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Abstract

20S-Hydroxyvitamin D3 [20(OH)D3] is the biologically active major product of the action of
CYP11A1 on vitamin D3 and is present in human plasma. 20(OH)D3 displays similar therapeutic
properties to 1,25-dihydroxyvitamin D3 [1,25(0OH),D3], but without causing hypercalcaemia and
therefore has potential for development as a therapeutic drug. CYP24AL1, the kidney mitochondrial
P450 involved in inactivation of 1,25(0OH),D3, can hydroxylate 20(OH)D3 at C24 and C25, with
the products displaying more potent inhibition of melanoma cell proliferation than 20(OH)D3.
CYP3A4 is the major drug-metabolising P450 in liver endoplasmic reticulum and can metabolise
other active forms of vitamin D, so we examined its ability to metabolise 20(OH)D3. We found
that CYP3A4 metabolises 20(OH)D3 to three major products, 20,24 R-dihydroxyvitamin D3
[20,24 R(OH),D3], 20,24 S-dihydroxyvitamin D3 [20,24 5(OH),D3] and 20,25-dihydroxyvitamin
D3 [20,25(0H),D3]. 20,24 R(OH),D3 and 20,24 S(OH),D3, but not 20,25(0H),D3, were further
metabolised to trihydroxyvitamin D3 products by CYP3A4 but with low catalytic efficiency. The
same three primary products, 20,24 R(OH),D3, 20,24 5(0H),D3 and 20,25(0H),D3, were
observed for the metabolism of 20(OH)D3 by human liver microsomes, in which CYP3A4 is a
major CYP isoform present. Addition of CYP3A family-specific inhibitors, troleandomycin and
azamulin, almost completely inhibited production of 20,24 R(OH),D3, 20,24 S(OH),D3 and
20,25(0H),D3 by human liver microsomes, further supporting that CYP3A4 plays the major role
in 20(OH)D3 metabolism by microsomes. Since both 20,24 /(OH),D3 and 20,25(0OH),D3 have
previously been shown to display enhanced biological activity in inhibiting melanoma cell
proliferation, our results show that CYP3A4 further activates, rather than inactivates, 20(OH)D3.
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Introduction

20S-Hydroxyvitamin D3 [20(OH)D3] is the major product of CYP11A1 action on vitamin
D3 (1-4), and acts as a biased agonist on the vitamin D receptor displaying anti-
proliferative, anti-inflammatory and pro-differentiative activity (5-11). Unlike 1,25-
dihydroxyvitamin D3 [1,25(0OH),D3], it does not induce hypercalcaemia at high doses (up
to 60 pg/kg in rodents) (6,12,13). 20(OH)D3 exhibits anti-inflammatory and anti-fibrogenic
activity in mice /in vivo (8,14), and reduces DNA damage in skin caused by ultraviolet
radiation (8,9,15). It therefore has potential as a therapeutic agent via topical or systemic
administration. 20(OH)D3 is present in human plasma at a concentration of approximately 3
nM, a concentration higher than that required to observe biological effects /n vitro,
suggesting it might exert important physiological effects only partially overlapping with
those of 1,25(0OH),D3 (16,17).

The kidney mitochondrial P450, CYP24A1, carries out the inactivation of 1,25(0H),D3,
initially hydroxylating it at C24 and then further oxidising the side chain to give the
excretory product, calcitroic acid (18-20). CYP24A1 also hydroxylates 20(OH)D3 at C24
giving both enantiomers of 20,24-dihydroxyvitamin D3 [205,24 R(OH),D3 and 205,

24 5(0H),D3] as well as hydroxylating it at C25 producing 20,25-dihydroxyvitamin D3
[20,25(0OH),D3] (21-23). 20,24 R(OH),D3 and 20,25(0H),D3 inhibited colony formation
by SKMEL-188 melanoma cells more strongly than the parent 20(OH)D3, indicating they
have enhanced anti-proliferative activity (21). Therefore, CYP24A1 appears to activate
rather than inactivate 20(OH)D3 (21).

Another potential site for the metabolism of 20(OH)D3 is the liver, which is the major tissue
involved in drug metabolism in the body. Here, the initial 25-hydroxylation step in the
activation of vitamin D3 is carried out by either microsomal CYP2R1, or mitochondrial
CYP27AL1 (24). CYP27ALl also hydroxylates 20(OH)D3 producing 20,25(0H),D3 and
20,26-dihydroxyvitamin D3 [20,26(0OH),D3] (25). Human liver microsomes do not contain
CYP24A1 or CYP27A1 since these are both mitochondrial P450s (24,26), but do contain
CYP3A4, the most abundantly expressed P450 enzyme in the human liver and small
intestine (27,28). Besides its well-known role in drug metabolism, CYP3A4 can metabolise
various vitamin D analogues. It acts as a vitamin D 24- and 25-hydroxylase on substrates
such as la-hydroxyvitamin D2, 1a-hydroxyvitamin D3 and vitamin D2, but does not act on
vitamin D3 (29,30). The ability of CYP3A4 to hydroxylate 1,25(0OH),D3 has been
compared with that of CYP24A1, revealing that both enzymes hydroxylate 1,25(0OH),D3 at
the same carbon atoms, C23 and C24, but with opposite product stereoselectivity (31). In
addition to this ability to hydroxylate the vitamin D side chain, CYP3A4 has been reported
to hydroxylate the A-ring of 25-hydroxyvitamin D3 [25(OH)D3], producing 4a,- and 4f,25-
dihydroxyvitamin D3, with these products being detected in the plasma (32).

