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Abstract Doxorubicin (DOX) is one of the most effective anticancer therapeutic but its use is limited by cardiotoxicity.
The generation of reactive oxygen species (ROS) and mitochondrial dysfunction have been implicated in DOX-induced
cardiotoxicity. Cardiotoxicity was induced in tumor bearing mice by a single dose of DOX (25mg/kg, i.p). Ferulic acid (FA)
(100 mg/kg p.o and 200 mg/kg p.o) was administered one hour after DOX administration. The administration of FA sig-
nificantly protected the myocardium from the toxic effects of DOX by reducing the levels of serum marker enzymes like CK
and LDH and other serum enzymes SGOT and SGPT, which were elevated during DOX induced cardiomyopathy. The level
of HDL was also significantly increased in FA administered groups compared to DOX control. FA protected the cardiac
tissues, whereas it potentiated the anticancer efficacy of DOX in tumor tissues as evident from different antioxidant enzyme
levels and the extent of lipid peroxidation. The histopathological observations also supported these results. FA effectively
protected cellular DNA in heart tissue preferentially, without offering any protection to the DNA in tumour tissues as evi-
denced from the comet assay. These results suggest that ferulic acid has a protective effect against cardiotoxicity induced by
DOX and it may, therefore improve the chemotherapeutic index of DOX.
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mechanisms, heart is particularly vulnerable to injury by
1. Introduction anthracycline — induced reactive oxygen species[8]. Anti-
oxidants have been reported to have beneficial effects
against DOX-induced cardiotoxicity in mice and rats[9] as
they protect cells and tissues from free radicals induced

Doxorubicin (DOX), an anthracyclin antibiotic, has been
found to effective in the treatment of a variety of solid tu-
mors including hemopoietic malignancies in children and .4 46 damage and injury[10].

adu.lt.s. However, its use is limited primarily due to card.io- The present study envisages exploring the effect of ferulic
toxicity following an acu'Fe dqse; as well as cumulative .4 (FA) or 4-Hydroxy-3-Methoxycinnamic Acid (Fig.1) on
doses[lJ. The (.:hronlc card19tox1c1ty 18 dose—dgpel}deqt and  DOX- induced cardio toxicity in tumor bearing Swiss albino
causes 1rrevers1ble.myocardlal damage, resultlpg in dilated  ice Phenolics are widely distributed in the plant kingdom
cardlomyopathy with fatal congestive heart failure[2]. T.he and are integral part of human diet[11]. As an antioxidant,
mechanisms proposed for cardiotoxic effects of DOX in- A play a major role in the body's defense against carcino-
clude free radical induced myocardial injury, membrane genegis by inhibiting the formation of N-nitroso com-
l1p1.d. perox1da£1on+[3], m1toch01.1dr1a1 damage[4], decreased pounds[12]. Moreover, FA is a strong scavenger of free
activity Of.Na K" ATPase[5] increase in serum tgtal cho-  radicals and it has been approved in certain countries as food
lesterol, tr1g1yf:er1des, and low dens1ty lipoproteins[6] as  ,qgitive to prevent lipid peroxidation[13]. FA possesses
well as elevation of serum enzymes like lactate dehydro- 1 gjoprotective abilities and reduces ionizing radiation in-

genase (LDH) and creatine kinase (CK)[7]. duced damages to DNA and membranes in biological sys-
Endogenous antioxidant deficits have been suggested to tems[14].

play a major role in doxorubicin- induced cardiotoxicity.
Due to the presence of less developed antioxidant defence
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2. Materials and Methods

2.1. Animals

Female Swiss albino mice, 6—8-weeks old (body weight
25-30 g), were kept under standard conditions of tempera-
ture (25 = 5°C) and humidity in the Centre’s Animal House
Facility. The animals were provided with standard mouse
chow (Sai Durga Feeds and Foods, Bangalore, India) and
water ad libitum. All experiments in this study were carried
out with the prior approval of the Institutional Animal Ethics
Committee (IAEC) and were conducted strictly adhering to
the guidelines of Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA) consti-
tuted by the Animal Welfare Division of Government of
India.

