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Abstract: Haslea ostrearia, a cosmopolitan marine pennate diatom, produces a characteristic blue
pigment called marennine that causes the greening of filter-feeding organisms, such as oysters.
Previous studies evidenced various biological activities of purified marennine extract, such as an-
tibacterial, antioxidant and antiproliferative effects. These effects could be beneficial to human
health. However, the specific biological activity of marennine remains to be characterized, espe-
cially regarding primary cultures of mammals. In the present study, we aimed to determine in vitro
the effects of a purified extract of marennine on neuroinflammatory and cell migratory processes.
These effects were assessed at non-cytotoxic concentrations of 10 and 50ug/mL on primary cultures
of neuroglial cells. Marennine strongly interacts with neuroinflammatory processes in the immu-
nocompetent cells of the central nervous system, represented by astrocytes and microglial cells. An
anti-migratory activity based on a neurospheres migration assay has also been observed. These
results encourage further study of Haslea blue pigment effects, particularly the identification of
molecular and cellular targets affected by marennine, and strengthen previous studies suggesting
that marennine has bioactivities which could be beneficial for human health applications.

Keywords: diatoms; Haslea ostrearia; marennine; biomolecules; neuroglial cells; neuroinflamma-
tion; migration; immunostimulation

1. Introduction

Since a few decades, there has been an expanding interest in microalgae, notably
due to their importance in aquatic ecosystems where they are responsible for most of the
primary productivity. Indeed, microalgae form the basis of seafood webs and account for
more than 50% of the oxygen produced yearly [1]. Those organisms involved not only in
major ecosystem services but also in human health applications such as drug delivery,
hypoxic tumor treatment and cancer therapy [2-6]. Due to their high metabolic flexibil-
ity, their ability to withstand various culture conditions, and their rapid growth, the
number of studies on their use as a source of biologically valuable products has been
rapidly increasing. For these reasons, the commercial production of bioactive com-
pounds from microalgae is currently challenged by the biorefinery process. Currently,
integrated microalgae cultivation technologies aimed at isolating biologically active
substances from biomass, for cost-effective algae production, are being investigated.
However, only a few strains of microalgae are actually exploited on an industrial scale
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[7].

On the one hand, microalgae are particularly valued as a source of antimicrobial,
antiproliferative, anti-inflammatory, or antioxidant compounds [8-11]. On the other
hand, microalgae can be a source of hazardous molecules for human health, such as
toxins [12,13]. The beneficial or harmful effects of molecules derived from microalgae
seem to depend on the strain cultivated and the environment in which the microalgae
biomass is produced.

A large number of marine compounds have been shown to affect a wide variety of
cellular and molecular targets, notably within the nervous systems [14,15]. For instance,
in the central nervous system (CNS), carotenoid extracts from Euglena gracilis strongly
dampered microglia activation and downregulated the mRNA expression levels and re-
lease of proinflammatory mediators, including interleukin-1 béta (IL-1f), interleukin-6
(IL-6) and tumor-necrosis factor alpha (TNFa) in microglial cells [16]. In addition to that,
an extract from the diatom Phaeodactylum tricornutum mainly composed of fucoxanthin
has been shown to inhibit NF-kB and NLRP3 inflammasome activation induced by lip-
opolysaccharide (LPS) in bone marrow-derived immune cells as well as in astrocytes.
Moreover, fucoxanthin decreases the production of major proinflammatory cytokines
such as IL-1f3, IL-6 and TNFa [17].

Haslea ostrearia is a cosmopolitan marine pennate diatom that can synthesize and
release a water-soluble polysaccharidic blue-green pigment called marennine [18]. The
name “marennine” was proposed by Lankester [19] in reference to Marennes-Oléron
(Marennes, 45°4925.8" N 1°06'16.3"” W), a region of western France where oysters have
been farmed for centuries. This pigment is responsible for the greening of oyster gills, a
natural phenomenon of great importance for the oyster industry [20]. Haslea ostrearia is
not only present on the French Brittany coasts but also within the Pacific Ocean on the
Australian, American and Japanese coasts [21]. Until recently, green oysters were mainly
consumed in France, but now they are also valued in these regions. Marennine is not
involved in light capture or in photochemical activity [22], but it may confer photopro-
tective properties [23,24]. An ecological function can also be hypothesized due to alle-
lopathic and antimicrobial effects exerted by marennine, thus giving Haslea cells a com-
petitive advantage over other microalgae or bacteria [21,25].

At present, the complete bioactive potential of this pigment is still largely unknown.
It has already been described that aqueous extracts containing marennine exhibited an-
ticoagulant properties using human plasma [26]. This study also reported that marennine
displayed in vitro growth-inhibiting properties of Herpes Simplex Virus type 1 (HSV-1)
in Vero cells [26]. Gastineau et al. [27] confirmed the antiviral effects of purified maren-
nine against the HSV-1 herpes virus with an EC50 of 27 pg/mL, which was twice as ef-
fective as the reference drug Zovirax. Moreover, marennine has demonstrated an-
ti-oxidative effects superior to strong anti-oxidative molecules, such as ascorbic acid and
Trolox, usually used in the food industry [24]. In the context of anti-cancer therapies,
different marennine forms varying in the purification methodology have demonstrated
an anti-proliferative effect on human cancer cell lines, such as SKOV-3 (ovarian cancer),
SW116 (colon cancer) or M113 (melanoma) [27,28]. These pioneer studies highlighted the
potential of marennine as a biologically active organic compound for carcinotherapy, but
they were carried out only on tumor cell models.

The present work aimed to investigate the effects of marennine on primary culture
cellular models, focusing particularly on the immunocompetent cells of the CNS. To this
end, the impact of marennine exposure at 10, 50 and 100 ug/mL on murine primary cul-
ture of astrocytes and microglial cells was investigated to check for possible effects on cell
viability. In order to determine if marennine acts on neuroinflammatory processes, its
effect was investigated at the level of gene expression, focusing on the main inflamma-
tory cytokines. The inflammatory status of populations of immunocompetent cells, as-
trocytes and microglial cells was also determined following exposure to marennine.
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Lastly, the effect of marennine was assessed on proinflammatory cytokine release IL-13,
IL-6, TNFa and on the anti-inflammatory cytokine interleukine-10 (IL-10).

2. Results
2.1. Marennine Is Not Cytotoxic at 10 ug/mL and 50 pug/mL

The effect on cell viability of marennine at 10, 50 and 100 pg/mL was determined in
co-culture of astrocytes and microglial cells. This was evaluated after 24 h and 48 h of
exposure. Marennine did not affect the cell viability at 10 and 50 ug/mL (Figure 1A,B). At
100 pg/mL, however, results showed that marennine decreased cell viability by ca. 75%
after 24 h (Figure 1A) and 85% after 48 h (Figure 1B). To prevent cytotoxic effects in fur-
ther experiments, the concentration of 100 pg/mL was excluded.
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Figure 1. Effects of 10, 50 and 100 pg/mL of marennine concentration on cell viability in neuroglial
cell culture. Cell viability was determined using MTT assay. (A) After 24 h and (B) after 48 h of
marennine exposure. For a 24 h exposure, 10 pg/mL vehicle n =7, marennine = 16; 50 pg/mL vehicle
n =16, marennine n = 16; 100 pg/mL vehicle n = 16, marennine n = 16. For a 48 h exposure, 10 pg/mL
vehicle n = 16, marennine n = 16; 50 pg/mL vehicle n = 16, marennine n = 16; 100 pg/mL vehicle n =
16, marennine n = 16. Values represent mean + SEM. Statistical differences from control are indi-
cated as follows: ** p <0.01; **** p < 0.0001 using Mann-Whitney test.

2.2. Marennine Induces an Upregulation of Immunomodulatory Genes

The effect of marennine at 10 and 50 pug/mL concentrations was tested on gene ex-
pression involved in the neuroinflammatory process. At 10 ug/mL, marennine induced a
strong upregulation of proinflammatory genes II-18, 1I-6, Tnfo and of the an-
ti-inflammatory gene II-10 after 24 h of exposure (Figure 2A), and an upregulation only
for II-1B gene expression (Figure 2B) after 48 h. It is worth noting that the upregulation of
both proinflammatory and anti-inflammatory genes after 24 h of treatment was more
significant than after 48 h. At 50 pg/mL, marennine exposure resulted in a strong upreg-
ulation of the proinflammatory genes Il-18, II-6, Tnfa and of the anti-inflammatory gene
11-10 (Figure 2C). The effects were less significant than at 10 pg/mL.



