The Journal of Clinical Investigation

REVIEW SERIES: MICROBIOME IN HEALTH AND DISEASE

Series Editor: Eugene B. Chang

The microbiome as a modulator of neurological health
across the maternal-offspring interface

Stephanie B. Orchanian' and Elaine Y. Hsiao'?

'Department of Integrative Biology and Physiology, UCLA, Los Angeles, California, USA. 2UCLA Goodman-Luskin Microbiome Center, Division of Digestive Diseases, Department of Medicine, David Geffen

School of Medicine, Los Angeles, California, USA.

promoting maternal and offspring health.

Introduction

Maternal mental health is a cornerstone of public health, impact-
ing the well-being of mothers and the development of future gen-
erations. However, few studies to date have focused on the female
brain, much less the pregnant or maternal brain. <5% of neuro-
science studies from 2010 to 2014 focused solely on female indi-
viduals (1). Of all clinical studies from the 1960s to 2013, only
1% were conducted on pregnant women (2). Pregnancy and the
postpartum period involve profound physiological and psycholog-
ical changes that effect the brain. Understanding these changes
and the factors that regulate them is critical for supporting women
and healthy families.

The maternal microbiome is emerging as a factor that can
influence the health of both mother and offspring. The complex
communities of microorganisms in the maternal gut are shaped
by perinatal experiences and inform key biological processes of
the immune (3, 4), nervous (5), and endocrine systems (6, 7)
(Figure 1). Gut microbes differentially respond to sex hormones
(8) and exhibit dynamic shifts throughout pregnancy (9). These
changes are important, as the maternal microbiome guides phys-
iological processes in the mother and signals to developing off-
spring in utero through metabolite effectors (10, 11). Further-
more, the transmission of the maternal microbiome from mother
to offspring at and after birth informs early postnatal development
(12). Given these key interactions between maternal microbiomes
and maternal-offspring biology during homeostasis, environmen-
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The maternal microbiome is emerging as an important factor that influences the neurological health of mothers and their
children. Recent studies highlight how microbial communities in the maternal gut can shape early-life development in ways
that inform long-term health trajectories. Research on the neurodevelopmental effects of maternal microbiomes is expanding
our understanding of the microbiome-gut-brain axis to include signaling across the maternal-offspring unit during the
perinatal period. In this Review, we synthesize existing literature on how the maternal microbiome modulates brain function
and behavior in both mothers and their developing offspring. We present evidence from human and animal studies showing
that the maternal microbiome interacts with environmental factors to impact risk for neurodevelopmental abnormalities. We
further discuss molecular and cellular mechanisms that facilitate maternal-offspring crosstalk for neuromodulation. Finally,
we consider how advancing understanding of these complex interactions could lead to microbiome-based interventions for

tal exposures that disrupt these interactions can lead to increased
generational risk for immunological, developmental, and neu-
robehavioral disorders (13). Herein, we highlight the influences
of the maternal gut microbiome on maternal and offspring brain
health, with a focus on microbial interactions with environmental
factors during the pregnancy period, which together inform the
risk for neurological disease. We also discuss growing research on
mechanisms for maternal microbial signaling across the maternal-
offspring interface.

The maternal microbiome on maternal brain
health

Research on the microbiome-gut-brain axis has gained momen-
tum in recent years, reflecting technological advances (14) and a
growing appreciation for the intricate relationships between the gut
microbiome and brain health. Gut microbes play a pivotal role in
influencing neurological functions and behaviors through various
pathways, including the production of metabolites that affect neu-
roimmune function, neuroendocrine activity, peripheral sensory
neuronal signaling, and central neurophysiology (3-5, 15-19). As
research continues to uncover the complexities of this bidirectional
communication, the need to consider the role of sex differences and
gendered experiences on microbiome interactions with the brain
becomes increasingly apparent.

Female and male brains exhibit distinct structural and func-
tional differences. Adult male brains had larger volumes, more
cerebrospinal fluid, and greater white matter compared with
female brains (20). Male brains also showed a greater degree of
intrahemispheric communication while female brains exhibit
greater interhemispheric communication (21). Additionally, male-
and female-specific transcriptomic signatures were found in neu-
rons involved in reproductive behavior and metabolism. During
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Figure 1. Maternal gut microbiome modulates the maternal and fetal
brain. Environmental risk factors, including diet, stress, infection, and
xenobiotics, can shape the composition and function of the maternal gut
microbiome in ways that impact its interactions with the nervous system
in both mother and developing offspring.

mating and aggression, different subsets of hypothalamic neurons,
critical for maintaining homeostasis, were activated in male com-
pared with female individuals (22). These sex-specific reactions
to stimuli have also been observed in other regions of the brain,
as the amygdala region in female and male brains, important for
emotional processing, exhibited differential activity in response to
olfactory sensations (23). Additionally, activation of GABA-ergic
neurons in the medial amygdala promoted parenting behavior in
female mice but infanticidal behavior in male mice (24). Overall,
these data describe that neural structures and responses to stimuli
can depend on biological sex.

Within females, pregnancy induces neurobiological changes in
the brain, reflecting the complex adaptations necessary for support-
ing fetal development and preparing for motherhood. Hormonal
fluctuations lead to structural and functional alterations, including
the enhancement of regions associated with maternal behavior,
emotional regulation, and social cognition. In mice, pregnancy
activated neuronal stem cells and the formation of olfactory inter-
neurons necessary for offspring odor recognition (25). Pregnancy
also increased dendritic spines in the hippocampus, which helped
to reduce anxiety and promote memory (26). Estradiol and pro-
gesterone increased the excitability of galanin-expressing neurons
in the medial preoptic area, which promoted parental behavior
(27). In humans, reduced gray matter volume in regions linked to
social cognition, both during pregnancy and for at least 2 years fol-
lowing childbirth, predicted levels of maternal attachment during
the postpartum period (28, 29). Overall, these adaptations illus-
trate how pregnancy shapes the female brain, optimizing it for the
demands of motherhood.

The Journal of Clinical Investigation

Research is beginning to explore how the gut microbiome can
affect brain structure and function between sexes and during preg-
nancy. Several animal and human studies have characterized sex
differences in the gut microbiome (30). These could be driven by
direct microbial responses to sex hormones (31-34) and indirect
responses to sex-dependent differences in the normal physiology
of male and female animals and humans (30). Additional studies
emphasize the potential for the gut microbiome to contribute to sex
differences. For instance, male but not female germ-free mice had
elevated levels of tryptophan and serotonin, and reduced brain-de-
rived neurotrophic factor (BDNF), in the hippocampus (35).
Microbial regulation of sex hormones could play a role, as specific
microbial species are known to produce enzymes that convert sex
hormones into more active or inactive forms, thereby affecting their
levels in the body (32, 36). In particular, the microbiome modulated
levels of testosterone in mice, increasing it in males and decreas-
ing it in females. Transferring the gut microbiomes from male into
female mice conferred elevations in testosterone levels, raising the
question of whether these differences would result in alterations in
testosterone-related brain and behavioral outcomes and how they
may impact pregnancy (37).

While many studies have examined microbiome contribu-
tions to brain and behavior, few have focused on maternal mental
health and the peripartum period. In pregnant women, particular
gut bacteria during the third trimester were associated with anxi-
ety (38). Similarly, in a study of mothers raising young children,
reductions in the diversity of the gut microbiome and alterations in
levels of particular taxa were associated with high parenting stress
(39). While the reproducibility, nature, and directionality of these
relationships remain unclear, many are inspired by the promise
of microbiome-based interventions for promoting maternal men-
tal health (40-42). Further research is needed to extend and test
current principles for microbiome-gut-brain interactions within the
context of women'’s and maternal brain health.

The maternal microbiome on offspring
neurodevelopment and behavior

Human maternal infection, antibiotic use, and microbial variation.
Beyond the microbiome-gut-brain axis within individuals, there is
increasing appreciation of another microbiome-gut-brain axis that
exists between the maternal microbiome and the brain of develop-
ing offspring. Interest in this possibility grew from human studies
linking maternal antibiotic use in response to infection during preg-
nancy with neurodevelopmental abnormalities in the offspring. Var-
ious types of infections during pregnancy have long been associated
with adverse neurological outcomes in children, including mental
retardation and developmental delay, psychosis-like experiences,
epilepsy, and cognitive deficits (43). Epidemiological and clinical
studies examining maternal antibiotic exposure revealed similarly
intriguing associations with neurological outcomes in the offspring.
For example, a retrospective study of all mothers who gave birth
in British Columbia from 2000 to 2014 reported that mothers who
filled at least one antibiotic prescription during pregnancy had
children with increased risk for autism spectrum disorder (ASD),
as compared with those who did not fill an antibiotic prescription
(44). In a study of Danish mothers from 1996 to 2004, those who
took at least one antibiotic during pregnancy had children with an
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Figure 2. Interactions between the maternal gut microbiome and offspring neurodevelopment. The maternal gut microbiome informs offspring brain
and behavioral development through multiple interacting pathways, including the signaling of microbial metabolites to neurons and neuroimmune cells,
to modulate peripheral immune responses, peripheral sensory neuronal activity, and central neurodevelopment processes. 5-HT, 5-hydroxytryptamine;
4-EPS, 4-ethylphenylsulfate; SCFA, short-chain fatty acid; TMAO, trimethylamine N-oxide; IP, imidazole propionate.

increased incidence of febrile seizures, as compared with unexposed
mothers (45). This was consistent with another study of moms in
Korea from 2008 to 2021, wherein antibiotic exposure during preg-
nancy was associated with a greater risk for epilepsy in children
when compared with nonexposed mothers (46). Similar links have
been reported for maternal antibiotic exposure and infant attention
deficit hyperactive disorder (ADHD), conduct disorder, and mood
and anxiety disorders, when evaluating births in Finland from 1996
to 2012 (47). The variety of infections, antibiotics, and maternal
gestational periods that have been implicated suggests that there
are widespread and generalizable effects of maternal inflammation
and antibiotic treatment during pregnancy on adverse neurodevel-
opmental trajectories in offspring.

Some studies have aimed to correlate maternal microbiomes
from healthy women with fetal outcomes to determine whether
associations exist in the absence of infection or antibiotic expo-
sure. In mother-child pairs from the United States, particular bac-
teria from the third-trimester maternal gut microbiome were more
strongly associated with child neurodevelopmental outcomes at 1
year of age than was the child gut microbiome (48). Additionally, in
a study of mothers from Australia, diversity of the third-trimester
gut microbiome predicted their children’s exhibition of internaliz-
ing behavior, which is strongly associated with later development
of anxiety disorders (49). These studies provide initial evidence
that the maternal gut microbiome can correlate with behavioral and
developmental characteristics in children, raising the question of
whether such relationships may be causal.

Maternal antibiotic treatment and germ-free rearing in animals. While
many human studies have correlated maternal antibiotic exposure
to increased risk for adverse neurological outcomes in offspring,
most cases involved antibiotic prescription that was indicated for
treating bacterial infection, making it challenging to decouple the
effects of antibiotic-induced depletion of gut bacteria from infec-
tion-induced inflammation. Animal models studying maternal
antibiotic treatment in the absence of infection reveal causal effects
of antibiotic exposure during pregnancy on the offspring’s brain
and behavioral development. Pregnant mice that were treated with
antibiotics yielded fetuses with altered brain transcriptomic profiles
and impaired thalamocortical axonogenesis, compared with those
reared from vehicle-treated dams (50) (Figure 2). Additional studies
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indicate that the detrimental effects of maternal antibiotic treatment
during pregnancy on offspring neurodevelopment can persist into
the postnatal period. Mice treated with antibiotics during pregnan-
cy yielded adolescent offspring with increased blood-brain barrier
(BBB) permeability and decreased hippocampal pyramidal neurons,
myelination in the corpus callosum, and neurogenesis in the dentate
gyrus, as compared with those from vehicle-treated dams (51). In
another study, adolescent offspring from dams treated with antibi-
otics during pregnancy had reduced levels of brain cytokines asso-
ciated with neuroprotection and repair (52). These findings suggest
that the maternal microbiome during pregnancy has a widespread
influence, impacting multiple brain regions, cell types, and cellular
processes integral to brain development in the offspring.

The lasting effects of maternal antibiotic treatment are further
supported by behavioral studies of offspring after birth. In mice,
antibiotic treatment during pregnancy and the postpartum period
led to anxiety-like behavior and cognitive impairment in offspring,
which correlated with reduced expression of N-methyl D-aspartate
receptor subtype 2B (NR,B), a receptor related to synaptic develop-
ment, learning, and memory (53). Antibiotic treatment in pregnant
mice resulted in decreased locomotion and heightened anxiety in
early postnatal offspring. Cross-fostering these pups to untreated
dams restored normal behavior, suggesting that adverse effects of
maternal microbiome depletion on offspring behavior were revers-
ible (54). Another study found that antibiotic treatment during preg-
nancy reduced sociability and increased anxiety in the offspring
(55). Moreover, adolescent offspring from dams treated with anti-
biotics during pregnancy showed decreased spatial memory and
learning compared with controls (51). While these studies illustrate
how maternal treatment with antibiotics, in the absence of infec-
tion, can alter offspring neurodevelopment and behavior, they also
raise concern that some antibiotics may influence factors beyond the
microbiome and elicit off-target effects on the nervous system (56).

As such, many studies examine germ-free animal models,
which are devoid of microbial colonization, as a complementary
approach to bacterial depletion with antibiotics. When pregnant
mice were reared germ free, they produced fetuses with deficient
levels of microglia, when compared with controls raised by con-
ventionally colonized dams (57). Fetuses from germ-free dams
exhibited reduced thalamocortical axonogenesis, consistent with
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phenotypes seen from dams treated with antibiotics during preg-
nancy (50). Additional experiments focused on the transcriptom-
ic pathways affected by deficiencies in the maternal microbiome,
finding that fetal brains from offspring of germ-free dams exhibited
downregulation of genes involved in neural function and upregula-
tion of genes involved in neuron projection development and glial
cell projection (58). They also exhibited distinct metabolic profiles,
including alterations in levels of the microbial metabolites 5-ami-
novalerate (5AV) and trimethylamine N-oxide (TMAO), suggesting
that metabolites from the maternal circulation may directly access
the fetal brain to alter neurodevelopment.

Alterations observed during fetal development have been sim-
ilarly reported in germ-free mice at birth and early postnatal ages.
Newborn pups from germ-free dams exhibited increased microglia
numbers compared with pups from conventionally colonized dams,
which correlated with reductions in the cytokines implicated in neu-
ronal differentiation (51, 59). Early postnatal germ-free mice had
fewer microglia in the hippocampus and somatosensory cortex and
higher cell death in the hypothalamus, abnormalities that were not
rescued by cross-fostering to conventionally colonized dams (60).
This highlights the importance of the maternal microbiome during
the gestational period in programming microglial development
in offspring. Similar effects of the microbiome on brain structure
have been noted in other species. For example, germ-free zebrafish
had fewer neural stem cells and glia compared with convention-
ally colonized zebrafish (61). Additionally, young germ-free swine
had reduced brain weight, along with decreased white matter in
the prefrontal cortex and corpus callosum, attributable to decreased
oligodendrocyte proliferation (62). These findings underscore the
critical role of the maternal and early-life microbiome on offspring
neurodevelopment across various animal species.

