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ABSTRACT. 1a,24(R)-Dihydroxyvitamin D5 [la,24(R)(OH),D;], a synthetic vitamin D5 analog, has been
developed as a drug for topical use in the treatment of psoriasis. At present, the target tissue metabolism of
1a,24(R)(OH),D5 is not understood completely. In our present study, we investigated the metabolism of
10,24(R)(OH),D; in the isolated perfused rat kidney. The results indicated that 1a,24(R)(OH),D; is
metabolized in rat kidney into several metabolites, of which 1&,24(R),25-trihydroxyvitamin D5, la,25-
dihydroxy-24-oxovitamin Dj, 1a,23(S),25-trihydroxy-24-oxovitamin Ds, and 1a,23-dihydroxy-24,25,26,27-
tetranorvitamin D5 are similar to the previously known metabolites of 1a,25-dihydroxyvitamin D;
[1a,25(OH),Ds]. In addition to these aforementioned metabolites, we also identified two new metabolites,
namely la-hydroxy-24-oxovitamin D5 and 1«,23-dihydroxy-24-oxovitamin D5 The two new metabolites do not
possess the C-25 hydroxyl group. Thus, the metabolism of 1a,24(R)(OH),D; into both 25-hydroxylated and
non-25-hydroxylated metabolites suggests that 1a,24(R)(OH),D; is metabolized in the rat kidney through two
pathways. The first pathway is initiated by C-25 hydroxylation and proceeds further via the C-24 oxidation
pathway. The second pathway directly proceeds via the C-24 oxidation pathway without prior hydroxylation at
the C-25 position. Furthermore, we demonstrated that rat kidney did not convert la-hydroxyvitamin D;
[Ta(OH)D4] into 1e,25(OH),D;. This finding indicates that the rat kidney does not possess the classical
vitamin Dj;-25-hydroxylase (CYP27) activity. However, from our present study it is apparent that prior
hydroxylation of 1a(OH)Dj; at the C-24 position in the ‘R’ orientation allows 25-hydroxylation to occur. At
present, the enzyme responsible for the C-25 hydroxylation of 1a,24(R)(OH),D5 is unknown. Our observation
that the side chain of 1a,24(R)(OH),D; underwent 24-ketonization and 23-hydroxylation even in the absence
of the C-25 hydroxyl group suggests that 1a,25(OH),D5-24-hydroxylase (CYP24) can perform some steps of the
C-24 oxidation pathway without prior C-25 hydroxylation. Thus, we speculate that CYP24 may be playing a dual
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The main function of the secosteroid hormone la,
25(0OH),D;9 is to maintain calcium homeostasis through
its actions in the classical target tissues, namely, intestine,
bone, and kidney. 1a,25(OH),D;, like other steroid hor-
mones, functions through its binding to a specific nuclear
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receptor, which in turn modulates the transcription of
various genes [1, 2]. The presence of vitamin D receptor
(VDR) in several non-classical target tissues suggests that
the hormone has additional functions beyond maintaining
calcium homeostasis [3]. The original finding of Abe et al.
[4] demonstrating that 1a,25(OH),D; modulates the
growth and differentiation of myeloid leukemia cells in wvitro
led to therapeutic trials of using 1a,25(OH),D5 in the
treatment of leukemia. However, the development of hy-
percalcemia as a complication prevented the use of
1a,25(OH), D5 as an antileukemic drug. As a result, efforts
have been made to synthesize noncalcemic analogs of
1a,25(OH), D5 that have equal or higher potency in effects
against cell growth and cell differentiation, but much
lower calcemic effects [5—8]. Recent studies suggest that
some of the newly synthesized noncalcemic analogs of
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1a,25(0OH),D5 can be used as potential drugs in the
treatment of various cancers including leukemia and other,
non-cancerous, hyperproliferative disorders such as psoria-
sis [6, 9, 10].

1a,24(R)(OH),D5, a synthetic analog of vitamin Ds,
inhibits the growth of keratinocytes [11-13] and human
leukemic cells [14] in vitro as effectively as 1a,25(OH),Ds.
This in vitro activity of 1a,24(R)(OH),D; can be ex-
plained by the finding that both 1«,24(R)(OH),D; and
1a,25(OH), D5 possess equivalent affinity for VDR [11, 12,
15]. However, 1a,24(R)(OH),D; induces less hypercalce-
mia than 1a,25(OH),D; [11]. Furthermore, the studies of
Kato et al. [16] and Kragballe [17] indicated that la,
24(R)(OH),D; is effective in the treatment of psoriasis. As
a result, 1a,24(R)(OH),D; has been developed as a drug for
topical use in the treatment of psoriasis. At present, the
target tissue metabolism of this important vitamin Ds
analog is not understood completely. Therefore, we under-
took the present study with the following aims: (i) to
describe the metabolic pathway of 1a,24(R)(OH),D; in
the kidney using isolated perfused rat kidney, and (ii) to
identify the possible differences in the pathways of renal
metabolism of 1a,24(R)(OH),D; and 1a,25(OH),Ds.