Mouse liver microsomes can act on 20(OH)D3 and like CYP24AL1 in the kidney, produce the
biologically active products, 20,24(OH),D3 and 20,25(0OH),D3 (33). Mouse liver
microsomes do not express CYP3A4, but do express six other family 3A isoforms (34).
Whether any of these are responsible for 20(OH)D3 metabolism is unknown. Since
CYP3A4 is the most abundantly expressed P450 in human liver microsomes and can act on
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25(0H)D3 and 1,25(0H),D3, we investigated its ability to metabolise 20(OH)D3 using both
recombinantly expressed enzyme (supersomes) and human liver microsomes.

Materials and Methods

2.1. Materials

A mixed gender 50-donor pool of human liver microsomes, and supersomes made from
baculovirus-infected insect cells that express recombinant human CYP3A4 with P450
reductase and cytochrome b5, were purchased from Corning (Corning, NY). NADPH was
purchased from Merck (Darmstadt, Germany). Glucose-6-phosphate and azamulin were
from Sigma (NSW, Australia), glucose-6-phosphate dehydrogenase was from Roche (NSW,
Australia) and 2-hydroxypropyl-B-cyclodextrin (HP-B-CD) was from Cerestar (Hammond,
IN). Troleandomycin was from Enzo Life Sciences (Farmingdale, NY). All solvents used
were of HPLC grade, and were purchased from Merck (Darmstadt, Germany). 20(OH)D3
was synthesised enzymatically by the action of recombinant bovine CYP11A1 on vitamin
D3 and was purified by TLC and reverse-phase HPLC (2,4). 20,25(0OH),D3,

20,24 R(OH),D3 and 20,24 S{OH),D3 were produced by the action of recombinant rat
CYP24A1 on 20(OH)D3 (21,22). 20,26(0OH),D3 was produced from the action of
recombinant CYP27A1 on 20(OH)D3 (25). The structures of these metabolites including the
stereochemistry have been determined previously by NMR (21-23). Concentrations of
hydroxyvitamin D standards were determined from their absorbance at 263 nm using an
extinction coefficient of 18,000 M~ cm™ (35).

2.2. Metabolism by CYP3A4 supersomes

Substrates (see Results for concentrations) solubilised in 0.45% HP-3-CD (3,36) were
incubated with CYP3A4 supersomes, at a final CYP3A4 concentration of 60 nM in buffer
comprising 50 mM KoHPO4 (pH 7.4), 3.3 mM MgSQOy, 500 pM NADPH, 2 mM glucose-6-
phosphate and 2 U/mL glucose-6-phosphate dehydrogenase. The typical incubation volume
was 0.5 mL. Tubes containing all components except supersomes were preincubated for 8
min at 37°C, then the reaction started by the addition of the CYP3A4 supersomes. Following
incubation at 37°C (see Results for times), reactions were stopped by the addition of 2.5
volumes of ice-cold dichloromethane. Tubes were centrifuged (670 x g for 10 min) and the
lower organic phase retained. This extraction was repeated twice more, each time with 2.5
volumes dichloromethane. The extracted secosteroids were dried under nitrogen gas at 30°C
and dissolved in the solvent required for HPLC analysis (see below), and stored at —20°C.

2.3. Metabolism of 20(OH)D3 by human liver microsomes

The procedure used was similar to the one described previously for mouse liver microsomes
(33). Human liver microsomes (1.5 mg/mL) were incubated with 20(OH)D3 solubilised in
0.45% HP-B-CD, in buffer comprising 0.25 M sucrose, 50 mM Hepes (pH 7.4), 20 mM KClI,
5 mM MgSQOy4, 0.2 mM EDTA, 500 uM NADPH, 2 mM glucose-6-phosphate and 2 U/mL
glucose-6-phosphate dehydrogenase. Tubes were preincubated for 5 min at 37°C with all
components except the microsomes which were used to start the reaction. Following
incubation at 37°C, reactions were stopped with 2.5 volumes ice-cold dichloromethane and
extracted as described in section 2.2.
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2.4. Reverse-phase HPLC and mass spectrometry

