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Abstract

Background: Epidemiological studies on children and adults have linked toxicants from
plastics and personal care products to metabolic disruption. Yet, the impact of endocrine-
disrupting chemicals (EDCs) on adolescent metabolic syndrome (MetS) risk during early and
mid-adolescence is unclear.

Methods: To examine the links between exposure to EDCs and MetS risk and its components,
cross-sectional data from 344 Mexican youth in early-to-mid adolescence (10-17 years)
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were analyzed. Urinary biomarker concentrations of phthalates, phenol, and paraben analytes
were measured from a single spot urine sample collected in 2015; study personnel obtained
anthropometric and metabolic measures. We examined associations between summary phthalates
and metabolites, phenol, and paraben analytes with MetS risk z-scores using linear regression,
adjusted for specific gravity, sex, age, pubertal status, smoking, alcohol intake, physical activity
level, and screen time. As a secondary aim, mediation analysis was conducted to evaluate the role
of hormones in the association between summary phthalates with lipids and MetS risk z-scores.

Results: The mean (SD) age was 13.2 (1.9) years, and 50.9% were female. Sex-stratified
analyses revealed associations between summary phthalates and lipids ratio z-scores, including %
DEHP [B =0.21 (95% CI: 0.04, 0.37; p < 0.01)], phthalates from plastic sources (Z Plastic) [p =
0.22 (95% CI: 0.05, 0.39; p < 0.01)], anti-androgenic phthalates (X AA) [p = 0.22 (95% ClI: 0.05,
0.39; p <0.01)], and individual phthalate metabolites (MEHHP, MEOHP, and MECPP) among
males. Among females, BPA [ = 0.24 (95% CI: 0.03, 0.44; p < 0.05)] was positively associated
with lipids ratio z-score and one phenol (2,5 DCP) [B = 0.09 (95% CI: 0.01, 0.18); p < 0.05)] was
associated with increased waist circumference z-score. Results showed no evidence of mediation
by hormone concentrations in the association between summary phthalates with lipids ratio or
MetS risk z-scores.

Conclusion: Higher EDC exposure was positively associated with serum lipids during
adolescence, particularly among males.

Keywords

Adolescence; Birth cohort; Endocrine-disrupting chemicals; Lipids; Metabolic syndrome; Sex-
differences

1. Introduction

Adolescence is a period of rapid physical, emotional, and cognitive maturation (Tarokh et
al., 2019), during which significant body composition changes occurring during puberty
can have implications on metabolic health (Rodriguez et al., 2004; Siervogel et al., 2003).
Prevalence of overweight and obesity have increased markedly among adolescents from
developed countries, with approximately 23% of males and females classified as overweight
or obese in 2013 compared to <17% in 1980 (Ng et al., 2014). A robust body of literature
has documented the complex relationship between biological, psychosocial, and behavioral
risk factors with adolescent cardiovascular disease risk. In addition to biological processes
that may influence metabolic health during adolescence (e.g., puberty), emerging research
among children and older youth has demonstrated the role of environmental toxicants,
particularly exposure to endocrine-disrupting chemicals (EDCs), may have on metabolism
(Gaston and Tulve, 2019; Golestanzadeh et al., 2019; Trasande et al., 2013).

As EDCs (e.g., phthalates, phenols, and parabens) mimic endocrine hormones, exposure

to these toxicants may promote weight gain, obesity, and other metabolic changes via
disruption of lipid metabolism and adipogenesis, among other pathways (Janesick and
Blumberg, 2011; Diamanti-Kandarakis et al., 2009; Grin and Blumberg, 2006). Reports
from human epidemiologic studies have linked exposure to EDCs to poor metabolic health.
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Most studies report associations between early life or concurrent exposure to phthalates and
phenols, namely bisphenol A (BPA), on outcomes among child (Russ and Howard, 2016;
Silva et al., 2021) and adult populations (Wang et al., 2015; Shankar and Teppala, 2012;
Urbina et al., 2013). However, studies of early (ages 10 to 13) to mid-adolescence (ages

14 to 17) (Stages of Adolescence, 2023) are needed as this is the time that coincides with

the mid-to-late pubertal transition, which is characterized by fluctuating levels of hormones,
and therefore could be especially sensitive to exogenous exposures that disrupt hormones.
Most studies linking phthalates and BPA to metabolic change have measured individual
components of cardiometabolic risk markers (e.g., lipids, adiposity) in children (Heindel
etal., 2017; Grandjean et al., 2015) and adults (Wu et al., 2020a; Moon et al., 2021), as
opposed to using comprehensive measures, such as the MetS risk score. In addition, a recent
literature review provided evidence of sex-specific differences in the association between
phthalates, phenols, and other classes of EDCs with metabolic changes among children, with
most studies measuring exposure in early life (Perng et al., 2021). However, adolescents may
be at significant risk of exposure given that phthalates, phenols, and parabens are found in
household, personal care, and beauty products heavily consumed by adolescents (Buttke et
al., 2012), with female adolescents at an even greater risk of exposure through these routes
(Harley et al., 2016).

