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Abstract

In the present study, the preventive effects of orally administered disulfiram (DS) against the doxorubicin (DOX)-induced
cardiotoxicity were investigated in rats. DS was orally administered for 7 days at doses of 2, 10, and 50 mg/kg/day. DOX
(30 mg/kg) was intraperitoneally administered on the 5th day of the initiation of DS treatment. Within 48 h of injection, DOX
treatment significantly altered ECG, elevated the ST height, and increased the QT and QRS intervals. It reduced the cardiac
levels of injury markers like creatine kinase isoenzyme-MB and lactate dehydrogenase. DOX elevated the serum levels of
SGOT and nitric oxide. Its injection significantly induced lipid peroxidation in the cardiac tissue and reduced the activities
of innate antioxidants like super oxide dismutase, catalase, and reduced glutathione in the cardiac tissue. DOX treatment
raised the TNF-a level and caused histological alterations in the myocardium like neutrophil infiltrations, myonecrosis, and
edema. Pre-treatment of rats with DS (2, 10, and 50 mg/kg p. o. for 7 days) prevented the ECG changes, minimized oxida-
tive stress, and normalized the biochemical indicators of the DOX-induced cardiotoxicity. DS also protected rat heart from
DOX-induced histological alterations. Recently, DS is reported to exert chemosensitization of cancer cells. Our in vitro
investigation using MCF7 cell line revealed that DS reverses the DOX-induced suppression of NF-kB and Nrf2 expression.
These findings about the protective activity of DS against the DOX-induced cardiotoxicity warrant a detailed investigation
on its utility as an adjunct therapy to cancer chemotherapy.
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Introduction
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dose-dependent and severe multi-organ toxicities. Differ-
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drug used in the treatment of metastatic breast cancer [3].
However, DOX exerts dose dependent cardiotoxicity and this
adverse effect limits its therapeutic usefulness. It is unequiv-
ocally proved, even clinically, that the cardiomyopathy asso-
ciated with the cumulative doses of DOX leads to potentially
fatal congestive heart failure [4]. Due to cardiotoxicity, the
recommended maximum dose of DOX is limited to 450 g/
m?. At doses beyond this limit, DOX is reported to induce
substantial cardiotoxicity [5]. The underlying mechanisms
for these devastating adverse effects include mitochondrial
damage, free radical generation, and inhibition of the DNA
and protein synthesis along with inhibition of the myofi-
bril regeneration [6]. DOX-induced myocardial damage
also involves activation of the intrinsic apoptotic pathway
[7]. The generation of free radicals is the most frequently
reported mechanism of DOX-induced cardiomyopathy [8].

Disulfiram (DS) is routinely used to create alcohol aver-
sion in alcohol dependents and addicted patients. DS was
discovered in 1920s and it has been in use for the treat-
ment of alcohol dependence since 1940s. It is the first FDA-
approved drug in the treatment of alcohol dependence [9].
DS is a potent inhibitor of aldehyde dehydrogenase, an
enzyme responsible for the conversion of alcohol into acetal-
dehyde. DS is also reported to exert organ protective effects
in experimental studies. It exerts cardioprotection against the
ketamine and prevents the myocardial damage through inhi-
bition of oxidative stress [10]. DS protects the liver from the
paracetamol-induced toxicity by inhibiting cytochrome P450
enzymes and thereby reducing the formation of toxic metab-
olites of paracetamol [11]. DS is shown to exert protection
against the cyclophosphamide-induced urinary bladder hem-
orrhagic cystitis. DS reduces the cyclophosphamide-induced
inflammatory and edematous alterations, prevents the dam-
age of the epithelial lining, lamina propria and muscularis
of the bladder. It is important to state here that DS doesn’t
alter the anticancer properties of cyclophosphamide and still
confers protection to the urinary bladder [12]. The ability of
DS to protect pancreatic tissue from alloxan-induced oxida-
tive stress and damage in rats is also reported [13].

