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Abstract

Phthalate exposure is prevalent in populations worldwide, including pregnant women.
Maternal urinary metabolite concentrations have been associated with adverse reproduc-
tive outcomes, but underlying mechanisms remain unclear. Here we investigate inflamma-
tion as a possible pathway by examining phthalates in association with inflammation
biomarkers, including C-reactive protein (CRP) and a panel of cytokines (IL-1p, IL-6, IL-10,
and TNF-a) in a repeated measures analysis of pregnant women (N = 480). Urinary phthal-
ate metabolites and plasma inflammation biomarkers were measured from samples col-
lected at up to four visits per subject during gestation (median 10, 18, 26, and 35 weeks).
Associations were examined using mixed models to account for within-individual correlation
of measures. Few statistically significant associations or clear trends were observed,
although in full models mono-carboxypropyl phthalate (MCPP) was significantly (percent
change with interquartile range increase in exposure [%A] = 8.89, 95% confidence interval
[Cl] = 3.28, 14.8), and mono-benzyl phthalate (MBzP) was suggestively (%A = 6.79, 95%Cl
=-1.21, 15.4) associated with IL-6. Overall these findings show little evidence of an associa-
tion between phthalate exposure and peripheral inflammation in pregnant women. To inves-
tigate inflammation as a mechanism of phthalate effects in humans, biomarkers from target
tissues or fluids, though difficult to measure in large-scale studies, may be necessary to
detect effects.

Introduction

Exposure to phthalates diesters occurs ubiquitously in the United States and elsewhere through
continual human contact with phthalate-containing materials, particularly flexible plastics,
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used in vinyl flooring, shower curtains, and food packaging containers, as well as personal care
products such as perfumes, deodorants, and nail polish [1]. Phthalates can be absorbed through
the skin, lungs, and gastrointestinal tract, and are quickly metabolized into monoesters that are
excreted in the urine in unbound or glucuronidated forms [2]. These metabolites are com-
monly used to assess individual exposures through these various sources and pathways, and
have been used to demonstrate widespread exposures in populations worldwide.

Phthalate metabolites are also readily detected in pregnant women [3-5], and the presence
of parent compounds and metabolites in umbilical cord blood and amniotic fluid indicate their
ability to cross the placental barrier [6, 7]. Exposures to the mother and fetus have been linked
to a number of adverse birth outcomes, such as preterm birth and decreased size for gestational
age at delivery [8-10], in addition to adverse reproductive [11] and neurodevelopmental out-
comes [12] in infants. For a number of these effects, inflammation may be an important under-
lying mechanism [13]. Some cellular studies have demonstrated that phthalates are capable of
inducing pro-inflammatory responses [14, 15], potentially via binding and activation of peroxi-
some proliferator activated receptors (PPARs) [16]. In humans, several cross sectional studies
suggest that phthalate exposure is associated with an increase in biomarkers of systemic inflam-
mation [17, 18].

We investigated whether phthalate exposure during pregnancy was associated with mater-
nal inflammation in a study with repeated measures of exposure and outcome biomarkers. We
examined concentrations of urinary phthalate metabolites collected at up to four time points
per subject during pregnancy in association with plasma C-reactive protein (CRP), pro-inflam-
matory cytokines (IL-1p, IL-6, and TNF-a), and an anti-inflammatory cytokine (IL-10). We
previously identified associations between urinary phthalate metabolites and the same panel of
inflammation biomarkers in a small study of pregnant women in Puerto Rico [19]. The present
analysis of a case-control population from Boston expands on our earlier report, and represents
the largest study, both in subjects and number of repeated samples, to address this research
question in pregnant women to date.

