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osteoclastic bone resorption plays a central role in the patho-
genesis of osteoporosis, leading to fragility and fracture [24],
with anti-resorptive drugs, represented by bisphosphonates,
currently regarded as the first choice of treatment [4]. Recent
studies using mouse genetics have identified regulators of
osteoclast differentiation and function, among which receptor
activator of NF-xB ligand (RANKL) has attracted considerable
attention [2]). A humanized monoclonal antibody against
RANKL, which has recently been shown to increase BMD by
nhibiting bone resorption, is emerging as a new treatment option
[14]. The discovery of the extracellular signals that control
osteoclastogenesis is much anticipated and expected to provide
an attractive target for the development of new diagnostic and
therapeutic strategies.

In a search for new bone-resorbing cytokines using a Xeno-
pus oocyte expression cloning technique, we have recently
identified y-glutamyltransferase (GGT or y-GTP) as an osteo-
clastogenic factor, and demonstrated that recombinant human
GGT as well as punified GGT from rat kidney stimulates bone
resorption [16]. Further, during the course of our stmudy
examining the mvolvement of GGT in bone and joint diseases
charactenzed by accelerated bone resorption, we unexpectedly
found that GGT acuvity in urine, but not in serum, correlates
with bone resorption. The present study was undertaken to
determine whether GGT 1s a potential marker of bone resorption,
using genetic mouse models as well as human subjects.

Materials and methods

Reagents

Alend dium hydrate was purchased from Teijin Pharma Ld. (Osaks,
Japan). Human PTH [‘1-34} and M-CSF were kindly provided by Asahi Kasei
Pharma (Tokyo, Japan) and Monnaga Milk Industry (Tokyo, Japan),

respectively.

Animal experiments
Osteoprotegenn (OPG-deficient male muce and BALB/cA mice were purchased

from Clea Japan Inc. (Tokyo, Japan), and acchmated under standard laboratory

conditions at 24+2°C and 50-60% hundity. The rmce were allowed free access 10 tap

waler and commervial standard rodent chow (CE-2) contaming 1.20% 1.08%
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Subjects

Blood and spot unne s&ruplﬁ were collecied at 10:00-12:00 am from 10
pati with p porosis (67-83 years of age, average, 76.7),
who visited ﬂx Namml Center for Genatrics and Gerontology Hospital from
April 2003 through August 2004, before and after alendronate treatment for
measurement of blood GGT as well as urinary GGT and NTX. The diagnosis of
osteoporosis was made based on the cntena ded by the Jap
Society for Bone and Mineral Research (18], 1e., at Jeast one noo-traumatic
veriebral fracture and a BMD lower than 80% of the young adult mean (YAM)
or BMD lower than 70% of YAM without fracture.

Unne samples were also collected from 551 volunteer postmenopausal
women (50-89 years of age; average, 66) at their regular bealth checkup for the
measurement of GGT and deoxypyndinoline (DPD). The human studies were
approved by the institutional review board, and wnitten informed consent was
obtained from all individuals

Biochemical analysis

GGT activity and creatinine concentrations in the serum and unne were
determined by umg an awtoanalyzer (model AU5232, Olympus) on the day
following sampl 1on after ge At room lemp since we found
that GGT activity in the urine was stable for up to | week at room temperature or
a1 4°C but was lost after freezing at — 20°C and subsequent thaw. Intra- and inter-
assay variations for GGT were 0.58-1.77% and 0.29-1.78%, respectively. NTX
and free DPD concentrations in'the unne were measured using Osteomark [7]
and O inks-DPD (S Seiyaku B dical Co., Lud., Osaka, Japan)
assay kits [20], respectively, and the values were corrected for creatinine [ntra-
and inter-assay vanations were ls-is%md-n-los%forNTX.md 1.4-
7.4% and 4.2-6.4% for DPD, respectively. Leucine wdase, alkaline
phospk acid phosp undetyl-&D—glumsmmedm(NAG)m!hﬂ
unne were deunnuud by using autoanalyzers (model AUS200 and AUG00,
Olympus).

Unnary GGT, creatinine and free DPD concentrations for the 551 volunteer
women were measured by using “y-GTP C-TestWako™ (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) and “Determina-L. CRE" (Kyowa Medex Co.,
Lid., Tokyo, Japan) assay kits, respectively.

For fractionation of GGT activity, unne was collected from 6 healthy
volunteers (3 females and 3 males; aged 29-35 years). Afier centnfugation at
17,000xg for 15 mun, the supernatant was further centrifuged at 200,000=g for
3 h GGT acuivity in the pellet and supernatant fractions after each centnfugshion
was measured using y-GTP C-TestWako (Wako Pure Chemical Indusmes, Lid |
Osaka, Japan)

Bone analysis

For bone lulysas. nght tibiae were dissected and stored in 70% ethanol for

phosphate and 240 [U/100 g vitamn Dy (Clea Japan Inc, Japan) At the age of 9
weeks, OPG homozygous and b yeous knockout mice (as 1) were teated
sc. with vehicle (saline) or | mg/kg BW alendronate 5 trmes a week for 2 weeks, and
urine was collected dunng the final 24 h Blood samples were centrifuged 10 obtan
the serum.

