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A B S T R A C T   

Pharmaceuticals released into the environment (PiEs) represent an environmental problem of growing concern 
for the health of ecosystems and humans. An increasing number of studies show that PiEs pose a risk to aquatic 
organisms. The aim of the present work was to contribute to increasing the knowledge of the effects of PiE on 
marine biota focusing on the effect of paracetamol on the motility of hemocytes in Mytilus galloprovincialis, a 
bivalve mollusk species widely utilized as bioindicator organism. Hemocytes are the immunocompetent cells of 
bivalve mollusks. An early and key stage of mollusk immune response is represented by the recruitment and 
migration of these cells to the site of infection. Therefore, motility is an intrinsic characteristic of these cells. 
Here, we first characterized the spontaneous cell movement of M. galloprovincialis hemocytes when plated in a 
TC-treated polystyrene 96-well microplate. Two different cellular morphotypes were distinguished based on their 
appearance and motility behavior: spread cells and round-star-shaped cells. The two motility morphotypes were 
characterized by different velocities as well as movement directness, which were significantly lower in round- 
star-shaped cells with respect to spread cells. The sensitivity of the motility of M. galloprovincialis hemocytes 
to paracetamol at different concentrations (0.02, 0.2 and 2 mg/L) was investigated in vitro after 1h and 24h 
exposure. Paracetamol induced alterations in the motility behavior (both velocity and trajectories) of the he-
mocytes and the effects were cell-type specific. The study of hemocyte movements at the single cell level by cell 
tracking and velocimetric parameters analysis provides new sensitive tools for assessing the effects of emerging 
pollutants at the cellular levels in non-target organisms.   

1. Introduction 

Pharmaceuticals are globally used to support health and treat dis-
eases. However, they can be released into the natural environment 
during their manufacture, use, and disposal, representing an increasing 
environmental concern for the health of ecosystems and humans (Wil-
kinson et al., 2022). These products might not be completely or effec-
tively removed by wastewater conventional treatments (Pereira et al., 
2016) and are often discarded directly into the environment through 
crude sewer systems. An increasing number of studies show that phar-
maceuticals released into the environment (PiE) pose risks to aquatic 
organisms. This risk is evidenced not only by the sustained persistence of 
PiE in different aquatic compartments but also by their bioaccumulation 
in many species, as documented by Garcia et al. (2012), and Wang and 
Gardinali (2013). Coastal marine environments are at particular risk due 
to increasing inputs of human pharmaceuticals through sewage effluents 

(Gaw et al., 2014). Here, the PiE discharge represents an additional 
stressor for biota already impacted by other contaminants including 
trace metals, oil-based products, pesticides, fertilizers, antifouling 
compounds, whose effects on biota are known and have been studied for 
a longer time (Lionetto et al., 1998; Martinez et al., 2022). 

