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Abstract

Angiogenesis is a fundamental biological process involved in the formation of new blood
vessels from the pre-existing vascular network. In addition to physiological processes,
angiogenesis is also implicated in pathological conditions such as tumour growth and
metastatic progression. Research on marennine, a water-soluble blue-green pigment pro-
duced by the marine diatom Haslea ostrearia, has highlighted various promising biological
activities. In vivo studies have suggested the potential of marennine in cancer treatment.
However, these studies were conducted with crude extracts, the exact composition of
which remained poorly defined. In this context, our study aimed to explore the effects of
marennine on angiogenesis and tumour proliferation by using a Precipitated Extracellular
Marennine (PEMn) extract. Our results confirmed the antiproliferative properties of PEMn
on several cancer cell lines associated with angiogenic tumours. We then analysed its
impact on the key steps of the angiogenic process, including Endothelial Colony-Forming
Cells (ECFCs) proliferation, migration, and tubulogenesis. In parallel, we investigated the
underlying mechanisms of its action, notably by assessing its effects on cell cycle regula-
tion, senescence, and apoptosis. PEMn significantly inhibited tumour cell proliferation,
induced ECFC senescence and apoptosis, impaired migration and tubulogenesis, and
downregulated VEGFR-1 expression, highlighting its potential as a novel marine-derived
antiangiogenic compound. These findings provide deeper insights into the mechanisms
of action of marennine, identifying this bioactive natural compound as a novel bioactive
compound in cancer treatment.

Keywords: marennine; Haslea ostrearia; endothelial colony-forming cells; angiogenesis
inhibitors; anticancer activity
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1. Introduction

Microalgae play a crucial role in aquatic ecosystems by contributing to primary pro-
ductivity and generating over 50% of atmospheric oxygen [1]. They also form the basis of
marine food webs and participate in numerous ecosystem services. Due to their remarkable
metabolic flexibility and ability to adapt to diverse environmental conditions, they have
garnered increasing interest for their biotechnological and medical applications. Numerous
studies have highlighted the production of bioactive metabolites with antimicrobial, antiox-
idant, antiviral, and antitumour properties [1-4]. These natural molecules hold significant
potential for the development of novel therapeutic agents.

Among the microalgae of interest, the marine diatom Haslea ostrearia stands out due
to its production of a water-soluble blue-green pigment, marennine, which is responsible
for the greening of oyster gills in the Marennes-Oléron region [5,6]. This characteris-
tic has made it the subject of scientific investigation for several decades, although the
exact chemical structure of marennine remains to be fully elucidated. Determining its
structure is particularly challenging due to its high molar mass, estimated at 9.8 kDa by
mass spectrometry and confirmed by two-dimensional NMR [7]. Early hypotheses sug-
gested similarities with anthocyanins or chromoproteins, but more recent studies have
revealed a more complex structure, consisting of an exopolysaccharide linked to a chro-
mophore, the exact nature of which remains unknown [6,8,9]. These studies have demon-
strated that a fraction of marennine is composed of 1,3-glucan, a natural polysaccharide
with remarkable pharmacological properties. Indeed, due to their triple-helical structure,
1,3-glucans play a key role in immune modulation and exhibit notable pharmacological
effects, including antitumour, antibacterial, and wound-healing properties [10,11]. The sim-
ilarity between marennine and these polysaccharides could explain some of its previously
reported biological activities [12-14].

Research on marennine has highlighted various promising biological activities. Aque-
ous extracts of this molecule have demonstrated antioxidant, antibacterial, antiviral, and
antiproliferative effects [7,12-14]. More specifically, these extracts have been shown to
inhibit the proliferation of several human tumour cell lines, including SKOV-3 (ovarian
cancer), SW116 (colon cancer), and M113 (melanoma) [12-14]. Moreover, in vivo studies
have reported an inhibitory effect on the growth of pulmonary xenografts, suggesting
an interesting therapeutic potential in cancer treatment. However, these studies were
conducted with crude extracts, the exact composition of which remained poorly defined.

Angiogenesis is a fundamental biological process involved in the formation of new
blood vessels from the pre-existing vascular network. This phenomenon is tightly regu-
lated by complex interactions among endothelial cells, angiogenic growth factors, and the
extracellular matrix [15,16]. It plays a key role in various physiological processes but is also
implicated in pathologies such as tumour growth and metastatic progression. Among the
cells involved in angiogenesis, endothelial colony-forming cells (ECFCs) stand out for their
strong vasculogenic capacity and their role in the neovascularisation of ischaemic or tumour
tissues [17]. Previous studies have relied on crude extracts with undefined composition,
which limited mechanistic insights. In this study, we evaluate purified PEMn for the first
time, obtained through a standardised precipitation method, allowing us to precisely assess
its antiangiogenic and antitumour effects. In this context, our study aimed at exploring
the effects of marennine on angiogenesis and tumour proliferation. In contrast to previous
studies, we tested a purified extract of Precipitated Extracellular Marennine (PEMn), obtained
using a recently developed protocol [18,19]. Initially, we confirmed the antiproliferative
properties of PEMn on several cancer cell lines associated with angiogenic tumours. The
tumour cell lines selected (melanoma, lung, glioblastoma, prostate, colon, and breast) are
representative of angiogenesis-dependent cancers frequently used in preclinical antiangio-
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genic research. We then analysed its impact on the key steps of the angiogenic process,
including ECFCs proliferation, migration, and tubulogenesis. In parallel, we investigated
the underlying mechanisms of its action, notably by assessing its effects on cell cycle regu-
lation, senescence and apoptosis. These findings will provide deeper insight into the mode
of action of marennine and may pave the way for the development of new therapeutic
strategies exploiting bioactive natural compounds in cancer treatment.

2. Results
2.1. Effect of PEMn on Tumour Cell Adhesion and Proliferation

The potential antitumoural activity of the PEMn (Precipitated Extracellular Marennine)
was assessed in several angiogenic tumour cell lines using xCELLigence technology, fol-
lowing an approach similar to that described in [19]. We first focused on the impact of
PEMn on tumour cell adhesion (Figure 1). Three different angiogenic tumour cell lines,
A-375 (human melanoma), A-549 (lung cancer) and U-251 (glioblastoma) were exposed
to increasing concentrations of PEMn (ranging from 1.56 to 100 pug/mL), and cell adhe-
sion was monitored over a 5 h period. As shown in Figure 1A, adhesion of the three
tumour cell lines was impaired in a dose-dependent manner compared to untreated control
cells (CT, black line). Cell adhesion was analysed in detail at three different time points:
(i) global cell population adhesion, (ii) early adhesion (1 h post-seeding), (iii) mid-adhesion
(2 h), and (iv) full cell population adhesion (4 h) (Figure 1B). The A-375 melanoma and
A549 lung cancer cell lines showed a similar pattern of sensitivity, with disruption of
adhesion observed at 1 h, regardless of the PEMn concentration. After 2 h post-treatment,
higher doses of PEMn (50 and 100 pg/mL) significantly inhibited cell adhesion (p < 0.01 vs.
control). After 4 h of treatment, 50% of the cells failed to adhere at 12.5 pg/mL of PEMn
(p > 0.01), and less than half of the cell population adhered at higher doses (p < 0.001). The
U-251 glioblastoma cell line showed a higher sensitivity to PEMn than the previous cell
lines, with significant inhibition of cell adhesion observed from 12.5 ug/mL upwards as
early as 1 h after treatment (p < 0.01 vs. control). These results suggest that PEMn can
inhibit or slow down tumour cell adhesion in several angiogenic tumour types.

