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Abstract

Diabetes mellitus is a metabolic disorder characterized by persistent hyperglycaemia that may impair male reproductive
function. Mesenchymal stem/stromal cell-derived conditioned medium (MSC-CM) has emerged as a promising cell-free
therapeutic approach for diabetes-associated complications. This study investigated the effects of CM obtained from MSCs
cultured under normoxic (N-CM) or deferoxamine (DFX)-induced hypoxia-mimetic conditions (DFX-CM) on diabetes-
related testicular dysfunction in streptozotocin (STZ)-induced diabetic rats. Diabetes was induced in Sprague Dawley rats
using a single intraperitoneal injection of STZ (55 mg/kg). Diabetic rats received intraperitoneal administration of N-CM
or DFX-CM for 3 weeks. Serum reproductive hormones were analysed by ELISA. Histological and histomorphometric
evaluations were performed using haematoxylin and eosin staining, while ultrastructural alterations were examined by
transmission electron microscopy (TEM). Oxidative stress markers and antioxidant enzyme activities were also assessed in
testicular tissue. Diabetes reduced serum follicle-stimulating hormone (FSH), gonadotropin-releasing hormone, and lutein-
izing hormone levels, although only FSH showed a significant decrease. Histological analyses revealed mild impairment
of spermatogenesis in diabetic rats without significant morphometric alterations. TEM demonstrated marked ultrastructural
abnormalities in diabetic testes, including Sertoli cell degeneration and disrupted spermatogenic cell morphology. Both
CM treatments attenuated these alterations, with improved ultrastructural organization observed particularly in Sertoli
cells. Diabetes also induced oxidative stress, evidenced by reduced catalase and superoxide dismutase activities and
elevated malondialdehyde and H,O, levels. N-CM treatment showed the strongest antioxidant effects. These findings sug-
gest that MSC-CM, particularly N-CM, may alleviate diabetes-induced testicular damage by restoring oxidative balance
and preserving seminiferous tubule ultrastructure.
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Introduction

Diabetes mellitus is a chronic metabolic disorder character-
ized by persistent hyperglycaemia resulting from insufficient
insulin production due to pancreatic B-cell dysfunction or
destruction (Khatri et al. 2021). It is associated with a wide
range of systemic complications, including cardiovascular
disease, nephropathy, neuropathy, and reproductive dys-
function (Atkinson et al. 2014). Although exogenous insulin
therapy remains the primary treatment strategy, it primar-
ily controls glycaemia and does not adequately prevent the
progression of long-term complications (He et al. 2021).
Among these complications, reproductive dysfunction has
gained increasing attention. Hyperglycaemia has been sug-
gested to disrupt the hypothalamic—pituitary—gonadal (HPG)
axis, leading to hormonal imbalances, including altered tes-
tosterone levels (Olojede et al. 2022). Preclinical studies
have demonstrated that diabetes is associated with reduced
sperm count and motility, as well as structural alterations
in testicular tissue (Olojede et al. 2022). These findings
highlight the need for novel therapeutic strategies target-
ing both endocrine regulation and tissue-level damage. In
recent years, mesenchymal stem/stromal cells (MSCs) have
emerged as a promising therapeutic approach for diabetes
and its complications (Isildar et al. 2023). Their beneficial
effects are generally attributed to paracrine mechanisms,
including the secretion of bioactive factors with angiogenic,
anti-apoptotic, anti-inflammatory, immunomodulatory, and
antioxidant properties (Wu and Mahato 2014; Endlich et al.
2017; Xv et al. 2017; Isildar et al. 2024; Ozkan et al. 2024,
Sun et al. 2025). Accordingly, MSC-derived conditioned
medium (MSC-CM), which contains a complex mixture of
soluble factors and extracellular vesicles, has been increas-
ingly investigated as a cell-free therapeutic alternative.
Compared with direct cell transplantation, MSC-CM offers
advantages such as improved safety, reduced immunoge-
nicity, and greater reproducibility, while maintaining com-
parable therapeutic efficacy in many experimental settings
(Nagaishi et al. 2016, 2017; Kerans et al. 2018).

