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Fig. 1 Influence of VPA exposure on the social behavior of rats

(a) Representative trajectories of rats in each group in the three-compartment social behavior test, S1 and S2 represent stranger 1 and stranger 2

respectively in the trajectories. (b, €) The head contact time of each group of rats with stranger 1 and stranger 2 respectively. (c, f) The time each

group of rats stayed in the space where the stranger 1 and stranger 2 respectively. (d, g) The number of times each group of rats had head contact with

stranger 1 and stranger 2 respectively. *P<0.05, **P<0.01 vs PCON group.
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Fig. 2 Influence of VPA exposure on the spontaneous activity of rats

(a) Representative trajectories of rats in each group in the open field test (OFT). (b) Total distance traveled in the open field. (c) Average speed in the

open field. (d) Distance traveled in the center area of the open field. (¢) Duration of staying in the center area of the open field. (f) Average speed in

the center area of the open field. (g) Number of times crossing the center area of the open field. *P<0.05 vs PCON group.
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Fig. 3 Influence of VPA exposure on the learning and memory abilities of rats

PASD

(a) Representative trajectories of rats in each group in the Morris water maze test. (b) Distance swum in the platform quadrant area. (c) Residence
time in the platform quadrant area. (d) The average swimming speed in the platform quadrant area. (¢) Number of times of crossing the platform
quadrant area. (f) Latency of entering the platform quadrant area. *P<0.05, **P<0.01 vs PCON group.
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Fig. 4 Influence of VPA exposure on the HPA axis of rats
(a) The concentration of corticotropin-releasing hormone (CRH) of rats in each group. (b) The concentration of adrenocorticotropic hormone
(ACTH). (c) The concentration of corticosterone (CORT). *P<0.05 vs PCON group.
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Fig. 5 Effect of exercise training on the social behavior of ASD rats
(a) Representative trajectories of rats in each group in the three-compartment social behavior test, S1 and S2 represent stranger 1 and stranger 2
respectively in the trajectories. (b, e) The head contact time of each group of rats with the stranger 1 and stranger 2 respectively. (c, f) The time each
group of rats stayed in the space where the stranger 1 and stranger 2 respectively. (d, g) The number of times each group of rats had head contact with

stranger 1 and stranger 2 respectively. *P<0.05, **P<0.01 vs CON group; #P<0.05 vs ASD group.
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Fig. 6 Effect of exercise training on the spontaneous activity of ASD rats

(a) Representative trajectories of rats in each group in the open field test (OFT). (b) Total distance traveled in the open field. (c) Average speed in the

open field. (d) Distance traveled in the center area of the open field. (e) Duration of staying in the center area of the open field. (f) Average speed in

the center area of the open field. (g) Number of times crossing the center area of the open field. **P<0.01 vs CON group; #P<0.05, ##P<0.01 vs ASD

group.
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Fig. 7 Effect of exercise training on the learning and memory abilities of ASD rats
(a) Representative trajectories of rats in each group in the Morris water maze test. (b) Distance swum in the platform quadrant area. (c) Residence
time in the platform quadrant area. (d) The average swimming speed in the platform quadrant area. (¢) Number of times of crossing the platform

quadrant area. (f) Latency of entering the platform quadrant area. *P<0.05 vs CON group; #P<0.05, ##P<0.01 vs ASD group.
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Fig. 8 Effect of exercise training on the HPA axis of ASD rats
(a) The concentration of corticotropin-releasing hormone (CRH) of rats in each group. (b) The concentration of adrenocorticotropic hormone

(ACTH). (c) The concentration of corticosterone (CORT). *P<0.05, **P<0.01 vs CON group; #P<0.05 vs ASD group.
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Fig. 9 Effect of fecal microbiota transplantation on the social behavior of ASD rats

(a) Representative trajectories of rats in each group in the three-compartment social behavior test. (b, ) The head contact time of each group of rats

with the stranger 1 and stranger 2 respectively. (c, f) The time each group of rats stayed in the space where the stranger 1 and stranger 2 respectively.

