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ABSTRACT 

 

L’acido perfluoroottanoico (PFOA) appartiene alla classe dei composti poli e 

perfluorurati (PFAS) ed è uno dei più utilizzati nella produzione di 

rivestimenti oleorepellenti per contenitori alimentari, schiume antincendio, 

detergenti, ecc… Questi composti presentano una notevole stabilità ed inerzia 

termica, chimica e biologica, grazie alla quale risultano  particolarmente 

presenti nell’ambiente. A tal proposito, la loro tossicità ambientale è ormai 

nota, ponendo un rischio reale sia per la salute della fauna selvatica che di 

quella dell’uomo. A causa della sua resistenza alla degradazione il PFOA può  

essere presente a dosi rilevanti sia nell’ ambiente che all’interno degli 

organismi causandone un danno alla salute. 

I probiotici d’altra parte, siano essi composti da un  singolo ceppo di 

procarioti o lieviti, oppure da un loro mix, si sono dimostrati in grado di 

stimolare diverse funzioni biologiche, tra cui lo sviluppo e l’ossificazione, e 

sono quindi noti per possedere diverse proprietà benefiche sulla salute degli 

organismi. 

In questo lavoro di tesi, gli effetti del PFOA sullo sviluppo embrionale e sul 

processo di ossificazione sono stati indagati utilizzando lo zebrafish come 
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modello sperimentale investigando anche il potenziale ruolo mitigatore del   

probiotico Bacillus subtilis var. natto sul processo di ossificazione e sviluppo. 

Gli embrioni di zebrafish sono stati divisi in 6 gruppi: C (controllo), P 

(trattato con B. subtilis var. natto ad una concentrazione finale di 107CFU/ml), 

PFOA50 (esposto ad una concentrazione finale di 50 mg/L di PFOA), 

PFOA50+P (esposto ad una concentrazione finale di 50 mg/L di PFOA e 

trattato con una concentrazione finale di B. subtilis var natto 107CFU/ml), 

PFOA100 (esposto ad una concentrazione finale di 100 mg/L di PFOA), 

PFOA100+P (esposto ad una concentrazione finale di 100 mg/L di PFOA e 

trattato con una concentrazione finale di 107 CFU/ml B. subtilis). Gli effetti 

del PFOA e del probiotico sono stati valutati a 7, 14 e 21 giorni dopo la 

fecondazione (dpf). Per prima cosa, sono stati valutati parametri relativi alla 

crescita delle larve e l’insieme dei dati molecolari e biometrici hanno 

evidenziato come l’esposizione al PFOA abbia portato ad un’alterazione dello 

sviluppo. Le larve esposte infatti, presentano lunghezza inferiore e una testa 

di dimensioni maggiori rispetto al controllo. Il trattamento con il probiotico 

riesce a contrastare il danno dato dal PFOA riportando le lunghezze della testa 

e del corpo ai valori del controllo. Inoltre, vi è una riduzione dell’espressione 

del gene thrαb, dimostrando che questo acido ha un effetto nocivo sulla 

tiroide e qui il B. subtilis ha un effetto parzialmente benefico non riuscendo 



 

5 

 

comunque a riportare l’espressione di questo gene ai livelli del controllo. 

Altre malformazioni sono state individuate a livello oculare e craniofacciale; 

in particolare nei gruppi trattati si osservano alterazioni a livello del diametro 

degli occhi e degli angoli tra le cartillagini di Meckel’s-Meckel’s. Il gene 

cyp26b1, che codifica per il citocromo P450 26B1 e coinvolto nella 

regolazione dell’omeostasi dell’acido retinoico (RA), risulta over-espresso in 

campioni trattati con 50 mg/L a 14 dpf. Basandoci su questi dati e anche sui 

dati molecolari riguardanti il gene cyp26b1 possiamo affermare che il PFOA, 

oltre ad avere un impatto sul pathway tiroideo, interferisce anche con la via 

dell’RA. La somministrazione del B. subtilis riesce a riportare l’espressione 

del cyp26b1 nelle larve trattate ai livelli di quelle non trattate. Infine 

l’espressione di runx2 e col10a1a, due geni coinvolti nella corretta 

maturazione dei condrociti e di conseguenza nell’ossificazione, risulta ridotta 

nei gruppi trattati, suggerendo che il PFOA abbia un effetto anche a livello 

della osteogenesi. Anche in questo caso nelle larve co-trattate con l’inquinate 

e il probiotico, i livelli di espressione tornano ad essere vicini ai valori 

normali di controllo. Concludendo, da questo studio si può evincere che 

l’esposizione al PFOA eserciti un effetto negativo sullo sviluppo e sulla 

crescita generale dell’organismo, con la presenza di effetti dannosi anche per 

quanto riguarda l’ossificazione. Il trattamento con B. subtilis sembra essere 
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piuttosto efficace nel contrastare l’azione del PFOA e la sua somministrazione 

potrebbe essere presa in considerazione come terapia contro i danni causati 

dall’esposizione a questa sostanza.  
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1. INTRODUCTION 

1.1  PFOA 

Perfluoroalkyl substances (PFAS) are molecules in which all hydrogen atoms 

in the carbon chain backbone are replaced with fluorine, except from the  

functional head group that may still contain hydrogen atoms. These 

substances are considered endocrine disruptive chemicals (EDCs) because 

they interfere with different endocrine pathway and alter the normal hormonal 

functions, and often act in a non-monotonic way. The most common PFAS 

are perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS). 

The carbon-fluorine (C-F) bond, which is the strongest chemical bond, makes 

them extremely resistant towards thermal, chemical and biological 

degradation (Järnberg et al., 2007). These properties, together with the 

hydrophobicity of fluorinated alkyl chain and the lipophobicity of functional 

group make them useful in many industrial and ordinary applications. As a 

result of these features, they are persistent chemical products, so they are able 

to accumulate in the environment posing a severe risk for both wildlife and 

human health (Buck et al., 2011). PFOA is one of the most widely detected 

PFAS in biological samples because it has been produced over several 

decades and used in industrial and daily products such as firefighting foams, 

coatings to textile and paper products for food packaging, surfactants, 
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cosmetics, agrochemicals and medicines (Buck et al., 2011). The release of 

PFOA to the environment, which mostly occurs during its production, leads to 

its ubiquitous presence, so humans can be exposed to PFOA by drinking 

water, indoor dust, diet, etc… (Zeeshan et al., 2020). The production of PFOA 

has been decreased in recent years thanks to the implement of a more 

restrictive regulation. In fact, PFOA has been included in appendix B of the 

Stockholm Convention as a persistent organic pollutant since 2009 (Tomba, 

2017). Moreover, in Italy especially in Veneto region (where there was a 

dramatic spill-over of this compound), there are some limits in the PFAS 

presence in water (PFOA+PFOS<90ng/L; short chain PFAS<300ng/L) 

(Tromba, 2017). However, due to its capacity to accumulate in the 

environment, this chemical still represents a risk for the welfare of living 

organisms. 

1.2 Probiotic 

Probiotics are living bacteria and yeasts that, when administered in adequate 

amounts, can confer health benefits on the host (Caselli et al., 2013; Falcinelli 

et al., 2015, 2016; Senok et al., 2005). They are usually freeze-dried products 

containing a single strain or a mixture of different prokaryotes and yeast. 

Probiotics are known to have beneficial effects on immune function 

(Picchietti et al., 2009), stress tolerance (Rollo et al., 2006) and reproduction 
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(Gioacchini et al., 2010). As reported by Maradonna et al., 2013 Lactobacillus 

rhamnosus has a key role also in promoting backbone calcifications and 

skeletal development, modulating genes responsible bone formation. In fact, 

the probiotic administration led to an increase in length of zebrafish larvae 

and to an earlier backbone ossification and vertebral mineralization. 

