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Impaired ketogenesis in Leydig Cells drives
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Testicular aging commonly leads to testosterone deficiency and impaired
spermatogenesis, yet the underlying mechanisms remain elusive. Here, we
show that Leydig cells are particularly vulnerable to aging processes in testis.
Single-cell RNA sequencing identifies the expression of Hmgcs2, the gene
encoding rate-limiting enzyme of ketogenesis, decreases significantly in Ley-
dig cells from aged mice. Additionally, the concentrations of ketone bodies [3-
hydroxybutyric acid and acetoacetic acid in young testes are substantially
higher than that in serum, but significantly diminish in aged testes. Silencing of
Hmgcs2 in young Leydig cells drives cell senescence and accelerated testicular
aging. Mechanistically, 3-hydroxybutyric acid upregulates the expression of
Foxo3a by facilitating histone acetylation, thereby mitigating Leydig cells
senescence and promoting testosterone production. Consistently, enhanced
ketogenesis by genetic manipulation or oral B-hydroxybutyric acid supple-
mentation alleviates Leydig cells senescence and ameliorates testicular aging
in aged mice. These findings highlight defective ketogenesis as a pivotal factor
in testicular aging, suggesting potential therapeutic avenues for addressing
age-related testicular dysfunction.

The testis is fundamental to male reproductive health, playing a
pivotal role in both spermatogenesis and the synthesis of male sex
hormones throughout an individual’s life'”. As men age, a pro-
gressive decline in spermatogenesis significantly contributes to
male infertility and increases the risk of genetic and other
abnormalities in their progeny**. Additionally, testicular aging is

also characterized by a reduction in testosterone, which is linked to
various male reproductive disorders and a diminished quality of life
in the elderly’. Currently, testosterone replacement therapy (TRT)
serves as the primary intervention for alleviating symptoms asso-
ciated with testicular aging®. However, TRT is accompanied by
notable adverse effects, including an elevated risk of cardiovascular
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diseases, exacerbation of sleep apnea syndrome, and an increased
possibility of developing prostate cancer’®. Moreover, TRT fails to
mimic the physiological secretion patterns of testosterone and can
negatively impact spermatogenesis”®. Consequently, there is a
pressing need to explore novel therapeutic strategies for addres-
sing testicular aging.

Cellular senescence has been classically described as a stable cell
cycle arrest that develops in response to stress or damage, thereby
triggering multiple intracellular phenotypic changes”. Senescent cells
are characterized by features such as enlarged cell size, DNA damage,
and the secretion of senescence-associated secretory phenotype
(SASP) factors'™", Notably, senescent cells accumulate in vivo with
aging and are associated with disrupted tissue homeostasis and
diminished regenerative capacity”. Recent evidence has implicated
accumulation of senescent cells as a contributing factor to aging and
age-related diseases in fast-aging and naturally aged mice models. For
instance, the transplantation of a small number of senescent cells
around the knee joint was sufficient to induce osteoarthritis'. In
addition, transplanting senescent ear fibroblasts or syngeneic pre-
adipocytes into middle-aged mice can induce frailty, accelerate the
onset of all age-related diseases, and lead to premature death when
compared to transplanting equivalent numbers of non-senescent
cells®. Conversely, recent studies have showed that alleviating cellular
senescence could effectively delay organ aging and address aging-
related diseases. In muscle, inhibiting 15-PGDH (15-hydro-
xyprostaglandin dehydrogenase) in senescent myofibers could
enhance aged muscle mass, strength, and exercise performance'. In
blood vessels, knockout of GIGYF2(Grb10-interacting GYF protein 2) in
senescent vascular endothelial cells could protect aged mice from
aging-associated vascular endothelium-dependent relaxation and
arterial stiffness”. Therefore, targeting senescent cells presents a
promising pathway for developing novel and effective anti-aging
therapeutics.

Aging testes undergo profound alterations in both germ cells
and somatic cells, leading to reduced functionality’®". Previous
studies have shown that testicular aging is marked by a decline in
the number of spermatogonia and spermatocytes, as well as the
accumulation of DNA damage and mutations within germline
cells**. As the primary cells producing testosterone, LCs play a
crucial role in spermatogenesis and male fertility”. LCs are thought
to be vulnerable to age-related damage, primarily due to oxidative
stress induced by reactive oxygen species (ROS). This susceptibility
can contribute to the development of late-onset hypogonadism?**,
An alternative view suggests that Sertoli cells are also susceptible
to aging, since Sertoli cells expressed senescent markers in the
aged testes?. A recent study reported that compromised lysosomal
acidity in aged Sertoli cells disrupts autophagy and phagocytic
flow, leading to testicular aging®. Nevertheless, a systematic pro-
filing of senescent cells in the testes during aging has yet to be
established.

In this study, we characterize testicular aging by detecting the
senescence marker senescence-associated B-galactosidase (SA-f3-
gal), identifying that LCs are the most susceptible cells to aging in
the testis. Single-cell transcriptomics reveals a significant down-
regulation of 3-Hydroxy-3-methylglutaryl-CoA synthase 2 (Hmgcs2),
which encodes the rate-limiting enzyme in ketogenesis, in aged LCs.
Moreover, silence of Hmgcs2 in young LCs impairs ketogenesis,
causing premature senescence and accelerating testicular aging.
Mechanistically, 3-hydroxybutyric acid (BHB), a ketogenic product
and inhibitor of histone deacetylase 1 (HDACI1), promotes Foxo3a
expression by enhancing histone acetylation, thereby alleviating
LCs senescence and improving steroidogenic function. In vivo stu-
dies further demonstrate that enhancing ketogenesis via Hmgcs2
overexpression or BHB supplementation reduces LCs senescence
and improves testicular function in aged mice.

Results

LCs are susceptible to senescence during the process of aging
in mice

To investigate the phenotypic changes and underlying mechanisms of
testicular aging, testes were harvested from young (2-month-old) and
aged (24-month-old) mice. Morphological analysis revealed a reduc-
tion in the diameter of seminiferous tubules and the thickness of the
seminiferous epithelium in aged mice (Supplementary Fig. la-c).
Consistently, sperm analysis demonstrated a significant decrease in
sperm concentration and motility in the aged group (Supplementary
Fig. 1d-g). Subsequently, we analyzed the levels of sex hormones in the
aged group. Testosterone assays revealed that serum and intratesti-
cular testosterone levels decreased significantly in aged mice (Sup-
plementary Fig. 1h, i). In addition, Insulin-like peptide 3 (InslI3),
indicative of LCs function, was reduced in the aged group (Supple-
mentary Fig. 1j). Since testosterone levels are regulated by gonado-
tropins, we measured the concentrations of luteinizing hormone (LH)
and follicle-stimulating hormone (FSH) levels in both groups. As
expected, LH and FSH levels were elevated in the aged group (Sup-
plementary Fig. 1k, 1). Collectively, these histological and functional
analysis revealed significant testicular aging in aged mice.

The accumulation of senescent cells is a driving force in physical
functional decline in various tissues during aging?®. To further quantify
cellular senescence in the testis, we performed SA-f3-gal staining on the
testes of 2-, 8-, 16-, and 24-month-old mice. Surprisingly, we observed a
notable increase in SA-B-gal’ cells appeared as early as 8 months of age
and SA-B-gal” signals were specifically located in the interstitium of
testes during aging, indicating that interstitial cells are more suscep-
tible to aging than Sertoli cells and germ cells (Supplementary Fig. Im).
The specific cell types from testes were further analyzed by co-
immunostaining with SA-B-gal and previously described cell markers.
The results revealed that SA-B-gal” cells largely co-expressed with the
LCs marker CYP17A1 (Supplementary Fig. 1n, o). However, macro-
phages and Sertoli cells did not show SA-B-gal staining on testes of 8-
month-old mice (Supplementary Fig. 1p). These results underscore
that LCs are highly vulnerable to aging.

Single-cell transcriptomic profile of testicular aging reveals a
senescence signature of LCs

To investigate the molecular changes associated with LCs senescence,
testicular cells were isolated from 3 young mice (2-month-old) and 3
aged mice (24-month-old), followed by single-cell RNA sequencing
(scRNA-seq) using the BD Rhapsody platform (Fig. 1a). Data from 2584
and 4344 cells passed quality control (Supplementary Fig. 2a, b) and
were included in the subsequent analysis for young and aged samples,
respectively (Fig. 1a). Using unbiased clustering and t-Distributed
Stochastic Neighbor Embedding (tSNE) analysis, we identified the
following 7 cell types based on the expression of specific marker genes:
LCs (Cypl7al, Star, Lhcgr), mesenchymal cells (MCs; Pdgfra, Arx, Tcf21),
macrophages (Ms; Adgrel, Mrcl, ltgam), spermatogonia (SPGs; /d4,
Tspan33, Dazl), spermatocytes (SPCs; Sycp3, Zpbp2, Pgk2), round
spermatids (RSs; Acrvl, Spagé, Tsski), and elongating spermatids (ESs;
Prml, Tnp2, Prm3) (Fig. 1b, c; Supplementary Fig. 2c). Analysis of the
top 30 marker genes revealed that each cell type had unique tran-
scriptional features and enriched pathways relevant to their distinct
biological functions (Fig. 1d).

We next performed a focused analysis of age-associated changes
in the LCs cluster. Not surprisingly, clustering analysis revealed that
LCs from young and aged mice exhibited two distinct subpopulations
(Fig. 1e). Furthermore, we examined the expression of senescence-
related markers and found that p21 (known as Cyclin-dependent kinase
inhibitor 1A, Cdknla) and CxclIO exhibited transcriptional upregula-
tion in LCs obtained from the aged testes compared to the young
group (Fig. 1e). To validate the gene expression pattern, we performed
quantitative RT-PCR analysis, revealing significantly increased
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expression of p2I and Cxcl10 in the aged group (Fig. 1f, g). Con-
sistently, immunostaining analysis confirmed that the protein levels of
p21 showed a substantial increase in LCs from the aged group com-
pared to the young group (Fig. 1h). These findings collectively indicate
that testicular aging is accompanied by the accumulation of senescent
LCs, which may lead to morphological changes and functional
impairment.

