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SUMMARY 
	
Vitamin D3 is a prohormone that requires activation via two sequential hydroxylations 

carried out by cytochromes P450; 25-hydroxylation by CYP2R1 in the liver followed by 

1a-hydroxylation by CYP27B1 in the kidneys, to produce hormonally active 1,25-

dihydroxyvitamin D3 (1,25(OH)2D3). 1,25(OH)2D3 plays a physiological role in 

maintaining calcium homeostasis and also displays antiproliferative, prodifferentiative 

and immunomodulatory effects. However, as high doses cause hypercalcaemia, extensive 

pharmacological use of 1,25(OH)2D3 for treatment of cancers and other diseases is 

restricted. An alternative pathway of vitamin D3 activation is catalysed by CYP11A1 

with 20-hydroxyvitamin D3 (20(OH)D3) being the major product. 20(OH)D3 has been 

reported to exhibit similar effects to 1,25(OH)2D3 on cultured cells and in mice, without 

calcaemic activity. Thus, it shows promise for use as a therapeutic drug for the treatment 

of cancers or inflammatory diseases. For its development as a drug, the inactivation of 

20(OH)D3 needs to be fully investigated, including its metabolism by the liver 

endoplasmic reticulum (microsomes), which was the aim of this study. 

 

Initially, the metabolism of 20(OH)D3 was characterised in mouse liver microsomes. 

Two major metabolites were produced and identified as 20,24(OH)2D3 and 

20,25(OH)2D3. In comparison, human liver microsomes metabolised 20(OH)D3 to major 

products identified as 20,24R(OH)2D3, 20,24S(OH)2D3 and 20,25(OH)2D3, as well as 

minor products including 20,26(OH)2D3. To further investigate exactly which P450s 

were responsible for 20(OH)D3 metabolism in human liver microsomes, the metabolism 

of 20(OH)D3 by CYP3A4 and CYP2R1 were characterised individually. Microsomes 

from baculovirus-infected insect cells (supersomes) containing expressed human 

CYP3A4, metabolised 20(OH)D3 to three major products, 20,25(OH)2D3, 

20,24R(OH)2D3 and 20,24S(OH)2D3. Since these products have previously been shown 
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to exhibit antiproliferative effects on colony formation of melanoma cells with higher 

potency than 20(OH)D3, the hydroxylation catalysed by CYP3A4 represent activation 

reactions. CYP3A4 displayed a Km of 32.6 ± 2.8 µM for 20(OH)D3, with the ratio of the 

three major products from CYP3A4 action on 20(OH)D3 being similar to that produced 

by the action of human liver microsomes on 20(OH)D3. The addition of inhibitors of the 

CYP3A family to human liver microsomes dramatically reduced the production of 

20,25(OH)2D3, 20,24R(OH)2D3 and 20,24S(OH)2D3, providing further evidence that 

CYP3A4 is primarily responsible for 20(OH)D3 metabolism in human liver microsomes. 

However, this does not exclude a role for CYP2R1, the vitamin D-25-hydroxylase, in 

contributing to 20(OH)D3 metabolism in microsomes, so this was therefore investigated. 

 

Human CYP2R1 expressed in E. coli and purified, displayed a lower Km, similar kcat and 

higher kcat/Km than mitochondrial CYP27A1 which can also catalyse the 25-

hydroxylation of vitamin D3. This provides support for CYP2R1, and not CYP27A1, 

being the major 25-hydroxylase in humans. CYP2R1 metabolised 20(OH)D3 to 

20,25(OH)2D3, whereas our group has previously shown that CYP27A1 metabolises 

20(OH)D3 to two major products, 20,25(OH)2D3 and 20,26(OH)2D3. To ascertain 

mitochondrial and microsomal P450 contribution to 20(OH)D3 metabolism in a whole 

cell context, its metabolism by a liver hepatoma (Huh7) cell line, previously shown to 

express microsomal P450s, was examined. Rates of metabolism were low but both 

20,26(OH)2D3 and 20,24S(OH)2D3, mitochondrial- and microsomal-specific 

metabolites, respectively, were tentatively identified as products of 20(OH)D3 

metabolism by Huh7 cells, suggesting roughly equal contribution of mitochondrial 

CYP27A1 and microsomal CYP2R1/CYP3A4 action on 20(OH)D3 metabolism in a 

whole cell context. The relative expression levels of P450s, likely to be variable in the 
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case of microsomes, would therefore influence the metabolites observed in liver under 

different conditions.  

 

In conclusion, this study shows that human liver P450s, particularly CYP3A4, participate 

in the metabolism of 20(OH)D3, producing 20,24R/S(OH)2D3, 20,25(OH)2D3 and 

20,26(OH)2D3. These metabolites have previously been shown to have increased potency 

for inhibiting melanoma cell proliferation than 20(OH)D3, thus liver P450s appear to play 

an activating role on this CYP11A1-derived metabolite of vitamin D3.  
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1. Literature Review 

1.1. Overview of vitamin D 

Vitamin D is not a vitamin in the dietary sense but rather is a prohormone that exists as 

two forms, vitamin D2 and vitamin D3, both requiring activation before being able to 

carry out their functions. Vitamin D (without a numerical suffix refers to both vitamins 

D2 and D3) is most commonly known for its role in maintaining calcium and phosphorus 

homeostasis through intestinal absorption and mobilisation from the bone (1). The 

primary source of vitamin D in humans is endogenous production in the skin which 

requires UVB radiation provided by exposure to sunlight. UVB irradiation causes the 

photochemical opening of the B ring of 7-dehydrocholesterol (provitamin D3), forming 

previtamin D3 which then undergoes thermal isomerisation to produce vitamin D3 (2,3). 

Phytoplankton and zooplankton can photosynthesise vitamin D2 from its precursor, 

ergosterol. Thus, marine vertebrates obtain some of their vitamin D through a diet of 

phytoplankton and they can also produce vitamin D in their skin in the form of vitamin 

D3 from 7-dehydrocholesterol (2,4). Vitamins D2 and D3 differ structurally in that 

vitamin D2 contains a double bond between C22 and C23 not present in vitamin D3, as 

well as an additional methyl group at C24 (Figure 1.1) (5). Since ergosterol, the vitamin 

D2 precursor, is not produced endogenously in humans, all vitamin D2 in the body is 

derived from the diet (6). Vitamin D3 can also be obtained through the diet, especially 

from fatty fish such as salmon, but most (80% or more) of our vitamin D requirement is 

photosynthesised in the skin and thus vitamin D3 is the predominant form of vitamin D 

found in humans (6-8). Dietary intake can be increased by consuming foods fortified with 

vitamin D, or from a supplement (5,9). 
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Figure 1.1. Chemical structures of vitamins D2 and D3 with numbered carbons. 

 

The importance of vitamin D to human health became clear in the 1600s when young 

children presented with a disease known as rickets (2,4,10). This medical condition was 

caused by a lack of sunlight and appeared in the form of bowing and bending of the legs 

along with growth retardation and generalised muscle weakness. It was discovered that 

the effects of rickets were reversed following exposure to UV radiation, and more 

specifically, it was the production of vitamin D that cured and prevented this disease (2,4). 

While vitamin D deficiency presents itself in children in the form of rickets, in adults it 

causes osteomalacia, a metabolic bone disease that is caused by defective bone 

mineralisation (11,12). Presently, vitamin D deficiency is still a major health concern as 

it has been linked to a variety of chronic illnesses besides those related to the 

musculoskeletal system, such as cardiovascular disease, autoimmune diseases and 

common cancers (6,8,12-14). Even in countries with adequate sunshine such as Australia, 

clothing, sunscreen and behaviour limit sun exposure, resulting in a large percentage of 

the population being vitamin D deficient (15).  
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1.1.1. Activation of vitamin D 

For vitamin D to elicit its physiological functions, it requires activation via two 

hydroxylation reactions. Following production of vitamin D3 from 7-dehydrocholesterol 

in the skin or ingestion of vitamins D2 or D3 from the diet, vitamin D binds to, and is 

transported by, the vitamin D binding protein (DBP), to the liver for the initial activation 

step (2,5). Despite their structural differences, both forms of vitamin D undergo the same 

hydroxylation reactions at C25 and C1, required for their activation (16). A family of 

haem-containing monooxygenase enzymes known as cytochromes P450 (CYP), are 

responsible for catalysing these hydroxylation reactions to produce the hormonally active 

form of vitamin D, 1a,25-dihydroxyvitamin D (1,25(OH)2D) (Figure 1.2). These are 

described in more detail in section 1.2. Vitamin D3, being the predominant form of 

vitamin D, will be the main focus of this thesis. The initial hydroxylation at C25 takes 

place in the liver and is catalysed by microsomal CYP2R1 or mitochondrial CYP27A1 to 

produce 25-hydroxyvitamin D3 (25(OH)D3), the main circulating form of vitamin D. 

This is followed by hydroxylation at C1a in the kidneys catalysed by mitochondrial 

CYP27B1, to produce the biologically active 1,25(OH)2D3 (5,17,18). Vitamin D-derived 

secosteroid names take on the following abbreviation, the hydroxyl group is represented 

by OH and the number of hydroxyl groups shown by subscript, with the stereochemistry, 

where known, shown as either R or S (e.g. 1,25(OH)2D = 1a,25-dihydroxyvitamin D).  
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Figure 1.2. Pathway for production of vitamin D3 from 7-dehydrocholesterol, followed 

by vitamin D3 activation and inactivation. Vitamin D2 undergoes identical hydroxylation 

reactions. 
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1.1.2. Inactivation of vitamin D3 

The inactivation of vitamin D3 is catalysed by the kidney mitochondrial CYP24A1, 

which involves initial hydroxylation at C23 or C24, resulting in either the C23- or C24-

oxidation pathway being carried out (Figure 1.3). In rats, inactivation of vitamin D3 

occurs almost exclusively via the C24-oxidation pathway (19) and in guinea pigs, mainly 

via the C23-oxidation pathway (20). In humans, the C24-oxidation pathway is preferred 

but both pathways have been observed. Human CYP24A1 is able to hydroxylate both 

25(OH)D3 and the biologically active 1,25(OH)2D3, at C23 and C24 (21,22). It has been 

shown to have a greater capacity to catabolise 25(OH)D3 than compared to 1,25(OH)2D3, 

displaying a three-fold higher kcat for 24-hydroxylation of 25(OH)D3 and also a three-

times higher catalytic efficiency (22). The initial product of the C24 pathway operating 

on 1,25(OH)2D3, 1,24,25-trihydroxyvitamin D3, undergoes further oxidation reactions 

and cleavage of the carbon-carbon bond between C23 and C24, resulting in calcitroic acid 

as a final product which is eventually excreted in the urine (Figure 1.3) (23-26). Tieu et 

al. recently reported that the primary cleavage product is the aldehyde, 1(OH)-23-oxo-

tetranorvitamin D3, which undergoes spontaneous disproportionation to the C23 alcohol 

and calcitroic acid (22). The alternative C23-inactivation pathway involves initial 

hydroxylation at C23 followed by C26, then lactonisation to produce 1,25-

dihydroxyvitamin D3-26,23-lactone as the final excretory product (21,23,26,27). 

Metabolism of 25(OH)D3 by CYP24A1 occurs via similar pathways to that depicted in 

Figure 1.3 for 1,25(OH)2D3 (21). CYP24A1 also catalyses the inactivation of the 

hydroxyderivatives of vitamin D2. Human CYP24A1 converts 1,25(OH)2D2 to ten 

metabolites with the four major ones being 1,24,25-trihydroxyvitamin D2, 1,24,25,26-

tetrahydroxyvitamin D2, 1,24,25,28-tetrahydroxyvitamin D2 and 24-oxo-25,26,27-

trinor-1-hydroxyvitamin D2 (28). 
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Figure 1.3. Pathways for inactivation of 1,25(OH)2D3 via C23- or C24-oxidation. 

 

Another inactivation pathway occurs via 3-epimerisation of 25(OH)D and 1,25(OH)2D3, 

and involves the inversion of the hydroxyl group at C3 from the b- to a-position (29). 

This is carried out by the 25-hydroxyvitamin D3-3-epimerase in the endoplasmic 

reticulum, producing 3-epi-25(OH)D (both D2 and D3 forms) and 3-epi-1,25(OH)2D3 

(Figure 1.2) (26,29,30). 3-Epi-25(OH)D3 can then be 1a-hydroxylated by CYP27B1 or 

24-hydroxylated by CYP24A1 to form 3-epi-1,25(OH)2D3 or 3-epi-24,25(OH)2D3, 
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respectively (26,29). 25-Hydroxyvitamin D3-3-epimerase activity has been observed in 

the liver and various cell lines including ones from bone and skin, but not kidney 

(29,31,32). This epimerase has not been purified and the gene encoding it is yet to be 

identified. Unlike the biologically active 1,25(OH)2D3, its 3-epimer appears to have 

reduced biological activity, being less effective at suppressing proliferation of human 

promyelocytic leukaemia (HL-60) cells (33). This is consistent with reports that 3-epi-

1,25(OH)2D3 binds to the VDR with lower affinity compared to 1,25(OH)2D3, and also 

has a reduced ability to stimulate intestinal calcium absorption (26,34).   

 

1.1.3. Vitamin D receptor 

The biologically active form of vitamin D, 1,25(OH)2D, acts via binding to the vitamin 

D receptor (VDR), a transcription factor and a member of the nuclear receptor family (5). 

Once the ligand (1,25(OH)2D) is bound to the VDR, it heterodimerises with the retinoid 

X receptor (RXR), forming an active signal transduction complex. This complex 

recognises vitamin D response elements (VDRE) within target genes which most 

commonly consist of a direct repeat of two hexanucleotide half-sites separated by three 

nucleotides (5,35). Other components of the transcription initiation complex are then 

recruited to elicit genomic effects (Figure 1.4) (35). Some of the effects elicited by 

1,25(OH)2D3 are too rapid to involve genomic action, such as the rapid stimulation of 

intestinal calcium transport, but are also mediated by binding to the VDR (5). These rapid 

responses can be carried out anywhere between 1 – 45 min, whereas genomic responses 

which involve the regulation of gene transcription, are only apparent after several hours 

and sometimes days (35).  
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Figure 1.4. Schematic representation of the mechanism of action of 1,25(OH)2D3 

binding to VDR to carry out a genomic response, adapted from (36). 

 

The VDR contains three domains; an N-terminal binding domain, a C-terminal ligand 

binding domain and a hinge region that binds the two domains together (5). Within the 

ligand binding domain there are two pockets, termed A and G. The A-pocket, which 

slightly overlaps with the G-pocket, is involved in the rapid response pathway and 

displays different specificity for ligands with the best known non-genomic agonist being 

the synthetic 1,25-dihydroxylumisterol (37). The G-pocket is a large hydrophobic region 

to which vitamin D secosteroids with a full-length side chain preferably bind aided by 

favourable hydrophobic interactions, resulting in vitamin D-mediated genomic actions 

(37,38). Molecular modelling studies have shown that vitamin D derivatives containing 

a 1a-hydroxyl group in particular, bind more favourably in the genomic site (G-pocket) 

of the VDR (39). 

