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PUBLIC SUMMARY

= Maternal obesity increases the risk of gestational diabetes, preeclampsia, and fetal growth restriction.
= This review explores the 100 years of the gut-placenta axis and its role in placental health and pregnancy.

= Obesity-related gut dysbiosis forms a “common soil" linking placenta dysfunction to pregnancy complications.
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Maternal obesity constitutes a risk factor for gestational complications and
adverse pregnancy outcomes. While insulin resistance, metabolic
syndrome, and inflammation are recognized contributors, the clinical
heterogeneity among these disorders suggests the involvement of
systemic, cross-organ interactions. Among these, the gut-placenta axis
has become a mechanistic bridge linking maternal metabolism with
placental development and fetal health. This review examines the evolution
of the gut-placenta axis over the past 50 years and looks forward to its
clinical translation in the next 50 years. The obesity-related gut microbiota
alterations and their associations with placental dysfunction are summarized.
We propose that obesity-induced gut dysbiosis establishes a shared
pathophysiological foundation, or “common soil”, characterized by microbial
translocation, inflammation at the maternal-fetal interface, and abnormal
placental vascularization. From this shared foundation emerge diseases
including gestational diabetes mellitus (GDM), preeclampsia (PE), and fetal
growth restriction (FGR). Current microbiota-targeted interventions have
demonstrated partial metabolic improvements but limited clinical efficacy,
highlighting the need for better experimental models, optimal timing, and
targeted delivery. Ultimately, targeting this common soil may enable a tran-
sition from association to prevention, and transform obesity-related preg-
nancy complications from adverse outcomes into preventable conditions.

INTRODUCTION

Maternal obesity, typically defined as excessive adiposity with a body mass
index (BMI) > 25 kg/m? is a significant global public health issue." Recent
projections indicate that by 2050, more than 80% of women in 60 countries
and regions will be overweight or obese.” This study also suggests that by
that time, China will have 627 million overweight or obese individuals, the
highest number globally. This demographic shift would generate a serious
burden on the global obstetric health system.

In 2024, a Swedish cohort study including 1,164,783 pregnancies from
various regions demonstrated that overweight and obesity contributed signif-
icantly to adverse pregnancy outcomes, including gestational diabetes mellitus
(GDM, 52.1%, 95% Cl: 51.0-53.2), preeclampsia (PE, 26.5%, 95% Cl: 25.7-27.3),
infant mortality (12.7%, 95% Cl: 9.8-15.7), severe maternal morbidity (8.5%,
95% Cl: 6.0-11.0), and preterm birth (5.0%, 95% Cl: 4.4-5.7).” A systematic
review of 1,309,136 pregnancies suggested that with rising maternal BMI, the
incidence of adverse pregnancy outcome in women increases from 34.7%
(BMI < 18.5) to 61.1% (BMI > 40)." Moreover, a meta-analysis indicated that
obesity exacerbates the risk of gestational complications, as seen in GDM,
which elevates the risk of large-for-gestational-age infants (OR 3.22, 95% ClI:
2.17,4.79) and macrosomia infants (OR 3.71, 95% Cl: 2.76, 4.98) by three- to
fourfold.” These associations suggest that maternal obesity acts as a
common risk factor for multiple gestational complications, likely driven by
shared mechanistic pathways.” While chronic inflammation, insulin  resis-
tance, and excess gestational weight gain (GWG) are commonly implicated,
these factors alone fail to account for the clinical heterogeneity observed in
obese pregnancies.’ For instance, only a subset of women with overweight or
obesity developed PE or GDM despite similar metabolic profiles, suggesting

additional systemic contributors beyond traditional risk factors.*®

Recent studies have demonstrated the gut-placenta axis as a significant
pathway linking gut microbiota to maternal and fetal health, where gut
dysbiosis might initiate a cascade of events, including placental inflammation
and impaired placental angiogenesis.”'" However, few works have synthe-
sized these findings into an integrated framework explaining how maternal
obesity drives placental pathology. Drawing from the "common soil" hypoth-
esis established in cardiovascular and metabolic research, we propose that
obesity-related gut dysbiosis establishes a chronic inflammatory-metabolic
environment that serves as a common soil for placental dysfunction.'”'” This
common soil, defined by microbial translocation, maternal-fetal interface
inflammation, disrupted microbial metabolites, and abnormal placental
vascularization, represents a shared pathological foundation underlying
multiple gestational complications. This framework considers gestational
complications as interconnected outcomes of a gut-placenta axis, and
supports the study of microbiota-based strategies.

This review also traces the evolution of the gut-placenta axis over the past
five decades. We summarize current evidence on how maternal obesity alters
gut microbial composition and function, and how these changes influence
placental pathology. Emphasis is placed on gut microbiota-regulated signal-
ing networks and shared placental pathological foundations in gestation
complications. Current microbiota-targeted interventions for preventing
gestational complications in women with maternal obesity are evaluated.
Finally, we identify existing problems and propose next-generation strategies.

FIFTY YEARS BEHIND AND FIFTY YEARS AHEAD: INSIGHTS INTO THE
GUT-PLACENTA AXIS

The gut-placenta axis describes how maternal gut microbiota influence
placental immune balance, nutrient transport, angiogenesis, and trophoblast
development, primarily through microbial translocation, metabolites, and
immune modulation.'* This section reviews key milestones in gut-placenta
axis research, spanning theoretical developments, experimental models
advances, and clinical translation, and considers future directions in this area.

Theoretical shifts

The concept of the gut-placenta axis emerged in the 1970s, when studies
first linked Listeria monocytogenes infection to placental inflammation.'*"
Since 2007, research have revealed that microbiota-derived lipopolysaccha-
rides (LPS) contribute to adverse pregnancy outcomes through placental
trophoblast.'®'? Aagaard and colleagues further advanced this field by identi-
fying possible placental microbial, challenging the ‘“sterile womb"
hypothesis.”” However, subsequent debates raised concerns about contami-
nation and the origin of these microbes.”’ Since 2017, fecal microbiota trans-
plantation (FMT) research has steadily indicated that the gut dysbiosis
causally induces placental inflammation and vascular dysfunction in models
of malaria, PE, fetal growth restriction (FGR), and GDM.””* More recently,
depletion of maternal microbiota was shown to impair placental angiogenesis
and fetal growth."” Intriguingly, paternal gut dysbiosis also affected placental
development by altering sperm quality.”® The theoretical development
of the gut-placenta axis in the past 50 years is summarized in Table 1.
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Table 1. Milestones in the development of the gut-placenta axis theory over the past 50 years.

Year Summary Key Findings Reference
1970 Listeria and pregnancy loss Llsterl_a mor?ocytogenes infection induces placental inflammation, necrosis, ;-
and miscarriage.

1981-1990 Vitamin D and/the placenta Vitamin D was identified as the first nutrient mediating gut-placenta nutrient,,
transfer.
1992 Appendicitis and placental abruption Appendicitis was linked to placental abruption via inflammatory pathways. %
2004-2008 Weterap Acentalintasion _Mechfcmlstlc analysis of Listeria monocytogenes placental translocation and ,, 4,
infection.
Lipopolysaccharides (LPS) and preterm birth Gut-derlvt_ad L_PS triggers sex-_specnflc_tun_wor necrosis factor-a (TNF-a) )
2009 . upregulation in trophoblasts, influencing implantation, pregnancy
sex differences .
maintenance, and adverse outcomes.
2014 Placentalimictoblomalnipretermibitth First Iarge-c_ohor_t stugly using 16S rRNA_and metagenomics to detect 20
placental microbiota linked to preterm birth.
2014 Probiotics and|preterm birth L_actobacrllus rham_nosus GR-'1 sgperpatant alleviates LPS-induced preterm ,
birth and placental inflammation in mice.
2017 Placental and oral microbiota Plgcent.al microbiota shows higher phylogenetlc smllarlty to oral .than gut 5
microbiota from early pregnant women with overweight and obesity.
Transplanting malaria-resistant gut microbiota affects Plasmodium
2019 Gut microbiota and malaria in pregnancy chabaudiinfection severity, placental vascularization, monocyte infiltration, **
and inflammation in mice.
2020 ERieyE e8I .S tDaRseio: Gut microbiota is speculated to affect gestational complications. K
complications
. . . Gut-derived bacteria translocate to the placenta in PE patients, elevating 23
A el s et o 1D s eedempal () total bacterial load, Fusobacterium, and inflammatory cytokines.
. . Debate over the robustness of human placental microbiome evidence and -,
2020 Placental microbiome controversy -
bacterial transfer to the fetal gut.
2022 |S)20rt—cha|n fattylacids|(SCRas) cepletiniin PE patients show gut dysbiosis with reduced SCFAs-producing bacteria. “
2023 Gut microbiota and fetal growth restriction  Maternal gut microbiota depletion leads to FGR and placental vascular -
(FGR) dysfunction in germ-free mice.
Propionate via G protein-coupled receptors 41/ protein kinase B (GPR
2023 Propionate and placental inflammation 41/AKT) signaling enhances placental macrophage autophagy, M2 2
polarization, and mitigates PE-induced inflammation.
2023 Lachnospiraceae and gestational diabetes  Lachnospiraceae mitigates GDM-induced insulin resistance and placental .
mellitus (GDM) inflammation.
Akkermansia muciniphila extracellular Akkermansia muciniphila EVs activate epidermal growth factor
2023 vesicles (EVs) and spiral artery remodeling in receptor/phosphoinositide 3-kinase/protein kinase B (EGFR/PI3K/AKT) 35
PE signaling to remodel spiral arteries and alleviate PE in a mouse model.
2023 Placentalmicrobiomelokepticiam Lack (_)f evidence for wablg and_repllcatlng microbes in healthy placenta o
questions the placental microbiome concept.
2024 Galectin-8 (Gal-3) and placental metabolism Materna_l Gal-_3 def|_0|ency alters gut mlcroblo_ta[ leading to placental glucose
metabolism disruption and fetal growth restriction.
2024 Paternal gut microbiota and sperm quality Paternal gut dysbiosis impairs Ieptln signaling, altefs tgstlcular metabolites,
and damages sperm RNA, affecting placental colonization.
2024 Bisphenol A, gut dysbiosis, and placenta Gut dysbiosis mediates Bisphenol A-induced placental apoptosis, oxidative .,
stress, and FGR.
2024 Trimethylamine-N-oxide (TMAQ) and PE TMAO from gut m!croblota mdus:es_ o_xndatlve stress, inflammation, and PE .,
symptoms, reversible by TMAO inhibitors.
2025 Gut microbiota and FGR recovery Butyricimonas and chtopac:llus murinus improve placental efficiency, fetal 5,
growth, and gut function in FGR mice models.
2022-2025 SCFAs and FGR SCFAs improve FGR outcomes, placental inflammation, and vascularization 4539

