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Abstract
Phthalate esters are a class of compounds utilized extensively in widely-distributed consumer
goods, and have been associated with various adverse health outcomes in previous epidemiologic
research. Some of these health outcomes may be the result of phthalate-induced increases in
oxidative stress or inflammation, which has been demonstrated in animal studies. The aim of this
study was to explore the relationship between urinary phthalate metabolite concentrations and
serum markers of inflammation and oxidative stress (C-reactive protein (CRP) and gamma
glutamyltransferase (GGT), respectively). Subjects were participants in the National Health and
Nutrition Examination Survey (NHANES) between the years 1999 and 2006. In multivariable
linear regression models, we observed significant positive associations between CRP and mono-
benzyl phthalate (MBzP) and mono-isobutyl phthalate (MiBP). There were CRP elevations of
6.0% (95% confidence interval (CI) 1.7% to 10.8%) and 8.3% (95% CI 2.9% to 14.0%) in relation
to interquartile range (IQR) increases in urinary MBzP and MiBP, respectively. GGT was
positively associated with mono(2-ethylhexyl) phthalate (MEHP) and an MEHP% variable
calculated from the proportion of MEHP in comparison to other di(2-ethylhexyl) phthalate
(DEHP) metabolites. IQR increases in MEHP and MEHP% were associated with 2.5% (95%CI
0.2% to 4.8%) and 3.7% (95%CI 1.7% to 5.7%) increases in GGT, respectively. CRP and GGT
were also inversely related to several phthalate metabolites, primarily oxidized metabolites. In
conclusion, several phthalate monoester metabolites that are detected in a high proportion of urine
samples from the US general population are associated with increased serum markers of
inflammation and oxidative stress. On the other hand, several oxidized phthalate metabolites were
inversely associated with these markers. These relationships deserve further exploration in both
experimental and observational studies.
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INTRODUCTION
Phthalate esters are a class of compounds utilized extensively in widely-distributed
consumer goods. High molecular weight phthalates such as di(2-ethylhexyl) phthalate
(DEHP) and benzylbutyl phthalate (BzBP) are used to add flexibility to plastics such as
those found in polyvinyl chloride (PVC) flooring, medical tubing, and food packaging
materials (ATSDR 2002; CDC 2010). Low molecular weight phthalates such as diethyl
phthalate (DEP) and dibutyl phthalate (DBP) may also be used as plasticizers and are widely
used as solvents in cosmetics, insecticides, and other products (ATSDR 1996; 2001).
Previous human epidemiologic research has reported associations between exposure to
phthalates and various adverse health outcomes, including altered male reproductive
function and development (Hauser et al. 2007, Hauser et al. 2006, Main et al. 2006; Swan
2008; Zhang et al. 2006), altered thyroid function (Meeker et al. 2007; Huang et al. 2007;
Boas et al. 2010), increased waist circumference and insulin resistance (Stahlhut et al. 2007;
Hatch et al. 2008), decreased gestational age or increased risk of premature birth (Latini et
al. 2003, Meeker et al. 2009, Whyatt et al. 2009), and respiratory symptoms and asthma
(Bornehag et al. 2010; 2004; Kolarik et al. 2008; Hoppin et al. 2004).

Several of the phthalates elicit adverse reproductive effects through endocrine disruption
mechanisms. Perhaps best described is the role of testosterone synthesis suppression in
reproductive tract development of male laboratory animals by DEHP, DBP, and BzBP
(Noriega et al. 2009; Clark and Cochrum 2007; Higuchi et al. 2003; Nagao et al. 2000). In
addition to endocrine disruption, some phthalates stimulate oxidative stress, a cellular
condition in which damage to cellular macromolecules occurs as a result of excessive
amounts of reactive oxygen species. Laboratory experiments implicate a role for oxidative
stress in phthalate-stimulated liver tumorigenesis (Ito et al. 2007), male reproductive toxicity
(Zhou et al. 2010; Wellejus et al. 2002), and developmental toxicity (Seo et al. 2004;
Kasahara et al. 2002). Moreover, oxidative stress has been suggested as the etiologic link for
recently reported relationships between urinary phthalate metabolites of DEHP and DEP
with increased DNA damage in human sperm (Hauser et al. 2007; Duty et al. 2003). Recent
epidemiologic studies have reported relationships between biomarkers of phthalate exposure
and increased levels of the oxidative stress markers malondialdehyde (MDA) and 8-
hydroxydeoxyguanosine (8-OHdG) (Hong et al. 2009; Ji et al. 2010).

Oxidative stress and inflammation are known to be interrelated, and oxidative stress-
stimulated inflammation has been proposed to be part of the etiologic pathway for DEHP-
induced tumorigenesis (Ito et al. 2007). In addition, increased release of the
proinflammatory cytokines tumor necrosis factor- α (TNF-α) and Fas ligand (FasL) in the
male reproductive tract is linked to decreased sperm production (Yao et al. 2007). Phthalate
metabolites stimulate release of the pro-inflammatory cytokine IL-6 from human lung
epithelial cells (Jepsen et al. 2004). Moreover, consistent with inflammatory activity, DEHP
or its metabolite MEHP increase integrin (CD11b) expression in neutrophils (Gourlay et al.
2003) and activate MAPK pathways in liver cells (Pauley et al. 2002), respectively.
Bornehag and Nanberg (2010) postulated that asthma and allergic effects of phthalates may
be due to their ability to act as adjuvants and cause inflammation. Likewise, inflammation
was hypothesized to be a mechanism involved in the reported relationships between
phthalates and decreased gestational age or preterm birth (Latini et al. 2003; Meeker et al.
2009).

