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Abstract

Cardiovascular diseases (CVDs) are the major contributor to global mortality. Exposure to per- 

and polyfluoroalkyl substances (PFAS), synthetic chemicals that are persistent in the environment 

and the human body, has emerged as a novel risk factor for CVDs. In this review, we conducted 

a structured literature search in PubMed and Web of Science to identify original research 

articles published up to February 14, 2025. We summarized the epidemiological findings for 

the impact of PFAS exposure on CVDs and the pathologic precursors of CVDs including 

hypertension, atherosclerosis, and arterial stiffness. Although inconclusive, current evidence 

suggests a potential association between PFAS exposure, primarily legacy congeners such as 

perfluorooctanoic acid (PFOA), perfluorooctanesulfonic acid (PFOS), perfluorononanoic acid 

(PFNA), and perfluorohexanesulfonic acid (PFHxS), with increased incidence, prevalence, and 

mortality of various CVDs, including ischemic heart disease and stroke, as well as elevated blood 

pressure, aggravated atherosclerosis, and arterial stiffening. Sex, age, socioeconomic status, and 

underlying health conditions may influence susceptibility to the cardiovascular effects of PFAS 

exposure; however, current evidence remains inconclusive. Future work is needed to assess the 

safety of a broader range of PFAS compounds, particularly the emerging ones. The majority of the 

existing studies evaluating the association between PFAS exposure and CVDs are cross-sectional. 

Experimental and longitudinal studies are warranted to establish the causal relationship between 

PFAS exposure and CVDs, as well as to elucidate the underlying biological mechanisms.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
*Correspondence to: 1845 N. Soto St., SSB #318D, Los Angeles, CA 90033, USA. rkarim@usc.edu (R. Karim). **Correspondence to: 
1845 N. Soto St., SSB #230F, Los Angeles, CA 90033, USA. zhanghuc@usc.edu (Z. Chen). 

CRediT authorship contribution statement
Wu Chen: Writing – review & editing, Writing – original draft, Methodology, Conceptualization. Chenyu Qiu: Writing – review & 
editing. Zhenchun Yang: Writing – review & editing. Hannah Nash: Writing – review & editing. Roksana Karim: Writing – review 
& editing, Supervision, Funding acquisition, Conceptualization. Zhanghua Chen: Writing – review & editing, Supervision, Funding 
acquisition, Conceptualization.

Declaration of Competing Interest
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

HHS Public Access
Author manuscript
Ecotoxicol Environ Saf. Author manuscript; available in PMC 2026 March 30.

Published in final edited form as:
Ecotoxicol Environ Saf. 2026 March 01; 312: 119955. doi:10.1016/j.ecoenv.2026.119955.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc-nd/4.0/


Keywords

PFAS; Cardiovascular disease; Blood pressure; Atherosclerosis; Arterial stiffness

1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of death globally (Roth et al., 2020). 

The etiology of CVDs involves a complex interplay between genetic predisposition and 

environmental exposures (Bhatnagar, 2017; Sing et al., 2003). Beyond traditional CVD risk 

factors such as socioeconomic status, poor dietary habits, physical inactivity, and smoking 

(Mozaffarian et al., 2008; Schultz et al., 2018), there has been increasing concern over the 

adverse effect of environmental chemicals, particularly per- and polyfluoroalkyl substances 

(PFAS), on cardiovascular health (Schlezinger and Gokce, 2024; Wen et al., 2023).

PFAS are highly fluorinated aliphatic substances used extensively in industrial and 

commercial applications because of their chemical and thermal stability, as well as their 

hydrophobic and oleophobic properties (Buck et al., 2011). Due to their widespread use, 

environmental persistence, and ability to undergo long-range transport, PFAS have been 

broadly detected in the environment, wildlife, and humans (Buck et al., 2011). Humans are 

exposed to PFAS through multiple pathways including drinking water, air, dust, consumer 

products, and food (Sunderland et al., 2019). Once PFAS enter the human body, they exhibit 

unique toxicokinetic properties, including strong protein binding, limited biotransformation, 

and long biological half-lives, resulting in bioaccumulation and prolonged internal exposure 

(Li et al., 2018). Such sustained internal exposure may disrupt multiple physiological 

systems and contribute to adverse health outcomes. The metabolic, reproductive, and 

developmental effects of PFAS have been relatively well recognized (Blake and Fenton, 

2020; Gao et al., 2021; Liu et al., 2023; Qi et al., 2020); however, the relationship between 

PFAS exposure and CVDs is an emerging field of study.

