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ABSTRACT
In order to improve bone regeneration, development and evaluation of new adaptive biomaterials is warranted. Glycosaminoglycans (GAGs)
such as hyaluronan (HA) and chondroitin sulfate (CS) are major extracellular matrix (ECM) components of bone, and display osteogenic
properties that are potentially useful for biomaterial applications. Using native and synthetic sulfate‐modified GAGs, we manufactured artificial
collagen/GAG ECM (aECMs) coatings, and evaluated how the presence of GAGs and their degree of sulfation affects the differentiation ofmurine
mesenchymal stem cells to osteoblasts (OB) cultivated on these aECMs. GAG sulfation regulated osteogenesis at all key steps of OB development.
Adhesion, but not migration, was diminished by 50% (P< 0.001). Proliferation and metabolic activity were slightly (P< 0.05) and cell death
events strongly (P< 0.001) down‐regulated due to a switch from proliferative to matrix synthesis state. When exposed to sulfated GAGs, OB
marker genes, such as alkaline phosphatase, osteoprotegerin (OPG), and osteocalcin increased by up to 28‐fold (P< 0.05) and calcium deposition
up to 4‐fold (P< 0.05). Furthermore, GAG treatment of OBs suppressed their ability to support osteoclast (OC) differentiation and resorption. In
conclusion, GAG sulfation controls bone cell homeostasis by concurrently promoting osteogenesis and suppressing their paracrine support of OC
functions, thus displaying a favorable profile on bone remodeling. Whether these cellular properties translate into improved bone regeneration
needs to be validated in vivo. J. Cell. Biochem. 115: 1101–1111, 2014. � 2013 Wiley Periodicals, Inc.
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To date, bone grafts are one of the most demanded implant
materials [Mathieu et al., 2006]. Delayed or complete failure of

osseointegration occurs in 5–20% of the 4 million annually applied
bone substitute materials [Brydone et al., 2010], emphasizing the
medical and socioeconomic importance for continuous research in
this field. High impact medical advances are further increasing the
age of implant recipients, creating new challenges for biomaterial
design. Implants are used in defective or osteoporotic bone or in
patients with comorbidities, such as diabetes mellitus, that may
further impair osseointegration [Hench, 1998]. Successful osseointe-
gration of implants depends on the characteristics and regenerative
capacity of the host bone as well as material properties. Ongoing
developments are therefore directed towards adaptive implant

materials instead of the solely inert andmechanosupportive materials
of the first generation [Brydone et al., 2010]. Thus, immobilization of
components of the native extracellular matrix (ECM) onto established
materials is a promising approach because these surfaces mimic the
native ECM. Protein adsorption layers formed on these artificial ECMs
(aECMs) are likely to be similar to those formed under physiological
conditions [Bierbaum et al., 2006].

The ECM of bone consists largely of inorganic mineral and 20–40%
organic components of which type I collagen (Coll) with embedded
proteoglycans, glycosaminoglycans (GAGs) and other proteins are
predominant [Robey and Boskey, 2009]. Local GAGs consist of
about 90% chondroitin sulfate (CS), and small amounts of hyaluronan
(HA) and dermatan sulfate [Prince and Navia, 1983]. These polymers
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have been utilized in their native form in Coll/GAG composites
for medical applications since the 1970s [Spector, 2013], but only
limited conclusive knowledge on the cellular interactions at the
bone graft‐host interface is available and more in depth research is
required.

Physiological bone regeneration is a coordinated process,maintained
by bone‐forming osteoblasts and bone‐resorbing osteoclasts. Recently,
we reported that the sulfatemodification of GAGs in Coll/GAG coatings
might be a promising tool to regulate biological processes at the bone/
biomaterial interface. The sulfate modification of GAGs profoundly
inhibits OC differentiation and their resorptive capacity [Salbach
et al., 2012a]. Furthermore, OPG directly interacts with sulfated GAGs
resulting in an altered OPG bioactivity [Salbach‐Hirsch et al., 2013].
Therefore, GAGs hold a great potential for the development of
innovative biomimetic materials for bone tissue engineering applica-
tions and regenerative medicine [Pichert et al., 2012].

Here we tested the hypothesis whether sulfate modification of
GAGs in Coll/GAG aECMs also affects the osteogenic differentiation
of MSCs, osteoblast activity and their paracrine regulation of
OC functionality. Since dexamethasone (Dex), an essential supple-
ment for human MSC differentiation [Pittenger, 2008], induces
variable cell behaviors in vitro [Hempel et al., 2012] our study
was performed in a murine model without Dex to avoid this
confounder.

Our data show that GAG sulfation promotes osteogenesis and
suppresses the osteoblastic support of osteoclast differentiation and
bone resorption.