As germ-free animals exhibit numerous postnatal abnormali-
ties in brain function and behavior, some studies have employed
postnatal conventionalization of the microbiome to ask whether
restoring the offspring (but not maternal) microbiome can prevent
brain and behavioral abnormalities. Restoring the microbiome at
weaning failed to prevent elevated hippocampal neurogenesis (63)
and serotonin levels (35), hypermyelination in the prefrontal cor-
tex (64), anxiety-like behavior (35), and impaired social preference
behavior (65), as seen in germ-free mice. Similarly, early microbi-
al colonization failed to rescue the locomotor hypermotility seen
in germ-free zebrafish. These findings highlight the importance of
the maternal and/or early-life microbiome in conditioning brain
development and behavior in animal models (66). Overall, studies
examining the effects of severe microbiome deficiency by germ-
free rearing or antibiotic treatment establish proof of concept that
the maternal microbiome affects brain development and later life
behaviors in offspring. They further raise the question of whether
the same principles would apply to more physiologically or clinical-
ly relevant contexts.

Maternal environmental exposures on the
microbiome and offspring

Maternal inflammation. The microbiome plays a crucial role in reg-
ulating susceptibility and response to infection, leading many to
consider how the maternal microbiome may modify the effects of
infection on environmental risk for neurodevelopmental disorders.

The Journal of Clinical Investigation

Infections during pregnancy have been linked to increased risk for
ASD and other neurodevelopmental conditions in the offspring.
Maternal fever (67) and infections (68-71) across all trimesters
correlate with ASD risk, while maternal exposure to SARS-CoV-2
shows mixed outcomes, with some infants experiencing neurolog-
ical abnormalities (72, 73) and cognitive delays (74, 75) and others
showing no developmental defect. Similarly, in utero exposure to
the Zika virus is associated with declines in social communica-
tion and motor skills (76-81). Maternal exposures to other infec-
tions, such as herpes simplex (82-84) and influenza (85-87), also
contribute to adverse child outcomes. The diversity of infections
implicated suggests that the generalized maternal inflammatory
response during pregnancy drives neurodevelopmental issues. Ani-
mal models based on maternal immune activation (MIA), in the
absence of overt infection by a pathogen, have established proof
of principle that maternal inflammation alters the neurodevelop-
ment and behavior of the offspring. Injection of the viral mimic
polyinosinic-polycytidylic acid to activate the immune system in
pregnant nonhuman primates and mice altered brain structure in
fetuses and early postnatal offspring, including dendritic morphol-
ogy (88), hippocampal myelination (89), cerebellar development
(90), and neuroimmune function (91). These neurodevelopmental
alterations corresponded with behavioral abnormalities in adult
offspring, including reduced social preference, stereotypies, anxi-
ety-like behavior, and impaired sensorimotor gating, leading many
to use MIA to model key features of neurobehavioral disorders like
ASD and schizophrenia (91-95).

The microbiome is shaped by the host’s immune status, and
immunomodulatory microbes regulate the severity of the inflam-
matory response. In humans, multiple infections have been cor-
related with changes in the microbiome (Tables 1 and 2). In mice,
dams infected with influenza A virus or Listeria monocytogenes
during pregnancy exhibited altered gut microbiota by 2 days after
infection with risk for long-term “dysbiosis” (96, 97). This was
similarly seen in the MIA model, where offspring of immune-acti-
vated dams exhibited altered gut microbiota, presumably through
vertical transmission of the altered maternal microbiota (98).
Treating pregnant dams with antibiotics prevented the abnor-
malities in social and communicative behavior in the offspring of
immune-activated dams, whereas enriching the proinflammato-
ry bacterium segmented filamentous bacteria (SFB) exacerbated
abnormal behaviors in the offspring (99). These results suggest
that the maternal microbiome can tune the severity of the immune
response to maternal challenge to ultimately impact the develop-
mental trajectories of the offspring.

Additional studies have targeted the offspring microbiome
to determine whether modifying the microbiome postnatally can
impact the presentation of neurobehavioral symptoms resulting
from MIA (rather than mitigating the degree of maternal risk itself).
Treating offspring of MIA dams with the immunoregulatory Bacte-
roides fragilis at weaning alleviated impairments in communicative,
stereotyped, and anxiety-like behaviors (98). Similarly, treating off-
spring of MIA dams with Limosilactobacillus reuteri from birth until
weaning improved spatial learning behavior in offspring (100). An
additional study tested the provocative question of whether clinical
alterations in the microbiome of children with ASD could suffi-
ciently confer brain and behavioral abnormalities upon transfer to
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Table 1. Correlations between perinatal environmental exposures and the diversity of the maternal gut microbiota

Condition Pregnancy Period Microbiome Finding Ref.

SARS-CoV-2 infection Entire pregnancy Decreased bacterial richness 185

SARS-CoV-2 infection 16-39 weeks Unchanged bacterial richness and evenness, and number of bacterial taxonomic units 186
Changed B-diversity

HIV infection >20 weeks Decreased bacterial richness and diversity 187
Changed B-diversity

High-fiber diet >17 weeks Increased bacterial richness and diversity 188

High-fat diet Entire pregnancy Increased bacterial richness and evenness 189

High-fat diet Entire pregnancy Decreased bacterial richness and number of bacterial taxonomic units 190

Low-protein diet Entire pregnancy Decreased bacterial richness 189,191

Depression Third trimester Unchanged bacterial richness and evenness 192
Unchanged B-diversity

Stress Entire pregnancy Unchanged bacterial richness and evenness 193

Unchanged [3-diversity

a-Diversity measures bacterial species richness and/or evenness within individual samples. B-Diversity measures similarity versus differences in bacterial

taxonomic diversity across multiple samples.

mice (101). Colonizing and rearing mice with human ASD-asso-
ciated gut microbes led to increased repetitive behavior, decreased
locomotion, and decreased communication, relative to controls
reared with microbiota from individuals acting as healthy controls.
Taken together, these studies highlight diverse roles for the microbi-
ome in modulating the severity of maternal risk for immune chal-
lenge, as well as the presentation of neurobehavioral symptoms in
offspring of immune-activated dams.

Maternal diet. Diet is a major determinant of microbiome com-
position and function, which in turn influences microbial dietary
metabolism and nutrient accessibility to the host. Numerous
human studies have associated dietary intake during pregnancy
with offspring developmental abnormalities. Of these, maternal
high-fat diet (HFD) and low-protein diet (LPD) reflect major types
of maternal malnutrition that predispose to adverse metabolic
and neurological outcomes in the offspring. In particular, mater-

Table 2. Correlations between perinatal environmental exposures and particular taxonomic alterations in the maternal gut microbiota

Condition Pregnancy Period  Microbiome Finding Ref.

SARS-CoV-2 infection  Entire pregnancy Increased: Dialister 185
Decreased: Phascolarctobacterium Faecium, Anaerostipes, Prevotella buccalis, Porphyromonas uenonis, Bacteroides

SARS-CoV-2infection  16-39 weeks Increased: Bifidobacteriaceae, Oscillospiraceae 186
Decreased: Microbacteriaceae

HIV infection >20 weeks Decreased: Clostridium, Turicibacter, Ruminococcus, Parabacteroides, Bacteroides, Bifidobacterium, Treponema, Oscillospira, Faecalibacterium 187

Low-fiber diet 16 weeks Increased: (ollinsella 188

Low-fiber diet 16 weeks Decreased: Clostridiales, Barnciellaceae, Bacteroidaceae 190

Low-fiber diet Entire pregnancy Decreased: Veillonelln, Paraprevotella 189
Increased: Sutterella, Ruminococcus

High-fat diet Second trimester Increased: Proteobacteria, Firmicutes, Bacteroidetes, Lachnobacterium, Methanobrevibacter 193
Decreased: Actinobacteria

High-fat diet At birth Increased: Proteobacteria, Firmicutes, Lachnospira, Rombustia 194

Low-protein diet Entire pregnancy Decreased: Veillonella, Collinsella, Anaerostipes 189

Low-protein diet At birth Increased: Firmicutes 194
Decreased: Actinobacteria

Depression Third trimester Increased: Butyricicoccus, Firmicutes 192
Decreased: Escherichia-Shigella, Klebsiella, Enterobacter, Intestinibacter, Enterococcus

Depression Postpartum Decreased: Faecalibacterium, Phascolarctobacterium, Butyricicoccus, Lachnospiraceae 195
Increased: Enterobacteriaceae

Stress First trimester Increased: Faecalitalea, Catenibacterium mitsuokai 196

Stress Second trimester Increased: Prevotello, Streptococcus pasteurianus 196

Stress Third trimester Increased: Lagierello, Lactobacillus iners 196

Stress At birth Decreased: Lactobacillaceae, Peptostreptococcaceae 197

Anxiety Entire pregnancy Increased: Oxalobacter, Rothia, Acetitonaculum, Acidaminococcus, Staphylococcus, Peptococcaceae, Peptostreptococcaceae 38
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nal HFD was associated with an increased incidence of cognitive
impairment and neurodevelopmental and neuropsychiatric dis-
orders, including ASD and ADHD, in their children (102, 103).
Similar outcomes have been linked to maternal LPD, even with
offspring nutritional habilitation, supporting the importance of
the pregnancy period in programming long-term neurological tra-
jectories in the offspring (104). Notably, the similarities in adverse
offspring outcomes from maternal diets reflecting overnutrition
(HFD) and undernutrition (LPD) highlight the potential for shared
pathophysiological pathways.

Animal studies support a causal role for maternal LPD and
HFD in disrupting neurodevelopment and behavior in the off-
spring. Dams fed LPD throughout pregnancy yielded fetuses with
decreased neuronal proliferation and increased apoptosis in the
ganglionic eminence (105). Upon switching to a control diet at par-
turition, offspring of LPD-fed dams still developed impaired cog-
nitive behavior and increased anxiety-like behavior by adulthood,
highlighting the importance of maternal diet during the pregnancy
period (106). In contrast, dams fed HFD before and during preg-
nancy yielded fetuses with altered neuronal proliferation in the hip-
pocampus and cortex (107, 108). Continuation of HFD through
the lactation period led to anxiety-like behavior (109-112) and
reduced sociability in the offspring (113). Although maternal diets
can affect fetal development through mechanisms independent
of the microbiome, alterations in the maternal microbiome have
been reported in animal models of maternal LPD and HFD. LPD
reduced the diversity of the maternal microbiome during pregnan-
cy, with notable shifts in several Clostridial species and correspond-
ing microbiome-dependent alterations in metabolomic profiles
across the maternal-fetal compartments, including in the fetal brain
(106). HFD in pregnant mice induced differential temporal shifts
in the maternal microbiome, with early enrichment of Akkermansia
and Bifidobacterium and later alterations in multiple Clostridial taxa
(114). Different microbial signatures were reported in nonhuman
primates fed HFD, highlighting the potential for host species-spe-
cific effects (115).

Alterations in the maternal microbiome are also associated
with dietary intake in pregnant women (Tables 1 and 2). Only
a few studies to date have evaluated causal roles of the micro-
biome in modifying the effects of altered maternal diets on neu-
robehavioral outcomes in the offspring. In a study of maternal
LPD, which reduced the diversity of the maternal microbiome
during pregnancy, further depletion of the maternal microbiome
via antibiotic treatment exacerbated cognitive and anxiety-like
deficits in adult offspring that were reared on a control diet since
birth. In contrast, maternal supplementation with select micro-
bial metabolites during pregnancy partially prevented abnormal
behaviors in the offspring.

Microbiome manipulations in models of maternal HFD have
as yet focused on postnatal interventions to mitigate social impair-
ments in offspring (106). Normalizing the microbiome by cohous-
ing offspring from dams fed HFD versus control diet, or by trans-
ferring fecal microbiota, ameliorated the social behavioral deficits
caused by maternal HFD. Positive effects were similarly seen by
treating HFD offspring with Lactobacillus reuteri for 4 weeks after
weaning, which corresponded with increases in oxytocin-reactive
neurons in the hypothalamus (116). As with MIA, these studies
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highlight the ability of the maternal microbiome to modulate the
severity of maternal malnutrition on promoting abnormal behavior
in the offspring as well as the ability of postnatal manipulations of
the offspring microbiome to modify behavioral symptoms arising
from maternal insults.

Maternal stress. Microbial “dysbiosis” has long been associ-
ated with exposure to stressful situations (117) and altered stress
response (18), raising interest in potential relationships between the
maternal microbiome and perinatal mood disorders. Maternal anx-
iety and depression are linked to many negative outcomes in child
neurodevelopment, including reduced cognitive and social-emo-
tional performance (118, 119) and increased risk for emotional
disorders and ADHD (120-122). Dams exposed to periconceptu-
al stress yielded fetuses with alterations in brain gene expression
(123-125), including in pathways related to neuronal development,
core metabolism, and neuroimmune function, with notable sex dif-
ferences. Consistent with this, many studies have reported effects
of maternal stress on offspring neurogenesis (126-128), tryptophan
and amino acid metabolism (129), microglial and cytokine levels
(130-132), as well as anxiety-like behavior and impaired cognitive
behavior (127, 133).

Early culture-based observations that stressful environmental
and housing conditions correspond with rapid decreases in Lac-
tobacillus (117) have generally aligned well with more modern
sequencing-based studies of stress-induced alterations in the gut
microbiome (134, 135). Recent studies have extended this line of
inquiry to the maternal microbiome, finding that maternal stress
alters microbial diversity, with particular increases in Lachnospir-
aceae and Oscillibacter and decreases in Parasutterella (136). Similar
observations of stress altering the maternal microbiome have been
observed in humans (Tables 1 and 2). Studies also report the ability
of maternal stress during pregnancy to alter the offspring microbi-
ome, with decreases in Lactobacillus and Ruminococcaceae (129) and
increases in Prevotellaceae (128, 137). One particular study manip-
ulated the maternal microbiome to alter maternal, rather than off-
spring, neurological health and found that treating stressed dams
with Lactocaseibacillus rhamnosus HNOO1 during pregnancy reduced
their anxiety-like behavior, with corresponding alterations in cor-
tical neurotransmitter levels (138). These studies raise the prospect
of modifying the maternal microbiome to offset the adverse effects
of maternal stress during pregnancy on both maternal and off-
spring neurological health.

