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Oxidative stress and disorders in calcium balance play a crucial role in the doxorubicin-induced cardiotoxicity. Moreover, many
cardiotoxic targets of doxorubicin are regulated by iodothyronine hormones. The aim of the study was to evaluate effects of
tetraiodothyronine (0.2, 2 mg/L) on oxidative stress in the cardiac muscle as well as contractility and cardiomyocyte damage
markers in rats receiving doxorubicin (1.5 mg/kg) once a week for ten weeks. Doxorubicin was administered alone (DOX)
or together with a lower (0.2T4 + DOX) and higher dose of tetraiodothyronine (2T4 + DOX). Two groups received only
tetraiodothyronine (0.2T4, 2T4). Coadministration of tetraiodothyronine and doxorubicin increased the level of lipid peroxidation
products and reduced RyR2 level when compared to untreated control and group exposed exclusively to doxorubicin. Insignificant
differences in SERCA2 and occasional histological changes were observed. In conclusion, an increase of tetraiodothyronine level
may be an additional risk factor of redox imbalance and RyR2 reduction in anthracycline cardiotoxicity.

1. Introduction

Doxorubicin (DOX) is one of the widely used antitumor
drugs, but its cumulative cardiac toxicity has been a major
concern for oncologists [1–5]. The analysis of the main
mechanisms responsible for DOX cardiotoxicity, oxidative
stress [6, 7], and cardiac contractility disorders [8–10] indi-
cates that some of them may be targeted by thyroid hormones
(THs). Therefore, it seems that hyperthyreosis may by an
additional risk factor in anthracycline cardiotoxicity.

There is an increasing body of evidence that the synthesis
of many molecules involved in the heart systole and diastole
is regulated during transcription by THs [11, 12]. Such an
effect was proved for the expression of ryanodine receptor
(RyR2) and cardiac sarcoplasmic reticulum Ca2+ ATP-are

(SERCA2), which are responsible for the heart systole and
diastole, respectively [13, 14]. Moreover, THs generate react-
ive oxygen species (ROS) which are signaling molecules in
the regulation of RyR2 and SERCA2 functions [15–18].

ROS oversynthesis [19, 20] is mediated by active
metabolites of thyroxine (T4): (3,3′-5) triiodothyronine
(T3) and diiodothyronine (3,5-T2) in a short-term mech-
anism due to allosteric activation of cytochrome c oxidase
[21, 22] and T3-dependent long-term signalling inducing
synthesis of enzymes involved in mitochondrial function,
for example, respiratory chain proteins. This results in
acceleration of the mitochondrial consumption of O2 [23]
and, consequently, an enhanced generation of superoxide
and H2O2 [24]. T3-dependent ROS oversynthesis [25, 26]
may also increase due to the transcriptional activation of
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Figure 1: A schedule of drug administration (DOX-doxorubicin, T4-tetraiodothyonine).

NADPH-dependent enzymes: cytochrome P450 reductase
(P450R) [19, 27, 28], oxidase [23], and nitric oxide synthase
(NOS) [29]. Iodothyronine hormones also control the
production of key enzymes responsible for the synthesis of
NADPH, which is essential for the oxidative stress defense
in the glutathione regeneration mechanism [30–32]. It
should be stressed that NADPH is a source of ROS (as a
cofactor of P450R, NOS and NADPH oxidase) and at the
same time an indispensable factor in antioxidative stress
defense.

DOX may elicit cardiotoxicity which becomes evident
even many years after chemotherapy is completed and which
may result in death [4, 5]. ROS generation in the presence of
DOX is strictly connected with one electron reduction cat-
alyzed by NADPH-dependent enzyme controlled by T4 [33–
36] and others [37–39]. On the other hand, the disturbance
in the cardiac contractility produced by DOX might be at
least partly related to changes in the expressions and activity
of RyR2 and SERCA2 [9, 40].

The fact that the expression of some genes encoding
proteins responsible for the cardiac muscle contractility and
for the regulation of key enzymes involved in redox balance
is affected by iodothyronine hormones suggests that the
effect of anthracyclines on these processes may differ in
hyperthyroid and euthyroid individuals. Therefore, it might
be of clinical importance if a high level of iodothyronine
hormones is or is not a risk factor for anthracycline
cardiotoxicity. The aim of the present study was to evaluate
the effect of diet supplemented with T4 on RyR2 and SERCA2
protein level and on markers of cardiac redox imbalance and
the incidence of necrosis of cardiomyocytes in rats receiving
doxorubicin.

