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Abstract

Cyclophosphamide (CYC) is a well-established nephrotoxic agent widely used in the treatment of cancer and various
immunosuppressive disorders. Diosmin, a bioactive flavonoid, has been reported to reduce drug-induced adverse effects.
This study evaluates the effects of diosmin on CYC-induced nephrotoxicity and explores potential mechanisms involved in
CYC-related renal damage. Thirty-two male rats were randomly assigned to four experimental groups: control, diosmin,
CYC, and CYC + diosmin. Diosmin (100 mg/kg) was administered once daily for 15 consecutive days, while cyclophos-
phamide (200 mg/kg) was given as a single dose on the 8th day of the experimental period. Diosmin was associated with
attenuation of CYC-induced pathological alterations in renal tissue architecture. It reduced the immunoreactivity of pro-
inflammatory mediators (IL-1p, IL-6, TNF-a, and iNOS) and modulated apoptosis by decreasing the pro-apoptotic marker
BAX and increasing the anti-apoptotic marker Bcl-2. Although CYC treatment suppressed mTOR and increased SIRT1
immunoreactivity, diosmin co-administration attenuated these alterations. Additionally, markers of renal DNA damage
were reduced. Overall, the findings suggest that diosmin may exert favorable effects in CYC-induced nephrotoxicity in this

experimental model.
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Introduction

Cyclophosphamide (CYC), a well-established alkylating
agent, has long been utilized in the management of various
neoplastic and non-neoplastic conditions due to its potent
immunosuppressive and cytotoxic properties (Jiang et al.
2019; Ahlmann and Hempel 2016). Despite its proven ther-
apeutic efficacy across a broad spectrum of diseases, the
clinical application of cyclophosphamide is often restricted
due to its adverse effect profile, with nephrotoxicity being
one of the most significant concerns (Zhai et al. 2018). In
hepatocytes, CYC undergoes bioactivation via cytochrome
P450 enzymes to yield two major reactive metabolites:
phosphoramide mustard and acrolein (Jiang et al. 2020).
Acrolein, known to trigger the synthesis of reactive oxy-
gen species (ROS) (Moghe et al. 2015), impairs cellular
defense mechanisms and subsequently leads to various
physiological and morphological alterations (Caglayan et al.
2018; Kim et al. 2014). The generation of ROS acts as a
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key initiating event that triggers a cascade of cellular dis-
turbances, including lipid peroxidation of cell membranes,
interaction with critical cellular macromolecules, disruption
of normal cellular functions, and activation of various intra-
cellular signaling pathways (Mahmoud 2014; Nafees et al.
2015). In response to acrolein exposure, the resulting ROS
can modulate inflammatory and apoptotic signaling path-
ways, thereby exacerbating oxidative stress and enhancing
the risk of renal tissue injury (ALHaithloul et al. 2019; Lin
et al. 2017). ROS induce prolonged inflammation via NF-xB
activation (Zeng et al. 2022), which, in turn, stimulates pro-
inflammatory cytokines including interleukin-1f (IL-1pB)
and tumor necrosis factor o (TNF-a). These cytokines are
involved in controlling both the inflammatory response and
apoptosis (Iqubal et al. 2019; Zeng et al. 2022). Activation of
NF-«kB and the subsequent release of TNF-a and IL-1f lead
to transcriptional upregulation of inducible nitric oxide syn-
thase (iNOS), resulting in increased nitric oxide and COX-2
mediated prostaglandin production and further amplifica-
tion of the inflammatory response (Mahmoud et al., 2014,
Nafees et al. 2015). Overproduction of nitric oxide further
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exacerbates oxidative stress by depleting intracellular glu-
tathione levels, thereby increasing cellular susceptibility to
ROS-mediated damage (Kandemir et al. 2019).

To mitigate CYC-associated adverse effects, several strate-
gies have been proposed, including antioxidant therapy, alter-
native CYC analogs, and combination regimens involving
low-dose CYC and other anticancer agents. However, these
approaches remain under active investigation as mecha-
nistic understanding of CYC toxicity continues to evolve
(Casak et al. 2011; Abdallah et al. 2026; Alruhaimi et al.
2026). Despite substantial experimental evidence demon-
strating CYC-induced hepatorenal toxicity and the explo-
ration of emerging therapeutic approaches, such as mesen-
chymal stem cell-derived exosomes (Abdallah et al. 2026),
clinically effective and broadly applicable protective strate-
gies remain limited. This gap underscores the need for the
development of novel preventive and therapeutic interven-
tions (Basu et al. 2014; Patwa et al. 2020).

Flavonoids, a class of phytochemicals produced by vari-
ous plants, serve a protective function, preventing infec-
tion, injury, and stress (Ali et al. 2021a, b; Panche et al.
2016). Diosmin, a flavone glycoside originating from hes-
peridin, a flavonoid abundant in citrus fruits, represents a
significant pharmacological agent (Szymariski et al. 2016).
It has a number of pharmacological benefits, including
anti-inflammatory, anticancer, antioxidant, anti-diabetic,
and antifibrotic characteristics (Gerges et al. 2022; Mirzaee
et al. 2019). Diosmin (Daflon-500®) is presented in film-
coated tablets comprising 450 mg diosmin and 50 mg hes-
peridin, a flavonoid fraction derived from the plant Rutaceae
aurantiae (Ramelet et al. 2001). The combined use of these
compounds has been demonstrated to potentiate their effects
(Olatunji et al. 2022). In experimental models of acryla-
mide-induced organ toxicity, the combination demonstrated
superior protective efficacy by mitigating oxidative stress,
lipid peroxidation, and genotoxic damage. Clinically, it has
been widely used for the treatment of vascular disorders such
as varicose veins, chronic venous insufficiency, and hemor-
rhoids, owing to its venotonic and anti-inflammatory proper-
ties (Srinivasan et al. 2019). Following oral administration,
diosmin undergoes conversion to diosmetin, subsequently
being absorbed and eliminated from the body via the uri-
nary system (Chen et al. 2019; Gerges et al. 2022). Several
studies have suggested that diosmin may confer protective
effects against nephrotoxicity induced by various pharma-
ceutical agents (Elhelaly et al. 2019; Anwer et al. 2023;
Nadeem et al. 2023). Due to its anti-inflammatory proper-
ties, diosmin has been shown to significantly reduce levels
of pro-inflammatory cytokines in models of hepatic, renal,
and cardiac injury induced by methotrexate (Abdel-Daim
et al. 2017). Furthermore, in a model of doxorubicin-induced
renal toxicity, diosmin administration led to improved renal
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biochemical parameters and ameliorated histopathological
damage (Ali et al. 2021b).

This study was designed to evaluate the histological and
immunohistochemical alterations associated with CYC-
induced renal toxicity and to investigate the protective
effects of diosmin, focusing on inflammatory and apoptotic
pathways and DNA damage assessed by the comet assay.

Materials and methods
Chemicals

Daflon (500 mg/tablet, Les Laboratoires Servier, France)
was provided by a qualified pharmaceutical company. A
solution was prepared by dissolving the drug in 5 mL of
deionized water thereby creating a solution with a 100 mg/
mL concentration (Lamidi et al. 2021; Olatunji et al. 2022).

Animal care

The Erciyes University Local Ethics Committee approved
the experimental protocol (Protocol No: 2023-23/082). The
care and use of the animals were carried out in accordance
with the ARRIVE guidelines for animal research ethics, the
UK Animals (Scientific Procedures) Act 1986, the European
Directive 2010/63/EU, and the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. For the
experimental study, 32 adult male Wistar albino rats were
obtained from Erciyes University Experimental Research
Application and Research Center (DEKAM, Kayseri, Tiir-
kiye). Throughout the course of the experiment, the animals
were accommodated in disinfected cages at standard condi-
tions (22-24 °C, 12-h light and 12-h dark period). Addition-
ally, the rats were permitted ad libitum accessibility to water
and pellets.

Experimental design

In the study, four randomly selected groups of eight male
rats (age 10-12 weeks, weight 200-250 g) each were
included and they were treated in accordance with the fol-
lowing protocol:

Group 1 (control) (n=8): 0.9% saline was administered to
the rats orally for 15 days and intraperitoneally on day 8.
Group 2 (diosmin) (n=28): 100 mg/kg diosmin was
administered to the rats orally for 15 days.

Group 3 (CYC) (n=8): on day 8, 200 mg/kg CYC was
administered intraperitoneally to the rats (Tohamy et al.
2021).
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Group 4 (CYC +diosmin) (n=38): 100 mg/kg diosmin
was administered to the rats orally for 15 days, and on
day 8, 200 mg/kg CYC was administered intraperitoneally
to the rats (Germoush 2016; Abogresha et al. 2021).

