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BACKGROUND: Associations between per- and polyfluoroalkyl substances (PFAS) and blood lipid levels in humans were mixed.
OBJECTIVES: The objective of this meta-analysis was to summarize associations between PFAS and blood lipids in adults.

METHODS: A literature search was conducted on PubMed and Web of Science for articles published through 13 May 2022 that examined associations
between PFAS and blood lipids, including total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol
(LDL-C), and triacylglycerols (TGs). Inclusion criteria included the presence of associations between five PFAS (PFOA, PFOS, PFHxS, PFDA, and
PFNA) and four blood lipid measures (TC, HDL-C, LDL-C, and TGs) in adults. Data on study characteristics and PFAS-lipid associations were
extracted. Assessments of individual study quality were performed. Associations of changes of blood lipid levels corresponding to 1 interquartile
range (IQR)-unit increase of blood PFAS levels were pooled using random effects models. Dose-response relationships were examined.

RESULTS: Twenty-nine publications were included in the present analyses. Every IQR increase of PFOA was significantly associated with a 2.1-mg/dL
increase in TC (95% CI: 1.2, 3.0), a 1.3-mg/dL increase in TGs (95% CI: 0.1, 2.4), and a 1.4-mg/dL increase in LDL-C (95% CI: 0.6, 2.2). PFOS was also
significantly associated with TC and LDL-C levels, and the corresponding values were 2.6 (95% CI: 1.5, 3.6) and 1.9 (95% CI: 0.9, 3.0), respectively.
Associations of PFOS and PFOA with HDL-C levels were largely null. For minor PFAS species, PFHxS was significantly associated with higher levels of
HDL-C [0.8 (95% CI: 0.5, 1.2)]. Inverse associations were observed between PFDA and TGs [—-5.0 (95% CI: —8.1, —1.9)] and between PFNA and TGs
[—1.7 (95% CI: —3.5, —0.02)], whereas a positive association was observed between PFDA and HDL-C [1.4 (95% CI: 0.1, 2.7)]. Nonsignificant nonlinear
dose-response relationships were identified for associations of PFOA and PFOS with certain blood lipids.

DiscussioN: PFOA and PFOS were significantly associated with TC and LDL-C levels in adults. Whether these findings may translate into an ele-

vated cardiovascular disease risk associated with PFAS exposure warrants further investigation. https://doi.org/10.1289/EHP11840

Introduction

Per- and polyfluoroalkyl substances (PFAS) are chemicals that are
widely used in numerous consumer and industrial products and are
highly persistent in the environment and human bodies.! Since the
early 2000s, many countries have implemented laws and regula-
tions to reduce the production of PFAS, although production con-
tinues in other countries.” PFAS are now ubiquitous in the
environment through transportation in the hydrologic cycle, caus-
ing deleterious effects in the environment and on human health at a
global scale.® Of potential adverse health effects, it is well under-
stood that PFAS, owing to their structural resemblance of lipid
molecules, may disrupt human lipid metabolism by activating nu-
clear receptors, such as peroxisome proliferator-activating receptor
alpha (PPAR).4% Blood lipids are potential causal risk factors for
cardiovascular disease (CVD).”® Many epidemiological studies
have been conducted to examine potential associations between
PFAS exposure and blood lipid levels, including total cholesterol
(TC), high-density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C), and triacylglycerols (TGs) in
human populations, although the findings were noticeably
mixed.”~!? Previous reviews on this topic were largely qualitative
narratives and thus were not able to provide a quantitative
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overview and summary of associations between PFAS and blood
lipid levels.!3-16

To fill this knowledge gap, we conducted a meta-analysis to
summarize associations between PFAS exposure and human
blood lipid levels in adults. In light of the dramatic variations in
PFAS exposure levels across different studies, we also specifi-
cally examined associations by baseline PFAS levels and con-
ducted a dose-response meta-analysis to examine whether the
associations of interest may depend on PFAS exposure levels.

Methods

Data Sources and Searches

This meta-analysis was conducted under a predefined protocol,
and the Meta-analyses Of Observational Studies in Epidemiology
(MOOSE) guideline was followed.!” Studies published before 13
May 2022 were examined, with language restricted to English.
Two researchers (B.L. and L.Z.) independently searched PubMed
and Web of Science using search terms for titles and abstracts. The
search terms were built based on the terms used in review by Bull
et al. on PFAS,'® which included a combination of relevant subject
headings and text words of blood lipid types (such as “cholesterol,”
“HDL,” “LDL”), lipid disorders (such as “dyslipidemia”) and
PFAS (such as “PFAS,” “PFOS,” “perfluoro-" ). In PubMed, the
literature was searched using “((perfluoro” OR pfos OR pfas OR
pfoa OR fluorotelomer alcohol [Title/Abstract])) AND (lipid* OR
cholesterol OR triglyceride OR hdl OR 1d1 OR hdl to total choles-
terol ratio OR hdl/total cholesterol ratio OR high-density lipopro-
tein OR low-density lipoprotein OR lipoprotein OR dyslipidemia
OR hypercholesterolemia [ Title/Abstract]).” In Web of Science, the
literature was searched using “Topic = (perfluoro * OR pfos OR
pfas OR pfoa OR fluorotelomer alcohol)” AND “Topic = (lipid *
OR cholesterol OR triglyceride OR hdl OR 1dl OR “hdl to total
cholesterol ratio” OR “hdl/total cholesterol ratio” OR “high density
lipoprotein” OR “low density lipoprotein” OR lipoprotein OR
dyslipidemia OR hypercholesterolemia)”.
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Study Selection

The search results from PubMed and Web of Science entered a pri-
mary round of screening using a key word search on titles to
exclude animal studies and studies solely focused on toxicology
and biological pathways and to include studies mentioning lipids
and lipid-related disorders. The abstracts of the studies that
remained were reviewed by two researchers (B.L. and L.Z.), inde-
pendently, to identify studies that provided valid data of associa-
tions of interest. Any disagreements between the two researchers
about study selection were resolved through discussions with the
senior author if needed. Inclusion criteria included the presence of
original results of associations between at least one of five subtypes
of PFAS [perfluorooctanoic acid (PFOA), perfluorooctanesulfonic
acid (PFOS), perfluorohexanesulfonic acid (PFHxS), perfluorono-
nanoic acid (PFNA), and perfluorodecanoic acid (PFDA)], and at
least one of four blood lipid measures (TC, HDL-C, LDL-C, and
TGs). There was no restriction on the calendar time or background
PFAS exposure route/levels (e.g., professional exposure or not).