Given the possibility of sex-specific associations, sex hormones could mediate relationships
between EDC exposure and metabolic health. Studies have revealed that a decrease in
progesterone and a rise in estrogen in females can result in weight gain and other

metabolic changes (Carlson et al., 2012). Existing literature has also provided evidence

of the acute effects of endogenous progesterone on carbohydrate, lipid, and protein
metabolism (Kalkhoff, 1982). Moreover, testosterone has been implicated in the homeostasis
of metabolism; for example, a recent study that followed a sample of 1130 males from birth
to age 20 found a strong association between obesity and low testosterone levels during
crucial development periods, such as puberty (Mancini et al., 2021). Furthermore, EDCs
have been shown to impact progesterone and testosterone levels, although the relationship
during adolescence remains poorly understood.

One additional caveat to the literature is that current studies conducted among adolescent
populations have centered on cohorts from the United States (US),European or Asian
countries (Gaston and Tulve, 2019; Trasande et al., 2013; Urbina et al., 2013; Hashemi
etal., 2021; Ding et al., 2021; Lin et al., 2016). The scarcity of studies examining linkages
between EDCs and metabolic health among Latin American adolescent populations is a
significant limitation given that adolescents from Latin America may be at greater risk of
cardiometabolic disruption due to multifaceted social and environmental changes (Rivera et
al., 2004; Popkin et al., 2012), such as the nutrition transition.

Given the high prevalence of overweight and obesity among Mexican adolescents, as well
as the profound links between EDCs and metabolic health, the present cross-sectional study
aimed to examine unstratified and sex-stratified associations between exposure to summary
phthalate, phthalate metabolites, phenol, and paraben analytes with MetS risk in a cohort
of Mexican youth during early-to-mid adolescence. A secondary exploratory aim was to
evaluate the role of progesterone and testosterone in the association between summary
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phthalate measures, DEHP and DBP metabolites with lipids ratio and MetS risk z-scores,
as well as sex-stratified informal mediation analysis to examine whether progesterone
concentration in female adolescents and testosterone concentration in male adolescents
mediated these associations.
2. Methods

2.1. Study population

The study included adolescents from two of three sequentially enrolled cohorts of the Early
Life Exposure in Mexico to Environmental Toxicants (ELEMENT) study (Perng et al.,
2019). From 1997 to 2003, 1012 mother-offspring dyads were recruited from the Mexican
Social Security Institute’s public maternity clinics, which serve a low-to-moderate income
population in Mexico City. In 2015, a follow-up study was conducted among 554 adolescent
offspring from the original birth cohorts two and three, ages 10 to 18. During the follow-up
study, information was gathered on sociodemographic and lifestyle characteristics, and
pubertal measurements for the 554 adolescents participating in the follow-up study, while
only 496 adolescents (89.5%) provided a spot urine sample for EDC biomarker assessment.
Compared to the overall sample of 496 adolescents, the sample of 554 adolescents

was slightly older but did not differ in other sociodemographic characteristics (data not
shown). Further, among the 496 adolescents with complete data on the aforementioned
measures, 344 adolescents (69.4%) had complete data on previously mentioned covariates
and ascertainment of metabolic outcomes (See Fig. 1 for study flow chart). Compared with
the larger cohort sample of 496 adolescents, adolescents in the analytic sample (N=344)
did not differ significantly across sociodemographic characteristics (Supplemental Table 1),
except that adolescents in the larger cohort sample were slightly older than adolescents

in the analytic sample [13.8 (2.1) vs. 13.2 (1.9) years; p < 0.0001], a greater proportion
reported having consumed an alcoholic drink in the past year [83.9% vs. 70.6%; p = 0.03)],
and reported slightly more screen time [19.6 (10.9) vs. 19.3 (10.6) h/wk; p = 0.0001]
(Supplemental Table 1).

The National Institute of Public Health of Mexico (INSP) and the University of Michigan
Human Subjects Committee approved all research protocols and procedures, and all
participants provided informed consent.

2.2. Urinary EDC biomarkers

Spot urine samples were collected from adolescent participants. Samples were frozen, kept
at —80 °C, and transported to the University of Michigan for analysis at NSF International
(Ann Arbor, MI, USA). We measured 14 phthalate metabolites: metabolites of % dibutyl
phthalate [Z DBP] — monobutyl phthalate (MBP), mono-isobutyl phthalate (MiBP),
metabolites of X Di(2-ethylhexyl)phthalate [ DEHP] - Mono-2-ethylhexyl phthalate
(MEHP), mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono-(2-ethyl-5-oxohexyl)
phthalate (MEOHP), mono (2-ethyl-5-carboxypentyl) phthalate (MECPP), monobenzyl
phthalate (MBzP), monocarboxy-isononly phthalate (MCNP), monocarboxyoctyl phthalate
(MCOP), mono-(3-carboxypropyl) phthalate (MCPP), monoethyl phthalate (MEP), ono-
isononyl phthalate (MNP), cyclohexane-1,2-dicarboxylic mono carboxyisononyl ester (cx-
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MINCH), and cyclohexane-1,2-dicarboxylic mono hydroxyisononyl ester (OH-MINCH);

