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Abstract

We describe here for the first time the effect of introducing a 20-methyl group on the side-chain metabolism of the vitamin D molecule.
Using a series of 20-methyl-derivatives of 1a,25-(OH)2D3 incubated with two different cultured human cell lines, HPK1A-ras and HepG2,
previously shown to metabolize vitamin D compounds, we obtained a series of metabolic products that were identified by comparison to
chemically synthesized standards on HPLC and GC-MS. 24-Hydroxylated-, 24-oxo-hydroxylated-, and 24-oxo-23-hydroxylated products
of 20-methyl-1a,25-(OH)2D3 were observed, but the efficiency of 23-hydroxylation was low as compared with that of the natural hormone
and, in contrast to 1a,25-(OH)2D3, no truncated 23-alcohol was formed from the 20-methyl analog. These data, taken together with results
from other analogs with changes in the vicinity of the C17-C20 positions, lead us to speculate that such changes must alter the accessibility
of the C-23 position to the cytochrome P450 involved. Using the HepG2 cell line, we found evidence that the 24S-hydroxylated product
of 20-methyl-1a,25-(OH)2D3 predominates, implying that the liver cytochrome involved in metabolism is a different isoform. Studies with
a more metabolically resistant analog of the series, 20-methyl-D23-1a,25-(OH)2D3, gave the expected block in 23- and 24-hydroxylation,
and evidence of an alternative pathway, namely 26-hydroxylation. 20-Methyl-D23-1a,25-(OH)2D3 was also more potent in biological assays,
and the metabolic studies reported here help us to suggest explanations for this increased potency. We conclude that the 20-methyl series
of vitamin D analogs offers new perspectives into vitamin D analog action, as well as insights into the substrate preferences of the
cytochrome(s) P450 involved in vitamin D catabolism. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

It is now well established that the active form of vitamin
D3, 1a,25-(OH)2D3, has potent cell-differentiating/anti-pro-
liferative activities and plays a role in calcium homeostasis

[1,2]. This has led researchers to search for “non-calcemic”
vitamin D analogs, those that possess anti-tumour effects
without significant calcemic activity. Attention has been
focused mainly upon vitamin D analogs that have modifi-
cations in the side chain. Several side-chain-modified ana-
logs, which show favourable dissociation of effects, have
already been developed for clinical use, e.g. calcipotriol [3]
and 22-oxa-calcitriol [4]. The homologated series of ana-
logs containing additional carbon atoms at the C-24 and/or
C-26/C-27 positions have also been shown to possess po-
tentially useful biological profiles [5]. We previously pro-
posed [6] that the increased biological activity of certain
members of the 20-epi series of vitamin D analogs, specif-

Abbreviations:D2 or D3, vitamin D2 or vitamin D3; OH or (OH)2,
hydroxy or dihydroxy; 1a,25-(OH)2D3, 1a,25-dihydroxyvitamin D3;
DPPD, N,N9-diphenylethylenediamine; FBS, fetal bovine serum; HIM,
hexane/isopropanol/methanol; and MEM, Dulbecco’s modified Eagle’s
medium.

* Corresponding author. Tel.:1613-533-2498; fax:1613-533-2987.
E-mail address:gjl@post.queensu.ca (G. Jones).

Biochemical Pharmacology 61 (2001) 893–902

0006-2952/01/$ – see front matter © 2001 Elsevier Science Inc. All rights reserved.
PII: S0006-2952(01)00546-9



ically 20-epi-1a,25-(OH)2D3 (Leo Pharmaceuticals Code
Name MC1288), may be partially due to altered protein
binding for the vitamin D binding globulin (DBP) and the
target cell vitamin D receptor (VDR) as well as a reduced
rate of catabolism, particularly 23-hydroxylation, by target
cell enzymes; this explanation has since been expanded [7].
It is well known that catabolism of 1a,25-(OH)2D3 in target
tissues occurs through hydroxylation at either C-23
[1a,23,25-(OH)3D3] or C-24 [1a,24,25-(OH)3D3] [2]. The
23- and 24-hydroxylase activities associated with these re-
actions have been shown to co-localize with the same cy-
tochrome P450, CYP24 [8].

