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Abstract. We conducted this study to evaluate the
characteristic effects of alfacalcidol (ALF) and menate-
trenone (VK) in preventing bone loss using a ovariec-
tomized rat model of osteoporosis. Bilateral
ovariectomy (OVX) or sham operation was performed
on 10-month-old female Wistar rats. OVX caused a
significant decrease in the bone mass and the mechanical
strength of the lumbar vertebra as well as the femur 6
months after surgery. VK treatment (30 mg/kg, food
intake) required a 6-month period to prevent the bone
loss induced by estrogen deficiency, whereas ALF (0.1
or 0.2 pg/kg, p.o.) increased the bone mass and the
mechanical strength of the lumbar vertebra as well as
the femur in a 3-month treatment period, far above the
level in the sham-operated rats. Neither ALF or VK
caused hypercalcemia, despite administration for as long
as 6 months. By doing a micro-CT analysis of the ver-
tebral trabecular microstructure, it was revealed that
ALF treatment increased the interconnections and the
plate-like structures and that VK significantly increased
the trabecular number. It was also indicated that the
increase in spinal strength by ALF treatment was closely
associated with improvement of the microstructure, but
not VK. The results of histomorphometric analysis
showed that ALF caused a significant suppression of
bone resorption yet maintained formation in the endo-
cortical perimeter, and also stimulated bone formation
in the periosteal perimeter, thereby causing an increase
in cortical area. No marked effect of VK on histomor-
phometric parameters was observed, whereas VK as well
as ALF maintained the material strength at femoral
midshaft of the normal level, suggesting that VK af-
fected bone quality and thereby prevented the decrease
in mechanical strength of femur caused by OVX. In
conclusion, it was demonstrated that the two drugs,
ALF and VK, differed markedly in their potency and
mechanisms for improving bone strength. These results
have important implications in understanding the
characteristic actions of vitamin K and active vitamin D
on bone metabolism.
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In recent years, as the elderly population increases, the
number of patients with osteoporosis has been increas-
ing. Osteoporosis is a degenerative disease characterized
by reduced bone mass and microarchitectural deterio-
ration of bone, leading to enhanced bone fragility and a
consequent increase in fracture risk [1]. To reduce the
frequency of fracture, it is important to improve bone
strength clinically using the optimal drug therapy. It has
been reported that decrease in the mechanical strength
of bone is not only caused by bone loss but also by
changes in bone microstructure [2, 3]. In addition, the
quality of bone has recently been considered as a factor
associated with fractures [4].

Activated vitamin Ds(la, 25(OH),D3) is one of the
hormones regulating calcium metabolism. Its prodrug,
alfacalcidol (1o (OH) D3: ALF), has been used in certain
countries including Japan, for the treatment of a variety
of metabolic bone diseases such as rickets/osteomalacia,
renal osteodystrophy, and osteoporosis [5, 6]. We had
already reported that, in the vitamin D-sufficient ovar-
iectomized (OVX) rat model of osteoporosis, ALF
treatment markedly suppressed osteoclastic bone
resorption while maintaining or even stimulating bone
formation, and consequently increased bone mass with
a parallel improvement in the mechanical strength
of bone, thus confirming its pharmacological efficacy
[7, 8].

Since vitamin K is essential for the y-carboxylation of
glutamic acid residues of osteocalcin, a noncollagenous
protein present in bone, this vitamin is thought to play a
role in bone metabolism through the y-carboxylation of
osteocalcin [9]. The clinical efficacy of vitamin K therapy
for osteoporosis has also been reported [10]. In elderly
patients with femoral neck fracture, the serum carb-
oxylated osteocalcin level, the carboxylation activity of
the osteocalcin molecule, and the serum vitamin K level
are lower than in elderly persons without fractures [11,
12]. Comparing the relative molar activity of several
forms of vitamin K in terms of y-carboxylation in the
blood coagulation system, vitamin K, with 4 isoprene
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units (menatetrenone: VK) was the most potent [13]. It
has been reported that VK prevents bone loss in OVX
animal models [14, 15] and steroid-induced osteopathy
[16]. It has also been reported that VK inhibits bone
resorption [17, 18] and stimulates bone mineralization
by increasing the production of osteocalcin in vitro [19].

