
ORIGINAL RESEARCH

Long-Term Treatment with Eldecalcitol (1a, 25-Dihydroxy-2b-
(3-hydroxypropyloxy) Vitamin D3) Suppresses Bone Turnover
and Leads to Prevention of Bone Loss and Bone Fragility
in Ovariectomized Rats

Satoshi Takeda • Susan Y. Smith • Tatsuya Tamura •

Hitoshi Saito • Fumiaki Takahashi • Rana Samadfam •

Solomon Haile • Nancy Doyle • Koichi Endo

Received: 13 August 2014 / Accepted: 24 November 2014 / Published online: 4 December 2014

� Springer Science+Business Media New York 2014

Abstract The purpose of this study is to estimate the

efficacy of eldecalcitol (1a, 25-Dihydroxy-2b- (3-hy-

droxypropyloxy) vitamin D3; ELD) on bone metabolism

after long-term administration. Six-month-old Wistar–

Imamichi rats were ovariectomized (OVX) and adminis-

tered ELD orally at doses of 7.5, 15, or 30 ng/kg daily.

Bone mineral density (BMD), urinary excretion of deoxy-

pyridinoline (DPD), a bone resorption marker, and serum

total alkaline phosphatase (ALP), a surrogate marker of

bone formation, were assessed after 3, 6, and 12 months of

treatment. After 12 months of treatment, the biomechanical

strength of the L4 lumbar vertebra and femoral shaft was

measured, and bone histomorphometry was performed on

the L3 lumbar vertebra and the tibia diaphysis. ELD pre-

vented OVX-induced decreases in BMD of the lumbar

vertebrae and femur throughout the treatment period. ELD

significantly suppressed OVX-induced increases in urinary

DPD excretion throughout the treatment period with min-

imal effects on ALP. OVX resulted in significant decreases

in ultimate load and stiffness of the L4 lumbar vertebra and

femoral shaft, and ELD significantly prevented the reduc-

tion in these biomechanical parameters. Bone histomor-

phometry at the L3 lumbar vertebra revealed that OVX

induced increases in bone resorption parameters (osteoclast

surface and osteoclast number) and bone formation

parameters (osteoblast surface, osteoid surface, and bone

formation rate), and ELD suppressed these parameters after

12 months treatment. Activation frequency, which was

elevated in the OVX/vehicle group, was significantly sup-

pressed to baseline levels in ELD-treated groups, indicating

that ELD maintained bone turnover at a normal level. ELD

also prevented OVX-induced deterioration of microstruc-

ture in trabecular and cortical bone. These results indicated

that long-term treatment of OVX rats with ELD suppressed

bone turnover, and prevented OVX-induced bone loss,

deterioration of bone microstructure, and reduction in bone

biomechanical strength.
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Introduction

Eldecalcitol (1a, 25-Dihydroxy-2b- (3-hydroxypropyl-

oxy)vitamin D3; ELD), an active vitamin D3 analog
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bearing a hydroxypropoxy residue at the 2b position [1–3],

is used in Japan for the treatment of patients with osteo-

porosis. ELD possesses higher binding affinity to the

vitamin D-binding protein and lower binding affinity to the

vitamin D receptor (VDR) compared to 1a,25-di-

hydroxyvitamin D3 (1a,25(OH)2D3) [4, 5]. A 3-year, ran-

domized, double-blind, clinical trial in patients with

osteoporosis revealed that ELD treatment significantly

decreased the incidences of vertebral fractures and wrist

fractures compared to alfacalcidol, a prodrug of the active

form of vitamin D3 [6]. ELD also more potently increased

bone mineral density (BMD) of the lumbar spine and total

hip and reduced bone turnover markers compared to alfa-

calcidol in osteoporotic patients [6, 7]. The effects of ELD

on bone metabolism have also been shown in non-clinical

studies using animal models of osteoporosis [8–11]. In

ovariectomized (OVX) rats, ELD inhibited osteoclastic

bone resorption and increased BMD more effectively than

alfacalcidol [8]. ELD reduced the number of osteoclasts in

trabecular bone of OVX rats and also promoted bone

minimodeling, a type of focal bone formation [10, 11].

These reports suggested that ELD regulates both bone

resorption and bone formation and acts to maintain bone

mass.

Because drug treatment of osteoporosis is carried out

over a long period, it is important to assess how long-

term treatment influences bone quality, including bone

turnover. There is growing concern that chronic admin-

istration of bisphosphonates, the most commonly used

drugs in the treatment of osteoporosis, might lead to

oversuppression of bone turnover and increase the risk of

unusual fractures [12–17]. Histomorphometric analyses

have revealed that bisphosphonates lowered activation

frequency (Ac.f), a bone turnover parameter, to below

the normal level in OVX rats and also in osteoporotic

patients after long-term administration [18–20]. Further-

more, animal studies have shown that long-term treat-

ment with bisphosphonates suppresses bone remodeling

and causes microcrack accumulation, resulting in a

decline in the material properties of bone [21–24].

