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Abstract

This study investigated the effects of two emerging per- and polyfluoroalkyl substances (PFAS), perfluorododecane sulfonic acid
(PFDoDS) and perfluoro-4-ethylcyclohexane sulfonic acid (PFECHS), alongside legacy perfluorooctanesulfonic acid (PFOS) on mallard
ducklings (Anas platyrhynchos) exposed in ovo. These PFAS compounds were selected based on their detection in a declining sea duck
species and concerns over their endocrine disruption potential. Farmed mallard eggs were injected with 80 ng/g of PFDoDS, PFECHS,
or PFOS, simulating maternal transfer to the egg and reflecting concentrations at the upper end of those reported in wild bird eggs.
Gene expression was assessed in the liver, heart, and bursa of Fabricius. In the liver, messenger RNA (mRNA) and small RNA
sequencing revealed sex-specific changes in genes related to metabolism and immune function, particularly antiviral responses, in
PFECHS- and PFDoDS-exposed ducklings. Notably, there was overlap between male PFECHS- and PFOS-exposed groups. In the heart,
quantitative polymerase chain reaction (qQPCR) analyses of mRNAs and microRNAs associated with stress, inflammation, and devel-
opment showed no differences, though trends included altered expression of genes involved in oxidative and cellular stress
responses across treatments. In the bursa of Fabricius, qPCR of immune-related mRNAs revealed upward trends in innate immune
gene expression across all exposure groups, also consistent with antiviral immune activation, suggesting shared transcriptional
effects among these sulfonated PFAS. These findings demonstrate that emerging PFAS exposure alters gene regulation related to key
physiological pathways, with responses differing by sex and tissue type. Our results underscore the complexity of PFAS-induced
immunomodulation and highlight potential developmental risks of maternal PFAS transfer in wild avian species.
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Introduction

Global migratory waterfowl populations are declining under vari-
ous pressures (Wetlands International, 2025), with the role of
pollutant exposure remaining unclear. Among the myriad of pollu-
tants, per- and polyfluoroalkyl substances (PFAS) represent a par-
ticularly concerning class. Per- and polyfluoroalkyl substances
encompass a diverse group of thousands of man-made com-
pounds that contain at least one aliphatic perfluorocarbon moiety
(e.g., -CpFa— Kwiatkowski et al., 2020). While many studies have
been performed on legacy PFAS, including perfluorooctanesulfonic
acid (PFOS)—which is listed under the Stockholm Convention and
has been linked to developmental toxicity, immunotoxicity, hepa-
totoxicity, and carcinogenicity (Antonopoulou et al., 2024)—much
less is known about the impacts of emerging PFAS. Notably, recent
findings suggest that some novel PFAS compounds may be more
harmful than their legacy counterparts (Briels et al, 2018),
highlighting the need for further research on their impacts as they
enter the environment. The present study investigates the effects
of two emerging PFAS compounds—perfluoro-4-ethylcyclohexane
sulfonic acid (PFECHS or PFEtCHxS) and perfluorododecane

sulfonic acid (PFDoDS or PFDoS)—on toxicity pathways in avian
species, which have not been reported to date.

The cyclic eight-carbon PFECHS is used as an anticorrosive
agent in aircraft hydraulic fluids (De Silva et al., 2011) and is fre-
quently found around airports. It has been widely detected in envi-
ronmental samples, including tissues from various bird species
(Sun et al., 2023). Regarding its toxicity, mixed findings have been
reported, depending on the organism, exposure levels, and con-
text. Houde et al. (2013) found no relationships between vitello-
genin (VTG) expression in the liver, VTG plasma activity, and
PFECHS plasma concentrations (5.07 +4.72 ng/g wet wt) in environ-
mentally exposed northern pike (Esox lucius), while they reported a
VTG decrease in Daphnia magna (0.06 and 6mg/L), suggesting
endocrine disruptive potential (Houde et al., 2016). In marine
Chlorella sp., chronic exposure to 1000 ng/L PFECHS reduced growth
(Niu et al, 2019). In vivo exposure of zebrafish (Danio rerio) to
PFECHS resulted in deformities and increased the expression of
key genes (PPARa, CYPIAI, and APOA1 at 0.5-2.5ug/L; Mahoney
etal., 2023a), altered pathways related to cellular interaction, focal
adhesion, MAPK signaling, and actin cytoskeleton regulation
(0.006-5mg/L; Mahoney et al., 2024), and induced oxidative stress,
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immunotoxicity, reduced heart rate, and impaired spontaneous
movement (100ug/L; Yao et al, 2024). Moreover, in vitro
(Oncorhynchus mykiss liver cells), PFECHS disrupted mitochondrial
membranes and gene expression, significantly affecting
glutathione-S-transferase at 400 ng/L, while other genes were dys-
regulated only at non-environmentally relevant concentrations
(Mahoney et al., 2023b). The same study reported PFECHS to in-
duce reactive oxygen species (ROS) production in a dose-
dependent manner at treatments of 0.2-180mg/L. These findings
suggest that PFECHS toxicity involves multiple pathways, includ-
ing ROS induction, endocrine disruption, alterations in cellular sig-
naling, and disruptions to membrane integrity and function. Of
the studies comparing effects of PFECHS with PFOS, toxicity rela-
tive to PFOS varies depending on the biological endpoint assessed
(Mahoney et al., 2023a, 2023b; Yao et al., 2024).

The 12-carbon PFDoDS is a newer compound, the specific uses
of which are not well documented or widely reported. It has been
detected in several Southern Ocean seabird species (Roscales
et al,, 2019) and was recently found in eggs from declining sea
duck populations at concentrations exceeding those of legacy
PFOS, raising concerns about developmental effects (Frgyland,
2022). To the author’s knowledge, no studies have reported
PFDoDS exposure effects to date.

The establishment of a clear link between PFAS exposure and
their effects in situ is often hampered by unknown influences of
additional factors such as environmental conditions, occurrence
of co-contaminants, and age and sex of the investigated species.
To overcome these challenges, we conducted a controlled labora-
tory study using the mallard (Anas platyrhynchos) as a model spe-
cies for avian wildlife. In ovo injection, administered before the
start of incubation, allows for the introduction of PFAS directly
into the yolk sac, where these compounds are known to accumu-
late (Gebbink & Letcher, 2012). This exposure pathway mimics
maternal transfer, providing a relevant model for studying devel-
opmental toxicity. By euthanizing the ducklings immediately
after hatching, we can observe changes during a critical develop-
mental window, offering insights into the potential early-life
impacts of PFAS exposure.

Exposure to PFAS (with PFOS as a focal chemical in most stud-
ies) during development has been linked to effects in various
organs in birds, including the liver, the heart, and the bursa of
Fabricius (Briels et al, 2018; Geng et al.,, 2019; Mattsson et al.,
2019). The liver is an important target organ for many types of
PFAS and a main accumulation site (Robuck et al., 2021). Per- and
polyfluoroalkyl substance exposure can lead to various adverse
effects in the liver, including disruptions in metabolic processes
(Geng et al., 2019). In the heart, exposure to PFAS has been shown
to induce cardiotoxicity, including abnormal cardiac morphology
and impaired heart function (Wen et al., 2023). These effects on
the heart, observed in embryonic models, highlight the risks asso-
ciated with PFAS exposure during early development. Lastly, the
bursa of Fabricius is crucial for the avian immune system and can
be affected by PFAS during critical stages of development
(Mattsson et al., 2019).