The therapeutic potential of MSC-derived cell-free
products has been demonstrated across a variety of disease
models and organ systems, supporting their use as an alter-
native to cell-based therapies. For example, CM derived
from adipose tissue MSCs improved cardiovascular func-
tion and attenuated tissue injury in an insecticide-induced
cardiac damage model, as evidenced by enhanced mean
arterial pressure, normalization of electrocardiographic
parameters, reduced oxidative stress, and suppression of
pro-inflammatory cytokines, including TNF-o and IL-6
(Zangiabadi et al. 2025). Similarly, extracellular vesicles
derived from umbilical cord MSCs ameliorated ischemic
injury in proximal tubular epithelial cells by promoting
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morphological recovery, restoring ATP production capacity,
and enhancing antioxidant metabolite accumulation (Faria
et al. 2023). Beyond cardiovascular and renal applications,
MSC secretome has also shown regenerative effects in cuta-
neous wound healing. Secretome obtained from Wharton’s
jelly-derived MSCs stimulated human dermal fibroblast
proliferation, accelerated scratch-wound closure, promoted
extracellular matrix remodelling and type I procollagen
secretion, and enhanced anti-inflammatory and antioxidant
responses (Lee et al. 2026). Collectively, these findings
indicate that MSC-derived secretome exerts broad cytopro-
tective, anti-inflammatory, and antioxidant effects across
different tissues, highlighting its potential as a versatile
therapeutic strategy for diseases characterized by oxidative
stress and tissue degeneration.

The therapeutic potential of MSCs and their secre-
tome can be enhanced through preconditioning strategies.
Approaches such as hypoxic culture, three-dimensional
systems, or exposure to hypoxia-mimetic agents have been
shown to modulate the secretory profile of MSCs, thereby
improving their regenerative capacity (Oses et al. 2017a;
Isildar et al. 2022, 2024; Ozkan et al. 2022). Among these,
deferoxamine (DFX), an iron-chelating hypoxia mimetic,
has been widely used to induce hypoxia-like responses in
MSCs (Oses et al. 2017a; Ozkan et al. 2022; Isildar et al.
2024). In our previous studies, DFX preconditioning sig-
nificantly enhanced the protein content of MSC-CM and
increased the levels of key growth factors, including vascu-
lar endothelial growth factor, leading to improved pancre-
atic B-cell recovery and immunomodulatory effects (Isildar
et al. 2022, 2024). When the role of oxidative stress as an
underlying mechanism for diabetes-induced tissue damage,
including in the testes, strategies that enhance the antioxi-
dant capacity of MSC-derived products may provide addi-
tional therapeutic benefit (Caturano et al. 2023). In this
context, hypoxia-mimetic preconditioning has been shown
to improve the antioxidant potential of MSCs (Chang et al.
2019; Isildar et al. 2025). Therefore, in the present study, it
was aimed to investigate diabetes-associated reproductive
dysfunction with a focus on alterations in the HPG axis and
their relationship with oxidative stress in testicular tissue.
Furthermore, the therapeutic efficacy of CM derived from
DFX-preconditioned MSCs was evaluated in a rat model of
diabetes by assessing its effects on oxidative stress and tes-
ticular histopathological and morphometric alterations.
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Material & method
Culture of hUC-MSCs and collection of CM

