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ABSTRACT

Reproductive aging in females is marked by ovarian senescence and a concomitant decline in somatic organ function.
Mechanistic target of rapamycin (mTOR) signaling is a central regulator of aging. Rapamycin has been shown to confer anti-
aging benefits in young and middle-aged females; however, whether mTOR inhibition remains effective once reproductive
aging is established remains unclear. Here we analyzed transcriptomics of oocytes and granulosa cells from reproductively
aged (10-month-old) mice and identified upregulation of ribosome biogenesis and cytoplasmic translation, consistent with
hyperactive mTOR signaling. We then evaluated the effects of short-term rapamycin treatment during the perimenopausal
period. One month of rapamycin treatment effectively suppressed mTOR signaling and reduced cellular senescence, inflam-
mation, fibrosis, and oxidative damage in the ovary, lung, small intestine, and skeletal muscle. Rapamycin also alleviated
somatic stem exhaustion across multiple tissues by reducing DNA damage and senescence markers, restoring stem cell abun-
dance, and improving differentiation capacity. Despite these improvements in the somatic microenvironment, rapamycin
failed to restore fertility or serum estradiol levels in reproductively aged females. Importantly, the beneficial effects on mTOR
activity, stem cell function, and tissue homeostasis were largely reversed following treatment withdrawal. Together, our find-
ings demonstrate that short-term mTOR inhibition initiated after reproductive aging can transiently ameliorate systemic and
ovarian aging phenotypes while highlighting a key limitation: reproductive function is not recoverable once advanced repro-
ductive aging has occurred. And these results indicated the importance of intervention timing and suggest the therapeutic
scope of rapamycin during female reproductive aging.

1 | Introduction Perimenopausal women experience a decline in fertility, as-

sociated with ovarian functional decline due to aging [3, 4],
Aging is a complex process characterized by increased age- and increased risks of age-related chronic diseases in somatic
related diseases and decreased physiological functions [1, 2]. organs, such as endocrine dysfunction, digestive disorders,
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and cardiovascular diseases [5]. Aging also impairs stem cell
function, disrupting tissue regeneration and homeostasis [6, 7].
Targeting conserved biological mechanisms may offer therapeu-
tic strategies to regulate aging and its effects [8].

Dietary restriction (DR) extends the lifespan of mice, but it
can also adversely affect other aspects of physiological health
[9]. In rodents, chronic caloric restriction (CR) often sup-
presses ovarian follicular development and causes irregular
estrous cycles, leading to subfertility or infertility [10]. These
adverse effects indicate a critical limitation of CR in the con-
text of female reproductive aging. Therefore, interventions
that can extend healthspan without impairing reproductive
function are of particular interest. Pharmacological inhibition
of mTOR, a conserved nutrient-sensing pathway downstream
of DR [11, 12], has emerged as a promising alternative strategy.
Rapamycin recapitulates several beneficial effects of DR on
longevity and tissue homeostasis without the need for severe
CR, making it attractive for studying aging interventions in
females [13, 14]. These preclinical findings are supported by
human data: a systematic review by Andrea B. Maier et al.
concluded that rapamycin and its analogs enhance immune,
cardiovascular, and integumentary functions in healthy indi-
viduals or those with aging-related conditions, while no sig-
nificant effects were observed on the endocrine, muscular, or
neurological systems; the impacts on the respiratory, diges-
tive, renal, and reproductive systems remain unevaluated [15].
Importantly, in women aged 30-50years, functional decline
in organs such as the liver, lung, skeletal muscle, and bone is
closely associated with aging [16], and accumulating evidence
indicates that age-related exhaustion of stem and progenitor
cells in the lung [17, 18], small intestine [19], and skeletal mus-
cle [20] results in part from repeated activation of mTORC1
signaling during tissue regeneration. Although short-term
(2weeks) rapamycin treatment has been shown to delay ovar-
ian aging in young and middle-aged female mice [10], whether
mTOR inhibition remains effective once reproductive aging is
already established remains unknown. In female mice, repro-
ductive aging typically occurs at 10-12 months of age, a stage
characterized by progressive reproductive cycle irregularity
that ultimately leads to complete cessation of cyclicity [21], but
preceding overt systemic aging.

This life stage corresponds to the perimenopausal transition
(45-55years old) in women, which is increasingly recognized
as a period of accelerated physiological decline and heightened
vulnerability to age-associated diseases [1, 16]. Given that per-
imenopause represents a period of accelerated systemic aging
in women, it is critical to examine whether mTOR inhibition
remains effective when initiated after reproductive decline has
already begun. This study investigated whether short-term rapa-
mycin treatment during the perimenopausal period could allevi-
ate aging in the ovary, lung, small intestine, and skeletal muscle.
We found that in 10-12-month-old female mice, such treatment
delayed ovarian senescence, reduced inflammation and age-
related marker levels across multiple tissues, and enhanced so-
matic stem cell function in the lung, small intestine, and skeletal
muscle. Although these anti-aging benefits persisted beyond the
treatment period compared with untreated controls, the effects
on mTOR signaling, stem cell activity, and tissue differentiation
diminished after drug withdrawal.

2 | Materials and Methods
2.1 | Animals

Female C57BL/six mice, aged 2 months (young) and 10 months
(Throughout this study, the term “reproductively aged” re-
fers to 10-12-month-old female mice that exhibit reproductive
decline but have not yet entered overt physiological aging.),
were acquired from Beijing Vital River Laboratory Animal
Technology Co. Ltd. All the mice were housed individually in
ventilated cages (IVCs) under a 12-h light/dark cycle within the
sterile Animal Facility at the College of Life Sciences. The study
was approved by the Nankai University Animal Care and Use
Committee, and all procedures adhered to established guide-
lines and relevant regulations.

