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Abstract

Aim: Limited evidence exists on the effects of endocrine-disrupting chemical exposure on metabolic dysfunction-
associated steatotic liver disease (MASLD) in adolescents. We aimed to assess the effects of multiple chemicals
on the hepatic steatosis index (HSI) and MASLD in adolescents, and to further explore the potential roles of
inflammation and lifestyle factors.
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Methods: Associations between chemical exposures and HSI/MASLD were examined using generalized linear
models, restricted cubic spline analysis, weighted quantile sum regression, and Bayesian kernel machine
regression. Mediation analysis was conducted to evaluate whether inflammation mediated these relationships.

Results: Among 2,163 adolescents (median age 15 years), 490 (22.7%) were diagnosed with MASLD. Bisphenol A,
mono-ethyl phthalate, mono-(carboxyoctyl) phthalate, and mono-benzyl phthalate (MBzP) were significantly
associated with HSI or MASLD. Both weighted quantile sum and Bayesian kernel machine regression consistently
indicated a positive correlation between chemical mixtures and MASLD, with MBzP and bisphenol A identified as
key contributors. Mediation analysis showed that white blood cells partially mediated the associations of MBzP
with HSI and MASLD, and of mono-(carboxynonyl) phthalate with MASLD. Sedentary behavior and physical
activity further modulated the combined effects of chemical mixtures on MASLD.

Conclusion: Exposure to phenols, pesticides, and phthalates was significantly associated with HSI or MASLD, with
white blood cells acting as a mediator. Reducing sedentary behavior and increasing physical activity may mitigate
the adverse impacts of chemical mixtures on MASLD.

Keywords: EDCs, HSI, MALSD, inflammatory markers, lifestyle factors

INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease (MASLD), originally known as non-alcoholic fatty
liver disease, was terminologically updated to highlight the metabolic dysfunction underlying the
condition". As rates of childhood obesity continue to rise, MASLD has emerged as the predominant
etiology of pediatric chronic liver disease. Recent research has reported that MASLD affects approximately
13% of the pediatric population and 47% of children with obesity globally”. MASLD can progress to
metabolic dysfunction-associated steatohepatitis (MASH), liver cirrhosis, and hepatocellular carcinoma,
while also increasing the risk of type 2 diabetes, cardiovascular disease, and chronic kidney disease'*,
thereby placing a significant burden on healthcare systems and societies worldwide. Excessive energy intake,
insufficient physical activity, and a predisposed genetic background are well-established risk factors for
MASLD".. However, with the rapid advances in the use of environmental chemicals, endocrine disrupting
chemicals (EDCs) have been recognized as major environmental contributors to the progression of
MASLD, including persistent EDCs (e.g., polychlorinated biphenyls and perfluorinated chemicals)®,
phthalates, bisphenol A (BPA), and others".

EDCs are a class of exogenous substances that interfere with hormone synthesis, metabolism, and/or
regulation, and may have adverse effects on human health by contributing to developmental, reproductive,
metabolic, and immune-related diseases"*"'. This immunotoxicity is mechanistically exemplified by BPA,
for which accumulating evidence from animal studies indicates that exposure induces elevated oxidative
stress in the spleen, subsequently triggering mitochondrial dysfunction in splenocytes and ultimately
contributing to cellular and tissue damage in mammalian systems"*"”. Non-persistent EDCs, such as
chlorophenols, phenols and phthalates, have become increasingly widespread and persistent due to their
prolonged use in daily products over the years (e.g., food packaging, construction materials, pesticides,
cleaning and personal care products)!**". Their unique physicochemical properties allow them to be easily
released into the environment, consequently resulting in pervasive human exposure via inhalation,
ingestion, and dermal contact"*. Notably, due to their immaturity in physiology, anatomy, behavior, and
toxicokinetics, children may be particularly susceptible to the effects of EDCs"*'*. This underscores the
epidemiological importance of assessing the link between EDC exposure in the pediatric population and
long-term health outcomes.
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Mounting evidence increasingly points to a potential association between higher exposure to EDCs and the
development of MASLD in adults"”*".. However, few epidemiological studies have assessed the relationships
between exposure to these EDCs and MASLD in children and adolescents. A single study based on the
National Health and Nutrition Examination Survey (NHANES) data found that elevated levels of BPA
exposure raised the likelihood of MASLD among Hispanic adolescents”’. Additionally, some evidence
suggests a link between prenatal or childhood exposure to EDCs and an increased risk of liver injury in
children and adolescents”*”. Over the past few years, an expanding body of research has emphasized the
importance of considering the complex exposure patterns, significant correlations, and synergistic
interactions among environmental chemicals®***!. Given that the body is unavoidably exposed to
numerous chemicals simultaneously, this can result in additive, synergistic, or antagonistic interactions
among concurrently administered chemicals”. Consequently, it is essential to implement novel analytical
strategies to elucidate the correlations between various EDC exposures and MASLD in adolescents, while
accounting for these intricate relationships.

Some evidence from experiments has also highlighted the harmful effects of EDCs on the development of
MASLD, with inflammation possibly playing a key role. A recent in vitro study has demonstrated BPA’s
active involvement in hepatic inflammation, driven by the release of pro-inflammatory cytokines. Su et al.
found that prenatal low-dose exposure to di-(2-ethylhexyl) phthalate (DEHP) in pregnant Sprague-Dawley
rats resulted in hepatic lipid accumulation in offspring, promoted the progression of hepatic fibrosis, and
caused potential liver injury through the induction of inflammatory responses””. Considering that EDCs
can affect the development, function, and longevity of immune cells (e.g., lymphocytes, neutrophils (Neu),
eosinophils, and monocytes)”, they may consequently increase the risk of MASLD". Therefore, we further
examined whether immune cells mediate the correlation between EDCs and MASLD in adolescents to
better understand the potential mechanism.

