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ABSTRACT
Eldecalcitol [1a,25-dihydroxy-2b-(3-hydroxypropyloxy)vitamin D3], a vitamin D analog with enhanced efficacy for treatment of osteo-

porosis, has been found to be less potent than 1,25-dihydroxyvitamin D3 (calcitriol) in suppressing PTH in vivo. To define the mechanism for

the latter observation, we compared the effects of eldecalcitol and calcitriol on PTH secretion by bovine parathyroid cells. While the two

compounds showed similar potency when the cells were cultured in medium containing 15% newborn calf serum, eldecalcitol was 100 times

more potent than calcitriol in the absence of serum. Eldecalcitol has a higher affinity for the serum vitamin D-binding protein (DBP), and

therefore binding to DBP, and possibly other serum components, appears to limit the uptake and activity of eldecalcitol in parathyroid cells,

providing an explanation for the lower PTH suppressing activity in vivo (100% serum). However, the 100-fold higher activity of eldecalcitol in

the absence of serum was unexpected since the VDR affinity for eldecalcitol is eightfold lower than for calcitriol. The enhanced activity was

not due to preferential uptake, but to a resistance to metabolism. While 1 nM [3H]calcitriol was completely degraded within 24 h,

[3H]eldecalcitol was not metabolized, despite the induction of the vitamin D catabolic enzyme, 24-hydroxylase (CYP24A). The resistance

to metabolism is the likely explanation for the higher potency of eldecalcitol in suppressing PTH in cell culture lacking serum. Thus,

the unique properties of eldecalcitol in vivo can be attributed, at least in part, to its high-DBP affinity which increases the half-life, but

limits the uptake of eldecalcitol, and to its reduced metabolism, which prolongs the activity of this analog in target tissues. J. Cell. Biochem.

112: 1348–1352, 2011. � 2011 Wiley-Liss, Inc.
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O steoporosis is a therapeutic target for vitamin D compounds.

The active hormonal form of vitamin D, 1,25-

dihydroxyvitamin D3 (calcitriol), and its synthetic analog, 1a-

hydroxyvitamin D3 (alfacalcidol), have been used with success to

slow mineral loss, but a major goal of vitamin D research is to find

analogs that produce an increase in bone mineral. One such analog

is 1,25-dihydroxy-2b-(3-hydroxypropyloxy)-vitamin D3 (eldecal-

citol). This analog was shown to stimulate bone mineralization in

ovariectomized rats [Nishii et al., 1993; Tsurukami et al., 1994; Ono

et al., 1998; Uchiyama et al., 2002], in corticosteroid-treated rats

[Tanaka et al., 1996], and in bone marrow-ablated rats [Okuda et al.,

2007]. Clinical trials demonstrated that eldecalcitol increased bone

mass in osteoporotic patients and was superior to alfacalcidol

[Kubodera et al., 2003; Matsumoto et al., 2005; Matsumoto and

Kubodera, 2007; Kubodera, 2009]. The explanation for the greater

effectiveness eldecalcitol is not known. Vitamin D compounds can

affect bone mineral content by direct action on the bone and

indirectly by altering the levels of calcium and phosphate and the

calciotropic hormone PTH. Chronically elevated PTH levels

stimulate bone turnover with a net loss of mineral.

The properties of eldecalcitol that are responsible for the

favorable effects on bone are not clear. Its affinity for the vitamin

D receptor (VDR) is 8 times lower than that of calcitriol [Okano et al.,

1989]. This difference likely does not explain the enhanced bone

mineralization effects, but induction by eldecalcitol of a VDR

conformation with distinct transcriptional activities cannot be

excluded. On the other hand, eldecalcitol has higher affinity for the

serum vitamin D-binding protein (DBP) [Okano et al., 1989;

Hatakeyama et al., 2007], which may increase its circulating half-

life while limiting its rate of uptake into target tissues. Furthermore,

other vitamin D analogs with substitutions at the 2-position are poor

substrates for the vitamin D-24-hydroxylase (CYP24A), the major

catabolic enzyme for vitamin D compounds [Flanagan et al., 2009;

Saito et al., 2009]. Resistance to metabolism could enhance and
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prolong the cellular actions of eldecalcitol. The altered pharmaco-

kinetics may play a role in the beneficial effects of eldecalcitol on

bone, but their specific impact on parathyroid cell function has not

been investigated. In the present study, we investigate the potential

roles of DBP binding and resistance to metabolism on the activities

of eldecalcitol in cultured bovine parathyroid cells.

