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A B S T R A C T

The present investigation has been undertaken to reveal the protective mechanism of polyphenolics extract of
whole wheat grains (WWGPE), ferulic acid and apigenin against doxorubicin (Dox)-induced cardio-toxicity.
WWGPE, apigenin, and ferulic acid exhibited concentration dependent cyto-protective effect against Dox (1 μM)
in rat cardiomyocytes. Dox treatment significantly (p < 0.01) induced oxidative stress in the myocardial cells
via excessive ROS production, increase in iNOS expression, NADPH oxidase activation, Nrf-2/HO-1 impairment,
and inactivation of cellular redox defense system. In addition, Dox significantly (p < 0.01) activated MAP
kinases, NF-κB, and apoptosis in cardiac cells; while, significant (p < 0.01) impairment in PI3K/Akt/mTOR
signaling was observed in Dox-treated myocardial cells. On the other hand, WWGPE, apigenin, and ferulic acid
significantly (p < 0.05–0.01) attenuated Dox-induced redox stress and oxidative stress-mediated signal trans-
duction in myocardial cells. WWGPE, apigenin, and ferulic acid treatment also could significantly
(p < 0.05–0.01) reinstate Dox-mediated changes in blood parameters in rats. Histological assessments were in
agreement with the biochemical findings. Results showed that, WWGPE exhibited better cardio-protective effect
over ferulic acid and apigenin, which may be due to the synergy between the comprising compounds and better
oral bioavailability of dietary antioxidant molecules from whole phenolic extract.

1. Introduction

Doxorubicin (Dox), an anthracycline antineoplastic agent, is one of
the first line chemotherapeutic agents used against wide range malig-
nancies, such as sarcomas, carcinomas, and haematological cancers
(Chatterjee et al., 2010). However, development of cardiotoxicity has
been advocated as a serious concern in Dox-chemotherapy (Chatterjee
et al., 2010). Dox-induced cardiomyopathy is frequently fatal, and re-
veals poor prognosis (Takemura and Fujiwara, 2007). The exact me-
chanism of Dox-mediated cardiotoxicity is complex and somewhat un-
clear; however, generation of excessive oxidative free radicals,
induction of myocardial apoptosis, and alteration in the signal trans-
ductions have been proposed to contribute integrally in Dox-induced
cardiomyopathy (Takemura and Fujiwara, 2007). Dox has been im-
plicated to generate excess of oxidative free radicals, such as reactive
oxygen species (ROS) and reactive nitrogen species (RNS) by more than
one process (Deavall et al., 2012; Bahadır et al., 2014). Dox causes ROS

overproduction in mitochondria via mitochondrial NADPH oxidase-
dependent electron transfer to generate anthracycline semiquinone
anion, which subsequently produces superoxide anion by reducing
molecular O2 (Deavall et al., 2012). Additionally, Dox interacts with Fe
(3) to generate Fe (2)-Dox free radical, which is also capable to generate
ROS via reduction of molecular O2 (Deavall et al., 2012). Besides, Dox
can elicit nitric oxide (NO) production in the cardiomyocytes via acti-
vation of inducible nitric oxide synthase (iNOS) (Boo et al., 2009). NO
can react with superoxide anion to form peroxynitrite, a RNS which can
target several biological molecules. In addition to overproduction of
oxidative free radicals, Dox further promotes oxidative stress via im-
pediment of cellular redox defense system and alteration in the redox-
sensitive signal transduction (Dewanjee et al., 2017). Activation of
nuclear factor kappa B (NF-κB), and mitogen activated protein (MAP)
kinase signaling within redox stressed cellular environment was found
to trigger apoptosis by activating pro-apoptotic event (Dewanjee et al.,
2018). Dox has been implicated to trigger cardiac apoptosis via
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activation of c-Jun N-terminal kinases (JNKs), p38, and p53 MAP ki-
nases (Das et al., 2011). In addition to pro-apoptotic effect, NF-κB can
negatively regulate nuclear factor (erythroid-derived 2)-like 2 (Nrf-2)
transcription and activities. Nrf-2 plays important role in orchestrating
redox defense via activation of HO-1 and endogenous antioxidant
system (Wardyn et al., 2015). Impairment in PI3K/Akt/mTOR signaling
has been reported to impede cell survival process and autophagy
(Ogawara et al., 2002). Dysregulation in PI3K/Akt/mTOR signaling has
also been implicated in Dox-induced cardiomyopathy (Yu et al., 2017).
Therefore, it could be implicated that Dox develops cardiomyopathy by
a complex intracellular signaling process principally governed by oxi-
dative free radicals. Several pharmaceutical strategies have been un-
dertaken to prevent Dox-induced cardiomyopathy; however, clinical
success is yet to be achieved (Injac and Strukelj, 2008; Carvalho et al.,
2014). On the other hand, many phytotherapeuticals and phytochem-
icals have been reported to exert prophylactic role against xenobiotic-
induced oxidative stress, apoptosis, and DNA damage (Gupta et al.,
2015; Injac and Strukelj, 2008; Gupta and Sharma, 2018; Das et al.,
2018; Singh and Sharma, 2018). Plant phenolics have been recognized
as a major class of naturally occurring antioxidant molecules, which
have been implicated to accept an electron to form comparatively stable
phenoxyl radicals, and thereby interrupt oxidation chain reaction
within cells (Pandey and Rizvi, 2009). Besides, plant phenolics have
also been revealed to trigger cellular redox defense system via boosting
the activities of endogenous antioxidant molecules (Gupta and Sharma,
2017). In addition, plant phenolics have been reported to reciprocate
several xenobiotic-provoked and redox sensitive pathogenic signal
transductions (Sharma and Gupta, 2016; Gupta and Sharma, 2017,
2018; Gupta et al., 2017). Considering the prophylactic role of naturally
occurring antioxidants against xenobiotic-mediated oxidative stress, it
would be postulated that dietary antioxidants may contribute prophy-
lactic role against Dox-mediated oxidative damage in the myocardial
tissues. Therefore, present study has been undertaken to evaluate
phytotherapeutic potential of polyphenolic enriched diet against Dox-
induced cardio-toxicity.

Wheat is the second major cereal crop consumed by large section of
human population in daily basis. A positive correlation has been im-
plicated between the health benefits and the quantity of consumption of
whole wheat grain/day (Laddomada et al., 2015). Consumption of 2–3
servings/day (∼48 g) of whole wheat grains has been claimed to reduce
the risk of cardiovascular disease, type 2 diabetes, and cancer
(Laddomada et al., 2015). Besides nutritional values, whole wheat grain
is the major source of unique health-promoting components, such as
phenolic acids and flavonoids that mainly present in the bran and germ
portions (Laddomada et al., 2015). Considering the protective roles of
phenolic acids and flavonoids against oxidative stress, it has been aimed
to evaluate possible protective role of chemically standardized total
polyphenolic extract of whole wheat grains (WWGPE) against Dox-in-
duced cardiotoxicity employing appropriate in vitro and in vivo pre-
clinical assays. Special attention was given to explore molecular me-
chanism(s) behind the cardio-protective role of WWGPE. In addition,
the prophylactic effect of WWGPE has been compared with ferulic acid
and apigenin, which were found to be most abundant phenolic acids
and flavonoids in WWGPE, respectively.

2. Materials and methods

2.1. Chemicals

Dox (98–102%), gallic acid (97.5–102.5%), chlorogenic acid
(≥95%), p-hydroxybenzoic acid (99%), caffeic acid (≥98%), syringic
acid (≥95%), p-coumaric acid (≥98%), vanillic acid (≥97%), sinapic
acid (≥98%), ferulic acid (≥99%), quercetin (≥95%), luteolin
(≥98%), and apigenin (≥97%), fetal bovine serum (FBS), Bovine
serum albumin (BSA), Dulbecco's modified Eagle's medium (DMEM),
Bradford reagent, and antibodies for immunoblotting were obtained

from Sigma-Aldrich Chemical Company, St. Louis, USA. (NH4)2SO4, 1-
Chloro-2,4-dinitrobenzene, 2,4-dinitrophenylhydrazine, 5,5-dithiobis
(2-nitrobenzoic acid), 5-thio-2-nitrobenzoic acid, CCl3COOH, ethylene
diaminetetraacetic acid, KH2PO4, Na4P2O7, NaN3, N-ethylmaleimide,
nitro blue tetrazolium, phenazinemethosulphate, reduced glutathione,
reduced nicotinamide adenine dinucleotide (NADH), and thiobarbituric
acid were obtained from Sisco Research Laboratory, Mumbai, India.
HPLC grade solvents were brought from Merck, Mumbai, India. Kits for
measurement of different biochemical parameters were purchased from
Span diagnostic Ltd., India.

