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A B S T R A C T

Despite its effectiveness as a DNA intercalator in the treatment of numerous cancers, cisplatin (CIS) exerts 
deleterious effects on healthy cells, including those that function in reproductive organs. Usnic acid (UA) is a 
dibenzofuran derivative that is naturally present in lichens and is widely employed in traditional medicine on 
account of its antioxidant and analgesic activity. The current study aimed to evaluate the therapeutic potential of 
UA in counteracting CIS-induced ovotoxicity. The experiments comprised five groups of 6 rats each, which were 
categorised as follows: control, UA (10 mg/kg), CIS (5 mg/kg), CIS + UAs (5 and 10 mg/kg). Subsequent to the 
conclusion of the experimental procedures, the serum and ovarian tissues collected were subjected to 
biochemical and histopathological analysis. The results revealed that the CIS administration led to the sup
pression of the antioxidant system, which resulted from the depletion of the reduced glutathione (GSH) pool 
within the ovarian tissue. Furthermore, the administration of CIS was found to induce lipid peroxidation (LPO), 
inflammation, and endoplasmic reticulum stress (ERS). Conversely, UA treatments following CIS administration 
led to a substantial reduction in LPO levels by means of regeneration of the intracellular GSH pool. Furthermore, 
the administration of UA treatments resulted in the suppression of inflammatory and ERS processes, which was 
achieved via modulation of the Nrf2 pathway. Furthermore, the chemoprotective potential of UA was confirmed 
by serum anti-mullerian hormone levels and histological analysis. Consequently, UA may be considered as a 
potential chemotherapy-supporting molecule that can protect ovarian tissue following CIS chemotherapy.

1. Introduction

Cancer continues to be a major cause of mortality worldwide; how
ever, progress in treatment protocols has led to a 20% increase in sur
vival rates over the past three decades (Bhardwaj et al., 2023). Although 
the implementation of chemotherapy protocols has been identified as a 
significant factor contributing to enhanced survival rates, further 
investigation is necessary to ascertain efficacious remedies for the 
toxicity patterns that have been observed, particularly those that impact 
the reproductive system (Morgan et al., 2012). Cisplatin (CIS) has been 
used globally since 1978 as a pharmaceutical agent against various 
malignancies, including testicular, ovarian, breast, lung and bladder 
cancers (Bhardwaj et al., 2023). The classical anticancer mechanism of 
action of CIS is based on the intercalation into the DNA of cancer cells 

and the inhibition of replication by DNA adducts formed by intra- and 
inter-strand interactions (Dasari and Tchounwou, 2014). New infor
mation has also emerged indicating that CIS accelerates the process of 
apoptosis in cancer cells by increasing the production of reactive oxygen 
species (ROS) within the cell (Zhou et al., 2022). It is unfortunate that 
the clinical application of CIS is limited by various side effects, including 
neuro-, nephro-, oto- and ovotoxicity (Mashayekhi-Sardoo et al., 2025). 
The ovary is one of the organs most adversely affected by the toxicity of 
CIS, and the CIS chemotherapy causes ovarian damage, decreased 
follicular reserve, premature ovarian failure and menopause, thus 
reducing female fertility potential (Bhardwaj et al., 2023). Intracellular 
stress responses, including oxidative stress (OS), mitochondrial 
dysfunction, endoplasmic reticulum stress (ERS), inflammation, and 
apoptosis, have been demonstrated to contribute to the toxicity of CIS 
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(Zhou et al., 2022; Mashayekhi-Sardoo et al., 2025). CIS-induced ovo
toxicity is primarily characterised by a rise in intracellular ROS levels, 
which, in turn, results in the consumption of the reduced glutathione 
(GSH) pool, the inhibition of the antioxidant system, including super
oxide dismutase (SOD) and glutathione peroxidase (GPx) and, ulti
mately, cell damage via the process of lipid peroxidation (LPO) 
(Bhardwaj et al., 2023). Furthermore, the increased OS has been 
observed to cause ovarian dysfunction, characterised by structural 
degeneration of ovarian tissue and a decline in the level of 
anti-mullerian hormone (AMH) secretion by granulosa cells, which is 
responsible for the maturation of the ovaries (Özcan et al., 2015; 
Ayazoglu Demir et al., 2023). Secondly, the increase in ROS caused by 
CIS activates nuclear factor-kappa B (NF-κB) signalling, a pivotal regu
lator of cellular inflammation. This, in turn, further exacerbates existing 
damage by increasing pro-inflammatory tumor necrosis factor-alpha 
(TNF-α) levels and leukocyte infiltration into damaged tissue (which is 
characterised by higher myeloperoxidase (MPO) levels) (Zhou et al., 
2022). Thirdly, CIS has been demonstrated to induce a decline in the 
expression of glycolysis pathway enzymes, including 
phosphofructokinase-1, within the cells, consequently resulting in a 
decrease in cellular ATP levels (Raudenska et al., 2019). The heightened 
OS, inflammation, and exhausted ATP levels collectively diminish the 
protein folding potential of ER, culminating in ERS and this complex 
process ultimately results in apoptosis (Mashayekhi-Sardoo et al., 2025). 
Nuclear factor erythroid 2-related factor 2 (Nrf2), a redox-sensitive 
transcription, has been identified as a master regulator of cytopro
tective genes, including SOD, GPx and heme-oxygenase 1 (HO-1) 
(Ebrahimi et al., 2025). Recent research has indicated that the inhibition 
of the CIS-induced Nrf2 pathway contributes to CIS toxicity (Zhou et al., 
2022; Mashayekhi-Sardoo et al., 2025). The research interest has 
therefore focused on the antioxidant and Nrf2 modulatory activities of 
secondary metabolites found in natural products, and their protective 
potential against CIS-induced toxicities (Huang et al., 2023).