MATERIALS AND METHODS

MATERIALS
Native, high‐molecular weight hyaluronan (HA, from streptococcus,
MW¼ 1,175,000 gmol�1) was purchased from Aqua Biochem (Des-
sau, Germany), chondroitin sulfate (CS, porcine trachea, a mixture of
70% chondroitin‐4‐sulfate and 30% chondroitin‐6‐sulfate, degree of
sulfation (DSS)¼ 0.9, Mw¼ 20,000 gmol�1) from Kraeber (Ellerbek,

Germany). The fluorescent dye ATTO 565‐NH2 (labs¼ 563 nm) was
supplied by ATTO‐TEC (Siegen, Germany), 1‐ethyl‐3‐(3‐dimethyla-
minopropyl) carbodiimide hydrochloride (EDC) and N‐hydroxysuc-
cinimide (NHS) were available from Sigma–Aldrich (Taufkirchen,
Germany).

PREPARATION OF GAG DERIVATIVES AND ARTIFICIAL ECMs (aECMs)
A thermally degraded, lowmolecular weight HA (HALMW) was used as
a reference in addition to the full‐length HA since its molecular
weight (Mw) is known to significantly decrease during the sulfation
process [Hintze et al., 2009]. HALMW (Mw¼ 132,200 gmol�1) was
prepared via controlled thermal degradation of the native high‐
molecular weight HA according to the literature [Kunze et al., 2010]
and characterized as previously specified [Salbach et al., 2012a].

The sulfated CS and HA GAG derivatives (sCS3, DSS¼ 3.0,
MW¼ 26,800 gmol�1; sHA3, DSS¼ 3.1; MW¼ 53,300 gmol�1) for
aECM preparation were synthesized and characterized as previously
described [Salbach et al., 2012a].

Artificial ECMs were derived by in vitro fibrillogenesis of rat Coll
type I in the presence of HA, sHA3, HALMW, CS, or sCS3 as described in
our previous publication [Salbach et al., 2012a]. If not stated
otherwise, cells were differentiated on these aECMs.
For uptake tracking of GAGs into cells, a fluorescence labeling
was performed to the GAG derivatives. We incorporated a
rhodamine‐type fluorescent dye (ATTO 565) into HA derivatives
using two different procedures. Following a conventional EDC/NHS
coupling protocol an amino group containing ATTO 565 derivative
(ATTO 565‐NH2) was coupled onto the carboxyl groups of HALMW

(side‐on‐functionalization). A different procedure was employed for
the sHA3 labeling to avoid impairment of the coupling by the
previously introduced sulfate groups. The ATTO 565‐NH2 was
coupled to the reducing end of the GAG via an azomethine structure
which was subsequently reduced by NaBH3CN resulting in the more
stable amine derivative (end‐on‐functionalization). A schematic
representation of the different fluorescence labeled polymer
structures is given in Figure 1.

Fig. 1. Structural characteristics of HA derivatives. For immunofluorescence, HALMW and sHA3 were functionalized with a red fluorescent ATTO 565 group either by side‐on or
end‐on functionalization. The given scheme depicts HA and sHA3 and the location of the introduced dye within the two polymers.
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The exact labeling procedure was performed as follows:
ATTO 565‐labeled HALMW (HA‐ATTO 565): 1.25mmol EDC were

added to 0.62mmol HALMW (Mw¼ 23,200 gmol�1) dissolved in
distilled water. The pH was adjusted to 4.75 using 1M HCl and the
mixture was stirred for 30min at room temperature (RT). Subse-
quently, 1.25mmol NHS were added. Then 0.7mmol of ATTO 565‐
NH2, dissolved in dimethyl sulfoxide (DMSO), were added to the
polymer mixture and stirred at RT for 4 h. The remaining free active
carboxyl groups were saturated using ammonia and stirring for 2 h.
The GAG was purified by dialysis against distilled water, followed by
lyophilization under vacuum. Yield: 75%.

To avoid impairment of the coupling by the previously induced
sulfate groups a different procedure was employed for the sHA3
labeling.

ATTO 565‐labeled sHA3 (sHA3‐ATTO 565): 0.7mmol ATTO 565‐
NH2 (dissolved in DMSO) were added to 0.33mmol sHA3 (DSS¼ 3.6,
Mw¼ 28 600 gmol�1) dissolved in distilled water and reaction
mixture was stirred at RT for 6 h. Then 0.65mmol NaBH3CN were
added to the solution, and after stirring for 72 h, the product was
purified as described above. Yield: 90%.

CELL CULTURE OF MURINE OBs AND OCs
Murine OBs were generated from mesenchymal stromal cells (MSC)
flushed from the femora bonemarrow of healthy wild typemice. After
isolation, cells were plated and maintained in basal medium
consisting of MEM‐a (Biochrom, Hagen, Germany) supplemented
with 10% FCS (PAA, Cölbe, Germany), 1% penicillin/streptomycin
(Gibco, Darmstadt, Germany) and 2mM glutamine (Biochrom) in
75 cm2 cell culture flasks. MSCs were detached using trypsin (PAA),
transferred to aECM‐coated well plates or flasks and differentiated
with 100mM ascorbate phosphate (Sigma–Aldrich) and 10mM b‐

glycerol phosphate (Sigma–Aldrich) for up to 21 days until further
analysis. Media was exchanged every 48 h and stored at �80°C for
subsequent OC culture in OB‐conditioned medium.