2.2. Extraction

Phenolics were extracted following the protocol of Sahu et al.
(2016) with some modification. Pulverized whole wheat grain were
extracted with 70% of methanol. The crude extract was hydrolyzed
with 2M NaOH and centrifuged for 15min at 13,200 rpm at 4 °C. The
supernatant was collected and the solvent was evaporated in a speed-
vac concentrator (LABCONCO, USA) at 40 °C followed by lyophilization
(Heto FD 3 Drywinner, USA). Lyophilized sample, WWGPE (11.9%, w/
w), was suspended in tween 80 (1%) prior to in vivo assay, while for in
vitro assay, WWGPE was solubilized in DMSO (resultant≤ 0.4% DMSO
in contact to cells to avoid DMSO induced cytotoxicity).

2.3. Phytochemical screening

Identification and quantification of flavonoids and phenolic acids
present in WWGPE were done by RP-HPLC method using Thermo
Scientific Ultimate 3000 series HPLC system equipped with Hypersil
GOLD-C18 column (250×4.6mm, particle size 5μ) as previously de-
scribed by Sahu et al. (2016). Instrument control and data analyses
were carried out using Thermo Scientific Chromeleon Datasystem 6.80
SR12 edition. HPLC assays were performed using isocratic conditions
with mobile phase comprising methanol: acetonitrile: acetic acid: o-
phosphoric acid: water (40:20:2:2:20) and Water: acetonitrile (80:20 v/
v) with 0.1% formic acid (pH 3.0) for flavonoids and phenolic acids,
respectively. Solvents were degassed by ultra-sonication (Citizon,
India), followed by filtration (Borosil, India) through a 0.45 μm mem-
brane (Pall Life science) prior to run in the column. Injection volume
comprised of 10 μl from 20 μl loop. Flow rate was set to 1ml/min.
Detection of the compounds was performed using wavelengths 340 and
280 for flavonoids and phenolic acids, respectively. Peaks were iden-
tified after comparison of the retention time (Rt) of individual ‘stan-
dards’ and the extract.

2.4. Animals

Healthy Wistar rats (150 ± 25 g, ♂) were procured from
Chakraborty Enterprise, Kolkata, India. Animals were kept in standard
polypropylene cages (3 rats/cage) in the animal house of Department of
Pharmaceutical Technology, Jadavpur University, India maintained
with temperature (22 ± 2 °C), humidity (45 ± 5%) and 12 h light-
dark cycle (Das et al., 2018). The rats were fed standard diet and water
ad libitum. The experiment has been endorsed (Ref no. AEC/PHARM/
1701/09/2017) by the animal ethical committee of the same institute
(Reg. No.: 0367/01/C/CPCSEA, UGC, India). The principles of labora-
tory animal care were followed throughout the animal experiment
(PHS, 2015).

2.5. In vitro bioassays

2.5.1. Isolation of cardiomyocytes
The cardiomyocytes were isolated from the immediately decapi-

tated hearts of the experimental rats following the method described by
established protocol by our group (Bhattacharjee et al., 2017). Briefly,
the Wistar rats were sacrificed by cervical dislocation under CO2
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euthanasia and hearts were excised and immediately cleaned with
phosphate buffered saline of pH 7.4 (PBS). The decapitated hearts were
dipped into cold Ca2+-free solution and the ventricular myocardial cells
were harvested by retrograde perfusion with enzyme-containing solu-
tion through the aorta using Langendorff apparatus. Finally, Ca2+-re-
plication has been executed to obtain Ca2+-tolerant cardiomyocytes.
The isolated murine cardiomyocytes were passaged a couple of times
before executing in vitro assays.

2.5.2. Determination of cytotoxic effect of Dox on cardiomyocytes
Concentration dependent cytotoxic effect of Dox on cardiomyocytes

was determined. Briefly, cardiomyocytes (2×106 cells/well) were
seeded into the 24-well cell culture plate and incubated at 37 °C and 5%
CO2 for 24 h to form uniform monolayer. The cardiomyocytes were
exposed to Dox (0.025–1000 μM) for 24 h and the cell viability was
determined employing MTT (3-(4,5-dimethylthiazolyl-2)-2, 5-diphe-
nyltetrazolium bromide) assay (Ghosh et al., 2011). Briefly, 250 μl of
MTT solution (300mg/ml) was added to the culture medium (200 μl/
well) 1 h before the end of 24 h treatment and incubated for 30min.
After incubation, supernatants were discarded, and 200 μl of DMSO was
added and absorbance was measured at 570 nm and 630 nm. The dif-
ferences between the absorbance and a percentage of the corresponding
controls were used to express cell viability. The experiment was re-
peated thrice. Dox exhibited IC50 value of ∼ 1.2 μM in murine cardi-
omyocytes.

2.5.3. Determination of cytoprotective role of WWGPE, ferulic acid and
apigenin on Dox intoxicated cardiomyocytes

To determine in vitro cytoprotective effect of WWGPE, ferulic acid
and apigenin on cardiomyocytes, various sets of cardiomyocytes
(∼2×106 cells/set) were exposed to DOX (1 μM) along with ferulic
acid (10–100 μM) or apigenin (1–40 μM) or WWGPE (10–200 μg/ml).
1 μM of Dox is considered to be a concentration similar to that of human
plasma concentrations following toxic dose of Dox (Ghosh et al., 2011).
The in vitro concentration range of the test materials were fixed on the
basis of preliminary experiments with wide range of concentration. The
cell viabilities were measured employing MTT assay at different inter-
vals up to 24 h (Ghosh et al., 2011).

2.5.4. Hoechst nuclear staining
Hoechst 33258 staining was performed following protocol of Dua

et al. (2015). Briefly, cardiomyocytes (∼2000 cells/well in 384-well
cell culture plate) were exposed to Dox (1 μM) and Dox (1 μM) along
with ferulic acid (50 μM) or apigenin (20 μM) or WWGPE (100 μg/ml)
for 24 h at 37 °C and 5% CO2. One set of untreated cardiomyocytes was
kept as normal control. After 24 h, cells were fixed with paraf-
ormaldehyde (4%) in phosphate buffer saline (PBS) of pH 7.4 for
20min. Then the cardiomyocytes were strained with Hoechst 33258
(5 μg/ml in PBS) for 20min followed by washing with PBS. Fluorescent
nuclei and nuclear pattern were noted.

2.5.5. Flow cytometric analysis
The flow cytometric analysis was performed to predict the nature of

cell death. Briefly, cardiomyocytes were exposed to Dox (1 μM) and Dox
(1 μM) along with along with ferulic acid (50 μM) or apigenin (20 μM)
or WWGPE (100 μg/ml) for 24 h at 37 °C and 5% CO2. One set of un-
treated cardiomyocytes was kept as normal control. After 24 h, different
sets of cells were treated with propidium iodide (PI) and FITC-labeled
annexin V for 30min at 37 °C (Dewanjee et al., 2017). The excess of PI
and annexin V was washed out and the cardiomyocytes were fixed for
analyzing in a flow cytometer using FACS Calibar (Becton-Dickinson,
Mountain View, USA) fortified with 488 nm argon laser light source;
515 nm band pass filter for FITC-fluorescence and 623 nm band pass
filter for PI-fluorescence using Cell Quest software. The scatter plots of
PI-fluorescence (y axis) vs FITC-fluorescence (x axis) were prepared for
different sets of cardiomyocytes.

2.5.6. Assays for redox markers
Different sets of cardiomyocytes were exposed to Dox (1 μM) and

Dox (1 μM) along with ferulic acid (50 μM) or apigenin (20 μM) or
WWGPE (100 μg/ml) for 24 h at 37 °C and 5% CO2. One set of untreated
cardiomyocytes was kept as normal control. Intracellular ROS produc-
tion was measured under fluorescence microscope (Olympus-1X70,
Japan) by using of 2',7'-dichlorofluorescein diacetate (DCF-DA), which
quantitatively reacts with ROS and oxidized into a fluorescence dye
2',7'-dichlorofluorescein (DCF) (Manna and Jain, 2013). The degree of
lipid peroxidation was assayed by quantifying the level of thiobarbi-
turic acid reactive substances (TBARS) as per established protocol
(Fraga et al., 1988). The protein carbonylation was determined fol-
lowing the protocol developed by Uchida and Stadtman (1993). Briefly,
the sample was incubated for 1 h after mixing with 2,4-dinitro phenyl
hydrazine (0.1%) in 2M HCl and then treated with equal volume of
trichloroacetic acid (20%) followed by centrifugation. The precipitate
was washed with ethanol-ethyl acetate and dissolved in 8M guanidine
hydrochloride in 133mM tris solution containing 13mM EDTA and the
absorbance was recorded at 365 nm. The levels of the endogenous an-
tioxidant enzymes, such as superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), glutathione-S-transferase (GST), and
glutathione reductase (GR); reduced glutathione (GSH) level; and ex-
tents of lipid peroxidation and protein carbonylation were measured
following methods described elsewhere (Manna et al., 2009). SOD level
was measured by the inhibition (μmol) of reduction of NBT per min at
560 nm. CAT level was measured by following the decomposition of
H2O2 at 240 nm for 10min and CAT unit was defined as H2O2 con-
sumption/min. GST level was assayed employing conjugation reaction
with glutathione in the first step of mercapturic acid synthesis and was
expressed as μmol of 1-chloro-2,4-dinitrobenzene conjugate formed/
minute/mg of protein. GR activity was determined as the amount of
enzyme, which catalyzed the oxidation of 1 μmol NADPH/min. GPx
level was measured by estimating amount of enzyme, which catalyzed
the conversion of 1 μmol of NADPH into NADP+ per min at the ab-
sorption intensity of 340 nm. GSH level was estimated using 5,5′-di-
thiobis (2-nitrobenzoic acid), which forms a yellow colored complex
with GSH and the absorbance was recorded at 412 nm. The absorbance
vs GSH standard curve was drawn and GSH level was estimated from
this standard curve. The extent of DNA fragmentation was measured by
the diphenylamine reaction (Das et al., 2018). Briefly, the cells were
lysed with hypotonic lysing buffer and centrifuged to separate intact
and fragmented fractions. Then the pellet and the supernatant were
separately precipitated with 12.5% trichloroacetic acid. The DNA pre-
cipitates were heated to 90 °C for 10min in 5% trichloroacetic acid and
quantitatively estimated with diphenylamine and expressed as per-
centage over control. DNA oxidation was evaluated by RP-HPLC ana-
lysis and was expressed as 7,8-hydroxy-2′-deoxyguanosine to 105 x 2′-
deoxyguanosine ratio as described by Das et al. (2018).