Recent reviews of epidemiological and toxicological evidence suggest that exposure to 

legacy PFAS, such as perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA), 

perfluorohexanesulfonic acid (PFHxS), and perfluorooctanesulfonic acid (PFOS), may be 

associated with increased risk of CVDs and related conditions, such as hypertension and 

dyslipidemia (Schlezinger and Gokce, 2024; Wen et al., 2023). Meta-analyses have reported 

inconsistent findings, with no significant associations observed for stroke in some analyses 

(Chang et al., 2024), but positive associations between PFAS exposure and hypertension 

in others. However, these syntheses were based on a limited number of studies (n = 

13–15) and focused on a small subset of legacy PFAS (Pan et al., 2023; Xiao et al., 

2023; Yang et al., 2023). Epidemiological research on PFAS and cardiovascular health has 

expanded rapidly in recent years, particularly with respect to emerging PFAS compounds 

and mixtures, but has not been comprehensively synthesized. Additionally, susceptibility to 

PFAS-related cardiovascular effects may vary across populations due to differences in age, 

sex, socioeconomic status, and health conditions. However, population-level susceptibility, 

defined here by these demographic and health-related factors, has not been adequately 

addressed in previous reviews. This narrative review provides an up-to-date summary of 
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epidemiological findings on both legacy and emerging PFAS in relation to cardiovascular 

outcomes and identifies potentially susceptible subgroups to guide targeted CVD prevention.

CVDs evolve gradually and often remain asymptomatic for extended periods (Francula-

Zaninovic and Nola, 2018). Atherosclerosis is the leading cause of CVDs (Frostegård, 

2013). Monitoring atherosclerosis and related conditions, such as elevated blood pressure 

and arterial stiffening, is essential for evaluating cardiovascular health, predicting CVD 

risk, and implementing preventive measures (Francula-Zaninovic and Nola, 2018). Beyond 

CVD morbidity and mortality, this narrative review summarizes epidemiological evidence 

regarding the effects of PFAS exposure on blood pressure, atherosclerosis, and arterial 

stiffness, to comprehensively assess potential cardiovascular impacts and to identify gaps 

requiring future research.

2. Methods

We employed a structured approach to identify epidemiological studies evaluating the 

association between PFAS exposure and cardiovascular outcomes, with an emphasis on 

CVD morbidity and mortality, blood pressure, atherosclerosis, and arterial stiffness. We 

searched the PubMed and Web of Science for original research articles using the following 

search query: TS= (“perfluo*” OR “polyfluo*” OR “fluoroalkyl” OR “ fluorocarbon” OR 

“PFAS” OR “PFASs” OR “PFC” OR “PFCs” OR “PFOS” OR “PFOA” OR “PFNA” 

OR “PFHxS” OR “PFDA”) AND TS= (“ischemic heart disease*” OR “coronary artery 

disease*” OR “stroke” OR “myocardial infarction” OR “heart attack” OR “cardiovascular” 

OR “heart disease*” OR “atherosclerosis” OR “carotid intima-media thickness” OR 

“CIMT” OR “intima-media thickness” OR “IMT” OR “gray scale median” OR “grey scale 

median” OR “GSM” OR “intima-media gray scale median” OR “intima-media grey scale 

median” OR “IM-GSM” OR “blood pressure” OR “hypertension” OR “artery stiffness” OR 

“arterial stiffness” OR “pulse wave velocity” OR “PWV”). Our initial search retrieved 929 

records from PubMed and 1136 records from Web of Science published up to November 

30, 2023. A subsequent search conducted on February 14, 2025, identified an additional 

134 records from PubMed and 148 records from Web of Science published after November 

30, 2023. After excluding 832 duplicates, 1515 records were screened by title and abstract 

for eligibility, resulting in 96 records selected for full-text screening. Following the second 

screening on full texts, 7 additional records were excluded. A total of 89 articles met the 

inclusion criteria and were included in this review: (1) original research; (2) written in 

English; (3) involved human subjects; (4) assessed exposure to at least one PFAS compound; 

(5) examined at least one cardiovascular outcome, including CVD morbidity and mortality, 

blood pressure, atherosclerosis, and arterial stiffness; and (6) reported associations between 

PFAS exposure and cardiovascular outcomes. Fig. 1 shows the flowchart of screening 

process.

For each of the 89 articles, key information regarding the study author and year, 

study design, location, population, PFAS assessment, and main findings were extracted 

and summarized in tables. Population-level susceptibility was evaluated by synthesizing 

subgroup-specific results from studies that conducted stratified analyses. Evidence of 

susceptibility was inferred when multiple studies reported stronger associations between 
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PFAS exposure and cardiovascular outcomes in the same subgroups. The Newcastle-Ottawa 

Scale was used to assess the quality of cohort and case-control studies (Wells et al., 2009), 

and the modified Newcastle-Ottawa Scale was used to assess the quality of cross-sectional 

studies (Modesti et al., 2016).