Materials and Methods
Study population

Pregnant women included in the present analysis were part of a nested-case control study
designed to assess the relationship between maternal phthalate exposure during pregnancy and
preterm birth [8]. Subjects for the nested case-control study were selected from a longitudinal
cohort of pregnant women (N = 1,181) recruited early in pregnancy who delivered live, single-
ton infants at Brigham and Women’s Hospital in Boston, MA between 2006 and 2008, and
included 132 cases of women who delivered preterm and 350 randomly selected controls. For
each subject, urine and plasma samples were collected at up to 4 time points during pregnancy
at median 10, 18, 26, and 35 weeks gestation. Participants provided written informed consent
at the time of recruitment, and IRB approval for this study was obtained from the University of
Michigan and Brigham and Women’s Hospital.

Measurement of urinary phthalate metabolites

Urine samples were analyzed for a panel of 9 metabolites, including mono (2-ethylhexyl)
phthalate (MEHP), mono (2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono (2-ethyl-
5-oxohexyl) phthalate (MEOHP), mono (2-ethyl-5-carboxypentyl) phthalate (MECPP),
mono-benzyl phthalate (MBzp), mono-n-butyl phthalate (MBP), mono-iso-butyl phthalate
(MiBP), mono-ethyl phthalate (MEP), and mono (3-carboxypropyl) phthalate (MCPP). Con-
centrations were measured via mass spectrometry at NSF International (Ann Arbor, MI, USA)
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using methods adapted from the Centers for Disease Control and Prevention procedures,
described in detail by Lewis et al. [20] At the time of phthalate metabolite analysis, urinary spe-
cific gravity concentrations were measured using a digital handheld refractometer (Atago
Company LTd., Tokyo, Japan) as an index of urine dilution. For statistical analyses, metabolite
concentrations below the limits of detection (LOD) were replaced with the LOD divided by the
square root of 2.

For examining population distributions, phthalate metabolites were standardized to urinary
specific gravity concentrations using the following equation: Psg = P[(1.015-1)/(SG-1)], where
Pgg represents the specific gravity corrected phthalate concentration, P represents the raw
phthalate concentration, 1.015 is the median urinary specific gravity concentration in all sam-
ples measured, and SG is the specific gravity of that particular sample [21]. For statistical mod-
els, raw phthalate concentrations were examined and specific gravity was included as a
covariate. In addition to modeling individual metabolites, we created a molar summed measure
of the di (2-ethylhexyl) phthalate (DEHP) metabolites (XDEHP), including MEHP, MEHHP,
MEOHP, and MECPP.

Measurement of plasma inflammation biomarkers

Plasma CRP was analyzed using a DuoSet enzyme-linked immunosorbent assay (R&D Sys-
tems, Minneapolis, MN, USA). Cytokines were assayed using a premixed Milliplex MAP High
Sensitivity Human Cytokine Magnetic Bead Panel (EMD Millipore Corp., St. Charles, MO,
USA) and measured using a Luminex 200 instrument (Luminex, Austin, TX, USA). All plasma
biomarkers were analyzed by the University of Michigan Cancer Center Immunological Moni-
toring Core (Ann Arbor, MI, USA). Both methods and detection limits have been described in
detail elsewhere [22]. As with phthalate metabolites, inflammation biomarker measurements
below the LOD were replaced by the LOD divided by the square root of 2 [23].

Statistical analysis

R version 3.1.0 was used for all statistical analysis [24]. Unless otherwise stated, all analyses
were performed with inverse probability weightings to adjust for the case-control study design
so that results may be generalized to the parent cohort and to other pregnant populations with
similarly distributed demographics [25]. Characteristics of the study participants were exam-
ined with percentages by group. Distributions of exposure and outcome biomarkers in the
overall sample were examined prior to analysis, with attention to outliers and values below
LOD. Skewed distributions of exposure and outcome biomarkers were natural log transformed
prior to modeling. To present changes in markers across gestation we calculated medians as
well as 25™ and 75" percentiles of plasma inflammation biomarkers and specific gravity cor-
rected phthalate metabolites for each study visit. To test for significant differences in biomarker
concentrations by study visit we created linear mixed effect models (LME), adjusting for sub-
ject-specific random intercepts and slopes, with In-transformed phthalate or inflammation bio-
marker concentration predicted by study visit as a factor (to test for significant differences at
visits 2, 3, or 4 compared to visit 1) or as a numeric variable (to test for significant linear trends
from visits 1-4).