2.5.7. Western blotting of signal proteins
The protein samples for specific cellular components, such as nu-

clear, cytosolic, and mitochondrial proteins were separated following
standard sequential fractionation procedure as described by Baghirova
and co-workers (Baghirova et al., 2015). The sample proteins (20 μg)
were resolved in SDS-PAGE (12%) gel electrophoresis and transferred
into nitrocellulose membrane following standard transfer protocol (Dua
et al., 2016). The membrane was blocked for 1 h using blocking buffer
comprising tris-buffered saline +0.1% tween 20 (TBST, pH 7.6) sup-
plemented with 5% non-fat dry milk followed by washing with TBST.
The membrane was subsequently incubated with primary antibody in
dilution buffer comprising TBST supplemented with 5% BSA at 4 °C
overnight with gentle shaking. The membrane was then washed with
TBST and was treated with suitable HRP-conjugated secondary anti-
body in blocking buffer at 24 °C for 1 h. The blots were developed by
ECL substrate (Millipore, MA, USA) for the detection protein expres-
sions in a ChemiDoc Touch Imaging System (Bio-Rad, USA). The
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densitometric analysis was performed using Image Lab software (Bio-
Rad, USA). Normalization of expression was done with respect to β-
actin expression. The membranes were then subjected to mild stripping
using stripping buffer comprising 25 mM glycine pH 2.0 and 1% SDS to
detect the expressions of other proteins in the same membrane (Das
et al., 2018). The expressions of Bcl-2, Bax, Bad, cytochrome C, Apaf-1,
cleaved caspase 9, cleaved caspase 3, Bid, Fas, cleaved caspase 8, total
JNK, phospho-JNK (Tyr 183/Tyr 185), total p38, phospho-p38 (Tyr
180/Tyr 182), p53, phospho-IκBα (Ser 32), total IκBα, phos-
phoeNFeκB (p65) (Ser 536), PKC-δ, PI3K, Phospho-Akt (Ser473), total
Akt, phospho-mTOR (Ser 2448), total mTOR, iNOS, HO-1, and Nrf-2
were studied.

2.6. In vivo bioassay

2.6.1. Experimental design
After 2 weeks of acclimatization, the experimental Wistar rats were

divided into 8 groups (n=6) and were treated as follows:
Group 1 (normal control): Rats received distilled water containing

2% tween 80 (p.o.);
Group 2: Rats were treated with ferulic acid (100mg/kg, p.o.);
Group 3: Rats were treated with apigenin (100mg/kg, p.o.);
Group 4: Rats were treated with WWGPE (100mg/kg, p.o.);
Group 5 (toxic control): Rats were treated with Dox (3mg/kg, i.p.)

in every alternative day of a total of 3 dosing. The cumulative dose of
9mg/kg was reported to be equivalent to 630mg for a 70 kg man,
which is just above the threshold dose for Dox-mediated cardiotoxicity
(Ghosh et al., 2011).

Group 6: Rats were treated with ferulic acid (100mg/kg, p.o.) once
daily for 7 consecutive days prior to Dox (3mg/kg; i.p.) treatment in
every alternative day for a total of 3 dosing;

Group 7: Rats were treated with apigenin (100mg/kg, p.o.) once
daily for 7 consecutive days prior to Dox (3mg/kg; i.p.) treatment in
every alternative day for a total of 3 dosing;

Group 8: Rats were treated with WWGPE (100mg/kg, p.o.) once
daily for 7 consecutive days prior to Dox (3mg/kg; i.p.) treatment in
every alternative day for a total of 3 dosing.

The experiment has been designed following established protocol
(Ghosh et al., 2011). The in vivo optimum dose of WWGPE has been
chosen on the basis of preliminary assay with limited number of ani-
mals (3/group). The in vivo doses of ferulic acid, apigenin, and WWGPE
were kept same to compare the protective effects of comprising phe-
nolic acid and flavonoid of maximum quantities within WWGPE with
respect to total polyphenolic extract. After 7 days, the rats were fasted
overnight and were sacrificed by cervical dislocation under CO2 eu-
thanasia. Before sacrificing, the blood samples were collected from
retro-orbital venous plexus after applying tetracaine (0.5%, one drop)
ophthalmic anesthetic drop to the eyes. The hearts were excised and
were immediately cleaned with PBS. The excised hearts were differ-
ently processed for histological, biochemical and immunoblotting
analyses. A schematic overview of the in vivo bioassay has been de-
picted in Fig. 1.

2.6.2. Estimation of haematological and serum biochemical parameters
Total erythrocyte count, haemoglobin content, and total leucocyte

count were estimated using standard laboratory procedures. The levels
of total cholesterol, HDL cholesterol, triglycerides, creatine kinase (CK),
lactate dehydrogenase (LDH), and aspartate aminotransferase (AST) in
the sera were estimated employing commercially available kits (Span
Diagnostic Limited, India) following manufacturer's protocols.
Troponin I and T contents were determined by ELISA kits (Kamiya
Biomedical Company, USA).

2.6.3. Estimation of biochemical parameters of myocardial tissues
The excised hearts were homogenized immediately in Tris-HCl

(0.01M)-EDTA (0.001M) buffers of pH 7.4 and centrifuged (12,000 g)

at 4 °C for 30min to obtain supernatants for biochemical analyses. The
levels of TBARS, carbonylated proteins, endogenous antioxidant en-
zymes, GSH, DNA oxidation, DNA fragmentation, and NADPH were
measured.

2.6.4. Western blotting of signal proteins
The excised hearts were subjected to sequential fractionation pro-

cedure to obtain cytosolic, mitochondrial and nuclear protein fractions
(Baghirova et al., 2015). The in vivo expressions of Bcl-2, Bax, Bad,
cytochrome C, Apaf-1, cleaved caspase 9, cleaved caspase 3, Bid, Fas,
cleaved caspase 8, total JNK, phospho-JNK (Tyr 183/Tyr 185), total
p38, phospho-p38 (Tyr 180/Tyr 182), p53, phospho-IκBα (Ser 32), total
IκBα, phosphoeNFeκB (p65) (Ser 536), PKC-δ, PI3K, Phospho-Akt
(Ser473), total Akt, phospho-mTOR (Ser 2448), total mTOR, iNOS,
eNOS, HO-1, and Nrf-2 in the cardiac cells were studied.

2.6.5. Histological assessment
The excised hearts from the experimental rats were immediately

fixed in 10% buffered formalin and were processed for paraffin sec-
tioning. Sections (∼5 μm) were stained with hematoxylin and eosin (H
& E) for studying the histology of cardiac sections (Dewanjee et al.,
2013).

2.6.6. Statistical analysis
The experimental results have been analyzed by one-way ANOVA

followed by Dunnett's t-test employing GraphPadInStat (version 3.05),
GraphPad software, USA. The data have been expressed as mean ± SD
and the significance was considered when p < 0.05.

3. Results

3.1. Phytochemical analysis

HPLC analyses of WWGPE revealed presence of phenolic acids, such
as gallic acid, chlorogenic acid, p-hydroxybenzoic acid, caffeic acid,
syringic acid, p-coumaric acid, vanillic acid, sinapic acid, and ferulic
acid; and the flavonoids, such as quercetin, luteolin, and apigenin
(Fig. 2A). The relative abundance of phenolic acids and flavonoids in
WWGPE has been shown in Fig. 2B, which revealed ferulic acid and
apigenin were present in highest quantities amongst identified phenolic
acids and flavonoids, respectively. The structures of the compounds
were depicted in (Fig. 2C).

