Hypertrophic spinal pachymeningitis
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Fic. 2. Photomicrograph of a section of the excised dura mater,
showing plasma cells and infiltrating lymphocytes. Whether the
arachnoid mater was infiltrated is unclear. H & E, original magni-
fication X 400.

1192235 Mikawa and coauthors” identified 52 cases in their
review of the English- and Japanese-language literature;
however, none of the published studies focused on the re-
currence of HSP or its possible causes, and few authors re-
ported the long-term course of the disease. To our knowl-
edge, the present article is the first to address specifically
the recurrence of HSP.

Park and associates™ reported that the presence of a re-
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sidual mass after surgery to treat a ventral lesion of the
dura mater. Juhasz™ found that the inflammatory process
did not have definite limits in the caudal and cranial direc-
tions and that the inflammation frequently extended to the
internal surface of the dura. Based on these observations,
it has been proposed that residual inflamination from the
irremovable ventral part of the dural lesion leads to recur-
rence. To test this hypothesis, we searched the PubMed
and Cochrane Library databases for reports of cases of
HSP by using “hypertrophica,” “pachymeningitis,” and
“recurrence” as search terms. We identified 96 cases (46
of which were described in English and 50 in Japanese),
including the two in the present study. Eleven (11%) of the
96 cases involved recurrence (six cases with one recur-
rence and five with two; Table 1).191215.15-18

We initially divided the HSP cases into two groups
based on recurrence, a nonrecurrence group (85 cases) and
a recurrence group (11 cases), and compared them. In the
recurrence group, the mean period from the first conserva-
tive therapy or surgery to the first recurrence was 1.3 years
(range 1 week-4 years). In five of these cases, the lesion
recurred twice, and the average time between the first and
second recurrence in this subset was 11.3 months (range 3
months-2 years). A two-tailed t-test revealed no signifi-
cant intergroup difference, except for the duration of the
mean follow-up period (Table 2).

We then performed three subgronp analyses. For the
first subgroup analysis, we divided the cases into two
groups based on the presence or absence of inflammatory
signs: 1) a noninflammatory group, which comprised
those patients in whom inflammatory signs, including
fever, increased erythrocyte sedimentation rate, leukocy-
tosis, and increased C-reactive protein level, were absent
before surgery; and 2) an inflammatory group, which
comprised those patients who had at least one inflamma-
tory sign. Cases in which there was no mention of inflam-
mation were excluded from this second analysis. The non-
inflammatory group included a total of 54 cases of HSP,
of which two were recurrent. The inflammatory group
included a total of 30 cases, of which six were recurrent.
A chi-square analysis revealed a statistically significant
intergroup difference (p < 0.05; Fig. 4).

Fig. 3. Case 2. Magnetic resonance images. A: Sagittal Gd-enhanced sequence, revealing HSP at the T1-5 level in

the dorsal and ventral dura mater. B: Sagiftal Gd-enhanced sequence, showing the same HSP lesion after steroid thera-
py. C: Sagittal Gd-enhanced sequence obtained after surgery, showing that virtually all of the thickened dura had been
removed. D: Axial Gd-enhanced sequence obtained after surgery, demonstrating no dural thickening.
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TABLE 1
Characteristics of 11 patienis with recurrent HSP*
Age (yrs), Involved Ventral .
Authors & Year Sex Level Lesion Opt Durationi Outcome FU ¢vrs)
Juhasz, 1950 , 16, F T7-8 — laminectomy
Ist recurrence T7-8 — laminectomy 6 mos recovered 24
Guidetti & La Torre, 1967 5. M T6-9 — durotomy
istrecumence C4-T3 — durotomy 3 yrs recovered 14
Guidetti & La Torre, 1967 65.F Td—6 _ durotomy
Lst recurrence Td-6 — NST 4ys — 4
Adler, et al., 1991 47, M T8-11 — laminectomy
Ist recurrence C2-7 yes laminectonty 4 yrs
2nd recurrence Ti-7 — laminectony 2.5 mos recovered 7
Mikawa, et al., 1994 8. F Ti-11 yes laminectomy
Ist recurrence c7 yes durotomy 2 wks
2nd recurrence C3-6 yes durotoniy 3 mos recovered Q.5
Kanamori. et al., 1997 28. M T5-L2 yes laminectomy
1st recurrence T2-2 — NST 4 mos recovered 4.2
Mihara, et al., 1997 54, F Tig-12 yes dura incision
Ist recurrence T-9 yes dura incision 1wk
2nd recurrence 9 yes durotomy 3 mos unchanged 0.6
Nagashima, 2001 53 F C7-T1 yes laminectomy
1st recurrence C7-T7 yes dura incision 2 mos
2nd recurrence Ti-8 yes NST 1 yr, 10 mos died 2.6
Khadilkar, et al.. 2003 42, F Ci+4 yes durotomy
1st recurrence C2-4 yes NST 1y, 3 'mos recovered 5
present study )
Casel 67. M T6-8 yes durotonty
Ist recurence T3-5 yes durotomy 3 yrs. 6 mos
2nd recurrence C4-T2 yes durotomy 2 yrs recovered 10
Case 2 62, M T1-5 yes ST
1st recurrence C6-T5 yes durotomy 5 mos recovered 3
* FU = follow up; NST = nonsurgical treatment; ST = steroid therapy; — = not known.

T Surgery was performed using various methods: laminectomy only, dura incision only, and durotomy with artificial dura mater or fascia.

% Duration indicates the time from therapy to recurrence.

For the next subgroup analysis, we compared the cases
in which patients underwent durotomy or duraplasty and
those in which patients underwent laminectomy alone or
only incision, not removal, of the dura mater. The former
group included 37 cases of HSP, eight of which were re-
current. The latter group consisted of 41 cases, eight of
which were recurrent. The difference was not statistically
significant.

