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ABSTRACT: Restricted fetal growth (RFG) is a leading
contributor to perinatal mortality and has been associated with
gestational exposure to air pollution, such as fine particulate matter
(PM2.5), nitrogen dioxide (NO2), and polycyclic aromatic
hydrocarbons (PAHs). This study examines the association
between trimester-specific and weekly means of air pollution
throughout gestation and placental inflammatory markers at
delivery. In a prospective cohort study of 263 pregnant women
in Rochester, NY, we measured interleukin-6 (IL-6) and tumor
necrosis factor-alpha (TNF-α) in placental tissue and estimated
gestational exposure to PM2.5 and NO2 using a high-resolution
spatial-temporal model. Exposure to PAHs was estimated using
urinary 1-hydroxypyrene (1-OHP) concentrations collected once
per trimester. Using distributed lag models with a penalized spline function, each interquartile range (2.6 μg/m3) increase in PM2.5
concentration during gestational weeks 6−11 was associated with decreased placental IL-6 levels (−22.2%, 95% CI: −39.0%,
−0.64%). Using multiple linear regression models, each interquartile range increase of 1-OHP was associated with an increase in
TNF-α in the first trimester (58.5%, 95% CI: 20.7%, 74.2%), third trimester (22.9%, 95% CI: 0.04%, 49.5%), and entire pregnancy
(29.6%, 95%CI: 3.9%,60.6%). Our results suggest gestational exposure to air pollution may alter the inflammatory environment of
the placenta at delivery.
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■ INTRODUCTION
Restricted Fetal Growth (RFG) has been associated with later-
in-life health effects, including diabetes mellitus, coronary heart
disease, and neurodevelopment delay.1 Recent epidemiolocal
studies, including ours, have associated reduced fetal growth
(measured via ultrasound) or reduced size at birth (e.g., birth
weight, length, or head circumference) with increased exposure
to combustion-originated air pollutants such as fine particles
(PM2.5), nitrogen dioxide (NO2), and polycyclic aromatic
hydrocarbons (PAHs), during pregnancy.2−4 Our previous
findings highlighted that decreased gestational exposure to
PM2.5 due to clean air actions during the 2008 Beijing
Olympics Games was associated with increased birth weight.3

However, the molecular mechanisms by which air pollution
contributes to RFG are not fully understood.

Placental insufficiency is a key contributor to RFG.5

Alterations in the inflammatory status of the placenta
contribute to placental insufficiency, where the vasculature
and nutrient delivery are impaired, leading to fetal depriva-
tion.6,7 For example, El-Shazly et al. found placentas collected
from preterm birth had lower Th2-derived cytokines such as

Interleukin-6 (IL-6) than those from term deliveries.8 In
another study, an increase in TNF- α was seen in the placentas
of those with preterm birth.9 However, placental inflammation
as an outcome is less examined in studies of air pollution
exposure during pregnancy but may contribute to reduced fetal
growth and preterm birth induced by air pollution.

In our previous study, we found that exposure to air
pollution sources in a pregnancy cohort in Rochester, New
York, U.S.A., was correlated with a urinary marker of PAHs,10

which has been associated with systemic inflammatory
responses in previous studies.11 In addition, combustion-
originated pollutants and cytokine inflammatory mediators can
translocate the lung and enter systemic circulation,12 which
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may further cross the placental barrier.13 While air pollution
exposure during pregnancy has been linked to inflammatory
alterations in maternal and cord blood,14 epidemiology studies
have also found an association between air pollution and
placental inflammatory complications such as preeclamp-
sia.15,16 Herein we aim to examined to what extent air
pollution exposure during pregnancy negatively affects
placental function, specifically placental inflammation at
delivery.

In a pregnancy cohort study in Rochester, New York, we
examined whether gestational week PM2.5 and NO2 concen-
trations and trimester-specific PAHs exposure (i.e., urinary 1-
hydroxypyrene) were associated with changes in interleukin-6
(IL-6) and tumor necrosis factor-alpha (TNF-α) measured in
postpartum placental tissues in term deliveries. We hypothe-
sized that increases in each pollutant would be associated with
increased IL-6 and TNF-α and explored when, during
pregnancy, any such associations were observed.

