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The biological mechanisms linking diet-related obesity and autistic behaviors remain unclear. Metformin has proven to be
beneficial in the treatment of many syndromes, including autism spectrum disorder. Therefore, the aim of this study was to
assess whether metformin treatment could ameliorate metabolic and behavioral alterations in C57BL/6 mice kept on a high-fat
diet (HFD), and whether these changes were related to modifications in the gut microbiota and 5-HT levels. As expected, ten
weeks of HFD ingestion increased body weight, adiposity, and glucose levels. HFD-fed mice showed a marked aggravation of
repetitive behaviors (marble burying and self-grooming), and this was prevented by metformin administration. In addition,
HFD-fed mice increased the total distance travelled in the open field test. This hyperactivity was counteracted by metformin
cotreatment. In the elevated plus maze test, HFD-fed mice showed a reduced number of entries into the open arms.
Interestingly, both HFD and metformin cotreatment increased social interactions in the three-chamber test. HFD increased the
levels of intestinal tryptophan and 5-hydroxyindoleacetic acid. Metformin stimulated gut tryptophan and promoted the
synthesis of 5-HT in the HFD group. Lactococcus, Trichococcus, Romboutsia, and Faecalibaculum were enriched in HFD-fed
mice, whereas the HFD group cotreated with metformin was enriched in Intestinimonas and L. reuteri. Faecalibacterium was
positively correlated with sociability and 5-HT pathway components in mice that received metformin. In summary, HFD
consumption elicited a complex phenotype comprising higher levels of anxiety-like and repetitive behaviors but also increased
sociability. Metformin could potentially improve HFD-induced disorders in the autistic spectrum through a mechanism
involving positive modulation of 5-HT levels in the gut and its microbiota composition.

1. Introduction

In recent years, the steadily increasing rates of obesity have
presented a major challenge to healthcare systems world-
wide [1]. The association between chronic consumption of
a high-fat diet (HFD) and the development of obesity and
its metabolic comorbidities is well established [2]. There is
also an emerging body of evidence linking HFD and psycho-
pathology in both humans and animals, including anxiety

and depressive-like behaviors [3, 4]. However, few of these
studies have focused on social behaviors related to the
autism spectrum disorder (ASD). ASD is characterized by
two core symptom domains: abnormal social communica-
tion and behaviors, and repetitive behaviors [5]. In recent
years, as obesity rates have risen, there has been a similar
surge in the number of diagnosed ASD cases. A recent study
has shown that chronic HFD ingestion diminishes the pref-
erence for social novelty in mice [6].
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HFD consumption can rapidly alter the composition of
the gut microbiota in mice [7]. The metabolic effects of
HFD consumption on the gut may influence brain develop-
ment via the so-called “gut-brain axis” [8]. Studies have
shown that alterations in the gut microbiota and disruptions
in the function of the intestinal barrier are present in mouse
models of autism, suggesting that the gut microbiota may
play a crucial role in ASD development [9]. However, the
relationship between HFD consumption, the composition
of the intestinal microbiota, and the display of social behav-
iors remain unclear.

At present, no drugs are available to treat the core symp-
toms of ASD. Metformin (Met) is the most commonly used
drug for treating type 2 diabetes, but it has been shown to
have many additional physiological effects [10]. Chronic oral
metformin administration partially prevents the develop-
ment of HFD-induced cognitive deficits in animals and
humans [11]. Met has also been shown to alleviate anxiety-
like behavior induced by a HFD and to ameliorate some
abnormal behaviors in a mouse model of autism [12, 13].
We have recently described a protective effect of metformin
against mucus barrier dysfunction via the gut microbiota in
mice with dextran sulfate sodium-induced colitis [14].

In this study, we aimed to determine whether HFD con-
sumption exacerbates anxiety and autistic-like behaviors in
C57BL/6 mice and whether this can be ameliorated bymetfor-
min administration. We also focused on the serotonergic (5-
hydroxytryptamine, 5-HT) system as a potential mediator in
the crosstalk between the gut and the brain, since more than
90% of the 5-HT in the body is synthesized by enterochromaf-
fin cells (ECs) located in the gastrointestinal (GI) tract [15].

