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Abstract

As a new definition for the evidence of hepatic steatosis and metabolic dysfunctions, the
relationship between phthalates (PAEs) and metabolic dysfunction-associated fatty liver dis-
ease (MAFLD) remains virtually unexplored. This study included 3,137 adults from the
National Health and Nutrition Examination Survey spanning 2007-2018. The diagnosis of
MAFLD depended on the US Fatty Liver Index (US FLI) and evidence of metabolic dysregu-
lation. Eleven metabolites of PAEs were included in the study. Poisson regression,
restricted cubic spline (RCS), and weighted quantile sum (WQS) regression were used to
assess the associations between phthalate metabolites and MAFLD. After adjusting for
potential confounders, Poisson regression analysis showed that mono-2-ethyl-5-carboxy-
pentyl phthalate (MECPP), mono-n-butyl phthalate, mono-(3-carboxypropyl) phthalate,
mono-ethyl phthalate (MEP), mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP) and
mono-(2-ethyl-5-oxohexyl) phthalate were generally significant positively associated with
MAFLD (P<0.05). Furthermore, the WQS index constructed for the eleven phthalates was
significantly related to MAFLD (OR:1.43; 95%CI: 1.20, 1.70), MEHHP (33.30%), MEP
(20.84%), MECPP (15.43%), and mono-isobutyl phthalate (11.78%) contributing the most.
This study suggests that exposure to phthalates, individually or in combination, may be
associated with an increased risk of MAFLD.

Introduction

Metabolic dysfunction-associated fatty liver disease (MAFLD) was proposed by a panel of
international experts from 22 countries as a new definition to replace non-alcoholic fatty liver
disease (NAFLD) in 2020. MAFLD reflects the hepatic manifestation of a multisystem disor-
der, although its underlying causes, presentation, duration, and outcome are different from
NAFLD [1]. Unlike NAFLD, which calls for ruling out other chronic liver diseases and alcohol
consumption, the diagnosis of MAFLD is made using positive diagnostic criteria. These crite-
ria include the presence of hepatic steatosis in addition to one of three factors: overweight/obe-
sity, type 2 diabetes mellitus (T2DM), or metabolic dysregulation [1]. While the abbreviation
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NAFLD is still in use, more recent studies are adopting MAFLD, which employs a positive def-
inition [2]. A recent meta-analysis found that the prevalence of MAFLD is 39.0% in the general
population [3]. Though the disease causes a substantial health and economic burden on many
countries, there are no approved drug treatments yet [3,4].

Phthalates (PAEs), employed extensively as plasticizers (comprising approximately 80% to
85% of all plasticizers), are incorporated into plastics to enhance flexibility, processability, and
extensibility [5,6]. Apart from being employed as plasticizers, PAEs are also utilized in various
personal care products, including perfumes, soaps, and other items for fragrance purposes [7].
Due to the absence of chemical bonds to the polymer matrix, phthalate plasticizers are prone to
leaching or migrating from the plastic into the environment, influenced by factors like pH, tem-
perature, pressure, irradiation, and exposure to lipids or solvents [8]. These compounds are per-
vasive across different settings, facilitating their migration and accumulation within the food
chain, thereby exposing humans through dietary consumption, dermal absorption, and the inha-
lation of air, both indoors and outdoors [9]. Globally recognized for their estrogen-mimicking
properties and mutagenic, teratogenic, and carcinogenic effects on human health, PAEs are classi-
fied as endocrine-disrupting chemicals (EDCs) [10]. PAEs imitate the function of natural endoge-
nous estrogens, and when they bind to human estrogen receptors (ERs), they disrupt hormone
signaling pathways [11]. Based on previous research, as a class of EDCs, PAEs are associated with
reproductive system malfunctions and liver toxicity, among other adverse effects [12].

In several animal studies, researchers have observed that exposure to PAEs leads to
increased hepatic inflammation in adult zebrafish and elevated blood glucose and insulin levels
in mice [13-16]. Additionally, an animal study has demonstrated that diethyl phthalate (DEP),
a type of PAE, induces significant lipid peroxidation in the livers of treated rats [17]. In 2021, a
cross-sectional study revealed a positive correlation between urinary concentrations of phthal-
ate metabolites and alterations in liver function test markers, including alanine aminotransfer-
ase (ALT), aspartate aminotransferase (AST), gamma-glutamyl transferase (GGT), and
alkaline phosphatase (ALP) [18]. Elevated ALT and AST activities serve as markers for liver
dysfunction in clinical practice [19]. Moreover, GGT serves as a reliable predictor of liver mor-
tality and is utilized in clinical settings to identify the hepatic origin of increased ALP levels,
which are crucial indicators of liver dysfunction [20,21]. A study reported that the combined
effect of phthalates on glucose and lipid metabolism may enhance the risk of NAFLD and insu-
lin resistance development in exposed individuals [22].