Probiotics have also an important role in bone regeneration, as demonstrated 

by Sojan et al., 2022. This research revealed that a mix of 5 different bacteria 

(Bacillus subtilis, B. licheniformis, B. coagulans and Lactobacillus 

acidophilus) plus the yeast Saccharomyces cerevisiae treatment accelerated 

the regeneration process. In other study, Sojan et al., 2022 showed that the 

treatment with B. subtilis was able to reverse the impairment of bone matrix 

formation when zebrafish larvae were exposed to an inhibitor of bone 

morphogenic protein (BMP), whose signaling pathway is required for 

osteoblast differentiation and bone mineralization. Probiotics have also been 

proven to mitigate the developmental toxicity of perfluorobutanesulfonate 

(PFBS) (Sun et al., 2021). Hence, exposure to PFBS significantly decreased 

the body weight, weight gain, and specific growth rate of zebrafish larvae, 

whereas probiotic supplementation efficiently inhibited the growth delay 

caused by PFBS exposure (Sun et al., 2021). Overall, all these findings point 
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to the beneficial effects of probiotic supplementation and the potential of 

probiotics to mitigate the toxic effects of PFAS. 

1.3 Zebrafish 

The zebrafish (Danio rerio) is a tropical freshwater fish coming from South 

Asia, in particular Bangladesh, India, Nepal and Pakistan. This fish has 

become a model organism in ecotoxicology and environmental sciences as a 

result of its small size, cheapness and easy husbandry as well as a lack of 

reproductive seasonality. In addition, zebrafish embryos are transparent, so 

their development can be easily observed under the microscope. Its life cycle 

is rapid under ideal rearing conditions (Langheinrich, 2003) and zebrafish are 

suitable for non-invasive treatments particularly for water soluble drugs and 

chemicals. The molecular mechanisms of the zebrafish endocrine and 

hormonal signaling pathways and its physiology and neuroanatomy are highly 

similar to those of other vertebrates like humans, allowing the extrapolation of 

some data from this model to other species (Panula et al., 2010). It has been 

considered a recommended species by the European scientific community, 

United States Environmental Protection Agency and the Organization for 

Economic Co-operation and Development (OECD) guidelines (Lammer et al., 

2009). Therefore, to summarize, the animal model Danio rerio is well 
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established both in applied molecular biological research and in 

ecotoxicological testing. 

1.4 Development 

Throughout the development, an organism goes through several 

transformations: over the course of time the organism turns from a single cell 

called zygote into a exceedingly organized collection of cells, tissues, and 

organs (Gilbert, 2017). During the development embryo cells divide, grow, 

and migrate in specific patterns to make an elaborated organism. The cells of 

an organism body must also specialize into many functional different types as 

development goes on (Gerri et al., 2020). Mature cell types of the body 

express different sets of genes, which give them their unique properties. 

These patterns of gene expression guide cells behavior and allow them to 

communicate with neighboring cells, thus coordinating development 

(Huppertz et al., 2005).  

The correct development of an organism also depends on the presence of 

essential signals, such as insulin-like growth factor (IGF), myostatin (MSTN) 

and thyroid hormone receptor alpa (THRα) and others signals.  

The IGF signalling pathway is an evolutionarily conserved signalling cascade 

that is essential for proper vertebrate growth and development. The IGF 
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family includes two secreted ligands, IGF1 and IGF2, which bind to the IGF1 

receptor (IGF1R) (Schlueter et al., 2007). At the cellular level, IGF signalling 

can trigger a variety of biological responses including growth, proliferation, 

survival, migration and differentiation. At whole animal level, it is the 

coordination of these cellular responses among different tissues and cell types 

that ultimately determines the global growth pattern of an organism (Wood et 

al., 2005). In zebrafish embryo, the expression of igf1 and igf2 mRNA are 

ubiquitous at all stages of development. Expression was stronger in the 

anterior portion of the embryo, especially in the eyes, brain tissue and other 

nervous tissues, suggesting that IGF signalling pathway is essential for the 

early dorso-anterior development (Schlueter et al., 2007). In fact, loss-of-

function experiments in IGF signalling resulted in small sized embryos and 

disrupted head and central nervous system (CNS) development, with extreme 

phenotypes displaying a complete loss of head and eye structures, together 

with the lack of a notochord and abnormal somites (Eivers et al., 2004). It is 

clearly established that growth factors, like IGF1 and IGF2, play a crucial role 

also in the formation of skeletal muscle. These factors take part in some 

pathways in which MSTN is also involved since it has been demonstrated that 

the knock-down of mstn in zebrafish embryos caused an overexpression of 

igf2, suggesting that they are antagonistic signals (Amali et al., 2004). 
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Myostatin, a member of the Transforming Growth Factor-β (TGF-β) 

superfamily, has been demonstrated to negatively regulate skeletal muscle 

growth in several mammalian species (McPherron et al., 1997). In zebrafish, 

mstna mRNA is weakly expressed in early stage zebrafish embryos, but its 

expression significantly increases in swimming larvae, juveniles and adult 

skeletal muscles. Hence, the depletion of MSTNa function in zebrafish 

skeletal muscles led to stratified hyperplasia (Xu et al., 2003).  

IGFs can also supports the proper thyroid function as well as the volume and 

synthesis of the thyroid hormones (THs). Furthermore, THs can also influence 

the biological effects of IGF1 on target tissues (Smith, 2021). THs are critical 

regulators of many physiological and developmental processes, following its 

conversion from the stable pro-hormone (L-thyroxine, T4) to the short-lived 

active hormone, triiodothyronine (3,30,5-triiodo-L-thyroinine, T3). In 

mammals, an appropriate TH concentration is critical for the promotion of 

intrauterine and postnatal development and growth, as well as for 

maintenance of different metabolic pathways after development (Brent, 

2012). THs act via nuclear thyroid receptors (TRs) to regulate gene 

expression, typically by binding thyroid response elements (TREs) in their 

promoter region (Cheng et al., 2010). Depending on their conformational state 

and the type of TRE they bind to, TRs can either promote or repress gene 
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transcription (Aranda et al., 2001). In zebrafish, due to duplication, the 

genome encodes two TRa genes (thrαa and thrαb), together with a single TRb 

gene (thrβ). Additionally, the thyroid pathway is known to be a critical 

regulator of zebrafish embryonic growth and larval transition (Walpita et al., 

2007, 2009) as well as neural development (Zada et al., 2014). It is likely that 

different TH receptors are involved in specific changes (Campinho, 2019) and 

thrαa, thrαb and thrβ expression is spatio-temporally regulated during 

zebrafish development. An experiment revealed that specific thrαa expression 

first occurs at 24 hpf in the CNS of zebrafish embryos. By 48 hpf, a strong 

thrαa expression persisted in the CNS and appeared in pectoral fins and in the 

developing heart; whereas during the early larval transition (72 e 120 hpf), 

thrαa was expressed along the developing gastrointestinal tract. On the 

contrary, the expression of thrβ was mainly detectable in restricted areas of 

the brain and retina at 48 hpf, and in the otic vesicles at 120 hpf (Marelli et 

al., 2016).  

