed HFD and co-treated with ASX
(200 mg/kg/orally) and EX-527 (a selective SIRT1 inhibitor)
(1 mg/kg/i.p) (cat E7034, Sigma Sigma-Aldrich, MO, USA). ASX
and DMSO were administered orally by gavage and all treatments
were conducted for 14 weeks. During our preliminary data, a per-
iod between 10 and 16 weeks was shown to induce cardiac injury
and fibrosis in rats after chronic feeding with this procided HFD.
2.4. Dose selection

The dose of ASX and EX-527 was based on the study of Zhang
et al. (Zhang et al., 2017) who have shown the ability of ASX at this
dose to prevent cardiac injury and fibrosis and preserve cardiac
function in a mouse model of pressure overload-induced cardiac
damage which can be blocked by such i.p. dose of EX-527.
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2.5. Serum and tissue collection

By the end of week 14, 12 h-fasted rats of all groups were
anesthetized by an i.m. dose of ketamine/xylazine solution
(80/12 mg/kg). Blood samples (2 ml) were collected directly from
the heart into either EDTA-containing or plain tubes and then cen-
trifuged at 1200 x g for 1 min at room temperature to collect the
plasma or serum samples, which both were preserved at �20 �C.
All rats were then authenticated by the cervical dislocation and
their hearts were rapidly collected on ice. The LVs were identified,
separated, and cut into smaller parts. Some parts were directly fixed
in a 10% buffered formalin solution whereas the other parts were
snap-frozen in liquid nitrogen and stored at �80�C for further use.

2.6. Preparation of tissue homogenates and cytoplasmic/nuclear
fractions

To prepare total cell homogenates for the biochemical analysis
and western blotting, parts of LVs were homogenized in 9 volumes
of either PBS (pH = 7.4) or radioimmunoprecipitation (RIPA) buffer
(plus protease inhibitor), respectively, and the supernatants were
collected after centrifugation at 12,000 x g for 10 min at 4 �C.
The cytoplasmic/nuclear fractions of all LVs were prepared using
a commercially available isolation kit following the manufacturer’s
instructions (cat 113474, Abcam, Cambridge, UK). The purities of
both the cytoplasmic and nuclear fractions were confirmed by
western blotting by detecting the presence or absence of the cyto-
plasmic and nuclear markers, a tubulin and lamin A, respectively,
using their specific primary antibodies (cat sc-5286, Santa Cruz
Biotechnology, CA, USA and cat 86846, Cell Signaling Technology,
MA, USA, respectively).

2.7. Biochemical analysis in the serum and LV homogenates

All kits used for this part were rats’ specific. Plasma levels of
fasting glucose and insulin levels were measured using special
ELISA kits as per the manufacturers’ instructions (cat 81693; Crys-
tal Chem, IL, USA, and cat MBS2700141, MyBioSource, CA, USA
respectively). Serum levels of Troponin-I (Tn-I) and creatinine
kinase-MB (CKMB) were determined by ELISA (cat MBS727624,
cat MBS2515061 My BioSource, CA, USA, respectively). LV levels
of ROS were measured by using an assay kit (cat STA-347, Cell Bio-
labs, CA, USA). LV levels of major antioxidants anti-inflammatory
cytokines including manganese superoxide dismutase (MnSOD),
total glutathione GSH, catalase, interleukin-6 (IL-6), and tumor
necrosis alpha (TNF-a) were measured using ELISA kits (cat
MBS729914, cat MBS046356, cat MBS726781, cat MBS175908,
and cat MBS175904; MyBioSource, CA, the USA respectively). All
measurements were conducted as per each kit instruction. The
activation of Nrf2 and NF-jB in the nuclear fractions was measured
using ELISA kits (cat 50296 and cat AM 40596, Active Motif, Tokyo,
Japan). The activity of SIRT1 in the nuclear fraction was measured
using a fluorometric kit (cat Ab156065, Abcam, Cambridge, UK).