8 phenols - 2,4-Dichlorophenol (2,4 DCP), 2,5-Dichlorophenol (2,5 DCP), bisphenol

A (BPA), bisphenol F (BPF), bisphenol S (BPS), benzophenone-3 (BP3), triclocarban,
triclosan; and four paraben analytes - butyl paraben, ethyl paraben, methyl paraben, and
propyl paraben-using isotope dilution-liquid chromatography-tandem mass spectrometry
(ID-LC-MS/MS), as described elsewhere (Lewis et al., 2013). This method was developed
and evaluated against acceptance criteria based on the Centers for Disease Control and
Prevention (CDC) methods for measuring phenols, phthalates, and parabens from urinary
samples (Silva et al., 2004). A summary measure of di-(2-ethyhexyl) phthalate (X DEHP)
exposure was calculated by dividing the concentrations of each metabolite by their molar
mass and then summing the results; a summary measure of dibutyl phthalate (X DBP)
exposure was calculated by dividing the concentrations of each metabolite by their molar
mass and then summing the total concentration. The following summary phthalate mixtures
were calculated from urinary phthalate metabolites as previously described (Hatcher et al.,
2020; Ziv-Gal et al., 2016): phthalate metabolites from plastic sources (X Plastic), phthalate
metabolites from personal care products (X PCP), and anti-androgenic phthalate metabolites
(2 AA). To correct for urinary dilution, specific gravity was measured using a handheld
digital refractometer (Atago Co., Ltd., Tokyo, Japan). All concentrations measured below
the limit of detection (LOD) were replaced by the metabolite-specific LOD/V2.

2.3. Serum sex hormones

We measured serum progesterone and testosterone concentrations in adolescent females and
males collected during the 2015 visit. Serum sex hormones were selected based on a priori
knowledge demonstrating independent associations between respective sex hormones with
EDCs (Drake et al., 2009; Chang et al., 2015; Sheikh et al., 2016; Chou and Tzeng, 2021)
and metabolic health (Gaston and Tulve, 2019; Golestanzadeh et al., 2019). Briefly, serum
aliquots were separated and frozen at —80 °C and then sent to the Clinical Ligand Assay
Service Satellite (CLASS) Laboratory at the University of Michigan (Ann Arbor, MI) for
hormone analysis (Ashrap et al., 2019). Total testosterone and progesterone were measured
using competitive chemiluminescence immunoassays (Bayer Diagnostics Corp, Tarrytown,
NY); a complete description of the serum analysis procedures has been described elsewhere
(Cathey et al., 2020). Undetectable levels were replaced with the LOD/2 (Hornung and
Reed, 1990). Progesterone and testosterone concentrations were evaluated for non-normality
and log-transformed to provide the best fit and modeled as continuous variables. We
calculated the geometric mean (GM) and standard deviation (SD) for all samples to account
for individual variability.

2.4. Metabolic syndrome risk markers

Given the disagreement in using dichotomous measures for MetS among young populations
(Kassi et al., 2011) and in line with recent recommendations, the authors calculated a
continuous MetS score instead of a definition based on a dichotomous diagnosis. The
validated adolescent MetS risk score (MetS risk z-score) was computed using sex-specific
z-scores based on the current sample. The MetS risk z-score was calculated by summing
sex-specific z-scores for the following metabolic variables: waist circumference, fasting
glucose, insulin, average blood pressure ((SBP + DBP)/2)(Viitasalo et al., 2014) and
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fasting lipids ratio (TG/HDL-c), with a larger lipids ratio indicating insulin resistance (IR),
cardiometabolic risk, and cardiovascular disease (Urbina et al., 2013; Salazar et al., 2014) in
adolescents.

Waist circumference was measured to the nearest 1 mm in a consistent location with a non-
stretchable tape, guided by sex-specific diagrams of tape placement. All anthropometric data
were obtained after the adolescents had removed their clothing and shoes, remaining in their
undergarments and a hospital gown. Seated blood pressure measurements were performed

in duplicate, and the average systolic blood pressure (SBP) and diastolic blood pressure
(DBP) levels were used for analyses. Fasting glucose, triglyceride (TG), and high-density
lipoprotein cholesterol (HDL-c) levels were measured using a biochemical analyzer (Cobas
Mira Plus, Roche Diagnostics, Basel, Switzerland) on-site in Mexico City.

2.5. Covariates

Potential confounding covariates of interest included sex, age, household socioeconomic
status (SES), pubertal status, smoking behavior, alcohol intake, physical activity, and weekly
screen time. Household socioeconomic status (SES) was self-reported and assessed using a
10-item region-specific household-based survey that was developed and index standardized
(i.e., AMAI 8 x 7) by the Mexican Association of Marketing Research and Public

Opinion Agencies (Spanish acronym AMAI) to classify the SES of the Mexican population
(Asociacion Mexicana de Agencias de Inteligencia de Mercado and Opinién (AMAL), 2018;
Lopez Romo, 2009). The survey included household-based assets for the following items:
computer and colored television ownership, type of floor, number of rooms, functioning
shower, exclusive bathroom, number of lights, type of stove, number of automaobiles, and the
education level of the highest income earners in the household. Points were assigned to each
item in the home and summed to create an overall measure of SES. The overall measure was
then categorized into seven categories ranging from A to E based on the sum of the total
points. We further categorized the variable into two groups: higher or middle SES (A/B, C+,
C, and C-) and lower SES (D+ and D); no participants in the cohort were in the E category.

