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Background: Medications aimed at modulating excitatory/inhibitory (E/I) balance have shown promise in alleviating the behavioral
manifestations of autism spectrum disorder (ASD). We therefore aimed to investigate the potential of low-concentration sevoflurane,
a GABA, agonist, to modulate E/I balance and affect autism-like behavior deficit in BTBR mice and ASD patients.

Methods: In the preclinical study, BTBR mice were exposed to 1% sevoflurane for 30 minutes daily, 5 days per week, from postnatal
weeks 4 to 6. Behavioral and electrophysiological assessments were performed. In the clinical trial, ASD patients received 1%
sevoflurane treatments for 2 hours per session, 3—5 times during the first two weeks, followed by 2-3 sessions per week for a total of
12 weeks. Assessments were conducted at baseline and the 14™ week. The primary outcomes were evaluated using the Childhood
Autism Rating Scale (CARS) and Clinical Global Impressions-Improvement (CGI-I) scale, while secondary outcomes were assessed
using the Autism Diagnostic Observation Schedule-2 (ADOS-2), Clinical Global Impression-Severity Scale (CGI-S), Autism
Treatment Evaluation Checklist (ATEC), and Autism Behavior Checklist (ABC).

Results: Our preclinical results demonstrated that repeated exposure to low-concentration sevoflurane restored E/I balance and
improved social interaction and social memory without affecting repetitive behaviors. Accordingly, an open-label and single-arm
clinical trial enrolled 20 ASD patients in Guangzhou Women and Children’s Medical Center. Significant reduction in CARS score of
4.7 points was observed between baseline and the end of treatment, which is both statistically and clinically significant. Additionally,
61% of ASD children demonstrated a positive response as measured by the CGI-I scale. Furthermore, analysis of secondary outcomes
revealed that sevoflurane treatment primarily improved social impairments in ASD patients. Importantly, no significant safety concerns
were observed during the one-year follow-up.

Conclusion: Low-concentration sevoflurane shows promise as a novel therapeutic strategy for improving social deficits in ASD by
modulating E/I balance.

Trial Registration: Chinese Clinical trial Number: ChiCTR1900027459.
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Background

Autism spectrum disorder (ASD) is a neurological and developmental disorders with a rising incidence worldwide, now
affecting as many as 1 in 36 children.'> The primary symptoms of ASD are characterized by impairments in social
communication/interaction, repetitive behaviors and restricted interests.* The condition results from a complex interaction
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between genetic elements and environmental influences, which remain not fully elucidated.” Although numerous drugs are
under investigation for the treatment of ASD, no effective pharmacotherapy exists for addressing its core symptoms.® Thus,
extensive research efforts currently have been dedicated to investigating numerous pharmaceutical agents, extending beyond
traditional psychotropic medications, to treat core ASD symptoms and accompanying neuropsychiatric conditions.

Disturbed excitatory and inhibitory (E/I) balances have been implicated in various brain disorders, including ASD.’
An increased E/I ratio in sensory, mnemonic, social, and emotional systems has been identified in both ASD patients and
ASD mouse model.*® Targeting this imbalance, researchers have explored various pharmacological and non-
pharmacological approaches to restore the E/I ratio.” GABAergic system is critical for maintaining the E/I balance
necessary for normal neural circuitry and brain functionality.'® This understanding has led to the emergence of
pharmacological agents and modulators for GABAergic system as potential treatments for ASD and associated beha-
vioral disturbances.'" ™"

Sevoflurane, a potentiator of GABAARs, has long been employed for surgical anesthesia in Japan since 1990 and
increasingly adopted for sedative in intensive care units and outpatient settings, owing to its advantageous pharmaco-
dynamic and pharmacokinetic characteristics."*'® These include a rapid onset of action, minimal accumulation in the
body, few adverse effects, and short recovery times.'*'® Recent discoveries have revealed that sevoflurane, beyond its
established use as anesthetic, may serve as a therapeutic agent for multiple neuropsychiatric and neurodevelopmental
disorders, such as depression,'”"'® schizophrenia'® and ASD,* by restoring the E/I balance in the brain. We previously
discovered that repeated low concentration of sevoflurane was sufficient to modulate the E/I balance in the brain,
improve behavioral abnormalities in schizophrenia, and demonstrate a favorable safety profile.'’

This study aims to explore the effect of low concentrations sevoflurane on core abnormal behaviors in BTBR mice
and the E/I balance in the brain. Accordingly, we aim to explore the efficacy and safety of repeated low-concentration
sevoflurane inhalation in ASD children in a preliminary, small-scale study, paving the way for large-scale randomized
controlled trials in the future.

Methods

Preclinical Methods

Mouse Husbandry

The experiments received approval from the Institutional Animal Care and Use Committees at Guangzhou Women and
Children’s Medical Center, Guangzhou, China. All animal procedures were performed in strict accordance with the
Guide for the Care and Use of Laboratory Animals. Both female and male C57BL/6 mice were acquired from SPF
(Beijing) Biotechnology Company Limited. BTBR 7" Itpr37/T (Strain #:002282) was purchased from The Jackson
Laboratory. All animals were cohabitated in sanitized acrylic cages with weekly bedding changes and provided unrest-
ricted access to food and water.

