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Abstract

Because of limitation of doxorubicin (DOX) clinical application in chemotherapy due to its cardiotoxicity, finding new strate-
gies to reduce DOX challenge and improve patients’ outcomes is crucial. Due to positive cardiovascular impacts of troxerutin
(TXR), here we have investigated the effect of TXR on DOX-induced cardiotoxicity by evaluating the myocardial oxidative
stress and expression of genes regulating mitochondrial biogenesis. Male Wistar rats (250-300 g) were randomly allocated
into four groups: control, TXR, DOX, and TXR + DOX. Troxerutin (150 mg/kg) was orally administrated once a day through
a gavage tube for 4 weeks before DOX challenge. The TXR-treated and time-matched control rats received intraperitoneal
injection of DOX (20 mg/kg). Three days after DOX challenge, the left ventricular samples were obtained to determine the
expression of genes regulating mitochondrial biogenesis via real-time PCR. Myocardial creatine kinase (CK-mB), oxidative
stress markers, and mitochondrial function (generation of reactive oxygen species or ROS and ATP levels) were also evalu-
ated using commercial kits and spectrophotometric and fluorometric methods. DOX administration significantly increased
the levels of CK-mB, malondialdehyde (MDA), and mitochondrial ROS levels, while reduced the cellular ATP production
and expression levels of SIRT-1, PGC-1a, and NRF-2 as well as superoxide dismutase, glutathione peroxidase, and catalase
activity in comparison to control group (P <0.05 to P <0.01). Pretreatment of DOX-received rats with TXR significantly
upregulated the expression of all biogenesis genes and antioxidant enzymes with non-significant effect on catalase activity,
and significantly reduced CK-mB and MDA levels toward control values (P <0.05 to P <0.01). Mitochondrial ROS and ATP
levels were also restored significantly by pretreatment with TXR (P <0.05). The data suggested that preconditioning of rats
with TXR had protective effect on DOX-induced cardiotoxicity through inducing antioxidative properties and restoring the
mitochondrial function and the expression profiles of myocardial SIRT-1/PGC-1a/NRF-2 network.
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Introduction

The anticancer drug doxorubicin (DOX) is an anthracycline
antibiotic widely used in the treatment of a wide range of
malignancies including solid and hematologic cancers and
is one of the most effective drugs among the chemothera-
peutic agents in this field (Meredith & Dass, 2016). The
most important side effect of this drug is its cardiac toxic-
ity, which limits its use in clinical practice. DOX-induced
cardiomyopathy is a fatal disease that has a poor progno-
sis and can be acute, occurring within 2 to 3 days after its
administration (Pugazhendhi et al., 2018). This condition
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has a major impact on the cancer-surviving patients’ life.
Various cellular and molecular mechanisms have been pro-
posed for the pathogenesis of DOX-induced cardiotoxicity,
such as increased oxidative stress, sarcoplasmic-reticulum
stress, disruption of ion homeostasis, altered gene expression
patterns, and necrosis and apoptosis (Nebigil & Désaubry,
2018). Based on these mechanisms, various therapeutic
strategies are being developed to protect the heart during
treatment of cancer with DOX. However, the use of most of
these therapeutic strategies has not been very satisfactory
due to their side effects as well as less beneficial effects on
cardiac tissue. So, finding new therapies in this major health
challenge is one of the primary clinical needs.

Oxidative stress is one of the most common mechanisms
of cardiac toxicity induced by DOX (Nebigil & Désaubry,
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2018; Yousefi et al., 2017). Lipid peroxidation-induced car-
diac injury occurs following an increase in the production
of reactive oxygen species (ROS). The heart is highly sus-
ceptible to oxidative stress, due in part to its low levels of
antioxidant enzymes, such as glutathione peroxidase, cata-
lase, and superoxide dismutase. On the other hand, the main
intracellular organelles damaged by DOX are the mitochon-
dria (Nebigil & Désaubry, 2018; Gorini et al., 2018). DOX
is a cationic drug that binds highly to cardiolipin and forms
an irreversible complex in the inner membrane of the mito-
chondria. Cardiolipin is essential for the better function of
electron transport chain proteins in mitochondria (Guo et al.,
2015). DOX may disrupt the link between these proteins and
cardiolipin, leading to the formation of superoxide radicals
and mitochondrial damage.

