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Background & Aims: Per- and polyfluoroalkyl substances (PFAS) are widespread pollutants with demonstrated hepatotox-
icity. Few studies have examined the association between PFAS and fatty liver disease (FLD) risk in an adult population.
Methods: In this cross-sectional study of participants from the 2017–2018 National Health and Nutrition Examination Survey,
serum PFAS were measured, and FLD cases were ascertained by vibration-controlled transient elastography. Logistic
regression models were used to examine the association between circulating PFAS levels and FLD risk. Analyses were
stratified into non-alcoholic FLD and alcoholic FLD risk groups by alcohol intake status, as well as controlling for other risk
factors, including personal demographics, lifestyle factors, and related health factors.
Results: Among 1,135 eligible participants, 446 had FLD. For FLD risk, the multivariable-adjusted odds ratio per log-
transformed SD increase (ORSD) in perfluorohexane sulfonate (PFHxS) was 1.13 (95% CI 1.01–1.26). The association between
PFHxS and FLD appeared stronger among individuals with obesity or high-fat diets (both p interaction <0.05). When limiting
the analysis to 212 heavy drinkers (>−2 drinks/day for women and >−3 drinks/day for men), significantly higher risk of alcoholic
FLD was found for higher levels of perfluorooctanoic acid (ORSD 1.79; 95% CI 1.07–2.99), PFHxS (ORSD 2.06; 95% CI 1.17–3.65),
and perfluoroheptane sulfonic acid (ORSD 1.44; 95% CI 1.00–2.07), and marginally significant higher risk for total PFAS (ORSD

2.12; 95% CI 0.99–4.54). In never or light drinkers, we did not observe any significant association between PFAS and non-
alcoholic FLD. Significant positive associations were found for PFAS with aspartate aminotransferase, gamma-glutamyl
transaminase, total bilirubin, and albumin (b ranged from 0.008 to 0.101, all p <0.05).
Conclusions: Higher serum PFAS was moderately associated with FLD risk and worse liver function in the general population,
and among those with independent risk factors, including heavy alcohol intake, obesity, or high-fat diets, PFAS increased the
risk. These results suggest synergistic effects on hepatic steatosis between PFAS exposures as measured through bio-
monitoring data and lifestyle risk factors in a nationally representative US population.
Impact and Implications: The per- and polyfluoroalkyl substances (PFAS) may convey higher risk for chronic liver disease in
humans. Among 1,135 US adults in the 2017–2018 National Health and Nutrition Examination Survey, we found that higher
serum PFAS was associated with higher fatty liver disease risk and worse liver function, especially among those with liver
disease risk factors, including heavy alcohol intake, obesity, or high-fat diets. Continuously monitoring PFAS in the population
and examining how they potentiate risk to the liver are essential.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
The burden of liver diseases worldwide is estimated to increase
substantially in the next several decades.1 The prevalence of non-
alcoholic fatty liver disease (NAFLD) and alcoholic fatty liver
disease (AFLD) is rising with an increasing trend for consequent
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end-stage chronic liver diseases.2,3 In the United States, for
example, NAFLD and AFLD are the top contributors to the burden
of liver disease mortality.4 Although excess alcohol intake,
obesity, and diabetes are the leading causes of fatty liver disease
(FLD), exposure to environmental contaminants may also
contribute to this multifactorial disease.5,6

The per- and polyfluoroalkyl substances (PFAS) are a group of
structurally stable chemicals that are widely used to make flu-
oropolymer coatings and products that resist heat, oil, stains,
grease, and water.7,8 In recent decades, alerts have been raised
regarding their ubiquitous contamination, persistence, and
potentially adverse effects on environmental and human health.9
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Review and meta-analysis of human population and experi-
mental studies have demonstrated that PFAS are associated with
hepatotoxicity and worse liver functions, and have also sug-
gested the possibility of a higher risk of liver cancer.10,11 How-
ever, although growing evidence implicates higher PFAS in
abnormal liver biomarkers, for example, alanine aminotrans-
ferase (ALT), gamma-glutamyl transaminase (GGT), and bili-
rubin,11–14 the specific association with FLD, especially AFLD, and
with advanced liver disease requires additional exploration.

To date, only one epidemiological study reported a null as-
sociation between the total level of eight blood polyfluoroalkyl
chemicals and NAFLD that was defined using the hepatic stea-
tosis index (HSI) and US fatty liver index (USFLI).15 No study has
yet evaluated associations between individual PFAS and
vibration-controlled transient elastography (VCTE)-diagnosed
NAFLD or AFLD risk in adults. Specifically, VCTE has been
approved by the US Food and Drug Administration for the non-
invasive detection of more advanced diseases in patients who
have FLD or who are at risk for FLD.16 National efforts to phase
out long-chain PFAS,17 especially perfluorooctanoic acid (PFOA)
and perfluorooctane sulfonic acid (PFOS), are underway in the
United States and several other countries, yet exposures persist,
and these compounds are still used in international commerce.
Continuously tracking and re-examining the exposure levels of
PFAS and their potential associations with liver functions is likely
to generate useful public health information.

Herein, we aimed to evaluate the associations between serum
PFAS levels and VCTE-diagnosed FLD, including NAFLD and AFLD,
among community-dwelling adults aged >−20 years in the United
States. We further examined the associations between overall
and individual serum PFAS and liver function biomarkers.
Patients and methods
Study population
We used data from the 2017–2018 National Health and Nutrition
Examination Survey (NHANES), a nationally representative sur-
vey of the civilian noninstitutionalised US population conducted
by the Centers for Disease Control and Prevention every 2 years.
In NHANES 2017–2018, a total of 8,704 participants completed
both the interview and medical examination. We excluded par-
ticipants aged <20 years (n = 3,439), without valid serum PFAS
(n = 3,861), without VCTE assessments (n = 92), or with missing
values in demographic covariates (n = 69). We further excluded
participants with positive HBV or HCV infection (n = 101) or
using steatogenic medications (n = 7). A total of 1,135 partici-
pants were included in the final analysis (Fig. S1). The NHANES
protocol was approved by the National Center for Health Sta-
tistics Research Ethics Review Board. Informed consent was ob-
tained from all participants. The study population was limited to
the 2017–2018 survey because it was the first survey cycle to
include VCTE.

Assessment of PFAS
Online solid-phase extraction coupled to high-performance
liquid chromatography–turboionspray ionisation–tandem mass
spectrometry was used by NHANES for the quantitative detec-
tion of serum PFAS in a random one-third subsample of partic-
ipants who were 12 years of age or older as described on the
NHANES website.18 The lower limit of detection was 0.10 ng/ml.
PFAS detected in <80% of participants were not included in this
study (see Supplementary methods and Table S1), leaving PFOS,
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PFOA, perfluorohexane sulfonate (PFHxS), perfluorononanoic
acid (PFNA), perfluoroheptane sulfonic acid (PFHpS), and per-
fluorodecanoate (PFDA) for analysis. Total PFAS was calculated as
the sum of these six substances.

Assessment of liver function markers
Clinical biomarkers measured through the NHANES standard
biochemistry profile included ALT, GGT, aspartate aminotrans-
ferase (AST), alkaline phosphatase (ALP), total bilirubin, high-
sensitivity C-reactive protein (hs-CRP), and albumin.18 These
biomarkers were a priori selected as either commonly used in
the diagnosis and evaluation of treatment of liver function19 or
commonly associated with FLD-related metabolic status.

