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INTRODUCTION

Cyclophosphamide (CTX) is a prodrug alkylating
malignant and
autoimmune diseases, while ionizing radiation

agent widely used to treat

ABSTRACT

Background: To determine whether graded X-ray irradiation intensifies
cyclophosphamide (CTX)-associated cytotoxic, oxidative, iron-related, and nuclear
factor erythroid 2-related factor 2 (NRF2) and glutathione peroxidase 4 (GPX4)
transcriptional changes in GC-2spd mouse spermatocyte-derived cells. Materials and
Methods: GC-2spd cells were evaluated in three experimental series: CTX dose-
response testing (0-400 uM), irradiation alone (0, 2, 4, or 8 Gy), and irradiation on a
fixed 50 uM CTX background (0, 2, 4, or 8 Gy). For the fixed-CTX series, cells were
exposed to CTX for 2 h before irradiation and maintained in CTX-containing medium
for 48 h. All cellular, biochemical, and transcriptional endpoints were assessed 48 h
after sham irradiation or irradiation. Results: CTX and X-ray irradiation each reduced
cell viability in a concentration- or dose-dependent manner. On a fixed 50 uM CTX
background, increasing radiation dose further reduced viability and increased
apoptosis. Irradiation also increased malondialdehyde, total iron, and Fe?* levels,
decreased superoxide dismutase activity, and further reduced NRF2 and GPX4 mRNA
expression in CTX-exposed cells, with the clearest changes at 4 and 8 Gy. These
findings indicate ferroptosis-associated biochemical and transcriptional changes, but
do not establish ferroptotic cell death or a CTX-radiation interaction. Conclusion:
Graded X-ray irradiation intensified CTX-associated cytotoxicity, oxidative stress, iron
dysregulation, and NRF2/GPX4 transcript suppression in GC-2spd cells. Direct lipid-
peroxidation assays, protein-level pathway assessment, ferroptosis-rescue
experiments, validated CTX bioactivation, and a factorial interaction design are
required before causal ferroptosis or radiosensitization can be concluded.

peroxidative injury also occurs in normal germ-cell
systems. Nuclear factor erythroid 2-related factor 2
(NRF2) coordinates antioxidant and iron-handling
programs, whereas glutathione peroxidase 4 (GPX4)
limits phospholipid hydroperoxide accumulation (15-

remains a cornerstone of cancer therapy. Both 17), Altered NRF2/GPX4 signaling may therefore

modalities can impair male reproductive function,
with reported consequences including reduced sperm
counts, impaired motility, and infertility (1-4.

Reactive CTX metabolites, including acrolein,
contribute to oxidative injury (5-7), whereas ionizing
radiation causes direct macromolecular damage and
generates reactive oxygen species (ROS), including
through water radiolysis ). Although oxidative stress
is well recognized in  treatment-related
gonadotoxicity, the contribution of non-apoptotic
regulated cell-death pathways during combined
exposure remains incompletely characterized.

Ferroptosis is a regulated form of cell death driven
by iron-dependent phospholipid peroxidation and
failure of cellular antioxidant defenses (-11). lonizing
radiation can trigger ferroptosis in tumor models (12-
14), raising the question of whether related lipid-

accompany ferroptosis susceptibility, although
transcript measurements alone do not establish
pathway activity or ferroptotic cell death.

Ferroptosis has been implicated in cisplatin-
induced Sertoli-cell injury (18 and in radiation
responses in other cell systems (19). However, whether
graded ionizing radiation intensifies CTX-associated
ferroptosis-related alterations in spermatocyte-
derived cells remains unclear. The novelty of the
present study lies in integrating graded X-ray
irradiation with a fixed CTX exposure in GC-2spd cells
and simultaneously characterizing cytotoxicity,
apoptosis, oxidative-stress indices, cellular iron
status, and Nfe2l2/Gpx4 transcriptional responses.
This approach provides a cell-specific framework for
examining whether irradiation aggravates the
oxidative and iron-related phenotype associated with
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CTX exposure in spermatocyte-derived cells.
Accordingly, we first characterized the individual CTX
and radiation dose responses and then evaluated
graded irradiation in cells maintained on a fixed 50
uM CTX background. The study was designed as an
exploratory in vitro assessment of ferroptosis-
associated changes rather than a definitive
demonstration of  ferroptotic cell death,
pharmacologic synergy, or radiosensitization.

