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Abstract: The marine origin polysaccharide fucoidan combines multiple biological activities.
As demonstrated by various studies in vitro and in vivo, fucoidans show anti-viral, anti-tumor,
anti-oxidant, anti-inflammatory and anti-coagulant properties, although the detailed molecular action
remains to be elucidated. The aim of the present study is to assess the impact of crude fucoidan
extracts, on the formation of vascular structures in co-culture models relevant for bone vascularization
during bone repair and for vascularization processes in osteosarcoma. The co-cultures consisted of
bone marrow derived mesenchymal stem cells, respectively the osteosarcoma cell line MG63, and
human blood derived outgrowth endothelial cells (OEC). The concentration dependent effects on the
metabolic activity on endothelial cells and osteoblast cells were first assessed using monocultures of
OEC, MSC and MG63 suggesting a concentration of 100 µg/mL as a suitable concentration for further
experiments. In co-cultures fucoidan significantly reduced angiogenesis in MSC/OEC but also in
MG63/OEC co-cultures suggesting a potential application of fucoidan to lower the vascularization
in bone tumors such as osteosarcoma. This was associated with a decrease in VEGF (vascular
endothelial growth factor) and SDF-1 (stromal derived factor-1) on the protein level, both related to
the control of angiogenesis and furthermore discussed as crucial factors in osteosarcoma progression
and metastasis. In terms of bone formation, fucoidan slightly lowered on the calcification process in
MSC monocultures and MSC/OEC co-cultures. In summary, these data suggest the suitability of
lower fucoidan doses to limit angiogenesis for instance in osteosarcoma.

Keywords: fucoidan; mesenchymal stem cells; outgrowth endothelial cells; co-culture; angiogenesis;
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1. Introduction

Vascularization, the formation of blood vessels, plays an essential role in bone repair [1–3] and
normal bone physiology as well as in bone tumor development [4]. New blood vessel formation
from existing vasculature, defined as angiogenesis, is supposed to be the dominant process for
neovascularization in mature bone [2]. Nevertheless, a series of studies also imply the contribution
of stem cells and progenitor cells such as circulating endothelial progenitor cells in the formation
of new blood vessels [5,6]. In bone tumors such as osteosarcomas angiogenesis plays a key role
mediating tumor growth and formation of metastasis [7]. In principle, molecular mechanisms guiding
tumor-induced angiogenesis and neovascularization during bone regeneration seem to be at least
similar [8]. In this context, co-culture systems have been shown to serve as highly relevant in vitro
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models to study the physiological and pathological processes of angiogenesis in the bone, permitting
the study of reciprocal reactions between bone cells [9,10], endothelial cells and circulating cells at
cellular and molecular levels [11,12]. In addition, these models also serve as experimental platforms to
test drug delivery options [13] or compounds modulating the vascularization process with the aim to
detect specific effects on single cell types and effector molecules.

The aim of this study is to assess the impact of commercially available crude fucoidan extracts,
a mixture of sulfated polysaccharide from seaweed, on the formation of vascular structures in
co-culture models relevant for bone vascularization during bone repair and vascularization processes
in osteosarcoma. The co-cultures consisted of bone marrow derived mesenchymal stem cells,
respectively the osteosarcoma cell line MG63, and human blood derived endothelial cells (Outgrowth
endothelial cells (OEC)) [14,15]. As demonstrated in a large number of in vitro and in vivo, studies
fucoidans shows anti-viral [16,17], anti-tumor [18–20], anti-oxidant [21], anti-inflammatory [22] and
anti-coagulant [23] properties.

Nevertheless, the biological effects of fucoidan are closely related to its chemical structure and
composition. The effects depend on the molecular weight, sulfation degree, molecular geometry and
sugar composition [24,25]. In addition, fucoidan is often a crude mixture of sulfated polysaccharides
and this chemical heterogeneity of fucoidans is largely depending on the source, the extracting method
and even the time point of harvesting. This results in difficulties to correlate specific chemical features
with the associated bioactivities [25,26]. Commercial fucoidans from fucus vesiculosus are known as
a crude extract and have been used in biological studies [27]. This extract includes a wide spectrum
fucoidans with different molecular weights and chemical structures [28]. Recently it has been shown
that this type of fucoidan extract provides anti-angiogenic properties in a macular degeneration model
by suppressing the VEGF expression and secretion of retinal pigment epithelial cell lines and thus
limits the angiogenic activity of blood derived outgrowth endothelial cells (OECs) [29]. Accordingly,
this result also implies a potential value of fucoidan to suppress angiogenesis in the bone or in bone
tumors, respectively.

