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Microbiota-indole 3-propionic acid-brain R

axis mediates abnormal synaptic pruning
of hippocampal microglia and susceptibility
to ASD in IUGR offspring
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Abstract

Background Autism spectrum disorder (ASD) has been associated with intrauterine growth restriction (IUGR),
but the underlying mechanisms are unclear.

Results We found that the IUGR rat model induced by prenatal caffeine exposure (PCE) showed ASD-like symptoms,
accompanied by altered gut microbiota and reduced production of indole 3-propionic acid (IPA), a microbiota-
specific metabolite and a ligand of aryl hydrocarbon receptor (AHR). IUGR children also had a reduced serum IPA
level consistent with the animal model. We demonstrated that the dysregulated IPA/AHR/NF-kB signaling caused

by disturbed gut microbiota mediated the hippocampal microglia hyperactivation and neuronal synapse over-
pruning in the PCE-induced IUGR rats. Moreover, postnatal IPA supplementation restored the ASD-like symptoms
and the underlying hippocampal lesions in the IUGR rats.

Conclusions This study suggests that the microbiota-IPA-brain axis regulates ASD susceptibility in PCE-induced
IUGR offspring, and supplementation of microbiota-derived IPA might be a promising interventional strategy for ASD
with a fetal origin.

Keywords Intrauterine growth restriction, Autism spectrum disorder, Gut microbiota, Indole 3-propionic acid,
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a public health problem of global concern [1-3]. The
“developmental origins of health and disease (DOHaD)”
theory has received extensive attention in recent years,
focusing on the fetal origin of human diseases [4]. Intrau-
terine growth restriction (IUGR) is an adverse event in
the uterus that causes an infant to be born with a birth
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weight two standard deviations below the mean weight
for age or below the 10th percentile for age [5]. IUGR is
a common obstetric disease and the leading cause of pre-
mature birth, respiratory distress, and even death [6, 7].
In the past two decades, the incidence of IUGR has also
increased rapidly, with an incidence rate up to nearly 30%
in developing countries, much higher than that in devel-
oped countries [8, 9]. Epidemiological survey showed
that children with IUGR would be susceptible to vari-
ous chronic diseases when they become an adult, which
includes ASD [10]. These findings suggest that ASD has
a fetal developmental origin. However, the underlying
mechanisms of ASD with a fetal origin remain unclear.
Caffeine is a xanthine alkaloid that widely exists in cof-
fee, tea, energy drinks, food, and painkillers [11]. Prenatal
caffeine exposure (PCE) is very common, with approxi-
mately 60 to 75% of pregnant women drinking caffein-
ated beverages [12]. In addition, there is a large amount
of caffeine residue in the environment, and pregnant
women can be unconsciously exposed to them [13]. Over
the past two decades, there has been a notable rise in
the levels of caffeine and its derivatives in water bodies
in our surroundings [14]. Additionally, prolonged expo-
sure to contaminated water can result in the transfer and
accumulation of caffeine in organisms through the food
chain, ultimately leading to the bioaccumulation of caf-
feine residues in human bodies [15]. Epidemiological sur-
vey showed that caffeine consumption during pregnancy
was associated with an increased risk of IUGR, and this
association continued throughout pregnancy [16]. Stud-
ies based on neonatal anthropometry have found that
caffeine consumption during pregnancy, even at levels
much lower than the recommended 200 mg per day, is
associated with decreased fetal growth [17]. Recently,
PCE was reported to be closely associated with low birth
weight, the primary manifestation of IUGR [18]. PCE
can also affect children’s brain development and cogni-
tion [19, 20]. Our previous study has confirmed that PCE
can cause IUGR and impaired neural development in off-
spring rats [21, 22]. However, whether the PCE-induced
IUGR offspring are susceptible to ASD is still unknown.
The composition and function of gut microbiota, the
microbial population colonizing the host gut, are closely
associated with the development and function of the
host nervous system [23, 24]. Patients with neuropsy-
chiatric diseases, including ASD, have been reported to
have altered gut microbiota compared to healthy people
[25]. An increased gut Bacteroides residency was demon-
strated to promote disease progression in an ASD mouse
model by inhibiting intestinal amino acid transport and
reducing serum glutamine levels [26]. In addition, trans-
planting the fecal microbiota from healthy people to ASD
patients can relieve their symptoms, such as lethargy,
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stereotypy, and inappropriate speech [27]. These results
suggest that abnormal gut microbiota is implicated in
ASD pathogenesis. Furthermore, prenatal antibiotic
exposure could cause compositional changes in infant gut
microbiota as well as an increased risk of ASD [28, 29],
indicating that the gut microbiota-associated ASD sus-
ceptibility can be traced back to the intrauterine period.

Gut microbiota can regulate the development and
function of host nervous system through its metabo-
lites [30-32]. Indole 3-propionic acid (IPA) is one of the
main tryptophan metabolites of gut microbiota, which
cannot be produced by human cells [33]. IPA is also an
endogenous ligand of the aryl hydrocarbon receptor
(AHR) capable of crossing the blood-brain barrier. Trans-
fer of fecal microbiota from ASD children to germ-free
mice led to changes in microbiota-related tryptophan
metabolism and ASD-like symptoms [34], suggesting an
association between the tryptophan metabolism by gut
microbiota, like IPA production, and ASD. ASD patients
are known to have structural changes in the hippocam-
pus, accompanied by hyperactivation of hippocampal
microglia and abnormal synaptic pruning of neurons
[35]. A mechanistic study showed that microglia hyper-
activation could be a result of AHR deletion [36]. In addi-
tion, our previous metabolomic study showed that the
serum IPA level was markedly reduced in PCE-induced
IUGR rats [37]. Thus, the downregulation of IPA/AHR
signaling mediated by abnormal gut microbiota might
be an essential player in the ASD development of PCE-
induced IUGR offspring.

In this study, we verified the ASD susceptibility in
young IUGR offspring utilizing the established PCE-
induced IUGR rat model. Then, we explored the hip-
pocampus-related cellular and molecular mechanisms
underlying the ASD-like symptoms in the IUGR rats.
Finally, combining the serum data from IUGR children
and the interventional experiments in rats, we decipher
the role of the gut microbiota-metabolite-brain axis in
the pathogenesis of ASD with a fetal origin. The results of
our study laid a theoretical and experimental foundation
for establishing preventional and therapeutic strategies
for ASD patients.

Results

PCE-induced IUGR rats develop ASD-like symptoms

with microglia activation and neuronal synapse
over-pruning in hippocampus

Based on epidemiological investigations and our previ-
ous studies [16, 18, 21, 22], we established a stable IUGR
model by gavaging pregnant rats with caffeine at a dose
that is accessible to pregnant women in daily life accord-
ing to the human-rat dose conversion formula (2 < 0.001,
Fig. S1IA-D). We first assessed the ASD-like symptoms



Wang et al. Microbiome (2023) 11:245

of PCE-induced IUGR rats (hereafter referred to as the
IUGR rats) and non-IUGR rats (hereafter referred to
as the control rats) at 4 weeks of age (postnatal week 4,
PW4) (Fig. 1A). In the social choice test, the IUGR male
rats had less interaction with the rat-targeted area and
spent more time exploring other areas compared to the
control rats (P < 0.001, Fig. 1B, C). In the marble bury-
ing test, more marbles were buried by the IUGR male
rats (P < 0.001, Fig. 1D). In the open field test, the total
distance moved in all regions (P < 0.001) as well as the
distance moved (P = 0.001) and the time taken (P =
0.040) in the central region were significantly reduced
in the IUGR male rats (Fig. 1B, E). In the Y maze test,
the spontaneous alteration rate of IUGR male rats was
decreased (P = 0.002, Fig. 1B, F). These results suggested
that PCE-induced IUGR male rats could spontaneously
develop ASD-like symptoms, such as stereotyped repeti-
tive behaviors, social communication deficits, reduced
free exploration, and reduced spatial memory. We also
observed the behavior of PCE-induced IUGR female rats
and found that they only showed decreased ability of
free exploration and spatial memory (Fig. S1E-I). Addi-
tionally, males are four times more likely to develop ASD
than females [38]. Thus, we focused on male rats instead
of female rats in the following experiments.

