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Abstract

1a,25-Dihydroxy-20-epi-vitamin D3 (1a,25(OH)2-20-epi-D3), the C-20 epimer of the natural hormone 1a,25(OH)2D3, is several
fold more potent than the natural hormone in inhibiting cell growth and inducing cell di�erentiation. At present, the various
mechanisms responsible for the enhanced biological activities of this unique vitamin D3 analog are not fully understood. In our

present study we compared the target tissue metabolism of 1a,25(OH)2D3 with that of 1a,25(OH)2-20-epi-D3 using the technique
of isolated perfused rat kidney. The results indicated that the C-24 oxidation pathway plays a major role in the metabolism of
both compounds in the rat kidney. However, it was noted that the concentrations of two of the intermediary metabolites of

1a,25(OH)2-20-epi-D3, namely, 1a,24(R ),25(OH)3-20-epi-D3 and 1a,25(OH)2-24-oxo-20-epi-D3 in the kidney perfusate, exceeded
the concentrations of the corresponding intermediary metabolites of 1a,25(OH)2D3. Furthermore, 1a,25(OH)2-24-oxo-20-epi-D3

induces the conformation of the vitamin D receptor similar to that induced by its parent analog and is nearly as potent as its

parent in inducing transactivation of a gene construct containing the human osteocalcin vitamin D-responsive element. We
conclude that 1a,25(OH)2-20-epi-D3 by itself is not metabolically stable when compared to 1a,25(OH)2D3, but it acquires its
metabolic stability because of the reduced rate of catabolism of its intermediary metabolites. Furthermore, 1a,25(OH)2-24-oxo-
20-epi-D3, the stable bioactive intermediary metabolite plays a signi®cant role in generating the enhanced biological activities

ascribed to 1a,25(OH)2-20-epi-D3. # 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

The discovery that structural modi®cations of the
secosteroid hormone, 1a,25-dihydroxyvitamin D3

(1a,25(OH)2D3) can result in the dissociation of the

hormone's actions on regulating cell growth and di�er-
entiation from its calcemic actions, has lead to the syn-
thesis of numerous vitamin D analogs with a wide
variety of biological actions [1]. In recent years, our
research e�orts have been directed towards identifying
the di�erences in metabolism between 1a,25(OH)2D3

and its various synthetic analogs. We have determined
that some analogs are metabolically stable at the start-
ing substrate level, while others are stable at the level
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of the intermediary metabolites. The analog,
1a,25(OH)2-16-ene-D3, whose activities are several fold
greater than those exerted by 1a,25(OH)2D3 [2] is an
example of the latter situation as described in our pre-
vious work [3±5].

At present, the concept that metabolically stable
intermediary metabolites contribute signi®cantly to the
full expression of the biological activities generated by
some speci®c vitamin D analogs is being actively pur-
sued in our laboratory. We now extended our studies
to 1a,25(OH)2-20-epi-D3, the carbon 20 (C-20) epimer
of 1a,25(OH)2D3, which di�ers from the natural hor-
mone, by a simple modi®cation in the stereochemistry
of the methyl group at C-20 on the side chain (Fig. 1).
This unique vitamin D compound has been shown to
decrease cell proliferation and promote cell di�eren-
tiation with a potency several orders of magnitude
greater than that of 1a,25(OH)2D3 [6±9]. Many investi-
gators have been involved in studies exploring the
mechanisms responsible for the enhanced biological ac-
tivities of 1a,25(OH)2-20-epi-D3 and its analogs. Some
of the proposed mechanisms are: decreased rate of cat-
abolism [10]; lower binding a�nity to the vitamin D
binding protein (DBP) [10,11]; and distinct interaction
with the vitamin D receptor (VDR), which favors
recruitment of other activation factors such as the
retinoid X receptor (RXR) and stabilization of the
VDR complex by the ligand [12±15]. With respect
to the observation of decreased rate of catabolism
of 1a,25(OH)2-20-epi-D3 when compared to
1a,25(OH)2D3 [10], it has not been established whether
the metabolic stability of 1a,25(OH)2-20-epi-D3 is at
the level of the starting substrate or the intermediary
metabolites formed during the course of the epimer's
metabolism in the tissues. To address this issue and to
evaluate the contribution of the intermediary metab-
olites to the full expression of the biological activities
generated by 1a,25(OH)2-20-epi-D3, we embarked on
our present study.

