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ABSTRACT

Spermatogonial stem cells (SSCs) are essential for male fertility but are highly
vulnerable to oxidative damage during cryopreservation. This study investigated
whether short-term antioxidant treatment during early post-thaw recovery
improves SSC viability and function. Murine germ cells enriched for SSCs were
cryopreserved and treated with N-acetylcysteine for 12 h immediately after
thawing, followed by 6.5 days of culture without supplementation. Treatment
with 0.4 mM N-acetylcysteine significantly enhanced post-thaw proliferation
(128.2 £ 6.9%, p < 0.05) compared with vehicle control. Comparable to o-
tocopherol, N-acetylcysteine markedly reduced intracellular reactive oxygen
species concentrations to near-baseline levels and attenuated the activation of
apoptosis-related proteins, including FAS, caspase-8, cytochrome c, and caspase-
3/7. Importantly, N-acetylcysteine - treatment preserved undifferentiated
spermatogonia marker expression and significantly increased functional recovery
in vivo, as demonstrated by a higher total number of SSC-derived colonies
following transplantation (889.7 + 686.4 vs. 1903.5 + 1616.9 colonies, p < 0.05).
Collectively, these findings identify early post-thaw redox modulation as a critical
determinant of SSC recovery and establish N-acetylcysteine treatment as a
practical adjunct to cryopreservation protocols for fertility preservation in animal
reproduction.

Keywords: Spermatogonial stem cells; Cryopreservation; Post-thaw recovery;

Oxidative stress; N-acetylcysteine; Fertility preservation
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1. Introduction

Spermatogonial stem cells (SSCs) are undifferentiated male germline
stem cells that reside in the testicular niche and are essential for lifelong
spermatogenesis [1]. Through asymmetric division, SSCs maintain the stem cell
pool while generating differentiated germ cells that eventually develop into
mature spermatozoa [2-6]. Their preservation is critical for sustaining male
fertility and enabling the transmission of genetic information across generations.
Given the increasing impact of environmental and societal factors on male fertility,
preserving SSCs as a strategy for maintaining long-term fertility has become
increasingly important [7].

Cryopreservation plays a central role in SSC-based fertility preservation,
particularly in prepubertal males, a concern shared across clinical and animal
reproductive contexts. Cryopreservation enables SSC long-term storage and
offers the potential for subsequent autologous transplantation [8-10]. Despite its
promise, cryopreservation often results in considerable cellular damage owing to
extreme temperature shifts, reducing post-thaw viability [11]. The optimization
of cryopreservation protocols is essential for improving SSC survival and
enhancing their therapeutic applicability [12, 13]. In animal reproduction, SSC
cryopreservation is likewise relevant for fertility preservation, genetic resource
conservation, and assisted reproduction in livestock and experimental models. To
date, however, most efforts to improve SSC cryopreservation have focused

primarily on freezing conditions and cryoprotectant formulations, whereas the
2
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immediate post-thaw recovery phase has received comparatively less attention as
a potential intervention window [14, 15].

A major challenge in cryopreservation is the accumulation of reactive
oxygen species (ROS) during freezing and thawing processes [16]. While low-
level ROS production facilitates normal cell signaling, excessive ROS levels lead
to oxidative stress, causing damage to cellular membranes, DNA, and
mitochondria [17]. This activates apoptotic pathways, particularly the intrinsic
pathway, via cytochrome c¢ release and the activation of caspase cascades.
Excessive apoptosis, especially within the first 12-24 h after thawing, has been
identified as a key factor limiting the recovery and function of cryopreserved
SSCs [11, 18]. These observations suggest that the early post-thaw period is not
merely a passive recovery stage, but rather a biologically active phase during
which cryoinjury continues to develop and may therefore be therapeutically
targetable [11, 19].

The prevention of early post-thaw apoptosis is a recognized mechanism
by which cryoprotectants improve cell recovery [20]. While endogenous
antioxidant enzymes, such as superoxide dismutase and catalase, help neutralize
ROS, accumulating evidence suggests that exogenous antioxidants can further
enhance cytoprotection during the early recovery phase. Accordingly,
supplementation with antioxidants immediately after thawing has been shown
beneficial effects in various cell types, including sperm, embryo, and stem cells,

by reducing ROS-induced apoptosis and improving post-thaw viability [16, 21,
3
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22]. In line with these observations, our previous study demonstrated that o-
tocopherol (a-TCP) improves post-thaw recovery of SSCs, highlighting oxidative
stress as a major contributor to early cryoinjury [22]. Together, these findings
support the concept that transient antioxidant treatment during early post-thaw
recovery may represent a practical strategy to improve SSC survival without
requiring modification of established freezing protocols [22]. Building on this
established foundation, the present study focuses on identifying an antioxidant
better suited for practical, short-term post-thaw intervention.