via GPCRs pathways.

Together, these findings solidify the gut-placenta axis concept and illustrate
how gut microbiota influence placental health through immune and vascular
pathways.

Experimental models and technological advances

Since the first in vitro placental trophoblast model was established in 1999,
various cell lines have been developed to study gut microbiota-derived
metabolites on placental cells. However, conventional 2D models lack the
complexity to simulate trophoblast invasion or spiral artery remodeling.”” 3D
trophoblast organoids preserve cellular heterogeneity and functional archi-

tecture, offering more physiologically relevant platforms for investigating
maternal-fetal interactions.”' Notably, a 2023 study used a G-protein-coupled
receptor (GPCR)-targeted single-guide RNA library in mouse trophoblast
organoids combined with CRISPR-Cas9 screening to identify regulators of
placental function.” Human trophoblast stem cell-derived placental
organoids now allow transplacental permeability studies of microbial
metabolites.”” Future models may integrate placental and intestinal organoids
in microfluidic systems to simulate the gut-placenta-fetus axis.”’ Animal
models also contributed significantly. A murine model of Listeria monocyto-
genes placental infection was first introduced in 2007, and Lactobacillus

317 uolybAOUU| 3Y |

[l ospon

The Innovation Life 4(1): 100185, January 19, 2026 3




www.the-innovation.org/life

H{3AY[2'E Microbiology

Table 2. Experimental models and technological advances in gut-placenta axis research.

Year Summary Key Findings Reference
1999 First in vitro trophoblast model Established the first in vitro trophoblast cell model. o
2007 Murine model for listeriosis Developed a versatile murine model for human listeriosis. “
2009 Probioti . hoblast infl . Probiotics (Lactobacillus rhamnosus GR-1) supernatant alleviates LPS- .
ASHEES [ el el R DT RE AN o trophoblast inflammation in a mouse model.
2014 Placental microbiome profiling Analyzed_ placental microbiome of 320 pregnant women using 16S rRNA 20
sequencing and whole-genome shotgun metagenomics.
Probiotics reduce lipopolysaccharides (LPS)- Probiotics (Lactobacillus rhamnosus GR-1) supernatant alleviates LPS- 32
2014 . . . . . . .
induced preterm birth induced inflammation in the preterm birth mice model.
. Single-cell RNA-seq mapped the maternal-fetal interface and trophoblast .
2018 Sttuglle-ellei £ of ey plnens differentiation, advancing understanding of early placental development.
2018-2020 Trophoblast organoids Developed long-term, genetically stable human trophoblast organoids. =0
2020 Gut microbiota induces preeclampsia (PE)  Fecal microbiota transplantation from PE patients induced PE-like 23
symptoms symptoms in mice.
Single-cell transcriptomics, snRNA-seq, spatial transcriptomics, and spatial
2023 Multi-omics mapping of trophoblasts proteomics mapped human trophoblast differentiation and invasion at the  **°!
maternal-fetal interface.
CRISPR screening of G protein-coupled High-throughput CRISPR-Cas9 screening using a GPCRs sgRNA library in
2023 . .
receptors (GPCRs) in trophoblasts mouse trophoblast organoids.
2024 Sl oty ermE mred) :ﬁ)vde;?ped a trophoblast stem cell-derived human placental barrier organoid ,;
2024 Placental compound transfer Organoid model assesses compound transfer across the placenta. “

supernatant was shown to alleviate placental inflammation.”* Germ-free
mouse FMT experiments first suggested a causal relationship between
microbiota and placental function in malaria, and later extended to other
complications.” Yet, species-specific placental structures limit translation to
humans, and ethical constraints restrict primate model use.***®

As shown in Table 2, for technological advances, shotgun metagenomic
sequencing was initially employed to identify the placental microbiome in 320
pregnant women in 2014.° Recently, integration of single-cell omics and
spatial omics has constructed a map of placental trophoblast differentiation
and invasion at the interaction zone between mother and fetus, and they are
expected to deepen understanding of gut microbiota-placenta interactions
between healthy and gestational complications pregnancies.*

Clinical translation

Present studies have noted some microbial biomarkers associated with
gestational complications. In patients with PE, the gut microbiota showed an
increase in harmful bacteria like Fusobacterium and Veillonella, and a reduc-
tion in beneficial genera such as Faecalibacterium and Akkermansia.”
Notably, lowered levels of propionate and higher trimethylamine-N-oxide
(TMAO) have been related to PE severity, suggesting their potential as diag-
nostic biomarkers.”* Similarly, in GDM, the decreased levels of acetate,
propionate, and butyrate correlated with elevated placental inflammation.*
Though limited in humans, FGR-related studies in animal models showed gut
dysbiosis, pro-inflammatory trends, and distinct serum metabolic profiles.***

Large cohort studies proposed that probiotic intake is associated with a
reduced risk of PE,**" whereas randomized controlled trials and systematic
reviews have shown limited benefits for GDM or overall pregnancy outcomes
and even a potential increase in PE risk.”*® As shown in Table 3, current
evidence indicates that gut microbiota interventions can transiently improve
metabolic and inflammatory states during pregnancy, yet clinical outcomes
remain inconsistent. Future studies should refine probiotic strain selection,
dosage, and intervention timing, and include long-term tracking of outcomes
for mothers and infants.”

The gut-placenta axis for the next 50 years

Future progress in gut-placenta research will focus on transforming correl-
ative observations into clinical strategies. Three directions appear particularly
critical.

First, the short-term goal for the next decade is to establish causality. While
emerging studies have begun to reveal causal links between gut dysbiosis

and placental dysfunction, future research should explore how gut microbiota
interventions, such as microbes, microbial metabolites, or extracellular vesicles,
interact with host targets that control angiogenesis, oxidative balance, and
inflammation.*® Therefore, it is essential to develop optimized experimental
models and deep metagenomic sequencing. Second, robust clinical valida-
tion is essential to translate mechanistic insights into practice. Large-scale
randomized controlled trials across diverse populations are required to deter-
mine effectiveness, dosage, optimal timing, and long-term safety. Particular
attention should be given to strain-specific effects and potential risks, ensur-
ing that microbiota-based interventions are both effective and safe for moth-
ers and their offspring.”” Third, gut-placenta axis targeted interventions are
expected to be developed in the next 50 years. Notably, placenta-targeted
delivery of mMRNA and bacterial exosomes has been effective in animal exper-
iments and will be a future treatment for pregnancy complications due to
placental dysfunction.”® Synthetic biology provides tools for designing engi-
neered probiotics capable of delivering beneficial metabolites or degrading
harmful compounds like TMAQ.” The integration of culturomics, in-depth
metagenomics sequencing, and artificial intelligence could enable personal-
ized gut microbiota interventions, optimizing microbial strains, dosages, and
intervention windows according to individual profiles.”""*"

OBESITY AND GESTATIONAL COMPLICATIONS

Maternal obesity is a significant risk factor for placenta-related gestational
complications, including PE, GDM, and FGR. These disorders reflected a
common pattern of placental maladaptation to the obese maternal metabolic
syndrome, and gut dysbiosis is a mediator linking to adverse pregnancy
outcomes.”™“’* This section will examine the interconnections between
obesity and these major gestational complications while emphasizing the
influence of gut microbiota alterations on their development.

