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Abstract

Background/Objectives: Perfluoroalkyl and polyfluoroalkyl substances (PFAS) have been
suggested as obesogens but epidemiologic evidence is limited. We examined associations of serum
PFAS concentrations with longitudinal trajectories of weight, waist circumference (WC), fat mass
and proportion fat in midlife women.

Subjects/Methods: This study included 1,381 midlife women, with a total of 15,000 repeated
measures from the multi-racial/ethnic Study of Women’s Health Across the Nation between 1999
and 2018. The average follow-up was 14.9 (range: 0-18.6) years. Body size (objectively measured
weight and WC) and body composition from dual-energy X-ray absorptiometry were assessed

at near-annual visits. Linear mixed models with piecewise linear splines were utilized to model
non-linear trajectories of body size and composition.

Results: After multivariable adjustment, PFAS concentrations were positively associated with
weight, WC, fat mass, and proportion fat at baseline and during follow-up. Comparing the highest
to the lowest tertiles of PFAS concentrations, adjusted geometric mean weight was 73.9 kg vs.
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69.6 kg for PFOS (/<0.0001), and 74.0 vs. 69.4 kg for linear PFOA (/<0.0001) at baseline.
Women with the highest tertile of PFOS had an annual increase rate of 0.33% (95% CI: 0.27%,
0.40%) in weight, compared to the lowest tertile with 0.10% (95% CI: 0.04%, 0.17%) (~<0.0001).
PFOS was also significantly related to higher increase rates in WC (difference=0.12% per year,
P=0.002) and fat mass (difference=0.25% per year, P=0.0002). EtFOSAA and MeFOSAA showed
similar effects to PFOS. Although PFHXS was not related to body size or fat at baseline, PFHxS
was significantly associated with accelerated increases in weight (£<0.0001), WC (~=0.003), fat
mass (P<0.0001), and proportion fat (P=0.0009). No significant results were found for PFNA.

Conclusions: Certain PFAS were positively associated with greater body size and body fat, and
higher rates of change over time. PFAS may be an underappreciated contributing factor to obesity
risk.

INTRODUCTION

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are used to manufacture everyday
products such as nonstick cookware, food packaging materials, waterproof clothing, and
furniture and carpets.! PFAS are widely present in ground water and drinking water; it has
been estimated that more than 200 million United States residents consume drinking water
contaminated by PFAS.2 Due to the ubiquity of PFAS exposure, as nearly all persons 12
years and older have detectable concentrations of at least one PFAS in their blood.3 To
compound the problem of exposure is the acknowledgement that commonly used PFAS
have relatively long elimination half-lives, of 2-9 years depending on the compound.*°
Therefore, not only are most individuals exposed to PFAS, but some PFAS can remain in the
body for many years.

PFAS exhibit both lipophobic and hydrophobic properties. Due to their structural similarities
to fatty acids, PFAS - especially perfluorooctanoate (PFOA) and perfluorooctane sulfonate
(PFOS) - have been recognized as potential endocrine-disrupting chemicals (EDCs).5.7
PFAS exposure may alter endocrine regulation and modulate metabolic pathways, possibly
through the activation of multiple nuclear receptors such as peroxisome proliferator-
activated receptors (PPARs).82 PPARs promote adipogenesis and have a significant impact
on inflammation and lipid metabolism.10

The associations between PFAS and body weight have been explored in adults. Although
some studies observed significant relationships between PFAS and increased weight

and risks of overweight and obesity,11-14 the remaining studies did not observe an
association.1516 Most prospective cohort studies were restricted to overweight and obese
persons, or those with elevated glucose concentrations.1314 Notably, studies that analyzed
their findings by sex observed a more pronounced effect in women.1214 Given that

the hormonal changes across the menopausal transition (MT) substantially contribute to
increased abdominal obesityl” and gains in fat mass'8, and that PFAS can eliminate from the
body through menstrual bleeding,*19 women’s midlife years may represent a special period
of vulnerability to PFAS exposure. However, no previous study exploring the relationship
between PFAS and body size and composition focused on midlife women.
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The overarching goal of this analysis was to investigate whether baseline serum PFAS
concentrations were associated with body size and composition or their change in midlife
women, using longitudinal data from the Study of Women’s Health Across the Nation
(SWAN). We hypothesized that women with higher PFAS concentrations had larger weight,
waist circumference (WC), body fat mass and proportion fat at baseline, and higher rates of
changes in body size and composition over time.

MATERIALS/SUBJECTS AND METHODS

Study design and participants

Procedures

The SWAN is a multi-site, multi-racial/ethnic, community-based longitudinal cohort of
midlife women. It is designed to characterize physiological and psychosocial changes during
the menopausal transition and subsequent health outcomes.2? From 1996 to 1997, 3,302
premenopausal or early perimenopausal women aged 42-52 years were recruited from seven
study sites, including White women from all sites, Black women from Boston, Chicago,
Southeast Michigan, and Pittsburgh, Hispanic women from Newark, Japanese women from
Los Angeles, and Chinese women from Oakland, CA. Eligibility criteria included having an
intact uterus, at least one menstrual period in the prior three months, and not having taken
hormone medications within the prior three months. Data and biospecimens were collected
annually or biannually. The institutional review board approved the study protocol, and all
participants provided written informed consent at each participating site.