2.8. Western blotting

This has been done following our established procedures
(Shatoor and Al Humayed, 2020). Protein concentrations in the
total, cytoplasmic, and nuclear fractions were measured by BCA
protein assay kit (cat 71285-M, Sigma Sigma-Aldrich, MO, USA).
Total, cytoplasmic, and nuclear proteins were prepared in the
SDS loading buffer at a final concentration of 2 mg/kg, boiled for
5 min, and separated (40 mg/ml) on various ratios of SDS PAGE
(8–15%). The membranes were then blocked with 5% skimmed
milk prepared in 1X TBST (tris-buffered saline, 0.1% Tween 20),
electrically transferred using the trans-blot SD semi-dry transfer
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cell (BioRad, USA) (20 mV for 20 min), and then washed with 1X
TBST buffer for 3 times at room temperature each of 10 min. The
membranes were then incubated, individually, with the primary
antibodies against SIRT1 (cat sc-74465, 120 kDa, 1:1000), b-actin
(cat sc-8432, 45 kDa, 1:1000), tubulin a (cat sc-5286, 55 kDa,
1:1000), lamin A (cat sc-293162, 1:1000), TGF-b1 (cat sc-130348,
25 kDa, 1:1000), (Santa Cruze biotechnology, CA, USA), p-Smad 3
(Ser423/425) (cat 9520, 52 kDa, 1:500), COL1A1 (cat 39952,
220 kDa, 1:1000) (Cell signaling Technology, MA USA), and
acetyl-smad2/smad3 (Lys19) (cat PA5-76015, 52 kDa, 1:1500)),
Acetyl NF-jB (Lys310) (cat PA5-17264, 65 kDa, 1:500) (Thermo-
Fisher Scientific Inc., NJ, USA), and Acetyl Nrf2 (Lys599) (cat
STJ9230, 61 kDa, 1:500, St John’s Laboratory Ltd, London, UK) for
2 h at room temperature with continuous shaking. The membranes
were washed again with the 1X TBST buffer as above and then
incubated with the 2nd HRP-conjugated antibody for another 2 h
at room temperature. After a final wash, the interaction between
the antibodies (Bands) was detected by incubating each membrane
with the ECL chemiluminescence reagents (cat 32109, T Thermo-
Fisher Scientific Inc., NJ, USA USA) and bands were scanned using
a special scanner (model C-Di Git, LI-COR, NE, USA). The expres-
sions of all nuclear proteins were normalized with lamin A were
as the expression of the cytoplasmic and total proteins were nor-
malized with tubulin a and t b-actin, respectively.

2.9. Histological evaluation

Formalin-Fixed tissues were directly rehydrated in increasing
concentration of ethanol (70–100%) and then cleared with xylene.
All tissues were then embedded in paraffin and cut into 3–5 lm
sections. The tissues were routinely stained b either hematoxylin
and eosin (H&E) or Masson trichrome stain for normal histological
evaluation or detection of fibrosis, respectively. All slides were
examined by a blind pathologist who is unaware of the experimen-
tal groups under a light microscope.

2.10. Statistical analysis

All data were analyzed using version 8 of the GraphPad Prism
statistical software. The Kolmogorov-Smirnov test was used for
normality testing. The comparison and degree of significance
between different groups were analyzed by one-way ANOVA fol-
lowed by Tukey’s t-test. The values were considered significantly
varied to P < 0. 05.
3. Results

3.1. Effect on metabolic parameters

Final body weights (BW), heart weights, heart/BW ratio, fasting
glucose, insulin, and FFAs levels were significantly increased in the
HFD-fed group as compared to the control rats (Table 2). However,
administration of ASX didn’t affect any of these parameters in both
the control and HFD-fed rat, except it significantly reduced heart
weights and heart/BW ratio, only in HFD-fed rats (Table 2). On
the other hand, with no significant variation in final body weights,
fasting glucose, insulin, and FFAs levels, heart weights and heart/
BW ratio were significantly increased in HFD + ASX + EX-527 as
compared to HFD + ASX-fed rats, values which were not signifi-
cantly different as compared to HFD-fed rats (Table 2).

