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BACKGROUND: Perfluoroalkyl substances (PFAS) are man-made chemicals with unique properties that are widely distributed in
humans and the environment. Recent studies suggest that PFAS are involved in cholesterol metabolism, however, the mechanisms
underlying the associations are poorly understood.

OBJECTIVE: We aimed to evaluate associations of plasma PFAS with detailed lipid and lipoprotein subfractions in an adult
population of men and women.

METHODS: We measured concentrations of cholesterol and triglycerides in lipoprotein subfractions, apolipoprotein subclasses, as
well as fatty acid and different phospholipid measures, using serum proton nuclear magnetic resonance (1H-NMR), and four plasma
PFAS using liquid chromatography-mass spectrometry (UHPLC-MS/MS). Measurements were available for 493 participants (all aged
50 years, 50% female). Multivariable linear regression was used to estimate the association of four PFAS with 43 different TH-NMR
measures, with adjustment for body mass index (BMI), smoking, education, and physical activity.

RESULTS: We found that perfluorooctanesulfonic acid (PFOS), perfluorooctanoic acid (PFOA), perfluorodecanoic acid (PFDA), but
not perfluorohexanesulfonate (PFHxS), concentrations were consistently positively associated with concentrations of cholesterol in
lipoprotein subfractions, apolipoproteins, as well as composite fatty acid- and phospholipid profiles. The most consistent
associations were found for the relationship of PFAS with total cholesterol in intermediate-density lipoprotein (IDL), across all low-
density lipoprotein (LDL) subfractions and small high-density lipoprotein (HDL). Moreover, we found weak to null evidence for an
association of any of the measured 13 triglyceride lipoprotein subfractions with PFAS.

CONCLUSIONS: Our results suggest that plasma PFAS concentrations are associated with cholesterol in small HDL, IDL and all LDL
subfractions, as well as apolipoproteins and composite fatty acid and phospholipid profiles but to a lesser extent with triglycerides
in lipoproteins. Our findings draw attention to the need for more detailed measurements of lipids across various lipoprotein

subfractions and subclasses in assessing the role of PFAS in lipid metabolism.

IMPACT:

® By performing an in-depth characterization of circulating cholesterol and triglycerides in lipoprotein subfractions,
apolipoprotein, fatty acid, and phospholipid concentrations, this study has expanded upon the limited literature available on
the associations of plasma PFAS concentrations beyond clinical routine laboratory testing for lipids.
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BACKGROUND

Perfluoroalkyl substances (PFAS) constitute a vast group of
substances with variable carbon chain length, molecular weight,
degree and pattern of fluorination, and polar functional groups
[1]. PFAS are chemically resistant with surface tension lowering
properties. These characteristics have led to the usage of PFAS in
a wide variety of commercial applications such as coatings for
clothing, carpets as well as food contact paper; fire-fighting
foams; paints, waxes, polishes; industrial surfactants, emulsifiers,
and coatings; and personal care products [1]. Due to the

extensive field of application, PFAS are released into the
environment during production, use and disposal of products
[2]. Owing to their environmentally persistent properties, PFAS
are found in water, wildlife, and humans as they have relatively
high solubility and mobility. Humans are exposed to PFAS
through foods [1], drinking water, occupational exposure [3, 4],
transfer from mother to children both prenatally (in utero) and
postnatally (via breastfeeding) [5], transfer from different
packages into foods [6], and dust ingestion and indoor air
inhalation [7]. In all cases, transfer rates are dependent on the
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type of PFAS (chain length, functional group) as well as
differences between species and organs.

In humans, PFAS absorb readily in the gastrointestinal tract,
distribute in plasma and other organs, and accumulate in the liver
[1]. Estimated human half-lives for PFAS are dependent on the
chemical functional group, the chain length and interactions with
transporters involved in the reabsorption process. Short-chain
PFAS have half-lives between a few days to one month, while half-
lives for long-chain PFAS can be several years [8]. Due to their
exceptional stability in the environment, there has been concern
about their potential risks to human health. Epidemiological
studies have highlighted positive associations of PFAS with
increased circulating total cholesterol and low-density lipoprotein
(LDL) cholesterol and lipoproteins [9, 10]. From this perspective,
the European Food Safety Authority Panel on Contaminants in the
Food Chain (EFSA CONTAM Panel) has emphasized increased
serum total and LDL cholesterol as critical outcomes [1]. Although
PFAS have been both cross-sectionally and longitudinally asso-
ciated with total cholesterol and LDL cholesterol in >20 discrete
populations [9, 11-20], the associations of PFAS with lipids and
lipoproteins currently not included in clinical routine laboratory
testing for lipids remain unclear. Thus, the main aim of the current
study was to investigate the associations of PFAS concentrations
with detailed lipid and lipoprotein subfractions measured by
absolute quantification proton nuclear magnetic resonance
spectroscopy (1H-NMR).

METHODS

Study participants

The Prospective study on Obesity, Energy, and Metabolism (POEM) recruited
50-year-old men and women from the general population by a random
invitation by mail using public population registers for the municipality of
Uppsala, Sweden [21]. The participants received their invitation one month
after their 50th birthday. A total of 502 individuals took part in the study, a
participation rate of 25%. The study was approved by the ethics committee
at Uppsala University (No. 2009/057 and No. 2012/143), and the participants
gave their informed consent. All participants were requested to fast from
midnight before the investigation that took place in the morning between 8
and 10 am. All participants had to confirm that they adhered to the fasting
request before blood sampling, whereafter serum and plasma were
separated and stored in —80 °C freezers until analysis.