Therefore, all these signals and pathways are not isolated from each other, and 

they act cooperatively to orchestrate the different processes that take place 

during development. Among all these processes, apoptosis is of the utmost 

importance. Apoptosis, a form of programmed cell death balances the cell 

proliferation to maintain tissue homeostasis (Elmore, 2007). This process 
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includes a cascade of events: condesantion of chromatin, nuclear 

fragmentation, blebbing of the plasma membrane, and formation of apoptotic 

bodies (D’Arcy, 2019). During this process different metabolic pathways, 

controlled by many pro or anti-apoptotic gene expression, are active. The key 

components of this complex machinery are called caspases and there are 3 

types of caspases known: initiators caspeses (caspases 2,8,9,10), effector 

caspases (caspases 3,6,7) and inflammatory caspases (caspases 

1,4,5,11,13,14) (Kiraz et al., 2016). These proteins can be activated by an 

extrinsic or an intrinsic pathways. The first involves external signals that 

activate ligand such as Fas1 and its receptor Fas, followed by the sequential 

binding of the adaptor protein Fas-associated protein with death domain 

(FADD) and pro-caspase 8, which becomes active (caspase 8). In turn, 

caspase 8 actives the effector caspase 3 and, once activated, this caspase 

penetrates into the cell nucleus where it splits the protein known as ICAD 

(inhibitor of caspase-activated DNase), which is normally found complexed 

with a specific DNase by inhibiting its activity. After ICAD release, the 

DNase is able to degrade intranucleosomal DNA (Kashyap et al., 2021). In 

the intrinsic (or mitochondrial) pathway an internal signal starts the process. 

The most crucial event of this pathway is the permeabilization of the 

mitochondrial outer membrane (MOMP) that leads to cytochrome C release 
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from the mithocondria. The initiation of MOMP involves the BCL-2 family 

that includes pro and anti-apoptotic proteins, such as BAX and BCL-2. Once 

in the cytoplasm, cytochrome C promotes the assembly of Apaf-1 and 

procaspase9 into a large complex called apoptosome. Therefore, caspase 9 is 

active and it can turn on caspase 3, which acts as an effector (Estaquier et al., 

2012).  

In zebrafish, caspase-3 transcripts are expressed at all developmental stages 

(Yabu et al., 2001). At the 4- and 1000-cell stages, high levels of caspase-3 

mRNA were present in fertilized eggs as a maternal factor. Furthermore, 

caspase-3 mRNA is expressed in the shield, 1-somite, pharyngula, and 

hatching periods, which coincided with zygotic gene expression after 

gastrulation. In the pharyngula period, caspase-3 mRNA is present at higher 

levels in the pectoral fin bud, otic vesicle, and hindbrain (Yamashita, 2003). 

The developmental expression patterns of the caspase-3 regulates the spatial 

and temporal distribution of apoptotic cells and, consequently, the correct 

development of different tissues (Yamashita, 2003).  

1.5 Ossification 

Ossification is the process by which new bone material is formed, thanks to 

different cells such as osteoblasts, osteocytes, osteoclasts, etc. Skeletal 

https://en.wikipedia.org/wiki/Bone
https://en.wikipedia.org/wiki/Cell_(biology)
https://en.wikipedia.org/wiki/Osteoblast
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development and expression of bone-related genes are conserved between 

zebrafish and mammals. Nevertheless few differences need to be considered: 

osteocytes are not present in all bones and at all developmental stages, 

endochondral ossification is rare in zebrafish and vertebral vertebral bodies 

are not formed from a cartilaginous scaffold (Lleras-Forero et al., 2020).  

The zebrafish skeleton consists of a dermal skeleton and an endoskeleton. 

Scales, polarized structures of the exoskeleton, teeth, and fin rays are part of 

the dermal skeleton and are distinctive as skeletal structures in their ability to 

regenerate (Iwasaki et al., 2018; Van der Heyden et al., 2000; Witten et al., 

2010). The endoskeleton consists of cranial, axial, and appendicular skeletal 

elements (Bird et al., 2003). As it happens in all vertebrates, the zebrafish 

cranial skeleton mostly arises from the cranial neural crest, while the 

appendicular skeleton develops from somite-derived paraxial mesoderm (Bird 

et al., 2003; Kague et al., 2012). 

Bone formation starts in zebrafish around 4–5 dpf. There are 3 processes 

resulting in the bone tissue formation: intramembranous, perichondral, or 

endochondral ossification (Tonelli et al., 2020). The first one starts with 

mesenchymal cell condensation and differentiation into osteoblasts, without 

the need of a cartilage template. Perichondral ossification, characterized by 

bone formation in the perichondrium, is more common in the teleost 

https://en.wikipedia.org/wiki/Bone_tissue
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compared to the mammalian skeleton, where it has been considered as a form 

of intramembranous ossification. In teleosts, perichondral ossification is 

present in the hyomandibula and Meckel’s cartilage, where osteoblasts 

aggregate on the surface of the cartilaginous template and deposit bone matrix 

into the perichondrium. The endochondral ossification, which is the main 

ossification process in mammals, involves cartilage as a precursor and is 

uncommon in teleosts (Tonelli et al., 2020).  

The teleost and mammalian skeletal systems also share similar cell types. 

Regarding the cartilage, the chondroblasts represent the forming cells and the 

chondrocytes maintain the cartilage matrix. As for the bone the osteoblasts are 

the forming cells, the osteocytes act as the mechanosensors regulating 

osteoblast and osteoclast activity, and the osteoclasts are the cells in charge of 

bone resorption (Witten et al., 2017; 2009). Albeit smaller and 

mononucleated, the osteoclasts of teleosts retain the molecular regulators of 

mammalian osteoclast function. At 30 dpf these mononucleated osteoclasts 

evolve to multinucleated osteoclasts, which perform lacunar resorption and 

bone remodelling in this fish. Moreover, zebrafish osteoblasts express 

collagen type I and, unlike mammals, they also express collagen type X and 

collagen type II in their bone matrix (Tonelli et al., 2020), explaining some 

differences in the skeletogenesis. Still, both in mammals and fish, skeletal 
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cells are formed by a complex interplay of intracellular molecular pathways, 

secreted factors and genes expression that regulate the timing, location, and 

pathway by which bone cells differentiate (Mackie et al., 2008). In fact, 

pluripotent mesenchymal cells differentiate in pre-osteoblasts and immature 

chondrocytes, and the gradual maturation of these cells depends on several 

genes regulators, being runx2 the principal orchestrator (Li et al., 2009). 

RUNX2 is a transcription factor, encoded by the runx2 gene, which controls 

skeletal development by regulating the differentiation of chondrocytes and 

osteoblasts and the expression of many extracellular matrix protein genes 

during chondrocyte and osteoblast differentiation (Komori, 2010). More 

specifically, this transcription factor plays a major role at the last stage of 

chondrocyte differentiation: it is required for chondrocyte maturation and 

regulates col10a1a expression in hypertrophic chondrocytes and the 

expression of other genes like spp1, ibsp, and mmp13 in the terminal 

hypertrophic chondrocytes. During osteoblast differentiation, RUNX2 

upregulates the expression of bone matrix protein genes (Komori, 2010). 

Some researches confirmed the RUNX2 primary role in ossification. Flores et 

al., 2006 showed that morpholino depletion of runx2b compromised 

craniofacial cartilage formation in zebrafish. Runx2−/− mice showed a lack of 

ossification, chondrocyte maturation inhibition and a total repression of 
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col10a and spp1 (Inada et al., 1999). The proper maturation of cartilage-

forming chondrocytes and bone-forming osteoblasts also relies on the  correct 

levels of retinoic acid (RA). RA is the active metabolite of vitamin A (retinol) 

and its homeostasis is regulated by cytochrome P450 family 26 enzymes 

(CYP26). The CYP26 family has three isoforms: CYP26a1, CYP26b1 and 

CYP26c1 whose specific roles during development are still not well 

understood (Nelson et al.,2013). cyp26b1 codifying for an essential regulator 

of skelogenesis in zebrafish and it is expressed in condensing chondrocytes as 

well as in osteoblasts and their precursors. cyp26b1 zebrafish mutants 

displayed multiple defects, such as craniofacial hyperossification, that can be 

mimicked by a treatment with retinoid acid, indicating that CYP26b1  

restriction of retinoid signaling is a basic process for the correct fish 

ossification (Laue et al., 2008).  

