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Chitosan is a polysaccharide scaffold used to enhance cartilage repair during treatments involving bone
marrow stimulation, and it is reported to increase angiogenesis and osteogenesis in vivo. Here, we tested the
hypotheses that addition of chitosan particles to the media of human bone marrow stromal cell (BMSC)
cultures stimulates osteogenesis by promoting osteoblastic differentiation and by favoring the release of
angiogenic factors in vitro. Confluent BMSCs were cultured for 3 weeks with 16% fetal bovine serum, ascorbate-
2-phosphate and disodium β-glycerol phosphate, in the absence or presence of dexamethasone, an anti-
inflammatory glucocorticoid commonly used as an inducer of BMSC osteoblast differentiation in vitro. As
expected, dexamethasone slowed cell division, stimulated alkaline phosphatase activity and enhanced matrix
mineralization. Added chitosan particles accumulated intra- and extracellularly and, while not affecting most
osteogenic features, they inhibited osteocalcin release to the media at day 14 and interfered with mineralized
matrix deposition. Interestingly, dexamethasone promoted cell attachment and suppressed the release and
activation of matrix metalloprotease-2 (MMP-2). While chitosan particles had no effect on the release of
angiogenic factors, dexamethasone significantly inhibited (pb0.05 to pb0.0001) the release of vascular
endothelial growth factor (VEGF), granulocyte-macrophage colony stimulating factor (GM-CSF), tumor
necrosis factor-alpha (TNF-α), interleukins 1β, 4, 6, and 10 (IL-1β, IL-4, IL-6, IL-10), and a host of other
inflammatory factors that were constitutively secreted by BMSCs. These results demonstrate that chitosan
particles alone are not sufficient to promote osteoblast differentiation of BMSCs in vitro, and suggest that
chitosan promotes osteogenesis in vivo through indirect mechanisms. Our data further show that continuous
addition of dexamethasone promotes osteoblastic differentiation in vitro partly by inhibiting gelatinase activity
and by suppressing inflammatory cytokines which result in increased cell attachment and cell cycle exit.
© 2009 Elsevier Inc. All rights reserved.
Introduction

Repair of damaged trabecular bone is an essential feature of
articular cartilage repair strategies involving microdrilling or micro-
fracture of the subchondral bone plate [1]. Chitosan is a polysacchar-
ide biomaterial composed of glucosamine with variable levels of N-
acetyl glucosamine that is biocompatible, cationic and adhesive,
biodegradable, and angiogenic when implanted in bleeding wounds
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[2]. We previously reported using animal cartilage repair models that
chitosan-stabilized blood clot implants, when solidified in situ over
microfracture cartilage defects, elicit more trabecular bone and hya-
line cartilage repair compared to surgery-only controls [1,3,4]. Other
studies have reported that insertion of an imidazole-modified chito-
san sponge in osteochondral drill holes in sheep condyles led to a
more complete bone repair after 20 and 40 days, compared to drilled
controls [5], and that chitosan powder applied to canine bone frac-
tures accelerated repair by approximately 1 week in veterinary prac-
tice [6]. Thus, current evidence indicates that chitosan in physical
contact with bone marrow can stimulate osteogenesis in vivo.

Osteogenesis during fracture repair occurs through endochondral
ossification under hypoxic conditions, or through new woven bone
deposition in vascularized granulation tissues [7,8]. New woven bone
synthesis takes place through an appositional growth mechanism in
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which osteoblasts differentiate and assemble on pre-existing lamellar
bone, and deposit new layers of a type I collagen-rich extracellular
matrix which subsequently mineralizes. To clarify the role of
biomaterials in stimulating fracture repair, in vitro osteogenesis assays
using various primary cell sources can be used; these assays tend to
mimic events that occur during new woven bone synthesis [9]. In
vitro, osteoblast differentiation was reported to be maintained or
enhanced when osteoblast precursors were directly seeded on
chitosan-coated culture dishes [10], chitosan sponges [11], or cross-
linked chitosan membranes [12]. However, there is currently no
evidence that osteoblasts assemble upon, and directly adhere to,
chitosan implanted in vivo. Indeed, the cell-based mechanisms by
which chitosan stimulates new bone growth remain unclear.

