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Abstract

Background/Objectives: Cisplatin (CP) is a widely used chemotherapeutic agent; how-
ever, its dose-dependent effects on different tissues are not fully understood. This study
aimed to investigate the early dose-related cardiorenal toxicity of CP at biochemical, mo-
lecular, and histopathological levels. Methods: Male Wistar albino rats were divided into
four groups: Control, 5 mg/kg CP, 7.5 mg/kg CP, and 12 mg/kg CP. Cardiac and renal
tissues were collected three days after administration. Oxidative stress and inflammatory
parameters were analyzed using ELISA. Histopathological evaluation and semi-quantita-
tive scoring were performed on tissue sections. Apoptosis-related proteins were assessed
using Western blotting and immunohistochemistry. Results: In both renal and cardiac tis-
sues, LPO, MDA, and SOD levels showed significant dose-dependent changes, whereas
inflammatory parameters did not differ significantly among the groups. Although Bax
and Bcl-2 proteins displayed significant dose-dependent variations in both tissues at the
protein level, immunohistochemical analyses showed no notable differences in cardiac
tissue. Conclusions: Acute cisplatin exposure produced dose-related biochemical, molec-
ular, and histopathological alterations in both cardiac and renal tissues. Oxidative stress-
related changes were more prominent than cytokine-mediated inflammatory responses
during the acute experimental period. Within the conditions of this acute model, lower
cisplatin doses were associated with less pronounced tissue alterations.

Keywords: cisplatin; cardiorenal toxicity; dose-response; oxidative stress; histopathology;
experimental toxicology

1. Introduction

Cis-diamminedichloroplatinum (cisplatin, CP) is a widely used chemotherapeutic
agent against a variety of tumors, including testis, bladder, ovary, head and neck, cervix,
lung, and endometrium [1]. Nevertheless, its full clinical application is limited due to its
adverse effects on the inner ear, peripheral nerves, heart, kidneys, and testes [2,3]. In in-
dividuals undergoing CP treatment, physiological homeostasis is disrupted [4].
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Oxidative stress and inflammation play significant roles in this disruption, both of
which are associated with CP-induced toxicity [5]. The dose-limiting side effects of CP
include nephrotoxicity, neurotoxicity, and ototoxicity [6]. Among these, sensory neurop-
athy and kidney injury are two of the most common adverse effects that restrict CP ther-
apy. Regarding kidney injury, this antitumor agent has been reported to cause tubular
damage and tubular dysfunction accompanied by the loss of sodium, potassium, and
magnesium, and to lead to a dose-dependent decrease in glomerular filtration rate [7].
However, the most frequently reported adverse effect of CP is nephrotoxicity, which has
been shown to vary with dose and cumulative exposure [8,9]. CP-induced nephrotoxicity
is dose-dependent and involves necrosis, apoptosis, and necroptosis of renal cells [10,11].
In vitro studies have demonstrated that necrotic cell death results from high concentra-
tions of CP, whereas apoptosis is triggered by lower concentrations [10,12]. Moreover,
several recent studies have revealed a substantial increase in the risk of cardiovascular
events among cancer patients treated with CP, indicating that CP-induced cardiovascular
toxicity has become a growing concern. Chronic CP treatment has been suggested to trig-
ger cardiac and vascular toxicity in a dose-dependent manner [2]. Following CP admin-
istration, cell death can be initiated through apoptotic pathways: the extrinsic, intrinsic
(mitochondprial), and endoplasmic reticulum (ER) stress-mediated pathways. CP activates
caspases-3, -8, and -9, and triggers the translocation of Bax to the mitochondria, leading
to the release of cytochrome c, apoptosis-inducing factor (AIF), and endonuclease G
[11,13,14]. Inhibition of caspase-3 and caspase-9 suppresses CP-induced cell death [15],
while mice deficient in Bax treated with CP exhibit reduced cytochrome c release [13]. This
finding highlights the crucial roles of both the extrinsic and intrinsic apoptotic pathways
in CP-induced cytotoxicity.

The dose-dependence of CP-induced toxicity suggests that the extent of toxicity may
vary among different tissues. However, both in vivo and in vitro studies remain insuffi-
cient to clearly determine the dose ranges at which varying levels of toxicity occur. Exper-
imental animal models, particularly rat models, are widely used in toxicological research
due to their physiological and biochemical similarities to humans and their suitability for
investigating organ-specific responses. We hypothesized that CP induces dose-dependent
and tissue-specific alterations in cardiac and renal tissues, with higher doses leading to
more pronounced biochemical, molecular, and histopathological changes. This study
aimed to characterize early dose-dependent cardiorenal toxicity of cisplatin using an in-
tegrated multi-level approach, with particular emphasis on identifying tissue-specific
early toxic responses and discrepancies between biochemical, molecular, and histopatho-
logical findings.

2. Materials and Methods
2.1. Study Design and Animal Experimentation

In this study, the rats were sourced from the Selcuk University Experimental Medi-
cine Application and Research Center (Konya, Tiirkiye). Wistar albino rats (male; 8-12
weeks) were used. Animals were maintained under standard conditions with ad libitum
access to food and water. The sample size was determined based on previous experi-
mental cisplatin toxicity studies reporting comparable biochemical, molecular, and histo-
pathological endpoints together with similar animal group sizes [2,5]. The environmental
conditions, including light, temperature, and humidity, were maintained under con-
trolled settings (12/12 h light/dark cycle, 22 + 2 °C, 55 + 5% humidity). Animals were ran-
domly allocated to experimental groups using a simple randomization approach. All pro-
cedures were conducted at the same time of day, and animals were housed under stand-
ardized environmental conditions to minimize potential confounding effects. Animals
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were allowed to acclimatize to the laboratory environment for 7 days prior to the experi-
mental procedures. Control group (n = 8): received a single intraperitoneal (i.p.) dose of 1
mL 0.9% isotonic saline; CP 5 mg/kg group (n = 10): received a single i.p. dose of 5 mg/kg
CP [16]; CP 7.5 mg/kg group (n = 10): received a single i.p. dose of 7.5 mg/kg CP [17]; CP
12 mg/kg group (n = 10): received a single i.p. dose of 12 mg/kg CP [18]. CP (50mg/100ml
IV, Kogak Farma, Istanbul, Tiirkiye) was obtained commercially and administered intra-
peritoneally. Three days after CP administration, animals were anesthetized and heart
and kidney tissues were collected. General anesthesia was induced using Ketalar (keta-
mine hydrochloride; Pfizer Inc., New York, NY, USA; 90 mg/kg, i.p.) and Rompun
(xylazine hydrochloride; Bayer AG, Leverkusen, Germany; 10 mg/kg, i.p.). Depth of an-
esthesia was confirmed by assessment of muscle tone, palpebral reflex, and response to
pinching. Animals were euthanized by cervical dislocation under deep anesthesia. All
procedures were performed in accordance with ethical guidelines to minimize animal suf-
fering. Animals were monitored daily for general health status and signs of distress
throughout the experimental period. No unexpected adverse events were observed. No
predefined humane endpoints were established, and all animals were sacrificed at the
predetermined experimental endpoint. The study was conducted in accordance with the
Guide for the Care and Use of Laboratory Animals. Ethical approval was granted by the
Animal Experiments Ethics Committee of the Selcuk University Experimental Medicine
Application and Research Center (decision number: 2024/15; date: 29 February 2024).