PFAS analysis

Target PFASs were determined in 150 pl serum samples using matrix matched
isotope dilution ultra-performance liquid chromatography (UPLC-MS/MS,
Waters Corporation, Milford, USA) coupled to tandem mass spectrometry as
previously described [22]. Native calibration standards and corresponding
labeled internal and recovery standards (13C) were purchased from
Wellington Laboratories (Guelph, Ontario, Canada). For PFOS we have analysed
and quantified both the linear isomer (L-PFOS) and the total PFOS (including
the peak for both branched and linear PFOS) and found that the spearman
correlation between these two measures is 0.97. Since all our standards
(calibration standards, extraction standard, and injection standard) are L-PFOS
we have chosen to present the concentrations for L-PFOS. For quantification,
each analytical batch of authenthic samples was processed together with an
eight-point matrix matched calibration (seven matrix matched calibrations:
R2>0999 and mean RSDs: Perfluorohexanesulfonate (PFHxS) = 13.4%,
perfluoro-1-octanesulfonate  (L-PFOS) =11.0%, perfluoro-n-octanoic  acid
(PFOA) = 7.00%, PFDA = 10.3%). For quality assurance and quality control, 15
NIST SRM 1957 serum samples were processed throughout the study and
found to conform with the certified values (mean values and RSDs; PFHxS =
3.70ngmL " and 6%; L-PFOS = 11.77 ngmL ' and 7%; PFOA = 4.84 ngmL "
and 4%; PFDA =0.29 ngmL-1 and 9%). For quality precision, 49 in-house
reference plasma samples were processed throughout the study (mean RSDs:
PFHXS = 11.9%, L-PFOS = 10.5%, PFOA = 8.60%, PFDA = 14.4%). For method
detection limits (MDLs), 49 water blanks were processed throughout the study
and the established MDLs were PFHxS = 0.06 ngmL"; L-PFOS = 0.02 ngmL " ';
PFOA=0.11ngmL~"; PFDA=0.10ngmL"". Overall, the method produced
satisfactory results in terms of linear range, accuracy, precision, and sensitivity
throughout the study.
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Lipid, lipoprotein, and apolipoprotein analyses

Absolute quantitation plasma lipid, lipoprotein, and apolipoprotein
profiling was acquired using an TH-NMR spectroscopy-based methodology
from Nightingale Health. The lipoprotein fractions measured are char-
acterized by particle size; very-low-density lipoprotein (VLDL) fraction
consists of extremely large (average diameter >75 nm), very large (64 nm),
large (53.6nm), medium (44.5nm), small (36.8nm) and very small
(31.3 nm) particles. Intermediate-density lipoprotein (IDL) particles are on
average 28.6 nm in diameter. LDL particles are divided into three fractions:
large (25.5nm), medium (23.0nm) and small (18.7 nm). High-density
lipoprotein (HDL) fraction consists of four fractions: very large (14.3 nm),
large (12.1nm), medium (10.9nm) and small (8.7 nm). The fatty acid
profiles included nine fatty acid measures (total, saturated, monounsatu-
rated, polyunsaturated, omega-6 and omega-3 fatty acids as well as degree
of unsaturation, linoleic acid, and docosahexaenoic acid). The phospholipid
profiles included five composite measures of phospholipids (sphingomye-
lins, total cholines, phosphatidylcholines, total phosphoglycerides, and
triglycerides/phosphoglycerides). The triglyceride fractions measured are
characterized by particle size as lipoprotein fractions. The apolipoprotein
profile included three composite measures such as Apo B, Apo A1 and Apo
B/Apo Al.

Statistical analysis

PFAS concentrations were not normally distributed while some of the lipid
and lipoprotein were, and others were not. Therefore, we first log-
transformed the PFAS, lipoproteins, apolipoproteins, and lipid concentra-
tions to achieve normal distributions for all measures. With several
exposures evaluated with different distributions (as in the present study
with several PFAS), the estimates cannot be easily compared. Therefore, by
performing mean centering and unit variance scaling in the data pre-
processing stage, variables with different units or distributions can be
compared on a level ground. All the variables have the same inherent
importance in subsequent linear regression models and the effect
estimates are expressed per one SD change. Second, following data pre-
processing, a linear regression model was constructed for each metabolic
measure, using the lipoproteins, lipids, and apolipoproteins as the
dependent variables and the PFAS as the independent variable. We
adjusted for sex, body mass index (BMI), alcohol consumption, smoking,
education, and physical activity (exercise) with the intention to capture
most of the confounding related to a healthy life-style. Last, we evaluated if
there were any major sex-differences regarding PFAS vs lipid relationships
by including a PFAS*sex multiplicative interaction term in the models
described above. All participants were of the same age. All calculations
were performed using STATA16 (Stata Inc,, College Station, Texas, USA).
Statistical significance was defined as false discovery rate Prpg < 0.05.