LME were also created to test associations between each inflammation biomarker and each
phthalate metabolite measured. Prior to model building, we tested whether to include subject
specific random slopes by conducting a likelihood ratio test using restricted maximum likeli-
hood. We also compared Akaike Information Criterion (AIC) values for models with and with-
out inclusion of the random slope. Crude models were adjusted for urinary specific gravity to
account for urine dilution. Full models were built by adding covariates one at a time and
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including in the model if they altered effect estimates by greater than 10 percent. Covariates
considered for inclusion as fixed effects were those that were significantly associated with
inflammation biomarkers, as previously published [22]. These included maternal race/ethnicity
(White, African American, or Other), education level (high school, technical school, junior col-
lege or some college, or college graduate/above), health insurance provider (public or private),
body mass index (BMI) category at the first study visit (<25 kg/m?, 25 to <30 kg/m?, or >30
kg/m?), and parity (nulliparous or parous). Additionally, we examined time of day of urine
sample collection (before vs. after 1pm) as a covariate as this variable can improve the estima-
tion of phthalate concentration. Beta coefficients from crude and full models corresponding to
the fixed effects were converted to percent change of inflammation biomarker in association
with an interquartile range (IQR) increase in urinary phthalate metabolite for comparison
across metabolites and with other studies.

We performed several sensitivity analyses as well. First, we examined full statistical models
in cases of preterm birth (i.e., mothers who delivered prior to 37 weeks completed gestation) as
well as controls separately (without adjusting for any sampling weight, just as a stratified analy-
sis). We also created models stratified by gender of the fetus, as phthalates have been shown to
have gender-specific effects in other studies [26, 27] and placental inflammatory responses
may vary based on fetal gender [28]. We also examined associations by study visit, in attempt
to identify windows of vulnerability to phthalate exposure. Finally, using generalized additive
mixed models (GAMM), we examined potential non-linear associations between longitudi-
nally measured phthalate metabolites and inflammation biomarkers across pregnancy. GAMM
were built with the same covariates as LME.

Results

For the present analysis, subjects were included if they had both urinary exposure and plasma
inflammation biomarkers from 1 or more study visits, and time points were excluded if they
did not have both measurements. Additionally, one sample was excluded because of an
extremely low and influential (changed LME model effect estimates by >10%) CRP concentra-
tion for all results presented (final N = 480 subjects, 1521 samples). Weighted maternal demo-
graphic characteristics varied only slightly from those previously published on the overall
population studied, and are presented in Table 1 [29]. Mothers were median 32.7 years of age
(range 18.3-50.2) at their first study visit (visit 1), and over half were white (59%), well-edu-
cated (70% with junior college, some college, or a college degree), and of normal or below-nor-
mal body mass index at visit 1 (53%). Prevalence of alcohol and tobacco use was also low (5
and 6%, respectively). After weighting, 12% of the sample had a preterm birth, which is roughly
equivalent to the rate among the general US population [30].

Percentiles of plasma inflammation biomarkers and urinary phthalate metabolite concen-
trations standardized to urinary specific gravity are shown in Table 2. As previously reported,
there were some significant trends in biomarker and phthalate levels across gestation, although
levels were relatively stable within individual over time (intraclass correlation coefficients 0.66—
0.81) [21, 22]. CRP was slightly higher in plasma samples later in pregnancy, as were IL-6 and
TNF-o, and IL-1p decreased slightly between visits 1 and 3 or 4. In regard to urinary phthalate
metabolites, YXDEHP and MCPP decreased across pregnancy, with significantly lower levels at
visit 3 compared to visit 1, and levels of MBP and MiBP increased slightly toward the end of
gestation [21].

Results from crude and fully adjusted LME models for the associations between phthalate
metabolites and inflammation biomarkers are presented in Table 3. The YDEHP associations
are presented as results were similar to individual DEHP metabolites (S1 Table). All models
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Table 1. Demographic characteristics of weighted study population (N = 480).