Trained physicians implemented standard methods for Tanner staging during the in-

person visit to assess sexual maturation status (Chavarro et al., 2017). The questionnaire
encompassed Tanner stages for pubic hair and breast or genital development. Participants
were divided into two pubertal groups: transitioning (Tanner Stage 1 through Tanner Stage
4 in pubic hair and gonadal development) and mature (Tanner Stage 5 in pubic hair and
gonadal development). We also obtained information on smoking behavior and alcohol
intake behavior. We separately classified smoking behavior and alcohol intake behavior into
dichotomous variables: for smoking whether they self-reported ever having smoked (yes or
no), and for alcohol intake, whether they had ever consumed an alcoholic drink in the past
year (yes or no).

Physical activity information wasobtained from the actigraph, details previously described
elsewhere (Wu et al., 2020b), using Chandler’s vector magnitude cutoffs (Chandler et al.,
2016), and classified as moderate/vigorous physical activity (MVVPA) hours per week (h/wk).
Screen time was self-reported and measured using a questionnaire validated in Mexican
youth (Hernandez et al., 2000). Briefly, screen time was estimated based on the total number
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zamora et al.

Page 7

of hours per day that the participant reported watching TV (not counting time playing video
games or watching movies on the VCR), hours per day watching movies or videos on a
VCR or DVD player, and the hours per day playing video games and using the internet for
entertainment purposes only. We summed the total number of screen time hours reported and
categorized screen time into tertiles of the average screen time hours per week (h/wk).

2.6. Statistical analyses

The distribution of the exposures were explored, and summary statistics (GM, geometric
standard errors (GSE), and percentiles) were calculated to measure exposure distribution

in the unstratified sample and stratified by adolescent sex. The normality of all variables
was investigated via Q-Q plots of residuals; right-skewed variables were In-transformed,
including urinary phthalates, phenol, and paraben analytes. Only analytes detected in 270%
of the analytic sample were included in regression analysis.

Mean and SD were examined to evaluate the crude associations between adolescent
sociodemographic and lifestyle characteristics by the concentration of five summary
phthalate measures. Next, crude associations between sociodemographic and lifestyle
characteristics by adolescent sex-specific z-scores for each of the five MetS risk
components, and the overall measure of MetS risk were evaluated.

Beta (B) coefficients and 95% confidence intervals (Cls) were computed from unstratified
and sex-stratified linear regression models to examine the association between In-
transformed urinary exposure and MetS risk Z-score and its components (waist
circumference, fasting lipids ratio, fasting glucose, average blood pressure, and insulin).
The first model was adjusted for specific gravity only (Model 1); the second was adjusted
for specific gravity, sex, age group, pubertal status, smoking behavior, alcohol intake
behavior, physical activity level, and screen time (Model 2). In addition, to investigate
potential nonlinear associations within the unstratified sample, multivariate linear regression
models were used to examine the relations between urinary EDC concentration tertiles and
adolescent components of MetS risk z-scores, and overall MetS risk z-scores, adjusting for
urinary specific gravity, sex, age group, puberty status, smoking behavior, alcohol intake
behavior, physical activity level, screen time. To examine potential nonlinear associations
stratified by adolescent sex, we ran similar multivariate linear regression models adjusted for
all covariates, except for sex.

We conducted the Baron and Kenny test (i.e., informal mediation analyses) (Baron and
Kenny, 1986) to determine the potential mediating role of progesterone and testosterone
hormones in the associations between EDCs (i.e., summary phthalate measures, DEHP,

and DBP metabolites) and select metabolic markers (i.e., lipids ratio z-score and MetS

risk z-score). Unadjusted (adjusted for specific gravity only) informal mediation analyses
were conducted by adjusting for progesterone and testosterone concentration and evaluating
differences in beta estimates. Finally, we conducted sex-stratified mediation analyses to
evaluate the role of progesterone in the associations between EDCs (i.e., summary phthalate
measures, DEHP, and DBP metabolites) with the aforementioned metabolic markers among
female adolescents and separate informal mediation analyses to evaluate the role of
testosterone in the associations between EDCs (i.e., summary phthalate measures, DEHP
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and DBP metabolites) with the aforementioned metabolic markers among male adolescents.
In post-hoc analyses, we conducted the previously mentioned informal mediation models,
adjusting for specific gravity, sex, age group, puberty status, smoking behavior, alcohol
intake behavior, physical activity level, and screen time (data not shown). Finally, to adjust
for multiple comparisons (Benjamini and Hochberg, 1995), we conducted post-hoc analyses
for the unstratified sample using a false discovery rate (FDR) with the statistical significant
setat p <0.05.

