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Diosmin protects the testicles from doxorubicin-induced
damage by increasing steroidogenesis and suppressing
oxido-inflammation and apoptotic mediators
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Abstract: Background: Cancer chemotherapy with doxorubicin (DOX) has been linked to serious testicular damage
and spermatotoxicity due to the induction of oxidative stress, inflammation, and apoptosis. Thus, the current study
was carried out to assess the potential ameliorative impact of diosmin, an antioxidant drug, against DOX-mediated
spermatoxicity and testicular injury in rats. Material and Methods: In the experimental protocol, rats were grouped
into 4: Group 1 received vehicle and saline for 8 weeks while group 2 received diosmin and saline concomitantly for
8 weeks. Group 3 was given 3 mg/kg intraperitoneal DOX once every 7 days for 8 weeks. Group 4 was given 40 mg/
kg of diosmin orally for 56 days followed by DOX diosmin administration after one hour. After 56 days of treatment,
sperm quality, hormonal testing, biochemical parameters, and histological alterations in the testes were evaluated.
Results: DOX-induced reduce spermatogenic function, testicular 3- and 17p-Hydroxysteroid dehydrogenases, and
serum follicle stimulating hormone, luteinizing hormone, and testosterone. It also enhanced inflammation, tes-
ticular oxidative damage, and apoptosis. The histopathologic examinations corroborated the biochemical results
obtained. Significantly, diosmin treatment reduced DOX-induced injury, as evidenced by restored testicular archi-
tecture, increased steroidogenesis, preservation of spermatogenesis, suppression of oxide-infammatory response,
and apoptosis. Conclusion: It was found that through diosmin antioxidant, anti-apoptotic, and anti-oxido-inflam-
matory it presents a possible therapeutic alternative for protecting testicular tissue against DOX’s harmful effects.
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Introduction

Doxorubicin (DOX), commonly known as Adria-
mycin, is an antibiotic and anti-cancer agent
with harmful effects on human fertility and
reproductive health. DOX treatment has been
associated with gonadal damage, resulting in
male reproductive deficiency [1, 2]. DOX ad-
ministration promotes a decrease in testicu-
lar spermatogenic cells, resulting in long-term
damage to sperm cells and increased testicular

oxidative stress [2-5]. DOX’s major target in the
testes is spermatogonia, resulting in gonadal
destruction [6, 7]. In rats, DOX therapy is asso-
ciated with severe damage including early sper-
matocyte breakdown, decreased spermatogo-
nia, sperm motility, with reduced epididymal
and sperm count and alteration of pituitary-
gonadal (HPG) axis hormones [8-10]. Addi-
tionally, DOX affects testicular lipid metabo-
lism, allowing for changes in neutral lipids,
glycophospholipids, and sphingolipids [11-14],
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and dysregulation of 17(3-hydroxysteroid dehy-
drogenase (17B-HSD) and 3pB-hydroxysteroid
dehydrogenase (33-HSD) [10, 14, 15]. Previous
studies have also shown that DOX induces
male reproductive failure via increased oxi-
dative and endoplasmic reticulum stress by
aggravating oxygen radical-induced lipid break-
down in membranes [9, 10, 16]. Of note, admin-
istration of DOX decreases the levels of antioxi-
dant enzymes such as catalase, glutathione
peroxidase, and superoxide dismutase [10],
however, these were reversed by antioxidant
supplementation [10].

Natural antioxidants such as diosmin, have
gained significant interest due to its potential
curative effects against various diseases. Dio-
smin is an unsaturated flavone glycoside found
in citrus fruits [17, 18]. Diosmin is a semi-syn-
thetic medicine used to treat varicose veins
and venous insufficiency. Studies have shown
that diosmin inhibits oxido-inflammatory pro-
cesses [17, 18]. Additionally, diosmin is known
for its anti-cancer, anti-diabetic [16], lung-pro-
tective [16], and renoprotective [17] effects. In
terms of neuroprotective effects, diosmin in-
hibits ketamine- and lipopolysaccharide (LPS)-
elevated levels of acetylcholinesterase activity,
nitrergic stress and lipid peroxidation [19, 20].
Diosmin also reduces the release of pro-inflam-
matory enzymes such as myeloperoxidase and
cytokines, notably tumor necrosis factor-alpha
(TNF-a) and interleukin-6 (IL-6) in the stria-
tum, prefrontal cortex, and hippocampus in
LPS exacerbated ketamine-induced experi-
mental psychosis [20]. Additionally, through its
antioxidant and antiapoptotic properties, dios-
min attenuates numerous reproductive organ
damage caused by cisplatin via inhibition of
caspase-3 and Bax expressions with increas-
ed levels of Bcl-2, CD44 and Ki67 in the
prostate and seminal vesicles [21]. Hence, this
study investigated the potential protective ben-
efits of diosmin against DOX-induced reproduc-
tive impairment in male rats.

