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My overarching research objective is to improve the understanding of how the 
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• Defined as delivery before 37 weeks gestation

• Affects roughly 10 percent of pregnancies

• Most important risk factor for neonatal mortality

• Associated with neonatal morbidities and high healthcare costs

• Public health priority

PRETERM BIRTH
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Environmental exposure 
sources

Personal care products
Vinyl plastics

Food and beverage

Associated health 
outcomes

Hormone disruption
Infant development

Birth outcomes

Absorption and 
metabolism

Ingestion
Dermal absorption

Inhalation
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• Conducted at Brigham and 
Women’s Hospital

• PI: Dr. Thomas McElrath

• Ongoing recruitment since 
2006 (N~4000)

• Key features:

- Early recruitment

- Repeated sampling

- Validation of pregnancy   
outcomes
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CASE-CONTROL STUDY OF 
PRETERM BIRTH

• 2006-2008

• 130 cases (<37 weeks gestation)

• 352 controls

• Phenotyping preterm based on 
presentation:

- Spontaneous (n=56)

- Placental (n=35)

- Neither (n=39)

PLACENTAL

Presentation

− intrauterine growth 
restriction

− preeclampsia   

Placental histology

− poor placentation

SPONTANEOUS

Presentation

− preterm premature 
rupture of membranes

− spontaneous preterm 
labor

Placental histology

− inflammation

McElrath et al. 2008, American Journal of Epidemiology
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PHTHALATE EXPOSURE

¤ Phthalates metabolites 
measured in urine from 
each of four study visits

¤ Total (free+glucuronidated) 
levels measured via mass 
spectrometry 

¤ Specific gravity used to 
adjust for urine dilution

High molecular weight phthalates

∑DEHP

MCPP

Low molecular weight phthalates

MBP

MEP



PHTHALATE EXPOSURE AND PRETERM BIRTH

phenotyping 
preterm birth

windows of 
vulnerability

Ferguson et al. 2014, JAMA Pediatrics
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ited cross-sectional human studies, which have shown that
phthalate exposure is associated with increased systemic mark-
ers of inflammation.7,20

Reducing rates of preterm birth is unlikely to occur by iden-
tification of 1 or 2 obvious causes; rather, detailed investiga-
tion of many component contributors is necessary. A recent
study predicted that current interventions to prevent pre-
term birth will decrease rates by only 5% or less by 2015, mak-
ing identification of preventable exposures crucial.21 In our
study, women with average gestational MEHP exposure in the
top quartile had 4 times the odds of preterm birth compared
with women in the bottom quartile. Because more than two-

thirds of preterm births every year are spontaneous, the sub-
set of the population susceptible to these effects may be quite
large.22

Also, importantly, phthalate exposure may be prevent-
able with behavioral modification. A recent dietary interven-
tion study demonstrated that when participants altered their
diets to consume only fresh foods that were not packaged in
cans or plastic, urinary levels of DEHP metabolites decreased
markedly.23 However, another recent study with a similar di-
etary intervention did not observe the same effects.24 Low-
molecular-weight phthalates, including dibutyl phthalate and
diethyl phthalate, are used frequently as solvents in cosmetic

Figure 1. Odds of Preterm Birth and 95% CI Levels by Quartile of Average Phthalate Metabolite Level Measured
During Pregnancy
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phthalate; MBP, mono-n-butyl
phthalate; MECPP, mono-(2-ethyl-5-
carboxypentyl) phthalate; MEHP,
mono-(2-ethyl)-hexyl phthalate.

Figure 2. Odds of Spontaneous Preterm Birth and 95% CI Levels by Quartile of Average Phthalate Metabolite
Level Measured During Pregnancy
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ited cross-sectional human studies, which have shown that
phthalate exposure is associated with increased systemic mark-
ers of inflammation.7,20

Reducing rates of preterm birth is unlikely to occur by iden-
tification of 1 or 2 obvious causes; rather, detailed investiga-
tion of many component contributors is necessary. A recent
study predicted that current interventions to prevent pre-
term birth will decrease rates by only 5% or less by 2015, mak-
ing identification of preventable exposures crucial.21 In our
study, women with average gestational MEHP exposure in the
top quartile had 4 times the odds of preterm birth compared
with women in the bottom quartile. Because more than two-

thirds of preterm births every year are spontaneous, the sub-
set of the population susceptible to these effects may be quite
large.22

Also, importantly, phthalate exposure may be prevent-
able with behavioral modification. A recent dietary interven-
tion study demonstrated that when participants altered their
diets to consume only fresh foods that were not packaged in
cans or plastic, urinary levels of DEHP metabolites decreased
markedly.23 However, another recent study with a similar di-
etary intervention did not observe the same effects.24 Low-
molecular-weight phthalates, including dibutyl phthalate and
diethyl phthalate, are used frequently as solvents in cosmetic
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SPONTANEOUS

Urinary phthalate levels by gestational age at sample collection

3.2. Windows of susceptibility for preterm birth

Odds ratios (OR) from individual visits indicated that for most
phthalate metabolites levels from Visit 3 had the strongest associations
with overall preterm birth (Supplementary data, Table S3). Models
created for Visit 4maybe biased becausemanypretermcases had already
been delivered by that time point, however results are presented for
completeness. SG-corrected models showed significantly increased OR
in association with MECPP and∑DEHP levels at Visits 1 and 3. Adjusted
models for DEHPmetabolites included urinary SG,maternal age at Visit 1,
race/ethnicity, education level, and time of day of urine sample collection
(before vs. after 1 pm) as covariates. Adjusted models for all other

metabolites included urinary SG, maternal age, race/ethnicity, education
level, and category of health insuranceprovider. OR fromadjustedmodels
were slightly attenuated compared to estimates from models adjusting
for SG only. In both models OR for phthalate metabolites measured at
Visits 2 and 4 were generally null, although several OR for visit 4 were
less than one.

Associations between phthalate exposure and odds of placental or
spontaneous preterm births are presented in Tables 2 and 3, respectively.
For placental preterm birth, the only relationship observed was in associ-
ationwithMECPP levels at Visit 1, althoughOR formost othermetabolites
were somewhat higher at Visit 1 compared to visits later in pregnancy.
For spontaneous preterm birth, higher OR were observed for phthalate
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Fig. 1. Predicted urinary phthalate metabolite concentrations (95% confidence intervals) from generalized additive mixedmodels (GAMMs) in mothers with spontaneous preterm (light
gray) compared to term (dark gray) births. N = 180 observations for cases, N = 1211 observations for controls.
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Fig. 2. Predicted urinary phthalatemetabolite concentrations (95% confidence intervals) from generalized additivemixedmodels (GAMMs) inmotherswith placental preterm (light gray)
compared to term (dark gray) births. N = 104 observations for cases, N = 1211 observations for controls.
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• Cases of 
spontaneous PTB in 
light gray

• Controls in dark gray

• Greatest differences 
later in gestation

Ferguson et al. 2014, Environ Int



WHAT ABOUT MECHANISM?
8-ISOPROSTANE

• Established by the Biomarkers of 
Oxidative Stress Study (NIEHS) 
as best biomarker of oxidative 
stress

• Sensitive, specific, and consistent 

• Easy to measure in stored urine 
samples
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is available at http://dx.doi.org/10.1289/ehp.1307996. 

