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Abstract Osteoporosis (OP) and osteoarthritis (OA) are
the most common joint diseases, with a high incidence in
the elderly population. OP is characterized by trabecular
bone remodeling and reabsorption, whereas articular carti-
lage and subchondral bone remodeling are major features
of OA. Although classically considered as independent or
even conflicting processes, clinical coexistence of OP and
OA was recently described. Transglutaminase 2 (TG2)
expression is considered a biomarker of OA, but its role in
osteoporotic bone remodeling is still uncertain. We investi-
gated TG2 and bone biological markers (Osteocalcin, Oste-
opontin, and Sclerostin) in osteoporotic and osteoarthritic
osteocartilagineous tissue (n = 54) and human chondrocyte
cultures in vitro by immunohistochemistry, immunofluo-
rescence and RT-PCR. Histomorphometric evaluation of
bone trabecular remodeling was also performed. In carti-
lage, TG2 expression was faint in control and OP and sig-
nificantly less than in OA and OP + OA chondrocytes; the
opposite was found for Osteocalcin, whereas Osteopontin
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and Sclerostin expression was similar. In the subchondral
trabecular bone, osteocytes/osteoblasts TG2 expression
was slight and similar comparing control, OP, OA, and
OP + OA group, whereas Osteocalcin and Osteopontin
expression was lower in OP compared to control, OA and
OP + OA. Increased TG2 and reduced Osteocalcin expres-
sion were maintained in human osteoarthritic chondrocytes
in vitro. Histomorphometric analysis confirmed reduced
trabecular bone mass in OP and OP 4+ OA compared with
OA patients. TG2 represented a suitable biomarker of oste-
oarthritic chondrocyte activation, whereas osteocalcin and
osteopontin characterized osteoporotic osteocyte/osteoblast
changes; differences were lost in OP + OA patients, sug-
gesting careful consideration when coexistence of the two
diseases occurs.

Keywords Osteoporosis - Osteoarthritis -
Transglutaminase 2 - Cartilage - Bone remodeling

Introduction

Osteoporosis (OP) and osteoarthritis (OA) are two main
pathological processes affecting the elderly population.
OP and OA are leading sources of physical disability and
reduced quality of life, so resulting a relevant clinical prob-
lem and a major public health—economic challenge (Joh-
nell and Kanis 2006; Dieppe and Lohmander 2005). OP
is characterized by reduced mass and microarchitectural
deterioration of bone tissue, with a consequent increase
in bone fragility and susceptibility to fracture (Beil et al.
2008). OP is considered to be the result of the imbalance
between bone formation and resorption (Beil et al. 2008).
The main pathological feature of OA is the progressive
degeneration and erosion of articular cartilage (Dieppe and
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Lohmander 2005). Subchondral bone sclerosis, remodeling
of adjacent bone with osteophyte formation together with
limited inflammation (synovitis) also occurs in OA (Dieppe
and Lohmander 2005; Felson 2009). OA is considered a
multifactorial disease and several risk factors contribute to
its pathogenesis, such as aging, obesity, sex, joint malign-
ment, genetic predisposition, and abnormal loading of the
joints (Johnson and Hunter 2014). In OA, the chondrocyte
dynamic equilibrium between the production of the extra-
cellular matrix and its enzymatic degradation is lost and
catabolic events prevail, leading to a progressive degrada-
tion of articular cartilage (Hinton et al. 2002). Concomitant
changes in the bone and surrounding structures are also
reported in OA patients (Hinton et al. 2002). Abnormal
stress in OA may lead to subchondral microfractures and
formation of reparative sclerotic bone, with a widely disor-
ganized trabecular pattern (Power et al. 2010).

