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Abstract

Background: Phthalates are endocrine-disrupting chemicals linked to a higher risk of numerous
chronic health outcomes. Diet is a primary source of exposure, but prior studies exploring
associations between dietary patterns and phthalate exposure are limited.

Objectives: We evaluated the associations between dietary patterns and urinary phthalate
biomarkers among a subset of postmenopausal women participating in the Women’s Health
Initiative (WHI).

Methods: We included WHI participants selected for a nested case-control study of phthalates
and breast cancer (N=1240). Dietary intake was measured via self-administered food frequency
questionnaires at baseline and year-3. We used these data to calculate scores for alignment with
the Dietary Approach to Stop Hypertension (DASH), alternative Mediterranean (aMed), and
Dietary Inflammatory Index (DI1) diets. We measured 13 phthalate metabolites and creatinine
in 2 to 3 urine samples per participant collected over 3-years when all participants were cancer-
free. We fit multivariable generalized estimating equation models to estimate the cross-sectional
associations.

Results: DASH and aMed dietary scores were inversely associated with the sum of di(2-
Ethylhexyl) phthalate (—6.48%, 95% CI —9.84, —3.00; —5.23%, 95% CI -8.73, -1.60) and DlII
score was positively associated (9.00%, 95% CI 5.04, 13.11). DASH and aMed scores were also
inversely associated with mono benzyl phthalate and mono-3-carboxypropyl phthalate. DIl scores
were positively associated with mono benzyl phthalate and the sum of di-n-butyl phthalate.

Discussion: Higher dietary alignment with DASH and aMed dietary patterns were significantly
associated with lower concentrations of certain phthalate biomarkers, while an inflammatory diet
pattern was associated with higher phthalate biomarker concentrations. These findings suggest that
dietary patterns high in fruits, vegetables, and low-fat foods and low in processed foods may be
useful in avoiding exposure to phthalates.

Keywords
phthalate; DASH; aMed; DII; biomarkers; diet

Introduction

Phthalates are increasingly linked to a higher risk of numerous chronic health outcomes,
including obesity and diabetes (1). These synthetic chemicals are well-established as
endocrine disruptors, and human exposure is ubiquitous due to their wide use in consumer
products (e.g., cosmetics, perfumes, toys, shampoos, dentures, adhesives, cleaning materials,
nutritional supplements, and food packaging) (2—4).

Environ Res. Author manuscript; available in PMC 2024 January 01.
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In adults, dietary intake is a primary source of phthalate exposure, as phthalates

are a common component of food packaging materials (4-7). Food products become
contaminated with phthalates as a result of phthalates leaching from that packaging.
Moreover, the lipophilic characteristics of some phthalates make the chemicals more likely
to “stick” to foods high in fat, and these foods expose consumers to higher phthalate

levels. Two recent studies measuring the concentration of phthalate biomarkers in commonly
consumed foods and beverages found higher concentrations of DBP, DEHP, and di-isobutyl
phthalate (DiBP) in high-fat foods and sugary beverages (e.g., meat products, bread,
margarine, canned dinners, deli meats, cheese, sweetened teas, and sodas) compared to
whole fruits and vegetables (6,8,9).

Prior human studies have identified individual food groups (e.g., meat and meat products,
bread, milk and milk products, cheese, and fish and fish products) that are associated with
higher urinary phthalate biomarker concentrations (10-13). Additionally, consumption of
fast food, food not prepared at home, and processed foods, all of which tend to be highly
packaged, were associated with higher urinary concentrations of DEHP and diisononyl
phthalate (DiNP) metabolites (14). Consumption of a western diet, as compared to a
vegetarian diet, was also associated with higher urinary DEHP biomarker concentrations
(15). Recently, Buckley et al. (16) and Martinez Steele et al. (17) observed that ultra-
processed foods (e.g., sandwiches, hamburgers, french-fries, other potato products, ice
cream, and sodas) were associated with higher urinary concentrations of DiNP metabolites,
mono (3-carboxypropyl) phthalate (MCPP), monocarboxy-isononyl phthalate (MCNP), and
mono-carboxy octyl phthalate (MCOP) among individuals six years and older.

While exploring exposure from specific food groups is of interest, dietary patterns may be
more predictive of overall health status and future chronic disease risk than single food
groups and nutrients (18,19). Dietary patterns consider the quantity, variety, and combination
of different foods, drinks, and nutrients consumed. Challenges of evaluating individual foods
or food groups include high correlations between individual nutrients, associations with an
individual food group or nutrient that may be too small to detect, and statistically significant
associations that may result simply by chance or from overuse of analytical tests (18,20).