The 20-methyl series of vitamin D analogues (Fig. 1)
constitute a group of compounds with a 7- to 20-fold in-
crease in biological activity in HL-60 cell differentiation
assays compared with 1a,25-(OH)2D3, along with a wide
variation in calcemic activity [9]. Since the modification in
these molecules is in a region of the side chain that has been
shown previously to be metabolically-sensitive to change
(e.g. 20-epi-series [6,7]; 22-oxa-calcitriol [10]; 16-ene-
1a,25-(OH)2D3 [11]), we hypothesized that a 20-methyl
substitution might change the rate or site of metabolism by
23- and 24-hydroxylases. In the present study, metabolism
of 20-methyl compounds was investigated in a human ker-
atinocyte cell line, HPK1A-ras, that has been shown previ-
ously to contain high catabolic enzyme activity [12], and in
a human hepatoma cell line, HepG2, previously shown to be
capable of side-chain modifications of a number of vitamin
D analogs [10,13]. In this study we set out:

(a) To compare qualitatively and quantitatively thein
vitro metabolism of 20-methyl-1a,25-(OH)2D3 and
1a,25-(OH)2D3 in the HPK1A-ras keratinocyte, a
well characterized vitamin D target cell.

(b) To examine the metabolism of other 20-methyl an-
alogs including 20-methyl-D23-1a,25-(OH)2D3 in
the same keratinocyte model.

(c) To examine cell-specific differences in the metabo-
lism of 20-methyl-1a,25-(OH)2D3 by comparing
metabolism in the HepG2 hepatoma and the
HPK1A-ras keratinocyte cell line.

2. Materials and methods

2.1. Materials

1a,25-(OH)2D3 was a gift from Dr. M. Uskokovic (Hoff-
mann-LaRoche). The test vitamin D analogs (see Fig. 1):
ZK-161422, 20-methyl-1a,25-(OH)2D3; ZK-157202, 20-
methyl-D23-1a,25-(OH)2D3; ZK-160040, 20-methyl-24-
oxo-1a,25-(OH)2D3; ZK-162402, 20-methyl-1a,24R,25-
(OH)3D3; and ZK-162403, 20-methyl-1a,24S,25-(OH)3D3

were synthesized by Schering AG, [9]. [1b-3H]1a,25-
(OH)2D3 (3 Ci/mmol) was prepared earlier in our laboratory
[14]. The human keratinocyte cell line [15] transfected with
the ras proto-oncogene [16], HPK1A-ras, was the gift of
Dr. R. Kremer (Royal Victoria Hospital, McGill Universi-
ty). HepG2 cells were obtained from the American Type
Culture Collection. All solvents used were of HPLC grade
and were obtained from Caledon. Trypsin, penicillin G,
gentamycin, fungizone, and MEM were purchased from
GIBCO. FBS was from ICN. DPPD was purchased from the
Sigma Chemical Co., and BSA was obtained from Boehr-
inger Mannheim.

2.2. Cell culture and incubation with vitamin D analogs

HPK1A-ras cells were grown to confluence in MEM
supplemented with penicillin G (100mg/mL), gentamycin
(5 mg/mL), and fungizone (300 ng/mL) containing 10%
FBS as previously described [10,12]. Near confluence,
1a,25-(OH)2D3 (10 nM) was added to the culture medium
to induce the catabolic enzymes. Medium was removed 24
hr later, and cells were then incubated with 1a,25-(OH)2D3

or 20-methyl analogs (to achieve a final concentration of 10
mM added in 0.01% EtOH) for 48 hr in Dulbecco’s culture
medium (10 mL/plate) supplemented with 100mM DPPD
and 1% BSA. No-cell controls consisted of 10 mL of the
medium and the analog (10mM in 0.01% EtOH) incubated
in the absence of cells for the same length of time. In
time-course experiments, cells were subcultured into 6-well
plates and incubated with a 10mM concentration of a
vitamin D analog in FBS-free medium supplemented with
DPPD and 1% BSA for 0, 4, 8, 24, or 48 hr.

Hep-G2 cells were grown in MEM containing 5% FBS
and antibiotics (100mg/mL of penicillin G, 5 mg/mL of
gentamycin, and 300 ng/mL of fungizone) as previously
described [10]. Cells were then incubated for 48 hr with a
vitamin D analog (10mM in 0.01% EtOH) in MEM (10
mL/plate) supplemented with 100mM DPPD and 1% BSA.
No-cell controls consisted of 10 mL of medium and a

Fig. 1. Structures of 20-methyl analogs of vitamin D. Structures of the side
chains of vitamin D analogs as compared with 1a,25-(OH)2D3, together
with the ring structure of the vitamin D nucleus.
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vitamin D analog (10mM in 0.01% EtOH) incubated for the
same length of time.

