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Abstract: Autism spectrum disorder (ASD) is characterized by cognitive inflexibility and social
deficits. Probiotics have been demonstrated to play a promising role in managing the severity of
ASD. However, there are no effective probiotics for clinical use. Identifying new probiotic strains
for ameliorating ASD is therefore essential. Using the maternal immune activation (MIA)-based
offspring ASD-like mouse model, a probiotic-based intervention strategy was examined in female
mice. The gut commensal microbe Parabacteroides goldsteinii MTS01, which was previously demon-
strated to exert multiple beneficial effects on chronic inflammation-related-diseases, was evaluated.
Prenatal lipopolysaccharide (LPS) exposure induced leaky gut-related inflammatory phenotypes in
the colon, increased LPS activity in sera, and induced autistic-like behaviors in offspring mice. By
contrast, P. goldsteinii MTS01 treatment significantly reduced intestinal and systemic inflammation
and ameliorated disease development. Transcriptomic analyses of MIA offspring indicated that in
the intestine, P. goldsteinii MTS01 enhanced neuropeptide-related signaling and suppressed aberrant
cell proliferation and inflammatory responses. In the hippocampus, P. goldsteinii MTS01 increased
ribosomal/mitochondrial and antioxidant activities and decreased glutamate receptor signaling.
Together, significant ameliorative effects of P. goldsteinii MTS01 on ASD relevant behaviors in MIA
offspring were identified. Therefore, P. goldsteinii MTS01 could be developed as a next-generation
probiotic for ameliorating ASD.
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1. Introduction

Autism (autism spectrum disorder [ASD]) is a neurodevelopmental disorder charac-
terized by social deficits, speech and nonverbal communication abnormalities, cognitive
inflexibility, and repetitive/restricted sensory–motor behaviors in combination with vari-
ous degrees (mild to severe) of hyperactivity, intellectual disability, and anxiety [1,2]. The
reported incidence of ASD is high, occurring at an estimated rate of 1 in 88 births in the
United States as of 2008 [3] and 1 in every 100 in the global population [4], indicating that
the condition represents a significant medical and social problem worldwide. Despite
years of studies, there are still no satisfactory medications approved for managing the core
symptoms of ASD [5].

The etiology of ASD is complex, comprising multiple host genetic defects and environ-
mental interferences characterized by maternal factors, gender differences, autoimmunity,
prenatal infection, and inflammation [6–10]. Among these, maternal immune activation
(MIA) was highlighted as an important causal factor in the later life of offspring [11–13].
Specifically, prenatal exposure to pro-inflammatory agents such as lipopolysaccharide (LPS)
has been used as an MIA model to observe deficits in social interaction and anxiety-like
behaviors in offspring [14]. Although preventive treatment with anti-inflammatory agents
reduced inflammation, this did not restore structural and behavioral alterations in MIA off-
spring (MIAO) mice [15]. Additionally, although analyses of brain disorders including the
hippocampal region of MIAO mice revealed abnormalities, the underlying molecular mech-
anisms were not completely characterized [16,17]. Therefore, ASD development might not
be solely attributable to increased inflammatory activity, and the role of the hippocampus
in the development of MIA-induced ASD in offspring also needs to be further clarified.

Recently, the gut microbiota–brain axis has been recognized as a key modulator of
neuropsychiatric health, and aberrant compositional and structural shifts of microbes and
their related metabolites might be causal factors of ASD [18–20]. Under this framework, the
administration of probiotics, which are live beneficial bacteria, to reverse gut microbiota
dysbiosis is expected to improve gastrointestinal dysfunction, optimize neuronal func-
tion, and consequently improve brain activities. Probiotic administration might therefore
represent an effective approach to improve the abnormal behavioral profiles of children
with ASD [21]. However, treatment with traditional probiotics (consortium) such as Lac-
tobacillus reuteri [22], L. acidophilus [23], and DSF, a mixture of eight probiotic strains [24],
only displayed potential ameliorative effects. Based on these findings, it is important to
develop novel next-generation probiotics (NGPs) for ASD interventions as pharmaceutical
applications [25,26].

In autistic subjects, a significant increase in the Firmicutes/Bacteroidetes ratio because
of a reduction of the relative abundance in Bacteroidetes together with a decrease in that
of Parabacteroides and other bacteria was reported [27,28]. In addition, the abundance of
Bacteroides and Parabacteroides was also significantly decreased in germ-free mice harboring
human ASD microbiomes and exhibiting ASD-like behaviors [29]. These results therefore
suggested that Bacteroides and Parabacteroides species can slow the development of ASD and
highlighted the importance of developing Bacteroidales-associated NGPs for ameliorating
ASD-related abnormalities. In concordance, oral treatment of MIAO mice with the gut
commensal bacterium Bacteroides fragilis corrected gut permeability, altered the microbial
composition, and ameliorated ASD-related defects in communicative, stereotypic, anxiety-
like, and sensorimotor behaviors [27].

The commensal bacterial strain Parabacteroides goldsteinii MTS01 was previously re-
ported to ameliorate inflammation-related diseases such as obesity/metabolic syndrome
and chronic obstructive pulmonary disease (COPD), and its effects were mediated through
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reducing LPS-related inflammation in the intestine and peripheral target organs such as
adipose tissue, the liver, and the lungs [30–32]. In addition, P. goldsteinii MTS01 also restored
aberrant cellular mitochondrial and ribosomal metabolic activities and maintained tissue
integrity and host hemostasis [32]. Subsequent studies indicated that anti-inflammatory
hypoacylated LPS derived from P. goldsteinii MTS01 (Pg-LPS) might act as a functional
element [32]. Therefore, P. goldsteinii MTS01 might have the potential for development as
an NGP for ameliorating LPS-induced, MIA-associated ASD relevant behaviors.