2. Materials and Methods

2.1. Animals and Metformin Supplementation. Four-week-
old male C57BL/6 mice were purchased from the Southern
Medical University (SMU, Guangzhou, China). The mice
were housed in a room with controlled temperature (22°C)
and a 12-hour light/dark cycle with free access to water
and food. All animals were fed custom-made HFD based
on Research Diets D12451 (Specialty Feeds, Glen Forrest,
WA, USA) for eight consecutive weeks. Metformin (400
mg/kg) was administered intragastrically during two weeks
based on previous research and our own findings [14]. Mice
were sacrificed after eight weeks of dietary treatment and
one week after behavioral testing. All experiments involving
animals were approved by the Institutional Animal Care and
Use Committee of the SMU.

2.2. Behavioral Tests

2.2.1. Marble Burying Test. Changes in repetitive behavior
were evaluated via the marble burying test in line with pre-
viously described methods [16]. Each mouse was placed in
a plastic container (46 cm long × 24 cmwide × 21 cmdeep)
filled with clean woodchip bedding to a height of 5 cm.
Twenty glass marbles (1.5 cm in diameter), arranged in five
rows of four marbles, were placed on top of the bedding.
Mice were allowed to bury marbles freely for 30min. At

the end of the test, the number of buried marbles was
recorded, with marbles covered in at least two-thirds of their
surface by bedding considered as buried. After completion of
each test, the marbles were thoroughly cleaned, and new
bedding was provided for the testing chamber.

2.2.2. Open Field Task. The open field task (OFT) was used
to assess psychomotor outcomes and exploratory behavior
in the experimental animals. As previously described [17],
each individual animal was placed in the central zone of
the OFT arena, and video was recorded for 20min using a
camera mounted above the arena. The time spent in the cen-
tral zone and the total distance traveled were analyzed for
each mouse using a VideoMot2 tracking system (TSE sys-
tems, Germany). The arena was cleaned with a 70% alcohol
solution between two consecutive tests, and a 5–7min inter-
val between cleaning and the start of the next testing session
was observed to allow for odor dissipation.

2.2.3. Elevated Plus Maze. The elevated plus maze (EPM) test
was performed similarly to the OFT. Briefly, mice were
placed in a four-arm plus maze. Each arm was 40 cm long
and 10 cm wide, and the walls were 40 cm high. The central
area of the maze (10 cm × 10 cm) was not considered to be
either a closed or open space [18]. Each mouse was initially
placed in the central area with the snout pointing at one of
the open arms. Each individual test lasted 5min, and the
maze was cleaned with a 70% alcohol solution between con-
secutive tests.

2.2.4. Three-Chamber Test. The three-chamber test was used
to measure sociability as described previously [18]. In brief,
the three-chambered apparatus consisted of a Plexiglas box
divided into three interconnected chambers with small,
retractable entryways. After 5min of habituation, a mouse
was allowed to explore the setup and interact either with
an empty wire cup placed in one of the chambers or with a
similar wire cup containing an unfamiliar conspecific in
the opposite chamber. The conspecific was matched to the
experimental subject by sex, age, and strain, representing
sociability and social novelty recognition. During the first
phase of testing, the subjects were allowed to choose between
two identical nonsocial stimuli, and during the second
phase, the choices offered were a nonsocial stimulus and a
social stimulus. The time spent interacting with each cup
and the total distance traversed were measured and analyzed
using the TSE tracking system. After each test, the chamber
was cleaned with a 70% alcohol solution. Time spent in the
chamber with the social stimulus was considered as an esti-
mate of social approach behavior.