Data Extraction

Two researchers (B.L. and L.Z.) extracted the data on study char-
acteristics to Microsoft Excel, including publication year, study
location, study population, study design, funding sources, age,
sex, body mass index (BMI), distribution of blood PFAS and
blood lipids, study estimates (e.g., B coefficients) of associations
of interest, and variables adjusted.

Data Synthesis and Analysis

The measure of associations in this meta-analysis was differences of
blood lipid level corresponding to 1 interquartile range (IQR)-unit
increase of blood PFAS exposures. For studies that examined the
associations of interest using linear regressions on the untrans-
formed original scales of PFAS and blood lipids, we derived the
regression coefficient and standard error (SE) corresponding to the
IQR increment of PFAS. Changes of lipid per IQR increase in PFAS
level (A) was calculated as A = 3 X IQRpras, Where B is the reported
mean change in lipid level per 1-unit increase in PFAS, holding all
other covariates in the model constant, and /QRpgxs is the IQR of
PFAS level in the study population. For studies that examined log-
transformed exposures or outcomes, we derived a formula to ap-
proximate the estimates of associations that would be calculated
based on the original scales of PFAS and blood lipids. Specifically,
when only PFAS was log-transformed and lipid was in original scale
in the model, A= BXIOR o (pras). Where B is the reported mean
lipid changes per 1-unit increase in log(PFAS), holding all other
covariates in the model constant, and /QR g (pras) is the IQR of log
(PFAS) level in the study population. When only lipid was log-
transformed and PFAS was in original scale, we approximated
A=Y X BXIORprss, Where Y is the mean level of original-scaled
lipid in the study population, 3 is the reported mean changes in log
(lipid) per 1-unit increase in PFAS, holding all other covariates in
the model constant, and IQRppas is the IQR of PFAS level in the
study population. When both lipid and PFAS were log-transformed,
we approximated A=Y X BXIOR o, (pras), Where Y is the mean
level of original-scaled lipid in the study population, B is the
reported mean changes in log(lipid) per 1-unit increase in PFAS,
holding all other covariates in the model constant, and IQR o (pras)
is the IQR of log(PFAS) level in the study population. IQR of log-
transformed lipids or PFAS, if not reported, were calculated based
on the reparameterization formula published elsewhere.'® Full for-
mula derivation processes are listed in the Supplemental Material,
“Supplemental 2. Risk conversion methodology.” To facilitate com-
parisons across different studies, we also standardized the units for
both PFAS (in nanograms per milliliter) and blood lipids (in
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milligrams per deciliter) so that estimates from different studies had
the same interpretation. Studies that reported incomplete or non-
transformable data, or only reported logistic regression coefficients,
were further excluded owing to difficulties in transformation.

In our statistical analyses, we pooled study-specific estimates
using random effects models. To reduce the impact by extremely
diverse PFAS exposures in different studies, the analyses were
stratified by mean PFOA (>100ng/mL, <100ng/mL) and by
mean PFOS (>20ng/mL, <20 ng/mL) levels. We produced forest
plots to visualize estimates and corresponding 95% confidence
intervals (Cls) across studies. Heterogeneity between studies was
assessed using Cochrane Q statistics and the I statistic, and
p <0.05 indicated statistical significance. Cumulative meta-analysis
and leave-one-out analyses were conducted to examine any studies
with significant influence on the overall results. Secondary analyses
excluding industrially funded studies or longitudinal studies were
performed. We also conducted meta-regression analyses to explore
factors that might potentially account for the observed heterogeneity,
including sex (percentage of males), mean age (years), study
design (longitudinal vs. cross-sectional), region (U.S. vs. others),
year of blood collection (after 2010 vs. before 2010), number of
variables adjusted, funding source of the study (industry vs.
others), and mean PFAS level (in nanograms per milliliter). In
addition, we created Begg’s funnel plots to investigate potential
publication bias for each association, and used Egger’s test to
obtain p-values for significance. Trim-and-fill analysis was fur-
ther conducted if publication bias was detected. Furthermore, to
evaluate potential nonlinear dose-response relations between
PFOS, PFOA, and lipid changes, we used meta-regression with
study effect size as the outcome and restricted cubic spline terms
of mean PFAS levels as the independent variable (number of
knots = 3).2° We used Wald tests to obtain p-values for nonlinearity
as the significance of restricted cubic spline terms, and p-values for
linearity as the significance of linear term.

All statistical tests in our analyses were two-sided and used a
significance level of p < 0.05. All analyses were conducted using
Stata (version 16; StataCorp) and R (version 4.0.3; R Development
Core Team).