Int. J. Mol. Sci. 2023, 24, 5388

4 of 17

50pg/mL

Fold change

Fold change

After 48 h of treatment, the modulation of gene expression was lower than after 24 h
of marennine exposure, but II-18, II-6, Tnfa and II-10 remained upregulated (Figure 2D).
The upregulation of inflammatory genes depends on the concentration and duration of

treatment.
24h 118
* %
10,000
00
5,000 I_I_l
o
=] o
E 150
N o
°
s 100
uw
50
- 0-
E vehicle 10pg/mL
ol B
=1
o] 48h 118
o 2
10,000
5,000
-3 >k
g 150 o
T 100 %9
w
" o Lo
o_
vehicle 10pg/mL
24h
118

vehicie SOpg/mL

-6

*x

(<]
500
) %
g
10
S
°
°
w54
0-
vehicle 10pg/mL
1I-6
500
)
§
10
S
p- 4 °
5
J

vehicle 10pg/mL

1I-6
Rk

.

20

io

Fold change

o

0
vehicle Sopg/mL

II-6

@
=3
=3

Fold change
S
»

vehicle SougimL

Tnfa
* %
500 (o]
o %
=]
c
<
S
z Y
=]
w
29 o
0-
vehicle 10pg/mL
Tnfa
500
)
=]
§
5
3
=]
w
Tnfa
500 -
250
] F=4
E a4
S
s 3
-2
1
0
vehicle SOpgimL
Tnfa
@
g
4
<
o
T
K]
u

vehicle SOpg/mL

1,500
1,000 °

20

Fold change

104

o

vehicle 10pg/imL

1-10

1,500
1,000

o

=4

o
1

Fold change
3

-
o
1

o

vehicle 10pgimL

(=]
I

Fold change
>

0
vehicle SOpgimL

Fold change

vehicle SopgmL

Figure 2. Effects of 10 and 50 ug/mL of marennine on gene expression in astrocytes and microglial
cells after 24 h and 48 h of treatment. Levels of gene expression II-16, II-6, Tnfa and II-10 after ma-
rennine exposure were measured by RT-qPCR. (A) After 24 h of marennine with 10 pug/mL. (B)
After 48 h of marennine with 10 pg/mL. (C) After 24 h of marennine with 50 ug/mL. (D) After 48 h
of marennine with 50 pg/mL. At 10 ug/mL, for 24 h [I-14: vehicle n = 5, marennine n = 6; Il-6: vehicle
n =7, marennine n = 6; Tnfa: vehicle n = 7, marennine n = 6; II-10: vehicle n =7, marennine n = 6. For
48 h II-1B: vehicle n = 5, marennine n = 6; [I-6: vehicle n = 5, marennine n = 6; Tnfa: vehicle n =5,



Int. ]. Mol. Sci. 2023, 24, 5388

5 of 17

marennine n = 6; II-10: vehicle n = 5, marennine n = 6. 50 ug/mL, for 24 h II-1f: vehicle n = 7, ma-
rennine n =7; [l-6: vehicle n =7, marennine n =7; Tnfa: vehicle n =7, marennine n =7; II-10: vehicle n
=7, marennine n = 7. For 48 h II-18: vehicle n = 5, marennine n = 3; vehicle n = 5, marennine n = 3;
Tnfa: vehicle n = 5, marennine n = 3; II-10: vehicle n = 5, marennine n = 3. Values represent mean +
SEM. Statistical differences from the control are indicated as follows: * p < 0.05; ** p < 0.01; ** p <
0.001 using Mann-Whitney test.

2.3. Marennine Affects the Population of Immunocompetent Cells of the CNS

As astrocytes and microglial cells are considered the main actors of the neuroin-
flammatory process, the effect of marennine on these cell models was assessed after 24 h
and 48 h of treatment at 10 and 50 pg/mL.

2.3.1. Marennine Modifies the Inflammatory Status without Affecting the Total Amount
of Astrocyte Cells

ACSA2 (astrocyte cell surface antigen-2) staining was used to label astrocyte cell
types. To investigate the activation status of those immunocompetent cells, CD86 was
used as a costimulatory marker of proinflammatory status, and the mannose receptor
CD206 was used as a marker of the anti-inflammatory status. At 10 ug/mL, following 24 h
and 48 h of exposure, marennine did not affect the percentage of astrocyte populations
represented by the ACSA2 positive cells on the total amount of cells, nor did it affect their
activation status, as illustrated by the ratio CD86+/CD206* (Figures 3A and 4A). At 50
ug/mL, following 24 h of exposure, marennine still did not affect the percentage of as-
trocyte populations. Nevertheless, a proinflammatory status in the astrocyte populations
was observed (Figure 3C). After 48 h of treatment, the population was not impacted, and
the anti-inflammatory process took place (Figure 4C).

2.3.2. Marennine Modifies the Inflammatory Status and Modulates the Total Amount of
Microglial Cells

CD11b and CD45 staining was used to study microglial cell responses. As for as-
trocytes, their activation status was investigated using CD86 as a marker of proinflam-
matory status and CD206 as a marker of anti-inflammatory cells. After 24 h exposure to
10 ug/mL marennine, no effect was observed on the microglial cell population percentage
(Figure 3B), however microglial cells showed an anti-inflammatory response (Figure 3B).
Following 48 h of exposure, marennine decreased the populations of microglial cells and
the macrophages displayed proinflammatory status (Figure 4B). The effect of marennine
on neuroinflammation seems to depend on the exposure duration. At 50 ug/mL and after
24 h of exposure, the percentage of microglial cell populations was not affected by ma-
rennine, and the activation status seems more likely to be proinflammatory (Figure 3D).
After 48 h of exposure to marennine, microglial cells remained in proinflammatory sta-
tus, with a decrease in the population (Figure 4D). Moreover, the intensity of the staining
of CD45 in the population of microglial cells exposed to marennine was higher (Figures
3B,D and 4B,D) and its shifts means that the phenomenon is time and concentration de-
pendent (Figures 3F and 4E).
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Figure 3. Effects of 10 and 50 ug/mL of marennine on astrocytes and microglial cells after 24 h of
exposure. (A) Astrocytes were gated as ACSA2 positive; activation status was determined through
CD86 and CD206 staining after exposure to 10 pg/mL marennine. (B) Microglial cells were gated as
CD11bhish and CD45low/medium; activation status was determined through CD86 and CD206 staining
after exposure to 10 pg/mL marennine. (C) Astrocytes were gated as ACSA2 positive; activation
status was determined through CD86 and CD206 staining after marennine exposure at 50 pg/mL.
(D) Microglial cells were gated as CD11bhsh and CD45'ow/medium; activation status was determined
through CD86 and CD206 staining after marennine at 50 pg/mL. (E) Cell populations and activa-
tion status were determined by flow cytometry. A gate was first created on non-debris populations,
excluding very low SSC/FSC events; cells are then gated on single cells and selected by Live/Dead
staining. (F) Quantification of CD45 intensity after a marennine of 10 pg/mL (left) and 50 pug/mL
(right). For 24 h, at 10 pg/mL vehicle n =5, marennine n = 4. At 50 ug/mL vehicle n = 5, marennine n
= 6. Values represent mean + SEM. Significant differences from control are indicated as follows: * p
<0.05; ** p < 0.01 using Mann-Whitney test.