Unhealthy lifestyles, including smoking, drinking, physical inactivity, insufficient sleep, and poor diet, have
been reported to increase the risk of MASLD"**'. Several studies indicate that adopting a healthy lifestyle
can help mitigate the harmful effects of environmental pollutants®**¥. For instance, Aimuzi et al. found that
individuals with a healthier diet may experience fewer adverse effects from organophosphate esters on
MASLD". Another study suggested that a healthy lifestyle can reduce the harmful impact of
polychlorinated biphenyls and organochlorine pesticides on MASLD"™. However, it remains unclear
whether lifestyle factors can modify the association between EDC exposure and MASLD in adolescents.

The hepatic steatosis index (HSI), a non-intrusive method for assessing hepatic steatosis, has been
confirmed to have good predictive performance”. Thus, in this study, we adopted HSI as a non-invasive
tool to assess MASLD in adolescents. Additionally, the application of HSI as another primary outcome
could more effectively elucidate the relationship between EDCs and the extent of hepatic steatosis™. Given
this background, we extracted data on two phenols, two chlorophenol pesticides, and ten phthalate
metabolites from the NHANES dataset. We then investigated the single and combined effects of these
chemicals on HSI and MASLD in adolescents. We also assessed the potential mediating effects of the
inflammation index and the potential modifying effects of lifestyle factors.

METHODS

Study population

The data for this study were obtained from the NHANES conducted between 2005 and 2016. NHANES is a
nationally representative cross-sectional survey that collects data on diet, nutritional status, health, and
health behaviors. It assesses the physical health and nutrition levels of noninstitutionalized children and
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adults in the United States (https://www.cdc.gov/nchs/nhanes/). Initially, 60,936 participants were included.
After excluding those with incomplete liver function data (n = 22,480), individuals aged 20 or older
(n =30,827), those without complete data on urinary phenols, pesticides, and phthalates metabolites
(n =5,119), and 347 participants with missing core covariate data, 2,163 adolescents aged 12-19 years were
ultimately enrolled in the study [Supplementary Figure 1]. This study received ethical clearance from the
National Center for Health Statistics Institutional Review Board, and written informed consent was
obtained from all participants before data collection.

Measurement of chemicals in urine

The urine samples were stored at -20 °C and subsequently shipped to the National Center for
Environmental Health for testing. Phenols and chlorophenol pesticides were quantified using online solid-
phase extraction combined with high-performance liquid chromatography and tandem mass spectrometry.
Phthalate metabolites were measured using high-performance liquid chromatography-electrospray
ionization-tandem mass spectrometry. Concentrations below the LOD were assigned a value of LOD/+2,
following NHANES recommendations. To adjust for urine dilution in spot samples, metabolite levels were
corrected for creatinine concentrations. Urinary creatinine levels (g/L) were determined by the enzymatic
Roche Cobas 6000 system. Detailed experimental methods are available on the NHANES website (https://
wwwn.cdc.gov/Nchs/Data/Nhanes/Public/2005/DataFiles/EPH_D.htm).

In this study, we included chemicals with metabolite detection frequencies of 85% or higher™”. Thus, the
final analysis included 14 chemicals: 2 phenols [BPA and bisphenol-3 (BP3)], 2 chlorophenol pesticides
[2,4-dichlorophenol (2,4-DCP) and 2,5-dichlorophenol (2,5-DCP)], and 10 phthalate metabolites [MEP,
mono-n-butyl phthalate (MBP), mono (carboxyoctyl) phthalate (MCOP), mono (2-ethyl-5-carboxypentyl)
phthalate (MECPP), mono (2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono-(3-carbox ypropyl)
phthalate (MCPP), mono-benzyl phthalate (MBzP), mono-isobutyl phthalate (MiBP), mono-
(carboxynonyl) phthalate (MCNP), and mono-(2-ethyl-5-oxohexyl) phthalate (MEOHP)].

Definition of outcomes

The extent of hepatic steatosis was assessed using the HSI, calculated as follows: HSI = 8 x [alanine
aminotransferase (ALT, IU/L)/aspartate aminotransferase (AST, IU/L)] + body mass index (BMI, kg/m?) +
2 for females + 2 for individuals with diabetes™. A previously published cutoff value of 36 was applied to
define the existence of hepatic steatosis””. MASLD is diagnosed by hepatic steatosis (HSI 2 36) and one or
more of the following cardiometabolic risk factors: (1) BMI 2 the 85th percentile based on age- and sex-
specific criteria; (2) diabetes or prediabetes (including self-reported diabetes/prediabetes, glycosylated
hemoglobin (HbA1c) > 5.7%, fasting blood glucose 2 5.6 mmol/L, or 2-h postprandial glucose levels
> 7.8 mmol/L); (3) blood pressure 2 130/80 mmHg for children aged < 13 years and 2 130/85 mmHg for
children aged 2 13 years; (4) plasma triglyceride concentration = 1.15 mmol/L for children < 10 years and
2 1.70 mmol/L for children 2 10 years; (5) plasma HDL cholesterol concentration < 1.0 mmol/L"®.

