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SUMMARY
Maternal obesity has been reported to be related to neurodevelopmental disorders in the offspring. However,
the underlying mechanisms and effective interventions remain unclear. This cross-sectional study with 778
children aged 7–14 years in China indicated that maternal obesity is strongly associated with children’s lower
cognition and sociality. Moreover, it has been demonstrated that maternal obesity in mice disrupted the
behavior and gut microbiome in offspring, both of which were restored by a high-fiber diet in either dams
or offspring via alleviating synaptic impairments andmicroglial maturation defects. Co-housing and fecesmi-
crobiota transplantation experiments revealed a causal relationship between microbiota and behavioral
changes. Moreover, treatment with the microbiota-derived short-chain fatty acids also alleviated the behav-
ioral deficits in the offspring of obese dams. Together, our study indicated that the microbiota-metabolites-
brain axis may underlie maternal obesity-induced cognitive and social dysfunctions and that high dietary
fiber intake could be a promising intervention.
INTRODUCTION

The prevalence of obesity in women of reproductive age is

increasing worldwide due to the intake of high-calorie, low-fiber

diets, the consumption of manufactured high-sugar foods, and a

sedentary lifestyle (Hanson et al., 2017; Poston et al., 2016).

Maternal obesity before and during pregnancy is widely recog-

nized to have short-term and long-term adverse health out-

comes for both mothers and their children. Evidence from both

animal and human studies has shown that maternal obesity

can lead to higher risks of diabetes, hypertension, and behavioral

changes in the offspring (Drake and Reynolds, 2010; Godfrey

et al., 2017; Harris et al., 2020), which indicates that maternal

obesity may be one of the ‘‘developmental origins of health

and disease’’ (Drake and Reynolds, 2010). The high prevalence

of maternal obesity means that the determination of any such

long-term effects is now an urgent priority (Heslehurst et al.,

2010). Recent nationwide longitudinal studies in the UK and

the US have shown that there is an increased risk of lower cogni-

tive outcomes and autism spectrum disorders (ASDs) in children
C

of mothers with obesity before pregnancy (Basatemur et al.,

2013; Pugh et al., 2015). Recent work in rodents has also shown

that a maternal high-fat diet (mHFD) induces long-term cognitive

deficits that span across several generations (Sarker and Peleg-

Raibstein, 2018). Despite the potential public health importance,

few cohort studies have examined the neurobiological mecha-

nism underlying the impact of maternal obesity on offspring

behavior and brain function.

A non-genetic yet heritable contributor to behavior may be the

gut microbiota, which is the community of microorganisms

harbored in the gastrointestinal tract that influence the develop-

ment and function of the immune, metabolic, and nervous sys-

tems (Cho and Blaser, 2012; Moeller et al., 2018; Sandoval-Motta

et al., 2017). The gut ecosystem is thought to be established at or

soon after birth and facilitated by vertical transmission and expo-

sure to and/or ingestion of environmental flora (Ferretti et al.,

2018; Yassour et al., 2018). Thus, the influences of maternal nutri-

tion status on the offspring’s microbiome are significant and may

alter mental impairment risk. Indeed, maternal obesity has been

associated with alterations in the gut microbiome in the offspring,
ell Metabolism 33, 923–938, May 4, 2021 ª 2021 Elsevier Inc. 923

mailto:minhou@sjtu.edu.cn
mailto:zhigangliu@nwsuaf.edu.cn
mailto:xueboliu@nwsuaf.edu.cn
https://doi.org/10.1016/j.cmet.2021.02.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cmet.2021.02.002&domain=pdf


Table 1. Participant characteristics and social competence among children

Maternal pre-pregnancy BMI

Characteristics Underweight

(BMI < 18.5)

(n = 132)

Normal

(BMI 18.5–23.9)

(n = 533)

Overweight and

obesea,b (BMI > 23.9)

(n = 79)

p Value b (95%CI)c p Valuec

Child’s age (years) (mean ± SD)a 10.32 ± 2.01 10.39 ± 1.86 10.42 ± 1.95 0.955 � �
Genderb: male, % 52.3 47.3 49.4 0.941 � �
Child’s BMIb 0.012 � �
Underweight, % 15.4 11.6 15.9

Normal, % 73.2 69.1 53.6

Overweight and obese, % 11.4 19.4 30.4

Breast feedinga 81.8 82.7 79.7 0.801 � �
Maternal education levelb 0.001 � �
Secondary high school or

lower, %

8.3 14.8 36.7

High School, % 30.3 19.9 15.2

Diploma in higher education

or bachelor’s degree, %

59.1 63.8 48.1

Master’s degree or higher, % 2.3 1.5 0.0

Maternal pregnant weight

gain (mean ± SD)a
15.70 ± 5.97 14.24 ± 5.51 11.57 ± 6.10 0.000 � �

Family income (RMB)b – –

<80,000, % 5.3 9.6 27.8 0.000 � �

80,000–150,000, % 33.3 32.5 32.9

150,000–300,000, % 39.4 39.0 30.4

>300,000, % 21.9 19.0 8.9

Children’s social competence (mean ± SD)

Total 17.05 ± 4.06 17.10 ± 3.72 15.65 ± 3.79* 0.005a �0.08 (�1.89 to �0.02) 0.046

Activities 4.89±2.36 4.90 ± 2.18 4.36 ± 2.21 0.147a �0.05 (�0.90 to 0.20) 0.207

Social subjects 6.80 ± 2.00 6.78 ± 1.87 6.16 ± 1.92* 0.045a �0.07 (�0.92 to 0.05) 0.076

School performance 5.36 ± 0.63 5.43 ± 0.67 5.13 ± 0.95* 0.013a �0.07 (�0.33 to 0.01) 0.068

OR, odds ratio; CI, confidence

intervals. *Significantly different from each normal maternal pre-pregnancy BMI at p < 0.05.
aKruskal-Wallis test
bc2 test
cModel was adjusted for child’s sex (male or female), child’s weight status (underweight, normal weight, or overweight/obesity), family income (<80,000

RMB, 80,000–150,000 RMB, 150,000–300,000 RMB, >300,000 RMB), maternal educational level (secondary high school or lower, high school,

diploma in higher education or bachelor’s degree, master’s degree, or higher), father’s educational level (secondary high school or lower, high school,

diploma in higher education or bachelor’s degree, master’s degree, or higher), maternal overweight/obesity versus maternal normal weight.
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in both human and non-human primates (Batterham et al., 2002;

Chu et al., 2016). A recent study with Macaca fuscata (Japanese

macaque) reported that an mHFD, but not obesity, re-con-

structed the offspring’s intestinal microbiome (Ma et al., 2014).

Specifically, maternal obesity negatively impacted a subset of

bacteria in the offspring gut, and selective re-introduction of

Lactobacillus restored social deficits in offspring (Buffington

et al., 2016). Another recent study also identified differences be-

tween patientswith Alzheimer’s disease and normal controls in 11

genera from the feces and 11 genera from the blood (Li et al.,

2019). Given the emerging reports that link the gut microbiota

to brain function, it seems possible thatmaternal obesity-induced

changes in the gut microbiome may be associated with cognitive

impairments in the offspring.
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Dietary fiber has been widely reported to regulate the gut mi-

crobiome, providing an essential substrate to the community of

microbes that inhabits the distal gut (Sonnenburg and Sonnen-

burg, 2014). Unlike humans, who only produce around 17

gastrointestinal enzymes to digest food glycans, the gut micro-

biota produces thousands of complementary enzymes with

diverse specificities, which enable them to depolymerize and

ferment dietary polysaccharides into host-absorbable short-

chain fatty acids (SCFAs) (El Kaoutari et al., 2013). SCFAs have

various effects on the host brain. For example, acetate crosses

the blood-brain barrier and regulates the activity of hypothalamic

orexigenic neurons (Frost et al., 2014). Notably, SCFAs are vital

molecules that modulate microglia maturation, morphology, and

function (Erny et al., 2015). Additional evidence suggests that
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Figure 1. Maternal obesity and dietary fiber intake impact the cognitive and social behaviors of mouse offspring

(A) Schematic of the maternal diet regimen and breeding.

(B) For the Y-maze, spontaneous alternations were recorded.

(C) For the novel object recognition test, the discrimination index between the novel and familiar object was calculated.

(legend continued on next page)
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dietary manipulation of the maternal microbiome in pregnancy

with fiber has beneficial effects on the offspring’s immune func-

tion and metabolism (Kimura et al., 2020; Thorburn et al., 2014).

However, it remains unknown whether dietary fiber restores

cognitive and social behavioral deficits in offspring of mothers

with obesity.

This work was aimed to investigate the mechanistic connec-

tions between maternal obesity and cognitive behavioral deficits

of offspring, aswell as the beneficial effects of dietary fiber on the

behavioral deficits of offspring. Here, we report that (1) maternal

obesity induces cognitive and social behavioral deficits in human

and mouse offspring; (2) maternal high-fiber intake improves

offspring’s social, behavioral deficits by restructuring the gut

microbiome; (3) mother-to-offspring transmission of the gut

microbiome mediates mHFD-induced learning and memory im-

pairments in offspring; (4) offspring high-fiber intake improves

gut microbiome and aberrant spliceosome alterations and re-

stores mHFD-induced cognitive and social behavioral deficits

in offspring; and (5) oral treatment with a mixture of acetate

and propionate reverses mHFD-induced behavioral deficits in

offspring.

RESULTS

Maternal pre-pregnancy overweightness and obesity
are associated with impaired child neurodevelopment
To examine the association betweenmaternal pregnancy weight

and neurodevelopment in offspring, 778 children (403 boys and

375 girls) were eligible for follow-up. Children were aged 7–14

years and their parents completed the social competence scale

of the child behavior checklist, which included 20 social compe-

tence items; these were divided into three social competence

subscales that measured the following competencies: activities

(e.g., sports and hobbies), social subjects (e.g., friendships and

interpersonal skills), and school performance (e.g., learning abil-

ity). Demographics of the study population are shown in Table 1.

Compared with normal-weight mothers, overweight and obese

mothers had a significantly higher proportion of overweight

and obese children (p < 0.05). Additionally, on average, over-

weight and obese mothers had lower educational attainment

and lower family income than normal-weight mothers (p <

0.001). Linear regression analysis revealed that children of

mothers with pre-pregnancy overweightness and obesity scored

lower in social competence than children of mothers with a pre-

pregnancy normal weight status after covariate adjustment (95%

confidence interval [CI]: �1.89 to �0.02) (Table 1; Figure S1A).

Consistent with cohort studies in other countries that found

poorer cognitive performance and an increased risk of ASD in
(D) In the sociability test, the time spent interacting with a mouse or with an emp

(E) In the social novelty test, the time spent interacting with a novel versus a fam

(F) Schematic of the maternal dietary fiber supplementation.

(G–J) Behavioral phenotypes in offspring after maternal dietary fiber supplementa

and (J) preference for social novelty.

