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A B S T R A C T   

Perfluorooctanesulfonic acid (PFOS) is a persistent anthropogenic chemical that can affect the thyroid hormone 
system in humans and animals. In adults, thyroid hormones (THs) are regulated by the hypothalamic-pituitary- 
thyroid (HPT) axis, but also by organs such as the liver and potentially the gut microbiota. PFOS and other 
xenobiotics can therefore disrupt the TH system at various locations and through different mechanisms. To start 
addressing this, we exposed adult male rats to 3 mg PFOS/kg/day for 7 days and analysed effects on multiple 
organs and pathways simultaneously by transcriptomics. This included four primary organs involved in TH 
regulation, namely hypothalamus, pituitary, thyroid, and liver. To investigate a potential role of the gut 
microbiota in thyroid hormone regulation, two additional groups of animals were dosed with the antibiotic 
vancomycin (8 mg/kg/day), either with or without PFOS. PFOS exposure decreased thyroxine (T4) and triio-
dothyronine (T3) without affecting thyroid stimulating hormone (TSH), resembling a state of hypothyroxinemia. 
PFOS exposure resulted in 50 differentially expressed genes (DEGs) in the hypothalamus, 68 DEGs in the pitu-
itary, 71 DEGs in the thyroid, and 181 DEGs in the liver. A concomitant compromised gut microbiota did not 
significantly change effects of PFOS exposure. Organ-specific DEGs did not align with TH regulating genes; 
however, genes associated with vesicle transport and neuronal signaling were affected in the hypothalamus, and 
phase I and phase II metabolism in the liver. This suggests that a decrease in systemic TH levels may activate the 
expression of factors altering trafficking, metabolism and excretion of TH. At the transcriptional level, little 
evidence suggests that the pituitary or thyroid gland is involved in PFOS-induced TH system disruption.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFASs) are synthetic chemicals 
that are highly resistant to degradation. They are persistent in the 
environment and have long half-lives in humans (Olsen et al., 2007), 
properties that have lead to restrictions to the use of some PFASs over 
time (UNEP, 2008). However, people are still exposed through foods, 
water, dust, clothing, and other materials treated with PFASs (Sunder-
land et al., 2019). Perfluorooctanesulfonic acid (PFOS) is one legacy 
PFAS which has been shown to cause various health effects in animals 
and humans. 

Both human and animal studies have linked PFOS exposure to TH 
system disruption (Coperchini et al., 2021, 2017; Fenton et al., 2021; Lee 
and Choi, 2017; Schrenk et al., 2020). Depending on the model system, 
various mechanisms by which PFOS could cause TH system disruption 
have been suggested. They include inhibition of the sodium/iodide 
symporter (NIS), disrupted thyroglobulin synthesis, altered thyroper-
oxidase (TPO) function, or increased TH excretion through liver enzyme 
induction and displacement of TH from transthyretin (TTR) (Coperchini 
et al., 2021; Dong et al., 2016; Ren et al., 2016; Weiss et al., 2009; Yu 
et al., 2009). 

In rats, PFOS exposure reduces serum T4 and T3 levels, but typically 
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does not activate the HPT axis by increasing TSH secretion. This 
hypothyroxinemia-like effect pattern of low THs and unaffected TSH has 
been observed in numerous animal studies of PFOS (Chang et al., 2008; 
Lau et al., 2003; Luebker et al., 2005; Thibodeaux et al., 2003; Yu et al., 
2009), as well as for other environmental chemicals such as poly-
brominated diphenyl ethers (PBDEs), polychlorinated biphenyls (PCBs), 
triclosan and 3-methylcholanthrene (Bansal et al., 2014; Farmer et al., 
2018; Goldey et al., 1995; Klaassen and Hood, 2001; Kodavanti et al., 
2010; Liu et al., 1995; Louis et al., 2017). Yet, how these effects arises 
remain unclear (Gilbert et al., 2020). 

Another point to consider with respect to PFOS exposure is the gut 
microbiota. The intestinal microbiota can affect TH metabolism by 
interfering with iodine uptake, as well as degradation and enterohepatic 
cycling of TH (Fröhlich and Wahl, 2019). In rats, an altered microbiota 
can lead to changes in serum TH levels, as well as TH excretion (de 
Herder et al., 1989). The microbiota also plays a role in the intestinal 
cycling of TH destined for excretion (de Herder et al., 1989; van der Spek 
et al., 2017) and PFASs are known to go through enterohepatic cycling 
in both humans and rats (Johnson et al., 1984; Zhao et al., 2017). 
Therefore, the composition of the gut microbiota could potentially 
impact how PFOS exposure disrupts the TH system. 

With this complex, multi-organ system being affected by PFOS 
exposure, it is challenging to decipher exactly how PFOS causes changes 
to the TH system and resulting downstream adverse effect outcomes. To 
start addressing this, we performed transcriptomics analysis on several 
organs of the TH system to get a first glance at how TH system disruptors 
can affect several target organs, either directly or indirectly. By super-
imposing transcriptomics data on systemic TH profiles, potential targets 
for further in-depth analysis were identified. In addition, we included a 
PFOS exposure group where the gut microbiota was altered by vanco-
mycin treatment, which could potentially reveal another level of 
complexity that needs to be accounted for when evaluating the potential 
risks of PFOS exposure. Notably, the study design does not allow for the 
decoupling of transcriptional changes occurring through a disrupted TH 
system versus effects mediated directly by PFOS in target tissues. 
Nevertheless, with this caveat in mind, the study design will offer insight 
into PFOS toxicity at the transcript level regardless of modality and 
provide a reference data source to compare future studies, including rats 
where the TH system has been disrupted by other means, and hence 
allowing for the early deciphering of TH-mediated effects at the organ 
level. 