Experimental Design of Mouse Experiment

Experimental timeline was shown in Figure 1A. In total, the B6+Con group included 9 mice (5 males, 4 females), while the
BTBR+Con and BTBR+Sev groups each included 12 mice (6 males, 6 females). In detail, the experimental process began at
postnatal week 4, where baseline behavioral assessments were first conducted on these mice. Following this, the sevoflurane
treatment was exposed to 1% sevoflurane for 30min daily with a gas mixture containing 30% oxygen and 70% nitrogen for 5
consecutive days. This exposure was repeated at week 5 and week 6. This exposure conducted under the supervision of an
anesthesia gas monitor following established protocol.>'*? The B6+Con and BTBR+Con groups served as control groups
and were exposed to the same carrier gas mixture (30% O, / 70% N,) in the anesthesia chamber, without sevoflurane,
whereas the BTBR+Sev group received 1% sevoflurane in the same gas mixture. During each 30-min exposure, animals
were continuously observed and gently repositioned as needed to maintain a patent airway and normal breathing pattern. No
higher induction concentration was used, and no animal was excluded due to excessive cardiorespiratory suppression. After
the final sevoflurane exposure at week 6, behavioral tests assessments including three-chamber social interaction and social
novelty recognition tests, assessment of stereotyped behaviors (jumping, self-grooming, digging), and the marble-burying
test were performed at week 7 and 10. The electrophysiological assessment was performed at week 7.
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Figure | Low concentration sevoflurane reversed alterations of electrophysiological profiles and E/I balance in the mPFC of BTBR mice. (A) Experiment timeline. Sey,
sevoflurane. D, days. (B and C) Representative mEPSC (B) and mIPSC (C) recording traces of pyramidal neurons in laminae Il/Ill of the mPFC from the B6+Con, BTBR+Con
and BTBR+Sev mice. (D) The E/l ratio in laminae Il/Ill of the mPFC from different groups (B6+Con group: 25 cells, 6 mice; BTBR+Con group: 21 cells, 4 mice; BTBR+Sev
group: 27 cells, 4 mice). (E and F) Cumulative distribution of mEPSC amplitudes and inter-event intervals recorded from pyramidal neurons in laminae II/lll of the mPFC. The
bar chart indicated the mean amplitude and frequency of mEPSC. (G and H) Cumulative distribution of mIPSC amplitudes and inter-event intervals recorded from pyramidal
neurons in laminae II/1ll of the mPFC. The bar chart indicated the mean amplitude and frequency of mIPSC. One-way ANOVA followed by Bonferroni’s post-hoc tests were
used for analysis. Data are represented as mean = SD; ** P < 0.0] compared with B6+Con; ## P < 0.0] compared with BTBR+Sev.
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Behavioral Testing
All behavioral recordings were analyzed offline by experimenters who were blinded to genotype and treatment group.

Social Interaction and Social Novelty Test

Mice were introduced into a three-chamber setup following established protocol.”> To evaluate social interaction, mice
were placed in the presence of a stranger mouse confined in a cage with bars, alongside an empty cage. This setup
enabled the mice to navigate three chambers without constraints for 10 min. The social novelty testing involved
presenting a cage with a familiar mouse and another with a novel mouse for 10 min. The record was measured using

the TopScan Version 3.0 software.

Repetitive Behavior

Mice were measured the frequency of repetitive behaviors over a 10-min period. The observed behaviors included
jumping, self-grooming, and digging. Jumping was defined as the mouse standing on its hind legs in a corner or along the
side walls of the cage and then leaping with both hind legs leaving the ground simultaneously. Grooming was defined as
the mouse using its forelimbs to stroke or scratch its face, head, or body, or licking parts of its body. Digging was defined
as the coordinated use of the forelimbs or hind limbs to excavate or displace the bedding material.

Marble Buried

Mice subjected to the grooming behavior test were also evaluated using the marble burying test. Mice were placed individually
in a plastic container (40 cm x 30 cm x 22 cm) filled with clean wood chip bedding. The mice were allowed to freely explore
the container for 30 minutes without interference, allowing them to acclimate to the environment. Following this testing period,
20 glass marbles were arranged in 5 rows of 4 marbles each on the surface of the bedding. A marble was considered buried if
more than two-thirds of its surface area was covered by the bedding. The total number of buried marbles was recorded.

Electrophysiology

Acute brain slices were prepared from C57BL/6J and BTBR mice at postnatal week 7. Coronal slices (250 um)
containing the medial prefrontal cortex (mPFC) were cut in ice-cold cutting solution containing (in mM): 75 sucrose,
85 NaCl, 2.5 KCl, 1.25 NaH,POy4, 4 MgS0y, 0.5 CaCl,, 24 NaHCO3;, 25 D-glucose, bubbled with 95% 0,/5% CO, using
a vibratome (VT1200S, Leica). Slices were recovered for 30 min at 32°C in artificial cerebrospinal fluid (aCSF)
containing (in mM): 119 NaCl, 2.5 KCl, 1.25 NaH,PO,, 2 MgCl,, 2 CaCl,, 26 NaHCO3;, 10 D-glucose, bubbled with
95% 0,/5% CO,, and then maintained at room temperature. The pyramidal neurons of PFC layer II/III were viewed with
an Olympus microscope equipped with infrared DIC optics. Patch pipettes (4—6 MQ) were filled with internal solution
containing (in mM): 135 cesium methanesulfonate, 8 CsCl, 10 HEPES, 7 Na,-phosphocreatine, 2.168 MgATP, 0.34
NaGTP, 0.25 EGTA, pH 7.25 (adjusted with CsOH), 290-295 mOsm. Whole-cell voltage-clamp recordings were
performed using a Multiclamp 700B amplifier and digitized with Digidata 1550A (Molecular Devices). Signals were
filtered at 2 kHz (Bessel) and sampled at 10 kHz. Series resistance was <30 MQ and compensated; cells were discarded if
series resistance changed >20%. A liquid junction potential of +9.5 mV was calculated according to Barry (1994) and all
reported holding potentials have been corrected for this value. mEPSCs were recorded at =70 mV (LJP-corrected, actual
command —79.5 mV) and mIPSCs at 0 mV (LJP-corrected, actual command —9.5 mV) in aCSF containing 1 pM
tetrodotoxin (TTX). The entire 3-minute trace was used for analysis. On average, >300—400 events per cell were
analyzed for mEPSCs and mIPSCs.