To our knowledge, there have been limited epidemiological studies that specifically investi-
gate the association between phthalates and MAFLD. Certain research indicates a potential
link between PAEs, particularly di-2-ethylhexyl phthalate (DEHP), and NAFLD [23]. Unlike
NAFLD, the diagnosis of MAFLD takes into account metabolic dysfunction, obesity, and
T2DM. Previous studies have found clear differences in the natural progression, prevalence,
baseline characteristics, and severity scores between NAFLD and MAFLD patients [24].
Phthalates have been reported as risk factors for obesity development in the general population
[25]. Furthermore, exposure to phthalates has been linked to an elevated risk of developing
metabolic syndrome [26,27]. Hence, it is necessary to explore the potential connection
between phthalate exposure and MAFLD. In this study, we aimed to investigate the relation-
ship between urinary phthalate metabolites and MAFLD in American adults.

Methods
Study population

The survey and consent documents for the National Health and Nutrition Examination Survey
(NHANES) received approval from the Institutional Review Board at the Centers for Disease
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USFLI =

Control and Prevention (CDC). The National Center for Health Statistics’ (NCHS) Research
Ethics Review Committee also approved the study protocol (approval number: #2005-06,
#2011-17, #2018-01), and the participants gave their written informed permission. Initiated
in the early 1960s, NHANES is a repeated cross-sectional survey program that employs multi-
stage sampling strategies to assess the dietary and health status of Americans. Conducted bien-
nially, the survey utilizes a sophisticated sampling design to select specific population
subgroups, applying survey weights to ensure the sample is nationally representative.
NHANES encompasses interviews, health examinations, and laboratory tests. Participants ini-
tially underwent home interviews to collect background information, encompassing socio-
demographic, medical, and family histories. Subsequently, they visited the Mobile Examina-
tion Center (MEC) to provide additional relevant data, including anthropometric measure-
ments and laboratory assessments.

Data from six continuous cycles of the NHANES were used (2007-2008, 2009-2010, 2011-
2012,2013-2014, 2015-2016, and 2017-2018). The exclusion criteria comprised: (1) individu-
als under 20 years of age; (2) females who were pregnant; (3) individuals lacking essential data
for crucial variables; (4) individuals with missing information on covariates. Ultimately, 3,137
individuals were considered eligible for analysis (Fig 1).

Phthalates examination

Spot urine samples were obtained at MECs. Within the MEC, the process of biospecimen col-
lection included the retrieval, processing, storage, and shipping of various samples, ensuring
standardized testing. The samples were stored at -20°C until analysis. Phthalate metabolites in
urine samples were extracted using solid-phase extraction and quantified via high-perfor-
mance liquid chromatography-electrospray ionization-tandem mass spectrometry (HPLC-E-
SI-MS/MS). For detailed methodologies, please refer to the Laboratory Procedure Manual
available on the NHANES website.

In this study, We analyzed 11 urinary phthalate metabolites: mono(carboxynonyl) phthalate
(MCIiNP), mono(carboxyoctyl) phthalate (MCiOP), mono-2-ethyl-5-carboxypentyl phthalate
(MECPP), mono-n-butyl phthalate (MnBP), mono-(3-carboxypropyl) phthalate (MCPP),
mono-ethyl phthalate (MEP), mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono-
(2-ethylhexyl) phthalate (MEHP), mono-isobutyl phthalate (MiBP), mono-(2-ethyl-5-oxo-
hexyl) phthalate (MEOHP), mono-benzyl phthalate (MBzP). For concentrations below the
limit of detection (LOD), NCHS recommends dividing them by the square root of two.

Definition of MAFLD

The proposed MAFLD criteria rely on histological (biopsy), imaging, or blood biomarker evi-
dence indicating hepatic steatosis, coupled with one of the following: overweight/obesity,
T2DM, or signs of metabolic dysregulation [1]. We used the United States Fatty Liver Index
(US FLI) as a predictor of hepatic steatosis. The US FLI was calculated using NHANES data,
achieving an area under the receiver operating characteristic curve (AUROC) of 0.78, effec-
tively predicting NAFLD as confirmed by ultrasound [28]. The US FLI is as follows:

e 0.8073 xnon—Hispanic black+0.3458 x Mexican American+0.0093 xage+0.6151 xlog, (GGT)+0.0249 x waist-+1.1792xlog, (insulin) +0.8242 xlog, (glucose) —14.7812

(1 + eft]ﬁ(ﬁlixnoanispanic black+0.3458 x Mexican Amencan+01)0§)3xage+l).6151xlog{,(GGT)+U.02'19><wai5H»l,1792><logt,(insulm)+(J.82'12Xloge(glucose)71"1.7812)

x 100

Participants with a US FLI score > 30 were categorized as having liver steatosis.
Overweight/obesity was defined as a body mass index (BMI) of 25kg/m? or higher. T2DM
was diagnosed if fasting glucose levels were 126 mg/dl or higher, or hemoglobin Alc (HbAlc)
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59,842 individuals included
in NHANES 2007-2018

Exclusion:

A 4

Age <20 years (n=25,072)

Pregnancy (n=372)

Exclusion:

\ 4

Loss of phthalates exam (n=23,882)

Exclusion:

A 4

Missing for critical variable (n=5,898)

Exclusion:

A 4

Missing information on covariates (n=1,481)

n=3,137

Fig 1. Flow chart for study population selection from NHANES 2007-2018.
https://doi.org/10.1371/journal.pone.0301097.g001

was 6.5% or above, having either diagnosed diabetes by the doctor or glucose-lowering medi-
cations using by self-report questionnaire [29]. Metabolic dysregulation was identified by the
presence of at least two of the following criteria: (1) Waist circumference (WC) of 102 cm or
more for Caucasian men and 88 cm or more for Caucasian women (or 90 cm or more for
Asian men and 80 cm or more for Asian women); (2) Blood pressure of 130/85 mmHg or
higher or treatment with specific antihypertensive drugs; (3) Plasma triglycerides of 150 mg/dl
(1.70 mmol/L) or higher or treatment with specific lipid-lowering drugs; (4) Plasma high den-
sity lipoprotein cholesterol (HDL-c) levels less than 40 mg/dl (1.0 mmol/L) for men and less
than 50 mg/dl (1.3 mmol/L) for women or treatment with specific lipid-lowering drugs; (5)
Prediabetes, defined as fasting glucose levels between 100 to 125 mg/dl (5.6 to 6.9 mmol/L),
2-hour post-load glucose levels between 140 to 199 mg/dl (7.8 to 11.0 mmol/L), or HbAlc
between 5.7% to 6.4% (39 to 47 mmol/mol); (6) Homeostasis Model Assessment of Insulin
Resistance (HOMA-IR) score of 2.5 or higher; (7) Plasma high-sensitivity C-reactive protein
(hs-CRP) level greater than 2 mg/L [1].
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Covariates

Based on existing literature, we included the following potential confounding factors as covari-
ates: age, sex, race/ethnicity, poverty income ratio (PIR), education levels, smoking status, alco-
hol consumption, physical activity, creatinine, and the cycle of NHANES. S1 Table shows the
detailed classification of covariates.

Statistical analysis

Data were analyzed using R version 4.3.0 (R Foundation for Statistical Computing, Vienna,
Austria) and STATA 15.0 (Stata Corporation, College Station, TX, USA). A two-sided P-value
of <0.05 was considered statistically significant. For the complex sampling design of
NHANES, the proper weight was used in this study. Categorical variables were presented
using numbers (percentages) and continuous variables as medians (interquartile ranges). The
Chi-square test and Kruskal-Wallis test were used to test the difference between non-MAFLD
and MAFLD groups.

Due to skewed distributions, PAE levels were divided into quartiles, with quartile 1 (Q1) as
the reference, after being transformed by natural logarithm. We employed Poisson regression
to examine the association between PAE levels and MAFLD, calculating relative risks (RRs)
and 95% confidence intervals (95% ClIs). We used the number of people included in each cycle
of this study as an offset. Only age and sex were adjusted in Model 1. Model 2 was further
adjusted for race/ ethnicity, educational level, smoking status, alcohol consumption, physical
activity, PIR, creatinine, and cycle. Finally, restricted cubic spline (RCS) with three knots at the
5th, 50th, and 95th percentiles was used to investigate the dose-response association between
PAE concentration and risk of MAFLD.

The “gWQS” package (3.0.4) was used to perform weighted quantile sum (WQS) regression
to assess the effects of environmental pollutant mixtures. Each phthalate metabolite received a
weight between 0 and 1, cumulatively equating to 1. The WQS index consisted of the weighted
sums of individual phthalate concentrations. The weights represent the relative contribution
of each element in the mixture or the proportions of the chemical components that create an
association [30]. Whereas, the weight of phthalate metabolites could be valuable only if the
association between the WQS index and MAFLD was statistically significant [31]. Prior to
regression analysis, PAE metabolite concentrations underwent natural logarithm transforma-
tion to achieve a closer approximation to normal distribution. In the WQS regression model,
PAE concentrations were first categorized into quartiles based on existing literature. Subse-
quently, a training set comprising 40% randomly sampled data was employed, while the
remaining 60% served for model validation. The association between the WQS index of the
mixture and MAFLD was derived in positive and negative directions and adjusted for the
same covariates, using 1000 bootstrap samples.

Results

Population characteristics

Table 1 shows the characteristics of a total of 3,137 participants. Among them, 1056 (33.66%)
participants were determined with MAFLD. Participants with MAFLD tended to be older and
more likely to be male, had lower levels of education, were obese, and had HBP (High blood
pressure) or T2DM compared to those without MAFLD. Significant differences were also
observed in race/ethnicity, physical activity, and smoking status. S2 Table shows more infor-
mation about the general characteristics of the participants.
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Table 1. General characteristics of the participants.