Although it is not yet clear whether long-term therapy

with bisphosphonate causes the accumulation of micro-

cracks in osteoporotic patients [20, 25], it has been

suggested that the oversuppression of bone turnover

might have relevance to unusual fractures.

It is not well understood how long-term treatment with

ELD affects bone metabolism including bone turnover. In

the present study, to assess the effects of long-term ELD

administration on bone metabolism, we treated OVX rats

with ELD for 12 months and examined bone mass, bone

biomechanical strength, bone turnover, and bone

microstructure.

Materials and Methods

Reagents

ELD was synthesized by Chugai Pharmaceutical Co., Ltd.

ELD was dissolved in ethanol and diluted to a given con-

centration with medium chain triglyceride.

Animals

Female Wistar–Imamichi rats were obtained from the

Institute for Animal Reproduction (Ibaraki, Japan) and

acclimated for 4 weeks. Animals were housed individu-

ally in stainless steel wire mesh floor cages under stan-

dard laboratory conditions: 22 ± 3 �C, humidity of

50 ± 20 %, and a 12:12 h light/dark cycle. All animals

had free access to tap water and a standard commercial

laboratory diet (PMI Certified CLE Rodent Rat and

Mouse 25 % Diet; PMI Nutrition International Inc., St.

Louis, MO, USA).

Experimental Design

At the start of the treatment, animals were approximately

6 months of age. Before ovariectomy, BMD of the lumbar

vertebrae (L2–L5) was measured in vivo by dual-energy

X-ray absorptiometry (DXA) using a Discovery A Hologic

densitometer (Hologic, Inc. Marlborough, MA, USA).

Using a randomization procedure stratified according to

lumbar spine BMD, rats were divided into five groups of 15

females/group. An additional group of ten females was

sacrificed by exsanguinations from the abdominal aorta

under isoflurane anesthesia at the beginning of the exper-

iment as baseline controls for the histomorphometry and

biomechanical testing. In the remaining groups of rats,

bilateral ovariectomy or sham operation was performed

under anesthesia with isoflurane/oxygen gas. From the day

following surgery, OVX animals were orally administered

ELD (7.5, 15, 30 ng/kg of body weight) for 12 months. In

the sham and OVX control groups, rats received the vehicle

at a dose of 1 mL/kg of body weight. At 10 and 3 days

prior to necropsy, calcein (8 mg/kg of body weight) was

injected subcutaneously to label bone-forming surfaces.

After 12 months of treatment, animals were euthanized by

exsanguination from the abdominal aorta under isoflurane

anesthesia. The lumbar vertebra (L3) and tibia were

removed, cleaned of excess soft tissue, retained in 10 %

neutral buffered formalin for 3 days and then transferred to

70 % ethanol for histomorphometric analysis. A femur and

lumbar vertebra (L4) were collected, cleaned of soft tissue,

wrapped in saline-soaked gauze and stored at -20 �C prior

to densitometry and biomechanical testing. All animal

46 S. Takeda et al.: Long-Term Treatment with Eldecalcitol

123



procedures were approved by the Institutional Animal Care

and Use Committee at Charles River Laboratories Pre-

clinical Services Montreal and were performed in an

Association for Assessment and Accreditation of Labora-

tory Animal Care-accredited facility. The study was per-

formed in accordance with the Good Laboratory Practice

Regulations of the US Food and Drug Administration.

Measurement of Bone Mineral Density

Animals were anesthetized using isoflurane prior to mea-

surement. BMD of the lumbar vertebrae (L2–L5) and right

femur were measured in vivo by DXA using a Discovery A

Hologic densitometer with small animal high-resolution

software before surgery and after 3, 6, and 12 months of

treatment.

Biochemical Analysis

Blood was collected via the jugular vein before surgery and

after 3, 6, and 12 months of treatment. Urine was collected

over a 24-h period before surgery and after 3, 6, and

12 months of treatment. Animals were fasted overnight

prior to blood and urine collection. Serum calcium (Ca)

concentration, serum total alkaline phosphatase (ALP)

activity, urinary Ca, and urinary creatinine (Cr) were

measured with a Modular Analytics ISE1800 and P800

(Roche Diagnostics, Laval, QC, Canada). Urinary deoxy-

pyridinoline (DPD) was measured using a gamma-BCT

DPD RIA kit (Immunodiagnostic Systems Ltd, Fountain

Hills, AZ, USA). Urinary DPD values were corrected for

urinary Cr concentration.