2. Materials and methods

2.1. Vitamin D compounds

Crystalline 1a,25(OH)2D3, 1a,24(R ),25(OH)3D3 and
1a,25(OH)2D3-lactone were synthesized at Ho�mann-
La Roche, Nutley, NJ. 1a,25(OH)2-20-epi-D3,
1a,24(R ),25(OH)3-20-epi-D3 and 1a,25(OH)2-24-oxo-
20-epi-D3 were synthesized at Leo Pharmaceutical
Products, Ballerup, Denmark. All of the natural
metabolites of 1a,25(OH)2D3, namely, 1a,25(OH)2-24-
oxo-D3, 1a,23(S ),25(OH)3-24-oxo-D3 and 1a,23(OH)2-
24,25,26,27-tetranor-D3, were produced using the iso-
lated rat kidney perfusion system as described before
[16,17].

2.2. Kidney perfusion technique

Kidney perfusions were performed as described
before in detail [16,17]. Male Sprague±Dawley rats
weighing approximately 350±375 g were pretreated
intraperitoneally with 2 mg of 1a,25(OH)2D3 at 16 and
4 h prior to surgery, in order to increase the activity of
the 24-hydroxylase enzyme. After the rats were
anesthetized with an intraperitoneal injection of
Ketamine (100 mg/kg), the right kidneys were surgi-
cally removed and attached to individual kidney per-
fusion systems. The kidneys were perfused with 100 ml
of perfusate and the metabolism studies were initiated
after an equilibration period of 10 min.

2.3. Lipid extraction procedure

Lipid extraction of the perfusate samples were per-
formed according to the procedure previously
described [16,17]. The e�ciency of the lipid extraction
procedure was assessed by the recovery of 5 mg of
24(R ),25(OH)2D3, which was added as an internal
standard to each perfusate sample, prior to the extrac-
tion procedure.

2.4. High performance liquid chromatography (HPLC)
and gas chromatography/mass spectrometry (GC/MS)
analysis

HPLC analysis of the lipid extracts of the kidney
perfusate samples was performed with a Waters
System Controller (model 600E), equipped with a
photodiode array detector (model PDA 990), to moni-
tor UV absorbing material at 265 nm (Waters
Associates, Milford, MA). Isolation and identi®cation
of various vitamin D metabolites from the lipid extract
of the perfusate samples was obtained using four
di�erent straight phase HPLC systems. All of the four
HPLC systems used the same Zorbax-SIL column
(4.6 � 250 mm), eluted with four di�erent solvent mix-

Fig. 1. Chemical structures of 1a,25(OH)2D3 and 1a,25(OH)2-20-epi-

D3.
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tures, at a ¯ow rate of 2 mL/min. The solvent mixtures
used were: HPLC system #1, isopropanol:hexane
(10:90 vol/vol); HPLC system #2, isopropanol:hexane
(6:94 vol/vol); HPLC system #3, isopropanol:methy-
lene chloride (4:96 vol/vol); and, HPLC system #4, iso-
propanol:hexane (12:88 vol/vol).

GC/MS analysis of the major metabolites of the
analog, 1a,25(OH)2-20-epi-D3 were performed using a
Hewlett-Packard GC-MSD system comprised of a
5890 Series II gas chromatograph, a 5791A mass selec-
tive detector, and a 7673 GC autosampler. The parent
1a,25(OH)2-20-epi-D3 and its metabolites were redis-
solved in acetonitrile and derivatized with the tri-
methylsilylating reagent Power SIL-Prep (Alltech
Associates, Inc., Deer®eld, IL) for 15 min at 708C.
Samples were analyzed on an HP-5 capillary column
(30 m � 0.25 mm � 0.25 mm) with a temperature pro-
gram ranging from 150 to 3008C (108C/min ramp).
Full-scan electron impact spectra (m/z 50 to m/z 650)
were acquired for each experiment.

2.5. Metabolism studies

The metabolism of the hormone, 1a,25(OH)2D3, was
compared to that of its C-20 epimer, 1a,25(OH)2-20-
epi-D3 in rat kidney using the isolated perfused kidney
system. In every experiment, the hormone or its C-20
epimer were added to individual kidney perfusions,
which were performed simultaneously in two separate
perfusion systems. Comparative metabolism studies
were performed using 5 and 1 mM substrate concen-
trations. The kidney perfusions using 5 mM substrate
concentrations were performed by perfusing each kid-
ney for a period of 8 h with 100 mL of perfusate con-
taining 208 mg of either 1a,25(OH)2D3 or 1a,25(OH)2-
20-epi-D3. The lipid extracts from 10 mL of the ®nal
perfusate samples were then subjected to HPLC analy-
sis using HPLC systems #1 and 2.

