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Abstract This chapter discusses the current state of knowledge of vitamin D metabolism and the
specific enzymes involved. Vitamin D3 undergoes a two-step metabolic activation involving sequential
hydroxylations at 25- and la-carbons by cytochrome P450-based hydroxylases (CYP2R1 and CYP27B1)
to give first the main circulating form 25-hydroxyvitamin D3 and then a hormonally active form
1a,25-dihydroxyvitamin D3. The plant-derived vitamin D, undergoes the same activation steps. This review
highlights the recent finding of extra-renal sites of CYP27B1 expression and the physiological implica-
tions of this discovery. 1a,25-Dihydroxyvitamin D3 is inactivated by another cytochrome P450 enzyme
(CYP24A1) which produces a series of metabolic products culminating in either a side chain-truncated
biliary excretory form, calcitroic acid, or a 26,23-lactone derivative. This chapter also discusses the cur-
rent knowledge of the metabolism of the clinically relevant analogs of vitamin D, ranging from prodrug
forms (e.g. 1(OH)D) that require a step or more of activation to produce a biologically active form to
the calcitriol analogs, which are active as administered. Differences between metabolism-sensitive and
metabolism-resistant vitamin D analogs are discussed in the context of evaluating the relative importance
of analog metabolism in their mechanism of action. The review ends by attempting to predict future direc-
tions in the field, focussing on determination of CYP structure, the knowledge gained from mouse CYP
knockouts and future vitamin D drug design.
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1. METABOLISM OF VITAMIN D3 AND 25(OH)D3

The elucidation of the metabolism of vitamin D3 is arguably one of the most
important developments in nutritional sciences over the latter half of the twentieth
century. An appreciation that vitamin D3 represents a precursor to the functionally
active form and that two steps of activation are necessary to produce the hormone
1a,25-dihydroxyvitamin D3 (1,25(OH)>D3) constitute historical landmarks in modern
vitamin research (/). These developments not only spawned detailed studies of the bio-
logical properties of vitamin D metabolites produced and the regulation of cytochrome
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P450-containing enzymes involved in their production but also provided the stimulus for
the chemical synthesis of a plethora of vitamin D analogs (~thousands at last count).
Furthermore, it appears that susceptibility to vitamin D catabolic pathways together with
other important parameters such as binding to the vitamin D receptor (VDR) functional
complex and binding to the vitamin D-binding protein (DBP) are probably key elements
in dictating the differences in the actions of so-called calcaemic and non-calcaemic vita-
min D analogs. Therefore, from the perspective of its historical significance and rele-
vance, it seems entirely logical to consider the metabolism of vitamin D and its analogs
together at this stage of a general text on vitamin D. It should be stated that since the
publication of the first edition of this book, there has been significant progress made
on the nature of the cytochromes P450 involved in vitamin D metabolism including the
release of the first X-crystal structure, namely of CYP2R1.

1.1. 25- and 1a-Hydroxylation

Vitamin D3 can be synthesized in the skin (see Chapter 1) or be derived from dietary
sources. As such, this precursor does not circulate for long in the bloodstream, but,
instead, is immediately taken up by adipose tissue or liver for storage. In humans, tis-
sue storage of vitamin D can last for months or even years. Ultimately, the vitamin D3
undergoes its first step of activation, namely 25-hydroxylation in the liver (Fig. 1). Over
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Fig. 1. Metabolism of vitamin D3.
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the years, there has been much controversy over whether 25-hydroxylation is carried
out by one enzyme or two and whether this cytochrome P450-based enzyme is found
in the mitochondrial or microsomal fractions of liver (2). In the past few years, this has
been clarified substantially by work which suggests that the mitochondrial enzyme is
CYP27A1 and the microsomal enzyme is CYP2R1. The mitochondrial form CYP27A1
has been purified to homogeneity, subsequently cloned from several species (3—5),
and appears to be a bifunctional cytochrome P450 which in addition to synthesis of
25-hydroxylating vitamin D3 also carries out the side chain hydroxylation of interme-
diates involved in bile acid biosynthesis. Even though 25-hydroxylation of vitamin D3
has been clearly demonstrated in cells transfected with CYP27A1, there was continuing
scepticism in the vitamin D field that a single cytochrome P450 could explain all the
metabolic findings observed over the past two decades of research. These unexplained
observations include

(A) Using the perfused rat liver, Fukushima et al. (6) demonstrated two 25-hydroxylase
enzyme activities: a high-affinity, low-capacity form (presumably microsomal) and a
low-affinity, high-capacity form (presumably mitochondrial; CYP27A1).

(B) Regulation, albeit weak, of the liver 25-hydroxylase in animals given normal dietary
intakes of vitamin D after a period of vitamin D deficiency (7) is not explained
by a transcriptional mechanism since the gene promoter of CYP27A1 lacks a
VDRE.

(C) No obvious 25(OH)D3 or 1,25(0OH), D3 deficiency in patients suffering from the genet-
ically inherited disease, cerebrotendinous xanthomatosis, where CYP27A1 is mutated.
Although a subset of these patients can suffer from osteoporosis, this is more likely due
to biliary defects leading to altered enterohepatic circulation of 25(OH)D (8§).

(D) CYP27A1 does not appear to 25-hydroxylate vitamin D5.

Despite the persistent doubts, one thing that the existence of CYP27A1 does explain
is the occasional reports of extra-hepatic 25-hydroxylation of vitamin D3 (9). CYP27A1
mRNA has been detected in a number of extra-hepatic tissues including kidney and bone
(osteoblast) (10, 11).

Over the past 5 years, the “missing” liver microsomal 25-hydroxylase has been iden-
tified as CYP2R1 and cloned from several species (/2). Work has shown that it fits the
activity profile predicted above in the points A-D. First, CYP2R1 has a high substrate
affinity for vitamin D;, vitamin D3 and its 1a-hydroxylated counterparts, 1(OH)D; and
1(OH)D3 (12-15), making it a strong candidate to be called the physiologically relevant
25-hydroxylase. Second, Chen et al. (/3) demonstrated that there is a human mutation of
CYP2R1 L99P which results in null enzyme activity and in vitamin D-dependent rick-
ets (VDDR type 1a). Lastly, CYP2R1 shows a mainly liver tissue distribution (/2). A
slightly modified, fully active version of human CYP2R1 was recently crystallized with
vitamin D3 docked in its active site and its X-ray crystal structure determined to 2.7 A
(15). The product of the 25-hydroxylation step, 25-hydroxyvitamin D3 [25(OH)Ds3], is
the major circulating form of vitamin D3 and in humans is present in plasma at concen-
trations in the range 10-40 ng/ml (25-125 nM). The main reason for the stability of this
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metabolite is its strong affinity for the vitamin D-binding (globulin) protein of blood
(DBP) which is around 5 x 1078 M.

The second step of activation, 1a-hydroxylation, occurs in the kidney (/2) and the
synthesis of the circulating hormone in the normal mammal appears to be the exclu-
sive domain of that organ. The main evidence for this comes from clinical medicine,
where patients with chronic kidney disease gradually deplete their circulating levels
of 1,25(OH),D3 over the five-stage history of their disease and if left untreated go on
to develop frank renal osteodystrophy caused by a deficiency of 1,25(OH),D3 caused
by lack of 1a-hydroxylase and secondary hyperparathyroidism. This condition is pre-
vented by 1,25(OH),D3; administration. In 1997, as the result of a tremendous amount
of attention over 25 years of research, the cytochrome P450, CYP27B1, representing
the la-hydroxylase enzyme was finally cloned from a rat renal cDNA library by St
Arnaud’s group in Montreal (/6). This was rapidly followed by cloning of cDNAs rep-
resenting mouse and human CYP27B1 (17-19) as well as the human and mouse genes
(16, 18-20). It had been known for some time that the mitochondrially located la-
hydroxylase enzyme comprises three proteins: a cytochrome P450, ferredoxin and ferre-
doxin reductase for activity and is strongly down-regulated by 1,25(0OH),D3; & FGF23
and upregulated by PTH (27-23). It is now evident that the promoter for the CYP27B1
gene contains the transcriptional regulatory elements necessary to explain the observed
physiological up-regulation by PTH (24) and down-regulation by 1,25(OH)>D3 (25).
The human CYP27B1 gene co-localizes to the chromosome 12q14 where vitamin D
dependency rickets type 1 (VDDR-Ib), a human disease state, was first proposed to be
caused by a mutation of the 1a-hydroxylase 35 years ago (17, 21, 26, 113).