The hippocampal lesions have been associated with
the social memory deficits of ASD [39-41]. Next, we
examined the hippocampus changes of PCE-induced
male IUGR rats at PW4. Compared with the control
rats, the number of microglia in the hippocampal CAl,
CA2, CA3, and DG regions of the IUGR rats signifi-
cantly increased, while the endpoints and process length
of microglia decreased (P < 0.05 or P < 0.01, Fig. 1G-]).
These phenomena indicated the activation of microglia
in IUGR rats. Synapses are essential hubs for informa-
tion transmission between neurons. Activated microglia
can affect brain function by pruning neuron synapses and
regulating synaptic plasticity [42]. According to the Golgi
staining, dendritic length, branch points, and dendritic
complexity of neurons in the hippocampal CA1l, CA2,

(See figure on next page.)
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CA3, and DG regions were all decreased in IUGR rats
(P < 0.01 or P < 0.001, Fig. 1K-M), suggesting synapse
over-pruning in the hippocampal neurons. Over-pruning
of synapses can lead to synapse impairment, manifested
by decreased synapse number, altered synaptic structure,
and downregulated excitatory synaptic indicators. Both
the total spine density and the mushroom spine density
of neurons in the hippocampal CA1, CA2, CA3, and DG
regions in IUGR rats were decreased (P < 0.01 or P <
0.001, Fig. IN-P), indicating a decreased synapse num-
ber in the hippocampus of IUGR rats. We then focused
on the ultrastructural changes of synapses in the hip-
pocampal CA2 region, the region responsible for social
memory, by transmission electron microscopy (TEM).
We found decreased synaptic vesicle numbers, widened
synaptic cleft, decreased postsynaptic density (PSD)
thickness, and reduced length of synaptic active zone
in the hippocampal CA2 region in IUGR rats (P < 0.05,
Fig. 1Q, R). Additionally, the expression levels of excita-
tory synaptic markers Syn and Psd95 in the hippocampus
of IUGR rats were also significantly decreased (P < 0.05
or P < 0.01, Fig. 1S).

Taken together, compared with control rats, PCE-
induced male IUGR rats exhibited ASD-like symptoms at
PW4, accompanied by microglia hyperactivation as well
as subsequent synapse over-pruning and impairment in
the hippocampus.

Dysregulated AHR/NF-kB signaling mediates hippocampal
pathology and ASD susceptibility in PCE-induced IUGR rats
Next, we explored the molecular mechanism of micro-
glia hyperactivation in the hippocampus of PCE-induced
male TUGR rats. Increased activity of nuclear factor
kappa-B (NF-kB) has been associated with ASD patho-
genesis [43, 44]. We also analyzed the published tran-
scriptomic data of hippocampal tissue in an ASD mouse
model and identified 14 significantly changed signal
pathways, among which was the upregulated NF-xB
signal pathway (Fig. S2A, S2B). It was reported that the
level of phosphorylated-NF-kB (P-NF-«B) increased

Fig. 1 PCE-induced IUGR rats develop ASD-like symptoms with microglia activation and neuronal synapse over-pruning in hippocampus. A
Schematic of the experimental design. PW, postnatal week. GD, gestational day. B An illustrative example of travel pathways of rats in social
choice test, open field test, and Y maze test. C Time of rats spent in each zone in social choice test. D Marble burying index in marble burying
test. E Time spent in the center, distance traveled in the center, and total distance traveled in open field test. F Spontaneous alteration rate in Y
maze test. G Images under fluorescence microscopy showing different regions in hippocampus. Ibal staining (green) and nuclear staining (DIPA,
blue). Scale bar = 50 um. H-J Number of Iba1* cells, number of endpoints per microglia, and process length. K-P Golgi staining. K Representative
reconstruction of the hippocampal neurons. Scale bar = 50 um. L Dendritic length of hippocampal neurons. M Number of branch points

in hippocampal neurons. N Representative images of dendritic segments. Scale bar =10 um. O Total spine density in hippocampal neurons. P
Mushroom spine density in hippocampal neurons. Q Ultrastructure of neuronal synapses. Scale bar = 500 nm. R Synaptic vesicle numbers, synaptic
cleft, postsynaptic density (PSD) thickness, and length of synaptic active zone. S mRNA levels of Syn and Psd95. Dots in panels represent individual
samples. Data are presented as mean + SEM. P < 0.05, P < 0.01,and P < 0.001
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after the AHR knockout in macrophages [45], suggesting
an interaction between NF-kB and AHR. Notably, AHR
was downregulated while P-NF-kB was upregulated in
the hippocampus of the IUGR rats compared to the con-
trol rats (P < 0.05 or P < 0.01, Fig. 2A-C). Therefore, we
hypothesized that AHR downregulation and subsequent
NF-«B activation in the hippocampus might mediate the
ASD susceptibility in PCE-induced male IUGR rats.

To confirm the role of AHR signaling in ASD suscep-
tibility, we treated control rats with an AHR inhibitor
(CH-223191) and IUGR rats with an AHR agonist (ITE)
at PW4-6 (Fig. 2D). The CH-223191-treated control
rats exhibited the aforementioned ASD-like symptoms,
while the ASD-like symptoms of IUGR rats were recov-
ered when treated with ITE (P < 0.05, P < 0.01, or P <
0.001, Fig. 2E-J). The CH-223191-treated control rats had
inhibited AHR expression and promoted P-NF-«B in the
hippocampus, whereas the ITE-treated IUGR rats had
promoted AHR expression and inhibited P-NF-kB in
the hippocampus (P < 0.05 or P < 0.01, Fig. 2K-M). Fur-
thermore, control rats developed hippocampal micro-
glia hyperactivation, synapse over-pruning, and synapse
impairment after CH-223191 treatment. In contrast, ITE
treatment reversed the above hippocampal pathology in
IUGR rats (P < 0.05, P < 0.01, or P < 0.001, Fig. 3A-], Fig.
S3A-S3C).

We then extracted the primary rat hippocampal
microglia, treated them with CH-223191, and mixed
them with rat neurons to verify the role of AHR/NF-«xB
signaling in microglia function in vitro (Fig. 3K). When
treated with the optimal dose of CH-223191, the hip-
pocampal microglia showed a downregulated AHR
expression as well as an upregulated P-NF-«kB level (P <
0.05, P < 0.01, or P < 0.001, Fig. S3D-S3]). After the co-
culture with CH-223191-treated microglia, the neurons
exhibited a reduced complexity of dendrites (Fig. 3L), a
decreased double-labeled immunofluorescence intensity
of SYN+MAP2 or PSD95+MAP2 (P < 0.05 or P < 0.01,
Fig. 3L and M), and a downregulated expression level of
Syn and Psd95 (P < 0.01 or P < 0.001, Fig. 3N), suggesting
impaired synapses.

Based on the above in vitro and in vivo interventional
experiments of AHR, we demonstrated that the AHR/
NF-«xB signaling mediated the hippocampal microglia
hyperactivation, synapse over-pruning, and synapse

(See figure on next page.)
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impairment in the PCE-induced IUGR rats, which ulti-
mately led to ASD susceptibility.

Disturbed gut microbiota and reduced IPA production
contribute to ASD susceptibility in PCE-induced IUGR rats
Many tryptophan metabolites are endogenous ligands
of AHR and can enter hippocampus by crossing the
blood-brain barrier. Therefore, we explored whether
alterations of tryptophan metabolites were involved in
the ASD susceptibility of IUGR offspring. The metabo-
lomic profiling of amino acids showed that tryptophan
was significantly reduced in the intestinal content of the
IUGR rats (P < 0.05, Fig. 4A, B), suggesting a concurrent
change in tryptophan metabolism. We then focused on
IPA, one of the main tryptophan metabolites, as our pre-
vious metabolomic study found a reduced serum level of
IPA in these PCE-induced IUGR rats [37]. The enzyme-
linked immunosorbent assays (ELISA) showed that the
IPA levels in colon content (P < 0.05), colon tissue (P <
0.001), serum (P < 0.01), and hippocampal tissue (P <
0.05) were all significantly decreased in the IUGR rats
(Fig. 4C). In the PCE-induced IUGR rats, we have found
a positive correlation between the level of IPA and the
activation of NF-«B in the hippocampus (R = 0.7614, P =
0.0006) (Fig. S4A). Moreover, the hippocampal IPA level
was positively correlated with sociability (R = 0.613, P =
0.004) but negatively associated with stereotyped repeti-
tive behaviors (R = —0.612, P = 0.004) (Fig. 4D). We also
collected human samples and found that the serum IPA
level of male IUGR infants was significantly lower at the
mean adjusted age of 17 weeks compared to the male
infants with a normal birth weight (P < 0.05 or P < 0.001,
Fig. 4E-G). In addition, the serum IPA level was posi-
tively correlated with body weight in the IUGR infants (R
= 0.331, P = 0.034, Fig. 4H). These results suggested that
a decreased level of AHR ligand IPA is common in IUGR
offspring.