RESULTS

Demographic characteristics of the participants included in the
present study are shown in Table 1. In total, 493 participants from
Uppsala, Sweden with available PFAS and TH-NMR metabolomics
data were included at the baseline. The mean age was 50 (SD: 0.1)
years, 247 (50%) were female, mean BMI was 26.4 (SD: 4.2), and 9.8 %
were smokers.

Four PFAS (L-PFOS, PFOA, PFHxS, and PFDA) could be detected
in all participants where the highest median concentrations were
determined for PFHxS (5.52 ng/mL), followed by L-PFOS (5.07 ng/
mL), PFOA (2.13 ng/mL) and PFDA (0.33 ng/mL) (Fig. 1). Although
the median concentrations of PFOA and PFDA are similar to those
reported in other general populations from Sweden and Europe,
the median concentrations of PFHxS and L-PFOS were consider-
ably positively skewed and higher which most likely reflects
previous reported findings of an environmental PFAS contamina-
tion of drinking water from firefighting foam use on a military
base close to Uppsala municipality [23, 24].

We first investigated the association between four major PFAS
and thirteen cholesterol lipoproteins subfractions following multi-
ple adjustment (Fig. 2). Among all evaluated subfractions,
concentrations of L-PFOS, PFOA and PFDA were significantly
positively associated with concentrations of very small VLDL, IDL,
small HDL, as well as small, medium, and large LDL subfractions.

Journal of Exposure Science & Environmental Epidemiology (2023) 33:757 - 765



Across all cholesterol subfractions, positive associations of L-PFOS
and PFOA with all measured LDL subfractions were found to be

Table 1. Basic characteristics of the study participants in the POEM
cohort.

N 493

Age, years, mean (SD) 50 (0.1)
Female sex (%) 50%
Systolic blood pressure (mmHg), mean (SD) 125.6 (16.4)
Diastolic blood pressure (mmHg), mean (SD) 77.0 (10.1)
HDL-cholesterol (mmol/l), mean (SD) 1.3 (0.3)
Triglycerides (mmol/l), mean (SD) 1.2 (0.9)
BMI (kg/m?), mean (SD) 264 (4.2)
Waist circumference (cm), mean (SD) 92,5 (11.4)
Fasting glucose (mmol/l), mean (SD) 4.9 (0.9)
Diabetes medication (%) 0.2%
Antihypertensive medication (%) 8.1%
Exercise habits, 4-grade scale, mean (SD) 2.8 (1.01)

Education, years, (%) <10 years: 8%
10-12 years: 44%

>12 years: 48%

Smokers (%) 9.8%
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most consistent. PFHxS, however, did not show any significant
association with any of the thirteen total cholesterol across
lipoprotein subfractions (Fig. 2).

Next, we evaluated the associations of the four measured PFAS
with triglycerides across thirteen lipoprotein subfractions. Figure 3
shows that there were, for the most part, no significant
associations with triglycerides across the thirteen different
lipoprotein subfractions. Only plasma concentrations of PFDA
were found to be positively associated with triglyceride content in
the very large HDL fraction. These data indicate that the
associations of PFAS and triglycerides across lipoprotein subfrac-
tions seem overall weak and largely independent of the multiple
positive associations of PFAS with cholesterol across lipoprotein
subfractions.

Subsequently, we investigated the associations of the four PFAS
with concentrations of two apolipoproteins Apo B and Apo A1. As
illustrated in Fig. 4, higher levels of L-PFOS and PFOA were
positively associated with both Apo B and Apo A1 in the multiple-
adjusted model, while PFDA was associated with only Apo AT.
PFHXS, however, was not associated with the two apolipoprotein
measures. Furthermore, no significant associations were observed
between the four PFAS and the ratio of Apo B/Apo A1l.

Investigation of the associations between plasma PFAS
concentrations and nine measures of fatty acid profiles indicated
multiple positive associations. As shown in Fig. 5, plasma L-PFOS
concentrations were positively associated with all nine fatty acid
measures including total fatty acids, degree of unsaturation,

PFDA@ PFHXxS@ PFOA@® PFOS @

Fig. 1

Distribution of investigated PFAS in the study population. Distribution of L-PFOS (median 5.10 ng/mL, IQR 3.50-7.24 ng/mL),

PFOA (median 2.14 ng/mL, IQR 1.60-3.0 ng/mL), PFHXS (median 5.5 ng/mL, IQR 2.50-11.61 ng/mL), and PFDA (median 0.34 ng/mL, IQR

0.25-0.45 ng/mL) plasma concentrations in the POEM cohort.
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Fig.2 Association between serum concentrations of total cholesterol across thirteen lipoprotein subfractions and L-PFOS, PFOA, PFHxS,
and PFDA following multiple adjustment and multiple correction. Beta coefficient intercepts are shown together with 95% confidence
interval lines where the black dots indicate statistically significant associations (Prpg < 0.05) and white dots non-significant associations,
respectively. The estimated beta-coefficients () are provided to the right of each row in the forest plot.

saturated fatty acids, monounsaturated fatty acids, polyunsatu-
rated fatty acids, omega-6 fatty acids, linoleic acids, omega-3 fatty
acids, and lastly docosahexaenoic acid (DHA). Similar results were
also observed for associations with PFOA (Fig. 5). Plasma PFHxS
and PFDA concentrations followed a similar trend and were found
to be significantly positively associated with six out of nine of the
composite fatty acid profiles.