Similarly, the effect of PEMn in cell proliferation of several angiogenic tumour cell
lines was assessed using xCELLigence technology. After 4 h of cell adhesion, six different
tumour cell lines (melanoma A-375, lung cancer A-549, glioblastoma U-251 MG, breast
cancer MCF-7, colon cancer HT-29 and prostate cancer PC-3A) were exposed to increasing
doses of PEMn (from 1.56 to 100 pg/mL) and cell proliferation was monitored over 72 h
(Figure 2). Except for the breast cancer cell line MCF-7, PEMn treatment resulted in reduced
cell proliferation at most tested concentrations (Figure 2A). After 72 h, PEMn concentrations
above 25 ug/mL resulted in an inhibition of cell proliferation of more than 90% in the three
tested cell lines A-375, A-549 and PC-3. Compared to the mid-point of the exponential
proliferation curves of the corresponding untreated group (CT, black line), where cells
were in their optimal proliferation phase, PEMn significantly inhibited or slowed cell
proliferation at the minimal dose of 3.13 pg/mL in A-375, A-549, and PC-3 cell lines
(p < 0.01 vs. control) (Figure 2B). In the case of the U-251 glioblastoma cell line, a significant
reduction in proliferation was observed from 6.25 pug/mL of PEMn (p < 0.01 vs. control),
while for the HT-29 colorectal line, only the highest PEMn concentration (100 pg/mL)
induced a significant reduction in proliferation (p < 0.05 vs. control). Altogether, these
results indicate that PEMn induces an inhibition or slowdown of tumour cell proliferation
in various angiogenic tumours.
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Figure 1. Cell adhesion of melanoma, lung cancer, and glioblastoma tumour cells is impaired in the
presence of PEMn. (A) Human melanoma (A-375), lung cancer (A-549), and glioblastoma (U-251 Mg)
cell lines were seeded for 5 h in the presence of increasing doses of PEMn (1.56, 3.13, 6.25, 12.5,
25, 50, and 100 pg/mL). Cell adhesion was followed during 5 h by real-time measurement of cell
impedance using xCELLigence technology (RTCA Instruments). Lines represent the mean + SD
values of triplicate data. (B) p-values (alpha 0.05) of data (A) at three different times of cell adhesion
(I h, 2 h, and 4 h) compared to untreated cells (black line) curves. Light green boxes represent
significant cell proliferation reduction/inhibition with respect to control cells. Statistical data was
performed by use of ANOVA Tukey’s HSD test. Data are presented as mean & SD (n = 3).
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Figure 2. PEMn induces a reduction or arrest of tumour cell proliferation in a dose-dependent manner.
(A) Human melanoma (A-375), lung cancer (A-549), glioblastoma (U-251 MG), breast cancer (MCF-7),
colon cancer (HT-29), and prostate cancer (PC-3) cell lines were seeded for 4 h prior to the addition
of increasing doses of PEMn (1.56, 3.13, 6.25, 12.5, 25, 50 and 100 pg/mL). Cell proliferation was
followed during 72 h by real-time measurement of cell impedance using xCELLigence technology
(RTCA Instruments). Proliferation curves were normalised to the time of drug incorporation. Lines
represent the mean value of triplicate data. The red arrow represents the mid-exponential growth time
in control, untreated cells. (B) p-values (alpha 0.05) of data from (A) compared to mid-exponential
growth time (red arrow in A) of untreated cells (black line) curves. Light green boxes represent
significant cell proliferation reduction/inhibition with respect to control cells. Statistical data was
performed by use of ANOVA Tukey’s HSD test. Data are presented as mean =+ SD (n = 3).
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2.2. Effect of PEMn on ECFCs Viability and Senescence

We then evaluated the effect of PEMn on the proliferation of ECFCs cultured under
different conditions: an EBM2-5% FBS medium supplemented with VEGF (40 ng/mL),
used as a control, and the same medium supplemented with different concentrations of
marennine (1, 10, 50 and 100 pug/mL). The addition of VEGF was justified by the key role
it plays in angiogenesis, in the microenvironment of the tumour, where it is present at
high levels. As shown in Figure 3A, the addition of PEMn to the ECFCs culture medium
significantly reduced their proliferation after 24 to 72 h of treatment. A dose-dependent
inhibition was observed, starting at 10 ug/mL (20%) after 24 h and increasing to 100 pg/mL
(34%). After 72 h, proliferation inhibition reached approximately 60% in the presence of
100 ng/mL PEMn. A decrease in cell viability was observed with increasing concentrations
of PEMn, with an IC50 of 6.2 ug/mL at 72 h (Figure 3B). The lowest effective concentration
(10 pg/mL) reduced cell viability to 16.4 & 2.7% (p < 0.001 vs. vehicle) after 72 h of
treatment. The maximum effect was observed at 100 uM PEMn, where viability dropped to
5.9 £ 0.6% (p < 0.001 vs. vehicle).
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Figure 3. PEMn impairs ECFCs’ Proliferation and promotes senescence. ECFCs were cultured in
EBM2 5% FBS culture medium supplemented with VEGF at 40 ng/mL in the presence or absence of
different concentrations of PEMn (1, 10, 50 and 100 pg/mL), then counted e after 24, 48, and 72 h of
incubation. (A) This effect is dose-dependent. (B) PEMn reduces the viability of ECFCs. Cell numbers
are normalised to the mean number of cells grown in the absence of PEMn (control condition, CT).
(C,D) Cells were cultured in EGM2 ([) either alone or in the presence of 100 pug/mL of PEMn (M,
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100 pg/mL) for 24 and 48 h. Senescence was then assessed by senescence-associated-galactosidase
(SA-B-gal) staining. SA-3-gal positive cells appear blue. Representative images are shown from
one out of three independent experiments (phase contrast micrograph, original 10). (D) Cellular
senescence was quantified as the number of SA-CTRL (3-gal positive cells. Data are expressed as the
mean =+ SD from 3 independent experiments by use of one-way ANOVA and Student’s t-test analysis
*p <0.05,* p <0.01, and *** p < 0.001 vs. initial number of ECFCs at T0.

PEMn also induced morphological changes in ECFCs, including cell detachment and
debris accumulation, visible from 24 h and worsening up to 72 h at 100 pg/mL (Figure S1,
representative images showing dose- and time-dependent morphological alterations). A
senescence-associated (-galactosidase (SA-f3-gal) assay confirmed that PEMn treatment
significantly increased senescence in ECFCs (Figure 3C,D). The percentage of senescent
ECFCs was 2 times higher than in control cells after 24 and 72 h.

The inhibitory effect of PEMn is reversible (cytostatic). When PEMn is removed from
the EBM2-5% FBS VEGF culture medium after 24 h of incubation, ECFCs’ proliferation
resumes, reaching a level three times higher than under continuous exposure (Figure 4A).
A similar effect is observed in EGM2 medium, although to a lesser extent Figure 4B. This
difference is explained by the presence of numerous growth factors and cytokines, such as
FGF, VEGEF, and SDF-1 (CXCL12), in this medium.

A
200 -48-- VEGF

180 - A -VEGF Ma

0 - e
—e—VEGF Ma VEGF ~__.-~~

140
120
100
80
60
40
20

Number of cells (% compared to CT)

0 20 40 60 80
B Hours
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300 i EGM2 N e
250 . —A—EGM2 Ma EGM2 e

200 | _g_EGM2Ma e
150 "
100

50

Number of cells (% compared to CT)

0 20 40 60 80
Hours

Figure 4. PEMn reduces ECFCs’ viability in a reversible manner. Cells were cultured in (A) EBM2
5% FBS VEGF (40 ng/mL (VEGF) or (B) EGM2 10% FBS (EGM2), either alone or in the presence
of 100 pg/mL of PEMn (VEGF Ma or EGM2 Ma). After 24 h of treatment, the culture media were
replaced, and a subset of cells was incubated for an additional 48 h in the control medium (EBM2 5%
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FBS VEGF (VEGF Ma VEGF) or EGM2 10% FBS (EGM2 Ma EGM2)) without PEMn. The number of
cells was quantified using a pNPP colourimetric assay after 24 and 72 h of incubation. Results are
expressed as a percentage of the negative control (% vs. CT) as the mean =+ SD from 3 independent
experiments by use of one-way ANOVA and Student’s t-test analysis *** p < 0.001 vs. control T0, $$$
p <0.001 vs. VEGF or EGM2 at the same time of incubation, ### p < 0.001 vs. VEGF Ma or EGM2 Ma
T24, ££ p < 0.01 and £££ p < 0.001 vs. VEGF Ma VEGF or EGM2 Ma EGM2 T72.

