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Abstract

Background The widespread presence of per-and polyfluoroalkyl substances (PFAS) has raised global health
concerns. This study aims to determine the age-specific relationships of PFAS compounds with metabolic syndrome
(MetS) and its components.

Methods We used data from the National Health and Nutrition Examination Survey (NHANES) in 2003-2018.
Modified Poisson regression was employed to estimate associations between individual PFAS compounds and
prevalence of MetS, as well as its components. Multiple linear regression analyses were performed to examine

the associations between PFAS congeners and metabolic markers, including lipid and glucose homeostasis traits.
Additionally, weighted quantile sum (WQS) regression and Bayesian kernel machine regression (BKMR) models were
conducted to investigate the joint effects of PFAS mixtures on the prevalence of MetS and its components across
different age groups.

Results A total of 5850 participants were included for analysis. In the Modified Poisson regression model,
In-transformed perfluorononanoic acid (PFNA) level was positively correlated with MetS prevalence in adolescents
(prevalence ratio [PR]1=1.42; 95% Cl: 1.01-1.99). Conversely, In-transformed perfluorohexanesulfonic acid (PFHxS) and
In-transformed 2-(N-Methylperfluorooctane sulfonamido) acetic acid (MeFOSAA) were negatively associated with
the risks of MetS in young adults (PR=0.86, 95% Cl: 0.76-0.98) and middle-aged adults (PR=0.88, 95% Cl: 0.79-0.98),
respectively. Notably, individual PFAS exposure was positively associated with levels of total cholesterol, low-density
lipoprotein, non-high-density lipoprotein, and high-density lipoprotein in young and middle-aged adults. However,
overall effect analyses using WQS and BKMR showed no significant associations of PFAS mixture with MetS in any
age group. Nonetheless, in middle-aged adults, PFAS mixture was adversely correlated with hypertriglyceridemia and
positively linked to a greater risk of hypertension and increased high-density lipoprotein cholesterol levels.

Conclusions Our study highlighted the complex relationships between PFAS exposure and the risks of MetS and its
components across different age groups. Co-exposure to PFAS was particularly linked to dyslipidemia in young and
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middle-aged adults. Prospective studies are needed for better comprehension of the causative impact of PFAS on the

risks of MetS.

Keywords Per- and polyfluoroalkyl substances, Metabolic syndrome, Dyslipidemia, Co-exposure, NHANES

Introduction

The incidence of metabolic syndrome (MetS) has greatly
increased over the past three decades, emerging as a
global public health issue [1, 2]. MetS is characterized by
several metabolic dysregulations, including abdominal
obesity, impaired glucose homeostasis, lipid dysregula-
tion, and hypertension [3]. It has long been considered as
a risk factor for many chronic diseases, such as cardio-
vascular disease, diabetes, and even all-cause mortality
[4]. Although factors such as age, physical activities, life-
styles, and overnutrition are well-established contribu-
tors to MetS [5], they cannot fully explain its prevalence
and etiology.

Increasing evidence links environmental pollutants
to the incidence of metabolic disorders, suggesting they
could act as endocrine disruptors [6, 7]. Per-and poly-
fluoroalkyl substances (PFAS), emerging pollutants
commonly known as “forever chemicals’, are a group of
synthetic chemicals with carbon-fluorine structures.
Because of their excellent lipophobic and hydropho-
bic properties, PFAS have been extensively applied as
water- and oil- resistant agents, as well as anti-fouling
agents in various products [8]. As a result, PFAS have
become common pollutants found not only in various
environmental compartments but also in both wildlife
and humans [9-11]. The biological half-lives of PFAS in
human tissues could be as long as 25 years [12]. As the
endocrine disruptors, PFAS exposure can activate tran-
scription receptors to disrupt endocrine homeostasis and
induce metabolic dysfunction [13, 14]. Long-term and
continuous exposure to PFAS may lead to chronic meta-
bolic diseases [15, 16].

PFAS was associated with abdominal obesity [17],
hypertension [18], dyslipidemia and impaired glucose
metabolism [7, 19]. These abnormalities are not only
critical components of MetS but also contribute to its
development. Limited research has reported the links
between PFAS and the risks of MetS [20-22], with find-
ings remaining inconsistent among different age groups.
The variety of PFAS sources and their respective contri-
butions to human exposure vary based on age-associated
behaviors and dietary patterns, leading to differences in
health impacts. For instance, exposure to PFAS during
pregnancy has been positively correlated with the risk of
MetS in children and adolescents [6]. However, a study
among the elderly has found null relationship between
PFAS and MetS [21]. Thus, it is reasonable to speculate
that age may be a key factor in the relationship between
PFAS and MetS. Additionally, the presence of multiple

pollutants in environment also raised concerns. Exposure
to PFAS mixture has been found to exert joint effects on
lipid metabolism and metabolic function [23], with co-
exposure potentially resulting in greater toxicity than
individual compounds [24]. Despite the widespread pres-
ence of multiple PFAS congeners in the environment,
few research has investigated the age-specific association
between PFAS mixture and the risk of MetS. Therefore, it
is crucial to comprehend the relationships between PFAS
co-exposure and MetS across different age groups.

Additionally, PFAS exposure may affect both lipid and
glucose homeostasis. It has been reported that consistent
positive associations were found between PFAS exposure,
particularly PFOA and PFOS, and total cholesterol (TC)
and low-density lipoprotein cholesterol (LDL-C) levels
in adults [25]. However, evidence regarding the associa-
tions between PFAS exposure and triglyceride (TG) lev-
els exhibited heterogeneity in the existing meta-analyses,
while the relationship with non-high-density lipoprotein
cholesterol (NHC) remained inconclusive [25]. Data
from the Diabetes Prevention Program revealed that
plasma PFAS concentrations were positively associated
with increased fasting insulin and HOMA-IR, but not
with glucose levels in adults [26]. Conversely, the Danish
Odense Child Cohort demonstrated elevated glucose tra-
jectories in association with prenatal PFAS exposure [27].
These discrepant findings highlight the need to clarify
PFAS-induced metabolic disruptions across heteroge-
neous populations.

