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Bone cell differentiation and
mineralization in wild-type and
osteogenesis imperfecta zebrafish
are compromised by per- and poly-
fluoroalkyl substances (PFAS)

Francesca Tonelli?, Cecilia Masiero?, Carla Aresi?, Camilla Torriani?, Simona Villani?,
Guido Premoli?, Antonio Rossi' & Antonella Forlino**

Perfluorinated compounds (PFAS) are well recognized toxic pollutants for humans, but if their effect is
equally harmful for healthy and fragile people is unknown. Addressing this question represents a need
for ensuring global health and wellbeing to all individuals in a world facing the progressive increase of
aging and aging related diseases. This study aimed to evaluate the impact of perfluorooctane sulfonate
(PFOS), perfluorooctanoic acid (PFOA) and perfluorohexanoic acid (PFHxA) exposure on development
and skeletal phenotype using the osteogenesis imperfecta (Ol) zebrafish model Chihuahua (Chi/+),
carrying a dominant glycine substitution in the a1 chain of collagen | and their wild-type (WT)
littermates. To this purpose Chi/+ and WT zebrafish expressing the green fluorescent protein under

the early osteoblast marker osterix were exposed from 1 to 6 days post fertilization to 0.36, 1.5 and

3.0 mg/L PFOS, 0.005 and 0.5 mg/L PFOA and 0.01, 0.48 and 16.0 mg/L PFHxA, and their development
and skeletal phenotype investigated. Morphometric measurements, confocal microscopy evaluation of
operculum area delimited by the fluorescent preosteoblasts and mineral deposition analysis following
alizarin red staining were employed. PFOS and the highest concentration of PFHxA significantly
impaired standard length in both genotypes. Osteoblast differentiation was significantly compromised
by PFOS and by PFOA only in Chi/+. Limited to WT exposed to PFOA a reduced mineralization was

also observed. No effect was detected after PFHxA exposure. Apoptosis was only activated by

PFOA, specifically in Chi/+ mutant operculum osteoblasts. Interestingly, an altered lipid distribution

in both WT and mutant fish was revealed after exposure to both pollutants. In conclusion, our data
demonstrate that PFAS impair operculum development mainly compromising cell differentiation in
mutant fish whereas alter lipid hepatic distribution in both genotypes with a more severe effect on
Chi/+ preosteoblast survival. These results represent a first warning sign of the negative impact of PFAS
exposure in presence of genetically determined skeletal fragility.

Keywords Per- and poly-fluoroalkyl substances, Bone differentiation, Mineralization, Osteogenesis
imperfecta, Zebrafish

Per- and poly-fluoroalkyl substances (PFAS) are synthetic fluorinated compounds composed of a carbon
backbone of variable length in which each hydrogen atom is substituted by fluorine!. They have been widely
used in commercial and industrial products like food packaging, cosmetics, waterproof and stain-proof textiles,
firefighting foams and pesticides due to their chemical inertness, their thermal stability and their hydrophobicity
as well as lipophobicity!. The two most widely studied PFAS, namely perfluorooctane sulfonate (PFOS) and
perfluorooctanoic acid (PFOA), have been in production since 1950s even if only from 1990 their presence
was detected in both environment and in living organisms on a global scale. Due to their half-life, 4 years for
PFOS and 2-3 years for PFOA, which make them persistent in the environment and because of their adverse
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effects on human health, these molecules have been added in 2008 during the Stockholm Convention to the list
of Persistent Organic Pollutants (POPs). A regulated use of PFAS is required since they can potentially affect
several organs impacting on development, lipid metabolism and endocrine system by inducing carcinogenicity,
immunotoxicity, hepatotoxicity and reprotoxicity!.

US phased out the use of these chemicals in 2016 (https://www.fda.gov/food/chemicals/authorized-uses-pfa
s-food-contact-applications) while in Europe they are still used although under a stringent legislative oversight
(ECHA, European Chemical Agency).

Short-chain PFAS such as perfluorohexanoic acid (PFHxA) have been produced and used as the substitutes
of PFOA and PFOS thanks to the relative safety to human beings due to their short half-life ranging from
few days to approximately one month?. Nevertheless, concerns regarding the largely unknown environmental
behaviour, hazards, and toxicity of emerging PFAS are quickly rising.

Of note, several epidemiological studies revealed the association between PFAS exposure and reduced bone
mass density, confirming that bone is a target tissue for PFAS. Particularly, the effect of PFAS demonstrated
during bone development in infancy and childhood could have a strong impact on young adulthood and beyond,
with possible public health implications®. Furthermore, high level of PFOS was detected in human bone®.

Skeletal diseases such as osteoporosis and osteoarthritis, that are associated to the increase in average
lifespan of developed countries, could be severely worsen by these pollutants compromising the efficiency and
sustainability of the national healthcare systems. In this scenario, the environment can have great impact both
mitigating or aggravating the course of ageing associated diseases’. Understanding the effect that pollutants have
on bone homeostasis as well as finding methods to assess and modulate them is of great relevance for improving
population quality of life and reducing healthcare costs.

The use of well characterized animal models represents a unique and strategic tool to dissect the effect that
environment can have on bone properties in health and disease. Zebrafish became in the last years a powerful
model to study bone and bone disorders. Despite appendicular skeleton is definitely different between zebrafish
and human, with human limbs originating from endochondral bones, whereas zebrafish paired fins consist of
intramembranous bone supported proximally by endochondral radial bones?, the conservation between teleost
and mammals of bone forming and resorbing cells, of their staminal origin and differentiation pathways as
well as of the types of ossification processes makes zebrafish an appealing tool for skeletal study®. Furthermore,
zebrafish endure cranial to caudal spinal load that is originated by swimming forward through water coupled
with caudal propulsion and that is somehow comparable to the gravitational load to which humans are subjected
allowing deeper investigation of vertebral column defects with respect the most common rodent models.