Eight-week-old female BALB/cA mice were infused with PTH at a rate of
43 pmolh for 4 days In bnef, human PTH (1-34) was resolved in 2%
L-cysteine solution, and loaded into Alzet osmotic minipumps After
equilibrated m salne at 37°C ovemnight, the pumps were mplanted in 2
subcutaneous space on the back Urine was collected during the final 24 h for
biochermical analysis.

op/+ heterozygous mice were obtained from Jack Lab y (Bar
Harbor, ME), and fed CE-2 powder chow (Clea Japan Inc., Japan). At the age of
5 weeks, op/op homozygous mice were treated i.p. with 5 ug M-CSF twice daily
for 3 days, and unne and serum samples were collected before and after M-CSF

weatment. Tibiae were removed for micro-CT g and tar
acid phosphatase (TRAP) staining
The animal experiments were carried out in with the institutional

ethical guidelines for amimal care, and the expenmental protocols were approved
by the animal care committee of NCGG.
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pln.fm'mlldehyde and ‘I‘RAP
(17},

Micro-computed tomography scanning was performed on proximal tibias by
using a8 uCT-40 (SCANCO Medical AZ, Bassersdorf, Switzerland) with a
resolution of 12 um, as described previously [8]

y scanning Left tibiae were fixed in 4%
2 was perfi d by a dard techni

Statistical analysis

Data are expressed as the mean+SD. Changes in GGT and DPD or NTX
excretion before and after alendronate treatment were analyzed by unpaired or
paired Student's 1 test. The relation between GGT and DPD was assessed by
Spearman rank order correlation analysis P<0.05 was considered stanstically
significant.

Results

In order to determine if GGT is mvolved in bone diseases
associated with accelerated bone resorption, we first assessed
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Fig. |. Reduction in urinary GGT excretion after

treated s.c. with vehicle (saline) or 1 mg/kg BW alendronate (ALN) 5 times & week for 2 weeks, and urinary excretion of GGT (left) and DPD (right) was then
determined. OPG heterozygous knockout mice served as the control. n=3 for vehicle groups and »=7 for treatment groups.

blood and urinary levels of GGT in a genetic model of
osteoporosis, i.e., osteoprotegerin (OPG)-deficient mice [2].
OPG is a decoy receptor of RANKL, an essential cytokine for
the formation of osteoclasts, and mice lacking OPG exhibit
osteoporosis due to unopposed RANKL signaling and acceler-
ated bone resorption [2]. Serum GGT activity in these mice was
very low (less than 4 TU/), compared with that in humans
(normal range bemg 10-63 IU/), and did not differ between
OPG homozygous and heterozygous knockout mice or after
treatment with alendronate, a selective inhibitor of bone
resorption (data not shown). In contrast, as shown in Fig. 1,

op/op + M-CSF

uCT

TRAP

urinary excretion of GGT as well as of DPD was significantly
increased in OPG homozygous knockout mice, compared with
the levels of the control heterozygous mice. Treatment of OPG-
deficient mice with alendronate resulted in a significant
reduction in both urinary GGT and DPD excretion to the
control levels found in the heterozygous mice. These findings
suggest that urinary excretion of GGT, not serum levels, reflects
the activity of bone resorption in the body.

Urinary excretion of leucine aminopeptidase (0.048+0.023
in WT vs. 0.065+0.021 U/mg Cr in OPG KO) and alkaline
phosphatase (0.032+0.054 in WT vs. 0.021+0.015 [U/mg Crin
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Fig. 2. Increase in urinary GGT excretion after osteoclast induction in op/op mice. Six-week-old osteopetrotic op/op female mice (n=2 cach) were treated 1.p. with 5 pug
M-CSF twice daily for 3 days, and uninary excretion of DFD and GGT was then determined before and after injections. Age- and sex-matched wild-type mice served as
the control as shown as the shaded area (mean+SD, n=10). Arrows indicate M-CSF injections. Representative micro-CT images and photomicrographs of TRAP

staining of the proximal tibis are shown
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Fig 3. Increase in unnary GGT after PTH infi Eight-week-old female BALB/cA mice (n=3 each) were subjected 1o mnfi of PTH

{1-34) at a rate of 4.3 pmol'h for 4 days through Alzet osmotic mintpumps, and urinary excretion of DPD and GGT was determined during the final 24 h. Age- and sex-

matched mice with fi of vehicle (2% L-cy
in the tibial metaphyses and lumbar veniebrae of PTH-infused mice.

OPG KO), enzymes located at the brush border membrane of
renal tubules, did not differ significantly between wild-type and
OPG knockout mice. Of lysosomal enzymes, urinary excretion
of acid phosphatase did not differ (0.0030+0.0011 in WT vs.
0.0026=0.0015 IU/mg Cr in OPG KO), while that of N-acetyl-
p-p-glucosaminidase (NAG) was significantly increased in
OPG KO mice (0.066+0.028 vs. 0.193:0.074 TU/mg Cr,
p=<0.01). Thus, certain enzymes of proximal renal tubular
cells including GGT may be excreted during elevated bone
resorption.

We also employed a gain-of-function approach with another
genetic model, osteopetrotic op/op mice, to examine whether
urinary GGT excretion increases following the induction of
osteoclasts with M-CSF injection. Fig. 2 shows representative
micro-CT images (upper panel) and bone sections stained with
TRAP activity (lower panel) at the proximal ubia. op/op mice at
6 weeks old exhibited typical osteopetrosis with very few
osteoclasts, although osteoclasts appeared spontaneously with
aging [17). Administration of M-CSF twice daily for 3 days
caused marked increases in bone marrow cavity and TRAP-
positive osteoclasts (Fig. 2). Urinary DPD and GGT excretion
both increased after M-CSF treatment (Fig. 2, nght panel).