■ METHODS
Study participants and sample collection. We used data from a
prospective longitudinal pregnancy cohort at the University of
Rochester, the UPSIDE (Understanding Pregnancy Signals and
Infant Development) cohort, part of the NIH Environmental
Influences on Child Health Outcomes (ECHO) program. Further
details can be found in a previous publication.17 Briefly, recruitment
occurred during the first trimester of pregnancy from University of
Rochester Medical Center-associated clinics between December 2015
and April 2019. To be eligible for the study, participants had to be at
least 18 years old, pregnant with only one fetus, without any substance
abuse or psychotic illness history, proficient in English, with no
significant endocrine disorders, such as polycystic ovary syndrome or
obstetric issues that threatened the pregnancy upon enrollment. Of
the 326 participants enrolled, 263 participants had a singleton
pregnancy, a first-trimester study visit, a placenta sample collected at
delivery, and at least one urine sample and did not have a medical
screen failure, miscarriage, preterm birth (<37 gestational weeks), or
polycystic kidney disease. Preterm births were excluded to avoid
confounding factors unrelated to air pollution and to ensure
consistent exposure measurements across the study group (0−37
weeks of gestation). Participants attended in-person study visits once
per trimester, where they completed questionnaires and provided
biospecimen, including spot urine samples. Participants received
compensation for each study visit and were offered transportation to
study visits when necessary. The University of Rochester Research
Subjects Review Board and Duke University Institutional Review
Board approved the study. A flowchart of participants included in this
study can be found in the Supporting Information (Figure S1). A
comparison of the demographic characteristics between participants
who were included versus excluded from the analysis is also available
in Table S1.
Placental Inflammation Measurement
A small section of the flash-frozen placenta was obtained immediately
upon delivery from the villus region of the placenta, excluding
maternal decidua and chorionic plate. Placental tissue samples were
stored at −80 °C until laboratory analysis. A small section of a
placenta was cut, weighed, and placed in Lysing Matrix A tubes (MP
Biomedicals 6910−500). The tissue was then homogenized with the
Fast Prep 24 Homogenizer (MP Biomedical, 6VFV9) using Tissue
Extraction Reagent 1 (Thermo Fisher, FNN007) combined with
Pierce Protease Inhibitor Mini Tablets (Thermo Fisher, A32955).
Homogenized samples were centrifuged, and the protein was
extracted and stored at −80 °C. Total protein concentrations were
determined using the Pierce Detergent Compatible Bradford Assay
Kit (Thermo Fisher, 23246). Following the manufacturer’s
instructions, IL-6 and TNF-α measurements were conducted using
the Human IL-6 ELISA Kit (Thermo Fisher, KHC0061) and TNF-α

Human ELISA Kit, High Sensitivity (Thermo Fisher, BMS223HS).
IL-6 and TNF-α concentrations were normalized by total protein
concentrations prior to analysis.
Exposure Estimates
Exposure to PM2.5 and NO2 was estimated using random forest
models as described previously.18 Briefly, the model was generated
using monitoring station data, satellite data, meteorological data, and
land use variables as predictors. Furthermore, a network of low-cost
sensors was also used to generate the model. The external validation
(R2) for PM2.5 was 0.65, and the root mean squared error of the
model was 2.96 μg/m3. The external validation (R2) for NO2 was
0.43, and the root mean squared error of the model was 4.20 parts per
billion (ppb). The model generated daily residential PM2.5 and NO2
concentrations across the study area with a 1 km × 1 km spatial
resolution. Daily concentrations from the 1 km2 grid containing each
participant’s residence were assigned to that participant/pregnancy.
Gestational week concentrations were then calculated from the daily
concentrations, starting with gestational week 0 (calculated using
either the date of the last menstrual period or crown-rump length,
depending on the participant) to gestational week 37 to capture the
gestational week concentrations from conception through 37 weeks
(full-term). Exposures to PAHs were estimated based on urinary 1-
hydroxypyrene (1-OHP) measurements, as described previously.10