In the literature, several studies reported a controver-
sial relationship between OP and OA. Many findings sug-
gested an inverse association between OP and OA, with
a protective effect of one disease on the other one (Cum-
ming and Klineberg 1993; Dequeker and Johnell 1993;
Vestergaard et al. 2009). Conversely, other relevant studies
reported the possibility of coexistence of the two diseases,
with increased risk of fracture and impaired bone quality
in patients with OA (Tarantino et al. 2014; Bergink et al.
2003; Arden et al. 2006; Wright et al. 2011). Being patho-
genetic pathways of OP and OA classically distinct, their
causal or incidental coexistence in the same patient remains
an unsolved question. It has been recently suggested that
biochemical and cellular processes involving cartilage
and bone intertwine and collectively damage joint com-
partment. In fact, clinical and experimental studies in OA
patients showed changes in the subchondral bone (Berry
et al. 2010; Goldring and Goldring 2010) and a cross-talk
between cartilage and subchondral bone (Funck-Brentano
and Cohen-Solal 2011). Therefore, loss of articular carti-
lage in OA may be linked to changes in the subjacent bone,
through an altered load transmission and/or direct signal-
ing (Karsdal et al. 2008). Transglutaminase 2 (TG2), also
known as tissue transglutaminase, belongs to a family of
enzymes that catalyze a calcium-dependent transamidation
reaction. Transglutaminases generate covalent crosslinks of
available substrate glutamine residues with primary amino
groups and lead to changes in the structure and function
of the implicated substrate proteins (Lorand and Graham
2003). TG2 is specifically implicated in a variety of cellular
processes, such as differentiation, adhesion, migration, cell
death, and survival (Fesus and Piacentini 2002; Lorand and
Graham 2003). Several studies documented the upregula-
tion of TG2 expression in chondrocytes and extracellular
matrix of knee cartilage of OA patients and its contribu-
tion to pathologic cartilage matrix calcification (Johnson
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et al. 2001; Summey et al. 2002; Rosenthal et al. 1997).
TG2 transamidation catalytic activity in joint cartilage
was documented to be increased according to the sever-
ity of OA and in an age-dependent manner (Johnson et al.
2001; Rosenthal et al. 1997). Increased expression in dam-
aged cartilage induced to consider TG2 as a biomarker to
quantify pathological remodeling in OA patients (Orlandi
et al. 2009; Tarantino et al. 2013). Pathological remod-
eling of subchondral trabecular bone is also documented
in OP patients (Zhang et al. 2010), and biological markers
of the severity of subchondral bone pathological reabsorp-
tion have been described. Osteocalcin (OCN) is the major
abundant non-collagenous bone protein, is synthesized and
secreted by osteoblasts and is retained to regulate bone
matrix formation and mineralization (Li et al. 2016). OCN
is also involved in pathological bone remodeling (Li et al.
2016). Osteopontin (OPN) is a non-collagenous bone extra-
cellular matrix protein secreted by various cells, including
osteoblasts, osteoclasts, and chondrocytes (Denhardt and
Noda 1998). OPN is retained to be involved in bone remod-
eling (Standal et al. 2004) but also contributes to the patho-
genesis of OA (Pullig et al. 2000a; Gao et al. 2010; Mat-
sui et al. 2009). Sclerostin (SOST) is an osteocyte-derived
negative regulator of bone formation (Krause et al. 2010).
SOST is also expressed by chondrocytes and reported to be
implicated in the OP process of bone remodeling but also
expressed in cartilage (Chan et al. 2011).

The aim of this work was to define the role of TG2 in the
pathological articular remodeling in patients with OP and
OA alone or in combination (OP + OA) and to correlate its
expression with that of bone biological markers. The study
of the expression of those markers in human cartilage and
bone in a more personalized algorithm will be beneficial to
address the knowledge of their specific role in OP and OA
and will better predict the progression of diseases.