As regards PiE detection frequencies and concentrations, acetamin-
ophen (N-(4-hydroxyphenyl)acetamide) or paracetamol has been 
demonstrated to be one of the contaminants with the highest concen-
tration and the highest detection frequencies in the river all over the 
world (Wilkinson et al., 2022). It is a non-steroidal anti-inflammatory 
drug, widely used as an analgesic and antipyretic. It is the world’s most 
widely marketed over-the-counter drug (Warwick, 2008), mostly 
because of its non-prescription availability and low cost. The continuous 
high consumption and production of paracetamol as well as its occur-
rence in seawater give rise to concerns regarding impact on marine or-
ganisms, especially filter feeders (Koagouw et al., 2021). 
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Mussels are efficient sessile filter feeders able to accumulate various 
chemical pollutants and are widely considered early warning biological 
systems in water quality monitoring and environmental pollution 
assessment (Caricato et al., 2019; Lionetto et al., 2021; Rosner et al., 
2023) due to their ability to early develop detectable responses to 
chemical pollution exposure. In particular, mussel circulating immu-
nocompetent cells known as hemocytes are widely used to study the 
toxicological impacts of environmental pollutants in marine organisms 
(Burgos-Aceves and Faggio, 2017; Cajaraville et al., 1996; Calisi et al., 
2008; Lionetto et al., 2022), due to their role in the innate immunity of 
the organisms and the relative ease with which they can be extracted 
(Canesi et al., 2007). Hemocytes perform several important functions of 
cell-mediated innate immunity. These include cytotoxic production of 
oxygen and nitrogen reactive species (Costa et al., 2009; Novas et al., 
2007), increased production of lysozymes (Li et al., 2008) and phago-
cytosis, as well as being involved in other important functions such as 
wound repair, shell repair, nutrient digestion and transport, and excre-
tion (Beninger and Le Pennec, 2016). In addition, Mytilus sp. hemocytes 
display similar structure and function to mammalian immune cells and 
this property is useful for comparison in regulatory studies (Canesi et al., 
2012). Primary hemocyte cultures have been proposed as a useful tool 
for the investigation of the biological effects and mechanisms of action 
of environmental pollutants (Barrick et al., 2018; Canesi et al., 2012). 
Alterations in the hemocytes abundance, cell viability, lysosomal 
destabilization, phagocytic activity, Reactive Oxygen species produc-
tion, and genotoxicity represent some of the most investigated alter-
ations induced by environmental pollutants on mussel hemocytes 
(Auguste et al., 2021; Calisi et al., 2023, 2008; Giannapas et al., 2012; 
Kaloyianni et al., 2009; Katsumiti et al., 2021). An early and key stage of 
mollusk immune response consists of hemocyte recruitment and 
migration to the site of infection. Therefore, motility is an intrinsic 
characteristic of these cells (Le Foll et al., 2010; Rioult et al., 2013). 
Although motility represents a basic feature of hemocytes fundamental 
for their functions, very few studies have investigated hemocyte motility 
in mussels (Gendre et al., 2023; Le Foll et al., 2010; Rioult et al., 2013) to 
date and particularly its sensitivity to environmental chemical pollut-
ants (Gendre et al., 2023; Kaloyianni et al., 2009; Sendra et al., 2020). In 
general, cell motility plays a fundamental role in many physiological 
processes, such as embryogenesis, angiogenesis, wound healing, im-
mune response, and several disease-related processes (SenGupta et al., 
2021). In immune cells, motility is a fundamental characteristic of these 
cells enabling their immunosurveillance for the protection of the body. 
Immune cell motility has been widely characterized in humans and 
vertebrates (Jerison and Quake, 2020; Vesperini et al., 2021), but 
comparatively, much less information is available on invertebrates. 

The aim of this study was to enhance understanding of the effects of 
PiE on marine biota by examining the impact of paracetamol on he-
mocyte motility in the bioindicator organism Mytilus galloprovincialis. In 
particular, the study addresses: (i) the functional analysis and charac-
terization of spontaneous cell movement of M. galloprovicialis hemocytes 
when the cells were plated in a multi-well plate and cultured for 24h, 
and (ii) the response of hemocyte motility under in vitro exposure to 
increasing concentrations of paracetamol in the incubation medium. 
The choice of the in vitro approach for this study arises from the fact that 
in vitro testing on marine organisms has been widely used to assess 
pollutant toxicological effects and characterize the underlying toxico-
logical mechanisms (Canesi et al., 2007); moreover, it is particularly 
useful for quickly pre-screening products for regulatory compliance. 

2. Materials and methods 

2.1. Materials 

Mussels, Mytilus galloprovincialis, were purchased from a local farm 
(Ittica Demar, Lecce Italy). All experiments were performed in accor-
dance with the Italian Animal Welfare legislation (D.L. 26/2014) that 

implemented the European Committee Council Directive (2010/63 
EEC). Paracetamol of purity ≥99 % was purchased from Merck (Darm-
stadt, Germany). 

Unless otherwise indicated, all chemicals were purchased from 
Merck and were of analytical grade. LysoSensor Green DND-189 was 
purchased from Thermo Fisher Scientific, Waltham, USA) 

2.2. Methods 

Mussels (Mytilus galloprovincialis Lam.) adult specimens (shell length: 
6.6 ± 0.6 cm; shell width: 3.2 ± 0.3 cm) were purchased from a local 
supplier and immediately transferred to the laboratory and acclimated 
in static tanks containing aerated filtered natural seawater (1 L/animal), 
37 PSU, at 15 ◦C in a thermostatic room for 24h prior to experimental 
use according to Auguste et al. (2021, 2020). During the acclimation 
period, animals were maintained without food. 