Introduction
Phthalate diesters are used as plasticizers and 
solvents in a variety of consumer products, 
and can readily enter human systems through 
ingestion, inhalation, and dermal absorption 
(Agency for Toxic Substances and Disease 
Registry 2001, 2002). Although diesters are 
metabolized and excreted quickly, constant 
contact results in daily exposures for most of 
the U.S. population. Metabolites are consis-
tently detected in urine of pregnant women 
in populations worldwide (Cantonwine et al. 
2013; Lin et al. 2011; Woodruff et al. 2011; 
Zeman et al. 2013).

Although phthalates are best known for 
their action as endocrine disruptors, there is 
also evidence from in vitro and animal studies 
that mono(2-ethylhexyl) phthalate (MEHP) 
may cause oxidative stress by inducing release 
of reactive oxygen species (ROS) and/or 
impairing antioxidant defenses (Erkekoglu et al. 
2010; Kasahara et al. 2002; Tetz et al. 2013; 
Zhao et al. 2012). However, few studies have 
examined this association in humans. Three 
cross-sectional studies have observed asso-
ciations between some phthalate metabolites 
and serum levels of bilirubin, a potent anti-
oxidant, and systemic markers of oxidative 

stress including serum gamma glutamyl trans-
ferase, and urinary malondialdehyde (MDA) 
and 8-hydroxydeoxyguanosine (8-OHdG) 
(Ferguson et al. 2011, 2012; Hong et al. 2009). 
A more recent study in elderly subjects also 
observed an association between summed di(2-
ethylhexyl) phthalate (DEHP) metabolites and 
MDA (Kim et al. 2013).

To our knowledge, no studies have 
examined the relationship between urinary 
phthalate metabolites and biomarkers of 
oxidative stress during pregnancy, when 
these possible effects represent particular 
concern given the gestational vulnerability 
of the developing fetus. Increases in oxida-
tive stress biomarkers in pregnant women 
have been associated with pregnancy loss, 
preeclampsia, preterm birth, and fetal growth 
restriction (Agarwal et al. 2012; Stein et al. 
2008). Additionally, the potential effects of 
phthalate exposures on oxidative stress are 
relevant to a number of other outcomes in the 
general population, such as infertility, various 
cancers, and type 2 diabetes. In the present 
study, we examined associations between 
repeated measures of urinary phthalate metab-
olites and biomarkers of oxidative stress in 
pregnant women.

Methods
Study population. Pregnant women were 
recruited before 15 weeks gestation at 
Brigham and Women’s Hospital in Boston, 
Massachusetts, from 2006 through 2008 
as part of a large prospective cohort study 
and provided informed consent upon enroll-
ment. Participants were included if they 
had a singleton pregnancy that resulted 
in a live birth. Women were followed 
throughout the duration of pregnancy and 
provided demographic and anthropometric 
data, urine samples from up to four study 
visits (targeted for 10, 18, 26, and 35 weeks 
gestation), as well as birth outcome data at 
delivery. Gestational age was calculated from 
last menstrual period and validated with first-
trimester ultrasound; if gestational ages calcu-
lated by the two methods differed by > 8%, 
ultrasound dating was used. For the present 
study, 130 women who delivered preterm 
and 352 random controls were selected, 
and their urine samples were extracted from 
–80°C storage for laboratory analysis (n = 482 
subjects total). Institutional review board 
approval for this study was obtained from 
the University of Michigan and Brigham and 
Women’s Hospital.

The nested case–control study was 
designed with the intention of examining 
associations between urinary phthalate 
metabolites across gestation and preterm 
birth (Ferguson et al. 2014b). The present 
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Urinary Phthalate Metabolites and Biomarkers of Oxidative Stress 
in Pregnant Women: A Repeated Measures Analysis
Kelly K. Ferguson,1 Thomas F. McElrath,2 Yin-Hsiu Chen,3 Bhramar Mukherjee,3 and John D. Meeker1

1Department of Environmental Health Sciences, University of Michigan School of Public Health, Ann Arbor, Michigan, USA; 2Division 
of Maternal-Fetal Medicine, Brigham and Women’s Hospital, Harvard Medical School, Boston, Massachusetts, USA; 3Department of 
Biostatistics, University of Michigan School of Public Health, Ann Arbor, Michigan, USA

BACKGROUND: Phthalate exposure occurs readily in the environment and has been associated with 
an array of health end points, including adverse birth outcomes. Some of these may be mediated by 
oxidative stress, a proposed mechanism for phthalate action.
OBJECTIVES: In the present study, we explored the associations between phthalate metabo-
lites and biomarkers of oxidative stress measured in urine samples from multiple time points 
during pregnancy.
METHODS: Women were participants in a nested case–control study of preterm birth (n = 130 
cases, n = 352 controls). Each was recruited early in pregnancy and followed until delivery, 
providing urine samples at up to four visits. Nine phthalate metabolites were measured to assess 
exposure, and 8-hydroxydeoxyguanosine and 8-isoprostane were also measured in urine as markers 
of oxidative stress. Associations were assessed using linear mixed models to account for intra-
individual correlation, with inverse selection probability weightings based on case status to allow for 
greater generalizability.
RESULTS: Interquartile range increases in phthalate metabolites were associated with significantly 
higher concentrations of both biomarkers. Estimated differences were greater in association with 
monobenzyl phthalate (MBzP), mono-n-butyl phthalate (MBP), and monoisobutyl phthalate 
(MiBP), compared with di(2-ethylhexyl) phthalate (DEHP) metabolites.
CONCLUSIONS: Urinary phthalate metabolites were associated with increased oxidative stress 
biomarkers in our study population of pregnant women. These relationships may be particularly 
relevant to the study of birth outcomes linked to phthalate exposure. Although replication is neces-
sary in other populations, these results may also be of great importance for a range of other health 
outcomes associated with phthalates.
CITATION: Ferguson KK, McElrath TF, Chen YH, Mukherjee B, Meeker JD. 2015. Urinary 
phthalate metabolites and biomarkers of oxidative stress in pregnant women: a repeated measures 
analysis. Environ Health Perspect 123:210–216; http://dx.doi.org/10.1289/ehp.1307996

Phthalates and oxidative stress during pregnancy
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measures at each study visit may more accu-
rately capture confounding by this variable, 
time-varying BMI was included as a covariate 
in fully adjusted models.