An evaluation of the associations between plasma PFAS and
five composite phospholipid profiles shows that L-PFOS, PFOA,
PFHxS, and PFDA were positively associated with sphingomye-
lins, total cholines, phosphatidylcholines, and total phosphogly-
cerides (Fig. 6). No significant association was observed
between any of the four PFAS and the ratio of triglycerides/
phosphoglycerides.

Lastly, when a PFAS*sex multiplicative interaction term was
included in the models described above to test for major sex-
differences, no such significant sex-interactions were found
following p value correction with Prpg < 0.05.

DISCUSSION

In this cohort, consisting of middle-aged men and women in
Sweden, L-PFOS, PFOA and PFDA concentrations were consis-
tently positively associated with serum concentrations of choles-
terol in lipoproteins subfractions, apolipoproteins, as well as
composite fatty acid- and phospholipid profiles. Moreover,

SPRINGER NATURE

associations were found to be the most consistent for L-PFOS,
PFOA, and PFDA with total cholesterol in small HDL, IDL and small,
medium, and large LDL lipoprotein subfractions. Interestingly,
none of the evaluated cholesterol in lipoprotein subfractions
studies showed significant association with plasma PFHxS
concentrations. Triglycerides in lipoprotein subfractions showed
null to weak associations with all PFAS. The apolipoproteins (ApoB
and ApoA1) and the composite fatty acid and phospholipid
profiles were, to a large extent, positively associated with plasma
PFAS concentrations. By performing an in-depth characterization
of circulating cholesterol and triglycerides in lipoprotein subfrac-
tions, apolipoprotein, fatty acid, and phospholipid concentrations,
this study has expanded upon the limited literature available on
the associations of plasma PFAS concentrations beyond routine
clinical lipid markers as reported in previous studies.

Total cholesterol in small, medium, and large lipoprotein
subfractions was found to be positively associated with PFAS
exposure, with the most consistent association observed for
L-PFOS and PFOA. These findings agree with findings from
multiple cross-sectional and longitudinal studies concerning
associations of clinical routine laboratory lipid testing, where
associations of PFAS with LDL-cholesterol or total cholesterol has
been consistently observed in >20 discrete populations
[9-13, 15-18, 20, 25, 26]. In recent cross sectional and longitudinal
studies of associations between PFOS, PFOA and PFHxS and serum
lipids in large Swedish adult populations with and without

Journal of Exposure Science & Environmental Epidemiology (2023) 33:757 - 765



Triglycerides in lipoproteins vs L-PFOS
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Fig.3 Association between serum concentrations of triglycerides across thirteen lipoprotein subfractions and L-PFOS, PFOA, PFHxS, and
PFDA following multiple adjustment and multiple correction. Beta coefficient intercepts are shown together with 95% confidence interval
lines where the black dots indicate statistically significant associations (Pgpg < 0.05) and white dots non-significant associations, respectively.
The estimated beta-coefficients () are provided to the right of each row in the forest plot.

contaminated drinking water, positive associations between PFAS
exposure and total cholesterol and LDL were reported [9, 16].

Elevated LDL-cholesterol has been reported to play a central
role in atherogenesis and is independently associated with
increased risk of cardiovascular disease in observational studies.
Further, differences among the LDL-cholesterol containing lipo-
protein subfractions have also been reported, showing that small
LDL- cholesterol subfractions are associated with a greater
cardiovascular disease (CVD) risk than large LDL [27, 28]. This
difference is attributed to the higher affinity of small LDL to the
LDL receptors, greater binding potential to intra-arterial proteo-
glycans, and higher susceptibility to oxidation [29-31] as
compared to large LDL. Since the introduction of statins 2-3
decades ago and the documented efficacy of those agents [32],
the use of statin treatment have increased substantially and
reduced the incidence rate of myocardial infarction. Thus, this
medical intervention has clearly shown the importance of keeping
LDL-levels low in the population.

We also found that PFAS were related to cholesterol content of
small HDL, but not consistently to the content in medium, large,
and very large HDL except for PFDA that was significantly
associated with all four total cholesterol in HDL subfractions. In a
study evaluating a detailed lipoprotein analysis and future CVD
[33], it was mainly the large HDL particles, not the small HDL

Journal of Exposure Science & Environmental Epidemiology (2023) 33:757 - 765

particles, that were negatively related to myocardial infarction and
stroke. Thus, if the relationships observed in the present study are
causal, the somewhat paradoxical increase in HDL associated with
PFAS levels may not have any protective impact on future CVD
since PFAS increase the levels of HDL particles not being
protective for CVD. So far, mixed results have been reported in
the literature regarding PFAS levels and CVD in population-based
studies [34-43].