Continuous excess of PTH and PTH-related protein is
associated with elevated bone resorption, as seen in patients
with primary hyperparathyroidism and hypercalcemia of
malignancy, respectively. As a model mimicking these condi-

) served as the control. Osteoclast surface and eroded surface per bone surface were markedly increased

tions, we infused PTH (1-34) to mice constantly through osmo-
tic minipumps. Histological examination on sections of tibial
metaphyses and lumbar vertebrae revealed that osteoclast
number and eroded surface per bone surface markedly increased
following PTH infusion (data not shown). As shown in Fig. 3,
constant infusion of PTH also increased urinary excretion of
GGT significantly along with DPD. Collectively, our loss- and
gain-of-function experiments using genetic and pharmacologi-
cal models with excessive and deficient osteoclastic bone re-
sorption, respectively, indicate that urinary GGT changes in
parallel with DPD and reflects bone resorption activity in the
body.

Based on these data, we analyzed urinary excretion of GGT
in osteoporotic patients with elevated bone resorption. Urine
samples were collected from 10 patients with postmenopausal
osteoporosis (67—83 years of age; average, 76.7), before and
after alendronate treatment. As shown in Fig. 4, urinary excre-
tion of GGT decreased significantly along with NTX and DPD
following treatment with alendronate. Serum GGT concentra-
tions in these patients were within normal limits (10—-63 [U/1)
and did not change following treatment (data not shown).

In order to gain some insight into the form in which GGT
exists in human urine, urine collected from healthy volunteers
was fractionated by centrifugation, and the GGT activity in each
fraction was determined. As shown in Table 1, when urine was
centrifuged at 17,000xg (17 K) to remove cells and cell debris,
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Table 1
Fractionation of unnary GGT activity
Male Female
Unnary GGT I i 3 Mean | 2 3 Mean
(TUfL) 327 370 636 444 453 0B 146 302
17K
S 293 346 557 399 434 299 139 291
P 35 46 65 49 43 33 18 A
200 K
S 65 63 935 74 50 63 35 a9
P 237 269 470 325 365 289 133 262
% of P 725 727 739 732 806 938 911 868

Urnine was collected from healthy volunteers (3 males and 3 females), and GGT
activity in the whole unine was determined (top). Afier cenmifugation at
17,000xg (17 K) and 200,000=g (200 K), GGT activity was determined in both
supematant (S) and pellet (P) frachions,

more than 90% of the total GGT activity in the unne was
recovered in the supernatant fraction. When the 17 K supematant
was further subjected to centrifugation at 200,000%g (200 K),
73.2 to 86.8% of the total GGT activity was found in the pellet
fraction, suggesting that GGT in human urine does not exist as a
soluble form but rather is mostly associated with certain
microstructures that sediment at 200 K.

Finally, to determine if urinary GGT can be used for screening
individuals with elevated bone resorption in the general
population, we assessed the unnary excretion of GGT and
DPD in 551 volunteer postmenopausal women (5089 years of
age, average, 66) at their regular health checkup. As shown in
Fig. SA, there was a high correlation between urinary excretion
of GGT and DPD in this population (p<0.0001). Of these 551
individuals, 113 had increased bone resorption, as judged from
DPD values higher than 7.6 nM/mM Cr (17.0=15.0), the cut-off
value for diagnosing elevated bone resorption recommended by
the Japanese Society for Bone and Mineral Research. These
individuals exhibited significantly elevated urinary excretion of
GGT (85.7+95.0 TU/g Cr), compared with those that had normal
DPD values (GGT: 22.0+12.0 [U/g Cr, DPD: 3.8+ 1.9 nM/mM
Cr; Fig. 5B). When a cut-off value of 40 [U/g Cr was assigned for
urinary GGT, the calculated sensitivity and specificity for
disciminating those with elevated bone resorption, as deter-
mined by a DPD value higher than 7.6 nM/mM Cr, were 61%

and 92%, respectively, and 75% and 79% for a GGT cut-off
value of 30 [U/g Cr.

Discussion

GGT is an ectopeptidase that catalyzes the transfer of a y-
glutamyl moiety to an acceptor and plays a critical role in
glutathione degradation and cysteine metabolism [11,23]. Mice
deficient in GGT exhibit growth retardation, cataracts and severe
osteoporosis, and die early at 10-18 weeks of age [12].
Osteopenia of GGT-deficient mice is due mainly to impaired
bone formation, which is reversible by supplementation with N-
acetylcysteine, suggesting that GGT plays an important
physiological role in regulating bone formation through cysteine
metabolism [10]. We have identified GGT as a bone-resorbing
factor in the expression cloning of an osteoclastogenic activity
contained in murine T lymphoma, which caused marked
osteolysis in mice, and demonstrated that recombinant GGT at
100 [UA, a level often seen in patients with excess alcohol intake
or fatty liver, is indeed capable of stimulating osteoclastogenesis
in bone marrow cultures [16]. Furthermore, the generation of
transgenic mice overproducing GGT has revealed that excess
GGT causes osteopenia due to accelerated bone resorption
(Hiramatsu et al. manuscript submitted). Taken together, it 1s
suggested that GGT levels should be maintained within a set
physiological range and both deficiency and excess can lead to
osteoporosis, but by distinct mechanisms, i.e., through sup-
pressed bone formation and elevated bone resorption, respec-
tively. Interestingly, a mutated GGT molecule devoid of enzyme
activity is fully active in promoting osteoclast formation
(Hiramatsu et al. manuscript submitted), suggesting that the
osteoclastogenic function of GGT is dissociated from its enzyme
activity, does not involve glutathione or cysteine metabolism,
and may represent a novel mode of action as a cytokine.