Maternal antidepressants. While most studies of the maternal
microbiome have interrogated its ability to modify risk for neu-
rological disorders, there is rising interest in the roles for the
maternal microbiome in regulating responsiveness to treatments for
neurological disorders. As an extension of interest in maternal
depression and anxiety, the microbiome is increasingly impli-
cated in interacting with common antidepressant and anxiolytic
drugs, including selective serotonin reuptake inhibitors (SSRIs)
and serotonin-norepinephrine reuptake inhibitors (SNRIs), for
which maternal use during pregnancy has been associated with
increased risk for ASD and ADHD in offspring (139-146). In
large-scale screens of microbiome interactions with medications,
SSRIs exhibit notable associations with microbiome alterations
and effects on microbial activity (147—149). These links have been
further assessed in animal models, wherein maternal SSRI treat-
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ment altered the composition of the maternal gut microbiome.
In dams deficient in serotonin transporter (SERT), a model for
maternal depression, treatment with the SSRI fluoxetine through-
out pregnancy reduced Bacteroides and increased Prevotella and
Ruminococcus levels in the gut (150). In contrast, treating wild-
type dams with fluoxetine from midgestation through lactation
increased Parasutterella and decreased Turicibacter (151). Another
study that treated wild-type mice with fluoxetine during midgesta-
tion reported selective increases of Lachnospiraceae COE1, a short-
chain fatty acid—producing (SCFA-producing) bacterium (152).
To gain insight into whether the maternal microbiome may mod-
ify the effects of SSRIs on the host, the study examined maternal
fluoxetine treatment during midgestation in microbiome-deficient
dams compared with conventionally colonized dams (152). Mater-
nal fluoxetine treatment resulted in gene expression alterations in
the fetal brain, including in genes related to synapse organization,
cognition, locomotory behavior, and neurotransmission. These
signatures were altered by maternal treatment with antibiotics to
deplete the microbiome prior to fluoxetine exposure, establishing
proof of principle that the presence of the maternal microbiome
modifies the effects of maternal fluoxetine exposure on offspring
neurodevelopment. Taken together, results from these studies
emphasize that the maternal microbiome is an important factor
that can modify the severity of maternal environmental exposures
and their effects on both maternal and offspring health.

Mechanisms for microbiome-brain interaction
across the maternal-offspring interface

Microbial effects on maternal-offspring barriers. The ability of the
maternal microbiome to modulate offspring behavior has moti-
vated many to uncover signaling pathways that mediate crosstalk
between maternal gut microbes and the developing brain. As the
literal interface between mother and fetus, the placenta plays a
critical role in supporting fetal neurodevelopment by ensuring the
proper supply of nutrients, oxygen, and hormones and protection
from pathogens and harmful substances (153, 154). In mouse mod-
els of maternal stress and MIA, placental inflammatory responses
were quickly mounted in response to the maternal challenge and
required for downstream neurological abnormalities in the off-
spring (155-157). Similar relationships have been reported in large
epidemiological studies, wherein small placental size and placental
pathologies were associated with ADHD, antisocial disorder (158),
and poor early learning in children (159).

Recent studies have asked whether the maternal microbi-
ome impacts placental physiology and function. Pregnant mice
reared germ free or treated with antibiotics yielded placentas with
reduced weight, volume, and tissue density, compared with con-
ventionally colonized controls (160). These morphological defi-
cits were localized to the placental labyrinth region as the main
site for maternal-fetal exchange and corresponded with deficient
placental vascularization. Consistent with this, placental metab-
olomic profiles from germ-free dams were altered compared with
those from conventionally colonized controls (161). In particular,
maternal supplementation with SCFAs, products of bacterial fer-
mentation by the gut microbiome, restored placental weight and
vascular development in microbiome-deficient dams (160). Con-
sistent with the ability of SCFAs to cross the placental barrier, the

J Clin Invest. 2025;135(4):e184314 https://doi.org/10.1172/JC1184314

REVIEW SERIES: MICROBIOME IN HEALTH AND DISEASE

effects of SCFA on placental vascularization were mediated by
direct signaling to the G protein—coupled receptors GPR41 and
GPR43 on endothelial cells (162, 163). Upon entry into the fetus,
receptor-mediated signaling of SCFAs regulated fetal inflamma-
tion (164), lipid metabolism (165, 166), and insulin secretion (167,
168). These studies indicate that the maternal microbiome can
impact fetal health by indirectly modulating placental function and
producing metabolites that cross the placental barrier to signal to
fetal tissues. While there is a strong premise for placental influenc-
es on fetal neurodevelopment, how microbiome-dependent regu-
lation of placental function may ultimately impact brain health of
the offspring remains to be studied.

The gut microbiome regulates hundreds of bioactive metabo-
lites across various organ systems, raising the question of whether
this ability may extend from the maternal microbiome to metabo-
lites in the fetus. Indeed, serum metabolomic profiles from fetuses
of microbiome-deficient dams were altered compared with those
from conventional controls (50, 160). Given that subsets of metab-
olites from the maternal microbiome, like SCFAs, can enter the
fetus directly by crossing the placental barrier, a key question is
whether they may similarly access the offspring’s brain by crossing
the BBB. The BBB is not fully developed until after birth (169),
suggesting that microbial metabolites that enter the fetus have the
potential to access the fetal brain. Indeed, several metabolites in
the fetal brain were differentially regulated by maternal microbi-
ome status, and a subset of these were coregulated in maternal
serum (50). There is also some evidence that the microbiome
may modulate BBB development. In germ-free mice, the BBB
remained permeable even after birth, with decreased expression of
tight junction proteins, compared with conventionally colonized
controls (170). Restoring the microbiome or supplementing with
SCFAs after birth rescued these phenotypes (171). This relation-
ship between the microbiome and BBB was similarly seen in other
disease-related models. For example, offspring of immune-acti-
vated dams exhibited increased BBB permeability compared with
those from vehicle-treated controls (172), which was corrected by
maternal treatment with L. reuteri during lactation (100). Overall,
these results indicate that the microbiome influences BBB integri-
ty and that the maternal microbiome modulates metabolites that
access the developing brain in offspring.

Signaling of microbial metabolites to neurons. Given that the
microbiome modulates numerous metabolites within the develop-
ing brain, recent studies have asked whether the maternal micro-
biome alters offspring neurodevelopment via the regulation of
metabolites that act upon neurons. By screening metabolites on
fetal brain explants cultured ex vivo, microbially regulated metab-
olites, including TMAO and imidazole propionate, were found
to promote thalamic axon outgrowth. This was further validated
by supplementing microbiome-deficient dams with the microbial
metabolites of interest, which prevented defects in thalamocor-
tical axonogenesis and later-life tactile sensory behavior in adult
offspring (50). Similar influences of metabolites on offspring
behavior were seen in a mouse model of maternal protein under-
nutrition, where supplementing protein-restricted dams with a
cocktail of 10 microbially modulated metabolites prevented cog-
nitive deficits and anxiety-like behavior in adult mice that were
reared on a standard diet since birth (106). These studies indicate
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that metabolites regulated by the maternal microbiome have the
capacity to act directly on the fetal brain to impact the neurobe-
havioral development of the offspring.

Other evidence of microbial metabolite interactions with neurons
is derived from postnatal studies. Many brain metabolites are mod-
ulated by the microbiome during adulthood, opening the possibility
that they may regulate the activity (rather than development) of neu-
ral circuits underlying behavior. In mice colonized with gut microbes
from patients with ASD compared with mice colonized with gut
microbes from individuals acting as healthy controls, decreases in
brain levels of the 5AV and taurine were associated with deficient
social and stereotypic behaviors. Causal links were established,
wherein supplementation of the metabolites reduced repetitive behav-
ior and increased social duration. The metabolites were proposed to
directly modulate neuronal activity, as SAV reduced the excitability
of pyramidal neurons, and taurine delayed the switch from excitatory
to inhibitory response to GABA in cortical neurons (101). Additional
microbial metabolites were reported to indirectly modulate neuronal
activity by regulating neuronal myelination in the brain. The micro-
biome-dependent metabolite 4-ethylphenylsulfate was abnormally
elevated in mouse models of ASD and reduced oligodendrocyte mat-
uration to promote anxiety-like behavior in mice (173). Whether these
effects may extend to early neurodevelopment of oligodendrocytes,
during midgestation in the mouse, remains unclear.

In addition to interacting with neurons within the central ner-
vous system, many microbially modulated metabolites signal to
peripheral sensory neurons either directly or indirectly via interme-
diate effectors. Recent studies highlight that microbial metabolites
from the intestinal lumen regulate the activity of gut-innervating
vagal neurons that project directly to the brain stem (174) and also
to gut-innervating dorsal root neurons that signal through spinal cir-
cuits to the brain (175). Consistent with this, gut microbes regulate a
variety of behaviors in a manner that requires an intact vagus nerve
(116, 176). Beyond active sensory signaling of microbial metabolites,
there is also evidence that the microbiome may regulate the develop-
ment of neuronal circuits for interoception. Mice reared germ free
exhibited widespread alterations in vagal neuronal gene expression,
including reductions in urotensin 2B (UTS2B) — a putative regulator
of blood pressure, which may influence its response landscape. The
vagus nerve is reported to be functionally active during early gesta-
tion (177), raising the intriguing possibility that metabolites regulated
by the maternal microbiome may begin to exert their effects on vagal
activity during fetal neurodevelopment. Further research is needed to
explore mechanisms for metabolite interactions with neurons, espe-
cially during fetal and early postnatal critical periods.

Microbial regulation of neuroimmune function. The immune system
plays an integral role in guiding normal neurodevelopment, through
both central functions of brain-resident immune cells and peripheral
immune signaling to the brain. Mice reared germ free or treated with
antibiotics exhibited deficiencies in brain microglia, characterized by
cellular immaturity and dysfunctional response to immune activa-
tion (178). Microbiome-dependent alterations in microglia were even
seen in prenatal ages (57), suggesting a role for the maternal microbi-
ome in affecting microglial development. However, supplementation
of adult germ-free mice with microbial SCFAs reversed defects in
microglial maturation (178), suggesting early impacts of the mater-
nal microbiome are temporary and/or reversible. Intraventricular
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injection of the SCFA propionic acid into adult rats activated microg-
lia, promoted oxidative stress, and induced behavioral abnormalities
(179), suggesting that excess access of SCFAs to the brain could be
detrimental. Consistent with this, in a model of Parkinson’s disease,
the altered microbiome contributed to disease symptoms and SCFA
supplementation promoted a-synuclein-mediated neuroinflamma-
tion by activating microglia (180). As microglia play important roles
in early neurodevelopment, additional research is warranted to dis-
sect mechanisms by which the maternal microbiome affects microg-
lial function in ways that impact the developing brain.

Many effector molecules of peripheral immune cells play fun-
damental roles in normal neurodevelopment. For example, various
cytokines are present in the absence of overt inflammation and
influence neurodevelopmental processes, such as neuronal prolif-
eration, differentiation, migration, and synaptic plasticity (181).
Recent research indicates that the maternal microbiome can mod-
ulate neurodevelopment by tuning cytokine responses to environ-
mental challenges. In a mouse model of maternal stress, CCL2
and IL-6 were quickly elevated in the placenta and fetal brain in
conventional, but not germ-free, dams (182). This microbiome-de-
pendent regulation of brain CCL2 led to deficits in sociability and
anxiety-like behavior in adult offspring. Similarly, maternal colo-
nization with the Th17-inducing bacterium SFB enhanced IL-17A
in the fetal brain, which contributed to fetal cortical defects and
social behavioral abnormalities in the offspring (183, 184). These
data indicate that the maternal microbiome can impact offspring
neurodevelopment by regulating peripheral immune homeostasis
and responses to environmental challenges.

Future directions

The maternal microbiome, itself and through interactions with
environmental risk factors, is emerging as an important modifier of
long-term health trajectories for both mother and offspring. Many
studies in animal models provide fundamental proof of concept
for causality between the maternal gut microbiome and alterations
in neurodevelopment and behavior in the offspring. Whether these
principles faithfully translate to the human condition remains poor-
ly understood. This is especially challenging given the concerns of
and confounding issues related to conducting human studies with
pregnant women and children as vulnerable groups. The wealth of
evidence to date, drawn from laboratory animals and human epi-
demiological studies, supports the need for longitudinal evaluation
of the maternal microbiome and related outcomes in maternal-off-
spring pairings. Results from these, together with advances in mech-
anistic studies in animal models, will form the foundation for further
evaluating the promise of microbiome-based interventions for the
perinatal period. Recent studies have begun to define the various
pathways by which metabolites from, or modulated by, the mater-
nal microbiome can impact the brain and behavior of the offspring.
Much remains to be explored in terms of the molecular and cellular
biology underlying the new phenomena that have been described, in
addition to other non-metabolite-based pathways that may contrib-
ute. In addition, while the vast majority of studies on the maternal
microbiome have focused on the maternal gut microbiome, addi-
tional research is warranted to evaluate the effects of microbiomes
from other sites, such as the maternal vagina, milk, oral cavity, and
skin, on the neurological health of the mother and offspring. Final-
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ly, a key area for future advancement requires acknowledging the
importance of maternal health, in and of itself, rather than solely as
a determinant of offspring health. The field is ripe for evaluating the
microbiome-gut-brain axis in the context of women’s health, espe-
cially the maternal brain during pregnancy and the postpartum peri-
od. Understanding how maternal microbiomes impact both mater-
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nal and offspring brain health will not only uncover new knowledge

regarding biological interactions that occur during important critical
periods, but also pave the way for new approaches to addressing the
unmet medical needs of women and children.

Acknowledgments

The authors were supported by the UCLA Chancellor’s Postdoc-
toral Fellowship to SBO and Eunice Kennedy Shriver Nation-
al Institute of Child Health and Human Development grant
ROIHD111079 and National Institute of Diabetes and Digestive
and Kidney Diseases grant 5U54DK 123755 to EYH.

Address correspondence to: Stephanie B. Orchanian or Elaine Y. Hsiao,
610 Charles E Young Drive, East, Los Angeles, California 90095, USA.

Email: stephanieorch@g.ucla.edu (SBO). ehsiao@g.ucla.edu (EYH).

—_

. Will TR, et al. Problems and progress regarding
sex bias and omission in neuroscience research.
eNeuro. 2017;4(6):ENEURO.0278-17.2017.

. McCormack SA, Best BM. Obstetric pharmaco-
kinetic dosing studies are urgently needed. Front
Pediatr. 2014;2:9.

. Cryan JF, et al. The microbiota-gut-brain axis.
Physiol Rev. 2019;99(4):1877-2013.

4. Morais LH, et al. The gut microbiota-brain axis in

N

w

behaviour and brain disorders. Nat Rev Microbiol.
2021;19(4):241-255.