3.2. Effect on circulatory levels of cardiac markers

On the other hand, no significant variations in the serum levels
of CK-MB and Troponin-1 were seen between the control and



Table 2
Final body, heart weights, and circulatory levels of free fatty acids (FFAs)creatinine kinase-MB (CK-MB) and Troponin-I (Tn-I) in all groups of rats.

HFD + ASX + EX-527 HFD + ASX HFD Control + ASX Control Parameter

531 ± 27ab 519 ± 29ab 529 ± 35ab 429 ± 31 437 ± 28 Final body weight (g)
1.59 ± 0.17abd 1.28 ± 0.19c 1.65 ± 0.12 ab 1.18 ± 0.21 1.21 ± 0.18 Heart weights (g)
311 ± 0.19ab 2.56 ± 0.27c 3.23 ± 0.23ab 2.78 ± 0.25 2.71 ± 0.21 Heart/BW ratio (�10�3)
178.4 ± 11.5ab 184 ± 8.6ab 187 ± 12.5ab 110 ± 10.1 105 ± 9.4 Fasting plasma glucose (mg/dl)
5.2 ± 0.67ab 5.3 ± 0.61ab 5.6 ± 0.55ab 3.3 ± 0.54 3.1 ± 0.48 Fasting plasma insulin (ng/ml)
848 ± 38.2ab 867 ± 41.5ab 882 ± 51.1ab 328 ± 26.3 318 ± 22.5 Serum FFAs (mM)
456 ± 27.9abd 256 ± 31.1abc 428 ± 24.9ab 219 ± 22.1 212 ± 17.5 Serum CK-MB (pg/ml)
385 ± 18.6abd 178 ± 16.9abc 391 ± 24.1ab 153 ± 13.1 143 ± 11.5 Serum Tn-I (pg/ml)

Data were analyzed for n = 10 samples/group and were significantly different p < 0.05. a: vs. the control rats; b: vs. the control + ASX-treated rats; c: vs. HFD-fed rats, d: vs.
HFD + ASX-treated rats. EX-527: a selective SIRT1 inhibitor.
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control + ASX-treated rats (Table 2). Levels of both markers were
significantly increased in HFD-fed rats as compared to control rats
but were significantly decreased in the serum of HFD + ASX-treated
rats (Table 2). On the other hand, serum levels of both CK-MB and
Troponin-1 were significantly increased in the serum of HFD + AS
X + EX-527 when compared to HFD + ASX-treated rats , levels
which were not significantly different as compared to HFD-fed rats
(Table 2).

3.3. Effect on cardiac structure

Normal LVs structures were observed in both the control and
control + ASX-treated rats (Fig. 1A and B). On the other hand, LVs
of HFD-fed rats showed increased damaged muscle fiber, karyolitic
nuclei, hypertrophied muscles, and increased inflammatory cell
infiltration in their LVs (Fig. 1 C and D). Almost normal architec-
tures with few cardiomyocyte damage and the presence of some
inflammatory cell infiltration were observed in the LVs of
HFD + ASX-treated rats (Fig. 1 F and G). However, similar patholog-
ical changes like those observed in the hearts of HFD-fed rats were
also observed in the LVs of HFD + ASX + EX-527 (Fig. 1 H).