2. Materials & methods 

2.1. Animal study 

The study included 48 male Sprague-Dawley rat pups from time- 
mated dams (Crl:CD(SD)), purchased from Charles River Europe 
(distributed by SCANBUR, Denmark). Male offspring were randomized 
and weaned for pairwise housing in cages at postnatal day (PD) 24. The 
rats were then semi-randomly distributed (according to weight) into 4 
experimental groups until the end of the experiment (PD63). The 4 
exposure groups were (n = 12/group): i) control (corn oil; Sigma 
Aldrich, MA, USA), ii) 8 mg Vancomycin hydrochloride/kg bw/day 
(CAS: 1404-93-9, lot# LRAC0718, Sigma Aldrich), iii) 3 mg 
heptadecafluoro-octanesulfonic acid potassium salt (PFOS)/kg bw/day 
(purity ≥98%, CAS: 2795-39-3, lot# BCCC4690, Merck), and iv) 8 mg 
Vancomycin (vanco)/kg bw/day + 3 mg PFOS/kg bw/day. The exper-
iment was started at PD55, with treatments administered daily by oral 
gavage for 7 days from PD56 until PD62. Doses were calculated each day 
based on bodyweight. Treatment concentrations were selected based on 
a review of available literature. Cages were fitted with aspen wood chip 
bedding (Tapvei, Denmark). The rats were kept in cages (High Tem-
perature Polysulfonate) placed in ScanTainers (ventilated cabinets, 
Scanbur) with ScanClime (Scanbur) controlled environmental condi-
tions, with reversed light/dark cycles of 12 h, humidity 55 ± 5%, 

temperature at 22 ± 1 ◦C, with air change at 50 times per hour. Feed was 
given ad libitum with soy and lucerne free feed based on Altromin 1314 
(Altromin GmbH, Germany) containing 1.52 mg/kg iodine and 0.26 
mg/kg selenium. Acidified tap water was given ad libitum in BPA free 
bottles (84-ACBT0702SU, Techniplast, PA, USA). 

The animal experiments were carried out in the BioFacility of the 
Technical University of Denmark. Ethical approval was obtained from 
the Danish Animal Experiments Inspectorate, authorization number 
2020-15-0201-00570. The experiments were overseen by the in-house 
Animal Welfare Committee for animal care and use at the National 
Food Institute. 

2.2. Autopsies/tissue samples 

All 48 rats were weighed before being anesthetized with CO2/O2 and 
killed by decapitation. Trunk blood for serum hormone quantification 
was kept on ice (<1 h) before centrifugation at 4000 rpm at 4 ◦C for 10 
min. Livers and thyroid glands were weighed. Subsequently, hypothal-
ami (including ventromedial nucleus and perifornical TRH neurons, as 
described by Merchenthaler and Liposits, 1994), pituitaries, thyroids, 
and livers were collected in RNAlater (Ambion Inc., CT, USA) for 
bulk-RNA sequencing (n = 12) according to suppliers’ protocol and 
stored at − 80 ◦C. Liver samples (n = 3/group) for histology were excised 
and fixed in 10% neutral buffered formalin (24 h), before being tissue 
processed (Excelsior AS Tissue Processor, Thermo Scientific, United 
Kingdom) and embedded in paraffin. 

2.3. Thyroid hormone analysis by LC-MS2 

Serum samples were extracted as previously described (Hansen et al., 
2016), with slight modifications. In brief, 50 μL serum was spiked with 
isotopic-labelled (13C)-thyroid hormone standards (internal standards 
(IS), cT2, cT3 and cT4) and homogenized. After antioxidant treatment 
(0.1 mL, 25 mg/mL ascorbic acid, R,R-dithiothreitol and citric acid so-
lution) and protein denaturation by urea (8 M in 1% NH4OH), the 
samples were enriched using solid-phase micro-extraction (SOLAμ HRP 
10 mg/1 mL 96 well plate, Thermo Fisher Scientific, Germany) and 
reconstituted in 100 μL 5% methanol containing an instrument control 
standard (ICS, crT3). Procedural blanks containing water instead of 
plasma were included from the beginning. 

The targeted analysis of THs was performed on an Agilent 6495c 
triple-quadrupole system with a hyphenated Agilent 1290 Infinity II 
UHPLC system (binary pump, degasser, and autosampler; Agilent 
Technologies). Targeted analytes were thyroxine (T4), 3,3′,5-triiodo-
thyronine (T3), 3,3′,5′-triiodothyronine (rT3), 3,5-diiodothyronine 
(3,5-T2), 3,3-diiodothyronine (3,3-T2), 3-iodothyronine (T1), thyro-
nine (T0), 3-iodothyroacetic acid (T1Ac), 3,5-Diiodothyroacetic acid 
(Diac), triiodothyroacetic acid (Triac) and tetraiodothyroacetic acid 
(Tetrac). Quantifiable hormones in our samples were T4, T3, rT3, 
T1Ac and T0. Neat standard ten-point equimolar calibration curves 
(0.04–20.0 pmol/mL TH, n = 2) were prepared in 5% methanol and 
all vials contained a fixed amount IS and ICS (15.2 pmol/mL). Data 
analysis was conducted in MassHunter version 10.1 (Agilent Tech-
nologies). Detailed descriptions of chemicals and reagents, the 
extraction method, instrumental parameters, as well as limits of 
detection and limits of quantification, are found in supplementary file 
(S1_Supplemental_Methods). 