METHODS

PREPARATION OF DISPERSED BOVINE PARATHYROID CELLS

Dispersed bovine parathyroid cells were prepared as previously

described [Brown et al., 1992]. Briefly, bovine parathyroid glands

(obtained from Pel-Freez Biologicals) were trimmed of extraneous

fatty tissue, sliced to 0.5mm thickness with a tissue slicer (Stadie

Riggs; Thomas Scientific, Swedesboro, NJ) and placed in a mixture

of DME:Ham’s F-12 medium (50:50) containing 0.5mM calcium and

collagenase (3,000U/ml of collagenase XI-S; Sigma, St. Louis). The

suspension (10ml media per gram of tissue) was agitated in a

shaking water bath at 378C for 90min. Periodic passage of the

mixture through the tip of a 10ml pipette assisted in the

disaggregation. The digested tissue was washed three times with

serum-free culture medium containing DME:Ham’s F-12 (50:50),

1mM CaCl2, 15mM Hepes, 100 IU/ml penicillin, 100mg/ml

streptomycin, 5mg/ml insulin, 5mg/ml holo-transferrin, 2mM

glutamine, 1% nonessential amino acids, and 0.1% bovine serum

albumin (fraction V). Dispersed cells were plated in 24-well culture

plates at 160,000 cells/well in the above medium containing 4%

newborn calf serum. After 24 h, the mediumwas replaced with either

serum-free medium ormedium containing 15% newborn calf serum.

REGULATION OF PTH RELEASE BY bPTC

Primary cultures of bPTC were grown to confluency in serum-free

medium as previously described and then treated for 72 h with 0.1,

1.0, 10, 100 nM eldecalcitol or calcitriol, with daily changes of

medium. The cells were then changed into fresh medium and

the amount of PTH secreted during a 2-h incubation was determined

using an intact bovine PTH ELISA kit (Immutopics, San Capistrano,

CA).

UPTAKE BY PARATHYROID CELLS

The relative rates and extent of uptake of eldecalcitol and calcitriol

by the cultured bovine parathyroid cells were determined using

[3H]-calcitriol (Perkin-Elmer) and [3H]-eldecalcitol (Chugai Phar-

maceuticals). The cells were grown to near confluence and the

medium was replaced with serum-free medium containing 0.1%

BSA and the tritiated compounds (1 nM, 100,000 DPM). After 0, 10,

30, 60, and 120min (n¼ 3), the medium was removed, and the cells

were placed on ice and quickly washed twice with ice-cold PBS. The

cells were lysed in 1ml of 0.1M NaOH, and the lysate was

neutralized and analyzed for tritium using an ICN Micromedic

Taurus scintillation counter.

METABOLISM BY PARATHYROID CELLS

The relative rates of metabolism of eldecalcitol and calcitriol by

bovine parathyroid cells were determined using the tritiated

compounds. The cells were incubated as above in 12-well plates

with 1ml of medium containing tritiated eldecalcitol or calcitriol

(1 nM, 0.1mCi) for 0, 4, 8, and 24 h. The cells plus medium were

extracted by a modification of the method of Bligh and Dyer [1959].

The incubations were stopped by addition of 1ml of mildly alkaline

methanol (1 drop of 14.8 N ammonium hydroxide/100ml methanol)

containing 500 pmol of radioinert eldecalcitol or calcitriol to gauge

recovery. The cells were scraped and transferred to a screw-cap tube.