Decreased mitochondrial biogenesis results in decreased
renewing of mitochondrial components, leading to the oxi-
dation of lipid, protein, and DNA (Hosseini et al., 2019). It
is suggested that maintaining the normal capacity of mito-
chondrial biogenesis in off-target organs during cancer treat-
ment is a key factor in preventing the development of side
effects caused by chemotherapy (Guo et al., 2015). One of
the important factors involved in the regulation of mitochon-
drial biogenesis is the sirtuin family. Sirtoin-1 (SIRT1) is a
member of this family that has been reported to affect the
activity of peroxisome proliferator-activated receptor gamma
coactivator-1 alpha (PGC-1a) through direct deacetylation
(Mohamed et al., 2014). PGC-1a is a multifunctional tran-
scription protein that acts as a switch molecule and regulates
genes involved in energy metabolism. It is a major regulator
of mitochondrial biogenesis, oxidative metabolism, and anti-
oxidant defense (Fernandez-Marcos & Auwerx, 2011). The
PGC-1a regulates mitochondrial biogenesis by activating
transcription factors, such as nuclear respiratory factors-1
and 2 (NRF1/2). NRFs regulate the expression of many
nuclear genes and DNA encoding mitochondrial proteins
(Dinkova-Kostova & Abramov, 2015).

Known as vitamin P4, troxerutin (TXR) is a tri-hydrox-
ylated derivative of natural bioflavonoids which is found in
a variety of tea, coffee, bean sprouts, fruits, and vegetables
(Najafi et al., 2018). Many reports have documented that
TXR has diverse biological activities such as antioxidative,
anti-inflammatory, anti-DNA damage, fibrinolytic, and neu-
roprotective activities (Najafi et al., 2018; Liu et al., 2010;
Zhao et al., 2018). In addition, TXR has long been used
to treat certain cardiovascular diseases including chronic
venous insufficiency, varicose syndrome, and edema. Also,
the effect of cardioprotective effects of TXR against myocar-
dial ischemia-reperfusion injury has been reported (Najafi
et al., 2018; Badalzadeh et al., 2016). Increasing the tissue
tolerance to pathological stresses and decreasing the cellular
injuries are the main ways of bioflavonoid efficiency, but
the contribution of this process has not been demonstrated
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in the effectiveness of TXR in DOX-induced cardiotoxic-
ity. Moreover, determining the mechanisms of action of this
agent in DOX cardiotoxicity could help us to find the prom-
ising therapeutic targets for the prevention of related cardiac
pathologies.

Considering the importance of DOX cardiotoxicity chal-
lenge and the potentials of TXR in generating a protective
phenotype in the heart tissue, the aim of this study was to
investigate the preventive effect of this bioflavonoid on
DOX-induced cardiac toxicity and the levels of tissue oxida-
tive stress, mitochondrial ROS generation, ATP levels, and
expression of genes regulating mitochondrial biogenesis of
the rat myocardium.

Materials and methods
Animals and materials

In this study, 24 male Wistar rats (in the weight of
250-300 g) were prepared and kept in the university’s ani-
mal room. The animals were housed under a controlled
cycling of 12 h of light and 12 h of darkness at a constant
room temperature of 23 +2 °C. They had free access to
normal food and water. In order to acclimation of rats in
animal room, they were kept in their cages for one week
and then the interventions were started. DOX, anesthetiz-
ing drugs ketamine and xylazine, kits, and other reagents
were obtained in their highest quality. All steps of this study
were performed under the control of local animal research
committee according to the standard guidelines with ethical
approval number of 97-61754.