In the present study we analyzed the National Health and Nutrition Examination Survey
(NHANES) datasets from 1999 to 2006 to explore associations between urinary phthalate
metabolite concentrations and levels of gamma glutamyltransferase (GGT) and C-reactive
protein (CRP) measured in serum. Serum CRP is a commonly used measure of
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inflammation (Everett et al. 2010; Pearson et al. 2003), and increased serum GGT has been
demonstrated to be a sensitive marker of oxidative stress in population studies (Lee and
Jacobs 2009a; 2009b).

METHODS
NHANES is an ongoing cross-sectional study designed to collect nationally representative
data on dietary intake and disease. Methods for demographic and survey data collection are
described in detail elsewhere (NCHS 2010a). Briefly, participants across the country are
interviewed in their homes and subsequent laboratory tests, conducted on subsets of
participants, are performed in mobile examination centers (MECs). Minority groups are
oversampled, which, when analyzed with proper weightings, enables more accurate
distributions of population characteristics. The present analysis included measurements from
eight years of NHANES data, 1999-2006, merged according to the NCHS tutorial (NCHS
2010b). There were 10,476 subjects from these years who had data for one or more of the
phthalate metabolites, urine creatinine levels, and either serum GGT or serum CRP.
Pregnant subjects (n=445) were excluded from the primary data analysis. This resulted in
10,031 total subjects available for analysis, though the numbers for each model varied by
phthalate metabolite and/or serum GGT and CRP availability.

Urinary phthalate metabolites
Upon MEC collection of urine, samples were stored at 4 degrees C or frozen at −20 degrees
C and shipped to the Division of Environmental Health Laboratory Sciences, National
Center for Environmental Health, Centers for Disease Control and Prevention for analysis.
Measurements of urine phthalate metabolite levels were made using HPLC separation
followed by either electrospray ionization (ESI) or atomic pressure chemical ionization
(APCI) and tandem mass spectrometry (NCHS 2009, NCHS 2010c), described in detail
elsewhere (Silva et al. 2004; 2003). Values below the limit of detection (LOD) were
replaced with a value of the LOD divided by the square root of two (Hornung and Reed
1990). Of all the phthalate metabolites measured, those with greater than 75% of samples
below the LOD were not considered further in the present analysis as reported previously by
Stahlhut et al. (2007). This excluded mono-cyclohexyl phthalate (MCHP), mono-isononyl
phthalate (MiNP), mono-n-octyl phthalate (MnOP), and mono-n-methyl phthalate (MnMP).
In addition to examination of the remaining metabolites, we also created a variable to
represent a combination of the metabolites of DBP, which was measured as represented by
the MnBP variable in years 1999-2000 and calculated as the sum of mono-isobutyl phthalate
(MiBP) and mono-n-butyl phthalate (MnBP) in 2001-2006.

For DEHP, we hypothesized that subjects with higher levels of the biologically active
monoester metabolite, mono-(2-ethyl)-hexyl phthalate (MEHP), in relation to other
potentially less toxic oxidized DEHP metabolites, mono-(2-ethyl-5-oxohexyl) phthalate
(MEOHP) and mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), may have a heightened
metabolic susceptibility to MEHP exposure (Hauser 2008; Meeker et al. 2007). To test this
hypothesis we created a variable to represent the percentage of the sum of DEHP
metabolites that was measured as MEHP (MEHP%). This was done by converting the
DEHP metabolites MEHP, MEHHP, and MEOHP into nanomoles (nmol) using their
respective molecular weights (278, 294, and 292 g/mol) and dividing the molar mass of
MEHP by the mass of the sum of all three metabolites and then multiplying by 100. Though
levels of urinary mono-2-ethyl-5-carboxypentyl phthalate (MECPP), another oxidized
metabolite of DEHP, were available in this dataset, we did not include them in the MEHP%
variable because this analyte was measured on a much smaller number of participants (N =
4903). In addition, MECPP was highly correlated with both MEHHP (R = 0.95, p < 0.0001)
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and MEOHP (R = 0.96, p < 0.0001). Thus, its inclusion in the MEHP% variable would not
be expected to impact results.

Because all metabolite concentrations as well as the summed and percent measures were
right-skewed, the data were log-transformed prior to analysis. Also, metabolite
measurements were creatinine standardized for presentation of descriptive statistics and
calculation of simple correlations by dividing metabolite concentrations by urinary
creatinine (presented as ug/g creatinine). For regression analysis unadjusted metabolite
levels were used and urinary creatinine was included as a covariate in all models as
recommended by Barr et al. (2005).

Serum CRP and GGT
GGT and CRP levels were measured in serum collected at the same time as urine samples,
and analyzed as described by the National Center for Health Statistics (NCHS) (2010a).
Briefly, GGT was measured in serum from participants aged 13 years and older with an
enzymatic reaction in which the compound transfers gamma-glutamyl groups from a
colorless substrate to glycylglycine with the production of the colored byproduct, p-
nitroanaline. The absorbance of the reaction is measured at 410 nm over a fixed period of
time by a Beckman Synchron LX20 chemistry analyzer. CRP was analyzed by latex-
enhanced nephelometry in which the serum sample is mixed with a latex-bound mouse anti-
CRP antibody which is then measured with a Behring Nephelometer. Both distributions
were right-skewed and log-transformed for analysis.