We found weak to null evidence for an association between
triglycerides in 13 lipoprotein subfractions with the studied PFAS.
Similar results have also been reported in other epidemiological
studies adults [1, 9, 10]. We found positive associations of PFAS
with Apo B and Apo A1. These results in agreement with previous
studies of adults and adolescent populations [20, 25, 44]. In a
study of National Health and Nutrition Examination Survey for
2007-2014, it was also found that the association of PFAS and Apo
B was more pronounced in nondiabetic patients who are not
taking lipid-lowering medications [44]. Apolipoproteins play an
important role in lipid metabolism by increasing lipid solubility
and participating in uptake, assembly, and clearance of lipids. Due
to these aspects, apolipoproteins have been considered to have a
possible role in the development of CVD, making the association
between PFAS and these molecules important in the evaluation of
the potential risk of PFAS to human health. Apo B is known to be

SPRINGER NATURE
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Apolipoproteins vs L-PFOS
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Fig. 4 Association between serum concentrations of individual apolipoproteins (Apo B and Apo A1) and the ratio of Apo B/Apo A1 with
L-PFOS, PFOA, PFHxS, and PFDA following multiple adjustment and multiple correction. Beta coefficient intercepts are shown together
with 95% confidence interval lines where the black dots indicate statistically significant associations (Prpg < 0.05) and white dots non-
significant associations, respectively. The estimated beta-coefficients () are provided to the right of each row in the forest plot.
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Fig. 5 Association between serum concentrations of individual and composite fatty acid measures and L-PFOS, PFOA, PFHxS, and PFDA
following multiple adjustment and multiple correction. Beta coefficient intercepts are shown together with 95% confidence interval lines
where the black dots indicate statistically significant associations (Pgpg < 0.05) and white dots non-significant associations, respectively. The
estimated beta-coefficients (B) are provided to the right of each row in the forest plot.

primarily presented as the protein component of LDL, and Apo A1l
as the main protein component of HDL. Since these lipoprotein
subfractions have been associated with opposite characteristics in
CVD then the association of PFAS with Apo B to Apo A1 ratio (Apo
B/ApoA1) would be indicative as a risk factor. Although the current
study found positive associations between PFOS and PFOA with
both Apo B and Apo A1, none of the examined PFAS was
positively associated with the ratio of ApoB/ApoA1.

We observed positive associations of PFAS with composite fatty
acid profiles. Several previous studies of adult populations have
indicated that PFAS are associated with fatty acid metabolism
[45, 46] and the current study provides more insight into the
associations of four examined PFAS exposures with saturated and
several unsaturated fatty acid subclasses including mono- and
polyunsaturated fatty acids, linoleic acid, omega-6 and omega-3
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fatty acids as well as DHA. As all these fatty acids present different
functions in the organism based on their structure, chain length
and configuration, results from the current study suggest that the
association of PFAS with different fatty acids as particularly
important in the understanding the potential risk of PFAS to human
health. Most examined fatty acids are known to be essential as they
cannot be synthesized de novo due to the lack of necessary
enzymes and therefore, must be derived through diet. Some of
these fatty acids are derived from oily fish products that are also
known to accumulate PFAS [47, 48]. It could explain the significant
positive associations observed in the current study. Furthermore, the
present study examined the association between phospholipid
subfractions and PFAS exposure, indicating positive associations of
sphingomyelins, total cholines, phosphatidylcholines and total
phosphoglycerides with all four examined PFAS - L-PFOS, PFOA,
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Fig. 6 Association between serum concentrations of composite phospholipid measures and L-PFOS, PFOA, PFHxS, and PFDA following
multiple adjustment and multiple correction. Beta coefficient intercepts are shown together with 95% confidence interval lines where the
black dots indicate statistically significant associations (Prpg < 0.05) and white dots non-significant associations, respectively. The estimated
beta-coefficients (p) are provided to the right of each row in the forest plot.

PFHxS and PFDA. These findings agree with previous human as well
as experimental studies that propose that the penetration of PFASs
into the phospholipid bilayer of cell membranes and the disturbance
and detachment of phospholipids [49-51] may be one mechanism
by which PFAS are involved in lipid metabolism.

We also assessed sex differences in the association between
PFAS and lipid and lipoprotein profiles. Since the sample is not
very large, we would have run into severe power problems when
splitting the sample in two halves given that we needed to adjust
for 4*34 PFAS vs lipid and lipoprotein tests. Therefore, as an
alternative approach, we included a PFAS*sex multiplicative
interaction term in the models to test for major sex-differences,
but no such interaction was found to be significant. It would
however be warranted to perform a sex-stratified analysis in future
studies with larger sample size, since circulating levels of PFAS
could be different in men and women [52].

The strength of this study is the extensive characterization of
human lipid metabolism using a state of the art TH-NMR platform
in fasted blood samples, including lipid measures not reflected by
routine clinical lipid parameters which make this study unique in
comparison to previous studies. The limitations of this study
include small population size, the cross-sectional study design, as
well as the inability to account for potential confounders such as
food intake (dietary habits) and socio-economic position. Lastly,
POEM is an adult ethnically homogeneous cohort, limiting the
ability to generalize results across other populations and age
groups. Therefore, more research is needed to assess the
generalizability of our findings to new data, for example, including
a more diverse range of ages and ethnicities.

