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Abstract
Abnormal senescence of decidual stromal cells is tightly linked to spontaneous abortion, yet the
underlying mechanisms remain poorly defined. In this study, we found that the senescence level of DSCs
in the decidual tissues of patients with recurrent spontaneous abortion (RSA) significantly increased
during the first trimester. Using both in vitro and in vivo models, we show that abnormally elevated
branched-chain amino acids (BCAAs) reduce autophagic flux, leading to excessive DSC senescence,
which mechanistically involves aberrant heat shock protein A6 (HSPA6) upregulation and subsequent
the core transcription factor forkhead box O1 (FOXO1) downregulation, thereby predisposing to adverse
pregnancy outcomes. Both in vitro and in vivo experiments demonstrated that the reduced
macroautophagy/autophagy flux resulting from abnormally elevated branched-chain amino acids
(BCAAs) leads to excessive DSC senescence. In vivo studies, intervention with leucine, a key BCAA,
promoted uterine senescence and induced adverse pregnancy outcomes in mice. Conversely, restoring
autophagy with rapamycin effectively suppressed excessive senescence at the maternal-fetal interface
and significantly improved pregnancy outcomes under high-leucine conditions. Therefore, this study
demonstrates that excessive senescence at the maternal-fetal interface, resulting from impaired
autophagy flux, disrupts pregnancy maintenance via the HSPA6-FOXO1 signaling pathway. These
findings highlight the role of metabolic disorders and autophagy imbalance in miscarriage, and offer
potential therapeutic strategies for preventing spontaneous abortion.

Introduction
Recurrent spontaneous abortion (RSA) is one of the most common complications of early pregnancy,
affecting approximately 1–2% of couples[1]. Currently, the common causes of RSA include chromosomal
abnormalities, immune disorders, endocrine diseases, uterine malformations, genetic lesions, and male
sperm abnormalities, etc. However, about 50% of patients in clinical still have unknown causes, which
are classified as unexplained recurrent spontaneous abortion (URSA) [2–4]. Due to the lack of clear
cause diagnosis, these patients are unable to receive targeted treatment and often fall into a vicious
cycle of repeated pregnancies and miscarriages.

Cellular senescence is a stable state of cell cycle arrest. It is no longer merely regarded as a sign of
aging or degeneration, but rather plays an active and indispensable physiological regulatory role in
embryo implantation and pregnancy maintenance[5, 6]. However, the accumulation of excessive
senescent cells can induce an imbalance in the senescence-associated secretory phenotype (SASP)
(such as IL-6, IL-1β, TNF-α, etc), triggering local chronic inflammation and disorder of the immune
tolerance microenvironment, thereby destroying the homeostasis of the maternal-fetal interface and
causing adverse pregnancy outcomes[7–9]. Therefore, more and more people are trying to analyze the
specific roles of different SASP molecules in maternal-fetal crosstalk and exploring precision
intervention strategies. Yet, distinguishing physiological from pathological senescence for targeted
intervention remains a major translational challenge at this early stage.
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Autophagy, a highly conserved lysosomal degradation pathway essential for maintaining cellular
proteostasis and organelle integrity, plays a pivotal role in the establishment and maintenance of
pregnancy[10]. Previous studies have shown that moderate autophagy activity can provide the necessary
energy substrates for decidualization by degrading damaged organelles and misfolded proteins, thereby
maintaining the survival and functional stability of decidual cells[11–13]. Conversely, the imbalance of
autophagy (overactivation or inhibition) leads to adverse pregnancy outcomes by inducing inflammatory
responses in decidual immune cells or damaging the interaction at the maternal-fetal interface[14, 15].
Notably, autophagy plays a protective role in the initial stage of cellular senescence. Its core mechanism
is to clear damaged organelles and protein aggregates through selective autophagic pathways such as
mitophagy and ribophagy to maintain cellular homeostasis[16–18]. However, it remains unclear how
autophagy precisely governs decidual senescence and which metabolic signals serve as upstream
triggers to initiate this regulatory axis.

Therefore, it is urgent to elucidate the molecular mechanisms of senescence regulation in DSCs,
specifically how aberrant BCAA metabolism disrupts autophagic homeostasis as an upstream trigger to
induce cellular senescence, and its pathological significance in spontaneous abortion. This work will
provide novel metabolic intervention strategies and potential therapeutic targets for early pregnancy
failure.

Materials and methods

Patients and samples collection
Patients were confirmed to be pregnant through ultrasound and blood tests. Decidual tissues were
collected from women undergoing elective termination of pregnancy (n = 65) and patients diagnosed
with RSA (n = 40). Participants were aged 21 to 38 years, with a gestational age of 7 to 9 weeks. The
inclusion criteria for the control group were absence of abdominal pain, vaginal bleeding, infection, or
history of adverse pregnancy outcomes. RSA was defined as the occurrence of two or more consecutive
spontaneous pregnancy losses before 24 weeks of gestation, following the exclusion of known
endocrine or genetic factors. All samples were collected under sterile conditions according to
established diagnostic criteria. Tissues were immediately immersed in ice-cold DMEM/F-12 medium
(HyClone, SH30023.01) and transported to the laboratory within 30 minutes for the isolation and primary
culture of DSCs.