2.2.5. Self-Grooming. The mice were scored for spontaneous
grooming behavior, as described earlier [18]. Each mouse
was placed individually in a three-chamber test arena and
scored for ten minutes after completion of the previous test.
The pattern of grooming in rodents usually proceeds in a
cephalocaudal direction. The testing arena was cleaned with
water and a 70% ethanol solution after each consecutive test.
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2.3. Oral Glucose Tolerance Test. To investigate the response
to glucose, an oral glucose tolerance test (OGTT) was per-
formed after 6 hours of fasting. A 20% glucose solution
was administered by gavage (1 g/kg body weight). Blood
samples were obtained via tail snip at 0, 15, 30, 60, or
90min after administration, and fasting glucose levels were
measured using a glucometer (One Touch Ultra, Johnson
and Johnson, New Brunswick, NJ, USA) [19].

2.4. Quantitative Real-Time PCR (qRT-PCR) Analysis. Total
RNA was extracted from the distal colon, and qRT-PCR was
performed using SYBR® Premix Ex Taq™ (Takara, Beijing,
China) in a Roche LightCycler® 480II equipment (Roche
Diagnostics, Rotkreuz, Switzerland). The proteins coded by
the genes amplified and their corresponding primer
sequences were as follows: serotonin reuptake transporter
(SERT) (forward, 5′-GCT CAT CTT CAC CATTAT CTA
CTT C-3′; reverse, 5′-AGT TTC TGCCAG TTG GGT

TTC-3′) and tryptophan hydroxylase 1 (TPH1) (forward,
5′-CCT GCA AAC AGG AAT GTCT-3′; reverse, 5′-TCT
GGA CTG ATG CTC AAA GG-3′). Data were analyzed
using the comparative cycle threshold method (2−ΔΔCt), with
β-actin as the reference gene.

2.5. High Performance Liquid Chromatography (HPLC)
Analysis. Mice were sacrificed by decollation. The colons
were weighed and then homogenized in a solution of aceto-
nitrile with 0.2% formic acid in a 1 : 10 w/v proportion using
an ultrasonic homogenizer. After centrifugation at 12000
rpm at 4°C for 20 min, the supernatant was collected, filtered
through a 0.22μm syringe filter, and stored at −80°C until
HPLC analysis. The concentrations of the 5-HT metabolic
system components were measured using the Prelude
SPLCTM system in a TSQ Endura triple-stage quadrupole
mass spectrometer (Thermo Fisher Scientific, Waltham,
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Figure 1: Effect of HFD and metformin treatment on body weight, fasting blood glucose levels, and glucose tolerance. (a) Time curve of
body weight gain. (b) Time curve of fasting blood glucose levels. (c) OGTT response in HFD-fed mice after metformin administration
(n = 5 − 6). Values are presented as mean ± SEM. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:005 superscripts indicate significant differences
between the ND vs. HFD+Veh groups; #p < 0:05, ##p < 0:01, and ###p < 0:001 superscripts indicate significant differences between the
HFD+ vehicle vs. HFD+Met groups. OGTT: oral glucose tolerance test; ND: normal diet; HFD: high-fat diet; Met: metformin.
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Figure 2: Continued.
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MA, USA). The chromatographic column was a HSST3 2:1
× 100mm, 1.7μm (Waters Corporation, Milford, MA,
USA). The mobile phases consisted of (A) 0.4% formic acid,
1mM ammonium formate dissolved in water, and (B) 0.1%
formic acid dissolved in methyl alcohol.

2.6. Microbiome Analysis. The 16S rRNA gene sequencing
procedure was performed by the Novogene Institute (Bei-
jing, China). Briefly, total genomic DNA was extracted
using the CTAB/SDS method. DNA concentration and
purity were monitored using 1% agarose gels. Amplicon
generation PCR was carried out in a 30μL reaction vol-
ume with 15μL of Phusion® High-Fidelity PCR Master
Mix (New England Biolabs, Ipswich, MA, USA), 0.2μM
of forward and reverse primers, and approximately 10 ng
of template DNA. Sequencing libraries were generated
using the Ion Plus Fragment Library Kit 48 runs (Thermo
Fisher Scientific) following the manufacturer’s recommen-
dations. The library quality was assessed on a Qubit® 2.0
Fluorometer (Thermo Fisher Scientific). Finally, the library
was sequenced on an Ion S5™ XL platform (Thermo
Fisher Scientific), and 400 bp/600 bp single-end reads were
generated.