Results

Included Studies and Baseline Characteristics

A detailed flow chart of literature selection process with number
of publications at each step is shown in Figure S1. Through key
word searching and abstract review of potentially eligible studies,
105 publications of longitudinal or cross-sectional studies that
assessed the association between blood PFAS exposure and
human blood lipid level were retained for further review. Studies
that were not original (n=10) or did not provide values of PFAS
or lipid measurements (n=28) were excluded. Studies among
children (<18 years of age) were also excluded (n=24). During
data extraction stage, studies that only reported logistic regres-
sion coefficients were further excluded owing to difficulties in
transformation (n=3),21"2*> along with studies that reported
incomplete or nontransformable data (n=11).>43* After thor-
ough screening, 29 publications, which gave rise to 360 data
points from an estimated >80,500 participants, were identified
and included in this meta-analysis. Of the 29 studies, 4 were lon-
gitudinal investigations, and others were cross-sectional studies.
Table 1 summarizes the characteristics of each study included
in the meta-analysis. Blood PFOA levels were measured in 28
studies, and only 21 studies measured blood PFOS levels. Fewer
studies examined PFHxS (n=15), PFDA (n=7), and PFNA
(n=12). High levels of mean PFOA (>100 ng/mL) were observed
in 9 studies and high levels of mean PFOS (>20ng/mL) were
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observed in 7 studies that enrolled workers with professional expo- gl - —-- -—=zes|gdY
sure history to PFAS or residents living near PFAS plants. Blood ¥l 92 288 2234|5s
levels of TC were measured in most studies, HDL-C were meas- Sl Zn Cwe aA3d|E3
ured in 23 studies, and only 21 studies examined LDL-C and TGs. gl 22 228 2779 GE
8 — o _cwmo soazx|iE
Ol E| fTE€ISZ223235|5¢8
PFAS, Lipids, and Subgroup Results é n n E‘é
Table 2 summarizes the associations of interest across all studies % E S
and also in subgroups defined by average baseline PFAS levels. A El wa mee sec=~|%E g
summary of individual data points (effect size + SE) in each study g 20 Sin o pun =N
can be found in Table S1. Figure 1A shows that, overall, per IQR S Q“é g
increase of blood PFOA, exposure was significantly associated gg
with higher levels of TC, TGs, and LDL-C, with modest-to-high I =3
heterogeneity across studies (I” ranging from 59.6% to 87.9%; p S| 228 283 =%2%|5E
for heterogeneity <0.01). The pooled estimates were 2.1-mg/dL § S% was = : od : % 2
TC (95% CI: 1.2, 3.0), 1.3-mg/dL TGs (95% CI: 0.1, 2.4), and zl | 5| 55 S5 S5Sg|%¢
1.4-mg/dL LDL-C (95% CI: 0.6, 2.2) increment per IQR increase z g g § < g 5 5 5 5 é 2%
of blood PFOA levels. For HDL-C, the effects were not significant g Q E = SE3sSR8sS s~ ‘gfg
in either high- or low-exposure groups. The associations between HE T T :i o
PFOA and blood lipid levels seemed to be stronger among highly 3 = = 25
exposed populations, except for HDL-C and LDL-C. However, the “g & 2%
differences in effect size between the high- vs. low-PFOA groups § g ﬁ ﬁ ﬁ “ 'ﬁ T [ﬁ ? “ Eﬂé
did not reach significance, except for TGs. o E == oz %= zz = J £ )
Similar positive associations were observed between PFOS e z A g g
and blood lipids (Figure 1B). Overall, a per IQR increase of £ Eé 2
blood PFOS exposure was significantly associated with higher % _ - N = Z
levels of TC [2.6 mg/dL (95% CI: 1.5, 3.6)], and LDL-C 9 S| 22 —g E ® % § 2|2 g =
[1.9 mg/dL (95% CI: 0.9, 3.1)], with significant heterogeneity 8 Bl Za F<T SeTifsk 2
2 . A . Q 7 TN 16 o O o L] g .- 2
(I* ranging from 74.2% to 92.6%; p for heterogeneity <0.01). g g 92 L2 ZZIZ|=E 3
There were insignificant associations between PFOS and HDL-C. g Bl =L 4L LLILIlES 2
For TC and LDL-C, the associations were stronger in the high- i o .“E: f i 3 § 2 § S i § § [3: g é %J
exposure group. None of the differences in associations between g|F R Y g
the high- vs. low-PFOS groups reached statistical significance. 3 = = i g
Figure S2 shows associations for PFHxS, PFDA, and PFNA. %D K £ % g
Increased exposure to PFHxS was positively associated with E Sl . S Q<2 g8d%a %é =
higher levels of HDL-C [0.8 mg/dL (95% CL: 0.5, 1.2)]. An 3 = L 2 L 440 2158 2
inverse association was observed between PFDA and TGs [—5.0 = S “f ) =)
(95% CI. —8.1, —1.9)], whereas the association was positive 8 -"-é E Z
between PFDA and HDL-C [1.4 (95% CI: 0.1, 2.7)]. PENA was g _ g ; g
negatively associated with TGs [—1.7 (95% CI: 3.5, —0.02)]. g S| g% 2am =853|E¢8 g
For PFOA and PFOS, neither the exclusion of any single study = E M AYe Mo 5 g é
nor the addition of a single study by mean PFAS levels at a time g 3| 2 S g8 FS353| 8 -
substantially changed the main findings (Figures S3 and S4). We = 5] Le =ce cSlllfgs 2
. . . o k3} v — — vt oo x| 3 S V]
also conducted secondary analyses by excluding industrially £ Z| “< 84 4dnd353|7s 2
funded studies or longitudinal studies and the results remained per- Z12 i i sa B
sistent (Table S2). Furthermore, the heterogeneity among PFOS— é = = é 3 7
lipid studies could be explained jointly by variables considered in ‘L:’ $ E & S
the meta-regression to various degrees (R*>=0%-61.8%). For 'z 2 > ﬁ T ﬁ n "T; Tl E § o
example, cross-sectional studies tended to report stronger associa- E s zZS= =zZzz ; ki £
tions of interest. Age, study design, and number of covariates g Z é% 8
adjusted in the original analysis were significant predictors of study g 2z %"
estimates in some PFOS-lipid associations, such as the PFOS— 5 5% o~ % § z
HDL-C association. Heterogeneity among PFOA-lipid studies, - EEZ Z2¢ £Z £
. . =1 o o 8 = o S > s
however, was not well explained by these variables (Table S3). : 8= - e £ = 5
Dose—Response Meta-Analysis g S| £55 255 £Eg 8
S B e & 25 L o=
Figure 2 shows the dose-response relationship between PFOA or g °l 2 < L g i g E %ﬁ . éj
PFOS and blood lipid levels. Given that the mean PFOA levels s £ £ = £ £ = e% 28 2
across different populations ranged from 2.3 to 10,126 ng/mL, 2 525 8HES O = %g Ve
we applied natural log-transformation to PFOA and PFOS values g TS A0ES 4O 28593
to accommodate all studies. We observed some potential dose— &2 ESEES
response relationships, such as between PFOS and HDL-C or g g " = gié -
PFOA and LDL-C, although none of the p-values for nonlinearity = gl g 2 L R
reached statistical significance (Table 3). = g1 & £ EEE|ZE284
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A1

