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Abstract

The active vitamin D compound 1a,24(S)-dihydroxyvitamin D, (1,24(OH),D,) is under development as a therapy for disorders
including cancer and secondary hyperparathyroidism. 1,24(OH),D, is a potent inhibitor of cell proliferation in vitro and, relative to
calcitriol (1,25(0OH),D3), has reduced calcemic activity in vivo. To examine the mechanisms underlying this reduced calcemic activity, we
studied the tissue distribution in rats of radiolabeled 1,24(OH),D, or 1,25(0OH),D5 over 24 h. Serum levels of 1,24(OH),D, were lower
than those of 1,25(OH),D5 at all time points; however, tissue levels of radiolabeled compounds followed different patterns. In duodenum
and kidney, 1,24(OH),D, and 1,25(OH),D; rose to similar levels at early time points; 1,24(OH),D, levels then declined more rapidly. In
bone marrow, 1,24(OH),D, and 1,25(OH),D; were present at similar levels at all time points. In liver, 1,24(OH),D, levels were two-fold
higher than 1,25(OH),Dj; at 1 h post-injection, declining to similar levels by 8 h. In vitamin D-deficient rats, doses of 1,24(OH),D, 30-fold
higher than 1,25(OH),D; were required to produce equal stimulation of intestinal calcium absorption. In the same deficient animals,
1,24(OH),D; and 1,25(0OH),D; were nearly equipotent at stimulating bone calcium mobilization. In cultured bone cells, 1,24(OH),D, and
1,25(0OH),D; were equipotent at stimulating osteoclast formation and bone resorption. In summary, the reduced calcemic activity of
1,24(OH),D, may result from altered pharmacokinetics relative to 1,25(OH),D3, resulting in relatively rapid decreases in 1,24(OH),D,
levels and activity in target organs such as intestine. Further studies will be necessary to confirm these findings and to confirm the clinical
utility of 1,24(OH),D,.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction against other disorders, including cancer, in both cell

culture [5—7] and animal studies [8—10], but clinical usage

Vitamin D analogs are used therapeutically in the US for
the treatment of secondary hyperparathyroidism of kidney
disease [1,2] and for the topical treatment of psoriasis [3].
In other countries, vitamin D analogs are also used in the
treatment of additional disorders including osteoporosis
[4]. Vitamin D analogs have shown promising activity
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of vitamin D compounds at high doses in cancer patients
has been limited by hypercalcemic side effects [11,12].
Older vitamin D analogs used in the treatment of secondary
hyperparathyroidism of kidney disease, such as
1,25(0OH),D3, may exacerbate problems with tissue calci-
fication that occur with high frequency in renal patients
[1,2]. Newer vitamin D analogs are being developed with
the aim of maximizing clinical utility while minimizing
unwanted hypercalcemic side effects.

The active vitamin D compound 1,24(OH),D, has
potent antiproliferative activity [13] and reduced calcemic
activity in vivo relative to 1,25(OH),D5 [14] and is under
development as a drug for the treatment of disorders
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including secondary hyperparathyroidism and cancer.
1,24(OH),D, is a naturally occurring compound [15,16]
that may contribute to the reduced calcemic activity of
vitamin D, and the synthetic vitamin D, analog doxercal-
ciferol (la-hydroxyvitamin D,) [17]. Studies with
1,24(OH),D, have demonstrated high affinity for the vita-
min D receptor (VDR) [17], high activity in gene expres-
sion assays [17], and potent antiproliferative activity in
vitro against a number of cell types [13,18], yet in vivo
1,24(OH),D; is at least an order of magnitude less calce-
mic than 1,25(OH),D5 [14].