We used a high-performance liquid chromatograph with a
fluorometric detector to quantify 1-OHP levels in a total of 640
urine samples collected over each trimester from the 263 participants.
Specific gravity was measured to normalize 1-OHP concentrations.
Statistical Analysis
We examined the distribution of each variable and conducted a
natural log transformation for any variables that were right-skewed. N
= 263 participants were included in the distributed lag nonlinear
model (DLNM) analysis to explore the effects of gestational week
PM2.5 and NO2 concentrations on inflammatory markers (TNF-α and
IL-6) measured in placental tissue at delivery. The lag model assumed
a linear association between PM2.5 or NO2 and each cytokine in a
given gestational week (0 to 37) and used cubic regression penalized
splines with penalties on the second derivatives to allow this
relationship to vary smoothly across weeks.19 Week 37 was chosen
as the cutoff for exposure because it represents a full-term pregnancy.
Individuals who gave birth > 37 were included in the study. However,
their exposures were only estimated up to 37 weeks. Effect estimates
were scaled to the interquartile range (IQR) of PM2.5 and NO2
throughout pregnancy, 2.6 μg/m3 and 4.5 μg/m3, respectively. We
also used linear regression models to examine the trimester-specific
and average associations between 1-OHP and placenta inflammation
at delivery. N = 224 participants were included in the first trimester,
206 in the second, and 210 in the third. Average 1-OHP was
calculated by averaging at least two measurements across each
trimester N = 257. From which we calculated the estimated change in
each outcome associated with each interquartile range increase in the
biomarker. A number of potential confounders, including maternal
education (less than high school or high school, some college or
bachelor’s degree, postgraduate degree), Medicaid use (yes, no),
maternal employment (yes, no), infant sex (male, female), maternal
age (years), smoking (yes, no), and prepregnancy body mass index
(BMI, numeric) were assessed for their effects on placental
inflammation using univariate analysis. Covariate data was collected
from the questionnaire given at each trimester. Each variable was
included in the final model if it resulted in a > 8.0% change in TNF-α
associated with each interquartile range increase in 1-OHP
concentration in a stepwise model-building procedure. The final
model includes prepregnancy BMI, age, and smoking status.

We conducted several sensitivity analyses to assess if our main
findings were robust to several assumptions, such as labor and delivery
complications, outliers, and individuals who moved throughout
pregnancy. The first set of sensitivity analyses (A-I) removed
participants with labor and delivery complications, including
preeclampsia (A), prolonged labor: >20 h for first-time mothers
and >14 h for mothers who have had children previously (B),

Environment & Health pubs.acs.org/EnvHealth Article

https://doi.org/10.1021/envhealth.4c00077
Environ. Health 2024, 2, 672−680

673

https://pubs.acs.org/doi/suppl/10.1021/envhealth.4c00077/suppl_file/eh4c00077_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/envhealth.4c00077/suppl_file/eh4c00077_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/envhealth.4c00077/suppl_file/eh4c00077_si_001.pdf
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


postpartum hemorrhage (C), chorioamnionitis (D), preterm rupture
of the membrane (ROM): any ROM <37 weeks that did not result in
preterm birth (E), premature rupture of the membrane: ROM before
the onset of labor, (F), prolonged rupture of the membrane: ROM for
> 18 h before delivery (G), precipitous delivery (H), and all labor and
delivery complications (I). The following set of sensitivity analyses
investigated the role of outliers among the 1-OHP measurements and
cytokine measurements separately as well as compete cases (J−L).
Outliers were identified using the confidence interval method; briefly,
cut-offs were generated ± 1.5(IQR).20 Following outlier identifica-
tion, 1-OHP outliers per trimester were removed (J), and TNF-α
outliers were removed (K). Complete case analysis excluded
participants missing three trimesters of 1-OHP data (L). Delivery
mode was also addressed (V). Three sensitivity analyses were
completed to validate the findings of PM2.5 on IL-6 concentrations by
(1) excluding participants with preeclampsia, (2) excluding
participants with potential exposure misclassification defined as
moved during the study period were removed, and (3) removing
participant with IL-6 outliers (cutoff generated by ± 1.5(IQR). Table
S2 includes definitions of the labor and delivery complications. We
then compared findings from these sensitivity analyses to those from
the main analyses described above. Linear regression models were
fitted using the lm function, and distributed lag models were fit using
the dlnm package within R (www.r-project.org).

■ RESULTS
Table 1 summarizes the maternal characteristics. Briefly, 263
participants provided data for this analysis; over 50% of our
population self-reported as non-Hispanic White, while 54.8%
reported Medicare use and had a smoking prevalence of 7.0%.
Levels of Air Pollution Exposure

