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A B S T R A C T   

Per- and polyfluoroalkyl substances (PFAS) have become ubiquitous environmental contaminants in aquatic 
ecosystems worldwide. Marine mammals, as top predators, are constantly exposed to several PFAS compounds 
that accumulate in different tissues. As a proxy to assess cytotoxicity of PFAS in the bottlenose dolphin (Tursiops 
truncatus), we generated a new immortalized cell line derived from skin samples of bottlenose dolphin. Using 
high content imaging, we assessed the effects of increasing concentrations of PFOS, PFOA, PFBS, PFBA and C6O4 
on cell viability and cell cycle phases. In particular, we classified all cells based on multiple morphometric 
differences of the nucleus in three populations, named respectively “Normal” (nuclei in G0, S and M phase); 
“Large” (nuclei showing characteristics of senescence) and “Small” (nuclei with fragmentation and condensed 
chromatin). Combining this approach with cell cycle analysis we determined which phases of the cell cycle were 
influenced by PFAS. The results revealed that the presence of PFOS, PFBS and PFBA could increase the number of 
cells in G0+G1 phase and decrease the number of those in the S phase. Moreover, PFOS and PFBS lowered the 
fraction of cells in the M phase. Interestingly PFOS, PFBS and PFBA reduced the prevalence of the senescence 
phenotype (“large” nuclei), suggesting a potential tumorigenic effect. Besides, the presence of PFOS and PFBS 
correlated also with a significant decrease in the number of “small” nuclei. The C6O4 exposure did not high
lighted morphometric alteration or cell cycle modification bottlenose dolphin skin cell nuclei. While the effects of 
PFAS on cell cycle was clear, no significant change was detected either in term of cell proliferation or of viability. 
This study fosters the overall knowledge on the cellular effects of perfluoroalkyl substances in marine mammals.   

1. Introduction 

PFAS refer to a large family of industrial chemicals that have been 
produced since the late 1940 s which are highly soluble in aquatic en
vironments. The presence of the carbon-fluorine bonds, makes these 
compounds extremely stable over time (Shahsavari et al., 2021). The 
physicochemical properties of PFAS are attributable to their structure 
and composition: perfluorobutane sulfonate (PFBS) and perfluorooctane 
sulfonate (PFOS) are characterized by sulfonic acids as functional group, 
while perfluorobutanoic acid (PFBA) and perfluorooctanoic acid 

(PFOA) carry carboxyl groups. It should be noted that PFOS and PFOA 
are long-chain PFAS (C8) known to be highly persistent, widely 
distributed, with a high bioaccumulation potential in living organisms 
and high toxicity for both human and wildlife (Bonato et al., 2020). 
Research into new and safer alternatives to long-chain PFAS is a rapidly 
emerging field, which exponentially grow in the last years: the short 
chain PFAS apparently increase their solubility and in vivo clearance, 
displaying lower affinity for cell surface receptors in living organisms 
(Liu et al., 2020). The short-chain perfluoro([5-methoxy-1,3-dioxo
lan-4-yl]oxy) acetic acid (C6HF9O6, C4), commercially known as C6O4 
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or F-Diox acid is a recently introduced chemical as an alternative to 
long-chain PFASs. The chemical properties of C6O4 make it a highly 
soluble compound, that completely dissociates in water and is highly 
biodegradable. 

In mammal species, the effects of PFAS have been studied in rodent 
models as mouse and rat. It has been reported that exposure to PFAS 
affects reproductive performance, contributing to post-natal mortality 
(Luebker et al., 2005). PFOA toxicity to the endocrine system was re
ported in mouse, where it leads to early pregnancy loss and to 
compromised postnatal survival (Lau et al., 2006). Mounting evidence 
suggests that PFAS can also induce alteration at immune level: DeWitt 
and colleagues reported that PFOA and PFOS could alter inflammatory 
responses, production of cytokines, adaptive and innate immune re
sponses in rodent models (DeWitt et al., 2012). 

In human, numerous studies found significant associations among 
PFAS exposure and altered immune system response. Data on tumori
genic effects are still a matter of debate, while insufficient data are 
available to define the impact of PFAS exposure on neurodevelopmental 
stages (Sunderland et al., 2019). 

Marine mammals, as top predators, are exposed constantly to per
fluoroalkyl compounds which accumulate in different organs. High 
levels of PFAS have been found in many species, with interspecific dif
ferences due to the different metabolic capacity (Fair and Houde, 2018). 
Interestingly, a continuous surveillance study from 2002 to 2014 high
lighted that the concentration of PFBS gradually increased in cetacean 
samples, eventually shifting the bioaccumulation pattern from PFOS to 
PFBS (Lam et al., 2016). PFAS (especially long-chain PFAS, primarily 
PFOS and PFOA) have been detected in marine mammals tissue (Sturm 
and Ahrens, 2010). Particularly, high levels of PFOS and PFOA have 
been reported in several tissues of bottlenose dolphin, including the 
liver (López-Berenguer et al., 2020), plasma (Lynch et al., 2019), 
blubber (Fair et al., 2010) and muscle (López-Berenguer et al., 2020). 
Recently, the presence of PFAS have been investigated in hepatic tissue 
samples of 20 bottlenose dolphins stranded along the northern Adriatic 
Sea coastline between 2008 and 2020: demonstrating that PFOS 
accounted for up to 71% of all the PFAS profiles (Sciancalepore et al., 
2021). 