IPA is a microbiota-specific tryptophan metabolite that
cannot be produced by the host. To investigate whether
the gut microbiota and its metabolite IPA are involved in
the pathogenesis of IUGR-related ASD-like symptoms,
we profiled the gut microbiota composition of IUGR
rats and control rats at PW4 by 16s rDNA sequencing.
Although the individual bacterial diversity (a diver-
sity) of the IUGR rats was not different from the control

Fig. 2 Dysregulated AHR/NF-kB signaling mediates ASD susceptibility in PCE-induced IUGR rats. A, B, K, L Protein levels of AHR and P-NF-kB. C,

M mRNA level of Ahr. D Schematic of the experimental design in vivo. E, F An illustrative example of travel pathways of rats in social choice test,
open field test, and Y maze test. G Time of rats spent in each zone in social choice test. H Marble burying index in marble burying test. I Time
spent in the center, distance traveled in the center, and total distance traveled in open field test. J Spontaneous alteration rate in Y maze test. Dots
in panels represent individual samples. Data are presented as mean + SEM. P < 0.05, P < 0.01,and *'P < 0.001
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rats (Fig. 4I), there was a significant difference in the
population distribution (8 diversity) of gut microbiota
between the ITUGR rats and the control rats (R = 0.33,
P = 0.003, Fig. 4]). The linear discriminant analysis of
effect size (LEfSe) analysis was used to reveal the major
differences in bacterial genera and species between the
IUGR rats and the control rats (LDA > 3 and P < 0.05,
Fig. 4K). Among the altered bacterial taxa, Clostridium,
which can convert tryptophan into IPA [46], was sig-
nificantly reduced in the IUGR rats. The production of
IPA depends on phenylacetate dehydratase, an enzyme
expressed by the fldC gene [47]. We further found a sig-
nificant reduction in the DNA level of fldC gene in the
feces of the IUGR rats compared to the control rats (P <
0.05, Fig. 4L). In our study, we performed Spearman cor-
relation analyses to investigate the relationship between
the abundance of fecal Clostridium species and the fre-
quency of ASD-like symptoms in PCE-induced IUGR
rats. Our results indicate that a lower abundance of
Clostridium senso stricto 1 in fecal samples is correlated
with reduced time spent by the rats in the targeted zone
during the social choice test (R = 0.4909, P = 0.0279) (Fig.
S4B). This suggests that the decreased levels of Clostrid-
ium, as well as its metabolite IPA, may contribute to the
ASD-like symptoms observed in the PCE-induced IUGR
rats.

Fecal microbiota transplantation (FMT) was then
conducted to confirm the role of gut microbiota in
IUGR-related ASD-like symptoms. The fecal micro-
biota suspension of IUGR rats and control rats at PW4
were intragastrically administered to antibiotic-treated
pseudo-sterile rats at PW6-8 (Fig. 5A). Consistent with
the donors (Fig. S4C-S4E), no significant difference
was found in the individual bacterial diversity between
groups in the recipient rats (Fig. 5B), whereas the micro-
bial distributions were different between groups (R =
0.622, P = 0.001, Fig. 5C). The abundance of IPA-pro-
ducing Clostridium and the level of fldC gene were both
significantly decreased in the rats receiving IUGR fecal
microbiota (P < 0.01, Fig. 5D, E). In addition, the IPA lev-
els in colon content (P < 0.01), colon tissue (P < 0.001),
serum (P < 0.01), and hippocampal tissue (P < 0.01) of the

(See figure on next page.)
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rats receiving IUGR fecal microbiota were significantly
decreased (Fig. 5F). These results suggest that the fecal
microbiota and its metabolic characteristics in [UGR rats
have been successfully transplanted into the recipient
rats.

After being transplanted with the IUGR fecal micro-
biota, the recipient rats developed ASD-like symptoms at
PW8 (P < 0.05, P < 0.01, or P < 0.001, Fig. 5G-K). The
hippocampal IPA level was again closely correlated with
sociability (R = 0.600, P = 0.005) and stereotyped repeti-
tive behaviors (R = —0.472, P = 0.035) (Fig. 5L). AHR
expression was inhibited while P-NF-kB was upregu-
lated in the hippocampus of the rats receiving IUGR fecal
microbiota (P < 0.05 or P < 0.01, Fig. S5A, S5B). There
was also hippocampal microglia hyperactivation (P <
0.05 or P < 0.01, Fig. S5C-S5F), synapse over-pruning (P
< 0.05, P < 0.01 or P < 0.001, Fig. S6A-S6C), and synapse
impairment (P < 0.05 or P < 0.01, Fig. S6D-S6]) in the rats
receiving IUGR fecal microbiota.

Taken together, disturbed gut microbiota and reduced
IPA production were found in the PCE-induced IUGR
rats, and the FMT experiment demonstrated their con-
tribution to the hippocampal pathology and the ASD-like
symptoms in the PCE-induced IUGR rats by regulating
the hippocampal AHR/NF-«B signaling.

Postnatal IPA supplementation can reverse the ASD
susceptibility in PCE-induced IUGR rats

Since the reduction of IPA was closely associated with
the ASD susceptibility in the PCE-induced IUGR rats,
we then asked if IPA is protective for IUGR-related ASD-
like symptoms. We gavaged the IUGR rats after wean-
ing with a supplementary dosage of IPA (20 mg/kg) at
PW4-8 (Fig. 6A). The IPA supplementation effectively
recovered the deficiency of IPA in colon content, colon
tissue, serum, and hippocampal tissue of the IUGR rats
(P <0.01, P < 0.001, Fig. 6B). The ASD-like symptoms of
the IUGR rats were also significantly improved after IPA
supplementation (P < 0.01, P < 0.001, Fig. 6C-G), and
the hippocampal IPA level was closely correlated with
sociability (R = 0.375, P = 0.017) and stereotyped repeti-
tive behaviors (R = —0.368, P = 0.020) (Fig. 6H). The IPA

Fig. 3 Dysregulated AHR/NF-kB signaling mediates hippocampal pathology both in the PCE-induced IUGR rats and in the co-cultured primary
microglia and neurons. A Images under fluorescence microscopy showing different regions in hippocampus. Iba1 staining (green) and nuclear
staining (DIPA, blue). Scale bar = 50 um. B-D Number of Iba1* cells, number of endpoints per microglia, and process length. E Total spine density
in hippocampal neurons. F Mushroom spine density in hippocampal neurons. G Representative images of dendritic segments. Scale bar =10
um. H Ultrastructure of synapses. Scale bar = 500 nm. I Synaptic vesicle numbers, synaptic cleft, postsynaptic density (PSD) thickness, and length
of the synaptic active zone. J mRNA levels of Syn and Psd95. K Schematic of the experimental design in vitro. L Images under fluorescence
microscopy showing co-cultured microglia and neurons. SYN staining (green), PSD95 staining (green), MAP2 staining (red), and nuclear staining
(DIPA, blue). Scale bar = 50 um. M Fluorescence signals of SYN*/MAP2* and PSD95"/MAP2*. N mRNA levels of Syn and Psd95. Dots in panels
represent individual samples. Data are presented as mean + SEM. P < 0.05, P < 0.01,and P < 0.001
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supplementation reversed the AHR downregulation and
the P-NF-«B upregulation in the hippocampus of IUGR
rats (P < 0.05, P < 0.01, P < 0.001, Fig. 61, J). Meanwhile, it
also restored the hippocampal microglia hyperactivation,
synapse over-pruning, and synapse impairment in the
IUGR rats (P < 0.05, P < 0.01, or P < 0.001, Fig. 6K-N, Fig.
S7A-S71). These results suggest that postnatal IPA sup-
plementation could effectively reverse the ASD suscepti-
bility of PCE-induced IUGR rats, offering a novel avenue
for the prevention and treatment of IUGR-related ASD-
like symptoms.

Discussion

The typical manifestations of IUGR are low birth weight,
growth restriction, and multiple organ dysfunction [48,
49]. Epidemiological investigations suggested PCE as a
clear trigger for IUGR [50, 51]. In our previous studies,
we have established an IUGR rat model induced by PCE,
which was successfully used in studying the develop-
mental toxicology of multiple organs [22, 52—54]. In this
study, both PCE-induced IUGR rats and IUGR infants
were defined as having a birth weight less than 90% of
the average birth weight of the control group. IUGR is a
high-risk factor for ASD [55]. Multiple epidemiological
surveys have demonstrated a significant increase in the
incidence of ASD among children with low birth weight
[56—58]. A retrospective survey of children aged 3-10
years old found that the risk of ASD in low birth weight
individuals was approximately double that of normal
weight individuals [56]. However, the underline mecha-
nisms of the susceptibility to ASD in IUGR children has
been under-studied. Based on the PCE-induced IUGR
rat model, this study found that male IUGR offspring
developed ASD-like symptoms in early childhood (PW4),
as shown by stereotyped repetitive behaviors, social
communication deficits, reduced free exploration, and
reduced spatial memory.