Effect estimates from adjusted models 
were similar to those from crude models 
(data not shown); adjusted results alone 
are presented in Table 4 (n = 464 subjects 
with complete data). Fixed-effect results are 
presented in the form of percent change in 
oxidative stress biomarker with an inter-
quartile range (IQR) increase in untrans-
formed phthalate metabolite. All phthalate 
metabolites were associated with higher 
8-OHdG concentrations; the largest percent 
changes with an IQR increase in exposure 
observed were for MBzP (20.7%; 95% CI: 
15.6, 26.1%), MBP (18.1%; 95% CI: 
13.5, 22.9%), and MiBP (30.3%; 95% CI: 
24.4, 36.5%). All metabolites were associ-
ated with significantly higher 8-isoprostane 
concentrations, and coefficients were larger 
compared with those estimated for 8-OHdG. 
However, as with 8-OHdG, the largest differ-
ences in 8-isoprostane were in association 
with MBzP (42.7%; 95% CI: 31.8, 54.4%), 
MBP (42.0%; 95% CI: 32.0, 52.7%), and 
MiBP (56.4%; 95% CI: 43.9, 69.9%).

Sensitivity analyses. LMM were repli-
cated when stratifying by preterm birth 
case status. Effect estimates were similar 
with some exceptions (Table S3). In cases 
alone, associations between 8-OHdG and 
MBP (8.92%; 95% CI: 2.03, 16.3%), 
MiBP (20.3%; 95% CI: 10.2, 31.3%), 
and MEP (19.2%; 95% CI: 10.3, 28.8%) 
and also between 8-isoprostane and MBP 
(30.9%; 95% CI: 15.8, 48.0%) were smaller 
than corresponding associations estimated 
using weighted models. Effect estimates 
from models of controls alone were similar 
to those from weighted models. Effect esti-
mates from weighted models will be closer 
to control rather than case estimates from 
Supplemental Material, Table S3, because 
there are many more controls than cases in 
the weighted population. Also, the effect 
estimates from the weighted models do not 
necessarily fall between case and control effect 
estimates because of differences in IQR ranges 
for cases compared with controls as well as 
differences in covariate distributions and asso-
ciation with exposure/outcome within case 
and control groups.

We also examined the effect of removing 
alcohol and tobacco users from the popula-
tion; model estimates were similar to those 
for the overall population (data not shown). 
GAMM models were created to examine 
deviation of the oxidative stress–phthalate 
metabolite relationships from linearity. 
Models included the same covariates as in 
LMM. Based on visual inspection of smooth 
plots, relationships were linear for most 

metabolites and for those that were not, 
smooth curves deviated minimally from 
linearity (data not shown).

To identify potentially sensitive time 
points for the relationship between phthalate 
exposure and maternal oxidative stress, we 
additionally examined interaction terms 
in fully adjusted LMM between phthalate 
metabolite and gestational age at sample 
collection or visit of sample collection. 
No significant (p < 0.05) interactions with 

gestational age or study visit were observed 
for 8-OHdG or 8-isoprostane models (data 
not shown).

Finally, we examined the effect of 
including multiple phthalate metabolites in 
the same model. First we examined ∑DEHP 
metabolites with MBP, because these 
measures were weakly correlated and would 
not create problems with multicollinearity 
(Chatterjee et al. 2000; Ferguson et al. 
2014a), were strong predictors of oxidative 

Table 3. Oxidative stress and exposure biomarker concentrations (geometric mean and geometric 
standard deviation) by categorical demographic characteristics in all samples measured from weighted 
population.
Characteristic 8-OHdG (ng/mL) 8-Iso (pg/mL) MEHP (μg/L) MBP (μg/L)
Race/ethnicity

White (reference) 130 (1.14) 153 (1.69) 10.1 (2.20) 15.4 (1.37)
African American 133 (1.11) 277 (1.33)* 13.5 (2.34)* 23.6 (1.45)*
Other 129 (1.15) 205 (1.43)* 10.4 (2.02) 21.2 (1.63)*

Education
High school (reference) 146 (1.11) 289 (1.41) 9.20 (2.11) 27.8 (1.29)
Technical school 133 (1.11) 217 (1.51) 9.91 (2.13) 19.6 (1.48)*
Junior college or some college 124 (1.17)* 173 (1.65)* 9.57 (2.24) 16.7 (1.62)*
College graduate 128 (1.13) 143 (1.57)* 12.0 (2.11) 15.6 (1.37)*

Health insurance
Private insurance/HMO/self-pay (reference) 126 (1.14) 162 (1.64) 10.6 (2.19) 16.0 (1.47)
Medicaid/SSI/MassHealth 151 (1.09)* 271 (1.33)* 9.74 (2.05) 29.1 (1.28)*

BMI at visit 1
< 25 kg/m2 (reference) 128 (1.13) 155 (1.64) 10.8 (2.19) 16.7 (1.37)
25 to < 30 kg/m2 132 (1.12) 181 (1.59) 10.5 (2.27) 16.5 (1.54)
≥ 30 kg/m2 136 (1.17) 270 (1.34)* 10.6 (2.10) 23.6 (1.56)*

Tobacco use
Smoked during pregnancy (reference) 150 (1.11) 320 (1.47) 9.87 (1.83) 26.4 (1.34)
No smoking during pregnancy 129 (1.14) 173 (1.60)* 10.6 (2.19) 17.5 (1.47)*

Alcohol use
Alcohol use during pregnancy (reference) 138 (1.06) 201 (1.29) 12.3 (2.27) 15.0 (1.19)
No alcohol use during pregnancy 130 (1.14) 178 (1.63) 10.5 (2.16) 18.1 (1.49)

Parity
Nulliparous (reference) 129 (1.13) 166 (1.57) 11.4 (2.23) 17.0 (1.39)
Parous 131 (1.14) 192 (1.62)* 10.1 (2.14) 18.6 (1.53)

Abbreviations: 8-Iso, 8-isoprostane; 8-OHdG, 8-hydroxydeoxyguanosine; HMO, health maintenance organization; 
MassHealth, Massachusetts state health insurance provider; SSI, supplemental security income. All biomarkers were 
corrected for urinary specific gravity. For urinary phthalate metabolites, n = 1,693 samples, 482 subjects; for urinary 
oxidative stress biomarkers, n = 1,678 samples, 482 subjects. 
*p < 0.05 for significant difference in biomarker concentration from reference category, estimated from weighted linear 
mixed model with random intercepts for subject identification. 

Table 4. Percent difference (95% CIs) in oxidative stress biomarker in association with IQR increase in 
phthalate metabolite level. 