Variables Total non-MAFLD MAFLD P value
n=3,137 n=2,081 n = 1,056
Age (years), N(%) <0.001
20-39 1116(35.58) 846(40.65) 270(25.57)
40-59 1083(34.52) 686(32.96) 397(37.59)
>60 938(29.90) 549(26.38) 389(36.84)
Sex, N(%) <0.001
Male 1587(50.59) 988(47.48) 599(56.72)
Female 1550(49.41) 1093(52.52) 457(43.28)
Race/ ethnicity, N(%) <0.001
Mexican American 437(13.93) 180(8.65) 257(24.34)
Other Hispanic 310(9.88) 194(9.32) 116(10.98)
Non-Hispanic White 1370(43.67) 914(43.92) 456(43.18)
Non-Hispanic Black 640(20.40) 506(24.32) 134(12.69)
Other Race 380(12.11) 287(13.79) 93(8.81)
Education, N(%) 0.007
<high school 650(20.72) 366(17.59) 284(26.89)
high school or equivalent 692(22.06) 463(22.25) 229(21.69)
>high school 1795(57.22) 1252(60.16) 543(51.42)
PIR, N(%) 0.741
Low 938(29.90) 601(28.88) 337(31.91)
Middle 1122(35.77) 743(35.70) 379(35.89)
High 1077(34.33) 737(35.42) 340(32.20)
Smoking status, N(%) 0.008
Non-smoker 1779(56.71) 1215(58.39) 564(53.41)
Previous smoker 657(20.94) 382(18.36) 275(26.04)
Current smoker 701(22.35) 484(23.26) 217(20.55)
Alcohol, N(%) 0.109
never 482(15.36) 304(14.61) 178(16.86)
moderate 1334(42.52) 906(43.54) 428(40.53)
heavy 1321(42.11) 871(41.85) 450(42.61)
Physical activity, N(%) <0.001
sedentary 708(22.57) 421(20.23) 287(27.18)
insufficient 366(11.67) 230(11.05) 136(12.88)
Moderate 342(10.90) 210(10.09) 132(12.50)
High 1721(54.86) 1220(58.63) 501(47.44)
HBP, N(%) <0.001
No 1649(52.57) 1260(60.55) 389(36.84)
Yes 1488(47.43) 821(39.45) 667(63.16)
T2DM, N(%) <0.001
No 2513(80.11) 1868(89.76) 645(61.08)
Yes 624(19.89) 213(10.24) 411(38.92)
Cycle, N(%) 0.800
2007-2008 531(16.93) 356(17.11) 175(16.57)
2009-2010 563(17.95) 360(17.30) 203(19.22)
2011-2012 488(15.56) 322(15.47) 166(15.72)
2013-2014 563(17.95) 384(18.45) 179(16.95)
2015-2016 513(16.35) 343(16.48) 170(16.10)

(Continued)
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Table 1. (Continued)

Variables Total non-MAFLD MAFLD P value

n=3,137 n=2,081 n = 1,056

2017-2018 479(15.27) 316(15.19) 163(15.44)
BMI (kg/m?) ® 27.82(8.60) 25.81(6.30) 33.10(8.77) <0.001
Creatinine (mg/dl) * 117.00(98.00) 115.00(102.00) 122.00(92.00) <0.001

PIR, poverty income ratio; HBP, high blood pressure; T2DM, type 2 diabetes mellitus; BMI, body mass index.

* Continuous variables, presented as median (interquartile range).

https://doi.org/10.1371/journal.pone.0301097.t001

Concentration distribution of PAEs

Table 2 presents the PAE concentration distribution in the different ages and sexes. The
median and interquartile ranges (IQR) of concentrations (ng/ml) of MCiNP, MCiOP,
MECPP, MnBP, MCPP, MEP, MEHHP, MEHP, MiBP, MEOHP, and MBzP among all partic-
ipants were 2.10(3.10), 9.30(21.30), 13.00(19.00), 12.20(17.60), 1.90(3.10), 48.77(120.09), 7.90
(12.80), 1.16(2.03), 8.20(11.60), 5.10(7.70), and 4.70(9.28), respectively. Statistical differences
in the distribution of MCiNP, MCiOP, MECPP, MCPP, MEHHP, MEHP, and MEOHP were
observed across different age and sex strata (P<0.05). MiBP and MBzP showed significant dif-
ferences only across age strata (P<0.05).

The correlation of phthalate metabolites

All phthalate metabolites were significantly and positively correlated with each other (Fig 2, all
P values<0.05). Strong positive associations were observed between MECPP and MEHHP
(r=0.98, P<0.001), as well as between MECPP and MEOHP (r = 0.94, P<0.001).

Association of PAEs with MAFLD

Eleven urinary phthalate metabolites were compared with MAFLD using Poisson regression,
adjusting for relevant covariates (Table 3). In Model 2, the analysis was adjusted for age, sex,
race, education level, PIR, smoking status, alcohol consumption, physical activity, creatinine,

Table 2. The concentration distribution [Median (IQR)] of urinary PAEs (ng/mL) in different ages, sexes.

