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There is growing evidence suggesting that chemical exposure alters gut microbiota composition. However, not
much is known about the impact of per- and polyfluoroalkyl substances (PFAS) on the gut microbial community.
Here, in a mother-infant study, we set out to identify the gut bacterial species that associate with chemical
exposure before (maternal) and after (maternal, infant) birth. Paired serum and stool samples were collected
from mother-infant dyads (n = 30) in a longitudinal setting. PFAS were quantified in maternal serum to examine
their associations with the microbial compositions (determined by shotgun metagenomic sequencing) in mothers

and infants. High maternal exposure to PFAS was consistently associated with increased abundance of Meth-
anobrevibacter smithii in maternal stool. Among individual PFAS compounds, PFOS and PFHpS showed the
strongest association with M. smithii. However, maternal total PFAS exposure associated only weakly with the
infant microbiome. Our findings suggest that PFAS exposure affects the composition of the adult gut microbiome.

1. Introduction

The period spanning between conception to 24 months of age rep-
resents a critical window for our long term growth and development
(Barker, 2007). During these 1000 days, the fetus is exposed to a wide
range of molecules that cross the placenta from the mother and exposure
to microbes occurs just after birth (Kennedy et al., 2023). Emerging
evidence suggests that the succession of gut microbiota during birth and
early life are key in influencing and supporting the trajectories of
healthy growth and development, including immune system matura-
tion, metabolism, endocrine functions, and neurodevelopment (Gilbert
et al., 2018; Robertson et al., 2019).

Host genetic and postnatal environmental factors shape the gut mi-
crobial composition in early life (Backhed et al., 2015; Rothschild et al.,
2018). Intriguingly, the gut microbiome also contributes to the
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metabolism of ingested xenobiotic compounds and vice versa (Koppel
et al., 2017; Sunderland et al., 2019). Humans are exposed to tens of
thousands of environmental chemicals every day. One specific class of
persistent environmental chemicals to which humans are widely
exposed to include per- and polyfluoroalkyl substances (PFAS). These
have biological half-lives ranging from three to five years (Li et al., 2018;
Liew et al., 2018). Human exposure to PFAS occurs predominantly
through ingestion of contaminated food and drinking water (Sunderland
et al., 2019). Fetuses are already exposed to PFAS in utero via placental
transfer and in infants the exposure occurs via contaminated maternal
breast milk (Croes et al., 2012; Lamichhane et al., 2021). Current evi-
dence suggests that high exposure to PFAS during early life can lead to
adverse health outcomes in adulthood (Sunderland et al., 2019). For
instance, we and others have recently shown that high prenatal PFAS
exposure contributes to increased risk and pathogenesis of T1D in
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offspring (McGlinchey et al., 2020).

PFAS interfere with the synthesis and metabolism of bile acids (BAs),
which are (Zhao et al., 2015), which are key microbial metabolites that
drive early life gut microbial maturation (van Best et al., 2020). In
addition, exposure to PFAS alters the concentration of circulatory me-
tabolites, including sphingomyelin, which play a critical role in regu-
lating immune cells (McGlinchey et al., 2020). Thus, exposure to PFAS
in early life may affect the maturation of the gut microbiome and im-
mune system via bile acid metabolism. Intriguingly, high PFAS exposure
has been shown to affect the microbiome diversity in infants (Iszatt
et al., 2019; Naspolini et al., 2022). While several studies have
demonstrated an association between exposure to a series of various
environmental chemicals (bisphenols, phthalates, persistent organic
pollutants, heavy metals, and pesticides) and the gut microbiome, our
understanding of how PFAS influences the overall viability of gut mi-
crobes remains limited (Chiu et al., 2020). Importantly, we do not yet
understand the potential of PFAS to alter the human gut microbiome at
the individual species level. Recently, in a US pregnancy cohort, impact
of milk PFAS concentrations on gut microbiome were accessed at bac-
terial species level in the infants (Laue et al., 2023). However, not much
is known about the impact of PFAS on the paired maternal-child sam-
ples. Given the growing global concern about PFAS exposure, our
objective here was to identify the gut microbial species that are asso-
ciated with PFAS exposure during the prenatal and early stages of life in
a longitudinal mother-infant cohort. We sought to fill gaps in previous
studies by (1) utilizing metagenomics sequencing to enable more precise
identification of microbial species, and (2) investigating longitudinal
correlations between microbes and PFAS in mother—child pairs.