2.7. Data Analysis. Data were analyzed using Prism 8
(GraphPad Software, San Diego, CA, USA) and R software
(The R Foundation, Vienna, Austria). Results are presented
asmean ± standard error of themean (SEM). Statistical anal-
yses were performed using two-tailed unpaired Student’s t
-tests and two-way ANOVA. The linear relationship was
analyzed using Pearson’s r after a Shapiro–Wilk normality
test. p values under 0.05 were considered statistically signif-
icant, and the following symbols were used to denote levels
of significance: ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001.

3. Results

3.1. Metformin Supplementation Ameliorates Body Weight
and Fasting Blood Glucose in HFD-Fed Mice. To study the
effects of metabolic disorders, the C57BL/6 mice were
divided into three groups: the first group was fed a normal
diet (ND) as a control, while the second group was fed a
HFD (HFD+vehicle), and the third group was fed a HFD
and cotreated with metformin (HFD+Met) via oral gavage.
As previously observed, body weight gain and glucose levels
were significantly increased in the HFD+vehicle group
compared with those that were fed a ND. Metformin supple-
mentation (400mg/kg) mitigated the HFD-mediated weight
gain and decreased glucose levels (Figures 1(a) and 1(b)).
However, metformin treatment did not improve glucose tol-
erance in HFD-fed mice (Figure 1(c)).

3.2. HFD Exacerbates Repetitive Behaviors and Metformin
Alleviates Them. Marble burying and self-grooming tests
were used to measure repetitive and stereotyped behaviors.
The HFD-fed mice displayed higher levels of marble-
burying and self-grooming behavior than the ND-fed mice
(Figures 2(a) and 2(b), p < 0:05). Metformin administration
significantly reversed this increase in both tests. Together,
these results indicate that HFD aggravates repetitive behav-
iors, and metformin alleviates them.

3.3. Effects of HFD on Open Field and Elevated Plus Maze
Tests. The OPT and EPM tests were used to measure activity
and anxiety-like behavior in a novel environment. HFD
consumption significantly increased the length of the trav-
eled path compared with ND controls in the OPT, and
metformin reversed this effect. The HFD+Met group
spent less time in the central zone (Figure 2(c), p < 0:05).
In the EPM, no difference in time spent at the open arms
was observed between the HFD and ND groups
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Figure 2: Effects of HFD and metformin on the display of repetitive and stereotyped behaviors in mice. (a, b) HFD-fed mice buried more
marbles and displayed more self-grooming compared to those in the ND group, suggesting enhanced repetitive behavior. (c) A HFD
increased the total distance traversed in the open field test (OPT) but had no significant effect on time spent on the central area. (d)
Mice from the ND entered more times into the open arms in the elevated plus maze (EPM) tests. Data are presented as mean ± SEM
(n = 8 − 9). ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001 compared with the control group. Veh: vehicle.
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(Figure 2(d), p > 0:05). However, mice from the ND group
entered more times into the open arms compared to those
from the other groups (Figure 2(d) p < 0:05). In summary,
these observations suggest that HFD induces anxiety-like
behavior, and metformin ameliorates the hyperactivity dis-
played by HFD-fed mice.