The purpose of this study was to further elucidate the molecular
and cellular basis of trabecular bone repair by chitosan-glycerol
phosphate/blood implants by an in vitro approach. Since the local cell
population contributing to trabecular bone repair is bone marrow-
derived, we used human bone marrow stromal cells (BMSCs), which
are non-haematopoietic cells of mesenchymal origin with the
potential to differentiate into chondrocyte, adipocyte and osteoblast
lineages. BMSCs, in contrast to calvaria-derived osteoblast precursors
or MC3T3-E1 cells, require dexamethasone (Dex) or other osteogenic
inducers to undergo osteoblast differentiation in vitro [9,13–17].
Biomaterials are frequently tested for osteogenic potential by seeding
osteoblast precursors on biomaterial-coated culture dishes or solid
biomaterial substrates; however, the chitosan present in the hybrid
chitosan-glycerol phosphate/blood clot implants, as we previously
reported, is in a particulate form [1,18]. Therefore, we tested the
hypothesis that exposure of BMSCs to chitosan particles could directly
stimulate osteoblast differentiation and matrix mineralization after
3 weeks of in vitro culture, a standard endpoint for in vitro
osteogenesis assays [9]. Three weeks in vitro correspond to a
timepoint in our in vivo rabbit cartilage repair model where chitosan
particles are nearly completely cleared from the wound site, and
considerable bone remodeling and new woven bone synthesis have
taken place in the microdrill holes beneath the implant [4]. Finally,
given that chitosan stimulates the formation of angiogenic granula-
tion tissues [2,4,19], we also tested the hypothesis that chitosan
stimulates bone repair indirectly by inducing BMSCs to produce
angiogenic factors.

Materials and methods

Medical-grade chitosan (80.6% degree of deacetylation, b0.2%w/w
protein, b500 EU/g) was provided by BioSyntech (Laval, QC, Canada).
Autoclave-sterile 0.5 mg/mL chitosan HCl (pH 5.6, Mn=176 kDa, and
polydispersity (Mw/Mn) PDI=1.4) and 0.22 μm filter-sterile rhoda-
mine isothiocyanate (RITC)-chitosan HCl (pH 5.6, 80.6% DDA,
Mn=144 kDa, PDI=1.3, 0.5% mol/mol RITC/chitosan [20]) were
stored in aliquots at −80 °C. Dex, disodium β-glycerol phosphate,
ascorbate-2-phosphate, 2-hydroxypropyl β-cyclodextrin, chloramine
T hydrate, 4-(dimethylamino) benzaldehyde (Ehrlich's Reagent), calf
thymus DNA, trans-4-hydroxy-L-proline, gelatin, Alizarin red and
alkaline phosphatase substrate kit were purchased from Sigma-
Aldrich (Oakville, ON, Canada). Alpha-Minimal Essential Medium
(α-MEM) and penicillin–streptomycin were from Invitrogen (Bur-
lington, ON, Canada), and fetal bovine serum (FBS) from Atlanta
Biologics (Product No. S115500, Lot. CO136; Atlanta, GA, USA). Human
bone marrow stromal cells (BMSCs) were purchased from the Tulane
Center for Gene Therapy (NewOrleans, LA, USA) under institutionally-
approved protocols. BMSCs were obtained by iliac crest aspirates from
healthy consented donors (N=5, 22–27 years old, 1 female, 3 male, 1
unknown), and characterized by the supplier at passage 2 using flow
cytometry as being over 98% positive for stem cell/endothelial cell
markers and cell adhesion receptors (CD44, CD90, CD166, CD105, CD49c,
CD59, CD147), 9–22%CD184+(CXCR4/SDF-1 receptor), 5–12%CD49b+,
2–19% CD106+, less than 2% positive for hematopoietic markers (CD34,
CD36, CD45, CD117, CD14), and weakly positive for HLA-1:ABC. Protein
multiplex bead array kitswere fromBio-Rad (25-plex, Hercules, CA, USA)
and Invitrogen (25 Cytokine 25-Plex AB Bead Kit-HU, and Growth Factor
4-PlexABBeadKit-HU, BioSource International). ELISAkits includedMid-
Tact human osteocalcin (Biomedical Technologies, Stoughton, MA, USA),
human VEGF (DuoKit: 121 and 165 VEGF isoforms) and total MMP-2
(R&D Sciences, Cedarlane, Burlington, ON, Canada). Mouse monoclonal
anti-CD105 clone SN6h was from Dako (Cedarlane). Purified human
osteonectin/SPARC and mouse anti-human osteonectin antibody were
from Haematologic Technologies (Essex Junction, VT, USA). Horse-
radish peroxidase (HRP)-coupled anti-mouse antibody was from
Vector Laboratories (Burlington, ON, Canada), and chemiluminescent
reagent from Roche (Lumilight, Mississauga, ON, Canada) or Amersham
(ECL Plus, GE Healthcare, Mississauga, ON, Canada).

