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A B S T R A C T   

Background: Associations between per- and polyfluoroalkyl substances (PFAS), mainly PFOS and PFOA, and 
increased blood lipids have been reported primarily from cross-sectional studies. The aim of the present study 
was to investigate associations between multiple PFAS and blood lipids in a longitudinal fashion. 
Methods: A total of 864 men and women aged 70 years and free from lipid medication were included from the 
Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS) study from Uppsala Sweden, 614 and 
404 of those were reinvestigated at age 75 and 80. At all three occasions, eight PFAS were measured in plasma 
using ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). Total cholesterol, 
triglycerides, low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein cholesterol (HDL-C) were 
also measured in plasma at all three occasions. Mixed-effects linear regression models were used to examine the 
relationship between the changes in PFAS levels and changes in lipid levels. 
Results: Changes in plasma levels of six out of the eight investigated PFAS were positively associated with changes 
in plasma lipids after adjustment for sex, change in body mass index (BMI), smoking, physical activity, statin use 
(age was the same in all subjects), and correction for multiple testing. For example, changes in perfluorodecanoic 
acid (PFDA) were positively associated with the changes in total cholesterol (β: 0.23, 95% confidence interval 
(CI): 0.14 to 0.32), triglycerides (β: 0.08, 95% CI: 0.04–0.12) and HDL-cholesterol (β: 0.08, 95% CI: 0.04–0.11). 
Conclusion: In this longitudinal study with three measurements over 10 years of both plasma PFAS and lipids, 
changes in six out of the eight investigated PFAS were positively associated with changes in plasma lipids, giving 
further support for a role of PFAS exposure in human lipid metabolism.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFAS) are a group of man-made 
chemicals, and the knowledge about potential health effects of most of 
the 4,700 different PFAS is scarce. PFAS have been used since the 1950s 
as surfactants and water-and oil repellents. As a result, PFAS are used in 
a wide range of consumer products that people use in their everyday life, 
such as cookware, food packaging, personal care products and cosmetics 
and stain repellants, but also in fire-fighting foams (Wang et al., 2017). 

PFAS are persistent chemicals and as a consequence of their chemical 
stability and widespread use, a growing number of studies have found 
detectable levels of these substances in the environment, wildlife (Cao 
et al., 2015; Zhu et al., 2014), and human blood (Stubleski et al., 2016a; 
Morck et al., 2015). PFAS resemble fatty acids in terms of their chemical 
structure and bind to the protein albumin in the blood (D’eon et al., 
2010). Although the biological mechanisms of PFAS are not fully un-
derstood, there are evidence that they most likely have endocrine dis-
rupting properties. Experimental in vitro and in vivo studies suggest that 
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PFAS activate the peroxisome proliferator-activated receptors (PPAR) 
alpha (α) (Wolf et al., 2008) and gamma (γ) (VandenHeuvel et al., 
2006). 

Humans are primarily exposed to PFAS through diet and drinking 
water. In fact, PFAS have been detected in drinking water in numerous 
parts of Sweden, most likely as a result of the use of PFAS containing 
aqueous film forming foams (AFFF) during fire-fighting training at both 
military and civilian airfields (Banzhaf et al., 2017). In 2014, the 
Swedish National Food Agency conducted a survey showing that over a 
third of Sweden’s population had been exposed to PFAS contaminated 
drinking water at the time (Agency, 2014). 