Data are presented as the mean ± SEM. (B–E) mCD-oCD, n = 9 mice, 5 litters; mH

n = 8 mice, 5 litters; mHFD-oCD, n = 9 mice, 7 litters; mFFD-oCD, n = 8 mice, 7 li

t tests (B and C), paired two-tailed Student’s t tests (D, E, I, and J), or a one-way

comparison test, *p < 0.05, **p < 0.01, compared with the mCD-oCD group; #p < 0

*p < 0.05, **p < 0.01. See also Figure S2.
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children ofmothers with obesity, the children of Chinesemothers

who were overweight or obese had significantly reduced scores

of social subjects and school performance, which indicates that

they experienced a lower social and learning ability (p < 0.05;

Table 1; Figures S1B–S1D). It has also been revealed that the

significantly reduced social competence was more pronounced

in boys than in girls, which could be associated with lower school

performance scores (p < 0.01; Figures S1A–S1C). These data

indicate that maternal obesity is more likely to be associated

with cognitive and social impairments in male offspring than in

female offspring.

Maternal obesity induces cognitive and social
behavioral deficits in mouse offspring
In human studies, it is challenging to confirm causation or identify

themechanisms linkingmaternal obesity with offspring neurode-

velopment. To investigate howmaternal obesity affects offspring

neurodevelopment, we established an animal model: female

C57BL/6J mice were fed either a control diet (mCD) or a high-

fat diet (mHFD) for 12 weeks. As expected, an mHFD signifi-

cantly increased maternal weight (p < 0.01; Figure S2A). Female

mice were then paired with male mice to produce offspring,

which were then fed with a control diet (oCD) after weaning

(3 weeks) (Figure 1A). There was no significant difference in

offspringweight between thematernal diet groups at 8–10weeks

old (Figure S2B), when the behavioral experiments were per-

formed. There were no differences in behavioral results between

male and female offspring. To assess workingmemory and long-

term memory, the Y-maze test and the novel object recognition

test were performed, respectively. Compared with the mCD-

oCD offspring, mHFD-oCD offspring had fewer spontaneous

alternations and showed a discrimination index between the

novel and familiar object close to �0.2, which is indicative of

working memory and long-term memory impairments (p <

0.01; Figures 1B, 1C, S2C, and S2D). Consistent with a previous

report (Buffington et al., 2016), mHFD-oCD offspring had

impaired sociability and showed no preference for social novelty

in the three-chamber sociability test (Figures 1D, 1E, S2E, and

S2F). These data indicate that maternal obesity led to memory

and social deficits in offspring.

High-fiber intake in maternal diet restores maternal
obesity-induced cognitive and social deficits in
offspring
To investigate whether dietary fiber alleviates maternal

obesity-induced neurodevelopment dysfunction in offspring,

the pre-pregnancy female mice were fed with one of the four

following diets: control diet (mCD), high-fat diet (mHFD),
ty wire cage was recorded.

iliar mouse was recorded.

tion, including (G) Y-maze, (H) the novel object recognition test, (I) sociability,

FD-oCD, n = 7 mice, 5 litters. (G–J) mCD-oCD, n = 8 mice, 6 litters; mFD-oCD,

tters. Statistical analyses were performed using unpaired two-tailed Student’s

ANOVA with Tukey’s multiple comparison test (G and H). For Tukey’s multiple

.05, ##p < 0.01, compared with the mHFD-oCD group. For the Student’s t test,
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Figure 2. High-fiber intake in maternal diet restores synaptic impairments and re-shapes the gut microbiome of offspring

(A) Representative images of synapse ultrastructure.

(B) The length (up) and width of PSD (down) (n = 15 slices from 3 mice, 3 litters/group).

(C) The mRNA expressions of PSD-95, FXR1, GluA2, and BDNF in the hippocampus (n = 5 mice, 5 litters/group).

(legend continued on next page)
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high-fat/high-fiber diet (a high-fat diet with inulin as a source of

fiber, mFFD), and a control diet with inulin (mFD) for 12 weeks.

Female mice were then paired with male mice to produce

offspring that were fed with the control diet after weaning (Fig-

ure 1F). Consistent with reports of lower fertility in mothers with

obesity (Poston et al., 2016), the litter size was reduced (p <

0.01; Figure S2I), and latency to first litter increased in female

mice fed with an mHFD (p < 0.01; Figure S2J). Compared with

the mHFD, high-fiber feeding reduced weight gain and markedly

increased fertility (p < 0.01; Figures S2G–S2J). There was no sig-

nificant difference in offspring weight between maternal diet co-

horts at 8–10 weeks old (Figure S2K). Fecal samples were

collected, and behaviors in offspring were assessed when the

mice were 8–10 weeks old. Strikingly, maternal dietary fiber

intake significantly improved working and long-term memory in

the offspring, as well as sociability and the preference for social

novelty in mHFD-oCD offspring (Figures 1G–1J and S2L–S2U).

These results indicate that maternal dietary fiber intake pro-

tected against maternal obesity-induced cognitive and social

behavioral deficits in offspring.

High-fiber intake in maternal diet restores maternal
obesity-induced synaptic impairments in offspring
The ultrastructure of synapses in the hippocampus was exam-

ined. An analysis of postsynaptic density (PSD) revealed that

the length and width of PSD were significantly elevated in the

mFFD-oCD group compared with the mHFD-oCD group (p <

0.01; Figures 2A and 2B). Additionally, maternal obesity lowered

the expressions of synaptic-plasticity-related genes (PSD-95

and FXR1), neuronal development-related genes (FXR2 and

TDP2), NMDA receptor GluN2B, and AMPA receptor GluA2 in

the hippocampus and prefrontal cortex (PFC) of the offspring

brain (p < 0.05), which were significantly restored by the high-

fiber diet feeding (p < 0.05; Figures 2C, S3C, and S3E).

Consistently, the protein level of PSD-95 was also restored in

mFFD-oCD offspring compared with mHFD-oCD offspring, as

assessed by immunofluorescence (p < 0.01; Figures S3A

and S3D).

Given that microglia dysregulation has been reported in a

range of neuropsychiatric conditions, including Alzheimer’s dis-

ease and ASD (Frick et al., 2013; Salter and Stevens, 2017), we

assessed the expression levels of microglia maturation-related

genes (MAFB, CD31, F4/80, and CSF1R), microglia-neuron

interaction-related genes (BDNF, NGF, DAP12, CX3CR1, and

CX3CL1), microglia activation-related genes (GSK3B and FYB),

and neuroinflammatory cytokines genes (IL-1b and TNF-a) in

the hippocampus and PFC. Maternal obesity lowered MAFB,
(D) Principal coordinates analysis (PCoA) of unweighted UniFrac distances from

(E) The relative abundance of bacteria at the genus level. All genera with an aver

(F) A Z score-scaled heatmap of different OTUs identified using the Wilcoxon ran

(G) The abundance of select taxa in the offspringmicrobiomewas correlatedwith t

the correlation between themicrobiome andmouse behavior. If p < 0.05 for signifi

(H) The concentrations of SCFAs, including acetate, propionate, and butyrate, in

Data in (B), (C), and (H) are presented as the median ± interquartile range. (D–H) m

mice, 7 litters; mFFD-oCD, n = 8mice, 7 litters. Statistical analyses were performe

*p < 0.05, **p < 0.01, compared with the mCD-oCD group; #p < 0.05, ##p < 0.01,

mCD-oCD group in Figures 2, 5, S4, and S6 are from same mouse fecal sample
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BDNF, NGF, DAP12, and CX3CL1 but increased CD31 and F4/

80 mRNA levels in offspring (p < 0.05), which were significantly

restored by the high-fiber diet feeding (p < 0.05; Figures S3B,

S3C, and S3E).

These findings are consistent with reports of shared mecha-

nisms underlying social and cognitive impairments (State,

2010). These results indicate that maternal high-fiber intake pro-

tects offspring against synaptic impairment and disruption of

microglia maturation in the hippocampus and PFC, which were

induced by maternal obesity.

High-fiber intake in maternal diet re-shapes the gut
microbiome in both mother and offspring mice
Maternal obesity has been shown to alter the offspring’s gut mi-

crobiome (Chu et al., 2016), and microbial reconstitution has

been reported to reverse social deficits (Buffington et al.,

2016). Dietary fiber is a well-recognized prebiotic known to pro-

mote the proliferation of beneficial bacteria in the colon (Gibson,

1999). Hence, we next examined whether dietary fiber protection

against mHFD-induced behavioral deficits was correlated with

microbiota alterations. Analysis of microbiota composition by

16S sequencing indicated that there was a change in the

maternal microbiome composition, but not community richness,

between themHFD group and themFFD group (Figures S4A and

S4B). Maternal dietary fiber intake also corrected some of the

mHFD-induced changes in the microbiota observed at the

phylum level and order level (Figures S4C and S4D; Table S1).

Specifically, S24-7, Bifidobacterium animalis, Prevotella, and

Clostridiales were prevalent in most mFFD samples and absent

from most or all mHFD samples (Figure S4E).

While bacterial a-diversity did not differ between the offspring

from any diet group (Figure S4F), the unweighted UniFrac dis-

tance of the mFFD-oCD mice was different from mHFD-oCD

mice, similarly to that observed in their dams, which revealed

that the dietary fiber regimen altered the microbiota composition

(Figures 2D and S4A). Differentiating bacterial taxa in offspring

belonged predominantly to the Clostridiales and Bacteroidales

orders, with single representatives from the Actinobacteria, Fir-

micutes, and Tenericutes phyla (Figures 2E, S4G, and S4H).

Specifically, 21 differentiating bacterial taxa were identified be-

tween mHFD-oCD and mFFD-oCD groups, using the Wilcoxon

rank-sum test to analyze operational taxonomic units (OTUs),

nine of which belonged to the S24-7 family (Figure 2F). The abun-

dance of five bacterial OTUs were positively correlated with

increased cognitive and social behaviors in mice, as assessed

using Spearman’s rank correlation (r > 0.4, p < 0.05; Figure 2G).

The association of specific bacterial species with mFFD-oCD
the averaged rarefied 16S rRNA gene dataset (p = 0.0001, R2 = 0.1993).

age relative abundance below 1% were grouped to ‘‘others.’’

k-sum test between mHFD-oCD and mFFD-oCD, with p % 0.01.

he behavior of offspring. Spearman’s rank correlation was performed to assess

cant correlations, then the r value is noted. NORT, novel object recognition test.

offspring feces.

CD-oCD, n = 8 mice, 6 litters; mFD-oCD, n = 8 mice, 5 litters; mHFD-oCD, n = 9

d using a one-way ANOVA with Tukey’s multiple comparison test (B, C, and H).

compared with the mHFD-oCD group. The gut microbiome of mHFD-oCD and

s. See also Figures S3 and S4.
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Figure 3. Gut microbiota mediates maternal obesity-induced cognitive and social deficits in offspring

(A) Schematic of the maternal fecal microbiota transplant and cross-fostering experiments.

(B–E) The offspring from fecal microbiota-transplanted mothers were tested using (B) the Y-maze, (C) the novel object recognition test, (D) sociability, and (E)

preference for social novelty.

(legend continued on next page)
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samples, which were also positively correlated with increased

cognitive- or social-relevant behaviors, supports the hypothesis

that particular bacteria may contribute to the protective effect of

dietary fiber against mHFD-induced cognitive and social deficits

in offspring.