In this study, following the growth process of female MIAO mice, we longitudinally
evaluated the ameliorative effects of P. goldsteinii MTS01 on anxiety-like behaviors and
social behavioral deficits. In addition, the effects of P. goldsteinii MTS01 on transcriptomic
patterns in both the intestine and hippocampus of MIAO mice were assessed.

2. Results
2.1. P. goldsteinii MTS01 Ameliorates Anxiety-like Behaviors

The experimental design on the evaluation of the effects of P. goldsteinii MTS01 on
LPS-induced MIAO mice is presented in Figure 1. Female mice were selected and grouped
as CTL group, MIAO group, and MIAO + Pg group. The abundance of P. goldsteinii was
confirmed to be significantly increased in the MIAO + Pg group as compared to the MIAO
group (Supplementary Figure S1).
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Figure 1. Experimental design for evaluating the ameliorative effects of Parabacteroides goldsteinii
(Pg) MTS01 on the aberrant behaviors of offspring with lipopolysaccharide (LPS)-induced maternal
immune activation (MIA). On gestation days (GD) 15, 16, and 17, pregnant mice were subcutaneously
(SC) injected with 25, 25, and 50 µg/kg LPS, respectively. In the control group, pregnant mice were
injected with phosphate-buffered saline. Female mice offspring were selected and grouped. Mouse
offspring were orally gavaged with live Pg MTS01 at 1 × 109 colony-forming units (cfu) per day
for 5 days per week from week 4 through to the end of the experiment. For anxiety-like behavior
assessments, the open-field test (OFT), light–dark box (LDB) test, and elevated plus maze (EPM) test
were conducted at the ages of 5, 6, and 8 weeks, respectively. Regarding the social behavioral deficits
evaluation, the home cage test (HCT) and three-chamber behavioral test (3-CBT) were performed at 6
and 9 weeks of age, respectively.

Five weeks after birth, the OFT [33], which measures general locomotor activity
levels and the willingness to explore, was performed. The results of representative path
tracings are presented in Figure 2A. The proportion of time spent in the central region was
17.01% ± 4.16% in the control group. By contrast, that in the MIAO group was reduced to
11.63% ± 4.49% (p < 0.01; Figure 2B). Oral administration of P. goldsteinii MTS01 significantly
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increased the proportion of time spent in the central region (16.21% ± 9.67%, p < 0.05;
Figure 2B). In comparison, no difference in locomotive activity (total distance moved in the
OFT) was observed among the three groups (Figure 2C).
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Figure 2. Parabacteroides goldsteinii (Pg) MTS01 ameliorates the anxiety-like behaviors of MIAO.
Offspring from phosphate-buffered sale control group (CTL, n = 30), LPS-induced MIA group (MIAO,
n = 30), and MIAO orally gavaged with Pg MTS01 (MIAO + Pg, n = 30) were evaluated for anxiety-like
behaviors using the open-field test (OFT; A–C), light–dark box (D–F), and elevated plus maze (G–I).
The central and peripheral regions in 36 squares as well as the representative path tracing during the
OFT are presented (A). The proportion of time spent in the central region (B) and the total distances
moved in the test period (C) are presented. A schematic representation of the LDB is presented (D).
The number of times the mice moved between the light and dark boxes within 10 min were recorded
(E), and the proportion of time spent in the dark box (F) is presented. A schematic representation of
the EPM test is presented (G). The proportion of open arm entries (H) and the time spent in the open
arm (I) are presented. Data are presented as the mean ± standard deviation. * p < 0.05; ** p < 0.01;
*** p < 0.001; **** p < 0.0001; ns, not significant (one-way ANOVA, Tukey’s post hoc test).

To evaluate whether the natural aversion of offspring mice to brightly illuminated
areas and their spontaneous exploratory behavior in response to mild stress such as novel
environments and light were affected by treatment, the LDB test [34] (Figure 2D) was
performed at the age of 6 weeks old. As presented in Figure 2E, the time needed to move
between the open and dark boxes was shorter in the MIAO group than in the control group
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(21.93 ± 8.11 vs. 37.27 ± 9.47, p < 0.0001). In comparison, P. goldsteinii MTS01-treated
MIAO mice had a significantly higher time in moving between the boxes (46.43 ± 10.5 vs.
21.93 ± 8.11, p < 0.0001; Figure 2E). Specifically, the proportions of time spent in the dark
box were 62.82% ± 12.88%, 77.16% ± 13.87%, and 65.64% ± 12.33% in control, MIAO, and
P. goldsteinii MTS01-treated MIAO mice, respectively (control vs. MIAO, p < 0.001; MIAO
vs. MIAO + P. goldsteinii MTS01, p < 0.01; Figure 2F). Together, the results of the OFT and
LDB tests indicated that in adolescence, the developed anxiety-like behaviors in MIAO
mice were improved by P. goldsteinii MTS01 treatment.

The anxiety-like behaviors of mice were further evaluated in adulthood. Eight weeks
after birth, the EPM test [35] (Figure 2G), which is frequently used in neurobiological
anxiety research, was performed. Although there was no statistical difference (p = 0.073
and 0.070, respectively), the proportion (%) of open arm entries tended to be lower in the
MIAO group than in the control group, whereas P. goldsteinii MTS01 treatment in MIAO
increased open arm entry (Figure 2H). The proportion of time spent in the open arms also
tended to be lower in the MIAO group than in the control group (p = 0.064; Figure 2I). By
contrast, oral treatment with P. goldsteinii MTS01 in MIAO significantly increased the time
spent in the open arms (2.04% ± 1.04% vs. 4.19% ± 5.69%, p < 0.05; Figure 2I).