Categorical characteristic

Race/ethnicity

Health Insurance Provider

Education

Pre-pregnancy BMI

Tobacco use during pregnancy

Alcohol use during pregnancy

Parity

Gender of infant

Preterm (delivery <37 weeks gestation)

doi:10.1371/journal.pone.0135601.t001

White

African American

Other

Private (Private insurance, HMO, self-pay)
Public (Medicaid/SSI/MassHealth)
High school

Technical school

Junior college or some college
College graduate

<25 kg/m? (underweight to normal weight)
25-<30 kg/m? (overweight)

>30 kg/m? (obese to morbidly obese)
Yes

No

Yes

No

Nulliparous

Parous

Male

Female

Yes

No

Weighted %

59
16
26
81
19
14
16
30
40
53
27
20
6
94
5
95
45
55
45
55
12
88

were adjusted for random intercepts and slopes, as addition of random slopes significantly

improved model fit. Crude models included urinary specific gravity and gestational age at sam-
ple collection as covariates. Full models were additionally adjusted for maternal race/ethnicity,
health insurance provider, BMI at visit 1, and time of day at urine sample collection. Few statis-
tically significant associations were noted. MCPP was associated with significant higher IL-6
concentrations in both crude (percent change [%A] with IQR increase = 8.43, 95% confidence
interval [CI] = 3.04, 14.1) and full (%A with IQR increase = 8.89, 95% CI = 3.28, 14.8) models.
However, a suggestive (p<0.10) inverse association was observed between MCPP and CRP in
the full model (%A = -4.78, 95% CI = -9.93, 0.67). MBzP was suggestively associated with an
increase in CRP (%A =7.62, 95% CI = -0.38, 16.3) and IL-6 (%A6.34, 95% CI = -1.25, 14.5) in
crude models. In full models the association with IL-6 was still suggestive (%A = 6.79, 95% CI =
-1.21, 15.4), but for CRP the effect estimate was smaller and less precise (%A = 5.71, 95% CI =
-2.35, 14.4, p = 0.17). Effect estimates between MiBP and inflammation biomarkers were posi-
tive in both crude and full models, but none were statistically significant.
In sensitivity analyses, results stratified by preterm case status, fetal gender, and study visit
were largely similar to the results presented in Table 3. However, some deviations were noted.
For crude models stratified by case status, inverse associations between YDEHP and CRP were
statistically significant in cases (%A = -12.6, 95% CI = -23.1, -0.75) but were null in controls (%
A=1.49,95% CI = -4.62,7.98). Also, MiBP was significantly associated with increased CRP in
cases (%A =29.4, 95%CI = 7.22, 56.2) but not controls (%A = 0.40, 95% CI = -8.62, 10.3). These
differences may have been due to instability in case estimates as a result of small sample size
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Table 2. Median (25", 75" percentiles) concentrations of plasma inflammation biomarkers and urinary phthalate metabolites by study visit in
weighted study population.

N

Gestational age (weeks)
CRP (ug/mL)
IL-1B (pg/mL)
IL-6 (pg/mL)
IL-10 (pg/mL)
TNF-a (pg/mL)
> DEHP (umol/L)
MBzP (pg/L)
MBP (ug/L)
MiBP (ug/L)
MEP (pg/L)
MCPP (ug/L)

*P < 0.05 for difference in biomarker concentration at visit 2,3, or 4 compared to visit 1.

Visit 1

415
9.57 (8.29, 11.4)
4.14 (2.20,9.31)
0.28 (0.16, 0.52)
1.34 (0.80, 2.51)
13.0 (8.72, 20.2)
2.90 (2.06, 4.07)
0.38 (0.20, 0.83)
6.45 (3.56, 13.8)
16.5 (10.9, 26.8)
7.27 (4.65, 11.1)
117 (47.5, 357)
1.72 (1.08, 3.52)

