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Abstract 

Background:  Testicular aging has profound effects on spermatogenesis, sperm 
function, and the spermatogenic microenvironment, contributing to reduced male 
fertility. However, the precise molecular mechanisms by which mitochondria influence 
spermiogenesis during aging still remain largely unclear. 

Methods:  Vha68-3 KO flies were generated using the CRISPR/Cas9 technique. 
Testicular phenotypes and functions were mainly observed through immunofluores-
cence staining and transmission electron microscopy. Multi-omics study was mainly 
conducted through single-cell RNA sequencing and transcriptome–metabolomics 
association analysis. Vha68-3 binding proteins were identified via liquid chromatog-
raphy–tandem mass spectrometry. The therapeutic potential of modulating mito-
chondrial metabolism for testicular aging mainly relied on the dietary intake of related 
compounds in fruit flies.

Results:  In this study, we identified Vha68-3, a testis-specific subunit of the V-type 
adenosine triphosphate (ATP) synthase, predominantly localized in the tails of elon-
gated spermatids, as a key age-related regulator of male fertility and spermatid 
elongation in Drosophila testes. Crucially, Vha68-3 deficiency impaired mitochondrial 
homeostasis in elongated spermatids during testicular aging. Through a multi-omics 
approach, including single-cell transcriptomics, protein interaction mapping of Vha68-
3, and transcriptome–metabolome integration, we identified pyruvate metabolism 
as a critical pathway disrupted by Vha68-3 deficiency. Moreover, dietary supplementa-
tion with pyruvate (PA), S-lactoylglutathione (SLG), and phosphoenolpyruvate (PEP) 
effectively alleviated mitochondrial dysfunction and testicular aging linked to Vha68-3 
deficiency.

Conclusions:  Our findings uncover novel mechanisms by which mitochondrial 
metabolism regulates spermatid elongation and propose potential therapeutic strate-
gies to combat mitochondrial metabolic disorders in aging testes.
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Background
Spermiogenesis  is an intricate and highly orchestrated biological process, character-
ized by the morphological transition from round to elongated spermatids. Disruptions 
during these transformations can result in structural abnormalities in spermatogenic 
cells, significantly affecting fertility [1]. Recently, researchers have focused on maintain-
ing both structural integrity and functional balance throughout spermatid elongation 
[1–3]. Several genes have been identified as key regulators of the structural framework 
necessary for spermatid maturation and male fertility [4, 5]. Notably, genes such as cen-
trosomal protein 78 (CEP78) and cilia and flagella associated protein 57 (CFAP57) play 
pivotal roles in flagella assembly [6, 7], while the RNA-binding protein FMR1 autoso-
mal homolog 1 (FXR1), highly expressed in elongated spermatids, regulates stored 
mRNA activation through liquid–liquid phase separation, underscoring its critical role 
in spermatid maturation [8]. Furthermore, studies have confirmed that mutations in 
genes related to spermatid maturation, such as FSIP2, are central to the development of 
asthenozoospermia, with gene mutations leading to severe fibrous sheath disintegration, 
axonemal defects, and abnormal mitochondrial sheath structure [9–11]. These findings 
highlight the importance of morphological changes and structural elongation of sperma-
tids in ensuring fertility.

In addition to spermatid morphology,  spermiogenesis  involves the elongation and 
structural modification of various organelles, including mitochondria, a key step in sper-
matogenesis [1]. During the early post-meiotic stage in Drosophila spermatids, mito-
chondria coalesce and merge to form two enlarged mitochondrial derivatives (referred 
to as major and minor), which subsequently elongate in parallel with the flagellar axo-
neme during the comet stage within the testis [12]. Despite recent advances, the regula-
tory mechanisms underlying mitochondrial damage-induced spermiogenesis disorders 
remain poorly understood. Classic model organisms, such as Drosophila melanogaster, 
have proven effective for studying spermiogenesis in testicular systems. A recent single-
cell RNA sequencing (scRNA-seq) study in Drosophila  testes identified mitochondrial 
dysfunction as a mediator of spermatid elongation defects, further implicating mito-
chondrial transport proteins in the maintenance of mitochondrial derivatives during 
spermatogenesis [13].

The V-type ATP synthase  is widely conserved across species and primarily regulates 
intracellular transport, biosynthesis, pH homeostasis, and nutrient uptake [14, 15]. Its 
diverse functions are largely dictated by its subcellular localization [14, 15]. While prior 
studies have focused on its role in lysosomal acidification, recent evidence has extended 
its involvement to mitochondrial function and stress regulation, particularly through 
phosphorylation of activating transcription factor 4 (ATF4) via the mechanistic target of 
rapamycin complex 1 (mTORC1) [16]. Nevertheless, the direct regulation of mitochon-
drial homeostasis by V-type ATP synthase remains underexplored.

Testicular aging has profound effects on spermatogenesis, sperm function, and 
the spermatogenic microenvironment, contributing to reduced male fertility [17]. 
Although recent studies have shed light on the aging characteristics of mammalian 
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and  Drosophila  testes [18, 19], the precise mechanisms by which mitochondria influ-
ence spermiogenesis during aging are still largely unknown. Furthermore,  the role of 
the V-type ATPase 68  kDa subunit 3 (Vha68-3)  in testicular function remains poorly 
characterized.

In this study, we demonstrate the role of Vha68-3 for spermiogenesis during testicu-
lar aging, where it predominantly localizes to the elongated spermatid tail in Drosoph-
ila. Our results suggest that Vha68-3 plays a crucial role in maintaining mitochondrial 
derivatives through mitochondrial metabolism, thereby promoting spermatid elongation 
and preserving male fertility during testicular aging. This discovery broadens our under-
standing of the V-type ATP synthase and its molecular targets, offering new insights into 
the mechanisms of mitochondrial damage-mediated spermiogenesis disorders, provid-
ing critical avenues for future research.

Methods
Generation of Vha68‑3 KO flies

Vha68-3 KO flies were generated using the CRISPR/Cas9 technique as previously 
described [20, 21]. Two guide RNAs (gRNAs) targeting the Vha68-3 coding region 
were designed: sgRNA1 (5′-cccgcccgggaactactgcg-3′) and sgRNA2 (5′-acgtgggctgcggt-
gagcgc-3′). These purified gRNAs were combined and injected into nos-Cas9 embryos 
(Bloomington Drosophila Stock Center, #78782). Heterozygous mutants (F0 and F1) 
were identified through PCR and sequencing. The following primers were used: for-
ward 5′-GGG​TGA​TCC​CGT​CTA​CCA​GA-3′, reverse 5′-CAG​CCG​AGC​TCC​CAA​GTA​
AG-3′. Flies used for in vivo experiments were reared on standard cornmeal molasses 
agar medium at 25 °C with 40–60% relative humidity.

