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Abstract

Background: Doxorubicin (Dox)-induced cardiotoxicity is the most important side effect
of the drug and significantly limits its use in susceptible patients. Therefore, preventive
measures are required to alleviate the Dox-induced cardiac failure. In this study, cur-
cumin, a strong antioxidant agent, was investigated for its potential protective effect on
dox-induced cardiotoxicity with its effect on Apelin expression as a mediator of cardiac
function. Methods: Wistar albino rats were equally divided into four groups as Control,
DOX, CUR, and CUR+DOX. Dox was administered a single dose of 20 mg/kg bw in-
traperitoneally while 100 mg/kg bw curcumin was given orally for 14 days before the Dox
use. Results: DOX group showed a prolonged QT interval on an electrocardiogram and
elevated cardiac troponin levels. In biochemical analyses, decreased Superoxide Dismutase
activity and increased Malondialdehyde level and Catalase activity were detected in DOX
group. Gene expression of Apelin decreased significantly while NF-xB increased in DOX
group. Degenerative changes in histopathology, and increased iNOS and nitrotyrosine
immunoreactivity were detected in DOX group. However, no significant changes were
observed at reduced Glutathione, TNF-, and IL-1f3 levels. Curcumin use in Dox-given rats
altered most of the disturbed parameters investigated in this study, indicating an alleviating
effect on Dox-induced cardiotoxicity. Serum and heart Apelin levels and mRNA expression
in heart tissue were detected to significantly increase in CUR+DOX group as compared to
DOX group. Furthermore, NF-xB mRNA expression was significantly decreased in heart
tissue of CUR+DOX group compared with the DOX group. Conclusions: The results
suggest that Apelin acts as an important mediator in Dox cardiotoxicity and may be used
as a target for treatment of certain cardiomyopathies. By regulating Apelin expression,
curcumin may serve as a potential adjunct in cardioprotective approaches.

Keywords: cardioprotection; oxidative stress; anthracycline toxicity; apelinergic signaling;
heart failure
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1. Introduction

Doxorubicin (Dox) is a commonly used anthracycline antibiotic in the treatment of
many types of tumors. Despite its clinical significance and wide use, its cardiotoxic effects
are one of the most important factors limiting the treatment potential. Therefore, substances
alleviating the cardiotoxic effect of the agent bear important clinical benefits.

A detailed definition of cancer therapy-related cardiac dysfunction was established
in 2022, and clinically can be identified by the onset of heart failure symptoms such as
dyspnea, fatigue, chest pain, and shortness of breath while paraclinically it is identified by
electrocardiographic changes such as QT prolongation and arrhythmias [1]. Dox toxicity is
associated with production of reactive oxygen species (ROS), mitochondrial impairment,
inflammation, and apoptotic processes [2]. Dox can cause tissue damage by affecting
natural antioxidant defense mechanisms such as Copper Zinc Superoxide Dismutase
(CuZn-SOD), Catalase (CAT), and reduced Glutathione (GSH), particularly in the heart
muscle [3]. Biochemical reflections of cardiotoxicity include increased Malondialdehyde
(MDA) associated with lipid peroxidation, changes in antioxidant defense mechanisms, and
elevated cardiac injury markers such as cardiac troponin (cIn) [4]. It has been reported that
not only oxidative stress, but also inflammatory cytokines play a role in the pathogenesis
of Dox-induced cardiotoxicity. Dox induces a prominent increase in pro-inflammatory
cytokines. Increases in the production of tumor necrosis factor (TNF)-«, interleukin (IL)-1f3,
and IL-6 via nuclear factor-kB (NF-kB) activation were described in Dox toxicity [5-7].

Apelin is an endogenous peptide synthesized from the APLN gene and can be ex-
pressed in many organs such as the heart, lungs, kidneys, and liver [8]. Apelin, which
appears as one of the most powerful stimulants of cardiac contraction in adults, can also act
as a mediator of cardiovascular control, and is involved in the regulation of blood pressure
and blood flow [9]. In clinical conditions such as heart failure and atherosclerosis, the
gene expression and circulating levels of Apelin may decrease or stay unchanged [10]. It
has been suggested that Apelin may exhibit anti-inflammatory effects by suppressing the
excessive production of pro-inflammatory cytokines such as TNF-o and interleukins [11].

Curcumin is a potent polyphenolic compound derived from Curcuma longa. Thanks to
its strong antioxidant, anti-inflammatory, and anti-apoptotic properties, it was suggested
to show cardioprotective effects [4,12]. Curcumin was shown to decrease cTn level in Dox-
induced cardiotoxicity, indicating a protective effect on heart tissue [13]. It has also been
suggested that curcumin may have multiple cardioprotective effects due to its antioxidant,
anti-inflammatory, and anti-apoptotic effects in Dox-induced cardiotoxicity [14].

In this study, the mechanisms of the possible alleviating effect of curcumin in the
prevention of cardiotoxicity induced by Dox were evaluated by studying Apelin and NF-xB
gene expressions, changes in cTn level, electrocardiography (ECG) alterations, oxidative
stress parameters, tissue damage, and histopathologic changes.

2. Materials and Methods
2.1. Experimental Design

The study protocol was approved by the permission of Institutional Animal Ethics
Committee of Inonu University (Approval code: 2023/11-7; Approval date: 9 November
2023). A total of 40 Wistar albino rats were used in the experiment. The rats were kept
in a temperature (21 °C) and humidity (55-60%) controlled room with 12 h light and
dark cycles. Throughout the study, the animals were fed ad libitum with standard dry
rat diet and tap water. The rats were equally divided into four groups, each containing
10 animals, and named as follows: Control (C), Curcumin (CUR), Doxorubucin (DOX),
Curcumin+Doxorubucin (CUR+DOX). Saline (ip, vehicle for DOX) and corn oil (orally,
vehicle for curcumin) were administered to the control (C) group for 14 days. The CUR
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group was given oral curcumin (100 mg/kg bw) for 14 days. In the Doxorubucin group
(Adriamycin-Deva Holding A.S., Istanbul, Tiirkiye), a single dose of 20 mg/kg bw was
given ip on the last day of the 14-day-period [15]. In the CUR+DOX group, curcumin at
100 mg/kg body weight was given ip for 14 days, and DOX at 20 mg/kg bw was applied
as a single dose on the last day of the 14-day-period. After the 14th day of the experiment,
the rats were kept for 48 h to allow the development of cardiotoxicity and monitored daily.

2.2. Blood Pressure Measurement

On the final day of the experiment, following anesthesia induction with urethane
(1.2 g/kg, ip, ethyl carbamate, CAS: 51-79-6), a midline cervical incision was made, and
the right common carotid artery was carefully isolated and cannulated using a PE-50
catheter filled with heparinized saline (50 IU/mL). The catheter was connected to a pressure
transducer coupled to the Biopac MP100 data acquisition system (BIOPAC Systems Inc.,
Goleta, CA, USA) to enable continuous invasive monitoring of systolic blood pressure
(SBP), diastolic blood pressure (DBP), and mean blood pressure (MBP). Blood pressure and
ECG signals were recorded simultaneously while the animal was in lateral recumbency.
The average of three stable 10 s segments was used for analysis.

2.3. ECG Measurement

Rats were placed in lateral recumbency. A standard lead II ECG derivation was
obtained using needle electrodes inserted subcutaneously into the right forelimb, left
forelimb, and left hind limb. ECG signals were recorded using a digital acquisition system
(insert device/model name here), with a paper speed of 50 mm/s, and sensitivity of
10 mm/mV. Each ECG was recorded for at least 1 min to assess rhythm stability and to
calculate heart rate (HR), PR interval, QRS duration, and QT interval. Conduction delay was
accepted as the prolongation of PR or QRS intervals consistent with atrioventricular block
or intraventricular conduction slowing. One-minute tracings were considered adequate
to evaluate both baseline rhythm and waveform morphology, as rats typically have high
resting heart rates and stable rhythms under urethane anesthesia.