DSCs isolation and culture
Decidual tissues were washed in phosphate-buffered saline (PBS; HyClone, SH30256.01) and finely
minced into approximately 1 mm³ fragments. The tissue was enzymatically digested in a mixture
containing 0.1% Collagenase Type IV (Sigma-Aldrich, C4-22-1G) and 5% DNA enzymes (3000 IU; Sigma-
Aldrich, D5025) at 37°C for 30 min with constant agitation. Digestion was terminated by the addition of
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DMEM/F-12 medium (HyClone, SH30023.01) supplemented with 10% fetal bovine serum (FBS; Thermo
Fisher Scientific, A5256701). The cell suspension was filtered through sieves (mesh sizes: 100, 300 and
400) to remove undigested tissue debris, followed by centrifugation at 1300 rpm for 10 min to obtain cell
particles. Subsequently, 20%, 40% and 60% Percoll (GE Healthcare Life Sciences, 17-0891-01) were
prepared, and then the DSCs at the 20%-40% interface was recovered by centrifugation at 2500 rpm for
30 min. After low-speed centrifugation again, the supernatant was discarded, and the cells were
resuspended in DMEM/F-12 medium containing 10% FBS. The isolated DSCs were cultured at 37°C in a
humidified incubator with 5% CO₂.

Cell transfection
Recombinant lentiviruses expressing siRNA targeting HSPA6 (siHSPA6) and control lentivirus with GFP
(siNC) were obtained from Genomeditech Co., Ltd. (Shanghai, China). DSC cells were seeded in 6-well
plates (5 × 104 cells/ml) and when the fusion rate reached 30%, the cells were infected with siHSPA6 and
its corresponding siNC. According to the manufacturer's instructions, the optimal transfection condition
for MOI is that 80% of the infected cells are completed within the optimal time. The required virus
volume was calculated, and the cells were replaced with fresh medium after 12 h of infection for
continued culture. The infection efficiency was evaluated by GFP fluorescence intensity and post-
infection RT-PCR.

Immunohistochemistry
The paraffin sections of human decidua were baked at 60°C for 2 hours, dewaxed with xylene, and then
dehydrated in graded ethanol. The tissue sections underwent antigen retrieval in Tris–EDTA buffer (pH
9.0) (Solarbio, C1034) for 15 min. After cooling at room temperature for 1 h, the endogenous peroxidase
was then removed with 3% hydrogen peroxide (H2O2) and cultured with 5% bovine serum albumin (BSA)
for 1 h at room temperature. Then, the samples were incubated with rabbit anti-human CDKN2A antibody
(1:100; Abcam, ab51243), rabbit anti-human CDKN1A antibody (1:100; Abcam, ab109520), and rabbit
anti-human TP53 antibody (1:100; Abcam, ab32049) or Rabbit IgG, polyclonal isotype control (1:200;
Abcam, ab171870) overnight in humid chamber at 4°C. After washing the sections three times with PBS,
the sections were cultured and the signals were visualized using the GTvision TMIII
immunohistochemical detection kit (Gene Tech, GK500710). The sections were stained with
hematoxylinin (Well Biotech, WH2013).

Immunofluorescence and Immunocytochemistry
The steps were the same as above. After baking, dewaxing, dehydration, antigen repair and serum
blocking, the tissue samples were incubated with rabbit anti-human/mouse CDKN2A antibody (1:100;
Abcam, ab51243), rabbit anti-human CDKN1A antibody (1:100; Abcam, ab109520) and rabbit anti-mouse

Page 5/31



CDKN1A antibody (1:100; EpiZyme, P012989), rabbit anti-human TP53 antibody (1:100; Abcam,
ab32049), rabbit anti-mouse TP53 antibody (1:100; EpiZyme, P010266), rabbit anti-human/mouse
FOXO1 antibody (1:100; Cell Signaling Technology, 2880T), mouse anti-human/mouse vimentin (1:4000;
proteintech, 60330-1-1g), overnight in humid chamber at 4°C. After washing three times with PBS, the
sections were incubated with Goat Anti-Mouse IgG H&L (Alexa Fluor® 488) preadsorbed antibody
(1:500; Abcam, ab150113) and Goat Anti-Rabbit IgG H&L (Alexa Fluor® 647) preadsorbed antibody
(1:500; Abcam, ab150079) for 1 h at room temperature. And the nuclei were stained with 4�,6-diamidino-
2-phenylindole (DAPI; Beyotime, C1006).

Primary DSCs isolated from NP or RSA women, or DSCs treated with media containing and lacking BCAA
(Livning; LVN1004-BCAA) for 96 h. Then cells were seeded in a flat-bottom 24-well plate with cover
glasses at the bottom (5×104 cells/well). Cells were fixed with 4% paraformaldehyde, permeabilized with
0.1% Triton X-100 (Beyotime, ST795), and blocked with 5% BSA in PBS. These cells were then incubated
overnight at 4°C with rabbit anti-human FOXO1 antibody (1:100; Cell Signaling Technology, 2880T) and
rabbit anti-human HSPA6 antibody (1:100; EpiZyme, P107765). After washing three times with PBS, cells
were incubated with Goat Anti-Rabbit IgG H&L (Alexa Fluor® 647) preadsorbed antibody (1:500; Abcam,
ab150079) for 1 h at room temperature. The nuclei were stained with 4′,6-diamidino-2-phenylindole
(DAPI, Beyotime, C1002). All images were taken by a high-resolution fluorescence microscope Thunder
(Leica).

SA-β-gal staining
Using the Cell senescence β -galactosidase staining Kit (Beyotime, C0602), the frozen sections were first
thawed, and the tissues were soaked and washed three times with PBS. The sections were then fixed
with β -galactosidase staining fixative for 15 min at room temperature, followed by three washes with
PBS. The tissues were incubated with X-gal-containing staining working solution at 37°C for 48 h in a
CO₂-free incubator. To prevent evaporative loss of the staining solution, the incubation chambers were
sealed with parafilm.