Most conducted animal studies have reported beneficial changes in 
circulating lipids, including lowered total cholesterol, and triglycerides 
following PFAS exposure (Kennedy et al., 2004; Lau et al., 2007). A 
review from 2019 summarizes the existing epidemiological data on as-
sociations between PFAS and metabolic outcomes, including lipids, and 
concluded that there are conflicting results between studies when it 
comes to human data (Sunderland et al., 2019). Existing results are 
mainly from cross-sectional studies and show primarily associations 
between high PFAS (mainly perfluorooctane sulfonate (PFOS) and per-
fluorooctanoic acid (PFOA)) levels and elevated circulating total 
cholesterol (Eriksen et al., 2013a; Kerger et al., 2011), low-density li-
poprotein cholesterol (LDL-C) (Geiger et al., 2014) and triglycerides 
(TG), (i.e., detrimental effects on circulating lipids) (Zeng et al., 2015; 
Koshy et al., 2017; Khalil et al., 2018; Mora et al., 2018) and inconsistent 
results for high-density lipoprotein cholesterol (HDL-C) (Mora et al., 
2018; Frisbee et al., 2010; Fu et al., 2014; Starling et al., 2014a). 
However, there are also studies reporting opposite or non-significant 
associations for some PFAS and/or some lipids (Château-Degat et al., 
2010; Lin et al., 2011; Olsen et al., 2003; Rotander et al., 2015). In one 
unique cross-sectional study from Ronneby, a municipality in Sweden 
where one out of two waterworks have been heavily contaminated with 
PFAS, researchers included both individuals living within the contami-
nated area and a control group of people living in a nearby municipality, 
without PFAS contaminated water. Results from the study show that 
PFAS exposure was positively associated with serum lipids, both when 
they quantified exposure as contrast between exposed and control in-
dividuals, and in terms of serum PFAS (Li et al., 2020a). 

There are some existing evidence of associations between PFAS 
levels and lipids from longitudinal studies, but most of the studies have 
only one measurement of PFAS levels at baseline and follow-up of lipid 
levels only. Two examples of longitudinal studies conducted in the 
general population are from the C8 cohort and two occupational studies 
conducted in the US. One of the C8 studies showed that individuals that 
had a great decline in PFOA and PFOS levels over 4.4 years also had a 
significant decrease in LDL-C levels (Fitz-Simon et al., 2013). Results 
from one of the occupational studies report that a one part per million 
(ppm) increase in plasma PFOA is associated with a 1.06 mg/L increase 
in total cholesterol (Sakr et al., 2007a). The general pattern observed in 
longitudinal studies corresponds to the findings in cross-sectional 
studies. 

Cross-sectional studies may be subject to issues related to reverse 
causation where the direction of cause-and-effect relationships can be 
hard to determine. Additionally, most available experimental and 
epidemiological studies on health effects have focused on the most 
common and now almost completely phased-out PFAS namely PFOS and 
PFOA. Consequently, very little is known about health effects of the 
PFAS still in use today. 

In a previous longitudinal study over 10 years, we reported a link 
between six different PFAS and increase in carotid intima-media thick-
ness (marker of atherosclerosis) within the Prospective Investigation of 
the Vasculature in Uppsala Seniors (PIVUS) cohort (Lind et al., 2018). 
Thus, the aim of the present study was to follow up these findings by 
investigating associations between the change in plasma levels of eight 
measured PFAS and the change in plasma levels of total cholesterol, 
triglycerides, LDL-C and HDL-C over 10 years in a large population of 

men and women included in the PIVUS cohort from Uppsala, Sweden. 

2. Methods 

2.1. Prospective Investigation of the Vasculature in Uppsala Seniors 
(PIVUS) study 

The study was approved by the Ethics Committee of the University of 
Uppsala and the participants gave written informed consent. A total of 
1,016 randomly selected men and women (50% women), aged 70 years 
and living in Uppsala, Sweden, were investigated in 2001–2004. Rein-
vestigations were performed at age 75 (N = 822), and at 80 years (N =
603). 52 individuals passed away and 142 withdrew from the study 
during the first 5 years. During the next 5 years, 106 individuals passed 
away and 113 subjects withdrew. For the present study a total of 864 
study participants were included at baseline, after excluding individuals 
taking statins or other lipid-lowering drugs (N = 149) and individuals 
with missing PFAS measurements (N = 3). 

The participants were asked to answer a questionnaire regarding 
their socioeconomic status, medical history, physical activity, smoking 
habits and regular medication. All subjects were investigated in the 
morning after an overnight fast. All measurements were carried out with 
essentially the same protocol at age 70, 75 and 80 years. More infor-
mation on the study population is described by Lind et al., 2005. Blood 
serum and plasma were collected in the morning (8–10 a.m.) after an 
overnight fast and placed in freezers (− 70 ◦C) until later analysis. 

