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Abstract

In vertebrate systems, many endocrine disruptors (EDs) can also interfere with energy and lipid
metabolism, thus acting as metabolic disruptors. At the cellular level, these effects are mainly
mediated by interactions with nuclear receptors/transcription factors, leading to modulation of genes
involved in lipid homeostasis, but also by rapid, receptor-independent pathways.

Several potential metabolic disruptors are found in aquatic environments. In fish, different EDs
have been shown to affect hepatic lipid homeostasis both in vivo and in vitro. However, little
information is available in aquatic invertebrates, due to our poor knowledge of the regulatory
pathways of lipid metabolism.

In this work, primary cell cultures from the digestive gland of the bivalve Mytilus galloprovincialis
were utilized to investigate the effects of model EDs (bisphenol A-BPA and perfluorooctane
sulphonate-PFOS) on lipid homeostasis. Both compounds (at 24 and 3 h of exposure) increased
intracellular lipid and tryglyceride-TAG content, with strongest effects of PFOS at 10" M. Acyl-
CoA oxidase activity was unaffected, whereas some changes in the activity of glycolytic,
antioxidant/ biotransformation enzymes were observed; however, no clear relationship was found
with lipid accumulation. Evaluation of mitochondrial membrane potential Aym and determination
of extracellular TAG content indicate that PFOS interferes with the mitochondrial function and
lipid secretion, whereas BPA mainly affects lipid secretion. Experiments with specific inhibitors
showed that activation of PI3-Kinase and Extracellularly Regulated Mitogen Activated Protein
kinase-ERK MAPK plays a key role in mediating lipid accumulation. Mussel digestive gland cells
represent a simple in vitro model for screening the metabolic effects of EDs in marine invertebrates.

Key words: cell signaling, digestive gland cells, lipid accumulation, metabolic disruptors, mussel.

1. Introduction

There is increasing evidence that certain environmental chemicals suspected or identified as
endocrine disruptors (EDs) can also affect different metabolic pathways in mammalian systems.
Several EDs (organotins, alkylphenols, phthalates, perfluorinated compounds, etc.) have been
shown to induce disturbances in lipid and glucose homeostasis, this leading to the ‘environmental
obesogen’ hypothesis (Griin and Blumberg, 2009; Griin, 2010; Heindel et al., 2015a,b). The effects
can be systemic, or result from direct effects on target cells. At the cellular level, in particular in
adipocytes and hepatocytes, the effects of these chemicals have been mainly ascribed to interactions
with nuclear receptors/transcription factors, and modulation of expression of genes involved in lipid
homeostasis (Casals-Casas and Desvergne, 2011). In addition, different EDs, including suspected
obesogens, can affect kinase-mediated signal transduction, thus acting through rapid pathways
independent of nuclear receptors (Masuno et al., 2005; Strack et al., 2007; Batista et al., 2012;
Alonso-Magdalena et al., 2012). For example, we have previously shown that in rat FaO hepatoma
cells, BPA (Bisphenol A) induced lipid accumulation acting through the phosphatidylinositol 3-
kinase (PI-3K) pathway, leading to modulation of transcription of different isoforms of PPARS
(Peroxisome proliferation activated receptors) and of their target genes involved in mitochondrial
lipid oxidation and secretion (Grasselli et al., 2013). These results underlined the complex
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interactions between different EDs and the pathways involved in lipid homeostasis in mammalian
hepatic cells.

Different chemicals that represent potential metabolic disruptors are found in aquatic environments
at concentrations of ng-pg/L (Hutchinson et al., 2013). In fish, disturbance in lipid homeostasis
induced by tributhyltin, alkylphenols and perfluorinated compounds (PFCs) has been shown in vivo
(Arukwe and Mortensen, 2011; Lyssimachou et al., 2015; Maradonna et al., 2015; Canesi and
Fabbri, 2015; Cheng et al., 2016; Cui et al., 2016;) as well as in vitro, in primary hepatocytes and
liver cell lines (Wagbg et al., 2012; Olufsen et al., 2014; Dimastrogiovanni et al., 2015). The results
underlined changes in lipid composition and expression of genes involved in lipid homeostasis,
including PPARs.

In contrast, little information is available in aquatic invertebrates, whose regulatory pathways of
lipid metabolism are poorly understood. In the digestive gland of the marine bivalve Mytilus spp.,
accumulation of neutral lipids (NL) and peroxisome proliferation (PP) have been long considered as
a common response to exposure to many xenobiotics (Cajaraville, et al., 2003; Cajaraville and
Ortiz-Zarragoitia, 2006). In particular, different EDs, including estrogenic compounds, pesticides
and dioxins, have been shown to induce NL accumulation and affect glycolytic pathways (Canesi et
al., 2007, 2008, 2011, Banni et al., 2016). However, the mechanisms underlying the metabolic
effects of these chemicals in mussel digestive gland are largely unknown. In this light, the
utilization of isolated digestive gland cells may represent a simple in vitro model for screening the
direct effects of EDs on lipid homeostasis, as well as the basis for identifying their mechanisms of
action. Previously, freshly isolated digestive gland cells from M. galloprovincialis have been
proven useful for investigating the metabolic effects and intracellular signaling pathways of growth
factors and heavy metals (Canesi et al., 1999, 2000, 2001).