Based on these findings, we hypothesized that post-thaw antioxidant
treatment of murine SSCs would attenuate ROS-induced apoptosis and promote
functional recovery, thereby providing an effective strategy for improving male
fertility preservation outcomes. Specifically, we investigated whether short-term
N-acetylcysteine (NAC) treatment during the early post-thaw period could reduce
oxidative stress, preserve the phenotype of germ cells enriched for SSCs, and
improve functional recovery as assessed by in vivo transplantation. Such
improvements in post-thaw SSC recovery might contribute to assisted
reproduction, fertility preservation, and genetic resource conservation during

animal reproduction.
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2. Materials and methods

2.1. Ethics statement

All experimental procedures in animals were conducted in accordance
with the Guide for the Care and Use of Laboratory Animals (National Institutes
of Health) and were approved by the Institutional Animal Care and Use
Committee of Chung-Ang University, Seoul, South Korea (IACUC Number:

202000104).

2.2. Animals

To isolate germ cells enriched for SSCs, C57BL/6-TG-EGFP (designated
as C57-EGFP; Jackson Laboratory, Bar Harbor, ME, USA) and C57BL/6
(designated as C57; Samtako Bio Korea, Osan, Gyeonggi-do, South Korea) mice
were used as donors and recipients, respectively. Donor-derived germ cells from
C57-EGFP mice were identified based on enhanced green fluorescent protein
(EGFP) expression assessed by fluorescence microscopy. All animals were
maintained in the animal facility at the Chung-Ang University (License No. LML-
08-466) under controlled environmental conditions (23 + 1°C, 55 + 10% relative
humidity) with a 12 h light/dark cycle. These donor animals were subsequently
used for germ cells enriched for SSCs isolation and in vitro expansion as

described below.
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2.3. Isolation and in vitro culture of germ cells enriched for SSCs

Unless otherwise specified, all reagents were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Testes were collected from 6-8-day-old C57-
EGFP pups to isolate EGFP* germ cells enriched in SSCs. After removing the
tunica albuginea, the seminiferous tubules were rinsed with Dulbecco’s
phosphate-buffered saline (DPBS; Gibco, Grand Island, NY, USA; 14200-075).
Tubules were then digested in a 2:1 solution of 0.25% trypsin-EDTA (1x; Gibco;
25200-072) and 7 mg/mL DNase | (Roche, Basel, Switzerland; 10104159001) at
37°C for 5 min to obtain a single-cell suspension. The enzymatic reaction was
neutralized by adding fetal bovine serum (FBS; GW Vitek, Seoul, South Korea;
US-FBS-500) at 10% of the initial trypsin volume. The cell suspension was
filtered through a 40 um nylon mesh (SPL Life Sciences, Pocheon, Gyeonggi-do,
South Korea) and centrifuged at 600 x g for 6 min at 4°C. The cell pellet was
resuspended in Dulbecca’s modified Eagle’s medium (DMEM; Biowest, Nuaillé,
France; L0103-500) supplemented with 10% FBS, 2 mM L-glutamine (Gibco,
Waltham, MA,; USA; 25030), 0.1 mM B-mercaptoethanol, 100 U/mL penicillin
and streptomycin (Gibco, Waltham; 15140122), and 40 mM sodium bicarbonate.
The cell number was determined using the trypan blue exclusion assay. To
eliminate cellular debris, the suspension was carefully layered over 30% Percoll
and centrifuged at 600 x g for 10 min at 4°C. Cells were incubated with anti-Thy-
1 antibody microbeads (1:10 dilution; Miltenyi Biotech, Auburn, CA, USA; 130-

049-101) in DPBS containing 1% FBS for 20 min at 4°C with gentle agitation.
6
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Thy-17* cells were isolated using magnetic-activated cell sorting and seeded at a
density of 0.2 x 10° cells per well in 24-well culture plates.

The cells were cultured on mitomycin C-treated STO feeder cells in a
defined mouse serum-free medium (MSFM) supplemented with three growth
factors: 10 ng/mL glial cell line-derived neurotropic factor (GDNF; R&D
Systems, Minneapolis, MN, USA; 212-GD-50), 75 ng/mL GDNF family receptor
alpha 1 (GFRal; R&D Systems; 560-GR-100), and 1 ng/mL basic fibroblast
growth factor (bFGF/FGF2; BD Biosciences, San Jose, CA; 354060), as
previously described [23]. STO feeder cells (CRL-1503, ATCC, Manassas, VA,
USA) were pre-seeded at a density of 0.1 x 10¢ cells per well in 24-well plates 1—-
2 days prior to SSC seeding. The culture medium was replaced every 2-3 days,

and the cultured germ cells were passaged every week by trypsinization.

2.4. Cryopreservation

Germ cells enriched for SSCs (1.0 x 10°) were suspended in 500 pL of
400 mM trehalose and then the suspension was immediately diluted in a dropwise
manner with the same volume of cryoprotectant containing DPBS with 20%
dimethyl sulfoxide (DMSO) and 20% FBS (v/v). The final mixture contained 200
mM trehalose, 10% DMSO, and 10% FBS in DPBS [24]. To allow trehalose
permeation, cell suspensions were incubated at room temperature for 20 min prior

to aliquoting into 1.8 mL cryovials (SPL Life Sciences). Cryovials were placed in
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a Mr. Frosty freezing container (Nalgene, Rochester, NY, USA) filled with
isopropyl alcohol and stored at —80°C overnight to achieve a controlled freezing
rate of approximately —1°C/min.