In 2016, the SWAN Multi-Pollutant Study (SWAN-MPS) was initiated to investigate the
potential health effects of multiple chemicals in midlife women, using repository serum

and urine samples from the SWAN visit 03 (1999-2000), which is the SWAN-MPS

baseline for exposure assessments. The study designs and details of the SWAN-MPS were
described elsewhere.#1921-23 PEAS concentrations were quantified in 1,400 participants at
the SWAN-MPS baseline (identified as the baseline in the present study). The SWAN-MPS
included White, Black, Chinese and Japanese women from five sites. Hispanic women (only
available from the Newark, NJ site) were not included because MPS required women to have
both blood and urine samples which were not collected at that site. Of the 1,400 participants
enrolled, 19 did not have assessments of body size or body composition. Thus, we had

a final analytic sample of 1,381 women with 15,000 repeated measures of body size or
composition from 1999 to 2018. The average number of observations per participant was
10.9 observations.

This analysis considered four outcomes, including weight (kg), waist circumference (WC,
cm), fat mass (kg), and proportion of fat mass (%). All measurements were performed at
each SWAN visit. A trained technician followed standardized protocols to measure weight
and WC. Weight was measured to the nearest 0.1 kg without shoes and in light indoor
clothing using a portable digital scale or balance beam scale. WC was recorded to the
nearest 0.1 cm. Body composition, including fat mass and lean mass, was measured using
dual-energy X-ray absorptiometry (DXA) using Hologic instruments (Hologic Inc.). The
SWAN implemented a rigorous quality assurance and a calibration procedure that has been

Int J Obes (Lond). Author manuscript; available in PMC 2021 November 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ding et al.

Page 4

previously published.18 Body composition variables did not include the head from the
calculation.

Serum samples were sent to the Division of Laboratory Sciences, National Center

for Environmental Health, Centers for Disease Control and Prevention (CDC) for
environmental exposure assessments. The CDC laboratory’s involvement did not constitute
engagement in human-subjects research. Perfluorohexane sulfonate (PFHXS), n-PFQOS,

sum of branched isomers of PFOS (Sm-PFOS), n-PFOA, sum of branched PFOA (Sb-
PFOA), perfluorononanoate (PFNA), perfluorodecanoate (PFDA), perfluoroundecanoate
(PFUNDA), perfluorododecanoate (PFDoA), 2-(N-methyl-perfluorooctane sulfonamido)
acetate (MeFOSAA), and 2-(N-ethyl-perfluorooctane sulfonamido) acetate (EtFOSAA)
were quantified in 0.1 mL of serum using an online solid phase extraction-high performance
liquid chromatography-isotope dilution-tandem mass spectrometry.24 Total PFOS was
computed as the sum of n-PFOS and Sm-PFOS. Because of low detection in Sb-PFOA
(<20%), we did not include total PFOA in the analysis. The limit of detection (LOD) was
0.1 ng/mL for all the analytes. Measurements below the LODs were replaced by LOD//2.25
Comprehensive QA/QC procedures were conducted. The coefficients of variation, which
reflect both inter- and intra-day variations, were 5.9-12.1% for the low concentration QC
pools; and 5.9-10.6% for the high QC concentration pools. Sb-PFOA, PFDA and PFUnNDA
with detection rates <50% were not included in the analysis, depending on the analyte.

Information on covariates was obtained from standardized interviews conducted at each
visit. Sociodemographic variables included age at baseline (in years), self-defined race
(Black, Chinese, Japanese, White), study site (Southeast Michigan, Boston, Pittsburgh,
Oakland, Los Angeles), education (high school or less, some college, college degree or
higher), and financial strain (very hard, somewhat hard, not hard at all). Time-varying
covariates included self-reported lifestyle factors, namely smoking status (never smoked,
past smoker, current smoker),26 environmental tobacco smoking (0, 1-4, =5 person-hours),2’
total calorie intake (in kcal),28 and alcohol intake (<1 drink/month, >1 drink/month and <1/
week, >1 drink/week).28 Physical activity was assessed in various domains, including sports/
exercise, household/caregiving and daily routine, with a range of 3 to 15 (15 indicating

the highest level of activity).2? Information on menopausal status was collected at each
follow-up visit. Menopausal status was categorized into surgical postmenopausal, natural
postmenopausal, late perimenopausal, early perimenopausal, premenopausal, or unknown
due to HT using bleeding patterns and information about HT use.3 Dietary data were
collected using a modified Block food frequency questionnaire. Based on previous studies,®
we selected fish consumption (including fried fish or fish sandwich, tuna, shellfish, and
other fish), pizza, salty snacks (e.g. chips, popcorn and crackers), and French fries and fried
potatoes.

Statistical analysis

Univariate statistics were calculated for baseline characteristics and serum PFAS
concentrations at the SWAN-MPS baseline (1999-2000). Weight, WC and fat mass were
log-transformed to ensure normality. Because proportion fat mass had approximate normal
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distributions, log-transformation was not applied. We utilized a 3-step approach to model the
trajectories of body size and body fat:

1.

Generalized additive mixed models with penalized splines to model the
trajectories of weight, WC, body fat and proportion fat during follow-up.