The present study was designed to investigate the effects of
PFDoDS and PFECHS, alongside PFOS, on gene expression in three
key organs: the liver, heart, and bursa of Fabricius. To capture the
full range of potential gene expression responses to PFAS exposure
in the liver, a major target organ, we used RNA sequencing as a
nontargeted approach, particularly because no information on
molecular pathways is available for PFDoDS. In addition to mes-
senger RNA (mRNA), microRNA (miRNA) expression was also
assessed. MicroRNAs are small, noncoding RNA molecules of ap-
proximately 22 nucleotides in length. They regulate gene

expression by binding to complementary sequences in mRNAs,
leading to mRNA degradation or inhibition of translation (Bartel,
2004). This post-transcriptional regulation allows miRNAs to con-
trol the expression of a wide variety of genes involved in critical
cellular processes, including growth, differentiation, immune
responses, metabolism, and responses to chemical stressors. An
increasing number of studies highlight the role of miRNAs in medi-
ating responses to PFAS, including in the liver (Dong et al., 2016;
Wang et al.,, 2015). In the heart, miRNA-490 has been implicated in
PFAS-induced effects in chickens (Gallus gallus; Guo et al., 2022).
More broadly, miRNA-21 plays a key role in cardiovascular disease
(Krichevsky & Gabriely, 2009), while miRNAs 1 and 133 are crucial
for heart development (Wystub et al., 2013). These miRNAs were
therefore selected for targeted expression analysis in the heart to
investigate their potential role in PFAS-induced cardiotoxicity, par-
ticularly in relation to reported changes in cardiac function and
morphology in birds. Alongside miRNA analysis, genes related to
the cellular stress response in the avian heart (Seremelis et al.,
2019) were assessed to provide insight into specific molecular
pathways contributing to PFAS-induced cardiotoxicity. Lastly, in
the bursa of Fabricius, a subset of immune genes was targeted to
assess the immunotoxic potential of PFDoDS and PFECHS in birds.
Our overall aim was to identify molecular pathways disrupted
by developmental exposure to the emerging PFAS, PFDoDS, and
PFECHS, alongside legacy PFOS, in three key tissues. We hypothe-
size that in ovo exposure to these compounds may lead to gene
expression changes similar to those induced by PFOS. By inte-
grating both mRNA and miRNA analysis, this combined approach
provides a more comprehensive understanding of PFAS toxicity
in avian species, enhancing our knowledge essential for effective
environmental regulation and wildlife conservation efforts.

Methods

All experimental procedures involving animals were approved by
the Norwegian Food Safety Authority (Mattilsynet; FOTS ID
30237) and carried out at the animal laboratory facilities of the
Department of Biology at the Norwegian University of Science
and Technology (NTNU) in Norway.

The in ovo study investigated a multitude of endpoints, includ-
ing hatching success, time of developmental arrest in unhatched
eggs, morphometrics, PFAS concentrations in duckling tissues, and
plasma hormone concentrations in hatched ducklings. Results for
these endpoints are presented in Peterson (2024).

Chemicals

Chemicals were purchased from Chiron (Trondheim, Norway).
Perfluorooctane sulfonic acid (CAS No. 1763-23-1, net purity 94.6
+4.0%) and perfluoro-4-ethylcyclohexanesulfonic acid, potas-
sium salt (PFECHS-K, CAS No. 335-24-0, net purity 94.3%) were
supplied as powders, while PFDoDS (CAS No. 79780-39-5, net pu-
rity 98.9%) was purchased dissolved in methanol. Solvent-rinsed
glassware and equipment were used during the preparation of
the compounds and the delivery vehicle (see “Vehicle prepara-
tion” section) to minimize background contamination. For PFOS
and PFECHS-K, solutions (500 ug/ml) were made by dissolving the
compounds in sterilized ultrapure water (PURELAB Flex, Elga),
followed by ultrasonication (Ultrasonic Cleaner USC-TH, VWR).
For PFECHS, the concentration was adjusted to reflect the
PFECHS anion, not the potassium salt.

Vehicle preparation

For in ovo administration of the compounds, an emulsion of leci-
thin and peanut oil in water was prepared, based on Brunstrom
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and Orberg (1982) with minor modifications. Lecithin from egg
yolk (GPR RECTAPUR; VWR Chemicals BDH, Leuven, Belgium)
was dissolved in dichloromethane (EMSURE ACS; MilliporeSigma,
Darmstadt, Germany) and mixed with peanut oil (Sigma-Aldrich,
St Louis, MO, USA; lecithin: peanut oil, 1.10, w:v).
Dichloromethane was evaporated at 38 °C under 200 mbar using
a rotary evaporator (RV 10, IKA).

For each compound, an emulsion with a concentration of
40ng/ul was prepared to achieve a final dose of 80ng/g egg,
reflecting concentrations at the upper end of those reported in
eggs of wild birds, including common eiders (Somateria mollissima)
from the Baltic Sea (Frgyland, 2022). An overview of reported
PFDoDS, PFECHS, and PFOS concentrations in eggs from various
bird species is presented in online supplementary material Table
S1. The vehicle control emulsion was prepared by mixing three
parts (4.8 ml) of sterile ultrapure water with two parts (3.2ml) of
lecithin/peanut oil mixture. For PFECHS and PFOS emulsions, the
water-dissolved compounds (approximately 500 ug/ml) were di-
luted in sterile ultrapure water prior to the addition of the leci-
thin/peanut oil mixture (water:lecithin/peanut oil, 3:2, viv) to
obtain the desired final concentrations. For PFDoDS, 200ng dis-
solved in methanol was added to the lecithin:peanut oil mixture
(2.4ml), followed by methanol evaporation at 39°C under 200
mbar. Next, sterile ultrapure water (3.6 ml) was added to form an
emulsion. All emulsions were autoclaved (25min, 120°C) and
sonicated three times for 30s using a probe (GEX 400 Laboratory
Ultrasonic Processor with CV26 Probe, Cole Parmer) to promote
mixing, dispersion, and emulsification. The final emulsions were
stored at 4 °C prior to injection (within 1-3 days).

Egg injections

Fertilized mallard eggs were purchased from a breeding farm in
Sweden (Scandinavian High-Flyers AB, Heberg). The eggs were
collected on the day of oviposition and transported and stored at
10°C-15°C to maintain dormancy for 4-6 days post-laying. The
eggs (n=149) were randomly divided into exposure groups and
one control group, and were injected over 3 consecutive days
(Days 4, 5, or 6 post-laying) before incubation on Day 0. To mini-
mize the number of animals in this study, we used only one con-
trol group (a vehicle-injected control group) based on previous in
ovo experiments in our lab that compared non-injected, punc-
tured, and vehicle-injected control groups (Briels et al., 2018).
Prior to the experiment, 10 mallard eggs from the same breeding
farm were incubated to assess the incubation setup in a pilot
study; all ducklings hatched within 28 days.

To avoid thermal shock during incubation at 37.8°C, the
cooled eggs were brought up to room temperature before injec-
tion. The emulsions were also brought to room temperature and
sonicated (Ultrasonic Processor GEX 400, Cole Parmer) prior to in-
jection. Eggs were weighed (Precision Balance ME4002, Mettler
Toledo) to determine the injection volume, followed by disinfec-
tion of the blunt end of the egg with 90% ethanol. The drilling,
injecting, and sealing of eggs were carried out in a laminar flow
hood (LaminAir PCR Mini, Holten). A rounded dentist drill bit
mounted on a hand-held electric drill (Robust AC Rotary Tool
Multitool) was used to create a 1mm ¢ hole while avoiding punc-
turing the inner shell membrane. Using a 250 ul gastight syringe
(Model 1725 TLL, PTFE Luer Lock, Hamilton) and sterile needles
(Sterican @ 0.80 x 40mm 21G x 1 1/2”, B.Braun), the emulsions
were injected into the yolk sac of the egg. The injected volume
ranged from 99 to 145 ul, depending on the egg mass (2 ul/g egg);
egg mass ranged from 49.4 to 72.4g (mean = SD: 59.3+4.5¢).
Following injection, holes were sealed with paraffin.