  

1.1.4. Biological effects and therapeutic potential of 1,25(OH)2D3 

Vitamin D3 is the major form of vitamin D found in humans and given that we are only 

able to obtain limited amounts of vitamin D2 from our diet (5,40), the majority of research 

has focused on vitamin D3 and its analogues. A well-studied physiological role of 

1,25(OH)2D3 is the regulation of calcium and phosphorus homeostasis mediated by 
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increases in intestinal absorption of calcium and phosphorus, as well as the mobilisation 

of calcium from the bones, when serum calcium levels are low. Sufficient levels of 

vitamin D have shown to be beneficial for musculoskeletal health, reducing the risk of 

falls and fractures (12). Aside from this important physiological role, 1,25(OH)2D3 also 

displays other biological effects that have therapeutic potential. These effects include 

stimulation of differentiation of cells such as keratinocytes, inhibition of proliferation of 

cancer cells (discussed below) and immunomodulatory effects that could be used to 

combat autoimmune disorders. Given the biological effects it displays, sufficient vitamin 

D levels in serum have also been shown to reduce the risk of developing various cancers 

and other diseases (7,12,13,18). 

 

Tanaka et al. previously showed that 1,25(OH)2D3 could induce the differentiation of 

human promyelocytic leukaemia (HL-60) cells into mature myeloid cells as well as 

inhibit cell growth (41). The same study also described that 1,25(OH)2D3 was found 

bound to a cytosolic receptor, since identified as the VDR, the complex of which is 

transferred to chromatin to elicit the genomic effects of inhibition of cell growth and 

promotion of differentiation (41). This supported previous reports of a 1,25(OH)2D3-

receptor complex found in the cytoplasm of target tissues such as intestine and bone (42-

45). However, use of 1,25(OH)2D3 in the treatment of certain acute myelocytic-type 

leukaemia is limited as the pharmacological doses required to suppress leukaemic cell 

growth would cause hypercalcaemia (1). The inhibition of cell growth was also seen with 

other cell types such as breast cancer cells, osteosarcoma cells and melanoma cells (7,46).  

 

1,25(OH)2D3 has also been shown to be a regulator of the immune system, with cells 

involved in the immune response, such as monocytes and malignant lymphocytes, 

expressing the VDR and the 1a-hydroxylase, CY27B1 (47,48). Acting via the VDR, 
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1,25(OH)2D3 is able to induce a range of effects in the innate and adaptive immune 

system (49). More specifically, 1,25(OH)2D3 displays anti-inflammatory effects by 

stimulating IkBa expression, thus reducing the pro-inflammatory responses of the 

transcription factor, NF-kB, in keratinocytes, lymphocytes and fibroblasts (50-52).  

 

The generally positive biological effects of 1,25(OH)2D3 have given rise to the 

therapeutic use of this compound. As such, 1,25(OH)2D3 and synthetic analogues of 

1,25(OH)2D3 such as calcipotriol, maxacalcitol and tacalcitol (Figure 1.5) can be used as 

topical or oral treatment for the autoimmune disease psoriasis, with tightly-controlled 

administration causing minimal problems of hypercalcaemia (53). However, the 

prolonged pharmacological use of 1,25(OH)2D3 in the treatment of cancers causes 

hypercalcaemia, which leads to calcium deposition in soft tissues, resulting in organ 

failure or death (14,54). Therefore, there is a great need for alternative vitamin D 

analogues that display the positive biological effects of 1,25(OH)2D3 without its negative 

hypercalcaemic effects (see section 1.4).  

 

 

Figure 1.5. Comparison of the structure of 1,25(OH)2D3 to its synthetic analogues 

currently in use as therapeutic drugs. 
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1.2. Cytochromes P450 

1.2.1. Characteristics of the cytochrome P450 family 

The cytochrome P450 (CYP) enzymes belong to a family of haem-containing mixed-

function oxygenases, well-known for their roles in chemical detoxification and 

biosynthesis of steroid hormones (55-57). Cytochromes P450 have a designated 

nomenclature system introduced by Nebert et al. (58), with all genes within the 

superfamily denoted with the prefix CYP, followed by a numeral for family, then a letter 

for subfamily, and another numeral to represent the individual gene (e.g. CYP1A1). P450s 

within the same family were designated to have at least 40% sequence identity and within 

the same subfamily share more than 55% sequence identity (59-61). Cytochromes P450 

by were first reported Omura and Sato as a carbon monoxide-binding pigment (P) with 

the behaviour of a typical haemoprotein, displaying a Soret absorption peak at 450 nm 

(450), hence the name “P450” (62). The haem centre of the enzyme is an iron(III) 

protoporphyrin IX covalently linked to the thiol group of a proximal cysteine residue. 

P450s have a signature ten-amino-acid motif which includes this cysteine residue, Phe-

X-X-Gly-Xb-X-X-Cys-X-Gly, with Xb being a basic amino acid such as glutamine, 

involved in the interaction with the respective redox partner (59,63).  

 

1.2.2. Mechanism of P450-catalysed hydroxylation 

Mammalian P450 enzymes are divided into two classes based on their electron-transfer 

protein partners. Class I P450s are located in the mitochondria and are involved in steroid 

synthesis and vitamin D metabolism. Mitochondrial P450s utilise a flavoprotein 

reductase, adrenodoxin reductase, which receives two electrons from NADPH, and then 

transfers them to an iron-sulfur protein, adrenodoxin, which transport the electrons, one 

at a time, to the P450. Class II P450s are located in the endoplasmic reticulum 

(microsomes) and are involved in drug metabolism and steroid biosynthesis, utilising a 
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flavin adenine dinucleotide (FAD)- and flavin mononucleotide (FMN)-containing 

reductase (cytochrome P450 oxidoreductase) to transport electrons to the P450 (59). 

Regardless of the class of P450, their mechanism of action is the same, with the most 

common reaction being the hydroxylation of a carbon bonded to a hydrogen. Other 

oxidations can also be catalysed including N-dealkylation, C – C bond cleavage and 

dehydrogenation (64,65). With respect to hydroxylation, once the substrate is bound in 

the active site, the haem (Fe3+) complex receives an electron from its respective redox 

partner and the reduced iron (Fe2+) binds molecular oxygen (O2). After receiving a second 

electron from its redox partner, the O2 is split with one of the oxygen atoms being added 

to the substrate in the form of a hydroxyl group, whilst the other is reduced to water (H2O) 

(Figure 1.6) (55,56,59). 

 

 

Figure 1.6. Cyclic representation of the catalytic mechanism of substrate hydroxylation 

by cytochromes P450. RH is the substrate and ROH is the final hydroxylated product 

with the scheme showing the oxidation state of the haem iron in the active site. Modified 

from (55).  
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1.2.3. Structure of cytochromes P450 

The P450 family contains conserved structural features and an overall fold that is 

common amongst members, as revealed by the many crystal structures now available. 

P450s are generally made up of 12 a-helices assigned A – L with a highly conserved b-

sheet domain near the N-terminal, with B – C and F – G helices being associated with 

substrate access and specificity, and helices C, D, I – L forming the haem-binding site 

(59,66). Microsomal P450s have an N-terminal transmembrane helix that targets it to the 

endoplasmic reticulum and spans the membrane, whilst the N-terminal target sequence 

for mitochondrial P450s is cleaved upon import (66). Mitochondrial P450s are anchored 

to the inner mitochondrial membrane via the hydrophobic F – G loop (66-69). 

Cytochromes P450 share the common feature of having their catalytic domain partially 

immersed in the lipid bilayer of the membrane with the proximal side facing the cytosol, 

although the depth of immersion may vary between P450s (66). Thus, substrates and 

metabolites localise in the membrane, with hydrophobic substrates being located close to 

the nonpolar phospholipid acyl chains while less lipophilic metabolites are located closer 

to the water-membrane interface (70). The electron-transfer protein partner for 

microsomal P450s, cytochrome P450 oxidoreductase (POR), has an FAD domain that 

reduces NADPH to NADP+, as well as an FMN domain which then delivers the electrons 

one at a time to the P450. Mitochondrial P450s utilise a short electron transport chain 

comprising adrenodoxin, a soluble iron-sulfur protein, and adrenodoxin reductase, which 

contains one FAD. The adrenodoxin reductase receives electrons from NADPH and then 

reduces adrenodoxin which is then able to deliver electrons, one at a time, to the P450 

(71,72). 
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1.3. Vitamin D-metabolising cytochromes P450 

The activation of vitamin D in the human body requires metabolism by cytochromes 

P450, as mentioned in section 1.1. Whilst cytochromes P450 typically play a role in 

steroid synthesis and xenobiotic metabolism in the body, they also play a major role in 

vitamin D metabolism. Vitamin D3 formed in the skin or from the diet is initially 

transported to the liver where it is hydroxylated at C25 by microsomal CYP2R1 or 

mitochondrial CYP27A1, to produce 25(OH)D, then 1a-hydroxylated by mitochondrial 

CYP27B1 in the kidney to produce the biologically active 1,25(OH)2D3 (Figure 1.2).	

	

1.3.1. Mitochondrial P450 enzymes 

CYP27A1 

CYP27A1 is known to play a key role in the pathway for formation of bile acids through 

oxidation of the cholesterol side chain, catalysing the initial 27-hydroxylation (73). It can 

also act on bile acid biosynthesis pathway intermediates, catalysing the 27-hydroxylation 

of 5b-cholestane-3a,7a,12a-triol, eventually producing chenodeoxycholic acid after 

further hydroxylation. It has been discovered that mutations in the CYP27A1 gene lead 

to impaired bile acid synthesis, a symptom of the autosomal recessive lipid storage 

disease, cerebrotendinous xanthomatosis (CTX), which is characterised by the abnormal 

deposition of cholesterol in multiple tissues (74). CYP27A1 also plays a role in the 

activation of vitamin D3, being able to catalyse the initial 25-hydroxylation of vitamin 

D3 to produce 25(OH)D3 (75). Thus, CYP27A1 was thought to be the physiologically 

important vitamin D3-25-hydroxylase, however, mice with a knockout of CYP27A1 

exhibit similar or higher 25(OH)D3 levels than wild-type mice (76), indicating that there 

is another vitamin D-25-hydroxylase of physiological importance, CYP2R1 (discussed 

further in section 1.3.2.). CYP27A1 is found in abundance in the liver and is also 

expressed in keratinocytes, dermal fibroblasts, ovaries, duodenum and various other 
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tissues where it may contribute to local production of 25(OH)D3 (77-80). Recently, 

CYP27A1 was shown to act on the previtamin D3 photoproduct, lumisterol3 (L3), 

metabolising L3 to products that display biological activity (26,81). Thus, while it is not 

the major vitamin D-25-hydroxylase, CYP27A1 may play a more important role in the 

activation of L3.   

 

CYP27B1 

CYP27B1 functions as a 1a-hydroxylase, playing a key role in the classical activation 

pathway of vitamin D3, catalysing 1a-hydroxylation of 25(OH)D3 to produce active 

1,25(OH)2D3. Vitamin D3 itself is not a substrate for CYP27B1, as CYP27B1 requires 

the presence of a side chain-hydroxyl group in order for 1a-hydroxylation to take place 

(82-84).  The importance of CYP27B1 in maintaining 1,25(OH)2D3 levels is apparent as 

mutations in the CYP27B1 gene cause elevation of plasma 25(OH)D3 levels and low 

1,25(OH)2D3 levels (85,86). This condition is also known as vitamin D-dependent rickets 

type I. CYP27B1 is primarily located in the kidney where 1,25(OH)2D3 is produced but 

is also expressed in a variety of other tissues such as skin, lungs, breast, intestine, prostate 

and placenta for local production of 1,25(OH)2D3 (5,9,80,87-89).  

 

CYP24A1 

CYP24A1 is involved in the inactivation of vitamin D3 via initial C23- or C24-oxidation, 

as mentioned previously in section 1.1.2 and shown in Figure 1.3. Human CYP24A1 is 

primarily expressed in the kidney and preferentially carries out initial hydroxylation at 

C24 or C23 in a ratio of 4:1 (23), leading to the C24-oxidation pathway predominating in 

the inactivation of vitamin D. Given its important role in vitamin D inactivation, 

CYP24A1 is a major drug target, with a current pharmacological focus on synthesising 

CYP24A1 inhibitors (23). The elucidation of the crystal structure of rat CYP24A1 has 
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contributed to our understanding of the mechanism of multiple hydroxylations that 

CYP24A1 is able to carry out (90). CYP24A1 binds to the lipid bilayer of the inner 

mitochondrial membrane and has an open conformation to allow substrate diffusion from 

the membrane. The enthalpy produced by binding of specific biological substrates is 

predicted to stabilise the transition of the active site to form a closed state, which is 

required to exclude solvent during catalysis (23,90).  

 

CYP24A1 is expressed at the highest levels in the kidney, with moderate to low 

expression in other tissues including trachea, skin, fibroblasts, heart and placenta (91). 

1,25(OH)2D3 is able to stimulate the transcription of CYP24A1, and thus, the metabolism 

of 1,25(OH)2D3 to calcitroic acid. The importance of this regulation is evident from 

CYP24A1-knockout mice, where 1,25(OH)2D3 clearance was impaired, causing 

hypercalcaemia and intramembraneous ossification of bone or death (91-93). The ability 

of 1,25(OH)2D3 to induce CYP24A1 expression was also shown where pharmacological 

doses of 1,25(OH)2D3 caused an increase in CYP24A1 expression. This was observed as 

an increase in abundance of 24-hydroxylase mRNA, especially in tissues with high 

concentrations of the vitamin D receptor, such as the intestine and kidney (94). 

 

CYP11A1 

CYP11A1 plays a key role in steroid hormone synthesis and is best known for catalysing 

the side chain cleavage of cholesterol to form pregnenolone. CYP11A1 initially 

hydroxylates cholesterol on the side chain at C22, forming 22R-hydroxycholesterol, then 

at C20, to form 20R,22R-dihydroxycholesterol. The bond between C20 and C22 is then 

cleaved, resulting in pregnenolone formation (95,96). CYP11A1 also carries out the same 

oxidation reactions on the cholesterol and vitamin D3 precursor, 7-dehydrocholesterol 

(7DHC), resulting in 7-dehydropregnenolone (97,98). Apart from its involvement in 
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steroid hormone synthesis, CYP11A1 has also been shown to play a key role catalysing 

an alternative pathway of vitamin D3 activation. In this pathway it initially hydroxylates 

vitamin D3 at C20, forming the major product, 20-hydroxyvitamin D3, which has been 

shown to display biological activity. This metabolite is the subject of this thesis and will 

be covered in more detail in section 1.4. CYP11A1 is able to metabolise a large number 

of substrates, although the structures of most closely resemble that of cholesterol (99). 