2.4. TSH analysis 

Serum TSH was quantified in technical duplicates (n = 9–10) using 
MILLIPLEX MAP Rat Pituitary Magnetic Bead Panel(RPTMAG-86 K) 
from Millipore (MA, USA) (LOQ = 0.87 pg/mL). The kit was used with a 
Bio-Plex 200 Array Reader from Bio-Rad (CA, USA) according to the 
manufacturer’s protocol. TSH concentration was estimated using a 
linear trendline (R2 = 0.9948) based on the supplied standard. 
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2.5. RNA isolation 

Total RNA was isolated using AllPrep DNA/RNA/Protein Kit from 
Qiagen (Germany) according to manufacturer’s instructions and stored 
at − 80 ◦C. RNA concentrations were determined using a Nanodrop 
spectrometer (ND-1000, Fisher Scientific), and quality was evaluated 
using a Bioanalyzer (Agilent Technologies, CA, USA), with acceptable 
RNA integrity number (RIN) score set to >6. All RNA samples were 
diluted to 25 ng/μL in a 96-well PCR plate, and stored in − 80 ◦C before 
library preparation and sequencing. 

2.6. Bulk RNA barcoding (BRB) library preparation and sequencing 

The 3′ Bulk RNA Barcoding and sequencing (BRB-seq) (Alpern et al., 
2019) was performed as previously described (Giacosa et al., 2021). In 
short, the initial reverse transcription and template switching were done 
using 10 ng total RNA in 4 μL. cDNA was then purified, and 
double-stranded (ds) cDNAs were made by PCR. 50 ng of ds cDNA was 
used to build the sequencing libraries by tagmentation with the Illumina 
Nextera XT Kit (Illumina, #FC-131-1024) according to the manufac-
turer’s recommendations. The resulting library was sequenced using an 
Illumina NovaSeq 6000 sequencing system. RTA 2.7.7 and bcl2fastq 
2.17.1.14 was used for image analysis and base calling. DimerRemover 
was used to remove adapter dimer reads (https://sourceforge.net/proje 
cts/dimerremover/). 

2.7. Preprocessing of BRB-seq raw data 

The quality control pipeline for preprocessing is described in detail in 
(Giacosa et al., 2021). In short, 16 bases are initially read, and all must 
have a quality score >10. The unique sample-specific barcode corre-
sponds to first 6 bp, and the unique molecular identifier (UMI) corre-
sponds to the following 10 bp. Rat reference transcriptome from the 
UCSC website (release rn6, downloaded in August 2020) using BWA 
version 0.7.4.4 with the parameter “− l 24” was used to align the second 
reads. Read mapping to multiple positions in the genome were removed 
from the analysis. Following quality control and data preprocessing, 
UMIs associated with each gene (lines) in each sample (columns) was 
used to create a gene count matrix. Normalization of the UMI matrix was 
conducted using regularized log (rlog) transformation package from the 
DeSeq2 package (Love et al., 2014). Raw and preprocessed data were 
deposited at the GEO repository under the accession number 
GSE196133 (Edgar et al., 2002). 

2.8. Differential gene expression and functional analysis 

Differentially expressed genes (DEGs) were identified using the 
AMEN suite of tools (Chalmel and Primig, 2008). Statistical comparisons 
were made independently for each organ (hypothalamus, pituitary, 
thyroid, and liver): samples exposed to Vancomycin vs controls, samples 
exposed to PFOS vs Controls, and samples exposed to PFOS and Van-
comycin vs controls (Chalmel and Primig, 2008). Briefly, genes showing 
an expression signal higher than a given background cutoff (corre-
sponding to the overall median of the rlog-transformed UMI dataset, 
3.46) and at least a 1.5-fold change relative to the control groups were 
selected. Statistically significant DEGs were identified by using the 
empirical Bayes moderated t-statistics implemented into the LIMMA 
package (F-value adjusted using the Benjamini & Hochberg (BH) False 
Discovery Rate approach, p ≤ 0.05) (Ritchie et al., 2015; Smyth, 2004). 
For each organ, the resulting set of DEGs were then clustered into 
distinct expression patterns with the k-means algorithm and presented 
as heatmaps. Gene ontology (GO) enrichment was conducted for each 
gene cluster using AMEN (Chalmel and Primig, 2008), with an 
BH-adjusted p value of ≤ 0.05. The resulting toxicogenomic signatures 
were submitted at the TOXsIgN repository under the accession number 
TSP1265 (https://toxsign.genouest.org) (Darde et al., 2018). 

2.9. Statistical analysis 

Weight and hormone data were checked for normality using qqplot 
and Bartlett’s test for variance before One-way ANOVA followed by post 
hoc Tukey test or Kruskal-Wallis with post-hoc Dunn’s test. Statistically 
significant results are presented with (*), p < 0.05, as determined by 
statistical analysis. 

The remaining graphs were generated using Graphpad Prism 9 
(Graphpad, CA, USA) and Adobe Illustrator 2020 (Adobe, CA, USA). 