Notably, short-chain PFAS have so far received little or no attention. 
For instance, no reports of accumulation of C6O4 on marine mammals 
have been published to date. 

Despite the fact that living animals can be exploited to investigate in 
vivo toxic effects, cell culture models can be used for in vitro studies to 
reveal specific toxic mechanisms and metabolic processes. The first in 
vitro evaluation of the ability of PFAS to induce cytotoxicity in 
mammalian cells line was published twenty years ago. 

Over the years, PFOA was shown to induce apoptosis and perturb cell 
cycle after exposure to 50–150 μM in a dose- and time-dependent 
manner, with genotoxic effects, causing oxidative DNA damage (Sha
balina et al., 1999) in human hepatoblastoma cells. In human hepato
cytes cultures, it caused an increase in the expression of genes involved 
in cell stress responses (Wen et al., 2020), in a dose- and chain length- 
dependent manner in the rat (Bjork and Wallace, 2009). In a similar 
manner, it was found that PFOS inhibited intercellular communication 
in a dose-dependent fashion and promoted differentiation in rat 
epithelial liver cells and neuronotypic PC12 cells (Hu et al., 2002; 
Slotkin et al., 2008), while PFBS seemed to counter these effects. In 
dolphin epidermal and kidney cells, PFOS also inhibited gap junctions 
and altered gene expression patterns, inducing cell stress responses, 
blockade of cell cycle progression and cellular proliferation (Mollen
hauer et al., 2009). In other human cell lines, PFOA and PFOS have also 
recently been shown to disrupt endocrine thyroid cells and promote 
thyroid, breast and lung cancer via epigenetic modifications, prolifera
tion dysregulations and G0/G1 to S phase transition promotion 
(Coperchini et al., 2017; Pierozan and Karlsson, 2018; Jabeen et al., 
2020), whereas C6O4 exposure did not modify significantly cell prolif
eration (Coperchini et al., 2021). 

All these data highlight that cell lines can help to assess the cellular 
consequences of perfluoroalkyl substances in vitro, likely suggesting in 
vivo tissue-specific responses. Thus, mammalian cell lines provide a tool 
for rapid and cost-effective screening of PFAS effects. 

Despite the growing number of studies showing that PFAS are 
frequently found in a wide variety of tissues in marine mammals, the 
toxic outcomes of PFAS in cetaceans cells remain poorly explored. In the 
present study we assessed mechanisms and effects of PFAS, namely. 

PFOS, PFOA, PFBS, PFBA and C6O4, on a new cell line derived from 
a skin sample of the bottlenose dolphin, whose population in the Med
iterranean Sea has been categorized as “Vulnerable” by the International 
Union for Conservation of Nature (IUCN) Red List of Threatened Species. 
Interestingly, our data identify for the first time dose- and compound- 
specific changes in cell cycle progression. 

2. Materials and methods 

2.1. Cell line establishment 

Primary cell cultures were derived from bottlenose dolphin’s skin 
samples. Tissue samples were collected from dead adult male stranded 
in January 2019 along the Veneto costline, North Adriatic Sea, (Italy). 
Primary cell culture was obtained following an established laboratory 
protocol (Suman et al., 2012), by means of a papain-based dissociation 
kit (Worthington Biochemical Corporation, Lakewood, NJ, USA). Cells 
were then suspended in a medium for cell culture consisting of a 1:1 
mixture of DMEM and Ham’s F-12 (Biowest®), supplemented with 
penicillin (30 mg l− 1), streptomycin (50 mg l− 1) (Pan Biotech™) and 
10% fetal bovine serum (FBS Good, Pan Biotech™). Cells were main
tained in an incubator under standard conditions at 37 ◦C with 5% CO2 
and humidified atmosphere. Cell culture medium was replaced with 
fresh media 24 h after and every 2–3 days until cells reached 80% 
confluence. 

To obtain a stable cell line, primary cell cultures were transfected 
with pSV3neo plasmid (LGC Promochem, Teddington, UK) using Gen
Jet™ In Vitro DNA Transfection Reagent (Ver. II, SignaGen® Labora
tories) following the manufacturer instructions. 

To validate the cetacean species as well as cells immortalization, 
short tandem repeat (STR) genetic profile analysis and polymerase chain 
reaction (PCR) analysis have been performed by the Leibniz Institute 
DSMZ-German Collection of Microorganisms and Cell Cultures GmbH, 
Germany. This cell line belongs to the patent Sea Sentinels System (S.S. 
S.), (patent n◦ 102020000003248; https://www.knowledge-share.eu/ 
en/patent/sea-sentinel-system-for-environmental-studies/). 

2.2. Cell cryopreservation and thawing 

Immortalized cells were cryopreserved at − 80 ºC in a cryopreser
vation medium consisting of a mixture of 90% (v/v) FBS and 10% (v/v) 
dimethyl sulfoxide (DMSO). 