Egg incubation

Injected eggs from the different groups were evenly distributed
over three automatically turning incubators (HEKA 1+ and HEKA
3 Wooden Egg Incubators, HEKA, Verl, Germany) and kept at
37.8°C. Relative humidity was maintained at approximately 55%
by manual spraying. The development of the embryos was moni-
tored using candling. Eggs that showed no development after 1
week of incubation or released a smell indicative of decomposi-
tion were frozen at —20°C. These eggs, along with all unhatched
eggs, were opened (and sampled if appropriate) at the end of the
experiment to assess their developmental status. On incubation
Day 25, eggs were transferred to hatching boxes, and humidity
was increased to 65%-80%. Both the timing of pipping and hatch-
ing was recorded to calculate pipping and hatching success (per-
centage of fertile eggs that were able to pip externally and hatch,
respectively).

Results on hatching and pipping success, embryonic develop-
ment stages in unhatched eggs for both hatched and unhatched
ducklings, and morphometrics (head size, tarsus, and ulna
length) for pipped and hatched ducklings are presented in
Peterson (2024).

Sampling
Hatched ducklings were removed from the hatching boxes as
soon as they were dry (< 12hr after hatching), weighed, and eu-
thanized by decapitation with sharp scissors. The sex of the
ducklings was determined by amplifying a region of the chromo-
helicase-DNA-binding 1 gene (CHD1) on the Z and W sex chromo-
somes, using muscle tissue as a DNA source (see online supple-
mentary material for detailed methods). The liver was weighed
and divided for different types of analyses prior to freezing. To
assess PFAS transfer to duckling tissues, concentrations were
measured in liver subsamples. In brief, liver tissue was extracted
with methanol containing 1% ammonium formate and internal
standards, then analyzed using ultra-performance liquid chro-
matography tandem mass spectrometry. Online supplementary
material Figure S1 illustrates the distribution of PFAS concentra-
tions in liver samples from individuals in the present study
(n=28), representing a subset of ducklings from the larger study.
For RNA extraction, liver (~3mm cube) was collected in a
nuclease-free microcentrifuge tube prefilled with 700pl QIAzol
Lysis (Qiagen, Hilden, Germany) and a 5-mm stainless steel bead
(Qiagen, Hilden, Germany) and immediately homogenized using
a TissueLyser II (25 Hz, 3min; Qiagen, Hilden, Germany). The ho-
mogenate was placed on dry ice and frozen at —80°C. Heart and
bursa of Fabricius samples were snap-frozen in liquid nitrogen.
Immediately prior to RNA extraction, an approximate 3-mm
cube subsample was taken from each tissue and homogenized
using the TissueLyser II. Total RNA was isolated from a subset of
liver, heart, and bursa tissues (n=4 females per group, n=3
males per group) using the miRNeasy Mini Kit (Qiagen, Hilden,
Germany), according to the manufacturer’s protocol.

RNA sequencing of liver

Sequencing of mRNA and small RNA was performed on liver
samples from 28 mallard ducklings in the control group and the
three exposure groups (n=4 females per group, n=3 males per
group; online supplementary material Table S2). Library prepara-
tion and RNA sequencing of liver samples were performed by
Novogene Europe (Cambridge, UK). The RNA quantity and quality
were confirmed using NanoDrop spectrophotometry (NanoDrop
Technologies, Wilmington, DE, USA), agarose gel electrophoresis,
and the Agilent 5400 Fragment Analyzer system (Agilent
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Technologies, Santa Clara, CA, USA). Messenger RNA was puri-
fied from total RNA using poly-T oligo-attached magnetic beads.
After fragmentation, unstranded mRNA libraries were prepared
using the Novogene PT042 NGS RNA Library Prep Set (Novogene
Company, Cambridge, UK), followed by sequencing on NovaSeq
X Plus 10B flow cells, generating approximately 20 million 150bp
paired-end reads per sample. Small RNA-stranded libraries were
prepared using the NEBNext Multiplex Small RNA Library Prep
Set for Illumina (New England Biolabs, Beverly, MA, USA) and se-
quenced on a NovaSeq 6000 SP flow cell, generating approxi-
mately 20 million 50bp single-end reads per sample (online
supplementary material Table S3).

mRNA bioinformatics pipeline

Raw data were quality-checked using FastQC v0.11.9 (Andrews,
2010), followed by adapter and quality trimming using fastp with
default settings (Chen et al., 2018). Clean reads were mapped
against the A. platyrhynchos genome assembly ZJjU1.0
(GCA_015476345.1 GCF_015476345.1) using STAR (Dobin et al,,
2013) with parameter outSAMtype BAM SortedByCoordinate
(online supplementary material Table S3). Gene counts were
obtained by applying featureCounts (v1.4.3; Liao et al., 2014) with
default settings to the sorted BAM files.

microRNA bioinformatics pipeline

Libraries were pre-processed (3’ adapter-trimming, removing
low-quality reads, low-complexity reads, and reads < 18nt) and
quality-checked using miRTrace (Ver. 1.0.1; Kang et al., 2018) in
QC mode with default settings and with species set to chicken
(Gallus gallus, gga). Of the 677,155,433 raw reads, 99%
(669,564,360) passed miRTrace quality control, of which
447,747,604 were identified as miRNA reads. The miRTrace QC
report file is available in the online supplementary material
(pages 6-9, Figure S2). For de novo miRNA discovery, we used the
genome-based discovery tool miRDeep?2 (Friedldnder et al., 2012).
The mallard (A. platyrhynchos, assembly ZJU1.0, GenBank assem-
bly GCA_015476345.1) was used as a reference genome for
miRDeep2 and was indexed using the bowtie-build function (de-
fault settings; Langmead et al., 2009). The miRTrace quality
control-passed reads were aligned against the indexed mallard
genome using the miRDeep2 mapper module with parameters -d
—c -i—j -1 18 -m. The mapper module output and known miRNA
data from the four avian species in the miRBase repository (re-
lease 22.1; Ambros et al., 2003; Griffiths-Jones et al., 2006;
Kozomara et al., 2019; Kozomara & Griffiths-Jones, 2014) were
used to run the miRDeep2 module for de novo miRNA discovery
with default parameters, followed by expression analysis using
the miRDeep2 quantifier module (see online supplementary ma-
terial page 1 for details).

Real-time quantitative polymerase chain
reaction analysis
To investigate genes related to cellular stress response and in-
flammation in the heart (AFT4, CAT, GPX1, HSPA2, HSP9OAAI,
NF-xB, NOX4, SOD1, SOD2) and a subset of immune genes in bursa
of Fabricius samples (ILI0RA, MDAS, NF-xB, RIG-I, TLR4, TLR7,
TNF-a, TBK1), we performed reverse transcription quantitative
polymerase chain reaction (RT-qPCR). Gene expression changes
identified in the liver by RNA sequencing were not validated by
RT-gPCR in this study due to the comprehensive nature of se-
quencing, the broader focus of the investigation, and cost
constraints.

Total RNA was reverse transcribed into complementary DNA
(cDNA) using the QuantiTect Reverse Transcription Kit (Qiagen,

Hilden, Germany). For some genes, we utilized published cDNA
primer sequences (Chapman et al., 2016; Hua et al., 2018; Yang
et al, 2021; Zhang et al.,, 2019). The remaining primers were
designed in-house because they were either unavailable or did
not show good efficiency or consistent melt curves in our experi-
mental setup (online supplementary material Table S7). Primers
were designed using Primer-BLAST (Ye et al., 2012).