3.2. Effect on Dox-mediated cytotoxicity, redox status, and signal
transduction in vitro

3.2.1. Dose-dependent cytotoxic effect of Dox-induced in cardiomyocytes
The cytotoxic effect of Dox was assayed by incubating isolated

cardiomyocytes with different concentrations of Dox for 24 h. Dox-ex-
posed cardiomyocytes exhibited reduction of cell viability in a con-
centration-dependent manner (Fig. 3A). The IC50 value was found to be
1.2 μM (∼ 1 μM) and subsequent in vitro studies were performed using
Dox (1 μM) as toxic control.

3.2.2. Cytoprotective effects of wheat phenolics on murine cardiomyocytes
Cardiomyocytes incubated with Dox (1 μM) exhibited gradual re-

duction of cell viability up to 24 h of experimental duration (Fig. 3B–D).
On the other hand, simultaneous incubation of cardiomyocytes with
Dox (1 μM) along with ferulic acid (10–100 μM) or apigenin (1–40 μM)
or WWGPE (10–200 μg/ml) significantly reciprocated Dox-mediated
reduction of cell viability up to 24 h (Fig. 3B–D). However, the op-
timum cytoprotective concentrations of ferulic acid, apigenin, and
WWGPE were found to be 50 μM, 20 μM, and 100 μg/ml, respectively.
Therefore, ferulic acid (50 μM), apigenin (20 μM), and WWGPE
(100 μg/ml) have been optimized for subsequent in vitro experiments.
The cardiomyocytes incubated with ferulic acid (50 μM) or apigenin
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Fig. 1. A schematic overview of in vivo experimental protocol.

Fig. 2. A. Chromatogram of (a) standard phenolic acids, (b) standard flavonoids, (c) phenolic acids present in WWGPE, (d) flavonoids present in WWGPE. B. Relative
abundance of phenolic acids and flavonoids in WWGPE. C. The chemical structures of identified phenolic acids and flavonoids. [1] gallic acid, [2] chlorogenic acid,
[3] p-hydroxybenzoic acid, [4] caffeic acid, [5] syringic acid, [6] p-coumaric acid, [7] vanillic acid, [8] sinapic acid, [9] ferulic acid, [10] quercetin, [11] Luteolin,
and [12] apigenin.
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(20 μM) or WWGPE (100 μg/ml) did not show any significant change in
the cell viability when compared with untreated cardiomyocytes up to
24 h (Fig. 3B–D).

3.2.3. Effects on Hoechst staining
The cytoprotective effects of wheat phenolics were estimated by

Hoechst nuclear staining following visualization through fluorescence
microscope (Fig. 3E). Dox (1 μM) intoxication resulted significant re-
duction of visible nuclei and the nucleus exhibited explicit patterns of
chromatin condensation, and fragmentation of the nuclei when com-
pared with untreated cardiomyocytes up to 24 h. On the other hand,
incubation of cardiomyocytes with Dox (1 μM) along with ferulic acid
(50 μM) or apigenin (20 μM) or WWGPE (100 μg/ml) reestablished
nuclear count, and restored nuclear morphology to near-normal status.
Incubation of cardiomyocytes with ferulic acid (50 μM) or apigenin
(20 μM) or WWGPE (100 μg/ml) for 24 h did not cause any significant
change in the nuclear count or nuclear morphology when compared
with untreated cardiomyocytes.

3.2.4. Flow cytometric analysis
Flow cytometric analysis revealed Dox (1 μM) treated cardiomyo-

cytes exhibited low PI staining (∼0.3%) with very high annexin V-FITC
binding (∼49.7%) indicating induction of apoptosis to the cardio-
myocytes when compared with untreated cardiomyocytes, which
showed very little annexin V-FITC binding (∼0.05%), and PI staining
(∼0.1%) (Fig. 3F). On the other hand, incubation of cardiomyocytes
with Dox (1 μM) along with ferulic acid (50 μM) or apigenin (20 μM) or
WWGPE (100 μg/ml) significantly attenuated Dox-induced apoptosis in
cardiomyocytes apparent for the reduction of apoptotic cell counts
(Fig. 3F). Incubation of cardiomyocytes with ferulic acid (50 μM) or
apigenin (20 μM) or WWGPE (100 μg/ml) for 24 h did not show any
significant change in scatter plots of PI-fluorescence vs FITC-fluores-
cence when treated alone as compared with untreated cardiomyocytes
(Fig. 3F).

3.2.5. Effects on redox status, DNA fragmentation, and DNA oxidation in
vitro

Dox (1 μM)-exposed cardiomyocytes exhibited significant
(p < 0.01) enhance in ROS production evidenced from DCF fluores-
cence, which subsequently promoted lipid peroxidation, and protein
carbonylation (Fig. 4). Lipid peroxidation was evaluated by quantifying
the level of thiobarbituric acid-reactive substances (TBARS), a by-
product of lipid peroxidation. Significant (p < 0.01) augmentation in
the levels of TBARS, and carbonylated proteins was observed in Dox
(1 μM)-treated cardiomyocytes (Fig. 4). While, incubation of cardio-
myocytes with Dox (1 μM) along with ferulic acid (50 μM) or apigenin
(20 μM) or WWGPE (100 μg/ml) significantly (p < 0.01) attenuated
ROS production, lipid peroxidation, and protein carbonylation (Fig. 4).
Dox exposure further induced oxidative stress to the cardiomyocytes via
significant (p < 0.01) depletion in the levels of endogenous anti-
oxidant enzymes, and GSH (Fig. 4). On the other hand, incubation of
cardiomyocytes with Dox (1 μM) along with either of ferulic acid
(50 μM) or apigenin (20 μM) or WWGPE (100 μg/ml) significantly
(p < 0.05–0.01) restored antioxidant enzymes, and GSH levels to near
normal status (Fig. 4). In this study, Dox (1 μM) exposure caused sig-
nificant (p < 0.01) fragmentation, and oxidation of DNA. On the other
hand, ferulic acid (50 μM) or apigenin (20 μM) or WWGPE (100 μg/ml)

significantly (p < 0.05–0.01) attenuate Dox-induced DNA fragmenta-
tion, and DNA oxidation in the isolated cardiomyocytes (Fig. 4). On the
other hand, incubation of cardiomyocytes with ferulic acid (50 μM) or
apigenin (20 μM) or WWGPE (100 μg/ml) did not show any significant
change in either of aforementioned redox parameter or DNA damage
when treated alone to the cardiomyocytes as compared with untreated
cells (Fig. 4).

3.2.6. Effects on signal proteins in vitro
In this study, the expressions of signal proteins involved in the in-

trinsic and extrinsic pathways of apoptosis were assessed by western
blotting (Fig. 5). Dox (1 μM) exposure caused mitochondrial translo-
cation of pro-apoptotic Bad protein from cytosol resulting significantly
(p < 0.01) high mitochondrial Bad to cytosolic Bad ratio. In addition,
Dox-exposed cardiomyocytes exhibited significant down-regulation in
the expressions of anti-apoptotic proteins, such as Bcl-2 and Bcl-xL,
resulting significantly (p < 0.01) high mitochondrial Bad/Bcl-2 and
mitochondrial Bad/Bcl-xL values. On the other hand, incubation of
cardiomyocytes with Dox (1 μM) along with ferulic acid (50 μM) or
apigenin (20 μM) or WWGPE (100 μg/ml) significantly (p < 0.01) re-
ciprocated mitochondrial Bad/cytosolic Bad, mitochondrial Bad/Bcl-2,
and mitochondrial Bad/Bcl-xL values to near-normal status. Dox ex-
posure further promoted the release of cytochrome C into cytosol from
mitochondria resulting significantly (p < 0.01) high cytosolic cyto-
chrome C to mitochondrial cytochrome C ration. Simultaneous up-
regulation (p < 0.01) of Apaf-1, and cleavages (p < 0.01) of caspase 9
and 3 confirmed the establishment of apoptosis in Dox-exposed cardi-
omyocytes. On the other hand, incubation of cardiomyocytes with Dox
(1 μM) along with ferulic acid (50 μM) or apigenin (20 μM) or WWGPE
(100 μg/ml) significantly inhibited cytochrome C release (p < 0.01)
into cytosol, Apaf-1 (p < 0.01) up-regulation, and activation of cas-
pase signaling (p < 0.01–0.05). Significant up-regulation in the ex-
pressions of FAS, Bid, and cleaved caspase 8 was observed in Dox
(1 μM) (p < 0.01) exposed cardiomyocytes, which revealed simulta-
neous engrossment of the death receptor-mediated apoptosis (Fig. 5).
On the other hand, incubation of cardiomyocytes with Dox (1 μM)
along with ferulic acid (50 μM) or apigenin (20 μM) or WWGPE
(100 μg/ml) significantly reciprocated the up-regulation of FAS
(p < 0.05), Bid (p < 0.01), and cleaved caspase 8 (p < 0.01) ex-
pressions.

