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Background: Autism Spectrum Disorder (ASD) is a neurodevelopmental condition that affects social interaction and communication
and can cause stereotypic behavior. Fullerenols, a type of carbon nanomaterial known for its neuroprotective properties, have not yet
been studied for their potential in treating ASD. We aimed to investigate its role in improving autistic behaviors in BTBR T Ttpr3'/J
(BTBR) mice and its underlying mechanism, which could provide reliable clues for future ASD treatments.

Methods: Our research involved treating C57BL/6J (C57) and BTBR mice with either 0.9% NacCl or fullerenols (10 mg/kg) daily for
one week at seven weeks of age. We then conducted ASD-related behavioral tests in the eighth week and used RNA-seq to screen for
vital pathways in the mouse hippocampus. Additionally, we used real-time quantitative PCR (RT-qPCR) to verify related pathway
genes and evaluated the number of stem cells in the hippocampal dentate gyrus (DG) by Immunofluorescence staining.

Results: Our findings revealed that fullerenols treatment significantly improved the related ASD-like behaviors of BTBR mice,
manifested by enhanced social ability and improved cognitive deficits. Immunofluorescence results showed that fullerenols treatment
increased the number of DCX" and SOX2"/GFAP" cells in the DG region of BTBR mice, indicating an expanded neural progenitor
cell (NPC) pool of BTBR mice. RNA-seq analysis of the mouse hippocampus showed that VEGFA was involved in the rescued
hippocampal neurogenesis by fullerenols treatment.

Conclusion: In conclusion, our findings suggest that fullerenols treatment improves ASD-like behavior in BTBR mice by upregulat-
ing VEGFA, making nanoparticle- fullerenols a promising drug for ASD treatment.
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Introduction

Autism Spectrum Disorder (ASD) is a complex and diverse neurodevelopmental condition strongly influenced by
genetics and with a significant heritable component.' It is characterized by persistent difficulties in social interaction
and communication, as well as repetitive behaviors or restricted interests.” > These challenges can vary significantly in
severity and presentation among individuals with ASD, making it a complex condition that poses significant challenges
for medical professionals and society at large. Although behavioral therapies have been commonly employed to address
symptoms and enhance adaptive skills, there is an immediate demand for interventions that specifically address the
fundamental features of ASD.

The hippocampus plays a crucial role in several cognitive functions, such as social interaction, learning, memory, and
spatial reasoning.®’ Studies indicate that individuals with ASD exhibit structural and functional differences in their
hippocampus when compared to typically developing individuals, including alterations in volume, connectivity, and
activation patterns.®'! These variations may impact social behavior, a key characteristic of ASD, as decreased hippocampal
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neurogenesis has been linked to deficits in social interaction, cognition, and recognition of social cues. Additionally,
cognitive inflexibility, a common trait in individuals with ASD, has been associated with hippocampal neurogenesis.'*"?
Our previous studies have shown that enhancing hippocampal neurogenesis can improve social behavior and decrease ASD-
like behaviors in autistic animal models.'* It indicates a causal relationship between neurogenesis and social deficits.

Fullerenols are a type of carbon nanomaterial that is derived from fullerene.'>'® They are produced through
a hydroxylation reaction that introduces over 20 hydroxyl groups into the carbon cage.'”'® This process has several
benefits, such as enhanced water solubility and biocompatibility.'>** As a nanocomposite with promising applica-
tions, fullerenols are less harmful to living organisms and can cross the blood-brain barrier.*'** Additionally,
fullerenols have a range of abilities, including anti-human immunodeficiency virus, antioxidant, anti-inflammatory,
and neuroprotective properties.”>>° Recent studies have revealed that fullerenols can restore normal dopaminergic
neuron levels in the brain and reduce a-synuclein aggregation, which suggests that it could be neuroprotective agent
for Parkinson’s disease.®' Fullerenols have been shown to block glutamate (Glu)-induced neurotoxicity and reduce
intracellular free calcium levels in cases of Glu-induced neuronal damage.”® Our studies have demonstrated that
fullerenols can improve depression-like behavior induced by lipopolysaccharides injection in mice by restoring
weakened neurogenesis in the hippocampus dentate gyrus (DG) region, suggesting its potential significance in
promoting neurogenesis.”* It is worth noting that the molecular mechanisms of fullerenols’s role in autism have not
yet been fully understood.

BTBR T Itpr3'/J (BTBR) mice are commonly used as an animal model for researching idiopathic ASD. These mice
exhibit characteristics that resemble some of the core features of ASD in humans, such as impaired social skills,
increased repetitive behaviors, and cognitive deficits.>**> Due to these features, BTBR mice have been widely utilized
in preclinical research to study the underlying neurobiological mechanisms of autism and to evaluate potential ther-
apeutic interventions. Previous studies have shown impaired hippocampus neurogenesis in BTBR mice.>*>® Here, we
demonstrated that fullerenols treatment can significantly alleviate ASD-like behaviors in BTBR mice. Our results also
revealed that fullerenols treatment prevented the exhaustion of the neural progenitor cell (NPC) pool, effectively boosting
hippocampus neurogenesis in BTBR mice. These findings suggest that fullerenols treatment may represent a promising
pharmacological agent for ASD treatment.
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Materials and Methods

Synthesis and Characterization of Fullerenols

Following our previous report, fullerenols were synthesized and subsequently characterized.>® Cgo underwent pretreat-
ment via 30-min manual grinding or 1-hour ball milling in an agate mill, with or without NaOH at C4: NaOH ratios of
10:1, 5:1, or 2:1. Then, it was milled with or without 30% H,O, at molar ratios of 0.139:1 to 0.139:4, matching the
pretreatment conditions. Lastly, water was added for hydrolysis, and residual H,O, was removed using a platinum wire.
A dynamic light scattering (DLS) particle size analyzer (Omni, Brookhaven) was utilized to investigate size distribution
and dispersion stability. DLS test conditions were 25°C, pure water as the solvent, PH 7, and fullerenols concentration of
20 pg/mL. The molecular structure was also described using an X-ray photoelectron spectrometer (XPS, ESCALAB
250xi, ThermoFisher) and a Fourier transform infrared (FT-IR) spectrometer (iN10-iZ10, ThermoFisher). XPS test
conditions: the X-ray source was Al Ka (1486.60eV), and the vacuum of the analysis chamber was 1x10™® Pa. FT-IR
test conditions: 1-2 mg sample and 200 mg pure KBr were ground evenly, placed in a mold, and pressed into
a transparent sheet, which could be used for determination. The sample and KBr should be dried and ground to
a particle size of less than 2 microns to avoid being affected by scattered light.