2.3. Lipid extraction and purification of metabolites

Cells and medium were extracted using a modification of
the method of Bligh and Dyer [17], in which chloroform
was replaced by methylene chloride. After addition of meth-
anol, which constitutes the first step of extraction, approx-
imately 2mg of 1a-OH-D3 was added to each incubation in
order to assess losses during extraction and HPLC steps.
Recoveries of this internal standard routinely averaged in
the 85–90% range. During extraction, the organic layer was
evaporated to dryness under a stream of nitrogen, redis-
solved in hexane/isopropanol/methanol (91:7:2, by vol.,
HIM) and subjected to purification by HPLC.

A semi-preparative scale HPLC of metabolites of 20-
methyl-analogs was performed on a modular system con-
sisting of a model 590 pump, a U6K manual injector, a
model 440 fixed wavelength detector (254 nm), and/or a
model 990 photodiode array detector (Waters Scientific).
20-Methyl analogs possess the typicallmax 5 265 nm (« ;
17,500) expected for all vitamin D compounds possessing
the cis-triene system. Hence, HPLC chromatograms were
monitored at 265 nm and for the classical vitamin D chro-
mophore (lmax 5 265 nm;lmin 5 228 nm). Separation of
metabolites in lipid extracts was achieved initially using a 3
mm Zorbax-SIL (0.623 8 cm) column eluted with HIM
(91:7:2) at a flow rate of 1 mL/min. Peaks showing the
classical vitamin D chromophore were collected and repu-
rified using a Zorbax-CN (0.463 25 cm) column with HIM
91:7:2 at a flow rate of 1 mL/min. Metabolites were con-
sidered sufficiently pure for mass spectral and chemical
analyses when they gave a single peak on HPLC.

Analytical scale HPLC was performed on time-course
samples using an Alliance system (Waters Scientific) fitted
with the same column and eluted with the same solvent
system as described above [18].

2.4. Derivatization and GC-MS

Per-trimethylsilyl ethers of the metabolites were pre-
pared using the reagentN-trimethylsilylimidazole, and the
derivatives were subjected to GC-MS using a Hewlett-
Packard 5970 mass selective detector in positive ion elec-
tron impact mode, as previously described [19,20]. Electron
impact spectra were recorded across each peak and stored.
Mass spectra used for final identification purposes were
obtained by averaging the spectra from each peak and sub-
tracting the background.

2.5. Vitamin D side-chain modelling

Side-chain conformations were adapted from the crystal
structure for ergocalciferol (ergcal10) retrieved from the
Cambridge Crystallographic Database and the structure for

calciferol in the SYBYL v6.6 (Tripos Associates) library.
Chiral carbons were inverted (e.g. 20-epi), atom types were
added (e.g. 25-hydroxyl or 20-methyl), or atom types were
modified (sp2 carbons in 16-ene) by using SYBYL running
on a Silicon Graphics Inc. octane system. Structures with
hydrogens were minimized to convergence [0.05 kcal/(molz
Å)] using the Powell conjugate gradient termination method
with the Tripos forcefield, Gasteiger-Marsili charges, and a
distance-dependent dielectric. Figures were produced using
Weblab (Molecular Simulations Inc.).

3. Results

3.1. Comparison of the metabolism of 20-methyl-1a,25-
(OH)2D3 and 1a,25-(OH)2D3 by HPK1A-rascells

Incubation of HPK1A-ras cells with 20-methyl-1a,25-
(OH)2D3 resulted in the formation of two identifiable me-
tabolites (Table 1 and Fig. 2A), both of which possessed the
chromophore of vitamin D. These metabolites were not
formed when 20-methyl-1a,25-(OH)2D3 was incubated
with medium in the absence of cells or when cells were
incubated with medium alone (data not shown). Fig. 2B
shows the results of an incubation with 1a,25-(OH)2D3 with
the same cells under identical conditions. Characterization
of the metabolites of 1a,25-(OH)2D3 in this system has been
described previously [12], and thus in Fig. 2B each metab-
olite is labelled appropriately. Characterization of metabo-
lites of 20-methyl-1a,25-(OH)2D3 is discussed below.