In this study, our established human umbilical cord-derived
mesenchymal stem/stromal cell (hUC-MSC) lines, which
had been previously isolated and characterized in our ear-
lier study, were used for the collection of CM (Ozkan et
al. 2022). hUC-MSCs were expanded until they reached
70-80% confluence, after which the culture medium was
removed and replaced with serum-free medium. The cul-
tures were then divided into two experimental conditions:
(i) normoxic control CM (N-CM) and (ii) hypoxia-mimetic
preconditioned CM (DFX-CM), in which 150 pM def-
eroxamine (DFX) was added to the culture medium. The
hypoxia-mimetic effect of this DFX concentration has been
previously confirmed in hUC-MSCs by increased hypoxia-
inducible factor-1 alpha (HIF-1a) expression under identi-
cal experimental conditions (Ozkan et al. 2022). After 48 h
of incubation, the CM were collected and centrifuged to
remove cellular debris. Subsequently, the supernatants were
filtered to eliminate residual DFX and concentrated using
centrifugal filtration units with a 3 kDa molecular weight
cut-off membrane (Ozkan et al. 2022).

Animal models and treatment groups

Ethical approval for the animal experiments was obtained
from the Experimental Animal Ethics Committee of
Bezmidlem Vakif University (Date: 10.05.2023; Approval
No: E.106223). A total of 20 male Sprague—Dawley rats,
aged 10—12 weeks and weighing 350400 g, were included
in this study. Prior to the experimental procedures, the ani-
mals were acclimatized to the housing environment for
one week. Rats were maintained under standard labora-
tory conditions, including a 12 h light/dark cycle, ambi-
ent temperature of 20+2 °C, relative humidity of 45-55%,
and ad libitum access to food and water. Type 1 diabetes
mellitus was induced in 16 rats by a single intraperitoneal
injection of streptozotocin [STZ (Sigma S0130); 55 mg/kg]
dissolved in citrate buffer, while the remaining control ani-
mals received citrate buffer only and were designated as the
negative control group. Blood glucose levels were measured
from the tail vein by using a glucometer (Contour Plus,
Bayer) on day 3 following STZ administration, and animals
with glucose levels exceeding 250 mg/dL were considered
diabetic and included in the study (Isildar et al. 2024). Four
weeks after STZ injection, diabetic rats were randomly
divided into three groups: diabetic untreated group (D,
n=4), diabetic rats treated with normoxic CM (D+N-CM,
n=6), and diabetic rats treated with DFX-preconditioned
CM (D+DFX-CM, n=6). The treatment groups received

intraperitoneal injections of either 1 ml of N-CM or DFX-
CM,; four doses per week for the next 3 weeks. One week
after the final administration, the animals were anesthetized
with ketamine/xylazine and sacrificed. Blood samples were
collected for hormonal analyses, and testicular tissues were
harvested for biochemical and histological evaluations.
Body weight and blood glucose levels were monitored
weekly throughout the experimental period.

ELISA analyses of serum hormone levels

At the end of the experimental period (week 8), blood sam-
ples were collected via cardiac puncture and centrifuged at
800 x g for 10 min. The serum supernatants were separated
and stored for further analyses. Serum testosterone (Cloud-
Clone, CEA458Ge), luteinizing hormone (LH; Cloud-
Clone, CEA441Ra), follicle-stimulating hormone (FSH;
Cloud-Clone, CEA830Ra), and gonadotropin-releasing
hormone (GnRH; Cloud-Clone, CEA843Ra) levels were
measured using commercially available ELISA kits accord-
ing to the manufacturers’ instructions. Optical density (OD)
values were determined using a microplate reader, and hor-
mone concentrations were calculated from the correspond-
ing standard curves.

