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ARTICLE INFO ABSTRACT

Keywords: Obesity is a major threat to health, but the etiology of obesity is incompletely understood. Phthalates, synthetic
Phthalates N chemicals ubiquitous in the environment, are suspected to have obesogenic effects, but the relationship of
Body composition phthalates and obesity in humans remains uncertain. We examined whether phthalate exposure was associated

Body fat percentage
Environmental obesogen
Obesity

with body fat gain in midlife women. We analyzed data from 1369 women in the Study of Women’s Health
Across the Nation Multi-Pollutant Study. Eleven phthalate metabolites measured in spot urine samples at

baseline (1999/2000) were standardized with covariate-adjusted creatinine. Body weight (BW), fat mass (FM)
from dual-energy X-ray absorptiometry (DXA), and body fat percentage (BF%) from DXA were measured near-
annually until 2016/2017. For each metabolite, linear mixed effects models with time and logs(metabolite)
interactions were examined, adjusting for demographic, lifestyle, and menopause-related factors. Analyses were
conducted overall and stratified by baseline obesity status. As sensitivity analyses, all analyses were repeated
using a second set of metabolites measured in 2002/2003. Higher levels of all metabolites except mono-carboxy-
isononyl phthalate were associated with faster increases in BF%. Per doubling of metabolite concentrations,
differences in five-year BF% change ranged from 0.03 percentage point (ppt) (95% confidence interval (CI):
—0.03, 0.09) for mono-isobutyl phthalate to 0.09 ppt (95% CI: 0.02, 0.16) for mono(3-carboxypropyl) phthalate.
Results were similar for FM change, but associations with BW change were mostly null. In stratified analyses by
baseline obesity status, positive associations were strongest in women who were normal/underweight at base-
line. When metabolites from 2002/2003 were used as exposures, most associations were attenuated and not
statistically significant, but they remained positive for normal/underweight women. In conclusion, phthalate
metabolites were associated with more rapid body fat gain in midlife women, but our results need confirmation

given attenuation of estimates in the sensitivity analyses.

1. Introduction understanding is incomplete (Schwartz et al., 2017). Some environ-
mental chemicals are hypothesized to have obesogenic effects given

Obesity affects nearly 1 in 2 women in the United States (Hales, their potential to interfere with nutrient and energy metabolism path-
2020) and is a major threat to health because it increases the risk of ways in experimental models (Griin and Blumberg, 2006; Heindel and
leading causes of death and disability (Ryan, 2007). Preventing obesity Blumberg, 2019). Investigating the relationship between chemical
requires a thorough understanding of its etiology, but the current exposure and measures of obesity is critical to understanding the
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pathophysiology of obesity to appropriately identify targets for
prevention.

Phthalates, diesters of 1, 2-benzenedicarboxylic acid, are among the
chemicals suspected to promote body fat gain and contribute to obesity
(Gore et al., 2015). Since the 1930s, phthalates have been added to
numerous industrial and consumer products (Warner and Flaws, 2018).
Low-molecular-weight (LMW) phthalates are often added to personal
care products as solvents and are frequently found in fragrance,
shampoo, and cosmetics (Zota et al., 2014). High-molecular-weight
(HMW) phthalates are often added to polyvinyl chloride plastics
(PVQ) as plasticizers and are found in many PVC applications, including
flooring, cables, wires, clothing, food processing equipment, food
packaging, and some medical devices (National Research Council,
2008). Human exposure to phthalates occurs mainly through ingesting
food contaminated during handling, processing, and storage (Smith
et al.,, 2021), dermal absorption by use of personal care products
(Koniecki et al., 2011), and ingestion or inhalation of contaminated
indoor dust (Andersen et al., 2018; Yang et al., 2020). Exposure to
phthalates is widespread; the metabolites of many were detected in over
90% of urine samples in biomonitoring studies in the US and elsewhere
in the past 30 years (Bai et al., 2015; Jung et al., 2022; Saravanabhavan
et al., 2013; Wittassek et al., 2007; Zota et al., 2014).

Mechanistic support for the hypothesis of obesogenic effects of
phthalates comes from observations that some phthalate metabolites,
such as mono-ethyl phthalate (MEP), mono(2-ethylhexyl) phthalate
(MEHP), and monobenzyl phthalate (MBzP), activate peroxisome
proliferator-activated receptor gamma (PPAR-y), a nuclear receptor
critical to the differentiation and survival of adipocytes, promoting
adipogenesis in vitro (Bility et al., 2004; Feige et al., 2007; Hurst and
Waxman, 2003). Furthermore, mice fed di(2-ethylhexyl) phthalate
(DEHP) for 5-10 weeks gained more body weight than controls (Schmidt
et al., 2012; Lv et al., 2016; Majeed et al., 2017). To date, however,
epidemiologic studies have yet to confirm whether phthalate exposure
predicts excess body fat gain in humans. A recent systematic review on
the metabolic effects of phthalates concludes that the current body of
epidemiologic evidence is inadequate to determine whether phthalates
are linked to obesity, mainly because most studies have been
cross-sectional (Radke et al., 2019). Only seven studies have examined
the associations between phthalates and longitudinal changes in
adiposity in adults (Diaz Santana et al., 2019; Haggerty et al., 2021;
Perng et al., 2020; Philips et al., 2020; Rodriguez-Carmona et al., 2019;
Song et al., 2014; van der Meer et al., 2021). In these studies, some
phthalate metabolites, such as MEP, DEHP metabolites, and MBzP, have
been associated with faster body weight gain, but not consistently.
Further, insights from these studies are limited because most have used
body weight or body mass index (BMI) as the primary outcomes, rather
than specific measures of body fat. These proxies for body fat may not be
sensitive and specific enough to detect associations between phthalate
metabolites and body fat, especially in older individuals whose loss of
muscle mass may mask gains in body fat (Kuk et al., 2009).