We aimed to evaluate age-specific associations
between PFAS exposure (both individually and in com-
bination) and the risk of MetS, as well as related meta-
bolic markers, using data from a national program. We
hypothesized that: (1) the relationships between each
PFAS compound and MetS would vary across different
age groups; (2) PFAS mixture would induce synergistic
or cumulative effects on MetS and its components across
different age groups; (3) the contribution of each conge-
ner to MetS and its components would differ across dif-
ferent age groups.

Methods

Data source and participants inclusion

The National Health and Nutrition Examination Sur-
vey (NHANES) is a nationally representative project
administered by the National Center for Health Statis-
tics (NCHS). Due to the availability of PFAS data start-
ing from 2003 to 2004, this study included 8 continuous
survey cycles (2003-2004, 2005-2006, 2007-2008,
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2009-2010, 2011-2012, 2013-2014, 2015-2016, 2017-
2018), comprising a total of 80,312 participants. The
exclusion criteria were as follows: (1) age<12 years,
n=23,139; (2) pregnant women, n=1046; (3) missing
health examination data, n=2217; (4) missing PFAS data,
n=37,854; (5) incomplete data on MetS components,
n=9321; (6) incomplete data on covariates, n=_885.
Ultimately, the analytical dataset included 5850 partici-
pants, and the selection workflow was shown in Fig. S1.
The protocol obtained approval from the NCHS Eth-
ics Review Board, with all participants providing signed
informed consent at enrollment.

PFAS determination

PFAS were extracted from serum and detected by high-
performance liquid chromatography coupled with
tandem mass spectrometry and online solid phase
extraction. Six PFAS congeners, including 2-(N-methyl-
perfluorooctane sulfonamido) acetic acid (MeFOSAA,
detection rate [DR]: 57.19%), perfluorodecanoic acid
(PFDA, DR: 73.08%), perfluorohexanesulfonic acid
(PFHxS, DR: 98.46%), perfluorononanoic acid (PFNA,
DR: 98.44%), perfluorooctanoic acid (PFOA, DR: 99.71%),
and perfluorooctanesulfonic acid (PFOS, DR: 99.82%)
were included in our study for analysis, each with a
detection rate over 50% (Table S1). Since PFOA and
PFOS were quantified with both linear and branched iso-
mers in NHANES during 2013-2018 but only total lev-
els detected during 2003-2012, the total concentrations
of liner and branched isomers of PFOA and PFOS were
applied for analysis in our study according to the guide-
line of NHANES, respectively. The limits of detection
(LOD) of analyzed compounds ranged from 0.08 to 0.52
ng/ml (Table S1). The detections below LOD were calcu-
lated with LOD/ /2, as recommended by NHANES.

Assessments of MetS and associated-metabolic markers
For participants>20 years old, MetS was diagnosed
based on the criteria of the National Cholesterol Educa-
tion Program Adult Treatment Panel III (NCEP ATP III)
[28]. For adolescent MetS (aged 12-19 years), the diag-
nosis followed the criteria reported previously [29]. The
detailed information can refer to Table S2 in Supporting
Information.

In addition, other metabolic markers, including TC,
LDL-C, NHC, fasting insulin, glycohemoglobin (HbA1lc),
and homeostatic model assessment for insulin resistance
(HOMA-IR), were included in the analysis. HOMA-IR
was calculated as previously reported [30].

Covariates

According to previous reports [31-33], the following
confounders were included as covariates: gender (male
and female), ethnicity (categorical variable), education
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level (categorical variable), and income-to-poverty ratio
(PIR, continuous variable), drinking (yes, no), smok-
ing (yes, no), daily energy intake (continuous variable),
survey cycle (categorical variable), and body mass index
(BMI, continuous variable). Drinkers in adults (aged >20
years) were defined as individuals having more than
12 drinks (a drink=12-ounce beer / 4-ounce glass of
wine / an ounce of liquor) in one year, and adults who
have smoked a minimum of 100 cigarettes throughout
their life were classified as smokers. Since question-
naire data on adolescents’ alcohol use are not available,
we extracted alcohol intake data from 24-hour dietary
recall interviews to define those had an estimated alco-
hol intake above zero as drinkers among adolescents. A
smoker in adolescent was defined as the participant who
has smoked at least one or more cigarettes.

Statistical analysis

Participants were categorized into adolescents (12-19
years), young adults (20-39 years), middle-aged adults
(40-59 years), and the elderly (=60 years) for age-specific
analysis. Survey weighted median (25th percentile — 75th
percentile) and frequencies (weighted proportion) were
used to describe continuous variables and categorical
variables, respectively. Differences between MetS and
non-MetS groups were determined using Wilcoxon sum-
rank test for continuous variables and chi-squared test
for categorical variables. Correlation coefficients between
pairs of PFAS congeners were examined with Spearman
correlation analysis. Due to their skewed distributions,
In-transformed PFAS concentrations were used in the
regression analysis.

Survey-weighted multivariable Modified Poisson
regression with robust standard errors was utilized to
assess the age-specific associations of each PFAS com-
pound with MetS and its components (central obesity,
hypertension, low HDL-C, hypertriglyceridemia, and
hyperglycemia), all treated as binary outcomes. PFAS
concentrations were either regarded as continuous vari-
ables or categorized into four quantiles. Prevalence
ratios (PRs) and related 95% confidence interval (95% CI)
were calculated. Survey-weighted linear regression was
employed to examine the linear relationships between
serum In-transformed PFAS and In-transformed meta-
bolic markers. The regression coefficient () was calcu-
lated for the linear relationships, with results presented
as percentage changes (percentage change=100% x
[1.01” () —1]) in risks [34, 35].

Next, weighted quantile sum (WQS) regression in con-
junction with binary logistic regression was conducted to
examine the overall impacts of PFAS mixtures on MetS
and the individual contributions of PFAS compounds.
WQS model is widely applied to analyze the joint health
effects of multiple chemical exposures on humans [33,
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36]. In the current study, the dataset was randomly
divided into training (40%) and validation (60%) sets, with
a bootstrap setting of 5000 iterations. WQS regression
was performed in both positive and negative directions
based on the index incorporating all PFAS compounds.
The weight of each PFAS congener ranged from 0 to 1,
with the sum of the weights equaling 1.