The quantity and duration of diosmin administered to
each animal were determined based on previously pub-
lished research findings (Germoush 2016; Abogresha et al.
2021). Cyclophosphamide (CYC) (Endoxan 1 g/ampoule)
was acquired from Baxter Oncology GmbH (Halle, Ger-
many). The quantity and the administration route of CYC
were selected based on previous studies (Tohamy et al. 2021;
Adeyemi et al. 2024).

Tissue sample collection

On the 16th day, general anesthesia was induced with
combination of ketamine and xylazine (60 mg/kg and 10
mg/kg, intraperitoneally), and the rats were subsequently
euthanized via cervical dislocation. For histological and
immunohistochemical applications, the left kidney tissues
were preserved in a 10% buffered formaldehyde solution,
and for the comet study, the right kidney tissues were
retained at — 80 °C. No mortality was observed in any
experimental group.

Histopathological examination

For histological analysis, formaldehyde-fixed kidney tissue
samples were processed for histological evaluation. Ini-
tially, increasing concentrations of ethanol solutions were
employed for 1 h each to gradually eliminate water con-
tent from the tissues. Subsequently, they were subjected to
xylene three times in order to achieve the desired transpar-
ency. The tissues were immersed in liquid paraffin for a
minimum of 3 h to facilitate the penetration of the paraffin
into the tissue at 60 °C, after which a paraffin block was
performed. In order to ascertain whether any morphologi-
cal alterations had occurred, hematoxylin—eosin (H&E),
Masson’s trichrome (MT), and Periodic acid—Schiff (PAS)
were applied to the gently prepared sections.

H&E staining

Following deparaffinization at 60 °C for at least 2 h, rehydra-
tion was performed with decreasing ethanol concentrations
(100%, 95%, 90%, 80%, 70%), and the sections were washed
with tap water. H&E-stained sections were subjected to an
increasing ethanol series and xylene. The entellan-mounted
sections were subjected to microscopic examination, and

images were captured (Olympus BX51, Tokyo, Japan). This
staining provides information on overall renal tissue archi-
tecture and cellular morphology (Tong et al. 2024).

MT staining

Following deparaffinization and rehydration of the sec-
tions, the nuclei were stained with hematoxylin. The sec-
tions were immersed in acid fuchsin for 2 min and subse-
quently washed. They were incubated in phosphomolybdic
acid for 5 min, then dried for an appropriate period. Fol-
lowing this, they were incubated in an aniline blue solu-
tion for 5 min. Following washing of the sections, they were
subjected to acetic acid, an increasing series of alcohols,
xylene, mounted, and examined under a light microscope.
This staining provides information on collagen deposition
and interstitial fibrosis (Tong et al. 2024).

PAS staining

Following deparaffinization and rehydration, the sections
were washed with tap water and treated with freshly pre-
pared periodic acid for 5 min and subsequently washed with
distilled water. The sections were then incubated in Schiff’s
reagent in the absence of light for 30 min and washed under
running tap water. Subsequently, the sections were counter-
stained with hematoxylin. The stained sections were dehy-
drated, cleared in xylene, mounted with Entellan®, and
examined under a light microscope. This staining provides
information on basement membrane integrity and polysac-
charide-rich structures in renal tissue (Tong et al. 2024).

For histopathological evaluation, renal tissues from eight
animals in each group were examined. Three renal sections
per animal were evaluated, and ten non-overlapping micro-
scopic fields per section were assessed at X 40 magnifica-
tion (Yalcin et al. 2024). To minimize potential bias, histo-
logical evaluations were conducted in a blinded manner by
independent researchers unaware of the experimental group
allocations.

Immunohistochemistry

To qualitatively assess the immunoreactivity intensity of the
primary antibodies, the avidin—biotin-peroxidase method
was employed in rat kidney tissues. The sections from par-
affin blocks were subjected to a series of treatments, depar-
affinized in xylene, rehydrated through descending ethanol
concentrations, and rinsed in distilled water. Endogenous
peroxidase activity was blocked with 3% hydrogen peroxide
to minimize background staining of the sections, followed
by three washes with PBS. Subsequently, for 10 min, sodium
citrate buffer was treated to the sections in the microwave
at 95 °C, thereby facilitating antigen retrieval. They were
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allowed to cool in the same buffer solution for 10 min. Fol-
lowing PBS washing, Ultra V Block was applied for 10 min
to cover areas outside the antigenic regions. Over the course
of the night at 4 °C, the primary antibodies against IL-1
(1:200, BT-AP04469, Bioassay Technology Laboratory,
Zhejiang, China), IL-6 (1:300, bs-0782R, Bioss, Woburn,
USA), TNF-a (1:500, NB600-587, Novus Biologicals, Cen-
tennial, USA), iNOS (NOS2) (1:200, BT-AP06109), BAX
(1:200, sc-23959, Santa Cruz, Oregon, USA), Bcl-2 (1:50,
PA511379, Invitrogen), SIRT1 (1:500, NBP1-51,641, Novus
Biologicals, Centennial, USA), and mTOR (1:100, 7C10,
Cell Signaling, Massachusetts, USA) were applied to the
sections. On the following day, following the PBS washing
procedure, the sections were treated with biotinylated sec-
ondary antibodies and streptavidin-conjugated peroxidase
in that order, and finally with chromogen (3,3 ’_diaminoben-
zidine tetrahydrochloride (DAB)). After Gill hematoxylin
counterstaining, the sections were subjected to washing with
distilled water, dehydrated through ascending ethanol con-
centrations, xylene, and entellan coating, and finally were
examined under a light microscope (Olympus BX51).
Immunoreactivity intensity was quantified by analyzing
ten randomly selected, non-overlapping cortical regions
per animal using ImageJ software (ImagelJ, Version 1.8.0,
Bethesda, MD) (Baran et al. 2022; Yalcin et al. 2024).

Detection of DNA damage by comet assay

Approximately 2 g of kidney tissue from each rat was placed
in a plate and suspended in 3 mL of cold calcium- and mag-
nesium-free PBS. Cell suspensions were obtained by finely
mincing and homogenizing the tissue samples, which were
then transferred to test tubes. Meanwhile, a solution includ-
ing 1000 pL agarose (0.8% low melting point) and 100 pL
supernatant was applied to slides pre-coated with agarose
(0.5% normal melting point) and mounted with coverslips.
The agarose on the slides was frozen in an icebox at 4 °C,
and the coverslips were gently removed. The recently made
cold lysis buffer (TBE, 25 g SDS) was applied to the slides
maintained at 4 °C for 4 min. Subsequently, the slides were
placed in a horizontal electrophoresis tank containing fresh
electrophoresis buffer for 10 min, facilitating DNA relaxa-
tion. Electrophoresis was performed on these slides for 2
min at 64 V and 250 mA, after which they were rinsed with
distilled water to eliminate residual ions and detergents. Sub-
sequently, the remaining stages of the analysis were con-
ducted under dark conditions. The ethidium bromide-stained
sections, covered with coverslips, were prepared for observa-
tion via fluorescence microscopy. A total of 50 cells were
randomly selected for analysis using the CASP software pro-
gram (CASP-1.2.2; Windows 2010), with images captured
at x 20 magnification in ten different fields from each rat.
In this method, cells with damaged DNA that exhibited a
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“comet” pattern migrating out of the cell were identified as
damaged, whereas cells that lacked this pattern were con-
sidered undamaged (Baran et al. 2022; Yalcin et al. 2023).

To minimize potential bias, comet assay analyses were
conducted in a blinded manner by independent researchers
unaware of the experimental group allocations.

Statistical analysis

A statistical analysis of the data set was executed utiliz-
ing the GraphPad Prism software (GraphPad Inc., version
9.0). The data were subjected to an assessment of their
normal distribution via the utilization of the Shapiro—Wilk
and Kolmogorov—Smirnov tests. In cases where the data
conformed to a normal distribution, one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test was
employed for the comparison of quantitative variables. In
cases where the data displayed an abnormal distribution,
the Kruskal-Wallis test followed by Dunn’s post hoc test
was employed for the comparison of quantitative variables.
Depending on the data distribution, values are presented as
mean =+ standard deviation (SD) or median (Q1-Q3). The
analysis of statistical data is defined as statistically signifi-
cant when the p-value is less than 0.05.