Osteogenesis assay

Human BMSCs were received as frozen cryovials of P1 cells that
were thawed and passaged at subconfluency, then seeded subcon-
fluently at passage 3 (P3, N=4) or 5 (P5, N=1) in 6, 6-well plates. At
confluency, one 6-well plate was harvested as the initial culture
condition (day 0), and the remaining plates were cultured for 3 weeks
in complete culture media (CCM, 1 plate), mineralizing media (MM, 2
plates), or osteogenic media (OSM, 2 plates). CCM consisted, as
suggested by the supplier, of α-MEM, 16% FBS, 100 U/mL penicillin
and 100 μg/mL streptomycin. MM consisted of CCM with 5 or 10 mM
disodium β-glycerol phosphate (GP), 30 μg/mL L-ascorbic acid-2-
phosphate, and 0.26 μg/mL 2-hydroxypropyl β-cyclodextrin, to
control for the presence of the carrier in Dex. OSM consisted of MM
with 10 nM (N=3donors) or 100 nMDex (N=2donors). Mediawere
changed twice weekly for 3 weeks using freshly thawed FBS and
freshly prepared filter-sterile ascorbate-2-phosphate. In pilot studies,
50 μg/mL, but not 5 μg/mL, chitosan provoked cell apoptosis after
3 weeks of bi-weekly administration (unpublished data). Therefore,
culture wells were treated by adding 5 μg/mL chitosan particles at
each media change, directly pipetting 10 μL of 0.5 mg/mL liquid
chitosan into each mL of media, and swirling to disperse the particles
which rapidly precipitated after their introduction into the media.
RITC-chitosan was added in the same fashion to one well of each
chitosan-treated plate to track chitosan scaffold fate. 4-day condi-
tionedmediawere collected at weekly intervals, and stored at−20 °C.
After 3 weeks of culture, completely detached cell nodules that
developed in cultures without Dex were blotted off excess media and
weighed to obtain wet mass of detached cells. In other experiments,
cells were similarly cultured for 2 weeks in 24-well plates.

Confocal microscopy and histology of cultures with fluorescent chitosan
scaffold

After 3 weeks of culture, the wells of monolayer cells treated with
RITC-chitosan particles, and matching untreated wells, were incu-
bated for 30 min at 37 °C in α-MEM containing 1 μg/mL calcein AM
(viable green cytosol) and 2 μg/mL Hoechst 33342 (viable cell blue
nuclei) (Molecular Probes, Invitrogen, Mississauga, ON, Canada). The
labeling media were replaced by α-MEM, and live imaging was
performed with a LSM 510 META Axioplan 2 confocal scanning
microscope equipped with an apochromat 63×/0.9 NA water-
immersion objective (Carl Zeiss, Germany). Following confocal
imaging, the monolayers were fixed in 4% paraformaldehyde/
100 mM sodium cacodylate pH 7.2, dehydrated through a graded
series of ethanol solutions, folded, and embedded in LR White acrylic
plastic resin. 1-μm-thick sections were stained with von Kossa reagent
(5% w/w silver nitrate in water) for phosphate deposition as an
indication of mineralization, counter-stained with Toluidine blue, and
digital images acquired with bright-field optics and confocal imaging.



Fig. 1. Evaluation of the human bone marrow stromal cell differentiation state.
Representative Western blots of cell extracts (BMSCs) for stem cell marker CD105 at
day 0 (D0) and after 3 weeks of culture (A), and cell culture media (CM) for mature
osteoblast marker osteonectin (B) at D0 and after 2 weeks of culture in complete
culture media (CCM), mineralizing media (MM), or dexamethasone (Dex)-containing
osteogenic media (OSM). Some cultures were also treated with 5 μg/mL of chitosan
particles (+chi) at each media change. (C and D) ELISA for quantitative osteocalcin
release into conditioned media (mean±SD). Grey boxes in C and D represent the
range of osteocalcin values (min–max) measured in culture media alone. ⁎pb0.05, MM
and OSM vs MM+chi and OSM+chi at day 14.
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In situ staining for alkaline phosphatase and mineral deposition

After 3 weeks of culture, 2 wells from each 6-well plate were fixed
for 1 h in 4% paraformaldehyde/100mM cacodylate pH 7.2, and rinsed
in PBS. One well was incubated in the dark with gentle agitation for
10 min at room temperature with 5-Bromo-4-Chloro-3-Inolyl Phos-
phate/Nitro Blue Tetrazolium (BCIP-NBT) alkaline phosphatase sub-
strate, washed twice with PBS containing 20 mM EDTA, and once with
PBS. The other well was incubated for 20 min in Alizarin red (1% w/v
in ddH2O, brought to pH 4.2 with ammonium hydroxide), then rinsed
repeatedly with ddH2O.