Murine monocytic RAW264.7 cells (TIB‐71TM, ATCC, Wesel,
Germany) that served as model for OCs, were cultured up to 85%
confluency in basal medium until splitting or utilization in co‐culture
experiments.

INDIRECT CO‐CULTURE OF OCs AND OBs
To further analyze the impact of GAG modifications on OB‐to‐OC
signaling, supernatants of OB experiments were applied to OC
cultures. In brief, 12,500 RAW264.7 cells/cm2 were seeded into
uncoated well plates containing OB‐derived conditioned medium and
stimulated with RANKL (10 ng/ml, R&D Systems, Wiesbaden‐
Nordenstadt, Germany) to counter the excessive OPG exceeding
1,200 pg/ml (ELISA, data not shown) and initiate the generation of
multinuclear OCs within 4 days.

SUSCEPTIBILITY TO GAGs
MSCs were seeded on uncoated glass slides and incubated with 1mg/
ml HA‐ATTO 565 or sHA3‐ATTO 565 for up to 24 h to determine (i) if
MSCs internalize both, the native and the high‐sulfated, forms of HAs
or if the interaction occurs only at the membrane, (ii) where these HAs
are localized in cells, and (iii) if there are kinetic differences of
internalization. After the incubation period, slides were stained for

fibrillar actin and cell nuclei, as previously described [Salbach
et al., 2012a]. Cells cultured without HAs served as control.

ADHESION OF PRECURSOR CELLS
Adhesion of 0.3� 106 MSCs or 0.8� 106 RAW264.7 cells/cm2 to the
various aECMs or to supernatant‐containing well plates was assessed
after 1 h. To ensure cell surface receptor integrity, cells were detached
with 0.25% EDTA (Serva, Heidelberg, Germany) in HBSS (PAA). After
60min non‐adherent cells were removed with PBS. The remaining
cells were stained with 0.04% crystal violet (Sigma–Aldrich) in 4%
ethanol (VWR, Darmstadt, Germany) for 30min. After extensive
washing with water, the plates were dried. Afterwards, the
incorporated dye was dissolved using 1% SDS (Carl Roth, Karlsruhe,
Germany), transferred into a 96‐well plate, and quantified by
measuring the absorbance at 595 nm.

METABOLIC ACTIVITY
Dehydrogenase activity, as an indicator for cell viability, was assessed
using a commercial assay (CellTiterBlue1, Promega, Mannheim,
Germany). Cells were cultured for 5 days (MSCs) on aECM‐coated 48‐
well plates or 24 h in the presence of conditioned media (RAW264.7),
respectively. Then, medium was exchanged for fresh medium
containing the resazurin dye, and viability was determined by the
ability of living cells to convert resazurin dye into a fluorescent
product. Fluorescence intensity was quantified using FluoStar Omega
(560Ex/590Emnm, BMG Labtech, Ortenberg, Germany). To further
analyze the underlying mechanisms apoptosis, necrosis, and cell
proliferation were assessed.

PROLIFERATION ASSAY
Proliferation was measured using a BrdU ELISA (Cell Proliferation
ELISA, BrdU [colorimetric], Roche) as described in the manufacturer0s
instructions. BrdU labeling solution was added to the cell culture 24 h
prior to analysis that detects the pyrimidine analogue BrdU
incorporated into the DNA of proliferating cells.

CELL DEATH ASSAY
Apoptosis and necrosis were analyzed using the Cell Death Detection
ELISAPLUS kit (Roche, Mannheim, Germany). This assay detects
mono‐ and oligo‐nucleosomes in supernatants and the cytoplasmic
fraction of cell lysates and was performed at the same time points as
the viability measurements described above.

ALKALINE PHOSPHATASE (ALP) ACTIVITY AND MINERALIZATION
ASSAY
ALP activity and mineralization were assessed as markers for early
and late differentiation of OBs after 7 or 21 days of culture as
previously described [Rauner et al., 2009]. In brief, at day 7 cell lysates
were incubated with an ALP substrate buffer (100mM diethanol-
amine, 150mM NaCl, 2mM MgCl2, and 2.5mg/ml p‐nitrophenyl-
phosphate). Colour change was measured via spectrometer and
normalized to total protein concentration.

To determine mineral deposition cells were fixed at day 21 with
70% ethanol and stained with 40mM alizarin red S. Excess dye was
removed by washing with distilled water. Plates were dried and the
residual bound and stained calcium was then eluted using 100mM
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cetylpyridinium chloride and quantified with a spectrometer at
540 nm.