Results
Renal histopathological alterations

The influence of diosmin on CYC-induced nephrotoxicity
was assessed using H&E, MT, and PAS staining (Fig. 1).
The H&E-stained control group rats’ kidney sections exhib-
ited normal histomorphology, displaying well-preserved
proximal and distal tubules, glomeruli, and interstitial tissue.
The CYC group rats’ kidney sections displayed the following
pathological alterations: enlargement of Bowman’s capsule,
vacuolization and necrosis of tubular epithelial cells, luminal
dilatation in tubules, and desquamation of epithelial cells.
These alterations were not observed in the diosmin-treated
group rats’ kidney sections. The CYC + diosmin group rats’
kidney sections showed marked attenuation of the detrimen-
tal effects evident in the tubules of the CYC group (Fig. 1).

MT staining is a valuable tool for assessing the quantity
and distribution of collagen in formalin-fixed tissue sec-
tions. The control group rats’ MT-stained kidney sections
exhibited no alterations in the quantity of collagen fibers and
were consistent with normal renal histology. However, the
blue-stained connective tissue areas observed in the CYC
group rats’ kidney sections were noted to be particularly
concentrated around both the glomeruli and the glomerular
capillaries. The quantity and distribution patterns of col-
lagen fibers in the CYC + diosmin group demonstrated a
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Control

Fig. 1 Hematoxilen and eosin (H&E), Masson’s trichrome (MT), and
Periodic acid—Schiff (PAS) stained kidney sections of control, CYC,
diosmin, and CYC+diosmin groups. Sections showing proximal
tubules (black circle), distal tubules (blue circle), Bowman’s capsule
(green star), glomeruli (red star), vacuolization (black arrow), necro-
sis of tubular epithelial cells (green arrow), desquamation of epi-
thelial cells (star), enlargement of Bowman’s capsule (blue arrow),
fibrosis in MT-stained sections (arrowhead), and loss of brush border
in PAS-stained sections (thick arrow) (H&E, MT and PAS staining,
original magnification = X 40; scale bar=100 pm, Olympus, Japan).
H&E-stained renal sections showing representative histopathologi-
cal alterations in the CYC-treated group, including enlargement of

similarity to those detected in the control and diosmin-only
groups (Fig. 1).

As evidenced by PAS-stained sections, PAS reactivity
was clearly observed in the basement membranes of renal
tubules and the brush border in the control group. There
was a reduction in PAS positivity in the tubular basement
membranes, accompanied by disruption of the brush border
in the CYC group. The detected pathological alterations in
PAS-stained kidney sections were markedly attenuated in
the CYC + diosmin group, with restoration of PAS reactiv-

ity (Fig. 1).
Immunohistochemical findings

Figure 2 demonstrates the contribution of diosmin to the
pro-inflammatory markers’ activity. Immunoreactivity

Bowman’s capsule, tubular epithelial cell vacuolization and necrosis,
luminal dilatation, and epithelial cell desquamation. The CYC + dios-
min-treated group exhibited preservation of renal tubular and glomer-
ular morphology. MT-stained renal sections from the CYC-treated
group showing increased connective tissue deposition surround-
ing the glomeruli and glomerular capillaries. The CYC+ diosmin-
treated group exhibited a staining pattern comparable to that of the
control and diosmin groups. PAS-stained renal sections from the
CYC-treated group showing reduced PAS positivity in the tubular
basement membranes and disruption of brush border structures. The
CYC +diosmin-treated group showed comparatively preserved PAS
staining patterns

intensities of IL-1p, IL-6, TNF-a, and iNOS were mark-
edly increased in the kidney sections from the CYC-treated
group compared with the control group. In contrast, IL-1p,
IL-6, TNF-a, and iNOS immunoreactivity intensities were
significantly reduced in the CYC + diosmin group compared
with the CYC group (p <0.001). Furthermore, significant
differences were observed when the CYC group was com-
pared with all other groups (Figs. 2 and 3).

The progression of CYC-induced nephrotoxicity is asso-
ciated with apoptosis. The effect of diosmin on BAX and
Bcl-2 immunoreactivity intensity was examined in CYC-
treated rats. In renal tubular epithelial cells, the intensity of
cytoplasmic BAX and Bcl-2 immunoreactivity was weak in
the control group. The CYC group had a substantial eleva-
tion in BAX, accompanied by a marked reduction in Bcl-2
immunoreactivity intensity. In comparison with the CYC
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Control CYC Diosmin CYC + Diosmin

TNF-a IL-6

iNOS

Fig.2 Immunoreactivity of inflammatory markers (IL-1p, IL-6, TNF- presence of brown staining is considered an indicator of positivity
o, and iNOS) in rats’ kidney tissue of all experimental groups: control (original magnification= X 40; scale bar =100 pm, Olympus, Japan)
group, CYC group, diosmin group, and CYC+diosmin group. The
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Control

BAX

Bel-2

Fig.4 Immunoreactivity of apoptotic markers (BAX and Bcl-2) in
rats’ kidney tissue of all experimental groups: control group, CYC
group, diosmin group, and CYC+diosmin group. The presence of

group, diosmin treatment reduced BAX immunoreactivity
(p<0.05) while increasing Bcl-2 immunoreactivity intensity
(»<0.001) (Figs. 4 and 5).

In order to ascertain the localization and immunoreac-
tivity of mTOR and SIRT1 proteins in the diosmin-treated
kidney, the immunohistochemical technique was employed.
mTOR immunoreactivity was observed in the renal tubular
epithelium, with the lowest intensity detected in the CYC
group and the highest intensity in the control group. The
CYC +diosmin group showed significantly increased mTOR
immunoreactivity intensity compared with the CYC group
(p<0.05) (Fig. 5). SIRTI protein was observed in both
the nuclei and cytoplasm of renal cells. In the CYC group,
the intensity of SIRT1 immunoreactivity was significantly
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Fig.5 The bar graphs present a summary of the observed immuno-
reactivity intensity of BAX (A), Bcl-2 (B), SIRT1 (C), and mTOR
(D) in rats’ kidney tissue of all experimental groups: control group,
CYC group, diosmin group, and CYC+diosmin group. n=8 per
group. Renal SIRT1 and mTOR values are presented as median (Q1—

Diosmin

brown staining is considered an indicator of positivity (original mag-
nification = X 40; scale bar=100 pm, Olympus, Japan)

elevated compared with the control and CYC + diosmin
groups (p <0.001). No statistically significant differences
were observed among the remaining groups (p > 0.05)
(Fig. 6).

Assessment of comet assay results

This study was designed to assess the contribution of dios-
min to CYC-induced renal DNA damage at the cellular level
using the neutral comet assay. Comet assay for each results
is presented in Table 1. In the CYC group, comet parameters
were increased except for Head DNA. Head DNA values
were significantly reduced in both the CYC and CYC +dios-
min groups compared with the control group (p <0.001).
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Q3). Asterisks above the bars indicate statistically significant differ-
ences compared with the control group, whereas two-ended brackets
denote statistically significant pairwise comparisons between the con-
nected experimental groups. The presence of statistical significance
is denoted by the use of asterisks: *p <0.05, **p <0.01, ***p <0.001
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mTOR

Fig. 6 Immunoreactivity of mTOR and SIRT1 proteins in rats’ kid-
ney tissue of all experimental groups: control group, CYC group,
diosmin group, and CYC + diosmin group. The presence of brown

The reduction in Head DNA was more pronounced in the
CYC group than in the CYC + diosmin group (p <0.01).
Tail DNA values were significantly increased in the CYC
and CYC+diosmin groups compared with the control group.
Compared with the CYC group, the CYC + diosmin group
showed significant differences, characterized by increased
Head DNA values and decreased Tail DNA values (p <0.01).
L-head, L-tail, and L-comet values were higher in the CYC
group than in the control and diosmin groups. All three
parameters were reduced in the CYC + diosmin group com-
pared with the CYC group. Nevertheless, only the L-head val-
ues reached statistical significance (p <0.001). The TM values
showed a statistically significant decrease in the CYC + dios-
min group compared with the CYC group (p <0.05). The

staining is considered an indicator of positivity (original magnifica-
tion = x40; scale bar = 100 pm, Olympus, Japan)

OTM values were significantly increased in the CYC group
compared with both the CYC +diosmin (p <0.01) and dios-
min (p <0.001) groups. Additionally, the CYC + diosmin and
diosmin groups showed similar OTM values. Overall, analysis
of comet parameters indicates that diosmin treatment attenu-
ated CYC-induced DNA damage (Fig. 7).