Rapamycin treatment was conducted as previously described
[22]. Briefly, rapamycin (LC Laboratories, R-5000) was prepared
in DMSO at a concentration of 100mgmL-1. The 10-month-old
female mice received either DMSO or rapamycin in the drink-
ing water at a final concentration of 40mg/L1 (approximately
8.0mgkg-1day-1) [22, 23] for 30days. After this treatment pe-
riod, all the groups were switched to plain drinking water until
they reached 12months of age. To induce superovulation, all
the groups received an injection of 51U pregnant mare serum
gonadotrophin (PMSG), followed by 5IU human chorionic go-
nadotrophin (hCG) 46-48h later, for the collection and quality
analysis of MII oocytes.

2.2 | Western Blot

After centrifugation at 10000 X g for 10min at 4°C, the superna-
tant was transferred into new tubes. The protein concentration
was determined via a bicinchoninic acid assay, and the samples
were boiled in SDS sample buffer at 100°C for 10 min. Proteins
from each cell extract were separated via 10% Acr-Bis SDS-PAGE
and transferred to polyvinylidene difluoride (PVDF) membranes
(Millipore). The membranes were blocked with 5% skim milk in
TBST for 2h at room temperature, followed by overnight incu-
bation with primary antibodies at 4°C. S-actin served as a load-
ing control. The immunoreactive bands were then incubated for
2h at room temperature with HRP-conjugated secondary anti-
bodies. The protein bands were visualized via a chemilumines-
cent HRP substrate (WBKLS0500, Millipore). The antibodies
used for western blotting included p-S6 (4858S, Cell Signaling
Technology), S6 (2217S, Cell Signaling Technology), a-SMA
(ab5694, Abcam), IL-1§ (sc-52746, Santa Cruz Biotechnology),
TNF-a (sc-52746, Santa Cruz Biotechnology), Cxcl2 (HA723640,
HUABIO), pl6INK4A (sc-1661, Santa Cruz Biotechnology) and
S-actin (AC026, ABclonal).

2.3 | SA-f-Gal Staining

senescence-associated f3-galactosidase (SA-§-gal) staining was
performed via a senescence-associated {3-galactosidase stain-
ing kit (Beyotime, China, C0602) following the manufacturer's
instructions and a previously described method [24]. Briefly,
granulosa cells and ovarian sections were washed three times
with PBS, fixed in 4% paraformaldehyde for 15min at room
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temperature, and then washed again three times with PBS. The
samples were incubated overnight in the dark at 37°C with a
mixture containing 5-bromo-4-chloro-3-indolyl-b-d-galactopyr
anoside (X-gal).

2.4 | H&E Staining

Hematoxylin and eosin (H&E) staining was performed as pre-
viously described [10]. Paraffin-embedded tissue sections were
sliced to a thickness of 5um. The sections were dewaxed in xy-
lene and then rehydrated through a series of alcohol concentra-
tions (100%, 100%, 95%, 90%, 80%, 70%, and 50%), followed by
brief rinsing in distilled water. The slices were incubated in he-
matoxylin solution until the desired staining level was reached
(Beyotime, China) and rinsed in tap water to eliminate excess
hematoxylin. The slices were then differentiated in 1% acid alco-
hol for 1-2s, followed by a 1-min rinse in running water. Finally,
the slices were covered with Cytoseal-60 (Solarbio, China) for
preservation.

2.5 | Masson's Staining

Tissue sections embedded in paraffin were first deparaffinized
in 100% xylene and then rehydrated through a series of alco-
hols (100%, 95%, 90%, 80%, and 70%). After a 5-min wash in
distilled water, the sections were stained overnight with potas-
sium bichromate and rinsed under running water for 5-10 min.
They were then treated with Weigert's iron hematoxylin solu-
tion for 10min, followed by rinsing in warm running water
for 10 min. Next, the sections were stained with Ponceau-acid
fuchsin for 5-10 min, washed in distilled water, and differenti-
ated in phosphomolybdic-phosphotungstic acid for 10-15 min.
Without rinsing, the sections were transferred directly to ani-
line blue solution for 5-10 min, briefly rinsed in distilled water
and differentiated in 1% acetic acid for 2-5min. The sections
were washed three times in distilled water for 5min each, de-
hydrated through an ethanol gradient (70%, 80%, 90%, 100%,
and 100%), treated with 100% xylene, and finally mounted in
a resinous medium.

2.6 | Estradiol (E2) Assays

Serum estradiol (E2) levels were detected by ELISA Kit (CK-
E20419 Hangzhou Eastbiopharm Co. Ltd) [22]. Quality control
serum, sterilized distilled water, and five series diluted standard
samples for a standard curve were tested for each serum sample.
The intra- and inter-assay coefficients of variability for E2 were
below 8% and 12%.

2.7 | Isolation and Culture of Mouse
Granulosa Cells

Mouse granulosa cells (mGCs) were isolated and cultured
following previously established protocols [25, 26]. Briefly,
PMSG was injected into the abdominal cavity of mice 46h

before isolating mGCs. The mice were humanely sacrificed,
and the ovaries were dissected. Insulin syringes were used to
puncture visible follicles on the surface of the ovaries under
a stereomicroscope to release mGCs into culture medium,
avoiding isolation of mGCs from small follicles. In addition,
oocytes were filtered out using a 40-pum cell strainer (Falcon).
Then, the isolated mGCs were washed three times and seeded
in culture medium.

2.8 | Histopathological Analyses
and Immunostaining

For ovarian frozen sections, the samples were washed in PBS
for 10min, fixed in ice-cold acetone at room temperature for
15min, treated with 0.1% Triton X-100 for 1h, and blocked with
3% BSA in PBS for 2h at room temperature. The samples were
incubated overnight with primary antibodies at 4°C, followed
by three washes with PBS for 15min each. The sections were
incubated for 2h with an appropriate fluorescence-conjugated
secondary antibody (donkey anti-rabbit IgG Alexa Fluor 594
antibody, 1:200, A-21207, Thermo Scientific), washed three
times in PBS, and counterstained with 5ugmL~! Hoechst 33342
in Vectashield (H-1000-10, VectorLabs) mounting medium.
Fluorescence imaging was performed via an Axio Imager Z2
fluorescence microscope (Carl Zeiss), and ImageJ was used for
relative fluorescence quantification.