The mean ± standard deviation concentrations across all
trimesters were 6.74 ± 1.82 μg/m3 for PM2.5 and 10.6 ± 5.0

ppb for NO2. These exposure levels were below the current
nationally established EPA limits for PM2.5 (9 μg/m3) and
NO2 (53 ppb). The urinary 1-OHP geometric mean (IQR)
was 63.7 (65.6) pg/mL. Using a previously established method
to estimate the creatinine-adjusted 1-OHP levels based on
specific gravity-adjusted 1-OHP levels,21 the geometric mean
1-OHP levels in our study (41.2 ng/g creatinine) was lower
than that of nationally representative women in National
Health and Nutrition Examination Survey (NHANES) in
2015−2016 (150 ng/g creatinine).22 Trimester-specific
descriptive statistics for 1-OHP, PM2.5, and NO2 are
summarized in Table 2. Trimesters were defined as 0−12,
13−26, and 27−37 gestational weeks.
Air Pollution and Placental Inflammatory Markers

Summary statistics of the placental inflammatory markers can
be seen in Table 2. Figure 1 shows the gestational week
associations between PM2.5 and placental concentrations of IL-
6 (A) and TNF-α (B) at birth from the distributed lag
nonlinear models. A negative association was observed
between each IQR increase in PM2.5 in the gestational weeks
6−11 in IL-6 (−22.2%, 95% CI: −39.0%, −0.64%). The
estimated cumulative effect of exposure to an IQR increase in
PM2.5 each week during the pregnancy was associated with a
decrease in IL-6 −49.4% (95% CI: −61.7%, 19.1%).
Furthermore, the estimated cumulative effect of exposure to
an IQR increase in PM2.5 each week during pregnancy was
associated with a 40.3% (95% CI: −42.3% to 241%) increase
in TNF-α concentrations (Table S3).

Figure 2 shows the time-dependent associations of NO2 with
placental concentrations of IL-6 (A) and TNF-α (B). Within
the DLNM analyses, we did not observe any associations

Table 1. Demographic Characteristics of Study Participants (N = 263)

demographic characteristics mean ± standard deviation (or N)

race ethnicity
non-hispanic white 156 (59.3%)
hispanic 27 (10.3%)
non-hispanic black 59 (22.4%)
othera 21 (8.0%)

highest education
less than high school or high school 90 (34.2%)
some college or bachelors degree 107 (40.7%)
post graduate degree 65 (24.7%)

age mean ± SD (years) 29 ± 4.6
medicare use

yes 144 (54.8%)
no 119 (45.2%)

smoking during pregnancy
yes 18 (6.8%)
no 237 (90.1%)

BMI mean ± SD (kg/m2) 27.9 ± 7
infant sex

male (0) 128 (48.7%)
female (1) 135 (51.3%)

placental weight mean ± SD (g) 413.0 ± 87.4
birth weight mean ± SD (g) 3400.2 ± 512.3
gestational age at delivery mean ± SD (weeks) 39.7 ± 1.2
exposure misclassificationb

yes 30 (11.4%)
no 233 (88.6%)

a“Others” includes American Indian, Alaska Native, and participants self-reporting as “other” bExposure misclassification refers to participants who
moved during the study.
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between increased NO2 concentrations during individual
gestational weeks and placental cytokine levels. Exposure to
IQR increases in NO2 concentration during the entire
pregnancy was estimated to be associated with a −0.13%
(95% CI: −13.8%, 15.8%, and 4.45% (95% CI: −16.2%,
30.2%) differences in IL-6 and TNF-α concentrations,
respectively, suggesting null effects of NO2 on placental
inflammation (Table S3).
PAHs Exposure and Placental Inflammatory Markers
We examined the separate associations between 1-OHP in
each trimester and placental levels of IL-6 and TNF-α (Figure
3 and Table S4). Each IQR increase in 1-OHP levels during
the first and third trimester was associated with an increase in
TNF-α 58.5% (95% CI: 20.7%, 74.2%) and 22.9% (95% CI:
0.04%, 49.5%) respectively. Each IQR increase in the average
1-OHP over the three trimesters was also associated with an
increase in TNF-α levels 29.6% (95%CI: 3.9%, 60.6%). In
contrast, no associations were observed between IL-6 and 1-
OHP in any trimester. Each IQR increase in the average 1-
OHP over the three trimesters was associated with an increase
in IL-6 3.91% (95% CI: −10.0%, 20.0%).