Phase‑contrast microscopy

Phase-contrast microscopy was performed as previously described [22]. Briefly, testes 
were dissected in 1× phosphate-buffered saline (PBS), washed, and mounted on slides. 
The samples were coverslipped and examined using a phase-contrast microscope.

Stainings

Testes were dissected in 1× PBS, fixed in 4% paraformaldehyde (PFA) for 30 min, and 
washed three times with 0.3% PBS-Triton X-100 (PBST). Samples were blocked with 
5% bovine serum albumin (BSA) for 30 min and then incubated with primary antibod-
ies for 1  h at room temperature (RT). After three washes in 0.3% PBST, the samples 
were exposed to secondary antibodies for 1  h at RT in darkness. Following an addi-
tional three washes with PBST, the testes were stained with Hoechst-33342 (1.0 mg/ml, 
C0031, Solarbio) for 5 min before mounting. Primary antibodies included rabbit anti-
Vha68-3 (Yu-Lab, 1:1000), mouse anti-Orb (4H8, DSHB, 1:50), mouse anti-Orb2 (4G8, 
DSHB, 1:50), rabbit anti-cleaved Caspase-3 (#9664, CST, 1:1000), mouse anti-ATP5A 
(ab14748, Abcam, 1:200), and rabbit anti-Tom20 (#42406, CST, 1:200). Secondary anti-
bodies labeled with A488, Cy3, or A647 (Jackson ImmunoResearch Laboratories) were 
diluted to 1:800. Lysosomal compartments were stained with LysoTracker™ Red DND-
99 (L7528, Thermo Fisher, 1:1000) according to the manufacturer’s instructions.
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TEM analysis

Testes were dissected and prepared for transmission electron microscopy (TEM) follow-
ing a published protocol [23]. Samples were fixed in 2% glutaraldehyde at 4 ℃ overnight, 
washed, and post-fixed in 2% OsO4 in phosphate buffer at 4 ℃ for 2 h. After dehydration 
in graded ethanol concentrations, samples were embedded in Araldite resin. Ultrathin 
sections (60 nm) were cut, placed on copper grids, and stained with uranyl acetate and 
lead citrate. Images were acquired using a transmission electron microscope (FEI Tecnai 
Spirit Biotwin) operating at 100 kV.

Male fertility test

Males for fertility testing were raised under standard conditions. A single male was 
paired with three virgin w1118 females in a single tube for 7  days. If no larvae were 
observed, the male was considered sterile.

Drosophila Schneider 2 (S2) cell culture and immunoprecipitation

S2 cells (ATCC, CRL-1963) were cultured at 28  °C in Schneider’s Drosophila medium 
(21720024, Gibco) supplemented with 10% fetal bovine serum (04–001-1ACS, Bioind). 
HA-Vha68-3 and Flag-Muc fusion proteins were expressed using the pUAS-attB plas-
mid. S2 cells were transfected using Effectene transfection reagent (301425, Qiagen). 
Immunoprecipitation was performed by extracting proteins from transfected cells, bind-
ing them to tag-labeled beads, and eluting for further analysis.

Western blot assay

Total protein was extracted from samples using RIPA lysis buffer (P0013D, Beyotime) 
supplemented with protease inhibitors. Proteins were separated by 12% sodium dode-
cyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) and transferred onto nitro-
cellulose membranes. Membranes were blocked with 5% skimmed milk for 1  h at RT 
and incubated overnight at 4℃ with primary antibodies, including rabbit anti-Vha68-3 
(1:1000, Yu lab), mouse anti-Tubulin (1:1000, AT819, Beyotime), rabbit anti-HA (1:1000, 
#3724 T, CST), and mouse anti-Flag (1:1000, AF519, Beyotime). After washing, mem-
branes were incubated with fluorescent secondary antibodies (Alexa Fluor® 680, 
ab175773, Abcam; IRDye® 800, ab216772, Abcam) and visualized using an Amersham 
Typhoon 5 biomolecular imager (GE Healthcare Lifescience). ImageJ software was used 
for analysis.

Anti‑Vha68‑3 antibody preparation

Anti-Vha68-3 antibodies were developed by ABclonal Biotechnology. The Vha68-3 pep-
tide (ASNEDRARNSGSLNQD-C) was synthesized and conjugated to Keyhole Limpet 
Hemocyanin (KLH). Antibodies were affinity purified using peptide-specific columns.

LC–MS/MS analysis

For in-gel digestion, gel particles were obtained from the entire gel, and cut into 1 mm3 
blocks and sequentially washed with water, 50% ACN, and 100% ACN. The gel parti-
cles were reduced with dithiothreitol (DTT), alkylated with iodoacetamide, and digested 
with trypsin at 37  °C for 12  h. After stopping the digestion with trifluoroacetic acid 
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(TFA), peptides were extracted from the gel particles, then desalted using StageTip 
(Thermofisher) before mass spectrometric (MS) analysis. For MS analysis, the puri-
fied peptides were resuspended in 0.1% formic acid (FA), separated on an analytical 
column (75 μm × 160 mm, 1.9 μm, Dr. Maisch), and analyzed using an Orbitrap Fusion 
Lumos mass spectrometer (Thermofisher) equipped with Easy-nLC 1200 system (Ther-
mofisher). The data-dependent acquisition (DDA) mode was applied, while MS1 data 
were obtained in the Orbitrap with mass range of 350–1500 using 60k resolution, and 
MS/MS was performed by high-energy dissociation (HCD) in the Orbitrap with a reso-
lution of 15k. MaxQuant software (version 1.6.5.0) was used for searching the raw files 
against the Drosophila melanogaster proteome database (downloaded June 2021). Iden-
tified peptides and proteins were filtered at a false discovery rate (FDR) of 1%. Searches 
were performed using Trypsin/P enzyme specificity while allowing up to two missed 
cleavages. Carbamidomethylation of cysteine residues (+57.0215  Da) was set as fixed 
modifications. Variable modifications included oxidation of methionines and acetylation 
of protein N termini. Enrichment analysis was performed using the STRING database 
[24].

Docking and interaction analysis

The tertiary structures of proteins were obtained from the PDB or AlphaFold databases, 
while small molecule structures were retrieved from PubChem. Robetta was used for 
predicting three-dimensional (3D) structures, HawkDock for protein–protein interac-
tions, and CB-Dock2 for protein–small molecule interactions. Complexes were visual-
ized using PyMOL.

Mitochondrial metabolism indicators

Mitochondrial metabolism indicators, including PA (BC2205, Solario), ATP (S0026, 
Beyotime), PDH (BC0385, Solario), and NAD+/NADH (S0175, Beyotime), were meas-
ured using tissue homogenates following the manufacturer’s instructions. The resulting 
supernatants and detection reagents were transferred to a 96-well plate for the respec-
tive assays. The absorbance readings for the different experiments were taken as follows: 
PA at λ = 520 nm, PDH at λ = 605 nm, and NAD+/NADH at λ = 450  nm, utilizing 
a FlexStation 3 multimode microplate reader. The relative ATP levels were determined 
using a microplate reader from BioTek Instruments Inc.