For histopathological analyses and immunostaining, 5-um
sections from the paraffin-embedded lung, small intestine,
and skeletal muscle were prepared. The following antibodies
were used: anti-p-mTOR antibody (2971s, 1:100; Cell Signaling
Technology), anti-p-S6 antibody (4858S, 1:100; Cell Signaling
Technology), anti-CDKN2A/pl16INK4A antibody (sc-1661,
1:200; Santa Cruz Biotechnology), anti-TNF-a antibody (sc-
52746, 1:200; Santa Cruz Biotechnology), anti-IL-18 antibody
(sc-52012, 1:50; Santa Cruz Biotechnology), anti-8-OHdG anti-
body (sc-66036, 1:150; Santa Cruz Biotechnology), anti-a-SMA
antibody (ab5694, 1:100; Abcam), anti-pro-surfactant protein C
(ab211326, 1:300; Abcam), anti-LGR5 antibody (DF2816, 1:100;
Affinity), anti-PAX7 antibody (sc-81975, 1:50; Santa Cruz
Biotechnology), anti-phospho-histone H2AX antibody (Ser139,
1:100; ABclonal), anti-PCNA antibody (sc-25280, 1:100; Santa
Cruz Biotechnology), and anti-HOPX antibody (sc-398703).
Images were acquired via Thunder and SP8 fluorescence mi-
croscopes (Leica). Histological quantifications were performed
randomly on five different areas per case via the Fiji software
package (http://fiji.sc) to measure the total number and per-
centage of DAB-positive areas.

2.9 | Quantitative PCR (qPCR) of RNAs

Total RNA from cumulus cells was extracted with a RNeasy
RNA Micro Kit (74034, QIAGEN) following the manufactur-
er's instructions. Purified total RNA was reverse transcribed to
generate cDNA via M-MLV reverse transcriptase (Invitrogen)
and random hexamer primers as instructed. For a single oo-
cyte, mRNA was directly reverse transcribed to cDNA via
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Smart-seq2, and the resulting product was used for gPCR. qPCR
was performed with FastStart Universal SYBR Green Master
Mix (4913914001, Roche) on an iCycler MyiQ2 detection sys-
tem (Bio-Rad). Each sample was prepared in duplicate and nor-
malized against GAPDH. The qPCR data were analyzed via the
AACt method, and the specificity of the primers (Table S1) was
verified through dissociation curves.

2.10 | Quantitative Analysis of Serum Cytokines
and Chemokines

Cytokines and chemokines in mouse serum were measured via
the ABplex Mouse Plex Custom Panel (ABclonal, RK04397) ac-
cording to the manufacturer's instructions [27]. These include
IL-13, TNF-a, IL-12 (p40), IL-4, IL-5, IL-10, VCAM-1, IFN-y,
IL-12 (p70), IL-17A, IL-2, IL-1a, and IL-3. Data analysis was per-
formed with Multiplex Analyst Software from ABclonal.

2.11 | TUNEL Assay

The paraffin-embedded sections were stained with TUNEL
reagent according to the manufacturer's protocols, and images
were captured with a fluorescence microscope (Leica, Wetzlar,
Germany).

2.12 | AB-PAS Staining

Intestinal tissues were fixed in 4% paraformaldehyde in PBS,
embedded in paraffin, sectioned, and stained with AB-PAS
(Solarbio, China) according to the manufacturer's instructions.
Images of the sections were captured to quantify the number of
goblet cells per villus.

2.13 | Single-Cell RNA-Seq Data Analysis

The transcriptomic analysis was based on a re-analysis of our
previously published dataset (GSE184637). Specifically, this
dataset includes SMART-seq2 data from 18 MII oocytes collected
from 2-month-old mice and 20 MII oocytes from 10-month-old
mice. For cumulus cells, ovaries were obtained from three mice
per age group (2 and 10months). Mice were intraperitoneally
injected with PMSG 46h before GC isolation. After humane
euthanasia, ovaries were dissected, and visible follicles on the
ovarian surface were punctured under a stereomicroscope using
insulin needles to release GCs into the culture medium, avoid-
ing small follicles. Oocytes were removed by filtration through
a 40-pum cell strainer. The isolated GCs were then washed with
phosphate-buffered saline, dispersed into single-cell suspen-
sions, and 50 cells were collected for RNA-seq library construc-
tion using Smart-Seq2 methods.

The reads were mapped to mml0 from the UCSC genome
(http://genome.ucsc.edu/) via HISAT2 (v2.1.0) with default
parameters [28]. The read counts of each gene annotated in
Gencode vM17 were calculated via featureCounts with default

parameters [29]. Sum factor normalization was applied with
deconvolution of size factors within different batch samples
via SCnorm. Raw counts were normalized by library size via
TPM. DEGs between different groups were analyzed via limma
(v.3.56.2). DEGs were defined as those whose log2-fold change
was greater than the log2 (1.5) and whose adjusted p value was
<0.05. GO enrichment analysis of the DEGs was performed via
clusterProfiler (v.4.8.3). The results were visualized via ggplot2
(v.3.4.4). Gene set enrichment analysis was performed via clus-
terProfiler (v.4.8.3). Gene ontology gene sets were obtained from
the Molecular Signatures Database (v.7.5.1). The results were vi-
sualized via GseaVis (v.0.8.8).

