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Abstract

The global prevalence of nonalcoholic fatty liver disease (NAFLD) has been on the rise,
with nearly one-quarter of the world's population currently affected by this condition. Per-
and polyfluoroalkyl substances (PFAS) have been suggested as emerging and potentially
modifiable environmental risk factors for NAFLD. However, relevant epidemiological
evidence remains limited. In the present study, 5,348 adult participants were enrolled from
the China National Human Biomonitoring study. The fatty liver index (FLI) was computed
using waist circumference, body mass index, triglycerides and y-glutamyltransferase.
NAFLD was defined as an FLI value exceeding 30. To explore the associations of PFAS with
FLI and NAFLD, weighted multiple linear regression and logistic regression analyses were
performed. Weighted quantile sum regression was applied to assess the joint effects of
PFAS mixtures on FLI. The weighted prevalence of NAFLD among study participants was
41.8%. Multiple PFAS congeners were positively associated with FLI. PFAS concentrations
were categorized into four equal quartiles from the lowest to the highest level. When
comparing the highest quartile (Q4) group with the lowest quartile (Q1) group, the
adjusted regression coefficients  [95% confidence interval (C1)] for FLI were as follows:
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perfluorooctanoic acid (PFOA) 3.63 (1.37-5.89), perfluorooctane sulfonic acid 3.11 (0.87-5.35), perfluorononanoic
acid 4.20 (1.82-6.59), perfluorohexane sulfonic acid (PFHxS) 3.62 (0.92-6.32), perfluoroheptane sulfonic acid 3.78
(1.31-6.25) and 6:2 chlorinated polyfluoropolyether sulfonic acid 3.65 (1.02-6.29). PFHxS was positively associated
with NAFLD. When comparing Q4 group with Q1 group, the adjusted odds ratio (95%CI) was 1.61 (1.04-2.50).
Furthermore, fish consumption appeared to attenuate the adverse effects of PFAS on NAFLD. Exposure to PFAS
mixtures was positively associated with FLI, with PFOA and PFHxS identified as the major contributing compounds.
These findings support that PFAS may act as an emerging and potentially modifiable environmental risk factor for
NAFLD, providing new evidence for the environmental determinants of NAFLD.

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD), characterized by hepatic inflammation and hepatocellular
ballooning degeneration, has become an increasingly growing global public health burden'.. The global
prevalence of NAFLD has been estimated at approximately 25%"/, ranging from 20% to 44% in Western
countries and 5% to 38% in Asian regions®. Overall, NAFLD affected nearly 30% of the adult population
worldwide!*). NAFLD includes two major histological subtypes: nonalcoholic fatty liver (NAFL) and
nonalcoholic steatohepatitis (NASH). Although most NAFL cases follow a benign course, a proportion of
patients may progress to NASH, which can further advance to cirrhosis and hepatocellular carcinoma
(HCC)P. Therefore, identification of risk factors for NAFLD is of great public health significance. Currently,
well-established risk factors for NAFLD include obesity, metabolic disorders!”, genetic variation'”, dietary
pattern'”, and gender”’. A growing number of studies have reported strong associations between
environmental exposures and NAFLD". However, limited epidemiological evidence is available regarding
the effects of per- and polyfluoroalkyl substances (PFAS) on the risk of NAFLD.

PFAS are characterized by high chemical stability, strong surface activity, water resistance, oil resistance, and
dust resistance, and have been widely used in various industrial and consumer products'”. Human exposure
to PFAS occurs mainly via dietary sources, among which fish consumption represents the principal
contributor"”. Following bioaccumulation in the human body, the biological half-life of PEAS may range
from 3.5 to 15 years"". The emerging PFAS congener, 6:2 chlorinated polyfluoropolyether sulfonic acid (6:2
Cl-PFESA), has been widely detected in the Chinese participants, with its concentration ranking third after
perfluorooctane sulfonic acid (PFOS), and perfluorooctanoic acid (PFOA)"?.. Another PFAS with a high
detection rate in the Chinese participants was perfluorohexane sulfonic acid (PFHxS), which was suggested
to be listed as one of the persistent organic pollutants in Annex A of the Stockholm Convention. PFAS have
been shown to promote the progression of fatty liver disease by interfering with metabolic regulation, which
supports the “metabolism-disrupting chemical” hypothesis'*?. In recent decades, increasing attention has
been paid to the widespread environmental contamination, long persistence, and potential adverse effects of
PFAS". Therefore, further investigation is warranted to clarify the impact of PFAS exposure on hepatic lipid
metabolism and the development of fatty liver.
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The liver is highly vulnerable to xenobiotics and environmental pollutants, and PFAS concentrations in
hepatic tissues have been reported to be significantly higher than those in serum"*. Animal studies have
demonstrated that PFAS exposure modulates peroxisome proliferator-activated receptor alpha (PPARa)", a
key regulator of hepatic lipid metabolism. This perturbation disrupts systemic lipid homeostasis"”, and
induces elevations in liver enzyme activity, hepatomegaly, and hepatic steatosis""*'. Prior epidemiological
studies have predominantly focused on PFAS-associated alterations in serum biomarkers, such as alanine
aminotransferase (ALT)"*?", with relatively few investigations into its direct association with NAFLD. A
cross-sectional study in the United States showed that elevated serum PFOA and perfluorononanoic acid
(PFNA) were associated with an increased risk of NAFLD, whereas PFOS and PFHxS showed no statistically
significant associations”?. In contrast, a small-scale cross-sectional study reported positive associations
between elevated PFOS, PFOA, and PFHXS concentrations and greater NAFLD severity*’. Notably, most
existing research on PFAS and NAFLD has been limited to small sample sizes, cross-sectional designs, and
participants in developed countries, with a paucity of evidence from developing nations”**!, Furthermore,
epidemiological investigations into the joint effects of PFAS mixture exposure on NAFLD remain scarce,
which has constrained the comprehensive understanding of the associations between individual PFAS, PFAS
mixtures, and NAFLD risk. Therefore, further large-scale research is warranted to characterize PFAS
exposure levels and explore the potential associations of individual PFAS, their mixtures, and the fatty liver
index (FLI) with NAFLD. This research may provide valuable insights into the environmental determinants
of NAFLD, elucidate potential pathogenesis mechanisms, and inform the development of targeted
prevention strategies and control guidelines for NAFLD.