Numerous studies have indicated that behavioral mani-
festations of ASD are associated with multiple brain
regions, namely the amygdala, prefrontal cortex, and
hippocampus [59-61]. Previous studies have shown that
the amygdala and prefrontal cortex are mainly closely
related to anxiety and social behavior of ASD, while

(See figure on next page.)
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the role of hippocampus in ASD behavior is relatively
neglected. Bilateral hippocampal volumes are smaller
in people with ASD than in healthy individuals, and
hippocampal-dependent spatial reasoning and episodic
memory are frequently impaired [62, 63]. Both clini-
cal imaging evidence and animal studies supported that
hippocampal lesions underlie the social memory deficits
of ASD [39-41]. This study also revealed that learning
memory and social memory, which are closely related to
the hippocampus, were significantly impaired in IUGR
offspring. The Y-maze experiment provides evidence sup-
porting the crucial role of the hippocampus in spatial
learning and memory abilities. Likewise, the social exper-
iment emphasizes the significant association between
social abilities and the hippocampal region, particularly
the CA2 region, which is known to play a critical role in
the processing of social cognitive memory [64]. Consid-
ering the hippocampus’s essential function in learning
and memory;, it is highly probable that the learning and
memory processes observed in the Y-maze and social
experiments in IUGR offspring are closely connected
to molecular changes taking place in the hippocam-
pus. Additionally, over-pruning of neuronal synapses by
microglia was associated with social behavior defects
[65], and reduced excitatory transmission in pyramidal
neuronal synapses could cause ASD-like symptoms [66].
Therefore, we specifically examined the hippocampal
changes of IUGR rats and focused on microglia and its
influence on neuronal synapses. We found hippocam-
pal microglia hyperactivation in the IUGR rats. Synapse
over-pruning and synapse impairment were also found
in the hippocampus of IUGR rats, as manifested by the
reduction of mature synapses, the abnormal synaptic
structure in the hippocampal CA2 region, and the down-
regulation of excitatory synaptic indicators. These find-
ings indicated that the structural and functional changes
of hippocampal microglia and neuronal synapses are the
essential pathological basis for the ASD-like symptoms of
male IUGR offspring.

ASD patients showed NF-kB activation in micro-
glia, astrocytes, and neurons, especially in highly active
microglia [67]. In addition, AHR loss could cause hip-
pocampal-dependent memory impairments [68] and was

Fig. 4 Disturbed gut microbiota and reduced IPA production in PCE-induced IUGR rats. A Heatmap of amino acids in colon content. B Tryptophan
level in colon content. C IPA levels in different samples. D Correlations between the time spent in target zone or marble burying index and the [PA
level in hippocampal tissue. E Schematic of the experimental design in infant cohort. F Body weight of the male infants. G Serum IPA level

in the male infants. H Correlation between the serum IPA levels and the body weight of male infants. | Alpha diversity represented by the Simpson
index and the Shannon index. J Beta diversity as shown by the PCoA plot. An ellipse represents the 68% confidence interval of microbial
distribution in each group. K LEfSe of differentiating genera or species in gut microbiota between groups (LDA > 3). L DNA level of fldC in colon
content. Dots in panels represent individual samples. Data are presented as mean + SEM. P < 0.05, P < 0.01,and P < 0.001
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associated with the severity of social communication dis-
orders [69]. AHR can restrain NF-kB signaling through
direct dimerization with the NF-«xB subunits RelA and
RelB [70]. It was reported that the inhibition of AHR
expression resulted in NF-kB activation in macrophages
[45]. Consistent with the above findings, our study
revealed that the ASD-like symptoms in the male IUGR
rats were accompanied by AHR downregulation and
P-NF-kB upregulation in the hippocampus. Therefore,
we speculate that abnormal AHR/NF-«B signaling in hip-
pocampus might be the molecular basis of [UGR-related
ASD-like symptoms. Through the AHR interventional
experiments both in vitro and in vivo, we confirmed that
the AHR inhibition led to the hippocampal pathological
changes through the activation of NF-«B, ending up with
the ASD susceptibility in the PCE-induced male IUGR
rats.

New evidence provides support for the involvement of
gut microbiota in regulating the core symptoms of ASD
[71]. It has been suggested that gut microbiota varia-
tions are not associated with the diagnosis of ASD, and
the reduced diversity of gut microbiota in patients with
ASD could be a result of limited dietary variety [72].
However, these were the findings in children with ASD
aged three and above. As a neurodevelopmental disorder,
ASD undergoes a critical phase of disease formation dur-
ing early neural development, specifically before the age
of three [73]. Notably, the colonization of gut microbiota
also occurs within this same timeframe [74]. Children
with ASD show a reduced a-diversity of gut microbiota
compared to healthy children before the age of three,
while some recovery of gut microbiota changes can be
observed in ASD children after this age [75]. Further-
more, transplanting gut microbiota from ASD patients
into germ-free mice shortly after weaning showed that
the colonization of ASD gut microbiota is sufficient to
induce characteristic ASD-like symptoms [76]. Hence,
it is highly probable that abnormal gut microbiota colo-
nization in early life stages plays an essential role in the
onset and progression of ASD. The establishment of
gut microbiota could be affected by various intrauter-
ine factors, such as a high-fat diet, antibiotic use, infec-
tion, and stress during pregnancy [77-79]. In this study,

(See figure on next page.)
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we found that the ASD-like symptoms of PCE-induced
male IUGR rats were accompanied by alterations in gut
microbiota composition and reduction of its metabolite
IPA. Furthermore, a study has reported a decrease in
the abundance of Clostridium species in fecal samples of
individuals with ASD compared to neurotypical controls
[80]. In line with this, we observed a significant decrease
in the abundance of Clostridium, which converts tryp-
tophan into IPA, in the PCE-induced IUGR rats. This
change is closely associated with the ASD-like symptoms
observed. FMT from the IUGR rats into the pseudo-ster-
ile rats could not only recapitulate the ASD-like symp-
toms but also modulate the AHR/NF-kB signaling in
hippocampus. Therefore, the disturbed gut microbiota
and its metabolism were considered an essential contrib-
uting factor to the ASD with a fetal origin.

IPA is an indole metabolite specifically produced by
the tryptophan metabolism of gut microbiota. It can
cross the blood-brain barrier and act as an endogenous
AHR ligand to activate AHR signaling, thus playing a
regulatory role in the central nervous system. We found
decreased serum IPA levels both in the PCE-induced
IUGR rats and the IUGR infants, suggesting that a
reduced IPA level is a common phenomenon of IUGR. Of
note, the IPA levels in colon content, colon tissue, serum,
and hippocampal tissue of IUGR rats were all decreased,
and the hippocampal IPA level was negatively correlated
with the core ASD-like symptoms, indicating a protec-
tive role of IPA in the IUGR-related ASD-like symptoms.
Indeed, IPA has already been suggested to have a neu-
roprotective effect [81]. To confirm the postulation, we
gave the PCE-induced male IUGR rats a 4-week oral sup-
plementation of IPA after weaning. We found that IPA,
as an AHR ligand, reversed the hippocampal microglial
activation and synaptic over-pruning in the IUGR rats by
modulating the AHR/NF-«B signaling, thereby restoring
their ASD-like symptoms. Furthermore, IPA has a higher
affinity for human AHR than rodent AHR [82]. There-
fore, supplementation of gut microbiota-derived IPA
could be a novel choice for the prevention and treatment
of ASD with a fetal origin. After administering 20 mg/
kg.d IPA to normal rats, we observed an average serum
concentration of 2.26 mM (equivalent to 358.78 uM in

Fig. 5 Disturbed gut microbiota mediates ASD susceptibility in PCE-induced IUGR rats. A Schematic of the fecal microbiota transplantation
experiment. B Alpha diversity represented by the Simpson index and the Shannon index. C Beta diversity as shown by the PCoA plot. An ellipse
represents the 68% confidence interval of microbial distribution in each group. D DNA level of fidC in feces. E LEfSe of differentiating genera

or species in gut microbiota between groups (LDA > 2). F IPA levels in different samples. G An illustrative example of travel pathways of rats in social
choice test, open field test, and Y maze test. H Time of rats spent in each zone in social choice test. I Time spent in the center, distance traveled

in the center, and total distance traveled in open field test. J Marble burying index in marble burying test. K Spontaneous alteration rate in Y maze
test. L Correlations between the time spent in target zone or marble burying index and the IPA level in hippocampal tissue. Dots in panels represent
individual samples. Data are presented as mean + SEM. P < 0.05, P < 0.01,and P < 0.001
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humans), which was significantly higher than the previ-
ously reported average serum concentration of IPA in
healthy adults (~1.0 uM) [82]. The dosage of 20 mg/kg.d
IPA in rats corresponds to a daily intake of 190 mg IPA
for a 60 kg human, which can be achieved through die-
tary supplementation. Although direct supplementation
of 20 mg/kg.d IPA has been proven safe and neuroprotec-
tive in rats, further investigation is needed to determine
the appropriate dosage for human use.