Linear mixed models with piecewise linear splines to determine the best

knot placement for the parametric outcome trajectories based on Bayesian
Information Criterion (BIC) values. We evaluated knot selection by finding the
lowest BIC value when each of the 2 knots were varied in 6-month intervals
from 5 to 10 years after baseline for weight and WC, and 10 to 15 follow-up
years for body fat mass and proportion fat, as suggested by smoothing curves
(Figure S1). All outcome trajectories were composed of 2 linear segments with
a knot placement. For weight and WC, the 2 segments were: 0 to 9.0 years
since baseline, and 9.0 to 18.6 years during the follow-up. For body fat and
proportion fat, the segments included: years 0 to 14.5 years and 14.5to 18.6
years of follow-up.

To examine each outcome’s rate of increase or decrease and how PFAS exposure
influenced the changes, we utilized piecewise linear mixed-effect models
adjusting for age at baseline, race, study site, education, financial strain, smoking
status, passive smoking, alcohol consumption, total calorie intake, physical
activity, and menopausal status. Linear splines with a single knot accounted for
non-linear trends. Interaction terms between PFAS and time were included to
estimate the change rates in each outcome by tertiles of PFAS concentrations.

Outcome; j = f + b1 PFASTerIileZi + ﬁZPFASTertileSi + B3Time;j+ Pa(Timejj— C) .
+ p5Time;j X PEASTertile2; + PeTime;j X PFASTertie3; + P1(Timejj— C) L X PEASTertile;
+ pg(Timejj— C) X PFASTertile3,~ + boj + PCovariates;

where Outcomejjincluded log-transformed weight, log-transformed WC, log-
transformed fat mass and proportion fat mass for the ith subject with the
jth observation; PFASte,sije2; ad PFASTeple3, are dummy variables which

represent the second and third tertiles of baseline PFAS concentrations,
respectively, comparing with the first tertile; 7/me;;stands for follow-up time (in
years); Covariatesjjincluded age at baseline, race, study site, education, financial
strain, smoking status, passive smoking, alcohol consumption, total calorie
intake, physical activity, and menopausal status; C is the knot representing years
after baseline; and by is the random intercept. For weight and WC, C equals to
9.0. For body fat mass and proportion fat mass, C equals to 14.5; (7imeji— C)+ is
0 if 7Timeji< C, (Timejj— C)+ is (Timejj— C) if Timej; > C.

We created model-predicted trajectories of all biometrics. We also estimated rates of changes
in each outcome’s two segments to determine whether PFAS concentrations influenced the
rate of increase or decrease in the outcomes during each time segment. To obtain the average
participant’s profile, age was centered at 45 years while all other continuous covariates were
set to their means. All categorical variables fitted as dummies (i.e., coded as 0 or 1) were
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set to their means. In this case, variations by categorical variables such as race/ethnicity
cannot be discerned in the predicted means or geometric means (GMs). Predicted GMs

and 95% confidence intervals (95% Cls) of weight, WC, and fat mass by tertiles of PFAS
concentrations were calculated at baseline, years 5, 10, and 15 during follow-up using effect
estimates from the linear mixed models representing predicted GMs at age 45, 50, 55, and
60 years, respectively. Ratios of GMs were reported across the comparison groups in women
with tertiles of PFAS concentrations. Because proportion fat mass was not log-transformed,
predicted means and 95% Cls of proportion fat mass by tertiles of PFAS concentrations were
computed. Differences in means were assessed by tertiles of PFAS concentrations.

In the sensitivity analyses, we explored linear relationships between PFAS and outcomes.
Serum PFAS concentrations were log-transformed with base 2 to ensure normality.
Furthermore, baseline body mass index was additionally controlled for in the models to
evaluate its impact on change rates. Because consumption of fast food, salty snacks and

fish are potential determinants of PFAS concentrations, the models were also adjusted for
pizza, salty snacks, fries, and fish consumption. Moreover, PFAS have been associated with
earlier natural menopause and thus it could be a mediator.31 We have conducted a sensitivity
analysis with adjustment of time-varying menopausal status. Finally, we observed decreases
in body weight and body fat at the later years of follow-up. We have conducted sensitivity
analyses censoring women at the visit of developing diabetes or any type of cancer during
the follow-up visits. The prevalence of other chronic conditions such as cardiovascular
disease was very low and thus we decided not to consider that in the analyses.

In total, median age of the 1,381 women included in this study at baseline was 49.4 years
with an interquartile range (IQR) of 47.3-51.4 years. Half (50.7%) of the women were
White, 21.6% were Black, 12.8% were Chinese, and 14.9% were Japanese. The median
(IQR) baseline serum concentration was 1.5 (1.0-2.4) ng/mL for PFHXS, 25.1 (17.7-35.8)
ng/mL for total PFOS, 4.1 (2.9-5.8) ng/mL for n-PFOA, 0.6 (0.4-0.8) ng/mL for PFNA, 1.2
(0.7-2.2) ng/mL for EtFOSAA, and 1.5 (0.9-2.3) ng/mL for MeFOSAA. Participants had

a median of 68.7 (IQR: 58.5-83.9) kg of body weight, 82.3 (IQR: 73.7-94.9) cm of waist
circumference, 25.1 (IQR: 19.0-34.2) kg of body fat mass, and 40.4% (IQR: 35.6%-45.1%)
of proportion fat mass. Descriptive statistics of other baseline characteristics are presented in
Table 1.

