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Abstract

Background: Epidemiological associations between maternal concentrations of perfluoroalkyl substances (PFAS)
and birth weight are inconsistent. There is concern that studies based on samples collected in late pregnancy may
be confounded by kidney function but studies of the relation between pregnancy-induced changes in PFAS and
kidney function are lacking. Our aims were to investigate changes in serum concentrations of perfluorononanoic
acid (PFNA), perfluorooctanoic acid (PFOA), perfluorooctane sulfonate (PFOS) and perfluorohexane sulfonate (PFHxS)
from early to late pregnancy and to explore relations to changes in glomerular filtration rate (GFR) and glomerular
pore size.

Methods: We conducted the study in a cohort of 73 pregnancies of normal-weight Swedish women without
gestational diabetes and preeclampsia, enrolled 2009-2014. Blood was collected in median weeks 11 and 36,
respectively, and analysed PFAS using liquid chromatography-tandem-mass-spectrometry. We estimated GFR based
on creatinine and cystatin C and used the ratio eGFRystatin /€GFRreatinine 1O indicate glomerular pore size. We used
Wilcoxon signed-rank test to compare early and late measures and partial Spearman rank correlations to explore
relations between changes in PFAS and kidney function.

Results: Median concentrations of PFNA, PFOA and PFOS decreased by 15-21% but changes were uncorrelated to
changes in kidney function (partial R =—0.06-0.11). The observed increase in median PFHxS concentration of 69%
was likely an artefact of systematic measurement error caused by coeluting endogenous inferences.

Conclusions: Serum concentrations of PFNA, PFOA and PFOS decrease during pregnancy but the magnitudes of
change are unrelated to parallel changes in eGFR and glomerular pore size, suggesting that changes in these
indicators of kidney function are not important confounders in studies of PFAS and birth weight in pregnancies
without gestational diabetes and preeclampsia.
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Background

Per- and polyfluorinated substances (PFAS) are synthetic
chemicals with surface-active properties that have been
used extensively for industrial purposes and in consumer
products since the 1940’s. Today, exposure is ubiquitous
and legacy PFAS, i.e. perfluorooctanoic acid (PFOA),
perfluorooctane sulfonate (PFOS) and perfluorohexane
sulfonate (PFHxS), as well as other PFAS are detected in
the serum of close to all pregnant women [1-3]. PFAS
are endocrine disrupting chemicals with biological half-
lives of up to several years [4]. PFAS cross the placental
barrier [5-7] and there is concern that in utero exposure
might hamper the growth and development of the fetus.

Earlier systematic reviews and meta-analyses suggested
slight inverse associations between maternal serum con-
centrations of PFAS and birth weight that were regarded
as moderately likely to reflect a causal relationship [8—
10]. The body of literature has expanded over time and,
in 2018, Steenland and co-workers performed an up-
dated meta-analysis adding 9 new studies [11]. They
found that the time of blood sampling affected whether
or not an association was found: there was no effect
when sampling was performed early in pregnancy or
shortly before conception but an inverse relationship
was observed when sampling was performed in late
pregnancy.

Maternal serum concentrations of many substances vary
due to normal physiological changes that take place dur-
ing pregnancy. Sparse scientific evidence suggests that
serum concentrations of PFOA, PFOS and perfluoronona-
noic acid (PFNA) decrease by 11 to 33% from early to late
pregnancy whereas the behaviour of PFHxS is less clear
[7, 12, 13]. The observed decline has been attributed to a
dilution effect following plasma volume expansion and to
transfer of part of the maternal body burden to the child.
A further explanation may be offered by pregnancy-
induced changes in kidney function [14, 15].

Renal mechanisms affect PFAS serum concentrations
through excretion via glomerular filtration and reabsorp-
tion in tubuli [16]. The glomerular filtration rate (GFR),
i.e. the volume of the filtered primary urine per time
unit, increases dramatically during pregnancy and is 50%
higher in the third trimester compared with non-
pregnant levels [17, 18] and increased GFR might imply
lower serum concentrations of PFAS [15]. In humans,
tubular reabsorption of PFAS is extremely effective [19]
and a critical process in determining renal clearance
[16]. Reabsorption is an active process governed by ap-
ical membrane transporters, in particular organic anion
transporter 4 (OAT4) [16, 20], whose activity may also
be altered during pregnancy [21].

Inverse cross-sectional associations between serum
PFOA concentrations and estimated GFR (eGFR) have
been reported in non-pregnant populations [22, 23] and
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scrutiny of the direction of causation suggests that the
PFOA concentration is partly a consequence of kidney
function [23]. Further, there is indication that the distri-
bution of PFAS over stages of glomerular function, from
normal to kidney failure, is inverted U-shaped [24]. GFR
is positively associated with birth weight [25]. Thus, an
inadequate rise in GFR during pregnancy may be associ-
ated with lower birth weight as well as with higher
serum concentrations of PFAS. Part of the epidemio-
logical associations between prenatal PFAS exposure and
lower birth weight may consequently originate from
confounding by GFR rather than from an effect of PFAS.
Indeed, confounding by GER is likely most important
when blood is collected late in pregnancy when the
changes in GFR should have occurred [11, 14]. This the-
ory is in agreement with the findings of Steenland et al.
[11] However, despite the potential role of GFR as a
confounder of associations between PFAS and birth
weight, the relation between pregnancy-induced changes
in GFR and serum concentrations of PFAS has hitherto
not been explored.