All statistical analyses were performed using SAS 9.4 software (Cary, NC, USA). The
results were considered statistically significant at p < 0.05.

3. Results

At the early to-mid adolescent study visit, participants’ mean (SD) age was 13.2 (1.9) with a
range of 10-17 years; 50.9% were female.

The distribution of summary phthalate measures, individual phthalate metabolites, phenol,
and paraben analyte concentrations are presented in Table 1. The detection rate for toxicants
varied, with most toxicants being detected in the analytic sample. All GM and geometric
standard errors (GSE) are listed in Table 1. Of note, Z AA GM (GSE) for males was slightly
higher in males than females [233.5 (16.7) ng/mL vs. 208.2 (12.9) ng/mL]. Similar patterns
were observed for all summary phthalate measures and phthalate metabolites. However,
females had higher GM (SE) concentrations of most phenol metabolites (Table 1).

In Supplemental Table 2, we present the distribution of serum sex hormone concentrations in
the unstratified sample and stratified by sex.

Table 2 presents the crude associations between sociodemographic characteristics and
urinary phthalate summary measures. Adolescents belonging to the lower SES group had

a significantly lower concentration of £ DBP [169.3 (153.8) vs. 237.2 (388.2); p = 0.04) and
% PCP [169.3 (153.8) vs. 237.2 (388.2); p = 0.01] than their counterparts with higher SES.
No other differences were observed in the concentrations of urinary EDCs according to the
demographics. Table 3 presents differences in the crude associations between demographics,
MetS risk z-scores, and components. Females had higher waist circumference, and fasting
glucose, than males. Older adolescents had higher blood pressure, and waist circumference
z-scores than younger adolescents; similar trends were observed for adolescents of mature
(vs. transitioning) pubertal status.

Table 4 presents the unadjusted and fully adjusted associations between every 1-unit log
increase in summary phthalate measures or EDC analytes with sex-specific z-scores for
MetS risk components and overall MetS risk z-score in the unstratified sample. Table 5
presents sex-stratified findings from the multivariate linear models between each toxicant
and metabolic syndrome risk and individual component z-scores adjusted for specific
gravity, age group, puberty status, smoking behavior, alcohol intake behavior, physical
activity level, and screen time. In the following sections we present the statistically
significant results from Tables 4 and 5 according to each MetS risk component.

Environ Res. Author manuscript; available in PMC 2023 November 01.
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3.1. Waist circumference z-score

After adjusting for confounding variables, we observed an association between 2,5 DCP and
waist circumference z-score [B = 0.07 (95% CI: 0.00, 0.13; p < 0.05)] among the unstratified
sample (Table 4). However, when we stratified by sex, 2,5 DCP was positively associated
with a higher female waist circumference z-score [ = 0.09 (95% CI: 0.01, 0.18); p < 0.05)]
(Table 5). Although not statistically significant, we observed a positive association between
DEHP and DEHP metabolites with waist circumference z-scores. For example, each log unit
increase in the sum DEHP was associated with a 0.15 (95% CI: 0.02, 0.33) higher female
waist circumference z-score, while associations between waist circumference with MEHP
[B=0.12 (95% CI: 0.06, 0.31)], MEHHP [p = 0.14 (95% CI: 0.02, 0.31)], MECPP [B =
0.16 (95% CI: 0.01, 0.33)] and MEOHP [B = 0.10 (95% CI: 0.06, 0.27)] was also associated
in the same direction for female adolescents. No statistically significant associations were
observed among male adolescents.

3.2. Insulin z-score

Among the unstratified sample, no significant associations were observed between exposure
to EDCs and insulin z-scores before or after adjustment for confounders (Table 4), nor

were any significant associations observed between toxicants and insulin z-scores after sex
stratification (Table 5).

3.3. Average blood pressure z-score

3.4. Lipids

After adjusting for confounding variables, we observed a significant association between
2,5 DCP and blood pressure z-score [ = 0.06 (95% CI1:0.00, 0.12; p < 0.05)] among the
unstratified sample (Table 4). No significant associations were observed between toxicants
and blood pressure z-scores after sex stratification (Table 5).

ratio z-score

Among the unstratified sample, several positive associations were observed between EDCs
and lipid z-scores before and after adjusting for confounders. Notably, we found that
multiple phthalates (X DEHP, MEHHP, MECPP, MCNP, X Plastic, and % AA), one phenol
(BPA), and one paraben (methyl paraben) were associated with the lipid z-scores. To
illustrate, for each 1-unit increase in log & DEHP, MEHHP, and MECPP, there was a 0.12
unit [B = 0.12 (95% CI: 0.01, 0.24; p < 0.05)], 0.13 unit [ = 0.13 (95% CI: 0.01, 0.25; p