2. Methods
2.1. Study population

The study cohort of 30 healthy pregnant people were recruited from
January 28, 2013, to February 26, 2015 (Yassour et al., 2018). Families
were contacted at the fetal ultrasonography visit, which is arranged for
all pregnant women in Finland around gestational week 20. Written
informed consent was signed by the parents at the beginning of the third
trimester. Longitudinal mother and offspring stool samples taken at
three sampling points were analyzed including the meconium sample
collected in the delivery hospital and another sample collected at the age
of 3 months in the offspring, a maternal sample collected at the begin-
ning of the third trimester (gestational sample, G), another maternal
sample collected at delivery (D), and a third maternal sample collected
3 months post-delivery (T). Paired serum and stool samples from
mothers and offspring child were collected at the age of 3 months
postpartum. Selected characteristics of the study subjects are shown in
Table S1.

2.2. PFAS analyses

Sample preparation and PFAS quantification was carried out as
described previously (Salihovic et al., 2020). In short, 450 pl acetonitrile
with 1% formic acid, and internal standards were added to 150 ul serum
and samples subsequently treated with Ostro Protein Precipitation &
Phospholipid Removal 96-well plate (Waters Corporation, Milford, USA)
Ostro sample preparation in a 96-well plate for protein precipitation and
phospholipid removal. The analysis of PFAS was performed using
automated column-switching ultra-performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS) (Waters,
Milford, USA) using an ACQUITY C18 BEH 2.1 x 100 mm x 1.7 pm
column and a gradient with 30% methanol in 2 mM NH4Ac water and 2
mM NH4Ac in methanol with a flow rate of 0.3 mL/min. Quantitative
analysis of the selected analytes was performed using the isotope dilu-
tion method; all standards (i.e., internal standards, recovery standards,
and native calibration standards) were purchased from Wellington
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Laboratories (Guelph, Ontario, Canada). The method’s detection limits
ranged between 0.02 and 0.19 ng/mlL, depending on the analyte
(Table S2). NIST SRM 1957 reference serum as well as in-house pooled
plasma samples were used in quality control, and the results agreed well
with the reference values, with average recovery being 97.4% for PFOS,
PFOA, PFDA, PFNA, PFHpA, PFuNDA and PFHxS. The sum of total PFAS
was calculated in pg/ml.

2.3. Analysis of metabolites

Forty pl of serum sample was mixed with 90 ul of cold MeOH/H20
(1:1, v/v) containing the internal standard mixture (Valine-d8, Glutamic
acid-d5, Succinic acid-d4, Heptadecanoic acid, Lactic acid-d3, Citric
acid-d4. 3-Hydroxybutyric acid-d4, Arginine-d7, Tryptophan-d5,
Glutamine-d5, 1-D4-CA, 1-D4-CDCA, 1-D4-CDCA, 1-D4-GCA, 1-D4-
GCDCA, 1-D4-GLCA, 1-D4-GUDCA, 1-D4-LCA,1-D4-TCA, 1-D4-UDCA,
PFOA-13C4, PFNA-13C5, PFUdA-13C2, PFHxS-1802, PFOS-13C4) for
protein precipitation. The tube was vortexed and ultra-sonicated for 3
min, followed by centrifugation (10000 rpm, 5 min). After centrifuging,
90 pl of the upper layer of the solution was transferred to the LC vial and
evaporated under the nitrogen gas to the dryness. After drying, the
sample was reconstituted into 60 ul of MeOH: H20 (70:30).