3.4. Effect on collagen deposition and TGF-b1/Smad3 signaling

Similar amounts of collage with no significant changes in the
total protein levels of TGF-b1 and COL1A1 were seen between
the LVs of the control and control + ASX-treated rats. However,
nuclear protein levels of p-Smd3 (Ser423/425) and acetyl Samd3
(Lys19) were significantly decreased in control + ASX-treated rats
as compared to control rats (Fig. 2A-H). Higher amount of collagen
fibers with significantly higher total protein levels of TGF-b1 and
COL1A1, as well significantly higher nuclear protein levels of p-
Smd3 (Ser423/425) and acetyl Samd3 (Lys19) were seen in the LVs
of HFD-fed rats as compared to control rats which were then signif-
icantly reduced in HFD + ASX-treated rats (Fig. 2A-H). On the other
hand, levels of all these fibrotic markers with increased collagen
deposition were seen in the LVs of HFD + ASX + EX-527 as com-
pared to HFD + ASX-treated rats (Fig. 2A-H). Of the note, protein
levels of TGF-b1, COL1A1, p-Smd3 (Ser423/425), and acetyl Samd3
(Lys19) were not significantly varied between the HFD-fed rats
and HFD + ASX + EX-527 (Fig. 2A-H).

3.5. Effect on markers of oxidative stress and inflammatory cytokines

Levels of ROS, TNF-a, and IL-6 were significantly increased
whereas levels of GSH, catalase, and MnSOD were significantly
reduced in the LVs of HFD-fed rats as compared to control rats
(Fig. 3A-F). However, levels of ROS, TNF-a, and IL-6 were signifi-
cantly decreased whereas levels of GSH, catalase, and MnSOD were
significantly increased in the LVs of both the control + ASX and
HFD + ASX-treated rats as compared to either the control or
7015
HFD-fed rats, respectively (Fig. 3A-F). However, Levels of ROS,
TNF-a, and IL-6 were significantly increased whereas levels of
GSH, catalase, and MnSOD were significantly reduced in the LVs
of HFD + ASX + EX-527-treated rats as compared to HFD + ASX-
treated rats, all of which were not significantly different as com-
pared to HFD-fed rats (Fig. 3A-F).

3.6. Effect on SIRT1 levels and activity and the acetylation of Nrf2 and
NF-jB p65

Total protein levels, nuclear protein level, and nuclear activity
of SIRT1 were significantly decreased in the LVs of HFD-fed rats
as compared to control rats (Fig. 4A, C, &D). Concomitantly, the
nuclear activity of Nrf2 was significantly reduced and the nuclear
activity of NF-jB p65 was significantly enhanced with increased
acetylated levels of Nrf2 and NF-jB p65 in the LVs of HFD-fed rats
as compared to control rats (Fig. 4B&D). Total activity and total and
nuclear protein levels of SIRT1, as well the nuclear activities of Nrf2
and NF-jB p65 were significantly increased the acetylated protein
levels of Nrf2 and NF-jB p65 were significantly reduced in the LVs
of HFD + ASX-treated rats as compared to HFD-fed rats (Fig. 4A-D).
All these effects were reversed in HFD + ASX + EX-527 as compared
to HFD + ASX-treated rats where the activities/expressions of all
these markers were not significantly different as compared to
HFD-fed rats (Fig. 4A-D).
4. Discussion

The salient findings of the present study provide the first evi-
dence in the literature that the cardioprotective effect of ASX
against HFD -induced cardiac damage and remodeling involve
antioxidant, anti-inflammatory, and anti-fibrotic effects mediated,
at least, by upregulation and activation of SIRT1 and subsequent
deacetylation of several targets including Nrf2, NF-jB p65, and
Smad3.

The process of cardiac damage during obesity is a very compli-
cated process that involves serval mechanisms. Oxidative stress
and inflammation induced by the altered cardiac substrate prefer-
ence (i.e. FFAs), impaired mitochondria function, cardiac steatosis,
altered adipokines profile, cardiac IR, as a result of dysfunctional
adipose tissue, systemic and cardiac IR, and hyperglycemia, are
the major events leading to cardiac damage and remodeling during
obesity (Dludla et al., 2017; Nakamura and Sadoshima, 2020). In
the failing heart, damaged mitochondria, over-activated NADPH
oxidase in the cardiac myocytes, endothelial cells, and neutrophils,
and low levels of the endogenous antioxidant are the major
sources of ROS (Tsutsui et al., 2011). However, adipose tissue-
derived inflammatory cytokines and those derived locally from
the infiltrating monocytes and macrophages, in response to cardiac
damage and oxidative stress, trigger cardiac inflammation. Accord-
ingly, ROS can damage the cardiomyocytes and promotes hyper-