Real-time quantitative polymerase chain reaction was con-
ducted using LightCycler 480 SYBR Green I Master (Roche
Molecular Systems, Switzerland) in a LightCycler 96 instrument
(Roche Molecular Systems, Switzerland). For each primer pair,
three cDNA technical replicates were used. The cycling protocol
was as follows: preincubation at 95°C for 10 min, followed by 40
amplification cycles consisting of denaturation at 95°C for 15s,
annealing at 60°C for 15s, and extension at 72°C for 15s. After
amplification, melting-curve analysis was performed, starting
with a 60s hold at 95°C, followed by 30s at 65°C, and then con-
tinuous measurement from 65 °C to 97 °C at 1-s intervals. Finally,
a cooling step was included at 37°C for 30s. Melting curves were
inspected to confirm the presence of a single product, and nega-
tive controls and non-template controls were assessed for re-
agent purity. The qPCR products from primers designed in-house
were run on a 3% agarose gel to confirm their length and
specificity.

To quantify miRNAs in the heart (apl-miR-1-3p, apl-miR-133a-
3p, apl-miR-21-5p, apl-miR-215-5p, and apl-miR-490-5p), first-
strand cDNA was synthesized using the miRCURY LNA RT Kit
(Qilagen, Hilden, Germany). The reaction was carried out at 42°C
for 60min, followed by enzyme inactivation at 95°C for Smin
using a T100 Gradient 96-well PCR Thermal Cycler (Bio-Rad,
Hercules, CA, USA). Real-time quantitative polymerase chain re-
action was performed with the miRCURY SYBR Green PCR Kit
(Qiagen, Hilden, Germany) and miRCURY Locked Nucleic Acid
(LNA)-enhanced gPCR assays (Qiagen, Hilden, Germany, online
supplementary material Table S10). A U6 spliceosomal RNA was
used for normalization. The following cycling protocol was used:
an initial heat-activation step at 95°C for 2min, followed by 40
cycles of denaturation at 95°C for 10s, and combined annealing/
extension at 56°C for 60s. A melting-curve analysis was con-
ducted from 60 to 95 °C to verify product specificity.

Statistical and functional analysis of RNA
sequencing data

Differential expression analysis for both mRNA and small RNA
sequencing data was carried out using DESeq2 (Love et al., 2014)
in R Ver. 4.3.0 (R Core Team, 2023). Genes were included in the
analysis if they had more than 10 counts in at least three sam-
ples. To assess differences in gene expression between PFAS ex-
posure groups, we used the “~Group” term (presented in the
online supplementary material Figure S3 and Table S11). Sex-
specific differences were extracted using the interaction term
“~Sex*Group.” Genes with multiple-testing adjusted (Benjamini
& Hochberg, 1995) p-values < 0.05 and an absolute log2? fold
change (log2FC) > 0.5 were defined as differentially expressed
(DE). To visualize expression, counts were subjected to blind
variance-stabilizing transformation. Figures were generated us-
ing the ggplot2 package (Wickham, 2011) in R.

Given the limited availability of functional annotations for
duck genes, functional clustering and pathway enrichment
analysis of differentially expressed genes (DEGs) were based on
chicken orthologs. Gene Ontology (GO) enrichment analysis, in-
cluding Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment, was performed using the g:GOSt tool of g:
Profiler (Kolberg et al.,, 2023), with G. gallus as the reference
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organism. We set the false discovery rate threshold to < 0.05 to
evaluate GO terms in the biological process, molecular function,
and cellular component categories.

Targets of the DE miRNAs were predicted in silico using the
sRNAtoolbox (Rueda et al., 2015) tool miRNAconsTarget that
integrates miRanda (John et al., 2004), PITA (Kertesz et al., 2007),
and TargetSpy (Sturm et al., 2010). MiRanda, PITA, and TargetSpy
were run with default parameters against the 3" UTR sequences
of duck mRNAs.

Statistical analysis of RT-qPCR data

Raw quantification cycle values were obtained using the
LightCycler 96 analysis software (Ver. 1.1; Roche Molecular
Systems, Switzerland). The efficiency of each primer was calcu-
lated from the slopes of amplification curves and averaged for
each gene using a window-of-linearity approach in the web-
based tool LinRegPCR (Untergasser et al., 2021).

A stability analysis of six candidate reference genes
(Chapman et al, 2016; ACTB, GAPDH, NDUFA10, RPL4, RPS13,
SDHA) in heart and bursa of Fabricius samples was performed
using BestKeeper (Pfaffl et al., 2004) and geNorm (Vandesompele
et al., 2002) from the ctrlGene R package, along with NormFinder
(Andersen et al., 2004). The results, presented in the online sup-
plementary material Tables S8 and S9, indicate that RPS13 is sta-
bly expressed in hearts, and NDUFA10 and RPS13 are stably
expressed in the bursa in our experimental setup.

Relative quantification and statistical testing of RT-qPCR data
were performed using the MCMC.qgpcr package (Matz et al., 2013)
in R Ver. 4.3.0 (R Core Team, 2023). Raw quantification cycle val-
ues were converted to molecular counts using the cq2counts
function provided in the package. The molecular counts were
modeled separately for each tissue type using the MCMC.qpcr
function, which applies generalized linear mixed models under a
Poisson-lognormal error distribution to assess the effects of PFAS
exposure on the expression of each gene. The model fitting pro-
cess involves a Bayesian Markov Chain Monte Carlo (MCMC)
sampling scheme, which samples from the posterior distribution
of model parameters to estimate gene expression levels. This ap-
proach accounts for both fixed effects (~Group and ~Sex:Group
to investigate sex-specific effects) and random effects introduced
by variation among the three technical replicates (used individu-
ally without averaging), effectively normalizing for differences in
template input. Relative quantification was performed relative to
the stably expressed reference genes specific to each organ for
normalization (RPS13 for heart mRNA, U6 spliceosomal RNA for
heart miRNA, and NDUFA10 and RPS13 for Bursa mRNA) using
the soft-normalization approach in MCMC.gpcr. Results are
reported as posterior mean estimates of transcript levels, with
gene expression changes presented as log2FC relative to the con-
trol group for consistency and comparison with RNA sequencing
data. Each posterior mean is accompanied by a 95% credible in-
terval, as calculated by the MCMC.qpcr package. Statistical sig-
nificance was determined using p-values calculated from the
posterior distribution, tested against a normal distribution using
a z-score, and corrected for multiple testing (Benjamini &
Hochberg, 1995). Gene expression changes with p-values < 0.05
were considered statistically significant. Diagnostic plots from
MCMC.gpcr were used to assess model assumptions, including
normality, homoscedasticity, and linearity. Figures were gener-
ated using the ggplot2 package (Wickham, 2011) in R.

Results
mRNA expression in liver

An overview of the sequencing quality and data processing met-
rics is available in the online supplementary material Table S3.
After adapter-trimming, length-filtering, and quality-filtering,
604,785,915 clean reads remained. Of these clean reads, 79.4%
uniquely mapped to the reference genome, with 14,841 genes
successfully annotated against the reference genome out of a to-
tal of 25,165 genes in the A. platyrhynchos ZJU1.0 assembly.
Comparisons between PFAS-exposed groups (n =7 per group) and
the control group (n=7) revealed that five genes were upregu-
lated (CD36, LOC113844342, RPS21, SLCO1C1, and SPON1), while
five genes were downregulated (BRICDS, HES4, IL1I0RA, PCSK1,
and ITGA10) in response to PFOS exposure (online supplementary
material pages 1-4, Figures S3 and S4, Table S11). In the PFDoDS
and PFECHS groups, no DEGs were found (online supplementary
material Figure S3).