2.2. Analysis of PFAS were performed at ages 70, 75 and 80 years 

The sample preparation and instrumental analysis methods used in 
this study have previously been developed and validated in terms of 
recovery, accuracy and precision and detailed information about the 
analytical procedure and method performance has previously been 
described in (Salihovic et al., 2013). The current study evaluated the 
eight PFAS for which > 75% of the study population showed measurable 
levels above the lower limit of detection (LOD); perfluoroheptanoic acid 
(PFHpA), perfluorohexane sulfonic acid (PFHxS), perfluorooctanoic 
acid (PFOA), linear isomer of perfluorooctanesulfonic acid (L-PFOS), 
perfluorooctane sulfonamide (PFOSA), perfluorononanoic acid (PFNA), 
perfluorodecanoic acid (PFDA), and perfluoroundecanoic acid 
(PFUnDA). Briefly, PFAS were extracted from 150 μL of plasma using 
protein precipitation and filtered through an Ostro (Waters Corporation, 
Milford, USA) 96 well-plate. The samples were then analyzed with an 
Acquity UPLC coupled to a Quattro Premier XE tandem mass spec-
trometry (MS/MS) system (Waters Corporation, Milford, USA) operating 
in negative electrospray ionization. The method detection limits (MDLs) 
for all three investigations ranged from 0.01 to 0.18 ng/mL depending 
on the analyte. PFAS values below LOD were replaced by LOD/√2. 

2.3. Analysis of plasma lipids were performed at ages 70, 75 and 80 years 

Plasma concentrations of total cholesterol, triglycerides, LDL-C, and 
HDL-C (all in mmol/l) were measured using routine laboratory methods 
on an Architect Ci8200 analyzer (Abbott Laboratories, Abbott Park, Ill, 
USA) at Uppsala University Hospital, Uppsala, Sweden. The coefficient 
of variation (CV) for the plasma lipids ranged from 0.5% to 2.3% 
(Carlsson et al., 2010). 

2.4. Covariates 

Covariates that were used in the statistical analyses were selected on 
the basis of previous epidemiological and experimental research. 
Because previous studies have observed sex-specific differences in 
plasma PFAS concentrations (Frisbee et al., 2010; Eriksen et al., 2013b) 
and lipid levels (Lin et al., 2011), sex was included in the analysis. We 
also included smoking (active smoker, %) since it has been reported that 
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there is an association between PFAS exposure and smoking status (Cho 
et al., 2015). Out of 22 studies on associations between PFAS levels and 
obesity, 15 report positive relations, which is why we included body 
mass index (BMI) in the analysis (Qi et al., 2020). Because observational 
and experimental studies have shown that regular exercise induces 
changes in plasma lipid levels (Halverstadt et al., 2007; Kraus et al., 
2002), physical activity was included in our statistical model. 

2.5. Statistical analyses 

STATA14 (Statacorp, College Station, TX, USA) was used for all 
calculations. Plasma levels of all PFAS and triglycerides were ln- 
transformed to achieve a normal distribution. First, the change in 
plasma lipids over 10 years (three measurements) were evaluated by 
mixed-effects linear regression models (random intercept) with plasma 
lipid levels as the dependent variable, time as the independent variable, 
and sex as confounder (age same in all subjects). We did not adjust the p- 
value for multiple testing since these results were mainly descriptive. 

Thereafter, the associations between changes over 10 years in plasma 
levels of the eight PFAS (three measurements) and the changes over 10 
years in plasma levels of four lipids (three measurements) were exam-
ined in separate models. Mixed-effects linear regression models were 
used for this analysis also. Each PFAS were set as independent variables 
where the first observation was set as the between-individual compo-
nent. The within individual component was the difference between the 
measurements at the future time points and the first time points. Thus, 
the between-individual component is related to the mean of the three 
measurements of each lipid, while the within-individual component, as 
a single term, relates the change in each PFAS to the change in each lipid 
variable. The theory and assumptions behind this model as well as the 
detailed formula is given in (Fitzmaurice et al., 2012). The general 
formula is; Yij = Zibeta0 − Xi1betaC + (Xij − Xi1)betaL + eij, where Y is 
each lipid variable, X is the specific PFAS, i is the individual, j the time, 
betaC is the coefficient for the first observation and betaL, is the coeffi-
cient for the change over time. Confounders and the intercept are given 
as Zibeta0. The general formula used in STATA for the calculations was; 
mixed lipidvariable PFASchange PFAS1 sex BMI ||id, where 1 denotes 
the first observation at age 70. 