Animals

The mice used in this study were housed at the Army Medical University animal facility, including the BTBR from
Jackson Laboratories (Bar Harbor, ME, USA) and the C57BL/6J (C57) provided by the Army Medical University. Only
male mice that were seven weeks old and weighed between 20-25 g were used for this study, and they were provided
with sufficient food and water while being raised on a 12—-12 hours light-dark cycle. The laboratory maintained an
ambient temperature of 21-23°C and a relative humidity of 50%-70%. All laboratory procedures adhered to the Army
Medical University Animal Committee guidelines and followed the principles of laboratory animal care. Every effort was
made to minimize the number of Animals used and their suffering. The approval number of the Laboratory Animal
Ethics Committee for animal experiments is AMUWEC20230421.

Materials

The fullerenols used in this experiment were synthesized through the methods outlined by the Institute of High Energy
Physics and the National Center for Nanoscience and Technology in Beijing, China.**** The Materials used, including
0.9% NaCl, Radioimmunoprecipitation assay buffer (RIPA), Bicinchoninic Acid (BCA) Kit, Bovine serum albumin
(BSA), Skimmed milk powder, and mouse anti-B-actin were obtained from Shanghai Beyotime Biotechnology.
Paraformaldehyde (PFA) was provided by Shanghai Sinopsin Chemical Reagents. TBS buffer powder was purchased
from Wuhan Bode Biological Engineering. We utilized Noldus Software Ethovision 11.0, obtained from Beijing Noldus
Information Technology. The behavioral equipment is purchased from Shenzhen RWD Life Science. TRIzol Reagent,
RevertAid MM kit, and SYBR Green kit were provided by Thermo Fisher Scientific in the United States. Ethylene glycol
and 4',6-diamino-2-phenylindole (DAPI) fluorescent staining reagent were purchased from Sigma Corporation in the
United States. Phosphate-buffered saline (PBS), Triton-X-100 solution, and Tween-20 were provided by Sangon Biotech
(Shanghai). Immobilon Western HRP Substrate was purchased from Millipore in the United States. Rabbit anti-VEGFA
was provided by Wuhan ABclonal Technology. Mouse anti-SOX2 was obtained from Abcam, UK. Rabbit anti-
Doublecortin (DCX) was provided by Cell Signaling Technology, Inc., Danvers, MA, and Rabbit anti-GFAP was
purchased in Dako, Japan. Cy3 or 488 was provided by Jackson ImmunoResearch, USA.

Drug Treatment

Fullerenols (FUL) were dissolved in 0.9% NaCl (SAL) and given to mice intraperitoneally at 10 mg/kg.** The mice were
divided randomly into four groups, including C57-SAL, C57-FUL, BTBR-SAL, and BTBR-FUL, with 9 mice in each
group. At the age of seven weeks, the mice were injected with either fullerenols or saline solution once a day for seven
consecutive days.
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Behavioral Assays

All behavioral tests were conducted at the same time of day. Mice were acclimatized in the laboratory for at least 30
minutes before the start of the experiment, with a 24-hour interval between experiments. All behavioral tests were
recorded with a camera and analyzed using Etho Vision XT (Noldus Beijing Information Technology Co. Ltd) software.

Three-Chambered Social Approach

The study utilized established protocols to conduct a social approach test using a three-chamber system.*' The
mice were placed in transparent polycarbonate devices measuring 60 cm X 40 cm x 22 c¢cm, with doors on two
partition walls allowing free movement between the three chambers. The test consisted of two phases: an
acclimatization phase and a socialization phase. During the acclimatization phase, the experimental mice were
allowed to explore the three side chambers for 10 minutes after being placed in the central chamber. During the
socialization phase, a novel mouse (S) and object (O) were introduced on each side. The experimental mouse was
placed in the center chamber and allowed to explore all three chambers for 10 minutes. Ethovision 11.0 was used
to track the mouse’s total chamber and sniffing time during each phase. To calculate the preference index, the
difference in side chamber or sniffing time between the novel mouse and object was divided by the total time
spent in both side chambers or sniffing (S-O/total time). After the experiment, the device was cleaned with 75%
alcohol and water.

Male-Female Social Reciprocal Interactions

The experiment was conducted in a controlled environment, specifically a soundproof chamber measuring 25 cm x 25 cm
x 35 cm, with dim lighting. Experimental mice were introduced to a C57 female mouse in or before estrus, who had not
been previously subjected to behavioral testing. The mice were allowed to interact freely for five minutes, with the entire
session being recorded via a video system. The C57 female mice were the same age as the experimental mice. The
recorded videos were analyzed using Ethovision 11.0 software. We primarily compared changes in social time, which
contained nose-to-nose, nose-to-body, nose-to-anogenital, and total social time. Following the experiment, the device was
cleaned with 75% alcohol and water.

Self-Grooming Test

The self-grooming test can reflect the stereotyped behavior of mice. We mainly recorded the time to compare the whole
grooming time. The mice were placed in separate clean cages of standard size and observed for 20 minutes. The first 10
minutes were considered an acclimatization period, while the subsequent 10 minutes were designated as the testing
phase. Following the acclimatization phase, an experienced observer manually reviewed the video recordings of the
testing phase without knowledge of the treatment status of each group of mice and calculated the average cumulative
time taken to groom all body regions. After each experiment, the equipment was carefully washed with 75% alcohol and

water.

Marble Burying Test

The marble burying test can reflect the stereotyped behavior of mice to a certain extent. The more buried glass
marbles, the more pronounced the stercotyped behavior. The standard experimental cage, measuring 27 cm X
16.5 cm x 12.5 cm, was filled with corncob bedding material to a 5-6 cm depth. The squirrel cage was then gently
moved to create a level surface. Next, twenty black glass marbles, each with a diameter of 1.5 cm, were carefully
placed onto the cushion, forming a uniform 4x5 grid pattern. The mice were placed in a laboratory cage under dim
light conditions of around 15 Ix and allowed to explore freely for 30 minutes. After this time, any marbles with
over 75% of their volume buried were recorded. Finally, the device was cleaned using 75% alcohol and water.
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Open Field Test

An open-field test was conducted using a standard grey plexiglass device measuring 40 cm X 40 cm x 30 c¢cm to evaluate
mice’s motor capacity and anxiety levels. The mice were placed in the central area of the field, and their movements were
recorded for 30 minutes with a video camera. Ethovision 11.0 software was utilized to analyze the center time and the
total distance traveled by the mice during the 30 minutes. We mainly recorded the movement distance and center time.
The movement distance mainly reflected the path movement ability, and the less center time reflected the more anxiety of
the mice. Following the experiment, the device was thoroughly cleaned with 75% alcohol and water.