Materials and methods
Drug and chemicals

Drugs (DOX, DIOS) and oral vehicle (carboxy-
methyl cellulose, CMC) were procured from
Sigma-Aldrich, with high-quality analytical sub-
stances used. Doses of DOX and diosmin were
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selected according to the previous findings [10]
and [22] respectively.

Animals

The study was carried out with 20 male Wistar
rats aged 8-10 weeks at Achievers University
in Owo, Ondo State. They were housed in steel
cages with 12-hour light/dark cycles and stan-
dard temperature, with unrestricted access to
food and salt water. The experimental proce-
dures were in accordance with ARRIVE stan-
dards and the National Institutes of Health
Standards of Animal Care and Experimentation
Protocol.

Experimental protocol

Rats were separated into 4 different groups (n
= 5/group). Group 1 served as vehicular group
and received solvent [0.5% CMC (1 mL/animal
p.o.) and saline (1 mL/animal, i.p.)] for 56 days,
group 2 received diosmin (40 mg/kg, p.o.) and
a concomitant dose of saline (1 mL/kg, p.o.) for
56 days, group 3 received weekly doses of DOX
intraperitoneally (3 mg/kg) on days 7, 14, 21,
28, 35, 42, 49 and 56 of the experiment.
However, group 4 received diosmin (40 mg/kg
p.o.) for 56 days and DOX was administered 1 h
after diosmin (40 mg/kg, p.o.) administration,
commencing at an interval of 7 days (i.e. 7™,
14, 21, 28", 351, 42M 49™ and 56"). The
whole experiment lasted for 56 days.

Tissue collection and preparation

To avoid noticeable chemical changes, the
treated rats were euthanized under low-level
ether anesthesia 24 h after the last dosage of
the 56-day treatment. Each rat’s blood was
thereafter extracted via the retro-orbital sinus
into a plain bottle. To extract plasma samples,
the blood samples were centrifuged for 10 min
at 3000 rpm. The plasma samples were stored
frozen at -20°C after the hormone tests were
performed using an ELISA reader (Robonik
India Private Limited, Mumbai, India). Fur-
thermore, the testes and cauda epididymis
were extracted, cleared of any fat or connective
tissues that clung to them, and weighed. Each
animal’s cauda epididymis was utilized to mea-
sure the sperm parameters (count, motility,
viability, and morphology). Additionally, one tes-
tis was homogenized for 10 min at 4°C in a
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radioimmunoprecipitation assay buffer that
contained 150 mM NaCl, 1 mM EDTA, 10 g/mL
phenylmethylsulfonyl fluoride, 1 percent Triton
X-100, and 20 mM Tris-HCI, pH 7.4. The super-
natants were then collected and kept at 20°C
until they were required for biochemical assays.
For histological analysis, the second testis was
maintained in Bouin’s fluid.

Sperm characterization

The study examined the rats’ caudal epididymis
and sperm motility using a hemocytometer.
Sperm count was calculated using Czubaszek
et al’s [23] method, and sperm morphology
was assessed using aniline blue staining. Epi-
didymal volume was identified by displaced vol-
ume past the epididymis [24]. DSP was mea-
sured in adult rats by homogenizing testes in
0.9% sodium chloride solution and counting the
resulting aliquot under a 40x objective light
microscope [25].

Sperm acrosomal reaction assessment

The Coomassie Brilliant Blue (CBB) staining
procedure was used to measure sperm acroso-
mal condition by fixing, air drying, and soaking
samples in a 5% paraformaldehyde solution.
Undamaged sperm shows blue staining, while
untreated sperm shows no staining [26].

Sperm chromatin integrity determination

Dried smears were fixed in 96% ethanol and
acetic acid (1:1) for 30 min, and then hydro-
lyzed with 0.1 N, HCI for 5 min in 4°C. The slides
were washed with distilled water 3 times for 2
min and stained with 0.05% toluidine blue (TB)
for 5 min. Sperms with light blue heads were
normal with good DNA integrity, while those
with dark heads (purple) were abnormal with
poor DNA integrity [27].