CONCLUSION

This study investigated the relationship between plasma PFAS
concentrations and a detailed characterization of human lipid
metabolism including concentrations of cholesterol and trigly-
cerides across lipoprotein subfractions, apolipoprotein sub-
classes, as well as fatty acid and phospholipid measures. We
observed that L-PFOS, PFOA and PFDA concentrations were
consistently positively associated with serum concentrations of
cholesterol in lipoproteins subfractions, apolipoproteins, as well
as composite fatty acid- and phospholipid profiles. Moreover,
associations were found to be the most consistent for L-PFOS,
PFOA, and PFDA with total cholesterol in small HDL, IDL
and small, medium, and large LDL lipoprotein subfractions.
Interestingly, none of the evaluated cholesterol in lipoprotein
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subfractions studies showed significant association with plasma
PFHxXS concentrations. Apolipoproteins (ApoB and ApoA1) and
the composite fatty acid and phospholipid profiles to a large
extent were positively associated with all four plasma PFAS
concentrations. Lastly, triglycerides in lipoprotein subfractions
showed null to weak associations with all four evaluated PFAS. In
conclusion, our findings draw attention to the need for more
detailed measurements of lipids across lipoprotein subfractions
in assessing the role of PFAS in lipid metabolism.
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The datasets generated and/or analysed in the current study are not publicly
available but are available from the corresponding author upon reasonable request.

REFERENCES

1. Schrenk D, Bignami M, Bodin L, Chipman JK, Mazo JD, Grasl-Kraupp B, et al. Risk
to human health related to the presence of perfluoroalkyl substances in food.
EFSA J. 2020;18:€06223.

2. Ahrens L, Bundschuh M. Fate and effects of poly- and perfluoroalkyl substances
in the aquatic environment: a review. Environ Toxicol Chem. 2014;33:1921-9.

3. Girardi P, Merler E. A mortality study on male subjects exposed to polyfluoroalkyl
acids with high internal dose of perfluorooctanoic acid. Environ Res
2019;179:108743.

4. Trowbridge J, Gerona RR, Lin T, Rudel RA, Bessonneau V, Buren H. et al. Exposure
to perfluoroalkyl substances in a cohort of women firefighters and office workers
in San Francisco. Environ Sci Technol. 2020;54:3363-74.

5. Papadopoulou E, Sabaredzovic A, Namork E, Nygaard UC, Granum B, Haug LS.
Exposure of Norwegian toddlers to perfluoroalkyl substances (PFAS): The asso-
ciation with breastfeeding and maternal PFAS concentrations. Environ Int.
2016;94:687-94.

6. Schaider LA, Balan SA, Blum A, Andrews DQ, Strynar MJ, Dickinson ME, et al.
Fluorinated compounds in U.S. fast food packaging. Environ Sci Technol Lett.
2017;4:105-11.

7. Winkens K, Giovanoulis G, Koponen J, Vestergren R, Berger U, Karvonen AM, et al.
Perfluoroalkyl acids and their precursors in floor dust of children’s bedrooms -
Implications for indoor exposure. Environ Int. 2018;119:493-502.

8. Li Y, Fletcher T, Mucs D, Scott K, Lindh CH, Tallving P, et al. Half-lives of PFOS,
PFHxS and PFOA after end of exposure to contaminated drinking water. Occup
Environ Med. 2018;75:46-51.

9. Li Y, Barregard L, Xu Y, Scott K, Pineda D, Lindh CH, et al. Associations between
perfluoroalkyl substances and serum lipids in a Swedish adult population with
contaminated drinking water. Environ Health. 2020;19:33.

10. Papadopoulou E, Nicolescu A, Haug LS, Husegy T, Deleanu C, Dirven H, et al.
Lipoprotein profiles associated with exposure to poly- and perfluoroalkyl sub-
stances (PFASs) in the EuroMix human biomonitoring study. Environ Pollut.
2022;308:119664.

SPRINGER NATURE

763



M. Haug et al.

764

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

SPRINGER NATURE

. Fitz-Simon N, Fletcher T, Luster MI, Steenland K, Calafat AM, Kato K, et al.

Reductions in serum lipids with a 4-year decline in serum perfluorooctanoic acid
and perfluorooctanesulfonic acid. Epidemiology. 2013;24:569-76.

. Geiger SD, Xiao J, Ducatman A, Frisbee S, Innes K, Shankar A. The association

between PFOA, PFOS and serum lipid levels in adolescents. Chemosphere
2014;98:78-83.

. Liu H-S, Wen L-L, Chu P-L, Lin C-Y. Association among total serum isomers of

perfluorinated chemicals, glucose homeostasis, lipid profiles, serum protein and
metabolic syndrome in adults: NHANES, 2013-2014. Environ Pollut. 2018;232:73-9.

. Zeng X-W, Qian Z, Emo B, Vaughn M, Bao J, Qin X-D, et al. Association of poly-

fluoroalkyl chemical exposure with serum lipids in children. Sci Total Environ.
2015;512-513:364-70.

. Blomberg AJ, Shih Y-H, Messerlian C, Jergensen LH, Weihe P, Grandjean P. Early-

life associations between per- and polyfluoroalkyl substances and serum lipids in
a longitudinal birth cohort. Environ Res. 2021;200:111400.

. Dunder L, Lind PM, Salihovic S, Stubleski J, Kérrman A, Lind L. Changes in plasma

levels of per- and polyfluoroalkyl substances (PFAS) are associated with changes
in plasma lipids - A longitudinal study over 10 years. Environ Res.
2022;211:112903.