Several dietary patterns are associated with future chronic disease risk. The Dietary
Approach to Stop Hypertension (DASH) diet is designed to treat and prevent hypertension
without medication (21). The DASH diet focuses on reduced sodium intake and increased
consumption of foods rich in potassium, calcium, and magnesium (e.g., vegetables, fruits,
and low-fat dairy foods, whole grains, fish, poultry, and nuts). Similarly, the Mediterranean
diet emphasizes consuming fruits, vegetables, whole grains, nuts, and legumes (22).
Additional recommendations include olive oil as the primary form of fat, low to moderate
consumption of cheese, yogurt, fish, poultry, a week, and rare consumption of red meat. The
dietary inflammation index (DII) is a quantitative means of assessing the inflammatory
potential of diets, based on work identifying dietary exposure associated with blood
concentrations of inflammatory cytokines (23-25). DI has been identified as a key tool in
characterizing the inflammatory potential of diets and predicting chronic disease incidence
and mortality (26,27).

Environ Res. Author manuscript; available in PMC 2024 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vieyra et al.

Page 4

Few prior studies have explored the associations between these dietary patterns and urinary
phthalate biomarker concentrations. Therefore, we evaluated the associations between the
DASH, aMed, and DII dietary indices and urinary phthalate biomarker concentrations
among a subset of postmenopausal women enrolled in the Women’s Health Initiative (WHI).

Materials and Methods

Study Population

As previously described, the WHI recruited 161,808 postmenopausal women from 40
clinical centers nationwide between October 1, 1993, and December 21, 1998 (28) All
participants were between the ages of 50 to 79 years at enrollment and participated

in one or more of four clinical trials (CT; N=68,132) or an observational study (OS;
N=93,676). Participants of a bone density substudy at three WHI sites (Birmingham, AL;
Pittsburgh, PA; Tucson/Phoenix, AZ) provided first-morning void urine samples at baseline,
annual visit (AV) 1, and AV3 (N=11,020) and were eligible for inclusion in a previously
conducted prospective nested case-control study of phthalate biomarkers and breast cancer
(N=1,257) (29). A total of 419 invasive breast cancer cases and 838 controls, 1:2 matched
on enrollment date, length of follow-up, age at enrollment, and study arm, were selected
(Figure 1). Only invasive breast cancer cases diagnosed after AV3 were included, to ensure
that urinary phthalate biomarkers were measured before diagnosis. Participants eligible
for the present analysis met the following criteria: 1) at least two urine samples between
baseline and AV3 and 2) dietary exposure data at baseline and AV3 (N=1,240).

Written informed consent was obtained from all participants upon their enrollment into
WHI, and approval was received from institutional review boards (IRB) at each WHI
clinical center. The University of Massachusetts Amherst IRB additionally approved the
present research. The involvement of the Centers for Disease Control and Prevention (CDC)
laboratory in the analysis of samples did not constitute an engagement in human subjects
research.

Dietary Pattern Measurement

Dietary intake was assessed at both baseline and AV3 by self-administered food frequency
questionnaires (FFQs) reflective of the participant’s average diet intake over the previous
three months. The WHI FFQ included 122 line-items, 19 adjustment questions and 4
summary questions. Line-items often included more than one food, such that data on more
than 350 foods were collected. We used these data to calculate scores for adherence to the
DASH and aMed diets and to calculate scores for the DI, as previously described (22,30-
33).

Briefly, the DASH diet contains eight dietary components, measuring total cups or ounce
equivalents of each listed food group: fruits, vegetables, nuts/legumes, whole grains, low-fat
dairy, sodium, red/processed meat, and sweetened beverages. The DASH diet components
were integer ranked (1 to 5), with cut-points based on corresponding quintiles, and

then summed. DASH scores ranged from 8 to 40, with higher scores indicating closer
conformance to the modern interpretation of the diet.

Environ Res. Author manuscript; available in PMC 2024 January 01.
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The aMed diet has nine components, similarly measuring total cups or ounce

equivalents of each listed food group: vegetables, fruits, nuts, whole grains, legumes,

fish, monounsaturated and saturated fat, processed meats, and alcohol. The aMed diet
components were scored dichotomously, with cut-points based on corresponding medians,
and then summed. aMed scores ranged from 0 to 9, with a higher score indicating closer
conformance to a Mediterranean diet pattern.