For cell experiments, DSCs were seeded in 6-well plates (5×105 cells/well) and treated with or without
BCAA medium (96 h), 3-methyladenine (3-MA; 10 mM, 48 h), or D-galactose (D-Gal; 30 mM, 48 h). After
treatment, cells were washed with PBS and fixed for 15 min. Subsequent staining procedures were
performed as described for the tissue sections. Images were taken by microscope (Olympus). At least
three random fields were counted per well to determine the percentage of SA-β-gal-positive cells. All
experiments were performed in triplicate.

Western blot
DSCs treated with BCAA for various durations (0, 2, 4, 6, 8 days); with or without BCAA medium for 96 h;
3-MA (10 mM; MedChemExpress, HY-19312) for 48 h; Rapamycin (2 µM; MedChemExpress, HY-10219)
treatment for 48 h; H2O2 (200 µM; Sigma-Aldrich, H1009) for 24 h; or D-galactose (30 mM;
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MedChemExpress, HY-N0210) for 48 h. Additionally, DSCs were transfected with siRNA targeting HSPA6
(siHSPA6) or a negative control (siNC). After treatment, cells were washed with PBS and lysed in RIPA
lysis buffer (Beyotime, P0013B) supplemented with 1% phenylmethylsulfonyl fluoride (PMSF; Beyotime,
ST506). After incubation on ice for 30 min, cells were scraped and centrifuged at 12,000 rpm for 30 min
at 4°C. Total protein (20 µg) was transferred to a PVDF membrane (Merck Millipore, IPVH00010) by
electrophoresis in 12.5% SDS-PAGE (Epizyme, PG113) for 80 min. Membranes were blocked in 5% skim
milk in TBST (Tris-buffered saline [Servicebio, G0001-15] with Tween 20 [Sigma-Aldrich, 8221840500]) at
room temperature for 1 h. Then, membranes were incubated overnight at 4°C with the following primary
antibodies: rabbit anti-human/mouse CDKN2A (1:1000; Abcam, ab51243), rabbit anti-human CDKN1A
(1:1000; Abcam, ab109520), rabbit anti-mouse CDKN1A (1:1000; Epizyme, P012989), rabbit anti-human
TP53 (1:1000; Abcam, ab32049), rabbit anti-mouse TP53 (1:1000; Epizyme, P010266), rabbit anti-human
MAP1LC3B (1:1000; Cell Signaling Technology, 3868T), rabbit anti-mouse MAP1LC3B (1:1000; Epizyme,
R013940), rabbit anti-human/mouse SQSTM1 (1:1000; Cell Signaling Technology, 39749T), rabbit anti-
human/mouse ATG5 (1:1000; Abcam, ab108327), rabbit anti-human FOXO1 (1:1000; Cell Signaling
Technology, 2880T), and rabbit anti-human/mouse HSPA6 (1:1000; Epizyme, P107765). After washing
three times with TBST, the membranes were incubated with HRP-conjugated goat anti-rabbit IgG (1:3000;
Cell Signaling Technology, 7074S) or HRP-conjugated goat anti-mouse IgG (1:4000; Biodragon, BF03001)
secondary antibodies. Finally, membranes were washed three times and processed for
chemiluminescence using the Immobilon Western Chemiluminescent HRP Substrate Kit (Merck
Millipore, WBKLS0100). All experiments were performed in triplicate.

Reactive oxygen species detection
Reactive oxygen species detection
Dilute DCFH-DA (Beyotime, S0034S) with probe dilutive at a ratio of 1:1000. Usually, add 1 ml of the
diluted DCFH-DA to one well of a 6-well plate. Incubate in a 37 ° C cell incubator for 20 min in the dark.
After incubation, the cells were washed three times with PBS to sufficiently remove extracellular DCFH-
DA. The ROS levels in the cells were measured by flow cytometry.

Transcriptome sequencing
DSCs were treated with or without BCAA for 96 h, or with D-galactose (30 mM) for 48 h, followed by RNA-
Seq. Total RNA was extracted according to the standard instructions, and its quality was evaluated by
Agilent 2100 bioanalyzer. After the library quality inspection was qualified, sequencing libraries were
constructed and sequenced on the Illumina NovaSeq platform, generating 150 bp paired-end reads. Raw
data were subjected to quality control processing to remove adapter sequences, poly-N-containing
reads, and low-quality reads. Clean paired-end reads were aligned to the reference genome using HISAT2
v2.0.5. Gene read counts were calculated using featureCounts, and DESeq2 software(v1.16.1) was used
for gene expression normalization and differential expression analysis. Gene set enrichment analysis
was conducted using the clusterProfiler R package for GO functional annotation and KEGG pathway
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enrichment analysis. Differentially expressed genes (DEGs) were defined according to the following
criteria: expression amount fold difference threshold |logFC| > 1; expression difference significance
threshold P-value < 0.05. Additionally, protein-protein interaction (PPI) network analysis of DEGs was
performed based on the STRING database, and network visualization was constructed using Cytoscape
software.

Real time (RT)-PCR
Total RNA was extracted from DSCs treated with or without BCAA for 96 h, 3-MA for 48 h, rapamycin for
48 h, H₂O₂ for 24 h, or D-galactose for 48 h, as well as from decidual tissues of normal early pregnancy
and RSA patients, using TRIzol® reagent (Invitrogen, 15596018) or the Total RNA Isolation Kit (NCM
Biotech, M5105). Subsequently, RNA was reverse transcribed into cDNA using the PrimeScript RT
reagent kit (Takara, RR036A). RT-PCR was performed with SYBR Premix Ex Taq (Takara, RR820A) on an
ABI Prism 7900 Fast Sequence Detection System (Thermo Fisher Scientific). Each sample was assayed
in three replicate wells and analyzed using the 2−ΔΔCt method. The relative mRNA expression levels were
normalized to GAPDH. The primer sequences of these genes are provided in Table S1.

