
Academic Editor: Marina Piscopo

Received: 25 July 2025

Revised: 26 August 2025

Accepted: 1 September 2025

Published: 3 September 2025

Citation: Altıner, N.; Dönmez Çakıl,
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Abstract

The chemotherapeutic combination of bleomycin, etoposide, and cisplatin (BEP) is well-
documented to exert gonadotoxic effects, ultimately leading to impaired fertility. This
experimental rat study investigated the potential protective role of repeated medical ozone
therapy in mitigating the deleterious effects of BEP treatment in male rats. Thirty-two
adult male Sprague Dawley rats were randomly assigned to four groups: (i) a healthy
control group, (ii) a group receiving injections of the BEP regimen over nine weeks, (iii) a
group receiving the same BEP regimen plus medical ozone (1 mg/kg IP) twice weekly,
and (iv) a group receiving only ozone therapy. BEP treatment significantly reduced sperm
concentration and increased morphological abnormalities, both of which were partially
restored by ozone co-administration. Ozone therapy also elevated testosterone and thyroid-
stimulating hormone (TSH) levels when co-administered with BEP compared to BEP
treatment alone. Oxidative stress analysis demonstrated that total oxidative status (TOS)
and total antioxidant status (TAS) levels were significantly improved in the BEP + ozone
group. Histopathological analysis revealed that ozone treatment ameliorated BEP-induced
testicular damage, as evidenced by improved Johnsen scores and increased thickness of the
seminiferous tubule epithelium. In conclusion, repeated medical ozone therapy appears
to mitigate BEP-induced reproductive toxicity by preserving sperm quality, endocrine
function, and redox homeostasis.
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ozone; oxidative stress; rat; sperm

Int. J. Mol. Sci. 2025, 26, 8547 https://doi.org/10.3390/ijms26178547

https://doi.org/10.3390/ijms26178547
https://doi.org/10.3390/ijms26178547
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-6837-068X
https://orcid.org/0000-0002-4605-1167
https://orcid.org/0000-0001-7818-491X
https://orcid.org/0000-0003-0674-090X
https://orcid.org/0000-0002-6104-8820
https://orcid.org/0009-0001-4419-5458
https://orcid.org/0000-0003-4478-7514
https://doi.org/10.3390/ijms26178547
https://www.mdpi.com/article/10.3390/ijms26178547?type=check_update&version=2


Int. J. Mol. Sci. 2025, 26, 8547 2 of 14

1. Introduction
Cancer is the second leading cause of death worldwide. Chemotherapeutic agents

represent the primary treatment option for a wide variety of malignancies, including but
not limited to breast, thyroid, ovarian, leukemia, lung, malignant lymphoma, multiple
myeloma, and testicular cancer [1–3]. Among the available treatment options, the combi-
nation of bleomycin, etoposide, and cisplatin (BEP) is a significant protocol that has been
shown to result in a five-year survival rate of 90% in the treatment of testicular cancer [4,5].
However, due to the lack of selective toxicity, they can damage a wide range of healthy
tissues, including those of the gastrointestinal, respiratory, and reproductive systems [6–8].
Specifically, the BEP regimen has been demonstrated to induce severe gonadotoxic effects,
with a significant impact on fertility in both the short and long term [2,9–11]. Preclinical
studies have demonstrated that BEP treatment can result in sperm head protein disruptions,
spermatogenic cell apoptosis, and seminiferous tubular atrophy, eventually leading to
sperm count and motility abnormalities [12–15]. Furthermore, BEP treatment has been
shown to increase the expression of oxidative stress as well as apoptosis-related genes,
leading to chromatin disruption and DNA methylation alterations in spermatogonial stem
cells [15,16]. BEP has also been demonstrated to impair Leydig cell function, thereby
contributing to testicular endocrine disruption [17].

In order to mitigate or prevent the gonadotoxic effects of BEP, several antioxidants have
been administered in various in vitro and in vivo studies. Antioxidant treatments have been
shown to alleviate reproductive system damage by improving various parameters, includ-
ing sperm count, serum testosterone levels, and testicular histopathology [2,13,14,18,19].
Medical ozone (O3) is a potent oxidizing agent utilized in medical applications at low and
controlled doses. Following administration, ozone rapidly dissolves in the body, generating
reactive oxygen species (ROS) and lipid peroxidation products (LOPs). These molecules
create a controlled oxidative stress environment within cells, thereby stimulating antiox-
idant defense mechanisms. Consequently, cells exhibit increased resistance to oxidative
stress, while molecular responses essential for tissue repair and inflammation regulation
are also activated [20–22]. Medical ozone therapy induces the activities of key antioxidant
enzymes, including catalase (CAT), superoxide dismutase (SOD), and glutathione perox-
idase (GSH-Px) [3,23–25]. This antioxidant potential renders medical ozone a promising
therapeutic approach, particularly in conditions associated with oxidative damage, such
as male infertility. Ozone therapy can improve testicular function, spermatogenesis, and
various sperm parameters by reducing oxidative stress in testicular tissue [3,25,26]. Ozone
has therapeutic, non-effective, and toxic concentration ranges, and its safety depends on
the dose and administration method. The Madrid Declaration on Ozone Therapy (2010)
defines disease-specific dosage ranges and routes, noting that ozone concentrations as
low as 5–10 µg/mL, and even lower, can exert therapeutic effects while maintaining a
wide safety margin [27]. Similarly, Serra et al. (2023) mapped evidence across medical
conditions and administration routes, confirming that therapeutic ozone has a wide safety
margin and does not exhibit toxicity within this range [28]. Nevertheless, the optimal
dosage, administration route, and treatment duration of ozone therapy vary widely across
studies and remain to be standardized for different pathological conditions. Moreover, to
our knowledge, no study has investigated the possible protective role of ozone against
BEP-induced gonadotoxicity.