Our study had certain limitations. Firstly, this study
only focused on the ASD susceptibility and related mech-
anisms in male IUGR offspring, owing to the sex bias of
ASD. Future research taking into account gender differ-
ences will deepen the understanding of ASD with a fetal
origin. Secondly, given that the mechanisms of IUGR are
complex and animal models for IUGR are diverse, experi-
ments on other IUGR models and data from the fecal
samples of IUGR patients will be needed to further verify
the therapeutic role of IPA on IUGR-related ASD. This
study primarily focused on the hippocampal changes
associated with social memory deficits in ASD, while
lacking information on brain regions linked to anxiety
(e.g., the amygdala) and social behavior (e.g., the prefron-
tal cortex). Future mechanistic research should aim to
investigate whether the observed molecular changes are
specific to the hippocampus in ASD or if they extend to
other brain regions. Finally, we lack the follow-up data to
know whether the reduced serum IPA level in the IUGR
infants will be associated with ASD-typical behavioural
deficits when they get older. Future research taking into
account follow-up data will deepen the explanation of the
relationship between IPA and ASD-typical behavioural
deficits.

Conclusion

We verified in this study that the disturbed gut micro-
biota and the reduced production of its metabolites IPA
in the PCE-induced male IUGR rats led to a reduced
amount of IPA entering hippocampus through peripheral
circulation, resulting in a dysregulated hippocampal IPA/
AHR/NEF-«B signaling. This is followed by hippocam-
pal microglia hyperactivation and neuronal synapse

(See figure on next page.)
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over-pruning, which finally ends up with ASD-like mani-
festations. Furthermore, oral IPA supplementation in the
postnatal period can effectively reverse the [IUGR-related
ASD pathology and manifestations (Fig. 7). Our study
uncovered the role of the gut microbiota-IPA-brain axis
in ITUGR-related ASD-like symptoms and proposed that
the supplementation of IPA, a gut microbiota-specific
derivative, might be a promising strategy for the preven-
tion and treatment of ASD with a fetal origin. Our study
also accentuated the importance of avoiding the stimula-
tion of adverse environmental factors during pregnancy
and ensuring the development of the gut-brain axis dur-
ing childhood.

Materials and methods

IUGR rat model

The animal study has been approved by the Animal
Experiment Ethics Committee of Wuhan University
(Permit No. WP20210476). All operating procedures
were carried out following the relevant regulations of the
China Animal Welfare Protection Association for the use
of experimental animals.

SPF grade Wistar rats (female 240 g/male 350 g, 10-11
weeks old) were purchased from Beijing Speifu Biotech-
nology Co., Ltd. All rats were adaptively fed for 1 week
under standard conditions (room temperature: 18-22 °C;
humidity: 40-60%; light cycle: light-dark cycle for 12
h). Then, females and males were caged at a ratio of 2:1
at 18:00 every night. Vaginal secretions were taken for
microscopic examination the next morning, the appear-
ance of sperm in vaginal smears confirmed mating, and
the day of mating was designated as the gestational day
(GD) 0. Pregnant rats were divided into the control and
PCE groups. To establish a stable animal model of IUGR
and avoid early abortion and stillbirth, pregnant mice
were gavage with 120 mg/kg.d caffeine (Sigma, USA) dur-
ing GD9-20 according to our previous study [21, 22, 83].
The control group was intragastrically administered an
equal volume of normal saline. Pregnant rats gave birth
naturally, and a pup size of 10 to 14 was considered eligi-
ble (n=10 pregnant rats per group). The male and female
offspring were distinguighed, weighed, and evaluated

Fig. 6 Postnatal IPA supplementation reverses the ASD susceptibility in PCE-induced IUGR rats. A Schematic of the oral IPA supplementation
experiment. B IPA levels in different samples. C An illustrative example of travel pathways of rats in social choice test, open field test, and Y maze
test. D Time of rats spent in each zone in social choice test. E Time spent in the center, distance traveled in the center, and total distance traveled
in open field test. F Marble burying index in marble burying test. G Spontaneous alteration rate in Y maze test. H Correlations between the time
spent in target zone or marble burying index and the IPA level in hippocampal tissue. | Protein levels of AHR and P-NF-kB. J mRNA level of Ahr. K
Images under fluorescence microscopy showing different regions in hippocampus. Iba1 staining (green) and nuclear staining (DIPA, blue). Scale
bar = 50 um. F-H Number of Iba1* cells, number of endpoints per microglia, and process length. L Total spine density in hippocampal neurons. M
Mushroom spine density in hippocampal neurons. N Representative images of the dendritic segments. Scale bar =10 um. Dots in panels represent
individual samples. Data are presented as mean + SEM. P < 0.05, P < 0.01,and P < 0.001



Wang et al. Microbiome (2023) 11:245 Page 14 of 23
A B gt S s o
0.9%NS or IPA Behavioral 5, as0 . . - .
Caffeine (%20 mg/kg.d) (20 mg/kg.d) " assays Sacrificed 3,’ 200 15 SR TR s%%r:strol
—— I } I T a2 ; 2 B3 o ea
GDO GD9 GD20 PW4 PW8 PWB8+5day < 0 I I o PCE+IPA
&' 250 T T T
C Social choice test - Hippocampus Serum  Colon Colonic content
Control PCE 5 Control PCE IPA PCE+IPA
2 2
€ c
8 2
o
k7
2
()
N
@
£
~ > |
<00 Male th & Male Eﬁ Male ’LE: Male = Male
e =other o R ' — - E =
by cobject § © L o B — B T > Sk
ALY T
E E 01 (&8 ’%‘ "ﬁ L2 £ j %zn ?
c 10 o @200 =
£ L0 NS L.
o g
coN'pCE \?P%QE'\'\? £ ot eCE PR cnPh ConOeCE \‘?P‘;Ger\"P‘ 2 P ocE \‘?P:?ch\?P‘ ConOpcE \?P%GE*\?P\
< _ 80 r=-0.368
F % Male Male H %w pooe .o é P=0020
T e 0w ok g 2 A £ 60 .
— c O . . t e . E.
= . TgTE f ;
a ] b=ils I * .. ® 2
o Q = 40 £ * . P 2
2 % @ % n © uE) - M ; , g . -
S o [N KO o CE R wh = 300 350 400 450 50 S 300 350 400 450 500
S coec® \PP\‘?CE)(\? coNTeCE ¥ PCE* " Hippocampus IPA level (ug/mL) Hippocampus IPA level (ug/mL)
1]
o 1]
I 5 \??‘ [ EIC;c;ntr*i*l = PCE Q_*I*PA o PCE+IPA J E
({&\ 0?/ N < o _ 2 ok sk 3
[ A\ QC’ c T <=
g0 <35 = Control
AHR =SS go0kp B % zg m PCE
=)
P-NF-kB =asmas o 65KD e °% o PCE+IPA
GAPDH  mwsmamsns 36KD g s
[5]
o o

CA3 CA1
IPA PCE  Control PCE+IPA IPA

PCE+IPA

IPA PCE Control PCE+IPA IPA PCE Control

PCE+IPA

/DAPI
Fig. 6 (Seelegend on previous page.)

/DAPI

= Control m PCE o IPA o PCE+IPA

£250 xxk LI *kk X x
= 200+ N+ ' .
Saso1 L [ E3 (7 [ e o
B 100- ° .
I 501
©
o o . . "
- CA1 CA2 CA3 DG

150_I:I Control m PCE o IPA o PCE+IPA
‘(B e *I:* —_— ":* —_— f* .._ *
=100+ 0 1 i
S INHINE NS . S 1F
3 5 .
2 504 I I
i}

““ca1t cA2  cA3

g = Control m PCE o IPA o PCE+IPA
Z250
3 B e EEE pw EEE g 2R ok
Q ., . T
= 200 4 5 e x
§) < |lls] |2 & NI B
g .
B 150
B 100 . : b
<} CA1 CA2 CA3 DG
o



(2023) 11:245

Wang et al. Microbiome

r
Al Microglia activationT —> Synaptic pruning —> ASD susceptibility
/1

Hippocampus® 1

Prenatal caffeine exposure

ﬂ Microbiota-gut-brain axis

Page 15 of 23

abnormality

Neuron

IPA enters the blood-brain barrierd

[SINC)
@0 © "
(SX¢] * Early prevention

Tryptophan metabolite - indole 3-propionic acid (IPA) {

IF

=)

Intrauterine growth
restriction (IUGR) offspring

\ Abnormal ()
\ | colonization of gut .. ° .e \. .. .v Tryptophan
“ microbiota Y ®eo o0

Fig. 7 The microbiota-IPA-brain axis regulats the ASD susceptibility in PCE-induced IUGR offspring, and supplementation of microbiota-derived IPA

might be a promising interventional strategy for ASD with a fetal origin

if they had IUGR (defined as weighted less than 10% of
the average weight of neonates in the control group) on
the first day of birth [52]. The offspring rats were labeled
and routinely fed. After weaning (PW4), 5 male normal-
weight offspring rats from the control group and 3 male
IUGR offspring rats from the PCE group in each litter
were kept. One male offspring rat from each litter of two
groups was randomly selected at PW4 to undertake the
behavior tests (#=10 per group). The rats were then anes-
thetized with 2% isoflurane and euthanized. The serum,
hippocampus, colon, and colon contents were collected
for morphological and molecular biology tests. The
remaining qualified offspring were used for further inter-
ventional experiments.

