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Marine algae are sources of novel bioactive molecules and present a great potential for biotechnological and bio-
medical applications. Although green algae are the least studied type of seaweed, several of their biological activ-
ities have already been described. Here, we investigated the osteogenic potential of Sulfated Polysaccharide (SP)-
enriched samples extracted from the green seaweed Caulerpa prolifera on human mesenchymal stem cells iso-
lated from Wharton jelly (hMSC-W]J). In addition, the potential genotoxicity of these SPs was determined by
cytokinesis-block micronucleus (CBMN) assay. SP-enriched samples did not show significant cytotoxicity to-
wards hMSCs-W]J at a concentration of up to 10 ug/mL, and after 72 h of exposure. SP enrichment also signifi-
cantly increased alkaline phosphatase (ALP) activity, promoting calcium accumulation in the extracellular
matrix. Among the SP-enriched samples, the CP0.5 subfraction (at 5 pg/mL) presented the most promising re-
sults. In this sample, ALP activity was increased approximately by 60%, and calcium accumulation was approxi-
mately 6-fold above the negative control, indicating high osteogenic potential. This subfraction also proved to
be non-genotoxic, according to the CBMN assay, as it did not induce micronuclei. The results of this study high-
light, for the first time, the potential of these SPs for the development of new therapies for bone regeneration.
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1. Introduction

Sulfated polysaccharides (SPs) obtained from marine algae have
attracted the attention of researchers because of their anticoagulant, an-
tioxidant, antiproliferative, antitumoral, anti-inflammatory, antiviral ac-
tivities, among others [1-3]. Recent studies linked marine algae SPs to
the osteogenic differentiation of stem cells, through the regulation of
growth factors binding and signaling pathways [4-7]. Kim and col-
leagues reported that SPs extracted from brown seaweeds promote 0s-
teoblast differentiation via JNK- and ERK-dependent BMP2-Smad 1/5/8
signaling in human mesenchymal stem cells [1-3]. However, to date,
only few studies have explored the biological activities of SPs from
green macroalgae (Chlorophyta division) species, such as Caulerpa
prolifera, whose SPs extracts have presented antibacterial, antitumor
and anticoagulant activities [8-10]. In addition, C. prolifera, similar to
green algae in general, has a broad distribution along tropical waters
[11,12], including the Rio Grande do Norte coastline, making it a good
source for the extraction of compounds for biotechnological
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applications [8]. Despite its biotechnological potential, there are no
studies on the application of SPs from C. prolifera in regenerative medi-
cine. Indeed, there are only a few studies on functionalization of bioma-
terials for bone tissue engineering using ulvans, which are SPs isolated
from green algae belonging to genus of Ulva and Entermorpha [13-15].
In recent years, some studies have also described the use of SPs from
seaweeds, such as fucoidans and ulvans, for the development of
nanomaterials (nanoparticles and nanofibers) for drug delivery sys-
tems. Along with their biological activities, these SP-based
nanomaterials also avoid aggregation during blood circulation due to
their physicochemical properties, indicating their potential application
in approaches to regenerative medicine [10,16,17]. Since each SP has a
unique structure, each of them is regarded as a novel compound with
potentially new properties and distinct pharmacological activities. Fur-
thermore, it is well accepted that several factors, including seasonality
and extraction method, can influence the composition of SPs and conse-
quently their biological effect [18-20]. Therefore, it is clear that new
studies must be focused on the elucidation of the biological activity of
SPs from different algal sources. In this context, this study aimed to in-
vestigate the osteogenic potential of the extract enriched in SPs from
C. prolifera on human mesenchymal stem cells (hMSC).

The hMSC can be isolated from various tissues; however, MSCs iso-
lated from human umbilical cord present unique advantages, such as a


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2018.03.132&domain=pdf
https://doi.org/10.1016/j.ijbiomac.2018.03.132
ssmargarida@gmail.com
https://doi.org/10.1016/j.ijbiomac.2018.03.132
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac

566 G.P. Chaves Filho et al. / International Journal of Biological Macromolecules 114 (2018) 565-571

non-invasive extraction protocol. In particular, hMSC-from Wharton
jelly (hMSC-W]) have showed to possess appealing characteristics for
clinical applications than stem cells from other umbilical cord compart-
ments, advocating their use as a model for the evaluation of inductive
differentiation molecules [21].

