
Research Article

Hui Lu*, Dongchuan Xu, Liqiang Zhao, Hailing Ruan, Anguo Wang, Yejuan Li and Weiying Lu*

Promotion of asthenozoospermia by C9orf72
through suppression of spermatogonia activity
via fructose metabolism and mitophagy
https://doi.org/10.1515/med-2025-1344
Received August 1, 2025; accepted October 23, 2025;
published online December 30, 2025

Abstract

Objectives: To investigate the involvement of C9orf72 in
asthenozoospermia and its effects on spermatogonial energy
metabolism and mitophagy.
Methods: Semen samples from 24 asthenozoospermic
patients and 28 healthy controls were analyzed for C9orf72
expression and sperm motility. GC-1 spg cells were trans-
duced with C9orf72-overexpressing lentivirus to evaluate
changes in energy metabolism, mitophagy, and prolifera-
tion. Protein docking and site-directed mutagenesis were
used to validate C9orf72-LC3 interactions.
Results: C9orf72 was upregulated in asthenozoospermic
samples and negatively correlatedwith progressivemotility.
In GC-1 cells, overexpression led to fructose accumulation,
reduced glycolytic enzymes, elevated NADH/NAD+ ratio,
suppressed proliferation, and increased oxidative stress.
Mitophagy was suppressed, with diminished LC3 fluores-
cence and reduced autophagosome–mitochondria colocali-
zation. Molecular docking and co-immunoprecipitation
confirmed direct C9orf72–LC3 binding, and site-directed
mutagenesis identified His128 of C9orf72 as a critical residue
for this interaction. LC3 overexpression partially rescued the
metabolic and mitophagic defects.
Conclusions: C9orf72 overexpression may contribute to
sperm dysfunction in asthenozoospermia by disrupting

metabolic homeostasis andmitophagy. These findings provide
a new perspective for studying the molecular mechanisms of
asthenozoospermia, while the potential of C9orf72 as a diag-
nostic or therapeutic target requires further verification.
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Introduction

Asthenozoospermia, defined by reduced sperm motility, ac-
counts for approximately 20% of male infertility cases world-
wide [1]. According to the World Health Organization (WHO)
2010 criteria, it is diagnosedwhen progressivemotility is below
32% or total motility is under 40%, with other semen param-
eters remaining within normal ranges [2]. The incidence of
asthenozoospermia has been increasing, potentially due to
environmental pollution, occupational stress, and sexually
transmitted diseases [3]. Mitochondrial dysfunction and
altered energy metabolism contribute to impaired sperm
motility, but 30–40% of cases remain unexplained [4, 5]. Cur-
rent treatment options include pharmacological therapies (e.g.,
phosphodiesterase inhibitors) and in vitro fertilization [6, 7].
However, their application is limited by side effects, high costs,
and technical barriers, leadingmany infertile couples to rely on
assisted reproductive technologies, which are costly and may
cause complications such as salpingitis and endometriosis [8].
Investigating the regulation of sperm mitochondrial function
and energy mechanisms may provide new therapeutic targets
for asthenozoospermia [9, 10].

Mitochondria formahelical sheath in the spermmidpiece,
serving as the primary site of energy metabolism. Oxidative
phosphorylation (OXPHOS) supports sperm motility, the acro-
some reaction, and hyperactivation, and also regulates calcium
signaling and redox homeostasis [4]. Efficient OXPHOS,
particularly through electron transport chain complex II (CII),
enhances sperm metabolic function, motility, and fertilizing
capacity [11]. Autophagy is essential for maintaining mito-
chondrial function, and reduced expression of autophagy-
related genes inmenwith poor spermquality suggests a role in
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asthenozoospermia [12]. Impaired mitophagy results in the
accumulation of dysfunctional mitochondria, leading to
increased reactive oxygen species (ROS), loss of membrane
potential, reduced OXPHOS efficiency, and diminished ATP
production [13]. Interventions that activate autophagy path-
ways, such as enhancing BNIP3/LC3 function or restoring
PINK1/Parkin signaling, have been shown to improve mito-
chondrial quality and sperm motility [14, 15].

Our previous work demonstrated elevated C9orf72
(NM_028466.2) expression in seminal exosomes from asthe-
nozoospermic patients, suggesting a potential role in disease
pathogenesis [16]. C9orf72 functions as a guanine nucleotide
exchange factor [17, 18] and has been shown to regulate auto-
phagy initiation through interaction with the Rab1a-ULK1
complex [19]. The C9orf72–SMCR8 complex further modulates
ULK1/ATG1kinase activity to promote autophagy [20]. Although
these autophagy-related functions are established, the role of
C9orf72 in mitophagy regulation remains unclear. Recent evi-
dence indicates that C9orf72 localizes to the mitochondrial
membrane, where it stabilizes complex I and contributes to
energy balance [21]. In addition, C9orf72 may interfere with
mitochondrial trafficking to metabolically active sites [22].

