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Abstract

Hexavalent chromium salt, like potassium dichromate (PD), is chromium’s most precarious valence state in industrial wastes.
Recently, there has been increasing interest in p-sitosterol (BSS), a bioactive phytosterol, as a dietary supplement. BSS is
recommended in treating cardiovascular disorders due to its antioxidant effect. Trimetazidine (TMZ) was used traditionally
for cardioprotection. Through the administration of BSS and TMZ, the cardiotoxic effects of PD were to be countered in this
study, in addition to examining the precise mechanism of PD-induced cardiotoxicity. Thirty male albino rats were divided
into five groups; the control group: administered normal saline daily (3 mL/kg); the PD group: administered normal saline
daily (3 mL/kg); BSS group: administered BSS daily (20 mg/kg); TMZ group: administered TMZ daily (15 mg/kg); and
the BSS + TMZ group: administered both BSS (20 mg/kg) and TMZ (15 mg/kg) daily. All experimental groups, except the
control, received on the 19th day a single dose of PD (30 mg/kg/day, S.C.). Normal saline, BSS, and TMZ were received daily
for 21 consecutive days p.o. The exposure to PD promoted different oxidative stresses, pro-inflammatory, and cardiotoxicity
biomarkers. BSS or TMZ succeeded solely in reducing these deleterious effects; however, their combination notably returned
measured biomarkers close to normal values. The histopathological investigations have supported the biochemical findings.
The combination of BSS and TMZ protects against PD cardiotoxicity in rats by reducing oxidative stress and apoptotic and
inflammatory biomarkers. It may be promising for alleviating and protecting against PD-induced cardiotoxicity in people at
an early stage; however, these findings need further clinical studies to be confirmed.

Highlights

e Potassium dichromate induces cardiotoxicity in rats through the upregulation of oxidative stress, proinflammatory, and
apoptotic pathways biomarkers.

e -Sitosterol possesses a possible cardioprotective effect by modulating several signaling pathways.

e Trimetazidine, the antianginal agent, has a potential cardioprotective impact on PD-intoxicated rat model.

e The combination of B-Sitosterol and trimetazidine was the best in modulating different pathways involved in PD cardio-
toxicity in rats via the interplay between NF-kB/AMPK/mTOR/TLR4 and HO-1/NADPH signaling pathways.
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NADPH Nicotinamide adenine dinucleotide phosphate
hydrogen

MPO Myeloperoxidase

HO-1 Heme oxygenase 1

8-OHdG 8-Hydroxydeoxyguanosine

TLR4 Toll-like receptor 4

ALT Alanine aminotransferase

AST Aspartate aminotransferase

CK-MB  Creatine kinase-myoglobin binding

LDH Lactate dehydrogenase

BCL2 B-cell lymphoma?2

cTn-1 Cardiac troponin-1

Introduction

It is well known that exposure to chromium compounds
in the environment and occupation, especially hexavalent
chromium like potassium dichromate (PD), may be toxic
to both humans and animals. It is a xenobiotic agent and a
heavy metal linked to multiple organ toxicity. Many cellu-
lar metabolites reduce PD to produce chromium, leading to
the overproduction of reactive oxygen species (Salama et al.
2022). The overproduction of free radicals is thought to be
linked to its toxicity by causing oxidative damage to the tis-
sues of the liver, brain, heart, and kidneys. Also, chromium
causes lipid peroxidation, DNA damage, and the production
of numerous pro-inflammatory biomarkers that contribute
to the inflammatory process and ultimately cause severe
nephrotoxicity (Mehany et al. 2013).

Cr(V]) is classified as a redox-active metal because it
undergoes direct redox cycling, producing a large amount
of ROS (Stohs and Bagchi 1995). Excessive ROS produc-
tion leads to calcium (Ca®*) and sodium (Na‘*) overload.
Excessive ROS production can also damage mitochondrial
and other organelle membranes, resulting in cellular Ca2*
overload due to Ca®* influx from calcium stores (Gérlach
et al. 2015). It has been reported that PD inhibits the activi-
ties of Ca>*/Mg**-ATPase and Na*/K*-ATPase, resulting in
Ca”" and Na™ overload (Ghosh and Dey 2022).

The transcriptional factor NF-kB regulates the expres-
sion of various pro-inflammatory genes and plays a role in
inflammasome regulation. All of NF-kB actions are medi-
ated by the upregulation of cytokines and chemokines such
as tumor necrosis factor-alpha (TNF-a), interleukins (IL-
1B, and IL-6), which regulate the activation, differentiation,
and survival of innate immune cells (Liu et al. 2017). PD
significantly increases the activity of NF-kB in various rat
tissues, which initiates inflammatory cascades by releasing
a wide range of pro-inflammatory cytokines (Anandasada-
gopan et al. 2017).

AMP-activated protein kinase (AMPK) is a protein kinase
that is AMP dependent. AMPK regulates cellular energy
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synthesis and catabolism. It is also an essential cell growth,
reproduction, and autophagy regulator (Schmitt et al. 2022).
AMPK is a crucial receptor for cellular energy. Cr(VI) can,
through mitigating the AMPK/peroxisome proliferator-acti-
vated receptor-y coactivator signaling pathway, leads to its
apoptosis and mitochondrial dysfunction (Yang et al. 2020).

The mechanistic target of rapamycin is one of the PI3K-
related kinase family members and a serine/threonine kinase
(Wander et al. 2011). It is a key integrator of signals that
control the biosynthesis of both protein and lipid, as well
as a growth factor—driven cell cycle progression and a key
regulator of protein synthesis in the cardiomyocyte (McMul-
len et al. 2004). Reduced mTOR activity has been linked to
doxorubicin-induced cardiac dysfunction.