The mechanisms underlying the reduced calcemic activ-
ity of 1,24(OH),D, in vivo are unclear, and studies of other
vitamin D compounds suggest several possibilities. Par-
icalcitol (19-nor-1,25-dihydroxyvitamin D,), a vitamin D
analog with reduced calcemic activity in rats, has pharma-
cokinetic properties similar to 1,25(OH),D3 [19] yet pos-
sesses reduced effects on bone [20] and intestine [19]
relative to 1,25(OH),D3, possibly through altered effects
on receptor stabilization [21] or target gene expression
[22,23]. Other analogs with low calcemic activity, such as
22-oxacalcitriol (OCT), have altered pharmacokinetic
properties, including reduced serum levels, because of
reduced affinity for the serum transport protein, DBP.
The modified pharmacokinetic properties of OCT result
in reduced effects on calcium-regulatory target organs and
reduced calcemic activity [24-26]. Like OCT,
1,24(OH),D, has reduced affinity for DBP relative to
calcitriol [17], with correspondingly altered pharmacoki-
netics and lower serum levels (20-25% of calcitriol) [14].
However, the magnitude of the reduction in calcemic
activity of 1,24(OH),D, (10-30-fold) is much more than
can be accounted for by this reduction in serum levels.
Other mechanisms may therefore also be involved; possi-
bilities include reduced target organ levels [25] or
decreased efficacy in target organs [20]. To investigate
these possibilities, we examined the tissue distribution of
radiolabeled 1,24(OH),D, and radiolabeled 1,25(0OH),D3
in normal rats over 24 h. To assess efficacy in target organs,
1,24(OH),D, or 1,25(0OH),D5; were administered to vita-
min D-deficient rats and calcium mobilization in intestine
and bone were quantitated. To assess the direct effects of
1,24(OH),D, and 1,25(0OH),D5 on bone, the compounds
were added to cultures of mouse bone marrow and effects
on osteoclastogenesis and activation of osteoclastic bone
resorption were determined.

2. Materials and methods
2.1. Materials

Radiolabeled 1,24(OH),D, (9,11-[*H], specific activity
60 Ci/mmol) was generated at the National Tritium Label-
ing Facility using carrier-free tritium gas and further
purified on high-pressure liquid chromatography (HPLC)

prior to use. Radiolabeled 1,25(OH),D; (26,26,26,
27,27,27—[3H], specific activity 180 Ci/mmol) was pur-
chased from Amersham. Rats were purchased from Harlan
Sprague-Dawley. Fetal bovine serum and a-MEM were
purchased from HyClone.

2.2. Tissue distribution studies

Normal Sprague-Dawley male rats (250 g) received
either [*H]1,25(0H),D; or [*H]1,24(OH),D, (1 nmol/kg,
1 nCi) via subcutaneous injection, following previously
used methodology [14]. Animals were euthanized under
anesthesia by exsanguination at timed intervals (1, 2, 4, 8,
16 or 24 h) after dose administration (four rats per time
point). The amount of tritiated compound in the blood was
determined directly by liquid scintillation counting.
Though not assessed in the current study, previous work
suggests that >95% of radioactivity is present as the parent
compound up to 24 h after dose administration (unpub-
lished observations). Bone marrow from one femur, the
mucosa of the first 8 cm of small intestine (duodenum),
one-half of one kidney, and liver were dissolved in tissue
solubilizer (BTS-450, Beckman Instruments, Fullerton,
CA) and the tritium quantitated by liquid scintillation
counting.

2.3. Calcium absorption and mobilization experiments
in vitamin D-deficient rats

Male Sprague-Dawley rats were purchased as weanl-
ings and raised for 4 weeks on a vitamin D-deficient low-
calcium (0.02%) diet, followed by 2 weeks on a vitamin D-
deficient diet containing 0.4% calcium. Two days prior to
treatment the rats were placed back on the vitamin D-
deficient low-calcium diet. On the day of treatment, rats
were injected intraperitoneally with vehicle (100 pl pro-
pylene glycol), 1,24(OH),D, or 1,25(0OH),D5 (0.1, 0.25 or
1.0 nmol/kg), following previous methodology [25,26].
Twenty-four hours after injection, intestinal calcium trans-
port was measured in situ using the isolated duodenal loop
method [25]. Bone calcium mobilization was estimated by
the increase in plasma calcium.