Fructose, secreted predominantly by the seminal vesicles,
is a critical energy substrate for sperm. Several studies have
reported an inverse association between seminal fructose
levels and progressive motility [23, 24], although the mecha-
nisms remain unclear. Given that mitophagy impairment
contributes to defective sperm function, it remains unclear
whether C9orf72 regulates this pathway in the context of
asthenozoospermia. It is yet to be determinedwhether C9orf72
promotes asthenozoospermia by inhibiting mitophagy and
fructose metabolism. GC-1 spermatogonia (spg) cells, an
immortalized mouse line, are widely used to model sper-
matogenic function and stress responses, including glucose-
induced apoptosis, oxidative stress, and autophagy [25, 26].
This study examines C9orf72 expression inasthenozoospermia
patients and explores its impact on GC-1 spg cell proliferation,
focusing on potential regulatory roles through mitophagy and
fructose metabolism. These insights may pave the way for
identifying novel molecular targets in the treatment of male
infertility associated with impaired sperm motility.

Materials and methods

Study participants

Human semen samples were collected from Hainan Provin-
cial Maternal and Child Health Hospital following ethical
approval (No. 2021–033) from the Ethics Committee of Hainan
Women and Children’s Medical Center. All experimental

procedures involving human participants were conducted in
accordance with the ethical principles outlined in the Decla-
ration of Helsinki. Prior to inclusion in the study, each
participant provided written informed consent. Sample size
estimation was performed based on established statistical
principles [27, 28]. Assuming α=0.05, power=0.80, a clinically
meaningful difference (δ) of 5 %, and an expected standard
deviation (σ) of 10 %. Participants with abnormal semen
biochemical markers (e.g., fructose, acid phosphatase,
α-glucosidase), atypical physical properties (e.g., liquefaction
time, pH), or abnormal sperm morphology were excluded.
The asthenozoospermia group (n=24) met the following
criteria: (1) progressive motility <32 % or total motility <40%;
(2) sex hormone levels within the normal physiological range;
(3) no detectable abnormalities observed during physical ex-
amination of the reproductive system; (4) total sperm
count ≥39 million per ejaculate and >4% morphologically
normal sperm, based onWHO 2010 standards [2]. The control
group (n=28) includedmenwith progressivemotility ≥32% or
total motility ≥40%, while meeting all other inclusion criteria
identical to those of the asthenozoospermia group.

Semen analysis

Semen analysis was performed following the guidelines set
by the WHO in the Laboratory Manual for Human Semen
Examination and Processing (5th edition, 2010) [29]. Semen
samples were liquefied at 37 °C for 30 min, then the samples
were mixed by pipetting to ensure uniformity. A suitable
volume of the liquefied semen samplewas then loaded into a
pre-warmed counting chamber compatible with the Sperm
Quality Analyzer (SCA, Microptic S.L., Barcelona, Spain). The
system is capable of accurately measuring sperm concen-
tration (106/mL) and evaluating sperm progressive motility,
non-progressive motility, and immotile sperm.

Immunofluorescence

Semen specimens were collected into sterile containers and
subsequently diluted with PBS (phosphate-buffered saline,
pH 7.4, Sigma-Aldrich, USA) in flat-bottom centrifuge tubes.
After gentle mixing, samples were centrifuged at 1,000×g for
15 min. The supernatant was removed, and the cell pellet was
fixed in 4% buffered paraformaldehyde (in PBS, pH 7.4) for
30min at room temperature. Fixed samples were evenly
smeared onto microscope slides, followed by air-drying at
room temperature. For sperm samples, immunofluorescence
staining was performed using an anti-C9orf72 primary anti-
body (ab308169, Abcam, 1:250), followed by incubation with a
fluorescent secondary antibody (anti-rabbit A0516, Beyotime,
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1:250). Nuclei were counterstained with DAPI (Sigma-Aldrich,
D9542). The mean fluorescence intensity (MFI) of C9orf72
staining was quantified from regions of interest (ROIs) using
ImageJ software (version 1.8.0, NIH) after background sub-
traction. Smears of GC-1 spg cells were prepared using the
same procedure. Following air drying, slideswere rinsedwith
PBS and blocked with goat serum (Beyotime, C0265) for 2 h.
Primary antibodies against C9orf72 (ab308169), LC3
(ab192890), and TOM20 (ab56783) were purchased from
Abcam and used at a dilution ratio of 1:250. Following over-
night incubation at 4 °C, samples were washed thoroughly
with PBS. Fluorescent secondary antibodies (anti-rabbit A0516
and anti-mouse A0521, both from Beyotime, 1:250 dilution)
were then applied for 1 h at room temperature. Nuclei were
counterstained using DAPI (Sigma-Aldrich, D9542), and fluo-
rescent signals were subsequently visualized using a Leica
TCS SP2 confocal laser scanning microscope. Colocalization of
LC3-labeled autophagosomes with TOM20-labeled mitochon-
dria was evaluated by confocal microscopy as previously
described [30]. Colocalization between LC3 and TOM20 was
quantified using Pearson’s correlation coefficient (r) as
described by Jeremy et al. [31]. Briefly, the analysis was per-
formed on maximum projection images of individual cells.
Calculations were carried out using the Just Another Coloc-
alisation Plugin (JACoP) in ImageJ (version 1.8.0).