Assessment of FLD
In 2017–2018, VCTE was used to assess the amount of fat tissue
in the liver in NHANES participants aged 12 years and
older.18,20–22 The controlled attenuation parameter score pro-
vides a measure of the portion of the liver affected by fatty
change at the time of the procedure. Consistent with previous
studies, we defined FLD with a controlled attenuation parameter
score >−285 dB/m and a high likelihood of advanced fibrosis with
liver stiffness measurements >−8.6 kPa.23,24

Assessment of covariates
Histories of cancer, diabetes, hypertension, and liver diseases
were self-reported. Height, weight, and waist circumference
were measured in the Medical Examination Center, and BMI was
calculated as weight (kg) divided by height squared (m2). Dietary
intakes, including alcohol intake, were assessed using 2-day 24-h
dietary recalls. A high-fat diet was defined as >−35% total energy
from fat intake. High chronic inflammation was defined as hs-
CRP >3.0 mg/L. Hepatitis B core antibody and hepatitis C anti-
body were measured using the VITROS immunodiagnostic
products. Detailed information on data collection can be found
on the NHANES website.18,25

Statistical analysis
Statistical analyses were conducted by following the NHANES
guidelines, considering the survey’s complex sampling design.
Comparison of characteristics between high FLD risk and other
participants was performed using Student’s t test for continuous
variables and the X2 test for categorical variables. For the com-
parison of baseline levels of PFAS and liver function markers,
weighted geometric means with SDs were calculated and p
values derived from the weighted linear logistic regression using
log-transformed values.

To explore the association between PFAS and the risk of FLD,
we categorised PFAS levels into tertile categories based on the
distribution of PFAS among non-FLD and calculated the odds
ratios (ORs) with 95% CIs using a crude model and a multivari-
able logistic regression model, adjusting for age group (20 to <40,
40 to <60, or >−60 years), sex, race/ethnicity (non-Hispanic White,
non-Hispanic Black, Hispanic, or other), ever smoker (yes or no),
ever drink alcohol (yes or no), total physical activity (min/day),
BMI (kg/m2), history of diabetes (yes or no), cancer (yes or no),
hypertension (yes or no), aspirin use (yes or no), and high-fat
diet (yes or no). The p values for linear trend and the ORs per
log-transformed SD were also calculated.

Considering the alcohol-attributable aetiology of AFLD, we
separately analysed the association between PFAS and NAFLD in
never and light drinkers (<2 drinks/day for women and <3
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Table 2. Serum levels of PFAS and liver function biomarkers according to
FLD risk in the NHANES 2017–2018.

Non-FLD FLD risk p value

n = 689 n = 446

PFAS
PFOS, ng/ml 4.52 (0.18) 4.64 (0.25) 0.66
PFOA, ng/ml 1.49 (0.06) 1.49 (0.09) 0.98
PFHxS, ng/ml 1.10 (0.04) 1.18 (0.07) 0.13
PFNA, ng/ml 0.43 (0.03) 0.44 (0.04) 0.57
PFHpS, ng/ml 0.22 (0.02) 0.25 (0.02) 0.02
PFDA, ng/ml 0.21 (0.01) 0.19 (0.01) 0.06
Total PFAS, ng/ml 8.60 (0.31) 8.97 (0.40) 0.38

Liver function biomarkers
AST, U/L 19.86 (0.37) 21.02 (0.46) 0.01
ALT, U/L 17.80 (0.56) 23.77 (0.89) <0.001
ALP, IU/L 70.36 (1.74) 78.43 (1.95) 0.01
GGT, U/L 19.18 (0.67) 29.26 (1.37) <0.001
Total bilirubin, mg/dl 6.84 (0.25) 6.97 (0.31) 0.71
hs-CRP, mg/L 1.54 (0.10) 3.04 (0.29) <0.001
Albumin, g/dl 4.12 (0.03) 4.06 (0.03) 0.04

Values are weighted geometric mean (SD); p values were derived from the weighted
linear logistic regression using log-transformed values. ALP, alkaline phosphatase;
ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-
drinks/day for men), and the association between PFAS and AFLD
in heavy drinkers (>−2 drinks/day for women and >−3 drinks/day
for men).

We also performed stratified analyses by sex, race/ethnicity,
smoking status, alcohol drinking status, obesity, waist circum-
ference, high-fat diet, and levels of ALT and C-reactive protein
(CRP). Values of p for interaction were calculated by testing the
product of log-transformed PFAS and the stratified factors in the
multivariable logistic models. For sensitivity analyses, we
excluded participants with a history of cancer or with albumin-
uria (urine albumin–creatinine ratio >−25 mg/g for women and
>−17 mg/g for men). The albuminuria sensitivity test was per-
formed because of the enhanced PFAS excretion in albuminuria,
with known inverse association of albuminuria to serum
PFAS.26,27

To examine the associations between PFAS and liver function
markers, both the PFAS levels and liver function markers were
log-transformed. Linear regression analyses were performed
using crude models and multivariable models. All the analyses
were performed using SAS version 9.4 (SAS Institute, Cary, NC,
USA), and a two-sided p <0.05 was statistically significant.
glutamyl transpeptidase; hs-CRP, high-sensitivity C-reactive protein; NAFLD, non-
alcoholic fatty liver disease; NHANES, National Health and Nutrition Examination
Survey; PFAS, per- and polyfluoroalkyl substances; PFDA, perfluorodecanoate; PFHpS,
perfluoroheptane sulfonic acid; PFHxS, perfluorohexane sulfonate; PFNA, per-
fluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonic
acid.
Results
Table 1 lists the characteristics by the presence of FLD among the
participants in the NHANES 2017–2018. The prevalence of non-
FLD was 61.1% in our study population. Those with FLD were
older and more likely to be male, Hispanic, and ever smokers;
they also tended to have higher BMI and waist circumference,
and histories of diabetes, hypertension, and aspirin use (all p
<0.05).

Table 2 presents the geometric mean levels of PFAS and liver
function biomarkers by FLD status. The levels of all the PFAS
except PFDA were higher in participants with FLD than in those
without FLD although only PFHpS reached statistical significance
(0.26 ± 0.02 vs. 0.22 ± 0.02 ng/ml; p = 0.02). All liver function
Table 1. Characteristics of participants with available data on PFAS and FLD
in the NHANES 2017–2018.

Non-FLD FLD p value

n = 689 n = 446

Age, year 45.1 (1.1) 50.5 (0.9) <0.001
Female, % 54.9 45.5 0.03
Race/ethnicity, % 0.02

Non-Hispanic White 66.5 63.9
Non-Hispanic Black 10.4 6.8
Hispanic 14 20.6
Other 9.1 8.7

Ever smoker, % 34.9 45.3 0.004
Ever drink alcohol, % 93.6 90.6 0.19
Physical activity, min/day 858.2 (71.7) 865.9 (73.6) 0.91
BMI, kg/m2 27.1 (0.4) 33.9 (0.4) <0.001
Waist circumference, cm 93.6 (1.0) 111.7 (1.2) <0.001
History of cancer, % 8.8 9.1 0.87
Diagnosed diabetes, % 5.1 18.2 <0.001
History of hypertension, % 20.2 42.7 <0.001
History of liver diseases, % 2.2 5.5 0.05
Aspirin user, % 16.2 28.6 <0.001
High-fat diet, %* 55.1 54.9 0.08

Values are weighted mean (SD) for continuous variables and weighted percentage for
categorical variables; p values were derived from Student’s t test for continuous
variables and the Chi-square test for categorical variables.
FLD, fatty liver disease; NHANES, National Health and Nutrition Examination Survey;
PFAS, per- and polyfluoroalkyl substances.
* High-fat diet was defined as >−35% total energy from fat intake.
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biomarkers except total bilirubin differed marginally or signifi-
cantly between the two groups. Participants with FLD had higher
ALT, GGT, ALP, and hs-CRP, but lower albumin (all p<0.05), than
participants without FLD.
PFAS and FLD, according to alcohol intake status
In the crude models, PFHxS and PFHpS were positively associ-
ated with FLD risk; however, after adjustment, only PFHxS was
significantly associated with a higher FLD risk. The OR of per log-
transformed SD increase (ORSD) in PFHxS was 1.13 (95% CI
1.01–1.26; p trend = 0.03; Table 3).