Materials and methods
Patients population

In this study, we selected 54 human femoral head samples,
obtained from patients undergoing hip arthroplasty for pri-
mary OA or femoral neck fracture for OP at the Orthopae-
dic Department of Tor Vergata University of Rome. Clinical
information is reported in Table 1. Before surgery, patients
underwent to dual energy X-ray absorptiometry (DEXA)
examination of lumbar spine and femoral neck to estimate
the bone mineral density (BMD) (WHO 1994; Manenti et al.
2013). The percentage of BMD indicates the current value of
the bone density in g/cm? and represents the best parameter
to calculate the changes in bone density during follow-up of
OP patients. According to the World Health Organization
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Table 1 Clinical features in OP, OA, and OP + OA patients

OP OA OP + OA
Number of patients 20 19 15
Mean age (years) 7695 £2.62 67.83+278 72.07x2.57
Harris Hip Score - 48.5+431 3338+£1.58
Bone mineral density —3.05+0.35 1.79+0.26 —-2.8+0.24

Results are expressed as mean values + SEM

criteria (1994), the interpretation of the T score is as follows:
T score >—1: normal, T score between —1 and —2.5: osteo-
penia, and T score <—2.5: osteoporosis. Hip X-ray examina-
tion was performed to diagnose the radiological signs of OA
(Ravaud et al. 1999). The Harris Hip Score (HHS) was also
calculated in OA patients (Nilsdotter and Bremander 2011).
Three different groups were assessed according to BMD,
radiographic assessment, and histological features: OP
(n =20), OA (n = 19), and OP + OA patients (n = 15). For
control group, anonymous sections of human femoral head
samples (n = 5, mean age 52.6 £ 2.85 years) were obtained
from the paraffin autopsy block archive of Anatomic Pathol-
ogy of Tor Vergata University of patients with no history of
joint disease and with macroscopically and microscopically
normal osteocartilagineous structure.

Histological and histomorphometric evaluation

Formalin-fixed, decalcified, paraffin-embedded femoral
head samples were cut in 5 um-thick serial sections, stained
with Haematoxylin & Eosin and examined by light micros-
copy (Cassinelli et al. 2012). Articular cartilage and OA
changes were evaluated according to international criteria
(Collins and McElligotte 1960; Orlandi et al. 2009). Tra-
becular and subchondral bone was analyzed using Nikon
Eclipse E600 optical microscope connected to a Nikon
digital camera for the acquisition of the images. For each
femoral head, at least 15 microscopic fields at 40x mag-
nification of at least three different bone slides were evalu-
ated. The images were analyzed using a BioQuant Osteo
software (version 7.20.10; BIOQUANT Image Analysis
Corporation, Nashville, USA) specific for the histomorpho-
metric bone analysis. The following parameters were calcu-
lated: the bone volume (BV), the bone volume fraction as
percentage of bone volume/total volume ratio (BV/TV), the
bone surface (BS), the trabecular thickness (Tb. Th), the
trabecular number (Tb. N), and the trabecular separation
(Tb. Sp) (Harris 1969; Dempster et al. 2013).

Immunohistochemical study

For immunohistochemistry (Spagnoli et al. 1995), sections
were incubated with rabbit polyclonal anti-TG2 (1:100

overnight; Covalab, Vinci-Biochem, Florence, Italy), anti-
OCN (1 pg/ml for 1 h; Abcam, Cambridge, UK), anti-
OPN (1 pg/ml for 1 h; Sigma-Aldrich, Milan, Italy), and
anti-SOST (1 pg/ml for 1 h; Abcam, Cambridge, UK). The
slides were then incubated with a goat anti-rabbit IgG per-
oxidase-conjugated secondary antibody (Sigma-Aldrich,
Milan, Italy). After, the antigen—antibody complexes were
visualized by 3-amino-9-ethylcarbazole (ScyTek, Logan,
UT, USA) using Haematoxylin for counterstaining (Bei
et al. 2004). Positive and negative controls were included to
confirm the consistency of the analysis. Staining intensity
in chondrocytes and osteocytes/osteoblasts was semiquan-
titatively graded using an arbitrary units system as follows:
negative (0), weak and focal (0.5), weak diffuse (1), moder-
ate (2), and high (3) (Orlandi et al. 2004). Each observation
was repeated from two researchers. Inter-observer repro-
ducibility >95 %.

