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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, ln-transformed perfluorononanoic acid (PFNA) level was positively correlated with MetS prevalence in adolescents (prevalence ratio [PR] = 1.42; 95% CI: 1.01–1.99). Conversely, ln-transformed perfluorohexanesulfonic acid (PFHxS) and ln-transformed 2-(N-Methylperfluorooctane sulfonamido) acetic acid (MeFOSAA) were negatively associated with the risks of MetS in young adults (PR = 0.86, 95% CI: 0.76–0.98) and middle-aged adults (PR = 0.88, 95% CI: 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 middle-aged adults. Prospective studies are needed for better comprehension of the causative impact of PFAS on the risks of MetS.
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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 dysregulation, and hypertension [3]. It has long been considered as a risk factor for many chronic diseases, such as cardiovascular disease, diabetes, and even all-cause mortality [4]. Although factors such as age, physical activities, lifestyles, and overnutrition are well-established contributors 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 polyfluoroalkyl 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 hydrophobic 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 transcription receptors to disrupt endocrine homeostasis and induce metabolic dysfunction [13, 14]. Long-term and continuous exposure to PFAS may lead to chronic metabolic 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 findings remaining inconsistent among different age groups. The variety of PFAS sources and their respective contributions 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 presence 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 associations between PFAS exposure and triglyceride (TG) levels 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 trajectories in association with prenatal PFAS exposure [27]. These discrepant findings highlight the need to clarify PFAS-induced metabolic disruptions across heterogeneous populations.
We aimed to evaluate age-specific associations between PFAS exposure (both individually and in combination) and the risk of MetS, as well as related metabolic 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 congener to MetS and its components would differ across different age groups.

Methods
Data source and participants inclusion
The National Health and Nutrition Examination Survey (NHANES) is a nationally representative project administered by the National Center for Health Statistics (NCHS). Due to the availability of PFAS data starting from 2003 to 2004, this study included 8 continuous survey cycles (2003–2004, 2005–2006, 2007–2008, 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 participants, and the selection workflow was shown in Fig. S1. The protocol obtained approval from the NCHS Ethics 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 isomers in NHANES during 2013–2018 but only total levels 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 guideline 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 calculated with LOD/ [image: $$\:\sqrt{2}$$], 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 Education Program Adult Treatment Panel III (NCEP ATP III) [28]. For adolescent MetS (aged 12–19 years), the diagnosis 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 (HbA1c), 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 level (categorical variable), and income-to-poverty ratio (PIR, continuous variable), drinking (yes, no), smoking (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 questionnaire 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 alcohol 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, ln-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 compound 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 variables 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 ln-transformed PFAS and ln-transformed metabolic markers. The regression coefficient (β) was calculated for the linear relationships, with results presented as percentage changes (percentage change = 100% × [1.01^ (β) − 1]) in risks [34, 35].
Next, weighted quantile sum (WQS) regression in conjunction 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, 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 confirm the combined effects of PFAS mixture exposure on the risk of MetS. Using a Gaussian kernel function, BKMR iteratively regresses the exposure-response relationship 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 concentrations were ln-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 excretion of PFAS, with glomerular function negatively linked to serum PFAS levels [38]. Thus, we excluded participants whose estimated glomerular filtration rate (eGFR) was less than 60 mL/min/1.73 m2 (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 analyses, participants with ln-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 Oversampling Technique (SMOTE) to generate a balanced dataset 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 Modified 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”, “gWQS” (version 3.0.5), “bkmr” (version 0.2.2), and “ggplot2”. P < 0.05 was defined as statistical significance.
Table 1Characteristics of the participants


	Characters
	Adolescents (n=1171)
	P value
	Young adults (n=1464)
	P value
	The middle-aged (n=1554)
	P value
	The elderly (n=1661)
	P value

	Non-MetS (n=1082)
	MetS (n=89)
	Non-MetS (n=1133)
	MetS (n=331)
	Non-MetS (n=865)
	MetS (n=689)
	Non-MetS (n=713)
	MetS (n=948)

	Age, years
	15.0 (13.0-17.0)
	15.0 (13.0-17.0)
	0.844
	29.0 (24.0-34.0)
	32.0 (27.0-35.0)
	<0.001
	48.0 (44.0-54.0)
	50.0 (45.0-55.0)
	0.001
	69.0 (64.0-76.0)
	69.0 (64.0-74.0)
	0.505

