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• Oxidative stress biomarkers were elevated
among pregnant peoplewith higher socio-
economic disadvantage.

• Associations were strongest for the chemi-
cal fraction of 8-iso-PGF2α.

• Oxidative stress may link socioeconomic
status to adverse pregnancy outcomes.
Abbreviations: 8-isoPGF2α, Isoprostane-prostaglandin F2
cient; IKIDS, Illinois Kids Development Study; LOD, Limit o
Rico Testsite for Exploring Contamination Threats; TIDES, T
⁎ Corresponding author at: Gangarosa Department of Env

E-mail address: stephanie.marie.eick@emory.edu (S.M. E
1 See Acknowledgments for full listing of collaborators.

http://dx.doi.org/10.1016/j.scitotenv.2022.155596
Received 10 February 2022; Received in revised form
Available online 29 April 2022

0048-9697/© 2022 Elsevier B.V. All rights reserved.
α; CI, Confidence interval; CIOB, Chemicals in Our Bodies; HPA, Hypothalamic-pituitary-adrenal; ICC, Intraclass correlation coeffi-
f detection; PGF2α, Prostaglandin F2α; SD, Standard deviation; SES, Socioeconomic status; SpG, Specific gravity; PROTECT, Puerto
he Infant Development and Environment Study.
ironmental Health, Emory University Rollins School of Public Health, 1518 Clifton Rd, Atlanta, GA 30329, USA.
ick).

1 April 2022; Accepted 25 April 2022

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2022.155596&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2022.155596
stephanie.marie.eick@emory.edu
http://dx.doi.org/10.1016/j.scitotenv.2022.155596
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


S.M. Eick et al.
A B S T R A C T

Science of the Total Environment 835 (2022) 155596
A R T I C L E I N F O
Editor: Lidia Minguez Alarcon
 Background: Lower socioeconomic status (SES) and elevated psychosocial stress are known contributors to adverse

pregnancy outcomes; however, biological mechanisms linking these factors to adverse pregnancy outcomes are not
well-characterized. Oxidative stress may be an important, yet understudied mechanistic pathway. We used a pooled
study design to examine biological, behavioral, and social factors as predictors of prenatal oxidative stress biomarkers.
Methods: Leveraging four pregnancy cohorts from the Environmental influences on Child Health Outcomes (ECHO)
Program spanning multiple geographic regions across the United States (U.S.) (N= 2082), we measured biomarkers
of oxidative stress in urine samples at up to three time points during pregnancy, including 8-isoprostane-prostaglandin
F2α (8-isoPGF2α), its major metabolite, 2,3-dinor-5,6-dihydro-15-F2t-isoprostane, and prostaglandin F2α (PGF2α). Ma-
ternal age, pre-pregnancy body mass index, marital/partnered status, parity, and smoking status were included as bi-
ological and behavioral factors while race/ethnicity, maternal education, and stressful life events were considered
social factors. We examined associations between each individual biological, behavioral, and social factor with oxida-
tive stress biomarkers using multivariable-adjusted linear mixed models.
Results: Numerous biological, behavioral, and social factors were associated with elevated levels of 8-isoPGF2α, its
major metabolite, and PGF2α. Pregnant people who were current smokers relative to non-smokers or had less than a
high school education relative to a college degree had 11.04% (95% confidence interval [CI] = −1.97%, 25.77%)
and 9.13% (95% CI = -1.02%, 20.32%) higher levels of 8-isoPGF2α, respectively.
Conclusions:Oxidative stress biomarkers are elevated among pregnant peoplewith higher socioeconomic disadvantage
andmay represent one pathway linking biological, behavioral, and social factors to adverse pregnancy and child health
outcomes, which should be explored in future work.
Keywords:
Oxidative stress
Pregnancy
Isoprostane
Social determinants
1. Introduction