Trimetazidine is a piperazine-derived anti-angina agent.
It has numerous cardioprotective effects, such as lowering
vascular resistance, promoting cardiac cell metabolism and
blood circulation, and regaining the capacity for generating
energy (Tsioufis et al. 2015; Dézsi 2016). Previous research
showed that TMZ has anti-oxidation, anti-apoptosis, and
anti-inflammation properties, as well as the capacity to
enhance myocardial metabolism and energy production
(Zou et al. 2017). Additionally, a prior study suggested that
the early administration of TMZ could reduce myocardial
fibrosis and apoptosis, effectively alleviating diabetic car-
diomyopathy (Zhang et al. 2016). Numerous studies dem-
onstrated how TMZ protects against cardiovascular disease
by reducing oxidative stress, apoptosis, and inflammation
(Zhang et al. 2019; Chen et al. 2022). However, data on
the effects of TMZ pre-treatment on PD cardiotoxicity are
limited, and the underlying mechanisms remain unknown.

The phytosterol BSS, present in various plants, resembles
cholesterol chemically (Kasirzadeh et al. 2021). Through its
anti-inflammatory effect on human aortic endothelial cells,
BSS has been demonstrated to be a potential agent for pre-
venting atherosclerosis (Loizou et al. 2010). Similarly to
this, it has been reported that BSS inhibits inflammatory bio-
markers like IL-6 and TNF-a in human monocytes that have
been activated by endotoxin (Loizou et al. 2010). Although
sepsis and neurological impairment had been studied among
several models for the positive effects of BSS, there was
little information regarding the heart (Chandra et al. 2022;
Kasirzadeh et al. 2021).

Aim of the work

Here, we proposed that TMZ and BSS might be useful in
reducing myocardial damage following the induction of car-
diotoxicity. In the current study, we established a rat model
of PD-induced cardiotoxicity. The rats received TMZ, BSS,
or a combination of the two treatments before receiving a
subcutaneous injection of PD. We aimed to learn more about
how the compounds under investigation affected cardiac
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injury and the cellular and molecular mechanisms underly-
ing it.

Materials and methods
Chemicals and reagents

PD and BSS were acquired from Sigma Aldrich (St.
Louis, MO, USA). TMZ was purchased from GNP phar-
maceutical (Giza, Egypt).

Animals and study design

Thirty male albino rats, 10 weeks old, weighing
170-180 g, were obtained from animal house of Fac-
ulty of Medicine, Assiut University. Rats were housed
in polypropylene cages (at 25 °C under a normal light/
dark cycle) for 7 days prior to the start of the experimen-
tal protocol to acclimate them to the controlled labora-
tory conditions. Rats were fed a standard rodent diet and
had unrestricted access to clean water. All experimental
procedures adhered to the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals.
The Faculty of Medicine approved the experimental pro-
tocol at Assiut University’s Institutional Animal Ethics
Committee (approval no: 17300797).

Rats were divided into the following five groups by
random allocation following the 7-day acclimatization
period (n=06):

Group 1: Control group: administered daily oral nor-
mal saline solution (3 mL/kg) for 21 days.

Group 2: PD group: administered daily oral normal
saline solution (3 mL/kg) for 21 days. PD (30 mg/
kg/day, S.C.) was dissolved in normal saline and
received a single dose of PD on day 19 of the experi-
ment according to the methodology of Awoyomi et al.
(2021).

Group 3: BSS group: administered a daily oral dose
of BBS (20 mg/kg, p.o.) for 21 consecutive days and
received a single dose of PD on day 19 of the experi-
ment (30 mg/kg/day, S.C.). BSS was received accord-
ing to Gumede and colleagues’ methodology (Gumede
et al. 2020).

Group 4: TMZ group: administered a daily oral dose
of TMZ (15 mg/kg, p.o.) for 21 consecutive days fol-
lowing Ussher and colleagues’ method (Ussher et al.
2014). PD was received as a single dose on day 19 of
the experiment (30 mg/kg/day, S.C.).

Group 5: BSS + TMZ group: administered daily oral
doses of both BBS (20 mg/kg, p.o.) and TMZ (15 mg/

kg, p.o.) for 21 consecutive days. PD was received as a
single dose on the 19th day of the experiment (30 mg/
kg/day, S.C.).

Blood and tissue sampling

After the 21st day of the experimental study, blood samples
were gathered from the inner canthus of the eye of each
rat and centrifuged for 15 min at 3000 rpm to collect the
separated sera, which were preserved at — 80 °C until quan-
tifications of cardiotoxicity biomarkers and electrolyte levels
were performed. Then, rats ted. Then rats were euthanized
by anesthesia with a mixture of ketamine (100 mg/kg, i.p.)
and xylazine (10 mg/kg, i.p.). Hearts were quickly removed,
washed using cold saline, and preserved in either a—80 °C
deep freezer for western blot analysis or neutral buffered
formalin (10%) for histopathology and immunohistochemis-
try. Cardiac tissue homogenates were prepared (20% w/v) in
ice-cooled phosphate-buffered saline using homogenizer and
centrifuged for 15 min at 5000 X g at 4 °C. Tissue homogen-
ates were divided into aliquots and stored at — 80 °C until
quantification of oxidative stress biomarkers and pro-inflam-
matory mediators. Fixed samples were dehydrated, followed
by xylene, and embedded in paraffin. Sections 3-pm thick
were prepared, deparaffinized, and stained with hematoxylin
and eosin (H&E) (Banchroft and Steven 1983).

Estimation of oxidative stress biomarkers in cardiac
tissue

Lipid peroxidation was accurately measured chemically
using a colorimetric method. Malondialdehyde (MDA) was
measured in the heart tissue as a lipid peroxidation marker.
In a nutshell, the malondialdehyde content of cardiac cells
forms thiobarbituric acid reactive product tissue after react-
ing with thiobarbituric acid. This product can be measured
by measuring the solution’s absorbance spectrophotometri-
cally at wavelength of 520-535 nm. Following the previ-
ously described methodology, lipid peroxidation was meas-
ured as MDA (Mihara and Uchiyama 1978).