In 212 heavy drinkers, PFOA, PFHxS, and PFHpS were posi-
tively associated with AFLD risk (Table 3). The multivariable-
adjusted ORSD was 1.79 (95% CI 1.07–2.99; p trend = 0.03) for
PFOA, 2.06 (95% CI 1.17–3.65; p trend = 0.01) for PFHxS, and 1.44
(95% CI 1.00–2.07; p trend = 0.05) for PFHpS. Total PFAS were
marginally associated with a higher AFLD risk (ORSD 2.12; 95% CI
0.99–4.54; p trend = 0.05). In contrast, in 923 never or light
drinkers, no statistically significant association was found be-
tween PFAS and NAFLD risk (Table 3). Detailed stratified results
by alcohol status are presented in Table S2.

For advanced liver fibrosis, PFOA and PFHxS were associated
with more severe fibrosis stages only in heavy drinkers
(Table S3). In the ordinal logistic regression analysis, The ORSD

was 1.75 (95% CI 1.10–2.79) for PFOA and 1.61 (95% CI 1.10–2.35)
for PFHxS. For total PFAS, the positive association was marginally
significant (ORSD 1.74; 95% CI 0.98–3.11).

When we further examined the association between PFAS
(e.g. PFHxS) and total FLD risk in the stratified analyses, stronger
associations were found among participants with obesity (ORSD

1.20; 95% CI 1.03–1.41; p interaction = 0.001) and high-fat diet
(ORSD 1.29; 95% CI 0.99–1.67; p interaction = 0.008) and
marginally with high chronic inflammation (ORSD 1.21; 95% CI
0.98–1.49; p interaction = 0.09; Fig. 1). No significant interaction
was observed between PFHxS and sex, race/ethnicity, smoking
3vol. 5 j 100694



Table 3. Associations between serum PFAS and fatty liver disease risk, stratified by alcohol intake status.

Tertile 1 (lowest) Tertile 2 Tertile 3 (highest) p trend Per log SD

PFOS
Median (ng/ml) 2.1 4.9 10.3
Case/non-case n 142/237 155/222 149/230
Crude model 1 (reference) 1.06 (0.70–1.60) 1.20 (0.72–2.02) 0.66 1.03 (0.90–1.17)
Adjusted model 1 (reference) 1.17 (0.75–1.80) 1.22 (0.66–2.23) 0.80 1.02 (0.86–1.21)
Never/light drinkers (n = 923) 1 (reference) 0.77 (0.41–1.47) 0.85 (0.42–1.74) 0.62 0.95 (0.77–1.17)
Heavy drinkers (n = 212) 1 (reference) 4.17 (1.08–16.2) 4.72 (0.73–30.6) 0.17 1.47 (0.84–2.57)

PFOA
Median (ng/ml) 0.8 1.5 2.7
Case/non-case n 148/249 169/226 129/214
Crude model 1 (reference) 1.26 (0.81–1.98) 0.91 (0.62–1.33) 0.98 1.00 (0.82–1.21)
Adjusted model 1 (reference) 1.26 (0.79–2.03) 1.07 (0.63–1.83) 0.67 1.04 (0.86–1.27)
Never/light drinkers 1 (reference) 1.10 (0.66–1.82) 0.94 (0.56–1.57) 0.53 0.93 (0.75–1.16)
Heavy drinkers 1 (reference) 2.37 (0.62–9.03) 2.07 (0.50–8.58) 0.03 1.79 (1.07–2.99)

PFHxS
Median (ng/ml) 0.5 1.2 2.4
Case/non-case n 121/230 191/248 134/211
Crude model 1 (reference) 1.43 (0.85–2.39) 1.26 (0.89–1.77) 0.09 1.07 (0.98–1.15)
Adjusted model 1 (reference) 1.45 (0.80–2.60) 1.34 (0.84–2.13) 0.03 1.13 (1.01–1.26)
Never/light drinkers 1 (reference) 1.28 (0.62–2.66) 1.07 (0.63–1.80) 0.76 1.02 (0.90–1.15)
Heavy drinkers 1 (reference) 2.41 (0.97–5.96) 6.12 (0.76–49.1) 0.01 2.06 (1.17–3.65)

PFNA
Median (ng/ml) 0.2 0.5 0.9
Case/non-case n 155/244 152/235 139/210
Crude model 1 (reference) 0.98 (0.70–1.37) 0.95 (0.61–1.49) 0.56 1.04 (0.90–1.20)
Adjusted model 1 (reference) 0.91 (0.57–1.45) 0.92 (0.54–1.54) 0.66 1.04 (0.89–1.21)
Never/light drinkers 1 (reference) 0.75 (0.44–1.28) 0.75 (0.42–1.33) 0.96 1.00 (0.84–1.21)
Heavy drinkers 1 (reference) 1.74 (0.56–5.43) 1.89 (0.49–7.27) 0.40 1.21 (0.78–1.90)

PFHpS
Median (ng/ml) 0.1 0.2 0.6
Case/non-case n 117/231 167/248 162/210
Crude model 1 (reference) 1.22 (0.85–1.74) 1.63 (1.12–2.39) 0.06 1.11 (0.99–1.24)
Adjusted model 1 (reference) 1.37 (0.83–2.26) 1.24 (0.72–2.12) 0.51 1.05 (0.91–1.20)
Never/light drinkers 1 (reference) 1.13 (0.77–1.65) 1.03 (0.64–1.67) 0.94 1.00 (0.87–1.14)
Heavy drinkers 1 (reference) 3.18 (0.67–15.0) 3.90 (0.92–16.5) 0.05 1.44 (1.00–2.07)

PFDA
Median (ng/ml) 0.2 0.3 0.5

Case/non-case n 313/445 79/112 54/132
Crude model 1 (reference) 1.02 (0.63–1.66) 0.58 (0.36–0.94) 0.08 0.81 (0.63–1.05)
Adjusted model 1 (reference) 1.22 (0.67–2.21) 0.86 (0.52–1.42) 0.20 0.90 (0.76–1.06)
Never/light drinkers 1 (reference) 1.17 (0.64–2.16) 0.86 (0.44–1.69) 0.15 0.85 (0.68–1.06)
Heavy drinkers 1 (reference) 1.26 (0.25–6.40) 0.89 (0.27–2.90) 0.39 1.23 (0.77–1.97)

Total PFAS
Median (ng/ml) 4.5 9.1 17.2
Case/non-case n 142/234 161/225 143/230
Crude model 1 (reference) 1.05 (0.67–1.67) 1.04 (0.64–1.68) 0.37 1.06 (0.92–1.24)
Adjusted model 1 (reference) 1.18 (0.70–2.00) 1.08 (0.59–1.99) 0.36 1.09 (0.91–1.32)
Never/light drinkers 1 (reference) 0.66 (0.39–1.10) 0.78 (0.39–1.55) 0.87 0.98 (0.79–1.22)
Heavy drinkers 1 (reference) 7.51 (1.81–31.2) 3.30 (0.84–13.1) 0.05 2.12 (0.99–4.54)

Logistic regression models were used.
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status, waist circumference, and ALT (p interaction >0.05 for all;
Fig. 1), nor was there between other PFAS and the stratification
factors (p interaction >0.05 for all except PFOA and chronic
inflammation; Table S4).

For PFHxS and total FLD, after excluding 98 participants with
a history of cancer, the point estimate became slightly higher
(e.g. ORSD 1.20; 95% CI 1.04–1.37; p trend = 0.01). After excluding
164 participants with albuminuria, the point estimate also
became higher (e.g. ORSD 1.25; 95% CI 1.06–1.47; p trend = 0.009;
Table S5).