When accounting for sex (n=4 females per group, n=3 males
per group) in the analysis, we observed sex-specific effects of
PFAS exposure (Figure 1, see online supplementary material
Tables S12-S15). Females exhibited distinct hepatic gene expres-
sion changes in response to PFDoDS and PFOS exposure
(Figure 1A and C, see online supplementary material Tables S12
and S13), while hepatic gene expression differences were found
in PFECHS- and PFOS-exposed males (Figure 1E and F, see online
supplementary material Tables S14 and S15).

A downregulation of PCSK1 was observed only in PFDoDS-
exposed females (log2FC=-6.5, adj. p-value =1.9e-08), but not in
males. Additionally, in livers from PFDoDS-exposed females,
RPS21, which encodes a component of the small 40S ribosomal
subunit, was upregulated (log2FC =5.5, adj. p-value =2.1e-06). In
PFOS-exposed females, TEKT5 is strongly downregulated
(log2FC =6.53, adj. p-value =0.048).

In PFECHS-exposed males, 16 genes were up-regulated, while
35 genes were down-regulated. Of the 51 DEGs, 37 genes could be
mapped to GO terms and KEGG pathways in chicken, enabling
further analysis. Among the downregulated genes, this analysis
revealed significant enrichment of motifs from the transcription
factors Nuclear Factor Erythroid 4 (NF-E4), Specificity protein 1
(Sp1), and Vitamin D Receptor (VDR; see online supplementary
material Table S16), while no enrichment was observed among
the upregulated genes.

In PFOS-exposed males, 10 genes were up-regulated, while 15
genes were down-regulated. Six genes (MAP7D1, PARS2, SETX,
TBC1D10A, TBK1, and TIGDS) overlapped between the DEGs in
PFECHS- and PFOS-exposed males.

microRNA expression in liver
The small RNA sequencing libraries generated from duck liver
tissue (n=28) were pooled to improve read depth for novel
miRNA discovery. The miRDeep?2 discovery module predicted 844
candidate miRNAs, with 474 passing a miRDeep?2 score threshold
of 4, corresponding to a signal-to-noise ratio of 9 (see online sup-
plementary material Table S4). In total, we identified 183 con-
served miRNAs belonging to 94 miRNA families and 6 novel
miRNAs in the small RNA libraries (see online supplementary ma
terial Tables S5 and S6). Liver-specific miR-122-5p was the most
highly expressed, representing 39% of the mapped reads, fol-
lowed by miR-148-3p (18%) and let-7f-5p (4%) (see online supple
mentary material Figure S5).

No differences were found in hepatic miRNA expression be-
tween the control and PFAS-exposed groups (see online supple
mentary material Figures S6 and S7). However, we found a
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Figure 1. Log2 fold changes in mRNA expression versus the mean of normalized counts for mallard livers across different per- and polyfluoroalkyl
substance exposure groups and sexes. Each panel represents a comparison between an exposure group and the control group. Exposure groups include
perfluorododecane sulfonic acid (PFDoDS), perfluoro-4-ethylcyclohexane sulfonic acid (PFECHS), and perfluorooctanesulfonic acid (PFOS). Top panels
(A-C): females (n=4 per group). Bottom panels (D-F): males (n =3 per group). Gray points represent genes that are not significantly differentially
expressed (adjusted p-value > 0.05 or absolute log2 fold change < 0.5), while red points indicate genes with significant differential expression (adjusted

p-value < 0.05 and absolute log?2 fold change > 0.5).

sex-specific effect for miR-215-5p, which was upregulated in males
exposed to PFDoDS compared with males in the control group
(log2FC=5.3, p=0.03, Figure 2). Similar trends were found for
males exposed to PFECHS (log2FC=4.3, p=0.18) and PFOS
(log2FC=2.6, p=0.51), but these were not significant. Out of all
the duck 3’ UTRs, 82 were consistently predicted to be targeted by
apl-miR-215-5p by all three algorithms (miRanda, PITA, and
TargetSpy). None of these correspond to genes that were DE in any
of our comparisons. Four of the 82 genes (ALCAM, ARHGEF39,
TYMS, and ZBTB34) are also listed as targets for human miR-215-
5pin TargetScanHuman 8.0 (McGeary et al., 2019).

mRNA expression in heart

To assess potential cardiotoxicity of PFAS exposure, the expression
of nine genes involved in the cellular stress response and inflam-
mation were quantified in heart samples. No differences (p > 0.05)
were found in any of the PFAS exposure groups (Figure 3, see on-
line supplementary material Table S17). The expression of CAT, an
enzyme involved in the neutralization of ROS, was lower in the
PFOS group (log2FC =—0.83), with a marginal p-value (p =0.09). For
HSPA2, encoding a heat shock protein involved in cellular stress

response and protein folding, showed small increases in expres-
sion across all exposure groups: PFDoDS (log2FC=0.52, p=0.67),
PFECHS (log2FC =0.63, p=0.58), and PFOS (log2FC = 0.44, p=0.67).
For SOD2, an enzyme involved in mitigating oxidative stress, we
observed small, marginally significant increases in expression in
both PFDoDS (log2FC=0.43, p=0.13) and PFECHS (log2FC =0.42,
p=0.13) groups. Stratifying by sex or examining sex-by-group
interactions (see online supplementary material Figure S8 and
Table S20), did not reveal any differences in gene expres-
sion (p > 0.05).

microRNA expression in heart

We measured the expression of four miRNAs (apl-miR-1-3p, apl-
miR-21-5p, apl-miR-133a-3p, and apl-miR-490-5p) in heart tissue
to assess their potential involvement in PFAS-induced cardiotox-
icity. However, no differences (p>0.05) in expression were ob-
served across the PFAS exposure groups (see online
supplementary material Figure S9 and Table S18). No differences
in miRNA expression were found when stratifying by sex or ex-
amining sex-by-group interactions (see online supplementary
material Figure S10 and Table S21).

GZ0Z 4290100 €0 uo Jasn Aysianiun min | Aq 996/128/€ L zieba/|ulole/c601 01 /10p/8|01e-90uBApE/0}9/W0D dNo dlWapedk//:Sd)Y Woly papeojumoq


https://academic.oup.com/etc/article-lookup/doi/10.1093/etojnl/vgaf213#supplementary-data
https://academic.oup.com/etc/article-lookup/doi/10.1093/etojnl/vgaf213#supplementary-data
https://academic.oup.com/etc/article-lookup/doi/10.1093/etojnl/vgaf213#supplementary-data
https://academic.oup.com/etc/article-lookup/doi/10.1093/etojnl/vgaf213#supplementary-data
https://academic.oup.com/etc/article-lookup/doi/10.1093/etojnl/vgaf213#supplementary-data
https://academic.oup.com/etc/article-lookup/doi/10.1093/etojnl/vgaf213#supplementary-data
https://academic.oup.com/etc/article-lookup/doi/10.1093/etojnl/vgaf213#supplementary-data
https://academic.oup.com/etc/article-lookup/doi/10.1093/etojnl/vgaf213#supplementary-data
https://academic.oup.com/etc/article-lookup/doi/10.1093/etojnl/vgaf213#supplementary-data
https://academic.oup.com/etc/article-lookup/doi/10.1093/etojnl/vgaf213#supplementary-data