1.6 Hypothesis 

Environmental pollution is a problem linked to the huge production of 

chemicals that are present in consumer products. Among them, a big concern 

is raising about the effects of PFAS, especially PFOA. Several studies have 

shown the detrimental effects of PFOA on different tissues and organs (J. 

Cheng et al., 2016; Du et al., 2009; Shi et al., 2010; Pecquet et al., 2020), 
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being bone tissues among them. An important study revealed that boys who 

lived in a PFAS high-polluted area in Veneto region (Italy) have a higher risk 

of fracture and osteoporosis (Di Nisio et al., 2020). Other studies have 

showed how PFOA can reduce osteoclasts number in bone (Koskela et al., 

2016, 2017), whereas some researchers proved in vitro that PFOA has adverse 

effects on vitamin D activity (Di Nisio et al., 2020). Still, very little is known 

about the mechanisms by which PFOA exerts its toxic effects during 

development and bone formation.  

In this scenario, the hypothesis of this study is that PFOA exposure during 

zebrafish development could disrupt the skeletal development (proliferation 

and mineralization). Moreover, the potential of probiotic administration to 

counteract such detrimental effects is hypothesized. 

1.7 Aims  

To prove this hypothesis the aims of this work were:  

a) To determine the effects of PFOA on the zebrafish larval growth and 

development 



 

22 

 

b) To explore the molecular mechanisms by which PFOA is able to 

disrupt skeletal development  

c) To evaluate the potential of the probiotic strain Bacillus subtilis var. 

natto to mitigate the PFOA toxic effects at morphological and 

molecular levels. 

  



 

23 

 

2. MATERIALS AND METHODS 

2.1  Zebrafish husbandry and treatment  

Adult zebrafish of wild-type AB strain were kept under standard condition of 

28 ±1 °C with a 14:10 light:dark cycle in a recirculation system and fed twice 

a day with commercial dry food in the morning and Artemia salina in the 

afternoon (Giommi et al., 2022). To obtain the embryos, female and male 

zebrafish were kept overnight in reproductive tanks with a ratio of 1:1. 

Embryos were collected after 1 hour of light in the morning. Fertilized eggs 

were selected and maintained in a hatchery until 24 hour post fertilization 

(hpf). Next, the embryos were divided into 6 experimental groups as follow 

(Fig. 1) : 

1. C (untreated control group) 

2. P (treated with the probiotic Bacillus subtilis var. natto at a final 

concentration of 107CFU/ml) 

3. PFOA100 (exposed to a final concentration of 100 mg/L of PFOA 

(Sigma-Aldrich Milano, Italy)) 

4. PFOA100+P (exposed to a concentration of 100 mg/L of PFOA and 

treated with probiotic at a final concentration of 107CFU/mL) 

5. PFOA50 (exposed to a final concentration of 50 mg/L of PFOA) 



 

24 

 

6. PFOA50+P (exposed to a concentration of 50 mg/L of PFOA and 

treated with probiotic at a final concentration of 107CFU/mL) 

Larvae were fed twice a day with rotifers starting from day 5 after fertilization 

until the end of the trial. Water was changed and renewed in all tanks every 

day. Probiotic treatment started at hatching (3dpf). The probiotic used was B. 

subtilis var. natto (Fermedics, Machelen, Belgium), at a total concentration of 

1011 CFU. To follow the toxic and/or beneficial effects throughout the 

development three sampling timings were established at 7, 14 and 21 dpf. 

Probiotic was weighted to provide a final concentration of 107 CFU.  

 

Fig.1. Experimental design: zebrafish larvae treatment. Larvae at 3 dph (post hatching) were 

divided in 6 groups: C (control), P (probiotic), PFOA50 (exposed to a final concentration of 50 

mg/L of PFOA), PFOA50+P (exposed to 50 mg/L of PFOA and treated with probiotic 
at107CFU/mL), PFOA100 (exposed to 100 mg/L of PFOA), PFOA100+P (exposed to 100 mg/L of 

PFOA and treated with probiotic at 107CFU/mL). In order to follow the detrimental and/or 

beneficial effects during development, three sampling timings were established at 7, 14 and 21 dpf. 
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All the procedures involving animals were conducted accordingly to the 

University of Calgary animal care protocols (AC15-0183) for care and use of 

experimental animals. All efforts were made to minimize animal suffering. At 

every time point, fish were euthanized using an excess of MS-222 (3-

aminobenzoic acid ethyl ester; Sigma Aldrich) buffered to pH 7.4 according 

to University of Calgary animal care protocol for care and use of experimental 

animals. 

At each time point 30 larvae were sampled and fixed with paraformaldehyde 

(PFA) 4% for 2 hours, washed 3 times with 70% ethanol and then stored at 

4°C until processed for biometric evaluation, alcian blue and alizarin red 

staining, and 5 pool of 25 larvae were sampled and stored at -80°C until 

processed for total RNA extraction.  

2.2  Biometric evalutation  

Following the protocol of Zarantoniello et al., 2018, larvae length and weight 

were measured to assess the presence of biometric changes among the 

experimental groups. The length of 10 larvae per group at each time point 

were measured using a caliber. For the wet weight measure, 3 replicates of 5 

larvae per group at each time point were used by calibrating the balance with 
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an empty Eppendorf and then weighting again the same Eppendorf containing 

the larvae after completely remove of 70% ethanol.  

2.3  Alcian blue- alizarin red staining 

This staining is able to stain both the cartilage and the bone, by colouring 

them in blue and red, respectively. This staining consists of two solutions that 

are mixed just prior to use: Part A was prepared with alcian blue 8 GX 

(Sigma, St.Louis, MO, USA) for cartilage staining and Part B consisting of 

alizarin red S (Fluka Chemicals, St.Louis, MO, USA) for bone staining. Part 

A was obtained by first making a stock solution of 0.4% alcian blue in 70% 

ethanol and in so doing, the working solution was obtained with a final 

concentration of 0.02% alcian blue, 100 nM MgCl2 and 70% ethanol. In order 

to obtain Part B 1g alizarin red was dissolved in 100 mL 0.5% KOH. These 

two parts were mixed to obtain a final solution containing 1 mL Part A and 10 

µL Part B. 

Prior to the staining, ten larvae per group and time point were hydrated as 

follow: 15 minutes in ethanol 50%, 15 minutes in ethanol 30%, 15 minutes in 

deionized water. All these steps were done in a 12 multiwell plate on a rocker. 

After removing water, 1 mL of Part A and Part B mixture were added to 

larvae and rocked at room temperature overnight. After having removed the 



 

27 

 

staining solution, larvae were washed incubating with a bleaching solution 

2% KOH and 3% H2O2 at room temperature for 20 minutes. 

Afterwards, larvae were washed with 3 clearing solutions. The clearing 

solution one was made of 20% glycerol and 0.25% KOH and rocked for 3h. 

Then, the larvae were transferred into the clearing solution two (50% glycerol 

and 0.25% KOH) for 2h. Finally, the clearing solution two was replaced by 

clearing solutions three (50% glycerol and 0.1% KOH), which was also used 

as the storing solution where larvae were kept until visualized. This staining 

was performed according to the protocol described by Walker & Kimmel, 

2007. 

2.4 Morphological studies  

Stereomicroscopy (Leica microsystems, Wetzlar, Germany) was used to 

evaluate the head length and also eyes morphology, in particular eye depth, 

eye diameter, eyes distance and eyes angle, for each group at each time point 

(Huang et al., 2021). The stereomicroscopy was also used to investigate 

general osteogenic malformations and craniocephalic malformations; 

specifically Ceratohyal (CH) length, Palatoquadrate (PQ) length, CH-

Meckel’s length, CH-CH angle, CH-PQ angle, PQ-Meckel’s angle and 

Meckel’s-Meckel’s angle for each group at each time point were measured 
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using ImageJ (Image  J,  NIH,  USA,  https://imagej.nih.gov/ij/). All the 

morphological measurements were conducted on alcian blue- alizarin red 

stained larvae. An optical microscope (Zeiss imager M.2, Castiglione Orona, 

Italy) coupled with a photocamera (Axiocam 105 a colori) was used to take 

the representative images of each experimental group at the different time 

points.  