Microbial metabolites in the gut are thought to impact neuro-

logical outcomes (Wang et al., 2018). We examined SCFAs in

offspring feces, which are derived from the microbial fermenta-

tion of dietary fibers and are likely to have broad impacts on

various aspects of host physiology. Dietary fiber treatment

improved mHFD-induced decreases in feces levels of acetate

and propionate, but not butyrate, in offspring (p < 0.01; Fig-

ure 2H). Additionally, we found that the expression levels of the

SCFA receptor, Olfr78, was significantly lower in the hippocam-

pus and PFC of the mHFD-oCD offspring than in the control

group (p < 0.05; Figure S4I). However, the high-fiber diet signif-

icantly increased the expression of Olfr78 in the hippocampus

and PFC (p < 0.05; Figure S4I).

Gut microbiota mediates maternal obesity-induced
cognitive and social deficits in offspring
Thematernal gutmicrobiome can be vertically transmitted to their

offspring, which leads to longer-lasting colonization of

the offspring gut (Ferretti et al., 2018; Yassour et al., 2018). To

investigate whether the gut microbiota plays a vital role in

mHFD-induced behavioral abnormalities, the fecal microbiota

from female donormice (dCD, dFD, dHFD, and dFFD) were trans-

planted into antibiotic-treated adult female mice (rCD, rFD, rHFD,

and rFFD) (Figures 3A, S5A, and S5B). Offspring from rHFD dams

showed impaired memory and social behaviors (Figures 3B–3E

and S5C–S5I). By contrast, offspring from the rFFD dams had

no behavioral abnormalities (Figures 3B–3E and S5C–S5I).

Subsequently, to investigate whether maternal colonization of

microbiota influence behaviors in offspring after birth, cross-

fostering experiments were performed by switching newborns

from rHFD and rFFD dams. Strikingly, offspring of rHFD dams,

reared by rFFD dams, exhibited behavioral improvements;

offspring of rFFD mothers, reared by rHFD fecal microbiota-

transplantedmothers, exhibited behavioral impairments (Figures

3A–3E and S5C–S5I). Accordingly, mHFD-oCD offspring were

co-housed with mFFD-oCD offspring, thus allowing the transfer

of microbiota via coprophagy (Figures 3F and S5J). mHFD-oCD

offspring co-housed with mFFD-oCD offspring exhibited an

increased cognition, as well as improved sociability and a

greater preference for social novelty, as determined by behav-

ioral tests (Figures 3G–3J and S5K–S5Q). These results indicate

that there is a causal relationship between gut microbiota distur-

bances and behavioral deficits in the offspring of mice with

maternal obesity, and that maternal dietary fiber intake could
(F) Schematic of the offspring co-housing experiment.

(G–J) The co-housed offspring were tested using (G) the Y-maze, (H) the novel o

Data are presented as the mean ± SEM. (B–E) mCDFMT-oCD, n = 16 mice, 7 litte

mHFDFMT-oCD (cross-fostering), n = 14 mice, 3 litters; mFFDFMT-oCD (cross-fost

n = 7 mice, 3 litters; mHFD-oCD, n = 6 mice, 6 litters; mHFD-oCD (co-housing), n

n = 11 mice, 5 litters. Statistical analyses were performed using a one-way ANOV

tailed Student’s t tests (D, E, I, and J). For (B) and (C), *p < 0.05, **p < 0.01, com

mHFDFMT-oCD group. For (G) and (H), *p < 0.05, **p < 0.01, compared with the mC

the Student’s t test, *p < 0.05, **p < 0.01. See also Figure S5.
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protect against behavioral deficits of offspring via regulation of

the gut microbiota.

High-fiber intake in offspring’s diet restores maternal
obesity-induced behavioral deficits and aberrant
spliceosome alterations
We next examined whether direct dietary fiber application to

offspring could also reverse the behavioral and neurobiological

deficits that were characteristic of mHFD-oCD offspring.

Offspring from obese dams were fed a control diet with inulin

(mHFD-oFD) from weaning (3 weeks) until adulthood, after which

behavioral testing began (Figures 4A, S6A, and S6B). Treatment

with dietary fiber significantly improved cognition, as well as so-

ciability and the preference for social novelty (Figures 4B–4E

and S6C–S6I).

Gene expression profiling of RNA-seq identified 564 downre-

gulated and 247 upregulated genes in the hippocampus of

mHFD-oFD and mCD-oFD mice, using differentially expressed

gene (DEG) analysis (FDR q < 5%) (Figure S6J). There were rela-

tively few sex-specific DEGs (Figure S6K). Gene set enrichment

analysis (GSEA) indicated that KEGG pathways involving tran-

scription, translation, and protein quality control and export

were upregulated in the hippocampus of the mHFD-oCD group

mice compared with the mHFD-oFD group mice (Figure 4F). A

KEGG pathway involving RNA processing by the spliceosome

was significantly upregulated in mHFD-oCD mice (FDR q <

25%) (Figures 4G and 4H). These data revealed that direct die-

tary fiber administration to 3-week-old offspring also effectively

improved behavior and RNA splicing processes.

High-fiber intake in offspring’s diet re-shapes the gut
microbiome
As shown in Figures 5A and S6L, the high-fiber diet feeding in the

offspring significantly reshaped the gut microbiome. Differenti-

ating bacterial taxa belonged predominantly to the Clostridiales

and Bacteroidales orders, with single representatives from the

Firmicutes phyla (Figures 5B, S6M, and S6N). Consistent with

the maternal dietary fiber supplement, the high-fiber diet feeding

in the offspring increased the level of S24-7 (Figure 5C). Specif-

ically, Bacteroideswere prevalent in all mHFD-oFD samples and

absent from most or all mHFD-oCD samples (Figure 5C).

Conversely, Ruminococcus was prevalent among most mHFD-

oCD mice and absent from the mHFD-oFD group (Figure 5C).

The abundance of the eight OTUs belonging to S24-7 was posi-

tively correlated with long-term memory (r > 0.4, p < 0.05; Fig-

ure 5D). Additionally, the level of Bacteroides was significantly

positively correlated with long-term memory and social behav-

iors (r > 0.5, p < 0.05; Figure 5D). Ruminococcus showed oppo-

site effects, and its levels were correlated with reduced memory
bject recognition test, (I) sociability, and (J) preference for social novelty.

rs; mFDFMT-oCD, n = 15 mice, 5 litters; mHFDFMT-oCD, n = 17 mice, 5 litters;

ering), n =13 mice, 3 litters; mFFD-oCD, n = 14 mice, 4 litters. (G–J) mCD-oCD,

= 8 mice, 4 litters; mFFD-oCD (co-housing), n = 12 mice, 6 litters; mFFD-oCD,

A with Tukey’s multiple comparison test (B, C, G, and H) or using paired two-

pared with the mCDFMT-oCD group; #p < 0.05, ##p < 0.01, compared with the

D-oCD group; #p < 0.05, ##p < 0.01, compared with the mHFD-oCD group. For
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Figure 4. High-fiber intake in offspring’s diet restores maternal obesity-induced behavioral deficits and aberrant spliceosome alterations

(A) Schematic of the direct dietary fiber administration to offspring.

(B–E) Behavioral phenotypes in offspring after dietary fiber administration, including (B) the Y-maze, (C) the novel object recognition test, (D) sociability, and (E)

preference for social novelty

(legend continued on next page)

ll
Article

Cell Metabolism 33, 923–938, May 4, 2021 931



ll
Article
behavior and social interaction deficits (r > 0.5, p < 0.05; Fig-

ure 5D). These findings suggest that offspring dietary fiber intake

could also correct the microbiota depletion in offspring born to

mothers with obesity.

SCFAs restore maternal obesity-induced cognitive and
social behavioral deficits in offspring
In accordance with the maternal dietary fiber supplement, die-

tary fiber treatment elevated levels of SCFAs in mHFD-oFD

offspring (Figure 5E). Furthermore, the level of acetate and pro-

pionate were significantly correlated with themost differentiating

bacterial taxa (r > 0.4, p < 0.05; Figure 5F). We hypothesized that

the selective decrease of acetate and propionate in the gut of

mHFD-oCD offspring was causally related to their behavioral

deficits. To determine this hypothesis, acetate and propionate

were supplemented into the drinking water of offspring born to

obese dams at weaning for 5 weeks, after which behaviors

were tested (Figures 6A and S7A). SCFA supplementation signif-

icantly improved the serum levels of acetate, but not propionate

in offspring (p < 0.05; Figure S7B). Remarkably, treatment with a

mix of acetate and propionate significantly improved cognition,

as well as sociability and preference for social novelty of

offspring (Figures 6B–6E and S7C–S7I). SCFA supplementation

significantly increased the expression ofOlfr78 in the hippocam-

pus and PFC (p < 0.05; Figure S7J). Accordingly, SCFA treat-

ment significantly improved the length and width of the PSD

(p < 0.01; Figures 6F and 6G). SCFAs also promoted microglial

maturation, microglia-neuron interaction, and synaptic function

in the hippocampus and PFC of offspring by increasing the ex-

pressions of MAFB, NGF, PSD-95, GluN2B, and GluA2 and

reducing the expression of CD31 in the hippocampus and PFC

(Figures S7K and S7L). These observations highlight the impor-

tance of SCFAs, which rendered offspring resistant to social

and cognitive impairments.

DISCUSSION

In this study, we found that maternal pre-pregnancy overweight-

ness and obesity are strongly associated with a poorer cognitive

performance and sociality of their children. Consistent with this,

maternal obesity also induced cognitive and social behavioral

deficits in the offspring of a mouse model. Furthermore, high-fi-

ber intake in the diet of either the dam or its offspring improved

the behavioral deficits, synaptic damage, and aberrant spliceo-

some alterations in the offspring. Colonization of the gut micro-

biota from obese donors in the dams led to cognitive and social

behavioral disorders in offspring. However, transplantation of the

gut microbiota from high-fiber intake donors resulted in a better

behavioral performance. These results indicate that there is a

causal relationship between amaternal gut microbiota composi-

tion disturbance and behavioral changes in offspring, which was

further confirmed by the cross-fostering experiment. Notably,
(F) KEGG pathways upregulated in the hippocampus of mHFD-oCD mice by GS

(G and H) The enrichment plot (G) and heatmap of the leading-edge subset (H) f

Data in (B)–(E) are presented as the mean ± SEM. (B–H) mCD-oCD, n = 8 mice, 5

oFD, n = 8 mice, 5 litters. Statistical analyses were performed using a one-way AN

Student’s t tests (D and E). For Tukey’s multiple comparison test, *p < 0.05, **p < 0

the mHFD-oCD group. For the Student’s t test, *p < 0.05, **p < 0.01. See also Fi
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the co-housing experiment revealed that manipulating the off-

spring’s gut microbiome community after weaning could also

reduce the maternal obesity-induced behavioral deficits. More-

over, SCFA treatment in the offspring after weaning attenuated

the maternal obesity-induced cognitive and social impairments.

