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Abstract

Nanoparticles represent an innovative and highly promising technology in the
fields of medicine and diagnostics, offering unique capabilities for targeted
drug delivery and advanced diagnosis. This study aimed to investigate the
protective effects of thiamine against the histo-stereological and biochemical
alterations induced by copper oxide nanoparticles (CuO NPs) in the testes.
A total of 72 adult male, healthy Wistar rats were divided into four groups:
control, thiamine (30 mg/kg), CuO NP (25 mg/kg), and a combination of CuO
NPs and thiamine (30 mg/kg + 25 mg/kg). All substances were administered
via intraperitoneal injection, once daily. After 14 days of treatment, the
tissue and blood samples were collected for histo-stereological evaluation
and total antioxidant capacity (TAC), malondialdehyde (MDA), superoxide
dismutase (SOD) catalase (CAT) antioxidant enzymes, body weight and
testicular weight assessment. Control and thiamine groups maintained normal
seminiferous tubule structure, regular spermatogenesis, and high antioxidant
levels. CuO NPs administration induced severe histopathological damages,
including significant reduction in seminiferous tubule diameter, disruption of
the germinal epithelium, a significant decrease in the number of spermatocytes
and spermatids, a significant decrease in body and testicular weight, and
diminished antioxidant enzyme activity (P<0.05). Thiamine exerts protective
effects in testicular tissue through its antioxidant, anti-inflammatory and
anti-apoptotic properties, and may serve as an effective adjunct therapeutic
agent to counteract the reproductive toxicity and adverse effects induced by
CuO NPs.

1. Introduction

CuO NPs constitute a significant class of inorganic
nanomaterials distinguished by a suite of unique
physicochemical attributes including specific optical,
thermal, and magnetic properties, in addition to en-
hanced electrical conductivity, high catalytic activity,
and a substantial surface-to-volume ratio. Notably,

CuO NPs demonstrate a potent bactericidal effect cou-
pled with considerable antiviral and antifungal efficacy,
underscoring their utility in biomedical and therapeu-
tic domains. Current research is extensively exploring
their role in wound healing protocols, advanced drug
delivery systems, and as cytotoxic agents in oncology
treatments (1–6). Despite their increasing utility, the
pervasive application of CuO NPs necessitates a crit-
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ical evaluation of potential toxicological profile, par-
ticularly concerning reproductive health. Exposure to
CuO NPs has been shown to induce detrimental ef-
fects on both the male and female reproductive sys-
tems. The mechanism of action frequently involves the
induction of oxidative stress, inflammatory responses,
generalized cellular damage, and apoptosis. Specifi-
cally, the generation of reactive oxygen species (ROSs),
often exceeding the endogenous antioxidant capacity
of the organism, precipitates substantial peroxidation
of lipids and degradation of proteins. This resultant
oxidative damage critically impairs spermatogenesis,
leading to a measurable reduction in sperm count,
diminished motility, and compromised overall semen
quality. Furthermore, elevated ROSs levels can induce
DNA fragmentation, which fundamentally jeopardizes
male fertility. In the testes, inflammation mediated by
CuO NPs can severely restrict spermatogenesis, induce
structural damage to the seminiferous tubules, and al-
ter the integrity of the blood-testis barrier function,
culminating in infertility (3, 7, 8).

Beyond cellular damage, CuO NPs possess the ca-
pacity to interfere with the endocrine system by dis-
rupting androgenic hormone regulation. Such disrup-
tion can manifest as reduced libido, decreased sper-
matogenic output, and potentially contribute to erec-
tile dysfunction. The induction of apoptosis within
spermatogenic cells further exacerbates the decline in
germ cell populations (3, 7, 8). For maternal expo-
sures, the potential for placental barrier penetration
by CuO NPs raises significant concerns, as this can
lead to fetal growth restriction, congenital anomalies,
and developmental deficits in the offspring, with par-
ticular vulnerability noted in the development of the
reproductive organs (3, 7, 8).