According to the manufacturer’s instructions, superoxide
dismutase (SOD) activity was estimated colorimetrically in
the heart tissues. In this test, SOD prevents the reduction
of the nitro blue tetrazolium dye, estimated at a maximum
wavelength of 560 nm, and the change in absorbance meas-
ured its activity. The colorimetric evaluation of SOD activ-
ity was performed following the method designated earlier
(Marklund 1985).

As directed by the manufacturer, a colorimetric kit from
(Bio Diagnostic, Giza, Egypt, Catalogue No. GP 2524) was
used to measure the glutathione peroxidase (GPx) activ-
ity. GPx activity was estimated based on the previously
described method (Paglia and Valentine 1967).
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Nicotinamide adenine dinucleotide phosphate hydrogen
(NADPH) is oxidized to NADP + along with GPx activ-
ity, which can be measured at a maximum wavelength of
340 nm.

Determination of reduced glutathione (GSH) and total
nitrite end product (NO,) levels was evaluated via chemi-
cally assay according to the methods described by Sedlak
and Lindsay (1968) and Montgomery and Dymock (1961),
respectively.

Mpyeloperoxidase (MPO) was estimated according to the
method described earlier by Manktelow and Meyer (1986).

According to the manufacturer’s instructions, the NADPH
oxidase was determined using an ELISA kit (Catalog No.
ELK2600, ELK Biotechnology, Wuhan, China).

According to the manufacturer’s instructions, heme oxy-
genase 1 (HO-1) was estimated using the sandwich ELISA
technique by the kit (Catalog No. ELK1477, ELK Biotech-
nology, Wuhan, China).

8-Hydroxydeoxyguanosine (8-OHdG) was estimated
using the ELISA technique with the kit (Catalog No. E-EL-
0028, Elabscience, TX, USA) according to the manufac-
turer’s instructions.

Examination of pro-inflammatory mediators
in the cardiac tissue

For the determination of the pro-inflammatory cytokines
in the cardiac tissue, commercial ELISA kits were used
for IL-1p, IL-6, and TNF-a. (Catalog Nos. are ELK1272,
ELK1158, and ELK1396), respectively. All of them were
purchased from ELK Biotechnology, Wuhan, China. The
methodology was performed according to the manufacturer’s
instructions.

Evaluation of cardiotoxicity biomarkers in serum

A colorimetric technique determined the level of alanine
aminotransferase (ALT) according to the following reaction:

ALT
Alanine + a — ketoglutarate — Pyruvate + Glutamate

Then the formed pyruvate is then measured in its deriva-
tive form, 2,4-dinitro phenylhydrazone (Bio Diagnostic,
Giza, Egypt). Measurement of aspartate aminotransferase
(AST) concentration was performed using the international
federation of clinical chemistry IFCC method, according to
Bergmeyer et al. (1986). cTn-1 was measured in serum using
the sandwich-ELISA technique according to the manufac-
turer’s instructions (Catalog No. E-EL-R1253, Elabscience,
TX, USA).

The creatine kinase-myoglobin binding (CK-MB) level
was evaluated kinetically using the kit BioMed-CK-MB
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(Catalog No. CKM 107050, Biomed Diagnostics, Inc, OR,
USA) according to the manufacturer’s instructions. Kinetic
determination of LDH (Catalog No. LDAH 117,025), LDH
activity in serum was calculated by measuring the decrease
in absorbance per time at 340 nm (Biomed Diagnostics, Inc,
OR, USA).

Estimation of serum electrolytes levels

The amount of sodium (Catalog No. SOD 100,040), potas-
sium (Catalog No. POT 100,040), and calcium (Catalog No.
CAL 103,060) was measured by colorimetric assay accord-
ing to the manufacturer’s instructions (Biomed Diagnostics,
Inc, OR, USA).

Western blotting

Total protein was removed from cardiac tissue after 24 h
of treatment with radioimmunoprecipitation assay buffer
(RIPA) containing protease inhibitor cocktail (Biospes,
China) and quantified using a Bicinchoninic acid (BCA) pro-
tein quantification kit (Beyotime Biyuntian Biotechnology
Co., Ltd., China). The rats’ heart tissue lysates were loaded
onto 7, 10, or 12% SDS—PAGE gels for separation, consist-
ent with the molecular weight of the target proteins, and
then transferred onto PVDF membranes (Bio-Rad, Hercules,
CA, USA). At room temperature, the membrane was blocked
with 5% skim milk in TBST on a shaker for 2 h before its
incubation with primary antibodies [toll-like receptor 4
(TRLA4, 1:1000, Catalog No. sc-293072, Santa Cruz Biotech-
nology, Inc.), mTOR (1:1000, Catalog No. sc-517464, Santa
Cruz Biotechnology, USA), AMPK (1:1000, Catalog No.
sc-74461, Santa Cruz Biotechnology, USA), and nuclear fac-
tor kappa B (NF-kB-p65, 1:1000, Catalog No. abx012874,
Abbexa, UK), p actin (Catalog No. E-AB-20031, Elabsci-
ence, USA)] at 4 °C overnight. TBST was used to wash
the membrane for 10 min three times. Afterward, it was
incubated with the appropriate horseradish peroxidase-
conjugated secondary antibody against IgG for rabbits and
mice. The membrane was then rewashed with TBST three
times for 10 min. The target protein was exposed to an ECL
chemiluminescent system (Tanon-5200Multi, Shanghai,
China). The target protein band value was then calculated
using ImageJ 1.8.0 software (NIH).

Histopathological examination

Light microscopy

Myocardial injuries in rats were evaluated by the scoring
system, according to Atkinson et al. (2010). The findings

were categorized into the following grades to compose a
range of histological myocardial injuries considering scores
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from O to 3 for the categories: edema, myocardial hemor-
rhage, inflammation, and necrosis. The score was assigned
to (0) absence of damage, (1) slight degree of damage, (2)
moderate damage, and (3) maximum degree of damage. This
methodology was used to evaluate the heart histopathologi-
cal (HP) index.

