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Abstract. Glucosamine (GIcN) functions as a building block
of the cartilage matrix, and its multifaceted roles in promoting
joint health have been extensively investigated. However, the
role of GIcN in osteogenesis and bone tissue is poorly under-
stood, mainly due to the lack of adequate experimental models.
As a result, the benefit of GIcN application in bone disorders
remains controversial. In order to further elucidate the phar-
macological relevance and potential therapeutic/nutraceutic
efficacy of GIcN, the effect of GIcN treatment was investigated
in human primary osteoclasts (hOCs) and osteoblasts (hOBs)
that were cultured with two-dimensional (2D) traditional
methods or co-cultured in a 3D dynamic system more closely
resembling the in vivo bone microenvironment. Under these
conditions, osteoclastogenesis was supported by hOBs and
sizeable self-assembling aggregates were obtained. The differ-
entiated hOCs were evaluated using tartrate-resistant acid
phosphatase assays and osteogenic differentiation was moni-
tored by analyzing mineral matrix deposition via Alizarin Red
staining, with expression of specific osteogenic markers deter-
mined via reverse transcription-quantitative PCR. It was found
that crystalline GlcN sulfate was effective in decreasing osteo-
clastic cell differentiation and function. hOCs isolated from
patients with OA were more sensitive compared with those
from healthy donors. Additionally, GIcN exhibited anabolic
effects on hOCs both in 2D conventional cell culture and in
hOC/hOB 3D dynamic co-culture. The present study demon-
strated for the first time the effectiveness of a 3D dynamic
co-culture system for characterizing the spectrum of action
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of GlcN on the bone microenvironment, which may pave the
way for more fully determining the potential applications of a
compound such as GIcN, which is positioned between phar-
maceuticals and nutraceuticals. Based on the present findings,
it is hypothesized that GIcN may have potential benefits in the
treatment of osteopenic diseases such as osteoporosis, as well
as in bone maintenance.

Introduction

Glucosamine (GIcN) is an aminosaccharide that acts as a
preferred substrate for the biosynthesis of glycosaminoglycans
and, subsequently, for the production of aggrecan and other
proteoglycans in the connective and cartilage tissues (1). GIcN
supports joint structure function by serving as a building block
of the cartilage matrix, and maintains joint health by preventing
tissue degradation, reducing inflammation and oxidative
stress, improving the autophagy response of chondrocytes
and increasing the chondrogenic potential of mesenchymal
stem cells resident in the niche (1,2). Additionally, GlcN is an
essential substrate for the synthesis of glycosylated proteins
and lipids (3). For its biological properties, GIcN is prescribed
as a drug or a dietary supplement in the management of one
of the most common joint disorders, osteoarthritis (OA), to
delay the progression of tissue degeneration and to attenuate
the symptoms in humans (1,4,5). Furthermore, GIcN is recom-
mended for joint health to prevent sports-related cartilage
injuries in athletes (6). At present, GIcN preparations are the
most widely used nutraceutical for OA (7,8). There are three
common forms of GlcN supplements on the market: GlcN
hydrochloride, GlcN sulfate, and N-acetyl GlcN. The chon-
droprotective action of these GIcN compound, is supported
both by evidence obtained using different in vitro and in vivo
experimental models, and also clinical trials (1). Currently, the
prescription of crystalline GIcN sulfate (1,500 mg once daily)
is recommended by the majority of clinical practice guidelines
in the management of OA (9).

During the evolution of OA and disease progres-
sion, there are substantial subchondral bone metabolic
alterations and remodeling (10); as OA in the elderly is often
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accompanied by osteoporosis (11), it is critical to also consider
how bone tissue may be affected by GIcN. At present, there
are limited data available concerning the effects of GIcN
on human osteoclasts and osteoblasts that populate the
bone microenvironment (12-14). It would be beneficial to
obtain information concerning this in order to broaden the
pharmacological relevance and potential therapeutic efficacy
of GIcN in skeletal diseases.