Biomechanical Testing

Biomechanical testing was performed using an 858 Mini

Bionix Servohydraulic Test System Model 242.03 (MTS

System Corporation, Eden Prairie, MN, USA). All data

were collected using TestWorks (version 3.8A) for Test-

Star software (version 4.0C) to produce load–displacement

curves. For the femur 3-point bending test, the upper

loading device was aligned at the expected breaking point

of the femoral shaft on the anterior side. The load was

applied at a rate of 1 mm/s until failure occurred. Prior to

the compression test of the L4 vertebral body, the vertebral

arch and end plates were removed to obtain a specimen

with planoparallel ends. The loading rate of the compres-

sion test was set at 20 mm/min. Ultimate load and work to

failure were determined from the load–displacement curve,

and ultimate stress and toughness were calculated. Stiffness

was determined from the slope of the linear elastic region

of the load–displacement curve, and modulus was calcu-

lated [26]. Prior to the 3-point bending test of the femoral

shaft, moment of inertia and bone mineral content (BMC)

were measured at the expected breaking point by peripheral

quantitative computed tomography (pQCT; XCT Research

SA, Stratec Medizintechnik, Pforzheim, Germany) using

Cortmode 2. Cross-sectional area and BMC at the mid-

section of the L4 vertebra were quantified by pQCT using

Contmode 2, Peelmode 20 (trabecular area 45 %), voxel

size 0.1 mm.

Bone Histomorphometry

Bone histomorphometry was performed on the L3 vertebra

and tibial diaphysis. Specimens were dehydrated and then

infiltrated and embedded in methyl methacrylate. Gold-

ner’s trichrome-stained sections were prepared to evaluate

the cancellous bone in the L3 vertebra. Stevenel’s blue-

stained ground sections were prepared for evaluation of the

cortical bone at the tibio-fibular junction. Measurements of

static and dynamic parameters were collected with a Bio-

quant image analyzer (Bioquant Image Analysis Corp.,

Nashville, TN, USA) linked to a microscope equipped with

bright and epifluorescence illumination. The following

variables were measured: bone volume (BV/TV, %), tra-

becular thickness (Tb.Th, lm), trabecular number (Tb.N,/

mm), trabecular separation (Tb.Sp, lm), osteoclast surface

(Oc.S/BS, %), osteoclast number (N.Oc/BS,/mm), osteo-

blast surface (Ob.S/BS, %), osteoid surface (OS/BS, %),

mineral apposition rate (MAR, lm/day), bone formation

rate (BFR/BS, lm3/lm2/year), activation frequency (Ac.f,/

year), tissue area (T.Ar, mm2), medullary area (Me.Ar,

mm2), cortical area (Ct.Ar, mm2), cortical width (Ct.Wi,

lm), endocortical perimeter (Ec.Pm, mm), and periosteal

perimeter (Ps.Pm, mm). Nomenclature and units used in

this study follow the report of the American Society for

Bone and Mineral Research Histomorphometry Nomen-

clature Committee [27].

Statistical Analysis

Data are expressed as the mean ± SEM. For each dataset,

the homogeneity of group variances was evaluated using

Levene’s test. If group variances were homogenous, mul-

tiple comparisons among the groups were analyzed by

1-way analysis of variance (ANOVA) followed by Dun-

nett’s test to determine significance. If group variances

were found to be heterogeneous, the Kruskal–Wallis test

was employed, and statistical differences were determined

by Dunn’s test. Statistical comparisons between the Sham/

vehicle group and the OVX/vehicle group were performed

by t test on the least square means for the parametric

dataset and by Wilcoxon rank-sum test for the non-para-

metric dataset. P B 0.05 was considered statistically sig-

nificant. Correlation analysis of biomechanical strength and
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BMC was performed using a Pearson correlation test. All

statistical analyses were performed using SRS version 1.4,

which is a Charles River Laboratories Preclinical Services

Montreal Inc. in-house application built with SAS release

8.2.

Results

Bone Mineral Density

Lumbar vertebral BMD in the OVX/vehicle group was

significantly decreased 3 months after OVX compared to

the Sham/vehicle group and continued to decline over the

study period (Fig. 1a). Treatment with ELD dose-depen-

dently prevented OVX-induced decreases in BMD of the

lumbar vertebrae throughout the treatment period. BMD

was significantly higher in each of the ELD-treated groups

compared to the OVX/vehicle group. BMD in the 15 ng/kg

ELD-treated group was maintained at the sham control

level, and BMD in the 30 ng/kg ELD-treated group was

increased above the sham control level.

Similar to the lumbar vertebral BMD, OVX resulted in a

significant decrease in femur BMD throughout the study

period (Fig. 1b). Treatment with 15 and 30 ng/kg of ELD

significantly prevented the OVX-induced decrease in femur

BMD at 12 months.