Thiamine (Vitamin B1) is an essential water-
soluble vitamin, crucial for the development and phys-
iological function of various cell types. Its metabolic
significance is profound, serving as a coenzyme in key
pathways, including energy metabolism, lipid synthe-
sis, and nucleotide formation. It is also critically in-
volved in neural cell development and enhances en-
dothelial cell function (9). Crucially, thiamine exhibits
inherent antioxidant properties. It acts as an essential
cofactor under physiological stress, providing demon-
strated protection against lead-induced lipid peroxida-
tion in hepatic and renal tissues. Functioning as an ef-
fective scavenger of superoxide and hydroxyl anion free
radicals, thiamine significantly augments the cellular
response mechanisms to oxidative stress. Preclinical
models have shown that thiamine effectively mitigates
nanoparticle-induced nephrotoxicity (9).

Acknowledging that CuO NPs induce reproduc-
tive toxicity via oxidative stress and inflammatory cas-
cades, and given the established antioxidant properties
of thiamine, this investigation will meticulously exam-
ine the resulting histo-stereological and oxidative dam-

age in the testicles, while simultaneously assessing the
potential ameliorative effects of thiamine.

2. Materials and Methods

CuO NPs, supplied by Sigma-Aldrich (USA), were
used. The manufacturer specified a 99% purity, parti-
cle size of approximately 50 nm, a density of 6.4 g/cm3,
a specific surface area of 20 m2/g, and appear as black
spherical crystalline structures.

3. Animal Experimental Design and
Protocols

A total of 72 healthy adult male Wistar rats, weighing
between 200–250 grams, were utilized in accordance
with established institutional and international animal
care and use guidelines. They were maintained in stan-
dard polycarbonate cages under controlled environ-
mental conditions, specifically a 12-hour light/12-hour
dark cycle, a stable ambient temperature of 22±2◦C,
and a relative humidity of 55%–60% (23).

Prior to the commencement of the experiments, an-
imals underwent a one-week period of acclimatization.
Following this period, they were randomly allocated
into four experimental groups, with each group com-
prising 18 animals (three replicates with n=6 each). All
substances were prepared using sterile normal saline,
and administered via intraperitoneal injection for a du-
ration of two consecutive weeks, with injections per-
formed once daily. The volume of administration for
all injections was consistently 1 mL (23).

Group 1 served as the control and received only
normal saline, whereas Groups 2, 3, and 4 were treated
with 30 mg/kg of thiamine, 25 mg/kg of CuO NPs, and
a combination of 30 mg/kg of thiamine and 25 mg/kg
of CuO NPs, respectively. The doses of 25 mg/kg for
CuO NPs and 30 mg/kg for thiamine were chosen based
on previous experimental studies. CuO NPs at 25–
35 mg/kg have been shown to induce testicular oxida-
tive damage in rodents (Naz et al., 2023). Thiamine
at comparable intraperitoneal doses has demonstrated
antioxidant and protective effects in rodent models of
oxidative stress (Amiri et al., 2018). The suspension of
CuO NPs was vigorously sonicated for 30 minutes im-
mediately prior to each daily administration to ensure
a homogeneous dispersion. The pH of all final solutions
and suspensions was carefully adjusted to 7.0−7.4.

At the end of the 14-day treatment period, rats were
weighed using a digital analytical balance (accurate to
0.01 g) prior to euthanasia. Both testes were carefully
excised from the scrotum, gently cleaned of surround-
ing tissues, and weighed individually using the same
balance. All weights were recorded as fresh, unfixed
tissue immediately after dissection to ensure accuracy.
Upon completion of the 14-day experimental period,
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blood samples for subsequent biochemical analysis were
collected from all animals via cardiac puncture (24).
Following blood collection, the rats were immediately
euthanized through the intraperitoneal administration
of 150 mg/kg of sodium pentobarbital (Sigma-Aldrich,
USA), and the testes were then carefully excised from
the scrotal sac for further tissue analyses (23).

4. Stereology

After excision of the testes and careful removal of
surrounding tissues, the primary volume (V primary)
of each testis was determined using the immersion
method (25). To achieve isotropic uniform random
(IUR) sampling, the Orientator method was applied.
Ten serial sections with a thickness of 5 m were ran-
domly selected per testis (25, 9).

For stereological analysis, ten slides per animal were
examined, and within each slide, ten non-overlapping
fields of view (FOV) were captured at 400× magnifica-
tion, resulting in a total of 100 FOV per animal (25, 9).
Volume densities (Vv) of seminiferous tubules, inter-
stitial tissue, primary spermatocytes, and spermatids
were quantified using the point-counting method, cal-
culated as the ratio of points hitting the structure of
interest to the total number of test points (25).