Furthermore, the easy manipulation starting from early embryonic stages, the embryo transparency and
the availability of transgenic lines carrying fluorescent proteins under the control of specific promoters of
genes involved in bone differentiation facilitate, in zebrafish, the analysis of skeletal development and bone
mineralization from very early stage limiting time and costs’. To date, several zebrafish models for skeletal
disorders are available including models for the rare heritable disease osteogenesis imperfecta (OI), a prototype
for heritable juvenile osteoporosis'®. OI is a collagen I related disorder associated to synthesis of misfolded
collagen affecting both cell homeostasis and extracellular matrix (ECM) assembly and mineralization!''2. Here,
we use the well characterized OI zebrafish Chihuahua (Chi/+) to dissect the effect of the PFAS on skeletal health.

The OI zebrafish Chi/+ carries a dominant mutation in the al chain of collagen I causing the substitution of
a glycine with an aspartate in position 574 of the triple helix (Gly574Asp; p.Gly736Asp) and it is characterized
by severe skeletal deformities and multiple fractures, reduced bone mineral density and impaired bone
mineralization'2. It is well known that osteoblasts and adipocytes derive from the same mesenchymal precursors
and a fine tuned balance exists from this two cell types'®. An imbalance in favour of adipogenesis was described in
Ol and interestingly, Chi/+ caudal fin regeneration reproduces this typical OI feature, supporting its uniqueness
to investigate the osteoblastogenesis-adipogenesis axis!*!°.

In this study the WT and Chi/+ zebrafish crossed with the transgenic line Tg(OISp7:nlsGFP)zf132 expressing
the green fluorescent protein under the early osteoblastic promoter osterix were employed to investigate the
negative effect of PFAS exposure on healthy and compromised skeleton, respectively. Bone development and
mineralization as well as osteoblast differentiation and activity, were analysed using different techniques to
elucidate the mechanism behind the impact of pollutants on bone homeostasis.

Materials and methods

Zebrafish maintenance

Wild type (WT) AB zebrafish were obtained by the European Zebrafish Research Center (EZRC) (Germany).
The mutant Chi/+ carrying the collala-G2207A transition causing the al(I) Gly574Asp (p.Gly736Asp)
substitution'®, and the transgenic line Tg(OISp7:nlsGFP)zf132 (referred as Sp7:GFP) were used for the study'”.
Zebrafish embryos were kept in petri dishes in embryo water (NaHCO, 1.2 mM, instant ocean 0.1 g/L, CaSO,
1.4 mM, methylene blue 0.00002% w/v) at 28 °C until 6 days post fertilization (dpf), then housed in ZebTEC
semiclosed recirculation housing system (Techniplast) at 28 °C, pH 7.5 and conductivity 500 uS on a 14/10
light/dark cycle. Sp7:GFP/WT and Chi/+ siblings were obtained by in vitro fertilization using WT eggs and
Sp7:GFP/Chi/+ sperm. For the experiments, larvae were sacrificed by tricaine overdose (0.03% w/v) in zebrafish
water after anaesthesia using tricaine 0.016% w/v (3-amino benzoic acidethylester, Merck). Alternation of dry
food and brine shrimps was used for adult zebrafish feeding. All the experiments complied the EU Directive
2010/63/EU, were approved by Italian Ministry of Health (260/2020-PR) and performed in accordance with the
relevant guidelines and regulations. The study is reported in accordance with ARRIVE guidelines.
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Zebrafish larvae exposure to pollutants

WT and Chi/+ larvae were exposed to pollutants starting from 1 dpf after mechanical chorion removal. The
exposure concentrations were set at 0.36 mg/L, 1.5 mg/L and 3.0 mg/L for heptadecafluorooctanesulfonic
acid tetraethylammonium salt (PFOS, Merck, 365289), 0.005 mg/L and 0.5 mg/L for perfluorooctanoic acid
(PFOA, Merck, 171468), and at 0.01 mg/L, 0.48 mg/L and 16.0 mg/L for perfluorohexanoic acid (PFHxA, Merck,
43809)'8-20. Doses higher than the allowed environmental limit concentration accepted by several countries
were purposely selected to evaluate the cumulative effect of the molecule in shorter time scale. The selected lower
doses correspond to 10 fold the “environmental quality standard” declared in the D.Lgs 172/2015 for monitoring
PFAS in internal surface water of Lombardia (Italy). The higher doses were selected on the basis of previous
studies performed on zebrafish, in order to alert about a possible increasingly impact of these compounds
on skeleton!8-20, Larvae were placed into six well plates (20-30 per well) and kept at the above mentioned
concentrations of the pollutants or in clean water from 1 to 6 dpf by changing half of the water volume every day
and sacrificed. The ending time point was selected to evaluated early zebrafish bone mineralization process that
is starting at 4 dpf and thus detectable by 6 dpf®. Supplementary Table 1 summarizes the comparisons performed
throughout the study.

Zebrafish morphometry analysis

Lateral images were acquired using the stereo microscope Leica M165 FC connected to a Leica Flexacam C3
digital camera. Measurements were performed using the Leica Application Suite X (LAS X) software (Leica) as
described in?!. The Standard Length (SL) was measured as the distance from the snout to the posterior tip of
the notochord. Larval development was also investigated by evaluating the inflation of the first lobe of the swim
bladder?>?.

