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Abstract

Introduction: Intrinsic skin aging is associated with reduced autophagic activity and dermal
fibroblast senescence. Although rapamycin has shown anti-aging effects in stress-induced
senescence models, its effects on naturally aged human skin fibroblasts and their age
dependence remain unclear.

Objective: This study investigated the effects and underlying mechanisms of low-dose
rapamycin on senescence-associated phenotypes and autophagy signaling in human facial skin
fibroblasts (HSFs) from women of different ages.

Methods: An age-stratified model of physiological skin aging was established using primary
HSFs isolated from discarded facial skin tissues of healthy female donors aged 20-29 years
(Group 1), 30-39 years (Group 2), and 40-49 years (Group 3). After optimization,
exponentially growing HSFs were treated with 0.1 nmol/L rapamycin for 48 h. Cellular
senescence was assessed by SA-B-gal staining, and cell-cycle distribution was analyzed by
flow cytometry. Immunofluorescence, quantitative real-time PCR, and Western blotting were
used to assess mTOR and the autophagy-related markers Beclin-1 and LC3B at the mRNA and
protein levels.

Results: Basal expression of autophagy-related markers progressively declined with increasing
donor age. Treatment with 0.1 nmol/L rapamycin significantly reduced the proportion of SA-
B-gal-positive cells across all age groups and increased the proportion of cells in the GO/G1
phase, accompanied by a reduction in the proportion of cells in the S phase. At the molecular
level, rapamycin suppressed mTOR expression and increased the mRNA and protein
expression of Beclin-1 and LC3B, indicating activation of autophagy-related signaling.
Notably, the response to rapamycin varied among the age groups. HSFs derived from women
aged 40-49 years exhibited the greatest increases in autophagy-related markers and the most
pronounced improvement in senescence-associated phenotypes.

Conclusions: Low-dose rapamycin may alleviate age-related senescence in human facial skin
fibroblasts by inhibiting mTOR signaling and enhancing autophagy-related activity. Among
the age groups examined, fibroblasts derived from women aged 4049 years showed the
greatest responsiveness to rapamycin. These findings provide an in vitro basis for the future

development of age-stratified and locally targeted interventions for facial skin aging.
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1. Introduction

Skin, the largest organ of the human body, undergoes a complex aging process driven by
both intrinsic biological aging and extrinsic environmental factors. Skin aging may also affect
systemic health through inflammatory and metabolic pathways!'l. Degenerative alterations in
the dermal microenvironment are central to facial skin aging. As the principal cellular
component of the dermis, human facial skin fibroblasts (HSFs) play an indispensable role in
maintaining extracellular matrix (ECM) homeostasis and organizing the collagen fiber
network!?. Importantly, the ECM not only provides structural support for the skin but also
actively regulates cellular behavior. With advancing age and age-related changes in the
endocrine environment of women, the balance between collagen and elastic fibers produced by
HSFs becomes progressively disrupted, resulting in continuous deterioration of the dermal
ECM. In turn, the degraded ECM further impairs the biosynthetic capacity of fibroblasts,
thereby establishing a vicious cycle of ECM disruption and cellular dysfunction. This
progressive deterioration of the dermal microenvironment constitutes a major pathological
basis for the loss of skin elasticity and structural integrity !,

Autophagy 1s a highly conserved intracellular degradation and recycling system that
removes damaged macromolecules and organelles and thereby maintains cellular metabolic
homeostasis'®.. Autophagy may counteract fibroblast aging through multiple homeostatic
mechanisms. Basal autophagy facilitates the clearance of intracellular waste and the recycling
of nutrients required for tissue maintenance and repair, whereas selective autophagic processes,
including mitophagy, contribute to mitochondrial quality control and the regulation of
senescent-cell survivall®. A decline in autophagic activity therefore represents more than a
failure of intracellular clearance; it also promotes metabolic dysfunction and the acquisition of
a senescence-associated secretory phenotype (SASP), characterized by the excessive secretion
of proinflammatory mediators and matrix metalloproteinases!’!. Through paracrine signaling,
these factors spread throughout the dermal microenvironment, accelerating local ECM
degradation and disrupting signaling pathways in neighboring cells. Consequently, localized

cellular senescence may develop into broader structural degeneration of the skin. Emerging
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evidence suggests that basal autophagic activity in HSFs does not decline at a constant rate but
instead exhibits age-dependent and stage-specific changes!®]. Such impairment compromises
the clearance of damaged organelles and further accelerates fibroblast senescence. Accordingly,
the precise activation of autophagy during specific age-related windows has emerged as a
promising strategy for restoring cellular homeostasis and delaying skin aging!®!.

Autophagic activity is principally inhibited by the mechanistic target of rapamycin
(mTOR) signaling axis. mTOR complex 1 (mTORC1) primarily integrates nutrient availability
with cellular growth and anabolic metabolism, whereas mTOR complex 2 (mTORC?2)
participates in the regulation of metabolism, survival, and cellular responses to environmental
stress. These two complexes interact extensively within the broader mTOR signaling
network!!’l. Rapamycin, a classical inhibitor of mTORC1, can partially mimic the biochemical
effects of caloric restriction by shifting cellular metabolism from an anabolic state toward
maintenance and repair. Through this mechanism, rapamycin promotes autophagy-related
processes and contributes to the restoration of intracellular proteostasis ['!!. Rapamycin has also
been reported to enhance cellular defenses against DNA damage, thereby exerting protective
effects in the context of aging!'?!. In addition, interactions between autophagy and mTORC2-
related signaling may contribute to the regulation of fibroblast senescence!!?).