In this work, short-term cultures (24 and 48 h post-isolation) of mussel digestive gland cells were
utilized to evaluate the possible effects of known mammalian EDs on lipid accumulation in mussel
cells. Primary cell cultures were first characterized for different functional parameters (lysosomal
membrane stability, activities of peroxisomal, glycolytic, antioxidant and biotransformation
enzymes). Cells were exposed to BPA and the results obtained were compared with previous
studies in rat FaO hepatoma cells (Grasselli et al., 2013, 2014). Moreover, the effects of PFOS
(perfluorooctane sulphonate) as a model of PFCs, that represent ubiquitous contaminants in coastal
and estuarine environments (Kannan et al., 2005; Houde et al., 2011) were investigated.
Intracellular lipid accumulation was evaluated by ORO staining, Nile Red fluorescence, and
quantification of triglyceride-TAG content. The activity of peroxisomal acyl-CoA oxidase (AOX),
glycolytic enzymes (HK-hexokinase, PFK-phosphofructokinase, PK-pyruvate kinase), antioxidant
(catalase) and biotransformation (GST- GSH transferase) enzymes were determined. Mitochondrial
membrane potential (Aym) was evaluated in order to evaluate possible disturbances in
mitochondrial function. Extracellular TAG content was also determined as an indication of lipid
secretion. The role of different signaling components of kinase mediated transduction pathways
(P13- Kinase and Extracellularly Regulated Mitogen Activated Protein Kinases-ERK MAPKS) in
mediating chemical-induced lipid accumulation was investigated by cell pre-treatment with specific
pharmacological inhibitors.

2. Methods
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2.1 Animals

Mussels (M. galloprovincialis Lam.) 4-5 cm long, were purchased from a mussel farm in the
Thyrrenian Sea (La Spezia, Italy) in May-July 2015 and kept for 1-3 days in static tanks containing
synthetic sea water (1 mussel/L) at 18 C°, added with penicillin (500,000 U/L). Sea water was
changed daily.

2.2. Primary cultures of digestive gland cells

Digestive gland cells were obtained as previously described (Canesi et al., 2000) with slight
modifications. Briefly, digestive glands were collected, gently washed in calcium-magnesium-free
saline buffer (CMSF; 1100 mOsm, pH 7.3, containing 20 mM HEPES, 500 mM NacCl, 12.5 mM
KCI, 5 mM EDTA) and cut into pieces. Aliquots of tissue (1 g) were minced and dissociated by
gentle stirring on a magnetic stirrer for 30 min at 18°C, in 25 ml of dissociating solution (0.02 %
pronase w/v in CMSF). The dissociated cell suspension was filtered through a 100 um nylon mesh,
subdivided in conical Falcon plastic tubes (10 ml per tube) and centrifuged at 100 x g for 10 min at
10°C. The pellets were resuspended in 10 ml of physiological saline (PS; 1100 mOsm, pH 7.3,
containing 20 mM HEPES, 436 mM NaCl, 10 mM KCI, 10 mM CaCl; and 53 mM MgSQ4) and
again centrifuged at 100 x g for 10 min at 10 °C. The final pellets were re-suspended in 5 ml of
filtered sterilized Leibovitz L-15 medium (supplemented with 350 mM NaCl, 7 mM KCI, 4 mM
CaClz, 8 MM MgSOs, 40 mM MgCl, and 1% pen/strep; pH 7.3). Cell suspensions obtained were
maintained for 24 and 48 h at 18 °C under weak stirring, and the medium was changed every 24
hrs. Protein content was determined by the Bicinconinic method (Wiechelman et al., 1988) using
bovine serum albumin (BSA) as a standard.

2.3 Determination of functional parameters

Lysosomal membrane stability (LMS) was evaluated in control digestive gland cells by the Neutral
Red Retention Time (NRRT) assay. Aliquots of 1 mL of cell suspension (about 10° cells/mL) were
incubated with 5 pL of a NR solution (final concentration 40 pg/mL from a stock solution of NR 20
mg/mL in DMSQO). After 15 min, 20 uL of cell suspension were pipetted onto a coverslip and
observed under an optical microscope at 40 x. NRRT was evaluated as previosuly described (Canesi
et al., 2008). All incubations were carried out at 18°C.

Acyl-coA oxidase (EC 1.3.3.6): Cells were homogenized in 5 vol of 20 mM Tris buffer, 0.5 M
sucrose, 0,15 M NaCl, pH 7.6 and centrifuged at 500 x g for 15 min at 4 °C. Activity was measured
in 500 x g supernatants. The AOX assay is based on the H.O-dependent oxidation of
dichlorofluorescein catalyzed by an exogenous peroxidase using 30 UM palmitoyl-coA as substrate
(Small et al., 1985). Readings were carried out against a blank without the substrate at 502 nm at
25°C. Activity is given as mU AOX/mg protein (equivalent to nmol H.O2/min/mg protein).
Catalase (E.C. 1.11.1.6) and GSH transferase (GST) (E.C. 2.5.1.18) were evaluated as previously
described (Canesi et al., 2007). Cells were homogenized as described above and centrifuged at 500
x g for 15 min at 4 °C. The supernatants were then centrifuged at 12,000 x g for 30 min. Both
supernatants and pellets (containing mitochondria and peroxisomes) were utilised for evaluation of
catalase activity following the decomposition of H20; at pH 7, 25 °C, at 240 nm. GST activity was
evaluated in 12,000 x g supernatants using CDNB (1-chloro-2,4-dinitrobenzene) as a substrate. The
reaction mixture (1 ml) contained 125 mM K-phosphate buffer, pH 6.5, 1 mM CDNB, 1 mM GSH.
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The formation of S-2,4-dinitro phenyl glutathione conjugate was evaluated by monitoring the
increase in absorbance at 340 nm.