For our final subgroup analysis, we divided the cases
into those in which both ventral and dorsal inflammation
or hypertrophy of the dura mater was documented on
pathological, myelography, or MR imaging examination,
and those in which only dorsal inflammation or hypertro-
phy was documented. The former group included 25
cases, eight of which were recurrent. The latter group in-
cluded five cases, none of which was recurrent. The dif-
ference was not statistically significant.

From these results, we concluded that recurrence was
not caused by a residual Iesion but by active inflammation
of the dura mater that was already present before surgery.
We considered the possible role of arachnoiditis as an
additional cause of recurrence. Friedman and Flanders® re-
ported that the peripheral margin in a case of pachy-
meningitis was enhanced on MR imaging and was unusu-
ally close to the highly vasculurized arachnoid mater.
Oohishi and associates® found that this disease process
was not just confined to the dura, but also involved the
arachnoid mater and pia mater (trimeningitis). Juhasz!?
suggested that HSP associated with arachnoiditis is sepa-
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rate from the arachnoid mater, because the lateral aspect
of the dura was found to be relatively intact. Considering
that inflammation is often found in the arachnoid as well
as the dura, residual arachnoiditis above or below the re-
sected area of the dura mater might cause recurrence, even
if the visibly hypertrophic part of the dura is removed. Pa-
tients were treated with steroid therapy in 13 cases, some

‘TABLE 2

Characteristics and outcome data for 96 cases of HSP
with and without recurrence*

Variable Recurrence No recarrence

no, of cases i1 85
mean age (yrs)i 46.1 = 18.8 48.7 = 15.9
sex (no. of patients)

Male 5 48

Female 6 37
mean no. of levels involved (range} 3.9 (2-10) 4.2 (1-24)
mean dura thickness (mm) (range) 4.8 (2-8) 6.6 (1-20)
outcome (no. of patients)

recovered 9 55

unchanged 1 i1

died 1 16

unknown 0 3
FU period 48 = 4.1 14 =26

* The difference between groups was significant only for the duration of
the average follow-up period (p < 0.0003).
T Values are given as means = standard deviation.
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* pe0.05
§ The difference was not significant.

Fic. 4. Bar graph depicting the results of analyses of HSP recur-
rence rates. Cases with sufficient data were included in the follow-
ing subgroup comparative analyses: 1) presence or lack of at least
one positive inflammatory sign; 2) removal or retention of dura;
and 3) presence or lack of ventral inflammation of the dura mater.
See Discussion for the numbers of patients in each group.

of which, including ours, were recurrent, S1L3.1517.1822 g
many of the authors who reported treating patients with
steroid agents claimed that the effect was not certain.
Hatano and coworkers!® found that patients with a linear
pattern of dural enhancement responded better to cortico-
steroid therapy than those with a nodular pattern of en-
hancement. As a result of our analyses of the available
data, we conclude that surgical decompression by lamin-
ectormy or durotomy and duraplasty is to be recommend-
ed for this disease.

Guidetti and La Torre® have suggested that removal of
the posterior surface of the dura mater beyond the appar-
ent limits of the lesion might be useful in controlling re-
currence. In conclusion, we consider that recurrence oc-
curs due to active dural inflammation present before surg-
ery and the influence of chronic inflammation, including
residual arachnoiditis.
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Minodronate Suppresses Prostaglandin F2o-induced  § s. rakar
Vascular Endothelial Growth Factor Synthesis in j e
Osteoblasts ’ | 0. Kozawa'
Abstract of Raf-1, MEK1/2 and p44/p42 MAP kinase were suppressed by

In our previous study, we showed that prostaglandin F,, (PGF,,)
stimulates vascular endothelial growth factor (VEGF) synthesis
via activation of p44/p42 mitogen-activated protein (MAP) ki-
nase via protein kinase C (PKC) in osteoblast-like MC3T3-E1
cells. In addition, we demonstrated that incadronate amplified,
and tiludronate suppressed PGF,.-induced VEGF synthesis
among bisphosphonates, while alendronate or etidronate had
no effect. In the present study, we investigated the effects of min-
odronate, a newly developed bisphosphonate, on PGF,,-induced
VEGF synthesis in MC3T3-E1 cells. Minodronate significantly re-
duced VEGF synthesis induced by PGF,, dose-dependently at
levels between 3 and 100 pM. PGF,,-stimulated phosphorylation

minodronate. 12-O-tetradecanoylphorbol-13-acetate (TPA), a di-
rect activator VEGF synthesis induced by PKC, was inhibited by
minodronate. Minodronate inhibited Raf-1, MEK1 /2 and p44/
p42 MAP kinase phosphorylation induced by TPA. Mevalonate
failed to affect the suppressive effect of minodronate on PGF,,-
induced VEGF synthesis. Taken together, these results indicate
that minodronate suppresses PGF,,-stimulated VEGF synthesis
at the point between PKC and Raf-1 in osteoblasts.

i
T2

Key Words
Bisphosphonate - prostaglandin F,,, - vascular endothelial growth
factor - osteoblast