These results further suggest that a high-fiber diet can protect

against the behavioral deficits of offspring, possibly by restruc-

turing the gut microbiome and enhancing the formation of micro-

bial metabolites.

Recent studies have also reported that dietary fibers can

improve cognitive performance and anxiety and depression in

rodent models (Burokas et al., 2017; Messaoudi et al., 2005).

In this study, high-fiber intake alleviated the working and long-

term memory impairments of the offspring of high-fat-diet-fed

dams, which, to the best of our knowledge, has not been re-

ported before. Notably, maternal dietary fiber intake could also

restore social behavior abnormalities, as well as the preference

for social novelty, in both male and female offspring. Similarly,

high-fiber intake in offspring’s diet also mitigated the maternal

obesity-induced cognitive and social deficits. RNA-seq analysis

of the offspring’s hippocampi indicated that several disease-

related pathways were regulated by high-fiber intake. Notably,

offspring dietary fiber intake significantly reversed the upregula-

tion of the KEGG pathway of the spliceosome (mmu03040) in the

hippocampi. Recent studies have highlighted the importance of

aberrant alternative splicing of mRNA in the brains of subjects

with an ASD diagnosis (Gandal et al., 2018; Gonatopoulos-Pour-

natzis et al., 2018). These experimental findings indicate that

high dietary fiber intake could be an effective intervention to

mitigate the influence of maternal obesity on the development

of offspring’s central nervous system.

The broad impacts of dietary fibers on various aspects of host

physiology occur via adjustment of the gut microbiota diversity.

Here, we found that high-fiber intake in the maternal diet mark-

edly altered the gut microbiota in the offspring of obese dams.

Notably, OTUs belonging to S24-7 were found to be positively

correlated with cognitive and social behaviors in mice. However,

to the best of our knowledge, the S24-7 family microbe species

are not fully understood, as the family classification is still ambig-

uous (Ormerod et al., 2016). However, a recent study reported

that microbes from the S24-7 family were strongly associated

with complex carbohydrate degradation in the gut (Lagkouvar-

dos et al., 2019). Interestingly, Park et al. (2017) reported that

the abundance of unclassified members of S24-7 was signifi-

cantly decreased in a mouse model of Alzheimer’s disease.

Moreover, high-fiber intake in the offspring diet lowered the rela-

tive abundance of Ruminococcus and increased the Bacter-

oides. Thus, the influence of a high-fiber intake in the offspring’s

diet on the gut microbiota composition was different from the

maternal intervention, which could be a result of the combined

effects of mother-to-infant microbial transmission and shared

environmental factors.
EA (FDR < 25%).

or the spliceosome set.

litters; mCD-oFD, n = 8 mice, 4 litters; mHFD-oCD, n = 9 mice, 5 litters; mHFD-

OVA with Tukey’s multiple comparison test (B and C) or using paired two-tailed

.01, compared with the mCD-oCD group; #p < 0.05, ##p < 0.01, compared with

gure S6.
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Figure 5. High-fiber intake in offspring’s diet re-shapes the gut microbiome
(A) Principal coordinates analysis (PCoA) of unweighted UniFrac distances from the averaged rarefied 16S rRNA gene dataset (p = 0.0001, R2 = 0.3395).

(B) The relative abundance of bacteria at the genus level. All genera with an average relative abundance below 1% were grouped to ‘‘others.’’

(C) A Z score-scaled heatmap of different OTUs identified by the Wilcoxon rank-sum test between mHFD-oCD and mHFD-oFD with p % 0.001.

(legend continued on next page)
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One possible explanation of how gut bacteria can affect gene

expression and host behaviors is by their generation of various

metabolites (Hsiao et al., 2013). SCFAs, including acetate and

propionate, have been reported to be the key molecules that

modulate microglia maturation, morphology, and function; thus,

they could affect CNS function (Erny et al., 2015). Previous

studies have reported that neurodevelopmental abnormalities

in people with ASD are accompanied by impaired acetate and

propionic acid metabolism (Liu et al., 2019; Wang et al., 2020).

Similarly, we found that the concentrations of acetate and propi-

onate in feceswere reduced in theoffspring of obesedams.How-

ever, the formation of these SCFAs was restored by maternal or

offspring dietary fiber intake, accompanied by behavioral

improvements. Furthermore, SCFA treatment significantly atten-

uated the maternal obesity-induced cognitive and social impair-

ments in the offspring. However, the precise mechanism by

which SCFAs rescue social and cognitive behaviors remains to

be determined. It has been widely reported that the gut micro-

biota and SCFAs play roles in mediating microglial maturation

and function in the brain (Erny et al., 2015). Consistent with these

reports, we found that SCFAs might also protect the synaptic

structure by balancing the expression of microglia homeostasis-

and function-related genes. Previous studies have indicated that

the expression of pro-inflammatory cytokines is increased in the

brains of offspring born to obesemothers (Bilbo andTsang, 2010;

Kang et al., 2014). However, we did not observe any neuroinflam-

matory responses in the mHFD-oCD or mFFD-oCD offspring.

Taken together, our results demonstrate that the cognitive

and social dysfunctions associated with maternal obesity are

induced by alterations of the intestinal microbiota of offspring.

Furthermore, our findings indicate that maternal or offspring di-

etary fiber intake can reverse behavioral dysfunction by regu-

lating the bacterial composition and SCFA formation. This

work therefore provides new insights into the mechanism by

which a marked shift in microbial ecology, caused by pre-preg-

nancy obesity, can negatively impact both cognitive and social

behaviors in offspring. These results offer a more in-depth un-

derstanding of the causative link and underlying mechanisms

of the effects of maternal obesity on offspring neurodevelop-

ment in humans. Furthermore, we found that dietary fiber inter-

vention for dams, or for 3-week-old offspring from obese

mothers, could restore abnormal neurocognitive and social be-

haviors in the offspring, which suggests that behavioral abnor-

malities in children could be rectified during both prenatal brain

development and postnatally. Overall, this finding opens up new

research avenues into preemptive therapies for neurodevelop-

mental disorders that target the maternal and/or offspring gut

microbiota and indicates that dietary fiber is a potential non-

invasive, timely, and tractable treatment for neurodevelopmen-

tal disorders.
(D) The abundance of selected taxa in the offspring microbiome was correlated

between the microbiome and mouse behaviors. If p < 0.05 for significant correla

(E) SCFA concentrations in feces. Data are presented as the median ± interquar

(F) Spearman’s rank correlation between the selected taxa of the microbiome an

(A–F) mCD-oCD, n = 8 mice, 5 litters; mCD-oFD, n = 8 mice, 4 litters; mHFD-o

differences between the mean values were determined using a one-way ANOVA w

mCD-oCDgroup; #p < 0.05, ##p < 0.01, comparedwith themHFD-oCD group. The

are from same mouse fecal samples. See also Figure S6.
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Limitations of study
Our study has some limitations that should be noted. First, our

samples in the human study covered only two cities from eastern

China. Thus, it is unclear how well the result generalizes to other

populations. Further studies in regions are needed to verify our

results. However, as our sample size is large, we believe that

our results do represent reality. Second, it is unclear how nutri-

tion status in the different stages of pregnancy and during lacta-

tion influence the gut microbiome and neurodevelopment of

offspring. Another limitation is that we consider each offspring

but not the litter as one unit in the statistical analysis. However,

the analysis method was supported by numerous studies and

limited animal use, considering animal welfare. Additionally,

although we found that SCFA-mediated microglial maturation

and function might play an essential role in regulating the neuro-

development of offspring, the precise molecular mechanisms

and signaling pathways involved remain to be determined.

Future studies are also needed to evaluate synaptic plasticity,

neuronal excitability in the hippocampus, PFC, amygdala, and

other related brain regions in offspring.
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Figure 6. SCFAs restore maternal obesity-induced cognitive and social behavioral deficits in offspring

(A) Schematic of the treatment with a mixture of acetate and propionate.

(B–E) Behavioral phenotypes in the offspring after treatment with a mixture of acetate and propionate, including (B) the Y-maze, (C) the novel object recognition

test, (D) sociability, and (E) preference for social novelty (n = 7–14 mice/group).

(F) Representative images of synapse ultrastructure.

(G) The length (left) and width (right) of the PSD (n = 15 slices from 3 mice, 3 litters /group).

Data presented in (B)–(E) are presented as themean ± SEM. Data in (G) are presented as themedian ± interquartile range. (B–E) mCD-vehicle, n = 7mice, 4 litters;

mHFD-vehicle, n = 7 mice, 4 litters; mHFD-SCFAs, n = 14 mice, 6 litters. Statistical analyses were performed using a one-way ANOVA with Tukey’s multiple

comparison test (B, C, and G) or using paired two-tailed Student’s t tests (D and E). For Tukey’s multiple comparison test, *p < 0.05, **p < 0.01, compared with the

mCD-vehicle group; #p < 0.05, ##p < 0.01, compared with the mHFD-vehicle group. For the Student’s t tests, *p < 0.05, **p < 0.01. See also Figure S7.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-PSD-95 (1:200) Abcam Cat# ab18258; RRID: AB_444362

Rabbit monoclonal anti-BDNF (1:200) Abcam Cat# ab226843; RRID: AB_2889875

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed

Secondary Antibody, HRP

Proteintech Cat# SA00013-4; RRID: AB_2810984

Chemicals, Peptides, and Recombinant Proteins

Inulin Shanghai yuanye Bio-Technology Cat# S11143

Metronidazole Dalian Meilun Biological Technology Co. Cat# MB2200

Ampicillin sulfate DIYIbio Cat# DY80103

Vancomycin hydrochloride DIYIbio Cat# DY80111

Neomycin sulfate MP biomedicals Cat# 100541

Mounting Medium (with DAPI) Solarbio Cat# S2110

Crotonic acid Sigma-Aldrich Cat# 113018

Acetic acid Aladdin Cat# A116173

Propionic acid Aladdin Cat# P110446

Butyric acid Aladdin Cat# B110438

Sodium acetate Solarbio Cat# S49014

Sodium propionate Solarbio Cat# S30148

TriZol Invitrogen Cat# T9424

LR-White resin London Resin Company Cat# 14381-UC

Critical Commercial Assays

TIANamp Stool DNA Kit TIANGEN Cat# DP328-02

E.Z.N.A. Stool DNA Kit for 16S rRNA-seq Omega Cat# D4015

Evo M-MLV RT Kit Accurate Biotechnology (Hunan) Cat# AG11705

TB Green Premix Ex Taq II TaKaRa Cat# RR820Q

RNAiso Plus TaKaRa Cat# 9109

Qubit dsDNA BR Assay kit Invitrogen Cat# Q32853

Deposited Data

Raw and processed data (RNA-seq) GEO (http://www.ncbi.nlm.nih.gov/geo/) GEO: GSE154434

Raw and processed data (16S rRNA-seq) NCBI BioProject

(https://www.ncbi.nlm.nih.gov/bioproject/)