Glycolytic enzyme activities: cells were homogenized in 5 vol of 20 mM Tris-imidazole buffer, pH
7.2, containing 10 mM EDTA (ethylenediaminetetraacetic acid), 10 mM EGTA (ethylene glycol
tetraacetic acid), 0.1 PMSF (phenylmethylsulfonyl fluoride), 15 mM beta-mercaptoethanol, and
centrifuged at 20,000 x g for 20 min. The supernatants were utilised for the spectrophotometric
determination of HK (hexokinase, E.C. 2.7.1.1.) (Canesi et al., 1998) PFK (phosphofructokinase,
E.C. 2.7.1.11) and PK (pyruvate kinase, E.C. 2.7.1.40) activities as nmoles NADH consumed/mg
sample protein (Canesi et al., 2001). Data are expressed as specific activity/mg protein/ml.
Spectrophotometric assays were carried out with a Varian Cary 50 spectrophotometer (Varian,
Torino, Italy).

Different functional parameters were evaluated at 24 and 48 h post-isolation in 4 different cell
preparations, each obtained from the digestive gland of 3-4 mussels. Since no differences were
observed in different samples, data were pooled and average values are reported in Table 1 (see
Results).

2.4 Treatments

Cells were pelleted at 100 x g and suitably suspended in L-15 supplemented medium for cell
counting in a Thoma chamber. Aliquots of cell suspension (5 ml, containing about 10° cells/ml)
were added with BPA and PFOS from 10 mM stock solutions in methanol, suitably diluted in
supplemented L-15 to obtain the desired concentrations (from 1020 - 10 M). This concentration
range corresponded to nominal concentrations of 50 ng/L — 500 pg/L for PFOS and 22.83 ng/l —
228.3 ug/L for BPA, respectively. Concentrations of organic chemicals in test solutions were
checked by LC/MS (Supplementary File 1). Incubations were carried out for 24 h or 3 h at 18 °C.
As a negative control (C), cells were incubated in the presence of vehicle alone ( <0.01% ethanol).
As a positive control, cells were treated for 3 h with a mixture of excess free fatty acids-FFAs
oleate/palmitate (2:1 molar ratio, total concentration 0.75 mM), as previously described in rat
hepatoma cells (Grasselli et al., 2011, 2013). For experiments with kinase inhibitors, cell
suspensions were pre-incubated for 20 min with 0.1 uM Wortmannin (Wtm) (for the PI-
3K/Akt/mTor pathway), or with 20 uM PD98059 (for ERK MAPKS), suitably diluted in
supplemented medium from 10 mM stock solutions in DMSO (dimethylsulfoxide) as previously
described (Grasselli et al., 2013). Control samples in vehicle were run in parallel (<0.01% DMSO).
After incubation, cell suspensions were centrifuged at 100 x g for 10 min at 10°C and pellets were
re-suspended in 5 ml of fresh supplemented L-15 medium. Exposure to BPA and PFOS was then
carried out as described above.

2.5 Determination of intracellular lipid content by Oil-Red-O Staining

Neutral lipid content was evaluated using Oil-Red-O (ORO) staining. Cells were fixed with Baker’s
formol calcium solution [(4%, v/v) formaldehyde, 2% NaCl and 1% calcium acetate] (1 ml) for 10
min at 4°C and subsequently stained with 2.5 ml of ORO (1% w/v in 60% triethylphosphate) for 15
min in the dark. The cell suspension was centrifuged at 100 x g for 10 min at 10°C and pellets were
resuspended in 2.5 ml of PS. Digital images were acquired at 40 x magnification by an Olympus
BX60 light microscope equipped with a scientific grade Olympus Color Viewll CCD Camera and
analysed by the Scion Image software package (Scion Corporation, Frederick, Mr, USA).
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Densitometric analysis (arbitrary units/cell area in um?) was carried on at least 200 cells per
treatment, randomly chosen from at least 10 fields. Data are reported as percent of control values.

2.6 Determination of intra- and extracellular TAG content

In each experimental condition, intracellular triglyceride (TAG) content was quantified in cell
extracts using the commercial triglycerides liquid kit (Sentinel, Milano, Italy). After incubation,
cells were briefly centrifuged and the pellet was lysed in PS passing through a 25G x 5/8” needle
syringe for 15 folds. Seventy ul of cell lysate were added with 250 ul methanol. Lipids were
extracted by adding 500 ul chloroform and the resulting mixture was shaken for 1 h. After addition
of 250 ul H20 and brief vortexing, samples were centrifuged at 2,000 x g for 25 min. The lower
phase was collected and evaporated overnight. The dry pellet was then incubated with 500 ul of the
Sentinel solution at 37°C for 15 min. TAG content was estimated by recording the absorbance at
546 nm. Values were normalized for the protein content (mg/ml) and expressed as percent TAG
content relative to controls. At the end of cell incubation, aliquots (50 ul) of extracellualar media
were also collected for lipid extraction and determination of extracellular TAG content.

2.7 Confocal Laser Scanning Microscopy (CLSM)

Intracellular lipid accumulation was also visualized by CLSM utilizing Nile Red (NR). NR (9-
diethylamino-5H-benzo [a] phenoxazine-5-one) is a phenoxazine dye used on live cells to localize
and quantify neutral and polar lipids. NR stains neutral lipids yellow (emission > 528 nm) and polar
lipids orange-red (emission > 590 nm) when excited at 488 nm (Greenspan et al., 1985). Aliquots of
cell suspensions (50 pl), prepared as described above, were exposed for 3 or 24 hr to different
concentrations of PFOS or BPA. Untreated and treated cells were incubated for 20 min with NR (1
pg/ml) before observation. When indicated, cells were also incubated for 45 minutes with 500 nM
Lysotracker Green (LTG). The acidotropic dye LTG (Excitation-Emission: 504/511 nm) is freely
permeant to cell membranes and typically concentrate with high selectivity in lysosomes (Canonico
etal., 2014).