Lower socioeconomic status (SES) and higher levels of psychosocial
stressors are well-known contributors to adverse pregnancy outcomes
(Lima et al., 2018; Dunlop et al., 2021). Across the United States (U.S.)
and globally, large disparities in the rates of adverse birth outcomes, includ-
ing preterm birth and lower birth weight, persist across economic classes
and racial and ethnic groups (Martin et al., 2021; Braveman et al., 2015).
Structural inequalities and other social factors often underlie these ob-
served health disparities (Dunlop et al., 2021), as factors such as differences
in education, the built environment, or experiences of racism may increase
the exposure and susceptibility of an individual to adverse outcomes
(Cutter et al., 2003). Additionally, the same populationswho face structural
inequalities are often disproportionately exposed to the highest level of
environmental hazards, which may also increase the risk of adverse preg-
nancy outcomes (Morello-Frosch and Shenassa, 2006; Eick et al., 2021a;
Ferguson et al., 2019a; Barrett and Padula, 2019; Padula et al., 2020a;
Padula et al., 2020b).

Despite high rates of adverse pregnancy outcomes and their high social
cost, the biologic pathways linking social and behavioral factors to adverse
birth outcomes are not well-characterized. While the hypothalamic-
pituitary-adrenal (HPA) axis is hypothesized to be a key contributor (Ng,
2000), oxidative stress may represent an alternative (or complementary)
unifying mechanism. 8-isoprostane-prostaglandin F2α (8-isoPGF2α), a mea-
sure of lipid peroxidation, is widely considered to be the ‘gold standard' bio-
marker of oxidative stress (Kadiiska et al., 2017; Roberts and Morrow,
2000). 8-isoPGF2α is elevated in response to numerous environmental
chemical and non-chemical stressors that may be reflective of a socioeco-
nomic disadvantage, such as low educational attainment and smoking sta-
tus (Cathey et al., 2021; Eick et al., 2018; Janczura et al., 2020; Ferguson
et al., 2015a; van der Plas et al., 2019). Prior studies also suggest that cer-
tain biological factors, such as obesity, predispose individuals to elevated
levels of 8-isoPGF2α (Marseglia et al., 2014). Further, prenatal levels of 8-
isoPGF2α are increased among those who go on to experience adverse
birth outcomes and pregnancy-related complications (Eick et al., 2020a;
Ferguson et al., 2015b; Ferguson et al., 2017). However, most prior studies
have been limited by relatively small sample sizes, restricted geographic lo-
cations, and racially homogenous study populations, which do not reflect
the diversity of the U.S. Thus, better understanding determinants of
oxidative stress during pregnancy may help clinicians and public health
practitioners better target interventions aimed at improving pregnancy
outcomes.
2

In the current analysis, we used harmonized data from four pregnancy
cohorts participating in the National Institutes of Health (NIH) Environ-
mental influences on Child Health Outcomes (ECHO) Program (National
Institutes of Health, n.d.). Our combined study population includes a demo-
graphically diverse group of predominately Latina andWhite pregnant peo-
ple with repeated measures of oxidative stress across gestation. We
measured 8-isoPGF2α, as well as its major metabolite, as biomarkers of ox-
idative stress. The 8-isoPGF2α metabolite was included because it may be a
superior biomarker than its parent compound when measured in urine
(Dorjgochoo et al., 2012). We additionally included a third oxidative stress
marker, prostaglandin-F2α (PGF2α), as it is enzymatically derived and re-
flective of inflammation pathways. When measured in combination with
8-isoPGF2α, PGF2α may allow us to disentangle the proportion of 8-
isoPGF2α that is derived from enzymatic and non-enzymatic lipid peroxida-
tion pathways (van't Erve et al., 2015). We hypothesized that certain bio-
logical and behavioral factors (e.g., increasing maternal age, being
overweight or obese, increasing parity, or being a current smoker) would
lead to increased levels of these biomarkers. We similarly hypothesized
that oxidative stress biomarkers would be elevated among those who expe-
rience structural inequalities or social factors reflecting lower SES
(e.g., persons of color, lower educational attainment, and experiences of
stressful life events). Our study is the largest to date that examines
behavioral, biological, and social factors in relation to prenatal oxidative
stress.