Recent investigations have projected DS as an anticancer
and a chemosensitizing agent. DS has been reported to exert
chemosensitizing effects through multiple mechanism. In
the prostate cancer, the tumor suppressor estrogen b recep-
tors (ER-B) having the growth regulatory effects are epi-
genetically repressed by the hypermethylation of the pro-
moter related to this receptor. An enzyme responsible for
hypermethylation-DNA-methyltransferase (DNMT) is over
active in the cancer cells. Inhibition of the DNMT leads
to re-expression of the tumor suppressors. DS inhibits the
DNMT enzyme and thereby inhibits the proliferation of the
prostate cancer cells. This effect is selective for the cancer
cells in comparison to normal cells [14]. Several studies
have indicated that DS and its metabolites potentiate the
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effects of alkylating agents [15, 16]. Further, DS inhibits
the maturation of the p-glycoprotein and increase sensitiv-
ity of p-glycoprotein transfected cells to vinca alkaloids
[17]. DS and its metabolite, diethyldithiocarbamate, inhibit
the NF-kB activation, induce G1/S arrest and apoptosis in
human hepatoma HepG?2 cells [18].

The copper complex of DS acts as a proteasome inhibi-
tor and has been shown to induce chemosensitization [19].
A phase-IIb clinical trial on the use of DS in a combination
regimen of cisplatin and vinorelbine concluded that DS pro-
longs the life of patients of metastatic non-small cell lung
cancer [20]. Apart from these encouraging clinical results,
DS is reported to exert antineoplastic effect by inhibiting
the activation of transcription factor/cyclic-AMP-responsive
element binding protein [21]. These reports indicate that
DS exerts anticancer as well as chemosensitizing actions
and also possesses organ protective potentials. There is a
need of further substantiation of its organ protective effica-
cies against the characteristic and specific organ toxicities of
chemotherapeutic agents. In present study, we investigated
the effects of pre-treatment with DS on the DOX-induced
cardiotoxicity in rats.

We carried out a pilot study to determine the dose range
for DS to be used in the present study. We tested the cardio
protective effect of 7 days oral pre-treatment of DS (25, 50,
and 100 mg/kg/day) against the intraperitoneally injected
DOX (30 mg/kg) in rats. Karamanakos et al. [22] used a
similar dose range for DS to investigate the aldehyde dehy-
drogenase inhibitory activity and the neurotoxicity of DS in
rats. In our pilot study, we found that only 25 and 50 mg/kg
doses exerted cardioprotective effects and 100 mg/kg dose
of DS worsened the cardiotoxicity induced by DOX. Even
the group of rats that received only 100 mg/kg of DS for 7
days revealed mild cardiac toxicities in terms of histologi-
cal alterations. Hence, for the main study, we selected lower
doses of DS as 2, 10 and 50 mg/kg/day.

Materials and Methods
Chemicals

Disulfiram was procured as a pure chemical from Unidrug
Innovative Pharma Technologies Ltd., Indore, India. The
purity of disulfiram was 99.7%. Doxorubicin lyophilized
Powder (Batch# LDXB60608, Khandelwal laboratories,
India), Creatine Kinase MB kit (Aspen Lab. India), Lac-
tate Dehydrogenase and SGOT kit (ERBA diagnostics Ger-
many), 5-5-dithio bis-(2-nitrobenzoic acid) and thiobarbitu-
ric acid (Loba Chemicals Pvt. Ltd.), Nitro blue tetrazolium,
carboxymethyl cellulose (CMC) were bought from local
vendors and Sigma Aldrich, USA as available.
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Animals

Male Wistar rats (190-200 g) were acquired from the cen-
tral animal house facility of R.C.Patel Institute of Phar-
maceutical Education and Research, Shirpur, India. The
animals were kept under standard conditions (12 h light
and 12 h dark cycles) at 22 +2 °C with a relative humidity
of 40-80%. They were fed a standard laboratory diet and
water ad libitum. The animals were maintained in compli-
ance with the guidelines of Committee for the Purpose of
Control and Supervision of the Experiments on Animals
(CPCSEA) established under the prevention of the cru-
elty to animals Act, 1960, Ministry of Environment and
Forests, Government of India. The experimental protocols
were permitted by the Institutional Animal Ethics Com-
mittee of R.C.Patel Institute of Pharmaceutical Educa-
tion and Research, Shirpur, Maharashtra, India (Protocol
approval # IAEC/CPCSEA/RCPIPER/2017-15).

Experimental Protocol for DOX-Induced Cardiac
Toxicity in Rats

DOX was dissolved in the normal saline and was intra-
peritoneally injected at 30 mg/kg dose. DOX injection was
given on the 5th day of the study schedule [23].