2.3. Cell line characterization by immunocytochemical analysis 

Immunocytochemical analyses were performed to characterize the 
immortalized cell line. After fixation with 4% paraformaldehyde (PFA) 
in PBS, cells were gently washed with PBS 1X, permeabilized with 0.1% 
Triton X-100 for 10 min at 4 ◦C, treated with 5% BSA in PBS 1X for 30 
min and then incubated overnight with the following primary anti
bodies: anti-vimentin 1:200 (GeneTex Inc, Clone GT7812, Cat# 
GT7812), anti-cytokeratin 1:50 (Dako, Clone AE1/AE3, Cat# M3515), 
anti-β-actin 1:500, (hereafter actin, Sigma-Aldrich, Clone AC-74, Cat# 
A2228). Cells were then incubated for 1 h with the anti-mouse Alexa 
Fluor® 488 IgG at a dilution 1:400 (Biotium, Cat# A32733). Nuclei were 
stained with Hoechst 33342 (Sigma-Aldrich). Finally, the labeled cul
tures were observed under a Leica TCS SP5 confocal microscope. 
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2.4. Transmission electron microscopy observation (TEM) 

Immortalized cells were seeded in 6-wells plates. At confluence, cells 
were fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer 
(pH 7.4) at 4 ◦C. Samples were post-fixed with a mixture containing 1% 
osmium tetroxide and 1% potassium ferrocyanide in a 0.1 M sodium 
cacodylate buffer for 1 h at 4º C. After three washes with water, samples 
were dehydrated by immersion in increasing concentrations of ethanol 
and embedded in epoxy resin (Sigma-Aldrich). Ultrathin sections 
(60–70 nm) were obtained with an Ultrotome V (LKB) ultramicrotome, 
counterstained with uranyl acetate and lead citrate. Samples were 
observed with a Tecnai G 2 (FEI) TEM operating at 100 kV and images 
were acquired with a Veleta digital camera (Olympus Soft Imaging 
System). 

2.5. Experimental design, chemical preparations and working solutions 
analysis 

The PFAS stock solutions (20 mM) were prepared from PFOS (CAS 
no. 1763–23–1), PFOA (CAS no. 335–67–1), PFBS (CAS no. 375–73–5), 
PFBA (CAS no. 375–22–4), and the C6O4 (Wellington Laboratories Inc, 
CAS no. 1190931–41–9); either by mixing liquid chemical or dissolving 
neat chemical in to DMSO (>99:9%), aliquots were stored at − 80 ◦C. 

The working solutions containing the PFAS at the different concen
trations tested were prepared by the stock solution aliquots and per
forming serial dilutions in DMSO and DMEM. Before exposing the cells 
to the diverse experimental conditions of PFOS, PFOA, PFBS, PFBA and 
C6O4, we determined the concentrations of PFAS, in the working 
solutions. 

The measured concentrations of PFOS, PFOA, PFBS, PFBA and C6O4 
were analyzed with high-performance liquid chromatography (HPLC) 
system and triple quadrupole mass spectrometer, at the laboratory 
Merieux NutriSciences Italia, Rag. Soc. Chelab S.r.l. Results are reported 
in Table 1. The concentrations were determined by internal standard 
technique using isotopically labeled internal standards and calibration 
standards prepared in solvent. 

Cells were seeded at a density of 10,000 cells/well in a 96-well 
ViewPlate-96 F TC (PerkinElmer®). All PFAS analyzed were tested in 
parallel in the 96-well plate. For each experiment, 250 µl/well of 
working solution was used. Four independent experiments were per
formed, each with three replicates per condition. 

Cells were than incubated at 37 ºC and 5% CO2 for 48 h. After 
exposure to PFAS, cells were fixed with 1% PFA and stained with 
Hoechst for 30 min at room temperature. 

Brightfield and Hoechst 33342 fluorescence images were acquired 
using a 20X long WD objective in the High Content Screening imaging 
system Operetta® (PerkinElmer, Monza, Italy). Analysis was performed 
using the Harmony software (PerkinElmer). 

2.6. Nuclear morphometric-parameters definition and nuclei 
classification 

The morphological domains considered (Intensity, Size and Regu
larity) and the description of the morphometric parameters measured in 
the cells nuclei are summarized in Table 2. 

The morphometric parameters values have been obtained upon fully 
automated image analysis (software Harmony, PerkinElmer®). 

2.7. Nuclear classification 

Data analysis approach was set up by combining the size parameter 
(nuclear length), the nuclei regularity (Inv/AR) and the nuclear Hoechst 
intensity (Nuclear intensity). This procedure allowed us to classify each 
individual cell nucleus in three populations and eight groups, named 
respectively Normal nuclei population (divided in to four groups); Large 
nuclei population (divided in to two groups) and Small nuclei popula
tion (divided in to two groups). Cell nuclei resulted classified into three 
populations, respectively named as follows: Normal population (divided 
in four groups depending on the cell cycle phase); Large population 
(divided in two groups) showing characteristics of senescence, and 
Small population (divided in two groups) showing typical apoptosis 
features (Table 3). 

2.8. Cell proliferation assay 

To analyze the cell vitality, the cell nuclei number was counted in 
each experimental condition (PFAS and concentration tested), and 
compared to the control (1% DMSO). To describe the dose response 
effect to different PFASs we considered the average number of cell nuclei 
per condition. 

Table 1 
Mean values of PFOS, PFOA, PFBS, PFBA and C6O4 concentration (measured 
concentration), analyzed in the working solutions.  

