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REVIEW

Vitamin D analogs and bone: preclinical and clinical
studies with eldecalcitol
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Eldecalcitol [1a,25-dihydroxy-2p-(3-hydroxypropyloxy)vitamin D;] is an analog of 1a,25-dihydroxyvitamin D3
[1,25(0OH).D;], bearing a hydroxypropyloxy residue at the 2f position. In preclinical studies, eldecalcitol suppressed
bone resorption to a greater extent than alfacalcidol but had a similar effect on bone formation and Ca metabolism,
resulting in a greater increase in bone mineral density (BMD) in ovariectomized (OVX) rats. Histological analysis in OVX
rats immediately after ovariectomy revealed that eldecalcitol reduced osteoclast number and bone resorption
parameters with a decrease in bone formation parameters. Eldecalcitol also promoted focal bone formation
independent of bone resorption, a process known as bone minimodeling. In clinical studies, eldecalcitol showed
stronger effects than alfacalcidol in increasing BMD and reducing bone resorption markers in osteoporotic patients
under vitamin D supplementation. A 3-yearrandomized, double-blind, active-comparator clinical trial demonstrated that
once-daily 0.75 ng eldecalcitol reduced vertebral fracture incidence by 26% compared with 1.0 pg alfacalcidol.
Eldecalcitol also reduced the incidence of wrist fractures by 71% compared with alfacalcidol. Although this may be due
to the previously reported effect of vitamin D in reducing the incidence of falls, it is not known whether eldecalcitol has a
stronger effect in preventing falls than alfacalcidol. Because eldecalcitol stimulates intestinal Ca absorption and
improves Ca balance in addition to its skeletal effects, combination treatment with antiresorptive agents may be able to
show better effects than native vitamin D and Ca supplementation in preventing fractures in osteoporotic patients.
Further studies are warranted to clarify these issues.
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vitamin D supplementation is recommended whenever patients
are given therapeutic drugs for osteoporosis.

Osteoporosis is characterized by compromised bone
strength predisposing to an increased risk of fracture.! The
reduction in bone strength results from an imbalance in bone
remodeling, which is caused by various factors, including aging,

Introduction

Vitamin D is regarded as an essential nutrient required
for increasing intestinal calcium (Ca) and phosphate (P)
absorption. Vitamin D is converted by 25-hydroxylase in the
liver to 25-hydroxyvitamin D [25(OH)D], which is then activated
by 1a-hydroxylase in the kidneys to become 1,25-dihydroxy-

vitamin D [1,25(0OH),D]. The active vitamin D, 1,25(0OH).D, acts
in the intestine to stimulate Ca absorption and maintain Ca
balance. Under conditions of vitamin D insufficiency or defi-
ciency, intestinal Ca absorption decreases resulting in a subtle
reduction in serum Ca, which causes an increase in the
secretion of parathyroid hormone. Sustained parathyroid
hormone elevation enhances not only activation of vitamin D to
1,25(0OH).D but also bone resorption. As a result, the bone
remodeling balance becomes negative under conditions of
vitamin D insufficiency or deficiency. Because osteoporosis
treatment aims to improve negative remodeling balance in the
bone, itisimportant to make the Ca balance positive. Therefore,

estrogen deficiency after menopause, glucocorticoid excess
and immobilization. Inhibition of bone resorption by treatment
with antiresorptive agents can maintain a positive remodeling
balance and prevent the reduction in bone strength. In order for
these antiresorptive agents to be effective in maintaining bone
strength, there needs to be a sufficient supply of Ca and P;.
Although active vitamin D is necessary for the absorption of Ca
and P; from the intestine, the therapeutic efficacy of vitamin D
analogs in osteoporosis treatment remains controversial.

A meta-analysis of the effect of native and active forms of
vitamin D on bone mineral density (BMD) and fractures found
that hydroxylated active vitamin D compounds showed a
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consistently larger impact on BMD, and that hydroxylated
vitamin D doses above 0.5 ng yielded larger effects than native
vitamin D on BMD of the lumbar spine and forearms.? However,
those analyses could not address the relative effectiveness of
native and hydroxylated vitamin D on fractures. Furthermore,
inferences from those analyses were limited by the variability in
study designs, methodological weaknesses, small sample
sizes, and the inconsistency of results in the primary studies.