Sensitivity Analysis

We conducted rigorous sensitivity analyses to assess the
robustness of our primary findings. Specifically, we examined
the impact of labor and delivery complications (A-I), removal
of 1-OHP outliers on our results (J), removal of cytokine
outliers (K), and complete cases (L) (Figures S2−S4 and
Tables S5−S7). These sensitivity analyses showed minimal
alterations in the main effects of 1-OHP and TNF-α. Excluding
all participants with labor and delivery complications resulted
in a decrease in the size of the effect estimates between average
1-OHP and first trimester 1-OHP 12.2% increase of TNF-α
(95% CI: −11.7%, 45.4), (34.3% increase in TNF-α (95% CI:
7.9%−68.6% respectively. These changes may be attributable
to the smaller sample size in the subset analysis (N = 257 and
N = 199 for average 1-OHP and N = 224 and N = 165 for first-
trimester 1-OHP). Furthermore, removing TNF-α outliers
reduced the overall effect size of the trimester TNF-α and 1-
OHPs relationship; however, the results remained robust at
34.3% (95% CI: 14.2−57.8). Additional sensitivity analyses
were completed to test the robustness of the lagged effect of
interquartile range increases of PM2.5 on IL-6 concentrations
(−22.2%, 95% CI: −39.0%, −0.64%). However, the initial
sensitive time windows disappeared in each sensitivity analysis.
However, the overall direction stayed the same (Table S8).

■ DISCUSSION
This study aimed to fill the knowledge gap on whether low-
level air pollution exposures during pregnancy were associated
with increased placental inflammation at birth. Increased PM2.5
concentrations below current NAAQS standards were
associated with lower concentrations of placental inflammation
biomarkers, specifically IL-6. Furthermore, PAH concentra-
tions in the first trimester and averaged across the entire
pregnancy were associated with higher TNF-α concentrations
in term placentas. These results suggest that exposure to
combustion-originated air pollutants such as PAHs may alter
the inflammatory status of the placenta within our study
population. Furthermore, our results suggest that exposures
during early pregnancy may be more important in contributing

Table 2. Summary Statistics of Exposure Estimates and
Placental Cytokine Concentrations

variable, unit time period median SD IQR

1-OHP, pg/mL trimester 1 52.2 57. 5 53.7
trimester 2 54.1 84.0 66.5
trimester 3 65.7 80.0 65.0
average 63.7 62.7 65.3

PM2.5, μg/m3 trimester 1 6.72 0.9 1.3
trimester 2 6.67 1.0 1.5
trimester 3 6.86 1.0 1.4
average 6.74 1.8 2.6

NO2, ppb trimester 1 11.2 4.8 7.8
trimester 2 10.4 4.8 8.0
trimester 3 10.2 5.0 7.9
average 10.6 5.1 4.5

IL-6, ng/μg protein at delivery 5.3 7.6 4.6
TNF-α, ng/μg protein at delivery 0.4 1.5 0.6

Figure 1. Estimated distributed lag effect of PM2.5 throughout pregnancy and placental inflammatory markers IL-6 (left panel) and TNF-α (right
panel). Starting at gestational week 0, defined as the date of the last menstrual period or crown-rump length, depending on the participant, to
gestational week 37. Adjusted for prepregnancy BMI, smoking during pregnancy, and maternal age. Lag effects are presented as the percent change
in placental inflammatory marker per IQR increase of PM2.5 (2.6 μg/m3) (N = 263).
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to placental inflammation at delivery than during later
pregnancy time points.

PM2.5 is a complex mixture containing PAHs.23 1-
Hydroxypyrene is a urinary marker for pyrene exposure and
is associated with short-term exposure to PM2.5 among the
study population.18 Once inhaled, PAHs can translocate into
the bloodstream, and numerous studies have shown that PAHs
can induce systemic inflammation.24−26 Herein, we extended
the pro-inflammatory effects of PAHs to the placenta by
showing an association between placental TNF-α concen-
trations and 1-OHP in maternal urine. Increased inflammation
in maternal blood due to PAH exposure may reach the
syncytiotrophoblast where TNF-α mRNA is expressed, which
could alter TNF-α expression and lead to an excess of TNF-α
in the placental tissue.27

Placental development is a complex and intricate mechanism
involving a highly conserved immunological environment.
Implantation and placentation during the first trimester include
an evolutionarily conserved upregulation of (IL-6).28 Addi-
tionally, TNF-α is imperative for normal placental and fetal
development but, in excess, can lead to preterm birth,

preeclampsia, and late pregnancy loss.27 In our study, we
observed higher placental TNF-α associated with PAH
exposure and lower IL-6 associated with increased PM2.5
concentrations during pregnancy. These results suggest that
exposure to air pollution may perturb the immunological
hemostasis in the placenta, which may adversely affect
placental development. The underlying biological mechanisms
are yet to be investigated. It is well established, however, that
the proinflammatory response in the respiratory tract and the
circulatory system to air pollution exposure is acute and can
fluctuate with daily variations in air pollution levels.29 In this
study, we observed that air pollution in early pregnancy was
associated with the two proinflammatory cytokines in the
placenta at delivery. One of our hypothesized mechanisms is
that early pregnancy exposure may alter epigenetic regulations
that shift the immune hemostasis toward a heightened Th-1
proinflammatory state of the placenta throughout the
pregnancy.

