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ARTICLE INFO ABSTRACT

Keywords: The placenta is increasingly recognized as a key mediator between the prenatal environment and long-term
Placenta neurodevelopment. Emerging omics studies suggest that placental molecular profiles may predict neuropsychi-
Longitudinal studies atric outcomes, yet evidence has remained fragmented and rarely synthesized in a longitudinal framework. Here
Omics we present the first systematic review of longitudinal placental omics studies with direct placenta-child linkage,
Neurodevelopment

encompassing epigenomic, transcriptomic, and metabolomic approaches. A systematic search of PubMed, Sco-
pus, and PsycINFO identified twelve eligible studies (total n = 1752 placentas), all of which followed children
from birth to neurodevelopmental assessment in early or middle childhood. Across studies, specific loci and
metabolites varied, but convergent signals consistently implicated three biological domains: immune signaling,
oxidative stress, and metabolic regulation. Representative findings included replicated epigenetic alterations at
DLL1, nutrient- and genotype-sensitive variation at CYP2E1 and IRS2, novel clusters at NHIP, transcriptomic
integration involving LRRFIP1, environmentally responsive modules including GALC, AUTS2, and CSMD1, and
metabolic shifts in fumarate, cystine, and 3-hydroxybutyrate. Notably, all longitudinal evidence to date centers
on childhood outcomes, with the most robust associations reported for autism spectrum disorder, while links to
schizophrenia and other adult psychiatric disorders remain speculative and are inferred indirectly from genetic
or cross-sectional placental datasets. Together, these findings establish the placenta as a dynamic molecular
interface where genetic background and environmental exposures converge to influence neurodevelopmental
trajectories. By highlighting reproducible domains across omic layers, this review positions placental biology as a
promising window into early biomarkers and mechanistic pathways of neuropsychiatric risk.

Autism spectrum disorder (ASD)
Schizophrenia (SCZ)

1. Introduction attention-deficit/hyperactivity disorder (ADHD), affect up to 12 % of

people worldwide, whereas schizophrenia (SCZ) has a lifetime preva-

According to the Developmental Origins of Health and Disease
(DOHaD) hypothesis, the intrauterine environment plays a decisive role
in shaping long-term health trajectories, with early-life perturbations
predisposing individuals to chronic disease including psychiatric disor-
ders later in life (O’Donnell and Meaney, 2017). Neurodevelopmental
disorders (NDDs), including autism spectrum disorder (ASD) and

lence of approximatively 1 % (Francés et al., 2022; Keepers et al., 2020).
Taken together, these conditions affect roughly 9-13 % of the global
population, underscoring the urgent need to investigate prenatal
mechanisms of vulnerability.

The placenta is central to this trajectory. Beyond ensuring maternal-
fetal exchange, it acts as an endocrine and neuroactive organ, producing
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hormones and neurotransmitters that directly influence fetal brain
development (Rosenfeld, 2020). This “placenta-brain axis” (Kratimenos
and Penn, 2019) mediates maternal-fetal crosstalk, with disruptions
linked to altered neurogenesis, neuronal migration, and synaptic
maturation (Vacher et al., 2021). Moreover, the placenta functions as a
biological recorder of maternal exposures, including stress, diet, infec-
tion, and circadian disruption, leaving epigenetic and metabolic im-
prints that may persist into postnatal life and modulate psychiatric risk.

Recent evidence suggests that placental responses to maternal im-
mune activation (MIA), metabolic alterations, or vascular stress can
influence cortical development and contribute to ASD or SCZ vulnera-
bility (Estes and McAllister, 2016). Similarly, maternal metabolic con-
ditions such as obesity and gestational diabetes have been linked to
changes in placental nutrient transport and mitochondrial function,
thereby impacting fetal brain growth trajectories (Fitzgerald et al.,
2020). Some studies have explored whether specific placental histopa-
thology may be linked to long-term neuropsychiatric outcomes. For
instance, a case-control study found that acute placental inflammation,
chronic uteroplacental vasculitis, and maternal vascular malperfusion
were significantly associated with increased risk of ASD (Straughen
et al., 2017). Similarly, higher frequencies of trophoblast inclusions,
microscopic abnormalities associated with aberrant villous develop-
ment, have been found in placentas of children later diagnosed with ASD
compared to controls (Anderson et al., 2007). However, other studies
have reported no significant differences in gross placental morphology
between ASD cases and controls, underscoring the heterogeneity of
findings and the limitations of purely morphological approaches
(Soullane et al., 2022). A growing body of research has also examined
the role of the placenta in modulating the risk for SCZ. A subset of
SCZ-associated risk genes has been shown to be preferentially expressed
in the placenta, particularly in pregnancies complicated by early-life
adversities such as preeclampsia and intrauterine growth restriction,
suggesting that the penetrance of genetic liability is conditional on
placental stress. These genes are enriched in placental tissues exposed to
hypoxic and inflammatory stress and appear to predict SCZ only when
such complications are present. Higher placental genomic risk scores
have been associated with reduced neonatal brain volume and early
cognitive deficits, especially in males. More recently, transcriptomic
analyses have identified a group of placenta-enriched SCZ risk genes
showing sex-biased expression in trophoblast subtypes, involved in
nutrient sensing and cellular invasion pathways-mechanisms that may
help explain individual differences in vulnerability (Ursini et al., 2023,
2021, 2018). These findings reinforce the notion that the placenta is not
a passive conduit, but rather an active regulator that integrates maternal
signals into developmental programming.

With the advent of multi-omics technologies, placental biology can
now be interrogated with unprecedented depth. Importantly, these in-
sights have led to the emerging concept of the placenta as both a diag-
nostic window and a potential target for intervention. Since placental
tissue can be non-invasively accessed at birth, it offers a unique op-
portunity to identify biomarkers predictive of later psychiatric out-
comes, which could be incorporated into precision-medicine
approaches. Furthermore, understanding placental mechanisms may
eventually inform maternal interventions, ranging from nutritional
supplementation to circadian rhythm stabilization, that could mitigate
fetal risk trajectories, though such applications remain speculative and
require rigorous testing.

Some narrative reviews have addressed this framework, but to date
no systematic review has synthesized longitudinal human studies link-
ing placental omics to neurodevelopmental outcomes. It is important to
note, however, that virtually all available longitudinal placental omics
studies with direct child linkage focus on ASD, whereas evidence for SCZ
or other psychiatric disorders remains indirect and primarily based on
genetic enrichment or extrapolation from developmental parallels. To
address this gap, we conducted a systematic review of longitudinal
human studies investigating placental omics in relation to offspring
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neurodevelopmental and psychiatric outcomes. By integrating findings
across epigenomic, transcriptomic, and metabolomic domains, our aim
is to clarify convergent pathways, highlight current limitations, and
outline directions for translational research.

2. Materials and methods
2.1. Protocol registration

This systematic review was prospectively registered in the PROS-
PERO international prospective register of systematic reviews (Regis-
tration ID: CRD42024615577). The protocol was developed following
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses guidelines (Page et al., 2021). This study involved the use of
data from other studies and therefore did not require ethics approval as
ethics approval was obtained in the original studies.

2.2. Eligibility criteria

Studies were eligible for inclusion if they investigated the association
between placental molecular features, obtained through omics tech-
nologies, and subsequent neuropsychiatric outcomes in human pop-
ulations. Eligible designs included prospective longitudinal cohorts and
nested or retrospective case-control studies. Only investigations
analyzing placental samples collected during gestation or at delivery
and directly linked to children with clinically assessed neuropsychiatric
outcomes, were considered. Cross-sectional, case-only, or studies lack-
ing longitudinal child follow-up were excluded. The molecular modal-
ities of interest encompassed any omics technologies applied to
placental tissue, including genomics, epigenomics, transcriptomics,
proteomics, metabolomics, or multi-omics combinations. To be
included, studies were required to report outcomes related to clinically
diagnosed psychiatric conditions, such as ASD, ADHD, SCZ, bipolar
disorder (BD), or major depressive disorder (MDD). Diagnoses had to be
made using standardized criteria such as DSM or ICD diagnostic systems.
Studies relying exclusively on screening tools, parental questionnaires,
or self-reported outcomes without clinical confirmation were excluded.
Only peer-reviewed studies available in full text and published in En-
glish were eligible. Exclusion criteria included studies based solely on
animal models or in vitro experiments, studies not employing longitu-
dinal or case-control designs, reviews or opinion articles without orig-
inal data, and studies that did not specifically examine placental omics
features in relation to neuropsychiatric outcomes.

2.3. Information sources and search strategy

A comprehensive search of three electronic databases, PubMed,
Scopus, and PsycINFO, was conducted to identify relevant studies pub-
lished between January 2000 and May 2025. The search strategy com-
bined controlled vocabulary (e.g., MeSH terms) and free-text keywords
relating to placental omics and neuropsychiatric disorders. The
following search string was developed for PubMed and adapted
accordingly for Scopus and PsycINFO (see supplementary material 1):

(epigenomics OR methylation OR exposure OR transcriptome OR genetic
OR multiomics) AND (placenta) AND (schizophrenia OR bipolar disorder
OR depression OR autism OR Attention-Deficit/Hyperactivity Disorder OR
ADHD).

No filters were applied for study type, but only articles published in
English and involving human participants were retained during the se-
lection process. Search syntax was adapted for each database’s indexing
system. The final search yielded a total of 1512 records: 553 from
PubMed, 825 from Scopus, and 150 from PsycINFO. The review focused
on psychiatric and neurodevelopmental conditions to align with its aim
of elucidating placental molecular pathways contributing to psychiatric
vulnerability and behavioral outcomes. Conditions typically addressed
within neurological or neurogenetic frameworks, such as intellectual
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disability and movement disorders, were considered outside this con-
ceptual scope.

2.4. Study selection

All retrieved records were imported into a reference management
software (Ouzzani et al., 2016), and 533 duplicates were removed. The
remaining 979 articles underwent an initial screening of titles and ab-
stracts by two independent reviewers to assess relevance and compli-
ance with the eligibility criteria. Studies deemed potentially eligible
were then assessed in full text. Discrepancies at either screening stage
were resolved through discussion and consensus, with the involvement
of a third reviewer if necessary. A total of 12 studies met all inclusion
criteria and were included in the final synthesis.

2.5. Data collection process

A standardized data extraction form was developed and piloted to
systematically collect relevant information from each included study.
For each article, the following data were extracted: study design, cohort
name or origin, sample size, omics modality and technology used,
timing and nature of placental sampling, type of adverse prenatal
exposure (if reported), neuropsychiatric outcomes assessed, diagnostic
tools and follow-up age, main molecular findings, and associated bio-
logical pathways or functions. Extraction was performed independently
by two reviewers, and disagreements were resolved by consensus.