GDM

GDM is characterized by abnormal glucose metabolism first detected
during pregnancy, affecting 10-15% of pregnant women globally based on
the International Association of Diabetes and Pregnancy Study Groups criteria.”®
A Swedish large-scale cohort study demonstrated that overweight and
obesity are its most consistent risk factors, making up 52.1% GDM cases.’
Recent perspectives have proposed that GDM extends beyond a state of
insulin resistance and should be regarded as a placenta-centered disorder, as
placental hormones are crucial in inflammation, angiogenesis, and metabolic
adaptations during pregnancy.’’
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Category Year Summary Key Findings Reference
2020 Gut microbiota composition PE patients had enriched Fusobacterium and Veillonella, with 23
alterations in preeclampsia (PE). depleted Faecalibacterium and Akkermansia in their gut microbiota.
2022 Gut-derived metabolites in PE  Depletion of Short-chain fatty acids (SCFAs, especially propionate) ,,
patients. in feces, serum, and placenta of PE patients in late pregnancy.
SCFA depletion and gestational Reduced acetate, propionate, and butyrate in GDM pregnancies
Biomarker 2022 diabetes mellitus (GDM) correlated with pre-pregnancy body mass index (BMI), gestational 2
discovery inflammation. weight gain, and placental inflammation.
Gut microbiota-metabolite FGR showed distinct fecal and serum metabolomic profiles, with
2023 alterations in fetal growth altered metabolites (allantoin, ethanolamine-2-phosphate, lauric ~ **
restriction (FGR). acid) linked to gut dysbiosis.
2024 Trimethylamine-N-oxide (TMAO) Elevated TMAO levels in PE pregnancies positively correlated with .,
linked to PE severity. disease progression.
A Norwegian cohort study found the frequency of probiotics milk
2011 Probiotics milk lowers PE risk.  (Lactobacilli) consumption correlated with reduced PE risk in %
primiparas.
A double-blind trial showed probiotics (Bifidobacterium lactis and
Lactobacillus rhamnosus GG) intake for 14 days ahead of a planned
2012 Probiotics impact fetal immunity. cesarean section at full term altered microbial DNA in o
placenta/amniotic fluid and fetal gut Toll-like receptors (TLRs) gene
expression.
Probiotics milk reduces preterm A syst_ematlc review syggested egrly probiotics milk (Lactobfacﬂlus .
2018 . . and Bifidobacterium) intake was linked to reduced preterm birth
birth and PE risk. . . ) - . .
risk, while late pregnancy intake was associated with lower PE risk.
Several randomized, double-blind trials suggest that fish oil and/or
2019-2021 No effect of fish oil/probiotics on probiotics (Lactobacillus and Bifidobacterium) supplementation did ¢, ¢,5
GDM. not significantly lower the incidence of GDM in overweight and
clinical obese women.
inicat . . . . Bifidobacterium abundance increased in GDM patients after
translation Gut microbiota shifts with - . . . . . o
2024 - . lifestyle modifications, which negatively correlated with glycemic
lifestyle changes in GDM.
markers.
s Probiotics (Lactobacillus) intake from gestational week 16 to 37
Probiotics lower the pre-labor o
2024 lowered the occurrence of pre-labor membrane rupture before term,
rupture of membranes.
and pre-labor rupture of membranes.
Daily supplementation with symbiotic (Lactobacilli, Bifidobacteria,
2024 Synbiotics mitigate PE risk. and fructo-oligosaccharide) until delllvery rgdgced systollc/dlastqllc o
blood pressure, severe PE, and proteinuria incidence of pregnancies
with mild PE.
No metabolic impact of robioticsDa”y supplementation with a Probiotics mix (Lactobacillus and
2024 . P P Bifidobacterium) until delivery did not alter blood glucose or fetal
in GDM. . . .
weight in GDM pregnancies.
L . . Early pregnancy galacto-oligosaccharide supplementation
2023 Pl sl (oo rile el improved gut microbiota but did not affect glucose metabolism or  °’

with no metabolic effect.

systemic inflammation of GDM pregnancies.

Data summarized from representative studies published between 1970 and 2025 exploring the gut-placenta axis in pregnancy.

The gut microbiota alterations in GDM pregnancies have been summa-
rized in the recent review.”” Several large-scale studies described reduced a-
diversity in GDM at various stages,”® but not all cohorts reproduce these
changes.”"™ The variation might result from insulin resistance, ethnicity, and
sampling time across cohorts. As suggested in a case-control trial, Shannon
index fluctuates dynamically throughout gestation (T1-T3)in healthy preg-
nancies, while no similar patterns were noticed in GDM pregnancies.”
Consequently, studies sampling at different trimesters may yield contrasting
results when comparing GDM to controls. However, the common finding of
these studies was an enrichment of pro-inflammatory taxa such as
Proteobacteria and Acidobacteria in GDM pregnancies, which were related to
hyperglycemia and insulin resistance.” A Danish cohort study found that
individuals exhibit gut microbiota disruptions associated with insulin resis-
tance and excessive gestational weight gain, and these alterations persist
beyond 8 months of gestation.”’ Previous findings remained largely correlative,
but animal models provided stronger mechanistic evidence bridging gut
dysbiosis and GDM. Notably, fecal microbiota from GDM patients across all
trimesters (T1-T3), when transplanted into germ-free mice, induced systemic

8384

inflammation and insulin resistance, establishing a causal relationship.””
These observations suggest that obesity-related GDM is manifested as
insulin resistance and placental inflammation, potentially exacerbated by gut
dyshiosis.”>#%

PE

The metabolic and inflammatory disturbances contributing to GDM are
also implicated in the pathogenesis of PE, highlighting a shared mechanistic
basis.” The PE is a maternal syndrome during pregnancy, manifested as the
clinical features of hypertension (blood pressure = 140/90 mmHg) and
proteinuria (urinary protein = 300 mg/24 h) appearing after 20 weeks of preg-
nancy.” It increases the risks of placental abruption, coagulation disorders,
fetal complications, and maternal morbidity and mortality.” Established risk
factors include prior PE, pre-gestational diabetes, antiphospholipid syndrome,
and maternal obesity.* Among these, obesity is one of the most studied
factors.™" Although obesity is classified as a medium-level risk factor, a
Swedish cohort study suggested that overweight and obesity accounted for a
considerable part of PE (26.5% [25.7-27.3]).**® A Mendelian randomization
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study has shown a close relevance between pre-pregnancy BMI and risk of PE.*

Compared with GDM, placental damage is more severe and primarily
arises from defective spiral artery remodeling, leading to vascular endothelial
disorders and multiorgan damage.” Despite some negative results, most
studies found significant microbial diversity differences between PE and
healthy pregnancies, suggesting that PE may exhibit a stronger association
with gut dysbiosis than GDM.®"** At various sampling times, the gut micro-
biota diversity of PE pregnancies was substantially decreased compared to
that of healthy pregnancies.”””"**** Especially, human studies identified gut
microorganisms closely associated with PE, such as Streptococcus, Bifi-
dobacterium, Escherichia-Shigella, Akkermansia muciniphila, Verrucomicro-
bia, and Fusobacterium.”**** However, most findings remain correlative
rather than causal. Although human PE cannot be fully replicated in rodents,”
a landmark study found that transferring gut microbiota from PE patients into
rodents partially induced PE-like symptoms (inadequate invasion of placen-
tal dysfunction, hypertension, and proteinuria), confirming microbiota could
produce effects.”***® Akkermansia muciniphila depletion was consistently
observed in PE patients across clinical studies.”***® Notably, restoring Akker-
mansia muciniphila in PE rodent models alleviated symptoms such as hyper-
tension and proteinuria.”’’* The detailed receptors and signaling pathways
will be discussed later.

FGR

Beyond PE, placental vascular insufficiency caused by maternal obesity
can also lead to FGR. The FGR is referred to as the inability of a fetus to
achieve its genetic capability for growth, representing a primary reason for
stillbirth and newborn health problems around the world.”” Most FGR cases
are attributed to placental insufficiency, which disrupts the transfer of oxygen
and nutrients to the fetus.” Based on World Health Organization data, 21.9
million live births globally were term small-for-gestational-age (SGA) infants,
which are considered typical manifestations of FGR.” FGR's complex etiol-
ogy involves maternal and environmental factors, including impaired
intrauterine environment, genetic susceptibility, nutritional deficiencies, and
toxin exposure.” Unlike PE, which originates from defective spiral artery
remodeling, FGR results from impaired nutrient transport and inadequate
placental function.'™'”" However, FGR shares several features with PE, such
as impaired angiogenesis, hypoxia, and reduced birth weight.'” A raised ratio
of soluble fms-like tyrosine kinase-1 (sFlt-1) to placental growth factor (PIGF)
enhances FGR prediction when combined with Doppler ultrasound,’”'*" and
dysregulated concentrations of sFlt-1, PIGF, and vascular endothelial growth
factor (VEGF) are linked to poor neonatal outcomes and increased PE risk.'*
In overweight or obese mothers, the incidence of SGA infants and gestational
hypertension was markedly increased, largely attributable to placental
dysfunction.'”*'” Notably, among mothers with BMI > 40, SGA infants faced a
3.15-fold higher stillbirth risk in Australia (95% Cl: 2.22-4.47).'"

In a Turkish cohort, high pre-pregnancy BMI is negatively correlated to both
birth weight and fecal microbial a-diversity in the first trimester of
pregnancy.'’’ However, existing FGR cohorts remain scarce, whereas human
studies were underpowered and sampling was limited to a single gestational
stage, due to the complexity of FGR etiology.**'*""° Future large-scale cohort
studies integrating metagenomic analyses are required to uncover how the
gut microbiota reprograms metabolism and drives pregnancy pathogenesis.