In this study, we investigated whether urinary phthalate metabolites
predicted faster increases in body weight (BW), fat mass (FM), and body
fat percentage (BF%) in a group of midlife women followed for up to 18
years. Because previous studies suggest that obesity status may modify
the associations between phthalates and changes in body weight (Philips
et al., 2020; Song et al., 2014), we additionally conducted stratified
analyses by baseline obesity status. We aimed to expand the evidence
base on phthalates’ potential obesogenic effects, particularly for midlife
women, as the menopause — marked by profound changes in endocrine
pathways relevant for energy balance (Greendale et al., 2019) — may be a
sensitive window for environmental obesogens (Heindel et al., 2015).
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2. Methods
2.1. Study population

Participants were drawn from the Study of Women’s Health Across
the Nation (SWAN), an ongoing cohort study of mid-life women’s
health. Details about SWAN are available on the study’s website (http
s://www.swanstudy.org/about/about-swan/). Briefly, since 1996/
1997, women from seven study sites (Oakland, CA, Los Angeles, CA,
Chicago, IL, Detroit-area, MI, Pittsburgh, PA, Boston, MA and Newark,
NJ) have been followed near-annually through interviews and clinical
examinations. Eligibility criteria at cohort inception included 1) self-
identifying as White, Black, Chinese, Japanese, or Hispanic, 2) aged
between 42 and 52 years, 3) having an intact uterus, at least one ovary,
and at least one menstrual period in the past 3 months, and 4) not having
used any exogenous reproductive hormone in the past 3 months. In total,
3302 women met these eligibility criteria and enrolled in SWAN. The
study protocols of SWAN were approved by institutional review boards
at each study site, and all participants provided informed consent to
participate in the study at each study visit.

The SWAN Multi-pollutant Study (SWAN-MPS) is an ancillary study
that selected SWAN participants for environmental chemical exposure
assessments using banked biospecimens from the 1999,/2000 and 2002/
2003 study visits. Of the 2694 women who participated in the SWAN
1999/2000 study visit, the SWAN-MPS excluded all 646 women from
the Chicago and Newark sites because neither site collected urine sam-
ples necessary for environmental chemical measurements. An additional
648 women were excluded because they had insufficient blood or urine
samples for environmental chemical measurements. The SWAN-MPS
thus included 1400 women; of those, all had phthalate metabolite
measurements from 1999/2000 samples and 1387 also had phthalate
metabolite measurements from 2002/2003 samples.

We used phthalate metabolite data from 1999,/2000 for our primary
analyses because this allowed us to fully utilize outcomes data collected
since 1999/2000. Of the 1400 SWAN-MPS women, we excluded 15
women with missing data on urinary creatinine or its predictors (age,
race/ethnicity, BMI, height, and diabetes). We further excluded 16
women missing key covariates (education, calorie intake, menopausal
status, hormone therapy (HT) use, physical activity, and smoking). The
analytic sample thus included 1369 women. All of these women had at
least one adiposity measure. Participants were followed for a maximum
of 18 years including a maximum of 13 study visits. The median follow-
up time was 16 years (Interquartile range (IQR): 13, 17), and the median
number of observations per woman was 11 for body weight (inter-
quartile range (IQR): 9, 12) and 10 for fat mass and body fat percentage
(IQR: 8, 12).

2.2. Phthalate metabolites

Women provided spot urine samples during in-person visits in 1999/
2000 and 2002/2003. Urine was collected in polyethylene tubes and
transferred to —80 °C freezers for long-term storage. In 2017/2018,
urine samples were thawed, and phthalate metabolites were measured
using on-line solid phase extraction (SPE) coupled to high-performance
liquid chromatography-isotope dilution tandem mass spectroscopy
(HPLC-MS). Twelve phthalate metabolites were measured, which can be
grouped into three categories based on their parents’ similarity in
structure and sources (Wolff et al., 2008): 1) LMW phthalate metab-
olites: mono-ethyl phthalate (MEP), mono-n-butyl phthalate (MnBP),
and mono-isobutyl phthalate (MiBP); 2) DEHP metabolites: mono
(2-ethylhexyl) phthalate (MEHP), mono(2-ethyl-5-hydroxyhexyl)
phthalate (MEHHP), mono(2-ethyl-5-oxohexyl) phthalate (MEOHP),
and mono(2-ethyl-5-carboxypentyl) phthalate (MECPP); and 3) Other
HMW phthalate metabolites: monobenzyl phthalate (MBzP),
mono-isononyl phthalate (MiNP), mono-carboxyoctyl phthalate
(MCOP), mono-carboxy-isononyl phthalate (MCNP), and mono
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(3-carboxypropyl) phthalate (MCPP). The lower limits of detection of
each phthalate metabolite are available in Table S1 in Appendix A.
Within each batch of assays, duplicate quality control samples of three
concentrations were also analyzed. The coefficients of variation (CV, in
%) of these quality control samples ranged from 3.3% (MCPP) to 20.5%
(MCOP) at high concentrations; 4.3% (MECPP) to 21.4% (MCOP) at
medium concentrations; and 4.1% (MEHP) to 23.6% (MCOP) at low
concentrations. We excluded mono-isononyl phthalate (MiNP) from all
analyses because it was detected in less than 1% of urine samples.

2.3. Body weight, fat mass, and body fat percentage

Body weight and body composition were measured near-annually
between 1999/2000 and 2016/2017 at the Michigan, Boston, and Los
Angeles sites. For the Oakland site, body weight was measured until
2015/2016, and body composition was measured until 2012/2013. For
the Pittsburgh site, body weight and body composition were measured
until 2015/2016. We used all available data in our analyses.

