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Objective: To investigate the individual or combined effects of polycyclic 
aromatic hydrocarbons (PAHs) on metabolic dysfunction-associated steatotic 
liver disease (MASLD) in U.S. adults.

Methods: We enrolled 3,130 participants aged 20 and over from the 2007–2016 
National Health and Nutrition Examination Survey (NHANES) and analyzed six 
urinary PAH metabolites. The Poisson regression, Bayesian kernel machine 
regression (BKMR), and weighted quantile sum (WQS) regression models were 
used to assess the associations between PAHs and MASLD.

Results: After adjusting for covariates, Poisson regression model showed 
significant associations [RRs (95% CIs)] between higher exposure quartiles of 
2-hydroxynaphthalene (2-NAP) [Q2: 1.35 (1.06, 1.73); Q3: 1.67 (1.35, 2.07); Q4: 
1.62 (1.23, 2.15); p-trend < 0.001], 2-hydroxyfluorene (2-FLU) [Q3: 1.36 (1.08, 
1.70); p-trend = 0.073], 1-hydroxyphenanthrene (1-PHE) [Q4: 1.35 (1.03, 1.76); 
p-trend = 0.009], and 1-hydroxypyrene (1-PYR) [Q3: 1.37 (1.12, 1.69); Q4: 1.33 
(1.01, 1.76); p-trend = 0.025] and MASLD (p < 0.05), compared with Q1. BKMR 
model exhibited a positive trend between mixed PAHs and MASLD. The WQS 
index constructed for six PAHs was significantly related to MASLD [OR (95% CI): 
1.25 (1.06, 1.49)].

Conclusion: This study suggests that exposure to PAHs, individually or in 
combination, may be associated with an increased risk of MASLD.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is the leading cause of chronic liver disease 
globally, which can eventually develop into hepatocellular carcinoma and liver failure (1). It 
represents the liver manifestation of a multisystem disease that is heterogeneous in its 
underlying causes, presentations, progression, and outcome (2). Given the imperfect 
nomenclature and diagnostic criteria of NAFLD, a revised definition of metabolic 
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dysfunction-associated fatty liver disease (MAFLD) was proposed by 
an expert panel in 2020 (3). Unlike NAFLD, the diagnosis of MAFLD 
does not necessitate the exclusion of other chronic liver disorders or 
significant alcohol consumption. Recently, considering the Delphi 
consensus, the term MAFLD has been replaced with the new term 
metabolic dysfunction-associated steatotic liver disease (MASLD) (4). 
While the use of medical terminology such as “steatosis” may be seen 
as over medicalizing the lexicon to some extent, it avoids the pejorative 
and stigmatizing connotations of the term “fatty” and facilitates 
patients’ disclosure of their health status. Moreover, the perception 
among healthcare providers that “fatty liver” is an indolent condition 
has led to only limited success in raising disease awareness. With 
therapeutics on the horizon, a renewed focus on identifying “at-risk” 
patients, coupled with the adoption of new, more precise terminology, 
such as “steatotic” may increase awareness and attention to the 
disease (4).

MASLD emphasizes the significant impact of cardiac metabolic 
risk factors on the pathogenesis and progression of steatotic liver 
disease, and is more accurate in the identification of people who are 
at higher risk of type 2 diabetes mellitus (T2DM) (5). MASLD can 
result in the development of liver fibrosis, liver cirrhosis and 
hepatocellular carcinoma, and extrahepatic complications including 
T2DM, cardiovascular disease (CVD), renal disease and certain 
extrahepatic cancers (6, 7). It is estimated that the global prevalence 
of MASLD among adults is about 30% (8). MASLD causes significant 
global health and economic burden, and no specific drug treatments 
are currently approved (6). Therefore, there is a great need to identify 
risk factors for MASLD and develop prevention strategies.

Polycyclic aromatic hydrocarbons (PAHs) constitute a category of 
persistent, semivolatile organic pollutants featuring several fused 
benzene rings in various structural configurations (9). PAHs can 
be generated through biological processes as well as from incomplete 
combustion, originating from both natural and anthropogenic 
sources, such as forest and brush fires, or vehicle emissions and smoke, 
and are primarily introduced into the human body via ingestion, skin 
contact, and inhalation (10). Upon entering the body, PAHs are 
converted into hydroxylated metabolites, readily excreted in urine 
(11). Therefore, hydroxylated PAH metabolites in urine effectively 
reflect PAHs exposure (12). Certain PAHs are recognized as 
carcinogens, mutagens, and teratogens, representing a serious health 
risk (13). Prior studies demonstrated PAHs may be  implicated in 
asthma, nerve injury, CVD, kidney and liver damage, cataracts, skin 
redness and inflammation, and adverse birth outcomes (14, 15).

The liver is the primary organ responsible for metabolizing PAHs 
and contains high levels of cytochrome P450 (CYP). PAH-induced 
activation of the aryl hydrocarbon receptor (AhR) regulates CYP 
expression (16). Abnormal activation of AhR can interfere with the 
estrogen signaling pathway (17), leading to oxidative stress and 
inflammatory responses (18, 19), which may contribute to insulin 
resistance (20), and ultimately result in liver damage. In a study of a 
nationally representative sample of U.S. adults, PAHs exposure was 
found to be associated with increased insulin resistance, impaired β 
cell function, and an increased prevalence of metabolic syndrome 
(21). A study involving Korean women found that PAHs may 
contribute to the pathogenesis of insulin resistance through 
methylation mediated inhibition of the IRS2 gene (22).

Epidemiological studies indicated negative impacts of certain 
PAHs on hepatic enzymes and NAFLD. A study from China 

demonstrated a correlation between urinary PAH metabolites and 
elevated levels of gamma-glutamyltransferase (GGT), ALT, and 
aspartate aminotransferase (AST) in adults (23). ALT and AST serve 
as sensitive indicators of liver cell damage, which are often used to 
assess liver dysfunction (24). GGT is one of the best predictors of liver 
mortality. The results of studies investigating the associations between 
PAHs and NAFLD are inconsistent. A study by the Korean National 
Environmental Health Survey (KoNEHS) showed that exposure to 
low levels of volatile organic compounds and PAHs might adversely 
affect the risk of NAFLD in adolescents, with 2-hydroxyfluorene 
(2-FLU) being the largest contributor (25). However, no significant 
association between 2-FLU exposure and NAFLD risk was found in a 
study of US adults (26). Although previous studies have primarily 
investigated NAFLD, the relationship between PAHs exposure and 
MASLD remains uncertain.

Consequently, based on data from five consecutive survey cycles 
of the National Health and Nutrition Examination Survey (NHANES) 
from 2007 to 2016, this study used statistical methods such as Poisson 
regression, restricted cubic spline (RCS), weighted quantile sum 
(WQS) regression, and Bayesian kernel machine regression (BKMR) 
to explore the relationship between individual and combined exposure 
to PAHs and the risk of MASLD, as well as differences in associations 
across age groups and sex.

Methods

Study population

Data from five separate NHANES cycles (2007–2008, 2009–2010, 
2011–2012, 2013–2014, and 2015–2016), a population-based survey 
designed to assess the health and nutritional status of the 
non-institutionalized U.S. population, were combined. In brief, the 
exclusion criteria were: (1) aged under 20 years old; (2) pregnant 
women; (3) excessive alcohol consumption; (4) viral hepatitis (positive 
for serum hepatitis B surface antigen or for serum hepatitis C antibody 
or RNA); (5) without complete measurements of urinary PAH 
metabolites; (6) without sufficient information to evaluate MASLD 
status; (7) with missing covariate information. In total, 3,130 
participants were included in the analysis (Figure 1). All participants 
gave written informed consent, and the study methods were endorsed 
by the National Center for Health Statistics’ Research Ethics Review 
Board and the Centers for Disease Control and Prevention.1

Measurement of PAH metabolites

Urine samples were collected from participants in NHANES using 
glass containers for subsequent transport to the Division of Laboratory 
Sciences at the National Center for Environmental Health. 
Monohydroxylated metabolites of PAHs were the specific analyses 
measured in NHANES. Because PAH metabolites have short half-lives 
and can be collected non-invasively, urine samples are appropriate 
biomarkers of recent exposure and are commonly used in 

1  https://www.cdc.gov/nchs/nhanes/index.htm
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biomonitoring studies (27). Previous studies have shown that a single 
urine sample can be representative of an individual’s normal PAHs 
exposure level (28). The urinary PAH metabolites investigated in this 
study were 1-hydroxynaphthalene (1-NAP), 2-hydroxynaphthalene 
(2-NAP), 3-hydroxyfluorene (3-FLU), 2-FLU, 1-hydroxyphenanthrene 
(1-PHE), and 1-hydroxypyrene (1-PYR). If the analytic result value 
was below the limits of detection (LOD), it was substituted with the 
LOD divided by the square root of 2. The detailed introduction can 
be found in the Supplementary materials.