A2

PFOA vs. LDL-C

PFOAvs.TC
Study name mean PFOA (ng/ml) Subgroup RE Weights ES [95% CI] Study name mean PFOA (ng/ml) Subgroup RE Weights. ES [95% CI]
High PFOA exposure (PFOA 2 100ng/mi) H glgh Pitz’Ah e]ngswﬁs(FFOA 2 100ng/mi) vasteon, 851
H Isen and Zobel (CG site 4630 e 28% 25[-6.01, 8.
Costaetal’! 10126 [ 12.4% 047[ 003, 091 2 %
Olsen and Zobel (CG site)** 4630 ——— 81% 0.87(-7.22, 8.96] Olsen and Zobel (Decatur site)’ 1890 _— 5.2% 4.10(-122, 941)
Olsen and Zobel (Decatur site)*® 1890 —e— 9.6% X R 11_5 Olsen and Zobel (Antwerp site)’ 1020 —_—y 6.8% 1.70(-2.92, 6.33)
Olsen and Zobel (Anwem site)”® 1020 e 10.5% 26(-1 Wang et al (workers)'" 21577 —_— 4.2% 2.73[-3.18, 8.63
aang e: a} (wor a ')s 2157.7 H .t 75% 23 21 [ MBZB!?'3 3% ;; Wang et al (residents)'" 3783 — 6.9% 2.77[-1.84, 7.38]
L &y MW 3aRiE sl e o S
Bazela ot at 624.7 i 6.31-1.88, 14.50 Batzela etal” 6247 ———  25% 3.36(-4.35,11.07)
Sakr et al (b) )‘“ 428 p— 11.6% 469( 1.76, 7.61 Sakr et al (b)’ 428 —— 61.4% 0.53[-1.01, 2.08]
o7 il % 213163, 5.90]
Ennetala 5 s H na% [ RE Model for Subgroup (Q = 3, df = 7, p = 0.89; 12 = 0.0%, * = 0.00) - 121( 0.0, 2.42)
RE Model for Subgroup (Q = 50, df = 9, p < .01; I = 92.9%, * = 31.68) - 335[-054, 7.23)
Low PFOA exposure (PFOA < 100ng/mi) Low PFOA exposure (PFOA < 100ng/mi) ;
Olsen etal* 955 -062(-5.27, 4.0 Canova et al (male)*® 838 Y 78% 136( 062, 2.09]
Canova et al (male)*® 838 2.05[ 1.25, 2.86] Canova et al (female)*® 36.9 - 7.9% 0.83[ 0.18, 1.47]
Cenove etal flemale)®® 369 2051 1.28, 2821 Steenland et al** 803 - 7.9% 349 294, 4.05]
Steenland et al*® 803 L] 450[ 389, 510 “
Dala Zuama a 262 —a—i S10l-985028 Dalla Zuanna et al 262 e 38% -8.09[-12.1,4.01)
196 i -1.85 [ -5.2 Tian et al®™® 196 o 7.1% 0.00[-1.43, 1.43]
L e( al (mgh exposuve} 86 - 261] 0. 05 5 16 Li et al (high exposure)*® 86 com o 6.3% 1.82[-0.24, 3.89]
Uetal fou exposure)*® 16 ey Y 5.41(-292,13.75] Lietal (low exposure)*® 16 —_— 4 8% 5.46(-1.58, 12.49]
e etal (e 7 — a0 4o sy Yooeta® 72 o EES.E
Enksen etal (women)”? 71 Ly 44% 3.40( 0.00, 6.80 Mietal 54 - 7.9% 0.551.0.09;:4.23)
a® 54 n 6.7% 0.81[ 0.45, 1.17] Linetal 49 —— 47% 356 029, 6.82)
Vuong el E ol 54 e 27% -0.88 [-6.50, 4.74] Cong et al (BMI<25)% 48 —.— 6.7% 2.61( 0.87, 4.35]
é‘o [ L BMI<25 43 Lo 4.2% 74%&)5[[ 325126 1222 Cong et al (BMI225)* 48 ——i 42% 464 1.02, 8.27]
ng et al (BMI<: 48 e 55% 18, 6. © o 0851~
Cong etal (BMI225)°* 48 —— 3.9% 609 2.18,10.01 :‘E_‘”":‘ﬁ“ e (Non-ob s 46 —_— 125 0.85[-7.74, 6.03]
Nt atar® P et 4941016, 872 ain and Ducatman (Non-obese males) 34 o 68% -1.60[-3.29, 0.08]
Jain and Ducatman (Non-obese males)*® 34 - 6.5% X X Jain and Ducatman (obese males) 34 [l 4.1% 4.22[ 050, 7.94]
Jain and Ducatman (obese males)™ 34 —.— 44% Y 7.96] Jain and Ducatman (Non-obese females)*® 25 ] 5.5% 0.35[-2.29, 3.00]
Jain and Ducatman (Non-obese 'ema\es) 25 e 43% 161[-1 90 5 12 Jain and Ducatman (obese females)** 25 ——— 4.4% 1.77[-1.69, 5.24]
Jain and Ducatman (obese females)** 25 —a— 41% -0.38 [ 4.0 7
Donat-Vargas et al’ 29 ——ri 23% 67313 7 000 Fanetal” 26 —— 63% 3.09( 1.04, 5.14]
Fanetal 38 o sa% 4.28] 197, 6.58] Starling et al (b)’ 23 — 4.2% 1.31[-2.31, 4.93]
Stariing et al ()" 23 — 3.9% 150(-2551, 5.51
RE Model for Subgroup (Q = 115, df = 18, p < 01.I2=695'/u,11=377) g 1.30( 0.22, 2.39]
RE Model for Subgroup (Q = 202, df = 23, p< 01 =920%, ¢ =571) * 211090, 332 " "
e = RE Model for All Studies (Q = 118, df = 26, p < .01; I* = 78.0%, +* = 2.12) L 2 140( 061, 2.19)
RE Model for Al Studies (Q = 272, df O1; = 87.9%, 1* = 3.52 241( 123, 300
Test for Subgroup e s S L d i* ! ! Test for Subgroup Differences: Qu = 0.20, df = 1,p = 0.6
r T | T 1 T T T T 1
-40.0 200 00 200 40.0 20 S0 o 100 20
ES ES
PFOA vs. HDL-C PFOA vs. TG
Study name mean PFOA (ng/mi) Subgroup RE Weights ES [95% CI] Study name mean PFOA (ng/mi) Subgroup RE Weights ES [95% CI]
High PFOA exposure (PFOA 2 100ng/mi) High PFOA exposure (PFOA 2 100ng/mi)
Costaetal”! 10126 @
Costa et al 10126 30.1% 092[-061, 244]
ool gz:g)x e Olsen and Zobel (CG site)™ 4630 45% 1029 [-12.33,32.91)
Olsen et al (93 group)™® 5000 Olsen and Zobel (Decatur site)*™® 1890 10.2% 1250 [ 0.87, 25.88]
Olsen and Zobel (CG site)*® 4630 Olsen and Zobel (Antwerp site)** 1020 19.2% 13.59[ 6.25,20.92]
Olsen and Zobel (Decatur sne] 1890 Wang et al (workers) 2157.7 47% 11.61[-10.64, 33.85]
Olsen and Zobel (Antwerp site)*® 1020 Wang et al (residents)'" 378.3 6.3% 11.77[-6.87, 30.42]
Gililand and Mandef®; 3300 [ —— Sakr etal (a)* 1130 6% 2241698, 21.46]
Wangelal }wor:ersl) 0 2157.7 Sakr etal (b 428 19.1% 323(-4.15,1061)
/ang et al (residents) 3783
Sakretal (a)”7 1130
Batzella et aly] 624.7 SoRL Las 120
Sakr et al (b) 428 Low PFOA exposure (PFOA < 100ng/mi)