Hypo-osmotic swelling test (HOST)

HOST was carried out following established
methods [28]. The hypo-osmotic solution was
prepared by the addition of 0.735 g of sodium
citrate dehydrate and 1.351 g of fructose in
100 mL of distilled water. Approximately 0.1
mL of well-mixed epididymal sperm suspension
was added to 1 mL of the hypo-osmotic solu-
tion. The sperm suspension reaction mixture
was mixed and then incubated at 37°C for
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30-60 min. After incubation, a drop of the mix-
ture was placed on a glass slide and covered
with a clean coverslip. The slide was viewed
under x40 lens to observe sperm tail swelling.
Sperm with swollen tails (hormal spermatozoa)
were regarded as HOST Positive/reactive, while
those without swollen tails (abnormal sperma-
tozoa) were regarded as HOS negative. One
hundred sperm cells were counted from which
the percentage of HOST positive cells was
determined.

Hormone assays

The sample’s levels of FSH, LH, and testoster-
one were measured using the ELISA techni-
que. This was completed in accordance with
the manufacturer’s instructions (Enzo Life Sci-
ences, San Diego, CA).

Testicular androgenic enzymes assessment

The concentrations of reproductive hormones
(follicle stimulating hormone (FSH), luteinizing
hormone (LH) and testosterone) were deter-
mined using standard laboratory enzyme-link-
ed immunosorbent assay (ELISA) kits obtained
from BioVision, Inc. These assays were com-
pleted in accordance to the manufacturers’
instructions. The activities of 38-HSD and 17R-
HSD were measured by the methods earlier
described by Oyovwi et al. [15]. The reaction
mixture in a volume of 2.0 mL contained 100
pmol of sodium pyrophosphate buffer (pH 9.0)
and 0.5 pmol cofactor NAD for 3R-HSD and
NADPH for 178-HSD, 0.08 ymoL of substrate
(dehydroepiandrosterone for 3R8-HSD and an-
drostenedione for 178-HSD) and 100 pL of tes-
ticular protein. The reactions were carried out
in a quartz cuvette of 1.0 cm path length at
23+1°C. The absorbance at 340 nm was
measured at 20 s intervals for 3 min in a
UV-Vis spectrophotometer (UV-1700 Shimadzu,
Japan). The enzyme activities were expressed
as nmol of NAD converted to NADH/min/mg
protein (3R8-HSD) or nmol of NADPH converted
to NADP/min/mg protein (178-HSD).

Assessment of oxidative stress marker and
antioxidant enzyme concentrations

Lipid peroxidation [29], glutathione concentra-
tion, superoxide dismutase activity [30], and
catalase [31] levels were measured in tissue
samples. 8-hydroxy-2-deoxyguanosine (80HdG)
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was determined using the traditional ELISA
method based on the producer’'s procedure
(Enzo Life Sciences, San Diego, CA). Catalase
concentration was calculated from tissue H,0,
breakdown.

Testicular marker enzymes estimations

Evaluation of the enzyme activities of lactate
dehydrogenase (LDH), sorbitol dehydrogenase
(SDH), gamma-glutamyltransferase (GGT), acid
phosphatase (ACP), and alkaline phosphatase
(ALP) were performed using the traditional
ELISA methods based on producer’s procedure
(Qumica Clinica Aplicada S.A., Spain).

Estimations of proinflammatory cytokines
levels in testicular

Pro-inflammatory cytokines and proteins such
as TNF-a, IL-1B, and NF-kpB levels of testicular
homogenate were measured prepared as previ-
ously described [29] and quantified using ELISA
kits purchased from R&D Systems as well as
Thermo Fisher Scientific.

Apoptotic-related protein assays

BioVision, Sigma-Aldrich, and Cusabio ELISA
kits were used to assess B-cell lymphoma-2
and testicular caspases 3 and 9 using indirect
analysis of mitochondrial cytochrome C. Oyovwi
et al. [32] used spectrophotometry at 550 and
540 nm to identify mitochondrial cytochrome C
in the supernatants.

Membrane potential (Awm) of the mitochon-
dria

Following the application of the fluorescent dye
rhodamine 123, the mitochondrial membrane
potential was assessed in accordance with the
method described by Zorova et al. [33]. Sperm
were treated with Rh123 and read at wave-
lengths of 488 and 530 nm. The intensity of
the Rh123 fluorescence was then determined
by measuring the mitochondrial membrane
potential.