The 20(OH)D3 metabolites produced from the action of CYP3A4 supersomes or human
liver microsomes were analysed using a Perkin Elmer HPLC system (Biocompatible Binary
Pump 250 or Flexar Binary Pump Series 200) with a UV detector set at 265 nm, equipped
with a C18 column (Grace Alltima, 25 cm x 4.6 mm, particle size 5 um). Metabolites were
initially analysed using a gradient of 45 — 100% acetonitrile in water for 30 min, followed by
100% acetonitrile for 35 min, at a flow rate of 0.5 mL/min. As this system was unable to
achieve full separation of some metabolites, a second solvent system was used which
comprised a gradient of 64 — 100% methanol in water for 20 min, followed by 100%
methanol for 25 min or 30 min, at a flow rate of 0.5 mL/min. Quantitation of products was
based on the major products having an unaltered conjugated triene structure like 20(OH)D3,
as shown by their UV spectrum with a peak at 263 nm (Fig. S2). Therefore, each product
gives a proportional response from the UV detector based on their concentration. The
amount of each major product could then be calculated from the initial concentration of
substrate and the percentage of substrate converted, based on peak integration (3). The
kinetic parameters were obtained by fitting the Michaelis-Menten equation to experimental
data using Kaleidagraph 4.0 (Synergy Software). For mass spectrometry, metabolites were
purified and collected using both acetonitrile-water and methanol-water solvent systems
(33,37). The purified metabolites (2 nmol) were reconstituted in 30 pL of 70% methanol

+ 0.1% formic acid, with 20 pL being injected into the LC/MS. These assays employed
electrospray ionization and were performed as a service by UWA Center for Metabolomics,
as described previously (37).

2.5. Incubation of microsomes and supersomes with CYP3A4 inhibitors

Results

Incubations were carried out with 20(OH)D3 (10 or 50 uM) solubilised in 0.45% HP-3-CD
and buffers as described for CYP3A4 supersomes or human liver microsomes (sections 2.2
or 2.3, respectively). The CYP3A4 inhibitor, troleandomycin (38) was added from an
ethanol stock to a final concentration of 250 pM, azamulin (39) was added from a methanol
stock to 1 or 10 uM and isoniazid (40) was added from a methanol stock to 1 mM, prior to
preincubation (29,30). Reactions were started by the addition of either CYP3A4 supersomes
or human liver microsomes and tubes incubated for 20 or 30 min, respectively, at 37°C.
Human liver microsomes were also preincubated with troleandomycin (10 uM) and an
NADPH regenerating system for 20 min before buffer and 20(OH)D3 (10 uM) were added
to start the reaction. Products were extracted as described in section 2.2. Samples were
analysed by reverse-phase HPLC (see section 2.4) using a gradient of 45 — 100% acetonitrile
in water for 25 min (supersomes) or 30 min (microsomes), then 100% acetonitrile for 35
min, at a flow rate of 0.5 mL/min.

3.1. Metabolism of 20(OH)D3 by CYP3A4

HP-B-CD was used to solubilize 20(OH)D3 for its addition to CYP3A4 supersomes. It has a
hydrophobic interior that encapsulates hydrophobic substrates such as 20(OH)D3, and a
hydrophilic exterior for favourable interaction with water (3,36,41). Incubation of
20(OH)D3 in HP-B-CD with CYP3A4 supersomes produced 25-fold more products than
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when the substrate was added from acetonitrile (not shown). Three major products (labelled
A, B and C), and another metabolite with a short retention time labelled X (Fig. 1B) were
observed, that were not present in the control (Fig. 1A). The three major products were
initially identified by comparison of their HPLC retention times to those of authentic
standards using an acetonitrile in water gradient on a 25 cm C18 column, as 20,25(0OH),D3,
20,24 R(0OH),D3 and 20,24 5(OH),D3 (Fig. 1B). Co-migration of each peak with the
respective standard in this solvent system was confirmed by spiking the reaction mixture
with each standard (not shown). Each of the major products was collected separately from
the acetonitrile-water system and analysed using a methanol-water system (Fig. 1C, E, G).
Samples were spiked with an equal amount of standards (Fig. 1D, F, H), confirming that the
samples and their respective standards also had identical retention times in this solvent
system. We further confirmed that products A, B and C collected from the acetonitrile-water
system contained products with retention times identical to 20,25(0OH),D3, 20,24 /(OH),D3
and 20,24 S5(OH)D3, respectively, on a 15 cm PFP column using an acetonitrile gradient (Fig.
S1), further substantiating their identification. Products A, B and C had UV spectra similar
to the substrate and typical of vitamin D, indicating an intact triene structure (Fig. S2).
These three products were also analysed by mass spectrometry, and all gave major ions at
m/z=399.1 (416.1 + H* — H,0), m/z=439.1 (416.1 + Na*) and /m/z=455.1 (416.1 + K*),
similar to authentic standards, confirming their classification as species of dihydroxyvitamin
D3 (Table 1). Hence, we conclude that product A is 20,25(0OH),D3, product B is

20,24 R(OH),D3 and product C is 20,24 5(0OH),D3.