The statistical model was adjusted for sex, change in BMI, smoking 
and physical activity, (age was the same in all study participants). In-
dividuals taking statins and/or other lipid lowering drugs were excluded 
from the analysis. An interaction term between sex and PFAS levels was 
included in a separate set of models. A strict Bonferroni adjustment was 
used to account for multiple testing. Bonferroni correction for 32 (4 
lipids and 8 PFAS) tests (0.05/4*8) resulted in a significance level of p <
0.0015625. 

3. Results 

3.1. Population characteristics 

The study population included 864 elderly individuals (50.1% 
women) within the PIVUS cohort at baseline that were investigated 
three times during the years 2001–2014. General and clinical charac-
teristics of the study participants at baseline are provided in Table 1. The 
PFAS levels were positively correlated in different degrees as previously 
shown (Salihovic et al., 2018). 

Table 2 shows the longitudinal trends of changes in PFAS levels and 
changes of lipid levels. No significant change could be seen for total 
cholesterol (p = 0.61) during the 10-year period, while triglycerides and 
LDL-C increased (p = 0.001 and p = 0.002 respectively) and HDL-C 
decreased (p < 0.00001). 

Detailed information about the time trends for PFAS levels in this 
population has been previously described (Stubleski et al., 2016b). In 
short, overall from age 70 to 80, levels of PFHpA, PFOA, PFOS and 
PFOSA decreased while levels of PFHxS, PFNA, PFDA and PFUnDA 

increased. 

3.2. Changes in plasma PFAS levels and changes in plasma lipid levels 

The associations between the eight PFAS and the four lipids are 
summarized in Fig. 1 and given in detail in Table 3. Significant positive 
associations were observed between the changes in plasma levels of 
PFUnDA, PFOA, PFNA, PFHpA and PFDA and the changes in plasma 
levels of total cholesterol. PFUnDA seemed to be the PFAS with the 
greatest effect on total cholesterol, a one unit increase in PFUnDA (ng/ 
mL) was associated with a 0.79 mmoL/l increase in plasma total 
cholesterol (p < 0.002). The changes in plasma levels of PFOA, PFNA, 
PFHpA and PFDA were positively associated with the changes of plasma 

Table 1 
Baseline characteristics of the study population (N = 864) at age 
70 (investigated during 2001–2004) reported as percent (%) or 
means ± standard deviation (SD).  

Characteristics Mean ± SD 

Age, years 70.0 ± 0.2 
Females, % 50.1 
Height, cm 169 ± 9.1 
Weight, kg 77 ± 14 
Waist circumference, cm 91 ± 12 
BMI 26.9 ± 4.4 
Waist/hip ratio 0.90 ± 0.08 
SBP, mm Hg 149 ± 22 
DBP, mm Hg 79 ± 10 
Myocardical infarction, % 3.4 
Stroke, % 2.9 
Congestive heart failure, % 3.2 
Diabetes, % 6.5 
Current smoking, % 11  

Table 2 
Longitudinal trends of plasma lipid levels, reported as mean ± standard devia-
tion (SD) and PFAS levels reported as median and interquartile range (IQR).  

Variables Age 70 
2001–2004 N 
= 864 

Age 75 
2006–2009 N 
= 614 

Age 80 
2011–2014 N 
= 404 

p-value for 
trend 

Lipid levels     
Total 

cholesterol, 
mmol/L 

5.55 (0.97) 5.68 (1.02) 5.45 (0.99) 0.61 

LDL-C, mmol/L 3.50 (0.83) 3.60 (0.89) 3.50 (0.82) 0.002 
HDL-C, mmol/L 1.53 (0.44) 1.50 (0.47) 1.41 (0.40) <0.00001 
Triglycerides, 

mmol/L 
0.12 (0.42) 0.21 (0.43) 0.10 (0.40) 0.001 

PFAS levels Median (IQR)    
PFHpA, ng/mL 0.05 (0.02, 

0.09) 
0.06 (0.04, 
0.10) 

0.03 (0.007, 
0.06) 

<0.00001 

PFOA, ng/mL 3.29 (2.51, 
4.39) 

3.79 (2.67, 
5.41) 

2.51 (1.82, 
3.60) 

<0.00001 

PFNA, ng/mL 0.70 (0.51, 
0.96) 

1.04 (0.73, 
1.55) 