Thawing was performed after at least one month of storage. The frozen
germ cells enriched for SSCs were thawed in a water bath at 37°C for 2.5 min.
Each cell suspension was diluted 1:10 in a the dropwise manner using minimum
essential medium alpha (MEMa; Gibco, Waltham; 12000) containing 10% FBS.
Cells were centrifuged at 600 x g for 6 min at 4°C, and viability was assessed
using trypan blue exclusion. The cell survival rate (%) was calculated using the
following equation:

Survival rate = (Number of viable cells / Total number of cells) x 100

2.5. Post-thaw culture of germ cells enriched for SSCs with antioxidants
Following thawing, germ cells enriched for SSCs were seeded onto STO
feeder layers and cultured in mSFM supplemented with growth factors (GDNF,
GFRal, and bFGF) and antioxidants. The control group received no antioxidant
treatment, whereas 0.4 mM a-TCP (Sigma-Aldrich; T3251) was used as a positive
control [22]. Stock solutions of N-acetylcysteine (NAC; Sigma-Aldrich; A7250),
sodium selenite (Sigma-Aldrich; 214485), and parthenolide (EMD Millipore,
Billerica, MA, USA; 512732) were prepared in DPBS (for NAC and selenite) or

DMSO (for parthenolide) and diluted 1:1000 in mSFM. The final concentrations
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were determined based on previous studies [25]. Cells were incubated with
antioxidant-containing media at 37°C and 5% COx- for 12 h, a period during which
cryodamage is most acute [18, 22]. After the 12 h treatment period, the culture
medium was carefully replaced by slow aspiration, leaving a small residual
volume (~5%) to minimize cell detachment. Cells were then cultured for an
additional 6.5-day in antioxidant-free mSFM containing growth factors. After
culturing, cells were dissociated using 0.25% trypsin, centrifuged at 600 x g for 6
min at 4°C, and resuspended in mSFM. Proliferation was assessed by cell
counting and calculated using the following equation:

Proliferation rate (%) = (Number of harvested cells / Number of seeded cells) x
100

Relative proliferation rate (%) = (Proliferation rate of treatment group /

Proliferation rate of control group) < 100

2.6. ROS detection using DCFDA

To assess cryopreservation-induced oxidative stress, intracellular ROS
levels were measured using 2’',7'-dichlorofluorescein diacetate (DCFDA;
Millipore, 287810). Cells treated with or without antioxidants were incubated for
12 h at 37°C in mSFM, followed by the addition of 10 uM DCFDA. After 45 min
of incubation, 4 ug/mL Hoechst 33342 (Sigma-Aldrich; B2261) was added and

incubated for 10 min to stain nuclei. The staining solution was then replaced with
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cold DPBS, and fluorescence images were captured using a TS-1000 fluorescence
microscope equipped with NIS Elements imaging software (Nikon, Tokyo, Japan).
ROS fluorescence intensity was quantified using the ImageJ software (version
1.8.0; National Institutes of Health, Bethesda, MD, USA). For each treatment

group, five randomly selected representative fields were analyzed.

2.7. Western blot analysis of apoptosis-related markers

To evaluate apoptosis after cryopreservation, western blotting was
performed to assess the expression of apoptosis-related proteins. Germ cells
enriched for SSCs were harvested 12 h after antioxidant treatment and lysed in
Totex lysis buffer (20 mM HEPES [pH 7.9], 150 mM NacCl, 20% glycerol, 1%
NP-40, 1 mM MgCl_, and 0.5 mM EDTA) containing a protease inhibitor cocktail
[25]. The protein concentration was determined using the Bradford assay (Bio-
Rad, Hercules, CA, USA; 5000006). Equal amounts of protein (10-30 pg) were
separated by 15% SDS-PAGE and transferred to methanol-activated
polyvinylidene difluoride membranes (Millipore; IPVH00010). Membranes were
blocked with 5% skim milk in PBS-T (DPBS, containing 0.1% Tween 20) for 30
min at room temperature and incubated overnight at 4°C with primary antibodies
(1:1000 dilution) targeting apoptosis-related proteins from extrinsic (FAS and
caspase-8) and intrinsic (BCL-2, BAX, cytochrome ¢, and caspase-9) pathways,

as well as execution-phase markers (caspase-3 and caspase-7) and the loading
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control a-tubulin. After washing, the membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies (1:5000 dilution) for 1 h at room
temperature. Bands were visualized using Clarity™ Western ECL Substrate (Bio-
Rad; 1705061) and imaged using a Touch Imager (e-BLOT Life Science,
Shanghai, China). Band intensities were quantified using ImageJ software and
normalized to the loading control, a-tubulin. A detailed list of all antibodies used

for western blot analysis is provided in Table S1.