This study aims to demonstrate whether medical ozone therapy can attenuate the
pro-oxidative, endocrine-disrupting, and gonadotoxic effects of BEP chemotherapy in a
rat model.
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2. Results
2.1. Effect of Ozone on Body Weight and Testis Weight Indices

As shown in Figure 1, BEP treatment significantly reduced the body weight gain
(p = 0.0001) and testicular weight index (TWI) (p = 0.0004) in comparison with the control
group. Ozone co-treatment significantly improved the body weight gain when compared
to BEP treatment alone (p = 0.0002); however, it did not affect TWI, with no significant
difference observed between the respective groups (p = 0.999). Ozone treatment alone
resulted in a lower weight gain in comparison with the control group (p = 0.0097), but no
significant difference in TWI was found between the control and ozone groups.

Figure 1. Change in body weight (A) and testis weight index (B) of (i) control, (ii) bleomycin,
etoposide, and cisplatin (BEP)-treated, (iii) BEP- and ozone-treated, and (iv) ozone-alone-treated rats.
Data are presented as mean ± SD (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: not significant).

2.2. Effect of Ozone on Sperm Parameters

As presented in Figure 2A, BEP treatment resulted in a significantly decreased sperm
concentration relative to the control group (p = 0.0118), which was partially restored in
the BEP and ozone therapy group (p = 0.0001). Ozone treatment alone did not cause a
significant difference when compared to the control group (p = 0.1426).

BEP treatment significantly increased the number of sperm exhibiting morphological
abnormalities in the head, neck, and tail regions, as well as multiple anomalies when
compared to the control group (p = 0.0001 for all parameters, Figure 2B–F, Figure S1). When
ozone therapy was applied together with BEP treatment, ozone significantly reduced the
number of sperm with head, neck, and tail abnormalities (p = 0.0001 for all parameters,
Figure 2C–E). The sperm counts with multiple abnormalities (Figure 2F) were similar
between the two groups (p = 0.099).

Interestingly, the group that received only ozone therapy displayed a significantly
higher number of sperm with head (p = 0.0421) and tail (p = 0.0001) abnormalities compared
to the control group (Figure 2C,E). No significant difference was observed in the number of
sperm with neck and multiple anomalies between the control and ozone therapy groups
(p = 0.084 and 0.591, respectively, Figure 2D,F).

As depicted in Figure 3, BEP treatment was found to significantly decrease sperm
viability compared to the control group (p = 0.0001), which was restored by ozone co-
treatment (p = 0.0001 in comparison with the BEP treatment alone). The group that received
only ozone therapy also had a slightly lower percentage of sperm viability compared to the
control group (p = 0.0249).
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Figure 2. Change in sperm concentration (A), abnormal morphology (B), abnormal head (C), abnor-
mal neck (D), abnormal tail (E), and multiple anomalies (F) of (i) control, (ii) bleomycin, etoposide,
and cisplatin (BEP)-treated, (iii) BEP- and ozone-treated, and (iv) ozone-alone-treated rats. Data are
presented as mean ± SD (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: not significant).

Figure 3. Change in sperm viability of (i) control, (ii) bleomycin, etoposide, and cisplatin (BEP)-treated,
(iii) BEP- and ozone-treated, and (iv) ozone-alone-treated rats. Data are presented as mean ± SD
(* p < 0.05, **** p < 0.0001, ns: not significant).
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2.3. Effect of Ozone on Testicular Histopathology

As demonstrated in Figure 4, histopathological analysis following BEP treatment
revealed characteristic testicular damage, including thinning of the seminiferous epithelium,
the presence of vacuoles within the epithelium, loss of interstitial space integrity, and
desquamation of germ cells. These pathological alterations were partially alleviated in the
group receiving co-administration of medical ozone. Histopathological scoring confirmed
these findings, showing that BEP treatment significantly reduced epithelial thickness and
Johnsen score compared to the control group (p = 0.021, p = 0.0001, respectively, Figure 4).
Ozone co-treatment, on the other hand, increased both epithelial thickness and Johnsen
score (p = 0.0136, p = 0.0005, respectively). Ozone therapy alone did not have a significant
effect on epithelial thickness or Johnson score compared to the control group (p = 0.99,
p = 0.9975, respectively).