The primary aim of the present pilot study was to examine
the effects of GIcN on human primary osteoclasts (hOCs)
cultured in conventional two-dimensional (2D) monolayer,
as well as those in a more complex culture system that more
closely models the in vivo bone microenvironment, consisting
of an osteoclast/osteoblast 3D dynamic co-culture system (15).
The employment of this in vitro model mimicking the
process of bone matrix deposition and remodeling provides
simultaneous information on osteoclast and osteoblast cell
populations. The effects of crystalline GIcN sulfate on osteo-
clastogenesis were investigated, which was performed both by
treatment with osteoclastogenic inducers or by the presence
of osteoblasts. As a source of osteoclast progenitors, human
primary monocytes (hMCs) from the peripheral blood of
donors (healthy controls or patients with OA) were used.

Materials and methods

Reagents. DONA® (crystalline GlcN sulfate) was obtained
from Mylan Italia S.r.l., resuspended at 50 mg/ml and
stored at 4°C. Histopaque®-1077, ascorbic acid-2-phosphate,
B-glycerophosphate, dexamethasone, MTT, Alizarin Red S
(ARS), paraformaldehyde, Triton X-100, tartrate-resistant acid
phosphatase (TRAP) kit (cat. no. 386), fetal calf serum (FCS),
L-glutamine and antibiotics (penicillin and streptomycin)
were purchased from Sigma-Aldrich (Merck KGaA). A
High Capacity cDNA Reverse Transcription kit, TagMan
Gene Expression assays, Universal Master Mix II and Alexa
Fluor® 488 Phalloidin (cat. no. A12379) were purchased
from Thermo Fisher Scientific, Inc. Antibodies for human
runt-related transcription factor 2 (Runx2; cat. no. sc-10758),
collagen type la (COL1al; cat. no. sc-28657), nuclear factor of
activated T-cells, cytoplasmic 1 (NFATcl; cat. no. sc-13033)
and cathepsin K (cat. no. sc-48353) were purchased from
Santa Cruz Biotechnology, Inc., and osteopontin (OPN; clone
LF-123) was a generous gift from Dr Larry Fisher (National
Institutes of Health). High-glucose Dulbecco's modified
Eagle's medium (DMEM), Ham's F12 and PBS were purchased
from Euroclone SpA.

Cell isolation and culture. Female patients with OA (n=7,
50-74 years) and healthy volunteers (n=4; 43-48 years) were
enrolled between May 2019 and December 2019 during
routine medical check-ups at Centro di Medicina (Ferrara,
Italy) after obtaining written informed consent; the study was
approved by the Centro di Medicina's research committee
(approval no. 172201). Briefly, peripheral blood mononuclear
cells (PBMCs) were obtained from 20 ml peripheral blood and
separated using Histopaque-1077 as previously described (16).
hMCs were purified from PBMCs via adhesion selection
on polystyrene plates. PBMCs (1x10%/cm?) were plated and
allowed to settle for 4 h at 37°C, and flasks were then rinsed to

remove non-adherent cells. In order to confirm the ability of
isolated hMCs to differentiate into mature osteoclasts (hOCs),
macrophage colony-stimulating factor (25 ng/ml) and receptor
activator of NF-kB ligand (RANKL; 30 ng/ml; PeproTech
EC Ltd.) were added to the culture medium; after 14 days,
TRAP staining was performed. The expression levels of the
osteoclast-specific markers cathepsin K and NFATcl were
assessed via immunocytochemistry.