3. Results 

Both PFOS and vancomycin treatment affected liver weight. 
Liver weights relative to body weights were significantly increased in 

the PFOS-treated groups when compared to the controls, whereas van-
comycin treatment reduced the relative liver weights compared to 
controls (Fig. 1A). Absolute liver weights were not significantly different 
in the PFOS-treated group when compared to controls, whereas they 
were significantly lower in the vancomycin-treated group relative to the 
PFOS-treated group (data not shown). Body weight gain at study 
termination (data not shown) and thyroid gland weights (absolute and 
relative to body weight) were unaffected across all treatment groups 
compared to controls (Fig. 1B). 

3.1. PFOS lowered serum TH, but not TSH levels 

After 7 days of exposure to PFOS, total serum concentration of T4, 
T3, rT3 and T1Ac were significantly reduced compared to control ani-
mals, whereas no effects were observed for T0 (Fig. 2A–E). Vancomycin 
did not affect TH concentrations, nor did vancomycin change the effects 
of PFOS during co-treatment: the effects of PFOS only and with and 
without vancomycin were similar. The change in circulating thyroid 
hormones were not accompanied by a significant change in TSH 
(Fig. 2F). 

3.2. PFOS induced lipid accumulation in the liver 

Livers were stained with H&E for histology examination, as detailed 
in supplementary file “S1_Supplemental_Methods”. Livers were exam-
ined for lipid droplet formation in zone 1, 2, and 3 of the lobules. The 
PFOS-exposed groups showed signs of lipid droplet accumulation when 
compared to controls (Figure S1, S2_Supplementary_Figures). Only 
modest signs of lipid accumulation were observed in the control, van-
comycin, and vancomycin + PFOS treated groups. 

3.3. Transcriptomics revealed organ-specific effects of PFOS exposure 

The transcriptomic analysis identified 50 DEGs in the hypothala-
mus, 68 in the pituitary, 71 in the thyroid gland, and 181 in the 
liver (Fig. 3A–D, S3_Table_RNA-seq_DEGs) which further clustered 
into 3, 3, 4, and 7 expression patterns in the distinct organs, 
respectively. Most of the genes were affected by PFOS exposure 
rather than by vancomycin treatment. A functional analysis was 
performed to determine whether some of those expression patterns 
are significantly associated with specific biological processes and 
pathways (S4_Table_Functional_analysis). 

In the hypothalamus, the 50 DEGs were partitioned into three broad 
expression patterns denoted Hy1-3 to accurately represent the trends in 
the data (Fig. 4A). Pattern Hy1 was generally upregulated in response to 
PFOS exposure. The general expression trend for pattern Hy2 was 
downregulation following PFOS exposure, whereas vancomycin did not 
seem to affect expression notably. For pattern Hy3, there was a general 
downregulation induced by both vancomycin and PFOS exposure, with a 
combination of the two groups resulting in an even stronger down-
regulation. Of these, only pattern Hy2 was significantly associated with 
GO terms, of which there were 26 (Figure S3A, 
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S2_Supplementary_Figures). The GO-terms with the highest represen-
tation were axon (GO:0030424, 12 genes, p value < 4.0e− 7) and neuron 
projection (GO:0043005, 13, 3.2e− 5), plasma membrane bounded cell 
projection (GO:0120025, 13, 1.5e− 3), and cell projection (GO:0042995, 
13, 1.6e− 3). This suggests dysregulation of genes related to neuronal 
communication in the hypothalamus. 

For the pituitary, the 68 DEGs were clustered into three expression 
patterns denoted Pi1-3 (Fig. 4B). In pattern Pi1, there was a general 
upregulation with all treatment groups. In pattern Pi2, all groups 
showed a general upregulation, except the vancomycin treated group, 
which was downregulated. For pattern Pi3 there was a general 

downregulation in all groups. However, no functional terms were 
significantly associated within these. To our knowledge, neither of the 
functional terms associated with the TH system. This was further evident 
by the fact that none of the 68 DEGs are key factors of the HPT axis. 

In the thyroid, 71 DEGs were partitioned into four expression pat-
terns denoted Ty1-4 (Fig. 4C). Pattern Ty1 was generally upregulated by 
PFOS treatment, but these effects seem to be counteracted by the pres-
ence of vancomycin. PFOS treatment caused a general upregulation in 
pattern Ty2, which again seemed to be slightly counteracted by the 
presence of vancomycin. Pattern Ty3 was generally downregulated by 
the presence of PFOS, and in pattern Ty4, there was a general 

Fig. 1. Exposure to PFOS and vancomycin alters 
liver weights, but not thyroid weights, in adult 
male rats. Male rats were treated with either vehicle 
control (red), 8 mg/kg/day vancomycin (vanco) 
(brown), 3 mg/kg/PFOS (blue), or 8 mg/kg/day 
vancomycin + 3 mg/kg/day PFOS (turquoise) for 7 
days. Weights are presented as box plot with (•) 
denoting individual measurements (n = 12), in 
addition to mean, 25th to 75th percentile, and whis-
kers showing minimum and maximum values. Sta-
tistically significant results are presented with (*), p 
< 0.05, as determined by one-way ANOVA with post- 
hoc Tukey’s test (For interpretation of the references 
to color in this figure legend, the reader is referred to 
the Web version of this article.)   

