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A B S T R A C T

CYP11A1 hydroxylates vitamin D3 producing 20S-hydroxyvitamin D3 [20(OH)D3] and 20S,23-
dihydroxyvitamin D3 [20,23(OH)2D3] as the major and most characterized metabolites. Both display
immuno-regulatory and anti-cancer properties while being non-calcemic. A previous study indicated 20
(OH)D3 can be metabolized by rat CYP24A1 to products including 20S,24-dihydroxyvitamin D3 [20,24
(OH)2D3] and 20S,25-dihydroxyvitamin D3, with both producing greater inhibition of melanoma colony
formation than 20(OH)D3. The aim of this study was to characterize the ability of rat and human
CYP24A1 to metabolize 20(OH)D3 and 20,23(OH)2D3. Both isoforms metabolized 20(OH)D3 to the same
dihydroxyvitamin D species with no secondary metabolites being observed. Hydroxylation at
C24 produced both enantiomers of 20,24(OH)2D3. For rat CYP24A1 the preferred initial site of
hydroxylation was at C24 whereas the human enzyme preferred C25. 20,23(OH)2D3 was initially
metabolized to 20S,23,24-trihydroxyvitamin D3 and 20S,23,25-trihydroxyvitamin D3 by rat and human
CYP24A1 as determined by NMR, with both isoforms showing a preference for initial hydroxylation at
C25. CYP24A1 was able to further oxidize these metabolites in a series of reactions which included the
cleavage of C23-C24 bond, as indicated by high resolution mass spectrometry of the products, analogous
to the catabolism of 1,25(OH)2D3 via the C24-oxidation pathway. Similar catalytic efficiencies were
observed for the metabolism of 20(OH)D3 and 20,23(OH)2D3 by human CYP24A1 and were lower than
for the metabolism of 1,25(OH)2D3. We conclude that rat and human CYP24A1 metabolizes 20(OH)
D3 producing only dihydroxyvitamin D3 species as products which retain biological activity, whereas
20,23(OH)2D3 undergoes multiple oxidations which include cleavage of the side chain.

ã 2015 Elsevier Ltd. All rights reserved.

10 1. Introduction

11 CYP24A1 is the mitochondrial cytochrome P450 responsible for
12 the catabolism of 1a,25-dihydroxyvitamin D3 [1,25(OH)2D3].