2.2. Social Behavioral Deficits Are Restored by P. goldsteinii MTS01

To determine whether P. goldsteinii MTS01 administration also restored the social
behaviors and mutual interactions of mice, MIAO mice were subjected to the HCT [36]
(Figure 3A) at 6 weeks old. MIAO mice displayed more passive interactive behaviors with
other mice in the home cage than with control mice (38.93 ± 10.46 times vs. 27.09 ± 10.69
times, p < 0.0001; Figure 3B). Oral treatment with P. goldsteinii MTS01 significantly reduced
the number of passive behaviors (24.96 ± 13.98 times, p < 0.0001).

As mice grew to adulthood (9 weeks old), the behaviors of “sociability” and “social
novelty” related to the propensity of mice to spend time with a previously unmet mouse
compared to time spent alone in an identical but empty chamber were subsequently tested
using the 3-CBT [37] (Figure 3C,E). Regarding sociability, the proportion of time spent ex-
ploring objects was significantly higher in MIAO mice than in control mice (38.60% ± 9.52%
vs. 30.98% ± 11.4%, p < 0.05; Figure 3D). P. goldsteinii MTS01 administration signifi-
cantly decreased the proportion of time spent exploring objects (31.26% ± 13.93%, p < 0.05;
Figure 3D). In terms of social novelty, the proportion of time spent exploring the unfamiliar
tended to be lower in MIAO mice (50.26% ± 18.43%) than in normal control offspring
(55.45% ± 19.81%, p = 0.439; Figure 3F). The proportion of time spent exploring the un-
familiar became higher by P. goldsteinii MTS01 treatment (59.32% ± 13.43%), although
significance was not reached (p = 0.086; Figure 3F). Together, the results highlighted the
potential to develop P. goldsteinii MTS01 as an intervention for ASD.

2.3. P. goldsteinii MTS01 Alleviates MIA-Induced Intestinal Inflammation and Endotoxemia
in Offspring

Previous studies indicated that prenatal MIA could increase the levels of interleukin-
17A (IL-17A), which initiated immune-primed phenotypes in offspring that exhibited
autism-like phenotypes and increased susceptibility to develop intestinal inflammation
later in life [38,39]. Concordantly, intestinal inflammation was identified in MIAO mice,
and P. goldsteinii MTS01 reduced the intestinal levels of pro-inflammatory cytokines such as
IL-1β, IL-6, and TNF-α (Figure 4B–D). MIAO mice can also develop low-grade endotoxemia
in sera [40]. Thus, the effects of P. goldsteinii MTS01 on endotoxemia in MIAO mice were
evaluated. Whereas serum LPS activity was increased in MIAO mice, it was significantly
reduced by P. goldsteinii MTS01 treatment (Figure 4A). Thus, P. goldsteinii MTS01 treatment
reduced both local intestinal and systematic inflammation.
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Offspring from the phosphate-buffered saline control group (CTL), lipopolysaccharide-induced MIA
group (MIAO), and MIAO orally gavaged with Pg MTS01 (MIAO + Pg) were evaluated for social
deficit behaviors using the home cage test (n = 46; A,B) and three-chamber behavioral test (3-CBT,
n = 34; C–F). A schematic representation of the phenotypic expression of active (nose-to-nose or nose-
to-body) and passive (body-to-body) behaviors is presented (A). The number of times that passive
behaviors were displayed was recorded (B). Schematic representation of the 3-CBT is presented (C,E).
The proportion of time spent in the empty chamber (Object zone) in contrast to that in the Social zone
was recorded (D). The proportion of time spent exploring unfamiliar (S2 zone) in contrast to familiar
mice (S1 zone) is presented (F). Data are presented as the mean ± standard deviation. * p < 0.05;
**** p < 0.0001 (one-way ANOVA, Tukey’s post hoc test).
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Figure 4. Parabacteroides goldsteinii (Pg) MTS01 ameliorates the gut inflammation of lipopolysaccharide
(LPS)-induced MIAO. The serum endotoxin level (A) and colon inflammatory cytokine level (B–D) of
offspring from the phosphate-buffered saline control group (CTL), LPS-induced MIA group (MIAO),
and MIAO orally gavaged with Pg MTS01 (MIAO + Pg) were determined. Data are presented as the
mean ± standard deviation. * p < 0.05; ** p < 0.01; ns, not significant (one-way ANOVA, Tukey’s post
hoc test).

2.4. P. goldsteinii MTS01 Restores Aberrant Transcriptomes in the Intestine of MIAO Mice

The effects of P. goldsteinii MTS01 on the mRNA transcriptomic patterns in the intestine
were next examined. To evaluate whether an a priori defined set of genes exhibits statis-
tically significant and concordant differences among the groups, GSEA was performed.
Several pathways significantly differed between the control and MIAO groups (Supple-
mentary Figure S2A). In the MIAO group, increased immune cell responses and DNA
replication, enhanced tRNA aminoacylation/ribosomal protein expression, and activated
cell mitosis were identified. By contrast, sensory perception (olfactory, taste) and G-protein
coupled receptor (GPCR), GABA receptor, pheromone receptor, and ion channel signaling
were inhibited (Supplementary Figure S2B).