The actions of 1,25(0H),D are exerted via its binding to
vitamin D receptor (VDR), a member of the nuclear receptor
superfamily. VDR bound to its ligand 1,25(0H),D forms a
heterodimer complex with retinoid X receptor (RXR), and the
RXR-VDR heterodimer complex binds to the vitamin D
response element with a specific DNA sequence on its target
genes. Analogous to selective estrogen receptor modulators,
structural modifications of the ligands to nuclear receptors can
create tissue-specific agonists or antagonists of the authentic
ligands. Thus, there is a possibility that VDR-mediated actions
can also be modified in a tissue-selective manner by modulating
the structure of its ligands.

In an effort to synthesize new active vitamin D compounds
with more potent activity on bone and less calcemic effect than
1a-hydroxy vitamin D3 (alfacalcidol), which is a prodrug of
10,,25-dihydroxyvitamin D3 [1,25(0H),Dg; calcitriol], a number
of vitamin D analogs bearing a hydroxyalkoxy group at the 23
position have been synthesized.® Among them, 10,25(0H),-2p-
(8-hydroxypropyloxy) vitamin D3 (ED-71; eldecalcitol) showed
the strongest activity in preventing bone mineral loss in
ovariectomized (OVX) rats.*

Eldecalcitol’s affinity for VDR is less than half that of calcitriol,
but it has a very high affinity for serum vitamin D-binding protein
due to the existence of the hydroxypropyloxy substituent at the
2B position.® Eldecalcitol’s high affinity for serum vitamin
D-binding protein appears to be responsible for its unique
pharmacokinetics with very long plasma half-life of 53h in
healthy male volunteers.® Another characteristic of eldecalcitol
is its weak suppressive activity for parathyroid hormone
secretion.’

In this review, we examine the effects of active vitamin D
compounds on bone turnover and fractures in preclinical
studies and in clinical studies with osteoporotic patients, with
special reference to eldecalcitol.

Preclinical studies

Using OVX rats, Uchiyama et al.® compared the effects of
eldecalcitol with those of alfacalcidol on BMD and bone
remodeling processes as a function of their effects on Ca
metabolism. Eldecalcitol increased lumbar BMD to a greater
extent than did alfacalcidol but increased urinary Ca excretion
to an extent similar to that of alfacalcidol. Eldecalcitol reduced
the biochemical and histological parameters of bone resorption
more potently than did alfacalcidol but maintained bone for-
mation markers. Those results demonstrated that eldecalcitol
suppressed bone resorption to a greater extent than alfa-
calcidol but had a similar effect on bone formation and Ca
metabolism, resulting in a greater increase in BMD in OVX rats.
Histomorphometric analysis revealed that eldecalcitol
increased cancellous bone volume with an increase in bone
formation rate/bone surface more potently than alfacalcidol
in both normal and OVX rats 3 months after ovariectomy.®

Thus, when the elevation of bone turnover rate was modest,
eldecalcitol increased bone formation rate. In contrast, in a
detailed histological analysis by de Freitas et al.'® using OVX
rats immediately after ovariectomy, eldecalcitol reduced
osteoclast number and bone resorption parameters with a
decrease in bone formation parameters. In the eldecalcitol-
treated group, the preosteoblastic layer was poorly developed
with less cell-to-cell contact between preosteoblasts and
osteoclast precursors, leading to lower osteoclast number and
suppressed bone resorption (Figure 1). In addition, eldecalcitol
treatment promoted focal bone formation independent of bone
resorption, a process known as bone minimodeling.

Because eldecalcitol suppresses bone resorption, its effect
on callus remodeling was compared with alendronate. Although
alendronate treatment induced large calluses, eldecalcitol did
not interfere with the fracture healing process and did not affect
the structural or material properties of fractured bone.'
Yamane et al.'? examined the effect of eldecalcitol on bone
modeling in distraction osteogenesis and found that elde-
calcitol increased callus volume during the early period after the
completion of lengthening, resulting in thick cortical bone
formation. Taken together, these studies demonstrate that,
although eldecalcitol suppresses bone resorption, it does not
interfere with fracture healing or bone formation processes in
distraction osteogenesis.