MATERIALS AND METHODS

Cell culture and experimental treatments

Procell Life Science & Technology Co. Ltd.
(Wuhan, China) provided the mouse spermatocyte-
derived GC-2spd cell line, which was utilized as an in
vitro model. High-glucose Dulbecco's modified Eagle
medium (DMEM; Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) was
used to cultivate the cells at 37°C in a humidified 5%
CO2 incubator. After cell confluence reached 80%-
90%, cells were detached for culturing using 0.25%
trypsin (Gibco, Thermo Fisher Scientific, USA). Cells
in the logarithmic growth phase were sown at the
proper density and left to adhere overnight prior to
experimental treatment.

To determine appropriate cyclophosphamide
(CTX) concentrations, a preliminary dose-range
experiment was conducted using CTX (HY-17420,
MedChemExpress, USA) at 0, 25, 50, 100, 200, and
400 puM for 48 h. At the end of the 48-h treatment
period, cell viability was assessed using the Cell
Counting Kit-8 (CCK-8; FC101-03, TransGen Biotech
Co., Ltd, Beijing, China), and the half-maximal
inhibitory concentration (ICs,) was calculated. Based
on the results, formal experiments included CTX at
25,50, and 100 puM.

For irradiation experiments, cells were plated
overnight before treatment and then exposed to X-
rays using an X-RAD 320 irradiator (Precision X-Ray
Inc, USA) at a dose rate of 2 Gy/min at room
temperature. Doses of 0 (sham-irradiated control), 2,
4, and 8 Gy were delivered. Immediately after
irradiation, cells were returned to the incubator and
maintained for 48 h before outcome assessment.

For the fixed-CTX irradiation experiments, cells
were exposed to 50 pM CTX for 2 h before irradiation
at 0 (sham), 2, 4, or 8 Gy. Following irradiation, cells
were maintained in CTX-containing medium for an
additional 48 h, after which the specified cellular,
biochemical, and transcriptional endpoints were
assessed. CTX is a prodrug that requires metabolic
activation; the bioactivation capacity of GC-2spd cells
was not verified in this study, so the observed effects
may reflect limited conversion to active metabolites.
Because a full CTX-by-radiation factorial design was

not employed, no formal synergy or interaction was
inferred. When appropriate, the control group was
subjected to sham irradiation and fed complete
medium containing an equivalent volume of sterile
normal saline. There were at least three separate
biological replicates in each experimental group.
There were no human subjects nor live animals
involved.

Post-treatment sample collection and outcome
measurements

At the end of the 48-hour post-treatment period,
cell viability was assessed using the Cell Counting Kit-
8 (CCK-8; FC101-03, TransGen Biotech Co., Ltd.,
Beijing, China). GC-2spd cells were seeded in 96-well
plates at a density of 5 x 10> cells/well in 100 uL of
complete medium per well prior to treatment. Cells
were allowed to adhere overnight before treatment.
Following the designated treatments, 10 pL of CCK-8
reagent was added to each well, and the plates were
incubated at 37°C for two hours. The absorbance at
450 nm was measured using a microplate reader
(BioTek Instruments, USA). Wells containing growth
medium and CCK-8 reagent but devoid of cells were
called blanks. Relative cell viability was calculated
using the formula cell viability (%) = [(A_treated -
A blank)/(A_control - A_blank)] x 100. The mean
value of the technical replicates was used for each
independent biological experiment.