Biochemical analyses

After 3 weeks of culture, 2 wells from each 6-well plate were
aspirated of media and all tissue (monolayer as well as tissue nodules)
collected in 1 mL of 4 M guanidine hydrochloride/50 mM Tris–HCl pH
7.2 and the cell nuclei were further disrupted by storing at−80 °C.We
deliberately used guanidine hydrochloride instead of guanidine
isothiocyanate extraction buffer, to suppress chitosan solubilization
which we previously found to interfere with DNA quantitation [21].
Samples were then thawed, vortexed and centrifuged; and the cleared
supernatant were submitted to the Hoechst 33258 fluorescent DNA
assay as previously described [21,22]. Samples and standards from
sheared calf thymus were assayed in TEN buffer (10 mM Tris, 150 mM
NaCl, 1 mM EDTA pH 7.2) with 0.2 μg/mL Hoechst 33258, using black
FluoroNunc 96-well plates and a Gemini Molecular Dynamics
fluorescent plate reader (Sunnyvale, CA, USA) with excitation
360 nm/emission 460 nm. Hydroxyproline determination was per-
formed as previously described [21,22]. Briefly, guanidine-insoluble
pellets were rinsed with 75% ethanol then hydrolyzed at 110 °C in
6 N HCl, oxidized with chloramine T, and reacted with Ehrlich's
reagent. Samples were read at OD560 against a standard curve of 0.1
to 5 μg/mL trans-4-hydroxy-L-proline. Collagen mass per well was
calculated assuming 12% w/w hydroxyproline/collagen.

Proteomic analysis of osteocalcin, inflammatory and angiogenic factors
in culture media

Conditioned media from day=0, 7, 14, and 21 (N=4 distinct
donors) were analyzed by enzyme-linked immunosorbent assay
(ELISA) for VEGF; at day 0, 7, and 14 for osteocalcin; and at day 0
and 14 for MMP-2. VEGF levels in conditionedmediawere normalized
for each donor to express the data as fold-change from day 0.
Conditioned media were also collected from P3 to P5 monolayer
cultures in 24-well plates from 3 distinct donors at day 0 or day 14 and
analyzed by protein multiplex bead array using a Bio-Plex array reader
(Bio-Rad Laboratories, Hercules, CA, USA) which uses Luminex
fluorescent bead-based technology, and broad sensitivity range
standards (BioSource International) ranging between 1.95 and
32,000 pg/mL as previously described [23].

Western blots for cell differentiation markers

Proteins in guanidine hydrochloride cell extracts were precipitated
in ethanol and resolubilized in 8 M urea to analyze CD105 expression.
Conditioned media from cultures of N=4 distinct donors was
analyzed at day 0 and 14 for osteonectin. Equal volumes of cell
extracts or conditionedmediawere separated by 5% or 10% acrylamide
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) to analyze CD105/endoglin (non-reducing gel) or osteonectin/
SPARC (reducing gel), respectively. Positive controls included human
skin fibroblasts (CD105) and 5 ng purified human osteonectin.
Proteins were transferred to polyvinylidene fluoride (PVDF) mem-
branes (Millipore, MA, USA). Membranes were blocked with 5% w/v
milk powder in TBST (50 mM Tris, 150 mM NaCl, 0.1% Triton X-100) at
50 °C for 1 h, and incubated with 0.3 μg/mL anti-CD105 or 0.4 μg/mL
anti-osteonectin, at 4 °C overnight in 0.5% w/vmilk/TBST, followed by
0.2 μg/mL (CD105) or 0.5 μg/mL (osteonectin) HRP-conjugated anti-
mouse antibodies. Bands were visualized by chemiluminescence.
Gelatin zymography

A previously described method for gelatin zymography [24] was
used to analyze 20 μL of culture media or cell-conditioned media (day
0, day 14), and positive controls that included 5 ng of active human
recombinant MMP-2 (Calbiochem, CA, USA) or conditioned media
from human OA chondrocytes stimulated with 5 ng/mL IL-1β.
Samples were resolved under non-reducing conditions on 10%
polyacrylamide gels co-polymerized with 1 mg/mL gelatin, renatured
in 2.5% Triton X-100 for 30 min at room temperature, incubated for
24 h at 37 °C in digestion buffer (50 mM Tris, 0.2 M sodium chloride,
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5mM calcium chloride, 0.2% Brij, pH 7.6), stainedwith 0.5% Coomassie
Blue R-250 and destained for contrast. Proteolysis by gelatinases was
detected as clear bands against a blue background of stained gelatin.

Statistical analyses

The student t-test was used to analyze the effect of Dex and
chitosan on collagen, DNA content, and the mass of detached tissue
nodules (N=5 each condition, mean±SD). Statistica's (StatSoft,
Tulsa, OK, USA) main effects analysis of variance (ANOVA) with Tukey
HSD post-hoc analysis was used to determine the effect of Dex and
time on VEGF (N=4 donors with or without chitosan per timepoint,
mean±SEM); and the effect of Dex and chitosan on total MMP-2
(N=4 donors, mean±SD) and cytokine levels in conditioned media
(N=3donors, mean±SD). The effect of chitosan on osteocalcin levels
at day 14 in conditioned media from MM and OSM cultures (N=4
donors, mean±SD) was evaluated by the General Linear Model
(GLM). pb0.05 was considered as significant.