Statistical Methods

Statistical analysis and graph plotting were performed using GraphPad Prism 9 (GraphPad, San Diego, CA, USA).
Individual data points are plotted in the figure The statistic details are listed in the figure legend. The significance
threshold was established at P-value < 0.05.
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Clinical Methods

Study Design and Ethical Approval

This open-labelled and single arm study (registered in Chinese Clinical trial: ChiCTR1900027459) was conducted from
November 14, 2019, to November 15, 2023 in the Guangzhou Women and Children’s Medical Center. All research
involving human participants was conducted in accordance with the Declaration of Helsinki. Informed written consent
was obtained from parents, and consent from the children was also secured when they have the comprehensive and
expressive ability to provide it.

Study Participants

Telephone contact was initiated by parents to the study coordinator or principal investigator (Xingrong Song).
Participants were diagnosed and evaluated by two pediatric neurologists (Manhong Wu and Ning Xu). Key inclusion
and exclusion criteria are presented in Supplementary Table 1. All participants met DSM-5 criteria for ASD based on

comprehensive clinical evaluation and standardized assessments (including ADOS-2 and CARS). The majority of cases
were idiopathic; however, one child had a specific underlying genetic mutation and two had co-occurring epilepsy,
reflecting the clinical heterogeneity of ASD.

Sevoflurane Treatment

After obtaining informed written consent, participants were arranged to receive sevoflurane treatment in a designated
anesthesia resuscitation room at the department of anesthesiology, administered by two trained and experienced
anesthetists. Fasting and intravenous access were not required. Sevoflurane was delivered in an air-oxygen mixture at
2 L/min through a face mask for the induction of sedation. The initial concentration was 6—8% to induce rapid loss of
consciousness, and it was gradually adjusted between 0.5-1.2% as needed to maintain deep sedation. During sevoflurane
treatment, participants were accompanied by parents or guardians and monitored with pulse oximetry, blood pressure,
electrocardiography, and end-tidal carbon dioxide. After discontinuation of sevoflurane, participants were observed for
another hour before departing. This treatment was repeated 3—5 times in the first two weeks and 23 times every week for
a total of 12 weeks.

Efficacy Outcomes and Assessments

Safety and tolerability assessments included electrocardiograms, vital signs, physical examination, and clinical laboratory
tests (hematology, chemistry, urinalysis) were carried out both before and after the last treatment session. Careful monitoring
of potential symptoms related to abuse, dependence, and withdrawal was diligently undertaken throughout the treatment and
followed-up period. Evaluations of treatment efficacy were performed at two key points: baseline and after the last
sevoflurane inhalation. Efficacy assessments including childhood autism rating scale (CARS), Clinical Global Impression-
Severity Scale (CGI-S), Clinical Global Impressions Improvement (CGI-I), Autism Behavior Checklist (ABC) and Autism
Treatment Evaluation Checklist (ATEC) were executed by two trained, research-certified independent evaluators blinded to
treatment condition. The primary outcome measures were the CARS and CGI-I scale. Secondary outcomes included
assessment of total and subscales score of the ABC and the ATEC, the CGI-S scale, and ADOS-2.

Statistical Methods

To examine treatment effect, first, Shapiro—Wilk test was used to check the normality. If the data is normally distributed,
a two-tailed paired #-test was used to test the treatment effect. If the data is not normally distributed, Wilcoxon signed-
rank test was used. P<0.05 was considered as significant change.

Result

Pre-Clinical Data
Low Concentration Sevoflurane Reversed Alterations of Electrophysiological Profiles and E/I Balance in the
mPFC of BTBR Mice
Imbalances between excitation and inhibition are frequently observed in animal model of ASD, and their correction
normalizes key autistic-like phenotypes in these animals.” Given that low concentration sevoflurane exposure can induce
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long-lasing alteration in E/I balance, primarily manifested as a decrease in the E/I ratio,'**

in the mPFC, a key brain
region associated with autism-related behavior, we first explore whether repeated low concentration sevoflurane could
alter E/I ratio in the laminar II/III of mPFC. We found the E/I ratio in mPFC, measured as the mEPSC/mIPSC amplitude
of the same pyramidal neuron, was significantly increased in BTBR mice, indicating a shift towards hyperexcitation,
consistent with previous reports.'* Notably, repeated sevoflurane exposure significantly decreased the E/I ratio in BTBR
mice, suggesting a corrective effect on this imbalance (Figure 1A-D). Specifically, we found the amplitude but not
frequency of mEPSC was significantly lower in BTBR mice, which was reelevated after low-concentration sevoflurane
exposure (Figure 1E and F). However, although both the amplitude and frequency of mIPSC were reduced in BTBR
mice, repeated low-concentration sevoflurane exposure only reversed the amplitude of mIPSC (Figure 1G and H). Taken
together, these findings indicate that low-concentration sevoflurane effectively normalizes the E/I balance in the mPFC,

thereby offering potential therapeutic value in treating ASD-related behavioral deficits.

Low Concentration Sevoflurane Exposure Improves Social Interaction and Social Memory in BTBR Mice, but
Not Repetitive Behavior

Given that the correction of E/I imbalance is closely associated with the improvement of key autistic-like phenotypes,’
we further investigated whether exposure to low concentrations of sevoflurane could alter the autism-related phenotypes
in BTBR mice. Baseline behavioral assessments at postnatal week 4 included the three-chamber social interaction and
social novelty tests, stereotyped behaviors (jumping, self-grooming, digging), and the marble-burying test. There were no
significant differences between BTBR+Con and BTBR+Sev groups at baseline in any behavioral measure, whereas both
BTBR groups showed impaired social behavior and increased repetitive behaviors compared with B6+Con (data not
shown). In addition, assessments of locomotor and olfactory function showed that BTBR mice exhibited normal
locomotor activity but reduced odor investigation across stimuli, a phenotype not altered by low-dose sevoflurane
(Figure S1A-C). These findings indicate that the improvement in social behavior is unlikely to be explained by changes
in locomotion or basic olfactory detection. Consistent with previous reports, BTBR mice exhibited social behavior
deficits and significantly increased stereotypic behavior at postnatal week 6 compared to wild-type mice (Figure 2A-G).
However, in three-chamber social interaction assay, BTBR mice treated with low concentration sevoflurane show
substantial recoveries in social interaction (Figure 2A—C) and social novelty recognition (Figure 2D and E). Notably,
low concentration sevoflurane did not rescue stereotyped behavior, including spontaneous motor stereotypes (Figure 2F)
and marble burying (Figure 2G), suggesting that sevoflurane selectively rescues social behaviors.