Human osteoblasts (hOBs) were obtained from vertebral
laminae discarded during spinal surgery to remove lumbar
herniated discs (Pfirrmann grade 2). Bone fragments were
obtained between September 2019 and December 2019,
after obtaining written informed consent from 4 donors with
no comorbidity (43-48 years; 2 males and 2 females) using
research protocols approved by the Ethics Committee of the
University of Ferrara and St. Anna Hospital (approved on
November 17, 2016). Briefly, bone fragments were placed in
sterile PBS at 4°C and dissected within 16 h after removal.
Bone chips were minced into smaller pieces as previ-
ously reported (17), washed twice with PBS, plated in T-25
culture flasks (Sarstedt, Inc.) and cultured in high-glucose
DMEM/Ham's F12 (1:1) supplemented with 10% FCS, 1 mM
L-glutamine and antibiotics [(penicillin (100 ug/ml) and
streptomycin, (10 gg/ml)]. From each patient, a primary cell
culture was obtained. Upon detection of a cell colony from
the bone fragments (after 7 days), the cells were expanded
until confluent [passage (P)0)]. The cells were then harvested
after treatment with 0.05% trypsin EDTA for 2 min at 37°C
(Sigma-Aldrich; Merck KGaA), washed, counted via hemo-
cytometric analysis and used for further experiments (P1-3).
During the culture period, cells were incubated at 37°C in
a humidified atmosphere of 5% CO,, and the medium was
changed every 3 days. hOBs (PO) were characterized for the
presence of OPN, Runx2 and COLlal via immunostaining.

Based on previous studies, osteogenic differentiation was
performed by culturing hOBs for up to 14 days in osteogenic
medium (OM) (18,19) consisting of high-glucose DMEM, 10%
FCS, 10 mM B-glycerophosphate, 100 nM dexamethasone and
100 M ascorbic acid-2-phosphate.

TRAP staining. TRAP staining of cells was performed as
previously described (20). Briefly, the cells were fixed in
4% PFA with 0.1 M cacodilic buffer, pH 7.2 (0.1 M sodium
cacodilate, 0.0025% CaCl,) for 15 min at room temperature,
extensively washed in the same buffer, and stained for TRAP
according to the manufacturer's protocols. After washing
with distilled water and drying, samples were observed under
a Leica microscope (Leica Microsystems GmbH). Mature
TR AP-positive multinucleated cells containing >3 nuclei were
counted as osteoclasts in 10 randomly selected optical fields
for each sample (magnification, x20).

Immunocytochemistry. Immunocytochemical analysis
was performed using an InmPRESS Universal Reagent kit
(Vector Laboratories, Inc.). hOCs or hOBs (1x10%cm? and
1x10%*cm? cells, respectively) were seeded in 24-well plates,
fixed in cold 100% methanol at room temperature for 10 min
and permeabilized with 0.2% (v/v) Triton X-100 in TBS (1X).
Then, the cells were treated in 0.3% H,0, in TBS (1X) for
10 min at room temperature, and subsequently incubated
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with ready-to-use (2.5%) normal horse serum blocking solu-
tion (ImmPRESS Universal Reagent kit) for 15 min at room
temperature.

After the incubation in blocking serum, cells were incu-
bated at 4°C overnight following addition of the following
rabbit anti-human polyclonal primary antibodies: Runx2
(1:200); COL1al (1:100); NFATcl1 (1:300); cathepsin K (1:200);
and OPN (1:200). After rinsing in 1X TBS, the cells were
incubated for 30 min at room temperature with ImnmPRESS
reagent and then stained with substrate/chromogen mix
(ImmPACT™ DAB). After washing, the cells were mounted
in glycerol/PBS (9:1), counterstained with hematoxylin and
observed with a Nikon Eclipse 50i optical microscope (magni-
fication, x20; Nikon Corporation).

MTT assay. The effect of GlcN on hOC and hOB viability
was assessed using MTT colorimetric assays. The cells were
seeded in 96-well plates, treated with increasing concentra-
tions of GlcN (10, 100 and 200 pg/ml) maintained at 37°C.
After 72 h of treatment, a solution of MTT in PBS was added
to each well and the plate was incubated for 3 h at 37°C.
The MTT crystals were solubilized with 200 gl lysis buffer
(10% SDS). Spectrophotometric absorbance of each sample
was then measured at 570 nm by using a microplate reader
(Sunrise™ Absorbance Reader; Tecan Group, Ltd.). Live cells
were calculated as a percentage of the control (untreated cells).

