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Supplemental Methods
Behavioral experiments
Three-Chamber Test
Social behavior and preference in mice were assessed using a rectangular apparatus divided into three equal chambers (each 20 cm × 40 cm). The test comprised three sequential phases. (1) Habituation: The subject mouse was placed in the center chamber for a 10-minute acclimation period; (2) Sociability Test: Immediately following habituation, an unfamiliar conspecific (Stranger 1, S1) was confined within a wire cage in the left chamber, while an identical empty cage (E) was placed in the right chamber. The subject mouse was reintroduced to the center chamber. Social behavior was operationally defined as the subject spending time within 2 cm of either cage. Subject movement and time spent in each chamber were recorded via video camera for 10 minutes. This phase evaluated the subject's preference for social interaction (proximity to S1) versus a non-social object (empty cage). (3) Social Novelty Preference Test: The cage containing the now-familiar S1 mouse was moved to the right chamber, and a novel unfamiliar mouse (Stranger 2, S2) was introduced within a cage in the left chamber. The subject mouse was again placed in the center chamber. Chamber occupancy and activity were similarly video-recorded for 10 minutes. This phase assessed the subject's preference for social novelty (proximity to S2) versus the familiar conspecific (S1).

Open field test (OFT)
Locomotor activity and anxiety-like exploratory behavior were assessed using the Open Field Test (OFT). Mice were individually placed in the center of a square arena (45 × 45 × 40 cm). Following a 5-minute habituation period, a 10-minute exploration session was recorded using the SMART 3.0 video-tracking system. Quantified indices included total distance traveled (cm), movement time (s), and spatial trajectory patterns. As a well-validated behavioral paradigm, the OFT leverages rodents’ innate aversion to open, illuminated spaces to evaluate anxiety-like states. 

Elevated plus maze (EPM) test
Anxiety-like behavior was also assessed using an elevated plus maze (EPM) constructed from four arms extending from a central square platform (5 × 5 cm). The plus-shaped apparatus featured two opposing open arms (35 × 5 cm) and two opposing enclosed arms of identical dimensions, each with 15-cm-high opaque walls. The entire maze was elevated 60 cm above the floor to exploit rodents' innate aversion to open, elevated spaces. At the start of each trial, a mouse was placed on the central platform facing an open arm. Animals were permitted unrestricted exploration of the maze for a single 5-minute session. Reduced open-arm exploration and increased closed-arm preference are well-established indices of heightened anxiety-like behavior in rodents.

Grooming test
Self-grooming behavior (including facial cleaning, body licking, and paw stroking) was quantified under controlled conditions. Mice underwent a 10-minute acclimatization period in an empty standard cage to establish baseline activity and minimize novelty-induced grooming. Immediately following acclimatization, grooming behavior was recorded for 10 minutes in a dedicated testing room. Sessions were video-recorded, and grooming was operationally defined as any sequence of licking, scratching, or stroking movements directed toward the body. Total grooming duration (s) and frequency (number of discrete bouts) were scored manually/automatically by an observer blind to experimental groups.

Marble burying test (MBT)
The test was conducted in a polycarbonate chamber (18 × 28 × 10 cm) filled with 4 cm depth of compacted aspen wood bedding. Fifteen black glass marbles (14 mm diameter) were arranged in a standardized 3 × 5 grid pattern. Following a 10-min habituation period, mice were individually placed in the chamber for 10 min. After removal, marbles were photographed under standardized lighting using a calibrated overhead camera. Marble burial was operationally defined as ≥50% coverage by bedding material. The primary outcome measure was the percentage of buried marble. All scoring was performed by two independent observers blinded to experimental condition.

Novel object recognition test (NOR)
Habituation/Training Phase: Mice were individually placed in an open-field arena (specify dimensions, e.g., 45 × 45 × 40 cm) facing the center, with two identical objects symmetrically positioned 10 cm from opposing walls. Animals freely explored the objects for 10 min to establish familiarity.