Senescent LCs of aged mice exhibit impaired ketogenesis

To further characterize the ageing-associated changes of gene
expression in LCs during testicular aging, we performed gene set
enrichment analysis (GSEA) based on gene ontology (GO) database.
Our results revealed that the genes upregulated with age were mainly
associated with response to inflammation-related terms, such as “cel-
lular response to interleukin 1” and “positive regulation of alpha beta t
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Fig. 1| Single-cell transcriptome profiling of young and aged mice testes.

a Schematic of the experimental workflow. b Left: tSNE (t-Distributed Stochastic
Neighbor Embedding) plot showing the annotated testicular cell types of mice
testes. Cells are colored and annotated by cell types. Right: tSNE plots showing
distribution of different cell types in the young (top) and aged (bottom) testes.

¢ tSNE plot showing the expression profiles of the indicated cell type-specific
marker genes for the assessed cell types in mice testes. The color key, ranging from
grey to blue, indicates low to high gene expression levels, respectively. d Left:
heatmap showing the top 30 differentially expressed genes of each cell cluster. The
scaled gene expression levels were colored according to Z-score at the top. Right:
the corresponding GO terms enriched in each cell cluster with -logl0 (adjusted
P-value) colored according to the color key at the top. e tSNE plot showing young

and aged LCs populations. Violin plots showing the expression of senescence
markers in young and aged LCs. f, g Quantitative RT-PCR analysis of senescence
markers (p21, Cxcl10) in LCs from young and aged mice. n=3 per group. h Left:
representative confocal images of testicular sections obtained from young and
aged mice. NC: negative control. The sections were stained with senescence marker
p21 (Cyclin-dependent kinase inhibitor 1A), HSD3p (hydroxysteroid dehy-
drogenase-3f3), and DAPI (4,6-diamino-2-phenyl indole). Right: quantitative analysis
of the p21" HSD3p" cells. Scale bar: 50 pm. n =3 per group. Data were presented as
mean + SEM. Significance was determined by Two-tailed t-test (f-h), or Two-sided
Wilcoxon rank-sum test (e) or One-sided hypergeometric test with BH correction
(d). lllustrations were created in BioRender. Xia, K. (2025) https://BioRender.com/
2y29pus. Source data are provided as a Source Data file.

cell activation”. By comparison, the downregulated DEGs were enri-
ched in metabolism-related terms, including “aerobic respiration”,
“generation of precursor metabolites and energy”, and “cholesterol
catabolic process” (Fig. 2a). To identify critical regulators linked to LCs
aging, we analyzed aging-associated differentially expressed genes
(DEGs) based on the above GO terms. Among these DEGs, Hmgcs2
exhibited the most prominent changes, with notable downregulation
in LCs from the aged group (Fig. 2b). Hmgcs2 is the gene encoding the
rate-limiting enzyme for ketogenesis”?® (Fig. 2c). Therefore, we
examined the expression of genes encoding other ketogenic enzymes,
including acetyl-CoA acetyltransferase 1 (Acatl), Hmg-CoA lyase
(Hmgcl) and 3-hydroxybutyrate dehydrogenase 1 (Bdhl)”. The analysis
of scRNA-seq data revealed downregulation of Hmgcl in aged LCs,
however, Bdhl and Acat showed no significant difference between
young and aged LCs (Fig. 2d). To validate these findings, we isolated
primary LCs from the young and aged testes and assessed genes
expression using quantitative RT-PCR. The results demonstrated a
substantial decrease in the expression of ketogenesis-related enzymes,
including Acat, Hmgcs2, and Hmgcl in aged mice (Fig. 2e-g). Addi-
tionally, immunofluorescence staining revealed a significant reduction
in HMGCS2 expression in LCs from aged mice (Fig. 2h). The primary
ketone bodies include acetoacetic acid (AcAc) and its redox partner f3-
hydroxybutyric acid (BHB)?. To assess ketogenesis levels in the testis,
we measured intratesticular ketone body concentrations. As expected,
BHB and AcAc concentrations showed significant decreases in the
aged testes compared to the young testes (Fig. 2i, j). However, BHB and
AcAc concentrations in serum were comparable between the young
and the aged group (Fig. 2k, 1). Remarkably, the concentration of
ketone bodies in the testes were more than tenfold higher than that in
serum (Fig. 2i-1), implying ketone bodies might have testis-specific
functions. In summary, these results indicate that ketogenesis is
impaired in the LCs of aged testis.

Suppression of ketogenesis induces senescence of LCs in vitro

Next, we investigated whether impaired ketogenesis induces pre-
mature senescence of LCs. For this purpose, MLTC-1 cells (cell line of
LCs) were treated with an HMGCS2 inhibitor Hymeglusin (3 pM) for
4 days in culture (Fig. 3a). As evidenced by the reduced levels of ketone
bodies in MLTC-1 cells, Hymeglusin treatment effectively inhibited
ketogenesis (Fig. 3b, ¢). After Hymeglusin treatment, an increase in SA-
B-gal* cells was observed (Fig. 3d), along with increased immuno-
fluorescent staining for the senescence marker y-H2AX and H2AY, as
well as reduced Lamin B expression (Fig. 3e-g). Quantitative RT-PCR
analysis revealed a significant upregulation of senescence markers p21
and Plasminogen activator inhibitor-1 (Pail) in Hymeglusin treated
MLTC-1cells (Fig. 3h, i). Additionally, Hymeglusin treatment resulted in
a significant decrease in progesterone level in the culture medium of
MLTC-1 cells, indicating suppression of ketogenesis impairs steroido-
genic function of LCs (Fig. 3j). To confirm these findings, we performed
bulk RNA-seq on MLTC-1 cells treated with Hymeglusin or vehicle. The
results revealed marked alterations in global gene expression follow-
ing Hymeglusin treatment (Fig. 3k). Notably, these changes closely

resembled those observed during natural aging. Specifically, DEGs
upregulated by Hymeglusin were primarily associated with inflamma-
tion and cell cycle arrest, such as terms involved in “negative regula-
tion of cell cycle phase transition” and “innate immune response”. In
contrast, downregulated DEGs were enriched in metabolism-related
pathways, including “generation of precursor metabolites and energy”,
“fatty acid metabolic process”, and “cholesterol metabolic process”
(Fig. 31). These findings suggest that impaired ketogenesis leads to the
appearance of aging phenotype in LCs.

To specifically investigate the effects of Hmgcs2 on senescence,
we further used a genetic approach to reduce enzyme levels in
MLTC-1 cells by introducing either shRNA to Hmgcs2 or a scrambled
(scr) shRNA under the control of a ubiquitous promoter CAG
through lentivirus. The knockdown efficiency of Hmgcs2 was con-
firmed by Western blot analysis, and a reduction in ketone bodies
levels was observed in MLTC-1 cells 7 days after transfection (Sup-
plementary Fig. 3a-c). Similarly, knockdown of Hmgcs2 increased
the number of SA-B-gal” cells and enhanced expression of y-H2AX,
H2AY, as well as reduced expression of Lamin B in MLTC-1 cells
(Supplementary Fig. 3d-g). Quantitative RT-PCR also revealed sig-
nificant upregulation of p21 and Pail expression in the Hmgcs2-
knockdown cells (Supplementary Fig. 3h, i). Furthermore, knock-
down of Hmgcs2 significantly suppressed progesterone production
compared to the control group (Supplementary Fig. 3j). Collec-
tively, these findings suggest that impaired ketogenesis drives the
senescence of LCs.

Knockout of Hmgcs2 drives LCs senescence and testicular aging
in young mice

To further elucidate the effect of ketogenesis on LCs senescence
in vivo, we generated a Hmgcs2-flox (Hmgcs2"™) mouse line on C57BL/6
background. Recent studies have indicated that adeno-associated
virus (AAV) vectors exhibit tropism for LCs when injected into
testes?*°. We therefore interstitially injected AAV serotype DJ encod-
ing GFP under the control of the CAG promoter (AAV-GFP) at titers of
2x10° genome copies (gc) into each testis of 8-week-old wild type mice.
Seven days post-injection, immunofluorescence analysis revealed that
GFP was expressed exclusively in the interstitium of testis, with no off-
target transduction detected in the liver, kidney, heart, brain, lung,
intestine, or muscle (Supplementary Fig. 4a). Moreover, GFP expres-
sion was specific to CYP17A1" cells in the injected testes, confirming
that AAV specifically target LCs when delivered into the interstitial
compartment (Supplementary Fig. 4b). Next, 8-week-old Hmgcs2""
mice were subjected to intratesticular injections of AAV-GFP or AAV-
Cre at titers of 2x10"9 genome copies (gc) into each testis (Fig. 4a).
Four weeks after injection, quantitative RT-PCR analysis of testicular
tissue showed a significant decline in Hmgcs2 transcripts (Supple-
mentary Fig. 4c), and Western blot assays demonstrated a corre-
sponding decrease in HMGCS2 protein levels in AAV-Cre group
compared with AAV-GFP group (Supplementary Fig. 4d). Immuno-
fluorescence staining also confirmed a reduction of HMGCS2 in LCs
from AAV-Cre group (Fig. 4b). Moreover, the concentrations of
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Fig. 2 | LCs in the aged testis show impaired ketogenesis, which leads to a
decrease in testicular ketone body concentration. a Heatmap showing both the
upregulated and downregulated DEGs in the aged group of LCs. The scaled gene
expression levels are colored according to Z-score. Six upregulated or down-
regulated GO terms of DEGs were listed, with dot size indicating the range of -log10
(adjusted P-value). Color keys, ranging from grey to blue, indicate the absolute
value of the NES. b Volcano plots of the upregulated and downregulated genes in
GO terms listed in (a). ¢ Diagram of ketogenesis. d Violin plots showing the
expression of genes encoding enzymes for ketogenesis in LCs. e-g Quantitative RT-
PCR analysis of genes encoding enzymes for ketogenesis in primary LCs. n=3 per

group. h Left: representative confocal images of testicular sections obtained from
young and aged mice. NC: negative control. The sections were stained with
HMGCS2 (3-hydroxy-3-methylglutaryl-CoA synthetase 2), HSD3(3, and DAPI. Scale
bar: 50 pm. Right: quantitative analysis of the HMGCS2" HSD3p" cells. n=3 per
group. i-1 The concentration of ketone bodies in serum or testes. n =4 per group in
(i) and (k); n=8 per group in (j), n =10 per group in (). Data were presented as
mean + SEM. Significance was determined by Two-tailed t-test (e-1), or Two-sided
Wilcoxon rank-sum test with bonferroni correction (b, d) or Two-sided permuta-
tion test with BH correction (a). lllustrations were created with BioRender. Source
data are provided as a Source Data file.

testicular BHB and AcAc showed significant decline in AAV-Cre treated
mice (Fig. 4c, d; Supplementary Fig. 4e, f).