For apoptosis analysis, cells were harvested 48 h
after treatment. Both floating and adherent cells were
collected to minimize the loss of detached apoptotic
cells; adherent cells were detached using 0.25%
trypsin without EDTA. The collected cells were
washed twice with cold phosphate-buffered saline
(PBS) and resuspended in 1x Annexin V binding
buffer at a concentration of approximately 1 x 10°
cells/mL. An aliquot of 100 uL of the cell suspension
(approximately 1 x 10° cells) was transferred to a
flow-cytometry tube, followed by the addition of 5 pL
of PE-conjugated Annexin V and 5 pL of 7-
aminoactinomycin D (7-AAD) from the PE Annexin V
Apoptosis Detection Kit 1 (Cat. No. 559763, BD
Biosciences, USA). Samples were gently mixed and
incubated for 15 min at room temperature in the
dark. Subsequently, 400 pL of 1x binding buffer was
added to each tube, and samples were analyzed
within 1 h using a FACSCalibur flow cytometer (BD
Biosciences, USA).

Unstained cells and single-stained controls were
used to establish fluorescence compensation and
quadrant boundaries. A minimum of 10,000 events
was acquired per sample after exclusion of debris
based on forward- and side-scatter characteristics.
Data were analyzed using CellQuest Pro software (BD
Biosciences, USA). PE Annexin V-negative/7-AAD-
negative cells were considered viable, whereas PE
Annexin  V-positive/7-AAD-negative cells were
classified as early apoptotic cells. The reported total
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apoptotic fraction was calculated as the sum of early
and late apoptotic/Annexin V-positive populations.

For biochemical analyses, cells were collected 48 h
after treatment, resuspended in PBS, lysed by
sonication on ice using a sonicator, and centrifuged at
12,000 x g for 10 min at 4°C using a refrigerated
centrifuge. The resulting supernatants were used for
biochemical measurements. To measure the amount
of malondialdehyde (MDA), the thiobarbituric acid
reactive compound method (A003-1-2) was used
(Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). In order to assess the activity of total
superoxide dismutase (T-SOD), a T-SOD assay kit
(A001-3-1, Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) was used. A total cellular
iron measurement kit (E-BC-K880-M, Elabscience
Biotechnology Co., Ltd.,, Wuhan, China) and a ferrous
iron measurement kit (E-BC-K881-M, Elabscience
Biotechnology Co., Ltd, Wuhan, China) were used
according to the manufacturer's instructions. To
normalize the protein quantity, bicinchoninic acid
(BCA) protein assay kit (P0011, Beyotime
Biotechnology, Shanghai, China) was used.

Total ribonucleic acid (RNA) was extracted from
cell pellets using TRIzol reagent (Invitrogen, Thermo
Fisher Scientific, Carlsbad, CA, USA) in accordance
with the manufacturer's instructions for gene-
expression analysis. The cells were harvested 48
hours after treatment. A NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, USA)
was used to measure the RNA content and purity.
samples with an A260/A280 ratio between 1.8 and
2.0. were applied to the reverse transcription that
followed. Agarose-gel electrophoresis was used to
evaluate RNA integrity.Using 5X All-In-One RT Master
Mix (G492, Applied Biological Materials [ABM],
Canada), first-strand complementary DNA (cDNA)
was created from 1 pg of total RNA using the
following program: 25°C for 10 minutes, 42°C for 50
minutes, and 85°C for 5 minutes.

EvaGreen Express 2x qPCR Master Mix-Low Rox
(G891, Applied Biological Materials [ABM], Canada)
was used for real-time quantitative PCR on a
LightCycler® 480 System (Roche, Switzerland). Each
reaction comprised 10 pL of 2x qPCR MasterMix, 0.6
uL of 10 uM forward primer, 0.6 pL of 10 uM reverse
primer, 1 pL of cDNA template, and nuclease-free
water to a final volume of 20 uL for the 20-uL
reaction setup. The cycling regimen comprised 40
cycles of 95°C for 15 seconds and 60°C for 60 seconds
after an initial denaturation at 95°C for 10 minutes.
The amplification specificity was then evaluated
using a melting-curve analysis from 65°C to 95°C.
Each assay had to have a single dominating melting
peak in order to be accepted. All reactions were
performed in triplicate.