Results

Effects of dexamethasone and chitosan particles on osteogenic
differentiation

To analyze multiple parameters within each culture, we expanded
BMSCs to passage 3 or 5 (P3–P5). Since human BMSCs can lose their
differentiation potential when expanded in vitro [25], we evaluated
the state of cell differentiation in our model. At day 0, BMSCs from 4
distinct donors expressed both a stem cell marker (CD105/endoglin),
Fig. 2. Osteogenic induction by dexamethasone. In situ staining for alkaline phosphatase (A
3 weeks of culture in CCM, MM or OSM, with or without chitosan. OSM enhanced ALP activity
particles had no effect. Results from 2 out of 5 different donors analyzed are shown. White
and low levels of the mature osteoblast marker osteonectin/SPARC
(Figs. 1A, B). Serum is known to contain 5–10 ng/mL osteocalcin [26],
and osteocalcin levels in conditioned media at day 0 were roughly
equivalent to background levels detected in media alone containing
16% FBS (grey boxes, Figs. 1C, D). Altogether, these data suggest that
the cells at the beginning of our assay consisted in partly differentiated
mesenchymal cells mixedwith a precursor cell population. Expression
levels of CD105 remained steady during the 3-week culture (Fig. 1A).
After 2 weeks of culture, secreted osteonectin was detected in media
of all cultures (Fig. 1B), except for OSM with 100 nM Dex where
osteonectin was sporadically suppressed (data not shown). Osteocal-
cin levels in conditioned media were widely variable among the 4
donors, but tended to increase during the first 2 weeks of culture in all
media conditions (Figs. 1C, D). Among the various differentiation
markers examined, the sole effect of added chitosan particles was to
inhibit osteocalcin release at 2 weeks of culture in mineralizing media
(MM) and OSM (p=0.043, Figs. 1C, D).

Dexamethasone (Dex) present in OSM stimulated osteoblast
differentiation of confluent human BMSCs after 3 weeks of culture,
as scored by the upregulation of alkaline phosphatase (ALP) activity,
and accumulation of a diffusely stained calcified matrix (Fig. 2). The
intensity of ALP and Alizarin red staining varied according to donor.
Dex also inhibited cell proliferation (pb0.05, Fig. 3A) and stimulated a
minor increase in insoluble collagen deposition during the 3-week
culture period (Fig. 3B). Added chitosan particles had no effect on cell
proliferation, or collagen deposition (Fig. 3). In OSM, chitosan
sporadically increased ALP activity (1 out of 5 donors, data not
shown), without intensifying matrix calcification (OSM vs OSM+
chitosan, Fig. 2). Therefore, chitosan particles did not consistently
LP) activity, and mineralized matrix by Alizarin red staining for calcium (Ca++) after
, mineralization and monolayer adhesion to the culture dish; while addition of chitosan
arrows highlight monolayer detachment in the absence of Dex.



Fig. 3. Cell proliferation and collagen content. Biochemical assays of cell extracts at day
0 (D0) and after 3 weeks of culture in CCM, MM and OSM showed accumulation of
DNA (A) and collagen mass measured by hydroxyproline content (B) (mean±SD). In
OSM less cell proliferation occurred and collagen content tended to be higher than in
media without Dex. Chitosan had no influence on DNA or collagen accumulation.
⁎pb0.05, MM vs OSM; ^pb0.05, MM+chi vs OSM+chi.
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enhance osteoblastic differentiation either in the absence or presence
of Dex.

After 3 weeks of culture in MM with ascorbate-2-phosphate and
β-glycerol phosphate, BMSCs were spindle-shaped with oval nuclei
(Fig. 4A), in contrast to BMSCs cultured with Dex in OSM which were
more rounded (Fig. 4B) indicating an “osteoblast-like” phenotype.
Live confocal microscopy revealed that RITC-chitosan particles
accumulated throughout the monolayers that were comprised of
orthogonally organized cells 2 to 5 cell layers thick (data not shown).
RITC-chitosan particles were evenly distributed over the cells with
no loss of cell viability and no clear alteration in cell morphology
(Figs. 4A, B). Chitosan particles accumulated in the extracellular
matrix, and became internalized by BMSCs in MM and OSM (Fig. 4,
Fig. 4. RITC-chitosan particle distribution throughout the BMSC monolayers. Representativ
(blue — live cell nuclei) after 3 weeks of culture revealed a spindle-shaped morphology
osteogenic media (OSM, B). RITC-chitosan particles were homogenously distributed and ac
magnification 63×/0.9.
arrowheads and arrows). In cultures carried out in OSM, a variable
level of phosphate mineralization was observed for the different
donors (data not shown). Less mineral phosphate tended to
accumulate in chitosan-treated monolayers (Fig. 5B vs A), which
was consistent with a slightly diminished Alizarin red stain (see
Donor 2, Fig. 2). RITC-chitosan particles (Fig. 5C) were mutually
exclusive of mineral deposits (Fig. 5D). To summarize, the major effect
of chitosan particles on in vitro osteogenesis was to suppress the
increase in osteocalcin release, and to interfere with the deposition of
mineralized collagen where extracellular chitosan deposits occurred.