Carry-Over Effects Were Maintained in BTBR Mice, with Social Parameters Being Still Recovered Three
Weeks After Sevoflurane Exposure Withdrawal

To further understand the carry-over effects of sevoflurane on autistic-like behavior in BTBR mice, particularly social behavior,
after the cessations of treatment, we conducted behavioral assessments three weeks after the treatment had ended (Figure 1A). As
regards social behavior, low concentration sevoflurane exposure-induced rescue of deficit in social interaction and social novelty
recognition in BTBR mice persisted up to 3 weeks after the end of treatment (Figure 3A-D). However, three weeks after
discontinuing sevoflurane exposure, the stereotypic behavior in BTBR mice remained unchanged ((Figure 3E and F). Thus,
repeated low concentration sevoflurane exposure efficiently and long-lastingly relieved social interaction and social novelty
recognition deficit in BTBR mice. Results from this classic autism mouse model suggest that exposure to low concentrations of
sevoflurane can effectively improve social behavior deficit in mice. These preclinical findings, combined with the known safety
profile of sevoflurane, provide a rationale for advancing to human trials.

Clinical Data

Clinical Trial Design

We designed and conducted an open-label, single arm clinical trial at Guangzhou Children and Women’s Medical Center
with primary endpoints for efficacy as determined by CARS and CGI-I scale. Secondary endpoints included ADOS-2,
CGI-S, ATEC, and ABC scale (Figure 4A—C). This trial initially screened 25 individuals for eligibility, and ultimately
twenty children (17 males and 3 females, age 3—18 years) were included in the study after meeting the inclusion criteria
as outlined in Supplementary Table 1. After enrollment, each participant was administrated baseline behavioral
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Figure 2 Low concentration sevoflurane exposure improves social interaction and social memory in BTBR mice. (A) Examples of recording trials from B6+Con, BTBR+Con and
BTBR+Sev group as indicated. (B) Social interaction was evaluated using the 3-chamber paradigm by measuring the time spent in each side chambers. **p<0.01 and *p<0.05 two-
way ANOVA followed by Sidak’s post hoc test between cages. (C) Sniffing ration (sniffing time (mouse) versus total sniffing time). **p<0.01 compared with Bé6+Con group, and ##:
p<0.01 compared with BTBR+Sev group; one-way ANOVA followed by Tukey’s post hoc test. (D) Social memory was evaluated using the 3-chamber paradigm by measuring the
time spent in each side chambers. *p<0.01 and *p<0.05 two-way ANOVA followed by Sidak’s post hoc test between cages. Data are shown as meanSEM. (E) Sniffing ration
(sniffing time (Novel) versus total sniffing time). *p<0.05 compared with B6+Con group, and #: p<0.05 compared with BTBR+Sev group; one-way ANOVA followed by Tukey’s post
hoc test. (F) Stereotypical behaviors in different group. *p<0.05, **p<0.0| compared with B6+Con group; one-way ANOVA followed by Tukey's post hoc test. (G) The number of
buried marbles in different group. *p<0.01 compared with Bé6+Con group; one-way ANOVA followed by Tukey’s post hoc test.

assessments using CARS, ADOS-2, ATEC, ABC and CGI-S, and liver and kidney function was evaluated by laboratory
results. All inclusion and exclusion criteria can be found in Supplementary Table 1. Of these 20 patients, 18 participants
(15 males and 3 females) completed the full 3-month trial treatments. One participant discontinued the trial due to

lockdown policies of COVID-19 pandemic after receiving 18 treatments and another participant had to cease participa-
tion due to a traffic accident that occurred three days after 25" treatment. The mean (SD) number of sevoflurane
treatments was 33.1 (8.71). Table 1 displays the demographics and initial characteristics of the participants. Baseline
severity of ASD is shown in Table 1 including ADOS-2 score and CGI-S scales. According to the ADOS-2 score, out of
the 20 children, 7 were moderate and 13 were severe. In the CGI-S assessment, 6 were rated as moderate, 7 as marked ill,
and 7 as severely ill (Table 1). The intellectual levels varied widely and some of them can not cooperate to complete the
intelligence test (data not shown). One of the children had a specific underlying genetic mutation, and two others
presented with co-occurring epilepsy. CARS, CGI-I, ADOS-2 and CGI-S evaluation were performed by trained clinical
pediatric neurologists, while ATEC and ABC assessments were completed by primary caregivers, who were predomi-
nantly parents and grandparents. Thus, there was minimal variability in raters for caregiver-completed assessments
throughout the trial. All participants took no concomitant medications during treatment.
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Figure 3 Carry-over effects were maintained in BTBR mice, with social parameters being still recovered three weeks after sevoflurane exposure withdrawal. (A) Social
interaction was evaluated using the 3-chamber paradigm by measuring the time spent in each side chambers. **p<0.0] and *p<0.05 two-way ANOVA followed by Sidak’s
post hoc test between cages. (B) Sniffing ration (sniffing time (mouse) versus total sniffing time). **p<0.0l compared with B6+Con group, and ##: p<0.0| compared with
BTBR+Sev group; one-way ANOVA followed by Tukey’s post hoc test. (C) Social memory was evaluated using the 3-chamber paradigm by measuring the time spent in each
side chambers. *p<0.01 and *p<0.05 two-way ANOVA followed by Sidak’s post hoc test between cages. Data are shown as mean++SEM. (D) Sniffing ration (sniffing time
(Novel) versus total sniffing time). **p<0.01 compared with B6+Con group, and ##: p<0.01 compared with BTBR+Sev group; one-way ANOVA followed by Tukey’s post hoc
test. (E) Stereotypical behaviors in different group. *p<0.05, **p<0.0| compared with B6+Con group; one-way ANOVA followed by Tukey’s post hoc test. (F) The number of
buried marbles in different group. **p<0.01 compared with B6+Con group; one-way ANOVA followed by Tukey's post hoc test.