In the present study, we demonstrate that the unmary
excretion of GGT changes in parallel with established
biochemical markers of bone resorption, NTX and DPD, and
therefore reflects bone resorption activity both in animal models
and human subjects. Whereas serum GGT activity denves
mainly from the liver, GGT is most abundantly expressed in the
proximal tubule of the kidney, where this ectoenzyme is located
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on the apical membrane [23]. Although the exact mechamsm
underlying GGT excretuon in high bone tumover states remains
to be determined, increased GGT activity in the unine of humans
as well as expenmental animals with accelerated bone resorp-
tion, without appreciable increase in serum concentrations,
prompts us to hypothesize that the GGT anchored to the plasma
membrane of renal wbular cells and exposed to the tbular
lumen is prone to being shed into the urine in response to some
signaling cue from bone tumnover. Communication between bone
and kidney 1s known for collagen cross-links; the conversion of
peptide bound to free DPD in the kidney has been reported to
become more efficient as bone turnover decreases [15].

By fractionation we found that most of the GGT actuvity in
human urine was recovered in the pellet fraction after
centrifugation at 200,000xg, suggesting that GGT is not
excreted in a soluble form but rather in association with certain
microstructures. A recent proteomic analysis of exosomes
[membrane vesicles that onginate as internal vesicles of
multivesicular bodies (MVBs)] in the urine identified protein
components of MVBs, among which GGT was mcluded [19].
Taken together with our observations, it is tempting to speculate
that increased GGT activity in a high bone tumover state is
associated with exosomes and the shedding of exosomal GGT
from the proximal renal tubules is stimulated in response to
some cue from elevated bone resorption [25). This may provide
an explanation for the unexpected observation that unlike serum
GGT acuvity, which is stable after freezing at —20°C and
thawing, most of the urinary GGT activity is lost after freezing

—20°C. Alternatively, the possibility that GGT is produced in
bone sites undergoing elevated resorption and is excreted in the
urine after filtration through the glomerulus cannot be
completely ruled out, although it seems unlikely that GGT,
with a relatively high molecular weight, is filtered through the
glomerulus under physiological conditions. Further studies are
required to identify the molecular form(s) of GGT in the urne,
and to clanfy the specific mechanism(s) by which its excretion
1s enhanced 1n diseases with elevated osteoclastic activity.

Osteoporosis is pandemic in industnialized countries, and
early diagnosis with timely measures is crucial for mitigating
further bone loss and preventing bone fracture [1,13]. The
widely used measurement of BMD alone is not sufficient for
assessing fracture risk and can miss most of the postmenopausal
women who expenence fracture [22]. In addition to BMD,
several other factors are known to impact the quality of bone,
including bone geometry and microstructure, microdamage, and
bone tumover, but only biochemical markers of bone tumover
are available for use i clinical practice [5]. Measurement of
these biochemical markers, however, is time consuming and
costly, and a simple and inexpensive method for mass screening
is urgently required, Since GGT activity can be measured
mexpensively in-house for large numbers of patients in a very
short time with little variability, the measurement of the GGT
unnary level may provide a highly convenient and useful
method for screening individuals who have increased bone
turnover and therefore an increased risk for bone fracture. It is to
be noted that since urinary GGT activity can be increased in
renal dysfunction due to drug intoxication, diabetes and

' Bone 39 (2006) 1276-1282 1281

hypertensive nephropathy [3,26,27], the results should be

interpreted with caution.
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¥ Hypertrophic spinal pachymeningitis (HSP) is a comparatively rare disease characterized by hypertrophic inflam-
mation of the dura mater and clinical that from local pain to myelopathy. The authors report two
cases of recurrent HSP and review the English- and Japanese-language literature focusing on the recurrence of HSP.
In the first case, a man who presented at 67 years of age with lower-extremily numbness, gait disturbance, and blad-
der dysfunction experienced two recurrences of HSP during the 11 years of follow up after his initial laminectomy.
Both recurrences were successfully treated with laminoplasty and y. Three years after his last surgical proce-
dure, he was still able to walk with the aid of a walker. In the second case, a man who presented at 62 years of age
with lower-extremity numbness and gail disturbance was initially treated successfully with steroid pulse therapy. Ap-
i y 8 months after his initial presentation, his symptoms recurred. He underwent lami and duraplas-

ty. At the 2.5-year follow-up examination, he had only mild neurological deficits and was still able to walk unaided.
TouplmMumﬂmmwmmmw-mlm&nmummfm
cases of HSP. Of the 96 cases identified, 11 were recurrent. Data on the presence or of inflammatory signs
were available for 84 patients. A chi-square analysis revealed a significantly increased rate of recurrence for patients
who had at least one positive inflammatory sign before surgery (six [20%] recurrent cases of 30) compared with those
who had no positive inflammatory signs before surgery (two [3.7%] recurrent cases of 54) (p < 0.05). The authors
conclude that HSP recurrence occurs because of active inflammation of the dura before surgery and the influence of

chronic inflammation, including residual arachnoiditis.
KEY Worps +« dura mater +« disease recurrence + hypertrophy + arachnoiditis +

hypertrophic spinal pachymeningitis

yPERTROPHIC Spinal pachymeningitis is a com-

paratively rare disease characterized by hypertro-

phic inflammation of the dura mater and a clinical
course that progresses from local pai tomyelclbfmh Lo
The cause and natral history of HSP are not we r-
stood. Since it was first reported by Charcot and Joffroy*
in 1869, few articles related to this disease have been
lished in the medical literature. Furthermore, the authors
of most of these articles limited their focus to a short peri-
od after initial treatment and did not include information
on recurrence. In the L article we report two cases of
recurrent HSP. In addition, we review the English- and
J; -language literawre focusing on the recurrence of
HEP,