Immunohistochemical examination

Caspase-3 as an apoptotic marker was evaluated using the
methodology of Hsu et al. (1981). According to Rashad and
colleagues, the anti-apoptotic B-cell lymphoma2 (BCL2)
was estimated (Rashad et al. 2022).

The immunohistochemical observations were evaluated
using image analysis (area percentage). Sample sections
were stained with anti-caspase-3 and anti-BCL2 antibod-
ies and then analyzed by a digital Leica Quin 500A image
analysis system (Leica Microsystems, Switzerland) at the
Faculty of Dentistry, Cairo University. The image analyzer
was automatically calibrated to translate pixels into area
units (pm2). Caspase-3 and BCL2 immunostaining was
presented as a percentage of the total area in a standard
measuring frame over ten independent fields from differ-
ent slides in each group at x 400 magnification. Regardless
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Fig. 1 Effects of administering BSS and TMZ on levels of oxida-
tive stress markers: A MDA (nmol/g tissue), B SOD (U/g tissue), C
GPx (U/g tissue), and D GSH (mmol/mg tissue) in PD cardiotoxicity
induced in rats. Data were expressed as mean+SD and were exam-
ined using one-way ANOVA followed by Tukey’s post hoc test. *
Significantly differs from the control group; #significantly differs

of the intensity, all areas with positive immunohistochemi-
cal staining were assessed. All results were presented as
mean =+ standard deviation (SD).

Statistical analysis

All results were presented as mean and standard deviation.
One-way ANOVA was performed, and Tukey’s post hoc test
was carried out for data analysis and comparisons between
groups. All analyses were carried out using GraphPad Prism
version 6.04. A P-value less than 0.05 was considered sta-
tistically significant.

Results

The antioxidant effect of B-sitosterol
or trimetazidine on potassium dichromate-induced
cardiotoxicity in a rat model

The current results revealed that both BSS and TMZ had suc-
ceeded individually in reducing the cellular polyunsaturated
fatty acid peroxidation by lowering the level of MDA in rats’
cardiac homogenates. However, combined, they returned MDA
to normal levels, as shown in Fig. 1 A. The lowest levels of SOD
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from the PD group; ® significantly differ from BSS group; 4signifi-
cantly differs from TMZ group at p <0.05. n=6. MDA, malondial-
dehyde; SOD, super oxide dismutase; GPx, glutathione peroxidase;
GSH, glutathione; PD, potassium dichromate; BSS, f-sitosterol;
TMZ, trimetazidine
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were found in PD-treated rat samples, while BSS and TMZ
treatment could significantly enhance SOD levels. Moreover,
the combination of BSS and TMZ showed the best results com-
pared to each of them solely (Fig. 1B).

The highest levels of glutathione and glutathione perox-
idase were found in the control group. The PD administra-
tion managed to inhibit the GPx and GSH levels severely.
BSS and TMZ combination showed the best results in
enhancing both GPx and GSH levels to return them near
normal levels, as demonstrated in Fig. 1C and 1D. The
current study reported significantly higher NO,™ levels in
rats of PD-treated group. BSS or TMZ treatment down-
regulates the NO,™ levels to be closer to normal levels.
Interestingly, the combination treatment succeeded in nor-
malizing the levels of NO,™ as shown in (Fig. 2A).

The NADPH oxidase was at its highest levels in the PD
group rats. Administering BSS or TMZ or both of them
managed to downregulate NADPH oxidase levels; how-
ever, the combination treatment showed closer levels to
normal ones (Fig. 2B).

Additionally, the myeloperoxidase enzyme showed
its highest levels in rats of PD groups, while the group
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Fig.2 Effects of administering BSS and TMZ on levels of oxidative
stress markers: A NO,™, (umol/g tissue), B NADPH oxidase (pg/g tis-
sue), C MPO (U/g tissue), D HO-1 (ng/g tissue), and and E 8-OH-dg
(ng/mL) in PD cardiotoxicity induced in rats. Data were expressed as
mean +SD and were examined using one-way ANOVA followed by
Tukey’s post hoc test. * Significantly differs from the control group;
#significantly differs from the PD group; * significantly differ from
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administered BSS and TMZ combination was the group
showing the minor MPO levels of the tested groups and
the nearest one to normal controls (Fig. 2C).

Figure 2D shows that HO-1 protein was at its lowest level
in the PD group. Administering BSS or TMZ significantly
elevated HO-1 levels; however, the combination BSS + TMZ
showed the highest levels among the tested group (Fig. 2D)

One of the biomarkers of the oxidative damage of DNA is
8-hydroxy-2-deoxyguanosine. The present findings reported
that the highest levels of 8-OH dg were found in the PD
group of rats. Administering BSS or TMZ significantly
reduces these serum levels. The combination BSS + TMZ
group recorded the lowest levels of 8-OH dg among the
tested groups, as shown in Fig. 2E.

The anti-inflammatory effect of B-sitosterol
or trimetazidine on potassium dichromate-induced
cardiotoxicity in a rat model

The current study highlighted the anti-inflammatory effect
of both tested drugs alone or combined through several bio-
markers. The highly elevated IL-1f levels found in tissue
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the BSS group; Asignificantly differs from TMZ group at p <0.05.
n=6. NO,™, nitric oxide end-product; NADPH oxidase, nicotinamide
adenine dinucleotide phosphate oxidase; MPO, myeloperoxidase
enzyme; HO-1, heme oxygenase-1; 8-OH-dg, 8-hydroxy-2-deoxy-
guanosine; PD, potassium dichromate; BSS, f-sitosterol; TMZ, tri-
metazidine
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homogenate samples of the PD group were significantly
inhibited when BSS or TMZ were used. However, their
combination showed the lowest levels among tested groups,
as shown in Fig. 3A.