Covariates
Demographic data were collected in an in-home survey component of NHANES. From these
data, we examined age, sex, poverty income ratio (PIR), and race and ethnicity as potential
confounding variables. We also considered alcohol use and education level, but did not
include these variables in final models in order to maximize the sample size of our study (N
missing for alcohol use = 4,674, N missing for education = 4,293) since there was a lack of
association between these variables and urinary phthalate metabolites in the subset of
participants with these data (p > 0.05). From examination and laboratory data we included
body mass index (BMI) as well as (log-transformed) serum cotinine as a measure of
exposure to tobacco smoke. As mentioned previously, creatinine was included as a covariate
in all models to adjust for urine sample dilution (Barr et al. 2005). Finally, NHANES dataset
(i.e. 2-year survey increments) was also considered as a categorical covariate but was not
retained in the final models.

Statistical analysis
Data analysis was performed using SAS 9.2 (SAS Institute, Cary, NC). NHANES data are
collected using a complex, multistage study design. Ensuring accurate population
representation entails oversampling of some groups based on age, sex, and race and
ethnicity. In order to create a sample that, when analyzed properly, is representative of
national demographic and health characteristics, sample weights are created for use in
univariate and bivariate modeling. For our analysis, an 8 year weight for individual
probabilities was created from phthalate metabolite weights according to the NCHS web
tutorial (NCHS 2010b) to account for the sampling method. In addition, stratum and cluster
weights were included in regression models to correct for the study design. We also
constructed models without including the sample weights for comparison.

In descriptive analyses, distributions of phthalate metabolites, GGT and CRP were assessed
with appropriate weights by age group, sex, ethnicity, and dataset by calculating the sample
size, geometric mean and standard error, and selected percentiles for each group. Correlation
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analyses between log-transformed and creatinine-standardized phthalate metabolites and
log-transformed GGT and CRP were performed to examine crude relationships between the
predictors and outcomes. For these relationships weights were not used. Phthalate metabolite
and GGT/CRP levels were also compared between categorical variables using appropriate
parametric and non-parametric tests. We then constructed full multivariable linear regression
models with log-transformed GGT or CRP as the dependent variable and one log-
transformed phthalate metabolite as a predictor along with age (continuous variable), sex
(dichotomous), race and ethnicity (categorical), log-transformed cotinine, PIR (continuous),
BMI (continuous), and log-transformed creatinine as covariates. All models included the
same covariates for consistency. Analyses were performed both with and without including
the sample weights to examine the effects of weighting. Secondary analyses were conducted
by repeating all models when stratifying by gender, age (6-12, 13-19, 20-35, 36-50, 51-65,
66-80, >81 years), BMI (<18.5, 18.5-24.9, 25-29.9, 30-34.9, >34.9 kg/m2), race and
ethnicity (Non-Hispanic White, Non-Hispanic Black, Mexican American, other Hispanic,
other race/multi-racial), or study year (NHANES 1999-2000, 2001-02, 2003-04, 2005-06)
groups. Secondary analyses were also conducted to explore non-linear relationships by
assessing associations between phthalate metabolite quintiles and GGT or CRP. In order to
test our hypothesis that individuals with a high concentration of MEHP in relation to other
DEHP metabolites may be more susceptible to DEHP-related impacts on health, in another
secondary analysis we created a multivariate linear regression model with the
aforementioned covariates as well as MEHP, MEHP%, and an MEHP*MEHP% interaction
term. In a final exploratory analysis, we performed similar multivariate regression analyses
among pregnant women.

RESULTS
Study population characteristics are presented in Table 1, and distributions of urinary
phthalate metabolites are displayed in Table 2. As mentioned previously, MCHP, MiNP,
MnOP, and MnMP were not considered in subsequent analyses due to a high proportion of
samples below the LOD (> 75%). The number of observations for each metabolite differs
due to the number of years in which that metabolite was measured. In the combined datasets
several phthalate metabolites were associated with age, race, and gender as previously
described for NHANES 1999-2000 (Silva et al. 2004). For GGT and CRP, sample-weighted
geometric mean (median) values were 20.1 U/L (18.4 U/L) and 0.14 mg/dL (0.15 mg/dL),
respectively. Males had higher GGT and lower CRP compared to females (p<0.05), and
there were increasing trends in both GGT and CRP with increasing age, BMI, and serum
cotinine (p<0.05) (results not shown).

Multivariable linear regression results are presented in Table 3. Results from unweighted
models are presented, as they were consistent with the results that incorporated sample
weights though more precise. Since there is a wide range of weights in the dataset the
weighted method can result in an inefficient analysis, and it has been suggested that
inclusion of covariates used in the creation of weights—such as age, sex, ethnicity and PIR
—may serve as a suitable substitute (Korn and Graubard 1991). We found significant
positive associations between GGT and MEHP (β = 0.012, p = 0.03) and MEHP% (β =
0.036, p = 0.0002). These effect estimates correspond with 2.5% (95%CI 0.2% to 4.8%) and
3.7% (95%CI 1.7% to 5.7%) increases in GGT in relation to an interquartile range (IQR)
increase in MEHP or MEHP%, respectively. On the other hand, GGT was inversely
associated with MCPP (β = −0.026, p = 0.003) and MCNP (β = −0.031, p = 0.035). For
CRP, there were significant positive associations with the metabolites MBzP (β = 0.035, p =
0.006) and MiBP (β = 0.048, p = 0.003), and a suggestive positive association with the sum
of the DBP metabolites MnBP and MiBP (β = 0.026, p = 0.10). These effect estimates
correspond to increases in CRP of 6.0% (95%CI 1.7% to 10.8%) and 8.3% (95% CI 2.9% to
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14.0%) for IQR increases in urinary MBzP and MiBP, respectively. Conversely, CRP was
inversely associated with MEHHP (β = −0.032, p = 0.02) and MEOHP (β = −0.027, p =
0.05).