A time course for the metabolism of 20(OH)D3 showing products greater than 0.1% of total
extracted secosteroid, revealed that the rate of formation of 20,25(0OH),D3, 20,24 /(OH),D3
and 20,24 5(OH),D3 declined throughout the incubation (Fig. S3A), most likely due to
CYP3A4 inactivation since only 18% of the substrate was consumed by the end of the
incubation. Formation of product X displayed a lag, not being detectable until 5 min,
suggesting that it is a secondary metabolite (Fig. S3A). CYP3A4 has previously been
reported to metabolise 25(OH)D3 (32), therefore we compared its ability to metabolise this
substrate to that of 20(OH)D3. The time course for formation of total products from each
substrate showed that 20(OH)D3 was metabolised approximately 30 times faster than
25(0OH)D3 (Fig. S3B). The products from 25(0OH)D3 were not identified since authentic
standards were not available, but according to Wang et a/. (32), the major products are 4p,
25(0OH),D3 and 4a,25(0H),D3.

The presence of product X (Fig. 1B) with a shorter retention time than the major products
suggested that CYP3A4 may be able to further metabolise the major products to secondary
products. This was investigated by incubating 20,25(0H),D3, 20,24 /(OH),D3 and

20,24 5(0OH),D3 with CYP3A4. 20,25(0OH),D3 was poorly metabolised by CYP3A4, with
essentially no products formed after incubation with the enzyme for one hour (Fig. 2A). In
contrast, incubation of 20,24 R(OH),D3 or 20,24 5(0OH),D3 with CYP3A4 resulted in three
products from each of these substrates, products 1 — 3 and products a — c, respectively (Fig.
2B, C). Products 3 and b had identical retention times, suggesting they are the same
compound, which can only be 20,24 R,24 S-trihydroxyvitamin D3. The retention time of
product 1 was identical to that of product X produced directly from 20(OH)D3 (Fig. 1B),
confirming that product X is a secondary metabolite and that it arises from 20,24 /(OH),D3.
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For both 20,24 R(OH),D3 and 20,24 5(OH),D3, the major product (product 1 and a,
respectively) was produced in sufficient amounts to collect for analysis by mass
spectrometry. Both gave major ions at /7/z=397.4 (432.4 + H* — 2H,0), m/z=415.4 (432.4
+ H* — Hy0) and m/z = 455.4 (432.4 + Na*), resulting in their classification as species of
trihydroxyvitamin D3 (Table 1). The time course for 20,24 A(OH),D3 metabolism showed
that all products were produced without a lag, with the rate being approximately linear for
the first 5 min (Fig. S4). Insufficient 20,24 S(OH),D3 was available to carry out a time
course since enzymatic synthesis using CYP24A1 is inefficient (21).

The kinetic parameters for the metabolism of 20(OH)D3, 20,24 R(OH),D3 and

20,24 5(OH),D3 were determined from the initial rates of formation of all products, by
HPLC. We used a simple model where the Michaelis-Menten equation gave a good fit to the
data, as shown in Fig. 3, providing confidence in the parameter estimates. The resulting data
are summarised in Table 2. 20(OH)D3 metabolism by CYP3A4 gave the lowest K,; and the
highest k., K;;; value amongst the three substrates (Table 2), indicating that 20(OH)D3 is a
better substrate for CYP3A4 being metabolised more efficiently than either 20,24 /(OH),D3
or 20,24 5(0OH),D3. The data indicates that there should be little production of the
trihydroxyvitamin D3 secondary metabolites from either 20,24 R(OH),D3 or

20,24 5(0OH),D3 in the presence of 20(0H)D3, as observed experimentally (Fig. 1).

3.2. Metabolism of 20(OH)D3 by human liver microsomes

To determine whether CYP3A4 plays a major role in the metabolism of 20(OH)D3 by
human liver microsomes, 20(OH)D3 was solubilised in HP-B-CD and incubated with human
liver microsomes, with the metabolites being extracted and analysed by reverse-phase HPLC
(Fig. 4). Six metabolites were initially observed when products were analysed using an
acetonitrile in water gradient and each represented greater than 0.2% of total extracted
secosteroids (Fig. 4B). Three products were tentatively identified as 20,25(0OH),D3,

20,24 5(0OH),D3, and either 20,24 /{(OH),D3 or 20,26(OH),D3 which have an identical
retention time in the acetonitrile-water system (33). Baseline separation could not be
achieved for products labelled H2/H3 or H4/H5 so the overlapping peaks were collected and
analysed using a methanol in water gradient (Fig. 4D, E). The product labelled H1 was also
collected from the initial chromatography and analysed on a C18 Alltima column in this
methanol-water system (Fig. 4C), as well as on a 15 cm PFP column with an acetonitrile in
water gradient (Fig. S1G). Its retention time matched that of 20,25(0OH),D3 standard in both
systems. The overlapping products labelled H2/H3 from the acetonitrile gradient separated
into three peaks in the methanol-water system, with two of them being identified as