2.2. Preparation of Tissue Homogenates

For the analysis of oxidative stress and inflammation parameters, tissue homoge-
nates were prepared using 0.01 M phosphate buffer (pH 7.4). Briefly, tissues were homog-
enized on ice in the presence of the buffer solution. Following homogenization, the sam-
ples were centrifuged at 3000x g for 10 min, and the resulting supernatants were aliquoted
and stored at -80 °C until the day of analysis.

2.3. Protein Analysis from Tissues

Prior to Western blot analysis, tissue lysates were prepared on ice using RIPA lysis
buffer 1 g tissue/10 mL RIPA (Cat no: E-BC-R327, Elabscience, Houston, TX, USA) supple-
mented with 100 mM NasVOs (Cat no: E-BC-R250, Elabscience) and 100 mM PMSF (Cat
no: E-BC-R287, Elabscience). The lysates were centrifuged at 12,000x g for 10 min at +4 °C,
and the resulting supernatants were collected for total protein quantification. Total pro-
tein levels were defined spectrophotometrically at 562 nm using the Bicinchoninic Acid
(BCA; Cat no: ZH394546, Thermo Scientific, Waltham, MA, USA) method. In this assay,
bovine serum albumin (BSA, 0-2000 ug/mL) was used as a standard, and protein concen-
trations of the samples were calculated based on the calibration curve. All procedures
were performed in accordance with the manufacturer’s protocol.

2.4. Biochemical Studies, ELISA Analyses and Serological Tests

For the evaluation of oxidative stress and inflammation in tissue samples, the levels
of malondialdehyde (MDA, Cat no: E0156Ra, BT LAB/Bioassay Technology Laboratory,
Shanghai Korain Biotech Co., Ltd., Shanghai, China), lipid peroxidase (LPO, Cat no:
E0285Ra, BT LAB), superoxide dismutase (SOD, Cat no: E0168Ra, BT LAB), and 4-hy-
droxynonenal (4-HNE, Cat no: MBS1609751, MyBiosource, San Diego, CA, USA), as well
as the inflammatory cytokines interleukin-6 (IL-6, Cat no: E0135Ra, BT LAB), interleukin-
10 (IL-10, Cat no: E0108Ra, BT LAB), interleukin-1f (IL-1p, Cat no: EO119Ra, BT LAB), and
tumor necrosis factor-a (TNF-a, Cat no: E0764Ra, BT LAB), were measured using enzyme-
linked immunosorbent assay (ELISA) kits. All measurements were performed spectro-
photometrically at 450 nm, and all procedures followed the protocols provided by the
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respective manufacturers. Serological analyses were performed using plasma samples ob-
tained from rats to assess cardiac and renal function. Renal function parameters included
urea and creatinine levels, while cardiac function was evaluated by measuring CK-MB
and Troponin T levels. Biochemical and hormone analyses were carried out using Roche
Cobas analyzers (Roche Diagnostics GmbH, Mannheim, Germany).

2.5. Apoptotic Protein Analysis, Western Blot

Protein levels of the tissue samples were equalized and adjusted to 15 pug/mL using
sample dilution buffer, followed by incubation at 90 °C for 5 min. The samples were then
loaded into the wells of a Mini-PROTEAN Tetra Cell Gel (Mini-PROTEAN Tetra Cell elec-
trophoresis system (Bio-Rad Laboratories, Hercules, CA, USA) and separated by electro-
phoresis at 30 mA for 120 min. The resolved protein bands were subsequently transferred
onto a PVDF membrane at 25 mA for 30 min. Following transfer, the membranes were
blocked at room temperature (RT) for 1 h with 5% non-fat dry milk and incubated over-
night at 4 °C with the following primary antibodies: anti-Bax (1:1000; AB32503, Abcam,
Cambridge, UK), anti-Bcl-2 (1:1000; AB194583, Abcam). GAPDH (1:1000; E-AB-40337,
Elabscience) was used as an internal control. After incubation, the membranes were
washed three times for 15 min each at room temperature and then incubated for 1 h with
an HRP-conjugated goat anti-rabbit IgG secondary antibody (1:5000; Cat no: E-AB-1003,
Elabscience). Subsequent to another three 15 min washing steps, the membranes were in-
cubated with Opti-4CN substrate reagent (Cat No: 1708225, Bio-Rad Laboratories, Hercu-
les, CA, USA) for 10 min in the dark at RT. Protein bands were visualized and quantified
using a Gel Doc XR+ imaging system (Bio-Rad Laboratories, Hercules, CA, USA), and
band intensities were analyzed using the corresponding software.