Although it is assumed that both ALF and VK play
essential roles in bone homeostasis, the differences
among their actions in vivo are not fully understood. In
order to achieve more pertinent clinical use of these
agents, their individual pharmacological effects and the
differences in their action in vivo should be clarified. In
the present study, we examined the preventive effects of
ALF and VK on bone loss and fragility in the OVX rat
model of osteoporosis, and evaluated their potency and
characteristic effects for improving bone strength, using
micro-CT and histomorphometric analysis.

Materials and methods
Animals

Female Wistar-Imamichi rats, at 10 months of age, were
purchased from Imamichi Institute for Animal Reproduction
(Ibaraki, Japan) and acclimated under standard laboratory
conditions at 24 + 2°C and 50-60% humidity. The rats were
allowed free access to tap water and commercial standard
rodent chow (CE-2) containing 1.25% calcium, 1.06% phos-
phate, and 2.0 IU/g of vitamin D3 (CLEA Japan, Inc., Tokyo).
Body weight and food intake were measured once a week.

Experimental design

At 10 months of age, 85 rats were randomly assigned to 12
groups. The rats in one group were sacrificed at day 0 (baseline
control). The animals in two groups were sham-operated, and
others underwent bilateral ovariectomy (OVX). The OVX rats
were further divided into 9 groups 2 weeks after the surgery. In
the sham and OVX control groups, rats received the vehicle
(MCT) orally at a dose of 1 ml/kg body weight (BW) five times
a week.

Alfacalcidol (1a(OH)D5: ALF) was given orally at 0.1 and
0.2 ng/kg BW five times a week, and menatetrenone (VK) was
given at 3 and 30 mg/kg BW per day as a dietary supplement.
ALF was synthesized at Chugai Pharmaceutical Co., Ltd.
(Tokyo, Japan), dissolved in a vehicle (medium chain trigly-
ceride: MCT), and diluted to a given concentration. The stock
solutions were protected from light and stored at 4°C. VK was
purchased from Sigma-Aldrich, Inc. (St. Louis, USA). To
examine whether the expected dose of VK had been taken, VK
intake from the diet was calculated from the data for body
weight and food intake measurements. Thus, VK intake was
adjusted to a previously determined amount throughout the
experimental period. The treatment was continued for 12 or 24
weeks. These animal studies were carried out in accordance
with Chugai Pharmaceutical’s ethical guidelines for animal
care, and the experimental protocols were approved by the
animal care committee of the institution.

Bone labeling by subcutaneous injection of tetracycline (20
mg/kg BW) and calcein (8 mg/kg BW) was performed at 13
and 3 days, respectively, prior to sacrifice. Urine was collected
during the final 24 h of fasting. Blood was collected from the
abdominal aorta under ether anesthesia and centrifuged to
obtain the serum. Urine and serum samples were stored at -
80°C until assay. The lumbar vertebrae and bilateral femurs
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were removed. The fifth lumbar vertebra (L5) was separated
and stored with the left femur at -80°C for assessment of
mechanical strength. The other vertebrae (L2-L4) and the
right femur were stored in 70% ethanol for the measurement of
bone mineral density (BMD).

Biochemical Analysis

Serum calcium (Ca), inorganic phosphorus (Pi) concentra-
tions, and alkaline phosphatase activity (ALP) were measured
using an autoanalyzer (Hitachi 7070; Hitachi Co., Ltd., To-
kyo, Japan). Urinary Ca, Pi, and creatinine (Cre) were mea-
sured by the autoanalyzer. Urinary deoxypyridinoline (D-Pyr)
was measured by a YRILINKS-D assay kit (Metra Biosys-
tems, Inc., California, USA), and the data were corrected for
urinary Cre concentration.