Metabolite IQRa
8-OHdG 8-Isoprostane

% difference (95% CI) p-Value % difference (95% CI) p-Value
MEHP 16.6 μg/L 2.74 (–0.47, 6.05) 0.09 14.1 (8.06, 20.5) < 0.001
MEHHP 56.9 μg/L 8.40 (4.93, 12.0) < 0.001 15.8 (9.53, 22.4) < 0.001
MEOHP 29.4 μg/L 7.34 (4.01, 10.8) < 0.001 15.9 (9.87, 22.3) < 0.001
MECPP 80.5 μg/L 6.53 (2.96, 10.2) < 0.001 23.0 (16.0, 30.4) < 0.001
∑DEHP 0.63 μmol/L 6.67 (3.23, 10.2) < 0.001 19.1 (12.7, 25.9) < 0.001
MBzP 12.5 μg/L 20.7 (15.6, 26.1) < 0.001 42.7 (31.8, 54.4) < 0.001
MBP 24.8 μg/L 18.1 (13.5, 22.9) < 0.001 42.0 (32.0, 52.7) < 0.001
MiBP 11.3 μg/L 30.3 (24.4, 36.5) < 0.001 56.4 (43.9, 69.9) < 0.001
MEP 355 μg/L 11.5 (7.32, 15.9) < 0.001 19.7 (11.8, 28.2) < 0.001
MCPP 2.98 μg/L 7.23 (3.83, 10.7) < 0.001 20.2 (13.7, 27.1) < 0.001
8-OHdG, 8-hydroxydeoxyguanosine. Estimates were from adjusted linear mixed-effect models with random intercepts 
for subject identification (n = 1,604 samples, n = 464 subjects). The models were adjusted for urinary specific gravity, 
gestational age at sample collection, race/ethnicity, education level, health insurance provider, BMI (time-varying), time 
of day of urine sample collection (before vs. after 1300 hours, time-varying), and parity of infant. Models include inverse 
probability weights to adjust for case–control study design. 
aRanges differ slightly from 25th–75th percentile differences in Table 2 because they were calculated from raw 
phthalate metabolite concentrations, uncorrected for urinary specific gravity.
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Introduction
Phthalate diesters are used as plasticizers and 
solvents in a variety of consumer products, 
and can readily enter human systems through 
ingestion, inhalation, and dermal absorption 
(Agency for Toxic Substances and Disease 
Registry 2001, 2002). Although diesters are 
metabolized and excreted quickly, constant 
contact results in daily exposures for most of 
the U.S. population. Metabolites are consis-
tently detected in urine of pregnant women 
in populations worldwide (Cantonwine et al. 
2013; Lin et al. 2011; Woodruff et al. 2011; 
Zeman et al. 2013).

Although phthalates are best known for 
their action as endocrine disruptors, there is 
also evidence from in vitro and animal studies 
that mono(2-ethylhexyl) phthalate (MEHP) 
may cause oxidative stress by inducing release 
of reactive oxygen species (ROS) and/or 
impairing antioxidant defenses (Erkekoglu et al. 
2010; Kasahara et al. 2002; Tetz et al. 2013; 
Zhao et al. 2012). However, few studies have 
examined this association in humans. Three 
cross-sectional studies have observed asso-
ciations between some phthalate metabolites 
and serum levels of bilirubin, a potent anti-
oxidant, and systemic markers of oxidative 

stress including serum gamma glutamyl trans-
ferase, and urinary malondialdehyde (MDA) 
and 8-hydroxydeoxyguanosine (8-OHdG) 
(Ferguson et al. 2011, 2012; Hong et al. 2009). 
A more recent study in elderly subjects also 
observed an association between summed di(2-
ethylhexyl) phthalate (DEHP) metabolites and 
MDA (Kim et al. 2013).

To our knowledge, no studies have 
examined the relationship between urinary 
phthalate metabolites and biomarkers of 
oxidative stress during pregnancy, when 
these possible effects represent particular 
concern given the gestational vulnerability 
of the developing fetus. Increases in oxida-
tive stress biomarkers in pregnant women 
have been associated with pregnancy loss, 
preeclampsia, preterm birth, and fetal growth 
restriction (Agarwal et al. 2012; Stein et al. 
2008). Additionally, the potential effects of 
phthalate exposures on oxidative stress are 
relevant to a number of other outcomes in the 
general population, such as infertility, various 
cancers, and type 2 diabetes. In the present 
study, we examined associations between 
repeated measures of urinary phthalate metab-
olites and biomarkers of oxidative stress in 
pregnant women.

Methods
Study population. Pregnant women were 
recruited before 15 weeks gestation at 
Brigham and Women’s Hospital in Boston, 
Massachusetts, from 2006 through 2008 
as part of a large prospective cohort study 
and provided informed consent upon enroll-
ment. Participants were included if they 
had a singleton pregnancy that resulted 
in a live birth. Women were followed 
throughout the duration of pregnancy and 
provided demographic and anthropometric 
data, urine samples from up to four study 
visits (targeted for 10, 18, 26, and 35 weeks 
gestation), as well as birth outcome data at 
delivery. Gestational age was calculated from 
last menstrual period and validated with first-
trimester ultrasound; if gestational ages calcu-
lated by the two methods differed by > 8%, 
ultrasound dating was used. For the present 
study, 130 women who delivered preterm 
and 352 random controls were selected, 
and their urine samples were extracted from 
–80°C storage for laboratory analysis (n = 482 
subjects total). Institutional review board 
approval for this study was obtained from 
the University of Michigan and Brigham and 
Women’s Hospital.

The nested case–control study was 
designed with the intention of examining 
associations between urinary phthalate 
metabolites across gestation and preterm 
birth (Ferguson et al. 2014b). The present 
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BACKGROUND: Phthalate exposure occurs readily in the environment and has been associated with 
an array of health end points, including adverse birth outcomes. Some of these may be mediated by 
oxidative stress, a proposed mechanism for phthalate action.
OBJECTIVES: In the present study, we explored the associations between phthalate metabo-
lites and biomarkers of oxidative stress measured in urine samples from multiple time points 
during pregnancy.
METHODS: Women were participants in a nested case–control study of preterm birth (n = 130 
cases, n = 352 controls). Each was recruited early in pregnancy and followed until delivery, 
providing urine samples at up to four visits. Nine phthalate metabolites were measured to assess 
exposure, and 8-hydroxydeoxyguanosine and 8-isoprostane were also measured in urine as markers 
of oxidative stress. Associations were assessed using linear mixed models to account for intra-
individual correlation, with inverse selection probability weightings based on case status to allow for 
greater generalizability.
RESULTS: Interquartile range increases in phthalate metabolites were associated with significantly 
higher concentrations of both biomarkers. Estimated differences were greater in association with 
monobenzyl phthalate (MBzP), mono-n-butyl phthalate (MBP), and monoisobutyl phthalate 
(MiBP), compared with di(2-ethylhexyl) phthalate (DEHP) metabolites.
CONCLUSIONS: Urinary phthalate metabolites were associated with increased oxidative stress 
biomarkers in our study population of pregnant women. These relationships may be particularly 
relevant to the study of birth outcomes linked to phthalate exposure. Although replication is neces-
sary in other populations, these results may also be of great importance for a range of other health 
outcomes associated with phthalates.
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measures at each study visit may more accu-
rately capture confounding by this variable, 
time-varying BMI was included as a covariate 
in fully adjusted models.