2.2. Chemicals

Ferulic acid (FA), Nitroblue tetrazolium (NBT), riboflavin,
reduced glutathione (GSH), 5-5' dithiobis-2- nitro benzoic
acid (DTNB) were purchased from Sigma Chemical Com-
pany Inc., St. Louis, MO, USA. Doxorubicin (DOX) was
purchased from Cadila pharmaceuticals Ltd., Oncocare Di-
vision, Ahmedabad, India. EDTA was from Sisco Research
Laboratories Pvt. Ltd., Mumbai, India. H,O, was from
Merck India Ltd., Mumbai, India. Thiobarbituric acid (TBA)
was purchased from Hi-media Laboratories, Mumbai, India.
All other chemicals and reagents used in this study were of
analytical grade procured from reputed Indian manufactur-
ers.

2.3. Administration of Drugs

Doxorubicin was administered intraperitoneally as a sin-
gle dose of 25mg/kg b.w. Ferulic acid dissolved in distilled
water was given to animals using oral gavage at doses of 100
mg/kg and 200 mg/kg.

Solid tumor in Animals- Solid tumor was developed in
hind limbs of mice by transplanting Dalton’s Lymphoma
Ascites (DLA) cells (1 x 10° cells/animal) through subcu-
taneous injection. The animals were provided with standard
mouse chow and water ad [libitum. The treatments were
started when the tumor size reached approximately 1.0 cm’
on the 13th day of transplantation of DLA cells. The animals
were randomly divided into 4 groups of five each and treated
as follows.

Group — I untreated control group (0.1 ml saline i.p and 0.1
ml distilled water p.o.)

Group — II DOX control, doxorubicin 25mg/kg b.w (in 0.1
ml saline 7.p as single dose).

Group — III Doxorubicin 25mg/kg b.w (in 0.1 ml saline i.p
as single dose) + Ferulic acid 100 mg/kg b.w (in 0.1 ml
distilled water p.o).

Group — IV Doxorubicin 25mg/kg b.w (in 0.1 ml saline i.p
as single dose) + Ferulic acid 200 mg/kg b.w (in 0.1 ml
distilled water p.o).

Ferulic acid was administered to Group III and I'V animals,
one hour after DOX (25 mg/kg b.w) administration.

2.4. Assessment of Toxicity on Heart and Tumor Tissues

The toxicity to cardiac and tumor tissues were monitored
by histopathological examinations, alteration in biochemical
parameters and cellular DNA damage in animals adminis-
tered with the drugs either alone or in combination. From the
animals of different groups, the blood was collected by direct
cardiac puncture under light ether anesthesia following 24 hs
of various treatment as described above and serum was
separated for the biochemical estimations. The heart and
tumor tissues were dissected, from each group and were
taken for histopathological examination. Single cell suspen-
sions of the tissues prepared in 0.1 M phosphate buffer (pH.7)
(10°cells/ml) were used to perform comet assay (Alkaline
single cell gel electrophoresis).

Biochemical parameters such as creatine kinase (CK)
lactate dehydrogenase (LDH), serum glutamate oxaloacetate
transaminase (SGOT), serum glutamate pyruvate transami-
nase (SGPT) and high density lipoprotein (HDL) were ana-
lyzed as cardiac biomarkers using diagnostic kits (Agappe
Diagnostic Pvt. Ltd., Thane, India). The oxidative damage in
cardiac and tumor tissues following various treatments were
estimated by monitoring superoxide dismutase (SOD)[15],
glutathione peroxidase (GPx)[16], reduced glutathione
(GSH)[17] and for lipid peroxidation (LPO)[18] in 10% ho-
mogenates of the tissues in PBS.

For histopathological studies, tissues were fixed in 10%
formalin and embedded in paraffin wax. Sections of 5 mi-
cron thickness were made using a microtome and stained
with haematoxylin-eosin. The histopathological examina-
tions were carried out at Sudharma Metropolis Pathological
Laboratory, Thrissur, Kerala, India.