Tissue processing was performed using an auto-
mated processor (Leica TP 1020, Germany), and sec-
tions were stained with Hematoxylin and Eosin (H&E)
for standard histological evaluation. Ten randomly se-
lected slides per animal were examined, and within
each slide, ten distinct fields of view were captured, re-
sulting in 100 FOV per animal. Quantitative measure-
ments included seminiferous tubule diameter, germinal
epithelium height, and volume densities of seminiferous
tubules, interstitial tissue, primary spermatocytes, and
spermatids. All measurements were independently per-
formed by two blinded observers, and any discrepan-
cies were resolved through joint reevaluation to ensure
accuracy and reproducibility (25, 9).

After excision of the testes and careful removal of
surrounding tissues, the primary volume (V primary)
of each testis was determined using the immersion
method (25). To achieve isotropic uniform random
(IUR) sampling, the Orientator method was applied.
Ten serial sections with a thickness of 5 m were ran-
domly selected per testis (25,9).

5. The Number of Cells and the Diame-
ter of the Tubes

For the quantification of spermatogenic cells and mea-
surement of seminiferous tubule diameter, the same
sections used for stereological analysis were examined.
Ten randomly selected slides per animal were analyzed,
and within each slide, ten non-overlapping fields of

view (FOV) were systematically examined, resulting
in 100 FOV per animal (25, 9).

Primary spermatocytes and spermatids were iden-
tified and counted based on established morphological
criteria and their relative positions within the seminif-
erous tubules (9). Seminiferous tubule diameter was
measured using a calibrated ocular micrometer at 400×
magnification, consistent with the magnification used
for stereological assessment (25, 9).

All stereological parameters, including volume den-
sities of seminiferous tubules, interstitial tissue, pri-
mary spermatocytes, and spermatids, were recorded
for each tubule. This approach ensured that measure-
ments of tubule diameter and cell counts were directly
correlated with stereological observations.

All measurements and cell counts were indepen-
dently performed by two blinded observers to prevent
bias. Any discrepancies were resolved through joint
reevaluation to ensure accuracy and reproducibility
(25, 9). The resulting mean values provided reliable
and reproducible data for the assessment of testicular
structure, spermatogenic integrity, and the potential
protective effects of thiamine against CuO NP–induced
damage.

6. Antioxidant Enzyme Assessment

A colorimetric technique utilizing commercial kits (Na-
vand Salamat, Urmia, Iran) was employed to quantify
Catalase activity. The reaction mixture consisted of
30 mM phosphate buffer (pH 7.0), 2.9 mL of hydrogen
peroxide, and 0.1 mL of serum. The consumption of
hydrogen peroxide was monitored, and the absorbance
was measured at a wavelength of 550 nm (UNICO, SQ
2800, China). Catalase activity was expressed in units
per liter (U/L).

SOD Enzyme activity was measured using commer-
cial kits (Navand Salamat, Urmia, Iran), based on the
inhibition of pyrogallol autoxidation and expressed as
units per liter (U/L).

MDA is derived from the decomposition of polyun-
saturated fatty acids. A colorimetric assay was em-
ployed, based on the interaction between MDA and
thiobarbituric acid (TBA) to form a pink-colored com-
plex that can be measured spectrophotometrically at
532 nm. The TBA reagent was prepared by mix-
ing equal volumes of a 15% (v/v) trichloroacetic acid
(TCA) solution, a 0.375% (v/v) thiobarbituric acid so-
lution, and 0.25 N hydrochloric acid. A 2 mL aliquot
of the reagent was added to 1 mL of serum, and the
mixture was incubated in a boiling water bath for 50
minutes. After incubation, the sample was cooled for
10 minutes, then centrifuged at 1000 g for 10 minutes
at 4◦C. The absorbance of the supernatant was mea-
sured at 532 nm (UNICO, SQ 2800, China). The con-
centration of MDA was determined using the molar
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absorption coefficient in phosphate buffer (6).
The ferric reducing antioxidant power (FRAP)

method was used to quantify Total Antioxidant Ca-
pacity using spectrophotometry at a wavelength of 593
nm (UNICO, SQ 2800, China). This method was based
on the reduction of ferric ions to ferrous ions by the
reducing power of antioxidant compounds present in
plasma. The results are expressed as micromoles per
liter (mol/L).