< 0.05)] and 0.14 unit [B = 0.14 (95% CI: 0.01, 0.26; p < 0.05)] increase in the lipids ratio
z-score (Table 4). We observed several differences when we stratified by sex (Table 5). To
illustrate, among males, £ DEHP was positively associated with the lipids ratio z-score [5=
0.21 (95% CI: 0.04, 0.37; p < 0.01)]. DEHP metabolites, including MEHHP [ = 0.20 (95%
Cl: 0.05, 0.36; p < 0.01)], MECPP [ =0.20 (95% CI: 0.04 0.36, p < 0.01)], and MEOHP
[8=0.20 (95% CI: 0.05, 0.35; p < 0.01)], were positively associated with increased lipids
ratio z-scores of male adolescents. For other summary phthalate measures, the findings also
revealed positive associations between each 1-unit log increase in Z Plastic [ = 0.22 (95%
Cl: 0.05, 0.39; p < 0.01)] and £ AA [8=10.27 (95% CI: 0.07, 0.46; p < 0.01)] with male
lipids ratio z-scores. BPA was positively associated with female lipids ratio z-scores [8 =
0.24 (95% CI: 0.03, 0.44; p < 0.05)] (Table 5).
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3.5. Fasting glucose z-score

Among the unstratified sample, no significant associations were observed between exposure
to EDCs and fasting glucose z-scores before or after adjustment for confounders (Table 4).
No significant associations were observed between toxicants and fasting glucose z-scores
after sex stratification (Table 5).

3.6. MetS risk z-score

Results among the unstratified sample revealed multiple significant positive associations
between summary phthalate measures and phthalate metabolites with MetS risk z-scores
before and after adjustment for confounding variables. & DEHP and its metabolites MEHHP
and MECPP were associated with MetS risk z-scores ranging from 0.13 to 0.15. Finally, one
summary phthalate and two phthalate metabolites were positively associated with the MetS
risk z-score, including Z Plastic [ = 0.14 (95% CI: 0.02, 0.26; p < 0.05)], MCNP [ =

0.20 (95% ClI: 0.03, 0.37; p < 0.05)], and MCOP [B = 0.14 (95% CI: 0.02, 0.26; p < 0.05)]
(Table 4). Although various EDCs were positively associated with MetS risk z-score in the
unstratified sample, none of the associations were statistically significant after stratification
by adolescent sex (Table 5).

3.7. Adjustment for multiple comparisons

After adjusting for multiple comparisons using the FDR test, results revealed that none of
the associations met the FDR correction p-value for statistical significance (Supplemental
Table 3).

3.8. Nonlinear regression results

Results from post-hoc analyses of adjusted nonlinear regression analyses among the
unstratified sample revealed several nonmonotonic associations for select EDCs. For
example, the second tertile (B = 0.27; 95% CI: 0.01, 0.53; p = 0.0474) of adolescent

MEHP urinary concentration was significantly associated with lipids ratio z-score compared
to the first (reference group), while the third tertile showed no difference [ = 0.07 (95%
Cl: 0.20, 0.34)] (p, trend = 0.0445) (Supplemental Table 4). We also found that for BP3,

the third tertile [p = 0.27 (95% CI: 0.01, 0.54; p = 0.0432)] was associated with higher
lipids ratio z-score compared to the first tertile (p, trend = 0.0158). For insulin z-scores, we
observed nonmonotonic associations between the second tertile [B = 0.32 (95% CI: 0.05,
0.60; p = 0.0224)] of 2,5 DCP compared to the first tertile, while the third tertile showed no
difference. In addition, nonmonotonic associations were observed between the second tertile
[B = 0.34 (95% CI: 0.07, 0.60; p = 0.0120)] of BPA with insulin z-score compared to the
first tertile (p, trend = 0.0408).

Results from sex-stratified models among male adolescents did not provide evidence of
nonmonotonic associations (Supplemental Table 5). However, among female adolescents,
we observed U-shaped curve associations between % DEHP with average blood pressure
and fasting glucose z-scores (Supplemental Table 6). We observed a similar U-shaped
association between MEHHP with average blood pressure z-score and MECPP and fasting
glucose z-score (p, trend = 0.0079). We also observed a few inverted U-shape associations
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among female adolescents, for example, between 2,5 DCP with lipids ratio and MetS risk
z-scores and between 2,4 DCP with lipids ratio z-score.

3.9. Informal mediation analysis results

Results from the unstratified informal mediation revealed that when progesterone and
testosterone hormone was added as a covariate to the unadjusted regression models for

the unstratified sample, there was no evidence of mediation by progesterone or testosterone
for 1) the association between summary phthalate measures, DEHP metabolites and DBP
metabolites and lipids ratio z-score nor evidence of progesterone or testosterone mediation
for 2) the association between summary phthalate measures, DEHP metabolites and DBP
metabolites with MetS risk z-score (Supplemental Table 7). In addition, results from sex-
stratified informal mediation analysis demonstrated that progesterone (for females) and
testosterone (for males) did not mediate associations between EDCs withlipids ratio or MetS
risk z-scores (Supplemental Table 8). Models adjusted for potential confounders revealed no
significant associations (data not shown).

