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microstructure abnormalities in cortical bones and delayed
fracture healing were observed [13, 14], in spite of the
evident normal phenotype [15]. Also, bone loss after
estrogen depletion was mitigated in IL-6-deficient mice,
while a high level of IL-6 and bone loss are seen in wild-
type mice [13]. Moreover, IL-6-overexpressed-transgenic
mice develop osteopenia and defective ossification, in
which the activity of mature osteoblasts is significantly
decreased [16]. All these findings, together with studies on
human RA patients [17, 18], indicate that IL-6 plays a
major role in bone turnover and is an important regulator of
bone homeostasis.

Recently, several biological agents have been intro-
duced for the treatment of RA and have demonstrated not
only potent anti-inflammatory effects but also inhibitory
effects on joint destruction. Among these biological agents,
tocilizumab, an anti-IL-6 receptor antibody, has been
reported to increase serum bone formation markers in RA
patients [19], suggesting that IL-6 has a negative effect on
osteoblast differentiation. However, previous reports
regarding the effects of IL-6 on osteoblast differentiation
in vitro have been inconsistent [20]. IL-6 has been shown
to decrease the expression of differentiation markers in
osteoblasts [21, 22] and to inhibit bone formation [23],
while it has been shown to induce osteoblast differentiation
[24, 25].

Binding of IL-6 with sIL-6R or mIL-6R leads to sub-
sequent homodimerization of the signal-transducing mol-
ecule gpl130, followed by activation of two major
intracellular signaling pathways, Janus protein tyrosine
kinase (JAK)/signal transducer and activator of transcrip-
tion factors (STAT) 3, or Src-homology domain 2 con-
taining protein-tyrosine phosphatase (SHP2)/mitogen-
activated protein kinase-extracellular signal-regulated
kinase kinase (MEK)/mitogen-activated protein kinase
(MAPK), also called extracellular signal-regulated kinase
(ERK) [26]. There have been many reports in which the
effects of IL-6 on JAK/STAT3 and SHP2/ERK signal
transduction pathways have been studied in osteoblasts,
though it is still controversial whether differentiation is
enhanced by IL-6 [9, 20]. SHP2 can also form a tertiary
complex with the scaffolding proteins Gab1/2 and the p85
subunit of phosphatidylinositol-3-kinase (PI3K) [27],
which leads to activation of the Akt pathway. Several
papers have so far reported that the PI3K/Akt pathway
triggered by IL-6 plays important roles in various cells
[28-32], but no reports have been published regarding the
effect of IL-6 on this pathway in osteoblasts.

The purpose of this study was to clarify the effect of
IL-6 on osteoblast differentiation in vitro, with consider-
ation of intracellular signaling pathways in murine
MC3T3-E1 osteoblastic cells and primary murine calvarial
osteoblasts.

Materials and methods
Ethics statement

Prior to the study, all experimental protocols were
approved by the Ethics Review Committee for Animal
Experimentation of Osaka University School of Medicine.

Cell culture

MC3T3-E1 osteoblastic cells were purchased from Riken
Cell Bank (Tsukuba, Japan). MC3T3-E1 cells were cul-
tured in o-minimum essential medium (a-MEM) contain-
ing 10 % fetal bovine serum (FBS; Equitech-Bio,
Kerrville, TX, USA) and 1 % penicillin and streptomycin
at 37 °C in a humidified atmosphere of 5 % CO,. All
media were purchased from Life Technologies Japan
(Tokyo, Japan). Murine primary osteoblasts were isolated
from the calvariae of 3-day-old C57BL/6 mice (Charles
River Laboratories Japan, Inc, Osaka, Japan) by sequential
collagenase digestion as described previously [33].

MC3T3-E1 cells and murine calvarial osteoblasts were
seeded at 1 x 10° cells per well in 12-well plates. After the
cells reached confluence, the medium was replaced to
induce osteoblast differentiation. The differentiation med-
ium contained 10 % FBS, 10 mM B-glycerophosphate, and
50 pg/ml ascorbic acid in the absence or presence of
recombinant mouse (rm) IL-6 (R&D Systems, Inc., Min-
neapolis, MN, USA) (10, 50 ng/mL), and rm sIL-6R (R&D
Systems) (100 ng/mL). The medium and reagents were
renewed every 3 days.

To study signal transduction, the following inhibitors or
vehicle (DMSO) (Sigma-Aldrich, St.Louis, MO, USA)
were added to culture medium at several concentrations;
MEK inhibitor (U0126; 1, 2.5, 5 uM; Cell Signaling
Technology, Danvers, MA, USA), STAT3 inhibitor (V
Stattic; 2.5, 5 uM; Calbiochem, La Jolla, CA, USA), PI3K
inhibitor (LY294002; 1, 2.5, 5 uM; Cell Signaling Tech-
nology), and SHP2 inhibitor (PHPSI; 5, 20, 40 uM;
Sigma-Aldrich). These inhibitors were added 1 h before
treatment with IL-6/sIL-6R. All inhibitors were maintained
until the end of the culture period at the indicated
concentrations.

Alkaline phosphatase (ALP) staining and activity

MC3T3-El cells and murine calvarial osteoblasts were
treated with or without IL-6/sIL-6R and signal pathway
inhibitors after the cells reached confluence and were
incubated for 6 days.

For ALP staining, after fixation with 10 % formalin,
cells were washed twice with phosphate-buffered saline
(PBS) (pH 7.4) and incubated with ALP substrate solution,
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0.1 mg/ml naphthol AS-MX (Sigma-Aldrich), and 0.6 mg/
ml fast violet B salt (Sigma-Aldrich) in 0.1 M Tris—HCl
(pH 8.5) for 20 min.

To measure ALP activity, cells were washed twice with
PBS and lysed in Mammalian Protein Extraction Reagent
(Pierce, Rockford, 1L, USA) according to the manufac-
turer’s protocol. ALP activity was assayed using p-nitro-
phenylphosphate as a substrate by an Alkaline Phosphatase
Test Wako (Wako Pure Chemicals Industries, Ltd., Osaka,
Japan), and the protein content was measured using the
Bicinchoninic Acid Protein Assay Kit (Pierce).

Proliferation assay

MC3T3-E1 cells were cultured in 96-well plates at a con-
centration of 2.0 x 10* cells/cm® in o-MEM containing
10 % FBS. Cells were incubated for 1 day, after which the
medium was treated with IL-6/sIL-6R for 3 days. Cell
proliferation was assessed using the Premix WST-1 Cell
Proliferation Assay System (Takara Bio, Inc., Otsu, Japan)
according to the manufacturer’ s instructions. We per-
formed this assay every 24 h.

Alizarin red staining

After fixation with 10 % formalin, MC3T3-E1 cells and
murine calvarial osteoblasts were washed with distilled
water, and stained with alizarin red S solution (Sigma-
Aldrich) (pH 6.0) for 10 min, followed by incubation in
100 mM cetylpyridinium chloride for 1 h at room temper-
ature to dissolve and release calcium-bound alizarin red. The
absorbance of the released alizarin red was then measured at
570 nm [34]. To measure the value of absorbance for alizarin
red, the absorbance data were normalized by total DNA
content. Total DNA was extracted using a DNeasy Blood &
Tissue Kit (Qiagen, Diisseldorf, Germany).

Knockdown of MEK1, MEK?2, Aktl and Akt2 using
RNA interference

MC3T3-E1 cells were transfected with small interfering
RNAs (siRNA) using Lipofectamine RNAIMAX (Life
Technologies Japan) according to the reverse transfection
method in the manufacturer’s protocol.