7. Statistical Analysis

All data are presented as mean ± standard error of the
mean (SEM). Prior to statistical comparisons, datasets
were tested for normality using the Shapiro–Wilk test
and the homogeneity of variances among groups was
assessed using Levene’s test. Once the assumptions
of normality and equal variances were confirmed, one-
way analysis of variance (ANOVA) was performed, fol-
lowed by Tukey’s post-hoc test for multiple compar-
isons. Differences were considered statistically signifi-
cant at P<0.05.

8. Results

8.1. Histomorphometry

Histological examination of the control group revealed
a typical, compact architecture within the testicular
tissue. The seminiferous tubules were maintained a
dense structure and exhibited a demonstrably normal
spermatogenesis process. Specifically, the reproductive
epithelium lining the seminiferous tubules displayed
a regular, stratified arrangement. Proper cell-to-cell
junctions were clearly discernible between the differ-
ent germinal cell populations. The cellular layers were
organized in the expected sequential order, consist-
ing of basal spermatogonia, followed by spermatocytes,
spermatids, and finally, spermatozoa (mature sperm
cells). The intact cellular connectivity and the sequen-
tial stratification of the germ cells within these tubules
serve as evidence of the uninterrupted differentiation
of the primary germ line into mature gametes (Figs.
1(A) and 2(A1)).

Histological analysis of the group treated with
thiamine demonstrated testicular morphology highly
comparable to that of the control group. The semi-
niferous tubules maintained normal architecture and
the germinal cells within were arranged in a regu-
lar, orderly fashion. The unimpaired spermatogenic
process was observed, exhibiting a clear and sequen-
tial organization of the germ cell line. The tubules
were well-defined, containing a substantial population
of germ cells, which included the full sequence of devel-
opment from spermatogonia through to spermatozoa.
Additionally, the interstitial tissue presented a normal
configuration, and the intercellular spacing within the

tubules appeared normal. Overall, the thiamine group
showed no significant deviation from the control, con-
firming preserved spermatogenesis and structural in-
tegrity (Figs. 1(B) and 2(A2)).

Fig. 1. Light microscope photomicrograph of the tes-
ticular tissue from adult mice in the control A) and
thiamine B) groups; a normal shape of the seminifer-
ous tubules (yellow arrow) with a normal germ wall
(black arrow) along with the germ cell line ”primary
spermatocytes” (red arrow with magnification) is ob-
served; (magnification 200×, H&E staining).

CuO NPs-treated group revealed severe structural
and cellular anomalies within the testicular tissue, indi-
cating significant spermatogenic disruption. The sem-
iniferous tubules exhibited marked irregularities and
disorganization. A notable finding was the premature
sloughing of spermatogonia, spermatocytes, and sper-
matids into the tubular lumen, frequently accompanied
by a marked reduction in the density of these germ
cell populations. Crucially, the basal integrity of the
tubules was compromised, evidenced by the separation
and degeneration of spermatogonia from the basement
membrane. These pathological changes resulted in the
irregularity and disorganization of the reproductive ep-
ithelium, leading to a noticeable decrease in epithelial
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height and a corresponding enlargement of the sem-
iniferous tubule lumen. Furthermore, the interstitial
tissue surrounding the tubules was distinctly edema-
tous. Signs of acute inflammation were also evident,
including vascular congestion and widespread cellular
damage, characterized by eosinophilic cytoplasm and
pyknotic nuclei (Figs. 2(B1) and B2).

In the CuO NPs + Thiamine group, the majority
of the destructive changes and irregularities induced by
CuO NPs were reversed and ameliorated. As a result,
the reproductive epithelium of the seminiferous tubules
exhibited an almost normal structure (Figs. 2(C1) and
C2).