Numerous studies have supported the hypothesis that
exposure to air pollution contributes to low birth weight and
fetal growth restriction.2−4 However, results are mixed

Figure 2. Estimated distributed lag effect of NO2 and placental inflammatory markers IL6 (left panel) and TNF-α (right panel). Starting at
gestational week 0 defined as the date of the last menstrual period or crown-rump length depending on participant to gestational week 37. Adjusted
for prepregnancy, BMI, smoking during pregnancy, and maternal age. Lag effects are presented as the percent change in placental inflammatory
marker and 1 IQR increase of NO2 (4.5 ppb). N = 263.

Figure 3. Associations of urinary 1-OHP concentrations with placental inflammatory marker IL-6 (left panel), and TNF-α (right panel).
Associations were tested using linear models. All models were adjusted for smoking status, maternal age, and prepregnancy BMI. The association is
presented as percent changes of 1-OHP concentrations per one interquartile increase in 1-OHP concentration, averaged over three trimesters: first,
second, and third trimester. Significant was determined as p < 0.05.
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regarding the critical time window since the evidence is
available supporting stronger associations during preconcep-
tion windows30,31 as well as the first-,32 second-,33 and third-
trimesters.34 Remarkably, a recent muti-center randomized
trial (i.e., HAPIN), the use of a clean cook stove, in
comparison with the use of more polluting biomass stove,
from gestational week 18 until the birth, resulted in a small
(5.3 g) increase in birth weight,3536 while a subgroup of
participants who started to use the clean stove during early
pregnancy (before gestational week 18) had a substantially
larger (33.8 g) increase in birth weight. This is consistent with
our findings suggesting that the first trimester may be a more
susceptible time window of exposure.

A limited number of prior studies have examined the effects
of air pollution on placental inflammation. Studies in vitro
using human first-trimester trophoblast cells found that
exposure to wood smoke and a metabolite of benzo(a)pyrene
(benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide) increased IL-
637,38 and TNF-α secretion.38 A cohort that compared
clinically recognized early pregnancy loss (CREPL) to elective
termination in the first trimester found that higher ambient
PM2.5 concentrations eight days before the end of pregnancy
were associated with increased villus IL-6 in the CREPL
group.39 Furthermore, higher concentrations of IL-6 and TNF-
α were associated with each IQR increase in PM2.5 three weeks
after ovulation in both groups compared to the weeks prior
and just after ovulation.39 In the Boston Birth Cohort,
Nachman et al. found the odds ratio of intrauterine
inflammation (assessed via placental pathology, was highest
with PM2.5 exposure in the first trimester) (OR = 1.93; 95%
CI: 1.55, 2.40) compared to second (OR = 1.67; 95% CI: 1.35,
2.08), and third trimester (OR = 1.53; 95% CI: 1.24, 1.90).40

Our study contributes to this growing body of evidence and
shows that exposure to PAHs, even at low levels, may
contribute to higher placental TNF-α levels. Our findings on
IL-6, while inconsistent with previous air pollution studies in
the placenta, studies looking at maternal serum and cord blood
found a decrease in IL-6 associated with 10 μg/m3 PM2.5 in the
first trimester and reduced IL-6 levels among women who
smoked during pregnancy.41,42 It was hypothesized that the
reduced IL-6 levels were partly due to the PAH-induced
reduction of T-cells, which would reduce the amount of IL-6
produced.42 Furthermore, El-Shazly et al. found a decrease in
placental IL-6 in placentas from preterm births compared to
placentas from term births.8 Additional studies, however, are
warranted to confirm our findings on IL-6.