Lamination MCiNP MCiOP MECPP MnBP MCPP MEP MEHHP MEHP MiBP MEOHP MBzP
All participants | 2.10(3.10) | 9.30(21.30) | 13.00(19.00) | 12.20(17.60) | 1.90(3.10) | 48.77(120.09) | 7.90(12.80) | 1.16(2.03) | 8.20(11.60) | 5.10(7.70) | 4.70(9.28)
Age (years)

20-39 | 2.40(3.47) | 10.95(28.55) | 13.95(21.10) | 13.55(18.15) | 2.00(3.70) | 49.90(111.82) | 8.50(14.11) | 1.50(2.63) | 9.90(13.88) | 5.52(8.75) | 6.17(13.04)
40-59 | 2.10(3.00) | 8.70(20.90) | 12.40(17.60) | 12.20(18.40) | 1.90(3.20) | 47.85(132.20) | 7.90(12.57) | 1.10(1.93) | 8.20(11.20) | 4.90(7.10) | 4.70(8.32)
>60 | 2.00(2.60) | 8.15(16.95) | 12.80(18.92) | 11.34(15.60) | 1.65(2.70) | 48.92(121.51) | 7.40(11.70) | 0.80(1.35) | 6.50(9.20) | 4.90(7.60) | 3.51(6.00)

<0.001 <0.001 0.027 0.05 0.003 0.661 0.01 <0.001 <0.001 0.004 <0.001

Sex
Male | 2.35(3.30) | 9.63(23.50) | 13.80(20.33) | 11.90(15.82) | 2.07(3.50) | 46.87(122.80) | 8.90(13.80) | 1.30(2.33) | 8.40(10.70) | 5.50(8.30) | 4.80(8.77)
Female | 1.90(2.80) | 8.70(19.80) | 12.10(18.00) | 12.75(19.40) | 1.70(2.93) | 50.46(116.20) | 7.03(11.70) | 1.00(1.73) | 7.90(12.50) | 4.70(7.30) | 4.60(9.62)
<0.001 0.017 <0.001 0.222 <0.001 0.318 <0.001 <0.001 0.188 <0.001 0.393

IQR: Interquartile range; MCiNP: Mono(carboxynonyl) phthalate; MCiOP: Mono(carboxyoctyl) phthalate; MECPP: Mono-2-ethyl-5-carboxypentyl phthalate; MnBP:
Mono-n-butyl phthalate; MCPP: Mono-(3-carboxypropyl) phthalate; MEP: Mono-ethyl phthalate; MEHHP: Mono-(2-ethyl-5-hydroxyhexyl) phthalate; MEHP: Mono-
(2-ethyl)-hexyl phthalate; MiBP: Mono-isobutyl phthalate; MEOHP: Mono-(2-ethyl-5-oxohexyl) phthalate; MBzP: Mono-benzyl phthalate.

https://doi.org/10.1371/journal.pone.0301097.t002
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Fig 2. Pairwise correlation between eleven phthalate metabolites.

https://doi.org/10.1371/journal.pone.0301097.9002

and cycle. There were significant associations between phthalate metabolites and MAFLD,
with the exception of MEHP.

Compared with Q1, individuals in the higher quartiles of MECPP (RR,95%CI: Q4: 1.48,
1.09-2.00; Q3: 1.36, 1.05-1.77; Q2: 1.32, 1.04-1.68; P-trend = 0.012), MnBP (RR,95%CI: Q4:
1.43, 1.04-1.97; Q3: 1.36, 1.04-1.76; Q2: 1.30, 1.05-1.60; P-trend = 0.03), MCPP (RR,95%CI:
Q4:1.32,1.00-1.73; Q3: 1.34, 1.07-1.68; Q2: 1.41, 1.10-1.80; P-trend = 0.085), MEP (RR,95%
CIL: Q4: 1.35, 1.07-1.71; Q3: 1.29, 1.02-1.65; Q2: 1.34, 1.09-1.66; P-trend = 0.044), MEHHP
(RR,95%CI: Q4: 1.49, 1.15-1.92; Q3: 1.43, 1.14-1.79; Q2: 1.31, 1.08-1.59; P-trend<0.001),
MEOHP (RR,95%CI: Q4: 1.48, 1.13-1.94; Q3: 1.36, 1.10-1.68; Q2: 1.51, 1.21-1.88; P-
trend = 0.009) were significant positively associated with MAFLD.

Dose-response relationships between PAEs and MAFLD

The dose-response association between single phthalate metabolite and MAFLD was shown
using the adjusted RCS models. We found that MnBP (Pqyeran = 0.005), MEP (Pgyeran = 0.020),
MEHHP (Pyyera = 0.010), MiBP (Pyyeran = 0.028), MEOHP (Pyyeran = 0.027) and MBZzP (Pyyeran
= 0.005) were significantly associated with MAFLD (Fig 3). Nonlinear dose-response relation-
ships were observed between MEHHP (Pgyr_nontinearity = 0.043), and MEOHP (Pgo;-nonlinearity =
0.033) with MAFLD. Restrictive cubic splines for the other PAEs and MAFLD are presented in
SI Fig.
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Table 3. Relationship between phthalates and MAFLD.