Human cohort

Approved by the Medical Ethics Committee of Wuhan
University (Permit No. WHU2021-jc015), 21 male IUGR
infants and 20 healthy male infants aged O to 1 year old
were recruited at the Affiliated Hospital of Wuhan Uni-
versity. Written informed consent was obtained from a
family member. The serum of infants was collected and
stored at —80 °C immediately. The inclusion criteria were
(D singleton pregnancy, @ gestational age within 28—40
weeks, and @) the birth weight of the control infants was
suitable for their gestational age, while the birth weight of
the IUGR infants was lower than the tenth percentile of

infant birth weight in the same period [52]. Infants with
structural, genetic, or chromosomal abnormalities or
congenital genetic disorders were excluded. In this study,
the mean gestational age of normal birth weight infants
and IUGR infants were 38 weeks and 33 weeks, respec-
tively. The birth weight of infants with corrected age is
more suitable for evaluating developmental problems,
especially motor development and intellectual develop-
ment [84, 85]. Compared with their full-term counter-
parts, preterm infants could easily be misestimated at
risk of developmental impairment if the gestational age
was not corrected and the postnatal catch-up growth
process was ignored [86]. At the time of serum collection,
the mean corrected age of the infants in the two groups
was both 17 weeks after birth (Supplementary Table S1).

Rat interventional experiments

To avoid being confounded by maternal lactation, PW4
was selected as the starting timepoint for all the inter-
ventions. For the study of activation or inhibition of
AHR signal, one normal-weight and one IUGR male
rat at PW4 from different litters (n=10 per group) were
randomly selected to be given 10 mg/kg.d AHR inhibi-
tor CH-223191 (MedChemExpress, USA) [87] or 10 mg/
kg.d AHR agonist ITE (MedChemExpress, USA) [88] by
intraperitoneal injection for 2 weeks. For the IPA sup-
plementation experiment, one normal-weight and one
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IUGR male rat at PW4 from different litters (n=10 per
group) were randomly selected to be given 20 mg/kg.d
IPA (Aladdin, China) by gavage for 4 weeks [89]. Previ-
ous studies have shown that oral administration of 20
mg/kg.d of IPA in rats does not result in significant toxic
or adverse effects. In fact, it has even demonstrated cer-
tain neuroprotective properties [46, 90]. As a result, we
selected a dosage of 20 mg/kg.d of IPA for our interven-
tional experiments in PCE rats. Tryptophan is an impor-
tant source of IPA. All rats were fed a maintenance diet
consisting of 0.2% of tryptophan (WQJX BIO-TECH-
NOLOGY, China). The average daily food intake of the
offspring rats was recorded, and no significant differences
were found among the different groups (Fig. S8A). There-
fore, the background tryptophan intake was comparable
between the PCE rats gavaged with IPA and the PCE rats
gavaged with solvent. The background tryptophan intake
probably did not affect exploring the role of IPA gavage
in improving ASD-like symptoms in PCE-induced IUGR
rats.

For the fecal microbiota transplantation (FMT) experi-
ment, we selected 10 PCE-induced IUGR male rats and
10 normal-weight male rats as donors. In each group, 0.3
g of feces from each rat were pooled together to obtain
a total quantity of 3 g. The fecal mixture was then dis-
solved in 10 ml of sterile PBS. Next, the solution was
filtered through a 100-pm-cell filter to obtain a suspen-
sion of bacterial cells. To maintain the viability of the
anaerobic bacteria, the fecal preparation was carried
out inside an anaerobic chamber. Regarding the recipi-
ents, 20 normal-weight male rats at PW4 were gavaged
with the antibiotic mixture (1 mg/ml neomycin, 1 mg/
ml ampicillin, 0.5 mg/ml metronidazole, and 0.5 mg/ml
vancomycin) for 2 weeks to establish the pseudo-sterile
rat model [91]. In our study, we did compare the bacte-
rial colony counts in the feces of SPF rats treated with
antibiotics and those not treated with antibiotics. Specifi-
cally, we collected rat feces from the same group, mixed
them in equal amounts, and dissolved the mixed sam-
ple in normal saline at a ratio of 1 g : 100 ml. Then, we
spread 20 pl of the diluted sample evenly on the brain
heart infusion broth medium agar plates. The plates were
then incubated in an anaerobic incubator at 37 “C, with
the plates placed upside down for 24 h once they dried.
Finally, the colony-forming units (CFUs) were calculated
and compared between the two groups. In result, the
number of CFUs of the pseudo-sterile rat was signifi-
cantly lower than that of SPF rats, indicating the success-
ful establishment of pseudo-sterile rat (Fig. S8B). They
were then separated into two groups (# = 10 per group).
The recipient pseudo-sterile rats were gavaged with 200
ul of the above fecal suspension from normal-weight
or IUGR male rats every day for 2 weeks. In our study,
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prior to transplantation, the recipient rats were given
ample opportunities for social interaction before PW6.
To ensure consistency in the isolation process among
groups, the recipient rats in the control group were also
housed separately during transplantation. Therefore, the
isolation procedure should not have affected the impact
of fecal transplantation on the ASD-like symptoms
observed in the recipient rats in our experiments.

After the interventions, the rats were tested for ASD-
like behaviors and then anesthetized with 2% isoflurane
and euthanized. The serum, hippocampus, colon, and
colon contents were collected for morphological and
molecular biology tests.

Co-culture of microglia and neurons

The whole hippocampal tissue was isolated from the
newborn Wistar rats (1-3 days), cut into pieces, and
digested with 0.125% EDTA-trypsin (Gibco, USA) at 37
°C for 20 min. After the digestion was terminated, the
suspension was collected and centrifuged, and then, the
supernatant was discarded. The cells were resuspended
in DMEM high glucose medium containing 10% FBS and
1% penicillin-streptomycin and then filtered and seeded
into 75 cm? cell culture flasks. The cells were cultured in
an incubator at 37 °C under 5% CO,, and the medium
was changed once and every 3 days thereafter. After 1
week, the cell culture flasks were fixed on a constant tem-
perature shaker at 37 “C, 80-200 r/min and shaken for 2
h. Purified microglia were obtained by resuspension and
verified by immunofluorescence staining.

The whole hippocampal tissue was isolated from the
newborn Wistar rats (1-3 days), cut into pieces, and
digested using papain for 30 min, followed by digestion
termination with fetal bovine serum, filtration, centrifu-
gation, and resuspension, successively. The cells of neu-
rons were seeded on glass slides or six-well plates coated
with poly-L-lysine at a concentration of 10°/ml and cul-
tured in an incubator at 37 °C under 5% CO,. After 6 h,
the medium was replaced with the serum-free neuroba-
sal one (containing 2% B27). The growth of neurons was
observed under a microscope and recorded.

As to the co-culture, the purified primary microglia
were pretreated with 10 pM CH-223191 (MedChemEx-
press, USA) for 2 h and then inoculated at a density of
1x10°/ml in a six-well plate containing primary neurons.
Neurons and microglia were distinguished by immuno-
fluorescence staining. Cytotoxicity was quantified using
the CCK-8 kit for the selection of optimal concentration
and time for CH-223191 treatment. Briefly, 100 ul of the
microglia suspension was seeded onto a 96-well plate
at a concentration of 5x10°/well. The cells were incu-
bated at 37°C and treated with 0, 5, 10, 20, 40, or 80 uM
CH-223191 for 2 h or with 10uM CH-223191 for 0, 0.5,
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1,2, 4, or 8h. The absorbance at 450 nm was measured by
a microplate reader to calculate the cell viability.

Behavioral assays

The rats were kept in the experimental room for at least
30 min for acclimatization prior to the behavioral tests.
The less stressful behavioral tests were performed first,
with more stressful ones done subsequently. The order of
the tests was as follows.

Open field test

The field experiment was illuminated using artifi-
cial lighting, a 40W incandescent bulb positioned 2.8
m above the center of the field. The rats were placed
within a testing arena for 3 min for acclimatization and
then tested for 5 min. The experimental instrument was
cleaned with 75% ethanol between two rats. The SMART
video tracking system (SMART v3.0, Panlab, Spain) was
employed to record and analyze the exploratory tracks,
the total distance moved, and the distance moved and the
time taken within the central zone of the rats.