2.4. In vitro bone mobilization

The mouse bone marrow culture system of Suda [27]
was used to compare the osteoclastogenic and bone resorb-
ing activities of 1,24(OH),D, and 1,25(OH),D5. In brief,
bone marrow was flushed from the femur and tibia of 4-6-
week-old Swiss—Webster mice and suspended in a-MEM
with 10% fetal bovine serum (FBS), washed twice,
and plated in 24-well plates or 100 mm dishes. The cells
were cultured for 5 days in medium containing vitamin
D compounds (0.1, 1.0 or 10nM 1,24(OH),D, or
1,25(0OH),D3). During this period, osteoclast progenitors
in the cultures differentiated to mature osteoclasts in the
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presence of active vitamin D compounds. The cells were
fed on days 3 and 5 by replacing half of the medium with
fresh medium containing the vitamin D compounds. Cells
in the 24-well plates were stained for tartrate-resistant acid
phosphatase (TRAP) to identify the number of osteoclasts.
In the absence of vitamin D compounds, few TRAP-
positive cells are observed [28]. Bone marrow cultures
grown in 100 mm dishes were scraped free, washed
with a-MEM with 10% FBS three times, and plated
onto dentine slices pre-equilibrated to the culture medium.
The vitamin D compounds, at the doses described
earlier, were added on day 0 and replaced on day 3. After
5 days, the dentine slices were washed with 1% sodium
dodecyl sulphate (SDS) to remove cellular debris, fixed
with 2.5% glutaraldehyde, dehydrated through a series
of increasingly concentrated ethanol solutions, and air
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dried. The dentine slices were then sputter-coated with
gold and examined with a Hitachi H-400 scanning
electron microscope. Bone resorption was quantified by
placing grids with 42 wm spaces over photos of the bone
slices and measuring the percentage of spaces containing
resorption pits. No pits were formed in the absence of
vitamin D compounds. Thus, the ability of vitamin D
compounds to activate these two processes, osteoclast
maturation and bone resorption, could be assessed inde-

pendently.

2.5. Statistics

Statistical calculations for Fig. 1 (tissue distribution of
radiolabeled 1,24(OH),D, and 1,25(0OH),D5) and Fig. 3 (in
vitro bone mobilization) compared each time point of
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Fig. 1. Tissue distribution of radiolabeled 1,24(OH),D, and 1,25(0OH),D5. Rats were injected with tritiated compounds as described in Section 2. At the
indicated times, animals were killed and radioactivity in target organs quantitated by liquid scintillation counting. All Y-axis values are in DPM/g tissue, except
for serum which is DPM/mL. Data are expressed as mean += S.EM. (N = 3-4). (@) 1,25(OH),D3; (O) 1,24(OH),D,. Significantly different from
1,24(OH),D; at the same time point (‘P < 0.05); significantly different from 1,24(OH),D at the same time point ("'P < 0.001).



1292 A.J. Brown et al./Biochemical Pharmacology 68 (2004) 1289-1296

Table 1
Tissue distribution of radiolabeled 1,24(OH),D, and 1,25(OH),D5

Time Kidney Liver Serum Duodenum Bone Marrow
(h) 1,24(OH),D, 1,25(OH),D; 1,24(OH),D, 1,25(0OH),D; 1,24(OH),D, 1,25(OH),D; 1,24(OH),D, 1,25(0OH),D; 1,24(OH),D, 1,25(0H),D;
1 404 + 53 289 £ 50 776 £ 152 400 £ 38 518 £ 50 1153 £+ 66 667 + 97 464 + 211 237 +£43 247 £ 43
2 335 £ 71 380 £ 65 929 + 59 428 £+ 34 453 £ 50 1534 + 86 997 £ 172 845 £ 140 150 £+ 43 131 £33
4 234 £+ 26 323 £42 818 £ 79 298 + 37 339 £22 1057 £+ 234 1175 £399 1106 +£36 195 £ 38 284 £ 23
8 182 £ 82 331 £35 530 £ 211 407 £ 130 198 + 96 834 + 26 624 £ 253 1144 £99 129 £+ 39 174 £ 43
16 104 £+ 26 271 £ 31 331 £55 267 + 29 64 £+ 24 689 £ 45 284 £95 1099 £+ 82 221 + 66 236 + 83
24 103 £ 17 191 £ 7 195 £+ 62 217 £ 14 51+1 478 £ 18 171 £ 25 868 £ 74 167 £ 45 210 £ 66

All values are in ng/g tissue, except for serum which is ng/mL. Data are expressed as mean + S.EM. (N = 3-4).