Western blot

Liquefied semen sampleswere centrifuged at 500×g for 10min
to isolate sperm cells, which were then washed with cold PBS
and resuspended for protein extraction. Lysis was performed
using RIPA buffer (Thermo Fisher Scientific, 89,900) on ice for
30min, followed by centrifugation at 12,000×g for 15min at
4 °C. Protein concentration was measured using a BCA assay
(Thermo Fisher Scientific, 23,225). Equal amounts of protein
(50 μg) were separated by 10% SDS-PAGE (Bio-Rad, 1610184)
and transferred to PVDF membranes (Millipore, IPVH00010).
The membrane was incubated overnight at 4 °C with primary
antibodies listed in Table S1. HRP-conjugated secondary anti-
bodies were applied for detection. The protein bands were
detected and imaged using ECL reagents (Thermo Fisher,
32,106). GAPDH expression was used as a loading control to
normalize relative protein expression, and ImageJ software
(NIH, V1.8.0.112) was used for analysis.

Cell culture, lentivirus construction and
transduction

A mouse spermatogonia cell line (GC-1 spg cells) (Procell
Life Science and Technology, CL-0600) was cultured in

GC-1 spg cell complete medium (Procell Life Science and
Technology, CM-0600) containing DMEM supplemented
with 10 % fetal bovine serum and 1 % penicillin-
streptomycin, in a humidified incubator at 37 °C
with 5 % CO2. GC-1 spg cells serve as a well-established
in vitro model for studying spermatogonial cell function
and spermatogenesis-related molecular pathways rele-
vant to male infertility [32, 33]. Mouse coding sequence of
C9orf72 was obtained from National Center for Biotech-
nology Information database. Using synthesized full-
length coding sequence (NM_028466.2), we constructed
recombinant lentivirus by cloning into GV358 vector
(Genewiz, China). For virus production, 293T cells were
co-transfected with the expression vector, viral envelope
plasmid, packaging plasmids using Lipofectamine 3,000
(Invitrogen, L3000015). After 48 h incubation, viral par-
ticles were harvested from supernatant through con-
centration and purification steps. GC-1 spg cells were
transduced with lentivirus at a multiplicity of infection
(MOI) of 20 in the presence of poly-L-lysine (Gene Chem),
and subjected to further experiments 96 h post-
transduction. The culture medium was refreshed 12 h
after infection, and all groups were maintained under
identical conditions. To exclude the possibility that
viral infection itself caused cytotoxicity, two control
groups were included: a blank control group (CON, no
viral treatment) and a negative control group (NC, lenti-
virus carrying an empty GV358 vector under the same
conditions as the experimental group). Transduction
efficiency was preliminarily assessed by qPCR and
Western blot.

RT-PCR

Total RNA from GC-1 spg cells was isolated using TRIzol
reagent. All procedures employed RNase-free consumables
and Takara RT-PCR kit (RR036A). Expression levels of
C9orf72 were quantified by SYBR Green-based qPCR, with
GAPDH serving as the internal reference gene for
normalization. Reactions were run on an Agilent Stra-
tagene Mx3000P system. The relative gene expression was
calculated using the 2−ΔΔCt method, with each sample
assayed in triplicate. The PCR cycling protocol was: initial
denaturation at 95 °C for 2 min, denaturation at 94 °C for
20 s, annealing at 58 °C for 20 s, extension at 72 °C for 20 s,
repeated for 40 cycles. Melting curve analysis was per-
formedwith the following steps: 94 °C for 30 s, 65 °C for 30 s,
and a final step at 94 °C for 30 s. Primer sequences were
listed in Table S2.
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Cell viability assay

To evaluate the proliferative activity of GC-1 spg cells over
time, approximately 5 × 103 cells per well were carefully
plated into 96-well flat-bottom microplates and allowed to
adhere overnight under standard culture conditions. CCK-8
reagent (CK04) was purchased from Dojindo. The next day,
each well received 10 μL of CCK-8 reagent, followed by
continuous incubation for 6 h to enable full color develop-
ment. Absorbance at 450 nm was recorded using a UV-1900
spectrophotometer (Shimadzu, Japan). This procedure was
repeated daily overfive consecutive days, with three parallel
wells per time point to ensure data consistency. Results were
interpreted based on OD450 shifts as a surrogate for cell
viability.

Flow cytometry analysis

After digestion, logarithmic phase GC-1 spg cells were
resuspended in PBS, then subjected to Annexin V-FITC/pro-
pidium iodide dual staining (BD Biosciences, 556547).
Cellular apoptosis was assessed utilizing a FACSAria flow
cytometer (Becton Dickinson, USA).

ROS detection

To assess oxidative stress status, GC-1 spg cells were first
standardized to 1 × 106 cells/mL in complete medium. The
ROS-sensitive probe DCFH-DA (Beyotime, S0033) was
employed at a working concentration of 10 μM. Cell sus-
pensions were incubated in the dark at 37 °Cwith 5 % CO2 for
20 min, during which gentle pipette mixing was performed
every 5 min tomaintain homogeneous probe exposure. Post-
incubation, cells underwent two washes in cold PBS (pH 7.4)
to eliminate residual dye. The cleaned suspension was
diluted in chilled PBS to 10 mL, centrifuged at 300×g for
5 min, and the resulting pellet was resuspended in 1 mL PBS.
Fluorescence intensity, corresponding to intracellular ROS
levels, was acquired on a FACSAria cytometer, using exci-
tation at 488 nm and emission detection at 530 nm.