2.5. Estimation of Cellular DNA Damage in Heart and
Tumor Tissues by Comet Assay (Alkaline Single Cell
Gel Electrophoresis)

Administration of doxorubicin to animals causes oxidative
stress in the tissues, which in turn cause damage to cellular
DNA. The damage in cellular DNA following various
treatments were estimated by alkaline comet assay or single
cell gel electrophoresis as DNA single strand breaks in heart
and tumor tissues. Alkaline single cell gel electrophoresis
was performed by modified method of Chandrasekharan et
al.[19]. Microscopic slides were coated with 200 pl of 0.8%
low melting point agarose containing 50 pl of cell suspen-
sions and the slides were incubated at 4°C. After solidifica-
tion, the slides were immersed in pre-chilled lysing solution
containing 2.5 M NaCl, 100 mM Na,EDTA, 10 mM
Tris-HCIL, pH 10, 1% DMSO, 1% Triton X and incubated for
1 hr at 4°C. After lysis, slides were drained properly and
placed in a horizontal electrophoretic apparatus filled with
freshly prepared electrophoresis buffer containing 300 mM
NaOH, 1 mM EDTA, 0.2% DMSO, pH > 13. The slides were
equilibrated in buffer for 20 minutes and electrophoresis was
carried out for 30 minutes at 20 V, 300 mA. After electro-
phoresis the slides were washed gently with 0.4 mM
Tris-HCI buffer, pH-7.4 to remove alkali. The slides were
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again washed with distilled water, incubated at 37°C for 2 hs
to dry the gel and silver staining was carried out[20]. The
comets were visualized using a microscope and the images
captured were analyzed using the software ‘CASP’ which
gives % DNA in tail, tail length, tail moment and olive tail
moment directly. The parameter, tail moment (TM) is the
product of tail length and % DNA in tail and olive tail mo-
ment (OTM) is the product of the distance between the centre
of the head and the centre of the tail and % DNA in
tail[21,22].

2.6. Statistical Analysis

The results are presented as Mean £ SD of the studied
group. Statistical analyses of the results were performed
using ANOVA with Tukey-Kramer multiple comparisons
test.

3. Results
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Figure 2. Effect of administration of ferulic acid (100mg/kg and

200mg/kg) on HDL level in doxorubicin induced cardiotoxicity. (ns indi-
cate not significant and *** indicate p < 0.001 when compared with
DOX alone treated group)

3.1. Serum Enzyme Levels

Animals treated with DOX produced significant increase
in the levels of serum enzyme levels (Table.1). A single i.p
injection of DOX significantly elevated serum SGOT, SGPT,
CK and LDH levels from 227.48+53.61 U/L, 49.41+ 6.45
U/L, 65+£12.98 U/L and 297.63 £39.58 U/dL to 4510+842.93
U/L, 156+11.52 U/L, 425.66+102.76 U/L and 3598.86 +

618.15 U/dL respectively, indicative of cardio toxicity. The
post treatment with FA (100 mg/kg b.w and 200 mg/kg b.w)
in tumor bearing animals significantly ameliorated SGOT,
SGPT, LDH and CK enzyme activities in a dose dependent
manner. Treatments with FA to DOX-challenged animals
significantly decreased (p<0.001) the activities of these
enzymes elevated by doxorubicin, though not to normal.
Animals treated with DOX produced slight difference in
HDL levels compared to untreated control. The administra-
tion of DOX and FA (200mg/Kg b.w) caused significant
increase in the level of HDL as compared to DOX control

(Fig. 2).
3.2. Biochemical Measurements and Antioxidant Status

MDA (Malondialdehyde) was measured as a marker of
lipid peroxidation and an indicator of oxidative injury. The
MDA levels in heart tissue were increased significantly in
the DOX treated group compared with the untreated control
group. The increase in MDA by DOX was significantly
attenuated by the administration of FA (Fig. 3). Different
antioxidant enzymes were examined in the heart tissue from
all the groups. The DOX-treated mice showed a significant
decrease in SOD, GPX and GSH activities compared with
the untreated control (Table. 2). The decrease in activities of
SOD, GPX and GSH due to doxorubicin was attenuated by

n moles/mg protein
o

i

Control

DOX 25mg/ kg Dox+FA 100 Dox+ FA 200

Treatments
Figure 3. Effect of administration of ferulic acid on doxorubicin- induced
lipid peroxidation (MDA formation) in heart tissues of mice. (** indicate
p<0.01 and *** indicate p<0.001 when compared with the DOX
alone treated group)