Based on data from China National Human Biomonitoring (CNHBM), the present study aimed to evaluate
the association between serum PFAS and NAFLD among Chinese adults aged 18 years and above. Additional
analyses were performed to investigate the potential association between PFAS mixed exposure and FLI
levels as well as NAFLD. Furthermore, the relative contribution of individual PFAS components was assessed
using weighted quantiles sum regression (WQS).

EXPERIMENTAL

Participants

This study used cross-sectional data from the first round of the CNHBM (2017-2018). A three-stage cluster
sampling method was employed to recruit 21,748 residents aged 3 to 79 years. These participants were
selected from 152 primary sampling units (PSUs) across 31 provinces in China. Each PSU represented an
average of 9 million residents, with a range from 13 to 28 million. This study was approved by the Ethics
Committee of the National Institute of Environmental Health at the Chinese Center for Disease Control and
Prevention (ethics approval number: 201701). Written informed consent was obtained from all participants.
Further details on the study design have been previously published.

In this study, participants were excluded according to the following criteria. A total of 10,532 subjects under
18 years old were excluded. Additionally, 598 individuals with specific liver diseases and 1,495 participants
with excessive alcohol consumption were excluded. The criteria for excessive alcohol intake were defined as
> 210 g/week for males or > 140 g/week for females"””. Additionally, participants were excluded if they had
missing key variables, including 41 with missing body mass index (BMI), 390 with missing waist
circumference (WC), 233 with missing triglycerides (TG), and 3,110 with missing y-glutamyltransferase
(GGT). One participant who took steatosis-inducing medications was also excluded”. Ultimately, 5,348
participants were included in this study [Supplementary Figure 1].
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Measurement of PFAS

A 4 mL blood specimen was collected using heparin-containing tubes, and an additional 12 mL blood sample
was drawn into non-anticoagulant tubes. These samples were mainly used for clinical laboratory
examinations and biomarker measurements, including serum lipids, fasting plasma glucose, and biomarkers
related to exposure to chemical toxicants®”. In this study, 18 PFAS congeners were detected in Chinese
adults using an Acquity I-Class ultra-high performance liquid chromatography (UPLC) coupled with a Xevo
TQ-S triple-quadrupole mass spectrometer (Waters, Milford, MA, USA). The detailed pretreatment and
analysis methods for PFAS samples were carried out in accordance with the previously published methods®®.
Briefly, ion-pair extraction was employed to process 200 pL of serum, with isotopically labeled internal
standards added for quantification. Overall, 8 kinds of PFAS with a detection rate exceeding 85% were
identified and included in the analysis, specifically PFOA, PFNA, perfluorodecanoic acid (PFDA),
perfluoroundecanoic acid (PFUnDA), PFHxS, perfluoroheptane sulfonic acid (PFHpS), PFOS, and 6:2
CI-PFESA. Quality assurance and control (QA/QC) procedures incorporated procedural blanks, matrix spike
recovery tests, analyses of standard reference material, and limit of quantification (LOQ) determinations.
Matrix spike recoveries were assessed by spiking mixed native PFAS standards into commercial fetal bovine
serum, followed by extraction using the aforementioned protocol.

Calculation of the FLI and definition of NAFL

The FLI was utilized as a surrogate marker for the clinical diagnosis of NAFLDP"!. The FLI was calculated
using the four variables with the largest standardized regression coefficients: WC, BMI, TG, and GGT. The
data for WC, height, and weight (BMI) were obtained from general physical examinations, while the data for
GGT and serum TG were obtained from routine clinical biochemical examinations. Based on their
regression coefficients, the calculation model of the FLI is as follows”"**:

0.7184log, (GGT)+0.053sWC+0.139+BMI+0.953+log, (TG)-15.745

= *
FLI (1 + eO.?lS*loge(GGT)+0.053*WC+0.139*BMI+0,953*loge(TG)715.745) 100

Participants were defined as having NAFLD when the FLI score was 2 30.

Covariates

The following data were collected from the standardized questionnaire: age, gender (male or female),
geographic region (categorized into six based on China’s national territory: North China, Northeast, East
China, Central South, Northwest, and Southwest), marital status (married or unmarried), education
(illiterate or non-illiterate), income (< 30,000, 30,000-60,000, 60,000-100,000, = 100,000 yuan, refuse to
answer, and unknown), occupation (agriculture, mining, or other occupations), ethnic group (Han ethnicity
or ethnic minority), smoking status (yes or no), drinking status (yes or no), physical activity (yes or no), the
frequency of fish intake (< 2 times/week, = 2 times/week), and the frequency of meat consumption (0
times/week, < 3 time/week, 3-8 times/week, 2 8 times/week). Hypertension was defined as systolic blood
pressure 2 140 mmHg or diastolic blood pressure 2 90 mmHg, or as a prior clinical diagnosis of hypertension
with concurrent antihypertensive medication use. Dyslipidemia was diagnosed as triglyceride levels
2 2.3 mmol/L, or serum total cholesterol 2 6.2 mmol/L, or low-density lipoprotein cholesterol =2 4.1 mmol/L,
or high-density lipoprotein cholesterol < 1.0 mmol/L. The chronic kidney disease epidemiology collaboration
(CKD-EPI) equation was employed to estimate the glomerular filtration rate (eGFR) based on serum
creatinine levels. The BMI was categorized into four groups: underweight (< 18.5 kg/m?), normal weight
(18.5-23.9 kg/m?), overweight (24.0-27.9 kg/m?), and obesity (= 28.0 kg/m?). A directed acyclic graph (DAG)
was established to identify the causal pathways linking PFAS exposure, potential confounders, mediators,
and outcomes (FLI/NAFLD), thereby informing the selection of confounders for multivariable model
adjustment™ [Supplementary Figure 2].
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Statistical analysis

The SAS survey procedure was utilized to incorporate survey sample weights across all analyses, ensuring
appropriate adjustment for the complex, stratified, multistage clustered probability sampling framework in
CNHBM. Given the skewed distribution of the data, all continuous variables were reported as weighted
geometric means (GMs) with weighted standard errors (SEs). Categorical variables were reported as
numbers and weighted percentages. The PFAS levels were converted into quartiles (Q1, Q2, Q3, Q4) for
analysis.