Over the past 20 years, suggestions of extra-renal 1a-hydroxylase expression have
gone from incidental findings to a new concept that vitamin D works through an
autocrine/paracrine mechanism in addition to the long-standing endocrine mechanism
involving circulating calcitriol (27, 28). Extra-renal expression of the la-hydroxylase
enzyme activity in various tissues (e.g. placenta, bone and skin (29)) has been placed
on a firmer footing by the development of highly specific antibodies to CYP27B1 pro-
tein and PCR-based detection techniques for CYP27B1 mRNA after the cloning of the
CYP27B1 gene. Also, Adams and Gacad (30) had demonstrated the pathological sig-
nificance of extra-renal la-hydroxylase expression by showing

(a) the existence of a 25-OH-D3-1a-hydroxylase in sarcoid tissue in sarcoidosis patients;
(b) that this poorly regulated enzyme results in elevated plasma 1,25(OH),D3 levels; and
(c) that this causes hypercalciuria and hypercalcaemia in such sarcoidosis patients.

The availability of new specific CYP27B1 tools has confirmed the molecular
basis of the disease as an over-expression of CYP27B1 (31). The regulation of this
la-hydroxylase in macrophages by cytokines and other growth factors has been demon-
strated to involve interferon-gamma (32). But the real value of the probes for CYP27B1
has been emergence of the widespread distribution of extra-renal 1a-hydroxylase in
normal tissues including osteoblast, keratinocyte, monocyte and colonic, prostatic and
breast epithelial cells (27, 28, 31, 33-35). The existence of CYP27B1 in various extra-
renal sites around the body implies that the enzyme boosts local 1,25(OH),D3 produc-
tion allowing for higher intracellular concentrations of 1,25(OH),Dj3 in order to trigger
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transcriptional regulation of genes unaffected by the plasma concentrations of the hor-
mone (27, 28, 31). However, it should be noted that this hypothesis is currently unproven
at the level of measurement of intracellular 1,25(OH),D3 concentrations.

1.2. 24-Hydroxylation

24-Hydroxylation of both 25(OH)D3 and 1,25(OH),D3 has been shown to occur
in vivo (36, 37). The importance of this step has been immersed in controversy since it
has been claimed that 24-hydroxylated metabolites might play a role in (a) bone mineral-
ization (38, 39) and (b) egg hatchability (40). Experimental evidence favours a different
function for 24-hydroxylation, namely inactivation of the vitamin D molecule.

This concept comes from four main lines of evidence:

(i) The levels of 24,25(0OH),D3 do not appear to be regulated, reaching >100 ng/ml in
hypervitaminotic animals (4/).

(i) There is no apparent 24,25(OH),D3 receptor similar to VDR within the orphan class
of the steroid receptor superfamily.

(iii) Synthesis of vitamin D analogs blocked with fluorine atoms at the various carbons of
the side chain (e.g. 24F,-1,25(OH),D3) results in molecules with the full biological
activity of vitamin D in vivo (42).

(iv) 24-Hydroxylation appears to be the first step in a degradatory pathway demonstrable
in vitro (43, 44) (Fig. 2), which culminates in a biliary excretory form, calcitroic acid,
observed in vivo (45).

The 25-OH-D3-24-hydroxylase was originally characterized as a P450-based enzyme
over 35 years ago (46) and more recently the cytochrome P450 species purified and
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Fig. 2. C24-oxidation pathway. (Reproduced from (43) with permission).



104 Part I / Introduction and Basic Biology

cloned by Okuda’s group (47). The enzyme appears to 24-hydroxylate both 25(OH)D3
and 1,25(OH);,Ds, the latter with a 10-fold higher efficiency (48, 49). However, since
the circulating level of 25(OH)D3 is ~1,000 times higher than 1,25(OH),D, the role of
the enzyme in vivo is not clear. The enzyme, particularly the renal form which appears
to be expressed at high constitutive levels in the normal animal, may be involved in
the inactivation and clearance of excess 25(OH)D3 in the circulation (43). On the other
hand, the 24-hydroxylase may be involved in target cell destruction of 1,25(OH),Ds.
This topic will be discussed further under Section 2.1.

1.3. 26-Hydroxylation and 26,23-Lactone Formation

25,26-(OH),D3 was the first dihydroxylated metabolite to be identified back in the
late 1960s (50) and yet it is still the most poorly understood. The metabolite is read-
ily detectable in the plasma of animals given large doses of vitamin D3 and it retains
strong affinity for DBP (57). However, its biological activity is inferior to other endoge-
nous vitamin D compounds and it is presumed to be a minor catabolite. The knowl-
edge that CYP27A1 is involved in vitamin D3 activation and that 26(27)(OH)D and
1,27(OH);D3 are formed from vitamin D3 and 1(OH)D, respectively, in CYP27Al
transfection systems (5) when taken together suggests that 26(27)-hydroxylation may
be a consequence of errant side chain hydroxylation.

The most abundant 26-hydroxylated analog appearing in vivo is the 26,23-lactone
derivative of 25(OH)D3. 25-OH-D3-26,23-Lactone accumulates in hypervitaminotic
animals in vivo because of its extremely strong affinity for DBP (57). The route
of synthesis of this metabolite is depicted in Fig. 3 and research indicates that
26-hydroxylation follows 23-hydroxylation in this process (52) and a wealth of
evidence (53, 54) now suggests that CYP24A1 is responsible for 23- as well as
24-hydroxylation and is also involved in 26,23-lactone formation. Indeed, mutational
analysis of human CYP24A1 (54) has shown that a A326G modification changes the
enzyme from a 24-hydroxylating enzyme synthesizing predominantly calcitroic acid
to a 23-hydroxylating enzyme making 26,23-lactone (Fig. 4). The role of 25-OH-Ds-
26,23-lactone or its 1,25(0OH),D3 counterpart, which has also been reported (54, 55),
is currently unknown but members of the synthetic 26,23-lactone family are strong
VDR antagonists (56) with potential therapeutic value in Paget’s disease (57). Since
some species (e.g. opossum, guinea pig) make predominantly 26,23-lactone over cal-
citroic acid, it is theorized that 26,23-lactone formation represents a backup degrada-
tory pathway for 25(OH)D3 and/or 1,25(OH),;D3 or helps to reinforce the inactivation
of the vitamin D endocrine system by antagonizing the further action of remaining
1,25(0OH),D3 at the VDR (54).