Sperm DNA fragmentation assay

Sperm DNA fragmentation was examined using
Tesi et al.’s [31] aniline blue staining method,
with at least 200 sperm detected per slide.
Testicular DNA fragmentation index (tDFI) was
used to determine the percentage of stained
sperm heads.
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Histopathological examination of testes

Histological and morphometric studies: Tes-
ticular tissues were kept in 10% buffered for-
malin for microscopic examination, dried in
ethanol alcohols of increasing strength, wash-
ed in xylene, cast, embedded, microtomed at 5
m thickness, and stained with hematoxylin-
eosin prior to microscopic examination based
on previous protocol [34].

Data analysis

Data were analysed using Graph pad prism 8
Biostatistics software (Graph pad Software,
Inc., Lajolla, USA version 8.0). All data were
presented as mean * S.E.M. Thereafter, analy-
sis was carried out by one-way analysis of vari-
ance (ANOVA) and followed by a post hoc test
(Bonferroni) for multiple comparisons. The le-
vel of significance for all tests was set at P <
0.05.

Results

Diosmin abrogates DOX-induced alterations in
serum hormonal parameters in male Wistar
rats

The ability of diosmin to reverse DOX-induced
alterations in serum hormone markers was
examined. Accordingly, DOX significantly de-
creased the levels of FSH (Figure 1A), LH
(Figure 1B), and testosterone (Figure 1C),
although diosmin treatment reversed these
defects (Figure 1A-C).

Diosmin mitigates DOX-induced perturbations
in sperm parameters in rats

DOX reduced (P < 0.0001) sperm count (Figure
2A), sperm motility (Figure 2B), sperm viability
(Figure 2C), sperm volume (Figure 2D), daily
sperm production (Figure 2E), and sperm mor-
phology (Figure 2F) in rats compared to heal-
thy control groups. However, diosmin reversed
these changes, but treatment alone had no
discernible effect on sperm indices.

Diosmin reverses DOX-induced decrease in
testicular androgenic enzymes activities in rats
testes

Diosmin significantly improved the DOX-induced
reduction in the concentrations of testicular
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androgenic enzymes, 38-HSD (Figure 3A) and
178-HSD (Figure 3B) in rat testes. Diosmin
alone did not significantly change these en-
zymes compared to normal controls.

Diosmin attenuates alteration in sperm mem-
brane integrity of rats treated with DOX using
hypo-osmotic swelling test analysis

HOST was used in the study to examine the
effect of diosmin on DOX-induced changes in
sperm membrane integrity. In contrast to con-
trol animals, diosmin alone showed no signifi-
cant differences in the integrity of the sperm
membrane abnormalities produced by DOX in
rat cauda epidymal spermatozoa. However,
diosmin reversed DOX-induced altered sperm
membrane integrity relative to DOX group
(Figure 4).

Diosmin attenuates alteration in sperm chro-
matin integrity of rats treated with DOX using
toluidine blue staining (TBS) in male rats

TBS was used to study the influence of diosmin
on DOX-induced changes in sperm chromatin
integrity as shown in Figure 5. Notably, DOX
reduced sperm chromatin integrity, but dios-
min significantly reduced the defects caused
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B3 0.5% CMC (1 ml/kg)

B DOX (3 mgkg)
DIOS (40 mglkg) + DOX

Treatment Groups

Figure 1. (A-C) Diosmin abrogates
DOX-mediated imbalance on serum
hormonal indices in male Wistar
rats. (A) Follicle stimulating hormone,
FSH, Luteinizing hormone, (B) LH, (C)
Testosterone. Bars are presented as
mean = S.E.M. (n = 5). One-way ANO-
VA followed by a Bonferroni post hoc
test. 2P < 0.05 as compared with CMC
group; °P < 0.05 as compared with
DOX group. CMC = Carboxymethyl cel-
lulose; Dios = Diosmin.

by DOX compared to DOX-treated rats. When
compared to controls, no appreciable differ-
ence was found in rats treated with diosmin
alone.

Diosmin inhibits DOX-induced decrease in
acrosome-reacted capacitated sperm in rats

Figure 6 shows the impacts of diosmin on acro-
some-reacted capacitated sperm in male rats
receiving DOX. DOX significantly (P < 0.05) re-
duced acrosome-reacted sperm, but diosmin
(40 mg/kg) reversed the decline. Significant
differences in diosmin therapy were observed
in naive rats compared to the control group.