The regression coefficients (8) and 95% confidence intervals (CIs) for the PFAS and FLI were estimated using
multiple linear regression models with SAS version 9.4. Additionally, weighted multivariable logistic
regression was used to examine the associations between individual PFAS congeners and NAFLD. The
Benjamini-Hochberg (BH) approach was adopted to adjust for multiple comparisons and control the false
discovery rate (FDR) [Supplementary Tables 1 and 2]. Multiple testing correction was separately conducted
for P-values obtained from the association analyses of PFAS with FLI and NAFLD. The dose-response
relationships between PFAS and FLI, as well as NAFLD, were evaluated using restricted cubic spline (RCS)
analysis. Additionally, the WQS model was applied to assess the cumulative effect of the PFAS mixture on
FLI and NAFLD using R software (version 4.4.2). WQS assumes a consistent direction of effect for all
components within the mixture on the outcome, and generates an interpretable overall mixture index along
with the relative weights of individual PFAS congeners".

Stratified analyses were performed to evaluate potential effect modifications based on age (18-39, 40-59,
60-79), gender (male or female), hypertension status (yes or no), fish consumption frequency (more or less
than 2 times a week), BMI (2 24 kg/m”® or < 24 kg/m?), and dyslipidemia status (yes or no). Several sensitivity
analyses were conducted within multiple linear regression to assess the robustness of the results: (1) Extreme
PFAS values exceeding the 99th percentile (> P,,) were excluded from the multiple linear regression analysis;
(2) Participants with PFAS concentrations below the LOQ were removed from the analysis; and (3)
Individuals diagnosed with dyslipidemia and hypertension were excluded to minimize potential confounding
effects; (4) An additional sensitivity analysis was performed, in which participants were defined as having
NAFLD when the FLI score was 2 60 (a cutoff for identifying moderate-to-severe hepatic steatosis), to assess
the robustness of the primary results.

RESULTS AND DISCUSSION

Study participants

The characteristics of the study participants are summarized in Table 1. Participants ranged in age from 18 to
79 years, with a mean age of 46 years. In total, 57.0% of the participants were female, 43.0% were male, 83.2%
were married, 34.8% reported alcohol consumption, and 23.0% were current smokers; Han Chinese
individuals accounted for 90.0% of the study participants. Regarding metabolic health, the weighted
prevalence of dyslipidemia and hypertension was 35.6% and 35.8%, respectively. The weighted prevalence of
NAFLD in the overall participants was 41.8%. Among the detected PFAS congeners, PFOS had the highest
geometric mean concentration (5.40 ng/mL), followed by PFOA (4.18 ng/mL) and 6:2 CI-PFESA (1.73
ng/mL) [Table 1].

Associations of PFAS with FLI

In the crude model, PFOA, PENA, PFHxS, PFHpS, PFOS, and 6:2 CI-PFESA were positively associated with
higher FLI values. PFAS concentrations were categorized into four equal quartiles from the lowest to the
highest level. When comparing the highest quartile (Q4) group with the lowest quartile (Q1) group, the
adjusted regression coefficients g (95%CI) for FLI were as follows: PFOA 7.11 (2.99-11.20), PFNA 5.33
(2.15-8.51), PFHXS 10.2 (5.45-14.90), PFHpS 14.40 (9.87-18.90), PFOS 9.05 (5.73-12.40), and 6:2 Cl-PFESA
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Table 1. Characteristics of the study population

Total Non-NAFLD NAFLD
Characteristics P
(N=5,348) (N=3,113) (N = 2,235)
Serum PFOA, ng/mL, GM + SE 418 +0.25 3.93+0.23 4.52+0.34 0.100
Serum PFNA, ng/mL, GM + SE 1.03+0.06 0.96 £ 0.06 112+ 0.07 0.690
Serum PFDA, ng/mL, GM + SE 0.62+0.04 0.61+0.04 0.62+0.04 0.270
Serum PFUNDA, ng/mL, GM + SE 0.46+0.03 0.48 +£0.04 0.44+0.03 0.140
Serum PFHxS, ng/mL, GM + SE 0.51+0.04 0.45+0.04 0.60+0.05 0.650
Serum PFHpS, ng/mL, GM + SE 0.14+0.01 0.12+0.01 0.17+0.01 <0.001
Serum PFOS, ng/mL, GM + SE 5.40+0.38 4.92+0.36 6.06 +0.45 0.560
Serum 6:2 CI-PFESA, ng/mL, GM + SE 1.73+£0.14 1.68+0.16 1.79+0.15 0.200
Age, GM + SE, years 4591+0.38 43.62+0.52 4890+ 0.51 < 0.001
Gender < 0.001
Female 3,047 (57.0) 1975 (63.4) 1,072 (48.0)
Male 2,301(43.0) 1138 (36.6) 1,163 (52.0)
Occupation 0.010
Agriculture 1,005 (19.0) 623 (20.3) 382(17.3)
Mining industry 504 (9.50) 291(9.40) 213 (9.60)
Other occupations 3,782 (71.5) 2,162 (70.3) 1,620 (73.1)
Race/ethnicity 0.746
Other nationalities 531(10.0) 307 (9.9) 224 (10.1)
Han nationality 4,796 (90.0) 2,793 (90.1) 2,003(89.9)
Marriage < 0.001
Unmarried 895 (16.8) 581(18.8) 314 (141
Married 4,420 (83.2) 2,509 (81.2) 1,911 (85.9)
Annual income, Yuan 0.082
< 30,000 1,834 (34.5) 1,076 (34.8) 758 (34.1)
30,000-60,000 1,347 (25.3) 768 (24.8) 579 (26.0)
60,000-100,000 888 (16.7) 495 (16.0) 393(17.7)
>100,000 621(11.7) 376 (12.) 245 (11.0)
Refuse to answer 98 (1.80) 56 (1.8) 42 (1.90)
Unknown 532 (10.0) 325(10.5) 207 (9.30)
Educational level 0.270
llliterate 551(10.4) 283 (9.10) 268 (12.0)
Non-illiterate 4,770 (89.6) 2,811(90.9) 1,959 (88.0)
Cigarette smoking 0.029
No 4,100 (77.0) 2,463 (79.5) 1,637 (73.5)
Yes 1,225 (23.0) 635 (20.5) 590 (26.5)
Drinking 0.021
No 3,470 (65.2) 2,041(65.9) 1,429 (64.2)
Yes 1,854 (34.8) 1,056 (34.1) 798 (35.8)
Marine fish, times/week 0.650
<2 3,707 (69.7) 2,161(69.9) 1,546 (69.5)
22 1,610 (30.3) 932 (30.1D 678 (30.5)
Meat, times/week 0.457
0 325(6.10) 189 (6.10) 136 (6.10)