(d, g) The number of times each group of rats had head contact with the stranger 1 and stranger 2 respectively. *P<0.05 vs ASD group; A P<0.05 vs

FMT group; #P<0.05 vs sSFMT group.
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Fig. 10 Effect of fecal microbiota transplantation on the spontaneous activity of ASD rats

(a) Representative trajectories of rats in each group in the open field test (OFT). (b) Total distance traveled in the open field. (c) Average speed in the

open field. (d) Distance traveled in the center area of the open field. (¢) Duration of staying in the center area of the open field. (f) Average speed in

the center area of the open field. (g) Number of times crossing the center area of the open field. *P<0.05 vs ASD group; A P<0.05 vs FMT group; #P<

0.05 vs sSFMT group.
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Fig. 11 Effect of fecal microbiota transplantation on the learning and memory abilities of ASD rats

(a) Representative trajectories of rats in each group in the Morris water maze test. (b) Distance swum in the platform quadrant area. (c) Residence

time in the platform quadrant area. (d) The average swimming speed in the platform quadrant area. (¢) Number of times of crossing the platform

quadrant area. (f) Latency of entering the platform quadrant area

. *P<0.05 vs ASD group; A P<0.05 vs FMT group; #P<0.05 vs sFMT group.
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Fig. 12 Effect of fecal microbiota transplantation on the HPA axis of ASD rats

(a) The concentration of corticotropin-releasing hormone (CRH) of rats in each group. (b) The concentration of adrenocorticotropic hormone
(ACTH). (c) The concentration of corticosterone (CORT). *P<0.05 vs ASD group; A P<0.05 vs FMT group; #P<0.05 vs sSFMT group.
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Abstract Objective The study explores the influence of voluntary wheel running on the behavioral
abnormalities and the activation state of the hypothalamic-pituitary-adrenal (HPA) axis in autism spectrum
disorder (ASD) rats through gut microbiota. Methods SD female rats were selected and administered either
400 mg/kg of valproic acid (VPA) solution or an equivalent volume of saline via intraperitoneal injection on day
12.5 of pregnancy. The resulting offspring were divided into 2 groups: the ASD model group (PASD, n=35) and
the normal control group (PCON, n=16). Behavioral assessments, including the three-chamber social test, open
field test, and Morris water maze, were conducted on postnatal day 23. After behavioral testing, 8 rats from each
group (PCON, PASD) were randomly selected for serum analysis using enzyme-linked immunosorbent assay
(ELISA) to measure corticotropin-releasing hormone (CRH), adrenocorticotropic hormone (ACTH), and

corticosterone (CORT) concentration, to evaluate the functional state of the HPA axis in rats. On postnatal day 28,
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the remaining 8 rats in the PCON group were designated as the control group (CON, #=8), and the remaining 27
rats in the PASD group were randomly divided into 4 groups: ASD non-intervention group (ASD, n=6), ASD
exercise group (ASDE, n=8), ASD fecal microbiota transplantation group (FMT, n=8), and ASD sham fecal
microbiota transplantation group (sFMT, n=5). The rats in the ASD group and the CON group were kept under
standard conditions, while the rats in the ASDE group performed 6 weeks of voluntary wheel running intervention
starting on postnatal day 28. The rats in the FMT group were gavaged daily from postnatal day 42 with 1 ml/100 g
fresh fecal suspension from ASDE rats which had undergone exercise for 2 weeks, 5 d per week, continuing for 4
weeks. The sFMT group received an equivalent volume of saline. After the interventions were completed,
behavioral assessments and HPA axis markers were measured for all groups. Results Before the intervention,
the ASD model group exhibited significantly reduced social ability, social novelty preference, spontaneous
activity, and exploratory interest, as well as impaired spatial learning, memory, and navigation abilities compared
to the normal control group (P<0.05). Serum concentration of corticotropin-releasing hormone (CRH),
adrenocorticotropic hormone (ACTH), and corticosterone (CORT) in the PASD group were significantly higher
than those in the PCON group (P<0.05). Following 6 weeks of voluntary wheel running, the ASDE group showed
significant improvements in social ability, social novelty preference, spontaneous activity, exploratory interest,
spatial learning, memory, and navigation skills compared to the ASD group (P<0.05), with a significant decrease
in serum CORT concentration (P<0.05), and a downward trend in CRH and ACTH concentration. After 4 weeks
of fecal microbiota transplantation in the exercise group, the FMT group showed marked improvements in social
ability, social novelty preference, spontaneous activity, exploratory interest, as well as spatial learning, memory,
and navigation abilities compared to both the ASD and sFMT groups (P<0.05). In addition, serum ACTH and
CORT concentration were significantly reduced (P<0.05), and CRH concentration also showed a decreasing trend.
Conclusion Exercise may improve ASD-related behaviors by suppressing the activation of the HPA axis, with

the gut microbiota likely playing a crucial role in this process.

Key words autism spectrum disorder, microbiota, hypothalamic-pituitary-adrenal axis, exercise, fecal
microbiota transplantation
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