The siRNAs for MEK2, Aktl and Akt2 and that for
MEK1 were purchased from Cell Signaling Technology
and Qiagen, respectively, with negative controls for each
molecule. MC3T3-E1 cells transfected with siRNA were
seeded in 24-well plates at a concentration of 1.0 x 10*
cells/em® for 48 h. The medium was then replaced with
differentiation medium with vehicle or with 20 ng/ml IL-6
and 100 ng/ml sIL-6R and the cells were incubated for
3 days prior to use for further experiments.
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Western blotting

Cells cultured in 6-well plates for 2 days were washed
twice with PBS and then homogenized with 100 pl of
Kaplan buffer (150 mM NaCl, 50 mM Tris—HCL pH 7.4,
1 % NP40, 10 % glycerol, and 1 tablet per 50 ml buffer of
protease inhibitor cocktail and phosphatase inhibitor
cocktail). The lysates were centrifuged at 13,000 rpm for
20 min at 4 °C, and the supernatants were used for elec-
trophoresis after a protein assay using bovine serum albu-
min as standard. Western blotting was performed by use of
the following antibodies purchased from Cell Signaling
Technology, except for phosphate anti-Akt2 antibody from
Enogene Biotech (New York, NY, USA): phosphate anti-
STAT3 (Tyr705) (1:2000) and anti-STAT3 (1:1000);
phosphate anti-Akt (Serd73) (1:2000), phosphate anti-Akt2
(Serd74) (1:1000), anti-Aktl, anti-Akt2, and anti-Akt
(1:1000); phosphate anti-ERK (Thr202/Tyr204) (1:2000),
anti-MEK1, anti-MEK2 and anti-ERK (1:1000); and
phosphate anti-SHP2 (Tyr542) (1:1000). To control for
protein loading, blots were additionally stained with anti-
actin antibody (1:1000).

Reverse transcription polymerase chain reaction (RT—
PCR)

Total RNA was extracted from cells with an RNeasy Mini
Kit (Qiagen), and first-strand cDNA was synthesized using
SuperScript II RNase H-reverse transcriptase (Life Tech-
nologies Japan). Then PCR was performed using Ex Taq
(Takara Bio) and the following primers:

Osteocalcin (forward primer 5’-CTCACTCTGCTGGCC
CTG-3'; reverse primer 5-CCGTAGATGCGTTTG-
TAGGC-3");

Osterix (forward primer 5'-AGGCACAAAGAAGCCA-
TAC-3'; reverse primer 5-AATGAGTGAGGGAAGGG
T-3');

Runx2 (forward primer 5'-GCTTGATGACTCTAAACC
TA-3'; reverse primer 5'-AAAAAGGGCCCAGTTCT-
GAA-3");

GAPDH (forward primer 5'-TGAACGGGAAGCTCAC
TGG-3'; reverse primer 5'-TCCACCACCCTGTTGCTG
TA-3").

Quantitative real-time PCR analysis

We obtained cDNA by reverse transcription as mentioned
above, and proceeded with real-time PCR using a Light
Cycler system (Roche Applied Science, Basel, Switzer-
land). The SYBR Green assay using a Quantitect SYBR
Green PCR Kit (Qiagen), in which each cDNA sample was
evaluated in triplicate 20-pl reactions, was used for all
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target transcripts. Expression values were normalized to
GAPDH.

Statistical analysis

The results are expressed as the mean =+ standard error
(SE). Between-group differences were assessed using the
ANOVA test. A probability value of <0.05 was considered
to indicate statistical significance.

Results

IL-6/sIL-6R does not affect proliferation,
but significantly reduces ALP activity and expression
of osteoblastic genes in MC3T3-E1 cells

We first measured the proliferation of MC3T3-E1 cells
with IL-6. Cell proliferation did not show significant dif-
ference in any culture condition (Fig. 1a).

To investigate the influence of IL-6 treatment on
osteoblast differentiation, we examined ALP activity in
MC3T3-El cells. As shown in Fig. 1b and c, IL-6/sIL-6R
significantly reduced ALP activity in a dose-dependent
manner. The single addition of sIL-6R did not show a
significant difference as compared to the negative control
with vehicle. As shown in Fig. 1d and e, gene expression of
Runx2, osterix and osteocalcin was significantly down-
regulated by IL-6/sIL-6R in a dose-dependent manner.
Again, the single addition of sIL-6R did not show signifi-
cant difference as compared to the negative control with
vehicle.

IL-6/sIL-6R significantly inhibits mineralization
of extracellular matrix (ECM) in MC3T3-E1 cells

As shown in Fig. 2a, IL-6/sIL-6R significantly inhibited
the mineralized area in a dose-dependent manner. The
single addition of sIL-6R did not show a significant dif-
ference as compared to the negative control with vehicle
(Fig. 2a). Quantitative analysis of mineralization by mea-
suring the absorbance of alizarin red revealed a significant
decrease by IL-6/sIL-6R in a dose-dependent manner
(Fig. 2b).

IL-6/sIL-6R activates ERK, STAT3 and Akt2 signal
transduction pathways in MC3T3-E1 cells

When MC3T3-E1 cells were incubated in the presence of
IL-6/sIL-6R, phosphorylation of ERK, STAT3 and Akt
was clearly observed at 15 min, and their activation
became weaker at 30 min. When only sIL-6R was added,
there was no apparent activation of ERK, STAT3, or Akt as

compared to the negative control (Fig. 3a). As for Akt, the
phosphorylation by IL-6/sIL-6R was recognized more
strikingly as early as 5 min in a dose-dependent manner,
both for whole and for Akt2 only, one of its three isoforms
(Fig. 3b).

IL-6-induced activation of ERK is enhanced

by blocking the STAT3 signaling pathway, and IL-6-
induced ERK and Akt signaling pathways negatively
regulate each other reciprocally

The SHP2 inhibitor PHPS1 [35] inhibited IL-6-induced
phosphorylation of ERK and Akt to the constitutive level,
but did not inhibit STAT3 (Fig. 4a and Supplementary
Fig. Sla), suggesting that the downstream pathways of
SHP2 are ERK and Akt, not STAT3. The STAT3 inhib-
itor V Stattic inhibited the phosphorylation of STAT3 but
enhanced ERK significantly (Fig. 4a and Supplementary
Fig. Sla), suggesting that STAT3 could negatively regu-
late ERK, which is consistent with previous reports [36].
The MEK/ERK inhibitor U(0126 completely inhibited
both constitutive and IL-6-induced phosphorylation of
ERK but enhanced those of Akt. Moreover, the PI3K/Akt
inhibitor 1L Y294002 completely inhibited both constitutive
and IL-6-induced phosphorylation of Akt but enhanced
those of ERK (Fig. 4b and Supplementary Fig. S1b).
From these findings, we concluded that IL-6-induced
ERK and Akt signaling pathways, both of which are
downstream of SHP2, can negatively regulate each other
reciprocally.

The negative effects of IL-6 on osteoblast
differentiation are restored by inhibition of MEK, PI3K
and SHP2, while they are enhanced by inhibition

of STAT3

To identify the intracellular signaling pathways associated
with the downregulation of osteoblast differentiation, the
effects of various signal transduction inhibitors, consisting
of a MEK inhibitor (U0126), PI3K inhibitor (1.Y294002),
SHP?2 inhibitor (PHPS1), and STAT3 inhibitor (V Stattic),
were assessed for ALP activity, the expression of osteo-
blastic genes (Runx2, osterix and osteocalcin), and the
mineralization of ECM.