	Gender, n (%)
	 	 	0.444
	 	 	0.028
	 	 	0.950
	 	 	0.487

	   Male
	579 (50.6%)
	53 (56.7%)
	 	588 (51.7%)
	187 (60.7%)
	 	438 (51.3%)
	335 (51.5%)
	 	393 (48.7%)
	444 (46.2%)
	 
	   Female
	503 (49.4%)
	36 (43.3%)
	 	545 (48.3%)
	144 (39.3%)
	 	427 (48.7%)
	354 (48.5%)
	 	320 (51.3%)
	504 (53.8%)
	 
	Race, n (%)
	 	 	0.790
	 	 	0.032
	 	 	0.650
	 	 	0.683

	   Non-Hispanic White
	293 (57.4%)
	28 (58.3%)
	 	468 (62.8%)
	149 (61.6%)
	 	381 (73.3%)
	312 (71.8%)
	 	390 (81.6%)
	509 (80.1%)
	 
	   Non-Hispanic Black
	329 (15.6%)
	17 (13.8%)
	 	255 (12.1%)
	65 (11.7%)
	 	186 (10.0%)
	148 (10.8%)
	 	140 (7.4%)
	169 (7.8%)
	 
	   Mexican American
	292 (14.4%)
	33 (17.8%)
	 	171 (9.9%)
	72 (15.5%)
	 	133 (6.2%)
	114 (7.6%)
	 	77 (3.0%)
	141 (3.9%)
	 
	   Other
	168 (12.6%)
	11 (10.1%)
	 	239 (15.2%)
	45 (11.2%)
	 	165 (10.4%)
	115 (9.8%)
	 	106 (8.0%)
	129 (8.2%)
	 
	Education, n (%)
	 	 	0.729
	 	 	<0.001
	 	 	<0.001
	 	 	0.001

	   Less than high school
	943 (86.9%)
	79 (88.8%)
	 	194 (13.3%)
	93 (21.4%)
	 	170 (12.0%)
	158 (14.4%)
	 	182 (13.9%)
	310 (22.0%)
	 
	   High school graduate and some college
	139 (13.1%)
	10 (11.2%)
	 	655 (57.0%)
	198 (62.7%)
	 	424 (51.0%)
	400 (61.3%)
	 	365 (53.1%)
	480 (55.4%)
	 
	   College graduate or above
	 	 	 	284 (29.7%)
	40 (15.9%)
	 	271 (37.0%)
	131 (24.4%)
	 	166 (33.1%)
	158 (22.7%)
	 
	Poverty income ratio
	2.2 (1.1-4.1)
	2.0 (1.1-3.4)
	0.193
	2.7 (1.4-4.3)
	2.1 (1.0-3.3)
	<0.001
	4.0 (2.0-5.0)
	3.1 (1.6-5.0)
	<0.001
	3.4 (1.9-5.0)
	3.0 (1.5-4.7)
	<0.001

	Smoker, n (%)
	305 (26.9%)
	26 (25.6%)
	0.820
	399 (37.3%)
	143 (43.5%)
	0.085
	407 (47.5%)
	355 (52.2%)
	0.158
	361 (48.9%)
	506 (54.6%)
	0.120

	Drinker, n (%)
	61 (6.1%)
	4 (3.5%)
	0.481
	905 (83.6%)
	253 (80.2%)
	0.234
	681 (85.5%)
	517 (78.9%)
	0.004
	502 (75.8%)
	647 (71.0%)
	0.146

	BMI, kg/m2
	22.3 (19.5-26.2)
	32.9 (29.8-38.8)
	<0.001
	25.3 (22.5-29.0)
	33.1 (29.2-38.8)
	<0.001
	26.3 (23.2-29.1)
	31.7 (28.0-37.0)
	<0.001
	25.2 (22.5-28.2)
	30.5 (27.5-34.0)
	<0.001

	Energy, kcal/d
	1940.3 (1392.7-2617.7)
	1977.3 (1294.6-3035.8)
	0.695
	2190.6 (1610.0-3000.1)
	2368.1 (1603.9-3045.9)
	0.236
	2120.2 (1605.7-2703.0)
	2161.9 (1570.2-2732.0)
	0.879
	1882.4 (1388.0-2425.1)
	1780.0 (1350.5-2227.0)
	0.070