Experimental Design

Total 36 rats were randomized and allotted to six groups
each containing six rats. The groups and respective treat-
ments were as follows:

Normal group: received 0.5 ml/day of 0.5% CMC solu-
tion by oral gavage.

DOX control group: received doxorubicin (30 mg/kg
i.p.).

DS (2), DS (10), and DS (50) groups: received DS at
2, 10, 50 mg/kg/day by oral route for a period of 7 days as
a suspension in 0.5% CMC by oral gavage. These groups
were injected with a single dose DOX (30 mg/kg i.p.) on
the 5th day.

DS-alone: received DS at 50 mg/kg/day by oral gavage as
2 0.5% CMC suspension for a period of 7 days.

After 48 h of the DOX injection, hemodynamic, and
electrocardiographic parameters were recorded for all the
groups. The blood samples were collected under a mild
anaesthesia and then the rats were sacrificed for isolation
of the hearts. A part of the isolated heart from each rat was
preserved in 10% formalin for histopathology investigations.
The heart tissue homogenates were used for the estimations
of the cardiac injury markers, and the extent of oxidative
stress.

Surgical Procedures for Recording
the Hemodynamic Parameters

Rats were anaesthetized by intraperitoneal injection of 1 g/
kg of urethane and placed in the supine position on a wooden
board. The ECG was recorded continuously through three
lead skin electrodes, with two electrodes towards the heart
on right and left forelimbs and the neutral 3rd electrode on
the hind limb facing the heart [24]. These electrodes were
connected to the data acquisition system (PowerLab, AD
Instruments, and Australia). After recording the ECG, the
right carotid artery was cannulated with a polyethylene
tube (internal diameter 0.30 mm; outer diameter 0.40 mm)
attached to a three way cannula filled with heparinized saline
solution and linked to the pressure transducer of the data
acquisition system (PowerLab Data acquisition system with
LabChart 5.0 software). The systolic, diastolic, and mean
arterial pressures were recorded [25].

Estimation of Cardiac Injury Markers

A 10% tissue homogenate of each isolated heart was pre-
pared using ice-cold 50 mM phosphate buffer saline (pH
7.4). The homogenate was centrifuged at 2000xg for 20 min
at 4 °C and the aliquots of the supernatant were used to
estimate creatine kinase and lactate dehydrogenase using
commercially available kits.

Estimation of Oxidative Stress

The extent of oxidative stress in the myocardial tissue across
different groups was estimated in terms of the thiobarbituric
acid reactive substances, reduced glutathione, along with the
activities of catalase and superoxide dismutase.

Estimation of Extend of Lipid Peroxidation (LPO)

The heart homogenate samples were treated with 3.0 ml of
1% phosphoric acid solution and 1.0 ml of aqueous solution
of 0.6% thiobarbituric acid. The reaction mixture was heated
at 80 °C for 45 min, cooled in an ice bath and extracted with
4.0 ml of n-butanol. The n-butanol layer was separated and
the absorbance of the pink complex formed was estimated at
532 nm as an indicator of extend of lipid peroxidation [26].

Estimation of Reduced Glutathione (GSH)

The GSH content in the heart tissue homogenates was deter-
mined by treating the homogenate with DTNB method [27].
Briefly, 20 pl of tissue homogenate was treated with 180 ul
of 1 mM DTNB solution at room temperature. The optical
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density of resulting yellow color was measured at 412 nm
using a microplate spectrophotometer (Powerwave XS,
Biotek, USA).

Determination of the Catalase Activity

As reported by Gore et al. [28], the heart homogenate (20 ul)
was added to 1 ml of 10 mM H,O, solution in the quartz
cuvette. The reduction in optical density of this mixture was
monitored using microplate spectrophotometer in UV mode
at 240 nm. Rate of decrease in the optical density across
3 min from the addition of heart homogenate was taken as an
indicator of the catalase activity present in the homogenate.

Estimation of Superoxide Dismutase (SOD) Activity

The heart homogenate (20 ul) was added to a mixture of
20 pl of 500 mM/1 of Na,COj;, 2 ml of 0.3% Triton X-100,
20 uL of 1.0 mM/1 of EDTA, 5 ml of 10 mM/1 of hydroxy-
lamine, and 178 ml of distilled water. To this mixture, 20 pl
of 240 uM/1 of NBT was added. The optical density of this
mixture was measured at 560 nm in kinetic mode for 3 min
at 1 min intervals. The rate increase in the optical density
was determined as indicator of the SOD activity [26].