3. Results

3.1. Literature characteristics

Among the 89 included studies, most focused on blood pressure or hypertension (n = 

51), followed by CVD morbidity and mortality (n = 32), while fewer studies examined 

atherosclerosis (n = 14) or arterial stiffness (n = 3). The most frequently assessed chemicals 

were legacy PFAS, including PFOA (n = 72), PFOS (n = 65), PFHxS (n = 57), and PFNA 

(n = 57). Most studies used serum, plasma, or whole blood samples for exposure assessment 

(n = 76), with median concentrations ranging from 0.68–38.9 ng/mL for PFOA, 1.57–27.55 

ng/mL for PFOS, 0.18–6.5 ng/mL for PFHxS, and 0.13–2.14 ng/mL for PFNA (ranges were 

summarized using median concentrations only to improve comparability across studies; 

detailed concentrations are provided in Table S1). In contrast, several studies defined PFAS 

exposure categories based on participants’ residential or occupational history (n = 8), or 

modeled PFAS exposure as estimated cumulative metrics (n = 5). The evidence base 

was dominated by cross-sectional studies (n = 57), with fewer longitudinal studies (n = 

31) and only one ecological study. Geographically, the literature was concentrated in a 

small number of countries, particularly the United States (U.S., n = 48), China (n = 13), 

Italy (n = 7), and Sweden (n = 6). Most studies examined the association between PFAS 

exposure and cardiovascular outcomes among general adult populations (n = 42), followed 

by clinical populations (n = 13), children and adolescents (n = 11), occupationally exposed 

populations (n = 9), mother-child cohorts (n = 9), and environmentally exposed communities 

(n = 6). The quality assessment yielded a mean score of 8.4, indicating moderate to high 

methodological quality (detailed quality assessment is provided in Table S2).

3.2. PFAS and CVD morbidity and mortality

Thirty-two studies have examined the association between PFAS exposure and CVD 

morbidity and mortality across diverse populations and reported mixed results (details in 

Table 1, Table S3, and Table S4). Exposure to PFAS has been linked to elevated risks of 

CVDs including angina, coronary heart disease, myocardial infarction, stroke, and heart 

failure in epidemiological studies with ecological (Mastrantonio et al., 2018), cross-sectional 

(Anderson-Mahoney et al., 2008; Arredondo Eve et al., 2024; Feng et al., 2022; Huang et 

al., 2018; Inoue et al., 2020; Li et al., 2023; Mao et al., 2024; Panikkar et al., 2019; Shankar 

et al., 2012; Ward-Caviness et al., 2022; Wei et al., 2024; Xiao et al., 2024), or longitudinal 

designs (Biggeri et al., 2024; Law et al., 2023; Mattsson et al., 2015; Simpson et al., 

2013; Wen et al., 2022; Winquist Steenland, 2014; Zhu et al., 2024). However, evidence 

was inconsistent regarding the specific PFAS associated with higher CVD risk. Several 

studies have assessed PFAS mixtures, accounting for the complex correlations among PFAS 

congeners, and reported positive associations between PFAS mixtures and CVD risk (Feng 

et al., 2022; Wei et al., 2024; Wen et al., 2022). For example, a longitudinal analysis of 

11,747 adults in the National Health and Nutrition Examination Survey (NHANES) 1999–
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2014 clustered participants by baseline PFAS mixture exposure and found that those in 

the high-exposure group had significantly higher CVD-related mortality during follow-up 

compared with the low-exposure group (Wen et al., 2022).

In contrast, several studies did not find any significant associations between PFAS exposure 

and morbidity or mortality of CVDs either among general or occupational populations 

(Christensen et al., 2016; Duan et al., 2024; Dunder et al., 2023; Lazarevic et al., 2023; 

Nilsson et al., 2022; Sakr et al., 2009), and negative associations were noted in some studies 

(Gilliland and Mandel, 1993; Honda-Kohmo et al., 2019; Hutcheson et al., 2020; Li et al., 

2023; Mao et al., 2024; Raleigh et al., 2014; Schillemans et al., 2022; Steenland and Woskie, 

2012). For example, a cross-sectional study found that higher serum PFHxS and PFOS 

concentrations were associated with a lower stroke risk among 3921 adults with diabetes, 

whereas PFOA was negatively associated with stroke in 44,285 non-diabetic participants; 

PFNA showed no association (Hutcheson et al., 2020).

Some studies suggest that PFAS exposure may differentially affect cardiovascular health 

across age, sex, race/ethnicity, socioeconomic status, lifestyle, and clinical subgroups 

(Anderson-Mahoney et al., 2008; Dunder et al., 2023; Feng et al., 2022; Honda-Kohmo 

et al., 2019; Huang et al., 2018; Hutcheson et al., 2020; Inoue et al., 2020; Mao et al., 

2024; Wen et al., 2022; Xiao et al., 2024); however, the results are inconsistent. Several 

studies have demonstrated that males may be more susceptible to PFAS-related CVD risk 

(Feng et al., 2022; Huang et al., 2018; Li et al., 2023; Mao et al., 2024; Xiao et al., 

2024). For example, a cross-sectional study of 7904 NHANES participants (2003–2012) 

reported that higher serum PFOS concentrations were associated with higher risks of heart 

attack and stroke, and higher PFNA levels were associated with higher risks of coronary 

heart disease, heart attack, and stroke among males but not females (Feng et al., 2022). 