Dietary supplementation

In dietary supplementation experiments, PA, SLG, and PEP were added to cornmeal 
medium at final concentrations of 2.5, 5.0, and 7.5  µg/mL. Flies were fed this supple-
mented medium for 40 days.

Single‑cell suspensions, library preparation, and sequencing

Single-cell suspensions were prepared as previously described [25]. Approximately 150 
male Drosophila testes (40  days) per sample were enzymatically dissociated and pro-
cessed using a Singleron PythoN™ automated tissue dissociation system at 28  °C for 
a duration of 15 min. The resultant homogenate underwent centrifugation at 500g for 
5  min and was subsequently resuspended in PBS. Assessment of cellular viability was 
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conducted via Trypan Blue (Sigma-Aldrich) staining under microscopic observation. 
Subsequently, the single-cell suspensions were introduced into microfluidic devices uti-
lizing a Singleron Matrix® single-cell processing system. Sequencing libraries were con-
structed using the GEXSCOPE® single-cell RNA library kit (Singleron Biotechnologies) 
and sequenced on an Illumina Novaseq 6000 platform.

Bioinformatics analysis of scRNA‑seq

Raw sequencing reads were processed using Cell Ranger (version 3.1.0). Reads featur-
ing substandard barcodes were eliminated, and unique molecular identifiers (UMIs) 
were sieved and aligned to the reference Drosophila melanogaster genome (Ensembl_
release102). UMI count matrices corresponding to each cell barcode were utilized for 
subsequent analyses. Cells exhibiting abnormally high UMI counts (> 43,000) or mito-
chondrial gene percentages (> 25%) were excluded. Furthermore, cells detecting fewer 
than 820 or more than 5300 genes were also omitted. Seurat (version 3.1.1) was used 
for clustering and downstream exploration. Differentially upregulated genes were iden-
tified as statistically significant with a threshold criterion of ln(fold change) > 0.25 and 
P-value < 0.05. Differentially expressed genes (DEGs) were deemed significant with a fold 
change > 2 and P-value < 0.05. Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analyses were performed using clusterProfiler. Single-cell trajec-
tory analysis was conducted with Monocle 2 (version 2.10.1) to delve deeper into germ 
cell differentiation trajectories, pinpointing key factors essential for distinct stages dur-
ing spermatogenesis.

Transcriptome–metabolomics association analysis

Fly tissues from the respective groups were used for both metabolomics and transcrip-
tome analyses. Transcriptome profiling followed the methodology described in a pre-
vious publication [19]. Genes with a fold change greater than 2 and a false discovery 
rate (FDR) below 0.05 were identified as DEGs between the groups. For nontargeted 
metabolomics, following preprocessing, metabolites were detected through ultrahigh-
performance liquid chromatography (UHPLC, 1290 Infinity LC; Agilent Technolo-
gies) coupled to a quadrupole time-of-flight (AB Sciex TripleTOF 6600). The raw MS 
data were converted to MzXML files using ProteoWizard MSConvert (version 3.0.6428) 
before importing into freely available XCMS software (online 3.7.1). In the extracted ion 
features, only variables having more than 50% of the nonzero measurement values in 
at least one group were kept. Metabolites were identified by comparing their mass and 
MS/MS data with those in mzCloud database which built from standard compounds, 
mzVault, and MassList databases. Both positive ion mode (POS) and negative ion mode 
(NEG) were employed to maximize metabolite coverage and detection efficiency. Data 
normalization was performed using z-scores, and hierarchical clustering was carried 
out with the R package  pheatmap. Correlation analysis and heatmap visualizations 
were also performed using R and the  pheatmap  package. OPLS-DA, a variant of par-
tial least squares discriminant analysis (PLS-DA) that incorporates an orthogonal signal 
correction (OSC) filter, was used to further analyze the data [26]. The VIP score from 
the OPLS-DA model was used to rank metabolites that distinguished between the two 
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groups. Metabolites with a t-test P-value < 0.05 and VIP score ≥ 1 were considered differ-
entially significant between the groups.

To integrate metabolomics and transcriptomics data, Pearson correlation coefficients 
were computed. Enriched pathways representing corresponding DEGs and differen-
tial metabolites were selected for heatmap analysis using the  pheatmap  package in R. 
In correlation-based clustering heatmaps, red indicated positive correlations while blue 
represented negative correlations. The intensity of the color indicated the strength of 
the correlation, with white asterisks denoting correlations with P-value < 0.05. Interac-
tion network diagrams between DEGs and differential metabolites were generated using 
Cytoscape. Positive correlations are shown with red lines, while negative correlations 
are represented by green lines. DEGs and metabolites upregulated in the experimental 
group are marked in red, and downregulated ones in green. The intensity of the color of 
the circles or squares corresponded to the magnitude of fold change, while their size was 
proportional to the significance of the P-value.

Statistical analysis

All results are presented as mean ± standard error of the mean (SEM). Statistical anal-
yses were performed using GraphPad Prism software version 6.01. For comparisons 
between two groups, Student’s t-test was used for parametric analyses. For comparisons 
among multiple groups, one-way analysis of variance (ANOVA) was applied, followed by 
Dunnett’s multiple comparisons test for post hoc analysis. For nonparametric analysis, 
the chi-squared (Fisher’s exact) test was applied to assess rate comparisons. Statistical 
significance is denoted as follows: *P < 0.05; **P < 0.01; ***P < 0.001.

Results
Testis‑specific Vha68‑3 constitutes a crucial age‑dependent factor influencing male fertility

Using the Fly Cell Atlas, a comprehensive transcriptomic repository of adult Drosoph-
ila tissues [27], we identified that Vha68-3 is predominantly expressed in the testes, with 
its expression levels being particularly elevated in spermatids (Supplementary Fig. S1A). 
To investigate the role of Vha68-3 in testicular function, we generated Vha68-3 knock-
out (KO) flies via CRISPR/Cas9, resulting in a 307-base pair (bp) deletion in the coding 
sequence (equivalent to a 384 bp deletion in the genome) (Fig. 1A). The KO was vali-
dated using PCR, sequencing (Fig. 1A; Supplementary Fig. S1B), and confirmed by the 
absence of the Vha68-3 protein as detected by specific antibodies (Supplementary Fig. 
S1C).