Measurement of Bone Mineral Density

The bone mineral density (BMD, mg/cm?) of the lumbar
vertebrae (L2-L4) and the right femur was measured by dual-
energy X-ray absorptiometry (DCS-600; Aloka Co., Ltd.,
Tokyo, Japan) using the small-animal scan mode.

Measurement of Mechanical Properties

Compression Test for LS Vertebra. The mechanical strength
of L5 was measured by the compression test [20]. The specimen
was fixed with a clamp at the bases of the transverse processes,
in the holder of a diamond band saw. By removing the cranial
and caudal ends of the specimen, the planoparallel surfaces
were obtained for a compression test. From each vertebral
body, a central cylinder with planoparallel ends and a height of
approximately 5 mm was obtained. The cylinder samples were
placed centrally on the smooth surface of a steel disk attached
to a load tester (Tensilon UTA-1T; Orientec Co., Ltd., Tokyo,
Japan). A compression force was applied in a cranio-caudal
direction to the specimen with a steel disk at a deformation
rate of 2 mm/min. The ultimate compressive load (N) was
obtained as the mechanical strength directly from the load-
deformation curve.

Three-point Bending Test for Femoral Midshaft. The me-
chanical strength of the left fermur was measured by the three-
point bending test [21] using the tester (Tensilon UTA-IT;
Orientec, Tokyo, Japan). The left femur was placed on a
special holding device with supports located 12 mm apart. The
bending force was applied with the cross head at a speed of 10
mm,/min, until a fracture occurred. From the load-deformation
curve, the breaking strength (N) was obtained as the
mechanical strength. The max1mum material strength (Ms:
normalized bending strength, N/mm?) was calculated from the
following equation:

Ms = M/Z where M (the bending moment to failure,
N -mm) = 1/4 X ultimate load (N) x L (mm), Z (the modulus
of section, mm®) = 2 x I/D, L (mm) is the distance between
the supports of the holding device (12 mm), I (mm®) is the
moment of inertia, D is the antero-posterior outer diameter
(mm) [22].

Structural Analysis Using Micro-computed
Tomography (mCT)

The micro-CT apparatus (WCT20) and the analyzing software
used in this study were obtained from SCANCO Medical AG
(Bassersdorf, Switzerland) [23]. The system of this micro-CT
has a micro X-ray source (10 um, 25 keV) directed toward the
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sample. The quantitative modification of the X-ray beam by
apatite crystals contained in the bone sample is then analyzed
by a plane detector (CCD array; 1024 elements). The process is
piloted by a DEC a-station (Digital Equipment Corp., Mar-
seille, France), and an open VMS system in cluster configu-
ration to perform the 3D analysis. The whole spinal body (L5)
was scanned in 250 slices, each 13 um thick in the dorsoventral
direction.

On the original 3D images, morphometric indices were di-
rectly determined from the binalized volume of interest (VOI)
[24]. Three-dimensional reconstruction of bone was performed
using the triangulation algorithm. The volume of trabecular
bone (BV, mm’) was calculated with tetrahedrons corre-
sponding to the enclosed volume of the triangulated surface.
The total tissue volume (TV, mm3) is the volume of the whole
examined sample. To be able to compare samples with differ-
ent sizes, these were normalized such as the bone volume
fraction (BV/TV, %). Using the original application, the his-
tomorphometric parameters, which were the trabecular num-
ber (Tb.N, 1/mm), the trabecular thickness (Tb.Th, pm), and
the trabecular separation (Tb.Sp, um), were directly measured
on 3D images using the method described by Hildebrand et al.
[25], not using the parallel plate model. Thus, the parameters
of Tb.Th, Tb.Sp, and Tb.N are model-independent indices, not
biased by eventual deviations of the actual structure. For the
nonmetric parameters, the trabecular bone pattern factor
(TBPf) and the structure model index (SMI) were computed
using software provided with the micro-CT machine. The
trabecular bone pattern factor (TBPf, 1/mm), representing the
ratio of concave to convex surfaces in 2D sections of trabec-
ulae, was measured for each slice, and the mean value was
determined for each specimen [26]. The structure model index
(SMI) is a parameter to quantify the characteristic form of a
three-dimensional structure of plates and rods [27].