To investigate the possibility of non-linear relationships, we also regressed phthalate
metabolite quintiles on ln-transformed GGT and CRP. For GGT, there were non-linear but
statistically significant trends with increasing quintiles for MEHP (Figure 1a) and MEHP%
(Figure 1b). MEP quintiles 2, 3, and 5 had significantly elevated adjusted regression
coefficients compared to quintile 1, though the trend was not statistically significant
(p=0.07; Figure 1c). For CRP, a statistically significant monotonic trend was observed for
MBzP (Figure 2a). Adjusted regression coefficients for quintiles 2 through 5 for MiBP,
MnBP, and their sum were all greater than quintile 1 (reference), but the trends with
increasing quintiles did not appear to be monotonic (Figures 2b – 2d).

In secondary analyses stratified by gender, age, BMI, race, and study year, adjusted effect
estimates were overall consistent between strata with regard to direction and magnitude of
the effect estimates, with no evidence of effect modification of the relationship between
phthalate metabolites and GGT or CRP by these variables (results not shown). In further
secondary analyses where we constructed full models examining the interaction of MEHP
and MEHP%, there was a significant positive association between the MEHP*MEHP%
interaction term and both GGT (β = 0.018, p = 0.009) and CRP (β = 0.034, p = 0.02).
Finally, in an analysis of pregnant women included in the NHANES dataset (N=445; results
not shown), which also included trimester at time of sampling as a covariate, most adjusted
effect estimates were consistent with results from the full dataset with regard to direction
and magnitude. However, associations were not statistically significant, likely due to the
smaller sample size. For example, we observed suggestive positive relationships between
CRP and MnBP (β = 0.104; p = 0.14) and sum of DBP metabolites (β = 0.107; p = 0.14)
where adjusted effect estimates were greater than those observed in the full dataset (β =
0.028 and 0.026, respectively). Also, when stratifying by study year, these relationships
were statistically significant among pregnant women in the 2003-2004 dataset (both p-
values <0.05).

DISCUSSION
In the present study of up to eight years of NHANES data, we report statistically significant
relationships between several urinary phthalate metabolites and serum levels of GGT or
CRP. Because urinary concentrations of phthalate metabolites are considered reliable indices
of exposure (Silva et al. 2004), our results suggest that exposures to phthalates may
modulate oxidative stress and inflammation pathways as reflected by GGT and CRP,
respectively. While numerous statistical comparisons were made and thus we cannot rule out
chance findings, previous studies have shown that several phthalates are associated with
oxidative stress and inflammation which may be relevant to a range of health effects
potentially linked to phthalate exposure.

Serum GGT has been used in recent studies as a biomarker of oxidative stress (Whitfield
2001; 2007). Gamma glutamyltransferase has the critical function of breaking down
extracellular glutathione into amino acids that subsequently can be taken up by the cell.
Because glutathione is important in protection against oxidative stress, yet must be
synthesized intracellularly from constitutive amino acids, upregulation of GGT is considered
part of the cellular antioxidant response pathway. Although it is not well understood how
oxidative stress could increase serum concentrations of GGT, one plausible explanation is
that oxidative stress or glutathione conjugation of reactive metabolites deplete intracellular
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GSH, followed by compensatory increase of GGT which is then released into the serum
(Whitfield 2007).

In addition, serum GGT is used clinically as a liver function test, which could be explained
by oxidative stress effects of alcohol on the liver (Whitfield 2007). Interestingly, several of
the phthalates, most notably DEHP, cause changes in liver function in laboratory rodents
(Rusyn et al. 2006). Our findings of an association between urinary MEHP and serum GGT
are consistent with these laboratory animal studies. Serum GGT has also been used as a
biomarker of excessive or harmful consumption of alcohol (Whitfield 2007). Due to missing
data we did not include alcohol consumption in our final models in order to maximize the
sample size of our study. Our decision to not include alcohol consumption in the final
models was further supported by the lack of an association between alcohol use and urinary
phthalate metabolites among participants who contributed data on alcohol use, suggesting
alcohol consumption would not act as a confounder in our analysis.

MEHP, a monoester metabolite of DEHP, was positively associated with GGT, as were
elevated quintiles of MEP, a monoester metabolite of DEP. Interestingly, these same two
urinary metabolites were also associated with significant elevations in sperm DNA damage
in 379 men recruited through a US fertility clinic (Hauser et al. 2007), and oxidative stress is
likely to be the primary cause of sperm DNA damage (Aitken and Deluliis 2010; Aitken et
al. 2008). Our findings are also consistent with experimental studies reporting MEHP
induction of oxidative stress in rat testis, measured as increased lipid peroxidation (Santhosh
et al. 1998; Rusyn et al. 2006), increased MDA and 8-OHdG levels (Seo et al. 2004), and
increased generation of reactive oxygen species with simultaneous declines in testis
concentrations of the antioxidants glutathione GSH and ascorbic acid (Kasahara et al. 2002).
Likewise, our finding with MEP, the monoester metabolite of DEP, is consistent with a
study of fish that found increased oxidative stress as measured by increased hepatic lipid
peroxide and compensatory changes in the oxidative stress defense enzymes (Kang et al.
2010).