Fertility assessments revealed an age-dependent decline in male fertility in  Vha68-
3 KO flies (Fig. 1B). At 2 days old, KO flies displayed no significant impact on fertility 
(fertility rate: control group 100%, n = 50; KO group 100%, n = 55). However, by 40 days 
of age, KO flies exhibited a significant reduction in fertility compared with controls (fer-
tility rate: control group 100%, n = 60; KO group 26.7%, n = 60). DNA staining of testicu-
lar apexes revealed pronounced morphological abnormalities in the testes of 40-day-old 
KO flies, in contrast to controls (Fig.  1C). Phase-contrast microscopy further con-
firmed extensive damage to spermatogenic cells, particularly elongated spermatids, in 
the 40-day-old KO testes (Fig. 1D). The occurrence of dysmorphic testes peaked at 84% 
(n = 106) in 40-day-old KO flies, while no such abnormalities were detected in controls 
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(n = 102), consistent with the observed decline in fertility (Fig. 1B, E). These results sug-
gest that the age-dependent fertility decline associated with  Vha68-3  is likely due to 
spermatogenic dysfunction during testicular aging.

Vha68‑3 regulates spermatid elongation during testicular aging

Immunofluorescence staining localized Vha68-3 primarily to the tails of elongated sper-
matids (Fig. 2A, B). In KO testes, the absence of Vha68-3 confirmed the successful KO 

Fig. 1   Vha68-3 deletion leads to spermiogenesis and male fertility defects during testicular aging. A 
Schematic representation of generating Vha68-3 KO flies using CRISPR/Cas9 technology. B Comparison of 
male fertility between control and Vha68-3 KO flies at 2 days (n = 50 for control; n = 55 for KO) and 40 days 
(n = 60 for control; n = 60 for KO) of age. C DNA staining at the testicular apex of control and Vha68-3 KO 
groups at 2 days and 40 days of age. D Phase-contrast images of testes in control and Vha68-3 KO flies 
at 40 days of age. Yellow arrows indicate normal elongated spermatid clusters, while red arrows denote 
defective elongated spermatid clusters. E Incidence of dysmorphic testes in control and Vha68-3 KO groups 
at 40 days of age. Chi-squared (Fisher’s exact) test; ***P < 0.001; scale bar: 50 μm
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at the protein level (Fig. 2A, B). Interestingly, a decline in Vha68-3 expression was also 
observed as the testes aged (Fig. 2A, B). Significantly, in Vha68-3 KO testes, the oo18 
RNA-binding protein (Orb) and Orb2 proteins, crucial markers of spermiogenesis, 
exhibited no alterations at 2 days but were notably absent in the tails of elongated sper-
matids at 40  days when compared with control testes (Fig.  2C–E; Supplementary Fig. 
S2A, B). Caspase activation assays also revealed that, while cleaved-Caspase-3 signals 
were normal in both 2-day-old control and KO testes, by 40 days of age, Vha68-3 defi-
ciency resulted in the loss of CB and WB structures, contrasting with their presence 
in 40-day-old controls (Fig.  2F; Supplementary Fig. S2C, D). Moreover, we observed 
reductions in both punctate and branched fusomes, indicative of undifferentiated and 
differentiated stages of germ cells, respectively, at the apex of the 40-day-old KO testes 

Fig. 2   Vha68-3 deletion affects spermatid elongation. A Immunostaining for Vha68-3 (green) in control 
and Vha68-3 KO testes at 2 days. B Immunostaining for Vha68-3 (green) in control and Vha68-3 KO testes at 
40 days. C Immunostaining for Orb2 (green) in control and Vha68-3 KO testes at 2 days. D Immunostaining 
for Orb2 (green) in control and Vha68-3 KO testes at 40 days. E Immunostaining for Orb (green) in control 
and Vha68-3 KO testes at 2 and 40 days. F Immunostaining for cleaved Caspase-3 (green) in control 
and Vha68-3 KO testes at 2 and 40 days. DNA stained with Hoechst 33342; scale bar: 50 μm
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(Supplementary Fig. S3A–C). Additionally, mature cyst cells (identified by Eya) and 
early-stage cyst cells (identified by Tj) also exhibited a degree of reduction at the apex 
of the KO testes by the 40th day (Supplementary Fig. S3D–G). On the basis of our cur-
rent findings, it is suggested that Vha68-3 may orchestrate a complex regulatory net-
work across multiple cell types during testicular aging, with an essential involvement in 
regulating spermatid elongation.

Vha68‑3 controls mitochondrial function in elongated spermatids during testicular aging

V-type ATPase is known to localize primarily to membranous structures, such as lys-
osomes [28]. Initially, we investigated whether Vha68-3 affected lysosome-related pro-
cesses in the testes. Co-localization analysis of Vha68-3 and Lyso-Tracker revealed no 
lysosomal presence at the tails of elongated spermatids (Fig. 3A). Prior evidence suggests 
a link between V-type ATPase and mitochondrial function [29], leading us to hypoth-
esize that  Vha68-3, as a testis-specific V-type ATPase subunit, regulates spermatid 
elongation via mitochondrial derivatives. To test this, we used Translocase of the Outer 
Membrane 20 (Tom20) and Bellwether (Blw, also known as ATP5A) as mitochondrial 
markers. Strikingly, we observed a marked reduction in mitochondrial signal intensity 
during testicular aging, with distinct mitochondrial abnormalities in elongated sperma-
tids only evident in the 40-day-old KO testes (Fig. 3B, C; Supplementary Fig. S4A–D). 
These findings highlight the critical role of Vha68-3 in maintaining mitochondrial func-
tion during testicular aging.

To further examine the subcellular impact of Vha68-3 deficiency, we performed trans-
mission electron microscopy (TEM). TEM analysis of 2-day-old testes showed no dif-
ferences in major and minor mitochondrial derivatives or axonemal structures between 
control and KO groups (Fig. 3D; Supplementary Fig. S4E). However, in 40-day-old testes, 
while axonemal structures remained intact, the major mitochondrial derivatives in KO 
testes exhibited swelling and severe damage, with dispersed paracrystalline contents, 
and the minor mitochondrial derivatives were entirely absent (Fig. 3D; Supplementary 
Fig. S4F). These data demonstrate that Vha68-3 plays a pivotal role in maintaining mito-
chondrial integrity and homeostasis during testicular aging.

Vha68‑3‑mediated testicular transcriptional landscape at single‑cell resolution

To investigate the role of  Vha68-3  in testicular development, we characterized cells 
using scRNA-seq from freshly dissected testes of both control and Vha68-3 KO groups 
(40 days old). Approximately 150 testes (40 days) were mixed in a sample. On average, 
each cell displayed 10,359.5 unique molecular identifiers (UMIs) and 2423 genes. After 
stringent filtering, 13,562 high-quality cells were selected for subsequent analysis. These 
cells could be distinctly categorized into somatic and germline populations (Fig.  4A). 
Two independent experiments for each group further confirmed the consistency of 
major cell clusters, demonstrating minimal batch effects while preserving the distinc-
tions between control and KO groups (Fig. 4B).