Plasma or serum creatinine (molecular weight 113 Da)
is the most widely used marker to estimate GFR in clin-
ical settings. It is far from ideal as the concentration of
circulating creatinine is influenced by non-renal factors
such as age, sex, muscle mass and diet. Cystatin C (13.3
kDa) is an alternative marker that is unaffected by diet-
ary protein intake and substantially less sensitive to the
impact of muscle mass [26]. The use of cystatin C in-
creases worldwide although it is not yet fully imple-
mented in clinical practice and research.

During normal pregnancy, several studies have shown
that the plasma concentration of cystatin C is stable
until the second trimester but increases in the third [27—
29], whereas Babay et al. [30] reported lower cystatin C
concentration in the second trimester as compared with
the third. Although the pathophysiology is not com-
pletely known, the altered plasma concentrations are in-
ferred to reflect a highly dynamic filtration process
during pregnancy with increased filtration of low-mass
molecules and decreased filtration of medium-sized mol-
ecules (10-30kDa) [28]. The underlying mechanism is
thought to be a reduction of the functional pore size in
the glomerular membranes so that medium-sized mole-
cules are selectively retained in the blood [31, 32]. This
phenomenon was first observed in pregnant women and
is termed ‘Shrunken pore syndrome’. In this context, it
should be noted that despite the physiological changes
cystatin C is still a reliable marker of GFR, measured as
iohexol clearance, in the third trimester [27].

The Shrunken pore syndrome is operationally defined
as eGFR ystatin ¢/€GFR reatinine < 0.6 [31], sometimes <0.7
[33]. Seniors with this syndrome show decreased filtra-
tion of molecules with a mass of 3.5 to 66.5kDa,



Nielsen et al. Environmental Health (2020) 19:80

although molecules with a mass as low as 200 Da may
be retained [32]. PFAS in serum is mainly bound to pro-
teins, dominated by albumin, with molecular masses
above those affected by shrunken pores. However, the
molecular masses of PFHxS, PFOS, PFOA and PFNA
are 400 to 500 Da and we hypothesize that reduced
glomerular pore size in late pregnancy might affect the
unbound fraction.

Our aims were to 1) investigate how serum concentra-
tions of PFNA, PFOA, PFOS and PFHxS change from
early to late pregnancy and 2) explore whether these
changes could be attributed to parallel changes in kidney
function, measured as eGFR (creatinine and cystatin C
based) and glomerular pore size (eGFReystatin ¢/
eGFRcreatinine)'

Methods

Study design

We performed the study in a cohort of pregnant women
that constituted the control group of the Pregnancy
Obesity Nutrition and Child Health study (PONCH).
The original aim of PONCH was primarily to assess the
impact of a longitudinal dietary intervention on gesta-
tional weight gain and body composition and the subse-
quent health of the child but analysis of some
environmental contaminants were also included [34, 35].

Setting

Pregnant women from the general population in the
Vistra Gotaland region of Sweden were enrolled be-
tween 2009 and 2014. Participants were recruited in
early pregnancy through antenatal clinics, postings at
public billboards or advertisement on a website for preg-
nant women. Study visits in the first and third trimesters
were arranged at the Sahlgrenska University Hospital.

Participants

Normal-weight women (body mass index, BMI, 18.5—
24.9) aged 20 to 45 years at the time of recruitment were
eligible for inclusion in the present study. Women of
non-European descent or with self-reported diabetes,
users of neuroleptic drugs, vegetarians and vegans were
excluded. Furthermore, women with a multiple preg-
nancy and women who developed gestational diabetes or
pre-eclampsia were excluded. In total, we included 73
women who had given blood samples in both early and
late pregnancy. Information on PFAS levels in the muni-
cipal drinking water at the home address was obtained
for most women through linkage to drinking water
sources without indication of elevated levels.

Collection of blood samples
Blood sampling was performed in gestation weeks 8—12
(median 11) and 35-37 (median 36), respectively.
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Women attended study visits in the morning after an
overnight fast. Venous blood was collected using vacu-
tainer tubes. After centrifugation, serum was aliquoted
using glass pipettes washed in acetone, and stored at -
20 °C until analysis. Height was measured to the nearest
centimetre. Weight was measured using a Tanita BWB-
627-A electronic scale.

Laboratory methods

PFAS

The analyses of total (i.e. free and protein bound) PFNA,
PFOA, PFOS and PFHxS were performed in 2014 at the
laboratory of Occupational and Environmental Medicine,
Lund University, Sweden, using liquid chromatography-
tandem-mass-spectrometry (LC/MS/MS). The method is
described in detail by Lindh et al. [36]. In brief, aliquots of
100 pL serum were added with labeled internal standards
for all compounds. The proteins were precipitated with
acetonitrile and vigorously shaken. The samples were ana-
lyzed using a LC (UFLCXR, Shimadzu Corporation,
Kyoto, Japan) connected to the MS/MS (QTRAP 5500,
AB Sciex, Foster City, CA, USA). In each analytical batch,
calibration standards, two homemade quality control sam-
ples and chemical blank samples were included. The sam-
ples were analyzed in duplicates and in a randomized
order. The limits of detection were 0.01 ng/mL for PENA,
0.02 ng/mL for PFOA, 0.06 ng/mL for PFOS and 0.03 ng/
mL for PFHxS. The coefficient of variation of the quality
control samples were for PENA 4% at 1 ng/mL and 5% at
3 ng/mL, for PFOA 6% at 3 ng/mL and 7% at 4 ng/mL, for
PFOS 7% at 6 ng/mL and 6% at 10 ng/mL and for PFHxS
17% at 2 ng/mL and 11% at 4 ng/mL. The laboratory par-
ticipates in an interlaboratory exercise for PFOS and
PFOA (Erlangen-Nuremberg, Germany).