The mitochondrial membrane potential (Aym) was evaluated by the fluorescent dye
Tetramethylrhodamine ethyl ester perchlorate (TMRE) as previously described (Ciacci et al., 2012).
Cells were incubated with 40 nM TMRE for 10 min before observation (Excitation-Emission:
549/574 nm). Observations were carried out by a Leica DMI 6000 CS inverted microscope (Leica
Microsystems, Heidelberg, Germany) using 63 x 1.4 oil objective (HCX PL APO 63.0 x 1.40 OIL
UV). Images were analyzed by the Leica Application Suite Advanced Fluorescence (LASAF) and
ImageJ Software (Wayne Rasband, Bethesda, MA, USA). TMRE fluorescence intensity (arbitrary
units/cell area in pm?) in each sample was measured in at least 12 different fields. All fluorescent
probes were purchased by Molecular Probes (Eugene, OR, USA).

2.8 Statistics
Data, representing the mean of at least 4 separate experiments in triplicate, were analysed by the
one-way ANOVA plus Tukey’s post-test or Mann-Whitney U test (P<0.05).

3. Results

3.1 Biochemical characterization of short-term cultures of digestive gland cells
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Isolated cells, obtained from tissue samples by mild and short-time enzymatic digestion and low
speed centrifugation, were kept in supplemented L-15 medium in the absence of mammalian serum
for 24 and 48 h at 18°C. The cell suspension mainly contained a mixed population of digestive cells
of different sizes, with larger cells filled with intracellular vacuoles, and smaller cells containing
few vacuoles (Supplementary File 2a). Most of them were identified as lysosomes by Neutral Red
staining (Supplementary File 2b). Few smaller cells devoid of vacuoles were also observed,
probably representing basophilic cells or epithelial duct cells. Different functional parameters were
determined: although slight differences were found in samples from different pools of tissues,
average basal values in untreated cells did not show significant changes at 24 or 48 h of cell culture,
and data from pooled samples are summarized in Table 1. High NRR times were observed (>120
min) indicating the integrity of lysosomal membranes. Peroxisomal AOX activities were in the
same range of those recorded in the tissue at the same time of the year (Cancio et al., 1999). HK,
PFK, PK and catalase activities were similar those previously reported in the tissues and freshly
isolated cells (Canesi at al., 1998, 1999; 2007; Birmelin et al., 1999). GST activities were
comparable with those measured at tissue level and higher than those in previous studies with
primary cell cultures from the digestive gland (Birmelin et al., 1999). A basal TAG content
corresponding to about 3% wet weight was detected, comparable to that measured at whole tissue
level (Ventrella et al., 2013). Therefore, cells cultured for 24 h were utilized for subsequent
exposure experiments to different chemicals.

3.2 Effects of BPA and PFOS on lipid accumulation

Cells were exposed for 24 h to different concentrations of BPA and PFOS, and intracellular lipid
accumulation was evaluated with different methods. BPA increased ORO staining at the highest
concentration tested (10® M) indicating NL accumulation; however, the results of densitometric
analysis showed a large variability, with no clear dose dependent effects (not shown). When
intracellular TAG content was evaluated for detection of glycerol released by triglycerides,
significant increases were observed at both 10”7 and 10° M (+20% and +40% with respect to
controls; P<0.05) (Figure 1). Interestingly, a comparable increase in TAG content was detected
after only 3 h of exposure at 10° M. Lipid accumulation was also visualized in live cells by CLSM
using the fluorescent lipophilic dye Nile Red. As shown in Figure 2 (upper panel), control digestive
gland cells showed evident yellow fluorescence, indicating the presence of neutral lipids, and lower
red fluorescence due to polar lipids. Exposure to BPA (10 M, 3 h) induced a clear increase in both
yellow and red fluorescence signals (Figure 2, lower panel). Similar results were obtained at 24 h
(not shown).

In cells exposed to PFOS for 24 h, densitometric analysis of ORO staining clearly demonstrated a
dose-dependent increase in NL accumulation, that was statistically significant from 10® M and
maximal at 10" M (+67% and +200%, respectively; P < 0.05), with no further increases at higher
concentrations (Figure 3a). Determination of intracellular TAG content showed a comparable dose-
dependent increase at 24 and 3 h of exposure, with a maximal +90% increase at 107 M (P < 0.05)
(Figure 3b). As a positive control, digestive gland cells were exposed for 3 h to a mixture of free
fatty acids (FFAs) (oleate palmitate 2:1, final concentration 0.75 mM), as previously described in
rat FaO cell lines (Grasselli et al., 2013). The FFA mixture induced a significant increase in TAG
content (+40%; P<0.05). PFOS-induced lipid accumulation was also visualized by NR



292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335

fluorescence: an evident increase in both yellow and red fluorescence with respect to control cells
was observed at 107 and 10° M (3 h) (Figure 4). The NR signal did not co-localize with that of
Lysotracker green.

3.3 Effects on enzyme activities

The effects of PFOS and BPA, at the concentrations that induced maximal lipid accumulation (107
and 10® M, respectively, 24 h) on the activity of different enzymes involved in peroxisomal
function, antioxidant and biotransformation response, and glycolytic pathways were evaluated, and
the results are reported in Figure 5. As shown in Figure 5a, neither compound affected AOX
activity. Only PFOS significantly stimulated both Catalase and GST activities.(+60 and +41%,
respectively; P<0.05).