Chondrocyte isolation and culture

Human articular chondrocytes (HACs) were freshly iso-
lated as reported (Jakob et al. 2003), with modifications.
Briefly, small full thickness cartilage samples were finely
minced within 1 h after surgery. For enzymatic digestion,
cartilage pieces were pretreated with 0.25 % trypsin/l mM
EDTA for 45 min at 37 °C and then incubated with 0.15 %
type II collagenase (Worthington Biochemical Corpora-
tion, Lakewood, NJ, USA) in Dulbecco’s modified Eagle’s
medium (DMEM, Sigma-Aldrich) supplemented with
4.5 mg/ml glucose, 10 mM HEPES buffer, 100 U/ml peni-
cillin, 100 pg/ml streptomycin, 1 mM sodium pyruvate, and
5 % fetal bovine serum (FBS), for 22 h at 37 °C with shak-
ing. After filtration through a 100 um nylon mesh to remove
undigested fragments, HACs were centrifugated and resus-
pended in DMEM supplemented with 2 mM L-glutamine,
100 U/ml penicillin, 100 pg/ml streptomycin, 2.5 pg/ml
amphotericin B and 10 % FBS, and cultured in plastic
dishes at 37 °C in a humidified atmosphere with 5 % CO,.

Immunofluorescence studies

For immunofluorescence assay (Cervelli et al. 2012), first
passage HACs were fixed in methanol for 5 min at —20 °C
and stained with rabbit polyclonal anti-TG2 (Covalab),
anti-OCN (Abcam), anti-OPN (Sigma-Aldrich), and anti-
SOST (Abcam; 1:20 for 1 h) and subsequently with rho-
damine-labeled or fluorescein isothiocyanate-labeled anti-
rabbit antibodies (Thermo Scientific Pierce, IL, USA), with
negative controls. Nuclei were counterstained using Hoe-
chst 33258 (Sigma-Aldrich). Cells were photographed with
the Nikon ACT-1 camera controller software connected to
Nikon Digital Camera DXM1200F, as reported (Cervelli
et al. 2012).
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Reverse-transcriptase-polymerase chain reaction
(RT-PCR)

After total RNA extraction, reverse-transcriptase-polymer-
ase chain reaction (RT-PCR, Orlandi et al. 2005) was per-
formed. Briefly, total RNA was extracted from cultured
chondrocytes using Trizol reagent (Invitrogen, Life Tech-
nologies, Waltham, MA, USA), and RT-PCR was performed
using Platinum Taq DNA Polymerase (Invitrogen) in an
iCycler Thermal Cycler (Bio-Rad Laboratories, MI, Italy),
according to the manufacturer’s guidelines. Semiquantita-
tive RT-PCR was performed using the following primers:
for TG2, 5-GAGGAGCTGGTCTTAGAGAGG-3' (sense)
and 5-CGGTCACGACACTGAAGGTG-3’ (antisense)
(NM_004613.3); for OCN, 5'-CAAAGGTGCAGCCTTTGT-
GTC-3' (sense) and 5-TCACAGTCCGGATTGAGCTCA-3’
(antisense) (NM_199173.4); for OPN, 5-GCAGACCTGAC
ATCCAGTACC-3’ (sense) and 5'- GATGGCCTTGTATGC
ACCATTC-3' (antisense) (NM_001251830.1); for SOST,
5'-ACCACCCCTTTGAGACCAAAG-3' (sense) and 5'-GGT
CACGTAGCGGGTGAAGT-3' (antisense) (NM_025237.2);
and for  glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH), 5'-ACGGATTTGGTCGTATTGG-3' (sense)
and 5’-GATTTTGGAGGGATCTCGC-3’ (antisense) (NM_
002046). Results were normalized on housekeeping GAPDH
gene as control. Experiments were performed in triplicate.

Statistical analysis

All results were expressed as the arithmetical mean £ SEM.
For the statistical evaluation, data were analyzed by the
one-way analysis of variance (ANOVA) followed from a
Bonferroni post hoc test and using the Student ¢ test. The
differences were considered statistically significant for p
values <0.05.