0.84 (0.61, 
1.23) 

<0.00001 

PFDA, ng/mL 0.31 (0.24, 
0.39) 

0.42 (0.31, 
0.60) 

0.32 (0.23, 
0.45) 

<0.00001 

PFUnDA, ng/ 
mL 

0.28 (0.22, 
0.36) 

0.44 (0.33, 
0.60) 

0.34 (0.25, 
0.51) 

<0.00001 

PFHxS, ng/mL 2.05 (1.58, 
3.28) 

3.13 (2.02, 
5.80) 

2.84 (1.76, 
10.28) 

<0.00001 

PFOS, ng/mL 13.26 (9.96, 
17.75) 

12.25 (7.85, 
18.66) 

7.24 (5.14, 
10.69) 

<0.00001 

PFOSA, ng/mL 0.11 (0.07, 
0.17) 

0.07 (0.04, 
0.12) 

0.02 (0.014, 
0.05) 

<0.00001 

Abbreviations: HDL-C; high-density lipoprotein cholesterol, IQR; interquartile 
range, LDL-C; low-density lipoprotein cholesterol, PFHpA; perfluoroheptanoic 
acid, PFHxS; perfluorohexane sulfonic acid, PFOS; perfluorooctanesulfonic acid, 
PFOA; perfluorooctanoic acid, PFNA; perfluorononanoic acid, PFDA; per-
fluorodecanoic acid, PFOSA; perfluorooctanesulfonamide, PFUnDA; per-
fluoroundecanoic acid. 
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triglycerides. A one unit increase in PFDA or PFNA levels (ng/ml) was 
associated with a 0.55 mmoL/l increase in plasma triglycerides (p <
0.002). Only the change in plasma levels of PFUnDA was positively 
associated with the change in plasma levels of LDL-C. Lastly, the changes 
in plasma levels of PFUnDA, PFOS, PFOA, PFNA and PFDA were posi-
tively associated with changes in plasma levels of HDL-C. 

When we only included the participants attending all three in-
vestigations (N = 579) we saw similar results of the associations be-
tween the change in PFAS levels and change in lipid levels (Table S1) as 
when we included all individuals. Due to the smaller sample size some p- 
values were a bit higher but still significant and β-values were very 
similar. 

4. Discussion 

4.1. Main findings 

Uniquely, in this longitudinal study of a general population, three 
repeated measurements of both plasma PFAS and lipids (total choles-
terol, triglycerides, LDL-C and HDL-C) were included. Across three ex-
aminations, over 10 years, our results consistently show positive 
associations between the changes in plasma concentrations of six 
different PFAS and the changes in plasma lipid levels. 

4.2. Comparison with previous studies 

Most epidemiological findings reporting associations between PFAS 
exposure and blood lipids are derived from cross-sectional studies and 
are mainly limited to PFOS and/or PFOA. Most studies have used gen-
eral population samples with the “normal” range of PFOS/PFOA con-
centrations (Eriksen et al., 2013a; Geiger et al., 2014; Nelson et al., 
2010; Starling et al., 2014b), some have used specific populations with 
occupational exposure (Olsen et al., 2003; Sakr et al., 2007b), and in 
other studies PFAS exposure has been distinctly higher due to contam-
inated community drinking water (Frisbee et al., 2010; Li et al., 2020a; 
Steenland et al., 2009; Canova et al., 2020). The general pattern 
observed in these studies are positive associations between blood levels 
of PFOS and/or PFOA and total serum cholesterol, LDL-C and to a lesser 
extent triglycerides, while the results for HDL-C are inconsistent. Similar 
to previous studies, we found a positive association between PFOA and 
changes in total cholesterol. In addition to the mainly studied PFAS, we 
also found positive associations between PFHpA, PFNA, PFDA and 
PFUnDA and total cholesterol. 