2.6. Histopathological Analyses

Following necropsy, the kidney and heart tissues of the rats were dissected in accord-
ance with standard procedures. For histopathological and immunohistochemical exami-
nations, the tissues were fixed in 10% formaldehyde solution for 24 h. After fixation, the
samples were trimmed to appropriate sizes and placed in tissue processing cassettes. The
tissues were then washed under running water for 12 h before being processed in a routine
tissue processor (Leica TP 1020, Leica Biosystems, Nussloch, Germany). Subsequently, the
tissues were embedded in paraffin, and 5 pum-thick sections were obtained using a micro-
tome (Leica RM 2125RT, Leica Biosystems) for both hematoxylin—eosin (H&E) and im-
munohistochemical staining. Routine histopathological evaluations were performed ac-
cording to the hematoxylin—eosin staining method described by Luna [19]. All slides were
examined under a light microscope (Olympus BX51, Olympus, Tokyo, Japan). To ensure
comparability between groups in histopathological and immunohistochemical examina-
tions, sections were prepared from the same region of the kidney and heart tissues of 8
randomly selected animals per group. Microscopic evaluation of the kidney sections in-
cluded the assessment of hydropic degeneration, necrosis, tubular dilatation, glomerular
atrophy, hyaline casts, interstitial mononuclear cell infiltrate (IMCI), interstitial edema,
perivascular edema, congestion, and hemorrhage. These parameters were scored semi-
quantitatively on a scale of 0 to 4 (0: no lesion, 1: mild, 2: moderate, 3: severe, 4: very severe)
[20,21]. Cardiac sections were evaluated for degeneration, necrosis, congestion, hemor-
rhage, interstitial edema, and mononuclear cell infiltrate (MCI) scored on a scale of 0 to 3
(0:nolesion, 1: mild, 2: moderate, 3: severe) [22,23]. All sections of kidney and heart tissues
were evaluated, and each histopathological parameter was examined and scored sepa-
rately. Examinations were performed at magnifications between 10x and 40x, depending
on the characteristics of the lesion being evaluated. Histopathological evaluations were
performed jointly by two experienced veterinary pathologists, unaware of the groups, and
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scores were assigned to each parameter based on a joint decision. Prior to evaluation, the
preparations were coded by a researcher who was not involved in the pathological exam-
ination process. Representative photomicrographs from both kidney and heart tissues
were captured using an Olympus EP50 camera system (Evident Corporation, Tokyo, Japan).

2.7. Immunohistochemical Analyses

For immunohistochemical (IHC) staining, 5 pm-thick sections of kidney and heart
tissues were mounted on adhesive slides. It was performed using a Leica Bond-Max au-
tomated immunohistochemistry system in accordance with the Bond™ Polymer Refine
Detection Kit protocol (Leica DS9800, Leica Biosystems), which includes the following se-
quential steps: Peroxidase Block, Protein Block, Post-Primary, Polymer, DAB, and Hema-
toxylin. All sections were deparaffinized using a heating and dewax solution (Bond™,
Leica AR9222, Leica Biosystems) and subsequently rehydrated through a graded series of
alcohols (100-70%) (Sigma). During the staining process, to remove residual reagents or
following marker application, all sections were washed at least three times with either
wash buffer (Bond™, Leica AR9590, Leica Biosystems) and/or distilled water. Heat-in-
duced epitope retrieval (HIER 1) was performed using Citrate Buffer (pH 6.0; Leica
AR9961, Leica Biosystems). To prevent nonspecific binding, peroxidase and protein block-
ing were applied for 30 min each. The kidney sections were then incubated at RT for 30
min with the following primary antibodies: anti-Bax antibody (Abcam (Cambridge, UK),
ab32503; 1:250) and anti-Bcl-2 antibody (Elabscience, E-AB-60012; 1:100). Heart sections
were incubated at RT for 45 min with anti-Bax antibody (Abcam, ab32503; 1:200) and anti-
Bcl-2 antibody (Elabscience, E-AB-60012; 1:50). After primary antibody incubation, Post-
Primary and Polymer reagents were applied for 10 min each. All sections were treated
with 3,3'-diaminobenzidine (DAB) chromogen for 3 min and rinsed with distilled water.
Counterstaining was performed using Mayer’s hematoxylin for 2 min, followed by dehy-
dration and mounting with Entellan (Merck, Darmstadt, Germany). The stained slides
were examined under a light microscope (Olympus BX51, Olympus, Tokyo, Japan). For
each slide, five random fields were evaluated at 40x magnification. The intensity and dis-
tribution of Bax and Bcl-2 immunoreactivity were assessed using the Allred scoring
method [24]. Inmunohistochemical stainings were evaluated by two experienced veteri-
nary pathologists unaware of the groups. The preparations were coded prior to evaluation,
and group information was not shared with the pathologists during the examination.
Scoring for Bax and Bcl-2 immunoreactivity was determined by consensus based on the
combined evaluation of the preparations. Representative photomicrographs were cap-
tured using an Olympus EP50 imaging system (Evident Corporation).

2.8. Statistical Analyses

Data analysis was carried out using Microsoft Excel and IBM SPSS Statistics software
(Version 21). The normality of data distribution was evaluated through the Kolmogorov—
Smirnov test. For datasets demonstrating normal distribution, a one-way analysis of var-
iance (ANOVA) was applied, followed by Tukey’s post hoc Honestly Significant Differ-
ence (HSD) test. All results were presented as mean + standard deviation (SD), and statis-
tical significance was accepted at a level of p <0.05.
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3. Results
3.1. Evaluation of Heart and Kidney Function Markers

Compared with the control group, urea and creatinine levels, as renal function mark-
ers, showed a significant increase. Although the 5 mg/kg group (p = 0.048 and p = 0.0802,
respectively) did not differ from the control group, both urea and creatinine levels were
significantly elevated in the 7.5 mg/kg group (p < 0.001 and p = 0.002, for urea and creati-
nine, respectively) and in the 12 mg/kg group (p <0.001 and p < 0.001, for urea and creati-
nine, respectively) (Figure 1A). Similarly, in the assessment of cardiac function, both tro-
ponin T (TnT) and CK-MB levels increased significantly with increasing CP dose (p <0.001
and p < 0.001, for CK-MB and TnT, respectively), whereas no significant difference com-
pared with the control group was observed in the 5 mg/kg group (Figure 1B).
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Figure 1. Serological analyses of plasma samples obtained from rats treated with different doses of
CP were evaluated using routine biochemistry and hormone analyzers. (A) Creatinine and urea
levels for kidney tissue; (B) troponin T and CK-MB levels for heart tissue. Different letters in the
same column are statistically significant according to one-way ANOVA and post hoc Tukey’s HSD
test. CP: Cisplatin.