To determine whether the conditional knockout of Hmgcs2
induces LCs senescence, we performed SA-B-gal staining on the testes
2 months post-injection. The number of SA-B-gal* LCs increased sig-
nificantly in the testes from AAV-Cre treated group (Fig. 4e). Immu-
nofluorescence analysis also revealed a significant increase in the

senescence marker p21 in LCs from AAV-Cre treated group (Fig. 4f).
Quantitative RT-PCR of isolated LCs showed significant upregulation
of senescence markers p2I and Cxcli0O in AAV-Cre treated group
compared to AAV-GFP treated group (Fig. 4g, h). Additionally, serum
and intratesticular testosterone concentrations decreased significantly
in AAV-Cre treated mice compared to AAV-GFP treated mice (Fig. 4i, j).
Similarly, serum Insl3 concentrations were significantly reduced
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Fig. 3 | Inhibition of Hmgcs2 accelerates senescence of Leydig cells. a Schematic
of the experimental workflow. b, ¢ The level of ketone bodies in MLTC-1 cells. n=3
per group. Cells were treated with Hymeglusin (3 uM) for 4 days before analysis of
ketone bodies. d Left: representative images of SA-B-gal (senescence-associated -
galactosidase) staining. Scale bar: 75 pm. Right: quantitative analysis of the SA-B-
gal” cells. Cells were treated with Hymeglusin (3 uM) for 4 days before SA-B-gal
staining. n =3 per group. e Left: representative images of y-H2AX (phosphorylated
H2AX) staining. Scale bar: 25 um. Right: quantitative analysis of the y-H2AX" cells.
Cells were treated with Hymeglusin (3 uM) for 4 days before staining. n=3 per
group. f Left: representative images of H2AY (histone protein macroH2A.1) staining.
Scale bar: 25 pm. Right: quantitative analysis of the H2AY" cells. Cells were treated
with Hymeglusin (3 pM) for 4 days before staining. n =3 per group. g Left: repre-
sentative images of Lamin B staining. Scale bar: 25 pm. Right: quantitative analysis

of the Lamin B* cells. Cells were treated with Hymeglusin (3 pM) for 4 days before
staining. n =3 per group. h, i Quantitative RT-PCR analysis of senescence markers
(p21, Pail). Cells were treated with Hymeglusin (3 pM) for 4 days before analysis.
n=3 per group. j Progesterone production of MLTC-1 cells. Cells were exposed to
Hymeglusin (3 uM) for 4 days before analysis. n =3 per group. k Heat map of
differentially expressed genes in Hymeglusin-treated and control groups.

1 Upregulated or downregulated GO terms of Hymeglusin-treated MLTC-1 cells,
with the dot size indicating the range of -logl0 (adjusted P-value). Color keys,
ranging from grey to blue, indicate the absolute value of the NES. Data were pre-
sented as mean + SEM. Significance was determined by Two-tailed t-test (b-j) or
Two-sided permutation test with BH correction (I). n represents the number of
biological replicates in (b-j). Illustrations were created with BioRender. Source data
are provided as a Source Data file.

(Fig. 4k), while serum LH concentrations increased in AAV-Cre treated
mice (Fig. 41). Furthermore, histological analysis showed thinning of
the seminiferous epithelium in AAV-Cre treated mice (Fig. 4m-o).
Sperm analysis indicated a decrease in sperm concentration in AAV-
Cre treated mice compared to AAV-GFP treated mice, however,
no significant difference was detected in sperm motility or progressive
motility between the two groups (Fig. 4p-s). These findings indicate
that ketogenesis exerts protective effects on LCs, and loss of
Hmgcs2 leads to premature senescence of LCs and accelerates
testicular aging.

The protective effects of ketogenesis on LCs are mediated by
BHB but not AcAc

To determine which ketogenic products contribute to the protec-
tive effects of ketogenesis on LCs, we examined their ability to
mitigate cellular senescence caused by HMGCS2 inhibition or
silence. Our results demonstrated that BHB (5mM) alleviated
Hymeglusin-induced cellular senescence, as evidenced by the
reduced proportion of SA-B-gal* cells (Supplementary Fig. 5a) and
the downregulation of senescence markers pl6 and p53 (Supple-
mentary Fig. 5b). Moreover, quantitative RT-PCR analysis showed
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that BHB decreased the expression of p2I and Pail (Supplementary
Fig.5c, d). However, AcAc (5 mM) had no effect on the senescence of
Hymeglusin-treated MLTC-1 cells and, in some cases, even
appeared to exacerbate senescence (Supplementary Fig. 5a-d).
Consistent with these findings, BHB restored the steroidogenic
function impaired by Hymeglusin, as demonstrated by increased
progesterone levels in the culture medium supernatant, whereas
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AcAc offered no such protective effect (Supplementary Fig. Se).
Similarly, BHB attenuated Hmgcs2-knockdown-induced cellular
senescence, as indicated by the reduced proportion of SA-B-gal*
cells (Supplementary Fig. 5f, g) and decreased p2I and Pail
expression (Supplementary Fig. 5h-k). Collectively, these findings
suggest that BHB mediates the protective effects of ketogen-
esis on LCs.
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Fig. 4 | Conditional knockout of Hmgcs2 in LCs leads to testicular aging in
young mice. a Schematic of AAV (adeno-associated virus) mediated Hmgcs2 con-
ditional knockout. b Left: 4 weeks post-injection, representative testicular sections
from AAV-GFP and AAV-Cre infected mice, stained with LCs marker HSD3,
HMGCS2, and DAPI. NC: negative control. Scale bar: 50um. Right: quantitative
analysis of HMGCS2" HSD3f" cells. n =3 per group. ¢, d 4 weeks post-injection,
testicular AcAc and BHB concentration in AAV-GFP and AAV-Cre infected mice.
n=4 per group in (c), n=7 per group in (d). e Left: 2 months post-injection,
representative testicular sections from AAV-GFP and AAV-Cre infected mice,
stained with LCs marker CYP17A1, and SA-B-gal. Scale bar: 75 um. Right: quantitative
analysis of CYP17A1" SA-B-gal* cells. n =3 per group. f Left: 2 months post-injection,
representative testicular sections from AAV-GFP and AAV-Cre infected mice,
stained with senescence marker p21, HSD3p, and DAPI. NC: negative control. Scale
bar: 50 pm. Right: quantitative analysis of p21* HSD3p" cells. n=3 per group. g, h

2 months post-injection, quantitative RT-PCR analysis of senescence markers (p21,
Cxcl10) in AAV infected LCs. n=3 per group. i-1 Serum testosterone (i), intrates-
ticular testosterone (j), serum Insl3 (Insulin-like peptide 3) (k), serum LH (Lutei-
nizing Hormone) (1) level of the indicated groups. n =10 per group in (i), n=6 per
group in (j), n=13 per group in (k), n=13 per group in (I). m-o0 2 months post-
injection, representative HE (hematoxylin-eosin) stained testicular sections
obtained from AAV-GFP and AAV-Cre infected mice. Scale bar: 500 pm (m). The
percentages of seminiferous tubules with varying diameters (n) and epithelial
thickness (0). n =3 per group. p Representative light micrographs of sperm
acquired from indicated groups. Scale bar: 100 pm. g-s Sperm concentration (q),
proportion of sperm with motility (r), proportion of sperm with progressive
motility (s). n =20 per group. Data were presented as mean + SEM. Significance was
determined by Two-tailed t-test. lllustrations were created with BioRender. Source
data are provided as a Source Data file.

Next, we investigated whether ketogenic metabolites confer
protection against senescence induced by common stressors®.
Hydrogen peroxide (H,0,) triggers premature senescence by
increasing oxidative stress*’. As expected, H,0, (100 uM) exposure
increased the number of SA-B-gal” cells and led to a significant decline
in Hmgcs2 transcripts in MLTC-1 cells (Fig. 5a, b; Supplementary
Fig. 6a). Treatment with BHB (5 mM) decreased SA-B-gal’ cells and
lowered expression of senescence markers p21 and Cxcl10 (Fig. Sb-e).
Additionally, BHB restored progesterone levels impaired by H,0>,
whereas AcAc (5mM) had no protective effect (Fig. 5f). Similarly,
doxorubicin (DXR, 150nM), a chemotherapeutic agent known to
induce senescence®, increased SA-B-gal’ cells and significantly
reduced Hmgcs2 expression (Supplementary Fig. 6b,e). BHB alleviated
DXR-induced senescence by decreasing SA-B-gal” cells and suppres-
sing the expression of p2I and Pail, while AcAc showed no effect
(Supplementary Fig. 6d-g). Lastly, ionizing radiation (IR, 8 Gy), which
induces senescence through DNA damage®, also resulted in down-
regulation of Hmgcs2 expression and an increase in SA-B-gal” cells in
MLTC-1 cells (Supplementary Fig. 6c). Treatment with BHB sig-
nificantly reduced SA-B-gal” cells and downregulated senescence
markers p2I and Cxcl10, whereas AcAc remained ineffective (Supple-
mentary Fig. 6h-k). Collectively, these results demonstrate that BHB
consistently mitigates senescence induced by oxidative stress, che-
motherapy, and radiation, underscoring its protective role in LCs.