Using uniform manifold approximation and projection (UMAP), we visualized ten 
distinct cell populations, encompassing all known cell types in Drosophila testes, which 
could be separated into germline and somatic clusters (Fig. 4C). To annotate these clus-
ters precisely, we cross-referenced the expression of well-characterized marker genes, 
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using Dotplot analysis to confirm their identities (Fig. 4D; Supplementary Table S1). The 
representative marker genes, as previously reported [13, 25], were further mapped onto 
UMAP plots to visualize their distribution (Fig. 4E).

We then quantified RNA content and gene expression within each cluster by analyzing 
UMI count (nUMIs) and gene count (nGenes), revealing that germline clusters exhibited 
the highest levels of transcriptional activity among the annotated populations (Supple-
mentary Fig. S5A, B). The most highly expressed genes for each cell population were 
highlighted (Supplementary Fig. S5C; Supplementary Table S2). Notably, we observed a 
significant enrichment of genes involved in mitochondrial function and spermiogenesis, 

Fig. 3   Vha68-3 deletion induces age-dependent mitochondrial defects in elongated spermatids. A Staining 
for Vha68-3 (green) and Lyso-Tracker (red) in 2-day-old control testes; white arrows indicate elongated 
spermatids. B Immunostaining for ATP5A (green) in control and Vha68-3 KO testes at 2 and 40 days. C 
Immunostaining for Tom20 (red) in control and Vha68-3 KO testes at 2 and 40 days. D TEM analysis of 
elongated spermatids in control and Vha68-3 KO testes at 2 and 40 days. Red circles mark axonemes; green 
and orange arrows indicate major and minor mitochondrial derivatives, respectively. DNA stained with 
Hoechst 33342; scale bar: 50 μm for immunostainings, 1 μm for TEM images
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particularly within the Spermatocytes_Spermatids and Spermatids clusters. These genes 
were associated with key cellular components (e.g., mitochondrial membrane, cilium), 
biological processes (e.g., mitochondrial transport, spermatid differentiation), and 
molecular functions (e.g., tubulin binding, protein transmembrane transporter activity) 
(Supplementary Fig. S5D, E). KEGG pathway enrichment analysis further indicated the 
involvement of mitochondrial metabolic pathways, such as the tricarboxylic acid (TCA) 
cycle, pyruvate metabolism, and oxidative phosphorylation, in spermatid elongation 
(Supplementary Fig. S5F, G). Collectively, these findings suggest that metabolism shifts, 
including mitochondrial metabolisms, are significant during spermatid development.

Fig. 4   scRNA-seq analysis of control and Vha68-3 KO testes. A UMAP visualization of somatic and germline 
cell populations. B UMAP plot of testicular cells colored by sample. C UMAP plot of testicular cells colored 
by identified clusters. D Dot plot showing marker gene expression, with dot size indicating gene expression 
proportion and color intensity representing average expression levels. E UMAP visualization of representative 
marker genes



Page 13 of 26Yu et al. Cellular & Molecular Biology Letters           (2025) 30:58 	

Discovery of novel stages in testicular germ cell development

To explore the developmental trajectory of germ cell populations, we reclustered the 
germline cells and conducted pseudotime trajectory analysis (Supplementary Fig. S6A, 
B). This analysis revealed three novel developmental stages in testicular germ cell matu-
ration, closely aligned with the established stages of spermatogenesis (Supplementary 
Fig. S6C, D). Cellular component analysis demonstrated that early-stage germ cells were 
predominantly localized to stage 2 and stage 3, while stage 1 was primarily associated 
with later stages of spermatogenesis (Supplementary Fig. S6E). Dotplot visualizations 
further highlighted genes enriched at each stage (Supplementary Fig. S6F). Importantly, 
several stage-specific genes were identified: CG33668 for stage 1, CG43057 for stage 2, 
and piwi for stage 3, shedding light on the complexity of germ cell development within 
the testes (Supplementary Fig. S6G, H).

To further investigate the molecular regulation across these stages, we identified dif-
ferentially expressed genes (DEGs) through heatmap visualization (Supplementary Fig. 
S7A). Key DEGs, such as CG45490, CG43120, and CG45154, were critical for germline 
complexity and were further visualized in UMAP plots comparing control and KO ger-
mline populations at 40 days (Supplementary Fig. S7B–D). These findings provide valu-
able insights into the progressive differentiation of germline populations, elucidating the 
molecular mechanisms driving spermatogenesis and revealing new layers of complexity 
in testicular germ cell development.

Vha68‑3‑mediated transcriptional regulation in late‑stage germline populations

To assess the impact of  Vha68-3  deficiency on transcriptional regulation in late-stage 
germline cells, we analyzed the DEGs within each testicular cell cluster at 40  days 
(Fig.  5A). This analysis focused on the Spermatocytes/Spermatids and Spermatids 
clusters, where significant DEGs were visualized in volcano plots (Fig.  5B, C). Nota-
bly, CG45154 was upregulated following Vha68-3 deficiency in both clusters, correlating 
with the enhanced germ cell complexity observed in the pseudotime trajectory analysis.

Gene Ontology (GO) and KEGG pathway enrichment analyses of late-stage ger-
mline cells further revealed significant enrichment of ATP synthase-related processes 
(e.g., proton-transporting V-type ATPase complex, proton-transporting ATP synthase 
activity) and metabolic pathways (e.g., oxidative phosphorylation) between control 
and Vha68-3 KO testes (Fig. 5D, E; Supplementary Fig. S8). These findings suggest that 
Vha68-3 potentially regulates spermatid elongation via diverse transcriptional pathways. 
Our scRNA-seq analysis underscores the role of Vha68-3 in mitochondrial processes 
and other enriched pathways during the late stages of spermatogenesis.

Mitochondrial‑related proteins are enriched for Vha68‑3 binding proteins

To explore the regulatory network involving Vha68-3 binding proteins, we immunopre-
cipitated 3xHA-Vha68-3 fusion proteins using HA beads in unexpressed fusome pro-
teins (control) and expressed fusome proteins (Vha68-3 OE) groups in Drosophila S2 
cells (Fig.  6A), subsequently subjecting them to liquid chromatography-tandem mass 
spectrometry (LC–MS/MS). Vha68-3 binding proteins were identified with unique 
peptides and LFQ intensity (value of 0 in the control group and greater than 0 in the 
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Vha68-3 OE group), and ultimately discovered 39 Vha68-3 binding proteins in  Dros-
ophila (Fig. 6B; Supplementary Table S3). The proteins identified with unique peptides 
and LFQ intensity in both the control and Vha68-3 OE groups were classified as non-
specific binding proteins. Functional enrichment analysis based on GO and Domains 
revealed that these proteins are primarily involved in mitochondrial regulation, V-type 
ATP synthase function, ATP binding, and related processes (Supplementary Fig. S9A, 
B). Integrated pathway analysis further highlighted the significant enrichment of 
Vha68-3 binding proteins in events related to V-type ATPase, pyruvate metabolism, and 
TCA cycle (Supplementary Fig. S9C). Protein–protein interaction (PPI) analysis uncov-
ered a regulatory network in which Vha68-3 interacts with other Vha subunits, such as 

Fig. 5   DEGs and their enrichment in spermiogenesis mediated by Vha68-3 deletion. A Number of 
DEGs in each cell cluster between control and Vha68-3 KO testes. B Volcano plot showing DEGs in the 
Spermatocytes_Spermatids cluster. C Volcano plot showing DEGs in the Spermatids cluster. D GO enrichment 
analysis of DEGs in the Spermatids cluster. E KEGG pathway enrichment analysis of DEGs in the Spermatids 
cluster
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Vha68-2, Vha26, and Vha14-1 (Supplementary Fig. S9D). Among these, the top ten most 
representative Vha68-3 binding proteins were highlighted, with a particular focus on the 
Midline uncoordinated (Muc) protein (Fig. 6C). Therefore, we next investigated relation-
ship between Vha68-3 and Muc.