OSTEOCLAST FORMATION
Following differentiation in conditionedmedia for 4 days, RAW264.7
cells were stained for tartrate‐resistant acid‐phosphatase (TRAP)
using the assay kit from Sigma–Aldrich. The differentiation of OCs
was determined by counting the number of multinucleated (�3
nuclei) TRAP‐positive cells in each well.

OSTEOCLAST RESORPTIVE ACTIVITY
OC resorption activity was examined using a novel functional
resorption assay [Lutter et al., 2010]. RAW264.7 cells were plated on
SaOS2‐derived matrix and differentiated in the presence or absence
of OB‐conditioned media (cells grown on aECMs) until distinct
resorption pits could be observed. To examine the residual matrix,
plates were stained with von Kossa which detects both changes in
mineral and organic moieties. Images were analyzed and quantified
by pixel analysis using ImageJ [Salbach et al., 2012a; Schneider
et al., 2012].

CELL MIGRATION
The migration potential of primary MSCs in the presence of various
solute GAGs, and of RAW264.7 cells in OB‐conditionedmedium (cells
grown on aECMs) was assessed using the OrisTM Cell Migration
(Platypus Technologies, Hamburg, Germany) assay. To block cell
proliferation, mitomycin C (Calbiochem, Darmstadt, Germany) was
applied at 10mg/ml for 2.5 h prior to the start of the experiment and
again after each day of culture. Pictures were taken every 24 h and
lateral ingrowth calculated using ImageJ software [Schneider
et al., 2012].

RNA ISOLATION, REVERSE TRANSCRIPTION, AND QUANTITATIVE
REAL TIME PCR
RNA extraction, reverse transcription, and real time PCR were
performed as previously described [Salbach et al., 2012a]. Primer
sequences for the analyzed genes are given in Table I. The abundance
of mRNA levels was calculated using the DD‐ct‐method [Livak and
Schmittgen, 2001] and is presented in fold increase relative to
the respective control. ALP expression was assessed as an early
differentiation marker, osteocalcin (OCN) as late differentiation

marker, and runt‐related transcription factor 2 (Runx2) as a major
osteoblastic transcription factor.

STATISTICAL ANALYSIS
All experiments were performed at least in triplicate and evaluated
using one‐way ANOVA. Exact number of replicates is given in each
figure legend. Single data points were excluded after an extreme
studentized deviate test confirmed the presence of a significant outlier
(Grubb0s test). Student0s t‐test was performed to evaluate differences
between the treatment groups. All results are presented as normalized
mean� SD. P‐values< 0.05 were considered statistically significant.

RESULTS

MSCs ARE SUSCEPTIBLE TO NATIVE AND SULFATED GAGs
The following study aimed to characterize the suitability of Coll/GAG
coatings for biomaterial application. Analysis was therefore carried
out for processes that contribute to the regulatory potential at
material/biological system interfaces starting as early as cellular
uptake of GAGs and attachment and migration of OB and OC
precursors in response to the presence and sulfate modification of
GAGs.

MSCs showed susceptibility for unsulfated HA‐ATTO 565 and
sulfated sHA3‐ATTO 565 (Fig. 2). Upon exposure, the GAGs initially
showed a diffuse distribution in the cytoplasm. Of note, the apparent
higher fluorescent intensity of the sHA3‐ATTO 565 at early time‐
points does not necessarily mirror higher or faster uptake, since
fluorescence intensity of both derivatives was unmatched. Uptake
velocity was therefore rated by the formation of GAG containing
vesicles, which were observed in the perinuclear region of cells
exposed to both HAs after 24 h. Vesicle formation occurred after 1 h
for the HA‐ATTO 565, whereas vesicles of sHA3‐ATTO 565 did not
appear before 6 h (Fig. 2, white arrows). In general, cells with
internalized GAGs showed abnormal morphology devoid of stress
fibers.

GAGs MODULATE INITIAL CELL ADHESION, BUT NOT MIGRATION
Similar to our previous observations on OC precursors [Salbach
et al., 2012a], initial cell adhesion of murine MSCs was altered in the
presence of matrices containing sulfated, but not native, GAGs. Here,
sulfation resulted in decreased MSC adhesion, with no differences
between the HA or CS derivatives (Fig. 3A). However, no significant
differences in cell migrationwere detected in response to soluble GAG
treatment over a time course of 72 h (Fig. 3B).