2. Methods

2.1. Study population

Our study population included four cohorts participating in the NIH
ECHO Program: Chemicals in Our Bodies (CIOB—San Francisco, Califor-
nia), Illinois Kids Development Study (IKIDS-Champaign-Urbana, Illinois),
Puerto Rico Testsite for Exploring Contamination Threats (PROTECT),
and The Infant Development and Environment Study (TIDES- Rochester,
NewYork; San Francisco, California; Seattle,Washington; andMinneapolis,
Minnesota). Our final sample size included 2082 participants: 229 from
CIOB, 230 from IKIDS, 866 from PROTECT, and 757 from TIDES
(Fig. S1). Together, these cohorts represent a geographically and demo-
graphically diverse study population. These cohorts were invited to partic-
ipate in this combined analysis because they hadmeasures of urinary levels
of 8-isoPGF2α, the major 8-isoPGF2α metabolite, and PGF2α in a subset of
participants at the time of analysis. Detailed information on recruitment
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and data collection methods for each cohort is provided elsewhere (Eick
et al., 2021b; Ferguson et al., 2019b; Swan et al., 2015). Briefly, for all stud-
ies, participants were recruited during pregnancy and were eligible for in-
clusion if they were not pregnant with multiples and were at least
18 years of age. Each of these cohorts' protocols was reviewed and
approved by their local institutional review boards, and all cohort partici-
pants provided written, informed consent.

2.2. Biological and behavioral factors

Biological and behavioral factors includedmaternal age, pre-pregnancy
body mass index (BMI; kg/m2), parity, and smoking status. This informa-
tion was obtained by self-reported interview questionnaire administered
during pregnancy or from the medical record.

2.3. Social factors

We included maternal race/ethnicity, educational attainment, marital
status, and self-reported experiences of stressful life events (SLEs) as social
factors. While belonging to a certain racial or ethnic group should not pre-
dispose one to elevated levels of oxidative stress, people of color often expe-
rience higher levels of racism and structural discrimination relative to
White individuals (Lee et al., 2019). Information on perceived racism was
not available in our analytic sample, and we have included self-identified
race/ethnicity as a proxy for experiences of racial discrimination.

All cohorts asked about the occurrence of five SLEs within the last year
(CIOB) or during pregnancy (IKIDS, PROTECT, TIDES) using a self-reported
interview questionnaire (Eick et al., 2018; Eick et al., 2021b; Eick et al.,
2020b). Across all cohorts, stressful life events included: participant or par-
ticipant's partner lost their job, a close family member was ill or hospital-
ized, participant or participant's partner experienced legal or financial
trouble, participant experienced relationship problems with their partner,
or someone close to the participant died. We created a binary measure of
SLEs where pregnant people reporting no SLEs were categorized as
“none” and those reporting at least one SLE were categorized as having
experienced “any.”

2.4. Oxidative stress biomarkers

Urine samples were collected at three time points in PROTECT (mean
18.2, 23.6, and 26.9 weeks gestation), two time points in both CIOB
(mean 20.2 and 31.0 weeks gestation) and IKIDS (mean 16.2 and
23.3 weeks gestation), and once in TIDES (mean 32.7 weeks gestation),
and were frozen at−80 °C prior to analysis. For all cohorts, the Eicosanoid
Core Laboratory at Vanderbilt University Medical Center analyzed urinary
levels of 8-isoPGF2α, 2,3-dinor-5,6-dihydro-15-F2t-isoprostane (8-isoPGF2α
metabolite), and PGF2α. Biomarker analysis of the PROTECT and
TIDES urine samples was conducted using stable isotype dilution gas
chromatography-negative ion chemical ionization mass spectrometry; this
method has been described in detail elsewhere (Milne et al., 2007). Briefly,
this method requires a C18 Sep-Pak column for solid-phase extraction, a
thin-layer chromatography purification, and chemical derivation. During
analyses, samples are thawed, and 0.25 ml urine is diluted in 10 ml pH 3
water and acidified to pH 3 using 1 N HCl prior to extraction. Analysis for
urine samples obtained from CIOB and IKIDS participants was done using
liquid chromatography–mass spectrometry. The Eicosanoid Core Labora-
tory measures quality control (QC) samples with each batch, and urine is
aliquoted in large batches to ensure that the same QCs are used for every
batch for at least a year. Levels of F2-Isoprostanes are also measured in
these samples to track variation over time.