The negative effect of IL-6/sIL-6R on ALP activity was
restored by treatment with either U0126, 1.Y294002, or
PHPS1 in a dose-dependent manner. On the other hand, the
negative effect of IL-6/sIL-6R on ALP activity was
enhanced by treatment with V Stattic (Fig. 5a). These
results indicate that the SHP2-associated signal transduc-
tion molecules MEK/ERK and PI3K/Akt have a negative
effect on osteoblast differentiation, whereas the JAK-
associated molecule STAT3 has a positive effect.
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Fig. 1 IL-6/sIL-6R significantly reduced ALP activity and expres-
sion of osteoblastic genes in MC3T3E1 cells, but did not affect
proliferation. a Proliferation of MC3T3-E1l cells with IL-6/sIL-6R
was examined. Cells were pre-incubated for 1 day and then the
medium was treated with or without IL-6/sIL-6R for 3 days. Cell
proliferation assay was performed daily throughout the 4 days of
incubation. Cell proliferation did not show significant differences in
any culture condition. b ALP staining was performed in MC3T3-E1
cells treated with or without IL-6/sIL-6R for 6 days. Apparently
significant reduction of ALP staining was recognized in cells treated
with either 10 or 50 ng/ml IL-6. ¢ ALP activity of the lysates of
MC3T3-El cells treated with or without IL-6/sIL-6R for 6 days was
measured using p-nitrophenylphosphate as a substrate. IL-6/sIL-6R
significantly reduced ALP activity in a dose-dependent manner.
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d Total RNA was extracted from MC3T3-E1 cells treated with or
without IL-6/sIL-6R for 6 days and subjected to RT-PCR for
osteoblastic genes Runx2, osterix, and osteocalcin. Apparently
significant reduction of osteoblastic gene expression was recognized
in cells treated with either 10 or 50 ng/ml IL-6. e Real-time PCR for
Runx2, osterix, and osteocalcin was performed for quantitative
analysis. Data were normalized to GAPDH expression and are shown
as the ratio of expression compared to control cells treated with
vehicle. The expression of osteoblastic genes was significantly
downregulated by IL-6/sIL-6R in a dose-dependent manner. Repre-
sentative data from at least 3 independent experiments are shown.
Data are shown as mean = SE. n.s. not significant; *P < 0.05;
**P < 0.001; ***P < 0.001
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Fig. 2 IL-6/sIL-6R significantly inhibited the mineralization of
ECM in MC3T3El cells. MC3T3-El cells were treated with or
without IL-6/sIL-6R and were incubated for 21 days. a After fixation,
the cells were stained with alizarin red solution. Apparently
significant reduction of alizarin red staining was recognized in the
cells treated with either 10, 25, or 50 ng/ml IL-6. b Matrix
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Fig. 3 IL-6/sIL-6R-activated ERK, STAT3, and Akt2 signal trans-
duction pathways in MC3T3-E1 cells. a MC3T3-E1 cells were treated
with vehicle or with 10 or 50 ng/ml IL-6 and 100 ng/ml sIL-6R in a
time-course experiment (0, 15, and 30 min). Western blot analysis
was performed using cell lysates for the detection of ERK, STAT3,
and Akt, either phosphorylated or not. IL-6/sIL-6R significantly
induced the phosphorylation of ERK, STAT3, and Akt in a dose-
dependent manner. b MC3T3-E1 cells were incubated with increasing

concentrations of IL-6 and 100 ng/ml sIL-6R for 5 min. Western
blotting was performed using cell lysates for the detection of ERK,
STAT3, as well as Akt, either non-phosphorylated, phosphorylated, or
the phosphorylated isoform Akt2. The phosphorylation of both whole
Akt and Akt2 by IL-6/sIL-6R was recognized more strikingly in a
dose-dependent manner. Representative data from at least three
independent experiments are shown

) Springer

- 119 -



384

J Bone Miner Metab (2014) 32:378-392

a IL-6
treating time

1
(minutes) 5

P-STAT3

P-SHP2

P-ERK

P-Akt

STAT3

ERK

Akt

B actin

PHPS1(uM) — ~—
Uo126(M) - — — — — 5 —

V Stattic(uM) — — = e e e §

siL-6R+IL-6 - 4+ 4+ + 4+ + +

Fig. 4 IL-6-induced activation of ERK was enhanced by blocking
the STAT3 signaling pathway, and IL-6-induced ERK and Akt
signaling pathways negatively regulated each other reciprocally.
a MC3T3-El cells were stimulated with 10 ng/ml IL-6 and 100 ng/ml
sIL-6R (15 min) after pretreatment either with PHPS1 (5, 20, 40 pM;
1 h), with U0126 (5§ uM; 1 h), or with V Stattic (5 pM; 1 h), and the
cell lysates were subjected to Western blotting. PHPS1 inhibited IL-6-
induced phosphorylation of ERK and Akt to the constitutive level, but

The negative effect of IL-6/sIL-6R on the expression of
osteoblastic genes (Runx2, osterix and osteocalcin) was
also restored by treatment with either U0126, 1Y294002,
or PHPS1 in a dose-dependent manner, while it was
enhanced by treatment with V Stattic (Fig. 5b). Moreover,
a high dose of PHPS1, 20 uM, caused significantly
upregulated expression of osteocalcin.

For mineralization of ECM, the negative effect of IL-6/
sIL-6R was restored by treatment with either U0126,
LY294002, or PHPS1. As with ALP activity and osteo-
blastic gene expression, the negative effect of IL-6/sIL-6R
on mineralization was enhanced by treatment with V
Stattic (Fig. 6a, b). ALP activity, osteoblastic gene
expression, and mineralization of ECM in cells treated only
with each inhibitor demonstrated the same behavior
(Figs. 5, 6).

Furthermore, the negative effects of ALP activity,
osteoblastic gene expression and mineralization of ECM by
stimulation with IL-6/sIL-6R were compared for levels in
the presence and in the absence of each inhibitor. The
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not of STAT3. IL-6-induced activation of ERK was enhanced by V
Stattic. b MC3T3-El cells were treated with vehicle or with 10 ng/ml
IL-6 and 100 ng/ml sIL-6R (15 min) after pretreatment either with
U0126 (5 uM; 1 h) or with 1.Y294002 (10 pM; 1 h), and the cell
lysates were subjected to Western blotting. Both constitutive and IL-
6-induced phosphorylation of Akt and ERK were enhanced by
treatment with U0126 and LY294002, respectively. Representative
data from at least three independent experiments are shown

negative effects on osteoblast differentiation by IL-6/sIL-
6R showed a tendency to decrease in the presence of each
inhibitor, as compared to the absence of inhibitors (Figs. 5,
6). The negative effects were decreased by 15-44, 20-61,
7-140, and 21-80 % in the presence of U0126, LY294002,
PHPS1 and V Stattic, respectively, as compared to the
absence of inhibitors. These results indicate that the effects
of IL-6/sIL-6R on osteoblast differentiation might be
mediated either by MEK/ERK, PI3K/Akt, or JAK/STAT3
pathways.

Knockdown of MEK?2 and Akt2 via siRNA transfection
restores ALP activity and Runx2 gene expression

To further confirm the effects of MEK and Akt inhibition
on osteoblast differentiation in MC3T3-E1 cells, we stud-
ied cell differentiation after knockdown of MEK and Akt.
For each protein, RNAs of two isoforms were separately
blocked: MEK1 and MEK?2 for MEK, and Aktl and Akt2
for Akt.
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The protein expression level of each molecule was
found to be diminished selectively at 48 h after trans-
fection of the respective siRNAs (Fig. 7a). The ALP
activity in MC3T3-E1 cells treated with IL-6/sIL-6R was
restored by knockdown of MEK2 and Akt2 as compared
to that in cells transfected with negative control siRNA.
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On the other hand, knockdown of MEKI1 and
enhanced the negative effects of IL-6/sIL-6R on
activity (Fig. 7b) (ALP activity after transfection