PAEs
RR (95% CI) P-trend RR (95% CI) P-trend
MCIiNP Q1 Ref. 0.003 Ref. 0.186
Q2 1.43(1.14,1.79)** 1.28(1.01,1.61)*
Q3 1.50(1.20,1.87)** 1.31(1.03,1.67)*
Q4 1.41(1.11,1.79)** 1.21(0.93,1.58)
MCiOP Q1 Ref. 0.003 Ref. 0.233
Q2 1.51(1.25,1.82)** 1.33(1.08,1.64)**
Q3 1.27(0.99,1.63) 1.10(0.84,1.45)
Q4 1.50(1.21,1.85)** 1.29(1.00,1.67)
MECPP Q1 Ref. <0.001 Ref. 0.012
Q2 1.48(1.20,1.82)** 1.32(1.04,1.68)*
Q3 1.54(1.24,1.91)** 1.36(1.05,1.77)*
Q4 1.63(1.27,2.10)** 1.48(1.09,2.00)*
MnBP Q1 Ref. <0.001 Ref. 0.03
Q2 1.39(1.14,1.68)** 1.30(1.05,1.60)*
Q3 1.50(1.21,1.87)** 1.36(1.04,1.76)*
Q4 1.63(1.30,2.05)** 1.43(1.04,1.97)*
MCPP Q1 Ref. <0.001 Ref. 0.085
Q2 1.55(1.24,1.95)** 1.41(1.10,1.80)**
Q3 1.52(1.24,1.85)** 1.34(1.07,1.68)*
Q4 1.50(1.19,1.88)** 1.32(1.00,1.73)*
MEP Q1 Ref. <0.001 Ref. 0.044
Q2 1.44(1.18,1.77)** 1.34(1.09,1.66)**
Q3 1.42(1.13,1.78)** 1.29(1.02,1.65)*
Q4 1.50(1.21,1.87)** 1.35(1.07,1.71)*
MEHHP Q1 Ref. <0.001 Ref. <0.001
Q2 1.44(1.22,1.70)** 1.31(1.08,1.59)**
Q3 1.58(1.30,1.93)** 1.43(1.14,1.79)**
Q4 1.56(1.25,1.95)** 1.49(1.15,1.92)**
MEHP Q1 Ref. 0.243 Ref. 0.501
Q2 1.01(0.82,1.23) 0.97(0.79,1.20)
Q3 1.17(0.95,1.43) 0.98(0.80,1.20)
Q4 1.08(0.86,1.35) 0.92(0.74,1.14)
MiBP Q1 Ref. <0.001 Ref. 0.048
Q2 1.20(1.01,1.42)* 1.11(0.93,1.32)
Q3 1.65(1.34,2.02)** 1.45(1.16,1.81)**
Q4 1.45(1.16,1.82)** 1.23(0.92,1.64)
MEOHP Q1 Ref. <0.001 Ref. 0.009
Q2 1.68(1.39,2.03)** 1.51(1.21,1.88)**
Q3 1.54(1.29,1.84)** 1.36(1.10,1.68)**
Q4 1.64(1.30,2.06)** 1.48(1.13,1.94)**
MBzP Q1 Ref. <0.001 Ref. 0.01
Q2 1.32(1.08,1.61)** 1.24(1.01,1.54)*
Q3 1.26(1.03,1.54)* 1.17(0.92,1.49)
(Continued)
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Table 3. (Continued)

PAEs modell1?* model2’
RR (95% CI) P-trend RR (95% CI) P-trend
Q4 1.67(1.39,2.01)** 1.54(1.16,2.03)**

Calculated using Poisson models.

* Model 1 adjusted for age and sex.

® Model 2 adjusted for age, sex, race/ethnicity, education level, PIR, smoke status, alcohol consumption, physical activity, creatinine, and cycle. *P<0.05
**P<0.01.

https://doi.org/10.1371/journal.pone.0301097.t003

Stratification analysis of age

For the eleven PAEs, we performed an analysis of age stratification (S3 Table). We found a sta-
tistical relationship between MiBP (RR,95%CI: Q3: 1.42, 1.04-1.93), MEOHP (RR,95%CI: Q2:
1.45,1.05-2.00) and MAFLD in the >60 year-old group. In the 40-59 year-old group, higher
quartiles of MECPP (RR,95%CI: Q4: 1.91, 1.13-3.26; Q3: 1.69, 1.10-2.62; P-trend = 0.014),
MEP (RR,95%CI: Q4: 1.53, 1.06-2.21; Q3: 1.60, 1.10-2.34; Q2: 1.62, 1.10-2.38; P-

trend = 0.079), MEHHP (RR,95%CI: Q4: 2.04, 1.22-3.41; Q3: 1.77, 1.15-2.73; P-

trend = 0.004), MEOHP (RR,95%CI: Q4: 2.14, 1.29-3.56; Q3: 1.82, 1.18-2.79; Q2: 1.90, 1.30-
2.78; P-trend = 0.007) and MBzP (RR,95%CI: Q4: 2.18, 1.48-3.21; Q2: 1.47, 1.06-2.04; P-
trend = 0.001) were positively associated with MAFLD. Additionally, MnBP (RR,95%CI: Q4:
2.02, 1.02-4.01; Q3: 2.02, 1.20-3.40; P-trend = 0.025) and MiBP (RR,95%CI: Q4: 1.95, 1.05-
3.60; Q3: 2.07, 1.25-3.44; Q2: 1.67, 1.10-2.52; P-trend = 0.041) were significant positively asso-
ciated with MAFLD in the 20-39 year-old group.