Lichens are defined as organisms that arise from the symbiotic 
relationship between a fungal component (mycobiont) and a photo
synthetic algae or cyanobacteria (photobiont) (Zhao et al., 2021). This 
symbiosis gives rise to a greater variety of secondary metabolites than is 
observed in other natural products (Calcott et al., 2018). Usnic acid 
(UA), a dibenzofuran derivative, is a particularly intriguing secondary 
lichen metabolite which has been found in higher concentrations in 
genera such as Usnea, Lecanora, and Flavocetraria (Paździora et al., 
2023). A growing body of research has identified that UA has antimi
crobial, anti-inflammatory, and antioxidant properties (Calcott et al., 
2018). Its use in wound and ulcer treatments is well-documented, and 
it has seen increased application in the pharmaceutical and cosmetic 
industries (Zhao et al., 2021; Demir et al., 2024a). As demonstrated 
previously, the tissue protective effects of UA have been shown in 
models of indomethacin-induced gastric (Odabasoglu et al., 2006) and 
methotrexate-induced lung injuries (Demir et al., 2025) models. How
ever, the question of whether UA has the capacity to exert a protective 
effect against toxicity in organs related to CIS remains unanswered. The 
current study therefore sought to evaluate the chemoprotective poten
tial of UA in the CIS-induced ovotoxicity model by incorporating Nrf2 
signalling pathway analysis at both biochemical and histological levels.

2. Materials and methods

2.1. Animals

The experiments were conducted using 30 adult female Sprague- 
Dawley rats, with a mean weight of approximately 185-195 g. The an
imals were housed at a constant temperature of 25◦C and under a 12-h 
light/dark cycle, and food and water were provided ad libitum. All 
procedures for animal experimentation were approved by the Animal 
Research Ethic Committee of Karadeniz Technical University (Approval 
number: 2021/48) and conducted precisely according to the Directive 

2010/63/EU and ARRIVE guideline.

2.2. Preparation of UA and CIS

CIS and UA were procured from Sigma-Aldrich (St. Louis, MO, USA) 
and prepared by dissolution in sterile physiological saline (Mohamed 
et al., 2020) and 10% dimethyl sulfoxide (DMSO) (Demir et al., 2025), 
respectively.

2.3. Establishment of CIS-induced ovotoxicity model and UA treatments

Only rats that were determined to be in oestrus by vaginal smear 
were included in the study (Mentese et al., 2022) and randomly assigned 
to one of five groups: vehicle control, CIS, CIS + UAs (5 and 10 mg/kg) 
and UA (10 mg/kg). The CIS-induced ovotoxicity model was established 
on the first day of the experiment with a single intraperitoneal CIS 
(5 mg/kg) injection, taking into account previous reports (Aksoy et al., 
2015; Ayazoglu Demir, 2024). Groups designated as CIS-free were 
administered a sterile physiological saline injection on the first day of 
the experiment. Subsequent to the administration of CIS applications, 
UA applications (5 and 10 mg/kg) were administered intraperitoneally 
over a period of three consecutive days. Groups designated as UA-free 
received 10% DMSO injections on the same days. The UA doses uti
lised in the present study were established on the basis of preceding 
experimental investigations in which UA was demonstrated to possess 
anti-inflammatory and chemopreventive properties (Lee et al., 2020; 
Demir et al., 2025). Twenty-four hours after the final injection (on day 
5), the animals were sacrificed by spinal dislocation while under general 
anaesthesia involving ketamine (60 mg/kg) and xylazine (10 mg/kg), 
after which the ovarian tissues were swiftly removed. Samples of blood 
were taken from the heart using a needle and put into serum separation 
tubes that can separate the blood. The ovarian samples were divided into 
two parts, one for biochemical analysis and the other for histological 
examination.