Body weight was measured in light clothing and without shoes using
a calibrated scale and recorded to the nearest 0.1 kg. Body composition
measures were acquired using a Hologic dual-energy X-ray absorpti-
ometry (DXA) instruments (Hologic Inc.). Different models of DXA were
used throughout follow-up and across sites; calibration studies were
conducted any time there was a change in DXA machinery. For this
analysis, all body composition measures were calibrated to the Hologic
QDR-4500 model under “NHANES” tissue-type calibration. All body
composition measures excluded the head. Details of DXA instruments
used, DXA measurement protocols, and calibration methods can be
found in Greendale et al. (2019). Body fat percentage was calculated as
the ratio of fat mass and the sum of fat mass and the mass of lean soft
tissues (i.e., body fat percentage = fat mass/[fat mass + (total lean mass
—bone mineral content)]. In the denominator, bone mineral content was
subtracted from total lean mass because accurate bone mineral content
measurements could not be obtained for all women due to the presence
of metals in the body or the wearing of jade jewelry.

2.4. Other variables

Creatinine, used to account for hydration status, was measured in
urine from the 1999/2000 and 2002/2003 visits with a Cobas Mira
analyzer (Horiba ABX, Montpellier, France). Time was calculated as date
of visit minus date of sample collection for phthalate assay. Age was
calculated as date of visit minus date of birth. Race/ethnicity (White,
Black, Chinese, Japanese) and educational attainment (high school or
less, some college, college degree, postgraduate studies) were self-
reported in 1996/1997. Height (cm) was measured with a stadiometer
at each visit. BMI was calculated as body weight (kg)/height (mz).
Obesity was defined using race-specific BMI cut-points (Joslin Diabetes
Center, 2016). For White and Black women, normal/underweight was
defined as BMI <25 kg/m?; overweight, 25 kg/m? < BMI <30 kg/m%
and obese, BMI >30 kg/mz. For Chinese and Japanese women, nor-
mal/underweight was defined as BMI <23 kg/m? overweight, 23
kg/m? < BMI <27 kg/m? and obese, BMI >27 kg/m?2. Dietary energy
intake (kcal/day) was estimated with a modified Block Food Frequency
Questionnaire (FFQ) in 1996,/1997 and 2001,/2002 (Block et al., 1986).
Dietary energy intake in 1996/1997 was used to approximate dietary
energy intake in 1999/2000. Physical activity across three domains,
including leisure-time sports, active living, and household activities, was
quantified by an index derived from the Kaiser Physical Activity Survey
(Sternfeld et al., 1999). Physical activity was assessed six times over the
18 years of follow-up. For visits where physical activity data were not
available (38% of observations), we set the physical activity index to its
most recent value. Smoking status (never, former, or current) and cur-
rent use of hormone therapy (HT) (yes, no) was self-reported at each
visit. Menopausal status at each visit was determined based on
self-reported bleeding frequency, history of oophorectomy and
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hysterectomy, and use of HT. Diabetes status at each visit was defined as
self-reported anti-diabetic medication use, self-reported physician’s
diagnosis of diabetes, or having a fasting glucose value at or above 126
mg/dL. Physician’s diagnosis of cancer was self-reported at each visit.

2.5. Statistical methods

To facilitate logo-transformation, we replaced 7 negative observa-
tions of MiBP, 2 negative observations of MEHP, and 1 negative obser-
vation of MCPP with each metabolite’s median concentration below its
limit of detection. All other metabolite concentrations were used as
output by the assay, including those that were below limits of detection.
All urinary phthalate metabolite concentrations were adjusted for hy-
dration using the covariate-adjusted creatinine standardization method
(O’Brien et al., 2016). Each phthalate metabolite concentration was
divided by the ratio of observed to predicted urinary creatinine. Pre-
dictors of creatinine were identified from the literature (Barr et al.,
2005; Buckley et al.,, 2019) and included age, race/ethnicity, BMI,
height, and diabetes. We also calculated the molar sums of
hydration-adjusted LMW phthalate metabolites ("} LMW phthalates”),
DEHP metabolites (" DEHP”), and all HMW metabolites ("> HMW
phthalates”, which includes all DEHP metabolites, MBzP, MCOP, MCNP,
and MCPP) to evaluate the impact of aggregate exposure.

Descriptive statistics (median (1st quartile, 3rd quartile) for contin-
uous variables and count (proportion) for categorical variables) of the
analytic sample in 1999/2000 were calculated. To understand the dis-
tributions and potential correlates of phthalates, median (1st quartile,
3rd quartile) values of phthalate metabolites were calculated overall, by
baseline obesity status, and by covariates. Phthalate metabolite

Table 1
Participant characteristics in 1999/2000 (N = 1369).

Median (Q1, Q3)"

Age (years)

Body weight (kg)

Fat mass (kg)

Body fat percentage (%)

49.4 (47.4, 51.5)
68.9 (58.6, 83.8)
25.3 (19.1, 34.3)
40.4 (35.7, 45.1)

N (%)"
Site

Detroit area, MI 247 (18%)
Boston, MA 227 (16.6%)
Oakland, CA 306 (22.4%)

Los Angeles, CA
Pittsburgh, PA

359 (26.2%)
230 (16.8%)

Race/ethnicity

White 695 (50.8%)
Black 294 (21.5%)
Chinese 176 (12.9%)
Japanese 204 (14.9%)
Education

High school or less
Some college
College degree

248 (18.1%)
438 (32%)
336 (24.5%)

Postgraduate 347 (25.3%)
Smoking

Never 863 (63%)
Past 364 (26.6%)
Current 142 (10.4%)

Menopausal status

Pre- or peri- menopausal
Natural/surgical menopause
Unknown due to hormone therapy
Currently on hormone therapy

969 (70.8%)
198 (14.5%)
202 (14.8%)

No 1089 (79.5%)
Yes 280 (20.5%)
Obesity status

Normal/underweight 502 (36.7%)
Overweight 407 (29.7%)
Obese 460 (33.6%)