2.3. PEMn Induces ECFCs Growth Arrest and Apoptosis

The antiproliferative effect of PEMn on ECFCs observed in our study is associated
with cell cycle arrest in the GO/G1 phase and the induction of apoptosis. To assess the effect
of PEMn on the cell cycle and apoptosis of ECFCs, we performed a cellular analysis 24
and 72 h after treatment with PEMn (100 pg/mL). Treatment of ECFCs with 100 ug/mL of
PEMn for 24 and 72 h led to a decrease in the number of cells in the G2/M phase (p = 0.0491
and p = 0.0176, respectively), accompanied by a significant increase in the proportion of
cells in GO/G1 (p = 0.0016 and p = 0.0002, respectively) (Table 1).

Table 1. Quantification of cell population distribution over the various stages of ECFCs’ cycle.

PEMn in ECFCs (ug/mL) GO0/G1 (%) S (%) G2/M (%)
24 h incubation

0 35.0 6.2 221 +24 28.7 £ 6.7

100 592 +50P 15.0 £3.1 143 +£502

72 h incubation

0 464 +£3.9 243 +43 20.0 £ 3.6

100 669 £21°¢ 173 £28 781172
ECFCs were incubated in either EGM2 10% FBS or EGM2 10% FBS containing PEMn (100 pug/mL) for 24 and 72 h
before harvesting. After washing and fixation in 70% ethanol on ice, ECFCs were treated with RNAse and stained
with propidium iodide (PI). DNA content was analysed using a FACS flow cytometer. Data are expressed as the

mean + SD from 5 independent experiments. one-way ANOVA and Student’s t-test analysis @ p < 0.05, p < 0.01,
¢ p <0.001 vs. vehicle-treated ECFCs.

PEMn also induces a significant increase in apoptotic cell death. The percentage of late
apoptotic cells (Annexin V*/PI*) is significantly higher in ECFCs exposed to 100 pg/mL of
PEMn for 24 h compared to control groups (Table 2 and Figure S2, Flow cytometry analysis
after 24 h and 72 h treatment with 100 pg/mL PEMn).

Table 2. Statistical analysis of the percentages of early apoptotic (Annexin V-stained cells, early apop)
and late apoptosis (Annexin V + IP-stained cells, late apop) cells was expressed as a percentage of the
total cell number.

Q4 Q3 Q2 Q1
ECECs Live (%) Early Apop (%) Late Apop (%) Dead (%)
24 h incubation
Control 73.6 £3.3 121 +43 87+1.0 57+16
PEMn 100 pg/mL 534+28¢ 152 £2.2 199 +23°P 115+ 2.6
72 h incubation
Control 694+ 5.1 103 £3.3 121 £26 84+17
PEMn 100 pg/mL 441+71°¢ 102 £1.3 278 +6.0° 17.8 £2.0

Data are expressed as the mean & SD from 5 independent experiments and analysed using one-way ANOVA and
Student’s t-test. ® p < 0.01, © p < 0.001 vs. vehicle-treated ECFCs.

After 24 h of PEMn exposure, the proportion of late apoptotic cells in treated cultures
was more than twice that observed in control conditions (27.8% versus 12.1%, respectively,
p = 0.0091), indicating a marked induction of apoptosis. This was accompanied by a
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significant reduction in the proportion of viable cells (44.1% versus 69.4%, respectively,
p < 0.0001), suggesting a loss of membrane integrity and cell survival. The pro-apoptotic
effect of PEMn became even more evident after 72 h of treatment, with a further increase in
the number of necrotic or dead cells compared to controls. These observations support the
hypothesis that PEMn acts as a strong inducer of cell death through apoptotic mechanisms.

2.4. Effects of PEMn on ECFCs Migration

One of the key steps in angiogenesis is the migration of endothelial cells. To assess this
process, we performed a wound healing assay. After creating a wound on a subconfluent
cell layer, we monitored its closure over time. ECFCs were incubated in EBM2 medium
supplemented with 5% FBS and VEGF (40 ng/mL) (control condition), with or without the
addition of PEMn at 10, 50, and 100 ug/mL. To avoid experimental bias due to paracrine
effects that could enhance migratory and/or proliferative capacities, only wells with an
initial wound area > 40 um? were considered. The results, presented in Figure 5, show
that PEMn inhibits ECFCs migration in a time- (Figure 5A,B) and dose-dependent manner
(Figure 5C). After 7 h of incubation, no significant difference is observed between the 10
and 50 ug/mL PEMn conditions and the untreated control (Figure 5A,B): approximately
30% of the wound is closed (32.9 + 1.6% for the control, 28.6 + 1.2% and 26.0 + 3.3% in the
presence of 10 and 50 ug/mL PEMn, respectively). However, at 100 ng/mL PEMn, wound
healing is delayed, with a 40% reduction compared to the control (20 £ 1.6% p = 0.0117).
After 24 h, the wound is completely closed in the control condition, whereas the inhibitory
effect of PEMn is clearly visible (Figure 5A,B). This effect is observed from 50 pg/mL
(74.9 % 6.3% closure p = 0.0002) and is even more pronounced at 100 ug/mL (51.3 & 5.1%
p < 0.0001) compared to the untreated control (100% closure in EBM2 5% FBS VEGEF).
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Figure 5. PEMn inhibits ECFCs” migration and disrupts capillary-like structure formation. (A) ECFCs
were cultured in EGM2 10% FBS until they reached confluence. Once confluence was achieved, cells
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were synchronised for 24 h, a wound was created, and the endothelial layer was incubated in EBM2
medium supplemented with 5% FBS (CT) and VEGF (40 ng/mL), in the presence or absence of
PEMn (10, 50 and 100 pg/mL) for 2, 4, 7, and 24 h. Representative images: Light microscope images
(10x magnification) of the endothelial layers were taken at TO (immediately after wounding) and after
2,4,7, and 24 h of incubation for each condition: EGM2 (CT), EGM2 supplemented with increasing
doses of PEMn. (B) Wound healing kinetics: The percentage of wound closure was calculated by
normalising the wound area to that measured at TO for each condition EBM2 5% FBS VEGF (H)
EBM2 5% FBS VEGF supplemented with PEMn 10 pg/mL (@) 50 pg/mL ( A)and 100 pug/mL (A).
(C) Dose-dependent effect: After 24 h of incubation, the percentage of wound closure was calculated
relative to TO for each condition. (D) Average wound reduction speed (um/h): Migration speed
was determined from the wound reduction kinetics for each condition. The graphs represent the
average migration speed from two replicates across four independent experiments. (E) PEMn reduces
in vitro tubulogenesis. After synchronisation in EBM2-2% FBS, ECFCs were seeded onto Matrige1®
and incubated in EBM2-5% FBS VEGF (40 ng/mL), with or without PEMn (10, 50, 100 pg/mL).
Representative images of vascular structure formation in vitro after 16 h of incubation in EGM2-5%
VEGF (40 ng/mL), in the absence or presence of PEMn (10, 50, and 100 pg/mL), obtained using light
microscopy (10x magnification). Dose-response curve of PEMn’s effect on the average tube length
after 16 h of incubation, normalised to the control condition. Tube length was measured using the
Histolab® software (Microvision Instruments, Evry, France). Data are expressed as the mean + SD
from 5 independent experiments. 1 one-way or two-way ANOVA, Fisher correction * p < 0.05,
**p <0.01 and ** p < 0.001 vs. VEGF-treated ECFCs, ££ p < 0.01 and ### p < 0.001 vs. VEGF-PEMn
10 ug/mL or VEGF-PEMn 50 pg/mL -treated ECFCs, respectively.

PEMn treatment significantly slows wound reduction speed, resulting in a reduction
of up to 48.7% compared to the control (Figure 5D). This speed is 3.2 £ 0.3 pm/h for 50
pug/mL PEMn, 2.4 £ 0.2 um/h for 100 pg/mL, compared to 4.2 + 0.2 um/h for the control
condition (EBM2 5% VEGE, 40 ng/mL). During the angiogenic process, endothelial cell
differentiation is a key step leading to the formation of vascular structures. To assess the
ability of ECFCs to form pseudotubes in vitro, they were seeded onto Matrigel®. Cells were
incubated for 16 h in EBM2-5% FBS VEGF (40 ng/mL) medium, with or without PEMn (10,
50, 100 pg/mL). The inhibitory effect of PEMn was observed from 50 pg/mL and became
particularly pronounced at 100 pg/mL, with an approximately 50% reduction in total tube
length compared to the control condition (Figures 5E and S3, Representative microscopic
images showing reduced tube formation with increasing PEMn concentrations).