<3 1,450 (27.1) 820 (26.4) 630 (28.2)



Hu et al. J. Environ. Expo. Assess. 2026, 5, 18 Page 7 of 18

23to<8 2,414 (45.1) 1,424 (45.7) 990 (44.3)
28 1159 (21.7) 680 (21.8) 479 (21.4)
Exercise 0.661
No 2,683 (50.4) 1,513 (48.9) 1170 (52.5)
Yes 2,639 (49.6) 1,582 (51.1) 1,057 (47.5)
Area 0.147
Central South 989 (18.5) 611(19.6) 378 (16.9)
East China 1,999 (37.4) 1,212 (38.9) 787 (35.2)
North China 662 (12.4) 340 (10.9) 322 (14.4)
Northeast 646 (12.1) 332 (10.7) 314 (14.0)
Northwest 740 (13.8) 428 (13.8) 312 (14.0)
Southwest 312 (5.80) 190 (6.10) 122 (5.50)
Hypertension < 0.001
No 3,436 (64.2) 2,315(74.4) 1121(50.2)
Yes 1,912 (35.8) 798 (25.6) 1114 (49.8)
CKD 0.561
No 4,490 (94.6) 2,644 (95.3) 1,846 (93.6)
Yes 257 (5.40) 131(4.70) 126 (6.40)
BMI, kg/m? < 0.001
<18.5 255 (4.80) 254 (8.20) 1(0.00)
2185t0<24.0 2,439 (45.6) 2,139 (68.6) 300 (13.4)
224.0t0< 28.0 1,839 (34.4) 684 (22.0) 1,155 (51.7)
>28.0 815 (15.2) 36 (1.20) 779 (34.9) B
Dyslipidemia < 0.001
No 3,445 (64.4) 2,473 (79.4) 972 (44.5)
Yes 1,903 (35.6) 640 (20.6) 1,263 (56.5)

NAFLD: Nonalcoholic fatty liver disease; PFOA: perfluorooctanoic acid; GM: geometric mean; SE: standard error; PENA: perfluorononanoic acid;
PFDA: perfluorodecanoic acid; PFUnDA: perfluoroundecanoic acid; PFHxS: perfluorohexane sulfonic acid; PFHpS: perfluoroheptane sulfonic acid;
PFOS: perfluorooctane sulfonic acid; 6:2 CI-PFESA: 6:2 chlorinated polyfluoropolyether sulfonic acid; CKD: chronic kidney disease; BMI: body mass
index.

4.47 (0.70-8.24). These positive associations remained significant in the fully adjusted model (Model 3),
Specifically, the adjusted regression coefficients g (95%CI) for FLI were as follows: PFOA 3.63 (1.37-5.89),
PFNA 4.20 (1.82-6.59), PFHxS 3.62 (0.92-6.32), PFHpS 3.78 (1.31-6.25), PFOS 3.11 (0.87-5.35) and 6:2
CI-PFESA 3.65 (1.02-6.29) [Table 2].

Associations of PFAS with NAFLD

In the crude model, positive associations were observed between PFOA, PFNA, PFHxS, PFHpS, PFOS, and
6:2 CI-PFESA and the risk of NAFLD. When comparing Q4 group with Q1 group, the odds ratio (OR)
(95%CI) were as follows: PFOA 1.55 (1.18-2.03), PFNA 1.41 (1.13-1.75), PFHxS 2.01 (1.48-2.73), PFHpS 2.80
(2.00-3.92), PFOS 1.91 (1.47-2.46) and 6:2 CI-PFESA 1.29 (1.01-1.65). However, after full adjustment in
Model 3, most of these associations lost statistical significance. Notably, PFHxS emerged as the only
compound independently associated with NAFLD risk (OR = 1.61, 95%CI = 1.04-2.50), a finding that
remained robust after adjusting for metabolic covariates [Table 3].
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Table 2. Association between PFAS and FLI in all participants

Crude model Model 1 Model 2 Model 3
PFAS

B (95%CI) B (95%CD) B (95%CI) B (95%CI)
PFOA
Q1 Reference Reference Reference Reference
Q2 5.41(2.41-8.40)* 2.68 (-0.66-6.01) 2.82 (-0.56-6.19) 2.14 (0.64-3.64)*
Q3 7.23(3.34-11.1)* 5.03(0.90-9.16)* 5.03(0.76-9.29)* 2.63 (0.26-4.99)*
Q4 7.11(2.99-11.2)* 5.33(1.23-9.44)* 5.57 (1.30-9.83)* 3.63 (1.37-5.89)*
PFNA
Q1 Reference Reference Reference Reference
Q2 3.16 (0.16-6.16)* 3.48 (1.01-5.95)* 3.46 (0.93-5.99)* 0.49 (-1.30-2.27)
Q3 8.20 (4.42-12.00)* 7.76 (4.07-11.4)* 7.76 (4.06-11.50)* 418 (1.88-6.47)*
Q4 5.33(2.15-8.51)* 4.46 (-0.20-9.1) 4.73(0.26-9.21)% 4.20 (1.82-6.59)*
PFDA
Q1 Reference Reference Reference Reference
Q2 2.51(-1.40-6.42) 1.53 (-1.18-4.24) 1.20 (-1.55-3.95) 0.81(-1.17-2.79)
Q3 4.42 (1.09-7.74)% 3.05(-0.17-6.27) 2.75 (-0.50-6.00) 2.93 (0.84-5.02)*
Q4 -0.22 (-3.05-2.61) -2.03(-7.14-3.08) -2.28 (-7.05-2.48) 1.08 (-0.79-2.94)
PFUnDA
Q1 Reference Reference Reference Reference
Q2 3.03 (0.01-6.05)* 1.83 (-0.65-4.32) 1.37 (-1.01-3.75) -0.05 (-1.94-1.84)
Q3 2.74 (-1.04-6.52) 0.80 (-2.64-4.25) 0.31(-3.25-3.86) 1.83(-0.29-3.95)
Q4 -2.22(-5.07-0.63) -3.71(-8.61-1.20) -4.43 (-9.09-0.23) 1.04 (-1.01-3.08)
PFHxS
Q1 Reference Reference Reference Reference
Q2 4.40 (1.98-6.83)" 1.93 (-0.96-4.82) 1.95 (-0.95-4.84) 0.36 (-2.19-2.91)
Q3 10.50 (7.28-13.70)* 5.93 (2.10-9.77)* 5.75 (1.71-9.80)* 2.63 (0.28-4.99)*
Q4 10.20 (5.45-14.90)" 5.99 (2.11-9.87)* 6.14 (1.86-10.4)* 3.62(0.92-6.32)*
PFHpS
Q1 Reference Reference Reference Reference
Q2 4.83 (2.54-711)* 3.28 (0.98-5.59)% 3.38 (1.03-5.74)* 1.26 (-0.52-3.03)
Q3 10.60 (7.80-13.40)* 6.71(3.98-9.45)* 6.87 (3.94-9.80)* 1.78 (-0.61-4.17)
Q4 14.40 (9.87-18.90)* 9.12 (5.37-12.90)* 9.21(4.99-13.40)* 3.78 (1.31-6.25)*
PFOS
Q1 Reference Reference Reference Reference
Q2 4.66 (2.41-6.90)* 3.46 (1.33-5.59)* 3.52 (1.32-5.73)* 0.37 (-1.90-2.64)
Q3 9.19 (4.82-13.60)* 6.79 (3.43-10.20)* 6.76 (3.26-10.30)* 1.84 (-0.50-4.19)
Q4 9.05 (5.73-12.40)" 6.38 (2.86-9.90)" 6.54 (3.13-9.95)* 3.11(0.87-5.35)%
6:2 CI-PFESA
Q1 Reference Reference Reference Reference
Q2 3.00 (0.07-5.93)* 1.79 (-0.99-4.57) 1.58 (-1.34-4.50) 2.37 (0.10-4.65)*
Q3 7.14 (3.27-11.00)* 5.01(2.02-8.00)* 5.01(2.04-7.98)* 4.02 (1.90-6.14)*
Q4 4.47 (0.70-8.24)* 3.25(-0.52-7.02) 3.28 (-0.54-7.10) 3.65 (1.02-6.29)*