2.5  Total RNA extraction  

Total RNA was extracted from 7, 14, 21 dpf larvae from each experimental 

group using 5 pools of 25 larvae per group and each time point.  

As previously reported Giommi et al., 2022 using zebrafish adult livers, 

larvae frozen at -80°C were homogenized in 800 µl RNAzol® RT (Qiagen 

Science, Milano, Italy) with a potter and, after homogenization, 320 µl 

RNase-free water was added and the eppendorf was shaken vigorously using 

a vortex for 15 seconds and left at room temperature for 10 minutes. After 10 

minutes, the mixture was centrifugated at 12000xg for 15 minutes at 4°C. 

Centrifugation separates the mixture into a pellet (containing DNA, proteins 

and polysaccharides) and supernatant (containing RNA). Supernatant was 

transferred to a new eppendorf and isopropanol was added in 1:1 ratio. The 

eppendorfs were inverted 30 times to mix and were left 10 minutes at room 
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temperature. The mixture was centrifugated at 12000xg for 10 minutes. Then 

supernatants were discarded and the pellets (containing RNA) were washed 

with 600 µl 75% ethanol and centrifuged at 8000xg for 3 minutes for 3 times, 

and diluted in RNAse-free water and then stored at -80°C. Final RNA 

concentrations were determined using the Nanophotometer (Implen GmbH, 

Munich, Germany), and RNA integrity was verified by separation of 28S and 

18S ribosomal RNA bands on 1% agarose gel.   

2.6  DNAse digestion  

To avoid genomic DNA contamination, which can interfere with RT-PCR, an 

additional step to selectively digest DNA was performed using DNAse kit 

(Sigma-Aldrich, St Louis, USA). The DNAse mix was prepared adding 8µl of 

RNA in water, from each sample, 1 µl of 10x Reaction Buffer and 1 µl of 

DNAse I, Amplification Grade, 1 unit/µL. The mix was shaken and incubated 

for 15 minutes at room temperature. After it, 1 µL of Stop Solution containing 

EDTA was added to bind calcium and magnesium ions leading to inactivation 

of DNAse I and the mix was then heated at 70°C for 10 minutes in a thermal 

cycler to denature RNA and DNAse. At the end the product was stored at -

80°C.  

2.7 cDNA synthesis  
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cDNA synthesis was done using the kit iScript cDNA Synthesis Kit (Bio-Rad 

Laboratories, Milano, Italy) following manufacturer instructions. The kit was 

composed by iScript Reaction Mix (which contains oligo(T) and random 

hexamer primers), iScript Reverse Transcriptase (which is a modified 

Moloney murine leukemia virus reverse transcriptase) and Nuclease-free 

water. For each sample 4 µl 5x iScript Reaction Mix, 1 µl iScript Reverse 

Transcriptase, water and RNA template in variable rate, were added to have a 

total volume of 20 µl. The water and RNA quantities were adjusted based on 

RNA concentrations to obtain a volume of RNA sample containing 1 µg of 

RNA per each sample. Then water was added to reach 20 µl of reaction mix. 

After blends preparation, all the samples were incubated together in a thermal 

cycler (Bio-Rad Laboratories, My cycler, Milano, Italy) following this 

protocol: 

• Priming                                         5 min at 25°C  

• Reverse transcription                    20 min at 46°C 

• RT inactivation                             1 min at 95°C 

2.8  Real-time PCR 

Real-Time PCR was performed using SYBR green in a thermal cycler (CFX 

Connect, Bio-Rad Laboratories, Milano, Italy) in duplicates. The reaction was 

set up on 96-well plate by mixing, for each sample, 5 µL SYBR Green, 1 µl 
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of diluted (1:10) cDNA, 3.8 µl RNAse-free water and 0.2 µl primers mix 

(forward primer and reverse primer were previously eluted and diluted at a 

final concentration of 10 pmol/mL). Thermal protocol for all the reactions 

was: 3 minutes at 95°C followed by 45 cycles of 10 seconds at 95°C 

(denaturation), 20 seconds at 56°C (annealing) and 20 seconds at 72°C 

(elongation), finally 5 minutes at 72 °C and gradual increment from 60°C to 

91°C for 5 second. Fluorescence was monitored at the end of each cycle. 60S 

acidic ribosomal protein P0 (rplp0) and ribosomal protein L13 (rpl13) were 

used as housekeeping genes to standardize the results (Giommi et al., 2021) 

(Table1). Data were analyzed using Bio-Rad CFX maestro software.  

 

GENE NOMENCLATURE FOREWARD (5’-3’) REVERSE (5’-3’) ACCESSION 

NUMBER 

Tm 

(C°) 
Ribosomal 

protein large 

P0 

rplp0 CTGAACATCTCGCCCTTCTC TAGCCGATCTGCAGACACAC NM_131580.2 60 

Ribosomal 

protein L13a 
rpl13 

TCTGGAGGACTGTAAGAGG

TATGC 

AGACGCACAATCTTGAGAGCA

G 
NM_212784.1 59 

Insuline-like 

growth factor 

1 

igf1 

 

GGCAAATCTCCACGATCTCT

AC 

GGCAAATCTCCACGATCTCTA NM_131825.2 53 

Insuline-like 

growth factor 

2  

igf2 
CGGCAGAAACGCTATGTGG

A 
TGCTGGTTGGCCTACTGAAA NM_131433.1 59 

Myostatin a mstna 

 

AAGGATGGACTTATGGAAG

AAGAT 

 

TTGGACGATGGATTCGGGTTC

AGT AF019626.1 

58 

Thyroid 

hormone 

receptor 

alpha b  

thrαb 
 GGAAACAGAAGCGCAAGT

TC 
 TCTTCACAAGGCAGCTCTGA XM_001920978.7 52 

Bcl-associated 

X 
bax 

CAACAAGATGGCATCACAC

C  
TGAACCCGCTCGTATATGAAA 

NM_131562.2 
60 

Bcl-2 

apoptosis 

regulator  

bcl-2 
CCTTCAATAAAGCAGTGGA

GGAA 
CGGGCTATCAGGCATTCAGA 

AY695820.1 

60 

Caspase 3  casp-3 
GTGCCAGTCAACAAACAAA

G CATCTCCAACCGCTTAACG  NM_131877.3 
60 

Collagen type 

X alpha 1a  
col10a1a 

CCCATCCACATCACATCAAA GCGTGCATTTCTCAGAACAA NM_001083827.1 
60 

https://www.ncbi.nlm.nih.gov/nuccore/NM_001083827.1
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Secreted 

phosphoprote

in 1 

spp1 GAGCCTACACAGACCACGC

CAACAG 

GGTAGCCCAAACTGTCTCCCC

G NM_001002308.1 

60 

RUNX family 

transcription 

factor  

runx2 GTGGCCACTTACCACAGAG

C TCGGAGAGTCATCCAGCTT NM_212862.2 

60 

Cytochrome 

P450, 

family26, 

subfamily b, 

polypeptide 1 

cyp26b1 

GCTGTCAACCAGAACATTC

CC GGTTCTGATTGGAGTCGAGGC NM_212666.1 

60 

 

Table 1. Description of forward and reverse primer sequences and annealing temperatures. 