Measurement of inflammatory markers

Lymphocytes, Neu, white blood cells (WBC), and platelet counts (expressed as x 10 /uL) were measured
using automated hematology analyzers. The neutrophil-to-lymphocyte ratio (NLR) and systemic immune-
inflammation index (SII) were calculated using NLR = Neu count/lymphocyte count™; SII = (platelet count
x Neu count) / lymphocyte count™’.

Covariates and lifestyle factors
We extracted the following covariates from the NHANES database: age, gender, race/ethnicity, family
income-to-poverty ratio (PIR), BMI (categorized as normal/underweight, overweight, or obesity according
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to World Health Organization (WHO) age- and sex-specific reference standards*"), total calorie intake,
diabetes status, serum cotinine, ALT, AST, alkaline phosphatase (ALP), and gamma-glutamyl transferase
(GGT) levels, along with session of sample collection, survey time period, and NHANES cycles.

Data on lifestyle factors, including sedentary behavior, physical activity, sleep patterns, smoking status, and
dietary patterns, were collected using structured questionnaires and 24-h dietary recalls. Sedentary behavior
was classified as high (2 7 h/day) or low (< 7 h/day) based on self-reported sitting time**. Physical activity
was defined as the sum of weekly minutes spent on moderate and vigorous physical activities. Following the
physical activity recommendations, physical activity was grouped into low (< 420 min/week) or moderate to
high (2 420 min/week)". Healthy sleep patterns were defined as 8-10 h/day for adolescents aged
16-17 years and 7-9 h/day for those aged 18-19 years by the National Sleep Foundation guidelines.
Adolescents sleeping fewer than the recommended hours were categorized as having poor sleep™’. Smoking
status was evaluated by asking adolescents aged 12 and older, “Have you ever tried cigarette smoking, even 1
or 2 puffs”? Responses were classified as “yes" or “no”. Dietary quality was evaluated using the Healthy
Eating Index (HEI)-2020, which aligns with the 2020-2025 Dietary Guidelines for Americans'*”. The HEI-
2020 score (range: 0-100) was calculated based on 13 components, with higher scores indicating better diet
quality. Scores were classified into two categories: poor (< 60) and healthy (= 60).

Statistical analysis

For basic characteristics, continuous variables were expressed as median interquartile range (IQR) due to
right-skewed distributions, and categorical variables were expressed as frequencies (n) and percentages (%).
Group comparisons were conducted utilizing the Wilcoxon rank-sum test or the 4* test. Due to right-
skewed distribution, serum cotinine, ALT, ALP, GGT, Neu, WBC, and creatinine-corrected chemicals were
In-transformed to better approximate the normal distributions. Spearman correlation analysis assessed
correlations among individual chemicals. We employed weighted generalized linear regression models
(GLMs) to evaluate the relationship of individual chemicals with HSI and MASLD. The chemical
concentrations were In-transformed as continuous variables or grouped into quartiles as categorical
variables for further analysis. Trend test was performed by assigning the median value of each quartile in the
regression model. Covariates included age, gender, race/ethnicity, BMI, PIR, total calorie intake, diabetes
status, and In-transformed serum cotinine, ALT, ALP, and GGT levels. Subgroup analyses by sex (male and
female) were conducted to identify potential sex-specific variations. In addition, restricted cubic spline
(RCS) analysis was performed to examine the possible nonlinear dose-response relationships between
individual chemicals with HSI and MASLD, with the 10th percentile serving as the reference!.

The weighted quantile sum (WQS) regression and Bayesian kernel machine regression (BKMR) models
were utilized to investigate the association of chemical mixtures with HST and MASLD. WQS regression is a
multivariate approach that assesses the joint impacts of multiple chemicals on health outcomes and
quantifies the relative importance of each chemical®. The dataset was split into training (40%) and
validation (60%) sets, using 1,000 bootstrap samples. BKMR employs a kernel function to flexibly model
both individual and combined impacts of exposure mixtures on HSI and MASLD, utilizing 10,000 iterations
of the Markov Chain Monte Carlo algorithm"”. Within this analytical framework, to facilitate the selection
of one component within a prespecified group of correlated components, chemical exposures were stratified
by their common exposure sources into three groups: Group 1, phenols; Group 2, pesticides; Group 3,
phthalates®*. We further explored: (1) the joint impacts of chemical mixtures on health outcomes
compared to the medians; (2) the single effects and potential interactions of chemical mixtures using both
univariate and bivariate exposure-response functions; (3) the key chemicals contributing most to HSI and
MASLD by calculating the posterior inclusion probability (PIP).
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Subsequently, mediation analyses were conducted to examine whether inflammatory markers (such as
WBC, Neu, NLR, and SII) mediated the associations of chemicals with HSI and MASLD. Specifically, we
investigated the relationships between these chemicals and inflammatory markers, as well as the effects of
these markers on HSI and MASLD"". To evaluate effect modification by lifestyle factors, we conducted
subgroup analyses based on sedentary behavior, physical activity, sleep patterns, smoking status, and dietary
quality. Interactions between these variables and chemical mixture exposure, operationalized using cross-
product terms, were formally tested in WQS models. Then, we estimated subgroup results by plugging in
chemical weights as obtained from the above overall models*.