2. Material and Methods

2.1. Animals and Treatment. The experimental protocol was
approved by the Local Bioethical Council of the Medical
University in Lublin. The study was conducted on sexually
mature albino rats of Wistar CRL: (WI) WUBR strain,
obtained from a commercial breeder (Warsaw-Rembertow,
Poland). The animals with the initial body weight of 160–
195 g were maintained in stable conditions at 22◦C with a
12 h light/dark cycle and were given standardized granulated
fodder LSM (AGROPOL, Poland).

All the animals were randomly divided into six groups
(n = 8): DOX-doxorubicin 1.5 mg/kg; 2T4+ DOX-thyroxin
2.0 mg/L and doxorubicin 1.5 mg/kg; 0.2T4+ DOX-thyroxin
0.2 mg/L and doxorubicin 1.5 mg/kg; 2T4-thyroxin 2.0 mg/L;
0.2T4-thyroxin 0.2 mg/L; the untreated control (Figure 1).

Thyroxin (Sigma, USA) was administered in drinking
water in two doses: 0.2 (0.2T4, 0.2T4+ DOX) and 2 mg/L
(2T4, 2T4+ DOX) throughout the 14 weeks of the experi-
ment. Since the end of the first week, doxorubicin (Ebewe,
Austria) was intraperitoneally injected (1.5 mg/kg) once a
week for ten weeks in groups DOX, 2T4+ DOX, and 0.2T4+
DOX (Figure 1). The doses for both compounds were chosen
according to the previous data [14, 41, 42]. Two days after
T4 treatment was terminated (experimental day 100) and
animals were sacrificed. The blood and heart were collected
during autopsy.

The heart was washed with 20 mL of saline then sectioned
along the interventricular and coronal grove. The left ven-
tricular wall was placed in liquid nitrogen and stored
at −75◦C until the biochemical and molecular analyses
were conducted. The right ventricular wall samples were
fixed in buffered 10% formalin and routinely processed
histologically.

2.2. Evaluation of Serum Biochemical Parameters. Serum-
free tetraiodothyronine (FT4) concentration was determined
using a competitive ELISA test (Novatec, Germany) accord-
ing to the manufacturer’s manual, based on the immune
complex formed by the enzyme-labeled antigen and final
absorption reading at 450 nm with a microwell plate reader
(BIO-TEK XS PowerWave, USA).

Heart cTnI, H-FABP, and BNP concentrations were
assessed in rat serum with ELISA commercial kits as follows:
Life Diagnostic (USA) for cTnI and H-FABP and Assay Pro
(USA) for BNP, where two types of antibodies were used in
the evaluation: antibodies covering microtiter plate and the
secondary antibodies bound to horseradish peroxidase. The
product of the catalytic reaction was spectrophotometrically
detected at 450 nm.

Aspartate aminotransferase (AST) activity was deter-
mined by means of the kinetic method with commercial di-
agnos-tic kits (Cormay, Poland). The transfer of the amino
group between L-aspartate and 2-oxoglutarate was catalyzed
by AST and the decrease in NADH absorbance measured at
340 nm.
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2.3. Evaluation of Tissue Markers for Redox Imbalance. The
evaluation of lipid peroxidation product was based on the
malondialdehyde (MDA) concentration in cardiac homoge-
nates. The commercial kit TBARS (Cayman, USA) was used
for the assessment. The concept of the method is based on
the reaction between MDA and thiobarbituric acid at 100◦C
and low pH.

NADPH concentration was determined by the spec-
trophotometric method described in the commercial kit
(Bio Vision, USA). The obtained and frozen cardiac sam-
ples (∼20 mg) were homogenized in an extraction buffer
provided by the manufacturer and then incubated at 60◦C
in order to decompose NADP particles. The final readings
were made using Power Wave Microplate Spectrophotometer
(Bio-Tek) at 450 nm.

2.4. Evaluation of DNA Oxidative Damage. The commercial
kit (Fermentas, Lithuania) was used for isolation of the
cardiac DNA according to the manufacturer’s manual. The
frozen tissue was pulverized in liquid nitrogen and sus-
pended in TRIS-EDTA (TE) buffer. Then the sample was
incubated in the lysis buffer at 65◦C. Released DNA was
extracted with the use of chloroform and then precipitated
with the precipitation factor.