Introduction

Osteoblasts and osteoclasts'are main functional cells that regu-
late bone metabolism. The former is responsible for bone forma-
tion, and the latter for bone resorption [1]. Bone-remodeling re-
sults from this finely coordinated process of bone resorption by
activated osteoclasts cqilipled with subsequent deposition of
new matrix by osteoblasts. Several bone-resorptive agents such
as parathyroid hormone and 1,25-(OH), vitamin D; upregulate
RANKL (receptor activator of nuclear factor kB ligand) expression

by binding specific receptors on osteoblasts, suggesting that os-
teoblasts also play crucial roles in the regulation of bone resorp-
tion [2]. During these processes, capillary endothelial cells along
with microvasculature with osteoblasts and osteoprogenitor
cells, which locally proliferate and differentiate into osteoblasts,
migrate into the resorption lacuna. Therefore, osteoblasts, osteo-
clasts and capillary endothelial cells cooperatively regulate bone
metabolism in a closely coordinated fashion via humoral factors
as well as by direct cell-to-cell contact [3].
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Bisphosphonate, a stable analogue of pyrophosphate, is generally
known as an inhibitor of bone resorption [4]. Bisphosphonates
are widely used as a potent agent for the treatment of various
metabolic bone diseases associated with increased osteoclastic
bone resorption such as Paget’s disease, tumoral bone disease,
and osteoporosis [4]. Osteoclast recruitment, osteoclastic adhe-
sion to bone surface and osteoclast activity inhibition is known
to be the main mechanisms by which bisphosphonates inhibit
bone resorptive actions [4]. In addition to osteoclasts, the inhibi-
tory action of bisphosphonates on osteoclasts is reportedly part-
ly mediated through its actions on osteoblasts [5,6]. In osteo-
blastic cell line CRP 10/30, both ibandronate and alendronate in-
duce the synthesis of an osteoclastic bone resorption inhibitor
[7]. In a previous study [8], we reported that tiludronate inhibits
interleukin (IL)-6 synthesis in osteoblast-like MC3T3-E1 cells.
Etidronate, alendronate, pamidronate and olpadronate prevent
apoptosis of murine primary cultured osteoblasts via activation
of p44/p42 mitogen-activated protein (MAP) kinase [9]. In cul-
tured human fetal osteoblasts, pamidronate and zoledronate en-
hance differentiation and bone-forming activities [10]. Pamidro-
nate and zoledronate also reportedly increase mRNA expression
for osteoprotegerin in primary human osteoblasts [11]. In UMR-
106-01 osteosarcoma cells, pamidronate and clodronate de-
crease receptor activator of nuclear factor «B ligand (RANKL)
[12}. In addition, zoledronate upregulates osteocalcin and bone
morphogenetic protein-2 (BMP-2) gene expression in human os-
teoblast-like cells [13], and decreases membrane RANKL expres-
sion by upregulating tumor necrosis factor-a-converting enzyme
[14]. These studies led us to speculate that the effects of bispho-
sphonates on bone metabolism are not only exerted by osteo-
clasts, but also by osteoblasts. However, the detailed mechanism
of bisphosphonate action on osteoblasts has not yet been fully
clarified.

Vascular endothelial growth factor (VEGF) is a potent angiogenic
factor that induces angiogenesis, endothelial cell proliferation
and capillary permeability [15]. Inactivation of VEGF resuits in
the complete suppression of vascular invasion followed by im-
paired trabecular bone formation and expansion of the hyper-
trophic chondrocyte zone in the mouse tibial epiphyseal growth
plate [16]. Osteoblasts have been reported to produce and se-
crete VEGF in response to various physiological agonists [15,17].
In our previous studies, we reported that prostaglandin F,,
(PGF,,), a potent bone resorptive agent, activates both phosphoi-
nositide (PI)-hydrolyzing phospholipase C (PI-phospholipase C)
and phosphatidylcholine (PC)-hydrolyzing phospholipase D
(PC-phospholipase D) [18,19], recognized as two major physio-
logical protein kinase C (PKC) activation pathways [20,21}, in os-
teoblast-like MC3T3-E1 cells. In addition, we recently showed
that PGF,, induces VEGF synthesis and secretion through PKC-
dependent activation of p44/p42 MAP kinase in these cells [22].
Furthermore, we have demonstrated that incadronate enhances
[22], while tiludronate suppresses [23] PGF,,-induced VEGF syn-
thesis through activation [22] or suppression [23] of p44/p42
MAP kinase in osteoblast-like MC3T3-E1 cells, while alendronate
or etidronate has little effect [22].

In the present study, we investigated the effect of minodronate, a
newly developed nitrogen-containing bisphosphonate, which is
structurally different and has a different side chain structure

Hanai Y et al. Inhibition of VEGF Synthesis by Minodronate -

from incadronate, alendronate tiludronate or etidronate, on
PGF,,-stimulated VEGF synthesis in MC3T3-E1 cells and the
mechanism behind it. In contrast to the results from incadronate
[22], and identical to those from tiludronate [22], this study will
demonstrate that minodronate inhibits PGF,,-stimulated VEGF
synthesis in these cells, and that the suppressive effect of mino-
dronate is exerted at the point between PKC and Raf-1.

Materials and Methods

Materials

Minodronate was kindly provided by Yamanouchi Pharmaceuti-
cals Co. Ltd. (Tokyo, Japan). PGF,,, 12-O-tetradecanoylphorbol-
13-acetate (TPA) and mevalonate were purchased from Sigma
Chemical Co. (St. Louis, MO). Phosphospecific p44/p42 MAP ki-
nase antibodies, p44/p42 MAP kinase antibodies, phosphospeci-
fic MEK1/2 antibodies, MEK1/2 antibodies, phosphospecific
Raf-1 antibodies and B-actin antibodies were purchased from
New England Biolabs, Inc. (Beverly, MA). ECL Western blotting
detection system was purchased from Amersham Japan (Tokyo,
Japan). Mouse VEGF ELISA kit was purchased from R&D Systems,
Inc. (Minneapolis, MN). Other materials and chemicals were ob-
tained from Sigma Chemical Co. (St. Louis, MO) or Nacalai Tes-
que, Inc. (Kyoto, Japan). PGF,, was dissolved in ethanol. TPA was
dissolved in dimethyl sulfoxide. The maximum concentration of
ethanol or dimethyl sulfoxide was 0.1%, which did not affect
VEGF assay or Western blot analysis.