Environmental Toxicology and Chemistry, 2025, Vol. 00, No. 00 | 7

Females
PFDoDS vs. control PFECHS vs. control PFOS vs. control
A B ,1 C
14 14
(0] (0] (0]
(o] (o] ()]
c c c 14
4] 4] 4]
< £ 0+ STEUNE B gg o <
C 0 —m = = = = = = = = — - &) (&)
i) i) =)
L L L 0+-&gaamp S vce |
N N N
()] ()] ()]
o O -11 o
— -14 — —
.1 -
.2-
21 : i : ! : ! 2 : : :
1e+02 1e+04 1e+06 1e+02 1e+04 1e+06 1e+02  1e+04  1e+06
Mean of normalized counts Mean of normalized counts Mean of normalized counts
Males
PFDoDS vs. control PFECHS vs. control PFOS vs. control
®  apl-miR-215-5p
D E 2{ F
4-
2.5
(0] (0] (0]
o o D ol CEol Sgle gt |
c c c
© 24 © ®©
S S S
° o 00T ER A o — °
L K] S -2+
o 0 TSR ESNE S S we ~ I I
()] ()] ()]
o o o
— - 254 |
-4 4
_2-
T T T _5'0- T T T _6- T T T
1e+02 1e+04 1e+06 1e+02 1e+04 1e+06 1e+02 1e+04 1e+06

Mean of normalized counts

Mean of normalized counts

Mean of normalized counts

Figure 2. Log? fold changes in microRNA expression versus the mean of normalized counts for mallard livers across different per- and polyfluoroalkyl
substance exposure groups and sexes. Each panel represents a comparison between an exposure group and the control group. Exposure groups include
perfluorododecane sulfonic acid (PFDoDS), perfluoro-4-ethylcyclohexane sulfonic acid (PFECHS), and perfluorooctanesulfonic acid (PFOS). Top panels
(A-C): females (n=4 per group). Bottom panels (D-F): males (n =3 per group). Gray points represent genes that are not significantly differentially
expressed (adjusted p-value > 0.05 or absolute log?2 fold change < 0.5), while red points indicate genes with significant differential expression (adjusted

p-value < 0.05 and absolute log? fold change > 0.5).

mRNA expression in the bursa of Fabricius

To assess potential immunomodulation of PFAS exposure, the
expression of eight immune response genes was quantified in
bursa samples (Figure 4, see online supplementary material
Table S19). Small changes were observed for several genes across
the PFAS exposure groups. The ILIORA, a receptor subunit that
forms the interleukin 10 receptor complex (involved in anti-
inflammatory signaling), exhibited reduced expression in the
PFOS group (log2FC =—0.79), though this change was not signifi-
cant (p=0.24). The RIG-I (a pattern recognition receptor involved
in the detection of viral RNA) expression was upregulated in the
PFDoDS (log2FC = 0.42, p=0.03), PFECHS (log2FC =0.45, p =0.03),
and PFOS (log2FC =0.49, p =0.03) groups. When stratified by sex,
this increase appeared to be driven by males, though no signifi-
cant difference was detected (p =0.09 for PFDoDS; see online sup-
plementary material Figure S11 and Table S22). The MDAS5 (a RIG-
I-like receptor [RLR]) was also increased in the PFECHS
(log2FC=0.36, p=0.07) and PFOS (log2FC=0.37, p=0.07) expo-
sure groups, though these changes were only marginally signifi-
cant. Although TBK1 expression did not differ across exposure

groups overall, sex-stratified analysis revealed a marginally sig-
nificant difference between males and females (log2FC=-1.66,
p=0.10), with higher expression observed in females (see online
supplementary material Figure S11 and Table S22).

Discussion

In this study, we investigated the transcriptomic responses in
ducklings exposed in ovo to the emerging PFAS compounds
PFDoDS and PFECHS, alongside the legacy PFOS. By examining
tissues immediately after hatching, we focus on molecular
changes during a critical developmental stage, providing insights
into the early-life effects of PFAS exposure. Despite growing con-
cern, there is limited research on the impacts of PFAS exposure
during early-life stages, particularly regarding the sublethal
effects on birds. The findings discussed here reveal the first de-
tailed information regarding gene expression changes in mallard
liver, heart, and bursa of Fabricius in response to PFDoDS and
PFECHS exposure.
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Figure 3. mRNA expression in heart across per- and polyfluoroalkyl substance-exposed groups (n =7 per group). Exposure groups include
perfluorododecane sulfonic acid (PFDoDS), perfluoro-4-ethylcyclohexane sulfonic acid (PFECHS), and perfluorooctanesulfonic acid (PFOS). Points
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mMmRNA expression in liver

The liver, due to its central role in detoxification and metabolic
processes, is likely to respond to chemical exposure relatively
early in development, as it is already active in ovo and continues
functioning post-hatching (Noble & Cocchi, 1990). No gene ex-
pression changes were detected for PFDoDS and PFECHS in the
liver when sex was not considered; only PFOS exposure led to dif-
ferential gene expression (see online supplementary Figure S3,
Table S11). As PFOS was included primarily as a comparison for
the two emerging PFAS, the PFOS results are discussed in detail
in the online supplementary material. Liver concentrations of
PFECHS and PFOS were nearly twice as high as those of PFDoDS
(see online supplemental material Figure S1), which may partly
explain the absence of DEGs for PFDoDS. While the lack of gene
expression changes for PFECHS is consistent with previous stud-
ies showing fewer transcriptional effects compared to PFOS
(Houde et al., 2016; Mahoney et al., 2024), it is possible that subtle
or sex-specific responses were masked in the combined analysis.
These findings highlight the importance of considering both in-
ternal dose and biological variables such as sex in toxicogenomic
assessments.

Even for PFOS, only 10 DEGs were identified, which is a rela-
tively low number. After sex-stratified analysis, additional DEGs
were observed, but the numbers remained modest across all ex-
posure groups. The overlapping DEGs between PFOS- and

PFECHS-exposed males suggest shared transcriptional effects
among these sulfonated PFAS, with consistent directions of ex-
pression change indicating potentially common modes of action.
While 80ng/g egg is at the upper end (for PFDoDS) or slightly
above (for PFECHS) concentrations measured in wild bird eggs
(see online supplementary material Table S1), it remains lower
than the concentrations typically used in experimental toxicol-
ogy studies. For example, others have used PFOS concentrations
ranging from 150 to 1500 ng/g egg (Briels et al., 2018), 0.1 to 1pg/g
egg (Geng et al., 2019), or 0.5 to 3pg/g egg (Mattsson et al., 2019).
These higher concentrations are more likely to induce wide-
spread changes in gene expression (Liu et al.,, 2022). Dose-re-
sponse analysis of high-throughput biochemical data indicates
genes induced at low doses typically correspond to the disruption
of specific biomolecular pathways, while higher-dose effects typ-
ically involve a broader range of affected pathways, likely reflect-
ing cytotoxicity, cell stress, or general disruption of molecular
machinery (Judson et al., 2016). Hence, the genes identified here
may provide a better insight into the initial molecular processes
affected by PFAS exposure.