Results

Expression of TG2, OCN, OPN and SOST in human
articular cartilage

To assess the TG2 and other biomarkers expression in artic-
ular cartilage of control, OP, OA and OP 4 OA patients,
immunohistochemical analysis was performed with specific
antibodies. Representative images of TG2 and other biomark-
ers expression in cartilage of control, OP, OA, and OP + OA
patients are shown in Fig. 1a. TG2 expression was faint and
almost absent in control and OP and reduced compared
with OA and OP 4 OA chondrocytes (p < 0.01; Fig. 1b).
Semiquantitative analysis also documented the increased
OCN expression in control and OP compared with OA and
OP + OA chondrocytes (p < 0.01 and p < 0.05, respectively),
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without differences between OA and OP + OA patients. No
significant differences in OPN and SOST cartilage expression
among different groups were observed (Fig. 1).

Expression of TG2 and bone biological markers
in trabecular bone

We evaluated the expression of TG2 and other biomark-
ers in osteocytes/osteoblasts of subchondral trabecular
bone (Fig. 2a). TG2 expression was slight and almost simi-
lar comparing all groups of patients in trabecular bone.
OCN expression was lower in OP than in control, OA
and OP 4 OA osteocytes/osteoblasts (p < 0.01; Fig. 2b).
Increased OCN expression was also observed in OP + OA
compared to control and OA osteocytes/osteoblasts
(p < 0.01; Fig. 2b). Furthermore, OPN expression was
decreased in OP compared to control and OA (p < 0.05)
and compared to OP 4 OA trabecular bone (p < 0.01;
Fig. 2b). No significant difference of SOST expression was
found (Fig. 2b). Finally, SOST expression was much more
marked in osteocytes/osteoblasts than in chondrocytes
(Figs. 1a, 2a).

Clinical and histomorphometric finding

Histomorphometric analysis data from OP, OA and
OP + OA groups are reported in Table 2. Volumetrical
analysis showed significant differences in BV value of
femoral head samples, in particular, OA patients presented
the highest BV compared to OP patients (p < 0.002). Sta-
tistically significant difference was also found compar-
ing BV values of OA and OP + OA patients (p < 0.001).
There were slight difference of BV and BV/TV parameters
between OP and OP + OA patients (p < 0.05), demonstrat-
ing that the amount of bone present in the subjects of the
two groups can be considered almost similar.

Trabecular analysis also showed Tb. Th value higher in
OA patients than in the other groups, and it was reduced in
those groups that presented the lowest BMD value (Table 1)
as in OP and OP + OA patients. The Tb. N value was
reduced in OP compared to OA patients (p < 0.002), with no
significant between OP and OP + OA patients. Tb.Sp values
showed an increased trabecular separation in OP compared
to OA patients (p < 0.001). OP and OP + OA patients did
not show differences in Tb. Th, Tb. N., and Tb. Sp values.
All histomorphometric parameters were in line with BMD
and X-ray differences among the groups (Table 1).

Expression of TG2 and bone biological markers
in human articular chondrocytes in vitro

Freshly isolated HACs were plated onto culture dishes.
As shown in Fig. 3a, HACs from OP and OA cartilage
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Fig. 1 TG?2 and bone biological markers in human articular cartilage.
a Representative images of TG2, OCN, OPN and SOST expressions
in chondrocytes of human femoral cartilage of control, OP, OA and
OP + OA patients. b Bar graphs show semiquantitative evaluation of

exhibited both a polygonal-to-elongate spindle cell mor-
phology in vitro. Immunofluorescence staining (Fig. 3b)
documented a reduced cytoplasmic TG2 expression in OP
compared to OA chondrocytes. Conversely, OCN expres-
sion was higher in OP than that in OA HACs. HACs from
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TG2, OCN, OPN, and SOST immunostainings; 3-amino-9-ethylcar-
bazole was used as chromogen. Results are expressed as mean val-
ues = SEM. ANOVA: p < 0.01. *p < 0.05; **p < 0.01 at Student’s ¢
test; Scale bar 100 pm

OP and OA cartilage showed a faint cytoplasmic OPN and
SOST positivity, with no evident difference. Expression of
TG2 and other biomarkers in HACs from OP + OA carti-
lage was almost similar to that of OA chondrocytes (data
not shown).