. Carabotti M, et al. The gut-brain axis: inter-
actions between enteric microbiota, central

w

and enteric nervous systems. Ann Gastroenterol.
2015;28(2):203-209.
. Neuman H, et al. Microbial endocrinology:
the interplay between the microbiota and
the endocrine system. FEMS Microbiol Rev.
2015;39(4):509-521.
Clarke G, et al. Minireview: Gut microbiota:

(=)}

~

the neglected endocrine organ. Mol Endocrinol.
2014;28(8):1221-1238.

8. Nuriel-Ohayon M, et al. Progesterone increases
bifidobacterium relative abundance during late
pregnancy. Cell Rep. 2019;27(3):730-736.

9. Yang H, et al. Systematic analysis of gut microbi-
ota in pregnant women and its correlations with
individual heterogeneity. NPJ Biofilms Microbiomes.
2020;6(1):32.

10. LiY, et al. In utero human intestine harbors
unique metabolome, including bacterial metabo-
lites. JCI Insight. 2020;5(21):e138751.

11. Gomez de Aguero M, et al. The maternal micro-

—_

biota drives early postnatal innate immune devel-
opment. Science. 2016;351(6279):1296-1302.

12. Ferretti P, et al. Mother-to-infant microbial trans-
mission from different body sites shapes the devel-
oping infant gut microbiome. Cell Host Microbe.
2018;24(1):133-145.

13. Di Gesu CM, et al. Maternal gut microbiota

w

mediate intergenerational effects of high-fat
diet on descendant social behavior. Cell Rep.
2022;41(2):111461.
14. Knight R, et al. Best practices for analysing micro-
biomes. Nat Rev Microbiol. 2018;16(7):410-422.
. Siegler Lathrop T, et al. Multispecies probiotic
intake during pregnancy modulates neurode-
velopmental trajectories of offspring: Aiming

1

w

towards precision microbial intervention. Brain
Behav Immun. 2024;122:547-554.

16. Uzan-Yulzari A, et al. A gut reaction? The role of
the microbiome in aggression. Brain Behay Immun.
2024;122:301-312.

17. Martin CR, et al. The brain-gut-microbiome axis.

J Clin Invest. 2025;135(4):e184314 https://doi.org/10.1172/JC1184314

19.

20.

2

—_

22.

23.

24.

25.

2

(=)}

217.

28.

2

Nel

30.

3

Juiry

32.

3

w

34.

Cell Mol Gastroenterol Hepatol. 2018;6(2):133-148.

. Vuong HE, et al. The microbiome and host behav-

ior. Annu Rev Neurosci. 2017;40:21-49.

Cryan JF, Dinan TG. Mind-altering microorgan-
isms: the impact of the gut microbiota on brain and
behaviour. Nat Rev Neurosci. 2012;13(10):701-712.
Cosgrove KP, et al. Evolving knowledge of sex
differences in brain structure, function, and chem-
istry. Biol Psychiatry. 2007,62(8):847-855.

. Ingalhalikar M, et al. Sex differences in the struc-

tural connectome of the human brain. Proc Nat!
Acad Sci U S A. 2014;111(2):823-828.

Kim DW, et al. Multimodal analysis of cell types
in a hypothalamic node controlling social behav-
ior. Cell. 2019;179(3):713-728.

Bergan JF, et al. Sex-specific processing of social
cues in the medial amygdala. Elife. 2014;3:e02743.
Chen PB, et al. Sexually dimorphic control of
parenting behavior by the medial amygdala. Cell.
2019;176(5):1206-1221.

Chaker Z, et al. Pregnancy-responsive pools of
adult neural stem cells for transient neurogenesis
in mothers. Science. 2023;382(6673):958-963.

. Macbeth AH, Luine VN. Changes in anxiety

and cognition due to reproductive experience: a
review of data from rodent and human mothers.
Neurosci Biobehav Rev. 2010;34(3):452-467.
Ammari R, et al. Hormone-mediated neural
remodeling orchestrates parenting onset during
pregnancy. Science. 2023;382(6666):76-81.
Hoekzema E, et al. Pregnancy leads to long-lasting
changes in human brain structure. Nat Neurosci.
2017;20(2):287-296.

. Pritschet L, et al. Neuroanatomical

changes observed over the course of a

human pregnancy [preprint]. https://doi.
org/10.1101/2023.12.14.571688. Posted on
bioRxiv May 10, 2024.

Kim YS, et al. Sex differences in gut microbiota.
World J Mens Health. 2020;38(1):48-60.

. Vom Steeg LG, Klein SL. Sex steroids mediate

bidirectional interactions between hosts and
microbes. Horm Behav. 2017;88:45-51.

Chiang YR, et al. Microbial degradation of
steroid sex hormones: implications for environ-
mental and ecological studies. Microb Biotechnol.
2020;13(4):926-949.

. Cotton S, et al. Microbial endocrinology:

the mechanisms by which the microbiota
influences host sex steroids. Trends Microbiol.
2023;31(11):1131-1142.

He S, et al. The gut microbiome and sex
hormone-related diseases. Front Microbiol.
2021;12:711137.

35. Clarke G, et al. The microbiome-gut-brain axis
during early life regulates the hippocampal sero-
tonergic system in a sex-dependent manner. Mo/
Psychiatry. 2013;18(6):666—-673.

36. Garcia-Gomez E, et al. Role of sex steroid hor-
mones in bacterial-host interactions. Biomed Res
Int. 2013;2013:928290.

. Markle JG, et al. Sex differences in the gut microbi-
ome drive hormone-dependent regulation of auto-
immunity. Science. 2013;339(6123):1084-1088.

38. Hechler C, et al. Association between psycho-

social stress and fecal microbiota in pregnant

women. Sci Rep. 2019;9(1):4463.

Matsunaga M, et al. Intestinal microbiome and

3

~

3

©

maternal mental health: preventing parental stress
and enhancing resilience in mothers. Commun
Biol. 2024;7(1):235.

40. Doroftei B, et al. An updated narrative mini-re-
view on the microbiota changes in antenatal
and post-partum depression. Diagnostics (Basel).
2022;12(7):1576.

41. Trifkovic KC, et al. Efficacy of direct or indirect

—_

use of probiotics for the improvement of maternal
depression during pregnancy and in the postnatal
period: a systematic review and meta-analysis.
Healthcare (Basel). 2022;10(6):970.

42. Gallant F, et al. Targeting maternal gut microbi-
ome to improve mental health outcomes-a pilot
feasibility trial. Front Psychiatry. 2024;15:1414291.

43. McDermott S, et al. Perinatal risk for mor-
tality and mental retardation associated with
maternal urinary-tract infections. J Fam Pract.
2001;50(5):433-437.

44. Nitschke AS, et al. Association between prenatal
antibiotic exposure and autism spectrum disorder
among term births: A population-based cohort study.
Paediatr Perinat Epidemiol. 2023;37(6):516-526.

45. Miller JE, et al. Maternal use of antibiotics
and the risk of childhood febrile seizures: a
Danish population-based cohort. PLoS One.
2013;8(4):e61148.

46. Choi A, et al. Association between exposure to
antibiotics during pregnancy or early infancy
and risk of autism spectrum disorder, intellec-
tual disorder, language disorder, and epilepsy in
children: population based cohort study. BMJ.
2024;385:e076885.

47. Lavebratt C, et al. Early exposure to antibiotic
drugs and risk for psychiatric disorders: a popula-
tion-based study. Trans! Psychiatry. 2019;9(1):317.

48. Sun Z, et al. Revealing the importance of prenatal
gut microbiome in offspring neurodevelopment in
humans. EBioMedicine. 2023;90:104491.

49. Dawson SL, et al. Maternal prenatal gut micro-

:


https://doi.org/10.1172/JCI184314
mailto://stephanieorch@g.ucla.edu
mailto://ehsiao@g.ucla.edu
https://doi.org/10.1523/ENEURO.0278-17.2017
https://doi.org/10.1523/ENEURO.0278-17.2017
https://doi.org/10.1523/ENEURO.0278-17.2017
https://doi.org/10.3389/fped.2014.00009
https://doi.org/10.3389/fped.2014.00009
https://doi.org/10.3389/fped.2014.00009
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1038/s41579-020-00460-0
https://doi.org/10.1038/s41579-020-00460-0
https://doi.org/10.1038/s41579-020-00460-0
https://doi.org/10.1093/femsre/fuu010
https://doi.org/10.1093/femsre/fuu010
https://doi.org/10.1093/femsre/fuu010
https://doi.org/10.1093/femsre/fuu010
https://doi.org/10.1210/me.2014-1108
https://doi.org/10.1210/me.2014-1108
https://doi.org/10.1210/me.2014-1108
https://doi.org/10.1016/j.celrep.2019.03.075
https://doi.org/10.1016/j.celrep.2019.03.075
https://doi.org/10.1016/j.celrep.2019.03.075
https://doi.org/10.1038/s41522-020-00142-y
https://doi.org/10.1038/s41522-020-00142-y
https://doi.org/10.1038/s41522-020-00142-y
https://doi.org/10.1038/s41522-020-00142-y
https://doi.org/10.1172/jci.insight.138751
https://doi.org/10.1172/jci.insight.138751
https://doi.org/10.1172/jci.insight.138751
https://doi.org/10.1126/science.aad2571
https://doi.org/10.1126/science.aad2571
https://doi.org/10.1126/science.aad2571
https://doi.org/10.1016/j.chom.2018.06.005
https://doi.org/10.1016/j.chom.2018.06.005
https://doi.org/10.1016/j.chom.2018.06.005
https://doi.org/10.1016/j.chom.2018.06.005
https://doi.org/10.1016/j.celrep.2022.111461
https://doi.org/10.1016/j.celrep.2022.111461
https://doi.org/10.1016/j.celrep.2022.111461
https://doi.org/10.1016/j.celrep.2022.111461
https://doi.org/10.1038/s41579-018-0029-9
https://doi.org/10.1038/s41579-018-0029-9
https://doi.org/10.1016/j.bbi.2024.08.050
https://doi.org/10.1016/j.bbi.2024.08.050
https://doi.org/10.1016/j.bbi.2024.08.050
https://doi.org/10.1016/j.bbi.2024.08.050
https://doi.org/10.1016/j.bbi.2024.08.050
https://doi.org/10.1016/j.bbi.2024.08.011
https://doi.org/10.1016/j.bbi.2024.08.011
https://doi.org/10.1016/j.bbi.2024.08.011
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1146/annurev-neuro-072116-031347
https://doi.org/10.1146/annurev-neuro-072116-031347
https://doi.org/10.1038/nrn3346
https://doi.org/10.1038/nrn3346
https://doi.org/10.1038/nrn3346
https://doi.org/10.1016/j.biopsych.2007.03.001
https://doi.org/10.1016/j.biopsych.2007.03.001
https://doi.org/10.1016/j.biopsych.2007.03.001
https://doi.org/10.1073/pnas.1316909110
https://doi.org/10.1073/pnas.1316909110
https://doi.org/10.1073/pnas.1316909110
https://doi.org/10.1016/j.cell.2019.09.020
https://doi.org/10.1016/j.cell.2019.09.020
https://doi.org/10.1016/j.cell.2019.09.020
https://doi.org/10.7554/eLife.02743
https://doi.org/10.7554/eLife.02743
https://doi.org/10.1016/j.cell.2019.01.024
https://doi.org/10.1016/j.cell.2019.01.024
https://doi.org/10.1016/j.cell.2019.01.024
https://doi.org/10.1126/science.abo5199
https://doi.org/10.1126/science.abo5199
https://doi.org/10.1126/science.abo5199
https://doi.org/10.1016/j.neubiorev.2009.08.011
https://doi.org/10.1016/j.neubiorev.2009.08.011
https://doi.org/10.1016/j.neubiorev.2009.08.011
https://doi.org/10.1016/j.neubiorev.2009.08.011
https://doi.org/10.1126/science.adi0576
https://doi.org/10.1126/science.adi0576
https://doi.org/10.1126/science.adi0576
https://doi.org/10.1038/nn.4458
https://doi.org/10.1038/nn.4458
https://doi.org/10.1038/nn.4458
https://doi.org/10.1101/2023.12.14.571688
https://doi.org/10.1101/2023.12.14.571688
https://doi.org/10.5534/wjmh.190009
https://doi.org/10.5534/wjmh.190009
https://doi.org/10.1016/j.yhbeh.2016.10.016
https://doi.org/10.1016/j.yhbeh.2016.10.016
https://doi.org/10.1016/j.yhbeh.2016.10.016
https://doi.org/10.1111/1751-7915.13504
https://doi.org/10.1111/1751-7915.13504
https://doi.org/10.1111/1751-7915.13504
https://doi.org/10.1111/1751-7915.13504
https://doi.org/10.1016/j.tim.2023.03.010
https://doi.org/10.1016/j.tim.2023.03.010
https://doi.org/10.1016/j.tim.2023.03.010
https://doi.org/10.1016/j.tim.2023.03.010
https://doi.org/10.3389/fmicb.2021.711137
https://doi.org/10.3389/fmicb.2021.711137
https://doi.org/10.3389/fmicb.2021.711137
https://doi.org/10.1038/mp.2012.77
https://doi.org/10.1038/mp.2012.77
https://doi.org/10.1038/mp.2012.77
https://doi.org/10.1038/mp.2012.77
https://doi.org/10.1155/2013/928290
https://doi.org/10.1155/2013/928290
https://doi.org/10.1155/2013/928290
https://doi.org/10.1126/science.1233521
https://doi.org/10.1126/science.1233521
https://doi.org/10.1126/science.1233521
https://doi.org/10.1038/s41598-019-40434-8
https://doi.org/10.1038/s41598-019-40434-8
https://doi.org/10.1038/s41598-019-40434-8
https://doi.org/10.1038/s42003-024-05884-5
https://doi.org/10.1038/s42003-024-05884-5
https://doi.org/10.1038/s42003-024-05884-5
https://doi.org/10.1038/s42003-024-05884-5
https://doi.org/10.3390/diagnostics12071576
https://doi.org/10.3390/diagnostics12071576
https://doi.org/10.3390/diagnostics12071576
https://doi.org/10.3390/diagnostics12071576
https://doi.org/10.3390/healthcare10060970
https://doi.org/10.3390/healthcare10060970
https://doi.org/10.3390/healthcare10060970
https://doi.org/10.3390/healthcare10060970
https://doi.org/10.3390/healthcare10060970
https://doi.org/10.3389/fpsyt.2024.1414291
https://doi.org/10.3389/fpsyt.2024.1414291
https://doi.org/10.3389/fpsyt.2024.1414291
https://doi.org/10.1111/ppe.12972
https://doi.org/10.1111/ppe.12972
https://doi.org/10.1111/ppe.12972
https://doi.org/10.1111/ppe.12972
https://doi.org/10.1371/journal.pone.0061148
https://doi.org/10.1371/journal.pone.0061148
https://doi.org/10.1371/journal.pone.0061148
https://doi.org/10.1371/journal.pone.0061148
https://doi.org/10.1136/bmj-2023-076885
https://doi.org/10.1136/bmj-2023-076885
https://doi.org/10.1136/bmj-2023-076885
https://doi.org/10.1136/bmj-2023-076885
https://doi.org/10.1136/bmj-2023-076885
https://doi.org/10.1136/bmj-2023-076885
https://doi.org/10.1038/s41398-019-0653-9
https://doi.org/10.1038/s41398-019-0653-9
https://doi.org/10.1038/s41398-019-0653-9
https://doi.org/10.1016/j.ebiom.2023.104491
https://doi.org/10.1016/j.ebiom.2023.104491
https://doi.org/10.1016/j.ebiom.2023.104491
https://doi.org/10.1016/j.ebiom.2021.103400

REVIEW SERIES: MICROBIOME IN HEALTH AND DISEASE

50.