Compound Expected concentration (µM) Measured concentration (µM) 

PFOS 100 85.4 ± 2.5 
10 8.51 ± 0.29 
1 0.87 ± 0.04 
0,1 0.084 ± 0.003 
0,01 0.0087 ± 0.0004 

PFOA 100 93.9 ± 1.02 
10 9.1 ± 0.44 
1 0.89 ± 0.03 
0,1 0.085 ± 0.001 
0,01 0.0080 ± 0.0005 

PFBS 100 90.7 ± 1.88 
10 9.21 ± 0.35 
1 0.92 ± 0.03 
0,1 0.087 ± 0.007 
0,01 0.0080 ± 0.0005 

PFBA 100 89.1 ± 2.9 
10 8.5 ± 0.26 
1 0.87 ± 0.02 
0,1 0.085 ± 0.006 
0,01 0.0086 ± 0.0003 

C6O4 1 0.91 ± 0.02 
0,1 0.09 ± 0.002 
0,01 0.0087 ± 0.0004  

Table 2 
Morphological domains, nuclear morphometric parameters and parameters 
description.  

Morphological 
domains 

Morphometric 
parameter 

Description/mathematical 
formula 

Intensity Hoechst fluorescence 
intensity (Intensity) 

The intensity values are directly 
related to chromatin compactness. 
The higher the value of the 
intensity, the greater the 
probability that the analyzed 
nucleus belongs to a dead cell 

Size Nuclear area (Area) The nuclear area values are 
inversely related to chromatin 
compactness. Cells under 
apoptosis are characterized by 
chromatin condensation and a 
smaller nucleus. 

Nuclear width (Width) This parameter measure width of 
the nucleus 

Nuclear length (Length) This parameter measure the 
length of the nucleus 

Regularity Ratio 1/(nuclear 
length/nuclear width), 
(InvAR) 

The value of this parameter ranges 
from 0 to 1. Values close to 1 
indicate regular nucleus shape. 
Small values of InvAr indicate 
irregular shape.  
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2.9. MTT cell viability assay 

Cell viability after exposure to PFASs compounds was determined by 
using the 3-(4,5-dimethylthiazol-2-yl)− 2,5-diphenyltetrazolium bro
mide (MTT) assay after 48 of treatment. Briefly, cells were seeded in 96- 
wells plates at a concentration of 10,000 cells/ml, and exposed to PFASs 
at different concentrations (Table 1). After 48 h cells were incubated for 
1 h at 37 ºC with the MTT solution and absorbance was measured with 
the multilabel plate reader VICTOR™ X4 (PerkinElmer®). Three 

individual experiments were performed, each with 4 replicates per 
condition. As a readout for cell viability, we calculated the ratio between 
the absorbance of treated cells/absorbance of control cells* 100 (%). 
EC50 values were estimated from dose–response curves. 

2.10. Cell cycle profiling by Hoechst intensity analysis 

Assessment of nuclear Hoechst intensity was carried out by auto
mated image analysis (Harmony software, PerkinElmer®). Cell 

Table 3 
Classification of the cell nuclei (the three populations were divided in eight groups, each characterized by different nuclear/DNA morphology) based on the matrix plot 
(Fig. 3).  

GROUPS NUCLEI 
POPULATIONS 

NUCLEAR SHAPE BIOLOGICAL MEANING LENGHT 
REANGE 

INTENSITY 
REANGE 

REGULARITY 
RANGE 

1. NORMAL REGULAR 
NUCLEUS 

NORMAL 
POPULATION 

Regular shape and size, 
weakly stained 

Healthy cells (G0) 10–28 µm 2000–7000 0.6 – 0.9 

2. NORMAL REGULAR 
NUCLEUS 

Regular shape, intensely 
stained 

DNA Synthesis (S) 10–28 µm 7000–12000 0.6 – 0.9 

3. NORMAL IRREGULAR 
NUCLEUS 

Regular shape, strongly 
stained 

G2 + Early mitotic phases (M) 10–28 µm 12000–16000 0.6 – 0.9 

4. NORMAL IRREGULAR 
NUCLEUS  

Irregular shape, strongly 
stained 

Mitotic phases (M) 10–28 µm 12000–16000 0.3 – 0.6 

5. LARGE REGULAR 
NUCLEUS 

LARGE 
POPULATION 

Regular shape, weakly 
stained 

Cellular senescence, chromatin 
fading 

≥ 28 µm 2000–6000 0.6 – 0.9 

6. LARGE IRREGULAR 
NUCLEUS 

Irregular shape, weakly 
stained 

Mitotic catastrophe or nuclear 
damages events 

≥ 28 µm 2000–6000 0.3 – 0.6 

7. SMALL REGULAR 
NUCLEUS 

SMALL 
POPULATION 

Regular shape, Nuclear fragmentation, 
condensed chromatin 

≤ 10 µm 2000–16000 0.6 – 0.9 

8. SMALL IRREGULAR 
NUCLEUS 

Irregular shape Nuclear fragmentation, 
condensed chromatin 

≤ 10 µm 2000–16000 0.3 – 0.6  

Fig. 1. Confocal images of immunocytochemical detection of the vimentin antibodies in the Tursiops truncatus skin cell line. In A Hoechst-staining image of the cell 
nuclei, in B vimenti-ir cells, in C superimposed confocal images of A and B images (scale bar 20 µm). In D Hoechst-staining image of the cell nuclei, in E actin-ir cells, 
in F merge of D and E image (scale bar 40 µm). 