2.14 | Statistical Analysis

The data are presented as the means + SEMs. Statistical analy-
ses were performed via an unpaired two-tailed Student's ¢-test
in PRISM software (GraphPad 8 Software) to compare the dif-
ferences between the treatment and control groups, assuming
equal variance. The Mann-Whitney test was used to determine
the significance of differences between data without a normal
distribution. One-way or two-way ANOVA with Tukey's test
was used for multiple comparisons. The chi-square test was
used to test differences between two groups for categorical vari-
ables. *, ** *** apnd **** indicate p <0.05, p<0.01, p<0.001 and
p <0.0001, respectively. ns, not significant.

3 | Results

3.1 | Short-Term Rapamycin Treatment Alleviates
Ovarian Aging Phenotypes

We reanalyzed transcriptome data from oocytes and granu-
losa cells (GCs, specifically cumulus cells) of 2-month-old and
10-month-old mice [30]. In oocytes from 10-month-old mice,
upregulated differentially expressed genes (DEGs) were en-
riched in Gene Ontology (GO) terms related to cytoplasmic
translation, ribosome biogenesis, and TOR signaling, as con-
firmed by gene set enrichment analysis (GSEA) (Figure 1A-C).
Similarly, in GCs from 10-month-old mice, upregulated DEGs
were linked to cytoplasmic translation, ribosome biogenesis,
the humoral immune response, and complement activation
(Figure 1D-F). Given the established role of mTOR in ribo-
some biogenesis, translation, and inflammation [31], we ad-
ministered rapamycin (8.0 mg/kg/day) to 10-month-old female
mice for 1 month (Figure 2A). While ovarian and body weights
remained unaffected (Figure S1A,B), rapamycin significantly
reduced phosphorylated S6 (p-S6) levels in ovarian tissue
(Figure 2B,C) and downregulated ribosome-related genes
(Rpl36, Rpl5) (Figure 2D), confirming effective suppression
mTOR signaling. Furthermore, rapamycin treatment mark-
edly reduced levels of SA-B-gal (Figure 2E), inflammatory
factors (TNF-a and CXCL2, Figure S1C) and fibrosis markers
in the ovary (Figure 2F,G, Figure S1C). It also attenuated the
elevated p-S6 levels and inflammatory factor expression in
GCs from reproductively aged mouse (Figure 2H,I), suggest-
ing a beneficial effect of rapamycin on the ovarian somatic
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FIGURE1 | Age-related transcriptome changes in oocytes and granulosa cells. (A) GO enrichment analysis of biological processes in young or
old oocytes. (B) GSEA map showing upregulated cytoplasmic translation in old oocytes. (C) GSEA map showing upregulated ribosome biogenesis in
old oocytes. (D) GO enrichment analysis of biological processes in young and old granulosa cells. (E) GSEA map showing an upregulated humoral
immune response in old granulosa cells. (F) GSEA map showing upregulated complement activation in old granulosa cells.

microenvironment. However, mating experiments with young increase in offspring number (Figure S1D). Moreover, the
males showed that rapamycin did not improve fertility in these decline in serum estradiol (E2) levels, the primary circulat-
reproductively aged females, as evidenced by no significant ing estrogen reflecting ovarian endocrine function, observed
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in reproductively aged mice was not reversed by rapamycin
treatment (Figure S1E). Thus, although short-term rapamycin
treatment alleviates age-related ovarian alterations and im-
proves the somatic environment, it does not restore reproduc-
tive function in reproductively aged mice.

A Treatment Tissue isolation

3.2 | Short-Term Rapamycin Treatment Mitigates
Age-Related Features in Somatic Organs

Given the observed beneficial effects of rapamycin on the ovar-
ian somatic microenvironment, we next investigated whether
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FIGURE 2 | Short-term rapamycin delays ovarian tissue aging phenotypes. (A) Ten-month-old mice were administered either rapamycin (O-
Rapa) or ad libitum drinking water (O-CTRL) for 1 month. Two-month-old mice receiving drinking water served as the young control (Y-CTRL).
(B) Western blot analysis of phosphorylated S6 (p-S6) and total S6 protein levels in ovaries from young and reproductively aged mice treated with or
without rapamycin for one month; 8-actin was used as a loading control. Data are presented as the mean + SEM, n=4 mice per group. **p <0.01 (two-
tailed unpaired ¢ test). (C) Immunofluorescence of p-S6 in ovarian sections from reproductively aged mice with or without rapamycin treatment.
Scale bar, 100 um. Data are presented as the mean + SEM, n =4 mice per group. **p <0.01 (two-tailed unpaired ¢ test). (D) qPCR analysis of ribosome-
related genes (Rpl36 and Rpl5) in ovaries from young and reproductively aged mice treated with/without rapamycin, normalized to Gapdh. (E) SA-f-
gal staining of ovarian sections from young and reproductively aged mice treated with or without rapamycin (scale bar = 100 um), with quantification
of the SA-@-gal-positive area. The data are presented as the mean + SEM, n=6 mice per group. (F) Immunofluorescence of a-SMA and (G) Masson
staining of ovarian sections from young and reproductively aged mice treated with or without rapamycin. Scale bar, 100 um. Quantification of a-SMA
fluorescence intensity and the fibrotic area is shown on the right. The data are presented as the mean + SEM, n =3 mice per group. (H) p-S6 immuno-
fluorescence in GCs from young and reproductively aged mice treated with or without rapamycin. Scale bar, 10 um. The quantification of the fluores-
cence intensity is shown on the right. The data are presented as the mean +SEM, n=100 cells. (I) qPCR analysis of inflammation-related factors in
GCs from young and reproductively aged mice treated with or without rapamycin normalized to Gapdh. The data are presented as the mean + SEM,

n=3 mice per group. ns, not significant, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, ANOVA tests (multiple comparisons).