Bone Histomorphometry

The diaphysis of the right femur was fixed in 70% ethanol and
stained according to the method of Villanueva [28]. After de-
hydration with ethanol and acetone, the sample was embedded
in methyl methacrylate (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan). For the femoral diaphysis, 20-30 pm thick
cross-cut ground sections were obtained with a micro-grinding
machine system (KG4000; EXAKT Apparetebau GmbH and
Co. KG, Norderstedt, Germany) and prepared for measure-
ment. The image of the specimen, observed under a fluores-
cence microscope and recorded with a video camera, was
processed using a plotter (Cosmozome 1SA; Nikon Corp.,
Tokyo, Japan) to measure the total cross-sectional areas
(mm~), the marrow area (mm-), the cortical bone area (mm®),
the outer perimeter (mm), and the inner perimeter (mm). Ki-
netic parameters such as the eroded surface (Es, pm), the os-
teoclast number (N.Oc), the single-labeled surface area (sLS,
um), the double-labeled surface area (dLS, um), and the
mineralizing surface area (MS, pm) were obtained in the pe-
rimeters of femoral diaphysis. From these primary parameters,
the following parameters were calculated: the eroded surface
area (ES/BS, %), the number of osteoclast per mm trabecular
surface (N.Oc/BS, /mm), the bone formation rate (BFR/BS,
pm®/um?/year), and the mineralizing surface (MS/BS, %).
Osteoclasts were identified as cells that form resorption lacu-
nae at the bone surface. Nomenclature, symbols, and units
used in this study are those described in the Report of the
American Society for Bone and Mineral Research Nomen-
clature Committee [29].

Statistical Analysis

All data were expressed as the mean + standard error of the
mean (SEM). Statistical analysis was carried out by an analysis
of variance (ANOVA) using Statistic Analysis System (SAS)
software. The significance of differences was determined using
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Dunnett’s multiple test (for comparison with OVX-vehicle
group) or Student’s z-test (Sham-operated group vs. OVX-
vehicle group). Using a simple regression analysis, correlation
coefficients were obtained. A P value less than 0.05 was con-
sidered a significant difference.

Results
Body Weight and Biochemical Parameters (Table 1)

OVX caused an increase in the body weight over the
experimental period. In the ALF 0.2 pg/kg-treated
groups, the body weight was significantly lower than in
the OVX group, which was at the same level as that in
the sham-operated groups. VK did not affect the body
weight gain after OVX.

With the doses used in the current study, ALF did
not raise the serum Ca levels significantly above those in
the sham-operated groups. The serum Pi levels in the
ALF-treated groups were significantly higher than in the
sham-operated groups. In the VK-treated groups, the
serum Ca and Pi levels showed no marked changes. The
serum ALP level in the OVX group increased signifi-
cantly compared with that in the sham-operated group 6
months after surgery. Neither ALF nor VK markedly
affected the ALP levels in OVX rats.

The values of urinary Ca/Cre in the ALF-treated
groups were significantly increased compared with those
of the OVX groups. In the VK-treated groups, no
marked change was observed in the urinary Ca levels.
OVX caused an increase in the urinary D-Pyr excretion
3 months after surgery, and the difference was signifi-
cant compared with the sham-operated group. The
values of urinary D-Pyr/Cre in the groups treated with
ALF for 3 months were significantly decreased com-
pared with that in the OVX group. The D-Pyr/Cre levels
in the group treated with VK at 30 mg/kg for 6 months
were lower than in the OVX group, but the difference
was not significant.