Similarly, BSS and TMZ administration reduced IL-6 lev-
els compared to the PD group, but the combination showed
the most promising results (Fig. 3B).

Tumor necrosis factor-o showed its most elevated levels
in the PD group. BSS- and TMZ-treated groups showed sig-
nificantly inhibited TNF-a levels, while their combination
was more beneficial in reducing levels of TNF-a (Fig. 3C).

The effect of B-sitosterol or trimetazidine on levels
of cardiotoxicity biomarkers in potassium
dichromate-induced cardiotoxicity in a rat model

The PD group demonstrated the most elevated level of ALT
and AST enzymes. After adding BSS or TMZ, the enzyme
levels decreased significantly. However, the combination
group showed the lowest levels of enzymes among the tested
groups (Fig. 4A and B).

Figure 4 reveals the elevated levels of cardiac enzyme
troponin and CK-MB in the PD group of rats to the highest
most significant levels; while adding BSS or TMZ or their
combination, the cardiac enzyme levels were significantly
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Fig.3 Effects of administering BSS and TMZ on levels of inflam-
matory markers: A IL-1p (pg/g tissue), B IL-6 (pg/g tissue), and C
TNF-a (pg/g tissue) in PD cardiotoxicity induced in rats. Data are
expressed as mean+SD and were examined using one-way ANOVA
followed by Tukey's post hoc test. * Significantly differs from the

inhibited. Also, the BSS + TMZ managed to return the car-
diac troponin (cTn-1) level to normal (Fig. 4C and D). The
administration of BSS or TMZ reduced the level of lactate
dehydrogenase enzyme in the serum of the rats compared
to the extremely high LDH levels in the serum of PD-
treated rats. However, their combination revealed the low-
est LDH serum levels among the tested groups (Fig. 4E).

The effect of B-sitosterol or trimetazidine
on levels of serum electrolytes in potassium
dichromate-induced cardiotoxicity in a rat model

The current findings revealed that the sodium serum levels
of rats in the PD group were significantly higher than nor-
mal. After administration of BSS or TMZ or their combina-
tion, sodium levels were inhibited significantly compared to
the PD group (Fig. 5A).

The potassium level in the PD group was downregulated
than the normal level. However, the three other tested groups
showed significantly higher potassium levels than the PD
group, as shown in Fig. 5 B. The highest calcium levels were
shown in the PD group. In the BSS, TMZ, and BSS + TMZ
groups, the calcium levels were inhibited from becoming
closer to normal (Fig. 5C).
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at p<0.05. n=6. IL-1p, interleukin-p; IL-6, interleukin-6; TNF-a,
tumor necrosis factor-a; PD, potassium dichromate; BSS, -sitosterol;
TMZ, trimetazidine
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Fig.4 Effects of administering BSS and TMZ on serum levels of
several enzymes: A ALT, (U/mL), B AST (U/L), C cTn-1 (pg/mL),
D CK-MB (U/L), and E LDH (U/L) in PD cardiotoxicity induced
in rats. Data are expressed as mean+SD and were examined using
one-way ANOVA followed by Tukey’s post hoc test. * Significantly
differs from the control group; #significantly differs from the PD

The effect of B-sitosterol or trimetazidine on protein
expression of TLR4, mTOR, NF-kB-p65, and AMPK

in heart tissue in potassium dichromate-induced
cardiotoxicity in a rat model

Figure 6 highlights several protein expression levels, repre-
senting major pathways. The current findings demonstrate
that the PD group showed the highest TLR4 and NF-kB p65
protein expression levels. However, the three tested treat-
ments showed almost the same reduction in TLR4 expres-
sion. TMZ, BSS, and BSS + TMZ groups showed the same
reduction levels in NF-kB p65 protein expression (Fig. 6 A
and C). Furthermore, the PD group’s obviously low mTOR
and AMPK protein level expression was best normalized
when the combination treatment (BSS + TMZ) was used
(Fig. 6B and D).

The effect of B-sitosterol or trimetazidine
on the light microscopic observations

H&E-stained heart sections of control rats showed normal

histological architecture of cardiac muscles, which appeared
elongated branched and cross-striated myofibers with oval
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aspartate transaminase; cTn-1, cardiac troponin; CK-MB, creatine
kinase-MB; LDH, lactate dehydrogenase; PD, potassium dichromate;
BSS, p-sitosterol; TMZ, trimetazidine

central nuclei. Between myofibers, narrow slit-like inter-
stices contained loose CT and blood capillaries (Fig. 7A).
Contrariwise, heart sections obtained from PD-intoxicated
rats revealed various degenerative alterations of cardiac
muscles compared with the control group like wavy-shaped
myofibers with unclear striation, some myofibers appeared
necrotic, hemorrhage, and edema between cardiac myofib-
ers (Fig. 7B). Conversely, administration of BSS to PD-
intoxicated rats exhibited a marked protective effect against
the cardiac muscular degenerative changes compared to
the PD group induced by PD, evidenced by restoring the
normal structure of cardiac myofibers that appeared elon-
gated branched and striated with central oval nuclei. There
was no hemorrhage or edema in the interstices between the
myofibers. Few myofibers were still necrotic (Fig. 7C). How-
ever, TMZ administration to PD-intoxicated rats revealed a
marked decrease in the histopathological changes of cardiac
muscles in comparison with the PD group in the form of
a decrease the hemorrhage, few myofibers appeared wavy
in shape, and other cardiac myofibers appeared nearly nor-
mal elongated branched contained oval central nucleus with
interstices between them (Fig. 7D). Finally, the co-admin-
istration of both BSS and TMZ to PD-treated rats showed
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Fig.5 Effects of administering BSS and TMZ on serum levels of sev-
eral electrolytes: A sodium (mEq/L), B potassium (mM), C calcium
(mg/dL), and D CK-MB (U/L) in PD cardiotoxicity induced in rats.
Data are expressed as mean=+SD and was examined using one-way
ANOVA followed by Tukey’s post hoc test. * Significantly differs

significant recovery of cardiac muscular degenerative
alterations compared to the PD group, which was proved by
the nearly normal appearance of elongated branched car-
diac myofibers that had oval central nuclei with interstices
between them (Fig. 7E).