. Lin P-ID, Cardenas A, Hauser R, Gold DR, Kleinman KP, Hivert M-F, et al. Per- and

polyfluoroalkyl substances and blood lipid levels in pre-diabetic adults—long-
itudinal analysis of the diabetes prevention program outcomes study. Environ Int.
2019;129:343-53.

. Canova C, Barbieri G, Zare Jeddi M, Gion M, Fabricio A, Dapra F, et al. Associations

between perfluoroalkyl substances and lipid profile in a highly exposed young
adult population in the Veneto Region. Environ Int. 2020;145:106117.

. Fenton SE, Ducatman A, Boobis A, DeWitt JC, Lau C, Ng C, et al. Per- and poly-

fluoroalkyl substance toxicity and human health review: current state of knowledge
and strategies for informing future research. Environ Toxicol Chem. 2021;40:606-30.
Averina M, Brox J, Huber S, Furberg A-S. Exposure to perfluoroalkyl substances
(PFAS) and dyslipidemia, hypertension and obesity in adolescents. The Fit Futures
study. Environ Res. 2021;195:110740.

Lind L. Relationships between three different tests to evaluate endothelium-
dependent vasodilation and cardiovascular risk in a middle-aged sample. J
Hypertens. 2013;31:1570-4.

Salihovic S, Karrman A, Lindstrom G, Lind PM, Lind L, van Bavel B. A rapid method
for the determination of perfluoroalkyl substances including structural isomers of
perfluorooctane sulfonic acid in human serum using 96-well plates and column-
switching ultra-high performance liquid chromatography tandem mass spec-
trometry. J Chromatogr A. 2013;1305:164-70.

Gyllenhammar |, Berger U, Sundstrém M, McCleaf P, Eurén K, Eriksson S, et al.
Influence of contaminated drinking water on perfluoroalkyl acid levels in human
serum-A case study from Uppsala, Sweden. Environ Res. 2015;140:673-83.
Stubleski J, Salihovic S, Lind PM, Lind L, Dunder L, McCleaf P, et al. The effect of
drinking water contaminated with perfluoroalkyl substances on a 10-year longitudinal
trend of plasma levels in an elderly Uppsala cohort. Environ Res. 2017;159:95-102.
Liu G, Zhang B, Hu Y, Rood J, Liang L, Qi L, et al. Associations of Perfluoroalkyl
substances with blood lipids and Apolipoproteins in lipoprotein subspecies: the
POUNDS-lost study. Environ Health. 2020;19:5.

FuY, Wang T, Fu Q, Wang P, Lu Y. Associations between serum concentrations of
perfluoroalkyl acids and serum lipid levels in a Chinese population. Ecotoxicol
Environ Saf. 2014;106:246-52.

Koba S, Yokota Y, Hirano T, Ito Y, Ban Y, Tsunoda F, et al. Small LDL-cholesterol is
superior to LDL-cholesterol for determining severe coronary atherosclerosis. J
Atheroscler Thromb. 2008;15:250-60.

Mora S, Szklo M, Otvos JD, Greenland P, Psaty BM, Goff DC, et al. LDL particle
subclasses, LDL particle size, and carotid atherosclerosis in the Multi-Ethnic Study
of Atherosclerosis (MESA). Atherosclerosis. 2007;192:211-7.

Feingold KR Introduction to Lipids and Lipoproteins. In: Feingold KR, Anawalt B,
Boyce A, Chrousos G, de Herder WW, Dhatariya K, et al., editors. Endotext. South
Dartmouth (MA): MDText.com, Inc.; 2000.

Cromwell WC, Otvos JD. Low-density lipoprotein particle number and risk for
cardiovascular disease. Curr Atheroscler Rep. 2004;6:381-7.

Ip S, Lichtenstein AH, Chung M, Lau J, Balk EM. Systematic review: association of
low-density lipoprotein subfractions with cardiovascular outcomes. Ann Intern
Med. 2009;150:474-84.

Baigent C, Keech A, Kearney PM, Blackwell L, Buck G, Pollicino C, et al. Efficacy and
safety of cholesterol-lowering treatment: prospective meta-analysis of data from
90,056 participants in 14 randomised trials of statins. Lancet. 2005;366:1267-78.
Holmes MV, Millwood 1Y, Kartsonaki C, Hill MR, Bennett DA, Boxall R, et al. Lipids,
lipoproteins, and metabolites and risk of myocardial infarction and stroke. J Am
Coll Cardiol. 2018;71:620-32.

Feng X, Long G, Zeng G, Zhang Q, Song B, Wu K-H. Association of increased risk
of cardiovascular diseases with higher levels of perfluoroalkylated substances in
the serum of adults. Environ Sci Pollut Res Int. 2022;29:89081-92.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

Wen X, Wang M, Xu X, Li T. Exposure to per- and polyfluoroalkyl substances and
mortality in U.S. Adults: a population-based cohort study. Environ Health Per-
spect. 2022;130:67007.