2.4. Tissue processing and protein determination

The ovarian tissues of rats underwent a series of processing steps, 
including rinsing, slicing, and homogenisation in cold phosphate buff
ered saline at a weight-to-volume ratio of 1:9. The homogenates were 
then subjected to a centrifugation process (1800 g/15 min) at a tem
perature of 4◦C. The bicinchoninic acid method was utilised to deter
mine the protein concentration of the obtained supernatants (Smith 
et al., 1985).

2.5. Measurement of OS biomarkers

The tissue levels of LPO were established using a previously outlined 
colorimetric approach to measure malondialdehyde (MDA) (Mihara and 
Uchiyama, 1978). The colour formation resulting from the reaction 
between MDA and thiobarbituric acid was measured at 532 nm using a 
spectrophotometer (Molecular Devices, CA, USA) and the results were 
expressed as nmol/mg protein (Yuluğ et al., 2019). The determination of 
SOD, GSH, GPx, Nrf2, HO-1 and NAD(P)H:quinone oxidoreductase-1 
(NQO-1) tissue levels was conducted using enzyme-linked immunosor
bent assay (ELISA) kits purchased from Finetest (Wuhan, China). The 
determination of total oxidant status (TOS) tissue levels was conducted 
using a colorimetric kit purchased from Rel Assay Diagnostics (Gaz
iantep, Türkiye) and the results were expressed as μmol H2O2 equiv
alent/L (Mentese et al., 2014). All procedures were performed in 
accordance with the manufacturer's instructions (n = 6 for each group). 
The following summary steps were followed for a classical ELISA pro
cedure: 100 μL of standard solutions, prepared by serial dilution, and of 
the supernatant were added to the 96-well microplate, which was coated 
with a specific antibody. After a 90-min incubation at 37◦C, the contents 
of each well were removed and a biotin-labelled detection antibody was 
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added. After a further 60-min incubation at 37◦C, the contents of the 
wells were removed and an HRP-conjugated antibody solution was 
added to each well. After a further 30-min incubation at 37◦C, the 
contents of each well were removed and a substrate solution was added. 
After a further 20-min incubation at 37◦C, stop solution was added to 
each well, after which the absorbance of the resulting yellow colour was 
measured at 450 nm using a spectrophotometer. The amount of analyte 
was determined using the absorbance of the samples, as plotted in the 
graph, which was created using the absorbance and concentrations of 
the standard solutions (Ayazoglu Demir, 2024).

2.6. Measurement of inflammation biomarkers

The quantification of ovarian inflammation markers (high-mobility 
group box 1 (HMGB1), NF-κB p65, TNF-α, and MPO) were conducted 
through the utilisation of ELISA kits (Finetest, Wuhan, China). The 
measurement of samples absorbance was determined by means of a 
microplate reader (Molecular Devices, CA, USA) (n = 6 for each group).

2.7. Measurement of ERS and apoptosis biomarkers

The quantification of ovarian ERS [binding immunoglobulin protein 
(BİP), activating transcription factor 6 (ATF6), growth arrest and DNA 
damage-inducible gene 153 (GADD153)] and apoptosis [B cell lym
phoma 2 (Bcl-2), Bcl-2-like protein 4 (Bax) and caspase-3 (CASP3)] 
markers were conducted through the utilisation of ELISA kits (Finetest, 
Wuhan, China). All procedures were performed in accordance with the 
manufacturer's instructions (n = 6 for each group).

2.8. Measurement of serum AMH levels

The determination of AMH serum levels was conducted using an 
ELISA kit purchased from Finetest (Wuhan, China). All procedures were 
performed in accordance with the manufacturer's instructions (n = 6 for 
each group). Results were presented as pg/mL.

2.9. Histological examination of ovarian tissues

The ovarian tissues were fixed in 10% neutral buffered formalin, cut, 
washed, and dehydrated in a series of increasing concentrations of 
alcohol. The specimens were then cleared in xylene and embedded in 
paraffin wax. Five-micrometre sections obtained from paraffin blocks 
were stained with hematoxylin and eosin, examined under a light mi
croscope and photographed by an investigator unaware of the experi
mental history of the groups (Kaygusuzoglu et al., 2018). Furthermore, 
the presence of pathological findings in each preparation was evaluated 
using a semi-quantitative scale, where 0 represented 'not at all' and 3 
indicated 'very common' (Ayazoglu Demir, 2024).