MATERIALS AND METHODS
Vitamin D Compounds

1a,25(0OH),D5, 24(R),25-dihydroxyvitamin D; [24(R),
25(0OH),D;], and 25(OH)D; were synthesized at Hoff-
mann-La Roche. 1a,24(R)(OH),D; was synthesized at the
Teijin Institute for Bio-Medical Research. 1a-Hydroxyvi-
tamin D5 [Lla(OH)D;] was a gift from Leo Pharmaceuticals.
All the synthetic vitamin D compounds were found to be
pure by HPLC analysis. All the known natural metabolites
of 1a,25(0OH),D;, which include 1a,24(R),25(OH);Ds,
1a,25(0OH),-24-0x0-Dj5, 1a,23(S),25(OH)5-24-0x0-Ds, la,
23(OH),-24,25,26,27-tetranor-D; (C-23 alcohol), and
la-hydroxy,23-carboxy-24,25,26,27-tetranorvitamin Ds
[1a,23COOH-24,25,26,27-tetranor-D; (C-23 acid)] were
synthesized biologically in the rat kidney perfusion system
as described previously [18, 19].

Solvents

All solvents were from Burdick & Jackson Laboratories

HPLC and Mass Spectrometry

HPLC was performed with a Waters System Controller
(model 600E) equipped with a photodiode array detector
(model PDA 990) to monitor UV absorbing material at 265
nm (Waters Associates). Mass spectra (70 eV) were ob-
tained on a Hewlett Packard 5985B mass spectrometer.
Samples of metabolites (~ 0.5 pg each) were introduced
into the ion source maintained at 200° via a direct-
insertion probe.
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Animals

Male Sprague-Dawley rats (about 350 g), purchased from
Taconic Laboratories, were fed a regular rodent diet, suffi-
cient in calcium, phosphorus, and vitamin D. In our
previous studies we demonstrated that the increase in
activity of the enzymes involved in further metabolism of
1a,25(OH),D5 can be induced in kidneys by pretreating
rats with 1a,25(OH),Dj5 [19, 20]. Therefore, in an analogous
fashion in this study the rats were given an intracardiac
injection of 1 pg of 1a,25(0OH),D5 in 50 pL of ethanol 6
hr prior to isolation of the kidney from the animal to

increase the enzymatic activity required for further metab-
olism of both 1a,25(0OH),D;5 and 1a,24(R)(OH),Ds.

Study of the Metabolism of 1,24(R)(OH),D;
and 1a,25(0OH),D; Using the Technique of
Kidney Perfusion

Kidney perfusions were performed as described before in
detail [20]. Metabolism of 1a,24(R)(OH),D; was studied
by introducing unlabeled 1a,24(R)(OH),D; (200 wg) into
100 mL of perfusate after a 5-min stabilization period,
following isolation of the kidney. The perfusion was con-
tinued for 8 hr. The various further metabolites of
1a,24(R)(OH),D;5 and the remaining unmetabolized sub-
strate in the lipid extract of a perfusate sample were
analyzed and quantified by the technique of HPLC de-
scribed later. Also, we performed another kidney perfusion
using 1a,25(OH),D5 (200 wg) as the substrate to identify
the quantitative and qualitative differences between the
metabolites formed from 1a,24(R)(OH),D; and la,
25(0OH),D;. To monitor the viability of the kidney, we
studied the metabolism of 24(R),25(OH),D; in the same
kidneys that had been perfused earlier with either la,
24(R)(OH),D5 or 1a,25(0OH),D5. The details of this ex-
periment are as follows: after the first 8-hr perfusion period,
the same kidneys perfused earlier with either la,
24(R)(OH),D5 or 1a,25(OH),D; were washed with 200
mL of fresh perfusate, and then 100 mL of new perfusate
was added to each perfusion system and the perfusions were
continued for an additional 8-hr period. The second 8-hr
kidney perfusions were performed by adding equal amounts
of 24(R),25(OH),D5 (200 pg) to both systems.

In this study, we also performed a control perfusion
experiment in the absence of a kidney and demonstrated
that there was no metabolism of 1«,24(R)(OH),D5 in the
absence of a kidney (data not shown).

Lipid Extraction

Lipid extraction of the kidney perfusate was performed
according to the procedure of Bligh and Dyer [21], except
that methylene chloride was substituted for chloroform.
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FIG. 1. HPLC profiles of lipid extracts of the perfusate samples (20 mL) obtained by perfusing a kidney for 8 hr with 200 pg of
1e,24(R)(OH),D; (A1) or 200 pg of 1,25(0OH),D; (B1) in 100 mL of perfusate. HPLC was performed using a Zorbax-SIL column
(25 cm X 4.6 mm) eluted with hexane:2-propanol (94:6) at a flow rate of 2 mL/min. The various metabolites of 1e,24(R)(OH),D;
and 1,25(0OH),D; were identified by monitoring their UV absorbance at 265 nm. The amounts of the various metabolites identified
are given in Table 1. Panels A2 and B2: HPLC profiles of lipid extracts of the perfusate samples (20 mL) obtained by perfusing kidneys
for 8 hr with 200 pg of 24(R),25(0OH),D;. The lipid extracts were subjected to HPLC under the same chromatographic conditions
as described earlier. The kidneys were previously perfused for 8 hr with either 200 pg of 1,24(R)(OH),D; (A2) or 200 pg of

1e,25(0OH),D5(B2) in 100 mL of perfusate.