Aktl
ALP
with

each siRNA without IL-6/sIL-6R demonstrated the same
behavior; Fig. 7b) Quantitative real-time PCR analysis
revealed that the gene expressions of Runx2, osterix, and
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Fig. 6 The negative effect of IL-6 on mineralization of ECM was
restored by inhibition of MEK, PI3K, and SHP2, while it was
enhanced by inhibition of STAT3. MC3T3-El cell were pretreated
either with U0126 (1 uM; 1 h), LY294002 (1 pM; 1 h), PHPS1
(20 pM; 1 h), or V Stattic (2.5 pM; 1 h), then stimulated with either
10 ng/ml IL-6 and 100 ng/ml sIL-6R or with vehicle and incubated
for 21 days. a After fixation, the cells were stained with alizarin red
solution. The reduction of alizarin red staining by IL-6/sIL-6R was
restored in cells treated with either U0126, 1.Y294002, or PHPS1,
while it was enhanced in those treated with V Stattic. b Quantification

osteocalcin were restored by knockdown of MEK2. On
the other hand, knockdown of Akt2 also restored Runx2,
but decreased osteocalcin expression (Fig. 7c), while
knockdown of Akt2 without IL-6/sIL-6R caused no sig-
nificant difference in Runx2 expression (Fig. 7b). As was
recognized for ALP activity, knockdown of MEKI1 and
Aktl enhanced the downregulation of osteocalcin
expression (Fig. 7b, c). Also, the negative effects of IL-6/
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of matrix mineralization was by measurement of absorbance for
alizarin red normalized by total DNA content. The reduction of
matrix mineralization by IL-6/sIL-6R was restored in cells treated
with either U0126, LY294002, or PHPS1, while it was enhanced in
those treated with V Stattic. Representative data from at least three
independent experiments are shown. Data are shown as mean £ SE.
n.s. not significant; *P < 0.05; **P < 0.001; P < 0.001, compared
to the group treated with vehicle. *P < 0.05; **P < 0.001;
*#%P < 0.001, compared to group treated with IL-6/sIL-6R

sIL-6R on osteoblast differentiation showed some ten-
dency to decrease with each knockdown compared to
those without knockdown. The negative effects were
decreased by 2-24, 4-27, 7-43, and 21-26 % with
knockdown of MEK1, MEK2, Aktl, and Akt2, respec-
tively, as compared to those without knockdown. These
results indicate that IL-6 may suppress osteoblast differ-
entiation through MEK2 and Akt2.
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Fig. 7 Knockdown of MEK2 and Akt2 in cells transfected with
siRNA restored ALP activity and Runx2 gene expression. a MC3T3-
E1 cells transfected with respective siRNAs were cultured for 48 h.
Western blotting was performed using cell lysates stimulated with
vehicle or with 20 ng/ml IL-6 and 100 ng/ml sIL-6R (15 min).
Expression levels of each protein, MEK1, MEK2, Aktl, and Akt2,
were selectively diminished at 48 h after transfection with respective
siRNAs. b MC3T3-E1 cells transfected with respective siRNAs were
incubated for 48 h after which the medium was changed to
differentiation medium with vehicle or with 20 ng/ml TL-6 and
100 ng/ml sIL-6R. The cells were then incubated for 3 days to
evaluate osteoblast differentiation. ALP activity in MC3T3-E1 cells
treated with IL-6/sIL-6R was restored by knockdown of MEK2 and

-+

In

AKE2 AkE2
-+

Akt2 as compared to that in cells transfected with negative control
siRNA. ¢ Expression of osteoblastic genes in MC3T3-E1 cells
transfected with respective siRNAs was assessed by real-time PCR.
The expression of each gene was normalized against GAPDH
expression. The gene expressions of Runx2, osterix, and osteocalcin
were restored by knockdown of MEK2. Knockdown of Akt2 also
restored Runx2, but decreased osteocalcin. Representative data from
at least three independent experiments are shown. Data are shown as
mean = SE. n.s. not significant; P < 0.05; P <0.001;
###p < 0.001, compared to negative control group treated with
vehicle. *P < 0.05; **P < 0.001; ***P < 0.001, compared to neg-
ative control group treated with IL-6/sIL-6R
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IL-6/sIL-6R inhibits the differentiation of primary
murine calvarial osteoblasts by activating
phosphorylation of ERK, Akt2, and STAT3

Experiments were repeated with murine calvarial osteo-
blasts isolated from the calvariae of 3-day-old C57BL/6
mice. As was recognized in MC3T3-E1 cells, IL-6 inhib-
ited ALP activity (Fig. 8a), the expression of osteoblastic
genes (Fig. 8b), and mineralization (Fig. 8c, d) in a dose-
dependent manner. Furthermore, IL-6 induced phosphory-
lation of ERK, Akt2, and STAT3 (Fig. 8¢), which was
exactly the same as with MC3T3-E1 cells.

Discussion

We examined the effects of IL-6 and its soluble receptor on
the proliferation and differentiation of murine MC3T3-E1
osteoblastic cells and primary murine calvarial osteoblasts.
Our results showed that they significantly reduced ALP
activity, bone mineralization, and expression of the osteo-
blastic genes Runx2 osterix and osteocalcin, in a dose-
dependent manner. From these experiments, we clearly
demonstrated that IL-6 inhibited osteoblast differentiation
of MC3T3-El cells and primary murine calvarial
osteoblasts.

It has been demonstrated that the JAK/STAT3 signaling
pathway has important roles both, in vivo and in vitro, in
the differentiation of osteoblasts [37, 38]. Our results are
consistent with previous reports and imply that the acti-
vation of STAT3 induced by IL-6 may induce osteoblast
differentiation.

IL-6 activates another major intracellular signaling
pathway, SHP2/ERK, and can also lead to the activation of
an additional signaling cascade involving SHP2/PI3K/Akt.
IL-6-induced activation of PI3K and downstream protein
kinase Akt/PKB has been reported to play important roles
in the proliferation of prostate cancer cells [30, 31], hep-
atoma cells [32], and multiple myeloma cells [29]. They
were also reported to associate with neuroendocrine dif-
ferentiation of prostate cancer cells induced by IL-6 [32].
In this study, we focused on the PI3K/Akt pathway trig-
gered by IL-6, because no reports have demonstrated the
role of IL-6 in the activation of PI3K/Akt signaling path-
way in osteoblasts. We have demonstrated for the first time
that IL-6-induced activation of Akt2, one of the down-
stream pathways of SHP2, may be a key player in the
negative regulation of osteoblast differentiation induced by
IL-6. Among the three isoforms of Akt, Aktl and Akt2 are
highly expressed in osteoblasts [39]. Mice lacking Aktl,
the major isoform in bone tissue, exhibit osteopenia [40,
41], and the impact of Aktl deficiency in osteoblast dif-
ferentiation and bone development have also been
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published [39, 42-44], all of which are consistent with our
results showing that knockdown of Aktl signaling by
siRNA inhibited osteoblast differentiation. In contrast,
Mukherjee et al. [44] reported enhanced osteogenic dif-
ferentiation in the absence of Aktl in cell lines. Moreover,
they reported that Akt2 was required for BMP2-initiated
osteoblast differentiation of cultured murine mesenchymal
stem cells, but that Aktl was dispensable in this assay [45],
which is inconsistent with our results showing that
knockdown of Akt2 signaling by siRNA promoted osteo-
blast differentiation. These discrepancies might be due to
the difference between cell types, i.e. intramembranous
(calvariae) cells and endochondral (long bones) cells.

In this study, gene expression of osteocalcin, a late
osteoblastic differentiation marker, was upregulated by
treatment with a PI3K/Akt inhibitor, but was downregu-
lated by knockdown of both Aktl and Akt2. Moreover, a
complete blockade with a high dose (more than 10 pM) of
the PI3K/Akt inhibitor conversely downregulated the
expression of osteocalcin (data not shown). This discrep-
ancy may be due to the difference between the temporary
or partial blockade by the inhibitor and constitutive
knockdown by siRNA. Since bone formation has been
reported to increase without impairment of mineralization
and resorption even in osteocalcin-deficient mice [46], the
expression of osteocalcin may not directly affect bone
formation.