The effect of B-sitosterol or trimetazidine
on histopathological score observations

The cardiac muscle histopathological score was significantly
higher in rats treated with PD than in control rats. But the
score was significantly (P <0.05) lower in PD-treated rats
which received BSS, TMZ, and BSS + TMZ than in rats
treated with PD alone (Fig. 7F).

The effect of B-sitosterol or trimetazidine
on immunohistochemical investigations

Immunohistochemical examination of caspase-3 stained
heart sections of control rats showed negative immunoex-
pression in cardiac muscles (Fig. 8a). However, cardiac mus-
cles of PD-intoxicated rats revealed significantly strong posi-
tive caspase-3 immunoreaction by 43.9% compared to the
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from the control group; # significantly differs from the PD group; ®
significantly differ from BSS group; # significantly differs from TMZ
group at p <0.05. n=6. PD, potassium dichromate; BSS, p-sitosterol;
TMZ, trimetazidine

control group (Fig. 8 b and ¢). Contrariwise, administration
of BSS and TMZ to PD-treated rats revealed mild caspase-3
immunoexpression in cardiac myofibers that significantly
reduced by 16.5% and 17.2%, respectively, compared to the
PD group (Fig. 8c, d, and 9a). Moreover, administration of
both BSS and TMZ to PD-treated rats exhibited negligible
caspase-3 immunoreactivity that significantly decreased by
0.5% compared to PD, BSS, and TMZ groups (Figs. 8¢ and
9a).

Immunohistochemical examination of BCL2-stained
heart sections of control rats revealed strong positive immu-
noreaction in cardiac muscles (Fig. 8f). On the contrary,
cardiac muscles of PD-intoxicated rats showed negligible
BCL?2 immunoexpression that significantly reduced by 0.8%
compared to the control group (Figs. 8g and 9b). However,
administration of BSS to PD-treated rats exhibited moderate
BCL2 immunoreactivity in cardiac muscles that significantly
increased by 26.3% compared to the PD group (Figs. 8h and
9b). Moreover, administration of TMZ to PD-treated rats
exhibited mild BCL2 immunoreactivity in cardiac mus-
cles that significantly increased by 21.3% versus the PD
group (Figs. 8i and 9b). Finally, administering BSS and
TMZ to PD-intoxicated rats showed strong positive BCL2
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Fig.6 Effects of administering BSS and TMZ on relative protein
expression of A TRL4, B mTOR, C NF-kB p65, and D AMPK in
PD cardiotoxicity induced in rats. Data are expressed as mean+SD
and was examined using one-way ANOVA followed by Tukey's post
hoc test. * Significantly differs from the control group; # significantly

immunoexpression in cardiac muscles that significantly
increased by 31.3% versus PD rats (Figs. 8j and 9b).

Moreover, BCL2/caspase-3 ratio revealed a significant
decrease (P <0.05) in PD, BSS, and TMZ groups versus
the control group. However, BCL2/caspase-3 ratio showed
a significant increase (P <0.05) in PD-treated rats adminis-
tered both BSS and TMZ compared to PD, BSS, and TMZ
groups (Fig. 9¢).

Discussion

The current study’s authors attempted to investigate the
potential impact of adding either BSS or TMZ or their com-
bination on the cardiotoxicity induced by PD. Many people’s
lives could be in danger from occupational or environmental
exposure to PD, now recognized as an occupational carcino-
gen. The damaging effects of PD on various body organs,
including the kidneys, liver, and heart, were highlighted in
several reports. To prevent this kind of toxicity, it is cru-
cial to understand the mechanism underlying PD-induced
cardiotoxicity and the various agents that can be used for
prevention. PD-induced cardiotoxicity, its mechanism of
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differs from the PD group, 3 significantly differ from BSS group; 4
significantly differs from TMZ group at p<0.05. TLR4, toll-like
receptor 4; mTOR, mammalian target of rapamycin; NFkB, nuclear
factor kappa B; AMPK, AMP-activated protein kinase; PD, potas-
sium dichromate; BSS, f-sitosterol; TMZ, trimetazidine. n=6

action, potential protective agents, and the mechanism of
this protection were the main topics of our study.

The current study proved that PD exposure causes various
pathological and biochemical changes. The pathophysiologi-
cal alterations, which included cardiotoxicity and elevated
levels of enzymes related to cardiotoxicity, were consistent
with earlier studies (Yang et al. 2021; Soudani et al. 2011).
These studies covered the various PD-related impairments
produced by pro-inflammatory pathways and oxidative stress
in several vital organs. On the other hand, the administra-
tion of the BSS + TMZ combination completely undid all the
abovementioned changes.

The detrimental changes in cardiac tissue, such as degen-
eration and cardiac cell apoptosis, supported the PD-induced
cardiac deficits. According to several studies, PD can dam-
age organs and cause nephrotoxicity, cardiotoxicity, and
hepatotoxicity by producing ROS or inducing mitochondrial
damage, prompting cell necrosis or apoptosis. Through the
overproduction of the lipid peroxidation marker MDA and
the decreased activity of several antioxidants, including
GPx, GSH, and SOD, oxidative stress has been highlighted
as one of the primary factors contributing to PD-related
organ damage and degeneration (Soudani et al. 2011; Yang
et al. 2021).
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Fig.7 a, f Heart sections of male albino rats. H&E stainx400. a
Control rats showed normal elongated striated, cardiac myofib-
ers (yellow arrow), and had an oval central nuclei (black arrow) and
interstices between them (yellow arrowhead). b PD-intoxicated rats
had degenerative alteration such as wavy-shaped myofibers with
unclear striation (black arrow), hemorrhage (H), edema (E), and
necrotic cardiac myofibers (green circle). ¢ PD-treated rats with BSS
administration showed a marked protective effect against PD toxicity
in the form of nearly normal cardiac myofibers that appeared elon-
gated branched (yellow arrow) with central oval nuclei (N) and inter-
stices between them (yellow arrow head). Except for a few myofibers
appeared necrotic (black arrow). d PD-treated rats with TMZ admin-