Mice
The C57BL/6JGpt mice were purchased from Jiangsu GemPharmatech Co., Ltd. (Nanjing, China) and
acclimatized for 2 weeks in SPF experimental animal facility. 8-week-old female mice were mated with 8-
week-old male mice (2:1) to establish a pregnant mouse model. Pregnancy was confirmed on the day
when vaginal thrombus was observed (day 0.5), and the pregnant mice were randomly divided into the
control group (1.2% leucine) and the experimental group (6% high leucine), and all feeds were provided
by Wuxi Fanbo Biotechnology Co., LTD. Samples were collected at 13.5 days of pregnancy. The total
number of embryos, embryo absorption rate, and the weight of embryos and placentas were counted.

Pregnant mice were randomly divided into a control group and an experimental group, both of which
were fed 6% high-leucine. The experimental group received intraperitoneal injection of rapamycin (0.04
mg/kg; MedChemExpress, HY-10219) on 0.5, 4.5 and 10.5 days, while the the control group was injected
with saline of equal volume at the same days. Similarly, mice were killed on day 13.5. In addition to the
recording of embryo implantation and resorption sites, the uterus was dissected to observe embryonic
development, and fetal and placental weights were measured separately.

Statistical analyses
All analyses were conducted using GraphPad Prism 10.3 (GraphPad Software, CA, USA). Comparisons
between two groups were performed using paired or unpaired Student's t-tests, Mann-Whitney U test, or
Wilcoxon signed-rank test, based on normality and homogeneity of variance. Comparisons among
multiple groups were performed using one-way or two-way ANOVA or Kruskal-Wallis test, depending on
data distribution and variance homogeneity. All experiments were independently repeated at least three
times. Data were presentedas mean ± SEM, and statistical significance was defined as P < 0.05.
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Results

Increased senescence of DSCs in patients with RSA during
early pregnancy
To explore the senescence status of DSCs during the development of RSA, we compared the expression
differences of senescence-related markers in decidual tissues between normal pregnant women and
RSA patients. Immunohistochemistry and immunofluorescence staining results showed that the
expression of senescence-associated molecules CDKN2A/p16, CDKN1A/p21, and TP53/p53 were
significantly elevated in DSCs of RSA patients (Fig. 1A and Figure S1A-B). Furthermore, senescence-
associated beta-galactosidase (SA-β-gal) activity assays demonstrated that a substantially higher
percentage of positive cells in the RSA group than that in the control group (Fig. 1B). These results
indicate that there is abnormally enhanced cellular senescence in DSCs from RSA patients.

BCAAs trigger DSCs senescence by inducing oxidative
stress
In our previous study, single-cell RNA sequencing (scRNA-seq) was used to compare DSCs from early
pregnancy with endometrial stromal cells (ESCs) from the secretory phase. The results revealed that the
expression levels of genes related to cellular senescence, BCAA transport, and oxidative stress
increased in DSCs[19]. To clarify the effect of BCAA on the function of DSCs, we treated primary DSCs
with exogenous BCAA and found that BCAA-induced cell senescence exhibited a significant time-
dependent pattern (Fig. 2A). Further examination of senescence-associated molecules revealed that
BCAA treatment significantly upregulated the expression of CDKN2A, CDKN1A, and TP53 (Fig. 2B).
Consistent with these findings, SA-β-gal staining also confirmed that BCAAs caused a marked increase
in the proportion of senescence-positive cells (Fig. 2C). Furthermore, given that oxidative stress is a an
important inducer of cellular senescence, we evaluated the effect of BCAAs on intracellular reactive
oxygen species (ROS) levels. Fluorescence probe assays revealed that BCAA treatment significantly
promoted ROS production in DSCs (Fig. 2D). Collectively, these results indicate that excessive BCAA
levels drive the senescence of DSCs by inducing intracellular oxidative stress.

BCAAs drive DSC senescence by suppressing autophagic
activity
To elucidate the potential molecular mechanism underlying BCAAs-induced senescence in DSCs, we
treated DSCs with media containing or lacking BCAA and then performed RNA sequencing (RNA-seq).
The results revealed a total of 1121 differentially expressed genes (DEGs), of which 12 DEGs overlapped
with the 288 known senescence-related genes (Fig. 3A-B). Subsequent KEGG pathway enrichment
analysis revealed that these DEGs were predominantly involved in cellular senescence and autophagy
pathways (Fig. 3C). Consistent with the sequencing data, RT-qPCR and western blot analyses confirmed
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that BCAA treatment significantly downregulated the expression of key autophagy-related genes,
including ATG4B, ATG5, BECN1, MAP1LC3A, and MAP1LC3B (Fig. 3D-E). Notably, autophagy inhibition by
3-methyladenine (3-MA) exacerbated cellular senescence (Fig. 3F-I). Conversely, rapamycin-mediated
autophagy activation partially rescued D-galactose (D-Gal)-induced senescence (Fig. 3J). Together, these
findings demonstrate that BCAAs promote DSC senescence through autophagy suppression.