A~ e~ o~~~ o~~~ —~

Visit 2
389
18.0 (17.0, 18.9)
5.88 (3.09, 14.0)*
0.27 (0.15, 0.47)
1.21 (0.74, 2.12)
13.2 (9.16, 19.4)*
2.95 (2.25, 4.28)*
0.32 (0.17, 0.74)*
6.58 (3.17, 12.8)
16.3 (10.3, 28.1)
6.94 (4.52, 11.6)
110 (48.5, 375)
1.74 (1.05, 3.57)

Visit 3
363
26.1 (25.3, 27.0)
6.07 (3.26, 13.0)*
0.22 (0.13, 0.50)*
1.28 (0.80, 2.17)*
13.4 (9.20, 19.4)
2.98 (2.19, 4.07)*
0.26 (0.13, 0.54)*
5.86 (3.33, 12.1)
16.2 (10.4, 26.3)
7.70 (4.62, 11.9)
130 (50.3, 368)
1.55 (0.96, 3.12)*

Visit 4 p (trend)?
354

35.1 (34.4, 35.9)
5.45 (3.18, 9.42)* 0.002
0.24 (0.12, 0.49)* <0.001
1.54 (0.96, 2.52)* 0.195
13.5 (9.08, 18.7) 0.401
3.28 (2.24, 4.62)* <0.001
0.30 (0.17, 0.94) 0.007
7.13 (3.90, 14.8) 0.132
18.0 (12.4, 30.5) 0.435
8.78 (5.66, 14.2)* 0.001

119 (45.7, 476) 0.995
1.76 (1.06, 3.57) 0.039

@Calculated from linear mixed effect (LME) models with subject specific random intercepts and slopes with biomarker predicted by study visit (continuous)

doi:10.1371/journal.pone.0135601.1002

(N =129 subjects, 379 observations). In models stratified by fetal gender, the inverse associa-
tion between YDEHP and CRP was stronger in males (%A = -9.05, 95% CI = -17.1, -0.27) com-
pared to females (%A = -1.06, 95% CI = -7.98, 6.39) and significant positive associations

between MiBP and MEP and CRP were observed in males but not in females.

Table 3. Percent change (%A) and 95 percent confidence intervals (95% ClI) in inflammation biomarker in association with an interquartile range
increase in urinary phthalate metabolite concentrations during pregnancy.

SDEHP
MBzP
MBP
MiBP
MEP
MCPP

YDEHP
MBzP
MBP
MiBP
MEP
MCPP

CRP

%N (95% Cl)
-3.09 (-8.23, 2.34)
7.62 (-0.38, 16.3)
5.91 (-1.34, 13.7)
4.15 (-4.08, 13.1)
2.03 (-4.63, 9.15)
-3.67 (-8.80, 1.75)

CRP

%A (95% Cl)
-2.65 (-7.93, 2.92)
5.71 (-2.35, 14.4)
4.42 (2.77,12.1)
2.14 (-6.03, 11.0)
-0.99 (-7.58, 6.07)
-4.78 (-9.93, 0.67)

Crude Model® (N = 480 subjects, 1518 observations)

IL-1B
p %A (95% Cl)
026 2.92(-2.13,8.23)
0.06 -1.80 (-8.81, 5.76)
011  1.05(-5.56, 8.11)
0.33  0.61(-6.95, 8.79)
0.56 -4.44 (-10.4, 1.86)
0.18 236 (-2.71,7.7)

IL-6

p %A (95% Cl)
0.26 2.91 (-2.18, 8.25)
0.63 6.34 (-1.25, 14.5)
0.76  2.66 (-4.02, 9.81)
0.88 4.93 (-2.93, 13.4)
0.16  4.42 (-2.01,11.3)
0.37 8.43(3.04, 14.1)

Full Model® (N = 464 subjects, 1468 observations)

IL-1B
P %A (95% Cl)
0.34 277 (-2.45, 8.27)
0.17  0.32(-7.17, 8.42)
024 268 (-4.23,10.1)
0.62 2.27 (-5.65, 10.9)
0.78 -3.91(-10.1, 2.69)
0.09 247 (-2.79, 8.01)