2.2.3. Hemolymph withdrawal and culture 
Hemolymph was withdrawn from the posterior adductor muscle and 

diluted in a disposable syringe 1:1 with filtered seawater FSW (0.2 µm 
filters). For each independent experiment (n = 3), the hemolymph was 
sampled from 3 to 4 animals and pooled in Falcon tubes at 15 ◦C. 

A volume (50 µl) of diluted hemolymph (cell concentration = 1 × 106 

cells/ml) was added into each well of Corning® 96-well solid black flat- 
bottom polystyrene TC-treated microplates. Hemocytes were allowed to 
adhere for 30 min at 15 ◦C forming a monolayer on the bottom of the 
well. Then, the excess hemolymph was removed, and the adherent cells 
were cultured for 24h with filtered natural seawater supplemented with 
2 mM L-glutamine 40 IU/mL penicillin G and 100 µg/mL streptomycin. 

2.2.4. Cell viability assessment 
The viability of hemocytes was evaluated by trypan blue staining 

immediately after sampling. 0.4 % trypan blue osmotically adjusted to 
the osmolarity of mussel hemolymph was used according to Lionetto 
et al. (2022). The viability of the cells immediately after sampling cor-
responded to 100 %. 

The vitality of the cells was also evaluated in the adherent cells 
cultured in Corning® 96-well solid black flat-bottom polystyrene TC- 
treated microplates. In this case, the MTT test was applied. The MTT 
test is widely used to assess cellular metabolic activity as an indicator of 
cell viability. The assay measures the reduction of the tetrazolium 
component MTT (3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium 
bromide) into an insoluble formazan product by mitochondrial dehy-
drogenase enzymes of viable cells. Briefly, hemocytes adherent to the 
bottom of 96-well cell culture plates were rinsed with FSW and incu-
bated in FSW containing 0.5 mg/ml MTT. After 3 h at 15 ◦C, the MTT 
solution was removed and 100 µL of dimethyl sulfoxide was added to 
each well for the formazan crystals solubilization. The absorbance was 
measured at a wavelength of 570 nm using Cytation 5 imaging multi-
mode reader (BioTek, Winooski, VT, USA), which combines conven-
tional microplate detection with automated microscopy. Cell vitality at 
24h was expressed as the percentage of OD at time 24 with respect to the 
OD recorded at time 0 immediately after seeding. 

2.2.5. Cell motility assay 
Cell motility was assessed by live cell time-lapse microscopy and 

trajectory analysis on adherent hemocytes cultured in Corning® 96-well 
solid black flat-bottom polystyrene TC-treated microplates. Time-lapse 
microscopy at a rate of 1 image every 1 min for 10 min was carried 
out to image hemocytes. The acquisition of cell images through time- 
lapse imaging was performed using the multimode reader Cytation 5. 
Hemocytes adherent to the bottom of the wells were imaged at time 0, 
1h, and 24h into the culture. The use of the multimode reader facilitated 
the simultaneous acquisition of images from a high number of wells. Cell 
tracking was performed on single cells; at least 70 cells per well were 
analyzed and three well replicate per each experimental condition in 

G. Udayan et al.                                                                                                                                                                                                                                



Aquatic Toxicology 265 (2023) 106779

3

each independent experiment were performed. Cells escaping the 
recorded field were excluded from the analysis. Migration patterns and 
trajectories of hemocytes were determined using the ImageJ2 Manual 
Tracking plugin and the Chemotaxis and Migration Tool software (Ibidi 
GmbH). 