DNA oxidative damage in the cardiac muscle was
evaluated by measuring the amount of abasic sites (so-
called AP) with a commercial kit (Dojindo, Japan). The
isolated DNA was labeled with ARP reagent which can
recognize aldehyde group of the open ring in AP sites and can
combine with biotin. Then biotin-avidin-specific connection
and horseradish peroxidase was used for the colorimetric
detection at 650 nm.

2.5. Evaluation of Expression of SERCA2 and RyR2 Proteins.
Cardiac samples were homogenized in 20 mM phosphate
buffer (pH 7.4; proportions: 0.5 g of tissue and 2 cm3 of
buffer) with a protease inhibitor cocktail (Sigma-Aldrich,
USA) in a homogenizer with a Teflon piston (5 min-
utes at 4000 rpm). Then, homogenates were centrifuged at
14000 rpm at 4◦C for 20 minutes and used to quantify
SERCA2 and RyR2 proteins by immunoblotting. Six ran-
domly selected samples were taken from different, ran-
domly selected animals in each study group. 20 μg of
protein was loaded in a polyacrylamide gel and 50-minute
electrophoretic separation was performed under reducing
conditions in XCellSureLock apparatus (Invitrogen, USA)
at constant voltage of 200 V. After separation, the gel and
the nitrocellulose membrane were placed between two layers
of the filter paper and put between two electrodes of XCell
II Blot Module electrotransfer apparatus (Invitrogen, USA).
The transfer was conducted for 60 minutes at the constant
voltage of 30 V. Blots were developed using Western Breeze
Chromogenic Detection Kit (Invitrogen, USA). Nonspecific
antibody-binding sites were blocked and the membrane
was incubated in the solution of the primary antibody:
monoclonal mouse antibody against rat SERCA2 protein
(clone 2A7-A1; Affinity BioReagents, USA) or against rat
RyR2 protein (clone 34C; Affinity BioReagents, USA). After
washing, the membrane was incubated with the secondary

Table 1: Concentration (ng/L) of free thyroxin in rats’ serum.

FT4

Control 22.38± 3.18

2T4 29.77± 5.65a

0.2T4 21.39± 4.42

Data presented as mean ± SD; aP < 0.05 versus control.

antibody combined with alkaline phosphatase. The last
step was to mark the sites of reaction with antigen by
the reaction of alkaline phosphatase and chromogen. The
relative intensities of bands were quantified using the 1D
Image Analysis Software program (Kodak, USA), and all the
values were normalized to the intensities of the respective
beta-actin signal that was used as a loading control (Abcam,
USA).

2.6. Preparation of Slides for Histological Evaluation. 4 μm
histological slides obtained from paraffin blocks were rou-
tinely processed and stained with hematoxylin and eosin
(H&E) as well as using van Gieson’s method.

2.7. Statistical Analysis. The obtained data was statisti-
cally analyzed using STATISTICA 5.0 software. Results are
expressed as mean ± standard deviation (SD). Continuous
data were compared among the experimental groups using
the Kolmogorov-Smirnov test. The statistical significance
of differences between control and the other groups was
evaluated either by t-Student test or U Mann-Whitney test,
and group to group comparisons were made by one-way
ANOVA. The value of P ≤ 0.05 was considered as statistically
significant.

3. Results

The level of free thyroxin (FT4) was significantly higher in
animals treated with 2 mg/L of T4 than in the untreated
control group (Table 1). However, an insignificant change in
T4 blood level was observed when the animals were treated
with a lower hormone dose (0.2 mg/L).

A significantly lower concentration of NADPH in the
cardiac muscle was observed only in 0.2T4+ DOX group
compared to the control and to the group exposed exclusively
to DOX (Table 2). Lipid peroxidation products, MDA, were
also significantly higher in 2T4+ DOX group and in 0.2T4+
DOX group when compared to the control group. A similar
effect was observed in animals receiving a higher dose of
thyroxin (Table 2). Insignificant differences in the oxidative
DNA damage in the cardiac muscle were revealed in all
examined groups (Table 2). It is worth mentioning that a
lowest number of abasic sites was observed in the group
treated only with DOX, while the highest was found in the
group exposed to DOX and a higher dose of T4 (2T4+ DOX).

There were insignificant changes in SERCA2 protein
level in any tested group comparing to the control and
between DOX and T4+ DOX groups. When compared to
the untreated control, a 25 and 16% decrease of SERCA2
protein level was found in 0.2T4+ DOX and 2T4+ DOX
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Table 2: Concentration of NADPH (nmol/g tissue), MDA (nmol/g tissue), and the number of abasic sites in genomic DNA (AP/100 kbp) in
the cardiac muscle.