MEHP is metabolized further to the oxidized metabolites MEHHP, MEOHP, and MECPP.
In contrast to MEHP, the latter three metabolites of DEHP were inversely associated with
GGT to varying degrees. While this is not consistent with a recent study of 960 Korean
adults that reported positive associations between MEHHP and MEOHP with urinary
markers of oxidative stress (MDA and 8-OHdG)(Hong et al. 2009), it is consistent with a
study of men from an infertility clinic that reported inverse associations between MEHHP
and MEOHP and sperm DNA damage (Hauser et al. 2007). Because MEHP is likely the
most bioactive form of DEHP (Erkekoglu et al. 2010; Chu et al. 1978), it has been suggested
that increased urine concentrations of MEHHP, MEOHP and other oxidized DEHP
metabolites may reflect an individual's increased ability to convert MEHP to less toxic
metabolites that are more easily excreted in urine (Hauser 2008; Meeker et al. 2007). As
such, the positive association of MEHP with GGT and inverse associations of oxidized
MEHP metabolites with GGT would be consistent with MEHP being the more toxic DEHP
metabolite.

Interindividual differences in the proportion of MEHP in relation to other less toxic
metabolites may serve as a marker for individual metabolic susceptibility to DEHP exposure
(Hauser 2008; Meeker et al. 2007). This may be further supported by our secondary analysis
of the MEHP% variable. We found that increased MEHP%, indicating higher levels of
MEHP in relation to the oxidized DEHP metabolites (MEHHP and MEOHP), was
associated with a significant increase in GGT. In addition, we found that a MEHP*MEHP%
interaction term was positive and significant for both GGT and CRP. These findings indicate
that an increase in the proportion of MEHP in comparison to other DEHP metabolites may
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result in an increased effect in relation to the same amount of MEHP, which further supports
the hypothesis that the relative concentration of MEHHP and MEOHP may represent
individuals who are more likely to efficiently oxidize MEHP to less toxic metabolites and
thus may be less susceptible to effects related to DEHP exposure compared to individuals
with a high MEHP%. Another factor that likely contributes to the variability in MEHP%
between individuals relates to sample timing if human exposure to DEHP is episodic. Since
the oxidized DEHP metabolites have a longer biological half-life (10-15 hours) compared to
MEHP (5 hours) (Lorber et al. 2010), a higher MEHP% for an individual may also reflect
that the person experienced a more recent DEHP exposure event compared to an individual
with a low MEHP%. However, high reliability in urinary MEHP% within individuals over
time was recently reported (Adibi et al. 2008) which may provide support for underlying
inter-individual differences in DEHP metabolism.

Some of our findings appear to be inconsistent with the literature, which could be due to
chance findings, differences in study design or populations, outcome measures being
assessed, phthalate exposure levels, methods used to measure phthalate exposure, statistical
methods and covariates that were considered, or other reasons. MBzP and various DBP
metabolites have been reported to be associated with oxidative stress in previous studies
(Hong et al. 2009; Seo et al. 2004), but neither were associated with GGT in the present
analysis. We also observed inverse relationships between GGT and MCNP (an oxidized
metabolite of diisodecyl phthalate) and MCPP (an oxidized metabolized of both DBP and
di-n-octyl phthalate). Although these latter phthalates are less studied than the other
phthalates we evaluated, our findings with these phthalates may provide further indication
for an inverse relationship between oxidative metabolism of phthalates and serum GGT.
Further research on the metabolism and mechanisms of action for MCNP and MCPP and
their parent compounds will be needed to better interpret the inverse associations of GGT
with these metabolites.

Increased serum concentration of CRP is widely used as a biomarker of inflammation
associated with various diseases (Marnell et al. 2005) and, more recently, with
environmental toxicant exposure (Everett et al. 2010). Named for its ability to precipitate the
so-called “C” polysaccharide of Streptococcus pneumonia, CRP binds to phosphocholine of
microorganism cell walls and damaged host cell membranes, as well as nuclear antigens
(Marnell et al. 2005). As an acute phase serum protein, CRP concentrations in serum
increase markedly in response to cell injury or infection. Although CRP is made in various
tissues, increased serum levels of CRP are mainly the result of increased CRP production in
the liver in response to the pro-inflammatory cytokine interleukin (IL)-6 (Bottazzi et al.
2010).

Serum CRP was positively associated with MBzP, MiBP, and the sum of DBP metabolites
in urine. These associations are consistent with previous experimental studies. MBzP and
MiBP stimulate increased PPARα expression in rodent cell lines, indicating increased
peroxisome proliferation and inflammation (Hurst and Waxman 2003, Bility et al. 2004).
Similarly, MnBP and MBzP increased release of the inflammatory cytokines IL-6 and IL-8
from human epithelial cells in vitro (Jepsen et al. 2004). Although MEHP stimulated pro-
inflammatory cytokine release from cultured human epithelial cells (Jepsen et al. 2004; Rael
et al. 2009), we did not observe an association between urinary MEHP and serum CRP in
the present study. However, CRP was inversely associated with the oxidized DEHP
metabolite MEOHP. Furthermore, consistent with our hypothesis surrounding the
importance of interindividual variability in DEHP/MEHP metabolism, CRP was positively
associated with a MEHP*MEHP% interaction term.
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A secondary analysis of pregnant women revealed a suggestive positive relationship
between MnBP and the sum of DBP metabolites with CRP despite a much smaller sample
size. Interestingly, inflammation is associated with preterm birth (Romero et al. 2007) and
MnBP was the phthalate metabolite most strongly associated with preterm birth in our recent
exploratory nested case-control study that measured third trimester urinary phthalate
metabolites in 60 pregnant women (Meeker et al. 2009).