The kidney perfusions using 1 mM substrate concen-
trations were performed for a period of 2 h in the
absence �n � 3� or presence �n � 4� of rat kidneys.
Each perfusion was performed with 100 mL of perfu-
sate containing 41.6 mg of either 1a,25(OH)2D3 or
1a,25(OH)2-20-epi-D3. The 5 mL perfusate samples
obtained at 10 min, 0.5, 1, 1.5 and 2 h, were used to
determine the rate of disappearance of each starting
substrate; and 25 ml of the ®nal perfusates were used
to quantitate and compare the metabolites that were
produced from each compound at the end of the 2 h
perfusion period. The lipid extracts of perfusate
samples were subjected to HPLC analysis using HPLC
system #2.

2.6. Ligand-induced sensitivity of VDR to trypsin

The conformational changes of VDR that were

induced by the various vitamin D compounds were
determined by using a quantitative protease sensitivity
assay as previously described [18]. Synthetic human
VDR labeled with [35S]-methionine (1000 Ci/mmol)
were prepared by in vitro coupled transcription/trans-
lation in reticulocyte lysates (Promega Corp.) with the
human VDR cDNA inserted into the pGEM4 plasmid.
The receptor preparations were incubated without or
with the indicated concentrations of vitamin D com-
pounds for 10 min at room temperature. Then, 20 mg/
ml of trypsin (Sigma Chemical Co., St. Louis, MO)
was added to the mixtures and they were incubated for
an additional 10 min. The digestion products were
analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS/PAGE) and the dried gels were
visualized by autoradiography.

2.7. Transcription assays

Rat osteosarcoma ROS 17/2.8 cells were plated in
35 mm dishes at a density of 3 � 105/dish in
Dulbeccos's Modi®ed Eagle's Media (DMEM) (Life
Technologies, Grand Island, NY) and 10% fetal calf
serum (FCS) (Hyclone, Logan, UT). Forty-eight hours
later, the cells were transfected with plasmid (2 mg/
dish) containing the vitamin D response element
(VDRE) from the human osteocalcin gene
(GGTGACTCACCGGGTGAACGGGGGCATT)
[19]. This response element was inserted upstream of
the thymidine kinase promoter/growth hormone fusion
gene. All transfections were performed by the DEAE
dextran method [20]. The cells were treated for 1 min
with 10% dimethyl sulfoxide, washed three times with
phosphate bu�ered saline and DMEM was added con-
taining 10% FCS and the vitamin D compound of
interest at the indicated concentrations. Forty-eight
hours later, medium samples were collected and
growth hormone production from the reporter gene
was measured by radioimmunoassay as described by
the manufacturer (Nichols Institute, San Juan
Capistrano, CA).

2.8. Statistics

Values were calculated as mean2standard deviation
(S.D.). Signi®cance levels were determined by
Student's t-test.

3. Results

3.1. Comparative metabolism studies between
1a,25(OH)2D3 and 1a,25(OH)2-20-epi-D3 in kidney

The metabolism of 1a,25(OH)2D3 was compared to
that of 1a,25(OH)2-20-epi-D3 in rat kidney, at two
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di�erent substrate concentrations using the isolated
perfused rat kidney system.

3.1.1. Kidney perfusions using 5 mM substrate
concentration

In order to describe the pathways of metabolism of
both 1a,25(OH)2D3 and 1a,25(OH)2-20-epi-D3, and to

obtain the various intermediary metabolites in
amounts su�cient for their structure identi®cation,
two kidney perfusions were performed using 5 mM
concentration of either 1a,25(OH)2D3 or 1a,25(OH)2-
20-epi-D3. The HPLC pro®les of the starting substrate
and the metabolites of 1a,25(OH)2D3 present in 10 ml
of ®nal perfusate are shown in Fig. 2(A1 and A2), and

Fig. 2. Comparative metabolism study between 1a,25(OH)2D3 and 1a,25(OH)2-20-epi-D3 using isolated rat kidneys that were perfused for 8 h

with 5 mM substrate concentrations. (A1) HPLC pro®le of 1a,25(OH)2D3 and its various metabolites, which were analyzed using a Zorbax-SIL

column eluted with 10% isopropanol in hexane (HPLC system #1). (B1) HPLC pro®le of 1a,25(OH)2-20-epi-D3 and its various metabolites,

which were analyzed using HPLC system #1; peak X is the putative 1a,25(OH)2-20-epi-D3 lactone. (A2) HPLC pro®le and UV spectra of