similar anti-aging benefits could be detected in non-reproductive
somatic organs, especially the lung, small intestine, and skel-
etal muscle in reproductively aged mice. Ten-month-old fe-
male mice were treated with rapamycin for 1 month, with
2-month-old mice serving as young controls. Compared to re-
productively aged mice provided ad libitum drinking water
(O-CTRL), rapamycin-treated mice exhibited reduced phos-
phorylation of mTOR (Ser2448) and its downstream target S6 in
lung, small intestine, and skeletal muscle tissues (Figure 3A,B,
Figure S2A-C), confirming systemic inhibition of mTOR signal-
ing. Histological analysis by H&E staining further revealed that
rapamycin alleviated several age-related structural alterations,
including changes in the morphology and number of small intes-
tinal villi and crypts [32, 33], as well as reduced skeletal muscle
fiber size (Figure 3C and Figure S2D). Consistently, rapamycin
treatment also reduced the abundance of pl6INK4A-positive
senescent cells (Figure 3D, Figure S2A-C) and decreased apop-
tosis (Figure S2E) across these tissues. Together, these results
indicate that short-term rapamycin treatment not only counter-
acts cellular senescence but also ameliorates aging-associated
tissue degeneration in multiple somatic organs.

3.3 | Rapamycin Alleviates Tissue Inflammation,
Fibrosis, and Oxidative Damage

Having established that rapamycin mitigates structural and cel-
lular aging phenotypes in both somatic and ovarian tissues, we
further investigated its effect on key molecular drivers of aging,
including chronic inflammation, fibrosis, and oxidative stress.
Senescent cells and their associated secretory phenotype (SASP)
are major contributors to age-related chronic inflammation and
immune dysregulation [34]. Moreover, rapamycin has been sug-
gested to suppress inflammation and promote healthspan via
S6K inhibition [35]. Consistent with this, cytokine analysis re-
vealed that rapamycin significantly lowered the levels of multi-
ple proinflammatory cytokines, including IFN-y, TNF-c, IL-1f,
CXCL1, and CCLS5 in lung, small intestine, and skeletal muscle
tissues (Figure 4A-C, Figure S2A-C). Immunohistochemical
(THC) staining and Western blot analysis further confirmed that
rapamycin decreased TNF-o and IL-1f levels in the lung, small
intestine, and skeletal muscle (Figure 4D,E, Figure S2A-C).

In addition to attenuating inflammation, rapamycin treatment
reduced oxidative stress, as indicated by decreased 8-OHdG
staining (Figure 4F) and ameliorated fibrosis, evidenced by di-
minished a-SMA and Masson's trichrome staining in these tis-
sues (Figure 4G, Figure S2A-C, Figure S2F). Collectively, these
findings demonstrate that short-term rapamycin treatment alle-
viates multiple hallmarks of aging in somatic organs, including
inflammation, oxidative damage, and fibrosis, thereby contrib-
uting to improved tissue homeostasis.

3.4 | Short-Term Rapamycin Treatment Reverses
Somatic Stem Cell Exhaustion and Senescence in
Reproducing Aged Mice

Building on the observed improvements in tissue homeosta-
sis and attenuation of inflammatory and fibrotic changes, we
sought to determine whether rapamycin could counteract stem
cell exhaustion—a key hallmark of aging [36]. Given the cen-
tral role of mTOR signaling in regulating stem cell self-renewal,
differentiation, and stemness [37]. we hypothesized that rapa-
mycin might restore stem cell function in reproductively aged
mice. Indeed, although we confirmed a marked reduction in
adult stem cell numbers across multiple tissues in reproduc-
tively aged mice, rapamycin treatment partially restored stem
cell populations, as indicated by increased expression of PAX7,a
marker of quiescent muscle stem cells (MuSCs), in skeletal mus-
cle and LGRS, a well-established marker of intestinal stem cells
located at the crypt base, in the small intestine (Figure 5A-C).
Furthermore, rapamycin enhanced the expression of the pro-
liferation marker PCNA in intestinal crypts as well as alveo-
lar type 2 (AT2) cells (the resident progenitor cells responsible
for alveolar regeneration), effectively countering age-related
declines in proliferative capacity (Figure 5D,E). Aging is also
characterized by the accumulation of DNA damage and ele-
vated expression of senescence markers such as pl6INK4A and
YH2AX, which contribute to stem cell dysfunction [36, 38, 39].
Quantitative immunofluorescence analysis revealed a signif-
icant increase in SPC*/p16INK4A* and SPC*/yH2AX" cells
in the lungs of reproductively aged control mice compared
to young controls. Rapamycin treatment, however, mark-
edly reduced the number of these senescent stem cells (SPC*/
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FIGURE3 | Geroprotective effects of rapamycin on somatic tissue. (A) Immunohistochemical assessment of p-mTOR in the lung, small intestine,

and muscle of young and reproductively aged mice treated with or without rapamycin. Scale bars: Lung and skeletal muscle, 25 um; small intestine,
50 um. (B) Immunofluorescence of p-S6 in the lung, small intestine, and skeletal muscle of young and reproductively aged mice treated with or with-
out rapamycin. Scale bars: 25um. (C) H&E staining of lung, small intestine, and skeletal muscle from young and reproductively aged mice treated
with or without rapamycin. Scale bars: Lung and skeletal muscle, 25 um; small intestine, 50 um. The yellow dotted lines outline skeletal muscle fibers.
(D) Immunohistochemical assessment of pl6INK4A in the lung, small intestine, and skeletal muscle of young and reproductively aged mice treated
with or without rapamycin. Arrows indicate pl6INK4A-positive cells. Scale bars: 50 um. Representative images (left) and statistics (right) of young
and reproductively aged mice treated with or without rapamycin in (B)-(D). The data are presented as the mean+SEM, n=15 regions per group

(collected from three mice per group). ns, not significant, *p <0.05, **p <0.01, ***p <0.001, ANOVA (multiple comparisons).

pl6INK4A*, SPCt/yH2AX*, and PAX7t/p16INK4A™) in lung
tissue (Figure 6A-D). Similarly, rapamycin decreased PAX7%/
pl6INK4A*+ double-positive cells and yH2AX-positive cells
in skeletal muscle and small intestinal crypts (Figure 6A-D).
Together, these data indicate that short-term rapamycin treat-
ment not only mitigates tissue-level aging phenotypes but also
rejuvenates somatic stem cells by alleviating senescence and
DNA damage, thereby counteracting stem cell exhaustion in
reproductively aged female mice.