13Inactivation of vitamin D by CYP24A1 can take place via two
14catabolic pathways where initial hydroxylation occurs at either
15C24 or C23, termed the C24-oxidation and C23-oxidation path-
16ways, respectively [1,2]. The sequential oxidation of 1,25(OH)2D3 in
17the C24-oxidation pathway results in the formation of 24-oxo-
181,23,25-trihydroxyvitamin D3 which undergoes side chain cleav-
19age between C23 and C24 with the final product, calcitroic acid,
20being excreted. The C23-oxidation pathway produces 1,25-
21dihydroxyvitamin D3-26,23-lactone. There are species differences
22in the preference for these pathways, with rat CYP24A1 favoring
23the C24-oxidation pathway [3–5] and human CYP24A1 exhibiting
24both pathways [1,3,6,7]. Q3
25It has been established in the last decade that CYP11A1 (also
26known as cytochrome P450scc) can metabolize vitamin D3 to
27produce many novel mono- and poly-hydroxyvitamin D metab-
28olites, the major ones being 20S-hydroxyvitamin D3 [20(OH)D3]
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29 and 20S,23-dihydroxyvitamin D3 [20,23(OH)2D3] [8–18]. This
30 pathway was initially elucidated from in vitro studies with purified
31 bovine CYP11A1, and more recently has been demonstrated to
32 occur in keratinocyte cell cultures and in fragments of adrenal
33 glands and human placenta incubated with vitamin D3 [16,18,19].
34 Most recently, 20(OH)D3 and 20,23(OH)2D3 have been detected at
35 relative levels similar to the classical 25(OH)D3 and 1,25(OH)2D3 in
36 human epidermal tissue [20], confirming their production in vivo.
37 Possible physiological roles for these metabolites remain to be
38 established.
39 20(OH)D3 and 20,23(OH)2D3 are the most extensively studied
40 of the CYP11A1-derived secosteroids in terms of their in vitro
41 biological actions. Both act as biased agonists on the vitamin D
42 receptor and thus display many, but not all, of the biological effects
43 of 1,25(OH)2D3 [16,21–23]. They can both also act as inverse
44 agonists on RORa and RORg [24]. They have the ability to promote
45 differentiation and suppress proliferation of a number of normal
46 and cancerous cells in vitro, such as keratinocytes, melanocytes,
47 fibroblasts, melanoma and leukemia cells [16,21–23,25–28]. 20
48 (OH)D3 and 20,23(OH)2D3 promote anti-inflammatory activity in
49 normal and immortalized keratinocytes by increasing the expres-
50 sion of IkB, thus attenuating the transcriptional activity of NF-kB
51 [23,27,29]. In addition, both 20(OH)D3 and 20,23(OH)2D3 possess
52 anti-fibrotic properties on human dermal fibroblasts isolated from
53 scleroderma and normal subjects [26]. In rodent models,
54 administration of 20(OH)D3 has been found to be effective in
55 reducing the symptoms of scleroderma [26] and rheumatoid
56 arthritis [16] as well as protecting DNA in skin from damage caused
57 by UV irradiation [30]. Importantly, unlike 1,25(OH)2D3, both 20
58 (OH)D3 and 20,23(OH)2D3 are non-calcemic in rodents at high
59 concentrations [25,26,31]. Thus both 20(OH)D3 and 20,23
60 (OH)2D3 have therapeutic potential for the treatment of hyper-
61 proliferative and inflammatory disorders.
62 Recently it has been reported that 20(OH)D3 can be further
63 metabolized by cytochromes P450 involved in the metabolism of
64 vitamin D3. Human CYP27A1 converts 20(OH)D3 to 20S,25-
65 dihydroxyvitamin D3 [20,25(OH)2D3] and 20S,26-dihydroxyvita-
66 min D3 [20,26(OH)2D3], whereas rat CYP24A1 produces 20S,24-
67 dihydroxyvitamin D3 [20,24(OH)2D3] and 20,25(OH)2D3 [32,33].
68 Other P450 isoforms found in mouse liver microsomes also
69 produce 20,25(OH)2D3 and 20,26(OH)2D3 [34]. These resulting
70 secosteroids are more potent than the parent 20(OH)D3 in the
71 inhibition of melanoma colony formation [33]. However, addition
72 of the 1a-hydroxyl group to 20(OH)D3 by CYP27B1 producing
73 1a,20S-dihydroxyvitamin D3, confers some calcemic activity
74 although less than that observed with 1,25(OH)2D3 [25]. Recently
75 we have successfully extracted and partially purified human
76 CYP24A1, and characterized its activity toward 1,25(OH)2D3 and
77 the intermediates of the C24-oxidation pathway [35]. In the
78 present study we used human CYP24A1, along with rat CYP24A1, to
79 characterize the metabolism of both 20(OH)D3 and 20,23(OH)2D3.

80 2. Materials and methods

81 2.1. Materials

82 20(OH)D3 and 20,23(OH)2D3 were synthesized from vitamin
83 D3 enzymatically using bovine CYP11A1 and were purified by TLC
84 and HPLC, as previously described [10,17]. Vitamin D3,Q4 dioleoyl
85 phosphaditylcholine, bovine heart cardiolipin, 2-hydroxylpropyl-
86 b-cyclodextrin (cyclodextrin) and glucose-6-phosphate were
87 purchased from Sigma (Sydney, Australia). Glucose-6-phosphate
88 dehydrogenase was from Roche (Mannheim, Germany). All
89 solvents were of HPLC grade and were purchased from Merck
90 (Darmstadt, Germany).

912.2. Preparation of enzymes

92Rat and human CYP24A1 were expressed and purified as
93previously described [33,35]. Human and mouse adrenodoxin, and
94human adrenodoxin reductase were Q5expressed in Escherichia coli
95and purified as before [17,36,37].