Most sex-specific effects in gene expression are typically driven
by hormones and are more likely to become evident after the mat-
uration and development of the reproductive system (Blencowe
et al., 2022). However, sex differences in gene expression can also
arise from other mechanisms, such as sex chromosome-linked
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Figure 4. mRNA expression in bursa of Fabricius across per- and polyfluoroalkyl substance-exposed groups (n =7 per group). Exposure groups include
perfluorododecane sulfonic acid (PFDoDS), perfluoro-4-ethylcyclohexane sulfonic acid (PFECHS), and perfluorooctanesulfonic acid (PFOS). Points
represent the group means of normalized gene expression (log, scale), and whiskers indicate the 95% credible intervals (CI) of the means, derived from

Markov Chain Monte Carlo sampling. *Indicates statistical significance.

genes or epigenetic regulation (Shepherd et al., 2020). Of all the
DEGs identified in this study, only PCSK1 is located on a sex chro-
mosome, and it was significantly higher in livers from males than
females, regardless of their exposure status (log2FC =2.99, adj. p-
value =3.58e-04). The PCSK1 DEG encodes an enzyme that pro-
cesses a range of prohormones involved in metabolic regulation
(Stijnen et al., 2016). In PFDoDS-exposed females, downregulation
of PCSK1 was observed, but no such effect was seen in males. A
similar trend was found in PFOS-exposed ducklings when sex was
not considered. As PCSK1 is located on the Z chromosome, the ob-
served sex-specific downregulation in females may reflect genetic
differences between males (ZZ) and females (ZW), suggesting a
role for sex-chromosome-linked genes in mediating these effects.
In humans, PCSK1 deficiency or mutation leads to maladaptive di-
arrhea in newborns and obesity, typically accompanied by hyper-
phagia in later life (Stijnen et al, 2016). In domestic birds,
including ducks, PCSK1 has gained attention for its role in abdomi-
nal fat deposition and muscle growth (Wang et al., 2017). The
PCSK1 substrates, including proinsulin, proglucagon, and proopio-
melanocortin, play key roles in nutrient absorption, metabolism,

and appetite regulation. Obesity has been attributed to defective
proopiomelanocortin processing and disruption of the melanocor-
tin system (Lloyd et al., 2006). The potential interference of PFAS
with hepatic lipid metabolism is particularly relevant for wild
birds, in which adequate fat storage is crucial for migration and re-
productive cycles. The effects of PFDoDS on PCSK1 expression in
duck liver could be particularly relevant for wild birds, especially
females, that may undertake longer migrations than males
(Carbone & Owen, 1995). Disruptions in metabolic pathways, such
as those involving PCSK1, could alter their ability to store fat effi-
ciently, potentially affecting their seasonal behaviors, reproductive
success, overall fitness, and survival.

With only a small number of DEGs identified, performing GO/
KEGG pathway analysis is suboptimal, as the risk of false-
positive terms increases. Therefore, these results should be inter-
preted with caution. Nevertheless, the enrichment of transcrip-
tion factor binding motifs for NF-E4, Spl, and VDR among
downregulated genes in PFECHS-exposed males are biologically
relevant and aligns with known disruptions caused by PFAS ex-
posure. Notably, Spl has previously been implicated with PFAS
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toxicity in human liver cells, in which perfluorooctanoic acid
(PFOA) exposure induced hypermethylation of the glutathione-S-
transferase Pi promoter specifically at the Spl-binding site,
highlighting a possible mechanism of epigenetically mediated
transcriptional repression (Tian et al.,, 2012). An in silico analysis
predicted that several PFAS compounds could interact strongly
with VDR, with PFECHS showing a moderate docking score of
—7.186kcal/mol compared to —11.81kcal/mol for the natural li-
gand, suggesting potential for partial VDR interference (Singam
et al., 2023). Supporting this, in vitro studies show PFOA can dis-
rupt vitamin D signaling by competitively binding VDR and inhib-
iting downstream gene expression (Di Nisio et al., 2020). In light
of the observed RIG-I upregulation in the bursa, it is notable that
VDR typically suppresses pro-inflammatory cytokines, including
IFN-y (Staeva-Vieira & Freedman, 2002), a known inducer of RIG-I
(Spalluto et al., 2017). These findings support a mechanism in
which PFAS binding to VDR impairs its immunoregulatory role,
increasing IFN-y, and thereby promoting RIG-I expression in im-
mune tissues. Although NF-E4 has not previously been associ-
ated with PFAS, it has been identified in the MDAS promoter
region in chickens (Zhang et al., 2016), suggesting a potential reg-
ulatory role in antiviral gene expression that warrants further in-
vestigation in the context of PFAS-induced immunomodulation.

microRNA expression in liver

Hepatic miRNA expression was largely unaffected by any of the
PFAS in our study, except in males exposed to PFDoDS, in which
miR-215-5p was upregulated. Because the PFDoDS-exposed
males showed no changes in their hepatic mRNA expression, the
usual approach of comparing DE miRNAs with DE mRNAs to in-
vestigate potential miRNA-mRNA interactions is not applicable
in this context. The difference in mRNA expression between
PFDoDS-exposed males and females, in which RPS21 and PCKS1
are dysregulated, is unlikely to be related to miR-215-5p, as these
genes are neither known nor computationally predicted targets
of this miRNA.

Mir-215 is a well-studied miRNA, notably linked to various
cancers and human diseases, influencing tumor initiation and
progression (reviewed by Vychytilova-Faltejskova and Slaby
[2019]). In the context of PFAS, miR-215-5p has been identified
through in silico data mining as potentially involved in polycystic
ovary syndrome progression, particularly through cell cycle regu-
lation (Xu et al., 2024). Additionally, miR-215 has been shown to
induce autophagy in chicken cardiomyocytes, leading to myocar-
dial injury through PI3K/AKT/TOR and ROS-MAPK pathways (Cai
et al,, 2019). In our study, the upregulation of miR-215-5p in
PFDoDS-exposed male ducklings suggests potential implications
for cellular stress response mechanisms, warranting further in-
vestigation.

mRNA expression in heart

In the heart, we observed marginally significant, small changes
in the expression of oxidative stress-related genes CAT and SOD2.
Increased ROS production is a well-established effect of PFAS ex-
posure, and while many studies report this, the trends in gene ex-
pression of antioxidant enzymes across the literature vary
(Bonato et al., 2020). The decrease in CAT expression in PFOS-
exposed ducklings is consistent with previous research in adult
male rats, where PFOS oral gavage (20mg/kg/day for 4 weeks)
resulted in a significant decrease in both catalase (CAT) activity
and superoxide dismutase in the heart (Mandour et al.,, 2023).
Our findings suggest that the previously reported decrease in an-
tioxidant activity in the heart following PFOS exposure may occur
at the level of mRNA expression. However, a recent study using a

ligand-docking approach predicted that PFOS can potentially
bind with antioxidant enzymes, including CAT (Rajak & Ganguly,
2023), suggesting that multiple mechanisms are likely at play.

The modest increase in HSPA2 across all three exposure
groups suggests a shared mechanism related to the cellular
stress response. These increases may indicate an adaptive stress
response, as the aforementioned study in rats reported an in-
crease in the area percent of HSPA2 immunoexpression in the
PFOS-exposed hearts (Mandour et al., 2023), supporting HSPA2's
role in the PFAS response. These findings should also be consid-
ered in the context of the pronounced upregulation of heat shock
protein 30C-like (LOC119714098), alongside HSPA4, observed in
the livers of PFECHS-exposed males, further supporting the pres-
ence of a cellular stress response induced by chemical exposure
(Heikkila, 2017).

microRNA expression in heart

The investigated miRNAs miR-1-3p and miR-133a-3p are heart-
specific miRNAs involved in cardiac development and function
(Gu et al.,, 2014), while miR-21-5p plays a role in regulating in-
flammation and fibrosis (Surina et al., 2021). Levels of apl-miR-
215-5p, which was upregulated in livers from PFDoDS-exposed
males, were below the detection limits of our assay, precluding
further analysis. MiR-490-5p has been implicated in PFAS-
induced effects in chicken hearts (Guo et al., 2022). The lack of
observable effects may be due to low exposure concentrations or
the possibility that miR-1 and miR-133 are more sensitive to PFAS
earlier in development, when they play critical roles in cardio-
myocyte differentiation (Wystub et al., 2013).

mRNA expression in the bursa of Fabricius

We evaluated the potential immunotoxicity of PFDoDS and
PFECHS exposure by quantifying the expression of eight immune
response genes in the bursa of Fabricius. At the early post-
hatching stage, the bursa is still developing, and the ducklings re-
tain maternal antibodies from the yolk sac (Schat et al., 2014). As
a result, the immune system may not yet be sufficiently mature
to exhibit measurable transcriptomic changes during this period.
Nevertheless, our results indicate that exposure to PFDoDS,
PFECHS, and PFOS leads to small but significant increases in the
expression of RIG-I, a key component of the innate immune sys-
tem involved in pathogen recognition and antiviral responses.
Notably, chickens lack a functional RIG-I gene (Magor et al.,
2013), highlighting the value of ducks as a model organism for
studying immunotoxic effects on antiviral immune pathways.
Another member of the RLR family, MDAS, showed similar but
non-significant increases in the PFECHS and PFOS groups.