Definition of MASLD

In this study, the definition of MASLD was based on hepatic 
steatosis, no excessive alcohol consumption, no viral hepatitis, and 
at least one of the following five cardiometabolic risk factors: (1) 
body mass index (BMI) ≥ 25 kg/m2 or waist circumference > 94 cm 
for male or > 80 cm for female; (2) fasting plasma glucose 
(FPG) ≥ 5.6 mmol/L or 2-h post-load glucose (2hPG) ≥ 7.8 mmol/L 
or hemoglobin A1c (HbA1c) ≥ 5.7% or T2DM or treatment for 
T2DM; (3) blood pressure ≥ 130/85 mmHg or specific 
antihypertensive drug treatment; (4) plasma triglycerides 
(TG) ≥ 150 mg/dL or lipid lowering treatment; (5) plasma high 
density lipoprotein cholesterol (HDL-c) ≤ 40 mg/dL for male or ≤ 
50 mg/dL for female or lipid-lowering treatment (4). Individuals 
were considered to have hepatic steatosis if their U.S. fatty liver 
index (USFLI) score was 30 or more (29). USFLI = ey/(1 + ey) × 100, 
where y = −0.8073 × non-Hispanic black + 0.3458 × Mexican 

American + 0.0093 × age + 0.6151 × loge (GGT) + 0.0249 × waist 
circumference + 1.1792 × loge (insulin) + 0.8242 × loge 
(glucose) − 14.7812. If the participants belong to “non-Hispanic 
black” and “Mexican American,” the value of “non-Hispanic black” 
and “Mexican American” is 1, and if they do not belong to that 
ethnicity, it is 0.

Covariates

Based on existing literature, we  selected and adjusted some 
covariates: age, sex, race/ethnicity, education levels, marital status, 
poverty income ratio (PIR), the cycle of NHANES, creatinine, cotinine 
and physical activity. Detailed classifications are in the 
Supplementary material.

Statistical analysis

Continuous variables were presented as medians (IQR, 
interquartile ranges), while categorical variables were expressed as 
counts (percentages) to describe participant characteristics. Wilcoxon 
rank sum tests were employed to assess discrepancies in continuous 
variables between MASLD and non-MASLD participants, while 
Chi-square tests were utilized for categorical variables. To address the 
non-normal distribution of the data, the urinary levels of PAH 
metabolites were transformed using the natural logarithm (ln). 
Spearman correlations were calculated between exposures.

FIGURE 1

Flowchart for selecting eligible participants (National Health and Nutrition Examination Survey, United States, 2007–2016).
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Three multivariate Poisson regression models were developed to 
estimate the relative risks (RRs) and 95% confidence intervals (CIs) 
associated with the risk of MASLD related to exposure to PAHs. 
We used the number of people included in each cycle of this study as 
an offset. The results of the over discretization test were not significant 
(p = 1.000), indicating that Poisson regression is appropriate for the 
analysis. The models were fitted by using the ln-transformed PAH 
levels as continuous variables and further categorized into quartiles, 
with quartile 1 (Q1) as reference. Model 1 was adjusted for creatinine 
only. Based on Model 1, Model 2 was further adjusted for age, sex, 
race, educational level, marital status, PIR, cycle. Based on Model 2, 
Model 3 was further adjusted for cotinine and physical activity. In 
addition, we  performed subgroup analysis to examine possible 
differences in the associations between exposure to PAHs and MASLD 
regarding age and sex. We then used RCS with three knots at the 5th, 
50th, and 95th percentiles to determine the dose–response relationship 
between PAHs and MASLD in a fully adjusted model.

BKMR was employed for the analysis of the combined effect of six 
PAH mixtures on individuals with MASLD. BKMR is a non-parametric 
Bayesian variable selection framework that allows the assessment of 
the combined effects of chemical mixtures on outcomes (30). BKMR 
can effectively estimate exposure-response functions which include 
both nonlinear and non-additive effects, and can determine important 
mixture components through variable selection (31). This study used 
Markov chain Monte Carlo for 10,000 iterations to fit the 
BKMR model.

WQS regression is also a commonly utilized statistical approach 
for investigating the impacts of multiple chemical exposures on health 
outcomes and for calculating the weights of mixture components to 
evaluate their relative contributions (32). The WQS index is a weighted 
average of PAHs, each transformed into categorical variables by 
quantiles. A training set consisting of 40% of the data was randomly 
sampled, with the remaining 60% allocated for model validation, and 
bootstrap resampling was set to 1,000. Adjusting for the 
aforementioned covariates, the association between the WQS index of 
the mixture and MASLD was assessed in both positive and 
negative directions.

Sensitivity analyses were performed to assess primary results 
robustness. Firstly, we  included the continuous variable Healthy 
Eating Index 2015 (HEI-2015) as a new covariate in the regression 
model, while retaining all original covariates. Subsequently, the binary 
variable (yes/no) occupational exposure (available for the 2007–
2012 cycle) was used to replace HEI-2015 in the regression model. 
Finally, both HEI-2015 and occupational exposure were included as 
covariates in the model.

For the complex sampling design of NHANES, this study used 
appropriate weights. A two-sided p-value of < 0.05 was considered 
statistically significant. All analyses were conducted in Stata 15.0 and 
R soft-ware (version 4.2.3). The R package “bkmr” and “gWQS” were 
used to implement BKMR and WQS, respectively.

Results

Population characteristics

According to the inclusion criteria shown in 
Supplementary Figure S1, a total of 3,130 participants were enrolled 

from NHANES. Of these participants, 1,067 were diagnosed with 
MASLD, with a sample weighted prevalence rate of 31.98% (Table 1). 
The median age of all participants was 49 (IQR: 34–63) years, 
predominantly female (50.13%). Participants with and without 
MASLD differed significantly in age, sex, race, education level, marital 
status, and physical activity (p < 0.001).

Concentration distribution of PAH 
metabolites and their correlation

The characteristics of six PAH metabolites were shown in 
Supplementary Table S1. The detection rates of all six chemicals in 
urinary samples were greater than 80%. The median and IQR of 
concentrations (ng/ml) of 1-NAP, 2-NAP, 3-FLU, 2-FLU, 1-PHE, and 
1-PYR among were 1602.75 (4773.00), 4518.50 (8360.00), 78.00 
(176.00), 201.30 (388.00), 118.70 (151.00), 110.00 (171.00), 
respectively.

The Spearman correlation coefficients between the ln-transformed 
PAH metabolites are depicted in Figure 2. All PAH metabolites were 
significantly and positively correlated with each other. 2-FLU and 
3-FLU had the strongest correlation (r = 0.95, p < 0.001), followed by 
2-FLU and 1-PHE (r = 0.77, p < 0.001), 2-FLU and 1-PYR (r = 0.77, 
p < 0.001).

Association of PAHs with MASLD

To assess the individual impact of PAHs on MASLD, three 
multivariate Poisson regression models were constructed (Table 2). 
After adjusting all the covariates, in the continuous variable models, 
there were significant associations between 2-NAP and 1-PHE and 
MASLD risk with the RR values of 1.18 (95% CI: 1.08, 1.28) and 1.14 
(1.04, 1.25) respectively. Compared with Q1, the higher quartiles of 
2-NAP [Q2: 1.35 (1.06, 1.73); Q3: 1.67 (1.35, 2.07); Q4: 1.62 (1.23, 
2.15); p-trend < 0.001], 2-FLU [Q3: 1.36 (1.08, 1.70); p-trend = 0.073], 
1-PHE [Q4: 1.35 (1.03, 1.76); p-trend = 0.009], and 1-PYR [Q3: 1.37 
(1.12, 1.69); Q4: 1.33 (1.01, 1.76); p-trend = 0.025] exhibited a 
heightened risk of MASLD in the fully adjusted model.