2.6. Data items

The primary data item of interest was the presence of statistically
significant associations between placental omics signatures and clini-
cally assessed neuropsychiatric outcomes. Where available, specific
gene names, epigenetic loci (e.g., differentially methylated regions),
transcriptomic targets, or metabolites were recorded, along with any
reported interaction with environmental exposures such as maternal
stress, pollutants, or nutritional factors. Biological functions and
pathway enrichments were noted when reported by the authors.

2.7. Risk of bias and quality assessment

The methodological quality of the included studies was evaluated
using the NIH Quality Assessment Tool for Case-Control Studies (“Study
Quality Assessment Tools | NHLBI, NIH,” n.d.). Two independent re-
viewers conducted the assessment, with disagreements resolved by
consensus. The tool comprises 12 items assessing study design, including
clarity of the research question, definition and selection of cases and
controls, comparability of groups, ascertainment of exposure, blinding
of outcome assessment, sample size justification, and control for con-
founding. Overall, none of the 12 included studies were rated as poor
quality. Seven studies were judged as Good, primarily reflecting clear
research questions, standardized diagnostic criteria, prospective bio-
specimen collection, and adequate exposure assessment. The remaining
studies were rated as Fair, mainly due to incomplete adjustment for
confounders, lack of sample size justification, and limited information
on blinding of laboratory analyses. Common methodological limitations
included: insufficient reporting of matching between cases and controls;
inconsistent handling of potential confounders such as maternal psy-
chiatric history, obstetric complications, or environmental exposures;
and absence of explicit power calculations. Nonetheless, most studies
provided detailed case definitions and robust molecular analyses, sup-
porting their inclusion in the synthesis. A study-level summary of quality
ratings is provided in Supplementary Table S1-2.

2.8. Synthesis methods

Due to the heterogeneity in study design, omics platforms, outcome
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measures, and analytical approaches, a meta-analysis was not feasible.
Instead, a narrative synthesis approach was employed to summarize key
findings across studies. Where possible, biological pathways and
mechanisms implicated in neurodevelopment were integrated and dis-
cussed. The results were stratified by methodological domain (e.g., DNA
methylation, transcriptomics, metabolomics) and contextualized within
the scope of environmental exposures and developmental timing.

2.9. Data availability

Data used (means, effect sizes, standard deviations and confidence
intervals) can be obtained from the original studies in the systematic
review, listed in Table 1. Databases searched included PubMed, Scopus
and PsycINFO.

3. Results
3.1. Study selection

A total of 1512 records were retrieved from three electronic data-
bases: PubMed (n = 553), Scopus (n = 825), and PsycINFO (n = 150).
After removing 533 duplicates, 979 unique records were screened based
on title and abstract. Of these, 54 articles underwent full-text assess-
ment, and 12 studies ultimately met all eligibility criteria and were
included in the review. The study selection process followed PRISMA
2020 guidelines and is summarized in the flow diagram (Fig. 1).

3.2. Study characteristics

All included studies adopted either prospective cohort or nested
case-control designs and focused on human placental samples collected
during pregnancy or at birth. Most were derived from well-established
longitudinal cohorts, such as MARBLES, EARLI, and ELGAN, with neu-
rodevelopmental follow-up assessments performed predominantly at 36
months, though two studies extended follow-up to 10 years. Across all
studies, a total of 1752 placental samples were analyzed. Because
several investigations drew on overlapping cohorts this figure may
include some duplicate cases, but it represents the full sample of pla-
centas with direct child linkage reported to date. The majority of par-
ticipants were selected based on high familial risk for ASD or preterm
birth, and neuropsychiatric outcomes were assessed using standardized
diagnostic tools including DSM-IV/5, Autism Diagnostic Observation
Schedule (ADOS), Mullen Scales of Early Learning (MSEL), and Autism
Diagnostic Interview-Revised (ADI-R). Importantly, no study evaluated
adult psychiatric conditions such as SCZ or BD.

3.3. Epigenomic findings

Epigenomic investigations, using whole genome bisulfite sequencing
(WGBS) and high-density arrays, represented the most frequent meth-
odological approach (Table 1). Early work by Schroeder et al. (2016)
identified increased methylation near DLLI in ASD placentas, impli-
cating a locus involved in neurogenesis and immune development
(Schroeder et al., 2016). This finding was subsequently replicated by
another study, making DLLI the only locus consistently identified across
independent placental epigenomic studies. That work also identified
genome-wide significant DMRs at CYP2EI and IRS2, shaped by genetic
variation and maternal prenatal vitamin intake, respectively (Zhu et al.,
2019). More recently, the same group identified a robust hypomethy-
lated cluster at NHIP, a primate-specific gene downregulated in both
placenta and ASD postmortem brain, and co-expressed with ASD-related
genes such as FOXG1 and NR3C2 (Zhu et al., 2022).

Complementary array-based studies revealed thousands of differen-
tially methylated CpGs, highlighting markers in GRIPAP1, NOSIAP,
MOSPD1, and ZNF217 (Bahado-Singh et al., 2022, 2021). Pathway an-
alyses emphasized synaptogenesis and cortical differentiation. By
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Fig. 1. The PRISMA Flow diagram.

contrast, Schmidt et al. (Schmidt et al., 2016) and Bakulski et al.
(Bakulski et al., 2021) did not identify genome-wide significant loci,
though enrichment was observed in SFARI-curated ASD genes (Table 2)
and pathways related to adhesion, histone demethylation, and nucleo-
tide biosynthesis. Cross-compartmental correlations suggested shared
epigenetic signatures between maternal and fetal sides of the placenta.

3.4. Transcriptomic and multi-omic findings

Beyond DNA methylation, transcriptomic and integrative ap-
proaches provided additional insights. Freedman et al., identified 111
genes associated with ASD outcomes at 10 years in the ELGAN cohort,
including EWSRI1, ATF7IP, and DDX59. Overlap with miRNA and
epigenetic regulation suggested convergence on immune modulation,
with LRRFIP1 emerging as a key locus (Freedman et al., 2023). Santos
et al., integrated mRNA, CpG methylation, and miRNA data in preterm
infants, linking placental HECA and LMO4 to Social Responsiveness
Scale (SRS) scores, while RAB5A, TMEM167A, ITPRIPL2, and STAT2
associated with IQ. Integration across molecular layers (e.g., methyl-
ation at CHST11) predicted neurodevelopmental outcomes, and
cell-type-specific analyses revealed distinct contributions of stromal
versus syncytiotrophoblast compartments (Santos et al., 2020). Envi-
ronmental exposures emerged as critical modulators of these placental

signatures. Mouat et al., combined WGBS with co-methylation network
analysis and demonstrated that maternal polychlorinated biphenyls
(PCBs) exposure influenced DNA methylation modules involving GALC,
AUTS2, and CSMD1. These networks were associated with both expo-
sure levels and neurodevelopmental outcomes, with lower methylation
in the GALC module linked to increased ASD risk (Mouat et al., 2023).
The findings highlighted lipid metabolism, immune function, and syn-
aptic development as environmentally sensitive pathways shaping risk.

3.5. Metabolomic findings

Metabolomic studies further highlight the placenta’s integrative role
as a molecular interface between maternal exposures and fetal neuro-
development. For instance, Parenti et al. (2022) (Parenti et al., 2022),
reported that prenatal exposure to phthalates was associated with
altered placental metabolites such as fumarate, cystine, and uridine.
Although this finding originates from an exposure context, its relevance
lies in demonstrating that maternal environmental factors can shape
placental metabolic states later linked to neurodevelopmental outcomes,
underscoring the placenta’s biosensing and signaling functions. In a
subsequent study, elevated 3-hydroxybutyrate (3-OHB) was linked to
non-typically developing (non-TD) but not ASD outcomes (Parenti et al.,
2024), suggesting divergence in metabolic pathways across



Table 1
Main findings.
Reference Study Design Sample Omics Method Adverse Early Diagnostic Main Statistically Significant Findings Associated Biological Functions
Size Life Exposure tools
(total/ /age at
placenta) diagnosis
Parenti et al. Prospective ASD: 45 Metabolomics (NMR)  'H-NMR metabolomics High familial ADOS, MSEL ~ 3-OHB levels in placenta and cord serum Lipid metabolism and oxidative stress
(2024) nested case- Non- ASD risk 36 Months linked to non-TD but not ASD; identified as key metabolic pathways
control study TD:19 involved in atypical development.
(MARBLES) TD: 87
PLA: 141
Freedman et al. ~ Prospective ASD: 28 Multi-omics Illumina EPIC BeadChip Preterm birth ADOS-2 111 placental genes were differentially Pathway analysis revealed that these genes
(2023) nested case- TD: 340 (Transcriptomics, array + RNA-Seq 10 Years expressed comparing ASD with healthy are involved in chromatin regulation,
control study PLA: 368 Epigenomics) + miRNA-Seq controls. immune response, and neuroinflammatory
(ELGAN) 15 genes showed significant (p < 0.05) processes.
predictive ORs consistent with expression EWSR1: RNA binding, transcriptional
changes. Key genes such as EWSR1 (OR: regulation, oncogenesisATF7IP: Histone
6.57), ATF7IP (OR: 3.45), and DDX59 (OR: modification, immune response
2.84) were strongly linked to increased regulationDDX59: RNA helicase activity,
ASD risk. Furthermore, 8.1 % of ASD- neurodevelopment, neuronal
associated genes showed CpG methylation  functionLRRFIP1: Inmune modulation,
changes, and 12.6 % were regulated by inflammation regulation, neuroprotection
miRNAs, including LRRFIP1, which is
influenced by both epigenetic mechanisms
(OR: 0.42).
Mouat et al. Prospective ASD: 52 Epigenomics (WGBS) ~ Whole genome bisulfite Maternal PCBs ADOS, ADI- Placental DNA co-methylation modules GALC: Lipid metabolism regulation,
(2023) nested case- Non-TD: sequencing + WGCNA exposure R, MSEL, are correlated with child myelination.
control study 21 DSM-5 neurodevelopment and map to genes AUTS2: Neuronal plasticity, synaptic
(MARBLES) TD: 74 36 Months previously associated with ASD: GALC, development, transcriptomics.
PLA: 147 AUTS2, CSMD1. CSMD1: Immune response,
Only the GALC module negatively neuroinflammation
correlated with ASD diagnosis, suggesting
that less methylation at GALC may be
associated with a higher risk of ASD.
Two placental DNA methylation modules,
mapped to AUTS2 and CSMD1, were
associated with both maternal PCB
exposure and child neurodevelopment.
Bahado-Singh Retrospective ASD: 10 Epigenomics (DNA Illumina Preterm birth DSM-IV In ASD, 4870 intragenic and 2041 IPA revealed enrichment in pathways
et al. (2022) case-control study  TD: 10 methylation) HumanMethylation450 Not reported intergenic sites were differentially related to cerebral cortex development,
PLA:20 BeadChip + Al methylated. Top intragenic hits included

CLPTM1, LOC283267, KIAA1530, AGAP1,
and MAD1L1.