2. CATABOLISM OF 1,25(0H),D3

2.1. C-24 Oxidation Pathway to Calcitroic Acid

As described in Section 1.2 above, 1,25(OH),D3 is a very good substrate for the
24-hydroxylase. Using a variety of cell lines representing specific vitamin D tar-
get organs (intestine: CaCo2 cells; osteosarcoma: UMR-106 cells; kidney: LLC-PK1
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Fig. 3. 26,23-Lactone pathway. The pathway shown is for 25-OH-D3. An analogous pathway exists
for 10,25-(OH),D3. (Reproduced from (52) with permission).

cells; keratinocyte: HPK1A and HPK1A-ras) a number of researchers have shown that
24-hydroxylation is the first step in the C-24 oxidation pathway, a 5-step, vitamin
D-inducible, ketoconazole-sensitive pathway which changes the vitamin D molecule
to water-soluble truncated products (Figs. 2 and 4) (43, 44). In most biological assays,
the intermediates and truncated products of this pathway possess lower or negligible
activity. Furthermore, many of these compounds have little or no affinity for DBP mak-
ing their survival in plasma tenuous at best. The cloning of the cytochrome P450 com-
ponent (CYP24) of the 24-hydroxylase enzyme has led to detection of CYP24mRNA
in a wide range of tissues (58), corroborating the earlier studies reporting widespread
24-hydroxylase enzyme activity in most, if not all, vitamin D target cells (59). Addi-
tional studies have shown that mRNA transcripts for CYP24 are virtually undetectable
in naive target cells not exposed to 1,25(OH),D3 but increase dramatically by a VDR-
mediated mechanism within hours of exposure to 1,25(OH);D3 (58). It is therefore
attractive to propose that 24-hydroxylation is not only an important step in inactiva-
tion of excess 25(OH)D3 in the circulation but also involved in the inactivation of
1,25(0OH),;D3 inside target cells. As such one can hypothesize that C-24 oxidation is
a target cell attenuation or desensitization process which constitutes a molecular switch
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to turn off vitamin D responses inside target cells (59). The recent development of a
CYP24A1 knockout mouse (60) resulting in hypercalcaemia, hypercalciuria, nephro-
calcinosis and premature death in 50% of null animals seems to support this hypoth-
esis. On the other hand, surviving animals have changes in bone morphology which
could suggest an alternative role for 24-hydroxylase in bone mineralization although
these cyp24—/— animals are rescued by crossing them with vdr—/— animals, suggest-
ing that abnormal bone is more likely due to 1,25(OH),D3 toxicity (60, 61). Sur-
viving CYP24 null animals exhibit altered pharmacokinetics of exogenously admin-
istered 1,25(OH)>D3 and appear to have much reduced ability to get rid of the hor-
mone, suggesting that the mammal has little in the way of backup systems to catabolize
1,25(0OH),D3 when CYP24A1 is absent (53). Nonetheless, recent work by Thummel’s
group has shown that 1,25(OH), D3 is subject to glucuronidation by UGT1A4 (62).

Calcitroic acid, the final product of 1,25(OH),Dj3 catabolism, is probably not synthe-
sized in the liver because C-24 oxidation does not occur in hepatoma cells and there-
fore must presumably be transferred from target cells to liver via some plasma carrier.
Though calcitroic acid has been found in various tissues in vivo (63), the nature of any
transfer mechanism has not been elucidated.

3. METABOLISM AND CATABOLISM OF THE ANALOGS
OF VITAMIN D

3.1. Activation of Prodrugs

Prodrugs are synthetic analogs of vitamin D3 requiring one or more step(s) of activa-
tion by endogenous enzyme systems before they are biologically active (e.g. one step:
1(OH)D», 1(OH)D3 or 25(0OH)D3; multiple steps: vitamin D, and dihydrotachysterol).

3.2. Vitamin D>

Though vitamin D, (for structure see Table 1) can be synthesized naturally by irra-
diation of ergosterol, little finds its way into the human diet unless it is provided as a
dietary supplement. Indeed, vitamin D, has been used as a dietary supplement in lieu
of vitamin D3 since the 1930s. Since vitamin D, is an artificial form of the vitamin
and it is dependent on the same activation steps as vitamin D3 to become biologically
active, one could make a strong case for considering it as a prodrug. In many ways
the metabolism of vitamin D, is analogous to that of vitamin D3. For instance, it has
been established that vitamin D, gives rise to a similar series of metabolites in the form
of 25(OH)D; (64), 1,25(0OH);D» (65) and 24,25(0OH),D5 (66). The formation of these
metabolites suggests that the enzymes involved in side chain metabolism namely 25-,
la- and 24-hydroxylases do not discriminate against compounds bearing the vitamin D,
side chain. However, metabolic studies have also revealed the formation of several addi-
tional metabolites including 24(OH)D, (67), 1,24S5(OH)>D» (68), 24,26(OH)>D» (69)
and 1,25,28(OH)3 D, (70). Pharmaceutical companies have exploited these subtle dif-
ferences in the metabolism of vitamin D, by synthesizing molecules incorporating the
features of the vitamin D, side chain, namely the C22=C23 double bond or the C-24
methyl group (see Table 1), into the structure of other analogs (e.g. calcipotriol).
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Table 1

Vitamin D Prodrugs
Vitamin D prodrug Possible target Mode of
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Biologically active vitamin D, compounds, such as 1,25(OH);D, and
1,24S(OH);D,, are also subject to further metabolism although it differs from
that of 1,25(OH),;D3, essentially because the modifications in the vitamin D, side
chain prevent the C23C24 cleavage observed during calcitroic acid production. Instead,
the principal products are more polar tri- and tetra-hydroxylated metabolites such as
1,24,25(0OH)3D,, 1,25,28(OH)3D; and 1,25,26(OH)3;D, from 1,25(0OH),D; (70-72)
and 1,24,26(OH)3D; from 1,24S(OH),D, (73), all likely produced by the action of
CYP24Al. In this latter case, the rate of 1,24S(OH);D, metabolism appears slower
than that of 1,25(OH),D3 (73). Some catabolites retain considerable biological activity
and at least one, 1,25,28(OH)3D», is patented for use as a drug.

3.2.1. DIHYDROTACHYSTEROL

This example of a vitamin D prodrug represents the oldest vitamin D analog and was
developed in the 1930s as a method of stabilizing the triene structure of one of the pho-
toisomers of vitamin D. The structure of dihydrotachysteroly shown in Table 1 contains
an A-ring rotated through 180°, a reduced C10—=C19 double bond and the side chain
structure of ergosterol/vitamin D;. The side chain depicted is that of vitamin D, because
the clinically approved drug version of dihydrotachysterol is dihydrotachysterol,.
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However, it should be noted that dihydrotachysterols (DHT3) can also be chem-
ically synthesized with the side chain of vitamin Ds3. The metabolism of both
dihydrotachysterol, (DHT>) and dihydrotachysterols (DHT3) has been extensively stud-
ied over the past four decades (74—77). Initial studies performed in the early 1970s
showed that DHT is efficiently converted to its 25-hydroxylated metabolite (78).

The effectiveness of DHT to relieve hypocalcaemia of chronic renal failure in the
absence of functional renal 1a-hydroxylase led to the hypothesis (79) that

25-OH-DHT might represent the biologically-active form of DHT, by virtue of its
3B-hydroxy group being rotated 180° into a “pseudo la-hydroxyl position”.

It was thus believed that 1a-hydroxylation of 25(OH)DHT was unnecessary. This
viewpoint prevailed for at least a decade but debate was renewed when Bosch et al. (75)
were able to provide evidence for the existence of a mixture of 1a- and 18-hydroxylated
products of 25(OH)DHT} in the blood of rats dosed with DHT5. Studies involving the
perfusion of kidneys from vitamin D-deficient rats with an incubation medium con-
taining 25(OH)DHT}3 and using diode array spectrophotometry to analyse the extracts
showed this molecule to be subject to extensive metabolism by renal enzymes but
failed to give the expected 1-hydroxylated metabolites (Fig. 5), opening up the pos-
sibility that the la- and 1B-hydroxylated metabolites observed by Bosch et al. (75)
might be formed by a putative extra-renal 1-hydroxylase activity (80). Following the
synthesis of appropriate authentic standards, subsequent research (77) has confirmed
the in vivo formation and identity of 1a,25(OH),DHT and 18,25(OH);DHT in both
rat and human. The ability of these 1a- and 1p-hydroxylated forms of both DHT, and
DHTj3 to stimulate a VDRE-inducible growth hormone reporter system exceeded that
of 25(OH)DHT and in the process established 10,25(OH);DHT and 18,25(OH),DHT
as the most potent derivatives of DHT identified to date. The importance of the “pseudo
la-hydroxyl group” hypothesis now stands in question though current findings do not
rule out that the biological activity of DHT might be due to the collective action of
a group of metabolites including 25(OH)DHT, 1a,25(OH),DHT and 1p,25(OH),DHT.
The enzymatic origin of these dihydroxylated metabolites is still undetermined despite
the availability of recombinant CYP27A1, CYP27B1 and CYP24A1 although work
suggests that extra-renal hydroxylases of bone marrow origin might be involved
(80, 81).