By catalyzing the dismutation of the superoxide anion
into oxygen and hydrogen peroxide (H,0,), which GPx then
metabolizes, SOD is recognized as the first member of the
system of antioxidant defense (Zhen et al. 2016; Hamdan
et al. 2022). Additionally, MDA is increasingly known as the
most significant byproduct of the peroxidation of membrane
lipids, making it a useful indirect marker of the degree of
cell damage (Senn et al. 2017). In the current study, PD
intoxication increased MDA, NO,~, and MPO levels and

Histopathological score of Heart

15- p<0.05""

istration revealed a decrease in the hemorrhage (black arrow), few
myofibers appeared wavy in shape (yellow circle), and other cardiac
myofibers appeared nearly normal elongated branched (green arrow).
They contained an oval central nucleus (N) with interstices (green
arrowhead) between them. e PD-treated rats administered with both
BSS and TMZ showed nearly normal elongated branched striated,
cardiac myofibers (black arrow) containing oval central nuclei (N)
with interstices (black arrowhead) between them. f Heart histopatho-
logical score. The results were expressed as mean+SD. * Signifi-
cantly different from the control group; * significantly different from
the PD group. p value <0.05

significantly declined the antioxidant enzyme activities of
GPx, GSH, and SOD.

Interestingly, the administration of BSS, TMZ, or both
significantly reduced the production of MDA and MPO in
the cardiac tissue and, as a result, downregulated the per-
centage of apoptosis. Caspase-3 is a primary proapoptotic
mediator and marker of irreversible apoptosis (Khalifa et al.
2017). In the present study, immunohistochemical examina-
tion of heart sections of PD-intoxicated rats revealed strong
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Caspase-3
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Fig. 8 Immunohistochemically caspase-3 (a, e) and BCL2 (f, j)
stained heart sections, x400. a Control rats had negligible caspase-3
immunoexpression in cardiac myofibers. b PD-treated rats showed
strong positive caspas-3 expression in cardiac myofiber compared to
the control group. ¢ PD-treated rats with BSS administration revealed
mild immunoexpression versus the PD group. d PD-treated rats with
TMZ administration showed mild immunoexpression versus the PD
group. e PD-treated rats with BSS and TMZ exhibited negligible cas-
pase-3 immunoreactivity versus control, PD, BSS, and TMZ groups.
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f Control rats had strong positive BCL2 immunoexpression in cardiac
myofibers. g PD-intoxicated rats showed negligible BCL2 immuno-
reaction versus the control group. h PD-treated rats with BSS admin-
istration revealed moderate BCL2 immunoreactivity compared to the
PD group. i PD-treated rats with TMZ administration showed mild
BCL2 immunoreaction versus the PD group. j PD-treated rats with
BSS and TMZ revealed strong positive BCL2 expression versus the
PD group. BCL2, B-cell lymphoma 2
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BCL2, and BCL2/caspase-3 ratio positive immunoreactive cells,
respectively, within the heart of rat. The results were expressed as
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positive caspase-3 expression in cardiac myofibers compared
to control rats. Contrariwise, the expression of the anti-apop-
totic BCL2 marker in cardiac myofibers was significantly
reduced in PD-intoxicated rats. These observations indicated
the apoptotic effect of PD on cardiac muscles.

In contrast, administration of BSS and TMZ individu-
ally to PD-treated rats resulted in a significant reduction
of caspase-3 and elevation of BCL2 immunoexpression in
cardiac myofibers compared to the PD group. Moreover, the
co-administration of both BSS and TMZ to PD-treated rats
resulted in negligible caspase-3 and strong positive BCL2
immunoreaction in cardiac myofibers compared to the PD
group. These findings postulate the anti-apoptotic role of
both BSS and TMZ, used individually or in combination.
Still, to a greater extent, they are more potent against PD
when used in combination. This suggests that administer-
ing BSS + TMZ can potentially prevent diseases associated
with cardiotoxicity. These outcomes were also consistent
with the findings of the DPPH assay and demonstrated the
potential modulating effect of BSS and TMZ on the anti-
oxidant pathway.

Several intracellular signal transduction pathways are
activated and started when toxic products engage TLRs.
One of the most notable of these is the one that activates
NF-kB-p65. The innate host defense system’s most crucial
component is TLR-induced NF-xB-p65 activation. That was
in agreement with our findings which confirmed the upregu-
lation of both TLR-4 and NF-kB-p65, indicating the pro-
inflammatory effect of PD. Preventive therapies succeeded
in downregulating both proteins close to normal values
(Zhang and Ghosh 2001; Zaafar et al. 2022).

Furthermore, NF-kB-p65, which generates cytokines
that promote inflammation and cytotoxic genes, is known
to increase ROS production (Hu et al. 2020). In the pre-
sent study, PD-intoxicated rats exhibited a strong expres-
sion of NF-kB-p65. This outcome is consistent with a study
published earlier (Sahu et al. 2014). The enzyme HO-1 is
thought to respond to stress and has a primary antioxidant
and anti-inflammatory function. It can catabolize heme into
iron, carbon monoxide, and biliverdin. As a result, it is cru-
cial for cardiac protection. Therefore, HO-1 downregula-
tion might harm the cardiac tissue. This was consistent with
recent findings that showed rats exposed to PD had the best
upregulation of HO-1 when BSS and TMZ were used as
a protection mechanism. These results could be related to
the antioxidant effect of BSS and TMZ and the ability to
regulate several pathways, including NF-kB-p65, Nrf2, and
HO-1.