Cellular senescence negatively regulates autophagic flux
in DSCs
To investigate whether cellular senescence exerts feedback regulation on autophagy, we first
established a senescence model in DSCs. Damage-induced senescence was triggered by exposing DSCs
to H₂O₂, which led to a marked increase in senescence markers (CDKN2A, CDKN1A and TP53) (Fig. 4A-
B). Notably, autophagic activity was markedly suppressed under these conditions, as reflected by
downregulation of ATG5 and MAP1LC3B/LC3B, and concomitant accumulation of SQSTM1/p62 (Fig. 4C-
D). To test the generality of this observation, D-galactose (30 mM) was used as an alternative
senescence inducer. This treatment increased the SA-β-gal-positive rate and upregulated senescence-
related proteins (Fig. 4E-F). Consistently, D-galactose-induced senescent DSCs also exhibited markedly
impaired autophagic activity (Fig. 4G–H). Together, these findings establish that cellular senescence and
autophagy reciprocally suppress each other, forming a negative feedback loop in DSCs.

Senescence negatively regulates FOXO1 expression in
DSCs
Decidualization is crucial for the physiological function of DSCs and the maintenance of early pregnancy,
and FOXO1 is a relatively classic decidualization-related molecule[20]. Bioinformatics analysis showed
that differentially expressed genes (DEGs) were significantly enriched in cellular senescence and FOXO
signaling pathways (Fig. 5A). Consistently, excessive BCAA exposure markedly diminished FOXO1
nuclear localization (Figure S2E) and protein levels in DSCs, as shown by immunofluorescence and
western blot (Fig. 5B-C). FOXO1 expression was also significantly reduced in DSCs undergoing
senescence induced by H₂O₂ or D-galactose (Fig. 5D-E and Figure S2A-B, S2F-G).

To further investigate the role of autophagy in regulating FOXO1, we similarly treated DSCs with the
autophagy inhibitor 3-MA. The results showed that inhibiting autophagic flux led to a decrease in FOXO1
expression (Fig. 5F and Figure S2C, S2H). Conversely, activating of autophagy with rapamycin partially
reversed the downregulation of FOXO1 expression induced by D-galactose (Fig. 5G). Crucially, clinical
validation revealed that nuclear FOXO1 expression was significantly diminished in decidual tissues from
patients with RSA compared to those from normal pregnancies (Fig. 5H-I). Together, these data suggest
that impaired FOXO1 stability under conditions of high BCAA exposure or senescence is a critical factor
leading to dysfunctional decidualization.

HSPA6 mediates senescence-associated DSC dysfunction through FOXO1 inhibition
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To elucidate the specific molecular mechanisms underlying the regulation of FOXO1 expression during
cellular senescence, we induced DSC senescence using D-galactose (30 mM) and then performed
transcriptome sequencing (RNA-seq). Analysis of DEGs showed that there were a total of 160 DEGs in
the control group and the D-Gal group, among which 82 were upregulated and 78 were downregulated
(Fig. 6A). Based on the predicted network between DEGs and genes related to cell function, we found
that heat shock protein family A member 6 (HSPA6) is closely associated with FOXO1 (Fig. 6B). As
previously reported, HSPA6, an HSP70 family member, promotes trophoblast survival under oxidative
stress via MMP2-mediated HBEGF shedding, with its dysregulation implicated in pregnancy
complications[21]. In vitro experiments further demonstrated that HSPA6 was upregulated following
senescence induction (Fig. 6C-F). Notably, HSPA6 knockdown significantly restored FOXO1 expression in
DSCs (Fig. 6G–K). Clinically, HSPA6 was markedly elevated in decidual tissues from RSA patients
(Fig. 6L-M). Together, these findings indicate that senescence suppresses FOXO1 via HSPA6
upregulation, thereby contributing to RSA pathogenesis.

High-dose leucine administration promotes adverse
pregnancy outcomes via uterine senescence in mice
To clarify the impact of leucine on adverse pregnancy outcomes, we established a control group and a
6% high-leucine diet mouse model. As shown, on day 13.5 of pregnancy, the high leucine group exhibited
a significant adverse pregnancy outcome (Fig. 7A). Although no significant difference was observed in
the number of implants, the embryo absorption rate in the high leucine group was significantly increased,
and the weight of embryos and placentas was reduced (Fig. 7B-D). In addition, the high-leucine diet led
to enhanced SA-β-gal activity in the uterus, and the expression of senescence markers CDKN2A,
CDKN1A and TP53 increased simultaneously (Fig. 7E-G and Figure S3A). Notably, we found that the
autophagic flow in the uterus of mice in the high-leucine group was inhibited (Fig. 7H) and the
expression of FOXO1 decreased (Fig. 7I and Figure S2D).

To further investigate the potential role of excessive senescence in abortion, we constructed another
senescence mouse model by injecting D-galactose. The results confirmed that the expression of FOXO1
decreased in the D-galactose-induced senescence uterus (Fig. 7J). Finally, we verified that HSPA6
expression was elevated in the uterus of high-leucine-fed mice, which was highly consistent with the
results of in vitro experiments. These data suggest that the aberrant accumulation of senescent DSCs
increases the risk of spontaneous abortion.

Rapamycin inhibits excessive uterine senescence to
improve pregnancy outcomes
To determine the potential value of autophagy intervention in DSC senescence as a treatment for
spontaneous abortion, we administered a low dose of the autophagy inducer rapamycin for regular
intraperitoneal injections. As expected, rapamycin intervention significantly reduced the risk of adverse
pregnancy outcomes (Fig. 8A). Although the number of implantation sites showed no significant
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difference, rapamycin effectively reversed the risk of embryo loss caused by high-leucine, and the weight
of the embryo and placenta increased (Fig. 8B-D). Furthermore, rapamycin not only increased autophagic
flux in the uterus of pregnant mice (Fig. 8E and Figure S3C), but also alleviated the state of excessive
uterine senescence (Fig. 8F-G and Figure S3B). Thus, these findings demonstrate that rapamycin targets
and enhances the autophagy level at the maternal-fetal interface, effectively inhibiting excessive uterine
tissue senescence and subsequently reducing the risk of spontaneous abortion.