As an exploratory sensitivity analysis, we additionally quantified the
proportions of 8-isoPGF2α derived from each of the respective pathways
using the ratio of 8-isoPGF2α to PGF2α (van't Erve et al., 2015). The chemi-
cal fraction captures non-enzymatic lipid peroxidation as a result of oxida-
tive stress while the enzymatic fraction is generated from prostaglandin-
endoperoxide synthases and is more reflective of inflammation. The
3

chemical and enzymatic fractions were calculated using a custom interface
for the R package “Constrained Linear Mixed Effects (CLME)” (van't Erve
et al., 2015).

To account for urinary dilution, all biomarker concentrations were
corrected for specific gravity (SpG) using the equation Oxc = Ox
[(SpGMedian-1)/SpG-1], where SpGMedian is the SpG population median
for each cohort, Ox is the measured oxidative stress biomarker concen-
tration, and Oxc is the SpG-corrected measure. The constant SpGmedian

was 1.019 for PROTECT, 1.012 for CIOB, 1.015 for IKIDS, and 1.014
for TIDES. All SpG-corrected biomarker concentrations were right-
skewed and natural log-transformed for analyses. Oxidative stress
biomarker concentrations below the limit of detection (LOD) were
imputed using LOD/

ffiffiffi

2
p

.

2.5. Statistical analysis

We examined the distribution of oxidative biomarker concentrations
across biological, behavioral, and social factors using geometric means
and geometric standard deviations (SD). We additionally utilized general-
ized additive mixed models with a random intercept for participant ID
and a smoothing term for gestational age at sample collection to graphically
depict levels of measured oxidative stress biomarkers across gestation.
Intraclass correlation coefficients (ICC) were calculated to examine vari-
ability in biomarker concentrations across repeated measures. ICC values
range from 0 to 1, where ICC values closest to 1 indicate perfect reliability
and values closer to 0 indicate greater variability. ICC values between 0.4
and 0.75 indicate good reliability (Rosner, 2011). Because oxidative stress
biomarkers were only available at one time point in TIDES, this cohort was
excluded from ICC calculations.

For our repeated measures analysis, we used linear mixed models to
examine associations between each individual biological, behavioral,
and social factor and biomarker concentrations. Oxidative stress bio-
markers were treated as separate outcomes. Models included a fixed ef-
fect categorical indicator for study cohort, a smoothed term for
gestational age at sample collection, and a random intercept for partic-
ipant ID. Covariates included in models were chosen via a directed acy-
clic graph (DAG) that was informed via a literature review (Fig. S2).
Models evaluating maternal education, marital status, maternal age, or
pre-pregnancy BMI as primary exposures were only adjusted for cohort
and gestational age at sample collection. In models where parity was the
exposure of interest, we additionally adjusted for maternal age. When
race/ethnicity and smoking status were the exposures, we additionally
controlled for education and marital status as indicators of SES. When
the SLE indicator was the exposure, we included maternal age, marital
status, education, and race/ethnicity. A complete case analysis was
used for all multivariable models. The final sample size for all models
is presented in Table S1.

We conducted numerous sensitivity analyses to determine if any associ-
ations could be attributed to underlying differences (i.e., heterogeneity)
across cohorts. We first examined associations stratified by cohort to
compare cohort-specific associations. Second, we conducted an analysis ex-
cluding participants from the PROTECT cohort given that PROTECT con-
tributed the largest number of participants and experiences of certain
social factors in Puerto Rico may not be representative of experiences in
themainlandU.S. Third, we restricted our analysis to only include the latest
oxidative stress measurement for each cohort. Next, we compared our pri-
mary model that used a fixed effect for cohort to a model that used a ran-
dom effect for cohort. When both approaches give similar estimates, it
indicates that heterogeneity across cohorts is minimal (Basagaña et al.,
2018). Lastly, because specific gravity may also be influenced by other co-
variates (e.g., age, race/ethnicity, BMI), we separately standardized SpG
concentration using an established covariate-adjustment approach
(Kuiper et al., 2021; O’Brien et al., 2016). Using this approach, we applied
the equation Oxc=Ox[(SpGpredict-1)/SpG-1], where SpGpredict corresponds
to the predicted specific gravity concentration based on a prediction model



Table 2
Distribution of urinary levels of oxidative stress biomarkers corrected with specific
gravity (ng/mL).