Testing Phase: One familiar object was replaced with a novel object of comparable size but distinct visual and tactile properties; the other familiar object remained unchanged. Object positions were counterbalanced across subjects. Mice were reintroduced to the arena, and exploration behavior (sniffing or touching objects with the nose ≤2 cm) was video-recorded for analysis.

Reverse-transcription quantitative PCR (RT-qPCR) 
Total RNA was isolated from murine tissues or primary astrocytes using RNAiso Plus (Takara Bio, Japan). Reverse transcription was performed with 500 ng total RNA using the PrimeScript RT Master Mix (Takara Bio) in 10 μl reactions: 37°C for 15 min, 85°C for 2 min. qPCR was conducted in triplicate 10 μl reactions using SYBR Green Pro Taq HS Premix (Vazyme Biotech; #Q712-02). Reaction mixtures contained: 5 μl master mix, 0.2 μM primers (Table S1), and 1 μl cDNA template. Cycling conditions: 95°C for 5 min; 45 cycles of 95°C for 15 s, 60°C for 30 s; followed by melt-curve analysis (95°C for 5 s, 60°C for 1 min, 95°C for 10 s, continuous acquisition). Validation & Analysis: Relative gene expression was calculated by the 2^(−ΔΔCt) method normalized to Actb as the reference gene. Data represent mean ± SEM of ≥3 biological replicates.

Western blot
Tissue lysates from mouse prefrontal cortex (PFC) or primary astrocytes were prepared in RIPA buffer supplemented with protease and phosphatase inhibitors. Protein concentrations were determined by BCA assay. Samples (30 μg/lane) were resolved on 10% SDS-polyacrylamide gels and transferred to NC membranes. Membranes were blocked in 5% BSA in TBST (Tris-buffered saline + 0.1% Tween-20) for 1 h at RT, then incubated overnight at 4°C with primary antibodies (Table S2). After 3 × 5-min TBST washes, membranes were incubated with HRP-conjugated secondary antibodies for 1 h at RT. Proteins were detected using ECL Plus substrate (Meilunbio, MA0186-1) and imaged on a ChemiDoc MP system (Bio-Rad). Band densitometry was performed in Image J, with target protein expression normalized to β-actin (loading control) and quantified relative to control groups.

Immunofluorescence
Six mice per cohort were randomly selected and transcardial perfusion was performed sequentially with ice-cold PBS followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer. Brains were post-fixed in 4% PFA for 24 h at 4°C, cryoprotected in graded sucrose solutions (15%, 20%, and 30% in PBS; 24 h each at 4°C), and embedded in OCT compound (Sakura Finetek). Coronal sections (10 μm) were cut on a cryostat (Leica CM3050S) and mounted on Superfrost Plus slides. Sections underwent permeabilization with 0.2% Triton X-100 (Beyotime) for 30 min, and blocking in 10% normal goat serum (ZSGB-BIO) for 1 h at RT. Primary antibodies Rabbit anti-GFAP (1:300, Affinity, DF6040) or Rabbit anti-Iba1 (1:250, Wako, 019-19741) were incubated overnight at 4°C. After 3 × 5 min PBS washes, sections were incubated with species-matched secondary antibodies Goat anti-rabbit IgG Alexa Fluor 555 for 1 h at RT. Nuclei were counterstained with DAPI (Sigma, D9542), and sections were mounted using Vectashield antifade mounting medium (H-1000). Imaging was performed using: Epifluorescence microscopy (Nikon Eclipse Ni-E) or Confocal microscopy (Zeiss LSM 780).

We used six animals per group. For each animal, we immunostained three coronal brain sections and imaged six non‑overlapping fields within the PFC region from each section. GFAP+ and Iba1+ cells were counted in unprocessed raw images using ImageJ software.

The immunostaining of Iba1 and GFAP were detected by fluorescence microscopy in brain tissue sections (Nikon Eclipse Ni-E). Because Iba1 and GFAP are abundantly expressed in reactive astrocytes and microglia, which yielding strong signals could be captured well by conventional fluorescence microscopy. However, nano-scale MSC-EVs usually was observed the higher resolution by confocal microscopy (Zeiss LSM 780) To better visualize cellular morphology of primary astrocytes in vitro, GFAP immunostaining was employed by confocal microscopy.