Y maze test

The rats were put in a spontaneous alternating Y-maze
to assess short-term spatial memory. The Y-maze device
was made of polypropylene, and the length, width, and
height were 50 cm, 10 cm, and 20 cm, respectively. The
3 different branches in a Y-maze are known as 3 arms (A,
B, and C). The rats were placed at the end of the same
arm and left to move freely for 8 min. The SMART video
tracking system was employed to record and analyze the
rats’ exploratory tracks. In general, a rat should prefer to
study a new arm in the maze rather than return to an arm
that it visited before. The three consecutive choices into
different arms is considered a correct alternation, such
as ABC, BCA, and CAB. Finally, the free alternation rate
was calculated as [correct alternation times/(total times
of arm entry-2)]*100%.

Social choice test

The test was performed in the open-field arena. A young
stranger rat in a wire mesh cage was used as a social
cue. A caged object and a caged stranger rat were placed
simultaneously on the opposite side of the arena. The test
rat was then allowed to explore either the caged object or
the caged stranger rat, and its movement was videotaped.
The recorded video file was analyzed by the SMART
video tracking system. The time spent in the corner prox-
imal to the caged stranger rat was measured.

Marble burying test
The percentage of marbles buried was used as an index
for stereotyped behavior. The rats were placed in a

Page 17 of 23

testing arena (arena size: 80 X 40 cm?, bedding depth: 5
cm) containing 20 glass marbles (equidistant from each
other in an arrangement style of 4 X 5). At the end of the
15 min exploration period, the rats were removed from
the testing cages, and the number of buried marbles was
recorded. The criterion for a buried marble was more
than 50% of the marble surface covered by the bedding
material.

Transcriptome analysis

The transcriptomic data of hippocampal tissue in a clas-
sical ASD mouse model induced by prenatal valproic
acid exposure was retrieved from the GEO database
(GSE180564). The differential genes were analyzed by
edgeR. The signal channel enrichment and the gene set
enrichment analysis (GSEA) were performed using the R
package ClusterProfiler in R (Version 3.6.3).

Gut microbiota profiling

The V3-V4 region of the bacteria’s 16S rRNA gene was
amplified by PCR with barcode-indexed primers (338F
and 806R) using FastPfu Polymerase. Amplicons were
then purified by gel extraction and quantified using
QuantiFluor-ST. The purified amplicons were pooled
in equimolar concentrations, and paired-end sequenc-
ing was performed using an Illumina MiSeq instrument
(Ilumina, USA). The raw sequencing data were sepa-
rated into individual samples based on barcodes. Sub-
sequently, the barcodes and primers were removed, and
the data was assembled using the FLASH software (ver-
sion 250.1.2). The assembled tags underwent quality
control to obtain clean tags, which were further filtered
to eliminate chimeric sequences, resulting in a set of
effective tags suitable for subsequent analysis. Regarding
taxonomic annotation, the effective tags from all samples
were clustered into operational taxonomic units (OTUs)
using a 97% identity threshold by QIIME (version 1.8.0).
The sequences of the OTUs were then annotated to iden-
tify different taxa by Mothur (version v.1.30). The spe-
cies annotation results were visualized using KRONA for
visualization. The community structure of gut microbiota
was assessed by a and S diversity. The Shannon index
and Simpson index were used to evaluate a-diversity.
Wilcoxon’s rank-sum tests were used to determine the
significance of differences in a diversity between groups.
The /5 diversity was calculated based on the Bray-Curtis
distances and displayed as principal coordinate analysis
(PCoA) plots. Permutational multivariate analysis of vari-
ance (PERMANOVA) was conducted to determine the
significance of differences in f diversity between groups.
The R value refers to the extent to which a variable can
explain the B diversity of the microbial communities.
LEfSe was carried out to identify discriminating bacterial
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taxa between groups. The tests listed above were con-
ducted on R (Version 3.6.3) or on the cloud platform of
Novogene Biology Information Technology Co., Ltd.
(https://magic.novogene.com/).

Fecal amino acid profiling

Amino acids in frozen fecal samples were determined by
liquid chromatography-tandem mass spectrometry (LC-
MS/MS). In brief, 50 mg of lyophilized feces was homog-
enized with 600 pl of ultrapure water. The extracts were
centrifuged at 13,000 rpm and 4 °C for 10 min, and the
supernatant retrieved was immediately transferred. The
residue of the previous extraction was further extracted
with 600 pl of ice-cold methanol to obtain another super-
natant. The first and second supernatant were mixed in
equal volumes, and 80 pl of the mixture was precipitated
with 80 pl of methanol, which contains chloro-d-pheny-
lalanine (100 ng/ml) and ketoprofen (10 ng/ml). After
homogenization and centrifugation, 100 pl of the final
supernatant was transferred to a sample vial for LC-MS/
MS analysis.

Transmission electron microscopy analyses

The hippocampal tissue was cut into 1 mm?® and succes-
sively fixed in 2.5% glutaraldehyde and 1% osmium acid.
The samples were then rinsed using 0.1 M phosphoric
acid and dehydrated step by step using ethanol before
being embedded and sliced. The ultrastructural changes
of neurons were observed under the transmission elec-
tron microscope (Hitachi, Japan) after the sections were
counterstained by 3% uranium acetate-citric acid. Image
analysis was performed using Image-Pro Plus software
(version 6.0, Media Cybernetics Inc, MD).

Golgi staining and analysis

Golgi-Cox staining was performed using the FD Rapid
GolgiStain™ Kit (FD NeuroTechnologies, USA) [92].
Briefly, the rats’ brains were immersed in the Golgi-Cox
solution for 14 days, transferred to the 30% sucrose solu-
tion, and incubated for 2-5 days in the dark at room
temperature. The serial coronal sections (100 um thick)
were obtained by a Leica VT1000S vibratome, mounted
on the Superfrost plus slides (Thermo Fisher Scientific,
USA), stained by working liquid, and coverslipped. The
branched total dendritic length was determined using
Neuroexplorer software and Sholl analysis. Sholl analy-
sis was performed by counting the dendrites traversing
a series of concentric circles at 10-um intervals from
the cell body. To calculate the dendritic spine density in
the hippocampal CA1, CA2, CA3, and DG regions, the
number of spinous processes in a random 10 pm-long
dendrite segment was counted. The dendritic spine den-
sity was determined by dividing the number of spinous
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processes in the random dendrite segment by its length.
The dendritic spines are classified into mushroom (pro-
trusions with a small neck and a large head), stubby (pro-
trusions tightly connected to the dendritic shaft and lack
of a well-defined channel), and slight (longbows with a
bulbous head). The mushroom spine density was deter-
mined by dividing the number of spinous processes in a
random dendrite segment of a mushroom dendritic spine
by its length.

Immunofluorescence staining analysis

The brain tissue of rats was collected, fixed with 4%
paraformaldehyde, immersed in sucrose solutions (20%,
25%, and 30%, sequentially), and preserved at 4 °C.
The brain tissue was then embedded in the Tissue Tek
O.C.T. compound (Sakura Finetek, USA), and continu-
ous coronal slices (10 um) were prepared for immuno-
fluorescence. After antigen retrieval and blocking using
10% sheep serum, the slices were incubated with the
primary antibodies of rabbit-derived Ibal monoclonal
antibody (1:500, Abcam, USA), FITC anti-rabbit IgG
(1:200, ABclonal, China), and DIPA mixture, sequen-
tially. The images were taken using a fluorescence micro-
scope (Olympus, Japan). The activation of microglia was
determined using the Image-Pro Plus software (version
6.0, Media Cybernetics Inc., MD) and Sholl analysis. To
assess the activation of microglia in the hippocampal
CAl, CA2, CA3, and DG regions, the number of micro-
glia, the number of endpoints per microglia, and the
length of processes were quantified. Five offspring rats
from five different litters were randomly assigned to each
group.

The primary microglia and neurons were washed
with cold PBS and fixed with paraformaldehyde. Then,
the cells were blocked in 10% sheep serum and incu-
bated with the following primary antibodies overnight
at 4 °C: rabbit-derived Ibal polyclonal antibody (1:500,
Abcam, USA), mouse MAP2 monoclonal antibody
(1:150, Abcam, USA), rabbit PSD95 monoclonal anti-
body (1:200, Abcam, USA), and rabbit SYN polyclonal
antibody (1:200, Abcam, USA). After rinsing, the cells
were incubated with Cy3-labeled goat anti-rabbit IgG
(1:200, Thermo Fisher Scientific, USA) and Alexa Fluor
488-labeled goat anti-mouse IgG (1:200, Thermo Fisher
Scientific, USA), followed by subsequent DIPA staining.
The images were taken using a fluorescence microscope
and analyzed by the Image-Pro Plus software.