Percentile

N Geometric mean
(Geometric SD)

5 25 50 75 95

Measured
8-iso-PGF2α
Overall 3255 1.34 (2.01) 0.43 0.90 1.43 2.12 3.59
Average 2082 1.23 (1.94) 0.41 0.82 1.29 1.91 3.29
8-iso-PGF2α metabolite
Overall 3251 0.90 (3.1) 0.07 0.60 0.91 1.42 5.4
Average 2081 0.83 (2.64) 0.2 0.55 0.83 1.28 3.88
PGF2α
Overall 3255 2.31 (2.44) 0.51 1.56 2.55 3.98 7.35
Average 2082 2.25 (2.12) 0.59 1.51 2.39 3.61 6.71
Derived
8-iso-PGF2α chemical
Overall 3255 0.91 (2.47) 0.19 0.56 1.01 1.66 3.17
Average 2082 0.8 (2.41) 0.17 0.5 0.87 1.48 2.86
8-iso-PGF2α enzymatic
Overall 3255 0.13 (9.55) 0 0.09 0.32 0.56 1.09
Average 2082 0.14 (6.49) 0 0.06 0.27 0.49 0.96

Overall distributions are calculated using all subject-specific values. Average values
are calculated using biomarker concentrations averaged across all available time
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of specific gravity (Kuiper et al., 2021; O’Brien et al., 2016). We included
the covariate standardized SpG corrected biomarkers as outcomes in our
linear mixed models and compared effect estimates to those obtained in
our primary analysis, which corrected oxidative stress biomarkers using
the sample mean of SpG.

All statistical analyses were conducted on complete cases using R ver-
sion 4.0.1.

3. Results

The majority of participants included in this analysis were married
(65%), had a normal pre-pregnancy BMI (51%), and had a college (40%)
or graduate (30%) degree (Table 1). Approximately half of our study popu-
lation were Latina; 5% were Black; 5% were Asian or Pacific Islander; 2%
were multi-racial; and nearly 40% were White. The high percentage of La-
tinas was attributed to the inclusion of the PROTECT cohort, as nearly all
PROTECT participants self-identified as Latina (Table S2). In the overall an-
alytic sample, 34% experienced at least one stressful life event. The preva-
lence of stressful life events variedwidely across cohorts, with 62% of CIOB
participants experiencing stressful life events compared with only 22% of
IKIDS participants (Table S2).

The distribution of oxidative stress biomarkers is presented in Table 2.
All biomarkers were detected in nearly 100% of participants (Table S3).
Table 1
Distribution of biological, behavioral, and social factors in the overall
study population (N = 2082).

N (%)

Biological and behavioral factors
Maternal age (years)
18–24 458 (22%)
25–29 531 (26%)
30–34 616 (30%)
≥35 429 (21%)
Missing 48 (2.3%)
Pre-pregnancy BMI (kg/m2)
Underweight 88 (4%)
Normal 1069 (51%)
Overweight 466 (22%)
Obese 394 (19%)
Missing 65 (3.1%)
Parity
0 900 (43%)
1+ 991 (48%)
Missing 191 (9.2%)
Current smoker
No 1929 (93%)
Yes 76 (4%)
Missing 77 (3.7%)
Social factors
Maternal race/ethnicity
White 781 (38%)
Black 114 (5%)
Asian/Pacific Islander 108 (5%)
Latina 999 (48%)
Other/multi-racial 49 (2%)
Missing 31 (1.5%)
Maternal education
<High school 145 (7%)
High school or some college 459 (22%)
College degree 832 (40%)
Graduate degree 628 (30%)
Missing 18 (0.9%)
Marital status
Married 1347 (65%)
Living together 396 (19%)
Single 325 (16%)
Missing 14 (0.7%)
Stressful life events
None 1251 (60%)
Any 701 (34%)
Missing 130 (6.2%)