Light microscopic analyses

Right testis obtained from each rat was fixed in Davidson’s
fixative for light microscopic examination, while the left one
was cut into 1 mm® pieces and fixed in glutaraldehyde for
electron microscopic analysis. For light microscopy, tissues
were dehydrated through a graded alcohol series, embed-
ded in paraffin, and sectioned at 5 pum thickness (Bancroft et
al. 2013). Following haematoxylin and eosin (H&E) stain-
ing, sections were examined with an Olympus BX43 light
microscope and photographed with an Olympus SC100
camera and processed with imaging software (Olympus
Labsens, version 1.3). Ten seminiferous tubules from each
rat were randomly selected and evaluated at 40x magnifi-
cation. Spermatogenesis was assessed using the Johnsen
scoring system (Table 1) in which a score of 10 represented
seminiferous tubules containing complete spermatogenesis
and perfect tubules, whereas a score of 1 indicated complete
tubular degeneration and no cell (Meydanli et al. 2018). In
addition, seminiferous tubule diameter and germinal epithe-
lium thickness were measured using Fiji software, a distri-
bution of ImageJ (Schindelin et al. 2012). For each animal,
measurements obtained from the ten randomly selected
seminiferous tubules were averaged to generate a single
representative value, and these mean values were used for
statistical analysis and data presentation.
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Table 1 Johnsen’s tubular biopsy scores (JTBS)
DESCRIPTION

1 No cells in tubular sections
No germ cells present

Only spermatogonia present

Score

Only a few spermatocytes present

(Y BN NN VS I S

No spermatozoa, no spermatids but several or
many spermatocytes present

Only a few spermatids present
No spermatozoa but many spermatids present
Only a few spermatozoa present

Many spermatozoa present but disorganized
spermatogenesis

O 0 3 N

10 Complete spermatogenesis and perfect tubules

Transmission electron microscopic evaluation

For ultrastructural analysis, testicular tissue samples were
fixed in glutaraldehyde followed by osmium tetroxide,
dehydrated through an increasing alcohol series, and embed-
ded in epoxy resin. Ultrathin sections were prepared and
stained with uranyl acetate and lead citrate (Bancroft et al.
2013). The sections were then examined using a transmis-
sion electron microscope (TEM, JEOL, JEM-1011). Ultra-
structural evaluation focused on the morphology of Sertoli
and Leydig cells, stages of spermatogenesis, mitochondrial
integrity, endoplasmic reticulum organization, cytoplasmic
lipid accumulation, and vacuole formation (Meydanli et al.
2018).

Oxidative stress markers in testicular tissues

To evaluate oxidative stress status in testicular tissues, levels
of malondialdehyde (MDA; Elabscience, Cat. No: E-BC-
KO025-S), superoxide dismutase (SOD; Elabscience, Cat.
No: E-BC-K019-S), catalase (CAT; Elabscience, Cat. No:
E-BC-F006), and hydrogen peroxide (H,0,; Elabscience,
Cat. No: E-BC-K102-S) were measured using commercially
available assay kits. Testicular tissues stored at —80 °C were
homogenized and lysed prior to analysis. All assays were
performed according to the manufacturer’s protocols. Opti-
cal density values were measured using a spectrophotom-
eter, and the concentrations or activities of oxidative stress
parameters were calculated accordingly.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
(Version 10.5.1 for Windows/Mac, GraphPad Software, San
Diego, California USA). Data sets were first assessed for
normality. For normally distributed data, one-way ANOVA
followed by Tukey’s multiple comparisons test was used
to compare groups. For data sets that did not satisfy the
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normality assumption, the non-parametric Kruskal-Wallis
test was applied. A P value<0.05 was considered statisti-
cally significant. Results are presented as mean=standard
error of the mean (SEM).

Results
ELISA analyses of serum hormone levels

To investigate diabetes-associated alterations in circulating
reproductive hormones and to evaluate the potential ther-
apeutic effects of the two different CM treatments, serum
testosterone, FSH, GnRH, and LH levels were measured
by ELISA. Serum testosterone levels remained comparable
among all experimental groups, with no statistically sig-
nificant differences observed. In contrast, diabetic animals
exhibited reduced serum concentrations of FSH, GnRH,
and LH compared with the control group. However, this
reduction reached statistical significance only for FSH lev-
els (p<0.01). Treatment with both N-CM and DFX-CM
resulted in increased FSH concentrations compared with the
untreated diabetic group; however, these improvements did
not show statistical significance (Fig. 1).