However, a longitudinal study among 11,747 NHANES participants (1999–2014) found the 

positive association between PFOS exposure and all-cause mortality was stronger among 

females than males (Wen et al., 2022). Diabetes was identified as an effect modifier of 

the associations between PFAS exposure and CVDs (Huang et al., 2018; Hutcheson et al., 

2020; Wen et al., 2022). A cross-sectional analysis of NHANES 1999–2014 found that 

higher serum PFOS, PFOA, PFNA, and total PFAS concentrations were associated with 

higher total CVD prevalence among individuals without diabetes, but not among diabetic 

patients (Huang et al., 2018), which is consistent with another NHANES research (Wen et 

al., 2022). Additionally, a cross-sectional study of 3921 diabetic and 44,285 non-diabetic 

U.S. adults found negative associations between serum PFHxS and PFOS and stroke risk 

among diabetic patients only (Hutcheson et al., 2020).

3.3. PFAS and blood pressure

Most epidemiological studies investigating PFAS exposure in relation to cardiovascular 

outcomes have focused on blood pressure and hypertension risk (details in Table 1, Table S3, 

and Table S5). Twenty-three studies, including 21 cross-sectional ones, have demonstrated 

positive associations between PFAS exposure and systolic and diastolic blood pressure, as 

well as hypertension among general adults and those with chronic health conditions (Bao 

et al., 2017; Batzella et al., 2022; Chung et al., 2024; Davidson Boland, 2023; Ding et al., 
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2022; Leary et al., 2020; J. Li et al., 2024; Liao et al., 2020; Lin et al., 2023; P.D. Lin et al., 

2020; Maranhao Neto et al., 2022; Mi et al., 2020; Min et al., 2012; Pitter et al., 2020; Ward-

Caviness et al., 2022; Winquist Steenland, 2014; B. Wu et al., 2024; M. Wu et al., 2024; 

Yang et al., 2018; Ye et al., 2021; You et al., 2022; Yu et al., 2021; Zare Jeddi et al., 2021). 

A U.S. longitudinal study followed 1058 midlife women without hypertension for 18 years 

and reported that those in the highest tertile of baseline PFAS mixtures had a higher risk of 

developing hypertension than those in the lowest tertile (Ding et al., 2022). Besides legacy 

PFAS, two recent reports from China have linked emerging PFAS compounds detected in 

serum, such as 6:2 chlorinated polyfluorinated ether sulfonic acid (6:2 Cl-PFESA) and 8:2 

Cl-PFESA, to increased risks of elevated blood pressure and hypertension (Mi et al., 2020; 

Yu et al., 2021). In addition to PFAS congeners, different PFAS isomers may elicit diverse 

effects on blood pressure (Bao et al., 2017; Ye et al., 2021), complicating the identification 

of key PFAS. Among children and adolescents, positive associations of PFAS exposure with 

blood pressure and hypertension risk were reported in four cross-sectional studies (Averina 

et al., 2021; Khalil et al., 2018; Liu et al., 2024; Ma et al., 2019) and three longitudinal 

studies (Fleury et al., 2024; Warembourg et al., 2019; M. Zhang et al., 2023). Additionally, 

PFAS exposure during pregnancy, a critical period significantly affecting long-term maternal 

and child health, has been associated with higher blood pressure in children (Du et al., 

2024; Fleury et al., 2024; Lejeune et al., 2025; Li et al., 2021; Wang et al., 2023; Xu et 

al., 2023; M. Zhang et al., 2023) and in mothers after delivery (Mitro et al., 2020). For 

example, a longitudinal study in China of 129 mother-child pairs found that maternal plasma 

PFAS mixture levels across all three trimesters were associated with higher diastolic blood 

pressure and mean arterial pressure in children at age 4 years, with PFHxS contributing the 

most (Du et al., 2024).

Due to substantial heterogeneity across studies, no definitive conclusions can be drawn 

regarding the association between PFAS exposure and blood pressure. Several studies have 

reported null associations with blood pressure or hypertension among general adults (Aker 

et al., 2023; Anderson-Mahoney et al., 2008; Lazarevic et al., 2023; Yu et al., 2021; Zheng 

et al., 2023), children and adolescents (Canova et al., 2021; Geiger et al., 2014; Lin et al., 

2013; Zheng et al., 2023), and firefighters (Nilsson et al., 2022). Similarly, two studies of 

prenatal PFAS exposure found no significant associations with childhood blood pressure 

(Braun et al., 2022; Manzano-Salgado et al., 2017). In addition, several studies have reported 

negative associations between PFAS exposure and blood pressure or hypertension (Boafo 

et al., 2023; Christensen et al., 2016; Donat-Vargas et al., 2019; Fleury et al., 2024; Gump 

et al., 2023; Lin et al., 2023; P.D. Lin et al., 2020; Maranhao Neto et al., 2022; M. Wu 

et al., 2024; Xu et al., 2023; Ye et al., 2021; M. Zhang et al., 2023; Zhang et al., 2022). 