Diosmin prevents DOX-induced alterations in
testicular oxidative status in rats

DOX significantly increased oxidative damage,
as shown by increased MDA levels (Figure 7A),
with significant decrease in SOD, CAT, and GSH
levels (Figure 7B-D, respectively) compared to
the controls. The diosmin therapy significantly
decreased the testicular oxidative stress, as
shown by decreased MDA level, and increased
levels of antioxidant armouries (SOD, CAT, and
GSH).
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Figure 2. (A-F) Diosmin reverses the altered spermatogenesis ((A) sperm count, (B) sperm motility, (C) sperm viabil-
ity, (D) sperm volume, (E) daily sperm production, and (F) sperm morphology) induced by DOX according to one-way
ANOVA followed by the Bonferroni post hoc test. Mean + S.E.M. to represent (n = 5). ?P < 0.05 vs CMC group and °P
< 0.05 vs the DOX group. CMC = Carboxymethyl cellulose; Dios = Diosmin.
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Figure 3. (A, B) Diosmin reduces the effects of DOX on the rats’ testicular androgenic enzymes: (A) 33-HSD = 3beta-
hydroxysteroid dehydrogenase and (B) 178-HSD = 17beta-hydroxysteroid dehydrogenase. The results of a one-way
ANOVA following the Bonferroni post hoc test are represented as mean = S.E.M. (n = 5). ?P < 0.05 in comparison
to the CMC group and P < 0.05 in comparison to the DOX group. CMC = Carboxymethy! cellulose; Dios = Diosmin.
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Figure 4. Diosmin attenuates alteration in sperm membrane integrity of rats
treated with DOX using hypo-osmotic swelling test analysis (HOST). Bars
show the mean + S.E.M. (n = 5) (one way ANOVA with Bonferroni post hoc
test). 2P < 0.05 versus the CMC group and °P < 0.05 versus the DOX group.
CMC = Carboxymethyl cellulose; Dios = Diosmin.
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Figure 5. Diosmin attenuates alteration in sperm chromatin integrity of rats
treated with DOX using toluidine blue staining (TBS) in male rats. Bars show
the mean and standard error of the mean (n = 5). 2P < 0.05 in comparison
to the CMC group and °P < 0.05 in comparison to the DOX group. CMC =
Carboxymethyl cellulose; Dios = Diosmin.
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Figure 6. Diosmin inhibits DOX-induced decrease in acrosome-reacted ca-
pacitated sperm in rats. Bars were shown as mean + S.E.M. (n = 5); one-way
ANOVA was followed by the post-hoc Bonferroni test. P < 0.05 in compari-
son to CMC, and P < 0.05 in comparison to DOX. CMC = Carboxymethyl
cellulose; Dios = Diosmin.

Diosmin prevents DOX-induced
testicular oxidative damage in
rats

The effect of diosmin on
DOX-induced oxidative dama-
ge is shown in Figure 8.
Accordingly, Figure 8 shows
that DOX-induced increased
80HdG levels relative to con-
trol. However, treatment with
diosmin significantly amelio-
rated DOX-induced oxidative
damage in the testes of rats
(P < 0.05) by reducing 80OHdG
levels.

Diosmin reverses DOX-induced
alteration in testicular marker
enzyme functions in rats

The effects of diosmin on DOX
induced alteration in testicular
marker enzymes functions in
rats are shown in Figure 9A-E.
DOX treatment increased LDH
(Figure 9A), SDH (Figure 9B),
GGT (Figure 9C) and ACP (Fi-
gure 9D) while ALP activities
was decreased (Figure 9E),
but these were reversed by
diosmin.

Diosmin abates DOX-induced
pro-inflammation in rats’
testes

The effect of diosmin on DOX-
induced testicular inflammati-
on is shown in Figure 10. DOX
increases the release of pro-
inflammatory protein and cyto-
kines such as NF-kB (Figure
10A), TNF-« (Figure 10B), and
IL-13 (Figure 10C). Notably,
diosmin (40 mg/kg) reduces
the levels of NF-kB, TNF-q,
and IL-AB relative to DOX
groups.
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Figure 7. Diosmin prevents DOX-induced alterations in testicular oxidative status in rats: (A) Malondialdehyde, MDA,
(B) Superoxide dismutase, SOD, (C) Catalase, and (D) Glutathione, GSH. Bars were provided as mean + S.E.M. (n =
5) and were subjected to a one-way ANOVA and the Bonferroni’s post hoc test. 2P < 0.05 when compared to CMC;
P < 0.05 when compared to DOX. CMC = Carboxymethyl cellulose; Dios = Diosmin.
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Figure 8. Diosmin prevents DOX-induced increase in testicular 8-hydroxy-2'-

deoxyguanosine (8-OHdQG) in rats. The results were provided as mean +
S.E.M. using one-way ANOVA following the Bonferroni post hoc test. 2P <
0.05 in comparison to CMC; °P < 0.05 in comparison to DOX. CMC = Car-

boxymethyl cellulose; Dios = Diosmin.