20,24 R(OH),D3 and 20,26(0OH),D3 by comparison of their retention times to those of
standards (Fig. 4D). In the methanol-water system, the combined H4/H5 peaks from
acetonitrile clearly separated into two major peaks, one of which had an identical retention
time to 20,24 S(OH),D3 (Fig. 4E). The peaks corresponding to H2/H3 and H4/H5 were
collected from the acetonitrile-water system and further analysed using a PFP column with
an acetonitrile in water gradient, which also showed they contained products with identical
retention times to 20,24 /(OH),D3, 20,24 5{(OH),D3 and 20,26(OH),D3 (Fig. S1H, I). Thus
the four products identified from human liver microsomes are 20,25(0OH),D3,

20,24 R(0OH),D3, 20,24 5(0H),D3 and 20,26(0OH),D3, with three being the same as the three
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major products seen for 20(OH)D3 metabolism by CYP3A4, and 20,26(0OH),D3 being the
additional product seen with microsomes. The retention time of H6 did not align with any
available standards, including 20,23-dihydroxyvitamin D3, and is as yet unidentified. The
time course for formation of both identified (Fig. S5A) and unidentified products (Fig. S5B)
from 20(OH)D3 metabolism by human liver microsomes showed that formation of all
20(OH)D3 metabolites was approximately linear for 15 min with no lags evident, suggesting
that none of the products are secondary metabolites. Further support for CYP3A4 being
responsible for the formation of 20,25(0OH),D3, 20,24 /(OH),D3 and 20,24 5(0OH),D3 in
human liver microsomes is provided by comparing the ratios of products to those for
CYP3AA4. For microsomes, the proportion of

20,25(0H),D3:20,24 R(OH),D3:20,24 S(OH),D3 at the end of the time course (Fig. S5A)
was 1:0.47:0.16, close to the ratios seen for CYP3A4 (1:0.41:0.14) (Fig. S3A).

The kinetic parameters for formation of products from 20(OH)D3 metabolism by human
liver microsomes were obtained by measuring product conversion at a range of substrate
concentrations. Kinetic parameters were measured separately for each product since they
may arise from different microsomal enzymes (Table 3). Both acetonitrile-water and
methanol-water systems were used to obtain baseline separation of all products. The K},
values for formation of each product were reasonably similar, within the range of 114 — 217
UM, with the K}, calculated for total product formation being 165 pM. The similarity of the
K, values for 20,25(0OH),D3, 20,24 R(OH),D3 and 20,24 S(OH),D3 (Fig. 5) suggests that
they could be produced by a single P450 species, namely CYP3A4 as the product profile
would suggest, but the participation of other P450s cannot be excluded. The V4, values
were within the range of 14 — 56 pmol/min/mg protein, except for formation of the major
product, 20,25(0H),D3, which had a V), 0f 134.2 £ 36.0 pmol/min/mg protein.

3.3. Effect of CYP3A family-specific inhibitors on metabolism of 20(OH)D3

To further define the role of CYP3A4 in human liver microsomes to metabolise 20(OH)D3,
troleandomycin and azamulin, known inhibitors of the CYP3A family (38,39), were added
to the incubations of 20(OH)D3 with human liver microsomes. As a control, the effect of
troleandomycin on 20(OH)D3 metabolism by CYP3A4 was also tested. The metabolism of
20(OH)D3 by either CYP3A4 or human liver microsomes, both in the presence and absence
of troleandomycin, was analysed by reverse-phase HPLC (Fig. 6). In the absence of
troleandomycin, 20(OH)D3 was metabolised by CYP3A4 to products previously identified
as 20,25(0H),D3, 20,24 R/(OH),D3 and 20,24 5(0H),D3 (see section 3.1) (Fig. 6A).
However, when troleandomycin was added to the reaction at the same time as substrate, no
products were observed indicating that troleandomycin completely inhibited CYP3A4
activity (Fig. 6B), as expected (38). Metabolism of 20(OH)D3 by human liver microsomes
in the absence of troleandomycin was similar to that described earlier, with six products
being observed, four of which were identified as 20,25(0OH),D3, 20,24 2(OH),D3,

20,24 5(0OH),D3 and 20,26(0OH),D3 (Fig. 6C, E). In the presence of 250 uM
troleandomycin, total product formation was reduced by 72.6%. The peak corresponding to
20,25(0H),D3 was reduced by this treatment, as was the combined peak corresponding to
20,24 R(0OH),D3/20,26(0H),D3 and the peak containing 20,24 S(OH),D3 (Fig. 6C, D).
Since troleandomycin is a mechanism-based inhibitor which forms an inactive P450-Fe(l11)-
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metabolite complex with CYP3A family members (42-44), we also tested the inhibition of
20(OH)D3 metabolism where microsomes were preincubated with a low concentration of
troleandomycin (10 pM) for 20 min prior to starting the reaction with substrate (10 pM).
Under these conditions, total product formation was decreased by 63.7% and again
decreases were seen in the peaks corresponding to 20,25(0OH),D3,
20,24R(0OH),D3/20,26(0H),D3 and 20,24 5{OH),D3 (Fig. 6E, F). The only product of
microsomes whose production was not markedly reduced by troleandomycin under either
conditions, was H6 (Fig. 6D, F).