Model 1 adjusted for age, gender, marriage, nationality, education level, income, occupation and area. Model 2 further adjusted smoking, drinking,
fish consumption frequency, meat consumption frequency and physical activity. Model 3 further adjusted hypertension, dyslipidemia, CKD and BMI.
#P < 0.05; *P < 0.001. P values were adjusted using the FDR correction. PFAS: Per- and polyfluoroalkyl substances; FLI: fatty liver index; Cl:
confidence interval; PFOA: perfluorooctanoic acid; PFNA: perfluorononanoic acid; PFDA: perfluorodecanoic acid; PFUnDA: perfluoroundecanoic
acid; PFHxS: perfluorohexane sulfonic acid; PFHpS: perfluoroheptane sulfonic acid; PFOS: perfluorooctane sulfonic acid; 6:2 CI-PFESA: 6:2
chlorinated polyfluoropolyether sulfonic acid; CKD: chronic kidney disease; BMI: body mass index; FDR: false discovery rate.
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Table 3. Association between PFAS and NAFL in all participants

Crude model Model 1 Model 2 Model 3
PFAS

OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI)
PFOA
Q1 Reference Reference Reference Reference
Q2 1.45 (1.16-1.82)* 1.21(0.94-1.57) 1.22 (0.94-1.60) 1.26 (0.94-1.69)
Q3 1.55 (1.17-2.07)% 1.38 (0.97-1.95) 1.39 (0.96-2.01) 1.22 (0.80-1.86)
Q4 1.55 (1.18-2.03)* 1.36 (0.99-1.89) 1.38 (0.97-1.95) 1.33 (0.86-2.05)
PFNA
Q1 Reference Reference Reference Reference
Q2 1.19 (0.92-1.56) 118 (0.95-1.47) 117 (0.92-1.48) 0.79 (0.56-1.13)
Q3 1.67 (1.32-212)* 1.59 (1.21-2.09)* 1.57 (1.19-2.09)* 1.58 (1.03-2.42)*
Q4 1.41 (1.13-1.75)* 1.25(0.90-1.74) 1.25 (0.89-1.76) 1.40 (0.91-2.13)
PFDA
Q1 Reference Reference Reference Reference
Q2 112 (0.82-1.53) 1.03(0.80-1.32) 1.00 (0.77-1.29) 0.96 (0.64-1.45)
Q3 1.42 (1.10-1.83)* 1.28 (0.97-1.69) 1.24 (0.94-1.63) 1.75(1.07-2.86)*
Q4 1.01(0.82-1.24) 0.86 (0.60-1.22) 0.82(0.59-1.15) 1.22 (0.82-1.82)
PFUnDA
Q1 Reference Reference Reference Reference
Q2 1.07 (0.89-1.29) 0.95(0.79-1.14) 0.91(0.76-1.10) 0.62 (0.46-0.84)*
Q3 112 (0.90-1.41) 0.91(0.71-117) 0.87 (0.66-1.14) 0.91(0.63-1.32)
Q4 0.82 (0.65-1.02) 0.67 (0.46-0.96)* 0.61(0.42-0.89)* 0.82(0.59-1.14)
PFHxS
Q1 Reference Reference Reference Reference
Q2 1.27 (1.04-1.56)* 1.09 (0.85-1.39) 1.10 (0.86-1.41) 1.00 (0.72-1.38)
Q3 2.07 (1.65-2.61)* 1.54 (117-2.02)* 1.51(1.13-2.02)* 1.40 (0.93-2.10)
Q4 2.01(1.48-2.73)* 1.52 (1.17-1.97)* 1.54 (114-2.07)* 1.61(1.04-2.50)*
PFHpS
Q1 Reference Reference Reference Reference
Q2 1.44 (1.19-1.74)* 1.28 (1.05-1.56)* 1.29 (1.05-1.58)* 1.22 (0.88-1.69)
Q3 1.96 (1.58-2.42)* 1.46 (117-1.82)* 1.47 (1.15-1.87)% 1.08 (0.70-1.68)
Q4 2.80(2.00-3.92)* 1.87 (1.41-2.49)* 1.89 (1.38-2.60)* 1.58 (0.98-2.57)
PFOS
Q1 Reference Reference Reference Reference
Q2 1.34 (1.11-1.61)* 1.23 (1.02-1.48)* 1.23 (1.00-1.50)* 0.91(0.61-1.34)
Q3 1.71(1.27-2.32)* 1.44 (1.11-1.86)* 1.41 (1.06-1.88)* 0.97 (0.61-1.54)
Q4 191 (1.47-2.46)* 1.53 (1.18-1.97)* 1.52 (1.18-1.96)* 1.37 (0.91-2.06)
6:2 CI-PFESA
Q1 Reference Reference Reference Reference
Q2 1.19 (0.94-1.52) 1.09 (0.86-1.39) 1.07 (0.82-1.39) 117 (0.81-1.71)
Q3 157 (1.16-2.11)* 134 (1.04-1.72)* 1.34 (1.04-1.73)* 1.46 (0.92-2.33)
Q4 1.29 (1.01-1.65)* 113 (0.88-1.46) 112 (0.84-1.48) 1.37 (0.86-2.20)