We have previously reported that osteoblast differenti-
ation was significantly promoted by MEK inhibitor in
BMP-2-treated C2C12 cells and MC3T3-E1 cells [47]. Our
findings in the present study are consistent with our pre-
vious report and others [47-49] at the point that IL-6-
induced activation of ERK significantly downregulated
osteoblast differentiation. In addition, our results suggest
that there might be different roles in osteoblast differenti-
ation between MEK1 and MEK?2. Constitutively active
expression of MEK1 has been reported to accelerate bone
development both in vitro [50] and in vivo [51], which is
consistent with the results showing that knockdown of
MEKI1 inhibited osteoblast differentiation in the present
study. As for MEK?2, there are no reports concerning its
roles in osteoblast differentiation, and we are the first to
demonstrate that MEK2 may also be a key player in the
negative regulation of osteoblast differentiation induced by
IL-6. The effects of an MEK inhibitor that inhibits both
MEKI1 and MEK?2 on bone formation are still controversial
[52]. These controversies might be due to different roles
played between MEK1 and MEK2 in osteoblast differen-
tiation, and the effects of MEK inhibitors could depend on
which pathway is predominantly inhibited in each study.

With respect to intracellular signaling pathways, our
results showed that IL-6 triggers three signaling pathways,
one of which has a conflicting function with the others.
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Fig. 8 IL-6/sIL-6R inhibited the differentiation of primary murine
calvarial osteoblasts with the activated phosphorylation of ERK,
Akt2, and STAT3. a ALP activity of lysates of murine calvarial
osteoblasts treated with or without IL-6/sIL-6R for 6 days was
measured using p-nitrophenylphosphate as a substrate. IL-6/sIL-6R
significantly reduced ALP activity in a dose-dependent manner.
b Total RNA was extracted from murine calvarial osteoblasts treated
with or without IL-6/sIL-6R for 6 days, and real-time PCR for Runx2,
osterix, and osteocalcin was performed. Data were normalized to
GAPDH expression and are shown as the ratio of gene expression as
compared to control cells treated with vehicle. The expression of
osteoblastic genes was significantly downregulated by IL-6/sIL-6R in
a dose-dependent manner. ¢ Murine calvarial osteoblasts were treated
with or without IL-6/sIL-6R and were cultured for 21 days. After

fixation, the cells were stained with alizarin red solution. Apparently
significant reduction of alizarin red staining was recognized in cells
treated with either 10 or 50 ng/ml IL-6. d Matrix mineralization was
quantified by measurement of absorbance for alizarin red normalized
by total DNA content. IL-6/sIL-6R significantly inhibited minerali-
zation of ECM in a dose-dependent manner. e Primary murine
calvarial osteoblasts were treated with vehicle or 10 or 50 ng/ml IL-6
and 100 ng/ml sIL-6R in a time-course experiment (5, 15, and
30 min). Western blotting was performed using cell lysates. IL-6
significantly induced the phosphorylation of ERK, Akt2, and STAT3
in a dose-dependent manner. Representative data from at least three
independent experiments are shown. Data are shown as mean £ SE.
n.s. not significant; *P < 0.05; **P < 0.001; ***P < 0.001
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Fig. 9 Schematic presentation
of signaling pathways involved
in osteoblast differentiation
induced by IL-6. IL-6-induced
novel SHP2/MEK2/ERK and
SHP2/PI3K/Akt2 signal
crosstalk in osteoblastic cells;
ERK and Akt signaling
pathways, both of which are
downstream of SHP2,
negatively regulate cach other
reciprocally. On the other hand,
the STAT3 signaling pathway
negatively regulates the ERK
signaling pathway. MEK2/ERK
and PI3K/Akt2 have negative
effects on osteoblast
differentiation, whereas STAT3
has a positive effect. Overall,
IL-6 inhibits osteoblast
differentiation through MEK2
and Akt2 signaling pathways

Signal cross-talk

Osteoblast
differentiation

Total effect

SHP2/ERK and SHP2/Akt2 negatively affects osteoblast
differentiation, whereas JAK/STAT3 positively affects it
(Fig. 9). In other cells, it is often that simultaneous acti-
vation of the SHP2/ERK and JAK/STAT3 cascades gen-
erate opposing, or at least different signals. In osteoclasts,
for example, SHP2/ERK activation inhibits osteoclasto-
genesis [53], whereas STAT3 is a pro-osteoclastic mole-
cule after phosphorylation on serine727 [54]. In myeloid
leukemic M1 cells, STAT3 induces differentiation in vitro
[55], whereas the SHP2/ERK pathway promotes their
proliferation [56]. These examples suggest that the inte-
gration of opposing activities transduced by more than one
pathway could provide a biologically balanced state in the
end, leaving availability to respond to another physiologi-
cal situation. Indeed, Hirano and colleagues [57] have
proposed a “signaling orchestration” model in a single cell,
where the balance or interplay of simultaneously generated
contradictory signals eventually determines the biological
outcome. Thus, the inconsistent results regarding the
effects of IL-6 on osteoblast differentiation in previous
reports could be explained by which intracellular signaling
pathway was predominantly activated in each study. The
balance of three signaling pathways could be influenced by
such conditions as the variety of cultured cells, the stage of
cell differentiation, and the employed culture conditions.
To the best of our knowledge, this is the first report of
signal crosstalk in which IL-6-induced ERK and Akt sig-
naling pathways negatively regulated each other in cultured
osteoblastic cells. In this study, however, cancellation of the
negative effects of IL-6/sIL-6R on osteoblast differentiation
by inhibitors was incomplete as compared to the absence of
inhibitor (Figs. 5, 6). This might be because ERK, Akt and
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STATS3 are all critical pathways in osteoblast differentiation
even in the absence of IL-6/sIL-6R, and even though one
pathway is blocked, another pathway is enhanced by reci-
procal regulation in the crosstalk between IL-6-activated
signaling pathways (Fig. 9). Our results demonstrated that a
STATS3 inhibitor significantly enhanced IL-6-induced acti-
vation of ERK and SHP2, but not of Akt (Fig. 4a). SHP2
could predominantly lead to the activation of the ERK
signaling pathway as compared to Akt, and the enhanced
signaling of ERK may restrain the enhancement of the Akt
signaling pathway in a negative feedback manner.

The results obtained from the present study show that
SHP2, MEK and PI3K inhibitors would be of potential use
for the treatment of osteoporotic changes in RA patients. In
particular, SHP2 inhibitors not only could inhibit the
negative effect of IL-6-induced MEK/ERK and PI3K/Akt2
signaling, but also enhance the positive effect of IL-6-
induced STAT3 signaling on osteoblast differentiation
[37]. However, since a pro-inflammatory effect of STAT3
on synovitis has been reported [36, 58], selective inhibition
of MEK?2 and Akt2 signaling in osteoblasts may be more
promising in order to avoid the enhancement of synovitis
and consequent joint destruction.

In conclusion, our study provides new insights in the
pathophysiology as well as potential treatment options for
bone loss in RA, focusing on osteoblast differentiation
in vitro. Our results demonstrated that IL-6 could inhibit
osteoblast differentiation through MEK2/ERK and PI3K/
Akt2 signaling pathways, both of which are SHP2-depen-
dent downstream signaling pathways.
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Effect of Intermittent Administration of Teriparatide
(Parathyroid Hormone 1-34) on Bone
Morphogenetic Protein-Induced Bone Formation
in a Rat Model of Spinal Fusion
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Background: Although clinical bone morphogenetic protein (BMP) therapy is effective at enhancing bone formation in
patients managed with spinal arthrodesis, the required doses are very high. Teriparatide (parathyroid hormone 1-34) is
approved by the U.S. Food and Drug Administration to treat osteoporosis and is a potent anabolic agent. In this study,
intermittent administration of parathyroid hormone 1-34 combined with transplantation of BMP was performed to eluci-
date the effect of parathyroid hormone 1-34 on the fusion rate and quality of newly formed bone in a rat model.