2.9 Statistical analysis    

All the data were analyzed using Two-way ANOVA statistical analysis 

followed by Tukey correction for multiple comparison, performed using the 

statistical software GraphPad Prism 6 (Inc., San Diego, CA, USA), with 

statistical significance set up at P < 0.05.  

https://www.ncbi.nlm.nih.gov/nuccore/NM_001002308.1
https://www.ncbi.nlm.nih.gov/nuccore/NM_212862.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_212666.1
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3. RESULTS 

3.1  Morphometric assessments 

Regarding biometric analysis, wet body weight was significantly increased in 

P, PFOA50+P and PFOA100+P treated groups at 21 dpf compared to C 

group. Both groups exposed to PFOA did not showed changes in their body 

weight when compared to C larvae. (Fig.2).  

 

Fig. 2. Wet body weight changes in zebrafish larvae after PFOA and probiotic exposure at 7, 

14, 21 dpf. Data were expressed as mean ± standard deviation (SD). Different letters indicate 

statistically significant changes among groups (n = 6). P < 0.05 (two-way ANOVA followed by 

Tukey correction for multiple comparison) was considered statistically significant. 

Our results showed that the treatment of zebrafish larvae with probiotic 

promotes the larval growth. However exposure to PFOA reduced the larval 

body length, but increased the head size at 21 dpf. Such alteration led to a 
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larger head-to-body proportion in the exposed larvae than in the other groups. 

Interestingly, when PFOA-exposed larvae were co-treated with Bacillus, both 

the body and the head length return to control levels. (Fig. 3 A and B).  

 

Fig. 3. Growth evaluation of zebrafish larvae after PFOA and probiotic exposure at 7, 14, 21 

dpf: A) Standard length and B) head length. C) Representative pictures of body and head 

length differences in 4 experimental groups. Data were expressed as mean ± standard deviation 

(SD). Different letters indicate statistically significant change among groups (n = 6). P < 0.05 (two-

way ANOVA followed by Tukey correction for multiple comparison) was considered statistically 

significant. 

3.2 Growth-related genes  

Among genes involved in the zebrafish growth, igf1, igf2, mstna and thrαa 

expressions were analyzed. igf1, igf2 and mstna genes expressions did not 

vary significantly at any time point in any of the experimental groups. In 
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contrast, thrαb expression at 7 dpf was decreased after PFOA exposure. In 

this case, although partially compensated, this alteration was not totally 

counteracted with the probiotic treatment (Fig. 4).  

 

Fig.4. mRNA expression values of genes involved in growth, A) igf1, B) igf2, C) mstna and D) 

thrαb, in the different experimental groups. Data are reported as mean ± standard deviation 

(SD). Different letters indicate statistically significant change among groups (n = 6). P < 0.05 (two-

way ANOVA followed by Tukey correction for multiple comparison) was considered statistically 

significant. 

3.3 Apoptosis-related genes  

As for the apoptosis, the expression of caspase3 was not altered under any 

treatment. An increased bcl2 expression was observed at 14 dpf in PFOA50 

larvae compared to all the other treatments,and probiotic administration was 
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able to attenuate this increase. On the contrary, bax expression decreased in 

PFOA50 group compared to C at 21 dpf, and B. subtilis mitigated this 

decrease. Considering bax/bcl2 ratio, this parameter did not significantly 

change in any group at any sample timing point (Fig. 5).  

 

Fig.5. mRNA expression values of genes involved in apoptosis, A) caspase-3, B) bcl2, C) bax 

and D) bax/bcl2 in the different experimental groups. Data are reported as mean ± standard 

deviation (SD). Different letters indicate statistically significant change among groups (n = 6). P < 

0.05 (two-way ANOVA followed by Tukey correction for multiple comparison) was considered 

statistically significant. 

3.4 Percentage of malformed larvae 

After exposing zebrafish larvae to PFOA the percentage of malformations 

increased up to 80%, these malformations consisting of skeletal deformities 

and edemas. In particular, it is possible to observe that defects increased in 
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PFOA50 larvae between 7 and 14 dpf. In contrast, PFOA100 larvae showed 

an opposite trend, malformation decreased between 7 and 14 dpf and they 

remained almost constant between 14 and 21 dpf. Co-treatment of the larvae 

exposed to the highest dose of PFOA with the probiotic was able to reduce 

the malformations almost down to control levels at all the time point. 

However, these beneficial effects were not so consistent throughout the 

development of larvae exposed to the lowest dose of PFOA (Fig.6). 

 

Fig.6. Analysis of malformations in zebrafish larvae after PFOA and probiotic exposure at 7, 

14, 21 dpf: A) Malformed zebrafish larvae B) Representative pictures of malformed larvae 

showing skeletal malformations and cranial edema. 

3.5 Eyes morphometric analysis 

Regarding the eye malformations, eye depth was altered in 21 dpf larvae, 

PFOA50+P group showed a significant decrease compared to P (Fig.7 A), 

whereas PFOA50 and PFOA100 larvae showed an increase in eye diameter 

compared to all the other groups (Fig.7 B). 
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A significant difference in eyes distance could be observed between 

PFOA100 and PFOA100+P groups at 14 dpf and between C and P groups at 

21 dpf (Fig.7 C).  

Another parameter evaluated was the eyes angle. In this case, statistical 

differences were found between PFOA100 and PFOA100+P treated larvae at 

14 dpf  (Fig.7 D). 

 

Fig.7. Morphometric analysis of the eyes in zebrafish larvae treated with PFOA and probiotic 

at 7, 14, 21 dpf: A) Eye depth, B) eye diameter, C) eyes distance and D) eyes angle 

malformations. Data were expressed as mean ± standard deviation (SD). Different letters indicate 

statistically significant changes among groups (n = 6). P < 0.05 (two-way ANOVA followed by 

Tukey correction for multiple comparison) was considered statistically significant. 

 

3.6 Craniofacial malformation analysis 
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Concerning the craniofacial parameters, CH length, PQ length-Meckel’s 

length and CH-CH angle were analyzed. None of these parameters were 

altered in any group at any time point (Fig.8).  

 

Fig.8. Morphometric analysis of cranial cartilages in zebrafish larvae treated with PFOA and 

probiotic at 7, 14, 21 dpf: A) CH length (Ceratohyal length), B) PQ length (Palatoquadrate 

length), C) CH-Meckel’s length and D) CH-CH angle. The lateral schemes represented the 

reference of the measure. Data were expressed as mean ± standard deviation (SD). Different letters 

indicate statistically significant changes among groups (n = 6). P < 0.05 (two-way ANOVA 

followed by Tukey correction for multiple comparison) was considered statistically significant.  

 

Regarding CH-PQ angle, the only significant difference observed was 

between PFOA50+P and PFOA100 at 14 dpf, but these changes were not 

significant compared to C and all the other groups (Fig.9 A). 

PQ-Meckel’s angle was altered in 21 dpf larvae; more specifically an 

important decrease was observed in PFOA50+P larvae compared to all the 
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other groups except for PFOA100+P. This latter group together with PFOA50 

also decreased significantly compared to C and P levels (Fig.9 B). 

Meckel’s-Meckel’s angle responded to treatment at each time point. 

Administration of 50 mg/L PFOA at 7 dpf led to an increment of this angle, 

whereas P mitigated this detrimental effect; PFOA50+P had no differences 

compared to C and P. Similar results can be observed with PFOA100 

administration. 14 dpf larvae showed a significant increase in PFOA50 group 

compared to all the other treatmens, probiotic administration mitigated also in 

this case PFOA effects. Finally PFOA50+P and PFOA100+P larvae had a 

bigger angle when compared to C, P and PF100 larvae at 21 dpf (Fig.9 C, 

Fig. 10).  
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Fig.9. Morphometric analysis of cranial cartilages: A) CH-PQ angle, B) PQ-Meckel’s angle 
and C) Meckel’s-Meckel’s angle malformations in zebrafish larvae treated with PFOA and 
probiotic at 7, 14, 21 dpf. The lateral schemes represented the reference of the measure. Data were 
expressed as mean ± standard deviation (SD). Different letters indicate statistically significant 

changes among groups (n = 6). P < 0.05 (two-way ANOVA followed by Tukey correction for 

multiple comparison) was considered statistically significant. 