In the presence of azamulin (1 uM or 10 uM), total products from microsomes were
decreased by 60.0% and 75.9%, respectively. The peaks corresponding to 20,25(0OH),D3,
20,24 R(0OH),D3/20,26(0OH),D3 and 20,24 5(0OH),D3, but not H6, were reduced (Fig. 7C,
D). Furthermore, isoniazid, reported to inhibit CYP3A family members as well as CYP1AZ2,
CYP2A6, CYP2C19 (40), also markedly decreased peaks corresponding to 20,25(0OH),D3,
20,24 R(OH),D3/20,26(0H),D3 and 20,24 S(OH),D3, as well as H6 (Fig. S6).

Discussion

In this study, we have shown that liver microsomal CYP3A4 metabolises 20(OH)D3 to
20,24 R(OH),D3, 20,24 5(0OH),D3 and 20,25(0H),D3 (Fig. 8). Two of the products,
20,25(0OH),D3 and 20,24 R(OH),D3, are more potent at inhibiting colony formation by
melanoma cells than 20(OH)D3 (21,22), indicating CYP3A4 is further activating, rather
than inactivating, 20(OH)D3, at least with respect to cell proliferation. Both

20,24 R(OH),D3 and 20,24 S(OH),D3 are active on the immune system, including
modulating INFy production by splenocytes (23), however this activity has not been directly
compared to that of 20(OH)D3. As mentioned in the introduction, because 20(OH)D3 lacks
calcaemic activity (6,12,13) but possesses the ability to inhibit proliferation, stimulate
differentiation, reduce inflammation and inhibit collagen synthesis (5-8,10,14), it has the
potential to be used as a drug to treat a range of disorders. Thus if used therapeutically,
metabolism of 20(OH)D3 by CYP3A4 or human liver microsomes should not terminate its
activity, but rather, may enhance it.

In the current study we used HP-3-CD to solubilise 20(OH)D3 for addition to both
supersomes and microsomes. This encapsulating agent enables hydrophobic substrates to be
held in solution above their normal solubility limit in aqueous solution (36,41) and is
particularly useful for membrane bound-enzymes that display a high K, for substrate (3,16).
At low final concentrations of HP-3-CD, as used in this study, there is relatively weak
binding of the substrate to the cyclodextrin and it is readily available to the membrane-bound
P450 (3,16,25,36). Ishikawa et al (45) reported that the addition of HP-B-CD caused a
decrease in the rate of 7/-hydroxylation of 7-benzoyl-4-trifluoromethylcoumarin by
CYP3A4, but in these experiments substrate was not pre-dissolved in the HP--CD. In
contrast, we observed a markedly higher rate of 20(OH)D3 metabolism by CYP3A4
supersomes when the substrate was added from a HP-3-CD solution than when added from
an acetonitrile stock.

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2017 May 01.
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The ability of CYP3A4 to hydroxylate 20(OH)D3 at C24 and C25 found in our study is
consistent with previous reports that it can hydroxylate vitamin D2, 1-hydroxyvitamin D2,
1-hydroxyvitamin D3 at these positions (29,30). CYP3A4 also displays 24-hydroxylase
activity towards 1,25(0OH),D3, as well as the ability to hydroxylate it at C23 (31). A more
recent study reported that CYP3A4 can hydroxylate 25(OH)D3 at C4, producing 4,25-
dihydroxyvitamin D3 which was found at concentrations comparable to 1,25(0OH),D3 in
human plasma (32). We found no evidence for hydroxylation of 20(OH)D3 at the 4f3-
position in our study.

The reported catalytic efficiency for metabolism of 25(OH)D3 by CYP3A4 (1.32 min~1
uM~1) (32) is higher than we observed for 20(OH)D3 (0.54 min~tuM1), with 25(0OH)D3
displaying a lower K, but comparable k.. However, under our assay conditions 25(OH)D3
appeared to be a much poorer substrate for CYP3A4 compared to 20(OH)D3. Using 50 uM
substrate, which is above the reported K}, values for both substrates, 20(OH)D3 was
metabolised approximately 30 times faster than 25(OH)D3. In contrast, the reported
metabolism of 1,25(0H),D3 by CYP3A4 (31) is of similar efficiency (0.70 min~1uM=1) to
that of 20(OH)D3. The plasma concentration of 20(OH)D3 has been reported to be 3 nM
(17) and assuming a similar concentration in the liver, this is well below the K}, observed for
20(OH)D3 (32.6 + 2.8 uM), indicating low rates of metabolism per P450 molecule.
However, as CYP3A4 is expressed at high levels in liver as a high capacity and low affinity
enzyme (27,28,46,47), the total rate of 20(OH)D3 metabolism may be of physiological
significance. Its high capacity to metabolise 20(OH)D3 may also be of pharmacological
importance in therapeutic use, as mentioned earlier.