3.2. Effect of CP on Oxidative Stress and Inflammation in Tissues

The levels of selected oxidative stress markers, including MDA, SOD, LPO, and 4-
HNE, were determined by ELISA. According to the results, selected oxidative stress mark-
ers (MDA (p = 0.03) and LPO (p <0.001)) showed a statistically significant increase in kid-
ney and heart tissues with increasing doses of CP, whereas SOD (p = 0.042) levels demon-
strated a significant decrease. While MDA and LPO levels increased significantly, 4-HNE
levels did not show a statistically significant change, suggesting a differential response
among oxidative stress markers (p = 0.189). (Figure 2A,B). Among the inflammation pa-
rameters, TNF-a levels were similar in the 5 (p = 0.07) and 7.5 mg/kg (p = 0.053) groups
but showed a significant increase in the 12 mg/kg group (p = 0.04). IL-6 (p = 0.296), IL-10
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(p=0.167), and IL-1p3 (p = 0.278) levels differed from the control group in CP-treated ani-
mals; however, these cytokines did not show a clear progressive dose-dependent pattern
across CP doses (Figure 2A,B). Although certain cytokines showed mild elevations, most
inflammatory markers did not demonstrate a strong progressive dose-dependent activa-
tion pattern during the acute experimental period.
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Figure 2. Dose-dependent effects of CP on oxidative stress and inflammatory responses in kidney
and heart tissues. The dose-dependent changes in LPO, MDA, SOD, and 4-HNE levels, as well as
TNF-a, IL-10, IL-6, and IL-B concentrations, in kidney (A) and heart (B) tissues following admin-
istration of different doses of CP. Different letters in the same column are statistically significant
according to one-way ANOVA and post hoc Tukey’s HSD test. CP: Cisplatin.

3.3. Effects of CP on Apoptotic Protein Levels

The expression levels of apoptotic pathway proteins Bax and Bcl-2 were analyzed in
rat heart and kidney tissues treated with different doses of CP using Western blot analysis.
Representative blot images and the corresponding densitometric analyses are presented
in Figure 3A,B. Protein expression levels were normalized to GAPDH, which served as
the internal reference protein. In kidney tissue, Bax protein expression in the 12 mg/kg CP
group (p = 0.027) increased approximately 8.6-fold compared to the control group,
whereas Bcl-2 expression decreased by 80% (p =0.002). In heart tissue, Bax levels in the 12
mg/kg CP group (p = 0.017) showed a 2.8-fold increase, accompanied by a 79% reduction
in Bcl-2 expression (p = 0.022).

https://doi.org/10.3390/biomedicines14071490


https://doi.org/10.3390/biomedicines14071490

Biomedicines 2026, 14, 1490

8 of 18

AN-.

.

—

Control  5mg/kg CP  7.5mg/kg CP
12

1

o
)

(Bax/GAPDH )
o
o

(=]

Protein Expression
=

o
o

|+|

Control

o

5 mg/kg

S
S xQ
SRR

0.35

(Bcl-2/GAPDH)
(=] (=]
oK e
o 0w

Protein Expression
oo
- v

0.05

o

Control Smg/kg

Bcl-2 26 kDa Bcl-2 26 kDa

- Bax 21kDa
GAPDH 36 kDa

12mg/kg CP

B
-~ oy
ha—

Bax 21kDa

- -

e

B B e

5mg/kg CP 7.5mg/kgCP 12mg/kg CP

-—
GAPDH 36 kDa

Control

1.4

-
[¥)

ab

[

154
)

0.6

- @

5 mg/kg

Protein Expression
(Bax/GAPDH)

Control 7.5 mg/kg

| =

7.5 mg/kg

12 mg/kg

7.5 mg/kg 12 mg/kg

Protein Expression
(Bcl-2/GAPDH)
e

|—I—|

7.5 mg/kg 12 mg/kg Control 5 mg/kg 12 mg/kg

Figure 3. The effects of different doses of CP on anti-apoptotic and pro-apoptotic protein levels in
heart and kidney tissues. (A) Graphical and blot-based representation of Bax, Bcl-2, and housekeep-
ing protein (GAPDH) levels in kidney tissue. (B) Graphical and blot-based representation of Bax,
Bcl-2, and housekeeping protein (GAPDH) levels in heart tissue. Different letters in the same column
are statistically significant according to one-way ANOVA and post hoc Tukey’s HSD test. CP: Cis-
platin.

3.4. Histopathological and Immunohistochemical Evaluation of CP-Induced Tissue Effects

The histopathological scoring results and corresponding statistical analyses of kid-
ney and heart tissues obtained from rats are presented in Tables 1 and 2, respectively.
Histopathological examination of kidney tissues revealed a dose-related increase in hy-
dropic degeneration, necrosis (particularly in the epithelial cells of the collecting ducts),
and hyaline cast formation (within tubular and collecting duct lumina) with increasing
doses of CP. In contrast, parameters such as tubular dilatation, glomerular atrophy, IMCI,
perivascular edema, and hemorrhage showed statistically significant differences when
compared to the control group; however, no significant variations were observed among
the dose groups. Additionally, interstitial edema and congestion parameters exhibited no
significant differences between groups (Figure 4a).

Table 1. Kidney Histopathological Scores.
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75 rglg/kg 1.67 +0.17 be 1.50+0.18 1.25+0.17> 1.25+0.25b 1.67+0.36 1.33+0.1720.67 +0.26 2 0.58 +0.152> 1.00+0.1321.58 £ 0.15 "

12 mg/kg
CP

2.33+0.40¢ 225+025¢ 1.42+0.24> 1.58+0.40¢ 2.66+049> 1.58+0.3320.75+0.112 0.83+0.17> 1.41+0.3522.00+0.22°

Different letters in the same column are statistically significant according to one-way ANOVA and
post hoc Tukey’s HSD test. CP: Cisplatin.