Several sensitivity analyses were performed to verify the robustness of our main results. Firstly, we repeated
the GLMs and WQS models with additional adjustments of WBC, Neu, sedentary behavior, and physical
activity. Secondly, in light of prior evidence linking prescription medication use to inflammation"”, the
mediation analysis was repeated after excluding users of these medications. All statistical analyses were
conducted using R software (version 4.4.2, with packages “survey”, “rcs”, “gWQS”, “bkmr”, “mediation”); a
two-tailed P < 0.05 was considered statistically significant.

RESULTS

Baseline characteristics

Table 1 provides the socio-demographic characteristics of the study population. Of the 2,163 adolescents
included, the median age was 15 years, with 47.0% being male. Among them, 490 (22.7%) were diagnosed
with MASLD, while the remaining 1,673 (77.3%) served as controls. Adolescents with MASLD exhibited a
higher age and a lower PIR compared with controls (P < 0.05). Additionally, compared to the non-MASLD
group, the MASLD group had a higher likelihood of being Mexican American, a greater proportion of
obesity, elevated levels of ALT, GGT, and serum cotinine, and reduced levels of ALP. No significant
differences were observed between the cases and controls in terms of gender, AST levels, blood sample
collection session, survey period, and NHANES cycles.

Supplementary Table 1 summarizes the detection frequency, geometric mean, arithmetic mean, and specific
percentiles of the concentrations of 14 chemicals. MEP exhibited the highest geometric mean concentration
(193.59 ng/mL), followed by BP3 (137.72 ng/mL) and MECPP (26.41 ng/mL). Spearman correlation analysis
observed moderate to strong positive correlations among multiple chemicals, with the highest correlation
observed between MEHHP and MEOHP (r = 0.98; Supplementary Figure 2).

Individual effect of multiple chemicals on HSI and MASLD risk

In the linear regression model, we observed that the MEP (quartile 2 vs. quartile 1: B = 0.451;
95%CI = 0.021-0.880), MCOP (quartile 4 vs. quartile 1: B = 0.517; 95%CI = 0.075-0.960), and MBzP
(continuous variable: B = 0.192; 95%CI = 0.004-0.380) were significantly positively associated with HSI. In
the logistic regression model, higher levels of BPA (quartile 4 vs. quartile 1: OR = 2.375;
95%CI = 1.168-4.832) and MBzP [(continuous variable: OR = 1.471; 95%CI = 1.156-1.872); (quartile 4 vs.
quartile 1: OR = 2.524; 95%CI = 1.237-5.148; P, = 0.016)] were significantly positively associated with an
increased risk of MASLD [Table 2].

The subgroup analysis stratified by sex suggested a positive relationship between BPA, MCPP, and HSI in
males, while MiBP showed a significant correlation with HSI in females (all P < 0.05;
Supplementary Table 2). Similarly, in males, the concentrations of BPA, MEHHP, MBzP, and MEOHP
exhibited a significant relationship with MASLD, while in females, MEP, MCOP, and MCNP were
positively correlated with MASLD (all P < 0.05; Supplementary Table 3). Furthermore, the results of RCS
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Table 1. Characteristics of participants included in the study
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Items Overall (n=2,163) Non-MASLD (n=1,673) MASLD (n = 490) P

Age (years) 15 (14,17) 15(13,17) 16 (14,18) <0.001
Gender

Male 1,016 (47.0) 762 (455) 254 (51.8) 0.353
Female 1147 (53.0) 911 (54.5) 236 (48.2)

Race/ethnicity

Mexican American 546 (25.2) 395 (23.6) 151(30.8) 0.003
Other Hispanic 193 (8.9) 155(9.3) 38(7.8)

Non-Hispanic White 638 (29.5) 638 (29.5) 120 (24.5)

Non-Hispanic Black 575 (26.6) 426 (25.5) 149 (30.4)

Other race 211(9.8) 179 (10.7) 32(6.5)

PIR

<10 678 (31.3) 516 (30.8) 162 (33.1) 0.019
1.0-3.0 921(42.6) 703 (42.0) 218 (44.5)

>3.0 564 (26.1) 454 (27.1) 110 (22.4)

BMI (kg/m>)

Normal or underweight 1,207 (55.8) 1,205 (72.0) 2(0.4) <0.001
Overweight 487 (22.5) 399 (23.8) 88 (18.0)

Obesity 469 (21.7) 69 (4.1) 400 (81.6)

Serum cotinine (ug/L) 0.05 (0.01, 0.60) 0.04 (0.01,0.54) 0.08 (0.02, 0.82) <0.001
ALT (U/L) 17.(14, 21) 16 (13,19) 23(17,33) <0.001
AST (U/L) 22 (19, 26) 22 (20, 26) 23 (19, 28) 0.386
GGT (U/L) 13311,17) 13.(10,16) 18 (13, 24) <0.001
ALP (U/L) 98 (71,172) 104 (72,194) 87 (69, 126) <0.001
Total calories intake (kcal/day) 1,938 (1,486, 2,518) 1,996 (1,517, 2,559) 1,840 (1,348, 2,365) 0.043
Diabetes

No 1,857 (85.9) 1,468 (87.7) 389 (79.4) 0.001
Boardline 289 (13.4) 200 (12.0) 89 (18.2)

Yes 17 (0.8) 5(0.3) 12(2.4)

Session of sample collection

Morning 1,035 (47.9) 830 (49.6) 205 (41.8) 0.265
Afternoon 703 (32.5) 531(31.7) 172 (35.1)