Histological and morphometric evaluations of
seminiferous tubules

Johnsen’s tubular biopsy scoring performed on H&E-
stained sections revealed mean scores of 8.88+0.08 in the
control group, 7.82+0.13 in the diabetic group, 8.10+0.15
in the D+N-CM group, and 8.00+£0.17 in the D+DFX-CM
group (Fig. 2a-e). Histological examination of the control
testes demonstrated normal seminiferous tubule archi-
tecture with an intact germinal epithelium and abundant
mature spermatozoa within the tubular lumen (Fig. 2a). In
contrast, testes from the diabetic group exhibited a marked
reduction in mature spermatozoa within the seminiferous
tubule lumina, while the tubular architecture was largely
preserved with only mild disorganization of the germinal
epithelium. (Fig. 2b). The D+N-CM and D+DFX-CM
groups showed a modest increase in the presence of more
mature spermatozoa within the tubular lumen (Fig. 2¢ and
d). Consistent with these histological observations, John-
sen’s scores tended to be higher in the treatment groups than
in the untreated diabetic group, indicating a trend toward
improved spermatogenesis. Nevertheless, no statistically
significant differences were observed between the control
and experimental groups or between the treatment groups
and the diabetic group (P>0.05) (Fig. 2e¢). In addition to
Johnsen scoring, seminiferous tubule diameter and seminif-
erous epithelial height were evaluated in testicular sections.
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Fig. 1 Graphical representation of ELISA analysis for serum testoster-
one (a), follicle-stimulating hormone (FSH) (b), gonadotrophin-releas-
ing hormone (GnRH) (¢) and luteinizing hormone (LH) (d). **p<0.01
(n=4 for control and D and n=6 for D+N-CM and D+DFX-CM
groups; mean=SD; one-way ANOVA with Tukey’s post hoc test)

No statistically significant differences were observed among
the groups for either parameter (Fig. 2f-g).

Ultrastructural analysis of seminiferous tubules

TEM examination of the seminiferous tubules in the con-
trol group demonstrated normal ultrastructural architec-
ture. Sertoli cells exhibited irregularly contoured nuclei.
Spermatogonia were oval-shaped and located adjacent to
the basement membrane. Spermatocytes showed varying
degrees of chromatin condensation within their nuclei and
were closely associated with the cytoplasmic processes of
Sertoli cells. Spermatids at different stages of maturation
were observed embedded within the Sertoli cell cytoplasm.
No ultrastructural abnormalities were detected in any of the
germ cell populations, indicating preserved spermatogenic
organization and cellular integrity. In contrast, the diabetic
group exhibited marked degenerative alterations, including
an increased number of lysosomes in Sertoli cells, sper-
matogonia with dispersed heterochromatin, primary sper-
matocytes with disrupted nuclear membranes, and widened
intercellular spaces within the seminiferous epithelium.
These diabetes-induced ultrastructural abnormalities were

relatively reduced in both treatment groups compared with
the untreated diabetic group. Furthermore, substantial res-
toration was observed in the ultrastructure of Sertoli cells
as well as in the spermatogenic cells of the seminiferous
epithelium following CM treatments (Fig. 3).

Analysis of oxidative stress markers in testicular
tissue

To assess diabetes-induced oxidative damage in the testicu-
lar tissue and the potential protective effects of CM treat-
ments, antioxidant enzyme activities, including SOD and
CAT, as well as levels of oxidative stress markers H,0,
and MDA, were analysed. CAT activity was significantly
reduced in all diabetic groups compared with the con-
trol group, indicating impaired antioxidant defence under
diabetic conditions. Treatment with N-CM significantly
improved CAT activity compared with both the untreated
diabetic group and the DFX-CM-treated group (p<0.01 and
p<0.05, respectively). Similarly, SOD activity was signifi-
cantly higher in the N-CM-treated group than in both the
untreated diabetic group and the DFX-CM-treated group
(»<0.0001 and p<0.05, respectively), suggesting enhanced
antioxidant capacity following N-CM administration. MDA,
lipid peroxidation marker (Gawet et al. 2004), was signifi-
cantly elevated in the untreated diabetic group compared
with controls (p<0.0001). Notably, both N-CM and DFX-
CM treatments significantly reduced MDA levels, restoring
them to values comparable with the control group. In con-
trast, H,0, levels were significantly increased in all diabetic
groups; untreated diabetic, D+N-CM, and D+DFX-CM
groups, compared with the control group (p<0.01, p<0.05,
and p<0.01, respectively) (Fig. 4). Overall, these findings
indicate that diabetes-associated hyperglycaemia induces
marked oxidative stress in the testes. CM treatments, partic-
ularly N-CM, partially ameliorated this oxidative imbalance
by enhancing antioxidant enzyme activity and reducing
lipid peroxidation.