Effects of dexamethasone and chitosan particles on cell attachment and
gelatinase activity

BMSCs cultured for 1 to 2 weeks without Dex tended to detach
from the culture dishes and form tissue nodules, as indicated by the
white arrows in Fig. 2. After 3 weeks of culture, detached tissue
nodules had an average 9 mg of wet mass (Fig. 6A). Dex suppressed
cell detachment (pb0.0001), and this effect was not altered by added
chitosan particles (Figs. 2 and 6A).

Gelatinases are collagen fibril-degrading enzymes also termed
matrix metalloproteases (MMP-2 and MMP-9), which were pre-
viously found to be expressed by human BMSCs [27]. In 4 BMSC donor
cultures, MMP-2 released to conditioned media increased after
2 weeks in both CCM and MM, while in OSM with Dex, total MMP-2
(pro- and active) release into conditioned media was inhibited
(pb0.0001, Fig. 6B). Chitosan particles had no effect on MMP-2
secretion in any culture condition (Fig. 6B). As revealed by zymogra-
phy, continuous addition of Dex suppressed all gelatinase activity in
conditionedmedia, while chitosan had no effect (Fig. 7, lanes 7 and 8).
Interestingly, high levels of pro-MMP-9 were detected in media alone
containing 16% FBS (Fig. 7, lanes 1 and 2). These data allow us to
conclude that human BMSCs constitutively expressed MMP-2 and
gelatinase-activating convertases that were suppressed by continuous
addition of Dex.

Effect of dexamethasone and chitosan particles on VEGF and
inflammatory cytokine release

Since chitosan particles did not directly stimulate osteogenesis in
vitro, and did not influence cell attachment, we tested the hypothesis
that chitosan indirectly induces osteogenesis by stimulating BMSCs to
secrete the angiogenic factor VEGF. In the absence of Dex, VEGF
isoforms 165 and 121 were released to the media at day 0, and these
levels tripled by day 7, remaining elevated through day 21 (Fig. 8A,
e confocal images of cells stained with calcein AM (green — live cells) and Hoechst
of BMSCs cultured in mineralizing media (MM, A) and a more rounded shape in

cumulated intra-(arrows) and extracellularly (arrowheads) in BMSC cultures. Original



Fig. 5. Mineralization of BMSCs cultured in OSM in the absence or presence of RITC-chitosan. Histological sections of folded monolayers cultured for 3 weeks in OSM without (A) or
with (B–D) addition of RITC-chitosan followed by von Kossa staining and counterstaining with Toluidine blue. Less mineral accumulated in chitosan-treatedmonolayers than in non-
treated cultures as seen in representative bright-field images (B vs A). Extracellular deposits of RITC-chitosan (black arrows) were mutually exclusive of mineralized matrix areas
(white arrows) as shown in the merged confocal image (D) of the fluorescent RITC-chitosan in C and the field shown in B. Original magnification A and B: 40×/0.7; C and D: 40×/1.2.

Fig. 6. BMSC monolayer detachment and total MMP-2 release. Significantly less wet
mass of monolayer tissue detached from the culture dishes after 3 weeks was found in
OSM compared to CCM and MM; chitosan had no effect on these values (A). ELISA
quantification of MMP-2 (both pro- and active forms) in cell-conditionedmedia (CM) at
day 0 (D0) and day 14 of culture in different media (B), showed that Dex inhibited total
MMP-2 release into media, while chitosan had no effect (mean±SD).
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CCM and MM). The 3-fold induction in VEGF secretion from day 0 to
day 7 roughly paralleled a 4-fold increase in DNA content that
occurred during 3 weeks of culture (Fig. 3A). Continuous addition of
Dex suppressed VEGF release between day 7 to 21 (pb0.0001, Fig. 8A,
OSM), despite a doubling in DNA content in OSM over 3 weeks of
culture (Fig. 3A). Chitosan particles had no effect on VEGF release by
BMSCs (Fig. 8).