BMI, body mass index.

points for each participant. 8-iso-PGF2α, 8-isoprostane-prostaglandin F2α;
PGF2α, prostaglandin F2α; SD, standard deviation.
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The overall geometric means were 1.34 for 8-isoPGF2α (geometric SD =
2.01), 0.9 for the 8-isoPGF2α metabolite (geometric SD = 3.1), and 2.31
for PGF2α (geometric SD=2.44). Among individual cohorts, the geometric
mean of 8-isoPGF2α (geometric mean = 1.13) was highest for IKIDS,
whereas the geometric mean of the metabolite and PGF2α were highest in
CIOB and PROTECT, respectively (geometricmean= 2.14 and 2.84, corre-
spondingly) (Table S3). ICC values for 8-isoPGF2α indicated moderate reli-
ability (ICC = 0.55, 95% confidence interval [CI] = 0.51, 0.59), whereas
the values for the 8-isoPGF2α metabolite and PGF2α were less stable
(ICC=0.24, 95%CI=18, 0.29; ICC=0.14, 95%CI=0.08, 0.19, respec-
tively). Levels of 8-isoPGF2α and the 8-isoPGF2α metabolite increased
slightly during mid-gestation, whereas levels of PGF2α declined across
pregnancy (Fig. 1).

In our repeated measures analysis using linear mixed models (Fig. 2;
Table S4), we observed that 8-isoPGF2α levels were higher among those
who were single relative to married (% difference = 21.5, 95% CI =
14.2, 29.3), current smokers relative to non-smokers (% difference =
11.04, 95% CI = -1.97, 25.77), and overweight (% difference = 15.4,
95% CI = 9.41, 21.7) or obese (% difference = 34.54, 95% CI = 26.98,
42.45) relative to a normal weight. Effect estimates were similar when
the 8-isoPGF2α metabolite and PGF2α were the outcomes of interest. Com-
pared with White participants, Black participants had 25.44% higher 8-
isoPGF2α (95% CI= -0.93, 55.8), whereas those who were Asian or Pacific
Islander had 34.7% higher levels of the major 8-isoPGF2α metabolite (95%
CI= 11.2, 62.2). When examining the chemical and enzymatic fractions of
8-isoPGF2α, associations were consistently strongest for the chemical frac-
tion, whereas associations with the enzymatic fraction were null
(Table S4). This indicates that increases in 8-isoPGF2α occurring as a result
of biological, behavioral, and social factors were through chemical free rad-
ical lipid peroxidation, as opposed to enzymatic inflammatory pathways.

In our supplemental analysis, models adjusted for cohort alone similarly
showed that levels of 8-isoPGF2α and the 8-isoPGF2α metabolite were ele-
vated among those who were overweight or obese, between 18 and 24
years of age, and unmarried relative to reference groups (Table S5).
When stratifying by cohort, experiencing stressful life eventswas associated
with a significant increase in 8-isoPGF2α within the PROTECT cohort only
(% difference = 6.97, 95% CI = 1.08, 13.2), as has been previously re-
ported (Table S6) (Eick et al., 2018; Eick et al., 2019). Effect estimates re-
stricted to CIOB and IKIDS had wide CIs, which reflected the relatively
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Fig. 1. Predicted values (95% confidence intervals) of specific gravity-corrected
urinary oxidative stress biomarker concentrations by gestational age at sample
collection obtained from generalized additive mixed models with a random
intercept for participant ID.
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small sample sizes in these cohorts. Associations between the 8-isoPGF2α
metabolite and PGF2α and biological, behavioral, and social factors were
similar to those observed for 8-isoPGF2α (data not shown).When restricting
to only the latest oxidative stress biomarker measurement, point estimates
were similar to our primary analysis (Table S7), although confidence inter-
vals were less precise. In a leave-one-out analysis removing the PROTECT
cohort, the positive associations between 8-isoPGF2α and lower education
(having less than a high school education relative to a high school degree)
and younger age (18–24 years of age relative to 25–29) were slightly atten-
uated (Table S8). However, effect estimates were still in the same direction
as in our main analysis. The associations between biological, behavioral,
and social factors and 8-isoPGF2αwere nearly identical when cohort was in-
cluded as a random effect compared with a fixed effect (Table S9). Associ-
ations between behavioral, biological, and social factors and covariate-
adjusted SpG-corrected oxidative stress biomarker concentrations were
similar to those observed when oxidative stress biomarkers were corrected
for SpG alone (data not shown).