Bone staining and imaging

Sp7:GFP/WT and Sp7:GFP/Chi/+ larvae were incubated for 2 h at 28 °C with 50 pug/mL Alizarin Red S (ARS)
in HEPES 10 mM dissolved in embryo water, according to*%. Sp7:GFP positive larvae, stained with ARS, were
fixed in paraformaldehyde (PFA) 4% w/v in phosphate-buffered saline (PBS) with CaCl, 0.9 mM and MgCl, 0.49
mM, pH 7.4 at 4 °C overnight. Then, samples were washed and stored in PBS with CaCl, 0.9 mM and MgCl, 0.49
mM, pH 7.4 at 4 °C overnight. Finally, larvae were mounted on slides using Methyl cellulose 3% w/v (Merck).
Z stacks of operculum were acquired applying GFP and Rhodamine filters using a Leica DM6B Wide Field
microscope. The green area, represented by Sp7:GFP positive osteoblasts, and the red area, indicating the region
of mineralized operculum, were measured using Image]J toolset ZFBONE?.

RNA extraction

RNA was extracted from a minimum of three pools (n=15-20 larvae per each pool) of 6 dpf controls and PFAS
exposed WT and Chi/+ larvae using QIAzol Lysis Reagent (Qiagen) according to manufacturer’s instructions.
DNA free kit DNase Treatment & Removal (Invitrogen) was used to eliminate genomic DNA traces. RNA
quantity was determined by NanoDrop spectrophotometer, and its quality by agarose gel 1% w/v electrophoresis
in TBE buffer. Reverse-transcription was performed using the High-Capacity cDNA Transcription kit (Applied
Biosystems) according to manufacturer’s protocol in a final volume of 20 pL. The expression of runx2a, sp7, bcl-
2a, bida, ppara, ppary was evaluated by Real time quantitative PCR (RT-qPCR). Bactin was used as normalizer.
RT-qPCR was performed with SYBR Green Master mix (Applied Biosystems) in triplicate in 25 uL final volume
using the following cycle: 2 min at 95 °C, 44 cycles of 5 s at 95 °C, 30 s at the 62-68 °C followed by 1 s at 72 °C?.
The dissociation curve was performed to confirm the specificity of the amplification. The relative expression
was calculated using AACt method. The QuantStudio 3 thermocycler and the QuantStudio Design & Analysis
software (Applied Biosystems) were used. Primer sequences are reported in Supplementary Table 2.

Oil red O (ORO) staining

WT and Chi/+ larvae were fixed in PFA 4% v/v overnight at 4°C, washed with PBS, and stained with Oil red O
0.3% (Merck) in 2-propanol 60% v/v for 2 h and then rinsed in PBS as described in?’. Samples were mounted in
Methyl cellulose 3% w/v (Merck) and images were acquired using a Leica DM6B Wide Field microscope at 10X
magnification. The intensity of red signal was classified as moderate (1), intermediate (2) or diffuse (3) according
to the distribution of lipids. Two operators blinded to the genotype of the fish qualitatively described the level
and spreading of lipids for each embryo.

Tunel assay

Apoptosis was evaluated by Click-iT Plus TUNEL Assay (Invitrogen, C10619) according to manufacturer’s
instructions. Briefly, treated and untreated Sp7:GFP/W'T and Sp7:GFP/Chi/+ larvae were fixed in PFA 4% v/v
overnight at 4°C, washed with PBS and dehydrated in absolute methanol overnight at —20 °C. Larvae were then
rehydrated and permeabilized for 1 h with proteinase-K, fixed in PFA 4% v/v 15 min at 37 °C and 15 min at RT
and then washed in PBT (PBS-Triton X-100 0.1%).

After incubation with Terminal Deoxynucleotidyl Transferase (TdT) reaction cocktail for 1 h at 37 °C larvae
were washed in BSA 3% in PBT and incubated with Click-IT reaction cocktail 30 min at RT. Samples were
then washed in PBS at 4 °C overnight®®. Larvae treated with 1 unit of DNAse I (Thermofisher) in 1X reaction
buffer for 30 min or without TdT enzyme incubation were used as positive and negative controls, respectively
(Supplementary Fig. 1A). Images were acquired using Leica SP8 DLS confocal microscope with a 25X water
objective (Leica HC FLUOTAR L VISIR, 25x/0.95NA). 3D rendering of the operculum and a standardized
pipeline developed in house allowed the colocalization of Sp7:GFP and TUNEL signals using Arivis Vision 4D
4.1.2 software (Zeiss) (Supplementary Fig. 1D). The number of TUNEL positive signals was also calculated.
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PFAS concentration in water

Water of the last 24 h of exposure was collected and the concentrations of PFOS, PFOA and PFHxA were
measured by high-performance liquid chromatography (Agilent UPLC 1290 infinity II) -tandem mass
spectrometry (Agilent LC-MS 6475) using Luna Omega C18 50%4.6 mm 3.5 pm or equivalent column, according
to ASTM D7979-20 method for PFAS determination. Starting from a custom mix at a concentration of 200 mg/L
of each PFAS, a calibration line from 0.01 to 10 pg/L was generated by serial dilution. The sample (5 mL) is
collected in a polypropylene tube and the total sample is processed in order to limit target analyte loss due to
sample manipulation. In order to monitor all the different steps of the analytical procedure the sample, just after
collection has been spiked with surrogates. These surrogates are '3C labelled PFAS and most of them have exactly
the same chemical structure of the monitored PFAS (Supplementary Table 3). Acceptance criteria regarding
the recovery of these labelled surrogates should be within the 70-130 range. Surrogate mix was added at the
samples in concentration of 0.1 ug/L. The collected sample, after the surrogate spike, was prepared for injection
by diluting 5 ml of the sample with 5 ml of methanol in a PFAS-free plastic bottle; the sample was acidified with
acetic acid to reach pH of 3 and the internal standard was added. Individual PFAS were quantified using the
internal standards method with recognition of selected transitions and retention time. The instrument’s data
processing software constructs the calibration line using the response factor average method and provides an
analyte result on the sample expressed in pg/L considering the dilution factor applied to each sample.