Abbreviations used in this paper: HSP = hypertrophic spinal
pachymeningitis; MR = magnetic resonance.
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spinal lesion

Case Reports

Case |

First Examination, Operation, and Outcome. This man
with chronic back pain was admitted to our hospital in
October 1993 at age 67 years, complaining of lower-ex-
tremity numbness, gait disturbance, and bladder dysfunc-
tion. The muscle power in his right and left lower extrem-
ities were Grades 3/5 and 2/5, ively. A sensory
disturbance of pain and touch was found below T-8. The
patient had no fever, and his erythrocyte sedimentation
rate was 53 mm/hour. The results of serological tests, in-
cluding white blood cell count and C-reactive protein
level measurement, were within normal ranges. Cerebro-
spinal fluid values were alsoh\;mﬁt;e normal range.
Magnetic resonance imaging s! t the spinal cord
had been ssed between T-6 and T-7 insplhc dorsal
and ventral portions (Fig. 1). Although epidural abscess or
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tumor was suspected, we were unable to establish a defi-
nite diagnosis before surgery. A laminectomy was per-
formed at the T6-8 level in December 1993. The dum
maler was found to be thickened (~ 3 mm), with marked
adhesion of epidural fat. Afier the dura mater consiricting
the spinal cord was removed, duraplasty was performed.
Microscopic examination of sections of the excised dura
revealed the presence of plasma cells and infiltrated lym-
phocytes (Fig. 2). We considered the findings to be com-
patible with a diagnosis of HSP. Two months postopera-
tively, the patient could walk unaided.

Second Examination. Operation. and Outcome, In August
1997, the patient’s back pain and bladder dysfunction re-
curred, and on December 30, numbness of the lower ex-
tremities and gait disturbance developed. Two weeks later,
MR imaging revealed thickened dura mater ing
the spinal cord at the T3-4 level. On January 29, 1998,
laminoplasty and duraplasty were performed. Hxswloglml
examination of dural sections revealed the same patholog

ical findings as had been previously observed. thmtwo
months of surgery, the patient was able o walk with a
cane.

Third Examination, Operation, and Ouicome. In
February 2000, the patient presented with numbness of the
upper extremities, and complained of weakness and
numbness of fingers in both hands as well as gait distur-
bance. Three weeks later, MR imaging re thickened
dura mater at C-6 to T-1. On May 9, laminoplasty and
duraplasty were performed, and the same histo ologi-
cal findings were noted. Postoperalive cervical imag-
ing showed cord decompression. Three years later, the pa-
tient was still able to walk with lheaidofa walker.

Case 2

First Examination and Trearmeni. This man presented
with lower-extremity numbness and gait disturbance in
September 2000 at age 62 years. The muscle power in his

Z. Tto, et al.

lower extremities was almost normal, but he had reduced
sensation of pain and touch below the T-6 level. Like the

ient in Case 1, this patient had no fever, and results of
m:lqemloglca] and cerebrospinal fluid tests were within
the normal rangeandpmal MR imaging revealed hypertro-
phic dura mater cord compression at the T1-5 level
(Fig. 3). Steroid pulse therapy (9300 mg) was adminis-
tered. Three weeks later the patient’s condition had im-

proved, and another set of MR images showed that the
thickened dura had become thinner. By November, the pa-
tient was able to walk with a cane.

Second Examination, First Operation, and Outcome. The
following May, the patient was admitied to the hospital,
again complaining of gait disturbance. Examination re-
vealed that sensation was diminished at the T-6 level. We
considered that he might be suffering from recurrence of
HSP in the area in which it had been observed in the pre-
treatment MR unaies.audmlum 12 performed a C6-T5
laminoplasty and duraplasty. We found the dura mater to
be approximately 7 mm thick. Histological examination
of sections of the thickened dura revealed nonspecific
chronic inflammation. At follow up 2.5 years after sur-
gery, the patient had only mild neurological deficit and

Discussion

Hypertrophic spinal pachymeningitis is a co tive-
ly rare disease. According to Charcot and Joffroy,” its clin-
ical progression may be viewed in three stages: in the first

Wmlscxpcrimbmland i pain; in the
stage, signs of nerve root compression are present;
audmthethnﬂsmgc.paumtssm}'erﬁnmmgnsandsymp-

toms of spinal cord compression. Elsberg’ has indicated
that HSP should be suspected when a patient with spinal
cord compression has radicular pain in three or more
nerve root regions. There have been many case reports in
which the have documented short-term results. ™

Fio. 1. Case 1. Preoperative and px

first operation, revealing dorsal and ventral T6—7 cord compression.  B: Sagittal Gd-enhanced
the second operation, revealing HSP at the T3-5 bl\;ISag{im}

ation, revealing thickened dura at C-6 to T-1.
revealing decompression of the entire lesion area.
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perative MR images. A: Sagittal T.-weighted sequence obtained before the

obtained before
ittal T~weighted sequence obtained before the third oper-
rweighted sequence obtained afier the third operation,
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Fic. 2. Phoﬁmno;mphofsmdﬂxmwdduuw
showing plasma cells and imfilirating lymphocytes. Whether the
arachnoid mater was infiltrated is unclear. H & E, original magni-
fication X 400.