Stratification analysis of sex

Stratification analysis by the sex of the eleven PAEs is shown in S4 Table. Individuals in the
higher quartiles of MECPP (RR,95%CI: Q4: 1.59, 1.03-2.46; Q3: 1.57, 1.08-2.29; P-

trend = 0.025), MnBP (RR,95%CI: Q4: 1.78, 1.06-3.00; Q3: 1.59, 1.09-2.30; P-trend = 0.021),
MEHHP (RR,95%CI: Q4: 1.82, 1.18-2.82; Q3: 1.70, 1.14-2.54; P-trend = 0.003), and MiBP
(RR,95%CI: Q4: 1.73, 1.17-2.54; Q3: 2.10, 1.51-2.94; P-trend <0.001) were positively associ-
ated with MAFLD in women, while significant associations for MBzP (RR,95%CI: Q4: 1.78,
1.25-2.55; Q2: 1.50, 1.09-2.06; P-trend = 0.021) were observed in males.

Association of PAEs mixture exposure and MAFLD

The combined effect of PAEs on MAFLD, as assessed by WQS, indicated a positive and signifi-
cant association between the WQS index for the eleven PAEs and MAFLD (OR: 1.43; 95% CI:
1.20-1.70; P < 0.001) (Table 4). MEHHP (33.30%), MEP (20.84%), MECPP (15.43%), and
MiBP (11.78%) drove the mixture effect in this model. The WQS index weights of each of the
eleven PAEs associated with MAFLD are shown in Fig 4.

Discussion

The study revealed a significant association between phthalate metabolites, specifically
MCiNP, MECPP, MnBP, MCPP, MEP, MEHHP, MEOHP, and MBzP, and an elevated risk of
MAFLD in American adults using NHANES data from 2007 to 2018. The RCS results indi-
cated dose-response relationships between MnBP, MEP, MEHHP, MiBP, MEOHP, MBzP,
and MAFLD. Notably, mixed phthalate exposure significantly elevated the risk of MAFLD,
with MEHHP being the primary contributor.
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Fig 3. Associations between PAE concentration and MAFLD in Restricted Cubic Spline model for the overall population. The solid line and dashed lines

represent the estimated RRs and the 95%CI.
https://doi.org/10.1371/journal.pone.0301097.9003

The liver serves as a crucial defense mechanism against external harmful substances.
MAFLD encompasses patients with obesity, metabolic syndrome, T2DM, or any indications

of metabolic dysregulation. In contrast

, the traditional definition of NAFLD primarily focuses
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Table 4. Estimation of the mixture effect of PAEs on the risk of MAFLD using WQS.

Related Directions OR (95%CI) P-value Component Weights (%)
Positive 1.43(1.20,1.70) <0.001 MEHHP 33.30
MEP 20.84
MECPP 15.43
MiBP 11.78
MnBP 7.17
MBzP 5.89
MCiOP 4.14
MEOHP 0.55
MCiINP 0.49
MCPP 0.41
MEHP 0.00
Negative 1.06(0.92,1.24) 0.405 MEHP 39.27
MCiNP 32.66
MCPP 16.16
MBzP 5.56
MCiOP 3.79
MEP 1.60
MnBP 0.69
MiBP 0.28
MECPP 0.00
MEOHP 0.00
MEHHP 0.00

Weight (%) shows individual contributions to the WQS index.
WQS: Weighted Quantile Sum.

https://doi.org/10.1371/journal.pone.0301097.t004

= MEHHP
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Fig 4. The WQS index weights of each of the eleven PAEs associated with MAFLD.
https://doi.org/10.1371/journal.pone.0301097.g004
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on excluding other causes of liver steatosis [24]. Previous studies have explored the connection
between phthalates and NAFLD [23,32,33]. However, few scholars have studied the relation-
ship between phthalate exposure and the prevalence of MAFLD.

A previous cross-sectional study involving 4,206 Americans revealed an association
between higher MEHHP quartiles and higher odds ratios (ORs) for NAFLD, as defined by US
FLI [33]. Fewer epidemiologic studies have investigated the relationship between phthalates
and NAFLD as diagnosed by vibration-controlled transient elastography. A recent study
involving 1450 American adults demonstrated significantly higher odds ratios (ORs) for
NAFLD in the higher quartiles of MECPP and MEHHP [23]. This is consistent with the find-
ings of our study on MAFLD, despite the different diagnostic criteria between MAFLD and
NAFLD. A recent study utilizing NHANES 2017-2018 data highlighted a strong link between
phthalate exposure and MAFLD, aligning with our research outcomes [34].