VEGF, is a key regulatory molecule in angiogenesis promoting adhesion, migration, proliferation
and survival of endothelial cells [30] with a high impact specifically in the bone [31]. For these reasons,
VEGF has been studied as a common target to control angiogenesis in general and specifically to
control tumor growth [32,33]. In addition, fucoidan has been shown to modulate the CXCR4/SDF-1
pathway [34] guiding the recruitment of different cell types in the bone [35] and in many other tissues.
This CXCR4/SDF-1 pathway is relevant for attraction of stem cells [36] as well for many other cells
relevant in tumor progression [37–40] and control of angiogenesis in general [41–43].

In this study, we applied fucoidan from fucus vesiculosus to co-cultures of human peripheral
blood derived outgrowth endothelial cells (OECs) and human bone marrow derived mesenchymal
stem cells (MSCs) or respectively human bone sarcoma cell line (MG63). We investigated the impact of
fucoidan supplemented medium on the formation of vascular structures and correlated these findings
with the expression and secretion of VEGF and other relevant molecules such as Angiopoietins
(angiopoietine-1 and angiopoietin 2) involved in the control of the angiogenesis [44]. Furthermore, we
investigated the consequences of fucoidan treatment on molecules involved in bone formation and the
recruitment of circulating cells via the CXCR4/SDF-1 pathway. In addition, we assessed the impact of
fucoidan on molecules involved in the bone function and the calcification process.

2. Materials and Methods

2.1. Ethical Approval for the Use of Human Cells

The use of MSC and OEC isolated from human tissues was approved by the local ethical advisory
boards including the consent from the individual donors.
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2.2. Isolation and Culture of MSCs

Human mesenchymal stem cells (MSCs) loosely attached to cancellous bone structures were
collected from bone fragments by washing in phosphate buffered saline (PBS) (Gibco, Darmstadt,
Germany) as described before [16]. Following washing the cells in PBS were collected. After
centrifugation, cells were resuspended in Dulbecco’s Medium Essential Medium (DMEM)/Ham F-12
(Biochrom, Berlin, Germany) supplemented with 20% fetal bovine serum (FBS) (Sigma, Taufkirchen,
Germany) and 1% penicillin/streptomycin (Pen/Strep) (Biochrom, Berlin, Germany) and seeded at
a density of 2 × 106 cells/cm2 in collagen type I (Corning, Bedford, MA, USA) coated flasks. MSCs
were expanded by subculturing and further cultivated in osteogenic differentiation medium (ODM)
consisting of DMEM/Ham F-12; 0.1 µM dexamethasone (Sigma-Aldrich, St. Louis, MO, USA); 10 mM
β-glycerol phosphate (Sigma-Aldrich); 50 µM ascorbate-2-phosphate (Sigma-Aldrich); 10% FBS, and
1% Pen/Strep for 2 weeks to obtain osteogenic lineage cells. Cells were derived from several MSC
donors at the age of 69 (m), 53 (f), 70 (f) and 73 (f).

2.3. Isolation and Expansion of OECs

Human outgrowth endothelial cells (OECs) are derived from human peripheral blood, and have
been isolated and cultured by the methods described previously [15,45]. In brief, human mononuclear
cells were isolated from buffy coat by gradient centrifugation with Biocoll (Biochrom, Berlin, Germany).
Cells were resuspended in endothelial cell growth medium-2 (EGM-2) (Lonza Walkersville, MD, USA)
with supplements from the kit, 5% FBS and 1% Pen/Strep. Cells were seeded in collagen type I coated
24-well-plates at a density of 2.6 × 106 cells/cm2. After 7 days, cells were subcultured to new collagen
type I coated 24-well-plates at a density of 2.6 × 105 cells/cm2. Cobblestone-like OECs were observed
within 2–3 weeks. OECs were subcultured and expanded to be used in the experiments.