3.2. Characterization of metabolites of 20-methyl-1a,25-
(OH)2D3 from HPK1A-rascells

3.2.1. Metabolite 1: 20-methyl-24-oxo-1a,25-(OH)2D3

Although insufficient material was available for GC-MS,
co-migrational analysis on Zorbax-SIL with a standard
compound was possible (Table 2). These data together with
other retention data from Zorbax-CN revealed that Metab-
olite 1 co-migrates with and can be tentatively identified as
20-methyl-24-oxo-1a,25-(OH)2D3.

3.2.2. Metabolite 2: 20-methyl-1a,24R,25-(OH)3D3

Metabolite 2 co-migrated with 20-methyl-1a,24R,25-
(OH)3D3 on two HPLC systems and had the same relative
retention time on GC (Table 1). The mass spectrum of the
per-trimethylsilylated derivative of Metabolite 2 (Fig. 3A)
featured a molecular ion ofm/z734, indicating a hydroxy-
lated version of 20-methyl-1a,25-(OH)2D3. The major frag-
ment that can be observed in the spectrum atm/z 131 is
probably derived from cleavage of the C24-C25 bond, im-
plying an unchanged C25-C27 moiety. Moreover, the fra-
gility of this C24-C25 bond suggests that the additional
hydroxyl group is probably at C-24. Other major fragments
present in the mass spectrum included:m/z 644 (M-90)1,
603 (M-131)1, 554 (M-90-90)1, 513 (M-131-90)1, and 423
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(M-131-90-90)1, which are the result of sequential losses of
TMSiOH from the molecular ion or its majorm/z 603
fragment, which results from A-ring cleavage. Additional
fragments atm/z 341 and 251 resulted from sequential
losses of TMSiOH from the molecular ion, which had lost
the complete side chain (431 a.m.u.) through C17-C20
cleavage. These fragments also confirm a side-chain loca-
tion for the extra hydroxyl function. The expected fragment
at m/z217 arose from cleavage in the A ring and confirms
retention of the 1a-hydroxylated nucleus. This fragmenta-
tion is found in the TMS-derivatized spectra of most 1a-
hydroxylated vitamin D compounds [21]. The mass spec-
trum of synthetic 20-methyl-1a,24R,25-(OH)3D3 was
found to be virtually identical to that of Metabolite 2 (Fig.
3B). We conclude that Metabolite 2 is 20-methyl-
1a,24R,25-(OH)3D3.

Fig. 2. HPLC profile of the lipid extract from HPK1A-ras cells incubated with: (A) 20-methyl-1a,25-(OH)2D3 and (B) 1a,25-(OH)2D3 for 48 hr. Total lipid
extracts were separated on a Zorbax-SIL column using the solvent HIM (91:7:2) at a flow rate of 1 mL/min. Metabolites of 20-methyl-1a,25-(OH)2D3 were
identified based upon the presence of the classical vitamin D chromophore (lmax 5 265 nm;lmin 5 228 nm). Metabolites of 1a,25-(OH)2D3 were identified
based upon comparison of retention times to known authentic standards. These traces, which represent the 48-hr time point, are abstracted from time-course
studies described in the text and analysed in Fig. 4. The peak at 6 min, marked Int Std, is the internal standard, 1a-OH-D3, added for assessing extraction
losses.

Table 2
Co-chromatography of the putative 24-oxo metabolite generated from
20-methyl-1a,25-(OH)2D3 and 24-substituted 20-methyl-1a,25-(OH)2D3

analogs with the synthetic standard

Source of 24-oxo-compound Relative retention
timea

20-CH3-24-oxo-1a,25(OH)2D3
b 2.9076 0.001

20-CH3-1a,24R,25-(OH)3D3 Met 1 2.9006 0.008
20-CH3,1a,24S,25-(OH)3D3 Met 1 2.8916 0.016
20-CH3-1a,25-(OH)2D3 Met 1 2.8926 0.015

a HPLC conditions: Zorbax-SIL (3mm, 0.623 8 cm) column, 91/7/2
HIM (1.0 mL/min) solvent system. 25-OH-D3 was used as the internal
standard.

bSynthetic standard: ZK 160040.
Values are means6 SEM, N 5 3.