2.4. Marennine Induces a Release of Key Actors of Neuroinflammation

This series of experiments was aimed to determine the effect of marennine at con-
centrations of 10 and 50 pg/mL on the release of inflammatory cytokines, in particular the
key proinflammatory cytokines IL-1f3, IL-6 and TNFa. Furthermore, the release of IL-10
was to evaluated to assess the anti-inflammatory response. No significant modification in
IL-1P release was observed at any marennine concentration or exposure duration (Figure
5A-D). In contrast, a significant release of IL-6 and TNFa was observed in the superna-
tant, which increased with marennine concentration and exposure duration, whereas
they were undetectable in the vehicle condition (Figure 5A-D). The concentration of
IL-10 was hardly detectable in the supernatants (Figure 5A-C), except for a massive re-
lease observed at the highest concentration and the longest exposure (Figure 5D). Thus,
the release of both proinflammatory and anti-inflammatory cytokines is dependent on
marennine concentration and duration of exposure, with the highest released observed at
50 pug/mL and 48 h of treatment.
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Figure 4. Effects of 10 and 50 pug/mL of marennine in astrocytes and microglial cells after 48 h of
exposure. (A) Astrocytes were gated as ACSA2 positive; activation status was determined through
CD86 and CD206 staining after exposure to marennine at 10 pg/mL. (B) Microglial cells were gated
as CD11bhieh and CD45lew/medium; activation status was determined through CD86 and CD206 stain-
ing after exposure to marennine at 10 ug/mL. (C) Astrocytes were gated as ACSA?2 positive; acti-
vation status was determined through CD86 and CD206 staining after exposure to marennine at 50
pg/mL. (D) Microglial cells were gated as CD11bhsh and CD45low/medium; activation status was de-
termined through CD86 and CD206 staining after exposure to marennine at 50 pg/mL. (E) Quanti-
fication of CD45 intensity after a marennine of 10 pug/mL (left) and 50 pg/mL (right). For 24 h, at 10
pg/mL vehicle n = 6, marennine n = 7. At 50 pg/mL vehicle n = 8, marennine n = 6. Values represent
mean + SEM. Statistically differences from control are indicated as follows: ** p < 0.01: ** p < 0.001
using Mann-Whitney test.

2.5. Marennine Reduces the Migration Surface of Cells from Neurospheres without Inducing
Cytotoxicity

Three-dimensional culture models are increasingly used in research for the study of
the nervous system. These models are closer to reality and demonstrate less sensitivity to
treatment due to their organization [29]. Moreover, cerebral organoids allow for higher
differentiation of NSCs, notably into differentiated astrocytes. The neurospheres migra-
tion assay is a useful in vitro bio-tool that reveals the neural cell migration process [30]. In
the present work, the neurosphere migration assay demonstrated that exposure to 50
ug/mL of marennine did not affect either the viability or the size of cerebral organoids
(Figure 6A,B). Furthermore, a significant reduction of the cell migration area (around
50%) was observed for the 48 h of treatment (Figure 6D).
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Figure 5. Effects of 10 and 50 pg/mL of marennine on cytokine release in astrocytes and microglial
cells after 24 h and 48 h of treatment. Levels of cytokines IL-1p, IL-6, TNFa and IL-10 release in the
supernatant after treatment were measured by ELISA-assay. (A) After 24 h of treatment with 10
pg/mL. (B) After 48 h of treatment with 10 pg/mL. (C) After 24 h of treatment with 50 pg/mL. (D)
After 48 h of treatment with 50 pg/mL. At 10 ug/mL, for 24 h IL-1f: vehicle n = 4, marennine n = 4;
IL-6: vehicle n = 5, marennine n = 7; TNFa: vehicle n = 4, marennine n = 4; IL-10: vehicle n = 4, ma-
rennine n = 4. For 48 h IL-1pB: vehicle n = 6, marennine n = 6; IL-6: vehicle n = 6, marennine n = 6;
TNFa: vehicle n = 6, marennine n = 6; IL-10: vehicle n = 6, marennine n = 6. At 50 pug/mL, for 24 h
IL-1pB: vehicle n = 4, marennine n = 4; IL-6: vehicle n = 7, marennine n = 7; TNFa: vehicle n = 4, ma-
rennine n = 3; IL-10: vehicle n = 4, marennine n = 4. For 48 h IL-1{3: vehicle n = 6, marennine n = 6;
IL-6: vehicle n = 6, marennine n = 6; TNFa: vehicle n = 6, marennine n = 6; IL-10: vehicle n = 6, ma-
rennine n = 6. Values represent mean + SEM. Significant differences from control are indicated: * p <
0.05; ** p <0.01; ** p < 0.001 using Mann—-Whitney test.
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Figure 6. Effects of 50 pg/mL marennine on cell migration after 48 h exposure. (A) Representative
images were taken using a 10x objective of a phase-contrast microscope; the outer dark circles in
the phase-contrast images indicate the area covered by the migrated cells. (B) Cell viability was
determined using MTT assay; vehicle n = 5, marennine n = 4. (C) Quantification of neurosphere size
after migration; vehicle n = 7, marennine n = 6. (D) Quantification of the migration area covered by
migrating cells from the core of the neurosphere; vehicle n =7, marennine n = 6. Scale bar = 100 pum.
Values represent mean + SEM. Significant differences from control are indicated: ** p <0.01.

3. Discussion

Astrocytes are the most abundant glial cells in the CNS, maintaining homeostasis
and supporting the function of neurons through trophic and metabolic support [31].
Meanwhile, microglial cells are considered as the resident macrophages of the brain [32].
Both cell types strongly interact with each other and are considered as the immunocom-
petent cells regarding their capacity to mediate immune responses.

In Th1l-type immune responses, the key proinflammatory cytokines are represented
by IL-13, IL-6 and TNFa, which play a critical role in modulating the immune system.
Th2-type immune responses, known to be anti-inflammatory, are notably characterized
by the production of IL-10 cytokines [33,34]. TNFaq, initially discovered as a result of its
antitumor activity, has been shown to be one of the major mediators of inflammation [35].
However, it has been demonstrated in a TNFR-deficient mice model that TNFa acts to
damper the inflammatory response and plays a role in the repair process of inflammation
[36,37]. While TNFa can be produced by both astrocytes and microglial cells, IL-6 and
IL-1p are mainly released by astrocytes and microglial cells, respectively. Since crosstalks
between microglial cells and astrocytes are crucial for the behaviors of both cell types, a
primary co-culture of those inflammatory cells is more representative of physiological
condition than immortalized monoculture cell lines [38].

In the present study, the quantification of cytokines release illustrated the time- and
concentration-dependent effects of marennine on neuroinflammatory processes. In par-
ticular, co-cultures of astrocytes and microglial cells demonstrated that marennine at
non-cytotoxic concentrations induces an upregulation of both proinflammatory (II-18,
1I-6, Tnfa) and anti-inflammatory (II-10) genes. The inflammatory response at the gene
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expression level was higher at 10 pg/mL than at 50 pg/mL after 24 h of exposure. After 48
h of treatment, a significant upregulation of II-1 at 10 pg/mL can be noticed, and at 50
ug/mL, the response induced by marennine also involved II-6, Tnfa and II-10. These re-
sults suggest that the expression of II-1f is differentially regulated compared to other in-
flammatory genes after marennine exposure. Moreover, despite strong upregulation of
11-10 gene expression, this cytokine can only be detected in the supernatant at the highest
concentration and longest exposure to marennine. Hence, we showed for the first time
that Haslea blue pigment activates the inflammatory pathway and interacts with glial
cells of the CNS. Given the importance of marennine for the aquaculture industry, the
temporal kinetics of both pro- and anti-inflammatory signaling after marennine exposure
will be studied further. For instance, the heterogeneous kinetics of the immune response
following a neuroinflammatory injury has already been described in vitro using the
RAW 264.7 macrophages cell line [39]. These authors also reported that the proinflam-
matory-like response began as soon as 1 h after LPS exposure, whereas an-
ti-inflammatory responses, represented by IL-10, started 10 h after LPS-induces inflam-
mation [39]. As a reminder, LPS is a bacterial endotoxin that specifically promotes the
production and release of inflammatory cytokines [40].

It has to be noted that despite upregulation of the II-1f gene following 24 h and 48 h
of treatment at 10 and 50 pug/mL, no significant difference in cytokine release can be ob-
served. This can be due to notable IL-10 upregulation leading, as an anti-inflammatory
cytokine, to the inhibition of IL-1[3 synthesis [41,42]. This can also be explained by smaller
proportions of microglial cells in culture, when compared to basal release in the control
condition. Indeed, in the flow cytometry experiments, microglial cells represented less
than 4% of the total population of neuroglial cells, which is close to in vivo conditions in
the mammalian brain [43]. Yet, we have to take into account that for the release of IL-1f3
into extracellular space, pro-IL-13 needs to be cleaved by the protease caspase-1 [44]. The
activation of caspase-1 occurs via recruitment to a multi-protein complex termed the in-
flammasome, especially involving the NLRP3 protein. To further study the difference in
IL-1p response, the effective synthesis of pro-IL-1p3, then the mechanisms of its release,
should be investigated at the molecular level.