4. Discussion

In the present analyses, we utilized data from four prospective birth co-
horts enrolled in the NIH ECHO Program to examine associations between
5

behavioral, biological, and social factors and prenatal oxidative stress. Our
results demonstrate that many of these factors were associated with
elevated levels of 8-isoPGF2α and its major metabolite, 2,3-dinor-5,6-
dihydro-15-F2t-isoprostane. These associations were strongest with the
proportion of 8-isoPGF2α generated through chemical lipid peroxidation,
indicating that the associations we observedwith 8-isoPGF2αmay be attrib-
utable to oxidative stress rather than inflammation.

Our findings that 8-isoPGF2α levels are sensitive to biological, behav-
ioral, and social factors replicate and extend prior research in this area.
Among a group of pregnant people in Boston, 8-isoPGF2α levels were higher
among those who self-identified as Black and other/multi-racial relative to
White, and among those with a pre-pregnancy BMI≥30 kg/m2 (Ferguson
et al., 2015a). That study also observed inverse associations between educa-
tional attainment and 8-isoPGF2α (Ferguson et al., 2015a), which was ob-
served in our study. Among non-pregnant populations, recent meta-
analyses have found that 8-isoPGF2α levels are increased among smokers
relative to non-smokers and that obesity is associated with permanently in-
creased oxidative stress in adults (van der Plas et al., 2019; Marseglia et al.,
2014). In our study, the strongest associations observedwere with smoking
and obesity, highlighting two potentially modifiable risk factors to lower
levels of oxidative stress.

Oxidative stress may be one pathway linking structural inequalities to
adverse health outcomes among pregnant people and their offspring.
Within the TIDES cohort, we previously showed that increasing levels of
8-isoPGF2α and its metabolite were associated with lower birthweight
and increased childhood weight at age 4 (Arogbokun et al., 2021). Numer-
ous studies have further shown that elevated levels of 8-isoPGF2α and its
metabolite are associated with increased odds of preterm birth (Eick
et al., 2020a; Ferguson et al., 2015b; Rosen et al., 2019; Longini et al.,
2007; Peter Stein et al., 2008; Mestan et al., 2012). Some evidence further
suggests that 8-isoPGF2α levels are also elevated among those who develop
preeclampsia relative to normotensive pregnancies (Ferguson et al., 2017).
Higher 8-isoPGF2α and 8-OH-dG, a marker of DNA damage, were also asso-
ciated with lower scores on a measure of suboptimal health status within a
hospital-based study of pregnant people in Ghana (Anto et al., 2020).

A novel aspect of our study was our exploratory analysis that utilized
the ratio of 8-isoPGF2α to PGF2α to examine fractions of 8-isoPGF2α. This
represents an advancement from prior studies that have interpreted 8-
isoPGF2α solely as an indicator of oxidative stress (i.e., derived from lipid
peroxidation pathways). However, we also acknowledge that the equations
described by van ‘t Erve et al. (Van't Erve et al., 2016), which allowed us to
estimate the relative contribution of both enzymatic and chemical lipid per-
oxidation to the formation of 8-isoPGF2αwere developed from animal stud-
ies. Preliminary findings in humans suggest that only a small amount of 8-
isoPGF2α is produced via enzymatic lipid peroxidation (van't Erve et al.,
2018). Nonetheless, recent work indicates that environmental chemical
and non-chemical stressors have diverse associations with 8-isoPGF2α frac-
tions. For example, within the TIDES and PROTECT cohorts, phthalate me-
tabolites primarily lead to increases in the chemical fraction of 8-isoPGF2α,
reflecting increases in ‘true’ oxidative stress derived from the lipid peroxi-
dation pathway (Cathey et al., 2021; van et al., 2019). We similarly
observed that stressful life events were associated with a modest increase
in the chemical fraction and a non-significant decrease in the enzymatic
fraction (indicative of inflammation) in our study. This suggests that chem-
ical and non-chemical stressors may be more strongly linked to 8-isoPGF2α
derived from free radical, non-enzymatic pathways. Taken together, this
underscores the importance of differentiating between the 8-isoPGF2α frac-
tions and analyzing associations separately, as the underlying physiologic
pathways may be unique.