PFAS and liver function biomarkers
The multivariable-adjusted model of the association
between PFAS and the liver function biomarkers showed
JHEP Reports 2023
positive linear associations with AST, GGT, bilirubin, and
albumin, but not with ALT, ALP, or hs-CRP. Significant (p
<0.05) positive associations were found for PFOS with total
bilirubin (b = 0.058), PFOA with GGT (b = 0.090) and bilirubin
(b = 0.101), PFHxS with AST (b = 0.045), PFNA with GGT (b =
0.078), and total PFAS with bilirubin (b = 0.084). Total and
all individual PFAS substances were positively associated
with albumin (b ranged from 0.008 to 0.027, all p <0.05;
Table 4). When limiting the analysis to participants
considered obese, PFOA and total PFAS were inversely associ-
ated with hs-CRP (b = -0.204 and -0.204, respectively), and
PFHpS was positively associated with ALT (b = 0.089; all p
<0.05; Table S6). Additional analyses suggested positive asso-
ciations between PFAS and HDL, total cholesterol, and
4vol. 5 j 100694



Strata factor Subgroups OR per log SD (95% CI) p interaction

Sex 0.35

Male 1.23 (0.93-1.62)

Female 1.01 (0.81-1.25)

Race/ethnicity 0.39

Whites 1.14 (0.94-1.38)

Others 1.10 (0.91-1.33)

Smoking 0.28

Non-smoker 1.08 (0.88-1.32)

Smoker 1.20 (0.89-1.62)

Alcohol drinking 0.32

Never drinker 1.29 (0.91-1.81)

Drinker 1.11 (0.98-1.26)

Obesity 0.001

Non-obese 0.94 (0.78-1.14)

Obese 1.17 (1.04-1.30)

Waist circumference 0.28

<102(M)/88(F) cm 1.18 (0.86-1.61)

≥102(M)/88(F) cm 1.01 (0.87-1.16)

High-fat diet 0.008

No 1.06 (0.84-1.34)

Yes 1.25 (1.04-1.49)

hs-CRP 0.09

≤3.0 mg/L 1.06 (0.85-1.32)

>3.0 mg/L 1.21 (0.98-1.49)

ALT 0.79

≤33(M)/25(F) 1.13 (0.99-1.29)

>33(M)/25(F) 1.48 (0.90-2.42)

0.5 1.5 2.5

Fig. 1. Stratified results for associations between serum PFHxS and fatty liver disease risk. Model was adjusted for age group (20 to <40, 40 to <60, or >−60
years), sex, race/ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic, or other), ever smoker (yes or no), ever drank alcohol (yes or no), physical activity
(min/day), BMI (kg/m2), history of diabetes (yes or no), cancer (yes or no), hypertension (yes or no), aspirin use (yes or no), and high-fat diet (yes or no), while
excluding the corresponding strata factor in each analysis. Logistic regression models were used. ALT, alanine aminotransferase; F, female; hs-CRP, high-sensitivity
C-reactive protein; M, male; OR, odds ratio; PFHxS, perfluorohexane sulfonate.
haemoglobin A1c levels, and inverse associations with insulin
(Table S7).
Discussion
This study in a 2017–2018 US nationally representative survey
found that serum PFAS levels were associated with higher FLD
risk and altered liver function in adults aged 20 years or older.
Specifically, a higher PFHxS level was associated with a signifi-
cantly higher FLD risk, especially among individuals who had
obesity, high-fat diet, and chronic inflammation. When stratified
by alcohol intake status in an otherwise fully adjusted model,
total PFAS, PFOA, PFHxS, and PFHpS were associated with a
significantly higher AFLD risk and more severe fibrosis stage in
heavy drinkers, whereas no association was found for NAFLD in
never or light drinkers. Serum AST, GGT, bilirubin, and albumin
were positively associated with PFAS, whereas hs-CRP was
inversely associated with PFAS.
JHEP Reports 2023
Comparison with previous studies
Few studies to date have examined the interplay between PFAS
and alcohol on FLD. We for the first time reported that in heavy
drinkers who consumed >−2 or 3 drinks/day, PFAS, especially
PFOA, PFHxS, and PFHpS, were associated with a higher risk of
VCTE-diagnosed AFLD, not NAFLD. In heavy drinkers, PFAS,
especially PFOA and PFHxS, were also associated with advanced
liver fibrosis risk. Stronger associations of PFAS with total FLD
were found in participants with obesity, high-fat diets, and
chronic inflammation, which are potential risk factors for chronic
liver diseases. This finding is potentially consistent with previous
NHANES work showing that as serum PFAS exposure ranges
decline over time in successive NHANES surveys, the association
of serum PFAS to liver transaminases is most easily seen in obese
individuals.28

Our results indicated that a higher level of serum PFHxS was
associated with higher odds of total FLD, although in the strati-
fied analysis, this association remained only for AFLD but not for
5vol. 5 j 100694



Table 4. Linear regression coefficients b (denoted by significance) of log-transformed PFAS and liver function biomarkers.

AST ALT ALP GGT Bilirubin hs-CRP Albumin

PFOS
Crude model 0.050† 0.051* 0.010 0.062 0.149† -0.168* 0.018†

Adjusted model 0.029 0.026 0.004 0.019 0.058* -0.06 0.017†

PFOA
Crude model 0.074* 0.071* 0.013 0.092* 0.175* -0.182* 0.028†

Adjusted model 0.057 0.057 0.015 0.090* 0.101* -0.049 0.027*
PFHxS

Crude model 0.069† 0.084* -0.005 0.072 0.161† -0.169* 0.027†

Adjusted model 0.045* 0.048 <0.001 0.034 0.057 -0.048 0.023†

PFNA
Crude model 0.042* 0.038 0.037* 0.079* 0.068 -0.057 0.012*
Adjusted model 0.041 0.045 0.031 0.078* 0.035 -0.010 0.015*

PFHpS
Crude model 0.024 0.055* 0.008 0.044 0.078* -0.018 0.009*
Adjusted model 0.003 0.018 -0.004 -0.009 0.021 0.012 0.008*

PFDA
Crude model 0.022 0.004 -0.009 0.052 0.050 -0.254* 0.014*
Adjusted model 0.023 0.036 -0.007 0.095 0.040 -0.154 0.015*

Total PFAS
Crude model 0.069† 0.080* 0.012 0.097* 0.188† -0.199* 0.026†

Adjusted model 0.045 0.051 0.010 0.059 0.084* -0.069 0.026†

Adjusted model included age group (20 to <40, 40 to <60, or >−60 years), sex, race/ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic, or other), ever smoker (yes or
no), ever drink alcohol (yes or no), physical activity (min/day), BMI (kg/m2), history of diabetes (yes or no), cancer (yes or no), hypertension (yes or no), aspirin use (yes or no),
and high-fat diet (yes or no). *p <0.05. †p <0.001. ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl trans-
peptidase; hs-CRP, high-sensitivity C-reactive protein; PFAS, per- and polyfluoroalkyl substances; PFDA, perfluorodecanoate; PFHpS, perfluoroheptane sulfonic acid; PFHxS,
perfluorohexane sulfonate; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonic acid.
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NAFLD. A previous study in children with NAFLD found that
PFAS, especially PFHxS, was positively associated with the biopsy
severity of NAFLD disease.29 PFHxS is the third most commonly
detected PFAS, following PFOS and PFOA, and one of the most
long-lasting PFAS in humans.30 Global action in phasing our
PFHxS is urged.31 We did not find statistically significant asso-
ciations for the total level or other individual types of PFAS with
total FLD or NAFLD in this study. This finding is consistent with a
previous study using NAFLD cases identified by HSI and USFLI
scores in the 1999–2014 NHANES, which found that the sum of
eight blood PFAS levels was not associated with NAFLD risk
(multivariable-adjusted OR 0.99; 95% CI 0.90–1.08).15 Compared
with that study, we included more comprehensive analyses of
individual PFAS and used VCTE-diagnosed NAFLD to minimise
misclassification of NAFLD risk. Collectively, the current epide-
miological studies on PFAS and NAFLD risk based on biopsy or
non-invasive measures of liver stiffness such as VCTE is limited.
Evaluation of populations with known higher exposures than the
general public as revealed by NHANES data may assist this
process.32