Pharmacological interventions targeting cellular senescence are generally divided into
senolytics, which selectively eliminate senescent cells, and senomorphics, which suppress or
modify detrimental senescence-associated phenotypes without directly inducing cell death. As
a prototypical mTOR inhibitor, rapamycin acts primarily by remodeling autophagy-related
activity and cellular metabolism rather than by directly eliminating senescent cells, making its
mechanism more consistent with that of a senomorphic agent. By inhibiting mTOR signaling,
rapamycin may restore autophagy-related activity and delay the progression of cellular
senescence!'*!%], However, systemic administration of conventional rapamycin is associated
with adverse effects, including immunosuppression. Therefore, improving its clinical
applicability for facial anti-aging interventions requires strategies that enable safe, low-dose,
and locally targeted modulation within the dermal microenvironment.

Previous studies investigating the relationship between rapamycin and skin autophagy

have predominantly relied on models of acute exogenous injury, such as hydrogen peroxide-
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induced oxidative stress and ultraviolet B-induced photoaging. However, the age-related
evolution of autophagy in naturally aging female facial HSFs and the potential differences in
their responsiveness to very low concentrations of rapamycin remain insufficiently
characterized. Our previous work provided preliminary evidence that 0.1 nmol/L rapamycin
may exert anti-senescence effects!!®.. In the present study, we established an age-stratified
model using facial HSFs derived from women aged 20—49 years and confirmed 0.1 nmol/L as
the intervention concentration. We subsequently investigated the effects of rapamycin on
senescence-associated phenotypes and the autophagy-related molecules Beclin-1 and LC3B
across different age groups, with particular attention to the transition toward perimenopause.
By using naturally aged primary human fibroblasts rather than an acute stress-induced model,
this study was designed to better reflect the heterogeneity and age-dependent characteristics of
physiological skin aging. We further examined whether the effects of low-dose rapamycin
differed among age groups and whether HSFs derived from women aged 40—49 years exhibited
greater responsiveness to the intervention. These findings may provide an experimental basis
for the future development of age-stratified and locally targeted strategies for facial skin aging
(Figure 1).

2 Materials and methods

2.1 Ethics Approval and Consent to Participate and Materials and Reagents

All procedures in this research adhered strictly to the ethical guidelines outlined in the
Declaration of Helsinki. The Medical Ethics Committee of Suining Central Hospital granted
approval for harvesting and utilizing leftover facial skin specimens to isolate primary
fibroblasts (Approval No.: LLSLH20200051). Before their scheduled elective surgeries, all
tissue donors provided written informed consent.

Chengdu Kangborui Biotechnology Co., Ltd. (Chengdu, China) supplied the rapamycin
(RAPA). Cell culture components, including alpha-modified minimum essential medium (a-
MEM) and Dulbecco’s modified Eagle’s medium (DMEM), were sourced from Gibco (USA),
while HyClone (USA) provided the fetal bovine serum (FBS). We procured the senescence-
associated [-galactosidase (SA-B-gal) staining kit from Chengdu Ruiya Technology Co., Ltd.
(Chengdu, China). NuSep (USA) was the supplier for phosphate-buffered saline (PBS), trypsin,

and the penicillin-streptomycin solution. The Cell Counting Kit-8 (CCK-8) and RNAiso Plus
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reagent were acquired from APExBIO (USA) and Takara Bio (Japan), respectively.

For the immunofluorescence assays, HuaAn Biotechnology Co., Ltd. (Hangzhou, China)
furnished the necessary reagents, which included washing and blocking buffers, DAPI, Alexa
Fluor 488-conjugated goat anti-rabbit IgG (H+L), and primary antibodies targeting vimentin,
keratin, mTOR, Beclin-1, and LC3B. Finally, primary antibodies for GAPDH and [-actin,
along with their corresponding secondary antibodies, were purchased from Proteintech Group,
Inc.

2.2 Skin Tissue Collection and Donor Eligibility Criteria

Normal facial skin tissues were obtained from specimens that would otherwise have been
discarded during elective facial plastic or maxillofacial surgical procedures, including
blepharoplasty and rhytidectomy. To minimize the influence of extrinsic skin aging,
particularly photoaging, and thereby better characterize intrinsic aging, strict inclusion and
exclusion criteria were applied.

The exclusion criteria were as follows: (1) severe clinical photoaging or signs of chronic
sun damage at the tissue-harvesting site; (2) a history of chronic skin diseases, such as psoriasis
or atopic dermatitis, or a history of cutaneous malignancy; (3) cosmetic or aesthetic procedures
at the donor site within the preceding 12 months, including chemical peeling, laser resurfacing,
botulinum toxin injection, or hyaluronic acid filler injection; (4) long-term topical use of
retinoids or systemic treatment with immunosuppressive agents or glucocorticoids; and (5) a
history of long-term smoking or severe systemic metabolic disease. Written informed consent
was obtained from all tissue donors.

2.3 Isolation, Culture, and Immunofluorescence Characterization of HSFs

Freshly harvested facial skin tissues underwent processing no later than 4 hours post-
collection. We washed the samples thrice with sterile phosphate-buffered saline (PBS) and
carefully dissected away the epidermis and subcutaneous fat. The remaining dermal sections
were diced into approximately 1-mm? cubes and plated evenly in a-MEM supplemented with
10% fetal bovine serum (FBS). The tissue fragments were then incubated at 37°C in a 5% CO:
humidified atmosphere, and we changed the culture medium every 2 to 3 days.