PRJNA643672

Other raw data Mendeley Data https://doi.org/10.17632/f7xnz3ns84.1

Experimental Models: Organisms/Strains

Mice: C57BL/6J Xi’an Jiaotong University N/A

Oligonucleotides

Primers for qPCR, See Table S3 This paper N/A

Software and Algorithms

ImageJ (v1.42) National Institutes of Health RRID: SCR_003070

Supermaze XR-Xmaze http://www.softmaze.com/

R (v3.2.1) R Team https://www.r-project.org/

R (v3.5.2) R Team https://www.r-project.org/

GraphPad Prism 7.0 GraphPad Software https://www.graphpad.com/scientificsoftware/

prism/

Fast Length Adjustment of Short reads

(v1.2.11)

(Mago�c and Salzberg, 2011) https://www.mybiosoftware.com/flash-

1-0-2-fast-length-adjustment-short-reads.html

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

USEARCH (v7.0.1090) N/A http://www.drive5.com/usearch/

UCHIME (v4.2.40) N/A http://www.drive5.com/uchime/uchime_

download.html

Ribosomal Database Project Classifier (v2.2) N/A http://rdp.cme.msu.edu/

Trimmomatic (v 0.38) N/A https://omictools.com/trimmomatic-tool

Hisat2 (v 2- 2.1.0) (Kim et al., 2015) http://daehwankimlab.github.io/hisat2/

StringTie (v 1.3.4d.) (Pertea et al., 2015) https://ccb.jhu.edu/software/stringtie/

history.shtml

Ballgown (v 2.12.0) (Frazee et al., 2014, 2015) http://bioconductor.riken.jp/packages/3.7/

bioc/html/ballgown.html

GSEA (v 4.0.3) N/A https://www.gsea-msigdb.org/gsea/index.jsp

Greengenes database (v 201305) N/A http://greengenes.secondgenome.com/

KEGG pathway database N/A https://www.kegg.jp/keggbin/search_

pathway_text?map=mmu&keyword=&mode=1

&viewImage=truehttps://www.kegg.jp/kegg

OriginPro 2018C OriginLab Corporation https://www.originlab.com

IBM SPSS program (v 22) International Business Machines

Corporation

https://www.ibm.com/products/

spss-statistics

Other

Control diet Trophic Animal Feed High-Tech LAD 3001G

Inulin-enriched control diet Trophic Animal Feed High-Tech TP 23300-X1

High-fat diet Trophic Animal Feed High-Tech TP 23300

Inulin-enriched high fat diet Trophic Animal Feed High-Tech TP 23300-X2
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the Lead Contact, Xuebo Liu

(xueboliu@nwsuaf.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The raw data of RNA sequencing in the current study were deposited on GEO http://www.ncbi.nlm.nih.gov/geo/, and the accession

number is GEO: GSE154434. The accession number for the entire 16S rRNA sequencing dataset reported in this manuscript is NCBI

BioProject: PRJNA643672 https://www.ncbi.nlm.nih.gov/bioproject/.

Original data have been deposited to Mendeley Data: https://doi.org/10.17632/f7xnz3ns84.1

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human study
Participants were 778 children (403 boys and 375 girls) aged 7-14 years (mean age=10.4 ± 1.9) recruited from four primary schools in

Taizhou and Wuxi, China. Sampling took place in classes that were randomly selected from each grade in the selected schools,

where children and their parents were enrolled to complete a series of questionnaires. Those with a serious organic disease,

abnormal physical development, or physical impairments were excluded from this study. The questionnaire included information

on the child’s age, sex, body weight, height, physical activity, sleep time, birth weight, breastfeeding history, maternal weight before

pregnancy, weight gain during pregnancy, height, parental education level, family income, and a questionnaire of the Child Behavior

Checklist (CBCL) (Shala and Dhamo, 2013). Anthropometric measures followed standardized protocols (Lohman et al., 1988). Par-

ents completed the social competence scale of the CBCL, which includes 20 social competence items that comprise three social

competence subscales that measure the following competencies: activities (e.g., sports, hobbies); social subjects (e.g., friendships,

interpersonal skills); and school performance (e.g., performance, ability, school problems) (Shala and Dhamo, 2013). The total social
e2 Cell Metabolism 33, 923–938.e1–e6, May 4, 2021
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competence score was the sum of these three subscales. This study was approved by the Ethics Committee of School of Public

Health of Shanghai Jiao Tong University for Human Subject Research, and all parents gave written informed consent, No.

SJUPN-201815.

Animal study
Both C57BL/6J male and female mice were obtained from Xi’an Jiaotong University (Xi’an, Shaanxi, China) at 7 weeks of age. Then

mice were housed in the Northwest A&F University animal facility under standard conditions, with a strict 12 h light/dark cycle (8:00

a.m. to 8:00 p.m.), humidity at 50 ± 15%, a temperature of 22 ± 2�C, and ad libitum access to food and water. Before the experiment,

all mice were maintained on chow, which we considered as a control diet. The maternal mice were randomly assigned to different

experimental groups. During the experiment, animal caretakers and investigators conducting the experiments were blinded to the

group allocation of mice. The health status of mice was determined via daily observation by technicians supported by veterinary

care. All of the experimental procedures were followed using the Guide for the Care and Use of Laboratory Animals: Eighth Edition

(ISBN-10: 0-309-15396-4). We have complied with all relevant ethical regulations for animal testing, and research and protocols and

protocols were approved by the Northwest A&F University and BGI Institutional Review Board on Bioethics and Biosafety (BGI-IRB).

Dietary fiber treatment
For maternal dietary fiber treatment, female mice were randomly allocated to one of the four following diets: control diet (mCD; LAD

3001G; Trophic Animal Feed High-tech, Nantong, China), high-fat diet (mHFD; TP 23300; Trophic Animal Feed High-tech, Nantong,

China), a HFD with 37 g inulin per 1000 kcal as a source of fiber (mFFD; TP 23300-X2; Trophic Animal Feed High-tech, Nantong,

China), and a control diet with inulin as a source of fiber (mFD; TP 23300-X1; Trophic Animal Feed High-tech, Nantong, China) for

10-12 weeks. The HFD and FFD are isocaloric. The mCD and mFD diets consisted of 16.7% kcal from fat, 63.9% kcal from carbo-

hydrates, and 19.4% kcal from protein. The mHFD and mFFD diets consisted of 60% kcal from fat, 20.6% kcal from carbohydrates,

and 19.4% kcal from protein. The composition of all purified-ingredient diets used in this study is listed in Table S2. Femalemicewere

housed five to a cage and weight was measured every six days before pregnancy. After 12 weeks on the respective diets, female

mice were paired with C57BL/6J adult male mice fed chow to produce subject offspring (2 females:1 male). Pregnant dams were

single-housed, and their offspring were weaned at 3 weeks of age. At weaning, different litters born within up to a week apart

were combined and housed in a cage of 4-5 male or female mice per cage, and all were placed on a control diet (-oCD), regardless

of the maternal diet (mCD, mHFD, mFFD, or mFD). n=7-9 offspring from 5-7 litters per group, 1-3 offspring per litter (the numbers of

offspring and litters are specified in the figure legends).

For dietary fiber treatment to offspring, both female and male offspring from the mHFD andmCD dams were switched to an inulin-

containing diet (-oFD) at 3 weeks old until they were aged 8 to 10 weeks. n=8-9 offspring from 4-5 litters per group, 1-3 offspring per

litter (the numbers of offspring and litters are specified in the figure legends).

All behavioral tests were performed in 8- to 10-week-old male and female mice. Offspring of at least three litters (R three different

mothers) in each group were analyzed in individual experiments. During the subsequent analyses, investigators assessing,

measuring, or quantifying experimental outcomes were blinded to the intervention group.

METHOD DETAILS

Microbiota depletion
In brief, mice were treated with an antibiotic solution (ATB) containing 0.5 g/L vancomycin hydrochloride, 1 g/L neomycin sulfate,

1 g/L ampicillin sulfate, and 1 g/L metronidazole added into their sterile drinking water. Solutions and bottles were changed once

weekly. Mice received 14 days of ATB before undergoing fecal microbial transplantation. Microbiota depletion was confirmed by

plating feces on BHI agar plates under anaerobic and aerobic conditions, and quantitative real-time PCR (qRT-PCR). qRT-PCR

was performed with the universal bacteria-specific primer:

(8F: AGAGTTTGATCCTGGCTCAG; 338R: CTGCTGCCTCCCGTAGGAGT).

Gut microbiota transplantation
Microbiota transplantation was done according to a previous study (Wong et al., 2017). To prepare the sample for gavage, the fecal

samples from donor mice from the four diet groups (dCD, dFD, dHFD, and dFFD, 4-8 mice per group) were collected and mixed at

equal weight with fecal samples of mice within the same diet group. Briefly, fresh fecal samples were resuspended in sterile PBS

(15 mL/g of feces) and were then vigorously vortexed for 5 min, followed by 5-min standing to precipitate particles. Supernatants

were then used to colonize ATB mice by 3 consecutive days of oral gavage (200 mL/mouse). Colonized mice (rCD, rFD, rHFD, and

rFFD) were subsequently mated with C57BL/6J male 3 days after colonization. All pregnant mice were gavaged twice weekly during

pregnancy and lactation. The colonization was confirmed by plating feces on BHI agar plates on anaerobic and aerobic conditions.

n=14-17 offspring from 4-7 litters per group, 1-6 offspring per litter (the numbers of offspring and litters are specified in the figure

legends).
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Cross-fostering
The fecal microbiota from female donor (dHFD and dFFD) mice were transplanted into antibiotic-treated adult female mice (rHFD and

rFFD). Pregnant mice (rHFD and rFFD) were monitored every day, and immediately after birth (the day on which pups were born was

considered P0. Pups were cross-fostered between P0 and P1) all the pups of rHFD dams were housed with lactating rFFD dams.

Similarly, same-day born pups of rFFD dams were housed with lactating rHFD dams. After 3 weeks, the cross-fostered pups

were weaned and all placed on a control diet (-oCD). All behavioral tests were performed in 8- to 10-week-old male and female

mice. n=13-14 offspring from 3 litters per group, 3-7 offspring per litter (the numbers of offspring and litters are specified in the figure

legends).

Co-housing
For the co-housing experiments, sex-matched offspring frommHFD andmFFD damswere co-housed (3 weeks old) in gang cages at

a ratio of 2:3 until they were 8 to 10 weeks old, which is when behavioral tests were performed. n=6-12 offspring from 3-6 litters per

group, 1-4 offspring per litter (the numbers of offspring and litters are specified in the figure legends).

SCFAs treatment
Both female andmale offspring (3 weeks old) frommHFD dams were treated with a mixture of sodium acetate (67.5 mM) and sodium

propionate (22.5 mM) in drinking water until the age of 8 to 10 weeks, at which time behavioral tests were performed. Mice consumed

the treated water ad libitum over the treatment period. n=7-14 offspring from 4-6 litters per group, 1-4 offspring per litter (the numbers

of offspring and litters are specified in the figure legends).

Y-maze
The Y-maze task was performed as previously described (Arai et al., 2001) to assess spontaneous alternation, which was defined as

successive entries into the three arms in overlapping triplet sets. The maze was made up of three arms, each of which was 35 cm

long, 15 cm high, and 5 cm wide, and converged to an equal angle (Shanghai Xinruan Information Technology, Shanghai, China).