2.4. Sample Collection

The rats were euthanized by exsanguination under urethane anesthesia. Before the
animals were euthanized, blood samples were collected from the inferior vena cava. Serum
samples were obtained by centrifugation, and the samples were saved at —80 °C for
biochemical analyses. The hearts were collected and then cut into two pieces in the longi-
tudinal direction to obtain both the atrial and ventral cardia. One half was chopped into
small pieces and placed in an RNA saving solution and then saved at —80 °C for molecular
analyses or freshly used for biochemical analyses. The remaining half was preserved for
histological and immunohistochemical analysis in 10% neutral buffered formalin.

2.5. Biochemical Analyses in Heart Tissue

MDA level in the heart homogenates was detected according to the method described
by Mihara and Uchiyama [16] and the results were presented as nanomoles of MDA per
gram of wet tissue (nmol/gwt). GSH levels were measured using the method mentioned
by Ellman [17]. GSH was reacted with 5,5-dithiobis-2-nitrobenzoic acid and the level was
detected spectrophotometrically at a wavelength of 410 nm. The results were presented as
nmol/gwt. CuZn-SOD activity was measured using the method described by Sun et al. [18].
The results are presented as U/gr protein. CAT was determined according to the method
described by Liick [19]. CAT activity in the heart tissue samples was measured at 240 nm
and expressed as K/g protein.
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2.6. Quantification of Ctn, Apelin, Tnf, 1I-1B

Troponin-I (Ref No: QS0713Ra, Sunlong Biotech Co., Ltd., Hangzhou, China), Apelin
(REF No: QS0993Ra, Sunlong Biotech), interleukin-1{ (IL-1f3) (Ref No: QS0402Ra, Sunlong
Biotech) and tumor necrosis factor-o (TNF-o) (Ref No: QS0722Ra) were analyzed with
ELISA assay from the serum of rats in accordance with the protocol of the manufacturer
(Lot No: 20240925 Sunlong Biotech).

2.7. RT-qPCR for mRNA Expression of Apelin and Nf-Kb

Total RNA was extracted with an RNA Tissue Kit (RNeasy Fibrous Tissue Mini
Kit, AllPrep RNA FFPE Kit, Lot: 178027838, Ref No: 74704, Qiagen, Venlo, The Nether-
lands). cDNA synthesis was performed by the QuantiTect Reverse Transcription Kit (Lot:
178026669, Ref No: 205311, Qiagen). Real-time PCR was performed in a Light Cycler
Instrument (Roche Applied Science, Penzberg, Germany) using QuantiNova SYBR Green
PCR Master Mix Kit (Lot: 178023497, Ref No: 208054, Qiagen) and Real-Time Ready Assay
B-actin (Actb) (Lot:1110906123191, Qiagen), Apelin (Lot:11109061231101, Qiagen), NF-xB
(Lot:1110906123161, Qiagen) with the primer pairs listed in Table 1. Relative mRNA ex-
pressions were calculated using the Actb gene as the housekeeping gene using the 2 2ACt
method [20]. PCR products were run on DNA agarose gel and the expected PCR products
of 139 bp, 93 bp, and 103 bp were examined for the identification of the Actb, Apelin, and
NF-xB genes, respectively (Figure 1).

Table 1. The primer sequences and the product sizes for Actb, Apelin, and NF-B.

Genes Primer Sequences. Gene Ref. Seq. Number Product Size (bp)
F: 5-ATGAGCTGCCTGACGGTCAGGT-3’
Actb R: 5-GTGACGTTGACATCCGTAAAGACC-3' NM_031144.3 139
) F: 5-TGCCTCTTGCCTTATTAGCCTGC-3'
Apelin R: 5-CTTCTGTTTCTATCTCTCCTCT-3' NM_031612.3 93
F: 5-TTCTCCGCCCGCGCCGCAGCCA-3’
NF-xB R: 5-GCTTCCGCGCCTGCGGGCTCCCG-3! NM_001276711 103
F, forward primer; R, reverse primer.
%’ o = Q %’
s 5 g8 -
= < < Z =
Bp
700 =——p
500 —>
250 —)
200 —p
150 =——p
100 —p
50 —p

Figure 1. The PCR product size of Actb, Apelin, and NF-xB genes from the groups. RNA extractions
from the heart tissues were performed and PCR amplification of the target genes were performed
using the primer pairs designed for Actb, Apelin, and NF-kB. PCR products were run on 1.5% agarose
gels. 50 bp DNA ladder was used as comparison.

2.8. Histopathological Analysis

Heart tissue samples were fixed in 10% buffered formalin solution and then embedded
in paraffin. Five-um-thick sections were taken from the paraffin blocks and placed on
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polylysine-coated slides. The tissue sections were routinely stained with hematoxylin and
eosin (HE) and evaluated under a light microscope for the presence of pathological changes.

2.9. Immunohistochemical Analysis

The expression of inducible nitric oxide synthase (iNOS) and nitrotyrosine in heart
tissue samples was investigated using the avidin-biotin peroxidase technique. Briefly,
the heart sections obtained from the paraffin blocks were deparaffinized and treated with
H,O; to block endogenous peroxidase activity. Non-immune goat serum was used to block
non-specific antibody binding. Anti-INOS (Cat No: PA5-16855, Invitrogen, Waltham, MA,
USA) and anti-nitrotyrosine antibodies (Cat No: AB5411, Millipore, Burlington, MA, USA)
at 1:300 dilutions were applied onto the sections for 1 h incubation. Then biotinylated
secondary antibody followed by a streptavidin-biotin immunoperoxidase complex was
applied for 30 min each. Peroxidase activity was revealed by a 3,3-diaminobenzidine /H,O,
solution. Finally, the sections were stained with hematoxylin for background staining
and observed under a light microscope. Evaluation of immunohistochemical staining was
performed semi-quantitatively according to the following criteria. No staining; 0, poor
staining; 1, medium staining; 2, severe staining; 3.

2.10. Statistical Analysis

Power analysis revealed minimum of 10 subjects per group to detect a statistically
significant difference, with a predicted effect size of 0.05 Type I error (alpha), 0.8 test power
(1-beta) and 1.04. Therefore, a total sample size of at least 40 was necessary. The Shapiro—
Wilk test was employed to evaluate the conformity of the quantitative data to the normal
distribution. However, the data did not demonstrate a normal distribution; consequently,
they were presented with a median and interquartile range (25-75 P). The Kruskal-Wallis H
test was utilized for intergroup comparison of data, and the Conover test was employed for
post hoc analysis. All analyses were performed using MedCalc Version 19.7 for Windows
statistical software package for biomedical research. Any p value of 0.05 was considered to
demonstrate statistical significance.

3. Results
3.1. Electrocardiogram (ECG)

The results of the ECG are presented in Table 2. The heart rate was significantly
elevated in the DOX and CUR+DOX groups as compared to the C and CUR groups
(p < 0.05). Similarly, systolic, diastolic, and median blood pressures were also significantly
higher in the DOX and CUR+DOX groups (p < 0.05). The PR and QRS intervals did
not show any significant differences among the groups. The QT interval was significantly
prolonged in the DOX group as compared to the other groups (p < 0.05) and curcumin use in
Dox-given rats significantly shortened the QT interval to a time similar to the control group.

Table 2. Electrocardiographic changes in the treatment groups.

Groups (Beatuniin)  SBP (mm-Hg) ~ DBP (mm-Hg) ~MBP (mm-Hg) 'R nferval QRS Duration QT Interval
C 312 (295-339) 2 76 (67-94) 2 72 (63-90) 2 74 (65-92) 2 30 (30-35) 2 51 (48-56) 2 88 (78-90) 2
CUR 319 (285-363) 2 89 (76-99) 2 85 (72-94) 2 87 (75-97) 2 34 (31-35) 2 46 (44-53) 2 86 (81-90) 2
DOX 400 (390-410) > 117 (112-129)® 111 (109-122)® 115 (111-127) ® 31 (28-34) 2 54 (48-56) 2 97 (88-108) P
CUR+DOX 400 (327-420)® 115 (103-116)® 108 (97-113)®> 111 (101-115) ® 32 (30-34) 2 48 (47-56) 2 86 (83-89) 2

Data are summarized as median (interquartile range; 25-75%). Letters that differ from each other in the same
column are statistically significant (p < 0.05). C: control, CUR: curcumin, DOX: Doxorubicin, HR: heart rate, SBP:
systolic blood pressure, DBP: diastolic blood pressure, MBP: mean blood pressure.
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In the ECG measurements, no pathological changes were observed in the control and
CUR groups. In the DOX group, one rat had ST depression, two rats had T wave negativity,
and three rats had conduction delay. In the CUR+DOX group, one rat had ST depression,
one rat had ST elevation, one rat had T wave negativity, and one rat had conduction delay.
Adding curcumin to the Dox-given rats improved conduction delay by reducing it. The
ST changes and T wave negativity persisted in the CUR+DOX group, while curcumin had
no effect.