ELISA

The supernatant of each group of GC-1 spg cells was
collected, and 200 μL of sample was used for ELISA detection
of fructose concentration by fructose assay kit (Abcam,
ab83380). The samples were diluted 1:5, and the absorbance
at 450 nm was measured to generate a standard curve for

concentration calculation. Background absorbance correc-
tion was applied to minimize interference from other me-
tabolites in this optical range. GAPDH enzymatic activitywas
determined using GAPDH ELISA Kit (Abcam, ab176642) in
GC-1 spg cells. A total of 1 × 106 cells were lysed, and the assay
was performed. Absorbance at 450 nm was measured to
calculate GAPDH enzyme activity. The intracellular NADH/
NAD+ ratio (nicotinamide adenine dinucleotide, reduced/
oxidized form) was evaluated using a NAD/NADH assay kit
(Colorimetric) (Abcam, ab65348).

Seahorse XF analysis

Cellular oxygen consumption was assessed with an XF
analyzer (Agilent Technologies, Santa Clara, CA) according to
previously published methodology [34]. 2 × 104 cells per well
C9orf72 overexpression and empty vector control GC-1 spg
cells were seeded in Seahorse XF-specific microplates. Cells
were maintained in bicarbonate-free DMEM with 1 h equil-
ibration at 37 °C before measurement. Sequential injections
were performed during the assay: oligomycin (1 μM,
∼16 min) to inhibit ATP synthase and thereby quantify ATP-
linked respiration, FCCP (1.5 μM, ∼40 min) as a mitochon-
drial uncoupler to collapse the proton gradient and reveal
maximal respiratory capacity, and rotenone/antimycin A
(1 μM each, ∼60 min) to inhibit complexes I and III, respec-
tively, thereby blocking mitochondrial electron transport
and enabling assessment of non-mitochondrial respiration.
OCR parameters including basal respiration, ATP-linked
respiration, maximal respiration, and spare respiratory ca-
pacity were calculated according to the manufacturer’s
protocol. For quantification, OCR values were normalized to
total protein content in each well (measured by BCA assay
after the run), and bar graphs summarizing basal and
maximal respiration were generated from three indepen-
dent experiments.

Protein molecular docking analysis

The protein interaction interface between C9orf72 and LC3
was predicted using the SwissDock online server. LC3 (PDB
ID: 4ZBJ) and C9orf72 (AlphaFold predicted structure) were
downloaded from the Protein Data Bank and analyzed using
AutoDock software for molecular docking. Grid parameters
were set to cover the LC3 structure surface, and the La-
marckian genetic algorithmwas used formolecular docking.
The lowest binding energy complex was calculated, and
PyMOL software was used for visualization. Key residues
potentially influencing LC3 binding were identified, and the
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top 10 conformations with the lowest binding free energy
were statistically analyzed, followed by hydrogen bond and
hydrophobic interaction analysis.

Co-immunoprecipitation

Co-immunoprecipitation was performed to detect the
interaction between C9orf72 and LC3. GC-1 spg cells were
transduced with lentivirus expressing C9orf72 with a
3 × Flag tag, and cell lysates were collected as input samples,
and the lysates were incubated with LC3 antibody (Abcam,
ab229327, 1:100) for the first round of immunoprecipitation.
Following washing, the immunoprecipitates were analyzed
by Western blot using anti-C9orf72 and anti-LC3 antibodies
(The same as theWestern blot section, listed in Table S1). For
the second Co-IP, Flag-tagged wild-type and mutant C9orf72
constructs (H65A, H128A, K83A, and K422A; mutation design
in Supplementary File 1) were subjected to immunoprecip-
itation using Flag antibody (Sigma-Aldrich, F7425, 1:100). The
eluted protein complexes were analyzed by Western blot
with anti-LC3 and anti-C9orf72 antibodies. IgG controls were
included to account for non-specific binding. All experi-
ments were independently repeated three times, and band
intensities were quantified using ImageJ software.

Statistical analysis

All statistical analyses were conducted using GraphPad
Prism (version 9.0, GraphPad Software, USA). Quantitative
data are expressed as the mean±standard deviation (SD).
Non-parametric data are presented as the median (inter-
quartile range, IQR). Differences between two groups were
analyzed using the unpaired Student’s t-test for normally
distributed data and the Mann–Whitney U test for non-
parametric data. For comparisons among more than two
groups, one-way ANOVA was used, while comparisons
involving multiple factors were assessed through two-way
ANOVA. Correlations between variables were evaluated
using Pearson correlation analysis. p<0.05 was regarded as
indicative of statistical significance.

Ethical approval

All experimental procedures involving human partici-
pants were reviewed and approved by the Ethics Com-
mittee of Hainan Women and Children’s Medical Center
(No. 2021–033), and were conducted in accordance with
institutional guidelines. Written informed consent was

obtained from each participant prior to sample collection.
The study adhered to the ethical standards outlined in
the 1964 Declaration of Helsinki and its subsequent re-
visions, ensuring the protection of participants’ rights
and privacy.