Novel Object Recognition Test

The novel object recognition test is a method used to evaluate the short-term memory of mice. The test was carried out in
the standard equipment (40 cm x 40 cm % 30 cm) made of grey plexiglass as described above. The test consisted of two
phases: an exploratory phase and a testing phase. During the exploration phase, two identical objects (A) of the same
shape, color, size, and texture were placed on opposite sides of the diagonal at the bottom of the device. The mice were
allowed to explore the arena for 10 minutes while their activity was recorded. After 2 hours, the second phase began to
test the short-term memory ability of the mice. One of the identical objects (A) was replaced with a novel object (B),
which was similar in size but differed in shape, color, and texture. The mice were then allowed to explore the arena freely
for 10 minutes while their behavior was recorded. To calculate the discriminating index (DI), the formula DI = (tB/(tA +
tB)) x 100% was used. After the experiment, the device was thoroughly cleaned with 75% alcohol and water.

Y-Maze Test

The Y-maze test is used to measure spatial working memory ability. The maze has three arms and a central area of 40 cm
x 9 cm x 16 cm. To begin the experiment, a mouse was placed in the center area and allowed to explore the maze freely
for 8 minutes while being tracked by Ethovision 11.0. The mouse was considered to have entered an arm when its front
and rear paws were in the same arm simultaneously. Correct spontancous alternation performance (SAPs) was a triplet
alternation with three overlapping components. The total number of entries and SAPs were analyzed and calculated by
Ethovision 11.0 software, and the alternation rate was calculated as [SAPs/(N-2)] x 100%. After the experiment, the
device was cleaned with 75% alcohol and water.

Real-Time Quantitative PCR (RT-qPCR)

Mice were anesthetized using 1% sodium pentobarbital solution, whole brains were removed, and hippocampal tissue
was isolated for subsequent experiments. RNA was extracted from mouse hippocampal samples using the Trizol method.
The samples were lysed in TRIzol Reagent (Invitrogen et al 92008, USA) and ground at 4°C. They were then
supplemented with 100 pL chloroform and shaken vigorously for 15 seconds. The mixture was centrifuged at 4°C
(13,900 rcf, 15 minutes), the solution was taken, and an equal volume of isopropyl alcohol was added. Centrifuge at 4°C
and 13,900 rcf for 10 minutes, discard the supernatant to retain the precipitation, and add 1 mL of 75% ethanol to the
resulting rainfall to wash the pellet. After centrifugation at 13,900 rcf for 10 minutes at 4°C, the supernatant was
discarded, and 30 pL of RNase-free water was added to the resulting precipitation to complete the RNA extraction. RNA
concentration was quantified by NanoDrop spectrophotometer. Total RNA was extracted by reverse transcription using
a RevertAid MM kit (Thermoscientific, M1631, USA) according to the manufacturer’s instructions. The SYBR Green kit

(Applied Biosystems, A57156) was used for RT-qPCR, and all primer sequences are shown in Supplementary Table 1.
AACt

The relative mRNA content in mouse hippocampal tissues was calculated by 2—

Western Blotting

Hippocampal samples were isolated and homogenized using RIPA (Beyotime, Shanghai, China), and protein concentra-
tion was determined using the BCA Kit (Beyotime Biotechnology, Shanghai, China) after centrifugation at 4°C at 13,900
rcf for 30 minutes. The protein samples were subjected to electrophoresis on a 10% SDS-PAGE for 30 minutes at 80 V,
followed by 90 minutes at 120 V. The proteins were transferred to a polyvinylidene fluoride membrane at a constant flow
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of 220 mA for 120 minutes. The membrane was then blocked with 5% skim milk powder at room temperature for 2
hours before being incubated with primary antibodies against rabbit anti-VEGFA (1:1000, ABclonal, Cat.NO: A5708),
DCX (1:1000, CST, Cat.4604S), and mouse anti-B-actin (1:10,000, Beyotime, AF0003) at 4°C overnight. After being
washed with tris-buffered saline with tween-20, the membrane was incubated with a secondary antibody conjugated to
horseradish peroxidase for 2 hours at room temperature. Specific protein bands were visualized on the membrane using
the enhanced chemiluminescence method, and the grayscale values of the immune response bands were calculated with
Image J (National Institutes of Health, USA), following the manufacturer’s instructions.

Immunofluorescence

According to our previous report, mice were subjected to deep anesthesia with a dose of isoflurane and then transcar-
diacly infused with 0.01 M PBS (pH 7.4) and 4% PFA in 0.1 M PBS for 15-20 minutes.*> Whole brains were stripped
and fixed with 4% PFA for 48 hours at 4°C, followed by dehydration with 4% PFA 30% sucrose solution. Brains were
serially cut on an RWD FS800 cryomicrotome to collect coronal brain slices (20 pm) and stored in a cryoprotectants
solution (30% ethylene glycol, 30% sucrose dissolved in 0.01 M PBS) at —20°C. The slices were rinsed in 0.01 M PBS to
remove the cryoprotectant solution from the sections. It was then incubated in 0.3% Triton X-100 for 30 minutes at 37°C,
followed by a blocking buffer (3% BSA and 0.3% Triton X-100 in PBS) for 1 hour at 37°C. Sections were incubated
with rabbit anti-DCX (1:500, Cell Signaling Technology, MA, USA), murine anti-SOX2 (1:500, Abcam, USA), and
rabbit anti-GFAP (1:500, DAKO, Japan) for 2 hours at 37°C and then transferred to 4°C overnight. After washing with
PBS, secondary antibodies conjugated to Cy3 or 488 (1:500, Jackson ImmunoResearch, USA) were incubated at 37°C
for 2 hours under low-light conditions. After rinsing with PBS, the sections were immersed in DAPI (Sigma) for
counterstaining and, finally, observed and photographed under a Zeiss confocal microscope (LSM880, Oberkochen,
Germany).