Cell culture

MC3T3-E1 cells are a clonal osteoblastic cell line derived from
newborn mouse calvaria [24], and reportedly form mineralized
matrix. In addition, we previously reported that MC3T3-E1 cells
secrete osteocalcin [25] and express alkaline phosphatase [26]
under our experimental conditions. MC3T3-E1 cells were main-
tained as previously described [27]. The cells were cultured in o-
minimum essential medium (o~-MEM) containing 10% fetal calf
serum (FCS) at 37°C in a humidified atmosphere of 5% C0,/95%
air. The cells were seeded into 35 mm (5 x 104) or 90 mm (2 x 10°)
diameter dishes in o-MEM containing 10% FCS. After five days,
the medium was exchanged for o-MEM containing 0.3% FCS.
The cells were used for experiments after 48 h.

Assay for VEGF

The cells were pretreated with various doses of minodronate or
vehicle for 8 h, then stimulated by PGF,, or TPA in 1'ml of a-
MEM containing 0.3% FCS for the indicated period. In addition,
mevalonate was added 8 h prior to stimulation by PGF,,, to inves-
tigate the involvement of mevalonate pathway on minodronate
inhibition of VEGF synthesis by PGF,,. The conditioned medium
was collected, and VEGF in the medium was measured by VEGF
ELISA Kkit.

Analysis of p44/p42 MAP kinase, MEK1/2 or Raf-1

The cultured cells were pretreated with various doses of mino-
dronate or vehicle for 8 h, then stimulated by PGF,, or TPA in
4ml of o-MEM containing 0.3% FCS for the indicated period.
The cells were washed twice with phosphate-buffered saline
and then lysed, homogenized and sonicated in a lysis buffer con-
taining 62.5 mM Tris/HCl, pH 6.8, 2% sodium dodecy! sulfate

Horm Metab Res 2006; 38: 152158
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Fig.1 Effects of minodronate on phos-
phorylation of p44/p42 MAP kinase induced
by PGF2a or TPA in MC3T3-E1 cells. a Cul-
tured cells were pretreated with 10 uM min-
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(SDS), 50 mM dithiothreitol, and 10% glycerol, SDS-PAGE was
performed as described by Laemmli [28] in 10% polyacrylamide
gel. Western blotting analysis was performed as described pre-
viously [29] using phosphospecific p44/p42 MAP kinase antibo-
dies, p44/p42 MAP kinase antibodies, phosphospecific MEK1/2
antibodies, MEK1/2 antibodies, phosphospecific Raf-1 antibodies
or B-actin antibodies, with peroxidase-labeled antibodies raised
in goat anti-rabbit IgG used as second antibodies. Peroxidase ac-
tivity on the nitrocellulose sheet was visualized on x-ray film
using the ECL Western blotting detection system.

Determination of absorbance and densitometric analysis
Absorbance of ELISA samples was measured at 450 nm with a
microplate spectrophotometer (Bio-Rad Laboratories, Hercules,
CA). Densitometric analysis was performed using scanner and
image analysis software (image ] version 1.32).

Statistical analysis

Data were analyzed by ANOVA followed by Bonferroni’s method
for muitiple comparisons between pairs, and values of p<0.05
were considered significant. All data are presented as the mean
+ SD from triplicate determinations. Each experiment was re-
peated three times with similar results.

Results

Effect of minodronate on PGF2a-induced VEGF synthesis in
MC3T3-E1 cells

Recently, we have reported that PGF,, induces VEGF synthesis in
osteoblast-like MC3T3-E1 cells, and that incadronate amplifies
VEGF synthesis while alendronate fails to affect synthesis [22].
Thus, we investigated the effect of minodronate on PGF,,-in-
duced VEGF synthesis in these cells. Minodronate alone had little
affect on VEGF levels, but significantly suppressed PGF,,-in-
duced VEGF synthesis in MC3T3-E1 cells (49.1%1.2 pg/m] for
control: 33.1x25pg/ml for 10puM minodronate alone,
1142.7 +186.5 pg/ml for 10uM PGF,, alone; and 67.0+5.5" pg/
ml for 10 uM PGF,, with 10 1M minodronate pretreatment, as

1

minodronate or vehicle for 8h, and then
stimulated by 0.1uM TPA or vehicle for
60 min. Extracts of cells were subjected to
SDS-PAGE with subsequent Western blot
analysis using antibodies against phospho-
specific p44/p42 MAP kinase or pdd/p42
MAP kinase. The histogram shows quantita-
tive representations of p44/p42 MAP kinase
phosphorylation obtained from laser densi-
tometric analysis. Each value represents the
mean of triplicate determinations. Similar
results were obtained with two additional
and different cell preparations. *p<0.05
compared to the value of PGF2a alone or
TPA alone.

measured during stimulation for 48 h; *p < 0.05, compared with
the value of PGF., alone). The inhibitory effect of minodronate
was dose-dependent between 3 and 100 pM (data not shown).

‘Minodronate almost completely inhibited the PGF,, effect at a

dose of 10 uM. We confirmed that the cell number changed little
by treatment [(8.1£0.2)x10° cells before incubation;
(7.9£0.4) x 10° celis after 48 h incubation with 100 uM minodro-
nate; (8.0 +0.3) x 105 cells after 48 h incubation with vehicle].