Third-passage (P3) HSFs were seeded onto sterile glass coverslips (5 % 10* cells/mL) and

allowed to attach. To prevent non-specific binding, the cells were fixed with 4%
6



paraformaldehyde and blocked using PBS containing 1% goat serum for 30 minutes at room
temperature. This was followed by an overnight incubation at 4°C in a humidified environment
with primary antibodies against vimentin and keratin. After PBS washes, the samples were
incubated with matching fluorescent secondary antibodies for 1 hour at room temperature in
complete darkness. For nuclear visualization, the cells were counterstained for 5 minutes with
DAPI (100 ng/mL) in the dark, and images were subsequently recorded using a fluorescence
microscope (Figure 2A and B)

2.4 Optimization of the Rapamycin Treatment Concentration and Cell Viability
Assessment

To evaluate cell survival and proliferation, we utilized the Cell Counting Kit-8 (CCK-8)
following the guidelines provided by the manufacturer. Log-phase primary HSFs were
detached using trypsin and distributed into 96-well plates (3 x 10° cells/100 pL complete
medium per well). These plates were left overnight in a 37°C, 5% CO- humidified incubator to
ensure proper cell adherence and stabilization.

Following recovery, the existing medium was removed and substituted with fresh medium
supplemented with varying rapamycin concentrations (0, 0.1, 0.5, 1, 5, and 10 nmol/L). We
monitored cellular viability at specific intervals (0, 12, 24, 48, and 72 hours) post-treatment.
For the viability measurements, 10 pL of the CCK-8 solution was introduced into each well,
followed by a 2-hour incubation period at 37°C protected from light. A microplate reader was
employed to record the optical density at 450 nm. Every treatment group consisted of five
biological replicates. The optimal drug concentration and exposure time identified here were
applied throughout the remainder of the study (Figure 2C).

2.5 Senescence-Associated p-Galactosidase Staining

Senescence-associated B-galactosidase (SA-B-gal) staining was performed to evaluate
cellular senescence. HSFs in the logarithmic growth phase were assigned to six groups
according to donor age and treatment condition: Group 1 control, Group 1 plus rapamycin,
Group 2 control, Group 2 plus rapamycin, Group 3 control, and Group 3 plus rapamycin. Cells
in the treatment groups were cultured in complete medium containing 0.1 nmol/L rapamycin
for 48 h, whereas the corresponding control cells were maintained under identical culture

conditions without rapamycin.



After treatment, SA-B-gal staining was performed according to the manufacturer’s
instructions. Briefly, the cells were fixed with the fixation solution for 15 min and then washed
with PBS. Each sample was subsequently incubated with 1 mL of freshly prepared SA-B-gal
staining solution containing 10 pL of staining solution A, 10 pL of staining solution B, 930 uL
of staining solution C, and 50 puL of X-gal solution. The cells were incubated overnight at 37°C
in a CO:-free incubator in the dark. After incubation, the cells were washed with PBS and
examined under a light microscope. Cells exhibiting blue-green cytoplasmic staining were
considered SA-B-gal positive (Figure 3).

2.6 Flow Cytometric Analysis of Cell-Cycle Distribution

To assess cell cycle progression, HSFs exposed to 0.1 nmol/L rapamycin for 48 hours
were harvested via mild trypsinization, yielding sample sizes of roughly 1 x 10¢ cells.
Following centrifugation (1,000 rpm, 5 min), the cellular pellets underwent two washes with
chilled PBS. For fixation, the samples were vortexed gently while ice-cold 70% ethanol was
added drop by drop to prevent clumping, and then stored overnight at 4°C.

After 24 hours, the fixative was removed via centrifugation, and the cells were rinsed
twice in PBS. The pellets were resuspended in 500 pL of staining buffer containing RNase A
(100 pg/mL) and kept at 37°C for 30 minutes to degrade intracellular RNA. Subsequently,
propidium iodide (PI, 50 pg/mL) was introduced, and the mixture was incubated in the dark at
room temperature for another 30 minutes.

Finally, a flow cytometer was utilized to quantify the DNA content, allowing for the
determination and statistical comparison of the GO/G1, S, and G2/M phase fractions across all
experimental cohorts (Figure 4).

2.7 Immunofluorescence Analysis of Intracellular LC3B Expression

Untreated HSFs were cultured in standard medium, while the experimental groups
received 0.1 nmol/L rapamycin for a 48-hour period. Following this exposure, we aspirated the
medium and rinsed the cells mildly with PBS. Fixation was achieved by applying 4%
paraformaldehyde for 15 minutes at ambient temperature.

To block non-specific antigenic sites, we washed the samples with PBS and applied a 1%
goat serum or BSA solution for 30 minutes at room temperature. After discarding the blocking

buffer, the samples were kept overnight at 4°C in a moist environment with a 1:200 dilution of
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the primary anti-LC3B antibody.

On the following day, extensive PBS washes were performed to clear any unattached
primary antibodies. The cells were then exposed to a suitable fluorophore-conjugated
secondary antibody for 1 hour at room temperature, protected from light. Nuclear
counterstaining was performed using DAPI. Finally, the coverslips were mounted, and
fluorescence microscopy was employed to capture images for analyzing the punctate formation,
fluorescence intensity, and spatial distribution of LC3B (Figure 5)

2.8 Reverse Transcription—Quantitative Polymerase Chain Reaction Analysis

Following the supplier's guidelines, we utilized the RNAiso Plus reagent to isolate total
RNA from the HSFs across all experimental conditions. This purified RNA was immediately
converted into complementary DNA (cDNA) via a standard reverse transcription kit.

For the quantitative PCR assays, the thermal cycling parameters were programmed as
follows: an initial 2-minute denaturation phase at 95°C, succeeded by 40 cycles comprising
95°C for 5 seconds (denaturation) and 60°C for 31 seconds (annealing and extension). To verify
the amplification specificity of the targeted products, a melting-curve evaluation was
conducted post-amplification.

Finally, target mRNA expression levels were quantified relative to the internal control,
GAPDH, applying the 2-" " analytical approach (Figure 6) (Table 1).