Figure 4. Photomicrographs in the testis sections of control (A), bleomycin, etoposide, and cisplatin
(BEP)-treated (B), BEP- and ozone-treated (C), and ozone-alone-treated rats (D); n: normal tubule,
arrowhead: thinning of the epithelium, arrow: vacuole, black *: loss of integrity of the interstitial
space, red *: desquamation. Change in Johnsen scoring (E) and the mean thickness of germinal
epithelium (F) of (i) control, (ii) bleomycin, etoposide, and cisplatin (BEP)-treated, (iii) BEP- and ozone-
treated, and (iv) ozone-alone-treated rats. Representative images under (A–D) 20× magnification.
Data are presented as mean ± SD (* p < 0.05, *** p < 0.001, **** p < 0.0001, ns: not significant).

2.4. Effect of Ozone on Redox Status and Endocrine Parameters

TAS, testosterone, and TSH were significantly lower, and TOS was significantly higher
in the BEP group compared to those in the control group (p = 0.0176, p = 0.0001, p = 0.0001,
p = 0.0009, respectively, Figure 5A–D). Ozone therapy markedly elevated testosterone and
TSH levels when co-administered with BEP compared to BEP treatment alone (p = 0.044,
p = 0.0044, respectively). Moreover, TOS and TAS levels were partially restored to con-
trol levels following the co-administration of the BEP regimen and ozone (p = 0.007 and
p = 0.0182, respectively, in comparison with those in the BEP group).
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Figure 5. Changes in TAS (A), TOS (B), testosterone (C), and TSH (D) levels of (i) control,
(ii) bleomycin, etoposide, and cisplatin (BEP)-treated, (iii) BEP- and ozone-treated, and (iv) ozone-
only-treated rats. Data are presented as mean ± SD (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001,
ns: not significant).

TAS significantly increased and testosterone significantly decreased in the ozone therapy
group relative to those in the control group (p = 0.0026 and p = 0.024, respectively). TOS and
TSH did not differ significantly between these two groups (p = 0.933, p = 0.717, respectively).

3. Discussion
We examined the effects of BEP chemotherapy on the male reproductive function

of sexually mature rats in the current study and evaluated whether administration of
medical ozone could mitigate its gonadotoxic and pro-oxidative consequences. To our
knowledge, this is the first experimental study administering ozone therapy concurrently
with the entire 9-week BEP protocol, thereby providing a translationally relevant model of
clinical exposure.

BEP administration exhibited a significant decrease in weight gain and testicular index,
with severe impairment of testicular histology and spermatogenesis leading to a reduction in
sperm count, viability, and an increase in morphological abnormalities [13–15,29]. Cisplatin-
based chemotherapy induces significant systemic catabolism, as reflected by reduced body
weight gain, alongside testicular atrophy and impaired reproductive organ integrity in animal
models [30,31]. Three to four cycles of BEP chemotherapy lead to a marked decline in
spermatogenesis in male patients, while the probability of achieving normal sperm counts
ranges from 22 to 58 percent within a period of two to five years. Furthermore, elevated
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chemotherapy doses, specifically those involving elevated total dose cisplatin, are associated
with a higher incidence of persistent azoospermia in clinical settings [32].

Oxidative stress plays an imperative role in the pathogenesis of gonadotoxicity caused
by cisplatin-based chemotherapies. BEP regimen provokes excessive free radical produc-
tion, enhancing lipid peroxidation and protein carbonyl content in testicular tissue [10,33].
Moreover, DNA breaks, disruption of chromatin integrity, and DNA methylation alterations
in spermatozoa are frequently observed following BEP chemotherapy [34–36]. Additionally,
oxidative stress–induced Sertoli and Leydig cell dysfunction further disrupts the hormonal
axes essential for spermatogenesis [12,37].

Recently, medical ozone has received attention as a redox bioregulator in the field of
preventive medicine [38]. Mild or low-dose medical ozone therapy exerts its molecular ef-
fects primarily through controlled oxidative stress that activates adaptive cellular responses.
This oxidative stimulus enhances the antioxidant defense system by upregulating key path-
ways such as nuclear factor erythroid 2-related factor 2/Kelch-like ECH-associated protein
(Nrf2/Keap1), leading to increased expression of phase II detoxifying enzymes and anti-
oxidant molecules, including SOD, CAT, and GSH-Px [39]. Additionally, ozone-induced
mild oxidative stress promotes the release of growth factors and modulates inflamma-
tory signaling by activating Nrf2, while concurrently inhibiting NF-kB, thereby reducing
the production of pro-inflammatory cytokines and favoring an anti-inflammatory pheno-
type [40]. When activated under oxidative stress, Nrf2 not only enhances antioxidant and
anti-inflammatory defenses but also confers antiapoptotic effects and supports mitochon-
drial function and cellular bioenergetics [22,41]. Collectively, these mechanisms suggest
that controlled ozone exposure triggers adaptive responses that restore redox homeostasis
and support tissue repair.

Although medical ozone exhibits protective effects at therapeutic doses, it is important
to note that higher concentrations may potentially exert toxic effects, highlighting the need
for careful dose selection [38]. An ozone dose of 1 mg/kg was selected based on extensive
literature evidence and established guidelines [27,42,43]. Additionally, a group receiving
ozone alone was included to monitor for any toxic effects.