Primary Efficacy Outcomes

As shown in Figure 5A, from baseline to week 14, the overall CARS score exhibited a notable reduction with a p-value
of less than 0.01, decreasing from 40.61 + 4.19 at baseline to 35.89 + 3.80, resulting in a significant difference value of
4.72 + 1.36, which is considered clinically meaningful according to established consensus that define a reduction of 4.5
points on the CARS scale as significant.* Among the 18 patients who completed the treatment, 12 showed a CARS
reduction greater than 4.5 points, representing 66.7% of the group (Figure 5B). Additionally, 61% of the children
demonstrated a positive response, classified as either much improved or very much improved on the CGI-I scale
(Figure 5C). The remaining 39% of patients exhibited only minimal improvement (Figure 5C). The study, therefore,
met its primary efficacy outcomes in ASD population, with a significant reduction in CARS score and a majority of
patients showing meaningful clinical improvements.

Secondary Efficacy Outcomes
In the secondary efficacy outcomes, we categorized assessments into those conducted by professionally trained clin-
icians, including CGI-S and ADOS-2, and those completed by primary caregivers, including ATEC and ABC. Across all
assessment tools, significant reductions in scores were observed with statistically difference, indicating improvements
after low concentration sevoflurane exposure in ASD patients (Table 2). Specifically, CGI-S scores decreases from 5.06
to 4.17, ADOS-2 scores dropped from 22.28 to 19.78, ATEC scores reduced from 91.28 to 78.39, and ABC scores fell
from 81.39 to 68.94.

Further analysis of patient behavior improvement focused on the ADOS-2 assessments conducted by clinical
professionals. The reduction in ADOS-2 scores was primarily driven by improvements in social behavior, with social
affect (SA) scores decreasing from 17.72 to 15.39, which was statistically significant (Table 2). However, no significant
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A Baseline (BL) End of treatment
Screening WWeeki- Weaka-i4 1 year follow-up
(3-5 per week) (2-3 per week)
A A
Behavior testing Behavior testing
Safety assessment Safety assessment
B C
e ; Primary Outcome:
A d for eligibility — 25 patients assessed
el P Childhood Autism Rating Scale (CARS)
i Clinical Global Impression Improvement (CGI-l) Scale
. Not meeting screening criteria (n=4) Secondary Outcome:
Excluded patients ~—— .

A Refused to join in (n=1) @ Clinical questionnaires

l Autism Diagnostic Observation Schedule, V2 (ADOS-2)
- Clinical Global Impression Severity (CGI-S) Scale
Consented and Total 20 patients enrolled @ Subject/parent-caregiver questionnaires
received intervention —— | @ Receive full treatment (n=18) Autism Treatment Evaluation Checklist (ATEC)
i # Discontinued treatment (n=2) Autism Behavior Checklist (ABC)
Safety and Safety Outcomes:

officac ya nalysis |18 patients included in full analysis set Sevoflurane-related adverse events
y y (headache, fatigue, dizziness, agitation or delirium)
l Vital Signs (heart rate, blood pressure, respiratory rate,

and oxygen saturation)
Follow-up —_— 16 completed follow-up Liver and kidney functions
Abuse, dependence and withdrawal

Figure 4 Trial design and procedures response to low concentration sevoflurane exposure in patients with ASD. (A) Clinical trial schedule. Participants were were screened
in run-in period, followed by repeated 3-5 times during the initial two weeks and subsequently 2-3 times every week for a total of 12 weeks, with a follow-up | year after
trial. Assessments were performed at baseline and again at the 14-week. (B) A total of 25 patients were screen for eligibility across trial. 20 patient were enrolled following
meeting predefined criteria for study. 18 participants completed treatments and |6 completed the follow up. (C) Primary outcomes, secondary outcomes and safety
outcomes were indicated.

improvement was observed in the restricted and repetitive behaviors (RRB) domain of ADOS-2, consistent with our
findings in animal studies.

However, the evaluations completed by caregivers using the ATEC and ABC scales revealed somewhat different
patterns. As shown in Table 2, ATEC subscales showed significant improvements across several domains: Speech/
Language/Communication (from 18.50 = 5.36 at baseline to 15.28 + 4.76 at week 14), Sociability (from 23.56 + 5.44 to
19.56 + 4.95), Sensory/ Cognitive awareness (from 22.44 + 7.20 to 20.67 £+ 6.34) and Health/Physical/Behavior (from
26.78 £ 9.98 to 22.89 + 9.96). Similarly, ABC subscales indicated significant reductions in sensory, relating, body/object
use, language, and social self-help, with decreases of 1.67, 3.89, 1.00, 3.22 and 2.67 points, respectively.

Table | Participant Demographics and
Baseline Clinical Characteristics

Characteristics (n=20)

Participant demographics
Age (month), Mean (SD) 70.20 (16.74)
Body weight (kg), Mean (SD) | 20.63 (4.60)
Gender, n (%)
Male 17 (85%)
Female 3 (15%)
Race (Han nationality), n (%) | 20 (100%)

(Continued)
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Table | (Continued).