CYP11A1 is expressed at high levels in adrenal glands, gonads and the placenta, and at 

low levels in several other tissues including brain and skin (95,98,100).  

 

1.3.2. Microsomal P450 enzymes 

CYP3A4 

CYP3A4 is one of the most well-studied P450 enzymes, given its key role in xenobiotic 

metabolism and its importance to pharmacology (101). CYP3A4 is primarily expressed 

in the liver and intestine, making up 30 to 40% of the total P450 content in these tissues 

(102,103). The elucidation of the crystal structure of CYP3A4 revealed that it has a large 

substrate binding pocket that can accommodate up to three testosterone molecules (104). 

Because of its large flexible active site, it has a broad substrate specificity, being able to 

metabolise a large range of exogenous drugs including erythromycin and midazolam, as 

well as a variety of endogenous substrates including testosterone, cortisol and 

progesterone (101). CYP3A4 has also been shown to play a role in the microsomal 

pathway of bile acid synthesis (105,106). CYP3A4 is capable of catalysing 24- and 25-

hydroxylation of vitamin D2 and other vitamin D analogues such as 1(OH)D2 and 

1(OH)D3 (107,108). However, it is unable to 25-hydroxylate vitamin D3 and thus is 

unlikely to be involved in the activation of vitamin D3 (107). CYP3A5, which shares 

83% homology with CYP3A4, is the other CYP3A isoform found in humans and it is 

expressed in human kidney, lungs and the pituitary gland. It is also expressed in liver, but 
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at much lower levels than CYP3A4, and thus is unlikely to contribute much to 25-

hydroxylation of vitamin D3.  

 

CYP2R1 

Recent evidence has pointed to CYP2R1 being the physiologically important vitamin D-

25-hydroxylase. The screening of a cDNA library prepared from the hepatic mRNA of 

cyp27a1-deficient mice using a ligand activation assay, resulted in the identification of 

the microsomal P450, CYP2R1, which displayed vitamin D-25-hydroxylase activity 

(109). Furthermore, genetic screening of patients that presented with abnormally low 

levels of 25(OH)D3 and symptoms of vitamin D deficiency and associated rickets was 

carried out. This revealed a mutation where a proline is substituted for an evolutionarily 

conserved leucine at amino acid position 99 in the CYP2R1 gene, which eliminated 

vitamin D-25-hydroxylase activity (110,111). In the crystal structure of vitamin D3 in 

complex with CYP2R1, this Leu99Pro mutation occurs in the B-helix, where proline 

disrupts the H-bond network of the helix, which would cause issues in protein folding 

and stability (112). This Leu99Pro mutation in the CYP2R1 gene has since been detected 

in a number of other patients, who have also presented with low 25(OH)D3 levels or other 

symptoms of rickets (110,113). CYP2R1 is ubiquitously expressed in a wide range of 

tissues, with especially high levels in the liver and testes (91,109), and is capable of 

catalysing the 25-hydroxylation of vitamin D2, vitamin D3, 1(OH)D2 and 1(OH)D3 

(112,114). Thus, it is now widely accepted that CYP2R1, not CYP27A1, is the enzyme 

primarily responsible for the initial 25-hydroxylation of vitamin D3 in the classical 

activation pathway, and will be discussed further in Chapter 4. 
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1.4. Alternative pathway of vitamin D activation 

The classical pathway of vitamin D activation producing the hormonally active 

1,25(OH)2D3 has been well-studied and thoroughly described (see section 1.1). Over the 

last 15 years, a new alternative pathway of vitamin D activation has been described 

(97,115,116). The metabolites derived from this alternative pathway can also be acted on 

by CYP27B1, CYP27A1 and CYP24A1, the P450s involved in classical activation and 

inactivation of vitamin D. Unlike the classical pathway, this pathway in its simplest form 

involves only CYP11A1, also known as cytochrome P450scc. CYP11A1 is well-known 

for its role in the side-chain cleavage of cholesterol to produce pregnenolone as the first 

step in steroid hormone synthesis, as mentioned in section 1.3.1. In the alternative 

pathway of vitamin D3 activation, CYP11A1 catalyses the hydroxylation of vitamin D3 

at C20, producing the major primary product, 20-hydroxyvitamin D3 (20(OH)D3) plus 

some 22-hydroxyvitamin D3 (22(OH)D3) as another monohydroxy-product. 20(OH)D3 

can be further hydroxylated by CYP11A1 to produce 20,23-dihydroxyvitamin D3 

(20,23(OH)2D3), 20,22-dihydroxyvitamin D3 (20,22(OH)2D3) and 17,20-

dihydroxyvitamin D3 (17,20(OH)2D3) as secondary hydroxylation products, and 

17,20,23-trihydroxyvitamin D3 (17,20,23(OH)3D3) as a tertiary product (Figure 1.7) 

(115). Following the discovery of this pathway, it was of great interest whether the 

products possessed biological activity like that of classical 1,25(OH)2D3, and is described 

in the next section. 
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Figure 1.7. Alternative pathway for vitamin D3 activation by CYP11A1. 
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1.4.1. In vitro evidence of the biological activity of 20(OH)D3 

The major product of the alternative pathway, 20(OH)D3, is currently of great interest as 

it has been shown to display therapeutic effects similar to that of 1,25(OH)2D3, but 

without eliciting hypercalcaemic effects when administered to rodents in high 

pharmacological doses. With cultured human keratinocytes, 20(OH)D3 displays anti-

inflammatory effects by increasing the expression of nuclear factor IkBa, which inhibits 

NF-kB activity (117). 20(OH)D3 displays anti-proliferative and pro-differentiative 

effects on various cell types, including leukaemia cells and human keratinocytes 

(118,119). In addition, it has also been shown to inhibit colony formation of HepG2 liver 

carcinoma cells, SKMEL-188 melanoma cells and MCF7 breast cancer cells in 

monolayer and soft agar (54,120,121). 20(OH)D3 can achieve these effects with 

comparable or higher potency to that of 1,25(OH)2D3 (54,120,121). 

 

1.4.2. In vivo evidence for the biological activity of 20(OH)D3 without calcaemic effects 

20(OH)D3 is a good candidate for treatment of systemic sclerosis and related fibrosing 

diseases since it displays anti-fibrogenic effects in vivo, reducing collagen formation in a 

mouse model of bleomycin-induced sclerosis (122). It has also been shown to reduce the 

symptoms of collagen-induced arthritis in mice (123). The advantage of using 20(OH)D3 

over 1,25(OH)2D3 as a therapeutic drug is the lack of calcaemic effects by 20(OH)D3. 

When rats were administered doses of 0.1 µg/kg – 3.0 µg/kg of 20(OH)D3, 1,20(OH)2D3, 

25(OH)D3 or 1,25(OH)2D3 and their plasma calcium levels measured, results showed 

that even at the highest dose of 3.0 µg/kg, 20(OH)D3 did not induce hypercalcaemia, 

while 1,25(OH)2D3 did at the lowest dose tested (118). Another study by Wang et al. 

showed that mice injected with up to 30 µg/kg of 20(OH)D3 for three weeks did not 

display a rise in serum calcium levels above that of the vehicle control, whereas a dose 

of 2 µg/kg of 1,25(OH)2D3 raised serum calcium levels to approximately 1.5 times that 
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of the vehicle control (54). This therapeutic window was subsequently extended up to a 

dose of 60 µg/kg of 20(OH)D3 without affecting serum calcium levels (124).  

20(OH)D3 has been shown to be effective in the suppression of melanoma tumour 

growth. It inhibited tumour cell proliferation in immunocompromised mice that were 

injected subcutaneously with SKMEL-188 human melanoma cells, reducing the size of 

tumours without any visible signs of toxicity (121). The potential of 20(OH)D3 for 

melanoma prevention is supported by its ability to induce the expression of DNA repair 

enzymes in skin following UV irradiation, when applied topically to the skin of mice after 

the irradiation (125). 

 

1.4.3. Mechanism of action of 20(OH)D3 

After its initial enzymatic synthesis using CYP11A1 and the resulting characterisation, 

20(OH)D3 underwent successful stereospecific chemical synthesis. Nuclear magnetic 

resonance (NMR) spectroscopy of the chemical product confirmed that it was the S-

epimer, 20S(OH)D3, and was the same as the CYP11A1-derived product (126). Thus, the 

enzymatically-synthesised naturally-occurring form of 20(OH)D3 was defined as the 

20S-epimer (126). 20(OH)D3 can carry out its biological effects via binding to the VDR, 

like 1,25(OH)2D3. This has been shown in SKMEL-188 melanoma cells transformed 

with VDR-EGFP (enhanced green fluorescent protein), in which the VDR was 

translocated from the cytoplasm to nucleus upon 20(OH)D3 binding (38). HaCaT 

keratinocyte cells with VDR expression knocked down using siRNA, displayed a 

decrease in 20(OH)D3-stimulated VDRE-driven luciferase activity, demonstrating that 

20(OH)D3 acts as a ligand for the VDR thus mediating interactions with VDREs (127). 

Like 1,25(OH)2D3, 20(OH)D3 binds to the genomic site of the VDR (38). Unlike 

1,25(OH)D3, 20(OH)D3 appears to act as a biased agonist on the VDR. The crystal 

structure of 20(OH)D3 bound to the ligand-binding domain of the VDR shows some 
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differences to the 1,25(OH)2D3-bound form, thus likely inducing some differences in 

conformational changes in the receptor and what co-activators are recruited. This results 

in some actions being the same as for 1,25(OH)2D3 such as inhibition of cell proliferation, 

and other actions being absent or minimal such as regulation of calcium levels and 

CYP24A1 expression (38,39). Recently, 20(OH)D3 has been shown to be an inverse 

agonist of retinoic acid-related orphan receptors (ROR), RORa and RORg, reducing the 

activity of these receptors once bound (39). These receptors are involved in regulating 

transcription via interaction with ROR response elements (RORE), thus playing a role in 

many physiological processes including embryonic development, as well as in diseases 

such as cancer and autoimmune diseases (128). Molecular modelling studies predicted 

that 20(OH)D3 can bind in the active site of RORa and RORg in positions similar to that 

occupied by native agonist cholesterol ligands. Thus 20(OH)D3 could be used as a 

therapeutic agent to target ROR receptors in the treatment of inflammatory and metabolic 

disorders (39). 

 

1.4.4. P450-dependent modification of 20(OH)D3 

Several vitamin D-metabolising P450s have been shown to further hydroxylate 

20(OH)D3. CYP27A1, the mitochondrial 25-hydroxylase, metabolises 20(OH)D3 to two 

major products, 20,25(OH)2D3 and 20,26(OH)2D3, along with some minor products 

(129). CYP24A1, the mitochondrial P450 involved in the inactivation of vitamin D, can 

metabolise 20(OH)D3 to 20,24R(OH)2D3 and 20,25(OH)2D3 as the two major products, 

as well as other minor products (120). Interestingly, these major products also display 

biological activity, being able to inhibit colony formation of SKMEL-188 melanoma cells 

on soft agar, with higher potency than 20(OH)D3 (120,121). CYP27B1, the 

mitochondrial 1a-hydroxylase, is also able to metabolise 20(OH)D3 to a single product, 

1,20(OH)2D3, although with much lower catalytic efficiency than for the 1a-
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hydroxylation of 25(OH)D3 (84). 1,20(OH)2D3 has also been shown to have biological 

activity, being able to inhibit the proliferation of leukaemic cells (118) and keratinocytes 

(130). However, the addition of a hydroxyl group at the C1a-position, appears to confer 

calcaemic activity, although less than that of 1,25(OH)2D3 (118).  

 

1.4.5. Other CYP11A1-derived metabolites from vitamin D3 also display biological 

activity 

The major products from vitamin D3 following metabolism by CYP11A1 are 20(OH)D3, 

20,23(OH)2D3 and 20,22(OH)2D3. Similar to the biological effects of 20(OH)D3 

described above, 20,23(OH)2D3 and 20,22(OH)2D3 have also been shown to have anti-

proliferative and pro-differentiative activity on leukaemic cells and human epidermal 

keratinocytes (118,131). The biological actions of these hydroxyderivatives of vitamin 

D3 are also mediated, at least in part, by binding to the VDR. In addition, 20,23(OH)2D3 

was also shown to act as an inverse agonist of RORa and RORg, inhibiting RORE-

luciferase activity in human melanoma cells and keratinocytes (39). Most recently, 

20,23(OH)2D3 was shown to also act via an alternative nuclear receptor, the aryl 

hydrocarbon receptor (AhR) (132). 20,23(OH)2D3 can be 1a-hydroxylated by CYP27B1 

to form 1,20,23(OH)3D3, which also displays biological activity (133). 

 

1.4.6. Detection of biologically active vitamin D3 derivatives in human serum 

 The discovery of the biologically active CYP11A1-derived hydroxyderivatives of 

vitamin D3 described above opens new possibilities for therapeutic strategies. These 

derivatives are naturally produced, having been initially identified from CYP-catalysed 

reactions in vitro but later were shown to be produced by tissue explants and cultured 

cells containing CYP11A1 (98,115,134). Most importantly, they have recently been 

detected in the human epidermis and serum. The major monohydroxyderivatives, 
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20(OH)D3 and 22(OH)D3 were detected in human serum using a semi-quantitative assay 

at 1.15 and 2.38 ng/mL, respectively, compared to the main circulating form of vitamin 

D3, 25(OH)D3, measured at 33.6 ng/mL (135). Other CYP11A1-derived metabolites, 

such as 20,22(OH)2D3, 20,23(OH)2D3 and 17,20,23(OH)3D3 were also detected in serum 

and skin. The 1a-hydroxylated forms of 20(OH)D3 and 20,23(OH)2D3 which retain 

biological activity, were also present in the human epidermis and serum. Derivatives of 

20(OH)D3 such as 20,24(OH)2D3, 20,25(OH)2D3 and 20,26(OH)2D3 which display 

biological activity with higher potency than 20(OH)D3, were also detected in the human 

epidermis and serum (120,135). While many of these derivatives have been detected in 

serum, it has yet to be established whether they bind to the vitamin D binding protein, 

known to bind 25(OH)D3 and 1,25(OH)2D3 (26). The presence of these biologically 

active hydroxyderivatives of vitamin D3 in tissues indicate that they likely play a 

physiological role in vivo, but they also have a huge potential for development as 

therapeutic drugs.  
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1.5. Project aims 

The liver contains the main drug-metabolising enzymes, including cytochromes P450 

which are also involved in vitamin D metabolism. CYP27A1 is the only liver 

mitochondrial P450 involved in vitamin D metabolism and it has been well-characterised 

as a vitamin D-25-hydroxylase. In contrast, liver microsomes contain an array of P450 

enzymes, some of which have been shown to be involved in vitamin D metabolism. The 

development of 20(OH)D3 as a therapeutic drug ideally requires an understanding of its 

mechanism of inactivation, especially the involvement of the liver. This project therefore 

aims to characterise the metabolism of 20(OH)D3 by human liver microsomes and 

identify the key cytochrome P450 enzymes involved. 