BHB alleviates testicular aging by enhancing histone acetylation
We next elucidate the molecular mechanism by which BHB alleviates
LCs senescence. Recent studies have suggested that BHB acts as an
epigenetic modifier, particularly by altering histone H3 at lysine 9
(H3K9) through B-hydroxybutyrylation (Kbhb)*. However, our find-
ings demonstrate that BHB treatment did not increase the Kbhb of
H3K9 in MLTC-1 cells, thereby excluding the possibility that BHB reg-
ulates senescence via Kbhb (Fig. 5g). In addition to Kbhb, BHB serves as
an endogenous inhibitor of histone deacetylase (HDAC), thereby
modulating H3K9 acetylation (H3K9ac)**. Western blot and immuno-
fluorescence staining analyses revealed that H3K9ac was dose-
dependently upregulated by BHB in MLTC-1 cells (Fig. 5g, h), con-
sistent with its role as a potential HDAC inhibitor. To verify that BHB
alleviates LCs senescence by inhibiting HDAC, we first demonstrated
that BHB treatment reduced HDAC activity in MLTC-1 cells, similar to
the pharmacological inhibitor vorinostat (Fig. 5i). Then, senescent
MLTC-1 cells were treated with BHB (5 mM) or vorinostat (1 tM). Both
treatments reduced the number of SA-B-gal’ cells (Fig. 5j) and
decreased the expression of senescence markers p16, p21, and CxcliO
(Fig. 5k-m). Additionally, BHB and vorinostat individually increased
progesterone concentration in the supernatant of the culture medium
(Fig. 5n). However, co-treatment with vorinostat and BHB did not
further increase progesterone concentrations or decrease the
expression of senescence markers, indicating redundancy between
BHB signaling and HDAC inhibition (Fig. 5j—n). These data support that

BHB mitigates cell senescence by enhancing histone acetylation via
HDAC inhibition.

BHB-mediated HDACI inhibition enhances Foxo3a expression
BHB is as an endogenous inhibitor of HDAC1, HDAC2, and HDAC3%+,
To identify which HDAC subtype mediates the alleviation of cell
senescence by BHB, we conducted a focused analysis of the LCs cluster
from scRNA-seq data. This analysis revealed that the expression
of Hdacl in LCs from aged mice is higher than that in young mice
(Supplementary Fig. 7a). Then, we performed quantitative RT-PCR
and found that Hdacl expression increased significantly in the aged
group, while Hdac2 and Hdac3 expressions were comparatively lower,
with no significant differences between the groups (Supplemen-
tary Fig. 7b).

To determine whether the protective effect of BHB required
Hdacl expression, we applied shRNA to knockdown Hdacl in MLTC-1
cells (Supplementary Fig. 7c). As expected, silencing of Hdacl in MLTC-
1 cells abrogated the ability BHB to alleviate senescence. Specifically,
BHB treatment did not reduce the proportion of SA-B-gal’ cells in the
Hdacl-silenced group (Supplementary Fig. 7d, e). Similarly, quantita-
tive RT-PCR analysis showed that BHB treatment failed to decrease the
expression of senescence markers p21 and Cxcl10 in HdacI-silenced
cells (Supplementary Fig. 7f, g). Furthermore, gene silencing of Hdacl
prevented BHB from enhancing steroidogenic function of MLTC-1 cells
(Supplementary Fig. 7h). These results suggest that BHB mitigates
senescence primarily by inhibiting HDACI1.

Histone acetylation induced by BHB is associated with the tran-
scriptional activation of genes®. FOXO03a, a longevity-associated
transcription factor, has been reported to be upregulated by BHB-
mediated histone acetylation®***, To investigate the role of Foxo3a in
LCs senescence, we performed Western blot analysis, which demon-
strated that FOXO3a expression is downregulated in H,0,-induced
senescent MLTC-1 cells. As expected, BHB treatment upregulated the
expression of FOX03a (Supplementary Fig. 8a). To assess whether BHB
alleviates cell senescence through Foxo3a pathway, we applied shRNA
to knockdown Foxo3a in MLTC-1 cells (Supplementary Fig. 8b). SA-B-
gal staining showed that Foxo3a silencing invalidated the BHB’s ability
to alleviate senescence (Supplementary Fig. 8c, d). Similarly, quanti-
tative RT-PCR analysis showed that BHB treatment did not decrease
the expression of senescence markers p2I and CxcliO in Foxo3a-
silenced cells (Supplementary Fig. 8e, f). To demonstrate that Foxo3a
expression is regulated by HDAC1, we conducted chromatin
immunoprecipitation-qPCR (ChIP-qPCR) analysis, which showed that
BHB restored histone H3K9 acetylation at the Foxo3a promoter in
MLTC-1cells (Supplementary Fig. 8g). Furthermore, Hdacl knockdown
significantly increased Foxo3a expression, indicating that BHB upre-
gulates Foxo3a expression by inhibiting HDAC1 (Supplementary
Fig. 8h). These results demonstrate that BHB promotes Foxo3a
expression by inhibiting HDAC1 activity, thereby mitigating cell
senescence.
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Previous reports have shown that FOXO3a can exert anti-aging
effects by inhibiting inflammation or promote DNA repair®****°. To
further investigate these possibilities, we sorted LCs from young (2-
month-old) and aged (24-month-old) mice and performed bulk RNA
sequencing. The analysis revealed that Foxo3a expression was sig-
nificantly downregulated in LCs from aged mice, accompanied by a
downregulation of DNA repair genes (Supplementary Fig. 9a). In

contrast, inflammation-related genes were significantly upregulated in
LCs from aged mice (Supplementary Fig. 9a).

Enhancement of ketogenesis alleviates LCs senescence and tes-
ticular aging in aged mice

Given that BHB exhibits protective effects on LCs in vitro, we asked
whether overexpression of Hmgcs2 in LCs of aged mice could exert an
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Fig. 5| BHB alleviates cellular senescence by promoting histone acetylation via
HDAC inhibition. a Experimental scheme of H,0, (hydrogen peroxide) induced
senescence, AcAc (5 mM) or BHB (5 mM) treatment and analysis. b Left: repre-
sentative images of SA-B-gal staining in MLTC-1 cells of the indicated groups. Scale
bar: 75 pm. Right: quantitative analysis of the SA-B-gal” cells. n =4 per group. c Left:
representative images of senescence marker p21 in MLTC-1 cells of the indicated
groups. Scale bar: 25um. Right: quantitative analysis of the p21° cells. n =4 per
group. d, e Quantitative RT-PCR analysis of senescence marker (p21, Cxcl10) in the
indicated groups. n =3 per group. f Progesterone production of MLTC-1 cells. n=3
per group. g Right: Representative western blots for H3K9bhb and H3K9ac and
Histone H3. Left: quantitative analysis of H3K9bhb and H3K9ac protein levels.
Relative to Histone H3. MLTC-1 cells were treated with BHB (0, 1, 2, 3, 4, 5 mM) for
24 h before analysis. n =3 per group. h Left: representative images of H3H9ac
staining in MLTC-1 cells treated with BHB for 24 h. Scale bar: 20um. Right:

quantitative analysis of fluorescence intensity. n =3 per group. i HDAC activity in
MLTC-1 cells treated with BHB (5 mM) or vorinostat (1 uM). n =3 per group. j Left:
representative images of SA-B-gal staining in MLTC-1 cells of the indicated groups.
Senescent cells were treated with BHB (5 mM) or vorinostat (1 uM) for 48 h before
staining. Scale bar: 75um. Right: quantitative analysis of the SA-B-gal” cells. n =3 per
group. k-m Quantitative RT-PCR analysis of senescence markers (p16, p21, Cxcl10)
in the indicated groups. Senescence cells were treated with BHB (5 mM) or vor-
inostat (1 uM) for 48 h before analysis. n =3 per group. n Progesterone production
of MLTC-1 cells. Senescent cells were treated with BHB (5 mM) or vorinostat (1 uM)
for 48 h before analysis. n =3 per group. Data were presented as mean + SEM.
Significance was determined by one-way ANOVA (b-g, j-n) or Kruskal-Wallis test
(h). n represents the number of biological replicates in (b-g, j-n). lllustrations were
created with BioRender. Source data are provided as a Source Data file.

anti-aging effect on testicular function. To test this hypothesis, we
used AAV vectors to deliver and overexpress the Hmgcs2 gene (AAV-
Hmgcs2, O.E.) or mCherry (AAV-mCherry, Con) under the control of
the CAG promoter in the testes of aged mice (15-month-old) (Fig. 6a).
Immunofluorescence staining confirmed a significant increase in
HMGCS2 expression 2 weeks after testicular injection of AAV-Hmgcs2
(Fig. 6b). Additionally, analysis of ketogenic products revealed a
marked increase of BHB in AAV-Hmgcs2 treated testes, approaching
the BHB levels observed in young testes (Fig. 6¢). Consistent with
in vitro results, Western blot analysis demonstrated that Hmgcs2
overexpression increased the levels of H3K9ac and FOXO3a in aged
testicular tissue, similar to the levels in young testes (Fig. 6d, e).