3.2. Biochemical Analyses

The results of cardiac and serum troponin, Apelin, TNF-«, and IL-13 analyses are
summarized in Table 3. The level of cTn increased significantly in the DOX group as
compared to the C and CUR groups while it comparably decreased in the DOX+CUR group
(p < 0.05). Serum Apelin level significantly decreased in the DOX group as compared to the
other groups (p < 0.05). Heart Apelin level also showed some decrease in the DOX group,
but was not significant; in the DOX+CUR group, it was significantly higher as compared to
the DOX group (p < 0.05). TNF-oc and IL-1§3 levels both in serum and heart tissue did not
show significant differences among the groups.

Table 3. Heart and serum tissue ELISA results.

Apelin (ng/L) IL-1B (ng/L) TNF-o (ng/L) Tf&l;(/’f)in

Serum Heart Serum Heart Serum Heart Serum

1794 4081 26 51 128 197 b
(1556-1969) @ (4006-4219)bc  (23-30) 2 (46-54) @ (114-148)2  (191-214)2 79 (71-95)

1957 4194 27 50 121 215 86 (63-103)
(1719-2075) @ (3969-4425) ac (18-41) 2 (48-53) @ (115-136) 2 (212-226) @ b

1357 3982 22 56 112 214 113
(1094-1619) b (3581-4106) P (19-25) 2 (50-60) @ (85-145) 2 (201-226) @ (92-106) 2

1931 4425 24 49 116 202 97 (93-101)
(1681-2094) 2@ (4169-4794) @ (20-25) 2 (47-52) 2 (91-138) 2 (192-209) @ ab

Data are summarized as median (interquartile range; 25-75%). Letters that differ from each other in the same
column are statistically significant (p < 0.05). C: control, CUR: curcumin, DOX: Doxorubicin, IL-1f3: interleukin-1
beta, TNF-«: tumor necrosis factor alpha.

Groups

C

CUR

DOX

CUR+DOX

The results of MDA, GSH, CuZn-SOD, and CAT levels in the heart tissue samples
are summarized in Table 4. The MDA level was significantly increased in the DOX group
as compared to the other groups (p < 0.05), and curcumin addition to Dox-given rats
significantly decreased the MDA level similar to that of the control group. Similar results
were also observed for both CuZn-SOD and CAT levels in that CuZn-SOD activity in the
DOX group was significantly decreased while CAT activity increased and the results were
significantly different from the other groups (p < 0.05). No significant differences were
observed for GSH level among all the groups in this study (p > 0.05).

Table 4. Group comparison findings on biochemical analyses for the heart.

CuZn-SOD (U/g
Protein)

C 172.4 (159.5-177.5) @ 979.5 (927.3-1113.6) @ 248.1 (186.4-287.7) 2 2.3(2-2.8)2
CUR 182.9 (178.3-188.8)  1038.6 (979.5-1063.6) @  273.4 (244.9-294.2) 2 2.1(1.9-2.3)2
DOX 2045 (175.9-211.1) 988.6 (922.7-1118.2) 210.8 (152.8-253.1) 3.0(25-32)"

CUR+DOX 171.1 (154.1-196.3) @ 954.5 (895.5-1036.4) @ 161.2 (137.8-183.1) b 29(25-31)"

Data are summarized as median (interquartile range; 25-75%). Letters that differ from each other in the same
column are statistically significant (p < 0.05). MDA: Malondialdehyde, GSH: Glutathione, CuZn-SOD: Copper
Zinc Superoxide Dismutase, CAT: Catalase, C: Control, CUR: curcumin, DOX: Doxorubicin, gwt: gram wet tissue.

Groups MDA (nmol/gwt) GSH (nmol/gwt) CAT (K/g Protein)
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3.3. Apelin and NF-xB Gene Expression

Apelin and NF-xB gene expression levels are shown in Figure 2. Apelin gene expression
was significantly decreased in the DOX group as compared to the other groups, and
curcumin addition significantly increased the gene expression similar to that of the C
group (p < 0.05). NF-xB gene expression was significantly increased in the DOX group
as compared to the other groups and curcumin addition significantly decreased the gene

expression (p < 0.05).

0.06— 0.06+ b
a T

© 0.05- © 0.057 -
B B
< a a < 0.04
2 e T £ - a
E - E A i
5 0.03- Eo.03 T +
3 3 1
£ 0.02 b 5 0.02-
< 0.01] Z 0.011

0.00 T T T T 0.00 T T T T

c CUR  DOX CUR+DOX c CUR  DOX CUR+DOX

Figure 2. The mRNA expressions of Apelin and NF-xB in the heart tissues. mRNA expressions of
Apelin and NF-kB were assessed by real-time RT-PCR. Data are summarized as median (interquartile
range; 25-75%). Different letters on each bar for a given parameter are statistically significant (p < 0.05).
C: control, CUR: curcumin, DOX: Doxorubucin.

3.4. Histopathology

Normal histomorphology was observed in the heart samples of the C (Figure 3a) and
CUR (Figure 3b) groups. Histopathological changes ranging from moderate to severe were
observed in the DOX group. The myocytes in the heart tissues in this group were swollen
and had lost their lamellation. Some myocytes had pyknotic nuclei, while others had
completely lost their nuclei. Hyperemia was observed in all sections (Figure 3c). In the
CUR+DOX group, some myocytes exhibited degenerative changes, but these changes were
significantly reduced compared to the DOX group. Occasional hyperemia was observed in
a small number of cases in this group, while no evidence of hyperemia was observed in the
other cases (Figure 3d).

3.5. Immunohistochemistry

Immunohistochemical staining for iNOS revealed mild intracytoplasmic immunoreac-
tivity in myocytes in heart tissues in the C (Figure 4a) and CUR (Figure 4b) groups. In the
DOX group, iNOS immunoreactivity was detected in numerous degenerative myocytes,
mostly at a high level (Figure 4c). Mild to moderate iNOS immunoreactivity was detected
in subjects both with both Dox and curcumin (Figure 4d).

Immunohistochemical staining for nitrotyrosine revealed mild intracytoplasmic stain-
ing in myocytes in heart tissues from subjects in the C (Figure 5a) and CUR (Figure 5b)
groups. In the DOX group, nitrotyrosine immunoreactivity was observed in myocytes,
mostly at a moderate level (Figure 5c). When the nitrotyrosine immunoreactivity in
CUR+DOX group was compared with DOX group, it was found that the staining was
only slightly intense and thus significantly reduced (Figure 5d). Statistical analysis of
the immunohistochemical staining for both iNOS and nitrotyrosine showed significant
increases in immunoreactivities in the DOX groups compared to the control and curcumin
treatment significantly reduced the expression of both parameters in CUR+DOX group
(p <0.05).
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Figure 3. (a) Control: Normal histomorphology of the cardiac tissue; (b) CUR: No histopathological
changes; (c) DOX: Severe degeneration characterized by vacuolation in the cytoplasm of some
cardiomyocytes (white arrow heads) and hyperemia (black arrows); (d) CUR+DOX: Weak to moderate
degeneration in some cardiomyocytes (white arrow heads). HE.