2.8. Immunocytochemistry

To examine the effects of the antioxidants on germ cells enriched for
SSCs characteristics during cryopreservation and thawing, immunocytochemistry
was performed to assess the expression of undifferentiated spermatogonia-
specific proteins. Freeze-thawed germ cells enriched for SSCs were cultured in
vitro for one week, dissociated, and fixed with 4% paraformaldehyde (Biosesang,
Seongnam, Gyeonggi-do, South Korea) for 30 min at room temperature in the
dark with gentle shaking. Fixed cells were centrifuged at 600 x g for 6 min at 4°C,
and the pellet was resuspended in 100 mM sucrose (Sigma-Aldrich; S1888).
Approximately 0.02 x 10° cells were seeded onto PTFE-printed slides (Thermo
Fisher Scientific, Waltham, MA, USA,; 63425-05) and air-dried for 20-30 min at
room temperature. To facilitate antibody penetration, cells were permeabilized

using DPBS containing 0.1% Triton X-100 (v/v) for 15 min at room temperature.
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Nonspecific binding sites were blocked with 5% bovine serum albumin (BSA) in
a humidified chamber for 30 min. Cells were then incubated overnight at 4°C with
primary antibodies diluted 1:100. After washing with DPBS, secondary
antibodies (1:200 dilution) were added under light-protected conditions, and the
samples were incubated for 1 h at room temperature. The antibodies used for
immunocytochemistry are listed in Table S2. Nuclear staining was performed
using VectaShield® mounting medium containing 4,6-diamidino-2-phenylindole
(DAPI; LSBio, Seattle, WA, USA). Marker expression was observed using
fluorescence microscopy. To ensure nonredundant quantification, five randomly

selected representative fields were analyzed for each condition.

2.9. Invivo transplantation

To eliminate endogenous germ cells, male recipient C57 mice (6 weeks
old) were treated with 45 mg/kg busulfan before donor cell transplantation. Germ
cells enriched for SSCs at low passage (8-11 passages) were used. Following
cryopreservation, thawing, and culture, cells were adjusted to a final
concentration of 1.0 x 10° cells/mL. Recipient mice were anesthetized with
ketamine (75 mg/kg) and medetomidine (0.5 mg/kg), and donor cells were
transplanted into the seminiferous tubules via the efferent ducts, as previously
described [26, 27]. Two months after transplantation, the recipient testes were

collected, decapsulated, and analyzed for colony formation. Colonies of donor-
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derived EGFP™ SSCs exceeding 1 mm in length were counted under a
fluorescence microscope [28]. To assess SSCs functionality after
cryopreservation, the number of colonies formed per 1.0 x 10° transplanted cells
was calculated using the following equation:

Colonies per 10° transplanted cells = (Number of colonies x 10°) / Number of
transplanted cells

To evaluate the protective effect of cryopreservation with 0.4 mM NAC, the total
colony yield was also calculated relative to the total number of cultured germ cells
enriched for SSCs after cryopreservation:

Colonies per total number of cultured SSCsafter cryopreservation = (Number of

colonies x Total number of cultured cells) / Number of transplanted cells

2.10. Hematoxylin and eosin staining

Seminiferous tubules were fixed in 4% paraformaldehyde (Biosesang;
P2031), paraffin-embedded, and sectioned at a thickness of 4 um. The paraffin
sections were deparaffinized in xylene and rehydrated using a graded ethanol
series. Sections were stained with Harris hematoxylin for 7 min, rinsed with
distilled water, and counterstained with Eosin Y (Sigma-Aldrich; E6003) for 3
min. Sections were dehydrated using graded ethanol, cleared in xylene, and

mounted.
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2.11. Immunohistochemistry

H&E and immunohistochemistry tissue sections were prepared from
sequential, consecutive sections of the same paraffin-embedded testis samples.
Images represent adjacent sections from the same seminiferous tubule.
Immunohistochemistry was performed according to a previously published
protocol [29], with minor modifications. Paraffin-embedded sections were
deparaffinized in xylene (DUKSAN, Daejeon, South Korea; 2942) and rehydrated
in graded ethanol (100%, 80%, 70%, and 50%). Antigen retrieval was performed
in citrate buffer (pH 6.0) in a water bath at 95°C for 30 min. Sections were
incubated in DPBS containing 1% SDS to enhance antigen accessibility, followed
by blocking with 5% BSA in 0.1% Triton X-100 for 1 h at room temperature in a
humidified chamber.

Sections were incubated overnight at 4°C with a rabbit polyclonal anti-
GFP antibody (Abcam, Cambridge, UK; ab290) diluted 1:50 in 5% BSA. After
washing with DPBS, the sections were incubated with Alexa Fluor 488-
conjugated donkey anti-rabbit secondary antibody (Invitrogen, Carlsbad, CA,
USA; A21206) diluted 1:200 in 5% BSA for 2 h at room temperature. Following
DPBS washes, the sections were stained with Alexa Fluor 647-conjugated peanut
agglutinin (PNA) lectin (Invitrogen; L32460) diluted 1:100. Sections were
mounted using VECTASHIELD® mounting medium containing DAPI (LifeSpan

BioSciences, Seattle, WA, USA; LS-J1032).
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2.12. Statistical analysis

Statistical analyses were performed using the GraphPad Prism software
(version 8.0.1; GraphPad, La Jolla, CA, USA). One-way analysis of variance
(ANOVA) was used for group comparisons, followed by Tukey’s post-hoc test
for multiple comparisons. For comparison between two groups in the in vivo
transplantation experiment, the unpaired two-tailed Student’s t-test was used. All
data are presented as the mean = SEM, and the significance level was set at p <

0.05.