Results

Elevated C9orf72 expression in
asthenozoospermia semen and its inverse
correlation with sperm progressive motility

A total of 52 semen samples were analyzed, including 24 from
individuals diagnosed with asthenozoospermia and 28 from
healthy male controls. The corresponding clinical character-
istics are summarized in Table 1. Immunofluorescence stain-
ing demonstrated markedly increased C9orf72 expression in
sperm from asthenozoospermic patients compared to con-
trols, with signals observed in both the head and tail regions
(the latter often presenting as a linear green fluorescence
along the tail in asthenozoospermia samples). Quantitative
analysis of mean fluorescence intensity confirmed signifi-
cantly higher C9orf72 expression in the asthenozoospermia
group than in controls (p<0.001; Figure 1A). Western blot
showed significant upregulationof C9orf72 protein expression
in the asthenozoospermia group compared to the normal
group (p<0.001) (Figure 1B). Further statistical evaluation
revealed a strong inverse correlation between C9orf72 protein
expression and sperm progressive motility (r=−0.8436,
p<0.001; Figure 1C). In addition to the highly significant dif-
ferences observed in total motility, progressive motility, and
immotility, non-progressive motility was also statistically
different between the two groups (p=0.028), as shown in Ta-
ble 1. These results suggest that elevated C9orf72 expression is
associated with reduced sperm motility.

C9orf72 overexpression is associated with
reduced proliferation of GC-1 spg cells

GC-1 spg mouse spermatogonial cells were transduced with
C9orf72 overexpression lentivirus or negative control virus
(NC). RT-PCRwas employed to determine themRNA expression
levels of C9orf72, andWestern blot was performed to evaluate
C9orf72 protein expression. The CCK-8 assay assessed changes
in cell viability, andflowcytometrywasused todetect apoptosis
and ROS levels. Compared to the NC group, the C9orf72
overexpression lentivirus transduction group exhibited a sig-
nificant increase in both C9orf72 mRNA expression (p<0.001)
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(Figure 2A) and C9orf72 protein expression (p<0.001) (Figure 2B
and C). Furthermore, cell viability significantly decreased
(p<0.001) (Figure 2D), while apoptosis rate and ROS levels were
significantly increased (p<0.001) (Figure 2E and F). Importantly,
no significant differences were observed between the CON and
NC groups across all measured parameters (p>0.05), indicating
that lentiviral infection at an MOI of 20 and empty vector
expression did not affect GC-1 spg cell viability, apoptosis, or
ROS levels, thereby excluding potential cytotoxic effects of the
viral delivery itself. Thus, the observed reduction in cell
viability, together with increased apoptosis and elevated ROS
levels, was specifically associated with C9orf72 overexpression
rather than nonspecific viral toxicity.

C9orf72 overexpression is associated with
impaired energymetabolism inGC-1 spg cells

The levels of fructose, GAPDH enzymatic activity, and the
intracellular concentrations of NADH and NAD+ in GC-1 spg
cells were quantified using ELISA. Glycolysis-associated

Table : Clinical data of normal and asthenozoospermic semen samples.

Parameter Normal (n=) Asthenozoospermic
(n=)

p-Value

Age, years  (, )  (, ) .
Body mass index,
BMI

. ± . . ± . .

Days of abstinence  (, )  (, ) .
Ejaculate volume,
mL

. ± . . ± . .

Sperm concentra-
tion, /mL

. ± . . ± . .

Total sperm count,




. ± . . ± . .

Total motility, % . ± . . ± . <.
Non-progressive
motility (NP), %

. ± . . ± . .

Progressive motility
(PR), %

. ± . . ± . <.

Immotile sperm
rate, %

. ± . . ± . <.

pH . (., .) . (., .) .
Morphologically
normal sperm, %

. ± . . ± . .

Figure 1: Elevated C9orf72 expression in asthenozoospermia semen and its inverse correlationwith spermprogressivemotility. A: Immunofluorescence
showing the expression of C9orf72 protein (magnification 1,500×) and was quantified using mean fluorescence intensity from three regions. B: C9orf72
expression levels detection via Western blot. C: Pearson correlation analysis. Data are presented as mean±SD. Statistical analysis was performed using
Student’s t-test and Pearson correlation. Compared with the normal group, *** p<0.001. Normal group: semen samples from healthy controls (n=28).
Asthenozoospermia group: semen samples from asthenozoospermia patients (n=24).
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protein expression was examined via Western blot, while
the OCR was evaluated using the Seahorse XF extracellular
flux analyzer. At 24 h post-transduction with the C9orf72-

overexpressing lentivirus, cells exhibited a significant eleva-
tion in fructose concentration compared to the NC group
(p<0.001; Figure 3A). In contrast, GAPDH activity was

Figure 2: C9orf72 overexpression inhibits proliferation of GC-1 spg cells. A: RT-PCR showing relative mRNA expression of C9orf72; B: Western blot
showing C9orf72 protein expression; C: Grayscale analysis and statistical evaluation; D: CCK-8 assay to assess cell viability; E: Flow cytometry analysis of
cell apoptosis; F: Flow cytometry analysis of ROS levels. Data are presented as mean±SD. All experiments were repeated three times (n=3). Statistical
analysis was performed using one-way ANOVA. *** p<0.001 compared to NC group. CON: Control group. NC: Negative control vector transfection group.
C9orf72: C9orf72 overexpression group.
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markedly reduced in the overexpression group (p<0.001;
Figure 3B). Furthermore, C9orf72 overexpression led to a
substantial downregulation of key glycolytic proteins,
including GLUT1, GLUT3, HK2, and LDHA (p<0.001; Figure 3C).
NADH/NAD+ ratio was significantly increased in the C9orf72
group (p<0.001; Figure 3D), implying disruption of redox ho-
meostasis and energymetabolism. Analysis of OCR revealed a
notable decline in mitochondrial respiratory function in the
overexpression group. After oligomycin injection, ATP-linked
respirationwas significantly reduced, while FCCP stimulation
failed to induce maximal respiration as in the controls, indi-
cating impaired OXPHOS capacity (p<0.001; Figure 3E).
Quantification of maximal respiration confirmed this effect,
as C9orf72-overexpressing cells exhibited a significant
reduction compared with CON and NC groups (p<0.001;
Figure 3F). Final injection of rotenone/antimycin A confirmed
that the residual OCR was non-mitochondrial. In contrast, no
significant differences were found between the CON and NC
groups in any of these metabolic indices (p>0.05). These re-
sults suggest that C9orf72 overexpression is associated

with impaired energy metabolism in GC-1 spg cells, particu-
larly by disrupting fructose metabolism and mitochondrial
respiration.