Fig. 2. Circulating thyroid hormone levels de-
creases in response to PFOS exposure: (A) T4, (B) 
T3, (C) rT3, and (D) T1Ac decreased with PFOS 
exposure, (E) T0 and (F) TSH were unaffected. Blood 
samples were collected at experiment termination 
following 7 days exposure to either vehicle control 
(red), 8 mg/kg/day vancomycin (vanco) (brown), 3 
mg/kg/day PFOS (blue), or 8 mg/kg/day vancomycin 
+ 3 mg/kg/day PFOS (turquoise). Data is shown as 
mean ± SD with each (•) representing each data 
point. Hormones were measured by either LC-MS2 (n 
= 12) (A–E) or Milliplex kit (n = 9–10) (F). Statisti-
cally significant results are presented with (*), p <
0.05, as determined by one-way ANOVA (B, F) with 
post-hoc Tukey’s test or Kruskal-Wallis (A, C-E) with 
post-hoc Dunn’s test. (For interpretation of the ref-
erences to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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downregulation with all treatments. Among those four expression pat-
terns, only patterns Ty1 and Ty3 were significantly associated with 
enriched functional terms. Pattern Ty1, with the GSEA term 
«PHONG_TNF_RESPONSE_NOT_VIA_P38», had 7 DEGs: Jund, Larp6, 
Sox9, Tmem265, Wtap, Optn, and Plcb1 (7, 9.8e− 3). Pattern Ty3, with the 
GSEA term «SENESE_HDAC1_TARGETS_DN», had 5 DEGs: Baz2B, 
Cdc42ep3, Igfbp5, Sesn3, and Utrn (5, 5.8e− 3). None of the 71 DEGs 
identified in the thyroid are, to our knowledge, regulated by TSHr or 
implicated in TH synthesis or the TH system in general. 

In the liver, the 181 DEGs were partitioned into seven expression 
patterns denoted Li1-7 (Fig. 4D). Pattern Li1 showed general upregula-
tion in all treatment groups. The expression trend in pattern Li2 suggests a 
general upregulation by PFOS that is counteracted by the presence of 
vancomycin. Pattern Li3 showed upregulation in both groups treated 
with PFOS. Pattern Li4 showed an increasing upregulation in response to 
both vancomycin and PFOS, as well as the combination of the two. For 
pattern Li5, there was a downregulation with vancomycin treatment that 
was counteracted by PFOS. Pattern Li6 showed slight upregulation 
following vancomycin treatment that was counteracted by PFOS. In 
pattern Li7, there was a general downregulation in all treatment groups. 
Of these, only two patterns had identifiable functional terms that were 
significant (Figure S3B, C). Pattern Li2 was associated with a total of 18 
GO terms, including cytosol (GO:0005829, 11, 1.9e− 2), translation 
(GO:0006412, 7, 1.5e− 2), amide biosynthethic process (GO:0043604, 7, 
0.032), peptide metabolic process (GO:0006518, 7, 3.3e− 2), and peptide 
biosynthethic process (GO:0043043, 7, 1.5e− 2). Pattern Li3 showed 56 
GO terms, including lipid metabolic process (GO:0006629, 18, 1.81e− 9), 
small molecule metabolic process (GO:0044281, 18, 1.04e− 7), carboxylic 
acid metabolic process (GO:0019752, 17, 2.53e− 10), oxoacid metabolic 
process (GO:0043436, 17, 4.0e− 10), and organic acid metabolic process 
(GO:0006082, 17, 4.26e− 10). This suggests disruption to several path-
ways in the exposed livers, particularly those related to lipid and fatty 
acid metabolism, and xenobiotic response elements. 

A comparison of DEGs between the four organs revealed that DEGs 
were foremost specific to each organ. However, there were also over-
lapping DEGs in the different patterns of the four organs, albeit very few 

(Fig. 4E). For example, the neuronal guidance factor Sema3a was 
downregulated in both hypothalamus and pituitary of PFOS-exposed 
rats, whereas the actin-regulatory protein Tmod2 was downregulated 
in hypothalamus but upregulated in pituitary. There were DEGs shared 
between pituitary and liver, such as Coa5, Mtmr1, Vcl and Tob1 that were 
all downregulated, but are genes that do not immediately point towards 
any shared functional term. Other examples include the CYP family 
member Cyp2u1, which was downregulated in pituitary but upregulated 
in thyroid of PFOS-exposed rats. Genes that were downregulated in 
liver, but upregulated in thyroid, such as Crebbp and Jund, and several 
genes that were downregulated in both hypothalamus and thyroid, 
including Slc38a1, Sptbn1, Trmtc4 and Plcb1. Again, these factors may 
point to important functions individually, but do not immediately enrich 
specific functional terms. 

PFASs are known to affect Wnt signaling (Yang et al., 2020), so we 
used the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
resource implemented into the pathview tool (Luo and Brouwer, 2013) 
to display potential DEGs relevant to Wnt signaling. Irrespective of GO 
functional terms, it revealed that some genes of the Wnt signaling 
pathway were affected by PFOS exposure when combining DEGs from 
all organs, for instance the G protein-coupled receptor Frizzled (Fig. 5). 
Similarly, some of the DEGs identified in the animals exposed to PFOS 
are known to be involved in MAPK, calcium, or PPAR signaling path-
ways (Figure S4-S6, S2_Supplementary_Figures). Notably, none of the 
identified DEGs aligned with thyroid hormone signaling pathway. 