51.

5

IS]

53.

54.

5

W

5

[=)}

57.

58.

5

\O

6

(=}

6

—

62.

6

(o)

6

~

6

%)

6

[=)}

67.

biota composition predicts child behaviour. EBio-
Medicine. 2021;68:103400.

Vuong HE, et al. The maternal microbiome mod-
ulates fetal neurodevelopment in mice. Nature.
2020;586(7828):281-286.

Shepilov D, et al. Maternal antibiotic adminis-
tration during gestation can affect the memory
and brain structure in mouse offspring. Front Cell
Neurosci. 2023;17:1176676.

.Madany AM, et al. Prenatal maternal antibiotics

treatment alters the gut microbiota and immune
function of post-weaned prepubescent offspring.
Int J Mol Sci. 2022;23(21):12879.

Zhang Q, et al. Perinatal sulfamonomethoxine
exposure influences physiological and behavioral
responses and the brain mTOR pathway in mouse
offspring. Hum Exp Toxicol. 2017;36(3):256-275.
Tochitani S, et al. Administration of non-ab-
sorbable antibiotics to pregnant mice to perturb
the maternal gut microbiota is associated with
alterations in offspring behavior. PLoS One.
2016;11(1):e0138293.

. Degroote S, et al. Maternal gut and fetal brain

connection: Increased anxiety and reduced social
interactions in Wistar rat offspring following
peri-conceptional antibiotic exposure. Prog Neuro-
psychopharmacol Biol Psychiatry. 2016;71:76-82.

. Champagne-Jorgensen K, et al. Antibiotics and

the nervous system: More than just the microbes?
Brain Behav Immun. 2019;77:7-15.

Thion MS, et al. Microbiome influences prenatal
and adult microglia in a sex-specific manner. Cell.
2018;172(3):500-516.

Husso A, et al. Impacts of maternal microbiota
and microbial metabolites on fetal intestine, brain,
and placenta. BMC Biol. 2023;21(1):207.

. Stellwagen D, Malenka RC. Synaptic scal-

ing mediated by glial TNF-alpha. Nature.
2006;440(7087):1054-1059.

. Castillo-Ruiz A, et al. Brain effects of gestating

germ-free persist in mouse neonates despite acqui-
sition of a microbiota at birth. Front Neurosci.
2023;17:1130347.

.Rea V, et al. Gut-derived metabolites influence

neurodevelopmental gene expression and Wnt
signaling events in a germ-free zebrafish model.
Microbiome. 2022;10(1):132.

Ahmed S, et al. Early influences of microbiota on
white matter development in germ-free piglets.
Front Cell Neurosci. 2021;15:807170.

. Ogbonnaya ES, et al. Adult hippocampal neu-

rogenesis is regulated by the microbiome. Biol
Psychiatry. 2015;78(4):e7—€9.

.Hoban AE, et al. Regulation of prefrontal cortex

myelination by the microbiota. Trans! Psychiatry.
2016;6(4):e774.

. Desbonnet L, et al. Microbiota is essential for

social development in the mouse. Mol Psychiatry.
2014;19(2):146-148.

. Phelps D, et al. Microbial colonization is required

for normal neurobehavioral development in
zebrafish. Sci Rep. 2017;7(1):11244.

Zerbo O, et al. Is maternal influenza or fever
during pregnancy associated with autism or devel-
opmental delays? Results from the CHARGE
(CHildhood Autism Risks from Genetics

and Environment) study. J Autism Dev Disord.
2013;43(1):25-33.

10

68.

69.

70.

7

—_

72.

7

w

74.

7

w

76.

7

~

78.

79.

80.

8

—

82.

8

W

84.

8

%

86.

Fang SY, et al. Prenatal infection and autism spec-
trum disorders in childhood: a population-based
case-control study in Taiwan. Paediatr Perinat
Epidemiol. 2015;29(4):307-316.

Al-Haddad BJS, et al. Long-term risk of neuro-
psychiatric disease after exposure to infection in
utero. JAMA Psychiatry. 2019;76(6):594-602.
Guisso DR, et al. Association of autism with
maternal infections, perinatal and other risk
factors: a case-control study. J Autism Dev Disord.
2018;48(6):2010-2021.

. Lee BK, et al. Maternal hospitalization with infec-

tion during pregnancy and risk of autism spectrum
disorders. Brain Behav Immun. 2015;44:100-105.
Edlow AG, et al. Neurodevelopmental outcomes
at 1 year in infants of mothers who tested positive
for SARS-CoV-2 during pregnancy. JAMA Netw
Open. 2022;5(6):€2215787.

. Andescavage N, et al. Intrauterine exposure to

SARS-CoV-2 infection and early newborn brain
development. Cereb Cortex. 2024;34(2):bhae041.
Fajardo-Martinez V, et al. Neurodevelopmental
delay in children exposed to maternal SARS-
CoV-2 in-utero. Sci Rep. 2024;14(1):11851.

. Edlow AG, et al. Sex-specific neurodevelopmen-

tal outcomes among offspring of mothers With
SARS-CoV-2 infection during pregnancy. JAMA
Netw Open. 2023;6(3):e234415.

‘Wheeler AC, et al. Developmental outcomes
among young children with congenital

zika syndrome in Brazil. JAMA Netw Open.
2020;3(5):€204096.

. Marques FJP, et al. Long-term developmental

outcomes of children with congenital Zika syn-
drome. Pediatr Res. https://doi.org/10.1038/
541390-024-03389-9.

Nielsen-Saines K, et al. Delayed childhood
neurodevelopment and neurosensory alter-

ations in the second year of life in a prospective
cohort of ZIKV-exposed children. Nat Med.
2019;25(8):1213-1217.

Valdes V, et al. Cognitive development of infants
exposed to the zika virus in Puerto Rico. JAMA
Netw Open. 2019;2(10):e1914061.

Faical AV, et al. Neurodevelopmental delay in
normocephalic children with in utero exposure to
Zika virus. BMJ Paediatr Open. 2019;3(1):e000486.

. Mulkey SB, et al. Neurodevelopmental abnormal-

ities in children with in utero zika virus exposure
without congenital zika syndrome. JAMA Pediatr.
2020;174(3):269-276.

Zerbo O, et al. Maternal infection during pregnan-
cy and autism spectrum disorders. J Autism Dev
Disord. 2015;45(12):4015-4025.

. Ghaziuddin M, et al. Brief report: autism and

herpes simplex encephalitis. J Autism Dev Disord.
1992;22(1):107-113.

Mahic M, et al. Maternal immunoreactivity

to herpes simplex virus 2 and risk of autism
spectrum disorder in male offspring. mSphere.
2017;2(1):00016-17.

. Turner AJ, et al. The effects of in-utero exposure

to influenza on mental health and mortality
risk throughout the life-course. Econ Hum Biol.
2021;43:101059.

Ellman LM, et al. Cognitive functioning prior to
the onset of psychosis: the role of fetal exposure
to serologically determined influenza infection.

The Journal of Clinical Investigation

Biol Psychiatry. 2009;65(12):1040-1047.

87. Acs N, et al. Maternal influenza during preg-
nancy and risk of congenital abnormalities in
offspring. Birth Defects Res A Clin Mol Teratol.
2005;73(12):989-996.

88. Weir RK, et al. Preliminary evidence of neu-
ropathology in nonhuman primates prenatally
exposed to maternal immune activation. Brain
Behav Immun. 2015;48:139-146.

89. Makinodan M, et al. Maternal immune activation
in mice delays myelination and axonal develop-
ment in the hippocampus of the offspring. J Neu-
rosci Res. 2008;86(10):2190-2200.

90. Shi L, et al. Activation of the maternal immune
system alters cerebellar development in the off-
spring. Brain Behav Immun. 2009;23(1):116-123.

91. Carlezon WA, Jr. Maternal and early postnatal

—_

immune activation produce sex-specific effects on
autism-like behaviors and neuroimmune function
in mice. Sci Rep. 2019;9(1):16928.

92. Haida O, et al. Sex-dependent behavioral defi-
cits and neuropathology in a maternal immune
activation model of autism. Trans! Psychiatry.
2019;9(1):124.

93. Smith SE, et al. Maternal immune activation
alters fetal brain development through interleu-
kin-6. J Neurosci. 2007;27(40):10695-10702.

94, Machado CJ, et al. Maternal immune activation in

e

nonhuman primates alters social attention in juve-
nile offspring. Biol Psychiatry. 2015;77(9):823-832.

95. Malkova NV, et al. Maternal immune activation
yields offspring displaying mouse versions of
the three core symptoms of autism. Brain Behav
Immun. 2012;26(4):607-616.

96. Hugon AM, et al. Listeria monocytogenes infec-
tion in pregnant macaques alters the maternal gut
microbiome. Biol Reprod. 2023;109(5):618-634.

97. Otero AM, et al. Influenza A virus during preg-
nancy disrupts maternal intestinal immunity and
fetal cortical development in a dose- and time-
dependent manner. Mol Psychiatry. 2025;30:13-28.

98. Hsiao EY, et al. Microbiota modulate behav-
ioral and physiological abnormalities associ-
ated with neurodevelopmental disorders. Cell.
2013;155(7):1451-1463.

99. Kim §, et al. Maternal gut bacteria promote
neurodevelopmental abnormalities in mouse off-
spring. Nature. 2017;549(7673):528-532.

100.Lu J, et al. Limosilactobacillus reuteri normalizes
blood-brain barrier dysfunction and neurode-
velopment deficits associated with prenatal
exposure to lipopolysaccharide. Gut Microbes.
2023;15(1):2178800.

101. Sharon G, et al. Human gut microbiota from

autism spectrum disorder promote behavioral

symptoms in mice. Cell. 2019;177(6):1600-1618.

102. Galera C, et al. Prenatal diet and children’s

trajectories of hyperactivity-inattention and

conduct problems from 3 to 8 years: the EDEN
mother-child cohort. J Child Psychol Psychiatry.
2018;59(9):1003-1011.

103. Horner D, et al. A western dietary pattern during
pregnancy is associated with neurodevelopmental
disorders in childhood and adolescence [preprint].
https://doi.org/10.1101/2024.03.07.2430390.
Posted on medRxiv June 25, 2024.