1,24(OH),D, with the corresponding time point for
1,25(0OH),D; using one-way analysis of variance with
Bonferroni’s adjustment. Statistical calculations for Fig.
2 (calcium mobilization in vitamin D-deficient rats) were
carried out using one-way analysis of variance with Dun-
nett’s multiple comparison procedure for comparison to the
control group; each dose of 1,24(OH),D, was compared to
the to the corresponding dose of 1,25(OH),D3 using one-
way analysis of variance with Fisher’s least-significant
difference test.

3. Results

The results of the tissue distribution study are shown
in Fig. 1 and tabulated in Table 1. Serum levels of
1,24(OH),D, peaked at 1h after dose administration
and declined thereafter (Fig. 1A). As expected, serum
levels of 1,24(OH),D, were several-fold lower than those
of 1,25(0OH),D5 at any given time point (Table 1). This
result is consistent with that seen previously in rats
dosed with unlabeled compound whose serum metabolite
levels were determined by receptor binding analysis
[14].

In contrast, the tissue levels of the radiolabeled com-
pounds did not directly reflect the serum levels. Tissue
levels of 1,24(OH),D, and 1,25(OH),D3 in duodenal
mucosa (Fig. 1B) were similar for the first 4 h after
dose administration, after which the tissue levels of
1,24(OH),D, declined rapidly while the levels of
1,25(OH),D; remained relatively elevated out to 24 h.

Results in kidney were similar to those in duodenum
(Fig. 1C). Kidney levels of 1,24(OH),D, and 1,25(OH),D5
were similar for the first 2 h after dose administration, after
which levels of 1,24(OH),D, declined to levels signifi-
cantly below those of 1,25(OH),D;.

Tissue levels of radiolabeled compound in bone marrow
also did not reflect serum levels (Fig. 1D). Over the entire
24h period examined, levels of 1,24(OH),D, and
1,25(0OH),D3 in bone marrow were approximately equal.
The apparent decrease in levels of both compounds at 2 h
post-dosing, followed by the elevation at 4 h, may be an
artifact of the relatively low amount of radiolabel recov-
ered in this tissue. In any event, the tissue levels of

1,24(OH),D, and 1,25(0OH),D5 at 16 and 24 h were not
significantly different and did not reflect the differing
serum levels of these compounds.

The pattern of tissue levels of radiolabeled compound in
liver was the inverse of that seen in serum (Fig. 1E) in that,
at early time points, the level of 1,24(OH),D, was con-
siderably higher than that of 1,25(OH),D3. Levels of both
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Fig. 2. Calcium mobilization in vitamin D-deficient rats. (A) Regulation of
intestinal calcium absorption. Vitamin D-deficient rats were injected with
the indicated doses of 1,24(OH),D, or 1,25(OH),D;. Twenty-four hours
after injection, intestinal calcium transport was measured by the isolated
duodenal loop method. All data are expressed as mean = S.EM. (N = 4).
(B) Regulation of bone calcium mobilization. Serum was obtained and total
calcium was determined. All data are expressed as mean + S.EM. (N = 4).
(@) 1,25(0OH),D3; (O) 1,24(OH),D.. Significantly different from con-
trol ("P < 0.05); significantly different from corresponding dose of
1,25(0H),D5 (P < 0.05).
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compounds converged to similar concentrations by 8 h
after dose administration.

The activities on intestinal calcium transport and bone
calcium mobilization of 1,24(OH),D, and 1,25(OH),D3
were determined in vitamin D-deficient rats. Doses of
1,24(OH),D, 30-fold higher than 1,25(OH),D; were
required to increase intestinal calcium transport to the
same degree (Fig. 2A). Conversely, 1,24(OH),D, and
1,25(0OH),D3 were approximately equipotent at increasing
calcium release from bone (Fig. 2B). At low doses
(0.1 nmol/kg), 1,24(OH),D, may have had a reduced effect
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Fig. 3. In vitro bone mobilization. (A) Formation of giant cells. Differ-
entiation of osteoclast precursors by 1,24(OH),D, or 1,25(OH),Dj3. Proce-
dure was as described in Section 2. (B) Formation of multinucleated cells.
No multinucleated cell formation was observed in untreated cultures. (C)
Bone resorption. Bone resorption was determined by electron microscopic
analysis. All data are expressed as mean £ S.E.M. (N = 4). (Black bars)
1,25(0OH),D3; (hatched bars) 1,24(OH),D,. Significantly different from
corresponding dose of 1,25(0OH),D; (*P < 0.05).