962.3. Measurement of secosteroid metabolism by CYP24A1 in a
97phospholipid vesicle reconstituted system

98Dioleoyl phosphaditycholine (1.08 mmol), bovine heart cardi-
99olipin (0.19 mmol) and the secosteroid substrate (as required) were
100aliquotted into glass tubes and the ethanol solvent removed under
101nitrogen gas. Assay buffer, pH 7.4 (20 mM HEPES, 100 mM NaCl,
1020.1 mM EDTA and 0.1 mM DTT) (0.5 mL) was added to the dried
103lipid mixture. This was purged for 30 s with nitrogen gas and then
104tubes sonicated for approximately 10 min in a bath-type sonicator,
105until the solution was clear [38]. The incubation mixture was
106composed of vesicles (510 mM phospholipid), P450 (0.01–0.05 mM
107for human CYP24A1, and 0.05–1 mM for rat CYP24A1), human or
108mouse adrenodoxin (15 mM), human adrenodoxin reductase
109(0.4 mM), glucose-6-phosphate (2 mM), glucose-6-phosphate de-
110hydrogenase (2 U/mL) and NADPH (50 mM), in assay buffer.
111Following preincubation for 3 min, reactions were started by the
112addition of adrenodoxin and samples (0.25–2.5 mL) incubated at
11337 �C, with shaking (see for reaction times). Reactions were
114terminated by the addition of 2.5-volumes of ice-cold dichloro-
115methane and samples were extracted four times with vortexing
116and centrifugation. The samples were dried under nitrogen gas and
117redissolved in ethanol for HPLC analysis. The samples were
118analysed on a PerkinElmer modular HPLC system which comprised
119a Biocompatible Binary LC pump (model 250; PerkinElmer
120Corporation, MA, USA) and a UV detector (LC-135C; PerkinElmer
121Corporation, MA, USA) set at 265 nm, equipped with a
122C18 analytical column (Grace Alltima, 250 � 4.6 mm, particle size
1235 mm; Grace Davison Discovery Sciences, VIC, Australia). Different
124HPLC programs were used depending on the substrate. For the
125separation of monohydroxyvitamin D substrates and their
126products, a 20 min gradient from 45% (v/v) acetonitrile in water
127to 100% acetonitrile, followed by 30 min at 100% acetonitrile, all at
128a flow rate of 0.5 mL/min (HPLC Program A), was used. A 40 min
129gradient from 30% (v/v) acetonitrile in water to 100% acetonitrile,
130followed by 15 min at 100% acetonitrile, all at a flow rate of 0.5 mL/
131min, was used to separate polyhydroxyvitamin D substrates and
132products (HPLC Program B). The peak areas were integrated using
133Clarity software (DataApex, Prague, Czech Republic). Kinetic
134parameters were determined by fitting the Michaelis–Menten
135equation to the experimental data using Kaleidagraph, version 4.1
136(Synergy Software, Reading, PA, U.S.A.).

1372.4. Enzymatic synthesis and HPLC purification of 20,24(OH)2D3

138To produce 20,24(OH)2D3 for NMR analysis, a large scale
139incubation (30 mL) of rat CYP24A1 with 20(OH)D3 was carried out,
140as described previously [33]. The 20,24(OH)2D3 and other products
141were purified by HPLC, as outlined before [33], using a Grace
142Alltima column (as above) and a 45–58% (v/v) acetonitrile in water
143gradient over 25 min followed by a 10 min gradient from 58% (v/v)
144acetonitrile in water to 100% acetonitrile, ending with 20 min at
145100% acetonitrile, all at a flow rate of 0.5 mL/min (HPLC Program C).
146A further HPLC purification step was carried out using the same
147column employing a 45 min gradient from 64% (v/v) methanol in
148water to 100% methanol, followed with 15 min at 100% methanol,
149all at a flow rate of 0.5 mL/min. Collected products were pooled and
150dried under nitrogen, dissolved in ethanol and the amount of
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