Bone Turnover Markers

Urinary DPD excretion, a bone resorption marker, was

significantly increased in the OVX/vehicle group compared

to the Sham/vehicle group throughout the study period

(Fig. 2a). Treatment with 15 and 30 ng/kg of ELD signif-

icantly suppressed the OVX-induced increase in urinary

DPD excretion after 3 months of treatment, which was

sustained throughout the 12 months of treatment. The

7.5 ng/kg dose significantly suppressed the increase in

urinary DPD excretion at 12 months. Serum ALP activity

in the OVX/vehicle group was significantly increased

compared to the Sham/vehicle group (Fig. 2b). No signif-

icant change in serum ALP activity was observed in any of

the ELD-treated groups compared to the OVX/vehicle

group.

Bone Biomechanical Strength

At the end of the treatment period, OVX resulted in sig-

nificant decreases in ultimate load, stiffness, ultimate

stress, modulus, and toughness of the L4 vertebral body

(Table 1). OVX did not alter work to failure of the L4

vertebral body. Treatment with ELD significantly and

dose-dependently prevented the OVX-induced decrease in

ultimate stress of the L4 vertebral body compared to the

OVX/vehicle group. The 15 and 30 ng/kg doses of ELD

significantly prevented the decreases in stiffness, modulus,

and toughness, and the 30 ng/kg dose also prevented the

decrease in ultimate load of the L4 vertebral body. Work to

failure in the 30 ng/kg ELD-treated group was significantly

higher than in the OVX/vehicle group. Similar to BMD,

values for all biomechanical strength parameters of the L4

vertebral body in the 15 ng/kg ELD-treated group were

maintained at the sham control levels and increased above

the sham control levels in the 30 ng/kg ELD-treated group.
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Fig. 1 Effects of 12-month ELD treatment on BMD in the lumbar

spine (L2-L5) (a) and femur (b) of OVX rats. OVX rats were given

the indicated doses of ELD daily. BMD of the lumbar spine and femur

was measured in vivo by DXA at 0, 3, 6, and 12 months of treatment.

Data are presented as mean ± SEM (n = 12–15 for each group).

aP B 0.05 versus Sham/vehicle group by t test; bP B 0.05 versus

Sham/vehicle group by Wilcoxon rank-sum test; cP B 0.05 versus

OVX/vehicle group by Dunnett’s test; dP B 0.05 versus OVX/vehicle

group by Dunn’s test
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In the 3-point bending test of the femoral shaft, OVX

resulted in significant decreases in ultimate load, stiffness,

ultimate stress, and modulus compared to the Sham/vehicle

group and did not change work to failure or toughness

(Table 1). Compared to the OVX/vehicle group, treatment

with 15 and 30 ng/kg of ELD significantly prevented the

OVX-induced decreases in ultimate load and stiffness of

the femoral shaft. Work to failure and toughness of the

femoral shaft in the 30 ng/kg ELD-treated group were

significantly lower than in the OVX/vehicle group.

Correlation analyses between BMC as assessed by

pQCT and ultimate load in the L4 vertebral body and

femoral shaft showed significant positive correlations

between BMC and ultimate load at both sites (L4 vertebral
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Fig. 2 Effects of 12-month ELD treatment on urinary DPD excretion

(a) and serum ALP activity (b). OVX rats were given the indicated

doses of ELD daily. Urinary DPD and serum ALP activities were

measured at 0, 3, 6, and 12 months of treatment. Data are presented as

mean ± SEM (n = 9–10 for each group). aP B 0.05 versus Sham/

vehicle group by t test; bP B 0.05 versus Sham/vehicle group by

Wilcoxon rank-sum test; cP B 0.05 versus OVX/vehicle group by

Dunnett’s test; dP B 0.05 versus OVX/vehicle group by Dunn’s test

Table 1 Bone biomechanical strength of the L4 vertebral body and femoral shaft

Baseline Sham/vehicle OVX/vehicle OVX/ELD

7.5 ng/kg 15 ng/kg 30 ng/kg

L4 vertebral body

Ultimate load (N) 435.97 ± 21.03 422.74 ± 26.24 322.88 ± 29.64a 397.30 ± 21.65 469.66 ± 37.32 761.20 ± 48.50d

Stiffness (N/mm) 6,385 ± 338 6,090 ± 291 4,787 ± 504a 5,888 ± 327 6,840 ± 544c 9,589 ± 541c

Work to failure (mJ) 25 ± 2 24 ± 2 20 ± 2 21 ± 1 27 ± 3 46 ± 4d

Ultimate stress (MPa) 65.31 ± 1.84 59.97 ± 2.71 39.56 ± 2.32a 50.05 ± 2.12c 59.79 ± 3.24c 82.14 ± 3.67c

Modulus (MPa) 3,257 ± 165 2,858 ± 129 1,959 ± 143a 2,449 ± 122 2,952 ± 158c 3,550 ± 160c

Toughness (MPa) 1.09 ± 0.06 1.04 ± 0.09 0.73 ± 0.07a 0.80 ± 0.07 1.01 ± 0.06c 1.44 ± 0.08c

Femoral shaft

Ultimate load (N) 152.58 ± 3 .21 180.09 ± 11.95 144.21 ± 4.10b 159.25 ± 8.70 192.92 ± 7.77d 215.00 ± 10.26d