Subgroup analysis

We performed subgroup analysis by age to examine potential risk 
of MASLD (Supplementary Table S2). Significant interaction terms 
by age were observed for 1-NAP (P-interaction = 0.025) and 3-FLU 
(P-interaction = 0.027), and 2-FLU (P-interaction = 0.040). We found 
a positive relationship [RRs (95% CIs)] between 2-NAP [Q2: 1.92 
(1.14, 3.23); Q3: 2.21 (1.31, 3.74); Q4: 2.22 (1.20, 4.11); 
p-trend = 0.012] and MASLD in the age group 20–39 years. Among 
people aged 40–59 years, there was an elevated risk of MASLD 
associated with the higher quartile exposure compared to Q1, 
including 2-NAP [Q3: 1.74 (1.18, 2.56); Q4: 1.65 (1.10, 2.46); 
p-trend = 0.007], 2-FLU [Q3: 1.79 (1.23, 2.60); Q4: 1.83 (1.23, 2.74); 
p-trend = 0.002]. In the continuous variable models, there were 
statistical associations between 2-NAP [1.21 (1.02, 1.44)] and 3-FLU 
[0.87 (0.77, 0.99)] and MASLD in the 20–39 age group. In the 40–59 
age group, 2-NAP [1.19 (1.05, 1.35)], 2-FLU [1.18 (1.05, 1.32)], 
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1-PHE [1.26 (1.11, 1.42)], and 1-PYR [1.18 (1.01, 1.37)] were 
significant positively associated with MASLD. In individuals aged 
60 years or older, only 2-NAP [1.12 (1.01, 1.24)] exposure was 
positively associated with MASLD risk.

Significant interaction term by sex was observed for 1-PYR 
(P-interaction = 0.042). In the female subgroup, individuals in the 
higher quartiles of 2-NAP [Q2: 1.54 (1.05, 2.26); Q3: 1.87 (1.31, 2.66); 
Q4: 1.95 (1.33, 2.86); p-trend < 0.001], 2-FLU [Q4: 1.76 (1.18, 2.63); 
p-trend = 0.007], 1-PHE [Q3: 1.52 (1.09, 2.12); Q4: 1.48 (1.01, 2.18); 
p-trend = 0.016], and 1-PYR [Q2: 1.36 (1.02, 1.80); Q3: 1.96 (1.41, 
2.72); Q4: 1.91 (1.23, 2.95); p-trend = 0.002] were positively associated 
with MASLD (Supplementary Table S3). The results of continuous 

variable models are also consistent. In the male subgroup, 2-NAP [Q3: 
1.51 (1.18, 1.93); Q4: 1.42 (1.02, 1.97); p-trend = 0.016] and 2-FLU 
[Q3: 1.48 (1.13, 1.94); p-trend = 0.417] were positively associated with 
MASLD. 2-NAP [1.13 (1.02, 1.24)] was associated with MASLD in the 
continuous variable models.

Dose–response relationships between 
PAHs and MASLD

The RCS models represented the dose–response relationship 
between individual PAH metabolites and MASLD risk 

TABLE 1  Participant characteristics by MASLD status in adults from NHANES 2007–2016 (National Health and Nutrition Examination Survey, 
United States, 2007–2016).

Variables Total (n = 3,130) Non-MASLD (n = 2063) MASLD (n = 1,067) p

Age (years), median (IQR) 49 (34–63) 45 (32–61) 54 (40–67) <0.001

Sex, n (%) <0.001

  Male 1,561 (49.87) 967 (46.87) 594 (55.67)

  Female 1,569 (50.13) 1,096 (53.13) 473 (44.33)

Race/ethnicity, n (%) <0.001

  Mexican American 478 (15.27) 220 (10.66) 258 (24.18)

  Non-Hispanic White 1,376 (43.96) 901 (43.67) 475 (44.52)

  Non-Hispanic Black 569 (18.18) 443 (21.47) 126 (11.81)

  Other 707 (22.59) 499 (24.20) 208 (19.49)

Educational level, n (%) <0.001

  Less than high school 752 (24.03) 422 (20.46) 330 (30.93)

  High school or equivalent 685 (21.88) 436 (21.13) 249 (23.34)

  College or above 1,693 (54.09) 1,205 (58.41) 488 (45.73)

Marital status, n (%) <0.001

  Marry/Living with partner 1917 (61.25) 1,233 (59.77) 684 (64.10)

  Widowed/Divorced/Separated 648 (20.70) 407 (19.73) 241 (22.59)

  Never 565 (18.05) 423 (20.50) 142 (13.31)

PIR, n (%) 0.217

  <1 682 (21.79) 436 (21.13) 246 (23.06)

  ≥1 2,448 (78.21) 1,627 (78.87) 821 (76.94)

Cotinine (ng/mL), median (IQR) 0.038 (0.011–3.09) 0.037 (0.011–4.63) 0.039 (0.011–2.27) 0.868

Physical activity, n (%) <0.001

  Sedentary 777 (24.82) 460 (22.30) 317 (29.71)

  Insufficient 373 (11.92) 237 (11.49) 136 (12.75)

  Moderate 352 (11.25) 231 (11.20) 121 (11.34)

  High 1,628 (52.01) 1,135 (55.01) 493 (46.20)

Survey cycle, n (%) 0.060

  2007–2008 618 (19.74) 399 (19.34) 219 (20.52)

  2009–2010 685 (21.88) 428 (20.75) 257 (24.09)

  2011–2012 603 (19.27) 413 (20.02) 190 (17.81)

  2013–2014 651 (20.80) 450 (21.81) 201 (18.84)

2015–2016 573 (18.31) 373 (18.08) 200 (18.74)

IQR, interquartile range; PIR, poverty income ratio. p values were based on the Chi-square test (categorical variables) or the Wilcoxon rank sum test (continuous variables).
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(Supplementary Figure S1). 2-NAP (Pfor-overall < 0.01), 2-FLU (Pfor-

overall = 0.043), 1-PHE (Pfor-overall = 0.002) and 1-PYR (Pfor-overall = 0.008) 
were significantly associated with MASLD. No nonlinear dose–
response relationship was found.

Association of PAHs mixture exposure and 
MASLD

BKMR was performed to estimate the possible combined effect 
of the PAH metabolites mixture. The completely adjusted model 
exhibited a positive trend between mixed PAH metabolites and 
MASLD compared to the 50th percentiles (Figure 3). According to 
the posterior inclusion probability (PIP) of each PAH metabolite 
(Supplementary Table S4), 2-NAP and 3-FLU contributed the most 
to MASLD risk (PIP = 1), followed by 1-PHE (PIP = 0.9752). 
Additionally, by fixing the other exposure at its 25th, 50th or 75th 
percentile, we analyzed the individual effect of each exposure on the 
occurrence of MASLD (Supplementary Figure S2). Our results 
showed that 2-NAP, 2-FLU and 1-PHE were positively associated 
with increased risk of MASLD, and 3-FLU was inversely associated, 
when other metabolites were fixed at the 25th, 50th and 75th 
percentiles. Then, univariate exposure-response functions were 
assessed at fixed median concentrations of other PAHs 
(Supplementary Figure S3). Positive correlations were observed 
between 2-NAP, 2-FLU, 1-PHE, and the risk of MASLD, while 3-FLU 
showed the opposite relationship.

After adjusting for the covariate, a positive and significant 
association was observed between the WQS index for the six PAHs 
and MASLD [OR (95% CI): 1.25 (1.06, 1.49)] (Supplementary Table S5). 
2-NAP and 1-PHE were identified as major PAHs, with weights of 
78.24 and 13.28%, respectively (Figure 4). The WQS regression in the 
negative direction showed no significant association between PAHs 
mixture and MASLD [0.86 (0.75, 1.00)].

Sensitivity analysis

Supplementary Tables S6–S8 indicated that even after considering 
HEI-2015 and occupational exposure as covariates, the association 
between PAHs and MASLD risk remains consistent (p < 0.05).

Discussion

This study revealed that 2-NAP, 2-FLU, 1-PHE, and 1-PYR may 
be associated with an increased the risk of MASLD in American adults 
from the NHANES 2007–2016 dataset. The associations were 
significant those aged 20 to 59 years and in females. The RCS results 
showed that no nonlinear dose–response relationship was found. 
Moreover, the BKMR model revealed a significant and positive 
association between the PAH mixture and MASLD risk, with 2-NAP 
and 3-FLU identified as the main contributors. The WQS model 
indicated the PAHs mixture was positively associated with the risk of 
MASLD, primarily driven by 2-NAP and 1-PHE.