Creatinine and cystatin C

In 2019, all samples were analyzed for creatinine, cysta-
tin C and sodium on a Cobas 701 instrument (Roche
Diagnostics, Basel, Switzerland). Sodium was included in
the panel as a control to exclude evaporation during
storage or insufficient mixture of the thawed sample. No
such indications were observed.

eGFR and glomerular pore size
We estimated GFR based on creatinine as well as cysta-
tin C and applied formulas used in the US and in our la-
boratory (Supplemental Tables 1 and 2) [37-40]. The
mean value of eGFRc catinine and €GFReystatin ¢ for each
sample was also calculated as it is considered the most
accurate estimate compared with invasive gold-standard
methods [41].

The ratio between eGFRystatin ¢ and éGFR reatinine Pro-
vides an estimate of glomerular pore size. The Shrunken
pore syndrome is defined as eGFR yqiin cf
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eGFR eatinine < 0.6 [31]. We calculated the ratios be-
tween the equation pairs CAPA - LMrev and CKD-
EPIcystatin C— CI(D'EPIcreatinine, respectively.

Statistical analyses
All information was available for all study participants.
Data was not normally distributed and we therefore used
medians together with 5th and 95th percentiles for de-
scriptive statistics and the Wilcoxon signed-rank test for
paired samples to compare early and late measures of
PFAS concentrations and kidney function parameters.

We used Spearman rank correlations to assess cross-
sectional associations between different PFAS and be-
tween PFAS and kidney function parameters. Further,
we estimated associations between early and late con-
centrations of individual PFAS as well as between paral-
lel changes in PFAS and kidney function parameters. For
the latter, we explored unadjusted as well as partial cor-
relations adjusting for the number of days that elapsed
between samplings and the pregnancy-induced change
in BMI as these variables may influence the changes that
occur in both PFAS concentrations and kidney function
parameters and thus may confound the associations.

We performed all statistical analyses in SAS version
9.4 (SAS Institute, Cary, NC).

Results
The 73 study participants were normal-weight women
and 60% were nullipara (Table 1).

The serum concentrations of PFAS were above the
limit of detection in all samples. The median concentra-
tions (ng/mL) at the early-pregnancy sampling were 0.7
for PENA, 1.8 for PFOA, 5.6 for PFOS and 1.9 for
PFHxS (Table 2). The median serum concentration of
PENA, PFOA and PFOS decreased from early to late
pregnancy by 21, 19 and 15%, respectively. Unexpect-
edly, the concentration of PFHxS increased by 69%.

Table 1 Characteristics of the 73 study participants at samplings
in early and late pregnancy

Median 5th and 95th n (%)
percentiles
Age in early pregnancy (years) 31 25; 37
Early-pregnancy BMI (kg/mz) 220 19.8; 243
Late-pregnancy BMI (kg/m?) 259 235292
Parity
0 44 (60)
1 21 (29
2 8(11)
Gestational age at early 82 64; 94
sampling (days)
Gestational age at late sampling 252 243; 263

(days)
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PENA, PFOA and PFOS were highly correlated with
each other with similar coefficients in early as in late
pregnancy (Table 3). In contrast, correlation coefficients
between PFHxS and the other substances were markedly
smaller, especially in late pregnancy. Cross-sectional cor-
relations between PFAS concentrations and kidney func-
tion parameters were consistently weak and non-
significant (Supplemental Tables 3 and 4). There were
strong positive correlations between early and late preg-
nancy measures of individual PFAS, although the coeffi-
cient was slightly smaller for PFHxS.

We observed a substantial increase in the plasma
cystatin C concentration from early to late pregnancy
(Table 4). There was also a very small increase in cre-
atinine levels. Consequently, cystatin C-based estimating
equations indicated a decrease in eGFR by 40%, whereas
creatinine-based equations resulted in a neglectable re-
duction of eGFR. The mean of creatinine and cystatin C
estimating equations suggested a decrease of approxi-
mately 20%.

The ratio between eGFR ygtatin ¢/€GFRcreatinines taken
to represent glomerular pore size, decreased during
pregnancy. Shrunken pore syndrome was not observed
in early pregnancy. However, in the third trimester 8
participants (11%) met the criteria with the CAPA and
LMrev equations and 23 (32%) with the CKD-EPI
equations.

We did not find evidence of association between
pregnancy-induced changes of PFAS concentrations and
parallel changes in any of the kidney function parame-
ters in women with normal renal function (Table 5).
The unadjusted correlations differed only marginally
from the partial correlations (Supplemental Table 5).

Discussion

Median serum concentrations of PFNA, PFOA and
PFOS decreased by 15 to 21% from early to late preg-
nancy, whereas that of PFHxS increased by 69%. The
findings for PENA, PFOA and PFOS are well in line with
those of another Swedish study of 19 primiparous
women, where mean serum concentrations decreased by
33, 16 and 11%, respectively, between the first and third
trimester (PFHxS not reported) [13]. A study of 71 US
women found that the geometric means of PENA, PFOA
and PFOS decreased by 26 to 43% between gestational
week 16 and delivery, whereas PFHxS was unaltered
[12]. The decrements were slightly larger than those in
our study but the discrepancy can likely be explained by
blood loss during delivery.