8.2. Stereology

The diameter of the seminiferous tubules in the CuO
NPs group was significantly reduced compared to the

control group. Conversely, the CuO NPs + Thiamine
group showed a significant increase in tubule diameter
when compared specifically to the CuO NPs group (P
<0.05). Regarding stereological parameters (Table 1),
the CuO NPs group exhibited, a significant decrease
in the mean volume density (Vv) of the seminiferous
tubules (60.25%±5.36) compared to the control group
(86.45% ±6.39) (P<0.05). Correspondingly, the Vv of
the interstitial tissue was significantly increased in the
CuO NPs group (36.17%±1.67) relative to the control
(9.43%±3.27) (P<0.05), reflecting severe tissue dam-
age and edema. Furthermore, the Vv of the germi-
nal cells, primary spermatocytes (17.34%±2.27) and
spermatids (21.2%±1.15), were both significantly de-
creased in the CuO NPs group compared to the control
(32.4% ±3.01 and 45.6% ±4.25) respectively (P<0.05).

Fig. 2. Light microscope photomicrograph of testicular tissue from adult mice in the control (A1, A2), CuO NPs
(B1, B2) and CuONPs+ Thiamine (C1, C2) groups. In the control group (A1, A2), the complete histological
structure of the seminiferous tubules (yellow arrow) with a normal germinal wall (black arrow) has been seen. In
the CuO NPS group (B1, B2), the germinal epithelium of the seminiferous tubules lost its integrity (yellow arrow)
and the spermatogenic cells of the germinal wall had disintegrated (blue arrow). In the CuO NPs+ Thiamine
(C1, C2) group, the germinal epithelium had largely maintained its normal structure and was improved (yellow
arrow; magnification 200×, H&E staining).
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Table 1
Mean volume densities (%) of seminiferous tubules, interstitial tissue, and germinal cells in all experimental groups.

Group
Group

Control Thiamine CuO NPs CuO NPs+ Thiamine

Parameters

Volume density (%)

Seminiferous tubules 86.45±6.39a 82.48±6.34a 60.25±5.36b 79.32 ± 6.54a

Interstitial tissue 9.43±3.27a 10.36±2.89a 36.17±1.67b 9.87±2.71a

Primary spermatocyte 32.4±3.01a 28.14±3.11a 17.34±2.27b 22.5±1.19a

Spermatids 45.6±4.25a 40.2±3.96a 21.2±1.15b 31.3±2.75a

a/b letters: Different letters indicate statistically significant differences between groups (P<0.05)

Table 2
Mean number of spermatocytes, spermatids, and seminiferous tubule diameter (m) in all experimental groups.

Group

Control Thiamine CuO NPs CuO NPs+ Thiamine

Diameter (µm)

Tubules 242±26a 240±25a 179±20b 237±18a

Number

Spermatocyte 23.4±2.04a 22.1±1.36a 11.6±1.02b 18.7±2.15a

Spermatid 47.2±3.58a 53.9±4.68 17.3±3.81 b 38.4±4.60a

a/b letters: Different letters indicate statistically significant differences between groups (P<0.05)

Table 3
Mean body weight and testes (gr) and diameter seminiferous tubules (µm) in all groups

Group

Control Thiamine CuO NPs CuO NPs+ Thiamine

Parameters

Weight (gr)

Testis 1.78±0.08a 1.71±0.08a 1.28±0.07b 1.62±0.09a

Body 210.4±4.3 a 224.4±4.4a 171.3±3.85b 207±4.5a

a/b letters: Different letters indicate statistically significant differences between groups (P<0.05)

In contrast, treatment with thiamine significantly
mitigated these adverse effects. The CuO NPs +
Thiamine group demonstrated a significant increase
and structural improvement in the Vv of the seminif-
erous tubules (79.32%±6.54), primary spermatocytes
(22.5%±1.19), and spermatids (31.3%±2.75) compared
to the CuO NPs group (P< 0.05). This recovery was
concurrently reflected by the significant decrease in
the Vv of the interstitial tissue (9.87% ±2.71) in the
combined treatment group compared to the CuO NPs
group (P<0.05) (Table 2).

Different letters (a&b) indicate significant differ-
ences between different treatment groups (P< 0.05);
data are presented as Mean ± SEM.

Additionally, there was a significant decrease in the
number of spermatocytes and spermatids in the CuO
NPs group compared to the control (P<0.05). In con-
trast, a significant increase in the number of sperma-
tocytes and spermatids was noted in the CuO NPs
+ Thiamine group compared to the CuO NPs group

(P<0.05) (Table 2).