The well was washed with 1.5ml methanol which was transferred to

the tube along with 1ml water and 2.5ml methylene chloride. After

shaking, the organic phase was removed and the aqueous phase was

re-extracted with 2.5ml methylene chloride. The combined organic

phases were dried under nitrogen and dissolved in 250ml of

hexane:isopropanol:methanol (92:7:1) for HPLC analysis. The

aqueous phase was centrifuged, and 1ml was directly analyzed

for tritium to estimate the water-soluble side-chain cleavage end-

products. HPLC analysis was performed with a Beckman LC388

using a 0.46 cm� 25 cm Zorbax-Sil column (Phenomenex) and a

mobile phase of hexane:isopropanol:methanol (92:7:1). Non-

metabolized substrate, detected by ultraviolet absorption (265 nm)

of the internal standard, was collected and analyzed for tritium.

RT-PCR OF VITAMIN D 24-HYDROXYLASE (CYP24A1) IN bPTC

Total RNA was isolated using RNAzol Bee (Cinna/Biotecx). Reverse

transcription of the RNA was carried out using oligo-dT primer and

reverse transcriptase (SMART MMLV; Clontech) as directed. qPCR

was performed using SYBR Green (Sigma) in a Perkin Elmer Applied

Biosystems Gene Amp 5700 Sequence Detection System. The

primers for qPCR for bovine CYP24A1 were 50-TGG TCG CCG GTT

AGC TGA ACT C-30 and 50-CCA AAT GCA GCG TCT CCA CAG-30

(106 bp). Parallel amplifications were performed with primers for the

housekeeping gene glyceraldehydes-3-phosphate dehydrogenase

50-TCT GAC GCC TGC TTC ACC AC-30 and 50-GCT CAA CGG GAA

GCT CAC TG-30 (132 bp). The data are expressed as the ratio of

CYP24A1 to GAPDH mRNA (DDCt method).

STATISTICS

The activities, uptake, and metabolism of eldecalcitol and calcitriol

were analyzed by ANOVA, with P< 0.05 as significant.

RESULTS

The relative potencies of eldecalcitol and calcitriol to suppress PTH

release from bovine parathyroid cells grown in the presence of 15%

newborn calf serum is shown in Figure 1. Under these conditions,

the two compounds were roughly equivalent in their efficacies to

reduce PTH secretion. However, eldecalcitol has a higher affinity

for the serum DBP, and its uptake by parathyroid may be hindered

by serum. To test this hypothesis, the potencies of eldecalcitol and

calcitriol were compared in bovine parathyroid cells cultured in

the absence of serum. As shown in Figure 2, under serum-free

conditions, eldecalcitol was approximately 100 times more potent

than calcitriol, indicating that serum, presumably DBP, hinders the

activity of eldecalcitol to suppress PTH synthesis and secretion.

Relative rates of uptake of eldecalcitol and calcitriol by bovine

parathyroid cells were determined using tritiated compounds. Initial
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studies were performed under serum-free conditions. As shown in

Figure 3, uptake of eldecalcitol was much lower than that of

calcitriol, even in the absence of serum (i.e., DBP). Thus, the 100-fold

higher activity of eldecalcitol under serum-free conditions (Fig. 2)

cannot be attributed to enhanced uptake.

Since the affinity of eldecalcitol for the VDR is approximately 8

times lower than that of calcitriol, another explanation was sought.