Characteristics (n=20)

Baseline characteristics

ADOS severity, n (%)

Mild 0 (0%)
Moderate 7 (35%)
Severe 13 (65%)
Rating on CGI-S, n (%)

Normal 0 (0%)
Borderline mentally 0 (0%)
Mildly 0 (0%)
Moderately 6 (30%)
Markedly 7 (35%)
Severity 7 (35%)
Extremely 0 (0%)

Abbreviations: SD, standard deviation; CGI-S, Clinical
Global Impression-severity.

Safety Outcomes

One participant experienced irritable cough during the inducing phase, and an additional two participants developed
irritability during the treatment phase. Notably, these symptoms promptly resolved upon increasing the concentration of
sevoflurane. A single participant reported brief episodes of mild nausea and vomiting approximately five minutes after
awakening. Importantly, none of participants exhibited other sevoflurane-related adverse events including headache,
fatigue, dizziness, agitation or delirium neither during their hospital nor throughout the entire treatment procedure, as
detailed in Table 3.

Furthermore, vital signs remained stable during treatment, including heart rate, blood pressure, respiratory rate, and
oxygen saturation, all of which promptly returned to baseline value after discontinuing sevoflurane inhalation. No
abnormal physiological parameters or medically meaningful changes, including liver and kidney functions, were
observed when compared to the baseline (Supplementary Table 2).

Importantly, there were no reports of symptoms related to abuse, dependence and withdrawal during both the
treatment and followed-up periods, and no participants withdrew from the study because of an adverse event.

A 45_ B 104 C caH
o . Very much improved
<0.01 S 8-
55 2 Much improved
® O o
8 < 6 i Minimally improved
n 45 N : 5
@ o __McID:4.50 Q No change
< 8 4 =
o 5 x Minimally worse
35+ 5}
'E 27 . Much worse
25 0 . Very much worse

T T
before after

Figure 5 Primary outcomes after low concentration sevoflurane exposure in ASD patients. (A) Summary statistics of CARS score in patients before and after treatments
with sevoflurane (n=18 patients). P<0.01. (B) Bar plot of difference of CARS scores for each patient (each bar represents one patients). (C) Percentage of patients in CGI-I
score at the end of treatment.

Abbreviation: MCID, minimal clinically important difference.
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Table 2 Outcome Measures Before and After Treatment

Scale (n=18) Before After Difference | p-Value
CGl-l, Mean (SD) NA 2.30 (0.50)

CGI-S, Mean (SD) 5.06 (0.80) 4.17 (0.86) 0.89 (0.32) <0.01
ADOS-2, Mean (SD)

ADOS-2 total 22.28 (3.79) 19.78 (3.42) | 2.50 (1.38) <0.01
Social affect 17.72 (2.32) 1539 (2.15) | 2.33 (1.46) <0.01
Repetitive/restricted behaviors 4.56 (1.79) 4.39 (1.65) 0.17 (0.51) 0.19
ATEC, Mean (SD)

ATEC total 91.28 (23.31) | 78.39 (22.48) | 12.89 (4.55) <0.01
Speech/language communication | 18.50 (5.36) 15.28 (4.76) 3.22 (1.44) <0.01
Sociability 23.56 (5.44) 19.56 (4.95) | 4.00 (1.71) <0.01
Sensory/cognitive awareness 22.44 (7.20) 20.67 (6.34) 1.78 (1.52) <0.01
Health/Physical/Behavior 26.78 (9.98) | 22.89 (9.96) | 3.89 (3.46) <0.01
ABC, Mean (SD)

ABC total 81.39 (14.36) | 68.94 (13.77) | 12.44 (2.53) <0.01
Sensory 12.28 (3.59) 10.61 (3.22) 1.67 (1.37) <0.01
Relating 21.28 (4.40) 17.39 (4.77) | 3.89 (1.08) <0.01
Body and object use 14.78 (6.44) 13.78 (5.98) 1.00 (1.64) 0.02
Language 17.39 (4.83) 14.17 (4.55) | 3.22 (1.52) <0.01
Social and self-help 15.67 (3.99) 13.00 (3.96) | 2.67 (1.78) <0.01

Abbreviations: ATEC, Autism Treatment Evaluation Checklist; ABC, Autism behavior checklist; CGI-l,
Clinical Global Impression-Improvement; CGI-S, Clinical Global Impression-severity; NA, not applicable; SD,

standard deviation.

Table 3 Treatment-Emergent Adverse

Events

Adverse events (n=20) | n (%) E

Sedation

Nausea and vomiting

Cough and laryngospasm

Irritability
Hypo-and hypertension
Arrhythmias
Dizziness
Salivation
Hypo- and hyperthermia
Headache

Respiratory depression
Liver injury

Renal injury

I (5%) |
| (5%) |
0 (0%) 0
2 (10%) 2
0 (0%) 0
0 (0%) 0
0 (0%) 0
0 (0%) 0
0 (0%) 0
0 (0%) 0
0 (0%) 0
0 (0%) 0
0 (0%) 0

Abbreviations: %, percent of participants with
events; E, number of events; n, number of parti-
cipants with events.

One-Year Follow-Up Observation
Out of the 18 participants who completed entire treatment, 16 completed the one-year follow-up, resulting in a follow-up

primary caregivers, and one participant unfortunately pass away due to an accident.

rate of approximately 89% (Figure 4B). Among those lost to follow-up, one participant could not be contacted by their
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Long term safety profile was the primary focus of our follow-up assessment. None of 16 participants exhibited
sevoflurane-related adverse events including headache, dizziness, agitation or delirium during the follow-up period
(Supplementary Table 3). Additionally, no caregivers reported signs of abuse, dependence, or withdrawal in the children

(Supplementary Table 3). These findings suggest that the long-term safety profile of repeated low-concentration

sevoflurane exposure in children with ASD remains favorable.