Serial Changes in Bone Mineral Density of Lumbar
Vertebra and Femur (Fig. 14, B)

In the sham-operated group, the BMD values of the
lumbar vertebra (Fig. 1A) and the femur (Fig. 1B) did not
show a marked change throughout the study period of 6
months. In the OVX control group, BMD at both sites
decreased progressively and was significantly lower than
that in the sham-operated rats 6 months after surgery
(Fig. 1A, B). In the groups treated with ALF for 3 months,
regardless of dosage administered, the BMD values of the
lumbar vertebra (Fig. 1A) as well as the femur (Fig. 1B)
were significantly higher than in the sham-operated
group, and increased further at 6 months. The BMD
values at both sites in the group treated with VK at 30 mg/
kg for 6 months were significantly higher than in the OVX
control group (Fig. 1A, B).
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Fig. 1. Changes in bone mineral density of

the 274" Jumbar vertebra (A) and the

- femur (B) in ovariectomized (OVX) rats

A treated with alfacalcidol or menatetrenone.
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Fig. 2. Changes in mechanical strength of
the 5" lumbar vertebra (A) and the femoral
diaphysis (B) in ovariectomized (OVX) rats
treated with alfacalcidol or menatetrenone.
Each value represents the mean + SEM
(n, = 6-8). P <0.05, P <0.01,

P < 0.001 compared with the sham-
operated group at the same time point.
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Serial Changes in Mechanical Strength of Lumbar Vertebral
Body and Femoral Mid-shaft (Fig. 2A, B)

In the sham-operated groups, the compressive load of
the lumbar vertebra and the breaking strength of the
femur showed no marked change throughout the study
period (Fig. 2A, B). In the OVX control group, however,
the mechanical strength of the lumbar vertebra was sig-
nificantly lower than in the sham-operated group 6
months after surgery (Fig. 2A), and this trend was also
pronounced on the femur (Fig. 2B). In the groups treated
with ALF for 3 months, the load values of the lumbar
vertebra were significantly higher than in the sham-op-
erated group, and they increased further at 6 months
(Fig. 2A). At the femur, the breaking strength of the mid-
shaft in the group treated with ALF at a dose of 0.2 ug/
kg for 3 months was significantly higher than that in the
OVX control group, and in the group treated with ALF
for 6 months, regardless of dosage administered, the
values of femoral strength were significantly higher than
that in the OVX control group (Fig. 2B). The values of
mechanical strength in the lumbar vertebra as well as the
femur were significantly higher in the group treated with
VK at a dose of 30 mg/kg for 6 months compared with
the OVX control group, but these values were lower than
the level in the sham-operated group (Fig. 2A, B).

3

Time (months)

pg/kg-treated group, A: ALF 0.2 pg/kg-
treated group, O: VK3 mg/kg-treated
group, A: VK30 mg/kg-treated group.

o -

Effects of Six Months Treatment with Alfacalcidol and
Menatetrenone on Bone Microarchitecture — Micro-CT
Analysis (Fig. 3, Table 2)

Micro-CT images revealed that the microarchitecture of
the lumbar vertebra in the OVX group 6 months after
surgery was interrupted with many spaces and showed
loss of interconnections, compared with that in the sham-
operated group (Fig. 3). In the ALF-treated groups, the
interconnections were restored in trabecular bone with an
increase of the trabecular plates (Fig. 3). Treatment with
VK at 30 mg/kg maintained the trabecular structure at the
same level as the sham-operated group.