RNA-Seq Analyses

RNA was extracted from the mouse hippocampus using Trizol Reagent (Invitrogen Life Technologies). After assessing
the RNA quality, a sequencing library was created and sequenced on the NovaSeq 6000 platform (Illumina) by Shanghai
Personal Biotechnology Cp. Ltd. Using the DESeq2 software package in R, we analyzed the differentially expressed
genes (DEGs) between the four groups of C57-SAL, C57-FUL, BTBR-SAL, and BTBR-FUL. Significance was
determined with P < 0.05. We utilized the R language Pheatmap software package to conduct a bi-directional clustering
analysis of all the different genes of the samples. This provided us with a heatmap based on the expression level of the
same gene in various models and the expression patterns of other genes in the same piece. The Euclidean method was
used to calculate the distance, and the Complete Linkage method was used to cluster. The R language clusterProfiler
software package enriched the gene ontology (GO) pathways with a P value < 0.05. The gene list of the chosen GO
pathway was then analyzed using the STRING tool to map the protein-protein interaction (PPI) networks. Finally, we
screened the HUB genes of the selected pathways with the cytoHubba plug-in of Cytoscape software. All the raw
sequences were deposited in the NCBI Sequence Read Archive (SRA) under the accession number PRINA1063445.

Statistical Analysis

The sample sizes used are similar to those typically used in the field. For the three-chamber social approach, the paired
t-test was used for the chamber and sniffing time comparison. Two-way ANOVA and Tukey post-hoc analysis
comparisons were employed to compare multiple groups. All data were analyzed using GraphPad Prism (version
9.5.0, USA) software and presented as mean + standard error of the mean (SEM). P < 0.05 was considered statistically

significant.
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Results

Characterization of Fullerenols

In our previous work, we successfully synthesized fullerenols using a straightforward method involving mechanical
chemistry and a catalyst assistant. Our study analyzed the size distribution and dispersion stability of the prepared
fullerenols (Figure 1A). Based on our hydrodynamic size distribution analysis, the fullerenols’ diameter was mainly 10.5
nm, and the { potential (—52.45 mV) revealed that the fullerenols were stably dispersed (Figure 1B). Further character-
ization of the molecular structure of the fullerenols was carried out using an XPS and FT-IR. Our XPS spectrum Results
indicated that the fullerenols primarily contain carbon and oxygen elements (Figure 1C). The Cls spectra and curve-
fitting results corresponded to non-oxidized carbons (C=C, 284.76 e¢V), monovalent oxidized carbons (C-OH, 286.96
eV), and a few divalent oxidized carbons (C=0, 288.39 eV) (Figure 1D). Meanwhile, the FT-IR spectrum of the as-
prepared fullerenols revealed four distinct absorption peaks, including broad O-H stretching vibration (vO-H, 3550—
3350 cm '), C=C stretching vibration (vC=C, 1590 cm "), O-H in-plane deformation vibration (8 sC-O-H, 1390 cm 1),
and C-O stretching vibration (vC-O, 1050 cm™") (Figure 1E). Our XPS and FT-IR results confirmed the successful
Introduction of hydroxyl groups into carbon cages to form hydroxylated fullerenols. Our characterization results indicate
that fullerenols possess a delocalized m-conjugated structure, making them highly efficient and effective at scavenging
free radicals across a broad spectrum.

Fullerenols Treatment Ameliorates Social Deficits in Adult BTBR Mice

Utilizing fullerenols proved effective in ameliorating the social deficits observed in BTBR mice during the three-
chambered social approach test, although it did not impact repetitive behavior. This test was conducted to evaluate the
social functioning in mice (Figure 2A), and it was discovered that C57 mice displayed a favorable reaction to novel mice,
spending more time in their chamber (Figure 2B; Paired #-test: t(8) = 3.669, P = 0.0063) and sniffing them (Figure 2C;
Paired #-test: t(8) = 3.526, P = 0.0078). In contrast, BTBR mice exhibited an inherent impairment in social capacity,
spending less time in the chamber with novel mice (Figure 2B; Paired #-test: t(8) = 2.265, P = 0.0533) and sniffing them
less (Figure 2C; Paired #-test: t(8) = 1.580, P = 0.1528). It is worth noting that the administration of fullerenols did not
affect the social ability of C57 mice (Figure 2B and C; B: Paired #-test: t(8) = 2.878, P = 0.0206; C: Paired r-test: t(8) =
2.995, P = 0.0172). Nevertheless, it significantly increased the chamber (Figure 2B; Paired #-test: t(8) = 2.765, P =
0.0245) and sniffing time (Figure 2C; Paired #-test: t(8) = 2.808, P = 0.0229) of BTBR mice.
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Figure 2 Fullerenols treatment reversed social deficits in BTBR mice but did not improve repetitive behavior. (A) Representative heat maps showing the total time and
position of C57 and BTBR mice in a [0-minute three-chamber social test. The redder the hue, the longer the mouse spends exploring it. “S” and “O” represent the novel
mouse and object, respectively. (B) In the three-chamber test, fullerenols or SAL did not affect the sociability of C57 mice, which stayed longer in the side chamber of the
novel mice. BTBR mice showed low interest in the lateral chambers of novel mice, while fullerenols treatment significantly improved the social deficits of BTBR mice. (C) In
the three-chamber test, SAL and fullerenols-treated C57 mice spent more time sniffing novel mice, while the time spent sniffing novel mice of BTBR mice showed
a decreasing trend. Notably, fullerenols treatment increased the time for BTBR mice to sniff novel mice. (D and E) The preference index from chamber time (D) and sniffing
time (E) of BTBR mice was significantly restored to the C57 mice after fullerenols treatment. (F and G) The time of self-grooming (F) and the number of buried marbles (G)
in BTBR mice were more than those in C57 mice, and fullerenols treatment did not change the self-grooming time and the number of marbles buried in BTBR mice. Data are
presented as mean * SEM. N = 9. *P < 0.05, **P < 0.01, **P < 0.001, ****P< 0.0001.