2.5. Effect of PEMn on ECFCs Cytokine Profiles

The levels of several proteins in cell lysates, including VEGF-R1, IL-1§, IL-6, and
MMP-9, produced by ECFCs in response to PEMn treatment were quantified using the
multiplex Luminex xMAP™ technology. Table 3 shows their expression levels after 24,
48, and 72 h of incubation. PEMn induced a time-dependent and statistically significant
decrease in VEGF-R1 levels, with up to a 2.75-fold reduction observed after 48 h (p < 0.001)
and a 1.75-fold reduction after 72 h (p = 0.0063). Conversely, PEMn treatment led to a marked
increase in the inflammatory cytokines IL-6 (5.1-fold, p < 0.001) and IL-1f (29-fold, p < 0.001),
as well as MMP-9 (30-fold, p < 0.001). These effects were significant at 72 h post-treatment.
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Table 3. Effects of PEMn treatment (100 pg/mL) on VEGF-R1, IL-6 (C), IL-1 (D), and MMP-9 (E)
levels in the ECFCs lysate after 24, 48, and 72 h of incubation.

24h 8h 72h
Y;gfn";lﬁs EGM2 PEMn EGM2 PEMN  p-Value  EGM2 PEMn p-Value
VEGFRI 2704026 1314015 6124006 2204002 <0001 6044011  347+048  <0.001
IL6 4700+ 175 55.64+453 8668+179 9663 +234 08030 8830+ 104 45304+ 6095 <0.001
IL1p  004+000 0044000 005+000 004+000 09792  005+000  147+044  <0.001
MMP-9 0174001  027+01  0274+005 0.16+001 09084  021+001  63+210  <0.001

Results are presented as mean =+ standard deviation from triplicate measurements, p < 0.001, baseline vs. vehicle-
treated ECFCs for each time on incubation. The values indicated in bold were statistically significant. one-way
ANOVA and Student’s t-test.

3. Discussion

Natural products have always been an invaluable source of new bioactive compounds,
particularly in the search for anticancer therapies. Among them, marine compounds stand
out for their chemopreventive, chemotherapeutic and anti-angiogenic properties, playing a
role in regulating cell proliferation, mitogenic signal transduction, and the formation of
new blood vessels [20-23]. Despite considerable advances in oncology, treatment resistance,
relapses, and side effects of conventional therapies remain major challenges. Therefore,
new approaches are necessary, and nature, particularly microorganisms associated with
plants and microalgae, represents a promising source of molecules with high therapeutic
potential [24]. To date, nearly 60% of drugs used against cancer originate from natural
sources [25]. In this context, marennine, a pigment produced by the microalga Haslea
ostrearia, has garnered increasing interest for its antitumour activity. Studies have shown
that aqueous extracts containing marennine exert cytotoxic activity on several cancer
cell lines, particularly colorectal carcinoma cells and melanoma lines [12,14], as well as
antitumour activity in vivo [8,13]. Its effect, which depends on concentration and cell type,
leads to a decrease in cell viability after prolonged exposure. This anticancer potential could
be explained by its action on oxidative stress and the induction of cell cycle arrest. Although
its biological properties have been studied since the 1990s, its structure and mode of action
remain to be clarified. Marennine exhibits structural and /or functional similarities with
fucoidans and carotenoids, known for their anticancer effects, particularly on angiogenesis.
In the present work, we evaluated the inhibitory effect of a purified marennine extract
(PEMn) produced by Haslea ostrearia on several tumour cell lines. Our results confirm
the cytotoxic activity of PEMn, in agreement with previous studies on aqueous extracts
of marennine, resulting in an inhibition or reduction in tumour cell adhesion as well
as cell proliferation. While adhesion assays confirmed PEMn inhibition of tumour cell
adhesion, the molecular basis remains to be clarified. Future studies should address key
adhesion molecules such as integrins («v[33, 31) and cadherins to further elucidate PEMn’s
anti-adhesive properties.

Angiogenesis is a key step in tumour and metastasis proliferation and dissemina-
tion [25]. VEGF and its receptors are highly expressed in patient tumour samples as well
as in standard tumour cell lines [25]. We decided to determine the effect of PEMn and
its IC50 during the proliferation of several cell lines characterised by the overexpression
of VEGEF receptors as Flt-1 (VEGFR-1) in osteosarcoma MNNG-HOS [25] and melanoma
A-375 cell lines [25], and Flk-1 (VEGFR-2) in breast cancer MDA-MB-231 [25] and prostate
cancer PC-3 cell lines [25]. As previously, cell proliferation of tumour cells was monitored by
xCELLigence technology in the absence or presence of increased doses of PEMn (from 10 ng/mL
to 100 pug/mL) for 72 h. In all cell lines tested, a significant reduction in cell proliferation was
induced by PEMn (Figures 1, 2, 6 and 54 proliferation curves from Figures 2 and S5 proliferation
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curves from Figure 3). No major differences in reduction or inhibition of cell proliferation
were observed between cell lines that overexpress Flt-1 (VEGF-R1) or Flk-1 (VEGF-R2)
receptors. However, cell lines overexpressing VEGF-R1 receptors showed a lower IC50,
68.8 ng/mL for PC-3 and 3.23 pg/mL for MDA-MB-231 (p < 0.5 vs. control), compared
to those that overexpress VEGF-R1, 14.6 ug/mL for MNNG-HOS and 4.48 pg/mL for
A-375 (p < 0.5 vs. control). Since these cell lines induced angiogenic tumours, we then
investigated the impact of PEMn on key angiogenesis-related processes in vitro, using
circulating endothelial progenitor cells (ECFCs). Our results show that PEMn inhibits
ECFCs proliferation in a dose-dependent manner, an effect potentially linked to interfer-
ence with VEGF-mediated signalling. Indeed, this effect is observed when the cells are
cultured in the presence of VEGF (40 ng/mL). However, it appears to be transient: once
PEMn is removed from the culture medium, the inhibition is reversed, suggesting that
marennine acts extracellularly—either by reducing VEGF bioavailability or by interacting
with its receptor. Future studies will include receptor phosphorylation assays to confirm
whether PEMn directly interferes with VEGFR-2 or VEGFR-1 signalling. These further
tests will target the VEGFR-2/SRC/FAK and VEGFR-2/MEK/ERK signalling pathways,
which are needed to elucidate the precise mechanism. Ligand-binding and phosphorylation
assays will help identify whether PEMn interacts directly with VEGFR-1 or VEGFR-2 or
indirectly modulates their downstream signalling. Also, it would be interesting in future
validation studies to include known VEGER inhibitors such as sunitinib as positive controls
for direct comparison. Further studies will be needed to determine whether PEMn also
affects VEGF secretion by tumour cells. To date, only a few microalgal compounds—mainly
carotenoids and polysaccharides—have demonstrated inhibitory effects on endothelial cell
proliferation during angiogenesis [26]. For example, astaxanthin, a carotenoid with strong
antioxidant properties, exerts antiproliferative effects on the ECV304 cell line, widely used
for modelling angiogenic behaviour [27]. More recently, fucoxanthin has been reported to
inhibit proliferation in human lymphatic endothelial cells [28]. Compared to fucoxanthin,
astaxanthin, and fucoidans, PEMn uniquely combines inhibition of angiogenesis with
induction of ECFC senescence and VEGFR-1 downregulation.