There were several limitations to the present analysis. First, due to the cross-sectional study
design we are unable to make any conclusions regarding causation in the relationships
between phthalate exposure and inflammation or oxidative stress. Also, since the data were
cross-sectional only one urine sample per subject was analyzed for phthalate metabolite
levels, and it has been suggested that one data point may not be representative of the
subject's average body burden (Fromme et al. 2007). However, several studies have
demonstrated that single spot urine sample phthalate levels may be representative of long-
term averages though temporal reliability likely varies by metabolite (Hauser et al. 2004,
Teitelbaum et al. 2008; Suzuki et al. 2009). The dataset was also limited to single serum
measures of CRP and GGT which may also vary over time (Meier-Ewert et al. 2001; Gu et
al. 2009; Lazo et al. 2008). In addition, there are markers other than CRP and GGT (e.g.
cytokines, MDA, 8-OHdG, and many others) that may be potentially more sensitive for
examining inflammation and oxidative stress responses to environmental contaminants that
were not available in the NHANES datasets. Future studies of oxidative stress and
inflammatory outcomes in relation to phthalate exposure should examine multiple markers
for comparison, and, where possible, measure these biomarkers in fluids or tissues most
relevant to the particular downstream health outcomes of interest. Finally, our secondary
analysis of pregnant women, who may be particularly susceptible to inflammation- and
oxidative stress-inducing xenobiotics, suffered from a much smaller sample size and lacked
information on other important pregnancy factors (e.g., preeclampsia, gestational diabetes,
and other complications).

Despite these limitations our study had several strengths that warrant further research on this
topic. First, the study utilized state-of-the-art methods to measure exposure biomarkers of
phthalate metabolites in urine and serum markers of inflammation and oxidative stress.
Second, the use of the NHANES dataset allowed for a large sample size and excellent
statistical power. Our primary findings were also robust to multiple statistical modeling
approaches and various sensitivity analyses that we conducted in our secondary analyses.
Finally, in our primary analysis of non-pregnant participants, our results are likely
representative of the US population and thus have good generalizability.

In conclusion, we found that several phthalate monoester metabolites that are detected in a
high proportion of urine samples from the US general population are associated with
increased serum markers of inflammation and oxidative stress. Though causation cannot be
determined, these results suggest that the relationships between phthalates and
inflammation, oxidative stress, and related adverse health effects deserve further exploration
in more detailed molecular epidemiology studies, especially among potentially sensitive
subgroups. In addition, future investigations should be aimed at explaining the potential
inverse (i.e., protective) relationships between oxidized phthalate metabolite concentrations
in urine and serum markers of inflammation and oxidative stress.
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Abbreviations

CRP C-reactive protein

GGT Gamma glutamyltransferase

DEHP Di-2-ethylhexyl phthalate

DEP Diethyl phthalate

BzBP Benzylbutyl phthalate

DiNP Di-isononyl phthalate

DOP Di-noctyl phthalate

DCHP Dicyclohexyl phthalate

DBP Di-butyl phthalate

DMP Dimethyl phthalate

DiDP Di-isodecyl phthalate

MEHP Mono-(2-ethyl)-hexyl phthalate

MEP Mono-ethyl phthalate

MBzP Mono-benzyl phthalate

MiNP Mono-isononyl phthalate

MCHP Mono-cyclohexyl phthalate

MnBP Mono-n-butyl phthalate

MEHHP Mono-(2-ethyl-5-hydroxyhexyl) phthalate

MEOHP Mono-(2-ethyl-5-oxohexyl) phthalate

MiBP Mono-isobutyl phthalate

MnMP Mono-n-methyl phthalate

MCPP Mono(3-carboxypropyl) phthalate

MECPP Mono-2-ethyl-5-carboxypentyl phthalate

MCNP Mono(carboxynonyl) phthalate

MCOP Mono-(carboxyoctyl) phthalate

PTGS2 Prostaglandin-endoperoxide synthase 2

MDA Malondialdehyde

8-OhdG 8-hydroxydeoxyguanosine
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Figure 1.
Adjusted regression coefficients (95% confidence intervals) for change in ln-transformed
GGT in relation to phthalate metabolite quintiles for a) MEHP; b) MEHP%; and c) MEP.
adjusted for age, sex, race and ethnicity, serum cotinine, PIR, BMI, and urinary creatinine.
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Figure 2.
Adjusted regression coefficients (95% confidence intervals) for change in ln-transformed
CRP in relation to phthalate metabolite quintiles for a) MBzP; b) MiBP; c) MnBP; and d)
sum of DBP metabolites MiBP and MnBP. adjusted for age, sex, race and ethnicity, serum
cotinine, PIR, BMI, and urinary creatinine.

Ferguson et al. Page 17

Environ Res. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Ferguson et al. Page 18

Table 1

Study population characteristics.

Category N % Unweighteda % Weightedb

Gender Male 5106 50.9 49.64

Female 4925 49.1 50.36

Age (years) 6-12 1401 14.23 9.62

13-19 2866 29.16 12.88

20-35 1528 15.55 23.27

36-50 1509 15.36 25.29

51-65 1286 13.09 17.65

66-80 1032 10.5 9.85

>81 205 2.09 1.43

Race/ethnicity Non-Hispanic White 4022 40.1 69.47

Mexican American 2641 26.33 8.27

Non-Hispanic Black 404 4.03 5.48

Other Hispanic 2578 25.7 11.84

Other race/multi-racial 386 3.85 4.93

BMI (kg/m2) Underweight (<18.5) 1325 13.41 9.56

Normal weight (18.5-24.9) 3666 37.11 34.85

Pre-obese (25-29.9) 2580 26.11 28.36

Obese class I (30-34.9) 1411 14.28 16.31

Obese class II and III
(>34.9) 898 9.09 10.92

Study year 1999-2000 2431 24.23 22.74

2001-2002 2670 26.62 26.57

2003-2004 2513 25.05 25.17

2005-2006 2417 24.1 25.53

a
unweighted represents actual sample percentages

b
weighted represents population percentages

Environ Res. Author manuscript; available in PMC 2012 July 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Ferguson et al. Page 19

Ta
bl

e 
2

Sa
m

pl
e-

w
ei

gh
te

d,
 c

re
at

in
in

e-
co

rr
ec

te
d 

ur
in

ar
y 

ph
th

al
at

e 
m

et
ab

ol
ite

 c
on

ce
nt

ra
tio

ns
, N

H
A

N
ES

 1
99

9-
20

06
 (μ

g/
g 

cr
ea

tin
in

e)
.