Figure 1 shows model-predicted trajectories of all biometrics by tertile of total PFOS
concentrations. These are shown for each of the 2-time segments (0 to 9.0 years and 9.0

to 18.6 years since baseline for weight and WC; 0 to 14.5 years and 14.5 to 18.6 years
since baseline for body fat mass and proportion fat). Trajectory parameters, i.e. annual
rates of changes, are presented subsequently (Table S1). Overall, PFOS was significantly
associated with trajectories of all biometrics characterized by greater weight, WC, body fat
mass and proportion fat over time (Table 2). At baseline, predicted GM weight was 4.3 kg
(ratio=1.06, 95% ClI: 1.03, 1.09) higher in women with the highest tertile of total PFOS
concentrations than those with the lowest tertile. Similarly, comparing the highest to the
lowest tertile, predicted GM was 87.3 vs. 83.7 cm (ratio=1.04, 95% ClI: 1.02, 1.07) for WC,

Int J Obes (Lond). Author manuscript; available in PMC 2021 November 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ding et al.

Page 7

27.9 vs. 25.2 kg (ratio=1.10, 95% CI: 1.05, 1.16) for body fat mass, and 42.4% vs. 40.6%
(difference=1.81%, 95% CI: 1.01%, 2.61%) for proportion fat. The significant associations
with weight, WC and fat mass became larger during follow-up. As women reached year 15,
predicted GM weight was 5.8 kg (ratio=1.08, 95% CI: 1.05, 1.11) in those with the higher
tertile of total PFOS concentrations compared to the lowest tertile.

In addition, total PFOS was also significantly associated with accelerated increases in
weight during 0 to 9.0 years of follow-up (Table S1). Women with the lowest tertile

of total PFOS concentrations had an annual rate of increase of 0.10% (95% CI: 0.04%,
0.17%) in year O to year 9; a significant increase with annual rates of 0.33% (95% CI:
0.27%, 0.40%) observed in women with the highest tertile of total PFOS concentrations

(P for interaction<.0001). Similarly, compared to those with the lowest tertile, women with
the highest tertile of serum concentrations had a 1.4-fold acceleration in annual rate of
increases in WC (Pfor interaction=0.002). Total PFOS was also significantly associated
with accelerated gains in body fat mass (2 for interaction=0.0002), but not proportion fat
mass (P for interaction=0.32) in year 0 to 14.5. Similar results were detected for n-PFOS
(Figure S2 and Tables S2, S9) and Sm-PFOS (Figure S3 and Tables S3, S10). Weight, body
fat mass and proportion fat had slight decreases in the 2" segment of follow-up, while there
was a continued increase in WC. PFOS was associated with higher weight, WC, body fat
mass, and proportion fat over time. PFOS was also related to different rates of gains or loss
in body size or body fat.

n-PFOA was also significantly associated with larger body size and body fat (Figure 2 and
Table 3). At baseline, comparing the highest to the lowest tertile of n-PFOA concentrations,
predicted GM was 74.0 vs. 69.4 kg (ratio=1.07, 95% ClI: 1.03, 1.10) for weight, 87.6 vs.
83.9 cm (ratio=1.04, 95% ClI: 1.02, 1.07) for WC, 87.6 vs. 83.9 cm (ratio=1.04, 95% CI:
1.02, 1.07) for fat mass, and 42.5% vs. 40.6% (Diff=1.91%, 95% CI: 1.07%, 2.75%) for
proportion fat. At follow-up, the differences remained similar to the differences observed at
baseline as n-PFOS was not associated with change rates in outcomes (Table S4).

Trajectories of all biometrics for other PFAS are shown in Figures S4-S7, rates of change
in Tables S5-S8, and predicted values in Tables S11-S14. Two PFOS precursors, i.e.
EtFOSAA and MeFOSAA, had similar effects to PFOS. PFHxS was not related to body
size or body fat during follow-up (Table S11). Nonetheless, PFHXS was significantly
associated with higher rates of increases in weight (P for interaction<0.0001) and WC (P
for interaction=0.003) in years 0 to 9, as well as body fat mass (2 for interaction<0.0001)
and proportion fat (P for interaction=0.0009) in years 0 to 14.5 (Table S5). No significant
findings were found for PFNA.

In the sensitivity analyses, the results of log-transformed PFAS were similar to our

main findings using tertiles of PFAS concentrations (Tables S15-S16). Log-transformed
PFQOS, n-PFOA, EtFOSAA and MeFOSAA were positively associated with weight, waist
circumference (WC), fat mass, and proportion fat at baseline. Higher PFOS concentrations
were also associated with larger increase rates of weight (2 for interaction <0.0001), WC (P
for interaction=0.01), and fat mass (P for interaction <0.0001). EtFOSAA and MeFOSAA
showed similar effects to PFOS (data not shown). Although PFHXS were not related to
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body size or body fat at baseline, PFHxS were associated with faster increases in weight
(Pfor interaction <0.0001), fat mass (P for interaction=0.0005), and proportion fat (P

for interaction=0.02) (data not shown). An additional adjustment for baseline body mass
index did not impact the change rates (Tables S19-S20). The results remained almost the
same after controlling for pizza, salty snacks, fries, and fish consumption (Table S21-S23).
Further adjustment for time-varying menopausal status did not change the results (Tables
S24-S26). The results also remained similar after censoring women at the visit when they
developed diabetes or cancer (Tables S27-S29).