Apoptosis (TUNEL assay). At the end of osteoclastogenic
induction, mature hOCs were treated with GlcN (100 and
200 ug/ml) for 72 h. The cells were then rinsed twice with
PBS and fixed for 25 min in 4% PFA at room temperature.
Apoptotic cells were detected using a DeadEnd Colorimetric
Apoptosis Detection system (Promega Corporation) according
to the manufacturer's instructions. Moreover, all cells were
subjected to hematoxylin staining to reveal nuclei. The cells
were mounted in glycerol/PBS (9:1) and observed under a
Leica microscope (magnification, x20; Leica Microsystems
GmbH). The apoptotic rate was calculated as the percentage
of apoptotic nuclei (dark brown nuclei) compared with the
total number of nuclei of osteoclasts, evaluated in triplicate
from each experimental sample (10 randomly selected optical
fields/sample).

Phalloidin staining. For analysis of F-actin organization,
hOCs were fixed with 4% PFA for 10 min at room tempera-
ture, permeabilized with 0.1% Triton X-100 for 15 min and
stained with Alexa Fluor 488 Phalloidin (1:500 in PBS) for
30 min at room temperature. Nuclei were counterstained with
DAPI for 2 min at room temperature. Fluorescent images were
obtained using a fluorescence microscope, evaluated by two
independent investigators in 10 randomly selected optical
fields (magnification, x40; Nikon Eclipse 501i).

RNA isolation and reverse transcription-quantitative
PCR (RT-gPCR). Total RNA was isolated from hOBs
[2D culture in OM in the presence or absence of GlcN
(200 ug/ml)] by using an RNeasy Micro kit (Qiagen
GmbH) according to the manufacturer's instructions.
RNA concentration and quality were measured using a
NanoDrop™ ND1000 UV-VIS spectrophotometer (Isogen
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Life Science B.V.). cDNA was synthesized from total RNA
in a 20 ul reaction volume using a High Capacity cDNA
RT kit, according to the manufacturer's instructions.
Finally, 100 ng cDNA was used for qPCR analysis. TagMan
Universal Master Mix II and probes for human alkaline
phosphatase (ALP; assay no. Hs01029144_m1), Runx2
(assay no. Hs00231692_ml), OPN (assay no. Hs00959010_
ml), COL1A1 (assay no. Hs00164004_m1), osteocalcin
(OCN; assay no. Hs01587813_g1), bone sialoprotein (BSP;
assay no. Hs00913377_ml) were used according to the
manufacturer's instructions. Thermocycling conditions for
gPCR were as follows: Initial activation at 95°C for 10 min,
followed by 40 cycles of thermal denaturation at 95°C for
15 sec and annealing/elongation at 60°C for 1 min. RPL13a
(assay no. Hs04194366_g1) was used for normalization of
mRNA expression. Gene expression was assessed using a
CFX96TM PCR detection system (Bio-Rad Laboratories,
Inc.), and relative gene expression was calculated using the
comparative 2-24% method (21) and expressed as fold change.
All reactions were performed in triplicate (n=4).

hOBs/hOCs cultured in 3D dynamic system. The 3D dynamic
culture conditions were set up using an RCCS-4™ bioreactor
(Synthecon, Inc.), with a High Aspect Ratio Vessel™ (HARYV;
Synthecon, Inc.). The HARYV consists of a horizontally rotated
culture chamber where the cells are suspended and a perfusion
system with media continuously flowing through the culture
chamber. The culture chamber can rotate in the X-axis at
certain speeds (rpm); higher rpm values are associated with
lower gravity. The rotation speed applied for the experiments
was 4 rpm, corresponding to ground based dynamic culture
in which aggregates are in continuous falling rotation close to
the bottom of the vessel (3D-DycC conditions) (15).

hMCs from healthy donors were used as source of osteo-
clast progenitors and combined with hOBs from vertebral
laminae to create a 3D culture system. Each aggregate was
generated with unpooled cells from four different donors of
hOBs and hMCs. hOB/hMC aggregates were generated in the
absence of exogenous scaffolds. 3D-DycC dynamic co-culture
conditions were applied as previously reported (15,20). Briefly,
1-2x10% hOBs and 0.5-1x10° hMCs were inoculated into
HARUVs filled with high-glucose DMEM containing 10% FCS
(2 ml); all air bubbles were removed from the culture chamber.
Before treatment, the formation of spontaneously generated
cell aggregates was verified at different cell ratios (1:1, 1:2, 1:3
and conversely). The 2:1 hOBs/hMCs cell ratio was selected
as the most effective condition to generate mature hOCs and
applied for the following experiments.