Effect estimates from adjusted models 
were similar to those from crude models 
(data not shown); adjusted results alone 
are presented in Table 4 (n = 464 subjects 
with complete data). Fixed-effect results are 
presented in the form of percent change in 
oxidative stress biomarker with an inter-
quartile range (IQR) increase in untrans-
formed phthalate metabolite. All phthalate 
metabolites were associated with higher 
8-OHdG concentrations; the largest percent 
changes with an IQR increase in exposure 
observed were for MBzP (20.7%; 95% CI: 
15.6, 26.1%), MBP (18.1%; 95% CI: 
13.5, 22.9%), and MiBP (30.3%; 95% CI: 
24.4, 36.5%). All metabolites were associ-
ated with significantly higher 8-isoprostane 
concentrations, and coefficients were larger 
compared with those estimated for 8-OHdG. 
However, as with 8-OHdG, the largest differ-
ences in 8-isoprostane were in association 
with MBzP (42.7%; 95% CI: 31.8, 54.4%), 
MBP (42.0%; 95% CI: 32.0, 52.7%), and 
MiBP (56.4%; 95% CI: 43.9, 69.9%).

Sensitivity analyses. LMM were repli-
cated when stratifying by preterm birth 
case status. Effect estimates were similar 
with some exceptions (Table S3). In cases 
alone, associations between 8-OHdG and 
MBP (8.92%; 95% CI: 2.03, 16.3%), 
MiBP (20.3%; 95% CI: 10.2, 31.3%), 
and MEP (19.2%; 95% CI: 10.3, 28.8%) 
and also between 8-isoprostane and MBP 
(30.9%; 95% CI: 15.8, 48.0%) were smaller 
than corresponding associations estimated 
using weighted models. Effect estimates 
from models of controls alone were similar 
to those from weighted models. Effect esti-
mates from weighted models will be closer 
to control rather than case estimates from 
Supplemental Material, Table S3, because 
there are many more controls than cases in 
the weighted population. Also, the effect 
estimates from the weighted models do not 
necessarily fall between case and control effect 
estimates because of differences in IQR ranges 
for cases compared with controls as well as 
differences in covariate distributions and asso-
ciation with exposure/outcome within case 
and control groups.

We also examined the effect of removing 
alcohol and tobacco users from the popula-
tion; model estimates were similar to those 
for the overall population (data not shown). 
GAMM models were created to examine 
deviation of the oxidative stress–phthalate 
metabolite relationships from linearity. 
Models included the same covariates as in 
LMM. Based on visual inspection of smooth 
plots, relationships were linear for most 

metabolites and for those that were not, 
smooth curves deviated minimally from 
linearity (data not shown).

To identify potentially sensitive time 
points for the relationship between phthalate 
exposure and maternal oxidative stress, we 
additionally examined interaction terms 
in fully adjusted LMM between phthalate 
metabolite and gestational age at sample 
collection or visit of sample collection. 
No significant (p < 0.05) interactions with 

gestational age or study visit were observed 
for 8-OHdG or 8-isoprostane models (data 
not shown).

Finally, we examined the effect of 
including multiple phthalate metabolites in 
the same model. First we examined ∑DEHP 
metabolites with MBP, because these 
measures were weakly correlated and would 
not create problems with multicollinearity 
(Chatterjee et al. 2000; Ferguson et al. 
2014a), were strong predictors of oxidative 

Table 3. Oxidative stress and exposure biomarker concentrations (geometric mean and geometric 
standard deviation) by categorical demographic characteristics in all samples measured from weighted 
population.
Characteristic 8-OHdG (ng/mL) 8-Iso (pg/mL) MEHP (μg/L) MBP (μg/L)
Race/ethnicity

White (reference) 130 (1.14) 153 (1.69) 10.1 (2.20) 15.4 (1.37)
African American 133 (1.11) 277 (1.33)* 13.5 (2.34)* 23.6 (1.45)*
Other 129 (1.15) 205 (1.43)* 10.4 (2.02) 21.2 (1.63)*

Education
High school (reference) 146 (1.11) 289 (1.41) 9.20 (2.11) 27.8 (1.29)
Technical school 133 (1.11) 217 (1.51) 9.91 (2.13) 19.6 (1.48)*
Junior college or some college 124 (1.17)* 173 (1.65)* 9.57 (2.24) 16.7 (1.62)*
College graduate 128 (1.13) 143 (1.57)* 12.0 (2.11) 15.6 (1.37)*

Health insurance
Private insurance/HMO/self-pay (reference) 126 (1.14) 162 (1.64) 10.6 (2.19) 16.0 (1.47)
Medicaid/SSI/MassHealth 151 (1.09)* 271 (1.33)* 9.74 (2.05) 29.1 (1.28)*

BMI at visit 1
< 25 kg/m2 (reference) 128 (1.13) 155 (1.64) 10.8 (2.19) 16.7 (1.37)
25 to < 30 kg/m2 132 (1.12) 181 (1.59) 10.5 (2.27) 16.5 (1.54)
≥ 30 kg/m2 136 (1.17) 270 (1.34)* 10.6 (2.10) 23.6 (1.56)*

Tobacco use
Smoked during pregnancy (reference) 150 (1.11) 320 (1.47) 9.87 (1.83) 26.4 (1.34)
No smoking during pregnancy 129 (1.14) 173 (1.60)* 10.6 (2.19) 17.5 (1.47)*

Alcohol use
Alcohol use during pregnancy (reference) 138 (1.06) 201 (1.29) 12.3 (2.27) 15.0 (1.19)
No alcohol use during pregnancy 130 (1.14) 178 (1.63) 10.5 (2.16) 18.1 (1.49)

Parity
Nulliparous (reference) 129 (1.13) 166 (1.57) 11.4 (2.23) 17.0 (1.39)
Parous 131 (1.14) 192 (1.62)* 10.1 (2.14) 18.6 (1.53)

Abbreviations: 8-Iso, 8-isoprostane; 8-OHdG, 8-hydroxydeoxyguanosine; HMO, health maintenance organization; 
MassHealth, Massachusetts state health insurance provider; SSI, supplemental security income. All biomarkers were 
corrected for urinary specific gravity. For urinary phthalate metabolites, n = 1,693 samples, 482 subjects; for urinary 
oxidative stress biomarkers, n = 1,678 samples, 482 subjects. 
*p < 0.05 for significant difference in biomarker concentration from reference category, estimated from weighted linear 
mixed model with random intercepts for subject identification. 

Table 4. Percent difference (95% CIs) in oxidative stress biomarker in association with IQR increase in 
phthalate metabolite level. 