PFOS and BPA did not affect the activity of the key glycolytic enzymes HK and PK (Figure 5b),
whereas a significant stimulation of PFK was observed with PFOS (+26%; P<0.05). Similar results
were obtained at 3 h of exposure for all enzyme activities (not shown).

3.4 Effects on mitochondrial membrane potential

The possible effects of PFOS and BPA on mitochondrial function were investigated by evaluating
changes in membrane potential (Aym) by the fluorescent dye TMRE, that exclusively stains the
mitochondria and is not retained in cells upon collapse of the Aym and the results are reported in
Figure 6. Representative confocal images show a strong punctuated red fluorescence in control cells
(upper panel), that was clearly reduced after exposure to PFOS (10 M, 3 h), indicating a decrease
in Aym (lower panel) (Figure 6a). As shown in Figure 4, but better appreciated in Figure 6, PFOS
did not affect lysosomal integrity, evaluated as LTG fluorescence. Quantification of the TMRE
fluorescence signal indicated that PFOS (107" M) induced significant decrease with respect to
controls (P<0.01) whereas BPA was ineffective (Figure 6b).

3.5 Effects on extracellular lipid content

Finally, the TAG content was measured in the extracellular medium of digestive gland cells
exposed for 3 h to PFOS (107 and 10°® M) and BPA (10° M), respectively, as an indication of lipid
secretion. A significant decrease in extracellular TAG content with respect to controls was observed
in all exposure conditions (about -40%; P <0.05) (Figure 7).

3.6 Possible signaling pathways involved in mediating PFOS- and BPA- induced lipid
accumulation

The possible signal transduction pathways involved in mediating contaminant-induced lipid
accumulation was evaluated in cells pre-incubated with the specific inhibitors of different kinases,
Wtm (for PI-3K/Akt/mTor), and PD98059 (for ERK MAPKS) and then exposed for 24 h to either
PFOS or BPA (at 10”7 and 10 M, respectively) and the results are reported in Figure 8. Wtm
reduced the increase in intracellular TAG content induced by PFOS, whereas the effect was fully
prevented by PD98059. Similar results were obtained at 3 h of exposure for both TAG
accumulation (not shown) and NR fluorescence (Supplementary File 3). Both inhibitors prevented
the TAG accumulation induced by BPA.

4. Discussion



336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379

In analogy with mammalian systems, cell cultures from aquatic organisms can represent a valuable
tool for studying the direct effects and mechanisms of action of environmental chemicals at the
cellular level, allowing for subtle control of the experimental environment without the complex
physiological conditions of in vivo approaches. In bivalves, the digestive gland, a tissue that plays a
key role in metabolism, has been long utilized in in vivo studies for determination of several
biomarker responses to exposure to a variety of chemicals. Primary cell cultures from digestive
glands of different molluscan species have been established, with high cell viability over
days/weeks (Yoshino et al., 2013). However, their experimental use has been limited by the absence
of information on the maintenance of the biochemical and physiological functions of digestive cells,
the most abundant cell type in the tissue, that are crucial in determining the effects and mode of
action of contaminants, i.e. those related to lysosomal, biotransformation, antioxidant and
peroxisomal responses. For example, cell cultures from Mytilus edulis digestive gland indicated
severe cellular damage of digestive cells, and loss of antioxidant and biotransformation activities as
soon as 24 h post-isolation (Birmelin et al., 1999). Moreover, in isolated digestive cells, no data are
available on lysosomal membrane stability, one of the most utilized biomarker of stress at the tissue
level. Overall, the results indicate that, in our experimental conditions, short-term primary cultures
of digestive cells retained the main functional parameters of the whole tissue, and thus they could
be suitably utilized to investigate the possible effects of different EDs.

Digestive cells were exposed to the model compounds (BPA and PFOS) in a concentration range
from 10%° to 10® M, generally lower than those utilized in studies on lipid and glucose metabolism
in mammalian cells (Grasselli et al., 2013; Watkins et al., 2015; Xu et al., 2016) and in fish
hepatocytes and hepatic cell lines (Wagbg et al., 2012; Olufsen et al., 2014; Dimastrogiovanni et al.,
2015). The results show that in mussel digestive gland cells both PFOS and BPA induced
intracellular lipid accumulation, evaluated by different methods. A comparable increase was
observed at 24 h and 3 h of exposure, indicating rapid and persistent effects. NR fluorescence did
not co-localize with that of LTG, indicating that lipids were accumulated within lipid droplets and
not in the lysosomal compartment. PFOS showed the strongest effects on NL accumulation, with
highest effects at 107 M.