Another important aspect concerning biomedical applications of
new molecules or new materials is their biological safety. This includes
an evaluation of cytotoxicity and genotoxicity. However, the latter is
often neglected. An evaluation of genotoxicity is a crucial parameter
for technological regulation and risk-assessment for several types of
compounds, including SPs. For this reason, genotoxicity tests for
drugs-validation are required by regulatory agencies, such as Food and
Drug administration (FDA), European Medicines Agency, and Agéncia
Nacional de Vigilancia Sanitaria (ANVISA, Brazil). Among the available
genotoxicity tests, the Cytokinesis-Block Micronucleus (CBMN) assay
has become one of the standard cytogenetic tests for genetic toxicology
testing in human and mammalian cells due to its good reproducibility
and reliability [22].

Despite the fact that green marine algae are accepted as an impor-
tant source of novel bioactive molecules, only few studies have focused
on their potential on regenerative medicine. This includes their SPs,
whose biological activity and genotoxicity also remain quite unex-
plored. Therefore, we investigated the osteogenic potential of the
crude extracts enriched in SPs extracted from the C. prolifera, as well
as several subfractions obtained from its precipitation with acetone. In
addition, the potential genotoxicity of these extracts was determined
by the CBMN assay.

2. Methodology
2.1. Preparation and analysis of SP-enriched samples

Caulerpa prolifera (P. Forsskal, Lamouroux) was collected along the
coast of Natal - RN, Brazil and SP-enriched samples were obtained fol-
lowing the method proposed by Costa and collaborators [8]. After col-
lection and identification, the alga was dried in an oven, at 50 °C,
under ventilation, ground in a blender, and macerated with acetone,
for 24 h. Approximately 50 g of dry powdered algae were suspended
in two volumes of 0.25 M NaCl (200 mL) and incubated with maxataze
(a mix of proteases from Esporobacillus; BioBra's, Montes Claros, MG,
Brazil), for 16 h, 60 °C, with a pH 8.0, under agitation. The mixture
was filtered through cheesecloth and precipitated with 2.0 volumes
of ice-cold methanol, under gentle agitation. The material was kept at
4 °C for 12 h. The precipitate (crude extract) was collected, by centrifu-
gation (10,000 g, 20 min), and dried under vacuum. To prepare the CP
subfractions, the crude extract was solubilized in two volumes of NaCl
(0.25 M) and ice-cold acetone was added to the solution until it ap-
peared turbid. After incubation at 4 °C for 16-18 h, the sample was cen-
trifuged (10,000 g, 4 °C, 15 min) and the pellet dried under vacuum. This
procedure was repeated to obtain the following subfractions: CP0.3,
CP0.5, CP0.7, CP0.9, CP1.1, CP1.5 and CP2.0. These subfractions and the
crude extract were resuspended in distilled water and stored to poste-
rior analysis.

The total sugar concentration was estimated by the phenol-H,SO4
reaction, as proposed by Dubois [23], using p-galactose as a standard
as described by Nader and Dietrich [24]. After acid hydrolysis of the
polysaccharides (6 N HCI, 100 °C, 4 h) sulfate content was measured
by the barium/gelatin method, as previously described [25].

The analysis of SP-enriched samples were performed in triplicate in
two independent experiment.

2.2. MSC-W] isolation and MTT assay
This study was approved by the National and Local Ethics Commit-

tees (number 508.459) and followed the criteria of the Helsinki conven-
tion. All umbilical cords specimens were obtained after a written

informed consent signed by mothers. The hMSCs were isolated by
treating the Wharton jelly's (W]) from umbilical cordon with trypsin
and collagenase [26], and characterized by their differentiation capacity
and flow cytometry as described previously [27]. Cells, at passages 4-7,
were cultured in growth medium composed of at-Minimum Essential
Medium (a-MEM, Gibco, Gaithersbug, MD, USA), supplemented with
10% fetal bovine serum (FBS; Gibco), antibiotics (10,000 U/mL penicillin
G and 25 pg/mL streptomycin, Gibco), and incubated in a humidified at-
mosphere containing 5% CO, at 37 °C.