RE Model for Subgroup (Q = 17, df = 12, p = 0.14; = 3.9%, * = 0.02)
Low PFOA exposure (PFOA < 100ng/ml)

Olsen etar* 955
Csnova etal (male) 838
Canova et al (lemale) 36.9
Steenland et al** 803
Dalla Zuanna et al™* 262

i 2 196
Lietal (high exposure)** 86
Lietal (low exposure)® 16
Yang et al” 72
Mietal™ 54

inetal" 49
Cong et al (BMI<25)%% 48
Cong et al (BMI225) 48

etal®® 46
Jain and Ducatman (Non-obese males)*®
Jain and Ducatman (obese males)**
Jain and Ducatman (Non-obese females)**

Fan et al
Starling et al (b)"

34
34
25

Jain and Ducatman (obese females)™ 25
26
23
1

Starling et al (a)**

RE Model for Subgroup (Q = 116, df = 20, p <.01; I = 87.2%, ¥* = 0.73)

RE Model for Al Studies (Q = 141, df = 33, p < 0
Test for Subgroup Differences: Qy = 3.32, df =

76.6%, 2= 0.47)
o7

r T T T
200 150 100 5.0 00 50 100
ES

0.16[-0.18, 0.50]

-
—_—
[ —
—e—i
—_—
—_—
—_————
——t
RE Model for Subgroup (Q = 16, df = 7, p = 0.02; I = 55.1%, +* = 23.02) -
Canova et al (male)*® 838 - 95% 2.86[ 143, 4.29]
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Figure 1. (A1-A4) Forrest plot of pooled estimates of increment (95% CI) of lipids per IQR increase of PFOA, overall and stratified by PFOA level
(>100ng/mL, <100ng/mL), using random effects models. (B1-B4) Forrest plot of pooled estimate of increment (95% CI) of lipids per IQR increase of
PFOS, overall and stratified by PFOS level (>20ng/mL, <20ng/mL), using random effects models. Note: CI, confidence interval; ES, effect size; HDL-C,
high-density lipoprotein cholesterol; IQR, interquartile range; LDL-C, low-density lipoprotein cholesterol; PFOA, perfluorooctanoic acid; PFOS, perfluoroocta-

nesulfonic acid; RE, random effects; TC, total cholesterol; TG, triacylglycerol.

Assessment of Publication Bias

Both visual inspection and the results from Eggers’ tests did not
indicate possible publication bias of PFOA-lipids or PFOS-lipids
studies selected (Figure S5). Potential publication bias was
identified only in the associations between the PFDA and HDL-C
and PFDA and TGs, although the findings remained largely
unchanged in the trim-and-fill analyses (Figure S6).

Discussion
Study Findings

Our analysis summarized results from 29 epidemiological studies
and suggested that, overall, PFOA and PFOS were positively asso-
ciated with certain blood lipid measurements, especially TC, TGs,
and LDL-C, and significant heterogeneity was detected for most of
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the associations. The relationships between other PFAS and lipids
were less clear, but the data were relatively sparse. Some of the
positive associations between PFAS and blood lipids might poten-
tially be dose dependent, although the nonlinearity tests did not
achieve statistical significance. To our knowledge, the present
study provides, thus far, the most comprehensive quantitative sum-
mary on the association between PFAS and blood lipids.

Notably, the associations identified in the meta-analysis are
broadly consistent with previous narrative reviews.!>!'® Both
PFOA and PFOS exposures were consistently linked to higher
blood TC and LDL-C levels across studies with different PFAS
exposures. Of note, studies that examined PFAS and blood lipids
repeatedly over time also found a significant correlation between
PFOA and TC levels.?%-31:3%41 In contrast, in occupational stud-
ies, null associations between PFOA/PFOS and HDL-C levels
were observed,!0-30-37:38:4043 \whereas in general populations, a