If conflicting reports exist about the capacity of microglial cells to produce IL-10,
astrocytes are known to respond to IL-10 and then attenuate microglial activation [45-47].
We thus aimed at determining the effects of marennine on immunocompetent cell pop-
ulations and activation. The activation status of these immunocompetent cells is referred
to as the balance ratio between CD86* and CD206* [48,49]. Whatever marennine concen-
tration, no harmful effect could be observed after 24 h of exposure, neither on astrocytes
nor microglial cell population, at 10 or 50 ug/mL. Nevertheless, a non-canonical effect of
marennine on the inflammatory status can be hypothesized. On the one hand, a balance
more likely toward an anti-inflammatory status at 10 pug/mL is observed in the microglial
population; on the other hand, the balance ratio at 50 ug/mL indicates an activation fac-
ing proinflammatory processes. After 48 h of exposure, this population decreased at all
concentrations, and a proinflammatory status is developed. Concerning astrocytes, the
main glial cells responsible for the homeostasis of the CNS, the percentage of the popu-
lation is not affected at both concentrations, whatever the exposure duration. Based on
the balance ratio between CD86* and CD206*, at 50 ug/mL marennine exposure, a proin-
flammatory status is first observed during the first 24 h, shifting to an anti-inflammatory
status after 48 h. These results underline that following an in vitro treatment with ma-
rennine, the two main types of immunocompetent CNS cells do not have the same ki-
netics and the same inflammatory responses. This can be supported by the fact that ac-
tivated microglial cells and reactive astrocytes may achieve immune “stimulation”
through mutual communication and cooperation in neuroinflammation [45].

Activated and resting microglia can be separated based on relative levels of CD45
expression. Moreover, in vivo studies have demonstrated that minocycline, an an-
ti-inflammatory treatment of the CNS, significantly reduced the percentage of CD45Mish
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microglia [50]. Nevertheless, in vitro studies using human or rodent cells suggest that
CD45 can downregulate microglial activation [51]. For example, murine microglia devoid
of CD45 expression demonstrate an over-activated phenotype [52,53]. CD45 also down-
regulates HIV-1 replication in microglia, suggesting a neuroprotective effect [51]. CD45
staining appears to be a biomarker of proinflammatory status leading to the establish-
ment of neuroprotective inflammatory response. In this study, we demonstrate an in-
crease in the intensity of CD45 staining in a concentration- and time-dependent manner.
However, we have to keep in mind the establishment of an anti-inflammatory response,
after 48 h of exposure, mediated by IL-10.

Proliferating progenitor cells and glial cells tend to migrate from the neurogenic
niches toward their final destination in the brain. Previous studies have shown that in-
flammation can disturb neuronal and non-neuronal cells migration and thus disrupt
neurodevelopment [54,55]. This alteration can also favor the onset of neurodegenerative
diseases later in life [56]. Our results demonstrate that a purified extract of marennine
strongly inhibits cell migration in a 3D neurosphere model. It is known that inhibition of
cell migration from neurogenic niches in response to environmental compounds expo-
sure has been correlated with cytoskeletal disruption [57]. This could be of great im-
portance, as few anti-cancer drugs are known to target the cytoskeleton to fight against
metastatic dissemination such as snake toxins [58] and vincristine, an alkaloid extracted
from Madagascar periwinkle [59]. Moreover, while a cascade of cytokines can be benefi-
cial for the host by initiating the inflammatory response, a dysregulation of the balance
between pro-inflammatory and anti-inflammatory mediators can be deleterious. Here,
we highlight an immunostimulatory effect of marennine, knowing that the
pro-inflammatory status can be linked to neurotoxic effects, while the anti-inflammatory
status is generally associated with neuroprotective effects [56].

4. Materials and Methods
4.1. Animals

C57BL/6JRj breeding mice (Janvier Labs, Le Genest-St-Isle, France) were housed in a
temperature- and humidity-controlled environment on a 12 h light/dark cycle with ad
libitum access to food and water.

4.2. Cultivation of Microalgae and Marennine Extraction

Haslea ostrearia diatoms used for biomass production and pigment extraction were
derived from samples collected in Bourgneuf Bay, France (46°59'19" N/2°14'14" W). The
blue pigment was extracted and purified as previously described [60]. To sum up, Haslea
ostrearia strain Nantes Cultures Collection (NCC) 495 was cultured at 16 + 1 °C, with an
irradiance of 100 umol'm=s™ provided by Philips TLD 36 W/965 fluorescent tubes with
an alternance cycle of 14 h light/10 h dark. Cultures were grown with autoclaved artificial
seawater, prepared from a commercial sea salt mix (Instant Ocean, Aquarium Systems®
Mentor, OH, USA), pH 7.6 + 0.2, salinity 32 ppm, with an enrichment solution as de-
scribed by Mouget et al. [61].

The culture medium was then filtered through 15pm and 1.4um paper filters
(Grosseron, Coueron, France) to remove residues. A specific precipitation method was
followed, using acid and base according to the procedure described in the patent n°
(FR2019/052933), to concentrate the filtered supernatant. The blue precipitate formed was
gathered by centrifugation (4000 rpm, for 5 min) and dissolved with formic acid. The blue
concentrated extract was dialyzed, and the deep blue retentate was further purified. The
marennine, which interacted with the C-18 cartridge, was recovered with a water-ethanol
1:1 mixture. The mixture was then evaporated in order to recover the purified extract of
marennine as a dry powder, which was then solubilized with sterile water at a stock
concentration of 1 mg/mL. Purified pigment was stored, protected from light, at 4 °C.
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4.3. Neuroglial Cell Culture and Marennine Exposure

In vitro murine primary cultures of astrocytes and microglial cells were performed
from postnatal days 1 to days 3 C57BL/6JRj mice. Neuroglial cells were cultured accord-
ing to the modified experimental procedures of Schildge and colleagues [62]. Four to
eight male and female brains were used to perform each cell culture. Briefly, to obtain a
single-cell suspension, the olfactory bulbs and the cerebellum were removed, and the
meninges were peeled off. The dissected telencephalon was mechanically dissociated.
The cells were then resuspended in DMEM medium D5671 (Sigma, Saint-Louis, MO,
USA), completed with 10% FBS (GE Healthcare HyClone, Logan, UT, USA), 1000
units/mL Penicillin-Streptomycin 15070-063(Gibco, Waltham, MA, USA) and 2 mM of
L-Glutamine 25030-024 (GIBCO, Waltham, MA, USA). Cells were enumerated and plated
on appropriate plates, and then maintained in cultures at 37 °C with 5% CO: in a hu-
midified incubator. The first change of medium was after four days of culture, and then
each two days. Cells were treated with marennine at 10, 50 and 100 pg/mL during 24 h
and 48 h.

4.4. Neuroglial Cell Viability Analysis

Cell viability was measured by the
3-(4,5-dimethyl-2-y1)22,5-diphenyl-2H-tetrazolium bromide M2003 (MTT, Sigma,
Saint-Louis, MO, USA) assay. Viability was measured after 24 h and 48 h of treatment in
the primary co-culture of astrocytes and microglial cells. Briefly, cells were plated at 4 x
104 cells per well in 96-well plates. At the end of exposure, MTT was added to the me-
dium at a concentration of 5 mg/mL and incubated at 37 °C for three hours. The formazan
product generated was solubilized in dimethyl sulfoxide for 15 min and measured at 570
nm using a microplate reader (ClarioStar, BMG LABTECH, Cary, NC, USA).

4.5. Gene Expression Analysis

Quantitative PCR was used to quantify gene expression. Gene mRNA expressions
were performed using GoTaq®qPCR Master Mix A5002 (Promega, Madison, WI, USA).
Reverse transcription of RNA into cDNA was carried out with GoScript Reverse Kit
A5001 (Promega, Madison, WI, USA). RT-qPCR was performed with Fast SYBR Green
master mix on an ARIA MX (Stratagene MX3005P, Agilent technologies, Santa Clara, CA,
USA). All primer sequences used were from Qiagen (Valencia, CA, USA) : II-6
(#QT00098875), 11-10 (#QT00106169), Tnfa (#QT00104006) and II-15 (#QT01048355). RNA
expression was normalized to 185 expression (#QT02448075) and f-actin
(#QTQT00095242). Data were analyzed using the comparative analysis of relative ex-
pression by AACt methods. For all experiments, biological triplicate and technical tripli-
cate were performed.