3. Results

3.1. NAC 0.4 mM restores the proliferative capacity of germ cells enriched for
SSCs following cryoinjury

To examine the effects of NAC during early post-thaw recovery, EGFP*
germ cells enriched for SSCs were cryostored in liquid nitrogen for more than one
month, thawed, and exposed to NAC for the first 12 h after thawing followed by
6.5 days of standard culture (Fig. 1A). Post-thaw proliferation, ROS accumulation,
apoptosis signaling, maintenance of SSC markers, and functional recovery after
transplantation were examined.

Three antioxidants (NAC, sodium selenite, and parthenolide) were
initially screened in the concentration range 0.01-1 mM. Sodium selenite (0.01
MM, 117.0 £ 5.9%; 0.1 puM, 117.8 £ 5.2%; 1 uM, 62.0 = 5.6%) did not differ
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significantly from the vehicle (100.0 £ 0.2%). In contrast, NAC 0.1 mM (129.9 +
7.0%) and parthenolide 2 uM (121.9 + 5.7%) increased proliferation relative to
the vehicle (100.0 + 0.2%), and NAC was selected for further experiments (Fig.
S1). a-TCP 0.4 mM was used as a positive control, as described in our previous
study [22]. Subsequent titration identified NAC 0.4 mM (128.2 + 6.9%) as the
optimal concentration, resulting in proliferation rates comparable to those after
administration of o-TCP 0.4 mM (129.2 = 4%; Fig. 1B-D). Microscopy
confirmed larger and more compact EGFP* colonies in the NAC-treated group

(Fig. 1C).

3.2. NAC effectively attenuates freeze-thaw-induced ROS accumulation
Intracellular ROS levels were measured using DCFDA after thawing.
Vehicle-treated germ cells enriched for SSCs exhibited a marked increase in ROS
levels (9.9 * 2.1-fold) compared with ROS levels in fresh cells (1.0 = 0.5-fold;
Fig. 2A, B). NAC 0.4 mM reduced intracellular ROS fluorescence (Fig. 2A, white
arrow) and lowered ROS levels to 1.9 + 0.8-fold, comparable to a-TCP effects
(2.0 + 0.8-fold; Fig. 2B). These results show that NAC significantly reduced

intracellular ROS levels after thawing.
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3.3. NAC selectively suppresses the activation of extrinsic apoptotic signaling
after thawing

Western blotting was used to examine apoptotic signaling after thawing.
Freeze-thawing induced the expression of FAS, cleaved caspase-8, cleaved
caspase-3, cleaved caspase-7, and cytochrome c in the vehicle group (Fig. 3A, B),
indicating the activation of the extrinsic apoptotic pathway. NAC markedly
reduced the expression of these proteins and showed greater suppression of
apoptosis signaling than a-TCP. In contrast, intrinsic apoptosis markers—BCL-2,
BAX, and cleaved caspase-9—showed limited changes after NAC treatment (Fig.

S2A, B).

3.4. The phenotype of germ cells enriched for SSCs is maintained after NAC
treatment

To assess whether NAC affects the germ cells enriched for SSCs
phenotype, immunocytochemistry was performed using GFRal, promyelocytic
leukemia zinc finger protein (PLZF; undifferentiated spermatogonia), VASA
(germ cell marker), and c-Kit (differentiated spermatogonia; Fig. 4).

Across all conditions, c-Kit expression remained negligible (Fig. S3A-
B), indicating no thawing-induced differentiation. GFRal, PLZF, and VASA
were expressed at comparable levels in vehicle- and NAC-treated germ cells

enriched for SSCs. These data show comparable expression of germ cells and
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spermatogonial markers between the vehicle- and NAC-treated groups after

thawing.

3.5. NAC enhances functional engraftment of thawed SSCs

To determine whether NAC-mediated recovery translated into functional
benefits, thawed EGFP* germ cells enriched for SSCs were transplanted into
busulfan-treated recipient testes and analyzed two months later (Fig. 5A). The
number of SSC-derived colonies per 10° transplanted cells did not differ
significantly between the vehicle and NAC groups (Fig. 5B, C). However, when
normalized to the total number of recovered cells after culture, the overall colony-
forming capacity was higher in the NAC group (889.7 + 686.4 vs. 1903.5+ 1616.9
colonies, p < 0.01; Fig. 5D). Histological analysis further confirmed the
successful engraftment of NAC-treated SSCs within seminiferous tubules and
their contribution to spermatogenic progression, as supported by PNA and DAPI
co-localization (Fig. 5E). Collectively, NAC 0.4 mM reduced freeze-thaw-
induced ROS accumulation and apoptotic signaling, maintained the phenotype of
germ cells enriched for SSCs, and increased colony-forming activity after

transplantation (Fig. 6).
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4. Discussion

SSCs are indispensable for lifelong spermatogenesis but exhibit
pronounced sensitivity to cryoinjury, often resulting in reduced viability and
limited recovery following thawing. Previous efforts to improve SSC preservation
have largely focused on optimizing cryoprotective formulations and freezing
conditions [14, 30-34]. In contrast, the immediate post-thaw period—when
oxidative stress and cellular damage are most pronounced [16, 18]—has received
comparatively less attention as a therapeutic window. In this study, we
demonstrated that short-term antioxidant treatment during early post-thaw
recovery effectively attenuates cryo-induced cellular damage and enhances
functional SSC recovery. This post-thaw-centered strategy provides a
mechanistically informed and practically applicable approach that complements
existing cryopreservation protocols.