Concentrations of PFHxS in late pregnancy were sub-
stantially higher than expected and we found a dramatic
increase during pregnancy. We interpret this finding as
an artefact of systematic measurement error rather than
a true increase. In 2014 when the PFAS-analyses were
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Table 2 Early and late pregnancy serum concentrations (ng/mL) of PFAS together with the relative changes that occurred during

pregnancy
Early Late Change during pregnancy, (%)
Median 5th and 95th percentiles Median 5th and 95th percentiles p-value Median 5th and 95th percentiles
PFENA 0.7 04,13 0.5 0.3; 1.1 <0.001 =21 =37, -1
PFOA 1.8 0.8; 44 1.5 0.7; 3.1 <0.001 =19 -36; 7
PFOS 56 26;11.5 4.8 1.9; 84 <0.001 =15 -33;9
PFHXS 19 13,33 33 16,58 <0.001 69 3,175

conducted, the most sensitive tandem mass spectromet-
ric transition (m/z 399/80) was commonly used. How-
ever, coeluting endogenous steroid sulfates have been
suggested to share common fragmentation pathways
with PFHxS which may result in overestimation using
this transition [42]. Inferences from isopregnanalone, a
precursor of progesterone, and pregnandiol, a degrad-
ation product of progesterone, are of particular interest
in samples from pregnant women. The progesterone
level rises during pregnancy, implying that PFHxS mea-
surements in late pregnancy are prone to systematic
measurement error. Our finding of lower correlations
between PFHxS and the other PFAS in late pregnancy
compared with early is consistent with this theory. Un-
fortunately, we did not have serum left to reanalyse sam-
ples for PFHxS with another transition. In this context,
it should be noted that measures of PENA, PFOA and
PFOS are unaffected by inferences by progesterone me-
tabolites. Inferences in quantification are of greatest con-
cern in populations with low exposure levels where the
ratio PFHxS:progesterone metabolites is smaller. Preg-
nancy is a frequently studied exposure window with re-
spect to PFAS and studies are often performed in
populations with background levels of exposure. We
therefore call for scrutiny of constituents of the signals
currently being interpreted as PFHxS so that the validity
of measurements in different stages of pregnancy can be
assessed.

Decreasing PFAS concentrations during pregnancy
may well result from dilution [13], placental transfer [5—
7] and upregulated GFR [14, 15]. According to formula
2a in Thompson et al. [43], the body weight change
alone would cause a 15 to 20% decrease in serum con-
centrations under the assumptions that 1) the popula-
tion is exposed to background levels that can be
considered constant between early and late pregnancy
and 2) volumes of distribution and elimination rates are
the same in pregnant women as in the non-pregnant
population. This is well in line with our findings and
suggests that the changes might primarily be driven by
weight gain. The assumption of background-level of ex-
posure probably holds in our case, but both volumes of
distribution and elimination rates may change during
pregnancy because of the increased blood volume.
Pregnancy-specific estimates of volumes of distribution
and elimination rates are needed to better understand
the toxicokinetics of PFAS in pregnant women.

We did not observe any increase in eGFR irrespective
of whether we used creatinine or cystatin C-based esti-
mating equations. On the contrary to what was ex-
pected, the creatinine concentration was numerically
consistent between early and late pregnancy. Others
have shown a reduction in creatinine concentrations of
pregnant women compared with their pre-pregnancy
level or compared with non-pregnant women [27, 28].
The findings of Kristensen et al. [28] do however suggest

Table 3 Spearman rank correlations (p-value) between serum concentrations of PFAS. Correlations between early and late measures
of the same compound are shown on the diagonal. The lower-left off diagonal shows correlations between different compounds in
early pregnancy whereas the upper-right off diagonal shows correlations between different compounds in late pregnancy

PFNA PFOA PFOS PFHXS
PFNA ?j)?oon ?ég?om) ?;2%3001) 0.10 (0.38)
PFOA ?4(7).2001) ?j)?om) ?43.2001) 0.17(0.15)
PFOS ?é?foon ?4(5)?001) ?4?3.1001) 0.21(0.07)
PFHXS  0.33 (0.004) ?::1001) ?;?).9001) ?;2.2001)
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Table 4 Kidney function parameters in early and late pregnancy together with the relative changes that occurred during pregnancy

Early Late Change during pregnancy, (%)
Median 5th and 95th Median 5th and 95th p-value Median 5th and 95th
percentiles percentiles percentiles
Marker
Plasma creatinine (umol/L) 57 45; 67 58 46; 72 0004 4 -11; 23
Plasma cystatin C (mg/L) 0.63 0.55; 0.79 1.05 0.77;1.38 <0.001 65 26; 116
eGFR (mL/min/1.73m7°)
LMrev 104 90; 120 102 86, 118 0004 -2 -12;8
CKD-EPlereatinine 119 102; 131 119 9; 130 0003 -1 16; 5
CAPA 136 104; 160 76 54; 108 <0001 -44 -59; =23
CKD-EPleystatin ¢ 123 109; 133 76 53; 112 <0001 -38 -57,-12
Mean of LMrev and CAPA 120 101; 140 89 72; 112 <0001 -24 -35;,-13
Mean of CKD-EPlqestinine and CKD- 121 110; 130 97 78: 118 <0001 —20  -31;-7
EPleystatin
eGFRystatin /€GFRereatinine”
CAPA/LMrev 13 1.0; 1.5 0.7 0.5;1.0 <0.001 —40 —60; —24
CKD-EPleystatin o/ CKD-EPcreatinine 1.0 09; 1.1 0.7 0.5; 09 <0001 -35 —55; =13

aeGFRcystatin /€GFR reatinine < 0.6 defines Shrunken pore syndrome

that the reduction occurs already in weeks 6 to 13 of
pregnancy. Thus, we might not have been able to cap-
ture the drop when the median week for our early sam-
pling was 11.