4.6. Neuroglial Cell Populations and Activation Status Analysis

Firstly, flow cytometry was used to determine the effect of the blue pigment ma-
rennine on the population of the immuno-competent cells of the CNS, astrocytes and
microglial cells. Second, we determined the activation status of those cells. Cells were
plated at 1 x 105 cells per well in 6-well plates. After 24 h and 48 h of exposure, cells were
collected and stained with extracellular conjugated antibodies: Fixable Viability Dye
65-0865-14, 1/800 (eBiosciences™, San Diego, CA, USA), anti-ACSA2 APC 130-117-386,
1:50 (MILTENYI Biotec, Bergisch Gladbach, ), anti-CD45 V450 560501, 1:100 (BD Hori-
zon™, San Jose, CA, USA,), anti-CD11b PerCP/Cy5 560993, 1:100 (BD Pharmingen™, San
Jose, CA, USA,), anti-CD86 FITC 561961, 1:100 (BD Biosciences, Heidelberg, Germany)
and anti-CD206 PE-Cy7 141720, 1:100 (BioLegend, San Diego, CA, USA™).
Non-conjugated anti-CD16/32 antibody 553142, 1:100 (BD Pharmingen™, San Jose, CA,
USA) was used to block non-specific Fc receptors for 20 min at 4 °C. Then, cells were
washed and resuspended in a lysis solution (BD FACS™ Lysing Buffer, BD Biosciences,
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Heidelberg, Germany) and maintained at 4 °C before acquisition the following day. Data
were collected with a flow cytometer (BD FACSCanto II, BD Biosciences, Heidelberg,
Germany) and analyzed with Flow]Jo v10 software® (Iree Star, Ashland, OR, USA). Very
low SSC and very low FSC were considered as cellular debris and excluded to define the
populations  of interest. ACSA2* cells were considered as astrocytes.
CD11bhigh-medium/CD45low cells were gated as microglial cells. Activation status was de-
termined using CD86 as a costimulatory marker of proinflammatory status and
man-nose receptor CD206 as a marker of anti-inflammatory status [63]. To illustrate the
balance between proinflammatory and anti-inflammatory status, we represented the
balance ratio of CD86/CD206*. For all experiments, at least three biological replicates
were performed.

4.7. Measurement of Cytokine Release

For cytokine release determination, supernatants from astrocytes and microglial cell
cultures were taken after 24 h and 48 h of exposure. Extracellular ATP was added at 100
UM during 30 min to stimulate IL-1{3 secretion. Samples were stored at —20 °C until ana-
lyzed. Release of cytokines was analyzed by ELISA assay kits for murine IL-1p, IL-6,
TNFoa and IL-10 (R&D system, Minneapolis, MN, USA) according to the manufacturer’s
instructions. For all experiments, at least three biological replicates and three technical
replicates were performed.

4.8. Neurospheres Migration Assay

Neural stem cells (NSCs) composing the neurospheres were cultured using adapted
protocols [64,65]. Cell viability was assessed using the MTT assay from adapted protocols
of Bresciani et al. [66]. NSCs were first proliferated in standard DMEM medium sup-
plemented with epidermal growth factors E9644 (EGF, Sigma, Saint-Louis, MO, USA)
until confluence was reached (about 5-6 days). Cells were detached using Trypsin-EDTA
25200-056 (Gibco, Waltham, MA, USA) and seeded in 96-well Corning Ultra low at-
tachment plates 7007 (Corning Inc., Corning, NY, USA) at 1.25 x 10¢ cells. The medium
was changed every two days by removing half of the medium, and the plates were
shaken at 150 rpm for 10 min before adding fresh DMEM medium enriched with EGF.
Once neurospheres were well-formed, the medium was replaced with DMEM/F12
21331-020 (Gibco,Waltham, MA, USA) containing 1% P/S supplemented with 1% N2
17502-048 (Gibco, Waltham, MA, USA) to allow differentiation into neuroglial cells.
Neurospheres were then transferred into a 24-well plate with a glass coverslip coated
with Poly-L-Lysine P7405 (PLL, Sigma, Saint-Louis, MO, USA) and matrigel® 356237 (BD
Biosciences, Heidelberg, Germany) to allow migration.

Attached neurospheres were non-exposed (vehicle condition) or treated with 50
ug/mL of a purified extract of marennine from Haslea ostrearia during 48 h. These condi-
tions correspond to the highest values of concentration and exposure duration used on
2D cultures. Phase-contrast photographs of each well were taken by a microscope using a
10x objective (Nikon ECLIPSE TS2, Nikon Inc., Melville, NY, USA). Measurements were
performed according to the protocol previously described [67]. Briefly, to assess the size
of each neurosphere, the area was measured. To determine the migration of cells, we
measured the area covered by migrated cells using the Image J® software (NIH Image,
Bethesda, MD, USA [68]).

4.9. Statistics

The results are presented as mean + standard error of the mean (SEM) for each ex-
perimental group. Each point corresponds to biological replicates. Assuming that our
data did not follow the normal law of distribution, differences compared with the control
group were analyzed by Mann-Whitney tests for non-parametric data using GraphPad
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Prism 9% (GraphPad Software, San Diego, CA, USA). p-values < 0.05 were considered
statistically significant.

5. Conclusions

Marennine has been highlighted in previous studies as a potential biologically active
compound that can be benefit in pathological context [23,24,27,69]. In the present study,
we demonstrated, for the first time, that marennine has a time- and concentra-
tion-dependent significant effect on dynamic changes of neuroinflammatory processes.
These findings suggest an interesting role of marennine in immunomodulation by regu-
lating intercellular communications between astrocytes and microglial cells. Neverthe-
less, in vivo experiments are needed to study the temporal kinetics of both pro- and an-
ti-inflammatory signaling after marennine exposure and determine its physiological ef-
fects on the mammalian CNS. Marennine also exhibits an anti-migratory property. This
could be of great interest when studying marennine bioactivities on cancer development,
metastasis dissemination and angiogenesis. These preliminary results pave the way for
further investigations in order to identify molecular and cellular targets of marennine
and reinforce previous studies suggesting that marennine has promising bioactivities
that could be beneficial for human health applications.

Author Contributions: Conceptualization: S.M. (Sarah Méresse), S.M. (Stéphane Mortaud) and
M.F.; Methodology: S.M. (Sarah Méresse), H.G., V.L., SM. (Stéphane Mortaud) and M.F.; Re-
sources: S.M. (Sarah Méresse) and H.G.; Formal analysis: S.M. (Sarah Méresse); Investigation: S.M.
(Sarah Méresse), H.G. and T.T.; Supervision: S.M. (Stéphane Mortaud) and M.F.; Writing —original
draft: S.M. (Sarah Méresse) and M.F.; Writing—review & editing: S.M. (Sarah Méresse), P.P.,
J.-LM., SM. (Stéphane Mortaud) and M.F.; Project administration: S.M. (Stéphane Mortaud) and
M.F.; Funding acquisition: N.C., P.P., J.-L.M., S.M. (Stéphane Mortaud) and M.F. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was supported by the Horizon 2020 Research and Innovation Program
GHaNA (The Genus Haslea, New marine resources for blue biotechnology and Aquaculture) un-
der Grant Agreement No 734708/ GHANA/H2020-MSCA-RISE-2016 and a postdoctoral co-funding
from Le Mans University and the regional program of scientific dynamics “Atlantic Microalgae
(AMI)”, Pays de la Loire region. This work was also supported by the European funding in Region
Centre-Val de Loire (FEDER N°EX016008 TARGET-EX) and University of Orléans.

Institutional Review Board Statement: Animal care and experimentation were in accordance with
the European Communities Council directive (2010/63/EU) and the French Minister under
APAFIS#21860.

Informed Consent Statement: Not applicable

Data Availability Statement: Experimental data are available from the authors upon reasonable
request.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study, in the collection, analyses, or interpretation of data, in the writing of the man-
uscript, or in the decision to publish the results.

References

1.  Chapman, R.L. Algae: The World’s Most Important “Plants” —An Introduction. Mitig. Adapt. Strateg. Glob. Chang. 2013, 18,
5-12. https://doi.org/10.1007/s11027-010-9255-9.

2. Barkia, L; Saari, N.; Manning, S.R. Microalgae for High-Value Products Towards Human Health and Nutrition. Mar. Drugs
2019, 17, 304. https://doi.org/10.3390/md17050304.