Table 1. Effect of ferulic acid on serum marker enzymes in doxorubicin induced cardio toxicity in mice. values are expressed as mean + sd (n = 5). Data
were analyzed by using one-way anova followed by Tukey multiple comparison test. ‘a’ represents p< 0.001 vs DOX control.
Treatment SGOT (U/L) CK (U/L) LDH(U/dl) SGPT(U/L)
Control 227.48+53.61 65+12.98 297.63+39.58 49.41+£6.45
DOX (25mg/ kg) 45104+842.93 425.66£102.76 3598.86+618.15 156+11.52
DOX +FA (100 mg/ kg) 1650+588.64° 263.77+15.6° 2609.28+206.7° 7246.22°
DOX +FA (200 mg/ kg) 1272.44+337.04° 153.3£11.23° 1725.64+205.27° 62.62+12.12°

Table 2. Effect of post administration of FA on doxorubicin induced depletion of GPx, GSH, and SOD levels in heart tissue of tumor bearing mice. Values
are expressed as mean + sd (n = 5). Data were analyzed by using one-way anova followed by Tukey multiple comparison test. * a’ represent p< 0.01 vs DOX
control; ‘b’ represent p< 0.001 vs DOX control

Treatment GPx(Unit/mg protein) GSH (n moles/mg protein) SOD (Unit/mg protein)
Control 40.98+ 4.99 27.46+2.45 1.414+0.01
DOX (25mg/ kg) 22.96+2.82 11.17+0.32 0.32+0.06
DOX +FA (100 mg/kg) 31.2844.11° 14.57+1.89° 0.54+0.18*
DOX +FA (200 mg/ kg) 34.£2.17° 18.82+1.02° 0.91+0.05°
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In tumor tissues the MDA levels were increased signifi-
cantly in the DOX treated group compared with the untreated
control group. The post administration of FA along with
DOX effectively potentiated the formation of MDA in a
significant manner (Fig.4). The antioxidant enzymes such as
GPx, SOD and GSH activities in the tumor tissues were
significantly reduced in the DOX and ferulic acid treated
group when compared to the respective control (Table. 3).
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Figure 4. Effect of administration of Ferulic acid on doxorubicin- induced
lipid peroxidation (MDA formation) in tumor tissues of mice. (*** indi-
cate p<0.001 when compared with the DOX alone treated group).

Table 3. Effect of p.o administration of ferulic acid on doxorubicin in-
duced depletion of GPx, GSH and SOD levels in tumor tissues of mice.
values are expressed as mean =+ sd (n = 5). Data were analyzed by using
one-way anova followed by Tukey multiple comparison test. ‘a’ represent
p< 0.01 vs DOX control ; ‘b’ represent p< 0.001 vs DOX control ;
‘c’represent p< 0.05 vs DOX control

. GSH (n SOD
Treatment GPx (Ur%lt/mg moles/mg (Unit/mg
protein) . .
protein) protein)
Control 27.83£3.42 19.74+£1.86 4.016+0.10
DOX(25mg/ kg) 22.46+2.97 16.63+0.89 2.58+0.68
DOX +FA
+2.67° +1.83¢ + ¢
(100 mg/ ke) 16.16+2.67 13.75+1.83 1.85+0.28
DOX +FA . . )
+ + +
(200 mg/ kg) 14.5+2.76 11.44+£1.69 1.24+0.19
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Figure 5. Histopathology. Representative sections of heart tissue of tumor

bearing mice (A) untreated (B) DOX 25 mg/kg (C) DOX+FA 100 mg/kg
and (D) DOX+FA 200 mg/kg

3.4. Morphological Study

Histopathological examination of the heart tissues of
normal animals showed clear integrity of myocardial cell
membrane (Fig. 5 A), and no inflammatory cell infiltration
was seen. Light microscopic examination of hearts stained
with hematoxylin and eosin of the control and FA-treated
animals displayed a normal morphological appearance.
Whereas the hearts of the DOX-treated animals showed
myocardial degeneration including the loss of myofibrils,
focal cytoplasmic vacuolization and endocardium appear
disrupted in some places (Fig. 5 B). In tumor bearing mice
treated with FA and DOX, a significant reduction in the
severity of myocardial degeneration was observed (Fig. 5 C
and D).