Although active vitamin D compounds induce receptor
activator of NF-xB ligand (RANKL) expression in osteoblastic
cells and enhance osteoclast formation and bone resorption
in vitro,'® the above OVX rat study demonstrated that both
alfacalcidol and eldecalcitol suppress bone resorption in vivo.
Harada et al.’* demonstrated that eldecalcitol suppresses bone
resorption by reducing the number of RANKL-positive cells on
the trabecular bone surface. Osteoclasts are formed from
monocytic precursors, and sphingosine-1-phosphate (S1P), a
lipid mediator in blood circulation, controls the migration of
monocytic osteoclast precursors via binding to its chemoat-
tractive receptor, S1PR1, or chemorepulsive receptor, S1PR2.
Ishii et al.’® demonstrated that RANKL stimulation suppresses
the expression of STPR1 and enhances osteoclast formation,
whereas calcitriol and eldecalcitol suppress the expression of
S1PR2 to enhance migration of osteoclast precursors from
bone to blood circulation and thus suppress osteoclast for-
mation (Figure 1).'® Although these results cannot explain the
stronger suppressive effect of eldecalcitol on bone resorption,
the much higher affinity of eldecalcitol for serum vitamin
D-binding protein than alfacalcidol may yield a higher con-
centration of eldecalcitol in the bone marrow and give it a
superior suppressive effect on bone resorption.

Clinical studies

When a once-a-day dose of 0.1, 0.25, 0.5 or 1.0 ug eldecalcitol
was given to 40 healthy male volunteers for 15 days, doses of
0.5to 1.0 ug per day caused a dose-dependent decrease in the
bone resorption markers urinary deoxypyridinoline and type |
collagen C-telopeptide, with less suppression of the bone
formation markers bone-specific alkaline phosphatase and
osteocalcin. Although serum and urinary Ca increased slightly
with 1.0 ug eldecalcitol, none of the subjects showed sustained
increase in serum Ca of over 10.4mgdl ~ " or urinary Ca of over
400 mg per day. Those results demonstrated that eldecalcitol at
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Schematic model of eldecalcitol action on bone cells. Eldecalcitol enhances differentiation of RANKL-rich preosteoblasts to RANKL-poor mature osteoblasts. As a

result, the number of RANKL-rich cells is reduced in bone surface. RANKL suppresses the expression of STPR1 in preosteoclasts. Reduction in RANKL expression by eldecalcitol
induces S1PR1. Eldecalcitol also suppresses the expression of S1PR2 in preosteoclasts, and an increase in STPR1 by eldecalcitol cooperatively stimulates the mobilization of

preosteoclasts from bone marrow to blood circulation where S1P concentration is high.

a dose of 0.5 to 1.0 ug per day can suppress bone resorption
without causing sustained hypercalcemia or hypercalciuria.'”
The effects of eldecalcitol on bone turnover markers and Ca
metabolism were compared with those of alfacalcidol in a
randomized open-label study in 59 Japanese postmenopausal
women. The subjects were randomly assigned to receive 0.5 or
1.0pg eldecalcitol or 1.0pg alfacalcidol once a day for 12
weeks. Both 0.5 and 1.0 pg eldecalcitol suppressed urinary type
| collagen N-telopeptide more strongly than did 1.0pug alfa-
calcidol. In contrast, changes in serum bone-specific alkaline
phosphatase were similar among the three groups. Urinary Ca
increased with 0.5 and 1.0 ug eldecalcitol in a dose-dependent
manner, and 1.0 g eldecalcitol increased urinary Ca to an
extent similar to 1.0png alfacalcidol. There was almost no
increase in serum Ca in any of the three study groups
throughout the study.'®

If the effect of eldecalcitol on bone is stronger than the effect
of calcitriol, the skeletal effect of eldecalcitol should be
detectable even when there is a sufficient supply of vitamin D. In
order to find out the optimal dose of eldecalcitol to increase
BMD in osteoporotic patients with sufficient vitamin D supply, a
double-blind, placebo-controlled study involving 219 osteo-
porotic patients was performed. In that study, patients were
randomly assigned to receive placebo or 0.5, 0.75 or 1.0 ug
eldecalcitol once a day for 12 months under supplementation
with 200 IU vitamin D3 for patients with serum 25(0OH)D of
20ngml " or higher and 400 IU vitamin D5 for patients with
serum 25(0OH)D below 20ngml~'. Serum eldecalcitol con-
centration increased linearly with the increasing dose of
eldecalcitol. Serum 25(0H)D was maintained at over 20 ngml ~*
in 92% of the participants. The results demonstrated that
0.75ng eldecalcitol can effectively and safely increase
lumbar and hip BMD."® The effect of eldecalcitol in increasing
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BMD was not dependent upon vitamin D status, because the
effect of eldecalcitol on lumbar and hip BMD was similar
between subjects in the upper tertile of serum 25(0OH)D con-
centration (>29ngml~") and those in the lower tertile
(<25ngml~—").2°