Discussion

In recent years, diosmin has been identified as exhibiting
significant beneficial effects in various models of tissue
injury; nevertheless, the precise mechanisms underlying
these effects remain incompletely understood. To the best

Table 1 The effect of CYC and diosmin on renal comet assay parameters in all experimental groups: control group, CYC group, diosmin group,

and CYC + diosmin group

Commet assay parameters Control median (Q1-Q3) CYC Median (Q1-Q3) Diosmin median (Q1-Q3) CYC+Diosmin median P

Groups (Q1-Q3)

Head DNA (%) 96,00 (95,00-97,00)* 68,50 (65,75-72,00)° 88,50 (82,00-96,00)* 76,00 (72,50-79,25)° <0,0001
Tail DNA (%) 4,00 (3,00-5,00)* 31,50 (28,00-34,25)° 11,50 (4,75-17,00)* 24,00 (20,75-17,00)° <0,0001
L Head (pm) 127,0 (119,0-141,5)* 156,5 (89,00-175,0)*  122,0 (91,00-139,0)* 146,0 (81,00-165,0)° <0,0001
L Tail (pm) 30,50 (23,75-35,00)* 145,5 (117,5-211,5)° 47,00 (34,00-62,25)° 129.,0 (254,8-329,0)° <0,0001
L Comet (um) 160,5 (142,0-174,3)* 308.5 (254,3-379,3)°  184,0 (158,0-221,8)* 2950 (254,8-329,0)° <0,0001
™ 1,00 (1,00-2,00)* 44,50 (31,00-62,25)° 12,00 (5,00-21,25)° 31,00 (19,00-37,75)¢ <0,0001
OT™M 2,00 (2,00-3.00* 34,50 (25,75-44.25)° 19,00 (15,00-23.25)° 23.50 (15,75-31.00)° <0,0001

In each line, the identical letters signified the similarity between the groups, and the disparate letters indicated the dissimilarity between them.
Renal comet assay parameters are presented as median (Q1-Q3). n = 8 per group. Head DNA, % DNA in the head; Tail DNA, % DNA in the
tail; L Head, length head; L Tail, length tail; L Comet, length comet; TM, tail moment; OTM, olive tail moment
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Control

Fig. 7 Photographs of all experimental groups visualized with a fluo-
rescent microscope from ethidium bromide-stained sections of cellu-
lar DNA damage in kidney tissue. Control Tail DNA 4%, CYC Tail

of our knowledge, limited data are available regarding the
effects of diosmin against CYC-induced renal injury, with
a particular focus on the molecular mechanisms involved
in its pathogenesis. CYC, frequently used as an alkylating
anticancer agent and immunosuppressant, is associated with
nephrotoxicity, one of its most concerning adverse effects,
representing a major clinical concern for patients undergo-
ing treatment (Ahlmann and Hempel 2016; Chiruvella et al.
2020).

CYC-induced nephrotoxicity can be attributed to multiple
mechanisms, including oxidative stress, inflammation, apop-
tosis, and oxidative DNA damage (Caglayan et al. 2018).
In this study, we demonstrated the nephroprotective effects
of diosmin by targeting the mechanisms by which CYC-
induced kidney damage occurs, as supported by a series of
findings including the following: (i) the attenuation of CYC-
induced histopathological changes; (ii) the reduction of pro-
inflammatory cytokines; (iii) the mitigation of CYC-induced
apoptosis, as reflected by the downregulation of BAX and

CYC + Diosmin

DNA 31.50%, diosmin Tail DNA 11.50%, and CYC +diosmin Tail
DNA 24% (original magnification= X 20; scale bar=200 pm, Olym-
pus, Japan)

the upregulation of Bcl-2 immunoreactivity; (iv) modulation
of mTOR and SIRT1 by upregulation of mMTOR and down-
regulation of SIRT1 immunoreactivity; and (v) improvement
of cellular DNA damage.

Kidney sections from the CYC group exhibited marked
histopathological alterations. In this study, CYC-induced
renal histopathological changes, including necrosis and
desquamation of epithelial cells, luminal dilatation of renal
tubules, and enlargement of Bowman’s capsule, were con-
sistent with previous reports (Abd El Salam et al. 2023;
Caglayan et al. 2018). In CYC, MT staining revealed
increased collagen deposition (Tohamy et al. 2021), while
PAS staining indicated reduced PAS positivity accompa-
nied by disruption of the brush border. The damaging effects
of CYC metabolites on cellular membranes are considered
a hallmark of nephrotoxicity (Caglayan et al. 2018) and
are directly linked to its deleterious impact on renal func-
tion (Al-Attar et al. 2017). Consistent with these observa-
tions, our findings demonstrate that diosmin administration
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preserved renal histoarchitecture and attenuated CYC-
induced renal injury. In a model of sodium arsenite-induced
nephrotoxicity, diosmin at 100 mg/kg, as used in the present
study, was reported to be the most effective dose for improv-
ing renal tissue damage (Mohtadi et al. 2023). The nephro-
protective potential of diosmin has also been supported by
studies in experimental models of renal injury induced by
chemotherapeutic agents (Anwer et al. 2023; Abdel-Daim
et al. 2017; Ali et al. 2021b), as well as metabolic disorders
such as obesity (Zhu et al. 2024) and diabetes (Ahmed et al.
2016).

CYC-induced renal toxicity activates the NF-kB signal-
ing pathway, which subsequently promotes the expression
of pro-inflammatory cytokines (El-Kholy et al. 2017). ROS
induce the dissociation of NFkB-p65 from IkB, resulting in
nuclear localization and the subsequent induction of genes
associated with inflammation, including TNF-a, IL-1p
(Oztopuz et al. 2019), and iNOS (Ali et al. 2020). Our find-
ings demonstrated a marked increase in the immunoreac-
tivity intensities of pro-inflammatory markers, including
IL-1p, IL-6, TNF-a, and iNOS, in the CYC-treated group.
However, diosmin treatment significantly reduced the immu-
noreactivity of these inflammatory mediators.

The present results are consistent with previous studies
reporting that diosmin attenuates inflammatory responses
by reducing TNF-a, IL-1p, and IL-6 levels in experimen-
tal models of drug-induced toxicity (Abdel-Daim et al.
2017). Recent investigations have further highlighted the
anti-inflammatory potential of diosmin, demonstrating its
protective effects against gentamicin-induced nephrotoxicity
(Geshnigani et al. 2023) and chlorpyrifos-induced neuro-
toxicity (Abd-Elhamid et al. 2024). Additionally, diosmin
has been shown to confer renal protection by suppressing
inflammatory pathways in models of chronic kidney injury,
such as unilateral ureteral obstruction (Zhao et al. 2024).

CYC-induced nephrotoxicity is largely mediated by oxi-
dative stress and inflammation, which promote cell death by
activating caspase-3 and inhibiting Bcl-2 (Liu et al. 2016).
The key proteins participating in the apoptotic mechanism,
BAX and Bcl-2, are closely associated with the mitochondrial
membrane (Gur et al. 2021). The function of the BAX in the
apoptotic pathway is to enhance mitochondrial outer mem-
brane permeability and facilitate the release of cytochrome
C into the cytoplasm (Cosentino et al. 2022). Conversely,
the Bcl-2 functions to prevent the process of cell death by
inhibiting the release of cytochrome C and apoptosis-induc-
ing factors (Basu 2022). Besides, the upregulation of NF-xB
leads to an increase in BAX expression while concurrently
reducing Bcl-2 expression (Zhang et al. 2017; Alaaeldin et al.
2020, 2021). The present findings demonstrate that diosmin
normalized BAX and Bcl-2 immunoreactivity, support-
ing its anti-apoptotic potential in renal tissues. Consistent
with our results, Perumal et al. (2018) reported that diosmin
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modulated apoptotic protein expression in an N-nitrosodieth-
ylamine-induced hepatocellular carcinoma model.

One of the compounds responsible for CYC’s mutagenic
activity, phosphoramide, has been demonstrated to induce
cross-link formation and strand damage in DNA (Surh 2003;
Hengstler et al. 1997). The present study investigated the
DNA damage induced by the CYC’s active metabolites and
evaluated the role of diosmin in mitigating this damage. The
comet assay, a widely used technique for assessing DNA
damage and repair, serves as a valuable tool in this context
(Speit et al. 2009). Our findings indicate that CYC induced
significant DNA damage, as evidenced by alterations in
comet parameters. In contrast, diosmin treatment attenuated
CYC-induced DNA damage. Consistent with our observa-
tions, previous comet assay analyses have demonstrated
severe DNA damage following CYC exposure, character-
ized by increased tail length and elevated Tail DNA content
(Tuorkey 2017).