IL-6

p %A (95% Cl)
0.30 3.00 (-2.29, 8.57)
0.94 6.79 (-1.21, 15.4)
0.46 1.92 (-4.94,9.28)
0.59 4.00 (-4.06, 12.8)
0.24 3.98(-2.70, 11.1)
0.36 8.89(3.28, 14.8)

IL-10 TNF-a
p %A (95% Cl) p %A (95% Cl) p
027 094 (-2.76,4.79) 062 -1.65(-4.20,0.97) 0.22
010 209(-3.39,7.89) 046 1.60(-2.24,5.60) 0.42
044 241(-257,7.65) 035 0.80(-2.66,4.38) 0.66
023 192(-3.82,801) 052 241(-1.67,6.66) 025
0.18 0.4 (-4.18,529) 085 0.65(-2.63,4.03) 0.70
<0.01 251(-1.27,6.44) 020 -0.96(-3.54,1.69) 0.48

IL-10 TNF-a
p %N (95% Cl) p %N (95% Cl) p
027 1.91(-1.92,589) 033 -1.17(-3.80,1.53) 0.39
0.10 325(-2.49,9.33) 027 1.22(-2.76,537) 055
059 249(-2.61,7.85) 035 0.34(-3.18,3.99) 0.85
0.34 153(-4.31,7.72) 062 1.60(-254,592) 045
025 -0.61(-5.32,4.34) 081 -0.33(-3.68,3.13) 0.85
<0.01 3.44(-047,750) 0.09 -0.69(-3.34,2.04) 0.62

Results from weighted linear mixed models with subject-specific random intercepts and slopes.
8Crude model adjusted for urinary specific gravity and gestational age at sample collection (N = 480 subjects, 1518 observations);

PFull model additionally adjusted for materal race/ethnicity, health insurance provider, pre-pregnancy body mass index, and time of day of urine sample
collection (N = 464 subjects, 1468 observations)

doi:10.1371/journal.pone.0135601.t003
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Finally, when stratified by visit associations between MCPP and IL-6 appeared to be stron-
ger at visit 1 (%A =22.0, 95% CI = 5.01, 41.8) and visit 2 (%A = 16.7, 95% CI = -0.55, 36.9) com-
pared to visits 3 (%A = 7.05, 95% CI = -9.55, 26.7) and 4 (%A = -1.35,95% CI = -17.6, 18.1).

We additionally examined the validity of the linearity assumption by using GAMMs. All
but one of the associations were linear, as indicated by straight lines and intersecting confi-
dence intervals in GAMM plots of the residuals. As an example, plots of IL-6 with MBzP and
MCPP are displayed in Fig 1. The one exception was for the association between MCPP and
TNF-o which was primarily flat for lower urinary metabolite concentrations but showed an
increasing association at higher concentrations. Nevertheless, confidence intervals included
zero at all levels of MCPP (results not shown), suggesting no statistically significant departure
from linearity could be established.

Discussion

In a large study of repeated biomarkers of phthalate exposure and inflammation in pregnant
women, we observed few associations. The strongest associations observed were between
MCPP levels and increased IL-6, and this association was strongest early compared to late in
pregnancy. However, MCPP was not significantly associated with other cytokines indicative of
inflammation, and even showed a suggestive inverse association with CRP. Associations
between MBzP and MiBP and all inflammation biomarkers were positive, but few reached sta-
tistical significance. In general, we found largely null associations between urinary phthalate
metabolites and systemic markers of inflammation during gestation.

This evidence is somewhat contrary to previous studies, which suggest that phthalates can
cause inflammation in biological systems. Several in vitro studies using various cell lines have
demonstrated that some phthalates have a pro-inflammatory effect. One study showed that
neonatal neutrophils treated with MEHP had increased IL-1B production, and that adult neu-
trophils treated similarly had increased IL-8 production [15]. In another study, media from
cultures of macrophages treated with DEHP had elevated levels of the inflammatory cytokines
measured in the present study, including TNF-a, IL-1, and IL-6, and also increased gene
expression for these pathways [31]. However, a third study showed that DEHP treatment of
human dendritic cells had anti-inflammatory activity [32]. These studies highlight the fact that