Consistent with our results, studies in the earlier NHANES
cycles found that higher levels of certain PFAS were associated
with biomarkers of liver injury; for example, PFOS, PFOA, PFHxS,
and PFNA were associated with ALT, GGT, and bilirubin.12–14 A
recent dose–response systematic review of both rodent and
human studies and meta-analysis on human liver enzymes
detected associations between PFOA, PFOS, and PFNA and ALT,
AST, and GGT, suggesting a contribution of PFAS to the growing
human NAFLD burden.11 This review mentioned insufficient ev-
idence for PFHxS and other less common PFAS, whereas our
study associates PFHxS directly to liver steatosis and adds to the
evidence that PFAS with long half-lives are hepatotoxic.
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Biological mechanisms
The liver is considered an important target organ for exposure to
exogenous chemicals and for PFAS accumulation.33,34 Mecha-
nistic research regarding the PFAS contribution to liver mal-
function and steatosis led to the following hypotheses. First, PFAS
may alter hepatic lipid, amino acid, and carbohydrate meta-
bolism.11,35–39 In the stratified analysis, we found that the posi-
tive association between PFHxS and FLD risk was stronger in
people with obesity and also those with a high-fat diet. Similarly,
in the 2011–2014 NHANES, PFOA, PFHxS, and PFNA were asso-
ciated with higher serum liver function biomarkers but only
among obese participants,14 whereas the transaminase associa-
tions pertain to the entire NHANES population in earlier survey
cycles characterised by the higher serum PFAS.13,40 We thus
hypothesised that PFAS-mediated lipid perturbations could
contribute to an elevated FLD risk, especially in a metabolically
unhealthy stage. Second, PFAS may directly interact with the
liver and alter hepatic metabolism even in the absence of co-
morbid risk factors. Changes in the cytochrome P450 pathway,
cytokeratin C18 biomarkers, peroxisome proliferator-activated
receptors a and c, and fatty acid transporters fatty acid translo-
case (Cd36) levels were associated with PFAS exposures.32,33,41

Third, based on our finding of a more robust association be-
tween PFAS and AFLD in heavy drinkers, PFAS could interact with
the alcohol metabolism in the liver, although very few studies to
date provide direct evidence on possible mechanisms.

Last, PFAS exposure may alter the inflammatory response, and
the definitive mechanisms of immunotoxicity remain contro-
versial. Interestingly, PFAS may exert anti-inflammatory effects,
for example, decreasing cytokine release from cells through
activation of NF-jB and limiting leucocyte chemotaxis. PFAS
exposure was associated with lower levels of CRP in previous
6vol. 5 j 100694



studies.17,42 Based on 2005–2012 NHANES data, PFAS was posi-
tively associated with bilirubin (anti-inflammatory) and
inversely associated with CRP (pro-inflammatory),18 which was
consistent with our findings. Meanwhile, we found that hs-CRP
was higher in NAFLD. Higher hs-CRP was commonly reported
as a risk factor for NAFLD,43 and mildly increased bilirubin has
been inversely associated with NAFLD risk in a few epidemio-
logical studies.44–46 These paradoxical observations require
further studies into the interplay of PFAS, inflammation, immu-
nity, oxidative stress, and steatosis.47 In vitro data may provide
useful and complementary insights in this regard.

Owing to the cross-sectional design of this study, we cannot
rule out the possibility that impaired liver function might
reversely affect PFAS excretion, especially in heavy alcohol
drinkers. PFAS can also be found in consumed beverages
including alcoholic beverages as well as in foods.48 Although
longitudinal study also supports the relationship of PFAS expo-
sure to undesirable changes in serum transaminases,49 to date,
no prospective study has investigated PFAS and incident FLD risk
score or confirmed biopsy results. Another knowledge gap in the
mechanistic research is how different PFAS might impact
inflammation and degree of steatosis in the liver. The mecha-
nisms underlying the association between PFAS exposure and
liver health would benefit from further exploration.

Public health implications
Countries such as the United States have initiated strategic plans
to gradually phase out PFAS, especially long-chain PFAS.17 From
1999–2000 to 2017–2018, the blood PFOS and PFOA levels of the
US population based on NHANES declined by more than 70%.35

However, these chemicals remain in use worldwide, reside in
innumerable available products,7 and are detectable in nearly all
US adults and may persist in vivo for an extended period, with
estimated half-lives of 2–6 years in the human body.30 Our study
showed that the association with liver function persists at lower-
level exposures of PFAS in the population over the past decade.
Owing to the obesity epidemic and increasing prevalence of
diabetes, steatosis may be the most prevalent pathology associ-
ated with end-stage liver diseases including cirrhosis and liver
cancer, as well as chronic liver disease mortality. Continuously
JHEP Reports 2023
monitoring PFAS in the population and examining how they
potentiate risk to the liver is therefore essential.

Moreover, our study for the first time showed different risk
stratification for FLD in people who are heavy alcohol drinkers,
had obesity, had high-fat diet, or had chronic inflammation.
Special care and prevention could be suggested to these high-
risk populations.
Strengths and limitations
This is the first study on the association between PFAS and FLD
risk measured and diagnosed by VCTE. Strengths included a large
representative sample, a comprehensive panel of liver function
biomarkers, well-validated detection and quantification of stea-
tosis using VCTE,21,23,24 and stratification analyses considering
personal demographics, lifestyle factors, and liver-related meta-
bolic factors. However, limitations of this study merit consider-
ation. First, as discussed before, this is a cross-sectional study
with inherited study design limitations. Second, residual con-
founders associated with PFAS exposures, for example, envi-
ronmental exposure to other liver toxicants,6,15 were not
controlled in the models. Third, NHANES is a representative
sample of the US population, yet owing to the differences in PFAS
exposure levels and the FLD epidemic worldwide, these results
may not be able to be generalised to other populations with
diverse racial/ethnic groups, or different aetiologies or causes of
liver disease.
Conclusions
In the general population, PFAS, especially PFHxS, were moder-
ately associated with FLD risk and impaired liver functions.
Importantly, among those with independent lifestyle risk factors
for hepatic steatosis, such as heavy alcohol intake, obesity, high-
fat diet, and chronic inflammation, PFAS compounded that risk.
PFAS, especially PFOA, PFHxS, and PFHpS, appeared to be a risk
factor for potentially alcohol-attributable FLD risk and advanced
liver fibrosis in heavy drinkers, suggesting that there might be
synergistic effects on FLD between PFAS and lifestyle risk factors,
especially alcohol intake.
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Values presented from the models are odds ratio (95% CI). Adjusted
model included age group (20 to <40, 40 to <60, or >−60 years), sex, race/
ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic, or other),
ever smoker (yes or no), ever drink alcohol (yes or no), physical activity
(min/day), BMI (kg/m2), history of diabetes (yes or no), cancer (yes or no),
hypertension (yes or no), aspirin use (yes or no), and high-fat diet (yes or
no). Ever drink alcohol was not adjusted among heavy drinkers. Values of
p trend were calculated using log-transformed continuous exposure var-
iables. PFAS, per- and polyfluoroalkyl substances; PFDA, per-
fluorodecanoate; PFHpS, perfluoroheptane sulfonic acid; PFHxS,
perfluorohexane sulfonate; PFNA, perfluorononanoic acid; PFOA, per-
fluorooctanoic acid; PFOS.
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Supplementary methods 

Assessment of PFAS 

Substances measured were 2-(N-methyl-perfluorooctane sulfonamido) acetate, perfluorohexane 

sulfonate (PFHxS), n-PFOS, branched PFOS isomers, n-PFOA, branched PFOA isomers, 

perfluorononanoate (PFNA), perfluorodecanoate (PFDA), perfluoroundecanoate (PFUnDA), and 

perfluorododecanoate (PFDoA). Due to changes in the manufacture of PFAS in the US, several 

additional PFAS were measured in an appendix to the previous list, including perfluoro-1-

heptanesulfonate (PFHpS). Total PFOS was calculated as the sum of n-PFOS and branched 

PFOS isomers. Total PFOA was calculated as the sum of n-PFOA and branched PFOA isomers.   