Our findings demonstrated that repeated medical ozone therapy mitigated BEP-
induced reproductive toxicity by preserving sperm quality, endocrine function, and redox
homeostasis, as evidenced by partially improved sperm parameters, histological parame-
ters, antioxidant capacity, TSH, and testosterone levels. Although ozone did not completely
restore sperm viability, its administration nearly doubled sperm concentration compared
to the BEP group. Ozone co-treatment also markedly improved both the Johnsen score and
mean seminiferous tubule epithelial thicknesses in rats receiving BEP treatment. While
not equivalent to untreated controls, the BEP + ozone group exhibited enhanced testis
histology indicative of the successful restoration of spermatogenesis. Nevertheless, the
slight increase in sperm abnormalities observed in the ozone-only group indicates that
a toxic dose may vary in healthy animals and that optimal dosing differs across disease
models. Its application in healthy rats without underlying oxidative stress may lead to an
imbalance between ROS and antioxidant defenses. This imbalance can result in oxidative
damage to spermatozoa, manifesting as morphological abnormalities. Previous studies
have reported that exposure to environmental ozone adversely affects semen quality, in-
cluding sperm morphology, in humans. It has been demonstrated that the disruption
of the antioxidant-oxidant balance in favor of oxidants is a prerequisite for the efficacy
of damage prevention [44–46]. Moreover, co-treatment with ozone reversed central and
gonadal endocrine dysfunction caused by BEP treatment to a notable degree, suggesting
preservation of Leydig cell activity and hypothalamic–pituitary axis integrity. However,
complete hormonal recovery was not achieved, warranting further investigation with
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longer-term or different doses of medical ozone application on the endocrine system. At
the redox level, BEP elevated TOS and suppressed TAS, consistent with its known role in
promoting oxidative stress [16]. The administration of ozone therapy resulted in the partial
reversal of this imbalance by means of enhancing the antioxidant capacity.

Our findings are consistent with those of the study by Tusat et al., which demonstrated
that ozone therapy can reduce testicular damage caused by ischemia–reperfusion [46].
Moghadam et al. (2021) conducted a study to investigate the effects of ozone and melatonin
on busulfan-induced testicular damage in mice. Both applications significantly contributed
to the preservation of healthy sperm [26]. In addition, Salem et al. (2017) and Aydoğdu et al.
(2019) demonstrated that ozone therapy effectively safeguarded testosterone and TSH levels
by impeding the adverse impact of BEP [3,19]. Kheirouri et al. demonstrated that ozone
administration facilitates the restoration of TAS levels compared to those observed in the
control group [47]. Moreover, the protective effect of medical ozone has been documented
in other organs, including the heart. Gülcan et al. (2024) investigated how ozone therapy
influenced myocardial ischemia–reperfusion injury in streptozotocin-induced diabetic rats.
The researchers reported a reduction in myocardial damage, hemorrhage, and neutrophil
infiltration [48].

While the BEP dose used aligns with previous toxicology models [13], there is consid-
erable variation in ozone dosing protocols across the literature. In this study, the lack of
complete restoration to control levels in some parameters might be due to the variation of
the dosage, administration route, and treatment duration of ozone therapy in comparison
with the current literature. Moreover, it is important to note that our findings were obtained
in a rat model with IP ozone administration, and the pharmacokinetics, tissue distribution,
and physiological responses may differ substantially in humans. In clinical practice, ozone
is administered via the intravenous route or via local administration, which may affect its
systemic and local effects. Further limitations include that infertile animals and animals
with neoplasia were not represented in the study population. Therefore, while our results
provide mechanistic insights into the protective potential of ozone against chemotherapy-
induced oxidative damage, further studies are necessary to determine optimal dosing,
administration routes, and safety profiles for translational application in humans.

4. Materials and Methods
4.1. Animals and Experimental Design

Adult male Sprague Dawley rats (12–14 weeks old, weighing 250 ± 50 g) were supplied
by the Maltepe University Animal Research Center, Istanbul, Türkiye. The rats were
maintained under the appropriate environmental conditions with a humidity level ranging
from 45% to 55%, a temperature of 18 ◦C to 24 ◦C, and a 12 h light/dark cycle. The animals
had unrestricted access to tap water and a pellet food diet. The experimental protocol
adhered to international guidelines for the care and use of laboratory animals and was
approved by the Maltepe University Local Ethics Committee for Animal Experiments
(protocol number 2022.09.01). Two rats from the group receiving combined BEP and
ozone therapy were excluded from the study in the third week of the first cycle due to
excessive weight loss and reduced quality of life, based on the recommendations of the
attending veterinarian and the animal welfare committee. These animals were excluded
from statistical analyses for all parameters.