The mouse was placed in the center of the apparatus and was allowed to explore it for 8 min. The total numbers of arm entries

and alternations were counted. The percent alternation was calculated as the ratio of actual to possible alternations (defined as

the total number of arm entries -2) 3 100%.

Novel object recognition
The novel object recognition test is a relatively low-stress and efficient method to test long-term learning and memory in mice (Luep-

tow, 2017). Given that mice have an innate preference for novelty, if a mouse recognizes the familiar object, it will spend most of its

time at the novel object. The novel object recognition test was completed over 3 days, which included a habituation day, training day,

and testing day.

On the habituation day, the mouse was removed from its home cage and placed in the middle of the empty open arena (403 403

40 cm) and allowed to freely explore the arena for 5 min. At the end of the session, the mouse was transferred to an empty holding

cage, and put back in the home cage after all mice in the same home cage had been handled. On the training day, two identical ob-

jects were placed in the central symmetrical positions of the arena. Themousewas placed in the center of the arena, equidistant from

the two identical objects. After freely exploring the two objects for 5 min, the mouse was transported to the holding cage. On the

testing day, one of the training objects was replaced with a novel object, and the mouse was allowed to freely explore for 5 min.

The discrimination index (d2) was calculated as the time spent exploring the novel object minus the time spent exploring the familiar

object, divided by total exploration time.

Three-chamber social test
The three-chamber test for sociability and social novelty preference was performed as previously described (Buffington et al., 2016).

Briefly, the mouse was first habituated to the full, empty arena for 5 min, which was a 60 3 40 cm2 plexiglass box divided into three

equally sized, interconnected chambers (left, center, right).

In the second 5-min section, sociability was measured. During this period, the subject could interact either with an empty wire cup

(empty) or an age- and sex-matched stranger conspecific contained in the other wire cup (mouse 1). The time spent interacting (sniff-

ing, crawling upon) with either the empty cup or mouse 1was recorded using tracking software (SuperMaze) by independent ob-

servers. Sociability index was calculated by the following: (time spent with mouse- time spent with empty cup)/ (time spent with

mouse + time spent with empty cup).

Finally, preference for social novelty was assessed during a third 5-min period, by introducing a second stranger mouse (mouse 2)

into the previously empty cup. The time spent interacting with either mouse 1 or mouse 2was recorded using tracking software by

independent observers. The index of social novelty preference was calculated by the following: (time spent with novel mouse- time

spent with familiar mouse)/ (time spent with novel mouse+ time spent with familiar mouse).

16S rRNA microbiome sequencing
As the maternal and offspring dietary fiber treatment experiments were conducted simultaneously, the gut microbiome of mHFD-

oCD and mCD-oCD group in Figures 2, 5, S4, and S6 are from same mouse fecal samples. Fecal samples were collected from
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the respective groups before the behavioral tests and stored at -80�C until DNA extraction. The total cellular DNA was extracted with

the E.Z.N.A. Stool DNA Kit (Omega, Norcross, GA, USA) according to the company instructions. Quantification of genomic DNAwas

verified using Qubit Fluorometer by using Qubit dsDNA BR Assay kit (Invitrogen, USA), and the quality was checked by running

aliquot on 1% agarose gel. Qualified genomic DNA samples were processed for 16S rRNA library preparation. The bacterial

hypervariable V3–V4 region of 16S rRNA was amplified by using primer: 341_F: 50-ACTCCTACGGGAGGCAGCAG-30 and 806_R:

50-GGACTACHVGGGTWTCTAAT-30. The validated library was used for sequencing on HiSeq2500 (Illumina, CA, USA) and by gener-

ating 23300 bp paired-end reads. The high quality paired-end reads were combined to tags based on overlaps by FLASH (Fast

Length Adjustment of Short reads, v1.2.11), and then clustered into OTUs at a similarity cutoff value of 97% using USEARCH

(v7.0.1090), and chimeric sequences were compared with Gold database using UCHIME (v4.2.40). OTU representative sequences

were taxonomically classified using the Ribosomal Database Project Classifier (v2.2) with a minimum confidence threshold of 0.6,

and were then mapped to the Greengenes database (v201305). The USEARCH_global was used to compare all Tags back to

OTU to get the OTU abundance statistics table of each sample. Principal coordinates analysis was performed by R (v3.5.2) at the

OTU level to calculate the unweighted and weighted UniFrac distance, followed by a PERMANOVA test (Vegan: Adonis) to detect

differences between the intervention groups. Alpha diversity was analyzed using R (v3.2.1) at the OTU level using Wilcoxon rank-

sum test. Differential abundance analysis was performed using the Wilcoxon rank-sum test. The correlation was determined by R

(v3.5.2) with Spearman’s rank correlations, followed by the cor.test for multiple comparison corrections. A p value <0.05 was consid-

ered significant.

Fecal SCFAs assay
The concentrations of SCFAs (acetate, propionate, and butyrate) were determined using gas chromatography. Approximately

150 mg of the fecal content sample was added to 1 mL water and vigorously vortexed. The samples were then mixed with

150 mL 50%H2SO4 and 1.6 mL diethyl ether. The suspensions were incubated on ice for 20 min to extract SCFAs, followed by centri-

fugation at 8000 rpm for 5 minutes at 4�C. Finally, the organic phase was collected and analyzed using a Shimadzu GC-2014C gas

chromatograph (Shimadzu Corporation, Kyoto, Japan) equipped with a DB-FFAP capillary column (30m3 0.25 mm3 0.25mm) (Agi-

lent Technologies, Wilmington, DE, USA) and flame ionization detector. The initial temperature was 50�C, which was maintained for

3 min and then raised to 130�C at 10�C/min, increased to 170�C at 5�C/min, increased to 220�C at 15�C/min, and held at this tem-

perature for 3 min. The injector and the detector temperatures were 250�C and 270�C, respectively.

Serum SCFAs assay
The detection of fecal and serum levels of SCFAswas conducted as previously described (Li et al., 2014). To remove the solid particle

and protein, serum sample (200 mL) wasmixed with 25%metaphosphoric acid (100 mL). After standing for 4 h at 4�C, themixture was

centrifuged for 10 min at 13500 rpm at 4 �C. 4 ml crotonic acid (12.5%, Sigma-Aldrich) was added to an aliquot (200 mL) of the su-

pernatants. After vortexing and standing for 30min, themixture was filtered through a 0.45 mmnylon filter (EMDMillipore). The SCFAs

was separated and quantified by gas chromatography (Agilent Technologies 7820 GC system) using a 30 m 3 0.25 mm 3 0.33 mm

fused silica column (AE-FFAP; ATECH Technologies, China). The injector and detector temperatures were set at 200�C and 250�C,
respectively. The column temperature was increased from 45�C to 150�C at 20�C/min and held for 5 min.

RNA isolation and qRT-PCR
Total RNA was extracted from brain tissues using the RNAiso Plus (TaKaRa, Dalian, China). RNA concentrations were determined

using NanoDrop 2000/2000C (Thermo Scientific; Waltham, MA, USA), and total RNA was reverse-transcribed into cDNA using

the Evo M-MLV RT Kit with gDNA Clean (Hunan Accurate Biotechnology) for qRT-PCR according to the manufacturer’s protocol us-

ing nomore than 1 mg total RNA in 20 mL reactions. ThemRNA expression was quantified using TBGreen Premix Ex TaqII (TaKaRa) in

a CFX96 Touch apparatus (Bio-Rad, Hercules, CA, USA) with the primers listed in the Table S3. The following conditions were used:

95�C for 10 min and 95�C for 15 s, followed by 40 cycles of 1 min at 60�C. Differences in transcript levels were quantified by normal-

izing each amplicon to GAPDH, and the relative gene expression was calculated using the 2�
OOCt method.

RNA sequencing analysis
Brain tissue from the hippocampus was macro-dissected and stored at -80�C until DNA extraction. The total RNA was extracted us-

ing TriZol (Invitrogen, Carlsbad, UA, USA) according to themanufacturer’s instructions, and was then qualified and quantified using a

NanoDrop and Agilent 2100 bioanalyzer (Thermo Fisher Scientific, MA, USA). RNA sequencing libraries were prepared using

BGISEQ-500 (BGI-Shenzhen, China). Then, the sequencing data were filtered and trimmed using Trimmomatic (v0.38) to obtain

high quality clean-read data for sequence analysis. Clean reads were mapped to the Mus musculus genome sequence (ftp://ftp.

ncbi.nlm.nih.gov/ https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/001/635/GCF_000001635.27_GRCm39/) using Hisat2 (v2-

2.1.0). The reads of each sample were then assembled into transcripts and compared with reference gene models using StringTie

(v1.3.4d). We merged the 49 transcripts to obtain a consensus transcript using a StringTie-Merge program. Transcripts that did

not exist in the CDS database of theMusmusculus genomewere extracted to predict new genes. The gene expression FPKM values

were calculated using StringTie, based on the consensus transcript. Differential expression analysis was performed using Ballgown

(v2.12.0), an R programming-based tool designed to facilitate flexible differential expression analysis of RNA-Seq data. Only genes
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with FPKM >1 were subjected to analysis, and the differential expression genes were determined (FDR-p < 0.05). After the gene

expression FPKM values had been calculated using StringTie software, gene set enrichment analysis (GSEA) was performed on

genes ranked by their differential expression using Signal2Noise using GSEA software (v4.0.3). The KEGG pathway database was

downloaded from https://www.genome.jp/kegg/pathway.html. In this analysis, the normalized enrichment score and False Discov-

ery Rate (FDR) were calculated for each gene set and compared between groups.

Immunofluorescence
Immunofluorescence staining was performed according to previously described methods (Liu et al., 2017). The fixed brain sections

were exposed to the primary antibodies (anti-PSD-95 or anti-BDNF) at 4�C overnight. After washing three times in PBS, these slices

were incubated with a biotinylated goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody at 37�C for 20 min. The sections

were then washed six times, and then mounted with Mounting Medium (with DAPI). Immunofluorescence images were acquired

using an inverted fluorescent microscope (Olympus, Tokyo, Japan) (3200). Proteins were visualized using the Image J software

(National Institutes of Health, Scion Corporation, USA).

Transmission electron microscopy
A transmission electron microscope analysis was performed to assess the ultrastructure of synapses in the CA1 region of the hip-

pocampus, as was performed in our previous research (Liu et al., 2020). In brief, the CA1 region was removed from the hippocampus

and treated in a cold fixative solution comprising 2.5%glutaraldehyde (pH 7.2) at 4�C for 24 h. After washing with PBS (0.1M, pH 7.2),

the specimens were post-fixed in 1%OsO4 (in 0.2MPBS, pH 7.2) at 4�C for 1.5 h. After washing again with PBS, the specimens were

dehydrated for 15min in a series of ethanol solutions (30%, 50%, 70%, 80%, 90% (v/v)), and then dehydrated in 100% (v/v) for 30min

twice. Samples were then infiltrated overnight in a mixture of LR-White resin (London Resin Company, Reading, UK) and alcohol (1:1,

v/v), followed by infiltration with pure LR-White resin twice (for 6 h and 3 h, respectively) at room temperature. The samples were

embedded in pure LR-White resin, and were then incubated at 60�C for 48 h. Ultrathin sections were obtained using a diamond knife

on the Leica EM UC7 ultramicrotome (Leica, Nussloch, Germany), and then stained with 3% aqueous solution of UA for 10-15 min,

and re-floated by 4% Pb solution for 8-10 min. Sections were observed under a JEM-1230 transmission electron microscope (JEOL,

Tokyo, Japan) at 80 kV and were recorded using a side-inserted BioScan Camera Model 792 (Gatan, Pleasanton, California, USA).