Quantification cycle (Ct) values obtained from
technical triplicates were averaged for each biological
replicate before subsequent calculations. Expression

of the target genes was normalized to the reference
gene Actb. For each sample, ACt was calculated as
Ct_target — Ct_Actb. The AACt value was then
calculated as ACt treated - ACt_calibrator, and
relative gene expression was expressed as 2 AACt.
For irradiation-only experiments, the sham-irradiated
0-Gy group served as the calibrator and was assigned
a relative expression value of 1. For the fixed-CTX
irradiation experiments, the 50 pM CTX plus sham-
irradiation group served as the calibrator and was
assigned a value of 1. Technical replicates were
averaged before statistical analysis, and independent
biological replicates constituted the statistical unit.
Primer sequences, RefSeq accession numbers, and
corresponding amplicon sizes are presented in table
1. All primers were synthesized by Sangon Biotech
Co., Ltd. (Shanghai, China).
Table 1. Primer sequences used for quantitative reaktime PCR.
RefSeq Forward Reverse Product
accession| primer (5'->3’) | primer (5'>3’) |size (bp)
NM_0109| CAGCATAGAG- |GAACAGCGGTAG-

Gene

Nfe2lZ 55 4~ |cAGGACATGGAG| TATcAGCcAG | 107
Gowg | \M_00BIGCAATGAGGCAA CTTGATTACTT- | o0
624 | AACTGACG | CCTGGCTCCTG
NM_0073| AAGAGCTATG- | TACGGATGTC -

Actb 160

93.5 AGCTGCCTGA
Statistical analysis

The information is displayed as mean * standard
deviation (SD). GraphPad Prism 9.0 (GraphPad
Software, San Diego, CA, USA) was used for all
statistical analyzes. One-way analysis of variance
(ANOVA) was used to compare various groups, and
Tukey's post-hoc test was used for pairwise
comparisons. Before ANOVA, normality and
homogeneity of variance were assessed using the
Shapiro-Wilk test and Levene's test, respectively. Each
experiment employed at least three different
biological replicates, and the technical replicates were
averaged. P < 0.05 was regarded as statistically
significant, and all tests were two-tailed. No formal
interaction or synergy analysis was carried out as the
combination groups were not created using a
complete factorial design.

AACGTCACAC

RESULTS

CTX and radiation reduce cell viability

The 48-h CTX concentration-response experiment
yielded an estimated ICso of 109.3 uM (figure 1A).
CTX at 25, 50, and 100 pM progressively reduced cell
viability relative to vehicle control (figure 1B). In the
irradiation-only experiment, cell viability was
assessed 48 h after sham irradiation (0 Gy) or
exposure to 2, 4, or 8 Gy. Compared with the 0-Gy
sham-irradiated, non-irradiated reference group,
irradiation caused a dose-dependent reduction in cell
viability, with the 8-Gy group retaining approximately
48% of the sham-control value (figure 1C). These
results confirm that both modalities produce graded
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cytotoxicity in GC-2spd cells, providing a basis for the
fixed-CTX combination experiments described below.
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Figure 1. Effects of cyclophosphamide and X-ray irradiation on
GC-2spd cell viability. (A) The concentration-response curve
for cyclophosphamide (CTX) after 48 hours of exposure to 0,
25, 50, 100, 200, or 400 uM CTX; the estimated half-maximal
inhibitory concentration (ICe") was 109.3 puM. (B) Relative cell

viability following exposure to 0, 25, 50, or 100 uM CTX for 48
hours. (C) Relative cell viability assessed 48 hours following X-
ray irradiation at 2, 4, or 8 Gy or sham irradiation (0 Gy; non-

irradiated reference). (D) Relative cell viability in cells exposed
to a fixed dose of 50 pM CTX evaluated 48 hours after sham

irradiation or irradiation at 2, 4, or 8 Gy. The Cell Counting Kit-
8 (CCK-8) test was used to measure cell viability, which was
then expressed in relation to the appropriate control group.
Data are presented as mean # standard deviation (SD); n =5

independent biological replicates for panels Aand Band n =3

independent biological replicates for panels C and D. In panel
B, *P < 0.05 and ***P < 0.001 versus the vehicle control. In
panels Cand D, *P < 0.05, ***P < 0.001, and ****P < 0.0001

versus the first group within the corresponding panel.