2.4. Fucoidan Treatment of Mono and Co-Cultures

MG63 osteosarcoma cells were cultivated in Dulbecco’s MEM (Biochrom, Berlin, Germany)
supplemented with 10% FBS, 1% L-Glutamine (Gibco, Darmstadt, Germany) and 1% Pen/Strep. Cell
subculture was performed after reaching 80–90% confluence. MG63 cells with different passage
numbers within the range from 15 to 23 were used in mono-cultures and co-cultures with OECs.

For mono-cultures of MSC, MG63 or OEC, cells were seeded in fibronectin (Millipore, Temecula,
CA, USA) coated 24 well-plates at a density of 40.000 cells/cm2. After one day, growth medium with
different concentrations fucoidan from fucus vesiculosus (Sigma-Aldrich, Taufkirchen, Germany) was
applied to the growth medium or cells were maintained in normal growth medium as controls.

For co-cultures the seeding of MSC and MG63 was performed as described above followed by
adding OEC on the next day at a density of 40.000 cells/cm2. EGM-2 medium supplemented with
100 µg/mL fucoidan was applied to co-cultures one day after seeding of OECs, or cells were grown in
EGM-2 as controls. Medium changes were performed every 3 days for both mono- and co-cultures.

2.5. MTS Cell Metabolic Activity Assay

The metabolic activity of MSC and OEC mono-cultures in response to fucoidan treatment was
determined with CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI,
USA) as described by the instruction from the supplier. MSC, MG63 or OECs respectively were seeded
on 96-well-plates at a density of 40.000 cells/cm2. Fucoidan treatment was performed as described
above. The medium was replaced with MTS solution and incubated at 37 ◦C for 2 h according to the
manufacturer’s instruction. The absorbance at 490 nm was measured in a microplate reader (Apollo,
Berthold Technologies, Bad Wildbad, Germany). The cell metabolic activities in percentage were
calculated as the mean value normalized to control group (100%) after subtracting the absorbance of
the blanks.
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2.6. Immunofluorescence Staining and Visualization of Angiogenic Structures

Co-cultures grown on Thermanox coverslips were immunostained for the endothelial marker
VE-Cadherin and the angiogenesis and cell recruitment related marker CXCR4. The MSC/OEC and
MG63/OEC co-cultures were fixed with 4% paraformaldehyde solution in PBS (Affymetrix, Cleveland,
OH, USA) on day 10 (and day 7, Supplemental Data). Cells were washed 3 times for 5 min PBS and
then permeablized with 0.5% Triton® X-100 (Sigma-Aldrich, Taufkirchen, Germany). Then cells were
incubated with primary antibodies VE-Cadherin (R&D, Minneapolis, MN, USA) and CXCR4 (R&D,
derived in mouse) both 1:50 diluted in PBS with 1% bovine serum albumin (BSA) (Millipore, Kankakee,
IL, USA) for 1.5 h. After washing with PBS, cells were incubated with the secondary antibodies Alexa
555 donkey anti goat (Invitrogen, Eugene, OR, USA) and Alexa 488 rabbit anti-mouse (Invitrogen)
1:1000 diluted in 1% BSA for 30 min followed by 5 min incubation with Hoechst diluted in PBS.
Samples were mounted with Fluoromount Aqueous Mounting Medium (Sigma-Aldrich, St. Louis,
MO, USA) before visualization with confocal laser scanning microscopy (CLSM, LSM 510 Meta, Zeiss,
Oberkochen, Germany).

2.7. Quantification of Agiogenesis

The immunofluorescense-stained cells (co-cultured MSC/OEC and MG63/OEC) were
photographed (20-fold magnification) and images were analyzed using ImageJ 1.43 as described
previously [46]. In brief, the images were segmented semi automatically and area and length of
tube-like structures were quantified for samples with and without (control) addition of Fucoidan on
day 10.