Methods: A total of forty-eight male Sprague-Dawley rats underwent posterolateral lumbar spinal arthrodesis with one of
three different treatments with recombinant human (rh) BMP-2: (1) O pg (control), (2) 2 pg (low dose), or (3) 50 pg (high
dose). Each of the rhBMP-2 treatments was studied in combination with intermittent injections of either parathyroid
hormone 1-34 (180 pg/kg/wk) or saline solution starting two weeks before the operation and continuing until six weeks
after the operation. Osseous fusion was assessed with use of radiographs and a manual palpation test. Microstructural
indices of the newly formed bone were evaluated with use of micro-computed tomography. The serum markers of bone
metabolism were also quantified.

Results: The fusion rate in the group treated with 2 pg of rhBMP-2 significantly increased (from 57% to 100%) with the
administration of parathyroid hormone 1-34 (p < 0.05). The fusion rates in the other groups did not change significantly
with the administration of parathyroid hormone 1-34. The bone volume density of the newly formed bone significantly
increased in both the 2-pg and 50-pug rhBMP-2 treatment groups with the administration of parathyroid hormone 1-34 (p <
0.01). Micro-computed tomography scans of the newly formed bone clearly demonstrated an abundance of trabecular
bone formation in the group treated with parathyroid hormone 1-34. In addition, serum levels of osteocalcin were significantly
increased in the parathyroid hormone 1-34 treatment group.

Conclusions: Intermittent administration of parathyroid hormone 1-34 significantly increased fusion rates in the group
treated with low-dose rhBMP-2, and it improved the quality of the newly formed bone in both the high and low-dose groups
in a rat model of rhBMP-2-induced spinal fusion.

Clinical Relevance: Our results suggest that the combined administration of rhBMP-2 and parathyroid hormone 1-34
may lead to efficient bone regeneration.
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utogenous bone-grafting is the current gold standard

for achieving spinal fusion. However, its use is limited

by the amount of bone available and by the associated
donor-site morbidity'*. Moreover, the rate of pseudarthrosis
has been reported to range between 5% and 43%™". These
problems have prompted surgeons to identify alternative
means for stimulating bone formation.

One possibility is the use of bone morphogenetic pro-
teins (BMPs), which are a group of growth factors belonging to
the transforming growth factor superfamily that are known to
elicit new bone formation®’. However, the uncontrolled release
of high concentrations of BMPs can cause inflammation, soft-
tissue edema, and unintended bone formation®’. Thus, the U.S.
Food and Drug Administration has approved the use of BMPs
in the spine for anterior Jumbar spinal arthrodesis only; uses
for posterior spinal arthrodesis have been “offlabel.” Therefore,
an efficient method for reducing the required dose of BMPs by
enhancing the bioactivity is required.

Teriparatide (recombinant human parathyroid hormone
[PTH] 1-34) is the only anabolic agent that has been approved by
the U.S. Food and Drug Administration for the treatment of os-
teoporosis'®". Intermittent administration of PTH 1-34 results in
osteoblastic proliferation and differentiation, thereby leading to an
increase in bone mass" . Recently, upregulation and modulation
of BMP signaling by PTH have been reported’'. These mecha-
nisms indicate the possibility of synergistic bone regeneration by
the co-administration of thBMP-2 and PTH 1-34.

In the present study, intermittent administration of PTH
1-34 combined with BMP transplantation was performed to
elucidate the effect of PTH 1-34 on the fusion rate and quality
of the newly formed bone in a rat model of spinal fusion.

Materials and Methods
Experimental Design
Atotal of four dozen eight-week-old male Sprague-Dawley rats (weight, 270
to 290 g) were used. The animals were allocated to one of six different
treatment groups by assigning one of three surgical treatments and one of two
injection treatments to each rat. Each treatment group consisted of eight ani-
mals (see Appendix). The three surgical treatments consisted of (1) implan-
tation of a collagen-only carrier (Groups A and B), (2) implantation of a
collagen carrier loaded with 2 wg of rhBMP-2 (Groups C and D), and (3)
implantation of a collagen carrier loaded with 50 pg of thBMP-2 (Groups E
and F). The animals in each treatment group were further divided into two
subgroups, including rats that also received either (1) injections of PTH 1-34
(Groups B, D, and F) or (2) injections of saline solution (Groups A, C, and E)
(see Appendix). rhBMP-2 doses for the low and high-dose groups were based
on a preliminary spinal fusion study (data not shown). We chose 2 g (fusion
rate, 50%; concentration, 20 jg/mL) as the low dose because this amount of
rhBMP-2 is better suited for elucidating the effect of PTH 1-34 on the fusion
rate, and we chose 50 pg (fusion rate, 100%; concentration, 500 pg/mL) as the
high dose because this amount of thBMP-2 reflects the clinical use of high-dose
(1500-p.g/mL) rhBMP-2.

Injections of PTH 1-34

Rats in the control group were given subcutaneous injections of 0.9% saline
solution, whereas rats in the PTH groups were given subcutaneous injections of
PTH 1-34 (60 pg/kg) three times a week (total, 180 pg/kg/wk). Injections were
initiated two weeks prior to surgery and were continued for six weeks after
surgery, at which time the animals were killed.
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 TABLE [ Results of Radiographic Analysis of Spinal Fusion

Injected Material* (%)

rhBMP-2 Dosage (ug) Saline Solution PTH 1-34
0 0 of 8 (0) 0 of 8 (0)
2 4 of 7 (57) 8 of 8 (100)+
50 7 of 8 (88) 8 of 8 (100)

*The values are given as the number of spines that were found to
have successfully fused as assessed with radiographs, with the
percentage in parentheses. At this dosage, the rate of fusion was
significantly higher in the group that received PTH 1-34 (p < 0.05).

Posterior Spinal Fusion

Preparation of a Collagen Carrier Vehicle

A commercially available absorbable collagen sponge (CollaCote; Integra
LifeSciences, Plainsboro, New Jersey) was cut into 5 X 10-mm fragments.
Thereafter, the appropriate concentration of thBMP-2 (0, 2, or 50 pg) was
dissolved in phosphate buffered saline solution and applied to the carrier just
before implantation.

Surgical Technique of L4-L5 Posterolateral Spinal Arthrodesis

All of the animal procedures were conducted in accordance with the guidelines
of the Regulations on Animal Experimentation at Osaka University. The rats
were anesthetized with a combination of 0.15 mg/kg of medetomidine (Do-
mitor; Nippon Zenyaku Kogyo, Fukushima, Japan), 2 mg/kg of midazolam
(Dormicum; Astellas Pharma, Tokyo, Japan), and 2.5 mg/kg of butorphanol
(Vetorphale; Meiji Seika, Tokyo, Japan). As per the usual method'®", a pos-
terior midline skin incision was made, followed by two separate paramedian
incisions in the lumbar fascia 3 mm from the midline, through which the
transverse processes were exposed. The L4 and L5 transverse processes were
decorticated with use of a high-speed burr. Subsequently, a collagen sponge
containing 0, 2, or 50 g of thBMP-2 was implanted on each side. The rats were
housed in separate cages and allowed to eat and drink ad libitum while their
condition was monitored daily.

Euthanasia and Analyses

Just prior to euthanization of the animals, blood samples were collected and
stored at —80°C until the serum markers of bone metabolism were analyzed.
The rats were killed with an overdose of anesthetics at six weeks after surgery.
The spinal segments and femora were harvested and fixed with 10% formalin.

Assessment of Fusion

Radiographic Assessment

Fusion between L4 and L5 was evaluated with radiographs made with use of an
MX-20 Specimen Radiography System (Faxitron X-Ray, Lincolnshire, Illinois)
under consistent conditions (35 kV, 300 pA, 300 seconds). Fusion was con-
sidered to have occurred when there was clear evidence of new bone formation
and osseous bridging with cortical continuity between the L4 and L5 transverse
processes.