Discussion
BCAAs serve as crucial metabolic signaling molecules that play a central role in regulating cellular
energy metabolism and protein synthesis; however, their metabolic dysregulation is closely associated
with various pathophysiological processes[22–24]. In normal pregnancy, physiological levels of BCAAs
at the maternal-fetal interface are indispensable for supporting embryonic development and ensuring
successful decidualization[25, 26]. Interestingly, our study revealed that excessive accumulation of
BCAAs induces DSC senescence, thereby disrupting metabolic homeostasis at the maternal-fetal
interface. Previous studies have indicated that high concentrations of BCAA may not only induce
mitochondrial dysfunction but also trigger the release of pro-inflammatory cytokines by continuously
activating the mTORC1 signaling pathway[27]. Richardson et al.[28] demonstrated in a mouse model that
restriction of BCAA intake significantly inhibited mTORC1 activity and alleviates age-related
inflammation, revealing BCAA as a critical metabolic signal governing the core mechanisms of cellular
senescence, thereby providing a strategic basis for managing pathological damage induced by
metabolic disorders.

Autophagy as a core mechanism for cells to maintain protein homeostasis and intracellular
environmental balance, plays a key role in resisting metabolic stress[29, 30]. In the field of reproduction,
the blockade of autophagic flux is closely associated with various pregnancy complications, including
recurrent miscarriage and preeclampsia[31, 32]. Notably, as a central nutrient sensor within cells, the
activity of autophagic flux is strictly regulated by amino acid level[33]. In the present study, we found that
aberrant accumulation of BCAAs led to significant autophagic flux blockage in DSCs. However, in the
complex maternal-fetal interface metabolic network, it remains unclear how the fluctuations of BCAA
interfere with the autophagy process and subsequently affect the fate determination of DSCs. Currently,
the academic community generally believes that mTORC1 is the core hub for sensing BCAA levels[34].
High levels of BCAAs activate mTORC1, which subsequently phosphorylates ULK1 at specific sites (e.g.,
Ser 757), thereby disrupting the interaction between ULK1 and AMPK and ultimately suppressing
autophagy initiation[35, 36]. Nevertheless, whether mTOR drives DSC senescence by directly regulating
autophagosome-lysosome fusion or degradation processes, as well as its specific molecular targets in
pregnancy failure, remains to be further investigated.

HSPA6, a member of the heat shock protein 70 (HSP70) family, has traditionally been recognized as a
molecular chaperone under stress conditions, assisting in the refolding or targeted degradation of
misfolded proteins through ATP-dependent mechanisms to maintain cellular protein homeostasis[37,
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38]. However, recent studies have shown that HSPA6 can exhibit "double-edged sword" characteristics
under pathological conditions. Specifically, it exerts a protective effect on cells during short-term stress,
while continuous activation participates in the disease process through abnormal regulatory proteins[39,
40]. Interestingly, we found that persistent metabolic stress induced by BCAA leads to pathological
accumulation of HSPA6 and accelerates decidual failure by targeting the degradation of FOXO1. This
discovery reveals the non-classical function of the molecular chaperone system in pregnancy
complications related to metabolic disorders.

FOXO1, as a master transcription factor for initiating and maintaining endometrial decidualization, its
reduced activity directly impairs the functional maturation of DSCs and interferes with their normal
communication with trophoblast cells[41, 42]. Previous studies have demonstrated that FOXO1
downregulation significantly diminishes its binding capacity to the promoter regions of target genes
such as PRL and IGFBP1, while inducing aberrant activation of cell cycle regulatory genes (e.g., CDKN1A
and CDKN1B/p27), thereby leading to defective decidual marker expression and impaired cell cycle
arrest[43]. Consequently, the dysregulation of the HSPA6-FOXO1 axis emerges as a critical pathological
mechanism underlying defective decidual development. Notably, our results show that HSPA6
knockdown partially restores FOXO1 protein levels and its transcriptional activity in DSCs. Nevertheless,
the precise regulatory mechanisms by which cellular senescence modulates HSPA6, and whether
additional metabolic pathways contribute to FOXO1 degradation, warrant further investigation.

Rapamycin, as a classic mTOR-specific inhibitor, has been proven to restore the self-cleaning ability of
cells by alleviating mTORC1-mediated suppression of autophagy, and thereby significantly delay the
senescence process of cells[44, 45]. Recent research has confirmed that rapamycin can improve ovarian
aging in patients with endometriosis via the activation of the PPARα/IGFBP2 signaling pathway, thereby
restoring fertility[46]. Importantly, Lu et al.[47] reported that low-dose rapamycin exhibited favorable
safety profiles in animal models. In this study, administration of low-dose rapamycin exerted protective
effects against spontaneous abortion in a high-leucine-induced senescence mouse model. Notably,
however, rapamycin only partially rescued the leucine-induced blockade of autophagic flux, suggesting
the involvement of mTOR-independent regulatory pathways. In additon, rapamycin exerts multiple
effects, including reducing protein synthesis by inhibiting downstream effector molecules S6K1 and 4E-
BP1 of mTORC1, regulating cell proliferation, inhibiting T/B cell activation to exert immunosuppression,
activating mitochondrial autophagy, improving protein quality, and providing neuroprotection, etc. These
pleiotropic mechanisms collectively lay the foundation for its widespread application in delaying aging
and treating age-related diseases[48–50]. Consequently, a deeper understanding of how rapamycin
precisely DSCs senescence through multidimensional pathways will facilitate the development of novel
therapeutic targets and strategies for spontaneous abortion related to metabolic disorders.