3.4. Both HFD and Metformin Increased Sociability in the
Three-Chamber Test. The three-chamber test examined

sociability and response to social novelty (Figure 3(a)). Mice
typically spend more time exploring the chamber containing
the unfamiliar conspecific than the empty chamber [20].
Interestingly, mice from the HFD+vehicle and the HFD
+Met groups spent more time in the chamber containing
the unfamiliar conspecific in the social behavior test, but
mice from the ND group did the opposite (Figure 3(b), p
< 0:05). In the social novelty test, the HFD group showed
a significant preference for social novelty (Figure 3(c), p <
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Figure 3: HFD and metformin increased sociability in the three-chamber test. (a) Experimental design for the three-chamber test for
sociability/social novelty. (b) Mice from the HFD+ vehicle and HBD+metformin groups spent significantly more time in the chamber
with the unfamiliar conspecific, suggesting more sociability. (c) Mice from the HFD group showed significant preference for a novel over
a familiar conspecific. Data are presented as the mean ± SEM (n = 8). ∗p < 0:05 and ∗∗p < 0:01 compared with the control group.
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Figure 4: Continued.
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0:05). Overall, we observed that either HFD+vehicle or
HFD+Met treatment elicited a preference for social
proximity.

3.5. Impact of HFD and Metformin Treatment on the 5-HT
Pathway. In the GI tract, ECs produce the majority of 5-
HT in the body from dietary tryptophan metabolized by
TPH1. 5-Hydroxyindoleacetic acid (5-HIAA) is the main
metabolite of 5-HT, which is inactivated by SERT expressed
in intestinal epithelial cells [21]. We used HPLC to charac-
terize the 5-HT pathway in the colon, and the results showed
that tryptophan levels in the HFD+vehicle and the HFD
+Met groups were remarkably increased compared to those
in the ND group (Figure 4(a), p < 0:05), whereas 5-HT levels
were significantly increased in the HFD+Met group
(Figure 4(b) p < 0:05). The levels of 5-HIAA in the HFD
+vehicle group were significantly higher (Figure 4(c), p <
0:05). We observed an upregulation of the TPH1 gene
expression in the HFD+Met group and a downregulation
of the SERT gene expression in the HFD+vehicle and the
HFD+Met groups (Figures 4(d) and 4(e), p < 0:001). These
results suggest that metformin stimulated 5-HT in HFD-fed
mice by increasing tryptophan and reducing 5-HT metabo-
lism and that HFD feeding increases intestinal tryptophan
and enhances 5-HT metabolism.

3.6. HFD Reprogramming of the Gut Microbiota. Compared
to the ND group, HFD significantly decreased the richness
of the gut microbiota, and metformin treatment failed to
reverse this effect (Figure 5(a)). However, the diversity
shown by the Simpson index was not significantly different.
Principal coordinate analysis (PCOA) results demonstrate

the effects of different diets on microbial β diversity
(Figure 5(b)). The microbial communities exhibited distinct
clusters in mice fed with HFD alone and with HFD sup-
plemented with metformin. The microbial composition in
the mice from the HFD+Met group was more similar to
that observed in mice from the HFD+vehicle group than
to that from the mice that were fed a normal diet. The
ratio of Firmicutes to Bacteroidetes increased in the HFD
+vehicle group, and metformin increased Bacteroidetes
abundance (Figure 5(c)). The linear discriminant analysis
effect size (LEfSe) method was used to determine the taxa
at different taxonomic levels that were enriched between
the groups (Figure 5(d)). At the genus level, compared to
the ND group, the HFD group showed a relative abun-
dance of Lactococcus, Trichococcus, Romboutsia, and Fae-
calibaculum. Intestinimonas and Lactobacillus reuteri were
enriched in the HFD+Met group (LDA ≥ 4). In addition,
compared with the ND group, the relative abundance of
Melainabacteria in the HFD+vehicle and HFD+Met
groups was remarkably decreased (p < 0:01). However,
compared to the HFD+vehicle group, the relative abun-
dance of Tenericutes in the HFD+Met was overrepre-
sented (Figure 5(e), p < 0:05).