For quantitative evaluation of spontaneous cell movement, several 
parameters of the trajectories were measured such as mean velocity, 
migrated distance, Euclidean distance, and directness, which were 
calculated using Chemotaxis and Migration Tool V2.0. Mean velocity 
(expressed in µm min− 1) is the absolute cell speed, whatever the direc-
tion, and was calculated by dividing the migrated distance by the time 
length of the cell tracking for each cell; migrated distance (expressed in 
µm) is the length of the migration path during the observation period 
(10 min); Euclidean distance (expressed in µm) is the length of the 
straight line between cell start and end point; directness is calculated 
from the ratio between the Euclidean distance and the accumulated 
distance for each trajectory. It is a measurement of how straightforward 
the cell trajectories were, whatever the directness of cell trajectories, 
and tends to 1 for straight tracks, but decreases to 0 for circular tracks. 

In paracetamol exposure experiments, the plated cells were exposed 
for 24h to different drug concentrations (0.02, 0.2, and 2 mg/L), chosen 
on the basis of the paracetamol concentrations reported in seawater 
environments which vary from 3.2 ng/L (Benotti and Brownawell, 2007; 
Fairbairn et al., 2016) to more than 200 μg/L (Togola and Budzinski, 
2008) in surface coastal waters. The paracetamol PEC value calculated 
by Stuer-Lauridsen et al. (2000) for the European Union waters is 0.65 
mg/L. Therefore, the first two concentrations tested, 0.02 and 0.2 mg/L, 
are within the spectrum of environmentally relevant concentrations. In 
addition to this, we chose a third concentration, 2 mg/L outside this 
range, to possibly disclose, if any, potential pharmacological effects of 
the drug on cell survival and motility in vitro. 

2.6.7. Statistical analysis 
Values are given as the mean ± S.E.M of three independent experi-

ments. Each experimental condition was replicated three times, and a 
minimum of 70 cells per replicate for each condition in every indepen-
dent experiment were analyzed. Statistical tests utilized to evaluate the 
statistical significance of differences were One Way ANOVA, and Tukey 
multiple comparison post-test as indicated in the figures’ captions. 

3. Results 

3.1. Characterization of spontaneous cell movement of hemocytes 

Mussel hemocytes, when added to a TC-treated 96-well microplate, 
started attaching to the bottom of the well within a few minutes and 
acquired a spread appearance, showing single-cell movements based on 
lamellipodia activity and fast shape changes as shown in Fig. 1 (A–C) 
and in supporting video 1 (see supplementary material section) obtained 
from time-lapse imaging of hemocytes after 30 min attachment to the 
well bottom. Cell movements in the condition of random walk in a free 
field were monitored using brightfield microscopy at 20X magnification, 
capturing one image per minute over a 10 min period with the Cytation 
5 Multimode reader. Fig. 1 (A–C) shows representative images of the 
same region of interest (ROI) acquired at times 0, 5 min, and 10 min. The 
numbering of the cells remains consistent across the three figures to 
illustrate their movement. 

According to findings of Rioult et al. (2013) in Mytilus edulis, two 
main hemocyte morphotypes were observed also in Mytilus gallopro-
vincialis based on cell motility analysis: spread cells (Fig. 2B) primarily 
exhibited a bipolar bean shape and sometimes a quite similar amoeboid 
outline, while smaller round-star-shaped cells (Fig. 2B) displayed nar-
row fast moving thick filopodia extending out from a condensed cell 
body. In both cell types, the movement was characterized by continuous 
shape changes through rapid extension and retraction of membrane 
protrusions. These two distinct motility morphotypes exhibited different 

velocities, with round-star-shaped cells showing a significantly lower 
velocity compared to spread cells (Fig. 2A). Furthermore, the movement 
directness differed between the two morphotypes, being lower in 
round-star-shaped cells compared to spread cells. The representative 
trajectory plots are demonstrated in Fig. 2C and D. 