~—

s

Figure 4. iNOS immunoreactivity in heart tissues. (a) Control: Weak intracytoplasmic immunoreac-
tivity in myocytes; (b) CUR: Weak immunoreactivity in myocytes; (c) DOX: Severe intracytoplasmic
iNOS immunoreactivity in many cardiomyocytes; (d) CUR+DOX: Weak to moderate immunoreactiv-
ity in occasional myocytes.



Biomolecules 2025, 15, 1416 9of 15
= -
- v - -
N ’ . >
a b- : 3 -
5 \ -, B i 43 o 5
’ J £ <
1 - - "P
’ . 3 - -
Py A o s
™ - - -
S . —
X ; - . —
) 3 e v
] % , o 3 3 @ = % =5 %
’ of 2 ’ - -
- ’ I - -
! 5 -
' 4 - - 2
pt ’ . / < - . -
’ .
/ 50 pm, > S o _ 50 pm
- - - =
= S (Y J -
1] \ -
a (2 b
- 'l Y - e
Shlly S e ey AR & .3 . R
[} » N -
- “: . oy 4 \ . = .
1 > - b ’,
) ‘\ ’ ’ \ x » o -  de
o) B v v Y AL- -} £
2 \. o8 P = »
B > ) A X 3/ )
- 4 >
¥ > < - -
i | - A 4 v,
.\ % & AT
< ¢ . ~ ‘ y
; .
oy e if e 2 Ty . - v
L) ‘% w - X 11 -~ F .
D e 50 pm - VA o 50m. Y
Y - i 7 » _‘ N ‘. -_

Figure 5. Nitrotyrosine immunoreactivity in heart tissues. (a) Control: Weak intracytoplasmic
immunoreactivity in myocytes; (b) CUR: Weak immunoreactivity in myocytes; (¢) DOX: Moderate
nitrotyrosine immunoreactivity in degenerated cardiomyocytes; (d) CUR+DOX: Weak nitrotyrosine
immunoreactivity in myocytes.

4. Discussion

Dox is an effective chemotherapeutic agent in many cancer types. However, its
cardiotoxic effect limits its potential in cancer treatment. Due to the nature of the Dox-
induced cardiotoxicity, certain antioxidant agents may be beneficial in alleviating its toxicity.
Hence, the potential of curcumin, as an antioxidant agent, in Dox-induced cardiotoxicity
was investigated in this study.

The findings of this study demonstrate that Dox-induced cardiotoxicity significantly
increases the level of cITn. cTn is a well-accepted marker for myocardial injury, and hence
commonly used in clinical cases. Increased cTn level can be seen in both acute and chronic
heart failure and can even be correlated with high mortality in certain heart diseases [21].
Increased cTn level was also shown as a result of Dox use in many investigations [22,23]. In
this study, curcumin use before Dox administration significantly reduced cTn level, which
indicates a cardioprotective effect.

In this study, the electrocardiogram revealed a significant increase in QT interval in
Dox-given rats. A prolonged QT interval is well associated with myocardial dysfunction
and hence with cardiovascular-disease-related death [24]. The association of longer QT
intervals with left ventricular systolic dysfunction was described previously [25]. We also
observed increases in heart rate, systolic, and diastolic blood pressures in Dox-given rats as
compared to the control. These findings indicate significant degenerative changes in the
heart, most probably the development of acute myocardial failure with Dox administration.
Left ventricular systolic dysfunction and eventually development of congestive heart failure
is the most commonly described side effect of Dox [26]. In ECG, the effect of curcumin
administration was only observed in the QT interval, which was stored to the level of
the control group, indicating an improvement in the heart muscle’s ability to regain its
function. Non-specific ST-T changes and decreased amplitude of QRS interval were also
occasionally described in Dox toxicity [27]. However, no significant changes in QRS interval
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were observed in this study. Additionally, no significant changes were observed for heart
rate, systolic, and diastolic blood pressure levels with curcumin administration. Although
arrythmias have been reported in Dox-induced toxicity [28] no changes were detected in
any of the groups studied in this investigation.

Dox-induced degenerative changes in heart histomorphology mostly include my-
ocyte vacuolization, cell death, myofibrillary loss, matrix disorganization, and fibrosis.
Depending on the dose and time, these changes show differences among the individuals.
In experimental studies, myocyte vacuolization and death by necrosis and/or apoptosis
are the most commonly reported findings in Dox-induced acute cardiomyopathies [2,29].
Similarly, vacuolated myocytes were abundant in Dox-given rats in this study and there
were some myocytes with lost nuclei indicative of necrosis. Matrix disorganization was also
evident in areas of degenerative cells. These findings clearly show myocyte degeneration
in Dox use. Significant inflammatory changes and fibrosis, which were indicated in some
studies [30,31], were not noted in our study. We also did not detect any changes in the
levels of TNF-«, and IL-1f3, which are key indicators of inflammatory response, in any of
the groups in this study. However, there are plenty of studies indicating increased levels of
these markers in Dox toxicities [32-34].

In dox-induced toxicities, cytokine elevation is a time-dependent phenomenon and
mostly develops at later stages when inflammatory cells recruitment is pronounced. Cu-
mulative dosing regimen in chronic toxicities are also associated with increased cytokine
production [35,36]. However, in acute toxicities, oxidative stress and cell death are more
significant [37]. Therefore, the findings of our study comply with acute toxicity development.

Hyperemia observed in the heart tissues of Dox-given rats in this study was not
described previously. Although a significant inflammatory reaction was not observed in
the Dox-given rats, the presence of hyperemia might be associated with early response.
Curcumin administration significantly alleviated the degenerative changes observed in the
Dox-given rats though some minor degenerative changes were still observable.

The exact mechanism of Dox-induced cardiac degeneration is still not fully understood.
Dox as a chemotherapeutic agent works through inducing DNA damage, followed by block-
ing transcription and replication processes in cancer cells [38]. However, cardiotoxicity of
Dox is rather induced by free radical production. Dox is reduced by NADH dehydroge-
nase in mitochondrial respiratory complex I and results in the formation of semiquinone
radical which, can then react with molecular oxygen. Hence, the production of superoxide
radical (O, ™) takes place, and then through redox cycling, hydrogen peroxide (H,O;) and
hydroxyl radical are produced. Additionally, through Fenton reaction, hydroxyl radical is
produced from H,O, [39]. Therefore, reactive oxygen species are the major constituents
of the Dox-induced cellular degeneration. Cells or tissues, such as cardiomyocytes, with
limited antioxidant capacities are more prone to Dox-induced degeneration [40].

Oxidative- and nitrosative-radicals-induced cellular degeneration is involved in almost
all type of cellular insults. The level of the production of these radicals and the statue
and capacity of the cellular defense mechanisms decide the fate of the cell, which may
die or escape from death. Lipid peroxidation is one of the most important results of the
reactive oxygen species activity. Lipid peroxidation, especially on cellular membranes, are
not only responsible for histomorphological changes but also impair transmembrane signal
transduction, hence the physiological function of the cell. MDA as an indicator of lipid
peroxidation was shown to increase significantly in doxorubicin cardiotoxicity [12,31,41].
We also detected a significant increase in MDA level in the heart tissue in Dox-given rats.
Curcumin use significantly reduced the MDA level similar to the level of the C group,
indicating an alleviating effect on lipid peroxidation. GSH level and activities of SOD and
CAT are important parameters to show antioxidant potential and statue of the tissues. GSH
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was indicated to be involved in Dox-induced toxicity [38]. A decreased level of GSH was
reported in Dox cardiotoxicity [22,31] and curcumin administration was shown to increase
the level of it [12]. Although a slight decrease in GSH level was observed in Dox-given
rats, this change was not statistically significant, and no evident differences were detected
among the groups in this study.