The effect of SP-enriched samples on hMSC proliferation was
assessed by 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide assay (MTT; Invitrogen, Oregon, USA). Cells seeded in a 96-well
plate (2 x 103 cells/well) were incubated in growth medium supple-
mented with SP-containing samples at different concentrations (0.1;
0.5; 1; 5 and 10 pg/mL), for 24, 48 and 72 h. MTT solution was added
ata final concentration of 1 mg/mL, and incubated for 4 h. Subsequently,
the medium was carefully removed, the formazan crystals were solubi-
lized with dimethyl sulfoxide (DMSO), and the absorbance was mea-
sured at 570 nm using a microplate reader (uQuant™; Biotek).

The analyses of MTT reduction were performed in triplicate in three
independent experiments.

2.3. Alkaline phosphatase activity assay

Alkaline phosphate (ALP) activity was measured for screening
the osteogenic effect of each SP-enriched sample (crud extract and
subfractions) on hMSC-W]J. Cells seeded in a 24-well plate (2 x 10* cells
per well) were treated with SP-containing samples (0.5 and 5 pg/mL),
and after 5 days of treatment, the ALP activity was accessed using p-
nitrophenyl phosphate (Sigma-Aldrich Co.) as described by Cho et al.
[28]. Cells were washed thrice with phosphate buffer solution (PBS),
lysed, and incubated in the reaction medium (0.1 M NaHCO3-Na,CO3
buffer, pH 10, containing 0.1% Triton X-100, 1.5 mM MgCl, and 3 mM p-
nitrophenyl phosphate) for 1 h, at 37 °C, and the absorbance was mea-
sured at 405 nm. ALP activity was normalized by total cellular protein
that was quantified by BCA protein assay (Thermo Scientific Pierce) ac-
cording to the manufacturer protocol. Cells maintained in osteogenic me-
dium, and basal medium without SP-enriched samples were used as
positive and negative controls, respectively. The ALP activity assay was
performed in triplicate in three independent experiments.

2.4. Mineralization of extracellular matrix

Mineralization was assessed by Alizarin Red-Sulfate (AR-S; Sigma
Chemical, St. Louis, MO, USA) staining, using two different approaches:
(1) cells cultured for 21 days with continuous exposure to each SP-
enriched sample and (2) cells exposed for 72 h to SP-enriched samples
and maintained in growth medium without SP-containing samples, for
18 days. Cells seeded in a 96-well plate (2 x 10 cells/well), and treated
with SP-containing samples at concentration of 0.5 and 5 pg/mL, were
fixed with 70% (v/v) ice-cold ethanol for at least 1 h, at 8-4 °C. Cells
were stained using 40 mM AR-S in deionized water (pH 4.2) for 1 h at
room temperature, and washed thrice with PBS before imaged
(Olympus CKX41 inverted microscopy). For a quantitative analysis,
10% (v/v) of acetic acid was used for the solubilization. Subsequently,
100 pL of this solution was transferred to a 96-well plate, and the absor-
bance was measured at 405 nm. Results were normalized using the total
cellular protein. This analysis was performed in triplicate in three inde-
pendent experiments.