Effects of minodronate on PGF2a-induced or TPA-induced
phosphorylation of p44/p42 MAP kinase in MC3T3-E1 cells

In a previous study, we have demonstrated that PGF,,-induced
VEGF synthesis is activated via p44/p42 MAP kinase in a PKC-de-
pendent manner in MC3T3-E1 cells [22]. Therefore, we then in-
vestigated the detailed mechanism of minodronate underlying
the inhibition of VEGF synthesis. Minodronate, which alone had
little effect on phosphorylation of p44/p42 MAP kinase, marked-
ly suppressed PGF, -induced p44/p42 MAP kinase phosphoryla-
tion (Fig.1a). According to densitometric analysis, minodronate
(10 uM) caused a reduction of approximately 65 % in the PGF,, ef-
fect (*p < 0.05, compared with the value of PGF,, alone).

To elucidate whether or not the effect of minodronate is exerted
at a point downstream of PKC, we examined the effect of mino-
dronate on phosphorylation of p44/p42 MAP kinase induced by
TPA, a direct activator of PKC [30]. Previously, we found that
p44/p42 MAP kinase was markedly phosphorylated by TPA by it-
self [31]. Minodronate significantly reduced p44/p42 MAP kinase
phosphorylation stimulated by TPA (Fig.1b). According to densi-
tometric analysis, minodronate (10 M) caused approximately
60% reduction in TPA effect (*p < 0.05, compared with the value
of TPA alone).

Effect of minodronate on TPA-induced VEGF synthesis in
MC3T3-E1 cells

Previously, we reported that TPA alone stimulated VEGF syn-
thesis in osteoblast-like MC3T3-E1 cells [22]. Therefore, we in-
vestigated the effect of minodronate on TPA-induced VEGF syn-
thesis. Minodronate significantly reduced TPA-induced syn-
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thesis of VEGF (Table 1). Minodronate (30 M) caused a reduc-
tion of approximately 80% in TPA effect (*p<0.05, compared

Table 1 Effect of mevalonate minodronate on the TPA-induced
VEGF synthesis in MC3T3-E1 cells with the value of TPA alone).

Minodronate TPA VEGF {pg/mi) Effects of minodronate on phosphorylation of
MEK1/2 induced by PGF2o, or TPA in MC3T3-E1 cells

- - 16+3

_ . 280425 Activation of p44/p42 MAP kinase is known to be regulated by
. _ 1342 MEK1/2 as a MAP kinase kinase, which is regulated by an up-
+ + 59410 stream kinase known as Raf-1 [32]. We have previously found

that PGF,, or TPA stimulates phosphorylation of both MEK1/2
Cultured cells were pretreated with 30 xM minodronate or vehicle for $h, then  and Raf-1 in osteoblast-like MC3T3-E1 cells [22]. Thus, we next
stimulated by 0.1 uM TPA or vehicle for 48 h. Cell viability after treatment was examined the effect of minedronate on phosphorylation of

more than 90% of control cells. Each value represents the mean = SD of tripli- . . . .
cate determinations. Similar results were obtained with two additional and dif-  MEK1/2 induced by PGF,,. Minodronate, which alone did not af-

ferent cefl preparations. *p <0.05 compared to the value of TPA alone. fect phosphorylation of MEK1/2, significantly suppressed PGF,,,
induced MEK1/2 phosphorylation (Fig. 2a, *p<0.05, compared
with the value of PGF,, alone). In addition, TPA-induced phos-

Fig.2 Effects of minodronate on phos-
phorylation of MEK1/2 induced by PGF2o.
MEKA/2 or TPA in MC3T3-E1 cells. (A) Cultured cells
E Lane 1 5 3 4 were pretreated with 10 pM minodronate
Lane 1 2 3 4 . or vehicle for 8h, then stimulated by -
Minodronate - - + + Minodronate - ) * 10 uM PGF,, or vehicle for 30 min. (B) The
PGF2 o + TPA - + 3 + cultured cells were pretreated with 10 zM
minodronate or vehicle for 8 h, then stimu-
lated by 0.1 M TPA or vehicle for 60 min.
- Extracts of cells were subjected to SDS-
PAGE with subsequent Western blot analy-
sis using antibodies against phosphospeci-
fic MEK1/2 or MEK1/2. The histogram
shows quantitative representations of
MEK1/2 phosphorylation obtained from fas-
er densitometric analysis. Each value repre-
- e — sents the mean of triplicate determinations.
a Lane b lLane 1 2 3 4 Similar results were obtained with two ad-
ditional and different cell preparations.
*p<0.05, compared to the value of PGF,,
alone or TPA alone.
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Fig.3 Effects of minodronate on phos-
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B-actin & B-actin G e i TPA in MC3T3-E1 cells. (a) The cultured cells
Lane Lane 1 2 3 4 were pretreated with 10 pM minodronate or
Minodronate - - + + Minodronate - - + + vehicle for 8 h, then stimulated by 10nM
. . T™PA - + . + PGF,, or vehicle for 15 min. (b) The cultured

PGF2 o * * cells were pretreated with 10 M minodro-

4
2 nate or vehicle for 8h, then stimulated by

0.1 uM TPA or vehicle for 60 min. Extracts
of cells were subjected to SDS-PAGE with
subsequent Western blot analysis using an-
tibodies against phosphospecific Raf-1 or p-
actin. The histogram shows quantitative re-
presentations of MEK1/2 phosphorylation
obtained from laser densitometric analysis.
Each value represents the mean of triplicate
determinations. Similar results were ob-
tained with two additional and different cell
b Lane 1 2 3 4 preparations. *p<0.05 compared to the
value of PGF,,, alone or TPA alone.
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Table 2 Effect of mevalonate on minodronate inhibition of PGF2a-
induced VEGF synthesis in osteoblast-like MC3T3-E1 cells

