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ABSTRACT
Background: Exposure to particulate matter (PM2.5) measuring ≤2.5 micrometers in Indonesia continues to increase. Particularly in urban areas, severe air pollution is a significant issue in maternal and perinatal health due to its potential for adverse effects during pregnancy. Exposure to PM2.5 is known to be associated with impaired placental function through inflammatory mechanisms, increased oxidative stress, and vascular dysfunction, which can reduce uteroplacental perfusion and inhibit optimal fetal growth and development Objective This systematic review aims to evaluates the correlation between PM2.5 exposure and placental dysfunction and the impact of fetal development based on a systematic review based on the latest literature review. 
Methods A systematic literature review based on PRISMA 2020 guidelines was conducted across PubMed and Scopus, ScienceDirect databases 2021-2026, using the PECO framework.
Result: Of the 2,845 articles, 21 met the inclusion criteria. The most consistent research evidence indicates that exposure to PM2.5 in the first to mid-trimester of pregnancy is associated with placental inflammation, increased oxidative stress, and impaired uteroplacental perfusion. These conditions can inhibit fetal growth and development, increasing the risk of low birth weight (LBW), intrauterine growth restriction (IUGR), and preterm birth.
Conclusion : Exposure to PM2.5 during pregnancy is associated with placental dysfunction through inflammatory and oxidative stress mechanisms which ultimately have a negative impact on fetal growth and developmen.
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Introduction 
	Exposure to air pollution, especially PM2.5, is a global health problem, particularly in urban areas. According to the 2019 Global Burden of Disease (GBD) report, the average concentration of PM2.5 in urban areas reached 35 μg/m³ and contributed to more than 1.8 million deaths globally. More than 85% of the urban population is exposed to PM2.5 particles that exceed the annual threshold recommended by the WHO of 10 μg/m³ [1,2].
	PM2.5 particles are ≤2.5 µm in size, allowing them to penetrate the lung alveoli and the blood circulation of pregnant women. This can affect the placenta's function in the exchange of oxygen, nutrients, and immunological protection between mother and fetus. Impaired placental function due to PM2.5 exposure carries the risk of various pregnancy complications. Furthermore, this condition can hinder fetal development [3,4,5,6].
	Exposure to PM2.5 is associated with an increased risk of low birth weight (LBW), preterm birth, neurodevelopmental disorders, and fetal growth restriction. LBW is known to be associated with increased neonatal mortality, impaired growth and development, and long-term health problems. Underlying mechanisms include oxidative stress, inflammation, placental dysfunction, endocrine disruption, epigenetic changes, and impaired fetal mitochondrial function, all of which impact fetal growth and development [5,7,8,9,10].
	Placental development requires an oxidative balance to support angiogenesis and trophoblast growth. Exposure to PM2.5 can increase the formation of reactive oxygen species (ROS), which triggers excessive oxidative stress. This condition causes inflammation, impaired vascularization, and placental dysfunction. Dysfunction is associated with preeclampsia, premature birth, fetal growth restriction (FGR), and intrauterine fetal death [11, 12, 13].
When exposed to PM2.5 during pregnancy, changes in placental blood vessels can impair the supply of nutrients and oxygent to reach the fetus. This condition triggers inflammation, increased pro-inflammatory cytokines, hormonal disruption, and decreased uteroplacental perfusion. These effects can lead to fetal growth restriction and low birth weight (LBW) [14,15,16].
	Furthermore, experimental studies have shown that exposure to PM2.5 particles can cross the placenta and trigger oxidative stress and inflammation, which impact fetal growth and development, alter neurodevelopment, and increase the incidence of low birth weight (LBW) in areas with high pollution exposure. These impacts are associated with oxidative stress, systemic inflammation, endocrine disruption, epigenetic changes, and mitochondrial dysfunction, all of which affect fetal growth and development [4,14,13].
	The placenta plays a crucial role as an organ for oxygen exchange, nutrition, and immunological protection between the mother and fetus. Placental development and function require an optimal oxidative balance to support angiogenesis, trophoblast differentiation, and uteroplacental vascularization. However, exposure to PM2.5 is known to disrupt homeostasis by increasing the formation of reactive oxygen species (ROS), which triggers excessive oxidative stress [3,11,12].
	PM2.5 exposure has also been reported to penetrate placental tissue and trigger local inflammation, leading to impaired vascularization, reduced uteroplacental perfusion, and placental dysfunction. These conditions contribute to various pregnancy complications, such as preeclampsia, premature delivery, fetal growth restriction (FGR), and even intrauterine fetal death [4,13,19].
	Molecularly, PM2.5 exposure has been reported to increase the production of reactive oxygen species (ROS) and the secretion of pro-inflammatory cytokines such as IL-1β and TNF-α (Lee et al., 2019; Pu et al., 2023). This inflammatory response leads to impaired trophoblast invasion, inhibited angiogenesis, and decreased placental nutrient transport. Experimental studies have also shown that urban dust particles can impair trophoblast invasion, decrease Matrix Metalloproteinase-2 (MMP-2) expression, and affect epigenetic regulation and placental cellular function. Changes in gene expression, including Insulin-like Growth Factor Binding Protein-3 (IGFBP3), indicate the involvement of inflammatory mechanisms and oxidative stress in impaired fetal growth caused by air pollution exposure [5,12,15,20].
	Although numerous studies have linked PM2.5 exposure to placental dysfunction and impaired fetal development, the molecular mechanisms linking oxidative stress, inflammation, and placental damage remain incompletely understood. Recent evidence shows that PM2.5 and polycyclic aromatic hydrocarbons (PAH) compounds are able to induce the endoplasmic reticulum (ER) as a major mediator between oxidative stress and inflammatory responses [13,17,20].
	Endoplasmic reticulum (ER) activation is known to activate the unfolded protein response (UPR) pathway, increase chronic inflammation, inhibit trophoblast invasion, and disrupt placental angiogenesis. However, the integration of ER stress mechanisms into placental dysfunction and its impact on fetal development due to PM2.5 exposure still requires a comprehensive scientific synthesis [12,15,19].
	Although the association between PM2.5 exposure and adverse pregnancy outcomes has been widely reported, most research has focused on epidemiological associations and partial biomarkers of inflammation. To date, there has been no comprehensive synthesis integrating the relationships between oxidative stress, inflammation, endoplasmic reticulum stress (ER stress), trophoblast dysfunction, and placental insufficiency as a single, coherent pathophysiological pathway contributing to impaired fetal development. Furthermore, recent research indicates variations in molecular mechanisms based on exposure duration, particulate matter composition, and gestational period, so the dominant biological mechanism remains a matter of scientific debate [2,3,16].
	The inclusion criteria  for this systematic review encompass relevant scientific syntheses and human studies that evaluate urban PM2.5 exposure during the procenception and gestational periods in relation to fetal placental dysfunction, oxidative stress, inflammation, and endoplasmic reticulum stress, inflammation, and endoplasmic reticulum  stress. Additionally, eligible studies must investigate the impacts of such exposure on trophoblast function, angiogenesis, and uteroplacental vascularization, while reporting consistent fetal developmental outcomes including low birth weight, premature birth, and fetal  growth restriction.