The expressions of signal proteins involved in NF-κB and MAP ki-
nase signaling were studied (Fig. 6). Activation of NF-κB is initiated
with phosphorylation mediated cleavage of NF-κB complex with in-
hibitory protein, IκBα. In this study, Dox (1 μM) treatment significantly
(p < 0.01) enhanced phosphorylation of IκBα in the cytosol resulting
activation of NF-κB signaling. Dox-exposed cardiomyocytes exhibited
significant nuclear translocation of phosphoeNFeκB (p65) from cytosol
resulting significantly (p < 0.01) high nuclear phosphoeNFeκB (p65)
to cytosolic phosphoeNFeκB (p65) ratio. On the other hand, incuba-
tion of cardiomyocytes with Dox (1 μM) along with ferulic acid (50 μM)
or apigenin (20 μM) or WWGPE (100 μg/ml) significantly impede Dox-
mediated IκBα phosphorylation (p < 0.05–0.01) and concomitant
nuclear translocation of phosphoeNFeκB (p65) (p < 0.01). In addi-
tion, Dox (1 μM) caused significant (p < 0.01) up-regulation in PKC-δ
expression in cardiomyocytes, which was significantly (p < 0.05–0.01)
reciprocated by ferulic acid (50 μM) or apigenin (20 μM) or WWGPE
(100 μg/ml) treatment. Dox (1 μM) treatment also provoked MAP

Fig. 3. The effects on cell viability, image, and flow cytometric assays in the absence (Dox) and presence of ferulic acid (Dox + ferulic acid), apigenin
(Dox + apigenin), and WWGPE (Dox + WWGPE) in vitro in isolated rat cardiomyocytes. (A) Effect of Dox at different concentrations on cell viability in isolated
cardiomyocytes. Data were represented as mean ± SD (n=3). Effect on the cell viability in the absence (Dox) and presence of (B) ferulic acid (Dox + ferulic acid),
(C) apigenin (Dox + apigenin), and (D) WWGPE (Dox + WWGPE). Data were represented as mean ± SD (n = 3). (E) Hoechst staining of cardiomyocytes in the
absence (Dox) and presence of ferulic acid (Dox + ferulic acid), apigenin (Dox + apigenin), and WWGPE (Dox + WWGPE). (F) Percentage distribution of apoptotic
and necrotic cells in the absence (Dox) and presence of ferulic acid (Dox + ferulic acid), apigenin (Dox + apigenin), and WWGPE (Dox +WWGPE) analyzed by flow
cytometric assay.

R. Sahu et al. Food and Chemical Toxicology 125 (2019) 503–519

509



Fig. 4. The effects on ROS accumulation, lipid peroxidation, protein carbonylation, and endogenous redox systems in the absence (Dox) and presence of ferulic acid
(Dox + ferulic acid), apigenin (Dox + apigenin), and WWGPE (Dox + WWGPE) in isolated rat cardiomyocytes. Data were represented as mean ± SD (n = 3).
#Values significantly (p < 0.01) differ from normal control. *Values significantly (p < 0.05) differ from toxic control. **Values significantly (p < 0.01) differ from
toxic control. SOD unit, “U”, is defined as inhibition (μ moles) of NBT-reduction/min. CAT unit, “U”, is defined as H2O2 consumption/min.
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kinase signaling in cardiomyocytes evidenced from significantly
(p < 0.01) up-regulated expressions of phospho-JNK, phospho-p38
and p53 in Dox-exposed cardiomyocytes. On the other hand, ferulic
acid (50 μM) or apigenin (20 μM) or WWGPE (100 μg/ml) treatment

significantly reciprocated Dox-mediated up-regulation in the phospho-
JNK (p < 0.01), phospho-p38 (p < 0.05–0.01), and p53
(p < 0.05–0.01) expressions in the cardiomyocytes to near-normal
status.

Fig. 5. The effects on intrinsic and extrinsic apoptotic signaling in the absence (Dox) and presence of ferulic acid (Dox + ferulic acid), apigenin (Dox + apigenin),
and WWGPE (Dox + WWGPE) in vitro. The relative band intensities were assessed and the normal control band was allotted a random value of 1. β-actin served as
loading control. Data were expressed as mean ± SD (n= 3). #Values significantly (p < 0.01) differ from normal control. *Values significantly (p < 0.05) differ
from toxic control. **Values significantly (p < 0.01) differ from toxic control.

Fig. 6. The effects on IκBα, NF-κB, PKC-δ, JNK, p38, and p53 expressions in the absence (Dox) and presence of ferulic acid (Dox + ferulic acid), apigenin
(Dox + apigenin), and WWGPE (Dox + WWGPE) in vitro. The relative band intensities were assessed and the normal control band was allotted a random value of 1.
β-actin served as loading control. Data were expressed as mean ± SD (n=3). #Values significantly (p < 0.01) differ from normal control. *Values significantly
(p < 0.05) differ from toxic control. **Values significantly (p < 0.01) differ from toxic control.
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PI3K/Akt/mTOR signaling contributes in cellular survival and au-
tophagy. Dox (1 μM) treatment significantly impaired PI3K/Akt/mTOR
signaling in the cardiomyocytes evidenced from significant (p < 0.01)
down-regulation in the expressions of PI3K, phospho-Akt and phospho-
mTOR in Dox-exposed cardiomyocytes (Fig. 7). On the other hand,
ferulic acid (50 μM) or apigenin (20 μM) or WWGPE (100 μg/ml) along
with Dox (1 μM) significantly (p < 0.01) reciprocated Dox-mediated
inactivation of PI3K/Akt/m-TOR signaling in the cardiomyocytes to
near-normal status (Fig. 7).

To investigate role of nitric oxide (NO) in Dox-mediated cardio-
toxicity, the expressions of iNOS was studied (Fig. 7). In this study, Dox
(1 μM) treatment caused significant up-regulation in the expression of
iNOS in cardiomyocytes. On the other hand, ferulic acid (50 μM) or
apigenin (20 μM) or WWGPE (100 μg/ml) treatment could significantly
(p < 0.01) revert Dox-provoked changes in iNOS expressions to near-
normal status. In addition, Dox (1 μM) treatment significantly
(p < 0.01) impeded HO-1 and nuclear Nrf-2 expressions; however,
simultaneous incubation of ferulic acid (50 μM) or apigenin (20 μM) or
WWGPE (100 μg/ml) along with Dox (1 μM) could significantly re-
ciprocate Dox-mediated changes in HO-1 (p < 0.01) and nuclear Nrf-2
(p < 0.05–0.01) expressions to near normal status (Fig. 7).

Incubation of cardiomyocytes with ferulic acid (50 μM) or apigenin
(20 μM) or WWGPE (100 μg/ml) did not show any significant change
the expression of any signal protein when treated alone to the isolated
cardiomyocytes as compared with untreated control set (Figs. 5–7). In
in vitro studies, WWGPE (100 μg/ml) exhibited best protective effect
over ferulic acid (50 μM) or apigenin (20 μM) against Dox-induced
cardio-toxicity. The order of cardio-protective effect was found to be
WWGPE (100 μg/ml)> apigenin (20 μM)> ferulic acid (50 μM) with
respect to the cyto-protective parameters studied.

3.3. Effect on Dox-mediated cardiotoxicity in vivo

3.3.1. Effect on blood parameters
Haematological and serum biochemical parameters give initial im-

print of pathological state within the system. The effects of wheat
phenolics on blood parameters were shown in Table 1. Dox (3mg/kg)
treated rats exhibited significant (p < 0.01) reduction in blood cell
counts and haemoglobin level. Dox (3mg/kg) treatment significantly
(p < 0.01) increased total cholesterol, triglycerides, AST, LDH, and CK
levels in the sera of experimental rats; however, serum HDL cholesterol

level was found to be decreased (p < 0.01) in Dox-intoxicated rats.
The levels of troponins I and T in the sera are the specific markers for
revealing myocardial injury. In this study, significant (p < 0.01) in-
crease in the levels of troponins I and T were observed in the sera of
Dox-intoxicated rats. On the other hand, oral treatment of ferulic acid
(100mg/kg) or apigenin (100mg/kg) or WWGPE (100mg/kg) along
with Dox (3mg/kg) significantly (p < 0.05–0.01) restored aforemen-
tioned haematological and serum biochemical parameters to near-
normal status. Neither of ferulic acid (100mg/kg) nor apigenin
(100mg/kg) nor WWGPE (100mg/kg) could affect either haematolo-
gical or serum biochemical parameters when treated alone to the ex-
perimental rats.