We further determined the three-dimensional structures of Vha68-3 and Muc using 
Robetta, a tool for predicting protein structures on the basis of co-evolutionary data 
[30] (Fig.  6D). Leveraging these structural models, we predicted the Vha68-3/Muc 
complex using HawkDock [31], and visualized the interaction using PyMOL (https://​
pymol.​org/2/) (Fig. 6E). Supplementary Table S4 details the critical residues involved in 

Fig. 6   Identification of Vha68-3 binding proteins. A Pull-down assay for Vha68-3 binding proteins. B Number 
of Vha68-3 binding proteins identified via LC–MS/MS. C Ten representative Vha68-3 binding proteins. D 
Three-dimensional structural models for Vha68-3 and Muc proteins. E Visualization of the docking interface 
for the Vha68-3/Muc complex. F Reciprocal co-IP of Vha68-3 and Muc proteins. G PDH activity in control 
(n = 4) and Vha68-3 KO (n = 4) testes at 40 days. Bars represent mean ± SEM; Student’s t-test; ***P < 0.001

https://pymol.org/2/
https://pymol.org/2/
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the Vha68-3/Muc interaction. To confirm the physiological relevance of these interac-
tions, we conducted co-immunoprecipitation (co-IP) assays, which verified the binding 
between Vha68-3 and Muc (Fig.  6F). Furthermore, we revealed a significant decrease 
in pyruvate dehydrogenase (PDH) activity, an indicator important for pyruvate metabo-
lism, in Vha68-3 KO testes at 40 days compared with controls (Fig. 6G). Taken together, 
these findings provide additional evidence supporting the notion that Vha68-3 may play 
a role in mitochondrial metabolism.

Transcriptome–metabolomics association analysis reveals the involvement of Vha68‑3 

in mitochondrial metabolism

To further delineate the transcriptional and metabolic networks regulated by Vha68-3, 
we conducted a transcriptome–metabolomics association analysis in 40-day-old control 
and Vha68-3 KO flies. Using orthogonal projection to latent structures-discriminant 
analysis (OPLS-DA) of the nontargeted metabolomics dataset, we identified 166 upregu-
lated and 149 downregulated metabolites (Fig. 7A–C; Supplementary Table S5). The top 
100 metabolites influenced by Vha68-3 KO were visualized via a correlation heatmap 
(Supplementary Fig. S10). Moreover, we highlighted representative differential metab-
olites with high variable importance in projection (VIP) values, noting decreases in 
multiple metabolites, including pyruvate (PA), following Vha68-3 deficiency at 40 days 
compared with the control group (Fig. 7D). The KEGG pathway analysis further unveiled 
extensive metabolic perturbations encompassing cyanoamino acid metabolism, gly-
cine, serine, and threonine metabolism, biosynthesis of amino acids, pyruvate metab-
olism, folate biosynthesis, carbon metabolism, citrate cycle (TCA cycle), and other 
pathways, which were enriched among the differential metabolites between the control 
and Vha68-3 KO groups at 40 days (Fig. 7E). While pyruvate does not rank as the most 
significantly altered metabolite in our metabolome dataset, it is noteworthy that both 
omics analysis and functional experiments in this study have substantiated the potential 
significance of mitochondrial-associated metabolism in Vha68-3 KO flies. Therefore, we 
further investigated the mitochondrial metabolism related indicators, and showed par-
tial but not complete decline in ATP and PA levels, alongside elevated NADH, decreased 
NAD+, and a lower NAD+/NADH ratio in the Vha68-3 KO flies at 2 days, suggesting 
residual metabolic activity (Supplementary Fig. S11). However, these compensatory 
mechanisms may fail, leading to accelerated alterations of mitochondrial related indica-
tors in the Vha68-3 KO flies at 40 days (Fig. 7F–J). These metabolomic findings indicate 
that Vha68-3 is involved in the regulation of diverse metabolic processes, encompassing 
mitochondrial metabolism, during spermatid elongation and testicular aging.

Transcriptomic analysis between control and Vha68-3 KO flies at 40  days identi-
fied 1348 DEGs, with 416 upregulated and 932 downregulated genes (Supplemen-
tary Table S6). A volcano plot highlighted notable DEGs, including the upregulated 
gene CG45154 (Supplementary Fig. S12A). GO enrichment analysis indicated that the 
DEGs were involved in diverse cellular components, molecular functions, and bio-
logical processes, such as proteolysis, reproductive behavior, ion transport regulation, 
transporter complexes, peptidase activity, and channel activity (Fig. S12B). KEGG 
analysis further revealed that Vha68-3 deficiency impacted metabolic pathways, 
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including cytochrome P450, pentose and glucuronate interconversions, ascorbate and 
aldarate metabolism, arginine and proline metabolism, glutathione metabolism, and 
folate biosynthesis (Fig. S12C).

Integrated transcriptome and metabolome analysis uncovered enriched pathways 
and associated differential metabolites and DEGs between control and Vha68-3 KO 
groups (Fig. 8A, B). Notably, metabolites such as indole-3-pyruvic acid, indolelactic 
acid, hydroxyphenyllactic acid, O-succinyl-l-homoserine, 3-phospho-d-glycerate, 
α-ketoisovaleric acid, phenylpyruvate (PP), phosphoenolpyruvate (PEP), PA, and 
S-lactoylglutathione (SLG) were all decreased in the Vha68-3 KO group (Fig.  8C). 
Correlation-based clustering heatmaps and interaction network diagrams illustrated 

Fig. 7   Metabolomics analysis of Vha68-3 deletion. A OPLS-DA score plot comparing control and Vha68-3 KO 
groups at 40 days. B Number of differential metabolites between 40-day-old control and Vha68-3 KO groups. 
C Volcano plot of differential metabolites. D Representative differential metabolites with high VIP values. 
E Metabolic pathway enrichment analysis. F Relative levels of ATP in control (n = 9) and Vha68-3 KO (n = 9) 
groups at 40 days. G Relative levels of PA in control (n = 4) and Vha68-3 KO (n = 4) groups at 40 days. H-J 
Relative levels of NAD+, NADH, and NAD+/NADH ratio in control (n = 5) and Vha68-3 KO (n = 5) groups at 
40 days. Bars represent mean ± SEM; Student’s t-test; ***P < 0.001
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relationships between differentially expressed metabolites and genes, particularly in 
pathways involved in biosynthesis of amino acids, glycolysis/gluconeogenesis, folate 
biosynthesis, ascorbate and aldarate metabolism, pentose and glucuronate intercon-
versions, arginine and proline metabolism, and glutathione metabolism, that pre-
dominantly govern the regulation of mitochondrial metabolic processes (Fig. 8D, E; 
Supplementary Fig. S13).