Model 1 adjusted for age, gender, marriage, nationality, education level, income, occupation and area. Model 2 further adjusted smoking, drinking,
fish consumption frequency, meat consumption frequency and physical activity. Model 3 further adjusted hypertension, dyslipidemia, CKD and BMI.
#P < 0.05; *P < 0.001. P values were adjusted using the FDR correction. PFAS: Per- and polyfluoroalkyl substances; NAFL: nonalcoholic fatty liver;
OR: odds ratio; Cl: confidence interval; PFOA: perfluorooctanoic acid; PFNA: perfluorononanoic acid; PFDA: perfluorodecanoic
acid; PFUnDA: perfluoroundecanoic acid; PFHxS: perfluorohexane sulfonic acid; PFHpS: perfluoroheptane sulfonic acid; PFOS: perfluorooctane
sulfonic acid; 6:2 CI-PFESA: 6:2 chlorinated polyfluoropolyether sulfonic acid; CKD: chronic kidney disease; BMI: body mass index; FDR: false
discovery rate.
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Figure 1. The weight of each PFAS component in the effect of exposure to PFAS mixture on FLI and NAFLD by WQS model. (A) Weight of
each PFAS on the associations of PFAS mixtures with FLI; (B) Weight of each PFAS on the associations of PFAS mixtures with NAFLD.
Positive WQS models were fitted for all participants. Weights of each PFAS congener are represented by the bar-chart. Models were
adjusted by age, gender, marriage, study site, nationality, education, occupation and household income, smoking, drinking, fish
consumption frequency, meat consumption frequency, activity, BMI, CKD, dyslipidemia and hypertension. PFAS: Per- and polyfluoroalkyl
substances; FLI: fatty liver index; NAFLD: nonalcoholic fatty liver disease; WQS: weighted quantile sum regression; BMI: body mass index;
CKD: chronic kidney disease; PFOA: perfluorooctanoic acid; PFHxS: perfluorohexane sulfonic acid; PFNA: perfluorononanoic acid; PFHpS:
perfluoroheptane sulfonic acid; 6:2 CI-PFESA: 6:2 chlorinated polyfluoropolyether sulfonic acid; PFOS: perfluorooctane sulfonic acid; PFDA:
perfluorodecanoic acid; PFUnDA: perfluoroundecanoic acid.

Associations of PFAS mixtures with FLI and dose-response association between PFAS and FLI

FLI was evaluated using the WQS model. The PFAS mixture was positively associated with FLI levels (8 =
0.90, 95%CI: 0.10, 1.70) (P = 0.03). The relative contributions of individual PFAS to the joint effect were as
follows: PFOA (55.1%), PFHxS (27.5%), PENA (9.5%), PFHpS (6.4%), 6:2 CI-PFESA (0.8%), PFOS (0.7%),
PFDA (0.0%), and PFUnDA (0.0%). Conversely, the combined exposure to these eight PFAS was not
significantly associated with NAFLD (8 = 0.13, 95%CI: -0.03, 0.28), (P = 0.11) [Supplementary Table 3 and
Figure 1].

Dose-response analysis indicated that PFHpS was linearly associated with FLI levels while PFOA, PFNA,
PFHxS, and 6:2 CI-PFESA exhibited non-linear relationships. [Supplementary Figure 3]. Additionally, 6:2
Cl-PFESA was linearly associated with the risk of NAFLD, while PFNA demonstrated a non-linear
association [Supplementary Figure 4].

Subgroup and sensitivity analysis

Subgroup analyses revealed the positive associations for Serum PFNA and PFHxS were more
pronounced among participants aged 40 to 59 years, the adjusted regression coefficients g (95%CI) for FLI
were as follows: PFNA 5.80 (1.47-8.69), and PFHxS 5.27 (1.68-8.85). Furthermore, the positive associations
for Serum PFOA, PFNA, PFHpS, PFOS, and 6:2 CI-PFESA were more pronounced in males, the adjusted
regression coefficients g (95%CI) for FLI were as follows: PFOA 5.26 (1.77-8.74), PFNA 6.89 (3.20-10.6),
PFHpS 4.67 (0.318-9.03), PFOS 4.45 (1.07-7.83), and 6:2 CI-PFESA 5.75 (1.64-9.86). Similar results were
observed for participants who consumed fish less than twice a week [Figure 2 and Supplementary Table 4].


https://file.oaecenter.com/published/pdf/f36e8f424ec110830e44ee1aaae2e0ec/1780387082/jeea4082-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/f36e8f424ec110830e44ee1aaae2e0ec/1780387082/jeea4082-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/f36e8f424ec110830e44ee1aaae2e0ec/1780387082/jeea4082-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/f36e8f424ec110830e44ee1aaae2e0ec/1780387082/jeea4082-SupplementaryMaterials.pdf
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Figure 2. Association between PFAS and FLI in different sexes, age, BMI, frequency of fish consumption, dyslipidemia and hypertension.
Adjusted for age, gender, marriage, study site, nationality, education, occupation and household income, smoking, drinking, fish
consumption frequency, meat consumption frequency, activity, BMI, CKD, dyslipidemia and hypertension (When grouped by sex, the
covariates did not include sex; When grouped by age, the covariates did not include age; When grouped by fish consumption frequency,
the covariates did not include fish consumption frequency; When grouped by BMI, the covariates did not include BMI; When grouped by
dyslipidemia, the covariates did not include dyslipidemia; When grouped by hypertension, the covariates did not include hypertension).
PFAS: Per- and polyfluoroalkyl substances; FLI: fatty liver index; BMI: body mass index; CKD: chronic kidney disease; PFOA:
perfluorooctanoic acid; PFNA: perfluorononanoic acid; PFDA: perfluorodecanoic acid; PFUnDA: perfluoroundecanoic acid; PFHxS:
perfluorohexane sulfonic acid; PFHpS: perfluoroheptane sulfonic acid; PFOS: perfluorooctane sulfonic acid; 6:2 CI-PFESA: 6:2 chlorinated
polyfluoropolyether sulfonic acid; Cl: confidence interval.