HARYV was then inserted into the RCCS-4 rotary bioreactor
and placed in an incubator at 37°C with 5% CO,. After 24 h,
the presence of aggregates was observed, and the vessels were
filled with osteogenic medium alone (OM) or in the presence
of 200 ug/ml GlcN (OM/GIcN). Osteogenic medium and treat-
ment with GIcN was refreshed twice a week. After 14 days,
the aggregates were collected, fixed in 4% PFA (15 min, room
temperature) and embedded in paraffin for further analysis.

Histology. Immunohistochemistry was performed using
the ImmPRESS Universal Reagent kit. Histological
sections (5 pm) of aggregates were subjected to
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Figure 1. Experimental set-up. (A) hOCs were obtained after culturing hMCs from the peripheral blood of healthy donors or patients with osteoarthritis for
14 days in osteoclastogenic medium. (B) hMCs were co-cultured with hOBs in a three-dimensional dynamic system to generate self-assembled aggregates
in osteogenic medium. In both cases, cell cultures were exposed to GIcN, with medium renewed every 3 days. GIcN, glucosamine; hMC, human primary

monocyte; hOB, human primary osteoblast; hOC, human primary osteoclast.

immunohistochemistry. Non-consecutive sections were
deparaffinized, rehydrated and enzymatically treated with
1 mg/ml protease K for 10 min at 37°C (Sigma-Aldrich) for
antigen retrieval and permeabilization. Slides were then
immunostained overnight with primary antibodies against
OPN (1:100) in a humid chamber at 4°C, followed by treat-
ment with ImmPRESS reagent (ImmPRESS reagent kit;
Vector Laboratories, Inc.) for 30 min. The reaction were
developed using DAB solution (Vector Laboratories, Inc.);
the sections were counterstained with hematoxylin, mounted
in glycerol and observed using a Nikon Eclipse 50i optical
microscope (magnification, x10).

For ARS staining, the sections were deparaffinized and
stained with 40 mM ARS solution (pH 4.2) at room tempera-
ture for 20 min. TRAP staining was conducted using the
TRAP kit according to the manufacturer's protocols. Staining
was quantified using a computerized video camera-based
image analysis system ImageJ v1.51 software (http://rsb.info.
nih.gov/nih-image/; National Institutes of Health) under light
microscopy (magnification, x20; Nikon Eclipse 50i1). Color
TIFF file images were converted to 32-bit images and inverted
so that the background could be set to the lower threshold
limit. After applying the image threshold, the background was
removed and not counted toward mean pixel intensity. Mean
pixel intensity per area was used to quantify OPN staining
(five sections/sample; n=3). The percentage positive area was
used to quantify ARS and TRAP staining, accounting for
tears/holes within the matrix of samples.

Statistical analysis. Results are presented as the mean + SD.
Statistical significance was analyzed using GraphPad Prism 5
(GraphPad Software, Inc.) via one-way ANOVA followed by
Tukey's post hoc test or Student's t-test. P<0.05 was considered
to indicate a significantly significant difference.

Results

GlcN induces apoptosis and decreases differentiation of
osteoclasts from patients with OA. hMCs from peripheral
blood of healthy controls or patients with OA were used as a
source of osteoclast progenitors. The ability of hMCs to differ-
entiate into mature multinucleated hOCs was demonstrated
by analyzing the presence of established osteoclast markers,
such as TRAP, cathepsin K and NFATc1, during osteoclasto-
genic induction. Exposure to different GIcN concentrations
(10-200 ug/ml) did not affect osteoclast viability (Fig. S1A).
Consistent with previous evidence (12,22,23), it was selected to
treat the cells with GIcN concentrations of 100 and 200 ug/ml.