Though the enzymes involved in the activation of DHT, especially the
1-hydroxylation step, have an altered specificity towards this molecule, the enzymes
involved in the catabolism of DHT3; appear to treat the molecule as they would
25(0OH)D3 or 1,25(0OH),D3. Side chain hydroxylated derivatives of both 25(OH)DHT3
and 1,25(OH),DHT3 have been identified and appear to be analogous to intermediates
of the C-24 oxidation and 26,23-lactone pathways of vitamin D3 metabolism (82, 83).

3.2.2. 1(OH)D;, AND 1(OH)D3

The prodrug, 1(OH)D3, was developed in the early 1970s (84, 85) following the dis-
covery of the hormone, 1a,25-(OH),D3, and the realization that the kidney was the
main site of its synthesis (21, 22, 86). The rationale behind its use was to circumvent the
la-hydroxylation step involved in vitamin D activation thereby providing a molecule
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Fig. 5. In vivo metabolism of dihydrotachysterol; in the rat. Diode array HPLC of the plasma
extract of a rat administered 1 mg DHT3 18 h prior to sacrifice. Metabolites are labelled 25-OH-
DHT3 and peaks A-L. All possess the distinctive tricuspid UV spectrum (Apax 242.5, 251 and
260.5 nm). Metabolites A-L were subsequently identified as side chain-modified compounds anal-
ogous to vitamin D metabolites of the C-24 oxidation and 26,23-lactone pathways depicted in Figs. 1
and 2. (Reproduced from (76) with permission).

which could still be activated even in the absence of a functional kidney. It soon
became an alternative drug therapy to synthetic 1,25(OH),Dj3 in renal osteodystrophy
and other hypocalcaemic conditions. Aside from the advantage of a reduced cost of
synthesis, 1(OH)D3 offers the potential biological edge of requiring a step of
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activation in the form of 25-hydroxylation to produce an active molecule. It was believed
that the requirement for an activation step might alter the pharmacokinetics of the drug
compared to 1,25(OH),D3, delaying slightly its initial effects and extending its dura-
tion of action thereby making the drug less likely to cause acute hypercalcaemia. The
25-hydroxylation of 1(OH)D3 was first investigated using the isolated perfused rat liver
(6) and confirmed that the liver represents the main site of activation. More recent work
has confirmed that both CYP27A1 and CYP2R1 are able to 25-hydroxylate 1(OH)D3
efficiently (6, 15), and there are no data to support promoter-mediated regulation of these
enzymes by 1,25(OH),Ds. It is widely assumed that either 25-hydroxylase enzyme is
only loosely regulated and therefore constitutes an insignificant barrier to drug activa-
tion. The theoretical advantages of 1(OH)D3 over 1,25(0OH),D3 have not materialized
in clinical practice (87).

A prodrug based on vitamin D has also been synthesized in the form of 1(OH)D;
(88, 89). Although developed as a potential anti-osteoporosis drug and currently
approved for the treatment of secondary hyperparathyroidism and renal osteodystrophy
as a result of chronic kidney disease (90, 91), this molecule has proved to be a valuable
tool in studying hydroxylation reactions in the liver. At low substrate concentrations,
1(OH)D,, like 1(OH)D3, is 25-hydroxylated by liver hepatomas, Hep3B and HepG?2,
producing the well-established, biologically active compound 1,25(0OH),D; (92). How-
ever, when the substrate concentration is increased to micromolar values the princi-
pal site of hydroxylation of 1(OH)D; becomes the C-24 position, the product being
1,245(0OH), D5 (Fig. 6), another compound with significant biological activity in several
calcaemia and cell proliferation assay systems (68, 73, 92). This metabolite has been
previously reported in cows receiving massive doses of vitamin D, (68). Transfection
studies using the liver cytochrome P450, CYP27A1, expressed in COS-1 cells suggest
that 1,24S(OH),D; is a product of this cytochrome (6). Whether the formation of this
unique metabolic product of 1(OH)D, is the reason for the relative lower toxicity of
1(OH)D, as compared to 1(OH)D3 (93) has not been established definitively. Recent
data (14, 15) suggest that CYP2R1 is responsible for the 25-hydroxylation of 1(OH)D>
at physiologically relevant concentrations of substrate (Fig. 6).

3.3. Metabolism-Sensitive Analogs

These synthetic analogs of 1,25(OH)>D3 require no activation in vivo but are suscep-
tible to attack by catabolic enzyme systems, in most cases rendering them biologically
inactive (e.g. calcipotriol, OCT, KH1060).

3.3.1. CYCLOPROPANE RING CONTAINING ANALOGS OF VITAMIN D

These analogs are modified in their side chains such that C-26 is joined to C-27 to
give a cyclopropane ring consisting of C-25, C-26 and C-27. The best-known member
of this group of compounds is MC 903 or calcipotriol (94), the structure of which is
shown in Table 2. In addition to the cyclopropane ring, calcipotriol features a C22=C23
double bond and a 24S-hydroxyl group which has been proposed to act as a surrogate
C-25 hydroxyl in interactions of the molecule with the VDR. Calcipotriol was the first
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Fig. 6. In vitro metabolism of 1a-OH-D; and 1a-OH-D3 by the hepatoma Hep3B. (a) HPLC trace
using diode array detector at 265 nm of an extract of Hep3B cells incubated with 10 wuM 1a-OH-D;.
The peak at 9.79 min was later conclusively identified by GC-MS and co-migration with authentic
standard as 1a,24S5-(OH);D;. Note that inset is a trace of standards: 1a-OH-Dj, 5.6 min; 1a,25-
(OH),; D3, 11.1 min. (b) HPLC trace using diode array detector at 265 nm of an extract of Hep3B cells
incubated with 10 uM 1a-OH-D3. Note that the peak at 12.04 min comigrated with authentic 1a,25-
(OH);D3. Subsequent work with standard 10,,26(27)-(OH), D3 (synthesized by Martin Calverley, Leo
Pharmaceuticals) has confirmed its identity. (From (92) with permission).

vitamin D analog to be approved for topical use in psoriasis and is currently used world-
wide for the successful control of this skin lesion (95, 96).