In addition to its antiproliferative effect, PEMn significantly reduced ECFCs migra-
tion in wound healing assays and inhibited the formation of vascular-like structures on
Matrigel®. Astaxanthin has also shown antimigratory effects, though primarily under hy-
poxic conditions. It would thus be relevant to explore PEMn activity under such conditions
to better mimic the tumour microenvironment. These effects suggest a possible alteration
of cytoskeletal dynamics. Supporting this, our Luminex multiplex analysis showed an
increase in MMP-9 levels in the culture medium. Additional studies are required to explore
the mechanistic links between cytoskeletal reorganisation and PEMn-induced inhibition
of angiogenic behaviours. These antiangiogenic effects were associated with a significant
reduction in ECFCs viability, increased cellular senescence, and cell cycle arrest in the
GO0/G1 phase, accompanied by a decrease in the S and G2/M phases. PEMn also induced
a substantial increase in apoptosis, indicating activation of both cytostatic and cytotoxic
mechanisms. Apoptosis is a desirable therapeutic endpoint in anticancer strategies, and
this aligns with the known pro-apoptotic effects of marennine in tumour models [29]. Even
if the binding of the marennine remains to be elucidated, marennine can be uptaken and
internalised by ECFCs (Figure S6, Confocal microscopy showing progressive intracellular
accumulation of PEMn (green fluorescence) over time).
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Figure 6. PEMn induces a reduction or arrest of tumour cell proliferation in a dose-dependent
manner. (A) Human osteosarcoma (MNNG-HOS), melanoma (A-375), breast cancer (MDA-MB-231)
and prostate cancer (PC-3) cell lines were seeded for 4 h prior to the addition of increasing doses
of PEMn extract (0.01, 0.1, 1, 10, and 100 ug/mL). Cell proliferation was followed during 72 h
by real-time measurement of cell impedance using xCELLigence technology (RTCA Instruments).
Proliferation curves were normalised to the time of drug incorporation. IC50 was determined by the
RTCA analysis software. Lines represent the mean value of triplicate data. The red arrow represents
the mid-exponential growth time in control untreated cells. (B) p-values (alpha 0.05) of data from
(A) compared to mid-exponential growth time (red arrow in A) of untreated cells (black line) curves.
Light green boxes represent significant cell proliferation reduction/inhibition with respect to control
cells. Statistical data was performed by use of ANOVA Tukey’s HSD test. Data are presented as
mean £ SD (n = 3).

PEMn treatment also led to a significant downregulation of VEGF-R1 expression,
alongside a marked increase in proinflammatory cytokines (IL-6, IL-13) and MMP-9. The
reduced VEGF-R1 expression may reflect a functional reprogramming of ECFCs or a neg-
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ative feedback loop aimed at desensitising the cells to proangiogenic stimuli. VEGF-R1
is known to act in part as a decoy receptor for VEGF-A, modulating its availability to
VEGF-R2, which more directly drives proliferative and migratory signalling. Thus, down-
regulation of VEGF-R1 may contribute to angiogenesis modulation by diminishing this
regulatory “brake.” Alternatively, it could indicate a loss of active endothelial identity
consistent with PEMn-induced functional impairment. The marked increase in IL-6 and
IL-1p3 levels suggests a cellular inflammatory response to PEMn-induced stress. These
cytokines are commonly secreted during apoptosis, oxidative stress, or innate immune acti-
vation. Their upregulation may involve mitochondrial dysfunction, oxidative imbalance, or
activation of inflammatory signalling cascades such as NF-«B. Furthermore, this profile is
reminiscent of the senescence-associated secretory phenotype (SASP), which includes IL-6
and IL-1$3 as key effectors. Multiplex Luminex analysis also revealed a strong upregulation
of MMP-9, a metalloproteinase involved in extracellular matrix degradation and tissue
remodelling. MMP-9 is frequently elevated in contexts of inflammation, cellular stress, and
tissue injury. Its expression is known to be induced by IL-1 and IL-6, suggesting a conver-
gent regulatory network between cytokine signalling and matrix remodelling. In our model,
the increased MMP-9 levels may contribute to the inhibition of vascular structure formation
by promoting local matrix disorganisation. This inflammatory and degradative profile is
consistent with the overall antiangiogenic effect of PEMn and supports the hypothesis of a
stress-induced reprogramming of ECFCs. Although IL-6, IL-13, and MMP-9 are typically
pro-angiogenic mediators, PEMn simultaneously increased their levels while inhibiting
angiogenesis. This apparent paradox may reflect a stress-induced senescence-associated
secretory phenotype (SASP), in which cells secrete inflammatory mediators but exhibit
impaired angiogenic functionality. Moreover, elevated MMP-9 may destabilise extracellular
matrix integrity, preventing the formation of stable vascular structures. Investigating the
involvement of SASP or other stress-induced transcriptional programmes would provide
further insight into the nature of the cellular response to PEMn.

These findings are consistent with earlier observations showing that aqueous extracts
of Haslea ostrearia-containing marennine induce G1/S cell cycle arrest in NSCLC-NG6 lung
cancer cells [13]. Similarly, carotenoids extracted from microalgae have been shown to
induce cytostasis and apoptosis in osteosarcoma cells via caspase activation [30]. Together,
these results support the notion that PEMn exerts its bioactivity through interconnected
pathways involving inhibition of proliferation, migration, angiogenesis, and induction of
apoptosis, senescence, and inflammatory signalling in endothelial progenitor cells.

In conclusion, the purified marennine extract exhibits strong potential as an anticancer
molecule, particularly due to its effects on angiogenesis and cell proliferation. Haslea
ostrearia could thus represent a promising source for the development of new therapeu-
tic agents. However, further studies are essential to precisely characterise its structure,
understand its mechanism of action, and evaluate its safety for potential clinical appli-
cations. Future studies will validate PEMn efficacy in vivo using mouse tumour and
neovascularization models. It would also be interesting to address drug delivery systems
such as nanoparticles to enhance PEMn bioavailability, alongside pharmacokinetics and
pharmacodynamics studies to support clinical development.

4. Materials and Methods
4.1. Microalgae and Purification of Marennine

Haslea ostrearia diatoms used for biomass production and pigment extraction were
derived from samples collected in Bourgneuf Bay, France. The blue pigment was extracted

and purified as previously described [18]. To sum up, Haslea ostrearia strain Nantes Cultures
Collection (NCC) 495 was cultured at 16 + 1 °C, with an irradiance of 1100 mol.m =2 s~!
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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 described by Mouget et al. [31]. To
remove cell debris, the culture medium was filtered through 15 um and 1.4 um cut-off paper
filters. The filtered supernatant was then concentrated by a specific acid-base precipitation
procedure described in French patent no. (FR2019/052933). The blue precipitate formed
was gathered by centrifugation (4000 rpm, for 5 min) and dissolved with formic acid. This
concentrated blue extract (PEMn: Precipitated Extracellular Marennine) was dialysed and
then further purified using a 20 g C-18 solid phase extraction cartridge (Fischer Scientific,
Ilkirch, France). The marennine was recovered using a 1:1 water—ethanol 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. PEMn preparations were tested for endotoxin contamination using the LAL
Kinetic Chromogenic Assay (Lonza, Verviers, Belgium), with results below detection limits.
Purified pigment was stored, protected from light, at 4 °C. This solution was used for the
experiments planned for the project.

4.2. Cell Isolation and ECFCs Culture

Umbilical cord blood provided by AP-HP, Hopital Saint-Louis, Unité de Thérapie
Cellulaire, CRB-Banque de Sang de Cordon (Paris, France) was collected after normal
full-term deliveries with the written informed consent of the mother. Mononuclear cells
were isolated from human cord blood by density-gradient centrifugation on Pancoll. They
differentiate into endothelial cells in angiogenic growth factor-rich medium, with initial
colonies appearing between days 10 and 14 and the first passage around day 20. As
previously shown, despite differences in outgrowth, ECFCs and mature endothelial cells,
HUVECs differ in the expression of the hematopoietic stem cell marker CD133, which
is rapidly down-regulated during ECFC differentiation and reaches HUVEC-like levels
by day 60. Obtained ECFCs were identified by their characteristic morphology, then by
immunostaining for von Willebrand factor, combined expression of endothelial markers
(CD31, KDR, Tie-2, CD144), and double-positivity for Dil-AcLDL uptake and BS-1 lectin
binding [32]. One day before the experiments, ECFCs were growth-arrested for 18 h in
EBM2, 2% Foetal Calf Serum (FCS, starvation medium, Lonza, Brussels, Belgium) and
released from growth arrest by adding EBM2, 5% FCS (basal medium), with or without
1-100 pg/mL of PEMn in the presence or absence of VEGF (40 ng/mL, Abcys, Paris, France)
at 37 °C 5% CO,. Cells were used for assays between passages 4 and 6 (approximately
30-40 days of culture).