Several things need to be considered when interpreting the
effect size of our study. There are dietary and other
environmental sources of pyrene, such as barbequed or grilled
food and environmental tobacco smoke. Moreover, these
sources of pyrene may be correlated to predictors of
socioeconomic disparity.32 Therefore, these unmeasured
sources may result in an overestimate of the effect due to air
pollution. Second, since PM2.5 and NO2 concentrations were
estimated for the 1-km2 grid containing a subject’s residence
and not the residence itself, there may be some exposure
measurement error and reduced the statistical power. It is also
important to note while our study did not find statistically
significant associations with NO2, our study had a relatively
small sample size, and therefore, future studies with a larger
sample size should be conducted to confirm our null results for
NO2 and placental inflammatory markers at delivery. Further,
the inference was made based on the magnitude, direction, and

pattern of associations observed across the lag times for each
pollutant examined and not solely on the statistical significance
of a hypothesis test p-value.

This study’s strengths include the use of a well-established
internal biomarker of PAH exposure (urinary 1-hydroxypyr-
ene) to provide insight into participants’ PAH exposure, the
application of the DLNM to estimate the effect of air pollution
over pregnancy, and the use of a high-resolution spatiotem-
poral model to generate daily PM2.5 and NO2 concentrations
within 1-km2 grids across the study area. This approach
minimizes exposure misclassification and reduces bias toward
the null in our effect estimates compared to studies relying
solely on central-site monitoring data. Additionally, our study
found associations with low levels of air pollution, which may
apply to many other parts of the United States.

There are limitations of our study. First, the internal
biomarker of exposure to pyrene has a short half-life (∼12−24
h), which means that a single spot measurement per trimester
may not accurately reflect the average exposure for the entire
trimester. Second, other factors (e.g., maternal acetamino-
phen) may influence placental TNF-α and IL-6 in addition to
air pollution. While we did our best to address the potential
influence of those factors, some factors (e.g., diet) were not
measured in this study. Third, the placenta samples were
collected at delivery, providing a snapshot of inflammation at
the end of pregnancy only, without examining earlier markers
of inflammation. Last, while our cohort is clinically
representative of the centers recruited from, it is not regionally
representative of Rochester, New York, or nationally
representative.

■ CONCLUSIONS
This study highlights the importance of understanding the
effect of air pollution exposure during pregnancy on placental
inflammation in the placenta at birth, a factor pivotal to fetal
growth and development. Findings underscore that the first
trimester may be a period of particular susceptibility to the
effects of air pollution exposure, with 1-OHP levels showing
exposure positively associated with TNF-α concentrations in
the placenta. We also found an increase in the third trimester,
as well as an average of 1-OHP levels across all trimesters
associated with TNF-α concentrations in the placenta,
suggesting a potential influence during the last trimester of
pregnancy of PAH exposure on placental inflammation as well.
Furthermore, this study showed lower IL-6 concentrations in
term placenta associated with higher first-trimester PM2.5.
These findings suggest that air pollution exposure during
pregnancy may perturb the immunological hemostasis of the
placenta.

■ ASSOCIATED CONTENT

*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/envhealth.4c00077.

Forest plots, tables of the sensitivity analysis conducted,
results from regression models used to determine
associations of 1-OHP and inflammatory cytokines,
PM2.5 and NO2, definitions of the labor and delivery
complications, and a diagram of the number of
participants included in each analysis (PDF)

Environment & Health pubs.acs.org/EnvHealth Article

https://doi.org/10.1021/envhealth.4c00077
Environ. Health 2024, 2, 672−680

677

https://pubs.acs.org/doi/10.1021/envhealth.4c00077?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/envhealth.4c00077/suppl_file/eh4c00077_si_001.pdf
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ AUTHOR INFORMATION

Corresponding Author

Junfeng Zhang − Nicholas School of the Environment & Duke
Global Health Institute, Duke University, Durham, North
Carolina 27708, United States; orcid.org/0000-0003-
3759-6672; Phone: (919) 681-7782;
Email: junfeng.zhang@duke.edu

Authors

Emily A. Craig − Nicholas School of the Environment & Duke
Global Health Institute, Duke University, Durham, North
Carolina 27708, United States

Yan Lin − Nicholas School of the Environment & Duke Global
Health Institute, Duke University, Durham, North Carolina
27708, United States; orcid.org/0000-0003-4384-8354

Yihui Ge − Nicholas School of the Environment & Duke
Global Health Institute, Duke University, Durham, North
Carolina 27708, United States

Xiangtian Wang − Nicholas School of the Environment &
Duke Global Health Institute, Duke University, Durham,
North Carolina 27708, United States

Susan K. Murphy − Nicholas School of the Environment &
Duke Global Health Institute, Duke University, Durham,
North Carolina 27708, United States