2.10. Statistical analysis

Data were expressed as mean ± SEM. Statistical analysis of the data 
was analyzed using SPSS 23.0 software. Differences between groups 
were determined with one-way ANOVA and post-hoc Tukey tests. P 

values < 0.05 were considered statistically significant.

3. Results

3.1. UA inhibited OS process in CIS-intoxicated rats

As shown in Table 1, the levels of TOS and MDA increased signifi
cantly in rat ovaries to which CIS had been applied, due to an increase in 
ROS. Meanwhile, the antioxidant defence line consisting of GSH, SOD, 
and GPx was significantly inhibited. Although the low-dose UA (5 mg/ 
kg) treatment group showed significant improvements in LPO and TOS 
levels compared to the CIS group, this was insufficient to support the 
antioxidant system. By contrast, high-dose UA (10 mg/kg) treatment 
was found to significantly regenerate the antioxidant system, while also 
suppressing elevated LPO and TOS levels compared to the CIS group. In 
addition, alone high-dose UA treatment did not cause any oxidative 
injury in comparison to the control group.

3.2. UA modulated Nrf2 signaling in CIS-intoxicated rats

The rats that had been treated with CIS exhibited a marked dimi
nution in Nrf2, HO-1, and NQO-1 levels in ovarian tissue in comparison 
to control rats (Fig. 1). Interestingly, low-dose UA treatment signifi
cantly improved only NQO-1 levels in CIS-induced Nrf2 pathway inhi
bition, while high-dose UA treatment regenerated all components of 
Nrf2 signalling.

3.3. UA suppressed inflammatory process in CIS-intoxicated rats

The levels of tissue inflammation markers for all the groups were 
shown in Fig. 2. The results showed that CIS injection exacerbated 
inflammation in the rat ovary. In contrast, CIS-induced inflammation 
was significantly suppressed by treatment with UA, especially at a dose 
of 10 mg/kg. In addition, a high-dose UA treatment alone did not cause 
any inflammatory processes in comparison to the control group.

3.4. UA alleviated ERS and apoptosis in CIS-intoxicated rats

As shown in Table 2, the levels of all ERS and apoptosis biomarkers 
were significantly higher in the ovaries of CIS-treated rats than in the 
ovaries of control rats. Interestingly, UA treatment significantly reduced 
ERS and apoptosis levels in a dose-dependent manner, compared with 
rats that received only CIS. In addition, a high-dose UA treatment alone 
did not cause any pathological findings in terms of ERS and apoptosis in 
comparison to the control group.

3.5. UA restored histolopathological architecture and serum AMH levels 
in CIS-intoxicated rats

Fig. 3 shows the histopathological changes observed in ovarian tissue 
in all groups, and Table 3 shows the serum AMH levels and semi- 
quantitative histopathological scores for the groups. Normal ovarian 
histology findings were obtained in both the control group (Fig. 3A) and 
the group that received high-dose UA treatment alone (Fig. 3E). The CIS 

Table 1 
Effects of UA (5 and 10 mg/kg, i.p) on ovarian oxidant and antioxidant parameters of CIS-induced injury in rats.

Control UA (10 mg/kg) CIS CIS + UA (5 mg/kg) CIS + UA (10 mg/kg)

MDA (nmol/mg protein) 71.6 ± 10.8 70.3 ± 10.7 593.9 ± 105.8### 189.9 ± 22.9*** 76.9 ± 4.8***
TOS (μmol H2O2 equi/L) 19.2 ± 0.4 18.4 ± 0.5 85.5 ± 8.4### 44.7 ± 11.9** 20.8 ± 1.9***
SOD (ng/mg protein) 6.8 ± 0.6 6.9 ± 1.0 1.6 ± 0.2### 4.0 ± 0.4 7.0 ± 1.0***
GPx (pg/mg protein) 535.0 ± 85.4 562.9 ± 53.5 147.5 ± 28.0# 313.6 ± 42.2 534.0 ± 131.4*
GSH (μg/mg protein) 50.9 ± 5.1 56.2 ± 6.5 16.0 ± 2.8# 34.3 ± 3.9 52.5 ± 16.4*

Data represented as mean ± SEM (n = 6). P-values according to one-way ANOVA test, post-hoc Tukey test. #p < 0.05, ###p < 0.001 vs. control group. *p < 0.05, **p <
0.01, ***p < 0.001 vs. CIS group. CIS; cisplatin, GPx; glutathione peroxidase, GSH; glutathione, MDA; malondialdehyde, SOD; superoxide dismutase, TOS; total oxidant 
status, UA: usnic acid.
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group exhibited severe congestion and edema, characterised by degen
erated ovarian architecture (Fig. 3B) and dramatically decreased serum 
AMH levels (Table 3). By contrast, UA treatments (particularly at a dose 
of 10 mg/kg) largely restored histopathological findings (Fig. 3C and D) 
and serum AMH levels compared to the CIS group (Table 3).