Al-based models identified markers in
NRN1, ZNF217, GPNMB, NKX2-5, and
ZNF267 that showed high predictive
performance (AUC = 1.00). Among these,
ZNF217 consistently ranked among the
top features across deep learning and
random forest analyses, along with
additional genes such as HYMAI, PLAGL1,
RPS6KA2, ZNF385D, and GABBR1, as well
as several non-genic regions.

neurodevelopmental disorders, neuronal
differentiation, cognitive impairment, and
synaptogenesis

NRN1: Neuronal growth, synaptic
plasticity

GABBR1: GABAergic signaling, synaptic
transmission

RPS6KA2: MAPK signaling, cell growth,
differentiation, and stress response
ZNF385D DNA binding, language
development, and cognitive processes
AGAP1: Endosomal trafficking, neurite
outgrowth

ZNF217: Transcriptional regulation, cell
proliferation, apoptosis inhibition
ZNF267: Gene regulation, zinc finger
transcription

(continued on next page)
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Table 1 (continued)

Reference Study Design Sample Omics Method Adverse Early Diagnostic Main Statistically Significant Findings Associated Biological Functions
Size Life Exposure tools
(total/ /age at
placenta) diagnosis
HYMAL Imprinted gene regulation,
transient neonatal diabetes mellitus
PLAGL1: Cell growth suppression,
transcriptional regulation, and diabetes
mellitus
NKX2-5: Heart development, cardiac
conduction, and transcriptional regulation
MADI1L1: Cell cycle regulation, tumor
suppression, chromosomal stability
GPNMB: Melanogenesis, tissue repair, and
cell adhesion
CLPTM1: Apoptosis regulation, neuronal
signaling
KIAA1530: DNA repair, transcription-
coupled nucleotide excision repair
LOC283267: Uncharacterized; potential
regulatory role
Zhu et al. Prospective ASD: 83 Epigenomics (WGBS) Whole genome bisulfite High familial ADOS, DSM- The study identified 134 placental DMRs NHIP (RNA gene): Hypoxia response,
(2022) nested case- Non-TD: + Genomics sequencing ASD risk V, MSEL, distinguishing ASD from TD (77 placental development, transcriptional
control study 13 (WGS) ADI-R hypermethylated, 57 hypomethylated), regulation
MARBLES TD: 108 36 Months mapping to 183 genes. A cluster of 12 Expression correlates with synaptic and
+ EARLI Pla:204 hypomethylated DMRs at 22q13.33 was neurodevelopmental genes, including ASD
consistently replicated and correlated with  risk loci such as FOXG1, NR3C2, and
ASD severity. This region overlapped NR2F1.
NHIP, a gene with reduced placental and
brain expression in ASD.
The 22q13.33 SV was associated with
lower DNA methylation at this locus,
reduced NHIP expression in both placenta
and postmortem brain tissue, and
increased ASD risk.
Early prenatal vitamin use was linked to
increased methylation at the 22q13.33
locus, suggesting a potential protective
effect against ASD.
Parenti et al. Prospective ASD: 32 Metabolomics (NMR)  'H NMR metabolomics Prenatal ADOS, MSEL  The placental metabolome showed an Citric acid cycle, redox regulation, and
(2022) cohort study Non-TD: phthalate 3 Years association with neurodevelopmental lipid metabolism (sex-specific associations
(EARLI) 17 exposure outcomes only in male children, in males).
TD: 83 suggesting a possible sex-specific effect.
Pla: 132 Several metabolites were nominally
associated with neurodevelopment in
males but not in females. For example,
fumarate, cystine and uridine. However,
none of these associations remained
statistically significant after FDR
correction.
Bahado-Singh Retrospective ASD: 14 Epigenomics (DNA Mlumina None (full-term DSM-IV In ASD, 6853 intragenic (4129 genes) and  IPA revealed enrichment in pathways
et al. (2021) case-control study  TD: 10 methylation) HumanMethylation450 neonates) Not reported 2802 intergenic CpGs were differentially related to quantity of synapse, microtubule
Pla: 24 BeadChip + AI (DL, RF) methylated. dynamics, neuritogenesis and abnormal

Top 5 differentially methylated CpGs:
cg16699528 (GATS; PVRIG), cg15436096
and cg21893185 (GPR135), cg19949776

morphology of neurons.
GATS: cell proliferation, migration.
PVRIG: Immune regulation, T cell

(continued on next page)

I 32 owpandny Y

£EHI0I (S20Z) 6L SMINY [DIOIADYIOIG PUD 2IUIIISOMIN



Table 1 (continued)

Reference Study Design Sample Omics Method Adverse Early Diagnostic Main Statistically Significant Findings Associated Biological Functions
Size Life Exposure tools
(total/ /age at
placenta) diagnosis
(LOC100132724; AP4E1) and cg13342370  signaling, cell surface receptor activity;
(ITGBL1). GPR135: GPCR signaling, intracellular
The top 5 Al-based predictive markers trafficking, receptor interaction;
were, ¢g23920016 (NOS1AP), L0OC100132724: Uncharacterized;
¢g24274662 (MOSPD1), cg05036212 AP4E1: Vesicle-mediated transport,
(intergenic) cg26017408 (AFAP1L2) and protein sorting, membrane trafficking;
cg16930349 (GRIPAPI). ITGBL1: Cell adhesion, extracellular
matrix organization, protein-protein
interaction;
NOS1AP: Signal transduction, protein
binding, cytoskeletal regulation;
MOSPD1: Transcription regulation, cell
differentiation, structural molecule
activity;
AFAP1L2: Signal transduction,
cytoskeleton organization, gene
expression regulation;
GRIPAP1: Endosomal trafficking, synaptic
regulation, signal transduction;
Bakulski et al. Prospective ASD: 33 Epigenomics Mlumina High familial DSM-5 - No individual CpG sites reached genome-  The biological processes with lowest rank
(2021) nested case- Non-TD: HumanMethylation450 ASD risk 36 months wide significance for association with ASD  sum across the five tissues were cell
control study 96 BeadChip after adjusting for multiple comparisons. adhesion (rank sum of 4466), histone H3-
(MARBLES) TD: 73 -Individual DNA methylation sites K36 demethylation (rank sum of 4485)
Pla: 202 nominally associated with ASD (P < 0.05)  and regulation of nucleotide biosynthetic
in each tissue were highly enriched for process (rank sum 4594), though none of
SFARI genes. these processes had at least p < 0.05 in all
- Effect estimates for the different tissues five tissues.
were most highly correlated between fetal
and maternal side placenta (r = 0.35).
Santos Jr. et al. Prospective ASD: 35 Epigenomics, Genome wide mRNA: Extreme SRS, IQ - HECA and LMO4 expression associated Enrichment analysis revealed that genes
2020 nested case- TD: 344 Transcriptomics; Illumina Hiseq 2500; prematurity (DAS), ADI- with SRS;- RAB5A, TMEM167A, ITPRIPL2,  associated with IQ are involved in
control study Pla:379 (Genome-wide CpG metilation: HTG R, ADOS-2 STAT2 mRNA expression associated with membrane organization processes, while
ELGAN mRNA, CpG EdgeSeq; 10 Years 1Q;- cg09418354 (within CHST11) linked those linked to SRS are enriched in nucleic

methylation and
miRNA)

miRNA: Illumina EPIC/
850 K array;

to IQ;

- No CpGs or miRNAs associated with SRS;
- No miRNAs associated with IQ;

- Two stromal cell-specific genes (BRD2
and ZNF618) associated with SRS;

- Two syncytiotrophoblast-specific genes
(ATP2B1 and FAM126A) associated with
1Q;

acid and enzyme binding functions.
HECA: Cell cycle regulation, epithelial
tube development, cancer-related
processes;

LMO4: Transcription regulation, neural
development, oncogenesis;

RABSA: Vesicle trafficking, endocytosis
regulation, exosome release;
TMEM167A: Secretory pathway
regulation, Golgi apparatus function;
ITPRIPL2: Membrane localization,
potential signaling regulation;

STAT2: Immune regulation, antiviral
response, transcription activation;
CHST11: Sulfation of chondroitin,
cartilage proteoglycan biosynthesis,
extracellular matrix organization;
BRD2: Transcription regulation,
chromatin remodeling, immune

(continued on next page)
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Table 1 (continued)

Reference Study Design Sample Omics Method Adverse Early Diagnostic Main Statistically Significant Findings Associated Biological Functions
Size Life Exposure tools
(total/ /age at
placenta) diagnosis
modulation;
ZNF618: Transcription regulation, DNA
binding, chromatin interaction;
ATP2B1: Calcium transport, vascular tone
regulation, bone mineralization;
FAM126A (HYCC1): Myelination,
phosphoinositide signaling,
oligodendrocyte development;
Zhu et al. Prospective ASD: 20 Epigenomics (WGBS) ~ Whole genome bisulfite High familial ADOS, - The study identified 400 placental DMRs - Placenta ASD DMRs were enriched for
(2019) nested case- TD: 21 sequencing ASD risk DSM-5 distinguishing ASD from TD (296 transcription, protein modification,
control study Pla: 41 36 months hypermethylated, 104 hypomethylated), embryonic organ development and neuron
MARBLES (all mapping to 596 genes. fate commitment;
males) - Differential methylation at DLL1 in ASD - The 39 common genes were enriched for
placenta was replicated from a prior study  positive regulation of histone H3K4
(Schroeder et al. 2016); methylation, multicellular organ
- Placenta DMR genes were enriched in development, and system development.
ASD risk genes. A significant overlap of 39 ~ CYP2E1: drug metabolism, lipid synthesis,
genes was identified between placenta and xenobiotic oxidation.
ASD DMRs and SFARI ASD risk genes. IRS2:glucose homeostasis, growth, and
- Of the 400 ASD DMRSs, 2 reached cell cycle regulation.
genome-wide significance, located inside DLL1:neuronal differentiation, immune
CYP2E]1 (hypomethylated) and IRS2 system development, and tissue
(hypermethylated) genes; morphogenesis.
-CYP2E1 DMR methylation associated
with ASD and rs1536828 genotype, with
homozygous G/G samples showing lowest
methylation; rs1536828 genotype not
associated with ASD diagnosis;
-IRS2 methylation unaffected by genotype
but influenced by maternal prenatal
vitamin use.
Schroeder et al. ~ Prospective ASD: 24 Epigenomics (WGBS) ~ Whole genome bisulfite High familial ADOS, DSM- - HMD containing a putative fetal brain DLL1:neuronal differentiation, immune
(2016) nested case- TD:23 sequencing ASD risk 1v/5 enhancer near DLL1 was significantly system development, and tissue
control study Pla: 47 (MethylC-seq) 36 months higher methylated in ASD. morphogenesis
MARBLES - No significant differences in overall
methylation levels, including CpG island
regions, were observed between ASD and
typical placentas.
Schmidt et al. Prospective ASD: 24 Epigenomics (WGBS) ~ Whole genome bisulfite High familial ADOS, DSM- No significant overall differences in NA
(2016) nested case- TD:23 sequencing ASD risk; 1v/5 placental methylation patterns between
control study Pla: 47 (MethylC-seq) Environmental 36 months ASD and TD were observed.
MARBLES exposures