In contrast, we found a marked decrease in cystatin C-
based eGFR in late pregnancy driven by a substantially
increased plasma concentration. Similar observations
were reported by Strevens et al. [27] who inferred that
the increase of serum cystatin C during pregnancy most
likely was caused by an altered filtration process rather
than an increased production rate. Retention of cystatin
C in the blood in late pregnancy is in agreement with a
pathophysiological model pertaining to reduced glom-
erular pore size.

The degree of albumin binding varies between different
compounds [44]. Sulfonates exhibit increased affinity for
bovine serum albumin relative to their equivalent chain-
length carboxylate and the affinity of perfluoroalkyl car-
boxylates decreases from the Cg to Cy5 [45]. Stronger bind-
ing affinity of PFOS implicates a smaller free fraction
available for renal clearance compared with PENA and
PFOA and thus less excretion, which also seemed to be the
case. During pregnancy, the concentration of albumin is
reduced through plasma volume expansion and increased
extravascular volume [28] and there is a slightly increase in
urinary excretion [46]. These processes may contribute to
decreased serum concentrations of the albumin-bound
fraction of PFAS, although primarily not mediated by GFR.

Table 5 Partial Spearman rank correlations (p-value), adjusting for number of days between samplings and change in BMI, between
pregnancy-induced changes in serum concentrations of PFAS and parallel changes in kidney function parameters

Kidney function parameter APFNA APFOA APFOS APFHXS
eGFR
AlLMrev 0.03 (0.82) 0.002 (0.99) 0.02 (0.85) —-0.20 (0.10)
ACKD-EPlontinine 0.04 (0.74) 0.03 (0.83) 0.02 (0.87) —0.20 (0.10)
ACAPA 0.09 (0.47) 0.06 (0.64) —-0.04 (0.73) —-0.11 (0.36)
ACKD-EPleystatin 0 (0.39) 0.03 (0.83) —0.05 (0.66) —0.15 (0.23)
AMean of LMrev and CAPA 0.09 (0.45) 0.04 (0.76) —0.04 (0.76) —0.14 (0.23)
AMean of CKD-EPlieatinine @and CKD-EPleyqatin ¢ 0.09 (0.47) 0.002 (0.98) —0.05 (0.66) —-022(0.07)
€GFReysiatin /€GFRereatinine
ACAPA/LMrev 0.11 (0.35) 0.09 (047) —0.05 (0.68) —0.09 (0.46)
ACKD-EPleystatin ¢/ CKD-EPlereatinine 0.08 (0.49) —0.003 (0.98) —-0.06 (0.63) —0.10 (0.39)
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In contrast to protein-bound PFAS, the free fraction
and the fraction bound to small proteins are readily avail-
able for renal clearance. We hypothesized that the
pregnancy-induced change in PFAS concentrations might
be related to parallel changes in renal filtration but our
findings did not support this theory. On the contrary,
there were no correlations between changes in PFAS con-
centrations and changes in neither eGFR nor glomerular
pore size. Our findings imply that pregnancy-induced
changes in glomerular filtration do not confound associa-
tions between PFAS and birth weight.

One possible explanation for the lack of association
might be that the free fraction is very small so that the
increased serum concentration caused by retention is
negligible compared to the dilution-related decrease.
Additionally, even though the glomerular pore size did
decrease, pores might still be large enough to allow ex-
cretion of PFAS. It should be noted that these explana-
tions are speculative and that other mechanisms should
be explored. During pregnancy, the rising progesterone
level downregulates the activity of OAT4 [21]. It is
plausible that this downregulation can contribute to in-
creased excretion of PFAS and consequently lower
serum concentrations as pregnancy progresses.

The study was based on a cohort of normal-weight
women without gestational diabetes and preeclampsia
and confirmed background levels of exposure. Serum
concentrations of PFNA, PFOA and PFOS in early preg-
nancy corresponded well with those of other pregnant
Swedish populations at the time, i.e. the SELMA study
where samplings were performed 2007-2010 and PFAS
were analysed at the same laboratory [47]. Thus, the
generalisability of our findings to the general population
of pregnant women should be high but they might not
be applicable to preeclamptic pregnancies where cystatin
C retention in blood is more pronounced [27].

Currently available estimating equations for eGFR
have been developed in non-pregnant populations and
tend to underestimate GFR in pregnant women because
physiological changes affect the association between
plasma concentration of creatinine and GFR [48]. Thus,
eGFR may suffer from systematic measurement error al-
though we judge it to be of less concern in the present
study as our analyses concern correlations between
changes in PFAS and eGEFR rather than the absolute fig-
ures per se.