Then, Bayesian kernel machine regression (BKMR)
analysis with 10,000 iterations was applied through the
Markov chain Monte Carlo (MCMC) algorithm to con-
firm the combined effects of PFAS mixture exposure
on the risk of MetS. Using a Gaussian kernel function,
BKMR iteratively regresses the exposure-response rela-
tionship to flexibly fit curves, capturing both non-linear
and non-additive correlations [37]. The contribution of
each chemical to the risk of MetS was presented with
posterior inclusion probabilities (PIPs). PFAS concentra-
tions were In-transformed and normalized using z-score
method. Probit regression implementation was used for
binary outcomes. Overall and single-exposure effects
were estimated as previously described [37].

Lastly, several sensitivity analyses were performed. (a)
Kidney function has been reported to affect the excre-
tion of PFAS, with glomerular function negatively linked
to serum PFAS levels [38]. Thus, we excluded partici-
pants whose estimated glomerular filtration rate (eGFR)
was less than 60 mL/min/1.73 m? (Table S3 and S4) and
reexamined the relationships between PFAS and MetS.
The eGFR was calculated based on previous reports [39,
40]. (b) Given that outliers can distort statistical analy-
ses, participants with In-transformed PFAS levels greater
than the mean+3SD [41] were excluded for sensitivity
analyses. (c) To address potential bias from substituted
values, participants with non-detectable serum PFAS
levels (<LOD) were excluded for analysis. (d) To assess
the impacts of imbalance dataset when performing WQS
regression, we applied the Synthetic Minority Oversam-
pling Technique (SMOTE) to generate a balanced data-
set of adolescents. Additionally, we implemented class
weighting to adjust for minority class influence. (e) To
confirm our findings across different extensions of binary
outcomes, we conducted additional analyses using Modi-
fied Poisson regression with robust variance estimation
for implementing WQS. (f) We incorporated age as a
continuous variable into the BKMR model alongside all
PFAS exposures to further validate the effect of PFAS
mixture.

All statistics were conducted with R software (version
4.2.3). The packages used in our analysis were “survey’,
“gtsummary’, “corrplot’, “eWQS” (version 3.0.5), “bkmr”
(version 0.2.2), and “ggplot2”. P<0.05 was defined as sta-
tistical significance.
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Results

The characteristics of involved participants

Eventually, 5850 participants were included in the analy-
sis, and their characteristics were summarized in Table 1.
An increasing prevalence of MetS with age was observed
across the groups: 7.60% among adolescents, 22.61%
among young adults, 44.34% among middle-aged adults,
and 57.07% among the elderly. Equal gender distributions
between participants with and without MetS were found
in all age groups (P>0.05), except for a slightly higher
portion of males with MetS than females among young
adults (P<0.05, Table 1). Individuals with MetS tended
to have higher waist circumference, blood pressure, TG,
NHC (except for the elderly), fasting insulin, HOMA-IR,
2-hour oral glucose tolerance test (OGTT), fasting glyce-
mia, and HbAlc (except for the adolescents) across the
four age groups (Table 1). The levels and detection rates
of serum PFAS in all participants were shown in Fig. 1a
and Table S1. Within the overall population of each age
group, the highest concentration of PFAS was PFOS
(range of weighted geometric mean [WGM]: 6.46-11.21
ng/mL), followed by PFOA (range of WGM: 2.38-2.95
ng/mL), PFHxS (range of WGM: 1.34-1.93 ng/mL),
PENA (range of WGM: 0.76-0.93 ng/mL), PFDA (range
of WGM: 0.19-0.25 ng/mL), and MeFOSAA (range of
WGM: 0.18-0.24 ng/mL, Table S5). Significant corre-
lations between each two PFAS congeners were found
using Spearman correlation analysis (r=0.19-0.82;
P<0.001, Fig. 1b).

Associations of each PFAS congener with MetS across
different age groups

Notably, the relationships between PFAS (as continu-
ous variables) and PRs of MetS varied across the four
age groups (Fig. 2). In adolescents, a one-unit increase of
In-transformed serum PFNA was found to be correlated
with a 42% increase of MetS prevalence (PR=1.42, 95%
CI: 1.01-1.99, Fig. 2) after adjusting for gender, race, edu-
cation level, family income-to-poverty ratio, PIR, smok-
ing, drinking, daily energy intake, survey cycles, and BML
Conversely, serum PFHxS was adversely correlated with
MetS prevalence among young adults (PR=0.86, 95% CI:
0.76-0.98). A similar trend was found in middle-aged
adults, where serum MeFOSAA was negatively linked
with the prevalence of MetS, with a PR of 0.88 (95% CI:
0.79-0.98).

Analysis of the quartiles demonstrated that serum
PENA was positively associated with MetS preva-
lence among adolescents (Q4 vs. Q1, PR=2.27, 95% CI:
1.04-4.97, P for trend=0.032) and middle-aged adults
(Q2 vs. Q1, PR=141, 95% CI: 1.15-1.73; Q3 vs. Ql,
PR=1.34, 95% CI: 1.06—1.69). Furthermore, adolescents
with MeFOSAA in Q2 levels had a greater risk of MetS
than those with MeFOSAA in Q1 (PR=2.05, 95% CI:
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Fig. 1 Distribution of PFAS in the participants and the correlations between individual PFAS across the age groups. (a) Serum levels of PFAS in participants

with or without metabolic syndrome (MetS). The weighted geometric mean (WGM) levels of the PFAS congener were marked as red lines. WGM in overall
population, MetS and non-MetS subgroups across age groups were provided in Supplementary Table S5. (b) Spearman correlations between individual
PFAS in different age groups. The correlation coefficients were presented as circles, varying in size and color

Age Adolescents (N =1171) Young adults (N = 1464)