Although the associations between serum levels of PFAS and serum 
levels of lipids have been previously reported, the causality of these 
relationships is still uncertain because of the cross-sectional design. The 
direction of the associations could be vulnerable due to confounding 
affecting serum concentrations of both PFAS and blood lipids. There are 
a few published studies on general populations with a longitudinal 

Fig. 1. Associations between a one unit change in ln 
(PFAS) and changes in the outcome variables (total 
cholesterol, triglycerides LDL-C and HDL-C). Bars 
extending to the right of the vertical lines indicate a 
positive association. The bars are colored according 
to the p-value, with stronger colors corresponding to 
lower p-values. Abbreviations: HDL-C; high-density 
lipoprotein cholesterol, LDL-C; low-density lipopro-
tein cholesterol, PFHpA; perfluoroheptanoic acid, 
PFHxS; perfluorohexane sulfonic acid, PFOS; per-
fluorooctanesulfonic acid, PFOA; perfluorooctanoic 
acid, PFNA; perfluorononanoic acid, PFDA; per-
fluorodecanoic acid, PFOSA; perfluorooctanesul 
fonamide, PFUnDA; perfluoroundecanoic acid. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Table 3 
Analysis of associations between the change over 10 years of plasma PFAS levels and changes of plasma lipid levels, adjusted for sex, change in BMI, smoking and 
physical activity, (age was the same in all study participants), and individuals taking statins were excluded.   

Total cholesterol Triglycerides LDL-C HDL-C 
PFAS, ng/ml β 95% CI p for trend β 95% CI p for trend β 95% CI p for trend β 95% CI p for trend 
PFHpA 0.09 0.05, 0.14 <0.0001 0.05 0.03, 0.08 <0.0001 0.04 − 0.01, 0.08 0.07 0.03 0.01, 0.04 0.001 
PFHxS 0.08 0.01, 0.15 0.02 0.04 0.01, 0.07 0.009 0.04 − 0.01, 0.10 0.14 0.02 0.01, 0.05 0.04 
PFOS 0.05 − 0.01, 0.10 0.12 0.02 − 0.01, 0.05 0.07 − 0.001 − 0.05, 0.05 0.96 0.04 0.02, 0.06 0.001 
PFOA 0.14 0.06, 0.22 0.001 0.06 0.03, 0.10 <0.0001 0.05 − 0.02, 0.12 0.19 0.07 0.04, 0.09 <0.0001 
PFNA 0.15 0.07, 0.23 <0.0001 0.08 0.04, 0.11 <0.0001 0.05 − 0.02, 0.12 0.17 0.06 0.04, 0.09 <0.0001 
PFDA 0.23 0.14, 0.32 <0.0001 0.08 0.04, 0.12 <0.0001 0.12 0.03, 0.20 0.005 0.08 0.04, 0.11 <0.0001 
PFOSA 0.04 − 0.01, 0.10 0.13 0.005 − 0.02, 0.03 0.65 0.03 − 0.02, 0.08 0.25 0.02 0.01, 0.04 0.01 
PFUnDA 0.29 0.20, 0.38 <0.0001 0.06 0.02, 0.10 0.006 0.17 0.09, 0.25 <0.0001 0.09 0.06, 0.13 <0.0001 

Abbreviations: HDL-C; high-density lipoprotein cholesterol, LDL-C; low-density lipoprotein cholesterol, PFHpA; perfluoroheptanoic acid, PFHxS; perfluorohexane 
sulfonic acid, PFOS; perfluorooctanesulfonic acid, PFOA; perfluorooctanoic acid, PFNA; perfluorononanoic acid, PFDA; perfluorodecanoic acid, PFOSA; per-
fluorooctanesulfonamide, PFUnDA; perfluoroundecanoic acid. Significant Bonferroni-corrected p-values (p < 0.0015625) and associated results are marked in bold. 
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design, a design with a smaller risk of reverse causation and con-
founding. One study within the C8 cohort showed that modeled serum 
PFOA was related to the incidence of the diagnosis of increased serum 
cholesterol level. This study also evaluated cardiovascular disease, but 
did not find an association (Winquist and Steenland, 2014). In general, 
the available evidence of an association between PFAS exposure and an 
adverse outcome that is associated with dyslipidemia is still quite low. 
However, we have previously reported from the same population that 
changes in levels of six different PFAS (PFHpA, PFHxS, PFOA, PFDA, 
PFOSA and PFUnDA) are associated with an increased carotid artery 
intima-media thickness, which is a marker of atherosclerosis, over the 
10-year period (Lind et al., 2018). A longitudinal study by Sakr et al. 
used a similar analysis method as in the present study, but only exam-
ined the relationship between repeated measurements of serum PFOA 
and lipids (total cholesterol, triglycerides, LDL-C and HDL-C) in 454 
workers (Sakr et al., 2007c). The only positive association they found 
was between serum PFOA and total cholesterol. Unfortunately, Sakr 
et al. did not have any information on the population’s use of 
lipid-lowering medications which is a potential reason why our findings 
differed (Sakr et al., 2007c). 