Although the exact mechanism of the link between PAHs 
exposure and MASLD is uncertain, there are several possible 
explanations. The liver is the primary organ responsible for 
metabolizing PAHs and contains high levels of CYP. The AhR is a 
ubiquitously expressed ligand-activated transcription factor with 
multiple physiological functions (33). Activation of the AhR by PAHs 
regulates the expression of CYP, including CYP1A1, CYP1A2 and 
CYP1B1 (16), with CYP1A1 serving as a typical marker of AhR 
activation (34). Overexpression of CYP1A1 can disrupt the estrogen 
signaling pathway and diminish the ability of 17β-estradiol to protect 
against hepatic steatosis, which is marked by the buildup of TG (17), 
a pathological feature of MASLD (35). Then, CYP1A1 is a key enzyme 
of oxidative stress, and its overexpression can cause oxidative stress by 
affecting reactive oxygen species (ROS) and superoxide dismutase 
(SOD) levels (18). An animal study also showed that markers of 
antioxidants such as glutathione-S-transferase, SOD and catalase were 
reduced in African catfish exposed to benzo[b]fluoranthene (36). 
Oxidative stress is known to play an important role in the pathogenesis 
of MASLD (37). Moreover, AhR is involved in the modulation of 
tumor necrosis factor alpha (TNF-α) and interleukin-8 (IL-8) 
expression (19). TNF-α interferes with insulin signaling promoting 
insulin resistance (20). Increased ROS levels are also an important 
trigger for insulin resistance (38). Insulin resistance may contribute 
significantly to the development of MASLD and its induced 
abnormalities in lipid metabolism can lead to increased production of 
proinflammatory cytokines, such as TNF-α, IL-1b, and IL-6, as well as 
less adiponectin, thereby inducing systemic insulin resistance (39). 
Low-grade chronic inflammation and systemic insulin resistance are 
crucial for mediating hepatic and most extrahepatic complications of 
MASLD (7).

Beside activation of AhR and CYP1A1, recent studies have shown 
that several PAHs, including fluoranthene, phenanthrene, and pyrene, 
interact with human and/or mouse constitutive androstane receptor 
(CAR), inducing its some target gene, such as CYP2B1, CYP2B2, 
CYP2B6, CYP2B10 (40, 41). CAR, highly expressed in the liver, 
belongs to the nuclear receptor superfamily. Animal experiments 
revealed that administration of pyrene or phenanthrene led to 
increased relative liver weight, hepatocellular hypertrophy, and higher 

FIGURE 2

Spearman correlation coefficients among six PAH metabolites 
(National Health and Nutrition Examination Survey, United States, 
2007–2016). All results for PAH metabolites were ln-transformed. 
*p < 0.05; **p < 0.01; ***p < 0.001.
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serum ALT levels in wild-type mice, but these effects were absent in 
CAR-null mice (40, 41). Additionally, hepatic total glutathione (GSH) 
levels were lower in wild-type mice compared to CAR-null mice, 
indicating that GSH reduction may contribute to hepatotoxicity 
caused by pyrene or phenanthrene. In addition, another study in mice 

found that CAR is crucial in the liver inflammatory triggered by 
pyrene, marked by increased levels of serum amyloid A proteins and 
IL-17-producing helper T cells (42).

The evidence concerning the link between PAH exposure and the 
development of MASLD in the general population is inconclusive. 

TABLE 2  Relative risks (95% confidence intervals) for the associations between PAHs and MASLD (National Health and Nutrition Examination Survey, 
United States, 2007–2016).

Variables Model 1 Model 2 Model 3

RR (95% CI) RR (95% CI) RR (95% CI)

1-NAP Continuous 1.02 (0.92, 1.12) 1.07 (0.97, 1.18) 0.99 (0.94, 1.05)

Q1 Ref Ref Ref

Q2 0.98 (0.78, 1.23) 0.91 (0.72, 1.16) 0.91 (0.71, 1.15)

Q3 1.01 (0.80, 1.27) 0.91 (0.72, 1.15) 0.92 (0.73, 1.16)

Q4 0.93 (0.74, 1.17) 0.83 (0.66, 1.05) 0.84 (0.65, 1.08)

p-trend 0.590 0.140 0.205

2-NAP Continuous 1.14 (1.03, 1.25)* 1.12 (1.02, 1.23)* 1.18 (1.08, 1.28)**

Q1 Ref Ref Ref

Q2 1.32 (1.02, 1.71)* 1.36 (1.06, 1.74)* 1.35 (1.06, 1.73)*

Q3 1.57 (1.26, 1.97)*** 1.67 (1.34, 2.07)*** 1.67 (1.35, 2.07)***

Q4 1.48 (1.13, 1.94)** 1.56 (1.20, 2.04)*** 1.62 (1.23, 2.15)***

p-trend 0.001 <0.001 <0.001

3-FLU Continuous 1.02 (0.94, 1.11) 1.03 (0.95, 1.11) 0.97 (0.89, 1.05)

Q1 Ref Ref Ref

Q2 0.87 (0.73, 1.05) 0.87 (0.73, 1.03) 0.86 (0.72, 1.03)

Q3 0.93 (0.73, 1.18) 0.95 (0.77, 1.17) 0.97 (0.78, 1.21)

Q4 0.85 (0.67, 1.08) 0.87 (0.69, 1.10) 0.90 (0.68, 1.19)

p-trend 0.301 0.443 0.677

2-FLU Continuous 0.95 (0.88, 1.02) 0.96 (0.90, 1.03) 1.06 (0.96, 1.17)

Q1 Ref Ref Ref

Q2 1.05 (0.84, 1.31) 1.07 (0.87, 1.32) 1.06 (0.86, 1.31)

Q3 1.29 (1.01, 1.66)* 1.29 (1.03, 1.60)* 1.36 (1.08, 1.70)**

Q4 1.16 (0.88, 1.51) 1.21 (0.93, 1.58) 1.30 (0.96, 1.78)

p-trend 0.318 0.155 0.073

1-PHE Continuous 1.13 (1.04, 1.22)** 1.15 (1.07, 1.24)*** 1.14 (1.04, 1.25)***

Q1 Ref Ref Ref

Q2 0.94 (0.74, 1.18) 0.93 (0.73, 1.17) 0.93 (0.74, 1.18)

Q3 1.25 (0.99, 1.58) 1.22 (0.97, 1.53) 1.25 (1.00, 1.58)

Q4 1.32 (1.01, 1.74)* 1.29 (0.98, 1.70) 1.35 (1.03, 1.76)*

p-trend 0.015 0.021 0.009

1-PYR Continuous 1.01 (0.96, 1.06) 0.99 (0.93, 1.04) 1.09 (0.99, 1.21)

Q1 Ref Ref Ref

Q2 1.02 (0.83, 1.26) 1.09 (0.90, 1.33) 1.12 (0.93, 1.35)

Q3 1.19 (0.96, 1.48) 1.33 (1.08, 1.64)** 1.37 (1.12, 1.69)**

Q4 1.10 (0.84, 1.45) 1.26 (0.96, 1.66) 1.33 (1.01, 1.76)*

p-trend 0.403 0.066 0.025

Poisson regression models were applied. All results for PAH metabolites were ln-transformed. Model 1: only adjusted for creatinine. Model 2: based on model 1 and adjusted for age, sex, race, 
educational level, marital status, PIR, and NHANES cycle. Model 3: based on model 2 and adjusted for cotinine and physical activity. Q1 to Q4 refer to the 1st through 4th quartiles of PAH 
metabolites. Ref, reference. *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 3

Combined effects of the PAHs mixture on MASLD risk estimated by BKMR (National Health and Nutrition Examination Survey, United States, 2007–
2016). All results for PAH metabolites were ln-transformed. Covariates included creatinine age, sex, race, educational level, marital status, PIR, NHANES 
cycle, cotinine, and physical activity.