This study revealed significant decrease in CuZn-SOD and an increase in CAT activities
in Dox-given rats. The decreased CuZn-SOD activity clearly indicates the depletion of
the antioxidant defense mechanism, yet curcumin administration did not significantly
improve the CuZn-SOD level in this study. The decreased CuZn-SOD activity in Dox
cardiotoxicity was shown previously [4,22,41,42] though there are also studies reporting
increased SOD activity with Dox use [12]. CAT activity was seen to increase with Dox use,
and yet curcumin use was still not able reduce the CAT activity in this study. Increased
CAT activity in Dox cardiotoxicity was also reported by others [42,43]. However, there are
also many studies reporting decreased [22,41] and unchanged [44] CAT activity with Dox
cardiotoxicity. Curcumin use was also previously reported to attenuate CAT activity in
Dox toxicity [12,42]. Our findings on CAT activity therefore partially correlate with the
previous studies.

The findings indicated that administration of Dox resulted in a significant increase in
iNOS and nitrotyrosine immunoreactivities in rat heart tissue. The increased expression of
iNOS is induced by cellular insults as a result of a defense mechanism. NOS is responsible
for the catalytic formation of nitric oxide (NO) from L-arginine [45]. Increased production of
O, and NO as a result of oxidative stress in cells causes peroxynitrite (ONOO™) formation.
ONOO™ can oxidize lipoproteins and cause tyrosine nitration in many cellular proteins,
causing degeneration in their structure and activity. Nitrotyrosine can indirectly detect the
increased production of ONOO™ in tissues. Increased production of both iNOS and nitroty-
rosine are clear indications of nitrosative tissue degeneration. Oxidative and nitrosative
tissue degenerations occur mostly concomitantly as seen in this case and contribute signifi-
cantly to the destruction of cellular structures. The increased level of NO and iNOS clearly
indicates that Dox causes nitrosative tissue degeneration, and curcumin use alleviates their
expression level, yielding some protective effect. Dox-induced increased production of
NO and iNOS level was also shown by others [32,46]. Moreover, iNOS was reported to be
necessary for the cytotoxic and immunogenic effects of Dox [47].

Many investigations have indicated the involvement of NF-«B in Dox-induced toxic-
ity [32]. Moreover, it has been reported that NF-kB may even contribute to the resistance to
Dox treatment in some cancer types [48]. As a nuclear transcription factor, NF-kB plays
very important roles in many cellular processes [49]. Increased NF-xB expression in Dox
cardiotoxicity was previously shown, and inhibition of NF-xB expression was reported to
diminish Dox-induced apoptosis in adult rat cardiomyocytes [50]. It was also indicated
that the p38 MAPK/NF-«kB pathway is important in the induction of Dox-induced inflam-
mation [51]. A significant increase in NF-kB mRNA expression was detected in rats treated
with Dox compared to the control group, confirming its role in Dox-induced toxicity. It has
also been detected that curcumin use before Dox significantly reduced the expression level
of NF-«xB, contributing to alleviating the degenerative effects caused by Dox.

Apelin and its receptor APJ are expressed highly in heart tissue [52]. It has been sug-
gested that the Apelin-APJ signaling pathway may play an important role in cardiovascular
homeostasis [53]. Being a powerful inotrope and effector on fluid homeostasis, Apelin’s
role as a target for cardiovascular diseases bears importance. It has been shown that Apelin
expression decreases heart failure [54]. This study also revealed a significant decrease in
mRNA expression of Apelin in Dox-given rats. One of the main mechanisms of Dox-induced
cellular degeneration takes place through the interruption of mitochondrial membrane
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integrity [55]. Dox-induced disruption of mitochondrial ion channels in cardiomyocytes
is essentially important since transport of calcium required for muscle contraction fails.
Apelin is reported to be involved in the management of calcium ions [56,57]. Therefore,
stimulating the apelinergic system was suggested for therapeutic purposes in some cardiac
diseases. Apart from decreased Apelin expression in Dox cardiotoxicity, this study also
showed that curcumin use significantly increases the Apelin mRNA expression in Dox-given
animals, promising a beneficial effect on correcting the muscle contraction.

The findings of this study confirm that curcumin has some antioxidant properties.
Curcumin possesses several functional molecules including methoxy and phenoxy groups
that provide its antioxidant property. It is denoted as a classical phenolic antioxidant
since it donates H atom from the phenolic groups [58]. Antioxidant capacity of curcumin
was shown in numerous studies. The increased expression level of several antioxidant
enzymes such as SOD, CAT, and GPx with curcumin use in experimental studies has
indicated that it strengthens the antioxidant defense system of cells [59]. Although the
immunohistochemical analysis in the present study confirms that iNOS and nitrotyrosine
levels, as a sign of oxidative and nitrosative stress, decreased in the CUR+DOX group,
indicating a protective effect, no significant changes were observed in SOD and CAT levels.
On the other hand, the significantly decreased MDA level with curcumin treatment clearly
showed the antioxidant potential of curcumin.

5. Conclusions

Overall, the results of this study strongly suggest that curcumin may show alleviating
effects in disrupted cardiac morphology, function, and the biochemical parameters that
are indicative of oxidative stress that are induced by Dox treatment. We also showed that
Apelin plays a significant role in Dox-induced cardiotoxicity and antioxidant agents that are
effective on apelinergic system may be beneficial in the fight against Dox toxicity. Inhibition
of the apelinergic pathway may be the further approach to investigate the effects of apelin
in cardiotoxicity.
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Abbreviations

The following abbreviations are used in this manuscript:

Dox Doxorubicin

MDA  Malondialdehyde

GSH Glutathione

SOD Superoxide dismutase

CAT Catalase

GPx Glutathione peroxidase
ROS Reactive oxygen species
TNF-a¢  Tumor necrosis factor alpha
cIn Troponin

NF-«kB  Nuclear Factor Kappa B
ECG Electrocardiography

iNOS  Inducible nitric oxide synthase
NO Nitric oxide

References

1.

10.

11.

12.

13.

14.

Lyon, A.R; Lopez-Fernandez, T.; Couch, L.S.; Asteggiano, R.; Aznar, M.C.; Bergler-Klein, J.; Boriani, G.; Cardinale, D.; Cordoba, R;
Cosyns, B.; et al. 2022 ESC Guidelines on cardio-oncology developed in collaboration with the European Hematology Association
(EHA), the European Society for Therapeutic Radiology and Oncology (ESTRO) and the International Cardio-Oncology Society
(IC-OS). Eur. Heart ]. Cardiovasc. Imaging 2022, 23, e333—e465. [CrossRef]

Takemura, G.; Fujiwara, H. Doxorubicin-induced cardiomyopathy from the cardiotoxic mechanisms to management. Prog.
Cardiovasc. Dis. 2007, 49, 330-352. [CrossRef] [PubMed]

Radeva, L.; Yoncheva, K. Doxorubicin Toxicity and Recent Approaches to Alleviating Its Adverse Effects with Focus on Oxidative
Stress. Molecules 2025, 30, 3311. [CrossRef] [PubMed] [PubMed Central]

Shati, A.A.; Eid, R.A ; El-Kott, A.F,; Algahtani, Y.A.; Shatoor, A.S.; Ahmed Zaki, M.S. Curcumin attenuates doxorubicin-induced
cardiotoxicity via suppressing oxidative Stress, preventing inflammation and apoptosis: Ultrastructural and computational
approaches. Heliyon 2024, 10, e27164. [CrossRef] [PubMed] [PubMed Central]

Octavia, Y.; Tocchetti, C.G.; Gabrielson, K.L.; Janssens, S.; Crijns, H.J.; Moens, A.L. Doxorubicin-induced cardiomyopathy: From
molecular mechanisms to therapeutic strategies. J. Mol. Cell. Cardiol. 2012, 52, 1213-1225. [CrossRef] [PubMed]

Pecoraro, M.; Del Pizzo, M.; Marzocco, S.; Sorrentino, R.; Ciccarelli, M.; Iaccarino, G.; Pinto, A.; Popolo, A. Inflammatory mediators
in a short-time mouse model of doxorubicin-induced cardiotoxicity. Toxicol. Appl. Pharmacol. 2016, 293, 44-52. [CrossRef]
[PubMed]

Xu, Z.; Lin, S.; Wu, W,; Tan, H.; Wang, Z.; Cheng, C.; Lu, L.; Zhang, X. Ghrelin prevents doxorubicin-induced cardiotoxicity
through TNF-alpha/NF-kappaB pathways and mitochondrial protective mechanisms. Toxicology 2008, 247, 133-138. [CrossRef]
[PubMed]