To assess social competence more accurately, we utilized two more precise indicators including the preference index
from chamber time and the preference index from sniffing time. Our analysis using a two-way ANOVA revealed
significant genotype and drug effects on the preference index from chamber time (Figure 2D; F (1, 32) = 5.700, P =
0.0230 and F (1, 32) = 10.04, P = 0.0034, respectively) as well as genotype x drug interaction effect (Figure 2D; F (1, 32)
=7.278, P = 0.0110). Additionally, we found a significant drug effect in the preference index analysis based on sniffing
time (Figure 2E; F (1, 32) = 8.911, P = 0.0054) and genotype x drug interaction effect (Figure 2E; F (1, 32) =6.991, P =
0.0126), but no significant genotype effect (Figure 2E; F (1, 32) = 3.102, P = 0.0878). Notably, during the adaptation
phase of the test, the mice did not exhibit a clear preference for either chamber. These findings suggest that BTBR mice
with social deficits can benefit from fullerenols treatment.

Stereotypes and repetitive behaviors are also reflected in the BTBR of autistic model mice as one of the core
symptoms of ASD. Self-grooming and marble-burying tests examined repetitive and stereotyped behavior in mice.
Through two-way ANOVA, we found that only the differences between the genotype were detected in the self-grooming
and marble burying tests (Figure 2F and G; F: F (1, 32) =120.9, P < 0.0001; G: F (1, 32) = 45.70; P < 0.0001), without
the drug effect (Figure 2F and G; F: F (1, 32) = 0.1456, P = 0.7053; G: F (1, 32) = 0.7005; P = 0.4088) and genotype x
drug interaction effect (Figure 2F and G; F: F (1, 32) = 1.761, P =0.1939; G: F (1, 32) = 0.2031; P = 0.6553). Consistent
with previous studies, the self-grooming time and the number of buried marbles in BTBR mice were significantly higher
than in C57 mice.* In these trials, no adverse effects were found on C57 mice after treatment with fullerenols. Overall,
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the above data showed that fullerenols treatment significantly increased the social interaction ability of BTBR mice
without altering repetitive and stereotyped behavior.

Fullerenols Treatment Increased the Ability of Male-Female Reciprocal Social in BTBR
Mice

Our study utilized the male-female reciprocal social method to evaluate direct sniffing behavior. The results of our two-
way ANOVA analysis revealed a significant genotype effect on nose-to-nose sniffing time (Figure 3A; F (1, 32) = 5.578,
P =0.0244) but no significant drug effect (Figure 3A; F (1, 32) = 2.285, P = 0.1404) or genotype x drug interaction effect
(Figure 3A; F (1, 32) = 2.801, P = 0.1039). We also observed a significant genotype x drug interaction effect in nose-to-
anogenital sniffing time (Figure 3B; F (1, 32) = 12.86, P = 0.0011), but no significant genotype effect (Figure 3B; F (1,
32) =0.1187, P = 0.7327) or drug effect (Figure 3B; F (1, 32) = 2.211, P = 0.1468). Our analysis of nose-to-body and
total social sniffing time revealed a significant genotype effect on nose-to-body sniffing time (Figure 3C; F (1, 32) =
13.20, P = 0.0010) and genotype x drug interaction effect (Figure 3C; F (1, 32) = 4.966, P = 0.0330), while the drug
effect was not significant (Figure 3C; F (1, 32) = 2.766, P = 0.1060). Similarly, we found a significant genotype x drug
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Figure 3 Fullerenols can ameliorate the deficits of male-female reciprocal social interaction in BTBR mice. (A-D) The nose-to-nose (A), nose-to-body (C), and social
sniffing time (D) of BTBR mice were significantly lower than those of C57 mice but did not include nose-to-anogenital time (B). After fullerenols treatment, the nose-to-
nose sniffing time of BTBR mice showed an increasing trend (A). In contrast, the nose-to-anogenital (B), nose-to-body (C), and social sniffing time (D) were markedly
increased. Data are presented as mean + SEM. N = 9. *P < 0.05, **P < 0.01.
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interaction effect in total social sniffing time (Figure 3D; F (1, 32) = 11.52, P = 0.0019) but no significant genotype effect
(Figure 3D; F (1, 32) = 2.595, P = 0.1170) or drug effect (Figure 3D; F (1, 32) =2.995, P = 0.0932). Additionally, post-
hoc tests showed that C57 mice exhibited significantly higher levels of nose-to-nose (Figure 3A; P < 0.05), nose-to-body
(Figure 3C; P < 0.01), and total social sniffing time (Figure 3D; P < 0.01). At the same time, compared with the BTBR
group, the BTBR mice treated with fullerenols had improved nose-to-anogenital (Figure 3B; P < 0.01), nose-to-body
(Figure 3C; P <0.05), and total social sniffing time (Figure 3D; P < 0.01). Notably, the male-female reciprocal sociability
of fullerenols-treated C57 mice was not affected.

Fullerenols Treatment Rescued Short-Term Memory Deficits in BTBR Mice, but Did
Not Alter the Performance of the Y-Maze Test