Pharmacokinetic data acquired for calcipotriol showed that it had a very short s
in the order of minutes, results that are consistent with the lack of a hypercalci-
uric/hypercalcaemic effect when administered in vivo (97). The first metabolic studies
(98) revealed that calcipotriol was rapidly metabolized by a variety of different liver
preparations from rat, minipig and human to two novel products. These workers (99)
were able to isolate and identify the two principal products as a C22=C23 unsaturated,
24-ketone (MC1046) and a C22—C23 reduced, 24-ketone (MC1080). These results were
confirmed and extended by others (99) who showed that calcipotriol metabolism was
not confined to liver tissue, but could be carried out by a variety of cells including those
cells exposed to topically administered calcipotriol in vivo, namely keratinocytes. Fur-
thermore, these workers (99) proposed further metabolism of the 24-ketone in these
vitamin D target cells to side chain cleaved molecules including calcitroic acid (Fig. 7).
The main implications of this work are that calcipotriol is subject to rapid metabolism
initially by non-vitamin D-related enzymes, then by vitamin D-related pathways prob-
ably including CYP24A1 (/4) to a side chain cleaved molecule (99). Catabolites are
produced in a variety of tissues and appear to have lower biological activity than
the parent molecule. Since calcipotriol is administered topically the work suggests
that it acts and is broken down locally and may never reach detectable levels in the



Chapter 4 / Metabolism of Vitamin D and Its Analogs 113

Table 2
Analogs of 1a,25-(OH);D3

Vitamin D analog Possible target Mode of

[ring structure]® Side chain structure Company  Status diseases delivery Reference
Calcitriol, 10,25-(OH),D, A AL Roch | H; I s
alcitriol, 1a,25- OH oche, nuse ypocalcemia ystemic .
273 20 23 25
[3] f\/\<zs Duphar worldwide Psoriasis Topical Baggiolini et al. (152)
26,27-F -1a,25-(OH),D e COFI: Sumit | o S
,27-F-10,25- umitomo- In use steoporosis ystemic .
6 273
3] M"Fi Taisho Japan Hypoparathyroidism  Systemic ~'oPayashi etal. (112)
2/8
19-Nor-1a,25-(OH),D W In use Secondary )
5] 2" I ‘NOH Abbott USA hyperparathyroidism Systemic  Perlman et al. (153)
22-Oxacalcitriol (OCT) " W"“ In use Secondary
f Chugai hyperparathyroidism Systemic ~ Murayama et al. (100)
[3] Japan e h
Psoriasis Topical
OH
Calcipotriol (MC903) ., x In use Psoriasis Topical
Leo worldwide  Cancer Topical Calverley (94)
1a,25-(OH),-16-ene-23- [ — OH
yne-D, (Ro 23-7553) Roche Pre-clinical Leukemia Systemic  Baggiolini et al. (154)
161
27a
EB1089 NS Clinical trials C Systemic  Binderup et al. (121
3] 24a 26a €O inical trials Cancer ystemic inderup et al. (121)
-epi- 2 OH
20 [ES?I 10,25-(OH),D, W Leo Pre-clinical Immune diseases Systemic  Calverley et al. (155)
2-methylene-19-nor-
20-epi-1a,25-(0OH),D. OH Deltanoids Pre-clinical ~Osteoporosis Systemic ~ Shevde et al. (167,
273
@mMD) 7]
BXL-628 A Eon
(formerly Ro-269228) Bioxell Clinical trials Prostate Cancer Systemic  Marchiani et al. (159)
18]
n,
ED71 Mou ' — ! ! -
4] Chugai Clinical trials Osteoporosis Systemic  Nishii et al. (156)
4, OH
" n,, -
1(1,[234;(3) (OH),D, f\/<< Genzyme Pre-clinical ~ Psoriasis Topical Strugnell et al. (92)
OH
10,24(R)-(OH),D4(TV-02) I”“l/\/<< Teijin Ll;:ﬁ Psoriasis Topical Morisaki et al. (157)

“Structure of the vitamin D nucleus (secosterol ring structure).

Vitamin D nucleus
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bloodstream. Should calcipotriol enter the circulation, the ability of liver and target cells
to breakdown calcipotriol provides a backup system to prevent hypercalcaemia.

The reduction of the C22=C23 double bond during the earliest phase of calcipotriol
catabolism was an unexpected event given that the C22=C23 double bond in vitamin D,
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Fig. 7. In vitro metabolism of calcipotriol (MC903) by HPK1A-ras cells. HPLC of lipid extracts
following incubation of MC903 with (a) HPK1A human keratinocytes and (b) HPK1A-ras human
keratinocytes. Peak 1 = MC1080; Peak 2 = MC1046; Peak 3 = MC903 (calcipotriol); Peak 4 =
mixture of MC1439 and MC1441; Peak 5 = Tetranor-1a,,23(OH),D3; Peak 6 = MC1577; Peak 7 =
MC1575. 7C: Proposed Pathway of calcipotriol metabolism in cultured keratinocytes. (Reproduced
from (99) with permission).

compounds is extraordinarily stable to metabolism. It thus appears that metabolism of
calcipotriol provides evidence that the C-24 methyl group in the vitamin D, side chain
must play a stabilizing role, preventing the formation of the 24-ketone which facilitates
the reduction of the C22=C23 double bond. However, it is still unknown which enzyme
is responsible for this reduction in the side chain of calcipotriol, although it is widely
suspected that the extremely versatile CYP24A1 may once again be involved.

3.3.2. OXA-GROUP-CONTAINING ANALOGS

These compounds involve the replacement of a carbon atom (usually in the side
chain) with an oxygen atom. The best known of these are the 22-oxa-analogs including

22-oxa-calcitriol (OCT) and KH1060 (7100, 101). Both of these molecules are metaboli-
cally fascinating to study because the oxa-atom makes the molecule inherently unstable
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should it be hydroxylated at the adjacent carbon atom. The hydroxylation at an adjacent
carbon generates an unstable hemi-acetal which spontaneously breaks down to eliminate
the carbons distal to the oxa-group. In the case of the 22-oxa-compounds the expected
product(s) would be C-20 alcohol/ketone.

The metabolism of OCT has been extensively studied in a number of different bio-
logical systems including primary parathyroid (/02), primary keratinocyte cells (/03) as
well as cultured osteosarcoma, hepatoma and keratinocyte cell lines (/04). In all these
systems, OCT is rapidly broken down. Judicious use of two different radioactive labels
in the form of [26-H]OCT and [26—3H]OCT enabled Brown et al. (/02) to suggest
that the side chain was truncated, though definitive proof of the identity of the products
was not immediately forthcoming. It was not until later work (/04) that the principal
metabolites were unequivocably identified by GC-MS as 24(OH)OCT, 26(OH)OCT and
hexanor-1a,20-dihydroxyvitamin D3 (Fig. 8). In the case of the keratinocyte-derived cell
line, HPK1A-ras, an additional product, hexanor-20-oxo-1a-hydroxyvitamin D3, is also
formed. These latter two truncated products are suggestive of hydroxylation of OCT at
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Fig. 8. Proposed pathways of OCT metabolism in cultured vitamin D target cells in vitro. Metabolic
pathways worked out using cultured cell lines representing hepatoma, osteosarcoma and keratinocyte.
(Taken from (/04) with permission).
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the C-23 position to give the theoretical unstable intermediate. Though all of these prod-
ucts were isolated from in vitro systems, there is evidence that the processes also occur
in vivo because Kobayashi et al. (/05) have generated data which suggest that the biliary
excretory form of OCT in the rat is a glucuronide ester of the truncated 20-alcohol.

The above example of a simple oxa-analog provides useful knowledge which can
help in predicting the metabolic fate of a complex oxa-analog such as KH1060. This
highly potent compound which possesses in vitro cell-differentiating activity exceeding
that of any other analog synthesized to date has four different modifications to the side
chain of 1,25(OH),D3, namely (1) 22-oxa-group, (2) the 20-epi side chain stereochem-
istry, (3) 24a-homologation and (4) 26- and 27-dimethyl homologation (see Table 2 for
structure).

Since all of these changes are known to separately affect biological activity in vitro
and in vivo as well as side chain metabolism (106, 107), it comes as no surprise that
the metabolism of KH1060 is extremely complex. KH1060 has a very short hy, in phar-
macokinetic studies in vivo (/08) giving a metabolic profile with at least 16 unknown
metabolites (109). Dilworth et al. (109) reported the first in vitro study using micromolar
concentrations of KH1060 incubated with the keratinocyte-derived cell line HPK1A-
ras in which these workers were able to discern 22 different metabolites after mul-
tiple HPLC steps and assigned structures to 12 of these metabolites (see Fig. 9). As
would be expected from consideration of the studies of other oxa-compounds, two of
these were truncated products and were identical to the molecules formed from another
22-oxa compound, OCT. As would be expected from consideration of the studies of
other homologated compounds, other products are hydroxylated at specific carbons
of the side chain including C-26 and C-26a. As with the metabolism-resistant ana-
log, EB1089 (see following section 3.3.2) and 26,27-dimethyl-1,25(OH),D3 (Leo code:
MC1548), the presence of dimethyl groups in the terminus of the side chain appears
to attract hydroxylation to these sites in KH1060. One novel metabolite found only
for KH1060 is 24a-OH-KH1060, observed both in broken cell and intact cell models
(109, 110).