Estimation of Nitric Oxide

The tissue homogenate was mixed with 50 pl of Griess rea-
gent and the absorbance was determined at 540 nm using
Power wave XS microplate spectrophotometer (Biotek,
USA). Sodium nitrite was used as a standard for preparation
of calibration curve. The NO concentration was expressed
as uM/1 of NO [29].

Estimation of Aspartate Amino Transferase

The heart homogenates were mixed with 100 ul of work-
ing reagent provided in commercial kit (ERBA diagnostics,
Germany), and incubated at 37 °C for 5 min. After incuba-
tion absorbance was measured at 340 nm and calculated, the
mean absorbance change per minute [30].

Estimation of Release of TNF-a

The concentrations of TNF-a in heart tissue homogenate
was determined according to the manufacturer’s protocol
using ELISA kits.

Histological Examination

The myocardial tissues were fixed in buffered formalin

solution and embedded in paraffin. Serial sections (4 um)
were cut using microtome. The sections were stained with
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haematoxylin and eosin. Sections were examined under the
light microscope (Besto Microscopes, India) and photo-
graphs were taken. The pathologist evaluating the micros-
copy photographs was blinded to the treatments. The pathol-
ogist evaluated the sections by histology scoring system.

Cell Culture and Reagents

The breast cancer cell line MCF-7 was cultured in DMEM
media, supplemented with 10% FBS, 1.5 mM L-glutamine
and 1% antibiotic (100 U/ml of penicillin, 10 mg/ml of strep-
tomycin) in a humidified atmosphere of 5% CO, at 37 °C. A
10 uM stock of Doxorubicin was prepared in distilled water
and 10 uM Disulfiram was prepared in DMSO. After cells
reached 60-70% confluency, DOX, DS, and their combina-
tion treatment was done for 48 h (in case of combination
treatment, first the cells were pre-treated with DS for 6 h
and then DOX was added and allowed the cells to grow
for another 48 h). For western blotting, primary antibody
against NFxB (anti-NFxB) (#8242) antibody was from Cell
Signaling Technology (MA, USA); anti-NRF2 (sc-722) and
anti-GAPDH (sc-25778) antibody were perched from Santa
Cruz Biotechnology and Anti-mouse IgG (#7076), Anti-
rabbit IgG (#7074) were from Cell Signaling Technology.

MTT Assay

Anchorage dependent viability of cells after treatment with
agents was measured as described earlier [31]. In brief,
8000-10,000 cells were seeded in duplicate and grown to
60-70% confluence. Then, cells were exposed to different
concentrations of DOX and DS and their combination for
48 h. After treatment, MTT was added and incubated over-
night. After the formation of purple formazan crystals, the
color intensity was measured spectrophotometrically using a
microplate reader (Berthold, Germany) at 570 nm. The data
were calculated and presented as percent viability compared
to the untreated control.

Western Blotting

Western blotting was performed according to the proto-
col referred earlier [32]. Approximately, 5 10° grown
cells were treated with DOX, DS and their combination,
respectively, as aforementioned. Then, cellular lysates were
prepared using modified RIPA lysis buffer, and 60 pg of
proteins were loaded and separated on 10% SDS-PAGE
gel electrophoresis. Proteins were transferred onto PVDF
membrane, and western blotting was performed using anti-
NF-kB, anti-NRF2, anti-GAPDH, antibody using the manu-
facturer’s protocol. The numerical values above each panel
of protein represents the band intensity measured using a
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UVP GelDoc-It® 310 Imaging system (UVP, Cambridge,
UK).

Statistical Analysis

Data were expressed as mean + standard error mean (SEM)
for each group. Statistical analysis was performed using the
one way analysis of variance (ANOVA) followed by Bon-
ferroni’s post hoc test with comparison of all column pairs.
The data were analyzed using a graph pad, prism software,
version 6.0, USA. The value of p <0.05 was considered as
a significant.