A novel object recognition task was employed to evaluate the short-term memory abilities of mice (Figure 4A). The
results of the two-way ANOVA revealed a significant genotype effect among the four groups of mice (Figure 4B; F (1,
32) =9.057, P = 0.0051), drug effect (Figure 4B; F (1, 32) = 10.26, P = 0.0031), and genotype x drug interaction effect
(Figure 4B; F (1, 32) = 4.556, P = 0.0406). Further analysis demonstrated that the BTBR mice had a significantly lower
discrimination index than the C57 mice (Figure 4B; P < 0.01). However, treatment with fullerenols led to a significant
increase in the discrimination index of BTBR mice (Figure 4B; P < 0.01), indicating that fullerenols may be an effective
treatment for improving impaired short-term memory in BTBR mice. The Y-maze test was also used to assess working
memory capacity, and the results demonstrated that neither genotype nor fullerenols treatment had a significant effect
(Figure 4C; F (1, 32) = 0.1673, P = 0.6853; F (1, 32) = 0.001015, P = 0.9748, respectively), and had no genotype x drug
interaction effect (Figure 4C; F (1, 32) = 0.01590, P = 0.9005). This suggests that genotype or fullerenols treatment did
not impact working memory abilities.
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Figure 4 Fullerenols improved short-term memory deficits in BTBR mice without affecting working memory. (A) Representative heat maps show the time C57 and BTBR
mice spent exploring objects in a novel object recognition task. “A” and “B” represent familiar and novel objects. (B) The recognition index of BTBR mice was lower than
that of C57 mice, which was reversed by fullerenols treatment. (C) There was no significant difference in SAPs in the Y-maze test among the four groups. Data are presented
as mean + SEM. N = 9. #P < 0.01.
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Fullerenols Treatment Did Not Affect Locomotor or Anxiety Behavior in BTBR Mice
We conducted an open-field test on mice to avoid confusion regarding sociability and repetitive tests (Figure 5A).
Notably, we observed a significant decrease in the distance traveled by the mice per 5-minute segment over time
(Figure 5C; F (5, 160) = 41.098, P < 0.001). This suggests that the mice gradually became more familiar with the open
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Figure 5 Fullerenols treatment did not alter the exploratory locomotion and anxiety level of C57 and BTBR mice in the open-field test. (A) Representative trajectory
diagrams of four groups of mice in the open-field test within 30 minutes. (B) Total distance traveled in 30 minutes. (C) The distance traveled by the segment per 5 minutes.
(D) BTBR mice had less center time in the open-field, and fullerenols treatment did not affect the total 30 minutes of center time spent by C57 and BTBR mice. (E) The 30-
minute central time was divided into six 5-minute segments. Data are expressed as mean + SEM. N = 9. *P < 0.05, **P < 0.01, ****P < 0.0001.
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arena. Interestingly, the drug effect (Figure 5B; F (1, 32) = 0.5464, P = 0.4652) and genotype x drug interaction effect
(Figure 5B; F (1, 32) = 0.1615, P = 0.6904) did not have a significant impact on the total travel distance in 30 minutes,
according to the two-way ANOVA. However, we did find that genotype played a crucial role in the full length traveled at
30 minutes (Figure 5B; F (1, 32) = 5.525, P = 0.0251) and the 0—5 minutes period (Figure 5C; F (1, 32) = 60.86, P <
0.0001). Specifically, BTBR mice traveled longer distances in 0—5 minutes (Figure 5C; P < 0.0001) compared to C57
mice, indicating that BTBR mice exhibited enhanced locomotor activity within the first 5 minutes before the start of the
open-air experiment, which is consistent with previous reports.**

We measured the time spent in the central region to assess anxiety in the mice. After acclimatization, we found that
the higher the anxiety level of the mice, the more likely they were to prefer the peripheral area of the open-field arena
rather than the central area. Two-way ANOVA showed no drug effect (Figure 5D; F (1, 32) = 0.8984, P = 0.3503) and
genotype x drug interaction effect (Figure 5D; F (1, 32) = 2.635, P = 0.1143), but genotype had a significant effect on the
center spent time within 30 minutes (Figure 5D; F (1, 32) =31.68, P < 0.0001), and 15-20 minutes (Figure 5E; F (1, 32)
=22.36, P <0.0001), 20-25 minutes (Figure 5E; F (1, 32) =23.68, P < 0.0001) and 25-30 minutes (Figure 5E; F (1, 32)
= 15.42, P = 0.0004). Compared with the C57 mice, BTBR mice were observed to be more effective at a total of 30
minutes (Figure 5D; P < 0.0001) and in 15-20 minutes (Figure 5E; P < 0.01), 20-25 minutes (Figure 5E; P <0.001), and
25-30 minutes (Figure S5E; P < 0.05) showed a decrease in spent time in the central region, indicating that the anxiety
level of BTBR mice increased in the last 15 minutes. After fullerenols treatment, the anxiety level of BTBR mice
remained unchanged (Figure 5D and E). This suggests that fullerenols-induced changes in social behavior in BTBR mice
are independent of general changes in motor function or anxiety behavior.

Fullerenols Treatment Enhanced DG Neurogenesis in BTBR Mice

It has been previously established that defects in hippocampal neurogenesis correlate with autism-like behaviors.'*#>4¢
In this study, we utilized a specific marker, DCX, associated with immature neurons to evaluate the impact of fullerenols
on neurogenesis in the DG region (Figure 6A—P). DCX is a microtubule-associated protein that regulates development
and is expressed in young migrating and differentiating neurons.*”** It is commonly used as a marker for neurogenesis in
the adult brain. Our study revealed that the number of DCX" cells in the DG region was significantly affected by
genotype factors (Figure 6S; F (1, 16) = 96.30, P < 0.0001) and fullerenols (Figure 6S; F (1, 16) = 10.04, P = 0.0060),
with genotype x drug interaction effect being observed as well (Figure 6S; F (1, 16) = 5.376, P = 0.0340). DCX protein
expression was confirmed through western blotting, and the analysis revealed significant genotype effects on DCX
protein levels among the four groups (Figure 6R; F (1, 8) = 23.19, P = 0.0013) and genotype x drug interaction effect
(Figure 6R; F (1, 8) = 13.36, P = 0.0065). Although the fullerenols effect was not significant (Figure 6R; F (1, 8) = 1.928,
P = 0.2025), the analysis found the number of DCX" cells in the DG region of BTBR mice (Figure 6S; P < 0.0001) and
protein expression levels (Figure 6Q and R; P < 0.01) were significantly lower compared to C57 mice. However, this
trend was reversed after fullerenols treatment (Figure 6S, P < 0.01; Figure 6Q and R, P < 0.05).