Fig. 1. Histological photomicrographs of the left ventricles (LVs) of all groups of rats. Haematoxylin and eosin (H & E) stain (400 X). A & B: were taken from control and
control + ASX-treated rats and show normal architecture with normally sized striated cardiomyocytes that contain central intact nuclei (long arrow) and peripheral
endothelial cells (arrowheads), and blood vessels (short arrows). C & D: were taken from LVs of HFD-fed rats and showed abnormal cardiomyocyte structure with increased
fiber damage (short arrow), nuclear fading (karyolysis) (long arrow), vacuolization (arrowhead), hypertrophied muscle fibers (thick arrow), an increase in inflammatory cell
infiltration (curved arrow). E &F: were taken from LVs of HFD + ASX-treated rats and showed much improvement in the cardiomyocyte structure with intact normally sized
muscle fibers that have normal nuclei (long arrow) and endothelial cells (short arrow). However, some muscle fiber damage (arrowhead) and inflammatory infiltration
(curved arrow) are still seen. G & H: were taken from HFD + ASX + EX-527-treated rats and showed a similar picture to that seen in HFD-fed rats where cardiomyocytes
damage (short arrow), karyolitic nuclei (long arrow), vacuolization (arrowhead) hypertrophied muscle fibers (thick arrow), and increased inflammatory cells infiltration
(curved arrow) were abundant.
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trophy, inflammation, apoptosis by activating numerous damaging
pathways (i.e. MAPKs, ASK1, JNK, TGF-b1/Smad2/3, ANGII, and NF-
jB) (De Marchi et al., 2013; Gutiérrez-Cuevas et al., 2021; Tsutsui
et al., 2011). Besides, ROS disturbs cardiac contractility by targeting
Ca2+ handling pumps such as the RyR and SERCA proteins
(Nakamura and Sadoshima, 2020). On the other hand, TNF-a and
IL-6 act in a vicious cycle to stimulate the generation of ROS from
the cardiac cells and promotes cardiac fibrosis by activating the
TGF-b1/Smad2/3 axis (Suthahar et al., 2017). Also, both cytokines
induce cardiac hypertrophy by interacting and activating nuclear
factors of activated T cells (NFAT) (Liu et al., 2012).

In the same line of the above-mentioned evidence, HFD-fed
rats showed a significant increase in the weight of their hearts,
fasting hyperglycemia, hyperinsulinemia, and higher levels of
ROS and inflammatory cytokines in their hearts. Besides, their
LVs showed severe damage with increased collagen fiber deposi-
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tion. In addition, they showed increased activation of NF-jB p65,
reduced expression of antioxidants (MnSOD, GPx, and GSH), a
reduction in the nuclear activities of Nrf2, and hyperactivation
of the TGFb1/Smad3 axis. These findings support many other pre-
vious studies (Favero et al., 2020; Geng et al., 2019; Huang et al.,
2014). On the other hand, ASX was able to attenuate all these
effects in HFD-fed rats without modulating circulatory levels of
glucose and insulin. Besides, ASX also failed to altered glucose
and insulin levels, as well as the expression of TGFb1 in the hearts
of the control rats but significantly stimulated the antioxidant
levels and Nrf2 activity and suppressed the activation of NF-
jB, levels of ROS, MDA, TNF-a, IL-6, and the phosphorylation of
Smad3 in the hearts of the control rats. Based on this, we have
concluded that the cardiac protective effect of ASX entails antiox-
idants, anti-inflammatory, and anti-fibrotic effects mediated by
activation of Nrf2 and suppression of NF-jB p65 and Smad3.