0 | -
Q 2 | Q 2 4
E E
E S+ E S
L o
8 o g o
g o g o
8 0 iO» [To)
s 9 s 9
) E
T <9 | c <2 |
=z - =z -
0| 0
-2 0 2 4 6 -2 0 2 4 6
Natural log transformed MBzP Natural log transformed MCPP

Fig 1. Residual plots from generalized additive mixed models of the associations between mono-benzyl phthalate (MBzP) and mono-
carboxypropyl phthalate (MVCPP) and IL-6.

doi:10.1371/journal.pone.0135601.g001
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inflammatory consequences of phthalate exposure may be highly specific to cell type. While
several have hypothesized that inflammatory effects of phthalates may be related to PPAR acti-
vation [16], animal studies in this realm focus on the potential adjuvant effect of phthalates.
Several studies have demonstrated that rodent exposure to DEHP or MEHP in conjunction
with ovalbumin, a protein used to stimulate an allergic reaction, elicits an exacerbated effect
compared to exposure to ovalbumin alone [33-36], although there is another report to the con-
trary [37], and responses and dosages vary by study. Notably, for both in vitro and animal stud-
ies of phthalate exposure and inflammatory responses, the preponderance of research has
explored effects of DEHP or its metabolite MEHP; evidence for consequences of other phthal-
ate exposure is minimal. An adjuvant effect of phthalates may also explain our findings of
larger effect estimates for associations between exposure and inflammation biomarkers in
mothers who went on to deliver preterm compared to term. Women who deliver prematurely
are more likely to have higher levels of other inflammatory stimuli, as this is a well-recognized
pathway to preterm birth, and thus phthalate exposure may act to exacerbate the effects of
those stimuli.

Cross-sectional human studies have also suggested associations between urinary phthalate
metabolites and biomarkers of inflammation. In a large study from the National Health and
Nutrition Examination Survey (NHANES), we previously observed significant positive associa-
tions between MiBP and MBzP and CRP in a population of male and female children and
adults [17]. While in the present study we observed these positive associations as well, they
were not statistically significant. Interestingly, in the NHANES study we also observed signifi-
cant inverse associations between some of the DEHP metabolites and CRP; we observed these
associations in the present study as well, though they were not statistically significant. We also
previously reported cross-sectional associations with other biomarkers of inflammation in
NHANES, including alkaline phosphatase, ferritin, and absolute neutrophil count [18]. The
associations were of the highest magnitude between MBP, MiBP, MBzP and MCPP and alka-
line phosphatase and absolute neutrophil count, and appeared to have a linear dose-response
relationship.

Development of asthma and allergies is the primary endpoint of interest in research devoted
to phthalates and inflammation, as apparent from the animal research described above, and by
a number of studies in human populations [38]. One repeated measures study examined the
association between urinary phthalate metabolites and exhaled nitric oxide, a biomarker of air-
way inflammation, in 244 inner-city children [39]. The study reported positive associations
with MBzP and MEP, but not with MEHHP or MBP when all metabolites were included in the
same model. Other epidemiologic studies have suggested associations with asthma and allergic
symptoms as well, but many of these have been occupational in nature and focus on descriptive
health outcomes rather than biomarkers like those used in our analysis [38].

We previously published findings from a pilot analysis with repeated measures of urinary
phthalate metabolites and this same panel of inflammation biomarkers in pregnant women
from an ongoing birth cohort in Puerto Rico [19]. That study involved a much smaller sample
size (N = 87 subjects, 157 observations from two time points during pregnancy). In that analy-
sis, we observed marginally significant positive associations between MCPP as well as mono
(carboxynonyl) phthalate (MCNP; not measured in the present study) and CRP, which is con-
trary to results from the present study suggesting inverse associations between MCPP and
CRP. Also unlike the present study, in the Puerto Rico cohort we observed significant positive
associations between DEHP metabolites and MCNP, but not MCPP, and plasma IL-6 concen-
trations. We also did not see an association between MBzP and IL-6 in that analysis. These
inconsistencies may be explained by differences in demographic or other population character-
istics across the two cohorts. However, in accordance with the findings from the present study,
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we observed no statistically significant associations or suggestive patterns between IL-18 or
TNF-o and any of the phthalate metabolites measured. In conclusion, the comparison of the
associations between these populations highlights MCPP as being the most consistently associ-
ated with a systemic inflammatory effect during pregnancy; however the relationships were not
reproduced for the same biomarker across the two studies.