111.2-3 Mikawa and coauthors” identified Szcasesml.hﬂr
review of the English- and sliSnmme-lmgm\ge literature,
however, none of the pub
cmmofHSPontspossiblemandfewwlhomm-
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-

sidual mass afler surgery to treat a ventral lesion of the
dura mater. Jubasz"? that the inflammatory process
did not have definite imits in the caudal and cranial direc-
tions and that the inflammation frequently extended to the
intemal surface of the dura. Based on these observations,
it has been that residual inflammation from the
imemovable ventral part of the dural lesion leads to recur-
rence. To test this hypothesis, we searched the PubMed
andCodmLﬁxwydatahm&fummdmscsm'
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), -1>6.15-%

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 analyses. For the
first subgroup amalysis, we divided the cases into two
groups based on the presence or absence of inflammatory
slgm. l)am%whdx

pmenls in whom in signs, uding
fever, increased erythrocyte sedimentation rate, leukocy-
tosis, and increased C-reactive level, were absent
before surgery; and 2) an 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).

Fio. 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:

Gd-enhanced nhuwmglhemeHSPhwmaﬂamlhﬂ'a

Sagitial
- C Sadml&mhnmeduqmeobmdamrmwy showing that virtually all of the thickened dura had been
removed. D Axial Gd-enhanced sequence obmnined afier surgery, demonstrating no dural thickening.
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TABLE 1
Characteristics of 11 patients with recurrent HSP*
Age (yTs), Involved Ventral
Authors & Year Sex. Level Lesion Opt Duration Outconse FU (yrs)
Juhasz, 1950 16, F -8 -_— laminectomy
Ist recurrence T7-8 —_ laminectomy 6 mos recovered 24
Guidetni & La Tomre, 1967 I5. M T6-9 -— durotomy
Ist recurrence C4-T2 —_ durotomy 3 yrs recovered 14
Guidetti & La Torre, 1967 65.F Td-6 —_ durotomy
Ist recurrence T4-6 —_ NST 4 yrs — 4
Adler, et al., 1991 41.M Té-11 — laminectomy
18t recurmence C2-7 yes laminectomy 4 yrs
2nd recurrence T1-7 — laminectomy 2.5 mos recovered 7
Mikawa, e1 al., 1994 58.F Ti-11 yes laminectomy
Ist recurrence cT7 yes durotomy 2 whks
2nd recurrence C6 yes durotonry 3 mos recovered 0.5
Kanamori, et al.. 1997 23 M T5-1.2 yes
Ist recurrence T2-? — NST 4 mos recovered 4.2
Mihara, et al.. 1997 54.F Ti0-12 yes dura incision
Ist recurrence T2 yes dura incision 1wk
2nd recurrence T9 yes durotomy 1 mos unchanged 0.6
Nagashima, 2001 SAF C1-T1 yes laminectomy
Ist recurrence C1-T7 yes dura incision 2 mos
2nd recurrence Ti-§ yes NST 1 yr., 10 mos died 26
Khadilkar, et al.. 2003 42, F Cl4 yes durotoury
Lst recurrence €24 yes NST 1 yr. 3 mos recovered 5
present study
Casel 6. M Te—% yes durotomy
Lst recurrence TS yes durotomy 3 yrs. 6 mos
2nd recurrence C4-T2 yes durotomy 2y recovered 10
Case 2 62, M Ti1-5 yes ST
18t recurrence Co6-TS yes durotomy 5 mos recovered 3
'Rr-fdmwﬂsr-mmmwsr-mdw — = not known.
+ Surgery was perfi d using tomy only, dura incision only, and durctomy 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 alone or
only incision, not removal, of the dura mater. 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

cant.
For our final su analysis, we divided the cases
into those in which ventral and dorsal inflammation
or h of the dura mater was documented on
myelogmpbi'mlMRunumgexmm.
and those in which only lm‘tm—
phy was documented. The former incl
maghtofwhldawmmml. 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 lesion 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 w the highly vascularized 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). Jubhasz"
suggested that HSP associated with arachnoiditis is sepa-
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rate from the arachnoid mater, becanse the lateral aspect
of the dura was found to be relatively intact. Considering

that inflammation is often found in the arachnoid as well
asdledum.mdmluadmoﬁusabmeubclowlhem
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 oulcome data for %6 cases of HSP
with and without recurrence*®

Variable Recurrence No recurmence

no. of cases 1 85
mean age (yrsit 46,1 = |88 48.7 = 159
sex (no. of patients)

Male 5 48

Female 6 kv
mean no. of levels involved (range)  3.9(2-10) 42(1-24)
mean dura thickness (mm) (range) 4.3 (2-8) 6.6 (1-200
outcome (no, of patients)

recovered 9 55

unchanged 1 11

died 1 16

unknown 0 2
FU period 48 >4, 14+ 26

* The difference between groups was significant only for the duration of
the average follow-up period (p < 0,0005).
1 Values are given as means deviation.
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e e
30 "
2 ———

| 20%

* paps
§ The difierence 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 i 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, 6111415171822 byt
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 m of en-
hancement. As a result of our analyses of the available
data, we conclude that surgical decompression by lamin-
ectomy 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. Takal'
Vascular Endothelial Growth Factor Synthesis in > ::::j’“’
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;, (PGF3,)
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. 12-0-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.