More specifically to: 

1. Characterise the metabolism of 20(OH)D3 by mouse and human liver microsomes 

with identification of the major products. 

2. Investigate the ability of microsomal CYP3A4 to metabolise 20(OH)D3 in a 

reconstituted system with no other P450 enzymes present. 

3. Use recombinant CYP2R1 to determine whether it plays a role in 20(OH)D3 

metabolism.  

4. Determine if the metabolism of 20(OH)D3 observed in liver microsomes is similar in 

cultured human liver cells. 

 

 
 
 
  



 
 

	



 
 

	

 
Chapter 2: 

 
Metabolism of 20(OH)D3 by mouse liver 

microsomes 
 
 

The data presented in this chapter are reported in the following publication: 

 

 

Cheng, C. Y. S., Slominski, A. T., and Tuckey, R. C. (2014) Metabolism of 20-

hydroxyvitamin D3 by mouse liver microsomes, J Steroid Biochem Mol Biol 144, 286-

293. 
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2. Metabolism of 20(OH)D3 by mouse liver microsomes 

2.1. Introduction 

The main product of CYP11A1 action on vitamin D3, 20(OH)D3, has been shown to 

display anti-proliferative, pro-differentiative and immunomodulatory effects similar to 

that of 1,25(OH)2D3, without causing hypercalcaemia in vivo when administered to mice 

at high doses. The therapeutic effects of 20(OH)D3 have been demonstrated in mouse 

models, for example, where it displays anti-fibrogenic activity in mice with bleomycin-

induced scleroderma (122) and inhibits tumour cell proliferation in mice injected with 

melanoma cells (121). In order for 20(OH)D3 to be developed as a therapeutic drug, its 

inactivation needs to be characterised. Liver endoplasmic reticulum (microsomes) is the 

major site of drug metabolism, and P450 enzymes are primarily responsible for the 

metabolism of vitamin D and its derivatives. Microsomes are vesicle-like structures 

formed from endoplasmic reticulum when cells are broken by homogenisation and are 

commonly used in the study of drug interactions and metabolism of compounds (136).  

 

In humans, there are three liver microsomal P450s that have been reported to metabolise 

vitamin D3, CYP3A4, CYP2J2 and CYP2R1 (91,137). CYP3A4 and CYP2J2 are not 

expressed in mouse liver microsomes, however there are isoforms that carry out similar 

functions. CYP3A4 is a human microsomal P450 that makes up 30 to 40% of P450 

content in the liver and intestine (102,103). Mouse liver microsomes do not express 

CYP3A4, however they do express six isoforms of CYP3A that have been shown to 

contribute to the hydroxylation of 1,25(OH)2D3; Cyp3a11, Cyp3a13, Cyp3a16, Cyp3a25, 

Cyp3a41 and Cyp3a44 (138). Mouse liver microsomes metabolised 1,25(OH)2D3 to one 

major unidentified product that was not observed in human liver microsomes or 

recombinant supersomes containing expressed human CYP3A4, and two minor 

metabolites, 1a,23S,25(OH)3D3 and 1a,24R,25(OH)3D3 (138). CYP2J3 is a member of 
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the CYP2J family found in rodents and is expressed at comparable levels to liver 

mitochondrial CYP27A1. It has been shown to exhibit 25-hydroxylase activity towards 

vitamin D3 in rat liver microsomes (139). CYP2J2, the sole member of the CYP2J family 

found in humans, is 73% homologous to rat CYP2J3 and is expressed predominantly in 

the heart, playing a role in arachidonic acid epoxygenation (91,137). CYP2J2 is also 

capable of 25-hydroxylating vitamin D3, along with vitamin D2 and 1(OH)D3, however 

its 25-hydroxylase activity was ten times lower than that of rat CYP2J3 and is therefore 

considered to be physiologically irrelevant (137). CYP2R1 is almost ubiquitously 

expressed in humans with higher levels in testes and skin (91), and is also expressed in 

mice (109). CYP2R1 exhibits 25-hydroxylase activity on both vitamin D2 and vitamin 

D3, with recent genetic evidence indicating that it is the major vitamin D-25-hydroxylase 

(109-111), which is discussed further in Chapter 4. 

 

Since the in vivo effects of 20(OH)D3 are currently being studied in mice, it is important 

to characterise the major sites of metabolism of this secosteroid in this model animal. The 

mouse also serves as a readily available source of liver microsomes to enable the 

methodology for studying the metabolism of 20(OH)D3 to be established prior to studies 

on human liver microsomes. 

 

2.2. Materials and methods 

2.2.1. Materials 

2-Hydroxypropyl-b-cyclodextrin (HP-b-CD) was from Cerestar (IN, USA), glucose-6-

phosphate, glucose-6-phosphate dehydrogenase and ethylenediaminetetraacetic acid 

(EDTA) were from Sigma-Aldrich (NSW, Australia). NADPH and solvents (HPLC-

grade) were purchased from Merck (Darmstadt, Germany). Microsomes were isolated 

from livers of ten-week-old male and female mice (C57BL/6J) that were obtained through 
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the UWA Program for Use of Unwanted Tissues from Other Studies. 20(OH)D3 was 

synthesised enzymatically from CYP11A1 action on vitamin D3 and was purified by TLC 

and reverse-phase HPLC (115). Some standards were synthesised enzymatically; 

20,24(OH)2D3 and 20,25(OH)2D3 from rat CYP24A1 action on 20(OH)D3 (120), 

20,26(OH)2D3 from human CYP27A1 action on 20(OH)D3 (129), and 22(OH)D3, 

17,20(OH)2D3, 20,22(OH)2D3 and 20,23(OH)2D3 from bovine CYP11A1 action on 

vitamin D3 (115,131), with their structures previously determined by NMR spectroscopy 

(115,120).  

 

2.2.2. Preparation of mouse liver microsomes 

Mouse livers were homogenised in 9 volumes of 0.25 M sucrose in a Potter-Elvehjem 

homogeniser by three low-speed passes of the Teflon pestle. The homogenate was 

centrifuged at 600 ´ g for 10 min at 4°C. The supernatant was then removed and 

centrifuged at 6000 ´ g for 15 min at 4°C to sediment the mitochondrial fraction. The 

resulting supernatant was removed and centrifuged at 11,000 ´ g for 15 min at 4°C to 

sediment any remaining light mitochondria. The supernatant was then centrifuged at 

107,000 ´ g for 1 h at 4°C. The resulting microsomal pellet was resuspended in 0.25 M 

sucrose by hand homogenising and then centrifuged again at 107,000 ´ g for 1 h at 4°C 

to wash the microsomes. The microsomal pellet was resuspended in 0.25 M sucrose by 

hand homogenising and stored at -80°C. The protein concentration of  the mouse liver 

microsomal fraction was determined using the Ponceau S protein assay (140). 

 

2.2.3. Metabolism of 20(OH)D3 by the mouse liver microsomal fraction 

Mouse liver microsomes at a final concentration of 1.5 mg/mL were incubated with 

20(OH)D3 (see figure legends for concentrations) that had been solubilised overnight in 

4.5% HP-b-CD. 20(OH)D3 was used in a final concentration of 0.45% HP-b-CD in buffer 
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comprising 0.25 M sucrose, 50 mM Hepes (pH 7.4), 20 mM KCl, 5 mM MgSO4 and 

0.2 mM EDTA. The typical incubation volume was 0.5 mL. The incubation was 

supplemented with a cofactor and regeneration system comprising 500 µM NADPH and 

2 mM glucose-6-phosphate and 2 U/mL glucose-6-phosphate dehydrogenase. HP-b-CD 

served to hold 20(OH)D3 substrate in solution as it forms a hydrophobic cage around the 

hydrophobic substrate, but has a hydrophilic exterior to aid substrate solubility (141,142). 

Samples were pre-incubated for 8 min in a 37°C shaking water bath (50 cycles/min) and 

the reactions were started by the addition of NADPH. After incubation at 37°C (see 

section 2.3 for times), the reactions were stopped with 2.5 volumes ice-cold 

dichloromethane. 22(OH)D3 (1 nmol) was then added to the reaction mix as an internal 

standard. Samples were then vortexed and centrifuged at 670 ́  g for 10 min and the lower 

organic phase containing secosteroids was retained and the upper aqueous phase was 

extracted another three times with 2.5 volumes dichloromethane each time. The extracted 

secosteroids were dried under nitrogen gas at 30°C, dissolved in the solvent required for 

HPLC analysis and stored at -20°C prior to analysis. 

 

2.2.4. Reverse-phase HPLC analysis of 20(OH)D3 metabolites 

The analysis of 20(OH)D3 metabolites was carried out using a Perkin Elmer HPLC 

system (Biocompatible Binary Pump 250) with a UV monitor set at 265 nm, equipped 

with a C18 column (Grace Alltima, 25 cm ´ 4.6 mm, particle size 5 µm). For routine 

analysis, metabolites were separated 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 

(designated HPLC Program A in the figure legends). As this system did not separate all 

metabolites or authentic standards, some 20(OH)D3 metabolites were subsequently 

separated using a gradient of 64 – 100% methanol in water for 20 min, followed by 100% 



CHAPTER TWO 
 
 
 

	 34 

methanol for 30 min, at a flow rate of 0.5 mL/min (designated HPLC Program B in the 

figure legends).  

 

2.2.5. Mass spectral analysis of 20(OH)D3 metabolites 

The metabolites produced from 20(OH)D3 metabolism by mouse liver microsomes were 

initially purified by reverse-phase HPLC using an acetonitrile in water gradient (HPLC 

Program A), then further purified and collected using a methanol in water gradient (HPLC 

Program B). The purified 20(OH)D3 metabolites (5 nmol) were then subjected to liquid 

chromatography-mass spectrometry (LC/MS) combining 2-dimensional (2D) separation 

with two pentafluorophenyl (PFP) columns, to provide relatively pure material to the 

mass spectrometer, utilising a method that was described in detail previously (143). This 

was carried out by Metabolomics Australia with a system that comprised an Agilent 1290 

UPLC binary pump coupled to an Agilent 6460 triple quadrupole mass spectrometer with 

a Jetstream source, and electrospray ionisation was used in the positive mode. Each 

sample was reconstituted in 500 µL of 70% methanol + 0.1% formic acid, with 20 µL 

being injected onto the LC/MS. Samples were subjected to an MS2 scan from 300 – 500 

m/z. These assays were performed as a service by UWA Centre for Metabolomics, 

Metabolomics Australia. 

 

2.3. Results 

2.3.1. Metabolism of 20(OH)D3 by mouse liver microsomes 

Incubation of the mouse liver microsomal fraction with 20(OH)D3 produced six 

metabolites, labelled A, B, C1, C2, D and E (Figure 2.1), which were not present in the 

control (Figure 2.1A). Each metabolite represented greater than 0.5% total extracted 

secosteroids. The products labelled C1 and C2 (Figure 2.1B) were not baseline-separated 

when analysed using an acetonitrile-water gradient, and were originally designated 
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collectively as product C. Thus, to determine the proportions of C1 and C2, the combined 

peak was collected from the acetonitrile-water gradient, and separated into C1 and C2 

using a methanol-water gradient where they elute in reverse order (Figure 2.1C). The time 

course for production of products A – E showed that products A and B were the two major 

products at all time points measured (Figure 2.2). The rates of production of all 

metabolites were similar and did not increase further after 90 min, presumably due to 

enzyme inactivation, as only 22% of substrate 20(OH)D3 was consumed by then (Figure 

2.2A). It should be noted that in the absence of NADPH, no products were observed 

(Figure 2.1A). There was no evidence for secondary metabolite formation as none of the 

products displayed a lag (requiring synthesis of a precursor) in their time course. Product 

D had a different UV absorption spectrum to the other products that was not typical of 

vitamin D3 (see section 2.4.2) and thus it could not be assumed to have the same 

extinction coefficient as the internal standard (22(OH)D3) used for quantitation. Hence 

its production is expressed as a relative response of the UV detector compared to that of 

the internal standard (Figure 2.2B, right axis).  
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Figure 2.1. Reverse-phase HPLC analysis of the metabolism of 20(OH)D3 by mouse 

liver microsomes. 20(OH)D3 (50 µM) in 0.45% HP-b-CD was incubated with 

microsomes (1.5 mg/mL) for 30 min, and products were extracted and analysed by HPLC 

as described in section 2.3.3. (A) Control incubation without the addition of NADPH, 

analysed using HPLC Program A. (B) Test incubation with the addition of NADPH, 

analysed using HPLC Program A. (C) Metabolites C1 and C2 collected together from the 

acetonitrile gradient (HPLC Program A), then analysed using a methanol gradient (HPLC 

Program B), showing the two peaks clearly separated. 
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Figure 2.2. Time course for the metabolism of 20(OH)D3 by mouse liver microsomes. 

20(OH)D3 (50 µM) in 0.45% HP-b-CD was incubated with the microsomal fraction 

(1.5 mg/mL) for the times indicated, with 22(OH)D3 (1 nmol) added as an internal 

standard for quantitation after reactions were stopped by the addition of dichloromethane. 

Products were extracted and analysed by reverse-phase HPLC (HPLC Program A), with 

products C1 and C2 further separated using a methanol-water gradient (HPLC Program 

B). (A) Depletion of substrate and formation of major products. (B) Production of minor 

metabolites. Product D was plotted as response of the UV detector relative to that of 

internal standard since its UV spectrum was different to typical vitamin D derivatives. 

Data are mean ± SD of triplicates determinations. 
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Figure 2.3. UV absorption spectra of 20(OH)D3 and products B and D. Samples were 

dissolved in ethanol for recording their absorbance spectra. 