2.9 Western Blot Analysis

To extract total intracellular protein, HSF cultures from all treatment conditions were
lysed in a standard buffer. We cleared the crude lysates of cellular debris via centrifugation
(12,000 rpm, 10 minutes, 4°C) and recovered the clarified supernatants for downstream assays.

Western blot analysis was employed to evaluate the protein abundance of mTOR, Beclin-
1, LC3B, and $\beta$-actin. Equivalent protein loads were resolved via gel electrophoresis
prior to being electro-transferred onto membranes. These blots underwent overnight probing at
4°C with specific primary antibodies targeting the proteins of interest. Following several wash
steps, a 1-hour room temperature incubation was performed using appropriate secondary
antibodies (either goat anti-mouse or goat anti-rabbit). A standard chemiluminescence imaging
system was utilized to capture the immunoreactive bands.

Finally, ImageJ software (version 1.41; NIH, Bethesda, MD, USA) was applied to conduct
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densitometric quantification, where target signal intensities were strictly normalized against
the B-actin internal control (Figure 7).
3. Statistical Analysis

Every in vitro assay was conducted in triplicate at a minimum, with the resulting
quantitative outcomes expressed as the mean + standard deviation (SD). To evaluate statistical
variances across multiple cohorts, we applied a one-way analysis of variance (ANOVA).
Statistical significance was established at a two-tailed threshold of P < 0.05.
4.results
4.1 Cell Culture, Morphological Observation, and Immunofluorescence Characterization

After approximately 1 week of primary culture, numerous cells were observed migrating
radially from the edges of the facial dermal tissue explants and adhering to the culture surface.
After the first passage (P1), the cells increased in size and predominantly exhibited a regular
spindle-shaped morphology. The cells grew in an interlacing arrangement and formed a
characteristic network-like pattern, consistent with the typical in vitro morphology of
fibroblasts (Figure 2A).

To confirm the identity and purity of the isolated cells, immunofluorescence staining was
performed using cell-type-specific markers. Strong red fluorescence corresponding to the
mesenchymal marker vimentin was detected in the cytoplasm, whereas no detectable
fluorescence was observed for the epithelial marker keratin. Cell nuclei were counterstained
blue with DAPI (Figure 2B). These findings confirmed that the isolated and cultured primary
cells were human facial skin fibroblasts with high purity.

4.2 Optimization of the Rapamycin Treatment Concentration

Before evaluating the potential anti-senescence effects of rapamycin (RAPA) on human
facial skin fibroblasts (HSFs), we first sought to determine an appropriate and well-tolerated
in vitro treatment condition. The CCK-8 assay was used to assess the viability of HSFs derived
from the youngest donor group (Group 1, 20-29 years) after exposure to different
concentrations of RAPA (0, 0.1, 0.5, 1, 5, and 10 nmol/L) for up to 72 h.

Higher concentrations of RAPA (0.5-10 nmol/L) produced a mild, concentration-
dependent reduction in the CCK-8 signal, consistent with the growth-inhibitory effects

associated with mTOR suppression. By contrast, 0.1 nmol/L RAPA was well tolerated by the
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cells. At 48 h, the CCK-8 signal in cells treated with 0.1 nmol/L RAPA was significantly higher
than that in the untreated control group (**P < 0.001; Figure 2C).

Based on these findings, treatment with 0.1 nmol/L RAPA for 48 h was selected as the
standard intervention condition for all subsequent experiments investigating age-associated
cellular phenotypes.

4.3 Effects of Rapamycin on Senescence-Associated phenotypes in HSFs derived from
women of different ages

Cellular senescence was evaluated by senescence-associated -galactosidase (SA-fB-gal)
staining. Among the untreated control groups, the proportion of SA-B-gal-positive cells,
characterized by blue-green staining, progressively increased with donor age. HSFs in Group
1 exhibited a predominantly elongated and regular morphology, whereas cells in Group 3
showed more pronounced senescence-associated morphological alterations, including reduced
cell size and increased intercellular spacing (Figure 3A).

Following treatment with 0.1 nmol/L rapamycin for 48 h, the proportion of SA-B-gal-
positive cells decreased in all three age groups, accompanied by an overall attenuation of
senescence-associated morphological changes. Quantitative analysis further confirmed the
reduction in SA-B-gal positivity after rapamycin treatment (Figure 3B and C). The decreases
were most pronounced in Groups 2 and 3, suggesting that rapamycin effectively alleviated age-
associated senescence phenotypes in HSFs, with greater effects observed in cells derived from
the older donor groups.

4.4 Effects of Rapamycin on Cell-Cycle distribution in HSFs derived from women of
different Ages

To characterize the cell-cycle changes associated with the anti-senescence effects of
rapamycin, flow cytometry was performed to determine the cell-cycle distribution of HSFs in
each age group. In the DNA-content histograms, the prominent left peak represented cells in
the GO/G1 phase, the region between the two peaks represented cells in the S phase, and the
right peak represented cells in the G2/M phase.

Following treatment with 0.1 nmol/L rapamycin for 48 h, the GO/G1 peak became sharper
and more prominent in all three age groups, whereas the area corresponding to the S and G2/M

phases was reduced (Figure 4A). Quantitative analysis further showed that rapamycin
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treatment increased the proportion of cells in the GO/G1 phase and decreased the proportion of
cells in the S phase relative to the corresponding untreated controls. The increase in the GO/G1-
phase population reached statistical significance in Group 1 (P <0.05) and Group 2 (P <0.01)
(Figure 4B). These findings indicate that rapamycin altered cell-cycle distribution by
promoting GO/G1-phase accumulation and limiting cell-cycle progression into the DNA
synthesis phase.