An Agilent 1290 Infinity LC system coupled with 6545 Q-TOF MS
interfaced with a dual jet stream electrospray (dual ESI) ion source
(Agilent Technologies, Santa Clara, CA, USA) was used for the analysis.
Chromatographic separation was carried out using an Acquity UPLC
BEH C18 column (100 mm x 2.1 mm i.d., 1.7 um particle size), fitted
with a C18 pre-column (Waters Corporation, Wexford, Ireland). Mobile
phase A consisted of H;O: MeOH (v/v 70:30) and mobile phase B of
MeOH with both phases containing 2 mM ammonium acetate as an
ionization agent. The flow rate was set at 0.4 mL-min~! with the elution
gradient as follows: 0-1.5 min, mobile phase B was increased from 5% to
30%; 1.5-4.5 min, mobile phase B increased to 70%; 4.5-7.5 min, mo-
bile phase B increased to 100% and held for 5.5 min. A post-time of 5
min was used to regain the initial conditions for the next analysis. The
total run time per sample was 18 min. The dual ESI ionization source
was settings were as follows: capillary voltage was 4.5 kV, nozzle
voltage 1500 V, N; pressure in the nebulized was 21 psi and the N, flow
rate and temperature as sheath gas was 11 L-min~! and 379 °C,
respectively. In order to obtain accurate mass spectra in MS scan, the m/
z range was set to 100-1700 in negative ion mode. MassHunter B.06.01
software (Agilent Technologies, Santa Clara, CA, USA) was used for all
data acquisition. Data pre-processing was performed using MZmine 2.53
and identification was done using an in-house spectral library, based on
m/z and retention time.

Quantification of BAs were performed using a 7-point internal cali-
bration curve. The identification process utilized a customized database
that follows the Metabolomics Standards Initiative, featuring two
identification levels (level 1 and level 2).

2.4. Gut microbiome analysis by shotgun metagenomics

The method is adapted version of descriptions in the related work
(Yassour et al., 2018).

2.4.1. Sample collection and DNA extraction

The stool samples were collected at home or in the delivery hospital.
The samples collected at home were stored in the households’ freezers
(—20 °C) until the next visit to the study centre. The samples were then
shipped on dry ice to the early dietary intervention and later signs of
beta cell autoimmunity (EDIA) Core Laboratory in Helsinki, where the
samples were stored at —80 °C until shipping to the University of
Tampere for DNA extraction. DNA extractions from stool were carried
out using the vacuum protocol of PowerSoil DNA Isolation Kit.
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2.4.2. Metagenome library construction

Metagenomic DNA samples were quantified by Quant-iT PicoGreen
dsDNA Assay (Life Technologies) and normalized to a concentration of
50 pg pL — 1. Illumina sequencing libraries were prepared from 100 to
250 pg DNA using the Nextera XT DNA Library Preparation kit (Illu-
mina) according to the manufacturer’s recommended protocol, with
reaction volumes scaled accordingly. Batches of 24, 48, or 96 libraries
were pooled by transferring equal volumes of each library using a Lab-
cyte Echo 550 liquid handler. Insert sizes and concentrations for each
pooled library were determined using an Agilent Bioanalyzer DNA 1000
kit (Agilent Technologies).

2.5. Metagenomic sequencing

Metagenomic libraries were sequenced on the Illumina HiSeq 2500
platform, targeting ~2.5 Gb of sequence per sample with 101 bp paired-
end reads. Reads were quality controlled by trimming low-quality bases,
removing reads shorter than 60 nucleotides. Potential human contami-
nation was identified and filtered using the KneadData Tool, v0.5.1 with
the hgl9 human reference genome. Quality controlled samples were
profiled taxonomically using MetaPhlAn 2.0 (Segata et al., 2012; Truong
et al., 2015).