8.3. Body and Testicle Weights

At the conclusion of the experiments, analysis revealed
no significant difference in the mean body weight or
mean testicular weight among the Control, Thiamine-
alone, and the CuO NPs+Thiamine co-administration
groups (p>0.05). Conversely, the CuO NPs group ex-
hibited a significant decrease in both mean body weight
and mean testicular weight when compared to all other
experimental groups (p<0.05).

8.4. Antioxidants Assesement

The Control and Thiamine-alone groups did not dif-
fer statistically in the measured CAT enzyme activ-
ity (0.05). Conversely, both the CuO NPs and the
CuO NPs + Thiamine groups exhibited a significant
decrease in enzyme activity when compared to both
the Control and Thiamine groups (0.05) (Table 4).
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Table 4
CAT changes (nm/ml) in the experimental groups.

Groups days
Control Thiamine CuO NPs CuO NPs+ Thiamine

14 176.7±11.89a 178.2±12.18a 145.2±8.36b 150.4±10.01b

P value p>0.05 p>0.05 P<0.05 p>0.05

a/b letters: Different letters indicate statistically significant differences between groups (P<0.05)

Table 5
SOD changes (nm/ml) in the experimental groups.

Groups days
Control Thiamine CuO NPs CuO NPs+ Thiamine

14 22/74±3/57a 22/74±3/57a 41/52±5/37b 29/71±4/28b

P value p>0.05 p>0.05 P<0.05 p>0.05

a/b letters: Different letters indicate statistically significant differences between groups (P<0.05)

Table 6
TAC changes (nm/ml) in the experimental groups.

Groups days
Control Thiamine CuO NPs CuO NPs+ Thiamine

14 0.12±0.02a 0.10±0.02a 0.08±0.01b 0.11±0.02a

P value p>0.05 p>0.05 P<0.05 p>0.05

a/b letters: Different letters indicate statistically significant differences between groups (P<0.05)

Table 7
MDA changes (nm/ml) in the experimental groups.

Groups days
Control Thiamine CuONPs CuONPs+ Thiamine

14 1.39±0.65a 1.42±0.76 3.67±0.37b 1.87±0.49a

P value p>0.05 p>0.05 P<0.05 p>0.05

a/b letters: Different letters indicate statistically significant differences between groups (P<0.05)

The SOD activity was not significantly differ nei-
ther between control and thiamine nor between CuO
NPs and CuO NPs + Thiamine groups (p>0.05). How-
ever, it was significantly higher in the CuO NPs and
CuO NPs + Thiamine groups than control and thi-
amine groups (p<0.05) (Table 5).

No significant difference was seen between con-
trol, thiamine and CuO NPs + Thiamine in the
TAC (P>0.05). However, it was significantly lower in
the CuO NPs group than other experimental groups
(P<0.05) (Table 6).

No significant difference was seen between control,
thiamine and CuO NPs + Thiamine in the MDA level
(P>0.05). Administration of CuO NPs resulted in a
significant increase in the level of MDA compared to
the control, thiamine and CuO NPs + Thiamine groups
(P<0.05). In contrast, the (CuO NPs + Thiamine)
group exhibited a significantly lower MDA level com-
pared to the CuO NPs group (P<0.05) (Table 7).

9. Discussion

In this study, exposure CuO NPs resulted in a sig-
nificant decline in body weight and testicular mass.

Nanoparticles such as CuO NPs, owing to their ex-
tremely small size, can readily traverse cellular mem-
branes including barriers such as the blood-testis bar-
rier and accumulate in tissues, triggering oxidative
stress and inflammatory responses that can lead to
hepatotoxicity, neurotoxicity, and reproductive injury.
Gastrointestinal absorption and accumulation of CuO
NPs may also provoke digestive disturbances, impaired
nutrient uptake, anorexia, negative energy balance,
and consequential weight loss (1, 2).