3.3.2. Effects on redox status, DNA fragmentation, and DNA oxidation in
heart

Dox (3mg/kg) treated rats exhibited significant (p < 0.01) in-
crease in ROS production in myocardial cells (Fig. 8). Significant
(p < 0.01) augmentation in the extents of lipid peroxidation, and
protein carbonylation was observed in the myocardial tissue of Dox
(3mg/kg) treated rats (Fig. 8). On the other hand, oral treatment of
ferulic acid (100mg/kg) or apigenin (100mg/kg) or WWGPE (100mg/
kg) along with Dox (3mg/kg) significantly (p < 0.05–0.01) reduced
myocardial ROS production, lipid peroxidation, and protein carbony-
lation (Fig. 8). Dox intoxication further promoted oxidative stress in the
myocardial tissue via significant (p < 0.01) depletion of endogenous
antioxidant molecules, and significant (p < 0.01) up-regulation of
NADPH oxidase level (Fig. 8). On the other hand, oral treatment of
ferulic acid (100mg/kg) or apigenin (100mg/kg) or WWGPE (100mg/
kg) along with Dox (3mg/kg) significantly (p < 0.05–0.01) restored
antioxidant enzymes, NADPH oxidase, and GSH levels to near-normal
status (Fig. 8). In this study, Dox treatment significantly (p < 0.01)
enhanced DNA fragmentation, and DNA oxidation in the cardiac tissue
of experimental rats and wheat phenolics could significantly
(p < 0.05–0.01) attenuate Dox-mediated DNA fragmentation, and
DNA oxidation in the myocardial tissue of experimental rats (Fig. 8).

On the other hand, ferulic acid (100mg/kg) or apigenin (100mg/
kg) or WWGPE (100mg/kg) treatment did not show any significant
change the expression of in redox status, DNA fragmentation, and DNA
oxidation when treated alone to the experimental rats (Fig. 8).

Fig. 7. The effects on PI3K, Akt, mTOR, iNOS, HO-1, and Nrf-2 expressions in the absence (Dox) and presence of ferulic acid (Dox + ferulic acid), apigenin
(Dox + apigenin), and WWGPE (Dox + WWGPE) in vitro. The relative band intensities were assessed and the normal control band was allotted a random value of 1.
β-actin served as loading control. Data were expressed as mean ± SD (n=3). #Values significantly (p < 0.01) differ from normal control. *Values significantly
(p < 0.05) differ from toxic control. **Values significantly (p < 0.01) differ from toxic control.
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3.3.3. Effects on signal proteins in vivo
In this study, Dox (3mg/kg) treatment significantly promoted cy-

tosol to mitochondrial translocation of Bad protein ensuing significantly
(p < 0.01) high mitochondrial Bad to cytosolic Bad ratio in the myo-
cardial cells of experimental rats (Fig. 9). Significantly down-regulation
of Bcl-2 and Bcl-xL expressions was observed in the heart of Dox (3mg/
kg) treated rats (Fig. 9). Mitochondrial translocation of pro-apoptotic
factor coupled with down-regulation of anti-apoptotic factors further
caused cytosolic release of cytochrome C (p < 0.01) and activation of
Apaf-1 (p < 0.01) in the myocardial cells of Dox (3mg/kg) treated rats
(Fig. 9). Dox (3mg/kg) treatment further activated (p < 0.01) clea-
vage of caspase 9 and 3 (Fig. 9). On the other hand, oral treatment of
ferulic acid (100mg/kg) (p < 0.05–0.01) or apigenin (100mg/kg)
(p < 0.05) or WWGPE (100mg/kg) (p < 0.01) along with Dox (3mg/
kg) significantly attenuated the intrinsic signaling of apoptosis (Fig. 9).
Dox (1 μM) treatment significantly (p < 0.01) enhanced the expres-
sions of FAS, Bid, and cleaved caspase 8 in the myocardial cells of ex-
perimental rats (Fig. 9). On the other hand, oral treatment of ferulic
acid (100mg/kg) or apigenin (100mg/kg) or WWGPE (100mg/kg)
along with Dox (3mg/kg) significantly (p < 0.05–0.01) attenuated the
death receptor mediated apoptotic signaling (Fig. 9).

Dox (3mg/kg) treatment significantly (p < 0.01) enhanced phos-
phorylation of IκBα and promoted nuclear translocation of
phosphoeNFeκB (p65) in the myocardial cells of experimental rats
(Fig. 10). A significant (p < 0.01) activation of PKC-δ was observed in
the myocardial cells of Dox-treated rats (Fig. 10). On the other hand,
oral treatment of ferulic acid (100mg/kg) or apigenin (100mg/kg) or
WWGPE (100mg/kg) along with Dox (3mg/kg) significantly
(p < 0.05–0.01) impeded the NF-κB, and PKC-δ activation (Fig. 10). In
addition, Dox (3mg/kg) treatment significantly (p < 0.01) promoted
phosphorylation of MAP kinases, such as JNK and p38 in cardiac cells of
experimental rats (Fig. 10). A significant (p < 0.01) activation of p53
was observed in the myocardial cells of Dox-treated rats (Fig. 10). On
the other hand, oral treatment of ferulic acid (100mg/kg) or apigenin
(100mg/kg) or WWGPE (100mg/kg) along with Dox (3mg/kg) sig-
nificantly (p < 0.05–0.01) abrogated MAP kinase activation in the
cardiac cells of rats (Fig. 10).

Dox (3mg/kg) treatment significantly (p < 0.01) impeded PI3K/
Akt/mTOR signaling in the cardiomyocytes evidenced from the down-
regulation in the expressions of PI3K, phospho-Akt and phospho-mTOR
in myocardial cells of experimental rats (Fig. 11). On the other hand,
oral treatment of ferulic acid (100mg/kg) or apigenin (100mg/kg) or
WWGPE (100mg/kg) along with Dox (3mg/kg) significantly
(p < 0.05–0.01) reciprocated Dox-mediated impairment of PI3K/Akt/
mTOR signaling in the cardiac cells of rats (Fig. 11).

In this study, Dox (3mg/kg) treatment caused significant
(p < 0.01) up-regulation of iNOS expression in the heart of rats
(Fig. 11). Additionally, significant (p < 0.01) down-regulation in the
HO-1 and nuclear Nrf-2 expressions was recorded in the myocardial
cells of Dox-treated rats (Fig. 11). On the other hand, oral treatment of
ferulic acid (100mg/kg) or apigenin (100mg/kg) or WWGPE (100mg/
kg) along with Dox (3mg/kg) significantly (p < 0.05–0.01) re-
ciprocated Dox-mediated changes in iNOS, HO-1, and Nrf-2 signaling in
the myocardial cells of rats (Fig. 11).

Neither of ferulic acid (100mg/kg) nor apigenin (100mg/kg) nor
WWGPE (100mg/kg) could affect in any signal protein expression in
myocardial cells when treated alone to the rats (Figs. 9–11).

3.3.4. Effects on the histology of the heart
The histological sections of hearts of rats under different treatments

were depicted in Fig. 12. The H & E stained heart section (x 100) of
untreated rat revealed normal radiating pattern (yellow arrows). On the
other hand, Dox (3mg/kg) treated rats exhibited the irregular radiating
pattern (green arrows) with injured interstitial tissues (red arrows). On
the other hand, oral treatment of ferulic acid (100mg/kg) or apigenin
(100mg/kg) or WWGPE (100mg/kg) along with Dox (3mg/kg)Ta
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Fig. 8. The effects on ROS accumulation, lipid peroxidation, protein carbonylation, and endogenous redox systems in the absence (Dox) and presence of ferulic acid
(Dox + ferulic acid), apigenin (Dox + apigenin), and WWGPE (Dox +WWGPE) in vivo in the cardiac tissue of experimental rats. Data were expressed as mean ± SD
(n=3). #Values significantly (p < 0.01) differ from normal control. *Values significantly (p < 0.05) differ from toxic control. **Values significantly (p < 0.01)
differ from toxic control. SOD unit, “U”, is defined as inhibition (μ moles) of NBT-reduction/min. CAT unit, “U”, is defined as H2O2 consumption/min.

Fig. 9. The effect on intrinsic and extrinsic apoptotic signaling in the absence (Dox) and presence of ferulic acid (Dox + ferulic acid), apigenin (Dox + apigenin), and
WWGPE (Dox + WWGPE) in vivo in the cardiac cells of experimental rats. The relative band intensities were assessed and the normal control band was allotted a
random value of 1. β-actin served as loading control. Data were expressed as mean ± SD (n=3). #Values significantly (p < 0.01) differ from normal control.
*Values significantly (p < 0.05) differ from toxic control. **Values significantly (p < 0.01) differ from toxic control.
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significantly reciprocated the Dox-mediated histological abnormalities
and re-established the muscle radiating pattern near to the normal
status (Fig. 12). Neither of ferulic acid (100mg/kg) nor apigenin
(100mg/kg) nor WWGPE (100mg/kg) could cause any histological
change in heart section when treated alone to the rats (Fig. 12).