on bone compared to 1,25(OH),Ds;, but at doses of
0.3 nmol/kg and above no significant differences on bone
calcium mobilization were apparent between 1,24(OH),D,
and 1,25(OH)2D3

In vitro studies examined the direct effects 1,24(OH),D,
and 1,25(0OH),D3 on bone cells. Incubation of mouse
marrow cultures with either 1,24(OH),D, or 1,25-
(OH),D; at several doses showed that both compounds
were equally effective at higher doses at inducing the
formation of TRAP+ multinucleated cells, and at inducing
the formation of resorption pits on dentine slices (Fig. 3B
and C). At the lowest dose (107'°M), 1,24(OH),D,
appeared to be less effective than 1,25(OH),Dj5 at induction
of giant cell formation (Fig. 3A), but no differences in giant
cell formation rate were apparent at higher doses.

4. Discussion

The present study investigated some of the possible
mechanisms underlying the reduced calcium-mobilizing
activity of 1,24(OH),D, compared to 1,25(OH),D5. Tissue
distribution and activity studies were used to examine the
concentration and activity of each compound in target
organs. Consistent with previous studies, serum levels of
radiolabeled 1,24(OH),D, were lower than those of
1,25(0OH),Dj at all time points (Fig. 1A) [14]. The absolute
amounts of 1,25(OH),D5 and 1,24(OH),D, in serum after
24 h (478 and 51 pg/mL; Table 1) were also consistent with
previous studies ([14], Table 5), allowing for differences in
dose. Activity measurements for intestinal calcium absorp-
tion and bone calcium release following 1,25(OH),D3
administration were also in the range expected based on
previous studies, again allowing for differences in dose
[19].

Interestingly, the concentration of 1,24(OH),D, or
1,25(0OH),D; in a target organ appears to correlate with
its activity in that tissue. After 24 h, the level of
1,24(OH),D, in duodenum was considerably lower than
1,25(0OH),D5 (Fig. 1B), and 1,24(OH),D, was much less
active on intestinal calcium transport than 1,25(OH),D3
(Fig. 2A). In contrast, 1,24(OH),D, levels in bone were
equal to 1,25(OH),D; at all time points, and 1,24(OH),D,
and 1,25(0OH),D3 had equal activity at stimulating bone
calcium release. 1,24(OH),D, and 1,25(OH),D5; were also
equipotent at stimulating osteoclast formation and bone
resorption in cell culture (Fig. 3), consistent with previous
data on the equal potency of these compounds in vitro
[13,18].

The rapid decline in duodenal levels of 1,24(OH),D,
relative to 1,25(OH),Dj, starting 4 h after dose adminis-
tration (Fig. 1B), is of unknown etiology. This decline may
have been due to rapid catabolism of 1,24(OH),D, by the
enzyme CYP24 [29,30], which is upregulated in intestine
within 4h of dose administration [31]. However,
1,24(OH),D, and 1,25(0OH),D; have been shown to be
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catabolized at the same rate in keratinocyte-derived cells
[13], which have high levels of CYP24 activity. Another
possibility, therefore, is that 1,25(OH),D; may be rela-
tively protected from CYP24-mediated catabolism in
intestinal cells, perhaps through binding to an intracellular
protein [32]. Alternatively, 1,25(OH),D5 levels in duode-
num might have been replenished via uptake of
1,25(0OH),D; from serum; uptake of 1,24(OH),D, into
duodenum would have been relatively difficult at later
time points due to its lower serum concentration. In any
case, the data suggest that reduced tissue levels of
1,24(OH),D, may be a mechanism underlying the reduced
effect of this compound on intestinal calcium absorption.
This hypothesis is consistent with the finding that OCT
levels in intestine declined rapidly after initial time points,
and that this reduced level correlated with reduced calcium
transport [25].