4.2. Experimental Protocols for the BEP Regimen and Ozone Therapy

The rats were randomly divided into four groups, with eight rats in each group:
(i) healthy control, (ii) BEP chemotherapy, (iii) BEP and ozone therapy, and (iv) ozone
therapy only (Figure 6). An experimental protocol mimicking “three cycles of 21 days of BEP
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treatment in humans” was administered to rats over nine weeks. Cisplatin (0.17 mg/kg,
CAS: 15663-27-1; Koçakfarma, Istanbul, Türkiye) and etoposide (0.83 mg/kg, CAS: 33419-
42-0, Koçakfarma, Istanbul, Türkiye) were administered on days 1–5, while bleomycin
(0.083 mg/kg, CAS: 11056-06-7, Koçakfarma, Istanbul, Türkiye) was given on days 2,
9, and 16 of each cycle by intraperitoneal (IP) injection with a 30 min interval between
injections [13]. Concurrently, the control group received a 0.9% sodium chloride solution
(NaCl). The BEP and medical ozone group was administered with medical ozone (Has
Medical®, Salutem Ozone, VetOzone Medical Ozone Device, Izmir, Türkiye) twice a week
by IP route in addition to the BEP regimen. Medical ozone was applied at a dose of
1 mg/kg, adjusted based on the body weight of each rat [42,43]. In the medical ozone
group, only the specified medical ozone dose was administered. All chemotherapy agents
used were prepared in a Class II Biosafety Cabinet (Bilser®, Ankara, Türkiye) using special
protective clothing and equipment, and 0.9% NaCl was used as a diluent.

 
Figure 6. Experimental protocols for the BEP regimen and ozone therapy. Schematic representation
of the study design, including group allocation and treatment timeline (created with BioRender.com).

4.3. Collection and Preparation of Tissue and Samples

At the end of the treatment period, the body weights of all the rats were recorded, and
the rats were anesthetized by IP administration of 8–10 mg/kg xylazine (Rompun, CAS:
23076-35-9, Bayer, Leverkusen, Germany) and 80–100 mg/kg ketamine (Ketalar, CAS: 6740-
88-1, Pfizer, Lüleburgaz Türkiye). Subsequently, the rats were sacrificed by intracardiac
puncture under general anesthesia. The right and left testes and epididymis of the rats
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were excised and placed in a petri dish on ice. TWI for each animal was calculated by using
the following formula [49]:

TWI: [(right testis + left testis weights)/Body weight] × 100

4.4. Sperm Collection and Examination

The epididymis was finely minced using a scalpel in 1 mL of Global Medium (Cooper-
Surgical/The LifeGlobal Groupl® Guilford, CT, USA) and incubated at 37 ◦C for 15 min.
Following the incubation period, the liquid part was collected using a Pasteur pipette
and transferred to Eppendorf tubes. Sperm samples were diluted in Phosphate Buffered
Saline (PBS) at a ratio of 1/10, and 10 µL of the diluted samples were counted in a Makler
counting chamber.

For morphological evaluation, the Spermac stain method (FertiPRO, Beernem, West-
Flanders, Belgium) was employed in accordance with the manufacturer’s instructions. The
samples were subsequently examined under a Zeiss Light Microscope (Zeiss®, Oberkochen,
Germany). For each rat, 500 sperm were counted and evaluated for head, neck, and tail
abnormalities according to the Rat Sperm Morphological Evaluation Guide [50].

The sperm viability ratio was determined using the eosin–nigrosin staining technique,
as described previously [51]. For each rat, 200 sperm were enumerated. Eosin penetrates
dead or damaged sperm with impaired membrane permeability, whereas nigrosin stains
the background, facilitating the identification of cells. Consequently, viable sperm remain
unstained, whereas non-viable sperm take up the eosin and appear red or pink [52,53].

4.5. Testicular Histopathology

Both testes were fixed in 10% neutral buffered formalin for 72 h and subjected to
routine tissue processing. Subsequently, serial sections with a thickness of 2–3 µm were
obtained, and hematoxylin and eosin staining (H&E; CAS: 517-28-2, 6359-04-2, respectively,
Thermo Fisher Scientific, Waltham, MA, USA) was performed for morphological evaluation
and histopathological analysis. A total of at least 30 seminiferous tubules in each section
were evaluated under a Zeiss light microscope. The initial seminiferous tubules were
randomly selected, while the subsequent tubules were chosen by rotating the slide in
a clockwise direction. Histopathological evaluation was performed using the modified
Johnsen scoring method [54].

4.6. Endocrine and Redox Status Measurement

The blood samples were centrifuged, and the serum was obtained by collecting the
supernatant. Serum total testosterone (Elabscience®, Wuhan, China), thyroid-stimulating
hormone (TSH, Elabscience®, Wuhan, China), total antioxidant status (TAS, SunRed®,
Shanghai, China), and total oxidant status (TOS, SunRed®, Shanghai, China) were evaluated
using the ELISA method according to the manufacturer’s instructions.

4.7. Statistical Analysis

The IBM SPSS Statistics 26 (Statistical Package for the Social Sciences; New York, NY,
USA) program was used for all statistical analyses. Descriptive statistical methods such as
mean, standard deviation, median, frequency, percentage, minimum, and maximum were
used to summarize the general characteristics of the data. The normality of the data was
assessed using the Kolmogorov–Smirnov and Shapiro–Wilk tests. Normally distributed
quantitative variables were compared using one-way ANOVA, with Tukey’s post hoc test
employed for pairwise analyses. Statistical significance was accepted at p-values less than
0.05. Bar charts were constructed with GraphPad Prism 8.01 (San Diego, CA, USA).
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5. Conclusions
The current study demonstrates that medical ozone therapy has beneficial effects