Minodronate Mevalonate PGF20 VEGF (pg/ml)

33.0£4.4
1095.0% 78.0
26.0+4.5
1188.0%282.1
16.0£3.4
94.7 +4.2"
17.0%3.5
813445

+ + -

+ + +

Cultured cells were pretreated with 10 pM minodronate, 10 pM mevalonate or
vehicle for 8 h, then stimulated by 10 pM PGF,, or vehicle for 48 h. The cell via-
bility after the treatments was more than 80% of control cells. Each value re-
presents the mean = SD of triplicate determinations. Similar results were ob-
tained with two additional and different cell preparations. *p <0.05, compar-
ed to the value of PGF,, alone.

phorylation of MEK1 /2 was markedly attenuated (Fig.2b,
*p < 0.05, compared with the value of TPA alone).

Effects of minodronate on phosphorylation of Raf-1 induced
by PGF2c or TPA in MC3T3-E1 cells

Previously, we reported that PGF,, or TPA stimulated phospho-
rylation of Raf-1 in osteoblast-like MC3T3-E1 cells [22]. To clarify
whether the effect of minodronate is exerted at a point upstream
of Raf-1 or not, we examined the effect of minodronate on phos-
phorylation of Raf-1 induced by PGF,, or TPA. Minodronate by it-
self did not affect Raf-1 phosphorylation, but significantly re-
duced phosphorylation of Raf-1 induced by PGF,, (Fig.3a) or
TPA (Fig.3b) (*p <0.05, compared with the value of PGF,,, alone
or TPA alone). According to densitometric analysis, minodronate
(10 pM) caused a reduction of approximately 60% in the effect of
PGF,,.

Effects of mevalonate on minodronate inhibition of
PGF20-induced VEGF synthesis in MC3T3-E1 celis

To clarify whether the mevalonate pathway is involved in mino-
dronate inhibition of VEGF synthesis by PGF,,, we investigated
the effect of mevalonate on the inhibition of VEGF synthesis by
PGF,, in MC3T3-E1 cells. Mevalonate, which alone had no effect
on VEGF levels, did not affect either VEGF synthesis induced by
PGF,, or minodronate inhibition of PGF,,-induced VEGF syn-
thesis (Table 2).

Discussion

In contrast to the inhibitory effect of minodronate presented
here, we have recently reported that incadronate, a nitrogen-
containing bisphosphonate, but not alendronate enhances VEGF
synthesis induced by PGF,, in osteoblast-like MC3T3-E1 cells
[22]. In contrast, we have recently reported that non-amino-bis-
phosphonate tiludronate, but not etidronate, inhibits PGF,,-in-
duced VEGF release [23]. Thus, these findings suggest that the ef-
fects of bisphosphonates on PGF,,-induced VEGF synthesis in os-
teoblasts are compound-specific and vary among bisphospho-
nates. Pamnidronate and zoledronate reportedly induce avascular
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Fig.4 Potential mechanisms in minodronate suppression of PGF2a-
induced VEGF synthesis in MC3T3-E1 cells. GTP-binding protein, het-
erotrimeric GTP-binding protein; PI-PLC, phosphoinositide-hydrolyzing
phospholipase C; PGPLD, phosphatidylcholine-hydrolyzing phospholi-
pase D,; PA, phosphatidic acid; DAG, diacylglycerol; PKC, protein ki-
nase C; MAPK, mitogen-activated protein kinase; VEGF, vascular endo-
thelial growth factor.

necrosis of the jaw in a clinical setting [33,34], but no other bis-
phosphonates - including tiludronate and etidronate — are asso-
ciated with avascular necrosis [33]. Taken together, the specific
effects of each agent may be involved in clinical applications,
supporting our present findings showing the agent-specific ef-
fects of bisphosphonates.

We previously reported that PGF,, activated both Pl-phospholi-
pase C and PC-phospholipase D via heterotrimeric GTP-binding
protein in osteoblast-like MC3T3-E1 cells [18,19], and also that
PGF,, activated p44/p42 MAP kinase in a PKC-dependent man-
ner in these cells [35]. PI hydrolysis by phospholipase C and PC
hydrolysis by phospholipase D are recognized as two major
PKC-activating pathways [20,21]. In addition, we reported that
PGF,,-induced VEGF synthesis through PKC-dependent, and
probably PKCBI-dependent activation of p44/p42 MAP kinase in
MC3T3-E1 cells [22]. Thus, we investigated the mechanism of
minodronate underlying the inhibition of PGF,,-induced VEGF
synthesis.

It is generally recognized that p44/p42 MAP kinase is activated
through phosphorylation of threonine and tyrosine residues by
dual-specificity MAP kinase kinase, known as MEK1/2 [32]
MEK1/2 is known to be activated by its own phosphorylation in-
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duced by MAP kinase kinase kinase, Raf-1 [32]. We have demon-
strated that minodronate also suppresses PGF,, or TPA-induced
phosphorylation of MEK1/2 and Raf-1. Taking our results as a
whole, it is most likely that minodronate exerts its suppressive
effect at the point between PKC and Raf-1 in PGF,~stimulated
VEGF synthesis in osteoblast-like MC3T3-E1 cells (Fig. 4).