131(5) May 2023



B1

B2

PFOSvs.TC PFOS vs. LDL-C
Study name mean PFOS (ng/ml) Subgroup RE Weights ES [95% CI) Study name mean PFOS (ng/ml) Subgroup RE Weights ES [95% CI]
m’a’.ﬁﬁn’fﬁxﬁﬁm (PrOS Zingfm) 160 - 215% smta A O oo enposuie (REOSE 20nghn)
iy Lietal (high exposure)** 174( 0.03, 344
Olsen etar** 653 - 78% 1.98(-265. 661] 614 oh eposue) 10 =l 8% ! ]
Eriksen et al (men)' 36.1 —— 14% 12.50[ 0.50, 24.50] Lin etal 272 e 15% 1.59([-1.66, 4.83)
Eriksen et al (women)' 36.1 [ 9.6% 370(-0.35, 7.75] Netson et al® 253 . 28.3% 0.49[-0.69, 1.66]
Linetal® 272 - 16% 272[-084, 629]  Steenlandetal® 24 [l 321% 389( 349, 4.30]
Nelson et al*® 253 e 51% 7.51[ 153, 13.49] N _ o ar e 2.
S e ) a ] 430( 386, 474  REModelfor Subgroup (=34,dr=3, p < O = 85.9%,+*= 2.32) - 205( 0.35, 3.76]
° 19
Donat-Vargas ef of 20 g 48% 4.44[1061, 1.73) | oy PFOS exposure (PFOS < 20ng/ml)
RE Model for Subgroup (Q = 16, df = 7, p = 0.03; I = 30.9%, +* = 1.36) . 329( 185,473  Bawelaetal 156 e 24% 6.89( 1.12, 12.66]
Starii il (b)° —.— 3.04[-0.03, 6.11]
Low PFOS exposure (PFOS < 20ng/ml) g etal o) . 13 51% t |
Batzella et al® 156 34% 849 2.40, 14.58] Jain and Ducatman (Non-obese males) 15 1] 9% -0.33[-0.84, 0.18]
Vuong et al®® 133 = % 267(-7.84, 251 Jain and Ducatman (obese males)'* 15 - 84% 0.79(-0.29, 1.88]
Starling et al (b)* 13 - 57% 420 0.80, 7.61] Jain and Ducatman (Non-obese females)"* 74 - 85% -0.05[-0.98, 0.88]
Jain and Ducatman (Non-obese males)** 15 [] 81% -0.26(-0.84, 0.33]  Jain and Ducatman (obese females)®® 74 - 8.3% 122 0.08, 236)
Jain and Ducatman (obese males)** . 15 [ 7.9% 0.54[-0.35, 1.43] Tianetal® 105 - 7.9% -091[-2.28, 0.46]
Jain and Ducatman (Non-obese femiles)‘ 74 [} 7.9% 044[-058, 146]  Gong et al (BMI<25) 403 i 78% 346 204, 4.87)
Jsin and Ducatman (obese females) 74 n 7.7% 095[:028, 218 C oo muasy® 108 o 440( 034, 7.85]
Tian et al 105 e 59% ~3.84[-7.09,-0.79) o Y 203( 051, 356
Cong et al (BMI<25)% 103 - 7.2% 471[ 283, 6.60] Eanetel - 21 e 7.7% 03[ 051, 3.56)
Cong et al (BMI225)"" 103 e 53% 723[ 346,100  Yangetal 8 02%  -17.44[:30.16, 4.28]
Fanetal” 9.1 - 73% 259 0.86, 4.33] Mietal® 78 - 86% 278[ 1.89, 367)
Yang etal® 8 0.1% -27.06[-6222,28.11]  Canova etal (male)* 57 - 8.3% 468( 357, 5.79)
Mietal®® 78 - 8.1% 222[ 1.63, 2.80] Canova et al (female)** 36 . 85% 255( 154, 3.56]
Canova etal (mare)““ 57 L] 7.8% 5.06[ 3.86, 6.27) Li et al (low exposure)*® a8 ——i 1.9% 7.13[ 0.31,13.95]
Canova et al (female) " 36 L] 7% 4.27] 3.00, 5.54] Dalla Zuanna et al** 32 —e— 2.9% -1.95[-7.00, 3.11]
Li et al (low exposure 48 i 24% 848 0.46, 16.51]
vl % 235([-351, 8.21]
Dalla Zuanna et af 32 el S.0% ! | Re Move for Subgroup (Q = 135, af = 15, p < 01; = 88.3%, * = 3.08) 189( 0.85, 293]
RE Model for Subgroup (Q = 149, df = 16, p < 01; = 93.7%, ¥ = 6.79) * 239 0.93, 3.85)
RE Model for All Studies (Q = 258, df = 19, p < 01; I* = 92.6%, ¥* = 3.99) 1.94( 0.92, 2.96]
RE Model for All Studies (Q = 264, df = 24, p < .01; I2 = 90.9%, 1* = 4.56) + 255( 148, 361 Testfor Subgroup Differences: Q, = 0.02, df = 1, p = 0.89
Test for Subgroup Differences: Qy = 0.33, df = 1, p = 0.57 ! ! . T ¥ ¥ !
T T T T T T T 1 -40.0 -30.0 -200 -10.0 0.0 100 200
1000 -800 -600 400 -200 00 200 40.0 s
ES
PFOS vs. HDL-C PFOS vs. TG
Study name mean PFOS (ng/mi) Subgroup RE Weights ES [95% C1I) Study name mean PFOS (ng/mi) Subgroup RE Weights ES [95% CI]
High PFOS exposure (PFOS 2 20ng/ml) High PFOS exposure (PFOS 2 20ng/mi)
Lietal (high exposure)** 160 L 24.4% 0.94[0.19, 1.68] Li et al (high exposure)*® 160 - 29.3% -2.97[ -5.69,-0.25)
Olsen et al* 65.3 I 9.7% 0.39[-1.19, 1.97) Lin etal'® 272 bt 19.8% 8.97[ -0.69, 18.64]
Linetal® 272 e 16.8% 075181, 032) Steenland et al*? 224 = 30.3% 292 177, 4.07)
Nelson et aI*® 253 [ 6.9% 0.56 -1.39, 2.50] Donat-Vargas et al’ 20 .—t 20.7% -11.30 [ -20.34, -2.26)
@ 9
Pissniond et o 24 - 42.1% 0.1310.01,.0.28] RE Model for Subgroup (Q = 26, df = 3, p <.01; I = 93.9%, +* = 44.60) - 0.55( -7.78, 6.68]
RE Model for Subgroup (Q = 7, df = 4, p = 0.12; I2 = 53.8%, * = 0.19) - 0.24[:0.32, 0.80
odelfoe Subgroup 4 %2019) £ | Low PFOS exposure (PFOS < 20ng/mi)
Low PFOS exposure (PFOS < 20ng/ml) Vuong et al® 133 fa 06% 099[ -7.90, 5.92)
Batzella et al”’ 156 A — 5.1% 0.97-1.02, 2.96] Starling et al (b)** 13 L 19% -1.16[ -4.94, 262)
Staring et al (b)* 13 D —— 6.6% 182[087, 2.78] Jain and Ducatman (Non-obese males)** 15 [ ] 31.6% -0.75[ -1.68, 0.19]
Jain and Ducatman (Non-obese males)'s 15 - 7.3% 0.00[-0.19, 0.19] Jain and Ducatman (obese males)** 15 L] 10.7% -148[ -3.09, 0.12]
Jain and Ducatman (obese males)*® 15 - 7.2% 0.15[-0.15, 0.44] Jain and Ducatman (Non-obese females)** 74 - 5.8% -147( -364, 0.71)
Jain and Ducatman (Non-obese females)** 74 = 7.1% 031014, 0.76] Jain and Ducatman (obese females)™® 74 - 8.3% -2.68( 4.50, -0.86]
Jain and Ducatman (obese females)*® 74 . 7% 0.44[-0.15, 1.04] Tian et al®® 105 [ 97% 093 -261, 0.75)
e %5  —a—— 54% -2.05(-3.83,-0.28) Cong et al (BMI<25)"* 103 ——t 03% -2.16[-1243, 8.12)
Cong et al (BMI<25)™ 103 — 6.2% -1.26 [-2.51, -0.00] Cong etal (BMI225)" 103 e 0.2% 1151 -1.08,24.11)
Cong et al (BMI225)% 103 —_—_— 27% 0.00(-3.93, 3.93] Fanetal” 9.1 - 5.7% -0.73[ -2.94, 1.47)
Fanetal” 9.1 e % 0.84[0.22, 1.46] Yang etal™ 8 0% -31.08[-113.41,51.25)
Yang etal® 8 i 23% 2011246, 6.48] Mietal® 78 [ 1.9% 359( -0.25, 7.42)
Mietal® 78 —a— 6.8% -3.61(4.46, -2.76] Kishi etal® 6 He 16% -445[ -8.59,-031)
Canova et al (male)** 57 - 71% 0.84[043, 1.25] Canova et al (male)** 57 - 5.3% 0.00[ -2.28, 2.28)
Canova et al (female)*® 36 i 71% 205[153, 257] Canova et al (female)** 36 L] 14.7% -0.91( -2.28, 0.46]
Li et al (low exposure)*® 48 —_ 2% 214 [0.60, 4.89] Kobayashi et al"* 54 - 05% -14.21(-2143,-7.00]
Dalla Zuanna et a™ 32 49% 377[167, 587) Lietal (low exposure)‘® a8 — 02% -3.96(-17.17, 9.25)
Stariing et al (a)" 24 ——.— 62% 0.66[-0.57, 1.89) Starling et a (a)"* 24 . 11% 054 -4.44, 551]
RE Model for Subgroup (Q = 181, df = 16, p < 01; I = 96.5%, ¢* = 2.37) e 042039, 1.24] RE Model for Subgroup (0 = 31, df = 17, p = 0.02; = 0.0%, 1° = 0.00) ¢ =1.06[.-1.89,-0.64)
=81.d1= :2=2742%, 2=
RE Model for All Studies (Q = 189, df = 21, p < 01; I = 88.9%, 2 = 0.49) 033£0.05, 071 RE Model for All Studies (Q = 81, df = 21, p < .01; = 74.2%, * = 3.98) ' -0.99[ -2.16, 0.18)
Testfor Subgroup Differences: Qy = 0.05, df =1, p = 0.83 - . ! Testfor Subgroup Dierancas: Oy =079, df =1, p =037 :
r T T T T T T 1 f T T T T !
6.0 40 20 0.0 20 40 6.0 80 -150.0 -100.0 -50.0 0.0 50.0 100.0
- ES