4.3. Tumour Cell Lines and Cell Culture

All human tumour cell lines used in the present study were obtained from the Ameri-
can Tissue Cell Collection (ATCC, Molsheim, France) and from the European Collection
of Authenticated Cell Cultures (ECACC, Salisbury, UK) and were tested routinely as
mycoplasma-free. All experiments were performed at 37 °C in a humidity-saturated con-
trolled atmosphere and 5% CO;. A375 melanoma, MNNG-HOS osteosarcoma, and U-251
MG glioblastoma lines were cultured with DMEM 4.5 g/L high glucose with pyruvate
(Gibco, ThermoFisher Scientific, Illkirch-Graffenstaden, France). LnCap prostate adeno-
carcinoma cell line was expanded in RPMI1640 (Gibco, ThermoFisher Scientific, France).
A-549 non-small cell lung cancer and PC-3 prostate cancer cell lines were cultured with
DMEM /F-12 (Gibco, ThermoFisher Scientific, France). MDA-MB-231 breast carcinoma cell
line was cultured with Leibovitz’s L-15 media (Gibco, ThermoFisher Scientific, France).
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The HT-29 colorectal adenocarcinoma cell line was cultured in McCoy’s 5A medium (Gibco,
ThermoFisher Scientific, France). MCF-7 breast adenocarcinoma cell line was cultured
in Minimum essential medium supplemented with sodium pyruvate and NEAA (Gibco,
ThermoFisher Scientific, France). All culture media were supplemented with 2 mM L-
glutamine (Gibco, ThermoFisher Scientific, France) and 5% of FBS (Eurobio-scientific, Les
Ulis, France).

4.4. Real-Time Cell Proliferation Assay

Cell proliferation was analysed by xCELLigence technology (Agilent, Les Ulis, France)
as previously described [19]. Background was measured by adding 50 uL of corresponding
media into an E-Plate view 96 (Agilent, Santa Clara, CA, USA). Before the beginning of
treatment, cells were seeded in triplicate at 8000 to 10,000 cells (depending on the cell line)
per well (50 uL) for 4 h at 37 °C before adding increasing concentrations of PEMn (from
100 pg/mL to 10 ng/mL). Concentration ranges (10 ng/mL-100 pg/mL) were selected
based on preliminary ICsy determinations and previous studies with crude marennine
extracts. Proliferation curves were normalised with respect to the time point of drug
incorporation. The plate was monitored for 72 h after treatment using a RTCA instruments
(Agilent) using a RTCA device (Agilent). Experiments were conducted in triplicate.

4.5. Real-Time Cell Adhesion Assay

Cell adhesion was analysed by xCELLigence technology (Agilent, Les Ulis, France)
similarly as described for cell proliferation. Background was measured by adding 50 pL of
corresponding media into an E-Plate view 96 (Agilent). Then, cells were seeded in triplicate at
8000 per well (50 uL) and in the presence or absence of PEMn (from 100 pug/mL to 1.56 pg /mL,
100 pL). Cell adhesion into the plate was monitored for 5 h at 37 °C using a RTCA instruments
(Agilent) using a RTCA device (Agilent). Experiments were conducted in triplicate.

4.6. In Vitro Angiogenesis Assay and Viability

To investigate the effect of various concentrations of PEMn on ECFCs’ proliferation
and tubular morphogenesis, ECFCs were stimulated as described above. Cell outgrowth
and in vitro tube formation were evaluated as previously described [32]. Cell viability
determined by measuring acid phosphatase activity (pNPP, Sigma) at 405 nM (Fluostar
optima; BMG Labtech, Champagny S/Marne, France) [33] was calculated as a percentage
of vehicle-treated control cells considered 100% viable. In preliminary experiments, no
significant influence of solvents on cell proliferation and morphology was observed.

4.7. Senescence

ECFCs were incubated in EGM2 (control) or EGM2 + PEMn (EGM2 Ma, 100 pg/mL)
for 24 h at 37 °C and fixed in the presence of a galactose derivative (X-Gal) hydrolysed by 3
galactosidase, an enzyme overexpressed in senescent cells. The oxidised indolic moiety of the
hydrolysed X-Gal forms a blue precipitate. The wells were photographed, and the percentage
of blue (senescent) cells was evaluated and compared according to the culture conditions.

4.8. Cell Cycle Analysis

Analysis was performed by FACS. Permeabilized ECFCs are treated with propidium
iodide (PI), a DNA intercalator that can be used to determine cell cycle phase. Combined
with annexin V, which detects phosphatidylserine exposed following loss of plasma mem-
brane asymmetry during apoptosis, PI can be used to quantify necrotic, apoptotic, or
healthy ECFCs. Briefly, ECFCs were treated with PEMn (100 pug/mL) for 24-72 h and
then harvested, washed, and fixed in 100% ethanol on ice for 30 min at —20 °C. After
centrifugation, the cell pellets were washed, resuspended in phosphate-buffered saline
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(PBS), and incubated with RNase to prevent PI from binding to RNA, and stained with PI
at room temperature for 30 min in the dark. DNA content was analysed using a FACS flow
cytometer (BD LSR Fortessa™ Becton Dickinson, NJ, USA).

4.9. Cell Apoptosis Analysis

Apoptosis was detected with an annexin V-fluorescein isothiocyanate (FITC) kit
(TACS™ Annexin V-FITC Apoptosis detection Kit R&D Systems, Inc., Abingdon, UK)
according to the manufacturer’s instructions. The cells were stimulated as described above
(Section 4.2). Briefly, after serum deprivation, ECFCs were incubated for 24 to 72 h in the
presence or absence of 100 pg/mL of PEMn, then collected, washed twice with ice-cold
PBS, and resuspended in ice-cold binding buffer before addition of annexin V-FITC and
propidium iodide (PI) solutions. The tube was incubated for 15 min at room temperature
in the dark, before being analysed by flow-cytometry (BD LSR Fortessa™ Becton Dickin-
son). The percentage of apoptotic cells was determined using FlowJo™ Engine v4.00770
software (Beckton Dickinson). Cells stained Annexin V*/PI~ were considered in early
apoptosis, while cells stained Annexin V*/PI" were defined as in late apoptosis, indicating
progression from early apoptosis with membrane permeabilization. Cells stained Annexin
V~ /PI* were considered necrotic or dead.

4.10. Wound Healing Assay

Migration was evaluated by wound scratch assays. ECFCs were seeded in 6-well
plates and incubated with serum. After 24 h, scratch wounds were created in the confluent
monolayer using a sterile 200 uL pipette tip. After removal of floating cells, cells were stim-
ulated as described above (Section 4.2). Cell migration into the wound space was estimated
at 0, 4,7, and 24 h after wounding using an inverted microscope (Nikon, France) equipped
with a digital camera and analysed using the NIH Image] software (NIH, Bethesda, MD,
USA). Wound closure was determined as the difference between wound width at 0 and 24 h.

4.11. Cytokine and Growth Factor Multiplex Analysis

The experiments were conducted on both untreated control ECFCs and ECFCs treated
with PEMn. The supernatant from the cell culture medium was collected in microtubes
and immediately frozen at —80 °C for subsequent analysis. A bead-based antibody mix
targeting IL-1f3, IL-6, IL-8, VEGF-R1, VEGF-R2, and MMP-9 (Human Luminex® Discovery
Assay Bio-Techne SAS, Noyal-Chatillon-sur-Seche, France) was added to a 96-well filter
plate containing standards and culture medium from treated or control cells. Analyte
levels were measured according to the manufacturer’s instructions. Fluorescence specific to
R-PE-conjugated beads was quantified using a Bio-Plex® 200 system (Bio-Rad, Minneapolis,
MN, USA). Each condition was tested in triplicate.