@ Springer



688 C. Tarquini et al.
(A) TG2 OCN OPN SOST
" [ iy o bk VEL TV
5 N
S
e
[=
Q ‘
© -
o
f
o
(@] [
i 3.2,
\d e
\{ Lo
\\’\‘ PRl
< \\\\\
o |
|
i ‘
0
4
<
®) 7
+
o
()
(B) TG2 OCN
3 o control 3 o ocontrol 3 ocontrol 3 ocontrol
aoP — 1 @oP aoP aoP
0 OOA 8 DOA i) OO0A 2 DOA
c c k% c
5 2 EOP+0OA 5 2 ,—**—| BOP+0OA 5 2 BOP+0A 5 2 BOP+0OA
> > —r > * oy
£ £ £ £
3 1 3 1 g 1 g 1
0 - 0 0 - 0

Fig.2 TG2 and bone biological markers in human trabecular bone.
a Representative images of TG2, OCN, OPN and SOST immu-
nostaining in human femoral trabecular bone of control, OP, OA and
OP + OA patients. b Bar graphs show semiquantitative evaluation of

We investigated TG2, OCN, OPN, and SOST mRNA
expression levels of OP and OA HACs by RT-PCR
(Fig. 4a). Gene transcription analysis confirmed in vivo
data, in particular, the increase of TG2 transcript levels in
OA compared to OP and the reduction of OCN in OA com-
pared to OP HACs (Fig. 4b).
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TG2, OCN, OPN and SOST osteocytes/osteoblasts; 3-amino-9-ethyl-
carbazole is used as chromogen. Results are expressed as mean val-
ues £ SEM. ANOVA: OCN, p < 0.0001; OPN, p < 0.05. *p < 0.05;
**p < 0.01 at Student’s ¢ test; Scale bar 100 pm

Discussion

In this study, we provided new details about the expression
of TG2 and bone biological markers in cartilage and tra-
becular bone of OP and OA patients. We documented that
an increased chondrocyte TG2 expression characterized
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Table 2 Histomorphometric features evaluated in femoral head trabecular bone in OP, OA and OP + OA patients

OP OA OP + OA
BV 3440.1 6.2+0.3 3.84+0.2
BV/TV 20.5+0.8 372+ 1.5 232+ 1.5
BS 80.7 + 3.1 922+42 783+ 44
Tb. Th (jum) 74+£2.6 118.1 £ 6.7 82.1 +4.1
Tb. N (mm™) 2.7 £0.06 35+02 29402
Tb. Sp (jvm) 310+9.2 189.2 £9.7 307.6 +£29.8
p values BV (p values) BV/TV BS (p values) Tb. Th (uwm) (p Tb. N (mm™") Tb. Sp (Lm)

(p values) values) (p values) (p values)
OP vs OA <0.002 <0.002 <0.007 <0.001 <0.001 <0.001
OP vs OP + OA <0.05 <0.05 <0.65 <0.88 <0.44 <0.93
OA vs OP + OA <0.001 <0.002 <0.009 <0.001 <0.034 <0.001