Stiffness (N/mm) 443 ± 15 607 ± 26 508 ± 17a 525 ± 24 627 ± 34c 748 ± 31c

Work to failure (mJ) 90 ± 9 62 ± 7 73 ± 4 57 ± 6 61 ± 5 50 ± 6c

Ultimate stress (MPa) 189.72 ± 5.59 179.01 ± 7.76 148.92 ± 4.80a 160.61 ± 9.83 174.25 ± 7.65 168.10 ± 8.76

Modulus (MPa) 6,028 ± 259 6,242 ± 196 5,200 ± 100a 5,357 ± 282 5,617 ± 236 5,767 ± 255

Toughness (MPa) 10.26 ± 1.14 6.01 ± 0.60 7.65 ± 0.51 5.76 ± 0.71 5.50 ± 0.52 3.97 ± 0.54d

Data are presented as mean ± SEM (n = 9–10 for each group)
a P B 0.05 versus Sham/vehicle group by t test
b P B 0.05 versus Sham/vehicle group by Wilcoxon rank-sum test
c P B 0.05 versus OVX/vehicle group by Dunnett’s test
d P B 0.05 versus OVX/vehicle group by Dunn’s test
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body: r = 0.94, P \ 0.001; femoral shaft: r = 0.77,

P \ 0.001) (Fig. 3).

Bone Histomorphometry

OVX induced a significant reduction in BV/TV of the L3

vertebra, accompanied by a significant decrease in Tb.N

and a significant increase in Tb.Sp (Table 2). Increased

bone turnover induced by OVX was confirmed as evi-

denced by significant increases in Oc.S/BS, N.Oc/BS,

Ob.S/BS, OS/BS, and BFR/BS.

Treatment with 15 and 30 ng/kg of ELD significantly

prevented the OVX-induced decrease in BV/TV. The

increase in BV/TV observed in those ELD-treated groups

was accompanied by a significant increase in Tb.N and a

significant decrease in Tb.Sp. The 30 ng/kg dose of ELD

also significantly increased Tb.Th. Treatment with all

doses of ELD significantly suppressed the OVX-induced

increases in Ob.S/BS and OS/BS. The 15 and 30 ng/kg

dose of ELD suppressed the OVX-induced increases in

BFR/BS, and the 30 ng/kg dose of ELD also suppressed

Oc.S/BS and N.Oc/BS. ELD did not change MAR in the

trabecular bone of the L3 vertebra. Ac.f, a bone turnover

marker, which was elevated in the OVX/vehicle group, was

significantly lower in the 15 and 30 ng/kg ELD-treated

groups than in the OVX/vehicle group (Fig. 4).

At the cortical bone in the tibial diaphysis, OVX sig-

nificantly increased T.Ar, Me.Ar, Ec.Pm, and Ps.Pm
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Fig. 3 Correlation between

ultimate load and BMC in the

L4 vertebral body (a) and femur

(b). Ultimate load for the L4

vertebral body and mid-femoral

shaft were determined by

compression test and 3-point

bending test, respectively. BMC

of the L4 vertebral body and

mid-femoral shaft was

measured using pQCT. a:
r = 0.94, P B 0.001 (n = 57);

b: r = 0.77, P B 0.001

(n = 60)

Table 2 Bone histomorphometry of the L3 vertebral body

Baseline Sham/vehicle OVX/vehicle OVX/ELD

7.5 ng/kg 15 ng/kg 30 ng/kg

BV/TV (%) 36.1 ± 1.9 39.1 ± 2.5 26.4 ± 1.3a 28.3 ± 1.2 35.7 ± 2.0c 61.4 ± 1.7c

Tb.Th (lm) 87.5 ± 3.2 88.9 ± 4.5 90.3 ± 2.3 85.3 ± 3.0 94.5 ± 3.4 141.4 ± 7.3d

Tb.N (/mm) 4.1 ± 0.2 4.4 ± 0.1 2.9 ± 0.1a 3.3 ± 0.1 3.8 ± 0.2c 4.4 ± 0.1c

Tb.Sp (lm) 157.8 ± 9.9 141.5 ± 9.5 257.1 ± 13.7a 217.6 ± 7.6 175.1 ± 12.2d 88.2 ± 4.0d