2.6. Statistical analysis

The linear discriminant analysis effect size (LEfSe) (Segata et al.,
2011) was applied to identify differentially abundant taxa between the
groups (high vs. low exposure). In order to minimize the confounding
effect of age (mother vs. child), data were analyzed separately in
different age cohorts. The high and low exposure groups were defined by

Gastestional (G)

Delivery (D)

3 months after D (T)
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the median XPFAS value. Wilcoxon rank-sum tests in LEfSe were used to
identify significant differences. To account for the co-variates, the dif-
ference in the microbiome between the two exposure groups was also
compared using linear mixed-effects model with the fixed effect being
(~ exposure group + BMI + Age) and the random effect being subject-
wise variation using MaAsLin2 package in the statistical programming
language R. Spearman correlation coefficients were calculated using the
Statistical Toolbox in MATLAB 2017b and p values < 0.05 (two-tailed)
were considered significant for the correlations. The individual
Spearman correlation coefficients were illustrated as a heat map using
the “corrplot” package (version 0.84) for the R (https://www.r-project.
org/). The subsequent visualizations were generated using the ggplot2 R
package.

3. Results
3.1. Metabolomics analyses of the mother-infant cohort

Thirty mother-child dyads were included in the study (Fig. 1,
Table S1). Serum concentrations of 20 PFAS compounds were quanti-
fied in maternal serum samples drawn during pregnancy (Table S2).
Serum metabolites were quantified in samples collected at 3 months
after delivery from both mothers and their children. We analyzed me-
tabolites from across a wide range of chemical classes, including, bile
acids, amino acids, free fatty acids, and other chemical pollutants
including benzyl paraben and furoic acid (CMPFPA). Relative abun-
dance of microbial species were characterized by shotgun metagenomics
sequencing in longitudinal mother and child stool samples: Infant —birth
(meconium) and 3 months of age; Mother — gestational (G, during
pregnancy), delivery (D), and three months post-delivery (T).

Fig. 1. An overview of the study setting.
Mother and child stool sample were obtained
from three sampling points: Two offspring
samples at birth (meconium), and at 3

-+ .
O months of age, together with three maternal
_8 stool samples: gestational (G, during preg-
[@) nancy at the beginning of the third
O ) trimester), delivery (D), and 3 months after
y the delivery (T). Paired serum and stool
| samples from mothers and offspring were
\////\ collected during delivery and at the infant
;/\b age of 3 month. Selected characteristics of
the study subjects are shown in Table S1.
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Q
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® ‘ ‘ ‘
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3.2. Impact of PFAS exposure on the gut microbiome

PFAS exposure associated with the longitudinal maternal gut
microbiome profile obtained during G, D and T (Fig. 2). To understand
the impact of PFAS on the microbial communities in the mothers and in
the offspring, we classified the microbiome profiles into two groups
(high vs. low exposure) based on total maternal PFAS exposure levels.

We found that during pregnancy, a total of six microbial species
differed between higher and lower quartiles of maternal exposure to
PFAS (Fig. 2). Methanobrevibacter smithii, additional unclassified Meth-
anobrevibacter sequences, and Subdoligranulum variabile were more
abundant in highly exposed group, while Erysipelotrichaceae bacterium
6145, Bacteroides nordii and Ruminococcus lactaris were more abundant