The dietary inflammation index (DI1) was developed to assess the quality of diet with
respect to its inflammation potential, based on prior literature evaluating foods and nutrients
for their pro- and anti-inflammatory potential (33,34). DII scores are calculated from FFQ
data. The DII incorporates consumption of foods known to increase inflammation (e.g.,

red meat, processed meat, organ meat, refined carbohydrates, and sweetened beverages)

as well as those known to be anti-inflammatory (e.qg., fruits and vegetables, omega-3
polyunsaturated fatty acids, fiber). Prior work has established the validity of the DIl based
on its association with inflammatory biomarkers among a sample of postmenopausal women
(23). DIl scores range from maximally anti-inflammatory to maximally pro-inflammatory
(i.e.,, =7.2510 6.03).

Each dietary scores was z-score standardized (i.e., total dietary score was subtracted from
the mean dietary score and divided by respective standard deviation).

Quantification of Urinary Phthalate Metabolites

WHI followed a standard urine collection, processing, and storage protocol. First morning
void urine samples were collected at home and processed <30 minutes upon clinic arrival.
Urine samples were centrifuged for 5 minutes at 1330 x g; 1.8mL aliquots were frozen

and shipped to McKesson Bioservices packed in dry ice via overnight FedEx then stored at
-70°C.

Urinary phthalate metabolites are used as biomarkers to ensure that measured concentrations
relate to endogenous exposures. The Personal Care Products Laboratory at the Centers

for Disease Control and Prevention quantified thirteen phthalate metabolites in urine
samples provided at baseline and AV3 (mono-n-butyl phthalate [MBP], monobenzyl
phthalate [MBzP], MCNP, mono-carboxyoctyl phthalate [MCOP], MCPP, mono(2-ethyl-5-
carboxypentyl) phthalate [MECPP], mono-(2-ethyl-5-hydroxyhexyl) phthalate [MEHHP],
mono-(2-ethylhexyl) phthalate [MEHP], mono(2-ethyl-5-oxcohexyl) phthalate [MEOHP],
monoethyl phthalate [MEP], mono-hydroxybutyl phthalate [MHBP], mono-hydroxyisobutyl
phthalate [MHiBP], and monoisobutyl phthalate [MiBP]), with limits of detection (LOD)
<0.5 mg/mL. The glucuronidated phthalate metabolites undergo enzymatic deconjugation
followed by on-line solid phase extraction and high-performance liquid chromatography-
electrospray ionization-tandem mass spectrometry. Samples were randomly distributed
through the batches, with all replicates from cases and matched controls analyzed together.
A blinded 10% quality control sample was included and used to estimate CVs: MBP 5.4%,
MBzP 6.1%, MCNP 4.7%, MCOP 6.3%, MCPP 5.8%, MECPP 4.3%, MEHHP 5.4%,
MEHP 19.5%, MEOHP 6.0%, MEP 3.1%, MHBP 9.0%, MHiBP 21.9%, MiBP 10.3%.
Laboratory staff were masked to the identity, disease status, and demographic and risk factor
characteristics of the samples. Creatinine was measured using a Roche Modular P Chemistry
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Analyzer (Indianapolis, IN) and an enzymatic assay. The limit of detection (LOD) for
creatinine was 1 mg/dL and the CV was 2.5%.

Covariate Data

Participants provided extensive data via self-reported questionnaires and at annual clinic
visits. We considered the following potential covariates assessed at baseline, with updates

at subsequent clinic visits for time-varying covariates: creatinine (continuous), age
(continuous), region (Northeast, South, West), education (less than high school, high school/
some college, college graduate, graduate degree), income (<$35,000, 2$35,000), current
alcohol intake (non-drinker, past drinker, <1 drink per month, <1 drink per week, 1-<7
drinks per week, 7+ drinks per week), smoking status (never, past, current), body mass index
(BMI) (continuous, kg/m2), measured during annual clinic visits, total physical activity
METs/week (quartiles), dietary animal protein (continuous), dietary vegetable protein
(continuous), and dietary energy (continuous, kcal). The dietary animal and vegetable
protein variables are independent variables and were not utilized in calculating the dietary
pattern scores.

Statistical Analysis

We imputed phthalate metabolite concentrations reported <LOD (<1% of observations) as
the LOD/V2. Phthalate biomarker concentrations were natural log-transformed to improve
normality. Phthalate biomarkers, measured between baseline and AV3, were analyzed

as continuous variables. Sum of metabolites of di-n-butyl phthalate (XDBP), di-isobutyl
phthalate (ZDiBP), and di(2-Ethylhexyl) phthalate (Z~DEHP) were calculated as the molar
sum of £DBP from MBP and MHBP; ZDiBP from MiBP and MHiBP; ZDEHP from MEHP,
MEHHP, MEOHP, and MECPP. Dietary exposure data, DASH and aMed diet, and DII
scores, measured at baseline and AV3, were analyzed continuously.