FIGURE 4

The WQS index weights of each of the six PAHs associated with MASLD (National Health and Nutrition Examination Survey, United States, 2007–2016). 
All results for PAH metabolites were ln-transformed. Covariates included creatinine age, sex, race, educational level, marital status, PIR, NHANES cycle, 
cotinine, and physical activity.
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Previous studies can provide some clues that PAHs exposure may 
cause NAFLD. A study from KoNEHS revealed that 
2-hydroxyfluorene levels contributed the most to significantly 
increasing the prevalence of NAFLD using the BKMR model (25). 
Two studies utilizing NHANES data also identified a notable 
correlation between PAH mixtures and NAFLD risk (26, 43). These 
are consistent with our findings on MASLD. In addition, exposure to 
PAHs is linked to abnormal liver function indices. Previous studies 
suggested that 2-NAP and 2-FLU were linked to the increase in ALT, 
AST, and GGT (23). Serum bilirubin, also one of the liver blood test 
indicators, has antioxidant and cytoprotective effects, and its level is 
inversely correlated with NAFLD (44). A study of American adults 
found negative associations between 2-NAP and 1-PYR and total 
bilirubin (45). This study found that 3-FLU may be associated with 
MASLD. In the BKMR model, 3-FLU exhibited a negative association 
with MASLD risk, which is consistent with the direction of 
association observed in subgroup analyses, and was one of the 
primary contributors in mixed exposure to pollutants. The single-
pollutant regression showed a negative correlation between 3-FLU 
and MASLD, but without statistical significance. Compared to single-
pollutant models, BKMR overcomes the disadvantages of traditional 
methods that may be limited by multicollinearity and model selection 
errors. BKMR allows for simultaneous variable selection and effect 
estimation, capturing nonlinear and non-additive effects among 
co-exposures, and thus better capturing the combined effect of 
mixtures and individual effect of single chemical in the mixture, such 
as the relationship between 3-FLU and MASLD (30, 46). Although 
the specific mechanism is unclear, previous studies have found that 
3-FLU was negatively correlated with other adverse outcomes. Studies 
found significant negative associations between 3-FLU and NAFLD 
and MAFLD, which researchers propose is consistent with previous 
findings on synergistic or antagonistic effects existed in PAHs (26, 
47). Research on PAHs and osteoporosis showed that 2-FLU was 
associated with an increased prevalence of osteoporosis, whereas 
3-FLU was associated with a decreased prevalence of osteoporosis 
(48). Another study among U.S. adults found an inverse association 
between 3-FLU exposure and cervical cancer prevalence, and 
speculated that this association may be related to the methylation 
levels of the AhR repressor gene (49, 50). Further research is needed 
to better understand the underlying mechanisms involved in 
these associations.

The definition of NAFLD mainly focuses on excluding other 
factors responsible for hepatic steatosis. While MASLD also includes 
patients with obesity, insulin resistance, vascular dysfunction, or 
dyslipidemia (51). Chronic exposure to low-molecular-weight PAHs, 
like 2-NAP, results in lipid buildup in adipocytes and triggers 
inflammation, demonstrating an obesogenic potential (52). A 
systematic review with meta-analysis found that naphthalene, 
phenanthrene, and total OH-PAHs metabolites were significantly 
positively correlated with the risk of obesity (53). A study on Xenopus 
tropicalis reported hepatotoxicity caused by impairment of lipid and 
cholesterol metabolism in individuals exposed to benzo[a]pyrene 
(B[a]p) (54). A study in China showed that the sum concentrations of 
hydroxyphenanthrene were positively associated with an average 
increase of serum concentrations of total cholesterol or low-density 
lipoprotein-cholesterol over 6 years (55). Moreover, phenanthrene can 
interfere with adipocytokine levels through epigenetic modification, 

which in turn affects glucose metabolism, leading to insulin resistance 
(56). In a study of a nationally representative sample of U.S. adults, 
PAHs exposure was found to be associated with increased insulin 
resistance, impaired β cell function, and an increased prevalence of 
metabolic syndrome (21). A study involving Korean women found 
that PAHs may contribute to the pathogenesis of insulin resistance 
through methylation mediated inhibition of the IRS2 gene (22). 
Additionally, a study performed both in vivo and in vitro proved that 
chronic exposure to PAHs can induce endothelial dysfunction in rats 
and primary human umbilical vein endothelial cells, resulting in 
cardiometabolic disease (57). A recent systematic review found a 
positive association between PAHs and CVD (57). A study using 
NHANES data revealed that joint exposure to PAHs showed positive 
association with CVD and all-cause mortality (58). Thus, PAHs 
exposure may contribute to the development of MASLD. However, 
strong evidence is still needed to further prove the relationship 
between PAHs and MASLD.

Furthermore, the subgroup analysis results suggest that there are 
sex differences in the association between exposure to PAHs and 
MASLD. A European flounder experiment proposed that after 
exposure to (B[a]p), female flounder hepatocytes exhibited slower 
biotransformation and lower capacity for non-enzymatic antioxidant 
defense and detoxification of toxic aldehydes than males, which may 
indicate that females are more sensitive to environmental toxicants 
and carcinogens (59). There are also differences between different age 
groups. Young and middle-aged people have chronic exposure to 
elevated levels of PAHs because of their occupations (60), such as coke 
oven workers (61) and firefighters (62). In addition, they may be more 
likely to be exposed to tobacco. And tobacco users had higher PAH 
urinary biomarker levels compared to non-users (63). Moreover, 
Estrogen has a potential protective effect in alleviating the onset and 
progression of MASLD (64). The current median age of menopause is 
52 years in the United States, ranging from 45 to 55 years (65). In the 
age group of 40–59, compared to younger groups, women may 
experience menopause, with a significant decrease in estrogen levels, 
thereby increasing the risk of MASLD.

Strengths and limitations

This study exhibits several notable advantages. This is an inaugural 
investigation into the relationship between PAHs exposure and MASLD 
in a nationally representative sample. Then the large and nationally 
representative nature of the sample in this study boosts its statistical 
power, allowing for robust detection of associations. Additionally, the 
effect of PAHs on MASLD was verified using a variety of methods, and 
the consistency of results across these methods lends further support to 
the conclusions drawn. The limitations of our study should be recognized. 
Firstly, it is not possible to confirm a causal relationship between PAHs 
and MASLD, given the cross-sectional nature of the study. To further 
confirm our findings, it would be imperative to conduct cohort designs 
and animal studies. Secondly, urine PAHs samples were collected and 
measured from participants at a single time point, so continuous exposure 
and intra-individual differences may not be reflected. Moreover, despite 
the proven utility and ethicality of this method in numerous 
epidemiological studies, the current gold standard for diagnosing fatty 
liver remains still invasive liver biopsy. Additionally, while viral hepatitis 
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(HBV/HCV) and significant alcohol use were excluded according to 
MASLD criteria, NHANES lacks data to systematically rule out other 
competing etiologies of hepatic steatosis (e.g., drug-induced liver injury, 
autoimmune hepatitis, or hereditary hemochromatosis) as strictly 
required by the Delphi consensus, which indicates that some cases 
classified as MASLD may have coexisting or alternative underlying causes. 
Future studies incorporating specialized laboratory tests and medication 
histories could help refine the diagnostic accuracy. Lastly, despite 
controlling for many confounding factors, residual unknown confounding 
factors may still exist, which could influence our results. Our study 
belongs to exploratory research, the purpose of which is to preliminarily 
explore the relationship between PAHs and MASLD, so we  did not 
perform adjustment for the level of significance.

Conclusion

The results of our study suggested that individual or combined 
exposure to PAHs may be  associated with an increased risk of 
MASLD in American adults. These associations were not identical 
between males and females, and there were also differences across 
age groups. Exploring the independent and/or combined effects of 
environmental factors on MASLD is crucial for disease prevention. 
Protecting key populations and reducing occupational exposures 
can be effective in preventing the harms of PAHs. However, further 
longitudinal studies and biological mechanism studies are needed 
to establish causality.

Data availability statement

Publicly available datasets were analyzed in this study. This data 
can be found at: https://www.cdc.gov/nchs/nhanes/index.htm.

Ethics statement

The NHANES protocol was approved by the National Center for 
Health Statistics’ Research Ethics Review Board. All participants 
provided written informed consent.

Author contributions

JW: Conceptualization, Methodology, Writing – original draft. SC: 
Data curation, Formal analysis, Methodology, Writing – review & 
editing. XL: Data curation, Formal analysis, Writing  – review & 

editing. XZ: Resources, Validation, Writing – review & editing. SY: 
Visualization, Writing – review & editing. JS: Software, Writing – 
review & editing. XJ: Project administration, Supervision, Writing – 
review & editing.