@ “Q1” stands for 1st quartile and “Q3” stands for 3rd quartile.
b Percentages may not sum to 100 due to rounding.
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Table 2
Phthalate metabolite concentrations in 1999/2000, overall and by obesity status.
Overall (N = 1369) Normal/under- Overweight (N = Obese (N = p-value”
weight (N = 502) 407) 460)
Group Phthalate metabolite® N (%) Median (Q1, Median (Q1, Q3) Median (Q1, Q3) Median (Q1,
detected Q3) Q3)
Low-molecular-weight (LMW) MEP (ng/mL) 1368 81.8 (36.42, 68.99 (33.16, 72.63 (33.78, 106.72 (47.89, <0.0001
phthalate metabolites (99.9%) 210.47) 148.83) 185.69) 292.99)
MnBP (ng/mL) 1369 18.5 (11.69, 17.32 (10.42, 27.61) 19.34 (11.74, 19.27 (13.04, 0.0003
(100%) 32.79) 34.58) 36.36)
MiBP (ng/mL) 1342 (98%) 2.61 (1.55, 2.53 (1.5, 4.26) 2.68 (1.5, 4.68) 2.64 (1.66, 4.5) 0.39
4.48)
S LMW - 0.57 (0.29, 0.50 (0.26, 0.94) 0.52(0.27,1.2) 0.72 (0.37, <0.0001
phthalates‘(nmol/mL) 1.31) 1.77)
Di(2-ethylhexyl) phthalate (DEHP) MEHP (ng/mL) 1156 3.07 (1.59, 2.98 (1.5, 6.04) 3.13(1.71, 5.72) 3.11 (1.6, 6.41) 0.68
metabolites (84.4%) 6.03)
MEHHP (ng/mL) 1368 16.13 (8.5, 13.08 (6.85, 26.6) 15.29 (7.85, 19.48 (11.2, <0.0001
(99.9%) 30.51) 29.91) 38.06)
MEOHP (ng/mL) 1367 9.63 (5.17, 8.05 (4.19, 16) 8.93 (4.7, 18.02) 11.36 (6.69, <0.0001
(99.9%) 18.68) 21.87)
MECPP (ng/mL) 1369 16.85 (9.82, 14.01 (8.43, 26.31) 15.70 (9.54, 20.52 (12.75, <0.0001
(100%) 31.33) 29.48) 38.12)
ZDEHPd (nmol/mL) - 0.16 (0.09, 0.13 (0.08, 0.26) 0.15 (0.08, 0.28) 0.19 (0.11, <0.0001
0.29) 0.38)
Other High-molecular-weight MBzP (ng/mL) 1366 10.43 (5.8, 8.78 (4.66, 15.64) 10.00 (5.87, 12.28 (7.49, <0.0001
(HMW) phthalate metabolites (99.8%) 18.53) 17.23) 21.7)
MCOP (ng/mL) 1365 4.41 (2.62, 3.66 (2.37, 6.63) 4.40 (2.63, 6.93) 5.38 (3.22, <0.0001
(99.7%) 7.88) 9.61)
MCNP (ng/mL) 1365 2.69 ( 2.19 (1.31, 4.07) 2.41 (1.41, 4.32) 3.66 (1.99, <0.0001
(99.7%) 1.52, 5.01) 6.16)
MCPP (ng/mL) 1351 2.65 (1.7, 2.47 (1.55, 4.07) 2.57 (1.62, 3.95) 2.94 (2.01, <0.0001
(98.7%) 4.27) 4.71)
>"HMW phthalates® - 0.27 (0.16, 0.23 (0.13, 0.4) 0.25 (0.16, 0.47) 0.31 (0.2, 0.55) <0.0001
(nmol/mL) 0.47)

@ All phthalate metabolites were adjusted for hydration using the “covariate-adjusted creatinine standardization” method. Median and the 1st (“Q1”) and 3rd (“Q3™)

quartiles are reported.
b p-values were obtained from Kruskal-Wallis tests.

¢ S"LMW phthalates: molar sum of low-molecular-weight phthalate metabolites, including MEP, MnBP, and MiBP.
d >"DEHP: molar sum of DEHP metabolites, including MEHP, MEHHP, MEOHP, and MECPP.
¢ S"HMW phthalates: molar sum of MEHP, MEHHP, MEOHP, MECPP, MBzP, MCOP, MCNP, and MCPP.

concentrations by baseline obesity status and covariate levels were
compared using the Kruskal-Wallis test. To understand the correlation
between metabolites, Spearman correlation coefficients were calculated
between metabolites at baseline. To understand the within-person cor-
relation of metabolites, we calculated the intraclass correlation coeffi-
cient (ICC) of each metabolite using phthalate metabolite data from
1999/2000 and 2002/2003. The ICCs were estimated using linear mixed
effects models that predicted each logs-transformed metabolite with
random intercepts and no fixed effects.

The trajectories of BW, FM, and BF% overall and by baseline obesity
status were modeled with linear mixed effects models. Each model
included time, age at baseline, race/ethnicity, site, educational attain-
ment at baseline, baseline dietary energy intake, and time-varying
menopausal status, HT use, smoking status, and physical activity as
predictors. Time was modeled with a linear spline with a knot at time
(T) = 6 years for BW and as a linear term for FM and BF%. These
functional forms were selected based on smoothing plots from general-
ized additive mixed models (GAMM) (Figs. S1 and S2 in Appendix A).
Specifically, the smoothing plot of BW showed that among all women,
BW increased and peaked somewhere between T = 5 and T = 12 years
before decreasing (Fig. S1 in Appendix A). A linear spline for time was
thus appropriate. The knot at T = 6 was selected because this knot
produced the smallest Akaike Information Criterion (AIC) among a se-
ries of models with knots at each year between T = 5-12 years. For FM
and BF%, the smoothed trajectory within each study site was near-
linear, suggesting a linear term for time was adequate, although there
were substantial differences in FM and BF% trajectories by site (Fig. S2
in Appendix A). All models included random intercepts and random
slopes for time to account for within-woman correlation of multiple

observations.