2.8. Quantification of DNA Content

The potential influence of fucoidan on cell growth was evaluated by DNA assessment. Cells grown
in the wells were trypsinized, the pellet was harvested by centrifugation at 2000 g for 5 min and finally
resuspended in a microtube with 1 mL deionized water. Cell membrane was destroyed by freeze-thaw
cycles and sonication. The dsDNA content released in the aqueous solution was examined with
Quant-iT PicoGreen dsDNA assay kit (Molecular probes, Eugene, OR, USA). Each sample or standard
was prepared in triplicate. DNA amount was determined by fluorescence using a microplate reader
(TECAN, Maennedorf, Switzerland) at 485/535 nm of excitation/emission wavelength according to a
standard curve.

2.9. Gene Expression Analysis

Cells were lysed with cell lysis buffer from peqGOLD Total RNA Kit (VWR peqlab, Erlangen,
Germany). Total RNA was isolated according to the manufacturer’s protocol. The RNA concentration
was measured with a NanoDrop (Thermo Fisher, Erlangen, Germany). Then 1 µg of total RNA from
each sample was transcribed to cDNA with high capacity RNA-to cDNA Kit (Applied Biosystems,
Carlsbad, CA, USA). PCR was performed for primers as indicated in Table 1 using RPL13a as internal
control. Quantitative real-time PCR was carried out using a total volume of 25 µL for each reaction and
SYBR® Select Master Mix (Applied biosystems, Austin, TX, USA), cDNA QuantiTect® Primer Assay
(Qiagen, Hilden, Germany) or CD31(Eurofins, www.eurofins.com), RNase free water (Qiagen), and
cDNA were added. The mixtures were preheated to 50 ◦C for 20 min and 95 ◦C for 20 min followed by
40 cycles of step 1: 95◦ for 15 s and step 2: 60◦ for 60 s. The relative gene expression was calculated
with ∆∆cT method. Fucoidan treated groups were compared to untreated conditions which were
normalized to 1 as control.

www.eurofins.com
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Table 1. Primer list.

Gene Name Primer Assay Name Catalogue Number

ALP Hs_ALPL_1_SG QuantiTect Primer Assay QT00012957
Osteocalcin Hs_BGLAP_1_SG QuantiTect Primer Assay QT00232771
Collagen I Hs_COL1A1_1_SG QuantiTect Primer Assay QT00037793

vwf Hs_VWF_1_SG QuantiTect Primer Assay QT00051975
VE-Cadherin Hs_CDH5_1_SG QuantiTect Primer Assay QT00013244

SDF-1 HS_CXCL12_1_SG QuantiTect Primer Assay QT00087591
CXCR4 Hs_CXCR4_2_SG QuantiTect Primer Assay QT02311841

ANGPT-1 Hs_ANGPT1_1_SG QuantiTect Primer Assay QT00046865
ANGPT-2 Hs_ANGPT2_1_SG QuantiTect Primer Assay QT00100947

VEGF Hs_VEGFA_2_SG QuantiTech Primer Assay QT01036861
RPL13a Hs_RPL13A_1_SG QuantiTect Primer Assay QT00089915

Gene name Sequence Annealing temperature

CD 31 for 5′- CCGGATCTATGACTCAGGGACCAT-3′ rev
5′-GGATGGCCTCTTTCTTGTCCAG-3′ 55 ◦C

2.10. Enzyme Linked Immunosorbent Assay (ELISA)

The supernatants of mono-/co-cultures were collected at day 7 (not shown) or 10 to perform
ELISA for VEGF, Angiopoietin-1 and Angiopoietin-2 with DuoSet ELISA Development kit (R&D,
Minneapolis, MN, USA) according to manufacturer’s protocols. Absorbance was detected using
a microplate reader (Apollo) at 450 nm with a reference wavelength of 560 nm. Samples from at
least 3 donor sets were analyzed in triplicate. The amount of proteins from cellular supernatant was
normalized to DNA content. The ELISA results are presented in relative values of Mprotein/DNA in
percentage compared to the control group calculated with the formula [Msample/Mcontrol] × 100%.