Funding

The author(s) declare that no financial support was received for 
the research and/or publication of this article.

Acknowledgments

This study utilized data from the National Health and Nutrition 
Examination Survey (NHANES). The authors would like to thank all 
contributors and participants in NHANES.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpubh.2025.1540357/
full#supplementary-material

References
	1.	Kumar R, Priyadarshi RN, Anand U. Non-alcoholic fatty liver disease: growing 

burden, adverse outcomes and associations. J Clin Transl Hepatol. (2020) 8:76–86. doi: 
10.14218/JCTH.2019.00051

	2.	Byrne CD, Targher G. NAFLD: a multisystem disease. J Hepatol. (2015) 62:S47–64. 
doi: 10.1016/j.jhep.2014.12.012

	3.	Eslam M, Newsome PN, Sarin SK, Anstee QM, Targher G, Romero-Gomez M, 
et al. A new definition for metabolic dysfunction-associated fatty liver disease: An 
international expert consensus statement. J Hepatol. (2020) 73:202–9. doi: 
10.1016/j.jhep.2020.03.039

	4.	Rinella ME, Lazarus JV, Ratziu V, Francque SM, Sanyal AJ, Kanwal F, et al. A 
multisociety Delphi consensus statement on new fatty liver disease nomenclature. 
Hepatology. (2023) 78:1966–86. doi: 10.1097/HEP.0000000000000520

	5.	He L, Zheng W, Qiu K, Kong W, Zeng T. Changing from NAFLD to MASLD: the 
new definition can more accurately identify individuals at higher risk for diabetes. J 
Hepatol. (2024) 80:e85–7. doi: 10.1016/j.jhep.2023.09.035

	6.	Miao L, Targher G, Byrne CD, Cao YY, Zheng MH. Current status and future trends 
of the global burden of MASLD. Trends Endocrinol Metab. (2024) 35:697–707. doi: 
10.1016/j.tem.2024.02.007

https://doi.org/10.3389/fpubh.2025.1540357
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.cdc.gov/nchs/nhanes/index.htm
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1540357/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1540357/full#supplementary-material
https://doi.org/10.14218/JCTH.2019.00051
https://doi.org/10.1016/j.jhep.2014.12.012
https://doi.org/10.1016/j.jhep.2020.03.039
https://doi.org/10.1097/HEP.0000000000000520
https://doi.org/10.1016/j.jhep.2023.09.035
https://doi.org/10.1016/j.tem.2024.02.007


Wu et al.� 10.3389/fpubh.2025.1540357

Frontiers in Public Health 11 frontiersin.org

	7.	Targher G, Byrne CD, Tilg H. MASLD: a systemic metabolic disorder with 
cardiovascular and malignant complications. Gut. (2024) 73:691–702. doi: 
10.1136/gutjnl-2023-330595

	8.	Chan WK, Chuah KH, Rajaram RB, Lim LL, Ratnasingam J, Vethakkan SR. 
Metabolic dysfunction-associated Steatotic liver disease (MASLD): a state-of-the-art 
review. J Obes Metab Syndr. (2023) 32:197–213. doi: 10.7570/jomes23052

	9.	Prabhu Y, Phale PS. Biodegradation of phenanthrene by Pseudomonas sp. strain 
PP2: novel metabolic pathway, role of biosurfactant and cell surface hydrophobicity in 
hydrocarbon assimilation. Appl Microbiol Biotechnol. (2003) 61:342–51. doi: 
10.1007/s00253-002-1218-y

	10.	Abdel-Shafy HI, Mansour MSM. A review on polycyclic aromatic hydrocarbons: 
source, environmental impact, effect on human health and remediation. Egypt J Pet. 
(2016) 25:107–23. doi: 10.1016/j.ejpe.2015.03.011

	11.	Li Z, Romanoff LC, Lewin MD, Porter EN, Trinidad DA, Needham LL, et al. 
Variability of urinary concentrations of polycyclic aromatic hydrocarbon metabolite in 
general population and comparison of spot, first-morning, and 24-h void sampling. J 
Expo Sci Environ Epidemiol. (2010) 20:526–35. doi: 10.1038/jes.2009.41

	12.	Strickland P, Kang D, Sithisarankul P. Polycyclic aromatic hydrocarbon metabolites 
in urine as biomarkers of exposure and effect. Environ Health Perspect. (1996) 
104:927–32.

	13.	Bostrom CE, Gerde P, Hanberg A, Jernstrom B, Johansson C, Kyrklund T, et al. 
Cancer risk assessment, indicators, and guidelines for polycyclic aromatic hydrocarbons 
in the ambient air. Environ Health Perspect. (2002) 110:451–88. doi: 
10.1289/ehp.110-1241197

	14.	Slotkin TA, Skavicus S, Card J, Giulio RT, Seidler FJ. In vitro models reveal 
differences in the developmental neurotoxicity of an environmental polycylic aromatic 
hydrocarbon mixture compared to benzo[a]pyrene: Neuronotypic PC12 cells and 
embryonic neural stem cells. Toxicology. (2017) 377:49–56. doi: 10.1016/j.tox.2016.12.008

	15.	Kim KH, Jahan SA, Kabir E, Brown RJ. A review of airborne polycyclic aromatic 
hydrocarbons (PAHs) and their human health effects. Environ Int. (2013) 60:71–80. doi: 
10.1016/j.envint.2013.07.019

	16.	Bu KB, Kim M, Shin MK, Lee SH, Sung JS. Regulation of benzo[a]pyrene-induced 
hepatic lipid accumulation through CYP1B1-induced mTOR-mediated Lipophagy. Int 
J Mol Sci. (2024) 25:1324. doi: 10.3390/ijms25021324

	17.	Zhu XY, Xia HG, Wang ZH, Li B, Jiang HY, Li DL, et al. In vitro and in vivo 
approaches for identifying the role of aryl hydrocarbon receptor in the development of 
nonalcoholic fatty liver disease. Toxicol Lett. (2020) 319:85–94. doi: 
10.1016/j.toxlet.2019.10.010

	18.	Huang B, Bao J, Cao YR, Gao HF, Jin Y. Cytochrome P450 1A1 (CYP1A1) catalyzes 
lipid peroxidation of oleic acid-induced HepG2 cells. Biochemistry (Mosc). (2018) 
83:595–602. doi: 10.1134/S0006297918050127

	19.	Hou XX, Chen G, Hossini AM, Hu T, Wang L, Pan Z, et al. Aryl hydrocarbon 
receptor modulates the expression of TNF-alpha and IL-8 in human Sebocytes via the 
MyD88-p65NF-kappaB/p38MAPK signaling pathways. J Innate Immun. (2019) 
11:41–51. doi: 10.1159/000491029

	20.	Xia H, Zhu X, Zhang X, Jiang H, Li B, Wang Z, et al. Alpha-naphthoflavone 
attenuates non-alcoholic fatty liver disease in oleic acid-treated HepG2 hepatocytes and 
in high fat diet-fed mice. Biomed Pharmacother. (2019) 118:109287. doi: 
10.1016/j.biopha.2019.109287

	21.	Hu H, Kan H, Kearney GD, Xu X. Associations between exposure to polycyclic 
aromatic hydrocarbons and glucose homeostasis as well as metabolic syndrome in 
nondiabetic adults. Sci Total Environ. (2015) 505:56–64. doi: 
10.1016/j.scitotenv.2014.09.085

	22.	Kim YH, Lee YS, Lee DH, Kim DS. Polycyclic aromatic hydrocarbons are 
associated with insulin receptor substrate 2 methylation in adipose tissues of Korean 
women. Environ Res. (2016) 150:47–51. doi: 10.1016/j.envres.2016.05.043

	23.	Zhou S, Guo C, Dai Y, Pan X, Luo X, Qin P, et al. Association between 
polycyclic aromatic hydrocarbon exposure and liver function: the mediating roles 
of inflammation and oxidative stress. Environ Pollut. (2024) 342:123068. doi: 
10.1016/j.envpol.2023.123068

	24.	Newsome PN, Cramb R, Davison SM, Dillon JF, Foulerton M, Godfrey EM, et al. 
Guidelines on the management of abnormal liver blood tests. Gut. (2018) 67:6–19. doi: 
10.1136/gutjnl-2017-314924