PFAS PR (95% Cl) P value PR (95% Cl) P value

MeFOSAA
In-MeFOSAA, ng/ml —+— 1.05(0.72, 1.53) 0.794 1.01(0.85, 1.19) 0.934
Q1 1.00 (reference) 1.00 (reference)
Q2 > 2.05(1.22, 3.47) 0.008 0.76 (0.52,1.11) 0.154
Q3 — 0.59 (0.21, 1.65) 0.312 - 1.09 (0.78, 1.53) 0.599
Q4 1.19 (0.51,2.78) 0.680 0.94 (0.64, 1.40) 0.774
P for trend 0.890 0.710
In-PFDA, ng/ml  —i~ 0.85(0.58, 1.24) 0.391 - 0.89 (0.77,1.04) 0.144
Q1 1.00 (reference) 1.00 (reference)
Q2 — 0.94 (0.43,2.05) 0.878 0.75 (0.56, 1.00) 0.052
Q3 —— 0.94 (0.51, 1.75) 0.845 0.96 (0.70, 1.33) 0.817
Q4 e 0.89 (0.46, 1.72) 0.721 0.79 (0.55, 1.13) 0.191
P for trend 0.750 0.486

PFHxS
In-PFHXS, ng/ml - 1.08 (0.89, 1.32) 0.443 0.86 (0.76, 0.98) 0.019
Q1 1.00 (reference) 1.00 (reference)
Q2 — 0.57 (0.30, 1.11) 0.099 - 0.79 (0.59, 1.05) 0.104
Q3 - 1.20 (0.65,2.22) 0.561 0.71(0.50, 1.01) 0.054
Q4 —t 1.11(0.53,2.31) 0.788 - 0.87 (0.62, 1.22) 0.410
P for trend 0.397 0.928

PFNA
In-PFNA, ng/ml —— 1.42 (1.01,1.99) 0.042 0.97 (0.85, 1.10) 0.628
Q1 1.00 (reference) 1.00 (reference)
Q2 B > 1.77 (0.85, 3.68) 0.125 0.80 (0.61, 1.03) 0.087
Q3 — 1.16 (0.51,2.64) 0.723 - 0.90 (0.64, 1.28) 0.558
Q4 2.27 (1.04,4.97) 0.041 - 0.86 (0.62, 1.20) 0.372
P for trend 0.032 0.612

PFOA
In-PFOA, ng/ml —_ 1.16 (0.74, 1.83) 0.513 - 0.89 (0.76, 1.05) 0.165
Q1 1.00 (reference) 1.00 (reference)
Q2 - 0.37 (0.15,0.95) 0.039 0.78 (0.55, 1.10) 0.150
Q3 - 1.63 (0.78, 3.41) 0.192 - 0.79 (0.53, 1.19) 0.253
Q4 R E— 0.82(0.31,2.21) 0.696 — - 0.80 (0.52, 1.23) 0.305
P for trend 0.674 0.5

PFOS
In-PFOS, ng/ml~ —+— 0.86 (0.58, 1.27) 0.440 0.94 (0.82,1.08) 0.373
Q1 1.00 (reference) 1.00 (reference)
Q2 — 0.53 (0.25, 1.13) 0.101 - 0.88 (0.64, 1.22) 0.442
Q3 e 0.66 (0.28, 1.56) 0.342 - 0.96 (0.65, 1.43) 0.847
Q4 - 0.55(0.21, 1.42) 0.214 1.03 (0.70, 1.49) 0.896
P for trend 0.517 0.627

0 05 1 15 2 25 3

05

05

Middle-aged adults (N = 1554)

PR (95% CI)

0.88 (0.79, 0.98)
1.00 (reference)
0.92 (0.72, 1.18)
0.80 (0.64, 1.00)
. 0.77 (0.59, 1.02)
0.027

0.95 (0.85, 1.06)
1.00 (reference)
.08 (0.86, 1.36)
.01(0.79, 1.29)
94 (0.72, 1.24)
338

99 (0.92, 1.07)
.00 (reference)
.02 (0.84, 1.23)
0.99 (0.80, 1.23)
0.99 (0.81, 1.21)
0.846

1
1
0.
0.
0.
1
1

1.07 (0.96, 1.19)
1.00 (reference)
1.41(1.15, 1.73)
1.34 (1.06, 1.69)
1.25(0.98, 1.58)
0.459

1.01(0.90, 1.13)
1.00 (reference)
0.98 (0.78, 1.22)
—— 1.03 (0.82, 1.28)
1. 16(0.90, 1.49)
0.13
(0.99, 1.19)
(reference)
(0.92, 1.49)
(0.99, 1.66)
(0.98, 1.70)

1.09

1.00

1.17

—*— 1.28
- 1.29
0.129

P value

0.024
0.518
0.053
0.065
0.384
0.525
0.944
0.661
0.770
0.852
0.927
0.907
0.233
0.001
0.016
0.071
0.890
0.831
0.825
0.244
0.087
0.210

0.058
0.071

05

The elderly (N = 1661)
PR (95% Cl)

(0.94, 1.09)
(reference)
(0.87, 1.39)
(0.
(

1
0
0
0
3 (0.84, 1.27)
21

(0.91, 1.04)
(reference)
(0.89, 1.26)
(0.81, 1.12)
(0.88, 1.20)
3

(0.91, 1.05)
(reference)
(0.95, 1.26)
(0.87, 1.24)
(
2

1.0
10
11
1.1
10
0.9
09
10
1.0
09
10
08
09
1.0
1.0
10
0.93(0.78, 1.12)
0.2

7
0
6
5
3
5.
8
0
9
4
3
0.

1.01(0.94, 1.08)
1.00 (reference)
1.03 (0. .
1.05 (0.88, 1.25)
1.07 (0.91, 1.25)
0.429
(0.97,1.13)
(reference)
(0.84, 1.19)

(0.85, 1.22)
0.90, 1.27)

(0.93, 1.06)
(reference)
(0.71, 1.07)
(0.82, 1.18)
(0.
6

84, 1.19)

P value

0.754

0.444
0.354
0.752

0.435
0.529
0.559
0.711
0.525
0.212
0.691
0.451
0.760
0.668
0.593
0.415
0.201
0.992
0.833
0.426
0.815
0.175

0.894
0.997

Fig. 2 Associations between In-transformed PFAS congeners and MetS across four age groups. Modified Poisson regression approaches were used and
adjusted for gender, race, education level, family income-to-poverty ratio, smoker, drinker, daily energy intake, survey cycle, and BMI. Arrow indicated that
the upper Cl of PR was > 3. PR, prevalence ratio; Cl, confidence interval
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1.22-3.47). In contrast, adolescents with PFOA levels in
Q2 had a lower risk of MetS than those in Q1 (PR=0.37,
95% CI: 0.15-0.95).