2.11. Quantification of Mineralization by Alizarin Red Staining and Quantification

To quantitatively determine the impact of fucoidan on the calcification in the co-cultures, 1 mL of
40 mM Alizarin Red S Stain Solution (Millipore, Billerica, MA, USA) was applied to 4% PFA fixed cells
at day 14 and incubated for 30 min. Cells were washed with distilled water until the wash solution
was clear then incubated with 10% cetylpyridinium chloride (Roth, Karlsruhe, Germany) overnight to
extract the Alizarin Red dyes combined with mineralized ECM. Alizarin Red supernatants collected
from stained cell layers and standards were added in a 96-well-plate and read at a wavelength of
560 nm with a microplate reader (Apollo) for quantification.

2.12. Statistical Analysis

All experiments mentioned above were carried out with at least 3 different donor sets. The
statistical significance between fucoidan treated and control group was assessed as shown for the
individual graphs with student’s t-test or ANOVA using Graphpad Prism 5. p < 0.05 (* p < 0.05,
** p < 0.01, *** p < 0.001) was considered as statistically significant difference.

3. Results

3.1. The Metabolic Activity of Individual Cell Types in Response to Fucoidan Dose

The MTS assays were performed to examine a potential effect of fucoidan on the metabolic
activities of MSC, MG63 and OEC in monocultures at day 10 (Figure 1) using different concentrations
of fucoidan. MTS absorbance values were depicted as relative changes of fucoidan treated groups
compared to untreated controls (100%).

For 100 µg/mL (Figure 1), the metabolic activity of MSC and OECs showed only a slight but
no significant reduction in fucoidan treated group compared to controls. The metabolic activity was
further reduced in groups treated with higher concentrations of fucoidan. In accordance with first
effects of fucoidan on OECs at a fucoidan concentration of 200 µg/mL, OECs seemed to be more
sensitive compared to MSC (significant effects observed at 300 µg/mL) whereas MG63 seemed to
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tolerate higher concentrations of fucoidan (significant effects at 500 µg/mL). In accordance with these
observations, all further experiments to assess angiogenesis as well as osteogenesis were performed
with a fucoidan concentration of 100 µg/mL.Mar. Drugs 2017, 15, 186  6 of 16 
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Figure 1. Effect of different fucoidan concentrations on the metabolic activity of OEC, MSC and MG63.
Data are depicted in percent in relation to untreated groups used as controls (100%), 1-way ANOVA.
* p < 0.05, ** p < 0.01, *** p < 0.001 was considered as statistically significant difference.

3.2. Angiogenic Structures of OECs in Co-Cultures

The morphology of OECs and the formation of angiogenic structures by OECs in co-cultures
were visualized with confocal microscopy after immunostaining with endothelial marker VE-Cadherin
(Figure 2a depicted in red) at day 10 (day 7 see Supplemental Data Figure S1). In addition, the
samples were stained for stromal-derived factor receptor CXCR4 (Figure 2a, depicted in green, nuclear
counterstain, blue). For MSC/OEC co-cultures, OECs in the untreated control group showed elongated
cell shape and were aligned into tubular structures typical for pro-angiogenic structures indicated
in Figure 2a. In contrast, fewer pro-angiogenic structures were observed after fucoidan treatment
(100 µg/mL) and OECs remained mainly organized as monolayers with distinct cell-cell contacts as
indicated by VE-Cadherin staining, although the formation of angiogenic structures was not completely
blocked after fucoidan treatment.
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Figure 2. Effect of fucoidan on the morphology and pro-angiogenic structures in co-cultures.
(a) Confocal laser scanning microscopy of MSC/OEC and MG63/OEC co-cultures on day 10.
VE-Cadherin is depicted in red, green channel represents staining for CXCR4 and nuclei are depicted in
blue. The scale bar represents 150 µm. (b,c) Quantitative analysis of angiogenic structures depicting the
skeleton length and the area of angiogenic structures for MSC/OEC co-cultures (b) and MG63/OEC
co-cultures (c). The results are given as means ± S.D. and significant differences were calculated with
Graph Pad Prism using an unpaired t-test (p < 0.05 * and p < 0.01 **) for equal variances as verified with
a variance ratio analysis (F-test, p > 0.05). For unequal variances (F-test, p < 0.05) data were analyzed
using the unpaired t-test with Welch’s correction.