Next, we determined whether Hmgcs2 overexpression alleviates
LCs senescence. Overexpression of Hmgcs2 resulted in a significant
decrease in the number of SA-f-gal’ LCs in aged mice (Fig. 6f).
Immunofluorescence analysis revealed a significant decrease of the
senescence marker p21in LCs from AAV-Hmgcs2-treated mice (Fig. 6g).
Quantitative RT-PCR analysis showed that Hmgcs2 overexpression
significantly downregulated senescence markers p21 and CxcliO
(Fig. 6h, i). Additionally, serum and intratesticular testosterone con-
centrations increased significantly in AAV-Hmgcs2-treated mice com-
pared to AAV-mCherry-treated mice (Fig. 6j, k). The increase in Insl3
concentrations and decrease in serum LH concentrations further
suggested the improved LCs function in AAV-Hmgcs2-treated mice
(Fig. 61, m). These results indicate that overexpression of Hmgcs2
alleviates senescence and improves the function of LCs in vivo.

We then investigated whether overexpression of Hmgcs2 in LCs
could improve spermatogenesis. Four weeks after AAV-Hmgcs2 injec-
tion, histological analysis revealed enlarged diameters of seminiferous
tubules and increased thickness of seminiferous epithelium
(Fig. 6n—p). Sperm analysis demonstrated that Hmgcs2 overexpression
significantly increased sperm concentration in aged mice. However, no
significant differences were observed in sperm motility and pro-
gressive motility between two groups (Fig. 6q-t). Last, we validated the
changes in FOXO3a-related inflammation genes through quantitative
RT-PCR analysis, revealing that inflammation-related genes were sig-
nificantly upregulated in aged mice, and Hmgcs2 overexpression
reduced the expression of these genes (Supplementary Fig. 9b-e).
Overall, these data suggest that enhancing ketogenesis is sufficient to
alleviate LCs senescence and testicular aging in aged mice.

Oral BHB treatment improves testicular function in aged mice

We next investigated whether dietary BHB has a beneficial effect on
testicular aging in aged mice (18-month-old). A 10 ml BHB salt for-
mulation (KetoForce) was administered in 290 ml of drinking water
and mix thoroughly. The KetoForce solution consists of BHB salt with
1.6 g sodium and potassium per 11.7 g BHB. Control cohorts received
water supplemented with molar equivalents of the salts presented in
the BHB supplement (Fig. 7a). All treated animals consumed compar-
able amounts of food and water (Fig. 7b). The result showed that oral

BHB increased BHB levels in both the serum and testes of aged mice
(Fig. 7c). Consistent with in vitro results, Western blot analysis revealed
that BHB increased the levels of H3K9ac and FOXO3a in aged testicular
tissue, similar to the levels observed in young testes (Fig. 7d, e).

After eight weeks of treatment, oral BHB resulted in a sig-
nificant decrease in the number of SA-B-gal” LCs in the testes of aged
mice (Fig. 7f). Immunofluorescence analysis revealed a decrease in
the senescence marker p21 in LCs from the BHB-treated mice
(Fig. 7g). Quantitative RT-PCR analysis showed that oral BHB sig-
nificantly downregulated p21 and Cxcl10 (Fig. 7h, i). Additionally,
serum and intratesticular testosterone levels were significantly
increased in the BHB-treated group (Fig. 7j, k). Furthermore, the
increase in Insl3 concentrations and the decrease in serum LH
concentrations confirmed the improvement of endocrine function
of testes in BHB-treated mice (Fig. 71, m). However, sperm analysis
showed no significant differences in sperm concentration, sperm
motility, or progressive motility between control and experimental
cohorts (Fig. 7n—-q). Subsequently, we validated the changes in
FOXO3a-related inflammation genes through quantitative RT-PCR
analysis, revealing that inflammation-related genes were sig-
nificantly upregulated in aged mice and BHB supplementation
reduced the expression of these genes (Supplementary Fig. 9f-i).
Collectively, these results suggest that dietary BHB can alleviate the
senescence of LCs and mitigate testicular aging.

Discussion

While previous studies have addressed the mechanisms of testicular
aging™*, a comprehensive understanding of its driving forces remains
elusive. Given that senescent cells drive organ dysfunction and aging
process, we first aimed to characterize the senescent profile of testi-
cular cells during aging in mice. Utilizing SA-B-gal staining, we
observed that senescent cells predominantly localize to the testicular
interstitium. Among interstitial cells, LCs produce testosterone and are
thus critical for reproductive function and general health®’. LCs dys-
function leads to testosterone deficiency, arrested spermatogenesis,
and infertility***. By co-staining SA-B-gal with specific cell markers, we
identified LCs as the earliest cell type to exhibit signs of cell senescence
in the testis, which is evident as early as 8 months of age in mice. Our
histological analysis further revealed a notable increase in p21, a well-
established marker of senescence, in LCs from aged mice*®. Accord-
ingly, LCs produce a large amount of ROS when synthesized testos-
terone, making them vulnerable to ROS-induced damage*’. Moreover,
LCs are long-living cells that exist throughout the male’s life, which
exposes LCs to age-accumulated damage®. Based on these findings,
we speculated that the intrinsic properties of LCs render them parti-
cularly susceptible to aging insults.

To further investigate the characteristics of LCs in aging, we
conducted scRNA-seq analysis, revealing notable transcriptomic
changes in aged LCs. Intriguingly, Hmgcs2, the gene encoding the rate-
limiting enzyme in ketone bodies production”, was significantly
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downregulated in aged LCs. Consistently, intratesticular ketone bodies
(BHB and AcAc) concentrations were markedly decreased in aged
testes compared to those in young testes. Ketone bodies are produced
in the liver during conditions of reduced carbohydrate availability and
serve as an alternative fuel source for peripheral tissues including
brain, heart and skeletal muscle?®***°, However, their role in the testes
has not been systematically studied. Surprisingly, the concentration of

ketone bodies in the testes were more than tenfold higher than that in
serum, indicating that intratesticular ketogenesis is likely a key event
for maintaining testicular homeostasis. Recent studies have reported
that local ketogenesis is essential for tissue repair”~°. For example,
proximal tubular epithelial cells in the kidney could produce ketone
bodies to attenuate podocyte damage and proteinuria in diabetic
mice. Similarly, in the mammalian small intestine, the expression of
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Fig. 6 | Enhancing ketogenesis in LCs of aged mice alleviates testicular aging.
a Schematic of AAV-mediated Hmgcs2 overexpression. b Left: 2 weeks post-injec-
tion, representative testicular sections from AAV-Control and AAV-O.E. infected
mice, stained with LCs marker HSD33, HMGCS2, and DAPI. NC: negative control.
Scale bar: 50pum. Right: quantitative analysis of HMGCS2" HSD3p" cells. n =3 per
group. ¢ Testicular BHB concentration 2 weeks post-injection. n =35 per group.

d Left: 2 weeks post-injection, representative western blots for H3K9ac and Histone
H3 in testes of different mice. Right: quantitative analysis of H3K9ac protein level,
relative to Histone H3. n = 3 per group. e Left: 2 weeks post-injection, representative
western blots for FOXO3a and GAPDH in testes of different mice. Right: quantitative
analysis of FOXO3a protein level, relative to GAPDH. n =3 per group. f Left:

2 months post-injection, representative testicular sections from different mice
stained with LC marker CYP17A1, and SA-B-gal. Scale bar: 75pum. Right: quantitative
analysis of CYP17A1" SA-B-gal’ cells. n =3 per group. g Left: 2 months post-injection,
representative testicular sections from different mice stained with senescence

marker p21, HSD3, and DAPI. Scale bar: 50pum. Right: quantitative analysis of p21*
HSD3p" cells. n =3 per group. h, i 2 months post-injection, quantitative RT-PCR
analysis of senescence markers (p21, Cxcl10) in LCs. n=3 per group. j-m Serum
testosterone (j), intratesticular testosterone (k), serum Insl3 (I), serum LH (m) level
of the indicated groups. n=12 per group in (j), n =4 per group in (k), n=12 per
group in (I), n=7 per group in (m). n-p 2 months post-injection, representative HE
stained testicular sections. Scale bar: 500 pm (n). The percentages of seminiferous
tubules with varying diameters (0) and epithelial thickness (p). n =3 per group. q-t
Representative light micrographs of sperm from the indicated groups. Scale bar:
100 pum (q). Sperm concentration (r), proportion of sperm with motility (s), pro-
portion of sperm with progressive motility (t). n =10 per group. Data were pre-
sented as mean + SEM. Significance was determined by one-way ANOVA (b-i, k, 1,
o-t) or Kruskal-Wallis test (j, m). Illustrations were created with BioRender. Source
data are provided as a Source Data file.