Isolation and Purification of the Various Metabolites of
1a,24(R)(OH),D; and 1e,25(0OH),D; Produced in
Rat Kidney

Bulk lipid extract obtained from the final perfusate of
~100 mL, belonging to the kidney perfusion with
1a,24(R)(OH),D5 as the substrate, was divided into five
portions. Then each lipid portion belonging to 20 mL of
perfusate was separately subjected directly to HPLC under
the same chromatographic conditions described in the
legend for Fig. 1 without overloading the column with lipid.
Fractions of each individual metabolite from the first five
HPLC runs were pooled and subjected to a second HPLC
run with the same Zorbax-SIL column (25 cm X 4.6 mm)
eluted with a methylene chloride:2-propanol (96:4) solvent
mixture at a flow rate of 2 mL/min. Finally, each metabolite
obtained from the second HPLC run was purified further

with a third HPLC system eluted with hexane:2-propanol
(93:7). At this point, the purity of each metabolite was
adequate for its structure identification process. The final
perfusate of about 100 mL belonging to the kidney perfu-
sion with 1a,25(OH),D5 as the substrate also was treated
similarly as described above, and the metabolites of
1a,25(0OH),D;5 were identified by their comigration with
known authentic standards.

Chemical Modification of the Metabolites

SODIUM BOROHYDRIDE (NABH,) REDUCTION OF la (OH)-
24-0x0-D;.  1a(OH)-24-0x0-D5 (1 pg) was dissolved in
50 pL of ethanol containing 1 mg of NaBH,. After 30 min
at 25°, the reaction product was dried under nitrogen and
dissolved in 2 mL of a methylene chloride:2-propanol
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mixture (96:4). The sample was filtered through a syringe
fitted with a Swinney filter holder containing a 0.45-pum
Teflon filter (Millipore) and was concentrated under nitro-
gen to a volume of 100 wL. Then the sample was chro-
matographed on a Zorbax-SIL column eluted with methyl-
ene chloride:2-propanol (96:4) at a flow rate of 2 mL/min.
The purified NaBH, reduction product eluting in the
expected elution position of 1a,24(R)(OH),D; was then
subjected to mass spectrometry.

SODIUM METAPERIODATE (NAIO,) OXIDATION. The sus-
ceptibility of 1a,23(OH),-24-0x0-D; to NalO, oxidation
was tested. It is well known that NalO, cleaves the bond
between two carbons when each carbon bears a hydroxyl
group or one carbon bears a hydroxyl group and the other
bears a keto group. A total of 1 wg of 1a,23(OH),-24-
oxo-D; was dissolved in 15 pL of methanol and was
allowed to react with 10 pL of 5% aqueous NalO,. After 30
min at 25° the reaction product was dried under nitrogen
gas and subjected to HPLC using a Zorbax-SIL column
eluted with a methylene chloride:2-propanol (96:4) solvent
system at a flow rate of 2 mL/min. The purified cleavage
product was then subjected to mass spectrometry.

Study of 1a(OH)D5 Metabolism by the Perfused Kidney

To study the metabolic conversion of la(OH)D; into
1a,25(OH),Ds, a kidney perfusion was performed with
unlabeled 1a(OH)D; (I pM) in 100 mL of the perfusate
for a period of 4 hr. A control perfusion was performed in
an identical fashion without the kidney in order to dem-
onstrate the absence of metabolism of 1a(OH)D; in the
perfusion apparatus in the absence of the kidney. This
experiment was repeated thrice. Lipid extracts obtained
from the perfusate were analyzed under the HPLC condi-
tions as described in the legend for Fig. 3.

RESULTS
Metabolites of 10,24(R)(OH),D; and 1a,25(0OH),D;
Produced by the Perfused Rat Kidney

Figure 1 shows the HPLC profiles and UV spectra of
substrate and metabolites produced in kidneys perfused
with either 1a,24(R)(OH),D5 (panel Al) or 1a,25(OH),D5
(panel B1). From Fig. 1 (panel A1), it becomes obvious that
1a,24(R)(OH), D5 was metabolized by the isolated perfused
rat kidney into seven metabolite peaks, which exhibited
UV spectra (maxima at 265 nm and minima at 228 nm)
characteristic of an intact 5,6-cis-triene chromophore of
vitamin D compounds. Metabolite peaks 2, 3, 4, and 5
(panel Al) comigrated with the known metabolites of
1o,25(OH), D5, namely, 1a,25(0OH),-24-0x0-Ds, C-23 alco-
hol, 1a,23(S),25(OH);5-24-0x0-Ds, and 1a,24(R),25(OH);D5
(peaks 2, 3, 4 and 5, panel B1), respectively. Furthermore,
all the aforementioned metabolites of 1a,24(R)(OH),D5
also were shown to comigrate with the corresponding known
metabolites of 1a,25(OH),D; on a second HPLC system
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using a methylene chloride:2-propanol (96:4) mixture as
the solvent system. The final identification of all the
metabolites was obtained through mass spectrometry (data
not shown). Thus, the last four metabolites of
1a,24(R)(OH),D5 in Fig. 1 (panel A1, peaks 2, 3, 4, and 5)
were proven to correspond to the known metabolites of
1a,25(OH),D5 (panel Bl, peaks 2, 3, 4, and 5).