Evening 425 (19.6) 312 (18.6) 13 (23.1)

Six-month time period when surveyed

November 1st-April 30th 1,083 (50.1) 820 (49.0) 263 (53.7) 0.303
May 1st-October 31st 1,080 (49.9) 853 (51.0) 227 (46.3)

NHANES cycles

2005-2006 580 (26.8) 451(27.0) 129 (26.3) 0.346
2007-2008 311 (14.4) 248 (14.8) 63 (12.9)

2009-2010 336 (15.5) 260 (15.5) 76 (15.5)

2011-2012 299 (13.8) 228 (13.6) 71(14.5)

2013-2014 337 (15.6) 261(15.6) 76 (15.5)

2015-2016 300 (13.9) 225 (13.4) 75(15.3)

Continuous or categorical variables were presented as median (IQR) or n (%). Bold font indicates statistically significant (P < 0.05). PIR: Ratio of
family income to poverty; BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase; GGT: gamma glutamyl|
transferase; ALP: alkaline phosphatase; MASLD: metabolic dysfunction-associated steatotic liver disease.
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Table 2. Associations between single urinary chemicals and HSI and MASLD risk

Quartile1 Quartile 2 Quartile 3 Quartile 4 P,

trend

Chemicals Continuous

HSI, Linear regression model, p (95%CI)

Phenols

BPA -0.088 (-0.274, 0.097) Ref. 0.401(-0.116, 0.917) 0.326 (-0.136, 0.789) 0.022 (-0.524, 0.569) 0.468
BP3 -0.064 (-0.170, 0.043) Ref. 0.221(-0.310, 0.751) 0.235(-0.287,0.757) -0.094 (-0.653,0.466)  0.246
Pesticides

2,4-DCP -0.013 (-0.140, 0.114) Ref. 0.071(-0.481, 0.623) -0.372(-0.807,0.062)  0.125 (-0.364, 0.614) 0.515

2,5-DCP -0.008 (-0.099, 0.083)  Ref. -0.042 (-0.539,0.456)  -0.343(-0.833,0.147) 0.001(-0.520, 0.522) 0.716

Phthalates

MEP 0.016 (-0.117,0.149) Ref. 0.451(0.021,0.880)*  0.205(-0183,0594)  0.092 (-0.405,0.588)  0.607
MBP -0.106 (-0.331,0.120)  Ref. -0.061(-0.568,0.445) 0317 (-0238,0.873)  -0.520 (-1.015,-0.025)  0.007
MCOP 0.133 (-0.045, 0.311) Ref. 0.404(-0129,0938)  0.431(-0.009,0.872)  0.517 (0.075, 0.960)*  0.167

MECPP -0.134 (-0.328, 0.060) Ref. -0.176 (-0.653, 0.301) -0.21(-0.595, 0.174) -0.205(-0.723,0.312) 0.675
MEHHP -0.087 (-0.246, 0.073) Ref. 0.261(-0.327,0.849) -0.206 (-0.592,0.180)  -0.03(-0.492, 0.431) 0.662
MCPP 0.069 (-0.128, 0.266) Ref. 0.179 (-0.293, 0.652) -0.015 (-0.547, 0.518) 0.231(-0.291, 0.753) 0.422
MBzP 0.192 (0.004, 0.380)*  Ref. -0.218 (-0.694,0.258)  0.005(-0.463, 0.473) 0.260 (-0.322, 0.841) 0.164
MiBP 0.053 (-0.167, 0.273) Ref. 0.409 (-0.037, 0.855) 0.132 (-0.294, 0.557) 0.195 (-0.271, 0.660) 0.947
MCNP 0.098 (-0.138, 0.334) Ref. 0.144 (-0.319, 0.607) 0.036 (-0.453, 0.524) 0.012 (-0.567, 0.591) 0.835
MEOHP -0.076 (-0.241,0.089) Ref. 0.199 (-0.193, 0.591) -0.180 (-0.631,0.272) -0.118 (-0.576, 0.340) 0.463
MASLD, Logistic regression model, OR (95%Cl)

Phenols

BPA 1324 (0.986,1.778) Ref. 2,002 (0.865,4.635) 1910 (0.755, 4.830) 2.375 (1.168, 4.832) 0.056
BP3 0.878 (0.729,1.058) Ref. 0.916 (0.463,1.811) 0.715(0.291,1.757) 0.567 (0.250, 1.288) 0.237
Pesticides

2,4-DCP 1.076 (0.886, 1.305) Ref. 1.108 (0.450, 2.729) 1.458 (0.650, 3.270) 1.118 (0.554, 2.260) 0.947
2,5-DCP 1.046 (0.925,1.183) Ref. 0.661(0.330,1.324) 0.897 (0.408,1.970) 0.951(0.532,1.699) 0.612

Phthalates

MEP 1138 (0.912, 1.421) Ref. 2.257 (0.873,5.839) 1133 (0.434, 2.954) 2.361(0.947,5.885) 0.122