DISCUSSION

In this study, PFOS, PFOA, MeFOSAA and EtFOSAA was related to greater body weight,
WC, fat mass and proportion fat mass at baseline; the associations persisted through the
follow-up visits. Our study also quantified the effects of PFAS exposure on longitudinal
trajectories of body size and composition and determined how PFAS was associated with the
rates of changes during follow-up. Exposure to PFOS and PFHXS was significantly related
to accelerated gains in weight, WC, and body fat.

Although an association between PFAS and larger body size has been reported in previous
studies, our study provides a precise estimate of the timing of alterations in body size

and body fat in midlife women. Previously, Cardenas and colleagues!? found a significant
association of PFOS, PFNA and MeFOSAA with larger weight at baseline and during
follow-up in a study of 802 adults with overweight or obesity; whereas no association was
observed for other PFAS or for skinfold thickness and subcutaneous and visceral fat. Liu
and colleagues!* found weight regain was significantly related to higher baseline plasma
concentrations of PFOS, PFOA, PFNA, PFHxXS and PFDA after a 6-month weight loss
program followed by 18-month follow up in a group of 621 adults with overweight or
obesity; whereas PFAS were not significantly related to weight or weight loss during the
weight loss period. However, those prospective cohort studies did not include normal weight
adults. A cross-sectional study of 1,612 Chinese adults found PFAS exposure associated
with obesity and larger WC.12 In contrast, a retrospective cohort of 8,764 residents from
communities with drinking water contaminated with PFOA aged 20-40 years from the

C8 Health Project reported no relationship between early-life PFOA exposure and obesity
risks.15 Two other studies!:16 also reported no significant association of body size with
PFAS exposure. The main distinction between previous studies and ours is long-term follow-
ups with the average number of repeated measurements of 10.9 in midlife women during and
after the menopausal transition, a life-stage that confers susceptibility to metabolic changes
in women. This rich data allows us to evaluate whether longitudinal trajectories of body size
and composition over 15 years differ by different PFAS serum concentration groups. The
present study supports the hypothesis that PFAS exposure may be associated with greater
body weight and body fat, and contribute to higher rates of change in body weight, WC, and
body fat.

The associations between PFAS and increased body size and body fat are biologically
plausible. PFAS can activate PPARs. PPARa may be less responsive to PFAS exposure
in humans than in mice; nonetheless, most perfluoroalky! acids (e.g., PFOA and PFOS)
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can activate both PPARa and PPARy.33:34 PPARs are known to involve in adipogenesis,
inflammation, and lipid metabolism.10 Therefore, PFAS have the ability to promote
metabolic disturbances and increase adipocyte differentiation.3> Further, epidemiologic
studies have suggested that PFAS were associated with lower thyroid hormone levels;
however, the findings are inconsistent.38:37 Moreover, PFAS exposure may also disrupt
leptin signaling pathways, which could contribute to increased weight in mice when
they reached midlife38; however, the underlying mechanisms of PFAS and leptin are not
completely understood.

Growing evidence pinpoints estradiol (E2) and follicle stimulating hormone (FSH) as targets
of PFAS toxicity.5” FSH and E2 affect energy homeostasis pathways. For example, mice
with FSH blocked show increases in energy expenditure and oxygen consumption which are
accompanied by increased physical activity as well as reductions in resting metabolic rate
and body fat.3? Longitudinal data from women in SWAN displayed a positive association
between FSH and body fat during menopausal transition.1840 Thus, alterations in FSH are
possible mechanisms of obesogenic toxicity of PFAS because PFAS were associated with
increased FSH concentrations and accelerated ovarian aging in midlife women. PFAS had
impact on steroid hormone synthesis.” Besides interacting with specific receptors, PFAS can
also exert metabolic effects by acting on non-specific molecular targets. For instance, PFOA
and PFOS may cause decreases in global DNA cytosine methylation, while these chemicals
may also contribute to increases in long interspersed nuclear element 1 (LINE-1) DNA
methylation, and alterations in the expression of genes responsible for lipid metabolism in
humans.41:42

Weight, WC, body fat and proportion fat increased in the 15t segment of follow-up.
Interestingly, we observed slight declines in weight, body fat mass and proportion fat in

the 2" segment of follow-up, and yet a continued increase in WC (as a surrogate marker

of visceral fat). Previous studies have shown that both men and women gain weight and

fat mass until middle age and begin to lose weight and fat mass near age 60—65.43-45

Even in healthy, active older people, men and women may lose weight and body fat.** It

is similar to what we observed in SWAN (Figure S1). Weight and body fat decreased in
midlife women over time, whereas waist circumference steadily increased with aging. The
weight loss among older adults might be due to the loss of lean mass, while visceral fat

(as represented by waist circumference) increased. A previous toxicologic study showed that
exposure of human visceral preadipocytes /n vitroto 5 and 50 /M PFOS promoted adipocyte
differentiation and increased cellular lipid accumulation.®8 It is possible that PFAS exposure
may also determine fat distribution during the menopausal transition. Future studies are
warranted to examine the associations between PFAS and fat distribution.