Similar to MSC/OEC co-cultures, OECs in co-cultures with MG63 were characterized by the
formation of complex angiogenic structures at day 10 in untreated control groups as shown in Figure 2a.
In fucoidan treated groups, only a few elongated angiogenic structures of OECs were observed mainly
at the borders of OEC cell patches.

To quantify the effects of fucoidan on the formation of angiogenic structures, we performed
quantitative image analysis as depicted in Figure 2b,c. For both types of co-cultures the addition of
fucoidan to the culture medium resulted in a significant decrease in length and the area of angiogenic
structures thus showing anti-angiogenic properties of fucoidan in co-culture models relevant for
normal bone physiology or osteosarcoma, respectively.

3.3. DNA Quantification

In order to gain a deeper insight in the action of fucoidan and potential effects on cell growth,
the total DNA content, as indicator for cellular proliferation, was analyzed in mono-cultures of OEC,
MSC and MG63 and both groups of co-cultures using a picogreen based assay (Figure 3). The Total
DNA content analyzed at day 10 decreased significantly for MSC monocultures but increased for
mono-cultures of OEC in response to fucoidan treatment, whereas no significant difference was
observed for MG63. For both co-cultures the DNA content slightly decreased in fucoidan treated
groups but this trend was not statistically significant in the co-cultures.
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Figure 3. Effect of fucoidan on cell proliferation depicting the DNA content of MSC, OEC and MG63
mono-cultures (paired t-test) as well as MSC/OEC and MG63/OEC co-cultures; * p < 0.05, n = 3,
(unpaired t-test).

3.4. Quantitative Assessment of Gene Expression of Mono-/Co-Cultures

As a next step we performed semi-quantitative real time PCR studies for mono- and co-cultures
(Figure 4) in control and fucoidan treated groups and analyzed the relative gene expression of
molecules associated with bone formation and osteogenic differentiation, factors involved in control of
angiogenesis and stem cell recruitment, as well as endothelial markers.

In OECs no significant effects in the investigated genes in response to fucoidan treatment could
be observed. Nevertheless, in the osteogenic cells a significant impact of fucoidan treatment was
observed. This includes a significant downregulation of the molecules Ang-1, and VEGF, involved
in the modulation of angiogenesis by MSCs [15,47,48] via paracrine factors. Similar effects were also
observed for the osteosarcoma cell line MG63 although the effect on VEGF was not significant for
MG63. In addition, the fucoidan treatment resulted in a significant downregulation of SDF-1 in both
MSC and MG63 as factors involved in the recruitment of a series of cell types [36,49,50]. Angiopoietin
2 (Ang-2) a proangiogenic factor was tentatively downregulated in the co-cultures. In terms of effects
of the fucoidan treatment on osteogenic differentiation markers, the results differed in the MSC and
the osteosarcoma cell line MG63 showing significant downregulation for alkaline phosphatase only in
MSC and significant downregulation of collagen type 1 only in MG63. In co-cultures of MG63 and
OEC again SDF-1 and its corresponding receptor CXCR4 levels were reduced in response to fucoidan,
as well collagen type 1 and angiopoietin-1.
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Figure 4. Relative gene expression for osteogenic markers (ALP, osteocalcin, collagen I), growth factors
(SDF-1, CXCR4, ANGPT1, ANGPT2, VEGF) and endothelial markers (CD31, vWf, VE-Cadherin)
evaluated by semi-quantitative RT-PCR for mono-cultures of OEC, MSC and MG63 as well as
MSC/OEC and MG63/OEC and co-cultures on day 10. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001,
n = 3, 2-way ANOVA.

3.5. Analysis of Angiogenesis Relevant Factors in Culture Supernatants by Enzyme-Linked Immunosorbent
Assay (ELISA)

In accordance with the results from the PCR the quantity of angiogenesis relevant factors including
VEGF, ANGPT-1, ANGPT-2 and SDF-1 involved in cell recruitment and osteosarcoma progression in
supernatant was measured by ELISA to gain insight on the effects of fucoidan on the protein level.