Discussion

Diabetes mellitus can impair reproductive function through
prolonged hyperglycaemia, highlighting the need for effec-
tive therapeutic approaches (He et al. 2021). Given the
regenerative and cytoprotective potential of MSC-derived
CM, particularly following hypoxic preconditioning (Ozkan
et al. 2022; Isildar et al. 2024), this study investigated
whether normoxic- or DFX-induced hypoxia-conditioned
MSC-CM could alleviate diabetes-related reproductive
dysfunction in a single-dose STZ-induced rat model. In
the present study, diabetes induced reproductive endocrine
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Fig. 2 Representative figures of
H&E staining for control (a),
diabetes (b), D+N-CM (¢) and
D+DFX-CM (d) groups. Graphi-
cal expression of semiquantitative
Johnsen’s tubular biopsy score
(JTBS) analysis (e). Graphical
expressions of histomorphometric
analysis for the diameter of the
seminiferous tubule (STD) (f) and
the thickness of the seminifer-
ous tubule epithelium (STE) (g).
(n=4 for control and D and n=5
for D+N-CM and D+DFX-CM
groups; mean=+ SD; one-way
ANOVA with Tukey’s post hoc
test)
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dysregulation, characterized by reduced serum GnRH, FSH,
and LH levels, although these hormonal alterations were not
accompanied by significant histopathological or morpho-
metric changes in the testes. Nevertheless, ultrastructural
examination revealed marked cellular alterations within the
seminiferous epithelium, together with impaired antioxi-
dant defence and increased oxidative stress, indicating that
diabetes-related testicular injury occurs primarily at the sub-
cellular level. Importantly, treatment with both MSC-CM
formulations ameliorated these ultrastructural abnormali-
ties and restored redox balance, with N-CM demonstrating
more pronounced antioxidant and protective effects than
DFX-CM.

Serum reproductive hormone levels, including testoster-
one, FSH, GnRH, and LH, were evaluated. Testosterone lev-
els were not significantly altered under diabetic conditions.
Physiologically, testosterone production and regulation are
controlled by the hypothalamic—pituitary—gonadal (HPG)
axis. In this pathway, hypothalamic GnRH stimulates the
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anterior pituitary to release FSH and LH (Mbiydzenyuy
and Qulu 2024). FSH acts primarily on Sertoli cells to pro-
mote androgen-binding protein (ABP) production and sup-
port spermatogenesis, whereas LH stimulates Leydig cells
to synthesize testosterone (Mbiydzenyuy and Qulu 2024).
In the present study, serum GnRH, FSH, and LH levels
were reduced in all diabetic groups, although statistical sig-
nificance was reached only for FSH. Given the unchanged
serum testosterone levels observed in the present study,
assessment of intratesticular testosterone concentrations,
particularly within the seminiferous tubules, together with
local ABP expression, may provide a more comprehensive
evaluation of diabetes-associated alterations in androgen
activity. ABP plays a crucial role in maintaining high local
concentrations of testosterone and dihydrotestosterone
within the seminiferous tubules (Ma et al. 2015). Therefore,
the absence of intratesticular testosterone and ABP analyses
represents a limitation of this study. These findings suggest
that hyperglycaemia may disrupt the HPG axis, consistent
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Control Diabetes