ABC scale was the sole behavioral evaluation during one-year follow-up period. While the total ABC score showed
a significant reduction after treatment, the one-year follow-up revealed that the scores did not significantly change
compared to either pre-treatment or post-treatment levels (Figure S2A). Most other subscales, including sensory, body
and object use, and language, followed a similar trend (Figure S2B, D and E). It is noteworthy that the Relating and
Social/Self-Help subscale scores were maintained during the one-year follow-up (Figure S2C and F). Nevertheless, we
must interpret these results with caution. The fact that over 90% of the ASD children received additional behavioral
therapies during the follow-up period, coupled with the natural developmental changes that occur as children’s brain
mature, could also contribute to the sustained improvements.

Discussion

To the best of our knowledge, this is the first study to investigate the effects of low concentration sevoflurane exposure on
autistic-like behaviors and electrophysiological profiles in BTBR mice, and preliminarily explore the safety and efficacy
of low-concentration sevoflurane in small ASD cohort. Our results demonstrate that repeated exposure to low concentra-
tion sevoflurane effectively restores E/I balance in the mPFC of BTBR mice and, importantly, selectively ameliorates
deficits in social interaction and social memory in BTBR mice. Moreover, these improvements in social deficits were
sustained over the long term. These findings were consistent with the results from our clinical trial, where significant
improvements in social interaction and communication were observed among children with ASD following sevoflurane
treatment, although no remarkable improvement was observed in repetitive behaviors. Further, repeated 2-hrs low-
concentration sevoflurane treatment for ASD children exhibited an acceptable safety profile. These findings suggest that
modulating E/I balance with low-concentration sevoflurane could be a valuable therapeutic strategy for addressing social
communication deficits in ASD.

Efficacy and Safety of Low-Concentration Sevoflurane Treatment in ASD
ASD is a complex heterogeneous consortium of pervasive development disorders characterized by a spectrum of
neuropsychological and behavioral deficits, making diagnosis and treatment challenging. In our study, we employed
widely recognized assessment scales including CARS, CGI-I, CGI-S, ABC and ATEC, to evaluate the efficacy of
repeated low concentration sevoflurane. The treatment resulted in a 4.72-point improvement in CARS scores as the
primary outcome, aligning with the consensus that a 4.5-point improvement is clinically meaningful for ASD
interventions.** In addition, the responders rate for CARS and CGI-I in our study (66.7% and 61%, respectively) were
higher than those reported in previous reports.>>>® Importantly, assessments by primary caregivers using the ATEC and
ABC scale also consistently indicated improvements in the core symptoms of autism with low-concentration sevoflurane
treatment. This is significant because caregiver evaluations play a crucial role in autism assessment, offering unique
insights into the daily behaviors and challenges faced by individuals with ASD—insights that may not always be fully
captured in clinical settings.?’-*®

In this study, 19 children with ASD were exposed to sevoflurane more than 20 times, and no sevoflurane-related
safety issues, particularly hepatorenal toxicity, were observed. No participants withdrew from the trial due to adverse
reactions, and a one-year follow-up revealed no obvious sevoflurane-related safety concerns. This finding is significant
given the cautious approach typically taken toward repeated anesthetic exposure in developing brains.>*~*° Despite recent
clinical studies affirming safety following short-term anesthesia exposure, typically averaging close to lhrs for single

doses, in children,!+*?

some studies suggest that children exposed to repeated and longer cumulative durations of general
anesthesia may face an elevated risk of developmental abnormalities.**-** However, there remains a scarcity of studies
focusing on the neurotoxicity of developing brain caused by repeated exposure of sedative doses of general anesthetics.

Fortunately, two preclinical studies have shown that low-concentration sevoflurane (at concentrations of 1.2% and 1.8%,
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respectively) can promote cognition function and neuronal proliferation.***® Furthermore, an extensive body of clinical
studies have shown that sevoflurane sedation in ICU, lasting for a minimum of 48hrs, can substantially improve the
clinical outcomes and exhibit has protective properties in many organs such as brain, myocardium and lung.*’>° Our
previous study has established a favorable safety and tolerability profile when exposing patients to repeated sedative
dosage of sevoflurane for treatment of schizophrenia patients.'® Our study provides new evidence that repeated low-
concentration sevoflurane exposure does not exacerbate core autism symptoms or cause other sevoflurane-related safety
issues, as confirmed by the follow-up period.

The Mechanism of Low Concentration Sevoflurane on Social Deficits in ASD

Our study results indicate that the overall improvement in ADOS-2 scores was primarily driven by enhanced social
interactions, with a significant reduction observed in the SA domain scores, while the RRB domain remained unchanged.
This pattern closely mirrors our observations in BTBR mice, suggesting that sevoflurane may preferentially modulate
neural processes specifically related to social behaviors. One plausible explanation is the ability of low-dose sevoflurane
to reduce the elevated E/I ratio in the mPFC, as demonstrated in our preclinical work and by other.'*° In fact, the E/I
imbalance in the mPFC is closely associated with social deficits in rodents and human studies.**** Increased E/I ratio in
this region can reliably induce social impairments,** and conversely, experimental reduction of the E/I ratio rescues
social deficits in multiple ASD mouse models.* These converging findings support the concept that restoring prefrontal
E/I balance may represent a viable therapeutic mechanism.

However, the mechanism by which sevoflurane modulates E/I balance is complex. Sevoflurane acts as a broad-
spectrum positive modulator of GABA 4 receptors, and enhancement of GABAergic inhibition—through pharmacologi-
cal agents or genetic manipulation—has been shown to ameliorate social deficits in both clinical** and preclinical'?
studies. Yet, sevoflurane is not selective for a particular GABA 5 receptor a-subunit. For example, previous studies report
that enhancement of o2/03-containing GABA, receptors can improve social behavior, whereas potentiation of
al-containing receptors may worsen it in BTBR mice.'® This raises an important mechanistic question about how a non-
selective agent such as sevoflurane yields a net therapeutic effect. One possibility is that at low concentrations,
sevoflurane produces dose- and circuit-dependent effects, preferentially influencing mPFC interneuron networks—
which are enriched in a2/a3-containing receptors and critically regulate social behavior—while exerting comparatively
weaker effects on al-dominated thalamocortical or arousal pathways associated with sedation.