Statistical analysis

Quantitative variables were expressed as meantstandard deviation (SD) or median with 25th and 75th
percentiles. Qualitative variables were presented as percentages. The effects of different pollutant concentrations
and genotype were assessed using a two-way parametric ANOVA. When the interaction between pollutant
concentration and genotype was not statistically significant, a stratified analysis by genotype (WT and Chi/+)
was performed. For these stratified analyses, parametric ANOVA was used unless the assumptions of normality
(Shapiro-Wilk test) and homoscedasticity were violated, in which case a non-parametric Kruskal-Wallis test
was applied. Significant results from stratified analyses were further analyzed using Dunnet post-hoc test.
Bonferroni’s correction was applied to adjust for multiple comparisons. Differences in qualitative variables
among exposure groups were evaluated using the chi-squared test. When assumptions for the chi-squared test
were not met, Fisher’s exact test was used. Interactions with genotype were assessed using logistic or multinomial
models, followed by stratified analyses within genotypes using Fisher’s exact test and post-hoc comparisons.
Exploratory analysis on not exposed WT and Chi/+ larvae and gene expression data was conducted using the
Wilcoxon rank-sum test. A p-value of <0.05 was considered statistically significant. Statistical analyses were
performed using R version 4.4.1.

Results

Water analysis revealed PFAS different in vivo absorption

To determine if the level of absorption of the different pollutants was similar an indirect approach was employed.
HPLC-MS analysis of the water collected at the end of exposure was performed. As expected based on the skin
permeability of the pollutants®, a reduced amount of the original concentrations of PFOS (0.36 mg/L, 1.5 mg/L,
3.0 mg/L), PFOA (0.005 mg/L, 0.5 mg/L) and PFHxA ( 0.01 mg/L, 0.48 mg/L) was found (Table 1). It has to be
taken into account that these are indirect measurements and a possible plastic adsorption of PFAS cannot be
excluded.

Mineral deposited, but not early osteoblast differentiation is impaired in 6 dpf Chi/+

The dominant OI zebrafish Chihuahua (Chi/+) carrying the mutation Gly574Asp in al(I) crossed with the
transgenic reporter line expressing fluorescent GFP marker under the early osteoblast promoter osterix (Sp7),
and the WT GFP transgenic littermates (Sp7:GFP/Chi/+ and Sp7:GFP/WT, respectively) were used. The
operculum is a membranous bone located in the zebrafish cranium and it was chosen for the analyses since it
is well-recognized as consistent, robust and rapid drug screening system to evaluate the effect of bone targeting
molecules®. To evaluate bone cell differentiation the area of the operculum delimited by the GFP preosteoblasts
cells was measured, whereas to quantify the mineral area deposited on the bone, a specific dye binding to
the Ca?* of the hydroxyapatite crystals, namely alizarin red, was selected. Following alizarin red staining, the
Sp7:GFP and the mineralized area of the operculum were evaluated on 6 dpf larvae (Fig. 1A). The operculum
area delimited by Sp7:GFP preosteoblasts was similar in WT and Chi/+ and no difference in the expression

Pollutant (original concentration) | Corresponding '*C surrogate | Mean concentration in the collected water | Percentage in the water*
PFOS (0.36 mg/L) M-PFOS-C8 0.115+0.038 32%
PFOS (1.5 mg/L) M-PFOS-C8 0.433+0.016 29%
PFOA (0.005 mg/L) M-PFOA-C8 0.0016+0.0002 32%
PFOA (0.5 mg/L) M-PFOA-C8 0.192+0.026 38%
PFHxA (0.01 mg/L) M-PFHXA-C5 0.0035+0.002 35%
PFHxA (0.48 mg/L) M-PFHXA-C5 0.145+0.043 30%

Table 1. Concentrations of PFOS, PFOA and PFHxA detected by HPLC-MS. *Referred to the original
administered concentration.
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Fig. 1. Analysis of Sp7:GFP/WT and Sp7:GFP/Chi/+ operculum area in 6 dpf larvae. (A) Representative
draw of 6 dpf zebrafish larvae and magnification of the operculum. Sp7:GFP osteoblast area is shown

in green, while alizarin red S stained mineral in red. (B) Representative images of Sp7:GFP/WT and
Sp7:GFP/Chi/+ operculum stained with alizarin red S. Scale bar: 50 pm. (C) Histogram showing the Sp7:GFP/
WT and Sp7:GFP/Chi/+ operculum area delimited by osteoblasts normalized to the head area (WT: n=30;
Chi/+: n=31). (D) Histogram showing the Sp7:GFP/WT and Sp7:GFP/Chi/+ mineralized operculum area
normalized to the head area (WT: n=30; Chi/+: n=31). (E) Relative expression of runx2a in WT and Chi/+

6 dpf larvae evaluated by RT-qPCR (WT: n=10 pools; Chi/+: n="7 pools). (F) Relative expression of sp7 in
WT and Chi/+ 6 dpf larvae evaluated by RT-qPCR (WT: n=9 pools; Chi/+: n=5 pools). Data are presented as
mean = SEM. Each point represents a single value (Wilcoxon rank-sum test; ** p <0.01).

of the early osteoblastogenic markers runx2a and sp7 was detectable by qPCR on RNA extracted from whole
larvae (Fig. 1B, C, E, F). A significant reduction of operculum bone matrix mineralized area was evident in
Chi/+ compared to WT, proving a delayed mineralization in this model before the 2 weeks of life, as previously
reported during the model characterization (Fig. 1B, D)!2.