For example, a longitudinal study in China followed 1080 participants free of hypertension, 

CVDs, diabetes, and cancer at baseline, with blood pressure measured at baseline and 5-year 

follow-up. Compared with the lowest quartile, the highest quartile of baseline serum PFOS 

concentrations was negatively associated with incident hypertension and change in systolic 

blood pressure, whereas no significant association was observed for PFOA (Zhang et al., 

2022).

Several studies have examined the effect modification by sex on the associations of PFAS 

exposure with blood pressure and hypertension, with inconsistent findings (Aker et al., 2023; 
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Bao et al., 2017; Braun et al., 2022; Canova et al., 2021; Christensen et al., 2016; Ding et 

al., 2022; Du et al., 2024; Fleury et al., 2024; Lejeune et al., 2025; Li et al., 2021; Liao et 

al., 2020; P.D. Lin et al., 2020; Ma et al., 2019; Manzano-Salgado et al., 2017; Mi et al., 

2020; Pitter et al., 2020; Wang et al., 2023; Winquist Steenland, 2014; B. Wu et al., 2024; 

M. Wu et al., 2024; Xu et al., 2023; Zhang et al., 2022). Specifically, many studies observed 

stronger positive associations in females (Bao et al., 2017; Fleury et al., 2024; Lejeune et al., 

2025; Mi et al., 2020; Xu et al., 2023). For example, a cross-sectional study of 1612 Chinese 

adults found that multiple PFAS isomers, including total-PFOS, n-PFOS, total-Br-PFOS, 

1m-PFOS, 6m-PFOS, 3 + 4 +5m-PFOS, 6m-PFOA, PFNA, perfluorobutanoic acid (PFBA), 

and perfluorohexanoic acid (PFHxA), were positively associated hypertension in females, 

whereas only PFBA showed a significant positive association in males (Bao et al., 2017). 

However, other studies observed stronger negative associations in females (Canova et al., 

2021; M. Wu et al., 2024; Zhang et al., 2022), or did not identify significant modification 

by sex (Aker et al., 2023; Li et al., 2021; Manzano-Salgado et al., 2017). Additionally, 

several studies have reported stronger positive associations between PFAS exposure and 

blood pressure and hypertension in males (Du et al., 2024; P.D. Lin et al., 2020; Ma 

et al., 2019; Pitter et al., 2020; Wang et al., 2023; B Wu et al., 2024). For example, 

a cross-sectional study of 10,794 Chinese adults observed positive associations between 

serum PFNA, perfluorodecanoic acid (PFDA), perfluoroheptanesulfonic acid (PFHpS), and 

PFOS concentrations and hypertension in males, but not in females (B. Wu et al., 2024). 

In addition to sex, the associations between PFAS exposure and blood pressure may vary 

by age group (Anderson-Mahoney et al., 2008; Mitro et al., 2020; Winquist Steenland, 

2014) and pubertal stage (Lejeune et al., 2025). For example, a U.S. longitudinal study of 

761 women measured plasma PFAS concentrations in early pregnancy and assessed blood 

pressure at 3 years after delivery. The association between pregnancy PFOS concentrations 

and post-delivery systolic blood pressure was stronger among females aged ≥ 35 years at 

pregnancy than those < 35 years (Mitro et al., 2020). Socioeconomic and health factors, 

such as race/ethnicity, obesity status, and medication use, may also modify the associations 

between PFAS exposure and blood pressure (J. Li et al., 2024; M. Wu et al., 2024).

3.4. PFAS and atherosclerosis

Research on atherosclerosis, a key pathologic process in CVDs, may help clarify the causal 

role of PFAS exposure in CVD onset and progression (Frostegård, 2013). Fourteen studies 

have investigated the impact of PFAS exposure on atherosclerosis (details in Table 1, Table 

S3, and Table S6). Notably, ten of these studies have reported positive associations between 

PFAS exposure and atherosclerosis markers, particularly carotid intima-media thickness 

(CIMT), the gold standard for assessing atherosclerosis, in both adults and children (De 

Toni et al., 2020; Gump et al., 2023; Liberda et al., 2019; Lin et al., 2013, 2016, 2022; 

Lind et al., 2017, 2018; Osorio-Yáñez et al., 2021; Yang et al., 2024). For example, in the 

Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS) study in Sweden, 

1016 participants were enrolled at age 70 and followed at ages 75 (n = 826) and 80 (n = 