 

Fig.10. Representative pictures of the cranial zebrafish larvae ossification at 21 dpf in the 4 

experimental groups. References of the measure (PQ-CH, PQ-Meckel’s, and Meckel’s-Meckel’s 
angles) are reported in red.   

3.7  Bone mineralization  

Regarding the skeleton mineralization at 21 dpf, control and, especially, 

probiotic-treated larvae showed mineralized neural arches (NA) and hemal 

arches (HA). Moreover, the larvae treated with the probiotic displayed 

mineralized caudal fin rays, hypurals and pterigophora. In contrast, PFOA-

exposed larva just had mineralized hemal and neural arches as well as 

vertebrates (Fig. 11).  
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Fig.11. Zebrafish bone mineralization. A) Double staining alcian blue-alizarin red in zebrafish 

larvae, B) Representative photos of 21 dpf larvae after double staining in the 4 experimental 

groups. Abbreviations indicate : neural arches (NA), hemal arches (HE), vertebrae (V), caudal fin 

rays (Cfr), hypurals (Hyp), dorsal pterigophora (dPter), and ventral pterigophora (vPter). 

 3.8 Ossification-related genes  

In order to know how PFOA impacts bone tissue some genes involved in 

ossification were tested. First of all, spp1 was studied, but there was not any 

gene expression variation at 7, 14, 21 dpf. cola10a1a expression was 

decreased in PFOA50 larvae compared to C larvae at 21 dpf and, even though 

probiotic administration partially mitigated this dysregulation it could not 

return this expression to C levels. Analysis of runx2b gene showed an 

important decrease in PFOA50 samples and an important increase in 

PFOA50+P samples compared to C at 21 dpf. cyp26b1 was overexpressed at 

14 dpf in PFOA50 treatment compared to all the others. The gene encoding 

retinoic acid catabolic enzyme (cyp26b1) was significantly repressed in 
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PFOA50 larvae compared to C at 21dpf, but the probiotic administration was 

able to restore the normal levels of expression (Fig. 12). 

 

 

Fig. 12. mRNA expression values of genes involved in ossification: A) spp1, B) col10a1a, C) 

runx2b and D) cyp26b1, in the different experimental groups. Data are reported as mean ± 
standard deviation (SD). Different letters indicate statistically significant changes among groups (n 

= 6). P < 0.05 (two-way ANOVA followed by Tukey correction for multiple comparison) was 

considered statistically significant. 
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4. DISCUSSION  

PFAS are known to be dangerous for both the environment and living 

organisms. In particular, the PFOA detrimental effects on immune system, 

kidney, gonads, thyroid gland, etc…, have been already investigated (J. 

Cheng et al., 2016; Coperchini et al., 2021; Du et al., 2009; Pecquet et al., 

2020; Shi & Zhou, 2010). In contrast, the information concerning its impact 

on ossification is scarce. For this reason, in this study, different approaches 

were used to investigate and decipher the effects of PFOA on general growth, 

apoptosis and ossification in zebrafish larvae at 7, 14 and 21 dpf. Moreover, 

the potential of probiotic administration to mitigate such detrimental effects 

was evaluated.  

As shown in the results, PFOA was able to reduce body weight and length in 

treated larvae but, when co-treating the larvae with the probiotic, the body 

size returned to normal. Previous studies had already described that the 

exposure to PFAS affected biometrical values. For instance, Apelberg et al., 

2007 highlighted the association of PFOA and PFOS presence in the 

newborns blood, taken from umbilical cord, with a decrease in human birth-

weight. Berthiaum et al., 2002 also evidenced that PFOA injection in adult 

mice reduced the dimension of their body compared to the untreated ones. 

Regarding the body length, Jantzen et al., 2016 demonstrated that embryonic 
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exposure to PFOA, PFOS and PFNA led to a total body length reduction in 

zebrafish larvae at 5 and 14 dpf. These authors also reported that embryonic 

exposure (from 3 to 120 hpf) had repercussions on zebrafish during their adult 

life (Jantzen et al., 2017). In fact, adult zebrafish, subjected to a PFOA 

embryonic exposure, significantly decreased total body length and reduced 

body weight compared to controls. The valuable effects of probiotics have 

been described in a study regarding L. rhamnosus administration (Maradonna 

et al., 2013), reporting a greater body weight of treated larvae compared to the 

control ones and a significant increase of larvae length of supplemented 

larvae at 16 and 23 dpf. Probiotics were already known to mitigate the effects 

of PFBS and other endocrine disruptors, as reported by Sun et al., 2021. In 

this article, the researchers explained how L. rhamnosus supplementation 

successfully antagonized the growth delaying effects of PFBS, allowing the 

recovery of body weight, weight gain, and growth rate in the co-exposed 

groups. All these evidences support our results that point to an antagonistic 

interaction between the xenobiotic and the probiotic.  

Regarding the development, J. Wang et al., 2020 observed different 

malformations, including yolk sac oedemas, spinal deformities, and 

pericardial oedemas in PFAS exposed larvae. Likewise, in the present work, a 

higher percentage of malformations was observed at each time point in 
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PFOA50 larvae when comparing to the control. The treatment with B. subtilis 

led to a mitigation of this malformations in the larvae treated with 100 PFOA 

but not in dose exposed to 50 PFOA that showed a higher percentage of 

malformations. This fact could be due to a non-monotonic dose response 

(NMDR) of the toxicant, in which an increase in the dose not correspond to 

an increase of the effects. These NMDRs have been already reported in 

zebrafish exposed to other EDCs, such as bisphenol A (BPA) (Forner-Piquer 

et al., 2020).  

To assess how PFOA affects development, we also evaluate the apoptotic 

process. blc2 expression was up-regulated in 14 dpf treated larvae while there 

was a delay in the bax expression change. In fact the pro-apoptotic gene was 

less expressed at 21 dpf. However, bax/bcl2 ratio and caspase3 did not vary 

when compared to the control values. Overall, our results indicated that there 

was a reduction in apoptotic processes, but this trend was not statistically 

significant. In contrast, other authors like Cui et al., 2015 reported that PFOA 

and PFOS induced apoptosis, since they found that bax was highly expressed 

in ZFL cells (a cell line from zebrafish liver). The different results we have 

observed could be due to the fact that we have analyzed the whole larvae, not 

a single cell type, and the apoptosis highly varies from different cells type to 

another. Therefore, a more accurate approach needs to be done for a better 
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understanding of how PFOA affects the apoptotic processes during zebrafish 

larval growth.   