	MetS components

	Waist circumference, cm
	77.6 (71.0-89.0)
	109.1 (98.8-120.4)
	<0.001
	88.1 (80.7-98.0)
	108.6 (99.5-123.1)
	<0.001
	93.1 (84.3-100.8)
	107.5 (99.6-118.2)
	<0.001
	92.9 (85.0-101.5)
	107.5 (100.6-116.4)
	<0.001

	Systolic, mmHg
	108.0 (102.0-116.0)
	120.0 (110.1-122.7)
	<0.001
	112.0 (106.0-120.0)
	122.0 (114.0-132.0)
	<0.001
	116.0 (108.0-124.0)
	126.0 (116.0-136.0)
	<0.001
	126.0 (114.0-140.0)
	132.7 (122.0-144.0)
	<0.001

	Diastolic, mmHg
	60.0 (54.0-68.0)
	66.0 (56.0-74.0)
	0.009
	66.0 (60.0-74.0)
	74.0 (68.0-84.0)
	<0.001
	72.0 (66.0-78.0)
	76.0 (70.0-84.0)
	<0.001
	68.0 (60.0-74.0)
	68.0 (60.0-76.0)
	0.673

	Serum triglyceride, mg/dL
	69.0 (51.0-94.0)
	143.6 (122.0-177.0)
	<0.001
	79.0 (57.0-110.2)
	161.4 (105.8-226.0)
	<0.001
	92.0 (65.0-122.0)
	167.0 (115.0-228.1)
	<0.001
	89.0 (64.0-120.0)
	149.0 (105.6-192.0)
	<0.001

	Serum HDL-cholesterol, mg/dL
	52.0 (45.0-61.0)
	38.0 (33.7-40.0)
	<0.001
	54.0 (47.0-64.0)
	39.0 (35.0-45.0)
	<0.001
	56.0 (48.0-71.0)
	43.0 (38.0-50.0)
	<0.001
	64.0 (52.0-75.0)
	47.0 (40.2-57.0)
	<0.001

	Serum fasting glucose, mg/dL
	94.0 (89.0-98.0)
	100.9 (95.9-105.0)
	<0.001
	93.5 (88.0-99.0)
	102.0 (99.0-110.0)
	<0.001
	96.0 (91.0-103.0)
	106.4 (101.0-117.0)
	<0.001
	98.0 (93.0-106.0)
	113.0 (103.0-128.4)
	<0.001

	Other metabolic traits

	Serum fasting insulin, μU/mL
	10.0 (7.1-15.1)
	25.7 (17.7-40.5)
	<0.001
	7.1 (4.7-11.4)
	16.5 (11.0-24.6)
	<0.001
	6.6 (4.6-10.0)
	14.0 (9.3-20.4)
	<0.001
	6.5 (4.6-10.6)
	12.5 (8.3-19.8)
	<0.001

	HOMA-IR
	2.3 (1.6-3.6)
	6.2 (4.7-10.3)
	<0.001
	1.7 (1.1-2.7)
	4.2 (2.8-6.7)
	<0.001
	1.6 (1.1-2.5)
	3.8 (2.5-6.2)
	<0.001
	1.6 (1.1-2.6)
	3.6 (2.3-5.9)
	<0.001

	Two-hour glucose (OGTT), mg/dL
	95.0 (84.0-110.0)
	113.0 (84.5-127.6)
	0.004
	91.0 (78.0-110.4)
	110.0 (94.4-131.9)
	<0.001
	99.0 (82.0-118.0)
	128.0 (102.0-155.0)
	<0.001
	110.0 (92.0-138.0)
	146.0 (113.0-183.0)
	<0.001

	Glycohemoglobin, %
	5.2 (5.0-5.4)
	5.3 (5.1-5.6)
	0.055
	5.2 (5.0-5.4)
	5.4 (5.1-5.6)
	<0.001
	5.4 (5.2-5.6)
	5.6 (5.4-6.0)
	<0.001
	5.5 (5.3-5.8)
	5.9 (5.5-6.4)
	<0.001