Figure 4. Histopathological and immunohistochemical analyses of kidney and heart tissues in a
dose-dependent manner following CP administration. (a) (A) Control group: Focal MCI in the in-
terstitial area (green arrowheads), 20, H&E. (B) CP 5 mg/kg group: Focal necrotic area and MCI
around the necrotic region (black circle), hydropic degeneration in tubular epithelial cells (blue ar-
rows), and hemorrhagic areas in the renal parenchyma (red arrow), x20, H&E. (C) CP 7.5 mg/kg
group: Extensive necrotic area in the subcapsular region (indicated by “N”), hemorrhagic areas
around the necrotic region and within the parenchyma (red arrows), and hydropic degeneration in
tubular epithelial cells (blue arrows), x20, H&E. (D) CP 12 mg/kg group: Large necrotic areas ex-
tending from the subcapsular region into the parenchymal tissue and MCI around the necrotic area

(indicated by “N”), hemorrhagic regions around necrosis (red arrows), hydropic degeneration in
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tubular epithelial cells (blue arrows), and hyaline casts within tubular lumens (green arrows), x20,
H&E. (b) Bax immunoreactivity in renal tubular epithelial cells (IHC). (A) Control group, x40. (B)
CP 5 mg/kg group, x20. (C) CP 7.5 mg/kg group, x20. (D) CP 12 mg/kg group, %20. (c) Bcl-2 immu-
noreactivity in renal tubular epithelial cells (IHC). (A) Control group, x40. (B) CP 5 mg/kg group,
x20. (C) CP 7.5 mg/kg group, x20. (D) CP 12 mg/kg group, x20. (d) (A) Control group: General
appearance of cardiac tissue, x20, H&E. (B) CP 5 mg/kg group: Cardiomyocytes with pyknotic nu-
clei (black arrowheads), necrosis (black arrows) and hydropic degeneration (blue arrows) in cardi-
omyocytes, and vascular congestion (orange arrows), x40, H&E. (C) CP 7.5 mg/kg group: Cardio-
myocytes with pyknotic nuclei (black arrowheads), necrosis (black arrows) and hydropic degener-
ation (blue arrows) in cardiomyocytes, and vascular congestion (orange arrow), focal myocardial
hemorrhage (red arrow) x40, H&E. (D) CP 12 mg/kg group: Cardiomyocytes with pyknotic nuclei
(black arrowheads), necrosis (black arrows), focal necrotic foci and MCI in the parenchyma (yellow
arrows), and vascular congestion (orange arrow), x20, H&E. (e) Bax immunoreactivity in cardiomy-
ocytes (IHC, x40). (A) Control group, x40. (B) CP 5 mg/kg group. (C) CP 7.5 mg/kg group. (D) CP
12 mg/kg group. (f) Bcl-2 immunoreactivity in cardiomyocytes (IHC). (A) Control group, x40. (B)
CP 5 mg/kg group, x20. (C) CP 7.5 mg/kg group, x40. (D) CP 12 mg/kg group, x40.

Table 2. Heart Histopathological Scores.

Heart Histopathological Analyses

Interstitial
Groups Hydropic Degeneration Necrosis nEj:r;ala Congestion  Bleeding MNC
Control 0.66+0.112 0.66+0.17 2 0.33+0.172 0.66+0.17= 0.58+0202 0.41+0.152
5 mg/kg CP 1.25+0.21° 1.25+0.252 092+0.15» 1.00£013= 0.75+0.112 1.00+0.13"
7.5 mg/kg CP 1.67+1.17° 1.91+0.27° 0.83+0.17> 1.66+0.17° 191+0.15» 1.16+0.21"
12 mg/kg CP 2.58+0.15 ¢ 2.67+0.17 1.33+0.17> 241+027°> 233+021b 2.16+0.21¢

Different letters in the same column are statistically significant according to one-way ANOVA and
post hoc Tukey’s HSD test. CP: Cisplatin.

Histopathological examination of the heart tissues revealed a dose-related increase
in hydropic degeneration, focal necrosis, and MCI with increasing doses of CP. Although
congestion and hemorrhage parameters differed from those of the control group, no sta-
tistically significant differences were observed among the CP dose groups. The level of
interstitial edema showed a significant difference compared to the control group; however,
no variation was detected between the dose groups (Figure 4d). In addition to these find-
ings, separation of muscle fibers was noted, along with swelling in vascular endothelial
cells. Amyloid deposits were observed in the walls of certain blood vessels and within the
myocardial parenchyma. As the CP dose increased, mucopolysaccharide accumulation
and myxomatous changes characterized by loose connective tissue were detected in the
cardiac valves.

In this study, immunohistochemical staining for Bax and Bcl-2 proteins was per-
formed on sections obtained from kidney and heart tissues. The statistical analyses of the
scoring data are presented in Table 3. In kidney sections, a dose-dependent increase in
Bax immunoreactivity was observed. Specifically, the 5, 7.5, and 12 mg/kg CP groups
showed statistically significant differences in the intensity and extent of positive staining
compared with the control group. While no significant difference was detected between
the 5 mg/kg and 7.5 mg/kg CP groups, a significant increase in both staining intensity and
extent was observed in the 12 mg/kg CP group relative to the other groups. In contrast,
Bcl-2 immunostaining progressively decreased with increasing CP dose, showing signifi-
cant differences among all groups. When all groups were compared in terms of staining
intensity and extent, statistically significant differences were detected between each group
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(Figure 4b,c). In heart sections, no statistically significant differences were found among

the groups in terms of Bax or Bcl-2 immunoreactivity (Figure 4e,f).

Table 3. Immunohistochemical scoring of kidney and heart tissues.

Groups Kidney Heart Kidney Heart
Bax Bcl-2 Bax Bcl-2 Bax/Bcl-2
Control 1.17+0.17 2 450+0.54 1.50+0.34 2 2.66+0332 0.28+0.052 0.62+0.18
5 mg/kg CP 2.33+£042° 3.33+£021°¢ 200+045=  250+0432 0.71+0.14> 091+0.24°
7.5 mg/kg CP 3.00+0.37 2.33+0.21° 208+027=  216+031= 130+0.162 1.09+0.222
12 mg/kg CP 4.66 +0.42 c 1.25+0.17 2 2.50+0.43 2 2.08+0202 4.11+0.68" 1.30+0.212

Different letters in the same column are statistically significant according to one-way ANOVA and
post hoc Tukey’s HSD test. CP: Cisplatin.