against BEP chemotherapy-induced testicular toxicity in rats. Ozone not only preserved
sperm quality and viability but also mitigated histological damage, normalized redox
homeostasis, and partially restored endocrine parameters such as testosterone and TSH.
Importantly, this study is among the first to evaluate repeated-dose ozone therapy during
the full course of BEP exposure, reflecting a clinically relevant toxicity model. The outcomes
of this experimental investigation may offer valuable preliminary insights into the potential
role of medical ozone in preserving testicular structure and function and alleviating oxida-
tive and hormonal disturbances associated with BEP chemotherapy, thereby supporting
the rationale for future clinical research.
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N.A., M.E.S., Y.D.Ç. and H.B.; formal analysis, N.A., M.E.S. and Y.D.Ç.; investigation, N.A., M.E.S.,
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8. Słonimska, P.; Sachadyn, P.; Zieliński, J.; Skrzypski, M.; Pikuła, M. Chemotherapy-Mediated Complications of Wound Healing:
An Understudied Side Effect. Adv. Wound Care 2024, 13, 187–199. [CrossRef]

9. Felemban, S.G.; Aldubayan, M.A.; Alhowail, A.H.; Almami, I.S. Vitamin B17 ameliorates methotrexate-induced reproductive
toxicity, oxidative stress, and testicular injury in male rats. Oxidative Med. Cell. Longev. 2020, 2020, 4372719. [CrossRef]

10. Narayana, K.; Al-Bader, M.; Mousa, A.; Khan, K.M. Molecular effects of chemotherapeutic drugs and their modulation by
antioxidants in the testis. Eur. J. Pharmacol. 2012, 674, 207–216. [CrossRef]

11. Nna, V.U.; Ujah, G.A.; Suleiman, J.B.; Mohamed, M.; Nwokocha, C.; Akpan, T.J.; Ekuma, H.C.; Fubara, V.V.; Kekung-Asu, C.B.;
Osim, E.E. Tert-butylhydroquinone preserve testicular steroidogenesis and spermatogenesis in cisplatin-intoxicated rats by
targeting oxidative stress, inflammation and apoptosis. Toxicology 2020, 441, 152528. [CrossRef]

12. Al-Bader, M.; Kilarkaje, N. Effects of bleomycin, etoposide and cisplatin treatment on Leydig cell structure and transcription of
steroidogenic enzymes in rat testis. Eur. J. Pharmacol. 2015, 747, 150–159. [CrossRef]

13. Bayram, H.; Donmez Cakil, Y.; Sitar, M.E.; Demirel, G.; Selam, B.; Cincik, M. The Effects of Glutathione on Clinically Essential
Fertility Parameters in a Bleomycin Etoposide Cisplatin Chemotherapy Model. Life 2023, 13, 815. [CrossRef]

14. Kilarkaje, N.; Mousa, A.M.; Al-Bader, M.M.; Khan, K.M. Antioxidants enhance the recovery of three cycles of bleomycin,
etoposide, and cisplatin-induced testicular dysfunction, pituitary-testicular axis, and fertility in rats. Fertil. Steril. 2013, 100,
1151–1159. [CrossRef] [PubMed]

15. Moradi, M.; Goodarzi, N.; Faramarzi, A.; Cheraghi, H.; Hashemian, A.H.; Jalili, C. Melatonin protects rats testes against
bleomycin, etoposide, and cisplatin-induced toxicity via mitigating nitro-oxidative stress and apoptosis. Biomed. Pharmacother.
2021, 138, 111481. [CrossRef] [PubMed]

16. Marcon, L.; Zhang, X.; Hales, B.F.; Robaire, B.; Nagano, M.C. Effects of chemotherapeutic agents for testicular cancer on rat
spermatogonial stem/progenitor cells. J. Androl. 2011, 32, 432–443. [CrossRef] [PubMed]

17. Khan, M.R.; Sheehan, P.K.; Bazin, A.; Leonard, C.; Aleem, U.; Corrigan, L.; McDermott, R. Late side effects of testicular cancer and
treatment: A comprehensive review. Discov. Oncol. 2024, 15, 646. [CrossRef]

18. Khadivi, F.; Razavi, S.; Hashemi, F. Protective effects of zinc on rat sperm chromatin integrity involvement: DNA methylation,
DNA fragmentation, ubiquitination and protamination after bleomycin etoposide and cis-platin treatment. Theriogenology 2020,
142, 177–183. [CrossRef]

19. Salem, E.A.; Salem, N.A.; Hellstrom, W.J. Therapeutic effect of ozone and rutin on adriamycin-induced testicular toxicity in an
experimental rat model. Andrologia 2017, 49, e12603. [CrossRef]

20. Sagai, M.; Bocci, V. Mechanisms of Action Involved in Ozone Therapy: Is Healing Induced via a Mild Oxidative Stress? Med. Gas
Res. 2011, 1, 29. [CrossRef]

21. Franzini, M.; Valdenassi, L.; Pandolfi, S.; Tirelli, U.; Ricevuti, G.; Simonetti, V.; Berretta, M.; Vaiano, F.; Chirumbolo, S. The
biological activity of medical ozone in the hormetic range and the role of full expertise professionals. Front. Public Health 2022,
10, 979076. [CrossRef]