A study using 8-OHdG, a marker of oxidative DNA dam-
age, similarly reported a significant increase in the CYC
group (Caglayan et al. 2018). Another study demonstrated
that diosmin pre-treatment attenuated radiation-induced
DNA damage and reduced susceptibility to oxidative dam-
age. This protective effect has been attributed to the anti-
oxidant and antigenotoxic properties of diosmin (Mahgoub
et al. 2020).

SIRT1, situated both within the cytoplasm and nucleus, is
responsible for the deacetylation of specific histone and non-
histone targets. As a multifunctional molecule, SIRT1 exerts
cytoprotective effects against oxidative stress and various
pathological conditions, including neurological, oncological,
and renal diseases (Lohanathan et al. 2022). SIRT1 confers
renoprotective effects primarily by modulating inflamma-
tory, apoptotic, and fibrotic pathways, thereby attenuating
the progression of renal injury (Morigi et al. 2018). In the
present study, CYC treatment was associated with increased
SIRT1 immunoreactivity, which may reflect a compensatory
cellular response to oxidative stress. In contrast, combined
CYC and diosmin treatment normalized SIRT1 immuno-
reactivity, yielding levels comparable to those observed in
the control group. Increased SIRT1 expression has been
reported in various pathological contexts, including sepsis-
associated inflammation, where restoration of physiologi-
cal SIRT1 balance was reported. Such observations suggest
that elevated SIRT1 levels under conditions of cellular stress
may represent compensatory or stress-adaptive responses
rather than unequivocal anti-inflammatory activity. Accord-
ingly, SIRT1 upregulation during tissue injury should not be
interpreted as direct evidence of functional inflammation
suppression (Smith et al. 2020). Hasegawa et al. (2010) dem-
onstrated that experimental enhancement of SIRT1 expres-
sion exerted protective effects against cisplatin-induced
acute kidney injury; however, no endogenous increase of
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SIRT1 was reported within the injury group, indicating that
SIRT1-mediated protection was linked to controlled acti-
vation rather than injury driven upregulation. In contrast,
Yalcin et al. (2023) observed elevated SIRT1 immunore-
activity in radiation-induced liver injury, supporting the
view that SIRT1 expression may increase as a secondary
response to tissue damage. Similarly, in ischemia/reperfu-
sion-induced kidney injury, SIRT1 overexpression has been
reported, where enhanced SIRT1 activity was associated
with increased resistance to tissue damage. Conversely,
the absence of functional SIRT1 aggravated renal injury,
further underscoring the context-dependent role of SIRT1
under pathological conditions (Fan et al. 2013). Collectively,
these findings reinforce the concept that SIRT1 alterations
under pathological conditions may primarily reflect adap-
tive regulatory mechanisms associated with cellular stress
and injury severity. This molecule exerts its regulatory func-
tion on cellular homeostasis via the activation of adenosine
monophosphate-activated protein kinase and the inhibition
of the mammalian target of rapamycin (mTOR) (Cetrullo
et al. 2015). The mTOR signaling pathway can be initiated
by the presence of circulating nutrients, growth factors,
and pro-inflammatory cytokines (Buerger 2018; Marques-
Ramos and Cervantes 2023). Reduced mTOR signaling is
commonly associated with autophagy and may represent
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an adaptive response depending on cellular context. In the
present model, however, mTOR suppression coincided with
clear indicators of cellular stress and tissue injury, suggest-
ing that this reduction may reflect stress-related signaling
disturbances rather than a protective response.

Diosmin has been reported to attenuate inflammatory
mediators, including IL-6, IL-18, TNF-a, COX-2, and matrix
metalloproteinases, in drug-induced toxicity models. Given
that inflammatory signaling is a well-recognized upstream
regulator capable of suppressing mTOR activity, the restora-
tion of mTOR levels observed in the diosmin-treated groups
may plausibly be attributed to a reduction in inflammatory
burden (Mega et al. 2024). Consistent with this interpreta-
tion, diosmin has also demonstrated cytoprotective effects in
gentamicin-induced nephrotoxicity, where it attenuated oxi-
dative injury and preserved renal histoarchitecture (Ali et al.
2021b.). Collectively, these findings support the notion that
the protective effects of diosmin may primarily involve mitiga-
tion of cellular stress, with mTOR normalization representing
a secondary consequence of improved cellular homeostasis
rather than direct pathway modulation. The conclusions of
this study demonstrated that the mTOR immunoreactivity
intensity was lowest in the CYC group, while treatment with
diosmin significantly enhanced its immunoreactivity intensity.
Experimental studies have also reported the downregulation of
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mTOR expression in CYC-induced kidney damage (Albayrak
et al. 2018) and in different organs damaged by other anti-
cancer drugs was demonstrated (Lee et al. 2015). Moreover,
the aforementioned studies revealed elevated levels of mTOR
expression in the antioxidant and damage + antioxidant groups
(Abd El-Ghafar et al. 2021; Hassanein et al. 2020). Our find-
ings align with previous research, proposing that the eleva-
tion in mTOR immunoreactivity observed following diosmin
administration may stem from its protective effects against
CYC-induced kidney damage.

SIRT1 may modulate mTOR activity, potentially through
mechanisms involving the TSC1/TSC2 complex, a key
upstream regulator of mTOR signaling (Ghosh et al. 2010).
In addition, SIRT1 activation has been associated with mod-
ulation of the PI3K/mTOR signaling axis and with reduc-
tions in hypoxia-induced oxidative stress and inflammatory
responses, as well as enhanced cardiomyocyte viability in
experimental settings (Ma et al. 2022). In the present study,
we evaluated the immunoreactivity and expression profiles
of mTOR and SIRT1. Although our findings are consistent
with previously reported functional associations, they do
not establish a direct mechanistic interaction. Instead, the
observed patterns likely represent coordinated regulation
within broader stress-responsive signaling networks rather
than a defined linear signaling cascade.

The present study has several limitations that should be
acknowledged. The findings are derived from a controlled
experimental animal model using a defined dosing protocol,
which may not fully reflect the complexity of human disease.
Species-specific differences in pharmacokinetics, metabo-
lism, and pathophysiological responses may therefore limit
direct generalizability to clinical settings. In addition, the
evaluation of inflammatory, apoptotic, and signaling mark-
ers was primarily based on immunohistochemical analysis.
Although this method enables spatial localization of protein
expression within renal tissue, it provides semi-quantitative
data and does not allow precise assessment of protein activa-
tion states or definitive conclusions regarding mechanistic
causality. Consequently, while the results suggest favorable
effects of diosmin, the underlying molecular mechanisms
were not comprehensively characterized. Further quanti-
tative, functional, and translational studies are needed to
clarify mechanistic aspects and confirm clinical relevance.

Conclusion

Inflammation, apoptosis, DNA damage, and alterations in
mTOR and SIRT1 expression are closely associated with
CYC-induced renal injury. In the present study, diosmin
treatment was associated with reduced immunoreactivity
of pro-inflammatory mediators (TNF-a, IL-1, IL-6) and
iNOS, suggesting attenuation of the inflammatory response.
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Diosmin was also associated with anti-apoptotic effects, as
reflected by increased Bcl-2 and decreased BAX immuno-
reactivity. In addition, improvements in histological altera-
tions and attenuation of DNA damage were observed. Taken
together, these findings suggest that diosmin may exert
favorable effects in CYC-induced renal injury within this
experimental model. The observed modulation of inflam-
matory and apoptotic markers, along with improvements in
histological features, supports the potential relevance of dios-
min in attenuating CYC-associated renal alterations (Fig. 8).

Acknowledgements The authors have nothing to report.

Author contribution B.Y. contributed to the original draft writing,
visualization, validation, software development, project administration,
methodology, and formal analysis. Kubra Tugce Kalkan was involved
in visualization, validation, formal analysis. E.K. contributed to visu-
alization, validation, and data curation. F.C.T. participated in valida-
tion, methodology, and data curation. S.C. contributed to validation and
methodology. G.0.0 was involved in validation and data curation. A.Y.
contributed to writing—review and editing, supervision, project admin-
istration, investigation, and funding acquisition. The authors declare
that all data were generated in-house and that no paper mill was used.

Funding Open access funding provided by the Scientific and Techno-
logical Research Council of Tiirkiye (TUBITAK).

Data availability The data used to support the findings of this study are
available from the corresponding author upon request.

Declarations

Ethical approval The animal experimentation procedures utilized in
this study were approved by the Erciyes University Animal Experi-
ments Board (decision date: 5.April.2023 and decision no: 23/082).

Consent to participate Each author voluntarily dedicated himself or
herself to this research.