	Serum total cholesterol, mg/dL
	153.7 (134.0-173.0)
	164.7 (138.9-182.0)
	0.026
	174.0 (154.0-198.7)
	189.0 (167.0-212.0)
	<0.001
	202.0 (178.0-226.0)
	204.0 (178.0-236.3)
	0.168
	198.0 (174.0-224.0)
	184.0 (158.0-217.0)
	<0.001

	Serum LDL-cholesterol, mg/dL
	85.0 (69.0-101.0)
	97.3 (74.4-114.5)
	0.008
	100.0 (83.0-122.1)
	114.0 (95.0-136.3)
	<0.001
	122.0 (100.0-144.0)
	124.0 (100.0-149.0)
	0.375
	112.2 (88.0-137.0)
	104.0 (80.0-131.0)
	0.004

	Non-HDL-cholesterol, mg/dL
	100.0 (81.0-118.0)
	127.7 (105.0-145.0)
	<0.001
	117.0 (96.0-143.0)
	151.6 (126.3-178.0)
	<0.001
	140.0 (119.0-169.0)
	159.0 (133.0-192.3)
	<0.001
	133.0 (107.0-156.3)
	132.0 (109.0-166.0)
	0.239


Notes: BMI, body mass index; HDL-C, high-density lipoprotein cholesterol; HMOA-IR, homeostasis model assessment of insulin resistance score; OGTT, oral glucose tolerance test; HbA1c, glycohemoglobin; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; NHC, non-HDL cholesterol; TG, triglyceride





Results
The characteristics of involved participants
Eventually, 5850 participants were included in the analysis, 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 glycemia, and HbA1c (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), PFNA (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 correlations between each two PFAS congeners were found using Spearman correlation analysis (r = 0.19–0.82; P < 0.001, Fig. 1b).
[image: ]
Fig. 1Distribution 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



Associations of each PFAS congener with MetS across different age groups
Notably, the relationships between PFAS (as continuous variables) and PRs of MetS varied across the four age groups (Fig. 2). In adolescents, a one-unit increase of ln-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, education level, family income-to-poverty ratio, PIR, smoking, drinking, daily energy intake, survey cycles, and BMI. 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 PFNA was positively associated with MetS prevalence 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 = 1.41, 95% CI: 1.15–1.73; Q3 vs. Q1, 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: 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).
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Fig. 2Associations between ln-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 CI of PR was > 3. PR, prevalence ratio; CI, confidence interval


The relationships of PFAS congeners with MetS components were complicated across the four age groups. In adolescents, serum PFHxS and PFOA were positively correlated with increased risks of central obesity in confounder-adjusting models (PFHxS: PR = 1.19 [95% CI: 1.01–1.40]; PFOA: PR = 1.51 [95% CI: 1.08–2.11]) (Fig. 3). However, no significant correlations between PFAS exposure 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, PFNA, 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; PFDA, PR = 0.83, 95% CI: 0.72–0.94), whereas the associations between other single PFAS congeners and low HDL-C were insignificant. In adolescents, PFDA exposure was adversely associated with hypertriglyceridemia (PR = 0.75, 95% CI: 0.58–0.98). Besides, PFHxS exposure was negatively associated with hypertriglyceridemia 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).
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Fig. 3Associations between ln-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


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 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 adolescents 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). Interestingly, in young adults, increased concentrations of several PFAS (i.e., PFDA, PFHxS, PFNA, PFOA, and PFOS) were correlated with decreased risks of low HDL-C, showing significant decreasing trends as the quartiles increased (Table S8). Furthermore, ln-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, ln-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 (PFNA, Q3 vs. Q1, PR = 1.30, 95% CI: 1.10–1.53; PFOS, Q3 vs. Q1, PR = 1.24, 95% CI: 1.04–1.49; Table S9). Exposure 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 PFNA 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 concentration 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, increasing levels of PFNA, PFOA, and PFOS were related with elevated TC, NHC, and LDL-C in both young and middle-aged adults, with percentage changes per 1% increase in PFAS levels ranging from 0.025 to 0.065%. In middle-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 ln-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).
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Fig. 4Associations between ln-transformed PFAS congeners and metabolic markers. The models were adjusted for confounding variables. TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; NHC, non-HDL cholesterol; LDL-C, low-density lipoproteins cholesterol; TG, triglyceride; HbA1c, glycohemoglobin; HOMA-IR, homeostasis model assessment of insulin resistance