Methods
This study was a systematic review with narrative synthesis. Narrative synthesis was chosen because articles that met the criteria showed heterogeneity in study design, population characteristics, exposure estimation methods, outcome definitions, effect sizes, and analytic approaches. Reporting was structured according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 principles, while the quality of evidence was assessed descriptively and qualitatively, referring to the principles of appraisal of observational studies and the JBI guidelines [31].
The review questions were formulated using the PECO framework. The population included preconception, pregnant women, placentas, and fetuses. Exposures included PM2.5 from air pollution during pregnancy. Comparisons included lower exposure levels or different exposure periods. Outcomes included placental dysfunction and fetal developmental disorders such as low birth weight (LBW) and prematurity.
systematic literature search was conducted using PubMed and Science Direct databases. The literature search was conducted using combinations of search terms and medical subject headings including urban PM2.5, exposure, fine partuculate matter, air pollution, pregnancy, gestational period, preconception, placental dysfunction, oxidative stress, inflammation, endoplasmic reticulum stress, trophoblast function, fetal development, low birth weight, premature birth, and fetal growth restriction.
 Articles were limited to English-language publications published between 2021 and 2026, with adequate research methods and results. The study focused on urban PM2.5 exposure, placental dysfunction, and its impact on fetal development. The initial search identified 2,846 articles. After screening titles and absracts, we removed duplicate records from the initial 790 articles, leaving 45 studies that met the criteria for full review. After evaluating the methodology and relevance of the research outcomes, 21 final articles were included in the narrative synthesis.
Article selection was carried out in stages through identification, title and abstract screening, and full-text eligibility assessment based on inclusion and exclusion criteria. Eligible articles were then further analyzed to ensure relevance to the research title. Extracted data included author(s), year of publication, study location, study design, population, type of PM2.5 exposure, indicators of placental dysfunction, and its impact on fetal development. To minimize interpretation bias, the results of each study were analyzed by outcome group and compared based on the consistency of the relationship and methodological quality.
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Result