Radiation increases cytotoxicity and apoptosis

On a fixed 50 pM CTX background, cell viability
was assessed 48 h after sham irradiation or exposure
to 2, 4, or 8 Gy. Relative to the 50 uM CTX plus sham-
irradiation group, which served as the non-irradiated
reference, 2, 4, and 8 Gy progressively reduced cell
viability, with the greatest reduction observed after 8
Gy (figure 1D). Because the fixed-CTX series did not
include a complete factorial comparison, these data
demonstrate an irradiation dose response in CTX-
exposed cells but do not establish a CTX-radiation
interaction.

Apoptosis was quantified 48 h after sham
irradiation or irradiation on the fixed 50 uM CTX
background. Compared with the 50 pM CTX plus
sham-irradiation reference group, the apoptotic
fraction increased progressively after 2, 4, and 8 Gy,
with the largest increases observed after 4 and 8 Gy
(figure 2A and B). Thus, apoptosis contributes to the
radiation-associated loss of viability in CTX-exposed
cells and should be distinguished mechanistically
from ferroptotic cell death.
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Figure 2. Radiation increases apoptosis in CTX-exposed GC-
2spd cells. GC-2spd cells were kept in CTX-containing media
for an extra 48 hours after being subjected to 50 uM
cyclophosphamide (CTX) for two hours prior to sham
irradiation (0 Gy) or X-ray irradiation at 2, 4, or 8 Gy.
Phycoerythrin-conjugated Annexin V (Annexin V-PE) and 7-
aminoactinomycin D (7-AAD) were used in flow cytometry to
measure apoptosis. (A) Typical flow-cytometry plots of
Annexin V-PE/7-AAD from the 50 uM CTX + sham, CTX + 2 Gy,
CTX + 4 Gy, and CTX + 8 Gy groups. (B) Using the gating
technique outlined in the Methods, the overall apoptotic
fraction 48 hours after irradiation was determined from the
Annexin V-positive apoptotic populations. The non-irradiated
reference group was the 50 uM CTX plus sham-irradiation
group. Data are presented as mean + SD from three
independent biological replicates (n = 3). *P < 0.05 and ****p
< 0.0001 versus the 50 uM CTX plus sham-irradiation group.

Radiation increases oxidative stress and iron
dysregulation

Biochemical endpoints were measured 48 h after
sham irradiation or irradiation. In the irradiation-only
experiment, the 2-Gy group did not differ significantly
from the 0-Gy sham-irradiated reference group in
MDA content, SOD activity, total iron, or Fe?* levels,
whereas 4 and 8 Gy increased MDA, total iron, and
Fe?* and decreased SOD activity. On the fixed 50 uM
CTX background, the same endpoints were assessed
48 h after sham irradiation or exposure to 2, 4, or 8
Gy. Relative to the 50 pM CTX plus sham-irradiation
reference group, 2 Gy produced no significant change
in these four indices, whereas 4 and 8 Gy increased
MDA, total iron, and Fe?* and decreased SOD activity
(figure 3A-D). The largest changes occurred after 8
Gy. These findings indicate irradiation dose-related
oxidative stress and iron dyshomeostasis that are
compatible with, but not specific to, ferroptosis.

Radiation suppresses Nfe2l2 and Gpx4 expression
Gene-expression measurements were performed
48 h after sham irradiation or irradiation. In the
irradiation-only experiment, Nfe212 mRNA expression
was reduced after 2, 4, and 8 Gy relative to the 0-Gy
sham-irradiated reference group, whereas Gpx4
mRNA expression was significantly reduced after 4
and 8 Gy. On the fixed 50 uM CTX background, Nfe2I2
and Gpx4 mRNA expression was assessed 48 h after
sham irradiation or exposure to 2, 4, or 8 Gy. Relative
to the 50 pM CTX plus sham-irradiation reference
group, increasing irradiation dose progressively
reduced Nfe2l2 and Gpx4 mRNA expression (figure
4A and B), with the most pronounced reductions
observed after 8 Gy. These transcriptional changes
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accompanied the oxidative and iron-related
phenotype; however, mRNA levels alone do not
confirm suppression of NRF2/GPX4 pathway activity
protein abundance, NRFZ nuclear localization, GPX4
enzymatic activity, or functional rescue data would be
required for that conclusion.
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Figure 3. Radiation aggravates oxidative stress and iron
dysregulation in CTX-exposed GC-2spd cells. C-2spd cells were
kept in CTX-containing media for an extra 48 hours after being