Lee, D.K,; Cheng, R.; Nguyen, T.; Fan, T.; Kariyawasam, A.P; Liu, Y.; Osmond, D.H.; George, S.R.; O'Dowd, B.F. Characterization
of apelin, the ligand for the APJ receptor. J. Neurochem. 2000, 74, 34—41. [CrossRef] [PubMed]

Szokodi, I.; Tavi, P.; Foldes, G.; Voutilainen-Myllyla, S.; Ilves, M.; Tokola, H.; Pikkarainen, S.; Piuhola, J.; Rys4, J.; Téth, M.; et al.
Apelin, the novel endogenous ligand of the orphan receptor APJ, regulates cardiac contractility. Circ. Res. 2002, 91, 434—440.
[CrossRef] [PubMed]

Pitkin, S.L.; Maguire, ].J.; Kuc, R.E.; Davenport, A.P. Modulation of the apelin/AP] system in heart failure and atherosclerosis in
man. Br. J. Pharmacol. 2010, 160, 1785-1795. [CrossRef]

Capelli, I; Aiello, V.; Gasperoni, L.; La Manna, G. Apelin-13 alleviate inflammatory reaction of ischemia reperfusion in rat kidney
transplantation via NF-kappa B signaling pathway. bioRxiv 2024. [CrossRef]

Arruda, ES.; Tome, ED.; Milhomem, A.C.; Franco, P1R.; Justino, A.B.; Franco, R.R.; Campos, E.C.; Espindola, ES.; Soave, D.E;
Celes, M.R.N. Curcumin Attenuates Doxorubicin-Induced Cardiac Oxidative Stress and Increases Survival in Mice. Pharmaceutics
2024, 16, 1105. [CrossRef]

Jafarinezhad, Z.; Rafati, A.; Ketabchi, F.; Noorafshan, A.; Karbalay-Doust, S. Cardioprotective effects of curcumin and carvacrol in
doxorubicin-treated rats: Stereological study. Food Sci. Nutr. 2019, 7, 3581-3588. [CrossRef] [PubMed] [PubMed Central]
Benzer, F.,; Kandemir, EM.; Ozkaraca, M.; Kucukler, S.; Caglayan, C. Curcumin ameliorates doxorubicin-induced cardiotoxicity by
abrogation of inflammation, apoptosis, oxidative DNA damage, and protein oxidation in rats. J. Biochem. Mol. Toxicol. 2018, 32,
€22030. [CrossRef] [PubMed]


https://doi.org/10.1093/ehjci/jeac106
https://doi.org/10.1016/j.pcad.2006.10.002
https://www.ncbi.nlm.nih.gov/pubmed/17329180
https://doi.org/10.3390/molecules30153311
https://www.ncbi.nlm.nih.gov/pubmed/40807486
https://pmc.ncbi.nlm.nih.gov/articles/PMC12348484
https://doi.org/10.1016/j.heliyon.2024.e27164
https://www.ncbi.nlm.nih.gov/pubmed/38468941
https://pmc.ncbi.nlm.nih.gov/articles/PMC10926088
https://doi.org/10.1016/j.yjmcc.2012.03.006
https://www.ncbi.nlm.nih.gov/pubmed/22465037
https://doi.org/10.1016/j.taap.2016.01.006
https://www.ncbi.nlm.nih.gov/pubmed/26780402
https://doi.org/10.1016/j.tox.2008.02.018
https://www.ncbi.nlm.nih.gov/pubmed/18400355
https://doi.org/10.1046/j.1471-4159.2000.0740034.x
https://www.ncbi.nlm.nih.gov/pubmed/10617103
https://doi.org/10.1161/01.RES.0000033522.37861.69
https://www.ncbi.nlm.nih.gov/pubmed/12215493
https://doi.org/10.1111/j.1476-5381.2010.00821.x
https://doi.org/10.1101/2024.05.10.593511
https://doi.org/10.3390/pharmaceutics16081105
https://doi.org/10.1002/fsn3.1210
https://www.ncbi.nlm.nih.gov/pubmed/31763008
https://pmc.ncbi.nlm.nih.gov/articles/PMC6848807
https://doi.org/10.1002/jbt.22030
https://www.ncbi.nlm.nih.gov/pubmed/29315967

Biomolecules 2025, 15, 1416 14 of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Morton, A.B.; Mor Huertas, A.; Hinkley, ].M.; Ichinoseki-Sekine, N.; Christou, D.D.; Smuder, A.J. Mitochondrial accumulation of
doxorubicin in cardiac and diaphragm muscle following exercise preconditioning. Mitochondrion 2019, 45, 52—62. [CrossRef]
Mihara, M.; Uchiyama, M. Determination of malonaldehyde precursor in tissues by thiobarbituric acid test. Anal. Biochem. 1978,
86, 271-278. [CrossRef]

Ellman, G.L. Tissue sulfhydryl groups. Arch. Biochem. Biophys. 1959, 82, 70-77. [CrossRef] [PubMed]

Sun, Y,; Oberley, L.W.; Li, Y. A simple method for clinical assay of superoxide dismutase. Clin. Chem. 1988, 34, 497-500. [CrossRef]
Liick, H. Catalase. In Methods of Enzymatic Analysis; Bergmeyer, H.-U., Ed.; Academic Press: Cambridge, MA, USA, 1965; pp.
885-894.

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402—408. [CrossRef] [PubMed]

Wettersten, N.; Maisel, A. Role of Cardiac Troponin Levels in Acute Heart Failure. Card. Fail. Rev. 2015, 1, 102-106. [CrossRef]
[PubMed] [PubMed Central]

Elberry, A.A.; Abdel-Naim, A.B.; Abdel-Sattar, E.A.; Nagy, A.A.; Mosli, H.A.; Mohamadin, A.M.; Ashour, O.M. Cranberry
(Vaccinium macrocarpon) protects against doxorubicin-induced cardiotoxicity in rats. Food Chem. Toxicol. 2010, 48, 1178-1184.
[CrossRef] [PubMed]

Hu, C.; Zhang, X.; Wei, W.; Zhang, N.; Wu, H.; Ma, Z,; Li, L.; Deng, W.; Tang, Q. Matrine attenuates oxidative stress and
cardiomyocyte apoptosis in doxorubicin-induced cardiotoxicity via maintaining AMPK«/UCP2 pathway. Acta Pharm. Sin. B
2019, 9, 690-701. [CrossRef] [PubMed] [PubMed Central]

Beinart, R.; Zhang, Y.; Lima, J.A.; Bluemke, D.A.; Soliman, E.Z.; Heckbert, S.R.; Post, W.S.; Guallar, E.; Nazarian, S. The QT interval
is associated with incident cardiovascular events: The MESA study. J. Am. Coll. Cardiol. 2014, 64, 2111-2119. [CrossRef] [PubMed]
Davey, P.P; Barlow, C.; Hart, G. Prolongation of the QT interval in heart failure occurs at low but not at high heart rates. Clin. Sci.
2000, 98, 603-610. [CrossRef]

Volkova, M.; Russell, R., 3rd. Anthracycline cardiotoxicity: Prevalence, pathogenesis and treatment. Curr. Cardiol. Rev. 2011, 7,
214-220. [CrossRef] [PubMed] [PubMed Central]

Chatterjee, K.; Zhang, J.; Honbo, N.; Karliner, ].S. Doxorubicin cardiomyopathy. Cardiology 2010, 115, 155-162. [CrossRef]
[PubMed] [PubMed Central]

Benjanuwattra, J.; Siri-Angkul, N.; Chattipakorn, S.C.; Chattipakorn, N. Doxorubicin and its proarrhythmic effects: A com-
prehensive review of the evidence from experimental and clinical studies. Pharmacol. Res. 2020, 151, 104542. [CrossRef]
[PubMed]