Fig.3 Representative transmission electron microscopy (TEM) images
of seminiferous tubules from the control (a), diabetes (b), D+N-CM
(¢), and D+DFX-CM (d) groups. Images 1-2 show spermatogenic
cells, including spermatogonia (Sp), identified by their round nuclei
located adjacent to the basement membrane of the seminiferous
tubule; primary spermatocytes (Pr.S), characterized by larger nuclei
with prominent chromatin condensation and a more adluminal position
within the seminiferous epithelium; and Sertoli cells (Srt), recognized

by their irregularly shaped euchromatic nuclei with prominent nucleoli
and cytoplasm extending between adjacent spermatogenic series cells.
Image 3 shows Sertoli cells, and image 4 presents spermatids at dif-
ferent developmental stages: cap phase (Cp), acrosomal phase (Ap),
initial maturation phase (iMp), and maturation phase (Mp). Arrow:
lysosome; star: intercellular space; asterisk: dispersed heterochroma-
tin; arrowhead: disintegrated nuclear membrane

Fig. 4 Graphical representation o "
of CAT (a), SOD (b), MDA (c), |
and H,0, (d) levels in testicular e s
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with previous reports (Barsiah et al. 2019). Furthermore, this
apparent endocrine dysregulation, which was not reflected
in circulating testosterone levels, may indicate the presence
of compensatory mechanisms preserving systemic andro-
gen homeostasis despite upstream hormonal disturbances.
Regarding the CM treatment groups, both CM formulations
produced modest increases in FSH levels. In addition, slight
elevations in GnRH were observed in the DFX-CM-treated
group, while LH levels were marginally increased in the
N-CM-treated group. Although these changes did not reach
statistical significance, they may indicate a partial restor-
ative effect of CM treatment on hyperglycaemia-induced
reproductive endocrine dysfunction. Further studies with
larger sample sizes and direct evaluation of the testicular
hormonal microenvironment are required to confirm these
preliminary observations.

Next, we evaluated whether hyperglycaemia-associated
disruption of the HPG axis contributed to impaired sper-
matogenesis and deterioration of sperm parameters. In this
context, our histopathological analyses revealed that the
spermatogenic process was adversely affected in the diabetic
groups, accompanied by a reduction in spermatozoa num-
bers. However, these changes did not reach statistical sig-
nificance when compared with the control group. Similarly,
histomorphometric assessments, including measurements
of seminiferous tubule diameter and epithelial thickness,
showed no significant differences among the experimental
groups. These findings suggest that diabetes-associated dis-
ruption of the HPG axis may exert its effects on the testes
initially at the cellular and subcellular levels, before overt
structural alterations become detectable by routine light
microscopic examination. The absence of marked differ-
ences in serum testosterone levels among the groups further
supports this interpretation. To further characterize these
subtle changes, testicular tissues were examined by TEM.
While the control group exhibited normal cellular ultra-
structure, the diabetic group demonstrated several degener-
ative alterations consistent with previous reports, including
increased lysosomal content in Sertoli cells, spermatogonia
enriched with heterochromatin, and primary spermatocytes
with disrupted nuclear membrane integrity (Meydanli et
al. 2018; Oztas et al. 2019). In addition, widening of the
intercellular spaces within the seminiferous epithelium was
observed. These ultrastructural abnormalities are indica-
tive of early cellular stress, impaired Sertoli cell support,
and disruption of germ cell homeostasis under hypergly-
caemic conditions. Notably, both treatment groups exhib-
ited fewer ultrastructural abnormalities compared with the
untreated diabetic group. Improvements were particularly
evident in Sertoli cell morphology and in the organization
of spermatogenic cells within the seminiferous epithelium.
Collectively, the histopathological, morphometric, and
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ultrastructural findings indicate that the deleterious effects
of hyperglycaemia on testicular tissue are more pronounced
at the subcellular level than at the gross histological level,
and that MSC-CM may exert protective and restorative
effects against diabetes-induced testicular damage.