Our data show that, at least in the operculum, during early development Chi/+ preosteoblasts can normally
differentiate, but the mineralization process is impaired.
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Larval development in Chi/+ and WT is differentially affected following exposure to specific
PFAS

WT and Chi/+ transgenic zebrafish were used to evaluate in vivo the effect of 6 days continuous exposure to three
different PFAS, namely perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA) and perfluorohexanoic
acid (PFHxA), on larval development, early skeleton formation and mineralization. The selected doses were
chosen to evaluate the potential additive effect caused by cumulative amount in the organism as a consequence
of prolonged exposure, but taking advantage of the fast zebrafish organogenesis'®-2°.

The standard length (SL) and the inflation of the first swim bladder lobe were evaluated as hallmarks to
investigate the effect of pollutants on development in 6 dpf WT and Chi/+ zebrafish (Fig. 2A i, ii). To this aim,
larvae were incubated from 1 to 6 dpf with the three different PFAS. PFOS significantly reduced SLin WT exposed
to 1.5 and to 3 mg/L doses and in Chi/+ exposed to 3.0 mg/L compared to the non-exposed (indicated as controls
from now on). PFOA did not affect either WT or Chi/+ 6 dpf SL at any of the selected doses. Similarly, no effect
on both WT and Chi/+ larvae size was detected at 0.01 and 0.48 mg/L PFHxXA concentrations, as expected based
on the reported lower toxicity of PFAS with shorten carbon chains. On the other hand, a severely reduced SL
was observed in both genotypes exposed to 16 mg/L compared to their respective controls, supporting potential
serious toxic effect following cumulative exposures also for this molecule®! (Fig. 2B).

The delay in swim bladder inflation was detectable only following exposure to PFOS at the higher dose
(3.0 mg/L) in both WT and Chi/+. PFOA and PFHxA did not impair swim bladder inflation (Fig. 2C).

The higher PFOS concentration (3.0 mg/L) revealed also a strong toxicity on development, as showed by the
misshaped body curvature observed in exposed larvae (Supplementary Fig. 2A).

Overall, these data indicate a negative impact of PFOS exposure on both WT and mutant zebrafish
development, while no effect was detected after PFOA. PFHxA at the highest concentration impacts on both
WT and Chi/+ zebrafish length.

Larval bone formation is differentially affected in Chi/+ and WT following exposure to specific
PFAS

To investigate the effect of pollutants on bone cell differentiation and bone mineralization in vivo, the operculum
area delimited by Sp7 positive osteoblasts (Sp7:GFP) and the mineralized area stained by alizarin red were
evaluated after PFAS exposure in both transgenic lines.

PFOS significantly reduced Sp7:GFP delimited operculum area in Chi/+ compared to control larvae after
exposure to 1.5 mg/L (Fig. 3A, B). Also PFOA reduced significantly Sp7:GFP/Chi/+ operculum area at the dose
of 0.005 mg/L (Fig. 3A, C). No significant effect on WT Sp7:GFP delimited operculum area was observed after
PFOS and PFOA exposure (Fig. 3B, C).

No effect of PFOS on mineralized operculum area was observed (Fig. 3A, D). PFOA reduced mineralization
in WT at the dose of 0.005 mg/L, while the already compromised Chi/+ condition (Fig. 1D) was not further
affected by the pollutant (Fig. 3A, E).

The Sp7 positive osteoblast operculum area was not affected after PFHxA exposure at all the three selected
doses (Fig. 4A-C).

No effect on mineralization was reported upon incubation with PFHxA in any genotype (Fig. 4A, D, E).
Due to the severely impaired development observed at the highest dose no further analyses were performed on
PFHxA.

The highest PFOS concentration (3.0 mg/L) revealed a strong toxicity on development and on Sp7 positive
osteoblast operculum area formation in both genotypes, but not on operculum mineralization (Fig. 2B, C,
Supplementary Fig. 2B-D). Therefore, also this concentration was not further tested.

The reduced Sp7:GFP operculum area observed in Chi/+ after PFOS and PFOA exposure suggested a possible
negative impact of pollutants on mutant osteoblast differentiation. Thus, the expression of the early runx2a and
of the intermediate osteoblast marker sp7 were evaluated on Chi/+ larvae exposed to PFOS 1.5 mg/L and PFOA
0.005 mg/L, the two doses that negatively impacted on Sp7:GFP operculum area formation.

PFOS and PFOA exposure did not significantly impaired sp7 and runx2a expression (Fig. 5A-D).

The data reveal that PFOS and PFOA exposure compromizes preosteoblast recruitment in Chi/+, while only
PFOA has a negative effect on WT larvae operculum mineralization. In our conditions, the short chain PFHxA
did not impact on bone formation even at the highest dose.

Apoptosis is activated by PFAS exposure in WT and Chi/+ larvae

Nowadays, it is recognized that in many OI forms associated to the synthesis of overmodified collagen, the
mutant protein is at least partially intracellularly retained causing cellular stress, autophagy and finally apoptosis
activation®-3%, In Chi/+ model the presence of mutant collagen accumulated in the endoplasmic reticulum
was previously reported by our team!2. To investigate if the reduced Sp7:GFP operculum area could be a
consequence of preosteoblast apoptosis, the expression of pro-apoptotic and anti-apoptotic genes, namely bida
and bcl2a, respectively was analysed, using RNA extracted from whole zebrafish larvae. No significant difference
in apoptotic markers expression was detected (Fig. 5E-H, Supplementary Fig. 1B). Nevertheless, a slight increase
in both markers was observed in Chi/+ exposed to 0.005 mg/L PFOA compared to control (Fig. 5 H).