The histopathological examination of tumor tissues is
detailed in the figure 6. Tumor tissues of control animals
showed compact arrangement of carcinomatous cells having
clear cytoplasm and hyperchromatic nuclei. Whereas the
DOX treated animals showed many degenerating cells,
stroma showed extensive areas of necrosis and haemorrhage.
Tumor bearing animals administered with FA and DOX,
showed a significant increase in the number of degenerating
cells. Stroma showed extensive areas of necrosis, cellular
integrity was lost in many regions. The results showed that
FA potentiates the cytotoxic action of doxorubicin in tumor
cells.

Figure 6. Histopathology. Representative sections of tumor tissue of
tumor bearing mice (A) untreated (B) DOX 25 mg/kg (C) DOX+FA 100
mg/kg and (D) DOX+FA 200 mg/kg

3.5. Estimation of Cellular DNA Damage in Heart and
Tumor Tissues of Tumor Bearing Mice

The administration of DOX caused damage to the cellular
DNA in both tissues such as heart (Fig. 7) and tumor (Fig. 8)
as evident from the increase in the comet parameters. In heart
tissues, tail DNA %, tail length, tail moment and Olive tail
moment were increased from 3.51+0.67, 3.30+0.79,
0.20+0.06 and 0.23+0.09 to 8.15+1.52, 8.61+1.83, 1.19+0.19,
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0.95+£0.11 in the control DOX- treated group. When 100
mg/kg body weight of FA was administered orally one hr
after DOX- administration, there was significant decrease in
the comet parameters in heart tissue, as can be seen in Fig.7.
The parameters such as % DNA in tail, tail length, tail mo-
ment and olive tail moment were brought down to levels of
6.13+0.62, 6.37+1.11, 0.90£0.25 and 0.76+0.15 respectively
(P<0.001). While, 200mg/kg body weight of FA signifi-
cantly decreased the comet parameters to 4.58+0.34,
3.51+0.89, 0.45+0.16 and 0.46+0.12 showing cardio protec-
tion (P<0.001). The results clearly indicated the ability FA to
offer protection to cellular DNA against DOX- induced
cardiomyopathy.

In tumor tissues, administration of DOX caused DNA
damage and percentage DNA in tail, tail length, tail moment
and Olive tail moment were increased from 4.47+ 0.90, 3.50
+1.02, 0.16 £ 0.02 and 0.26 + 0.06 to 5.39 + 0.79, 5.94 +
0.52, 1.37 £ 0.12 and 0.96 + 0.25 in the DOX treated group
(Fig.8). The comet parameters like tail DNA %, tail length,
tail moment and Olive tail moment were increased to 6.13 £+
0.35,6.8+£0.24, 1.68 + 0.09 and 1.93+ 0.15 in the DOX with
FA (100 mg/kg body weight) treated group. When 200mg/kg
body weight of FA along with DOX significantly enhanced
the comet parameters to 7.55 £ 0.11, 7.66+ 0.05, 1.92 +0.08
and 1.93 + 0.15 showing the antitumor activity of FA.

4. Discussion

Several studies have demonstrated the generation of a
cascade of reactive oxygen species (ROS) such as O,—,-OH
and H,0,, which are implicated in the DOX- induced car-
diotoxicity[23,24]. The semiquinone form, produced by the
reduction of DOX by several endogenous enzymes, gener-
ates O,— radical by transferring electrons to molecular oxy-
gen. The superoxide radicals are rapidly transformed, either
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spontaneously or enzymatically, into other forms of ROS
such as ‘OH and H,0,[25]. Among the postulated mecha-
nisms of doxorubicin cardiomyopathy, include radical for-
mation with lipid peroxidation, depletion of cardiac reduced
glutathione, inhibition of cardiac coenzyme Q¢ and a de-
crease in cardiac adenylate charge. A number of measures to
protect against cardiomyopathy have been investigated. Of
these, the most encouraging ones are concurrent administra-
tion of vitamin E, coenzyme Qy, N-acetylcysteine, cys-
teamine, razoxane (ICRF 159) and its isomer, ICRF 187, and
administration of doxorubicin by continuous intravenous
infusion or within liposomal carriers[26].