On the basis of those studies, a 3-year double-blind, active
comparator clinical trial was conducted to test the superiority of
oral 0.75 pg per day eldecalcitol over 1.0 pug per day alfacalcidol
for the prevention of osteoporotic fractures. That study involved
1054 patients with osteoporosis, with 400 U vitamin D3
supplementation given to patients with serum 25(0OH)D of less
than 20ngml~"'. Compared with the alfacalcidol group, the
incidence of vertebral fractures was significantly lower in the
eldecalcitol group after 36 months of treatment (13.4%/17.5%;
hazard ratio, 0.74) under the predefined significance level of
one-sided alpha of 0.05. The effect of eldecalcitol on vertebral
fracture incidence was sustained throughout the 3-year study
period, and the annual incidence of vertebral fracture during the
3rd year was significantly lower in the eldecalcitol group than in
the alfacalcidol group (3.9% vs 7.0%, respectively). Again,
eldecalcitol reduced bone turnover markers and increased
BMD more strongly than did alfacalcidol. In addition, while bone
resorption markers were suppressed to a similar level
throughout the 3-year study period, bone-specific alkaline
phosphatase reached a nadir at 1 year after treatment, and
gradually increased thereafter. Among patients with two or
more prevalent vertebral fractures, the hazard ratio for incident
vertebral fractures was 0.61 (95% confidence interval , 0.40-
0.93) in favor of eldecalcitol over alfacalcidol. The hazard ratio
for incident vertebral fractures among patients with a total hip
BMD T-score below —2.5 was 0.56 (95% confidence interval,
0.34-0.90). There were no significant interactions between
treatment effect and any baseline clinical findings. These results
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indicate the superior effect of eldecalcitol on vertebral fractures
among patients with multiple prevalent vertebral fractures or
low total hip BMD. Eldecalcitol reduced the incidence of three
major nonvertebral fractures, which was due to a marked
reduction in wrist fractures (1.1 vs 3.6 %; hazard ratio, 0.29). The
incidence of increase in serum and urinary Ca was higher in the
eldecalcitol group, without any difference in the estimated
glomerular filtration rate between the two groups. Thus,
eldecalcitol is more efficacious than alfacalcidol in preventing
vertebral and wrist fractures in osteoporotic patients with
vitamin D sufficiency, with a safety profile similar to that of
alfacalcidol.2! However, that study was not a placebo-con-
trolled study, and it is difficult to compare the potency of the
antifracture effect of eldecalcitol with that of other therapeutic
agents of osteoporosis. In this context, Hagino analyzed
antifracture effect of alfacalcidol and eldecalcitol in comparison
with placebo control of a 2-year fracture prevention trial with
minodronate.?> He calculated annual fracture incidence of
alfacalcidol and eldecalcitol-treated patients in the eldecalcitol
trial who were eligible for the entry criteria of the minodronate
trial.?® Although this is not a head-to-head comparison, the
annual relative vertebral fracture risk reduction compared with
placebo control of minodronate trial was 31% and 49% in
alfacalcidol and eldecalcitol groups, respectively (Figure 2).

It is noteworthy that there was a marked reduction in the
incidence of wrist fractures in the eldecalcitol group. Native or
active forms of vitamin D have been shown to reduce falls in
elderly subjects.?* The health-related quality of life on the
patientin this fracture prevention trial was analyzed and showed
better improvement by eldecalcitol than alfacalcidol,?® the
number of falls was not monitored. Therefore, it is not known
whether eldecalcitol has a stronger effect in preventing falls than
alfacalcidol, and the reasons for the marked reduction in wrist
fractures remain unclear.