1a,25(OH)2D3 and its various metabolites, which eluted between 0 and 25 min in A1, were collected and reanalyzed using a Zorbax-SIL column

eluted with 6% isopropanol in hexane (HPLC system #2). (B2) HPLC pro®le and UV spectra of 1a,25(OH)2-20-epi-D3 and its various metab-

olites, which eluted between 0 and 25 min in B1, were collected and reanalyzed using HPLC system #2; the identity of peaks 3b and 4b was not

established. (A2) and (B2) (C1±C4) are lipid contaminants, R is 24(R ),25(OH)2D3 which was added as internal standard.
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those of 1a,25(OH)2-20-epi-D3 are shown in Fig. 2B1

and B2. HPLC system #1 was ®rst used to identify all
of the major intermediary metabolites of
1a,25(OH)2D3 (Fig. 2A1) and of 1a,25(OH)2-20-epi-D3

(Fig.2B1) that were produced through both the C-24
and the C-23 oxidation pathways. (For the details of
both the C-24 and the C-23 oxidation pathways, we
refer the reader to our previous publication [21]). The
starting parent compound along with all its major
metabolites eluted between 8 and 25 min in the case of
both 1a,25(OH)2D3 and 1a,25(OH)2-20-epi-D3. It is
obvious from the chromatogram, that 1a,25(OH)2D3

(retention time (r.t.) 10 min, Fig. 2A1) was metabolized
by the rat kidney into four major metabolites. There
was only one highly polar, minor metabolite peak elut-
ing at 30.3 min and was designated as 1a,25(OH)2D3-
26,23-lactone (calcitriol lactone), based on its comigra-
tion with the synthetic standard. On the contrary,
1a,25(OH)2-20-epi-D3 (r.t. 9.3 min, Fig. 2B1) was
metabolized into only two major metabolites and a
minor, highly polar metabolite eluting at 27 min
(metabolite X). We tentatively designated metabolite X
as the putative 1a,25(OH)2-20-epi-D3 lactone, based
on its chromatographic mobility compared with the
corresponding metabolite of the hormone. However,
de®nite structure identi®cation of metabolite X was
not possible because of limited amounts of puri®ed
metabolite available for mass spectrometry.

In order to obtain a better separation of the sub-
strates and the corresponding major metabolite peaks
of both 1a,25(OH)2D3 and 1a,25(OH)2-20-epi-D3 of
the ®rst HPLC runs, the pooled fractions eluting
between 0 and 25 min were reanalyzed using HPLC
system #2. The corresponding HPLC pro®les and UV
spectra are presented in Fig. 2 panels A2 and B2. The
HPLC pro®le of the hormone and its metabolites
obtained from the second HPLC run con®rmed that
there were four major metabolites (2a±5a, Fig. 2A2).
The metabolites from the second HPLC run were col-
lected individually and were further puri®ed using
HPLC system #3. On this HPLC system the metab-
olite peaks from the second HPLC run remained as
single peaks (data not shown). Finally, the individual
metabolites obtained from the third HPLC run were
puri®ed further using HPLC system #4. The major
metabolite peaks of 1a,25(OH)2D3 (2a±5a, Fig. 2A2)
were identi®ed by comigration with authentic stan-
dards using HPLC systems #1 and #3. The HPLC pro-
®le of 1a,25(OH)2-20-epi-D3 and its metabolites
obtained from the second HPLC system (Fig. 2B2)
revealed that there were two major (2b and 5b) and
two minor metabolites (3b and 4b). Metabolites 2b
and 5b were further puri®ed using HPLC systems #3
and #4, and were tentatively identi®ed by comigration
with synthetic standards as 1a,25(OH)2-24-oxo-20-epi-
D3 and 1a,24(R ),25(OH)3-20-epi-D3, respectively.

Mass spectrometric analysis of metabolites 2b and 5b
of 1a,25(OH)2-20-epi-D3 con®rmed their structure as
1a,25(OH)2-24-oxo-20-epi-D3 and 1a,24(R ),25(OH)3-
20-epi-D3, respectively (data not shown). We tenta-
tively designated peak 3b as the putative 1a,23(OH)2-
24,25,26,27-tetranor-20-epi-D3 and peak 4b as the
putative 1a,23,25(OH)3-24-oxo-20-epi-D3 based on the
chromatographic mobility compared with the corre-
sponding natural intermediary metabolites of the hor-
mone. However, de®nite structure identi®cation of
metabolites 3b and 4b was not possible because of lim-
ited amounts of the material available for mass spec-
trometry analysis.