To identify an effective antioxidant for this post-thaw intervention, we
compared NAC, sodium selenite, and parthenolide levels during early recovery
(Fig. S1). Although all three compounds have been implicated in cellular redox-
related pathways [35-37], they differ markedly in their ability to restore post-thaw
germ cells enriched for SSCs proliferation. Sodium selenite shows limited
efficacy within a short treatment window, consistent with its reliance on
prolonged exposure to GPx-mediated cytoprotection [38, 39]. Parthenolide
produced a measurable improvement in post-thaw proliferation at its optimal

concentration, exceeding the effect of sodium selenite, but remaining less
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effective than NAC, in line with reports that its effective range may be constrained
by concentration-dependent cytotoxicity in other cell types [40]. In contrast, NAC
consistently produced the most robust and reproducible enhancement in post-thaw
recovery, providing a clear rationale for its selection for further analysis.
Freeze-thaw injury is associated with a rapid increase in intracellular
ROS [16, 41, 42]. The 12 h intervention window used in this study was selected
because the early post-thaw recovery phase has been reported as a period during
which oxidative stress and apoptotic signaling become particularly pronounced.
Consistent with these observations, our preliminary assessments also indicated a
tendency for increased apoptotic signaling within the first 12 h after thawing. To
investigate the mechanisms underlying NAC-mediated post-thaw recovery, we
examined oxidative stress and apoptosis at 12 h after freeze-thawing. NAC
markedly suppressed the acute ROS surge immediately after thawing, reducing
intracellular ROS to levels comparable to those in the a-TCP-treated group (Fig.
2), which was used as a positive control based on its established efficacy in SSC
cryopreservation [22]. This finding reinforces the idea that oxidative stress is a
primary early driver of cryoinjury and identifies NAC as an effective post-thaw
redox modulator [16, 41]. However, treatment duration may influence SSC
recovery, and prolonged exposure requires evaluation of its effects on SSC
phenotype and functional maintenance. Future studies are needed to determine

the optimal post-thaw intervention window.
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Consistent with reduced ROS, NAC selectively attenuated extrinsic
apoptotic signaling, as evidenced by the decreased activation of FAS and
downstream effector caspases (Fig. 3), while intrinsic mitochondrial apoptosis
markers remained largely unchanged (Fig. S2). This pattern suggests that NAC
enhances post-thaw germ cells enriched for SSCs survival primarily by
suppressing ROS-driven extrinsic apoptotic signaling via death receptors during
the early recovery phase rather than reversing established mitochondrial
dysfunction. Collectively, these findings indicate that NAC regulates ROS-
dependent apoptotic signaling by modulating intracellular redox balance rather
than acting as a direct ROS scavenger [43, 44].

This pattern may reflect the specific cellular stresses that arise during
the early post-thaw recovery phase. Freeze-thaw injury can rapidly perturb
plasma membrane integrity and induce oxidative stress during the early post-
thaw recovery phase [45, 46]. Because extrinsic apoptotic signaling is initiated
through membrane-associated death receptors, this pathway may be particularly
sensitive to early cellular stress triggered by membrane perturbation and redox
imbalance [19, 47]. In contrast, activation of the intrinsic mitochondrial pathway
generally involves additional intracellular signaling events and may become
more prominent during later stages of cellular recovery [48, 49]. In this context,
the preferential suppression of extrinsic apoptotic signaling observed following
NAC treatment may reflect modulation of early stress signals associated with

freeze-thaw-induced membrane damage and oxidative imbalance during the
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immediate post-thaw period. These findings suggest that apoptotic signaling
following SSC cryopreservation may occur in a temporally regulated manner,
with early post-thaw cellular stress preferentially activating membrane-
associated apoptotic pathways before later mitochondrial involvement becomes
prominent.

In comparison with a-TCP reported in our previous work, the present
study further demonstrates that NAC offers several distinct advantages as a post-
thaw antioxidant intervention. Unlike a-TCP, whose lipid solubility and
susceptibility to oxidation may limit concentration reproducibility during short-
term aqueous culture, NAC is fully water-soluble and chemically stable, allowing
homogeneous distribution and precise dose control during transient post-thaw
exposure. Importantly, NAC exhibits low toxicity even at relatively high
concentrations and has been widely used across human and animal systems [44].
Mechanistically, a-TCP primarily functions as a membrane-associated ROS
scavenger, whereas NAC acts as a redox modulator by replenishing the
intracellular glutathione pool and restoring redox buffering capacity [43, 50], a
distinction consistent with the observed reduction in ROS accumulation and
selective attenuation of extrinsic apoptotic signaling in this study (Figs. 2, 3).
Taken together, these features indicate that NAC provides practical and
mechanistic advantages over a-TCP for reproducible and controllable post-thaw