In addition to the direct oxidative and inflamma-
tory effects of CuO NPs on testicular tissue, the ob-
served reduction in body weight likely contributed
to the decreased testicular weight and spermatogenic
damage. Systemic weight loss may reflect impaired
nutrient absorption, lower energy availability, and re-
duced blood flow to peripheral organs, including the
testes (1,3,4). These factors can exacerbate testicu-
lar atrophy and make germ cells more susceptible to
oxidative stress, further compromising spermatogene-
sis. Therefore, the combined impact of systemic en-
ergy deficiency and direct nanoparticle-induced oxida-
tive damage provides a more comprehensive explana-
tion for the reductions in testis mass and germ cell
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populations observed in the CuO NPs group.
The reproductive system is especially vulnerable to

nanoparticulate toxicity. Germ cells undergo rapid mi-
totic and meiotic divisions and have elevated metabolic
demands, which amplify their sensitivity to toxic in-
sults. Moreover, the nanoscale transformation of CuO
particles alters their physicochemical properties—such
as increased surface area, solubility, and membrane
permeability thereby facilitating intracellular uptake
and intensifying cytotoxicity (3).

Accumulation of nanoparticles within testicular tis-
sue can induce histological damage; apoptosis, necrosis,
and degenerative changes, that disrupt the spermato-
genic lineage and reduce populations of spermatogonia,
spermatocytes, and spermatids. Because testis mass
is largely a function of differentiated germ cells and
seminiferous epithelium, suppression of spermatogene-
sis, impairment of Sertoli cell support, or reduction in
seminiferous tubular fluid can all contribute to testicu-
lar weight loss. In addition, interference with androgen
production or anti-androgenic effects of CuO NPs may
further reduce the weight of accessory reproductive or-
gans (4, 5).

CuO NPs may disrupt endocrine regulation by
inhibiting pituitary gonadotropins (FSH and LH),
thereby hindering testosterone synthesis, a hormone
critical for spermatogenesis and maintenance of acces-
sory sex organs. Elevated ROSs and protein oxida-
tion can damage Leydig cells, while downregulation of
steroidogenic acute regulatory protein (StAR) expres-
sion can limit cholesterol transport into mitochondria,
further impairing steroidogenesis (6).

Oxidative stress is a predominant mechanism un-
derlying CuO NP toxicity. These nanoparticles pro-
voke a concentration-dependent increase in intracellu-
lar ROSs, which can oxidatively damage DNA, pro-
teins, and lipids. Dissolution of CuO NPs releases free
copper ions that participate in redox cycling, further
amplifying ROSs production. This oxidative onslaught
depletes cellular antioxidants e.g. glutathione, cata-
lase, superoxide dismutase, elevates lipid peroxidation
such as increased MDA, and ultimately precipitates
cell injury and apoptosis (7, 8). Additionally, oxida-
tive modifications such as protein carbonylation may
disrupt normal cellular processes, and sustained acti-
vation of inflammatory pathways can exacerbate tissue
damage (9).

Our results indicate that thiamine can ameliorate
many of these deleterious effects. As an antioxidant,
thiamine may enhance the activity of key enzymes e.g.
catalase and SOD, scavenge free radicals, reduce lipid
peroxidation, thus lowering MDA, and attenuate in-
flammatory responses, thereby helping to maintain cel-
lular integrity in reproductive tissues (10, 11). Thi-
amine’s role as a ligand in transport processes may
facilitate its cellular uptake and antioxidant defense
against ROSs and nanoparticle-induced stress (10).

Beyond its redox-modulating effects, thiamine
might contribute to restoring hormonal balance dis-
rupted by nanoparticle exposure. By decreasing ox-
idative stress, it may stabilize gene expression within
steroidogenic pathways and support hormone synthe-
sis, thus mitigating disturbances in the hypothalamic-
pituitary-gonadal axis. Thiamine’s antioxidant prop-
erties may also protect signaling pathways in Leydig,
Sertoli, and germ cells from ROSs-induced dysregula-
tion, preserving functions essential for spermatogenesis
and endocrine homeostasis (12).

10. Conclusion

Exposure to CuO nanoparticles provoked significant
histological and stereological damage in male repro-
ductive tissues, including reduced seminiferous tubule
diameter, lowered sperm density, disorganization of the
reproductive epithelium, enlarged tubular lumens, in-
terstitial edema, and depletion of spermatogenic cell
populations, primarily attributable to oxidative stress
and ROSs-mediated injury. Thiamine administration
alleviated CuO NP–induced reproductive damage by
preserving testicular structure and function through
its antioxidant, anti-inflammatory, and endocrine-
stabilizing effects, suggesting its potential as a ther-
apeutic agent against nanoparticle-induced toxicity.
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