Our results indicate of di�erences in the pattern of
metabolism of both 1a,25(OH)2D3 and 1a,25(OH)2-20-
epi-D3, even though both compounds are metabolized
via the same C-24 oxidation pathway. It is signi®cant
to note that at the end of the 8 h perfusions, the
amount of unmetabolized 1a,25(OH)2D3 concentration
is slightly greater than that of the C-20 epimer.
Furthermore, even though 1a,25(OH)2-20-epi-D3 is
metabolized into four metabolites as does
1a,25(OH)2D3, the amounts of the intermediary
metabolites produced from both compounds di�er
from each other. It is noted that the amounts of
1a,25(OH)2-24-oxo-20-epi-D3 and 1a,24(R ),25(OH)3-
20-epi-D3 present in the perfusate were, respectively,

Fig. 3. Stability of 1a,25(OH)2D3 and 1a,25(OH)2-20-epi-D3 in the

control perfusions �n � 3� that were performed without kidneys for a

period of 2 h with 1 mM substrate concentrations.
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2.3 and 3.5 times greater than those of the correspond-
ing intermediary metabolites of 1a,25(OH)2D3.

3.1.2. Kidney perfusions using 1 mM substrate
concentration

In order to further validate the results obtained
from the kidney perfusions using 5 mM substrate con-
centrations, the kidney perfusions were also performed
using 1 mM concentration of either 1a,25(OH)2D3 or
1a,25(OH)2-20-epi-D3. Control perfusion experiments
without kidneys �n � 3� were ®rst performed with each
compound to assess the loss of substrate in the per-
fusion system. The results indicate that the loss of sub-
strate in the perfusion system without kidneys was
insigni®cant (Fig. 3). We then performed perfusion ex-
periments with kidneys �n � 4� using each compound
as substrates to determine their rate of disappearance
over a 2 h period. The results indicate that the concen-
tration of unmetabolized 1a,25(OH)2-20-epi-D3 was
signi®cantly lower than that of 1a,25(OH)2D3

( p < 0.03) at the 0.5, 1, 1.5 and 2 h time points. At
the end of the 2 h perfusion period the amount of

remaining unmetabolized 1a,25(OH)2-20-epi-D3 sub-

strate was approximately half the amount of unmeta-

bolized 1a,25(OH)2D3 (Fig. 4A). Utilizing the amount

of unmetabolized substrate at each time point during

the 2 h time course studies, the mean half-lives of

1a,25(OH)2-20-epi-D3 and 1a,25(OH)2D3 were calcu-

lated to be 1.020.04 h and 1.620.18 h, respectively.

Thus, it can be concluded that the rate of disappear-

ance of 1a,25(OH)2-20-epi-D3 in the isolated perfused

rat kidney is faster than that of 1a,25(OH)2D3.

We then measured the concentration of the inter-

mediary metabolites that were produced during the 2 h

perfusion period by analyzing 25 mL of the ®nal perfu-

sate from each experiment. The concentration of the

major metabolites of both 1a,25(OH)2D3 and

1a,25(OH)2-20-epi-D3 (indicated in the bar graph as

#1 to 8) as well as the total sum of the lipid soluble

metabolites (#9 and 10) are shown in Fig. 4B. As it

was observed in the experiments using 5 mM substrate

concentration, 1a,24(R ),25(OH)3-20-epi-D3 (#2) and

1a,25(OH)2-24-oxo-20-epi-D3 (#4) were the major

metabolites derived from 1a,25(OH)2-20-epi-D3. Their

Fig. 4. Comparative metabolism studies between 1a,25(OH)2D3 and 1a,25(OH)2-20-epi-D3 using isolated rat kidneys �n � 4� that were perfused

for 2 h with 1 mM substrate concentrations. (A) Remaining unmetabolized substrate [1a,25(OH)2D3 (open bars) or 1a,25(OH)2-20-epi-D3(closed

bars)] in the perfusate at di�erent time points during a 2 h perfusion period. (B) Concentrations of the various individual metabolites (#1 to 8)

and the total lipid soluble metabolites (#9±10) in the ®nal perfusate. Values are represented as mean2S.D.; �p< 0.03; ��p< 0.005;
���p< 0.0005.
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Fig. 5. The established C-24 oxidation pathway of 1a,25(OH)2D3 (top) and the putative C-24 oxidation pathway of 1a,25(OH)2-20-epi-D3 (bot-

tom). The side chain structures of the parent compounds and the metabolites are shown; R corresponds to the rest of the vitamin D molecule,

which is shown in Fig. 1. The broken arrow indicates the block in the conversion of 1a,25(OH)2-24-oxo-20-epi-D3 into 1a,23,25(OH)3-24-oxo-20-

epi-D3.