Results are expressed as mean values = SEM

human OA cartilage degeneration, but not trabecular bone
tissue remodeling independently from the cause. This
strengthens the role of TG2 as a biomarker of OA (Tar-
antino et al. 2013). TG2 is a best-characterized, skeletal
tissue-related TGs (Kaartinen et al. 2002) and is expressed
in bone, cartilage, and teeth. TG2 has been suggested to
be involved in matrix maturation and stabilization (Chen
and Mehta 1999). In mineralized tissues, several collagen
subtypes, fibronectin, osteopontin, and bone sialoprotein
are all substrates for TG2; and are assembled in polymeric
forms in the presence of TG, so participating to matrix
stabilization and mineralization and contributing to oste-
oblast and chondrocyte differentiation (Kaartinen et al.
2002; Beninati et al. 1994; Mukherjee et al. 1995). Con-
versely, osteocalcin seems to have an inhibitory effect on
TG2 activity (Kaartinen et al. 1997). In OA, chondrocytes
undergo hypertrophy with an accelerated turnover lead-
ing successively to calcification of pericellular matrix in
the sclerotic subchondral bone (Ryan and McCarty 1997).
TG2 is expressed from hypertrophic chondrocytes and
considered a relevant factor promoting calcification and
ossification (Thomdzy and Davies 1999). TG2 expression
was also found in osteoblast-like bone cells in vitro, con-
firming its involvement in extracellular matrix calcifica-
tion and bone cell adhesion (Kaartinen et al. 2002; Heath
et al. 2001; Wozniak et al. 2000). An increased TG2 gene
transcription and a reduced matrix mineralization of sub-
chondral human osteoblasts compared to non-sclerotic
osteoblast were also described in vitro (Sanchez et al.
2008). Furthermore, TG2 gene knockout was recently doc-
umented to be associated with a reduced cartilage destruc-
tion and an increased osteophyte formation in an experi-
mental model of mouse knee OA (Orlandi et al. 2009).
Altogether, these data further support a main role of TG2
during osteoarthritic joint cartilage remodeling (Tarantino
et al. 2013).

OCN, OPN, and SOST are several bone biological
markers of interest that have been used in describing bone
remodeling process, in particular in osteoporotic patients.
We found an increased OCN expression in cartilage of OP
patients and conversely reduced OCN level in trabecu-
lar bone of the same patients when compared to OA and
OP + OA groups. OCN is 49 amino acids, non-collagen-
ous protein of bone extracellular matrix, synthesized and
secreted by osteoblasts (Li et al. 2016). OCN is also pro-
duced in lesser amount by odontoblasts and hypertrophic
chondrocytes (Zoch et al. 2016). OCN is considered a
marker of mature osteoblasts, and its activity is retained
to regulate bone matrix formation and remodeling. OCN
contains three y-carboxyglutamic acid residues that con-
fer a greater affinity for Ca** and hydroxyapatite, sup-
porting a main role in the mineralization process. Modu-
lation of OCN expression was reported in OA cartilage
and trabecular bone. In particular, elevated OCN level was
found in OA bone and cartilage compared to their normal
counterpart (Pullig et al. 2000b; Kuliwaba et al. 2000).
OCN is also used as a clinical marker for bone turnover,
but controversial results have been reported concerning
OCN serum levels (Wanby et al. 2016; Eastell and Han-
non 2008). Increased OPN expression has been observed
in joints, plasma, and synovial fluid of patients with OA
(Pullig et al. 2000a; Gao et al. 2010). However, other stud-
ies reported decreased OPN levels during OA progression
(Matsui et al. 2009). We observed increased OPN expres-
sion in osteoarthritic and osteoarthritic/osteoporotic tra-
becular bone, confirming that OPN can be considered a
more general marker of bone remodeling. OPN is a highly
phosphorylated and glycosylated protein, secreted by many
tissues and cell types (Standal et al. 2004). OPN is involved
in several physiologic and pathologic events, includ-
ing wound healing, inflammation, angiogenesis, immune
response, cell survival, cancer development, and metastasis
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(A) Human articular chondrocytes
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Fig. 3 Human chondrocyte morphology and TG2 and bone bio-
logical marker expression in vitro. a Phase contrast micrographs of
human articular chondrocytes in serum cultures. Scale bar 150 pm;
b TG2, OCN, OPN and SOST immunofluorescence staining cultured
human articular chondrocytes of OP and OA patients. Nuclei are
stained with Hoechst. Scale bar 50 um