 

Fig. S1. Study flowchart.  

Abbreviations: NHANES, National Health and Nutrition Examination Survey; PFAS, per- and 
polyfluoroalkyl substances; VCTE, vibration controlled transient elastography; HBV, hepatitis B 
virus; HCV, hepatitis C virus.  
 

 

  



Table S1. Percentage of values above the limit of detection for all per- and polyfluoroalkyl 

substances assessed in the NHANES 2017–2018.  

Codebook variable name Sample N Percentage above LOD (%) Analyzed name 
LODPFDE 1929 89 PFDA 
LODPFHS 1929 99 PFHxS 
LODMPAH 1929 59 Not included 
LODPFNA 1929 92 PFNA 
LODPFUA 1929 66 Not included 
LODNFOA 1929 99 PFOA LODBFOA 1929 10 
LODNFOS 1929 99 PFOS LODMFOS 1929 99 
LDDONA 1929 13 Not included 
LDGENX 1929 13 Not included 
LDCLPF 1929 24 Not included 
LDFHPS 1929 81 PFHpS 
LDPFHA 1929 14 Not included 

Abbreviations: LOD, limit of detection; PFDA, perfluorodecanoate; PFHxS, perfluorohexane 
sulfonate; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane 
sulfonic acid; PFHpS, perfluoroheptane sulfonic acid. 
 

 



Table S2. Detailed stratified results for associations between serum PFAS and fatty liver disease risk according to alcohol 

intake. 

    Never and light drinker   Heavy drinker 
  Tertile 1 Tertile 2 Tertile 3 Plinear Per SD Tertile 1 Tertile 2 Tertile 3 Plinear Per SD 
PFOS             
  Median (ng/mL) 2.1 4.9 10.2   2.1 4.7 10.6   
  Case/non-case N 113/182 121/176 131/200   29/55 34/46 18/30   
  Crude model 1 (ref) 0.85 (0.47-1.54) 1.09 (0.60-1.97) 0.85 1.02 (0.85-1.22) 1 (ref) 1.97 (0.80-4.84) 1.62 (0.44-6.02) 0.67 1.07 (0.75-1.54) 
  Adjusted model 1 (ref) 0.77 (0.41-1.47) 0.85 (0.42-1.74) 0.62 0.95 (0.77-1.17) 1 (ref) 4.17 (1.08-16.2) 4.72 (0.73-30.6) 0.17 1.47 (0.84-2.57) 
PFOA             
  Median (ng/mL) 0.8 1.5 2.7   0.8 1.5 2.9   
  Case/non-case N 127/196 130/185 108/177   21/53 39/41 21/37   
  Crude model 1 (ref) 1.12 (0.63-1.98) 0.88 (0.52-1.49) 0.78 0.97 (0.75-1.25) 1 (ref) 1.95 (1.00-3.82) 1.00 (0.39-2.59) 0.49 1.13 (0.78-1.65) 
  Adjusted model 1 (ref) 1.10 (0.66-1.82) 0.94 (0.56-1.57) 0.53 0.93 (0.75-1.16) 1 (ref) 2.37 (0.62-9.03) 2.07 (0.50-8.58) 0.03 1.79 (1.07-2.99) 
PFHxS             
  Median (ng/mL) 0.5 1.2 2.4   0.5 1.1 2.6   
  Case/non-case N 100/181 157/200 108/177   21/49 34/48 26/34   
  Crude model 1 (ref) 1.37 (0.74-2.56) 1.18 (0.73-1.88) 0.61 1.03 (0.91-1.16) 1 (ref) 1.67 (0.62-4.51) 1.61 (0.46-5.69) 0.22 1.21 (0.87-1.70) 
  Adjusted model 1 (ref) 1.28 (0.62-2.66) 1.07 (0.63-1.80) 0.76 1.02 (0.90-1.15) 1 (ref) 2.41 (0.97-5.96) 6.12 (0.76-49.1) 0.01 2.06 (1.17-3.65) 
PFNA             
  Median (ng/mL) 0.2 0.5 0.9   0.2 0.4 0.9   
  Case/non-case N 120/187 130/192 115/179   35/57 22/43 24/31   
  Crude model 1 (ref) 0.92 (0.62-1.36) 0.92 (0.57-1.48) 0.7 1.03 (0.87-1.23) 1 (ref) 1.22 (0.63-2.36) 1.05 (0.31-3.56) 0.68 1.07 (0.76-1.51) 
  Adjusted model 1 (ref) 0.75 (0.44-1.28) 0.75 (0.42-1.33) 0.96 1.00 (0.84-1.21) 1 (ref) 1.74 (0.56-5.43) 1.89 (0.49-7.27) 0.40 1.21 (0.78-1.90) 
PFHpS             
  Median (ng/mL) 0.1 0.2 0.5   0.1 0.2 0.6   
  Case/non-case N 93/176 132/192 140/190   24/55 35/56 22/20   
  Crude model 1 (ref) 1.13 (0.75-1.71) 1.58 (1.03-2.41) 0.14 1.09 (0.96-1.24) 1 (ref) 1.53 (0.65-3.59) 1.83 (0.55-6.08) 0.22 1.17 (0.89-1.55) 
  Adjusted model 1 (ref) 1.13 (0.77-1.65) 1.03 (0.64-1.67) 0.94 1.00 (0.87-1.14) 1 (ref) 3.18 (0.67-15.0) 3.90 (0.92-16.5) 0.05 1.44 (1.00-2.07) 
PFDA              
  Median (ng/mL) 0.2 0.3 0.5   0.2 0.3 0.5   
  Case/non-case N 254/357 66/91 45/110   59/88 13/21 9/22   
  Crude model 1 (ref) 1.02 (0.59-1.76) 0.57 (0.29-1.12) 0.12 0.79 (0.57-1.09) 1 (ref) 1.05 (0.32-3.40) 0.61 (0.15-2.52) 0.58 0.89 (0.58-1.38) 
  Adjusted model 1 (ref) 1.17 (0.64-2.16) 0.86 (0.44-1.69) 0.15 0.85 (0.68-1.06) 1 (ref) 1.26 (0.25-6.40) 0.89 (0.27-2.90) 0.39 1.23 (0.77-1.97) 
Total PFAS             
  Median (ng/mL) 4.5 9.2 17.3   4.5 8.8 16.6   
  Case/non-case N 115/178 124/184 126/196   27/56 37/41 17/34   



  Crude model 1 (ref) 0.72 (0.41-1.27) 1.01 (0.55-1.83) 0.74 1.03 (0.83-1.28) 1 (ref) 3.26 (1.33-7.95) 0.83 (0.26-2.69) 0.3 1.22 (0.81-1.83) 
  Adjusted model 1 (ref) 0.66 (0.39-1.10) 0.78 (0.39-1.55) 0.87 0.98 (0.79-1.22) 1 (ref) 7.51 (1.81-31.2) 3.30 (0.84-13.1) 0.05 2.12 (0.99-4.54) 

Values presented from the models are odds ratio (95% confidence interval). Model was adjusted for age group (20–<40, 40–<60, ≥60 
years), sex, race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, other), ever smoker (only in analyses for never/light 
drinkers; yes, no), ever drink alcohol (yes, no), physical activity (min/day), body mass index (kg/m2), history of diabetes (yes, no), 
cancer (yes, no), hypertension (yes, no), aspirin use (yes, no), and high-fat diet (yes, no).  
p-trend values were calculated using log-transformed continuous exposure variables.  
Abbreviations: PFAS, per-and polyfluoroalkyl substances; PFOS, perfluorooctane sulfonic acid; PFOA, perfluorooctanoic acid; 
PFHxS, perfluorohexane sulfonate; PFNA, perfluorononanoic acid; PFHpS, perfluoroheptane sulfonic acid; PFDA, 
perfluorodecanoate; SD, standard deviation.