Western blotting

The total proteins were extracted from the rats’ hip-
pocampus using the RIPA lysate containing PMSF and
separated by 10% SDS-PAGE. The proteins were trans-
ferred onto PVDF (Millipore, USA) membranes, blocked
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with 5% skim milk, and then incubated at 4 °C overnight
between the membranes with the following primary anti-
bodies: rabbit AHR polyclonal antibody (1:100, ABclonal,
China), rabbit NF-kB polyclonal antibody (1:100, Cell
Signaling Technology, USA), and mouse GAPDH (1:2000,
ABclonal, China). After rinsing, the membranes were
then incubated with goat-anti-mouse IgG or goat-anti-
rabbit IgG at room temperature for 2 h. The ECL chemi-
luminescence was performed using a chemiluminescence
gel imaging system (Tanon, China), and the protein band
density was analyzed by the Image-Pro Plus software
(version 6.0, Media Cybernetics Inc., MD). Five offspring
rats from five different litters were randomly assigned to
each group.

IPA quantification

Colon content, colon tissue, and hippocampal tissue
of the rats were collected and homogenated, and the
homogenate was centrifuged at 3000 rpm for 3 min to
obtain the supernatant. The serum of rats and human
infants was also collected. An ELISA kit (Meimian,
China) was used to detect the IPA levels in the above
samples, according to the manufacturer’s protocol. The
concentrations were calculated on the basis of OD values
at 450 nm and the standard curves.

Real-time quantitative PCR (RT-qPCR)

The total RNA was extracted from the rats’ hippocampal
tissue using TRIzol reagent (Invitrogen, USA) and con-
verted into cDNA using HiScript II Select qRT SuperMix
(Vazyme, China) according to the supplier’s instructions.
The cDNA products were kept at —20 °C prior to use. The
mRNA levels were quantified in triplicate by RT-qPCR
with SYBR premix (Vazyme, China) on a CFX Manager
3.1 system (Bio-Rad, USA). The mRNA levels were evalu-
ated by the 2 AAC method. Gapdh was chosen as the
internal reference genes [93]. The primers used for RT-
qPCR were presented in Supplementary Table S2.

fldC gene detection

The genomic DNA was extracted from the rats’ colonic
content using the TIANamp Stool DNA Kit (TIAN-
GEN, China) and subjected to RT-qPCR for the detec-
tion of fldC. The primers used for fldC detection were
311F-TGGGGAATATGATATGTTGTCTGGCATGAT
G and 311R-TGTTCAGCTAATCTATCCATTGGTGTA
TTCGC [47]. The 16S rDNA was used as the internal
reference.

Statistical analysis

The statistical analyses were performed using SPSS 22.0
(Science Inc., USA), GraphPad Prism 8.0 (GraphPad Soft-
ware, USA), or R 3.6.3 software (http://www.r-project.org).
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The experimental data was presented as mean + SEM. All
data were checked for normality using Shapiro-Wilk’s test
and for homogeneity of variance using Levene’s test.

Two-tailed unpaired ¢ tests were used to compare
the data between two independent groups. One-way
ANOVA with Tukey’s multiple comparison post hoc
test was usd to compare the data within more than two
separate groups. Two-way ANOVA with Sidak’s multiple
comparison post hoc test was used to analyze the two-
factor data. The correlations were evaluated by the Spear-
man correlation coefficient. P values less than 0.05 were
considered statistically significant.

Abbreviations

ASD Autism spectrum disorder

IUGR Intrauterine growth restriction
PCE Prenatal caffeine exposure

IPA Indole 3-propionic acid

AHR Aryl hydrocarbon receptor

PW Postnatal week

TEM Transmission electron microscopy
PSD Postsynaptic density

NF-kB Nuclear factor kappa-B

P-NF-kB  Phosphorylated-NF-kB

LEfSe Linear discriminant analysis of effect size
FMT Fecal microbiota transplantation

GD Gestational day

PCoA Principal coordinate analysis
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Additional file 1: Fig. S1. PCE-induced IUGR female rats did not show
typical ASD-like manifestations. (A, C) Fetal body weight on the first day
after birth. (B, D) IUGR rate. (E) An illustrative example of travel pathways of
female rats in social choice test, open field test, and Y maze test. (F) Time
of female rats spent in each zone in social choice test. (G) Marble burying
index in marble burying test. (H) Time spent in the center, distance traveled
in the center, and total distance traveled in open field test. (I) Spontane-
ous alteration rate in Y maze test. Dots in panels represent individual
samples. Data are presented as mean + SEM. 'P < 0.05, P< 0.01. Fig. S2.
AHR/NF-kB signaling is involved in ASD. (A) The top enriched pathways

of differentially expressed genes by Clusterprofiler. (B) Gene set enrich-
ment analysis (GSEA) plots shows NF-kB signaling pathway. Fig. S3. AHR
intervention induces abnormalities of neurons and activation of microglia
in the co-cultured primary hippocampal microglia and neurons in vitro.
(A) Representative reconstruction of hippocampal neurons. Scale bar = 50
um. (B) Dendritic length of hippocampal neurons. (C) Number of branch
points in hippocampal neurons. (D) Dose-effect: cell viability after treated
with different concentrations of CH-223191 (0, 5, 10, 20, 40 or 80 uM) for 2
h. (E) Time-effect: cell viability after treated with 10 uM CH-223191 at dif-
ferent time (0, 0.5, 1, 2, 4, and 8 h). (F) Protein levels of AHR and P-NF-kB. (G)
mMRNA levels of Ahr. (H) Morphology of primary microglia under the light
microscope. Scale bar = 50 um. (1) Morphology of primary microglia under
the fluorescence microscope. Ibal staining (green) and nuclear staining
(DIPA, blue). The arrows point at activated microglia. Scale bar = 50 um. (J)
Microglia activation rate. Dots in panels represent individual samples. Data
are presented as mean + SEM. P < 0.05, "P< 0.01, "'P < 0.001. Fig. S4. Cor-
relation analysis and gut microbiota signatures of donor rats. (A) Spearman
correlation between the IPA level and the P-NF-kB level in hippocampal
tissue. (B) Correlations between the time spent in target zone and the
Clostridium abundance. The correlations were evaluated by the Spearman
correlation coefficient. (C) Alpha diversity represented by the Simpson
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index and the Shannon index. (D) Beta diversity as shown by the PCoA plot.
An ellipse represents the 68% confidence interval of microbial distribu-
tion in each group. (E) LEfSe of differentiating genera or species in gut
microbiota between groups (LDA > 2). Dots in panels represent individual
samples. Fig. S5. Transplantation of microbiota from the IUGR rats causes
dysregulation of AHR/NF-kB signaling and activation of hippocampal
microglia. (A) Protein levels of AHR and P-NF-kB. (B) mRNA levels of Ahr. (C)
Images under fluorescence microscopy showing different regions in hip-
pocampus. Iba1 staining (green) and nuclear staining (DIPA, blue). Scale bar
= 50 um. (D-F) Number of Iba1*cells, number of endpoints per microglia.,
and process length. Dots in panels represent individual samples. Data

are presented as mean + SEM. P < 0.05, P < 0.01, P < 0.001. Fig. S6.
Transplantation of microbiota from the IUGR rats causes abnormalities of
hippocampal neurons. (A) Representative reconstruction of hippocampal
neurons. Scale bar = 50 pm. (B) Dendritic length of hippocampal neurons.
(C) Number of branch points in hippocampal neurons. (D) Representative
images of dendritic segments. Scale bar =10 pm. (E) Total spine density in
the hippocampal neurons. (F) Mushroom spine density in hippocampal
neurons. (J) Ultrastructure of neuronal synapses. Scale bar = 500 nm. (H)
Synaptic vesicle numbers, synaptic cleft, postsynaptic density (PSD) thick-
ness, and length of the synaptic active zone. (I) mRNA levels of Syn and
Psd95. Data are presented as mean = SEM. "P< 0.05, P < 0.01, P < 0.001.
Fig. S7. Postnatal IPA supplementation reverses changes in hippocampal
neurons of IUGR rats. (A) Representative reconstruction of the hippocampal
neurons. Scale bar = 50 pm. (B) Dendritic length of hippocampal neurons.
(C) Number of branch points in hippocampal neurons. (D) Representative
images of dendritic segments. Scale bar =10 pm. (E) Total spine density

in hippocampal neurons. (F) Mushroom spine density in hippocampal
neurons. (G) Ultrastructure of neuronal synapses. Scale bar = 500 nm. (H)
Synaptic vesicle numbers, synaptic cleft, postsynaptic density (PSD) thick-
ness, and length of the synaptic active zone. (I) mRNA levels of Syn and
Psd95. Dots in panels represent individual samples. Data are presented as
mean + SEM. P< 0.05, P < 0.01, "P < 0.001. Fig. $8. The methods section
is supplemented. (A) The average daily food intake of offspring rats. Dots in
panels represent individual samples. (B) Bacterial colonies formed under an
anaerobic condition in the feces of SPF rats and pseudo-sterile rats.

Additional file 2: Table S1. |List of donors. Table S2. |Sequences of prim-
ers used for RT-gPCR.
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