Results

Effect of DS on the ST-Height Alterations Induced
by DOX Cardiotoxicity

ECG patterns and averaged waveforms were found to be
irregular in DOX-treated rats as compared to normal rats as
given in Fig. 1. In DOX-treated rats, there was a significant
rise in the ST height up to 0.1 +0.003 mV and a rise in the
QRS interval 0.016+0.001 as compared with the normal
rats having average ST height of 0.06 +0.003 mV and QRS
interval of 0.011 +£0.006 s. The pre-treatment with DS at 2,
10, and 50 mg/kg doses reduced the DOX-induced rise in
the ST-height and also reduced the QRS interval. The aver-
age ST height in the DS-treated rats was different from that
of the control group. The effect DS at the dose of 50 mg/kg
was more prominent (0.062 +0.005 mV). DS alone did not
affect the ST-height and QRS levels.

Fig. 1 Effect of DS on the
DOX-induced ECG altera- A
tions. (A) Normal rats, (B) DS

control, (C) DS (2) + DOX,

(D) DS (10)+DOX, (E) DS

(50)+DOX, (F) DS alone, (G) B
ST-height, (H) QRS interval.

Data were analyzed by one way

analysis of variance (ANOVA) C
followed by Dunnett’s post hoc

test. #¥p <0.001 as compared
with normal rats, *p <0.05,

*#%p <0.001 as compared with D
doxorubicin treated rats
E
F

Effect of DS on Arterial Pressure and Heart Rate
in DOX-Induced Cardiotoxicity in Rats

DOX-treated rats had a significant upsurge in the systolic
arterial pressure, diastolic arterial pressure, mean arte-
rial pressure and heart rate as compared to the normal rats
(»<0.001). Seven days treatment with the DS at doses of
2, 10, and 50 mg/kg reduced the DOX-induced rise in the
systolic, diastolic and mean arterial pressure and heart rate.
DS treatment significantly inhibited the effects of DOX on
the hemodynamic parameters (p <0.001). These effects of
DS were dose dependent and maximum protection observed
at the dose of 50 mg/kg is given in Fig. 2.

Effect of DS on CK-MB and LDH in DOX-Induced
Cardiotoxicity in Rats

A significant decline in the myocardial injury marker
enzymes, CK-MB isoenzyme, and LDH was detected in the
DOX-treated rats (p <0.001) as compared to normal group
(Fig. 3). All the tested doses of DS significantly attenu-
ated the DOX-induced depletion of myocardial enzymes
(»<0.001). DS at 50 mg/kg dose exerted maximum pro-
tection against DOX-induced alterations in the myocardial
injury markers.

Effect of DS on Reactive Oxygen Species
in DOX-Induced Cardiotoxicity in Rats

We used the heart homogenate to estimate the extent oxi-
dative stress and. DOX induced a state of marked oxida-
tive stress as evident from a significant increase in MDA

ST Height (mV)

#i#

*kk

QRS Interval (s)
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Fig.2 Effect of DS on DOX-

induced hemodynamic changes.

a Systolic arterial pressure, b
Diastolic arterial pressure, ¢
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Mean arterial pressure, d Heart
rate. Data were analyzed by

SAP (mmHg)

one way analysis of variance 501
(ANOVA) followed by Dun-
nett’s post hoc test. ##p <0.001 §

as compared with normal rats,
#p <0.05, ***p <0.001 as &
compared with doxorubicin ’
treated rats
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Fig.3 Effect of DS on the toxicity markers in DOX-induced cardiac
toxicity in rats. a CK-MB, b LDH. Data were analyzed by one way
analysis of variance (ANOVA) followed by Dunnett’s post hoc test.

level (75.42+9.20 mg/g of wet tissue) and a significant
decrease in the GSHup to 3.428 +0.5122 mg/g of wet tis-
sue (p<0.001). The activities of SOD (9.408 +1.184 U/
mg of protein) and catalase (7.481 + 1.495 U/g of protein)
in the heart tissue homogenates of DOX receiving rats
was significantly lower than the normal rats (p <0.001).
The DS treatment protected the rat hearts from the lipid
peroxidation induced by DOX. In tune with the reduced
lipid peroxidation, there was a significant rise in the GSH
levels and the activities of catalase and SOD in the rats
receiving DS (Fig. 4). The treatment with DS alone did
not alter the oxidative stress significantly.
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compared with doxorubicin treated rats