Most evidence on FGR and gut microbiota was derived from animal studies,
where placental nutrient transport regulated by microbiota has been a focus.
Germ-free mice exhibited restricted fetal growth and impaired fetal-placental
vascularization,®'"" and microbiota from FGR donors induced structural
remodeling of the placental labyrinth and downregulated expression of fatty
acid binding protein 3 (FABP3).”® These defects coincide with a decrease of
substances derived from microbiota, including fatty acids, essential amino
acids, and bile acids, which are essential for trophoblast metabolism and fetal
nutrient uptake, and this is also evidenced by the FGR fetuses' metabolomic
profile.”*'""* For example, evidence found an aberrant tryptophan
metabolism in the gut microbiota of pregnancies with FGR infants,'” while
melatonin supplementation restored fetal growth in animal models, and its
mechanism would be demonstrated later."" However, the causal relationship
between these nutrient reductions and improved placental vascularization is
unclear, and this mechanism needs to be further investigated in the future.

In summary, although PE, GDM, and FGR have distinct pathophysiological
mechanisms, they share a common association with maternal obesity and
gut microbiota dysbiosis. Gut microbial alterations in obesity may represent
an upstream driver of these complications.”

GUT DYSBIOSIS IN MATERNAL OBESITY

Due to pregnancy-related changes in metabolism, hormones, appetite, and
lifestyle during pregnancy, gut microbiota will differ between obese pregnant
women and obese non-pregnant women.'*''“ Previous reviews have
described the gut microbiota alterations in a healthy pregnancy, but gut
dysbiosis in maternal obesity has not been reviewed before.''” Therefore, it is
essential to understand gut dysbiosis in maternal obesity before exploring the
potential risks.

Decreased a-diversity in fecal microbiota

The a-diversity is used as a fundamental gut homeostasis indicator, and
decreased a-diversity in maternal obesity suggests a fragile gut microbiota
ecosystem.''® An American large-scale cohort study showed that the a-
diversity (Chaol and Shannon indices) in fecal samples collected post-deliv-
ery is significantly lower in women with a higher BMI before pregnancy
compared to those with a normal BML.'"" Most studies involving the gut
microbiota structure in maternal obesity have reported similar results.'""'"°
However, a study by Abdullah et al. in 2022 observed no notable variations,
possibly due to population variation, as some participants were also diag-
nosed with GDM.'” The gut microbiota alteration in maternal obesity is
summarized in Table 4.

High energy harvest efficiency of microbes from carbohydrates

Enhanced carbohydrate energy extraction by gut microbiota is another
significant characteristic observed in maternal obesity. It typically manifests
as a raised Firmicutes/Bacteroidetes (F/B) ratio and decreased abundance of
Bacteroides, resembling the gut microbiota characteristics of non-pregnant
individuals with obesity."”"'"" Despite the different sampling times, studies
reported increased Firmicutes or decreased Bacteroides in the fecal microbiota
of overweight or obese pregnancies.'”'?"'*> A large-scale Chinese cohort
using metagenomic sequencing identified reduced microbial diversity and
decreased abundance of Bacteroides as strongly associated with maternal
dyslipidemia.'”® These changes correlated with metabolic disturbances,
including insulin resistance, dyslipidemia, and elevated C-reactive protein
during pregnancy, linking F/B to glucose metabolism disorder."®'*
Conversely, due to the differences in diet, digestion, and insulin resistance,
some cohort studies have failed to observe this trend, but the F/B was inversely
correlated with a-diversity and fasting plasma glucose.”"*"*" Gut microbes
belonging to the Firmicutes phylum normally exhibit a higher carbohydrate
utilization efficiency by degrading non-digestible fiber.'"® This structural
change may represent a gut microbiota adaptive adjustment to satisfy
the rising energy needs of both the mother and the fetus during pregnancy.

Pro-inflammatory gut microbiota composition

As summarized in Figure 1, gut microbiota composition in pregnancies
with obesity shows pro-inflammatory and prohypertensive tendencies. The
gut microbiota of women with obesity and overweight during pregnancy
tends to harbor more potentially pathogenic bacteria, such as Proteobacteria,
Staphylococcus, Streptococcus, Megamonas, and Escherichia coli, whose
abundances are significantly increased compared with pregnant women with
normal BMIs.'?%'?*'% Pathogenic gut bacteria adhere to epithelial cells and
secrete toxins that disrupt barrier integrity, facilitating endotoxin leakage into
circulation.'” This triggers systemic inflammation characterized by elevated
cytokines interleukin-18 (IL-1B) and tumor necrosis factor-a (TNF-a), closely
linked to placental dysfunction.”” Moreover, trimethylamine (TMA), derived
from choline by Escherichia coli, undergoes oxidation to TMAO in the liver, a
proinflammatory metabolite known to exacerbate vascular inflammation and
hypertension (Figure 1).'®

Decreased short-chain fatty acids (SCFAs)-producing bacteria and SCFA
levels
A consistent feature of maternal obesity is the depletion of Akkermansia
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Table 4. Overview of changes in gut microbiota linked to maternal obesity in human and animal studies.

Object Sample source Sample time Alterations in gut microbiota composition Reference
Women_ T pré-preghancy - . UP: Firmicutes, Prevotella copri 107
overweight (Body mass index, First trimester ) . .

DOWN: Bacteroides, Proteobacteria
BMI >30)
W ith Fi . d the third UP: Megamonas, Succinatimonas, Dialister
Ll V‘;\'t é)n;ﬁ_ffs?gaggyg |'rst UG & e s Ul DOWN: Papillibacter, Oscillibacter, Oscillospira, Blautia, 12
overweight (BMI = 25.0-29.9) trimester Dorea, Alistipes, Prevotella, Paraprevotella
UP: Firmicutes, Firmicutes/Bacteroidetes, Lachnospiraceae,
Women with pre-pregnancy Leuconostocaceae, Actinomycetaceae, Faecalibacterium,
overweight (BMI 25-29.9) and Third trimester Coprococcus, Blautia 121
obesity (BMI > 30) DOWN: Tenericutes, Desulfovibrionaceae, Bacteroidaceae,
Actinomyces, Bacteroides
Human Pregnancy with overweight at Twentv-four weeks of UP: Staphylococcus, Enterobacteriaceae, Escherichia coli
20 weeks of gestation (BMI > Y DOWN: Bifidobacterium, Bacteroides, Akkermansia 122
pregnancy o
25) muciniphila
Pregnancy with dyslipidemia DOWN: a-diversity, Bacteroides, Clostridia UCG-014,
in the second or third Second and third trimester  Paraprevotella, Christensenellaceae R7 group, Alistipes, and ''®
trimester UCG-002
Women with pre-pregnancy Third trimester UP: Bacteroidetes, Bacteroides, Acidaminococcus, Dialister
overweight (BMI 25-29.9) DOWN: a-diversity, Phascolarctobacterium
Pregnancy with pre- UP: Lachnospiraceae
9 y pre DOWN: a-diversity, Ruminococcaceae, Christensenellaceae, .,
pregnancy overweight (BMI 25Four days post-partum - . . . .
. Clostridiaceae, Faecalibacterium, Bifidobacterium,
29.9) and obesity (BMI > 30) .
Parabacteroides
High-fat diet-fed female Four weeks postpartum UP: Bacillota o
C57BL/6J mice postp DOWN: Bacteroidota
UP: unknown Lachnospiraceae, unknown Ruminococcaceae,
High-fat diet-fed female Postnatal day 12 Parabacteroides, Butyricicoccus .
Wistar rats Y DOWN: Lactobacillaceae, Lactobacillus, Enterococcus,
Clostridium sensu stricto 1, Escherichia—Shigella
High-fat diet-fed female Before mating and at UP: Clostridium, Dorea
; . ; g o 9 125
Mice C57BL/6J mice embryonic day (E0.5, E10.5, DOWN: Ruminococcus, Lachnospira, Bifidobacterium,

E15.5 and E18.5)

High-fat diet-fed female
C57BL/6J mice

High-fat diet-fed female

C57BL/6J mice Bsizrion dky |

At EO.5, E6.5, E10.5 and E14.5

Bacteroides, Coprococcus

DOWN: Clostridiales, Ruminococcaceae, Lachnospiraceae  ''*
UP: a-diversity, Lachnospiraceae, Rikenellaceae,
Ruminococcaceae, Bacteroides, Prevotella, Mucispirillum,
Helicobacter 126
DOWN: Bacteroidetes, Bacteroidetes S24-7, Allobaculum,
Sutterella

Data summarized from published studies exploring the effects of maternal overweight and obesity on gut microbiota composition. Most studies used 16S

rRNA or metagenomics sequencing to assess taxonomic change.

muciniphila, a keystone bacterium essential for mucin degradation, gut
barrier maintenance, and SCFA production (Figure 2)."' This bacterium
promoted glucose and lipid homeostasis through GLP-1 secretion and its
outer-membrane  protein  Amuc_1100."*"**  Moreover,  Akkermansia
muciniphila is depleted in obese pregnant women and in patients with GDM
and PE, suggesting that its reduction may represent a shared microbial link
connecting maternal obesity with gestational complications.”#"'*

The reduced production of SCFAs ties the themes of maternal obesity, gut
microbiota, and gestational complications. In an Australian cohort, 205 obese
pregnant women, butyrate production and the abundance of Odoribacter
were both reduced and inversely correlated with systolic blood pressure.'”
Pregnancies with overweight and obesity showed a decreased fecal SCFAs
level, and the reduced butyrate is associated with hepatic lipid
accumulation.'™  Similar reductions in other SCFAs-producing taxa
(Ruminococcaceae, Parabacteroides, Butyricimonas, Bifidobacterium, and
Faecalibacterium) have been reported.'”'**'** However, some studies
observed elevated acetate levels in pre-pregnancy obesity.'**'* Acetate often
increases in obesity due to altered fiber metabolism and gut ecology, but this
rise does not necessarily compensate for the loss of total SCFAs."* Yet, the
interpretation of such results requires caution, as many studies are cross-
sectional and cannot establish causality.