P. goldsteinii MTS01 administration enhanced neurotransmitter transportation and se-
cretion, membrane potential, oxidoreductase activity, and voltage-gated potassium/calcium
ion channel and synaptic membrane signaling in MIAO mice (Figure 5A). In addition,
P. goldsteinii MTS01 suppressed immune cell responses, inflammatory responses, DNA
replication, chromosome segregation and cell division, and GPCR purinergic nucleotide
receptor activity (Figure 5B). qPCR was used to clarify the relative expression of CD79a
and CD79b (B cell receptors), TLR4 (LPS receptor), Ccl8 (chemokine), and RimS2 (synaptic
membrane exocytosis). In brief, P. goldsteinii MTS01 reversed the aberrant transcriptomic
patterns in the intestine of MIAO mice (Figure 5C–G).

2.5. Molecular Characterization of the Effects of P. goldsteinii MTS01 Effects in the Hippocampus
of MIAO Mice

Previous studies highlighted the important role of gut commensal bacteria in the
development of hippocampal neurogenesis [41,42] and identified aberrant physiological
phenomena in the hippocampus in MIAO mice [43]. Whether P. goldsteinii MTS01 admin-
istration altered the expression of ASD-related genes in the hippocampus was analyzed.
Transcriptomic analyses of hippocampus tissue-derived cells from MIAO mice with or
without P. goldsteinii MTS01 treatment were conducted, followed by GSEA. In MIAO mice,
increased expression of genes related to protein localization and targeting, positive regu-
lation of leukocyte apoptotic processes, MHC protein complex binding, large and small
ribosomal proteins, mitochondrial and respirasome protein complex components, and
spliceosomal complex components were observed (Supplementary Figure S3A). By con-
trast, decreased expression in genes related to neuropeptide signaling pathways/endocrine
system development, ion-gated channel activity, serotonin production, and GPCR and
GABA receptor activity (Supplementary Figure S3B) were observed in MIAO mice in
comparison to the findings in control mice.
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Figure 5. Transcriptome alterations in colon of MIAO orally gavaged with Parabacteroides goldsteinii
MTS01. Dot plots of the significantly upregulated (normalized enrichment score [NES] > 1 and
false-discovery rate [FDR] q value < 0.25) and downregulated ([NES] < −1 and FDR q value < 0.25)
gene sets from gene set enrichment analysis of the MIAO + Pg group compared to the MIAO
group (top 20 gene sets in GO_BP, GO_MF and GO_CC) are presented in (A,B), respectively. Gene
sets with similar functions were labeled in color, and the functions were also added. Five genes
contributing to the leading-edge subset within the gene sets (immune responses such as B cell receptor,
lipopolysaccharide receptor, and chemokine responses; synapse responses such as synaptic membrane
exocytosis) as validated by quantitative RT-PCR are presented in (C–G). Data are presented as the
mean ± standard deviation. * p < 0.05; ** p < 0.01(unpaired Student’s t-test). MIAO + Pg, MIAO
treated with P. goldsteinii MTS01.
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P. goldsteinii MTS01 administration in MIAO mice affected multiple pathways (Figure 6).
Increased expression of genes involved in protein localization and targeting, mitochondrial
respiratory electron transport chain activity and ATP synthesis, the regulation of nerve
impulse transmission, detoxification, glutathione peroxidase and antioxidant/vitamin B6-
binding activities, and olfactory receptor activity, in addition to genes encoding ribosomal
proteins, were observed (Figure 6A). Conversely, reduced expression of genes involved
in the glutamate receptor signaling pathway, myosin II filament complex formation, and
synaptic membrane signaling were detected (Figure 6B).
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Figure 6. Transcriptome alterations in hippocampus of MIAO orally gavaged with Parabacteroides
goldsteinii MTS01. Dot plots of the significantly upregulated (normalized enrichment score [NES] > 1
and false-discovery rate [FDR] q value < 0.25) and downregulated ([NES] < −1 and FDR q value < 0.25)
gene sets from gene set enrichment analysis of the MIAO + Pg group compared to the MIAO group
(top 20 gene sets in GO_BP, GO_MF and GO_CC) are presented in (A,B), respectively. Gene sets with
similar functions were labeled in color, and the functions were also added. Eight genes contributing
to the leading-edge subset within the gene sets (ribosome, oxidoreductase, NADH dehydrogenase,
antioxidant, regulation of transmission of nerve impulse, and glutamate receptor signaling pathway)
as validated by quantitative RT-PCR are presented in (C–J). Data are presented as the mean ± standard
deviation. * p < 0.05; ** p < 0.01 (unpaired Student’s t-test). MIAO + Pg, MIAO treated with P. goldsteinii
MTS01.

The expression of P. goldsteinii MTS01-mediated genes was further validated by
qPCR. Eight genes contributed to the leading-edge subset within the gene sets measured
(Figure 6C–J). Of these, six genes were upregulated by P. goldsteinii MTS01 treatment,
including Rpl34 and Rpl11 (involved in ribosome biogenesis), Wdr93 (located in mito-
chondrial respiratory chain complex I and involved in oxidoreductase response), Ndufa3
(related to NADH dehydrogenase activity), Duox2 (associated with antioxidant function),
and Avpr1A (arginine vasopressin receptor 1A involved in regulation of transmission of
nerve impulse; Figure 6C–H). In addition, the downregulation of Grm6 (Figure 6I) and Crh
(Figure 6J), which are related to the glutamate receptor signaling pathway, by P. goldsteinii
MTS01 was also validated.