4. Discussion 

PFOS can disrupt the TH system in animals and humans. In rats, 
typical effects of exposure are reduced T4 and T3 levels in the serum 
without a compensatory increase in TSH. Herein, we induced this 
hypothyroxinemia-like effect-pattern at a non-toxic concentration and 
subsequently analysed the transcriptomes of several organs of the TH 
system. The exposure design proved to be fit-for-purpose in that exposed 
animals displayed no significant changes in body weight and only slight 
increase in liver weights without any overt signs of histopathological 

Fig. 3. RNA-sequencing revealed that the liver had the most differentially expressed genes (DEGs). RNA collected from hypothalamus, pituitary, thyroid, and 
liver was sequenced with BRB-seq. RNA was collected from organ samples collected following 7 days exposure to either corn oil (control, ctrl), 8 mg/kg/day 
vancomycin (vanco, v), 3 mg/kg/day PFOS (p), or 8 mg/kg/day vancomycin and 3 mg/kg/day PFOS. DEGs were identified by comparing treatment groups to the 
control group using limma. Threshold for DEGs was set to ≥1.5 fold-change and significance was determined using adjusted F-value ≤ 0.05. The final number of 
DEGs per group correspond to unique genes within each organ, with the discrepancy in total number of individual up- or down-regulated DEGs corresponding to 
genes shared between two or more groups (i.e. for hypothalamus the 50 DEGs represents 50 unique genes amongst the 66 DEGs observed between the three 
exposure groups). 
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changes. Further, serum TH levels were significantly reduced in the 
animals exposed to PFOS for 7 days, recapitulating effects seen for both 
T3 and T4 in previous animal studies (Chang et al., 2008; Coperchini 
et al., 2017; Schrenk et al., 2020; Seacat et al., 2002; Thibodeaux et al., 
2003; Yu et al., 2009). We also found that the TH metabolites rT3 and 
T1Ac were reduced, which indicates that the PFOS effect profile extends 
beyond T3 and T4. Finally, we saw no changes to TSH levels in serum, 
nor changes to thyroid gland weights, supporting the fact that TSH is not 
elevated in response to the pronounced drop in serum T4 and T3. 

An additional aim of our study was to see if an altered microbiota 

would alter the effects of PFOS exposure and, in turn, induce different 
effects on the TH system. For this, we chose to treat one PFOS-exposure 
group with vancomycin, as it reportedly does not cross the gut epithe-
lium (Rao et al., 2011). Although vancomycin treatment resulted in 
reduced liver weights, we observed no obvious difference in the tran-
scriptome in response to PFOS exposure in the vancomycin-treated an-
imals when comparing to animals exposed to only PFOS. This suggests 
that, in the given context, the microbiota did not play a significant role 
in PFOS-induced effects on TH levels. 

Having established that PFOS exposure induced the expected 

Fig. 4. Clustering analysis shown as heatmaps, the hypothalamus and liver had most GO terms. RNA collected following 7 days of exposure to either control 
(ctrl), 8 mg/kg/day vancomycin (vanco), 3 mg/kg/day PFOS, or 8 mg/kg/day vancomycin +3 mg/kg/day PFOS was sequenced using BRB-seq. Results from the 
tissues hypothalamus (Hy)(A), pituitary (Pi) (B), thyroid (Ty) (C), and liver (Li) (D) were clustered into patterns after filtering and testing for significance. Shared 
differentially expressed genes (DEGs) between the different patterns are shown in the intersection plot (E). 
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hypothyroxinemia-like effects on the TH system, the main aim of the 
study was addressed; namely, characterizing changes to the tran-
scriptome of central tissues of the HPT-axis and TH system. Hypothal-
ami, pituitaries, thyroids, and livers were subjected to bulk-RNA 
sequencing to determine the effects of PFOS in each tissue, and whether 
the tissues had responded to reduced circulatory concentrations of T3 
and T4. This was done to improve our understanding of the systemic 
effects of PFOS and, hopefully, begin to unravel effects of PFOS exposure 
on the TH system or on organs of the TH system regulation axis, being it 
direct effects of PFOS exposure or indirectly by occurring downstream of 
TH system disruption. As expected, the liver was the most affected organ 
at the transcriptional level in response to PFOS exposure, but the hy-
pothalamus, pituitary and thyroid all displayed some transcriptional 
changes. We also observed minor differences in DEGs from animals 
exposed to PFOS only versus vancomycin-treated animals exposed to 
PFOS. However, the differences between these groups were minor, 
suggesting that the altered gut microbiota had little impact on the 
observed effects on the TH system. 

Although 71 DEGs were identified in the thyroids of exposed ani-
mals, none of these genes are known to play a role in TH synthesis. Only 
a few interesting DEGs were identified, such as increased expression of 