The effects of BPA were similar to those previously observed in rat FaO hepatoma cells after 24 h
of exposure (Grasselli et al., 2013). Interestingly, the brominated BPA derivative
tetrabromobisphenol A (TBBPA), as previously observed in FaO cells (Grasselli et al., 2014), did
not induce lipid accumulation in digestive gland cells (not shown). In contrast, in FaO cells, no
effects were observed with PFOS at concentrations up to 1x 10 M (Grasselli, personal
communication). Actually, most data on the in vitro effects of PFOS on lipid metabolism in
mammalian cells were obtained in adipocytes, after prolonged exposure (days/weeks), at high
picroMolar concentrations. In 3T3-L1 adipocytes, PFOS increased TAG content and altered
expression of genes associated with differentiation and lipid metabolism (Watkins et al., 2015);
enhanced hormone-induced differentiation, adipogenic gene expression and insulin-stimulated
glucose uptake were also observed (Xu et al., 2016). The results of the present work indicate that
mussel digestive gland cells are particularly sensitive to the impact of PFOS on lipid homeostasis,
since significant increases in intracellular lipid content were recorded at lower concentrations and
much shorter times of exposure.
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Lipid accumulation in mussel digestive gland cells may be due to increased lipid synthesis, reduced
secretion and oxidation. However, scattered information is available on identification of genes
involved in lipid homeostasis in bivalves (Bilbao et al., 2009; Zhang et al., 2014; Dai et al. 2015).
In trout RTL-W1 cells, selected EDs, including BPA, induced TAG accumulation and increased the
expression of lipogenic genes (Dimastrogiovanni et al., 2015). In digestive gland cells exposed to
excess FFAs, employing an experimental protocol utilized to obtain fatty rat hepatocytes, the
increase in intracellular TAGs was smaller than those induced by BPA and PFOS, and much
smaller than that observed in rat cells (Grasselli et al., 2011, 2013). Although these data indicate
the capacity of digestive gland cells for the rapid de novo synthesis of TAGs from exogenous FFAsS,
this would not appear as the main mechanism involved in the effect of PFOS and BPA. Moreover,
neither compound significantly affected the activity of fatty acid synthase (FAS) (data not shown).
PFOS and BPA may interfere with lipid 3-oxidation. Digestive gland cells showed an high activity
of AOX, the rate limiting enzyme in the peroxisomal -oxidation of long chain FAs. However,
neither compound affected AOX activity, as previously described in FaO cells exposed to BPA,
where lipid accumulation was mainly related to downregulation of genes involved in mitochondrial
lipid oxidation (Grasselli et al., 2013). In rat liver mitochondria, both BPA and PFOS have been
shown to directly inhibit state 3 respiration (Nakagawa and Tayama, 2000; Wallace at al., 2013).
Similarly, in mussel digestive gland mitochondria, the obesogen TBT impaired state 3 respiration
(Nesci et al., 2011). Our data, showing that PFOS, but not BPA, induced a decrease in
mitochondrial Aym, represent a first indication that PFOS can interfere with the mitochondrial
function in live digestive gland cells. Further studies are needed to investigate whether PFOS-
induced lipid accumulation is specifically related to decreased mitochondrial oxidation.

Finally, PFOS and BPA may affect lipid secretion, as observed in vertebrate liver. In BALB/c mice,
PFOS-induced liver lipid accumulation was associated with reduced levels of serum lipid and
lipoprotein (Wang et al., 2014). In the zebrafish, PFOS affected lipid biosynthesis, fatty acid p-
oxidation and excretion of VLDL/LDL lipoproteins (Cheng et al., 2016). In rat FaO cells, BPA
impaired lipid secretion, as shown by decreased expression of ApolipoproteinB (apoB) and
extracellular TAG content (Grasselli et al., 2013). In mussel digestive gland cells, exposure to
PFOS and BPA resulted in a similar decrease in TAG content in the extracellular medium. For
BPA, such a decrease paralleled the increase in intracellular TAGs, suggesting that a reduction in
lipid secretion may represent the main effect of this compound on lipid homeostasis. In contrast, the
greatest increase in lipid accumulation induced by PFOS was only partly justified by a decrease in
secretion. In this light, interference with mitochondrial oxidation may play a role in the action of
PFOS.

In order to investigate the possible effects of PFOS and BPA on glucose metabolism, the activities
of key glycolytic enzymes (HK, PFK and PK) were evaluated. However, no effects were observed,
except for a small stimulation only of PFK induced by PFOS. Moreover, PFOS induced significant
increases in both Catalase and GST activities, whereas BPA only stimulated GST activity. Overall,
the results do not indicate a relationship between the capacity of PFOS or BPA to induce lipid
accumulation and changes in glycolysis or oxidative stress conditions.

In mussels, the digestive gland is the first part of the body to receive the food and it plays a central
role in metabolism. Digestive cells are responsible for intracellular digestion of food particles and in
nutrient distribution to reproductive tissues during gamete maturation, although the mechanisms are
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still largely unknown (Dimitriadis et al., 2004 and refs. quoted therein). In particular, the digestive
gland is considered as a lipid storage organ. Changes in lipid content and composition are thought
to be very fast, depending on changes in the amount and types of food, as well as of physiological
factors (age, reproduction), and environmental stress conditions (Ventrella et al., 2013). This
capacity may require rapid mechanisms to regulate lipid metabolism. Accordingly, in digestive
gland cells, the increases in lipid accumulation observed in vitro after BPA and PFOS treatments in
different experimental conditions were extremely rapid. The possible mechanisms involved were
investigated by means of specific kinase inhibitors of PI13-K and ERK MAPKS, signaling
components that are involved in mediating the response to different types of extracellular signals in
mussel cells (Canesi et al., 1999, 2001). The results indicate that lipid accumulation induced by
both PFOS and BPA was prevented by inhibition of ERK MAPKSs. Moreover Wtm, an inhibitor of
the PI-3K/Akt/mTor pathway, that plays fundamental roles in regulating lipid biosynthesis and
metabolism (Caron et al., 2015), significantly reduced the effects of PFOS and prevented those of
BPA, as previously observed in FaO cells (Grasselli et al., 2013). Wtm also prevented lipid
accumulation induced by the FFA mixture (not shown). The results indicate that activation of the
P1-3K/Akt/mTor pathway may represent a significant target for potential disruptors of lipid
homeostasis in invertebrate cells.