We compared the rates of metabolism of eldecalcitol and calcitriol

using tritiated compounds. Bovine parathyroid cells were main-

tained in serum-free medium and incubated with 1 nM tritiated

eldecalcitol or calcitriol for up to 24 h, and the amount of parent

compound remaining was assessed by HPLC. As shown in Figure 4,

calcitriol was completely degraded by the end of the incubation,

while eldecalcitol was not significantly metabolized. These finding

were confirmed by analysis of the water-soluble end-products,

which showed accumulation of radioactivity in the aqueous phases

with time from calcitriol incubations, but no accumulation in

the eldecalcitol samples. Degradation of vitamin D compounds is

accomplished primarily by the 24-hydroxylase (CYP24A1), which is

induced transcriptionally by activation of the VDR. Figure 5 shows

that 1 nM eldecalcitol was much more potent than calcitriol in

inducing CYP24A1 mRNA in the absence of serum, but the effects of

Fig. 2. Suppression of PTH by eldecalcitol and calcitriol in bovine parathyroid

cells cultured in the absence of serum. Bovine parathyroid cell monolayers were

cultured in serum-free medium and treated for 3 days with the specified

concentrations of eldecalcitol or calcitriol. Steady-state PTH release was

measured as described in Methods Section. Data are presented as mean� SEM

SEM (n¼ 12). �P< 0.05 versus control.

Fig. 1. Suppression of PTH by eldecalcitol and calcitriol in bovine parathyroid

cells cultured in the presence of 15% serum. Bovine parathyroid cell mono-

layers were cultured in medium containing 15% newborn calf serum and

treated for 3 days with the specified concentrations of eldecalcitol or calcitriol.

Steady-state PTH release was measured as described in Methods Section. Data

are presented as mean� SEM (n¼ 6). �P< 0.05 versus control.

Fig. 3. Uptake of eldecalcitol and calcitriol by bovine parathyroid cells.

Bovine parathyroid cell monolayers were cultured in serum-free medium

and then incubated with 1 nM [3H]eldecalcitol or [3H]calcitriol for the

specified time. Cell-associated tritium was determined as described in Methods

Section. Data are presented as mean� SEM (n¼ 6). �P< 0.05 eldecalcitol

versus calcitriol.

Fig. 4. Metabolism of eldecalcitol and calcitriol by bovine parathyroid cells.

Bovine parathyroid cell monolayers were cultured in serum-free medium and

then incubated with 1 nM [3H]eldecalcitol or [3H]calcitriol for the specified

time. Cells plus medium were extracted and the organic phase was dried and

resolved by normal phase HPLC as described in Methods Section to determine

the percent of the parent compound remaining. Data are presented as mean

� SEM (n¼ 6). �P< 0.05 eldecalcitol versus calcitriol.
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both compounds were nearly maximal at 100 nM. This finding is

similar to the effects on PTH secretion (Fig. 2), indicating that

eldecalcitol acts as a superagonist in parathyroid cells under these

conditions. The resistance to metabolism even in the presence of

highly induced 24-hydroxylase suggests that the hydroxypropyloxy

group at the 2-position interferes with binding and/or oxidation

by CYP24A1. This stability of eldecalcitol in parathyroid culture

likely provides the explanation for the higher than expected PTH-

suppressing activity, based on its lower VDR affinity.

DISCUSSION

Eldecalcitol shows tremendous promise for treatment of osteoporo-

sis. Studies in both ovariectomized rats and patients with

osteoporosis demonstrated that this vitamin D analog can increase

bone mass by increasing bone formation and reducing bone

resorption, whereas similar studies and trials showed that calcitriol

and alfacalcidol only slow or prevent further loss of bone mass

[Nishii et al., 1993; Tsurukami et al., 1994; Tanaka et al., 1996;

Ono et al., 1998; Uchiyama et al., 2002; Kubodera et al., 2003;

Matsumoto et al., 2005; Matsumoto and Kubodera, 2007; Okuda

et al., 2007; Kubodera, 2009]. The reason for the greater beneficial

effects of eldecalcitol on bone, compared to calcitriol and

alfacalcidol, is not clear, but may be attributable to differences in

pharmacokinetics. The present study examined the relative actions

of calcitriol and eldecalcitol in an important vitamin D target,

parathyroid cells.