Abbreviations: AFAP1L2, Actin Filament Associated Protein 1 Like 2; AGAP1, ArfGAP With GTPase Domain, Ankyrin Repeat And PH Domain 1; AP4E1, Adaptor Related Protein Complex 4 Subunit Epsilon 1; ADOS,
Autism Diagnostic Observation Schedule; ADOS-2, Autism Diagnostic Observation Schedule, Second Version; ADI-R, Autism Diagnostic Interview-Revised; ASD, Autism Spectrum Disorder; ATF7IP, Activating Tran-
scription Factor 7-Interacting Protein 1; ATP2B1, ATPase Plasma Membrane Ca2 + Transporting 1; AUTS2, Activator Of Transcription And Developmental Regulator AUTS2; BRD2, Bromodomain Containing 2; CHST11,
Carbohydrate Sulfotransferase 11; CLPTM1, Regulator Of GABA Type A Receptor Forward Trafficking; CpG, Cytosine-phosphate-Guanine; CSMD1, CUB And Sushi Multiple Domains 1; CYP2E1, Cytochrome P450 Family 2
Subfamily E Member 1; DAS-II, School-Age Differential Ability Scales-1I; DDX59, DEAD-Box Helicase 59; DLL1, Delta Like Canonical Notch Ligand 1; DMRs, Differentially Methylated Regions; EWSR1, Ewing Sarcoma
Breakpoint Region 1; FAM126A (HYCC1), Hyccin PI4KA Lipid Kinase Complex Subunit 1; FOXG1, Forkhead Box G1; GALC, Galactosylceramidase; GABBR1, Gamma-Aminobutyric Acid Type B Receptor Subunit 1; GATS,
GATS protein-like; GPCR, G Protein-Coupled Receptor; GPNMB, Glycoprotein Nmb; GPR135, G Protein-Coupled Receptor 135; GRIPAP1, GRIP1 Associated Protein 1; HECA, Hdc Homolog, Cell Cycle Regulator; HMD,
High Methylated Domain; HYMAI, Hydatidiform Mole Associated And Imprinted; IQ, Intellectual Ability; IRS2, Insulin Receptor Substrate 2; ITGBL1, Integrin Subunit Beta Like 1; ITPRIPL2, ITPRIP Like 2; KIAA1530, UV-
stimulated scaffold protein A; LMO4, LIM Domain Only 4; LOC283267, Gene of unknown function, temporarily classified as a locus (LOC) in the human genome; LRRFIP1, LRR Binding FLII Interacting Protein 1; MADILI,
Mitotic Arrest Deficient 1 Like 1; miRNAs, microRNAs; MOSPD1, Motile Sperm Domain Containing 1; MSEL, Mullen Scales of Early Learning; NA, Not Available; NHIP, Neuronal Hypoxia Inducible Placenta Associated;
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NKX2-5,NK2 Homeobox 5; NON-TD, Non-Typical Development; NOS1AP, Nitric Oxide Synthase 1 Adaptor Protein; NR2F1, Nuclear Receptor Subfamily 2 Group F Member 1; NR3C2, Nuclear Receptor Subfamily 3 Group

C Member 2; NRN1, Neuritin 1; PCBs, Polychlorinated Biphenyls; PLA, Placenta; PLAGL1, PLAG1 Like Zinc Finger 1; PVRIG, PVR Related Immunoglobulin Domain Containing; RAB5A, RABSA Member RAS Oncogene

Family; RPS6KA2, Ribosomal Protein S6 Kinase A2; SRS, Social Responsiveness Scale; SFARI, Simons Foundation Autism Research Initiative; STAT2, Signal Transducer And Activator Of Transcription 2; SV, Structural

Variant; TD, Typical Development; TMEM167A, Transmembrane Protein 167A; TPRIPL2, ITPRIP Like 2; WGBS, Whole Genome Bisulfite Sequencing; WGS, Whole Genome Sequencing; ZNF217, Zinc Finger Protein 217;

ZNF267, Zinc Finger Protein 267; ZNF385D, Zinc Finger Protein 385D; ZNF618, Zinc Finger Protein 618; 3-OHB, 3-Hydroxybutyrate; 1H NMR, Proton Nuclear Magnetic Resonance; DESeq2, Differential expression analysis

based on the negative binomial distribution; FDR, False Discovery Rate.
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neurodevelopmental subgroups. Although many associations did not
withstand multiple-testing correction, consistent signals implicated
oxidative stress and lipid metabolism in placental contributions to brain
development.

3.6. Summary and convergent pathways

Across omic layers, longitudinal placental studies reveal reproduc-
ible molecular associations with neurodevelopment. While the specific
loci and metabolites vary across platforms and cohorts, a consistent
pattern emerges: epigenomic, transcriptomic, and metabolomic signa-
tures converge on a limited set of biological domains, namely immune
signaling, oxidative stress, and metabolic regulation (Fig. 2). These
domains appear sensitive to both genetic background and environ-
mental exposures, and together define placental states that prospec-
tively predict neurodevelopmental outcomes, with the strongest
evidence for ASD, but also extending to cognitive and behavioral
variation.

4. Discussion

This systematic review was designed to examine placental molecular
markers associated with neuropsychiatric outcomes across the lifespan,
with particular emphasis on longitudinal multi-omic studies that
incorporate data enabling the linkage of each individual to the specific
placenta from which they were born. Our analysis revealed a striking
absence of studies directly linking placental biology to psychiatric out-
comes emerging in adulthood. Available longitudinal evidence is almost
entirely focused on ASD, supported by well-characterized cohorts and
placenta-child linkage designs. By contrast, insights into SCZ and other
adult psychiatric disorders are extrapolated indirectly from genetic
studies and cross-sectional placental datasets, and therefore remain
speculative.

Despite this asymmetry, the reviewed literature provides compelling
evidence for the placenta’s critical role in shaping early neuro-
developmental trajectories. The studies summarized in Table 1 demon-
strate that placental DNA methylation, gene expression, and
metabolomic signatures are sensitive to both genetic and environmental
variation, and are measurably associated with neurodevelopmental
outcomes such as ASD diagnosis, social behavior, and cognitive ability.
Furthermore, the enrichment of several placental methylation signals in
genes curated by SFARI (Table 2) reinforces the placenta’s involvement
in early ASD biology and suggests mechanistic continuity between
placental and brain molecular landscapes. To further contextualize these
findings, the following sections explore in greater detail the molecular
mechanisms that may mediate these associations and propose an inte-
grative interpretative framework grounded in placental systems biology.

A key question emerging from these findings is how molecular
changes in the placenta can exert long-lasting influences on brain
development and psychiatric vulnerability. One plausible mechanism
involves the placenta’s role in buffering or amplifying prenatal stress
signals, originating from the maternal environment, which subsequently
influence fetal neurodevelopment through epigenetic modifications of
placental genes involved in nutrient transport, immune and endocrine
function, as well as genes directly implicated in neurodevelopment
(Fig. 3). Importantly, these effects are likely to be highly dependent on
developmental timing. Distinct neuroanatomical structures follow spe-
cific maturational trajectories during gestation, and evidence suggests
that key regions involved in psychiatric disorders, such as the prefrontal
cortex, begin developing as early as the first trimester and remain
particularly vulnerable to insults throughout the second and third tri-
mesters, when critical processes such as neuronal migration, cortical
lamination, and synaptogenesis take place (Kostovic et al., 2021; Sele-
mon and Zecevic, 2015). Placental molecular alterations during these
critical windows could thus impact neurogenesis, synapse development,
and circuit wiring in ways that are not easily compensated postnatally,
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Table 2
Cross-reference between main placenta-associated ASD candidate genes and the SFARI Gene Scoring database.
Gene Chromosome  SFARI Gene SFARI Category Notes
Scoring Score

AFAP1L2 10 No - - Actin cytoskeleton regulation; placenta-identified biomarker

AGAP1 2 Yes 2 Strong Involved in endosomal trafficking; neuronal process regulation
candidate

AP4E1 15 No - - Involved in vesicle-mediated protein sorting

ATF7IP 17 No - - Histone methylation regulator; immune response modulation

ATP2B1 12 No - - Calcium pump expressed in placenta and brain; regulates trophoblast invasion and angiogenesis;

de novo variants linked to neurodevelopmental delay and ASD.

AUTS2 7 Yes 1 Strong Implicated in neuronal development; also associated with ASD brain tissue
candidate

BRD2 6 No - - Transcription/chromatin regulator; placenta-expressed

CHST11 12 No - - Cartilage proteoglycan sulfation; extracellular matrix

CLPTM1 No - - Apoptosis and neuronal signaling regulator

CSMD1 8 Yes 2 Strong Complement regulation; neuroimmune functions; large brain-expressed protein
candidate

CYP2E1 10 No - - Xenobiotic metabolism

DDX59 1 No - - RNA helicase; neurodevelopment function

DLL1 6 Yes 2 Syndromic Consistently found in placenta DMRSs; also replicated across studies

EWSR1 22 No - - Strong OR in transcriptomic study; involved in chromatin remodeling

FAM126A 7 No - - Oligodendrocyte myelination; phosphoinositide signaling

GABBR1 6 No - - GABAergic synaptic transmission;

GALC 14 No - - Potential novel placental candidate; involved in lipid metabolism and myelination

GATS 22 No - - Cell proliferation and migration

GPNMB 7 No - - Tissue repair, adhesion marker

GPR135 14 No - - Receptor signaling; intracellular trafficking

GRIPAP1 X No - - Endosomal trafficking; synaptic regulation

HECA 6 No - - Cell cycle and epithelial development

HYMAI 6 No - - Imprinted gene; neonatal metabolic regulation

IRS2 13 No - - Linked to metabolic signaling; methylation modulated by vitamin intake

ITGBL1 13 No - - ECM adhesion; extracellular matrix organization

ITPRIPL2 16 No - - Membrane signaling; localization regulator

KIAA1530 6 No - - DNA repair; transcription-coupled excision repair

LMO4 1 No - - Neural development transcription modulation

LRRFIP1 2 No - - Immune modulation; inflammation; neuroprotection

MAD1L1 7 No - - Cell cycle checkpoint; neuronal cell regulation

MOSPD1 X No - - Structural differentiation regulator

NHIP 22 No - - Hypomethylated at ASD-associated 22q13.33 locus; placental and brain lower expression; ASD

severity correlation

NKX2-5 5 No - - Transcription factor; heart development; placenta-expressed

NOS1AP 1 No - - Synaptic/cytoskeleton transduction; Al-designed placental CpG

NRN1 6 No - - Neuronal growth and synaptic plasticity

PLAGL1 6 No - - Imprinted gene; growth regulator

PVRIG 7 No - Immune checkpoint regulation

RAB5A 17 No - - Endocytosis; exosome release

RPS6KA2 6 Yes 2 Strong MAPK signaling; role in cell growth and differentiation
candidate

STAT2 12 No - - Interferon signaling; antiviral immune response

TMEM167A 5 No - - Golgi and secretory pathway regulation

ZNF217 20 No - - Al-identified biomarker with predictive value; role in transcription

ZNF267 16 No - - Transcription regulation; zinc finger domain

ZNF385D 3 No - - Neural development; language function

ZNF618 9 No - - Transcription/chromatin interaction

SFARI Score Legend: S = Syndromic; 1 = High confidence; 2 = Strong candidate; 3 = Suggestive evidence; 4-6 = Minimal to no evidence

leading to persistent neuroarchitectural deviations. This temporal
dimension helps explain how similar placental disturbances might
contribute to diverse outcomes, from childhood-onset ASD to adoles-
cent- or adult-onset psychiatric disorders, depending on when and how
developmental trajectories are altered.