Fig. 3. Mass spectra of (A) the putative monohydroxylated metabolite
(Metabolite 2) from 20-methyl-1a,25-(OH)2D3 and (B) chemically syn-
thesized 20-methyl-1a,24R,25-(OH)3D3. TMSi derivatives of the purified
metabolite (Metabolite 1) and its corresponding synthetic standard were
subjected to GC-MS on an HP-1 cross-linked methyl silicone gum column
with helium as a carrier gas at a flow rate of 1 mL/min. Mass spectra shown
are those of the pyro-isomer and were obtained by averaging each peak and
subtracting the background. The fragmentation patterns depicted are those
of the actual TMSi derivatives prior to cyclization.
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3.3. Quantitative aspects of the metabolism of 20-methyl-
1a,25-(OH)2D3 and 1a,25-(OH)2D3 by HPK1A-rascells

Time-course studies of the disappearance of substrate
and the rate of formation of 24-hydroxylated metabolites
from both of these substrates are illustrated in Fig. 4, to-
gether with the formation of the 24,25,26,27-tetranor-
1a,23-(OH)2D3 from 1a,25-(OH)2D3. No equivalent me-
tabolite from 20-methyl-24-oxo-1a,25-(OH)2D3 could be
observed. This graph clearly shows that despite enhanced
24-hydroxylation of the 20-methyl substrate, C23-C24
cleavage to give a tetranor-23-alcohol did not appear to
occur. Substrate disappearance for both compounds was
similar. By 48 hr of incubation, there was a small loss
(10–15%) of recovered material (substrate remaining1
products formed), which was similar for both substrates.

3.4. Further metabolism of 24-substituted 20-methyl-
1a,25-(OH)2D3 analogs in HPK1A-rascells

Other metabolites of 20-methyl-1a,25-(OH)2D3 along
the C-24 oxidation pathway including 20-methyl-
1a,24R,25-(OH)3D3, 20-methyl-1a,24S,25-(OH)3D3, and
20-methyl-24-oxo-1a,25-(OH)2D3 were synthesized and in-
cubated with HPK1A-ras cells. Our results are summarized
in Table 1. Products were again identified by a combination
of HPLC retention times and GC-MS. It can be seen that, as
expected, the main product of 20-methyl-1a,25-(OH)2D3

metabolism, 20-methyl-1a,24R,25-(OH)3D3, was further
metabolized to 20-methyl-24-oxo-1a,25-(OH)2D3 and 20-
methyl-24-oxo-1a,23,25-(OH)3D3, although the amount of
this latter 23-hydroxylated compound was less than that
obtained from the 23-hydroxylation of the natural hormone,
1a,25-(OH)2D3, and formation of the tetranor-23-alcohol

was still not observed. Interestingly, the synthetic 24S-
isomer, although not formed in HPK1A-ras cells in vitro,
can also be converted to the 24-oxo derivative (see also
Table 2).

3.5. Metabolism of 20-methyl-D23-1a,25-(OH)2D3 by
HPK1A-rascells

We studied the metabolism of this analog in order to
assess the effect of the introduction of the C23-C24 double
bond on the 24- and 23-hydroxylase activities of HPK1A-
ras cells. As expected, the metabolic stability of this analog
was changed by this side-chain modification (Fig. 5A).
Even after 48 hr of incubation,.95% of the recovered
material was the unchanged unsaturated substrate compared
with the 75% observed for 20-methyl-1a,25-(OH)2D3. In
addition, only one hydroxylated product (Metabolite 1)
could be discerned in the HPLC profile, and this metabolite
was putatively identified by GC-MS as 20-methyl-D23-
1a,25,26-(OH)3D3 (Fig. 5B). Although the identification is
not definitive, the mass spectrum features a molecular ion of
m/z732, indicating hydroxylation and retention of the C23-
C24 double bond, together with a fragment atm/z 103,
which has been observed in the spectra of a number of other
26(27)-hydroxylated vitamin D analogs previously [21–23].
Other major fragments included:m/z 642 (M-90)1, 629
(M-103)1, 601 (M-131)1, 552 (M-90-90)1, 539 (M-90-
103)1, 473 (C20-C22 bond cleavage), 383 (473-90), and
293 (473-90-90). These latter three fragments are caused by
the presence of the C23-C24 double bond and/or the C-20
methyl group and pinpoint the additional hydroxyl group to
a site distal to C-24. We conclude that Metabolite 1 is
probably 20-methyl-D23-1a,25,26-(OH)3D3.