Study design

Twenty-four Wistar rats were randomly allocated in the
following groups, each containing 6 rats: (1) non-treated
healthy group (control); (2) troxerutin-receiving group
(TXR); (3) DOX-receiving group (DOX); and (4) troxerutin
plus DOX-receiving group (TXR + DOX).

In TXR-receiving groups, TXR (150 mg/kg) was
orally administrated once a day through a gavage tube for
four weeks before DOX challenge (Najafi et al., 2018). Dox-
orubicin hydrochloride at a dosage of 20 mg/kg of body
weights of rats was intraperitoneally injected to the DOX-
receiving rats. This dosage has been frequently used in the
previous reports to induce cardiac injury (Wang et al., 2004).
A similar volume of normal saline was injected to the rats of
DOX-untreated groups. After 72 h of DOX challenge, all rats
were sacrificed and the blood and tissue samples of all rats
were immediately taken under general anesthesia.
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Myocardial creatine kinase measurement

Measuring the myocardial creatine kinase (CK-mB) was
used to evaluate the extent of myocardial cellular damage.
CK-mB level from blood samples was measured by ELISA
method using the commercially available assay kit (Roche
Diagnostics, Germany).

Tissue sampling

After DOX challenge, the animals were experienced deep
anesthetization with an intraperitoneal injection of keta-
mine (60 mg/kg) and xylazine (10 mg/kg). Then, approx-
imately 2 ml of blood was attained from portal vein and
the heart was immediately isolated and removed from the
animal body and the left ventricle was sampled and divided
in two parts; one part was immersed in liquid nitrogen for
biochemical study and the second part was placed in RNase
Later solution (Qiagen, Germany) in order to preserve RNA
from digestion. The latter part was used for assaying gene
expression.

Measuring oxidative stress and endogenous
antioxidative enzymes

Lipid peroxidation index: malondialdehyde

Measurement of malondialdehyde (MDA) level is often used
as the indicator of lipid peroxidation, which is analyzed by
measuring thiobarbituric acid reactive substances (TBARS)
in sample homogenates. Briefly, 250 pl of samples was
mixed with 1 ml of 10% trichloroacetic acid (TCA) and 1 ml
of 0.67% thiobarbituric acid. Next, the samples were heated
in a boiling water bath for 15 min and then n-butylalchohol
(2:1 v:v) was added to the solution. After centrifugation at
3500g for 5 min in room temperature, TBARS was deter-
mined at 535 nm of absorbance, using a spectrophotometer
(Pharmacia Biotech; England) and the obtained values were
expressed as nmol per 100 mg of tissue protein. The maxi-
mal intra-assay and inter-assay coefficient of measurements
for same samples was 5% and 7%, respectively.

Superoxide dismutase enzyme

The activity of antioxidant enzyme superoxide dismutase
(SOD) was determined using a RANSOD kit (Randox
Crumlin, UK). By using this kit, the xanthine and xanthine
oxidase were used for generation of superoxide radicals
capable to react with 2-[4-iodophenyl]-3-[4-nitrophenol]-
5-phenyl tetrazolium chloride (ITN) to form a red formazan
dye. Concentrations of substrates were 0.05 mmol/I for xan-
thine and 0.025 mmol/l for ITN. SOD activity (at 505 nm)
was determined by the degree of inhibition of this reaction.

After calculating the percent of inhibition using related
formula, SOD activity was calculated by comparing with
the standard curve and was expressed as U/mg protein. The
inter-sample and intra-assay variations were less than 8%.

Glutathione peroxidase enzyme

Glutathione peroxidase (GPX) activity was determined
using a RANSEL kit (Randox Crumlin, UK). In this method,
GPX catalyzes the oxidation of glutathione (at a concentra-
tion of 4 mmol/l) by cumene hydroperoxide. In the presence
of glutathione reductase (at a concentration > 0.5 units/l) and
0.28 mmol/l of NADPH, oxidized glutathione is immedi-
ately convert into the reduced form with concomitant oxi-
dation of NADPH to NAD™*. The decrease in absorbance at
340 nm at 37 °C was measured using a spectrophotometer,
then GPX concentration was calculated and expressed as U/
mg protein. The coefficient of variations for intra- and inter-
assay was 7% and 8%, respectively.