22. Galiè, M.; Covi, V.; Tabaracci, G.; Malatesta, M. The Role of Nrf2 in the Antioxidant Cellular Response to Medical Ozone Exposure.
Int. J. Mol. Sci. 2019, 20, 4009. [CrossRef] [PubMed] [PubMed Central]

23. Bocci, V.A. Scientific and medical aspects of ozone therapy. State of the art. Arch. Med. Res. 2006, 37, 425–435. [CrossRef]
24. Bocci, V.A. Can ozonetherapy be performed if the biochemistry of the process cannot be controlled? Arch. Med. Res. 2007, 38,

584–585. [CrossRef] [PubMed]
25. Khorsandi, L.; Varaa, N.; Dadfar, R.; Vastegani, S.M.; Asadi-Fard, Y.; Ahangarpour, A.; Keshavarz-Zarjani, A. The protective effect

of Ozone on the mice testicular damage induced by methotrexate. JBRA Assist. Reprod. 2024, 28, 464–470. [CrossRef] [PubMed]
26. Moghadam, M.T.; Dadfar, R.; Khorsandi, L. The effects of ozone and melatonin on busulfan-induced testicular damage in mice.

JBRA Assist. Reprod. 2021, 25, 176–184. [CrossRef] [PubMed]
27. Madrid Declaration on Ozone Therapy. Available online: https://ozonesociety.org/wp-content/uploads/2016/06/Ozone-

Therapy-Madrid_declaration.pdf (accessed on 18 August 2025).
28. Serra, M.E.G.; Baeza-Noci, J.; Mendes Abdala, C.V.; Luvisotto, M.M.; Bertol, C.D.; Anzolin, A.P. The role of ozone treatment as

integrative medicine. An evidence and gap map. Front. Public Health 2023, 10, 1112296. [CrossRef]
29. Ghezzi, M.; Berretta, M.; Bottacin, A.; Palego, P.; Sartini, B.; Cosci, I.; Finos, L.; Selice, R.; Foresta, C.; Garolla, A. Impact of Bep

or Carboplatin Chemotherapy on Testicular Function and Sperm Nucleus of Subjects with Testicular Germ Cell Tumor. Front.
Pharmacol. 2016, 7, 122. [CrossRef]

https://doi.org/10.2165/00003495-200666050-00005
https://www.ncbi.nlm.nih.gov/pubmed/16620142
https://doi.org/10.1016/j.biopha.2021.112503
https://doi.org/10.1016/j.bcp.2023.115787
https://doi.org/10.1089/wound.2023.0097
https://doi.org/10.1155/2020/4372719
https://doi.org/10.1016/j.ejphar.2011.11.025
https://doi.org/10.1016/j.tox.2020.152528
https://doi.org/10.1016/j.ejphar.2014.12.006
https://doi.org/10.3390/life13030815
https://doi.org/10.1016/j.fertnstert.2013.06.019
https://www.ncbi.nlm.nih.gov/pubmed/23850298
https://doi.org/10.1016/j.biopha.2021.111481
https://www.ncbi.nlm.nih.gov/pubmed/33752059
https://doi.org/10.2164/jandrol.110.011601
https://www.ncbi.nlm.nih.gov/pubmed/21088230
https://doi.org/10.1007/s12672-024-01549-1
https://doi.org/10.1016/j.theriogenology.2019.09.039
https://doi.org/10.1111/and.12603
https://doi.org/10.1186/2045-9912-1-29
https://doi.org/10.3389/fpubh.2022.979076
https://doi.org/10.3390/ijms20164009
https://www.ncbi.nlm.nih.gov/pubmed/31426459
https://pmc.ncbi.nlm.nih.gov/articles/PMC6720777
https://doi.org/10.1016/j.arcmed.2005.08.006
https://doi.org/10.1016/j.arcmed.2007.03.005
https://www.ncbi.nlm.nih.gov/pubmed/17560467
https://doi.org/10.5935/1518-0557.20240041
https://www.ncbi.nlm.nih.gov/pubmed/38801315
https://doi.org/10.5935/1518-0557.20200081
https://www.ncbi.nlm.nih.gov/pubmed/33507719
https://ozonesociety.org/wp-content/uploads/2016/06/Ozone-Therapy-Madrid_declaration.pdf
https://ozonesociety.org/wp-content/uploads/2016/06/Ozone-Therapy-Madrid_declaration.pdf
https://doi.org/10.3389/fpubh.2022.1112296
https://doi.org/10.3389/fphar.2016.00122


Int. J. Mol. Sci. 2025, 26, 8547 13 of 14

30. Favareto, A.P.A.; Fernandez, C.D.B.; Da Silva, D.A.F.; Anselmo-Franci, J.A.; Kempinas, W.D.G. Persistent Impairment of Testicular
Histology and Sperm Motility in Adult Rats Treated with Cisplatin at Peri-Puberty: Cisplatin Effects In Post-Pubertal and Adult
Rats. Basic Clin. Pharmacol. Toxicol. 2011, 109, 85–96. [CrossRef]

31. Soni, K.K.; Kim, H.K.; Choi, B.R.; Karna, K.K.; You, J.H.; Cha, J.S.; Shin, Y.S.; Lee, S.W.; Kim, C.Y.; Park, J.K. Dose-dependent
effects of cisplatin on the severity of testicular injury in Sprague Dawley rats: Reactive oxygen species and endoplasmic reticulum
stress. Drug Des. Devel. Ther. 2016, 10, 3959–3968. [CrossRef]

32. Treatment-Related Toxicity in Testicular Germ Cell Tumors—UpToDate. 2024. Available online: https://www.uptodate.com/
contents/treatment-related-toxicity-in-testicular-germ-cell-tumors#H12 (accessed on 21 July 2025).