3.2. Hemocyte viability and motility during 24h culture 

In order to deepen the study of hemocyte motility over 24h, at first 
cell viability was assessed after 24h culture by MTT assay. As shown in 
Fig. 3, viability was about 97 % of the initial value (referred to time 0) 
after 24h culture, suggesting that hemocytes can be maintained easily in 
culture for at least 24h in a basal saline medium. Then, the spontaneous 
cell movement of M. galloprovicialis hemocytes was assessed during 24h 
culture period, showing a significant increase in cell velocity in both 
morphotypes (Fig. 4A). This increase commenced within the first hour 
for spread cells and continued to rise steadily over subsequent hours. 
Both the cell types showed a significant increase in velocity with time, 
with spread cells exhibiting a faster increase (where a significant in-
crease in velocity with respect to time 0 was observed starting from the 
first hour) compared to round-star-shaped cells (where a significant 
increase in velocity with respect to time 0 was observed after 24h h). 
However, the magnitude of increase after 24h was similar for both 
morphotypes. 

Regarding directness, while the two morphotypes typically exhibited 

Fig. 1. Representative time-lapse imaging of hemocytes after 30 min attach-
ment to the bottom of the well. Cell movements were monitored by brightfield 
microscopy at the rate of 1 image every 1 min for 10 min under 20X magni-
fication using Cytation 5 Multimode reader; for brevity, Fig. A, B, and C show 
three of the 11 frames of the same region of interest (ROI) acquired at time 0, 5 
min, and 10 min. The same cells were numbered in the three figures to show the 
movement. The arrows show the time intervals. Scale bar: 100 µm. 

G. Udayan et al.                                                                                                                                                                                                                                



Aquatic Toxicology 265 (2023) 106779

4

different directness patterns, no statistically significant differences were 
observed over the 24 h culture period. 

3.3. Effect of in vitro exposure to paracetamol on hemocyte motility 

When the cells were exposed to increasing concentrations of para-
cetamol (range 0.02–2 mg/L) for 24h, no significant effect was observed 
on cell viability, as assessed by MTT test (Fig. 5). Regarding motility, 
Fig. 6 (A and B) shows the effect on spread cells velocity and directness 
after 1h and 24h exposure, respectively. After 1h exposure to paracet-
amol, no significant effects were detectable on cell velocity. However, 
after 24h exposure a slight but statistically significant effect was 
observed, even at the lowest tested concentration of 0.02 mg/L, sug-
gesting a decrease in the activation of the cells after 24h. Increasing the 

concentration did not result in a further increase in the observed effect. 
In terms of directness, a slight significant decrease was observed after 
24h exposure at the concentrations of 0.2 and 2 mg/L. 

Fig. 7 (A and B) demonstrates the effect on round-star-shaped cells 
after 1h and 24h exposures. Velocity significantly increased after 1h 
exposure at the concentrations of 0.2 and 0.02 mg/L, suggesting the 
stimulation of the early activation of the cells. Simultaneously, a marked 
increase in the directness of the movement was recorded at all the three 
tested concentrations after 24h exposure. At the highest concentration of 
2 mg/L, the effect was evident even after 1h exposure. 

4. Discussion 

Motility represents a fundamental cellular function that integrates 
several cellular processes, including cell adhesion, cell signaling, cyto-
skeleton activity, and cell volume changes. Despite its basic role in 
cellular physiology, it has been poorly investigated in relationship to its 
sensitivity to pollutants exposure. This work aimed to characterize the 
spontaneous motility of hemocytes in Mytilus galloprovincialis, a globally 
recognized sentinel species for pollution in coastal marine environ-
ments, and to explore in vitro the sensitivity of this fundamental cellular 
function to pollutant exposure in M. galloprovincialis hemocytes focusing 
on one of the most diffused PiE, paracetamol. 

In our study, first, we characterized the spontaneous cell movement 
of M. galloprovincialis hemocytes when plated in a TC-treated poly-
styrene 96-well microplate. Immediately after plating, 

M. galloprovincialis hemocytes showed spontaneous motile behavior, 
a random-like movement based on lamellipodia activity and fast shape 
changes, as already described for human immune cells (Pizzagalli et al., 
2021) and also previously found in another mussel species, Mytilus edulis 
(Gendre et al., 2023; Le Foll et al., 2010; Rioult et al., 2013). In 
M. galloprovincialis hemocytes, we distinguished two different cellular 

Fig. 2. (A, B, C, D). (A) Representative images of spread cells, and round cells. (B) Cell velocity expressed as µm/min; (C) Cell directness calculated from the ratio 
between accumulated distance and Euclidean distance; (D, E) Representative trajectory plots of spread and round cells respectively. 