2.5. Cytokinesis block micronucleus assay

Chinese hamster ovarian cell line (CHO-K1 cells) is an established
cell line for CBMN assays [32]. These cells were cultured in Dulbecco's
modified eagle's medium (DMEM; Gibco, Gaithersbug, MD, USA), sup-
plemented with 10% FBS and antibiotics (10,000 U/mL penicillin G and
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25 pg/mL streptomycin). CBMN assay was carried out following the
guidelines for the in vitro mammalian cell micronucleus test [29], and
developed according to the Fenech protocol [22], with some modifica-
tions described below. The CHO-K1 cells were seeded in a 6-well plate
(9.6 x 10* cells/well) and incubated for 24 h before the treatment
with 5 pg/mL of SP-enriched samples that showed positive osteogenic
results (crude extract and CP0.5 subfraction). Cytochalasin B (Cyt B;
Sigma) was added to a final concentration of 5 pg/mL complete fresh
medium, and incubated for another 24 h. Thereafter, cells were washed
with PBS, detached using 0.25% trypsin, and 0.05% EDTA suspended in
cultured medium, and fixed by three treatments with methanol:glacial
acetic acid (9:1, v/v). Air-dried slides, stained with an aqueous solution
of 4% Giemsa for 5 min, were analyzed by optical microscope, following
the criteria for counting and characterizing micronuclei (MN), nuclear
buds (NBUDs), nucleoplasmatic bridges (NPBs) and mononuclear and
multi-nuclear cells, as proposed by Fenech [22]. The nuclear division
index (NDI) was determined for each condition. Treatment with mito-
mycin C (0.1 pg/mL) (simultaneously added with cyt-B) [30] for 24 h
was used as positive control, and cells cultured in DMEM were utilized
as negative control. Approximately 2000 binuclear cells were analyzed
per treatment in triplicate in three independent experiments, and re-
sults were expressed interms of the number of occurrences of alter-
ations per 1000 binucleated cells.

2.6. Statistical analysis

The values are expressed as the mean =+ standard deviation. Statisti-
cal analysis was performed by two-way analysis of variance (ANOVA),
followed by Tukey's test for comparisons between the means of the con-
trol and test groups for MTT reduction test. ALP activity, degree of min-
eralization, and CBMN assay were analyzed by one-ANOVA followed by
Tukey's test.

3. Results

3.1. Preparation and characterization of SP-enriched samples from
C. prolifera

The chemical analysis of the SP-enriched samples obtained from
C. prolifera is summarized on Table 1. CP0.5 and CP0.7 subfractions pre-
sented the highest yield. The crude extract displayed the highest sulfate/
total sugar ratio (0.557 4 0.019) followed by the CP0.5 subfraction
(0.440 4 0.011). Crude extract also showed 6.75 + 1.70% proteins con-
tent. However, in CP0.5, no proteins were detected. The order of sulfate/
total sugar ratio was: crude extract > CP0.5 > CP1.5 = CP0.7 = CP1.1
> CP2.0 > CP0.9 > CP0.3.

3.2. The effect of SPs isolated from C. prolifera on hMSC-W] capacity for MTT
reduction depended on sample, concentration, and time taken for testing

SP-containing samples showed no effect on cell capacity to reduce
MTT at 24 h of exposure (Fig. 1). However, after 72 h, the effect on
MTT reduction depended on both, sample and concentration used.

Table 1

Chemical composition of SPs samples from C. prolifera seaweed.
Sample Yield (%) S/TS Prot. (%)
Crude extract - 0.56 + 0.02 6.75 + 1.70
CP0.3 7.20 +0.28 0.03 4+ 0.01 n.d.
CP0.5 27.25 £ 1.77 0.44 4+ 0.01 n.d.
CP0.7 2330 4+ 2.12 0.25 4+ 0.04 n.d.
CP0.9 13.35 + 0.63 0.09 + 0.02 n.d.
CP1.1 6.60 + 0.14 0.26 4+ 0.02 n.d.
CP1.5 5.20 +0.28 0.27 4 0.02 n.d.
CP2.0 7.60 £+ 0.42 0.14 4 0.03 03+ 0.0

S = Sulfate; TS = Total sugar; Prot = Protein; nd = not detected.

Thus, the MTT reduction increased by 10-15% (p < 0.05) for CPO0.5,
CPO0.7, and CP2.0 subfractions at 1 ug/mL, whereas CP0.5 and CP0.7
subfractions (Fig. 1), when used at 10 pg/mL, inhibited MTT reduction
by 20-30% (p < 0.05).