GAG SULFATION IS A REGULATOR OF OSTEOBLAST METABOLIC
ACTIVITY
Exposure to matrices containing high‐sulfated GAGs led to a minor
decrease in metabolic activity of murine MSCs compared to their
native or non‐sulfated counter parts (Fig. 4A CS vs. sCS3; HALMW vs.
sHA3). Those matrices containing native, high‐molecular weight HA
profoundly increased metabolic activity (Fig. 4A). Concurrent
analysis of proliferation (Fig. 4B), necrosis (Fig. 4C), and apoptosis
(Fig. 4D) revealed that GAG chain length modulated both prolifera-
tion and metabolic activity (HA vs. HALMW). Matrices containing HA
or CS did not significantly affect proliferation and necrosis (Fig. 4B

TABLE I. Synoptic Overview of all Primers Used in This Study

Primer Sequence 50 ! 30

b‐Actin s GATCTGGCACCACACCTTCT
b‐Actin as GGGGTGTTGAAGGTCTCAAA
RANKL s CACTGAGGAGACCACCCAAG
RANKL as GAGATGAAGAGGAGCAGAACG
OPG s CCTTGCCCTGACCACTCTTA
OPG as ACACTGGGCTGCAATACACA
ALP s GAAAGCAGGGAAGTCTGTGG
ALP as AGATGAGTTGAGTGGCGATG
Runx2 s CCCAGCCACCTTTACCTACA
Runx2 as TATGGAGTGCTGCTGGTCTG
OCN s GCGCTCTGTCTCTCTGACCT
OCN as ACCTTATTGCCCTCCTGCTT
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and C) compared to GAG‐free controls, whereas a slight increase
could be observed for apoptosis (Fig. 4D). Sulfate modification led to
loss of the proliferative activity of about 40% (Fig. 4B) but at the same
time to a nearly complete suppression of necrosis and apoptosis
(Fig. 4C and D).

GAG SULFATION INCREASES OSTEOBLASTIC MARKER GENE
EXPRESSION
Exposition of differentiating MSCs to GAGs led to changes in the
expression of osteoblastic marker genes and corresponding protein

levels.Whereas the expression of the OC differentiation factor RANKL
was barely detectable on all aECMs, its soluble decoy receptor OPG
was profoundly expressed (ELISA, data not shown). Gene expression
analysis of cells stimulated with solute GAGs showed a non
significant increase in OPG expression in the presence of sulfated,
but not native GAGs compared to untreated cells (Fig. 5A). Regulation
in response to different GAGswas only observed for ALP (Fig. 5B) and
OCN (Fig. 5C), but not Runx2 (data not shown). Both ALP and OCN
expression were increased in response to GAG sulfation. However, no
differences could be observed between GAGs differing in chain length

Fig. 2. MSCs are susceptible to fluorescent HAs. Cells seeded on glass slides were exposed to solute red‐fluorescent low‐molecular HA (HA‐ATTO 565) or high‐sulfated HA
(sHA3‐ATTO 565) for 1, 6, or 24 h, respectively. Untreated cells served as controls (Ctrl). Subsequently, slides were stained for F‐actin (green) and cell nuclei (blue) and analyzed
using digital microscopy. A representative image of three replicates is shown. Magnification: 252�, white bars equate 20mm, arrows highlight cells with GAG containing vesicles.

Fig. 3. GAG sulfation inhibits cell adhesion, but not migration of MSCs. (A) Cell adhesion and (B) migration after 72 h of murine MSCs were assessed in response to (A) aECM
matrices with GAGs or (B) solute GAGs. All values represent the normalized mean� SD of n¼ 3. Abbreviations used: Ctrl, collagen coating/untreated cells; CS native chondroitin
sulfate; sCS3, high‐sulfated chondroitin sulfate; HA, native hyaluronan; sHA3, high‐sulfated hyaluronan; HALMW, low‐molecular weight hyaluronan. ###P< 0.001 Student0s t‐test
versus Ctrl; ���P< 0.001 Student0s t‐test versus respective treatment.
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(HA vs. HALMW) or GAGs of different monosaccharide composition
(sHA3 vs. sCS3).

GAG SULFATION RESULTS IN INCREASED MATRIX FORMATION
When differentiating MSCs in osteogenic medium towards OBs, ALP
activity and mineralized matrix deposition can be utilized as
functional markers to evaluate the progress of maturation. We
observed a pronounced increase in ALP activity at day 7 in response
to high‐sulfated GAGs, but not native GAGs (Fig. 6A). Accordingly,

mineralized matrix deposition was not affected in the presence of
native GAGs, but nearly abolished in the presence of high‐sulfated
GAGs (data not shown). However, the culture media utilized for this
experiment contained 2mM Ca2þ, which represents the lower range
of Ca2þ levels in human serum. Since Ca2þ concentrations may be
higher within local bone microenvironment, especially during bone
remodelling, and GAGs are known to chelate cations, we next used
higher Ca2þ concentrations to better reflect the local situation in
bone. We increased the concentration to 10mM Ca2þ, which was

Fig. 4. GAG sulfation modulates MSC viability. (A) Metabolic activity, (B) proliferation, (C) necrosis, and (D) apoptosis of differentiating murine MSCs growing on aECMmatrices
were assessed at day 5. All values represent the normalized mean� SD of (A,B) n¼ 4, (C,D) n¼ 3–4. Abbreviations used: Ctrl, collagen coating; CS native chondroitin sulfate; sCS3,
high‐sulfated chondroitin sulfate; HA, native hyaluronan; sHA3 high‐sulfated hyaluronan; HALMW, low‐molecular weight hyaluronan. #P< 0.05, ##P< 0.01, ###P< 0.001
Student0s t‐test versus Ctrl; �P< 0.05, ��P< 0.01, ���P< 0.001 Student0s t‐test versus respective treatment.