exposed to 50 uM cyclophosphamide (CTX) for two hours
prior to either sham irradiation (0 Gy) or X-ray irradiation at 2,
4, or 8 Gy. Malondialdehyde (MDA) content, superoxide
dismutase (SOD) activity, total cellular iron, and ferrous iron
(Fe?*) levels were examined 48 hours after irradiation. Total
iron and Fe2+ readings were normalized to cell number, while
MDA and SOD values were standardized to total protein
content. The non-irradiated reference group was the 50 uM
CTX plus sham-irradiation group. Three independent biological
replicates (n = 3) of the data are displayed as mean % SD. ns,
not significant; **P < 0.01, ***P < 0.001, and ****P < 0.0001
versus the 50 uM CTX plus sham-irradiation group.
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Figure 4. CTX and radiation reduce NRF2 and GPX4 mRNA
levels in GC-2spd cells. GC-2spd cells were kept in CTX-
containing media for an extra 48 hours after being subjected
to 50 uM cyclophosphamide (CTX) for two hours prior to sham
irradiation (0 Gy) or X-ray irradiation at 2, 4, or 8 Gy. 48 hours
after radiation, the relative mRNA expression of (A) Nfe2l2 and
(B) Gpx4 was assessed by quantitative real-time PCR. With the
50 uM CTX plus sham-irradiation group acting as the non-
irradiated calibrator and a relative expression value of 1,
expression was normalized to Actb (B-actin) and computed
using the 2-AACt technique. Three independent biological
replicates (n = 3) of the data are displayed as mean % SD.
***%¥p < 0.0001 and **P < 0.01 in comparison to the 50 uM
CTX with sham-irradiation group.

DISCUSSION

Taken together, the observed pattern is consistent
with an oxidative and iron-dysregulation phenotype
that may increase susceptibility to ferroptosis;
however, the current endpoints are insufficient to
establish ferroptotic cell death (20-25),

Recent studies in spermatocyte models provide
biological support for this interpretation. Wang et al.
reported iron overload and lipid peroxidation in
spermatocytes following PM2.5 exposure, with
cellular injury attenuated by deferoxamine and
ferrostatin-1, whereas Li et al demonstrated
ferroptosis-associated spermatogenic injury in GC-
2spd cells involving functional regulation of GPX4 (6.
27),  Therefore, rather than being evidence of
ferroptotic cell death, the current findings should be
understood as ferroptosis-associated alterations (19).

The increase in Fe?* provides a plausible
biochemical route to lipid peroxidation through iron-
catalyzed radical generation (2830). In parallel,
reduced GPX4 transcripts may indicate diminished
antioxidant capacity.

Consistent with this interpretation, a recent study
of ionizing-radiation injury in endothelial cells linked
ferroptosis-related damage to alterations in MDA,
SOD, Fe?*, and the SLC7A11/GPX4 antioxidant
system; importantly, that study also incorporated
protein-level and ferroptosis-modulating evidence
beyond bulk oxidative-stress markers (1.32),

The dose-dependent changes observed after
adding irradiation to a fixed CTX background suggest
that radiation aggravates the cellular phenotype
under these conditions. However, the design does not
compare all CTX and radiation dose combinations
within a single factorial experiment; it therefore
cannot distinguish independent radiation effects
from a true CTX-by-radiation interaction, nor can it
establish additivity, synergy, or radiosensitization.