C9orf72 overexpression is associated with
reduced mitophagy in GC-1 spg cells

GC-1 spg cells were transduced with C9orf72 overexpression
lentivirus or NC. LC3-labeled autophagosomes and TOM20-
labeled mitochondria were observed to assess changes in
autophagosome and mitochondria co-localization and
quantity. Compared to the CON and NC groups, C9orf72
overexpression resulted in decreased LC3 green fluores-
cence, reducing autophagosome formation, and decreased
co-localization of autophagosomes with mitochondria (yel-
low) (Figure 4), suggesting that C9orf72 overexpression
is associated with reduced mitophagy in GC-1 spg cells.
This observation was further supported by quantitative
colocalization analysis using Pearson’s correlation

Figure 3: C9orf72 overexpression inhibits
energy metabolism and expression of
glycolysis-related proteins in GC-1 spg cells. A:
Fructose concentration measurements at
0 and 24 h; B: ELISA analysis of GAPDH enzyme
activity; C: Western blot of glycolysis-related
proteins; D: ELISA analysis of NADH/NAD+ ra-
tio; E: Seahorse XF analysis of oxygen con-
sumption rate (OCR); sequential injections
were performed with oligomycin (1 μM,
∼16 min; ATP synthase inhibitor to measure
ATP-linked respiration), FCCP (1.5 μM,
∼40min; uncoupler to reveal maximal respi-
ration capacity), and rotenone/antimycin A
(1 μMeach,∼60 min; complex I/III inhibitors to
define non-mitochondrial respiration). OCR
values were normalized to total protein con-
tent. F: Bar graphs summarizing basal respi-
ration and maximal respiration derived from
OCR curves. Data are presented as mean±SD.
All experiments were repeated three times
(n=3). Statistical analysis was performed using
one-way ANOVA or two-way ANOVA.
***p<0.001 compared to NC group. CON: Con-
trol group. NC: Negative control vector trans-
fection group. C9orf72: C9orf72
overexpression group.
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coefficient, which showed a significant reduction in LC3/
TOM20 overlap in the C9orf72 group compared with Control
(p<0.001), consistent with impaired mitophagy (Figure 4,
right panel).

C9orf72–LC3 interaction and its association
with impaired mitophagy in GC-1 spg cells

The interaction between C9orf72 and LC3 was analyzed by
molecular docking and co-immunoprecipitation experi-
ments. The direct interaction between C9orf72 and LC3 was
further validated by co-immunoprecipitation. Molecular
docking analysis revealed that the binding sites between
C9orf72 and LC3 include multiple amino acid residues (e.g.,
His-128, Asp-48), with several residues forming hydrogen
bonds, such as the hydrogen bond between HIS65 of C9orf72
and GLN22 of LC3. These amino acid sitesmay play a key role
in their interaction (Figure 5A). Co-immunoprecipitation
experiments showed that C9orf72 was successfully detected
in the LC3 immunoprecipitate, while no C9orf72 precipita-
tion was observed in the IgG control group, indicating a
specific interaction between the two proteins (Figure 5B).
Furthermore, site-directed mutagenesis combined with

co-immunoprecipitation demonstrated that the LC3 protein
signal bound to all four mutants (H65A, H128A, K83A, and
K422A) was significantly reduced compared with wild-type
C9orf72 (p<0.001). Notably, the reduction was most pro-
nounced in the H128A mutants, indicating that His-128 is
critical residues for maintaining the C9orf72–LC3 interac-
tion, while His-65, Lys83 and Lys-422 also contribute to the
binding (Figure 5C).

To further validate the functional relevance of this
interaction, rescue experiments were performed by co-
expressing LC3 in C9orf72-overexpressing GC-1 cells.
Compared with the NC group, C9orf72 overexpression
markedly reduced LC3/TOM20 co-localization and impaired
mitophagy (p<0.001) (Figure 6A), significantly suppressed
cell proliferation (p<0.001) (Figure 6B), increased extracel-
lular fructose accumulation (p<0.001) (Figure 6C), and
decreased GAPDH enzymatic activity (p<0.001) (Figure 6D).
Importantly, LC3 overexpression partially rescued these
phenotypes, restoring LC3/TOM20 colocalization and
improving metabolic parameters. These findings support
that C9orf72 overexpression correlates with impaired
mitophagy and fructose metabolism, potentially through
suppression of LC3, and that enhancing LC3 expression can
counteract these effects.