Effect of DS on Nitric Oxide and SGOT
in DOX-Induced Cardiotoxicity in Rats

DOX injection significantly increased the serum
nitric oxide (756.6 +46.54 uM/1) and SGOT levels
(182.6 +5.58 U/l) as compared to normal rats (NO:
418.6 +52.50 uM/1; SGOT: 79.81 +4.46 U/1) and prior
treatment of rats with DS attenuated these changes sig-
nificantly and dose dependently (p <0.001). At the dose
of 50 mg/kg per day, DS-alone did not affect the levels of
nitric oxide and SGOT (Fig. 5).
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Fig.4 Effect of DS on reactive

oxygen species in DOX-induced —
cardiac toxicity rats. a SOD, E
b MDA content, ¢ GSH and d £
catalase. Data were analyzed s
by one way analysis of variance g
(ANOVA) followed by Dun- S
nett’s post hoc test. ##p <0.001 8
as compared with normal rats, L
*p<0.05, ***p <0.001 as
compared with doxorubicin
treated rats
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Fig.5 Effect of DS on NO and
SGOT in DOX-induced cardiac
toxicity in rats. a Nitric oxide, iiid
b SGOT. Data were analyzed
by one way analysis of variance
(ANOVA) followed by Dun-
nett’s post hoc test. *##p <0.001
as compared with normal rats,
*p<0.05, #**p <0.001 as
compared with doxorubicin
treated rats
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Effect of DS on the Release of TNF-a in DOX-Induced
Cardiotoxicity in Rats

DOX significantly increased the levels of TNF-a
(134.4+9.79 pg/mg of protein) in the heart tissue homoge-
nate as compared to the normal rats (88.99 +2.214 pg/mg of
protein, p <0.001). All the tested doses of DS reduced the
DOX-induced TNF-a elevation. The highest dose of 50 mg/
kg of DS-alone did not affect the TNF-a level in heart tissue
given in Fig. 6.

Effect of DS on the Histology in DOX-Induced
Cardiotoxicity in Rats

The DOX administration induced inflammatory changes in
the myocardium and there was edema, infiltration of neu-
trophils and other inflammatory cells (Fig. 7). The Table 1
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represents the extent of these inflammatory changes and
infiltrations. The 50 mg/kg dose of DS reduced the neu-
trophil infiltration in to the myocardium. The group treated
with DS-alone did not have any signs of toxicity and had a
normal microstructure.

DS Prevents DOX-Induced Cell Death in MCF-7 Cell
Line

To check the cytotoxic effect of DOX in MCF-7 cells,
we performed an MTT cell viability assay. For this, cells
were treated with an increasing concentration of DOX
(0-250 nM) for 48 h and then the viability was determined.
A dose dependent reduction of the cell viability with ICs,
(50% cell death) of 170 nM (91.9 ng/ml) was noticed
(Fig. 8a). Next, we checked the cell viability after treat-
ing with increasing concentrations of DS (0-1000 nM) for
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200+

150+

100-

TNF-a (pg/mg of protein)

Fig.6 Effect of DS on TNF-a in DOX-induced cardiac toxicity in
rats. Data were analyzed by one way analysis of variance (ANOVA)
followed by Dunnett’s post hoc test. ##p <0.001 as compared with
normal rats, *p<0.05, ***p<0.001 as compared with doxorubicin
treated rats

48 h and we got a 50% cell death (ICs, value) at 480 nM
(144 ng/ml). In combination treatment, cells were pre-
treated with a fixed concentration of DS (300 nM, 90 ng/
ml) for 6 h and then medium was aspirated and increasing
concentrations of DOX were added in each concentration
of DS and incubated for another 48 h. In this case, the
IC4, value was found to be 310 nM (167.6 ng/ml of DOX)
which is much lower than DS-treated cells, but higher than
the individual treatment of DOX (Fig. 8a).