For a long time, clinical emphasis has been focused on LDL-C 
lowering and the potential for raising HDL-C to prevent cardiovascular 
disease. Therefore, it could be argued that the positive associations seen 
in the present study between the changes in plasma levels of PFUnDA, 
PFOS, PFOA, PFNA and PFDA and the changes in plasma levels of HDL-C 
indicate that PFAS would have a protective role on the development of 
cardiovascular disease. However, knowledge from genetic studies and 
negative results from randomized trials have questioned the protective 
role of HDL-C. In fact, a clinical trial where 15,067 patients at high risk 
for coronary events received a drug that increased HDL-C by 72.1% and 
lowered LDL-C by 24.9%, surprisingly showed an increased risk of car-
diovascular events and death from any cause (Barter et al., 2007). 
Further, a study using multiple instrumental variables for Mendelian 
randomization genetic analysis supports a causal effect of LDL-C and 
triglycerides on coronary heart disease risk, but concludes that the 
causal association for HDL-C remains less certain (Holmes et al., 2015). 
These, and other findings, have generated renewed interest in raised 
triglycerides as a strong risk factor for developing cardiovascular disease 
(Austin, 1989). Therefore, the results of the present study showing as-
sociations between changes in PFOA, PFNA, PFHpA and PFDA levels and 
changes in triglycerides are important findings which deserve more 
attention. 

What makes interpretation of lipid disturbances from PFAS exposure 
in humans challenging and complex is the lack of concomitant effects in 
animal studies. In fact, results from rodent studies demonstrate in gen-
eral opposite findings, i.e. decreased levels of serum cholesterol 
(~20–40%) and triglycerides (~30–80%) following PFOS/PFOA expo-
sure (Curran et al., 2008; Loveless et al., 2006; Wan et al., 2012; Das 
et al., 2017). However, it is important to consider that PFAS doses used 
in animal studies are at least 100-fold higher than those found in 
humans. Thus, the apparent differences between human and animal 
studies could be an artifact of dose, with different molecular mecha-
nisms activated at very low versus high exposure levels. 

In 2012, it was confirmed that the drinking water in Uppsala, Swe-
den was contaminated with PFAS, foremost PFOS and PFHxS at levels 
over 20 ng/L and 40 ng/L, respectively (Glynn et al., 2014). However, 
despite receiving PFAS exposure additional to that of the general pop-
ulation, the exposure levels in individuals from the PIVUS study is fairly 
low. Yet alarmingly, the distribution of contaminated drinking water 
was shown to have a direct effect on the trend in PFHxS plasma levels 
(Stubleski et al., 2017). In comparison, inhabitants of the city of Ron-
neby in Sweden have profoundly elevated levels of PFAS, also due to 
contaminated drinking water. The mean levels of PFHxS, PFOA and 
PFOS were the following; 136, 8.6 and 157 ng/mL of blood, which is 
many magnitudes higher than the PFAS levels in the present study 
(highest mean over the 10 year period: 3.13, 3.79, 13.26 ng/mL, 

respectively) (Li et al., 2020b). When comparing these PFAS levels of the 
Swedish population with the levels of the population of the United 
States, geometric mean values of PFAS within 2013–2014 National 
health and Nutrition Examination Survey are lower than in the present 
study with values for PFHxS of 2.18 μg/L, PFOA: 2.08 μg/L and PFOS: 
5.39 μg/L (Graber et al., 2019). 