The BV/TV, the Tb.Th, and the Tb.N in the OVX
group were significantly lower than those in the sham-
operated group. In the ALF-treated groups, these pa-
rameters were increased dose dependently and were
significantly larger than those in the sham-operated
group (Table 2). In the VK 30 mg/kg-treated group,
the Tb.N was the only parameter that significantly in-
creased in comparison with the OVX control group
(Table 2). The increase in the Tb.Sp after OVX was
suppressed by administration of ALF, and the Tb.Sp in
the ALF-treated groups decreased significantly in
comparison with the sham-operated group. In the
group treated with VK at a dose of 30 mg/kg, the
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Fig. 3. Three-dimensional trabecular microarchitectural images of rat L5 vertebral body using micro-CT analysis. Rats were
bilaterally ovariectomized at 10 months of age. Alfacalcidol was administered orally 5 times a week, and menatetrenone was given
as a dietary supplement for 6 months. (A) Sham-operated rat, (B) OVX-control rat, (C) alfacalcidol 0.1 pg/kg-treated rat, (D)
alfacalcidol 0.2 pg/kg-treated rat, (E) menatetrenone 3 mg/kg-treated rat, (F) menatetrenone 30 mg/kg-treated rat.

Tb.Sp was significantly lower than that in the OVX
group.

The TBPf and the SMI in the OVX group were sig-
nificantly higher than those in the sham-operated group,
indicating that OVX induced a decrease in the connec-
tivity of the trabecular bone. Both parameters signifi-
cantly decreased in the ALF-treated group compared
with those in the sham-operated group (Table 2). These
parameters in the VK-treated group were also lower
than those in the OVX control group, but the difference
was not significant (Table 2).

Relationship between Compressive Load and Structural
Parameters in Lumbar Vertebra (Table 3)

In order to assess in more detail the relationship between
the effects of ALF and VK on the mechanical strength
and the microstructure of the lumbar vertebra, the
compressive load values were plotted against the BMD
values or the structural indices by a linear regression
analysis. In the OVX group, the BMD and the micro-

structural indices were significantly correlated with the
load values. The Tb.N and the TBPf were highly cor-
related with a reduction in the mechanical strength of
the lumbar vertebra after estrogen deficiency (Table 3).
In the ALF-treated group, the compressive load values
were significantly correlated with the structural param-
eters, such as the TBPf, as well as the BMD (Table 3). In
contrast, in the VK-treated group, the individual struc-
tural parameters were minor associated factors with
respect to the mechanical strength of the lumbar verte-
bra, and the Tb.N was the only parameter that corre-
lated with the compressive load value.

Effects of Six Months Treatment with Alfacalcidol and
Menatetrenone on Femoral Diaphysis — Histomorphometric
Analysis (Table 4)

Cross-sectional morphology In the ALF 0.2 pg/kg-treated
group, the total cross-sectional area of the femoral di-
aphysis was significantly higher than in the sham-oper-
ated group (Table 4). In the VK-treated groups, the
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values of cross-sectional area were comparable to that in
the OVX group. OVX caused an increase in the bone
marrow area, and the difference was significant com-
pared with that in the sham-operated group. In the
ALF-treated groups, however, the values of marrow
area decreased significantly compared with the OVX
group and were smaller than that in the sham-operated
group (Table 4). VK treatment also decreased the mar-
row area, but this effect was not dose dependent. ALF
prevented the decrease in the cortical bone area caused
by OVX and increased the cortical area to the level
higher than that in the sham-operated group, whereas
no significant effect of VK on the cortical area was ob-
served (Table 4).

The Kinetic Parameters of Periosteal Perimeter. No signif-
icant changes in the MS/BS and the BFR/BS were
observed in the OVX control group. These parameters
were significantly higher in the ALF-treated groups
than in the OVX group (Table 4). In the VK-treated
groups, none of these parameters showed marked
changes.