Hmgcs2 distinguishes self-renewing Lgr5" stem cells (ISCs) from dif-
ferentiated cell types. Loss of Hmgcs2 depletes ketone bodies levels in
Lgr5" ISCs and skews their differentiation toward secretory cell fates”.
Our present study revealed that silencing Hmgcs2 expression in LCs
impaired ketogenesis, consequently inducing premature senescence
of LCs and accelerating testicular aging. Interestingly, this knockout
specifically affected ketone body levels within the testis without
altering serum levels. These results strongly suggest that the early
onset of LCs senescence is likely attributed to declined ketogenesis.
Ketone bodies include AcAc and its redox partner BHB*.
While AcAc showed protective effects against liver fibrosis and
Duchenne muscular dystrophy’*%, it did not confer benefits to
senescent LCs in our study. In contrast, BHB exhibited a ger-
oprotective effect on senescent LCs. BHB serves not only a keto-
genic metabolite for energy supply but also acts as an epigenetic
modifier, including H3K9 acetylation or Kbhb**°. However, BHB
treatment did not increase H3K9 Kbhb in MLTC-1 cells, thereby
excluding the possibility that BHB functions as an [3-
hydroxybutyryl donor for lysine B-hydroxybutyrylation of H3K9.
Notably, BHB treatment dose-dependently enhanced H3K9ac
modifications, suggesting that BHB acts as endogenous histone
deacetylase inhibitor to modulate H3K9 acetylation. In addition,
BHB inhibited HDAC activity in MLTC-1 cells, comparable to the
pharmacological HDAC inhibitor vorinostat. Consistent with this,
co-treatment with HDAC inhibitor vorinostat and BHB did not
further alleviate senescence or increase progesterone con-
centrations, indicating redundancy between BHB signaling and
HDAC inhibition. Our study further confirmed that HDACI1 plays a
significant role in LCs senescence, as inactivation of HDAC1 by
shRNA undermined the therapeutic effect of BHB on LCs senes-
cence. Foxo3a is ubiquitously expressed across the body and
associated with healthspan and longevity***. It has been reported
that downregulation of Foxo3a is associated with physiological
vascular aging in aged primates*®. Similarly, we found that Foxo3a
is downregulated in senescent MLTC-1 cells, which can be
reversed by BHB treatment. Meanwhile, we found that treatment
of MLTC-1 cells with BHB led to increased H3K9ac acetylation at
the Foxo3a promoters. However, upon Hdacl knockdown, BHB
failed to enhance Foxo3a levels, indicating that BHB upregulates
Foxo3a expression by inhibiting HDACI1. Moreover, loss of Foxo3a
could directly trigger MLTC-1 cells senescence, which could not be
alleviated by BHB treatment, supporting the notion that BHB
alleviates LCs senescence by promoting Foxo3a expression.
Notably, the present study revealed that overexpression of
Hmgcs2 in the LCs of aged mice significantly increased BHB levels and
mitigated testicular dysfunction, indicating targeted interventions for
LCs senescence showed promise in delaying testicular aging. Previous
studies have reported different interventions to induce ketogenesis,
including fasting, ketogenic diet, and direct oral BHB

administration®®, Dietary interventions to induce ketosis, such as
fasting and ketogenic diet, are not costly and appear relatively safe’*°°.
Unfortunately, dietary interventions most frequently fail as therapies
due to inability of individuals to adhere to the diets. Our findings
provide evidence that oral BHB treatment effectively increases tes-
tosterone levels and partially mitigates testicular aging, without the
need for the significant lifestyle changes required by fasting or keto-
genic diets. This approach offers a more feasible therapeutic option for
testicular aging. Our results support the notion that either enhancing
endogenous ketone body production in LCs or supplementing with
exogenous ketone bodies can effectively alleviate aging in mouse
testes. Considering the potential health risks associated with exogen-
ous testosterone replacement therapy’'°, the use of ketone body
supplementation offers a viable and promising alternative for coun-
teracting testicular aging.

In the present study, we did not perform fertility assessments due
to limited availability of aged mice. However, our study found that
enhancing BHB levels achieved significant improvements in the tes-
tosterone levels in aged mice. Notably, the sperm concentrations were
significantly restored in AAV-Hmgcs2 treated mice. Due to these
remarkable enhancements in testosterone production and sperm
parameters, we speculate the treated aged mice may exhibit improved
fertility, which needs further evaluation in future studies. Furthermore,
the role of Foxo3a in the testis warrants further investigation. Foxo3a is
widely recognized as a broad-spectrum transcription factor involved in
regulating various physiological and pathological processes, including
inhibit inflammation, oxidative stress, and promote DNA damage
repair, all of which may contribute to testicular aging®>**. However,
Foxo3a regulates distinct downstream target genes in a cell type-
dependent manner®, its role in testicular aging remains to be clarified
in future studies.

In conclusion, our study demonstrated that LCs are the most
susceptible cells to aging in the testis and identified Hmgcs2 as a
vital downregulated gene in LCs with aging. Moreover, knockout of
Hmgcs2 in young LCs impaired ketogenesis in testis, driving
senescence of LCs and inducing testicular aging. Conversely, the
activation of ketogenesis, as enhanced by genetic manipulation or
dietary intervention, alleviates LCs senescence and restores testi-
cular functions, positioning ketogenesis enhancement as a pro-
mising therapeutic strategy for delaying testicular aging. Our
findings deepen the understanding of testicular aging by high-
lighting the pivotal role of ketogenesis in maintaining testicular
homeostasis, thereby suggesting specific avenues for under-
standing and potentially mitigating testicular aging.

Methods

Animals

All mice were bred on a C57BL/6 background and raised in a specific
pathogen-free (SPF) environment. Wild-type mice were purchased
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Fig. 7 | Oral administration of BHB partially alleviates testicular aging in
aged mice. a Schematic of oral administration of BHB and subsequent analysis.

b Water and food consumption between salt and BHB-treated mice. n=10 per
group. ¢ The concentration of BHB in serum and testes. n=>5 per group. d Left: the
representative western blots for H3K9ac and Histone H3 in testes of different mice.
Right: quantitative analysis of the H3K9ac protein level, relative to Histone H3. n=3
per group. e Representative western blots for FOXO3a and GAPDH in testes of
different mice. Right: quantitative analysis of the FOXO3a protein level, relative to
GAPDH. n =3 per group. f Left: representative images of testicular sections from
indicated groups. The sections were stained with LCs marker CYP17A1, and SA-B-
gal. Scale bar: 75 pm. Right: quantitative analysis of the CYP17A1" SA-B-gal” cells.
n=3 per group. g Left: representative confocal images of testicular sections from
indicated groups. The sections were stained with senescence marker p21, HSD3,

and DAPI. Scale bar: 50 um. Right: quantitative analysis of the p21" HSD3f" cells.
n=3 per group. h, i Quantitative RT-PCR analysis of senescence markers (p21,
Cxcl10). n=3 per group. j-m Serum testosterone (j), intratesticular testosterone
(k), serum Insl3 (I), serum LH (m) level of the indicated groups. n =20 per group in
(), n=5 per group in (k), n=12 per group in (I), n=12 per group in (m).

n-q Representative light micrographs of sperm acquired from indicated groups
(n). Scale bar: 100 um. Sperm concentration (o), proportion of sperm with motility
(p), proportion of sperm with progressive motility (q). n=10 per group. Data were
presented as mean + SEM. Significance was determined by one-way ANOVA
(b-water consumed, c-h, k, 0-q) or Kruskal-Wallis test (b-food consumed, i, j, I,
m). lllustrations were created with BioRender. Source data are provided as a Source
Data file.
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from GemPharmatech (Foshan, Guangdong, China). The Hmgcs2"™
mouse line was generated using CRISPR/Cas9 technology by Gem-
Pharmatech (Nanjing, Jiangsu, China). Male mice were identified by
PCR performed on DNA isolated from tail samples. All mice were
housed in the Sun Yat-sen University Animal Center under specific
conditions of constant temperature (24+1°C), relative humidity
(50-60%), and a 12 h light/12 h dark cycle. They were provided ad
libitum access to food and water throughout the study. The diet was
purchased from Xietong Pharmaceutical Bio-Engineering Co.,Ltd.
(Jiangsu, CAT# XT-SL-2KG). The animal use protocol has been
reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC), Sun Yat-Sen University (Approval No. SYSU-
IACUC-2022-001335). Strict adherence to animal welfare and ethical
considerations was ensured throughout the study. The primers for
genotyping are listed in the Supplementary Table 1.

Sample Preparation for Single-Cell RNA Sequencing
2-month-old and 24-month-old mice were anesthetized with Avertin
(250 mg/kg) by i.p. injection. After dissection, the testes were
immediately placed in ice-cold saline. After fully washing the testes
with phosphate-buffered saline (PBS), the tunica albuginea was
carefully removed. The testes were mechanically minced into pieces
using microscopic forceps and digested with accutase (Invitrogen,
USA) at 37°C for 5minutes. The accutase activity was halted by
adding DMEM/F12 supplemented with 10% fetal bovine serum
(Gibco, USA), and the samples were rinsed twice with PBS. The
obtained cell suspension was filtered through a 45 pm strainer and
centrifuged. At last, cells were resuspended in PBS containing 0.1%
BSA (Thermo Fisher Scientific, USA) at a concentration of ~1000
cells/pL for single-cell sequencing.

Single Cell RNA-seq Performance, Library Preparation and
Sequencing

The BD Rhapsody system was used to capture the transcriptomic
information. Single-cell capture was achieved by randomly dis-
tributing a single-cell suspension across microwells using a limited
dilution approach. Beads with oligonucleotide barcodes were
added in excess to ensure that a bead paired with a cell in each
microwell. Cell-lysis buffer was added to allow poly-adenylated RNA
molecules to hybridize to the beads. The beads were collected into a
single tube for reverse transcription. Whole transcriptome libraries
were prepared using the BD Rhapsody single-cell whole-tran-
scriptome amplification workflow. Sequencing libraries were
quantified using a High Sensitivity DNA chip (Agilent, USA) on a
Bioanalyzer 2200 and the Qubit High Sensitivity DNA assay (Thermo
Fisher Scientific, USA). The library for each sample was sequenced
using an Illumina sequencer (Illumina, CA).

Single Cell RNA Sequencing quality control

The Seurat package (version 4.3.1)°° was utilized for basic data
processing. Briefly, cells that met the following criteria were
retained: (1) total number of expressed genes (nFeature RNA)
between 300 and 8000; (2) total unique molecular identifier (UMI)
count (nCount RNA) < 60,000; and (3) mitochondrial gene percen-
tage (Percent.mt) <50%. Cells not meeting these thresholds were
excluded from analysis to reduce potential technical noise and
improve the quality of the dataset. Then the data were log-
normalized and scaled. Variable genes were identified by the ‘Find-
VariableGenes’ function. Next, principal component analysis (PCA)
was performed, and the top 30 principal components (PCs) were
used for t-distributed stochastic neighbor embedding (tSNE)
dimension reduction and clustering. The DoubletFinder package
(version 2.0.4) was employed to calculate and remove doublets.
Then the data were pre-processed again and used for subsequent
analyses.