C. Otero-Sabio et al.                                                                                                                                                                                                                            



Ecotoxicology and Environmental Safety 244 (2022) 113980

5

aggregates were gated out of the analysis. We plotted the frequency of 
cell nuclei within fixed Hoechst intensity ranges (2000–6000, 
6000–12000 and 12000–16000). Based on Hoechst staining, cells were 
assigned to G0, S, and M phases. Cell cycle phases G0 +G1, S, and G2 
+M, were defined by applying manual gates to the cell cycle histogram 
(Roukos et al., 2015; Schorpp et al., 2016). 

2.11. Statistical methodology 

The statistical analysis compared the control condition to each 
experimental condition tested. Our approach took into account the 
distribution of the nuclei based on the combination of the above 
mentioned parameters. After classification of cells in different groups 
according to their nuclear features, a series of nonparametric rotation 
tests (Solari et al., 2014) was performed, allowing comparison of each 
experimental condition versus control. The analysis performed was 
equivalent to a nonparametric one-to-many repeated measures ANOVA, 
where the repetitions are among plate and group. The statistical sig
nificance was defined by mean of a nonparametric Fisher test (Pesarin, 
2001). The analysis has been performed with R software (R Core Team, 
2021) and flip package (Finos, 2018). 

3. Results 

3.1. Tursiops truncatus skin cell line characterization 

Ultrastructure of the Tursiops truncatus skin cell line characterized by 
immunofluorescence targeting vimentin and actin are showed in 

(Fig. 1). The cell line revealed immunoreactivity (-ir) for vimentin, a 
cytoskeletal protein typically expressed in mesenchymal cells. The 
vimentin-ir cells showed cytoplasmic filamentous structures, consistent 
with the presence of intermediate filaments typical of fibroblast cells. 
Immunodetection of actin-ir cells allowed us to further define the 
cytoarchitecture of this new cell model. 

3.2. Cells ultrastructure analysis by TEM 

We used TEM analysis to reveal ultrastructural details. Generally, all 
analyzed cells exhibited polymorphic nuclei, with predominance of 
euchromatin (Fig. 2A, C, D, E), indicating active transcription. In the 
cytoplasm, mainly alongside the nucleus, well-developed cisternae of 
endoplasmic reticulum were visible, moreover, numerous mitochondria 
and polyribosome were present, characteristic of cells with intense 
protein synthesis (Fig. 2 B, C, E, F). A few intracytoplasmic lamellar 
bodies and autophagic bodies were also present in the cytosol (Fig. 2 B, 
C, F). 

3.3. Cell proliferation and viability assays did not show difference after 
PFAS treatment 

The cell proliferation assay did not show significant changes of the 
cell nuclei density at any PFOS, PFOA, PFBS, PFBA and C6O4 condition 
tested, compared to the control (Fig. 3A). 

The cell viability analysis performed by MTT Assay did not show 
significant difference in cell viability at any PFAS condition tested. De
tails are reported in the supplementary material (Fig. S1). 

Fig. 2. Details of TEM images of the cells derived from Tursiops truncatus skin. In A and D and E images, details of cells showing irregular shaped nuclei (N), 
containing heterochromatin (He) and mainly euchromatin (Eu). In B, E and images, in the cytoplasm alongside the nucleus, are well-developed cisternae of rough 
endoplasmic reticulum (R), forming vesicles, or greatly enlarged. Mitochondria (M) and polyribosome (P) were present in the cytosol as shown in the image B, C and 
F). A few intracytoplasmic multi-lamellar bodies (I) and autophagic bodies (CF) were also present in the cytosol as shown in the image B, C, F. 
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3.4. Nuclear classification results 

The results of the combinations of the selected morphometric pa
rameters (nuclei length versus nuclei intensity versus InvAR) were 
plotted: the resulting cell nuclei distribution in the control condition is 
represented in the matrix plot (Fig. 3). 

3.5. Generation of cell cycle profiles in the Normal, Large and Small 
nuclei population after PFAS treatment 

We calculated and plotted the frequency distributions of the inte
grated Hoechst intensity of cell nuclei per each experimental condition 
tested, and we generated the cell cycle profiles by gating nuclei within 
the different cell cycle phases. The profile of the cell nuclei and the 
respective frequency distributions in G0 + G1 phase, S phase and 
G2 + M phase were determined per each experimental condition and 
plotted into histograms. As an example, we show the results after 
treatment with 1 µM PFBA, PFBS, PFOA, PFOS and C6O4, per each 
population (Fig. 4). Results for the other concentrations used are re
ported in the supplementary material (Figs. S2-S5). 

In the Normal population our analysis allowed to clearly differen
tiate cells in G0 +G1 phase, S phase and G2 +M phase (Fig. 4), showing 
a distribution that indicates the common chromosome segregation and 
duplication found in cells with high genome stability. 

The Large and the Small nuclei populations exhibited derangements 
of the cell cycle profile and the progression of the cell cycle did not 
match whit that of the Normal population. 

3.6. Dose response effects: PFOS, PFBS and PFBA induce dysregulation in 
the cell cycle 

To determine how PFAS affected either the distribution of nuclei in 
the different population (Normal, Large or Small) or their cell cycle 
phase, the respective nuclei count after PFOS, PFBS, PFBA, PFOA and 
C6O4 exposure have been analyzed and compared to the control 
condition. 

The results revealed that PFOS, PFBS and PFBA alter the cell cycle 
(p < 0.05). Conversely, no significant effect was detected for PFOA and 
C6O4 at any concertation tested, see supplementary material (Table S1). 