There are several explanations for the generally null findings observed in the present study.
First, we utilized peripheral (plasma) biomarkers of inflammation. As shown by in vitro stud-
ies, inflammatory consequences may be very specific to the target cells; effects in the periphery
(e.g., expansion of inflammatory cell populations or stimulation of immunoglobulin release)
may not be occurring in peripheral cells, and changes in the placenta may not be detectable in
maternal circulation. This latter point is supported by research showing that inflammatory
cytokines transfer minimally through the fully developed placental barrier [40]. For investiga-
tion of birth outcomes, a number of studies have demonstrated that biomarkers in fluids of the
gravid reproductive tract (e.g., amniotic or cervicovaginal fluid) are better at predicting adverse
pregnancy consequences (e.g., preterm birth) compared with biomarkers in peripheral tissues
and fluids [41]. However, it is much more difficult to obtain samples from the reproductive
tract during pregnancy, and the present study was not originally designed with these measure-
ments in mind. Alternatively, absence of significant associations may indicate that most
phthalates truly do not induce inflammation in pregnant women, at least on the systemic level.
It is possible that there is an associated inflammatory response, but it is confined to the intra-
uterine environment or the maternal-fetal interface. Furthermore, it is important not to gener-
alize these findings to other populations. Pregnant women may have an altered response to
inflammatory stimuli; many studies have suggested that pregnancy is a state of immunomodu-
lation in order to avoid rejection of the fetus [42].

Elements of the study design could have contributed to our null findings as well. Such ele-
ments include biomarkers selected for assessing inflammation or the timing and stability of
exposure and outcome measurements. CRP and the panel of plasma cytokines measured were
selected because of their observed associations with preterm birth in previous epidemiologic
studies [41], and their utility in examining associations with other environmental chemical
exposures such as air pollutants [43]. However, other markers of inflammation more specific
to the hypothesized pathways of phthalate induction, such as PPAR gene expression or mea-
suring expansion of specific cell populations, may be a direction for exploration in future
research.

Our study had a number of strengths which provide credence to these results. First, we had
a large study both in terms of number of subjects and number of repeated measurements of
both exposure and outcome biomarkers, which provided ample power for detecting these asso-
ciations. Second, we used a panel of inflammation biomarkers to encompass multiple potential
effects consequences (e.g., inflammatory and anti-inflammatory responses, TH1 and TH2
cytokines).

Third, the assays used to measure markers of both phthalates and inflammation were highly
sensitive and thus we had excellent detection rates [21, 22]. Finally, although this analysis was
performed on data from a nested case-control study, we applied weightings to statistical models
to make the results generalizable to pregnant women in the US.

Of the phthalate metabolites measured in the present study, MCPP had the clearest associa-
tions with inflammation biomarkers, and these associations are in concordance with other epi-
demiologic studies. Animal and cellular studies should be expanded to examine effects of this
metabolite and its parent compound, di (n-octyl) phthalate, which is still used commonly in
plastic products while others like DEHP are being phased out. While we observed few associa-
tions overall between other phthalate metabolites and biomarkers of inflammation in
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peripheral plasma samples, future studies should aim to be more specific to cell type and site.
Previous hypotheses argued that maternal inflammation may be a mechanism for the associa-
tion between phthalate exposure and preterm birth, which we have previously established in
this population [8]. However, the present evidence suggests that other pathways may be more
relevant for this relationship.

Supporting Information

S1 Table. Percent change (%A) and 95 percent confidence intervals (95% CI) in inflamma-
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