Further support for a pharmacokinetic mechanism
underlying the transient effects of OCT or 1,24(OH),D,
on the intestine is the finding that infusion of OCT by
osmotic minipump gave a sustained induction of intestinal
calcium transport which was quickly reversed following
removal of the pump [25,26]. This rapid clearance of
OCT and the short-lived effects on the intestine and
bone are believed to arise from the very low DBP affinity
of this analog. The moderately lower DBP affinity of
1,24(OH), D, likely also contributes to its faster disappear-
ance from intestine. Intestinal calcium transport is upre-
gulated principally by vitamin D metabolites [33], and
reduction of intestinal calcium absorption by a low calcium
diet has been shown to greatly reduce the toxicity of
vitamin D compounds [34]. Taken together, these findings
support the hypothesis that reduced effects on intestinal
calcium transport by 1,24(OH),D, may contribute signifi-
cantly to its reduced calcemic activity.

An intriguing aspect of the present study is the incon-
sistency between compound levels in serum and target
organs. At early time points, 1,24(OH),D, levels in target
organs (kidney, intestine) were equal to or greater than
1,25(0OH),D; levels, yet serum levels of 1,24(OH),D, were
several-fold lower. This observation agrees with previous
work on OCT and 1,25(OH),D5 in animals; OCT serum
levels were one-tenth those of 1,25(OH),D;, yet OCT
tissue levels matched or exceeded those of 1,25(OH),D3
at early time points (1-3 h post-dose) [35,36]. It appears,
therefore, that serum levels of a compound such as
1,24(OH),D, are a poor surrogate for tissue levels, and
that low serum levels do not reliably indicate that such a
compound will be present at low levels in target tissues,
especially soon after dose administration.

To be consistent with previous studies, radiolabeled
1,24(0OH),D, and 1,25(0OH),D3 were administered subcu-
taneously in the tissue distribution study [14], and were
administered intraperitoneally in the activity study [25,26].
The tissue distribution and activity data agreed well with
the previous studies on which they were based, providing

reassurance about the integrity of the study data. However,
it is possible that the difference in delivery methods might
have affected compound distribution and made it difficult
to correlate the two datasets. Reassuringly, intraperitoneal
administration of 1,25(OH),D53 [19] has been shown to
produce a serum pharmacokinetic profile very similar to
that seen in the present study using subcutaneous admin-
istration, with perhaps slightly earlier peak serum levels.
Thus, the differing delivery methods probably did not have
a major impact on compound distribution or on the validity
of extrapolating between the tissue distribution and activity
data.

The dose of 1,25(OH), D5 in the tissue distribution study
exceeded the dose required to maximize intestinal calcium
absorption. Of note, this dose (1 nmol/kg) was barely
sufficient to maximize intestinal calcium absorption for
1,24(OH),D, and is therefore in a relevant range for
that compound. However, we cannot rule out the possibi-
lity that the tissue distributions of 1,25(OH),D5; or
1,24(OH),D, at lower doses might have followed different
patterns from those observed, or that target tissue levels
of 1,25(0OH),D3 or 1,24(OH),D, at lower doses might
have diverged even further than in the present study.
Further studies will be necessary to examine these possi-
bilities.

Although not addressed in the current study, other
factors may also contribute to the reduced calcemic activity
of 1,24(0OH),D,, especially following chronic administra-
tion. Repeated dosing of animals with 1,24(OH),D, pro-
duced suppression of endogenous 1,25(OH),D; [14] to
levels below that seen with other analogs [37], presumably
through inhibition of 1-hydroxylase activity. It is possible
that, as with paricalcitol, this reduction of endogenous
1,25(0OH),D3 could lead to reduced vitamin D receptor
levels in target tissues, reducing responsiveness to vitamin
D [21]. Additional mechanisms that contribute to reduced
calcemic activity, such as suppression of PTH levels and
accompanying reduced effects on bone [26], have been
noted for OCT but have not yet been examined for
1,24(OH),D,.

In summary, the present study suggests that target
tissue levels of 1,24(OH),D, correlate with activity, and
that rapid reduction in tissue levels of 1,24(OH),D, in
target organs, particularly intestine, may contribute sig-
nificantly to the reduced calcemic effects of 1,24(OH),D».
Further studies will be necessary to confirm the mechanism
underlying the reduced calcemic activity of 1,24(OH),D,
and ultimately extend the use of this compound into the
clinic.
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