4. Discussion

Despite the wide use of CIS in cancer chemotherapy, the 

determination of its ovotoxic effects poses a significant risk to the 
fertility of young female individuals (Bhardwaj et al., 2023). Therefore, 
in recent years, researchers have conducted many studies investigating 
the protective/therapeutic properties of many natural compounds, such 
as resveratrol (Özcan et al., 2015), syringic acid (Ayazoglu Demir, 
2024), zingerone (Kaygusuzoglu et al., 2018) and icariin (Li et al., 
2024) against CIS-induced ovotoxicity. The strong antioxidant effects 
of UA, a lichen metabolite, have been exhibited in experimental models 
of indomethacin-induced gastric (Odabasoglu et al., 2006) and 

Fig. 1. Effects of UA (5 and 10 mg/kg, i.p) on ovarian (A) Nrf2, (B) HO-1 and (C) NQO-1 levels of CIS-induced injury in rats. Data represented as mean ± SEM 
(n = 6). P-values according to one-way ANOVA test, post-hoc Tukey test. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. control group. *p < 0.05, **p < 0.01 vs. CIS group. 
CIS; cisplatin, HO-1; heme oxygenase-1, Nrf2; nuclear factor erythroid 2-related factor 2, NQO-1; NAD(P)H:quinone oxidoreductase-1, UA; usnic acid.

Fig. 2. Effects of UA (5 and 10 mg/kg, i.p) on ovarian (A) HMGB1, (B) NF-κB p65, (C) TNF-α and (D) MPO levels of CIS-induced injury in rats. Data represented as 
mean ± SEM (n = 6). P-values according to one-way ANOVA test, post-hoc Tukey test. ###p < 0.001 vs. control group. *p < 0.05, **p < 0.01, ***p < 0.001 vs. CIS 
group. CIS; cisplatin, HMGB1; high-mobility group box 1, MPO; myeloperoxidase, NF-κB p65; nuclear factor kappa B protein 65, TNF-α; tumor necrosis factor-alpha, 
UA; usnic acid.
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methotrexate-induced lung injury (Demir et al., 2025), with protective 
effects being demonstrated. However, the potential beneficial pharma
cological effects of UA in combatting CIS-induced ovotoxicity remain 
unclear. This study questioned the hypothesis that UA may have a 
chemopreventive effect in an experimental CIS ovotoxicity model for the 

first time. The results showed that UA inhibited OS, inflammation and 
ERS processes by modulating the Nrf2 pathway. UA was also found to 
reverse the histopathological architecture in ovarian tissue and the 
depletion in serum AMH levels. To our knowledge, this is the first study 
of its kind to explore the chemopreventive effect and potential 

Table 2 
Effects of UA (5 and 10 mg/kg, i.p) on ovarian ERS and apoptosis parameters of CIS-induced injury in rats.

Control UA (10 mg/kg) CIS CIS + UA (5 mg/kg) CIS + UA (10 mg/kg)

BİP (ng/mg protein) 4.5 ± 1.3 4.1 ± 0.4 8.9 ± 1.1## 6.3 ± 0.7 4.4 ± 0.4**
ATF6 (pg/mg protein) 339.6 ± 42.1 358.3 ± 47.9 775.6 ± 99.9## 692.2 ± 104.4# 383.6 ± 48.2**,w

GADD153 (ng/mg protein) 1.3 ± 0.2 1.2 ± 0.2 9.8 ± 1.4### 3.4 ± 1.2*** 1.4 ± 0.6***
Bax (ng/mg protein) 3.7 ± 0.4 3.5 ± 0.5 8.2 ± 0.9### 4.7 ± 0.3** 3.8 ± 0.4***
Bcl-2 (ng/mg protein) 1.5 ± 0.2 1.5 ± 0.2 0.4 ± 0.1## 0.5 ± 0.1## 1.4 ± 0.3**,ww

Bax/Bcl-2 ratio 2.5 ± 0.1 2.5 ± 0.5 24.2 ± 3.7### 9.4 ± 0.8*** 3.4 ± 0.7***
CASP3 (ng/mg protein) 1.1 ± 0.1 1.3 ± 0.1 4.2 ± 0.3### 2.2 ± 0.1##,*** 1.4 ± 0.2***,w

Data represented as mean ± SEM (n = 6). P-values according to one-way ANOVA test, post-hoc Tukey test. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. control group. **p 
< 0.01, ***p < 0.001 vs. CIS group. wp < 0.05, wwp<0.01 vs. CIS + UA (5 mg/kg) group. ATF6; activating transcription factor 6, Bax; Bcl-2-like protein 4, Bcl-2; B-cell 
lymphoma 2, BİP; binding immunoglobulin protein, CASP3; cleaved caspase-3, CIS; cisplatin, GADD153; growth arrest and DNA damage-inducible gene 153, UA; usnic 
acid.