Oc.S/BS (%) 1.8 ± 0.2 0.5 ± 0.0 1.3 ± 0.3b 1.3 ± 0.2 0.7 ± 0.1 0.2 ± 0.1d

N.Oc/BS (/mm) 0.5 ± 0.1 0.1 ± 0.0 0.3 ± 0.1b 0.4 ± 0.1 0.2 ± 0.0 0.1 ± 0.0d

Ob.S/BS (%) 8.7 ± 0.9 10.3 ± 0.5 21.8 ± 2.0b 13.9 ± 1.5c 8.2 ± 1.2c 8.2 ± 1.0c

OS/BS (%) 2.7 ± 0.8 1.4 ± 0.4 12.9 ± 2.0b 7.8 ± 1.1c 3.3 ± 0.7c 4.5 ± 0.9c

MAR (lm/day) 1.7 ± 0.1 1.5 ± 0.2 1.7 ± 0.0 1.5 ± 0.1 1.4 ± 0.1 1.7 ± 0.1

BFR/BS (lm3/lm2/yr) 53.7 ± 5.4 45.7 ± 7.6 94.7 ± 9.2a 49.5 ± 5.9 20.1 ± 3.2d 19.6 ± 2.2d

Data are presented as mean ± SEM (n = 10 for each group)
a P B 0.05 versus Sham/vehicle group by t test
b P B 0.05 versus Sham/vehicle group by Wilcoxon rank-sum test
c P B 0.05 versus OVX/vehicle group by Dunnett’s test
d P B 0.05 versus OVX/vehicle group by Dunn’s test
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compared to the Sham/vehicle group, but did not change

Ct.Ar or Ct.Wi (Table 3). Treatment with 15 and 30 ng/kg

of ELD resulted in significantly higher Ct.Ar, Ct.Wi, and

Ps.Pm compared to the OVX/vehicle group. T.Ar was

significantly higher and Me.Ar was significantly lower in

the 30 ng/kg ELD-treated group than in the OVX/vehicle

group. OVX elevated endocortical MAR and endocortical

BFR/BS as well as periosteal BFR/BS compared to the

Sham/vehicle group. Treatment with all doses of ELD

significantly suppressed OVX-induced increases in endo-

cortical MAR and endocortical BFR/BS, but did not alter

periosteal BFR/BS. OVX and treatment with ELD did not

change endocortical Oc.S/BS, endocortical N.Oc/BS, or

periosteal MAR.

Serum Calcium and Urinary Calcium Excretion

Serum Ca concentration was significantly lower in the

OVX/vehicle group than in the Sham/vehicle group at 6

and 12 months after OVX (Fig. 5a). In the 15 and 30 ng/kg

ELD-treated groups, serum Ca concentrations were sig-

nificantly higher than in the OVX/vehicle group. The value

in the 15 ng/kg ELD-treated group was at the level of the

sham control group. Urinary Ca excretion was significantly

lower in the OVX/vehicle group than in the Sham/vehicle

group at 12 months after OVX (Fig. 5b). Treatment with

15 and 30 ng/kg of ELD significantly increased urinary Ca

excretion compared to the OVX/vehicle group.

Discussion

In this study, OVX induced a significant decrease in

BMD and consequently bone biomechanical strength.

Bone turnover markers, urinary DPD excretion and serum
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Fig. 4 Effect of 12-month ELD treatment on Ac.f in the trabecular

bone of the L3 vertebra. OVX rats were given the indicated doses of

ELD daily. After 12 months of treatment, histomorphometric analysis

of the trabecular bone of the L3 vertebral body was performed. Data

are presented as mean ± SEM (n = 9–10 for each group). bP B 0.05

versus Sham/vehicle group by Wilcoxon rank-sum test; dP B 0.05

versus OVX/vehicle group by Dunn’s test

Table 3 Bone histomorphometry of the tibial diaphysis

Baseline Sham/vehicle OVX/vehicle OVX/ELD

7.5 ng/kg 15 ng/kg 30 ng/kg

T.Ar (mm2) 5.62 ± 0.11 5.73 ± 0.08 6.25 ± 0.10a 6.08 ± 0.13 6.80 ± 0.18 6.93 ± 0.21c

Ct.Ar (mm2) 4.03 ± 0.07 4.05 ± 0.08 4.18 ± 0.07 4.21 ± 0.08 4.75 ± 0.15c 5.18 ± 0.15c

Me.Ar (mm2) 1.59 ± 0.04 1.68 ± 0.08 2.07 ± 0.07a 1.88 ± 0.08 2.05 ± 0.07 1.74 ± 0.10c

Ct.Wi (lm) 629.04 ± 5.37 616.71 ± 16.76 600.98 ± 10.61 617.91 ± 9.80 667.84 ± 16.33c 738.30 ± 11.72c

Endocortical

Ec.Pm (mm) 4.75 ± 0.06 4.88 ± 0.13 5.41 ± 0.10a 5.20 ± 0.10 5.42 ± 0.10 5.05 ± 0.15

Oc.S/BS (%) 0.47 ± 0.13 1.66 ± 0.33 1.87 ± 0.39 1.41 ± 0.23 1.80 ± 0.28 1.26 ± 0.33

N.Oc/BS (/mm) 0.15 ± 0.04 0.47 ± 0.09 0.45 ± 0.09 0.36 ± 0.07 0.49 ± 0.08 0.37 ± 0.11