Conclusions

Serum concentrations of PFNA, PFOA and PFOS de-
clined by approximately 20% during pregnancy, partly
but not fully explained by plasma volume expansion.
Correlations between early and late concentrations were
high. We did not find any association between changes
in PFAS concentrations and parallel changes in neither
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eGFR nor glomerular pore size in pregnancies without
gestational diabetes and preeclampsia. Thus, although
PFAS concentrations changed markedly between early
and late gestation, pregnancy-induced changes in the
studied aspects of kidney function did not affect the
magnitude of change. The lack of associations suggests
that pregnancy-induced changes in GFR and glomerular
pore size are not important confounders in epidemio-
logical studies of maternal PFAS concentrations and
birth weight, at least in pregnancies without gestational
diabetes and preeclampsia. Moreover, our results high-
light the importance of potential systematic measure-
ment error in the quantification of PFHxS in pregnant
women with general population exposure because of in-
ferences from progesterone metabolites.
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Additional file 1: Table S1. Formulas used to estimate relative GFR
(mL/min/1.73 m?) by The Chronic Kidney Disease Epidemiology
Collaboration. Table S2. Formulas used to estimate relative GFR (mL/
min/1.73 m?) by our laboratory. Table $3. Spearman rank correlations (p-
value) between serum concentrations of PFAS and kidney function
parameters in early pregnancy. Table S4. Spearman rank correlations (p-
value) between serum concentrations of PFAS and kidney function
parameters in late pregnancy. Table S5. Unadjusted Spearman rank
correlations (p-value) between pregnancy-induced changes in serum con-
centrations of PFAS and parallel changes in kidney function parameters.

Abbreviations

PFAS: Perfluoroalkyl substances; PFNA: Perfluorononanoic acid;
PFOA: Perfluorooctanoic acid; PFOS: Perfluorooctane sulfonate;
PFHxS: Perfluorohexane sulfonate; GFR: Glomerular filtration rate;
eGFR: Estimated glomerular filtration rate; BMI: Body mass index;
OAT4: Organic anion transporter 4

Acknowledgements

We acknowledge the technical staff at the laboratory of Occupational and
Environmental Medicine, Lund University, for their important contribution.
We would also like to express our gratitude towards the women
participating in the study.

Authors’ contributions

CN: Conceptualization, Methodology, Formal analysis, Writing - Original Draft,
Funding acquisition; UAH: Investigation, Resources, Writing - Review &
Editing; CL: Methodology, Resources, Writing - Review & Editing; UE:
Methodology, Writing - Review & Editing; YX: Writing - Review & Editing; YL:
Writing - Review & Editing; AH: Funding acquisition, Investigation, Resources,
Writing - Review & Editing; KJ: Conceptualization, Writing - Review & Editing.
The authors read and approved the final manuscript.

Funding

This work was supported by grants 2017-00896 from the Swedish research
council for environment, agricultural sciences and spatial planning (Formas),
12206 from the Swedish research council, 2015-08 from the Swedish
diabetes association research foundation and 720851 from the Swedish state
under the agreement between the government and the country councils
(the ALF-agreement). The funding sources had no involvement in the con-
duct of the research. Open access funding provided by Lund University.

Availability of data and materials
Data contains sensitive personal information and cannot be made publicly
available for legal reasons (GDPR). However, it can be accessed by other


https://doi.org/10.1186/s12940-020-00626-6
https://doi.org/10.1186/s12940-020-00626-6

Nielsen et al. Environmental Health (2020) 19:80

researchers after renewed ethical vetting. Any data inquiries are referred to
the corresponding author.

Ethics approval and consent to participate
The study was approved by the ethics committee at the University of
Gothenburg (no 402-08) and study participants gave informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Author details

'Department of Laboratory Medicine, Division of Occupational and
Environmental Medicine, Lund University, Medicon Village (402A),
Scheelevagen 8, 223 81 Lund, Sweden. “Department of Physiology, Institute
of Neuroscience and Physiology, Sahlgrenska Academy, University of
Gothenburg, Géteborg, Sweden. *Department of Laboratory Medicine,
Division of Clinical Chemistry and Pharmacology, Lund University, Lund,
Sweden. *School of Public Health and Community Medicine, Institute of
Medicine, Sahlgrenska Academy, University of Gothenburg, Goteborg,
Sweden. *Occupational and Environmental Medicine, Sahlgrenska University
Hospital, Goteborg, Sweden.

Received: 3 April 2020 Accepted: 19 June 2020
Published online: 08 July 2020

References

1. Shu H, Lindh CH, Wikstrom S, Bornehag CG. Temporal trends and predictors
of perfluoroalkyl substances serum levels in Swedish pregnant women in
the SELMA study. PLoS One. 2018;13(12):¢0209255.

2. Tsai MS, Miyashita C, Araki A, Itoh S, Bamai YA, Goudarzi H, et al.
Determinants and temporal trends of perfluoroalkyl substances in pregnant
women: The Hokkaido study on environment and children's health. Int J
Environ Res Public Health. 2018;15(5):989.

3. Woodruff TJ, Zota AR, Schwartz JM. Environmental chemicals in pregnant
women in the United States: NHANES 2003-2004. Environ Health Perspect.
2011;119(6):878-85.

4. LiY, 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(1):46-51.

5. Gltzkow KB, Haug LS, Thomsen C, Sabaredzovic A, Becher G, Brunborg G.
Placental transfer of perfluorinated compounds is selective - a Norwegian
mother and child sub-cohort study. Int J Hyg Environ Health. 2012;215(2):
216-9.

6.  Eryasa B, Grandjean P, Nielsen F, Valvi D, Zmirou-Navier D, Sunderland E,
et al. Physico-chemical properties and gestational diabetes predict
transplacental transfer and partitioning of perfluoroalkyl substances. Environ
Int. 2019;130:104874.

7. PanY, ZhuY, Zheng T, Cui Q, Buka SL, Zhang B, et al. Novel chlorinated
polyfluorinated ether sulfonates and legacy per—/polyfluoroalkyl substances:
placental transfer and relationship with serum albumin and glomerular
filtration rate. Environ Sci Technol. 2017,51(1):634-44.