2.6. P. goldsteinii MTS01 Modulates Immune and Neuronal Signaling in the Colon of
Germ-Free Mice

As P. goldsteinii MTS01 was administered orally, whether P. goldsteinii MTS01 alone
regulated the expression of genes related to neuronal development in intestinal tissue
was next addressed. P. goldsteinii MTS01 influenced multiple pathways in germ-free mice
(Supplementary Figure S4). Among these, the expression of genes related to innate immune
responses and anti-microbial humoral responses were upregulated. By contrast, decreased
expression of genes related to nervous system development and synaptic signaling was
observed (Supplementary Figure S4). Previous results revealed a functional microbiota–
neurohumoral relationship during conventionalization and suggested a delayed neuronal
response that is elicited only after the microbiota accommodating homeostasis has been
established [41]. In this study, the administration of P. goldsteinii MTS01 significantly
decreased the neuronal response in the colon, implying the involvement of P. goldsteinii in
the development of the gut–brain circuit.

3. Discussion

The gut microbiota was recently recognized as a key modulator of neuropsychiatric
health, in which gut microbiota dysbiosis, which is closely associated with the development
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of gastrointestinal symptoms, might be a causal factor in altered brain/hippocampal
neurogenesis and ASD development [29,44–46]. To ameliorate ASD, the correction of
gut microbiota dysbiosis was highlighted as a treatment goal [47]. As probiotics can
correct dysbiosis and improve gastrointestinal dysfunction through multiple mode of
actions (MOAs), it is plausible to speculate that they can also improve the behavioral
profiles of patients with ASD [24,48,49]. In addition to influencing microbiota composition,
reducing gut inflammation, strengthening intestinal barrier functions, and altering mucosal
immune responses [50], probiotics can also involve control of the production of metabolites,
hormones, and neurotransmitters in the host [21]. However, though traditional probiotics
displayed evidence of clinical efficacy against irritable bowel syndrome or ulcerative
colitis, the results of previous clinical studies on ASD were inconsistent. For example,
the clinical treatment of children with ASD using L. plantarum was reported to have a
positive ameliorative effect [51]. In addition, abnormal brain plasticity and neurogenesis
can be prevented by pretreatment with the Probio’Stick® formulation, which modulates
neuroregulatory factors and signaling pathways in the central nervous system-related
stress response [52]. Furthermore, treatment with L. reuteri restored social deficits in
several ASD mouse models by rescuing social interaction-induced synaptic plasticity via
the oxytocinergic system in a vagus nerve-dependent manner [22]. Moreover, mice treated
with L. rhamnosus JB-1 exhibited stimulation of the transcription of GABA receptors in the
vagus nerve, which regulates emotional behavior [53]. Conversely, supplementation with a
cocktail comprising eight probiotic strains only displayed potentially positive effects in a
subset of children with ASD [24]. Furthermore, the results of a clinical meta-analysis also
revealed no significant difference is patients’ anxiety scores between the probiotics and
placebo groups [54].

The identification of NGPs as therapeutic agents (or more specifically “psychobiotics”)
for improving the clinical treatment of aberrant neuroactivity is currently under intensive
study [55]. In contrast to traditional probiotics, NGPs are beneficial bacteria basically
identified from the results of recently conducted microbiota-related research. Alterations of
the gut microbiota composition during ASD development, in contrast to the findings in
normal controls, might reveal novel NGPs involved in the regulation of ASD pathogen-
esis [28]. Under strict safety regulatory control, NGPs can be used as live biotherapeutic
drugs targeting psychotic diseases [26,28,49]. In one example, the administration of a non-
toxigenic Bacteroides fragilis strain reduced bacteria-driven chronic colitis [56], protected
against antibiotic-associated diarrhea [57], and also restored aberrant host metabolism
and ameliorated ASD-related defects in MIAO [27]. B. fragilis lacking the enterotoxin
gene might therefore be a good candidate for development as a potential NGP for ASD
treatment [26,58].

In this study, we reported that a beneficial bacterial strain P. goldsteinii MTS01 reversed
aberrant anxiety-like and social deficit behaviors. These changes were accompanied by
reductions of intestinal and systemic (serum) inflammation, reversing intestinal abnor-
malities and optimizing hippocampus functions in MIAO SPF mice. MIAO mice avoided
elevated areas (EPM test) and preferred darker areas over lighter areas (LDB test), indi-
cating higher anxiety and stress in novel environments. By contrast, mice treated with P.
goldsteinii MTS01 behaved more positively, and they tended to explore areas. In addition,
MIAO mice exhibited abnormal sociability activities, i.e., reduced activity and increased
passive interactions with other mice (HCT), less time spent with other rodents, and less
time investigating a novel unfamiliar than a familiar one (social novelty) compared to the
controls (3-CBT). By contrast, P. goldsteinii MTS01 treatment also significantly restored the
social behavioral deficits observed in MIAO mice. Conversely, our research and previ-
ous studies revealed intestinal inflammation together with increased pro-inflammatory
LPS activity in the blood of hosts with ASD [59,60]. Treatment with P. goldsteinii MTS01
effectively reduced this inflammation and the related abnormalities. Concordantly, similar
phenomena of reducing inflammation were also observed in our previous studies on the
amelioration of high-fat diet-induced obesity and metabolic syndrome [31], and smoking
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initiated COPD by this bacterium [32]. Although the underlying molecular mechanisms of
the effects of oral P. goldsteinii MTS01 on inflammation were not completely clarified, Pg-
LPS, an anti-inflammatory LPS derived from P. goldsteinii MTS01 might play an important
role [32]. Pg-LPS characterized by hypoacylated lipid A moieties can alleviate the inflam-
mation caused by pro-inflammatory E. coli LPS in the intestine and sera [32]. These findings
might, at least partially, explain why P. goldsteinii MTS01 ameliorated pro-inflammatory E.
coli LPS-induced ASD development in MIAO mice. Briefly, P. goldsteinii MTS01 adminis-
tration reduced inflammation and ameliorated ASD-related abnormal behaviors, further
highlighting its potential as an NGP for treating ASD-related diseases.