In addition to secreting high quantities of VEGF (Fig. 8B), BMSCs
were found to constitutively secrete inflammatory factors including
very high levels of IL-6 and IL-8/CXCL8 (Figs. 9A and B), and lower
quantities of TNF-α, IL-1β, GM-CSF, MIP-1α and β, eotaxin/CCL11, IFN-
α and γ, IP-10/CCL10, and a host of interleukins (Figs. 9C–H). Dex
collectively suppressed the secretion of all inflammatory chemokines
and interleukins (pb0.05 to pb0.001, Fig. 9), while chitosan particles
had no influence on the release of these soluble factors. FBS
inflammatory factors, if present, had negligible cross-reactivity with
the anti-human antibodies (M, Fig. 9). We only analyzed inflammatory
factor levels after 2 weeks of culture, however given the constant effect
of Dex on suppressing VEGF, it is most probable that inflammatory
factor levels were also continuously suppressed by Dex throughout the
3 week culture. Altogether, our data showed that a primary effect of
dexamethasone in osteogenic cultures was to suppress gelatinase
activation, inflammatory factor, and angiogenic factor release.

Discussion

Chitosan particles did not promote in vitro osteogenesis of human
BMSCs cultured in mineralizing media, either in the absence or the
presence of Dex. Given that chitosan did not diminish ALP activity or
collagen accumulation, the reduced osteocalcin at 2 weeks in
chitosan-treated cultures could potentially be related to increased



Fig. 7. BMSC gelatinase activity. Representative zymogram of media-only, and BMSC 4-day conditioned media at day 0 (D0) or day 14 (D14) in CCM, MM or OSM. BMSCs released
pro-MMP-2 at D0 and active MMP-2 at D14 in CCM and MM. Dex in OSM inhibited all gelatinases. No effect of chitosan was observed. Conditioned media of IL-1β-stimulated
chondrocytes served as positive control (+C) on a gel run in parallel. Pro-MMP-9 was present in media with 16% FBS.
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osteocalcin binding to the cell monolayer. In cultures with continuous
Dex, chitosan particles themselves did not mineralize; they accumu-
lated intra- and extracellularly where they were space-filling and
excluded the deposition of mineralized collagen fibrils. Repeated
administration of chitosan particles did result in many chitosan-cell
complexes (Fig. 4B) that may have sterically interfered with interac-
tions between osteoblasts, collagen fibrils, and accessory proteins
needed for mineral nucleation, maturation or stability.

We only tested one dose of chitosan (5 μg/mL bi-weekly for
3 weeks); and given the inhibitory effects seen on osteocalcin release
and mineralization, we believe it most improbable that higher or
lower concentrations of chitosan particles would stimulate in vitro
osteogenesis. Our results seem to contradict previous reports that
chitosan-coated petri dishes stimulate osteoblast differentiation [10].
However when using biomaterials as cell differentiation scaffolds, it
is known that the form and size of the materials used can influence
cell behavior [28]. Our data show that cells react differently with
Fig. 8. Vascular endothelial growth factor secretion by BMSCs. VEGF121 and VEGF165
levels in conditioned media (CM) were analyzed by (A) ELISA and (B) multiplex
proteomic array. Dex inhibited a time-dependent increase in VEGF release to media
and chitosan particles had no effect. ⁎⁎pb0.005 and ⁎⁎⁎pb0.0001: OSM with and
without chitosan vs all other culture conditions. Data are shown as mean±SEM (A) or
mean±SD (B).
particulates compared to coatings. Given recent data showing that
amine-modified plastic culture dishes that promote cell attachment
also stimulate osteoblast differentiation [29], it is possible that
chitosan-coated petris stimulate osteoblast differentiation through a
non-specific increase in cell adhesion. In this study, chitosan added
in particulate form did not increase attachment of cells to the tissue-
culture plastic. Chitosan particles also failed to stimulate the release
of angiogenic factors. Altogether, these data allow us to reject the
hypothesis that chitosan particles promote osteogenesis by directly
stimulating BMSCs to differentiate or to release angiogenic factors.

In the present study, ALP activity was induced and a mineralized
matrix was formed to variable extent in passaged human BMSC
monolayers from 5 different donors, when cultured in the continuous
presence of Dex for 3 weeks. In our assay, osteocalcin and osteonectin
levels measured at 2 weeks in conditioned media were unrelated to
matrix mineralization observed at 3 weeks, although it should be
noted that these factors were not normalized to DNA content. It was
suggested before [14,30] that soluble osteocalcin may not be a
functional marker for osteogenic differentiation of Dex-treated
human BMSC cultures. This is in contrast to rat osteoblast precursors
which most frequently show increased osteocalcin in parallel with
mineralization [31,32].