Interestingly, the same products of 20(OH)D3 metabolism we have identified for CYP3A4,
20,24 R(OH),D3, 20,24 50OH),D3 and 20,25(0OH),D3, have previously been identified as the
major products of metabolism of 20(OH)D3 by the kidney mitochondrial CYP24A1 despite
it having a smaller substrate binding pocket than CYP3A4 and a very much more selective
active site (47,48). The CYP24AL1 studies were carried out with the 20(OH)D3 substrate
incorporated into phospholipid vesicles and substrate concentrations were expressed as a
ratio to the phospholipid solvent (24), making direct comparison of their kinetic parameters
difficult. Nevertheless, recalculation of the kinetic parameters for CYP24A1 concentrations
in terms of aqueous molarity gives a catalytic efficiency (ks/ K, of approximately 1 pM~1
min~L. This is double that for metabolism of 20(OH)D3 by CYP3A4 (0.54 uM~1 min™1)
found in the current study, so it is likely that both enzymes contribute to the metabolism of
20(OH)D3 in vivo. Supporting that metabolism of 20(OH)D3 by CYP3A4 and/or CYP24A1
does occur /n vivo, both 20,24 R{(OH),D3 and 20,25(0OH),D3 have been detected in human
serum (17). Which enzyme is the major metaboliser of 20(OH)D3 will largely depend on the
relative concentration of each enzyme. In the case of CYP24AL1 this will be determined by
the 1,25(0OH),D3 concentration as this is a potent stimulator of CYP24 expression (21), and
for CYP3A4 will depend on glucocorticoid levels and possible induction by other drugs
(27,28).

Knockdown of 20,25(0H),D3, 20,24 R(OH),D3 and 20,24 S(OH),D3 formation from
20(OH)D3 by troleandomycin and azamulin in human liver microsomes supports that a
CYP3A family member is responsible for this metabolism of 20(OH)D3. Given that the ratio

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2017 May 01.
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of these three hydroxylated metabolites produced by the microsomes is almost identical to
that seen with CYP3A4 supersomes, and that CYP3A4 is the major CYP3A family member
expressed in liver, we conclude that CYP3A4 is primarily responsible for 20(OH)D3
metabolism in liver microsomes. However, it would appear not to be the only P450
responsible for 20(OH)D3 metabolism in liver microsomes, since 20,26(OH),D3 was also
identified as a product, as well as H6. Furthermore, H6 was formed in the presence of both
CYP3A family-specific inhibitors, indicating that there is at least one other P450, not of
family 3A, involved in its formation. Inhibition of its formation by isoniazid suggests the
P450 responsible may be CYP1A2, CYP2A6 or CYP2C19 (40), as these are known targets
of isoniazid as well as CYP3A4. H6 is also synthesised from 20(OH)D3 by mouse liver
microsomes and in that study was characterised as a dehydro-dihydroxyvitamin D3 species
(M = 414) (33). Production of 20,25(0OH),D3 was not completely blocked by the CYP3A
family inhibitors, leaving the possibility that other microsomal P450s may contribute to
some degree to its formation with a prime candidate being CYP2R1, known to hydroxylate
vitamin D3 at C25 (49,50).

In conclusion, CYP3A4 metabolises 20(OH)D3 to the major products 20,24 /(OH),D3,
20,24 5(0OH),D3 and 20,25(0OH),D3, which display enhanced biological activity on
melanoma cells. CYP3A4 is the major, but not only, P450 involved in metabolism of
20(OH)D3 by human liver microsomes. The further activation of 20(OH)D3 rather than
inactivation by CYP3A4 in liver microsomes supports the potential for 20(OH)D3 to be
developed as a therapeutic drug.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

- Human CYP3A4 metabolises 20-hydroxyvitamin D3 to three major and one
minor product.

- Major products were 20,24 R/S-dihydroxyvitamins D3 and 20,25-
dihydroxyvitamin D3.

- CYP3A4 plays the major role in 20-hydroxyvitamin D3 metabolism by liver
microsomes.

- Hydroxyvitamin D3 products of CYP3A4 action display enhanced biological
activity.
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Fig. 1.

Reverse-phase HPLC analysis and identification of products from 20(OH)D3 metabolism by
CYP3A4. 20(OH)D3 (25 uM) in 0.45% HP-3-CD was incubated with 60 nM CYP3A4. (A,
B) Products were extracted and analysed by reverse-phase HPLC with a C18 column using
an acetonitrile in water gradient. (A) Zero-time control incubation. (B) Test incubation for
60 min, with vertical arrows indicating the retention times of standards. The products with
identical retention times to authentic 20,25(0H),D3, 20,24 R(OH),D3, or 20,24 5(0H),D3
were collected separately and analysed using a methanol in water gradient (C, E, G,
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respectively) followed by spiking with an equal amount of the corresponding standard (D, F,
H, respectively). *UV-absorbing contaminant extracted from supersomes.
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Further metabolism of 20,25(0H),D3, 20,24 R(OH),D3 and 20,24 S(OH),D3 by CYP3A4.
Substrates (25 uM) in 0.45% HP-B-CD were incubated with 60 nM CYP3A4. Products were
extracted and analysed by reverse-phase HPLC using an acetonitrile in water gradient. (A)
Incubation of 20,25(0OH),D3 with CYP3A4. (B) Formation of products from
20,24 R(OH),D3. (C) Formation of products from 20,24 5(OH),Ds3.
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Fig. 3.
Analysis of the kinetics of the conversion of 20(OH)D3 to total products by CYP3A4.