4.1. Placental molecular alterations and disrupted neurodevelopment in
ASD and SCZ

A mechanistic framework is beginning to take shape when inte-
grating placental OMICS data with known alterations in ASD and SCZ.
OMICS alterations in ASD and SCZ placentas converge on evolutionarily
conserved pathways involved in oxidative stress responses, immune
activation, metabolism, and growth signaling. Notably, these same
pathways are highly responsive to prenatal environmental insults, sug-
gesting that OMICS-based signatures may reflect molecular imprinting
by in utero stressors. These converging lines of evidence support a model
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in which placental dysfunction contributes to altered neuro-
developmental trajectories, from early cortical organization through to
adult brain structure. This perspective is in line with neuropathological
evidence from postmortem studies, which reveal specific cortical alter-
ations consistent with disrupted neurodevelopmental trajectories. For
instance, postmortem studies in ASD have revealed focal cortical dys-
plasias and disorganized cortical laminae in prefrontal regions (Stoner
et al., 2014), an excess of excitatory neurons in dorsolateral prefrontal
cortex (dIPFC) (Courchesne et al., 2011), and increased dendritic spine
density in pyramidal neurons of the prefrontal cortex (Tang et al., 2014).
Similarly, in SCZ, histopathological analyses show abnormal mini-
column spacing (Chance et al., 2008), disrupted migration of GABAergic
interneurons (Curley et al., 2011), and reduced synaptic connectivity, as
evidenced by decreased dendritic spine density on layer III pyramidal
neurons in the dIPFC (Glantz and Lewis, 2000).

Supporting these adult brain findings, studies of human fetal brains
reveal mechanisms underlying these neuroarchitectural abnormalities.
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Transcriptomic / Multi-omic

LRRFIPI — cross-omic

Metabolic

* Fumarate / Cystine —
phthalate-related

* 3-OHB — associated with non-
typically developing outcomes

* Lipid metabolism shifts

* Male-specific susceptibility

differentiation (stromal vs

syncytiotrophoblast)

Converging pathways — immune modulation, redox imbalance, and metabolic
regulation;
Cross-cutting processes— cell adhesion, synaptogenesis, chromatin regulation,
and nutrient/hormone signaling.

|

Neurodevelopmental outcomes — ASD (strongest evidence),

cognition, behavior

Fig. 2. Convergent pathways from placental omics to neurodevelopmental outcomes. Epigenomic, transcriptomic, and metabolomic studies of placenta-child cohorts
identify distinct molecular markers. The figure summarizes main convergent pathways: immune signaling, oxidative stress, and metabolic regulation; and highlights
recurrent molecular processes such as cell adhesion, synaptogenesis, chromatin regulation, and nutrient/hormone signaling. Together, these alterations prospectively
predict child neurodevelopmental outcomes, with the strongest evidence for autism spectrum disorder (ASD), as well as cognitive and behavioral variation.

Single-nuclei RNA sequencing of prenatal brain tissue indicates that
genetic risk variants for SCZ are enriched in developing excitatory
neurons and interneurons during mid-gestation, suggesting altered
neurogenesis and migration underlying the adult interneuron abnor-
malities (Cameron et al., 2023). In ASD, research on fetal excitatory
neuron populations shows alterations in gene expression and differen-
tiation, providing a developmental basis for the excess excitatory neu-
rons and cortical disorganization seen postmortem (Nowakowski et al.,
2017). This is further supported by earlier transcriptomic co-expression
analyses implicating midfetal deep-layer cortical projection neurons as a
convergence point for ASD risk genes, suggesting temporally and
spatially specific vulnerability during cortical circuit formation (Willsey
et al., 2013). Furthermore, somatic mutations enriched in regulatory
regions active during fetal brain development have been identified in
prenatal tissue related to SCZ risk (An and Kim, 2024).

These early neuroarchitectural abnormalities likely arise from dis-
ruptions in molecular guidance cues, such as netrins, semaphorins, and
chemoattractants like CCL2 (MCP-1) (Bajetto et al., 2002), alongside
placental environmental factors, including hypoxia and inflammation,
which reprogram genes implicated in neurodevelopmental alterations.
These genes, in turn, may influence key developmental signaling path-
ways, such as IGF2, Wnt, and Notch, that are essential for radial glia
function and cortical neurogenesis, thereby linking placental conditions
to altered fetal brain development (Gordon et al., 2009; Louvi and
Artavanis-Tsakonas, 2006; Luo et al., 2022; Pringle et al., 2010; Wu
et al., 2020). This integrative view suggests that placental dysfunction
may alter fetal brain wiring by interfering with conserved signaling
pathways central to cortical growth.

4.2. Redox pathways

A critical component of placental environment is the regulation of
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reactive oxygen species (ROS), which play dual roles during gestation.
Under physiological conditions, ROS modulate trophoblast differentia-
tion, angiogenesis, and vascular remodeling; however, excessive ROS
generation, often driven by hypoxia and inflammation, can impair
placental integrity and alter redox-sensitive signaling pathways such as
MAPK and NF-kB (Myatt and Cui, 2004; Pereira et al., 2015). Notably,
ROS also act as direct signaling molecules in neuronal migration,
influencing cytoskeletal dynamics and key migration-related pathways
(Bittle et al., 2019; Le Belle et al., 2011; Wilson and Gonzalez-Billault,
2015). For instance, semaphorin-3 F expression is significantly reduced
in preeclamptic placentas, suggesting that hypoxia-driven redox
imbalance perturbs guidance cue availability and spatial gradients (as
seen in models of placental ischemia) (Stallone et al., 2017).

Placental omics studies have identified several genes central to redox
homeostasis that are dysregulated in ASD, implicating oxidative stress as
a key mechanism. These include NHIP (a hypoxia-responsive gene
involved in antioxidant defense) and CYP2El1 (a ROS-generating
enzyme), alongside other candidates such as AFAP1L2 and ATP2B1
which link redox balance to cytoskeletal dynamics and calcium
signaling, respectively (for detailed gene functions see Tables 1-2)
(Bahado-Singh et al., 2021; Santos et al., 2020; Zhu et al., 2019). Vari-
ants in ATP2B1 have also been associated with neurodevelopmental
delay and ASD (Rahimi et al., 2022; Santos et al., 2020; Yap et al., 2023).
The downregulation of NHIP, observed in both ASD placentas and
brains, weakens antioxidant defenses during critical developmental
windows and disrupts the transcription of neurodevelopmental regula-
tors like FOXG1 and NR3C2 (Zhu et al., 2022). Such shifts in the
placental redox environment likely impair molecular guidance mecha-
nisms, jeopardizing neuronal migration and cortical organization. In this
way, placental oxidative imbalance directly reshapes the intrauterine
milieu, altering the molecular cues available to the developing brain.
Taken together, these findings point to redox imbalance as a unifying
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Fig. 3. Integrative pathways linking placental molecular alterations to fetal brain development. a) Environmental effects: Maternal exposures such as
endocrine-disrupting chemicals, pollutants, or nutritional imbalances perturb placental molecular programs. These stressors converge on redox balance, immune
signaling, and epigenetic regulation, with sex-specific vulnerabilities (notably in male fetuses). b) Direct ROS and immune effects on the fetal brain: Placental
oxidative stress and maternal immune activation (MIA) alter neuronal migration, cortical layering, and early synaptic organization through disrupted cytokine
signaling (e.g., CXCL1, IL-8, CXCL10, CCL5) and ROS-mediated cytoskeletal dysfunction. These effects directly interfere with cortical circuit formation. ¢) Indirect
epigenetic effects: ROS and inflammatory signaling also reprogram placental epigenetic machinery (e.g., DNMT1, TET enzymes) and immune-sensitive loci (DLLI,
RPS6KA2, CSMD1). Such persistent alterations reshape placental gene expression and metabolic regulation, indirectly modulating the fetal developmental milieu. d)
Cell-type and compartmental specificity: Distinct placental compartments and cell types may contribute differentially to neurodevelopmental risk. For example,
syncytiotrophoblast-enriched genes (e.g., ATP2B1, FAM126A) have been associated with cognitive outcomes, whereas stromal-enriched genes (e.g., BRD2, ZNF618)
show links with social functioning in exploratory analyses. Cross-compartmental regulation between maternal and fetal sides (e.g., DLL1, IRS2, RPS6KAZ2) further
suggests that spatial context could influence how placental signals are transduced to the fetus.

pathway through which placental dysfunction can translate environ- interface (Hanna et al., 2006). Given that CXCL12-CXCR4 signaling
mental stress into long-lasting neurodevelopmental risk. plays a well-established role in directing neuronal migration in the
developing brain, dysregulated placental chemokine expression
4.3. Immune activation following MIA may disrupt these guidance cues, either via altered
signaling gradients or through secondary effects on epigenetic modu-
Just as redox signaling represents a finely balanced system in lators that influence neurodevelopment (Stumm et al., 2003; Tiveron
placental physiology, immune activity at the maternal-fetal interface et al., 2006). Consistent with this, our review identified robust evidence
also plays a dual role in gestation. While tightly regulated immune of epigenetic reprogramming in neurodevelopmental and
signals are essential for placental development and maternal-fetal immune-related placental genes. This supports a model in which acute
tolerance, excessive or chronic immune activation can disrupt this bal- immune signaling and sustained epigenetic changes converge, gener-
ance. A key link is MIA, which not only alters cytokine networks but also ating a placental environment that predisposes to neurodevelopmental
interferes with hormonal and growth factor pathways essential for fetal dysfunction.
neurodevelopment. Importantly, cytokines and immune mediators Specifically, MIA triggers epigenetic reprogramming in the placenta
induced by MIA drive neuronal migration, synaptic maturation, and via altered activity of DNA methyltransferase 1 (DNMT1) and ten-eleven
microglial activation, thereby shaping cortical circuit formation and translocation (TET) enzymes, a process likely mediated through IL-6/
neuroimmune interactions during critical developmental windows JAK/STATS3 signaling. Increased DNMT1 expression in the placenta has
(Deverman and Patterson, 2009; Stumm et al., 2003; Tiveron et al., been observed in inflammatory models, such as following lipopolysac-
2006). MIA simultaneously activates decidual macrophages and uterine charide (LPS) exposure (Ntnez Estevez et al., 2020), while IL-6 has been
NK cells (uNK), increasing CD69* immune populations at the shown to promote DNMT1 stabilization and TET3 regulation in other
maternal-fetal interface (Fei et al., 2025). By secreting chemokines such systems (Kong et al.,, 2019). Furthermore, cord blood levels of

as CXCL12 (SDF-1), IL-8, CXCL10, and CCL5 (RANTES), these cells pro-inflammatory cytokines correlate with differential methylation at
reshape the local chemoattractant landscape at the maternal-fetal specific placental loci (van Otterdijk et al., 2024), highlighting the direct
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impact of prenatal inflammation on the placental epigenome.