NADPH MDA AP in gDNA

Control 19.95± 5.2 2.37± 0.39 7.34± 2.84

DOX 24.53± 6.79 2.30± 0.66 6.56± 1.99

2T4+ DOX 16.12± 5.30 3.75± 0.66a,b 9.65± 3.79

0.2T4+ DOX 9.27± 1.72a,b 3.13± 0.65a,b 6.84± 3.29

2T4 22.13± 5.25 3.84± 1.45a 8.46± 5.48

0.2T4 18.10± 5.73 3.03± 0.94 6.29± 1.51

Data presented as mean ± SD; aP < 0.05 versus control; bP < 0.05 versus DOX.
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Figure 2: (a) Representative Western blot analysis for SERCA2
protein in cardiac muscle homogenates. Beta-actin is shown as a
loading control. (b) Densitometric analysis (mean ± SD) of total
SERCA2 content expressed as percent changes with respect to the
control group, which was established at 100%.

groups, respectively (Figure 2). Less intensive changes were
noted in the group exposed exclusively to DOX. However, in
animals receiving only the lower dose of T4, a 10% increase
of SERCA2 protein concentration was revealed.

The level of RyR2 protein was the lowest in 2T4+ DOX
group (13% of the control), and it was significantly different
from the control and from the DOX group (Figure 3). A
significant decrease of the parameter was also detected in
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Figure 3: (a) Representative Western blot analysis for RyR2 protein
in cardiac muscle homogenates. Beta-actin is shown as a loading
control. (b) Densitometric analysis (mean ± SD) of total RyR2
content expressed as percent changes with respect to the control
group, which was established at 100%. aP < 0.05 versus control;
bP < 0.05 versus DOX.

groups: DOX (41%) and 0.2T4+ DOX (71%) as compared
to the control.

A significant decrease of BNP level was found in all drug-
exposed groups when compared with the untreated control
(Table 3). The most significant differences (about 50%) were
observed in 2T4+ DOX and 2T4 groups.
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Table 3: Concentration (ng/mL) of BNP, H-FABP and cTnI, and activity (IU/L) of AST in rats’ serum.

BNP H-FABP cTnI AST

Control 0.309± 0.02 24.07± 2.49 2.68± 0.69 138.14± 38.40

DOX 0.193± 0.08a 5.90± 1.34a 0.78± 0.63a 114.40± 56.79

2T4+ DOX 0.153± 0.06a 4.50± 0.43a 0.57± 0.66a 80.83± 30.79a

0.2T4+ DOX 0.254± 0.04a 19.29± 4.36 2.64± 1.54 113.67± 23.37

2T4 0.184± 0.04a 5.81± 1.13a 0.83± 0.73a 150.83± 14.62

0.2T4 0.236± 0.01a 21.85± 3.87 3.12± 1.09 145.33± 17.71

Data presented as mean ± SD; aP < 0.05 versus control.

Table 4: Histological features of the cardiac muscle in experimental and control groups.

Interstitial
Perivascular fibrosis

Cardiomyocytes
Inflammation

fibrosis edema vacuolisation irregular cytoplasm staining

Control 2 — 1 — — 1

DOX 2 — 2 1 3

2T4+ DOX 4 — 1 — 3 5

0.2T4+ DOX 4 — — 3 2 3

2T4 3 3 — — 1 1

0.2T4 2 8 — — — 3

Samples from all rats in all experimental and control groups were evaluated (n = 8/group). A single animal may be represented more than once in the listing
of individual histological changes.

There was an insignificant increase of H-FABP level in all
tested animal groups compared to the control. In DOX, 2T4+
DOX, and 2T4 group, significantly lower concentrations were
observed (Table 3).

The level of the concentration of cTnI in three groups of
DOX, 2T4+ DOX, and 2T4 was significantly lower than in the
control and it was similar in all those groups.

AST activity was significantly decreased only in 2T4+
DOX group when compared with the untreated control.

Histological cardiac changes were focal and accidentally
observed (Table 4). Necrosis was not revealed in any of the
examined slides, but other local changes with minimal or
low intensity were revealed in all groups. In some cases,
a small area with a subendomyocardial and perivascular
fibrosis was found (Figure 4(a)). Interstitial connective tissue
edema was observed in all rats treated with a lower dose of
T4 and in three rats from 2T4 group (Figure 4(b)). Single
animals from the groups of DOX and 0.2T4+ DOX revealed
focal vacuolization of sparse cardiomyocytes (Figure 4(c)).
Several samples from different groups show focal irregular
sarcoplasm staining. Small local accumulations of mononu-
clear cells were seen in all groups, while a large inflammatory
infiltration without evidence of the cardiomyocyte damage
was found only in single cases in DOX (n = 2), 2T4+ DOX
(n = 1), and 0.2T4+ DOX groups (n = 1) (Figure 4(d)).