To deeper investigate if PFOA stimulated apoptosis at the level of Sp7:GFP/Chi/+ operculum osteoblasts
whole-mount terminal dUTP nick end-labelling (TUNEL) assay was performed. The apoptotic signal was
detectable inside the operculum in both control and PFOA exposed Sp7:GFP/Chi/+ larvae. Interestingly, the
colocalization of apoptotic signal and Sp7:GFP OBs was clearly and consistently detected only in PFOA exposed
Chi/+ larvae compared to control, supporting the activation of apoptosis in mutant immature osteoblasts (Fig. 51,
]). The variability among larvae was very high, nevertheless a slight reduced number of apoptotic fragments
was detectable in WT exposed to PFOA compared to control. This data together with the upregulation of bcl-
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Fig. 2. Standard length and swim bladder inflation following exposure to PFAS in 6 dpf WT and Chi/+
zebrafish larvae. (A) Representative measure for standard length (SL) (i) and swim bladder inflated lobe (ii).
(B) WT and Chi/+ SL after exposure to PFOS, PFOA and PFHxA. Data are presented as mean + SD. Each
point represents a single value (Kruskal-Wallis rank sum test followed by Dunnet test; * p <0.05; ** p <0.01;
*** p<0.001). (C) Percentage of WT and Chi/+ with 0 or 1 inflated swim bladder lobe after exposure to PFOS,
PFOA and PFHxA. Data are expressed as percentage of larvae with 0 or 1 lobe inflated on the total number of
samples analysed for each group. (PFOS, PFOA, PFHxA: WT/Chi/*n> 10, the exact numbers are reported in
Supplementary Table 4) (Fisher’s exact *** p <0.001). Control refers to not exposed fish.
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Fig. 3. Larval bone formation following exposure to PFOS and PFOA in 6 dpf WT and Chi/+. (A)
Representative images of PFAS exposed Sp7:GFP/W'T and Sp7:GFP/Chi/+ operculum stained with alizarin
red S. Scale bar: 50 um. (B,C) Histogram representing the quantification of Sp7:GFP/WT and Sp7:GFP/Chi/+
operculum area delimited by osteoblasts normalized to the head area following PFOS (B) and PFOA (C)
exposure. (D,E) Histogram representing the quantification of Sp7:GFP/WT and Sp7:GFP/Chi/+ mineralized
operculum area normalized to the head area following PFOS (D) and PFOA (E) exposure. (PFOS:
WT/Chi/*n=17, PFOA: WT/Chi/*n>14, the exact numbers are reported in Supplementary Table 4). Data are
presented as mean = SEM. Each point represents a single value, (Kruskal-Wallis rank sum test; * p <0.05; ** p<
0.01). Control refers to not exposed fish.
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Fig. 4. Larval bone formation following exposure to PFHxA in 6 dpf WT and Chi/+. (A) Representative
images of PFHxA exposed Sp7:GFP/WT and Sp7:GFP/Chi/+ operculum stained with alizarin red S. Scale

bar: 50 um. (B,C) PFHxA exposed Sp7:GFP/WT and Sp7:GFP/Chi/+ operculum area delimited by osteoblasts
normalized to the head area. (D,E) PFHxA exposed Sp7:GFP/WT and Sp7:GFP/Chi/+ mineralized operculum
area normalized to the head area. PFHxA: WT/Chi/*n 211, the exact numbers are reported in Supplementary
Table 4). Data are presented as mean + SEM. Each point represents a single value, (Wilcoxon rank sum test).
Control refers to not exposed fish.

2 expression suggest the prevalence in WT exposed to pollutant of anti-apoptotic response (Supplementary
Fig. 1B, C).
Our data show an increase susceptibility to preosteoblasts apoptosis in Chi/+ exposed to PFOA.

Lipid distribution is affected by PFAS exposure in WT and Chi/+ larvae

Mesenchymal stem cells are common precursor for osteoblasts and adipocytes and a balance exists between
the two cell types. A switch favouring adipocytic differentiation has been previously described in OI, associated
to the altered osteoblast homeostasis due to mutant collagen intracellular accumulation'®!>. Nevertheless,
disorders of lipid metabolism have been previously associated to PFAS toxicity as revealed by a general lipidomic
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Fig. 5. Gene expression and TUNEL analysis following exposure to PFOS and PFOA in 6 dpf Chi/+. (A,B)
Relative expression of runx2a in Chi/+ pools of larvae exposed to PFOS (A) and PFOA (B). (PFOS: Chi/*
Control: n=6, 1.5 mg/L: n=5. PFOA: Chi/* Control: n="7, 0.005 mg/L: n=5. (C,D) Relative expression of
sp7 in Chi/+ pools of larvae exposed to PFOS (C) and PFOA (D). (PFOS: Chi/* Control: n=5, 1.5 mg/L:

n=4. PFOA: Chi/* Control: n=3, 0.005 mg/L: n=4. (E,F) Relative expression of bida in Chi/+ pools of larvae
exposed to PFOS (E) and PFOA (F). (PFOS: Chi/* Control: n=4, 1.5 mg/L: n=4. PFOA: Chi/* Control: n=5,
0.005 mg/L: n=6). (G,H) Relative expression of bcl2a in RNA extracted from Chi/+ pools of larvae exposed to
PFOS (G) and PFOA (H). (PFOS: Chi/* Control: n=5, 1.5 mg/L: n=5. PFOA: Chi/* Control: n=5, 0.005 mg/L:
n=4). Data are presented as mean + SEM. Each point represents one pool of larvae (Wilcoxon rank sum test;
not significant). Control refers to not exposed Chi/+ fish. (I) Representative 3D sagittal reconstruction of
Sp7:GFP Chi/+ control and exposed to 0.005 mg/L PFOA larvae after TUNEL assay. Yellow asterisks indicate
the colocalization of apoptotic signals in red and Sp7:GFP osteoblasts in green detected only in PFOA exposed
larvae. (J) Representative 3D rendering of Sp7:GFP Chi/+ control and exposed to 0.005 mg/L PFOA after
TUNEL assay. Sp7: GFP positive osteoblasts are indicated in light blue, TUNEL apoptotic signals are indicated
in pink. (Chi/* Control: n=5, Chi/* 0.005 mg/L: n=5). Yellow asterisk indicates colocalization of apoptotic
signals. Scale bar: 20 um. Magnifications of i is shown on the right.
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dysregulation associated to excessive oxidative stress damage after both PFOS and PFOA exposure in zebrafish
embryos and by hepatoxicity induced by PFOS in adult zebrafish liver®>-°.

Thus, the effect of PFAS on the adipocyte distribution was evaluated in WT and Chi/+ before and after
pollutant exposure. Since a crosstalk between bone, liver and adipose tissue exists’”*® and the easiest site
to evaluate adipocyte accumulation in 6 dpf larvae is liver, Oil red O signal was evaluated in this organ. A
qualitative analysis based on the evaluation of the percentage of larvae with moderate (1), intermediate (2) or
diffuse (3) spread of lipid droplets was performed (Fig. 6A). Although no interaction was observed between
WT and Chi/+ controls, an evident increase of lipid spreading was detectable after PFOS and PFOA exposure
in both genotypes (Fig. 6B, C). To investigate the effect of the mutation and of the pollutants on adipocyte
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Fig. 6. Lipid distribution following exposure to PFOS and PFOA in 6 dpf WT and Chi/+ larvae. (A)
Representative image of Oil red O stained lipids. The spread of lipid droplets is qualitatively represented

as moderate (1), intermediate (2) or diffuse (3) according to the distribution of lipids. (B) Representative
image of Oil red O stained lipids and in 6 dpf WT and Chi/+ control and exposed to pollutants. Scale Bar:

100 pm. (C) Percentage of fish with 1, 2 or 3 levels of lipids spread in the liver. (PFOS: WT/Chi/*n =10, PFOA:
WT/Chi/*n =8, the exact numbers are reported in Supplementary Table 4). Fisher’s exact test, * p <0.05; **
p<0.01 Control refers to not exposed fish.
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differentiation the expression of adipogenic markers ppara and ppary was performed on WT and on Chi/+
zebrafish. The two genes encode for proteins belonging to the PPARs subfamily of ligand-activated transcription
factors, critically involved in the regulation of genes related to energy homeostasis, glucose triglyceride and
lipoprotein metabolism regulation, as well as de novo lipogenesis and fatty acid uptake*. No difference in the
expression of both genes was observed (Supplementary Fig. 3A-D).

Our results support a negative effect of PFAS on hepatic lipid accumulation both in WT and in Chi/+ larvae
in presence of normal adipocyte differentiation process.

Discussion

It is well known that environmental burdens have negative impact on human health, but what is less investigated
is the severity of such effects on individuals already affected by diseases!. To tackle the intriguing question
on the consequences of pollutants on wild-type versus brittle skeleton this study investigated the impact of
three perfluorinated compounds, namely PFOS, PFOA and PFHxA on body and skeletal development
in the zebrafish Chihuahua (Chi/+), a model for the rare bone disease osteogenesis imperfecta (OI) and in
the WT littermates'>*°. The transparency of zebrafish larval body and the availability of the WT and Chi/+
Tg(OISp7:nlsGFP)zf132 transgenic line expressing GFP under osterix promoter allowed to prove in vivo that
PFAS compromise operculum preosteoblast differentiation, mineralization and survival as well as alter lipid
accumulation both in control and mutant bone in dose and, for some parameters, in genotype dependent
manner. Even if no interaction was present between the genotype, our data showed that in both WT and mutant
larvae PFOS and the highest dose of PFHXA reduced the standard length. PFOS and PFOA incubation impaired
osteoblast recruitment in the mutant, the latter also enhancing apoptosis at the level of operculum and both
pollutants impaired lipid distribution in both genotype (Fig. 7).

Impact of PFAS on morphological parameters

Our results on reduced standard length and swim bladder inflation following PFOS exposure confirmed previous
data showing its negative effect on 6 dpf WT zebrafish larval development, that led also to impaired swimming
speed*!, and demonstrated that the pollutant is similarly affecting mutant zebrafish with brittle bones. PFOA did
not impact on larval development at both concentrations tested either the mutant or control fish, likely due to
the lower toxicity of compounds with carboxyl group respect to those with sulfonate group. Indeed, zebrafish
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embryo deformities and reduced hatching rate were previously detected after PFOA exposure only at higher
concentrations ranging from 50 to 500 mg/L*!.

Impact of PFAS on skeletal development

The main strength of our study is to provide in vivo evidence of the negative and specific effect of perfluorinated
pollutants on bone cell differentiation and mineralization. Indeed, to date the available data on the effect of the
perfluorinated pollutants on osteoblasts come from in vitro studies. In murine osteoblast cultures, cell viability
significantly decreased after exposure to 100 uM and above of PFOA that also caused a reduced expression
of osteocalcin, a late osteoblastogenic marker*’. Moreover, PFOA up-regulated the expression of osteogenic
transcription factors (Taz, Runx2 and Osterix), type 1 collagen genes (Collal and Colla2) and the cysteine-rich
acidic matrix-associated gene (Sparc) in hMSCs-derived osteoblasts, whereas PFOS did not have any consistent
effects®.