Study strengths are several. First, this analysis included a large cohort of midlife women
followed for up to 18 years. Standard annual follow-up visits also provided reliable
estimates of changes in body size and composition. Second, we analyzed DXA-quantified
body composition and measured body weight and waist circumference, thus providing more
convincing evidence for the potential obesogenic effects of PFAS. However, we cannot rule
out residual confounding, although we have controlled for many known confounders. Also,
some women lost to follow-up in the later years which may impact the precision of the study

Int J Obes (Lond). Author manuscript; available in PMC 2021 November 13.
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results. Finally, there is a lack of well-established statistical methods to assess the combined
effects of chemical mixtures on longitudinal trajectories of outcomes.4”48 Given that people
are exposed to a myriad of chemicals daily, it is critically important to examine the joint
effects of PFAS mixtures in future research.

In a large, longitudinal cohort of multi-racial/ethnic midlife women with 18 years of follow
up, higher serum concentrations of PFOS, PFOA, EtFOSAA, MeFOSAA were significantly
associated with greater body weight, WC, body fat and proportion fat, accompanied

by accelerated increased during follow-up. Our findings suggest that PFAS may be an
underappreciated contributing factor to women’s obesity, especially during the critical

time windows for the development of metabolic and cardiovascular risks. Following the
discovery of polytetrafluoroethylene (Teflon) in 1938, thousands of different PFASs have
been synthesized and used in industrial and consumer products. These chemicals, also
known as “forever chemicals”, may predispose people to weight gain in later life and could
play a significant role in the global obesity epidemic. Although PFOA and PFOS in the
USA has been largely phased out of use, 490 these compounds are still found in the blood
of most people. Since PFAS is ubiquitous in the environment, especially in drinking water
and ground water, it poses a significant and immediate threat to the general population in
the United States and around the world. Consequently, there is a pressing need to raise
awareness of PFAS toxicity and potential adverse human health effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Predicted geometric mean (95% confidence interval, 95% CI) and annual rate of changes
(95% CI) of a. weight, b. waist circumference, c. body fat mass, and d. proportion fat mass
by tertiles of serum concentrations of total PFOS at baseline and during follow-up. Models
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were adjusted for age at baseline, race, study site, education, financial strain, smoking
status, passive smoking, alcohol consumption, total calorie intake, physical activity, and
menopausal status. Medians (ranges) of total PFOS concentrations by tertiles were 14.8 (2.0,

20.1) ng/mL for tertile 1, 25.1 (20.2, 30.9) ng/mL for tertile 2, and 42.9 (31.0, 376.0) ng/mL

for tertile 3.
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Predicted geometric mean (95% confidence interval, 95% CI) and annual rate of changes

(95% CI) of a. weight, b. waist circumference, c. body fat mass, and d. proportion fat mass
by tertiles of serum concentrations of n-PFOA at baseline and during the follow-up. Models

were adjusted for age at baseline, race, study site, education, financial strain, smoking
status, passive smoking, alcohol consumption, total calorie intake, physical activity, and

menopausal status. Medians (ranges) of n-PFOA concentrations by tertiles were 2.4 (<LOD,

3.2) ng/mL for tertile 1, 4.1 (3.3, 5.1) ng/mL for tertile 2, and 6.8 (5.2, 56.5) ng/mL for

tertile 3.
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Table 1

Baseline characteristics, body size and composition, and serum concentrations of PFAS in midlife women
from the Study of Women’s Health Across the Nation Multi-Pollutant Study (N=1,381).
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Characteristics Median (IQR) or N (%)
Age, year 49.4 (47.3-51.4)
Race
White 700 (50.7%)
Black 298 (21.6%)
Chinese 177 (12.8%)
Japanese 206 (14.9%)
Study site
SE Michigan 250 (18.1%)
Boston 228 (16.5%)
Oakland 308 (22.3%)
Los Angeles 363 (26.3%)
Pittsburgh 232 (16.8%)
Education
<High school 248 (18.0%)
High school 442 (21.2%)
College 337 (24.5%)
Post-college 347 (25.3%)
Difficulty paying for basics
Very hard 88 (6.4%)
Somewhat hard 342 (24.9%)
Not hard at all 945 (68.7%)
Smoking status
Never smoked 871 (63.1%)
Past smoker 366 (26.5%)
Current smoker 144 (10.4%)
Passive smoking
0 person-hrs 824 (59.7%)
1-4 person-hrs 319 (23.1%)
=5 person-hrs 238 (17.2%)
Alcohol intake
None/Low use 733 (53.0%)
Moderate use 324 (23.5%)
High use 324 (23.5%)
Physical activity score 7.8 (6.6-9.0)
Menopausal status
Surgical post 47 (3.4%)
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Characteristics

Median (IQR) or N (%)

Natural post 154 (11.1%)
Late perimenopausal 111 (8.0%)
Early perimenopausal 705 (51.1%)

Premenopausal

161 (11.7%)

Unknown with hormone therapy 203 (14.7%)

Total calorie intake

1686 (1333-2167)

Body size and composition

Weight, kg

68.7 (58.5-83.9)

Waist circumference, cm

82.3 (73.7-94.9)

Fat mass, kg 25.1(19.0-34.2)
Percent body fat, % 40.4 (35.6-45.1)
PFAS % >LOD | Median (IQR), ng/mL
PFHXS 99.6 1.5(1.0-2.4)

Total PFOS NA 25.1 (17.7-35.8)

n-PFOS 100 17.6 (12.4-25.0)

sm-PFOS 99.9 7.3(4.7-11.2)

n-PFOA 99.9 4.1(2.9-5.8)

sb-PFOA 18.3 <LOD

PFNA 97.2 0.6 (0.4-0.8)