4. Discussion

As it was pointed out in the introduction, there are two
principal mechanisms responsible for anthracycline car-
diotoxicity: contractility dysfunction [8–10] and oxidative

stress [6, 7], which might be influenced by an abnormally
high level of T4 blood.

To find out if T4 concentrations in the supplemented diet
were proper for our studies, we assessed free tetraiodothyro-
nine FT4 level in the blood. A lower dose of FT4 had no effect
on FT4 blood concentration, which is presumably caused by
the adaptive mechanism based on the restriction of thyroxin
synthesis by the thyroid. However, a higher dose of T4 caused
a significant increase in FT4 blood concentration; therefore,
the tested doses were chosen properly.

The studies revealed that T4 in a higher dose causes an
adverse interaction with DOX referring to the contractile
protein RyR2 and lipid peroxidation. There was an insignif-
icant adverse effect of T4 on the necrosis of cardiomyocytes
and cardiac morphology in rats receiving DOX.

The effect of DOX on RyR2 is consistent with the results
obtained by Arai et al. [40], where rabbits were treated with
2.5 mg/kg of DOX every week for eight weeks and a lower
expression of RyR2 was accompanied by a lower protein
amount 8 weeks after the final injection. Those authors had a
similar observation referring to SERCA2 mRNA and protein.
However, in our studies, in the group where 1.5 mg/kg of
DOX was administered to rats for ten weeks, a lower but
insignificant concentration of SERCA2 protein was noted
in all DOX-exposed groups. It is especially important since
the protein level was increased three weeks after DOX
administration was completed. Such data indicate that the
level of RyR2 protein was constantly lower several weeks after
the final dose of DOX and the question is if these changes are
irreversible.

Both SERCA2 and RyR2 are controlled by thyroid hor-
mones [13, 14]. Our study revealed a higher RyR2 protein
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Figure 4: Selected cardiac abnormalities found among the treated animals. (a) Perivascular fibrosis in a rat treated with doxorubicin
1.5 mg/kg (group DOX, van Gieson; objective mag. ×10). (b) Interstitial connective tissue edema in a rat treated with thyroxin dose of
0.2 mg/L (group 0.2T4; H&E objective mag.×10). (c) Focal vacuolization of sparse cardiomyocytes in a rat treated with 0.2 mg/L of thyroxin
and 1.5 mg/kg of doxorubicin (group 0.2T4 + DOX; H&E, objective mag. ×20). (d) Sparse and small accumulations of mononuclear cells in
myocardium in a rat treated with 0.2 mg/L of thyroxin and 1.5 mg/kg of doxorubicin (group 0.2T4 + DOX; H&E, objective mag. ×20).

level in rats after thyroxin treatment, with SERCA2 level also
being higher but statistically insignificant in rats treated with
a lower dose of T4. These results are similar to Arai et al. [14]
study, where rats were administered a daily dose of 200 μg/kg
of T4 for 4 and 8 weeks, which is comparable to the dose
used in the present study. An over 100% increase in SERCA2
mRNA concentration was detected in the study by Ojamaa et
al. [43], where rats were treated with T4 only for 72 hours. It
seems that both DOX and thyroxin modulate the synthesis
of RyR2 and SERCA2 by other mechanisms of regulation
[9, 10, 13, 14].

Moreover, the obtained results confirmed that DOX leads
to decrease, while 2T4 to increase in the level of RyR2 when
compared to the control group. On the basis of these effects,
it might be expected that an abnormally high level of T4

should normalize RyR2 concentration disturbed by DOX.
Such an action was observed when DOX was coadministered
with a low dose of T4. However, a higher dose of T4 in rats
receiving DOX caused a much higher decrease in RyR2 level
than it was in rats administered with DOX alone. Such data
may indicate an adverse clinical implication in hyperthyroid
individuals treated with DOX.

Furthermore, iodothyronine hormones and DOX not
only affect RyR2 and SERCA2 level but may also influence
their function via the redox dependent mechanism. There
is increasing evidence that the Ca2+ transport activity
of RyR2 and SERCA2 is redox dependent [15–18]. Both

iodothyronine hormones and DOX affect NADPH cell bal-
ance, which is seemingly paradoxically involved in oxidative
stress generation and at the same time the antioxidative
defense [23, 28, 29, 36].