Our data further clarify the role of Dex as an inducer of in vitro
osteogenesis of human BMSCs. In our cultures, and as previously
reported [9,16], mineralizing media was insufficient to induce in vitro
osteogenesis of BMSCs. BMSCs behave differently from calvarial
primary osteoblast cells and MC3T3-E1 pre-osteoblast cells which
express ALP and mineralize in media containing β-glycerophosphate
and ascorbic acid without Dex [33]. The role of Dex in BMSC
differentiation has yet to be fully understood. Our data provide new
evidence that Dex promotes osteoblast differentiation in part by
suppressing inflammatory factors (i.e., IL-1β, Fig. 9C), that drive
gelatinase activity (Fig. 7), thereby promoting cell-substrate attach-
ment and differentiation (Figs. 2 and 6A). Accordingly, Dex can inhibit
gelatinase activity in a variety of cell types including rat vascular
smooth muscle cells [34] and rat brain endothelial cells [35]. The
notion that the inhibition of gelatinase activity promotes osteogenesis
is supported by recent studies showing that MC3T3-E1 osteoblast
differentiation is correlated with low levels of MMP-2 [36], and that
downregulation of MT1-MMP, a transmembrane metalloprotease
capable of activating gelatinases, is required for mineralization of rat
pre-osteoblasts [37]. It should be noted that the use of 16% FBS in our
assay provided large quantities of pro-MMP-9 which may have been
activated by human BMSCs, leading to higher cell detachment than
previously observed in other investigations using the typical 10% FBS
concentration.

Gelatinases also have a role in the regulation of inflammation and
neovascularization. MMP-2 may also play a role in the resolution of an
inflammatory response [38] andMMP-9 releases VEGF from its matrix



Fig. 9. Inflammatory factor release by BMSCs. The concentration of inflammatory chemokines and interleukins in conditioned media was quantified by multiplex proteomic array at
day 0 (D0) or day 14 in MM or OSM in the absence or presence of chitosan. The negative control consisted in culture media alone (M). Asterisks show significant inhibitory effects of
Dex (pb0.05 to pb0.0001, OSM vs corresponding value in MM). Data are represented as mean±SD. Added chitosan particles did not affect inflammatory factor release.
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stores [39]. From our BMSC-conditioned media we were able to detect
VEGF121 and VEGF165, both soluble isoforms of VEGF-A, the pre-
dominant form of VEGF within developing bone [40]. While both
isoforms are diffusible, VEGF165 can bind to heparin with high affinity
[40]. Since Dex inhibited gelatinase activity, it is possible that the low
levels of VEGF seen in Dex-treated cultures were attributable to
sequestration in the extracellular matrix. Nonetheless, even if VEGF165
remains partly sequestered in the matrix, our results still convincingly
show that chitosan particles neither promoted nor inhibited soluble
VEGF-A release by BMSCs. It was recently shown that VEGF is abun-
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dantly released from human BMSCs, after as many as 10 cell passages
[41]. Our results are not consistent with a previous report showing
that Dex stimulates VEGF121 in human BMSCs [42], although our
supplier of BMSC primary cells and the media used for cell expansion
were different from this previous study. Conversely, our data are in
agreement with previous studies in which VEGF protein was
decreased by Dex in rodent osteoblast cell lines [43,44] — an effect
which has been related to Dex-induced osteonecrosis in vivo [45]. The
implications of Dex inhibiting VEGF release by BMSCs merit further
investigation, especially given the possibility that VEGF has a direct
effect on differentiation, migration, proliferation, and survival of
osteoblast-like cells [46].

Consistent with its properties as an anti-angiogenic and anti-
inflammatory drug [47], Dex inhibited BMSC release of several
inflammatory factors including IL-6. It was previously shown that
human BMSCs express IL-6, IL-11 and leukemia inhibitory factor (LIF)
[30,48], and their common receptor gp130 [49,50]. Exogenous LIF is
pro-mitogenic [51], and suppresses rat calvarial cell osteogenesis [52].
Furthermore, IL-1β and TNF-α were recently reported to inhibit
osteogenic differentiation of mouse mesenchymal stem cells [53]. In
the present study, human BMSCs expressed high levels of IL-6, IL-1β,
TNF-α, and a variety of other inflammatory chemokines and
interleukins. In vitro, BMSCs survive during Dex-induced deprivation
of mitogenic autocrine factors by virtue of other anti-apoptotic factors
being provided as constituents of 15% fetal bovine serum [54,55].
Thus, uniform suppression of inflammatory factors by Dex should be
beneficial to in vitro osteogenesis, because cell cycle arrest can occur
without leading to apoptosis, but instead, to cell differentiation.

In conclusion, our results demonstrate that Dex-induced osteo-
genic differentiation of human BMSCs in vitro is related to activities
that slow cell division and promote substrate cell attachment. Added
chitosan particles interfered with matrix mineralization without
altering cell adhesion or angiogenic/inflammatory factor release by
primary BMSCs. Collectively these data indicate that a direct
interaction between chitosan particles and BMSCs is not sufficient to
promote osteogenesis. Thus, the chitosan particles present in
chitosan-glycerol phosphate/blood implants may promote osteogen-
esis in vivo through indirect mechanisms which warrant further
investigation.
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