Figure 4: C9orf72 overexpression inhibits mitophagy in GC-1 spg cells LC3 (green)–labeled autophagosomes and TOM20 (red)–labeled mitochondria
were visualized, and colocalization was quantified using Pearson’s coefficient from three regions. Magnification: 1,500 and 5,000×. All experiments were
repeated three times (n=3). Data are presented as mean±SD. Statistical analysis was performed using one-way ANOVA. ***p<0.001 compared to NC
group. CON: Control group. NC: Negative control vector transfection group. C9orf72: C9orf72 overexpression group.
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Discussion

Previous studies reported that C9orf72 mRNA expression is
elevated in asthenozoospermia [16], and our results confirm
that C9orf72 is markedly upregulated in semen and inversely
correlated with progressive motility. Elevated C9orf72
expression has also been linked to non-obstructive azoo-
spermia [35]. Ourfindings suggest a potential role of C9orf72 in
asthenozoospermia, although mechanistic validation is still
lacking. C9orf72 was detected in both the sperm head and tail,
implying involvement in motility- and head-related functions.
Its localization may influence key processes such as the acro-
some reaction, which is essential for fertilization [36]. Thus,
C9orf72 overexpression may be associated with alterations in
motility-related pathways, but further studies are required.
Using GC-1 spg cells, we also examined howC9orf72 affects cell
proliferation and metabolism, providing insight into its po-
tential role in the pathogenesis of asthenozoospermia.

Spermatogonia are the foundational germ cell popu-
lation of the seminiferous epithelium, responsible for
maintaining the stem cell pool, balancing self-renewal and
differentiation, and initiating meiosis to ensure contin-
uous sperm production [37, 38]. Transcriptomic analyses
show that GC-1 spermatogonia retain key features of type B
spermatogonia and share overlap with spermatocyte
gene expression, making them a relevant model for early
spermatogenic events [39]. Cross-species studies further
reveal that spermatogonia are enriched in conserved
gene networks regulating RNA, metabolism, and meiosis,
highlighting their central role in spermatogenesis and
male infertility [37]. The use of GC-1 spg cells as an in vitro
model is well established. Prior studies have shown their
applicability in spermatogenesis and energy metabolism
research, including levocarnitine improving spermato-
genic dysfunction via PI3K/AKT signaling [40], substance P
stimulating their proliferation through Erk1/2 signaling

Figure 5: C9orf72 interacts with LC3 in GC-1 spg cells A: molecular docking analysis of the interaction sites between C9orf72 and LC3; B:
Co-immunoprecipitation of C9orf72 and LC3; C: site-directed mutagenesis and co-immunoprecipitation analysis of C9orf72 wild-type (WT) and mutants
(H65A, H128A, K83A, and K422A) with LC3. All experiments were repeated three times (n=3). Data are presented as mean±SD. Statistical analysis was
performed using one-way ANOVA. ***p<0.001 compared to C9orf72-WT group.
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[32], and miR-27b-3p protecting against high glucose–
induced damage by regulating Gfpt1/HBP signaling [25].
Moreover, Sertoli cell–secreted FGF-2 has been reported to
regulate glycolysis in GC-1 spg cells through the MEK/ERK/
CREB pathway [41], supporting their rational use in studies
of spermatogenesis and metabolism. Spermatogonia
display unique responses to stress, including oxidative
injury and ferroptosis. Mitochondrial dysfunction,
elevated ROS, and altered autophagy are hallmarks of
spermatogonial damage under toxic or metabolic stress
[42, 43]. Metabolically, they shift from OXPHOS-dominated

energy production in gonocytes to a more glycolytic
phenotype during maturation, accompanied by mito-
chondrial remodeling and regulators such as UCP2 and
PLZF [44]. In our study, C9orf72 overexpression in
GC-1 cells suppressed proliferation, increased apoptosis,
and elevated ROS. Excessive ROS, often arising from
mitochondrial dysfunction, compromises ATP production
and triggers cell death [45–47]. Consistent with this,
C9orf72 overexpression was associated with increased
ROS, enhanced apoptosis, and reduced proliferation.
ROS accumulation is a well-known contributor to male

Figure 6: LC3 overexpression rescues C9orf72-induced defects in mitophagy and fructose metabolism A: Representative immunofluorescence images
showing LC3 (green), TOM20 (red), and nuclei (blue, DAPI) in GC-1 spg cells, Scale bar=20 μm. Quantification of colocalization was assessed using
Pearson’s coefficient (right panel). B: Cell proliferation was assessed by CCK-8 assay over 5 days. C: Fructose concentrations in the culture medium
measured at 0, and 24 h. D: GAPDH enzymatic activity assay. Data are presented asmean±SD. All experiments were repeated three times (n=3). Statistical
analysis was performed using one-way ANOVA. ***p<0.001 compared to C9orf72 group. NC: Negative control vector transfection group. C9orf72: C9orf72
overexpression group. C9orf72 + LC3: C9orf72 and LC3 overexpression group.
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infertility, as it promotes lipid peroxidation, protein
oxidation, and DNA fragmentation, ultimately impairing
sperm integrity and motility [48, 49]. Our findings suggest
that C9orf72 may contribute to impaired spermatogonial
proliferation through effects on fructose metabolism and
mitochondrial function. Given the established role of
oxidative stress in asthenozoospermia, potential thera-
peutic strategies include antioxidants, metabolic modu-
lators, and mitophagy-targeted interventions to restore
mitochondrial quality and sperm function [50–52].