The effects of eldecalcitol on the bone geometry and bio-
mechanical properties of the proximal femur were examined by
using clinical computed tomography in a 193-patient subgroup

12% -31%

8.2%

vertebral fractures/year (%)

Cumulative incidence of

0

Placebo group in
minodronate phase Il
trial(n = 331)

Alfacalcidol group Eldecalcitol group
(n =330) (n=328)

Figure 2 Estimation of relative risk reduction of vertebral fractures compared with
the placebo group of the minodronate phase lll trial. Post hoc analysis was performed in
the participants of fracture prevention trial with eldecalcitol who met the entry criteria of
minodronate phase Il trial (with one to five fragility fractures between the vertebrae Th4
and L4, and L2-4 BMD below T-score -1.7). The annual vertebral fracture incidence in
alfacalcidol and eldecalcitol groups of the 3-year eldecalcitol trial was compared with
that of placebo-treated patients in 2-year phase Ill minodronate trial. Relative risk
reduction in an eldecalcitol group compared with the placebo group was estimated to be
49%, and from an alfacalcitol group was 25%, which was very similar to the 26%
reduction among the whole participants of the eldecalcitol fracture prevention trial.
Adapted from reference 23.

of the fracture prevention trial. Multidetector-row CT data were
acquired at baseline and the end of the 3-year study. The results
revealed that eldecalcitol increased cortical cross-sectional
area, volumetric BMD and bone mass, and maintained cortical
thickness better than alfacalcidol. As a result, the bio-
mechanical properties of the femoral neck, including cross-
sectional moment of inertia and section modulus, were also
improved more by eldecalcitol than by alfacalcidol. Although
buckling ratio increased in both groups, the increase was less in
the eldecalcitol group.2® Taken together, these results suggest
that eldecalcitol may have the potential to reduce fracture risk
by improving bone geometry and biomechanical properties of
the proximal femur.

Many questions remain unanswered with respect to the
effects and the mechanism of action of eldecalcitol. First of all,
the mechanism of action underlying the skeletal effects of
eldecalcitol is unclear, and the most important question of how
eldecalcitol exhibits a stronger effect on bone relative to its
effect on intestinal Ca absorption remains unanswered. Sec-
ond, although a superior effect of eldecalcitol over alfacalcidol
in preventing vertebral fractures has been demonstrated, it is
important to know its antifracture effect in comparison with
placebo controls and with other drugs used for the treatment
of osteoporosis, including bisphosphonates and selective
estrogen receptor modulators. Third, the extraskeletal effect of
eldecalcitol needs to be examined. It is especially important to
examine its effect on falls, muscle strength and physical activity.
Fourth, although there was a significant reduction in wrist
fractures by eldecalcitol treatment, its effect on other non-
vertebral fractures—most importantly, on hip fractures—has
not been investigated. Fifth, eldecalcitol stimulates intestinal Ca
absorption similarly to 1,25(0OH),Ds, and its major side effect is
hypercalcemia and hypercalciuria. The safety of eldecalcitol
treatment in terms of the risks of hypercalcemia and hyper-
calciuria needs to be further monitored. Finally, because
eldecalcitol stimulates intestinal Ca absorption and improves

1 Vitamin D
| Intestinal Ca | Estrogen
absorption Aging

Osteoporosis Abnormalies

Fracture I—

Fall prevention

Eldecalcitol

Figure 3 Abnormal bone remodeling and calcium metabolism in patients with
osteoporosis. Antiresorptive agents improve abnormal bone remodeling in osteoporotic
patients. In order for these agents to enhance bone mineralization and improve bone
strength, reduction in intestinal Ca absorption observed in the elderly subjects needs to
be corrected. Most of the global fracture prevention studies use native vitamin D and
calcium as supplements. However, eldecalcitol is available in Japan, which not only
improves negative Ca balance by enhancing intestinal Ca absorption but also improves
negative bone remodeling balance, and reduces vertebral fracture incidence.
Eldecalcitol may reduce falls, like other active vitamin D compounds that are reported
to have a preventive effect on falls. This may also contribute to the reduction in fractures.

MARCH 2014 | www.nature.com/bonekey


http://www.nature.com/bonekey

Cabalance in addition to its skeletal effects, it will be interesting
to examine the effect of combined treatment with antiresorptive
agents instead of using native vitamin D as a supplement.
Because eldecalcitol has so far been approved for the treatment
of osteoporosis only in Japan, it is difficult to accumulate the
evidence needed to clarify many of the important questions
indicated above. However, if one takes into account the fact that
eldecalcitol is a drug that has effects in improving both Ca
balance and bone remodeling, it is worthwhile to try to answer
these questions for further improvement of the treatment of
osteoporosis (Figure 3).
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