In summary, despite variations across populations, the common theme is
that maternal obesity leads to a gut dysbiosis that is prone to metabolic
disorders, gut barrier damage, pro-inflammatory signaling, and hypertension.
These dysregulated changes set the stage for downstream complications.

CROSS-COMPLICATION SIGNALING NETWORKS REGULATED BY GUT
MICROBIOTA

Gut microbiota in pregnant women with obesity, particularly its metabolites,
influences signaling networks for gestational complications. As shown in
Figure 3, the maternal obesity-induced gut dysbiosis alters key signaling
molecules that regulate immune responses, placental vascularization, hypoxia,
and oxidative stress, thereby forming pathologies for pregnancy complications.

TLR

LPS-mediated inflammation provides a mechanistic link between obesity
and placental pathology. A cross-sectional trial showed that serum zonulin, a
biomarker associated with gut barrier function, was positively correlated with
circulating triglyceride and LPS levels in women with overweight and
obesity.”*" In maternal obesity, gut dysbiosis, marked by a decrease in SCFAs-
producing bacteria and enrichment of Gram-negative pathogens, leads to
increased translocation of pathogen-related molecular patterns (PAMPs), like
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Figure 1. Differences in the gut microenvironment between healthy pregnancies and pregnancies with obesity In healthy pregnant women, the gut microbiota sustains a
stable and varied community. Bacteria such as Bifidobacterium and Akkermansia muciniphila, which are part of the commensal microbiota, help generate short-chain fatty acids
(SCFAs) like acetate, propionate, and butyrate, thus strengthening the gut barrier and reducing inflammation. In contrast, maternal obesity disrupts gut microbial composition,
characterized by decreased a-diversity, SCFAs-producing bacteria (Bifidobacterium and Akkermansia muciniphila), and an elevated Firmicutes/Bacteroidetes ratio. The loss of
SCFAs production disrupts gut immunity and gut barrier integrity. Furthermore, the increase of potentially pathogenic bacteria, including Staphylococcus, Streptococcus, and
Escherichia coli, which activate placental TLR4 signaling and proinflammatory cytokine release, such as tumor necrosis factor-alpha (TNF-a), interleukin-18 (IL-1B), IL-6, and
IL-8. Additionally, Escherichia coli produces choline-degrading enzymes, which convert choline into trimethylamine (TMA). TMA enters hepatic circulation, where flavin-contain-
ing monooxygenases (FMOs) oxidize it to produce trimethylamine N-oxide (TMAO). In maternal obesity, gut dysbiosis and barrier disruption link metabolic imbalance, systemic
inflammation, and endothelial dysfunction, thereby leading to the development of gestational complications and adverse pregnancy outcomes. The symbol of “1" means upregu-

lated, and “|" means downregulated.

LPS, into the circulation (Figure 3)."*"'*" Elevated circulating and fecal LPS in
obese and GDM pregnancies activated the toll-like receptor 4 (TLR4)/myeloid
differentiation primary response 88 (MyD88)/nuclear factor kappa-B (NF-kB)
axis, inducing cytokine release and impairing insulin signaling.”>'“ Then, this
response increases insulin receptor substrate 1 (IRS-1) phosphorylation and
inhibits protein kinase B (AKT) signaling, thereby worsening insulin resis-
tance in GDM.'*'* This pathway also inhibits the phosphatidylinositol-3-
kinase (PI3K)/AKT signaling required for trophoblast invasion, elevates sFlt-1
expression, and disrupts spiral artery remodeling and placental
perfusion.'*"'** In PE pregnancies, elevated plasma and placental LPS levels
were associated with the upregulation of microbial LPS biosynthesis
genes.'™'** |oss of Akkermansia muciniphila-derived extracellular vesicles
might lead to overactivation of placental TLR4 signaling and upregulation of
pro-inflalmmatory cytokines (IL-6, TNF-a) via NOD-like receptor family, pyrin
domain-containing 3 (NLRP3) inflammasome disinhibition.”* Conversely,
propionate and butyrate suppressed TLR4/NF-kB-driven inflammation and
restored insulin sensitivity via extracellular signal-requlated kinase (ERK) /IRS-
1 signaling."** In FGR, gut microbiota-induced TLR9 activation stimulated the
TNF receptor-associated factor 3/TANK-binding kinase 1/interferon Regula-
tory Factor 3 (TRAF3/TBK1/IRF3) signaling pathway, further exacerbating the
placental inflammatory environment and FGR.'*” The mechanism of TLR has
been fully investigated, and future interventions with microbial metabolites
targeting TLR4 could be developed. Currently, an animal study suggested that
microbiota-related melatonin supplementation restored microbial balance

(reducing Aliivibrio and increasing Butyricimonas), and improved placental
angiogenesis and fetal growth via TLR4/Mitogen-activated protein kinase
(MAPK)/VEGF pathway.'

GPCRs

GPCRs are widely expressed in placental cells, including trophoblasts,
endothelial cells, and smooth muscle cells, where they bind with SCFAs to
requlate  placental cell development, function, and gestational
complications.” SCFAs, particularly propionate and butyrate, are beneficial
metabolites derived from healthy gut microbiota, which activate GPRCs such
as GPR41land GPR109A to exert anti-inflammatory, metabolic, and pro-
angiogenic effects at the maternal-fetal interface (Figure 3).%'*¢

A large-scale cohort study found reduced butyrate-producing bacteria and
lower SCFA levels in obese pregnancies,'” leading to downregulation of
placental GPR41 and 43 signaling, increased histone deacetylase (HDAC)
activity, and heightened inflammatory and vascular dysfunction.”®'#*'*’
Despite distinct mechanisms, this SCFA deficiency, consistently reported in
both GDM and PE, exacerbates endothelial dysfunction and placental
immune imbalance, representing a key molecular bridge between maternal
metabolic stress and placental pathology.”'*

Mechanistically, propionate improved the invasion and migration of
trophoblasts via the GPR41/AKT pathway, while enhancing M2 macrophage
polarization and suppressing M1 polarization-related placental inflammation
via the GPR43/signal transducer and activator of transcription 1 (STAT1)
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Figure 2. Maternal obesity-induced gut microbiota contributes to the placental immune imbalance and defective spiral artery remodeling Maternal obesity-associated gut
dysbiosis, oxidative stress, and systemic inflammation increase gut permeability, facilitating the translocation of microbial components along the gut-placenta axis. Notably,
Fusobacterium species pass through the compromised gut barrier and reach the placenta, thereby inducing placental inflammation, oxidative stress, and DNA damage. Addition-
ally, bacteria-derived lipopolysaccharide enters the placenta and leads to inflammation in trophoblast cells. Lipopolysaccharide stimulation drives macrophage shift to the pro-
inflammatory M1 type and triggers cytokine release, thereby impairing decidual natural killer (NK) cell function and promoting Th1 cell activation. Conversely, the reduced abun-
dance of Akkermansia muciniphila contributes to the reduction in short-chain fatty acids (SCFAs) and extracellular vesicles, and this reduction aggravates the macrophage M1
polarization and inflammation. Collectively, these alterations within the gut-placenta axis, compounded by obesity-induced gut dysbiosis, maternal-fetal interface immune imbal-
ance, and impaired remodeling of spiral arteries, link maternal metabolic imbalance to placental dysfunction. The symbol of “1" means upregulated, and “|" means downregu-

lated; blue "—" denotes anti-inflammatory effects, red “—" denotes pro-inflammatory effects, and “—| " denotes inhibition.

pathway in PE* In GDM, butyrate acted through GPR109A to reinforce
intestinal barrier integrity, suppressed LPS-induced TLR4 activation, and
inhibited M1 macrophage polarization in the placenta.”” Regarding FGR,
depletion of intestinal SCFAs triggered deficient placental growth and vascu-
larization through GPR41 and GPR43 in germ-free mice.'*'*

Together, the disruption of SCFA-GPCRs signaling in obesity represents a
key molecular bridge linking maternal gut dysbiosis, metabolic inflammation,
and placental vascular dysfunction.'® Its disruption represents a unifying
mechanism underlying pregnancy complications associated with obesity, like
GDM, PE, and FGR.'®"

Nuclear factor erythroid 2-related factor 2 (NRF2)

Oxidative stress is a common feature in GDM, PE, and FGR, manifested as
increased levels of reactive oxygen species (ROS), DNA oxidation, and
decreased activity of antioxidant enzymes in the placenta.””' NRF2is acti-
vated by ROS to restore redox balance, but its response varies across gesta-

tional complications. In GDM, NRF2 deficiency impairs B-cell adaptation,
contributing to glucose dysregulation.'™ In FGR, chronic hypoxia and nutrient
deprivation suppress NRF2 signaling.'””'** However, in PE, NRF2 is initially
upregulated but later silenced through promoter methylation, enhancing
susceptibility to ischemia-reperfusion injury and inflammatory cytokine
release (TNF-q, IL-6).'%>"*