8. Bach CC, Bech BH, Brix N, Nohr EA, Bonde JP, Henriksen TB. Perfluoroalkyl
and polyfluoroalkyl substances and human fetal growth: a systematic
review. Crit Rev Toxicol. 2015;45(1):53-67.

9. Negri E, Metruccio F, Guercio V, Tosti L, Benfenati E, Bonzi R, et al. Exposure
to PFOA and PFOS and fetal growth: a critical merging of toxicological and
epidemiological data. Crit Rev Toxicol. 2017;47(6):482-508.

10. Johnson PI, Sutton P, Atchley DS, Koustas E, Lam J, Sen S, et al. The
navigation guide - evidence-based medicine meets environmental health:
systematic review of human evidence for pfoa effects on fetal growth.
Environ Health Perspect. 2014;122(10):1028-39.

11. Steenland K, Barry V, Savitz D. Serum perfluorooctanoic acid and
birthweight: an updated meta-analysis with bias analysis. Epidemiology.
2018;29(6):765-76.

12. Kato K, Wong LY, Chen A, Dunbar C, Webster GM, Lanphear BP, et al.
Changes in serum concentrations of maternal poly- and perfluoroalkyl
substances over the course of pregnancy and predictors of exposure in a

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Page 8 of 9

multiethnic cohort of Cincinnati, Ohio pregnant women during 2003-2006.
Environ Sci Technol. 2014:48(16):9600-8.

Glynn A, Berger U, Bignert A, Ullah S, Aune M, Lignell S, et al. Perfluorinated
alkyl acids in blood serum from primiparous women in Sweden: serial
sampling during pregnancy and nursing, and temporal trends 1996-2010.
Environ Sci Technol. 2012;46(16):9071-9.

Verner MA, Loccisano AE, Morken NH, Yoon M, Wu H, McDougall R, et al.
Associations of perfluoroalkyl substances (PFAS) with lower birth weight: an
evaluation of potential confounding by glomerular filtration rate using a
physiologically based pharmacokinetic model (PBPK). Environ Health
Perspect. 2015;123(12):1317-24.

Loccisano AE, Longnecker MP, Campbell JL Jr, Andersen ME, Clewell HJ II.
Development of pbpk models for PFOA and PFOS for human pregnancy
and lactation life stages. J Toxicol Environ Health A. 2013,76(1):25-57.

Han X, Nabb DL, Russell MH, Kennedy GL, Rickard RW. Renal elimination of
perfluorocarboxylates (PFCAs). Chem Res Toxicol. 2012;25(1):35-46.

Lopes van Balen VA, van Gansewinkel TAG, de Haas S, Spaan JJ, Ghossein-Doha C,
van Kuijk SMJ, et al. Maternal kidney function during pregnancy: systematic review
and meta-analysis. Ultrasound Obstet Gynecol. 2019;54(3):297-307.

Cheung KL, Lafayette RA. Renal physiology of pregnancy. Adv Chronic
Kidney Dis. 2013;20(3):209-14.

Harada K, Inoue K, Morikawa A, Yoshinaga T, Saito N, Koizumi A. Renal
clearance of perfluorooctane sulfonate and perfluorooctanoate in humans
and their species-specific excretion. Environ Res. 2005;99(2):253-61.

Yang C-H, Glover KP, Han X. Characterization of cellular uptake of
perfluorooctanoate via organic anion-transporting polypeptide 1a2, organic
anion transporter 4, and urate transporter 1 for their potential roles in
mediating human renal reabsorption of perfluorocarboxylates. Toxicol Sci.
2010;117(2):294-302.

Zhou F, Hong M, You G. Regulation of human organic anion transporter 4
by progesterone and protein kinase C in human placental BeWo cells. Am J
Physiol Endocrinol Metab. 2007,293(1):E57-61.

Shankar A, Xiao J, Ducatman A. Perfluoroalkyl chemicals and chronic kidney
disease in US adults. Am J Epidemiol. 2011;174(8):893-900.

Watkins DJ, Josson J, Elston B, Bartell SM, Shin HM, Vieira VM, et al. Exposure
to perfluoroalkyl acids and markers of kidney function among children and
adolescents living near a chemical plant. Environ Health Perspect. 2013;
121(5):625-30.

Jain RB, Ducatman A. Perfluoroalkyl substances follow inverted U-shaped
distributions across various stages of glomerular function: implications for
future research. Environ Res. 2019;169:476-82.

Morken NH, Travlos GS, Wilson RE, Eggesbo M, Longnecker MP. Maternal glomerular
filtration rate in pregnancy and fetal size. PLoS One. 20149(7)101897.

Ferguson TW, Komenda P, Tangri N. Cystatin C as a biomarker for
estimating glomerular filtration rate. Curr Opin Nephrol Hypertens. 2015;
24(3):295-300.

Strevens H, Wide-Swensson D, Torffvit O, Grubb A. Serum cystatin C for
assessment of glomerular filtration rate in pregnant and non-pregnant
women. Indications of altered filtration process in pregnancy. Scand J Clin
Lab Invest. 2002,62(2):141-7.

Kristensen K, Lindstrom V, Schmidt C, Blirup-Jensen S, Grubb A, Wide-
Swensson D, et al. Temporal changes of the plasma levels of cystatin C, -
trace protein, 32-microglobulin, urate and creatinine during pregnancy
indicate continuous alterations in the renal filtration process. Scand J Clin
Lab Invest. 2007,67(6):612-8.