Cell-type identification

After quality control, canonical correlation analysis (CCA) was
employed for data integration and to remove batch effects. Cells were
visualized using tSNE algorithm. Cell types were identified based on
the indicated marker genes (refer to the Results section). Marker genes
for each cluster were determined using the ‘FindAllMarkers’ function
with the Wilcoxon rank-sum test. Only genes with |avg_logFC|> 0.4,
min.pct > 0.5, and an adjusted P value <0.05 were considered as
marker genes. Gene enrichment analysis of cell type-specific markers,
based on the Gene Ontology (GO) database, was conducted using
clusterProfiler (Version 4.8.3)%".

Pseudotime analysis

The Seurat object of LCs was converted to a CellDataSet object to
facilitate import into the monocle package (v2.28.0). Pseudotime
analysis was performed using the default settings. Aging-associated
DEGs of LCs were identified using the ‘FindMarkers’ function with
default settings. LCs were arranged according to pseudotime and
visualized using the pheatmap package (version 1.0.12).

Gene set enrichment analysis

Gene Set Enrichment Analysis (GSEA) on Gene Ontology (GO) terms
was performed using the ‘gseGO’ function in the clusterProfiler R
package (v4.8.3). Enrichment was considered significant for terms with
adjusted P value < 0.05 and [Normalized Enrichment Score (NES)| > 1.
The results were visualized using ggplot2 (version 3.5.0).

Bulk RNA-seq

Raw RNA sequencing data from vehicle- or Hymeglusin-treated MLTC-
1 cells were pre-processed using fastp (version 0.23.4) and FastQC
(version 0.12.1). Paired-end clean reads were mapped to the mm10
mouse reference genome using HISAT2 (version 2.2.1). Gene expres-
sion profiles were quantified using featureCounts (version 2.0.6) to
obtain read counts for subsequent analysis. Differential gene expres-
sion between groups was analyzed using the DESeq2 package (version
1.40.2). Differentially expressed genes (DEGs) were selected based on a
llog2(Fold Change)| > 1 and an adjusted P value < 0.05 for statistical
significance.

Ketone bodies measurement

The concentration of BHB in the blood was quantitatively measured
using a blood ketone meter (Abbott, USA). Blood samples were col-
lected from the tail vein of mice using standard procedures. A small
incision was made using a sterile scalpel and the tip of the strip was
then brought into contact with a blood droplet from the tail vein. The
strip drew the whole blood into the blood channel via capillary action.
The meter began measuring the BHB concentration once the channel
was completely filled.

To detect the concentration of AcAc in the blood, samples were
collected from the mandibular vein of the mice and left to clot for
1hour. The samples were then centrifuged at 5000 g for 10 minutes,
and the supernatant serum was collected for subsequent analyses.
Supernatants were tested according to the protocol provided by the
colorimetric kit (Abcam, USA) manufacturer.

To detect the concentrations of ketone bodies in the testes, col-
orimetric kits were used to analyze AcAc (Abcam, USA) and BHB
(Cayman, USA). Testes were collected and placed in 1 ml of saline with
two 4 mm beads (Easybio, China). The tissues were homogenized using
a high-throughput tissue lyser at a frequency of 50 Hz for 5 minutes.
The homogenate was then centrifuged at 10000 g for 3 minutes, and
100 pl of the supernatant was collected and diluted tenfold with saline.
The concentrations of ketone bodies were detected according to the
manufacturer’s instructions.

To detect intracellular ketone bodies concentrations, colori-
metric kits were used to analyze AcAc (Abcam, USA) and BHB (Cayman,
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USA). The cell culture medium was discarded, the cells were washed
three times with saline, and then 1 ml of 80% methanol solution (pre-
cooled at —20°C for 6 hours) was added. After lysis, a cell scraper
(NEST, China) was used to transfer the mixture to a 1.5 ml centrifuge
tube. The mixture was vortexed for 5minutes, then centrifuged at
13,000 g for 10 minutes at 4 °C, and the supernatant was collected for
subsequent detection. Supernatants were tested according to the
protocol provided by the colorimetric kit manufacturer.

Isolation of LCs

Isolation of LCs from wild-type mice was performed as previously
described by our group®. In brief, the tunica albuginea was carefully
removed, and the testes were mechanically minced and enzymatically
dissociated using 200 pg/mL DNase I (Gibco, USA) and 1 mg/mL Type
IV Collagenase (Gibco, USA) in Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12 (DMEM/F12; 1:1, Gibco, USA) at 37°C for
15 minutes with gentle agitation (100 cycles/min). The collagenase
activity was halted by adding DMEM/F12 supplemented with 10% fetal
bovine serum (Gibco, USA), and the samples were rinsed twice with
PBS. The resulting cell suspension was filtered through a 45 pm strai-
ner to obtain a single-cell suspension. LCs were subsequently sorted
using flow cytometry (Beckman Coulter, USA). For isolation of LCs
from AAV-infected testes, the single-cell suspension was prepared
according to the above method. GFP* or mCherry” LCs were subse-
quently sorted using flow cytometry (Beckman Coulter, USA).

Production of lentivirus

HEK293T cells were cultured in DMEM (Corning, USA) supplemented
with 10% FBS, 1% Penicillin-Streptomycin (Gibco, USA), and 1% Gluta-
MAX (Gibco, USA). To package lentivirus for the construction of a HEK-
293 reporter cell line, HEK293T cells were seeded in a T75 flask (NEST,
China). When cells reached 90% confluency, a mixture of 4.5ug of
lentiviral transfer plasmid, 3 ug of psPAX, and 1.5 pg of pMD2.G was co-
transfected using Lipo8000™ Transfection Reagent (Beyotime, China).
Twelve hours after transfection, the media was replaced. At 48 and
72 hours post-transfection, the supernatant was collected and then
filtered through a 0.45 um sterile filter (Millipore, USA). Subsequently,
the lentivirus was centrifuged at 50,000g for 90 minutes, resus-
pended in 0.5 mL PBS, and stored at —80 °C.

Construction of gene knockdown cell line

MLTC-1 cells were cultured in RPMI 1640 (Corning, USA) supple-
mented with 10% FBS (Gibco, USA), 1% Penicillin-Streptomycin (Gibco,
USA), and 1% GlutaMAX (Gibco, USA). Sh-RNA sequences (Supple-
mentary Table 2) were cloned into pLKO.1-copGFP-PURO plasmids by
Singke Biotech. The plasmids were used for the production of lentiviral
vectors. At 70% confluence, the cells were transfected with lentivirus
containing shRNA sequences in the presence of 8 ug/mL polybrene.
Four days post-transduction, the cells were digested with 0.25% trypsin
at 37 °C for 3 minutes and then filtered through a 45 pm strainer to
obtain a single-cell suspension. GFP* cells were subsequently sorted
using flow cytometry (Beckman Coulter, USA) for further experiments.

RNA extraction, cDNA synthesis, and quantitative RT-PCR

Total RNA was extracted from testes or cells using the RNeasy Mini Kit
(Yibin, China) according to the manufacturer’s protocol. RNA purity
was assessed by measuring the 260/280 ratio (1.87-1.93) and the 260/
230 ratio (2.18-2.34) using a NanoDrop 1000 spectrophotometer
(Thermo Fisher Scientific, USA). Reverse transcription was performed
using the NovoScript® 1st Strand cDNA Synthesis Kit (Novoprotein,
China). Quantitative RT-PCR was carried out using SYBR PCR Master
Mix (Roche, CH) and a LightCycler 480 Detection System (Roche, CH).
Primer validation was performed by generating a melting curve to
confirm a single peak, thereby ruling out the possibility of non-specific
product or primer dimer formation. -actin served as an internal

control, and target gene expression levels were calculated using the
ACt method and expressed relative to 3-actin. The primers are listed in
the Supplementary Table 3.

Induce cell premature senescence and treatment with

AcAc or BHB

To induce premature senescence, H,0, (Hengjian, China) was added to
the medium at a concentration of 100 uM. After 24 hours of exposure
to H,O,, BHB or AcAc was added to the culture medium. All groups
were analyzed on the fourth day. Doxorubicin (MCE, USA) was dis-
solved in DMSO, stored at —20°C, and then added to the culture
medium at a concentration of 150 nM with a 24-hour interval between
treatments. 24 hours after adding doxorubicin, BHB or AcAc was
added to the culture medium. All groups were analyzed on the fifth
day. For inducing premature senescence by radiation, cells were
exposed to 8 Gy of ionizing radiation using an RS 2000 X-ray Biological
Irradiator (Rad Source, USA) at a dose rate of 1.185 Gy/min. 3 days post-
irradiation, BHB or AcAc was added to the culture medium. Subse-
quently, the cells were cultured under standard conditions.
3-Hydroxybutyric acid sodium (MCE, USA) and Lithium acetoacetate
(Sigma, USA) were both dissolved in saline, stored at -80 °C, and
added to the culture medium at a concentration of 5 mM.

ChIP-qPCR

A ChIP assay kit (CST, USA) was employed to assess the binding of
H3K9ac to the promoters of Foxo3a. MLTC-1 cells were seeded in a
T75 flask (NEST, China). Following treatment, cells at 70% con-
fluence were fixed with 1% formaldehyde on ice to cross-link pro-
teins to chromatin DNA. After washing, the chromatin DNA was
enzymatically sheared to produce DNA fragments ranging from 200
to 1,000 bp. Subsequently, DNA recovery was performed according
to the manufacturer’s protocol. The recovered DNA from the
reverse cross-linking was utilized for qPCR analysis. An equal
amount of sheared DNA without antibody precipitation was pro-
cessed for reverse cross-linking and utilized as an input control. The
primers are listed in the Supplementary Table 4.