3. Qiao, Y.; Yang, F.; Xie, T.; Du, Z; Zhong, D.; Qi, Y.; Li, Y.; Li, W,; Lu, Z; Rao, J.; et al. Engineered Algae: A Novel Oxy-
gen-Generating  System  for Effective Treatment of Hypoxic Cancer. Sci. Adv. 2020, 6, eaba5996.
https://doi.org/10.1126/sciadv.aba5996.

4. Li, G.; Chang, X,; Luo, X.; Zhao, Y.; Wang, W.; Kang, X. Fucoxanthin Induces Prostate Cancer PC-3 Cell Apoptosis by Causing

Mitochondria Dysfunction and Oxidative Stress. Nan Fang Yi Ke Da Xue Xue Bao 2021, 41, 953-959.
https://doi.org/10.12122/j.issn.1673-4254.2021.06.21.



Int. ]. Mol. Sci. 2023, 24, 5388 15 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

Nurcahyanti, A.D.R.; Kusmita, L.; Wink, M. Bixin and Fucoxanthin Sensitize Human Lung Cancer and Cervical Cancer Cell to
Cisplatin in Vitro. BMC Res. Notes 2021, 14, 454. https://doi.org/10.1186/s13104-021-05866-4.

Zhang, D.; Zhong, D.; Ouyang, J.; He, J.; Qi, Y.; Chen, W.; Zhang, X.; Tao, W.; Zhou, M. Microalgae-Based Oral Microcarriers
for Gut Microbiota Homeostasis and Intestinal Protection in Cancer Radiotherapy. Nat. Commun. 2022, 13, 1413.
https://doi.org/10.1038/s41467-022-28744-4.

Benemann, J.R.; Woertz, I.; Lundquist, T. Autotrophic Microalgae Biomass Production: From Niche Markets to Commodities.
Ind. Biotechnol. 2018, 14, 3-10. https://doi.org/10.1089/ind.2018.29118.jrb.

Dolganyuk, V.; Belova, D.; Babich, O.; Prosekov, A.; Ivanova, S.; Katserov, D.; Patyukov, N.; Sukhikh, S. Microalgae: A Prom-
ising Source of Valuable Bioproducts. Biomolecules 2020, 10, 1153. https://doi.org/10.3390/biom10081153.

Coulombier, N.; Jauffrais, T.; Lebouvier, N. Antioxidant Compounds from Microalgae: A Review. Mar. Drugs 2021, 19, 549.
https://doi.org/10.3390/md19100549.

Sorrenti, V.; Castagna, D.A.; Fortinguerra, S.; Buriani, A.; Scapagnini, G.; Willcox, D.C. Spirulina Microalgae and Brain Health:
A Scoping Review of Experimental and Clinical Evidence. Mar. Drugs 2021, 19, 293. https://doi.org/10.3390/md19060293.
Mohibbullah, M.; Haque, M.N.; Sohag, A.A.M.; Hossain, M.T.; Zahan, M.S.; Uddin, M.].; Hannan, M.A.; Moon, L.S.; Choi, ].-S.
A Systematic Review on Marine Algae-Derived Fucoxanthin: An Update of Pharmacological Insights. Mar. Drugs 2022, 20, 279.
https://doi.org/10.3390/md20050279.

Morabito, S.; Silvestro, S.; Faggio, C. How the Marine Biotoxins Affect Human Health. Nat. Prod. Res. 2018, 32, 621-631.
https://doi.org/10.1080/14786419.2017.1329734.

Kim, S.-Y.; Rasmussen, U.; Rydberg, S. Effect and Function of (3-N-Methylamino-L-Alanine in the Diatom Phaeodactylum
Tricornutum. Sci. Total Environ. 2022, 830, 154778. https://doi.org/10.1016/j.scitotenv.2022.154778.

Mayer, A.; Rodriguez, A.; Taglialatela-Scafati, O.; Fusetani, N. Marine Pharmacology in 2009-2011: Marine Compounds with
Antibacterial, Antidiabetic, Antifungal, Anti-Inflammatory, Antiprotozoal, Antituberculosis, and Antiviral Activities; Affect-
ing the Immune and Nervous Systems, and Other Miscellaneous Mechanisms of Action. Mar. Drugs 2013, 11, 2510-2573.
https://doi.org/10.3390/md11072510.

Hannan, M.A.; Dash, R.; Haque, M.N.; Mohibbullah, Md.; Sohag, A.A.M.; Rahman, M.A.; Uddin, M.].; Alam, M.; Moon, LS.
Neuroprotective Potentials of Marine Algae and Their Bioactive Metabolites: Pharmacological Insights and Therapeutic Ad-
vances. Mar. Drugs 2020, 18, 347. https://doi.org/10.3390/md18070347.

Piovan, A.; Filippini, R.; Corbioli, G.; Costa, V.D.; Giunco, E.M.V.; Burbello, G.; Pagetta, A.; Giusti, P.; Zusso, M. Carotenoid
Extract Derived from Euglena Gracilis Overcomes Lipopolysaccharide-Induced Neuroinflammation in Microglia: Role of
NF-KB and Nrf2 Signaling Pathways. Mol. Neurobiol. 2021, 58, 3515-3528. https://doi.org/10.1007/s12035-021-02353-6.

Lee, A.-H.; Shin, H.-Y.; Park, J.-H.; Koo, S.Y.; Kim, S.M.; Yang, S.-H. Fucoxanthin from Microalgae Phaeodactylum Tricornu-
tum Inhibits Pro-Inflammatory Cytokines by Regulating Both NF-KB and NLRP3 Inflammasome Activation. Sci. Rep. 2021, 11,
543. https://doi.org/10.1038/s41598-020-80748-6.

Zebiri, I.; Jacquette, B.; Francezon, N.; Herbaut, M.; Latigui, A.; Bricaud, S.; Tremblay, R.; Pasetto, P.; Mouget, J.-L.; Dittmer, J.
The Polysaccharidic Nature of the Skeleton of Marennine as Determined by NMR Spectroscopy. Mar. Drugs 2023, 21, 42.
https://doi.org/10.3390/md21010042.

Lankester, E.R. Green Oysters. Nature 1895, 52, 28-29. https://doi.org/10.1038/052028¢0.

Falaise, C.; Cormier, P.; Tremblay, R.; Audet, C.; Deschénes, ].-S.; Turcotte, F.; Francois, C.; Seger, A.; Hallegraeff, G.; Lindquist,
N.; et al. Harmful or Harmless: Biological Effects of Marennine on Marine Organisms. Aquat. Toxicol. 2019, 209, 13-25.
https://doi.org/10.1016/j.aquatox.2019.01.016.

Gastineau, R.; Turcotte, F.; Pouvreau, ].-B.; Morancais, M.; Fleurence, J.; Windarto, E.; Prasetiya, F.; Arsad, S.; Jaouen, P.; Babin,
M.; et al. Marennine, Promising Blue Pigments from a Widespread Haslea Diatom Species Complex. Mar. Drugs 2014, 12,
3161-3189. https://doi.org/10.3390/md12063161.

Schubert, H.; Tremblin, G.; Robert, J.-M.; Sagert, S.; Rincé, Y. In-Vivo Fluorescence Measurement of Photosynthesis of Haslea
ostrearia Simonsen in Relation to Marennine Content. Diatom Res. 1995, 10, 341-349.
https://doi.org/10.1080/0269249X.1995.9705354.

Pouvreau, J.-B.; Morangais, M.; Fleury, F.; Rosa, P.; Thion, L.; Cahingt, B.; Zal, F.; Fleurence, J.; Pondaven, P. Preliminary
Characterisation of the Blue-Green Pigment “Marennine” from the Marine Tychopelagic Diatom Haslea Ostrearia (Gail-
lon/Bory) Simonsen. J. Appl. Phycol. 2006, 18, 757-767. https://doi.org/10.1007/s10811-006-9087-x.

Pouvreau, J.-B.; Taran, F.; Rosa, P.; Pin, S.; Fleurence, J.; Pondaven, P. Antioxidant and Free Radical Scavenging Properties of
Marennine, a Blue-Green Polyphenolic Pigment from the Diatom Haslea ostrearia (Gaillon/Bory) Simonsen Responsible for the
Natural Greening of Cultured Oysters. J. Agric. Food Chem 2008, 56, 6278-6286. https://doi.org/10.1021/jf073187n.