Sertoli cells regulate the proliferation of spermatogonial
cells, coordinate meiotic progression, and facilitate the final
stages of spermiogenesis. Consequently, any functional
impairment in Sertoli cells may substantially compromise
seminiferous epithelial integrity and germ cell development,
even before overt histological damage becomes appar-
ent (Olojede et al. 2022). The ultrastructural abnormali-
ties identified in the present study, especially the increased
lysosomal content and disruption of cellular organization,
may therefore reflect early Sertoli cell dysfunction induced
by the diabetic microenvironment. One potential mecha-
nism underlying these changes is dysregulated glucose
metabolism, which may impair cellular bioenergetics and
promote excessive generation of ROS, leading to oxidative
stress. This mechanism may explain the subcellular patho-
logical alterations detected by TEM, as oxidative damage
is known to affect membrane integrity, organelle function,
and chromatin organization within testicular cells. In sup-
port of this, our findings demonstrated that diabetic condi-
tions were associated with impaired oxidative homeostasis,
as evidenced by reductions in antioxidant defence param-
eters including, CAT and SOD enzymes and elevations in
oxidative stress markers like MDA and H,O, relative to the
control group. One of the therapeutic actions of MSC-CM
is attributed to their antioxidant properties (Gao et al. 2014;
Oses et al. 2017b). In that regard, treatment with CM, par-
ticularly N-CM, significantly increased SOD and CAT lev-
els compared with the untreated diabetic group. In parallel,
MDA levels were significantly reduced in both CM-treated
groups, approaching those observed in the control group.
These data indicate that MSC-CM can effectively restore
redox balance in hyperglycaemia-exposed testicular tissue.
Importantly, the biochemical improvement in oxidative
stress status corresponded with the ultrastructural recov-
ery observed in Sertoli cells and spermatogenic cells. This
association suggests that oxidative stress is a key mediator
of diabetes-induced testicular injury and that the protective
effects of MSC-CM may be largely attributable to enhance-
ment of endogenous antioxidant defences.

To our knowledge, this is among the first studies to dem-
onstrate that hyperglycaemia disrupts cellular stress manage-
ment within testicular tissue and that MSC-CM, particularly
N-CM, can mitigate these alterations and contribute to struc-
tural recovery at the ultrastructural level. Notably, in the
current study, N-CM exhibited more pronounced protective
effects than DFX-CM. This difference may be attributable
to changes in the secretory profile and metabolic activity
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of MSCs induced by DFX-mediated hypoxia mimetic pre-
conditioning. Although hypoxia is widely used to enhance
the release of regenerative paracrine factors, and we previ-
ously demonstrated that 24-hour preconditioning reduced
the total oxidant status of DFX-CM (Isildar et al. 2025),
it may simultaneously impair other antioxidant properties
of MSCs, potentially diminishing the therapeutic efficacy
of their secretome in pathological conditions where oxida-
tive stress plays a central role. In this regard, the lack of a
comprehensive analysis of the molecular composition of the
two CM represents another limitation of the present study.
Therefore, under the current experimental conditions, the
greater efficacy of N-CM may reflect a more favourable bal-
ance of cytoprotective and antioxidant mediators capable of
counteracting hyperglycaemia-induced oxidative injury in
testicular tissue.

Conclusion

In conclusion, this study demonstrated that diabetes induces
disruption of the HPG axis and causes ultrastructural dam-
age within the seminiferous tubules, potentially mediated
by impaired antioxidant defence mechanisms and increased
oxidative stress. Administration of MSC-CM, particularly
N-CM, partially restored redox balance and improved dia-
betes-associated structural alterations in testicular tissue.
Although further studies are required to clarify the specific
paracrine factors responsible for these effects, the present
study provides proof-of-concept evidence that MSC-CM
represents a promising therapeutic strategy for diabetes-
related testicular dysfunction.
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