104. Miyake K, et al. Maternal protein intake in early
pregnancy and child development at age 3 years.

J Clin Invest. 2025;135(4):e184314 https://doi.org/10.1172/)C1184314


https://doi.org/10.1172/JCI184314
https://doi.org/10.1016/j.ebiom.2021.103400
https://doi.org/10.1016/j.ebiom.2021.103400
https://doi.org/10.1038/s41586-020-2745-3
https://doi.org/10.1038/s41586-020-2745-3
https://doi.org/10.1038/s41586-020-2745-3
https://doi.org/10.3389/fncel.2023.1176676
https://doi.org/10.3389/fncel.2023.1176676
https://doi.org/10.3389/fncel.2023.1176676
https://doi.org/10.3389/fncel.2023.1176676
https://doi.org/10.3390/ijms232112879
https://doi.org/10.3390/ijms232112879
https://doi.org/10.3390/ijms232112879
https://doi.org/10.3390/ijms232112879
https://doi.org/10.1177/0960327116646839
https://doi.org/10.1177/0960327116646839
https://doi.org/10.1177/0960327116646839
https://doi.org/10.1177/0960327116646839
https://doi.org/10.1371/journal.pone.0138293
https://doi.org/10.1371/journal.pone.0138293
https://doi.org/10.1371/journal.pone.0138293
https://doi.org/10.1371/journal.pone.0138293
https://doi.org/10.1371/journal.pone.0138293
https://doi.org/10.1016/j.pnpbp.2016.06.010
https://doi.org/10.1016/j.pnpbp.2016.06.010
https://doi.org/10.1016/j.pnpbp.2016.06.010
https://doi.org/10.1016/j.pnpbp.2016.06.010
https://doi.org/10.1016/j.pnpbp.2016.06.010
https://doi.org/10.1016/j.bbi.2018.12.014
https://doi.org/10.1016/j.bbi.2018.12.014
https://doi.org/10.1016/j.bbi.2018.12.014
https://doi.org/10.1016/j.cell.2017.11.042
https://doi.org/10.1016/j.cell.2017.11.042
https://doi.org/10.1016/j.cell.2017.11.042
https://doi.org/10.1186/s12915-023-01709-9
https://doi.org/10.1186/s12915-023-01709-9
https://doi.org/10.1186/s12915-023-01709-9
https://doi.org/10.1038/nature04671
https://doi.org/10.1038/nature04671
https://doi.org/10.1038/nature04671
https://doi.org/10.3389/fnins.2023.1130347
https://doi.org/10.3389/fnins.2023.1130347
https://doi.org/10.3389/fnins.2023.1130347
https://doi.org/10.3389/fnins.2023.1130347
https://doi.org/10.1186/s40168-022-01302-2
https://doi.org/10.1186/s40168-022-01302-2
https://doi.org/10.1186/s40168-022-01302-2
https://doi.org/10.1186/s40168-022-01302-2
https://doi.org/10.3389/fncel.2021.807170
https://doi.org/10.3389/fncel.2021.807170
https://doi.org/10.3389/fncel.2021.807170
https://doi.org/10.1016/j.biopsych.2014.12.023
https://doi.org/10.1016/j.biopsych.2014.12.023
https://doi.org/10.1016/j.biopsych.2014.12.023
https://doi.org/10.1038/tp.2016.42
https://doi.org/10.1038/tp.2016.42
https://doi.org/10.1038/tp.2016.42
https://doi.org/10.1038/mp.2013.65
https://doi.org/10.1038/mp.2013.65
https://doi.org/10.1038/mp.2013.65
https://doi.org/10.1038/s41598-017-10517-5
https://doi.org/10.1038/s41598-017-10517-5
https://doi.org/10.1038/s41598-017-10517-5
https://doi.org/10.1007/s10803-012-1540-x
https://doi.org/10.1007/s10803-012-1540-x
https://doi.org/10.1007/s10803-012-1540-x
https://doi.org/10.1007/s10803-012-1540-x
https://doi.org/10.1007/s10803-012-1540-x
https://doi.org/10.1007/s10803-012-1540-x
https://doi.org/10.1111/ppe.12194
https://doi.org/10.1111/ppe.12194
https://doi.org/10.1111/ppe.12194
https://doi.org/10.1111/ppe.12194
https://doi.org/10.1001/jamapsychiatry.2019.0029
https://doi.org/10.1001/jamapsychiatry.2019.0029
https://doi.org/10.1001/jamapsychiatry.2019.0029
https://doi.org/10.1007/s10803-017-3449-x
https://doi.org/10.1007/s10803-017-3449-x
https://doi.org/10.1007/s10803-017-3449-x
https://doi.org/10.1007/s10803-017-3449-x
https://doi.org/10.1016/j.bbi.2014.09.001
https://doi.org/10.1016/j.bbi.2014.09.001
https://doi.org/10.1016/j.bbi.2014.09.001
https://doi.org/10.1001/jamanetworkopen.2022.15787
https://doi.org/10.1001/jamanetworkopen.2022.15787
https://doi.org/10.1001/jamanetworkopen.2022.15787
https://doi.org/10.1001/jamanetworkopen.2022.15787
https://doi.org/10.1093/cercor/bhae041
https://doi.org/10.1093/cercor/bhae041
https://doi.org/10.1093/cercor/bhae041
https://doi.org/10.1038/s41598-024-61918-2
https://doi.org/10.1038/s41598-024-61918-2
https://doi.org/10.1038/s41598-024-61918-2
https://doi.org/10.1001/jamanetworkopen.2023.4415
https://doi.org/10.1001/jamanetworkopen.2023.4415
https://doi.org/10.1001/jamanetworkopen.2023.4415
https://doi.org/10.1001/jamanetworkopen.2023.4415
https://doi.org/10.1001/jamanetworkopen.2020.4096
https://doi.org/10.1001/jamanetworkopen.2020.4096
https://doi.org/10.1001/jamanetworkopen.2020.4096
https://doi.org/10.1001/jamanetworkopen.2020.4096
https://doi.org/10.1038/s41390-024-03389-9
https://doi.org/10.1038/s41390-024-03389-9
https://doi.org/10.1038/s41591-019-0496-1
https://doi.org/10.1038/s41591-019-0496-1
https://doi.org/10.1038/s41591-019-0496-1
https://doi.org/10.1038/s41591-019-0496-1
https://doi.org/10.1038/s41591-019-0496-1
https://doi.org/10.1001/jamanetworkopen.2019.14061
https://doi.org/10.1001/jamanetworkopen.2019.14061
https://doi.org/10.1001/jamanetworkopen.2019.14061
https://doi.org/10.1136/bmjpo-2019-000486
https://doi.org/10.1136/bmjpo-2019-000486
https://doi.org/10.1136/bmjpo-2019-000486
https://doi.org/10.1001/jamapediatrics.2019.5204
https://doi.org/10.1001/jamapediatrics.2019.5204
https://doi.org/10.1001/jamapediatrics.2019.5204
https://doi.org/10.1001/jamapediatrics.2019.5204
https://doi.org/10.1007/s10803-013-2016-3
https://doi.org/10.1007/s10803-013-2016-3
https://doi.org/10.1007/s10803-013-2016-3
https://doi.org/10.1007/BF01046406
https://doi.org/10.1007/BF01046406
https://doi.org/10.1007/BF01046406
https://doi.org/10.1128/mSphere.00016-17
https://doi.org/10.1128/mSphere.00016-17
https://doi.org/10.1128/mSphere.00016-17
https://doi.org/10.1128/mSphere.00016-17
https://doi.org/10.1016/j.ehb.2021.101059
https://doi.org/10.1016/j.ehb.2021.101059
https://doi.org/10.1016/j.ehb.2021.101059
https://doi.org/10.1016/j.ehb.2021.101059
https://doi.org/10.1016/j.biopsych.2008.12.015
https://doi.org/10.1016/j.biopsych.2008.12.015
https://doi.org/10.1016/j.biopsych.2008.12.015
https://doi.org/10.1016/j.biopsych.2008.12.015
https://doi.org/10.1002/bdra.20195
https://doi.org/10.1002/bdra.20195
https://doi.org/10.1002/bdra.20195
https://doi.org/10.1002/bdra.20195
https://doi.org/10.1016/j.bbi.2015.03.009
https://doi.org/10.1016/j.bbi.2015.03.009
https://doi.org/10.1016/j.bbi.2015.03.009
https://doi.org/10.1016/j.bbi.2015.03.009
https://doi.org/10.1002/jnr.21673
https://doi.org/10.1002/jnr.21673
https://doi.org/10.1002/jnr.21673
https://doi.org/10.1002/jnr.21673
https://doi.org/10.1016/j.bbi.2008.07.012
https://doi.org/10.1016/j.bbi.2008.07.012
https://doi.org/10.1016/j.bbi.2008.07.012
https://doi.org/10.1038/s41598-019-53294-z
https://doi.org/10.1038/s41598-019-53294-z
https://doi.org/10.1038/s41598-019-53294-z
https://doi.org/10.1038/s41598-019-53294-z
https://doi.org/10.1038/s41398-019-0457-y
https://doi.org/10.1038/s41398-019-0457-y
https://doi.org/10.1038/s41398-019-0457-y
https://doi.org/10.1038/s41398-019-0457-y
https://doi.org/10.1523/JNEUROSCI.2178-07.2007
https://doi.org/10.1523/JNEUROSCI.2178-07.2007
https://doi.org/10.1523/JNEUROSCI.2178-07.2007
https://doi.org/10.1016/j.biopsych.2014.07.035
https://doi.org/10.1016/j.biopsych.2014.07.035
https://doi.org/10.1016/j.biopsych.2014.07.035
https://doi.org/10.1016/j.bbi.2012.01.011
https://doi.org/10.1016/j.bbi.2012.01.011
https://doi.org/10.1016/j.bbi.2012.01.011
https://doi.org/10.1016/j.bbi.2012.01.011
https://doi.org/10.1093/biolre/ioad104
https://doi.org/10.1093/biolre/ioad104
https://doi.org/10.1093/biolre/ioad104
https://doi.org/10.1038/s41380-024-02648-9
https://doi.org/10.1038/s41380-024-02648-9
https://doi.org/10.1038/s41380-024-02648-9
https://doi.org/10.1038/s41380-024-02648-9
https://doi.org/10.1016/j.cell.2013.11.024
https://doi.org/10.1016/j.cell.2013.11.024
https://doi.org/10.1016/j.cell.2013.11.024
https://doi.org/10.1016/j.cell.2013.11.024
https://doi.org/10.1038/nature23910
https://doi.org/10.1038/nature23910
https://doi.org/10.1038/nature23910
https://doi.org/10.1080/19490976.2023.2178800
https://doi.org/10.1080/19490976.2023.2178800
https://doi.org/10.1080/19490976.2023.2178800
https://doi.org/10.1080/19490976.2023.2178800
https://doi.org/10.1080/19490976.2023.2178800
https://doi.org/10.1016/j.cell.2019.05.004
https://doi.org/10.1016/j.cell.2019.05.004
https://doi.org/10.1016/j.cell.2019.05.004
https://doi.org/10.1111/jcpp.12898
https://doi.org/10.1111/jcpp.12898
https://doi.org/10.1111/jcpp.12898
https://doi.org/10.1111/jcpp.12898
https://doi.org/10.1111/jcpp.12898
https://doi.org/10.1101/2024.03.07.2430390
https://doi.org/10.1038/s41390-022-02435-8
https://doi.org/10.1038/s41390-022-02435-8

The Journal of Clinical Investigation

Pediatr Res. 2023;94(1):392-399.

105. Gould JM, et al. Mouse maternal protein
restriction during preimplantation alone perma-
nently alters brain neuron proportion and adult
short-term memory. Proc Natl Acad Sci U S A.
2018;115(31):E7398-E7407.

106. Coley-O’Rourke EJ, et al. The maternal micro-
biome modifies adverse effects of protein
undernutrition on offspring neurobehavioral
impairment in mice [preprint]. https://doi.
org/10.1101/2024.02.22.581439. Posted on
bioRxiv February 23, 2024.

107. Niculescu MD, Lupu DS. High fat diet-induced
maternal obesity alters fetal hippocampal devel-
opment. Int J Dev Neurosci. 2009;27(7):627-633.

108. Fernandes DJ, et al. Exposure to maternal high-
fat diet induces extensive changes in the brain of
adult offspring. Trans! Psychiatry. 2021;11(1):149.

109. Gawlinska K, et al. Maternal dietary patterns are
associated with susceptibility to a depressive-like
phenotype in rat offspring. Dev Cogn Neurosci.
2021;47:100879.

110. Bordeleau M, et al. Maternal high-fat diet in mice
induces cerebrovascular, microglial and long-term
behavioural alterations in offspring. Commun Biol.
2022;5(1):26.

111.Sasaki A, et al. Maternal high-fat diet alters anxi-
ety behavior and glucocorticoid signaling in ado-
lescent offspring. Neuroscience. 2014;272:92-101.

112. Sullivan EL, et al. Chronic consumption of a
high-fat diet during pregnancy causes perturba-
tions in the serotonergic system and increased
anxiety-like behavior in nonhuman primate off-
spring. J Neurosci. 2010;30(10):3826-3830.

113. Ceasrine AM, et al. Maternal diet disrupts the
placenta-brain axis in a sex-specific manner. Nat
Metab. 2022;4(12):1732-1745.

114. Gohir W, et al. Pregnancy-related changes in the
maternal gut microbiota are dependent upon
the mother’s periconceptional diet. Gut Microbes.
2015;6(5):310-320.

115.Ma J, et al. High-fat maternal diet during preg-
nancy persistently alters the offspring microbiome
in a primate model. Nat Commun. 2014;5:3889.

116. Buffington SA, et al. Microbial reconstitution
reverses maternal diet-induced social and synaptic
deficits in offspring. Cell. 2016;165(7):1762-1775.

117.Schaedler RW, Dubos RJ. The fecal flora of various
strains of mice. Its bearing on their susceptibility to
endotoxin. J Exp Med. 1962;115(6):1149-1160.

118. Urizar GG Jr, Munoz RF. Role of maternal
depression on child development: a prospective
analysis from pregnancy to early childhood. Child
Psychiatry Hum Dev. 2022;53(3):502-514.

119.Deave T, et al. The impact of maternal depression
in pregnancy on early child development. BJOG.
2008;115(8):1043-1051.

120. O’Donnell KJ, et al. Maternal prenatal anxiety
and child COMT genotype predict working
memory and symptoms of ADHD. PLoS One.
2017;12(6):e0177506.

121. Amiel Castro R, et al. Breastfeeding, prenatal
depression and children’s IQ and behaviour: a test
of a moderation model. BMC Pregnancy Childbirth.
2021;21(1):62.

122.Hay DF, et al. Antepartum and postpartum
exposure to maternal depression: different effects
on different adolescent outcomes. J Child Psychol

J Clin Invest. 2025;135(4):e184314 https://doi.org/10.1172/JC1184314

REVIEW SERIES: MICROBIOME IN HEALTH AND DISEASE

Psychiatry. 2008;49(10):1079-1088.

123. Galley JD, et al. Prenatal stress-induced dis-
ruptions in microbial and host tryptophan
metabolism and transport. Behav Brain Res.
2021;414:113471.

124. Cisse YM, et al. Maternal preconception stress
produces sex-specific effects at the mater-
nal:fetal interface to impact offspring develop-
ment and phenotypic outcomes. Biol Reprod.
2024;110(2):339-354.

125. Cisse YM, et al. Brain and placental transcrip-
tional responses as a readout of maternal and
paternal preconception stress are fetal sex specific.
Placenta. 2020;100:164-170.

126. Coe CL, et al. Prenatal stress diminishes neuro-
genesis in the dentate gyrus of juvenile rhesus
monkeys. Biol Psychiatry. 2003;54(10):1025-1034.

127. Lemaire V, et al. Prenatal stress produces learning
deficits associated with an inhibition of neurogen-
esis in the hippocampus. Proc Natl Acad Sci U S A.
2000;97(20):11032-11037.

128.Zhao F, et al. Contribution of hippocampal
BDNF/CREB signaling pathway and gut micro-
biota to emotional behavior impairment induced
by chronic unpredictable mild stress during preg-
nancy in rats offspring. PeerJ. 2022;10:13605.

129.Jasarevic E, et al. Alterations in the vaginal micro-
biome by maternal stress are associated with met-
abolic reprogramming of the offspring gut and
brain. Endocrinology. 2015;156(9):3265-3276.

130.Diz-Chaves Y, et al. Prenatal stress causes alter-
ations in the morphology of microglia and the
inflammatory response of the hippocampus of
adult female mice. J Neuroinflammation. 2012;9:71.

131. Gur TL, et al. Prenatal stress disrupts social
behavior, cortical neurobiology and commensal
microbes in adult male offspring. Behav Brain Res.
2019;359:886-894.

132.Gur TL, et al. Prenatal stress affects placental cyto-
kines and neurotrophins, commensal microbes,
and anxiety-like behavior in adult female offspring.
Brain Behav Immun. 2017;64:50-58.

133.Son GH, et al. Maternal stress produces learning
deficits associated with impairment of NMDA
receptor-mediated synaptic plasticity. J Neurosci.
2006;26(12):3309-3318.

134. O’Mahony SM, et al. Early life stress alters behav-
ior, immunity, and microbiota in rats: implica-
tions for irritable bowel syndrome and psychiatric
illnesses. Biol Psychiatry. 2009;65(3):263-267.

135.Bailey MT, Coe CL. Maternal separation disrupts
the integrity of the intestinal microflora in infant
rhesus monkeys. Dev Psychobiol. 1999;35(2):146-155.

136. Antonson AM, et al. Unique maternal immune
and functional microbial profiles during prenatal
stress. Sci Rep. 2020;10(1):20288.

137. Wang R, et al. The effects of chronic unpredicted
mild stress on maternal negative emotions and
gut microbiota and metabolites in pregnant rats.
PeerJ. 2023;11:e15113.

138. Lonstein JS, et al. Maternal probiotic Lactoca-
seibacillus rhamnosus HNOO1 treatment alters
postpartum anxiety, cortical monoamines, and
the gut microbiome. Psychoneuroendocrinology.
2024;165:107033.

139.Koc D, et al. Prenatal antidepressant exposure
and offspring brain morphologic trajectory. JAMA
Psychiatry. 2023;80(12):1208-1217.

140. Grzeskowiak LE, et al. Prenatal antidepressant
exposure and child behavioural outcomes at
7 years of age: a study within the Danish Nation-
al Birth Cohort. BJOG. 2016;123(12):1919-1928.