Our results should be interpreted in light of study limitations. The differ-
ent cohorts included in our analytic sample assessed stressful life events
using different scales with different timeframes (including year prior to
pregnancy versus during the current pregnancy period only), which may
have resulted in exposure misclassification. We also had no indicator for se-
verity of stressors or measures of stress in childhood or in the years leading
up to the current pregnancy, which may have a stronger effect on 8-
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isoPGF2α than our stressful life events measure, as prior work suggests that
a history of childhood maltreatment or experiencing intimate partner vio-
lence is associated with higher levels of 8-isoPGF2α (Kim et al., 2017;
Boeck et al., 2019).We did not have ameasure of perceived discrimination,
and we utilized race/ethnicity as a proxy. A study of over 3700 adults in
Maryland showed that self-reported racial discrimination was associated
with higher levels of red blood cell oxidative stress, and associations were
strongest for Black adults (ages 30–64) (Szanton et al., 2012). Within the
context of our particular study, utilizing race/ethnicity as a proxy may
not be applicable for Latinas, as the majority of Latina participants were en-
rolled in the PROTECT cohort and experiences of Latinas living in Puerto
Rico are different than those of participants living in the mainland U.S. Ad-
ditionally, other biological markers of stress and other measures of oxida-
tive stress, including other 8-isoPGF2α metabolites, were not measured in
our study population and would be important to consider in future work.
Further, while we did utilize the 8-isoPGF2α ratio formula to derive chemi-
cal and enzymatic fractions, allowing us to differentiate between oxidative
stress and inflammation, it would be worthwhile to explore inflammatory
cytokines as well. We did not make any adjustment for multiple
6

comparisons, which may increase the likelihood of chance findings. How-
ever, we focused the interpretation of our results on identifying consistent
patterns as opposed to specific point estimates (Rothman, 1990). Impor-
tantly, adjusting formultiple comparisons is not always necessary in explor-
atory observational studies, as it may increase the probability of type II
error due to low statistical power (Rothman, 1990). Lastly, while we did ad-
just for known covariates using a DAG, as with all observational studies, we
cannot rule out the possibility of residual confounding.

Despite these limitations, our study has many strengths. First, capitaliz-
ing on the ECHO Program, we had a large sample size of over 2000 preg-
nant people spanning multiple geographic regions in the continental U.S.
and Puerto Rico. These cohorts had repeated measures of oxidative stress
across pregnancy, robust information on covariates, and together provided
a study population that was racially and ethnically diverse. The results from
our study provide important insights into demographically diverse preg-
nant populations that are not routinely included in environmental epidemi-
ologic studies. Additionally, our analysis included 8-isoPGF2α, which is
considered to be the ‘gold standard' biomarker of oxidative stress
(Kadiiska et al., 2017). 8-isoPGF2α is robust to dietary lipid intake
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(Gopaul et al., 2000; Richelle et al., 1999) and on a population level, 8-
isoPGF2α levels in a spot urine sample are similar to what is observed in a
24-h fasting sample (Helmersson and Basu, 2001). Our biomarkers were
also measured in urine, which is preferred over plasma, as samples are
not subject to auto-oxidation during storage (Morrow et al., 1990). Oxida-
tive stress biomarkers were also measured using highly specific mass
spectrometry methods, which is preferred over immunoassay (Klawitter
et al., 2011).

5. Conclusions

Our study is the largest to date examining behavioral, biological, and so-
cial factors in relation to prenatal oxidative stress. We found that these fac-
tors were associated with elevated levels of oxidative stress, which
highlights one potential pathway linking structural inequalities to adverse
pregnancy and maternal health outcomes. Our study adds to the literature
characterizing contributors to elevated prenatal oxidative stress.
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