4. Discussion

The present study provides an integrated early comparative evaluation of cisplatin-
induced renal and cardiac toxicity within the same acute experimental framework using
combined biochemical, oxidative stress, histopathological, immunohistochemical, and
apoptotic analyses. CP is an effective antineoplastic agent composed of platinum coordi-
nated with chloride and ammonia ligands and is extensively used in the treatment of a
variety of tumors [6,25]. However, among its numerous complications, nephrotoxicity re-
mains the most prominent [26,27]. The antitumor activity and nephrotoxic effects of CP
are primarily attributed to the formation of platinum-DNA adducts following intracellu-
lar activation of cisplatin, leading to DNA damage, cell cycle arrest, and apoptosis
[6,25,27]. In addition to inducing apoptosis, CP also triggers necrosis. However, necrosis
typically occurs at higher doses, where mitochondrial injury is more pronounced, whereas
apoptosis predominates at therapeutic concentrations, where cellular damage is relatively
limited [12,28-30]. Although the precise mechanism by which CP induces nephrotoxicity
remains unclear, it has been demonstrated that in adult individuals, the proximal tubular
cells, which do not undergo division [7,11,27], are particularly susceptible to injury. This
suggests that the damage is primarily caused not by DNA lesions but rather by oxidative
stress and inflammation [7,27,31]. The observed findings suggest progressive dose-related
acute toxic responses, with more pronounced alterations observed at higher cisplatin doses.

In in vivo studies, both apoptotic and necrotic pathways have been reported to be
activated following CP exposure [27,31,32]. Although multiple mechanisms, including en-
doplasmic reticulum stress and mitochondrial apoptotic pathways, have been implicated
in CP-induced nephrotoxicity, their relative contributions to overall renal injury have not
been fully elucidated [11,12,28]. According to the histopathological findings of the present
study, increasing CP doses in kidney tissue resulted in elevated levels of hydropic degen-
eration, necrosis, IMCI, tubular dilatation, and glomerular atrophy, whereas interstitial
and perivascular edema, congestion, and hemorrhage parameters remained unchanged.
Although TNF-a levels increased at the highest cisplatin dose, IL-6, IL-10, and IL-1f did
not demonstrate a strong progressive dose-related pattern within the acute 3-day obser-
vation period. Therefore, oxidative stress-related alterations appeared to be more promi-
nent than cytokine-mediated inflammatory activation during this early phase. The ob-
served increase in necrosis is consistent with previous studies reporting that necrotic cell
death occurs predominantly at higher CP doses [12,31,32]. Moreover, since apoptosis is
known to be induced by oxidative stress and inflammation, various antioxidant agents
have been investigated in previous studies for their potential to mitigate CP-induced ne-
phrotoxicity. In the present study, it was observed that with increasing CP doses, the lev-
els of MDA and LPO increased, whereas SOD levels decreased.
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CP-induced nephrotoxicity has been associated with oxidative stress, inflammation,
and activation of apoptotic pathways [11,27,33,34]. Consistent with these findings, our
findings indicate increases in selected inflammatory markers, particularly TNF-a at the
highest dose. Previous studies have reported that several inflammatory mediators, includ-
ing IL-1p and IL-6, may contribute to CP-induced inflammatory signaling [11,31,35].
Moreover, NF-«B plays a central role in regulating the expression of these pro-inflamma-
tory cytokines [8]. Similarly, in the study by Al Za’abi et al., different doses of CP were
shown to cause dose-dependent increases in TNF-a and IL-1f in the kidneys, as well as
elevations in IL-18 and L-FABP levels in the urine, accompanied by significant rises in
renal homogenate inflammation indices [36]. Furthermore, it has been reported that renal
transcription factor Nrf2 and renal caspase-3 levels increase in a dose-dependent manner.
However, except for TNF-a elevation at the highest cisplatin dose, IL-6, IL-10, and IL-13
did not demonstrate strong progressive dose-related activation within the acute 3-day ob-
servation period. Therefore, oxidative stress-related alterations appeared to be more
prominent than cytokine-mediated inflammatory responses during this early phase.

CP has been shown to trigger apoptosis in renal tubular epithelial cells through mul-
tiple mechanisms, including the endoplasmic reticulum (ER) stress pathway and the acti-
vation of pro-apoptotic proteins [37,38]. Additionally, CP-induced nephrotoxicity has
been shown to be attenuated in Bax-deficient mice, highlighting the critical role of Bax-
mediated apoptosis in renal injury [13]. In the present study, the apoptotic pathway was
evaluated across increasing dose levels both at the protein level and through immuno-
histochemical analysis. According to our results, the levels of apoptotic proteins changed
significantly compared to the control group. In kidney tissue, although Bax levels in the
12 mg/kg and 7.5 mg/kg groups were relatively similar, both showed a significant increase
compared to the control and the lowest-dose groups.