4.12. Statistical Analysis

Experiments were analysed using Prism 6 (GraphPad Prism 6 software; La Jolla, CA,
USA). Data are expressed as the mean £ SD of at least 5 independent experiments. One-
way analysis of variance (ANOVA) and Student’s ¢-test were used to identify significant
differences between the control and experimental groups. A probability (p) value of <0.05
was considered statistically significant. Independent experiments have been performed
in triplicate, and data are given as a mean + SD. Results were considered significant at
p values < 0.05. Corresponding groups were compared using ANOVA and Tukey’s HSD
test. The data analysis for this paper was generated using the Real Statistics Resource Pack
software (Release 9.4.5). Copyright (2013-2025) Charles Zaiontz. www.real-statistics.com
(accessed on 25 September 2024).
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md23090364/s1. Figure S1: PEMn induces morphological changes
in ECFCs. ECFCs were cultured in EBM2 + 5% FBS culture medium supplemented with VEGF at
40 ng/mL in the presence or absence of increasing concentrations of PEMn (1, 10, 50, and 100 pg/mL).
ECFCs were then observed under a microscope after 24, 48, and 72 h of incubation. Representative
images are shown. Figure S2: PEMn increases apoptotic cell death in ECFC. Determination of
apoptotic cell death using flow cytometry. Following 24 h and 72 h treatment with PEMn (100 ug/mL),
ECFC were stained with PI (y-axis) and Annexin V (x-axis). The percentage of apoptotic cells was
determined using a FACS flow cytometer. (A) Control group. (B) Experimental group (100 ng/mL
PEMn). Q1: dead cells (IP-stained cells); Q2: late apoptotic cells (Annexin V + IP-stained cells);
Q3: Live cells; and Q4: early apoptotic cells (Annexin V-stained cells). Figure S3: Representative
microscopic images of the tube formation assay to illustrate the inhibitory effect of PEMn on in vitro
tubulogenesis. ECFCs were cultured in EBM2 medium supplemented with 5% FBS and VEGF
(40 ng/mL) in the absence (control) or presence of PEMn (10, 50, and 100 pg/mL) for 4 h and 24 h.
In the control condition, a decrease in tube network length was observed after 24 h as a result of
syncytia fusion (i.e., areas delineated by the tubes). Under both incubation times (4 h and 24 h),
PEMn treatment markedly inhibited tubulogenesis, with a strong effect already evident at 50 pg/mL.
White scale bar: 20 pym (10x magnification). Figure S4: Proliferation curves from Figure 2 with
mean values + S.D. n = 3. Figure S5: Proliferation curves from Figure 3 with mean values + S.D.,
n = 3. Figure S6: Internalisation of PEMn by ECFCs. ECFCs were cultured in the presence of 500
mg/mL of mareninne for 30 min and 2 h. After incubation time, cells were fixed and stained for
observation under a fluorescent microscope. DNA (nuclei) was stained by TO-PRO3 (dilution 1/500,
Life Technologies, France, ref#T3605), and the actin network by using Phalloidin Alexa Fluor 555
(dilution 1/50, Invitrogen, France, ref#A34055). Stained cells were observed under a Leica TCSSP8
confocal microscope. Internalisation of mareninne (green fluorescence) is visible after 30 min of
incubation time and increases progressively during time, as shown after 2 h of incubation. Original
magnification: X63.
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CI Cell Index

ECFCs Endothelial Colony-Forming Cells
FBS Foetal Bovine Serum

FGF Fibroblast Growth Factor

IL Interleukin

MMP Matrix Metalloproteinase

n number of experimental replicates
NF-kb Nuclear Factor kappa B

NCI Matrix Metalloproteinase

PEMn Precipitated Extracellular Marennine

RTCA Real Cell Time Analysis
SDEF-1 Stromal Cell-Derived Factor 1
VEGF -R  Vascular Endothelial Growth Factor Receptor

References

1.  Barkia, I; Saari, N.; Manning, S.R. Microalgae for High-Value Products Towards Human Health and Nutrition. Mar. Drugs 2019,
17,304. [CrossRef]

2. Qiao, Y;; Yang, E; Xie, T.; Du, Z.; Zhong, D.; Qi, Y; Li, Y.; Li, W.; Lu, Z.; Rao, ] ; et al. Engineered Algae: A Novel Oxygen-Generating
System for Effective Treatment of Hypoxic Cancer. Sci. Adv. 2020, 6, eaba5996. [CrossRef]

3. 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. [CrossRef] [PubMed]

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. [CrossRef]

5. 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. [CrossRef]

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. [CrossRef]

7. Gastineau, R.; Turcotte, F.; Pouvreau, J.-B.; Morangais, 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.
[CrossRef]

8. Gastineau, R.; Prasetiya, F.S.; Falaise, C.; Cognie, B.; Decottignies, P.; Morangais, M.; Méléder, V.; Davidovich, N.; Turcotte, F.;
Tremblay, R.; et al. Marennine-Like Pigments: Blue Diatom or Green Oyster Cult? In Blue Biotechnology; Wiley-VCH Verlag GmbH
& Co. KGaA: Weinheim, Germany, 2018; pp. 529-551, ISBN 978-3-527-80171-8.

9. Yusuf, M.; Baroroh, U.; Nuwarda, R.F; Prasetiya, ES.; Ishmayana, S.; Novianti, M.T.; Tohari, T.R.; Hardianto, A.; Subroto, T.;
Mouget, J.-L.; et al. Theoretical and Experimental Studies on the Evidence of 1,3-3-Glucan in Marennine of Haslea Ostrearia.
Molecules 2023, 28, 5625. [CrossRef] [PubMed]

10.  Young, S.H.; Dong, W.J.; Jacobs, R.R. Observation of a Partially Opened Triple-Helix Conformation in 1-->3-Beta-Glucan by
Fluorescence Resonance Energy Transfer Spectroscopy. J. Biol. Chem. 2000, 275, 11874-11879. [CrossRef] [PubMed]

11. Lehtovaara, B.C.; Gu, EX. Pharmacological, Structural, and Drug Delivery Properties and Applications of 1,3-3-Glucans. J. Agric.
Food Chem. 2011, 59, 6813-6828. [CrossRef]

12.  Bergé, J.-P.; Bourgougnon, N.; Alban, S.; Pojer, F; Billaudel, S.; Chermann, J.-C.; Robert, ] M.; Franz, G. Antiviral and Anticoagulant
Activities of a Water-Soluble Fraction of the Marine Diatom Haslea Ostrearia. Planta Med. 1999, 65, 604-609. [CrossRef]

13. 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 Tumors: Lung
Carcinoma (NSCLC-N6), Kidney Carcinoma (E39) and Melanoma (M96) Cell Lines. Anticancer Res. 1999, 19, 621-624. [PubMed]

14. Gastineau, R.; Pouvreau, J.-B.; Hellio, C.; Morancais, M.; Fleurence, J.; Gaudin, P.; Bourgougnon, N.; Mouget, ].-L. Biological

Activities of Purified Marennine, the Blue Pigment Responsible for the Greening of Oysters. ]. Agric. Food Chem. 2012, 60,
3599-3605. [CrossRef]


https://doi.org/10.3390/md17050304
https://doi.org/10.1126/sciadv.aba5996
https://doi.org/10.12122/j.issn.1673-4254.2021.06.21
https://www.ncbi.nlm.nih.gov/pubmed/34238751
https://doi.org/10.1038/s41467-022-28744-4
https://doi.org/10.1016/j.aquatox.2019.01.016
https://doi.org/10.3390/md21010042
https://doi.org/10.3390/md12063161
https://doi.org/10.3390/molecules28155625
https://www.ncbi.nlm.nih.gov/pubmed/37570595
https://doi.org/10.1074/jbc.275.16.11874
https://www.ncbi.nlm.nih.gov/pubmed/10766814
https://doi.org/10.1021/jf200964u
https://doi.org/10.1055/s-1999-14032
https://www.ncbi.nlm.nih.gov/pubmed/10226609
https://doi.org/10.1021/jf205004x

Mar. Drugs 2025, 23, 364 20 of 20

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Avraamides, C.J.; Garmy-Susini, B.; Varner, J.A. Integrins in Angiogenesis and Lymphangiogenesis. Nat. Rev. Cancer 2008, 8,
604-617. [CrossRef] [PubMed]