An important facet of this complex metabolic profile is that rather than simpli-
fying our understanding of the mechanism of action of KH1060, this data compli-
cates it. This is because biological assays performed on each of the metabolic prod-
ucts of KH1060 have shown that several of the principal and long-lived metabolites
retain significant vitamin D-dependent gene inducing activity in reporter gene expres-
sion systems (/11). While current published assays have demonstrated a high biologi-
cal activity for KH1060, these assays are performed in whole cell assay systems (cell
culture, organ culture, transfected cell systems) over extended time periods (usually
24-72 h) where metabolism is known to occur. Yet analysts do not employ inhibitors
of metabolism and often assume that the biological effects observed are due to the par-
ent compound, not to its metabolic products. In the case of KH1060 where metabolism
is rapid, it would seem to be prudent to assess the rate of metabolism in the bioassay
model or else attempt to block metabolism by the use of appropriate inhibitors (e.g.
ketoconazole).
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Fig. 9. In vitro metabolism of KH1060 by HPK1A-ras cells. HPLC of lipid extracts following incuba-
tion of KH1060 (10 wM) with the human keratinocyte, HPK1A-ras for 72 h. Nine peaks (darkened)
possessing the characteristic UV chromophore of vitamin D (Apax 265 nm, Apin 228 nm) are visible
in the HPLC profile reproduced here. Rechromatography of these peaks on a second HPLC system
resulted in the further resolution of these 9 peaks into 22 separate metabolites. Many of these metabo-
lites were identified (81) by comparison to synthetic standards on HPLC and GC-MS. Some examples
of the types of structures corresponding to each peak are provided. These include Peak at 13.39 min =
24a-OH-KH1060; Peak at 22.14 min= 26-OH-KH1060. (Reproduced with permission from (709)).

3.4. Metabolism-Resistant Analogs

These synthetic analogs of 1,25(OH),Ds require no activation in vivo and are resis-
tant to attack by catabolic enzyme systems because of blocking groups in metabolically
sensitive regions (e.g. 26,27-Fg-1,25(0OH),D3; 1,25(0H);D3-16-ene-23-yne; EB1089).

3.4.1. F¢-1,25-(OH),D

This analog was first synthesized in the early 1980s (//2), along with a number
of other side chain fluorinated analogs, to test the importance of certain key hydrox-
ylation sites (e.g. C-23, C-24, C-25, C-26(27), C-1) to biological activity. It was
noted immediately that 26,27-F¢-1,25(OH),D3 was extremely potent (10-fold higher
than 1,25(0OH),D3) in assays to measure calcaemic activity both in vitro and in vivo
(114-116). Lohnes and Jones (60) presented evidence using a bone cell line, UMR106,
that 26,27-Fg-1,25(OH),;D3 had a longer hy inside target cells due to the apparent lack
of 24-hydroxylation of 26,27-F¢-1,25(OH),Ds3. At around the same time, Morii’s group
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noted the appearance of a metabolite of 26,27-Fg-1,25(OH),D3 which they have identi-
fied as 26,27-Fg-1,23,25(0OH)3D3 (117). This compound possesses excellent calcaemic
activity in its own right (//7) but whether this derivative is in part responsible for the
biological activity of 26,27-Fg-1,25(OH),D3 is not conclusively proven. Nonetheless,
26,27-F¢-1,25(0OH), D3 has undergone clinical trials for hypocalcaemia associated with
hypoparathyroidism and uraemia (718, 119).

3.4.2. UNSATURATED ANALOGS

The idea of introducing double bond(s) into the side chain of vitamin D analogs arose
from experience with vitamin D;. Vitamin D> metabolites have similar biological activ-
ity to those of vitamin D3, so that the introduction of the double bond is not deleterious.
As mentioned earlier the metabolism of the side chain is significantly altered by this
relatively minor change.

The modification has not been confined to the introduction of a C22=C23 double
bond. Roche has developed molecules with two novel modifications:

(a) Introduction of a C16=C17 double bond and (b) introduction of a C23=C24
triple bond that when combined produce the well-studied 16-ene, 23-yne analog of
1,25(0H),D3 (120) (see Table 2 for structure). Leo Pharmaceuticals has introduced
the unsaturated analog EB1089 which contains a conjugated double bond system at
C22=C23 and C24=C24a, in addition to both main side chain and terminal dimethyl
types of homologation (/21) (see Table 2 for structure). These two series of Roche and
Leo compounds have shown strong anti-proliferative activity both in vitro and in vivo
(120, 122, 123).

The metabolism of the 16-ene compound by the perfused rat kidney has been stud-
ied (124). These workers (124) found that the introduction of the C16=C17 double
bond reduces 23-hydroxylation of the molecule and the implication is that the D-ring
modification must alter the conformation of the side chain sufficiently to subtly change
the site of hydroxylation by CYP24, the cytochrome P450 thought to be responsi-
ble for 23- and 24-hydroxylation. Both Dilworth et al. (/06) studying the metabolism
of 20-epi-1,25(OH);D3 and Shankar et al. studying the metabolism of 20-methyl-
1,25(0OH),;D3 have noted the absence or much reduced 23-hydroxylation reinforcing
the view that modifications around the C17-C20 bond profoundly influence the rate of
23-hydroxylation.

The metabolism of the 16-ene,23-yne analog of 1,25(OH);D3 by WEHI-3 myeloid
leukaemic cells has recently been reported (/26). Because this molecule is blocked
in the C-23 and C-24 positions one might predict that this molecule might be stable
to C-24 oxidation pathway enzyme(s); however, it was found experimentally that the
16-ene,23-yne analog has the same t1/2 as 1,25(OH);D3 when incubated with this cell
line (t1/2:6.8 h). The main product of [25—14C]l,25(OH)2—16—ene,23-yne—D3 was not
identified by these workers but appeared to be more polar than the starting material. Sim-
ilar work (127) used the perfused rat kidney and GC-MS to identify the main metabolite
as 1,25,26(OH)3-16-ene,23-yne-D3. As with 24-F;-1,25(0OH),D3, it appears that the
C-26 becomes vulnerable to attack when the C-23 and C-24 positions are metabol-
ically blocked. As in the case of calcipotriol, not all vitamin D analogs containing
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unsaturation are resistant to metabolism suggesting that the type of unsaturation, exact
position and context (neighbouring groups) must also be considered.