MBP 1.164 (0.819, 1.655) Ref. 1.079 (0.473, 2.458) 1.851(0.845, 4.057) 1.351(0.586, 3.112) 0.635
MCOP 0.993(0.783,1.259) Ref. 1.813(0.912, 3.606) 1.241(0.560, 2.752) 1.365 (0.659, 2.828) 0.887
MECPP 1.000 (0.785,1.275) Ref. 0.665 (0.293,1.511) 1.504 (0.650, 3.480) 0.739 (0.332,1.648) 0.467
MEHHP 1.050 (0.833,1.324) Ref. 2.204 (0.822,5.905) 1.441(0.732,2.837) 1.792 (0.853,3.767) 0.549
MCPP 1.035(0.778,1.378) Ref. 0.722 (0.302,1.723) 0.936 (0.417, 2.101) 0.706 (0.287,1.735) 0.607
MBzP 1.471 (1.156, 1.872)" Ref. 1.024 (0.438, 2.394) 1.431(0.645,3.176) 2.524 (1.237, 5.148)* 0.016
MiBP 1152 (0.824, 1.611) Ref. 0.860 (0.385,1.921) 0.832(0.377,1.833) 1115 (0.504, 2.470) 0.515

MCNP 1.152 (0.824,1.611) Ref. 2.141(0.928, 4.938) 0.903 (0.339, 2.403) 2163 (0.899, 5.205) 0.183

MEOHP 1.081(0.851,1.374) Ref. 1.399 (0.644, 3.039) 1.511(0.673, 3.395) 1.417 (0.675, 2.976) 0.638

*Presenting for P < 0.05. Bold font indicates statistically significant (P < 0.05). Models adjusted for age, gender, race/ethnicity, BMI, PIR, total
calories intake, diabetes and In-transformed serum cotinine, ALT, ALP, and GGT levels. Continuous, Ln-transformed concentration of urinary
chemicals. BPA: Bisphenol-A; BP3: benzophenone-3; 2,4-DCP: 2,4-dichlorophenol; 2,5-DCP: 2,5-dichlorophenol; MEP: Mono-ethyl phthalate;
MBP: Mono-n-butyl phthalate; MCOP: mono (carboxyoctyl) phthalate; MECPP: mono (2-ethyl-5-carboxypentyl)phthalate; MEHHP: mono (2-
ethyl-5-hydroxyhexyl) phthalate; MCPP: mono-(3-carbox ypropyl) phthalate; MBzP: mono benzyl phthalate; MiBP: mono-isobutyl phthalate;
MCNP: mono-(carboxynonyl) phthalate; MEOHP: mono-(2-ethyl-5-oxohexyl) phthalate; HSI: hepatic steatosis index; MASLD: metabolic
dysfunction-associated steatotic liver disease.

showed no significant nonlinear relationships between individual chemicals and HSI and MASLD
[Supplementary Figures 3 and 4].
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Figure 1. Associations and component weights of WQS index with HSI and MASLD based on the positive (A) and negative (B) WQS
models. Models adjusted for age, gender, race/ethnicity, BMI, PIR, total calories intake, diabetes and In-transformed serum cotinine,
ALT, ALP, and GGT levels.

Combined effect of chemical mixtures on HSI and MASLD risk

The WQS models indicated a statistically significant correlation between chemical mixtures and MASLD
(OR = 1.956; 95%CI = 1.143-3.347), with BPA being the top-weighted chemical positively correlated with
MASLD, accounting for 28% of the weight. Nevertheless, no statistically significant correlation was
identified between the chemical mixtures and the HSI [Figure 1A]. Additionally, no statistically significant
negative correlation was observed between the chemical mixtures and the outcomes [Figure 1B].

BKMR analyses revealed that MBzP had a positive linear relationship with HSI, as well as a nonlinear
relationship with MASLD [Figure 2A]. Besides, HSI and MASLD risk exhibited increasing trends when all
the chemicals were at or above their 60th percentile, compared to the 50th percentile [Figure 2B]. In
addition, phthalates had the highest group PIP for HSI (0.303), with MBzP being the most important
contributor (cond PIP = 0.564). In contrast, phenols had the highest group PIP for MASLD (0.186), with
BPA as the most contributor (cond PIP = 0.989) [Supplementary Table 4]. No significant interaction was
found in the bivariate exposure-response analysis [Supplementary Figure 5].

Mediation effects of inflammatory indicators on the relationship of chemicals with HSI and MASLD
risk

We performed a linear regression analysis between 14 chemicals and inflammatory indicators (WBC, Neu,
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Figure 2. Univariate exposure-response function between the chemicals with HSI and MASLD (A), and Overall effect of the mixture on
HSI and MASLD estimated using BKMR (B). Models adjusted for age, gender, race/ethnicity, BMI, PIR, total calories intake, diabetes
and In-transformed serum cotinine, ALT, ALP, and GGT levels.

NLR, and SII), revealing that MEP, MBP, MECPP, MEHHP, MCPP, MBzP, MCNP, and MEOHP were
positively correlated with WBC or Neu (all P < 0.05; Supplementary Table 5). Subsequently, we identified
positive correlations between WBC and Neu with both HSI and MASLD (all P < 0.05;
Supplementary Table 6). Finally, mediation analysis showed that WBC mediated 7.352% of the association
between MBzP and HSI (Figure3 and Supplementary Table 7). Similarly, Figure4 and
Supplementary Table 8 illustrate that WBC significantly mediated the associations between MBzP and
MASLD, as well as between MCNP and MASLD, with mediation proportions of 4.331% and 6.693%,
respectively.