In detail, exposure to PFOS at the lower concentrations (0.01 µM and 
0,1 µM) did not show significant effects while higher concentrations 
1 µM, (p = 0.026); 10 µM, (p = 0.040) and 100 µM (p = 0.018) 
increased the number of nuclei belonging to the population in the 
G0 +G1 cell cycle phase (group 1) and decreased the amount in the S 
phase, 1 µM, (p = 0.033); 10 µM, (p = 0.010) and 100 µM (p = 0.041), 
(Table 3). Moreover, 1 µM PFOS significantly lowered the number 
(p = 0.037) of nuclei in the M phase and the amount of cell nuclei in the 
Large population likely in the senescence phase (p = 0.05 and 
p = 0.037), (group 5 and 6), (Table 3). Interestingly, 1 µM PFOS 
decreased nuclei in the Small population (p = 0.045), characterized by 
fragmentation and condensed chromatin (group 8), (Table 3). 

Exposure to PFBS at 0.01 µM did not show significant effects; while 
higher concentrations 0.1 µM, (p = 0.032); 1 µM (p = 0.006), 10 µM 
(p = 0.019) and 100 µM (p = 0.019) caused a significant increase of 
nuclei in the Normal population in the G0 +G1 cell cycle phase. At 
0.01 µM, (p = 0.011); 0.1 µM, (p = 0.038); 1 µM, (p = 0.010); and 

Fig. 3. Matrix plot distribution of the nuclei based on the parameters “nuclei length” versus “nuclei intensity” versus “nuclei Ratio W-L (InvAR)” in the control 
condition: the red dots represent the normal nuclei groups; the green dots represent the large nuclei groups; the blue dots represent the small nuclei. Image A, 
example of a small irregular nucleus. Image B, example of a small regular nucleus. Image C, example of a normal nucleus in mitotic phase. Image D, example of a 
normal nucleus in DNA-Synthesis phase. Image E, example of a normal nucleus at the end of the mitosis phase. Image F, example of a normal nucleus in G0 +G1 
phase. Image G, example of a large nucleus with low Hoechst intensity and regular shape. Image H, example of a large nucleus with low Hoechst intensity and 
irregular shape (Hoechst images were acquired at the Leica TCS SP5 confocal microscope. 
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100 µM, (p = 0.025), PFBS, we observed a decreased number of nuclei 
in the S phase (Table 3). PFBS at a concentration of 0.1 µM and 1 µM 
altered the number of nuclei in the M phases (group 3 and 4) and showed 
a significant decrease (p = 0.050 and p = 0.036 respectively) in the 
large population nuclei (group 6), (Table 3). In addition, 1 µM PFBS 
significantly decreased (p = 0.042) the number of nuclei in the Small 
population (group 8), (Table 4). 

Exposure to PFBA at 0.01 µM, (p = 0.024); 0,1 µM, (p = 0.008) and 
1 µM, (p = 0.017); significantly increased the cell nuclei number in the 

Normal population, specifically in the G0 +GT1 phase (group 1). At 
0.1 µM, it increased (p = 0.020) the number of nuclei in the M phases 
(group 4) while at 1 µM, PFBA decreased (p = 0.054) the number of 
nuclei in the S phases (group 2). At the concentrations of 0.01 µM, 
(p = 0.020); 0.1 µM, (p = 0.070); 1 µM, (p = 0.042) PFBA significantly 
decreased the number of nuclei in the Large population (group 5 and 6), 
(Table 3). 

Fig. 4. Histogram of the cell cycle profile for the Normal nuclei population of the Tursiops truncatus skin-derived cells for the following treatment: 1 µM C6O4, PFBA, 
PFBS, PFOA, PFOS. In each histogram is shown the relative cells percentage (Y axis) in relation to the intensity (X axis). Normal nuclei population displaying the 
G0 +G1 cells (representing 2 n DNA content), S (DNA synthesis) and G2 +M diploids cells (representing 4 n DNA content) in the control condition (histogram F) and 
after cells exposure to PFA. The percentage of cells in a specific phase has been determined by means of Hoechst intensity. Mitosis cells (4 n DNA content) have a 
doubled intensity when compared to G1 cells (2 n DNA content). 

Table 4 
Results of the inferential analysis for the compound PFOS, PFBS and PFBA combined by groups. Significant p-value ≤ 5%. Arrow (↑) significant increasing in nuclei 
count, arrow (↓) significant decreasing in nuclei count, (-) no significant. See the corresponding cell cycle histograms at the different experimental conditions of the 
PFAS tested in comparison to the control condition showing the relative cells percentage (Figs. S2, S3, S4 and S5 in the section Supplementary Material).   