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 associations 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 negative associations were observed between PFAS mixture 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 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).
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Fig. 5Associations between PFAS mixture and MetS and its components by WQS models in the positive direction. The models were adjusted for confounding variables. (a) Odds ratios (ORs) and 95% CIs for the associations. Arrow indicated that upper confidence interval of OR was > 2. (b) Weights of individual PFAS compounds in WQS models


Consistent with the WQS results, no significant associations 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 negative correlation with hypertriglyceridemia. PFDA was the predominant compound associated with a decreasing risk of hypertriglyceridemia (PIP > 0.99) in middle-aged adults, whereas MeFOSAA contributed the most to hypertension (PIP = 0.60).
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Fig. 6Estimated joint effect (95% CI) of the PFAS mixture on MetS and its components in BKMR models. Overall effect was defined as the difference in the probit of the probability of MetS when all PFAS congeners were fixed at specific quantiles (ranging from 0.05 to 0.95), compared to when all PFAS congeners were fixed at 0.5. The models were adjusted for gender, race, education, income-to-poverty ratio, smoker, drinker, daily energy intake, survey cycle, and BMI



Sensitivity analyses
The associations between ln-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 analysis 2), as compared to the primary results (Fig. S4). However, in adolescents, the association between PFNA and prevalence of MetS was attenuated compared to the primary 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 negative associations between five PFAS congeners (PFDA, PFHxS, PFNA, PFOA, and PFOS) congeners and prevalence 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 variable 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 mixtures and low HDL-C risk at the 0.35 and 0.60 age quantiles (31 and 50 years, Fig. S7B). Dose-response curves revealed that these inverse relationships were predominantly 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 individual 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. However, 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 associated 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 varying 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 proliferator-activated receptors (PPARs), pregnane X receptor (PXR), and estrogen receptor alpha (ERα), thereby inducing metabolic effects [46]. Most PFAS compounds could exacerbate adipogenesis and promote adipocyte differentiation in the presence of a PPARγ agonist, but PFHxS has been shown to significantly increase adipogenesis even without the PPARγ agonist [47]. Interestingly, in rats, PFOA exposure upregulated the expression of PPARγ, 3-hydroxy-3methylglutaryl-CoA synthase 2 (Hmgcs2), and acetyl-CoA carboxylase alpha (Acaca) but significantly reduced liver and serum levels of TG, TC, and HDL-C content by disrupting the mTOR/AMPK pathway [48]. Additionally, PFHxS exposure induced the activation of PPARα, reducing specific lipids (saturated fatty acids, oleamide, and retinol) in zebrafish [49]. This may partially explain the observed protective effect of certain PFAS on MetS in young adults. On the other hand, PFAS exposure occurs throughout the human lifespan, yet biological sensitivity to environmental pollutants varies 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 compared 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, PFNA, PFOA, and PFOS) with components of cholesterol metabolism, including TC, LDL-C, and NHC, in middle-aged adults. Additionally, most PFAS congeners, 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 disease [54]. This may explain why PFAS exposure has also been linked to cardiovascular diseases [55].
It is critical to note that traditional statistical strategies 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 significant effects of PFAS mixtures on MetS across any age group. This may be due to the inconsistent associations 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-exposure 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 cholesterol and sterol metabolites were also detected in mice following exposure to PFAS mixture, which included PFOA, PFOS, PFNA, 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 associations between PFAS and MetS, using a national sample. The relatively large sample size and rigorous quality control 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 compounds on MetS and its components. Thirdly, we confirmed our results through various sensitivity analyses to ensure robustness. Admittedly, this is a cross-sectional study, which cannot establish a causal relationship between PFAS exposure and MetS. However, it provides important evidence for the potential metabolic dysregulation risks of PFAS exposure across different age groups. Further prospective studies and mechanistic investigations 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 confounding. 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 levels 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 association with hypertension and negative correlations with low HDL-C and hypertriglyceridemia in middle-aged adults. These findings highlight the complex relationships between PFAS exposure and MetS, as well as its components, providing new insights into the health risks of PFAS exposure in humans. Additionally, greater attention should be given to age-specific PFAS exposure, particularly among younger people.
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