The relationships of PFAS congeners with MetS com-
ponents were complicated across the four age groups.
In adolescents, serum PFHxS and PFOA were positively
correlated with increased risks of central obesity in con-
founder-adjusting models (PFHxS: PR=1.19 [95% CL
1.01-1.40]; PFOA: PR=1.51 [95% CI: 1.08-2.11]) (Fig. 3).
However, no significant correlations between PFAS expo-
sure and central obesity were observed in the other three
age groups. PFNA exposure linked to a decreased risk of
hypertension in the elderly, with a PR of 0.94 (95% CI:
0.90-0.99). Significant negative associations between
five PFAS congeners (PFDA, PFHxS, PENA, PFOA, and
PFOS) and low HDL-C were found in young adults. In
middle-aged adults, MeFOSAA and PFDA exposure were
also correlated with low HDL-C (MeFOSAA, PR=0.86,
95% CI: 0.75-0.98; PEDA, PR=0.83, 95% CI: 0.72-0.94),
whereas the associations between other single PFAS con-
geners and low HDL-C were insignificant. In adolescents,
PFDA exposure was adversely associated with hyper-
triglyceridemia (PR=0.75, 95% CI: 0.58—0.98). Besides,
PFHxS exposure was negatively associated with hyper-
triglyceridemia in young adults (PR=0.84, 95% CI: 0.73—
0.96) and in the elderly (PR =0.84, 95% CI: 0.76—0.94).

Quartile analyses also revealed significant positive
associations for PFHxS (PR=2.50, 95% CI: 1.53-4.10)
and PFOA (PR=1.87, 95% CI: 1.01-3.47) with central
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obesity in adolescents in Q3 compared to Q1 (Table
S6). Of note, no obvious links were observed between
PFAS exposure and hypertension in the elderly based
on the quartiles analysis (Table S7). However, significant
increases in hypertension risks were observed in adoles-
cents exposed to PFNA (PR=1.71, 95% CI. 1.00-2.93)
and in young adults exposed to PFDA (PR =1.84, 95% CI:
1.19-2.86) in Q3 compared to Q1 (Table S7). Interest-
ingly, in young adults, increased concentrations of several
PFAS (i.e.,, PFDA, PFHxS, PENA, PFOA, and PFOS) were
correlated with decreased risks of low HDL-C, showing
significant decreasing trends as the quartiles increased
(Table S8). Furthermore, In-transformed PFDA in Q4 was
negatively associated with hypertriglyceridemia in both
adolescents (PR=0.58, 95% CI: 0.37-0.93) and young
adults (PR=0.53, 95% CI: 0.31-0.91). A decreased risk
of hypertriglyceridemia was also found in adolescents
with the exposure of MeFOSAA in Q3 (PR=0.47, 95%
CI: 0.27-0.83). Nevertheless, In-transformed PFNA was
significantly associated with hypertriglyceridemia in both
middle-aged adults (PR =1.55, 95% CI: 1.15-2.08) and the
elderly (PR=1.37, 95% CI: 1.02-1.85) in Q2 compared to
Q1. In middle-aged adults, compared to Q1, an increased
prevalence of hypertriglyceridemia was observed with
PFOS exposure in Q2 (PR=1.35, 95% CI: 1.04—1.76) and
Q3 (PR=1.35, 95% CI: 1.01-1.81; Table S9). Moreover,
in middle-aged adults, positive associations were found
between both PFNA and PFOS in Q3 and hyperglycemia
(PENA, Q3 vs. Q1, PR=1.30, 95% CI: 1.10-1.53; PFOS,

Age Adolescents (N=1171) Young adults (N=1464) Middle-aged adults (N=1554) The elderly (N=1661)
Outcome PR(95%Cl) P value PR (95%Cl) P value PR (95% Cl) P value PR (95%Cl) P value
Central obesity