The measurement was performed using Image J analysis software (National Institutes of Health, Scion Corporation, USA) by exper-

imenters who were blind to the treatment groups.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis is described in each figure legend. Data from both human and mouse study were assessed for normality of dis-

tribution using the Kolmogorov-Smirnov test. For human study, analyses were performed using the IBM SPSS program (v22). The

significance level was set to 0.05 for all analyses. The Kruskal-Wallis test was used to examine differences in the scores of the total

social competence, activities, social subjects and school performance between the maternal weight status groups before preg-

nancy. We have used the linear regression model with the adjustment for child’s sex, child’s weight status, maternal and parental

educational levels, family incomes to control confounders in order to estimate b-coefficient with 95% CI for the associations of

maternal pre-pregnancy overweightness and obesity with the total social competence, activities, social subjects and school perfor-

mance of children. Associations of maternal pre-pregnancy body mass index status with participant characteristics were explored

using c2 tests and Kruskal-Wallis tests.

For mouse study, ’n’ refers to the individual animals and no mice were excluded. No power calculations were conducted to pre-

determine appropriatemouse sample sizes. The number of animal replicates neededwas chosen based on similar experiments. RNA

sequencing was analyzed using Ballgown (v2.12.0) and GSEA software (v4.0.3). Analysis and data visualization of microbial popu-

lations were carried out in R with various packages, as described above. Other than for the RNA sequencing and gut microbiome

data, statistical analyses were performed in GraphPad Prism 7.0 or OriginPro 2018C. An ANOVA with Tukey’s multiple comparison

test was used for parametric analysis of variance between groups; two-tailed paired Student’s t tests were used for pairwise com-

parisons; two-tailed unpaired Student’s t tests were used for comparing 2 groups. Data are presented as the mean ± SEM and the

median ± interquartile range unless otherwise noted. p < 0.05 was considered to be statistically significant.
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Figure S1 Maternal Prepregnancy Overweight and Obesity are Associated 

with Impaired Child Neurodevelopment, Related to Table 1 

(A) Social competence of the children.  

(B) Social subjects of the children. 

(C) School performance of the children. 

(D) Activities of the children.  

Data are presented as the median ± interquartile range. For both (girls and 

boys), means with different letters (a, b) are significantly different from each 



other (p<0.05). For boys, means with different letters (A, B) are significantly 

different from each other (p<0.05). Significant differences between mean 

values were determined using the Kruskal-Wallis test with Bonferroni's multiple 

comparisons. 

  



 

 



Figure S2 Maternal Obesity and Dietary Fiber Intake Impact the Weight of 

Mothers and Cognitive and Social Behaviors of Mouse Offspring, Related 

to Figure 1 

(A) Body weight of dams after 12 weeks on a high-fat diet. 

(B) Offspring weight at 8 weeks. 

(C) The total number of arm entries in the Y-maze test. 

(D) Total exploration time in the novel object recognition test. 

(E-F) The index of sociability (E) and social novelty preference (F) in the three-

chamber test. 

(G-H) Body weight of dams over time (G) and after 12 weeks (H) on a high-fat 

diet. 

(I-J) The litter size (I) and time to first litter (J). 

(K) Offspring weight at 8 weeks of age. 

(L) The total number of arm entries in the Y-maze test. 

(M) Total exploration time in the novel object recognition test. 

(N-O) The index of sociability (N) and social novelty preference (O) in the three-

chamber test. 

(P-R) The representative exploratory activity of mice in the Y-maze test (P), in 

the novel object recognition test (Q), and in the three-chamber test (R). 

(S-U) When all offspring within the same litter were considered as n=1, 

behavioral phenotypes in offspring after maternal dietary fiber supplementation, 

including (S) Y-maze, (T) the novel object recognition test, and (U) sociability. 



Data in (A-B) and (H-K) are presented as the median ± interquartile range. Data 

in (C-G), (L-O), and (S-U) are presented as the mean ± SEM. (B-F) mCD-oCD 

n=9 mice, 5 litters; mHFD-oCD n=7 mice, 5 litters. (K-O) mCD-oCD n=8 mice, 

6 litters; mFD-oCD n=8 mice, 5 litters; mHFD-oCD n=9 mice, 7 litters; mFFD-

oCD n=8 mice, 7 litters. Statistical analyses were performed by using two-tailed 

Student's t-tests (for A-F) or by using a one-way ANOVA with Tukey's multiple 

comparison test (for G-O and S-U). For dams, *p<0.05, **p<0.01, compared with 

the mCD group, #p<0.05, ##p<0.01 versus the mHFD group. For offspring, 

*p<0.05, **p<0.01, compared with the mCD-oCD group, #p<0.05, ##p<0.01 

versus the mHFD-oCD group.  

  



 

 



Figure S3 Dietary Fiber Intake Restored Maternal Obesity-induced 

Synaptic Damage and Disruption of Microglia Maturation in Offspring, 

Related to Figure 2 

(A) Representative immunofluorescence images (left) and 

immunofluorescence intensity (right) of PSD-95 in the hippocampus.  

(B) Representative immunofluorescence images (left) and 

immunofluorescence intensity (right) of BDNF in the hippocampus.  

(C) The mRNA expressions of synapse-, microglia maturation-, and microglia 

function- related genes in the hippocampus. 

(D) Representative immunofluorescence images (left) and 

immunofluorescence intensity (right) of PSD-95 in the prefrontal cortex. 

(E) The mRNA expressions of synapse-, microglia maturation-, and microglia 

function- related genes in the prefrontal cortex. 

Data are presented as the median ± interquartile range. (A-E) n=5 mice, 5 

litters/group. Statistical analyses were performed by using a one-way ANOVA 

with Tukey's multiple comparison test. *p<0.05, **p<0.01, compared with the 

mCD-oCD group, #p<0.05, ##p<0.01 versus the mHFD-oCD group. 

  



 

 



Figure S4 Dietary Fiber Intake Re-Shaped the Gut Microbiome in Both 

Mother and Offspring Mice, Related to Figure 2 

(A) Principal coordinate analysis (PCoA) based on unweighted UniFrac 

distance and PERMANOVA (Adonis) was used to test the difference in gut 

microbiota composition and diversity between the groups of dams (p<0.001, 

R2=0.52; n=3-7 mice/group). 

(B) α-Diversity in dams was measured by observed operational taxonomic units 

(OTUs) from 16S rRNA gene sequencing. Differences between the treatment 

groups were tested using the Wilcoxon rank-sum test (*p<0.05, #p<0.05). 

(C-D) The relative abundance of bacteria (C) at the phylum level and (D) at the 

order level in dams.  

(E) A Z-score scaled heatmap of different OTUs identified by Wilcoxon rank-

sum test between mHFD and mFFD with p≤0.01. 

(F) α-Diversity in offspring was measured by observed OTUs. Differences 

between the treatment groups were tested using the Wilcoxon rank-sum test. 

(G–H) The relative abundance of bacteria (G) at the phylum level and (H) at the 

order level in offspring.  

(I) The mRNA expressions of Olfr78 in the hippocampus and prefrontal cortex 

(n=5 mice, 5 litters/group).  

Data are presented as the median ± interquartile range. (F-I) mCD-oCD n=8 

mice, 6 litters; mFD-oCD n=8 mice, 5 litters; mHFD-oCD n=9 mice, 7 litters; 

mFFD-oCD n=8 mice, 7 litters. The gut microbiome of mHFD-oCD and mCD-



oCD group in Figures 2, 5, S4, and S6 are from same mouse fecal samples. 

Statistical analyses were performed by using a one-way ANOVA with Tukey's 

multiple comparison test. For I, *p<0.05, **p<0.01, compared with the mCD-oCD 

group, #p<0.05, ##p<0.01 versus the mHFD-oCD group. 

  



 

 



Figure S5 Gut Microbiota Mediated Maternal Obesity-induced Cognitive 

and Social Deficits in Offspring, Related to Figure 3 

(A) Body weight of female mice donor fed one of four diets.  

(B) qPCR of 16S rDNA analysis to ensure the removal efficacy of microbiota. 

(C) The total number of arm entries of offspring from fecal microbiota-

transplanted mothers in the Y-maze test. 

(D) Total exploration time of offspring from fecal microbiota-transplanted 

mothers in the novel object recognition test. 

(E-F) The index of sociability (E) and social novelty preference (F) in the three-

chamber test.  

(G-I) When all offspring within the same litter were considered as n=1, 

behavioral phenotypes in offspring from fecal microbiota-transplanted mothers, 

including (G) Y-maze, (H) the novel object recognition test, and (I) sociability. 

(J) Body weight of dams, who gave birth to co-housed offspring. 

(K) Total number of arm entries of co-housed offspring in the Y-maze test.  

(L) Total exploration time of co-housed offspring in the novel object recognition 

test. 

(M-N) The index of sociability (M) and social novelty preference (N) in the three-

chamber test. 

(O-Q) When all offspring within the same litter were considered as n=1, 

behavioral phenotypes in co-housed offspring, including (O) Y-maze, (P) the 

novel object recognition test, and (Q) sociability. 



Data shown in (A-B) and (J) are presented as the median ± interquartile range. 

Data shown in (C-I) and (K-Q) are presented as the mean ± SEM. (C-F) 

mCDFMT-oCD n=16 mice, 7 litters; mFDFMT-oCD n=15, 5 litters; mHFDFMT-oCD 

n=17 mice, 5 litters; mHFDFMT-oCD (Cross-fostering) n=14 mice, 3 litters; 

mFFDFMT-oCD (Cross-fostering) n =13 mice, 3 litters; mFFD-oCD n=14 mice, 4 

litters. (K-N) mCD-oCD n=7 mice, 3 litters; mHFD-oCD n=6 mice 6 litters; 

mHFD-oCD (co-housing) n=8 mice, 4 litters; mFFD-oCD (co-housing) n= 12 

mice, 6 litters; mFFD-oCD n= 11 mice, 5 litters. Statistical analyses were 

performed by using a one-way ANOVA with Tukey's multiple comparison test 

(for A and C-Q) or by using two-tailed Student's t-tests (for B). For A, *p<0.05, 

**p<0.01, compared with the dCD group, #p<0.05, ##p<0.01 versus the dHFD 

group. For C-I, *p<0.05, **p<0.01, compared with the mCDFMT-oCD group, 

#p<0.05, ##p<0.01 versus the mHFDFMT-oCD group. For J, *p<0.05, **p<0.01, 

compared with the mCD group, #p<0.05, ##p<0.01 versus the mHFD group. For 

K-Q, *p<0.05, **p<0.01, compared with the mCD-oCD group, #p<0.05, ##p<0.01 

versus the mHFD-oCD group.  