Fig. 5. Sulfation of GAGs increases osteogenic marker gene expression of MSCs. Quantitative real‐time PCR analysis of (A) OPG, (B) ALP, and (C) OCN expression levels in
differentiating murineMSCs exposed to 200mg/ml GAGs. All values represent the normalized mean� SD of (A) n¼ 4–5, (B) n¼ 4, (C) n¼ 3–4. Abbreviations used: Ctrl, untreated
cells; CS, native chondroitin sulfate; sCS3, high‐sulfated chondroitin sulfate; HA, native hyaluronan; sHA3, high‐sulfated hyaluronan; HALMW, low‐molecular weight hyaluronan.
#P< 0.05 Student0s t‐test versus Ctrl; �P< 0.05, Student0s t‐test versus respective treatment.
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previously reported to support matrix deposition without affecting
viability [Maeno et al., 2005]. Under these culture conditions, we
observed a significant increase in mineral deposition when treated
with sulfated GAGs compared to the native GAGs (Fig. 6B) similar to
the pro‐osteogenic effects observed at mRNA level.

GAG SULFATION IMPAIRS PARACRINE OSTEOBLAST‐OSTEOCLAST
SIGNALING
Neither OC precursor adhesion (Fig. 7A) nor viability (Fig. 7B), nor
motility (Fig. 7C) were affected by supernatants collected from OBs
grown on aECMs. In contrast, differentiation was significantly
impaired. When treated with the supernatants alone, OC did not form.
However, protein analyses of all supernatants via ELISA revealed
RANKL concentrations below the detection limit of 16 pg/ml and
pronounced OPG release above the ELISA detection limit of 1,200 pg/
ml. Hence, when small doses of RANKL (10 ng/ml) were added,
differences between the HA derivatives containing aECMs could be
revealed (Fig. 7D). OC formation was decreased by supernatants of OB
grown on all aECMs investigated, however, the effect was most
pronounced on surfaces containing sHA3. The same effect could be
observed for OC resorptive activity. OC precursors that were
differentiated in the presence of OB supernatants did not resorb
SaOS‐2‐derived matrix. When supplemented with RANKL, all
treatment groups showed reduced resorptive activity, which was
most pronounced in cells exposed to supernatants derived from wells
with matrices containing sHA3. Time dependent differences were
apparent only for adhesion and the TRAP staining. Here, progressing
differentiation of OBs on aECMs led to a decrease of adhesion of OC
precursors that reached significance only at the latest observed
differentiation phase (d15‐21). The severe inhibition of OC
differentiation by sHA3 however gradually diminished over time.

DISCUSSION

Our present study was aimed at characterizing the potential of
sulfated GAGs in aECM coatings to improve bone remodeling.

Utilizing ECM components to mimic the native microenvironment
proved to be a promising approach since aECMs increased the
regenerative potential of bone cells by enhancing osteogenesis and
concurrently suppressing osteoclastogenesis [Salbach et al., 2012a].
Combinations of Coll and GAGs, two major components of the
organic bone ECM, have been investigated for their application for
skin, and later also bone regeneration since the 1970s [Spector, 2013]
with non conclusive results. Except for HA, the GAGs found in bone
can be post‐translationally sulfated. Their sulfation patterning is
subject to continuous changes during osteogenic differentiation
[Haupt et al., 2009; Hoshiba et al., 2009] and development [Mark
et al., 1990; Manton et al., 2007] of MSCs suggesting a regulatory role
in bone homeostasis. Consistent with this, we could show that
differently sulfated HA derivatives interact with mediator proteins
relevant to bone healing in a sulfation‐dependent manner in previous
studies [Hintze et al., 2009, 2012a; Salbach‐Hirsch et al., 2013].

Similar to the data found on osteoclasts, existing studies on
osteoblast differentiation in response to sulfated GAGs revealed
variable effects (reviewed in Salbach et al. [2012b]). This can be
attributed partially to the use of non‐standardized GAGs. Thus far,
GAGs and especially sulfated GAGs are usually obtained from natural
sources [Mucci, 2000; Brown and Pummill, 2008]. These GAGs are
subject to fluctuations of sulfation degree and pattern due to the
variable activities of the different sulfate‐introducing sulfotransfer-
ases, which limits their clinical translation. To overcome this, we have
synthesized GAG derivatives with defined characteristics concerning
chain length and degree of sulfation for our aECMs to assess
structure‐function relationships. In this context, chemical sulfation is
attractive, since it follows a controlled mechanism, resulting in
sulfated GAGs with defined substitution patterns, whereas the
naturally derived high sulfated GAGs show variabilities.