Generalized Estimating Equation (GEE) models were fit using the identity link and Gaussian
(normal) distribution to estimate cross-sectional associations between each dietary pattern
and the phthalate biomarkers. This approach has the advantage of accommodating repeated
measures, including updated covariate information at each time point. Initially, we fit a
single GEE model for each phthalate biomarker, creatinine, age, and a single covariate.

In the multivariable GEE model development, all variables from the single predictor
models, significant at the p<0.25 level, were included in our initial multiple predictors
model. In subsequent model selection, age and creatinine were retained in all models,
regardless of statistical significance. In selecting our final multivariable model, we utilized
multiple criteria, including the significance of the partial F-tests (p<0.05) and changes in
the magnitudes in the estimated regression coefficients (=10%), this yielded the following
covariates for inclusion in our final multivariable models: age, region, education level,
alcohol consumption, dietary energy intake, and dietary animal protein. Note, given the high
collinearity of race and region, we only adjusted for region in our analyses. Moreover, we
adjusted models for BMI as a comparison analysis, given the association that exists with
the dietary patterns. We report percent change in phthalate biomarkers per one standard
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deviation increase in total dietary score, calculated as the exponentiated beta subtracted from
one and multiplied by 100 and 95% confidence intervals (CIs).

All analyses were performed using Stata version 16.0 (Stata Corporation LLC, College
Station, TX).

Characteristics of the study population at baseline stratified by tertiles of the dietary pattern
scores are presented in Table 1. Briefly, we observed that, compared to those in the third
tertile, women in the first tertile of the DASH and aMed diet scores were younger (61 years,
SD 6.6; 61 years, SD 6.8), more likely to be from the Northeast (193,40.4%; 206, 41.7%),
and had a higher BMI (29.05 kg/m?, SD 6.1; 28.22 kg/m?, SD5.7). Conversely, compared to
those in the third tertile, women in the first tertile of the DIl score were older (63 years, SD
6.7), more likely to be from the West (178, 44.6%), and had a lower BMI (26.85 kg/m2, SD
5.0).

Geometric mean concentrations of urinary phthalate biomarkers, adjusted for age, creatinine,
and region, are presented in Table 2. In general, urinary phthalate biomarker concentrations
were higher among women in the first tertile of the DASH and aMed diet scores and lower
for women in the first tertile of the DIl score and were statistically significant for MBzP,
MCNP, MCOP, MCPP, MEP, and ZDEHP.

Table 3 reports estimated multivariable-adjusted associations of DASH, aMed, and DIl
standardized scores with phthalate biomarkers. The DASH dietary score was significantly
inversely associated with MBzP (-6.89%, 95% CI —10.59, —3.03), MCPP (-3.45%, 95% ClI
-6.60, —0.20), MEP (-7.56%, 95% CI -12.14, -2.73), and ZDEHP (-6.48%, 95% CI -9.84,
-3.00) concentrations. DASH dietary score was not significantly associated with MCOP,
MCPP, ZDBP, or ZDiBP concentrations. Similarly, the aMed dietary score was inversely
associated with MBzP (-8.71%, 95% CI —-12.40, —4.87), MCPP (-3.99%, 95% CI -7.19,
-0.67), ZDEHP (-5.23%, 95% CI -8.73, —1.60), and ZDBP (-4.16%, 95% CI -8.11, —-0.03)
concentrations. aMed dietary score was not associated with MCOP, MCPP, MEP, or ZDiBP
concentrations. DIl scores were significantly positively associated with concentrations of
MBzP (8.03%, 95% CI 3.77, 12.48), MCOP (3.77%, 95% CI 0.13, 7.56) ZDEHP (8.83%,
95% ClI 4.91, 12.89), ZDBP (6.47%, 95% CI 2.18, 10.94) and ZDiBP (4.46%, 95% ClI

0.56, 8.52); no statistically significant associations were observed between DI score and
MCNP, MCOP, MCPP, or MEP concentrations. Lastly, for comparison, we adjusted models
for BMI, presented in supplemental Table, and saw a slight attenuation of the measure of
association in all dietary patterns. However, the attenuation was minimal, and there was no
change to the statistical significance.