Fig. 3. Hemocyte vitality after 24h culture. Vitality was assessed by MTT assay 
and was expressed as a percentage relative to seeding values at day 0, which in 
turn was analyzed by trypan blue in suspended cell immediately after sampling. 
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morphotypes on the basis of their appearance and motility behavior: 
spread cells and round-star-shaped cells. Both cell morphotypes showed 
rapid transitions between extended and shrunk cell morphologies with 
filopodia during their migration, but they exhibited cell-specific motility 
features with spread cells being faster than round-star-shaped cells and 
with a high intrinsic directionality of the movement. In general, the 
migration speed of the cells is believed to be controlled by dynamic 
regulation of the cytoskeleton and adhesion complex turnover (Gra-
ziano and Weiner, 2014; Sasaki et al., 2007), while the directionality of 
the cells is attributed to a restriction in lateral protrusions during 

lamellipodia generation with new protrusions preferentially generated 
from the pre-existing leading edge (Petrie et al., 2009). Therefore, the 
different speed and directionality observed in the two hemocyte mor-
photypes could reflect differences in the motility machinery of the two 
cell types including cytoskeleton and adhesion processes. 

As regards the identification of the two motility-based morphotypes 
and their comparison with previous cytological classifications of mussel 
hemocytes, M. galloprovincialis is known to have two major types of 
hemocytes which have been described based on morphological charac-
teristics detected by microscopic cytological observations of slide- 
attached cells (Cajaraville and Pal, 1995; Carballal et al., 1997) and 
by flow-cytometry analysis of dispersed cell suspensions (Andreyeva 
et al., 2019; Parrino et al., 2019): agranulocytes or hyalinocytes, which 
lack granules, and granulocytes, which contain granules. As described 
by Carballal et al., (1997), hyalinocytes are less abundant, smaller in 
size, have a high nuclear/cytoplasm ratio, and have a limited ability to 
spread on a glass slide, thus showing a round shape. On the other hand, 
granulocytes demonstrate a greater ability to spread on a glass slide, 
with distinct ectoplasm and endoplasm regions. The ectoplasm is rich in 
thin pseudopodia, while the endoplasm rich in dense granules. Some 
granulocytes contain abundant acidophilic granules, whereas others 
have basophilic granules while few of them contain both types of 
granules. These cells are likely professional phagocytes, which eliminate 
foreign microorganisms that invade the hemolymph and other tissues. 
As outlined by Le Foll et al. (2010), the rapid shape changes that char-
acterize hemocyte motility in live cell preparations make it difficult for 
morphological classifications to be assessed in fixed cell preparations. 
Unambiguous identification of hemocyte subpopulations as classified 
according to cytological staining of fixed cells was not possible in our 
experimental systems, during the observation of vital cells in motion. 
However, according to the previous detailed cytological descriptions of 
the two different hemocyte cell types (Cajaraville and Pal, 1995; Car-
ballal et al., 1997) granulocytes and hyalinocytes could correspond, 
respectively, to the spread cells and round-star-shaped cells described in 
this work, considering their similar motility behaviors and overlapping 
appearances. This is the first time that hemocytes are classified ac-
cording to their motility behavior in Mytilus galloprovincialis and char-
acterized by their velocimetric parameters. The velocity values recorded 
in our study (6.61 ± 0.17 µm/min for spread cells, 5.18 ± 0.34 µm/min 
for round-star-shaped cells immediately after plating) were comparable 
with the velocity of high-motile cells such as human neutrophyls (~8 
µm/min) (Graham et al., 2009). This allows mussel hemocytes to be 
classified as high-speed cells. When compared with previous data on 
hemocyte motility in Mytilus spp, our values were higher than those 
reported for the entire hemocyte population by Sendra et al. (2020) for 
M. galloprovincialis (2.3 ± 1.5 μm/min) and by Gendre et al. (2023) for 
M. edulis (2.32 μm/min ± 1.57). The differences observed in comparison 
with literature data could be due to different experimental conditions, 
including different animal populations, cell density, experimental tem-
perature, and the nature of the adhesion surface. As regards this last 
aspect, it could be crucial, considering the fundamental importance of 
cell-surface interaction on cell motility (Ziebert and Aranson, 2016). In 
our experiments, cells were plated on multiwell plates previously 
exposed to tissue culture treatment, a process that modify the hydro-
phobic plastic surface to make it more hydrophilic. The surface hydro-
phobicity/hydrophilicity is well known as a key factor in governing cell 
responses (Chang and Wang, 2011). Previous studies showed the more 
hydrophilic surface is the much more cell adhesion on the surface 
(Goddard and Hotchkiss, 2007; Xu and Siedlecki, 2007), although, as 
outlined by Vogler (1999), according to the cell type the relationship 
between hydrophilicity and cell adhesion is not always linear, especially 
at high hydrophilicity levels. Moreover, in our work, the cells were not 
labeled with nucleic acid stain which could interfere with intracellular 
cell signaling as demonstrated by Zhao et al. (2009). 