Another unsaturated analog which one might predict would be relatively metaboli-
cally stable is EB1089 with its conjugated double bond system. However, as pointed out
earlier EB1089 contains three structural modifications: the conjugated double bond sys-
tem is accompanied by two types of side chain homologation. Nevertheless, as expected
the conjugated double bond system dominates the metabolic fate of EB1089, there being
no C-24 oxidation activity due to the blocking action of the conjugated diene system.
When metabolism is studied with either in vitro liver cell systems or the cultured ker-
atinocyte cell line, HPK1A-ras, disappearance of EB1089 is much slower than that of
1,25(0OH),D3 (128, 129). Such data are consistent with the fairly long t1/2 observed in
pharmacokinetic studies in vivo (/08). Since the conjugated system of EB1089 blocks
C-24 oxidation reactions, it is not surprising that a different site in the molecule becomes
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Fig. 10. In vitro metabolism of EB1089 by HPK1A-ras cells. Diode array HPLC of a lipid extract
following incubation of EB1089 (10 wM) with the human keratinocyte, HPK1A-ras, for 72 h. In
addition to the substrate at 8.5 min, two metabolites showing the distinctive UV chromophore of
EB1089 (Amax 235 nm, shoulder 265 nm) are visible in the part of the HPLC profile reproduced
here (8-20 min). Metabolite peaks at 15.03 min and 16.55 min were isolated by extensive HPLC
and identified (128, 129) by comparison to synthetic standards on HPLC, GC-MS and NMR. The
identifications are Peak A at 15.03 min= 26-OH-EB1089; Peak B at 16.55 min= 26a-OH-EB1089.
The structures of each of the metabolite peaks are depicted in the insets. (Reproduced from (7/28) with
permission).
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the target for hydroxylation, albeit at a much reduced rate. Diode array spectrophotom-
etry has allowed for the identification of the principal metabolic products of EB1089
as 26- and 26a-hydroxylated metabolites (128, 129) (Fig. 10). These metabolites of
EB1089 have been chemically synthesized and, as in the case of KH1060, have been
shown to retain significant biological activity in cell differentiation and anti-proliferative
assays (129).

Again, it is interesting to note that with EB1089 and other molecules blocked in the
C-23 and C-24 positions such as 1,24S(OH),D; (73, 92), the terminal carbons C-26 and
C-26a become the sites of further hydroxylation. However, it should also be consid-
ered that even in molecules not blocked in the C-23 and C-24 positions but containing
the terminal 26- and 27-dimethyl homologation such as 26,27-dimethyl-1,25(OH),D3
(MC1548) (107), there seems to be significant terminal 26a-hydroxylation occurring.
Thus, the hydroxylation of EB1089 at C-26 and C-26a may be in part a consequence of
the introduction of the conjugated double bond system and only in part a consequence
of the introduction of the terminal homologation.

When the C22=C23 double bond is present in the side chain in the absence of a C-
24 methyl group, as in calcipotriol, the double bond appears vulnerable to reduction. As
pointed out earlier, the principal metabolites of calcipotriol are reduced in the C22—C23
bond except for one, the C22=C23 unsaturated, 24-ketone (MC1046) (98, 99). This
suggests a C-24 ketone must be present to allow for reduction of the double bond to
occur. Work using the Roche compound, A22-1,25(0OH),D3, an analog which contains
the C22=C23 double bond but lacks a C-24 substituent, tends to indirectly support
this theory (/30). When incubated with the chronic myelogenous leukaemic cell line,
RWLeu-4, this molecule, like 1,25(0OH),D3, is converted, presumably via metabolites
analogous to intermediates in the C-24 oxidation pathway, to the side chain-truncated
product 24,25,26,27-tetranor-1,23(OH),> D3, a molecule which lacks the C22=C23 dou-
ble bond.

4. IMPORTANT IMPLICATIONS DERIVED FROM METABOLISM
STUDIES

4.1. Relative Importance of Metabolism in the Mechanism of Action
of Vitamin D Analogs

There is currently tremendous interest in explaining the mechanism of action of
vitamin D analogs at the molecular level, in particular clarification of the difference
between “calcaemic” and “non-calcaemic” analogs.

The susceptibility of a specific vitamin D analog to metabolism and excretion
undoubtedly plays a significant role in determining the biological activity of the ana-
log in vivo. In practice, the rate of metabolism of an analog can be studied in cultured
cells in vitro, and several cell lines from liver or target cell sources are available to act
as valuable tools to reflect this process occurring in vivo (/37). In the 10 years since
the publication of the first edition of this book, all the individual vitamin D-related
CYPs (CYP2R1, CYP27A1, CYP27B1, CYP24A1) have been introduced into appro-
priate expression vectors (for E. coli, yeast, insect and mammalian cell expression) to
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enable the study of the metabolism of any vitamin D analog reproducibly and outside of
the influence of hormonal or ionic regulatory factors (/32). In addition, the emergence
of CYP24 inhibitors as well as general CYP inhibitors such as ketoconazole (133, 134)
has opened up the possibility of studying the action of any analog without metabolic
complications. Perhaps the ultimate degree of sophistication in current metabolic stud-
ies is the use of mice genetically engineered to exhibit over-expression or ablation of
any of the vitamin D-related CYPs (53, 135, 136).

Use of the above metabolic approaches allows for the assessment of the relative
importance of metabolism within the framework of the full list of biological parame-
ters:

(1) Susceptibility to metabolism.

(2) Affinity of the analog for plasma DBP which dictates transport, cell entry and plasma
clearance (137).

(3) Affinity of the analog for target cell VDR—RXR heterodimeric complex and the resultant
affinity of this complex for the VDRE found in the promoter of target genes (138, 139).

(4) Possible tissue-specific recruitment of downstream coactivators (140) to the
VDR-transactivation complex which might allow for action in cell proliferative or dif-
ferentiation roles without actions at classical calcium and phosphate homeostatic tissues.

Data for each one of these parameters can be collected in various different ways.
Binding assays for DBP and VDR (/37) and VDRE-mediated transactivation assays
have been available for some time now (138, 139). Patterns of coactivator (DRIP)
recruitment are now being added in recent analog VDR transcriptional analyses
(140-143, 158).

The more detailed studies of the post-VDR steps of the transactivation process are
now starting to reveal differences in the affinity of different coactivators for the liganded
VDR-RXR heterodimeric complex (/40-145). Furthermore, the data are suggestive that
analogs which form stable complexes are more active than 1,25(OH);D3 in vitro. How-
ever, taking the reports together no consistent pattern of coactivator recruitment has
emerged that might explain analog selectivity on a general scale (140-145).

Rather this author concludes that the application of these assays has shown that
none of the parameters, VDR binding, DBP binding (146, 147), recruitment of spe-
cific coactivators, transactivation activity or rate of metabolism, when considered sep-
arately, is able to fully explain why some analogs have superior biological activity as
compared with 1,25(0OH),D3. However, when these metabolic VDR and DBP parame-
ters are considered together for a given analog such as 20-epi-1,25(0OH),D3 (106) as in
Fig. 11 then one begins to understand the complexity and the fact that many components
might contribute to explain the apparent overall superiority of 20-epi-1,25(OH);D3
over 1,25(0OH),D3 observed in gene transactivation models in vitro (Fig. 10d). One
might anticipate this complexity to be even greater in vivo when additional pharma-
cokinetic parameters (e.g. target cell or hepatic clearance) are added to the in vitro
picture.

In the whole animal in vivo, pharmacokinetic data can be acquired for each analog
which probably reflects more than one of these parameters to different degrees. Pharma-
cokinetic data reflect the following important parameters including
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Fig. 11. Biological parameters for 20-epi-1,25(OH),D3 (MC1288) a: Ability of 20-epi-1,
25(0H),;D3 to compete for C24-oxidation pathway enzymes. b: VDR-binding affinity of 20-epi-1,
25(0OH)>D3 compared to 1,25(OH)>D3. ¢: DBP-binding affinity of 20-epi-1,25(OH),D3 compared
to 1,25(OH)2D3. d: Gene transactivation (VDRE placed upstream of GH reporter gene) by 20-epi-
1,25(0OH),;D3 as compared to 1,25(OH),D3 in the COS-1 cell line. (Reproduced from (106) with

permission).

(a) The affinity of the vitamin D analog for DBP in the bloodstream.

(b) The rate of target cell uptake and metabolism by target cell enzymes.
(c) The rate of liver cell uptake, hepatic metabolism and biliary clearance.
(d) The rate of storage depot uptake and release.