Next, we analyzed the association between the top 35 rel-
ative abundances of bacteria, the behavioral phenotype, and
5-HT products and found that Lactococcus, Streptococcus,
and Romboutsia were strongly positively associated with
behavioral scores and 5-HT products in the HFD+vehicle
group (Figure 6), whereas Faecalibacterium was positively
correlated in the HFD+Met group (Figure 6). Streptococcus
and Parasutterella were negatively correlated with sociability
in the HFD+Met group.
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Figure 4: HFD and metformin regulate the 5-HT pathway in the gut.(a–c) HPLC analysis of tryptophan, 5-HT, and the serotonin
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4. Discussion

Our research was aimed at exploring the impact of a high-fat
diet on the display of autistic-like symptoms in C57BL/6
mice and the effect of metformin on these animals. As
expected, mice that consumed a HFD displayed significantly
increased body weight gain and fasting glucose levels. Met-
formin supplementation effectively prevented this high fast-
ing glucose levels and weight gain triggered by the HFD.
When the behaviors were analyzed, we found that a HFD
exacerbated the anxiety-like phenotype in a way that was
consistent with previous reports. Notably, metformin sup-
plementation suppressed the repetitive behaviors and hyper-
activity observed in mice fed with a HFD but did not have an
antidepressive effect. More importantly, the HFD and HFD
plus metformin treatment indicated a rescue in sociability
as measured in the three-chamber test.

This result is consistent with the findings that HFD
ingestion or obesity elicits anxiogenic/depressive-like symp-
toms [2, 3, 22, 23]. Numerous studies have shown that HFD
induces anxiety-like behavior in mice, and interestingly,
HFD withdrawal reverses it [24]. However, there has been
less focus on sociability. In agreement with previous reports
on social behaviors, one study revealed that a HFD improves
social interaction in C57BL/6 mice [25]. Another study

reported that mice fed with a high-fat and high-sugar
(HFHS) diet exhibited impaired social memory, but no def-
icits in sociability [26]. On the other hand, Hassan and col-
leagues reported that a HFD led to a depression-like
phenotype evidenced by reduced sociability [27]. Further-
more, a study reported that three weeks of co-treatment with
metformin alleviated anxiety-like behavior in mice on a
HFD [28]. In our study, metformin administration failed
to exert any therapeutic effect. These inconsistent results
may be due to potentially insufficient duration of treatment
in our protocol or to the fact that HFD-induced anxiety
and depression-like behaviors may not share a similar path-
ophysiology with sociability deficits.

We hypothesized that consumption of a HFD resulted in
gut dysbiosis and was also connected with 5-HT levels,
which could in turn be linked to autistic and anxiety-like
behaviors. Researchers have shown that male germ-free mice
have significantly higher levels of plasma tryptophan but
considerably lower levels of plasma serotonin than typically
colonized mice, implying that the absence of gut microbes
affects the peripheral conversion of tryptophan to serotonin
[29]. We used HPLC to characterize the 5-HT pathway in
the gut. It is well established that 5-HT levels are closely
related to anxiety and depression. Selective 5-HT reuptake
inhibitors are the most commonly prescribed
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Figure 5: HFD reprograms the gut microbiota. (a) Number of observed OTU index was significantly higher in the ND group. (b) Principal
coordinate analysis (PCoA) based on an unweighted UniFrac matrix shows that the overall fecal microbiota composition is different
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antidepressants and antianxiety medications. Previous find-
ings showed that HFD feeding significantly increased plasma
and intestinal 5-HT levels [30]. Our results indicate that a
HFD stimulates tryptophan levels in the gut. However, 5-
HT did not significantly increase in HFD-fed mice, which
may be due to enhanced metabolism (Figure 4(c)) The levels
of 5-HT, on the other hand, were significantly increased in
HFD mice that received metformin.

Previous studies revealed that metformin has several
effects within the gut, including 5-HT regulation [31]. Zem-
degs and colleagues found that HFD induced depressive-like
symptoms associated with decreased extracellular 5-HT
levels in the hippocampus, which may result from increased
sensitivity of the dorsal raphe 5-HT1A autoreceptor [23].
However, in our study, metformin improved sociability but
did not ameliorate anxiety-like behaviors.