Schillemans T, Donat-Vargas C, Lindh CH, de Faire U, Wolk A, Leander K, et al. Per-
and polyfluoroalkyl substances and risk of myocardial infarction and stroke: a
nested case-control study in Sweden. Environ Health Perspect. 2022;130:37007.
Lind PM, Salihovic S, Stubleski J, Karrman A, Lind L. Changes in plasma levels of
perfluoroalkyl substances (PFASs) are related to increase in carotid intima-media
thickness over 10 years - a longitudinal study. Environ Health. 2018;17:59.
Osorio-Yanez C, Sanchez-Guerra M, Cardenas A, Lin P-ID, Hauser R, Gold DR, et al.
Per- and polyfluoroalkyl substances and calcifications of the coronary and aortic
arteries in adults with prediabetes: Results from the diabetes prevention program
outcomes study. Environ Int. 2021;151:106446.

Winquist A, Steenland K. Modeled PFOA exposure and coronary artery disease,
hypertension, and high cholesterol in community and worker cohorts. Environ
Health Perspect. 2014;122:1299-305.

Simpson C, Winquist A, Lally C, Steenland K. Relation between perfluorooctanoic
acid exposure and strokes in a large cohort living near a chemical plant. Environ
Res. 2013;127:22-8.

Huang M, Jiao J, Zhuang P, Chen X, Wang J, Zhang Y. Serum polyfluoroalky!
chemicals are associated with risk of cardiovascular diseases in national US
population. Environ Int. 2018;119:37-46.

Shankar A, Xiao J, Ducatman A. Perfluorooctanoic acid and cardiovascular disease
in US adults. Arch Intern Med. 2012;172:1397-403.

Honda-Kohmo K, Hutcheson R, Innes KE, Conway BN. Perfluoroalkyl substances
are inversely associated with coronary heart disease in adults with diabetes. J
Diabetes Complicat. 2019;33:407-12.

Jain RB, Ducatman A. Associations between apolipoprotein B and selected per-
fluoroalkyl substances among diabetics and nondiabetics. Environ Sci Pollut Res.
2021;28:13819-28.

Chen Z, Yang T, Walker DI, Thomas DC, Qiu C, Chatzi L, et al. Dysregulated lipid
and fatty acid metabolism link perfluoroalkyl substances exposure and impaired
glucose metabolism in young adults. Environ Int. 2020;145:106091.

Salihovic S, Fall T, Ganna A, Broeckling CD, Prenni JE, Hyétyldinen T, et al. Iden-
tification of metabolic profiles associated with human exposure to perfluoroalkyl
substances. J Expo Sci Environ Epidemiol. 2019;29:196-205.

Akerblom S, Negm N, Wu P, Bishop K, Ahrens L. Variation and accumulation
patterns of poly- and perfluoroalkyl substances (PFAS) in European perch (Perca
fluviatilis) across a gradient of pristine Swedish lakes. Sci Total Environ. 2017;599-
600:1685-92.

Augustsson A, Lennqvist T, Osbeck CMG, Tibblin P, Glynn A, Nguyen MA, et al.
Consumption of freshwater fish: a variable but significant risk factor for PFOS
exposure. Environ Res. 2021;192:110284.

Dassuncao C, Pickard H, Pfohl M, Tokranov AK, Li M, Mikkelsen B, et al. Phos-
pholipid levels predict the tissue distribution of poly- and perfluoroalkyl sub-
stances in a marine mammal. Environ Sci Technol Lett. 2019;6:119-25.

Nouhi S, Ahrens L, Campos Pereira H, Hughes AV, Campana M, Gutfreund P, et al.
Interactions of perfluoroalkyl substances with a phospholipid bilayer studied by
neutron reflectometry. J Colloid Interface Sci. 2018;511:474-81.

. Jing P, Rodgers PJ, Amemiya S. High lipophilicity of perfluoroalkyl carboxylate

and sulfonate: implications for their membrane permeability. J Am Chem Soc.
2009;131:2290-6.

Jain RB, Ducatman A. Serum concentrations of selected perfluoroalkyl substances
for US females compared to males as they age. Sci Total Environ. 2022;842:156891.

ACKNOWLEDGEMENTS
We greatly acknowledge the contribution of the POEM research study participants for
their involvement.

AUTHOR CONTRIBUTIONS

PML, LL and SS designed the study. LL and SS secured funding for the study. S.S. analyzed
the sample. SS and LL analyzed the data. MH and SS drafted the manuscript and LD, ML,
LL, and critically revised the manuscript. LL and SS are the guarantors of the study.

FUNDING

This study received funding from the Swedish Research Council for Environment,
Agricultural Sciences and Spatial Planning (FORMAS) under grant number 2015-756.
Open access funding provided by Orebro University.

COMPETING INTERESTS

The authors declare no competing interests.

Journal of Exposure Science & Environmental Epidemiology (2023) 33:757 - 765



ETHICS APPROVAL AND CONSENT TO PARTICIPATE
The study was approved by the ethics committee at Uppsala University (No. 2009/057
and No. 2012/143), and all the participants gave their informed consent.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to Samira Salihovic.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Journal of Exposure Science & Environmental Epidemiology (2023) 33:757 - 765

M. Haug et al.
Open Access This article is licensed under a Creative Commons
BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

SPRINGER NATURE

765


http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Associations of perfluoroalkyl substances (PFAS) with lipid and lipoprotein profiles
	Background
	Methods
	Study participants
	PFAS analysis
	Lipid, lipoprotein, and apolipoprotein analyses
	Statistical analysis

	Results
	Discussion
	Conclusion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ACKNOWLEDGMENTS
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