Notably, women with both GDM and obesity exhibit impaired placental
respiratory chain enzyme activity, likely through NRF2/antioxidant response
element (ARE) signaling.”®’ Bidirectional interactions exist between obesity,
gut microbiota, and oxidative stress.'*® Obesity-related gut microbiota imbal-
ance led to reduced butyrate levels, while butyrate supplementation
prevented ROS accumulation via nicotinamide adenine dinucleotide phos-
phate oxidase 2 (NOX2) and p21/NRF2-mediated SOD1 upregulation.'*
Ursodeoxycholic acid (UDCA), a gut microbiota-modulated bile acid, was
markedly reduced in the liver and gut of ob/ob mice, while its supplementa-
tion enhanced NRF2 nuclear translocation, promoted antioxidant gene
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Figure 3. Gut dysbiosis in maternal obesity shapes the shared placental pathologies Maternal obesity reshapes the gut microbiota, manifested as decreased microbial diver-
sity, Akkermansia muciniphila, short-chain fatty acids (SCFAs)-producing bacteria, and ursodeoxycholic acid (UDCA) production, and increased Gram-negative bacteria and
compounds like lipopolysaccharide (LPS), and trimethylamine N-oxide (TMAO). Through the gut-placental axis, these microbial and metabolic alterations induce a number of
pathogenic factors, such as disruption of the integrity of the intestinal barrier, placental Toll-like receptor 4 (TLR4)-associated inflammation, and reduction of trophoblast activity.
Such interactions trigger three shared placental pathologies: (1) microbial translocation from leaky gut, (2) inflammation at the maternal-fetal interface, and (3) abnormal placen-
tal vascularization. The symbol of "—" denotes activation, and "—| " denotes inhibition. Abbreviations: IL-1p, interleukin-18; TNF-q, tumor necrosis factor-a; sFlt-1, fms-like tyro-

sine kinase-1; VEGF, vascular endothelial growth factor;

expression, lowered intracellular ROS, improved insulin sensitivity, and
restored Akkermansia muciniphila abundance.'™ While NRF2 is crucial in the
development of pregnancy complications, the mechanism behind it has not
been fully explained.® Targeting the NRF2 signaling pathway through
antioxidant strategies may broaden the therapeutic possibilities of altering
gut microbiota to address pregnancy complications.

VEGF

The VEGF signaling is essential for the development of blood vessels and
vascular remodeling in the placenta, involving VEGF-A, PIGF, and sFlt-1."*
The sFlt-1 competitively binds VEGF-A and PIGF, reducing their interaction
with membrane-bound VEGFR-1/2 and thereby impairing placental vascular-
ization and endothelial proliferation through downstream PI3K/AKT and
MAPK pathways.'*

A suppressed VEGF signaling pathway, reflected by elevated sFlt-1 levels
or a reduced VEGF/PIGF ratio, is observed in PE, GDM, and FGR."*"'® This
suggests that VEGF suppression-driven placental vascular impairment may
be a common pathogenic mechanism, despite etiological differences among
these complications. For instance, in PE, sFlt-1 release is primarily a conse-

quence of failed spiral artery remodeling, whereas in GDM, VEGF suppres-
sion is linked to hyperinsulinemia and chronic inflammation.“*

A recent study indicated that in the second trimester, pre-pregnancy
obesity increased sFlt-1/PIGF ratios, potentially inhibiting VEGF activation.'®’
Gut microbiota dysbiosis, particularly in maternal obesity, may contribute to
VEGF pathway suppression (Figure 3)."*® Red and processed meat, common
in some obesogenic diets, facilitates the breakdown of choline and L-carni-
tine by intestinal bacteria (Prevotella, Clostridium, Lachnospira, Escherichia
coli), resulting in the formation of trimethylamine to TMAQ.'** Besides obese
individuals, elevated TMAO, frequently seen in GDM and PE pregnancies,
correlated with increased plasma sFlt-1, hypertension, and kidney injury in PE
pregnancies.”'®'"" TMAO induced systemic inflammation and inhibited
VEGF signaling via Sirtuin 1/AMP-activated protein kinase (SIRT1/AMPK)
signaling and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
activation.'””'"” Additionally, an overgrowth of Enterobacteriaceae promoted
LPS release, which activated the TLR4/NF-kB pathway, thereby suppressing
VEGF function and inducing sFlt-1 secretion.'” Novel strategies, such as
engineered placenta-targeting VEGF mRNA lipid nanoparticles, have been
shown to alleviate PE in mice, offering promising therapeutic potential to
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Figure 4. The "common soil” framework of gut-placenta crosstalk in obesity-related gestational complications Three diseased plants symbolize the growth of different gesta-
tional complications from the shared pathological “common soil" programmed by maternal obesity. Within this soil, pathogenic activators (LPS, TMAO, gram-negative bacteria)
and protective regulators (Akkermansia, SCFAs, ursodeoxycholic acid (UDCA)) dynamically shape placental immune and vascular homeostasis. From this adverse soil, complica-
tions such as GDM, PE, and FGR emerge. The diverse phenotypes, molecular targets, and associated metabolites are demonstrated: GDM driven by impaired insulin signaling
and placental inflammation (LPS-IRS-1/AKT, butyrate-GPR109A); PE characterized by defective spiral artery remodeling and endothelial dysfunction (propionate-GPR41/AKT,
TMAO-SIRT1/AMPK); and FGR marked by inadequate placental vascularization and oxidative stress (succinate-HIF-1a, LPS-PI3K/AKT). Collectively, the figure provides a frame-
work that metabolic-immune disturbances in maternal gut microbiota function as a unifying pathogenic substrate leading to diverse pregnancy complications. The symbol of "—"
denotes activation, and —| " denotes inhibition. Abbreviations: GDM, gestational diabetes mellitus; PE, preeclampsia; FGR, fetal growth restriction; ERK, extracellular signal-requ-
lated kinase; IRS-1, insulin receptor substrate 1; PI3K, phosphatidylinositol-3-kinase; AKT, protein kinase B; MyD88, myeloid differentiation primary response 88; GPR109A, G
protein—coupled receptor T09A; TNF-a, tumor necrosis factor-alpha; PERK, PKR-like endoplasmic reticulum kinase; FoxO1, forkhead box 01; SIRT1, sirtuin 1; AMPK, AMP-acti-
vated protein kinase; VEGF, vascular endothelial growth factor; GPR43, G protein—coupled receptor 43; STAT1, signal transducer and activator of transcription 1; NLRP3, NOD-
like receptor family pyrin domain—containing 3; PI3K, phosphoinositide 3-kinase; Nrf2, nuclear factor erythroid 2—related factor 2; TLR9, toll-like receptor 9; TRAF3, TNF recep-
tor—associated factor 3; TBK1, TANK-binding kinase 1; IRF3, interferon regulatory factor 3; PHD2, prolyl hydroxylase domain-containing protein 2; VHL, von Hippel-lindau protein;

HIF-1a, hypoxia-inducible factor 1-alpha; MAPK, mitogen-activated protein kinase.

restore placental angiogenesis in obese pregnancies.”

Hypoxia inducible factor (HIF)

Inadequate trophoblast invasion results in defective spiral artery remodeling
and abnormal placental development with low perfusion pressure, resulting in
a hypoxic environment in the placenta.” The HIF-1a is a transcription factor
regulating cellular responses in hypoxic environments, and its upregulation is
associated with placental vascular dysplasia, inadequate oxygenation of the
embryo, and fetal growth retardation in utero.'”

In late pregnancy, maternal obesity-induced hyperglycemia and hyperinsu-
linemia elevate fetal metabolic rates and a chronic hypoxic environment,
leading to an increased expression of HIF-1a and downstream VEGF and nitric
oxide synthase.'” Animal studies have demonstrated that obesity exacer-
bates hypoxia at the maternal-fetal interface and gestational hypertension.'”’
Conversely, weight loss in PE mice has been shown to alleviate
hypoxia symptoms at the maternal-fetal interface.'” Although hypoxia is a
primary driver, HIF-1a expression is also modulated by upstream signals.'*'®
Gut microbiota-derived metabolites modulate hydroxylase domain (PHD)
activity by changing the PHD enzyme structure, which is an HIF-1a-degrading
enzyme, with succinate receiving the most extensive study.'®' Elevated succi-
nate levels in early pregnancy have been shown to dose-dependently
enhance HIF-Ta expression via PHD2/von Hippel-Lindau protein (VHL)/HIF-
la in JEG-3 and HTR-8 cells by inhibiting PHD activity.®” Women with
obesity had a decreased abundance of succinate-consuming microbiota,
such as Odoribacteraceae and Clostridaceae, leading to elevated succinate
levelsinthe gut.'®*'® Although modulation of the HIF pathway via gut microbiota

interventions may offer a potential avenue to enhance placental vascul-
arization and fetal growth, no studies have directly investigated this possibility.

In general, gut microbiota-derived metabolites modulate key molecular
targets involved in placental pathologies. In the next part, we will highlight the
similar features of each disorder and illustrate how these distinct outcomes
arise from a shared pathological foundation.