To test whether phthalate exposure was associated with differences
in the rates of change of each outcome, for each metabolite, we added to
each outcome’s trajectory model the main effect term of the metabolite
and the interaction term between the metabolite and time. Phthalate
metabolites were logo-transformed due to right-skewness. Models for the
outcome of BW also included a time by race/ethnicity interaction, and
models for FM and BF% also included a time by site interaction. We
included these interaction terms because race/ethnicity- and site-
specific smoothing plots from GAMMs showed that BW trajectories
differed by race/ethnicity, while FM and BF% trajectories differed by
site (Figs. S1 and S2 in Appendix A). For each outcome, we obtained the
main effect term of each phthalate metabolite and the interaction term
between the phthalate metabolite and time. To facilitate interpretation,
we scaled all phthalate metabolite by time interaction terms by five
years. The scaled interaction terms can be interpreted as differences in
the change in an adiposity outcome over five years per doubling of
phthalate metabolite concentrations. The main effect term of the
phthalate metabolite can be interpreted as the difference in an adiposity
measure at baseline per doubling of metabolite concentration. The main
effect terms are of secondary interests and are reported in supplemen-
tary tables in Appendix A only.

To visualize adiposity trajectories associated with different levels of
phthalate exposure, we plotted the least-squared means of BW, FM, and
BF% at baseline, Year 6, and Year 10 for women at high (75th percentile)
vs. low (25th percentile) levels of exposure to each phthalate metabolite.
We calculated the adjusted differences in each outcome between expo-
sure levels at each time point and the adjusted differences in the
(annualized) changes in each outcome between exposure levels. All
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analyses were conducted overall and by baseline obesity status.

We conducted a series of sensitivity analyses to examine the
robustness of our findings. First, all models were additionally adjusted
for the total intake frequency (times/week) of food items previously
reported to be associated with phthalate exposure. These food items
included red meat, poultry, liver, processed meat, dairy, margarine,
refined grains, salty snacks, desserts, meat substitutes, pizza, salad
dressing, and salsa (Colacino et al., 2010; Trasande et al., 2013; Serrano
et al., 2014; Bai et al., 2015; Zota et al., 2016; Varshavsky et al., 2018;
Buckley et al., 2019). Second, because the onset of cancer or diabetes
may impact body weight and body composition, we re-fitted all models
after censoring data at the time of cancer or diabetes onset. Finally,
because phthalate metabolites in spot urine samples may not accurately
reflect habitual exposure, all analyses were repeated using phthalate
metabolite data from 2002/2003 and the within-person mean of
phthalate metabolite concentrations from 1999/2000 and 2002/2003.
The baseline for these analyses was 2002/2003. Dietary energy intake
from 2001/2002 was used to approximate energy intake in 2002/2003.
For BW, the knot for the linear spline term for time was set at T = 3 years
to be consistent with primary analyses.

All statistical analyses were performed in R version 4.0.3 using
packages mgcv (version 1.8-33), nlme (version 3.1-151), and emmeans
(version 1.5.5-1). Statistical significance was defined as two-sided p-
value < 0.05.

3. Results

At baseline (1999/2000), women had a median age of 49.4 years
(quartile (Q) 1 and Q3: 47.4, 51.5) (Table 1). Approximately 50% of the
participants were White, 22% Black, 13% Chinese, and 15% Japanese.
Approximately half of the participants did not have a college degree.
Most women were pre- or peri-menopausal at baseline in 1999/2000
(71%) and approximately 30% and 34% of women had overweight and

Table 3
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obesity, respectively.

The detection frequencies of phthalate metabolites, defined as per-
centages of observations above the limits of detection, ranged from
84.4% for MEHP to nearly 100% for the other metabolites (Table 2). The
median concentrations of metabolites ranged from 2.61 ng/mL (Q1 and
Q3: 1.55, 4.48) for MiBP to 81.8 ng/mL (Q1 and Q3: 36.42, 210.47) for
MEP. The concentrations of most phthalate metabolites were higher in
women who were younger, from Michigan, Black, or current smokers
(Tables S2-54 in Appendix A). Overweight and obesity were positively
associated with the urinary concentrations of most phthalate metabo-
lites (Table 2).

At baseline, the least-squared means of BW, FM, and BF% were 70.7
kg (95% confidence interval (CI): 69.3, 72.0), 26.3 kg (95% CI: 25.5,
27.1), and 39.7% (95% CI: 39.2, 40.2), respectively (Table 3 and Fig. 54
in Appendix A). On average, BW increased by 0.17 kg/year (95% CL:
0.099, 0.24) in the first six years, followed by an average loss of 0.079
kg/year (95% CI: —0.13, —0.028) thereafter. FM and BF% increased at a
rate of 0.015 kg/year (95% CI: —0.010, 0.041) and 0.030 percentage
points (ppt)/year (95% CIL: 0.011, 0.049), respectively. There was sub-
stantial heterogeneity in these growth rates by baseline obesity status
(Table 3 and Fig. S4 in Appendix A). Women who were normal/under-
weight at baseline had the most rapid increases in BW prior to stabili-
zation, FM, and BF%. In contrast, women who were obese at baseline
primarily experienced decreases in BW, FM, and BF% over time.

Among all women, none of the phthalate metabolites were signifi-
cantly associated with the changes in BW during follow-up (Fig. 1;
Table S6 in Appendix A). In contrast, all phthalate metabolites except
MCNP were associated with faster increases in FM and BF% (Fig. 2;
Tables S7 and S8 in Appendix A). Per doubling of phthalate metabolite
concentrations, differences in the five-year change in FM ranged from
0.04 kg (95% CI: —0.05, 0.14) for MiBP to 0.12 kg (95% CI: 0.03, 0.20)
for >"HMW phthalates (Fig. 2, Panel A; Table S7 in Appendix A); dif-
ferences in the five-year change in BF% ranged from 0.03 ppt (95% CI:

Baseline levels and rates of change in adiposity measures, overall and by obesity status.