The hypothesis that oxidative stress is the most important
mechanism in long-term cardiotoxicity of anthracyclines
leading to heart failure is widely accepted [7, 8]. Because
lipid and DNA oxidative damage markers reflect changes
in oxidants-antioxidants balance, we assessed the influence
of the studied drugs on both marker levels. However, in
DOX-exposed group of the present study, where the organ
samples were examined three weeks after the last dose of
DOX, a lack of oxidative stress—tested on the basis of lipids
and DNA oxidation products—was found. According to the
literature, oxidative stress markers are elevated a short time
after drug administration (hours or even days) because DOX
is still present in the tested tissue [35, 44, 45]. In these
cases, oxidative stress in the heart is the direct effect of DOX
participating in the transfer of electrons from NADPH to O2,
which results in superoxide overproduction. However, it does
not explain the ROS-dependent mechanism of heart failure
when clinical symptoms are observed several years after
DOX-administration was completed. According to recent
suggestions, ROS produced during DOX redox metabolism
initiates early oxidative changes in the mitochondrial DNA
(mtDNA) [46]. In that period, the symptoms of oxidative
stress may be reduced parallel to DOX excretion from the
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body. However, an increase of mtDNA damages may result
in a mutation leading to the synthesis of mitochondrial
proteins with defects causing disorders in the mitochondrial
physiology [47]. As a final result, ultrastructural changes
through the mitochondrial electron chain of cardiomyocytes
lead to mtDNA disorders [48–50] and to an increase of ROS
production [46, 51]. Such a cycle is repeated constantly and
no clinical symptoms are observed in the beginning but when
mitochondria fail, a clinically detected heart failure may
occur. Therefore, the explanation that markers indicating
oxidative stress are seen at the early stage when DOX is
present in the tissues and in the late period when disorders in
electron transfer are serious seems reasonable. Referring to a
recent study, no signs of oxidative stress in rats treated with
DOX alone may be explained by the fact that within 3 weeks
after the last dose of DOX the drug was removed from the
body. However, the time of the experiment was too short to
reveal the cumulative, oxidative effects of the mitochondrial
DNA damage. The studies published by Robinson et al. [52],
where rats were treated with 2 mg/kg of DOX for 13 weeks,
confirmed that oxidative stress is not observed even 14 and
19 weeks after the final dose of the drug.

However, T4-supplemented diet in rats treated with DOX
leads to an increase of lipid peroxidation products comparing
to the group administered with DOX alone. It is the evidence
that T4 is responsible for oxidative stress in the heart of rats
treated with DOX. It should be noticed that in the groups of
T4 + DOX, ROS affects lipids but not DNA. Similar to our
results, there was no DNA damage after THs administration
although lipid peroxidative changes were observed [25, 26].
The absence of DNA damage might be explained by the
fact that ROS are neutralized by intracellular antioxidants
before the nucleus is reached. Higher susceptibility of lipids
to oxidative stress may form a protective barrier against
DNA oxidative damages. Genomic DNA might be protected
better than lipids due to histone binding, which makes it
less susceptible to damage or abnormalities, with DNA being
repaired faster than other molecules.

NADPH level was significantly lower in the heart of rats
from 0.2T4+ DOX (as opposed to 2T4+ DOX) group com-
pared to the control and DOX groups. This finding indicates
that the observed changes are dose related. In the presence
of DOX, NADPH is a source of ROS generation and at the
same time it is a key factor in the antioxidative defence caused
by ROS [8, 53, 54], whereas T4 intensifies NADPH con-
sumption, which is due to stimulated metabolism. Moreover,
because of transcriptional activation of same genes respon-
sible for the synthesis NADPH-dependent enzymes (e.g.,
P450R, NOS, and NADPH oxidase [23, 28, 29, 36]), T4 may
intensify NADPH consumption. It should be stressed that at
the same time T4 activated genes responsible for NADPH
synthesis, that is, glucose-6-phosphate dehydrogenase, 6-
phosphogluconate dehydrogenase, and malate enzyme [30–
32], but this mechanism is insufficient to keep NADPH on
the normal level in 0.2T4+ DOX group. However, when
rats were administered a higher dose of thyroxin (2T4+
DOX group) no differences in NADPH level comparing
to the control and DOX groups were found. This may
suggest that the synthesis of NADPH controlled by T4 is

sufficient to compensate the stress stimulated by the action of
DOX.