OBESITY-DRIVEN GUT DYSBIOSIS CULTIVATES A COMMON SOIL FOR
PLACENTAL PATHOLOGY

Maternal obesity is considered to be a shared risk factor for multiple gesta-
tional complications, including GDM, PE, and FGR. However, direct causal
evidence linking obesity to their common placental pathology remains
limited. The "common soil" hypothesis, centered on obesity-associated gut
dysbiosis, offers a unifying framework to explain the convergent placental
phenotypes observed across these disorders. As shown in Figure 4, micro-
bial translocation, maternal-fetal interface inflammation, and abnormal
placental vascularization represent interconnected outcomes of obesity-
driven gut dysbiosis, together forming the common soil from which diverse
gestational complications emerge.

Microbial translocation from leaky gut

The increased intestinal permeability and decreased microbial diversity
facilitate the translocation of pro-inflammatory mediators and pathogenic
bacteria to the placenta.”"'*® While historically considered sterile, studies
using 16S rRNA and metagenomic sequencing have detected microbial DNA
and Streptococcus agalactiae in placental tissue.””'®'® Notably, obese

317 uolpAOUU| 3Y |

[I J—

The Innovation Life 4(1): 100185, January 19, 2026 11




www.the-innovation.org/life

{2YI3'8 Microbiology

women exhibited altered and less diverse placental microbiota in contrast to
individuals with normal weight, suggesting a potential gut-placenta microbial
migration due to increased intestinal permeability.*"'** However, most stud-
ies identified microbial DNA rather than live colonization, leaving the
immunological implications unresolved.

Bacterial migration to the placenta might be one of the causes of placental
inflammation in various gestational complications.'” As illustrated in
Figure 2, obesity-induced gut dysbiosis leads to increased microbial translo-
cation and circulating LPS levels, which drive placental macrophage polariza-
tion and trophoblast dysfunction.” Similarly, increased microbial fluores-
cence intensity and elevated levels of microbiota-derived LPS have also been
reported in GDM pregnancies.””'** Among them, Fusobacterium, a mucin-
adherent pathogen, is frequently detected in placental studies.®'® Oral
Fusobacterium nucleatum administration triggered placental inflammation
and fetal death in animal models."”*'®" The PE-derived microbiota trans-
planted into germ-free mice increased gut permeability and placental
Fusobacterium enrichment.”” Conversely, a similar study using gPCR found
no placental microbes despite gut barrier disruption, possibly due to method-
ological differences (qPCR vs fluorescence in situ hybridization) in
sensitivity “ Fusobacterium species reach the placenta and disrupt the func-
tion of immune cells involved in spiral artery remodeling, including
macrophages, uterine NK cells, and T helper 1 cells (Figure 2)."**'% However,
a recent study suggested that low biomass Fusobacterium nucleatum expo-
sure in vitro enhanced VEGF-A secretion and HIF activation, promoting
trophoblast tube formation, whereas high bacterial loads triggered NF-kB-
mediated inflammation and impaired trophoblast function.®* This result chal-
lenges the current view of placental immunity, but the tolerance of the
endometrium to microorganisms needs to be further verified in human studies.

While some evidence suggests microbial presence, conclusive proof of live
colonization in healthy placentas is lacking.”"'"” Discrepancies across studies
reveal the demand for stringent contamination controls and advanced detec-
tion techniques. If gut microorganisms do reach the placenta, it is crucial to
elucidate their migration mechanisms through contamination control, sensitive
detection, and deep sequencing methods to improve detection accuracy.'*

Shared maternal-fetal interface inflammation

In a healthy pregnancy, M2 macrophages normally secrete cytokines and
VEGF-A to promote spiral artery remodeling.”® Macrophage polarization
toward the M1 phenotype, imbalanced cytokines, and aberrant activation of
the TLR4 pathway are central inflammatory signatures in GDM, PE, and FGR
(Figure 4)."**" An animal study showed that propionate partially inhibits M1
and restores M2 polarization in PE.** However, obesity-driven gut dysbiosis,
particularly the depletion of SCFAs, disrupted this balance. Compared to GDM
and PE, FGR is more related to LPS-induced inflammation. In the FGR model,
gut-derived LPS exacerbated placental inflammation and oxidative stress
when gut barrier integrity was compromised, which is a mechanism widely
studied in FGR models induced by high-fat diets and environmental stres-
sors such as heat stress, microplastics, and heavy metals.''?"'%'%

However, most evidence is from animal models, where outcomes vary. For
instance, LPS is often used to induce PE or FGR in rodents, but outcomes
vary. LPS administration from gestation days 13.5-16.5 induced PE-like
symptoms, while late administration only triggered inflammation without
vascular effects.””"*"* These discrepancies suggest that outcomes depend
on timing and dosage, and the pathogenesis of these gestational complica-
tions is beyond inflammation, limiting the reliability of LPS-induced models.””

Abnormal placental vascularization

Abnormal placental vascularization is manifested as defective trophoblast
cell migration, sFlt/VEGF inhibition, placental hypoxia, and insufficient nutrient
transport, regulated by microbial metabolites (Figure 3). Although placental
lesions in GDM, including villous immaturity and fibrinoid necrosis, some
studies have reported increased placental angiogenesis, which might indi-
cate compensatory responses to vascular dysfunction, highlighting the
complexity of vascular remodeling in GDM.”"*** Obesity-related vascular
pathology is more pronounced in PE and FGR than in GDM.?%*"

Due to the limits of human placenta availability, human evidence for micro-
bial metabolite-driven placental vascularization remains scarce. Animal data

suggest most mechanistic links to this topic. As illustrated in Figure 4, Akker-
mansia muciniphila could release extracellular vesicles to the placenta and
activate epidermal growth factor receptor (EGFR)/PISK/AKT and phos-
phatase and tensin homolog (PTEN) signaling, promoting trophoblast migra-
tion and invasion in PE model.” Propionate also increased birth weight in
hypoxia-induced FGR, whose mechanism might be associated with
metabolic syndrome and early placental vascular development.””®*" Notably,
tryptophan metabolism has been disturbed in obese populations and
FGR."">1%2"" " Animal models also showed that tryptophan metabolites
produced by gut microbiota, including melatonin and serotonin, are reduced,
while kynurenine levels increase, which is related to disrupted placental
angiogenesis and nutrient transport in FGR.”’“*'® Conversely, melatonin
supplementation increased fetal weight and placental nutrient transport in the
FGR model by upregulating expressions of VEGF, glucose transporter type 4
(GLUT4), FABP3, and sodium-coupled neutral amino acid transporter 2
(SNAT?2).1%

Collectively, these microbiota-mediated disruptions establish a pro-inflam-
matory, metabolically adverse environment, which is a common soil that
increases the susceptibility to diverse gestational complications, including PE,
GDM, and FGR. Targeting this axis through microbiota-modulating strategies
may provide a unified therapeutic approach for preventing obesity-related
placental pathologies and improving pregnancy outcomes.

GUT MICROBIOTA INTERVENTION

Rising BMI across reproductive stages, including pre-pregnancy, gestation,
and delivery, is closely linked to increased risks of gestational complications.”
While preconception weight control is crucial, excessive dietary restriction
during pregnancy may harm fetal development.”“”'* Considering the known
function of gut microbiota in metabolism, inflammation, and vascular func-
tion, the exploration of gut microbiota interventions is expected to help
manage maternal obesity and its complications.”'**'

Probiotic supplementation exhibits mixed results

Microbiota-targeted interventions (probiotics, prebiotics, or dietary modifi-
cation) have attracted interest for mitigating maternal obesity and gesta-
tional complications. Research showed that the gut microbiota of mothers
can be reshaped within weeks by enhancing bacterial diversity, Bifidobac-
terium and Lactobacillus abundance, and SCFA production.”’®”'® These shifts
are proposed to improve glucose and lipid metabolism, intestinal barrier
integrity, and systemic inflammatory balance in pregnancy, which has been
demonstrated in previous chapters.

Despite encouraging data, current results remain mixed and context-
dependent (Figure 5). While several randomized controlled trials (RCTs)
reported improved glycemic control and insulin sensitivity, most large-scale
studies and meta-analyses found no consistent reduction in the incidence of
SGA, GDM, and PE“'®#*? For instance, the SPRING trial showed no
decrease in GDM incidence after Lactobacillus rhamnosus and Bifidobac-
terium animalis administration in overweight pregnancies.”” Similarly, a
Cochrane review involving over 1,647 participants concluded that current
evidence is insufficient and even suggested a possible rise in PE risk.” Some
results also observed increased fasting glucose and PE incidence, indicating
the potential danger of probiotics.”****** Conversely, early large observational
data point toward potential benefits. The Norwegian mother and child cohort
study, which included over 33,000 women, found that habitual intake of
probiotic milk was linked to a lower risk of severe PE.” Discrepancies across
studies are likely due to heterogeneity in participant profiles (enterotype,
metabolic status, general vs high-risk cohorts), microbial strains, dosing,
intervention duration, and timing (early vs late pregnancy). Mode of delivery
and dietary factors, both of which markedly affect maternal and infant micro-
biota, are frequently uncontrolled, and bacterial colonization or persistence is
rarely validated, raising questions about the plausibility of some findings.*****
Additionally, methodological variation, including 16S rRNA sequencing,
metagenomics, and metabolomics, affected the depth of results. Early or pre-
conceptional supplementation might be more effective, as key metabolic and
immune reprogramming occur before mid-gestation.””