In in vivo study, WWGPE (100mg/kg) exhibited best protective ef-
fect over ferulic acid (100mg/kg) or apigenin (100mg/kg) against Dox-

induced cardio-toxicity in experimental rats. The order of cardio-pro-
tective effect was found to be WWGPE (100mg/kg)> ferulic acid
(100mg/kg)> apigenin (100mg/kg) with respect to the all the para-
meters studied in in vivo experiment.

Fig. 10. The effect on IκBα, NF-κB, PKC-δ, JNK, p38, and p53 expressions in the absence (Dox) and presence of ferulic acid (Dox + ferulic acid), apigenin
(Dox + apigenin), and WWGPE (Dox + WWGPE) in vivo in the cardiac cells of experimental rat. The relative band intensities were assessed and the normal control
band was allotted a random value of 1. β-actin served as loading control. Data were expressed as mean ± SD (n= 6). #Values significantly (p < 0.01) differ from
normal control. *Values significantly (p < 0.05) differ from toxic control. **Values significantly (p < 0.01) differ from toxic control.

Fig. 11. The effects on PI3K, Akt, mTOR, iNOS, HO-1, and Nrf-2 expressions in the absence (Dox) and presence of ferulic acid (Dox + ferulic acid), apigenin
(Dox + apigenin), and WWGPE (Dox + WWGPE) in vivo in the cardiac cells of experimental rats. The relative band intensities were assessed and the normal control
band was allotted a random value of 1. β-actin served as loading control. Data were expressed as mean ± SD (n= 6). #Values significantly (p < 0.01) differ from
normal control. *Values significantly (p < 0.05) differ from toxic control. Values significantly (p < 0.01) differ from toxic control.
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4. Discussion

The adverse effects remain one of the major limitations in the
chemotherapy with almost every anti-cancer agent (Dewanjee et al.,
2017). Dox is one of the first line chemotherapeutic agents for several
malignancies (Chatterjee et al., 2010). However, Dox has been reported
to be potential cardio-toxic agent (Chatterjee et al., 2010). It can induce
both acute and chronic cardiomyopathy, which can lead to congestive
heart failure to the cancer patients (Chatterjee et al., 2010). The pro-
posed etiology of Dox-induced cardiotoxicity includes multiple opera-
tive mechanisms (Chatterjee et al., 2010). Enhanced oxidative stress,
depletion of endogenous redox defense molecules, induction of cardiac
apoptosis, up-regulation of NF-κB/PKC-δ, activation of p53/p38/JNK
signaling, and impediment of the PI3K/AKT/mTOR signaling have been
proposed to be integrally involved in Dox-mediated cardiomyopathy
(Chatterjee et al., 2010; Das et al., 2011; Yu et al., 2017). Plant phe-
nolics are the natural occurring antioxidants, which are reported to
attribute a number of cytoprotective mechanisms by neutralizing oxi-
dative free radicals, improving cellular redox defense, and regulating
various signal transductions (Dewanjee et al., 2015; Upadhyay and
Dixit, 2015; Ávila et al., 2017; Das et al., 2018). Whole wheat grain is a
great source of fibers, important minerals, and natural phenolics
(Laddomada et al., 2015). Phenolic acids present in wheat bran have
been claimed to prevent heart disease via antioxidant mechanism
(Laddomada et al., 2015). In addition, bioavailability of wheat grain
phenolics as a whole has been claimed to be superior to that of com-
prising individual phenolic compound in pure form (Gao and Hu, 2010;
Laddomada et al., 2015). Considering these, the present study has been
undertaken to evaluate protective effect of WWGPE against Dox-in-
duced myocardial toxicity. The cardio-prophylactic effect of WWGPE
has been compared with ferulic acid and apigenin, which have been
found to be the phenolic acid and the flavonoid present in the WWGPE
in highest quantities, respectively.

Haematological and serum biochemical parameters give primary
indication of pathological incidence within the body. LDH, CK, and AST
levels in the sera serve as diagnostic parameters in cardiomyopathies
(Gozalo et al., 2008). These membrane bound enzymes come into the
blood during cellular injury (Bhattacharjee et al., 2016). Troponins are
considered to be the cardio-specific markers, which release from the
myocardial tissues during cardiac injury and ischemia (Kemp et al.,
2004). In this study, significant enhancement in the levels of LDH, CK,
AST, troponin I, and troponin T indicated establishment of Dox-induced
cardiomyopathy to the rats. Besides these, significant changes in serum
lipids, haematological counts, and haemoglobin level were observed in
Dox-treated rats. On the other hand, ferulic acid or apigenin or WWGPE

treatments significantly normalized haematological and serum bio-
chemical parameters, which indicated the probable prophylactic po-
tential of test materials against Dox-mediated myocardial injury.

The data represented herein revealed generation of excessive ROS in
the myocardial cells through Dox exposure was responsible to induce
oxidative damage, and apoptosis via multiple mechanisms. Mechanism
of Dox-meditated ROS production has been yet to be completely un-
derstood; however, several mechanisms have been proposed regarding
the Dox-mediated ROS generation. Reduction of Dox by mitochondrial
electron transport chain generates semiquinone free radicals, which
subsequently reduce molecular O2 to the ROS (Deavall et al., 2012). In
this process, NADPH oxidase donates an electron to O2 for its reduction
(Priya et al., 2017). In addition, interaction between Dox and Fe (3) can
generate Fe (2)-Dox free radical, which is capable to reduce molecular
O2 to generate ROS (Deavall et al., 2012). ROS can induce oxidative
damage to membrane lipids, structural proteins, and nucleic acids
(Bhattacharjee et al., 2017). In addition, ROS directly regulate a
number of cell signaling pathways resulting cell death (Deavall et al.,
2012).

ROS induces peroxidative damage to the cellular lipids (Dewanjee
et al., 2017). Dox chemotherapy has been reported to induce cardio-
toxicity via peroxidation of myocardial lipids evidenced from enhanced
level of lipid conjugated dienes in blood (Minotti et al., 1996). Protein
carbonylation via oxidation is an irreversible process of degradation of
proteins, which results in cellular dysfunction and disease progression.
Earlier study revealed that, Dox can induce cardio-toxicity via oxidative
carbonylation of cardiac myosin binding protein (Aryal et al., 2014). In
this study, significantly high levels of TBARS, and carbonylated proteins
in the myocardial cells following Dox exposure were in the agreement
with the earlier observations. Endogenous antioxidant molecules com-
prising antioxidant enzymes and GSH serve as primary line of cellular
defense against oxidative stress (Dewanjee et al., 2009). In this study,
Dox caused significant depletion in the levels of SOD, CAT, GST, GPx,
GR, and GSH was observed in isolated cardiomyocytes and myocardial
tissue. Dox has been reported to be metabolized into doxorubicinol in
myocardial cells (Olson et al., 1988). Doxorubicinol can interact with
the eSH group of aforementioned antioxidant molecules resulting their
inactivation (Dewanjee et al., 2017). Besides, Dox-mediated inactiva-
tion of Nrf-2 signaling further caused depletion of aforementioned en-
dogenous antioxidant molecules (Loboda et al., 2016; Barakat et al.,
2018). Dox-mediated depletion of endogenous antioxidant enzymes and
GSH further enhances the oxidative stress and promotes the progression
of cardiomyopathy (Chatterjee et al., 2010; Volkova and Russell, 2011).
On the other hand, ferulic acid or apigenin or WWGPE could sig-
nificantly attenuate Dox-mediated redox stress in cardiac cells. The

Fig. 12. Histological assessments of hearts
of experimental rats in the absence (Dox)
and presence of ferulic acid (Dox + ferulic
acid), apigenin (Dox + apigenin), and
WWGPE (Dox + WWGPE). The H & E
stained sections of heart (x 100) of Dox
treated rats exhibited the irregular radiating
patterns with injured interstitial tissues.
Yellow and green arrows denoted normal
and irregular radiating patterns, respec-
tively. Red arrows exhibited injured inter-
stitial tissues. On the other hand, treatment
with ferulic acid, apigenin, and WWGPE
along with Dox restored the radiating pat-
terns of cardiac sections to near-normal
status. (For interpretation of the references
to color in this figure legend, the reader is
referred to the Web version of this article.)
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antioxidant effect of wheat phenolics was found to be due to the radical
scavenging effect coupled with the activation of endogenous anti-
oxidant molecules via activation of Nrf-2 signaling.