An important methodological consideration is
that CTX is a prodrug whose canonical cytotoxicity
depends on metabolic activation to 4-
hydroxycyclophosphamide and downstream reactive
metabolites @1). In a recent study, Liao et al
demonstrated CTX-associated ferroptotic injury in
Leydig cells and showed that ferrostatin-1 and
deferoxamine attenuated CTX-induced testicular and
Leydig-cell abnormalities (22). This provides evidence
linking CTX exposure to ferroptosis-related
reproductive injury, but it does not resolve the
bioactivation issue in the GC-2spd monoculture used
here. The metabolic capacity of GC-2spd cells was not
established in the present study. The observed
concentration-response relationship confirms
exposure-associated effects but does not identify the
active chemical species. Future experiments should
verify CTX bioactivation in this system or use a
defined active metabolite such as
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4-hydroperoxycyclophosphamide, with matched
solvent and handling controls.

Recent evidence specifically from spermatocytes
strengthens the mechanistic relevance of GPX4. Li et
al. reported that triptolide promoted GPX4
degradation in mouse spermatocytes and GC-2spd
cells; GPX4 deletion aggravated ferroptotic injury,
whereas GPX4 overexpression mitigated it (27). In
contrast, the present study measured only Gpx4
mRNA, and reduced transcript abundance cannot
establish reduced GPX4 protein content or enzymatic
activity.

Direct assessment of lipid peroxidation - for
example, using the lipid peroxidation-sensitive
fluorescent probe C11-BODIPY 581/591 - together
with rescue by ferrostatin-1, liproxstatin-1, or an iron
chelator, is required to determine whether the loss of
viability is ferroptosis dependent. Demonstrating
involvement of the NRF2/GPX4 axis would require
assessment of NRF2 nuclear localization, NRF2 and
GPX4 protein levels, downstream targets such as
SLC7A11, GCLC, and ferritin, and preferably gain- or
loss-of-function rescue experiments (15 16, 33),

The coexistence of reduced antioxidant capacity
and increased cellular iron is biologically coherent
with greater susceptibility to lipid peroxidation.
Nevertheless, SOD activity and bulk iron
measurements cannot identify the membrane
phospholipid species involved or establish the lethal
lipid-peroxidation  threshold characteristic  of
ferroptosis. These biochemical measurements should
therefore be integrated with direct lipid-ROS assays
and cell-death rescue experiments.

Similar radiation-associated shifts in oxidative
balance have been reported in IJRR studies. Kamal El-
Dein and Anees observed increased lipid-
peroxidation indices together with reduced
antioxidant defenses following y-irradiation-induced
testicular injury, while Ogbanya et al. reported dose-
related reductions in SOD, GPx, and CAT and
increased MDA after CT radiation exposure (4 34),

Clinically, chemotherapy and radiotherapy can
both contribute to gonadal injury (%3, 20,25), but the
present single-cell-line model does not reproduce
hepatic CTX metabolism, the testicular
microenvironment, fractionated radiotherapy, or
clinical exposure schedules. The current findings
identify a candidate mechanism for further study
rather than a basis for recommending ferroptosis-
directed fertility protection.

This study has several limitations. It used one
immortalized mouse spermatocyte-derived cell line
and did not reproduce the testicular
microenvironment, Sertoli-cell support, the blood-
testis barrier, or in vivo pharmacokinetics. CTX
bioactivation was not verified. Ferroptosis-specific
rescue, direct lipid-ROS measurements,
ultrastructural assessment, and NRF2/GPX4 protein
or activity assays were not performed. The fixed-CTX

irradiation series lacked a complete factorial design
and could not test interaction or radiosensitization.
Apoptosis after irradiation alone was not quantified
in the current dataset. In addition, all cellular
biochemical, and transcriptional endpoints were
assessed at a single 48-h post-treatment time point,
precluding evaluation of the temporal sequence and
persistence of the observed changes. These
limitations preclude causal claims regarding
ferroptosis, NRF2/GPX4 signaling, or CTX-radiation
interaction.

CONCLUSION

In summary, CTX and X-rays both caused dose-
dependent cellular damage, and the effects of graded
radiation were potentiated in the presence of a 50 uM
CTX background, as evidenced by cytotoxicity,
oxidative stress, iron-mediated changes, and NRF2/
GPX4 transcriptional changes. The findings suggest
the need for future studies on ferroptosis as a
possible mechanism for CTX/radiation-induced
spermatocyte cell death. To make definitive
conclusions regarding the mechanisms of action, CTX
activation must be verified along with the following:
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