Collectively, as shown in Fig. 9, elevated BCAA levels trigger excessive senescence in DSCs by inhibiting
autophagic flux. This senescent state downregulates the expression of the key transcription factor
FOXO1 in an HSPA6-dependent manner, thereby impairing decidual homeostasis and ultimately leading
to spontaneous abortion. Notably, low-dose rapamycin intervention significantly alleviates cellular
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senescence and improve pregnancy outcomes by activating autophagy. This study elucidates the crucial
role of the “BCAA-autophagy suppression-cellular senescence-HSPA6-FoxO1” signaling axis in
maintaining pregnancy, providing an important theoretical basis for metabolic intervention and clinical
diagnosis and treatment of RSA.
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Figure 1

Increased senescence in DSCs from patients with RSA. (A) Immunofluorescence staining showed the
expression of the above senescence-related proteins in DSCs in the normal group (n = 6) and RSA group
(n = 6). Scale bar: 20 μm. (B) SA-β-gal staining was used to observe the proportion of senescent cells in
decidual tissues from NP (n = 7) and RSA (n = 7). Scale bar: 50 μm and 20 μm. Data were presented as
mean ± SEM and analyzed by unpaired t-test or Mann-Whitney U test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2

BCAAs trigger oxidative stress and cellular senescence in DSCs. (A) Western blot was used to detect the
protein levels of senescence-associated molecules (CDKN2A , CDKN1A, and TP53) in DSCs treated with
BCAAs at different time periods (0, 2, 4, 6, and 8 days). (B) DSCs were cultured in media with and without
BCAA for 96 h, and the expression of DSC senescence-related molecules were detected by western blot
(n = 3). The relative expression levels of proteins were normalized using the internal reference protein
GAPDH. (C) SA-β-gal staining evaluated the effect of BCAA on DSC senescence, and the percentage of
positive cells was statistically analyzed (n = 3). Scale bar, 100 μm. (D) DSCs were cultured in media with
and without BCAA for 96 h, and intracellular ROS levels were subsequently measured by flow cytometry
(n = 3). Data were presented as mean ± SEM and analyzed by two-way ANOVA test or unpaired t-test. *P
< 0.05, ***P < 0.001, ****P < 0.0001.
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Figure 3

BCAAs drive DSC senescence by suppressing autophagic activity. (A) Volcano plot depicting DEGs in
control (BCAA-, n = 3) versus BCAA-treated (BCAA+, n = 3) groups (left), with a Venn diagram showing
overlap with senescence-associated genes (right). (B) Heatmap of DEGs related to senescence between
BCAA- and BCAA+ groups. (C) KEGG pathway enrichment analysis of the DEGs. (D, E) The expression of
autophagy-related genes and proteins in control (n = 3) versus BCAA-treated (n = 3) groupal staining

Page 21/31



(left) and quantitative analysis (right) in control (n = 3) and 3-MA-treates were verified by qRT-PCR and
immunoblot. (F, G) The inhibitory effect of 3-MA (10 mM) on autophagy was verified by qRT-PCR and
immunoblot. (H) Immunoblot verified the expression of senescence-related proteins (CDKN2A, CDKN1A
and TP53) in the control group (n = 3) and 3-MA group (n = 3). (I) SA-β-gd (n = 3) groups. Scale bar: 100
μm. (J) The expression of CDKN2A, CDKN1A, TP53, ATG5 and MAP1LC3B in the control group, D-Gal
group, Rapa group, and D-Gal plus Rapa group were measured by immunoblot (n = 3). The relative
expression levels of proteins were normalized using the internal reference protein GAPDH. Data were
presented as mean ± SEM and analyzed by one-way ANOVA ,two-way ANOVA test, unpaired t-test or
Mann-Whitney U test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: no significance.
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Figure 4

Senescence induction leads to decreased autophagy activity in DSCs. (A, B) The expression of
senescence-associated genes and proteins in the control group (n = 3) and H2O2 group (n = 3) were
detected by qRT-PCR and immunoblot. (C, D) qRT-PCR and immunoblot verified the expression of
autophagy-related genes and proteins in the control group (n = 3) and H2O2 group (n = 3). (E) SA-β-gal

staining and positive cell percentage in the control group (n = 3) and D-Gal group (n = 3). Scale bar, 100
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μm. (F) Immunoblot detected the expression changes of autophagy-related proteins in DSC after D-
galactose treatment (n = 3). (G, H) qRT-PCR and immunoblot verified the expression of autophagy-related
genes and proteins in the control group (n = 3) and D-Gal (n = 3) group. Data were presented as mean ±
SEM and analyzed by two-way ANOVA test, unpaired t-test or Mann-Whitney U test. *P < 0.05, **P < 0.01,
****P < 0.0001, ns: no significance.

Figure 5
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Senescence negatively regulates FOXO1 expression in DSCs. (A) KEGG pathway analysis of DEGs
showed enrichment in cellular senescence and FOXO signaling pathways. (B, C) Immunofluorescence
and immunoblot demonstrated the expression and nuclear localization of FOXO1 in DSCs under high
BCAA treatment. Scale bar, 50 μm. (D, E) The protein expression of FOXO1 in senescent DSCs induced by
H2O2 and D-galactose was detected by immunoblot (n = 3). The relative expression levels of proteins
were normalized using the internal reference protein GAPDH. (F) Immunoblot analysis of FOXO1 levels in
DSCs after treatment with the autophagy inhibitor 3-MA (10 mM) (n = 3). (G) Immunoblot showed that
rapamycin (2 μM) partially rescued D-galactose-induced FOXO1 downregulation (n = 3). The relative
expression levels of proteins were normalized using the internal reference protein GAPDH. (H-I) Nuclear
expression of FOXO1 in decidual tissues and cells from normal pregnant patients (n = 6) and RSA
patients (n = 6). Data were presented as mean ± SEM and analyzed by one-way ANOVA. *P < 0.05, **P <
0.01, ***P < 0.001, ns: no significance.
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Figure 6