 

2.3.2. Mass spectral analysis of 20(OH)D3 metabolites produced by mouse liver 

microsomes 

The metabolites produced from 20(OH)D3 metabolism by mouse liver microsomes were 

subjected to analysis by mass spectrometry to determine their likely modification. The 

electrospray mass spectra for products A, B and C2 showed the parent ion at m/z = 439.3 

(416.3 + Na+), representing a dihydroxyvitamin D3 (m/z = 416.3) (see Table 2.1). The 

Na+ adduct is likely to have come from the incubation buffer or borosilicate glass tubes 

used for sample preparation (144). Products A and B also displayed major ions at m/z = 

381.3 (416.3 + H+ - 2H2O), 399.3 (416.3 + H+ - H2O) and for product A, 455.2 (416.3 + 

K+), affirming that both products are dihydroxyvitamin D3 (Table 2.1). Product C2 also 

displayed the ions at m/z = 399.3 and 455.2. These three metabolites displayed the typical 

vitamin D UV absorption spectrum with a peak at 263 nm (as shown for product B in 

Figure 2.3). The mass spectra for products C1, D and E showed the parent ion at m/z = 

415.2 (414.2 + H+) and another ion at m/z = 437.2 (414.2 + Na+) (Table 2.1), suggesting 
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that a hydroxyl group had been added (m/z = 416.3) followed by an alcohol to ketone 

conversion or the insertion of a double bond (reducing m/z by 2), resulting in a dehydro-

dihydroxyvitamin D3. Other major ions seen for product D included m/z = 379.2 (414.2 

+ H+ - 2H2O) and 397.2 (414.2 + H+ - H2O), while the other major ion seen for products 

C1 and E was at m/z = 453.1 (414.1 + K+). The UV spectra for products C1 and E were 

similar to the parent 20(OH)D3 with a peak at 263 nm, while product D had its peak at 

290 nm instead (Figure 2.3). The difference in the UV absorption spectrum for product 

D could be due to the new double bond (C = C or C = O) interacting with the vitamin D 

chromophore. 

 

Table 2.1. Mass spectral analysis of metabolites produced from 20(OH)D3 metabolism 

by mouse liver microsomes. Mass spectra were recorded as described in section 2.3.4. 

Parent ions are highlighted in bold. 

 

2.3.3. Spiking with authentic standards to confirm identification of 20(OH)D3 

metabolites 

The reaction extract of 20(OH)D3 metabolism by the mouse liver microsomal fraction 

was spiked with authentic standards with retention times similar to those of the major 

products (section 2.3.1). Samples were run in two different HPLC solvent systems, 

acetonitrile-water (Program A) and methanol-water (Program B). This enabled the 

identification of product A as 20,25(OH)2D3 (Figure 2.4A, B, D and E). Product B had 

Product [M + Na]+ [M + H]+ [M + H - H2O]+ [M + H - 2H2O]+ [M + K]+ Classification 

A 439.3 - 399.3 381.3 455.2 Dihydroxyvitamin D3 

B 439.3 - 399.3 381.3 - Dihydroxyvitamin D3 

C1 437.2 415.2 - - 453.1 Dehydro-dihydroxyvitamin D3 

C2 439.3 - 399.3 - 455.2 Dihydroxyvitamin D3 

D 437.3 415.2 397.2 379.2 - Dehydro-dihydroxyvitamin D3 

E 437.1 415.2 - - 453.1 Dehydro-dihydroxyvitamin D3 
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an identical retention time to both 20,24(OH)2D3 (Figure 2.4C) and 20,26(OH)2D3 (not 

shown) which cannot be separated by reverse-phase HPLC using an acetonitrile-water 

gradient. These two secosteroids do however, separate when analysed using a methanol-

water gradient which enabled identification of product B as 20,24(OH)2D3 

(Figure 2.4F – H). The retention times of products C1, C2, D and E were compared to a 

number of other dihydroxyvitamin D3 standards available which contain a 20-hydroxyl 

group, namely, 20,23(OH)2D3, 20,22(OH)2D3 and 17,20(OH)2D3, but none matched the 

observed products, excluding these dihydroxyvitamin D3 compounds as microsomal 

metabolites. 

 

To test if any of products C1, D or E resulted from dehydrogenation of either 

20,25(OH)2D3 (product A) or 20,24(OH)2D3 (product B), the liver microsomal fraction 

was incubated with 20,25(OH)2D3 or 20,24(OH)2D3 (25 µM) dissolved in 0.45% HP-b-

CD, for 1 h at 37°C. HPLC analysis (as for Figure 2.1) revealed that no products were 

formed (Figure 2.5), indicating that none of the dehydro-dihydroxyvitamin D3 products 

arise from 20,25(OH)2D3 or 20,24(OH)2D3. This experiment also confirmed that neither 

20,25(OH)2D3 nor 20,24(OH)2D3 is further metabolised by mouse liver microsomes. 
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Figure 2.4. Identification of product A as 20,25(OH)2D3 and product B as 20,24(OH)2D3 

by reverse-phase HPLC analysis.  (A – C), the reaction extract of metabolites produced 

from 20(OH)D3 metabolism by the liver microsomal fraction was unspiked or spiked 

with authentic 20,24(OH)2D3 or 20,25(OH)2D3 and analysed using an acetonitrile-water 

gradient (HPLC Program A). (D – H), products A and B were collected from the 

acetonitrile-water gradient and further analysed using a methanol-water gradient (HPLC 

Program B). (A) Reaction extract without spiking. (B) Reaction extract spiked with 

20,25(OH)2D3. (C) Reaction extract spiked with 20,24(OH)2D3. (D) Product A collected 

from the acetonitrile-water gradient. (E) Product A spiked with 20,25(OH)2D3. (F) 

Product B collected from the acetonitrile-water gradient. (G) Product B spiked with 

20,26(OH)2D3. (H) Product B spiked with 20,24(OH)2D3. 
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Figure 2.5. Incubation of 20,25(OH)2D3 or 20,24(OH)2D3 with the mouse liver 

microsomal fraction. 20,25(OH)2D3 or 20,24(OH)2D3 (25 µM) was incubated with the 

mouse liver microsomal fraction (1.5 mg/mL) for 1 h at 37°C, then products were 

extracted and analysed by reverse-phase HPLC (HPLC Program A). (A) Control 

incubation of 20,25(OH)2D3 with mouse liver microsomes. (B) Test incubation of 

20,25(OH)2D3 with mouse liver microsomes. (C) Control incubation of 20,24(OH)2D3 

with mouse liver microsomes. (D) Test incubation of 20,24(OH)2D3 with mouse liver 

microsomes. 
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2.3.4. Kinetics for the metabolism of 20(OH)D3 by the mouse liver microsomal fraction 

To determine the Km for 20(OH)D3 conversion to each product, the concentration of 

substrate was varied and incubated with the mouse liver microsomal fraction, and the 

amount of each product formed was measured under initial rate conditions. Products were 

extracted and analysed by reverse-phase HPLC using an acetonitrile-water gradient, and 

as done for the time course, the proportions of products C1 and C2 were determined by 

collecting the combined peak from the acetonitrile-water gradient and separating it into 

C1 and C2 using a methanol-water gradient. The Michaelis-Menten equation was a good 

fit for the data for all metabolites, as shown in Figure 2.6. For product D, the data points 

at 100 µM and 200 µM 20(OH)D3 were not close to the fitted curve resulting in a large 

standard error in the Km. The hyperbola split the two points equally and the low activity 

at 200 µM 20(OH)D3 is unlikely to be due to substrate inhibition as it was not observed 

for the other products, nor to insolubility of 20(OH)D3 as it has been shown to dissolve 

in HP-b-CD at this concentration (141,142). Instead, the large standard error is possibly 

associated with there being more than one catalytic step required for the formation of 

product D. 

 

The kinetic parameters for formation of all products are listed in Table 2.2. Product A 

(20,25(OH)2D3) had a comparable Km value to that of product B (20,24(OH)2D3). 

Products C1 and D also had Km values similar to those for formation of 20,24(OH)2D3 

and 20,25(OH)2D3, while the Km for formation of product E was higher. The Km for 

product C2 formation was 9 – 12-fold higher than values for formation of 20,24(OH)2D3 

and 20,25(OH)2D3. Of the products with the same absorbance spectrum as 20(OH)D3, 

product B (20,24(OH)2D3) was produced with the greatest catalytic efficiency (Vmax/Km) 

while product E was produced with the lowest. The true Vmax for product D is unknown 

due to its different absorbance spectrum to the other products; its rate of production was 
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therefore recorded as response of the UV detector relative to that of the internal standard 

(Figure 2.6C). 

 

Figure 2.6. The effect of 20(OH)D3 concentration on production of products A – E by 

the mouse liver microsomal fraction. 20(OH)D3 concentrations varying from 6.25 to 

200 µM, in 0.45% HP-b-CD, were incubated with the mouse liver microsomal fraction 

for 30 min at 37°C, and the reactions were stopped by addition of dichloromethane. 

22(OH)D3 (1 nmol) was added as an internal standard, then products were extracted and 

analysed using an acetonitrile-water gradient (HPLC Program A). Typical data are shown 

from one set of triplicate determinations. (A) Kinetics for formation of products A, B and 

E. (B) Kinetics for formation of products C1 and C2; both products were collected 

together from the acetonitrile-water gradient and further analysed using a methanol-water 

gradient (HPLC Program B). (C) Product D was plotted as the response of the UV 

detector relative to that of 22(OH)D3. The Michaelis-Menten equation was fitted to the 

data using Kaleidagraph (Synergy software). 
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Table 2.2. Kinetic parameters for the metabolism of 20(OH)D3 by mouse liver 

microsomes. The Michaelis-Menten equation was fitted to the experimental data as in 

Figure 2.6 and gave good fits with correlation coefficients ranging from 0.91 to 0.99. 

Data were obtained from triplicate determinations and Km and Vmax are presented as 

mean ± standard error of the curve fit.  

Product Km  
(µM) 

Vmax  
(pmol/min/mg protein) 

Vmax/Km 
(pmol/min/mg/µM) 

A (20,25(OH)2D3) 22.9 ± 3.5 21.4 ± 1.0 0.98 

B (20,24(OH)2D3) 32.3 ± 4.9 38.8 ± 2.0 1.20 

C1 20.3 ± 1.6 5.8 ± 0.1 0.28 

C2 287.9 ± 75.1 20.9 ± 3.7 0.073 

D 34.1 ± 23.4 N/A N/A 

E 47.6 ± 3.8 12.0 ± 0.4 0.25 
N/A: Not applicable 

 

2.4. Discussion 

The mouse liver microsomal fraction metabolised 20(OH)D3 to six products, with the 

two major ones being identified from mass spectrometry analysis and HPLC retention 

times compared to authentic standards as 20,24(OH)2D3 and 20,25(OH)2D3. These major 

products did not undergo further metabolism by the liver microsomal fraction. However, 

it has previously been shown that both of these metabolites can be converted to their 1a-

hydroxyl derivatives by the mitochondrial enzyme, CYP27B1, which displays highest 

activity in kidney and is not present in the liver (84). Both 20,24(OH)2D3 and 

20,25(OH)2D3, as well as 1,24,25-trihydroxyvitamin D3, have previously been shown to 

display biological activity on melanoma cells, inhibiting colony formation with higher 

potency than 20(OH)D3 and 1,25(OH)2D3 (120,145).  

 

20(OH)D3 exhibits Km values of 23 – 32 µM for the formation of 20,24(OH)2D3 and 

20,25(OH)2D3 by the mouse liver microsomal fraction. The similarity of the Km values 

for formation of these two products suggests binding to a single site on a P450 with a 
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specific orientation that permits hydroxylation at the two neighbouring carbons (C24 and 

C25) on the vitamin D3 side chain. The Km values for formation of C1 (20 µM) and D 

(34 µM) are also comparable to those for formation of 20,24(OH)2D3 and 20,25(OH)2D3 

and thus might also be catalysed by the same P450. In contrast, the Km values for 

formation of products E (47 µM) and C2 (291 µM) are higher than for the other products, 

suggesting that one or more different P450 enzymes are involved. The Km for the 

formation of 20,24(OH)2D3, the major product among those with a similar absorbance 

spectrum to 20(OH)D3, is 7.6-fold higher than that reported for 24R-hydroxylation of 

1,25(OH)2D3 by mouse liver microsomes which is believed to be catalysed by CYP3A 

isoforms (138). However, the Vmax for the conversion of 20(OH)D3 to 20,24(OH)2D3 is 

16.9-fold higher than for this conversion of 1,25(OH)2D3 to 1,24R,25-trihydroxyvitamin 

D3 by microsomes from control animals (138), so the catalytic efficiency (Vmax/Km) is 

2-fold higher for 20(OH)D3.  

 

The mass spectral data suggests that products C1, D and E are the result of two separate 

reactions, hydroxylation and dehydrogenation. Dehydrogenation reactions involving 

alcohol to ketone or aldehyde conversions are well known reactions catalysed by P450s 

and for example, both reactions are observed in the C24 oxidation pathway of vitamin D3 

catabolism catalysed by kidney mitochondrial CYP24A1 (22,91). Although uncommon, 

some P450s have been reported to catalyse dehydrogenations involving conversion of a 

C – C single bond to a double bond (64,146,147). Thus, while it would seem more likely 

that a separate dehydrogenase enzyme catalyses this dehydrogenation reaction, it is 

possible that a single P450 species can catalyse both the hydroxylation and subsequent 

dehydrogenation required to form products C1, D and E from 20(OH)D3. A less likely 

possibility would be alkene formation followed by epoxidation of that alkene. In the case 

of product D, the increase in the maximum absorbance from 263 to 290 nm suggests that 
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the new double bond interacts with the triene chromophore of vitamin D3 involving the 

A ring and broken B ring of the secosteroid. Such an increase in maximum absorbance 

has been observed when the C = C double bond of vitamin D between C10 and C19 is 

replaced by a ketone group at C10 (64).  

 

This study together with previous ones, now indicate that there are several P450s in 

mammals that can hydroxylate 20(OH)D3 at C25. While the identity of the mouse liver 

microsomal enzyme(s) responsible for this remains to be established, candidates include 

Cyp2r1, Cyp2j3, and Cyp3a family members (section 2.1). Purified rat and human 

mitochondrial Cyp24a1/CYP24A1 can hydroxylate 20(OH)D3 at C24 and C25 producing 

20,24(OH)2D3 and 20,25(OH)2D3 (120,148), the same products as observed in mouse 

liver microsomes. Cyp24a1 is predominantly a kidney enzyme and is not expressed in 

liver (91). It should be noted that the mouse liver microsomal fraction used had minimal 

mitochondrial contamination (149), excluding CYP24A1 as a source of 20,24(OH)2D3 

and 20,25(OH)2D3 production by these liver microsomes. Human CYP27A1, found in 

liver mitochondria, can also hydroxylate 20(OH)D3 at C25 producing 20,25(OH)2D3, but 

also produces comparable amounts of 20,26(OH)2D3 which was not observed as a 

product of mouse liver microsomes, making Cyp27a1 involvement from mitochondrial 

contamination unlikely.  

 

Thus, mouse liver microsomes can metabolise 20(OH)D3, producing 20,24(OH)2D3 and 

20,25(OH)2D3 as major metabolites, along with dehydro-dihydroxyvitamin D3 products 

indicating the involvement of a possible species of P450 that can catalyse 

dehydrogenation. The action of liver microsomal enzymes on 20(OH)D3 suggests that its 

passage through the liver can activate this vitamin D3 analogue, producing metabolites 

with demonstrated greater anti-cancer potency (120).