Western blot

For protein extraction from cultured cells, cells were washed three
times with ice-cold PBS. Subsequently, the cells were lysed directly
in RIPA buffer (Beyotime, China) for 30 min, followed by cen-
trifugation at 13000 g for 10 min at 4 °C. Each supernatant was
recovered as a total cell lysate. For protein extraction from tissue,
testes were grinded in liquid nitrogen and subsequently lysed with
RIPA Buffer (Beyotime, China). The lysates were placed on ice for
30 minutes and then centrifuged at 12,000 g for 15 minutes at 4 °C.
Supernatants containing proteins were collected, and protein
concentrations were determined using Pierce™ BCA Protein Assay
Kits (Thermo Fisher, USA). The lysates were resolved by SDS
polyacrylamide gel electrophoresis and then transferred onto
0.45 um pore-sized polyvinylidene fluoride membranes (Millipore,
USA). Subsequently, the membranes were blocked with 5% milk
(Phygene, China), incubated with primary antibodies overnight at
4 °C, washed with tris-buffered saline Tween-20 (TBST), and incu-
bated with HRP-conjugated secondary antibodies for 1hour at
room temperature. Finally, the signals were visualized using an ECL
substrate (NCM, China). Immunoreactivity was semi-quantitatively
detected by ChemiDoc Imaging Systems (Bio-Rad, USA). The pri-
mary and secondary antibodies are listed in the Supplementary
Table 5.

Immunofluorescence staining

For immunofluorescence staining of sections, the tissues were
fixed in 4% paraformaldehyde (PFA; Phygene, China) at 4 °C for
4 hours, dehydrated with 30% sucrose (Sangon Biotech, China),
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and sectioned at a thickness of 10 um. The sections underwent
antigen retrieval using Citrate Antigen Retrieval Solution (Beyo-
time, China), followed by permeabilization with 0.2% Triton X-100
(Sigma, USA) for 15 minutes. After blocking with 2% BSA (Sigma,
USA) and 10% goat serum (Boster, China) in PBS for 45 minutes at
room temperature, sections were incubated overnight with pri-
mary antibodies. Subsequently, sections were washed with PBS
five times, incubated with appropriate secondary antibodies for
60 minutes at room temperature, and counterstained with DAPI
(Gibco) for 5minutes. Images were captured using an LSM800
confocal microscope (Zeiss, Germany) or a Nikon C2 confocal
microscope (Nikon, Japan). For immunofluorescence staining of
cells, the cells were seeded in a 24-well plate and fixed in 4% PFA
(Phygene, China) for 15 minutes. Fixed cells were permeabilized
with PBS containing 0.2% Triton X-100 for 15 minutes at room
temperature. Non-specific antibody binding was blocked with 2%
BSA and 10% goat serum in PBS for 45 minutes at room tempera-
ture, followed by overnight incubation with relevant primary
antibodies at 4 °C. Next, cells were washed three times with PBS
and incubated with appropriate secondary antibodies for 45 min-
utes at room temperature. Finally, the nuclei were counterstained
with DAPI for 5minutes, and images were captured using an
LSM800 confocal microscope (Zeiss, Germany) or a Nikon C2
confocal microscope (Nikon, Japan). The primary and secondary
antibodies are listed in the Supplementary Table 6.

H&E staining

The testes were collected, fixed overnight in Bouin’s solution (Sigma,
USA), dehydrated in 75% ethanol, embedded in paraffin, and then
sectioned into 4 um-thick slices. Subsequently, the paraffin-embedded
sections were deparaffinized using xylene and then gradually rehy-
drated with a series of ethanol concentrations. For histological analy-
sis, the prepared sections were stained with haematoxylin and eosin
(H&E). The stained sections were examined using KF-PRO-120-H1 slide
scanner (KFBIO, China).

SA-f-gal staining

According to the manufacturer’s protocol for the senescence-
associated [-galactosidase kit (Beyotime, China), cells seeded in 12-
well plates were washed with PBS and subsequently fixed in (-
galactosidase staining fixative (Beyotime, China) for 15 minutes. After
washing, the cells were incubated overnight with the working solution
at 37 °C. Senescent cells were observed and counted under an DMi8
microscope (Leica, Germany) from three random fields of view. For SA-
B-gal staining of tissue sections, the O.C.T (optimal cutting tempera-
ture compound)-embedded testicular tissues were cryosectioned at a
thickness of 10 pm, and stored at —80 °C. Before SA-B-Gal staining,
sections were thawed at RT and rinsed in PBS for 1 min, fixed in in -
galactosidase staining fixative (Beyotime, China) at RT for 15 min. The
sections were then stained according to the manufacturer’s protocol
for 6 hours. After staining, the sections were retrieved using Citrate
Antigen Retrieval Solution (Beyotime, China), permeabilized with 0.2%
Triton X-100 (Sigma, USA) for 15 minutes, blocked with 2% BSA (Sigma,
USA) and 10% goat serum (Boster, China) in PBS for 45 minutes at room
temperature, and then subsequently incubated overnight with primary
antibodies. Following incubation, the sections were washed five times
with PBS, incubated with appropriate secondary antibodies for
60 minutes at room temperature, and images were captured using
DMi8 microscope (Leica, Germany).

Computer-aided semen analysis

Semen samples were analysed as previously reported®. In brief, two
cauda epididymides were harvested from each mouse, incised with
micro scissors, and then incubated in 1 mL DMEM/F12 containing 0.5%
BSA for 15 min at 37°C to allow for sperm release. The tissue was

removed, and sperm samples were analysed using a Hamilton Thorne’s
Ceros Il system. At least six fields were assessed for each sample, and
the sperm concentration and percentages of motile and progressively
motile spermatozoa were determined.

Sex hormone assays

Sex hormone concentrations were assayed as previously reported by
our group®. In brief, blood was collected from the mandibular vein of
the mice and left to clot for 1 hour. The samples were then centrifuged
at 5000 g for 10 minutes, and the supernatant serum was collected for
subsequent analyses. For intratesticular testosterone concentration
detection, testes were extracted from the mice and placed in 1 ml of
saline with two 4 mm beads (Easybio, China). A high-throughput tissue
crusher was used to crush the testicular tissue at a frequency of 50 Hz
for 5 minutes. Subsequently, the sample was centrifuged at 10,000 g
for 3 minutes, and 100 pl of the supernatant was collected and diluted
tenfold with physiological saline. Serum and testes samples were col-
lected at the indicated time points and stored at —80 °C until analysis.
Testosterone levels were measured using a chemiluminescent immu-
noassay (CLIA) (KingMed Diagnostics Group Co, Ltd, China). The
minimum detectable dose of testosterone is 0.01ng/mL. The con-
centration of serum LH and FSH was calculated based on the instruc-
tions provided by the manufacturer using an Elisa kit (Cloud-clone,
China). The concentration of serum Insl3 was calculated based on the
instructions provided by the manufacturer using an Elisa kit (Phoenix,
USA). To detect the ability of cells to secrete progesterone, MLTC-1
cells were washed three times with PBS, and then fresh RPMI 1640
medium containing 10% FBS and 1% GlutaMAX was added. After
4 hours, the culture supernatant was collected for subsequent detec-
tion, and the cells were digested with 0.25% trypsin for cell counting
using a computer-assisted system (Nexcelom, USA).

Gene delivery in animal models

For Hmgcs2 overexpression, the full-length mouse Hmgcs2 cDNA was
cloned into the AAV-CAG vector. Wild-type aged mice (15-month-old)
were intratesticularly injected with AAVDJ-Hmgcs2 for Hmgcs2 over-
expression. For conditional knockout (CKO), the full-length Cre cDNA
was inserted into the AAV-CAG vector. Eight-week-old male Hmgcs2'/
mice were intratesticularly injected with AAVDJ-Cre for conditional
knockout. Following sequencing-based verification, the constructed
vector was custom-packaged, purified, and titrated by Packgene
Bioscience (Guangzhou, China). The viruses were stored at —80 °C until
use. For gene delivery, mice were anesthetized with Avertin (250 mg/
kg) via intraperitoneal injection. The injection site was sterilized with
ethanol and a topical application of povidone-iodine. The mice testes
were stabilized through the scrotum with fingers, and AAV particles
were injected into the testes using an insulin syringe (20 pL per testis; 2
x 10° genome copies per testis). After injection, the needle was
retained inside the tissue for 30 seconds to allow the virus to disperse
within the testis.

BHB supplementation in aged mice

Wild-type aged mice (18-months-old) received sodium/potassium salt
supplementation in their drinking water. The KetoForce solution is a
BHB salt with 1.6 g of sodium and potassium per 11.7 g of BHB. 10 ml
BHB salt formulation (KetoForce) was administered in 290 ml of
drinking water for BHB supplementation. For the control group, 3.2g
of sodium chloride and 2.4 g of potassium chloride were added to
250 ml of water. Both the experimental group and the control group
were supplemented with equivalent sodium and potassium.

Statistical analysis

All data were subjected to statistical analysis using IBM SPSS Statistics
version 25.0 software (IBM SPSS Statistics, Armonk, NY, USA) and the
results were visualized using GraphPad Prism 9 software (GraphPad
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Software, La Jolla, CA, USA). The bioinformatics data were analyzed
using R (version 4.0.3). Gene Ontology (GO) enrichment analysis was
assessed using a one-sided hypergeometric test with Benjamini-
Hochberg (BH) correction. Gene Set Enrichment Analysis (GSEA) was
performed using a two-sided permutation test with BH correction.
Differentially expressed genes (DEGs) between Leydig cells (LCs) from
young and old groups were identified using a two-sided Wilcoxon rank-
sum test with Bonferroni correction. For experiments excluding RNA-
seq data, statistical differences between samples were assessed with t-
tests, one-way analysis of variance (ANOVA), Mann-Whitney U test, or
Kruskal-Wallis test. Differences were considered significant when
p<0.05, and p values were indicated in figures. The detailed statistical
analyses have been provided in the Source Data file.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The scRNA-seq data generated in this study have been deposited in the
GEO database under accession code GSE270931. The bulk RNA-seq
data generated in this study have been deposited in the GEO database
under accession code GSE287203. The rest of the data generated in
this study are included in the published article and supplementary
files. Source data are provided with this paper.
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