Fig. 7 Effect of DS on histo-
pathology in DOX-induced
cardiac toxicity in rats. a
Normal rats, b DS control, ¢ DS
(2)+DOX, d DS (10)+DOX,

e DS (50)+DOX, f DS alone.
The green arrows indicates neu-
trophil infiltrations, myo-edema
and myonecrosis

DS 10 mg/kg + DOX
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To confirm the enhanced cell viability in DS-treated cells,
we further carried out western blot of NFxB and Nrf2 after
the treatment of DOX, DS, and their combination treatment
(DS + DOX) according to their ICs,, values. Here, 2.01 times
increased expression of NFkB was found in case of DS-
treated cells as compared to untreated control and in case
of Nrf2, it was 1.59 times higher. Increased NFxB/ Nrf2 in
DS-treated cells compared to individual treatment of DOX
and the combination treatment of DS and DOX, indicated
that cell proliferation was enhanced after the exposure of DS
in MCF-7 cells (Fig. 8b).

Discussion

In this study, the protective efficacy of DS was determined
against the DOX-induced cardiotoxicity in rats. DOX is
one of the most potent anticancer agents but exerts dose
dependent cardiotoxicity [33]. The currently available drugs
for prevention and treatment of DOX-induced cardiotoxicity
include dexrazoxane, amifostine, co-enzyme Q, and lipid
lowering drugs [34]. However, even these chemoprotectants
have their own limitations in terms of the adverse effects.
Hence, other drugs for preventing the organ toxicities of
chemotherapy are continually being searched.

An age-old drug, DS, has recently attracted attention
due to new revelations on its anti-tumor and chemosensitiz-
ing activities. This drug is emerging as a redox modulator
and NF-kB inhibitor which may have a role in treatment of
breast cancer [35]. Across the last 2 decades, there have been
reports that hinted regarding multiple activities of DS other
than its aldehyde dehydrogenase inhibitory activity. DS
reduces the lipid peroxidation in cell membrane and inhibits

LT VRS
LN \5\“;
AL \

it AN
\ \

“\'\ A R '(\ ‘i N
AR WG
:v T\ >\'f,‘ ‘\ }‘ \\\;\\ d

%
\
RN
N
3
{ °\

: M’ A
W e HOL/TH AN IREEND N

DS alone 50 mg/kg

DS 50 mg/kg + DOX



Cardiovascular Toxicology (2018) 18:459-470

467

Table 1 Effect of DS on the DOX-induced histopathological changes

Treatment groups  Neutrophil infiltration/ Myonecrosis ~ Edema
inflammatory cells
Normal - - -
DOX (30) +++ +++ ++
DS (2)+DOX ++ ++ +
DS (10)+DOX + ++ +
DS (50)+DOX + + +
DS-alone - - _
+++ severe, ++ moderate, + mild, — nil
A
100
-= DS
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Fig.8 Cytotoxicity of DS and DOX against MCF-7 cell line a MTT
cell viability assay of DOX, DS +DOX and DS treated MCF-7 cells,
respectively. b Western blot analysis of NFkB and Nrf2 after the
exposure of DOX, DS+DOX, and DS (GAPDH used as a loading
control)

the irradiation-induced DNA damage [36]. It protects the
innate antioxidative mechanisms [10] and also inhibits the
release of pro-inflammatory mediators from immune cells
[37-39]. DS also sensitizes the cancer cells to cytotoxicity
of anticancer agents through inhibition of proteasome [40].

These activities may contribute to chemopreventive therapy.
Considering these reports, we explored how DS affects the
DOX-induced cardiotoxicity in rats.

In the preliminary investigations, we used two rats per
group and only determined SGOT and histopathology as
study parameters. We tested the prevention of DOX-induced
cardiotoxicity by 25, 50, and 100 mg/kg/day doses of DS
given for 7 days prior to DOX. We observed that 100 mg/kg
dose of DS itself elevated serum SGOT levels and induced
inflammatory alterations in the rat’s heart. We speculated
that this worsening of the DOX-induced cardiotoxicity by
DS may involve its pro-apoptotic activity at higher doses
[41]. The 25 and 50 mg/kg doses of DS prevented the DOX
toxicities. Hence, in the further investigation, we used 2,
10, and 50 mg/kg doses of DS and DOX at intraperitoneal
dose of 30 mg/kg.