Manual Assessment
The explanted lumbar spines were manually tested for intersegmental motion.
Any motion detected on either side between the facets or between the transverse
processes was considered to be a failure of fusion.

In both assessments, the spines were scored as either fused or not fused
independently by three examiners. The L4-L5 segments were considered to be
fused only when all three observers agreed.
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_ TABLE i Results of Spinal Fusion as Assessed with Manual
~_ Palpation - -

Injected Material* (%)

rhBMP-2 Dosage (ug) Saline Solution PTH 1-34
0 of 8 (0) 0 of 8 (0)
2 2 of 7 (29) 8 of 8 (100)t
8 of 8 (100)

50 8 of 8 (100)

*The values are given as the number of spines that were found to
have successfully fused as assessed with manual palpation, with the
percentage in parentheses. TAt this dosage, the rate of fusion was
significantly higher in the group that received PTH 1-34 (p < 0.05).

Micro-Computed Tomography Analysis

Following manual evaluation, the spines were scanned with use of high-resolution
micro-computed tomography (micro-CT) (R_mCT; Rigaku Mechatronics,
Tokyo, Japan); each sample was scanned twice. The micro-CT data were collected
at 90 kVand 200 pA. Visualization and data reconstruction were performed with
use of TRI/3D-BON software (RATOC System Engineering, Tokyo, Japan).

Analysis of the Microstructural Indices of the Newly Formed
Fusion Mass

The quality of the newly formed fusion mass between the transverse processes
where bone did not originally exist was analyzed as described previously'® (see
Appendix). Scanning of the newly formed bone was initiated from the lower
end plate level of the L4 vertebral body and continued cranially in 2.0-mm
increments (fifty slices) at a resolution of 40 pm per voxel. Bone volume density,

| TABLE Il Microstructural Indices of Newly Formed Bone

EFFECT OF INTERMITTENT TERIPARATIDE ON BMP-INDUCED
BONE FORMATION IN RAT SPINAL FUSION

trabecular thickness, trabecular number, trabecular separation, thickness of cortical
bone, and cortical bone ratio were estimated. The bone volume density cor-
responds to the ratio of bone volume to fusion-mass volume.

Microstructural Analysis of the Fused Spinal Segments

The tissue volume and bone volume of the total fusion mass were measured
(from the bottom to 15 mm cranially from the bottom of the L5 transverse
process, for a total of 254 slices) at a resolution of 59 wm per voxel.

Analysis of the Systemic Effects of PTH 1-34

To evaluate the systemic effects of PTH 1-34, the bone volume density of the distal
fernoral epiphysis and L6 vertebral body was analyzed at a resolution of 40 p.m per
voxel. Scanning of the distal part of the femur was initiated at 1.5 mm proximal to the
growth plate and continued at 3.0-mm increments (for a total of seventy-five slices).
Scanning of the L6 vertebral body was initiated at 1.0 mm cranial to the lower growth
plate and continued at 3.2-mm increments (for a total of eighty slices).

Analysis of Serum Markers of Bone Metabolism

Serum markers of bone metabolism were analyzed with use of an enzyme-
linked immunosorbent assay specific for osteocalcin (Osteocalcin High
Sensitive EIA kit [rat]; Takara Bio, Shiga, Japan), type-I collagen cross-linked
C-telopeptides (RatLaps ELISA; Immunodiagnostic Systems, Fountain Hills,
Arizona), and tartrate-resistant acid phosphatase-5b (RatTRAP Assay; Im-
munodiagnostic Systems), according to the manufacturer’s instructions. Se-
rum from all animals (n = 47) was measured once for each marker, with
comparisons performed between the groups treated with PTH 1-34 (Groups
B, D, and F) and those treated with saline solution (Groups A, C, and E).

Histologic Analysis
The dissected and formalin-fixed spines were demineralized with 50% formic
acid and 10% sodium citrate, dehydrated in a graded ethanol series, and

Injected Material*
Parameter thBMP-2 Dosage (ug) Saline Solution PTH 1-34
Tissue volume (mm3) 2 55+5.4 17.1£13.3¢F
50 34.8+22.2 29.1+12.0
Bone volume (mm3) 2 0.7+0.9 3.8+ 3.2}
50 23+2.7 6.3+2.8%
Bone volume density (%) 2 12.1+5.2 22.1 +5.5¢%
50 7.1+4.6 22.2+5.57%
Trabecular thickness (um) 2 1426 +15.1 166.8 + 31.1F
50 153.0 + 35.9 181.8 + 17.2¢
Trabecular number (mm=1) 2 0.8+0.8 0.7+0.2
50 0.3x0.2 0.6 £ 0.21
Trabecular separation (um) 2 305.5+£97.2 268.9 + 56.4
50 756.9 + 428.7 298.7 + 64.9t
Cortical bone ratio (%) 2 41.5+7.6 39.4+11.0
50 288 +17.1 30.1+ 4.8%
Cortical bone thickness (um) 2 313.2+£77.4 391.3 £ 90.8%
50 272.4 £ 109.5 365.1 + 53.01
*Values are given as the mean and the standard deviation. TAt this dosage, the value was significantly higher in the group that received PTH 1-34
(p < 0.01). ¥At this dosage, the value was significantly higher in the group that received PTH 1-34 (p < 0.05).
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embedded in paraffin wax. Serial coronal sections (thickness, 5 pm) of the
involved segments were cut and stained with hematoxylin and eosin.

Statistical Analysis

The PASW Statistics computer software program (version 18.0, SPSS, Chicago,
Illinois) was used for all of the analyses. The Mann-Whitney U test was used for
the comparison of microstructural indices and serum markers of bone me-
tabolism. The chi-square test was used for the comparison of fusion assess-
ments. In all analyses, the level of significance was set at p < 0.05.

Source of Funding
This work was supported by a Grant-in-Aid for Scientific Research from the
Japan Society for the Promotion of Science (JSPS KAKENHI Grant 25861313).

Results

Spinal Fusion

Radiographic Analysis

O ne rat in Group C died the day after surgery; thus, a total
of forty-seven rats were used for the final analysis. Fusion

Coronal

Axial

EFFECT OF INTERMITTENT TERIPARATIDE ON BMP-INDUCED
BONE FORMATION IN RAT SpiNaL Fusion

at L4-L5 in the groups treated with 2 pg of rhBMP-2 signifi-
cantly increased, from four of seven (57%) to eight of eight
(100%), with the administration of PTH 1-34 (p < 0.05). Fu-
sion in the groups treated with 0 or 50 pg of rhBMP-2 did not
change significantly with the administration of PTH 1-34 (in
both groups treated with 0 g of rhBMP-2, fusion occurred in
zero of eight [0%] spines regardless of whether PTH 1-34 was
used; in the groups treated with 50 wg of thBMP-2, fusion
increased from seven of eight [88%] to eight of eight [100%)]
with the use of PTH 1-34) (Table I).

Manual Assessment

All the spines in Groups E and F, which were treated with 50 pg
of thBMP-2, were assessed with manual palpation and were
considered to have fused (eight of eight in each group, 100%).
None of the spines in Groups A or B, which were treated with
0 pg of rhBMP-2, were considered to have fused (zero of eight
in each group, 0%). Fusion in the spines that were treated with

3D

2 pg BMP + saline

2 ug BMP + PTH1-34 50 pg BMP + saline

50 ug BMP + PTH1-34

Fig. 1

In the groups treated with 2 pg of recombinant human bone morphogenetic protein (BMP)-2, the administration of teriparatide (parathyroid hormone
[PTH] 1-34) improved osseous bridging between the transverse processes, the volume of the fusion mass, and the trabecular bone volume inside the fusion
mass. In the group treated with 50 pg of rhBMP-2 and saline solution, the induced fusion mass resembled an eggshell (a thin outer layer of cortical
bone with scarce trabecular bone inside). PTH 1-34 administration with 50-ug rhBMP-2 treatment resulted in the formation of a fusion mass that was

completely filled with thick trabecular bone. 3D = three-dimensional.
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.S,

1000+

800+

600+

400+

TV (mm?3)

200

0 ug BMP 0 ug BMP
+ saline

2 ug BMP 2 ug BMP
+PTH1-34 + saline

+PTH1-34 + saline

2 pg of thBMP-2 increased from two of seven (29%, Group C)
to eight of eight (100%, Group D) with the administration of
PTH 1-34 (p < 0.01) (Table II).