	A total of 21 articles met the inclusion criteria and were synthesized. Regarding Urban PM2.5 Exposure and Placental Dysfunction and Its Impact on Fetal Development, the articles were published between 2021 and 2026. Based on the results of the literature, it shows that research on urban PM2.5 exposure in pregnancy is dominated by cohort studies, trophoblast experiments, animal models, and systematic reviews and meta-analyses. 
Most studies report that PM2.5 is associated with oxidative stress, placental inflammation, DNA damage, trophoblast apoptosis, and changes in placental microarchitecture. Research by Chu et al. 2024, Gong et al. 2022, and Erlandsson 2026 Studies have shown that PM2.5 triggers inflammation and cellular damage in the placenta. Much of the literature also indicates that placental dysfunction caused by PM2.5 exposure directly impacts fetal development and growth. Studies by Deyssenroth et al. (2021) and Kaur et al. (2022) found changes in placental gene expression associated with reduced birth weight and fetal metabolic disorders. Studies by Tao et al. (2022) and Wang et al. (2026) showed that PM2.5 can cause fetal growth restriction (FGR) through impaired spiral artery remodeling and uteroplacental inflammation. Furthermore, meta-analyses by Parasin et al. (2024) and Wang et al. (2023) strengthen the evidence that prenatal PM2.5 exposure increases the risk of low birth weight, preterm delivery, and adverse birth outcomes.
Table 1. Characteristics and Main Findings of Non-Primary Studies
	No
	Reference
	Study Design
	Research Focus
	Key Findings

	1
	Holme et al., 2024
	Mechanistic Review
	PM2.5 and Neurodevelopment
	Prenatal PM2.5 exposure is associated with impaired neurodevelopment.

	2
	Johnson et al., 2021
	Narrative Review
	Prenatal Particulate Matter Exposure
	PM2.5 exposure during pregnancy increases the risk of developmental disorders in children.

	3
	Jakia et al., 2023
	Review
	Placental Dysfunction
	Oxidative stress induced by PM2.5 contributes to placental dysfunction and adverse fetal development.

	4
	Parasin et al., 2024
	Systematic Review and Meta-analysis
	Prenatal PM2.5 Exposure
	Prenatal PM2.5 exposure increases the risk of low birth weight (LBW).

	5
	Sun et al., 2022
	Review
	PM2.5 and Metabolic Diseases
	Prenatal PM2.5 exposure may program metabolic diseases in offspring later in life.

	6
	Wang et al., 2023
	Cohort Meta-analysis
	Prenatal PM2.5 Exposure
	PM2.5 exposure during pregnancy is associated with an increased risk of adverse pregnancy outcomes.

	7
	BMJ PRISMA, 2021
	Guideline
	Reporting of Systematic Reviews



	Provides standardized guidance for reporting systematic reviews.


Tabel 1 Summarizes the key studies included in this literature review regarding the effect of prenatal PM2.5 exposure on prenatal function and fetal development. Overall, the evidence consistently demonstrates that maternal exposure to PM2.5 during pregnancy is associated with adverse pregnancy and neonatal outcomes through biological mechanisms such as oxidative stress, inflammation, vascular dysfunction, and impaired placental function, These  mechanisms contribute to fetal growthrestriction, low birth weight, neurodevelopmental imparment, and an increased risk of metabolic disorders later in life. The inclusion of the PRISMA 2021 guideline also ensures that this review follows a transparent and standardized reporting process, thereby improving the quality and reproducibility of the literatur review.
Table 2. Primary Study. Summarizes evidence from 11 studies examining the effects of prenatal PM2.5 exposure on fetal outcomes. Across various study designs, the findings consistently show that PM2.5 impairs placental function through inflammaetion, oxidative stress, trophoblast apoptosis, vascular dysfunction, and altered gene expression. These mechanisms are associated with adverse outcomes, including impaired fetal growth, low birth weight (LBW), fetal growth restriction (FGR), and other pregnancy complications. Resent evidence also suggests that Placental growth factor (PIGF) and maternal and maternal thyroid hormone alterations these effects.