ROS can endorse cell death by activating the apoptotic signaling.
Dox has been reported to activate p38/JNK/p53 MAP kinase signaling
via excessive ROS generation, which can trigger the activation of pro-
apoptotic factors and can simultaneously inhibit anti-apoptotic signal
proteins, such as Bcl-2, and Bcl-xL (Redza-Dutordoir and Averill-Bates,
2016). In addition, ROS can activate cardiolipin oxidation and increase
mitochondrial permeability, which promote cytosolic release of cyto-
chrome c from mitochondria and simultaneously trigger caspase sig-
naling in the cytosol through the activation of Apaf-1 (Circu and Aw,
2010; Redza-Dutordoir and Averill-Bates, 2016). ROS can also activate
trans-membrane death receptor, such as Fas, which further recruits Fas
associated protein with death domain and caspase 8 (Redza-Dutordoir
and Averill-Bates, 2016). Cleavage of caspase 8 can promote cleave of
Bid to tBid. tBid translocates into mitochondria, where it also stimulates
pro-apoptotic factors (Redza-Dutordoir and Averill-Bates, 2016). On the
other hand, cleavage of caspase 8 can directly trigger apoptosis via
activation of intrinsic caspase signaling. In this study, Dox treatment
significantly activated intrinsic and death receptor-mediated apoptosis
in the myocardial cells via activation and mitigation pro-apoptotic
proteins into mitochondria, down-regulation of anti-apoptotic proteins,
cytochrome c release into cytosol, activation of transmembrane death
receptor, and triggering of caspase signaling. NF-κB signaling is one of
the redox sensitive signal transduction, which involves phosphorylation
mediated cleavage of NF-κB from its association with inhibitory IκBα in
the cytosol and subsequent translocation of phosphoeNFeκB into the
nucleus, where it activates a number of down-stream signaling cascades
(Bhattacharjee et al., 2017; Das et al., 2018). In the nucleus, NF-κB also
executes pro-apoptotic factors and impart pro-apoptotic role (Dewanjee
et al., 2017). PKC-δ has been reported to activate JNK- and p38- MAP
kinases and induces apoptosis (Gonzalez-Guerrico et al., 2005;
Panaretakis et al., 2005). In this study, Dox exposure significantly ac-
tivated NF-κB/PKC-δ signaling. The Dox-mediated generation of ex-
cessive ROS may be responsible to the induction of apoptosis to the
myocardial cells via regulation of various signal proteins. On the other
hand, ferulic acid or apigenin or WWGPE could significantly attenuate
Dox-provoked cytotoxic event by reciprocating intrinsic and extrinsic
apoptotic signaling, p38/JNK/p53 MAP kinase signaling, and NF-κB/
PKC-δ signaling. The anti-apoptotic effect may be correlated to that of
ROS scavenging effect of wheat phenolic/s.

Protein kinase B (Akt), a serine/threonine kinase, is the principal
signal protein of PI3K/Akt pathway (Das et al., 2011). PI3K/Akt has
been reported to promote cell survival by enhancing Mdm2-mediated
ubiquitination of p53-MAP kinase (Ogawara et al., 2002). In the present
investigation, Dox treatment significantly reduced PI3K and phospho-
Akt expressions in myocardial cells with concomitant high expressions
of p53 and other pro-apoptotic molecules, which is an indication of
reduction of cell survival and induction of apoptosis to the cardiac cells.

The impairment of autophagy has been reported to be a subsidiary
mechanism in Dox-induced cardiotoxicity (Yu et al., 2017; Lee et al.,
2015). In this study, Dox treatment significantly impeded mTOR
phosphorylation, which indicates impairment of autophagy in the
myocardial cells. On the other hand, ferulic acid or apigenin or WWGPE
could significantly attenuate Dox-provoked impairment in pro-survival
and autophagy events by reciprocating PI3K/Akt/mTOR signaling.

Nitric oxide (NO), a potent vasodilator, was found to be involved in
the pathogenesis of cardiomyopathy. Dox can elicit cytotoxic effects via
NO synthesis in cardiac tissue through activation of iNOS (Boo et al.,
2009). iNOS-mediated activation of NO production causes formation of
RNS by reacting with superoxide radical, which oxides the cellular
macromolecules leading to myocardial redox stress, and apoptosis
(Bahadır et al., 2014). Inhibition of iNOS has been found to be bene-
ficial in Dox-mediated cardio-toxicity (Bahadır et al., 2014). In this
study, Dox treatment significantly up-regulated iNOS expression in

myocardial cells, which was in accordance to the previous report
(Pakdeechote et al., 2014). In addition, Dox-mediated ROS generation
through NADPH oxidase system participate major role in developing
cardiomyopathy via induction of fibrosis, inflammation, and apoptosis
(McLaughlin et al., 2017). In this study, Dox treatment caused sig-
nificant increase in the level of NADPH oxidase in myocardial tissue,
which was in accordance to the previous observation (Priya et al.,
2017). However, ferulic acid or apigenin or WWGPE treatment sig-
nificantly reciprocated iNOS and NADPH oxidase activities to near-
normal status. Therefore, protective effect of wheat phenolic/s would
be correlated to the reduction in the production of oxidative free ra-
dicals via inhibition of iNOS and NADPH oxidase activities.

The Nrf-2, a redox-active signal protein, regulates cellular redox
balance by up-regulating antioxidant response, and phase 2 detox-
ification responses in mammals (Loboda et al., 2016). Up-on redox
stress, Nrf-2 dissociates from Kelch-like ECH-associated protein 1
(Keap1) in cytosol and translocates into nucleus (Kim et al., 2010).
PI3K/Akt signaling has been reported to potentiate Nrf-2 activation
(Kim et al., 2010). In nucleus, Nrf-2 binds to the antioxidant responsive
element site and leads to the de novo synthesis antioxidant molecules,
which efficiently protect cells from oxidative stress (Kim et al., 2010).
SOD, GPx, GR, GST, and HO-1 are recognized as some of down-stream
signal proteins of Nrf-2 (Loboda et al., 2016). In this study, Dox treat-
ment significantly increased oxidative stress by impeding the activation
of Nrf-2, which was in accordance to the previous observation (Barakat
et al., 2018). Dox-mediated inactivation of Nrf-2 caused decrease in the
levels of endogenous antioxidant enzymes and HO-1 expression in the
cardiac cells. On the other hand, ferulic acid or apigenin or WWGPE
treatment significantly reciprocated Nrf-2 signaling and up-regulated
antioxidant response. Therefore, cardio-protective effect of wheat
phenolic/s would be correlated to the reduction of oxidative stress by
improving the cellular redox defense system through activation of Nrf-2
signaling.

The chemical structures of the phenolic acids and flavonoids de-
termine their essential reactivity towards oxidative free radicals. Wheat
phenolic acids and flavonoids contain multiple eOH groups, which help
to scavenge ROS and RNS by direct transferring of protons (Dewanjee
et al., 2017). It has been implicated that the radical scavenging effect is
proportional to the number of eOH group (Dewanjee et al., 2017).
eCOOH group can also transfer proton for radical scavenging. There-
fore, wheat phenolics may attribute cardio-protective effect via neu-
tralization/scavenging of oxidative free radicals and thereby attenuate
Dox-induced myocardial oxidative stress and associated pathological
signaling.

In our study, we have observed that, WWGPE offered better cardio-
protective effect against Dox-induced cardio-toxicity than ferulic acid
and apigenin as observed in in vitro and in vivo bioassays. In in vitro
assay, apigenin showed better protection over ferulic acid to the car-
diomyocytes against Dox-induced toxicity; while, in in vivo bioassay,
ferulic acid exhibited better cardio-protection than apigenin. The dis-
crimination between in vitro and in vivo observations would be due to
the difference in the oral bioavailability profiles between ferulic acid
and apigenin. Earlier reports advocated that ferulic acid ensured better
oral bioavailability then apigenin (Bourne and Rice-Evans, 1998; Adam
et al., 2002; Ding et al., 2014). On the other hand, WWGPE exhibited
better cardio-protective effect then both the compounds. Earlier report
revealed that antioxidant power of phenolic compounds largely de-
pends on the number of hydroxyl group (Dewanjee et al., 2017).
Clearly, WWGPE represents more hydroxyl groups than individual
phenolic components, which would be the reason of synergy of the
comprising phenolic acids and flavonoids to exhibit better protective
effect against xenobiotic-mediated oxidative stress. In addition, oral
bioavailability of wheat grain phenolics has been implicated to be su-
perior when consumed as a whole to that of comprising individual
phenolic compound (Sahu et al., 2016; Gao and Hu, 2010).

In conclusion, the present study implicated that the polyphenolic
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extract of whole wheat grains is a rich source of naturally occurring
antioxidant molecules, which play a potential role to combat against
Dox-induced cardio-toxicity by inhibiting oxidative stress, MAP kinase
activation, NF-κB pathway, PI3K/Akt/mTOR impairment, and apop-
tosis in the Dox-exposed myocardial cells (Fig. 13). Results further
implicated that, polyphenolic extract of whole wheat grains offered
better cardio-protective effect than ferulic acid and apigenin, which
were found to be most abundant phenolic acid and flavonoid in the
polyphenolic extract, respectively. Combining all, it would be accen-
tuated that supplementation of whole wheat grain polyphenolics could
ameliorate cardio-toxic adverse effect of Dox during Dox-che-
motherapy.
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