 

	

 
  



 

	

 
Chapter 3: 

  
Metabolism of 20(OH)D3 by CYP3A4 and 

human liver microsomes 
  
 

The data presented in this chapter are reported in the following publications: 

 

 

Cheng, C. Y. S., Slominski, A. T., and Tuckey, R. C. (2016) Hydroxylation of 20-

hydroxyvitamin D3 by human CYP3A4, J Steroid Biochem Mol Biol 159, 131-141. 

 

Lin, Z., Marepally, S. R., Ma, D., Myers, L. K., Postlethwaite, A. E., Tuckey, R. C., 

Cheng, C. Y. S., Kim, T. K., Yue, J., Slominski, A. T., Miller, D. D., and Li, W. (2015) 

Chemical synthesis and biological activities of 20S,24S/R-dihydroxyvitamin D3 epimers 

and their 1alpha-hydroxyl derivatives, J Med Chem 58, 7881-7887. 
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3. Metabolism of 20(OH)D3 by CYP3A4 and human liver microsomes 

3.1. Introduction  

CYP3A is the most abundant subfamily of cytochromes P450 expressed in the liver (150) 

and in humans consists of three known isoforms, CYP3A4, CYP3A5 and CYP3A7. 

CYP3A4 is the major CYP3A isoform found in the liver, making up as much as 60% of 

liver microsomal P450 content (151), with a 10- to 40-fold variation in CYP3A4 

expression between individuals (152). CYP3A5 shares 83% amino acid homology with 

CYP3A4 and is generally found at lower levels in the liver, but expression is highly 

dependent on genetic polymorphisms (101,152). CYP3A7 is approximately 90% 

homologous to CYP3A4 but is only found at high levels in embryonic, foetal and 

newborn liver, and is found at much lower levels in adult liver (101). CYP3A4 is 

predominantly involved in xenobiotic metabolism, displaying remarkable flexibility in its 

large active site and thus can metabolise a wide range of clinically used drugs 

(104,153,154). CYP3A4 is also involved in the minor alternative pathway of bile acid 

synthesis, catalysing multiple hydroxylations of 5b-cholestane-3a,7a,12a-triol and 5b-

cholestane-3a,7a,12a,25-tetrol (105,106). CYP3A4 can metabolise various vitamin D 

analogues, acting as a vitamin D-24- and 25-hydroxylase on substrates such as 1a-

hydroxyvitamin D2 (1(OH)D2), 1a-hydroxyvitamin D3 (1(OH)D3) and vitamin D2, but 

does not act on vitamin D3 (107,108). Both CYP3A4 and kidney mitochondrial 

CYP24A1 are able to hydroxylate 1,25(OH)2D3 at the same carbon atoms, C23 and C24, 

but with opposite product stereoselectivity (155). In addition to this ability to hydroxylate 

the vitamin D side chain, CYP3A4 has been reported to hydroxylate the A-ring of 

25(OH)D3, producing 4a,- and 4b,25-dihydroxyvitamin D3 (4a,25(OH)2D3 and 

4b,25(OH)2D3, respectively), both of which have been detected in the plasma (156). 

Since CYP3A4 is known to metabolise endogenous and clinically used forms of vitamin 

D, it is important to characterise its ability to metabolise 20(OH)D3 which may be 
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relevant in both physiological and pharmacological settings. 

 

The kidney mitochondrial P450, CYP24A1, carries out the inactivation of 1,25(OH)2D3, 

initially hydroxylating it at C24 and then further oxidising the side chain to give the 

excretory product, calcitroic acid (22,23,157).  CYP24A1 has also been shown to 

hydroxylate 20(OH)D3 at C24 giving epimers 20S,24R(OH)2D3 and 20S,24S(OH)2D3, 

as well as hydroxylating it at C25 producing 20,25(OH)2D3 (120,145,148). 

20,24R(OH)2D3 and 20,25(OH)2D3 inhibited colony formation by SKMEL-188 

melanoma cells with higher potency than the parent 20(OH)D3, indicating they have 

enhanced anti-proliferative activity (120). Therefore, CYP24A1 appears to activate rather 

than inactivate 20(OH)D3 (120).  

 

Mouse liver microsomes can act on 20(OH)D3 and, like CYP24A1 in the kidney, produce 

the biologically active products, 20,24(OH)2D3 (later shown to be the R-epimer) and 

20,25(OH)2D3 (see Chapter 2) (149). Since CYP3A4 is the most abundantly expressed 

P450 in human liver microsomes and can act on 25(OH)D3 and 1,25(OH)2D3, we 

investigated its ability to metabolise 20(OH)D3 using both recombinantly expressed 

enzyme (supersomes) and human liver microsomes. CYP27B1, while not found in liver, 

is a kidney mitochondrial P450 that is involved in the vitamin D3 activation pathway, 

carrying out 1a-hydroxylation of 25(OH)D3 to produce the biologically active 

1,25(OH)2D3. It has also been shown to catalyse the 1a-hydroxylation of 20(OH)D3, 

producing 1,20(OH)2D3 which retains biological activity (118,130). The ability of mouse 

CYP27B1 to catalyse 1a-hydroxylation of the C24-epimers of 20,24(OH)2D3, products 

of CYP3A4 (see later) and CYP24A1 action on 20(OH)D3, is also described in this 

chapter and was part of a collaborative study on their chemical synthesis and 

characterisation (145). 
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3.2 Materials and Methods 

3.2.1. Materials 

A mixed gender 50-donor pool of human liver microsomes, and supersomes made from 

baculovirus-infected insect cells that express recombinant human CYP3A4, P450 

reductase and cytochrome b5, were purchased from Corning (NY, U.S.A.). Azamulin and 

isoniazid were from Sigma (NSW, Australia), and troleandomycin was from Enzo Life 

Sciences (NY, U.S.A.). All organic solvents used were of HPLC grade, and were 

purchased from Merck (Darmstadt, Germany). Other materials along with the 

hydroxyvitamin D3 standards are as described in Chapter 2, section 2.2.1. Concentrations 

of hydroxyvitamin D3 standards were determined from their absorbance at 263 nm using 

an extinction coefficient of 18,000 M-1cm-1 (158). 

 

3.2.2. Metabolism of secosteroids by CYP3A4 supersomes 

Substrates (see section 3.3 for concentrations) solubilised in 0.45% HP-b-CD (141,142) 

were incubated with CYP3A4 supersomes at a final CYP3A4 concentration of 60 nM, in 

buffer comprising 50 mM K2HPO4 (pH 7.4), 3.3 mM MgSO4, 500 mM 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 (as they contain traces of NADPH). Following incubation at 37°C 

(see section 3.3 for times), reactions were stopped by the addition of 2.5 vols of ice-cold 

dichloromethane. Tubes were centrifuged (670 ´ g, 10 min) and the lower organic phase 

was retained. This extraction was repeated twice more, each time with 2.5 vols of 

dichloromethane. The extracted secosteroids were dried under nitrogen gas at 30°C, 

dissolved in the solvent required for HPLC analysis and stored at -20°C. 
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3.2.3. Metabolism of 20(OH)D3 by human liver microsomes 

The procedure used was similar to that for mouse liver microsomes described in Chapter 

2, section 2.3.1. Human liver microsomes (1.5 mg/mL) were incubated with 20(OH)D3 

dissolved in 0.45% HP-b-CD, in buffer comprising 0.25 M sucrose, 50 mM Hepes 

(pH 7.4), 20 mM KCl, 5 mM MgSO4, 0.2 mM EDTA, 500 µM 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 (as they contain traces of 

NADPH) which were used to start the reaction. Following incubation at 37°C, reactions 

were stopped with 2.5 vols ice-cold dichloromethane and extracted as described in section 

3.2.2. 

 

3.2.4. 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 ´ 4.6 mm, particle size 5 µm). 

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 (HPLC 

Program A). 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 (HPLC Program B). A third resolving system was used to further confirm 

the identification of the 20(OH)D3 metabolites, comprising a gradient of 30 – 100% 

acetonitrile in water for 45 min, followed by 100% acetonitrile for 5 min, at a flow rate 

of 0.5 mL/min (HPLC Program C), on a pentafluorophenyl (PFP) column (Phenomenex 

Luna, 15 cm ´ 4.6 mm, particle size 3 µm). Quantitation of products was based on the 
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major products having an unaltered conjugated triene structure like 20(OH)D3, as shown 

by their UV spectrum with a peak at 263 nm, and hence an identical extinction coefficient. 

Therefore, each product gives a response from the UV detector which is proportional to 

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 (142). Kinetic parameters were obtained by fitting the Michaelis-Menten 

equation to experimental data for initial rates of product formation using Kaleidagraph 

(Synergy software, version 4.0). For mass spectrometry, metabolites were purified and 

collected using both acetonitrile-water and methanol-water solvent systems (143,149). 

The purified metabolites (2 nmol) were reconstituted in 30 µL of 70% methanol + 0.1% 

formic acid, with 20 µL being injected into the LC/MS. These assays employed 

electrospray ionisation and were performed as a service by UWA Centre for 

Metabolomics, Metabolomics Australia, as described in section 2.2.5.  

 

3.2.5. Measurement of 20(OH)D3 metabolism by microsomes and supersomes in the 

presence of CYP3A4 inhibitors 

Incubations were carried out with 20(OH)D3 (10 or 50 µM) dissolved in 0.45% HP-b-

CD using buffers as described for CYP3A4 supersomes and human liver microsomes 

(sections 3.2.3. and 3.2.4., respectively). The CYP3A4 inhibitor, troleandomycin (159) 

was added from an ethanol stock to a final concentration of 250 µM, azamulin (160) was 

added from a methanol stock to 1 or 10 µM and isoniazid (161) was added from a 

methanol stock to 1 mM, prior to preincubation (107,108). 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 µM) and a NADPH regenerating system for 20 min before 

buffer and 20(OH)D3 (10 µM) were added to start the reaction. Products were extracted 
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as described in section 3.2.2. Samples were analysed by reverse-phase HPLC (see section 

3.2.5.) 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. 

 

3.2.6. Kinetic analysis of 1a-hydroxylation of 20,24(OH)2D3 epimers by mouse 

CYP27B1 

To analyse the kinetic parameters of mouse CYP27B1 for 1a-hydroxylation of the two 

epimers of 20,24(OH)2D3, substrates (20,24R(OH)2D3 and 20,24S(OH)2D3) were 

incorporated into phospholipid (PL) vesicles prepared from dioleoylphosphatidylcholine 

(DOPC) and cardiolipin (145). Mouse CYP27B1 (0.01 µM for 20,24R(OH)2D3 and 

0.125 µM for 20,24S(OH)2D3) was incubated for 2 min at a range of substrate 

concentrations. Products were extracted with dichloromethane and analysed by reverse-

phase HPLC on a C18 column (Grace Smart, 15 cm ´ 4.6 mm, particle size 5 µm) using 

a gradient of 45 – 100% acetonitrile in water for 10 min, followed by 100% acetonitrile 

for 20 min, at a flow rate of 0.5 mL/min. Kinetic parameters were obtained by fitting the 

Michaelis-Menten equation to experimental data for the initial rates of product formation 

using Kaleidagraph (Synergy software, version 4.0). 

 

3.3. Results 

3.3.1. Metabolism of 20(OH)D3 by CYP3A4 

HP-b-CD was used to solubilise 20(OH)D3 for its addition to CYP3A4 supersomes, as it 

has a hydrophobic interior that encapsulates hydrophobic substrates such as 20(OH)D3, 

and a hydrophilic exterior for favourable interaction with water (141,142,162). Incubation 

of 20(OH)D3 in HP-b-CD with CYP3A4 supersomes produced 25-fold more products 

than when the substrate was added from acetonitrile (not shown). Three major products 

(labelled A – C), and another metabolite with a short retention time labelled X (Figure 
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3.1B) were observed, that were not present in the control (Figure 3.1A). 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(OH)2D3, 20,24R(OH)2D3 and 20,24S(OH)2D3 (Figure 3.1B). Co-migration of 

each secosteroid with the respective standard in this solvent system was confirmed by 

spiking the reaction mixture with each standard. Each of the major products was collected 

separately from the acetonitrile-water system and analysed using a methanol-water 

system (Figure 3.1C,E,G). Samples were spiked with an equal amount of standards 

(Figure 3.1D,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(OH)2D3, 20,24R(OH)2D3 and 20,24S(OH)2D3, respectively, on 

a 15 cm PFP column using an acetonitrile-water gradient (Figure 3.2), further 

substantiating their identification. These retention times also corresponded to three of the 

products from human liver microsomes (Figure 3.2G – I), which will be discussed further 

in section 3.3.2. Products A, B and C from CYP3A4 had UV spectra similar to the 

substrate and typical of vitamin D, indicating an intact triene structure. These three major 

products were also analysed by mass spectrometry, and all gave major ions at m/z = 399.1 

(416.1 + H+ - H2O), 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 3.1). Hence, we conclude that product A is 20,25(OH)2D3, product B is 

20,24R(OH)2D3 and product C is 20,24S(OH)2D3 (Figure 3.13).  
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Figure 3.1. Reverse-phase HPLC analysis and identification of products from 20(OH)D3 

metabolism by CYP3A4. 20(OH)D3 (25 µM) in 0.45% HP-b-CD was incubated with 

CYP3A4 (60 nM). (A, B), Products were extracted and analysed by reverse-phase HPLC 

with a C18 column using an acetonitrile in water gradient (HPLC Program A). (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(OH)2D3, 20,24R(OH)2D3, or 20,24S(OH)2D3 were collected separately and 

analysed using a methanol in water gradient (C, E, G, 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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Figure 3.2. Comparison of retention times of major products and standards on a PFP 

column. Authentic standards and collected products from CYP3A4 and human liver 

microsomes initially separated on a C18 column with an acetonitrile in water gradient 

(HPLC Program A) (see Figures 3.1 and 3.7), were analysed by HPLC using a PFP 

column with an acetonitrile in water gradient (HPLC Program C). Standards 

20,25(OH)2D3 (A), 20,24R(OH)2D3 (B), and 20,24S(OH)2D3 (C) and corresponding 

products from either CYP3A4 (D, E, F) or human liver microsomes (G, H, I). Co-

migration of the 20,25(OH)2D3, 20,24R(OH)2D3 and 20,24S(OH)2D3 in the samples with 

the respective standards was confirmed by spiking experiments (not shown). *This peak 

(RT 24.15 min) in H2/H3 corresponded in retention time to 20,26(OH)2D3 standard (RT 

24.12 min). 
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 Table 3.1. Mass spectrometry of primary and secondary products from 20(OH)D3 

metabolism by CYP3A4. Mass spectra were recorded as described in section 3.2.4. 