The results of the present study indicate that i.p injection
of DOX at a dose of 25 mg /kg b.w, induced oxidative stress
in cardiac tissues as manifested by elevated serum LDH and
CK levels. These enzymes are mostly considered as impor-
tant markers of early and late cardiac injury especially during
clinical follow-up of doxorubicin therapy. Many previous
studies have demonstrated similar elevations in cardiac en-
zymes activities in rats following challenge with a single
cumulative dose of doxorubicin[27-30]. Administration of
FA, significantly protected mice from DOX-induced ele-
vated levels of LDH and CK. The levels of serum SGOT and
SGPT were also elevated in DOX treated animals and ad-
ministration of FA significantly reversed the levels of these
enzymes when compared to DOX alone treated control
animals. The increased elevation of SGOT and SGPT levels
in serum could result from tumor cell production and there-
fore be a tumor marker. The elevated SGOT and SGPT lev-
els indicate abnormal liver function secondary to tumor
growth[31]. Increase in the level of HDL indicates that
doxorubicin may be interfering with metabolism or biosyn-
thesis of lipids[32]. Post-treatment with FA following DOX
administration showed significant increase in HDL choles-
terol.
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Figure 7. Effect of Ferulic acid (100 mg/kg and 200 mg/kg) on DNA damage in mice cardiomyocytes induced by administration of
doxorubicin (25mg/kg) assessed by comet assay. Percentage DNA in tail, tail length, tail moment and olive tail moment is presented as
mean + sd (*** indicate p < 0.001 when compared with DOX alone treated group)
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Figure 8. Effect of Ferulic acid (100 mg/kg and 200 mg/kg ) on DNA damage in tumor tissues of tumor bearing mice induced by ad-
ministration of doxorubicin (25mg/kg) assessed by comet assay. Percentage DNA in tail, tail length, tail moment and olive tail moment is
presented as mean + sd (*** indicate p < 0.001 when compared with DOX alone treated group)

Doxorubicin administration induced oxidative stress in
cardiac tissues as manifested by the alterations observed in
cardiac antioxidant defense systems both enzymatic and
non-enzymatic. From the present study, it is clear that DOX
significantly reduced the cardiac GSH content, besides it
notably lowered the cardiac enzymatic activities of SOD and
GPx associated with a marked increase in cardiac lipid per-
oxidation as manifested by increased MDA level. Admini-
stration of both the doses of 100 mg/kg and 200 mg/kg of FA
inhibited the DOX induced consequences and significantly
increased the antioxidant enzymes SOD and GPx. In addi-
tion, the enhancement in cardiac GSH status and decrease in
tissue MDA levels, indicated a significant reduction in the
extent of cellular oxidative damage by FA. Moreover the
histopathological reports suggest that post-treatment of FA
greatly inhibited the DOX induced changes in cardiac tissue
supporting the protective action of FA against DOX induced
cardiotoxicity.

The induction of oxidative damage by DOX results in
extensive damage to cellular DNA as revealed in comet
assay. Here, a greater portion of DNA has fragmented and
migrated sufficiently to make the long tail. Due to severe
myocardial infarction the cellular DNA undergoes damage,

as reflected in the increase in comet parameters (tail length, %

DNA in tail, tail moment and olive tail moment) in DOX
treated groups. Post administration of FA decreased the
comet parameters indicative of its protecting ability.

A main prerequisite for any compound to be used as a
cardioprotective agent during the treatment of cancer is that
it should not interfere with the antitumor activity of the
chemotherapy. Several studies in animals and humans con-

firmed that FA demonstrates anticancer properties[33,34].
The MDA levels of tumor tissues in FA and DOX treated
animals showed an increase in the level when compared to
the untreated control animals. The antioxidant levels in tu-
mor tissues were also found to be significantly reduced by
the administration of doxorubicin and ferulic acid. The
comet assay analysis showed that DNA damage was sig-
nificantly enhanced in the tumor tissues revealing the anti-
tumor potential of the combination treatment.

5. Conclusions

Administration of Ferulic acid after DOX treatment in
tumor bearing Swiss albino mice restored all the biochemical
parameters altered by this cytotoxic anticancer drug to near
normal levels in the cardiac tissue. FA prevented the DOX
induced myocardial toxicity by boosting the endogenous
antioxidant activity, lowering the cardiac biomarker en-
zymes (CK and LDH) and preventing the degeneration of
cardiac tissue. Further, the combination treatment showed
greater antitumor activity as seen from the antioxidant en-
zyme levels, extent of membrane lipid peroxidation, DNA
damage (comet assay) and histopathological analysis. The
combined treatment of DOX and FA holds promise as a safe
and effective chemotherapeutic strategy.
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