4. Discussion

The main objectives of the present study were to investigate cross-sectional relationships
between urinary summary phthalate measures, phthalate metabolites, phenols, and paraben
analytes with MetS risk among Mexican youth in early-to-mid-adolescence. From linear
regression models, unstratified results demonstrated positive associations between higher
exposure to phthalates and phenols with lipids, waist circumference, blood pressure, and
overall MetS risk z-scores among Mexican youth. Moreover, sex-stratified results revealed
that some associations differed by sex. Among males, we found positive associations
between higher exposures to mixtures of phthalates, as well as individual phthalate
metabolites, with lipid z-scores, while for female adolescents, we observed positive
associations between phenol metabolites and waist circumference and lipids ratio z-scores.
No significant associations were observed between parabens and MetS risk components

in either sex group. Nonlinear models demonstrated mostly dose-response associations
between EDCs and metabolic markers in the unstratified and sex-stratified samples. Albeit a
few toxicants were nonmonotonically associated (i.e., U-shaped or inverted U-shaped curve)
with select metabolic markers, such as average blood pressure, glucose, and lipids ratio
z-scores among adolescent females.

The present study found associations between EDCs and overall MetS risk as well as

with individual MetS risk components in the unstratified sample. Considering overall

MetS risk, multiple phthalates were positively associated with MetS risk z-score in the
unstratified adolescent sample. These findings align with studies that have demonstrated
positive associations between phthalate exposure and metabolic syndrome risk among adult
populations (Radke et al., 2019; James-Todd et al., 2016; Zamora et al., 2021). Previous
studies have also offered potential explanations for the effects of phthalate, phenol, and
paraben exposure on metabolic health by elucidating the mechanisms by which these
toxicants interfere with hormone homeostasis (Diamanti-Kandarakis et al., 2009). For
example, EDCs compete with endogenous steroid hormones that bind to receptors and
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hormone transport proteins or alter the metabolism or synthesis of endogenous hormones
(Casals-Casas and Desvergne, 2011).

The examination of the individual MetS risk components provides more specificity on how
the EDCs may alter MetS risk. Notably, we found that ¥ DEHP, MEHHP, MECPP, MCNP,
2 Plastic, and  AA were positively associated with higher lipids ratio z-scores in the
unstratified sample. Moreover, when we stratified by sex, we found that the associations
between phthalates and lipids that remained statistically significant were among male
adolescents, including for £ DEHP, MEHHP, MECPP, MEOHP, % Plastic, and T AA,
whereas one phenol metabolite (BPA) was positively associated with the female lipids
ratio z-score. To our knowledge, no other studies have examined the relationship between
concurrent phthalate exposure with the lipids ratio — which is a validated marker for IR,
cardiometabolic risk, and cardiovascular disease in adolescent (Urbina et al., 2013; Salazar
et al., 2014). However, various studies have examined other lipid biomarkers in relation

to phthalate exposure. For example, a recent cross-sectional study among a sample of 16—
19-year-old Chinese adolescents found that multiple phthalate metabolites (MECPP and X
DEHP) were negatively associated with HDL-c levels and positively associated with TG
levels (association not statistically significant) (Ding et al., 2021). This finding aligns with
our results since they indicated that higher exposure to phthalate metabolites might affect
lipid levels during adolescence. However, we caution against comparison due to cohort
differences, including exposure levels between the two populations.

Moreover, a previous cross-sectional study conducted among a subsample of 248
ELEMENT adolescents showed that higher exposure to MCPP, MEP, and DBP was
associated with lower total cholesterol and low-density lipoprotein cholesterol (LDL-c)
levels, with sex-stratified findings showing that associations between % DEHP and

lower LDL-c levels were significant among females only (Perng et al., 2017). These
findings contradict our results, indicating that higher exposure to phthalates during early-
to-mid-adolescence is associated with worse lipid profiles among males but not females.
Our findings may differ for various reasons. For example, although we adjusted for
pubertal status, studies have shown that during puberty, circulating lipid levels decrease
(Mascarenhas et al., 2015; Eissa et al., 2016). Thus, differences in findings between the
present study and the comparison study by Perng et al. (2017) could have been driven

by pubertal status. This theory may also explain why the findings were sex-specific, with
female adolescents at greater risk at a younger age, while male adolescents seemed to be
at a greater risk at an older age (i.e., likely post-puberty). The present sexually dimorphic
results indicate that phthalate exposure may affect lipid metabolism in male adolescents by
increasing serum TGs and reducing HDL-c levels.

In the present study, we found evidence supporting a positive association between a phenol
metabolite (2,5 DCP) and waist circumference that was specific to females. A recently
published study by Gajjar et al. found inverse associations between exposure to BPA during
childhood and childhood body fat, as well as an inverse association between childhood
exposure and adolescent body fat levels (prospective), while urinary BPS concentrations
were positively associated with percent body fat at age eight years, but not at 12 years;
Gajjar et al. did not find evidence of sex-differences (Gajjar et al., 2021). We posit that
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discrepancies are due to various factors, including the fact that 2,5 DCP and bisphenols are
different chemicals. Importantly, the comparative study did not examine associations with
2,5 DCP, a metabolite that remains pervasive in the environment.