Importantly, general anesthesia with sevoflurane affects the entire brain, and it is unlikely that behavioral improve-
ments arise solely from changes within the mPFC. Sevoflurane modulates activity in several regions implicated in social
and affective processing, including the amygdala, hippocampus, striatum, and thalamocortical circuits. Low-dose
sevoflurane has been shown to alter large-scale neural synchrony, oscillatory dynamics, and long-range connectivity—
mechanisms that could independently or synergistically contribute to improved social behavior. Thus, while mPFC E/I
restoration provides a compelling mechanistic link, additional circuit- and systems-level effects are likely involved.

Additionally, sevoflurane has off-target actions on other neurotransmitter systems, including NMDA receptors*” and
AMPA receptors,*® which may also contribute to the normalization of cortical network activity. Despite acting through
multiple molecular pathways, the convergent functional outcome observed across studies is a reduction in E/I ratio,'**
providing a plausible mechanistic foundation for the behavioral improvements reported here. Nevertheless, our study
does not identify the specific molecular or circuit targets through which low-dose sevoflurane exerts its effects. Future
experiments employing receptor-subunit—specific modulation, genetic approaches, or cell-type—specific interrogation will
be required to delineate the precise mechanisms underlying sevoflurane-induced restoration of E/I balance and social
behavior.

The Effect of Low Concentration Sevoflurane on Repetitive Behaviors in ASD

Despite the positive outcomes observed in this study, it is important to note a key discrepancy: while the ADOS-2 RRB
scores remained unchanged, reductions were noted in the ATEC fourth subscale (Health/Physical/Behavior) (p<0.01) and
the ABC Body/Object Use subscale (p=0.02), both of which are related to restrictive and repetitive behaviors as reported
by primary caregivers. This suggests that improvements in these behaviors were only captured in caregiver reports.
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Previous clinical studies have similarly found that outcomes reported by primary caregivers often show greater
improvements compared to those reported by clinicians.*’” This discrepancy may be attributed to the possibility that
primary caregivers may have higher expectations for treatment outcomes, leading them to perceive and report more
significant improvements, particularly when they are deeply invested in the intervention. These differences in reporting
raise concerns about the reliability of subjective assessments and highlight the need for more objective quantitative

G** or eye-tracking,”® to reduce expectation bias and provide a more accurate assessment of

measures, such as EE
treatment efficacy.

In preclinical study, we also found that low-concentration sevoflurane exposure did not alter repetitive behaviors.
Regarding the impact of sevoflurane on repetitive behaviors in autism, there is one study, to our knowledge, that reported
2% sevoflurane exposure effectively alleviated both social and repetitive behaviors in BTBR mice.?® This discrepancy
may be due to differences in sevoflurane concentration. It is also possible that higher or differently timed doses of
sevoflurane could affect repetitive behaviors, but such doses might carry additional risks or unintended effects, making
them less viable in a therapeutic context. Given the unknown effects of high-concentration sevoflurane on the developing
brain and other potential adverse reactions, our study adhered to use 1% sevoflurane for ASD treatment, as our previous
research has already demonstrated that 1% sevoflurane exposure was sufficient to modulate the E/I ration in the brain and
alleviate MK801-induced social deficits.'® Therefore, future research exploring different concentrations, timings, and
even different autism mouse models will be necessary to further understand the therapeutic potential of sevoflurane in
this context.

Limitations

It is important to acknowledge some inherent limitations of this study. First, the sample size of 20 participants is
relatively small, and the potential for gender bias may limit the generalizability of the findings to the broader ASD
population. Second, the complex classification and phenotypic heterogeneity of ASD make it challenging to generalize
results across different subtypes, as the effects of interventions like sevoflurane may vary depending on individual
characteristics. Third, the study relied solely on subjective assessment scales, which could introduce bias and may not
fully capture nuanced changes in behavior and brain function. The development of objective measures, such as digital
biomarkers, neuroimaging, or wearable technology, will be crucial in providing more accurate assessments of treatment
outcomes in the future. Fourth, and most importantly, the study design must be improved from a single-arm design to
a randomized controlled trial in future research. Without a control group, it is difficult to attribute the observed
improvements solely to sevoflurane treatment, as these effects could potentially be due to placebo effects or other
confounding factors. Lastly, because electrophysiological recordings and behavioral assessments were not systematically
paired at the individual mouse level, we were unable to perform a robust correlation analysis between the magnitude of
E/I ratio change and the degree of behavioral improvement within the BTBR+Sev group. Future studies that combine
within-subject longitudinal electrophysiology and behavior will be important to directly test whether larger E/I normal-
ization predicts greater amelioration of social deficits.

Conclusion

In summary, this pilot study demonstrates that exposure to low concentrations of sevoflurane improves social
behavior in both BTBR mice and children with ASD, while leaving repetitive behaviors largely unchanged. At the
mechanistic level, sevoflurane reduced the elevated E/I ratio in the mPFC of BTBR mice, suggesting that modulation
of prefrontal inhibitory—excitatory balance may contribute to the observed behavioral benefits. Future randomized
controlled trials and circuit-specific mechanistic studies will be necessary to establish causal relationships and to
determine whether low-dose sevoflurane or related approaches can be developed into a targeted therapeutic strategy
for ASD. Nevertheless, the present work provides initial proof-of-concept evidence that modulation of cortical E/I
balance through low-dose anesthetic exposure may represent a promising avenue for improving social deficits
in ASD.
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