antioxidant intervention.
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Given these advantages, it was essential to determine whether NAC-
mediated cytoprotection preserves not only cell survival but also the fundamental
identity of germ cells enriched for SSCs. Since improved survival alone does not
necessarily reflect maintenance of stem cell function [51, 52], we next assessed
whether NAC-mediated cytoprotection affected germ cells enriched for SSCs
identity or differentiation status (Fig. 4). Immunophenotypic analyses
demonstrated that key undifferentiated spermatogonia markers (GFRal and
PLZF) and the germ cell marker (VASA) remained stably expressed following
NAC treatment, whereas the differentiation marker (c-Kit) remained undetectable
across all groups. These results indicate that transient antioxidant exposure during
early recovery enhances germ cells enriched for SSCs survival without inducing
phenotypic drift or aberrant differentiation. Importantly, this finding establishes
that NAC-mediated post-thaw recovery reflects the functional preservation of
germ cells enriched for SSCs rather than survival at the expense of stemness,
underscoring its suitability for applications that require strict maintenance of
germline integrity.

Building on this phenotypic stability, the functional relevance of NAC-
mediated recovery was evaluated in vivo (Fig. 5). Although NAC treatment did
not alter the intrinsic colony-forming frequency per transplanted cell, it
significantly increased the total pool of transplantable, functional SSCs by
improving the efficiency of post-thaw recovery. This distinction is critical, as it

indicates that NAC acts primarily by expanding the number of viable, functionally
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competent SSCs available for engraftment, rather than by artificially enhancing
the self-renewal capacity. Successful engraftment and the progression into
spermatogenesis further support the idea that NAC-treated SSCs retain full
regenerative competence within the testicular niche [53]. Collectively, these
findings indicate that NAC-mediated cytoprotection during early post-thaw
recovery translates into meaningful gains in the number of functionally competent
SSCs available for transplantation. Taken together, our results support NAC as a
practical and effective post-thaw adjunct for improving the recovery and
functional availability of cryopreserved SSCs, with clear relevance for fertility
preservation and germline conservation.

While the present study focused on antioxidant intervention during the
early post-thaw recovery phase, oxidative and apoptotic damage may also arise
during the freezing process itself [45]. Antioxidant supplementation during
freezing may therefore represent an additional strategy to mitigate cryoinjury,
although its effects are likely to depend on the specific cryopreservation
conditions. Accordingly, the present study did not evaluate NAC as a freezing
additive but instead examined whether transient NAC treatment after thawing
could improve germ cells enriched for SSCs recovery under an established
trehalose-based freezing condition. Future studies will be needed to determine
whether NAC supplementation during freezing, alone or in combination with

post-thaw treatment, provides additional benefit for SSC cryopreservation.
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5. Conclusions

The results of this study demonstrate that short-term antioxidant
intervention during the early post-thaw period represents an effective and
conceptually distinct strategy for improving germ cells enriched for SSCs
recovery after cryopreservation. By targeting the acute oxidative and apoptotic
stress that arises immediately after thawing, NAC preserves germ cells enriched
for SSCs viability while maintaining phenotypic identity and in vivo regenerative
competence. Importantly, this approach enhances the absolute yield of functional
SSCs without altering their intrinsic self-renewal properties, thereby overcoming
the major limitations of conventional cryopreservation protocols that primarily
focus on freezing conditions. These findings establish post-thaw redox
modulation as a critical and previously underappreciated determinant of SSC
recovery and provide a practical framework for integrating antioxidant-based
recovery steps into existing fertility preservation and germline conservation
strategies. Within this framework, NAC offers practical advantages over a-TCP
for post-thaw antioxidant intervention through its aqueous stability, low toxicity,
and glutathione-mediated redox modulation, thereby enabling reproducible
recovery of functional SSCs.

This post-thaw-centered approach has direct implications for animal
reproduction, as SSC cryopreservation is increasingly being recognized as a
foundational technology for assisted reproduction, genetic resource conservation,

and breeding strategies in livestock and experimental animal models. By
25



544  improving the efficiency of functional SSC recovery without compromising the
545  stem cell identity, the present findings support the broad application of post-thaw
546  redox modulation as a versatile and translatable platform for reproductive

547  biotechnology across species.
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734  Fig. 1. Evaluation of post-thaw proliferation of germ cells enriched for SSCs
735 following NAC treatment. (A) Experimental scheme illustrating the
736  cryopreservation, thawing, and subsequent culture procedures. Germ cells
737  enriched for SSCs were treated with various concentrations of NAC for 12 h after