141. Nulman I, et al. Neurodevelopment of children
prenatally exposed to selective reuptake inhibitor
antidepressants: Toronto sibling study. J Clin Psy-
chiatry. 2015;76(7):e842—e847.

142. Clements CC, et al. Prenatal antidepressant expo-
sure is associated with risk for attention-deficit
hyperactivity disorder but not autism spectrum
disorder in a large health system. Mol Psychiatry.
2015;20(6):727-734.

143. Lupattelli A, et al. Attention-deficit/hyperactivity
disorder in children following prenatal exposure
to antidepressants: results from the Norwegian
mother, father and child cohort study. BJOG.
2021;128(12):1917-1927.

144. Harrington RA, et al. Prenatal SSRI use and off-
spring with autism spectrum disorder or develop-
mental delay. Pediatrics. 2014;133(5):e1241-e1248.

145. Boukhris T, et al. Antidepressant use during preg-
nancy and the risk of autism spectrum disorder in
children. JAMA Pediatr. 2016;170(2):117-124.

146.El Marroun H, et al. Prenatal exposure to selec-
tive serotonin reuptake inhibitors and social
responsiveness symptoms of autism: popula-
tion-based study of young children. BrJ Psychia-
try. 2014;205(2):95-102.

147.Fung TC, et al. Intestinal serotonin and fluoxetine
exposure modulate bacterial colonization in the
gut. Nat Microbiol. 2019;4(12):2064-2073.

148. Ricaurte D, et al. High-throughput transcrip-
tomics of 409 bacteria-drug pairs reveals drivers
of gut microbiota perturbation. Nat Microbiol.
2024;9(2):561-575.

149. Maier L, et al. Extensive impact of non-an-
tibiotic drugs on human gut bacteria. Nature.
2018;555(7698):623-628.

150. Ramsteijn AS, et al. Antidepressant treatment
with fluoxetine during pregnancy and lactation
modulates the gut microbiome and metabo-
lome in a rat model relevant to depression. Gut
Microbes. 2020;11(4):735-753.

151. Desorcy-Scherer K, et al. Investigating the influ-

—

ence of perinatal fluoxetine exposure on murine
gut microbial communities during pregnancy and
lactation. Sci Rep. 2024;14(1):13762.

152. Vuong HE, et al. Interactions between maternal
fluoxetine exposure, the maternal gut microbiome
and fetal neurodevelopment in mice. Behav Brain
Res. 2021;410:113353.

153.Diaz P, et al. The role of placental nutrient sens-
ing in maternal-fetal resource allocation. Bio/
Reprod. 2014;91(4):82.

154. Jansson T, Powell TL. Role of placental nutrient
sensing in developmental programming. Clin
Obstet Gynecol. 2013;56(3):591-601.

155. Wu WL, et al. The placental interleukin-6 signal-
ing controls fetal brain development and behavior.
Brain Behav Immun. 2017;62:11-23.

156. Hsiao EY, Patterson PH. Activation of the mater-
nal immune system induces endocrine changes
in the placenta via IL-6. Brain Behav Immun.
2011;25(4):604-615.

157.Bronson SL, Bale TL. Prenatal stress-induced
increases in placental inflammation and offspring
hyperactivity are male-specific and ameliorated

+


https://doi.org/10.1172/JCI184314
https://doi.org/10.1038/s41390-022-02435-8
https://doi.org/10.1073/pnas.1721876115
https://doi.org/10.1073/pnas.1721876115
https://doi.org/10.1073/pnas.1721876115
https://doi.org/10.1073/pnas.1721876115
https://doi.org/10.1073/pnas.1721876115
https://doi.org/10.1101/2024.02.22.581439
https://doi.org/10.1101/2024.02.22.581439
https://doi.org/10.1016/j.ijdevneu.2009.08.005
https://doi.org/10.1016/j.ijdevneu.2009.08.005
https://doi.org/10.1016/j.ijdevneu.2009.08.005
https://doi.org/10.1038/s41398-021-01274-1
https://doi.org/10.1038/s41398-021-01274-1
https://doi.org/10.1038/s41398-021-01274-1
https://doi.org/10.1016/j.dcn.2020.100879
https://doi.org/10.1016/j.dcn.2020.100879
https://doi.org/10.1016/j.dcn.2020.100879
https://doi.org/10.1016/j.dcn.2020.100879
https://doi.org/10.1038/s42003-021-02947-9
https://doi.org/10.1038/s42003-021-02947-9
https://doi.org/10.1038/s42003-021-02947-9
https://doi.org/10.1038/s42003-021-02947-9
https://doi.org/10.1016/j.neuroscience.2014.04.012
https://doi.org/10.1016/j.neuroscience.2014.04.012
https://doi.org/10.1016/j.neuroscience.2014.04.012
https://doi.org/10.1523/JNEUROSCI.5560-09.2010
https://doi.org/10.1523/JNEUROSCI.5560-09.2010
https://doi.org/10.1523/JNEUROSCI.5560-09.2010
https://doi.org/10.1523/JNEUROSCI.5560-09.2010
https://doi.org/10.1523/JNEUROSCI.5560-09.2010
https://doi.org/10.1038/s42255-022-00693-8
https://doi.org/10.1038/s42255-022-00693-8
https://doi.org/10.1038/s42255-022-00693-8
https://doi.org/10.1080/19490976.2015.1086056
https://doi.org/10.1080/19490976.2015.1086056
https://doi.org/10.1080/19490976.2015.1086056
https://doi.org/10.1080/19490976.2015.1086056
https://doi.org/10.1038/ncomms4889
https://doi.org/10.1038/ncomms4889
https://doi.org/10.1038/ncomms4889
https://doi.org/10.1016/j.cell.2016.06.001
https://doi.org/10.1016/j.cell.2016.06.001
https://doi.org/10.1016/j.cell.2016.06.001
https://doi.org/10.1084/jem.115.6.1149
https://doi.org/10.1084/jem.115.6.1149
https://doi.org/10.1084/jem.115.6.1149
https://doi.org/10.1007/s10578-021-01138-1
https://doi.org/10.1007/s10578-021-01138-1
https://doi.org/10.1007/s10578-021-01138-1
https://doi.org/10.1007/s10578-021-01138-1
https://doi.org/10.1111/j.1471-0528.2008.01752.x
https://doi.org/10.1111/j.1471-0528.2008.01752.x
https://doi.org/10.1111/j.1471-0528.2008.01752.x
https://doi.org/10.1371/journal.pone.0177506
https://doi.org/10.1371/journal.pone.0177506
https://doi.org/10.1371/journal.pone.0177506
https://doi.org/10.1371/journal.pone.0177506
https://doi.org/10.1186/s12884-020-03520-8
https://doi.org/10.1186/s12884-020-03520-8
https://doi.org/10.1186/s12884-020-03520-8
https://doi.org/10.1186/s12884-020-03520-8
https://doi.org/10.1111/j.1469-7610.2008.01959.x
https://doi.org/10.1111/j.1469-7610.2008.01959.x
https://doi.org/10.1111/j.1469-7610.2008.01959.x
https://doi.org/10.1111/j.1469-7610.2008.01959.x
https://doi.org/10.1016/j.bbr.2021.113471
https://doi.org/10.1016/j.bbr.2021.113471
https://doi.org/10.1016/j.bbr.2021.113471
https://doi.org/10.1016/j.bbr.2021.113471
https://doi.org/10.1093/biolre/ioad156
https://doi.org/10.1093/biolre/ioad156
https://doi.org/10.1093/biolre/ioad156
https://doi.org/10.1093/biolre/ioad156
https://doi.org/10.1093/biolre/ioad156
https://doi.org/10.1016/j.placenta.2020.06.019
https://doi.org/10.1016/j.placenta.2020.06.019
https://doi.org/10.1016/j.placenta.2020.06.019
https://doi.org/10.1016/j.placenta.2020.06.019
https://doi.org/10.1016/S0006-3223(03)00698-X
https://doi.org/10.1016/S0006-3223(03)00698-X
https://doi.org/10.1016/S0006-3223(03)00698-X
https://doi.org/10.1073/pnas.97.20.11032
https://doi.org/10.1073/pnas.97.20.11032
https://doi.org/10.1073/pnas.97.20.11032
https://doi.org/10.1073/pnas.97.20.11032
https://doi.org/10.7717/peerj.13605
https://doi.org/10.7717/peerj.13605
https://doi.org/10.7717/peerj.13605
https://doi.org/10.7717/peerj.13605
https://doi.org/10.7717/peerj.13605
https://doi.org/10.1210/en.2015-1177
https://doi.org/10.1210/en.2015-1177
https://doi.org/10.1210/en.2015-1177
https://doi.org/10.1210/en.2015-1177
https://doi.org/10.1186/1742-2094-9-71
https://doi.org/10.1186/1742-2094-9-71
https://doi.org/10.1186/1742-2094-9-71
https://doi.org/10.1186/1742-2094-9-71
https://doi.org/10.1016/j.bbr.2018.06.025
https://doi.org/10.1016/j.bbr.2018.06.025
https://doi.org/10.1016/j.bbr.2018.06.025
https://doi.org/10.1016/j.bbr.2018.06.025
https://doi.org/10.1016/j.bbi.2016.12.021
https://doi.org/10.1016/j.bbi.2016.12.021
https://doi.org/10.1016/j.bbi.2016.12.021
https://doi.org/10.1016/j.bbi.2016.12.021
https://doi.org/10.1523/JNEUROSCI.3850-05.2006
https://doi.org/10.1523/JNEUROSCI.3850-05.2006
https://doi.org/10.1523/JNEUROSCI.3850-05.2006
https://doi.org/10.1523/JNEUROSCI.3850-05.2006
https://doi.org/10.1016/j.biopsych.2008.06.026
https://doi.org/10.1016/j.biopsych.2008.06.026
https://doi.org/10.1016/j.biopsych.2008.06.026
https://doi.org/10.1016/j.biopsych.2008.06.026
https://doi.org/10.1002/(SICI)1098-2302(199909)35:2<146::AID-DEV7>3.0.CO;2-G
https://doi.org/10.1002/(SICI)1098-2302(199909)35:2<146::AID-DEV7>3.0.CO;2-G
https://doi.org/10.1002/(SICI)1098-2302(199909)35:2<146::AID-DEV7>3.0.CO;2-G
https://doi.org/10.1038/s41598-020-77265-x
https://doi.org/10.1038/s41598-020-77265-x
https://doi.org/10.1038/s41598-020-77265-x
https://doi.org/10.7717/peerj.15113
https://doi.org/10.7717/peerj.15113
https://doi.org/10.7717/peerj.15113
https://doi.org/10.7717/peerj.15113
https://doi.org/10.1016/j.psyneuen.2024.107033
https://doi.org/10.1016/j.psyneuen.2024.107033
https://doi.org/10.1016/j.psyneuen.2024.107033
https://doi.org/10.1016/j.psyneuen.2024.107033
https://doi.org/10.1016/j.psyneuen.2024.107033
https://doi.org/10.1001/jamapsychiatry.2023.3161
https://doi.org/10.1001/jamapsychiatry.2023.3161
https://doi.org/10.1001/jamapsychiatry.2023.3161
https://doi.org/10.1111/1471-0528.13611
https://doi.org/10.1111/1471-0528.13611
https://doi.org/10.1111/1471-0528.13611
https://doi.org/10.1111/1471-0528.13611
https://doi.org/10.4088/JCP.14m09240
https://doi.org/10.4088/JCP.14m09240
https://doi.org/10.4088/JCP.14m09240
https://doi.org/10.4088/JCP.14m09240
https://doi.org/10.1038/mp.2014.90
https://doi.org/10.1038/mp.2014.90
https://doi.org/10.1038/mp.2014.90
https://doi.org/10.1038/mp.2014.90
https://doi.org/10.1038/mp.2014.90
https://doi.org/10.1111/1471-0528.16743
https://doi.org/10.1111/1471-0528.16743
https://doi.org/10.1111/1471-0528.16743
https://doi.org/10.1111/1471-0528.16743
https://doi.org/10.1111/1471-0528.16743
https://doi.org/10.1542/peds.2013-3406
https://doi.org/10.1542/peds.2013-3406
https://doi.org/10.1542/peds.2013-3406
https://doi.org/10.1001/jamapediatrics.2015.3356
https://doi.org/10.1001/jamapediatrics.2015.3356
https://doi.org/10.1001/jamapediatrics.2015.3356
https://doi.org/10.1192/bjp.bp.113.127746
https://doi.org/10.1192/bjp.bp.113.127746
https://doi.org/10.1192/bjp.bp.113.127746
https://doi.org/10.1192/bjp.bp.113.127746
https://doi.org/10.1192/bjp.bp.113.127746
https://doi.org/10.1038/s41564-019-0540-4
https://doi.org/10.1038/s41564-019-0540-4
https://doi.org/10.1038/s41564-019-0540-4
https://doi.org/10.1038/s41564-023-01581-x
https://doi.org/10.1038/s41564-023-01581-x
https://doi.org/10.1038/s41564-023-01581-x
https://doi.org/10.1038/s41564-023-01581-x
https://doi.org/10.1038/nature25979
https://doi.org/10.1038/nature25979
https://doi.org/10.1038/nature25979
https://doi.org/10.1080/19490976.2019.1705728
https://doi.org/10.1080/19490976.2019.1705728
https://doi.org/10.1080/19490976.2019.1705728
https://doi.org/10.1080/19490976.2019.1705728
https://doi.org/10.1080/19490976.2019.1705728
https://doi.org/10.1038/s41598-024-62224-7
https://doi.org/10.1038/s41598-024-62224-7
https://doi.org/10.1038/s41598-024-62224-7
https://doi.org/10.1038/s41598-024-62224-7
https://doi.org/10.1016/j.bbr.2021.113353
https://doi.org/10.1016/j.bbr.2021.113353
https://doi.org/10.1016/j.bbr.2021.113353
https://doi.org/10.1016/j.bbr.2021.113353
https://doi.org/10.1095/biolreprod.114.121798
https://doi.org/10.1095/biolreprod.114.121798
https://doi.org/10.1095/biolreprod.114.121798
https://doi.org/10.1097/GRF.0b013e3182993a2e
https://doi.org/10.1097/GRF.0b013e3182993a2e
https://doi.org/10.1097/GRF.0b013e3182993a2e
https://doi.org/10.1016/j.bbi.2016.11.007
https://doi.org/10.1016/j.bbi.2016.11.007
https://doi.org/10.1016/j.bbi.2016.11.007
https://doi.org/10.1016/j.bbi.2010.12.017
https://doi.org/10.1016/j.bbi.2010.12.017
https://doi.org/10.1016/j.bbi.2010.12.017
https://doi.org/10.1016/j.bbi.2010.12.017
https://doi.org/10.1210/en.2014-1040
https://doi.org/10.1210/en.2014-1040
https://doi.org/10.1210/en.2014-1040

] -

REVIEW SERIES: MICROBIOME IN HEALTH AND DISEASE

by maternal antiinflammatory treatment. Endocri-
nology. 2014;155(7):2635-2646.