	25.	Choi YH, Lee JY, Moon KW. Exposure to volatile organic compounds and 
polycyclic aromatic hydrocarbons is associated with the risk of non-alcoholic fatty 
liver disease in Korean adolescents: Korea National Environmental Health Survey 
(KoNEHS) 2015-2017. Ecotoxicol Environ Saf. (2023) 251:114508. doi: 
10.1016/j.ecoenv.2023.114508

	26.	Hu Z, Li Y, Yang Y, Yu W, Xie W, Song G, et al. Serum lipids mediate the 
relationship of multiple polyaromatic hydrocarbons on non-alcoholic fatty liver disease: 
a population-based study. Sci Total Environ. (2021) 780:146563. doi: 
10.1016/j.scitotenv.2021.146563

	27.	Grainger J, Huang W, Patterson DG Jr, Turner WE, Pirkle J, Caudill SP, et al. 
Reference range levels of polycyclic aromatic hydrocarbons in the US population by 
measurement of urinary monohydroxy metabolites. Environ Res. (2006) 100:394–423. 
doi: 10.1016/j.envres.2005.06.004

	28.	Verheyen VJ, Remy S, Govarts E, Colles A, Rodriguez Martin L, Koppen G, et al. 
Urinary polycyclic aromatic hydrocarbon metabolites are associated with biomarkers of 
chronic endocrine stress, oxidative stress, and inflammation in adolescents: FLEHS-4 
(2016-2020). Toxics. (2021) 9:245. doi: 10.3390/toxics9100245

	29.	Ruhl CE, Everhart JE. Fatty liver indices in the multiethnic United States National 
Health and nutrition examination survey. Aliment Pharmacol Ther. (2015) 41:65–76. doi: 
10.1111/apt.13012

	30.	Bobb JF, Valeri L, Claus Henn B, Christiani DC, Wright RO, Mazumdar M, et al. 
Bayesian kernel machine regression for estimating the health effects of multi-pollutant 
mixtures. Biostatistics. (2015) 16:493–508. doi: 10.1093/biostatistics/kxu058

	31.	Bobb JF, Claus Henn B, Valeri L, Coull BA. Statistical software for analyzing the 
health effects of multiple concurrent exposures via Bayesian kernel machine regression. 
Environ Health. (2018) 17:67. doi: 10.1186/s12940-018-0413-y

	32.	Carrico C, Gennings C, Wheeler DC, Factor-Litvak P. Characterization of 
weighted quantile sum regression for highly correlated data in a risk analysis setting. J 
Agric Biol Environ Stat. (2015) 20:100–20. doi: 10.1007/s13253-014-0180-3

	33.	Carambia A, Schuran FA. The aryl hydrocarbon receptor in liver inflammation. 
Semin Immunopathol. (2021) 43:563–75. doi: 10.1007/s00281-021-00867-8

	34.	Tarnow P, Tralau T, Luch A. Chemical activation of estrogen and aryl hydrocarbon 
receptor signaling pathways and their interaction in toxicology and metabolism. Expert 
Opin Drug Metab Toxicol. (2019) 15:219–29. doi: 10.1080/17425255.2019.1569627

	35.	Rao G, Peng X, Li X, An K, He H, Fu X, et al. Unmasking the enigma of lipid 
metabolism in metabolic dysfunction-associated steatotic liver disease: from mechanism 
to the clinic. Front Med (Lausanne). (2023) 10:1294267. doi: 10.3389/fmed.2023.1294267

	36.	Obanya HE, Omoarukhe A, Amaeze NH, Okoroafor CU. Polycyclic aromatic 
hydrocarbons in Ologe lagoon and effects of benzo[b]fluoranthene in African catfish. J 
Health Pollut. (2019) 9:190605. doi: 10.5696/2156-9614-9.22.190605

	37.	Chen Z, Tian R, She Z, Cai J, Li H. Role of oxidative stress in the pathogenesis of 
nonalcoholic fatty liver disease. Free Radic Biol Med. (2020) 152:116–41. doi: 
10.1016/j.freeradbiomed.2020.02.025

	38.	Houstis N, Rosen ED, Lander ES. Reactive oxygen species have a causal role in 
multiple forms of insulin resistance. Nature. (2006) 440:944–8. doi: 10.1038/nature04634

	39.	Yanai H, Adachi H, Hakoshima M, Iida S, Katsuyama H. Metabolic-dysfunction-
associated Steatotic liver disease-its pathophysiology, association with atherosclerosis 
and cardiovascular disease, and treatments. Int J Mol Sci. (2023) 24:15473. doi: 
10.3390/ijms242015473

	40.	Yang H, Shi Z, Wang XX, Cheng R, Lu M, Zhu J, et al. Phenanthrene, but not its 
isomer anthracene, effectively activates both human and mouse nuclear receptor 
constitutive androstane receptor (CAR) and induces hepatotoxicity in mice. Toxicol Appl 
Pharmacol. (2019) 378:114618. doi: 10.1016/j.taap.2019.114618

	41.	Zhang XJ, Shi Z, Lyv JX, He X, Englert NA, Zhang SY. Pyrene is a novel constitutive 
Androstane receptor (CAR) activator and causes hepatotoxicity by CAR. Toxicol Sci. 
(2015) 147:436–45. doi: 10.1093/toxsci/kfv142

	42.	Shi Z, Li X, Zhang YM, Zhou YY, Gan XF, Fan QY, et al. Constitutive androstane 
receptor (CAR) mediates pyrene-induced inflammatory responses in mouse liver, with 
increased serum amyloid a proteins and Th17 cells. Br J Pharmacol. (2022) 179:5209–21. 
doi: 10.1111/bph.15934

	43.	Li W, Xiao H, Wu H, Pan C, Deng K, Xu X, et al. Analysis of environmental 
chemical mixtures and nonalcoholic fatty liver disease: NHANES 1999-2014. Environ 
Pollut. (2022) 311:119915. doi: 10.1016/j.envpol.2022.119915

	44.	Kwak MS, Kim D, Chung GE, Kang SJ, Park MJ, Kim YJ, et al. Serum bilirubin 
levels are inversely associated with nonalcoholic fatty liver disease. Clin Mol Hepatol. 
(2012) 18:383–90. doi: 10.3350/cmh.2012.18.4.383

	45.	Mallah MA, Ying Z, Ali M, Guo J, Feng F, Wang W, et al. The association between 
urinary polycyclic aromatic hydrocarbon metabolites and liver function among US 
population: a cross-sectional study. Environ Geochem Health. (2023) 45:4193–202. doi: 
10.1007/s10653-022-01438-y

	46.	Braun JM, Gennings C, Hauser R, Webster TF. What can epidemiological studies 
tell us about the impact of chemical mixtures on human health? Environ Health Perspect. 
(2016) 124:A6–9. doi: 10.1289/ehp.1510569

	47.	Wang M, Tang S, Zhang L, Zhao Y, Peng Y, Zheng S, et al. Association between urinary 
polycyclic aromatic hydrocarbons and risk of metabolic associated fatty liver disease. Int Arch 
Occup Environ Health. (2024) 97:695–710. doi: 10.1007/s00420-024-02076-w

	48.	Duan W, Meng X, Sun Y, Jia C. Association between polycyclic aromatic 
hydrocarbons and osteoporosis: data from NHANES, 2005-2014. Arch Osteoporos. 
(2018) 13:112. doi: 10.1007/s11657-018-0527-4

	49.	Rahman HH, Toohey W, Munson-McGee SH. Association of urinary arsenic, 
polycyclic aromatic hydrocarbons, and metals with cancers among the female population 
in the US. Toxicol Appl Pharmacol. (2023) 480:116746. doi: 10.1016/j.taap.2023.116746

	50.	Zudaire E, Cuesta N, Murty V, Woodson K, Adams L, Gonzalez N, et al. The aryl 
hydrocarbon receptor repressor is a putative tumor suppressor gene in multiple human 
cancers. J Clin Invest. (2008) 118:640–50. doi: 10.1172/JCI30024