MeFOSAA - 0.93 (0.74, 1.17) 0.539 1.03 (0.93, 1.14) 0.544 0.99 (0.92, 1.07) 0.798 g 1.02 (0.98, 1.06) 0.423
PFDA - O 90 (0.67, 1.21) 0.480 0.93 (0.83, 1.04) 0.194 ay 0.98 (0.92, 1.05) 0.619 -+ 0.99 (0.93, 1.05) 0.719
PFHxS - .19 (1.01, 1.40) 0.041 0.99 (0.90, 1.08) 0.761 1.01 (0.96, 1.06) 0.639 - 1.04 (0.98, 1.10) 0.187
PFNA —— 1 14 (0.90, 1.45) 0.275 0.97 (0.89, 1.07) 0.558 to- 1.04 (0.98, 1.11) 0.195 o 1.03 (0.96, 1.09) 0.448
PFOA ———— 1.51(1.08,2.11) 0.016 0.97 (0.87, 1.09) 0.614 " 1.03 (0.96, 1.09) 0.427 o 1.04 (0.98, 1.10) 0.207
PFOS —— 1.10(0.82, 1.49) 0.518 0.95 (0.86, 1.05) 0.279 o 1.05(0.99, 1.12) 0.096 - 1.02 (0.96, 1.07) 0.530
Hypertension
MeFOSAA - 1.10 (0.87, 1.38) 0.431 1.05 (0.86, 1.28) 0.640 -+ 1.00 (0.90, 1.11) 0.931 e 1.04 (0.98, 1.09) 0.213
PFDA 0.79 (0.58, 1.07) 0.127 1.18 (0.97, 1.43) 0.093 1.01(0.92, 1.12) 0.830 -t 0.97 (0.93, 1.02) 0.277
PFHxS 0.91 (0.78, 1.08) 0.274 0.98 (0.85, 1.12) 0.715 0.99 (0.90, 1.07) 0.735 R 0.97 (0.92, 1.02) 0.173
PFNA 1.02 (0.80, 1.29) 0.885 1.12(0.90, 1.38) 0.308 1.02 (0.91, 1.15) 0.736 - 0.94 (0.90, 0.99) 0.026
PFOA 0.99 (0.71, 1.36) 0.928 1.14 (0.91, 1.44) 0.245 1.03 (0.91, 1.16) 0.661 + 0.99 (0.92, 1.05) 0.665
PFOS 0.86 (0.64, 1.15) 0.306 1.14 (0.92, 1.42) 0.234 — 1.05 (0.95, 1.16) 0.369 + 1.00 (0.95, 1.04) 0.887
Low HDL-C
MeFOSAA — 0.95 (0.72, 1.25) 0.703 0.99 (0.86, 1.14) 0.926 — 0.86 (0.75, 0.98) 0.029 — 0.94 (0.83, 1.07) 0.366
PFDA e 1.07 (0.81, 1.41) 0.653 0.77 (0.68, 0.88) <0.001 —~ 0.83 (0.72, 0.94) 0.005 —= 0.98 (0.85, 1.13) 0.782
PFHxS b 0.91(0.77, 1.08) 0.272 0.84 (0.76, 0.92) 0.001 - 0.92 (0.84, 1.02) 0.107 e 1.04 (0.91, 1.17) 0.584
PFNA 1.03 (0.77, 1.38) 0.859 0.83 (0.74, 0.93) 0.001 1.00 (0.87, 1.15) 0.960 T 1.07 (0.94, 1.23) 0.299
PFOA — 0.85 (0.55, 1.32) 0.468 0.84 (0.74, 0.95) 0.006 — 0.97 (0.85, 1.10) 0.607 —— 1.15(0.99, 1.34) 0.066
PFOS - 0.86 (0.63, 1.17) 0.340 0.82 (0.75, 0.91) <0.001 1.00 (0.86, 1.15) 0.972 e 1.08 (0.96, 1.21) 0.218
Hypertriglyceridemia
MeFOSAA 0.92 (0.75, 1.12) 0.380 0.97 (0.81, 1.17) 0.747 - 0.95 (0.83, 1.10) 0.491 — 0.95 (0.83, 1.09) 0.443
PFDA - 0.75 (0.58, 0.98) 0.037 0.80 (0.64, 1.02) 0.071 — 0.88 (0.77, 1.01) 0.078 - 0.92 (0.81, 1.06) 0.243
PFHXS 0.89 (0.77, 1.03) 0.125 0.84 (0.73, 0.96) 0.013 - 1.03 (0.93, 1.13) 0.597 - 0.84 (0.76, 0.94) 0.002
PFNA e 1.12(0.81, 1.56) 0.479 0.91(0.73, 1.13) 0.376 e 1.04 (0.92, 1.17) 0.535 i 0.99 (0.85, 1.14) 0.847
PFOA — 0.79 (0.54, 1.16) 0.235 0.97 (0.75, 1.25) 0.791 — 1.00 (0.88, 1.13) 0.947 — 0.93 (0.79, 1.10) 0.388
PFOS —r 0.78 (0.56, 1.09) 0.145 0.85 (0.69, 1.05) 0.124 - 1.08 (0.96, 1.22) 0.180 — 0.91(0.80, 1.03) 0.124
Hyperglycemia
MeFOSAA - 0.92 (0.74, 1.14) 0.442 1.01 (0.89, 1.15) 0.851 - 0.96 (0.89, 1.03) 0.275 + 0.99 (0.94, 1.05) 0.850
PFDA —— 1.07 (0.84, 1.37) 0.580 0.98 (0.88, 1.09) 0.673 i 1.07 (0.99, 1.15) 0.107 + 1.00 (0.95, 1.05) 0.941
PFHxS 1.01(0.87, 1.18) 0.885 0.89 (0.81, 0.97) 0.007 1.00 (0.94, 1.06) 0.981 + 1.00 (0.95, 1.05) 0.904
PFNA 1.36 (1.08, 1.71) 0.009 1.01(0.90, 1.15) 0.815 1.10 (1.01, 1.19) 0.021 + 0.99 (0.94, 1.05) 0.829
PFOA 1.19 (0.87, 1.64) 0.279 0.90 (0.79, 1.03) 0.118 0.99 (0.91, 1.08) 0.842 - 1.05(0.99, 1.12) 0.112
PFOS 0.93 (0.75, 1.15) 0.498 0.97 (0.88, 1.07) 0.509 1.09 (1.02, 1.17) 0.013 - 0.97 (0.93, 1.02) 0.263
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Fig. 3 Associations between In-transformed PFAS congeners and the components of MetS across four age groups. Modified Poisson regression models
were used and adjusted for confounding variables. Arrow indicated that the upper CI of PR was > 2. The detail information about the definition of the

MetS components was listed in the Supplementary Materials



Lin et al. Lipids in Health and Disease (2025) 24:174

Q3 vs. Q1, PR=1.24, 95% CI: 1.04—1.49; Table S9). Expo-
sure to PFOA increased the risks of hyperglycemia in the
elderly by 1.15-fold in Q4 compared to Q1, while the risk
of hyperglycemia in adolescents was increased by 1.78-
fold in Q4 of PENA compared to Q1 (Table S10).

Associations of PFAS exposure with metabolic markers
across different age groups

Significant disruptions in lipid metabolism were observed
following PFAS exposure across different age groups.
In adolescents, a 1% increase in MeFOSAA concentra-
tion was associated with a 0.025% rise (95% CI: 0.004%,
0.046%) in TC levels, a 0.032% increase (95% CI: 0.003%,
0.061%) in NHC levels, and a 0.038% increase (95% CI:
0.004%, 0.071%) in LDL-C levels. Furthermore, increas-
ing levels of PENA, PFOA, and PFOS were related with
elevated TC, NHC, and LDL-C in both young and mid-
dle-aged adults, with percentage changes per 1% increase
in PFAS levels ranging from 0.025 to 0.065%. In mid-
dle-aged adults, a 1% increase in PFDA was associated
with a 0.029% increase (95% CI: 0.014%, 0.045%) in TC
levels, and a 0.027% increase (95% CI: 0.006%, 0.049%)
in NHC levels, and a 0.044% increase (95% CI: 0.021%,
0.066%) in LDL-C levels. Additionally, a 1% increase in
In-transformed PFDA was significantly associated with
elevating HDL-C levels in young adults (percentage
change =0.036%, 95% CI: 0.013%, 0.058%) and in middle-
aged adults (percentage change = 0.036%, 95% CI: 0.016%,
0.057%), and in the elderly (percentage change =0.029%,
95% CI: 0.007%, 0.052%). In middle-aged adults, a 1%
increase in MeFOSAA and PFHxS were associated with
a 0.002% increase (95% CI: 0.001%, 0.004%) and a 0.019%
increase (95% CI: 0.004%, 0.035%) in HDL-C levels,
respectively. Notably, in young adults, a marginal positive
association was found between MeFOSAA and TG levels
(percentage changes=0.047%, 95% CI: 0.003%, 0.091%),
while a negative association was observed between
PFHxS and TG in the elderly (percentage change =
-0.065%, 95% CI: -0.108%, -0.021%, Fig. 4).