Donald K. Harrington − Department of Psychiatry, University
of Rochester School of Medicine and Dentistry, Rochester,
New York 14642, United States

Richard K. Miller − Department of Obstetrics and Gynecology,
University of Rochester School of Medicine and Dentistry,
Rochester, New York 14642, United States; Department of
Environmental Medicine and Department of Pediatrics,
University of Rochester School of Medicine and Dentistry,
Rochester, New York 14642, United States; Department of
Psychology, University of Rochester, Rochester, New York
14642, United States

Sally W. Thurston − Department of Biostatistics and
Computational Biology and Department of Environmental
Medicine, University of Rochester School of Medicine and
Dentistry, Rochester, New York 14642, United States

Philip K. Hopke − Department of Public Health Sciences,
University of Rochester School of Medicine and Dentistry,
Rochester, New York 14642, United States; orcid.org/
0000-0003-2367-9661

Emily S. Barrett − Department of Obstetrics and Gynecology,
University of Rochester School of Medicine and Dentistry,
Rochester, New York 14642, United States; Department of
Public Health Sciences, University of Rochester School of
Medicine and Dentistry, Rochester, New York 14642, United
States; Department of Biostatistics and Epidemiology, Rutgers
School of Public Health, Piscataway, New Jersey 08854,
United States

Thomas G. O’Connor − Department of Obstetrics and
Gynecology, University of Rochester School of Medicine and
Dentistry, Rochester, New York 14642, United States;
Department of Psychiatry and Department of Neuroscience,
University of Rochester School of Medicine and Dentistry,
Rochester, New York 14642, United States; Department of
Psychology, University of Rochester, Rochester, New York
14642, United States

David Q. Rich − Department of Public Health Sciences,
Department of Medicine, and Department of Environmental

Medicine, University of Rochester School of Medicine and
Dentistry, Rochester, New York 14642, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/envhealth.4c00077

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank Grace Zhang for her contribution to the
measurement of placental total protein. This study is funded by
the National Institutes of Health (R01ES027495, UG3
OD023349, HD083369), The Wynne Center for Family
Research. The National Center for Advancing Translational
Sciences of the National Institutes of Health (UL1 TR002001)
and the University of Rochester CTSA. The content is solely
the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health.

■ ABBREVIATIONS USED
IL-6 Interleukin 6
TNF-α Tumor Necrosis Factor Alpha
1-OHP 1-hydroxypyrene
PM2.5 Particulate Matter less than 2.5 μm in aerodynamic

diameter
NO2 Nitrogen Dioxide
RFG Restricted Fetal Growth
PAH Polyaromatic Hydrocarbons
OR Odds Ratio
CREPL cohort that compared clinically recognized early

pregnancy loss
NAAQS National Ambient Air Quality Standards

■ REFERENCES
(1) Kamphof, H. D.; Posthuma, S.; Gordijn, S. J.; Ganzevoort, W.

Fetal Growth Restriction: Mechanisms, Epidemiology, and Manage-
ment. Matern.-Fetal Med. 2022, 4 (3), 186.

(2) Malmqvist, E.; Liew, Z.; Källén, K.; Rignell-Hydbom, A.; Rittner,
R.; Rylander, L.; Ritz, B. Fetal Growth and Air Pollution - A Study on
Ultrasound and Birth Measures. Environ. Res. 2017, 152, 73−80.

(3) Rich, D. Q.; Liu, K.; Zhang, J.; Thurston, S. W.; Stevens, T. P.;
Pan, Y.; Kane, C.; Weinberger, B.; Ohman-Strickland, P.; Woodruff,
T. J.; Duan, X.; Assibey-Mensah, V.; Zhang, J. Differences in Birth
Weight Associated with the 2008 Beijing Olympics Air Pollution
Reduction: Results from a Natural Experiment. Environ. Health
Perspect. 2015, 123 (9), 880−887.

(4) Shao, X.; Cheng, H.; Zhou, J.; Zhang, J.; Zhu, Y.; Yang, C.; Di
Narzo, A.; Yu, J.; Shen, Y.; Li, Y.; Xu, S.; Zhang, Z.; Chen, J.; Cheng,
J.; Hao, K. Prenatal Exposure to Ambient Air Multi-Pollutants
Significantly Impairs Intrauterine Fetal Development Trajectory.
Ecotoxicol. Environ. Saf. 2020, 201, 110726.

(5) Nardozza, L. M. M.; Caetano, A. C. R.; Zamarian, A. C. P.;
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