To investigate the effects of GIcN on hOCs, an experimental
strategy was designed (Fig. 1), accounting for the low number
of cells available from each patient sample that limited the
experimental analysis that could be performed. Microscopic
observations revealed that the number of multinuclear hOCs
both from healthy donors or patients with OA was not signifi-
cantly altered following GIcN treatment (Fig. S1B). After
differentiation was completed, apoptosis was assessed using
a TUNEL assay (Fig. 2). The results demonstrated that GlcN
treatment induced dose-dependent cell apoptosis in hOCs
from patients with OA, whereas hOCs from healthy donors
underwent GlcN-induced DNA fragmentation only after expo-
sure to 200 pg/ml.

Considering that cytoskeletal rearrangements are a prereq-
uisite for bone resorption by osteoclasts (24), the effects of
GIcN on hOC differentiation were subsequently investigated
by staining with FITC-conjugated phalloidin to evaluate actin
ring formation. As shown in Fig. 3, GlcN treatment signifi-
cantly decreased the polymerization of F-actin in a circular
manner in hOCs from patients with OA, but not in hOCs from
healthy donors.
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Figure 2. Effect of GIcN on hOC apoptosis. hOCs were incubated with 100 and 200 yg/ml GIcN for 72 h and then subjected to TUNEL staining to detect
apoptosis. hOCs were counterstained with hematoxylin. Scale bars, 50 ym. Data are presented as the percentage of TUNEL-positive nuclei (dark brown) when
compared with the total number nuclei. Data are presented as the mean + SD. Healthy donors, n=3; patients with OA, n=7. "P<0.05 vs. CTR. CTR, untreated
control; GIcN, glucosamine; hOC, human primary osteoclast; OA, osteoarthritis.
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Figure 3. Effect of GlcN on hOC actin ring formation. Monocytes were cultured in osteoclastogenic medium in the absence or presence of GlcN (100 and
200 peg/ml) for 14 days. hOC actin rings were analyzed via phalloidin staining; nuclei were counterstained with DAPI. Scale bars, 50 ym. Data are presented as
the percentage of actin ring-positive cells relative to total number of cells, and were evaluated by two independent investigators in 10 randomly selected optical
fields. Data are presented as the mean = SD. Healthy donors, n=3; patients with OA, n=7. “‘P<0.05 vs. CTR; °P<0.05 vs. 100 pg/ml. CTR, untreated control,

GIcN, glucosamine; hOC, human primary osteoclast; OA, osteoarthritis.

GIcN positively affects osteoblast activity in hOC/hOB 3D
co-culture systems. Subsequent experiments investigated hOC
responses to GlcN when combined with osteoblasts (hOBs) in a
3D co-culture system. The aim was to validate the hOC respon-
siveness to GIcN in an experimental condition that more closely
resembles the in vivo bone microenvironment whilst also
attempting to understand if hOBs could represent a GIcN target.
The quality of the cells was assessed; only those hOB samples
expressing conventional osteoblastic markers, such as OPN,
COLlal and Runx2 (Fig. SIC) were selected. When subjected
to GIcN treatment up to 200 pg/ml, hOBs did not exhibit any
change in viability (Fig. S1C). Therefore, this concentration
was selected for the subsequent experiments. hMC osteoclast
precursors from healthy donors were then combined with
hOBs in a 3D dynamic co-culture system in presence of
OM without osteoclastogenic inducers, based on a previous
protocol (20). Under these conditions, osteoclastogenesis was
supported by hOBs and the cells were able to produce sizeable

self-assembling aggregates (Fig. 4). After exposure to GIcN, it
was observed that the relative TR AP-positive area significantly
decreased (Fig. 4). Of note, GIcN exhibited a positive effect
on osteoblast activity; a significant increase of both mineral
matrix deposition (ARS-positive areas) and OPN expression
was found in GlcN-treated cellular aggregates (Fig. 4).

Although some aspects of OPN function in bone homeo-
stasis remain to be determined, migration, adhesion and
activation of osteoclasts in an OPN-dependent manner have
been demonstrated (25). However, it was hypothesized that the
increase in OPN expression in the hOC/hOB 3D co-culture
system is to be attributed to the hOBs, as GIcN significantly
increased ARS and decreased TRAP staining. Therefore,
these results suggested that GIcN was effective not only in
inhibiting the activity of hOBs, but also in enhancing the
activity of hOCs.