In addition to the metabolites similar to the ones
produced from 1a,25(OH),D5, two new metabolite peaks
of 1a,24(R)(OH), D5 (Fig. 1, panel A1, peaks 6 and 7) were
also obtained from the kidney perfusate. These two new
metabolites required structural identification. A minor
metabolite represented by peak 8 was not identified in this
study.

Structural Identification of the New Metabolites of
1a,24(R)(OH),D,

The correct structure assignment to the two new metabo-
lites of 1a,24(R)(OH),D; was achieved by the techniques
of UV absorption spectrometry and mass spectrometry and
through specific chemical modifications of the metabolites.

UV SPECTRAL FINDINGS. The new metabolites purified
from kidney perfusate exhibited UV spectra with an absor-
bance maximum at 265 nm and an absorbance minimum at
228 nm. This finding indicated that the two new metabo-
lites contained an intact 5,6-cis-triene chromophore, char-
acteristic of the D vitamins.

MASS SPECTRAL FINDINGS. Figure 2 shows the mass
spectra of both the new metabolites (panels B and C) and
their parent, 1a,24(R)(OH),D5 (panel A). The mass spec-
trum of 1a,24(R)(OH),D;5 yielded a molecular ion of m/z
416. All three vitamin D5 compounds exhibited a peak at
m/z 287, which is due to the side-chain cleavage from the
rings structure (C-17/C-20 cleavage). The peaks at m/z 269
and 251 were a result of two sequential losses of water from
the peak at m/z 287. The cleavage between carbons 7 and
8 resulted in the peak at m/y 152, which represents the A
ring plus the carbon 6 and 7 fragment. Loss of water from
the peak at m/z 152 resulted in the base peak at m/z 134. All
the aforementioned fragment ions at m/z 287, 269, 251,
152, and 134 in both the new metabolites indicated that
the secosteroid nucleus of their parent, 1a,24(R)(OH),Ds,
had remained unchanged. Thus, the new metabolites of
1a,24(R)(OH),D; were formed as a result of changes
occurring only on the side chain of their parent, la,
24(R)(OH),D;. A definite structure assighment of each
new metabolite is as follows:

1a(OH)-24-0x0-D;

The mass spectrum of the new metabolite yielded a molec-
ular ion of m/z 414 (M) (Fig. 2B), which suggests that the
new metabolite has a keto group on the side chain when
compared with its parent, la,24(R)(OH),D5 (Fig. 2A). As
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FIG. 2. Mass spectra of 1a,24(R)(OH),D; (A) and its two new metabolites, 1a(OH)-24-0x0-D; (B) and 1e,23(OH),-24-0x0-D; (C)

produced in the rat kidney.

expected, borohydride reduction of the metabolite yielded
the parent compound 1a,24(R)(OH),D5, which exhibited
a mass spectrum identical to that of 1a,24(R)(OH),Ds.
The reduced product also co-chromatographed with au-
thentic 1a,24(R)(OH),D; on HPLC (data not shown).
From this evidence we concluded that the keto function-
ality was located on carbon 24. Thus, the new metabolite
can be identified as 1a(OH)-24-0x0-D;.

1a,23(0OH),-24-0x0-D5

The mass spectrum of the second new metabolite of
1a,24(R)(OH),D; showed a molecular ion at mfy 430
(M™) (Fig. 2C), which suggested that two oxygen atoms
and one degree of unsaturation were present in the side
chain of the metabolite. When this metabolite was sub-
jected to NalO, cleavage, the product formed was identical
to la-hydroxy-23-0x0-24,25,26,27-tetranorvitamin D5
(C-23 aldehyde), which showed an identical mass spectrum
and co-chromatographed with the authentic compound
(data not shown). From the above data, we deduced that a
hydroxyl group and a keto functionality were located on

carbons 23 and 24, respectively. Thus, the structure of this
new metabolite of 1a,24(R)(OH),D; is assigned as
1a,23(OH),-24-0x0-D;.

Relative Amounts of the Unmetabolized Substrates
1a,24(R)(OH),D; and 1e,25(0OH),D; and their
Metabolites Produced in the Isolated Perfused Kidney

The comparative study of the metabolism of la,
24(R)(OH),D; and 1a,25(OH),D; was performed using
the data generated from HPLC analysis of the final perfu-
sates (Fig. 1). The relative amounts of unmetabolized
substrate and the metabolites of both 1a,24(R)(OH),D5
and 1a,25(OH),D; calculated from Fig. 1 are given in
Table 1. The concentration of each metabolite was quan-
titated by measuring its peak area and comparing it with
the corresponding peak area in a standard curve produced
by 1 pg of each metabolite. The rate of metabolism of
1a,24(R)(OH),D; when compared with that of la,
25(0OH),D; appeared to be slow, as the amount of unme-
tabolized 1a,24(R)(OH),Dj; at the end of an 8-hr perfusion
was about 1.7 times higher than that of 1a,25(OH),Ds.
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TABLE 1. Metabolites of 1,24(R)(OH),D; and
10,25(0OH),D; present in the final kidney perfusate after 8
hr of kidney perfusion

Kidney perfusion  Kidney perfusion
with with
Vitamin D metabolites 10,24(R)(OH),D; 1e,25(0H),D;,
Unmetabolized substrate 6.59 3.97
Lla(OH)-24-0x0-D; 1.54
1a,23(OH),-24-0x0-D5 2.17
1a,24(R),25(0H); D, 0.42 0.53
1oa,25(OH),-24-0x0-D5 0.07 0.43
1a,23(S),25(0OH);5-24- 0.25 1.41
oxo-Ds
C-23 alcohol 1.13 2.00

Each value represents the amount of the metabolite (in pg) in 20 mL of lipid extract
of the final kidney perfusate.