PFDA 410 <LOD (<LOD-0.3)
PFUNDA 31.9 <LOD (<LOD-0.2)
EtFOSAA 99.0 1.2(0.7-2.2)

MeFOSAA 99.6 1.5(0.9-2.3)

IQR = interquartile range; >LOD = above the limit of detection of 0.1 ng/mL
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Table 2

Predicted geometric mean (95% confidence interval, 95% CI) of weight, waist circumference and body
fat mass, as well as predicted mean (95% CI) of proportion fat mass by tertile of total PFOSserum
concentrations; and ratios of geometric mean or difference in mean across the comparison groups in women

with the second the third tertiles vs. the lowest tertile as reference, from linear mixed-effect models.?

Weight
i 0,
Geometric mean (95% Cl), kg Ratio of geometric mean (95% CI)b
Tertile of total PFOS concentrations®
Tertilel Tertile2 Tertile3 Tertile2vs. 1 Tertile3vs. 1

Baseline | 69.6 (67.9,71.3) | 73.1(71.4,74.8) | 73.9(72.2,75.7) | 1.05(1.02,1.08) | 1.06 (1.03, 1.09)
Year 5 69.9 (68.3,71.6) | 73.3(71.5,75.0) | 75.2(73.4,77.0) | 1.05(1.02,1.08) | 1.07 (1.04, 1.11)
Year 10 | 70.1(68.4,71.8) | 73.2(71.5,75.0) | 76.0 (74.2,77.8) | 1.04 (1.02,1.07) | 1.08 (1.05,1.12)
Year 15 | 69.2 (67.6,70.9) | 72.2(70.5,74.0) | 75.0(73.2,76.8) | 1.04(1.01,1.07) | 1.08 (1.05, 1.11)

Waist circumference

Geometric mean (95% CI), cm

b

Ratio of geometric mean (95% CI)

Tertile of total PFOS concentrations®

Tertilel Tertile2 Tertile3 Tertile2vs. 1 Tertile3vs. 1
Baseline | 83.7(82.2,85.1) | 86.4(85.0,87.9) | 87.3(85.8,88.9) | 1.03(1.01,1.05) | 1.04 (1.02, 1.07)
Year 5 85.1(83.6, 86.5) | 87.8(86.3,89.3) | 89.3(87.8,90.9) | 1.03(1.01,1.05) | 1.05(1.03,1.07)
Year 10 | 86.4(84.9,87.9) | 89.1(87.5,90.6) | 91.0(89.4,92.6) | 1.03(1.01,1.05) | 1.05 (1.03, 1.08)
Year 15 | 87.4(85.9,88.9) | 89.6(88.1,91.2) | 91.5(89.9,93.1) | 1.03(1.01,1.05) | 1.05(1.03,1.07)

Body fat mass

Geometric mean (95% Cl), kg

b

Ratio of geometric mean (95% CI)

Tertile of total PFOS concentrations®

Tertilel Tertile2 Tertile3 Tertile2vs. 1 Tertile3vs. 1
Baseline | 25.2(24.2,26.3) | 27.2(26.1,28.3) | 27.9(26.8,29.0) | 1.08(1.03,1.13) | 1.10 (1.05, 1.16)
Year 5 25.3(24.3,26.3) | 27.3(26.3,28.4) | 28.3(27.2,29.5) | 1.08 (1.03,1.13) 1.12 (1.07,1.17)
Year 10 | 25.4(24.4,26.4) | 27.5(26.4,28.6) | 28.8 (27.6,29.9) | 1.08 (1.03,1.13) | 1.13(1.08,1.19)
Year 15 25.3(24.3,26.4) | 27.5(26.4,28.6) | 29.0(27.9,30.2) | 1.08 (1.04,1.14) 1.15 (1.09, 1.20)

Proportion fat mass

Mean (95% CI), %

Differencein mean (95% Cl), %

Tertile of total PFOS concentrationsc

Tertilel Tertile 2 Tertile3 Tertile2vs. 1 Tertile3vs. 1
Baseline | 40.6 (39.9,41.3) | 41.8 (41.1,4255) | 42.4(41.7,43.1) | 1.24 (0.46,2.01) | 1.81(1.01, 2.61)
Year5 | 40.8(40.1,415) | 42.1(41.4,42.8) | 42.7 (42.0,43.4) | 1.28(0.52,2.04) | 1.92 (1.13, 2.71)
Year 10 | 41.0 (40.3,41.7) | 42.3 (41.6,43.1) | 43.1(42.4,43.8) | 1.92(1.13,2.71) | 2.03 (1.23,2.83)
Year 15 | 41.1(40.4,41.9) | 42.5(41.8,43.3) | 43.2(425,43.9) | 1.40(0.61,2.19) | 2.08 (1.27, 2.90)
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a . . . . ] . . . . . .