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 cqpled 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 xB 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 xB 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-e-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 results 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]. Osteablasts 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

Hanal Y et al. Inhibi

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 p-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 nor 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 (a-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 10%) or 90 mm (2 = 105)
diameter dishes in a-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 kit

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 a-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 dodecyl sulfate
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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 pM min-

2 3 4 odronate or vehicle for 8 h, then stimulated
- + * by 10 uM PGF2a or vehicle for 30 min. b The
+ - + cultured cells were pretreated with 10 M

Lane 1 2 3 4 Lane
Minodronate - + + Minodronate
PGF2a - * - + TPA

6

(SDS), 50mM dithiothreitol, and 10% glycerol. SD5-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 f-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 multiple 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/ml for
control; 33.1+25pg/ml for 10uM minodronate alone,
1142.7 £ 186.5 pg/ml for 10uM PGF,, alone; and 67.0£5.5% pgf
mi for 10uM PGF,, with 10uM minodronate pretreatment, as

minodronate or vehicle for 8 h, and then
stimulated by 0.1uM TPA or vehicle for
60 min. Extracts of cells were subjected to
SDS-PAGE with subsequent Westem blot
* analysis using antibodies against phospho-
specific p44/p42 MAP kinase or p44/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 pM. We confirmed that the cell number changed little
by treatment [(8.1£02)x10° cells before incubation;
(7.9 £0.4) * 10° cells after 48 h incubation with 100 uM minodro-
nate; (8.0+0.3) x 10° 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 (10puM) 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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Table 1 Effect of mevalonate minodronate on the TPA-induced
VEGF synthesis in MC3T3-E1 cells

Minodronate TPA VEGF (pg/mi)

- 1613
- + 280%25
4 - 1322
59+10°

+ -

Cultured cells were pretreated with 30 uM minodronate or vehicle for 8 h, then
stimulated by 0.1 uM TPA or vehicle for 48 h. Cell viability after treatment was
mare than 90% of control cells. Each value represents the mean = 5D of tripli-
cate determinations. Similar results were obtained with two additional and dif-
ferent cell preparations. *p <0.05 compared to the value of TPA alone

Phospho-MEK1/2 [ I L i Phospho-mexi2
T T 1

Lane 1 2 3 4

thesis of VEGF (Table 1). Minodronate (30uM) caused a reduc-
tion of approximately 80% in TPA effect (*p <0.05, compared
with the value of TPA alone).

Effects of minodronate on phosphorylation of

MEK1/2 induced by PGF2c: or TPA in MC3T3-E1 cells
Activation of p44/p42 MAP kinase is known to be regulated by
MEK1/2 as a MAP kinase kinase, which is regulated by an up-
stream kinase known as Raf-1 [32]. We have previously found
that PGF,, or TPA stimulates phosphorylation of both MEK1/2
and Raf-1 in osteoblast-like MC3T3-E1 cells [22]. Thus, we next
examined the effect of minodronate on phosphorylation of
MEK1/2 induced by PGF,,. Minodronate, which alone did not af-
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 PGF2a
or TPA in MC3T3-E1 cells. (A) Cultured cells
were pretreated with 10puM minodronate

Lane 1 f f : or vehicle for 8h, then stimulated by

Minodronate - - + + Minodronale 10 uM PGF;, or vehicle for 30 min. (8) The
PGF2a - + - + TPA * - * cultured cells were pretreated with 10 pM
minodronate or vehicle for 8 h, then stimu-

10 6 lated by 0.1M TPA or vehicle for 60 min.

Extracts of cells were subjected to SDS-

8 4 PAGE with subsequent Western biot analy-

s g sis using antibodies against phosphospeci-

§ % fic MEK1/2 or MEK1/2. The histogram

4 * S 2 shows quantitative representations of

2 MEK1/2 phosphorylation obtained from las-

er densitometric analysis. Each value repre-

0 0 sents the mean of triplicate determinations.

a Lane 1 2 3 4 b Lane 2 3 4 Similar results were obtained with two ad-

Phospho-Rai-1 SRS Wl  Phospho-Raf-1 I

R s ]

ditional and different cell preparations.
*p<0.05, compared to the value of PGF,,
alone or TPA alone.

Fig.3 Effects of minodronate on phos-
phorylation of Raf-1 induced by PGF2a or
TPA In MC3T3-E1 cells. (a) The cultured cells

2 3 4 were pretreated with 10 pM minodronate or
- - B vehicle for 8 h, then stimulated by 10uM
+ 2 PGF,, or vehicle for 15 min. (b) The cultured

cells were pretreated with 10 uM minodro-

[ ——
Lane 1 2 3 4 Lane
Minodronate - -+ % Minodronate
PGF2a - + - + TPA
2 4
3

Fold increase
-
*

Fold increase
n

nate or vehicle for 8 h, then stimulated by
0.1 gM TPA or vehicle for 60 min. Extracts
of cells were subjected to SDS-PAGE with
% subsequent Westemn blot analysis using an-
tibodies against phosphospecific Raf-1 or fi-
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
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

VEGF (pg/mi)