When M. galloprovincialis hemocytes were cultured for 24h, the two 
cell types showed a significant increase in velocity with time according 

Fig. 4. (A,B,C) Velocity (expressed as µm min− 1) of spread and round-stars- 
shaped hemocytes assessed at time 0 (seeding value), after 1h and 24h cul-
ture; (C,D) directionality (expressed as the ratio between migrated distance and 
Euclidean distance) of spread and round-star-shaped hemocytes assessed at 
time 0 (seeding value), after 1h and 24h culture. Data are expressed as mean ±
SEM. The statistical significance of data was assessed by One Way ANOVA and 
Dunnett’s test. 

Fig. 5. Effect of paracetamol on hemocyte vitality after 24h culture. Vitality 
was assessed by MTT assay and was expressed as a percentage relative to 
seeding values at day 0, which in turn was analyzed by trypan blue in sus-
pended cell immediately after sampling. 
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to previous observations of Rioult et al. (2013) in M. edulis hemocytes. 
However, the time course of activation was different in the two mor-
photypes, faster in spread cells with respect to round star shaped cells. 
The observed increase in cell velocity with time suggests activation of 
hemocytes during the 24h culture, presumably evocative of an inflam-
matory response after withdrawal and plating in the culture environ-
ment. Migration is presumably sensitive to stimulation factors released 
by hemocytes themselves in culture. The time course of activation was 
cell type specific, suggesting that spread cells are more prone and able to 
activate earlier in response to proinflammatory stimuli. Future work 
could further elucidate the nature of this phenomenon and explore the 
underlying signaling pathways. 

In the second part of the study, the sensitivity of the motility of 
M. galloprovincialis hemocytes to paracetamol was investigated in vitro 
after 1h and 24h exposure, respectively. Our results indicate that 
exposure to paracetamol induced alterations in the motility of the hae-
mocytes, and the effects were cell type-specific. In the case of spread 
cells, paracetamol exposure slightly reduced the activation of the he-
mocytes motility after 24h of exposure at all the three concentrations 
tested. The maximum velocity achieved after 24 h under paracetamol 
showed a slight but significant inhibition compared to the control when 
measured against the velocity at time 0. The effect was also evident on 
the trajectories, since the directness was slightly decreased at the con-
centrations of 0.2 and 2 mg/L after 24h exposure. Conversely, the effects 
were more pronounced for the round-star-shaped cells, involving the 
stimulation of the early activation of the cell motility within the first 
hour of exposure, at all the three tested concentrations, particularly at 
0.2 mg/L. Also trajectories were influenced by the exposure to the drug, 
with a marked increase in the directness after 24h exposure. Overall, in 
round cells paracetamol exposure seems to evoke an early activation of 
cell motility. 