Enzyme linked immunosorbent assay (ELISA)
Serum from mice and conditioned medium from primary astrocyte cultures were analyzed for levels of IL-6, TNF-α, and IL-1β using commercially available ELISA kits (Meimian Biological Technology, China; Catalog #MM-0163M1 for murine IL-6, MM-0132M1 for murine TNF-α, MM-0040M1 for murine IL-1β). Assays were performed in technical duplicate according to the manufacturer's protocol.


Supplemental Results
Supplemental Tables
Table S1: Primers
	[bookmark: _Hlk129372844]Primer name
	Primer sequence

	IL-1β-Forward primer
	GTGTCTTTCCCGTGGACCTT

	IL-1β-Reverse primer
	CATCTCGGAGCCTGTAGTGC

	IL-6-Forward primer
	CTGCAAGAGACTTCCATCCAG

	IL-6-Reverse primer
	AGTGGTATAGACAGGTCTGTTGG

	ACTB-Forward primer
	TATGCTCTCCCTCACGCCATCC

	ACTB-Reverse primer
	TGTAGCCACGCTCGGTCAGG

	GLUT1-Forward primer
	CAGTTCGGCTATAACACTGGTG

	GLUT1-Reverse primer
	GCCCCCGACAGAGAAGATG

	HK1-Forward primer
	CGCAACTACTGGCATATTAC

	HK1-Reverse primer
	ATGGCATACAGATACTTATCAATC

	HK2-Forward primer
	ACGTGTGACGACAGCATCAT

	HK2-Reverse primer
	AGCCAGATCTCTCACCGTCT

	HK3-Forward primer
	GATGGGCCTCATTGTCGGAA

	HK3-Reverse primer
	CTCCCCCAAGTACATACCGC

	PFK1-Forward primer
	TCGCGATCTCCAGGTGAATG

	PFK1-Reverse primer
	TCAAAGGGAGTTGGGCTTCC

	PFKFB1-Forward primer
	ATTTGCACTACGGGACCAGG

	PFKFB1- Reverse primer
	TAGAAGGCACCGCATGACAG

	PFKFB4-Forward primer
	GGAGCCCGTCATCATGGAAC

	PFKFB4-Reverse primer
	GTCTGTCTCGGTGAGTGTTCA

	PFKFB2-Forward primer
	GCTAGAGCGTCAAGGCAACAT

	PFKFB2-Reverse primer
	CAAATTCTCCACTTCAGTTGGC

	PKM2-Forward primer
	GTCACTCCACAGACCTCATGG

	PKM2-Reverse primer
	TCTGGGGATTTCGAGTCACG

	LDHA-Forward primer
	CTGGGAGAACATGGCGACTC

	LDHA-Reverse primer
	ATGGCCCAGGATGTGTAACC

	PDCD1-Forward primer
	AGGGACGAGAGAAGACACCA

	PDCD1-Reverse primer
	ATCAGCTGAGCCCCTACGTC

	PD-L1-Forward primer
	AATGTGACCAGCAGTCTGAGG

	PD-L1-Reverse primer
	ATGATCAGCTCCGCTGTGTG

	TNF-α-Forward primer
	CCCTCACACTCACAAACCAC

	TNF-α-Reverse primer
	ATAGCAAATCGGCTGACGGT





Table S2: Antibodies
	Antibody
	Dilution Rate
	RRID
	Company

	PD-1 antibody
	1:5000 (WB)
	AB_2881611
	Proteintech Group, USA

	PD-L1 antibody
	1:1000
	AB_3675752
	Wanlei, China

	p-ERK1/2 antibody
	1:2000
	AB_2315112
	Cell Signaling Technology, USA

	ERK1/2 antibody
	1:1000
	AB_390779
	Cell Signaling Technology, USA

	HIF-1α antibody
	1:1000
	AB_1663164
	bioworlde, China

	HK1
	1:1000
	AB_10859778
	Proteintech Group, USA

	HK2 antibody
	1:2000
	AB_2904621
	Abcam, UK

	LDHA antibody
	1:3000
	AB_10646429
	Proteintech Group, USA

	GFAP antibody
	1:500
	AB_2838012
	Affinity, China

	CD9 antibody
	1:1000
	AB_2798139
	Cell Signaling Technology, USA

	CD63 antibody
	1:1000
	AB_2800495
	Abcam, UK

	TSG101 antibody
	1:1000
	AB_10974262
	Abcam, UK

	Calnexin（C5C9）antibody
	1:1000
	AB_2228381
	Cell Signaling Technology, USA

	Iba-1 antibody