Least-squared means of adiposity measures at baseline” (95% CI)

Al Normal/underweight Overweight Obese
Body weight (kg) 70.7 56.2 67.2 87.4
(69.3, 72.0) (55.3, 57.0) (66.2, 68.2) (84.9, 89.9)
Fat mass (kg) 26.3 17.9 24.0 36.6
(25.5, 27.1) (17.3, 18.5) (23.4, 24.6) (35.3, 38.0)
Body fat percentage (%) 39.7 34.9 39.1 45.5
(39.2, 40.2) (34.2, 35.6) (38.6, 39.7) (44.9, 46.2)
Rates of change in adiposity measures (95% CI)
All Normal/underweight Overweight Obese
Body weight (kg/year)
T® < 6 years 0.17 0.30 0.20 -0.020
(0.099, 0.24) (0.23, 0.38) (0.090, 0.31) (-0.19, 0.15)
T > 6 years -0.079 -0.00047 0.037 -0.28
(-0.13, -0.028) (-0.051, 0.050) (-0.033, 0.11) (-0.41, -0.16)
Fat mass (kg/year) 0.015 0.094 0.077 -0.15
(-0.010, 0.041) (0.064, 0.13) (0.037, 0.12) (-0.20, -0.086)
Body fat percentage (percentage point/year) 0.030 0.096 0.053 -0.075
(0.011, 0.049) (0.065, 0.13) (0.022, 0.083) (-0.11, -0.041)

@ Least-squared means and rates of change were obtained from linear mixed effects models. For each outcome, the model included time (linear spline for BW; linear
for FM and BF%), age at baseline, race/ethnicity, site, educational attainment at baseline, baseline dietary energy intake, and time-varying menopausal status, HT use,
smoking status, and physical activity as predictors. Random intercepts and time effects were included. Models were fit for all women and by baseline obesity status.

b Sample sizes varied by outcome. For body weight, the sample sizes for “all”, “normal/underweight”, “overweight”, and “obese” were 1369, 502, 407, and 460,
respectively. For fat mass and body fat percentage, the sample sizes for “all”, “normal/underweight”, “overweight”, and “obese” were 1344, 499, 403, and 442,

respectively.
¢ “T” stands for “time since baseline”.
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Fig. 1. Differences in five-year body weight change per doubling of phthalate
metabolite concentrations. Results were based on 14380 observations from
1369 women. Differences were adjusted for age at baseline (1999/2000), race/
ethnicity, the interaction between race/ethnicity and time, site, education level,
daily dietary energy intake at baseline, and time-varying physical activity,
smoking status, menopausal status, and use of hormone therapy. > LMW
phthalates = molar sum of MEP, MnBP, and MiBP; > DEHP = molar sum of
MEHP, MEHHP, MEOHP, and MECPP; > HMW phthalates = molar sum of
MEHP, MEHHP, MEOHP, MECPP MBzP, MCOP, MCNP, and MCPP.

—0.03, 0.09) for MiBP to 0.09 ppt (95% CI: 0.02, 0.16) for MCPP (Fig. 2,
Panel B; Table S8 in Appendix A). The associations with BF% change
were statistically significant for all DEHP metabolites, MBzP, MCOP,
MCPP, and Y 'HMW phthalates, and were borderline significant for MEP
(p-value = 0.09) and MnBP (p-value = 0.08) (Table S8 in Appendix A).

In analyses stratified by baseline obesity status, the associations be-
tween phthalate metabolites and changes in adiposity measures were
strongest among women who were normal/underweight at baseline
(Figs. 3 and 4; Tables S6-S8 in Appendix A). In this group, all phthalate
metabolites except MCNP were positively associated with the changes in
all adiposity measures. Per doubling of phthalate metabolite concen-
trations, differences in the five-year change in BW during the period of
BW increase ranged from 0.11 kg (95% CI: —0.10, 0.31) for MEHP to
0.40 kg (95% CI: 0.09, 0.70) for MCPP (Fig. 3; Table S6 in Appendix A);
differences in the five-year change in FM ranged from 0.08 kg (95% CI:
—0.03, 0.18) for MiBP to 0.21 kg (95% CI: 0.11, 0.31) for >_ HMW
phthalates (Fig. 4, Panel A; Table S7 in Appendix A); and differences in
the five-year change in BF% ranged from 0.06 ppt (95% CL: —0.04, 0.16)
for MiBP to 0.18 ppt (95% CI: 0.09, 0.28) for MBzP (Fig. 4, Panel D;
Table S8 in Appendix A). In contrast, the associations between phthalate
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Fig. 2. Differences in five-year changes in fat mass and body fat percentage per
doubling of phthalate metabolite concentrations. Results were based on 12746
observations from 1344 women. Differences were adjusted for age at baseline
(1999/2000), race/ethnicity, site, the interaction between time and site, edu-
cation level, daily dietary energy intake at baseline, and time-varying physical
activity, smoking status, menopausal status, and use of hormone therapy.
>"LMW phthalates = molar sum of MEP, MnBP, and MiBP; > DEHP = molar
sum of MEHP, MEHHP, MEOHP, and MECPP; > "HMW phthalates = molar sum
of MEHP, MEHHP, MEOHP, MECPP, MBzP, MCOP, MCNP, and MCPP. * = p-
value < 0.05.

metabolites and the five-year changes in adiposity measures were
appreciably smaller in magnitude and largely not statistically significant
among overweight and obese women (Figs. 3 and 4; Tables S6-S8 in
Appendix A).

Fig. 5 visualizes adiposity trajectories for women who were normal/
underweight at baseline and exposed to different levels of MEP,
> "DEHP, and MBzP. Women at the 75th percentile of each metabolite
experienced steeper increases in all adiposity measures as compared to
those at the 25th percentile (Fig. 5; Tables S9-S11 in)Appendix A. For
example, during the phase of BW gain, the additional change in BW per
year for those at the 75th versus those at the 25th percentile of MEP was
0.11 kg/year (95% CI: 0.03, 0.20) (Table S9 in Appendix A). This dif-
ference was equivalent to the impact of watching approximately 3
(0.11/0.035 = 3.1) more hours of TV per day in terms of expected
weight gain (Mozaffarian et al., 2011). The diverging adiposity trajec-
tories between women at high versus low levels of exposure were also
evident for the other metabolites, except MCNP (Tables S9-5S11 in Ap-
pendix A).