In vivo data are available on the effects of prolonged exposure (days) to PFOS and BPA, at pg/L
concentrations, in different bivalve species, measured by different biomarker responses in different
cells and tissues (Canesi et al., 2005, 2007; Ferndndez-Sanjuan et. al, 2013; Liu et al., 2014). The
results obtained in this work indicate that in vitro treatment of digestive gland cells to different
chemicals, in the same concentration range utilized for in vivo studies, is able to detect changes in
lipid accumulation and in different enzymatic biomarkers at much shorter exposure times. Although
in the aquatic environment different EDs, including PFOS and BPA, are estimated at much lower
concentrations (ng/L) (Qi et al., 2011; Canesi and Fabbri, 2015), the results indicate the suitability
of our in vitro model to efficiently screen the metabolic effects of different chemicals and to
investigate their Mode Of Action (MOA) in mussel digestive gland. Data obtained with PFOS, a
predominant species of PFC in the environment and biota (Houde et al., 2011; Qi et al., 2011),
including bivalves (Kannan et al., 2002, 2005; Fernandez-Sanjuan et al., 2010), address lipid
homeostasis as a sensitive target for this compound. Comparison of different PNECs (Predicted No
Effect Concentrations) of PFOS in aquatic organisms underlined large differences in sensitivity of
invertebrate species, that are probably due to its multiple MOAs (Qi et al., 2011). Interestingly, in
aquatic invertebrates, a similar scenario has been described for BPA (Canesi and Fabbri, 2015).

In fish liver cell models, different EDs have been shown to induce quali- and quantitative changes
in lipid and fatty acid profiles, as well as in expression of genes involved in lipid homeostasis
(Wagbg et al., 2012; Olufsen et al., 2014; Dimastrogiovanni et al., 2015). However, due to the
complex MOAs of each compound, no clear association between expression of lipid related genes
and changes in different lipid classes has been detected. Our study merely assessed neutral lipid
accumulation and not the changes in lipid composition. In this light, the observation that NR
fluorescence indicated also increases in polar lipids deserves further investigation.

To date, the only available data on the effects of EDs on lipid homeostasis in invertebrates are those
obtained in the freshwater model Daphnia magna, showing that obesogen TBT alters the transfer of
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468  storage lipids to eggs, promoting their accumulation inside lipid droplets in post-spawning females,
469  with the possible involvement of nuclear receptors for ecdysone, juvenile hormone and retinoids
470  (Jord&o et al. 2015). Other chemicals, including BPA, were shown to affect lipid storage as well as
471  growth and/or reproduction responses (Jorddo et al., 2016). Although the molecular targets of

472  mammalian obesogens in invertebrates are not the same as in mammalian systems, the results

473 suggest that different emerging contaminants can act as metabolic disruptors in an ecological

474  context.

475

476 5. Conclusions

477

478  The results of the present work demonstrate the ability of PFOS and BPA to induce rapid lipid

479  accumulation in mussel digestive gland cells through activation of kinase transduction pathways.
480  The effects of BPA may be mainly related to decreased lipid secretion, whereas PFOS may interfere
481  with both secretion and mitochondrial oxidation. Although the results obtained in vitro do not

482  obviously imply that the same effects occur in vivo, primary cultures of mussel digestive gland cells
483  can be utilized as a rapid and simple tool for screening the potential metabolic effects of

484  environmental chemicals in marine invertebrates.
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Legends

Figure 1. Effects of BPA on intracellular triglyceride (TAG) accumulation in isolated mussel
digestive gland cells. Cells were exposed for 24 h to different concentrations of BPA (10° -10° M)
or for 3 hto 10°° M BPA. Data, expressed as percentage of control values, represent the mean+SD
of 4 experiments in triplicate. * = P<0.05, ANOVA plus Tukey’s post-test.

Figure 2. Effects of BPA on Nile Red-NR fluorescence evaluated by confocal microscopy in
live digestive gland cells. Yellow: neutral lipids (Exc. 488 nm; Em: > 528 nm); Red: polar lipids
(Exc. 488 nm; Em: > 590 nm). Merge: superposition of Yellow and Red signals.

Upper panel: control cells.
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Lower panel: cells exposed for 3 h to 10° M BPA.

Figure 3. Effects of PFOS (101° -10¢ M) on lipid accumulation isolated mussel digestive gland
cells.

a) Densitometric analysis of ORO staining in cells exposed to different concentrations of PFOS for
24 h. Data represent mean absorbance values (integrated density)/cell area). Insets report
representative images of ORO staining.

b) Intracellular TAG content in cells exposed to different concentrations of PFOS for 24 h or 3 h.
As a positive control, the effects of exposure for 3 h to a FFA mixture are reported.

All data, expressed as percentage of control values, represent the mean£SD of 4 experiments in
triplicate. * = P<0.05, ANOVA plus Tukey’s post-test.

Figure 4. Effects of PFOS on Nile Red-NR fluorescence evaluated by CLSM in live digestive
gland cells. From left to right : representative images of NR yellow and red fluorescence as in
Figure 2. Lysotracker Green fluorescence - LTG green: (Exc. 504 nm; Em. 511nm). Merge:
superposition of Yellow, Red and Green signals.

Upper panel: control cells.

Middle panel: cells exposed for 3 h to 10" M PFOS.

Lower panel: cells exposed for 3 h to 10° M PFOS.

Figure 5. Effects of BPA and PFOS on enzyme activities. Cells were exposed for 24 h to 10° M
BPA and 10”7 M PFOS and enzyme activities were evaluated as described in Methods. a) Acyl-coA-
Oxidase (AOX), Catalase (CAT) and Glutathione transferase (GST). b) Hexokinase (HK),
Phosphofructokinase (PFK) and PK (Pyruvate kinase). Data, reported as percent specific activities
with respect to controls, are the mean + SD of at least four experiments in triplicate. * = P<0.05,
ANOVA plus Tukey’s post-test.