In general, it is known that cell motility is governed by a complex 

network of signal transduction pathways that involve small GTPases, 
lipid second messengers, kinases, cytoskeleton-modifying proteins, and 
motor proteins (Welf and Haugh, 2011). In particular, several studies 
have highlighted the crucial role of members of the Rho GTPase family, 
notably Rac1, RhoA, and Cdc42, in the intracellular pathways regulating 
cell motility. CdC42 is involved in filopodia formation regulating the 
direction of migration, Rac interacts with the actin network regulating 
lamellipodia formations and membrane ruffles formation, while Rho 
interacts with myosin and helps the formation of stress fibers and focal 
adhesion (Raftopoulou and Hall, 2004). The presence of Rho GTPases in 
mussels have been demonstrated by previous works (Granger Joly de 
Boissel et al., 2017; Huang et al., 2022; Leprêtre et al., 2019; Li et al., 
2015; Welf and Haugh, 2011) and Rho genes in bivalves have shown to 
exhibit great conservation than those in any other invertebrate (Li et al., 
2015). Therefore, it is reasonable to argue that these signaling proteins 
can be involved also in Mytilus hemocyte motility. Considering the 
crucial role of Rho GTPases in controlling the signal transduction 
pathways that link cell surface receptors to a variety of intracellular 
responses including motility, it is possible to hypothesize that paracet-
amol exposure could interfere on upstream signals that could in turn 
influence the activity of Rho GTPases and the motility control in Mytilus 
hemocytes. Considering the different effects exerted by paracetamol 
exposure on the motility of the two different hemocyte morphotypes, the 
interference of paracetamol could involve the interaction with different 
upstream targets in the two cell types. The two motility parameters 
analyzed, velocity and directness, exhibited different sensitivity to the 
drug suggesting separate regulatory mechanisms on which the drug 
could act differently. In the case of directness, it was slightly inhibited in 
spread cells after 24h exposure while it was markedly increased in round 
shaped cells after 24h suggesting a possible different modulation on 
Cdc42 which is known to play a critical role in controlling the direc-
tionality of cell migration (Allen et al., 1998; Hind et al., 2014; Li et al., 

Fig. 6. (A,B) Velocity (expressed as µm min− 1) (A) and directness (expressed as the ratio between migrated distance and euclidean distance) (B) of spread hemocytes 
after 1h and 24h exposure to paracetamol. Data are expressed as mean ± SEM. The statistical significance of data was assessed by one way ANOVA and Tukey’s post 
test. Different letters were used to show statistical significance (p < 0.05). 
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2003; Srinivasan et al., 2003). 
Moreover, the effects on both cell types were more marked after 24h 

exposure compared to 1h suggesting a time-dependence of the drug 
effects. Currently, paracetamol is considered a multidirectional drug, 
and several metabolic pathways are involved in its analgesic and anti-
pyretic action: inhibition of cyclooxygenases, and involvement in the 
endocannabinoid system and serotonergic pathways (Mallet et al., 
2023). Additionally, paracetamol influences transient receptor potential 
(TRP) channels and voltage-gated Kv7 potassium channels and inhibits 
T-type Cav3.2 calcium channels. It also exerts an impact on L-arginine in 
the nitric oxide (NO) synthesis pathway (Mallet et al., 2023). Future 
works will be addressed to investigate the specific molecular mecha-
nisms underlying the effects observed on M. galloprovincialis hemocytes, 
the cell type specificity of the response, and its time dependence. 

5. Conclusions 

In conclusion, the obtained results contributed (a) to better charac-
terize the motility of hemocytes in the sentinel organism 
M. galloprovincialis classifying two different hemocyte morphotypes on 
the basis of their velocimetric characteristics of the cells and (b) to in-
crease the knowledge of the sensitivity of hemocyte motility to envi-
ronmental chemical pollutants detecting significant effects of the in vitro 
exposure to paracetamol in terms of alteration in velocity and trajec-
tories of the movements of the cells. The effects were cell type-specific 
suggesting the interaction with cell type-specific targets. 

With future considerations, the study of hemocyte movements at the 
single cell level by cell tracking and velocimetric parameters analysis 
offers new sensitive tools for assessing the impacts of emerging pollut-
ants at cellular levels in non-target organisms. This opens new per-
spectives for the development of novel biomarkers and/or bioassays 

suitable for environmental biomonitoring. 
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