In this study, GAG sulfation resulted in a pro‐osteogenic effect
similar to studies performed with human cells [Hempel et al., 2012;
Hess et al., 2012; Hintze et al., 2012b;Wojak‐Cwik et al., 2013] and rat
calvarial osteoblasts [Nagahata et al., 2004; Kunze et al., 2010]. This
indicates that GAG sulfation affects bone cell differentiation in a
controlled species‐ and model system‐independent manner if

Fig. 6. GAG sulfation promotes OB differentiation and calcium deposition. During osteogenic differentiation of murine MSCs, (A) ALP activity was analyzed after 7 days and (B)
calcium deposition was assessed after 21 days. All values represent the normalized mean� SD of n¼ 3–4. Abbreviations used: Ctrl, collagen coating; CS, native chondroitin sulfate;
sCS3, high‐sulfated chondroitin sulfate; HA, native hyaluronan; sHA3, high‐sulfated hyaluronan; HALMW, low‐molecular weight hyaluronan. #P< 0.05, ##P< 0.01, Student0s
t‐test versus Ctrl; �P< 0.05, ���P< 0.001 Student0s t‐test versus respective treatment.
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comparable polymers are used. To further investigate the underlying
mechanisms, we first excluded the probability that GAG sulfation
results in impaired uptake that could attribute to all subsequent
effects. Therefore, fluorescent derivatives of HALMW and sHA3 were
synthesized. We observed internalized GAGs after 1 h, which, over
time, localized to perinuclear vesicles. Of note, this process was faster
for the non‐sulfated HA. Thismay indicate a regulated internalization
process mediated by the sulfate groups. And indeed, endocytosis
regulating proteins were increased in MSCs cultured on sHA3 [Kliemt
et al., 2013]. Using unlabeled GAGs, MSC adhesion, but not
subsequent migration was affected by the degree of sulfation. This
may be due to differences in GAG uptake kinetics, GAG charge, or
intracellular processing.

We recognize that this study has potential limitations. The
fluorescent GAGs were selected for microscopy primarily for
appropriate and stable fluorescence, which did not consider their
linking chemistry or molecular weight. Also, different labeling
strategies were applied to avoid cross reactions with the previously
introduced sulfate groups. Therefore we cannot exclude that the
different molecular weights and chemical procedures, side‐on vs.
end‐on functionalization, resulting in a different location of the dye
within the GAG and possible changes in GAG characteristics,
contribute to the different kinetics. Since the presence of GAGs during
the in vitro fibrillogenesis of Coll affects the Coll fibrillar structure
[Bierbaum et al., 2012; Hintze et al., 2012b], these changes may also
contribute to the outside‐in signaling, for example, by modifying the

Fig. 7. GAG sulfation impairs the stromal support of osteoclast differentiation. RAW264.7 cells were differentiated with 10 ng/ml RANKL for 3‐4 days to generate OC in the
presence or absence of OB‐derived supernatants. (A) Cell adhesion, (B) metabolic activity, (C) migration, (D) TRAP (TRAP‐positive,�3 nuclei), and (E) resorptive activity on a SaOS‐
2 cell derived matrix were assessed during differentiation. All values were normalized against cells cultured without supernatants and represent their mean� SD of (A, B, D, and E)
n¼ 4, (C) n¼ 3. Abbreviations used: Ctrl, collagen coating; HA, native hyaluronan; sHA3, high‐sulfated hyaluronan. #P< 0.05, ##P< 0.01, ###P< 0.001 Student0s t‐test versus
Ctrl; �P< 0.05, ��P< 0.01, Student0s t‐test versus respective treatment.
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affinity of Coll to receptors such as integrins. However, morphologi-
cal changes of the fibrillar structure by variations of the assembly
buffer system alone had no effect on cell response [Bierbaum
et al., 2012]. Also, studies using Coll type I [Hempel et al., 2012;
Büttner et al., 2013], type II [Hintze et al., 2012b], and Coll free
systems [Kunze et al., 2010] produced similar results, indicating that
GAGs exert their biological effects independently of the presence or
the subtype of Coll. Finally, our study was performed in murine cells
and clearly will require in vivo validation. However, the evidence of
species independent effects of GAG sulfation in OCs [Salbach
et al., 2012a] and now OBs strongly suggests a regulatory role in vivo
as well.