Figure 6. Effects of PFOS and BPA on TMRE fluorescence in live digestive gland cells.

a) representative confocal images of cells exposed to PFOS (3 h, 107 M). Red: TMRE
fluorescence; Green: Lysotracker fluorescence is also reported. Merge: superposition of red and
Green signals.

b) Quantification of the TMRE fluorescence signal in cells exposed to for 3 h PFOS (107 and 107
M) and BPA (10® M). Data, expressed as % integrated fluorescence density/cell area with respect
to control, are mean£SD of 4 experiments. * = P<0.05, Mann-Whitney U test.

Figure 7. Effects of PFOS and BPA on extracellular TAG content. Cells were exposed for 3 h
to PFOS (10" and 10 M) and BPA (10 M) and TAG content vas evaluated in the extracellular
medium. Data, representing the mean=SD of 4 experiments, are expressed as ug TAG/mg
protein/ml. * = P<0.05, ANOVA plus Tukey’s post-test.

Figure 8. Effects of cell pretreatment with different kinase inhibitors on BPA and PFOS-
induced TAG accumulation. Cells were pre-treated with Wtm (for PI-3K/Akt/mTor) or PD98059
(for ERK MAPKS) and then exposed for 24 h to 107 M PFOS or 10°® M BPA. Data, expressed as
percent TAG content with respect to controls, are the mean + SD of at least four experiments in
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triplicate. * = P<0.05, all treatments vs control; # = P<0.05, Wtm/PFOS vs PFOS alone. ANOVA
plus Tukey’s post-test.

Legends to Supplementary Files

Supplementary File 1. Measured concentrations of organic chemicals in exposure medium
(0.1 pg /L) as determined by SPE-HPLC/MS/MS. LOD = Limit of Detection.

Supplementary File 2. Representative images of primary cultures (48 h) of mussel digestive
gland cells by optical microscopy. a) Control cells showing an heterogeneous cell population, with
larger cells rich in intracellular vacuoles and smaller cells with fewer vacuoles. b) Neutral Red
loaded cells, indicating the presence of intact lysosomes.

Supplementary File 3. Effects of cell pretreatment with different kinase inhibitors on PFOS-
induced lipid accumulation. Confocal images of Nile Red-NR and Lysotracker Green-LTG
fluorescence as in Figure 4. C: control cells. PFOS: cells exposed for 3 h to 10-7 M PFOS.
Wtm/PFOS: cells pretreated with Wortmannin and exposed for 3 h to 10-7 M PFOS. PD/PFOS:
cells pretreated with PD98059 and exposed for 3 h to 10-7 M PFOS.
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Fig. 5
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Table 1 - Functional and biochemical parameters in primary cultures of mussel digestive

gland cells.

Data represent the mean=SD values obtained by averaging the results obtained at 24 and 48 h post-

isolation from 4 different cell preparations (n=8). LMS = Lysosomal membrane stability; AOX=

Acyl-coA Oxidase; HK = hexokinase; PKF = Phosphofructokinase; PK= Pyruvate kinase; CAT =

Catalase; GST = Glutathione transferase; TAGs = intracellular triglycerides

LMS (NRRT, min) 145+15
AOX nmol/min/prot 3.39+£0.03
HK nmoles/mg protein 0.77+0.05
PFK nmoles/mg protein 3.25£ 0.6
PK nmoles/mg protein 41+0.35
CAT umol/min/mg protein | 50.9+3.1
GST nmol/min/mg protein | 171 £12
TAGs pg/mg prot/mi 0.07+£0.017
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Supplementary File 1

Analytical determination of organic chemicals in exposure medium

Determination of organic chemicals by LC/MS was carried out as previously described (Achene et
al. 2011): each chemical was suitably diluted from stock solutions in culture medium to obtain the
desired final concentrations. Samples were extracted via solid-phase extraction (SPE), using
Supelco HLB cartridges (glass 200 mg/6 cc, 60 um) and analyzed by LC/MS/MS. Samples were
acidified (HCI, pH 2) and spiked with internal standards (B-estradiol d3) before extraction under
vacuum. The cartridges were conditioned with 3 mL of methanol and 3 mL of water and
subsequently dried for 30 min by application of a gentle vacuum. The analytes were eluted with 6
mL of a mixture of Methanol:Acetone:Ethyl acetate (2:2:1 v/v/v) and concentrated to 100 pl using
a nitrogen stream evaporator. The sample was reconstituted to a volume of 1 ml with a solution of
water and methanol (1:1 v/v) and directly analyzed by a HPLC/MS/MS Varian system (Varian
HPLC 212LC) coupled to 500 LC mass spectrometer using a C18 column (Ascentis Express,
15mm x 2.1mm x 2.7pum), mobile phase: 5 mM ammonium acetate/methanol in water. Procedural
blanks were performed to ensure the absence of laboratory-contamination. Recoveries and
reproducibility were determined using spiked water samples at a nominal concentration of 0.1 ug/I
for each compound. For all chemicals, a linear response in the 0.005-1 pg/L range was obtained.
Data obtained in samples at the concentration of 0.1 ug/L are summarized.

Measured concentrations of organic chemicals in exposure medium (0.1 pg /L) as determined
by SPE-HPLC/MS/MS.

LOD Exposure
medium
ng/L
ug/L
BPA 0.60 0.075
TBBPA 0.50 0.080
PFOS 0.06 0.085
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