Catalase enzyme

Catalase activity was assayed by the method of Aebi, as
previously described (Badalzadeh et al., 2015). In brief,
0.65 ml of the phosphate buffer (50 mmol/l; pH 7.0) and
50 pl sample were added to a cuvette tube, and the reaction
was started by addition of 0.3 ml of 30 mM hydrogen per-
oxide (H,0,). The decomposition of H,O, was monitored at
240 nm at 25 °C. Catalase activity was calculated as nmol of
H,0, consumed/min/mg of tissue protein and the value was
expressed as U/mg protein.

Isolation of ventricular mitochondria

Mitochondria isolation was performed on the left ventricular
samples obtained at the end of the experiment. Approxi-
mately 40 mg of samples was rapidly minced on ice at 4 °C
and homogenized with a precooled 2-ml Dounce homog-
enizer having an isolation buffer containing 70 mmol/l
sucrose, 210 mmol/l mannitol, and 1 mmol/l EDTA in
50 mmol/l Tris/HCI, pH 7.4. Then, the homogenates were
centrifuged at 1300g for 3 min, and the resultant superna-
tants were centrifuged again at 10,000g for 10 min. The
mitochondrial pellet was obtained and suspended in a 100-
pl storage buffer containing sucrose 70 mmol/l, mannitol
210 mmol/l, and Tris/HC1 50 mmol/l, at pH 7.4. The final
solution was used within 4 h for measurement of mitochon-
drial ROS generation. Protein content was assayed by the
bicinchoninic acid method with bovine serum albumin as
a standard.

@ Springer



1190

Naunyn-Schmiedeberg's Archives of Pharmacology (2020) 393:1187-1195

Mitochondrial ROS generation

Cardiac mitochondrial ROS generation was assessed by
dichlorohydro-fluorescein diacetate (DCFDA) dyes using a
fluorometric method. The mitochondrial pellets in storage
buffer were incubated with 2 uM DCFDA dye at room tem-
perature for 30 min. DCFDA is a fluorogenic dye which oxi-
dized by mitochondrial ROS including hydroxyl and peroxyl
to produce a highly fluorescent compound. The fluorescence
was detected by a fluorescent microplate reader with the
excitation and emission wavelengths of 480 nm and 530 nm,
respectively. Mitochondrial ROS levels were reported as the
fluorescence intensity per mg protein of samples.

ATP production levels

Cellular ATP content was determined using a related biolu-
minescent assay kit (MAK190, Sigma, USA), based on the
manufacturer’s instructions. In brief, left ventricular samples
(10 mg) were lysed in 100 pl of ATP assay buffer. After add-
ing the ATP probe in the presence of developer (provided in
the kit), the absorbance of the solution was read at 570 nm.
The ATP content of the samples was expressed as nmol/mg
protein.

RNA extraction, cDNA synthesis, and quantitative
real-time PCR

Firstly, the RNA extraction process was employed on
approximately 100 mg of fresh samples obtained from left
ventricles which were immersed in RNase Later solution,
using Trizol method and according to the manufacturer’s
instructions (Roche, Germany). A NanoDrop spectropho-
tometer at wavelength of 260/280 nm (NanoDrop ND-
2000C, Thermo Fisher Scientific, USA) was used to detect
the RNA yield and purity. Thereafter, first-strand comple-
mentary DNA (cDNA) was synthesized from the obtained
samples’ RNAs using an Exiqon cDNA Synthesis Kit,
according to the manufacturer’s instructions. In brief, 1 pl
of extracted RNA (30 pg) was firstly mixed with 1 pl of
random-hexamer primer and 6 pl RNase free H,O. Then,
the solution was incubated at 65 °C for 5 min. Subse-
quently, micro-tubes were chilled on ice, and a mixture of
4 ul reaction buffer, 1 pl RNase inhibitor, 2 pl ANTP mix,
and 1 pl reverse transcriptase was added to each sample.