Authentic standards of 20,25(OH)2D3, 20,24R(OH)2D3 and 20,24S(OH)2D3 gave the 

same parent and daughter ions as the corresponding identified CYP3A4 products. 

NB: Product 1 corresponds to Product X in Figures 3.1B and 3.3A (see section 3.3.1) 

 

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(OH)2D3, 

20,24R(OH)2D3 and 20,24S(OH)2D3 declined throughout the incubation (Figure 3.3A), 

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 (Figure 3.3A), and is discussed 

further below. CYP3A4 has previously been reported to metabolise 25(OH)D3 (156), 

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(OH)D3 (Figure 3.3B). The 

products from 25(OH)D3 were not identified since authentic standards were not 

available, but according to Wang et al. (156), the major products are 4a,25(OH)2D3 and 

4b,25(OH)2D3. 

 

Product [M + Na]+ [M + K]+ [M + H - H2O]+ [M + H - 2H2O]+ Classification 

20,25(OH)2D3 439.1 455.1 399.1 381.1 Dihydroxyvitamin D3 

20,24R(OH)2D3 439.1 455.1 399.1 381.1 Dihydroxyvitamin D3 

20,24S(OH)2D3 439.1 455.0 399.1 381.1 Dihydroxyvitamin D3 

1 
 (from 20,24R(OH)2D3) 455.4 - 415.4 397.4 Trihydroxyvitamin D3 

A 
 (from 20,24S(OH)2D3) 455.4 - 415.4 397.4 Trihydroxyvitamin D3 
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Figure 3.3. Time courses for the metabolism of 20(OH)D3 and 25(OH)D3 by CYP3A4. 

20(OH)D3 or 25(OH)D3 (50 µM) in 0.45% HP-b-CD was incubated with 60 nM 

CYP3A4. Products were extracted and analysed by reverse-phase HPLC using an 

acetonitrile in water gradient (HPLC Program A). (A) Formation of major and minor 

products from 20(OH)D3. (B) Comparison of total product formation from 20(OH)D3 

and 25(OH)D3 by CYP3A4. 

 

The presence of product X (Figure 3.1B) 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(OH)2D3, 20,24R(OH)2D3 

and 20,24S(OH)2D3 with CYP3A4. 20,25(OH)2D3 was poorly metabolised by CYP3A4, 

with essentially no products formed after incubation with the enzyme for one hour (Figure 
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3.4A). In contrast, incubation of 20,24R(OH)2D3 or 20,24S(OH)2D3 with CYP3A4 

resulted in three products from each of these substrates, products 1 – 3 and products a – 

c, respectively (Figure 3.4B, C). Products 3 and b had identical retention times, suggesting 

they are the same compound, which can only be 20,24R,24S-trihydroxyvitamin D3, 

however as to whether this compound would be stable is unknown. The retention time of 

product 1 was identical to that of product X produced directly from 20(OH)D3 (Figure 

3.1B), confirming that product X is a secondary metabolite and that it arises from 

20,24R(OH)2D3. For both 20,24R(OH)2D3 and 20,24S(OH)2D3, the major products 

(products 1 and a, respectively), were produced in sufficient amounts to collect for 

analysis by mass spectrometry. Both gave major ions at m/z = 397.4 (432.4 + H+ - 2H2O), 

m/z = 415.4 (432.4 + H+ - H2O) and m/z = 455.4 (432.4 + Na+), resulting in their 

classification as species of trihydroxyvitamin D3 (Table 3.1). The time course for 

20,24R(OH)2D3 metabolism showed that all products were produced without a lag, with 

the rate being approximately linear for the first 5 min (Figure 3.5). Insufficient 

20,24S(OH)2D3 was available to carry out a time course since its enzymatic synthesis 

using CYP24A1 is inefficient (120).  
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Figure 3.4. Further metabolism of 20,25(OH)2D3, 20,24R(OH)2D3 and 20,24S(OH)2D3 

by CYP3A4. Substrates (25 µM) in 0.45% HP-b-CD were incubated with CYP3A4 

(60 nM) for 60 min. Products were extracted and analysed by reverse-phase HPLC using 

an acetonitrile-water gradient (HPLC Program A). (A) Incubation of 20,25(OH)2D3 with 

CYP3A4. (B) Formation of products, labelled 1, 2 and 3, from 20,24R(OH)2D3. (C) 

Formation of products, labelled a, b and c from 20,24S(OH)2D3.  
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Figure 3.5. Time course for metabolism of 20,24R(OH)2D3 by CYP3A4. 

20,24R(OH)2D3 (25 µM) in 0.45% HP-b-CD was incubated with CYP3A4 (60 nM). 

Products were extracted and analysed by reverse-phase HPLC using an acetonitrile in 

water gradient (HPLC Program A), as in Figure 3.4. 

 

The kinetic parameters for the metabolism of 20(OH)D3, 20,24R(OH)2D3 and 

20,24S(OH)2D3 by CYP3A4 were determined from the initial rates of formation of all 

products, measured by HPLC. We used a simple model where the Michaelis-Menten 

equation gave a good fit to the data, as shown in Figure 3.6, providing confidence in the 

parameter estimates. The resulting data are summarised in Table 3.2. 20(OH)D3 

metabolism by CYP3A4 gave the lowest Km and the highest kcat/Km value amongst the 

three substrates (Table 3.2), indicating that 20(OH)D3 is a better substrate for CYP3A4, 

being metabolised more efficiently than either 20,24R(OH)2D3 or 20,24S(OH)2D3. The 

data indicate that there should be little production of the trihydroxyvitamin D3 secondary 

metabolites from either 20,24R(OH)2D3 or 20,24S(OH)2D3 while 20(OH)D3 is still 

present, as observed experimentally (Figure 3.1). 

 



CHAPTER THREE 
 
 
 

	 64 

 

Figure 3.6. 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 

CYP3A4 (60 nM) for 2.5 min, with the products being extracted and analysed by reverse-

phase HPLC. The Michaelis-Menten equation was fitted to experimental data from a 

representative experiment, and gave an R value of 0.998. 

 

Table 3.2. Kinetic parameters for metabolism of 20(OH)D3 and its primary products by 

CYP3A4. Data for Km and kcat are expressed as aqueous concentrations and presented as 

mean ± standard error of the curve fit. 

Substrate Km (µM) kcat (min-1) kcat/Km (µM-1min-1) 
20(OH)D3 32.6 ± 2.8 17.7 ± 0.5 0.54 

20,24R(OH)2D3 331.8 ± 193.9 65.0 ± 28.5 0.20 

20,24S(OH)2D3 86.9 ± 44.3 16.5 ± 4.3 0.19 
 

3.3.2. 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 (Figure 3.7). 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 (Figure 3.7B). Three products were tentatively identified 

as 20,25(OH)2D3, 20,24S(OH)2D3, and either 20,24R(OH)2D3 or 20,26(OH)2D3 which 
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have an identical retention time in the acetonitrile-water system (149). 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 (Figure 

3.7D, E). The product labelled H1 was also collected from the initial chromatography and 

analysed on a C18 Alltima column in this methanol-water system (Figure 3.7C), as well 

as on a 15 cm PFP column with an acetonitrile in water gradient (Figure 3.2G). Its 

retention time matched that of 20,25(OH)2D3 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 20,24R(OH)2D3 and 

20,26(OH)2D3 by comparison of their retention times to those of standards (Figure 3.7D). 

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 

20,24S(OH)2D3 (Figure 3.7E). 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 20,24R(OH)2D3, 20,24S(OH)2D3 and 20,26(OH)2D3 (Figure 

3.2H, I). Thus, the four products identified from human liver microsomes are 

20,25(OH)2D3, 20,24R(OH)2D3, 20,24S(OH)2D3 and 20,26(OH)2D3, with three being 

the same as the three major products seen for 20(OH)D3 metabolism by CYP3A4, and 

20,26(OH)2D3 being the additional product seen with microsomes. The retention time of 

H6 did not align with any available standards, including 20,23(OH)2D3, and is as yet 

unidentified. The time course for formation of both identified (Figure 3.8A) and 

unidentified products (Figure 3.8B) 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 
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20,25(OH)2D3, 20,24R(OH)2D3 and 20,24S(OH)2D3 in human liver microsomes is 

provided by comparing the ratios of products to those for CYP3A4. For microsomes, the 

proportion of 20,25(OH)2D3:20,24R(OH)2D3:20,24S(OH)2D3 at the end of the time 

course (Figure 3.8A) was 1:0.47:0.16, close to the ratios seen for CYP3A4 (1:0.41:0.14) 

(Figure 3.3A).  
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Figure 3.7. Analysis of the metabolism of 20(OH)D3 by human liver microsomes. 

20(OH)D3 (50 µM) 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 (HPLC Program A). (C – E) The products in the 

major peaks were collected and analysed using a methanol in water gradient (HPLC 

Program B). (A) Zero-time control incubation. (B) Test incubation for 45 min. (C) Peak 

labelled H1 with identical retention time to 20,25(OH)2D3. (D) Overlapping peaks 

labelled H2/H3 separated into three peaks, H2/H3A – C. (E) Overlapping peaks labelled 

H4/H5 separated into two products, H4/H5A and B. Vertical arrows indicate retention 

times of standards. 
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Figure 3.8. Time course for metabolism of 20(OH)D3 by human liver microsomes. 

20(OH)D3 (50 µM) in 0.45% HP-b-CD was incubated with microsomes (1.5 mg/mL), 

and products were extracted and analysed by reverse-phase HPLC with a C18 column 

using both an acetonitrile-water system (HPLC Program A) and a methanol-water system 

(HPLC Program B) to achieve separation of all metabolites for quantification. (A) Time 

course for formation of identified products. (B) Time course for formation of unidentified 

products. 

 

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 3.3). Both acetonitrile-water and 
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methanol-water systems were used to obtain baseline separation of all products. The Km 

values for formation of each product were reasonably similar, within the range of 

114 – 217 µM, with the Km calculated for total product formation being 165 µM. The 

similarity of the Km values for 20,25(OH)2D3, 20,24R(OH)2D3 and 20,24S(OH)2D3 

(Figure 3.9) 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 Vmax values were within the range of 14 – 56 pmol/min/mg protein, 

except for formation of the major product, 20,25(OH)2D3, which had a Vmax of 

134.2 ± 36.0 pmol/min/mg protein. 
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Table 3.3. Kinetic parameters for production of 20(OH)D3 metabolites by human liver 

microsomes. Data for Km and Vmax are expressed in terms of microsomal protein 

concentration and presented as mean ± standard error of the curve fit. Similar data were 

obtained in two other experiments. 

Product Km                  
(µM) 

Vmax      
(pmol/min/mg) 

Vmax/Km 
(pmol/min/mg/µM) 

H1 (20,25(OH)2D3) 217 ± 88 134.2 ± 36.0 0.62 

H2/H3 A (20,24R(OH)2D3) 138 ± 49 56.1 ± 11.5 0.41 

H2/H3 B (20,26(OH)2D3) 155 ± 42 34.5 ± 5.5 0.22 

H2/H3 C 163 ± 51 24.4 ± 4.6 0.15 

H4/H5 A 149 ± 32 14.1 ± 1.8 0.095 

H4/H5 B (20,24S(OH)2D3) 114 ± 31 15.2 ± 2.2 0.13 

H6 139 ± 74 21.0 ± 6.5 0.15 

Total Products 165 ± 56 292.6 ± 60.3 1.8 

 

 

Figure 3.9. Kinetics of the conversion of 20(OH)D3 to 20,25(OH)2D3, 20,24R(OH)2D3 

and 20,24S(OH)2D3 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 

section 3.2.4. The Michaelis-Menten equation was fitted to experimental data, with R 

values of 0.994, 0.992 and 0.994 for 20,25(OH)2D3, 20,24R(OH)2D3 and 

20,24S(OH)2D3, respectively. 
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3.3.3. Effect of CYP3A family-specific inhibitors on the metabolism of 20(OH)D3 

To further define the role of CYP3A4 in human liver microsomes to metabolise 

20(OH)D3, troleandomycin, azamulin and isoniazid, known inhibitors of the CYP3A 

family (159,160), 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 (Figure 3.10). In the absence of troleandomycin, 20(OH)D3 was 

metabolised by CYP3A4 to products previously identified as 20,25(OH)2D3, 

20,24R(OH)2D3 and 20,24S(OH)2D3 (see section 3.3.1) (Figure 3.10A). However, when 

troleandomycin was added to the reaction at the same time substrate was added, no 

products were observed indicating that troleandomycin completely inhibited CYP3A4 

activity (Figure 3.10B), as expected (159). 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(OH)2D3, 

20,24R(OH)2D3, 20,24S(OH)2D3 and 20,26(OH)2D3 (Figure 3.10C, E). In the presence 

of 250 µM troleandomycin, total product formation was reduced by 72.6%. The peak 

corresponding to 20,25(OH)2D3 was reduced by this treatment, as was the combined peak 

corresponding to 20,24R(OH)2D3/20,26(OH)2D3 and the peak containing 

20,24S(OH)2D3 (Figure 3.10C, D). Since troleandomycin is a mechanism-based inhibitor 

which forms an inactive P450-Fe(II)-metabolite complex with CYP3A family members 

(163-165), we also tested the inhibition of 20(OH)D3 metabolism where microsomes 

were preincubated with a low concentration of troleandomycin (10 µM) for 20 min prior 

to starting the reaction with substrate (10 µM). Under these conditions, total product 

formation was decreased by 63.7% and again decreases were seen in the peaks 

corresponding to 20,25(OH)2D3, 20,24R(OH)2D3/20,26(OH)2D3 and 20,24S(OH)2D3 
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(Figure 3.10E, F). The only product of microsomes whose production was not markedly 

reduced by troleandomycin under either conditions, was H6 (Figure 3.10D, F).  

 

In the presence of azamulin (1 µM or 10 µM), total products from microsomes were 

decreased by 60.0% and 75.9%, respectively. The peaks corresponding to 20,25(OH)2D3, 

20,24R(OH)2D3/20,26(OH)2D3 and 20,24S(OH)2D3, but not H6, were reduced (Figure 

3.11C, D). Furthermore, isoniazid, reported to inhibit CYP3A family members as well as 

CYP1A2, CYP2A6, CYP2C19 (161), also markedly decreased peaks corresponding to 

20,25(OH)2D3, 20,24R(OH)2D3/20,26(OH)2D3 and 20,24S(OH)2D3, as well as H6 

(Figure 3.12). 