Figure 1. (Continued.)

positive association was more likely to be observed.?*° Our
dose-response analyses and analyses stratified by PFOS/PFOA
exposure levels largely reflected these observations in previous
individual studies or narrative reviews. In addition, our dose—
response analyses also demonstrated potential nonlinear relation-
ships in PFOA-LDL-C and PFOS-HDL-C associations that were
not explained in previous reviews. These possible nonlinear asso-
ciations may underscore the complexity in PEAS-lipids associa-
tions, although further epidemiological and mechanistic studies
are needed to substantiate these findings.

Besides dose, cross-sectional study design and industrial fund-
ing may also explain part of the heterogeneity for PFOS-lipid stud-
ies. Even though industrial funding was not a significant factor in
meta-regression, the strength of its prediction still ranked second
among eight predictors in the models. Several previous studies
demonstrated potential effect modifications by sex?>4>48-:61: how-
ever, we did not find sex explaining the heterogeneity of PFAS—
lipid associations. Jain and Ducatman® also reported differential
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associations by adiposity level, although we were unable to explore
the role of obesity because the data on BMI were missing for 14
studies. In general, the majority of heterogeneity was still unex-
plained by these factors, especially for PFOA associations.
Nevertheless, it is worth noting that the associations were largely
consistent among nationwide representative samples in the U.S.
National Health and Nutrition Examination Survey (NHANES) at
the lower range of PFAS exposures.*>*’ Publication bias was also
spotted in a few PFAS-lipid associations, although results from the
trim-and-fill analysis did not support the notion that the publication
bias might explain our findings.