Fig. 4. (A) Rate of disappearance of substrate and (B) rate of formation of 24-hydroxylated and 23-truncated metabolites of 20-methyl-1a,25-(OH)2D3 and
1a,25-(OH)2D3 in HPK1A-rascells. The time-course studies, from which Fig. 2 was derived, were performed in duplicate wells of a 6-well plate before each
incubation was extracted and analysed on HPLC. To compensate for losses during analysis, approximately 2mg 1a-OH-D3 was added to each well during
the extraction process. Recoveries were routinely around 85–90%. HPLC peaks were integrated, and remaining substrate and recovered products (24- or
23-hydroxylated metabolites) were then expressed as a percentage of the substrate present at 0 hr. Data in the experiment depicted represent reproducible
trends observed in three separate time-course studies.
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3.6. Metabolism of 20-methyl-1a,25-(OH)2D3 by Hep-G2
cells

Metabolism of 20-methyl-1a,25-(OH)2D3 in HepG2
cells resulted in the formation of six metabolites (Fig. 6) that
possessed the same UV chromophore as the substrate, only
two of which were identified (Table 3). The main metabolite
(Metabolite 1) co-migrated with 20-methyl-1a,24S,25-
(OH)3D3 on HPLC and GC and possessed a mass spectrum

consistent with this identity; the more polar Metabolite 2
had a mass spectrum consistent with a structure containing
a 26-hydroxyl group. This metabolite was not observed in
HPK1A-ras cells.

Incubation of Hep-G2 cells with the 24-oxo and 24-
hydroxylated compounds of the 20-methyl series gave rise
to any one of the combination of 24-oxidized products
(Table 3) but gave no evidence of the 23-hydroxylated
products that was produced in HPK1A-ras cells. Unlike the
pattern found in the HPK1A-ras cell line, the pattern found
in the HepG2 cell line favours a 24-S stereochemistry for
the 24-hydroxylation reaction using 20-methyl-1a,25-
(OH)2D3 or 20-methyl-24-oxo-1a,25-(OH)2D3 as the sub-
strate.

4. Discussion

In this paper, we have demonstrated that 20-methyl-
1a,25-(OH)2D3 is metabolizedin vitro by two different
cultured human cell lines to side-chain-hydroxylated metab-
olites identified as 24-oxidized products analogous to com-
pounds formed in the C-24 oxidation pathway from the
hormone 1a,25-(OH)2D3 [14]. Their identification rested on
two different approaches, one involving direct interpretation
of mass spectral evidence acquired from GC-MS and the
other from co-chromatography of the metabolites with
chemically synthesized authentic standards. Incubation of
chemically synthesized versions of metabolic products of
20-methyl-1a,25-(OH)2D3 with cultured cells reinforced
our view that the later metabolic products are 24- and
23-hydroxylated, indicating the existence of a pathway sim-
ilar to that found for the natural hormone. Work with 20-

Fig. 5. (A) HPLC profile of the lipid extract from HPK1A-ras cells incubated with 20-methyl-D23-1a,25-(OH)2D3. Total lipid extract was separated on a
Zorbax-SIL column using the solvent HIM (91:7:2) at a flow rate of 1 mL/min. The metabolite of 20-methyl-D23-1a,25-(OH)2D3 was identified based upon
the presence of the classical vitamin D chromophore (lmax 5 265 nm;lmin 5 228 nm) and has been shaded. (B) Mass spectrum of metabolite from
20-methyl-D23-1a,25-(OH)2D3. The TMSi derivative of the purified metabolite was subjected to GC-MS on an HP-1 cross-linked methyl silicone gum
column with helium as a carrier gas at a flow rate of 1 mL/min. The mass spectrum shown is that of the pyro-isomer and was obtained by averaging each
peak and subtracting the background. The fragmentation patterns depicted are those of the actual TMSi derivative prior to cyclization.

Fig. 6. HPLC profile of the lipid extract from Hep-G2 cells incubated with
20-methyl-1a,25-(OH)2D3. Total lipid extract was separated on a Zorbax-
SIL column using the solvent HIM (91:7:2) at a flow rate of 1 mL/min.
Metabolites of 20-methyl-1a,25-(OH)2D3 were identified based upon the
presence of the classical vitamin D chromophore (lmax 5 265 nm;lmin 5
228 nm) and have been shaded.
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methyl-D23-1a,25-(OH)2D3, a compound that is metabo-
lized at a reduced rate as compared with 20-methyl-1a,25-
(OH)2D3 and 1a,25-(OH)2D3, further emphasizes the
importance of C-24 oxidation to this metabolic inactivation
process. As with other metabolically resistant molecules
studied to date, the blockade of the C-23 and C-24 positions
appears to shift the site of hydroxylation to the terminus of
the molecule, albeit at lower efficiency [21,22].