Environment International 176 (2023) 107965

in the low exposure group. Comparing high vs. low exposure at the time
of delivery revealed elevated levels of 10 microbial species (Bur-
kholderiales bacterium 1147, Veillonella parvula, Alistipes senegalensis,
Coprobacter fastidiosus, Parasutterella excrementihominis, Eubacterium eli-
gens, Peptostreptococcaceae noname unclassified, Veillonella dispar, Meth-
anobrevibacter smithii, Methanobrevibacter unclassified) in the highly
exposed mothers (Fig. 2). Similarly, we compared the maternal gut
microbiome difference between the exposures groups in the samples
collected 3 months after the delivery. A total of 15 microbial species
were different between the high and low exposure groups. There was no
persistent trend with respect to microbial differences between the
groups (Fig. 2A), with the exception for Methanobrevibacter (Fig. 2),
which was persistently higher in high exposure group as compared to
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Fig. 2. Comparison of microbiome abundances between the exposure groups in maternal samples. (A) Heat map showing the log-transformed linear discriminant
analysis (LDA) scores. The heat map highlights the scores for bacterial taxa that were found to be significantly different between high and low exposure groups at
different sampling time points.The LDA score indicates the effect size and ranking of each microbial taxon. Statistical significance was evaluated using the Wilcoxon
rank-sum tests in LEfSe. The negative values indicate species enriched in the low exposure group and positive values indicate species enriched in the high exposure
group. The x-axis clustering was performed using the default settings in the heatmaply R package, which is based on the dissimilarity between rows and columns. (B)
The relative abundances of microbiome between maternal samples of the exposure groups. The heat map shows how the relative abundances of Methanobrevibacter
species in maternal samples change over time. The positive values indicate species enriched in the given exposure group. The values remained persistently higher in
the highly exposed stool sample, while these species were missing in most of the low exposure group in the longitudinal settings. Here, X, shaded light grey represents
missing sample collected during pregnancy at the beginning of the third trimester. Mother gestational (G), delivery (D), and three months post-delivery (T).
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low exposure. In addition, the difference in the Methanobrevibacter
composition between the exposure groups was compared using a
multivariate linear model, co-accounting for age and BMI. We found that
Methanobrevibacter smithii and Methanobrevibacter unclassified differed
between the exposures group, however the effect of age and BMI
remained insignificant in the maternal longitudinal stool sample
(Table S3).

Next, we sought to determine associations of individual PFAS on
those gut microbes whose abundances differed between the high and
low exposure maternal groups (Fig. 2). By using ranked based correla-
tion analysis, we tested for associations between 20 measured PFAS
species with those microbial species that were different between the
high and low exposure group in two maternal sampling time points (i.e.,
G, D, or T). PFOS and PFHpS were found to be consistently associated
with Methanobrevibacter species (Fig. 3). PFECHS showed positive as-
sociation with Methanobrevibacter in the sample collected 3 months post-
delivery. In addition, we found that Erysipelotrichaceae bacterium 6145
was negatively associated with PFOS and PFUnDA during pregnancy,
while it remained positively associated with PFPeS at the time of
delivery.

Infants are exposed to PFAS due to cumulative exposure via breast-
feeding during early life. To study the potential impact of PFAS on mi-
crobial communities in infants, we compared the maternal PFAS
exposure quartiles with the infants’ gut microbiome profiles. We found
that maternal total PFAS showed only modest association with stool
microbiome in the infants (Supplementary Fig. S1). The linear
discriminant effect size analysis revealed a total of three microbial
species (Subdoligranulum unclassified, Bifidobacterium pseudocatenulatum,
and Propionibacterium avidum), which were differentially abundant be-
tween the high and low maternal exposure groups either at birth or at 3
months of age.

3.3. Metabolomic profiles in mothers were associated with microbiome
profile

We also examined whether the abundance of PFAS-associated bac-
terial species correlated with the levels of circulating metabolites in
serum samples collected at 3 months after the delivery from the mothers.
We found that Methanobrevibacter species (M smithii and the unclassified

PFBA
PFPeA

Methanobrevibacter smithii
Methanobrevibacter unclassified
Peptostreptococcaceae noname unclassified
Erysipelotrichaceae bacterium 6145
Parasutterella excrementihominis
Methanobrevibacter smithii
Methanobrevibacter unclassified
Peptostreptococcaceae noname unclassified
Erysipelotrichaceae bacterium 6145
Parasutterella excrementihominis
Methanobrevibacter smithii
Methanobrevibacter unclassified
Peptostreptococcaceae noname unclassified
Erysipelotrichaceae bacterium 6145
Parasutterella excrementihominis
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Methanobrevibacter species) were negatively associated with glycine-
conjugated BAs, particularly with glycodeoxycholic acid (GDCA), gly-
coursodeoxycholic acid (GUDCA) and glycoursodeoxycholic acid sulfate
(GUDCAS) (Fig. 4). We also found a strong correlation between
M. smithii and the unclassified Methanobrevibacter species in the mother’s
stool samples. The Spearman’s rank correlation coefficient between
these two species was 0.99 in the stool samples collected three months
after delivery. Alistipes putredinis was negatively associated with doco-
sahexanoic acid (C22:6) and one BA (iso ursodeoxycholic acid [iso-
UDCA] or hyodeoxycholic acid [isoHDCA] or murocholic deoxycholic
acid [MCDCA]). In the maternal serum at 3 months post-delivery, we
also observed positive associations between Parasutterella excrementi-
hominis and microbial-derived metabolite indole-3-acetic acid and two
BAs (GUDCA and cholic acid [CA]). In addition, Erysipelotrichaceae
bacterium 6145 showed a significant, positive association with 12-keto-
lithocholic acid, indicating that Erysipelotrichaceae and Parasutterella
may actively participate in human BA metabolism and homeostasis
(Fig. 4).