Sox9, Jund, and Larp6. The function of SOX9 in the thyroid gland during 
adulthood is not well understood, but knockdown of Sox9 inhibits pro-
liferation and invasion of human thyroid cancer cells (Huang and Guo, 
2017). Both Sox9 and Jund have been associated with benign thyroid 
tumors in humans (Wang et al., 2018), lending some support to the 
suggestion that PFOS exposure may be involved in thyroid cancer 
development (Butenhoff et al., 2012). The general findings in the thy-
roid glands suggest two primary results. Firstly, PFOS does not directly 
target TH synthesis at the gene transcription level and hence, the TH 
synthesis apparatus is intact. Therefore, it seems unlikely that PFOS 
reduce serum TH through a thyroid gland mediated mechanism (Chang 
et al., 2008; Ramhøj et al., 2020). Secondly, the untargeted gene 
expression analysis revealed that transcript levels of the TSH and TSH 
receptor-regulated genes were unaffected. This strongly suggests that 
the thyroid gland in PFOS-exposed animals were not stimulated by 
increased TSH action, which is supported by unaffected TSH levels and 
thyroid gland weight. These findings also support, and extend on, pre-
vious targeted investigations of PFOS and other PFASs conducted in rats 
(Chang et al., 2008; Gilbert et al., 2021; Ramhøj et al., 2020, 2018; W.-G. 
Yu et al., 2009). Notably, while our results rule out effects at the tran-
script level, we cannot rule out possible effects at the protein level; 

Fig. 5. Genes of the WNT signaling pathway affected by PFOS exposure in different organs. When compared to controls, adult rats exposed to PFOS display 
some dysregulated genes in different organs. Each gene is represented in a box with four sub-boxes color-coded (green = downregulated; red = upregulated) ac-
cording to its log2-fold change expression (PFOS vs Ctrl) in the order, left to right: hypothalamus (Hy), pituitary (Pi), thyroid (Ty) and liver (Li). In the pituitary, 
Frizzled (Fzd1) was significantly downregulated. Both siah E3 ubiquitin protein ligase 1 (Siah1) and phospholipase C β 1 (Plc) were downregulated in the hypothalamus 
(Hy). In the thyroid (Ty), Plc was also downregulated, whereas CREB binding protein (Cbp) was upregulated. Finally, in the liver (Li), Cbp was downregulated. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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either expression or function. 
We observed 68 DEGs in the pituitaries of animals exposed to PFOS 

only, none of which are, to our knowledge, key factors involved in TSH 
regulation or synthesis. This suggests that, at the transcript level, 
reduction in THs induced by PFOS fails to activate a response in the 
pituitary including the Tshb-gene encoding the TSHβ-subunit of TSH. 
Our data cannot answer whether lack of TSH induction directly stems 
from reduced TRH stimulation of the pituitary. However, a reduction in 
TRH stimulation would presumably result in decreased expression of 
genes such as Tshb (Steinfelder et al., 1991), which we did not observe. 
Looking further at the pituitary, we observed no changes in serum TSH 
levels, which corroborates previous studies (Chang et al., 2008; Coper-
chini et al., 2017; Schrenk et al., 2020; Seacat et al., 2002; Thibodeaux 
et al., 2003; W. G. Yu et al., 2009). 

In the hypothalamus, we observed 50 DEGs in the PFOS exposure 
group, which was the smallest transcriptional effect among the analysed 
tissues. Unlike the pituitary and thyroid, however, multiple GO-terms 
were identified. Many of the GO-terms and related genes are involved 
in brain neuronal function, but a few genes may also suggest that PFOS 
could affect hypothalamic TRH secretion through neurons in the para-
ventricular nuclei (PVN). PFOS exposure downregulated Myo5a, an 
actin-dependent transport motor which moves neuropeptides and hor-
mones along axons and dendrites in large dense core vesicles (LDCVs) 
(de Wit et al., 2006; Rudolf et al., 2011). There are indications that TRH 
is released from LDCVs, and LDCV release is thought to be affected by 
glutamatergic signaling (Hrabovszky et al., 2005; Yin et al., 2015). 
Notably, Sema3a was also downregulated by PFOS exposure. SEMA3A 
is, like TRH, transported through LDCVs (Hrabovszky et al., 2005; 
Rudolf et al., 2011; Yin et al., 2015) and functions as an axon guiding 
protein (Yoshida, 2012) involved in neuronal plasticity, recovery from 
injury in the nervous system and dendritic spine density in the adult 
brain (Morita et al., 2006; Pasterkamp and Giger, 2009; Yoshida, 2012). 
In addition to effects mediated through glutamate signaling, PFOS may 
also inhibit prolactin secretion by affecting GABAergic cells in the par-
aventricular nuclei (PVN) (Salgado et al., 2015). Prolactin, like TSH, is 
secreted from the pituitary and regulated by the PVN of the hypothal-
amus in rats (Salgado et al., 2016, 2015). This suggests that PFOS 
exposure affects the hypothalamus in a way that could impact TRH 
regulation. However, the HPT axis is still functional in PFOS-exposed 
male rats (Chang et al., 2008). Nevertheless, our results suggest that 
PFOS could affect TRH regulation directly, albeit our study design pre-
cludes the possibility to address this specifically. 

We also found the GABA-related genes Rab2a, Slc38a1, Gad2, and 
Gabra2 (Betley et al., 2009) to be downregulated by PFOS treatment. 
The specific function of Rab2a in the brain is not well understood, but 
has been associated with reduced prefrontal cortical thickness and 
density of calbindin-immunoreactive interneurons, a type of GABAergic 
neurons involved in working memory (Kim and Webster, 2010; Li et al., 
2015). Another gene that was significantly downregulated in both of the 
PFOS treated groups was Plcb1, a gene associated with a number of 
neurological disorders in humans (Yang et al., 2016). Plcb1 was also 
affected in both the pituitary and thyroid, suggesting a common and 
direct effect of PFOS exposure. Numerous other studies have found ef-
fects of PFAS exposure on the nervous system (Wang et al., 2019). For 
instance, in a study with PFOS exposure of 3 mg/kg, PFOS altered 
dopamine levels and the dopamine receptor (Salgado et al., 2016). 
Several mechanisms for PFOS-mediated effects on brain function have 
been suggested (Wang et al., 2019). Importantly, however, it is still 
difficult to discriminate between effects that may be caused directly by 
PFOS exposure and those that potentially are caused by a lack of TH in 
the hypothalamus or the brain. Further studies are needed to understand 
the extent of effects on neuronal function in the hypothalamus, as well as 
effects on TRH release. 