Then, the resultant solutions were immediately incubated
at 25 °C for 5 min followed by 42 °C for 60 min; the reac-
tion was finally ended by heating at 70 °C for 5 min. The
reverse transcription was performed with the final volume
of 20 pl pre tube. To assay the gene expressions of SIRT-
1, PGC-1a, and NRF-2, a Light Cycler-96 Roche device
was used. Forward and reverse primers of genes were
produced by using the custom oligonucleotide synthesis
service Metabion (Martinsried, Germany). Primers (listed
in Table 1) were designed using Primer-3 software and
blasted through Basic Local Alignment Search Tool on the
NCBI website (http://www.ncbi.nlm.nih.gov/tools/primer-
blast/) in order to check out their specificity. The purity
of amplified products was confirmed by using of melting
curve and analyzed to ensure the identity of the specific
PCR product. Relative quantification of target mRNAs was
calculated using Livak method and the relative amounts of
the mRNAs were normalized to the housekeeping GAPDH
transcript levels.

Statistical analysis

Quantitative data was demonstrated as mean + standard
errors of mean. Statistical analysis was performed using
GraphPad Prism 6 software (GraphPad Software, La Jolla
California USA). One-way ANOVA and Tukey post hoc
test were performed to compare the difference between
different groups. The significant deference was considered
when P <0.05.

Results
CK-mB release

The levels of CK-mB in blood of animals were measured to
compare the cardiac damage between experimental groups
(Fig. 1). TXR had a negligible effect on CK-mB level as
compared to the control group. However, CK-mB level
was significantly increased in DOX-receiving group in
compression to the controls (P <0.01). Additionally, TXR
pretreatment significantly reduced the level of CK-mB as
compared to those of DOX group (P <0.01, Fig. 1).

Table 1 Primers

Genes Forward primer Reverse primer

SIRT-1 ACTGGAGCTGGGGTTTCTGTT GGAAGTCCACAGCAAGGCGAG
PGC-la CTAGCGGTCCTCACAGAGACA GTCAGGCATGGAGGAAGGAC
NRF-2 GCTGTGTGTTCTGAGTATCGT TCATAATCCTTCTGTCGCTGA
GAPDH CCCATCACCATCTTCCAGGAG GAAGGGGCGGAGATGATGAC
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Fig.1 The levels of CK-mB as an indicator of cardiac injury in
experimental groups. Mean + SE. n=6 in each group. **P <0.01 and
#p<0.01 as compared with control and DOX groups, respectively.
TXR: troxerutin, DOX: doxorubicin

MDA levels

As shown in Fig. 2, the level of lipid peroxidation indicated
by MDA levels was increased significantly in DOX group
in comparison with control and TXR groups (P <0.01).
Four weeks of pretreatment of rats with TXR significantly
decreased the DOX-induced elevated level of MDA as com-
pared with DOX group (P <0.05).

SOD levels

Results demonstrated that induction of DOX challenge
significantly reduced the SOD activity as compared with
controls (P <0.01). However, TXR administration sig-
nificantly increased the activity of this enzyme in both
DOX-receiving rats (P <0.01) and non-receiving intact
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Fig.2 The levels of MDA as an indicator of lipid peroxidation in
the heart of experimental groups. Mean + SE. n=6 in each group.
#%¥P <0.01 and *P <0.05 as compared with control and DOX groups,
respectively. TXR: troxerutin, DOX: doxorubicin

rats (P <0.05) as compared to corresponding controls,
respectively (Fig. 3).

GPX levels

One-way ANOVA showed that the GPX levels were sig-
nificantly lower in DOX treatment rats than in control
ones (P <0.05) (Fig. 4). TXR pretreatment in control rats
showed no effect on GPX activity. However, the compari-
son of data between DOX-receiving groups showed that
TXR could significantly improve GPX activity in DOX-
receiving rats (P <0.05).