4.3. Potential molecular mechanisms of action 

The molecular mechanisms underlying the relationship between 
PFAS exposure and dyslipidemia have been extensively studied for 
PFOA and PFOS, but with contradictory results. However, the majority 
of the available experimental evidence indicates that activation of 
proliferator-activated receptors (PPARs) in the liver has a pivotal role in 
PFAS mediated toxicity. The liver is the main organ responsible for 
controlling lipid homeostasis to ensure a balance between influx, gen-
eration, and efflux of lipids. Many PFAS have a similar structure to fatty 
acids and it has been shown in rodent studies that PFOS/PFOA are well- 
established ligands of the peroxisome proliferator-activated receptor 
alpha (PPARα) in the liver (Rosen et al., 2010, 2017; Elcombe et al., 
2012; Wolf et al., 2012). Other PPARα-independent signaling pathways 
have also been suggested to be involved in the lipid disturbances seen 
from PFAS exposure. Findings from rodent studies show that PFOS and 
PFOA also can activate the nuclear receptors PPARγ (Rosen et al., 2008), 
constitutive androstane receptor (CAR) (Rosen et al., 2017; Schlezinger 
et al., 2020), and the pregnane X receptor (PXR) (Pouwer et al., 2019) in 
the murine liver. Thus, as multiple mechanisms of action of PFAS are 
indicated from experimental animal and in vitro studies, it is not unlikely 
that multiple pathways are responsible for PFAS mediated toxicity in 
humans. In fact, in vitro studies have demonstrated that PFOS and PFOA 
can activate multiple nuclear receptors (CAR, PXR and liver X receptor 
(LXR)) in human primary hepatocytes (Bjork et al., 2011), HepaRG (Abe 
et al., 2017) and HepG2 cells (Zhang et al., 2017). However, a con-
flicting study investigating whether eight different PFAS can activate 
nine different human nuclear receptors showed that all PFAS except 
perfluorobutanesulfonic acid (PFBS) activated human PPARα, but no 
other receptors were activated (Behr et al., 2020). 

Finally, several recent studies using various untargeted and targeted 
“omics” techniques have also reported consistent findings of associa-
tions between PFAS exposure and lipid metabolism disruption. Higher 
PFOA exposure has for example been linked to higher glucose levels and 
glucose area under the curve during an oral glucose tolerance test in 
young overweight or obese adults. The use of high-resolution metab-
olomics revealed that altered lipid pathways, including increased 
lipolysis and β-oxidation, contributed to the metabolic network con-
necting PFOA exposure and the adverse effects seen on glucose levels 
(Chen et al., 2020). In another study, lipidomic analysis showed that 
PFAS levels were associated with increased bile acids and TGs with 
saturated fatty acids in cord blood. Worryingly, high levels of many of 
these lipids have been linked with several adverse health conditions, 
such as type 2 diabetes and non-alcoholic fatty liver disease, later in life 
(Sinisalu et al., 2021).Further, in a cohort of pregnant African American 
women, higher serum concentrations of PFNA was found to be associ-
ated with higher odds of small-for-gestational age (SGA) birth (OR =
1.32, 95% CI 1.07, 1.63), which can be a predictor of adult health risks 
such as metabolic syndrome and type 2 diabetes. Concomitantly, 10 
overlapping metabolites, associated with both PFAS and fetal endpoints 
could be identified by a high resolution metabolomics workflow. 
Perturbation by PFAS of these pathways involved in amino acid, lipid 
and fatty acid, bile acid and androgenic hormone metabolism could 
mediate the association found between PFNA exposure and SGA birth 
(Chang et al., 2022). The results from these studies, and many more, 
once again underscores the need for investigation of prenatal exposures 
to chemical pollutants and the risk and pathogenesis of later in life 
diseases. 
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4.4. Strengths and limitations 

The strengths of the present study include its longitudinal design 
with three measurements of both plasma PFAS and lipid levels in a quite 
large sample, which enable us to investigate the associations between 
the changes in PFAS over time with the changes in lipids over time. This 
approach decreases the influence of reverse causation and increases the 
certainty that the observed associations reflect causal relationships, 
although this can never be totally ascertained in observational studies. 
Further, another strength that is worth mentioning is the assessment of 
levels of eight different PFAS, while most previous cross-sectional and 
longitudinal studies have reported results only for PFOS and PFOA. One 
limitation of the present study is that the study population consists of 
elderly Swedes which could limit the extrapolation of our findings to 
groups of other ethnicities and age-groups. 

5. Conclusion 

In this longitudinal study we identified positive associations between 
changes in plasma levels of six different PFAS and changes in plasma 
levels of total cholesterol, triglycerides, LDL-C and HDL-C over a 10-year 
period. The present study strengthens previous findings of a causal role 
of PFAS exposure in altered human lipid metabolism. 
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