Diosmin abates DOX-induced alterations in
apoptotic related factor in rats’ testes

DOX therapy significantly reduced Bcl-2 level
(Figure 11A), although no major change was
observed on Aym level (Figure 11B) relative
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Figure 12 shows the influence
of diosmin on the histologi-
cal changes in the rat testis
caused by DOX. Diosmin had
no effect on testicular archi-
tecture, seminiferous tubules, or sperm. DOX-
exposed rats showed decreased spermato-
genesis with degraded seminiferous tubules,
necrosis, atrophy, and homogeneous and vas-
cular congestion. Conversely, diosmin was sh-
own to reduce DOX-induced defects in testicu-
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lar architecture, seminiferous tubules and
sperm.

Diosmin increases the mean of the diameter
of seminiferous tubules, germinal layer thick-
ness, and number of spermatogonia, Sertoli,
and Leydig cells in the testes of rats treated
with DOX

Table 1 shows that rats in the control group
had larger seminiferous tubules, thicker germ
layers, more spermatogonia, and Sertoli and
Leydig cells. Diosmin and diosmin + DOX groups
had higher mean scores for spermatogonia,
Sertoli and Leydig cells, seminiferous tubule
diameter, and germ layer thickness. DOX re-
duced seminiferous tubule diameter, but dios-
min + DOX cells rebounded.
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Discussion

Anti-carcinogenic medications are gonadoto-
xic and spermatotoxic [35-37], notably causing
oxidative stress, apoptosis, and immunological
changes in reproductive cells [38]. Natural
antioxidant flavonoids with gonadoprotective
actions have been employed to alleviate these
negative effects [31, 32, 39]. Hence, our study
examined rats treated with DOX (3 mg/kg)
intraperitoneally at intervals of 7 days. The
most effective dose of diosmin (40 mg/kg/p.o.)
was used to evaluate reproductive hormones,
spermatogenesis, histopathological observa-
tion, pro-inflammation, apoptotic-related pro-
tein, and oxidative stress biomarkers. The
study found a decrease in spermatogenesis
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Figure 12. Photomicrographs showing the ability of diosmin to suppress DOX-induced histopathological changes in
rat testes. (A) 0.5% CMC (1 mL/kg) as control; (B) Dios (4 mg/kg); (C) DOX (3 mg/kg); (D) Dios (40 mg/kg) plus DOX
(3 mg/kg). In the control group (A) and the Dios group (40 mg/kg), normal seminiferous tubule structure and nor-
mal germinal layer thickness were observed. In the DOX-treated group (C), reduced germ layer thickness, atrophy,
significant deterioration of seminiferous tubules (ST), necrosis of spermatocytes and spermatids, and defoliation of
numerous spermatocytes into the lumen of the ST were observed. In the group treated with diosmin + DOX (D), a
typical seminiferous tubule structure was observed. The seed layer thickness is indicated by the black arrows in the
figures; Atrophy is indicated by the blue arrows; Spermatocytes and spermatids are indicated by the white arrows;
dead pyknotic cells are indicated by the blue arrows; and homogeneous and vascular congestion is indicated by the
white arrows. The original magnification of the hematoxylin-eosin stain was 100x%. The calibration bar for each plate
was 0.01 mm (10 m).