Metabolite IQRa
8-OHdG 8-Isoprostane

% difference (95% CI) p-Value % difference (95% CI) p-Value
MEHP 16.6 μg/L 2.74 (–0.47, 6.05) 0.09 14.1 (8.06, 20.5) < 0.001
MEHHP 56.9 μg/L 8.40 (4.93, 12.0) < 0.001 15.8 (9.53, 22.4) < 0.001
MEOHP 29.4 μg/L 7.34 (4.01, 10.8) < 0.001 15.9 (9.87, 22.3) < 0.001
MECPP 80.5 μg/L 6.53 (2.96, 10.2) < 0.001 23.0 (16.0, 30.4) < 0.001
∑DEHP 0.63 μmol/L 6.67 (3.23, 10.2) < 0.001 19.1 (12.7, 25.9) < 0.001
MBzP 12.5 μg/L 20.7 (15.6, 26.1) < 0.001 42.7 (31.8, 54.4) < 0.001
MBP 24.8 μg/L 18.1 (13.5, 22.9) < 0.001 42.0 (32.0, 52.7) < 0.001
MiBP 11.3 μg/L 30.3 (24.4, 36.5) < 0.001 56.4 (43.9, 69.9) < 0.001
MEP 355 μg/L 11.5 (7.32, 15.9) < 0.001 19.7 (11.8, 28.2) < 0.001
MCPP 2.98 μg/L 7.23 (3.83, 10.7) < 0.001 20.2 (13.7, 27.1) < 0.001
8-OHdG, 8-hydroxydeoxyguanosine. Estimates were from adjusted linear mixed-effect models with random intercepts 
for subject identification (n = 1,604 samples, n = 464 subjects). The models were adjusted for urinary specific gravity, 
gestational age at sample collection, race/ethnicity, education level, health insurance provider, BMI (time-varying), time 
of day of urine sample collection (before vs. after 1300 hours, time-varying), and parity of infant. Models include inverse 
probability weights to adjust for case–control study design. 
aRanges differ slightly from 25th–75th percentile differences in Table 2 because they were calculated from raw 
phthalate metabolite concentrations, uncorrected for urinary specific gravity.
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Introduction
Phthalate diesters are used as plasticizers and 
solvents in a variety of consumer products, 
and can readily enter human systems through 
ingestion, inhalation, and dermal absorption 
(Agency for Toxic Substances and Disease 
Registry 2001, 2002). Although diesters are 
metabolized and excreted quickly, constant 
contact results in daily exposures for most of 
the U.S. population. Metabolites are consis-
tently detected in urine of pregnant women 
in populations worldwide (Cantonwine et al. 
2013; Lin et al. 2011; Woodruff et al. 2011; 
Zeman et al. 2013).

Although phthalates are best known for 
their action as endocrine disruptors, there is 
also evidence from in vitro and animal studies 
that mono(2-ethylhexyl) phthalate (MEHP) 
may cause oxidative stress by inducing release 
of reactive oxygen species (ROS) and/or 
impairing antioxidant defenses (Erkekoglu et al. 
2010; Kasahara et al. 2002; Tetz et al. 2013; 
Zhao et al. 2012). However, few studies have 
examined this association in humans. Three 
cross-sectional studies have observed asso-
ciations between some phthalate metabolites 
and serum levels of bilirubin, a potent anti-
oxidant, and systemic markers of oxidative 

stress including serum gamma glutamyl trans-
ferase, and urinary malondialdehyde (MDA) 
and 8-hydroxydeoxyguanosine (8-OHdG) 
(Ferguson et al. 2011, 2012; Hong et al. 2009). 
A more recent study in elderly subjects also 
observed an association between summed di(2-
ethylhexyl) phthalate (DEHP) metabolites and 
MDA (Kim et al. 2013).

To our knowledge, no studies have 
examined the relationship between urinary 
phthalate metabolites and biomarkers of 
oxidative stress during pregnancy, when 
these possible effects represent particular 
concern given the gestational vulnerability 
of the developing fetus. Increases in oxida-
tive stress biomarkers in pregnant women 
have been associated with pregnancy loss, 
preeclampsia, preterm birth, and fetal growth 
restriction (Agarwal et al. 2012; Stein et al. 
2008). Additionally, the potential effects of 
phthalate exposures on oxidative stress are 
relevant to a number of other outcomes in the 
general population, such as infertility, various 
cancers, and type 2 diabetes. In the present 
study, we examined associations between 
repeated measures of urinary phthalate metab-
olites and biomarkers of oxidative stress in 
pregnant women.

Methods
Study population. Pregnant women were 
recruited before 15 weeks gestation at 
Brigham and Women’s Hospital in Boston, 
Massachusetts, from 2006 through 2008 
as part of a large prospective cohort study 
and provided informed consent upon enroll-
ment. Participants were included if they 
had a singleton pregnancy that resulted 
in a live birth. Women were followed 
throughout the duration of pregnancy and 
provided demographic and anthropometric 
data, urine samples from up to four study 
visits (targeted for 10, 18, 26, and 35 weeks 
gestation), as well as birth outcome data at 
delivery. Gestational age was calculated from 
last menstrual period and validated with first-
trimester ultrasound; if gestational ages calcu-
lated by the two methods differed by > 8%, 
ultrasound dating was used. For the present 
study, 130 women who delivered preterm 
and 352 random controls were selected, 
and their urine samples were extracted from 
–80°C storage for laboratory analysis (n = 482 
subjects total). Institutional review board 
approval for this study was obtained from 
the University of Michigan and Brigham and 
Women’s Hospital.

The nested case–control study was 
designed with the intention of examining 
associations between urinary phthalate 
metabolites across gestation and preterm 
birth (Ferguson et al. 2014b). The present 
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BACKGROUND: Phthalate exposure occurs readily in the environment and has been associated with 
an array of health end points, including adverse birth outcomes. Some of these may be mediated by 
oxidative stress, a proposed mechanism for phthalate action.
OBJECTIVES: In the present study, we explored the associations between phthalate metabo-
lites and biomarkers of oxidative stress measured in urine samples from multiple time points 
during pregnancy.
METHODS: Women were participants in a nested case–control study of preterm birth (n = 130 
cases, n = 352 controls). Each was recruited early in pregnancy and followed until delivery, 
providing urine samples at up to four visits. Nine phthalate metabolites were measured to assess 
exposure, and 8-hydroxydeoxyguanosine and 8-isoprostane were also measured in urine as markers 
of oxidative stress. Associations were assessed using linear mixed models to account for intra-
individual correlation, with inverse selection probability weightings based on case status to allow for 
greater generalizability.
RESULTS: Interquartile range increases in phthalate metabolites were associated with significantly 
higher concentrations of both biomarkers. Estimated differences were greater in association with 
monobenzyl phthalate (MBzP), mono-n-butyl phthalate (MBP), and monoisobutyl phthalate 
(MiBP), compared with di(2-ethylhexyl) phthalate (DEHP) metabolites.
CONCLUSIONS: Urinary phthalate metabolites were associated with increased oxidative stress 
biomarkers in our study population of pregnant women. These relationships may be particularly 
relevant to the study of birth outcomes linked to phthalate exposure. Although replication is neces-
sary in other populations, these results may also be of great importance for a range of other health 
outcomes associated with phthalates.
CITATION: Ferguson KK, McElrath TF, Chen YH, Mukherjee B, Meeker JD. 2015. Urinary 
phthalate metabolites and biomarkers of oxidative stress in pregnant women: a repeated measures 
analysis. Environ Health Perspect 123:210–216; http://dx.doi.org/10.1289/ehp.1307996

Phthalates and oxidative stress during pregnancy

Environmental Health Perspectives • VOLUME 123 | NUMBER 3 | March 2015 213

measures at each study visit may more accu-
rately capture confounding by this variable, 
time-varying BMI was included as a covariate 
in fully adjusted models.