Sensitivity analyses confirmed that the results remained robust after excluding participants with PFAS levels
above the 99th percentile (P,,) or below the limit of detection (LOD) [Supplementary Tables 5 and 6]. While
the association between PFNA and FLI slightly weakened after excluding individuals with hypertension or
dyslipidemia, the overall findings remained consistent [Supplementary Table 7]. Notably, participants were
defined as having NAFLD when the FLI score was 2 60. The positive association with PFHxS became
non-significant, whereas new significant associations were identified for serum PFOA, PFNA and 6:2
CI-PFESA with NAFLD [Supplementary Table 8].

Discussion

This national cross-sectional study found that exposure to PFOA, PFNA, PFHxS, PFHpS, PFOS, and 6:2
CI-PFESA was significantly associated with FLI levels, and exposure to PFHxS was significantly associated
with NAFLD. The findings suggested that PFAS may contribute to NAFLD development either as an
environmental determinant or as an endocrine and metabolic disruptor, a research topic that has attracted
growing attention over the past decade. A positive association was also observed between combined exposure
to the 8 PFAS congeners and an increased risk of elevated FLI levels. PFOA accounted for 55.1% of the joint
contribution of PFAS to the increase of FLI levels, followed by PFHxS, which accounted for 27.5%. Notably,
PFAS appeared to exhibit stronger adverse associations on FLI among male participants or those with lower
fish consumption frequency.


https://file.oaecenter.com/published/pdf/f36e8f424ec110830e44ee1aaae2e0ec/1780387082/jeea4082-SupplementaryMaterials.pdf
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This study demonstrated that PFOA, PENA, PFHxS, PFHpS, PFOS, and 6:2 CI-PFESA were positively
associated with FLI levels, and that PFHxS was linked to an increased risk of NAFLD. Previous studies
partially support these findings. Positive associations between PFAS exposure and NAFLD risk were
identified in three separate studies conducted in the United States, which enrolled 74 children, 6,990
NHANES participants, and 1,420 elderly individuals aged over 60 years, respectively®>***/. A study of 2,191
Chinese adults found that PFOS was positively associated with NAFLD risk"””.. However, several studies
reported inconsistent results. A study of 1,135 adults from the NHANES program found no significant
association between PFAS and NAFLD risk"**. Additionally, a study of 10,234 adults aged over 20 from the
NHANES (2003-2018) showed a notable inverse association between PFHxS and FLI, while no significant
association was observed between PFAS and NAFLD-FLI during 2003-2010"°". These inconsistencies may be
attributed to differences in study participants, NAFLD diagnostic criteria (hepatic steatosis index/FLI),
confounders, or clinical verification.

Subgroup analyses suggested that gender differences may exist in the association between PFAS and FLI.
Exposure to PFOA, PFNA, PFHpS, PFOS, and 6:2 ClI-PFESA was associated with an increased risk of
NAFLD mainly among male participants, which differed from previous findings. A study based on NHANES
showed that among 13,921 participants, PEAS were inversely associated with NAFLD in females, while no
significant association was observed in males*!. Positive associations between PFAS and NAFLD in females
were found in a U.S. study of 3,464 adults and a South Korean study of 2,635 adults, respectively****.. Such
inconsistencies may be attributed to differences in study participants and sample sizes. The prevalence of
NAFLD in females may be influenced by estrogen'*’. In addition, females generally exhibit higher peripheral
fat deposition, whereas males are more prone to visceral fat accumulation, which strongly promotes hepatic
steatosis progression'*l. Therefore, the prevalence of NAFLD in males is higher than that in females. This
study also found that exposure to PFOA, PFNA, PFHxS, PFHpS, PFOS, and 6:2 Cl-PFESA was associated
with elevated FLI levels among participants with a fish consumption frequency of less than 2 times per week,
which was consistent with previous studies. A cross-sectional study involving 375 Israeli adults demonstrated
that high intake of fish rich in omega-3 may reduce the risk of NAFLD". In 2022, a cohort study involving
43,655 adults aged 40-69 in South Korea found that all fatty acids in oily fish were negatively associated with
NAFLD". Several mechanisms have been proposed to explain why lower fish consumption was associated
with higher FLI levels. First, omega-3 fatty acids abundant in fish enhance hepatic fatty acid oxidation and
reduce TG by stimulating the expression of carbohydrate responsive element binding protein (ChREBP), a
nuclear transcription factor in hepatic lipogenesis'*’. Second, omega-3 fatty acids activate PPARa, thereby
increasing the B-oxidation of fatty acids in mitochondria and peroxisomes, which helps reduce hepatic TG
accumulation'®. Third, omega-3 fatty acids regulate inflammatory responses by generating
anti-inflammatory mediators such as resolvins and protectins, thereby improving liver histology*.

Furthermore, this study revealed a positive association between PFAS mixture and FLI levels, in which PFOA
and PFHXS contributed the most. However, no statistically significant was observed between PFAS mixture
and NAFLD. Several potential explanations for this finding are proposed as follows. First, as a continuous
indicator for assessing hepatic steatosis, FLI shows higher sensitivity in detecting subtle liver pathological
changes than NAFLD, a dichotomous variable. Second, exposure levels differ among individual PFAS
congeners, and counteractive effects may exist among them; in addition, statistical models have limited
ability to capture non-linear or threshold effects"™. Finally, the WQS model is based on the assumption that
all mixture components act on the outcome in the same direction, and such directional homogeneity may
have affected the results”*. Findings from previous studies are consistent with those of the present study.
Positive associations between mixed PFAS exposure and NAFLD were identified in a South Korean