The concentrations of la(OH)-24-0x0-D5 and 1a,23(OH),-
24-0x0-D5 were about 3.5 and 1.5 times higher than those of
the corresponding 25-hydroxylated metabolites [1a,25(OH),-
24-0x0-D5 and 1a,23(S),25(OH);5-24-0x0-Ds] produced
from 1a,25(OH),D;. Furthermore, the levels of 1a,24(R),
25(0OH);Ds5, 1a,25(0OH),-24-0x0-D3, and 1a,23(S),
25(0OH);-24-0x0-D; formed from 1a,24(R)(OH),D; were
quite low when compared to the corresponding metabolites
generated from 1a,25(OH),D5. These findings suggested
that C-25 hydroxylation probably plays a minor role in the
metabolism of 1a,24(R)(OH),D;. We also noted that the
amount of C-23 alcohol formed from 1a,25(OH),D; was
around twice that formed from 1a,24(R)(OH),D5. It is
possible that the rate of conversion of 1a,23(OH),-24-
oxo-Dj5 into C-23 alcohol also may be slow compared with
the rate of conversion of 1a,23(S),25(0OH);-24-0x0-Ds
into C-23 alcohol. However, it still remains to be deter-
mined whether the side chain cleavage of 1a,23(OH),-24-
ox0-D5 can occur without prior C-25 hydroxylation (see

Fig. 4).

Kidney Viability

The HPLC profiles of the substrate and the metabolites
produced in kidneys perfused with 24(R),25(OH),D; are
shown in Fig. 1 (panels A2 and B2). The concentrations of
the 24(R),25(OH),D; metabolites [25-hydroxy-24-oxovi-
tamin D5, 23(S),25-dihydroxy-24-oxovitamin Ds, and 23-
hydroxy-24,25,26,27-tetranorvitamin D5 (23(OH)-24,25,
26,27-tetranor-D5 or C-23 alcohol)] and unmetabolized
substrate were found to be similar in both the perfusion
systems, i.e. kidneys perfused earlier with either la,
24(R)(OH),D5 (panel A2) or 1a,25(OH),D; (panel B2).
This finding indicates that both the kidneys are viable not
only during the first 8 hr of kidney perfusion, but also
during the second 8 hr of perfusion. Thus, the differences
between metabolism of 1a,24(R)(OH),D; and la,
25(0OH),D; noted in our present study were not a result of
possible differences in the viability of the kidneys.
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FIG. 3. HPLC profile of lipid extract of the perfusate sample (10
mL) obtained by perfusing a kidney for 4 hr with 1 pM
1a(OH)D; (B) in 100 mL of perfusate. HPLC was performed
using a Zorbax-SIL column (25 cm X 4.6 mm) eluted with
hexane:2-propanol (98:2) at a flow rate of 2 mL/min. The
elution position of synthetic standard 1,25(OH),D; is shown
in panel A.

Metabolism of 1ae(OH)D; by Perfused Kidney

Since the results of the previous experiment indicated that
the rat kidney hydroxylates 1a,24(R)(OH),D; at the C-25
position, we next examined the enzymatic ability of the rat
kidney to metabolize 1a(OH)Dj;. From the results of Fig. 3,
it is clear that la(OH)D; (panel B) was not metabolized in
the rat kidney. At the end of the 4-hr period, only the
substrate peak was observed in the chromatogram. The
elution position of the 25-hydroxylated synthetic standard
is shown in panel A. These results indicate that the rat kidney
does not hydroxylate 1a(OH)Dj; at the C-25 position.

DISCUSSION

The results of our present study clearly demonstrated that
the rat kidney has the enzymatic ability to metabolize
1a,24(R)(OH),D; via the C-24 oxidation pathway. The
various metabolites of 1a,24(R)(OH),D; in the kidney
perfusate were traced by subjecting the lipid extract of the
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perfusate directly to the HPLC column and by monitoring
the UV absorbance (at 265 nm) of lipids eluting out of the
HPLC column. The metabolites of 1a,24(R)(OH),D; can
be divided into two groups: (i) previously known metabo-
lites, which are the same as metabolites of 1a,25(OH),Ds,
and (ii) unknown metabolites. The previously known
metabolites are 1a,24(R),25(OH);D;, 1a,25(0OH),-24-
oxo-Ds, 1,23(S),25(0OH)5-24-0x0-D5, and C-23 alcohol.
In addition to the known metabolites, we also identified
two new metabolites, la(OH)-24-0x0-D; and la,
23(OH),-24-0x0-D5. The identities of these two metabo-
lites of 1a,24(R)(OH),D; were confirmed by mass spectro-
metric analysis and specific chemical reactions. These two
new metabolites differ from the known metabolites by the
absence of a C-25 hydroxyl group. Earlier studies showed
that calcitroic acid is the end product of the C-24 oxidation
pathway, and C-23 alcohol is its immediate precursor [18,
22]. Thus, we assume calcitroic acid to be formed from C-23
alcohol during 1a,24(R)(OH),D; metabolism. This as-
sumption is further confirmed by our finding of calcitroic
acid glucuronide in the bile of rats to which
1a,24(R)(OH),D; was administered (Ishizuka S, unpub-
lished observations).