Deryugina, E.I; Quigley, ].P. Pleiotropic Roles of Matrix Metalloproteinases in Tumor Angiogenesis: Contrasting, Overlapping
and Compensatory Functions. Biochim. Biophys. Acta 2010, 1803, 103-120. [CrossRef]

Yoder, M.C.; Mead, L.E,; Prater, D.; Krier, T.R.; Mroueh, K.N.; Li, F;; Krasich, R.; Temm, C.J.; Prchal, ].T.; Ingram, D.A. Redefining
Endothelial Progenitor Cells via Clonal Analysis and Hematopoietic Stem/Progenitor Cell Principals. Blood 2007, 109, 1801-1809.
[CrossRef]

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. [CrossRef]

Méresse, S.; Gateau, H.; Tirnan, T,; Larrigaldie, V.; Casse, N.; Pasetto, P.; Mouget, ].-L.; Mortaud, S.; Fodil, M. Haslea Ostrearia
Pigment Marennine Affects Key Actors of Neuroinflammation and Decreases Cell Migration in Murine Neuroglial Cell Model.
Int. ]. Mol. Sci. 2023, 24, 5388. [CrossRef]

Schumacher, M.; Kelkel, M.; Dicato, M.; Diederich, M. Gold from the Sea: Marine Compounds as Inhibitors of the Hallmarks of
Cancer. Biotechnol. Adv. 2011, 29, 531-547. [CrossRef]

Janani, G.; Girigoswami, A.; Deepika, B.; Udayakumar, S.; Mercy, D.J.; Girigoswami, K. Dual Mechanism of Amphiroa Anceps:
Antiangiogenic and Anticancer Effects in Skin Cancer. Chem. Biodivers. 2025, 22, €202500626. [CrossRef] [PubMed]

Choi, B.-K.; Jo, M.-H.; Shin, H.J.; Park, S.J. Anti-Angiogenic Potential of Marine Streptomyces-Derived Lucknolide A on
VEGEF/VEGFR2 Signaling in Human Endothelial Cells. Molecules 2025, 30, 987. [CrossRef] [PubMed]

Ismail, S.E.; Hussein, N.A.; Rashad, M.M; El-Sikaily, A.M.; Hassanin, A.E.-L.A_; El-Fakharany, E.M. Sea Cucumber Sulfated
Polysaccharides Extract Potentiates the Anticancer Effect of 5- Fluorouracil on Hepatocellular Carcinoma Cells. Sci. Rep. 2025, 15,
20255. [CrossRef]

Partida-Martinez, L.P.,; Heil, M. The Microbe-Free Plant: Fact or Artifact? Front. Plant Sci. 2011, 2, 100. [CrossRef]

Rayan, A.; Raiyn, J.; Falah, M. Nature Is the Best Source of Anticancer Drugs: Indexing Natural Products for Their Anticancer
Bioactivity. PLoS ONE 2017, 12, e0187925. [CrossRef] [PubMed]

Sugawara, T.; Matsubara, K.; Akagi, R.; Mori, M.; Hirata, T. Antiangiogenic Activity of Brown Algae Fucoxanthin and Its
Deacetylated Product, Fucoxanthinol. J. Agric. Food Chem. 2006, 54, 9805-9810. [CrossRef]

Kowshik, J.; Baba, A.B.; Giri, H.; Deepak Reddy, G.; Dixit, M.; Nagini, S. Astaxanthin Inhibits JAK/STAT-3 Signaling to Abrogate
Cell Proliferation, Invasion and Angiogenesis in a Hamster Model of Oral Cancer. PLoS ONE 2014, 9, e109114. [CrossRef]
Wang, J.; Ma, Y.; Yang, J; Jin, L.; Gao, Z.; Xue, L.; Hou, L.; Sui, L.; Liu, J.; Zou, X. Fucoxanthin Inhibits Tumour-Related
Lymphangiogenesis and Growth of Breast Cancer. J. Cell Mol. Med. 2019, 23, 2219-2229. [CrossRef]

Elmore, S. Apoptosis: A Review of Programmed Cell Death. Toxicol. Pathol. 2007, 35, 495-516. [CrossRef]

Rokkaku, T.; Kimura, R.; Ishikawa, C.; Yasumoto, T.; Senba, M.; Kanaya, F.; Mori, N. Anticancer Effects of Marine Carotenoids,
Fucoxanthin and Its Deacetylated Product, Fucoxanthinol, on Osteosarcoma. Int. . Oncol. 2013, 43, 1176-1186. [CrossRef]
[PubMed]

Mouget, J.-L.; Gastineau, R.; Davidovich, O.; Gaudin, P.; Davidovich, N.A. Light Is a Key Factor in Triggering Sexual Reproduction
in the Pennate Diatom Haslea Ostrearia. FEMS Microbiol. Ecol. 2009, 69, 194-201. [CrossRef]

Zemani, F; Benisvy, D.; Galy-Fauroux, I.; Lokajczyk, A.; Colliec-Jouault, S.; Uzan, G.; Fischer, A.M.; Boisson-Vidal, C. Low-
Molecular-Weight Fucoidan Enhances the Proangiogenic Phenotype of Endothelial Progenitor Cells. Biochem. Pharmacol. 2005, 70,
1167-1175. [CrossRef] [PubMed]

Benslimane-Ahmim, Z.; Heymann, D.; Dizier, B.; Lokajczyk, A.; Brion, R.; Laurendeau, I; Bieche, I.; Smadja, D.M.; Galy-Fauroux,
I.; Colliec-Jouault, S.; et al. Osteoprotegerin, a New Actor in Vasculogenesis, Stimulates Endothelial Colony-Forming Cells
Properties. J. Thromb. Haemost. 2011, 9, 834-843. [CrossRef] [PubMed]

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.


https://doi.org/10.1038/nrc2353
https://www.ncbi.nlm.nih.gov/pubmed/18497750
https://doi.org/10.1016/j.bbamcr.2009.09.017
https://doi.org/10.1182/blood-2006-08-043471
https://doi.org/10.3390/md19040231
https://doi.org/10.3390/ijms24065388
https://doi.org/10.1016/j.biotechadv.2011.02.002
https://doi.org/10.1002/cbdv.202500626
https://www.ncbi.nlm.nih.gov/pubmed/40106265
https://doi.org/10.3390/molecules30050987
https://www.ncbi.nlm.nih.gov/pubmed/40076212
https://doi.org/10.1038/s41598-025-06496-7
https://doi.org/10.3389/fpls.2011.00100
https://doi.org/10.1371/journal.pone.0187925
https://www.ncbi.nlm.nih.gov/pubmed/29121120
https://doi.org/10.1021/jf062204q
https://doi.org/10.1371/journal.pone.0109114
https://doi.org/10.1111/jcmm.14151
https://doi.org/10.1080/01926230701320337
https://doi.org/10.3892/ijo.2013.2019
https://www.ncbi.nlm.nih.gov/pubmed/23857515
https://doi.org/10.1111/j.1574-6941.2009.00700.x
https://doi.org/10.1016/j.bcp.2005.07.014
https://www.ncbi.nlm.nih.gov/pubmed/16153611
https://doi.org/10.1111/j.1538-7836.2011.04207.x
https://www.ncbi.nlm.nih.gov/pubmed/21255246

	Introduction 
	Results 
	Effect of PEMn on Tumour Cell Adhesion and Proliferation 
	Effect of PEMn on ECFCs Viability and Senescence 
	PEMn Induces ECFCs Growth Arrest and Apoptosis 
	Effects of PEMn on ECFCs Migration 
	Effect of PEMn on ECFCs Cytokine Profiles 

	Discussion 
	Materials and Methods 
	Microalgae and Purification of Marennine 
	Cell Isolation and ECFCs Culture 
	Tumour Cell Lines and Cell Culture 
	Real-Time Cell Proliferation Assay 
	Real-Time Cell Adhesion Assay 
	In Vitro Angiogenesis Assay and Viability 
	Senescence 
	Cell Cycle Analysis 
	Cell Apoptosis Analysis 
	Wound Healing Assay 
	Cytokine and Growth Factor Multiplex Analysis 
	Statistical Analysis 

	References