[25,51

cross-sectional study of 2,792 adults and a Chinese study of 1,428 participants, respectively”>*". A positive

association between mixed PFAS exposure and NAFLD was also reported in a South Korean study of 2,014
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adolescents conducted in 2025"?!. However, several previous studies found no statistically significant
association between PFAS and NAFLD!®*. Several possible explanations are proposed for the stronger
influence of PFOA and PFHxS on FLI levels compared with other PFAS. Firstly, PFOA exerts a predominant
effect on the liver, and in vivo studies have demonstrated that PFOA exposure promotes lipid accumulation
in the liver"***. In human HepaRG hepatocytes, exposure to PFOA also induces TG accumulation and
downregulates genes related to cholesterol biosynthesis, suggesting that PFOA accumulates in the liver more
rapidly and causes more pronounced effects. Second, PFOA is an important molecular target of the nuclear
receptor PPARa", and induces the expression of numerous PPARa-responsive genes. Long-term activation
of PPARa may increase hepatic TG levels and exert a greater impact on hepatic lipid metabolism!**.
Additionally, animal studies have shown that PFHxS induces histological changes including vacuolation and
oxidative stress in zebrafish hepatocytes, leading to hepatic fat infiltration””. PFOA and PFHxS may exert
stronger effects on NAFLD, but further studies are required to clarify the underlying mechanisms.

Several studies have suggested clarifying the positive association between PFAS and FLI levels, with relevant
mechanisms supported by existing evidence. First, mouse studies have indicated that PFAS exposure can
increase cellular steatosis by regulating the expression of fatty acid/lipid metabolism-related genes in
HepaRG and HCC cells. Treatment with PFOA and heptafluorobutyric acid (HFBA) increased the
expression of SREBP1, ACC, and FASN by 2.4- to 3.6-folds, respectively™. Second, chronic PFOA exposure
modulates the expression of gene pathways involved in NAFLD progression, including TNF, PI3K/AKT,
Foxo, p53, as well as pathways related to insulin signaling and insulin resistance”. Finally, PFAS exposure
increased oxidative stress, induces caspase-3-mediated apoptosis in hepatocytes, and alters the activities of
PPAR-a, PPAR-y, and hepatocyte nuclear factor 4-a. These effects further disrupt the balance of lipid and
amino acid metabolism, ultimately leading to hepatic damage'*".

NAFLD has been recognized as a liver condition related to metabolic stress, insulin resistance, and genetic
predisposition, and has become a major public health issue affecting the health of the Chinese participants?.
The results of the present study indicate that PFAS were positively associated with elevated FLI levels, and
that PFHxS was positively associated with an increased risk of NAFLD. PFOA and PFHxS contributed the
most to the effect of PFAS mixture exposure on FLI levels. In recent years, environmental pollution of PFAS
in China has been increasing and therefore, worsening environmental PFAS contamination. Given the
worsening environmental PFAS contamination in China, persistent PFAS pollution has become a pressing
public health concern. In addition to well-recognized inherited and lifestyle factors, this study identified
PFAS as a novel environmental risk factor for NAFLD. Determination of the risk inflection point, exposure
threshold, and reference value for PFAS would be of great scientific significance for identifying the health
hazards of PFAS. Appropriate management of PFAS-related NAFLD through health risk assessment,
prediction, and early warning, together with the formulation of relevant public health policies, regulations,
and standards, would support the implementation of effective health intervention measures.

Strengths and limitations

This study has several strengths. First, it is the first national study to explore the association between PFAS
and NAFLD among the general Chinese participants. In addition, this study examined the associations of
various traditional and emerging PFAS (6:2 CI-PFESA) with FLI and NAFLD, providing comprehensive
evidence from the Chinese participants. Second, the CNHBM data adopted a rigorous sampling method to
ensure its representativeness of the Chinese participants, resulting in a large sample size and the collection of
detailed information on confounding factors. Finally, this study also included covariates associated with
PFAS exposure or absorption, such as the frequency of marine fish and meat consumption. Adjustment of
these covariates facilitated the identification of the true association between PFAS and liver function, a factor
that has rarely been fully considered in previous studies.
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Despite these strengths, several limitations should be acknowledged. First, this study employed a
cross-sectional design, which only allowed the identification of associations between PFAS exposure and
FLI/NAFLD. The temporal relationship for causality could not be established, and reverse causality could not
be fully excluded. The metabolism and PFAS clearance in humans are highly dependent on normal hepatic
physiological function'®’. Furthermore, hepatocellular steatosis, inflammation, and liver dysfunction induced
by NAFLD may substantially reduce hepatic clearance of PFAS, resulting in the accumulation of PFAS and
elevated circulating PFAS concentrations'*’. Second, although we adjusted for major known confounders,
residual confounding from unmeasured genetic factors and other unobserved covariates cannot be ruled out;
thus, our findings should be interpreted with caution. Third, PFAS concentrations were assessed using a
single blood measurement, which did not capture long-term exposure levels or temporal variations. This
limitation may introduce exposure misclassification bias in the evaluation of actual PFAS exposure. Fourth,
NAFLD was defined using an FLI cutoff of 2 30, which yielded a higher prevalence estimate than those
reported in other general Chinese participants. Although this cutoff shows high sensitivity and helps
minimize false-negative cases with FLI values of 30-59, it may generate a small number of false positives that
could be distinguished in subsequent clinical assessments. In addition, compared with imaging modalities
(e.g., abdominal ultrasound/MRI) or liver biopsy, defining NAFLD based on FLI may be prone to diagnostic
misclassification. Therefore, future longitudinal studies are warranted to clarify causal relationships, and
validation using gold-standard diagnostic methods such as liver biopsy is needed to improve the robustness
of the findings.

CONCLUSION

This study revealed that serum PFAS exposure was positively associated with elevated FLI levels among
Chinese adults. Serum PFHXS concentration was also independently linked to a higher risk of NAFLD. In
addition, such positive associations were more evident in males and in participants with fish consumption
frequency fewer than 2 times per week. Moreover, combined exposure to multiple PFAS congeners was
positively correlated with FLI levels, with PFOA being the leading contributor. This study identifies PFAS as
an emerging environmental risk factor for NAFLD, providing population-based evidence supporting the
potential link between PFAS exposure and NAFLD development. Therefore, targeted prevention and control
measures for PFAS pollution should be strengthened. The findings also provide an important scientific basis
for establishing PFAS pollution prevention and control policies in China and other developing countries
with similar environmental backgrounds.
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