The formation of both 25-hydroxylated and non-25-
hydroxylated metabolites during the metabolism of
1a,24(R)(OH),D; suggests that 1a,24(R)(OH),D5 is me-
tabolized through two pathways in the rat kidney (Fig. 4).
One pathway is initiated by C-25 hydroxylation first and
proceeds further via C-24 oxidation (pathway I). The
second pathway directly proceeds via the C-24 oxidation
pathway without prior hydroxylation at the C-25 position.
Thus, the rat kidney possesses the enzymatic ability to
hydroxylate 1a,24(R)(OH),D5 at the C-25 position. Path-
way I, in which the 25-hydroxylation of 1a,24(R)(OH),D;

|
l

10,,23(S),25(0OH)3-24-0x0-D3

/

1971

\hydroxylatlon

10,24(R),25(0H)3D3

10,25(0H)2-24-0x0-D3

FIG. 4. Metabolic =~ pathways  of
1,24(R)(OH),D; to calcitroic acid in
the rat kidney.

occurs prior to alterations at C-24 and C-23, appears to play
a minor role when compared with pathway II, in which
C-24 ketonization and C-23 hydroxylation proceed effec-
tively even without prior 25-hydroxylation.

In our present study, we also demonstrated that
La(OH)D; was not metabolized to 1a,25(OH), D5, suggest-
ing that the rat kidney does not appear to possess the
classical vitamin Ds-25-hydroxylase (CYP27), which hy-
droxylates vitamin D5 and 1a(OH)Dj5 at the C-25 position
[23]. Unlike the results of our present study in rat kidney,
earlier in vitro studies of Tucker et al. [24] have shown that
the chick kidney has 25-hydroxylase activity. Thus, there
appear to be species differences in the expression of 25-
hydroxylase activity. However, recent studies demonstrated
the presence of CYP27 mRNA in rat kidney [25]. The
expression of CYP27 mRNA in rat kidney in the absence of
classical 25-hydroxylase activity indicates that the active
enzyme is not produced. This might be due to a transla-
tional block or a post-translational modification inhibiting
the production of active CYP27. However, from our present
study it is apparent that prior synthetic hydroxylation of
1a(OH)D; at the C-24 position with an ‘R’ orientation
allows 25-hydroxylation to occur in the rat kidney. At
present, the enzyme responsible for the C-25 hydroxylation
of 1a,24(R)(OH),Dj5 in the rat kidney is not known. The
enzyme 1a,25(OH),D;5-24-hydroxylase (CYP24) is respon-
sible for C-24 hydroxylation, the first step in the inactiva-
tion of 1a,25(0OH),D5; and 25(OH)D; [26-28]. It was
found that CYP24 was capable of performing various steps
in the C-24 oxidation pathway, suggesting that the enzyme
has multicatalytic functions [28, 29]. More recent studies
showed that CYP24 hydroxylates the C-26 of the vitamin
D analog 24,24-difluoro-1a,25(OH),D; [30]. Thus, it is
likely that CYP24 also may be responsible for the C-25
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hydroxylation of 1a,24(R)(OH),D5. Furthermore, our
study demonstrated for the first time that the side chain of
1a,24(R)(OH),D; undergoes 24-ketonization and 23-
hydroxylation even in the absence of the C-25 hydroxyl
group. This observation suggests that CYP24 can perform
some steps of the C-24 oxidation pathway without prior
C-25 hydroxylation. Thus, we speculate that CYP24
may be playing a dual role in the metabolism of
la,24(R)(OH),D5. This study raises the possibility that
CYP24 also has the capability to hydroxylate carbons other
than C-23, C-24, and C-26. Further studies using COS cells
transfected with a plasmid expressing CYP24 would lead to
a more complete understanding of the involvement of this
enzyme in C-25 hydroxylation.