4.5 Effects of Rapamycin on LC3B expression in HSFs derived from women of different
ages.

LC3B puncta are commonly used as an indicator of autophagosome accumulation.
Immunofluorescence analysis showed that LC3B fluorescence intensity increased in HSFs
from all three age groups following treatment with 0.1 nmol/L rapamycin for 48 h compared
with the corresponding untreated controls. The increase was relatively modest in Group 1 but
was more pronounced in Groups 2 and 3 (Figure 5A).

Quantitative analysis of LC3B fluorescence intensity and punctate accumulation further
confirmed significant increases after rapamycin treatment within each age group (Figure 5B
and C). In the between-group comparison, only the difference between Group 3 and Group 1
reached statistical significance. Overall, Group 3 exhibited the most prominent increase in
LC3B-associated fluorescence after treatment. These findings suggest that rapamycin
enhanced LC3B-associated autophagy-related activity in HSFs, with a more pronounced
response observed in cells derived from the oldest donor group.

4.6 Effects of Rapamycin on mTOR and Autophagy-Related Gene expression in HSFs
derived from women of different ages.

To characterize age-associated transcriptional changes in the mTOR/autophagy signaling
axis, the basal mRNA expression levels of Beclin-1, LC3B, and mTOR were first evaluated in
HSFs from the three age groups. Basal Beclin-1 mRNA expression remained relatively stable
across the three groups (Figure 6A). By contrast, basal LC3B mRNA expression exhibited an
age-associated decline. Compared with Group 1, LC3B mRNA expression was significantly
lower in Group 2 (P <0.01) and Group 3 (P <0.05) (Figure 6B), suggesting a reduction in basal
autophagy-related activity with increasing donor age.

In parallel, basal mMTOR mRNA expression was significantly elevated in HSFs derived
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from the older donor groups. The highest level was observed in Group 2, which differed
significantly from Group 1 (P < 0.0001), whereas mTOR expression remained elevated in
Group 3 compared with Group 1 (P <0.01) (Figure 6C).

To further investigate the molecular effects of rapamycin, RT-qPCR was used to assess
the expression of key genes involved in the mTOR/autophagy signaling pathway. Compared
with the corresponding untreated controls, rapamycin treatment reduced mTOR mRNA
expression in all three age groups (Figure 6F). In contrast, the mRNA expression levels of the
autophagy-related genes Beclin-1 and LC3B were generally increased following rapamycin
treatment (Figure 6D and E).

The magnitude of transcriptional activation of the autophagy-related genes differed
among the age groups. In particular, rapamycin markedly increased Beclin-1 mRNA expression
in Groups 2 and 3 (P <0.001). Collectively, these findings indicate that rapamycin modulated
the expression of mTOR and autophagy-related genes, with more pronounced transcriptional
responses observed in HSFs derived from the older donor groups.

4.7 Effects of Rapamycin on Autophagy-Related Protein Expression in HSFs derived
from women of different ages

To further validate the transcriptional findings, Western blotting was performed to
determine the protein expression levels of mTOR, Beclin-1, and LC3B in HSFs from the three
age groups. Consistent with the RT-qPCR results, basal mTOR protein expression was
significantly elevated in HSFs derived from the older donor groups. The highest level was
observed in Group 2, which was significantly higher than that in Group 1 (P < 0.001), while
mTOR protein expression also remained elevated in Group 3 compared with Group 1 (P <0.01)
(Figure 7B3).

By contrast, the basal expression of the autophagy-related proteins showed an age-
associated decline. Basal Beclin-1 protein expression was significantly lower in Group 3 than
in Group 1 (P < 0.05) (Figure 7B1). Although basal LC3B protein expression remained
relatively stable in Groups 1 and 2, it was significantly reduced in Group 3 compared with both
Group 1 and Group 2 (P <0.01 for both comparisons) (Figure 7B2). These results indicate that
the expression of key autophagy-related proteins was reduced in HSFs derived from the oldest

donor group.
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Treatment with 0.1 nmol/L rapamycin for 48 h significantly reduced mTOR protein
expression in all three age groups compared with the corresponding untreated controls (P <
0.0001) (Figure 7C3). Rapamycin treatment also increased LC3B protein expression across the
three age groups (Figure 7C2). No significant treatment-induced changes in Beclin-1 protein
expression were observed in Groups 1 and 2; however, Beclin-1 expression was significantly
increased in Group 3 following rapamycin treatment (P < 0.01) (Figure 7C1).

Collectively, the mRNA and protein expression profiles suggest that rapamycin
downregulated mTOR expression while enhancing the expression of autophagy-related
molecules. The more pronounced changes observed in Group 3 further suggest that HSFs
derived from the oldest donor group may exhibit greater molecular responsiveness to
rapamycin-mediated regulation of the mTOR/autophagy axis.

5. Discussion

Developing effective strategies to mitigate intrinsic facial skin aging remains an important
focus in aesthetic dermatology. Previous studies investigating the anti-aging effects of
rapamycin have largely relied on acute exogenous stress models, such as H2O:-induced
oxidative stress or UVB exposurel!”). Intrinsic aging, however, is characterized by the
progressive accumulation of intracellular damage and the gradual deterioration of cellular
homeostasis, which differs fundamentally from the rapid disruption induced by acute stress [!®
¥]. To investigate the age-dependent effects of rapamycin in the context of intrinsic aging, the
present study established an age-stratified model using primary human facial skin
fibroblasts!?>2!l, HSFs isolated from healthy female donors were categorized into three age
groups: 20-29 years, 30-39 years, and 40-49 years. These groups represent important
physiological stages from early adulthood to the transition toward perimenopause, during
which endocrine and cellular metabolic changes may occur, and are consistent with the 10-year
age intervals commonly used in clinical cohort studies!?>2!,