Fig. 3. Histological examination of rat ovarian tissues. CIS; cisplatin, UA; usnic acid. (A) Control group: Normal ovarian tissue with mild vascular congestion (black 
arrow) and edema (filled triangle) in the interstitial area. (B) CIS group: Ovarian tissue containing severe vascular congestion (black arrow), edema (filled triangle) 
and degenerate follicle structure containing pycnotic nuclei and leukocyte infiltration (filled circle) in the interstitial space. (C) CIS þ UA (5 mg/kg) group: Ovarian 
tissue containing moderate vascular congestion (black arrow) and edema (filled triangle) in the interstitial area was observed. (D) CIS þ UA (10 mg/kg) group: An 
ovarian tissue structure very similar to the control group with mild vascular congestion (black arrow) and edema (filled triangle) in the interstitial area. (E) UA 
(10 mg/kg, per se) group: A normal ovarian tissue structure with mild vascular congestion (black arrow) and edema (filled triangle) in the interstitial area.

Table 3 
Histopathological scores and serum AMH levels of all groups.

Control UA (10 mg/kg) CIS CIS + UA (5 mg/kg) CIS + UA (10 mg/kg)

Vascular congestion 0.33 ± 0.21 0.50 ± 0.22 2.33 ± 0.21### 1.50 ± 0.22# 0.83 ± 0.40**
Edema 0.33 ± 0.21 0.50 ± 0.22 2.33 ± 0.21### 1.33 ± 0.21 0.83 ± 0.40**
Hemorrhage 0.00 ± 0.00 0.00 ± 0.00 0.50 ± 0.22 0.33 ± 0.21 0.17 ± 0.17
Follicular degeneration 0.00 ± 0.00 0.00 ± 0.00 0.67 ± 0.21# 0.33 ± 0.21 0.17 ± 0.17
Leukocyte infiltration 0.00 ± 0.00 0.00 ± 0.00 0.67 ± 0.21# 0.17 ± 0.17 0.17 ± 0.17
AMH (pg/mL) 1789.7 ± 263.5 1903.1 ± 171.5 388.8 ± 65.8### 972.1 ± 212.4#,* 1798.9 ± 226.7***

Data represented as mean ± SEM (n = 6). P-values according to one-way ANOVA test, post-hoc Tukey test. #p < 0.05, ##p < 0.01 vs. control group. *p < 0.05, **p <
0.01, ***p < 0.001 vs. CIS group. AMH; anti-mullerian hormone, CIS; cisplatin, UA; usnic acid.
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mechanisms of UA against CIS-associated ovotoxicity (Fig. 4).
In this investigation, a CIS ovotoxicity prototype was generated in 

female rats with a single injection of CIS at a dosage of 5 mg/kg, taking 
into account earlier reports (Aksoy et al., 2015; Ayazoglu Demir, 2024). 
According to the results that were obtained, in the groups that received 
only CIS, significant disruption to normal histological architecture was 
seen and a significant reduction in serum AMH levels, which are 
considered an indicator of follicular reserve, was recorded. These find
ings, which are consistent with previous reports (Özcan et al., 2015; 
Kaygusuzoglu et al., 2018; Ayazoglu Demir, 2024), were evaluated as 
substantiating evidence that the ovotoxicity model had been effectively 
established. By contrast, treatment with UA, particularly at a dose of 
10 mg/kg following CIS, largely offset the histopathological findings and 
restored serum AMH levels. Similar results were also observed in pre
vious models, in which UA treatment was found to have protective ef
fects on lung and testicular tissues (Fernández-Moriano et al., 2017; 
Demir et al., 2024a). AMH is a dimeric protein produced by small, 
growing follicles, and plasma AMH levels are a more sensitive indirect 
indicator of ovarian reserve than other hormones because they do not 
change with the phases of the menstrual cycle (Atli et al., 2017). The 
impact of CIS on the ovary has been demonstrated to manifest in a series 
of adverse effects, including ovarian failure, augmented follicular 
apoptosis, diminished AMH secretion, alterations in the estrous cycle, 
and a reduction in the number of AMH-producing follicles (Borovskaya 
et al., 2004; Yeh et al., 2006; Demir et al., 2024b). Therefore, in 
chemotherapy-induced ovarian damage, the effects of protective mole
cules are evaluated along with plasma levels of hormones, such as FSH, 
estradiol, inhibin B, and AMH, as well as follicle morphology (primary, 
secondary, and antral follicles) (Muttukrishna et al., 2005; Atli et al., 
2017). In this study, plasma AMH levels were evaluated using 
semi-quantitative histopathological scores. However, comprehensive 
studies of fertility-responsible hormones and follicle morphology should 
be investigated in future studies.