Table 2. Primary Study.
	No.
	Reference
	Study Design
	Exposure
	Fetal Outcome
	Key Findings

	1
	Chen et al., 2025
	Cohort Study
	Prenatal PM2.5 Exposure
	Impaired Fetal Growth
	PM2.5 exposure alters fetal growth.

	2
	Deyssenroth et al., 2021
	Molecular Cohort Study
	Early Pregnancy PM2.5 Exposure
	Low Birth Weight
	PM2.5 exposure alters placental gene networks associated with reduced birth weight.

	3
	Gong et al., 2022
	Human Experimental Study
	PM2.5 Exposure
	Placental Inflammation
	PM2.5 triggers early placental inflammation.

	4
	Kaur et al., 2022
	Birth Cohort Study
	PM2.5 Exposure During Pregnancy
	Placental Metabolic Dysfunction
	PM2.5 alters placental lipid metabolism genes.

	5
	Lin et al., 2023
	Repeated-Measures Study
	Oxidative PM2.5 Exposure
	Low Fetal Weight
	PM2.5 increases fetoplacental vascular resistance.

	6
	Li et al., 2023
	Cellular Experimental Study
	PM2.5 Exposure
	Adverse Pregnancy Outcomes
	PM2.5 induces trophoblast apoptosis.

	7
	Li & Zhang, 2024
	Causal Analysis Study
	Fetal PM2.5 Exposure
	Adverse Birth Outcomes
	PM2.5 exposure worsens birth outcomes.

	8
	Wang et al., 2024
	Experimental Study
	Gestational PM2.5 Exposure
	Impaired Fetal Development
	PM2.5 inhibits trophoblast syncytialization.

	9
	Wang et al., 2026
	Animal Experimental Study
	Maternal PM2.5 Exposure
	Fetal Growth Restriction (FGR) and Placental Alterations
	PM2.5 causes uterine inflammation.

	10
	Yu et al., 2025
	Biomarker Cohort Study
	PM2.5 Exposure
	Adverse Pregnancy Outcomes
	PlGF mediates the effects of PM2.5 on adverse outcomes.

	11
	Zhou et al., 2024
	Observational Study
	Early Pregnancy PM2.5 Exposure

	Maternal Hormonal Disturbances
	PM2.5 affects maternal thyroid hormones.



Tabel 3. Synthesis based on output
	No
	References
	Fetal/Pregnancy utcomes
	Main Mechanisms

	1
	Tao et al., 2022; Wang et al., 2026
	Fetal Growth Restriction (FGR)
	Impaired spiral artery remodeling and uterine inflammation

	2
	Deyssenroth et al., 2021; Parasin et al., 2024
	Low Birth Weight (LBW)
	Placental gene dysfunction and oxidative stress

	3
	Wang et al., 2024; Singh et al., 2026
	Impaired Fetal Development
	Trophoblast dysfunction and placental inflammation

	4
	Holme et al., 2024
	Neurodevelopmental Impairment
	Oxidative stress and polycyclic aromatic hydrocarbons (PAHs) exposure

	5
	Gong et al., 2022; Erlandsson et al., 2026
	Placental Dysfunction
	Inflammation, DNA damage, and alterations in placental microarchitecture


Tabel 3. Synthesis based on output. Summarizes the major fetal and gestational effects linked to prenatal exposure to PM2.5. Across the reviewed articles PM2.5 consistently contributes to fetal groth restriction, low birth weight, impaired fetal development, neurodevelopmental impairment, and placental dysfunction. These outcomes are primarily driven by placental inflammation, oxidative stress, vascular dysfunction, oxidative stress, vascular dysfunction, trophoblast impairment, and altered placental gene expression.