Table S3. Associations between serum PFAS and advanced liver fibrosis according to alcohol intake. 

 Total Never and light drinker Heavy drinker 
  PFOS 0.97 (0.82-1.15) 0.92 (0.76-1.11) 1.21 (0.72-2.04) 
  PFOA 1.00 (0.84-1.20) 0.89 (0.72-1.10) 1.75 (1.10-2.79) 
  PFHxS 1.08 (0.95-1.22) 0.99 (0.87-1.14) 1.61 (1.10-2.35) 
  PFNA 1.00 (0.87-1.14) 0.96 (0.81-1.13) 1.23 (0.81-1.85) 
  PFHpS 1.05 (0.93-1.17) 1.01 (0.90-1.14) 1.28 (0.92-1.78) 
  PFDA 0.85 (0.71-1.02) 0.80 (0.64-0.99) 1.25 (0.78-2.00) 
  Total PFAS 1.03 (0.86-1.24) 0.94 (0.76-1.16) 1.74 (0.98-3.11) 
Values presented from the models are odds ratio (95% confidence interval) per long-transformed standard deviation from ordinal 
logistic regression. Adjusted model included age group (20–<40, 40–<60, ≥60 years), sex, race/ethnicity (non-Hispanic whites, non-
Hispanic black, Hispanic, other), ever smoker (yes, no), ever drink alcohol (yes, no), physical activity (minutes/day), body mass index 
(kg/m2), history of diabetes (yes, no), cancer (yes, no), hypertension (yes, no), aspirin use (yes, no), and high-fat diet (yes, no). Ever 
drink alcohol was not adjusted among heavy drinkers. 
Abbreviations: PFAS, per-and polyfluoroalkyl substances; PFOS, perfluorooctane sulfonic acid; PFOA, perfluorooctanoic acid; 
PFHxS, perfluorohexane sulfonate; PFNA, perfluorononanoic acid; PFHpS, perfluoroheptane sulfonic acid; PFDA, 
perfluorodecanoate. 
 

 

 

  



Table S4. Stratified results for associations between serum PFAS and non-alcoholic fatty liver disease risk. 

Strata factor Subgroups PFOS PFOA PFNA PFHpS PFDA Total PFAS 
Sex               

 Male 1.08 (0.75-1.55) 0.87 (0.60-1.25) 0.99 (0.72-1.35) 1.00 (0.83-1.21) 0.82 (0.64-1.05) 1.11 (0.71-1.74) 
 Female 0.96 (0.70-1.34) 1.18 (0.81-1.71) 1.04 (0.79-1.38) 1.09 (0.85-1.39) 0.95 (0.69-1.29) 1.05 (0.72-1.55) 
 P for interaction 0.75 0.24 0.54 0.34 0.86 0.44 

Race/ethnicity               
 Whites 1.00 (0.72-1.39) 1.00 (0.71-1.40) 0.99 (0.78-1.26) 1.02 (0.83-1.25) 0.95 (0.73-1.23) 1.03 (0.73-1.46) 
 Others 1.00 (0.86-1.16) 1.14 (0.90-1.44) 1.08 (0.87-1.33) 1.14 (0.96-1.35) 0.86 (0.68-1.09) 1.12 (0.90-1.40) 
 P for interaction 0.9 0.44 0.80 0.33 0.28 0.46 

Smoking               
 Non-smoker 1.17 (0.95-1.44) 1.04 (0.77-1.40) 1.11 (0.91-1.37) 1.03 (0.89-1.20) 1.00 (0.75-1.35) 1.23 (0.93-1.63) 
 Smoker 0.89 (0.69-1.14) 1.08 (0.78-1.50) 0.91 (0.71-1.15) 1.02 (0.81-1.29) 0.74 (0.52-1.05) 0.95 (0.69-1.30) 
 P for interaction 0.51 0.65 0.72 0.79 0.14 0.82 

Obesity               
 Non-obese 0.86 (0.67-1.10) 0.81 (0.54-1.22) 0.91 (0.71-1.16) 1.03 (0.90-1.17) 0.69 (0.54-0.88) 0.87 (0.63-1.21) 
 Obese 1.03 (0.83-1.28) 1.27 (0.98-1.66) 1.17 (0.97-1.41) 1.06 (0.88-1.27) 1.06 (0.80-1.41) 1.17 (0.96-1.43) 
 P for interaction 0.78 0.12 0.13 0.66 0.80 0.18 

Waist 
circumference               

 WC<102(M)/88 
(F) cm 0.91 (0.65-1.27) 0.71 (0.48-1.06) 0.78 (0.60-1.00) 1.12 (0.91-1.38) 0.63 (0.45-0.87) 0.93 (0.62-1.39) 

 WC≥102(M)/88 
(F) cm 0.92 (0.78-1.10) 1.07 (0.83-1.38) 1.09 (0.92-1.31) 1.04 (0.87-1.24) 0.97 (0.75-1.25) 1.00 (0.81-1.24) 

 P for interaction 0.75 0.47 0.43 0.88 0.89 0.58 
High-fat diet               

 No 0.93 (0.73-1.20) 1.11 (0.80-1.54) 1.01 (0.80-1.27) 1.01 (0.86-1.18) 0.90 (0.69-1.18) 1.02 (0.74-1.40) 
 Yes 1.07 (0.86-1.35) 1.01 (0.75-1.36) 1.03 (0.79-1.35) 1.06 (0.86-1.30) 0.85 (0.63-1.16) 1.15 (0.87-1.50) 
 P for interaction 0.23 0.57 0.54 0.40 0.37 0.10 



hs-CRP               
 ≤3.0 mg/L 1.01 (0.76-1.34) 0.83 (0.58-1.18) 0.98 (0.80-1.21) 0.99 (0.83-1.19) 0.86 (0.67-1.10) 0.99 (0.71-1.39) 
 >3.0 mg/L 1.03 (0.80-1.31) 1.29 (0.98-1.70) 1.05 (0.80-1.39) 1.13 (0.97-1.30) 0.92 (0.72-1.18) 1.21 (0.93-1.56) 
 P for interaction 0.77 0.03 0.66 0.22 0.67 0.16 

ALT               
 ≤33 (M)/25 (F) 1.02 (0.84-1.23) 1.04 (0.82-1.32) 1.02 (0.86-1.21) 1.05 (0.91-1.22) 0.88 (0.73-1.07) 1.07 (0.86-1.33) 
 >3 3(M)/25 (F) 1.23 (0.95-1.60) 1.13 (0.58-2.19) 1.11 (0.72-1.71) 0.94 (0.78-1.13) 0.88 (0.62-1.24) 1.38 (0.99-1.94) 

  P for interaction 0.68 0.43 0.83 0.56 0.22 0.80 
Values are odds ratio (95% confidence interval) per one standard deviation increase of log-transformed PFAS. Model was adjusted for 
age group (20–<40, 40–<60, ≥60 years), sex, race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, other), ever smoker 
(yes, no), ever drink alcohol (yes, no), physical activity (minutes/day), body mass index (kg/m2), history of diabetes (yes, no), cancer 
(yes, no), hypertension (yes, no), aspirin use (yes, no), and high-fat diet (yes, no), while excluding the corresponding strata factor in 
each analysis. 
Abbreviations: PFAS, per-and polyfluoroalkyl substances; PFOS, perfluorooctane sulfonic acid; PFOA, perfluorooctanoic acid; 
PFNA, perfluorononanoic acid; PFHpS, perfluoroheptane sulfonic acid; PFDA, perfluorodecanoate; M, male; F, female; hs-CRP, 
high-sensitivity C-reactive protein; ALT, alanine aminotransferase. 
 

 

  



Table S5. Sensitivity analyses on PFAS and fatty liver disease risk. 
 