Prasetiya, F.S.; Safitri, I.; Widowati, I.; Cognie, B.; Decottignies, P.; Gastineau, R.; Morangais, M.; Windarto, E.; Tremblay, R.;
Mouget, J.-L. Does Allelopathy Affect Co-Culturing Haslea Ostrearia with Other Microalgae Relevant to Aquaculture? J. Appl.
Phycol. 2016, 28, 2241-2254. https://doi.org/10.1007/s10811-015-0779-y.

Bergé, ].-P.; Bourgougnon, N.; Alban, S.; Pojer, F.; Billaudel, S.; Chermann, J.-C.; Robert, ].M.; Franz, G. Antiviral and Antico-
agulant Activities of a Water-Soluble Fraction of the Marine Diatom Haslea Ostrearia. Planta Med. 1999, 65, 604—609.
https://doi.org/10.1055/s-1999-14032.



Int. ]. Mol. Sci. 2023, 24, 5388 16 of 17

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Gastineau, R.; Pouvreau, J.-B.; Hellio, C.; Morangais, M.; Fleurence, ].; Gaudin, P.; Bourgougnon, N.; Mouget, ]J.-L. Biological
Activities of Purified Marennine, the Blue Pigment Responsible for the Greening of Oysters. ]. Agric. Food Chem. 2012, 60,
3599-3605. https://doi.org/10.1021/jf205004x.

Carbonnelle, D.; Pondaven, P.; Morancais, M.; Masse, G.; Bosch, S.; Jacquot, C.; Briand, G.; Robert, J.; Roussakis, C. Antitumor
and Antiproliferative Effects of an Aqueous Extract from the Marine Diatom Haslea Ostrearia (Simonsen) against Solid Tu-
mors: Lung Carcinoma (NSCLC-N6), Kidney Carcinoma (E39) and Melanoma (M96) Cell Lines. Anticancer Res. 1999, 19,
621-624.

Habanjar, O.; Diab-Assaf, M.; Caldefie-Chezet, F.; Delort, L. 3D Cell Culture Systems: Tumor Application, Advantages, and
Disadvantages. Int. |. Mol. Sci. 2021, 22, 12200. https://doi.org/10.3390/ijms222212200.

Masood, M.L; Hauke, N.T.; Nasim, M.].; Sarfraz, M.; Naseem, M.; Schafer, K.H. Neural Stem Cell-Based in Vitro Bioassay for
the Assessment of Neurotoxic Potential of Water Samples. ]. Environ. Sci. 2021, 101, 72-86.
https://doi.org/10.1016/j.jes.2020.07.028.

Verkhratsky, A.; Zorec, R.; Parpura, V. Stratification of Astrocytes in Healthy and Diseased Brain. Brain Pathol. 2017, 27,
629-644. https://doi.org/10.1111/bpa.12537.

Yin, J.; Valin, K.L.; Dixon, M.L.; Leavenworth, J.W. The Role of Microglia and Macrophages in CNS Homeostasis, Autoim-
munity, and Cancer. J. Immunol. Res. 2017, 2017, 5150678. https://doi.org/10.1155/2017/5150678.

Bogdan, C.; Vodovotz, Y.; Nathan, C. Macrophage Deactivation by Interleukin 10. J. Exp. Med. 1991, 174, 1549-1555.
https://doi.org/10.1084/jem.174.6.1549.

Hamilton, T.A.; Ohmori, Y.; Tebo, ].M.; Kishore, R. Regulation of Macrophage Gene Expression by Pro- and Anti-Inflammatory
Cytokines. Pathobiology 1999, 67, 241-244. https://doi.org/10.1159/000028101.

Locksley, RM.; Killeen, N.; Lenardo, M.J. The TNF and TNF Receptor Superfamilies. Cell 2001, 104, 487-501.
https://doi.org/10.1016/50092-8674(01)00237-9.

Vieira, L.Q.; Goldschmidt, M.; Nashleanas, M.; Pfeffer, K.; Mak, T.; Scott, P. Mice Lacking the TNF Receptor P55 Fail to Resolve
Lesions Caused by Infection with Leishmania Major, but Control Parasite Replication. J. Immunol. 1996, 157, 827-835.
https://doi.org/10.4049/jimmunol.157.2.827.

Marino, M.W.; Dunn, A.; Grail, D.; Inglese, M.; Noguchi, Y.; Richards, E.; Jungbluth, A.; Wada, H.; Moore, M.; Williamson, B.;
et al. Characterization of Tumor Necrosis Factor-Deficient Mice. Proc. Natl. Acad. Sci. USA 1997, 94, 8093-8098.
https://doi.org/10.1073/pnas.94.15.8093.

Welser-Alves, J.V; Crocker, S.J.; Milner, R. A Dual Role for Microglia in Promoting Tissue Inhibitor of Metalloproteinase
(TIMP) Expression in Glial Cells in Response to Neuroinflammatory Stimuli. ]. Neuroinflamm. 2011, 8, 61.
https://doi.org/10.1186/1742-2094-8-61.

Hobbs, S.; Reynoso, M.; Geddis, A.V.; Mitrophanov, A.Y.; Matheny, R.-W. LPS-stimulated NF-kB P65 Dynamic Response Marks
the Initiation of TNF Expression and Transition to IL-10 Expression in RAW 264.7 Macrophages. Physiol. Rep. 2018, 6, e13914.
https://doi.org/10.14814/phy2.13914.

Rhee, S.H. Lipopolysaccharide: Basic Biochemistry, Intracellular Signaling, and Physiological Impacts in the Gut. Intest. Res.
2014, 12, 90. https://doi.org/10.5217/ir.2014.12.2.90.

Lobo-Silva, D.; Carriche, G.M.; Castro, A.G.; Roque, S.; Saraiva, M. Balancing the Inmune Response in the Brain: IL-10 and Its
Regulation. J. Neuroinflamm. 2016, 13, 297. https://doi.org/10.1186/s12974-016-0763-8.

Kessler, B.; Rinchai, D.; Kewcharoenwong, C.; Nithichanon, A.; Biggart, R.; Hawrylowicz, C.M.; Bancroft, G.J.; Lertme-
mongkolchai, G. Interleukin 10 Inhibits Pro-Inflammatory Cytokine Responses and Killing of Burkholderia Pseudomallei. Sci.
Rep. 2017, 7, 42791. https://doi.org/10.1038/srep42791.

dos Santos, S.E.; Medeiros, M.; Porfirio, J.; Tavares, W.; Pessoa, L.; Grinberg, L.; Leite, R.E.P.; Ferretti-Rebustini, R.E.L.;
Suemoto, C.K,; Filho, W.J.; et al. Similar Microglial Cell Densities across Brain Structures and Mammalian Species: Implications
for Brain Tissue Function. ]. Neurosci. 2020, 40, 4622-4643. https://doi.org/10.1523/INEUROSCI.2339-19.2020.

Thornberry, N.A.; Bull, H.G.; Calaycay, J.R.; Chapman, K.T.; Howard, A.D.; Kostura, M.].; Miller, D.K,; Molineaux, S.M.;
Weidner, J.R.; Aunins, J.; et al. A Novel Heterodimeric Cysteine Protease Is Required for Interleukin-1Bprocessing in Mono-
cytes. Nature 1992, 356, 768-774. https://doi.org/10.1038/356768a0.

Liu, L.; Liu, J.; Bao, J.; Bai, Q.; Wang, G. Interaction of Microglia and Astrocytes in the Neurovascular Unit. Front. Immunol.
2020, 11, 1024. https://doi.org/10.3389/fimmu.2020.01024.

Norden, D.M.; Trojanowski, P.].; Walker, F.R.; Godbout, ].P. Insensitivity of Astrocytes to Interleukin 10 Signaling Following
Peripheral Immune Challenge Results in Prolonged Microglial Activation in the Aged Brain. Neurobiol. Aging 2016, 44, 22-41.
https://doi.org/10.1016/j.neurobiolaging.2016.04.014.

Shemer, A.; Scheyltjens, I.; Frumer, G.R.; Kim, J.-S.; Grozovski, J.; Ayanaw, S.; Dassa, B.; van Hove, H.; Chappell-Maor, L.;
Boura-Halfon, S.; et al. Interleukin-10 Prevents Pathological Microglia Hyperactivation Following Peripheral Endotoxin Chal-
lenge. Immunity 2020, 53, 1033-1049.e7. https://doi.org/10.1016/j.immuni.2020.09.018.