On the other hand, the oxidative damage of lipid
membranes may result in the death of cardiomyocytes and
remodeling of the heart muscle [55]. Therefore, cardiac
morphology and various biochemical markers were eval-
uated. There was no effect of T4 on cardiac histology in
rats treated with DOX. Biochemical observations based on
cTnI, H-FABP, and BNP, serum markers, or a detailed
analysis of histological slides did not indicate necrosis of
cardiomyocytes in any of the tested group. The obtained
data suggest that oxidative stress estimated on the basis
peroxidation of lipids products seen in both groups of T4+
DOX is insufficient to elicit necrosis.

The level of H-FABP, cTnI, and BNP was even lower
in the serum of rats treated with a higher dose of T4 and
DOX separately or together as compared to the control.
Similar results referring to H-FABP after DOX treatment
were presented by Sayed-Ahmed [56], who administered the
drug in a cumulative dose of 18 mg/kg. There were a lot
of studies confirming that BNP is affected by DOX [57–60]
and T4 [61, 62]. BNP is considered to be a marker diastolic
dysfunction of heart ventricles [56, 59]. Presumably, a DOX-
related low level of RyR2, cTnI, H-FABP, and BNP—key
proteins in contractile activity—may depend partly on the
unspecific manner of proteasome degradation, which was
confirmed in recent studies by An et al. [63].

In conclusion, the present studies revealed that an abnor-
mally high level of T4 was responsible for the heart redox
imbalance, oxidative stress, and RyR2 protein reduction in
rats treated with DOX. Further studies on the heart function
should be continued to assess if T4 might be considered as an
additional risk factor in anthracycline cardiotoxicity.
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[25] M. López-Torres, M. Romero, and G. Barja, “Effect of thyroid
hormones on mitochondrial oxygen free radical production
and DNA oxidative damage in the rat heart,” Molecular and
Cellular Endocrinology, vol. 168, no. 1-2, pp. 127–134, 2000.

[26] P. Venditti and S. Di Meo, “Thyroid hormone-induced
oxidative stress,” Cellular and Molecular Life Sciences, vol. 63,
no. 4, pp. 414–434, 2006.

[27] D. Liu and D. J. Waxman, “Post-transcriptional regulation
of hepatic NADPH-cytochrome P450 reductase by thyroid
hormone: Independent effects on poly(A) tail length and
mRNA stability,” Molecular Pharmacology, vol. 61, no. 5, pp.
1089–1096, 2002.

[28] P. A. Ram and D. J. Waxman, “Thyroid hormone stimulation
of NADPH P450 reductase expression in liver and extrahep-
atic tissues. Regulation by multiple mechanisms,” Journal of
Biological Chemistry, vol. 267, no. 5, pp. 3294–3301, 1992.

[29] V. Fernández, P. Cornejo, G. Tapia, and L. A. Videla, “Influence
of hyperthyroidism on the activity of liver nitric oxide synthase
in the rat,” Nitric Oxide, vol. 1, no. 6, pp. 463–468, 1997.

[30] R. Scott Fritz and R. F. Kletzien, “Regulation of glucose-
6-phosphate dehydrogenase by diet and thyroid hormone,”
Molecular and Cellular Endocrinology, vol. 51, no. 1-2, pp. 13–
17, 1987.

[31] A. Lombardi, L. Beneduce, M. Moreno et al., “3,5-diiodo-L-
thyronine regulates glucose-6-phosphate dehydrogenase activ-
ity in the rat,” Endocrinology, vol. 141, no. 5, pp. 1729–1734,
2000.

[32] M. Jain, D. A. Brenner, L. Cui et al., “Glucose-6-phosphate
dehydrogenase modulates cytosolic redox status and contrac-
tile phenotype in adult cardiomyocytes,” Circulation Research,
vol. 93, no. 2, pp. e9–e16, 2003.

[33] N. R. Bachur, S. L. Gordon, and M. V. Gee, “A general
mechanism for microsomal activation of quinone anticancer
agents to free radicals,” Cancer Research, vol. 38, no. 6, pp.
1745–1750, 1978.

[34] J. Pawłowska, J. Tarasiuk, C. R. Wolf, M. J. I. Paine, and E.
Borowski, “Differential ability of cytostatics from anthraquin-
one group to generate free radicals in three enzymatic systems:
NADH dehydrogenase, NADPH cytochrome P450 reductase,
and xanthine oxidase,” Oncology Research, vol. 13, no. 5, pp.
245–252, 2002.