During dose optimization, the higher tested concentrations of rapamycin (0.5—10 nmol/L)
caused a modest, concentration-dependent decrease in the CCK-8 signal, consistent with the
growth-suppressive effects of mTOR inhibition. In contrast, 0.1 nmol/L rapamycin was well
tolerated and produced a significantly higher CCK-8 signal after 48 h than that observed in

untreated control cells. This regimen was therefore selected for subsequent experiments, as it
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provided a suitable low-dose condition for evaluating the effects of rapamycin on age-
associated cellular phenotypes without causing evident cytotoxicity or marked growth
suppression!>+2],

Cellular senescence is commonly accompanied by increased senescence-associated [3-
galactosidase activity and degenerative morphological alterations. In the present study, the
proportion of SA-B-gal-positive HSFs progressively increased with donor age, accompanied
by more pronounced senescence-associated morphological changes. Treatment with low-dose
rapamycin reduced SA-B-gal positivity in all three age groups, with more prominent effects in
Groups 2 and 3. These observations are consistent with the emerging concept of senomorphics,
which modulate the adverse phenotypes of senescent cells without necessarily inducing their
elimination. Senomorphic agents are thought to attenuate the detrimental effects of senescent
cells by improving intracellular homeostasis and suppressing components of the senescence-

26271 1p

associated secretory phenotype (SASP), rather than directly inducing apoptosis!
contrast to senolytic agents, which selectively eliminate senescent cells™?®?°! low-dose
rapamycin may exert a more moderate regulatory effect on cellular homeostasis. Nevertheless,
because SASP components and apoptosis were not directly measured in the present study, the
classification of rapamycin as a senomorphic intervention in this model should be regarded as
a mechanistically plausible interpretation that requires further experimental confirmation.
Alterations in cell-cycle regulation are closely associated with cellular senescence. Flow
cytometric analysis showed that rapamycin treatment increased the proportion of HSFs in the
GO0/G1 phase while reducing the proportion of cells in the S phase. Persistent growth-promoting
signaling, including mTOR signaling, during the early stages of irreversible cell-cycle arrest
may promote cellular hypertrophy and the development of a highly secretory senescent
phenotypel®?l. The observed G0/G1-phase accumulation following rapamycin treatment may
therefore reflect a shift toward a less proliferative cellular state. One possible interpretation is
that controlled suppression of growth-related signaling allows cells to enter a quiescence-like
state rather than progressing toward a more pronounced senescent phenotype. However, the
reversibility of this state was not directly examined, and additional experiments involving cell-
cycle regulatory proteins and recovery after drug withdrawal are required to distinguish

reversible quiescence from irreversible senescence-associated arrest.
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The potential implications of these cellular effects may extend beyond individual
fibroblasts. Aging of the skin on the face is a coordinated process that involves many layers of
tissue. More and more evidence shows that interactions between the dermis and epidermis are
important for keeping the skin healthy®!). SASP factors secreted by senescent fibroblasts may
promote extracellular matrix degradation and disturb the homeostasis of neighboring epidermal
cells through paracrine signaling. This process may also be influenced by matricellular proteins
such as cellular communication network factor 1 (CCN1)B32. Accordingly, attenuation of
senescence-associated phenotypes in HSFs may help preserve the dermal microenvironment
and normal dermal-epidermal communication. However, the present study did not directly
assess SASP production, extracellular matrix remodeling, or epidermal responses. Therefore,
the proposed tissue-level benefits of low-dose rapamycin remain a hypothesis that should be
evaluated using multicellular or three-dimensional skin models.

The molecular findings suggest that the response to rapamycin may vary according to
donor age. Under basal conditions, LC3B mRNA expression decreased with increasing age,
whereas mMTOR mRNA expression was elevated in the older donor groups. At the protein level,
Group 3 exhibited lower basal expression of Beclin-1 and LC3B together with persistently
elevated mTOR expression. These findings suggest an age-associated alteration in the balance
between mTOR signaling and autophagy-related machinery. Nevertheless, because autophagic
flux was not directly measured, reductions in LC3B or Beclin-1 expression should be
interpreted as evidence of altered autophagy-related molecular activity rather than definitive
evidence of impaired autophagic flux.

Following rapamycin treatment, mTOR mRNA and protein expression decreased,
whereas LC3B expression generally increased at both the transcriptional and protein levels.
Beclin-1 mRNA expression was also increased, particularly in Groups 2 and 3, while a
significant increase in Beclin-1 protein expression was detected only in Group 3.
Immunofluorescence analysis further demonstrated increased LC3B-associated fluorescence
and punctate accumulation after treatment. Together, these results indicate that low-dose
rapamycin modulated the expression of mTOR and key autophagy-related molecules. The
molecular response was generally more pronounced in HSFs derived from the older donor

groups, particularly Group 3, suggesting that cellular responsiveness to rapamycin may depend
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on the age-associated molecular state of the cells.

The heightened response observed in Group 3 may be related to the physiological changes
that occur in women aged 40-49 years. This period may include the transition toward
perimenopause, during which declining estrogen levels may influence the PI3K/AKT/mTOR
signaling axis and cellular metabolic homeostasis®>~*!. The elevated basal mTOR expression
and reduced Beclin-1 and LC3B expression observed in Group 3 may therefore represent a
state in which mTOR/autophagy-associated homeostasis is more substantially altered and
consequently more responsive to pharmacological intervention. However, estrogen levels and
the phosphorylation status of PI3K/AKT/mTOR pathway components were not measured in
the present study. The proposed association between perimenopausal endocrine changes and
the enhanced rapamycin response should therefore be considered speculative. Future studies
incorporating hormonal measurements and direct assessment of mTOR pathway activity are
needed to clarify this relationship!*®*7],

These age-dependent differences have potential implications for the development of
targeted interventions for skin aging. Conventional anti-aging strategies often apply uniform
interventions across individuals without considering age-related differences in cellular
metabolism and stress responses. The present findings suggest that age stratification may be
relevant when evaluating interventions directed at the mTOR/autophagy axis. In particular,
cells derived from older donors may exhibit a greater molecular response to low-dose
rapamycin. Nevertheless, these findings were obtained in an in vitro model and cannot yet be
directly extrapolated to clinical treatment. Additional studies are required to determine whether
age-dependent differences in cellular responsiveness are reproduced in intact human skin and
whether they translate into meaningful clinical benefits.