The OS occurs when the amount of ROS formed in cells exceeds the 
intracellular antioxidant capacity. It is the most widely studied 
biochemical mechanism for explaining the toxic effects of CIS (Bhardwaj 
et al., 2023). The increase in ROS caused by CIS initiates LPO and ac
celerates the formation of unstable, antigenic intermediates, such as 

MDA (Dasari and Tchounwou, 2014). The ongoing chain reactions result 
in MDA disrupting the structure of cellular enzymes, including those of 
the antioxidant system, thereby reducing their activity (Zhou et al., 
2022). Nrf2, a key regulator of cellular antioxidant responses, is sub
ject to release from Kelch like ECH associated protein 1 and activation of 
its target genes under OS conditions, and translocation to the nucleus. It 
plays an important role in counteracting OS by means of increased 
expression of antioxidant genes, such as HO-1, NQO-1, SOD and GPx 
(Ebrahimi et al., 2025). Recent research has emphasised the significance 
of CIS-induced ROS production, which suppresses the Nrf2 pathway and 
renders cells susceptible to CIS-related OS (Zhou et al., 2022; 
Mashayekhi-Sardoo et al., 2025). In line with this information, our re
sults showed that the Nrf2 pathway was suppressed in the CIS group rats, 
resulting in high LPO and TOS levels. Conversely, elevated levels of Nrf2 
and crucial components of the antioxidant system in the ovary were 
observed in response to high-dose UA treatment. The eradication of 
CIS-induced OS findings by UA can be regarded as an in vivo conse
quence of its radical scavenging activity, a property that has been pre
viously substantiated in various models (Zhao et al., 2021). 
Additionally, previous experimental reports have demonstrated the 
potential of UA to modulate the Nrf2 pathway, which is consistent with 
our results (Fernández-Moriano et al., 2017; Demir et al., 2025).

Inflammation is one of the primary processes suggested for the toxic 
impact of CIS (Zhou et al., 2022). HMGB1, which is located in the nu
cleus and plays a role in chromosomal organisation, is a protein that is 
released outside the cell in cases of inflammation and acts as an alarmin 
(Yang et al., 2020). Extracellular HMGB1 causes activation of NF-κB 
signalling by binding to Toll like receptor 4 and/or Receptor for 
advanced glycation end-products receptors, which in turn leads to an 
increase in pro-inflammatory cytokines, including TNF-α (Yuan et al., 
2024). Therefore, inhibiting the HMGB1/NF-κB/TNF-α axis is key to 
preventing tissue destruction caused by chronic inflammation (Ayazoglu 
Demir, 2024). Our findings indicated that the HMGB1/NF-κB/TNF-α 
axis was stimulated in the ovarian tissue of CIS-treated rats, exacer
bating the leukocyte infiltration that was typified by elevated MPO. 
These results were similar to other reports that said that inflammation 
might play a role in injury models related to CIS (Mohamed et al., 2020; 
Zhou et al., 2022; Ayazoglu Demir et al., 2023). In contrast, significant 

Fig. 4. A schematic summary of the experimental design (A) and key findings (B) of the study.
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improvement in ovarian inflammation was seen with UA treatments 
(especially at the dose of 10 mg/kg). Nrf2 is one of the most important 
negative regulators of NF-κB, and its anti-inflammatory activity is 
derived from this negative regulatory feature (Ebrahimi et al., 2025). 
Confirming this mechanism, decreased Nrf2 levels were obtained in the 
CIS group, in contrast to increased NF-κB levels. In addition, improve
ment in ovarian inflammation levels may have been achieved by UA 
through its in vivo anti-inflammatory activity and Nrf2 modulatory ac
tivity. Consistent with our results, previous reports have emphasised the 
in vivo anti-inflammatory potential of UA (Paździora et al., 2023).