Fig. 2. Collagen deposition (A-F) and protein levels of some fibrotic genes in the left ventricles (LVs) of all groups of rats. A-F: Masson trichrome stain (400X). The black arrow
in A-F indicates the number of college fibers deposited in each LV sample. A & B: were taken from LVs of control and control + ASX-treated rats and showed few collagen
fibers. C: was taken from the LV of an HFD-fed rat and showed increased collagen deposition and interstitial fibrosis. D and E: were taken from LVs of HFD + ASX-treated rats
and showed a significant reduction in the amount of collagen fiber as compared to HFD-fed rats. F: was taken from LV of HFD + ASX + EX-527-treated rats and showed
increased collagen deposition. In G-H: Data were analyzed for n = 6 samples/group and were significantly different p < 0.05. a: vs. the control rats; b: vs. the control + ASX-
treated rats; c: vs. HFD-fed rats, d: vs. HFD + ASX-treated rats. EX-527: a selective SIRT1 inhibitor.
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Indeed, activation of Nrf2 and ablation of IL-6, TNF-a, or NF-jB
completely protected against diabetic and HFD-induced car-
diomyopathy and remodeling (Dludla et al., 2017; Nakamura
and Sadoshima, 2020). In different animal models, the protective
effect of ASX was attributed to scavenging ROS, upregulating
antioxidants and Nrf2, improving mitochondria function, and
inhibiting NF-jB and inflammatory cytokines production
(Kavitha et al., 2013; Kim and Kim, 2018; Landon et al., 2020;
Priyadarshini and Aggarwal, 2018; Zhu et al., 2018). Also, ASX
prevented hepatic and pulmonary fibrosis in several animal mod-
els by silencing the TGF-b1/Smad3 signaling and the concomitant
suppression of NF-jB, ROS, TNFa, and IL-6 (Shen et al., 2014;
Wakabayashi et al., 2015; Zhang et al., 2015).

Supporting our data, many authors have also shown no effect of
ASX on glucose and insulin homeostasis in diabetic animals (Chan
et al., 2012; Landon et al., 2020). On the other hand, other studies
contradict our data and have shown hypoglycaemic and insulin-
sensitizing effects of ASX in diabetic and other animal models
(Arunkumar et al., 2012; Bhuvaneswari and Anuradha, 2012;
Hussein et al., 2007; Preuss et al., 2011). Such variation between
our data and those studies could be attributed to the variation in
7017
the animal model and the dose of ASX used, animal species (mice
vs. rats), source of ASX (natural vs. synthetic), treatment period,
and the method of ASX administration. Also, ASX improved cardiac
contractility under basal conditions and cardiac injury in rodents
by mitigating ROS generation, oxidative stress, and inflammation,
and upregulating antioxidants (Aoi et al., 2003; Fassett and
Coombes, 2011; 2012; Kato et al., 2020). In both the control, obese,
and HF patients, ASX increased cardiac contractility, stimulated
total antioxidant capacity, and mitigated serum and urinary levels
of markers of oxidative stress and lipid peroxidation (Choi et al.,
2011; Kato et al., 2020; Park et al., 2010). In the same line, ASX
antagonized oxidative stress, improved mitochondria membrane
potential, and increased contractility index in BALB/c mice
(Nakao et al., 2010). Moreover, ASX reduced infarction size and
preversed LV structure and function in mice, rats, dogs, and rabbits
by upregulating antioxidants and reducing the generation of ROS,
macrophage infiltration, inflammatory cytokine production, and
activation of TGF-b1/Smad2/3 signaling (Adluri et al., 2013;
Fassett and Coombes, 2011; 2012; Gross and Lockwood, 2004;
2005; Lockwood and Gross, 2005; Pan et al., 2020). Also, ASX
improved cardiac structure and function and prevented coronary