3.5 | Rapamycin Restores Stem Cell
Differentiation Potential

Given thatrapamycin alleviates stem cell senescence and exhaus-
tion, we further investigated its capacity to rescue age-related
impairments in stem cell differentiation. In the lung, where AT2
cells function as primary progenitors capable of self-renewal
and differentiation into AT1 cells [40], rapamycin promoted the
differentiation of AT2 to AT1 cells, as shown by an increased
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FIGURE 4 | Rapamycin alleviates tissue inflammation, fibrosis, and oxidative damage. (A) Lung, small intestine (B) and (C) skeletal muscle

tissues from reproductively aged mice treated with or without rapamycin were analyzed. A heatmap of inflammatory cytokine levels revealed vari-

ations across groups. The samples from the three groups of mice were pooled for testing (3 mice per group). Cytokines and chemokines in the mouse

serum were detected via the ABplex Mouse Plex Custom Panel. (D) Immunofluorescence and immunohistochemistry of TNF-a in the lung, small in-

testine, and skeletal muscle of young and reproductively aged mice treated with or without rapamycin. Scale bars: 25 um. (E) Immunohistochemical

assessment of IL-1f in the lung, small intestine, and skeletal muscle of young and reproductively aged mice treated with or without rapamycin, with

arrows indicating IL-1B-positive cells. Scale bars: Lung and skeletal muscle, 25um; small intestine, 50 um. (F) Immunofluorescence of 8-OHdG in

the lung, small intestine, and skeletal muscle. Scale bars: 25 um. (G) Immunofluorescence of a-SMA in the lung, small intestine, and skeletal muscle.

Scale bars: 25 um. Representative images (left) and statistics (right) for young control and reproductively aged rapamycin-treated mice in (C)-(F). The

data are expressed as the mean +SEM (n =3 mice per group). ns (not significant), *p <0.05; **p <0.01; ***p <0.001; ANOVA (multiple comparisons).

number of HOPX* AT1 cells (HOPX+: marker of differentiated
alveolar type I cells) (Figure 7A). In the small intestine, aging
skews intestinal stem cell (ISC) differentiation toward secretory
lineages [41, 42]. Rapamycin counteracted this bias, reducing
the age-associated expansion of Paneth cells (LYZ™) and goblet
cells (Alcian blue™) and thereby improving ISC differentiation
outcomes (Figure 7B,C). In skeletal muscle, where PAX7 marks
quiescent MuSCs, aging shifts MuSCs toward precocious acti-
vation and differentiation [43-46]. Consistent with this, we ob-
served fewer quiescent PAX7* cells and more activated PAX7t/
MYOD*" cells in reproductively aged muscle (MYOD™*: indicator
of activated myogenic differentiation). Rapamycin treatment
restored the quiescent pool of PAX7* MuSCs and reduced the
proportion of PAX7t*/MYOD™ activated cells (Figure 7D). Taken
together, these results indicate that rapamycin not only pre-
serves stem cell numbers and reduces senescence but also re-
instates their functional differentiation capacity across multiple
tissues in reproductively aged mice.

3.6 | Reversible Effects of Short-Term Rapamycin
Treatment After Withdrawal

Given the improvements in stem cell function and tissue homeo-
stasis induced by rapamycin, we sought to determine whether
these benefits persist after treatment cessation. Since anti-aging
interventions often exhibit transient effects that may reverse
upon withdrawal [13], and considering that rapamycin injection
at 8 mg/kg/day for 3months does not increase the life expectancy
of female mice starting at 20-21 months of age [47], we then evalu-
ated the sustainability of rapamycin-mediated benefits following
a one-month withdrawal period (OLDRW) after initial treatment
(Figure S3A). After rapamycin withdrawal, the suppression of
mTOR signaling was no longer maintained. p-mTOR and p-S6
levels in lung, small intestine, and skeletal muscle reverted to
those observed in age-matched 12-month-old controls (OLD'?M)
(Figure S3B,C). Consistent with this molecular reversal, stem cell
populations also regressed: the numbers of PAX7+ and LGR5*
stem cells in OLD®Y mice declined to minimal levels compara-
ble to untreated reproductively aged controls (Figure S4A-C).
Immunofluorescence analysis of PCNA and tissue-specific stem
cells revealed only modest, non-significant increases in SPC*/
PCNATY and PCNAT* cells in lung and intestinal tissues compared
to OLD™M mice (Figure S4D,E). Furthermore, the restored dif-
ferentiation capacity observed during treatment was largely abol-
ished after withdrawal, as shown by the loss of AT1 cell (HOPXY)
gains and the re-expansion of Paneth cells (Figure S5A,B). These
data indicate that while short-term rapamycin treatment robustly

improves somatic tissue integrity and stem cell function, its effects
are largely reversible upon discontinuation. The anti-aging ben-
efits—including mTOR pathway suppression, stem cell mainte-
nance, and functional differentiation—diminish after treatment
withdrawal, underscoring the necessity of sustained intervention
for long-term tissue rejuvenation.

4 | Discussion

Our study demonstrates that short-term rapamycin treatment
during the reproductive aging period in female mice effectively
alleviates aging phenotypes across both reproductive and so-
matic tissues through mTOR pathway inhibition. These findings
extend previous work on rapamycin's lifespan-extending prop-
erties to the context of perimenopausal aging. The multifaceted
benefits observed, including delayed ovarian aging, reduced
inflammation and fibrosis, and rejuvenated stem cell function,
highlight rapamycin's potential in counteracting systemic aging
processes. However, the failure to restore reproductive function
and the reversible nature of these benefits upon treatment with-
drawal reveal important limitations and tissue-specific consid-
erations for clinical translation.