The expression of HO-1 has substantial protective effects
against ROS-induced oxidative damage both in vitro and
in vivo (Datla et al. 2007). Taille and colleagues showed
that HO-1 expression inhibited NADPH oxidase in mac-
rophages by decreasing the heme availability and Nox?2

protein abundance (Taillé et al. 2004). Our findings showed
that HO-1 modulated the NADPH oxidase activity and
SOD production in vivo. The inhibitory effect of HO-1 was
observed in the heart tissue of PD-intoxicated rats, in which
NADPH oxidase activation is a major source of oxidative
stress. This is agreed with several studies showing that HO-1
expression suppresses NADPH oxidase-dependent superox-
ide production (Jiang et al. 2006; Wilcox 2005). This could
be a key mechanism underlying how HO-1 protects the car-
diovascular system.

Nitrite anion is a reactive nitrogen species associated
with tissue injury or disease development. As was previ-
ously demonstrated, these species are also produced when
exposed to exogenous insults like environmental pollutants
(Griendling et al. 2016). Therefore, the high insult on car-
diac tissue is linked to the highest nitrite ions found in the
PD group. The combination group’s lowest nitrite ion level
is evidence of its potent cardiac tissue protection.

The most critical biomarkers for oxidative DNA dam-
age are the guanine and deoxyguanosine oxidation products
produced from oxidative stress by ROS or RNS. Exces-
sive 8-hydroxy-2-deoxyguanosine levels may indicate a
recent insult to an organ. These oxidative DNA damages
may result in genomic instability, persistent inflammation,
carcinogenicity, or cell death by causing changes or muta-
tions within the cell’s genomic material (Chiorcea-Paquim
2022). Our research was consistent with these findings as the
PD group had the highest levels of 8-oh-dg. Combination
therapy was the most effective treatment for returning those
levels to normal ranges.

In this study, we highlighted that the combination of
BSS + TMZ significantly increased AMPK phosphorylation
in the PD-induced cardiotoxicity model. Our results align
with Ye and colleagues, who reported the cardioprotective
effect of dapagliflozin via mechanism depending on AMPK
(Ye et al. 2017).

The crosstalk between AMPK and NF-kB-p65 signaling
has also been highlighted previously. AMPK signaling was
demonstrated to suppress the NF-kB-p65 signaling pathway
and subsequent expression of pro-inflammatory biomark-
ers (Huang et al. 2015). Chen and colleagues revealed that
AMPK activation downregulated the NF-xB-p65 signal-
ing cascade in H9c2 cells (Chen et al. 2018). In the same
line, the activation of AMPK inhibited the translocation of
NF-kB-p65 from the cytosol to the nucleus in activated mac-
rophages of inflamed skin tissues (Xiang et al. 2019).

Several studies have highlighted the critical role of intact
mTOR signaling in cell survival and function and evidence
that mTOR deletion causes lethal, fully penetrant dilated
cardiomyopathy (Zhang et al. 2010; Volkers et al. 2013). A
study that inhibited the function of the mTOR kinase phar-
macologically has shown that it has a negative effect on
cardiomyocytes in vitro and in vivo after MI. Furthermore,
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Fig. 10 The schematic illustration of the possible signaling mechanisms by which f-sitosterol and trimetazidine mitigated the potassium dichro-

mate-induced cardiotoxicity in rats

using novel mTOR kinase inhibitors to treat cancer may
result in cardiotoxicity in patients (Wander et al. 2011).
These reports were consistent with our current findings, as
the inhibited levels of mTOR in PD-intoxicated rats were
improved when using protective therapy, particularly the
combination treatment, which managed to raise mTOR close
to normal levels.

In the current study, PD-intoxicated rats revealed several
histopathological signs of cardiac muscles as wavy-shaped
myofibers with unclear striation; some myofibers appeared
necrotic, hemorrhage, and edema between cardiac myofib-
ers. These findings agreed with Yang et al. (2021), who
reported that rats intoxicated with PD at a dose of (2, 4,
6 mg/kg i.p.) revealed necrotic cardiac myofibers with hem-
orrhage in between. Moreover, our results were supported by
Soudani and colleagues, who stated that PD-treated rats had
damaged cardiac muscles with necrosis and hemorrhage and
that the resulting lipid peroxidation from PD intoxication
leads to membrane damage of cardiac myofibers causing
heart injury (Soudani et al. 2011).

On the other hand, administration of BSS, TMZ, and
a combination of both to PD-intoxicated rats resulted in
a significant reduction of cardiac muscular degenerative
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changes as the cardiac myofibers appeared nearly normal
elongated branched contained oval central nuclei, decreased
the hemorrhage, edema, and necrosis till disappeared with
the administration of both BSS and TMZ to PD-intoxicated
rats. These results indicate the powerful antioxidant role
of both BSS and TMZ against PD-induced cardiotoxicity.
Our findings were supported by Sikandar et al., who stated
that TMZ is a widely recommended antianginal agent with
prominent antioxidant properties and cardioprotective ben-
efits (Sikandar et al. 2020). Moreover, Koc et al. reported
that BSS had protective effects against renal ischemia/rep-
erfusion injury-induced myocardial cell damage (Koc et al.
2021).

Conclusion

We have clarified the possible protective effects of BSS
and TMZ combination therapy in rats against PD-induced
cardiotoxicity. According to the present study, several
ways to achieve this goal include reducing oxidative stress
and inflammation. The study highlighted the ability of
BSS + TMZ therapy to prevent apoptosis and restore the
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functionality of normal cardiac cells. It is interesting to note
that the treatment has been associated with the modulation
of the NF-kB/AMPK/mTOR/TLR4 and HO-1/NADPH sign-
aling pathways, indicating improvement in cardiac function
as well as the elimination of cardiotoxicity, as shown in
Fig. 10.
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