In the previous study, we reported that incadronate enhanced
[22], while tiludronate suppressed [23] PGF,,-induced VEGF
synthesis in MC3T3-E1 cells. Interestingly, the amplifying and
suppressive effects of incadronate and tiludronate are exerted at
a point between PKC and Raf-1 [22,23], where minodronate also
showed suppressive effect in the present study. These findings
suggest the different molecular mechanisms among the actions
of bisphosphonates on osteoblasts, most likely their structural
differences. There are considerable structural differences among
these agents at the R2 side chain. Minodronate possesses 1-hy-
droxy-2-imidazo-(1, 2-a) pyridin-3-ylethylidene structure, and
incadronate possess cycloheptylaminomethylene and 1-hydro-
xyethylidene structures [4], and tiludronate possesses (4-chloro-
phenyl) thiolmethylene structure with a more simple non-nitro-
gen-containing R2 side chain. In addition, the different effects of
these bisphosphonates on VEGF synthesis may be related to their
relative potency on anti-bone resorptive activities in these
agents. In metabolic bone diseases, bone remodeling rates vary
from case to case. To clarify the unique agent-specific effect(s)
among bisphosphonates, it may be possible to select bispho-
sphonates according to the specific effect on bone-forming cells
in adequate therapy by these drugs. Our present data together
with our previous studies [22,23] would provide a new insight
into the differences in pharmacological effects among bispho-
sphonates possibly due to their structural differences at the R2
side chain. Further investigation would be required to clarify
the exact mechanism of bisphosphonate action on bone cells.

Nitrogen-containing bisphosphonates including minodronate
are known to affect the mevalonate pathway and inhibit farnesyl
diphosphate synthase [4]. We found that mevalonate did not af-
fect the suppressive effect of minodronate on VEGF synthesis by
PGF,, in MC3T3-E1 cells. Therefore, it seems unlikely that meva-
lonate pathway is involved in the suppressive effect of minodro-
nate on VEGF synthesis by PGF,, in osteoblast-like MC3T3-E1
cells. In the present study, the effect of minodronate was signifi-
cant at considerably higher doses than in clinical use. According
to pharmacokinetic studies on bisphosphonates, these agents
mainly accumulate in bone tissue in vivo[4]. Minodronate con-
centrations in the region probably reach much higher levels
than do serum concentrations. Therefore, it is possible that the
effect of minodronate shown here might be implicated in clinical
relevance.

In conclusion, our present data strongly suggest that minodro-
nate suppresses VEGF synthesis stimulated by PGF,, in osteo-
blasts, and the inhibitory effect is exerted at the point between
PKC and Raf-1.
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RIBHOIEINEL, EFICHTIRKEEELEHO L /37 b
FEHEOIEIBRENI EWRINTNE D, Tz, REEOHE
BAEGFPREEMASELI LMo TS, | EBFETRI, &
HEQRWEZIE LT, KEOWET 18% *, BXAOHFED T
13% 7 -7z UT, BHEOHLBETIE, ThTh41% &
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STRETERALLTHY, WAEEE QR L ERO/RZ HrEEEm e
U, ERTFRICOEEBERIZLTHE D ERPA S, LT,
SN S BN BORTREMEELTE D, REI BN TIRE
PrieSITREI P EE Ucflo 1 FHIETRIZ 8 % T, £t 2
BLAD 1D 0% L DB EBESNTING 2, bAETH;E
BERFBABIT ORI RE & 70 » 72l 5 EEFET-R 1T 33%C, REET
HoTBID 4B L D IED 5 Fe ST B 1D,

2) BEETFiE

KEBEEI I, STEIERLDE LABERREDE
THERFLUTHILSEL DN A TMHEESEN I LR LA 6ATH
Bo HARTHH 2D, ZTHEHEPTREREEERRIIEL L, B
Betk 4 WHTIE, 72572 18% D EH UM BT OBEEICE > T
MoleE S HELDHLD, ZOBDBIERGE~12 7 AT 924
DELOREBEEL BT EEZ L, £, HAHEL T HEEEH
{8 (ADL ! activities of daily living) ®F~THa v fm—i kb
FoTHD®, BIEFMNICEERED S OO, BRIICSER O
TEERTARIFL, BROWE T, SEMITHF -
KEEF IR BT B O F I BB T AT L 722 0F88 77 % 2 0,
ZEMCHIL UTAE TE I EEO LI 0 BB, HEEE
FONE  TBEEELSRIFBEDITRD, BREIT TR BB L
THERRAFDO Y 27 08 1/3 UL TEE 3 &5h3 ™,

HDBETORBEEBERHOBETRIIDVTE, LHO DK
FRAT, 1973 4E 5 1984 £ TR EREEAELR Y ¥ — %
BB U7e REBESEEEIT 1,048610 5 B, 867 fil% 4.1 4FBEF Lo &
5, 5A%MEFLTEY, Bl & 4%, Bl DR 155%,
ﬁ%rm%miﬁmmm%&bfmémo:@?—&&@%m%é
N7z 80 MROIEBIEFE T B Y 2 HAUEDOSH, Blox b 54%, &
1DEE 1D 43% VI B S, KER, KEEEMESnEss
HFETEOENBIICLAEMEFELT, KESERMEIIZLS
Blo& D) ORAEIL 18.8%, BrDEE7D 11.2%, BE T35
FRN12%ERD, ThoERFTEEL2%ICEL B ELTH
5 28)(>

122U, bHETE, AfPEESERY A EYF— 5 uBk
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B Bete b ikl S 3 R « NEISE 1 BB T o ps AL
TRESEEL TS LT, 1998 Ficiz, HAADKEEESETE
L2705 5, REH 1 ETSETRETEHNCEEL -0 I
67%6 &0 BRIFRHRESH O ND, & 51z, §ik L7z HEEREALR
FROERBAFRIC ENE, SHE 1 ETSHEIO ADL 1w [EE
L7cDF, 3EMAERTE5%TH - 7248, IR ZE 25 &, 1999
T 619%, 2000 45T 649, 2001 4F 689 &4 £ BN L Tiz, 0T
ADL 3BAL LU Tz D, 1999 4E T 39%, 2000 T 35%, 2001
FNREFELBI LT, Z0kS 1L, KBEEHERBOLE
PR ARICBETROBECREL T BL5Th 3,