3.3. SPs isolated from C. prolifera promoted osteogenic differentiation of
hMSC-WJ

Alkaline phosphatase (ALP) activity and the degree of mineralization
were measured as early and late marker of osteogenic differentiation,
respectively. SP-containing samples significantly (p < 0.05) induced
ALP activity in hMSC-W], and this effect depended on both the sample
and concentration used. The highest ALP activity was 79.78 + 4.80% in
the crude extract, and 60.00 4 5.00% in the CPO0.5 subfraction, using 5
ug/mL of sample, in relation to the negative control (Fig. 2). In fact,
when compared to the positive control, the crude extract and the
CPO0.5 subfraction showed similar results, with no significant differences
between the groups.

To examine whether SP-enriched samples from C. prolifera promote
calcium accumulation in the extracellular matrix, hMSC-W] were
treated with the SP-containing samples. After 21 days of continuous
treatment, results showed that CP0.5 subfraction at 5 pug/mL signifi-
cantly increased the mineralization of the extracellular matrix (5.91 +
0.21x%, *p <0.001) when compared with the negative control (Fig. 3).
Moreover, treatment with the CP0.5 subfraction (5 pg/mL) for only
72 h also increased mineralization of extracellular matrix by 1.18 +
0.11x (p < 0.001) (Fig. 3a and b).

3.4. SPs from C. prolifera do not induce genotoxicity

After the treatments with the crude extract and CP0.5 subfraction (at
5 pg/mL), CHO-K1 binucleated cells were counted, and the frequency of
CBMN and other nuclear alterations such as MN, NPBs, and NBUDs
resulting from DNA damages were analyzed. Under the tested condi-
tions, the crude extract and CP0.5 subfraction did not induce
micronuclei in CHO-K1 cells, as compared to the positive control (mito-
mycin C) (Table 2). In addition, the NDI results showed that these sam-
ples did not affect the cell proliferation.

4. Discussion

Marine algae are a source of molecules with multiple interesting
proven biological activities. However, they remain quite unexplored.
In particular, bioactivities of SPs isolated from green algae have not
been elucidated despite their potential for biomedical applications. Nev-
ertheless, they present a more complex and diverse chemistry than
other algae, and they are broadly distributed. Taking into account the bi-
ological properties and availability of green algae, they make an attrac-
tive source for the development of pharmacological and medical
applications [10]. In this context, the evaluation of the osteogenic effect
of water soluble SPs isolated from the green alga C. prolifera was the ob-
jective of this study.

The results of MTT test showed no significant effect of SPs from
C. prolifera on the proliferation of hMSC-W]. However, when samples
were used at concentrations of up to 1 pg/mL, a trend toward increased
cell proliferation was observed, while concentrations above 5 pg/mL re-
sulted in the opposite effect (Fig. 1). It is noteworthy that the effect of
different SPs concentrations on MTT reduction varied according to cell
type. For instance, the concentrations reported by Costa et al. [8] are
highly toxic to hMSC-W]J used in this study (results not shown). This
previous study examined the effect of SP-containing samples on the
proliferation of HeLa cells. The results from this study showed that at
0.1 mg/mL, after 72 h of incubation, 50% of HeLa cells were viable. How-
ever, under this conditions, we observed that hMSC-W] were not viable
at all, reinforcing the idea that the effect of these SP-enriched samples
are dependent on cell type.
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Fig. 1. Evaluation of the cytotoxicity of SP-enriched samples extracted from C. prolifera on hMSC-W], by MTT assay. hMSC-W] were treated with SP-containing samples (Crude extract,
CP0.3, CP0.5, CP0.7, CP0O.9, CP1.1, CP1.5 and CP2.0 subfractions) at different concentrations (0,1-10 pg/mL), along 24, 48 and 72 h. Data represent the mean =+ standard deviation of

three independent experiments (*p < 0.05).