PM2.5 Exposure During Pregnancy
A literature review indicates that inhalation of urban PM2.5 during pregnancy plays a significant role in placental dysfunction through mechanisms such as oxidative stress, inflammation, oxidative DNA damage, trophoblast apoptosis, uteroplacental vascular disorders, and altered placental gene expression. Various cohort studies, trophoblast cell experiments, animal models, and combined studie have revealed that PM2.5 exposure before birth is associated with fetal growth restriction (FGR), low birth weight, preterm delivery, impaired fetal development, and offspring neurodevelopment. PM2.5-induced placental dysfunction has also been reported to involve impaired spiral artery remodeling, fetoplacental vascular resistance, and activation of prooxidative inflammatory pathways, which impair uteroplacental perfusion and increase the risk of adverse birth outcomes [3,6,8,20].
Placental Dysfunction
Placental dysfunction has consistently been linked to impaired placental structure and function during pregnancy. Several cohort studies over the past five years have reported that PM2.5 exposure in the first and second trimesters is associated with increased placental inflammation, oxidative stress, impaired angiogenesis, and reduced uteroplacental perfusion. Studies in China and Europe have shown that PM2.5 exposure correlates with changes in placental biomarkers, such as increased proinflammatory cytokines, trophoblast dysfunction, and placental vascular damage, which contribute to placental insufficiency and impaired fetal growth [3,8].
These results indicate that the early to mid-pregnancy period is the most vulnerable period to the effects of air pollution on the placenta. This phase involves implantation, vascular remodeling, and the establishment of the uteroplacental circulation, which is crucial for fetal growth. PM2.5 exposure can trigger the formation of reactive oxygen species (ROS), systemic inflammation, and endothelial dysfunction, which impede the transfer of oxygen and nutrients from the mother to the fetus. Biologically, these mechanisms support the link between air pollution and fetal growth restriction, low birth weight, and prematurity [1,12,13].
Furthermore, several recent studies have also demonstrated epigenetic changes and impaired placental mitochondrial function due to chronic PM2.5 exposure. These alterations can impact gene function related to fetal development and vascular perfomance in the placental. Although results vary between studies due to differences in exposure measurement methods, population characteristics, and local pollutant levels, the overwhelming evidence continues to indicate that PM2.5 is a significant risk factor for placental dysfunction and impaired fetal development [9,11].
Fetal Development
Fetal development has been consistently linked to exposure to urban PM2.5 during pregnancy, particularly in the first and second trimesters. Several cohort studies have reported that PM2.5 exposure is associated with an increased risk of fetal growth restriction, small for gestational age (SGA), low birth weight, prematurity, and impaired fetal organ development. These risks are increased in pregnant women living in urban areas with high levels of air pollution and chronic exposure to fine particulate matter [7,8].
PM2.5 is a very small particle that can carry toxic compounds such as heavy metals, polycyclic aromatic hydrocarbons (PAHs), volatile organic compounds, and free radicals. This combination can trigger systemic inflammation, oxidative stress, and placental vascular disruption, which can reduce the supply of oxygen and nutrients to the fetus. As a result, fetal cell growth and differentiation can be disrupted, increasing the risk of intrauterine growth restriction and preterm birth [9,11,12,21].
Fetal developmental disorders caused by PM2.5 have also been linked to epigenetic changes and impaired neurocognitive development. Several studies have found that exposure to air pollution during pregnancy can affect the expression of genes involved in nervous system development, metabolic function, and fetal immune responses. In addition to impacts in the neonatal period, these effects are thought to persist into childhood, leading to an increased risk of respiratory disorders, developmental delays, and metabolic diseases later in life [9,11].
The biological plausibility of this association is strengthened by the discovery of black carbon particles and PM2.5 components in placental tissue, umbilical cord blood, and maternal-fetal circulation. These findings indicate that air pollution particles can cross the placental barrier and directly affect the fetus's biological environment. With increasing urbanization and global air pollution, PM2.5 exposure has become an important environmental factor to consider in efforts to protect maternal health and fetal development [9,5].