Kwatra, M.; Kumar, V,; Jangra, A.; Mishra, M.; Ahmed, S.; Ghosh, P,; Vohora, D.; Khanam, R. Ameliorative effect of naringin
against doxorubicin-induced acute cardiac toxicity in rats. Pharm. Biol. 2016, 54, 637-647. [CrossRef] [PubMed]

Dursun, N.; Taskin, E.; Oztiirk, F. Protection against adriamycin-induced cardiomyopathy by carnosine in rats: Role of endogenous
antioxidants. Biol. Trace Elem. Res. 2011, 143, 412-424. [CrossRef] [PubMed]

Warpe, V.S.; Mali, V.R.; Arulmozhi, S.; Bodhankar, S.L.; Mahadik, K.R. Cardioprotective effect of ellagic acid on doxorubicin
induced cardiotoxicity in wistar rats. J. Acute Med. 2015, 5, 1-8. [CrossRef]

Mantawy, E.M.; El-Bakly, W.M.; Esmat, A.; Badr, A.M.; El-Demerdash, E. Chrysin alleviates acute doxorubicin cardiotoxicity in
rats via suppression of oxidative stress, inflammation and apoptosis. Eur. ]. Pharmacol. 2014, 728, 107-118. [CrossRef] [PubMed]
Mukherjee, S.; Banerjee, S.K.; Maulik, M.; Dinda, A.K,; Talwar, K.K.; Maulik, S.K. Protection against acute adriamycin-induced
cardiotoxicity by garlic: Role of endogenous antioxidants and inhibition of TNF-alpha expression. BMC Pharmacol. 2003, 3, 16.
[CrossRef] [PubMed] [PubMed Central]

Zhu, J.; Zhang, J.; Zhang, L.; Du, R.; Xiang, D.; Wu, M.; Zhang, R.; Han, W. Interleukin-1 signaling mediates acute doxorubicin-
induced cardiotoxicity. Biomed. Pharmacother. 2011, 65, 481-485. [CrossRef] [PubMed]

Abdelatty, A.; Ahmed, M.S.; Abdel-Kareem, M.A.; Dmerdash, M.; Mady, R.; Saad, A.S.; Albrakati, A.; Elmahallawy, E.K,; Elsawak,
A.; Abdo, W. Acute and Delayed Doxorubicin-Induced Myocardiotoxicity Associated with Elevation of Cardiac Biomarkers,
Depletion of Cellular Antioxidant Enzymes, and Several Histopathological and Ultrastructural Changes. Life 2021, 11, 880.
[CrossRef] [PubMed]

Bhutani, V.; Varzideh, F.; Wilson, S.; Kansakar, U.; Jankauskas, S.S.; Santulli, G. Doxorubicin-Induced Cardiotoxicity: A Compre-
hensive Update. J. Cardiovasc. Dev. Dis. 2025, 12, 207. [CrossRef]

Dulf, P.L.; Mocan, M.; Coada, C.A.; Dulf, D.V,; Moldovan, R.; Baldea, I.; Farcas, A.D.; Blendea, D.; Filip, A.G. Doxorubicin-
induced acute cardiotoxicity is associated with increased oxidative stress, autophagy, and inflammation in a murine model.
Naunyn-Schmiedeberg’s Arch. Pharmacol. 2023, 396, 1105-1115. [CrossRef]

Pereira, G.C,; Silva, A.M.; Diogo, C.V.; Carvalho, ES.; Monteiro, P.; Oliveira, PJ. Drug-induced cardiac mitochondrial toxicity and
protection: From doxorubicin to carvedilol. Curr. Pharm. Des. 2011, 17, 2113-2129. [CrossRef] [PubMed]

Winterbourn, C.C. Toxicity of iron and hydrogen peroxide: The Fenton reaction. Toxicol. Lett. 1995, 82-83, 969-974. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.mito.2018.02.005
https://doi.org/10.1016/0003-2697(78)90342-1
https://doi.org/10.1016/0003-9861(59)90090-6
https://www.ncbi.nlm.nih.gov/pubmed/13650640
https://doi.org/10.1093/clinchem/34.3.497
https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.15420/cfr.2015.1.2.102
https://www.ncbi.nlm.nih.gov/pubmed/28785441
https://pmc.ncbi.nlm.nih.gov/articles/PMC5491037
https://doi.org/10.1016/j.fct.2010.02.008
https://www.ncbi.nlm.nih.gov/pubmed/20146931
https://doi.org/10.1016/j.apsb.2019.03.003
https://www.ncbi.nlm.nih.gov/pubmed/31384530
https://pmc.ncbi.nlm.nih.gov/articles/PMC6664099
https://doi.org/10.1016/j.jacc.2014.08.039
https://www.ncbi.nlm.nih.gov/pubmed/25457400
https://doi.org/10.1042/cs0980603
https://doi.org/10.2174/157340311799960645
https://www.ncbi.nlm.nih.gov/pubmed/22758622
https://pmc.ncbi.nlm.nih.gov/articles/PMC3322439
https://doi.org/10.1159/000265166
https://www.ncbi.nlm.nih.gov/pubmed/20016174
https://pmc.ncbi.nlm.nih.gov/articles/PMC2848530
https://doi.org/10.1016/j.phrs.2019.104542
https://www.ncbi.nlm.nih.gov/pubmed/31730804
https://doi.org/10.3109/13880209.2015.1070879
https://www.ncbi.nlm.nih.gov/pubmed/26471226
https://doi.org/10.1007/s12011-010-8875-y
https://www.ncbi.nlm.nih.gov/pubmed/20941549
https://doi.org/10.1016/j.jacme.2015.02.003
https://doi.org/10.1016/j.ejphar.2014.01.065
https://www.ncbi.nlm.nih.gov/pubmed/24509133
https://doi.org/10.1186/1471-2210-3-16
https://www.ncbi.nlm.nih.gov/pubmed/14687418
https://pmc.ncbi.nlm.nih.gov/articles/PMC324401
https://doi.org/10.1016/j.biopha.2011.06.005
https://www.ncbi.nlm.nih.gov/pubmed/22000485
https://doi.org/10.3390/life11090880
https://www.ncbi.nlm.nih.gov/pubmed/34575029
https://doi.org/10.3390/jcdd12060207
https://doi.org/10.1007/s00210-023-02382-z
https://doi.org/10.2174/138161211796904812
https://www.ncbi.nlm.nih.gov/pubmed/21718248
https://doi.org/10.1016/0378-4274(95)03532-X
https://www.ncbi.nlm.nih.gov/pubmed/8597169

Biomolecules 2025, 15, 1416 15 of 15

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Cao, G.; Giovanoni, M.; Prior, R.L. Antioxidant capacity in different tissues of young and old rats. Proc. Soc. Exp. Biol. Med. 1996,
211, 359-365. [CrossRef] [PubMed]

He, H.; Luo, Y.; Qiao, Y.; Zhang, Z.; Yin, D.; Yao, J.; You, J.; He, M. Curcumin attenuates doxorubicin-induced cardiotoxicity via
suppressing oxidative stress and preventing mitochondrial dysfunction mediated by 14-3-3y. Food Funct. 2018, 9, 4404—4418.
[CrossRef] [PubMed]

Klymenko, O.O.; Drevytska, T.I.; Gonchar, O.O.; Tarasova, K.V.; Nosar, V.I; Dosenko, V.Y.; Mankovska, .M. Curcumin exerts
protective effects against doxorubicin-induced cardiotoxicity. Ukr. Biochem. ]. 2025, 97, 25. [CrossRef]

Adachi, T.; Nagae, T; Ito, Y.; Hirano, K.; Sugiura, M. Relation between cardiotoxic effect of adriamycin and superoxide anion
radical. J. Pharmacobiodyn. 1983, 6, 114-123. [CrossRef] [PubMed]

Sesarman, A.; Muntean, D.; Abrudan, B.; Tefas, L.; Sylvester, B.; Licarete, E.; Rauca, V.; Luput, L.; Patras, L.; Banciu, M.; et al.
Improved pharmacokinetics and reduced side effects of doxorubicin therapy by liposomal co-encapsulation with curcumin. J.
Liposome Res. 2021, 31, 1-10. [CrossRef] [PubMed]