Fig. 3. Levels of ROS (A), GSH (B), MnSOD (C), catalase (D), IL-6 (E), and TNF-a (F) in the left ventricles (LVs) of all groups of rats. Data were analyzed for n = 10 samples/group
and were significantly different p < 0.05. a: vs. the control rats; b: vs. the control + ASX-treated rats; c: vs. HFD-fed rats, d: vs. HFD + ASX-treated rats. EX-527: a selective SIRT1
inhibitor.
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Fig. 4. Nuclear activity of SIRT1 (A), the nuclear activity of Nrf2 and NF-jB p65 (B), total protein levels of SIRT1 (C), and nuclear protein levels of SIRT1, acetyl Nrf2, and acetyl
NF-jB p65 in the left ventricles (LVs) of all groups of rats. Data were analyzed for n = 6 samples/group and were significantly different p < 0.05. a: vs. the control rats; b: vs. the
control + ASX-treated rats; c: vs. HFD-fed rats, d: vs. HFD + ASX-treated rats. EX-527: a selective SIRT1 inhibitor.
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microembolization-induced cardiomyocyte apoptosis by upregu-
lating Nrf2 (Xue et al., 2019).

Nevertheless, SIRT1 levels are significantly depleted in the
hearts of obese and diabetic animals and are considered a major
mechanism for the accelerated cardiac damage and remodeling
in these animal models. As a cellular protective molecule, SIRT1
can deacetylate and activate Nrf2 and FOXO1/3a to stimulate the
intracellualr antioxidant gene expression (Cheng et al., 2003).
Besides, SIRT1 can inhibit NF-jB by deacetylating the p65 subunit
(Cheng et al., 2003). Also, SIRT1 inhibits fibrosis by downregulating
7019
the expression of TGF-b1 and TGF-b1 receptor type1 (TGF-bR1),
reducing the phosphorylation and nuclear localization of
p-Smad2/3, and deacetylation of Smad3 (Huang et al., 2014; Liu
et al., 2019; Wang et al., 2018; Zeng et al., 2017). In the same with
the above-mentioned studies, a similar reduction in the levels and
activities of SIRT1 was also seen in the hearts of HFD-fed rats of
this study. However, the most interesting finding in this study is
that we are demonstrating that the protective effect of ASX against
HFD-induced cardiomyopathy is mediated by activating SIRT1 sig-
naling. Indeed, ASX stimulated SIRT1 levels and activities and con-
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comitantly reduced the acetylation of Nrf2, NF-jB p65, and Smad3,
not only in the LVs of the HFD-fed rats but also in the LVs of the
control rats . These data could explain the higher activities of
Nrf2 and the reduction in the activities of NF-jB p65 in the hearts
of both groups of rats. To confirm our data, we have treated the
HFD-fed rats with EX-527 in the presence of ASX. As expected,
all the obvious cardioprotective effects, as well as the reduction
in the acetylation of all studied transcription factors afforded by
ASX, were prevented by EX-527. Based on these findings, we
become very confident that ASX could alleviate HFD-induced car-
diac damage and remodeling by activating SIRT1 signaling. These
findings support those reported by Zhang et al. (Zhang et al.,
2017) who have shown that ASX alleviates cardiac damage and
fibrosis in the LVs of rats with pressure overload-induced car-
diomyopathy by upregulating and activating SIRT1 and subsequent
increase in antioxidant levels and suppression of inflammatory
cytokines production.

Despite these findings, this study still has some limitations. To
confirm our results, further studies using SIRT1 knockdown ani-
mals or cardiomyocytes should be conducted. Besides, if other
upstream mechanisms regulating SIRT1 are involved in the protec-
tive effect of ASX should be further investigated.

In conclusion, the present study have shown interesting find-
ings and that a continuous administration of ASX has a protective
effect to prevent HFD-induced cardiomyopathy in rats, at least by
stimulating SIRT1. Given the well-reported highly tolerance and
safety of ASX, further clinical studies using ASX as a therapy, at
the levels of the heart or other disorders where SIRT1 is linked to
the pathogenesis of the disorders, are encouraged to be conducted.
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