Our review identifies a subset of immune-sensitive placental genes,
many with established SFARI scores, whose epigenetic regulation may
be disrupted by MIA, ultimately influencing fetal neurodevelopment
(Tables 1-2). This group includes:

- Notch signaling components like DLL1 (SFARI Score 2), a consis-

tently replicated locus whose expression is inducible through TLR4

and IL-6/STAT3 signaling, linking MIA directly to its epigenetic
dysregulation and potential impairment of cortical patterning

(Hildebrand et al., 2018; Schroeder et al., 2016; Suzuki et al., 2018;

Zhu et al., 2019).

MAPK pathway effectors like RPS6KA2 (SFARI Score 2), which

shows epigenetic sensitivity to IL-6 exposure (Bahado-Singh et al.,

2022; Balakrishnan et al., 2018; Fischer et al., 2009; Takata et al.,

2020). This cytokine-driven epigenetic modulation is mediated by

DNMT1 and DNMTS3B, providing direct mechanistic evidence linking

inflammatory signaling to methylation changes in ASD-relevant

placental genes.

- Additional SFARI genes including AUTS2 (Score 1) (Mouat et al.,
2023; Pang et al., 2021, AGAPI1 (Score 2) (Bahado-Singh et al., 2022;
Lewis et al., 2023) and CSMD1 (Score 2) (Baum et al., 2024; Mouat
et al., 2023), which further connect placental dysfunction to pro-
cesses like neuronal migration (AUTS2), synaptic organization
(AGAPI), and neuroimmune interactions (CSMDI1). While direct
evidence of cytokine-driven changes for these specific genes is still
emerging, their known functions position them within broader net-
works of placental immune signaling.

This collective evidence positions placental immune signaling as
both an acute disruptor and a long-term epigenetic modifier of fetal
neurodevelopment.

Experimental models further support a causal link between placental
dysfunction and neurodevelopmental disorganization. In rodents, MIA-
induced IL-6 elevation leads to microglial priming, altered cortical
thickness, and social deficits in offspring (Choi et al., 2016; Estes and
McAllister, 2016). Knockout of Igf2 or inhibition of PI3K/mTOR
signaling in trophoblasts impairs nutrient transfer and fetal brain growth
(Sferruzzi-Perri and Camm, 2016). Similarly, maternal oxidative stress
induces synaptic and behavioral abnormalities resembling ASD (Sun
et al., 2025). Although genes such as CYP2E1, IRS2, NHIP, AUTS2,
AGAP1, and RPS6KA2 have been studied in various biological contexts,
including neuronal function and metabolism, their specific roles in
placental function during MIA or oxidative stress remain underexplored
in targeted animal models. Future work dissecting these genes in
experimental MIA or oxidative stress paradigms represents a crucial next
step to bridge placental gene dysregulation with altered neuro-
developmental trajectories.

In summary, MIA acts both as an acute disruptor, altering chemokine
and cytokine gradients, and as a chronic modifier, reshaping placental
epigenetic programs in ASD-relevant genes. This dual role underscores
immune activation as a central driver of lasting neurodevelopmental
risk.

4.4. Metabolic signaling in the placenta and its role in fetal brain
development

Placental metabolism plays a fundamental role in supporting fetal
brain development, particularly during periods of intense neurogenesis
and synaptogenesis, by delivering essential substrates such as ketone
bodies, amino acids, and lipids (Bowman et al., 2020). Disruptions in
these metabolic pathways can alter not only the quantity but also the
balance of these substrates, with potential consequences for myelina-
tion, neurotransmitter synthesis, and the maturation of neural circuits.

Two studies identified in our systematic review (Parenti et al., 2024,
2022) pointed to such metabolic alterations, involving fumarate,
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cystine, uridine, and ketone-related metabolites like 3-OHB. Although
associations remained nominal after correction, the biological relevance
of these metabolites, particularly their convergence on mitochondrial
function, redox balance, and lipid metabolism, suggests that placental
adaptability may be impaired in fetuses later showing atypical
neurodevelopment.

Mechanistically, these findings converge on two interconnected
levels of dysfunction. The first involves mitochondrial and substrate
metabolism. Altered levels of tricarboxylic acid (TCA) cycle in-
termediates (e.g., fumarate) and amino acids (e.g., cystine) may reflect
broader mitochondrial stress. Ketone bodies such as 3-OHB function not
only as energy substrates but also as signaling molecules that enhance
antioxidant responses (e.g., via NRF2 activation) and modulate inflam-
mation (Izuta et al., 2017; Youm et al., 2015). While these shifts may
initially represent adaptive responses to oxidative stress, their persis-
tence may signal a state of metabolic insufficiency, with potential con-
sequences for neural development.

The second level of dysfunction involves nutrient-sensing and hor-
monal signaling pathways. The mechanistic target of rapamycin
(mTOR), a key nutrient sensor in placental trophoblasts, is highly sen-
sitive to environmental stressors such as hypoxia and nutrient depriva-
tion (Jansson et al., 2012). When dysregulated, mTOR signaling reduces
the placenta’s capacity to import amino acids and lipids, essential
building blocks for brain development, and has been linked to alter-
ations in dendritic spine density and excitatory neuron populations
observed in ASD and SCZ (Costa-Mattioli and Monteggia, 2013;
Courchesne et al.,, 2011). In parallel, hormonal signaling cascades,
particularly the growth hormone-insulin-like growth factor (GH-IGF)
axis, are vulnerable to disruption by inflammatory stimuli. In animal
models, maternal IL-6 activates the IL-6Ra/gp130/STAT3 pathway in
placental spongiotrophoblasts, leading to SOCS3 induction and sup-
pression of the GH-IGF axis (Hsiao and Patterson, 2011), a mechanism
known to impair neurogenesis, synaptogenesis, and myelination (Gubbi
et al., 2018). This pathway is further modulated by epigenetic mecha-
nisms: IRS2, a key intracellular effector of IGF-1 signaling, was found
differentially methylated in placentas of children later diagnosed with
ASD, independent of genotype but influenced by maternal prenatal
vitamin intake (Zhu et al.,, 2019). Given its role in mediating
IGF-1-driven cell proliferation and differentiation (Machado-Neto et al.,
2018), dysregulation of IRS2 could amplify the effects of maternal
inflammation on fetal brain development.

Together, these metabolic and signaling disturbances, rooted in
mitochondrial dysfunction, redox imbalance, hormonal disruption, and
epigenetic regulation, may compromise placental efficiency and impair
the delivery of neurotrophic support to the fetus. These mechanisms
offer a biological framework linking early placental alterations to later
neurodevelopmental vulnerability, consistent with the candidate
metabolomic markers identified in our review.

4.5. Cell-type and spatially resolved placental signatures: implications for
neurodevelopment

The placenta is a highly heterogeneous organ composed of special-
ized cell types that collectively orchestrate fetal development and
mediate maternal-fetal exchange. This cellular and spatial complexity
introduces a critical dimension for interpreting how molecular alter-
ations in the placenta may influence neurodevelopmental trajectories.
Trophoblast subtypes (e.g., cytotrophoblasts, syncytiotrophoblasts),
endothelial cells, and Hofbauer cells (placental macrophages) each ex-
press distinct transcriptional and epigenetic programs, some of which
intersect with neurodevelopmental disorder-associated loci (Bakulski
et al., 2021; Santos et al., 2020).

Evidence from placenta-child matched studies is especially compel-
ling. Santos et al. (Santos et al., 2020) identified trophoblast and stroma
specific gene expression patterns associated with later child cognitive
and social functioning. For example, ATP2BI and FAMI26A,
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(syncytiotrophoblast-enriched) were linked to IQ, while BRD2 and
ZNF618 (stroma-enriched) were associated with social responsiveness.
Although none of these genes are currently included in the SFARI
database, their functions, respectively in calcium transport, myelina-
tion, chromatin remodeling, and transcription regulation, are highly
relevant to neurodevelopment.

Similarly, Bakulski et al., reported that while no CpG reached
genome-wide significance, nominally associated sites were enriched for
SFARI genes, with moderate correlations across maternal and fetal
placental compartments, suggesting inter-compartmental regulation.
This cross-compartmental regulation is particularly relevant for genes
such as DLL1, IRS2, and RPS6KA2, whose expression reflects both
maternal and fetal signaling inputs (Bakulski et al., 2021).

In parallel, cross-sectional mapping studies offer complementary but
indirect insights. Ursini et al. prioritized 139 placenta-specific SCZ risk
genes, with sex-biased expression patterns (Ursini et al., 2023).
Single-cell data localized down-regulated risk genes to syncytiotropho-
blasts and up-regulated genes to villous/extravillous trophoblasts and
Hofbauer cells, particularly in male placentas. Other spatially resolved
datasets (Ursini et al., 2021, 2018) further support the concept of
functional placental microdomains, e.g., nutrient sensing in trophoblasts
versus immune surveillance in Hofbauer cells.

Hofbauer cells also emerge as key players in placental-brain cross-
talk. These fetal macrophages dynamically respond to MIA and may
transmit inflammatory signals to the fetus by releasing cytokines that
prime fetal microglia and influence synaptic pruning (Batorsky et al.,
2024; Pavlov et al., 2020). Although psychiatric risk gene enrichment
has not been directly demonstrated in Hofbauer cells, their immuno-
modulatory role situates them within the immune-synaptic pathways
discussed in Section 4.3.

Taken together, matched-outcome studies provide the strongest ev-
idence of placental molecular signatures predicting child neuro-
development, while cross-sectional mapping highlights broader cell-
type- and compartment-specific vulnerability windows. Importantly,
maternal and fetal compartments show coordinated yet distinct molec-
ular regulation, with cross-compartmental signatures emerging as
particularly relevant for psychiatric risk. Within this landscape, tro-
phoblasts act as central hubs for nutrient and hormone sensing, whereas
Hofbauer cells mediate immune signaling, together shaping pathways
that impact the developing brain. From a clinical perspective, matched
designs are especially informative for establishing predictive value,
while spatial mapping refines the search for cellular targets that may
serve as biomarkers or intervention points in the future.