The finding that the amount of 23-hydroxylated metab-
olites of 20-methyl-1a,25-(OH)2D3 is low in these studies
implies that the 23-hydroxylation reaction might be ad-
versely affected by 20-methyl substitution. In fact, 23-hy-
droxylation is similarly sensitive to the introduction of a
C16-C17 double bond into the D-ring of 16-ene-1a,25-
(OH)2D3 [11] and the inversion of the stereochemistry at
C-20 in 20-epi-1a,25-(OH)2D3 [6,7]. The evidence suggests
that 23-hydroxylation is carried out by CYP24, the cyto-
chrome P450 also thought to be responsible for 24-hydroxy-
lation [2]. In addition, it is thought that intermediates of the
C-24 oxidation pathway are only displaced from the enzyme
when high concentrations of 1a,25-(OH)2D3 or its analogs
are used, as was the case in the experiments performed here.
Thus, it is our view that modifications around the C17-C20
bond must subtly change the binding of substrate and en-
zyme, which in turn profoundly influences the rate of 23-
hydroxylation and subsequent side-chain cleavage to the
water-soluble calcitroic acid but not the rate of 24-hydroxy-
lation. Alternatively, modifications around the C17-C20
bond may also alter the ability of the substrate to displace
the 23-hydroxylated intermediate from the active site of
CYP24. Molecular modelling (Fig. 7) shows the radically
different orientation of the side-chain of 20-methyl and
20-epi analogs as compared with the natural hormone,
1a,25-(OH)2D3 [24]. Equally striking is the similarity of the
conformation assumed by the two 20-modified analogs (Fig.
7 and Ref. 24). However, it is not immediately clear why
this conformation of the side chain in 20-methyl-1a,25-
(OH)2D3 and 20-epi-1a,25-(OH)2D3 leads to changes in the
hydroxylation rate at C-23 but not C-24.

These studies confirm previous data [12] which sug-
gested that hepatoma cells are capable of the 24S-hydroxy-
lation of the unsubstituted side chain of vitamin D com-
pounds, as well as the further oxidation of an existing
24-hydroxyl function to the 24-ketone. In contrast, the con-
ventional target-cell 24-hydroxylase, CYP24, introduces a
24-hydroxyl group stereo-specifically in the 24R-configu-
ration [25]. Furthermore, liver cell 24-hydroxylation is
never accompanied by 23-hydroxylation even for 1a,25-
(OH)2D3, whereas target-cell metabolism often includes 23-
hydroxylation, even though on occasion the efficiency of
this process can be reduced. Therefore, this work implies
that 20-methyl-1a,25-(OH)2D3 is a substrate for at least two
different cytochromes P450 in liver and target cells.

The finding that the 24-hydroxylated metabolites of 20-
methyl-1a,25-(OH)2D3 predominate in both liver and target
cells poses the question as to whether these metabolitesT
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contribute to the biological activity previously ascribed to
the parent compound [9,26]. Assays performed on the
chemically synthesized 24-hydroxylated metabolites (ZK-
162402 and ZK-162403) suggest that the cell-differentiating
activity of 20-methyl-1a,25-(OH)2D3 is retained in these
two metabolites but that there is a significant (;100-fold)
reduction of calcemic activity [9]. This may be due to the
relative stability of 24-hydroxylated metabolites of 20-
methyl-1a,25-(OH)2D3 in target cell systems, whereasin
vivo other factors, such as hepatic clearance and poor DBP
binding, play a significant role and limit survival of the
metabolites.

The D23-derivative of 20-methyl-1a,25-(OH)2D3 (ZK-
157202) was also found to be relatively resistant to metab-
olism in our in vitro liver and target cell systems. In con-
trast, these results are easier to rationalize given the higher
biological activity observed forD23-20-methyl-1a,25-
(OH)2D3 as compared with 20-methyl-1a,25-(OH)2D3 or
1a,25-(OH)2D3 in both cell differentiation and calcemic
assays [9,26]. One could argue that our finding thatD23-20-
methyl-1a,25-(OH)2D3 was not metabolized by the C-24
oxidation pathway allows it to be retained longer inside all
target cells, those involved in calcemic as well as cell
differentiation responses. Of course, other important param-
eters such as VDR- and DBP-binding of this compound
would also need to be considered before making a broad-
based conclusion of this type [2,27].
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