The largest transcriptional changes were observed in the livers of 
exposed animals. A large number of these may be attributed to the ca-
pacity of PFOS to activate the nuclear receptors Peroxisome proliferator- 

activated receptor alpha (PPARα), Constitutive androstane receptor 
(CAR), or Pregnane X receptor (PXR), as previously reported (Dong 
et al., 2016; Rosen et al., 2010). In the liver of adult male rats exposed 
for 28 days to 50 mg PFOS/kg, 593 DEGs were observed (Dong et al., 
2016). This is significantly more than the 113 DEGs observed in our 
study. However, the difference may be attributed to the higher exposure 
dose and longer exposure duration used by Dong et al. (2016). Both 
studies suggest that the liver is strongly affected by PFOS. 

It is well established that PFASs can activate PPARα (Rosenmai et al., 
2018; Takacs and Abbott, 2007; Wolf et al., 2008), as well as CAR and 
PXR (Dong et al., 2016; Elcombe et al., 2012; Rosen et al., 2008), leading 
to upregulation of phase I and phase II enzymes. PFOS exposure has also 
been shown to increase excretion of TH through bile and urine in rats 
(Chang et al., 2008), which indicates activation of hepatic enzymes and 
ultimately excretion of TH. Signaling pathways such as PPARα, CAR, 
and PXR are possible mediators of such activation, leading to upregu-
lating glucuronidating and sulfonating enzymes. However, the specific 
enzymes identified in this study are not known to target TH. 

Liver enzyme induction is not the only mechanism that can lead to 
increased TH excretion. Displacement of TH by chemical binding to TTR 
can also lead to increased liver TH metabolism and excretion. Although 
our study was not specifically designed to identify these mechanisms, it 
is known that PFOS can bind to TTR and rapidly displace T4 to the 
circulation (Ren et al., 2016; Weiss et al., 2009). Based on our results, 
and other reports on PFOS and liver enzyme induction (Dong et al., 
2016; Rosen et al., 2017; W.-G. Yu et al., 2009), as well as TTR binding, 
it is possible that increased TH excretion plays a role in serum TH re-
ductions associated with PFOS exposure, but the evidence is not over-
whelmingly convincing. Interestingly, liver enzyme induction and 
TTR-binding are mechanisms shared between many environmental 
chemicals that reduce serum T4 without increasing TSH (Bansal et al., 
2014; Farmer et al., 2018; Goldey et al., 1995; Hamers et al., 2006; 
Klaassen and Hood, 2001; Kodavanti et al., 2010; Liu et al., 1995; Louis 
et al., 2017). Future comparative studies should explore how different 
types of compounds cause different types of thyroid hormone disruption 
and focus on identifying specific mediators of TH excretion. 

Although our thyroid hormone system-disrupted rats did not reveal 
obvious enrichments or DEGs that are known to be central players in 
thyroid signaling, KEGG analysis did reveal potential disruptions to 
other important regulatory pathways. For instance, Wnt signaling, 
which is affected by PFOS in vitro (Yang et al., 2020), showed some signs 
of disruption in all of the four organs. In addition, DEGs did associate 
with calcium, MAPK and PPAR signaling pathways. Importantly, mul-
tiple genes of the PPAR signaling pathway were dysregulated in the 
liver, showing that PPAR is a likely target for PFOS. It should be noted, 
however, that this study has analysed transcriptional changes in the 
adult rat. In adult animals, the impact of dysregulation to key regulatory 
pathways may not be as consequential as they would be if exposure 
occurs during development, for example with Wnt signaling that is 
crucial for guiding numerous developmental processes. A second point is 
that these transcriptional changes are just as likely not a consequence of 
reduced TH levels, but a direct effect of PFOS on target tissues. Our study 
design cannot distinguish between what effects are caused directly by 
PFOS or secondary to TH system disruption, or a mixture of the two. 

5. Conclusion 

We induced a hypothyroxinemia-like effect in male rats by exposing 
them to PFOS for 7 days. Several DEGs were identified in the liver and 
organs of the HPT-axis. However, in the pituitaries and thyroid glands 
none of the identified DEGs are known to be related to TH regulation. 
Therefore, PFOS does not seem to affect the TH system directly through 
effects on the thyroid or the pituitary, suggesting that the HPT-axis was 
not activated to compensate for the reduced TH concentrations. In 
contrast, our findings lend some support to the general view that 
upregulation of hepatic enzymes and increased TH excretion may 
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contribute to PFOS-induced reduction in serum TH, albeit our data does 
not prove this notion. We also included a PFOS exposure group with 
compromised gut microbiota in order to test the hypothesis that the gut 
microbiome can play a role in how individuals respond to environmental 
exposure. In this study, we did not find any obvious effects on the 
transcriptional level in the analysed organs; yet, we would still suggest 
that including this parameter in future studies would be important. 
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