Fig. 6. Ligand-induced sensitivity of VDR to trypsin. In vitro translated VDR labeled with [35S]-methionine was incubated without or with the

indicated concentrations of vitamin D compounds for 10 min before digestion with 20 mg/mL of trypsin. The digestion products were analyzed

by SDS-polyacrylamide gel electrophoresis and the dried gels were visualized by autoradiography. The proteolytic products are indicated by

arrows (a±c). The fragment sizes are: (a) 34 kDa; (b) 32 kDa; (c) 28 kDa.
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concentrations, when compared to the corresponding
metabolites of 1a,25(OH)2D3 were signi®cantly higher
( p < 0.0005 and p < 0.005, respectively). It is of inter-
est to note that the metabolites of 1a,25(OH)2-20-epi-
D3 (#6 and 8) were not detected unlike
1a,23(S ),25(OH)3-24-oxo-D3 (#5) and 1a,23(OH)2-
24,25,26,27-tetranor-D3 (#7), the corresponding metab-
olites derived from 1a,25(OH)2D3, which accumulated
in signi®cant amounts. The sum of the two major
metabolites of 1a,25(OH)2-20-epi-D3 (indicated in the
bar graph as #10; Fig. 4B) is signi®cantly greater than
the sum of the four metabolites of 1a,25(OH)2D3 (#9)
( p < 0.03). Also, it is noted that within 2 h, the con-
centration of the 1a,24(R ),25(OH)3-20-epi-D3 metab-
olite exceeded the concentration of the remaining
unmetabolized 1a,25(OH)2-20-epi-D3 substrate. Thus,
the kidney perfusions with 1 mM substrate concen-
tration de®nitely establish that 1a,25(OH)2-20-epi-D3

itself is not metabolically stable; but rather, the C-20
epimer is metabolized into relatively stable intermedi-
ary metabolites, namely, 1a,25(OH)2-24-oxo-20-epi-D3

and its precursor 1a,24(R ),25(OH)3-20-epi-D3.
Our comparative metabolism studies between

1a,25(OH)2D3 and 1a,25(OH)2-20-epi-D3 in the iso-
lated perfused rat kidney using both 5 and 1 mM sub-
strate concentrations indicate that, like the natural
hormone, the analog 1a,25(OH)2-20-epi-D3 is also
metabolized through the same C-24 oxidation pathway
(Fig. 5). 1a,25(OH)2-20-epi-D3 is ®rst metabolized into
1a,24(R ),25(OH)3-20-epi-D3, which is then further
metabolized into 1a,25(OH)2-24-oxo-20-epi-D3.
However, a partial block in the conversion of
1a,25(OH)2-24-oxo-20-epi-D3 into 1a,23,25(OH)3-24-
oxo-20-epi-D3 is identi®ed, as very little or none of the
putative 1a,23,25(OH)3-24-oxo-20-epi-D3 and its sub-
sequent metabolite, 1a,23(OH)2-24,25,26,27-tetranor-
20-epi-D3 are detected in the perfusate. Thus, this par-
tial metabolic block in the C-24 oxidation pathway of
the epimer, leads to the accumulation of 1a,25(OH)2-
24-oxo-20-epi-D3 and its precursor 1a,24(R ),25(OH)3-
20-epi-D3.

3.1.3. Ligand-induced changes in receptor conformation
It has been proposed that the enhanced activities of

1a,25(OH)2-20-epi-D3 in growth inhibition and tran-
scription assays, are partly due to the mode of inter-
action of the epimer with VDR. 1a,25(OH)2-20-epi-D3

induces a distinct conformation of VDR, which favors
VDR-RXR dimerization and this results in enhanced
transcriptional activity of the C-20 epimer [12]. In
order to determine whether the metabolites of
1a,25(OH)2-20-epi-D3 interact with VDR in the same
manner as the parent compound, we examined their
interaction with VDR using a quantitative protease
sensitivity assay. Fig. 6 shows the 50 kDa VDR
labeled with [35S]-methionine under control conditions

(no ligand and no trypsin; lane 1), and the proteolytic
fragments obtained after the ligand treated VDR was
subjected to trypsin digestion (lanes 2±20). When the
VDR was treated with trypsin in the absence of ligand,
complete digestion of the VDR protein occurred (lane
2). However, when the VDR was incubated with
1a,25(OH)2-20-epi-D3 for 10 min before exposure to
trypsin, three distinct proteolytic products of 34, 32
and 28 kDa were observed (Fragments a, b and c; re-
spectively; Fig. 6 lanes 3±7). Incubation of the VDR
with the metabolite 1a,24(R ),25(OH)3-20-epi-D3

yielded primarily fragment a when the VDR-ligand
complex was digested with trypsin (lanes 8±11), frag-
ment b was not detected at any concentration of this
metabolite, and fragment c was detected only at high
ligand concentration (lanes 10±11). When the VDR
was incubated with the subsequent metabolite,
1a,25(OH)2-24-oxo-20-epi-D3, the proteolytic products