Modifying effects of lifestyle factors on the association between chemicals and MASLD risk

We further explored the modulatory role of lifestyle factors in the joint effects of chemical exposure on
MALSD by WQS regression models, encompassing sedentary behavior, physical activity, sleep patterns,
smoking status, and dietary quality [Figure 5]. Among adolescents with high sedentary behavior, the joint
effect of chemicals exhibited a positive correlation with MASLD (OR = 2.73, 95%CI = 1.25-5.96). Similarly,
among adolescents with low physical activity, the combined effect of chemicals was linked to a higher risk of
MASLD (OR = 2.67, 95%CI = 1.36-5.25). However, among adolescents with other lifestyle factors, the joint
effect of chemicals showed no significant correlation with MASLD. We also tried to evaluate the interaction
effects of lifestyle factors on the relationship between chemical co-exposure and MASLD, but no significant
interaction was observed.
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Figure 3. Mediating effects and proportions of immune cells on association between urine phthalate and HSI. WBC: White blood cell
counts; Neu: neutrophil; MBzP: mono benzyl phthalate; MCNP: mono-(carboxynonyl) phthalate; IDE: indirect effect; DE: direct effect;
HSI: hepatic steatosis index.
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Figure 4. Mediating effects and proportions of immune cells on association between urine phthalate and MASLD. WBC: White blood
cell counts; Neu: neutrophil; MBzP: mono benzyl phthalate; MCNP: mono-(carboxynonyl) phthalate; IDE: indirect effect; DE: direct
effect; MASLD: metabolic dysfunction-associated steatotic liver disease.
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Figure 5. Subgroup analysis for the joint effects of lifestyle and urinary chemicals mixture on the risks of MASLD. Weights obtained
from WQS models using interaction terms for the respective subgroup variables and pollutants were plugged into subgroup models to
achieve comparability of subgroup results with main analysis. Models adjusted for age, gender, race/ethnicity, BMI, PIR, total calories
intake, diabetes and In-transformed serum cotinine, ALT, ALP, and GGT levels. MASLD: metabolic dysfunction-associated steatotic
liver disease.

Sensitivity analysis

First, the GLMs and WQS regression models showed similar findings to those above, after further
adjustment for WBC, Neu, sedentary behavior, and physical activity as covariates [Supplementary Table 9
and Supplementary Figure 6]. Furthermore, we repeated the mediation analysis after excluding users of
prescription medications, which showed that WBC significantly mediated the associations between MBzP
and HSI, as well as between MCNP and MASLD [Supplementary Tables 10 and 11].

DISCUSSION

In this research, we explored the correlations between exposure to phenols, parabens, and phthalates and
both HSI and MASLD, while investigating the potential mediating effects of inflammatory markers and the
modifying effects of lifestyle factors. First, the GLMs revealed significant associations of MEP, MCOP, and
MBzP with HSI, as well as of BPA and MBzP with MASLD. Second, the WQS and BKMR models indicated
a significant correlation between chemical mixtures and MASLD, with MBzP and BPA identified as key
contributors. Moreover, mediation analysis showed that WBC mediates the associations between MBzP and
both MASLD and HSI, as well as between MCNP and MASLD. Additionally, our study also revealed the
modulatory role of sedentary behavior and physical activity in the combined effects of chemical exposure on
MALSD.

MASLD is a multifactorial disorder that is closely associated with obesity, impaired glucose tolerance, lipid
metabolism, inflammation, type 2 diabetes, and cardiovascular disease!*”*. A survey study performed by
Verstraete et al. indicated a positive association between BPA and MASLD, aligning with our findings™".
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BPA, a widely recognized environmental endocrine disruptor, has been increasingly linked to obesity,
insulin resistance, and hepatic metabolic alterations in epidemiological studies"**. A study by Huc et al.
suggests that BPA promotes steatosis by affecting disturbances in mitochondrial function, lipid
accumulation and inflammation responses”. Concurrently, murine studies reveal that BPA not only
induces splenic mitochondrial dysfunction through localized oxidative stress but also causes morphological
changes, including dilation of the splenic sinuses, alterations to the white and red pulp, and disrupted
cellular structures">*. This pathological profile notably parallels the hepatic mitochondrial disturbances
reported by Huc et al.*”. Beyond hepatic impacts, animal evidence indicates that the spleen is a sensitive
extrahepatic target of BPA, whose estrogen-mimetic activity may disrupt immune responses, underscoring
the need for further research to fully understand the implications for human health®?. Our study also
identified that MBzP was significantly correlated with MASLD, indirectly supporting previous findings"”.
Existing evidence demonstrates a significant correlation between MBzP exposure and a higher risk of
obesity and insulin resistance®*¥, which are recognized risk factors for MASLD. The potential mechanism
may involve MBzP modulating fatty acid catabolism by impacting the expression of genes related to lipid
metabolism™. In addition, our study observed that some individual chemicals were not significantly
associated with the outcomes (such as BP3 and 2,4-DCP). A possible explanation involves population
heterogeneity in toxicokinetics, such as differences in metabolic capacity, detoxification efficiency, and
excretion rates. This variability may dilute the observed effect estimates and obscure a true association at the
population level. Another plausible explanation for the non-significant findings is differences in exposure
characteristics. For example, the half-life of 2,4-DCP is relatively short (4 to 30 min)"”, and a single spot
urine measurement may not accurately reflect long-term internal exposure, leading to exposure dose levels
being below the biological threshold necessary to elicit a measurable effect on HSI or MASLD.