738  thawing and cultured for 7 days. (B) Proliferation rates determined using trypan
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blue exclusion assays after 7 days of in vitro culture (n = 16). (C) Representative
bright-field and fluorescence images of EGFP* germ cells enriched for SSCs
colonies treated with 0.4 mM a-TCP (positive control) or 0.4 mM NAC. a-TCP
served as a positive control based on our previous study. (D) Quantitative
comparison of proliferation rates between the a-TCP (0.4 mM) and NAC (0.4 mM)
treatments (n = 20). Data represent the mean £ SEM of independent experiments,
and each dot represents an individual value. Statistical significance was
determined using one-way ANOVA followed by Tukey’s post-hoc test. Different
letters above the bars indicate statistically significant differences (p < 0.05). Scale

bars = 200 pm.
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Fig. 2. Immediate ROS generation following thawing of germ cells enriched for
SSCs and its attenuation by antioxidant treatment. (A) Representative
fluorescence images showing intracellular ROS levels detected by DCFDA (green)
and nuclei stained with DAPI (blue) after a 12 h incubation with or without
antioxidants. The fresh group indicates the non-frozen control, whereas a-TCP,
0.4 mM, and NAC, 0.4 mM, were used as antioxidant treatments. White
arrowheads indicate germ cells enriched for SSCs, and red arrowheads indicate
STO feeder cells. Scale bar = 100 um. (B) Quantitative analysis of ROS
fluorescence intensity presented as violin plots normalized to cell number. Each
dot represents an individual value. Data represent the mean + SEM of three
independent experiments, and each dot represents an individual value. Statistical

significance was determined using one-way ANOVA followed by Tukey’s post-
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764  hoc test. Different letters above the bars indicate statistically significant
765  differences (p < 0.05).
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Fig. 3. Effects of NAC on apoptosis-related protein expression in germ cells
enriched for SSCs following cryopreservation. (A) Representative western blot
images showing the expression of apoptosis-associated proteins, including FAS,
cleaved caspase-8, -3, -7, and cytochrome c, in groups treated with vehicle, a-
TCP (0.4 mM, positive control), or NAC (0.4 mM). a-Tubulin serves as the
loading control. (B) Quantitative analysis of relative protein levels normalized to

a-tubulin and expressed as fold change versus the vehicle group. Data represent
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the mean = SEM of independent experiments (FAS, n = 5; cleaved caspase-8, n =
10; cleaved caspase-3, n = 7; cleaved caspase-7, n = 9; cytochrome ¢, n = 5), and
each dot represents an individual value. Statistical significance was determined
using one-way ANOVA followed by Tukey’s post-hoc test. Different letters above

the bars indicate statistically significant differences (p < 0.05).
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Fig. 4. Antioxidant treatment during post-thaw recovery preserves germ cells
enriched for SSCs characteristics. (A) Representative immunofluorescence
images of germ cells enriched for SSCs following antioxidant treatment after
thawing. Undifferentiated spermatogonia are identified by GFRal (red) and
PLZF (red) expression, whereas germ cells and differentiated spermatogonia
express VASA (red) and c-Kit (red), respectively. Nuclei are stained with DAPI
(blue), and EGFP (green) indicates EGFP* germ cells enriched for SSCs. Scale
bars = 50 um. (B) Quantitative analysis of EGFP* germ cells enriched for SSCs
expressed as a percentage of DAPI-stained cells. Each dot represents an individual

value. Data represent the mean + SEM of three independent experiments, and each
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dot represents an individual value. Statistical significance was determined using
one-way ANOVA followed by Tukey’s post-hoc test. Different letters above the

bars indicate statistically significant differences (p < 0.05).
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Fig. 5. Functional restoration of SSC activity following cryopreservation and
NAC treatment. (A) Schematic overview of the experimental timeline for germ
cells enriched for SSCs transplantation into busulfan-treated recipient mice. (B)

Representative dark-field fluorescence images of recipient testes merged with
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bright-field views, showing donor-derived EGFP* colonies after transplantation
of vehicle- or 0.4 mM NAC-treated SSCs. Scale bars = 2 mm. (C, D) Quantitative
assessment of SSC activity based on colony formation. The number of EGFP*
colonies was evaluated as (C) colonies formed per 10° transplanted germ cells
enriched for SSCs and (D) colonies formed relative to the total number of cultured
cells after cryopreservation followed by 0.4 mM NAC treatment 12 h after
thawing. Each dot represents an individual testis. Data are presented as the mean
+ SEM, and each dot represents an individual value. The vehicle group comprises
34 testes from 17 mice, and the NAC 0.4 mM group consists of 42 testes from 21
mice. Statistical significance was determined using the unpaired two-tailed
Student’s t-test. (E) Histological and immunofluorescence analyses of recipient
testes 2 months after transplantation. Paraffin-embedded sections were stained
with hematoxylin and eosin (H&E) and co-stained with DAPI (blue), PNA lectin
(red), and anti-GFP antibody (green) to confirm donor-derived SSC colonization

within the seminiferous tubules. Scale bars = 50 um.
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Fig. 6. Summary illustrating the role of ‘early post-thaw NAC treatment in
improving functional recovery of SSCs after cryopreservation. Freeze—thaw
injury induces excessive ROS generation, leading to activation of FAS-mediated
extrinsic apoptotic signaling through FADD and caspase-8. NAC treatment (0.4
mM) during the early post-thaw period suppresses ROS accumulation and
attenuates extrinsic apoptosis without altering basal cellular identity. As a result,
post-thaw NAC-treated EGFP* SSCs exhibit preserved engraftment capacity
following in vivo transplantation, as evidenced by normal SSC colony formation
in whole testis and cross-sectional analyses. This strategy enhances functional

SSC recovery by targeting acute post-thaw oxidative stress.
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