Models were adjusted for age at baseline, race, study site, education, financial strain, smoking status, passive smoking, alcohol consumption, total
calorie intake, physical activity, and menopausal status.

b, . L . . .
Weight, waist circumference, and body fat mass were log-transformed to ensure normality; thus ratios of geometric mean (95% CI) were
calculated.

cMedians (ranges) of total PFOS concentrations by tertiles were 14.8 (2.0, 20.1) ng/mL for tertile 1, 25.1 (20.2, 30.9) ng/mL for tertile 2, and 42.9
(31.0, 376.0) ng/mL for tertile 3.
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Predicted geometric mean (95% confidence interval, 95% CI) of weight, waist circumference and body fat
mass, as well as predicted mean (95% CI) of proportion fat mass by tertile of n-PFOAserum concentrations;
and ratios of geometric mean or difference in mean across the comparison groups in women with the second

Table 3

the third tertiles vs. the lowest tertile as reference, from linear mixed-effect models.

Weight
i 0,
Geometric mean (95% Cl), kg Ratio of geometric mean (95% CI)b
Tertile of n-PFOA concentrations”
Tertilel Tertile2 Tertile3 Tertile2vs. 1 Tertile3vs. 1

Baseline | 69.4 (67.6,71.2) | 72.8(71.1,74.6) | 74.0(72.3,75.8) | 1.05(1.02,1.08) | 1.07 (1.03, 1.10)
Year 5 69.9(68.1,71.7) | 73.4(71.6,75.1) | 74.8(73.0,76.5) | 1.05(1.02,1.08) | 1.07 (1.04,1.10)
Year 10 70.1(68.3,71.9) | 73.5(71.8,75.3) | 75.2(73.5,77.0) | 1.05(1.02,1.08) | 1.07 (1.04,1.11)
Year 15 69.5(67.7,71.3) | 72.3(70.6,74.1) | 74.3(72.6,76.1) | 1.04(1.01,1.07) | 1.07 (1.04,1.10)

Waist circumference

Geometric mean (95% CI), cm

b

Ratio of geometric mean (95% CI)

Tertile of n-PFOA concentrations”

Tertilel

Tertile2

Tertile3

Tertile2vs. 1

Tertile3vs. 1

Baseline

83.9 (82.3, 85.4)

85.7 (84.2, 87.2)

87.6 (86.1, 89.1)

1.02 (1.00, 1.04)

1.04 (1.02, 1.07)

Year 5

85.3 (83.8, 86.9)

87.3(85.8, 88.8)

89.3 (87.8, 90.8)

1.02 (1.00, 1.04)

1.05 (.02, 1.07)

Year 10

86.7 (85.1, 88.3)

88.7 (87.2, 90.3)

90.7 (89.2, 92.3)

1.02 (1.00, 1.04)

1.04 (1.02, 1.07)

Year 15

87.8 (86.2, 89.4)

89.3 (87.7, 90.8)

91.1(89.6, 92.7)

1.02 (1.00, 1.04)

1.04 (1.02, 1.06)

Body fat mass

Geometric mean (95% Cl), kg

b

Ratio of geometric mean (95% CI)

Tertile of n-PFOA concentrationsC

Tertilel

Tertile2

Tertile3

Tertile2vs. 1

Tertile3vs. 1

Baseline

25.1(24.0, 26.2)

27.0(25.9, 28.1)

28.0(26.9, 29.1)

1.08 (1.03, 1.13)

1.12 (1.06, 1.17)

Year 5

25.3 (24.3, 26.4)

27.2 (26.1, 28.3)

28.2(27.1,29.3)

1.07 (1.02, 1.12)

1.11 (106, 1.17)

Year 10

25.6 (24.5, 26.7)

27.3(26.2, 28.4)

28.4(27.3,29.5)

1.07 (1.02, 1.12)

1.11 (1.06, 1.16)

Year 15

25.7 (24.6, 26.9)

27.3(26.2, 28.4)

285 (27.4,29.7)

1.06 (1.01, 1.11)

1.11 (1.05, 1.16)

Proportion fat mass

Mean (95% ClI), %

Differencein mean (95% CI), %

Tertile of n-PFOA concentrations”

Tertilel

Tertile2

Tertile3

Tertile2vs. 1

Tertile3vs. 1

Baseline

40.6 (39.8, 41.3)

41.6 (40.8, 42.3)

425 (41.8, 43.2)

0.99 (0.17, 1.80)

1.91 (1.07, 2.75)

Year 5

40.9 (40.2, 41.6)

41.8 (41.1, 42.5)

427 (42.0, 43.4)

0.94 (0.15, 1.74)

1.81 (0.99, 2.64)

Year 10

41.2 (40.5, 42.0)

42.1 (41.4, 42.8)

42.9 (42.2, 43.6)

0.90 (0.09, 1.71)

1.71 (0.87, 2.55)

Year 15

41.4(40.7,42.2)

42.2 (415, 43.0)

431 (42.4,43.8)

0.84 (0.008, 1.67)

1.67 (0.82, 2.53)
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a . . . . ] . . . . . .

Models were adjusted for age at baseline, race, study site, education, financial strain, smoking status, passive smoking, alcohol consumption, total
calorie intake, physical activity, and menopausal status.

b, . L . . .
Weight, waist circumference, and body fat mass were log-transformed to ensure normality; thus ratios of geometric mean (95% CI) were
calculated.

cMedians (ranges) of n-PFOA concentrations by tertiles were 2.4 (<LOD, 3.2) ng/mL for tertile 1, 4.1 (3.3, 5.1) ng/mL for tertile 2, and 6.8 (5.2,
56.5) ng/mL for tertile 3.
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