Several limitations should be acknowledged. First, the study relied on a two-dimensional
cell-culture system, which does not reproduce the three-dimensional extracellular matrix,
mechanical tension, cellular heterogeneity, or complex dermal-epidermal communication
present in human skin!*®*%), Second, although rapamycin treatment increased the expression of
the autophagy-related markers LC3B and Beclin-1, autophagic flux was not directly evaluated
using late-stage autophagy inhibitors such as bafilomycin Al. Consequently, the observed

accumulation of LC3B cannot distinguish between increased autophagosome formation and
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impaired autophagosome degradation. In addition, reverse-validation experiments involving
siRNA-mediated knockdown of key autophagy-related genes were not performed, limiting the
strength of the causal conclusions.

Third, the long-term effects and safety of sustained low-dose rapamycin treatment were
not evaluated. Whether the observed senescence-associated phenotypes recur after treatment
withdrawal also remains unknown because long-term kinetic and washout experiments were

d404142] " Finally, the primary HSFs were obtained from discarded facial skin

not conducte
tissue collected from a limited anatomical region!**). Basal autophagy-related activity and aging
characteristics may differ among anatomical sites, particularly between chronically sun-
exposed and relatively protected skin . Future studies should therefore include HSFs derived
from multiple facial regions and employ three-dimensional skin equivalents or organotypic
models to determine the generalizability and tissue-level relevance of the present findings*+*%!.
6. Conclusion

In conclusion, this study established an age-stratified model of intrinsic cellular aging
using primary human facial skin fibroblasts derived from women of different ages. Low-dose
rapamycin attenuated senescence-associated phenotypes to varying degrees, and these effects
were accompanied by changes in mTOR expression and autophagy-related molecular markers.
Notably, the cellular response to rapamycin differed among the age groups, indicating an age-
dependent pattern of treatment responsiveness. These findings provide experimental evidence
for understanding intrinsic facial skin aging from an age-stratified perspective and support

further investigation of individualized anti-aging strategies targeting autophagy-related

pathways.
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Figurel

Experimental Flowchart of Rapamycin-iInduced Autophagy

in Female Facial Skin Fibroblasts of Different Ages
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Figure 1 Schematic overview of the experimental design used to evaluate the effects of rapamycin on

autophagy-related activity and senescence-associated phenotypes in human facial skin fibroblasts (HSFs).
(1) Sample collection and primary cell culture: Facial skin tissues were obtained from discarded surgical
specimens from female donors. Primary HSFs from donors of different ages were isolated by type I collagenase
digestion and subsequently cultured.

(2) Age stratification and rapamycin treatment: Purified HSFs were categorized into three groups according to
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donor age: Group 1, 20-29 years; Group 2, 30-39 years; and Group 3, 4049 years. Based on the results of
preliminary dose-optimization experiments, cells in each age group were treated with 0.1 nmol/L rapamycin for
48 h, with corresponding untreated cells serving as controls.

(3) Assessment of senescence-associated phenotypes and autophagy-related molecular changes: Cellular
senescence was evaluated using senescence-associated f-galactosidase (SA-B-gal) staining and flow cytometric
analysis of cell-cycle distribution. LC3B expression and intracellular localization were assessed by
immunofluorescence staining, while the mRNA and protein expression levels of mTOR and the autophagy-
related molecules Beclin-1 and LC3B were determined by RT-qPCR and Western blotting, respectively.

(4) Data analysis: Statistical analyses were performed to evaluate the effects of low-dose rapamycin on
senescence-associated phenotypes and autophagy-related molecular markers in HSFs derived from women of

different ages.
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Figure 2
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Figure 2 Morphological and immunofluorescence characterization of human facial skin fibroblasts
(HSFs) and the effects of different rapamycin concentrations on cell viability.
(A) Morphological characteristics of primary HSFs. Representative bright-field images show primary cells
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migrating outward from the edges of small tissue explants during the initial stage of culture (left) and passaged
HSFs displaying the typical elongated spindle-shaped morphology and radial or whorl-like growth pattern
(right).

(B) Immunofluorescence characterization of HSFs. The isolated cells showed strong positive staining for the
mesenchymal marker vimentin and negative staining for the epithelial marker keratin, confirming their
mesenchymal fibroblast identity. Nuclei were counterstained with DAPI (blue).

(C) Effects of rapamycin on HSF viability. HSFs were exposed to rapamycin at concentrations ranging from 0
to 10 nmol/L for up to 72 h, and cell viability was assessed using the CCK-8 assay. After 48 h of treatment, the
CCK-8 signal was significantly higher in cells treated with 0.1 nmol/L rapamycin than in untreated control cells
(P <0.001), indicating good cellular tolerance under this treatment condition. At the higher concentrations
tested, CCK-8 signals were comparable to or lower than those of the untreated control group, with no

statistically significant differences (P > 0.05).
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Figure 3 Effects of rapamycin on senescence-associated phenotypes in human facial skin fibroblasts
(HSFs) derived from women of different ages.