158. Khalife N, et al. Placental size is associated with
mental health in children and adolescents. PLoS
One. 2012;7(7):e40534.

159.Ueda M, et al. Placental pathology predicts infan-
tile neurodevelopment. Sci Rep. 2022;12(1):2578.

160. Pronovost GN, et al. The maternal microbiome
promotes placental development in mice. Sci Adv.
2023;9(40):eadk1887.

161. Pessa-Morikawa T, et al. Maternal microbiota-de-
rived metabolic profile in fetal murine intestine,
brain and placenta. BMC Microbiol. 2022;22(1):46.

162.Brown AJ, et al. The Orphan G protein-coupled
receptors GPR41 and GPR43 are activated by
propionate and other short chain carboxylic acids.
J Biol Chem. 2003;278(13):11312-11319.

163.Kimura I, et al. Maternal gut microbiota in preg-
nancy influences offspring metabolic phenotype
in mice. Science. 2020;367(6481):eaaw8429.

164. Maslowski KM, et al. Regulation of inflam-
matory responses by gut microbiota and
chemoattractant receptor GPR43. Nature.
2009;461(7268):1282-1286.

165. Miyamoto J, et al. Ketone body receptor
GPR43 regulates lipid metabolism under
ketogenic conditions. Proc Natl Acad Sci U S A.
2019;116(47):23813-23821.

166.McNelis JC, et al. GPR43 potentiates beta-cell func-
tion in obesity. Diabetes. 2015;64(9):3203-3217.

167. Tang C, et al. Loss of FFA2 and FFA3 increases
insulin secretion and improves glucose tolerance
in type 2 diabetes. Nat Med. 2015;21(2):173-177.

168.Kimura I, et al. The gut microbiota suppresses
insulin-mediated fat accumulation via the short-
chain fatty acid receptor GPR43. Nat Commun.
2013;4:1829.

169. Saili KS, et al. Blood-brain barrier development:
Systems modeling and predictive toxicology. Birth
Defects Res. 2017;109(20):1680-1710.

170.Knox EG, et al. The gut microbiota is important for
the maintenance of blood-cerebrospinal fluid barrier
integrity. Eur J Neurosci. 2023;57(2):233-241.

171. Braniste V, et al. The gut microbiota influences
blood-brain barrier permeability in mice. Sci
Transl Med. 2014;6(263):263ral58.

172.Zhao Q, et al. Prenatal disruption of blood-brain

barrier formation via cyclooxygenase activation
leads to lifelong brain inflammation. Proc Nat!
Acad Sci U S A. 2022;119(15):€2113310119.

173.Needham BD, et al. A gut-derived metabolite
alters brain activity and anxiety behaviour in
mice. Nature. 2022;602(7898):647-653.

174. Jameson KG, et al. Vagal interoception
of microbial metabolites from the small
intestinal lumen [preprint]. https://doi.
org/10.1101/2023.12.18.572257. Posted on
bioRxiv December 19, 2023.

175. Bayrer JR, et al. Gut enterochromaffin
cells drive visceral pain and anxiety. Nature.
2023;616(7955):137-142.

176. Sgritta M, et al. Mechanisms underlying microbi-
al-mediated changes in social behavior in mouse
models of autism spectrum disorder. Neuron.
2019;101(2):246-259.

177. Momose-Sato Y, Sato K. Development of synap-
tic networks in the mouse vagal pathway revealed
by optical mapping with a voltage-sensitive dye.
Eur J Neurosci. 2016;44(2):1906-1918.

178.Erny D, et al. Host microbiota constantly control
maturation and function of microglia in the CNS.
Nat Neurosci. 2015;18(7):965-977.

179. MacFabe DF, et al. Neurobiological effects of
intraventricular propionic acid in rats: possible
role of short chain fatty acids on the pathogenesis
and characteristics of autism spectrum disorders.
Behav Brain Res. 2007;176(1):149-169.

180.Sampson TR, et al. Gut microbiota regulate motor
deficits and neuroinflammation in a model of Par-
kinson’s disease. Cell. 2016;167(6):1469-1480.

181. Deverman BE, Patterson PH. Cytokines and CNS
development. Neuron. 2009;64(1):61-78.

182.Chen HJ, et al. Prenatal stress causes intrauterine
inflammation and serotonergic dysfunction, and
long-term behavioral deficits through microbe-
and CCL2-dependent mechanisms. Trans! Psychia-
try. 2020;10(1):191.

183.Ivanov II, et al. Induction of intestinal Th17
cells by segmented filamentous bacteria. Cell.
2009;139(3):485-498.

184.Ivanov II, et al. Specific microbiota direct the
differentiation of IL-17-producing T-helper cells
in the mucosa of the small intestine. Cel/ Host
Microbe. 2008;4(4):337-349.

The Journal of Clinical Investigation

185. Leftwich HK, et al. The microbiota of pregnant
women with SARS-CoV-2 and their infants.
Microbiome. 2023;11(1):141.

186. Juarez-Castelan CJ, et al. The entero-mam-
mary pathway and perinatal transmission of
gut microbiota and SARS-CoV-2. Int J Mol Sci.
2022;23(18):10306.

187. Chandiwana P, et al. Antenatal gut microbiome
profiles and effect on pregnancy outcome in HIV
infected and HIV uninfected women in a resource
limited setting. BMC Microbiol. 2023;23(1):4.

188. Gomez-Arango LF, et al. Low dietary fiber intake
increases Collinsella abundance in the gut micro-
biota of overweight and obese pregnant women.
Gut Microbes. 2018;9(3):189-201.

189.Ruebel ML, et al. Associations between maternal
diet, body composition and gut microbial ecology
in pregnancy. Nutrients. 2021;13(9):3295.

190. Roytio H, et al. Dietary intake of fat and fibre
according to reference values relates to higher
gut microbiota richness in overweight pregnant
women. BrJ Nutr. 2017;118(5):343-352.

191. Gow ML, et al. Relationship between diet
quality and maternal stool microbiota in the
MUMS Australian pregnancy cohort. Nutrients.
2023;15(3):689.

192.Fang Q, et al. Inflammatory cytokines and prenatal
depression: Is there a mediating role of maternal
gut microbiota? J Psychiatr Res. 2023;164:458-467.

193. Mandal S, et al. Fat and vitamin intakes during
pregnancy have stronger relations with a pro-in-
flammatory maternal microbiota than does carbo-
hydrate intake. Microbiome. 2016;4(1):55.

194.Selma-Royo M, et al. Maternal diet during pregnan-
cy and intestinal markers are associated with early
gut microbiota. EurJ Nutr. 2021;60(3):1429-1442.

195.Zhou Y, et al. Fecal microbiota changes in
patients with postpartum depressive disorder.
Front Cell Infect Microbiol. 2020;10:567268.

196. Rajasekera TA, et al. Stress and depression-as-
sociated shifts in gut microbiota: A pilot study
of human pregnancy. Brain Behav Immun Health.
2024;36:100730.

197.Naude PJW, et al. Association of maternal pre-
natal psychological stressors and distress with
maternal and early infant faecal bacterial profile.
Acta Neuropsychiatr. 2020;32(1):32-42.

J Clin Invest. 2025;135(4):e184314 https://doi.org/10.1172/)C1184314


https://doi.org/10.1172/JCI184314
https://doi.org/10.1210/en.2014-1040
https://doi.org/10.1210/en.2014-1040
https://doi.org/10.1371/journal.pone.0040534
https://doi.org/10.1371/journal.pone.0040534
https://doi.org/10.1371/journal.pone.0040534
https://doi.org/10.1038/s41598-022-06300-w
https://doi.org/10.1038/s41598-022-06300-w
https://doi.org/10.1126/sciadv.adk1887
https://doi.org/10.1126/sciadv.adk1887
https://doi.org/10.1126/sciadv.adk1887
https://doi.org/10.1186/s12866-022-02457-6
https://doi.org/10.1186/s12866-022-02457-6
https://doi.org/10.1186/s12866-022-02457-6
https://doi.org/10.1074/jbc.M211609200
https://doi.org/10.1074/jbc.M211609200
https://doi.org/10.1074/jbc.M211609200
https://doi.org/10.1074/jbc.M211609200
https://doi.org/10.1126/science.aaw8429
https://doi.org/10.1126/science.aaw8429
https://doi.org/10.1126/science.aaw8429
https://doi.org/10.1038/nature08530
https://doi.org/10.1038/nature08530
https://doi.org/10.1038/nature08530
https://doi.org/10.1038/nature08530
https://doi.org/10.1073/pnas.1912573116
https://doi.org/10.1073/pnas.1912573116
https://doi.org/10.1073/pnas.1912573116
https://doi.org/10.1073/pnas.1912573116
https://doi.org/10.2337/db14-1938
https://doi.org/10.2337/db14-1938
https://doi.org/10.1038/nm.3779
https://doi.org/10.1038/nm.3779
https://doi.org/10.1038/nm.3779
https://doi.org/10.1038/ncomms2852
https://doi.org/10.1038/ncomms2852
https://doi.org/10.1038/ncomms2852
https://doi.org/10.1038/ncomms2852
https://doi.org/10.1002/bdr2.1180
https://doi.org/10.1002/bdr2.1180
https://doi.org/10.1002/bdr2.1180
https://doi.org/10.1111/ejn.15878
https://doi.org/10.1111/ejn.15878
https://doi.org/10.1111/ejn.15878
https://doi.org/10.1126/scitranslmed.3009759
https://doi.org/10.1126/scitranslmed.3009759
https://doi.org/10.1126/scitranslmed.3009759
https://doi.org/10.1073/pnas.2113310119
https://doi.org/10.1073/pnas.2113310119
https://doi.org/10.1073/pnas.2113310119
https://doi.org/10.1073/pnas.2113310119
https://doi.org/10.1038/s41586-022-04396-8
https://doi.org/10.1038/s41586-022-04396-8
https://doi.org/10.1038/s41586-022-04396-8
https://doi.org/10.1101/2023.12.18.572257
https://doi.org/10.1101/2023.12.18.572257
https://doi.org/10.1038/s41586-023-05829-8
https://doi.org/10.1038/s41586-023-05829-8
https://doi.org/10.1038/s41586-023-05829-8
https://doi.org/10.1016/j.neuron.2018.11.018
https://doi.org/10.1016/j.neuron.2018.11.018
https://doi.org/10.1016/j.neuron.2018.11.018
https://doi.org/10.1016/j.neuron.2018.11.018
https://doi.org/10.1111/ejn.13283
https://doi.org/10.1111/ejn.13283
https://doi.org/10.1111/ejn.13283
https://doi.org/10.1111/ejn.13283
https://doi.org/10.1038/nn.4030
https://doi.org/10.1038/nn.4030
https://doi.org/10.1038/nn.4030
https://doi.org/10.1016/j.bbr.2006.07.025
https://doi.org/10.1016/j.bbr.2006.07.025
https://doi.org/10.1016/j.bbr.2006.07.025
https://doi.org/10.1016/j.bbr.2006.07.025
https://doi.org/10.1016/j.bbr.2006.07.025
https://doi.org/10.1016/j.cell.2016.11.018
https://doi.org/10.1016/j.cell.2016.11.018
https://doi.org/10.1016/j.cell.2016.11.018
https://doi.org/10.1016/j.neuron.2009.09.002
https://doi.org/10.1016/j.neuron.2009.09.002
https://doi.org/10.1038/s41398-020-00876-5
https://doi.org/10.1038/s41398-020-00876-5
https://doi.org/10.1038/s41398-020-00876-5
https://doi.org/10.1038/s41398-020-00876-5
https://doi.org/10.1038/s41398-020-00876-5
https://doi.org/10.1016/j.cell.2009.09.033
https://doi.org/10.1016/j.cell.2009.09.033
https://doi.org/10.1016/j.cell.2009.09.033
https://doi.org/10.1016/j.chom.2008.09.009
https://doi.org/10.1016/j.chom.2008.09.009
https://doi.org/10.1016/j.chom.2008.09.009
https://doi.org/10.1016/j.chom.2008.09.009
https://doi.org/10.1186/s40168-023-01577-z
https://doi.org/10.1186/s40168-023-01577-z
https://doi.org/10.1186/s40168-023-01577-z
https://doi.org/10.3390/ijms231810306
https://doi.org/10.3390/ijms231810306
https://doi.org/10.3390/ijms231810306
https://doi.org/10.3390/ijms231810306
https://doi.org/10.1186/s12866-022-02747-z
https://doi.org/10.1186/s12866-022-02747-z
https://doi.org/10.1186/s12866-022-02747-z
https://doi.org/10.1186/s12866-022-02747-z
https://doi.org/10.1080/19490976.2017.1406584
https://doi.org/10.1080/19490976.2017.1406584
https://doi.org/10.1080/19490976.2017.1406584
https://doi.org/10.1080/19490976.2017.1406584
https://doi.org/10.3390/nu13093295
https://doi.org/10.3390/nu13093295
https://doi.org/10.3390/nu13093295
https://doi.org/10.1017/S0007114517002100
https://doi.org/10.1017/S0007114517002100
https://doi.org/10.1017/S0007114517002100
https://doi.org/10.1017/S0007114517002100
https://doi.org/10.3390/nu15030689
https://doi.org/10.3390/nu15030689
https://doi.org/10.3390/nu15030689
https://doi.org/10.3390/nu15030689
https://doi.org/10.1016/j.jpsychires.2023.06.034
https://doi.org/10.1016/j.jpsychires.2023.06.034
https://doi.org/10.1016/j.jpsychires.2023.06.034
https://doi.org/10.1186/s40168-016-0200-3
https://doi.org/10.1186/s40168-016-0200-3
https://doi.org/10.1186/s40168-016-0200-3
https://doi.org/10.1186/s40168-016-0200-3
https://doi.org/10.1007/s00394-020-02337-7
https://doi.org/10.1007/s00394-020-02337-7
https://doi.org/10.1007/s00394-020-02337-7
https://doi.org/10.3389/fcimb.2020.567268
https://doi.org/10.3389/fcimb.2020.567268
https://doi.org/10.3389/fcimb.2020.567268
https://doi.org/10.1016/j.bbih.2024.100730
https://doi.org/10.1016/j.bbih.2024.100730
https://doi.org/10.1016/j.bbih.2024.100730
https://doi.org/10.1016/j.bbih.2024.100730
https://doi.org/10.1017/neu.2019.43
https://doi.org/10.1017/neu.2019.43
https://doi.org/10.1017/neu.2019.43
https://doi.org/10.1017/neu.2019.43