Concentration 0,01 μM Concentration 0,1 μM Concentration 1 μM Concentration 10 μM Concentration 100 μM 

Group 1 G0 þ G1 phase PFBA p = 0.024 ↑ PFBS p = 0.032 ↑ PFBA p = 0.008 ↑ PFOS p = 0.026 ↑ 
PFBS p = 0.006 ↑ 
PFBA p ¼ 0.017 ↑ 

PFOS p = 0.040 ↑ 
PFBS p = 0.019 ↑ 

PFOS p = 0.018 ↑ 
PFBS p = 0.019 ↑ 

Group 2 S phase – PFBS p = 0.011 ↓ PFOS p = 0.033 ↓ 
PFBS p = 0.038 ↓ 
PFBA p ¼ 0.054 ↓ 

PFOS p = 0.010 ↓ PFOS p = 0.041↓ 
PFBS p = 0.025 ↓ 

Group 3 G2 þ Early M phase – PFBS p = 0.057 ↓ PFOS p = 0.037 ↓ 
PFBS p = 0.023 ↓ 

– – 

Group 4 M phase – PFBS p = 0.051 ↑ 
PFBA p = 0.020 ↑ 

PFBS p ¼ 0.022↑ – – 

Group 5 Large regular – PFBA p = 0.014 ↓ PFBA p = 0.020 ↓ PFOS p = 0.050 ↓ – 
Group 6 Large irregular PFBA p = 0.020 ↓ PFBA p = 0.070↓ PFOS p = 0.037 ↓ 

PFBS p = 0.050 ↓ 
PFBA p = 0.042 ↓ 

PFBS p = 0.036 ↓ – 

Group 7 Small regular – – – – – 
Group 8 Small irregular – – PFOS p = 0.045 ↓ 

PFBS p ¼ 0.042↓ 
– –  
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4. Discussion 

Due to the impossibility to investigate in vivo in marine mammals 
the toxic effects of PFAS, we established an in vitro model, which consist 
of a cell line derived from a skin sample of bottlenose dolphin. In this 
new model, we analyzed the effects of PFOS, PFOA, PFBS, PFBA and 
C6O4. We choose a large range of concentrations (from 0.01 to 100 µM) 
to provide an overview of the effects either at low and high levels of 
PFAS, and to compare our datasets with those already published 
(Coperchini et al., 2017; Jabeen et al., 2020). 

We found that PFOS and PFBS exposure on Tursiops truncatus skin- 
derived cells increased the number of nuclei in the G0 +G1 phase and 
decreased the number in S phase. Moreover, PFOS and PFBS induced a 
significant decrease of nuclei in the G2 +M phases. At variance, PFBA 
treatment displays an effect only at lower doses. This evidence suggests 
the possibility that PFBA-induced changes in the cell physiology is a 
dynamic process, characterized by a hormetic dose-response phenome
non (Calabrese, 2005). Hormesis is a well-known, cell-type specific, 
phenomenon in the field of toxicology and has been described in 
different cell lines and dose-response curves of several compounds, 
especially cancer-related drugs (Bernardini et al., 2021; Günes-Bayir 
et al., 2020). Evidence of PFAS-associated hormetic response has been 
highlighted by Reistad and colleagues, who showed that cell death was 
induced on neurons from rat cerebellum at relatively low concentrations 
by PFOA (at 25 μM), while higher concentrations lowered the number of 
dead cells (at 100 μM), (Reistad et al., 2013). 

In our study, no significant changes in cell cycle were observed after 
treatment with C6O4 and PFOA. 

Interestingly, the effects of the PFAS used in this study were specific 
to the cell cycle, without effecting the overall cell proliferation and 
viability. This outcome underlines the need to study PFAS effects in 
marine mammals not only in terms of cell viability, but also by 
considering subcellular pathways that are key for the single cell physi
ology in primis, and secondly for health and metabolism of the whole 
tissue and organism. 

4.1. Cell nuclei classification and cell cycle profiling 

It is known that during the life of cells, changes of nuclear 
morphology occur normally in mitosis or in processes related to cell 
death (as nuclear fragmentation observed in apoptosis) or in senescence 
(Narita et al., 2003). 

Monitoring nuclear morphometric parameters may help to reveal 
alterations of cell cycle. Indeed, nuclear irregularities have already been 
proposed as a tool to provide a screening of normal, senescent and 
apoptotic cells (Filippi-Chiela et al., 2012). In fact, nuclear condensation 
can be used to distinguish apoptotic cells from healthy or necrotic cells 
(Crowley et al., 2016; Roukos et al., 2015). 

Methods to accurately determine and track the cell cycle phases of 
individual cells and to combine this information with other cellular 
features assessed by imaging, such as localization of a protein or 
morphological changes of organelles (Roukos et al., 2015), have been 
recently developed. These approaches show as chromatin undergoes 
dramatic condensation and decondensation in the transition between 
different phases of the cell cycle or of the cell life (Estandarte et al., 
2016). Vakifahmetoglu and coworkers (2008) demonstrated that chro
matin modifications include nuclear condensation and fragmentation in 
apoptosis, increased nuclear size during senescence and rise of nuclear 
irregularity in several conditions, such as chemical stresses, defective 
activation or inactivation of cell cycle checkpoint processes or exoge
nous agents that affect chromatin remodeling (Vakifahmetoglu et al., 
2008). Considering these studies, our approach based on the combina
tion of three main morphometric parameters (length, intensity and 
InvAR) to classify the nuclei in three populations (Normal, Large, Small), 
clearly differentiate the cells in G0 +G2 phase, S phase and G2 +M 
phase, analyzing the relative distribution of the cell nuclei in each 

profile (Fig. 4). 

4.2. PFOS, PFBS and PFBA alter cell cycle phases despite no effects on 
cell proliferation and viability 

Our study for the first time provides evidence that PFOS, PFBS and 
PFBA induce dysregulation in the cell cycle of Tursiops truncatus living 
skin cells, as detailed in the results section. Indeed, although few pre
vious data regarding the in vitro effects of PFOS, PFOA, PFBS, PFBA and 
C6O4 exposure are available, a systemic comparative analysis of their 
cellular effects in the same model has not been previously described. 
Scattered results have been reported on in vitro models derived from 
terrestrial mammals (human and rodents cell lines) and marine mam
mals cell lines (bottlenose dolphin). 