Reduced ability to fold ER proteins due to factors such as redox 
imbalance, inflammation, nutrient and ATP deficiency eventually leads 
to the accumulation of unfolded proteins in the ER lumen and ERS, 
which is characterised by ER dysfunction (Mozzini et al., 2017). A 
number of sensor proteins, including ATF6, detect the precipitated 
nonfunctional proteins in the ER lumen, prompting the cell to activate 
the unfolded protein response (UPR) pathway to restore ER homeostasis 
(Mashayekhi-Sardoo et al., 2025). Cell survival under mild ERS condi
tions is promoted by UPR activation, but under chronic and severe ERS 
conditions, the activation of transcriptional activities that promote 
apoptosis is initiated (Raudenska et al., 2019). BİP is an ER chaperone 
that normally keeps ATF6 inactive. When the UPR is activated in 
response to increased ERS, the interaction between BİP and ATF6 is 
disrupted (Mashayekhi-Sardoo et al., 2025). ATF6 is released from BİP 
and is transported to the Golgi, where it is cleaved and activated. Then it 
migrates to the nucleus, where the expression of genes that will restore 
proteostasis is induced (Mozzini et al., 2017). If ER proteostasis cannot 
be restored, ER-associated apoptosis is initiated by ATF6 by increasing 
the expression of GADD153, which can change the Bax/Bcl-2 ratio 
(Raudenska et al., 2019). The role of ERS and ERS-driven apoptosis in 
the toxic effects of CIS has been highlighted by recent evidence 
(Mashayekhi-Sardoo et al., 2025). As was the case with these studies, 
our research showed that CIS treatment made ERS and apoptosis in rat 
ovaries worse. Conversely, UA treatments eradicated CIS-induced ERS 
and apoptosis in a dose-dependent manner. It is known that Nrf2 con
trols the expression of components of the proteasomal ER-associated 
degradation system, which is activated under increased ERS condi
tions and relieves ER protein load (Raudenska et al., 2019). The obser
vations of heightened ERS and apoptosis in the CIS group, in 
contradistinction to the repressed Nrf2 pathway, substantiate this 
inference. In addition, improvement in ovarian ERS and apoptosis levels 
may have been achieved by UA through its in vivo antioxidant activity 
and Nrf2 modulatory activity. Consistent with our results, previous re
ports have emphasised the potential of UA to inhibit ERS and 
ERS-induced apoptosis (Li et al., 2014; Demir et al., 2025).

It should be noted that there may be some limitations to our study. 
Firstly, as demonstrated in the fourteen-day acute toxicity studies, the 
administration of UA at doses of 100 and 200 mg/kg/day has been 
observed to induce hepatotoxic effects in rodents. However, lower doses 
have been reported to be well tolerated (Guo et al., 2008). Thus, rela
tively low doses of UA, which have previously been shown to exhibit 
beneficial biological activity (Yang et al., 2018; Lee et al., 2020; Demir 
et al., 2025) were selected for this study. The therapeutic effect of UA 
with gradual dose escalation can be re-examined in future studies. 
Secondly, the chemopreventive effect of UA against CIS-induced ovo
toxicity was evaluated over a period of five days. Further studies should 
test the effectiveness of combinations of chronic CIS administration with 
different UA concentrations. Thirdly, the majority of the biochemical 
measurements conducted within the scope of this study were performed 
using commercial kits based on the ELISA method, owing to inadequate 
infrastructure and funding. In future studies, the ovoprotective efficacy 
of UA should be evaluated using detailed signalling investigations with 
molecular methods such as RT-PCR, Western blot, and/or immunohis
tochemistry. Fourthly, in this study, the ovarian reserve of the animals 
was assessed using AMH levels, an indirect indicator. However, given 
the limitations of AMH levels as a standalone indicator of ovarian 

function or fertility status, future studies should incorporate additional 
hormones associated with fertility, antral follicle count, and ovarian 
volume parameters to enhance the reliability of the assessment. Fifthly, 
although the chemopreventive effect of UA was tested biochemically 
and histologically, it was not possible to evaluate the effects of the 
treatments on the physiological sexual behaviour of female rats. In 
future studies, the effectiveness of UA should be examined using phys
iological behaviour models.

5. Conclusion

The present study is the first to offer a mechanistic understanding of 
the potential therapeutic impact of UA in a CIS-induced experimental 
model of oxidative and inflammatory ovarian damage. The findings 
indicate that the administration of UA, particularly at a dosage of 
10 mg/kg, promotes the ovarian antioxidant system, thereby attenu
ating levels of OS, inflammation, ERS, and apoptosis. It is also suggested 
that this effect may be at least partially due to the reversal of CIS- 
induced inhibition of the Nrf2/HO-1 pathway by UA. These findings 
represent the first evidence that UA could serve as a promising protec
tive molecule against the toxic effects of CIS. However, robust 
biochemical and physiological experimental studies supported by more 
comprehensive molecular techniques are needed before UA can be 
recommended for clinical use.
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