When 1a,24(R)(OH),D; is administered systemically,
its metabolism is known to occur in the liver, where the
drug is readily metabolized into 1a,24(R),25(OH);D; by
the classical CYP27 [31]. 1a,24(R)(OH),D; has been
developed for topical use in psoriasis. Calcipotriol
(MC903), another analog of vitamin D, has been approved
for topical use in psoriasis and is currently being used
worldwide for the successful control of this skin lesion [9].
However, skin irritation (in about 20% of treated patients)
is an important local side-effect seen with calcipotriol
therapy. Since 1a,24(R)(OH),D; does not exhibit this
side-effect, it also appears to be a promising drug for the
treatment of psoriasis. Recent studies have shown the
conversion of la(OH)D; to 1a,25(0OH),D5 in keratino-
cytes, indicating that they do possess 25-hydroxylase activ-
ity [32]. Studies of Chen et al. [33] have reported the
expression of 24-hydroxylase in human keratinocytes. It
is likely that 1a,24(R)(OH),D5; may be metabolized in
keratinocytes at a faster rate than in the kidney because
the keratinocytes possess the classical 25-hydroxylase,
unlike the kidney. Thus, the rate of 1a,24(R)(OH),D5
metabolism in a given tissue can be slow or fast depending
on the presence of classical 25-hydroxylase activity in that
tissue. This, in turn, can result in tissue-specific differences
in the levels of 1a,24(R)(OH),D; and its metabolites,
resulting in tissue-specific differences in the potency of
la,24(R)(OH),D;.

In conclusion, we have identified 1a(OH)-24-0x0-D;
and 1a,23(OH),-24-0x0-Ds, two new metabolites of the
antipsoriatic drug la,24(R)(OH),D;. Additional studies
examining the cell differentiating and calcemic activities of
these two new metabolites may give further insight into our
understanding of the mechanisms responsible for the ability
of 1a,24(R)(OH), D5 to generate in vitro cell differentiation
activities equal to 1a,25(OH),D; without generating sig-
nificant in vivo calcemic effects. At present these studies are
in progress in our laboratory.

This work was supported, in part, by a research grant from Hoff-
mann-La Roche, Inc. to G. S. R. We gratefully acknowledge Mrs.
Kursheed Wankadia for expert technical assistance.

E. A. Weinstein et al

References

1. DeLuca HF and Zierold C, Mechanisms and functions of
vitamin D. Nutr Rev 56: S4-S10, 1998.

2. Haussler MR, Whitfield GK, Haussler CA, Hsieh J-C,
Thompson PD, Selznick SH, Dominguez CE and Jurutka PW,
The nuclear vitamin D receptor: Biological and molecular
regulatory properties revealed. ] Bone Miner Res 13: 325-349,
1998.

3. Walters MR, Newly identified actions of the vitamin D
endocrine system. Endocr Rev 13: 719-764, 1992.

4. Abe E, Miyaura C, Sakagami H, Takeda M, Konno K,
Yamazaki T, Yoshiki S and Suda T, Differentiation of mouse
myeloid leukemia cells induced by 1a,25-dihydroxyvitamin
Djs. Proc Natl Acad Sci USA 78: 49904994, 1981.

5. Binderup L, Latini S, Binderup E, Bretting C, Calverley M
and Hansen K, 20-Epi-vitamin D analogues: A novel class of
potent regulators of cell growth and immune responses.
Biochem Pharmacol 42: 1569-1575, 1991.

6. Colston KW, Chander SK, Mackay AG and Coombes RC,
Effects of synthetic vitamin D analogues on breast cancer cell
proliferation in wvivo and in wvitro. Biochem Pharmacol 44:
693-702, 1992.

7. Colston KW, Mackay AG, James SY, Binderup L, Chander S
and Coombes RC, EB1089, A new vitamin D analogue that
inhibits the growth of breast cancer cell proliferation in vivo
and in vitro. Biochem Pharmacol 44: 2273-2280, 1992.

8. Bouillon R, Okamura WH and Norman AW, Structure-
function relationships in the vitamin D endocrine system.
Endocr Rev 16: 200-257, 1995.

9. Bikle DD, Clinical counterpoint: Vitamin D: New actions,
new analogs, new therapeutic potential. Endocr Rev 13:
765784, 1992.

10. Kragballe K, Vitamin D analogues in the treatment of
psoriasis. ] Cell Biochem 49: 46-52, 1992.

11. Matsunaga T, Yamamoto M, Mimura H, Ohta T, Kiyoki M,
Ohba T, Naruchi T, Hosoi ] and Kuroki T, 1,24(R)-Dihy-
droxyvitamin Dj, a novel active form of vitamin D; with high
activity for inducing epidermal differentiation but decreased
hypercalcemic activity. ] Dermatol 17: 135-142, 1990.

12. Matsumoto K, Hashimoto K, Kiyoki M, Yamamoto M and
Yoshikawa K, Effect of 1,24R-dihydroxyvitamin D5 on the
growth of human keratinocytes. ] Dermatol 17: 97-103, 1990.

13. Kobayashi T, Okamura H, Azuma Y, Kiyoki M, Matsumoto K,
Hashimoto K and Yoshikawa K, 1a,24R-Dihydroxyvitamin
D5 has an ability comparable to that of 1a,25-dihydroxyvita-
min D5 to induce keratinocyte differentiation. ] Dermatol 17:
707-709, 1990.

14. Matsui T, Nakao Y, Kobayashi N, Kishihara M, Ishizuka S,
Watanabe S and Fujita T, Phenotypic differentiation-linked
growth inhibition in human leukemia cells by active vitamin
D; analogs. Int ] Cancer 33: 193-202, 1984.