Clinical Significance

Blood lipids are causal risk factors for CVD. It is estimated that
each 1-mg/dL increase in LDL-C was associated with a 25%
increased risk of developing coronary heart disease (CHD).%?
Based on our findings, every 1-IQR increase in PFOA or PFOS
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Figure 2. Dose-response relation between (A1-A4) PFOA and (B1-B4) PFOS levels and blood lipid levels. Solid lines represent point estimates of changes of
lipids per 1-IQR increase in PFAS (Delta); dashed lines are 95% confidence intervals. Each solid dot represents a study included, and the density of their color
represent the sample sizes. A summary of individual data points (effect size + SE) in this plot can be found in Table S1. Note: HDL-C, high-density lipoprotein
cholesterol; IQR, interquartile range; LDL-C, low-density lipoprotein cholesterol; PFAS, per- and polyfluoroalkyl substances; PFOA, perfluorooctanoic acid;
PFOS, perfluorooctanesulfonic acid; SE, standard error; TC, total cholesterol; TG, triacylglycerol.

levels would be associated with a 37% and 54% increased risk of
developing CHD, respectively. Likewise, the risk of developing
CHD increased by 0.7% permg/dL increase in TG levels.%® In
contrast, HDL-C levels were robustly associated with a lower risk
of developing CHD.®*% 1t is difficult to extrapolate the present
findings regarding various blood lipids to potential changes in
CVD risk, and, as such, further studies are needed to directly
address associations between PFAS and CVD risk in longitudinal
studies. It is also worth mentioning that recent studies demon-
strated that lipoprotein particles are a heterogeneous group of sub-
species that bear different functions.®® In particular, HDL-C
particles that do not carry apolipoprotein C-III (apoC-III) were
associated with a lower risk of developing CHD. In contrast, LDL-
C and HDL-C particles that carry apoC-III were associated with an
elevated risk of developing CHD. Interestingly, in the Prevention
of Obesity Using Novel Dietary Strategies (POUNDS Lost) trial,
PFOA levels were significantly associated with higher concentra-
tions of HDL-C and LDL-C that carry apoC-IIL.%7 Thus, it is criti-
cal to further examine the associations between PFAS and the

Table 3. Dose—response analysis parameters.

PFAS TC TGs HDL-C  LDL-C
p-Values for nonlinearity PFOA 0.66 0.67 0.39 0.20

PFOS 043  0.68 0.05 0.75
p-Values for linearity PFOA 0.88 0.08 0.06 0.88

PFOS 098  0.90 0.49 0.90

Note: Dose—response analysis was performed using meta-regression with study effect
size as the outcome and restricted cubic spline terms of mean PFAS levels as the inde-
pendent variable (number of knots =3). p-Values were obtained using Wald tests for
nonlinearity as the significance of restricted cubic spline terms, and p-values for linear-
ity as the significance of the linear term. All eligible studies were used for this analysis.
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein choles-
terol; PFAS, per- and polyfluoroalkyl substances; PFOA, perfluorooctanoic acid; PFOS,
perfluorooctanesulfonic acid; TC, total cholesterol; TG, triacylglycerol.
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subspecies of blood lipoproteins defined by apolipoproteins and
whether PFAS are associated with CVD risk.

Potential Mechanisms

The mechanisms underlying the associations between PFAS and
blood lipids in humans are still poorly understood. It is well
understood that, in animal models, PFAS disrupt lipid metabo-
lism by interfering with PPARo, which plays an essential role in
fatty acid metabolism.®®%° PFAS may also influence blood lipid
metabolism by interfering with bile acid metabolism.”®’! In addi-
tion, PFAS may disrupt the expression of genes involved in the
cholesterol clearance pathway, although findings were not
entirely consistent.®’?>”3 Human metabolomics studies are instru-
mental to elucidate mechanisms that might be directly relevant to
humans.”* For example, Alderete et al.”> reported that plasma
PFAS disrupted metabolic pathways of glycosphingolipid, pal-
mitic acid, linoleic acid, tyrosine, and arginine, which have
been associated with B-cell signaling pathways or insulin resistance
in previous studies.”®7? PFOA was also positively associated with
acyl-carnitines, such as acetyl-carnitine (C2) and 3-hydroxybutyr-
ylcarnitine (C4-OH).”® Apparently, more multi-omics studies are
needed to deepen the understanding of potential pathways between
PFAS exposures and blood lipid metabolism.

Strengths and Limitations

This meta-analysis is among the first meta-analyses that quantita-
tively summarized associations between PFAS and lipids in adults.
We have included multiple studies among populations residing at
various geological locations and with various levels of PFAS expo-
sure. The limitations and strengths of individual studies may vary
across studies. The common strengths include that the methods of
blood collection and PFAS/lipid measurement were, in general,
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well described and standardized and that the statistical analyses
were appropriate and clearly described in the publications. The
common weaknesses of these studies are that participants were
usually selected groups of people exposed to PFAS, except for
some large nationwide cohorts. Meanwhile, the present meta-
analysis is also subject to a few other limitations. Most studies
included were cross-sectional studies, thus lending little evidence
to support a causal interpretation of study findings. An alternate
interpretation of our findings is reverse causation, given that it has
been suggested that PFAS may be bound to lipoproteins and trans-
ported to target organs that regulate plasma lipid levels, although
the percentage of PFAS bound to human serum lipoproteins is
low.®0 As such, it is unlikely that blood lipids levels lead to higher
PFAS levels in the circulation.®! Furthermore, it is worth noting
that our findings are in line with evidence from other prospective
studies; that is, that reductions of PFAS levels are associated with
reduction of lipids, indicating potential causal relationships.?®3! In
addition, baseline blood PFAS concentrations were found to be
significantly associated with a higher incidence of hyperlipid-
emia.'® We also made several statistical assumptions in data proc-
essing to harmonize raw data obtained from studies using different
data transformations. For example, to calculate changes of lipids
per IQR difference in PFAS in each study, we assumed that the
PFAS or log-PFAS distribution follows a normal distribution in
study participants within each study, depending on the regression
methods they used.'>3%37 Several studies were excluded in the
data standardization process owing to a lack of transformable data
or use of logistic regression. However, these studies would account
for a small percentage of our total data points. Last, our meta-
analysis focused on five PFAS that were most widely examined in
the literature. As such, whether the findings hold true for other
PFAS shall be examined in future studies.

In conclusion, the present meta-analysis shows overall posi-
tive associations of PFOA and PFOS with blood lipid levels in
adults, especially LDL-C and TC, and such associations might
potentially be dose dependent. Data for other minor PFAS that
are currently examined in the literature are relatively sparse.
Future studies are warranted to extend this research to other
newly emerged PFAS and to examine whether the findings can
be translated into changes in CVD risk.
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