Tertile 1 (lowest) Tertile 2 Tertile 3 (highest) p-trend Per log SD 
PFOS       
  Exclude N=98 history of cancers 1 (reference) 1.29 (0.83-2.00) 1.33 (0.72-2.45) 0.34 1.10 (0.90-1.35) 
  Exclude N=164 albuminuria  1 (reference) 1.14 (0.70-1.84) 1.32 (0.72-2.44) 0.38 1.08 (0.91-1.29) 
PFOA      
  Exclude N=98 history of cancers 1 (reference) 1.32 (0.84-2.08) 1.15 (0.64-2.06) 0.32 1.10 (0.91-1.32) 
  Exclude N=164 albuminuria  1 (reference) 1.13 (0.72-1.78) 1.00 (0.59-1.69) 0.56 1.07 (0.85-1.35) 
PFHxS       
  Exclude N=98 history of cancers 1 (reference) 1.56 (0.84-2.88) 1.49 (0.87-2.54) 0.01 1.20 (1.04-1.37) 
  Exclude N=164 albuminuria  1 (reference) 1.58 (0.91-2.77) 1.71 (0.99-2.93) 0.009 1.25 (1.06-1.47) 
PFNA       
  Exclude N=98 history of cancers 1 (reference) 0.96 (0.58-1.59) 0.97 (0.59-1.59) 0.46 1.06 (0.91-1.23) 
  Exclude N=164 albuminuria  1 (reference) 0.85 (0.53-1.37) 0.86 (0.50-1.48) 0.96 1.00 (0.84-1.21) 
PFHpS      
  Exclude N=98 history of cancers 1 (reference) 1.53 (0.88-2.66) 1.30 (0.69-2.44) 0.41 1.07 (0.91-1.25) 
  Exclude N=164 albuminuria  1 (reference) 1.53 (0.90-2.61) 1.55 (0.97-2.50) 0.16 1.10 (0.96-1.26) 
PFDA       
  Exclude N=98 history of cancers 1 (reference) 1.12 (0.61-2.06) 0.81 (0.49-1.32) 0.14 0.88 (0.75-1.04) 
  Exclude N=164 albuminuria  1 (reference) 1.27 (0.65-2.48) 0.93 (0.56-1.55) 0.49 0.94 (0.78-1.12) 
Total PFAS      
  Exclude N=98 history of cancers 1 (reference) 1.32 (0.77-2.26) 1.22 (0.66-2.27) 0.12 1.19 (0.96-1.48) 
  Exclude N=164 albuminuria  1 (reference) 1.06 (0.60-1.89) 1.05 (0.58-1.92) 0.14 1.16 (0.95-1.43) 

Values presented from the models are odds ratio (95% confidence interval). Model was adjusted for age group (20–<40, 40–<60, ≥60 
years), sex, race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, other), ever smoker (yes, no), ever drink alcohol (yes, 
no), physical activity (minutes/day), body mass index (kg/m2), history of diabetes (yes, no), cancer (yes, no), hypertension (yes, no), 
aspirin use (yes, no), and high-fat diet (yes, no).  
p-trend values were calculated using log-transformed continuous exposure variables.  
Abbreviations: PFAS, per-and polyfluoroalkyl substances; PFOS, perfluorooctane sulfonic acid; PFOA, perfluorooctanoic acid; 
PFHxS, perfluorohexane sulfonate; PFNA, perfluorononanoic acid; PFHpS, perfluoroheptane sulfonic acid; PFDA, 
perfluorodecanoate; SD, standard deviation. 



Table S6. Linear regression coefficients β (denoted by significance) of log-transformed PFAS and liver function biomarkers 

stratified by obesity. 

  AST ALT ALP GGT Bilirubin hs-CRP Albumin 
PFOS        
   Non-obese 0.023 0.025 0.03 0.03 0.045 -0.027 0.014* 
   Obese 0.043 0.028 -0.031 -0.003 0.061 -0.204* 0.022* 
PFOA        
   Non-obese 0.076* 0.078 0.03 0.088 0.087* -0.09 0.026* 
   Obese 0.047 0.048 -0.007 0.094 0.094 -0.06 0.026* 
PFHxS        
   Non-obese 0.056* 0.064 0.027 0.045 0.024 -0.001 0.018* 
   Obese 0.032 0.026 -0.032 0.014 0.084 -0.143 0.029* 
PFNA        
   Non-obese 0.063* 0.077 0.041 0.067 0.045 -0.036 0.014* 
   Obese 0.022 0.026 0.021 0.105 0.011 -0.006 0.013* 
PFHpS        
   Non-obese -0.028 -0.026 0.004 -0.033 0.042 0.029 0.007 
   Obese 0.053 0.089* -0.019 0.031 -0.006 -0.036 0.01 
PFDA         
   Non-obese 0.041 0.059 0.018 0.09 0.061 -0.133 0.012 
   Obese 0.009 0.012 -0.041 0.095 -0.005 -0.25 0.018* 
Total PFAS        
   Non-obese 0.023 0.025 0.03 0.03 0.045 -0.027 0.014* 
   Obese 0.043 0.028 -0.031 -0.003 0.061 -0.204* 0.022* 

Adjusted model included age group (20–<40, 40–<60, ≥60 years), sex, race/ethnicity (non-Hispanic white, non-Hispanic black, 
Hispanic, other), ever smoker (yes, no), ever drink alcohol (yes, no), physical activity (minutes/day), history of diabetes (yes, no), 
cancer (yes, no), hypertension (yes, no), aspirin use (yes, no), and high-fat diet (yes, no). 
* p <0.05.  
** p <0.001. 



Abbreviations: PFAS, per-and polyfluoroalkyl substances; HDL, high-density lipoproteins; LDL, low-density lipoproteins; LDL, low-
density lipoproteins; HbA1c, hemoglobin A1c; PFOS, perfluorooctane sulfonic acid; PFOA, perfluorooctanoic acid; PFHxS, 
perfluorohexane sulfonate; PFNA, perfluorononanoic acid; PFHpS, perfluoroheptane sulfonic acid; PFDA, perfluorodecanoate. 
 

 

 

  



Table S7. Linear regression coefficients of log-transformed PFAS and other serum biomarkers. 

  Triglyceride 
N = 546 

LDL 
N = 535 

HDL 
N = 1134 

Cholesterol 
N = 1134 

Glucose 
N = 546 

Insulin 
N = 546 

HbA1c 
N = 1134 

PFOS 0.057 0.019 -0.009 0.035* 0.027 -0.07 0.014* 
PFOA 0.02 0.032 0.027 0.042* -0.002 -0.205* -0.001 
PFHxS 0.068 0.033 -0.014 0.023 0.006 -0.125 < 0.001 
PFNA 0.031 0.039 0.021 0.04** 0.02 -0.087 0.013* 
PFHpS 0.083 0.019 -0.016 0.02 0.028 0.035 0.011 
PFDA  -0.062 0.024 0.068* 0.045* -0.003 -0.166* -0.004 
Total PFAS 0.056 0.033 -0.003 0.043* 0.023 -0.125 0.011 

Adjusted model included age group (20–<40, 40–<60, ≥60 years), sex, race/ethnicity (non-Hispanic white, non-Hispanic black, 
Hispanic, other), ever smoker (yes, no), ever drink alcohol (yes, no), physical activity (min/day), body mass index (kg/m2), history of 
diabetes (yes, no), cancer (yes, no), hypertension (yes, no), aspirin use (yes, no), and high-fat diet (yes, no). 
* p <0.05.  
** p <0.001. 
Abbreviations: PFAS, per-and polyfluoroalkyl substances; HDL, high-density lipoproteins; LDL, low-density lipoproteins; LDL, low-
density lipoproteins; HbA1c, hemoglobin A1c; PFOS, perfluorooctane sulfonic acid; PFOA, perfluorooctanoic acid; PFHxS, 
perfluorohexane sulfonate; PFNA, perfluorononanoic acid; PFHpS, perfluoroheptane sulfonic acid; PFDA, perfluorodecanoate. 
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