33. Sriram, S.; Macedo, T.; Mavinkurve-Groothuis, A.; van de Wetering, M.; Looijenga, L.H.J. Alkylating agents-induced gonadotoxic-
ity in prepubertal males: Insights on the clinical and preclinical front. Clin. Transl. Sci. 2024, 17, e13866. [CrossRef]

34. Amirshahi, T.; Najafi, G.; Nejati, V. Protective effect of royal jelly on fertility and biochemical parameters in bleomycin-induced
male rats. Iran. J. Reprod. Med. 2014, 12, 209–216. [PubMed]

35. Chan, D.; Delbès, G.; Landry, M.; Robaire, B.; Trasler, J.M. Epigenetic Alterations in Sperm DNA Associated with Testicular
Cancer Treatment. Toxicol. Sci. 2012, 125, 532–543. [PubMed]

36. Maselli, J.; Hales, B.F.; Chan, P.; Robaire, B. Exposure to Bleomycin, Etoposide, and Cis-Platinum Alters Rat Sperm Chromatin
Integrity and Sperm Head Protein Profile1. Biol. Reprod. 2012, 86, 166. [CrossRef] [PubMed]

37. Potiris, A.; Moustakli, E.; Trismpioti, E.; Drakaki, E.; Mavrogianni, D.; Matsas, A.; Zikopoulos, A.; Sfakianakis, A.; Tsakiridis,
I.; Dagklis, T.; et al. From Inflammation to Infertility: How Oxidative Stress and Infections Disrupt Male Reproductive Health.
Metabolites 2025, 15, 267. [CrossRef]

38. Viebahn-Haensler, R.; León Fernández, O.S. Ozone as Redox Bioregulator in Preventive Medicine: The Molecular and Pharmaco-
logical Basis of the Low-Dose Ozone Concept—A Review. Int. J. Mol. Sci. 2023, 24, 15747. [CrossRef]

39. Franzini, M.; Valdenassi, L.; Pandolfi, S.; Tirelli, U.; Ricevuti, G.; Chirumbolo, S. The Role of Ozone as an Nrf2-Keap1-ARE
Activator in the Anti-Microbial Activity and Immunity Modulation of Infected Wounds. Antioxidants 2023, 12, 1985. [CrossRef]

40. Jeyaraman, M.; Jeyaraman, N.; Ramasubramanian, S.; Balaji, S.; Nallakumarasamy, A.; Patro, B.P.; Migliorini, F. Ozone therapy in
musculoskeletal medicine: A comprehensive review. Eur. J. Med. Res. 2024, 29, 398. [CrossRef]

41. Malatesta, M.; Tabaracci, G.; Pellicciari, C. Low-Dose Ozone as a Eustress Inducer: Experimental Evidence of the Molecular
Mechanisms Accounting for Its Therapeutic Action. Int. J. Mol. Sci. 2024, 25, 12657. [CrossRef]

42. Erginel, B.; Yanar, F.; Ilhan, B.; Yüksel, S.; Mi, P.; Berker, N.; Keskin, E.; Soysal, F.G. Is the increased ozone dosage key factor for
its anti-inflammatory effect in an experimental model of mesenteric ischemia? Turk. J. Trauma Emerg. Surg. 2023, 29, 1069–1074.
[CrossRef]

43. Simsek, E.K.; Sahinturk, F.; Gul, E.; Tepeoglu, M.; Araz, C.; Haberal, B. Effect of Ozone Therapy on Epidural Fibrosis in Rats.
World Neurosurg. 2023, 175, e296–e302. [CrossRef]

44. Sokol, R.Z.; Kraft, P.; Fowler, I.M.; Mamet, R.; Kim, E.; Berhane, K.T. Exposure to environmental ozone alters semen quality.
Environ. Health Perspect. 2006, 114, 360–365. [CrossRef]

45. Jedlinska-Krakowska, M.; Bomba, G.; Jakubowski, K.; Rotkiewicz, T.; Jana, B.; Penkowski, A. Impact of oxidative stress and
supplementation with vitamins E and C on testes morphology in rats. J. Reprod. Dev. 2006, 52, 203–209. [CrossRef]

46. Tusat, M.; Mentese, A.; Demir, S.; Alver, A.; Imamoglu, M. Medical ozone therapy reduces oxidative stress and testicular damage
in an experimental model of testicular torsion in rats. Int. Braz. J. Urol. 2017, 43, 1160–1166. [CrossRef] [PubMed]

47. Kheirouri, S.; Alipour, M.R.; Panahi, F.; Ghobadi, H. Effects of sulfur dioxide, ozone, and ambient air pollution on lung
histopathology, oxidative-stress biomarkers, and apoptosis-related gene expressions in rats. Exp. Lung Res. 2022, 48, 137–148.
[CrossRef]
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