CAT levels

Figure 5 shows that induction of DOX challenge resulted
in a significant decrease in catalase (CAT) activity in the
myocardium of rats compared with control group (P <0.05).
Nevertheless, TXR administration had no effect on the activ-
ity of this enzyme in DOX-receiving rats or control ones.

Mitochondrial ROS levels

Mitochondrial ROS levels were determined by measuring
the fluorescent intensity of DCFDA in cardiac samples. An
increase in the fluorescent intensity indicated an increased
mitochondrial ROS production. Intergroup analysis showed
that TXR had no significant effect on mitochondrial ROS gen-
eration in untreated control rats (Fig. 6). However, DOX chal-
lenge significantly increased ROS level as compared to control
group (P <0.01). Administration of TXR prior to DOX chal-
lenge significantly lowered mitochondrial ROS level toward its
normal values in comparison to DOX group (P <0.05).
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Fig.3 The levels of SOD as an endogenous antioxidative enzyme in
the heart of experimental groups. Mean + SE. n=6 in each group.
#P<0.05, **P<0.01 and #P<0.01 as compared with control and
DOX groups, respectively. TXR: troxerutin, DOX: doxorubicin
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Fig.4 The levels of GPX as an endogenous antioxidative enzyme in
the heart of experimental groups. Mean + SE. n=6 in each group.
#*P <0.05, and *P<0.05 as compared with control and DOX groups,
respectively. TXR: troxerutin, DOX: doxorubicin

ATP levels

As shown in Fig. 7, the hearts of rats with DOX toxicity
had significant decreased levels of ATP compared to control
group (P <0.05). TXR pretreatment significantly improved
ATP levels in DOX-treated rats (P <0.05), with no signifi-
cant effect in control healthy rats (Fig. 7).

SIRT-1 expression

Our experiments demonstrated that TXR treatment in con-
trol rats significantly upregulated the mRNA of SIRT-1
gene in comparison to the control group (P <0.05). None-
theless, in DOX-receiving group, SIRT-1 mRNA was
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Fig.5 The levels of catalase (CAT) as an endogenous antioxida-
tive enzyme in the heart of experimental groups. Mean + SE. n=6
in each group. *P<0.05, as compared with control group. TXR:
troxerutin, DOX: doxorubicin
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Fig.6 The levels of mitochondrial ROS generation as indicated
by DCFDA fluorescent intensity (FI) in the heart of experimental
groups. Mean + SE. n=6 in each group. **P <0.01, and *P <0.05 as
compared with control and DOX groups, respectively. TXR: troxeru-
tin, DOX: doxorubicin

significantly downregulated when compared with control
group (P <0.05). The mRNA of SIRT-1 gene in DOX rats
receiving TXR showed a significant increase as compared
with that of DOX group (P <0.05) (Fig. 8).

PGC-1a expression

Following 4 weeks of troxerutin treatment, the expression
level of PGC-1a gene was not statistically different in con-
trol rats (Fig. 9). However, DOX treatment significantly
decreased the level of PGC-1a expression as compared
with control group (P <0.01). On the other hand, pretreat-
ment of DOX-receiving rats with TXR significantly restored
the PGC-1a expression level in comparison to DOX group
(P<0.05; Fig. 9).
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Fig.7 The levels of cellular ATP in the heart of experimental groups.
Mean + SE. n=6 in each group. *P<0.05, and *P<0.05 as com-
pared with control and DOX groups, respectively. TXR: troxerutin,
DOX: doxorubicin
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Fig.8 The expression profile of SIRT-1 gene in experimental groups.
Mean + SE. n=6 in each group. *P <0.05 as compared with control
group and *P <0.05 as compared with DOX group. TXR: troxerutin,
DOX: doxorubicin

NRF-2 expression

Besides PGC-1a and SIRT1 genes, the expression of NRF-2
mRNA was significantly upregulated in TXR group versus
control rats (P <0.05). As seen in Fig. 10, DOX challenge
significantly downregulated the expression of NRF-2 mRNA
as compared with those of control group (P <0.05). In addi-
tion, the expression of this gene was significantly increased in
TXR + DOX group versus DOX group (P <0.05).