The Kinetic and Static Parameters of Endocortical
Perimeter. The MS/BS and the BFR/BS, the parameters

for bone formation, were significantly higher in the
OVX group than in the sham-operated group. Al-
though the increase in these parameters caused by
OVX was suppressed by treatment with ALF at a dose
of 0.1 ng/kg, these indices in the ALF 0.2 pg/kg-treated
group were maintained at the level of the OVX group
(Table 4). The N.Oc/BS and the ES/BS, the bone re-
sorption parameters, in the OVX group were signifi-
cantly higher than in the sham-operated group, but
these parameters in the ALF-treated group decreased
significantly compared with the OVX group (Table 4).
VK treatment decreased both parameters for bone
formation and resorption compared with the OVX
group in a dose-dependent fashion, but the differences
were not significant.

Effects of Six Months Treatment with Alfacalcidol
and Menatetrenone on Material Strength of Femur (Fig. 4)

In order to investigate the effect of ALF and VK on the
bone quality of the mid-femoral cortex, the material
strength of femur was measured. Although the material
strength in the OVX group was significantly lower than
in the sham-operated group, ALF treatment restored
the decrease of the material strength after OVX and
maintained it at the same level as the sham-operated
group (Fig. 4). The material strength was significantly
higher in the VK 30 mg/kg-treated group than in the
OVX group, which was also maintained at the sham
level (Fig. 4).

A. Shiraishi et al.: Alfacalcidol vs. Menatetrenone in Osteoporosis

Discussion

In this study, we clearly demonstrated that in the estro-
gen-deficient rat model of osteoporosis, ALF as well as
VK prevented the bone loss and fragility of the spine and
the femur. Our results also indicated that there were
marked differences between ALF and VK in their efficacy
and characteristics for improving the mechanical strength
of the lumbar vertebra and the femoral diaphysis. Treat-
ment with VK at a dose of 30 mg/kg required 6 months to
exert a preventive effect on bone loss following estrogen
deficiency, whereas ALF increased both the bone mass
and the strength in 3 months and did not cause hyper-
calcemia, despite administration for as long as 6 months.
ALF ameliorated the fragility in bone by a marked sup-
pression of bone resorption while stimulating formation,
and improved the bone strength with normal quality.
Although VK had little effect on the bone turnover and
the morphometric parameters, it might affect bone qual-
ity and thereby maintained the mechanical strength of
normal level. Akiyama et al. [14] have reported the effects
of VK on bone loss and fragility in OVX rats by using
doses of 3-100 mg/kg per day, suggesting that the effective
dose of VK in the OVX rat model is 3-30 mg/kg per day.
In the present study, it was revealed that VK at a dose of
30 mg/kg required 6 months of treatment to prevent the
bone loss caused by OVX.

Ovariectomized animals have been widely used as an
experimental model of osteoporosis. This model is highly
reproducible and characterized by loss of bone mass due
to high bone turnover in which both bone resorption and
formation are enhanced because of estrogen deficiency
[30]. In this study, the serum ALP levels in OVX rats
were higher than in sham-operated rats, which was
consistent with the results of some studies by Akiyama et
al. [14] and Kalu et al. [31], and OVX also caused a
significant increase in urinary D-Pyr excretion as a bone
resorption marker. Thus, it was confirmed that the OVX
rat model showed high bone turnover after estrogen
deficiency. The urinary D-Pyr excretion in the group
treated with ALF for 3 months was reduced to the level
in the sham-operated rats, suggesting that ALF acts on
bone as a potent inhibitor of bone resorption, which was
consistent with the results of the histomorphometric
analysis at femoral diaphysis. In agreement with previ-
ous reports [14, 32], our results showed that the serum
ALP level in VK 30 mg/kg-treated groups was lower
than in OVX control groups. Although VK has been
reported to be involved in the bone formation, our re-
sults indicated that assessment of the biochemical and
the morphometric parameters failed to show any in-
volvement of VK in the bone formation.