Eldecalcitol has been shown to bind more avidly to DBP than

calcitriol [Okano et al., 1989; Hatakeyama et al., 2007], which would

lead to a longer half-life in vivo, but reduce its uptake by target cells

expressing the VDR. In the present study, the presence of serum

reduced the PTH-suppressing activity of eldecalcitol relative to

calcitriol. The two compounds were equally active in 15% serum, but

eldecalcitol was about 100 times more active in the absence of

serum. The effect of DBP in serum-containing medium on the

activities of vitamin D compounds is well-established [Bouillon

et al., 1991; Dusso et al., 1991; Dilworth et al., 1994; Zella et al.,

2008]. The reported lower activity of eldecalcitol compared to

calcitriol in suppressing PTH in vivo [Harada et al., 2010] is

consistent with the greater inhibitory effect of DBP on uptake of

eldecalcitiol by parathyroid cells.

The 100-fold higher potency of eldecalcitol to suppress PTH in the

absence of serumwas surprising given its eightfold lower affinity for

the VDR [Okano et al., 1989]. However, metabolism studies revealed

that eldecalcitol was resistant to degradation in the parathyroid

cultures. We have previously demonstrated that bovine parathyroid

cells rapidly degrade calcitriol, and this quickly reduces the levels of

calcitriol–VDR complexes [Brown et al., 1992]. Subsequent studies

confirmed that, as in other target cells, calcitriol induced the vitamin

D-24-hydroxylase (CYP24A1) which catalyzes consecutive oxida-

tion reactions of vitamin D side chain, leading to cleavage and

inactivation. Eldecalcitol induced CYP24A1, but was not degraded

by the enzyme. This is very likely the explanation for its higher-

than-expected activity. This has been shown to be the case for

several other vitamin D analogs with modifications of the 2-

position. Flanagan et al. [2009] reported that 19-nor-2a-hydro-

xypropyl-1,25(OH)2D3 was much more potent than calcitriol in

inhibiting prostate cell growth in vitro, which they attributed to the

50-fold slower metabolism of this analog by the 24-hydroxylase.

Saito et al. [2009] found that 2a-propoxy-1,25(OH)2D3 was

metabolized more slowly than 1,25(OH)2D3. Several groups have

demonstrated that 2a-substituted vitamin D analogs are more active

than predicted by their VDR affinity, even when tested in vitro

[Glebocka et al., 2006; Shimizu et al., 2006; Glebocka et al., 2007;

Kobayashi et al., 2007; Flanagan et al., 2009; Saito et al., 2009],

probably because the stability of these compounds. Resistance to

metabolism also has been implicated in the greater potencies or

more prolonged effects of many other vitamin D analogs modified in

other positions [Dilworth et al., 1994; Zhao et al., 1996; Hansen and

Maenpaa, 1997; Kissmeyer et al., 1997; Shankar et al., 1997; Lechner

et al., 2007].

The present findings illustrate the influences of higher DBP

affinity and resistance to target cell metabolism on the activity of

eldecalcitol using bovine parathyroid cells. The higher DBP affinity

likely alters the pharmacokinetics of eldecalcitol by prolonging its

circulating half-life while limiting its cellular uptake. However, the

limited uptake of eldecalcitol is compensated by its resistance to

degradation, which will extend and enhance its activity. These

unique pharmacokinetic properties may be responsible for the

beneficial effects of eldecalcitol on bone metabolism that has led to

its development as a therapy for osteoporosis. Further studies are

necessary to dissect the individual effects of DBP binding and

resistance to metabolism on the activities of eldecalcitol in bone and

other calcium-regulating tissues.
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Fig. 5. Induction of parathyroid cells 24-hydroxylase (CYP24A1) by elde-

calcitol and calcitriol. Bovine parathyroid cell monolayers were cultured in

serum-free medium and then incubated with vehicle (ethanol) or with 1 nM

eldecalcitol or calcitriol for 6 h. RNA was extracted and reverse transcribed, and

the CYP24A1 and GAPDH mRNA were quantified by qPCR as described in

Methods Section. Data are presented as mean� SEM (n¼ 4).
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