Chemical toxicants can also induce head and eyes deformations. Huang et al., 

2021 described that early BPA exposure affected craniofacial development, in 

particular treated zebrafish larvae displayed increase head length. In addition, 

other substances as fluxapyroxad (a fungicide commonly used in agriculture) 

caused an opposite effect compared to BPA, leading to a reduction in head 

length of zebrafish larvae (Yu et al., 2022). A similar effect to that of BPA 

was observed in this work. In fact, we found out that PFOA significantly 

incremented the head length in both treated groups, but probiotic was able to 

counteract this alteration. Some studies have reported that PFAS and other 

neurotoxic agents induce alterations in eyes distance, eye diameters, and 

depth (Bridi et al., 2017; Shen et al., 2023; Zeeshan et al., 2020b). Chisari et 

al., 2017 have also reported the benefits of probiotic in reducing the ocular 

surface damage, since the administration of Bifidobacterium was proven to be 

a successful treatment for the dry eye syndrome (DES) in humans (Chisari et 

al., 2017). As far as our results are concerned, eye diameter, eyes distance and 

eyes angle resulted altered by PFOA action at 14 and 21 dpf, and once again, 

the treatment with B. subtilis neutralized the PFOA-derived alterations.  
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Craniofacial features of zebrafish such as head, cartilage, ear, palate, jaw, and 

bone differentiation have been well investigated, which helped us to 

understand craniofacial development and skeletal biology. BPA-treated larvae 

shown changes in angles and lengths of pharyngeal cartilage elements; the 

tested parameters were CH-CH, CH-PQ, PQ-Meckel’s and Meckel’s-

Meckel’s angles and all increased in a similar way in BPA treatments. In 

particular, Meckel’s cartilage angle increased with the lowest BPA dose used 

in this experiment. Overall, NMDR relationships were observed for these 

developmental endpoints, this is an effect that usually occurs after exposure to 

EDCs (Huang et al., 2021). Similarly, in our study, an increment in Meckel’s-

Meckel’s angle was observed in larvae treated with 50 mg/L PFOA at 7 and 

14 dpf, suggesting that PFOA acted in a dose-independent way like BPA, 

while the administration of B. subtilis decreases Meckel’s-Meckel’s angle to 

C values. 

In order to understand how PFOA is able to induce these craniofacial 

malformations, we performed molecular analysis to study the expression of 

key genes involved in thyroid hormone receptor and osteogenesis. We found 

that PFOA altered thrαb and cyp26b1 expressions  ̧ suggesting that the 

Meckel’-Meckel’s angle increment observed may depend on the capacity of 

PFOA to disrupt both thyroid and RA pathways. In fact, these two pathways 
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are involved in the formation of craniofacial structures. Particularly, thyroid 

hormone (TH) is known to affect the zebrafish development of jaw 

morphology, feeding mechanics, shape variation, and cranial ossification 

(Galindo et al., 2019). Hence, Keer et al., 2022 demonstrated that the changes 

in lower shape during zebrafish larval and juvenile development are TH-

dependent. Considering that hypothyroid zebrafish displayed alterations of the 

lower jaw (Keer et al., 2022), the changes we observed could be related with 

the gene repression of thyroid hormone receptor. This fact might negatively 

affect the feeding performance later on development, being a possible cause 

of the reduced body growth observed in PFOA-exposed larva at 21 dpf in the 

present study. Similar results were found after the exposure to PFOS during 

the early developmental stages in zebrafish, where the affected thyroid-related 

functions at both mRNA expression and hormone levels (Kim et al., 2011). 

After the exposure to 0.5 mg/L PFOS up to 7 dpf, the whole-body T4 levels 

significantly decreased, whereas T3 levels increased. Such alterations were 

supported by the expression patterns of several mRNAs related to thyroid 

gland, like decreased expression of thrαa and thrαb that indicates that PFOS 

exposure may alter thyroid hormone availability by acting through the thyroid 

hormone receptor (Kim et al., 2011). Based on our results, it is possible to 

hypothesize that PFOA acts in a similar way, since we have observed a 
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downregulation of thrαb expression that could be linked to the smaller size of 

the PFOA-treated larvae. In this case, although partially compensated, this 

alteration was not totally counteracted by the probiotic treatment. 

 RA is essential for the neural crest cell migration that lead to a correct 

branchial arch and craniofacial development. In fact, craniosynostosis 

phenotypes were observed in CYP26b (hypomorph)-deficient juvenile 

zebrafish as a result of disrupted RA degradation (Raterman et al., 2020). 

Bearing in mind that CYP26b1 has been described to be crucial for promoting 

the morphogenesis of several different neural crest derived structures which 

are responsible of the zebrafish lower jaw proper functioning (McGurk et al., 

2017), due to its capacity to degrade RA in specific local and temporal 

windows. The changes we have observed in the jaw conformation of PFOA-

exposed larva could somehow be related with the alterations in cyp26b1 

expression. In addition, some researchers demonstrated how xenobiotics alter 

cyp26 expression. Tiboni et al., 2009 showed that fluconazole, an antifungal 

agent, significantly increased, cyp26a1 and cyp26b1 embryonic mRNA 

expression in mice at 12, 24 and 48 hours post treatment. Another study 

shown, that cyp26 resulted overexpressed in Xenopus laevis following 

Triadimefon (an antifungal substance) exposure at all embryonal stages 

analyzed (Papis et al., 2007). Similar result was observed in our study at 14 
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dpf , PFOA50 larvae increased cyp26b1 expression compared to all the other 

groups, while probiotic administration could reduce cyp26b1 expression to C 

level. 

Regarding the impact of PFAS on ossification, Pan et al., 2019 demonstrated 

that in the osteogenic differentiation of human bone mesenchymal stem cells 

(hBMSCs), following exposure to chlorinated polyfluoroalkyl ether sulfonate 

(Cl-PFESA), PFOS, perfluorohexane sulfonate (PFHxS) and PFOA, both  

RUNX2 protein and its mRNA were decreased on day 7 of osteogenic 

differentiation, being the worst effect observed after PFOA treatment. This 

study revealed that exposure to PFAS during the undifferentiated period could 

cause a persistent effect in the fate of stem cells. Our results agree with this 

previous evidence. Indeed, we reported that the exposure to the lowest PFOA 

concentration decreased runx2 expression compared to C level and, 

consequently, the downstream gene col10a1a resulted also downregulated.  

Probiotics supplementation is widely known to exert beneficial bone health 

effects. L. rhamnosus accelerates bone deposition through stimulation of the 

expression of key genes involved in ossification in zebrafish larvae. In 

particular, probiotic treatment increased the runx2 expression at 23 dpf 

compared with control individuals, suggesting enhanced bone formation in 

these animals (Maradonna et al., 2013). In the experiment carried out by 
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Sojan, Raman, et al., 2022b, the gene expression analysis revealed the effect 

of the probiotics on the expression of several skeletal development genes. 

Particularly, B. subtilis promoted runx2, sp7, spp1 and col10a1a expressions, 

whereas cyp26b1 expression was only significantly higher after L. lactis 

treatment. Another study carried out by these authors demonstrated the crucial 

role of probiotics in bone regeneration: at 5 days post amputation, the 

probiotics were able to modulate various stages of osteoblast differentiation as 

confirmed by the upregulation of some key marker genes such as runx2b, sp7, 

col10a1a, and spp1 (Sojan, et al., 2022). Probiotics also incremented the 

expression of cyp26b1, which mediates RA degradation, being essential for 

the formation of new bone. These results support our finding that B. subtilis 

managed to revert most PFOA detrimental effects, mitigating the 

dysregulation of genes involved in zebrafish ossification. 

These findings provide new outlooks for the use of probiotics as a treatment 

in promoting bone regeneration and counteracting skeletal alterations.  
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5. CONCLUSIONS 

Collectively, our biometric, morphological, and molecular data suggest that 

PFOA dramatically affects bone development and ossification in zebrafish 

larvae. Especially, embryos exposed to 50 mg/L PFOA displayed a growth 

decrease, skeletal and craniofacial malformations, and delayed bone 

mineralization at 21dpf. The dysregulation of genes involved in bone 

formation, mainly of those related with TH and RA signaling pathways, likely 

lies behind the skeletogenesis impairment observed in the PFOA-exposed 

larvae. B. subtilis was proven to have beneficial effects on larval growth and 

ossification. Moreover, the probiotic administration succeeded to counteract 

most detrimental effects of PFOA at both phenotype and molecular level. 

Still, further studies should be done to have a deeper insight into the pathways 

by which PFOA alters bone formation and mineralization.  
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