ASD is a sex-biased neurodevelopmental disorder, which is more commonly diagnosed
in males than females. Differences in behavioral phenotypes between males and females
were reported; therefore, their behavior should be analyzed separately. In this study, the
ameliorative effect on ASD-relevant behavior of P. goldsteinii in female mice was prioritized
to report that which was less studied in previous reports. Meanwhile, the same effect was
also observed in male mice (our unpublished data) and needs further investigations.

P. goldsteinii MTS01 exhibited multiple MOAs in MIOA mice (Supplementary Figure
S5). In addition to anti-inflammation, P. goldsteinii MTS01 also affected mRNA transcrip-
tomic patterns in both the intestine and hippocampus. In the intestine of MIAO mice,
inflammatory activities, cell division, and ribosomal protein expression were aberrantly
increased, in addition to sensory perception, GPCR receptor signaling and ion channels
were inhibited. By contrast, P. goldsteinii MTS01 administration reduced aberrant inflam-
matory activities and cell division, together with GPCR signaling, whereas it increased
neurotransmitter, synaptic, oxidoreductase, and ion channel activities. In the hippocam-
pus of MIAO mice, aberrant increases in ribosomal protein expression and mitochondrial
activities were observed, whereas reduced neuropeptide signaling, ion channel activity,
and GPCR and GABA/serotonin receptor activities were identified. P. goldsteinii MTS01
administration modulated these activities, specifically increasing ribosomal protein ex-
pression and mitochondrial, anti-oxidative/glutathione peroxidase, and olfactory receptor
activities and decreasing glutamate receptor and synaptic membrane signaling. In brief,
MIAO mice developed chronic inflammation-related deficits in neurotransmission and
behavioral abnormalities, which were reversed by P. goldsteinii MTS01.

A previous study revealed beneficial effects of palmitoylethanolamide/luteolin, a
combination of anti-inflammatory and antioxidant, in a mouse model of autism and in
an autism case [61]. A recent study reported an anthocyanin-rich extract obtained from
fruits alleviated autism-like symptoms in a mouse model of ASD and modulated the gut
microbiota composition [62]. These results and our study suggested the possible linkage
among antioxidant, gut microbiota, and brain.

Imbalance of the excitation and inhibition of sensory processing in the brain may
lead to alterations of neural signaling, information processing, and responding behavior,
which are closely associated with ASD development. Either hyper- or hyporesponsiveness
in the aspect of input, cognitive, and behavioral reactivity is considered abnormal [63].
Several GPCR heteromers containing receptors sensing neurotransmitters were reported to
be related to autism development. These included GABAergic, glutamatergic, dopamine,
oxytocin, and 5-hydroxytryptamine receptors [5]. GPCRs are associated with different
subsets of G-proteins that in turn regulate specific ion channels and trigger cAMP cascades,
leading to the activation of distinctive cellular signaling pathways under differential stimu-
latory conditions [64]. Dysfunction in the formation and/or function of GPCR heteromers
in the GPCR interactome, including olfactory receptors [65], could potentially contribute to
ASD. Currently, the majority of ameliorative strategies under development mainly aim to
restore the brain excitatory/inhibitory imbalance described in autism by optimizing the
expression and signaling of these GPCR heteromers [5]. GPCRs might therefore represent
new pharmacotherapeutic targets for autism [5].

Several neurotransmitters and specific neuropeptides are critically involved in the
regulation of social behaviors. Alterations in some neurotransmitter systems that modulate
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brain network activities occur and potentially underlie the etiology/pathophysiology of
ASD [20,66]. Among these, the imbalance between excitatory glutamatergic and inhibitory
GABAergic tones has been most studied. Reduced GABA levels or the impairment of
GABAergic transmission in the higher-order motor areas integrating multiple sensory
modalities or aberrant increases in glutamate signaling might underlie the sensory hyperre-
sponsiveness in patients with ASD [67,68]. Hence, GABA agonists or agents that antagonize
glutamate receptors have been developed for optimizing this imbalance in the treatment
of ASD [69]. Conversely, to fine-tune the excitatory/inhibitory imbalance described in
autism, dopaminergic, serotonergic, oxytocinergic, and cannabinoid systems have also
been addressed [5]. P. goldsteinii MTS01 fine-tuned many of the neurosensory systems,
which may underlie the important mechanism of amelioration. In addition, although the
gut microbiota is involved in the production of neuroactive compounds such as GABA
and glutamate [20], whether P. goldsteinii MTS01 produces some of these neurotransmitters
remains to be further studied.