Consent for publication The manuscript has been agreed to be pub-
lished by all authors.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abd El Salam ASG, Samaha MM, Abd Elrazik NA (2023) Cyto-
protective effects of cinnamaldehyde and adipoRon against


http://creativecommons.org/licenses/by/4.0/

Naunyn-Schmiedeberg's Archives of Pharmacology (2026) 399:15737-15751

15749

cyclophosphamide-induced cardio-renal toxicity in rats: insights
into oxidative stress, inflammation, and apoptosis. Int Immunop-
harmacol 124(Pt B):111044

Abd El-Ghafar OAM, Hassanein EHM, Sayed AM, Rashwan EK,
Shalkami AS, Mahmoud AM (2021) Acetovanillone prevents
cyclophosphamide-induced acute lung injury by modulating
PI3K/Akt/mTOR and Nrf2 signaling in rats. Phytother Res
35(8):4499-4510

Abd-Elhamid TH, Althumairy D, Bani Ismail M, Abu Zahra H, Seleem
HS, Hassanein EHM, Ali FEM, Mahmoud AR (2024) Neuro-
protective effect of diosmin against chlorpyrifos-induced brain
intoxication was mediated by regulating PPAR-y and NF-kB/AP-1
signals. Food Chem Toxicol 193:114967

Abdallah AN, Effat H, Mousbah AM, Ahmed HH, Abohashem RS
(2026) Cyclophosphamide: potential hepatorenal toxicity and
the possible therapeutic role of mesenchymal stem cell-derived
exosomes in Wistar rats. J Biochem Toxicol. https://doi.org/10.
1002/jbt.70705

Abdel-Daim MM, Khalifa HA, Abushouk Al, Dkhil MA, Al-Quraishy
SA (2017) Diosmin attenuates methotrexate-induced hepatic,
renal, and cardiac injury: a biochemical and histopathological
study in mice. Oxid Med Cell Longev 2017:3281670

Abogresha NM, Mohammed SS, Hosny MM, Abdallah HY, Gadal-
lah AM, Greish SM (2021) Diosmin mitigates cyclophosphamide
induced premature ovarian insufficiency in rat model. Int J Mol
Sci 22(6):3044

Adeyemi DH, Hamed MA, Oluwole DT, Omole AI, Akhigbe RE (2024)
Acetate attenuates cyclophosphamide-induced cardiac injury via
inhibition of NF-kB signaling and suppression of caspase 3-depend-
ent apoptosis in Wistar rats. Biomed Pharmacother 170:116019

Ahlmann M, Hempel G (2016) The effect of cyclophosphamide on the
immune system: implications for clinical cancer therapy. Cancer
Chemother Pharmacol 78(4):661-671

Ahmed S, Mundhe N, Borgohain M, Chowdhury L, Kwatra M,
Bolshette N, Ahmed A, Lahkar M (2016) Diosmin modulates the
NF-kB signal transduction pathways and downregulation of vari-
ous oxidative stress markers in alloxan-induced diabetic nephropa-
thy. Inflammation 39(5):1783-97

Al-Attar AM, Alrobai AA, Almalki DA (2017) Protective effect of
olive and juniper leaves extracts on nephrotoxicity induced by
thioacetamide in male mice. Saudi J Biol Sci 24(1):15-22

Alaaeldin R, Nazmy MH, Abdel-Aziz M, Abuo-Rahma GE-DA, Fathy
M (2020) Cell cycle arrest and apoptotic effect of 7-(4-(N-substi-
tuted carbamoylmethyl) piperazin-1-yl) ciprofloxacin-derivative
on HCT 116 and A549 cancer cells. Anticancer Res 40:2739-2749

Alaaeldin R, Abuo-Rahma GE-DA, Zhao Q-L, Fathy M (2021)
Modulation of apoptosis and epithelial-mesenchymal transition
E-cadherin/TGF-p/Snail/TWIST pathways by a new ciprofloxacin
chalcone in breast cancer cells. Anticancer Res 41:2383-2395

Albayrak G, Sonmez PK, Akogullari D, Uluer ET (2018) Cyclophos-
phamide inhibits PI3K/AKT/mTOR signaling pathway in mice
kidneys. Proc 2(25):1587

ALHaithloul HAS, Alotaibi MF, Bin-Jumah M, Elgebaly H, Mahmoud
AM (2019) Olea europaea leaf extract up-regulates Nrf2/ARE/
HO-1 signaling and attenuates cyclophosphamide-induced oxi-
dative stress, inflammation and apoptosis in rat kidney. Biomed
Pharmacother 111:676-685

Ali F, Hassanein E, Bakr A et al (2020) Ursodeoxycholic acid abrogates
gentamicin-induced hepatotoxicity in rats: role of NF-kB-p65/
TNF-a, Bax/Bcl-x1/Caspase-3, and eNOS/iNOS pathways. Life
Sci 254:117760

Ali FEM, Sayed AM, El-Bahrawy AH, Omar ZMM, Hassanein EHM
(2021a) Targeting KEAP1/Nrf2, AKT, and PPAR-y signals as a
potential protective mechanism of diosmin against gentamicin-
induced nephrotoxicity. Life Sci 275:119349

Ali N, AlAsmari AF, Imam F, Ahmed MZ, Alqahtani F, Alharbi M,
AlSwayyed M, AlAsmari F, Alasmari M, Alshammari A, Fan-
toukh OI, Alanazi MM (2021b) Protective effect of diosmin
against doxorubicin-induced nephrotoxicity. Saudi J Biol Sci
28(8):4375-4383

Alruhaimi RS, Hassanein EHM, Alnasser SM et al (2026) The pro-
tective effect of ambroxol against cyclophosphamide-induced
acute kidney injury involves Nrf2/HO-1 signaling upregulation
and suppression of oxidative and inflammatory damage. Nau-
nyn Schmiedebergs Arch Pharmacol. https://doi.org/10.1007/
500210-025-04919-w

Anwer T, Alshahrani S, Somaili AMH, Khubrani AH, Ahmed RA,
Jali AM, Alshamrani A, Rashid H, Nomeir Y, Khalid M, Alam
MF (2023) Nephroprotective effect of diosmin against cisplatin-
induced kidney damage by modulating IL-1f, IL-6, TNFa and
renal oxidative damage. Molecules 28(3):1302

Baran M, Yay A, Onder GO, Canturk Tan F, Yalcin B, Balcioglu E,
Yildiz OG (2022) Hepatotoxicity and renal toxicity induced by
radiation and the protective effect of quercetin in male albino rats.
Int J Radiat Biol 98(9):1473-1483

Basu A (2022) The interplay between apoptosis and cellular senes-
cence: Bcl-2 family proteins as targets for cancer therapy. Phar-
macol Ther 230:107943

Basu A, Bhattacharjee A, Roy SS et al (2014) Vanadium as a chemo-
protectant: effect of vanadium (III)-L-cysteine complex against
cyclophosphamide-induced hepatotoxicity and genotoxicity in
Swiss albino mice. J Biol Inorg Chem 19:981-996

Buerger C (2018) Epidermal mTORCI signaling contributes to the
pathogenesis of psoriasis and could serve as a therapeutic target.
Front Immunol 9:2786

Caglayan C, Temel Y, Kandemir FM, Yildirim S, Kucukler S (2018)
Naringin protects against cyclophosphamide-induced hepatotox-
icity and nephrotoxicity through modulation of oxidative stress,
inflammation, apoptosis, autophagy, and DNA damage. Environ
Sci Pollut Res Int 25(21):20968-20984

Casak SJ, Lemery SJ, Shen YL et al (2011) US Food and Drug Admin-
istration approval: rituximab in combination with fludarabine and
cyclophosphamide for the treatment of patients with chronic lym-
phocytic leukemia. Oncologist 16(1):97-104

Cetrullo S, D’Adamo S, Tantini B, Borzi RM, Flamigni F (2015)
mTOR, AMPK, and Sirtl: key players in metabolic stress man-
agement. Crit Rev Eukaryot Gene Expr 25(1):59-75

Chen X, Xu L, Guo S, Wang Z, Jiang L, Wang F, Zhang J, Liu B
(2019) Profiling and comparison of the metabolites of diosmetin
and diosmin in rat urine, plasma and feces using UHPLC-LTQ-
Orbitrap MSn. J Chromatogr B Analyt Technol Biomed Life Sci
1124:58-71

Chiruvella V, Annamaraju P, Guddati AK (2020) Management of
nephrotoxicity of chemotherapy and targeted agents: 2020. Am J
Cancer Res 10(12):4151-4164