4. Discussion

Our study revealed that high PFAS exposure in mothers is associated
with changes in the composition of their gut microbiome, characterized
by consistently higher relative abundances of Methanobrevibacter species
in highly exposed mothers compared to mothers with lower exposure.
We were also able to demonstrate that the microbially-derived metab-
olite, indole-3-acetic acid and the conjugated BAs (such as GUDCA) are
associated with an altered maternal microbiome 3 months after delivery.

Our observations suggest that the abundance of the methanogenic
archaea may vary with PFAS exposure, which is in agreement with
recent studies reporting that persistent organic pollutant exposure
induce changes in human microbiome composition (Iszatt et al., 2019;
Naspolini et al., 2022). Maternal exposure to PFAS was previously found
associated with a decrease of Faecalibacterium and a concomitant in-
crease in Clostridium, Staphylococcus, and Bifidobacterium bacterial spe-
cies in infant stool samples (Naspolini et al., 2022). In previous studies
PFAS exposure was also associated with changes in stool microbiome
diversity in infants, specifically in the bacterial domain (Iszatt et al.,
2019; Naspolini et al., 2022).
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Fig. 3. Associations between the microbiome and individual PFAS in the mothers. Spearman rank correlation between the individual PFAS species (n = 20) with
those microbial species that appeared to be affected in a minimum of two longitudinal sampling time points (i.e., G, D, and T) in the mothers. Mother gestational (G),
delivery (D), and three months post-delivery (T). Perfluorobutanoic acid (PFBA) Perfluoropentanoic acid (PFPeA) Perfluorobutane sulfonate (PFBS) Perfluoro
pentane sulfonate (PFPeS) Perfluoroheptanoic acid (PFHpA) Perfluorohexane sulfonate (PFHxS) Perfluorooctanoic acid (PFOA) Perfluoroheptane sulfonate (PFHpS)
Perfluorononanoic acid (PFNA) Perfluorooctane sulfonamide (PFOSA) Linear-Perfluorooctane sulfonate (PFOS) Perfluorodecanoic acid (PFDA) Potassium Perfluoro-
4-ethylcyclohexanesulfonate (PFECHS) Perfluorononane sulfonate (PFNS) Perfluoroundecanoic acid (PFUnDA) Perfluorodecane sulfonate (PFDS) Per-
fluorododecanoic acid (PFDoDA) Perfluorotridecanoic acid (PFTrDA) Perfluorododecane sulfonate (PFDoDS) Perfluorotetradecanoic acid (PFTDA).
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Fig. 4. Associations between microbiome and circulatory metabolite in the mothers 3 months after the delivery. Spearman rank correlation between the polar
metabolites with those microbial species that were affected in a minimum of two longitudinal sampling time points (i.e. G, D, and T) in the mothers. Mother
gestational (G), delivery (D), and three months post-delivery (T).*indicates the isomers and only metabolites are depicted in the figure. Here, black X, represents
significant association (p values < 0.05). 3-Carboxy-4-methyl-5-propyl-2-furanpropanoate (3C4M5P2FP), 7-oxo-deoxycholic acid (7-oxo-DCA), cholic acid (CA),
chenodeoxycholic acid (CDCA), deoxycholic acid (CDCA), glycolithocholic acid (GLCA), glycocholic acid (GCA), glycodeoxycholic acid (GDCA), glycoursodeox-
ycholic acid (GUDCA) and glycoursodeoxycholic acid sulfate (GUDCAS), docosahexanoic acid (C22:6) and one BA (iso ursodeoxycholic acid (isoUDCA) or hyo-
deoxycholic acid (isoHDCA) or murocholic deoxycholic acid (MCDCA), lithocholic acid (LCA), Taurocholic acid (TCA), taurochenodeoxycholic acid (TCDCA),
taurodeoxycholic acid (TDCA), tauroursodeoxycholic acid (TUDCA), taurolithocholic acid (TLCA), ursodeoxycholic acid (UDCA), Perfluorodecanoic acid (PFDA),
Perfluorohexanesulfonic acid (PFHxS), perfluorononanoic acid (PFNA), Perfluorooctanoic acid (PFOA), perfluorooctane sulfonate (PFOS).