Akbari A, Lepage N, Keely E, Clark HD, Jaffey J, MacKinnon M, et al. Cystatin
C and beta trace protein as markers of renal function in pregnancy. BJOG.
2005;112(5):575-8.

Babay Z, Al-Wakeel J, Addar M, Mittwalli A, Tarif N, Hammad D, et al. Serum
cystatin C in pregnant women: reference values, reliable and superior
diagnostic accuracy. Clin Exp Obstet Gynecol. 2005;32(3):175-9.

Grubb A, Lindstrém V, Jonsson M, Back SE, Ahlund T, Rippe B, et al.
Reduction in glomerular pore size is not restricted to pregnant women.
Evidence for a new syndrome: ‘Shrunken pore syndrome’. Scand J Clin Lab
Invest. 2015;75(4):333-40.

Purde MT, Nock S, Risch L, Medina Escobar P, Grebhardt C, Nydegger UE,
et al. The cystatin C/creatinine ratio, a marker of glomerular filtration quality:
Associated factors, reference intervals, and prediction of morbidity and
mortality in healthy seniors. Trans| Res. 2016;169:80-90 e1-2.

Zhou H, Yang M, He X, Xu N. eGFR, cystatin C and creatinine in shrunken
pore syndrome. Clin Chim Acta. 2019;498:1-5.



Nielsen et al. Environmental Health

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

(2020) 19:80

Andersson-Hall UK, Jérvinen EAJ, Bosaeus MH, Gustavsson CE, Harsmar EJ,
Niklasson CA, et al. Maternal obesity and gestational diabetes mellitus affect
body composition through infancy: the PONCH study. Pediatr Res. 2019;
85(3):369-77.

Bosaeus M, Hussain A, Karlsson T, Andersson L, Hulthen L, Svelander C, et al. A
randomized longitudinal dietary intervention study during pregnancy: effects
on fish intake, phospholipids, and body composition. Nutr J. 2015;14:1.

Lindh CH, Rylander L, Toft G, Axmon A, Rignell-Hydbom A, Giwercman A,
et al. Blood serum concentrations of perfluorinated compounds in men
from Greenlandic Inuit and European populations. Chemosphere. 2012;
88(11):1269-75.

Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF Ill, Feldman HiI, et al.
A new equation to estimate glomerular filtration rate. Ann Intern Med.
2009;150(9):604-12.

Inker LA, Schmid CH, Tighiouart H, Eckfeldt JH, Feldman HI, Greene T, et al.
Estimating glomerular filtration rate from serum creatinine and cystatin C. N
Engl J Med. 2012,367(1):20-9.

Bjork J, Jones I, Nyman U, Sjostrom P. Validation of the Lund-Malmé,
chronic kidney disease epidemiology (CKD-EPI) and modification of diet in
renal disease (MDRD) equations to estimate glomerular filtration rate in a
large Swedish clinical population. Scand J Urol Nephrol. 2012;46(3):212-22.
Grubb A, Horio M, Hansson LO, Bjork J, Nyman U, Flodin M, et al.
Generation of a new cystatin C-based estimating equation for glomerular
filtration rate by use of 7 assays standardized to the international calibrator.
Clin Chem. 2014,60(7):974-86.

Nyman U, Grubb A, Sterner G, Bjork J. Different equations to combine
creatinine and cystatin C to predict GFR. Arithmetic mean of existing
equations performs as well as complex combinations. Scand J Clin Lab
Invest. 2009,69(5):619-27.

Chan E, Sandhu M, Benskin JP, Ralitsch M, Thibault N, Birkholz D, et al.
Endogenous high-performance liquid chromatography/tandem mass
spectrometry interferences and the case of perfluorohexane sulfonate
(PFHXS) in human serum; are we overestimating exposure? Rapid
Commun Mass Spectrom. 2009;23(10):1405-10.

Thompson J, Lorber M, Toms LL, Kato K, Calafat AM, Mueller JF. Use of
simple pharmacokinetic modeling to characterize exposure of australians to
perfluorooctanoic acid and perfluorooctane sulfonic acid. Environ Int. 2010;
36(4):390-7.

Beesoon S, Martin JW. Isomer-specific binding affinity of
perfluorooctanesulfonate (PFOS) and perfluorooctanoate (PFOA) to serum
proteins. Environ Sci Technol. 2015;49(9):5722-31.

Bischel HN, Macmanus-Spencer LA, Zhang C, Luthy RG. Strong associations
of short-chain perfluoroalky! acids with serum albumin and investigation of
binding mechanisms. Environ Toxicol Chem. 2011,30(11):2423-30.

Higby K, Suiter CR, Phelps JY, Siler-Khodr T, Langer O. Normal values of
urinary albumin and total protein excretion during pregnancy. Am J Obstet
Gynecol. 1994;171(4):984-9.

Wikstrom S, Lin PI, Lindh CH, Shu H, Bornehag CG. Maternal serum levels of
perfluoroalkyl substances in early pregnancy and offspring birth weight.
Pediatr Res. 2020;87(6):1093-9.

Swedish Council on Health Technology Assessment. Methods to estimate
and measure renal function (Glomerular Filtration Rate). 2013. Report 214.

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

Page 9 of 9

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study design
	Setting
	Participants
	Collection of blood samples
	Laboratory methods
	PFAS
	Creatinine and cystatin C

	eGFR and glomerular pore size
	Statistical analyses

	Results
	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