Cosentino K, Hertlein V, Jenner A, Dellmann T, Gojkovic M, Pefa-
Blanco A, Dadsena S, Wajngarten N, Danial JSH, Thevathasan JV,
Mund M, Ries J, Garcia-Saez AJ (2022Mar 3) The interplay between
BAX and BAK tunes apoptotic pore growth to control mitochon-
drial-DNA-mediated inflammation. Mol Cell 82(5):933-949.e9

El-Kholy AA, Elkablawy MA, El-Agamy DS (2017) Lutein mitigates
cyclophosphamide induced lung and liver injury via NF-kB/MAPK
dependent mechanism. Biomed Pharmacother 92:519-527

Elhelaly AE, AlBasher G, Alfarraj S, Almeer R, Bahbah EI, Fouda
MMA, Bungdu SG, Aleya L, Abdel-Daim MM (2019) Protec-
tive effects of hesperidin and diosmin against acrylamide-induced
liver, kidney, and brain oxidative damage in rats. Environ Sci Pol-
lut Res Int 26(34):35151-35162

Fan H, Yang HC, You L, Wang YY, He WJ, Hao CM (2013) The his-
tone deacetylase, SIRT1, contributes to the resistance of young

@ Springer


https://doi.org/10.1002/jbt.70705
https://doi.org/10.1002/jbt.70705
https://doi.org/10.1007/s00210-025-04919-w
https://doi.org/10.1007/s00210-025-04919-w

15750

Naunyn-Schmiedeberg's Archives of Pharmacology (2026) 399:15737-15751

mice to ischemia/reperfusion-induced acute kidney injury. Kidney
Int 83(3):404—413

Gerges SH, Wahdan SA, Elsherbiny DA, El-Demerdash E (2022)
Pharmacology of diosmin, a citrus flavone glycoside: an updated
review. Eur J Drug Metab Pharmacokinet 47:1-18

Germoush MO (2016) Diosmin protects against cyclophosphamide-
induced liver injury through attenuation of oxidative stress,
inflammation and apoptosis. Int J Pharm 12:644-654

Geshnigani SSH, Mahdavinia M, Kalantar M, Goudarzi M, Khorsandi
L, Kalantar H (2023) Diosmin prophylaxis reduces gentamicin-
induced kidney damage in rats. Naunyn Schmiedebergs Arch
Pharmacol 396(1):63-71

Ghosh HS, McBurney M, Robbins PD (2010) SIRT1 negatively
regulates the mammalian target of rapamycin. PLoS One
5(2):¢9199

Gur C, Kandemir FM, Darendelioglu E, Caglayan C, Kucukler S, Kan-
demir O, Ileriturk M (2021) Morin protects against acrylamide-
induced neurotoxicity in rats: an investigation into different signal
pathways. Environ Sci Pollut Res Int 28(36):49808-49819

Hasegawa K, Wakino S, Yoshioka K, Tatematsu S, Hara Y, Minakuchi
H, Sueyasu K, Washida N, Tokuyama H, Tzukerman M, Skorecki
K, Hayashi K, Itoh H (2010) Kidney-specific overexpression of
Sirt] protects against acute kidney injury by retaining peroxisome
function. J Biol Chem 285(17):13045-13056

Hassanein EHM, Abd El-Ghafar OAM, Ahmed MA, Sayed AM, Gad-
Elrab WM, Ajarem JS, Allam AA, Mahmoud AM (2020) Edara-
vone and acetovanillone upregulate Nrf2 and PI3K/Akt/mTOR
signaling and prevent cyclophosphamide cardiotoxicity in rats.
Drug Des Devel Ther 14:5275-5288

Hengstler JG, Hengst A, Fuchs J, Tanner B, Pohl J, Oesch F (1997)
Induction of DNA cross links and DNA strand lesions by cyclo-
phosphamide after inactivation by cytochrome P-450 2B1. Mutat
Res 373:215-223

Iqubal A, Iqubal MK, Sharma S, Ansari MA, Najmi AK, Ali SM, Ali
J, Haque SE (2019) Molecular mechanism involved in cyclophos-
phamide-induced cardiotoxicity: old drug with a new vision. Life
Sci 218:112-131

Jiang X, Yang F, Zhao Q, Tian D, Tang Y (2019) Protective effects of
pentadecapeptide derived from Cyclaina sinensis against cyclo-
phosphamide-induced hepatotoxicity. Biochem Biophys Res Com-
mun 520(2):392-398

Jiang S, Zhang Z, Yu F, Zhang Z, Yang Z, Tang Y, Ding G (2020) Ame-
liorative effect of low molecular weight peptides from the head of
red shrimp (Solenocera crassicornis) against cyclophosphamide-
induced hepatotoxicity in mice. J Funct Foods 72:104085

Kandemir FM, Yildirim S, Caglayan C, Kucukler S, Eser G (2019)
Protective effects of zingerone on cisplatin-induced nephrotoxicity
in female rats. Environ Sci Pollut Res 1-13.

Kim SH, Lee IC, Baek HS, Shin IS, Moon C, Bae CS, Kim HC (2014)
Mechanism for the protective effect of diallyl disulfide against
cyclophosphamide acute urotoxicity in rats. Food Chem Toxicol
64:110-118

Lamidi IY, Mikail HG, Adamu S, Akefe 10, Tijjani MB, Salihu SI,
Olatunji AO, Hassan A, Daniel N, Adegoke VA (2021) Flavonoid
fractions of diosmin and hesperidin mitigate lead acetate-induced
biochemical, oxidative stress, and histopathological alterations in
Wistar rats. Toxicol Res 37(4):473-484

Lee BS, Oh J, Kang SK, Park S, Lee SH, Choi D, Chung JH, Chung
YW, Kang SM (2015) Insulin protects cardiac myocytes from
doxorubicin toxicity by Spl-mediated transactivation of survivin.
PLoS ONE 10(8):e0135438

Lin S, Hao G, Long M, Lai F, Li Q, Xiong Y, Tian Y, Lai D (2017)
Oyster (Ostrea plicatula Gmelin) polysaccharides intervention
ameliorates cyclophosphamide-induced genotoxicity and hepa-
totoxicity in mice via the Nrf2-ARE pathway. Biomed Pharma-
cother 95:1067-1071

@ Springer

Liu Q, Lin X, Li H, Yuan J, Peng Y, Dong L, Dai S (2016) Paeoniflorin
ameliorates renal function in cyclophosphamide-induced mice via
AMPK suppressed inflammation and apoptosis. Biomed Pharma-
cother 84:1899-1905

Lohanathan BP, Rathinasamy B, Huang CY, Viswanadha VP (2022)
Neferine attenuates doxorubicin-induced fibrosis and hypertrophy
in H9¢2 cells. J Biochem Mol Toxicol 36(7):e23054

Ma B, Guo B, Chen Z, Li Y (2022) SIRT1 regulates hypoxia-induced oxi-
dative stress in cardiomyocytes via PI3K/MTOR signaling: SIRT1
regulates hypoxia-induced oxidative stress. Cell Mol Biol (Noisy-
Le-Grand) 68(2):48-53

Mahmoud AM (2014) Hesperidin protects against cyclophosphamide-
induced hepatotoxicity by upregulation of PPARy and abrogation
of oxidative stress and inflammation. Can J Physiol Pharmacol
92(9):717-724

Marques-Ramos A, Cervantes R (2023) Expression of mTOR in normal and
pathological conditions. Mol Cancer 22:112

Mega OO, Faith FY, Ejiro OP, Uchechukwu JG, Temitope OG,
Oghenetega OB, Victor E, Edesiri TP, Rume RA, RotuRA, Abioye
OA, Godwin OP (2024) Diosmin alleviates doxorubicin-induced
chemobrain in rats via inhibition of oxido-inflammation, apoptosis
and modulation of autophagy. Brain Disord 13:2666-4593

Mirzaee S, Mansouri E, Shirani M, Zeinvand-Lorestani M, Khodayar MJ
(2019) Diosmin ameliorative effects on oxidative stress and fibrosis
in paraquat-induced lung injury in mice. Environ Sci Pollut Res Int
26(36):36468-36477

Moghe A, Ghare S, Lamoreau B, Mohammad M, Barve S, McClain C,
Joshi-Barve S (2015) Molecular mechanisms of acrolein toxicity:
relevance to human disease. Toxicol Sci 143(2):242-255

Mohtadi S, Shariati S, Mansouri E, Khodayar MJ (2023) Nephroprotec-
tive effect of diosmin against sodium arsenite-induced renal toxicity
is mediated via attenuation of oxidative stress and inflammation in
mice. Pestic Biochem Physiol 197:105652

Morigi M, Perico L, Benigni A (2018) Sirtuins in renal health and dis-
ease. ] Am Soc Nephrol 29(7):1799-1809