KRB EEEEHD QOL

REEFREESB I & SEMTEPBETROB/AIC OV T, #
BUIEBOTHEM, EFETIEZECE-TROBER DI,
BIRRIC b 082 0BHEES 4L QOL OEFTh 5, Lz
MoT, ZNEREBNICRL TEE, EEd 2o L3, E28%
BRODIZL, RO EIAEICT 252 CTAEEETH B LES
5N %, Tosteson 5%, BEICEE L QOL it2W T, 50 &L E
DEMBAEEBIT O Otk S FHDORBEEROBITD 5 5 ik
RO B CRHME & SF-36 (MOS Short Form 36) % T L
2o Z DRER, BERBETE (QALY : quality-adjusted life-year)
BB TH10HDBEY 2 4 ML, THERE 1 DUEETEE
0.82, REBESEEBHI 7D 3 & 0.63 &, BIFOBINELSD 091 & U]
ARICIES, F#, FLE v H7REE HRT : hormone replace-
ment therapy) TR S EETENED LN/ ELTINDB O,

KEEEBEREIT© QOL i22W T, Bt 6 ~ 12 77 B TOREH
FTIE, B 92 4 & s U TS ARSI BT R 92 flik, &
W, HEFHERD SF-3608 FAL vINTHEL, BHBEDONAS
v A EEBOEE I, BEE S L SN ENOEE S & bz QOL
ZETSE, Z{0BRBENRENDOS A 725 4 VIZERET L
CEERBLIY,

HEBTITSE Tid, FREH EQ-5D (BEuroQOL) #* {8 F U T RKEEESELT
BITEEZEY LT, EQ-5D OMAMED, BIrFile 2 BTk
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BTk DI 50%1ETF U, 3 77 B THRBREEE 14 > TRIFFIO 20% /K
TRETHELTNAZ LR LY, AL EQSD I 3:8H%
Tidermark 5 23K B8 B SEEE-S 47 67 i1 HFUTER®ITHVAEET
T, EQ-SDRAME IR, B0 EIZLE078020 45 8T
059, 1THHTOSI FTIEFLTWAD, KEEBESESREEZD
QOLEPRIOVZERIVANETIREE LN E28BEL T
20 COQOLETITIE, BIAEAE, KiEiks Eeisre
BERARBERPEE L T, BIARBREOAEOER, K

1 —e— BT |
0.9 - AR

3 * i . .

m 08 ... SRS g A [ 2

E073 » 15 5
= — | Lo itk 4 7 A
0 0.6 ——._—L_’.__ﬁﬁ%f]jyﬁ

4 (.53
@ 0.4-g !
7 0.3 =1

H0.23 = w*

BTG 78 EBEEETLAL GE
1 EQ-SD CLEARBREEHBINEEICBITS QOLDE
E BT

BIEE, B8, EEEEE BT LA, BB (W ERSHZ
NP BBRIFEAR®, RREAZATRL, BEILSEN,
MORREAE 4 A H, ROBRIFE 1T HEE2ET, FEROBS
TEET 5L, REEBESEHAEED EQ-5D $AEIE, BKEs
EERREOBESBIFL AR, M4 H 8B T2ENE T
BIET 55, Mt 1778 (RO 2k, EEROBIFTATS
EEMELVETLTVE, FERNTEL ABIFEA &L
TEDHIATHH O QOLIET A LR S,

MR ANBE TEEBEROBBE TEEENS b D, T g
1T ATEERNOBEE CTHEEEN S 7260

EQ-5D : EuroQOL, QOL : quality of life ((E7ED'E)
(B 33 L DB HEHE)
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RORET o7 RE (VAS:visual analogue scale) 30 mm ELF &
30 mm LIE, EBHRES 1 RABITL L ESTEBTLT, HILLA
NVOEE, HEOMEENEHEHR CHET 5 &, EQ-5D RAHEE,
MR ANHATEITRCOERTARBARBRGTZA L VEEITEL,
M 1T AHBTS, ERUNDERTEIABEABERIEDL - /-
(B1)%®, BoNEEM » 5 7, BREAFL, EETEERS
ED B ARED SIED T KB IEOEES 2 R TR
b5,
TOTIZBT5REBEEETO QOLMMAZL LT, BED
KEEBSEEEH 110 )% SF-36 12T 1 FBBF L2 TFEDH 2, 2h
Lk B &, KEBBESBITEERD, ERE1VATRESED 15
EHBLTE3.8 LIEETH -7 FAALVEICA S E, 1 HATIE
BEAED FAAS TR THMEL, I BEEE S BB ERE
TREEHEECL > TRIETH - 72 3 7 H E TIREBHBER
PShid, &AL VREE Uc, BABEERNU% 6 VB THREKR
BESRE, BEEIBEISENMED D3 VANPS 6 AE
THETRENRED, ThUBE 1 FFTHCFRELHREL, BDOO
KA VR3HADS 1 EETIEZEDLORVLEETH -2 (E2)%,

B RDIFH

—o— 2RI B R

—&— {5

—— Fh TR

—O- FEF B BB EEE
o~ DD ERE

—— B R

—— BRI B BRI

1 4B 3wA 6nA 14
BT AR
2 SF-36 [C& B KRBTSO QOL &1k
EHEOREEEEEREH 110 F10 SF-36 OF K A 1 v OREMIELER
LT3,
SE-36 : MOS Short Form 36
(CTHk 34 & 0 BIBR%E)
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