Here, we focused on mother-infant dyads, and the metagenomics
sequencing approach allowed us to investigate microbiome samples at
subspecies resolution (Yassour et al., 2018). We found that PFAS expo-
sure appeared associated particularly with the Methanobrevibacter

species in maternal sample but not in the infant microbiome, which
could be due to the absence of Methanobrevibacter colonization/succes-
sion in the infant gut. Interestingly, we identified two specific PFAS,
being PFOS and PFHpS, which were strongly associated with the
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Methanobrevibacter, a dominant methanogenic archaea in the adult
human gut. These methanogens are functionally important due to their
ability to consume molecular hydrogen and contribute to host energy
harvest (Hansen et al., 2011). Importantly, Methanobrevibacter strains
have been reported to be proinflammatory pathobionts associated with
multiple sclerosis (Jangi et al., 2016), childhood obesity (Mbakwa et al.,
2015) and urinary tract infection (Grine et al., 2019). Meanwhile,
Methanobrevibacter were also found to be enriched in Sardinian cente-
narians (Wu et al., 2019).

The gut microbiome has a profound influence on the human
metabolome (Dekkers et al., 2022). We found that microbial species
(archaea) which appear associated with PFAS exposure, were negatively
associated with glycine-conjugated BAs, in particular with GDCA,
GUDCA and GUDCAS. The BA pool in humans is also regulated by the
gut microbes, secondary BAs in particular (Ridlon et al., 2014). Func-
tionally, PFAS have been suggested to impact the intestinal re-
absorption of BAs (Beggs et al., 2016; Chiang, 2017; Zhao et al.,
2015). Previous studies indicated that BA and methanogens in the
human colon are interlinked (Florin and Jabbar, 1994). Recently, gut-
associated archaea M. smithii have have also been found to have bile
salt hydrolase (BSH) activities, which are responsible for conjugation of
amino acids with BAs (Jones et al., 2008).

We acknowledge some limitations to our study, including the small
sample size in our longitudinal setting. However, our study is unique in
reporting associations between PFAS exposure levels and the human gut
microbiome at the individual species level in paired mother—child dyad.
Our study suggests that PFAS exposure may affect human health through
the host-microbiome-metabolome co-axis. Specifically, the association
between M. smithii and conjugated BAs suggests that methanogenic
archaea may play a role in mediating the interplay of BA metabolism, re-
absorption, and the impact of PFAS exposure. Nevertheless, additional
research is required to investigate the underlying mediation and
mechanisms to validate this relationship. We also recognize that con-
founding covariates must be taken into account and systematic inte-
gration of numerous cofactors are required to draw strong conclusions
regarding cause-and-effect relationships between microbiome constitu-
ents and phenotype.

5. Conclusions

Taken together, our results suggest that the PFAS exposure may in-
fluence adult gut microbiota composition, while the effect on the infant
microbiome appear weak. The changes in microbiome composition
indicate that methanogenic archaea were consistently increased in the
highly-exposed group. At the individual PFAS level, PFOS and PFHpS
showed the strongest connection with the altered methanogenic
archaea.
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