Table 1. Effects of diosmin on mean of the diameter of seminiferous tubules, germinal layer thick-
ness, number of spermatogonia, Sertoli, and Leydig cells in the testes of rats treated with DOX

Diameter of Germinal Number of Number of Number of
Groups seminiferous layer spermatogonia leydig cells sertoli cells
tubule (y) thickness (u) (mm?2) (mm?) (mm?2)
0.5% CMC (1 mL/kg) 306.1+12.63 101.09+8.12 1411.22+12.46 687.47+13.4 143.384+6.4
Dios (40 mg/kg) 307.4£11.59 102.84+8.10 1412.19+23.28 688.45+16.41 144.32+8.36
DOX (3 mg/kg) 239.41+6.78° 60.17+4.97° 1132.70+15.52% 499.38+12.28* 118.83+7.25°

DIOS (40 mg/kg) + DOX (3 mg/kg)  288.09+10.17°  96.50+8.37°  1378.39+32.46° 587.89+18.35° 135.42+5.37°

The values represent the mean + S.E.M. (n = 5). The one-way ANOVA was followed by the Bonferroni posthoc test. ?P < 0.05 in comparison to
CMC; ®P < 0.05 in comparison to DOX. CMC = Carboxymethyl cellulose; Dios = Diosmin.

among the DOX-treated rats, which was consis- to alterations in androgenic status, as support-
tent with previous studies [5, 40-43]. The ed by histopathological findings [5, 42, 43]. The
decrease in spermatogenic activity may be due study also found that DOX treatment caused
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significant structural alterations in the testis,
including seminiferous tubule atrophy and de-
generation. We suggest that changes may be
attributed to oxidative stress, imbalance bet-
ween the antioxidants and pro-oxidants [5,
40-43], and elevated NF-kB, TNF-&, and IL-1[3,
which might have negatively affected testicular
functions and structure as shown in this study
[44-46]. However, diosmin treatment signifi-
cantly preserved testicular function by main-
taining seminiferous tubular shapes, reducing
oxidative stress-mediated damages in sertoli
cells, spermatogonia, and Leydig cells, and
improving physiological functions. This might
have led to increased germinal cell layer thick-
ness in both diosmin and DOX groups. Sertoli
cells play a crucial role in regulating sperma-
togonia proliferation and differentiation, and
diosmin prevented the impairment in sperm
proliferation by DOX [2, 47].

Altered sperm motility is crucial for male infer-
tility [48], which is linked to asthenazoospermia
as a major cause [49, 50]. TNF-a has been indi-
cated to cause a decrease in sperm motility
due to its potential to induce increased genera-
tion of free radicals [5, 42, 43, 51, 52]. In this
study, disomin demonstrated protective effect
against DOX-induced sperm deficiency. Oxida-
tive stress is believed to play a significant role
in testicular dysfunction and infertility caused
by DOX. Specifically, increased DOX concentra-
tion is known to result in reduced glutathione
content, SOD, and CAT activities with increase
MDA and 8-OHdG concentrations. Indeed, th-
ese findings are consistent with previous find-
ings that established that DOX exposure reduc-
es antioxidant defense systems and promotes
lipid peroxidation in testicular tissue [53-56].
Diosmin also decreased oxidative stress by
reducing MDA generation and 8-OHdG levels
and improving testicular anti-oxidant status
through increasing GSH and CAT levels. This
finding supports previous studies that dios-
min attenuates oxidative stress [19, 40, 57,
58]. Additionally, diosmin mitigates dexametha-
sone-induced osteoporosis in vivo by modulat-
ing receptor activators of NF-kB ligand, Runt-
related transcription factor 2, and downregula-
ting osteoprotegerin (OPG) [39]. Rats treated
with DOX plus diosmin displayed decreased
testicular oxidative stress in the current in-
vestigation.
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Oxidative stress is crucial for the release of
cytokines [20, 59-61], and diosmin has been
previously shown to elicit an anti-inflammatory
function [20]. Notably, DOX-mediated testicu-
lar damage involves induction of inflammation
[44-46], characterized by elevated TNF-a lev-
els, NF-kB expression, and inducible IL-1p pro-
duction [44-46]. The ability of diosmin to signifi-
cantly reduce the levels of these inflammatory
mediators, confirms the findings of previous
findings, showing that diosmin inhibits DOX-
induced cytokine signaling pathway activation
[20, 44-46]. Together, this study supports the
importance of diosmin in the prevention of tes-
ticular damage caused by DOX. Accordingly,
the finding that diosmin reverses DOX-induced
testicular inflammation supports its ability to
effectively reverse DOX-induced testicular ar-
chitectural changes, as demonstrated by histo-
logical examination, oxido-inflammation, and
sperm analysis. The therapeutic action of dios-
min in DOX-induced testicular toxicity may in-
volve functional markers of spermatogenesis,
such as ACP, ALP, SDH, and LDH [62]. Previous
studies have shown that biomarkers such as
y-GT and LDH determine sertoli and Leydig cell
functions, and changes in their physiological
levels indicate a depletion of germ cells in the
seminiferous tubule. ALP is involved in mobiliz-
ing metabolites for accessory sex organ devel-
opment or sperm cell maintenance [62]. To
maintain the physiology of the sperm, acid
phosphatase is, however, predominantly dis-
tributed within the testes [62]. In this investiga-
tion, testicular ALP was significantly decreased
after DOX treatment, while LDH, ACP, y-GT and
SDH activities were elevated, and diosmin sig-
nificantly reversed these effects, suggesting
protection against testicular injury or damage.