The WQS and BKMR models revealed a significant correlation between chemical mixtures and MASLD in
adolescents, with phenols and phthalates as the primary contributors, consistent with prior research. For
instance, an epidemiologic study in the Korean adult population showed that exposure to a combination of
EDCs (including phenols, pesticides, phthalates, parabens, and pyrethroids) is significantly associated with
non-alcoholic fatty liver disease (NAFLD)"". Similar results were observed in a survey study evaluating the
correlation between exposure to phthalates and NAFLD in US adults"”. These associations may be
explained by several possible mechanisms. First, in vitro studies showed that exposure to phenols and
phthalates could over-activate certain receptors, such as peroxisome proliferator-activated receptor y
(PPAR-y) and estrogen receptor ER-a, the activation of which could up-regulate adipose gene expression
related to insulin resistance, contributing to an elevated risk of insulin resistance and diabetes***”. These
mechanisms are further supported by animal studies. For instance, a study by Ding et al. indicated that
DEHP exposure could further inhibit glucose uptake, glycogen synthesis, and lipid/protein metabolism, and
impair cardiovascular and hepatic functions in female P-T2DM mice, which is consistent with impaired
glucose homeostasis and insulin resistance®”. Second, a study of Yu et al. indicated the possible harmful
impact of phthalate exposures on the human liver, which partially supports our findings'**. Third, previous
research has demonstrated that phenols and phthalates are significantly associated with obesity, impaired
glucose tolerance, and cardiovascular disease, which are risk factors for MASLD"**,

Furthermore, we tested the potential mediating role of inflammatory markers in the associations between
chemicals and MASLD. The results indicated that WBC partially mediated these associations. A study by
Chen et al. suggested that phthalates may trigger inflammatory responses by activating the PI3K/AKT and
NF-«B inflammasome signaling pathways®’. The animal experiment research suggested that phthalates
(DEHP and MEHP) could enhance lipid synthesis while inhibiting lipid breakdown in hepatocytes through
inflammatory pathways, thereby causing lipid accumulation'”. As key components of the immune system,
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WBC plays a crucial role in mediating inflammatory responses, which is underlying pathophysiological
mechanisms in the development of MASLD'*. In this study, we observed that certain chemicals (MEP,
MBP, MECPP, MEHHP, and MEOHP) had a significant correlation with WBC and Neu, largely consistent
with findings from a study based on the Korean population'®. Moreover, we found that WBC was positively
correlated with MASLD. Therefore, we propose that certain chemicals may affect WBC levels, trigger
inflammatory responses, and thereby contribute to an elevated risk of MASLD, emphasizing the potential
role of inflammation in this process. In addition, oxidative stress represents another pivotal mechanism
through which EDCs may contribute to MASLD pathogenesis. Although the present study did not directly
assess oxidative stress mediators due to the limitations in biomarker availability within the NHANES
database, prior mechanistic research has indicated that EDCs (such as phthalates and BPA) can induce
excessive production of reactive oxygen species (ROS)"7. This oxidative burden promotes hepatic lipid
peroxidation, impairs mitochondrial function, and triggers apoptotic pathways, thereby accelerating
steatosis and liver injury. Therefore, we recommend that future epidemiological studies incorporate specific
biomarkers of oxidative damage (e.g., malondialdehyde (MDA) or 8-hydroxy-2'-deoxyguanosine (8-
OHdAG)) and antioxidant capacity to explore the contribution of this pathway.

Finally, our study explored the modulatory role of lifestyle factors in the combined impacts of chemical
mixture exposure on MASLD. Specifically, the correlation between chemical exposures and MASLD was
significant in subgroups with high sedentary behavior and low physical activity, whereas a significant effect
was not observed in groups with low sedentary behavior and moderate-to-high physical activity. The results
are partially aligned with prior research demonstrating the impacts of environmental pollutants and lifestyle
factors on multiple health outcomes. For instance, a study by Lei et al. demonstrated that physical inactivity
and an inflammatory diet could worsen the adverse influences of diisobutyl phthalate on MASLD™. A
cohort study among Chinese adults observed that physical activity could mitigate the adverse influences of
air pollution on metabolic syndrome!”, which indirectly supports our findings to some extent, as MASLD is
viewed as the liver manifestation of metabolic syndrome”. However, the potential mechanisms through
which sedentary behavior and physical activity modify this association remain unclear, and more research is
needed to clarify these mechanisms.

Our research has several advantages. First, this investigation comprehensively explores the impacts of single
and combined chemical exposures on MASLD in adolescents. Second, we found the mediating role of WBC
in chemical exposure and MASLD. Third, our findings suggest that reducing sedentary behavior and
increasing physical activity could be effective strategies to mitigate the adverse effects of chemical exposure
on MASLD. Nonetheless, the study has some limitations. First, owing to the cross-sectional design of
NHANES, it could not confirm the causal associations of chemical exposure with HSI or MASLD; thus,
further prospective studies are needed to confirm these results. Second, the evaluation of chemicals at a
single point in time cannot accurately capture individuals' actual exposure levels due to data limitations.
Finally, assessing mediating role of WBC and the modifying effects of sedentary behavior and physical
activity still needs to be further confirmed in cell models and animal experiments.

In conclusion, our study indicated that single or combined exposure to multiple chemicals (phenols,
pesticides, and phthalates) was positively correlated with HSI or MASLD. MBzP and BPA were the major
contributors to these associations. WBC levels were further identified as partially mediating the significant
correlation between phthalate exposure and outcomes. Additionally, reducing sedentary behavior and
increasing physical activity could mitigate the adverse influences of chemical mixtures on MASLD.
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