[35] M. A. Mansour, A. G. El-Din, M. N. Nagi, O. A. Al-Shabanah,
and A. M. Al-Bekairi, “Nω-nitro-L-arginine methylester ame-
liorates myocardial toxicity induced by doxorubicin,” Journal
of Biochemistry and Molecular Biology, vol. 36, no. 6, pp. 593–
596, 2003.

[36] Y. Zhao, D. McLaughlin, E. Robinson et al., “Nox2 NADPH
oxidase promotes pathologic cardiac remodeling associated
with doxorubicin chemotherapy,” Cancer Research, vol. 70, no.
22, pp. 9287–9297, 2010.



Oxidative Medicine and Cellular Longevity 9

[37] S. S. Pan and N. R. Bachur, “Xanthine oxidase catalyzed
reductive cleavage of anthracycline antibiotics and free radical
formation,” Molecular Pharmacology, vol. 17, no. 1, pp. 95–99,
1980.

[38] S. B. Yee and C. A. Pritsos, “Comparison of oxygen radical
generation from the reductive activation of doxorubicin,
streptonigrin, and menadione by xanthine oxidase and xan-
thine dehydrogenase,” Archives of Biochemistry and Biophysics,
vol. 347, no. 2, pp. 235–241, 1997.

[39] K. J. A. Davies and J. H. Doroshow, “Redox cycling of anthra-
cyclines by cardiac mitochondria. I. Anthracycline radical
formation by NADH dehydrogenase,” Journal of Biological
Chemistry, vol. 261, no. 7, pp. 3060–3067, 1986.

[40] M. Arai, K. Tomaru, T. Takizawa et al., “Sarcoplasmic reticu-
lum genes are selectively down-regulated in cardiomyopathy
produced by doxorubicin in rabbits,” Journal of Molecular and
Cellular Cardiology, vol. 30, no. 2, pp. 243–254, 1998.

[41] M. Tokarska-Schlattner, M. Zaugg, C. Zuppinger, T. Walli-
mann, and U. Schlattner, “New insights into doxorubicin-
induced cardiotoxicity: the critical role of cellular energetics,”
Journal of Molecular and Cellular Cardiology, vol. 41, no. 3, pp.
389–405, 2006.

[42] F. N. Rafsanjani, S. Zahedi, M. K. G. Naseri, and J. Vahedian,
“Effect of thyroid hormones on distension-induced gastric
acid and pepsin secretions in rats,” Annals of Saudi Medicine,
vol. 22, no. 5-6, pp. 308–311, 2002.

[43] K. M. Ojamaa, A. M. Samarel, J. M. Kupfer, C. Hong, and I.
Klein, “Thyroid hormone effects on cardiac gene expression
independent of cardiac growth and protein synthesis,” Ameri-
can Journal of Physiology, vol. 263, no. 3, pp. E534–E540, 1992.

[44] X. Sun and Y. James Kang, “Prior increase in metallothionein
levels is required to prevent doxorubicin cardiotoxicity,” Ex-
perimental Biology and Medicine, vol. 227, no. 8, pp. 652–657,
2002.

[45] D. L. Gustafson, J. D. Swanson, and C. A. Pritsos, “Modu-
lation of glutathione and glutathione dependent antioxidant
enzymes in mouse heart following doxorubicin therapy,” Free
Radical Research Communications, vol. 19, no. 2, pp. 111–120,
1993.

[46] D. Lebrecht, B. Setzer, U. P. Ketelsen, J. Haberstroh, and U. A.
Walker, “Time-dependent and tissue-specific accumulation of
mtDNA and respiratory chain defects in chronic doxorubicin
cardiomyopathy,” Circulation, vol. 108, no. 19, pp. 2423–2429,
2003.

[47] J. J. Lemasters and A. L. Nieminen, Mitochondria in Pathogene-
sis, Kluwer Academic/Plenum Publishers, New York, NY, USA,
2001.

[48] A. Boveris, “Determination of the production of superoxide
radicals and hydrogen peroxide in mitochondria,” Methods in
Enzymology, vol. 105, pp. 429–435, 1984.

[49] Ch. K. Sen, C. K. Sies, and P. A. Baeuerle, Antioxidant and
Redox Regulation of Genes, Academic Press, London, UK, 2000.

[50] E Potargowicz, E. Szerszenowicz, and M. Staniszewska, “Mito-
chondria as an source of reactive oxygen species,” Postȩpy
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