The role of hypothalamic-pituitary-testicular
(HPT) axis dysfunction in DOX-induced testicu-
lar damage has been well established [10, 14],
notably associated with endocrine disturbanc-
es via a mechanism linked to damage to Leydig
cells. Leydig cells are highly vulnerable to toxic
effects involving oxidative stress and impacting
hormonal outputs [10]. Decreased Leydig cell
count causes reduced sperm production due to
decreased serum testosterone levels. In this
study, it is important to mention that DOX nota-
bly reduces Leydig cell count, and testicular LH
receptor levels, thereby reducing testosterone
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production in rats. Furthermore, DOX exposure
has also been shown to attenuate testicular
enzymes such as 178-HSD and 3R-HSD levels,
which are crucial enzymes needed for testicu-
lar androgenesis. Mechanistically, excessive
TNF-a release inhibits gonadal functions, par-
ticularly Leydig cell steroidogenesis and ste-
roidogenic enzyme expression [62, 63], thus
leading to a dramatic decrease in plasma tes-
tosterone levels, possibly due to suppression of
testicular steroidogenic enzyme activities [64].
However, in this study, diosmin was found to
increase testosterone levels, possibly due to
the inhibition of TNF-a substrates involved in
the testosterone conversion to estrone. More-
over, previous studies have shown that TNF-a
blockers prevent testosterone conversion into
estrogen [65]. Of note, we also found that dios-
min reversed DOX-induced decreased testicu-
lar 178-HSD and 3R-HSD enzyme activities and
blood testosterone levels. This may be due to
decreased TNF-a in testicular tissue and its
anti-oxidative function, a naturally viable mech-
anism which protects Leydig cells from oxida-
tive stress thereby promoting testicular ste-
roidogenesis and associated spermatogenesis
[62]. Thus, the ability of diosmin to testicular
steroidogenesis and spermatogenesis possibly
suggests its beneficial role in improving the
functionality of the HPT axis.

Convincing bodies of evidence have also shown
that testicular germ cell death is associated
with hormonal changes or treatment with toxic
agents such as DOX [66]. Indeed, reduced tes-
tosterone levels was previously shown to cause
germ cell detachment from the seminiferous
epithelium, notably triggering apoptosis [66].
Caspase-3, 9 and Bcl2 as well as mitochondria
cytochrome C, are a reliable biomarker of apop-
tosis-related activity and were used in previous
studies as indicators of compounds with anti-
apoptotic markers [66]. In this study, reduced
germ layer thickness, atrophy, significant dete-
rioration of seminiferous tubules, necrosis of
spermatocytes and spermatids, as well as de-
foliation of numerous spermatocytes into the
lumen of the testes were observed in the DOX
group compared to other groups, suggesting
that DOX-induced testicular damage is also
strongly associated with apoptosis. In this stu-
dy, diosmin was found to significantly abate
DOX-induced activation of testicular caspases
3 and 9, evidenced by increased germ layer
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thickness, atrophy, improved seminiferous tu-
bules, increased spermatocytes, and sperma-
tids, possibly owing to its anti-inflammatory and
antioxidant properties and fertility-enhancing
effects. Although the study showed promising
results, there are some limitations that need to
be addressed to have a comprehensive under-
standing of the protective effects of diosmin
against DOX-induced reproductive deficiency,
especially as regards testicular damage. How-
ever, one of the major strengths of this study
was the evidence of the involvement of the anti-
oxidant and anti-inflammatory actions of dios-
min as well as hormone-modulatory effects
against DOX-induced testicular damage. On the
long run, human studies are needed to deter-
mine the appropriate diosmin treatment for
doxorubicin-induced reproductive impairment.

Conclusion

Diosmin treatment prevents DOX-induced tes-
ticular damage by promoting spermatogenesis,
facilitating hormones, and anti-inflammatory
activity, and reducing oxidative damage and
apoptosis in rats.
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