Fullerenols Treatment Rescues the Pool of NPC in the DG of BTBR Mice

In a previous study, it was discovered that there was a significant decrease in DG neurogenesis in BTBR mice when
compared to C57 mice. This decrease could be attributed to a reduced pool of NPC in the DG of BTBR mice. Therefore,
we then evaluated the changes in the NPC pool in the DG region of BTBR mice (Figure 7A-T). NPCs are persistent in
the hippocampus of the central nervous system and continue into adulthood.*® It has shown that the transcription factor
SOX2 is vital for maintaining stem cell proliferation and determining the fate of differentiation.*” % A deficiency in
SOX2 can lead to neurodegeneration and negatively impact neurogenesis.” Through conducting a two-way ANOVA, the
effects of genotype (Figure 7U; F (1, 16) = 24.31, P = 0.0002), drug (Figure 7U; F (1, 16) = 10.84, P = 0.0046), and
genotype x drug interaction effect (Figure 7U; F (1, 16) = 4.742, P = 0.0447) on the number of SOX2" cells were
observed. The results showed that the number of SOX2" cells in the DG of BTBR mice was notably lower than that of
C57 mice (Figure 7U; P < 0.001), which aligns with the NPC pool in BTBR mice and previous reports (Figure 7V; P <
0.01).'* However, there was positive news as SOX2" (Figure 7U; P < 0.01) and SOX2'/GFAP" radial glia cells
(Figure 7V; P < 0.01) exhibited a significant increase in BTBR mice DG treated with fullerenols compared to the
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Figure 6 Fullerenols treatment increased the DCX" cells in the DG and DCX protein levels in the hippocampus of BTBR mice. (A-D) Representative images of DCX-
positive cells in the DG of four groups of mice. (E-P) Immunolabeled DCX (red), DAPI (blue), and DCX*/DAPI" images at high magnification. (Q) Representative Western
blotting of DCX in mouse hippocampus in each group. (R) Quantification of DCX protein level in the hippocampus. (S) Quantification of the number of DCX" cells in the
DG. The number of DCX" cells in the DG and protein expression in the hippocampus of BTBR mice were significantly lower than those in C57 mice, which were rescued by
fullerenols intervention. Data are presented as mean + SEM. N = 3-5. The scale bar = 20 um is shown in Figure D and applied to A-D. The scale bar = 10 pm is shown in
Figure P and applied to E-P. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Figure 7 Fullerenols treatment restored the NPC pool in the DG of the BTBR mouse. (A-D) Representative images of SOX2"/GFAP* double-positive NPCs in the DG of
four groups of mice. (E-H) High-magnification of the selected area. (I-T) Immunostaining of DAPI (blue), SOX2 (red), and GFAP (green). (U) Quantification of the number
of SOX2" cells in the DG. (V) Quantification of SOX2*/GFAP" cells in the DG. Data are presented as mean + SEM. N = 5. The scale bar = 20 um is shown in Figure D and
applied to (A-D). The scale bar = 10 pm is shown in Figure T and applied to (E-T). **P < 0.01, ***P < 0.001.
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control group. This suggests that fullerenols treatment could effectively reverse the NPC pool capacity in BTBR
mice DG.

The Therapeutic Effects of Fullerenols via VEGFA Have Been Linked to Neurogenesis
We thoroughly examined the genes and pathways involved to understand better how fullerenols improve social
interaction in BTBR mice. Using high-throughput RNA sequencing, we could identify differences in mRNA expression
in the hippocampus of four different groups of mice. Our analysis produced heat maps of gene expression profiles
(Figure 8A), and we found 3853 DEGs in C57-SAL vs BTBR-SAL and 665 regulated DEGs in BTBR-SAL vs BTBR-
FUL (Figure 8B). Of these, 538 DEGs overlapped (Figure 8B). We then conducted GO pathway enrichment on these
genes. We found they were mainly related to neurogenesis, such as neurogenesis regulation, epithelial cell proliferation,
and neuronal migration (Figure 8C). We found that regulating the neurogenesis pathway was particularly important, and
we identified the top ten HUB genes (Figure 8D). We validated the top five HUB genes using RT-qPCR and found they
were down-regulated in BTBR mice but restored after fullerenols supplementation (Figure 8E).

We presented our findings through a Gene-Concept Network, mapping the connections between genes and biological
processes. Our analysis revealed that Vegfa is a crucial bridge gene that links neurogenesis-related biological processes
(Figure 9A). By studying the PPI network of genes involved in neurogenesis, we identified that Vegfa interacts with
seven genes, including Ntrk2, Sema3a, Fltl, Kdr, Fgf13, and Fgfr3 (Figure 9B). These results suggest that Vegfa could
play a significant role in regulating neurogenesis. To further investigate, we conducted a protein expression level analysis
of VEGFA in the hippocampus of four groups of mice (Figure 9C). Interestingly, our results showed genotype and drug
effects among the four groups of mice (Figure 9D; F (1, 8) = 7.853, P = 0.0231 and F (1, 8) = 7.138, P = 0.0283,
respectively). Although the genotype x drug interaction effect was not significant (Figure 9D; F (1, 8) = 4.776, P =
0.0603), we observed that BTBR mice had significantly lower VEGFA expression levels compared to the control group
(Figure 9D; P < 0.05). However, after administration, VEGFA expression levels increased dramatically (Figure 9D; P <
0.05). Our RNA sequencing findings suggest that Vegfa plays a vital role in neurogenesis and the therapeutic effects of
fullerenols on BTBR in a mouse model of autism.

Discussion

Our study revealed that administering fullerenols can effectively improve ASD-like behavior in BTBR mice, such as
enhancing social skills and cognitive abilities. Our research has also shown that fullerenols treatment promotes
neurogenesis in the DG and expands the NPC pool in BTBR mice. Additionally, our RNA sequence analysis indicates
that the Vegfa gene, which plays a crucial role in neurogenesis, significantly increases DG neurogenesis of BTBR mice
following fullerenols supplementation. These results strongly support the therapeutic potential of fullerenols and present
a novel approach to addressing ASD, where VEGFA-regulated neurogenesis may serve as a promising treatment option.

The findings indicate that administering fullerenols can offer potential benefits in addressing the behavioral symptoms
of ASD in BTBR mice. These mice exhibit social impairment, communication disorders, and repetitive, stereotyped
behavior with narrow interests, which align with the primary symptoms of ASD.’*> Fullerenols have been shown to
improve cognitive impairment in BTBR mice, as evidenced by a strong preference for the novel object in the novel
object test. Additionally, fullerenols have been shown to alleviate impaired sociability and male-female reciprocal social
function. However, our study did not find any significant impact on stereotypical behavior in BTBR mice as measured by
self-grooming and marble-burying tests. Additionally, we evaluated the effects of fullerenols treatment on exploration in
BTBR mice using an open-field test, which showed no effect on locomotor activity. We observed no adverse effects in
the C57 mice due to fullerenols supplementation.