4.6. Sex-specific placental signatures and neurodevelopmental risk

Sex-fetus differences in placental responses to environmental
stressors are emerging as a critical moderator of neurodevelopmental
outcomes, offering insight into why males exhibit higher susceptibility
to disorders such as ASD and SCZ (Gadow, 2013; Loomes et al., 2017).
Placental profiles differ markedly by fetal sex, with male-associated
placentas showing greater inflammatory, oxidative, and metabolic
dysregulation under prenatal stress, potentially underpinning
sex-specific neurodevelopmental vulnerabilities. Placentas from male
fetuses exhibit stronger pro-inflammatory responses to immune chal-
lenges. Research in rodent models of MIA shows that male-associated
placentas produce significantly higher levels of cytokines, including
IL-6, TNF-a, and CXCL1 following exposure to poly(I:C) or LPS (Braun
et al., 2019; Osman et al., 2024). This exaggerated male inflammatory
response is attenuated by maternal anti-inflammatory treatment, indi-
cating that sex-biased placental reactivity is at least partially modifiable
(Bronson and Bale, 2014).

Such differential inflammatory reactivity coincides with sex-biased
activation of oxidative and metabolic pathways. In particular, prenatal
stressors, including maternal psychological stress, have been shown to
induce male-specific upregulation of hypoxia-inducible factor 3 subunit
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alpha (HIF3A) in the placenta, suggesting heightened hypoxic sensitivity
in males compared to females (Cowell et al., 2020). These sex differ-
ences converge with human data showing increased placental activity of
nuclear factor kappa-light-chain-enhancer of activated B cells subunit
p65 (NF-kB p65) in male fetuses from preeclamptic pregnancies. NF-«kB
p65 is a key transcription factor involved in the regulation of inflam-
mation, oxidative stress responses, trophoblast apoptosis, and mito-
chondrial dysfunction (Armistead et al., 2020; Mansell et al., 2019).
Conversely, the female placenta demonstrates greater transcriptional
adaptability, with upregulation of epigenetic regulators like O-linked
N-acetylglucosamine transferase (OGT) and enhanced expression of
stress-response genes, which confer resilience by buffering inflamma-
tory and metabolic dysregulation (Nugent et al., 2018). These findings
suggest an inherent sex-specific vulnerability at the maternal-fetal
interface.

Consistent with these mechanisms, results from our review further
support this perspective. Notably, prenatal phthalate exposure was
associated with significant reductions in placental metabolite levels,
specifically carnitine, O-acetylcarnitine, glucitol, and N-acetylneur-
aminate, key molecules involved in lipid metabolism and cellular ho-
meostasis. Crucially, the overall placental metabolome was associated
with neurodevelopmental outcomes only in male offspring, suggesting
sex-dependent metabolic sensitivity, although single-metabolite effects
did not survive multiple testing correction (Parenti et al., 2022).
Moreover, Zhu et al., identified male-specific epigenetic modifications in
placental genes such as CYP2EI and IRS2, (Zhu et al., 2019). The
convergence of metabolomic shifts and epigenetic alterations in male
placentas underscores a combined pathway of increased vulnerability.

Together, these findings highlight sex-specific patterns of placental
programming, marked by greater inflammatory and oxidative vulnera-
bility in male fetuses, coupled with reduced engagement of protective
metabolic and transcriptional pathways. This combination may
contribute to sex differences in neurodevelopmental trajectories by
disrupting placental regulation of nutrient delivery and oxidative ho-
meostasis, key processes for healthy fetal brain development. Such
mechanisms offer a plausible biological basis for the higher prevalence
of neurodevelopmental disorders among males.

4.7. Maternal circadian rhythm as a temporal integrator of placental and
fetal responses?

While these molecular disruptions offer a mechanistic framework, a
critical question remains: what orchestrates their temporal emergence
and specificity across gestation? The diverse epigenetic and transcrip-
tional alterations identified here, represent isolated molecular footprints
of environmental insults, or are they coordinated by higher-order
maternal-fetal physiological systems that could regulate fetal develop-
ment over time? Here, we outline a hypothetical framework, emerging
as a theoretical extension of the studies we reviewed, which should be
interpreted as a forward-looking perspective rather than a definitive
conclusion. Within this framework, we consider the possibility that
maternal circadian rhythms function as higher-order temporal co-
ordinators of placental and fetal processes.

In the complex physiological environment of pregnancy, some co-
ordination across systems must occur to meet the evolving needs of the
fetus. Circadian biology offers one potential integrative mechanism.
Maternal biological rhythms, particularly circadian cycles, may play a
central role in coordinating the timing of key physiological processes
during pregnancy. Influenced by environmental cues such as light
exposure and sleep-wake cycles, these rhythms could provide an inte-
grative temporal framework that aligns immune, metabolic, redox and
neurodevelopmental pathways with critical stages of placental and fetal
development.

Circadian rhythms regulate nearly all biological systems: immune
responses vary by time of day; metabolic pathways follow feeding-
fasting cycles; redox balance responds to light-dark transitions; and
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hormone secretion is tightly circadian (Méndez et al., 2016; Myung
et al., 2025). These rhythms are generated by central and peripheral
clocks and the placenta itself expresses core clock genes, including
BMALI1, CLOCK, PER2, and CRY1 (Waddell et al., 2012). Moreover,
maternal melatonin crosses the placenta and binds to MT1/MT2 re-
ceptors, thereby influencing placental physiology (Joseph et al., 2024).

Although no longitudinal study directly implicated canonical clock
genes, several loci identified in placental omics are circadian-regulated
(Table S3), suggesting maternal rhythms may modulate their placental
expression. For instance, DLLI, shows oscillatory expression during
embryonic somitogenesis and in muscle stem cells, where it regulates
the balance between differentiation and renewal. This rhythmicity
suggests time-sensitive regulation potentially responsive to maternal
temporal cues (Bone et al., 2014; Zhang et al., 2021). Similarly, CYP2E1
is under strong circadian control in the liver via clock proteins such as
PERI, raising the possibility that its placental expression could also vary
with maternal circadian rhythms, particularly under metabolic or
environmental stress (Ge et al., 2021). RPS6KA2 shows epigenetic
sensitivity to night-shift work and chronotype in humans, implying that
maternal circadian disruption could influence its regulation during
pregnancy (Adams et al., 2017). Further, genes such as IRS2 shows
direct circadian responsiveness; in mice, blue-light suppression at night
restores hepatic IRS2 expression, underscoring its light-sensitive regu-
lation (Nagai et al., 2019).

Additional loci with circadian regulation are listed in Supplementary
Table S3, including genes involved in GABAergic signaling (e.g.,
GABBR1), melatonin-sensitive pathways (e.g., GPR135) (Albers et al.,
2017; Liu et al., 2025; Oishi et al., 2017), and cardiac or vesicular
regulation (e.g., NKX2-5, RAB5A) (Xie et al., 2019; Zhang and Wei,
2021). Collectively, these patterns reinforce the plausibility of a circa-
dian layer of regulation in the placenta. This motivates what we tenta-
tively term a circadian-epigenetic gating model, in which maternal
rhythms might modulate the timing of placental susceptibility to envi-
ronmental perturbations. The core circadian transcription factor BMAL1
(ARNTL), along with other clock genes, represents a key molecular
candidate for mediating the influence of external cues on downstream
placental alterations and, ultimately, fetal brain development. BMAL1
regulates daily fluctuations in inflammatory monocytes and coordinates
immune and metabolic rhythms (Nguyen et al., 2013). In animal
models, the severity of viral infections such as herpes and influenza
depends critically on the time of day when infection occurs, with in-
fections initiated at the onset of the active phase causing more severe
disease; this time-of-day effect is abolished in BMALI knockout mice,
underscoring its central role (Edgar et al., 2016). This circadian gating of
immune activity suggests that the timing of environmental insults,
rather than their mere presence, could shape placental and fetal re-
sponses. In line with this, leukocyte migration into tissues peaks during
the maternal active phase, which may correspond to a window of
increased vulnerability to pathogens, whereas inflammatory cytokine
release and oxidative stress responses peak during the rest phase,
possibly amplifying placental immune activation when insults occur
during this time frame (Besedovsky et al., 2011; Scheiermann et al.,
2013). Complementary evidence from human studies shows that
morning vaccinations elicit stronger antibody responses compared to
those administered in the afternoon, further underscoring the diurnal
modulation of immune competence (Long et al., 2016). While these
findings do not establish a causal link to placental processes, they
highlight BMAL1 and other maternal clock genes as a plausible gate-
keeper of temporal vulnerability.

Maternal melatonin further conveys time-of-day information to the
placenta and fetus. Melatonin is secreted predominantly during the
maternal dark phase. Importantly, melatonin crosses the placenta,
binding to MT1 and MT2 receptors expressed in both trophoblasts and
fetal tissues, where it entrains circadian gene expression, enhances
antioxidant defenses, and modulates immune and redox signaling
(Joseph et al., 2024; Voiculescu et al., 2014). This rhythmic transfer
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raises the possibility that the placenta and fetus receive greater
melatonin-mediated protection during the maternal rest phase, precisely
when inflammatory cytokine production and oxidative stress responses
naturally peak (Besedovsky et al., 2011). In this context, melatonin may
act as a temporal shield, buffering the placenta and fetal brain from
nocturnal inflammatory or metabolic insults. Conversely, disruption of
maternal melatonin rhythms, for example due to night-time light
exposure or circadian misalignment, may reduce this protection,
although direct evidence in humans remains limited. Human data pro-
vide preliminary support for this framework. Maternal circadian
disruption, caused by factors such as shift work, jet travel across time
zones, mistimed eating, and excessive artificial light exposure at night,
has been linked to alterations in placental DNA methylation patterns
(Clarkson-Townsend et al., 2021) as well as increased risks of psychiatric
disorders in offspring, including depression and anxiety (Hoyniak et al.,
2024; Kember et al., 2023; Strohmaier et al., 2019). While altered
placental methylation associated with maternal circadian disruption has
been observed, the direct causal pathways linking these epigenetic
changes to neurodevelopmental and mental health outcomes in
offspring remain to be established. Notably, Hoyniak et al., provided
evidence that disrupted sleep and circadian rhythms during pregnancy,
especially when compounded by social disadvantage, are associated
with reductions in neonatal cortical gray and white matter volumes, as
well as smaller cortical surface areas and subcortical gray matter vol-
umes (Hoyniak et al., 2024). Although these associations are correlative,
they resonate with the neuropathological evidence described in Section
4.1, which highlights cortical disorganization, altered neuron pop-
ulations, and disrupted synaptic architecture observed in postmortem
studies of ASD and SCZ. Moreover, they are consistent with neuro-
imaging studies demonstrating that changes in cortical white-gray
matter contrast predict ASD diagnosis and severity (Bezgin et al.,
2018), and that reduced white matter integrity correlates with
cortico-subcortical gray matter deficits in SCZ (Miyata et al., 2009).