Aktan, F. iNOS-mediated nitric oxide production and its regulation. Life Sci. 2004, 75, 639-653. [CrossRef] [PubMed]

Wang, J.; Yao, L.; Wu, X.; Guo, Q.; Sun, S.; Li, J.; Shi, G.; Caldwell, R.B.; Caldwell, R.W.; Chen, Y. Protection against Doxorubicin-
Induced Cardiotoxicity through Modulating iNOS/ ARG 2 Balance by Electroacupuncture at PC6. Oxid. Med. Cell. Longev. 2021,
6628957. [CrossRef] [PubMed] [PubMed Central]

De Boo, S.; Kopecka, J.; Brusa, D.; Gazzano, E.; Matera, L.; Ghigo, D.; Bosia, A.; Riganti, C. iNOS activity is necessary for the
cytotoxic and immunogenic effects of doxorubicin in human colon cancer cells. Mol. Cancer 2009, 8, 108. [CrossRef] [PubMed]
[PubMed Central]

Kim, J.Y;; Jung, H.; Ahn, S. The relationship between nuclear factor (NF)-«B family gene expression and prognosis in triple-
negative breast cancer (TNBC) patients receiving adjuvant doxorubicin treatment. Sci. Rep. 2016, 6, 31804. [CrossRef]

Guo, Q.; Jin, Y.; Chen, X; Ye, X; Shen, X; Lin, M.; Zeng, C.; Zhou, T.; Zhang, ]. NF-«B in biology and targeted therapy: New
insights and translational implications. Signal Transduct. Target. Ther. 2024, 9, 53. [CrossRef] [PubMed] [PubMed Central]
Wang, S.; Kotamraju, S.; Konorev, E.; Kalivendi, S.; Joseph, J.; Kalyanaraman, B. Activation of nuclear factor-kappaB during
doxorubicin-induced apoptosis in endothelial cells and myocytes is pro-apoptotic: The role of hydrogen peroxide. Biochem. ].
2002, 367, 729-740. [CrossRef] [PubMed] [PubMed Central]

Guo, RM,; Xu, WM,; Lin, J.C.; Mo, L.Q.; Hua, X.X,; Chen, P.X.; Wu, K.; Zheng, D.D.; Feng, ].Q. Activation of the p38 MAPK/NF-
kB pathway contributes to doxorubicin-induced inflammation and cytotoxicity in H9c2 cardiac cells. Mol. Med. Rep. 2013, 8,
603-608. [CrossRef] [PubMed]

Kleinz, M.].; Skepper, ].N.; Davenport, A.P. Imnmunocytochemical localisation of the apelin receptor, APJ, to human cardiomy-
ocytes, vascular smooth muscle and endothelial cells. Regul. Pept. 2005, 126, 233-240. [CrossRef]

Matusik, K.; Kamiriska, K.; Sobiborowicz-Sadowska, A.; Borzuta, H.; Buczma, K.; Cudnoch-Jedrzejewska, A. The significance of
the apelinergic system in doxorubicin-induced cardiotoxicity. Heart Fail. Rev. 2024, 29, 969-988. [CrossRef] [PubMed] [PubMed
Central]

Hamada, J.; Baasanjav, A.; Ono, N.; Murata, K.; Kako, K.; Ishida, J.; Fukamizu, A. Possible involvement of downregulation of the
apelin-AP]J system in doxorubicin-induced cardiotoxicity. Am. J. Physiol. Heart Circ. Physiol. 2015, 308, H931-H941. [CrossRef]
[PubMed]

Wang, T.; Xing, G.; Fu, T.; Ma, Y,; Wang, Q.; Zhang, S.; Chang, X.; Tong, Y. Role of mitochondria in doxorubicin-mediated
cardiotoxicity: From molecular mechanisms to therapeutic strategies. Int. |. Med. Sci. 2024, 21, 809-816. [CrossRef]

Dai, T.; Ramirez-Correa, G.; Gao, W.D. Apelin increases contractility in failing cardiac muscle. Eur. |. Pharmacol. 2006, 553, 222-228.
[CrossRef] [PubMed]

Wang, C.; Du, ].E; Wu, F. Apelin decreases the SR Ca?* content but enhances the amplitude of [Ca?*]; transient and contractions
during twitches in isolated rat cardiac myocytes. Am. J. Physiol. Heart Circ. Physiol. 2008, 294, H2540-H2546. [CrossRef] [PubMed]
Urosevic, M.; Nikolic, L.; Gajic, I.; Nikolic, V.; Dinic, A.; Miljkovic, V. Curcumin: Biological Activities and Modern Pharmaceutical
Forms. Antibiotics 2022, 11, 135. [CrossRef] [PubMed]

Pulido-Moran, M.; Moreno-Fernandez, J.; Ramirez-Tortosa, C.; Ramirez-Tortosa, M. Curcumin and Health. Molecules 2016, 21, 264.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3181/00379727-211-43981
https://www.ncbi.nlm.nih.gov/pubmed/8618942
https://doi.org/10.1039/C8FO00466H
https://www.ncbi.nlm.nih.gov/pubmed/30063064
https://doi.org/10.15407/ubj97.01.025
https://doi.org/10.1248/bpb1978.6.114
https://www.ncbi.nlm.nih.gov/pubmed/6306200
https://doi.org/10.1080/08982104.2019.1682604
https://www.ncbi.nlm.nih.gov/pubmed/31631726
https://doi.org/10.1016/j.lfs.2003.10.042
https://www.ncbi.nlm.nih.gov/pubmed/15172174
https://doi.org/10.1155/2021/6628957
https://www.ncbi.nlm.nih.gov/pubmed/33824696
https://pmc.ncbi.nlm.nih.gov/articles/PMC8007344
https://doi.org/10.1186/1476-4598-8-108
https://www.ncbi.nlm.nih.gov/pubmed/19925669
https://pmc.ncbi.nlm.nih.gov/articles/PMC2785770
https://doi.org/10.1038/srep31804
https://doi.org/10.1038/s41392-024-01757-9
https://www.ncbi.nlm.nih.gov/pubmed/38433280
https://pmc.ncbi.nlm.nih.gov/articles/PMC10910037
https://doi.org/10.1042/bj20020752
https://www.ncbi.nlm.nih.gov/pubmed/12139490
https://pmc.ncbi.nlm.nih.gov/articles/PMC1222928
https://doi.org/10.3892/mmr.2013.1554
https://www.ncbi.nlm.nih.gov/pubmed/23807148
https://doi.org/10.1016/j.regpep.2004.10.019
https://doi.org/10.1007/s10741-024-10414-w
https://www.ncbi.nlm.nih.gov/pubmed/38990214
https://pmc.ncbi.nlm.nih.gov/articles/PMC11306362
https://pmc.ncbi.nlm.nih.gov/articles/PMC11306362
https://doi.org/10.1152/ajpheart.00703.2013
https://www.ncbi.nlm.nih.gov/pubmed/25681427
https://doi.org/10.7150/ijms.94485
https://doi.org/10.1016/j.ejphar.2006.09.034
https://www.ncbi.nlm.nih.gov/pubmed/17055480
https://doi.org/10.1152/ajpheart.00046.2008
https://www.ncbi.nlm.nih.gov/pubmed/18424641
https://doi.org/10.3390/antibiotics11020135
https://www.ncbi.nlm.nih.gov/pubmed/35203738
https://doi.org/10.3390/molecules21030264

	Introduction 
	Materials and Methods 
	Experimental Design 
	Blood Pressure Measurement 
	ECG Measurement 
	Sample Collection 
	Biochemical Analyses in Heart Tissue 
	Quantification of Ctn, Apelin, Tnf, Il-1 
	RT-qPCR for mRNA Expression of Apelin and Nf-Kb 
	Histopathological Analysis 
	Immunohistochemical Analysis 
	Statistical Analysis 

	Results 
	Electrocardiogram (ECG) 
	Biochemical Analyses 
	Apelin and NF-B Gene Expression 
	Histopathology 
	Immunohistochemistry 

	Discussion 
	Conclusions 
	References