Micro-CT Analysis
Analysis of the Microstructural Indices of the Fused Spinal
Segments
The specimens treated with 2 or 50 pg of rhBMP-2 (Groups C,
D, E, and F) were used for this analysis, because the specimens
treated with 0 g of rhBMP-2 (Groups A and B) showed little
or no new bone formation.

The trabecular bone volume and structural parameters
(bone volume, bone volume density, and trabecular thickness)
in the groups treated with 2 pg or 50 pg of rhBMP-2 were

Fig. 2

Tiriparatide (parathyroid hormone [PTH] 1-34) administra-
tion did not change the tissue volume (TV) in the O-pg bone
morphogenetic protein (BMP) groups. In the groups treated
with 2 pg of rhBMP-2, PTH 1-34 administration significantly
increased the tissue volume (TV) (p < 0.05). In the 50-pg
rhBMP-2 groups, PTH 1-34 administration showed a de-
creasing trend; however, it was not significant (n.s.). The
asterisk indicates a significant difference in tissue volume.

50 pg BMP 50 ug BMP
+ PTHI1-34

significantly increased with the administration of PTH 1-34,
and the trabecular number in the group treated with 50 pg of
rthBMP-2 was also significantly increased with PTH 1-34 ad-
ministration (p < 0.01). The cortical bone parameters of the
groups treated with 2 pg or 50 pg of thBMP-2 were also in-
creased with the administration of PTH 1-34. Interestingly, the
tissue volume in the group treated with 50 pg of rhBMP-2
decreased with the use of PTH 1-34, although the tissue volume
in the groups treated with 2 pg of rhBMP-2 was significantly
increased with the use of PTH 1-34 (Table III). Micro-CT
coronal and axial two-dimensional images and reconstructed
three-dimensional images of the newly formed bone clearly
demonstrated abundant trabecular bone formation in the
groups treated with PTH 1-34 (Fig. 1).

Osteocalcin TRACP-5b CTX
ek n.s. n.s.
(ngimL) i (Ui (ng/ml) W
800 - § 25 - } 50 - i Fig. 3 . .
i Osteocalcin (bone-formation marker) levels were
700 - } % * significantly increased with the administration of
600 2- 40 - ! teriparatide (parathyroid hormone [PTH] 1-34)
35 - (p < 0.01), but tartrate-resistant acid phospha-
500 ] 15 30 - tase (TRACP)-5b (bone-resorption marker) and
400 . type-l collagen cross-linked C-telopeptides (CTX)
(bone-resorption marker) levels were not signifi-
300 ! 2 cantly altered (n.s.). The double asterisk indicates
200 - ' 15 a significant difference in tissue volume.
05 10
100 - s
0 A SR S O S e WSS S SR S .
Saline PTH 1-34 Saline PTH 1-34 Saline PTH 1-3
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Microstructural Analysis of the Fused Spinal Segments

The mean bone volume density (and standard deviation) in
Groups A and B, which received 0 pg, was 18.5% + 3.5% and
27.8% £ 7.4% (p < 0.01), respectively. In Groups C and D, which
received 2 pg, it was 19.6% + 3.4% and 23.4% + 4.8% (p <
0.05), respectively. In Groups E and F, which received 50 g, it
was 13.7% £ 4.2% and 24.2% % 6.0% (p < 0.01), respectively.
However, the alterations in tissue volume values caused by PTH
1-34 use differed in each group. The tissue volume between the
groups treated with 0 pug of thBMP-2 with or without PTH 1-34
did not differ significantly (Group A, 79.8 £ 10.2 mm?; Group B,
72.4 + 5.1 mm? p = 0.14). The tissue volume in the groups
treated with 2 pg of thBMP-2 significantly increased with the use
of PTH 1-34 (Group C, 1454 * 49.6 mm? Group D, 239.1 +
88.6 mm?; p < 0.05); the tissue volume in the groups treated with
50 g of thBMP-2 decreased with the use of PTH 1-34, although
the change was not significant (Group E, 469.1 + 207.0 mm?;
Group F, 397.3 £ 137.8 mm? p = 0.44) (Fig. 2). The effect of
PTH 1-34 use on tissue volume was anabolic in the 2-pug BMP
group and was catabolic in the 50-jug BMP group.

Analysis of the Effect of PTH Administration on the Adjacent
Vertebra (L6) and Femur

The bone volume densities of both the distal femoral epiphysis
and the L6 vertebral body were significantly increased with the
use of PTH 1-34 compared with those treated without PTH 1-34
(femur: 18.5% % 10.3% compared with 49.4% * 14.1%, p <
0.001; L6 vertebra: 26.1% * 10.4% compared with 37.7% +
4.2%, p < 0.001). The bone volume density of both the femur and
the L6 vertebra did not differ based on the dosage of thBMP-2.

Analysis of Serum Markers of Bone Metabolism
Enzyme-linked immunosorbent assay demonstrated that serum
levels of osteocalcin were significantly higher in the groups
treated with PTH 1-34 compared with those treated with saline
solution (p < 0.01), whereas no differences were observed in
serum levels of type-I collagen cross-linked C-telopeptides and
tartrate-resistant acid phosphatase-5b between the groups treated
with saline solution and those treated with PTH 1-34 (Fig. 3).

Histologic Analysis

Microscopic evaluation of the coronal sections of the treated
spinal segments demonstrated that the groups treated with 0 pg
of thBMP-2 (Groups A and B) showed minimal evidence of new
bone, and no apparent difference was noted with regard to PTH
1-34 administration (Figs. 4-A and 4-B). In the Group C rats
treated with 2 g of thBMP-2 and injections of saline solution,
the fusion mass between the L4-L5 transverse processes was
discontinuous or separated by cartilage tissue (Fig. 4-C). How-
ever, in the group with the same 2-pg thBMP-2 dosage (Group
D), the addition of PTH 1-34 clearly improved the osseous
continuity between the transverse processes and increased the
volume of the fusion mass (Fig. 4-D). In the groups treated with
50 pg of thBMP-2, a huge fusion mass was found even in the
group that received saline solution injections (Group E); how-
ever, a majority of the newly formed fusion masses in Group E
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Fig. 4
Low-power photomicrographs (magnification, x0.5). Coronal sections of the
L4-L5 transverse processes of the spines of rats from Group A (Fig. 4-A) and
Group B (Fig. 4-B) demonstrate no evidence of bone formation between the
transverse processes. Cross-section of the transverse processes of rats from
Group C (Fig. 4-C) show fibrocartilaginous union (arrows). In Group D, PTH 1-34
administration clearly improved the osseous continuity and the bone volume of
the fusion mass (Fig. 4-D). In Group E (50 p.g of thBMP-2), a huge fusion mass was
found; however, the fusion mass comprised fatty marrow within thin, eggshelHike
cortical bone (Fig. 4-E). In Group F, PTH 1-34 administration markedly increased
the number and thickness of trabecular bone in the fusion mass (Fig. 4-F).

comprised fatty marrow within thin, eggshell-like cortical bone
(Fig. 4-E). PTH 1-34 markedly increased the number and
thickness of trabecular bone in the fusion mass (Fig. 4-F).