  



 

 



Figure S6 Offspring Dietary Fiber Intake Restored Maternal Obesity-

induced Gene Changes in the Hippocampus and Microbiota Depletion, 

Related to Figures 4 and 5 

(A) Body weight of dams after 12 weeks on a high-fat diet. 

(B) Offspring weight at 8 weeks.  

(C) The total number of arm entries of offspring after dietary fiber administration 

in the Y-maze test. 

(D) Total exploration time of offspring after direct dietary fiber administration in 

the novel object recognition test. 

(E-F) The index of sociability (E) and social novelty preference (F) in the three-

chamber test.  

(G-I) When all offspring within the same litter were considered as n=1, 

behavioral phenotypes in offspring after direct dietary fiber administration, 

including (G) Y-maze, (H) the novel object recognition test, and (I) sociability. 

(J) Heatmap of the differentially expressed genes (DEGs) of the hippocampus 

using Ballgown software (FDR-p<0.05). 

(K) Overlap of the DEGs between sex combinations.  

(L) α-Diversity in offspring, as measured by observed operational taxonomic 

units (OTUs). Differences between the treatment groups were tested using the 

Wilcoxon rank-sum test. 

(M-N) The relative abundance of bacteria (M) at the phylum level and (N) at the 

order level in offspring. 



Data shown in (A-B,and L) are presented as the median ± interquartile range. 

Data shown in (C-I) are presented as the mean ± SEM. (B-F and J-N) mCD-

oCD n=8 mice, 5 litters; mCD-oFD n=8 mice, 4 litters; mHFD-oCD n=9 mice, 5 

litters; mHFD-oFD n=8 mice, 5 litters. The gut microbiome of mHFD-oCD and 

mCD-oCD group in Figures 2, 5, S4, and S6 are from same mouse fecal 

samples. Statistical analyses were performed by using two-tailed Student's t-

tests (for A) or by using a one-way ANOVA with Tukey's multiple comparison 

test (for B-I). For B-I, *p<0.05, **p<0.01, compared with the mCD-oCD group, 

#p<0.05, ##p<0.01 versus the mHFD-oCD group. 



 

 



Figure S7 SCFAs Supplementation Restored Maternal Obesity-induced 

Cognitive Behavioral Deficits in Offspring, Related to Figure 6 

(A) Body weight of dams. 

(B) The concentrations of acetate (left) and propionate (right), in the offspring 

serum after treatment with a mixture of acetate and propionate. 

(C) The total number of arm entries of offspring in the Y-maze test. 

(D) Total exploration time of offspring in the novel object recognition test. 

(E-F) The index of sociability (E) and social novelty preference (F) in the three-

chamber test. 

(G-I) When all offspring within the same litter were considered as n=1, 

behavioral phenotypes in offspring, including (G) Y-maze, (H) the novel object 

recognition test, and (I) sociability. 

(J) The mRNA expressions of Olfr78 in the hippocampus (left) and prefrontal 

cortex (right). 

(K) The mRNA expressions of levels of synapse-, microglia maturation-, and 

microglia function- related genes in the hippocampus.  

(L) The mRNA expressions of levels of synapse-, microglia maturation-, and 

microglia function- related genes in the prefrontal cortex. 

Data shown in (A-B) and (J-L) are presented as the median ± interquartile range. 

Data shown in (C-I) are presented as the mean ± SEM. (B-F) mCD-Vehicle n=7 

mice, 4 litters; mHFD-Vehicle n=7 mice, 4 litters; mHFD-SCFAs n=14 mice, 6 

litters. (J-L) n=5 mice/group, 5 litters/group. Statistical analyses were performed 



by using two-tailed Student's t-tests (for A) or by using a one-way ANOVA with 

Tukey's multiple comparison test (for B-L). For B-L, *p<0.05, **p<0.01, 

compared with the mCD-Vehicle group, #p<0.05, ##p<0.01 versus the mHFD-

Vehicle group.   



SUPPLEMENTAL TABLE 

Table S3. List of Primers, Related to KEY RESOURCES TABLE 

Primers Source Identifier 

The universal bacteria-Seq  

8F: AGAGTTTGATCCTGGCTCAG 

(Xiao et al., 2017) N/A 

The universal bacteria-Seq  

338R: CTGCTGCCTCCCGTAGGAGT 

(Xiao et al., 2017) N/A 

Bacterial hypervariable V3–V4 region of 16S rRNA-Seq 

341_F: 5′-ACTCCTACGGGAGGCAGCAG-3′ 

European Nucleotide 

Archive, accession 

Number PRJEB31652 

N/A 

Bacterial hypervariable V3–V4 region of 16S rRNA-Seq 

806_R: 5′-GGACTACHVGGGTWTCTAAT-3′ 

European Nucleotide 

Archive, accession 

Number PRJEB31652 

N/A 

FXR1-Seq (forward)  

5′-GAGAGACTCGACATCAGCGA-3′ 

(Guo et al., 2015) N/A 

FXR1-Seq (reverse)  

5′-AGTGTCTGCAGTCTGATCGG-3′ 

(Guo et al., 2015) N/A 

GluA2-Seq (forward)  

5′-AAAGAATACCCTGGAGCACAC-3′ 

(Cook et al., 2014) N/A 

GluA2-Seq (reverse)  

5′-CCAAACAATCTCCTGCATTTCC-3′ 

(Cook et al., 2014) N/A 

PSD-95-Seq (forward)  

5′-TCTGTGCGAGAGGTAGCAGA-3′ 

(Martin et al., 2017) N/A 

PSD-95-Seq (reverse)  

5′-AAGCACTCCGTGAACTCCTG-3′ 

(Martin et al., 2017) N/A 

BDNF-Seq (forward)  

5′-CTGGATGAGGACCAGAAG-3′ 

(Sunkaria et al., 2017) N/A 

BDNF-Seq (reverse)  

5′-CCTCCAGCAGAAAGAGTAG-3′ 

(Sunkaria et al., 2017) N/A 

MAFB-Seq (forward)  

5′-GACAGGCTTTGCGTCCTAAG-3′ 

(Raverdeau et al., 

2012) 

N/A 

MAFB-Seq (reverse)  

5′-CGTTAGTTGCCAATGTGTGG-3′ 

(Raverdeau et al., 

2012) 

N/A 

CD31-Seq (forward)  

5′-ACTTCTGAACTCCAACAGCGA-3′ 

(Shimizu et al., 2017) N/A 

CD31-Seq (reverse)  

5′-CCATGTTCTGGGGGTCTTTAT-3′ 

(Shimizu et al., 2017) N/A 

CSF1R-Seq (forward)  

5′-GTCCACGGCTCATGCTGAT-3′ 

(Walter and Crews, 

2017) 

N/A 

CSF1R-Seq (reverse) 

5′-GTGAGTACAGGCTCCCAAGAG-3′ 

(Walter and Crews, 

2017) 

N/A 



F4/80-Seq (forward)  

5′-CGCTGCTGGTTGAATACAGAGA-3′ 

(Davies et al., 2008) N/A 

F4/80-Seq (reverse)  

5′CGGTTGAGCAGACAGTGAATGA-3′ 

(Davies et al., 2008) N/A 

CX3CL1-Seq (forward)  

5′-CAACTTCCGAGGCACAGGAT-3′ 

(Walter and Crews, 

2017) 

N/A 

CX3CL1-Seq (reverse)  

5′-CCAAACGGTGGTGGAGATGT-3′ 

(Walter and Crews, 

2017) 

N/A 

CX3CR1-Seq (forward)  

5′-TCTTCACGTTCGGTCTGGTG-3′ 

(Walter and Crews, 

2017) 

N/A 

CX3CR1-Seq (reverse)  

5′-TGCACTGTCCGGTTGTTCAT-3′ 

(Walter and Crews, 

2017) 

N/A 

NGF-Seq (forward)  

5′-CGACTCCAAACACTGGAACTCA-3′ 

(Liu et al., 2017) N/A 

NGF-Seq (reverse)  

5′-GCCTGCTTCTCATCTGTTGTCA-3′ 

(Liu et al., 2017) N/A 

DAP12-Seq (forward)  

5′-CTGGTGCCTTCTGTTCCTTC-3′ 

(Kaifu et al., 2003) N/A 

DAP12-Seq (reverse)  

5′-CCTCTGTGTGTTGAGGTCAC-3′ 

(Kaifu et al., 2003) N/A 

FXR2-Seq (forward)  

5′-TCAAGACCCCAGAGACGAAA-3′ 

(Guo et al., 2015) N/A 

FXR2-Seq (reverse)  

5′-CTGAGGGTTTCGTGCGTTC-3′ 

(Guo et al., 2015) N/A 

TDP2-Seq (forward)  

5′-CCCATACTGTGCCTACCTAAAGA-3′ 

This paper N/A 

TDP2-Seq (reverse)  

5′-ACTCACATTTACGCATAGCAGG-3′ 

This paper N/A 

GluN2B-Seq (forward)  

5′-AAGCCTGGCATGGTCTTCTC-3′ 

(Kratsman et al., 2016) N/A 

GluN2B-Seq (reverse)  

5′-AGGTTGGCCATGTTTTTGGC-3′ 

(Kratsman et al., 2016) N/A 

TNF-α-Seq (forward)  

5′-CTCATGCACCACCATCAAGG-3′ 

(Zhang et al., 2020) N/A 

TNF-α-Seq (reverse)  

5′-ACCTGACCACTCTCCCTTTG-3′ 

(Zhang et al., 2020) N/A 

IL-1β-Seq (forward)  

5′-TGACGGACCCCAAAAGATGA-3′ 

(Wang et al., 2019) N/A 

IL-1β-Seq (reverse)  

5′-TCTCCACAGCCACAATGAGT-3′ 

(Wang et al., 2019) N/A 

GSK3B-Seq (forward)  

5′-ACAACAGTGGTGGCAACTCC-3′ 

(Rydbirk et al., 2016) N/A 

GSK3B-Seq (reverse)  

5′-TTCTTGATGGCGACCAGTTCT-3′ 

(Rydbirk et al., 2016) N/A 



FYB-Seq (forward)  

5′-AAGTTGCAGGACAAAGCTCGCCT-3′ 

(Adachi et al., 2018) N/A 

FYB-Seq (reverse)  

5′-TCCTCGTAGGTAGGTTTCGCTGCC-3′ 

(Adachi et al., 2018) N/A 

Olfr78-Seq (forward)  

5′- ACTGCGTCACGCTGCTGTCC-3′ 

(Pluznick et al., 2013) N/A 

Olfr78-Seq (reverse)  

5′- ATGTAGGACAAGGGTGATAGGA-3′ 

(Pluznick et al., 2013) N/A 

GAPDH-Seq (forward)  

5′-TGGAGAAACCTGCCAAGTATGA-3′ 

(Liu et al., 2017) N/A 

GAPDH-Seq (reverse)  

5′-TGGAAGAATGGGAGTTGCTGT-3′ 

(Liu et al., 2017) N/A 
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