Maternal circadian rhythms could therefore shape how the placenta
responds to environmental insults across gestational stages, thereby
influencing fetal brain development. While the nature of environmental
insults, such as inflammation, metabolic stress, or endocrine disruption,
may remain relatively constant throughout pregnancy, the subset of
placental genes responsive to circadian cues likely shifts depending on
developmental timing, altering downstream effects on the fetal brain.

During early to mid-gestation (approximately weeks 8-24), cortical
development is dominated by neurogenesis, neuronal migration, and
interneuron positioning. In this window, placental expression of
circadian-sensitive genes such as DLL1, CYP2E1, RPS6KA2, GABBRI,
GATS, and GPR135 may play a key role in shaping early brain archi-
tecture. Dysregulation of these genes, could interfere with neuro-
developmental programs underlying ASD or ADHD, -conditions
increasingly associated with early gestational perturbations (Love et al.,
2024). In late gestation (from week 25 onward), when synaptogenesis,
axonal maturation, and pruning become central, a different set of
circadian-modulated genes, such as IRS2, NKX2-5, RAB5A, and STAT2,
may shape placental contributions to synaptic stability and circuit
refinement. Misregulation of these genes under conditions of circadian
misalignment could impair plasticity and disrupt the excitation/inhibi-
tion (E/I) balance, a neurobiological feature commonly implicated in
both ASD and SCZ (Canitano and Pallagrosi, 2017). However, while E/I
imbalance may be a shared downstream consequence, its developmental
origins likely differ: early alterations may affect excitatory lineage
expansion or interneuron placement, while late gestation overlaps with
critical windows of synaptogenesis and microglia-mediated synaptic
pruning, making this timeframe particularly vulnerable to disruptions
that could compromise circuit refinement and contribute to SCZ path-
ogenesis (Eltokhi et al., 2020).

This model remains speculative but generates testable hypotheses.
Future research should include longitudinal tracking of maternal
circadian markers (e.g., melatonin) and maternal-fetal circadian



R. Guglielmo et al.

genotyping. Linking these with neuroimaging and behavioral data in
offspring could clarify how placental signatures relate to circuit-level
and clinical outcomes. If supported, such evidence might inform
timing-specific interventions, such as optimizing maternal sleep hygiene
or melatonin supplementation, tailored to chronotype and fetal risk.
Ultimately, while not yet empirically validated, restoring maternal
circadian alignment during critical gestational windows may represent a
promising pathway to reduce long-term neurodevelopmental
vulnerability.

In summary, maternal circadian rhythms may act as higher-order
temporal integrators of placental physiology, gating the impact of
environmental insults across gestation. This forward-looking framework
provides a testable link between maternal rhythms, placental signatures,
and long-term neurodevelopmental outcomes.

4.8. Clinical implications, preventive strategies, and translational
opportunities

The synthesis of longitudinal placental studies underscores several
translational opportunities with direct clinical relevance (Table 3).

A first and particularly promising direction concerns the develop-
ment of placental molecular signatures as early biomarkers of neuro-
developmental risk. DNA methylation changes, transcriptomic
alterations, and metabolomic shifts identified in relation to maternal
exposures suggest that the placenta is not only a mediator of fetal
development but also a measurable indicator of adverse intrauterine
conditions. Such signatures can already be assessed postnatally through
the analysis of cord blood or placental tissue. However, the field is
rapidly advancing toward prenatal, non-invasive strategies. In this re-
gard, maternal blood provides access to several placental-derived sig-
nals. Extracellular vesicles (EVs), which carry miRNAs and proteins
reflecting placental state, have already been shown to predict compli-
cations such as preeclampsia with clinically useful sensitivity (Ghosh
et al., 2024). Similarly, cell-free fetal DNA (cffDNA), a well-established
tool for chromosomal screening, originates primarily from placental
trophoblasts and could be expanded to assess epigenetic or transcrip-
tional profiles linked to neurodevelopmental outcomes (Yuen et al.,
2024). In parallel, maternal inflammatory and metabolic profiles are
increasingly recognized as dynamic markers of intrauterine physiology
and have been associated with child neurodevelopmental trajectories in
prospective cohorts (Parenti et al., 2024). Together, these approaches
suggest that a non-invasive biomarker-based risk stratification for psy-
chiatric vulnerability may be feasible in the foreseeable future.

Beyond biomarker discovery, our findings highlight that placental

Table 3
Clinical Implications and Translational Opportunities in Placental Omics.

Intervention Level Practical Strategy Rationale

Biomarker Analyze EVs, cffDNA, Early identification of risk
detection maternal metabolic/cytokine profiles
profiles.
Sample cord blood/placenta at
birth

Preventive care Optimize maternal nutrition
Reduce exposures

Manage inflammation/
oxidative stress

Test antioxidants/anti-
inflammatories where
appropriate

Intervene during critical

Mitigate placental
dysregulation

Translational
medicine

Target mechanistic
pathways

Timing-specific Enhance efficacy and

strategies developmental windows. reduce adverse outcomes
Consider fetal sex for tailored
approaches
Lifestyle Promote circadian alignment Potential temporal
modulation (sleep hygiene, light exposure)  regulator of placental

vulnerability

EVs — Extracellular Vesicles; cffDNA, Cell-free Fetal DNA;
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molecular alterations often reflect modifiable maternal factors. Prenatal
immune activation, oxidative imbalance, metabolic disruption, and
exposure to environmental toxicants such as phthalates or air pollutants
consistently leave molecular footprints in the placenta. This provides a
rationale for preventive strategies aimed at optimizing maternal health
during pregnancy, through nutritional interventions, management of
chronic inflammation or metabolic dysregulation, and reduction of
toxicant exposure. Importantly, many of these pathways are already
targeted in the context of other obstetric conditions, such as pre-
eclampsia or intrauterine growth restriction, suggesting that lessons
from these clinical domains could inform preventive approaches rele-
vant to neurodevelopmental risk. Targeted public health approaches,
such as policies limiting chemical exposure, workplace protections for
pregnant individuals, and improved prenatal screening, may further
reduce risk at the population level.

Emerging mechanistic insights highlight opportunities for thera-
peutic translation. Maternal anti-inflammatory strategies, melatonin
supplementation or targeted antioxidant interventions are already
under investigation in related contexts such as preeclampsia and intra-
uterine growth restriction (Sebastiani et al., 2022). While direct evi-
dence in relation to psychiatric outcomes is lacking, these interventions
exemplify how placental pathways might become actionable therapeutic
targets in the future, provided that safety and efficacy are rigorously
established.

A critical implication of the reviewed evidence is that developmental
timing matters. Placental molecular responses are not static but change
across gestation, and in many cases differ by fetal sex. This means that
effective interventions will likely need to be carefully timed to periods of
heightened vulnerability, and potentially adapted to sex-specific
developmental trajectories. Such a temporally and biologically
nuanced approach could substantially increase the efficacy of preventive
measures while minimizing unintended effects.

Finally, while most implications emerge directly from the longitu-
dinal studies reviewed, it is worth noting a speculative but intriguing
extension. Maternal circadian rhythms may function as a higher-order
coordinator of placental and fetal responses. If supported by future
research, this perspective would imply that maternal circadian health,
shaped by sleep, light exposure, and daily activity patterns, might
represent an additional, modifiable factor in shaping fetal neuro-
developmental risk. Although preliminary, this line of reasoning opens
new avenues for translational exploration, suggesting that lifestyle-
based interventions to promote circadian alignment could one day
complement molecularly targeted strategies.

5. Limits

Some limitations temper our conclusions. First, most studies
reviewed are limited to high-risk or preterm cohorts with relatively
small sample sizes. Second, almost all longitudinal placental omics
studies to date focus on ASD, whereas evidence for SCZ and other psy-
chiatric disorders is indirect, relying on genetic enrichment or extrap-
olations rather than prospective linkage. This asymmetry limits the
generalizability of our conclusions beyond ASD. Third, in the context of
adult psychiatric disorders, most findings rely on indirect associations
drawn from existing GWAS and placental omics data, rather than from
longitudinal studies that follow individuals from birth to clinical
outcome. Fourth, current studies insufficiently account for placental
cell-type composition and often lack integrative neuroimaging or
behavioral data.

In addition to these limitations of the included evidence, certain
constraints apply to our review process itself. We limited inclusion to
studies published in English, which may have led to the exclusion of
relevant findings reported in other languages. Furthermore, our focus on
human placental tissue excluded experimental animal and in vitro
studies, which might have provided additional mechanistic insights. We
also cannot exclude the possibility of publication bias or missed grey
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literature. This review was conceptually framed around psychiatric and
behavioral outcomes. Future studies may broaden this framework to
encompass related neurological domains, such as intellectual disability
and movement disorders, to provide a more integrated view of the
placenta-brain continuum.

6. Conclusion

This systematic review affirms the placenta’s pivotal role as an active
mediator and integrator of maternal-fetal signals, encoding a molecular
memory of in utero exposures that shapes neurodevelopmental trajec-
tories. Our synthesis converges on several critical messages for the field.

First, longitudinal human studies provide consistent evidence that
placental omics signatures, epigenetic, transcriptomic, and metabolic,
are prospectively associated with child neurodevelopmental outcomes,
particularly ASD. These molecular changes converge on core dysregu-
lated pathways involving immune and inflammatory signaling, oxida-
tive stress responses, and metabolic homeostasis.

Second, a fundamental gap persists: the absence of studies directly
linking placental molecular measures to psychiatric outcomes in
adolescence or adulthood through one-to-one placenta-offspring link-
age. This represents a critical missed opportunity to understand the
placental origins of disorders with later clinical onset, such as SCZ.

Third, future research must not only be larger and longer but also
smarter. It must account for critical moderators like fetal sex and
placental cell-type specificity, and integrate data across molecular, im-
aging, and clinical levels. Furthermore, our review suggests the need to
explore higher-order integrators of placental function, such as the pro-
posed role of maternal circadian rhythms in temporally gating molecular
responses to environmental insults. While speculative, this perspective
underscores the complexity of the maternal-placental-fetal system and
opens new avenues for investigating the timing of risk and resilience.

Finally, the ultimate goal is to translate these insights into clinical
actions. This body of work underscores the potential to transform
placental research into clinical tools. The development of placental
biomarkers for early risk identification and the pursuit of preventive
strategies targeting modifiable maternal factors (e.g., nutrition, in-
flammatory status, environmental toxicants) lay the groundwork for a
new paradigm in psychiatry, shifting the focus from treatment in
adulthood to pre-symptomatic risk mitigation before birth.
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