Various concentrations of 20(OH)D3 in 0.45% HP-B-CD were incubated with 60 nM
CYP3A4 for 2.5 min, with the products being extracted and analysed by reverse-phase
HPLC. The Michaelis-Menten equation was fitted to experimental data, with an ~/ value of
0.998.
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Fig. 4.

Ar?alysis of the metabolism of 20(OH)D3 by human liver microsomes. 20(OH)D3 (50 uM)
in 0.45% HP-B-CD was incubated with microsomes (1.5 mg/mL). (A, B) Products were
extracted and analysed by reverse-phase HPLC with a C18 column using an acetonitrile in
water gradient. (A) Zero-time control incubation. (B) Test incubation for 45 min. (C — E)
The products in the major peaks were collected and analysed using a methanol in water
gradient. (C) Peak labelled H1 with identical retention time to 20,25(0OH),D3. (D)
Overlapping peaks labelled H2/H3 separated into three peaks, A — C. (E) Overlapping peaks
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labelled H4/H5 separated into two products, A and B. Arrows indicate retention times of
standards.
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Fig. 5.

Kignetics of the conversion of 20(OH)D3 to 20,25(0OH),D3, 20,24 R(OH),D3 and

20,24 5(0OH),D3 by human liver microsomes. Various concentrations of 20(OH)D3 in 0.45%
HP-B-CD were incubated with human liver microsomes (1.5 mg/mL) for 10 min at 37°C.
Products were extracted and analysed by reverse-phase HPLC, as described in Materials and
Methods. The Michaelis-Menten equation was fitted to experimental data, with /2 values of
0.994, 0.992 and 0.994 for 20,25(0H),D3, 20,24 R(OH),D3 and 20,24 S(OH),D3,
respectively.
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Effects of the CYP3A family inhibitor, troleandomycin, on metabolism of 20(OH)D3 by
CYP3A4 and human liver microsomes. (A — D) 20(OH)D3 (50 uM) in 0.45% HP-B-CD was
incubated in the presence (B, D) or absence (A, C) of 250 uM troleandomycin with CYP3A4
for 20 min (A, B) or human liver microsomes for 30 min (C, D), where the inhibitor and
substrate were added before starting the reaction with enzyme. (E, F) Human liver
microsomes were preincubated with 10 uM troleandomycin (F) or without (E) for 20 min
then the reaction initiated by the addition of 20(OH)D3 (10 pM) in 0.45% HP-B-CD.
*Denotes contaminant peaks present in the no-substrate control.
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Fig. 7.

Ef%ects of the CYP3A family inhibitor, azamulin, on metabolism of 20(OH)D3 by human
liver microsomes. 20(OH)D3 (50 uM) in 0.45% HP-3-CD was incubated with human liver
microsomes for 30 min in the absence (B) or presence of 1 pM (C) or 10 uM (D) azamulin.
*Denotes contaminant peaks present in the control.
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Fig. 8.
Metabolism of 20(OH)D3 by CYP3AA4.
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Table 2
Kinetic parameters for metabolism of 20(OH)D3 and its primary products by CYP3A4. Data for K, and Az
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are presented as mean + standard error of the curve fit.

Substrate Km (UM) Kear (Min™1) | Kege / Ky (WM~ min1)

20(0H)D3 326+28 17.7£05 0.54
20,24R(OH),D3 | 331.8+193.9 | 65.0+28.5 0.20
20,24S(OH),D3 | 86.9+443 | 16543 0.19
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Kinetic parameters for production of 20(OH)D3 metabolites by human liver microsomes. Data for K;; and

V/max are presented as mean + standard error of the curve fit. Similar data was obtained in two other

experiments.

Product K (UM) | Vipax (Min™D) | K Vinax (UM Imin1)
H1 (20,25(OH),D3) 217488 | 134.2+36.0 16
H2/H3 A (20,24R(OH),D3) | 138 +49 56.1+11.5 25
H2/H3 B (20,26(0OH),D3) | 155+42 | 34555 45
H2/H3 C 163 +51 24446 6.7
H4/H5 A 149 + 32 141+18 10.6
H4/H5 B (20,24S(OH),D3) | 114+31 152+22 75
H6 139+ 74 21.0+6.5 6.6
Total Products 165+56 | 292.6 +£60.3 0.6
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