Fig. 8   Transcriptome–metabolomics association analysis for Vha68-3 deletion-mediated regulatory 
networks. A Numbers of distinct metabolites and DEGs identified in various pathways. B Enrichment analysis 
for core pathways. C Heatmap showing differential metabolites. D Correlation-based clustering heatmap 
of metabolites and DEGs in the biosynthesis of amino acids pathway. E Interaction network diagram of 
metabolites and DEGs in the biosynthesis of amino acids pathway



Page 19 of 26Yu et al. Cellular & Molecular Biology Letters           (2025) 30:58 	

Mitochondrial metabolism‑associated compounds mitigate spermatid elongation defects 

induced by Vha68‑3 deficiency during testicular aging

To assess the therapeutic potential of modulating mitochondrial metabolism, we admin-
istered dietary compounds of PA, SLG, and PEP, which were three downregulated 
metabolites identified in the Vha68-3 KO group. This intervention aimed to mitigate 
spermatid elongation defects and restore mitochondrial function during testicular aging. 
The three-dimensional structures of Vha68-3 were analyzed for potential binding pock-
ets (Fig. 9A, B), and interaction predictions between Vha68-3 and PA, SLG, or PEP were 
conducted using CB-Dock2 [32]. The key residues at the interface of Vha68-3 and these 
metabolites were visualized (Fig.  9C; Supplementary Fig. S14; Supplementary Tables 
S7–S9).

In vivo experiments revealed partial rescue of spermatid elongation defects and 
increased numbers of Orb-positive spermatids following dietary supplementation with 
PA, SLG, and PEP in Vha68-3 KO testes (Fig.  9D–G; Supplementary Fig. S15A–D). 
Additionally, Vha68-3 signals and ATP5A-labeled mitochondria were restored in elon-
gated spermatids after treatment with these compounds (Fig.  9H; Supplementary Fig. 
S15E, F). Meanwhile, we also noticed that not all mitochondrial metabolism-associated 
metabolites could effectively alleviate spermatid elongation defects in Vha68-3 KO tes-
tes. PP was identified with downregulation in Vha68-3 KO group at 40 days (Fig. 8C; 
Supplementary Table S5), and exhibited potential roles in pyruvate metabolism [33, 34]. 
Following dietary supplementation with PP, Vha68-3 deficiency mediated spermatid 
elongation defects could not be rescued (Fig. 9F, G). These findings provide new insights 
into strategies for mitigating mitochondrial metabolic disorders in elongated spermatids 
during testicular aging.

Discussion
Declines in sperm quality and male fertility resulting from abnormal spermiogene-
sis are hallmark features of testicular aging [35]. Testicular aging is closely associated 
with several factors, including genomic instability, mitochondrial dysfunction, stem cell 
exhaustion, epigenetic modifications, cellular senescence, telomere attrition, impaired 
macroautophagy, dysregulated nutrient sensing, proteostasis loss, chronic inflammation, 
altered intercellular signaling, and dysbiosis [36]. Our primary finding identifies Vha68-
3, a testis-specific factor, as a critical aging-related regulatory element essential for main-
taining mitochondrial derivative homeostasis in elongated spermatids during testicular 
aging, with its deficiency exacerbating age-related metabolic exhaustion (Fig. 10).

Mitochondria, acting as the central hub of cellular energy metabolism, play an 
indispensable role in spermatid elongation [37]. Given the high complexity of sper-
miogenesis, further investigation is required to explore the assembly and elongation 
of mitochondrial structures during this process. The challenge lies in unraveling the 
regulatory network that controls the functionality of mitochondria in elongated sper-
matids. In Drosophila testes, mitochondria aggregate and fuse to form the Nebenkern 
structure in round spermatids, eventually giving rise to two distinct mitochondrial 
derivatives during spermatid elongation: the major and minor mitochondrial deriva-
tives [38]. The major mitochondrial derivative is distinguished by electron-dense 
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Fig. 9   Rescue assays with mitochondrial-related compounds in Vha68-3 deletion-mediated spermiogenesis 
defects. A Three-dimensional structure of the Vha68-3 protein. B Visualization of Vha68-3 pockets. C Key 
residues at Vha68-3/PA interaction sites. D DNA stainings at the tails of testes in control, Vha68-3 KO, 
Vha68-3 KO + PA (2.5 µg/mL), Vha68-3 KO + PA (5.0 µg/mL), Vha68-3 KO + PA (7.5 µg/mL) groups (40 days). E 
Immunostainings of Orb (red) in control, Vha68-3 KO, Vha68-3 KO + PA (2.5 µg/mL), Vha68-3 KO + PA (5.0 µg/
mL), Vha68-3 KO + PA (7.5 µg/mL) groups (40 days). F The number of Orb-positive cells in control (n = 9), 
Vha68-3 KO (n = 10), Vha68-3 KO + PA (2.5 µg/mL) (n = 7), Vha68-3 KO + PA (5 µg/mL) (n = 8), Vha68-3 KO + PA 
(7.5 µg/mL) (n = 10), Vha68-3 KO + SLG (2.5 µg/mL) (n = 7), Vha68-3 KO + SLG (5 µg/mL) (n = 6), Vha68-3 
KO + SLG (7.5 µg/mL) (n = 10), Vha68-3 KO + PEP (2.5 µg/mL) (n = 8), Vha68-3 KO + PEP (5 µg/mL) (n = 10), 
Vha68-3 KO + PEP (7.5 µg/mL) (n = 19), Vha68-3 KO + PP (2.5 µg/mL) (n = 8), Vha68-3 KO + PP (5 µg/mL) (n = 5), 
Vha68-3 KO + PP (7.5 µg/mL) (n = 8) groups. G The number of elongated spermatid clusters in control (n = 10), 
Vha68-3 KO (n = 9), Vha68-3 KO + PA (2.5 µg/mL) (n = 11), Vha68-3 KO + PA (5 µg/mL) (n = 10), Vha68-3 KO + PA 
(7.5 µg/mL) (n = 10), Vha68-3 KO + SLG (2.5 µg/mL) (n = 8), Vha68-3 KO + SLG (5 µg/mL) (n = 8), Vha68-3 
KO + SLG (7.5 µg/mL) (n = 10), Vha68-3 KO + PEP (2.5 µg/mL) (n = 8), Vha68-3 KO + PEP (5 µg/mL) (n = 10), 
Vha68-3 KO + PEP (7.5 µg/mL) (n = 10), Vha68-3 KO + PP (2.5 µg/mL) (n = 8), Vha68-3 KO + PP (5 µg/mL) (n = 5), 
Vha68-3 KO + PP (7.5 µg/mL) (n = 10) groups. H Immunostainings of Vha68-3 (green) and ATP5A (red) in 
control, Vha68-3 KO and Vha68-3 KO + PA (7.5 µg/mL) testes (40 days). DNA is stained with Hoechst 33342 
in testes. Bars represent mean ± SEM; one-way ANOVA with Dunnett’s multiple comparisons test; *P < 0.05, 
**P < 0.01, ***P < 0.001; scale bar: 50 μm
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paracrystalline structures [38, 39], which are primarily composed of  S-Lap pro-
teins  that directly regulate male fertility [39]. A recent study further indicates 
that  ND-42, a component of the mitochondrial electron transport chain complex I, 
plays a pivotal role in maintaining the mitochondrial structures of elongated sperma-
tids, offering insights into the mitochondrial regulatory network at single-cell resolu-
tion [13].