Fig. 7. Transcriptional activity of vitamin D compounds. ROS 17/

2.8 cells were transfected by the DEAE-dextran method with a thy-

midine kinase-growth hormone (TK/GH) fusion gene containing the

osteocalcin VDRE (ocVDRE). Immediately after transfection, med-

ium containing 10% FCS and the respective vitamin D compounds

were added to the cultures. Forty-eight hours later, medium samples

were collected and growth hormone levels were determined by radio-

immunoassay. Each point of the dose-response curve is the average

of duplicate transfections.
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were the same as those produced by the parent com-
pound (fragments a, b and c; lanes 12±15). We also
examined the mode of interaction of the natural hor-
mone, 1a,25(OH)2D3, with VDR. Treatment of VDR
with 1a,25(OH)2D3 produced only a 34 kDa fragment
(fragment a; lanes 17±20), as was previously reported
[12]. These results con®rm the previous ®nding by
Peleg et al. [12], which indicated that the 1a,25(OH)2-
20-epi-D3 analog induces a conformation of VDR that
is distinct from that produced by 1a,25(OH)2D3.
Furthermore, we have shown that addition of a hy-
droxyl group to C-24 on the side chain of the
1a,25(OH)2-20-epi-D3 analog changed the mode of in-
teraction of the analog with VDR, quantitatively and
qualitatively. However, further oxidation of the metab-
olite into its 24-oxo metabolite restored the confor-
mation of the VDR to the same pattern that was
induced by the parent compound, 1a,25(OH)2-20-epi-
D3. Thus, our study shows for the ®rst time, how the
modi®cations produced during the metabolism of
1a,25(OH)2-20-epi-D3 in target tissues can result in the
production of stable intermediary metabolites whose
interaction with VDR can be similar or di�erent from
that of the parent compound.

3.1.4. Transcriptional activities
The vitamin D receptor-mediated transcriptional ac-

tivities of 1a,25(OH)2-20-epi-D3, and its intermediary
metabolites were determined by their ability to induce
the expression of a reporter gene (growth hormone
production) in ROS 17/2.8 cells, which had been trans-
fected with an osteocalcin VDRE/growth hormone
gene construct. Fig. 7 shows that this vitamin D recep-
tor-mediated transcriptional activity was dose-depen-
dent for the natural hormone as well as for the C-20
epimer and its intermediary metabolites. The ED50 for
transcriptional activity of 1a,25(OH)2D3 was 5 � 10ÿ10

M. The ED50 for transcriptional activities of
1a,25(OH)2-20-epi-D3 and its metabolites,
1a,24(R ),25(OH)3-20-epi-D3 and 1a,25(OH)2-24-oxo-
20-epi-D3, were 9 � 10ÿ13, 1 � 10ÿ10 and 2 � 10ÿ12 M,
respectively. Thus, the C-20 epimer and its 24-oxo
metabolite were signi®cantly more potent inducers of
VDR-mediated transcription than the natural hor-
mone. It is of interest to note that C-24 hydroxylation
of the C-20 epimer reduced its biological activity.
Nevertheless, the remaining biological activity of
1a,24(R ),25(OH)3-20-epi-D3 was still signi®cant as it
was similar to or slightly higher than that of
1a,25(OH)2D3. Thus, the oxidation of the 24-hydroxyl
group to the 24-oxo group not only enables the metab-
olite to interact with VDR in a similar manner as the
parent compound, 1a,25(OH)2-20-epi-D3, but also re-
stores the transcriptional activity to a level similar to
that of the parent compound.