Neurogenesis is a vital process that occurs during prenatal development and early postnatal life, and disruptions in
this process can have significant and long-lasting effects on brain development and function.’’®' Research has shown
that individuals with ASD have abnormalities in neurogenesis, including changes in neural stem cell (NSC) proliferation,
migration, and differentiation.*>***** Dysmorphic manifestations of hippocampal neurogenesis are often observed in
mouse models of ASD.***%> Our study examined neonatal neurons and NPC pool in BTBR mice with an autism model
and confirmed a deficit in neurogenesis. However, we found that treatment with fullerenols restored impaired
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Figure 8 Fullerenols altered the hippocampus transcriptome in four groups of mice. (A) Hierarchical clustering gene expression heatmap of the four groups of mice. (B) Venn
diagram for the treatment of co-regulated DEGs by fullerenols. (C) The top |15 GO pathways in BP enrichment. (D) HUB genes in neurogenesis regulatory pathways. (E) RT-qPCR
verification of HUB genes in the regulatory pathways of neurogenesis (Vegfa: genotype effect: F (1, 8) = 8.740, P = 0.0182; drug effect: F (I, 8) = 4.033, P = 0.0795; genotype % drug
interaction effect: F (1, 8) = 11.23, P = 0.0101. Sema3a: genotype effect: F (I, 12) = 44.98, P < 0.0001; drug effect: F (I, 12) = 2.494, P = 0.1403; genotype X drug interaction effect:
F(1,12)=7.387,P=0.0187. Kdr: genotype effect: F (I, 8) =70.41, P <0.0001; drug effect: F (1, 8) = 3.682, P = 0.0913; genotype X drug interaction effect: F (I, 8) = 9.470,P=0.0152.
Fltl: genotype effect: F (1, 12) = 17.61, P = 0.0012; drug effect: F (I, 12) =7.021, P = 0.0212; genotype x drug interaction effect: F (I, 12) = 9.987, P = 0.0082. Ntrk2: genotype effect:
F(1,8)=24.72,P=0.001 I; drug effect: F (1, 8) = 13.56, P = 0.0062; genotype X drug interaction effect: F (I, 8) = | .56, P = 0.0094), the data are presented as mean * SEM, N = 34,
*P < 0.05, #P < 0.01, ¥*P < 0.001.

https:

6050

International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Luo et al

Uncsd
Bbs1
Akap5
Hap1
P Itpka St
Zcchc24 Firt2
Piprd Fzd3 Nrg3
Gh Map2k1
Ctnnat L \eer3 P Calikab Tubata
Ntrk2 \\
Pixnb2 Eommes
Pem1
Ifrd1 Tnr Usp9x / 8
\Sema3f Arhgap3d neuron‘migration
Draxin’ M e~ \
gulation-of-neurogenesis Ptprz1

re!
Map 1\ Fgf13

Cpne6

Adra1Ndevelen:)mental cell growth.

Sema3a
rir1 developmental‘growth involvedin-morphogengsis /
Y

_—

Arp;:Z

Sall1 Cobl
Rims2. D“‘» Acer2
S0 | 2 “pikart
| S ossera | Lamas
P o Toos1/
pikaSe tissueinati’o \
al-cell-proliferation——. category

7
<4
Rock2 =
Kitl p

\\ Ceacam2 — cell-substrate adhesion
Xbp:1 ~— developmental cell growth
y - — developmental growth involved in morphogenesis
— epithelial cell migration

- epithelium migration

— neuron migration

Arhgap5 - ion of epithelial cell pi
Scg2 — regulation of neurogenesis
Col18a1 —_— - tissue migration
mp .

Bfn2 Cldn1 size

\ ©dc73 : 10

20

Cdkn1
Hépg2 Caog 0P Cdknie @ 3

— 1.5
% * *
= 11
2 1.04
s 1
n
o
S
s
<0.5-
L
O
w
>
0.0 1 T 1 1
Vy N vy {(\3\/
SR
) )
(¢ [ Q Q
& &

Figure 9 The effects of fullerenols on bridge gene Vegfa in the hippocampus. (A) Gene-Concept Network of related biological processes of GO terms. (B) A PPl network
was constructed using the STRING online tool to regulate neurogenesis terms. (C) Representative western blotting of VEGFA in DG region of mice in each group. (D) The
density of critical protein VEGFA was quantified, N = 3, and the data are presented as mean + SEM, *P < 0.05.
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hippocampus neurogenesis in BTBR mice, as evidenced by increased DCX-positive neurons in the hippocampal DG.
Additionally, fullerenols treatment expanded NPC populations in the DG of BTBR mice, as demonstrated by an
increased number of SOX2"/GFAP" cells. Our findings that suggest improving hippocampal neurogenesis through
fullerenol treatment can improve autism-like behaviors.

According to our RNA-seq data analysis of the hippocampal region, fullerenols impact various biological processes.
Our GO biological process analysis showed that the treatment of fullerenols affected the regulation of neurogenesis,
epithelial cell proliferation, and neuronal migration. To illustrate this further, we constructed a gene concept network
highlighting BP’s vital enrichment components and their associated genes. Our research revealed that VEGFA was the
critical gene that bridged these essential integrals. After conducting a PPI analysis, we discovered that VEGFA interacted
with seven genes, including Ntrk2, Sema3a, Flt1, Kdr, Fgfl13, and Fgfr3. These findings suggest that VEGFA could be
crucial in the neurogenesis regulatory pathway.

It has been reported that VEGFA is essential for neurogenesis through multiple channels. Firstly, VEGFA can directly
boost the proliferation and survival of NSCs responsible for producing new neurons.®® By binding to receptors on NSCs,
VEGFA can promote proliferation and improve their survival rates, leading to a pool of NSC available for
neurogenesis.®”’' VEGFA can also influence the differentiation of NSCs into specific neuronal lineages.®”’* Studies
have shown that VEGFA can promote the differentiation of NSCs into neurons, particularly in areas of the brain
associated with learning and memory, such as the hippocampus.’**’* Moreover, VEGFA can modulate the migration of
newly generated neurons. By promoting the growth and remodeling of blood vessels in the brain, VEGFA can create
a supportive environment for neuron migration to their appropriate locations during brain development.”””’” Western
blotting confirmed decreased VEGFA levels in BTBR mice were restored after fullerenols supplementation. Interestingly,
in a study on motor-mediated hippocampal neurogenesis, the authors found that blocking VEGF eliminated motor-
induced neurogenesis.”® It suggests that VEGFA may play a role in the regulation of neurogenesis and could be
a potential target for fullerenols therapy.

Conclusion

According to the study, administering fullerenols to adult BTBR mice resulted in significant rescue in their social
impairments and cognitive dysfunction. Additionally, fullerenols treatment was found to promote neurogenesis in the
hippocampus of BTBR mice. Transcriptomic analysis of the treatment revealed increased NPCs and premature neurons
through the up-regulation of Vegfa. These exciting new findings suggest that fullerenols may have potential applications
in treating ASD and pave the way for further research in this area.
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