In recent years, 3-dimensional analysis of the human
vertebrae has become possible using a micro-CT [33]. It
has been reported that the treatment with fluorides in-
creased the bone mineral content but failed to restore the
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Fig. 4. Material strength of femoral midshaft in OVX rats
treated with alfacalcidol or menatetrenone for 6 months. Each
value represents the mean + SEM (n = 6-8). P<0.05
compared with the sham-operated group. ~ P <0.05 compared
with the OVX-control group.

mechanical strength of the vertebra [34, 35], suggesting
that the mechanical property of bone depends not only on
bone mass but also on the quality and the structure of
bone. Clinical and preclinical studies have reported that
the trabecular structure is a critical factor for the strength
of lumbar vertebra [4, 36]. In the present study, 3D images
of the lumbar vertebra obtained by micro-CT analysis
showed that OVX caused the trabecular bone to become
thin and sparse in cancellous bone. It was also revealed
that (1) ALF increased the interconnections in trabecular
bone and converted the rod structures into the plate
structures; (2) in the ALF-treated groups there was a high
correlation between the structural parameters and the
mechanical strength, suggesting that an increase in spinal
strength by ALF administration is closely associated not
only with an increase in the BMD but also ameliorating
the bone structure. In contrast, a 3D visual assessment of
the rendered images showed that VK treatment prevented
the deterioration of trabecular bone up to almost the same
level as in the sham-operated group, which was consistent
with the previous report on the proximal region of rat
tibia [32], but nevertheless the correlation between each of
the structural indices and the spinal strength was low in
the VK-treated groups. It indicated that some factors,
including bone quality, other than the trabecular micro-
structure might be important determinants of the increase
in the spinal strength by VK administration.

To determine the mechanisms of these drugs in im-
proving the mechanical strength of the femur, the kinetic
and static parameters at the femoral diaphysis were as-
sessed. Our results of the histomorphometric analysis
demonstrated that ALF caused a significant suppression
of bone resorption and yet maintained formation in
endocortical perimeter, while stimulating bone forma-

A. Shiraishi et al.: Alfacalcidol vs. Menatetrenone in Osteoporosis

tion at the periosteal perimeter, resulting in an increase
of the cortical bone area. These results are consistent
with previous studies on the effects of active vitamin D3
in vivo [7, 8, 37-39]. No apparent effects of VK on these
histomorphometric parameters were observed, whereas
VK treatment maintained the material strength in the
femoral diaphysis of the normal level, as also did ALF,
suggesting that VK affected bone quality of mid-femoral
cortex and thereby prevented the decrease of femoral
strength by ovariectomy.

Clinical studies have reported that ALF as well as VK
successfully inhibited the occurrence of new bone frac-
tures, but LBMD values did not significantly increase in
osteoporotic patients [5, 6, 10]. In this preclinical study
using a rat model of high-turnover condition, ALF
treatment resulted in a pronounced increase in BMD as
well as bone strength. It is known that the remodeling
pattern and calcium homeostasis in rats are not neces-
sarily the same as those of humans. It is also understood
that the remodeling period in rats is shorter than the
period in humans. Thus, the marked increase in LBMD
in rat model could be, at least in part, due to the larger
number of remodeling cycles during the experimental
period. Another explanation is a genetic difference in the
sensitivity to vitamin D, as observed among the different
vitamin D-receptor gene polymorphisms in humans [40].

In conclusion, it was demonstrated that the two
drugs, ALF and VK, differed markedly in their potency
for improving the strength of the spine as well as the
femur, in the estrogen-deficient rat model of osteopo-
rosis. VK had little effect on the bone turnover and the
morphometric parameters, whereas it could affect the
bone quality and restore the decrease of the mechanical
strength by estrogen deficiency. In contrast, ALF could
ameliorate the fragility in bone structure and improve
the bone strength with normal quality more potently
than VK by a marked suppression of bone resorption
while stimulating formation. These results provide
important clues in understanding the action mechanisms
of these agents on bone metabolism in the treatment of
postmenopausal osteoporosis.
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