4. Discussion

In our present study, we provide evidence to indicate
that 1a,25(OH)2-20-epi-D3 is metabolized in the iso-
lated perfused rat kidney into stable, bioactive inter-
mediary metabolites. The ®ndings of our study
indicate that the C-23 hydroxylation of 1a,25(OH)2-
24-oxo-20-epi-D3 is hindered, resulting in reduced or
no production of 1a,23,25(OH)3-24-oxo-20-epi-D3.
Therefore, 1a,25(OH)2-24-oxo-20-epi-D3 and its pre-
cursor 1a,24(R ),25(OH)3-20-epi-D3 accumulated in the
kidney perfusate. Similar ®ndings were also reported in
a previous study in which the metabolism of
1a,25(OH)2-20-epi-D3 was investigated in human kera-
tinocytes (HPK1A-ras cells) [10]. In the same study,
the authors addressed the issue of the metabolic stab-
ility of 1a,25(OH)2-20-epi-D3 in an indirect way, by
assessing the ability of the cold substrates of both
1a,25(OH)2D3 and 1a,25(OH)2-20-epi-D3 to compete
with [1b-3H]-1a,25(OH)2D3 for the 24-hydroxylase
enzyme (CYP-24) in UMR 106 cells. The results indi-
cated that cold 1a,25(OH)2-20-epi-D3, when compared
to cold 1a,25(OH)2D3 was 36 times less e�ective in
competing for the CYP-24 [10]. Thus, the ®nding of
the ine�ectiveness of 1a,25(OH)2-20-epi-D3 to compete
for the CYP-24 provided only indirect evidence to
suggest that 1a,25(OH)2-20-epi-D3 is metabolically
stable. From our comparative metabolism studies
between 1a,25(OH)2D3 and 1a,25(OH)2-20-epi-D3 in
the isolated perfused rat kidney, we were able to pro-
vide direct evidence to indicate that the metabolic stab-
ility of 1a,25(OH)2-20-epi-D3 is not at the level of the
starting substrate, but is at the level of its intermediary
metabolites, namely, 1a,24(R ),25(OH)3-20-epi-D3 and
1a,25(OH)2-24-oxo-20-epi-D3.

The biological activity studies of the two stable
intermediary metabolites indicated that 1a,25(OH)2-24-
oxo-20-epi-D3, unlike 1a,24(R ),25(OH)3-20-epi-D3,
induced the VDR conformation that is similar to the
one produced by the parent 1a,25(OH)2-20-epi-D3,
and this phenomenon allowed 1a,25(OH)2-24-oxo-20-
epi-D3 to exhibit similar potency in inducing transacti-
vation as its parent. Also, it has been reported pre-
viously that the potency of the metabolite 1a,25(OH)2-
24-oxo-20-epi-D3 is similar to that of its parent com-
pound in regulating growth and di�erentiation of sev-
eral cancer cells [22]. Metabolism of 1a,25(OH)2-20-
epi-D3 into a stable intermediary metabolite, which
retains signi®cant biological activity, in contrast to the
rapid further metabolism of 1a,25(OH)2-24-oxo-D3,
the corresponding intermediary metabolite of
1a,25(OH)2D3, thus provides an important explanation
for the enhanced cellular and VDR-mediated transcrip-
tional activities of 1a,25(OH)2-20-epi-D3 as compared
with 1a,25(OH)2D3. Unlike 1a,25(OH)2-24-oxo-20-epi-
D3, its precursor, 1a,24(R ),25(OH)3-20-epi-D3 interacts
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with VDR in a di�erent mode, resulting in a confor-
mation of the VDR-ligand complex which is di�erent
from that induced by 1a,25(OH)2-20-epi-D3. This
change in the VDR conformation induced by
1a,24(R ),25(OH)3-20-epi-D3, was associated with a
decrease in its biological activity. Thus, even though
1a,24(R ),25(OH)3-20-epi-D3, when compared to its
parent 1a,25(OH)2-20-epi-D3, is biologically less active,
it gains importance as a signi®cant contributor for the
enhanced biological activity of its parent compound,
because of its potential to generate signi®cant biologi-
cal activity through its metabolism into 1a,25(OH)2-
24-oxo-20-epi-D3. The concept that some vitamin D3

analogs, when compared to 1a,25(OH)2D3, are able to
produce enhanced biological actions through their
metabolism into stable, biologically active intermediary
metabolites was put forward not only by us investi-
gating the metabolism of the analog 1a,25(OH)2-16-
ene-D3 [5], but also by others investigating the metab-
olism of the analog 26,26,26,27,27,27-hexa¯uoro-
1a,25(OH)2D3 [23±25] and the analog KH-1060 [26].
We have now provided additional proof for the same
concept through our present study.

In summary, we have shown that the metabolic
stability of 1a,25(OH)2-20-epi-D3 is not at the starting
substrate level, but 1a,25(OH)2-20-epi-D3 gains its
metabolic stability through its conversion into stable
intermediary metabolites, namely, 1a,25(OH)2-24-oxo-
20-epi-D3 and its precursor, 1a,24(R ),25(OH)3-20-epi-
D3. These intermediary metabolites together, due to
their metabolic stability and mode of interaction with
VDR, contribute signi®cantly to the enhanced ex-
pression of the biological activities attributed to their
parent 1a,25(OH)2-20-epi-D3.
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