Minodronate ~ Mevalonate  PGF2a

- 330444
1095.0£78.0
+ 26.0+45
1188.0+£282.1
- - 160434
94.7+42°
- 17.0235
B1.3145°

- 'S

+ % % + 0
-

* +

Cultured cells were pretreated with 10 uM minodronate, 10 uM mevalonate or
vehicle for 8 h, then stimulated by 10 uM PGF,,, or vehicle for 48 h. The cell via-
bility after the treatments was more than 90% of control cells. Each value re-
presents the mean + SD of triplicate determinations. Similar results were ob-
tained with two additional and different cell praparations. *p<0.05, c

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 uM) caused a reduction of approximately 60% in the effect of
PGFaq

Effects of mevalonate on minodronate inhibition of
PGF2o-induced VEGF synthesis in MC3T3-E1 cells

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
PGFy, 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 PGFy,-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 bisphospheo-
nates. Pamidronate and zoledronate reportedly induce avascular

PGF2a

v
Receptor
Pl v PC
| PIPLC *—GT:rgE:ing—*PC—PLDl

DAG PA

\- PKC +————— D:.G

v | minodronate
Raf-1
v
MEK1/2
v
p44/p42 MAPK

v
VEGF synthesis

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; PG-PLD, 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 bath PI-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 qemon—
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 ar the point berween 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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IV  SHEEE - T OEOHES QOL

1. KREEREH
)}—/

KEBEHSERIEEELHEL SATRRKOBHRIESHET
Hh, Tz X344, BEE 4£FEOHE (QOL : quality of life) 18
RICIKELGONHY, TOEMENBIIZERTBANLET
bbd, ThoOEREENFMIcE, RCKITEL, EFHMO
QOL MNEE T, E#EOIE L OFFMIZ & QOL THIEX hicEFE
BV OBAINETH I, ZOBE LN E~L, 2 - TCEKEE
B EROFHE QOL o> TRk 3,

3 KRREHIEFDOSHIE

1) BHMEHHE
ABEPEBREDRERI, KEICH T 2 KIREEBFITEE 510
ZOWEICINIT 43% T, EEIECERE S > XAR11%), R
By (10%), Mgk REE (10%), #x (9%) TH-7Y, b
BETHIREAFRUESBEINTE D, KEEHEEEH 525 #
ICBWTHREDOASHIEIRX 4%ITE LT, #Mxh9.3%, MERIBER
4.4%, MM 32%TH -1V, BEBEARESIZ L 3 KRB
W/ EFRERCETA K54 Vickhid, BEOZ 0BEDL S,
HLOREOMEESHER, MESELEL, KOTLALELTH
Y, #ilTi, S0 83 FoRET, BHL, WEESHERLERE
B21.4% E LD 138% L W B, WEAMHEOBREAFEE-T
Wz Y, BHHEIC X 2 ABRFPIECERI, HFREREARFESOBHEKIE
ZESIL2 199F &0 2001 ERESOESBANCESZ &, 35
MTEDHSN 1225005 B, 409 BHABREPIRLTL 3.3% T
HotV ARFELEOREBIZRRZOMAENI~ MU THRGS
WY, BRAICHERR 12TE1B2PICLEZVRATFTT4v IV
Ea—Tit, HEII35%LEEL, TORBKETFIIER &BAERLY
Ti‘oot”o
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1. KEESEBEH

2) 18IS HHE

BIRZOLOICHRTAEHHES LTRBMETNSED, TORE
FiZ, KEEBHEBANERTOFEME T~ 15%, EABTIE 4~
0% EEh, KRBEFHERTIZ08~29% a3, &/, K
BB AR BT & O BB THEBEMBRICVW 2RI, F iR
TO0~8%, EMBTH~41%EEN3Y, &5, ALBHEKT
®iITiE 24% ICRAHENBELELTE Y, BOEEOH TS
fTREADMEF 5 L3h3Y,

LHBEMHER, BRTREBLBESZ IO TEBSEID
550, FEEENEZEMES LTIE, L™, O0F2Y, K%
g EHEER? LERNELLOTHE, LIhL, KHEOO D
AT 4w 7 TIE, ThSOAPHEDBBEHRIE T~ OB 3
g L, BEESETARESS A v XK 54 OEKREAFE LTE -2 &
EhY BEFPREEGTERVUTFEICMHEL TWAZ EMHIMMA S,

@ KiREEHFROFR

1) PR

FHREC X 2BFobT, KEBBESBEREIALALX S BE
BHERE L, EHaTFHRICBRLEET S, 77— 7 D Jensen
513 1979 SE I KRR ESREEITRE 1,592 AA@mEL T, BIFEREC
BN3HATIT%, 6HBT22%, 14ET2% 54ET56%E,
B0 EFMBIVEIT® 1.6 £ CRSFEFERR L 2BICE
TL, 20RBPHEFMRLTEITCHERBTIELTLE Y, EO
FERTOLAREESFIE®IECEL—RERLD ERL, £h
L6 7 ALIBE TTRT A, £0%L—BERIIERIZLE
T39 LSS - VEBREEEZBATREOLDEE L SN
B, 1212, TOABRELSHERCEAShTRLE-TED, BT
Rizdblk, HATREREEbICHFLTLZ2H, EETRDED
ZbH 54w, 2005 FIcEE© Roche 5 MKBEF IR B 2,090 #l %
PAEAELABELATS, BIFEECRIIME 30 BT 9.6%,
1ETRUEHEDSTRVILRNMTLEEE TS,
bHETIE, EHSO 1988 EOHELBA T, 1,048 # 867 i
2BHL, ECRIZ6AHATS%, 145 7T14%, 24T 5% LM

157

=77 -