602). Plasma PFAS concentrations and atherosclerosis markers were measured at all three 

time points. Changes in perfluoroheptanoic acid (PFHpA), PFHxS, PFOS, PFOA, PFNA, 

PFDA, perfluorooctanesulfonamide (PFOSA), and PFUnDA were positively associated with 

10-year changes in CIMT (Lind et al., 2018). On the contrary, two U.S. cross-sectional 
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studies did not observe significant associations between atherosclerosis markers and serum 

PFAS concentrations among male firefighters (Khalil et al., 2020) or the general population 

(Koskela et al., 2022). Additionally, a cross-sectional study in China of 957 mother-child 

pairs found negative associations between maternal plasma PFAS concentrations in the first 

trimester and CIMT in children at age 4 years (Wang et al., 2023).

Females may be more susceptible to the impact of PFAS exposure on atherosclerosis. In a 

cross-sectional analysis of the PIVUS study, plasma PFOSA concentrations were associated 

with higher CIMT, PFNA was associated with higher gray-scale median of the intima-media 

complex (IM-GSM), and PFUnDA was associated with increased plaque prevalence in 

females, but not in males (Lind et al., 2017).

3.5. PFAS and arterial stiffness

Three studies have investigated the associations between PFAS exposure and arterial 

stiffness (details in Table 1, Table S3, and Table S7), an important early indicator of 

CVDs (Cecelja and Chowienczyk, 2012). All of them were cross-sectional studies with 

relatively small sample sizes, conducted in the U.S., and reported no significant associations 

between PFAS exposure and pulse wave velocity (PWV), a gold standard measure for 

arterial stiffness (Gump et al., 2023; Koshy et al., 2017; Van Bortel et al., 2012; Wittkopp 

et al., 2022). In a study of 291 children aged 9–11 years, serum PFAS, whether individual 

congeners (PFOS, PFOA, PFNA, PFHxS, and PFDA) or mixtures, were not associated 

with carotid-femoral PWV (Gump et al., 2023). A study of 123 children in New York 

City exposed to chemical contaminants from the World Trade Center disaster and 185 

socio-demographically matched controls found that serum PFOA and PFNA concentrations 

were positively associated with brachial artery distensibility, whereas no associations were 

observed with PWV or augmentation index (Koshy et al., 2017). Additionally, a study of 

94 adult outpatients with no known CVDs reported that PFAS mixtures were negatively 

associated with brachial artery reactivity testing values, with PFHpA contributing the most, 

while no associations were found with PWV (Wittkopp et al., 2022).

4. Discussion

4.1. Potential biological mechanisms

While the exact mechanisms linking PFAS exposure to greater cardiovascular risks 

remain uncertain, oxidative stress and inflammation emerge as a candidate. PFAS can 

disrupt signaling pathways of key transcription factors that regulate oxidative stress and 

inflammatory responses, such as nuclear factor kappa B (NF-κB), nuclear factor erythroid 

2-related factor 2 (NRF2), and aryl hydrocarbon receptor (AHR) (Chen et al., 2022; Dale 

et al., 2022; Ehrlich et al., 2023; Houck et al., 2021; Tang et al., 2023; Zhang et al., 2021; 

Zhu et al., 2015). This disruption leads to increased generation of reactive oxidative species 

(ROS), reduced total antioxidant capacity, altered activity of key antioxidant enzymes, 

lipid peroxidation, DNA damage, mitochondrial destabilization, and elevated release of 

inflammatory mediators (Bonato et al., 2020; Chen et al., 2023; C.Y. Lin et al., 2020; Ojo 

et al., 2021; Omoike et al., 2021; Palaniyandi et al., 2023; Taibl et al., 2022; Tan et al., 

2023; Wielsøe et al., 2015; L. Zhang et al., 2023). For example, a recent meta-analysis found 
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that PFAS were positively associated with albumin, an important circulating antioxidant 

(Roche et al., 2008), as well as γ-glutamyl-transpeptidase and uric acid, both predictive 

biomarkers of systemic oxidative stress and CVD risk (Chen et al., 2023; Koenig and Seneff, 

2015; Ndrepepa and Kastrati, 2016; Saito et al., 2021). PFAS-induced oxidative stress and 

inflammation may cause cardiovascular impairment. Because demographic, socioeconomic, 

and health factors can influence oxidative stress and inflammatory status, for example, 

aging and chronic conditions such as obesity, diabetes, and hypertension are associated with 

elevated chronic inflammation, susceptibility to PFAS-related cardiovascular effects may 

vary across these factors (Ferrucci and Fabbri, 2018; Khanna et al., 2022; Tsalamandris et 

al., 2019).