A similar pattern was observed for Bcl-2, where its expression decreased in a dose-
dependent manner. These findings are consistent with previously published data describ-
ing CP-induced activation of apoptotic pathways. The immunohistochemical analyses
further supported the biochemical results. In kidney tissues, Bax expression showed com-
parable staining intensity in the 5 mg/kg and 7.5 mg/kg groups, whereas a significant in-
crease was observed in the 12 mg/kg group. Conversely, Bcl-2 expression exhibited a pro-
gressive and statistically significant decrease across all dose groups as the CP concentra-
tion increased. Cardiovascular toxicity has increasingly been recognized as a clinically
relevant complication of platinum-based chemotherapy. [2]. Although less frequently
studied than nephrotoxicity, cardiovascular complications associated with cisplatin expo-
sure have also been reported, including vascular dysfunction, myocardial injury, and an
increased risk of cardiovascular events [2,39,40]. Despite the absence of a precise defini-
tion for CP-related cardiotoxicity, several studies have demonstrated that CP can induce
inflammation, oxidative stress, mitochondrial dysfunction, and activation of apoptotic
pathways in cardiac tissue [39-41]. Increased ROS generation and impairment of antioxi-
dant defense systems have been recognized as major contributors to CP-induced cardiac
injury and oxidative stress. Due to the low levels of antioxidant enzymes, cardiac tissue
becomes particularly susceptible to oxidative stress [39,40]. Western blot analysis evalu-
ates protein expression in homogenized tissue extracts representing broader myocardial
regions, whereas immunohistochemistry reflects localized spatial protein distribution
within thin tissue sections. In addition, Western blotting generally provides higher ana-
lytical sensitivity and quantitative dynamic range compared with chromogenic immuno-
histochemical staining methods. Furthermore, formalin fixation and paraffin embedding
may contribute to epitope masking in cardiac tissue, potentially reducing immunohisto-
chemical sensitivity.
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In CP-exposed cardiomyocytes, oxidative stress, mitochondrial dysfunction, and
apoptotic signaling have been reported [39-41]. Moreover, alterations in apoptotic pro-
teins and genes may substantially influence the survival of cardiomyocytes following CP
exposure [40,41]. In the present study, similar to the findings in renal tissue, Bax levels in
cardiac tissue showed comparable results between the 12 mg/kg and 7.5 mg/kg groups,
yet both were significantly increased compared to the control and the lowest-dose groups.
Although Bcl-2 levels in the dose groups differed significantly from the control group, no
significant difference was observed among the dose groups themselves. According to the
results of the immunohistochemical analyses, although variations in Bax and Bcl-2 expres-
sion levels were observed in cardiac tissue both when compared with the control group
and among the dose groups —these changes were not statistically significant. The discrep-
ancy between Western blot and immunohistochemical findings suggests a method-de-
pendent detection sensitivity, indicating that protein-level alterations may not always be
reflected at the tissue distribution level.

Based on the histopathological findings, the marked increase in necrotic histopatho-
logical findings within cardiac tissue may suggest a substantial contribution of necrotic
injury, particularly at higher CP doses. This is consistent with previous reports indicating
that necrosis occurs at higher doses of CP due to severe mitochondrial damage, whereas
apoptosis predominates at therapeutic concentrations with relatively limited cellular in-
jury [12,28,30]. The results obtained in this study may be attributed to the acute admin-
istration of CP. It is plausible that chronic administration could reveal more pronounced
or distinct effects. Indeed, Herradon et al. demonstrated that chronic CP treatment leads
to dose-dependent cardiovascular alterations [2]. At lower CP doses, vascular toxicity and
cardiac or systemic cardiovascular changes have been reported, whereas at higher doses,
these vascular toxic effects persist and are accompanied by blood pressure alterations. It
has been reported that at the highest CP dose, there is a significant decrease in diastolic
blood pressure accompanied by mild bradycardia, whereas systolic blood pressure re-
mains unchanged after treatment. Additionally, low and moderate doses of CP have been
shown to exert no significant effect on heart rate [2]. In the present study, histopathologi-
cal analysis of cardiac tissue revealed a dose-dependent increase in hydropic degeneration,
necrosis, interstitial edema, congestion, hemorrhage, and MCI. These findings are con-
sistent with previously published data, further supporting the association between CP
exposure and dose-related cardiac tissue damage. In the literature, both acute administra-
tion of CP (10 mg/kg) and chronic treatment have been described as inducing cytotoxic
effects characterized by disruption of myofibrils, separation of cardiac muscle fibers, and
structural alterations in heart tissue, including interstitial hemorrhage and fibrosis
[2,39,40]. The same studies also reported a significant increase in caspase-3 activity, nu-
clear DNA fragmentation, and a reduction in cardiomyocyte cross-sectional area in car-
diac tissue. These findings likely reflect the contribution of apoptotic cell death to the ob-
served cardiac damage [40]. Topal et al. reported polymorphonuclear leukocyte infiltra-
tion, dilated congested blood vessels, hemorrhage, edema, necrosis, and pyknotic nuclei
in the cardiac tissues of CP-treated rats [5]. The edema observed in cardiac tissue may be
interpreted as a characteristic feature of inflammatory reactions associated with cell injury
and death, as described in Robbins Pathologic Basis of Disease [42]. In another study, El-
Awady et al. showed that increasing CP doses altered the structural integrity of cardiac
tissue, resulting in wavy cardiomyocytes and disorganization of myofibrils [39]. Follow-
ing cisplatin exposure, rats exhibited impaired myocardial contractile function and car-
diac injury [41]. These alterations may be attributed to mitochondrial dysfunction, oxida-
tive stress, and enhanced apoptosis [39-41]. Furthermore, El-Sawalhi and Ahmed demon-
strated that administration of CP (7 mg/kg) in rats resulted in a marked loss of mitochon-
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drial transmembrane potential, a significant increase in myocardial caspase-3 levels, a no-
table reduction in intact genomic DNA, and a decrease in cardiomyocyte cross-sectional
area, collectively indicating substantial mitochondrial and apoptotic injury in cardiac tis-
sue. The increase in ROS induced by CP has been shown to disrupt the mitochondrial
transmembrane potential, which serves as an indicator of cellular energy status and ho-
meostasis in cardiac tissue [40]. This disruption facilitates the release of apoptotic cyto-
chrome c from mitochondria, thereby triggering mitochondria-dependent apoptosis
[10,33,34,38].

Consequently, CP exposure contributes to enhanced mitochondrial injury [40,41].
Thus, the loss of mitochondrial transmembrane potential may serve as a marker of mito-
chondrial dysfunction. Previous studies have also described mitochondrial impairment
as a contributing factor in CP-induced nephrotoxicity [29,43]. In the literature, CP-induced
cardiac injury has been associated with bradycardia, ventricular dysfunction, and reduc-
tions in heart rate and blood pressure [2,39].