	1:250 (IF)
	AB_839504
	Wako Pure Chemicals, Japan

	Anti-rabbit IgG（Alexa Fluor 555 Conjugate）
	1:1000
	AB_10694110
	Cell Signaling Technology, USA

	Anti-mouse IgG（Alexa Fluor 488 Conjugate）
	1:1000
	AB_10694704
	Cell Signaling Technology, USA

	β-actin antibody
	1:10000
	AB_2923704
	Proteintech group, USA

	HRP-conjugated Goat Anti-Rabbit IgG
	1:10000
	AB_2940954
	Sangon Biotech, China

	HRP-conjugated Goat Anti-Mouse IgG
	1:10000
	AB_2747415
	Zhongshan Goldenbridge Biotechnology, China



Supplemental Figures
Figure S1
[image: ]
Behaviors detections of Fmr1-/y mice.
(A-C) Schematic diagram, trajectory route and statistical chart of sociability and social preference in the three-chamber test of C57BL/6J and Fmr1-/y mice. n=8. Two-way ANOVA.
(D-H) Schematic diagram, trajectory route and statistical chart of entries times in center zone and time in center zone in the OFT of C57BL/6J and Fmr1-/y mice. n=8. Student's t-test.
(I-O) Schematic diagram, trajectory route and statistical chart of entries in open arms and time in open arms in EPM test of C57BL/6J and Fmr1-/y mice. n=8. Student's t-test. 
(P-R) Schematic diagram and statistical diagram of number of grooming times and duration grooming time of C57BL/6J and Fmr1-/y mice. n=8. Student's t-test.
(S-T) Schematic diagram and statistical chart of number in marbles buried of C57BL/6J and Fmr1-/y mice. n=8. Student's t-test.
(U-W) Schematic diagram and statistical diagram of exploration time for each object in the NOR test of C57BL/6J and Fmr1-/y mice. n=8. Two-way ANOVA.
ns P≥0.05, *P<0.05, **P<0.01, ***P<0.001.

Figure S2
[image: ]
Protein levels of HK1 in PFC of C57BL/6J and Fmr1-/y mice. n = 6. Student’s t-test.

Figure S3
[image: ]
Representative images of Iba-1⁺ immunostaining in the PFC of C57BL/6J and Fmr1-/y mice. Scale bar = 50 µm. Quantification (18 fields of view per animal, 3 sections × 6 fields/section; n = 6 mice per group) was analyzed by Student's t-test.

Figure S4
[image: ]
Identification of the primary astrocytes of PBS and Fmr1-/y mice. Scale bar = 20 µm.

Figure S5
[image: ]
Protein levels of HK1 in primary astrocytes. Primary astrocytes were isolated and cultured from PFC of neonatal C57BL/6J and Fmr1-/y mice. Six biological replicates per group (n=6), each from an individual mouse. Student’s t-test.

Figure S6
[image: ]
Protein levels of PD-L1 in primary astrocytes. Primary astrocytes were isolated and cultured from PFC of neonatal C57BL/6J and Fmr1-/y mice. Six biological replicates per group (n=6), each from an individual mouse. Student’s t-test.

Figure S7
[image: ]
Double‑labeling immunohistochemistry in the PFC showing GFAP (green) and Dil‑labeled MSC‑EVs (red). Colocalization suggested internalization of MSC‑EVs by astrocytes. Scale bar = 20 µm.
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