In case of ECG changes induced by DOX, there are
diverse reports as far as ST height is concerned [42, 43]. In
our laboratory, the 40 mg/kg intraperitoneal DOX injections
resulted in significant mortality (>50%). However, this dose
induced an increase in the ST height. Such rise in ST height
is reported by others and this is projected as an indication of
the transmural myocardial damage [44]. We titrated the dose
of DOX and found that, at 30 mg/kg, it induced significant
alternation in the biochemical indicators of cardiotoxicity
and reduced the ST height. As described by Mustafa et al.
[44], a fall in the ST height indicated partial damage to the
myocardial wall. Other electrocardiographic abnormalities
induced by DOX including QRS, QT prolongation, and R-R
interval reduction were in congruence with the report by
Abushouk et al. [45].

DOX is reported to increase systolic and diastolic blood
pressure [46] and this is attributed to the DOX-induced
catecholamine release from adrenergic nerve endings [22].
The DOX toxicity may involve the catecholamine induced
decrease in the myocytes viability through cyclic AMP-
mediated calcium overload. Catecholamine is also a poten-
tial source of oxygen-derived free radicals [47]. The DOX-
induced ST height and T wave changes are also involved
the role of catecholamines. In this study, DS inhibited the
DOX-induced increase in the ST height and restored the QT
interval. The anti-arrhythmic effect of DS is also reported
to ameliorate epinephrine-induced cardiotoxicity [48]. It is
speculated that these effects might have contributed to the
observed cardioprotection by DS.

DOX has quinone and hydroquinone moieties in its struc-
ture and these can form semiquinone radical intermediates
[49] leading to increased oxidative stress. The DOX-induced
cardiotoxicity and nephrotoxicity have also been attributed
to such increase in oxidative stress induced by DOX [50].
DS has been reported to possess anti-oxidant activity [10]
and lower specific activities of cytochrome C oxidase in
mitochondria. The antioxidative effects of DS also might
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have contributed to the observed protection conferred by
DS. DOX induces NO synthesis and also binds to eNOS
reductase domain and induces O, generation. The result-
ant peroxy and peroxynitrite radicals are also responsible
for DOX toxicity [51]. The cardiac muscles contain low
levels of free-radical detoxifying enzymes/molecules like
superoxide dismutase, GSH catalase and lipid peroxidation
and hence, they are particularly susceptible to free-radical
injury [37]. In present study, we found that DS reduced the
lipid peroxidation, spare the GSH levels and also the activi-
ties of SOD and catalase in the similar manner as described
by Cetin et al. [10]. These effects indicate the versatility
with which DS may exert protective effect against DOX
cardiotoxicity.

This study confirmed the preventive efficacy of DS
against DOX-induced toxicity by substantiating the effects
of DS on the CK-MB, LDH and SGOT. These enzymes are
found in the myocardium and are used to evaluate the myo-
cytes injury. WHO has recognized CK-MB and LDH as gold
standard indicative of myocardial damage [52]. The DOX-
induced free-radical generation and resultant lipid peroxida-
tion leads to cardiomyocyte damage. This causes increased
release of CK-MB and LDH in to the serum [53]. In this
study, we observed that the 2, 10, and 50 mg/kg doses of
DS significantly elevated the DOX-suppressed CK-MB and
LDH in the heart homogenate. Even the serum levels of
SGOT were normalized by DS.

The histopathology examination of the heart tissue
revealed that DOX-induced inflammatory changes in the
myocardium. More detailed investigations reporting the
DOX-induced inflammatory alterations have been reported
by Fard et al. [54]. The inflammatory changes were also
confirmed by a significant rise in the tissue levels of TNF-a,
and it is a major inflammatory mediator. In the present study,
DS suppressed the DOX-induced TNF-a elevations in the
cardiac tissue. This finding further reinforces the protective
efficacy.

Furthermore, the in vitro study of DS also supported with
the fact that it has cell protective property against DOX-
induced toxicity in breast cancer cell line MCF-7.

Conclusion

In conclusion, the orally administered DS at 2, 10, and
50 mg/kg doses exerts significant and dose dependent pro-
tective effects against the DOX-induced cardiotoxicity in
rats. In the light of the very recent findings that DS in com-
bination with Cu exerts chemosensitization, it is suggested
that DS may have a role in the cancer chemotherapy. Our
study results point towards the possibility that DS can be
considered for further detailed investigations as an adjunct
therapy to DOX chemotherapy. This repositioning of DS

@ Springer

may improve the chances of utilizing DOX at higher doses
than recommended in absence of a safe organ protective
adjuvant.
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