The protein levels in the supernatants were normalized to DNA content and are depicted in %
values in relation to the controls (untreated 100%) in Figure 5.

Fucoidan treatment resulted in significantly lower VEGF levels in co-cultures of MSC/OEC
and MG63/OEC with similar effects observed for MSC monocultures (Figure 5a) and tentatively for
MG63 monocultures. In addition Angiopoietin-2 a proangiogenic factor which is mainly produced
by endothelial cells themselves [51] was reduced in response to fucoidan treatment in all samples
(MSC and MG63 levels not detectable, data not shown). In contrast, Angiopoietin 1, which binds
like the Ang-2 to the Tie-2 receptor and limits the formation of new vascular structures but leads
to vascular stabilization, was increased. Finally, SDF-1 mainly associated with the recruitment of
stem cells and immune cells in the bone was decreased significantly in response to fucoidan in MG63
monocultures as well as in both types of co-cultures. These reduced protein levels for VEGF, Ang-2 and
SDF-1 in co-cultures in response to fucoidan are the determining factors in the physiological process of
angiogenesis and cell recruitment in the co-cultures. These processes are mediated by proteins and
corresponding receptor mechanisms guiding the cellular response. Potentially conflicting results on
the PCR level are most probably due to compensatory upregulation of genes when the protein levels
are low.
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Figure 5. Enzyme-linked immunosorbent assay. For (a) VEGF, (b) ANGPT-2, (c) ANGPT-1 and
(d) SDF-1 in MSC, MG63 mono- and co-cultures on day 10. The ELISA data are presented in relative
values of Mprotein/DNA in percentage compared to the control group calculated with the formula
[Msample/Mcontrol] × 100%. * p < 0.05, ** p < 0.01, *** p < 0.001. n = 3; paired t-test.

3.6. Quantitative Analysis of Osteogenesis of MSC/OEC Co-Cultures

In order to assess potential effect of fucoidan on the process of bone formation we assessed
the calcification levels as depicted in Figure 6 on day 14 of the cultures. The MSC mono-cultures
treated with fucoidan showed a significant reduction of calcification compared to the untreated groups.
Similarly, in MSC/OEC co-cultures the calcification of the fucoidan treated group was significantly
lower than in the control. For MG63/OEC co-cultures and MG63 monocultures, a similar trend but no
significant impact was observed which might be due to the tumor cell characteristics of MG63.
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4. Discussion

In accordance with the literature fucoidan, a polysaccharide from the brown seaweed fucus
vesiculosus, is discussed to modulate the angiogenic process being either applied to enhance
angiogenesis for applications in tissue engineering or to restrict the angiogenic process for instance in
bone tumors such as osteosarcoma. This pro- or anti-angiogenic effect of fucoidan is dependent on a
variety of factors, such as the structural composition. In addition, the effect of fucoidan depends on the
kind of application. In this study, we assessed the impact of free fucoidan on the cellular and molecular
processes in angiogenesis and osteogenesis taking into account the effects of fucoidan on the individual
key cell types and their interaction in co-cultures mediated by growth factors and chemokines.

A recent approach based on fucoidan nanoparticles as a mean to treat osteosarcoma resulted in
fucoidan induced apoptosis in primary tumors in vivo and a reduction in metastasis [51]. In addition,
cytotoxic effects of fucoidan nanoparticles in osteosarcoma cell lines were detected in this study. In our
study, MTS assays have shown that MG63 tolerated higher concentrations of fucoidan compared to
the endothelial cells in the systems. Fucoidan concentrations of 100 µg/mL caused no cytotoxic effect.
Nevertheless, this concentration was sufficient to significantly reduce vascular structures as observed
in the co-culture approaches for both MSC/OEC and MG63/OEC. This observation was associated
with a reduction of VEGF and Angiopoietin-2 on the protein level as proangiogenic key molecules
inducing the formation of new vascular structures.