Mitochondrial homeostasis, especially the mainte-
nance of membrane potential (ΔΨm), is essential for sperm
motility, hyperactivation, energy metabolism, acrosomal
exocytosis, and genomic stability [53, 54]. Disruption of
mitochondrial bioenergetics reduces ATP production for
flagellar movement and may contribute to asthenozoo-
spermia [4]. C9orf72 has been reported to regulate auto-
phagosome formation through coordination with the
Rab1a–ULK1 complex [19]. In animal studies, Shengjing
Tablets improved asthenozoospermia by enhancing mito-
chondrial ubiquitination and mitophagy via the LKB1/
AMPK/ULK1 pathway [55]. In our study, C9orf72 over-
expression inhibited mitophagy in GC-1 spg cells and
directly interacted with LC3. LC3 facilitates the recruitment
of mitochondria into autophagosomes for degradation,
thereby preserving mitochondrial quality and energy
metabolism [56]. In aging mouse epididymis, reduced LC3–
LAMP2 colocalization indicated impaired mitophagy,
which may compromise sperm quality [57]. C9orf72 over-
expression decreased LC3 fluorescence and autophago-
some formation, while co-immunoprecipitation confirmed
its direct interaction with LC3 and identified key binding
residues. These assays do not prove that C9orf72 induces
LC3 degradation but suggest that C9orf72 may influence
LC3 function through both reduced LC3 levels and direct
protein interaction. Taken together, our findings indicate
that impaired mitophagy may underlie the inhibitory ef-
fects of C9orf72 on GC-1 spg cell proliferation, though
further mechanistic studies are needed.

Mitochondria are the main sites of fructose metabolism
and ATP production, while mitophagy regulates intracel-
lular fructose utilization [58]. Fructose-derived ATP supports
sperm functions such as motility, hyperactivation, acro-
somal exocytosis, and homeostasis [59]. Fructose enters
glycolysis through hexokinase-mediated phosphorylation
[60, 61]. In our study, C9orf72 overexpression caused fruc-
tose accumulation in the medium, reduced GAPDH activity,
and elevated the NADH/NAD+ ratio. It also downregulated
glucose transporters (GLUT1, GLUT3) and glycolytic enzymes
(HK2, LDHA), indicating disruption of energy balance. The

reduction in GAPDH activity despite unchanged protein
levels may reflect oxidative stress–induced modifications,
such as S-nitrosylation or carbonylation, that impair enzyme
function [62, 63]. These findings suggest that C9orf72 mod-
ulates fructose metabolism and may contribute to energy
insufficiency in asthenozoospermia.

Supporting evidence comes from Drosophila studies,
where a high-sugar diet reduced GAPDH activity, increased
the NADH/NAD+ ratio, and disrupted fructose metabolism
[64]. Similarly, an elevated NADH/NAD+ ratio has been
linked to oxidative stress, mitochondrial dysfunction, and
impaired homeostasis [65]. Although we observed increased
ROS levels, it remains unclear whether this reflects a direct
effect of C9orf72 or a secondary consequence of metabolic
impairment. In this study, C9orf72 overexpression was
associated with elevated ROS levels. However, it remains
unclear whether this increase reflects a direct effect of
C9orf72 or a secondary consequence of impaired glycolysis
and mitochondrial dysfunction. The absence of rescue ex-
periments using ROS scavengers such as N-acetylcysteine
(NAC) represents a limitation of our study, and future work
will be required to delineate the causal relationship.

Although semenwashing removes seminal plasma, non-
sperm cells such as leukocytes may remain, and C9orf72 is
also expressed in leukocytes [66]. Thus, the observed over-
expression in asthenozoospermia samples may partly orig-
inate from leukocytes, and future studies should include
leukocyte-specific markers (e.g., CD45) to confirm the
cellular source. Another limitation is the use of GC-1 spg cells,
which differ from mature human sperm in physiology,
metabolism, and developmental context [67]. Validation in
human-derived samples is therefore required. The sample
size was smaller than recommended by clinical research
guidelines (24 patients vs. 63 per group), which may have
reduced statistical power; thus, the results should be
considered exploratory and confirmed in larger cohorts. The
evidence for C9orf72–LC3 interaction is preliminary, as
docking and co-immunoprecipitation cannot rule out indi-
rect binding. Further mutational and in situ validation
studies are needed. In addition, clinical data on lifestyle
factors and comorbidities were not systematically collected,
which may confound the findings. Finally, the absence of
in vivo validation represents another limitation. Mouse
models with C9orf72 overexpression or knockout will be
important to confirm its role in mitophagy and sperm
function. Moreover, downstream signaling pathways, such
as the PINK1/Parkin axis, should be investigated to clarify the
mechanisms and strengthen translational relevance.

In conclusion, this study demonstrates that C9orf72
expression is elevated in asthenozoospermic semen and
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shows a negative association with sperm progressive
motility. Functional analyses in GC-1 spg cells revealed that
C9orf72 overexpression is linked to suppressed cell prolif-
eration, disrupted fructose metabolism, oxidative stress,
and reduced mitophagy, partly through its interaction with
LC3. These findings highlight a potential role of C9orf72 as a
regulator of sperm energy metabolism and mitochondrial
quality control, providing new mechanistic insight into the
pathogenesis of asthenozoospermia.
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