M
et

ab
ol

ite
Pa

re
nt

 c
om

po
un

d
Y

ea
rs

m
ea

su
re

d
N

%
 >

L
O

D
G

eo
m

et
ri

c
m

ea
n 

a
25

th
50

th
75

th
90

th
95

th
M

ax
im

um

M
on

o(
2-

et
hy

lh
ex

yl
)

Ph
th

al
at

e 
(M

EH
P)

D
EH

P 
(D

i(2
-e

th
yl

he
xy

l)
ph

th
al

at
e)

19
99

-2
00

6
10

,0
31

80
.6

2.
99

1.
31

2.
76

5.
91

13
.5

26
.3

72
6

M
on

o-
et

hy
l

Ph
th

al
at

e 
(M

EP
)

D
EP

 (D
ie

th
yl

 p
ht

ha
la

te
)

19
99

-2
00

6
10

,0
26

99
.9

16
7

64
.3

14
5

38
3

98
6

1,
87

9
10

0,
90

0

M
on

o-
be

nz
yl

Ph
th

al
at

e 
(M

B
zP

)
B

zB
P 

(B
en

zy
lb

ut
yl

ph
th

al
at

e)
19

99
-2

00
6

10
,0

31
98

.6
13

.0
6.

83
12

.6
24

.4
48

.1
74

.0
13

,3
32

M
on

o-
is

on
on

yl
Ph

th
al

at
e 

(M
iN

P)
D

iN
P 

(D
i-i

so
no

ny
l

ph
th

al
at

e)
19

99
-2

00
6

10
,0

31
8.

1
N

C
<L

O
D

<L
O

D
<L

O
D

<L
O

D
3.

16
13

3

M
on

o-
n-

oc
ty

l
Ph

th
al

at
e 

(M
nO

P)
D

O
P 

(D
i-n

-o
ct

yl
 p

ht
ha

la
te

)
19

99
-2

00
6

10
,0

31
4.

8
N

C
<L

O
D

<L
O

D
<L

O
D

<L
O

D
2.

99
53

.7

M
on

o-
cy

cl
oh

ex
yl

Ph
th

al
at

e 
(M

C
H

P)
D

C
H

P 
(D

ic
yc

lo
he

xy
l

ph
th

al
at

e)
19

99
-2

00
6

10
,0

31
9.

3
N

C
<L

O
D

<L
O

D
<L

O
D

<L
O

D
1.

27
51

.3

M
on

o-
n-

bu
ty

l
Ph

th
al

at
e 

(M
nB

P)
D

B
P 

(D
i-b

ut
yl

ph
th

al
at

e)
20

01
-2

00
6

7,
60

0
99

.1
18

.9
10

.9
18

.2
31

.6
54

.1
83

.3
6,

42
6

M
on

o-
(2

-e
th

yl
-5

-h
yd

ro
xy

he
xy

l)
Ph

th
al

at
e 

(M
EH

H
P)

D
EH

P 
(D

i(2
-e

th
yl

he
xy

l)
ph

th
al

at
e)

20
01

-2
00

6
7,

60
0

99
.2

21
.2

10
.2

18
.3

37
.8

92
.7

18
9

2,
67

6

M
on

o-
(2

-e
th

yl
-5

-o
xo

he
xy

l) 
Ph

th
al

at
e

(M
EO

H
P)

D
EH

P 
(D

i(2
-e

th
yl

he
xy

l)
ph

th
al

at
e)

20
01

-2
00

6
7,

60
0

98
.3

13
.9

6.
71

12
.1

24
.6

59
.8

11
8

1,
70

6

M
on

o-
is

ob
ut

yl
Ph

th
al

at
e 

(M
iB

P)
D

iB
P 

(D
i-b

ut
yl

ph
th

al
at

e)
20

01
-2

00
6

7,
60

0
90

.7
3.

57
1.

95
3.

57
6.

61
11

.5
16

.2
8,

45
2

M
on

o-
n-

m
et

hy
l

Ph
th

al
at

e 
(M

nM
P)

D
M

P 
(D

im
et

hy
l p

ht
ha

la
te

)
20

01
-2

00
6

7,
60

0
60

.8
1.

39
<L

O
D

1.
37

2.
92

6.
41

11
.5

88
0

M
on

o-
(3

-c
ar

bo
xy

pr
op

yl
) P

ht
ha

la
te

(M
C

PP
)

D
O

P 
(D

i-n
-o

ct
yl

 p
ht

ha
la

te
)

20
01

-2
00

6
7,

60
0

96
.5

2.
43

1.
40

2.
34

4.
04

7.
39

10
.7

42
6

M
on

o-
2-

et
hy

l-5
-c

ar
bo

xy
pe

nt
yl

Ph
th

al
at

e 
(M

EC
PP

)
D

EH
P 

(D
i(2

-e
th

yl
he

xy
l)

ph
th

al
at

e)
20

03
-2

00
6

4,
93

0
10

0
35

.0
16

.7
30

.0
60

.6
15

7
27

8
3,

15
7

M
on

o-
(c

ar
bo

xy
no

ny
l)

Ph
th

al
at

e 
(M

C
N

P)
D

iD
P 

(D
i-i

so
de

cy
l

ph
th

al
at

e)
20

05
-2

00
6

2,
41

7
91

.5
2.