In terrestrial mammalian species, some studies investigated the 
possibility that PFOA and PFOS alter the cell proliferation rate (Coper
chini et al., 2017; Jabeen et al., 2020), while the effects of C6O4 and 
PFBS were assessed in different in vivo and in vitro models (Coperchini 
et al., 2021). In particular, Coperchini and colleagues used two different 
lines (human and rat thyroid cells) and treated them for 6 days with 
the same concentrations of C6O4, PFOA and PFOS that we tested in our 
study (Coperchini et al., 2021). Their results demonstrated that PFOS 
exposure reduced cell viability in both human and rat cell lines, while 
PFOA only in rat thyroid cells. PFOS showed the same behavior at all 
concentrations in the two cell lines, causing a reduction in cell prolif
eration; instead C6O4 did not affect the proliferation rate of either cell 
line. Jabeen and colleagues instead studied the effects of PFOA and 
PFOS on human lung cell line, and noticed an increase in proliferation 
at 100/200 μM of PFOA and PFOS after 24 and 48 h treatment (Jabeen 
et al., 2020). Shabalina and colleagues (1999) demonstrated that PFOA 
treatment of human hepatoblastoma cells perturbs cell cycle and in
duces apoptosis after exposure to 50–150 Мm for 48 h. Specifically, 
50 µM treatment resulted in a significant increase in the proportion of 
cells in the M phase and simultaneously a decrease in the number of cells 
in the S phase, whereas treatment with 100 or 150 µM PFOA increased 
the proportion of cells in the G0 +G1 phase and decreased the number of 
cells in the M and S phases (Shabalina et al., 1999). In a study performed 
on human breast cells exposed to 1 and 10 μM PFOS it was demon
strated that the cell growth was higher as compared to the control 
(Pierozan and Karlsson, 2018). 

On the marine mammalian species, only few studies have been 
performed on in vitro models: Hu and colleagues, on a dolphin kidney 
epithelial cell line, showed that PFOS inhibits intercellular communi
cation, while PFBS did not have significant effects within the ranges of 
concentration tested (Hu et al., 2002); an in vitro study using skin cell 
culture from bottlenose dolphin exposed to PFOS, performed by 
Mollenhauer and colleagues, reported that PFOS exposure significantly 
alter normal gene expression patterns, decreasing those involved in cell 
cycle progression and proliferation (Mollenhauer et al., 2009). 

These studies provide evidence that several PFAS tare capable of 
altering cell proliferation, with differences attributable to the different 
origin of the cell lines, to the concentrations tested, exposure times. An 
additional source of variability might be due to the type of test used to 
evaluate cell viability. 

We here provide a comparative and comprehensive study of the ef
fects of five PFAS, highly detected in both terrestrial and marine envi
ronments. In particular, the present study shows that PFOS, PFBS and 
PFBA dysregulate cell proliferation in a bottlenose dolphin skin cell line. 
Our results are in agreement with several studies that, although in a 
fragmented fashion, have previously evidenced that PFAS are able of 
altering cell cycle in different mammals’ cell models. At the moment, the 
molecular mechanisms at the basis of these effects still lack and neces
sitate further studies, such as advanced data analysis strategies and 
complex multivariate analyses (Montelli et al., 2017). 

However, we must emphasize that a possible interpretation of the 
results should depend not only on to classific classification of PFAS (long 
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versus short-chain); but also on the specific properties attributable to the 
chemistry of their specific functional groups. Indeed, it is worth noting 
that PFOS and PFBS present fluorinated carbon chains attached to sul
fonic acids. Instead, PFBA consists of a fluorinated carbon chains 
attached to carboxylic acids. The nature of the functional group could be 
co-responsible in inducing dysregulation in the cell proliferation cycle, 
thus explaining different results between PFBS and PFOS (that showed 
their effects at the higher concentrations tested) and PFBA (that resulted 
significant at the lower concentrations). A first hints on this point of 
view derives from the study of Hagenaars and colleagues that demon
strated how compounds with the same chain length but different func
tional groups display different toxic potential. In fact, PFAS with a 
sulfonate group (as PFBS and PFOS) seem to have a larger toxic potential 
than those with a carboxyl group (PFBA), (Hagenaars et al., 2011). 

5. Conclusion 

The main goal of this investigation was to find out and compare 
cytotoxic effects of PFOS, PFBS and PFBA on bottlenose dolphin skin- 
derived cells. 

Despite the growing number of studies showing as PFAS are 
frequently found in a wide variety of tissues in marine mammals, the 
cellular nature of PFAS toxic effects in cetaceans remains poorly 
understood. 

We concluded that exposure to either PFOS, PFOA, PFBS, PFBA or 
C6O4 did not alter cell viability in the Tursiops truncatus skin cells line at 
the proposed concentrations. 

Here, we show that quantifying cell viability alone is insufficient to 
distinguish between the compound responses. By means of an unbiased 
high throughput approach to analyze PFAS dose-response effects, we 
found that compounds with similar cell viability outcomes have 
different effects on the cell growth. 
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