HSPA6 mediates senescence-associated DSC dysfunction through FOXO1 inhibition. (A) Volcano plots
of DEGs in DSCs between the control group (n = 3) and the D-Gal group (n = 3). (B) Protein-protein
interaction (PPI) network analysis based on transcriptome data revealed a close interaction relationship
between HSPA6 and FOXO1. (C, D) The expression level of HSPA6 mRNA in the control group (n = 6) and
the H2O2 group (n = 6) or the D-Gal group (n = 6). (E, F) Immunoblot analysis of HSPA6 protein
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expression in the control group (n = 3) and the H2O2 group (n = 3) or the D-Gal group (n = 3). The relative
expression levels of proteins were normalized using the internal reference protein GAPDH. (G)
Representative bright-field and fluorescence images of DSCs transduced with lentivirus carrying siNC or
siHSPA6 after 72 h. Green fluorescent protein (GFP) expression indicates successful virus transduction.
Scale bar, 100 μm. (H, I) Validation of HSPA6 knockdown efficiency in DSCs at both mRNA (H) and
protein (I) levels, respectively. (J, K) The FOXO1 mRNA and protein expression levels after siHSPA6 were
detected by RT-qPCR and immunoblot. (L) RT-qPCR analysis of HSPA6 mRNA expression in decidual
tissues from normal pregnancy (n = 9) and RSA patients (n = 9). (M) Immunofluorescence staining
showed HSPA6 expression levels in DSCs from normal pregnancy (n = 6) and RSA patients (n = 6). Scale
bar, 20 μm. Data were presented as mean ± SEM and analyzed by one-way ANOVA , unpaired t-test or
Mann-Whitney U test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: no significance.
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Figure 7

High-dose leucine administration promotes adverse pregnancy outcomes via uterine senescence in
mice. (A) Photograph of mice uterus (red arrow: resorption point) and mice embryos and placentas. (B)
The number of embryo implantations (Ctrl, n = 8; 6%Leu, n = 8). (C) Embryo absorption rate of control
group and 6%Leu groups (Ctrl, n = 8; 6%Leu, n = 8). (D) The weight of placenta and embryo in both
groups (Ctrl, n = 8; 6%Leu, n = 8). (E) SA-β-gal staining of uterine tissue sections showed an increase in
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senescent cells induced by high leucine (n = 8). (F) Immunofluorescence detection of CDKN2A
expression in DSCs of pregnant mice (Ctrl, n = 6; 6% Leu, n = 6). (G) Immunoblot detection of the
expression of senescence markers CDKN2A, CDKN1A, and TP53 in uterine tissue (n = 3). The relative
expression levels of proteins were normalized using the internal reference protein GAPDH. (H)
Immunoblot detection of autophagic flux levels (MAP1LC3B, ATG5, SQSTM1) in uterine tissue (n = 3). (I)
FOXO1 expression was verified by Immunoblot (n = 3). (J) Immunofluorescence analysis of FOXO1
expression in the uterus of D-galactose -induced senescence mouse models (n = 6). Scale bar: 20 μm.
(K) HSPA6 expression level in uterine tissues was verified by immunoblot (n = 3). Data were presented as
mean ± SEM and analyzed by two-way ANOVA test, unpaired t-test or Mann-Whitney U test. *P < 0.05，**P
< 0.01，****P < 0.0001，ns: no significance.
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Figure 8

Rapamycin inhibits excessive uterine senescence to improve pregnancy outcomes. (A) Photograph of
mice uterus (red arrow: resorption point) and mice embryos and placentas on day 13.5 of gestation. (B)
The number of embryo implantations (6% Leu, n = 7; 6% Leu+Rapa, n = 7). (C) Embryo absorption rate in
the 6% Leu and 6% Leu+Rapa groups (n = 7). (D) The weight of placenta and embryo in both groups (n =
7). (E) Immunoblott analysis of autophagy-related proteins (MAP1LC3B and SQSTM1) in uterine tissues
to validate the activation of autophagic flux by rapamycin (n = 3). The relative expression levels of
proteins were normalized using the internal reference protein GAPDH. (F) Immunoblot analysis of the
expression of senescence markers CDKN2A, CDKN1A, and TP53 in uterine tissue. (G)
Immunofluorescence detection of CDKN2A expression in DSCs of pregnant mice (6% Leu, n = 6; 6%
Leu+Rapa, n = 6). Data were presented as mean ± SEM and analyzed by two-way ANOVA test, unpaired t-
test or Mann-Whitney U test. **P < 0.01，***P < 0.001，****P < 0.0001，ns: no significance.

Figure 9

Schematic illustration of BCAA metabolism-autophagy axis in increasing spontaneous abortion risk by
inducing excessive DSCs senescence. During normal pregnancy, physiological levels of BCAA
metabolism maintain unimpaired autophagic flux and moderate ROS levels, activating the FOXO1
transcription program and promoting moderate senescence of DSCs to maintain the homeostasis of the
uterine microenvironment. In contrast, during spontaneous abortion, BCAA metabolism disorder blocks
autophagic flux, leading to ROS accumulation, upregulating senescence markers such as CDKN2A,

Page 30/31



CDKN1A and TP53, inducing HSPA6 to enter the nucleus. Consequently, FOXO1 expression is
suppressed, driving morphological transformations and excessive DSCs senescence, which ultimately
leads to pregnancy failure through the disruption of decidual function.
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