MAR (lm/day) 0.43 ± 0.00 0.66 ± 0.10 1.25 ± 0.06b 0.52 ± 0.06d 0.71 ± 0.11d 0.61 ± 0.13d

BFR/BS (lm3/lm2/yr) 3.34 ± 0.67 16.10 ± 6.39 65.33 ± 10.56a 6.44 ± 1.66d 17.46 ± 5.83d 10.82 ± 3.87d

Periosteal

Ps.Pm (mm) 8.95 ± 0.09 9.08 ± 0.08 9.47 ± 0.08a 9.41 ± 0.11 9.90 ± 0.13c 9.91 ± 0.16c

MAR (lm/day) 0.59 ± 0.06 0.53 ± 0.11 0.72 ± 0.06 0.64 ± 0.06 0.83 ± 0.05 0.66 ± 0.07

BFR/BS (lm3/lm2/yr) 19.20 ± 7.77 4.00 ± 1.60 31.48 ± 12.19b 22.91 ± 6.48 57.21 ± 11.43 24.24 ± 7.63

Data are presented as mean ± SEM (n = 9–10 for each group)
a P B 0.05 versus Sham/vehicle group by t test
b P B 0.05 versus Sham/vehicle group by Wilcoxon rank-sum test
c P B 0.05 versus OVX/vehicle group by Dunnett’s test
d P B 0.05 versus OVX/vehicle group by Dunn’s test
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ALP activity, were increased in the OVX/vehicle group at

3, 6, and 12 months after OVX, indicating that animals

undergoing OVX surgery were in a high-bone-turnover

state throughout the study period. This high-bone-turnover

state was also confirmed by histomorphometric analysis

of trabecular bone in the lumbar vertebral body, in which

bone resorption (Oc.S/BS and N.Oc/BS) and bone for-

mation (Ob.S/BS, OS/BS, and BFR/BS) parameters were

elevated. Bone histomorphometric analysis also revealed

that BV/TV was decreased by OVX, resulting from

decreases in Tb.N associated with increased Tb.Sp. This

deterioration of trabecular architecture and the decrease in

BMD resulted in a reduction in bone biomechanical

strength after OVX.

Treatment with ELD resulted in a dose-dependent

increase in ultimate load and stiffness of the lumbar ver-

tebral body and femoral shaft. ELD at 15 ng/kg maintained

these biomechanical parameters at sham control level, and

ELD at 30 ng/kg not only prevented the OVX-induced

decrease in bone biomechanical strength but also increased

strength above the level of the sham controls. These dose-

related effects on bone biomechanical strength were con-

sistent with the effects on BMD. Treatment with ELD also

increased material properties of the lumbar vertebral body

as indicated by significant increases in ultimate stress,

modulus, and toughness. On the other hand, ELD did not

alter ultimate stress and modulus of the femoral shaft.

Decreases in work to failure and toughness of the femoral

shaft in the 30 ng/kg ELD-treated group may be associated

with increased stiffness by ELD. Treatment with ELD

increased BV/TV by increases in Tb.N and Tb.Th associ-

ated with decreased Tb.Sp, indicating that ELD prevented

OVX-induced deterioration of trabecular architecture. It

has been reported that BV/TV is strongly related with yield

strength in the vertebral body [28]. The increase in bone

biomechanical strength in lumbar vertebrae by ELD

treatment can be attributed to improved trabecular micro-

structure and increased BMD.

OVX significantly changed the microstructure of the

cortical bone in the tibial diaphysis. The most evident

structural change related to OVX was an expansion of the

marrow cavity as indicated by significant increases in

Me.Ar and Ec.Pm. This medullary expansion was com-

pensated for with an expansion at the periosteal surface as

indicated by significant increases in T.Ar and Ps.Pm. ELD

prevented the OVX-related expansion of the marrow cavity

of the tibial diaphysis. ELD also increased cortical bone

accretion at the periosteal surface as evidenced by an

increase in Ps.Pm. These effects of ELD acted synergisti-

cally to increase the cortical bone compartment as shown

by significant increases in T.Ar, Ct.Ar, and Ct.Wi, con-

tributing to increase in the biomechanical strength of cor-

tical bone.

Positive correlations between BMC and bone biome-

chanical strength were observed in the lumbar vertebrae

and femoral shaft. The linear regression in the ELD-treated

groups was consistent with that in the sham and the OVX

control groups, suggesting that increased bone mass by

ELD was accompanied by appropriate increases in bone

strength.