This was further explored, as a number of osteogenic
markers were analyzed via RT-qPCR after expanding
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Figure 4. Responsiveness of hOCs and hOBs to GlcN in the 3D dynamic co-culture system. Human primary monocytes from healthy donors were co-cultured
with hOBs for 14 days in a 3D dynamic system. Cells were cultured in OM or OM/GIcN. GleN treatment was repeated every 3 days. Representative micropho-
tographs of ARS, TRAP and OPN staining are reported. Scale bars, 50 gm. TRAP activity and ARS were quantified by Image] software and expressed as the
percentage positive area (mean + SD, five sections/sample, n=4). OPN levels were quantified by ImageJ software and expressed as the mean pixel intensity/area
(mean value + SD, five sections/sample, n=3). "P<0.05 vs. OM. 3D, three-dimensional; ARS, Alizarin Red S; GlcN, glucosamine; hOC, human primary osteoclast;
hOB, human primary osteoblast; OM, osteogenic medium; OM/GIcN, OM with 200 pg/ml GlcN; OPN, osteopontin; TRAP, tartrate-resistant acid phosphatase.

the hOBs in 2D conventional culture. As shown in Fig. 5,
GleN induced a general increase in early and middle stage
osteogenic markers such as Runx2, COLlal, ALP, OPN and
BSP (26). In particular, a significant increase in expression
was observed for Runx2, which is considered the master
regulator of osteogenesis (26), and OPN. No significant
changes in expression were observed for OCN, the late
differentiation marker.

Discussion

Despite considerable knowledge of the biological activities
of GIcN, including chondroprotective and anti-inflammatory
actions (1-7), its role in osteogenesis and bone tissue remains
to be investigated in detail. The evidence collected so far
on bone cells is mainly based on the use of monolayered
non-human cell lines, such as mouse MC3T3-El (14) or
RAW264.7 (22), the fetal osteoblastic cell line hFOB1.19 (23),
or animal models such as rats, mice or rabbits receiving GIcN
oral administration (27-29).

The present study focused on cells from human bone
microenvironments. Initial experiments involved peripheral

blood samples from patients with OA; as these patients
were outpatients who did not require surgery, it was only
possible to obtain a limited amount of peripheral blood,
although this was sufficient to produce the hOC precursors
for a comparative study with hOCs from healthy donors. This
may be a limitation of this study; in the near future, there
are plans to enroll patients with OA that require orthopedic
surgery, so that both endogenous osteoclasts and osteoblasts
can be obtained to conduct a greater number of analysis.
Nevertheless, the present data demonstrated that OA and
healthy osteoclasts were differentially susceptible to GlcN
treatment, which inhibited the differentiation and function of
OA osteoclasts.

These findings led to subsequent investigations into the
effects of GIcN in a more complex culture system one step
closer to the in vivo bone microenvironment, consisting of an
hOC/hOB 3D dynamic co-culture system. With this approach,
the effect of GIcN on osteoclast behavior was validated,
revealing a decrease in TRAP activity, but the responsive-
ness of human osteoblasts was also investigated. After GIcN
treatment, osteoblasts increased mineral matrix deposition
and the expression of specific differentiation markers, such
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Figure 5. Effect of GlcN on hOBs in two-dimensional conventional cell culture. The expression of typical osteogenic markers was analyzed in hOBs cultured
in OM or OM/GIcN for 14 days. GIcN treatment was repeated every 3 days. Total RNA was purified, and the mRNA expression levels of Runx2, COLlal,
ALP, OPN, BSP and OCN were evaluated via reverse transcription-quantitative PCR. Relative expression levels were normalized to OM. All reactions were
performed in triplicate. Data are presented as the mean + SD (n=4). "P<0.05 vs. OM. ALP, alkaline phosphatase; BSP, bone sialoprotein; COL1al, collagen
type la; GlcN, glucosamine; hOB, human primary osteoblast; OCN, osteocalcin; OM, osteogenic medium; OM/GIcN, OM with 200 pg/ml GlcN; OPN, osteo-

pontin; Runx2, runt-related transcription factor 2.

as OPN, demonstrating the ability of GIcN to exert anabolic
effects. This is an encouraging proof of concept that needs to
be validated in the future through the use of a larger number
of cells, which will allow for analysis of a larger number of
osteogenic markers. The reduced amount of cells harvestable
from patients and issues during the aggregate post-culturing
process had narrowed the number of experimental analyses
performed.