Discussion
In the present study, we found that treatment of rats with

TXR regimen had positive influences on the oxidative
stress and mRNA levels of genes regulating mitochondrial
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Fig.9 The expression profile of PGC-la gene in experimental
groups. Mean + SE. n=6 in each group. **P<0.01 as compared
with control group and #*P<0.05 as compared with DOX group.
TXR: troxerutin, DOX: doxorubicin
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Fig. 10 The expression profile of NRF-2 gene in experimental
groups. Mean + SE. n=6 in each group. *P <0.05 as compared with
control group and *P<0.05 as compared with DOX group. TXR:
troxerutin, DOX: doxorubicin

biogenesis in the myocardium of DOX-treated rats as well as
healthy ones. Four-week treatment of healthy rats with TXR
could significantly increase the expression of NRF-2 and
SIRT-1. Importantly, TXR significantly reduced the DOX-
induced cardiotoxicity and prevented the downregulation of
SIRT-1, PGC-1a, and NRF-2 mRNAs. In addition, DOX
treatment overproduced lipid peroxidation level and reduced
antioxidant enzymes, while preconditioning of DOX-treated
rats with TXR significantly increased the levels of SOD and
GPX and reduced the levels of MDA toward normal values.
Moreover, TXR significantly restored the DOX-induced ele-
vation of mitochondrial ROS levels and reduction of ATP
levels. As a result, TXR recovered the DOX-induced altera-
tions of oxidative stress markers and mitochondrial parame-
ters in myocardial tissue. These findings reveal the beneficial
effects of TXR against DOX-induced cardiotoxicity.

The previous findings have demonstrated that the devel-
opment of oxidative stress and increased lipid peroxidation
serve as a central pathophysiology of cardiotoxicity in DOX-
treated hearts (Nebigil & Désaubry, 2018). In the present
study, the elevated levels of MDA represented the signifi-
cant increase in peroxidation and ROS levels by DOX chal-
lenge. Although, we had some limitations to measure the
levels of oxidant anions and free radicals themselves in this
study due to their highly active and easily metabolized fea-
tures, instead, we quantified cardiac contents of endogenous
antioxidant enzymes SOD, GPX, and CAT as well as mito-
chondrial content of ROS. The ROS- and MDA-increasing
effect of DOX was associated with its lowering effects on
antioxidant enzymes, supporting its peroxidative mechanism
to induce imbalance between ROS production and antioxi-
dant defensive system. This oxidative condition can damage
several macromolecular and cellular components including
cell membranes, proteins, DNAs, and mitochondria itself
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(Pugazhendhi et al., 2018; Yousefi et al., 2017). How-
ever, preadministration of TXR significantly reversed the
DOX-induced oxidative and antioxidative alterations, as
indicated by reduced MDA and mitochondrial ROS levels
and increased SOD and GPX levels in the myocardium. In
addition, TXR significantly increased the cellular ATP lev-
els in DOX-treated rats. These findings reveal the specific
antioxidative potentials of TXR and its protective effect on
mitochondrial activity. TXR has been increasingly shown
to provide powerful protection against many abnormalities
such as cardiovascular diseases including diabetes-induced
micro- and macrovascular dysfunctions (Badalzadeh et al.,
2015), myocardial lipid abnormalities (Geetha et al., 2014),
myocardial ischemia-reperfusion injuries, and heart failure
(Najafi et al., 2018; Yu & Zheng, 2017). In addition, TXR
significantly protected the renal (Fan et al., 2009), hepatic
(Zhang et al., 2009), and cerebral tissues (Lu et al., 2010)
from several oxidative, apoptotic, and inflammatory injuries.