Effect estimates from adjusted models 
were similar to those from crude models 
(data not shown); adjusted results alone 
are presented in Table 4 (n = 464 subjects 
with complete data). Fixed-effect results are 
presented in the form of percent change in 
oxidative stress biomarker with an inter-
quartile range (IQR) increase in untrans-
formed phthalate metabolite. All phthalate 
metabolites were associated with higher 
8-OHdG concentrations; the largest percent 
changes with an IQR increase in exposure 
observed were for MBzP (20.7%; 95% CI: 
15.6, 26.1%), MBP (18.1%; 95% CI: 
13.5, 22.9%), and MiBP (30.3%; 95% CI: 
24.4, 36.5%). All metabolites were associ-
ated with significantly higher 8-isoprostane 
concentrations, and coefficients were larger 
compared with those estimated for 8-OHdG. 
However, as with 8-OHdG, the largest differ-
ences in 8-isoprostane were in association 
with MBzP (42.7%; 95% CI: 31.8, 54.4%), 
MBP (42.0%; 95% CI: 32.0, 52.7%), and 
MiBP (56.4%; 95% CI: 43.9, 69.9%).

Sensitivity analyses. LMM were repli-
cated when stratifying by preterm birth 
case status. Effect estimates were similar 
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Supplemental Material, Table S3, because 
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the weighted population. Also, the effect 
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LMM. Based on visual inspection of smooth 
plots, relationships were linear for most 

metabolites and for those that were not, 
smooth curves deviated minimally from 
linearity (data not shown).

To identify potentially sensitive time 
points for the relationship between phthalate 
exposure and maternal oxidative stress, we 
additionally examined interaction terms 
in fully adjusted LMM between phthalate 
metabolite and gestational age at sample 
collection or visit of sample collection. 
No significant (p < 0.05) interactions with 

gestational age or study visit were observed 
for 8-OHdG or 8-isoprostane models (data 
not shown).

Finally, we examined the effect of 
including multiple phthalate metabolites in 
the same model. First we examined ∑DEHP 
metabolites with MBP, because these 
measures were weakly correlated and would 
not create problems with multicollinearity 
(Chatterjee et al. 2000; Ferguson et al. 
2014a), were strong predictors of oxidative 

Table 3. Oxidative stress and exposure biomarker concentrations (geometric mean and geometric 
standard deviation) by categorical demographic characteristics in all samples measured from weighted 
population.
Characteristic 8-OHdG (ng/mL) 8-Iso (pg/mL) MEHP (μg/L) MBP (μg/L)
Race/ethnicity

White (reference) 130 (1.14) 153 (1.69) 10.1 (2.20) 15.4 (1.37)
African American 133 (1.11) 277 (1.33)* 13.5 (2.34)* 23.6 (1.45)*
Other 129 (1.15) 205 (1.43)* 10.4 (2.02) 21.2 (1.63)*

Education
High school (reference) 146 (1.11) 289 (1.41) 9.20 (2.11) 27.8 (1.29)
Technical school 133 (1.11) 217 (1.51) 9.91 (2.13) 19.6 (1.48)*
Junior college or some college 124 (1.17)* 173 (1.65)* 9.57 (2.24) 16.7 (1.62)*
College graduate 128 (1.13) 143 (1.57)* 12.0 (2.11) 15.6 (1.37)*

Health insurance
Private insurance/HMO/self-pay (reference) 126 (1.14) 162 (1.64) 10.6 (2.19) 16.0 (1.47)
Medicaid/SSI/MassHealth 151 (1.09)* 271 (1.33)* 9.74 (2.05) 29.1 (1.28)*

BMI at visit 1
< 25 kg/m2 (reference) 128 (1.13) 155 (1.64) 10.8 (2.19) 16.7 (1.37)
25 to < 30 kg/m2 132 (1.12) 181 (1.59) 10.5 (2.27) 16.5 (1.54)
≥ 30 kg/m2 136 (1.17) 270 (1.34)* 10.6 (2.10) 23.6 (1.56)*

Tobacco use
Smoked during pregnancy (reference) 150 (1.11) 320 (1.47) 9.87 (1.83) 26.4 (1.34)
No smoking during pregnancy 129 (1.14) 173 (1.60)* 10.6 (2.19) 17.5 (1.47)*

Alcohol use
Alcohol use during pregnancy (reference) 138 (1.06) 201 (1.29) 12.3 (2.27) 15.0 (1.19)
No alcohol use during pregnancy 130 (1.14) 178 (1.63) 10.5 (2.16) 18.1 (1.49)

Parity
Nulliparous (reference) 129 (1.13) 166 (1.57) 11.4 (2.23) 17.0 (1.39)
Parous 131 (1.14) 192 (1.62)* 10.1 (2.14) 18.6 (1.53)

Abbreviations: 8-Iso, 8-isoprostane; 8-OHdG, 8-hydroxydeoxyguanosine; HMO, health maintenance organization; 
MassHealth, Massachusetts state health insurance provider; SSI, supplemental security income. All biomarkers were 
corrected for urinary specific gravity. For urinary phthalate metabolites, n = 1,693 samples, 482 subjects; for urinary 
oxidative stress biomarkers, n = 1,678 samples, 482 subjects. 
*p < 0.05 for significant difference in biomarker concentration from reference category, estimated from weighted linear 
mixed model with random intercepts for subject identification. 

Table 4. Percent difference (95% CIs) in oxidative stress biomarker in association with IQR increase in 
phthalate metabolite level. 