When GIcN treatment was performed on 2D conventional
osteoblast culture and RT-qPCR analysis of differentiation
markers was conducted, the aforementioned findings were

validated, demonstrating that GlcN supported favorable
conditions for osteogenic differentiation and maintenance of
osteoblastic phenotypes.

The opposing responses of the different bone cell
populations merits further study; however, the present find-
ings suggest that GIcN may be a candidate as a broader
treatment/therapeutic aimed at resolving both cartilage and
skeletal diseases. Additionally, it is proposed that the results
of research conducted in this area will help clinicians with
providing a broader and more targeted prescription of GIcN,
whilst providing benefits to patients and their bone tissues.
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It is important to underline that identifying molecules
capable of simultaneously modulating the activity of osteo-
blasts and osteoclasts is an important benefit for patients
affected by bone loss, as it provides the opportunity to control
a complex balance (30,31). It is well known that bone deposi-
tion by osteoblasts and resorption by osteoclasts are tightly
coupled, and their balance defines both the mass and quality
of bone tissue (30). Using culture conditions to the in vivo bone
microenvironment such as those reported in the present study
provides a novel perspective, both by generating informative
data on the still-controversial efficacy of biological agents such
as GIcN and by conducting patient-oriented research. This last
aspect is based on the possibility of generating autologous
osteoclast/osteoblast 3D co-cultures with cells from the same
patient, who, in addition to peripheral blood, may provide
bone fragments during orthopedic surgery. Therefore, the
employment of such an approach may further improve under-
standing of the role of GIcN in bone tissue homeostasis, as
well as the development of patient-tailored nutraceutical and
pharmaceutical treatments (32,33).

The effects of GlcN reported in the present study are
consistent with the only other study, to the authors' knowl-
edge, into the human bone microenvironment, namely that by
Tat et al (12). In this paper, the authors studied the effect of
chondroitin sulfate, GIcN sulfate and vitamin D3 on osteoblast
metabolism in the subchondral bone of patients with OA,
demonstrating that GIcN decreased osteoblast pro-resorptive
activity by modulating osteoprotegerin/RANKL signaling (12).

At present, understanding how the altered bone remod-
eling that supports the development of both osteoarthritis and
osteoporosis can be counteracted by adequate GIcN treatment
in terms of dose and intake remains an open question. For
this reason, clinical studies have to be accompanied by the
development of suitable preclinical experimental models that
provide useful information on exact mechanisms of action
underlying the beneficial effects of GIcN.

It is worth mentioning that, in addition to the well-known
role of GIcN in the synthesis of components of the extra-
cellular matrix (1,34), it is the precursor of N-acetyl-GIcN,
which is added to the serine and threonine residues of
nuclear and cytoplasmic proteins in the O-GIlcNAcylation
post-translational modification (35). O-GlcNAcylation plays
a critical role in the regulation of cellular homeostasis in
response to nutritional or hormonal cues, and also in response
to stress or damage (36). A previous study reported that an
increase of global O-GIcNAc glycosylation occurs during the
early stages of osteoblast differentiation in MC3T3-El1 cells,
but not during the osteoclastic differentiation of RAW264
cells (37). Considering that acute and chronic alterations in
the amount of O-GIcNAcylated proteins have been associ-
ated with different human diseases (38), a key point that
requires further investigation will be to clarify the involve-
ment of O-GIcNAc glycosylation in altered bone metabolism
and the modulation of osteogenic gene expression in human
bone cells.

Collectively, the present findings provided evidence that
compounds such as GIcN that are positioned between phar-
maceuticals and nutraceuticals merit further investigation for
developing novel approaches for bone health maintenance and
treatment of bone diseases.
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