Qadri, M,; Jay, G.D.; Zhang, L.X.; Schmidt, T.A.; Totonchy, J.; Elsaid, K.A. Proteoglycan-4 Is an Essential Regulator of Synovial
Macrophage Polarization and Inflammatory Macrophage Joint Infiltration. Arthritis Res. Ther. 2021, 23, 241.
https://doi.org/10.1186/s13075-021-02621-9.

Méresse, S.; Larrigaldie, V.; Oummadi, A.; de Concini, V.; Morisset-Lopez, S.; Reverchon, F.; Menuet, A.; Montécot-Dubourg,
C.; Mortaud, S. -N-Methyl-Amino-L-Alanine Cyanotoxin Promotes Modification of Undifferentiated Cells Population and



Int. ]. Mol. Sci. 2023, 24, 5388 17 of 17

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Disrupts the Inflammatory Status in Primary Cultures of Neural Stem Cells. Toxicology 2022, 482, 153358.
https://doi.org/10.1016/j.tox.2022.153358.

Peng, B.; Xiao, J.; Wang, K.; So, K.-F.; Tipoe, G.L.; Lin, B. Suppression of Microglial Activation Is Neuroprotective in a Mouse
Model of Human Retinitis Pigmentosa. ]. Neurosci. 2014, 34, 8139-8150. https://doi.org/10.1523/J]NEUROSCI.5200-13.2014.

Kim, M.-O.; Suh, H.-S; Si, Q.; Terman, B.I; Lee, S.C. Anti-CD45RO Suppresses Human Immunodeficiency Virus Type 1 Rep-
lication in Microglia: Role of Hck Tyrosine Kinase and Implications for AIDS Dementia. ]. Virol 2006, 80, 62-72.
https://doi.org/10.1128/JV1.80.1.62-72.2006.

Tan, J.; Town, T.; Mullan, M. CD45 Inhibits CD40L-Induced Microglial Activation via Negative Regulation of the Src/P44/42
MAPK Pathway. J. Biol. Chem. 2000, 275, 37224-37231. https://doi.org/10.1074/jbc.M002006200.

Tan, J.; Town, T.; Mori, T.; Wu, Y.; Saxe, M.; Crawford, F.; Mullan, M. CD45 Opposes [3-Amyloid Peptide-Induced Microglial
Activation via Inhibition of P44/42 Mitogen-Activated Protein Kinase. J. Neurosci. 2000, 20, 7587-7594.
https://doi.org/10.1523/J]NEUROSCI.20-20-07587.2000.

Tepavcevi¢, V.; Lazarini, F.; Alfaro-Cervello, C; Kerninon, C.; Yoshikawa, K. Garcia-Verdugo, J.M.; Lledo, P.-M;
Nait-Oumesmar, B.; Baron-Van Evercooren, A. Inflammation-Induced Subventricular Zone Dysfunction Leads to Olfactory
Deficits in a Targeted Mouse Model of Multiple Sclerosis. J. Clin. Investig. 2011, 121, 4722-4734.
https://doi.org/10.1172/JCI59145.

Fritze, J.; Ginisty, A.; McDonald, R.; Quist, E.; Stamp, E.; Monni, E.; Dhapola, P.; Lang, S.; Ahlenius, H. Loss of Cxcr5 Alters
Neuroblast Proliferation and Migration in the Aged Brain. Stem Cells 2020, 38, 1175-1187. https://doi.org/10.1002/stem.3207.
Pantelis, C.; Jayaram, M.; Hannan, A.J.; Wesselingh, R.; Nithianantharajah, J.; Wannan, C.M.; Syeda, W.T.; Choy, K.C.; Zan-
tomio, D.; Christopoulos, A.; et al. Neurological, Neuropsychiatric and Neurodevelopmental Complications of COVID-19.
Aust. N. Z. ]. Psychiatry 2021, 55, 750-762. https://doi.org/10.1177/0004867420961472.

Herzine, A.; Laugeray, A.; Feat, ].; Menuet, A.; Quesniaux, V.; Richard, O.; Pichon, J.; Montécot-Dubourg, C.; Perche, O.; Mor-
taud, S. Perinatal Exposure to Glufosinate Ammonium Herbicide Impairs Neurogenesis and Neuroblast Migration through
Cytoskeleton Destabilization. Front. Cell Neurosci. 2016, 10, 191. https://doi.org/10.3389/fncel.2016.00191.

Urra, F.; Araya-Maturana, R. Targeting Metastasis with Snake Toxins: Molecular Mechanisms. Toxins 2017, 9, 390.
https://doi.org/10.3390/toxins9120390.

Liu, F.; Huang, J.; Liu, Z. Vincristine Impairs Microtubules and Causes Neurotoxicity in Cerebral Organoids. Neuroscience 2019,
404, 530-540. https://doi.org/10.1016/j.neuroscience.2018.12.047.

Francezon, N.; Herbaut, M.; Bardeau, J.-F.; Cougnon, C.; Bélanger, W.; Tremblay, R.; Jacquette, B.; Dittmer, J.; Pouvreau, J.-B.;
Mouget, J.-L.; et al. Electrochromic Properties and Electrochemical Behavior of Marennine, a Bioactive Blue-Green Pigment
Produced by the Marine Diatom Haslea Ostrearia. Mar. Drugs 2021, 19, 231. https://doi.org/10.3390/md19040231.

Mouget, J.-L.; Gastineau, R.; Davidovich, O.; Gaudin, P.; Davidovich, N.A. Light Is a Key Factor in Triggering Sexual Repro-
duction in the Pennate Diatom  Haslea  Ostrearia. FEMS  Microbiol. Ecol. 2009, 69, 194-201.
https://doi.org/10.1111/j.1574-6941.2009.00700.x.

Schildge, S.; Bohrer, C.; Beck, K.; Schachtrup, C. Isolation and Culture of Mouse Cortical Astrocytes. J. Vis. Exp. 2013, €50079.
https://doi.org/10.3791/50079.

Peng, H.; Geil Nickell, C.R.; Chen, K.Y.; McClain, J.A.; Nixon, K. Increased Expression of M1 and M2 Phenotypic Markers in
Isolated Microglia after Four-Day Binge Alcohol Exposure in Male Rats. Alcohol 2017, 62, 29-40.
https://doi.org/10.1016/j.alcohol.2017.02.175.

Delgehyr, N.; Meunier, A.; Faucourt, M.; Bosch Grau, M.; Strehl, L.; Janke, C.; Spassky, N. Ependymal Cell Differentiation,
from Monociliated to Multiciliated Cells. Methods Cell Biol. 2015, 127, 19-35.

Feat-Vetel, J.; Larrigaldie, V.; Meyer-Dilhet, G.; Herzine, A.; Mougin, C.; Laugeray, A.; Gefflaut, T.; Richard, O.; Quesniaux, V.;
Montécot-Dubourg, C.; et al. Multiple Effects of the Herbicide Glufosinate-Ammonium and Its Main Metabolite on Neural
Stem Cells from the Subventricular Zone of Newborn Mice. Neurotoxicology 2018, 69, 152-163.
https://doi.org/10.1016/j.neuro.2018.10.001.

Bresciani, G.; Hofland, L.J.; Dogan, F.; Giamas, G.; Gagliano, T.; Zatelli, M.C. Evaluation of Spheroid 3D Culture Methods to
Study a Pancreatic Neuroendocrine Neoplasm Cell Line. Front. Endocrinol. 2019, 10, 682.
https://doi.org/10.3389/fend0.2019.00682.

Baumann, J.; Barenys, M.; Gassmann, K.; Fritsche, E. Comparative Human and Rat “Neurosphere Assay” for Developmental
Neurotoxicity Testing. Curr. Protoc. Toxicol. 2014, 59, 12-21. https://doi.org/10.1002/0471140856.tx1221s59.

Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to Image]: 25 Years of Image Analysis. Nat. Methods 2012, 9, 671-675.
https://doi.org/10.1038/nmeth.2089.

Bouhlel, Z.; Arnold, A.A.; Deschénes, ].-S.; Mouget, J.-L.; Warschawski, D.E.; Tremblay, R.; Marcotte, I. Investigating the Action
of the Microalgal Pigment Marennine on Vibrio Splendidus by in Vivo 2H and 31P Solid-State NMR. Biochim. Biophys. Acta
(BBA)-Biomembr. 2021, 1863, 183642. https://doi.org/10.1016/j.bbamem.2021.183642.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.