PFAS-induced disruption of lipid, fatty acid, amino acid, and glucose metabolism may 

contribute to conditions such as obesity, dyslipidemia, insulin resistance, and diabetes, 

thereby increasing CVD risk (Cardenas et al., 2017; Chen et al., 2020; Goodrich et al., 2021; 

Guo et al., 2022; Kannel and McGee, 1979; Liu et al., 2023; Prince et al., 2023; Qi et al., 

2020; Van Gaal et al., 2006; Yusuf et al., 2004). PFAS may exert its metabolic impacts 

by interacting with peroxisome proliferator-activated receptors (PPARs), key regulators 

of lipid and glucose metabolism and homeostasis. The interaction is underpinned by the 

structural similarity between PFAS and natural fatty acid agonists of PPARs (Behr et al., 

2020; Houck et al., 2021; Pederick et al., 2024; Rosen et al., 2017). Additional nuclear 

receptors, such as the constitutive androstane receptor (CAR) and the pregnane-X receptor 

(PXR), have also been identified as targets of PFAS. These xenobiotic sensors regulate the 

metabolism and elimination of foreign compounds and also participate in fatty acid, lipid, 

and glucose metabolism (Houck et al., 2021; Lai et al., 2020; Wada et al., 2009). Variations 

in susceptibility across subpopulations may be partly attributed to differences in metabolic 

status, as PFAS may exert adverse effects through overlapping metabolic pathways (Barzilai 

et al., 2012).

PFAS may increase CVD risk through their endocrine-disrupting properties. PFAS can alter 

the homeostasis of endogenous hormones, including sex hormones and thyroid hormones 

(Coperchini et al., 2020; He et al., 2023; L. Li et al., 2024; Lopez-Espinosa et al., 2016; 

Wang et al., 2021). For example, a meta-analysis of 11 studies with 7714 participants 

reported that PFHxS exposure was significantly associated with higher levels of estradiol in 

females, and PFOA and PFOS were negatively associated with testosterone levels in males 

(L. Li et al., 2024). PFAS may disrupt sex hormone homeostasis by interfering with sex 

hormone receptors, including the estrogen receptor (ER) and androgen receptor (AR), as 

well as by affecting the hypothalamic-pituitary-gonadal (HPG) axis (Azhagiya Singam et 

al., 2020; Kjeldsen and Bonefeld-Jørgensen, 2013; Rodríguez-Carrillo et al., 2023; Shi et 

al., 2018; Vinggaard et al., 2021). Sex hormones play a crucial role in the pathogenesis of 

CVDs and contribute considerably to the sex disparity in CVD risk (Arnold et al., 2017; 

Hodis et al., 2016; Rexrode et al., 2003). Additionally, the effects of PFAS exposure on 

sex hormones differ by sex (He et al., 2023; L. Li et al., 2024; Lopez-Espinosa et al., 

2016; Rodríguez-Carrillo et al., 2023), potentially contributing to the diverse cardiovascular 

impacts of PFAS exposure among different sex groups.
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Importantly, these biological pathways are not independent but may interact and reinforce 

one another. Oxidative stress and inflammation are intrinsic to metabolic dysfunction and 

disruption of endocrine homeostasis (Abtin et al., 2025; Liu et al., 2025; Wei et al., 

2023). Meanwhile, metabolic disturbances, such as dyslipidemia and insulin resistance, 

can amplify oxidative and inflammatory responses (Jukema et al., 2019; Shimobayashi 

et al., 2018). In parallel, endocrine disruption, such as alterations in sex hormone and 

thyroid hormone signaling, may modulate metabolic regulation as well as oxidative and 

inflammatory processes (Chainy and Sahoo, 2020; Mullur et al., 2014). Collectively, these 

interconnected mechanisms provide a plausible biological framework through which PFAS 

exposure may contribute to cardiovascular impairment and help explain the heightened 

susceptibility observed in certain populations.

4.2. Sources of inconsistency and limitations

Epidemiological evidence on the relationship between PFAS exposure and cardiovascular 

health is inconsistent. The discrepancies may partly reflect differences in study design 

and PFAS exposure assessment. Most existing studies are cross-sectional, making them 

susceptible to reverse causality and residual confounding (Savitz and Wellenius, 2023). 

Even among the 31 longitudinal studies, many relied on a single PFAS measurement to 

approximate long-term exposure (Braun et al., 2022; Ding et al., 2022; Duan et al., 2024; 

Dunder et al., 2023; Lejeune et al., 2025; Manzano-Salgado et al., 2017; Mitro et al., 

2020; Schillemans et al., 2022; Wang et al., 2023; Warembourg et al., 2019; Wen et al., 

2022; Xu et al., 2023; Zhang et al., 2022; Zhu et al., 2024). However, PFAS body burdens 

fluctuate over time due to continuous exposure and elimination through metabolism and 

excretion. Relying on a single-time-point measurement may introduce bias when evaluating 

associations with cardiovascular outcomes assessed at a later time. Additionally, several 

studies have used exposure models to estimate cumulative exposure to PFAS (Raleigh et al., 