(Standal et al. 2004). OPN is also known as one of the
major non-collagenous bone proteins, produced by osteo-
blast, osteoclast, chondrocytes, and synoviocytes (Denhardt
and Noda 1998). OPN influences bone remodeling both by
inhibiting mineral deposition and by promoting differentia-
tion and activity of osteoclasts (Standal et al. 2004). OPN
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has been shown to bind calcium ions (Chen et al. 1992)
and hydroxyapaytite crystal and found to be expressed in
hypertrophic chondrocytes of the embryonic epiphyseal
growth plates (McKee et al. 1992). Few studies focused on
association between OPN levels and OP were performed.
Some reports showed high serum OPN levels in osteoporo-
tic patients (Chang et al. 2010; Wanby et al. 2016), suggest-
ing that OPN may be considered a serum marker for the
diagnosis of OP.

In the present study, we found no significant modulation
of SOST expression in cartilage and bone of OP and OA
alone or in combination. SOST is specifically expressed
by osteocytes and belongs to the differential screening-
selected gene aberrative in neuroblastoma (DAN) fam-
ily of secreted glycoproteins (Krause et al. 2010). SOST
is involved in bone homeostasis, in particular and acts as
a direct extracellular antagonist of canonical Wnt signal-
ing by binding to lipoprotein receptor-related protein-5/6
(LRP5/6) (Krause et al. 2010; Seménov et al. 2005). Loss
of function of SOST causes high bone mineral density in
humans (Piters et al. 2010; Bhadada et al. 2013), while
SOST overexpression in transgenic mice leads to reduced
bone formation and osteopenia (Winkler et al. 2003). SOST
can regulate mechanical and inflammatory bone remod-
eling (Robling et al. 2008; Heiland et al. 2010). Recently,
it has been reported that SOST is also expressed by chon-
drocytes and contributes to chondrocytes hypertrophic
differentiation and implicated in OA process (Chan et al.
2011), likely by promoting subchondral bone sclerosis
and inhibiting cartilage degradation. Other studies showed
an increased SOST expression in OA chondrocyte clus-
ters (Roudier et al. 2013). SOST has also been suggested
to be involved in bone damage in postmenopausal women
and hip fracture (Ardawi et al. 2011; Sarahrudi et al. 2012;
Wanby et al. 2016). Of course, quantification and moni-
toring of OA and OP can be more easily performed by
the evaluation of patients’ experience of pain, X-rays, and
serum markers of bone reabsorption. Although collected
from articular tissues obtained by highly invasive methods,
the present data still represent a starting point for a better
understanding of the complex pathogenetic mechanisms of
osteoporotic and osteoarthritic diseases. Further studies are
needed to detect and confirm the role of these markers in
more easily obtainable biological samples, including syno-
vial aspirations.

In conclusion, our results documented that the TG2
expression was significantly less in control and OP than
in OA and OP + OA chondrocytes, whereas the opposite
was true for OCN, and OPN and SOST expression did not
differ. In the subchondral trabecular bone, TG2 expres-
sion was slight and similar comparing control, OA, OP,
and OP + OA group, whereas OCN and OPN was lower
in OP compared to control, OA and OP + OA osteocytes/
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Fig. 4 Transcript levels of TG2
and bone biological markers in
human articular chondrocytes.
a Representative gel and, b
semiquantitative RT-PCR analy-
sis of TG2, OCN, OPN, and
SOST in cultured OP and OA
human articular chondrocytes;
GAPDH was used for normali-
zation. Results are expressed as
mean values = SEM of three
experiments. Student’s ¢ test:

*p <0.01; *¥p < 0.001

OP OA

(A)
TG2

OCN
OPN

SOST

GAPDH

osteoblasts, and SOST expression marked in all groups.
Those similar findings were observed in OP and OA HAC
cultures, suggesting that this preclinical in vitro model is
suitable to investigate intracellular pathogenetic pathways
of OA degeneration. Although TG2 and OPN represent the
most suitable biomarkers of OA chondrocyte activation and
osteocyte/osteoblast changes, respectively, their meaning is
lost in OP + OA patients, suggesting careful consideration
in those patients with coexistence of the two diseases.
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