While lysosomes are integral to the acidification of early spermatogenic cells in 
Drosophila testes [40], the precise mechanism through which  Vha68-3  influences 
spermiogenesis at the tail end of elongated spermatids remains elusive. It is as yet 
unclear whether this regulation is mediated by lysosomal acidification or a direct 
impact on mitochondrial function. Previous studies have reported the absence of 

Fig. 10  The schematic diagram and improvement strategy of Vha68-3 in regulating testicular aging
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lysosomal structures at the tail end of spermatids in nematodes and mammals [41]. 
Our investigation, utilizing transmission electron microscopy and Lyso-Tracker stain-
ing, similarly found no evidence of lysosomes at the tail end of elongated spermatids 
in Drosophila testes. These findings collectively suggest that  Vha68-3  may regulate 
spermiogenesis by directly influencing mitochondrial function.

ATP synthase, the principal source of energy for cellular processes, plays a vital role 
in the maintenance and differentiation of testicular spermatogenic cells, as demon-
strated in genome-wide screening studies [42, 43]. The work of Ruth Lehmann’s team 
has also highlighted the supportive role of ATP synthase in mitochondrial maturation 
and germ cell differentiation [44]. Moreover,  Knotted onions (Knon), a testis-spe-
cific ATP synthase, has been shown to localize predominantly on the mitochondria 
of elongated spermatids, where it is essential for mitochondrial derivative formation 
[45]. Thus, dysfunction in testis-specific ATP synthase may serve as a critical pathway 
for disruptions in mitochondrial maintenance in elongated spermatids, contributing 
to male infertility.

Testis-specific genes appear to have pivotal roles at specific stages of spermato-
genesis. For instance, the big bubble 8 (bb8) gene, when mutated, leads to mitochon-
drial enlargement and the formation of paracrystalline structures in both major and 
minor mitochondrial derivatives of elongated spermatids, ultimately causing male 
infertility [46]. Intriguingly, knockout of  Vha68-3, encoding a testis-specific V-type 
ATP synthase, in Drosophila results in swelling and impairment of the major mito-
chondrial derivatives and a complete loss of the minor mitochondrial derivatives in 
elongated spermatids, leading to male reproductive disorders. Further investigation 
revealed that  Vha68-3  interacts with  Muc, a key protein in the mitochondrial PDH 
complex, and Vha68-3 KO decreases PDH activity and PA levels. This evidence sug-
gests that  Vha68-3  may regulate mitochondrial metabolism to maintain mitochon-
drial functionality in elongated spermatids.

Research indicates that PA, a byproduct of energy metabolism, plays a significant 
role in sperm viability and male reproductive capacity [47]. PA is transported from 
the cytoplasm to the mitochondrial matrix, where it is converted into acetyl-CoA 
by the PDH complex, before entering the TCA cycle [48]. Muc, a crucial protein in 
the PDH complex, is known to regulate pyruvate metabolism [49]. However, the pre-
cise role of mitochondrial events, including pyruvate metabolism, in spermiogenesis 
remains underexplored.

To comprehensively elucidate the impact of  Vha68-3  deficiency on male repro-
ductive capacity, spermiogenesis, and mitochondrial function, this study employed 
multi-omics approaches, including Vha68-3 binding proteins, single-cell transcrip-
tomics, and nontargeted metabolomics profiling. The key findings of this research 
are: (1) Vha68-3 interacts with Muc, and its absence leads to disruptions in spermio-
genesis and impaired mitochondrial derivatives; (2) nontargeted metabolomics and 
single-cell transcriptomics suggest the involvement of mitochondrial metabolic path-
ways, particularly pyruvate metabolism, in Vha68-3 deficiency-mediated spermio-
genesis disorders; (3) loss of Vha68-3 results in decreased PDH activity and PA levels 
in testes. These findings suggest that Vha68-3 maintains mitochondrial homeostasis 
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during spermiogenesis by forming a complex with  Muc  to regulate mitochondrial 
metabolism.

In line with our research theory, we explored dietary supplementation to elevate 
PA levels in testes. Remarkably, supplementing the diet with PA significantly allevi-
ated Vha68-3 deficiency-mediated testicular aging characteristics. Through tran-
scriptome–metabolomics correlation analysis, we identified two other downregulated 
metabolites, SLG and PEP, in Vha68-3-deficient flies. Dietary supplementation of these 
compounds effectively mitigated mitochondrial dysfunctions in elongated spermatids 
associated with testicular aging. SLG can be converted into lactate and GSH via glyoxa-
lase II [50, 51], with lactate further metabolized into PA by lactate dehydrogenase [52]. 
Additionally, pyruvate kinase catalyzes the final step of glycolysis, converting PEP to PA 
[53]. Exogenous supplementation of mitochondrial metabolism-associated metabolites 
at early stage could bypass the metabolic bottleneck caused by Vha68-3 loss. This exog-
enous metabolic support mitigates the effects of Vha68-3 deficiency, thereby rescuing 
spermiogenesis defects without altering the genetic KO status. These findings under-
score the potential of targeting pyruvate metabolism through compound screening as a 
novel therapeutic approach for testicular aging.

Conclusions
Collectively, this study provides a comprehensive understanding of the role 
of Vha68-3 in regulating spermiogenesis and mitochondrial derivative homeostasis via 
pyruvate metabolism during testicular aging. Furthermore, the dietary supplementation 
of key mitochondrial metabolic compounds presents a promising strategy to mitigate 
mitochondrial damage in elongated spermatids, offering novel avenues for treating sper-
miogenesis disorders linked to testicular aging.
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