Nadeem RI, Aboutaleb AS, Younis NS, Ahmed HI (2023) Diosmin miti-
gates gentamicin-induced nephrotoxicity in rats: insights on miR-21
and -155 expression, Nrf2/HO-1 and p38-MAPK/NF-kB pathways.
Toxics 11(1):48

Nafees S, Rashid S, Ali N, Hasan SK, Sultana S (2015) Rutin amelio-
rates cyclophosphamide induced oxidative stress and inflammation
in Wistar rats: role of NFkB/MAPK pathway. Chem Biol Interact
231:98-107

Olatunji AO, Ayo JO, Suleiman MM, Ambali SF, Shittu M, Akorede
GJ, Raji LO, Atata JA, Biobaku KT, Azeez MO (2022) Effect of
daflon-500®, a flavonoid compound on chlorpyriphos-induced
oxidative changes in the hypophysis and testes in adult male rats.
Toxicol Res 38(3):345-353

C)Ztopuz O, Tiirkén H, Sehitoglu MH, Biiyiik B, Uzun M, Ovali
MA, Demir U (2019) Hyperbaric oxygen treatment amelio-
rates gentamicin-induced nephrotoxicity and expression of kid-
ney injury molecule 1 in the rat model. Undersea Hyperb Med
46(2):125-133

Panche AN, Diwan AD, Chandra SR (2016) Flavonoids: an overview. J
Nutr Sci 5:e47

Patwa J, Khan S, Jena G (2020) Nicotinamide attenuates cyclophospha-
mide-induced hepatotoxicity in SD rats by reducing oxidative stress
and apoptosis. ] Biochem Mol Toxicol 34(10):22558

Perumal S, Langeshwaran K, Selvaraj J, Ponnulakshmi R, Shy-
amaladevi B, Balasubramanian MP (2018) Effect of diosmin on
apoptotic signaling molecules in N-nitrosodiethylamine-induced
hepatocellular carcinoma in experimental rats. Mol Cell Biochem
449(1-2):27-37

Ramlet AA (2001) Clinical benefits of Daflon 500 mg in the most severe
stages of chronic venous insufficiency. Angiology 52:49-56



Naunyn-Schmiedeberg's Archives of Pharmacology (2026) 399:15737-15751

15751

Smith LM, Yoza BK, Hoth JJ, McCall CE, Vachharajani V (2020) Sirtl
mediates septic cardiomyopathy in a murine model of polymicrobial
sepsis. Shock 54(1):96-101

Speit G, Vasquez M, Hartmann A (2009) The comet assay as an indi-
cator test for germ cell genotoxicity. Mutat Res Rev Mutat Res
681(1):3-12

Srinivasan S, Vinothkumar V, Murali R (2019) Antidiabetic efficacy
of citrus fruits with special allusion to flavone glycosides, bio-
active food as dietary interventions for diabetes Elsevier, pp.
335-346

Surh YJ (2003) Cancer chemoprevention with dietary phytochemicals.
Nat Rev Cancer 3:768-780

Szymanski M, Mtynarek D, Szymanski A, Mattawska I (2016) Simulta-
neous determination of diosmin and hesperidin in pharmaceuticals
by RPLC using ionic liquids as mobile phase modifiers. Iran J Pharm
Res 15(1):141-148

Tohamy AF, Hussein S, Moussa IM, Rizk H, Daghash S, Alsubki RA,
Mubarak AS, Alshammari HO, Al-Maary KS, Hemeg HA (2021)
Lucrative antioxidant effect of metformin against cyclophosphamide
induced nephrotoxicity. Saudi J Biol Sci 28(5):2755-2761

Tong R, Luo Z, Zhong X, Fan L, Lai H, Shen M, Huang Y (2024) Atypi-
cal anti-glomerular basement membrane disease with membranous
hyperplasia: diagnostic challenges and treatment variability. BMC
Nephrol 25(1):132

Tuorkey MJ (2017) Therapeutic potential of Nigella sativa oil against
cyclophosphamide-induced DNA damage and hepatotoxicity. Nutr
Cancer 69(3):498-504

Yalcin B, Yay AH, Tan FC, Ozdamar S, Yildiz OG (2023) Investigation
of the anti-oxidative and anti-inflammatory effects of melatonin on
experimental liver damage by radiation. Pathol Res Pract 246:154477

Authors and Affiliations

Betul Yalcin'
Ozge Onder®®

- Kubra Tugce Kalkan?® - Eda Koseoglu?

- Arzu Yay*®

P4 Betul Yalcin
byalcin@adiyaman.edu.tr

Kubra Tugce Kalkan
k.tugcee-clnk @hotmail.com

Eda Koseoglu
edaokur@erciyes.edu.tr

Fazile Canturk Tan
fcanturk @erciyes.edu.tr

Sedat Carkit
sedatcarkit@erciyes.edu.tr

Gozde Ozge Onder
gozdeozgekorkmaz @hotmail.com

Arzu Yay
arzu.yay38 @gmail.com

- Fazile Canturk Tan?

Yalcin B, Onder GO, Goktepe O, Suna PA, Mat OC, Koseoglu E, Cetin-
dag E, Baran M, Bitgen N, Oz Gergin O, Yay A (2024) Enhanced
kidney damage induced by increasing nonylphenol doses: impact on
autophagy-related proteins and proinflammatory cytokines in rats.
Toxicol Mech Methods 34(8):867-876

Zeng Y, Zhu G, Zhu M, Song J, Cai H, Song Y, Wang J, Jin M (2022)
Edaravone attenuated particulate matter-induced lung inflammation
by inhibiting ROS-NF-kB signaling pathway. Oxid Med Cell Lon-
gev 2022:6908884

Zhai X, Zhang Z, Liu W, Liu B, Zhang R, Wang W, Zheng W, Xu F,
Wang J, Chen Y (2018) Protective effect of ALDH2 against cyclo-
phosphamide-induced acute hepatotoxicity via attenuating oxida-
tive stress and reactive aldehydes. Biochem Biophys Res Commun
499(1):93-98

Zhang Z, Liang Z, Li H, Li C, Yang Z, Li Y, She D, Cao L, Wang W, Liu
C (2017) Perfluorocarbon reduces cell damage from blast injury by
inhibiting signal paths of NF-kB, MAPK and Bcl-2/Bax signaling
pathway in A549 cells. PLoS One 12:¢0173884

Zhao WM, Li XL, Zhu Y, Shi R, Wang ZJ, Xiao JP, Wang DG (2024)
Diosmin ameliorates renal fibrosis through inhibition of inflamma-
tion by regulating SIRT3-mediated NF-kB p65 nuclear transloca-
tion. BMC Complement Med Ther 24(1):29

Zhu JX, Chu F, Zhao WM, Shi R, Wang ZJ, Li XL, Zhu YY, Wang DG
(2024) Uncovering the mechanisms of diosmin in treating obesity-
related kidney injury based on network pharmacology, molecular
docking, and in vitro validation. Naunyn Schmiedebergs Arch
Pharmacol

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

- Sedat Carkit>® - Gozde

Department of Histology and Embryology, Faculty
of Medicine, Adiyaman University, 02040 Adiyaman,
Turkey

Department of Histology and Embryology, Faculty
of Medicine, Kirsehir Ahi Evran University, 40100 Kirsehir,
Turkey

Department of Histology and Embryology, Faculty
of Medicine, Erciyes University, 38039 Kayseri, Turkey

Department of Biophysics, Faculty of Medicine, Erciyes
University, 38039 Kayseri, Turkey

Department of General Surgery, Faculty of Medicine, Erciyes
University, 38039 Kayseri, Turkey

6 Genome and Stem Cell Center (GENKOK), Erciyes
University, Kayseri, Turkey

@ Springer


http://orcid.org/0000-0003-1176-8843
http://orcid.org/0000-0001-7461-277X
http://orcid.org/0000-0002-0502-7814
http://orcid.org/0000-0002-0747-2209
http://orcid.org/0000-0001-7360-5121
http://orcid.org/0000-0002-0515-9286
http://orcid.org/0000-0002-0541-8372

	Evaluation of the effects of diosmin in cyclophosphamide-induced nephrotoxicity: an experimental animal study
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Animal care
	Experimental design
	Tissue sample collection
	Histopathological examination
	H&E staining
	MT staining
	PAS staining
	Immunohistochemistry
	Detection of DNA damage by comet assay
	Statistical analysis

	Results
	Renal histopathological alterations
	Immunohistochemical findings
	Assessment of comet assay results

	Discussion
	Conclusion
	Acknowledgements 
	References