As shown in Table 1, the subfractions CP0.5 and CP0.7 presented the
best yield (27.25 £ 1.767% and 23.30 + 2.12, respectively) However,
the CP0.5 subfraction also has the highest sulfate/total sugar ratio
(0.440 4 0.011), representing a 150% increase in relation to the CP0.7
subfraction, which had the second highest sulfate/sugar ratio (0.254 +
0.038). It is well accepted that amount of sulfate directly influences
the biological activity. For example, Qi et al. [28] showed that ulvans

(SPs of green algae) containing higher sulfate amount exhibited in-
creased antioxidant activity. The positive effect of sulfated groups on
SPs from green algae has also been observed in osteogenic differentia-
tion combined with biomaterials or biomolecules [31,32], such as angio-
genic factors, in a synergistic approach. Taking into account the high
yield and sulfate content, we choose to proceed with CP0.5 sample for
further assays.
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Fig. 2. Evaluation of osteogenic activity of SP-containing samples extracted from
C. prolifera. ALP activity was assessed by the conversation of p-nitrophenyl. Results were
normalized by total protein content as describe in methods. Data represent the mean +
standard deviation of three independent experiments (*p < 0.05). — = Negative control;
+ = Positive control.

In the present study, we report the increase of ALP activity in hMSC-
W], treated with SP-enriched samples of C. prolifera, and show that the
effect on ALP activity is dependent on sample used. Thus, the crude ex-
tract and CPO.5 subfraction, at 5 ug/mL promoted an increase in ALP ac-
tivity by 79.78 + 4.80% and 60.0 + 5.0%, respectively, compared to
negative control, which is a result similar to that obtained to the positive
control.

Some researchers have investigated the effect of fucoidan (sulfated
L-fucose-rich polysaccharide) isolated from different brown seaweeds
on the osteogenic differentiation of stem cells (from bone marrow and
adipose tissue) and preosteoblastic cells [5,28,33]. Changotade et al.
[33] demonstrated the synergistic effect of low molecular weight
fucoidan of unspecified origin, on the osteogenic differentiation of
stem cells derived from adipocyte tissue, co-treated with known osteo-
genic differentiation stimulators. In another study, Cho and coworkers
[28] revealed that fucoidan (in the absence of other osteogenic stimula-
tors) increased ALP activity in MG-63 cells (a preosteoblastic cells).
These results were confirmed by Kim and colleagues on MSCs isolated
from the bone marrow. Furthermore, these results elucidated the mo-
lecular basis of the osteogenic effects of fucoidan in MSCs, showing
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Table 2
Effect of the exposure of CHO-K1 cells to crude extract and CPO.5 subfraction (5 pg/mL) on
the frequencies of MN, NBUDs, and NPBs in 1000 binucleate cells.

Treatment MN NBUDs NPBs NDI

NC 9.75 £ 1.76 28 +7.45 233+ 14 1.99 + 0.005
Crude extract 8 + 2.12 29.25 +£1.06 31+ 5.65 1.99 + 0.05
CP0.5 74+212 2825+ 495 24+ 1.06 1.98 + 0.07
PC 46.2 4+ 3.18* 71.75 £ 3.9* 74 + 4.95* 1.99 + 0.002

Cells maintained in growth medium and growth medium containing mitomycin C
were used as negative (NC) and positive control (PC), respectively. Data represent the
mean + standard deviation of three independent experiments (*p < 0.05).

that osteogenic differentiation is induced through BMP2-Smad 1/5/8
signaling by activating ERK and JNK [5]. However, it is important to re-
inforce that in the present study used no osteogenic inductors, such as
dexamethasone and beta glycerol phosphate, with SP-enriched samples
from C. prolifera, and the ALP activity was still significantly increased in
MSC-WJ, which are not preosteoblastic cells. This pointing highlights
the tremendous biotechnological potential of this green alga species.
The CP0.5 subfraction, at 5 pg/mlL, also induced extracellular matrix
mineralization, which increased to about 5.91 £ 0.21x at the end of
21 days, and to 1.18 4 0.11x after only 72 h of treatment in comparison
with negative control. These results correspond to a similar result ob-
tained to the positive control. Although the results of ALP activity
assay were similar for the crude extract and the CP0.5 subfraction, the
former did not induce extracellular matrix mineralization under the
conditions used in the assay (data not shown). Our finding strongly sug-
gest that the CP0.5 subfraction holds SPs with greater osteogenic effect
on hMSC-W]J, by inducting and enhancing the mineralization of
extracellular matrix, a phenotypic marker of the final stages of
osteogenic differentiation [5]. According to their composition, the
crude extract has the major content of sulfate, although it is contami-
nated with proteins. Thus, this sample should contain small peptides
resulting from protease treatment instead intact proteins. However,
the CP0.5 subfraction contained almost the same sulfate amount
(0.440 4 0.011), and no proteins were detected in this sample. It is
well accepted that molecules with the presence of polyanionic disaccha-
ride repeating structures, such as heparan sulfate (negatively charged),
in the extracellular matrix, could interact with many proteins (including
structural proteins present in the extracellular matrix, growth factors
and their receptors, among others), thereby regulating cellular behavior