Associations of PFAS in combination on MetS and its
components across the age groups

The results of WQS regression were presented in Fig. 5,
Fig. S2, and Table S11-S12. When the regression was
restricted to the positive direction, no significant asso-
ciations were found between PFAS mixture exposure
and MetS or its components across the four age groups
(Fig. 5, Table S11). However, when the regression was
restricted to the negative direction, significant nega-
tive associations were observed between PFAS mix-
ture and low HDL-C in both young adults (Odds ratio
[OR]=0.667; 95% CI: 0.514-0.866) and middle-aged
adults (OR=0.710, 95% CI: 0.553-0.912) (Fig. S2A). In
young adults, the six analyzed PFAS contributed equally
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to the overall risk of low HDL-C due to their similar
weights. In middle-aged adults, MeFOSAA contributed
the most to the associations of low HDL-C, followed by
PFHxS and PFDA (Fig. S2B, Table S12).

Consistent with the WQS results, no significant asso-
ciations between PFAS mixtures and risks of MetS were
found across any age groups in BKMR models (Fig. 6).
In both young and middle-aged adults, the risk of low
HDL-C significantly decreased when all PFAS at or
above their 60th percentile, and dramatically rose when
all PFAS at or below their 25th percentile, compared to
the 50th percentile (Fig. 6). The PIPs for low HDL-C in
middle-aged adults were presented in Fig. S3, with PFDA
contributing the most (>0.99), followed by MeFOSAA
(0.97) and PFNA (0.76). Additionally, in middle-aged
adults, the BKMR model indicated a positive relationship
between PFAS co-exposure and hypertension and a nega-
tive correlation with hypertriglyceridemia. PFDA was
the predominant compound associated with a decreas-
ing risk of hypertriglyceridemia (PIP>0.99) in middle-
aged adults, whereas MeFOSAA contributed the most to
hypertension (PIP = 0.60).

Sensitivity analyses

The associations between In-transformed PFAS and MetS
across different age groups remained largely unchanged
after excluding the participants with decreased eGFR
(sensitivity analysis 1) or PFAS outliers (sensitivity analy-
sis 2), as compared to the primary results (Fig. S4). How-
ever, in adolescents, the association between PFNA and
prevalence of MetS was attenuated compared to the pri-
mary results and became non-significant. After excluding
participants with non-detectable PFAS levels (sensitivity
analysis 3), the association between MeFOSAA and MetS
in middle-aged adults became non-significant (OR =0.89,
95% CI: 0.76-1.05, Fig. S4). Additionally, the nega-
tive associations between five PFAS congeners (PFDA,
PFHxS, PENA, PFOA, and PFOS) congeners and preva-
lence of low HDL-C among the young adults in three
sensitivity analyses remained consistent with the main
analyses (Fig. S5). Using balanced data (via SMOTE or
class weighting) further confirmed the null association
between PFAS mixtures and MetS risk in adolescents
(Table S13). Findings obtained from modified Poisson
regression-based WQS models remained consistent with
those from the logistic regression-based WQS models
(Fig. S6). When age was included as a continuous vari-
able alongside all PFAS exposures in the BKMR model,
the overall mixture effect of PFAS on MetS risk remained
non-significant across all age quantiles (0.10, 0.35, 0.60,
and 0.85 quantiles, Fig. S7A). Additionally, significant
negative associations were observed between PFAS mix-
tures and low HDL-C risk at the 0.35 and 0.60 age quan-
tiles (31 and 50 years, Fig. S7B). Dose-response curves
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Fig. 5 Associations between PFAS mixture and MetS and its components by WQS models in the positive direction. The models were adjusted for con-
founding variables. (a) Odds ratios (ORs) and 95% Cls for the associations. Arrow indicated that upper confidence interval of OR was > 2. (b) Weights of

individual PFAS compounds in WQS models

revealed that these inverse relationships were predomi-
nantly driven by PFDA, with stronger effects at the 0.35
and 0.60 age quantiles (Fig. S7C).

Discussion

In this comprehensive, nationally representative study,
high serum levels of PFAS in different age participants
were observed. Age-specific correlations between indi-
vidual PFAS compounds and the risks of MetS and its
components were observed. Analyses using WQS and
BKMR consistently indicated null correlations between
PFAS mixture and MetS across four age groups. How-
ever, pronounced correlations between PFAS mixture
and lipid metabolism were found in middle-aged adults.
This study offers novel insights into the heterogeneous
associations between individual and combined PFAS
compounds and the risks of MetS across different age
groups.

As emblematic indicators of environmental pollution,
PFAS compounds have garnered great attention and
raised public, scientific, and regulatory concerns [42].
Previous studies have reported inconsistent correlations
between PFAS and MetS among different age groups [6,
21, 43]. Similar to these studies, age-specific associations
between individual PFAS congener and MetS were found
in our study. Notably, increased level of PFNA was asso-
ciated with an increased risk of MetS in adolescents. In

middle-aged adults, however, only the middle quartiles
of PFNA (Q2 and Q3) had significantly increased risks of
MetS, which aligns with previously reported results [44,
45]. Although a high prevalence of MetS was observed
among the elderly, no significant associations between
individual PFAS congeners and MetS were found in the
elderly in our study, consistent with data from highly
PFAS-contaminated areas [21].