Discussion

Among a large sample of postmenopausal women, we observed significantly lower urinary
concentrations of MBzP, MCPP, MEP, ZDBP, and ZDEHP associated with higher alignment
with the DASH and Mediterranean diets. Additionally, we also observed significantly higher
concentrations of MBzP, ZDEHP, ZDBP, and ~DiBP associated with higher DII scores,
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which are indicative of pro-inflammatory potential from dietary intake. No associations were
observed between MCNP, MCOP, and the dietary pattern scores. Overall, consumption

of better-quality diets was related to statistically significantly lower concentrations of
phthalates, specifically those commonly used in food packaging material (e.g., DEHP and
DBP).

Notably, higher consumption of whole fruits and vegetables, legumes, whole grains, nuts,
and unsaturated fats, which result in higher aMed and DASH scores and lower DII scores,
are also foods that are less likely to be processed or packaged in plastic. While foods that
align with the modern interpretations of the DASH and Mediterranean diets may still be
prepacked, phthalate contamination of those foods may be lower, given that the lipophilic
characteristics of phthalates make the chemicals more likely to “stick” to foods high in

fat (9,35). Recent studies reported that high-fat/processed foods, plastic-bottled beverages,
and foods in plastic packaging contained the highest levels of DBP and DEHP (7,13,15).
Prior studies have also reported greater phthalate exposure associated with higher intake of
meat and meat products, milk and milk products, cheese, sweetened beverages, and refined
carbohydrates (12,14,36-39). Urinary concentrations of DEHP metabolites and MCPP have
been positively associated with consumption of fast food, food not prepared at home,
processed and ultra-processed foods (14,16,38). These findings are consistent with our
observed negative associations between higher alignment with the DASH and Mediterranean
diets and urinary concentrations of ZDBP and ZDEHP, and positive associations between
higher DIl scores and urinary concentrations of XDBP and ZDEHP.

Our findings must be interpreted within the context of the study’s limitations. Because
dietary consumption was self-reported using FFQs, our study has the potential for non-
differential exposure misclassification. However, prior work has established the validity of
the FFQ in this population, which was highly correlated (r=0.89) with the gold standard
(24-h recalls and food diaries) (40). Additionally, because phthalates have a short half-

life, there is variability in the metabolites, which increases within-person variability of
phthalate biomarker concentrations and would attenuate the results. Thus, the associations
we observed could be underestimates. Additionally, there is a potential for type | error, given
the large number of statistical comparisons performed. However, the general consistency
of our findings across dietary indices and with prior literature supports the validity of

our findings. Finally, we acknowledge that food packaging materials have changed over
recent decades, due at least in part to consumer concerns over the dangers of the chemicals
used to make them (e.g. bisphenol-A, phthalates). Thus, our results may be less relevant

to current dietary exposures given that our data were collected up to 30 years ago and
population exposure to the phthalates from which our measured metabolites were derived
has decreased over time (41). Although our findings are compelling and suggest lower
urinary phthalate concentrations with higher alignment to healthy dietary patterns (i.e.,
DASH and Mediterranean diet), our study is a cross-sectional study. Therefore, temporality
and causality cannot be established, and results should be interpreted cautiously.

Our study is strengthened by the availability of a large, well-characterized sample of
women. Also, we quantified a broad panel of phthalate metabolites in first-morning void
urine samples using an established analytic method with proven reliability and validity.

Environ Res. Author manuscript; available in PMC 2024 January 01.
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The repeated measures of phthalate biomarkers and evaluation of dietary patterns versus
individual food groups are notable and a unique aspect of our study.

We observed that closer alignment with dietary patterns characterized by the consumption
of whole vegetables and fruits, namely the DASH and Mediterranean diets, were associated
with lower urinary concentrations of phthalate biomarkers. These findings highlight the
need for careful consideration of the role of dietary patterns when examining potential
associations between phthalate exposure and health outcomes. These findings suggest that
dietary patterns high in fruits, vegetables, and low-fat foods and low in processed foods
may be useful in avoiding exposure to phthalates. Consumers who are interested in avoiding
exposure to phthalates may benefit from eating patterns that align with high DASH and
Mediterranean diet scores and low DII scores.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Closer conformance with dietary patterns rich in whole fruits and vegetables,

. Diets with high pro-inflammatory potential are associated with higher urinary

. Dietary patterns may be more predictive of overall health status and future

Highlights

decrease concentrations of various phthalate biomarkers

phthalate biomarker concentrations

chronic disease risk than single food groups
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Figure 1.

Population selection flow chart of the study population.
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