(A) Representative SA-B-gal staining images. Representative microscopic images show HSFs from the three age
groups—Group 1 (20-29 years), Group 2 (3039 years), and Group 3 (40—49 years)—under untreated control
conditions or following treatment with 0.1 nmol/L rapamycin (RAPA) for 48 h. Blue-green staining indicates
SA-pB-gal-positive senescent cells.

(B) Quantification of basal cellular senescence. Under untreated conditions, the proportion of SA-B-gal-positive
cells progressively increased with donor age, indicating an age-associated increase in the senescent phenotype.
(C) Effects of rapamycin treatment on cellular senescence. Rapamycin significantly reduced the proportion of
SA-pB-gal-positive cells in all three age groups, with the most pronounced reduction observed in Group 3. Data
are presented as the mean + standard deviation from at least three independent experiments. P < 0.05, P < 0.01,
P <0.001, and P < 0.0001.
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Figure 4 Effects of rapamycin on cell-cycle distribution in human facial skin fibroblasts (HSFs) derived

from women of different ages.

(A) Representative flow cytometric profiles of cell-cycle distribution. Representative DNA-content histograms

show the distribution of HSFs across the GO/G1, S, and G2/M phases under untreated control conditions or
following treatment with 0.1 nmol/L rapamycin (RAPA) for 48 h.

(B) Quantitative analysis of cell-cycle distribution. The percentages of cells in the GO/G1, S, and G2/M phases

were quantified for each experimental group. Compared with the corresponding untreated controls, RAPA

treatment increased the proportion of cells in the GO/G1 phase and concomitantly decreased the proportion of

cells in the S phase across the three age groups. Data are presented as the mean + standard deviation from at

least three independent experiments. P < 0.05, P < 0.01; ns, not significant.
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Figure 5 Effects of rapamycin on LC3B expression in human facial skin fibroblasts (HSFs) derived from
women of different ages.

(A) Representative immunofluorescence images of LC3B. LC3B expression and intracellular localization were
examined in HSFs from the three age groups under untreated control conditions or following treatment with 0.1
nmol/L rapamycin (RAPA) for 48 h. LC3B is shown in red, and nuclei were counterstained with DAPI (blue).
Scale bar, 50 um.

(B) Comparison of basal LC3B fluorescence intensity. Under untreated conditions, no statistically significant
differences in mean LC3B fluorescence intensity were observed among the three age groups.

(C) Effects of rapamycin on LC3B fluorescence intensity. Semiquantitative analysis showed that RAPA
treatment increased LC3B fluorescence intensity in all three age groups compared with the corresponding
untreated controls. Data are presented as the mean + standard deviation from at least three independent

experiments. P < 0.05 and P <0.0001; ns, not significant.
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Figure 6 mRNA expression levels of mMTOR and autophagy-related genes in human facial skin fibroblasts
(HSFs) under basal conditions and following rapamycin treatment.

The mRNA expression levels of Beclin-1, LC3B, and mTOR in HSFs were determined by reverse transcription—
quantitative polymerase chain reaction (RT-qPCR).

(A—C) Basal gene expression across the three age groups. The relative mRNA expression levels of Beclin-1 (A),
LC3B (B), and mTOR (C) were compared among HSFs derived from the three donor age groups under
untreated conditions.

(D-F) Transcriptional responses to rapamycin treatment. The relative mRNA expression levels of Beclin-1 (D),
LC3B (E), and mTOR (F) were assessed after treatment with 0.1 nmol/L rapamycin (RAPA) for 48 h.
Compared with the corresponding untreated controls, RAPA treatment generally increased Beclin-1 and LC3B
mRNA expression while reducing mTOR mRNA expression, with the magnitude of these changes varying
among the age groups. GAPDH was used as the reference gene for normalization. Data are presented as the
mean + standard deviation from at least three independent experiments. P < 0.05, P <0.01, P <0.001, and P <

0.0001; ns, not significant.
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Figure 7
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Figure 7 Effects of rapamycin on the protein expression of mTOR and autophagy-related molecules in
human facial skin fibroblasts (HSFs).

(A) Representative Western blot images. Representative immunoblot bands show the expression of mTOR (289
kDa), Beclin-1 (52 kDa), and LC3B (15 kDa) in HSFs from the three age groups under untreated control
conditions or following treatment with 0.1 nmol/L rapamycin (RAPA) for 48 h. B-Actin (42 kDa) was used as
the loading control.

(B) Basal protein expression across the three age groups. Densitometric analyses were performed to compare the
basal protein expression levels of Beclin-1 (B1), LC3B (B2), and mTOR (B3) among the three age groups.

(C) Changes in protein expression following rapamycin treatment. The relative protein expression levels of
Beclin-1 (C1), LC3B (C2), and mTOR (C3) were compared between RAPA -treated cells and their
corresponding untreated controls within each age group. Target protein expression was normalized to B-actin.
Data are presented as the mean + standard deviation from at least three independent experiments. P < 0.05, P <
0.01, P <0.001, and P < 0.0001; ns, not significant.
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Table 1

Gene name Orientation  prodSize(bp) Primer sequence(5'-3")
GAPDH forward 114 ATCTTCCAGGAGCGAGATCC
_— CTGCAAATGAGCCCCAGCCT
MTOR forward 215 GAGATACGCTGTCATCCCTTTA
— CTGTATTATTGACGGCATGCTC
Beclinl forward 235 ATCTAAGGAGCTGCCGTTATAC
—_—_ CTCCTCAGAGTTAAACTGGGTT
MAPILC3B forward 86 GTCAGCGTCTCCACACCAATCTC
— TCCTGGGAGGCATAGACCATGTAC

Table1 Reverse Transcription—Quantitative Polymerase Chain Reaction Analysis
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