2014; Sakr et al., 2009; Simpson et al., 2013; Steenland and Woskie, 2012; Winquist and 

Steenland, 2014); however, these estimates carry substantial uncertainty due to limited or 

imprecise information on key parameters such as PFAS sources, residential histories, and 

time-activity patterns (Winquist et al., 2013). Studies classifying PFAS exposure solely by 

residential or occupational history may be particularly prone to exposure misclassification 

when individual-level exposure variability is not adequately captured (Anderson-Mahoney 

et al., 2008; Biggeri et al., 2024; Davidson and Boland, 2023; Gilliland and Mandel, 1993; 

Law et al., 2023; Mastrantonio et al., 2018; Panikkar et al., 2019; Ward-Caviness et al., 

2022).

Another contributor to inconsistent findings is heterogeneity in study populations and 

exposure contexts. Most evidence comes from studies conducted in a small number of 

countries, with limited data available from other regions. This may introduce discrepancies 

and limit the generalizability of current findings, given regional differences in population 

characteristics and PFAS exposure scenarios (Ackerman Grunfeld et al., 2024). In 

addition, studies have focused on diverse populations, such as the general population, 

environmentally exposed communities, children and adolescents, clinical populations, and 

occupational populations. Individuals across diverse demographic, socioeconomic, and 

health backgrounds may exhibit distinct exposure profiles and differential susceptibility 
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to PFAS-related cardiovascular effects (Anderson-Mahoney et al., 2008; Bao et al., 2017; 

Braun et al., 2022; Canova et al., 2021; Dunder et al., 2023; Feng et al., 2022; Honda-

Kohmo et al., 2019; Huang et al., 2018; Hutcheson et al., 2020; Inoue et al., 2020; Lejeune 

et al., 2025; J. Li et al., 2024; Liao et al., 2020; Lind et al., 2017; Ma et al., 2019; Mi et al., 

2020; Pitter et al., 2020; Wen et al., 2022; Winquist Steenland, 2014; M. Wu et al., 2024; 

Xiao et al., 2024; Zhang et al., 2022). Additionally, null or negative associations between 

PFAS and CVDs in occupational studies may be partly attributed to healthy-worker effects 

(Li and Sung, 1999).

The wide range of PFAS assessed may also contribute to discrepancies. Thousands of PFAS 

compounds are currently in use, and the number continues to grow over time (Wang et 

al., 2017). Different PFAS compounds, and even different isomers of the same compound, 

vary in chemical structure and physicochemical properties, potentially leading to distinct 

health impacts (Fenton et al., 2021). However, studies examining cardiovascular effects 

have primarily focused on a small subset of PFAS compounds, particularly legacy PFAS 

such as PFOA, PFOS, PFHxS, and PFNA. The health impacts of other PFAS compounds, 

especially those promoted as “safe” alternatives are unknown, although growing evidence 

has raised concerns about their safety to humans and the environment (Wang et al., 2019). 

Additionally, co-exposure to PFAS mixtures and potential nonlinear exposure-response 

relationships may further contribute to the inconsistent findings and complicate efforts to 

elucidate the impact of PFAS on cardiovascular health (Feng et al., 2022; Liao et al., 2020; 

Wei et al., 2024; Yang et al., 2024).

5. Future research directions

Growing concerns have emerged regarding the cardiometabolic effects of PFAS exposure. 

Although evidence remains inconclusive, studies suggest potential links between exposure 

to PFAS, especially PFOA, PFOS, PFNA, and PFHxS, and increased incidence, prevalence, 

and mortality of various CVDs, such as ischemic heart disease and stroke, as well as 

elevated blood pressure, aggravated atherosclerosis, and arterial stiffening. Given the long-

term progression of CVDs (Karmali and Lloyd-Jones, 2013) and the dynamic nature of 

PFAS body burdens, longitudinal studies with extended follow-up periods and repeated 

exposure and health measurements are essential to clarify temporal relationships and 

strengthen causal inference. As evidence on population susceptibility remains limited, future 

research should examine how demographic, socioeconomic, and health factors modify the 

cardiovascular effects of PFAS exposure, with particular attention to high-risk groups such 

as postmenopausal women (Hodis et al., 2016) and ethnic minorities (He et al., 2021). 

The continuous introduction of new PFAS compounds highlight the need to evaluate the 

safety of emerging PFAS compounds and mixtures. Finally, mechanistic studies in human 

and experimental models are warranted to elucidate biological pathways, generate causal 

evidence, and identify potential intervention targets. In summary, future studies are required 

to solidify the relationship between PFAS exposure and CVDs and explore the feasibility of 

incorporating PFAS, a modifiable environmental factor, into CVD prevention strategies.
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Fig. 1. 
Flowchart showing the study selection and screening process.
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