Sensitivity analyses adjusting for dietary intake of food items or
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Fig. 3. Differences in five-year body weight change per doubling of phthalate
metabolite concentrations, by baseline obesity status. Results were based on
5279 observations from 502 women who were normal/underweight, 4313
observations from 407 women who had overweight, and 4788 observations
from 460 women who had obesity. Differences were adjusted for age at baseline
(1999/2000), race/ethnicity, the interaction between race/ethnicity and time,
site, education level, daily dietary energy intake at baseline, and time-varying
physical activity, smoking status, menopausal status, and use of hormone
therapy. Y LMW phthalates = molar sum of MEP, MnBP, and MiBP; > DEHP =
molar sum of MEHP, MEHHP, MEOHP, and MECPP; > HMW phthalates =
molar sum of MEHP, MEHHP, MEOHP, MECPP MBzP, MCOP, MCNP, and
MCPP. * = p-value < 0.05.

censoring data at the time of cancer or diabetes onset did not change
estimates for the baseline or longitudinal associations between phthalate
metabolites and all outcomes (data not shown). When metabolites from
2002/2003 were used as exposures, the associations between most
metabolites and the five-year changes in adiposity measures were
attenuated (Tables S12-S14 in Appendix A). However, the degree of
attenuation was smaller for women who were normal/underweight at
baseline as compared to women who were overweight or obese. For
normal or underweight women, positive associations in the primary
analyses remained positive in the sensitivity analyses. When within-
person mean phthalate metabolite concentrations were used as expo-
sures, the associations between most metabolites and changes in
adiposity measures were also attenuated, although generally to a smaller
extent than when metabolites from 2002/2003 were used as exposures
(Tables S15-S17 in Appendix A).

4. Discussion

In this study of a diverse group of midlife women followed for almost
20 years, we found that phthalate metabolites were associated with
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faster increases in fat mass and body fat percentage. The associations
were strongest and most persistent in women who were normal/un-
derweight at baseline. The associations between phthalate metabolites
and body weight gain were less consistent, perhaps reflecting the fact
that body weight is not an accurate measure of body fat in an aging
cohort (Kuk et al., 2009). Overall, this study suggests that phthalates
contribute to body fat gain in mid-life women. However, our results
were not replicated in sensitivity analyses with a second set of phthalate
metabolites from a different time point, so our findings should be
interpreted cautiously.

This study is the first piece of evidence directly linking phthalate
exposure to body fat gain in women. Prior studies have linked MEP,
MnBP, MiBP, DEHP metabolites, MBzP and MCPP to faster increases or
slower declines in body weight or BMI, but results were highly hetero-
geneous both within and across studies (Diaz Santana et al., 2019;
Haggerty et al., 2021; Perng et al., 2020; Philips et al., 2020; Rodri-
guez-Carmona et al., 2019; Song et al., 2014). Few studies reported
statistically significant, positive associations between body weight
changes and all metabolites, and few metabolites have been consistently
associated with faster body weight gain across studies. Consequently,
whether phthalate exposure leads to body fat gain and obesity is still
unclear. One critical limitation in most prior studies is the use of body
weight to approximate body fat. Because changes in body fat do not
always result in changes in body weight, many studies may have missed
or underestimated the associations between phthalate exposure and
increases in adiposity. Only one prior study examined percent body fat
as the outcome (van der Meer et al., 2021). While that study found
positive associations between some phthalate metabolites and greater
retention of body fat, its generalizability is limited because participants
were all overweight/obese and underwent intense caloric restriction in
order to lose weight. By examining the association of phthalates and fat
mass and body fat percentage among a general population of midlife
women, our findings provide stronger evidence for phthalates’ obeso-
genic potential than has previously been reported. Whether our findings
are generalizable to women at other life stages and men should be
investigated in future studies, preferably with precise measures of
adiposity rather than body weight alone.

The finding that some phthalate metabolites were associated with
accelerated body fat gain in midlife women has important public health
implications. Virtually all individuals are exposed to phthalates daily
through using personal care products (Guo and Kannan, 2013), ingest-
ing food (Serrano et al., 2014), or inhaling indoor dust (Yang et al.,
2020) contaminated with phthalates. The near 100% detection rates of
most phthalate metabolites in this and many other studies (Wang et al.,
2019) despite the short half-lives of phthalates testify to the widespread
and ongoing nature of phthalate exposure. Although some phthalates
commonly used 20 years ago, such as di-n-butyl phthalate (the parent of
MnBP), DEHP, and butyl benzyl phthalate (the parent of MBzP and
MnBP), have been banned in children’s toys and childcare articles since
2008 due to concerns about developmental toxicity (United States
Consumer Product Safety Commission, 2019), they are still used in other
applications such as food packaging and food handling contact materials
(Edwards et al., 2021), and their metabolites continue to be found in
recent urine samples (Centers for Disease Control and Prevention,
2019). The finding that these widely used chemicals are associated with
more rapid changes in fat mass, a risk factor for numerous chronic dis-
eases, is concerning. Although the associations between some phthalate
metabolites and the five-year changes in FM and BF% may be small at
the individual level, the potential population-level impact could be
substantial given widespread phthalate exposure. Our findings have
added to the evidence suggesting phthalates’ potential obesogenic ef-
fects. If phthalates’ obesogenic potential is confirmed in future studies, it
would be important to incorporate limiting phthalate exposures as part
of a comprehensive obesity prevention strategy. Measures to limit
phthalate exposures may include requiring the disclosure of phthalates
in consumer products or further restricting their use in products.
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One remarkable finding of this study was that phthalate metabolites
were associated with faster increases in body fat primarily in women
who were normal/underweight at baseline. This was somewhat unex-
pected, as previous studies did not always show stronger associations
between phthalate metabolites and body weight gain in normal/un-
derweight women (Diaz Santana et al., 2019; Song et al., 2014). It is
unclear why women who were normal/underweight at baseline in this
study appeared more susceptible to phthalates’ potential obesogenic
effects. Since the adiposity trajectories differed substantially by baseline
obesity status, we speculate that women’s potential to gain additional
body fat may modify the associations between phthalate metabolites
and body fat gain. Those who are normal/underweight may be more
susceptible to gain additional fat, whereas women who are already
overweight or obese may have reached the upper limits of their adipose
tissues’ expandability. Thus, this may result in normal/underweight
women being more susceptible to phthalates’ obesogenic effects. This is
consistent with the observation that levels of PPAR-y, a nuclear receptor
through which phthalates promote adipogenesis, are reduced in the fat
tissues of obese individuals (Tchkonia et al., 2010).