In the case of some of the analogs shown in Tables 1 and 2, pharmacokinetic data
(81, 109, 110, 128, 129) are available and can be compared to the data provided by in
vitro metabolic studies. It is apparent from perusal of pharmacokinetic and metabolic
data that the analogs which we have defined as metabolically resistant are usually “cal-
caemic” analogs and those termed metabolically sensitive are “non-calcaemic”. In fact,
this classification can be refined along the lines suggested by Kissmeyer et al. (87), all
of their compounds segregate into at least two groups (perhaps more) on the basis of
their pharmacokinetic parameters:

Calcaemic Analogs (Strong or Weak): Those analogs with a long hy which is either a
function of strong DBP binding or a reduced rate of metabolism (or both). There appear
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to be a group of analogs in which a long ty is correlated with a slower rate of metabolism

(e.g.26,27-F¢-1,25(0OH), D3, EB1089, 2-MD and ED-71). With the exception of ED-71,
which has a strong affinity for DBP, most of these active analogs bind DBP poorly.

Non-calcaemic Analogs: Those analogs with a short f, which is either a function of

poor DBP binding or a rapid rate of metabolism (or both) (e.g. calcipotriol, KH1060
and OCT).

It should be noted that certain classifications used in the vitamin D literature are
somewhat artificial since analogs that are purely ‘“non-calcaemic” have not been cre-
ated. All “non-calcaemic” analogs will stimulate in vitro “calcaemic gene” expression
and will eventually cause hypercalcaemia in vivo if their concentration is raised suffi-
ciently. The crucial question to the development of anti-cancer or immune-suppressive
analogs is whether systemically administered, “weakly calcaemic” or “non-calcaemic”
analogs can (e.g. 1(OH)Ds, 19-nor-1,25(0OH)>D, and BXL-628) produce their anti-cell
proliferation/pro-cell differentiation effects in vivo at concentrations lower than that
required to produce calcaemia. Various in vivo clinical trials currently underway will
be the acid test for this question.

When considering molecular mechanisms of action at the target cell level,
metabolism is often disregarded or given too little emphasis. Furthermore, certain invalid
metabolic assumptions made during biological activity testing include (i) the analog is
biologically active as administered and (ii) the analog is stable in the in vitro target cell
model used, whether organ culture, cultured cell or transfected cell. The validity of this
approach is made more tenuous when data acquired with different in vitro models where
metabolic considerations may or may not apply are compared to data acquired in vivo
where metabolic considerations definitely apply. Invalid comparisons of in vivo and in
vitro data have led to frequent false expectations when taking promising analogs from
in vitro assays to pre-clinical animal testing.

In summary, from studies performed thus far, metabolism appears to be one of
a number of key parameters which dictates the survival and hence biological activ-
ity of the analog when administered topically or systemically in vivo. At this point
in time, a pattern is emerging that suggests ‘“non-calcaemic” or “calcaemic” analogs
are metabolically sensitive and metabolically resistant, respectively. However, it seems
unlikely that permutations of these biochemical parameters will translate into pure “non-
calcaemic” and “calcaemic” analogs, but rather therapeutic agents with improved cell-
differentiating or calcaemic activities suitable for different applications.

4.2. Future Directions
4.2.1. STRUCTURAL ASPECTS OF VITAMIN D-RELATED CYTOCHROME P450s

One of the highlights of the past 10 years has been the emergence of X-ray crys-
tal structures for the ligand-binding domain of VDR, DBP and certain CYPs. The
recent over-expression, crystallization and X-ray crystallographic determination of the
structure of CYP2R1 will spur the study of the mitochondrial vitamin D-related CYPs
24A1, 27A1 and 27B1. As alluded to earlier, mutagenesis studies of human CYP24A1
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have already revealed the important information that explains why some species syn-
thesize calcitroic acid via a 24-hydroxylation pathway and others 26,23-lactones via a
23-hydroxylation pathway (54). This study has also revealed that computer homology
modelling of the mitochondrial CYPs has also reached a new level of sophistication that
has allowed the prediction of active site lining residues (54, /48). One anticipates that
emerging polymorphisms of any of the human vitamin D-related CYPs will be tested
through such in vitro expression systems such as the Chinese hamster lung fibroblast
cell line, V-79 and rationalized using these new CYP structures and computer models.

The complex regulation of the la-hydroxylase (CYP27B1) in kidney and extra-renal
sites by PTH, FGF23, 1,25(0OH),D3, IFN-y and potentially other factors is of central
interest to physiologists trying to understand the role of CYP27B1 around the body
(27, 28). Over the coming years, the relative importance of the endocrine 1,25(OH),;D3
produced by the kidney CYP27B1 and the paracrine/autocrine 1,25(OH),D3 produced
by the extra-renal CYP27B1 should emerge. Perhaps equally important will be to clar-
ify the roll of the cell membrane receptors megalin/cubilin in the uptake of 25-OH-
D3 bound to its DBP carrier into vitamin D target cells. The fact that the megalin
knockout mouse (/49) suffers from vitamin D deficiency supports the view that a
special mechanism exists in the kidney and there is evidence that extra-renal tis-
sues also need to express this receptor protein in order to concentrate and metabolize
25(0OH)D3 (150).

4.2.2. HYDROXYLASE GENE KNOCKOUTS

The advent of the genetically engineered mouse has opened up new possibilities of
studying the influence of metabolism on the biological activity of an analog within the
in vivo context. In particular, the CYP24A1 knockout mouse (53, 60, 61) offers the
advantage of comparing biological activity or alternate catabolism of a particular analog
in the presence and absence of CYP24A1. Despite the availability of this CYP24A1-null
model, few analogs except 1,25(OH);D3 have been studied to date in this way, though
we might expect more in the years to come.

Since the first edition of this book, the emergence of CYP2RI1 as the best candidate
for physiologically relevant 25-hydroxylase (/4) also opens up the possibility of engi-
neering a CYP2R1 null mouse and testing the veracity of this hypothesis in a whole
animal context in the near future. There has been no shortage of other 25-hydroxylases,
i.e. CYP27A1, CYP3A4, CYP2J1/2, so that the deletion of CYP2R1 will allow us to
observe the degree of redundancy among these liver-related CYPs. One might predict
from various kinetic data for these alternative liver CYPs that none is able to operate
effectively at the nanomolar concentrations of substrate found in vivo. The study of the
molecular structure, properties and regulation of vitamin D-related cytochrome P450s
will continue over the coming decade.

4.2.3. FUTURE VITAMIN D ANALOG DESIGN AND DEVELOPMENT

The success of vitamin D analogs in a variety of clinical applications, particu-
larly chronic kidney disease, hypocalcaemic conditions and psoriasis, will continue to
fuel interest in the development of more effective vitamin D analogs for use in these
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conditions as well as in osteoporosis, cancer and immunosuppression. Over the imme-
diate future we can anticipate (1) a continuing search for novel synthetic modifications
to the vitamin D molecule (e.g. 2-MD); (2) combination of “useful” modifications in
order to fine-tune the best analogs (e.g. BXL-628); (3) synthesis of coactivator-specific
molecules based on emerging transactivation and structure—activity information gained
from earlier generations of molecules; (4) clinical testing of a new class of vitamin D
analogs, the CYP24-inhibitors which have already been used with promising results in
Phase 11B psoriasis and are also going into Phase 11B for testing in the treatment of
secondary hyperparathyroidism associated with chronic kidney disease.

In particular, one can envision that VDR ligand-binding pocket studies and
cytochrome P450 substrate-binding pocket studies just beginning to emerge will provide
valuable information for the design of further generations of non-steroidal vitamin D
analogs. With the application of molecular modelling techniques to the study of vitamin
D-related proteins for the first time, we will be in the position to view the fit of vitamin D
analog to active site topology and fine-tune this fit. The future of vitamin D metabolism
remains bright while the pursuit of novel vitamin D analogs continues to be attractive to
the pharmaceutical industry.
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