Taken together, we should be very cautious about the results of current
interventions. Current gut microbiota-related interventions offer only modest
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Figure 5. Gut microbiota intervention in maternal obesity: Current evidence and future directions Current evidence shows that probiotics, prebiotics, synbiotics, and diet inter-
ventions reduce gestational weight gain, insulin resistance, glucose, low-density-lipoprotein (LDL), and cholesterol levels, placental inflammation, and the risk of small-for-gesta-
tional-age (SGA) infants. However, the variability of outcomes is further influenced by different enterotypes, metabolic and endocrine status, microbial strain differences, sample
size, and intervention timing. Therefore, their overall efficacy remains inconsistent, as the majority of randomized controlled trials (RCTs) commence during mid-pregnancy and
do not reveal any notable alterations in the occurrence of complications and adverse pregnancy outcomes.

metabolic benefits and appear insufficient to prevent gestational complica-
tions, whereas earlier or preconception strategies may yield greater maternal
and fetal improvements.

Broader applications across preconception to offspring health

Although current microbiota-targeted therapies have not consistently
reduced pregnancy complications, long-term interventions seem to generate
more effective results. Probiotic supplementation (Bifidobacterium bifidum,
Bifidobacterium lactis, Lactobacillus acidophilus) only after GDM diagnosis
until delivery yielded no metabolic benefits,”” while asymptomatic post-GDM
women supplemented with Bifidobacterium and Lactobacillus showed
improvements in serum glycated hemoglobin, lipids, and C-reactive protein
levels.””® Meta-analyses confirmed that short intervention duration of probi-
otic or lifestyle interventions and high metabolic variability during pregnancy
have limited effects on major clinical outcomes.”"***

Similarly, as shown in Figure 5, there are few clinical studies on probiotics
to improve premature birth, stillbirths, and FGR, and probiotics supplementa-
tion in pregnancy did not change the occurrence of births before 37 weeks.””
In contrast, long-term follow-up studies suggested potential intergenera-
tional benefits. For example, in overweight and obese pregnancies, combined
probiotic and fish oil supplementation decreased the risk of childhood over-
weight at 24 months.””* A double-blind trial found that galacto- and fructo-
oligosaccharides (14.2 g/day from < 21 weeks to 6 months postpartum)
improved infant gut microbiota and increased fecal Akkermansia level”"®
Maternal probiotic intake during the perinatal period was linked to a higher
fetal weight and length.”® These benefits likely reflect immune imprinting and
microbial inheritance, though causal mechanisms remain poorly defined.

Collectively, current data reveal that gut microbiota interventions during
gestation improve maternal metabolic indices but fail to prevent complications
and adverse pregnancy outcomes. Future studies are needed to optimize
intervention timing, duration, and personalization, ideally beginning before
conception to achieve durable effects on both maternal and offspring health.

EXISTING PROBLEMS AND FUTURE PERSPECTIVES

In this part, we will discuss the current bottlenecks, missed windows, and
realistic translational in this area. Figure 6 summarizes the current transla-
tional bottlenecks and emerging strategies for microbiota-based interven-
tions in maternal obesity, highlighting the limited placental focus in existing
trials and outlining next-generation approaches to develop targeted and
personalized microbiota therapies.

Current bottlenecks: The forgotten placenta
Although the placenta is the central organ regulating metabolism, immu-

nity, and vascular homeostasis during pregnancy, it remains an overlooked
component in human studies.”” Its role in PE and FGR is often inferred rather
than directly investigated, largely due to limited accessibility to human
placental tissues. As a result, current insights into the gut-placenta axis rely
heavily on animal models, which, although indispensable, are inherently
imperfect. Interspecies differences in gut microbial colonization, placental
architecture (labyrinthine vs villous), and gestational duration (21 vs 280
days) significantly constrain their translational value, particularly for under-
standing PE pathophysiology and placental vascular remodeling.”’

To address these gaps, the development of more human-relevant experi-
mental systems is urgently needed (Figure 6). Refining placental organoid
and humanized models represents a critical goal for the next decade.””” The
next fifty years may witness the emergence of an artificial placenta that
supports embryonic development in vitro and prevents placenta-related
pregnancy complications. In the near term, human trophoblast organoids
using microfluidic devices would better simulate the exchange of maternal-
fetal gas and nutrients.”***** Additionally, the development of more human-
ized systems, such as gene-edited mice, mini pigs, and organoid platforms,
will be crucial for bridging experimental findings with clinical applications.””
CRISPR/Cas9-engineered and germ-free mice colonized with humanized
microbiota offer powerful tools to bridge interspecies gaps.*

Missed windows: Timing of intervention

A recent study suggested that pre-pregnancy weight control enhanced
metabolic status and vascular function during pregnancy.”*® However, current
public health efforts rarely emphasize pre-conceptional weight manage-
ment.”*"** Moreover, relying solely on BMI may be insufficient, as fat distri-
bution and metabolic risk vary across populations.” An immediate priority is
to develop evidence-based guidelines and clinical programs that promote
metabolic optimization before conception, aligning with China's 2025
National Weight Management Policy.”’ Measures, including body fat
percentage, adipokine profiles, and patterns of gestational weight gain, could
refine risk stratification and facilitate earlier identification and management of
high-risk women.”"”** Despite increasing research interest, gut microbiota
interventions during pregnancy-particularly probiotics, have shown limited
success in improving gestational complications.” Clinically, most probiotic
trials have initiated supplementation in mid or late pregnancy, potentially
missing the critical early windows for intervention.”****> Additionally, beyond
pregnancy, the prolonged effect of mothers' microbiota on offspring is
important.” Maternal-offspring microbiota databases may help reveal how
early microbial environments shape fetal growth, immune, and neurodevel-
opment.**®
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Figure 6. Problems with current research on gut microbiota interventions and the way forward Major research gaps include species-specific limitations of animal models,
insufficient focus on the placenta, short intervention duration, and lack of pre-intervention management. Future directions emphasize: (1) optimized experimental models includ-
ing placenta organoid co-cultures, microfluidic platforms for real-time metabolite tracking, and animal models (mini pigs, non-human primates, and humanized microbiota mice);
(2) next-generation interventions such as placental therapy, early probiotic or postbiotic treatment (Akkermansia muciniphila, SCFAs); (4) personalized interventions integrating
BMI, diet, genetics, and microbiome profiles; and (5) standardization building, including large-scale, multi-ethnic longitudinal studies with unified evaluation criteria.

Realistic translational: Targeted and personalized microbiota therapies

Targeting maternal gut dysbiosis with next-generation probiotics repre-
sents a promising avenue for preventing obesity-related gestational compli-
cations. Clinical studies have shown that Akkermansia muciniphila supple-
mentation improved metabolic syndrome in obese individuals, yet its efficacy
in pregnant women with obesity and gestational complications remains
untested.”’ Beyond bacteria, advances in metagenomics and culturomics
may help identify novel microbial candidates for future therapeutic develop-
ment.***#**9 Posthiotic approaches, SCFAs represent a functional bridge
between maternal obesity and gestational disorders, primarily via impaired
gut barrier integrity, systemic inflammation, and placental vascular dysfunc-
tion, which highlight the therapeutic potential of SCFAs. No clinical evidence
currently supports the efficacy of SCFAs in maternal obesity or gestational
disorders, likely due to their short biological half-life."* However, there is also
circumstantial evidence. For instance, one study suggested that butyrate
supplementation reduces plasma zonulin and LPS in women, alleviating gut
leak, which is one of the most factors for systemic inflammation.” Dietary
modulation that enhanced butyrate production, particularly high-fiber or
Mediterranean diets, has shown benefits in improving GWG and GDM
risk,””' % though results remain population-dependent.’”” In addition,
metformin therapy similarly improved glucose control partially through
restoration of propionate metabolism.”*

To improve safety and efficacy, targeted and personalized gut microbiota
interventions are increasingly advocated.”” Placenta-targeted therapies are
emerging as direct and potentially effective interventions. Placental therapy,
such as VEGF mRNA delivery, has shown promising efficacy in the PE model,
while Akkermansia muciniphila-derived extracellular vesicles have also
entered and improved placental vascularization in animal studies.**"° Such
approaches could complement microbiota-based therapies by directly
restoring common placental pathology at the junction between mother and

fetus. Personalized treatment strategies that consider the choice of microbial
strains, dosage, timing, and duration, based on individual host factors (genet-
ics, BMI, diet, and microbiome composition), may help mitigate adverse
effects and optimize outcomes.”*”*" A standardized clinical database that
integrates these parameters would greatly enhance intervention design. The
ultimate challenge is not only to correct dysbiosis but to reshape the
metabolic-inflammatory placental interface that constitutes the common soil
for PE, GDM, and FGR.

CONCLUSIONS

Maternal obesity is a significant risk factor leading to gestational compli-
cations and adverse pregnancy outcomes. Obesity-induced dysbiosis
exhibits distinctive features and acts as the mechanistic bridge linking mater-
nal metabolic stress to placental pathology. It constitutes a common soil,
characterized by microbial translocation, inflammation at the maternal-fetal
interface, and impaired placental vascularization, from which gestational
complications such as GDM, PE, and FGR emerge. Recognizing these condi-
tions as interconnected disruption reframes pregnancy complications from
isolated syndromes to a unified systems disorder. This framework would
transform obesity-related complications and adverse pregnancy outcomes
from inevitable consequences into preventable conditions. In the coming
decades, refined diagnostics and personalized, targeted interventions may
finally shift the field from association to prevention of pregnancy complications.
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