In addition, SDF-1 protein concentrations were significantly lowered in response to fucoidan
as well as the corresponding receptor CXCR4. In this context, we have recently shown that MSCs
are the main producer of SDF-1 [12] in such co-cultures whereas OEC show an expression of the
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corresponding receptor CXCR4. Thus, fucoidan has the potential to modulate this pathway of cellular
crosstalk in normal bone physiology. In the context of osteosarcoma several studies have reported
that VEGF and SDF-1 are associated with poor prognosis in osteosarcoma [37,52,53] thus resulting in
approaches to counteract this growth factor and chemokine as a therapeutical option for osteosarcoma
treatment [54].

Besides VEGF and SDF-1 also elevated Ang-2 levels produced by tumor vessels are considered
as a critical factor in the tumor microenvironment. Beyond its direct effect on new blood
vessel formation by endothelial cells, Ang-2 also activates proangiogenic properties of circulating
mononuclear cells [55,56] which serve as supporting cells in blood vessel formation especially in the
context of a tumor environment. Accordingly, Ang-2 is also associated with increased inflammation
and metastasis in a variety of tumors [57].

The control of factors such as VEGF, Ang-2 and SDF-1 in the tumor mircroenvironment for instance
by fucoidans as natural sulfated polysaccharides should provide a clinical value for osteosarcoma.
Nevertheless, the specific action of fucoidan subfractions and the mode of application need further
evaluation. According to the literature other groups also reported effects of fucoidan and in particular
of fucoidan with low molecular weight on VEGF levels in tumor models [58,59], as well as effects
of fucoidan on SDF-1 levels [35]. Nevertheless, contradictory reports on the effect of fucoidan on
angiogenesis exist [60]. Using a hydrogel drug delivery approach for medium molecular weight
fractions of fucoidan, a recent study reported proangiogenic effects probably associated with locally
higher VEGF concentrations and a more continuous release profile mediated by fucoidan. These
observations were probably due to the binding capacity of fucoidan for VEGF in the hydrogel [61]
thus resulting in a locally higher VEGF concentrations and enhanced vascularization. This study
nicely highlights an application dependent action of fucoidan and together with other studies on
fucoidan on endothelial progenitor cells [62], these studies might serve as a basis for using fucoidan
for proangiogenic therapies related to tissue engineering and regenerative medicine. In contrast,
in our study the fucoidan was added to the cultures medium thus lowering the freely accessible
VEGF for the cells in culture and finally leading to the reduction of vascular structures. Overall the
heparin-like structure [63] and abilities of fucoidan to bind VEGF [64] ensures a wide application
of these compounds to modulate angiogenesis but has to be evaluated in a context and application
dependent manner. In the present study the free available VEGF and SDF-1 protein levels were reduced
resulting in reduction of angiogenesis in response to low dose of fucoidans, whereas the cytotoxic
effects were limited.

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/15/6/186/s1.
MSC/OEC co-cultures on day 7: (a) visualized by confocal laser scanning microscopy (Red: VE-Cadherin,
green: CXCR4, blue: Nuclei. The scale bar represents 150 µm.); (b) Quantitative analysis of area and length of
pro-angiogenic structures; (c) DNA content, paired t-test and relative gene expression of angiogenic factors and
endothelial markers, 2 way ANOVA; (d) ELISA for VEGF, ANGPT-1 and ANGPT-2 in the supernatant normalized
to the DNA content. * p < 0.05, ** p < 0.01, *** p < 0.001. n = 3, paired t-test.
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The following abbreviations are used in this manuscript:

ALP alkaline phosphatase
ANGPT-1 angiopoietin-1
ANGPT-2 angiopoietin-2
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BSA bovine serum albumin
CXCR4 C-X-C chemokine receptor type 4 receptor of SDF-1
DMEM Dulbecco’s Medium Essential Medium
EGM-2 endothelial cell growth medium-2
ELISA enzyme linked immunosorbent assay
FBS fetal bovine serum
MSC mesenchymal stem cell
ODM osteogenic differentiation medium
OEC outgrowth endothelial cell
PBS phosphate buffered saline
Pen/Strep penicillin/ streptomycin
SDF-1 stromal cell-derived factor-1
VEGF vascular endothelial growth factor
vwf von willebrand factor
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