We showed that in vivo PFOS and PFOA reduced Sp7:GFP operculum area in Chi/+.

On the other hand, a reduced mineralized operculum area was caused by PFOA exposure only in WT, but
not in Chi/+, likely due to the already compromised mineralization of mutant bone that could have hidden a
small negative effect following PFAS exposure. Of note, larval stage is the period during which bones start to
mineralize, representing a crucial step for zebrafish bone development®?!. Thus, defects in bone formation at
this time point could negatively impact later in development. Indeed, it was recently demonstrated that the
negative correlation between PFOA and PFOS exposure and bone mineral density in children, adolescents
and young adults is associated with an increased risk of bone fractures and osteoporosis in later adulthood>**.
Differentiation and mineralization are regulated by calcitriol, the active form of vitamin D, which blocks cell
cycle and induces osteoblasts to mature. A competition of PFOA with calcitriol for vitamin D receptor at the
same binding site was demonstrated in vitro as responsible for impaired differentiation and mineralization®’.

PFHxA is known as alternative to legacy PFOS and PFOA thanks to its shorter carbon chain that should
reduce bioaccumulation. Previous studies showed that PFHxXA is not carcinogenic, is not a selective reproductive
or developmental toxicant, and does not disrupt endocrine activity. Adverse effects have been detected on human
kidney, but at much higher doses than those observed for other PFAS*. The absence of a significant impairment
in operculum development in both WT and Chi/+ larvae exposed to PFHxA at 16 mg/L dose highlighted the
not-toxic effect of this pollutant at least on bone and in our condition.

Impact of PFAS on lipid accumulation in the liver

Zebrafish share many of the same gastrointestinal organs with humans as well as the specialized cell types involved
in lipid absorption and processing such as intestinal enterocytes, fat-storing adipocytes, hepatocytes in the liver,
and acinar cells of the pancreas. Thus, larvae are well suited for whole animal studies of lipid metabolism*7+3.

The increased percentage of WT and Chi/+ larvae with enlarged positive Oil red O signal labelling
triglycerides in liver after PFOS and PFOA exposure confirmed what previously demonstrated in C57BL/6 mice
where an increased liver/body ratio as well as an increased lipid deposition in the liver was described following
PFOA exposure. In mice it was also proved that the pollutant led to increase de novo synthesis of fatty acids (FAs)
and ultimately to accumulation of FAs in hepatocytes®.

Lipidomic dysregulations upon exposure to PFOS and PFOA have also been observed in 3 dpf zebrafish
embryos and associated with oxidative stress and energy metabolism malfunction, respectively’. Similarly to
what reported in mice and in hMSCs exposed to PFOS and PFOA, no difference in the expression of ppary
and ppara, markers of lipid metabolism and energy homeostasis respectively*’, was detected in WT and Chi/+
exposed larvae.

Activation of apoptosis after PFOA exposure in Chi/+

Apoptosis is a regulatory program which has a noteworthy role during development and growth and in
maintaining skeleton®'. PFAS exposure is known to be directly correlated with the activation of apoptosis in
various cell types. It was indeed recently reported that PFOA induces oocytes apoptosis®?, while both PFOS and
PFOA lead to activate apoptosis in lung cancer A549 cell lines as well as in primary cultured tilapia hepatocytes™.
Dysregulation in apoptosis has been also described in zebrafish liver cell line (ZFL) where altered expression of
both pro- and anti- apoptotic proteins was detected after both PFOS and PFOA exposure™.

Our results revealed that in vivo PFOA specifically enhances Sp7:GFP/Chi/+ apoptosis, as demonstrated by
TUNEL assay at the level of operculum, whereas in WT the slight up-regulation of the anti-apoptotic marker
bcl2a and the slight reduced number of apoptotic signals detected suggest the activation of defensive response.

The study presents some limitations that should be considered in data interpretation. Since the purpose was
to evaluate the possible negative effect of the pollutants on skeleton we selected substances and doses on the
basis of previous studies in which toxicity tests were already evaluated on zebrafish larvae!®-2. Therefore, no
specific toxicity analysis was carried out trusting previous published results. In addition, bone analyses were
performed on the operculum, an intramembranous cranial bone easily detectable during early zebrafish bone
formation, while gene expression was carried out on RNA extracted from the whole skeleton. Thus, the risk
to have underestimated the expression results should be taken into account. Nevertheless, the combination of
site-specific and more general assays could indeed provide useful information about the impact of pollutants.
We are also aware that bioaccumulation requires the absorption and accumulation of contaminants over a long
period of time in the body. Thus, the approach used in the present study does not really mimic bioaccumulation,
even if the rapid zebrafish development somehow could represent a valid alternative to long term exposure in
other models. Nevertheless, the short-term high-dose exposures used in our study mainly elucidated the impact
of PFAS in the early stages of zebrafish bone development with and without an already compromised skeletal
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condition. Our analysis of pollutants concentration in the collected water aimed to indirectly compare the level
of absorption of these substances.

Conclusion
Our results suggest a negative impact of PFAS on Chi/+ operculum preosteoblast differentiation, and apoptosis
susceptibility. Furthermore, the increased hepatic lipid spreading found in both WT and Chi/+ suggests also a
dysregulation of fat metabolism, likely due to PFAS oxidative stress induction.

In conclusion, these results represent a first warning sign, supporting a negative impact of PFAS exposure on
fragile skeleton.
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All data are provided within the manuscript or supplementary information files.
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