These alterations are thought to be linked to mitochondrial abnormalities, increased
oxidative stress, and apoptotic stimulation [40,41]. In another study, CP administration in
cardiac tissue was shown to cause a significant increase in thiobarbituric acid reactive
substances levels, accompanied by a marked decrease in GSH levels and reduced SOD,
GPx, and catalase enzyme activities [5]. Similarly, in the present study, increasing CP
doses led to elevated MDA and LPO levels and decreased SOD activity in cardiac tissue.
This effect, as also suggested by the current findings, may result in enhanced lipid perox-
idation of cardiac membranes, leading to structural alterations in membrane integrity and
tissue damage, thereby causing the leakage of intracellular enzymes into the extracellular
space [39,40,44]. In the study by Topal et al., CP-treated rat cardiac tissues showed a sig-
nificant increase in MDA levels accompanied by a significant decrease in tGSH levels, as
well as elevated concentrations of the inflammatory cytokines IL-13 and TNF-a [5]. Pre-
vious studies have reported that both IL-18 and TNF-a can contribute to systemic tissue
damage [35,45]. Consistent with these findings, the present study demonstrated dose-re-
lated increases primarily in TNF-a levels, while other inflammatory cytokines showed
limited or non-progressive changes across dose groups. IL-13 plays a crucial role in the
inflammatory cascade by promoting apoptosis and leukocyte infiltration [35]. TNF-a and
IL-1p are known to appear during the early phase of inflammation, where they mediate
several key functions such as neutrophil oxidative burst and release of ROS through
shared signaling pathways [35,45]. Interestingly, not all oxidative stress markers showed
a uniform response, as 4-HNE levels remained unchanged, which may reflect marker-
specific sensitivity or differences in the temporal dynamics of lipid peroxidation. The find-
ings may be relevant to human biology because CP-induced oxidative stress, inflamma-
tion, and apoptosis-related pathways are biologically conserved mechanisms involved in
organ toxicity. However, generalisation to humans or other species should be made cau-
tiously because this study used an acute rat model, a single post-treatment time point, and
experimentally administered cisplatin doses. Therefore, the results are best interpreted as
early mechanistic evidence of dose-related cardiorenal toxicity rather than direct clinical
evidence. Recent advances in nanotechnology-assisted cancer therapies and cancer vac-
cine strategies may contribute to reducing systemic toxicities associated with conventional
chemotherapeutic agents such as CP by improving targeted drug delivery and minimiz-
ing off-target tissue injury [46].

5. Conclusions

In conclusion, acute CP exposure produced dose-related biochemical, molecular, and
histopathological alterations in cardiac and renal tissues, with evidence of tissue-specific
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sensitivity. More pronounced injury patterns were observed at higher CP doses. The find-
ings support the importance of dose selection in experimental modeling and provide a
mechanistic basis for future studies investigating chronic and cumulative toxicity.

Limitations

This study has several limitations, including a relatively small sample size and the
use of an acute CP administration model. Although this design enabled the evaluation of
early toxic effects, it does not allow conclusions to be drawn regarding long-term or pro-
gressive tissue injury. Chronic exposure models may therefore offer additional insight
into the sustained and cumulative effects of CP. Accordingly, the present study should be
regarded as exploratory, and its findings should be interpreted within the context of these
limitations. Given the acute design of the present study, the findings should be interpreted
as early-phase responses. Future studies incorporating chronic exposure models are war-
ranted to determine whether these early-phase responses translate into long-term tissue
injury. Such approaches may also help clarify tissue-specific susceptibility and cumulative
toxicity patterns. Additional limitations of the present study include the absence of tem-
poral multi-point kinetic analyses, the lack of highly sensitive early renal injury bi-
omarkers such as KIM-1 and NGAL, and the absence of caspase pathway analyses. Fur-
thermore, fluorescent apoptosis staining methods such as Calcein AM, ethidium homodi-
mer, or Hoechst staining were not included in the experimental design. Therefore, the
apoptotic findings should be interpreted primarily based on Bax/Bcl-2 protein alterations
together with histopathological and immunohistochemical observations. Future studies
incorporating detailed apoptotic pathway analyses and advanced cell death imaging tech-
niques may provide additional mechanistic insight into cisplatin-induced cardiorenal tox-
icity. In addition, the acute single-dose experimental design may not fully reflect the cu-
mulative and chronic toxic effects observed during clinical CP chemotherapy protocols.

Author Contributions: Conceptualization, G.A.; methodology, G.A., M.A. and M.B.A.; formal anal-
ysis, G.A.; resources, G.A.; data curation, G.A., M.A,, M.B.A. and A.B.; writing —original draft prep-
aration, G.A.; writing—review and editing, G.A., M.B.A. and A.B.; supervision, G.A,, B.O. and
M.B.A; project administration, G.A.; funding acquisition, G.A. and B.O. All authors have read and

agreed to the published version of the manuscript.

Funding: This study was financially supported by the Scientific Research Projects Coordination Unit
of Selcuk University (project number: 24401111).

Institutional Review Board Statement: Ethical approval was granted by the Animal Experiments
Ethics Committee of the Selguk University Experimental Medicine Application and Research Center
(decision number 2024/15, date: 29 February 2024).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data will be made available on request.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

Ccp Cisplatin
ELISA Enzyme-Linked Immunosorbent Assay
MDA Malondialdehyde

SOD Superoxide Dismutase
LPO Lipid peroxidase

ER endoplasmic reticulum
AIF Apoptosis-inducing factor
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ip. Intraperitoneal

RIPA Radioimmunoprecipitation Assay
BCA bicinchoninic acid

BSA Bovine serum albumin

4-HNE 4-hydroxy-2-nonenal

IL-6 Interleukin-6

IL-10 Interleukin-10

IL-1B Interleukin-1f3

TNF-a Tumor necrosis factor

CK-MB Creatine kinase-MB
PVDF Polyvinylidene Fluoride

RT Room temperature

H&E Hematoxylin eosin

IMCI interstitial mononuclear cell infiltrate
MCI mononuclear cell infiltrate

IHC immunohistochemical

HIER 1 Heat-induced epitope retrieval

DAB 3,3'-diaminobenzidine

ROS Reactive oxygen species

NF-xB Nuclear factor-xB

L-FABP  Liver Fatty Acid-Binding Protein

Nrf2 Nuclear factor erythroid-related factor 2
EPO erythropoietin

DNA Deoxyribonucleic acid

GSH Glutathione
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