In the context of ovarian aging, our transcriptomic analyses
revealed upregulated cytoplasmic translation and ribosome
biogenesis pathways in both oocytes and GCs from reproduc-
tively aged mice, consistent with hyperactive mTOR signaling.
Rapamycin effectively suppressed this pathway, as evidenced
by reduced p-S6 levels and ribosome-related gene expression,
subsequently attenuating senescence, fibrosis, and inflamma-
tion in the ovarian somatic microenvironment. However, de-
spite these improvements at the molecular and cellular levels,
rapamycin failed to restore fertility in reproductively aged fe-
males. This contrasts with earlier studies reporting that rapa-
mycin preserves the follicle pool and extends ovarian lifespan
in young/middle-aged females [10, 48-50]. Therefore, our
findings suggest a fundamental age-related constraint: while
rapamycin can modify the somatic environment, it cannot res-
cue fertility once advanced reproductive aging is established.
Thus, the efficacy of mTOR inhibition appears critically de-
pendent on intervention timing, with early treatment poten-
tially sustaining the ovarian reserve while late intervention
primarily ameliorates somatic dysfunction without restoring
reproductive capacity.

Beyond the reproductive system, rapamycin demonstrated broad
efficacy in mitigating age-related decline across somatic tissues.
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FIGURE 5 | Rapamycin promotes stem cell number and functions in multiple organs. (A-C) Representative images of (A) AT2P™SP€ (red), (B)
MUSCsPAX7 (red), and (C) ISCLCRS (green) immunostaining in the lungs, skeletal muscles, and small intestines of young and reproductively aged
mice treated with or without rapamycin. Scale bars: 25 um. (D-E) Quantification of (D) AT2P-SPC-PCNA-positive and (E) Crypt-PCNA-positive cells.
(White arrowheads indicate double AT2P-SPC.PCNA-positive cells.) Scale bars for the lung and small intestine: 25 pm. Five random alveolar areas,
muscle fibers, or crypts were quantified. The data are presented as the mean + SEM, n=15 regions per group (collected from three mice per group).
ns, not significant, **p <0.01, ***p <0.001, ANOVA (multiple comparisons).

The systemic inhibition of mTOR signaling was associated with
structural improvements in lung, small intestine, and skeletal
muscle, along with reduced cellular senescence and apoptosis.
Importantly, rapamycin reversed stem cell exhaustion by re-
storing stem cell populations and proliferation capacity across

multiple tissues. The enhanced differentiation potential ob-
served in lung AT?2 cells, intestinal stem cells, and muscle stem
cells aligns with the conserved role of mTOR in regulating stem
cell fate decisions [40-42]. These benefits extended to molecular
hallmarks of aging, including reduced inflammation, oxidative
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FIGURE6 | Rapamycin mitigated stem cell senescence and reversed the increase in senescence-associated markers in AT2, Crypt, and MUSCs in
the lungs, small intestines, and skeletal muscles of the mice. (A-B) Representative images of AT2P™-5F€ (red), pl6INK4A (green), and yH2AX (green)
immunostaining in the lungs of young and reproductively aged mice, with quantification of (A) pl6INK4A-positive AT2P1-SPC cells and (B) yH2AX-
positive AT2PT-SPC cells. Scale bars: 25um. (C) Representative images of ISCs R (green) and YH2AX (red) in the small intestines, with quantifi-
cation of YH2AX-positive Crypt cells. Scale bars: 50 um. (D) Representative images of MUSCsPAX7 (red) and pl6INK4A (green) immunostaining in
skeletal muscle, with quantification of PAX7*/pl16INK4A™* cells among all the cells. Scale bars: 25um. The data are presented as the mean +SEM,

n =15 regions per group (collected from 3 mice per group). ns, not significant, *p <0.05, **p <0.01, ***p <0.001, ANOVA (multiple comparisons).

stress, and fibrosis, collectively contributing to improved tissue
homeostasis in reproductively aged females.

However, the benefits of short-term rapamycin treatment proved
transient upon treatment cessation. The rapid reversal of mTOR
suppression and the subsequent decline in stem cell function fol-
lowing drug withdrawal highlight the dependency of these anti-
aging effects on sustained pathway inhibition. These findings

align with studies in model organisms where rapamycin's ben-
efits diminish after treatment discontinuation [13, 51] and raise
important questions about optimal dosing regimens for long-
term tissue rejuvenation. The observed reversibility, combined
with evidence that late-life rapamycin initiation may not extend
lifespan in female mice [47], suggests the existence of critical
windows for intervention that vary across tissue types and func-
tional outcomes.
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FIGURE7 | Legend on next page.
In conclusion, our findings demonstrate that short-term rapa- somatic stem cells and mitigating multiple hallmarks of aging
mycin treatment differentially modulates tissue aging trajecto- across various organs, it fails to rescue reproductive function

ries through mTOR inhibition. While effectively rejuvenating once advanced germ cell depletion has occurred. The reversible
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FIGURE 7 | Rapamycin promotes the differentiation capacity of stem cells. (A) Representative images of AT2P™-5PC (red) and AT1HOPX (green)
immunostaining in the lungs of young and reproductively aged mice, with quantification of AT1HOPX-positive cells. The white arrowheads indicate
AT1HOPX positive cells. Scale bars, 10 um. (B-C) Representative immunostaining and AB-PAS images of (B) Paneth'Y# (red) and (C) goblet cells in the
small intestines, with quantification of Paneth“Y?-positive and goblet cells. The black arrowheads indicate goblet cells. Scale bars: PanethY%, 25 um.