The RIG-I-like receptors detect pathogen-associated molecu-
lar patterns, particularly viral double-stranded RNA, triggering
the expression of type I interferons (IFNa and IFNB) and other
pro-inflammatory cytokines during early stages of viral infection
(Brisse & Ly, 2019). In zebrafish larvae, exposure to PFOA, PFOS,
hexafluoropropylene oxide dimer acid, and PFECHS activated
RLRs and downstream immune genes (Yao et al, 2024).
Molecular docking revealed strong interactions between these
PFAS and RIG-I, with PFECHS showing stronger binding to RIG-I
than PFOS. Similarly, a study on the emerging polyfluorinated
compound Nafion by-product 2 demonstrated that exposure in
zebrafish disrupts intestinal homeostasis and is associated with
activation of the RLR signaling pathway (Gui et al., 2023). These
findings suggest that novel PFAS, like PFDoDS and PFECHS, may
interfere with the immune system by activating the RLR signaling
pathway, possibly through binding to pattern recognition recep-
tors such as RIG-1.
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The seemingly more pronounced RIG-I upregulation in males
than in females suggests potential sex-specific sensitivity to
PFAS-induced immune modulation, with males potentially more
susceptible to PFAS-mediated activation of antiviral pathways in
lymphoid tissues. However, the observation that TBK1 expression
appears higher in PFOS-exposed females than in males contra-
dicts this notion. TBK1 is a key regulator in antiviral responses
and has been observed to be downregulated in livers from PFOS-
exposed mice, supporting its potential involvement in PFAS-
induced inflammatory pathways (Beggs et al., 2016). Recently,
TBK1's role in a PFDA-induced inflammatory response pathway
was confirmed (Cui et al., 2024). Importantly, TBK1 is recruited
downstream of RIG-I following mitochondrial antiviral signaling
activation, where it phosphorylates IRF3 and IRF7, leading to the
production of type I IFNs (Seth et al., 2005), underscoring its role
in propagating RIG-I-mediated antiviral signaling. To complicate
matters, we observed tissue-specific differences in the effects of
PFAS on TBK1 expression. Specifically, in livers from PFOS- and
PFECHS-exposed males (but not females), TBK1 expression was
significantly upregulated (see online supplementary material
Figure S3 and Tables S12-S15). This suggests that the response to
PFAS exposure may differ not only by sex but also by tissue type,
highlighting the complexity of PFAS-induced immunomodula-
tion. Further investigation is needed to determine whether these
transcriptional changes translate into functional alterations in
immune competence and whether they persist across develop-
mental stages.

Although the hatchlings in our study were likely protected by
maternal antibodies, the upregulation of these genes may reflect
an early disruption in immune system development, potentially
influencing the immune system’s ability to respond to future
pathogens. The lack of significant changes in other immune-
related genes, such as NF-«xB, TLR4, TLR7, and TNF-a, suggests that
PFAS exposure may specifically impact antiviral pathways in
newly hatched ducklings rather than broader immune activation.

Limitations and future perspectives

Our data support the hypothesis that in ovo exposure to PFDoDS
and PFECHS can affect gene expression at concentrations
approaching or slightly exceeding those currently reported in
wild bird eggs. While PFDoDS concentrations align with the up-
per end of environmental measurements, the dose used for
PFECHS exceeds currently known environmental concentrations,
though continued use and environmental persistence could
make such concentrations increasingly relevant over time. In
particular, the effects on genes related to metabolism and im-
mune function are concerning, as dysregulation of these path-
ways could impair critical physiological processes. Disruptions in
metabolic and immune functions could compromise the develop-
ment and overall health of the ducklings, highlighting the poten-
tial risks of maternal transfer of these substances into eggs.

Itis important to note that in natural environments, wild birds
are exposed to complex mixtures of PFAS and other chemicals,
which may lead to additive or synergistic interactions that in-
crease the overall risk. Although the fold changes in gene expres-
sion observed in the heart and bursa of the ducklings were
relatively small, their relevance must be considered in the con-
text of these complex mixtures (Ojo et al., 2021). The emerging
PFAS compounds investigated in this study could be contributing
to mixture effects, potentially exacerbating the biological
impacts observed, even if individual compounds show modest
effects in isolation. Future studies should aim to include environ-
mentally relevant PFAS mixtures and dose-response designs to
better reflect real-world exposure scenarios.

Furthermore, we only selected ducklings that successfully
pipped and hatched from their eggs for transcriptomic analysis.
This selection process may have inadvertently favored individu-
als that were less affected by PFAS exposure, as it is possible that
those most severely impacted by the compounds died in the egg
or failed to hatch. This potential selection bias should be consid-
ered when interpreting the results, as it is possible that the full
extent of PFAS-induced developmental effects could be more
pronounced in individuals that did not hatch.

The relatively small sample size (n=7 per group) in the present
study may have reduced the statistical power of the findings.
However, both the costs associated with larger sample sizes and
the ethical considerations regarding the number of animals used
played a role in the study’s design. While the primary aim was to
explore PFDoDS- and PFECHS-induced transcriptomic changes,
the most pronounced effects were observed in PFOS-exposed ani-
mals. As such, we did not perform RT-qPCR validation of hepatic
gene expression. However, future research could validate specific
genes to further support the transcriptomic findings while also ex-
amining the effects of PFAS exposure at different developmental
stages and investigating sex-specific differences in response.

While the transcriptomic responses to these two emerging
PFAS compounds showed some similarities to PFOS, particularly
in immune-related genes such as RIG-I and MDAS5, these similari-
ties were not observed across all genes. These results suggest
that legacy and replacement PFAS may affect similar biological
pathways, although the full range of mechanisms of action for
the emerging compounds remains to be further elucidated.

In addition to gene expression studies, it is important to explore
downstream effects to confirm an adverse outcome pathway, as
DEGs may not always reflect a specific toxic response but can indi-
cate broader biological reactions to stressors (Snell et al., 2003).
Future studies should employ multi-omics approaches to gain a
more comprehensive understanding of emerging PFAS exposure.
However, numerous studies, including our own and those summa-
rized in the European Chemicals Agency’s proposal for a PFAS re-
striction (European Chemicals Agency, 2023), have already
identified similar effects between emerging and legacy PFAS for
some endpoints, suggesting that replacement PFAS may not be suit-
able alternatives to legacy compounds. This further supports the
case for a class-wide PFAS ban. Given the uncertainties surrounding
their long-term impact, the precautionary principle should guide fu-
ture management and regulation of these compounds.
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