Although the causes and specific roles of oxidative stress
in the DOX-treated hearts have not been fully determined,
the involvement of mitochondrial dysfunction may has
crucial importance in this situation. Cardiomyocytes con-
tain many mitochondria which their normal function and
biogenesis guarantee the survival of cardiomyocytes dur-
ing pathological circumstances (Guo et al., 2015). Various
stimuli such as oxidative stress and inflammation can target
the mitochondria and lead to dysregulation of its biogenesis
and function. DOX binds highly to cardiolipin in the inner
membrane of the mitochondria and thereby accumulates in
cardiac mitochondria. DOX may disrupt the functional link
between cardiolipin and electron transport chain proteins,
leading to the overproduction of mitochondrial free radi-
cals and disturbances in bioenergetics (Yousefi et al., 2017,
Gorini et al., 2018). Dysfunctional mitochondria can now
become a source of oxidative damages. Thus, targeting the
mitochondria to restore its abnormalities can minimize the
DOX toxicities. In our study, reduction of mitochondrial
ROS and elevation of ATP levels after TXR administration
indicate that this bioflavonoid can improve mitochondrial
function and thereby reverse the DOX-induced cardiac oxi-
dative stress.

Moreover, DOX challenge significantly reduced the
expression of master regulator of mitochondrial biogenesis
PGC-1a and two related genes namely SIRT-1 and NRF-
2. Excessive oxidative stress induced by DOX could attack
these components of mitochondria, to induce dysregulation
of mitochondrial biogenesis. However, our results showed
that TXR pretreatment significantly improved DOX-induced
alteration in the expression of mitochondrial biogenesis
genes. These observations are in agreement with previous
reports showing that restoring mitochondrial gene expres-
sion and biogenesis through strategies like high-inten-
sity interval training or pharmacological modalities can

@ Springer

ameliorate DOX-induced cardiotoxicity in rats (Zare et al.,
2019; Huang et al., 2017a; Abbas & Kabil, 2017; Khafaga
& El-Sayed, 2018).

TXR upregulated the expression of SIRT-1 in the hearts
of rats treated with DOX, which in turn, it could subse-
quently enhance the transcriptional activity of PGC-1a and
thereby promotes the mitochondrial gene transcription, bio-
genesis, and function. In addition, increased expression of
SIRT-1 was associated with the upregulation of transcrip-
tion factor NRF-2. Over-activation of NRF-2 following TXR
administration can positively influence the activity of anti-
oxidant genes and proteins (Dinkova-Kostova & Abramov,
2015; Holmstrom et al., 2016). In this line, pretreated rats
with TXR prior to DOX toxicity increased myocardial anti-
oxidant SOD and GPX levels in comparison to untreated
rats. This finding indicates the cardioprotective effect of
TXR with preservation of mitochondrial biogenesis/func-
tion and suggests the functional interplay between SIRT-1
and NRF-2 to counterbalance the DOX-induced oxidative
stress, which is considered as one of the underlying mecha-
nisms of DOX cardiotoxicity (Huang et al., 2017b). Moreo-
ver, modulating effect of NRF-2 and SIRT-1 on inflamma-
tory responses can also contribute to this cardioprotection
by TXR (Holmstrém et al., 2016), which warrants further
investigation.

In conclusion, the findings of the present investigation
depict a novel property of TXR in protection against DOX-
induced cardiotoxicity and suggest that this cardioprotec-
tive effect of TXR is partly achieved by restoring the DOX-
induced elevation in cellular and mitochondrial oxidative
stress and impairment in SIRT-1/PGC-1a/NRF-2 pathway
regulating mitochondrial biogenesis/function and antioxida-
tive responses. In future studies, it is important to investigate
whether TXR has antitumor activity. Obtaining more infor-
mation about the pharmacokinetics and effective dose of
TXR may reduce the gap between its preclinical promising
effects and clinical application in protecting patients from
myocardial side effects during DOX chemotherapy.
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