MEP is a key metabolite of DEP in vivo and serves as a biomarker for measuring DEP expo-
sure. While acute human exposure to DEP has been reported as low in toxicity, persistent daily
exposure persists due to the extensive use of DEP in personal care items as denaturants and fixa-
tives [35,36]. An animal experiment report demonstrated that prolonged exposure to DEP, even
at lower levels, could induce hyperglycemia and hyperinsulinemia, both indicative of insulin
resistance, in mice [13]. Moreover, a separate animal study reported significant lipid peroxida-
tion in the livers of rats treated with DEP [17]. Simultaneously, a study has indicated that adult
zebrafish exposed to DEP in water can result in severe weight loss, hypolipidemia, hypoglyce-
mia, and increased hepatic inflammation [14]. The results of multiple studies indicate that
DEP-induced oxidative stress is associated with dysfunction of high-density lipoprotein (HDL),
hepatic inflammation, and growth retardation [37,38]. In 2018, a study suggested that exposure
to phthalates could impair liver function in males and indicated that phthalates might decrease
the catalytic efficiency of cytochrome P450. Besides, the study also suggested that MEP level was
associated with the increase in ALT, AST, GGT, hypertriglyceridemia, and the decrease in
HDL-c [39]. Therefore, exposure to phthalates may promote the development of MAFLD.

MEHP, a primary metabolite of DEHP in the human body, did not exhibit a significant
association with MAFLD in this study. However, secondary DEHP metabolites (MECPP,
MEOHP, and MEHHP) displayed a notable link with MAFLD. DEHP, as the most widely
used phthalate ester, has been listed as a priority pollutant by the Environmental Protection
Agency (EPA) [40]. Lipases rapidly metabolize DEHP into MEHP, which is predominantly
absorbed by tissues and is linked to metabolic diseases, cancer, and cardiovascular issues
[41,42]. Several laboratory studies suggested that exposure to DEHP and its metabolites can
influence liver lipid metabolism, leading to hepatic steatosis. A study indicated that in chronic
DEHP-exposed hepatic stellate cells and mice, significant steatosis and elevated liver choles-
terol levels were observed [43]. DEHP exposure may affect cholesterol metabolism. A study
found that DEHP-exposed, apolipoprotein-E-deficient mice may have hypercholesterolemia
and fatty livers [44]. Ioannou and Lee respectively reported that chronic low-dose DEHP expo-
sure decreases ABCG1, the cholesterol excretion receptor. Besides, DEHP exposure increases
the expression of HMGCR and SREBP2, one of the major reasons for cholesterol accumulation
is the increased synthesis of endogenous cholesterol [43,45]. The results of these animal experi-
ments and mechanistic studies indirectly support our findings. One noteworthy mechanism
deserving careful consideration is the potential role of thyroid function in mediating the asso-
ciation between DEHP and MAFLD. DEHP may lead to thyroid dysfunction, as it possesses
thyroid receptor (TR) antagonistic activity [46]. Hence, DEHP may disrupt thyroid function
and subsequently induce MAFLD. However, not all studies have found a connection between
DEHP and thyroid hormones, further research is needed to investigate this potential mecha-
nism [47].
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In the sex-stratified analysis of this study, the metabolites of DEHP (MEHHP and MECPP)
had a significant impact on the risk of MAFLD in females, while their effect on males was not
significant. Animal experiments have demonstrated that female mice have a higher risk of
developing T2DM, metabolic disorders, cardiovascular events, and hepatotoxicity compared
to male mice [48]. In an animal study involving DEHP exposure, female mice exhibited signifi-
cantly impaired glucose tolerance associated with decreased estrogen signaling in the liver
[49]. Several articles have shown that elevated estrogen activity in the livers of female mice
deficient in estrogen, estrogens offer protection against metabolic-related diseases within a
specific physiological range, which may explain the adverse effects of PAEs’ estrogenic activity
on hepatic insulin sensitivity and glucose tolerance in adult females [49-52]. However, the spe-
cific mechanisms underlying sex differences remain unclear and require further investigation.

This study has several advantages. Firstly, it utilized data from NHANES, a nationally repre-
sentative United States database. Stringent quality control measures were implemented to
guarantee the authenticity and generalizability of the results. Secondly, to evaluate the potential
combined impacts of different PAE metabolites, the study used WQS regression as a multiple
pollutant model. This method offers insightful information regarding the MAFLD caused by
the PAE mixtures. However, our study is not without limitations. Firstly, the cross-sectional
design limits the confirmation of causal relationships. Further research employing case-control
or cohort studies is necessary. Secondly, while US FLI proves practical and ethical for extensive
epidemiological studies, invasive liver biopsy remains the gold standard for diagnosing fatty
liver. Lastly, Single-spot urinary phthalate measurements might not adequately capture contin-
uous long-term exposure and intra-individual variability, despite being suggested as a useful
approach in environmental epidemiology studies [53].

Conclusions

The findings of our research demonstrated positive associations between phthalate exposure
and MAFLD in American adults, both individually and in combination. However, to establish
a causal relationship, further longitudinal studies and investigation of biological mechanisms
are imperative.
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