15. Siebert PD, Ohnuma N and Norman AW, Studies on the
mode of action of calciferol. XIX. A 24R-hydroxyl-group can
replace the 25-hydroxyl-group of 1a,25-dihydroxyvitamin D;
for optimal binding to the chick intestinal receptor. Biochem
Biophys Res Commun 91: 827-834, 1979.

16. Kato T, Rokugo M, Terui T and Tagami H, Successful
treatment of psoriasis with topical application of active
vitamin D5 analogue, la,24-dihydroxycholecalciferol. Br J
Dermatol 115: 431-433, 1986.

17. Kragballe K, Vitamin D5 and skin diseases. Arch Dermatol Res
284 (Suppl 1): S30-S36, 1992.

18. Reddy GS and Tserng K-Y, Calcitroic acid, end product of
renal metabolism of 1,25-dihydroxyvitamin D5 through C-24
oxidation pathway. Biochemistry 28: 1763-1769, 1989.

19. Reddy GS, Tserng K-Y, Thomas BR, Dayal R and Norman



Renal Metabolism of 1a,24(R)(OH),D;

20.

21.

22.

23.

24.

25.

26.

217.

AW, Isolation and identification of 1,23-dihydroxy-
24,25,26,27-tetranorvitamin D;, a new metabolite of 1,25-
dihydroxyvitamin D5 produced in rat kidney. Biochemistry 262
324-331, 1987.

Reddy GS, Jones G, Kooh SW, Fraser D and DelLuca HF,
Stimulation of 24R,25-dihydroxyvitamin D5 synthesis by
metabolites of vitamin D;. Am ] Physiol 245: E359-E3064,
1983.

Bligh EG and Dyer WG, A rapid method for total lipid
extraction and purification. Can J Biochem Physiol 37: 911—
917, 1959.

Makin G, Lohnes D, Byford V, Ray R and Jones G, Target cell
metabolism of 1,25-dihydroxyvitamin Dj to calcitroic acid.
Biochem ] 262: 173-180, 1989.

Guo Y-D, Strugnell S, Back DW and Jones G, Transfected
human liver cytochrome P-450 hydroxylates vitamin D ana-
logs at different side-chain positions. Proc Natl Acad Sci USA
90: 8668-8672, 1993.

Tucker G III, Gagnon RE and Haussler MR,Vitamin D5-25-
hydroxylase: Tissue occurrence and apparent lack of regula-
tion. Arch Biochem Biophys 155: 47-57, 1973.

Mullick J, Addya S, Sucharov C and Avadhani NG, Local-
ization of a transcription promoter within the second exon of
the cytochrome P-450c27/25 gene for the expression of the
major species of two-kilobase mRNA. Biochemistry 34:
13729-13742, 1995.

Ohyama Y and Okuda K, Isolation and characterization of a
cytochrome P-450 from rat kidney mitochondria that cata-
lyzes the 24-hydroxylation of 25-hydroxyvitamin D;. J Biol
Chem 266: 8690-8695, 1991.

Ohyama Y, Noshiro M and Okuda K, Cloning and expression

28.

29.

30.

31.

32.

33.

1973

of ¢cDNA encoding 25-hydroxyvitamin Ds-24-hydroxylase.
FEBS Lett 278: 195-198, 1991.

Akiyoshi-Shibata M, Sakaki T, Ohyama Y, Noshiro M,
Okuda K and Yabusaki Y, Further oxidation of hydroxycal-
cidiol by calcidiol 24-hydroxylase. A study with the mature
enzyme expressed in Escherichia coli. Eur ] Biochem 224:
335-343, 1994.

Beckman M], Tadikonda P, Werner E, Prahl J, Yamada S and
DeLuca HF, Human 25-hydroxyvitamin D5 24-hydroxylase, a
multicatalytic enzyme. Biochemistry 35: 8465-8472, 1996.
Miyamoto Y, Shinki T, Yamamoto K, Ohyama Y, Iwasaki H,
Hosotani R, Kasama T, Takayama H, Yamada S and Suda T,
la,25-Dihydroxyvitamin Ds;-24-hydroxylase (CYP24) hy-
droxylates the carbon at the end of the side chain (C-26) of
the C-24-fluorinated analog of 1a,25-dihydroxyvitamin Dj.
J Biol Chem 272: 14115-14119, 1997.

Kawashima H, Hoshina K, Saitoh N, Hashimoto Y, Ishimoto
S, Noguchi T and Orimo H, Effect and metabolism of la,
24-dihydroxyvitamin D5 in hepatectomized rats. FEBS Lett
104: 367-370, 1979.

Lehmann B, Pietzsch J, Kampf A, Wozel G and Meurer M,
Human HACAT keratinocytes metabolise 1a-hydroxyvita-
min D5 and vitamin Dj to la,25-dihydroxyvitamin Dj, In:
Vitamin D, Chemistry, Biology and Clinical Applications of the
Steroid Hormone (Eds. Norman AW, Bouillon R and Thomas-
set M), pp. 583-584. University of California, Riverside,
1997.

Chen ML, Heinrich G, Ohyama YI, Okuda K, Omdahl JL,
Chen TC and Holick MF, Expression of 25-hydroxyvitamin
D;-24-hydroxylase mRNA in cultured human keratinocytes.
Proc Soc Exp Biol Med 207: 57-61, 1994.