* *
==
*
. - CP0.5 (3d) CP0.5 (21d)
Treatment

Fig. 3. Osteogenic activity of SP-enriched samples extracted from C. prolifera. (a) Determination of calcium accumulation using AR-S staining: (3d) hMSC-W] treated with CP0.5 subfraction
(5 pg/mL) for 3 days and maintained in growth medium for up to 21 days of culture; or (21d) cells maintained in growth medium supplemented with SP-containing samples along 21 days.
(b) Quantification of the calcium accumulation at 405 nm. Scale bar = 1 mm. Data represent the mean + standard deviation of three independent experiments (*p < 0.05).
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characteristics, such as stem cell differentiation [34]. The crude extract
had 6.75 + 1.70% of contaminant proteins (Table 1), and we hypothe-
sized that these proteins could interact with the sulfate present on the
SPs of the sample, altering their activity/bioavailability. Alternatively,
they could interact with cell receptors, modulating the cell response.
In addition, the crude extract is a complex mixture of molecules that
may affect cellular behavior, whereas the CP0.5 subfraction, being a
more refined sample, may result in less biological interference. There-
fore, the subfractioning of the crude extract acted to purify and concen-
trated the SPs in CP0.5 subfraction, resulting in improved osteoinductive
activity and low toxicity for long exposure periods. Nevertheless, our
findings suggest that the high sulfate content of our samples, especially
on subfraction CP0.5, may play a role in the hMSC differentiation, and
have potential for bone regeneration approaches.

Since potential for biomedical application is being explored, the
genotoxicity of crude extract and CP0.5 subfraction was accessed
using CBMN assay on CHO cells. We chose this cell model because it is
an established cell line for genotoxicity assays, including on the CBMN
assay [22,35]. Samples enriched in SPs from C. prolifera did not present
genotoxic effects under the conditions of the CBMN assay. Nevertheless,
the negative results in the micronucleus tests were also reported with
fucoidan [36,37]. Importantly, this is the first study demonstrating the
lack of genotoxicity of SPs isolated from green seaweed. Thus far, such
evaluation has only been carried out for carotenoids extracted from
green seaweed [38].

These results represent a step toward the development of alterna-
tive therapies for several bone diseases as well as the improvement of
existing therapies. We demonstrated the osteogenic potential of these
SPs and their non-genotoxicity. Importantly, the water solubility of
the samples represents a great advantage for industrial and biomedical
applications. Another advantage that highlight the potential application
of these products is the ability to achieve the desired effect with lower
doses (5 pg/mL), even using perinatal MSCs, without genotoxic effect.
Thus, more studies are needed in order to determine and isolate the bio-
active molecules responsible for these biological effects from the CP0.5
subfraction, and propose correlations to the structural activity and mo-
lecular mechanism involved in the osteogenic activity of these SP-
enriched samples.

5. Conclusion

In this study, we demonstrated the osteogenic potential of sul-
fated polysaccharides extracted from C. prolifera. Human MSCs
were induced to differentiate into osteoblasts using low amounts of
water-soluble CP0.5 sample, which is a subfraction with a higher
SPs content, indicating a role for these molecules in MSC differentia-
tion. In addition, we also showed the non-genotoxicity of these SPs,
by CBMN assay. Taken together, these results highlight the potential
of SPs from C. prolifera for the development of alternative therapies
for bone regeneration. To our knowledge, this is one of the only
few studies demonstrating the osteogenic potential of isolated com-
pounds in this type of green seadweed, thus contributing to informa-
tion regarding the therapeutic and pharmacological potential of
marine products.
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