The suppressive effect of ELD on urinary DPD excre-

tion was observed throughout the treatment period. Histo-

morphometric analysis of the trabecular bone demonstrated

that ELD decreased Oc.S/BS and N.Oc/BS at the end of the

treatment. Uchiyama et al. reported that treatment with

ELD for 3 months in OVX rats inhibited osteoclastic bone

resorption more potently than did treatment with alfacal-

cidol [8]. ELD was shown to suppress bone resorption

markers in osteoporosis patients [6]. In the present study, it

was demonstrated that long-term treatment with ELD

suppressed bone resorption throughout the 12-month

treatment period.
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Fig. 5 Effects of 12-month

ELD treatment on serum Ca (a)
and urinary Ca excretion (b).
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indicated doses of ELD daily.
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6, and 12 months of treatment.
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Sham/vehicle group by t test;
cP B 0.05 versus OVX/vehicle

group by Dunnett’s test;
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The mechanism by which ELD inhibits bone resorption

in vivo remains to be fully clarified. In rats, it has been

shown that ELD has a greater activity than alfacalcidol in

increasing bone mass with no difference in the effects on

serum Ca and serum parathyroid hormone (PTH) [8],

indicating that the effects of active vitamin D3 on bone can

take place, at least in part, independent of the effects on

intestinal Ca absorption and on PTH suppression. Harada

et al. reported that ELD decreases the number of osteo-

clasts in vivo through the suppression of receptor activator

of NF-jB ligand (RANKL) expression in trabecular bone

[29]. A recent study showed that ELD suppresses expres-

sion of sphingosine-1-phosphate receptor 2 (S1PR2), a

chemorepulsive receptor for S1P, in osteoclast precursor

cells and inhibits osteoclastic bone resorption by mobiliz-

ing osteoclast precursor cells from bone to the blood [30].

These reports indicate that ELD acts directly on bone and

inhibits bone resorption by regulating osteoclastogenesis.

Furthermore, an in vitro study has shown that active vita-

min D3 acts directly on osteoclast precursors and inhibits

their differentiation into mature osteoclasts through sup-

pressing expression of c-Fos protein [31]. Additionally,

active vitamin D3 inhibits human osteoclastogenesis

in vitro through upregulating IFN-b expression, which in

turn suppresses expression of nuclear factor of activated T

cells c1 (NFATc1) [32]. In addition to the above-men-

tioned direct action of ELD on bone, ELD may also act on

osteoclast precursors, resulting in inhibition of osteo-

clastogenesis, although further studies are required to fully

elucidate the mechanism.

Ac.f was increased in the OVX/vehicle group at

12 months after OVX. Treatment with ELD inhibited the

OVX-induced increase in Ac.f and maintained it at baseline

level. A previous report showed that treatment with ELD

did not lower Ac.f in normal rats and in OVX rats [33].

There are some differences in dosing regimen between that

previous study and the current study. In the previous study,

ELD was given 2 times a week at a dose of 10–100 ng/kg

for 12 weeks, while in this study, we treated the rats daily

for 12 months. The effect of ELD on bone turnover may be

affected by frequency, dose, and period of treatment.

Alfacalcidol suppressed bone resorption and maintained or

stimulated bone formation in OVX rats and in intact rats

[34–36]. While ELD and 1a,25(OH)2D3 suppressed bone

resorption, they stimulated focal bone formation (mini-

modeling), which was induced independent of bone

resorption in OVX rats [10, 11]. These reports indicate that

although vitamin D3 compounds suppress bone resorption,

they do not depress bone formation excessively. In this

study, ELD treatment did not alter MAR in trabecular bone

or at the periosteal surface of cortical bone and did not

affect serum ALP activity, indicating that the osteoblastic

function of mineralization was preserved on ELD. Taken

together, long-term treatment with ELD may not exces-

sively inhibit bone turnover.

It is reported that the effect of ELD on urinary Ca

excretion was comparable with that of alfacalcidol in

osteoporotic patients [7]. In this study, urinary Ca excretion

and serum Ca concentration in the OVX/vehicle group

were significantly decreased compared with the sham/

vehicle group, and ELD increased urinary Ca excretion and

serum Ca concentration throughout the treatment period.

These increases in urinary Ca excretion and serum Ca by

ELD plateaued at 3 months after ELD treatment began.

While OVX induces calcium efflux from bone, estrogen

deficiency reduces intestinal calcium absorption by sup-

pressing transient receptor potential vanilloid subfamily

member 6 (TRPV6), plasma membrane Ca ATPase 1b

(PMCA1b), and VDR expression at the duodenum [37–39].

Totally, OVX leads to a negative calcium balance, result-

ing in decreased serum calcium concentration. ELD stim-

ulates intestinal calcium absorption, resulting in increases

in serum calcium as well as urinary calcium excretion [40].

Taken together, these results indicate that ELD improved

the Ca balance that declined negatively in OVX rats, and

that a positive Ca balance may be maintained at a certain

constant level, even if ELD is administered over a long

period.

In conclusion, long-term treatment of OVX rats with

ELD suppressed increased bone turnover and prevented

OVX-induced bone loss, deterioration of microstructure,

and reduction in bone biomechanical strength, suggesting

that ELD may be well tolerated and useful for long-term

treatment of postmenopausal osteoporosis.
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