Discussion
The finding of this systematic review indicate that maternal exposure to urban PM2.5 is consistently associated with placental dysfunction and adverse fetal outcomes, including fetal growth restriction (FGR). Low birth weight (LBW), preterem birth, and impaired fetal development. Although the strength of these associations varied across studies, there was substantion agreement that oxidative stress, inflammation, trophoblast dysfunction, and impaired placental vascular function are central mechanisms linking PM2.5 exposure with disrupted fetal growth [5,6,8]. The consistency of findings across cohort studies, experimental models, and systematic reviews strengthens the biological plausibility of this relationship and suggests that placental dysfunction is a key mediator between maternal environmental exposure and adverse pregnancy outcomes.
Inter-study variabelity likely reflects methological and biological differences rether that conflicting evidence. Differences in exposure assessment techniques, regional PM2.5 composition, population characteristics, and critical exposure periods may explain the variation in reported effect magnitudes. PM2.5 exposure in early pregnancy alters placental gene networks associated with reduced bith weight, whereas Tao et al. (2022) and Wang et al. (2026) identified impaired spiral artery remodeling and uterine inflammation as key factors driving fetal growth restriction. Similarly, Lin et al. (2023) reported increased fetoplacental vascular resistance, while Wang et al. (2024) found that PM2.5 disrupts trophoblast syncytialization via the progranulin/mTOR signaling pathway. Overall, these findings indicate that PM2.5 acts through multiple interconnected biological pathways, with the first and second trimesters appearing to be the most vulnerable periods, as placental implantation, angiogenesis, and uteroplacental vascular remodeling are actively occurring during these stages [3,11].
[bookmark: _Hlk235095477][bookmark: _Hlk235095498]The biological mechanisms underlying these associations are supported by accumulating experimental evidence. Fine particulate matter and its toxic constituents, including polycyclic aromatic hydrocarbons (PAHs) and transition metals, can penetrate maternal circulation and accumulate in placental tissue, leading to excessive production of reactive oxygen species (ROS). Increased oxidative stress subsequently activates inflammatory pathways, including NF-κB signaling, elevates pro-inflammatory cytokines such as TNF-α and IL-6, disrupts mitochondrial function, and impairs trophoblast proliferation and angiogenesis [ 5,11,20]. Emerging evidence further indicates that PM2.5 induces endoplasmic reticulum stress, epigenetic alterations, repression of IGFBP3, changes in maternal thyroid hormones, and altered placental growth factor (PlGF), suggesting that placental dysfunction results from the interaction of several molecular pathways rather than a single pathogenic mechanism [17,29,31]. These mechanisms provide a biologically coherent explanation for the observed associations between PM2.5 exposure and impaired fetal growth.
The results of this literature review indicate that the association between PM2.5 exposure during pregnancy and impaired fetal development is supported by consistent biological mechanisms. PM2.5 exposure increases the formation of reactive oxygen species (ROS), triggers oxidative stress and inflammation, and disrupts trophoblast function and uteroplacental perfusion. These condition lead to reduced oxygen and nutrient tranfer to the fetus,thereby increasing the risk of fetal growth restriction (FGR), low birt weight (LBW), preterm birth, and impaired fetal development [5,6,13,21].
[bookmark: _Hlk235096224]This literature review is supported by consistent findings from cohort studies, experimental research, and meta-analyses. However, most human studies remain observational; thus, they do not fully establish a causal relationship and are potentially subject to confounding factors—such as smoking habits, socioeconomic status, pollutant exposure, and variations in PM2.5 exposure measurement methods, population characteristics, and biomarkers used. Therefore, prospective studies employing more accurate exposure measurements and biomolecular approaches are still needed to strengthen the evidence for a causal link between PM2.5 exposure, placental dysfunction, and impaired fetal development [8,18,26].
Conclusions

This systematic review demonstrates that prenatal exposure to urban PM2.5 is consistently associated with placental dysfunction and adverse vetal development. The evidence indicates thet the firdt and second trimesters represent the most vulnerable periods of pregnancy, as they coincide with placental implantation, trophoblast invasion, angiogenesis, and uteroplasental vascular remodeling. PM2.5 exposure during these critical windows promotes oxidative stress, inflammation, trophoblast dysfunction, vascular impairment, and altered plasental gene expression, resulting in reduced oxygen and nutrient transport to the fetus. These biological mechanisms contribute to fetal growth restriction (FGR), low birth weight (LBW), preterm birth, and impaired neurodevelopment. The findings highlight the imporance of reducing maternal exposure to PM25 throgh strengthened air quality policies, environmental monitoring, and targeted public health interventions for pregnant women, particularly in highly polluted urban areas. Future prospective studies integrating molecular biomarkers and standardized exposure assessment are needed to further clarify the causal pathways and support evidence based stategies for protecting maternal and fetal health
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