Study results also demonstrated that one phenol metabolite (2,5 DCP) was associated

with an increased blood pressure z-score in the unstratified sample. The link between
increased exposure to phenols and blood pressure has been documented in adult human
epidemiological (Bae et al., 2012; Jiang et al., 1987) and animal (Al Mansi et al., 2020),
and mechanistic studies (Han and Hong, 2016). However, a study conducted among 12—
15-year-old Turkish youth found no association between free and total BPA and blood
pressure profiles (Yalgin et al., 2022). Differences between our study and the Turkish study
are likely because 2,5 DCP is a phenol chemical structurally different from BPA or BPS.
This finding may still indicate that 2,5 DCP is an emerging health threat, although it
remains understudied. Although we found no significant associations between phthalates
and blood pressure, a recent study conducted among Chinese children and youth found that
urinary phthalates were dose-responsively related to elevated blood pressure and risk of
hypertension, particularly for MEP, MECPP, and MEHHP (Liu et al., 2022). It is possible
that the present study was underpowered to detect associations between phthalates and
blood pressure. Moreover, the underlying mechanism by which exposure to EDCs, such

as phthalates and phenols, may result in elevated blood pressure has been posited to be
related to inflammation. For example, experimental studies have shown that in-vitro DEHP
is associated with increased inflammatory cytokine levels within endothelial cells (Wang and
Dong, 2012) and vascular smooth muscle cells (Shih et al., 2018), known to elevate blood
pressure.

The present study found no evidence of a significant associations between exposure
biomarkers with insulin and fasting glucose z-scores. Our findings are inconsistent with
most of the existing literature on the relationship between EDCs and insulin levels (Trasande
etal., 2013; Dong et al., 2018). For example, a study using NHANES 2009-2012 data
examined the correlation between LMW and high-molecular-weight (HMW) phthalates

and % DEHP, di-isodecyl phthalate (DIDP), and diisononyl phthalate (DINP), and IR

in adolescents (Attina and Trasande, 2015). Adolescents classified as insulin-resistant

had significantly higher concentrations of HMW, DEHP, and DINP metabolites (Attina

and Trasande, 2015). In addition, a cross-sectional study among Iranian children and
adolescents found a significant relationship between fasting blood glucose and MEHHP

in the overall sample (Hashemi et al., 2021). However, this study did not stratify participants
by developmental age group.

Although mostly dose-response associations were detected, a few U-shaped and inverted U-
shaped relationships were observed between several metabolites and z-scores for metabolic
markers (i.e., blood pressure, fasting glucose, and lipids ratio), in particular among female
adolescents. Similar nonlinear relationships have been shown between toxicants, such as
DEHP and blood pressure in Chinese children (Yao et al., 2020) and mice models (Mariana
et al., 2018). Nonlinear relationships may be attributed to various biological factors. One
plausible explanation is the saturation of the metabolic system at higher doses of the
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substance which may lead to an opposing effect compared to low concentrations (Lagarde et
al., 2015).

We did not find evidence of informal mediation by progesterone or testosterone
concentration in the unstratified and sex-stratified associations between summary phthalate
measures, DBP and DEHP metabolites with lipids ratio, and MetS risk z-score. In contrast,
previous studies have shown that hormones mediate associations between phthalates and
metabolic health markers. For example, a recent study found that free T4 (i.e., thyroid
hormone) levels mediate the effects of exposure to phthalates on insulin resistance in adults
(Huang et al., 2021). Other studies have shown that phthalates are associated with hormones
such as testosterone (Drake et al., 2009) and progesterone (Sheikh et al., 2016). Our findings
may not align due to study design; in this report, we measured exposures, outcomes, and sex
hormones at one-time point.

We utilized urinary biomarkers of toxicant exposure rather than relying on self-reported
EDC exposure. Another strength was the larger sample size compared to many previous
epidemiologic studies. In addition, this study is among the few to use an epidemiologic
framework to examine sex-differences during a sensitive period for metabolic programming.
This study also has some limitations. First, a causal relationship between exposure and
outcomes could not be established because of the cross-sectional study design. The
temporality of the associations could not be assessed using predictors and outcomes of
interest simultaneously collected. Urinary phthalate metabolites were estimated from a
single spot urine sample, and metabolic parameters were measured simultaneously. This
may have resulted in random error and imprecise or biased study findings (Hutcheon et

al., 2010). Multiple urine samples are required to estimate chronic exposure to EDCs.

As with any epidemiological study, some unmeasured confounders, such as diet, may

bias effect estimates obtained from regression models. Finally, other than running models
for select summary phthalate measures, we did not apply other statistical approaches for
multipollutant exposure, such as principal component analysis (PCA), which allows for the
examination of cumulative effects for correlated groups of exposures.

5. Conclusions

Study findings revealed multiple positive links between phthalate and phenol exposure,
lipids ratio, and MetS risk z-scores among Mexican adolescents. Given that none of

the present study effect estimates met statistical significance after correcting for multiple
comparisons, future studies with larger sample sizes are required to confirm study findings.
In addition, future studies should examine the present questions using large-scale studies
with a longitudinal design and repeated measures at multiple time points to test for
underlying biological mechanisms.
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Fig. 1.
Study flow chart.
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