67
1.

47
2.

48
4.

50
8.

67
13

.4
70

2

M
on

o-
(c

ar
bo

xy
oc

ty
l)

Ph
th

al
at

e 
(M

C
O

P)
D

iN
P 

(D
i-i

so
no

ny
l

ph
th

al
at

e)
20

05
-2

00
6

2,
41

7
96

.3
5.

29
2.

61
4.

56
9.

26
23

.9
40

.2
3,

87
6

LO
D

 =
 li

m
it 

of
 d

et
ec

tio
n;

 N
C

 =
 n

ot
 c

al
cu

la
te

d 
du

e 
to

 h
ig

h 
pe

rc
en

ta
ge

 o
f s

am
pl

es
 <

LO
D

.

Environ Res. Author manuscript; available in PMC 2012 July 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Ferguson et al. Page 20

Ta
bl

e 
3

A
dj

us
te

da  r
eg

re
ss

io
n 

co
ef

fic
ie

nt
s (

95
%

 c
on

fid
en

ce
 in

te
rv

al
s)

 fo
r a

 c
ha

ng
e 

in
 ln

-tr
an

sf
or

m
ed

 C
R

P 
or

 G
G

T 
in

 re
la

tio
n 

to
 a

 u
ni

t i
nc

re
as

e 
in

 ln
-tr

an
sf

or
m

ed
ur

in
ar

y 
ph

th
al

at
e 

m
et

ab
ol

ite
 c

on
ce

nt
ra

tio
n.

G
G

T
C

R
P

Ph
th

al
at

e 
M

et
ab

ol
ite

N
β 

(9
5%

 C
I)

p-
va

lu
e

N
β 

(9
5%

 C
I)

p-
va

lu
e

M
EH

P
71

85
0.

01
2 

(0
.0

01
, 0

.0
23

)
0.

03
83

46
−
0.

01
4 

(−
0.

03
6,

 0
.0

08
)

0.
21

M
EH

H
P

55
28

0.
00

2 
(−

0.
01

1,
 0

.0
15

)
0.

79
64

43
−
0.

03
2 

(−
0.

05
8,

 −
0.

00
5)

0.
02

M
EO

H
P

55
28

−
0.

01
9 

(−
0.

03
3,

 −
0.

00
6)

0.
00

6
64

43
−
0.

02
7 

(−
0.

05
4,

 0
.0

00
4)

0.
05

M
EC

PP
36

16
−
0.

00
8 

(−
0.

02
6,

 0
.0

09
)

0.
37

42
07

−
0.

03
2 

(−
0.

06
7,

 0
.0

03
)

0.
07

M
EH

P%
b

55
28

0.
03

6 
(0

.0
17

, 0
.0

55
)

0.
00

02
64

43
0.

01
4 

(−
0.

02
4,

 0
.0

51
)

0.
47

M
nB

P
55

28
0.

00
1 

(−
0.

01
6,

 0
.0

18
)

0.
91

64
43

0.
02

8 
(−

0.
00

6,
 0

.0
62

)
0.

1

M
iB

P
55

28
−
0.

00
4 

(−
0.

01
2,

 0
.0

12
)

0.
62

64
43

0.
04

8 
(0

.0
17

, 0
.0

79
)

0.
00

3

D
B

PC
O

M
c

71
85

−
0.

00
8 

(−
0.

02
4,

 0
.0

07
)

0.
3

83
46

0.
02

6 
(−

0.
00

5,
 0

.0
56

)
0.

1

M
EP

71
81

0.
00

8 
(−

0.
00

2,
 0

.0
18

)
0.

11
83

42
−
0.

02
0 

(−
0.

04
0,

 0
.0

00
3)

0.
05

M
B

zP
71

85
0.

00
9 

(−
0.

00
4,

 0
.0

23
)

0.
16

83
46

0.
03

5 
(0

.0
10

, 0
.0

61
)

0.
00

6

M
C

N
P

17
77

−
0.

03
1 

(−
0.

05
9,

 −
0.

00
2)

0.
03

20
70

0.
01

8 
(−

0.
03

8,
 0

.0
75

)
0.

52

M
C

O
P

17
77

0.
01

6 
(−

0.
04

1,
 0

.0
09

)
0.

21
20

70
−
0.

00
2 

(−
0.

05
3,

 0
.0

48
)

0.
93

M
C

PP
55

28
−
0.

02
6 

(−
0.

04
3,

 −
0.

00
9)

0.
00

3
64

43
−
0.

00
6 

(−
0.

03
9,

 0
.0

27
)

0.
73

a M
od

el
s a

dj
us

te
d 

fo
r a

ge
, s

ex
, r

ac
e 

an
d 

et
hn

ic
ity

, s
er

um
 c

ot
in

in
e,

 P
IR

, B
M

I, 
an

d 
ur

in
ar

y 
cr

ea
tin

in
e

b Pr
op

or
tio

n 
of

 M
EH

P 
co

m
pa

re
d 

to
 su

m
 o

f M
EH

P,
 M

EH
H

P 
an

d 
M

EO
PH

.

c Su
m

 o
f M

nB
P 

an
d 

M
iB

P.

Environ Res. Author manuscript; available in PMC 2012 July 1.