Multiple other abnormal physiological activities are involved in ASD development.
Increased enterocyte and Paneth cell counts in the intestinal epithelium and lamina propia,
together with increased crypt cell proliferation, have been found in autistic children [70].
In parallel, increased brain growth and mutations in autism were also reported [71]. Mean-
while, a growing body of evidence from whole-genome and whole-exome sequencing
has suggested a linkage of several ASD susceptibility genes for potassium channels in
subjects with ASD. Genetic dysfunction of potassium channels may be involved in the al-
tered neuronal excitability and abnormal brain function in the pathogenesis of ASD [72,73].
In addition, the roles of ribosomal and mitochondria-related activities were also high-
lighted. Abnormal (either increased or decreased) ribosomal protein gene expression
and RNA spliceosome activity in the brain [72,74], together with aberrant mitochondrion-
related electron transportation chain and oxidative phosphorylation/respiratory function
activities [75], was reported to be closely associated with the development of neurodevelop-
mental pathologies in hosts with ASD [76]. In this study, GSEA revealed the upregulation
of genes involved in ribosomal biogenesis and mitochondrial activities in MIAO mice,
and their expression was further enhanced by P. goldsteinii MTS01. Such phenomena war-
rant further detailed studies. Another important factor involved in ASD is the neuronal
activities responsible for regulating localized protein synthesis within dendrites and the
post-translational modification of synaptic molecules. These were associated with regulat-
ing synaptic function and allowing neuronal circuits to respond dynamically to stimuli [66].
Dysregulation of such signaling pathways was ameliorated by P. goldsteinii MTS01, which
may also play a key role in ameliorating ASD. P. goldsteinii MTS01 optimally delayed
the expression of neuron development-related genes in the intestine of germ-free mice,
indicating the important effects of P. goldsteinii MTS01 on the homeostatic development of
neuroma system in the intestine.

Taken together, P. goldsteinii MTS01 administration appeared to optimize multiple
activities in both the intestine and hippocampus of MIAO mice, simultaneously leading to
the maintenance of cellular homeostasis, optimal turnover of biochemical macromolecules,
increased cellular antioxidant activities, and optimization of the signaling pathways related
to the control of neurobehaviors. Therefore, P. goldsteinii MTS01 has the potential for
development as an NGP or live biotherapeutic product for the potential prevention or
treatment of ASD. In addition, the active component(s) of P. goldsteinii MTS01, as well as the
underlying molecular mechanisms that control multiple regulatory activities and restore
aberrant functions and phenotypes in ASD models, remain to be further characterized.

4. Materials and Methods
4.1. Animals

The animal experiments performed in this study were approved by the Institutional
Review Board of National Kaohsiung Normal University, Taiwan and performed according
to the instructions of the Animal Protection Act (Kaohsiung, Taiwan). In the study 8- and
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10-week-old female C57BL/6J mice were purchased from the National Laboratory Animal
Center (NLAC, Taipei, Taiwan) and bred under specific pathogen-free (SPF) conditions
with a strict 12-h light (8–19 o’clock)/dark (20–7 o’clock) cycle (22–24 ◦C; 55–65% humidity).
The experiments were performed from 10:00 AM to 12:00 PM. All mice were individually
acclimated at cage for 3–5 days. For mating, the female acclimated at another cage that
harbored the odor of male mouse for 3 days followed by 2 female mice being mated with
1 male mouse. On the day that vaginal plugs appeared, females were housed separately,
and this day was designated as gestational day 0 (GD0). The offspring were routinely
housed in separate cages with 2–3 females per cage and fed a standard food diet (Oriental
Yeast Co., Chiba, Japan). Germ-free C57BL/6JNarl mice were purchased from NLAC. Mice
were maintained in a vinyl isolator and confirmed their germ-free status by culturing feces,
bedding, and drinking water in thioglycollate medium (DIFCO, Camarillo, CA, USA).

4.2. Experimental Design

Escherichia coli LPS is commonly used for inducing maternal immune activation of
C57BL/6J mice at prenatal infection [11]. To evaluate the appropriate doses, E. coli O55:B5
LPS ranging from 25 to 80 µg /kg were tested before formal experiments. Eventually,
pregnant mice injecting subcutaneously (sc) E. coli O55:B5 LPS three times (GD15, 25 µg/kg;
GD16, 25 µg/kg; and GD17, 50 µg/kg; Figure 1), with optimal offspring survival rate >92%
and maternal abortion rate <10%, were used for MIA induction in this study.

Female MIAO mice were selected and grouped, followed by behavioral experiments.
Offspring mice derived from pregnant mice subcutaneously injected with phosphate-
buffered saline were used as the normal control. For MIAO mice treated with P. goldsteinii
MTS01, each offspring was orally gavaged with 1 × 109 colony-forming units (cfu) of live
bacteria once per day for five days per week (from week 4 to the end of the experiment).
Control and MIAO that served as control were gavaged with PBS.

Germ-free mice were orally administrated with P. goldsteinii MTS01 (5 × 108 cfu) once
at 8 weeks old. After 2 weeks of mono-colonization, mice were sacrificed, and their colons
were collected.

4.3. P. goldsteinii Cultivation

P. goldsteinii MTS01 was isolated from the feces of a healthy adult who received
P. goldsteinii MTS01 isolated from a healthy mouse [32] for 6 months. Bacteria were grown
at 37 ◦C in a Whitley DG250 anaerobic chamber (Don Whitley, Bingley, UK) with mixed
anaerobic gas (5% carbon dioxide, 5% hydrogen, 90% nitrogen). The anaerobic condition
was confirmed using an anaerobic indicator (Oxoid, Basingstoke, UK). P. goldsteinii MTS01
was cultivated on anaerobic blood agar (Creative, New Taipei City, Taiwan) and liquid
thioglycollate medium (BD, Franklin Lakes, NJ, USA).

4.4. Behavioral Tests

In this study, a total of 17 (MIAO), 18 (MIAO + Pg), and 13 (CTL) littermates were
used for behavioral tests (details in Supplementary Table S1). The mice from different
littermates were maintained at body weights (ranging from 16 to 20 g, aged 5 to 8 weeks
old), locomotor activities (ranging from 49 to 52 m observed by OFT at 5 weeks of age),
and muscle strength (scores ≥ 4 points, measured by standard wire-hanging evaluation at
8 weeks of age). All tested mice had similar physiological conditions throughout the study.