The inconclusive associations between PFAS and MetS
across different age groups may also be due to PFAS-
specific receptor affinity, competing pathways, and vary-
ing health impacts of PFAS during distinct life periods
of exposure. As endocrine disrupting chemicals, PFAS
can interact with fatty acid-binding proteins and activate
multiple nuclear receptors, including peroxisome prolif-
erator-activated receptors (PPARs), pregnane X receptor
(PXR), and estrogen receptor alpha (ERa), thereby induc-
ing metabolic effects [46]. Most PFAS compounds could
exacerbate adipogenesis and promote adipocyte differen-
tiation in the presence of a PPARY agonist, but PFHxS has
been shown to significantly increase adipogenesis even
without the PPARYy agonist [47]. Interestingly, in rats,
PFOA exposure upregulated the expression of PPARYy,
3-hydroxy-3methylglutaryl-CoA synthase 2 (Hmgcs2),
and acetyl-CoA carboxylase alpha (Acaca) but signifi-
cantly reduced liver and serum levels of TG, TC, and
HDL-C content by disrupting the mTOR/AMPK pathway
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[48]. Additionally, PFHxS exposure induced the activa-
tion of PPAR«, reducing specific lipids (saturated fatty
acids, oleamide, and retinol) in zebrafish [49]. This may
partially explain the observed protective effect of cer-
tain PFAS on MetS in young adults. On the other hand,
PFAS exposure occurs throughout the human lifespan,
yet biological sensitivity to environmental pollutants var-
ies across life stages, leading to different health impacts
[50]. The biological responses of physiological systems
may decrease with age, particularly in older adults [51].
Water and food intake are the primary exposure routes
for PFAS in the general population [52]. Children and
young individuals, who require larger amounts of water
and food, along with increased respiratory and metabolic
rates, may experience greater chemical exposure com-
pared with the elderly [50]. Consequently, the impacts
of PFAS exposure on MetS were more pronounced in
younger individuals than in the elderly. These findings
suggest age- and compound-specific variations in PFAS
exposure, emphasizing the urgent need for future studies
to focus on specific populations, such as adolescents and
middle-aged adults.

Previous studies demonstrated that exposure to PFAS
could induce dyslipidemia, leading to increases in TC,
LDL-C, NHC, and HDL-C levels in both adolescents and
adults [7, 53]. In the current study, linear dose-response
relationships were found between certain PFAS (i.e.,
PFDA, PENA, PFOA, and PFOS) with components of
cholesterol metabolism, including TC, LDL-C, and NHC,
in middle-aged adults. Additionally, most PFAS conge-
ners, except for MeFOSAA, were negatively correlated
with low HDL-C in young adults. Although a previous
study demonstrated that PFOA exposure altered lipid
metabolism in young adults, contributing to high glucose
levels after OGTT [19], we found only a marginal positive
association of PFOS with hyperglycemia in middle-aged
adults. Our study underscores the association between
PFAS and lipid metabolism, particularly cholesterol
metabolism, in young and middle-aged adults. Excess
cholesterol accumulation, especially LDL-C, is generally
considered a risk factor for atherosclerosis and liver dis-
ease [54]. This may explain why PFAS exposure has also
been linked to cardiovascular diseases [55].

It is critical to note that traditional statistical strate-
gies are limited to analyzing either single chemicals or
the simple sum of multiple chemicals, while humans are
exposed to multiple PFAS compounds throughout their
lifespan. Our results revealed significant correlations
between pairs of PFAS compounds in all age groups,
potentially leading to synergistic or cumulative health
effects [6, 56]. To address this, we applied the widely used
WQS and BKMR models to explore the joint effects of
the six PFAS congeners on MetS and its components.
However, neither WQS nor the BKMR models showed
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significant effects of PFAS mixtures on MetS across any
age group. This may be due to the inconsistent asso-
ciations between each PFAS congener and MetS, which
could result in potential antagonistic effects when PFAS
congeners are combined (Fig. S8). Interestingly, although
no clear connections were found between individual
PFAS congeners and hypertension in Modified Poisson
regression models, significant positive associations were
observed between PFAS mixtures and hypertension in
middle-aged adults using the BKMR models. Co-expo-
sure to PFAS mixture was also negatively correlated with
low HDL-C in middle-aged adults, as revealed by both
the WQS and BKMR models. Increased circulating cho-
lesterol and sterol metabolites were also detected in mice
following exposure to PFAS mixture, which included
PFOA, PFOS, PENA, and PFHxS [57]. These findings
suggest that synergistic effects may occur with PFAS
co-exposure.

The present study has several strengths. Firstly, it is the
first to explore age-related heterogeneity in the associa-
tions between PFAS and MetS, using a national sample.
The relatively large sample size and rigorous quality con-
trol during data collection enhance the credibility of our
findings. Secondly, both WQS and BKMR models were
used to explore the combined effects of six PFAS com-
pounds on MetS and its components. Thirdly, we con-
firmed our results through various sensitivity analyses
to ensure robustness. Admittedly, this is a cross-sec-
tional study, which cannot establish a causal relationship
between PFAS exposure and MetS. However, it provides
important evidence for the potential metabolic dysregu-
lation risks of PFAS exposure across different age groups.
Further prospective studies and mechanistic investiga-
tions are required to better understand the metabolic
impacts of PFAS exposure. In addition, even though we
included as many potential confounding variables as
possible, unknown factors may still induce residual con-
founding. PFAS may also interact with other chemicals,
leading to additional confounding effects. Lastly, the
evaluation of PFAS exposure relied on a single serum
measurement, which may not accurately reflect the long-
term health effects of PFAS exposure.

Conclusion

In summary, our study demonstrated heterogeneous
associations between individual PFAS compounds and
MetS across different age groups. Exposure to certain
PFAS congeners was linked to dyslipidemia in young
and middle-aged adults, characterized by elevated lev-
els of TC, LDL-C, NHC, and HDL-C. Although PFAS
mixture was not significantly correlated with the risk of
MetS across all age groups, it induced a positive asso-
ciation with hypertension and negative correlations with
low HDL-C and hypertriglyceridemia in middle-aged
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adults. These findings highlight the complex relationships
between PFAS exposure and MetS, as well as its com-
ponents, providing new insights into the health risks of
PFAS exposure in humans. Additionally, greater attention
should be given to age-specific PFAS exposure, particu-
larly among younger people.
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