goblet cells, 50um. (D) Representative images of MUSCsPAX7 (red) and MYOD (green) immunostaining in skeletal muscle, with quantification of
PAX7t/MYOD™ positive cells. Scale bars, 25um. The white arrowheads indicate PAX7t/MYOD" positive cells. Five random alveolar areas, muscle
fibers or crypts were quantified. The data are presented as the mean+SEM, n=15 regions per group (collected from 3 mice per group). ns (not sig-

nificant), **p <0.01, ***p <0.001, ANOVA (multiple comparisons).

nature of these benefits upon treatment withdrawal underscores
the need for continued investigation into optimal treatment
timing, duration, and potential combination therapies. Future
studies should explore whether intermittent dosing regimens or
earlier intervention strategies could maximize rapamycin's anti-
aging benefits while minimizing potential side effects, particu-
larly in the context of female reproductive aging and associated
systemic decline.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. FIGURE S1: Effects of rapamycin on
body weight and ovary weight in mice. Ovary shape, weight and (B)
Body weight of young and aged mice treated with or without rapamy-
cin forl month (n=10). (C) Western blot analysis of a-SMA, TNF-a and
CXCL2 in ovaries from old mice treated with or without rapamycin for
1 month, with S-actin as a loading control. (n=3 mice per group). (D)
The numbers of pups from old mice treated with or without rapamycin
were recorded and compared (n=8 mice per group), the data are pre-
sented as the means + SEMs. **p <0.01 unpaired Student's t test. (E)
Serum estradiol (E2) levels of mice from young and aged mice treated
with or without rapamycin (n=4 mice per group). The data are pre-
sented as the means = SEMs. ns, not significant, *p <0.05, **p <0.01,
**%p <0.001, ****p <0.0001; ANOVA (multiple comparisons). FIGURE
S2: Rapamycin treatment alleviates tissue apoptosis and fibrosis. (A)
Western blot analysis of a-SMA, IL-18, S6, p-S6, TNF-a, pl6 in small
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intestine from old mice treated with or without rapamycin for 1 month,
with B-actin as a loading control. Samples from three mice per group
were collected, with quantification shown on the right. (B) Western
blot analysis of a-SMA, IL-1f3, S6, p-S6, p16 in skeletal muscle from old
mice treated with or without rapamycin for 1 month, with -actin as a
loading control. Samples from three mice per group were collected, with
quantification shown on the right. (C) Western blot analysis of a-SMA,
IL-1f, S6, p-S6, TNF-c, p16 in Lung from old mice treated with or with-
out rapamycin for 1 month, with 8-actin as a loading control, with quan-
tification shown on the right. Samples from three mice per group were
collected. (D) Representative TUNEL staining of the intestine and mus-
cle from young and aged mice with or without rapamycin treatment,
with quantification of TUNEL-positive cells shown on the right. Scale
bars: small intestine, 75 um; skeletal muscle, 25um. (E) Representative
Masson staining of the lung, small intestine and skeletal muscle of
young and aged mice treated with or without rapamycin, with quan-
tification of the fibrotic area on the right. Scale bars: lung and skeletal
muscle, 25pum; small intestine, 50um. (F) The villus length and num-
ber of crypts per millimeter of small intestine are quantified, Related to
Figure 3C =15 regions per group (collected from 3 mice per group). The
data are presented as the means + SEMs. ns, not significant, *p <0.05,
**p<0.01, ***p<0.001; ANOVA (multiple comparisons). FIGURE
S3: Effect of rapamycin withdrawal on p-mTOR and p-S6 levels. (A)
Schematic of rapamycin withdrawal analysis after 1 month of in vivo
treatment. Following 1 month of treatment with either free water (O-
CTRL) or rapamycin (O-Rapa), the OLD®Y group had rapamycin with-
drawn and replaced with ad libitum drinking water for 1 month. The
12-month-old (OLD'?M) group with ad libitum access to water served
as the control. (B) Immunohistochemical assessment of p-mTOR in the
lung, intestine, and skeletal muscle of the OLD'M and OLDRY groups.
Top, representative images; bottom, percentage of p-mTOR-positive
cells and area. Scale bars: lung and skeletal muscle, 25um; intestine,
50 um. (C) Immunofluorescence of p-Sé6 in the lung and small intestine
in the OLD'?M and OLDRW groups. Top, representative images; bottom,
statistics. Scale bars: lung and small intestine, 25um. The data are pre-
sented as the means + SEMs (n =3 mice per group). ns, not significant;
unpaired Student's ¢ test. FIGURE S4: Effect of rapamycin withdrawal
on stem cell number and proliferation in the mouse lung, skeletal mus-
cle, and small intestine. (A-C) Representative immunostaining images
of (A) AT2P™5PC (red), (B) MUSCsPAX7 (red), and (C) ISCLCRS (green)
in the lung, skeletal muscle, and small intestine of OLD*?M and OLDRWY
mice. Five random alveolar areas, muscle fibers, or crypts were quan-
tified. Scale bars, 25um. (D-E) Quantification of (D) AT2P-SFC-.PCNA-
positive and (E) Crypt-PCNA-positive cells, with representative images
(left) and statistics (right). Scale bars for the lung and small intestine:
25um. The data are expressed as the means + SEMs (n=3 mice per
group). ns, not significant; unpaired Student's ¢ test. FIGURE S5: Effect
of rapamycin withdrawal on stem cell differentiation in the mouse lung
and small intestine. (A) Representative images of AT2P™SPC (red) and
AT1HOPX (oreen) immunostaining in the lungs of OLD?M and OLDXW
mice and quantification of AT1HOPX-positive cells. Scale bars, 25 um. The
white arrowheads indicate AT1HOPX-positive cells. (B) Representative
images of Paneth'Y? (red) immunostaining in the intestines of OLD'?M
and OLD®Y and quantification of PanethY2-positive cells. Scale bars of
Paneth™?, 25um. The data are expressed as the means + SEMs (n=3
mice per group). *p<0.05, **p<0.01, ***p <0.001, ns, not significant;
unpaired Student's ¢ test. Data S1: Supplementary Tables.
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