Individually housed female offspring completed the open-field test (OFT), light–dark
box (LDB) test, and home cage test (HCT) during adolescence (5 weeks old) as well as
the three-chamber behavioral test (3-CBT) and elevated plus maze (EPM) test in adult-
hood (8 weeks old) [77]. Each behavioral experiment was separated by 2 days. All tests
were automatically video-recorded (iCATCH, DVR-413DH-J; Panasonic, Taipei, Taiwan)
and imaged using software (iWATCH DVR, v2; Panasonic) per standard protocols [77].
Before testing, individual mice were allowed to move freely for 10 min at individual equip-
ment. Briefly, the OFT was performed at 60 × 60 cm of testing area including 36 squares
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(10 × 10 cm per square; outer, 20 squares; inner, 16 squares) illuminated at 65 lux for 10 min.
For LDB, the light–dark box (45 × 27 × 454 cm) was set to 45 and <1 lux, respectively. The
mice faced the open door (7.5 × 7.5 cm) at the light area to start the test for 10 min. The
EPM apparatus was set to open arms (30 × 5 cm, 100 lux, without wall) and closed arms
(30 × 5 cm, 90 lux), surrounded by 16-cm high whitewalls, no shadow) at 50 cm above
the floor. The central platform, which was located at a space between the open and closed
arms, was a 5 × 5 cm square with illumination of 100 lux. The test was started with mice
facing the open arm and performed for 10 min. For HCT, the interactions of 2 tested mice
(sibling) were recorded every 30 s for 30 min. Totally, 122 measurements were recorded.
For the 3-CBT, the mice were placed at one of the wire-mesh cages (20 × 20 × 45 cm, every
cage) illuminated by 70 lux at the start. Another empty cage recognized as an object or the
mouse from a different home cage with a similar body weight, age, and sex, was designated
as unfamiliar.

4.5. Endotoxin Detection

Serum LPS levels were measured using a murine HEK-Blue™ LPS Detection Kit
(InvivoGen, San Diego, CA, USA) based on the manufacturer’s instructions.

4.6. Quantification of Gene Expression Levels and Abundance of P. goldsteinii

At sacrifice, mice were anesthetized with isoflurane and blood was collected via
intracardiac puncture. The colon and hippocampus tissues were collected in RNAlater
solution (Sigma-Aldrich, St. Louis, MO, USA). Total RNA was extracted using a Genezol
TriRNA pure kit (Geneaid, New Taipei City, Taiwan) per manufacturer’s protocol. RNA
was reverse-transcribed into cDNA using a Quant II fast reverse transcriptase kit (BioTools,
New Taipei City, Taiwan). The resulting cDNA was used as a template for quantitative
PCR (qPCR) using the primers listed in Supplementary Table S2. The PCR conditions were
as follows: initial pre-incubation-step at 95 ◦C for 3 min; 50 cycles at 95 ◦C for 10 s, 60 ◦C for
20 s, and 72 ◦C for 5 s; and one melting curve cycle. GAPDH was used as the internal control
for qPCR. Relative gene expression was calculated using the 2−∆∆CT method. Feces samples
were snap-frozen in liquid nitrogen and stored at −80 ◦C. DNA was extracted using a
QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany). Determination of P. goldsteinii
abundance in fecal DNA was performed by real-time qPCR using P. goldsteinii 16S rRNA
gene specific primers listed in Supplementary Table S2. The 16S rRNA gene V3−V4 primers
were used as the internal control for qPCR assay.

4.7. RNA Sequencing and Bioinformatics Analyses

Total RNA was prepared from the intestine and hippocampus tissues of mice. A
total of 11 colon (CTL, n = 3; MIAO, n = 4; MIAO + Pg, n = 4) and 10 hippocampus
(CTL, n = 4; MIAO, n = 3; MIAO + Pg, n = 3) tissues were subjected for transcriptomic
analysis. RNA sequencing was conducted on an Illumina HiSeq4000 using a paired-end run
(2 × 150 bases). We used the STAR (v2.7.3a) two-pass mapping strategy to align the raw
FASTQ reads against the mouse reference genome (GENCODE Mouse M24) downloaded
from the GENCODE database. DESeq2 (v1.26) was used to normalize the raw read counts
quantified by STAR with GENCODE Mouse M24 gene annotation. To perform gene
set enrichment analysis (GSEA), we first converted gene expression data into the pre-
ranked format by calculating the log2 fold change of different conditions. Next, we used
GSEA software (v4.1.0) and MSigDB (v7.2) (http://www.gsea-msigdb.org/gsea/msigdb/)
(accessed on March 2022) with the pre-rank mode to calculate the normalized enrichment
scores and false-discovery rate (FDR). In particular, we used GO gene sets (MSigDB C5).
Gene sets were considered significantly enriched at FDR < 0.25 when using Signal2Noise as
a metric and 1000 permutations of gene sets. The dot plots displaying the most significantly
upregulated (normalized enrichment score [NES] > 1) and downregulated (NES < −1) gene
sets were generated using the ggplot function of the ggplot2 R package.

http://www.gsea-msigdb.org/gsea/msigdb/
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4.8. Statistical Analysis

Data are presented as the mean ± standard deviation. Because each group in the
behavioral tests had at least 30 observations, data sets were assessed by parametric one-way
ANOVA with Tukey’s post hoc multiple comparisons. The normality of other data in this
study was confirmed by using the Shapiro–Wilk test. Differences between two groups were
assessed using an unpaired two-tailed Student’s t-test. Data sets involving more than two
groups were assessed by one-way ANOVA with Tukey’s post hoc multiple comparisons.
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