Metabolite IQRa
8-OHdG 8-Isoprostane

% difference (95% CI) p-Value % difference (95% CI) p-Value
MEHP 16.6 μg/L 2.74 (–0.47, 6.05) 0.09 14.1 (8.06, 20.5) < 0.001
MEHHP 56.9 μg/L 8.40 (4.93, 12.0) < 0.001 15.8 (9.53, 22.4) < 0.001
MEOHP 29.4 μg/L 7.34 (4.01, 10.8) < 0.001 15.9 (9.87, 22.3) < 0.001
MECPP 80.5 μg/L 6.53 (2.96, 10.2) < 0.001 23.0 (16.0, 30.4) < 0.001
∑DEHP 0.63 μmol/L 6.67 (3.23, 10.2) < 0.001 19.1 (12.7, 25.9) < 0.001
MBzP 12.5 μg/L 20.7 (15.6, 26.1) < 0.001 42.7 (31.8, 54.4) < 0.001
MBP 24.8 μg/L 18.1 (13.5, 22.9) < 0.001 42.0 (32.0, 52.7) < 0.001
MiBP 11.3 μg/L 30.3 (24.4, 36.5) < 0.001 56.4 (43.9, 69.9) < 0.001
MEP 355 μg/L 11.5 (7.32, 15.9) < 0.001 19.7 (11.8, 28.2) < 0.001
MCPP 2.98 μg/L 7.23 (3.83, 10.7) < 0.001 20.2 (13.7, 27.1) < 0.001
8-OHdG, 8-hydroxydeoxyguanosine. Estimates were from adjusted linear mixed-effect models with random intercepts 
for subject identification (n = 1,604 samples, n = 464 subjects). The models were adjusted for urinary specific gravity, 
gestational age at sample collection, race/ethnicity, education level, health insurance provider, BMI (time-varying), time 
of day of urine sample collection (before vs. after 1300 hours, time-varying), and parity of infant. Models include inverse 
probability weights to adjust for case–control study design. 
aRanges differ slightly from 25th–75th percentile differences in Table 2 because they were calculated from raw 
phthalate metabolite concentrations, uncorrected for urinary specific gravity.



WHAT ABOUT MECHANISM?
8-ISOPROSTANE

• Established by the Biomarkers of 
Oxidative Stress Study (NIEHS) 
as best biomarker of oxidative 
stress

• Sensitive, specific, and consistent 

• Easy to measure in stored urine 
samples been measured at visit 2 (median,

18 weeks of gestation).

COMMENT

There are plausible mechanisms for a
role of oxidative stress in the pathway to
PTB. ROS could (1) act as a precursor
to inflammatory responses that may
initiate parturition processes prema-
turely,15 (2) damage collagen in the
cervical stroma or fetal membranes
resulting in pPROM,16 or (3) cause
apoptosis of the syncytiotrophoblast
early in pregnancy by impairing spiral
arteriole invasion of the myometrial
wall and resulting in dysfunctional
placentation.17,18 Some previous evi-
dence supports a relationship between
oxidative stress and PTB in studies that
measured maternal biomarkers.19-22

One prospective study (n ¼ 508
women) examined 8-isoprostane levels
in urine collected once from 5-16 weeks
of gestation and observed a slight but
significant trend for decreased gesta-
tional duration with increasing quintiles
of 8-isoprostane.21 Another study (n ¼
503 women) measured 8-isoprostane in
maternal plasma that was collected once
from 24-26 weeks of gestation and
observed higher levels in mothers who

experienced preeclampsia or had small-
for-gestational-age infants.19 Neither
group observed an association with PTB,
although the number of cases in each
study was small (n ¼ 48 and 37 women,
respectively). Other studies have exam-
ined 8-isoprostane levels in amniotic
fluid and found higher levels in women
with term PROM23 and pPROM.20

Finally, 2 studies examined differences
in maternal serum levels of malondial-
dehyde, which is another marker of lipid
peroxidation, in mothers who delivered
preterm compared with term. One case-
control study observed higher levels of
malondialdehyde in mothers who
delivered preterm (n ¼ 30 women) vs
term (n ¼ 30 women); however, in
another cohort study (n ¼ 200 women),
no differences were observed.24,25

Importantly, in both studies, blood
samples were taken immediately before
or after delivery.
Our results provide strong evidence

for an association between urinary
8-isoprostane levels and spontaneous
PTB in a large nested case-control study
that examined urinary concentrations
at multiple time points during preg-
nancy. We also examined urinary
excretion patterns during pregnancy

that have not been explored previously.
Urinary concentrations decreased
slightly across pregnancy but generally
showed good intraindividual repro-
ducibility, which suggests that future
studies that will examine this marker
may need to do so only at one time
point. However, by measuring levels at
multiple time points, we were able to
illustrate that associations with spon-
taneous PTB were strongest when
8-isoprostane was measured at visits
2-4, compared with visit 1. This sup-
ports the hypothesis that oxidative
stress levels later in pregnancy may
cause PTB by weakening tissue integrity
or initiating events that lead to spon-
taneous preterm labor.

The aforementioned study inwhich 8-
isoprostane was measured in urine also
examined 8-OHdG in urine samples and
found slight but significant associations
with decreased gestational length and
birthweight, but not with PTB.22 A pre-
vious smaller study by the same group
(n¼ 18 cases of low birthweight, growth
restriction, or preterm; n ¼ 34 control
subjects) reported significantly higher
8-OHdG concentrations measured in
urine from the third trimester in cases
compared with control subjects22;

TABLE 2
Preterm birth in association with interquartile range increase in geometric average (visits 1-3) urinary oxidative
stress biomarkers

Variable

Model 1a Model 2b

Control cases, n
Odds ratio (95%
confidence interval) P value Control cases, n

Odds ratio (95%
confidence interval) P value

Overall preterm birth

8-OHdG 129,349 0.19 (0.11e0.34) < .001 126,331 0.19 (0.10e0.34) < .001

8-Isoprostane 129,349 2.17 (1.48e3.20) < .001 126,331 2.22 (1.47e3.36) < .001

Spontaneous preterm
birth

8-OHdG 56,349 0.21 (0.10e0.42) < .001 56,331 0.18 (0.09e0.40) < .001

8-Isoprostane 56,349 4.25 (2.21e8.15) < .001 56,331 6.25 (2.86e13.7) < .001

Placental preterm birth

8-OHdG 35,349 0.17 (0.07e0.41) < .001 33,331 0.11 (0.04e0.32) < .001

8-Isoprostane 35,349 1.45 (0.79e2.66) .24 33,331 0.94 (0.52e1.70) .84

8-OHdG, 8-hydroxydeoxyguanosine.
a Adjusted for urinary specific gravity only; b Adjusted for urinary specific gravity, maternal age, race/ethnicity, education level, health insurance provider, and prepregnancy body mass index.

Ferguson. Oxidative stress and preterm birth. Am J Obstet Gynecol 2015.
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exposure
phthalate metabolite

mediator
8-isoprostane

outcome
preterm birth

Indirect or mediated effect

Direct effect

Significant mediation by 
8-isoprostane

Higher proportion mediated 
for spontaneous preterm birth

Ferguson et al. 2016, EHP

8-ISOPROSTANE MEDIATION FRAMEWORK

• Established by the Biomarkers of 
Oxidative Stress Study (NIEHS) 
as best biomarker of oxidative 
stress

• Sensitive, specific, and consistent 

• Easy to measure in stored urine 
samples
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