In osteoclasts GAG sulfation strongly interfered with actin‐
cytoskeleton reorganization [Salbach et al., 2012a]. Here, MSCs also
displayed distinct changes of their actin distribution. While OCs did
not form their typical sealing zone actin belt in the periphery, MSCs
lacked stress fibers and focal adhesion points. The focal adhesion
kinase, and associated GTPase activities regulated in OCs, might be
linked to this phenomenon as well [Kliemt et al., 2013].

GAG sulfation resulted in an anti‐proliferative effect, which was
not associated with increased apoptosis or necrosis. On the contrary,
both basal apoptosis and necrosis were very low and nearly non‐
detectable in response to GAG‐sulfation. Also, lower metabolic
activity could only partly be attributed to be causative for the
decrease in proliferation. Of note, the decreased viability and
proliferation did not result in reduced osteogenesis. On the contrary,
we found up‐regulated osteogenic marker gene expression, ALP
activity, and subsequent calcium deposition, indicating a shift from
the proliferative stage to a more mature matrix synthesis phenotype.

Here again, variations in Coll fibril morphology may contribute to
the observed effects since Coll serves as a template for mineralization.
In addition, the process of biomineralization, as described by the
polymer‐induced liquid‐precursor system, entails polypeptides with
anionic groups. These anionic polymers sequester calcium ions,
which then build up a charge to sequester counter ions [Gower, 2008].
GAGs, and especially sulfated GAGs, exhibit a high number of
anionic groups and are known to sequester positively charged ions
that may interfere with hydroxyapatite growth [Chen and
Boskey, 1985]. By direct interference of high‐sulfated GAGs with
this process an overall increased mineralization capacity could result
in the absence of calcium deposition. This defect in matrix deposition
was rescued in the presence of 10mM calcium, suggesting that
calcium concentration may represent a key factor. During MSC
differentiation, low calcium concentrations are suitable for prolifer-
ation and survival, whereas higher concentrations (6–10mM)
markedly promoted differentiation and mineralization [Maeno
et al., 2005]. Also, proteome analysis revealed calcium signaling as
one of the highest regulated pathways in response to GAG alterations
[Kliemt et al., 2013].

Of note, GAG sulfation interfered with the OB support of
osteoclastogenesis. Supernatants derived from OBs on aECM had
anti‐osteoclastogenic properties, most likely due to the high OPG and
low RANKL protein levels. Of note, we observed a gradual increase for
TRAP‐positive cells when exposed to supernatants of osteoblasts of
increasing maturity. However, during MSC differentiation RANKL
expression progressively decreased or remained stable whereas OPG

expression increased [Hofbauer et al., 1999; Thomas et al., 2001;
Atkins et al., 2003]. Since this would translate to an even more
pronounced anti‐osteoclastogenic effect, the gradually decreasing
osteoclastogenesis inhibition may be related to a RANKL/OPG
independent mechanism. The aECMs were prepared by in vitro
fibrillogenesis without further crosslinking, rendering a gradual
release of GAGs and Coll degradation products possible. The GAG
release declines over time and may therefore attribute for both the
effects on adhesion and the TRAP staining. In our previous study, Coll
alone had anti‐adhesive potential, whereas sulfated GAGs increased
adhesion. Here, a slightly pro‐adhesive tendency was observed for the
sHA3 supernatant, and an overall decline in adhesion over time that
might stem from desorbed GAGs and Coll. Also, a direct stimulation
with sulfated GAGs significantly impairs osteoclastogenesis. A
decline in desorbing GAG could explain the gradual increase in
osteoclast numbers over time. However, previously significant effects
were observed only for concentrations above 50mg/ml, whereas
GAG‐release by desorption is much smaller.

Additionally, high‐sulfated GAGs regulated connexin 43 (Cx43,
data not shown), playing a central role in cell‐to‐cell communication
in the skeleton [Plotkin and Bellido, 2013]. This protein is expressed in
OBs, osteocytes, and OCs alike and is involved in their inter‐cellular
coupling. These gap junction proteins allow for exchange of small
molecules between bone cells and their extracellular milieu and may
be involved in the regulation of the paracrine exchange observed in
this study as has been indicated before [Nagahata et al., 2004]. In
addition, GAGs show a great variety of interactions with bone‐
regulating proteins and cytokines such as tumor necrosis factor, TNF‐
related apoptosis‐inducing ligand, bone morphogenetic proteins,
OPG, and members of the transforming growth factor‐b superfamily.
GAGs bound to these proteins can coordinate their activities [Manton
et al., 2007; Lamoureux et al., 2009; Salbach‐Hirsch et al., 2013] and
modulate their bioavailability by sequestration or protection against
degradation [Bierbaum et al., 2012].

CONCLUSION

In summary, this study revealed that GAGs are molecules with potent
bone‐anabolic properties and inhibitory effects on the osteoblast
support of osteoclastogenesis, thus displaying a promising potential
as a component of diverse bone graft materials. Whether this
translates into a favorable profile on bone remodeling at fracture sites
requires rigorous in vivo testing.
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