PPAR-y is essential for the growth and maintenance of body fat
(Ferré, 2004), and many phthalate metabolites activate PPAR-y (Bility
et al., 2004; Hurst and Waxman, 2003). Phthalates may also disrupt the
hypothalamic-pituitary-thyroid axis (HPT), leading to a lower basal
metabolic rate and hence less energy expenditure (Lv et al., 2016),
although it is unclear if this mechanism is more prominent in

normal/underweight individuals. Our findings underscore the existence
of individuals with different susceptibility to phthalates in the popula-
tion. Identifying these individuals and understanding the mechanisms
behind different susceptibility is important for tailoring public health
measures to specific populations.

Another notable result of this study was that the associations be-
tween phthalate metabolites and five-year changes in adiposity mea-
sures were attenuated when metabolites from 2002/2003 were used as
exposures. This may be due to random exposure measurement error, as
the degree of attenuation generally increased when the intraclass cor-
relation coefficient of a metabolite decreased. However, we note that the
timing of exposure had also changed in sensitivity analyses. Given that
women were three years older, and many had transitioned to post-
menopause in 2002/2003, we cannot rule out that the effects of
phthalates truly differ by the age or menopausal status at which women
are exposed. There might exist a critical age window or life stage during
which women are more sensitive to phthalates’ obesogenic effects.
Unfortunately, with only two sets of phthalate metabolites measured
three years apart, we were not able to pinpoint the reason for the dif-
ferences between primary and sensitivity analyses. Future studies should
repeatedly measure phthalates at closer intervals within different life
stages of interest.

This study has many important strengths and limitations. Unlike the
majority of previous studies, our analysis considered fat mass and body
fat percentage, measured precisely with DXA. This allowed us to
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Fig. 5. Predicted adiposity trajectories at two levels
of phthalate exposure among normal/underweight
women. The predicted trajectories were least-squared
means from the linear mixed effects model for each
outcome and each phthalate metabolite among those
who were normal/underweight at baseline. All
models were adjusted for age at baseline (1999/
2000), race/ethnicity, site, education level, daily di-
etary energy intake at baseline, and time-varying
physical activity, smoking status, menopausal status,
and use of hormone therapy. For BW, models were
additionally adjusted for time by race/ethnicity
interaction. For FM and BF%, models were addition-
ally adjusted for time by site interaction.

MEP @ 25th percentile: 33.16 ng/mL @ 75th percentile: 148.83 ng/mL
ZDEHP 25th percentile: 0.08 nmol/mL @ 75th percentile: 0.26 nmol/mL
MBzP @ 25th percentile: 4.66 ng/mL @ 75th percentile: 15.64 ng/mL

minimize outcome measurement error and provide the first piece of
evidence directly linking phthalate metabolites to changes in body fat in
midlife women. Also unlike previous studies, we used a prospective
study design with long-term follow-up, thereby reducing concerns about
reverse causation. The SWAN-MPS cohort is diverse in terms of race/
ethnicity, geographic location, and socioeconomic status. This diversity
increases our confidence in the generalizability of our findings. Finally,
several high-molecular-weight phthalate metabolites we examined,
including MCOP, MCNP, and MCPP were infrequently studied in pre-
vious investigations on phthalates and adiposity measures in adults, so
our work expands our understanding of a broad set of phthalate
metabolites.

Despite these notable strengths, there are some key limitations to
acknowledge. In 1999/2000, participants of SWAN-MPS had lower BMI,
were more physically active, less likely to smoke, and had higher levels
of education than SWAN participants excluded from SWAN-MPS (Ding
et al.,, 2022). Women with high levels of phthalate exposure before
1999/2000, who might have high BMI in 1999/2000 as a result, may
have been excluded. This could have potentially created selection bias in
our study, leading to potential attenuations of the associations between
phthalate metabolites and changes in adiposity measures. This study
utilized a single spot urine per woman to measure phthalate exposure.
Because the half-lives of phthalate metabolites in the body are relatively
short (Johns et al., 2015), phthalate metabolites in a single urine sample
may not reflect habitual exposure. Thus, the use of spot urine samples
may result in non-differential exposure measurement error, which

would have attenuated the associations between phthalate metabolites
and adiposity measures. Despite having limited dietary data to account
for confounding by diet, we observed positive associations for
low-molecular-weight phthalate metabolites, for which diet is not a
major source of exposure (Koch et al., 2013; Radke et al., 2019). Thus,
confounding by diet is unlikely to fully explain the positive associations
between phthalate metabolites and body fat gain. Given the observa-
tional nature of this study, residual confounding by other factors is
possible, including confounding by other phthalate metabolites and
other environmental chemicals. Future analyses will explore
multi-pollutant models to consider this limitation. While body fat dis-
tribution in addition to total body fat is an independent risk factor of
cardiometabolic disease, we lacked imaging-based measures of body fat
distribution. Finally, we did not adjust for multiple comparisons, so
statistical significance should be interpreted cautiously.

5. Conclusions

In conclusion, in this longitudinal study on a diverse group of midlife
women, we found that exposure to phthalates was associated with more
rapid body fat gain, especially in women who were normal/under-
weight. These findings support the hypothesis that certain environ-
mental chemicals may cause obesity. Limiting exposure to phthalates
and potentially other synthetic chemicals may help prevent obesity and
its comorbidities.
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