Since social behavior deficits are the core symptoms of
autism that are most resistant to treatment, the effect of 5-
HT levels on sociability impairment remains unclear. In

the present study, mice treated with HFD plus metformin
displayed greater sociability as well as an increase in 5-HT
levels. There is mounting evidence that the serotonergic sys-
tem is implicated in social cognition and social interaction
[32]. Walsh and colleagues reported that 5-HT release in
the nucleus accumbens rescues social deficits in a mouse
model of autism [33]. A recent report indicated that sys-
temic enhancement of serotonin signaling reverses social
deficits in several mouse models of ASD [34]. Tryptophan
depletion has been shown to reduce the preference for social
interaction in C57BL/6 and BTBR mice, while 5-HT levels
were at the same time decreased [35], and these changes
matched the clinical responses observed in autistic patients.
In contrast, prenatal metformin exposure or genetic ablation
of the organic cation transporter 3 suppresses the preference
for social interaction in male mice, which is associated to
serotonin metabolism [36]. In preclinical studies, activation
of the 5-HT7 receptor corrects deficits in mouse models of
Fragile X and Rett syndromes, which are the leading
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monogenic causes of ASD. These inconsistent findings sug-
gest that the balance of 5-HT levels may play a role in socia-
bility behaviors [37].

The effects of a HFD on the gut microbiome have been
extensively studied in rodents, and the altered abundance
of the Bacteroidetes and Firmicutes phyla (F/B ratio) has
been described as typical [38, 39]. In agreement with previ-
ous studies, our findings show that HFD intake increased
the F/B ratio. However, metformin cotreatment did not
improve the balance of the intestinal flora. A previous report
showed that metformin alters the microbiome in both mice
and humans and, in contrast with the effect of a HFD, causes
an overall decrease in the bacterial diversity of the mouse
microbiome [40, 41]. The gut microbiota has been widely
investigated for its role in anxiety and ASD. Increasing evi-
dence suggests that the gut microbiome affects 5-HT levels
as well as behavior. For example, some bacterial species from
the Enterococcus, Escherichia, and Streptococcus genuses are
capable of secreting serotonin directly [42], and Bacteroides
fragilis ameliorated some autistic-like phenotypes in mice.
A study indicated that probiotics, including Lactococcus,
reduce cognitive reactivity to the negative mood via alter-
ations in the activity of brain regions that control the central
processing of emotions and sensations [43]. In the present
study, we also found that the genus Lactococcus was rela-
tively abundant in the HFD-fed group, and L. reuteri was
abundant in the HFD+Met group. In particular, L. reuteri
has been shown to selectively rescue social deficits in genetic,
environmental, and idiopathic ASD models via the vagus
nerve [44, 45]. Interestingly, in our study, HFD and metfor-
min treatment ameliorated social interaction, which may be
related to the relative abundance of these microbes. Lacto-
coccus was also strongly positively associated with behavioral
scores and the 5-HT system in the HFD group. Furthermore,
Tenericutes abundance in the HFD+Met group was signifi-
cantly higher than in the HFD+vehicle group. Bacteria from
the Tenericutes phylum have been found to be positively
associated with modulation of the immune system and have
beneficial effects on intestinal integrity [46]. However, the
precise relationship between gut microbiota and anxiety-
like and autistic behaviors remains obscure.

5. Conclusion

In summary, the present study demonstrated that a HFD
enhanced the display of anxiety-like, repetitive behaviors
and ameliorated social interaction in male mice. Metformin
could serve as a potential therapeutic agent against ASD-
related behavior induced by chronic HFD ingestion, and this
may be related to the 5-HT levels in the gut and to its micro-
biota composition. Although the details warrant further
investigation, deciphering the mechanism by which HFD
ingestion triggers autistic-like behavior will help to better
understand the gut-brain axis in the future.
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