	51.	Hsu CL, Loomba R. From NAFLD to MASLD: implications of the new 
nomenclature for preclinical and clinical research. Nat Metab. (2024) 6:600–2. doi: 
10.1038/s42255-024-00985-1

https://doi.org/10.3389/fpubh.2025.1540357
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1136/gutjnl-2023-330595
https://doi.org/10.7570/jomes23052
https://doi.org/10.1007/s00253-002-1218-y
https://doi.org/10.1016/j.ejpe.2015.03.011
https://doi.org/10.1038/jes.2009.41
https://doi.org/10.1289/ehp.110-1241197
https://doi.org/10.1016/j.tox.2016.12.008
https://doi.org/10.1016/j.envint.2013.07.019
https://doi.org/10.3390/ijms25021324
https://doi.org/10.1016/j.toxlet.2019.10.010
https://doi.org/10.1134/S0006297918050127
https://doi.org/10.1159/000491029
https://doi.org/10.1016/j.biopha.2019.109287
https://doi.org/10.1016/j.scitotenv.2014.09.085
https://doi.org/10.1016/j.envres.2016.05.043
https://doi.org/10.1016/j.envpol.2023.123068
https://doi.org/10.1136/gutjnl-2017-314924
https://doi.org/10.1016/j.ecoenv.2023.114508
https://doi.org/10.1016/j.scitotenv.2021.146563
https://doi.org/10.1016/j.envres.2005.06.004
https://doi.org/10.3390/toxics9100245
https://doi.org/10.1111/apt.13012
https://doi.org/10.1093/biostatistics/kxu058
https://doi.org/10.1186/s12940-018-0413-y
https://doi.org/10.1007/s13253-014-0180-3
https://doi.org/10.1007/s00281-021-00867-8
https://doi.org/10.1080/17425255.2019.1569627
https://doi.org/10.3389/fmed.2023.1294267
https://doi.org/10.5696/2156-9614-9.22.190605
https://doi.org/10.1016/j.freeradbiomed.2020.02.025
https://doi.org/10.1038/nature04634
https://doi.org/10.3390/ijms242015473
https://doi.org/10.1016/j.taap.2019.114618
https://doi.org/10.1093/toxsci/kfv142
https://doi.org/10.1111/bph.15934
https://doi.org/10.1016/j.envpol.2022.119915
https://doi.org/10.3350/cmh.2012.18.4.383
https://doi.org/10.1007/s10653-022-01438-y
https://doi.org/10.1289/ehp.1510569
https://doi.org/10.1007/s00420-024-02076-w
https://doi.org/10.1007/s11657-018-0527-4
https://doi.org/10.1016/j.taap.2023.116746
https://doi.org/10.1172/JCI30024
https://doi.org/10.1038/s42255-024-00985-1


Wu et al.� 10.3389/fpubh.2025.1540357

Frontiers in Public Health 12 frontiersin.org

	52.	Bright A, Li F, Movahed M, Shi H, Xue B. Chronic exposure to low-molecular-
weight polycyclic aromatic hydrocarbons promotes lipid accumulation and metabolic 
inflammation. Biomol Ther. (2023) 13:196. doi: 10.3390/biom13020196

	53.	Liu C, Liu Q, Song S, Li W, Feng Y, Cong X, et al. The association between internal 
polycyclic aromatic hydrocarbons exposure and risk of obesity-a systematic review with 
meta-analysis. Chemosphere. (2023) 329:138669. doi: 10.1016/j.chemosphere.2023.138669

	54.	Regnault C, Worms IA, Oger-Desfeux C, MelodeLima C, Veyrenc S, Bayle ML, et al. 
Impaired liver function in Xenopus tropicalis exposed to benzo[a]pyrene: transcriptomic and 
metabolic evidence. BMC Genomics. (2014) 15:666. doi: 10.1186/1471-2164-15-666

	55.	Ma J, Hao X, Nie X, Yang S, Zhou M, Wang D, et al. Longitudinal relationships of 
polycyclic aromatic hydrocarbons exposure and genetic susceptibility with blood lipid 
profiles. Environ Int. (2022) 164:107259. doi: 10.1016/j.envint.2022.107259

	56.	Fang L, Guo J, Wang Q, Ou K, Zou M, Lv L, et al. Chronic exposure to 
environmental level Phenanthrene induces non-obesity-dependent insulin resistance in 
male mice. Environ Sci Technol. (2020) 54:15225–34. doi: 10.1021/acs.est.0c04171

	57.	Mallah MA, Mallah MA, Liu Y, Xi H, Wang W, Feng F, et al. Relationship between 
polycyclic aromatic hydrocarbons and cardiovascular diseases: a systematic review. Front 
Public Health. (2021) 9:763706. doi: 10.3389/fpubh.2021.763706

	58.	Duan S, Wu Y, Zhu J, Wang X, Fang Y. Associations of polycyclic aromatic 
hydrocarbons mixtures with cardiovascular diseases mortality and all-cause mortality 
and the mediation role of phenotypic ageing: a time-to-event analysis. Environ Int. 
(2024) 186:108616. doi: 10.1016/j.envint.2024.108616

	59.	Winzer K, Van Noorden CJ, Kohler A. Sex-specific biotransformation and 
detoxification after xenobiotic exposure of primary cultured hepatocytes of European 
flounder (Platichthys flesus L.). Aquat Toxicol. (2002) 59:17–33. doi: 
10.1016/s0166-445x(01)00213-2

	60.	Jiang M, Zhao H. Joint association of heavy metals and polycyclic aromatic 
hydrocarbons exposure with depression in adults. Environ Res. (2024) 242:117807. doi: 
10.1016/j.envres.2023.117807

	61.	Wu MT, Mao IF, Wypij D, Ho CK, Chen JR, Christiani DC. Serum liver function 
profiles in coking workers. Am J Ind Med. (1997) 32:478–86.

	62.	Palesova N, Maitre L, Stratakis N, Rihackova K, Pindur A, Kohoutek J, et al. 
Firefighters and the liver: exposure to PFAS and PAHs in relation to liver function and 
serum lipids (CELSPAC-FIREexpo study). Int J Hyg Environ Health. (2023) 252:114215. 
doi: 10.1016/j.ijheh.2023.114215

	63.	Wang Y, Wong LY, Meng L, Pittman EN, Trinidad DA, Hubbard KL, et al. Urinary 
concentrations of monohydroxylated polycyclic aromatic hydrocarbons in adults from 
the U.S. population assessment of tobacco and health (PATH) study wave 1 (2013-2014). 
Environ Int. (2019) 123:201–8. doi: 10.1016/j.envint.2018.11.068

	64.	Smiriglia A, Lorito N, Bacci M, Subbiani A, Bonechi F, Comito G, et al. Estrogen-
dependent activation of TRX2 reverses oxidative stress and metabolic dysfunction associated 
with steatotic disease. Cell Death Dis. (2025) 16:57. doi: 10.1038/s41419-025-07331-7

	65.	Opoku AA, Abushama M, Konje JC. Obesity and menopause. Best Pract Res Clin 
Obstet Gynaecol. (2023) 88:102348. doi: 10.1016/j.bpobgyn.2023.102348

https://doi.org/10.3389/fpubh.2025.1540357
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.3390/biom13020196
https://doi.org/10.1016/j.chemosphere.2023.138669
https://doi.org/10.1186/1471-2164-15-666
https://doi.org/10.1016/j.envint.2022.107259
https://doi.org/10.1021/acs.est.0c04171
https://doi.org/10.3389/fpubh.2021.763706
https://doi.org/10.1016/j.envint.2024.108616
https://doi.org/10.1016/s0166-445x(01)00213-2
https://doi.org/10.1016/j.envres.2023.117807
https://doi.org/10.1016/j.ijheh.2023.114215
https://doi.org/10.1016/j.envint.2018.11.068
https://doi.org/10.1038/s41419-025-07331-7
https://doi.org/10.1016/j.bpobgyn.2023.102348

	Association between polycyclic aromatic hydrocarbons exposure and metabolic dysfunction-associated steatotic liver disease in US adults
	Introduction
	Methods
	Study population
	Measurement of PAH metabolites
	Definition of MASLD
	Covariates
	Statistical analysis

	Results
	Population characteristics
	Concentration distribution of PAH metabolites and their correlation
	Association of PAHs with MASLD
	Subgroup analysis
	Dose–response relationships between PAHs and MASLD
	Association of PAHs mixture exposure and MASLD
	Sensitivity analysis

	Discussion
	Strengths and limitations
	Conclusion

	References