 

Figure 3.10. 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 µM) in 

0.45% HP-b-CD was incubated in the presence (B, D) or absence (A, C) of 250 µM 

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 µM troleandomycin 

(F) or without (E) for 20 min then the reaction initiated by the addition of 20(OH)D3 

(10 µM) in 0.45% HP-b-CD. *Denotes contaminant peaks present in the no-substrate 

control. 
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Figure 3.11. Effects of the CYP3A family inhibitor, azamulin, on metabolism of 

20(OH)D3 by human liver microsomes. 20(OH)D3 (50 µM) in 0.45% HP-b-CD was 

incubated for 30 min with 1 µM azamulin and the human liver microsomes added after 

the reaction was stopped (A), or 30 min with human liver microsomes in the absence (B) 

or presence of 1 µM (C) or 10 µM (D) azamulin. *Denotes contaminant peaks present in 

the control. 
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Figure 3.12. Effects of a CYP3A family inhibitor, isoniazid, on metabolism of 20(OH)D3 

by CYP3A4 and human liver microsomes. 20(OH)D3 (50 µM) in 0.45% HP-b-CD was 

incubated in the presence (E, F) or absence (C, D) of 1 mM isoniazid with CYP3A4 (A, 

C, E) or human liver microsomes (B, D, F). (A) Zero-time control. (B) No substrate 

control. Total product formation by CYP3A4 supersomes and human liver microsomes 

decreased by 98.0% and 85.0%, respectively, in the presence of isoniazid. 

 

3.3.4. Further metabolism of 20,24(OH)2D3 epimers by mouse CYP27B1 

Mouse CYP27B1 has previously been shown to hydroxylate 20(OH)D3 in the 1a-

position (84). As part of a study with collaborators on the chemical synthesis of the C24-

epimers of 20,24(OH)2D3, we compared the ability of mouse CYP27B1 to 1a-

hydroxylate 20,24R(OH)2D3 and 20,24S(OH)2D3. Both 20,24R(OH)2D3 and 

20,24S(OH)2D3 were metabolised to a single product, previously identified as 

1,20,24R(OH)3D3 in the case of 20,24R(OH)2D3, and presumed to be the 1a-hydroxyl 
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derivative in the case of 20,24S(OH)2D3 (1,20,24S(OH)3D3) due to the high specificity 

for 1a-hydroxylation by CYP27B1 (84,133). The kinetic parameters for 1a-

hydroxylation of both 20,24(OH)2D3 epimers by mouse CYP27B1 were determined 

(Table 3.4). 20,24R(OH)2D3 was hydroxylated with a kcat that was 18-fold higher than 

that for 20,24S(OH)2D3. Thus, despite its 3.2-fold higher Km, 20,24R(OH)2D3 was 

metabolised with a 5-fold higher catalytic efficiency (kcat/Km) than 20,24S(OH)2D3. The 

efficiency of 1a-hydroxylation of 20,24R(OH)2D3 is comparable to that of 25(OH)D3 

(84), and thus this hydroxylation is predicted to occur for 20,24R(OH)2D3 formed in vivo. 

 

Table 3.4. Kinetic parameters for the metabolism of the 20,24(OH)2D3 C24-epimers by 

mouse CYP27B1. Data for Km and kcat were determined by substrate solubilised in 

phospholipid vesicles and hence Km values are expressed as a molar ratio to phospholipid. 

Data are presented as the mean ± standard error of the curve fit.  

Substrate Km                       
(mol/mol PL) 

kcat                       
(min-1) 

kcat/Km 
(mol PL.mol-1.min-1) 

20,24R(OH)2D3 7.99 ± 4.01 31.2 ± 10.7 3.90 

20,24S(OH)2D3 2.49 ± 0.59 1.76 ± 0.15 0.71 

 

3.4. Discussion 

The results in this chapter show that liver microsomal CYP3A4 metabolised 20(OH)D3 

to 20,24R(OH)2D3, 20,24S(OH)2D3 and 20,25(OH)2D3 (Figure 3.13). Two of the 

products, 20,25(OH)2D3 and 20,24R(OH)2D3, have previously been shown to be more 

potent at inhibiting colony formation by melanoma cells than 20(OH)D3 (120,148), 

indicating that CYP3A4 is further activating, rather than inactivating, 20(OH)D3, at least 

with respect to melanoma cell proliferation. Both 20,24(OH)2D3 epimers can be further 

1a-hydroxylated by CYP27B1. 20,24R(OH)2D3 and 20,24S(OH)2D3 and their respective 

1a-hydroxyderivatives are reported to be active on the immune system, where their 

actions include modulation of IFNg production by splenocytes (145), however this 
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activity has not been directly compared to that of parent 20(OH)D3. As 20(OH)D3 lacks 

calcaemic activity (54,118,124) but possesses the ability to inhibit proliferation, stimulate 

differentiation, reduce inflammation and inhibit collagen synthesis (117,118,123,127), 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 may 

not terminate its activity, but rather, may enhance it. 

 

 

Figure 3.13. Metabolism of 20(OH)D3 by CYP3A4. 

 

HP-b-CD was used 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 (141,162) and is 

particularly useful for substrate delivery to membrane-bound enzymes that display a high 

Km for substrate (134,142). At low final concentrations of HP-b-CD, as used in this study, 
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there is relatively weak binding of the substrate to the cyclodextrin and substrate is readily 

available to the membrane-bound P450 (129,134,141,142). Ishikawa et al. (166) 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 those experiments substrate was 

not pre-dissolved in the HP-b-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-b-CD solution than when added from an acetonitrile stock. 

 

The ability of CYP3A4 to hydroxylate 20(OH)D3 at C24 and C25 found in this study is 

consistent with previous reports that it can hydroxylate vitamin D2, 1(OH)D2 and 

1(OH)D3 at these positions (107,108). CYP3A4 also displays 24-hydroxylase activity 

towards 1,25(OH)2D3, as well as the ability to hydroxylate it at C23 (155). A more recent 

study reported that CYP3A4 can metabolise 25(OH)D3 to nine products which included 

products that were hydroxylated at C23, C24 and C26, which are expected hydroxylation 

sites of CYP3A4 (108,155). Most interesting was the formation of two major metabolites 

that were hydroxylated on the A-ring at C4, 4a,25-dihydroxyvitamin D3 and 4b,25-

dihydroxyvitamin D3, the latter being found at concentrations comparable to 

1,25(OH)2D3 in human plasma (156). Interestingly, we observed no evidence for 

hydroxylation of 20(OH)D3 at the 4a- or 4b-position in this study. This suggests that the 

presence of the hydroxyl group at C20 instead of C25 results in a different substrate 

docking orientation in the CYP3A4 active site, preventing hydroxylation from occurring 

on the A-ring.  

 

The reported catalytic efficiency for metabolism of 25(OH)D3 by CYP3A4 

(1.32 min-1µM-1) (156) is higher than we observed for 20(OH)D3 (0.54 min-1µM-1), with 

25(OH)D3 displaying a lower Km but comparable kcat. However, under our assay 
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conditions 25(OH)D3 appeared to be a much poorer substrate for CYP3A4 compared to 

20(OH)D3. Using 50 µM substrate, which is above the reported Km values for both 

substrates, 20(OH)D3 was metabolized approximately 30 times faster than 25(OH)D3. In 

contrast, the reported metabolism of 1,25(OH)2D3 by CYP3A4 (155) is of similar 

efficiency (0.70 min-1µM-1) to that of 20(OH)D3. The plasma concentration of 20(OH)D3 

has been reported to be 3 nM (135) and assuming a similar concentration in the liver, this 

is well below the Km observed for 20(OH)D3 (32.6 ± 2.8 µM), 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 (102,154,167,168), 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 identified for CYP3A4, 

20,24R(OH)2D3, 20,24S(OH)2D3 and 20,25(OH)2D3, 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 much more 

selective active site (90,168). The CYP24A1 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 (148), 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 

(kcat/Km) of approximately 1 µM-1min-1. Although this is double that for metabolism of 

20(OH)D3 by CYP3A4 (0.54 µM-1min-1) found in the current study, 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 in vivo, both 20,24R(OH)2D3 
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and 20,25(OH)2D3 have been detected in human serum (135). Which enzyme is the major 

metaboliser of 20(OH)D3 would largely depend on the relative concentration of each 

enzyme. In the case of CYP24A1 this will be determined by the 1,25(OH)2D3 

concentration as this is a potent stimulator of CYP24 expression (94), and for CYP3A4 

will depend on glucocorticoid levels and possible induction by other drugs (102,167). 

 

Knockdown of 20,25(OH)2D3, 20,24R(OH)2D3 and 20,24S(OH)2D3 formation from 

20(OH)D3 by troleandomycin, azamulin and isoniazid in human liver microsomes 

supports that a CYP3A family member is largely responsible for this metabolism of 

20(OH)D3. Given that the ratio 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 the 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)2D3 was also identified as a minor product, as well as H6. 

The possibility that 20,26(OH)2D3 is actually produced by mitochondria contaminating 

the human liver microsomes, and not by a microsomal P450, is discussed further in 

Chapter 6. Product 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 (161), as these are known targets of isoniazid as well as 

CYP3A4. H6 is also synthesised from 20(OH)D3 by mouse liver microsomes, labelled 

product D (see section 2.3.1) and was characterised as a dehydro-dihydroxyvitamin D3 

species (M = 414) (149). Production of 20,25(OH)2D3 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 
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to hydroxylate vitamin D3 at C25 (109,114).  

 

In conclusion, CYP3A4 metabolises 20(OH)D3 to the major products 20,24R(OH)2D3, 

20,24S(OH)2D3 and 20,25(OH)2D3, which have been shown to display enhanced 

biological activity which is discussed further in Chapter 6. CYP3A4 appears to be 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, perhaps serving to some extent as a prodrug. 
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Chapter 4: 

 
Metabolism of 20(OH)D3 by recombinantly 
expressed human CYP2R1 in a membrane 

environment 
 
 

The data presented in this chapter are reported in the following publication: 

 

 

Cheng, C. Y. S., Kim, T. K., Jeayeng, S., Slominski, A. T., and Tuckey, R. C. (2018) 

Properties of purified CYP2R1 in a reconstituted membrane environment and its 25-

hydroxylation of 20-hydroxyvitamin D3, J Steroid Biochem Mol Biol 177, 59-69. 
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4. Metabolism of 20(OH)D3 by recombinantly expressed human CYP2R1 in a 
membrane environment 
	
4.1. Introduction 

The activation of vitamin D to 1,25(OH)2D is a two-step process which first involves 25-

hydroxylation in the liver, followed by 1a-hydroxylation by CYP27B1 in the kidneys 

(1,4,91). Early studies showed that both microsomal and mitochondrial fractions of the 

liver exhibit vitamin D3-25-hydroxylase activity, mediated by P450 enzymes (169,170). 

CYP27A1 was originally identified as the mitochondrial P450 responsible for 25-

hydroxylation of vitamin D3 (73,171). However, more recent genetic studies revealed 

that CYP2R1 is the major vitamin D-25-hydroxylase, as described in detail in Chapter 1 

(see section 1.3.2).  

 

The enzymatic synthesis of 20(OH)D3 and its biological effects are described in 

section 1.4. 20(OH)D3 acts as a biased agonist on the VDR, and as an inverse agonist on 

RORa and RORg, members of the nuclear receptor family (39,123,128). Through 

modulation of these receptors, 20(OH)D3 displays many properties similar to 

1,25(OH)2D3, but without causing hypercalcaemia at high doses or causing marked 

induction of CYP24A1 expression (54,117,118,123,127,172). 20(OH)D3 and some of its 

metabolites have been detected in human serum, indicating a possible physiological role 

(135). It was revealed in Chapter 3 that human liver microsomes can metabolise 

20(OH)D3, with CYP3A4 being primarily, but not completely, responsible for the 

metabolism of 20(OH)D3. Thus, CYP2R1 may also contribute to the metabolism of 

20(OH)D3 in human liver microsomes.   

 

Studies on the catalytic properties of CYP2R1 are limited to date. CYP2R1 has been 

expressed in a yeast system, where the microsomal fraction was isolated and assayed. 
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This revealed that CYP2R1 can hydroxylate both vitamins D3 and D2 at C25, with the 

catalytic efficiency for vitamin D3 being about double that for vitamin D2 (114). In more 

recent work, CYP2R1 has been expressed in E. coli, extracted and purified by nickel-

affinity and ion-exchange chromatography. Activity measurements showed that the 

expressed enzyme could metabolise vitamin D3, 1(OH)D3 and 1(OH)D2 at similar rates 

to those reported for the yeast system (112). The crystal structure of the expressed 

CYP2R1 in complex with vitamin D3 was determined which indicated that the vitamin 

D access channel faces the hydrophobic domain of the membrane (112), consistent with 

other microsomal P450s (70). The aim of this chapter was to characterise the properties 

of bacterially expressed and purified CYP2R1 in a reconstituted membrane environment 

resembling its native environment in the microsomal membrane, and to determine its 

ability to metabolise 20(OH)D3 to 20,25(OH)2D3. 

 

4.2. Materials and Methods 

4.2.1. Materials 

Adenosine 2’,5’-diphosphate agarose, octyl-sepharose CL-4B, vitamin D3, dioleoyl 

phosphatidylethanolamine (DOPE), dimyristoylphosphatidylcholine (DMPC) and 

cytochrome b5 were purchased from Sigma Aldrich (NSW, Australia). DE-52 cellulose 

was purchased from Whatman Inc. (NJ, U.S.A.) and Ni-NTA His-band resin was from 

Merck Millipore (VIC, Australia). Dioleoyl phosphatidylcholine (DOPC) and bovine 

heart cardiolipin were from Avanti Polar Lipids, Inc. (AL, U.S.A.). Prestained broad-

range molecular weight markers and mini-PROTEAN TGX precast 12% polyacrylamide 

gels were from Bio-Rad Laboratories Pty., Ltd. (NSW, Australia). All solvents used were 

of HPLC-grade and purchased from Merck (Darmstadt, Germany). Human CYP2R1 

cDNA containing a replaced N-terminal transmembrane anchor domain (with MAKKT), 

subcloned into the pCW-LIC vector has been described before (112) and was provided 
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by Dr Natallia Strushkevich (Institute of Bioorganic Chemistry, National Academy of 

Sciences of Belarus). The pGro7 plasmid encoding chaperonins GroEL/ES which assist 

protein folding, was from Takara Bio Inc. (Otsu, Japan). The plasmid encoding human 

cytochrome P450 oxidoreductase (POR) has been described before (173) and was 

provided by Dr Elizabeth Gillam (University of Queensland, Australia). A human 

CYP27A1-pTrc99A construct was synthesised by GenScript Corporation (Piscataway, 

NJ) and expressed in E. coli JM109 cells and the protein purified, as described previously 

(129). Human adrenodoxin and adrenodoxin reductase were co-expressed with 

GroEL/ES in E. coli, and purified as described previously (131). Other materials along 

with the hydroxyvitamin D3 standards are as described in Chapter 2, section 2.2.1. 

 

4.2.2. Expression and purification of human CYP2R1 

Competent E. coli JM109 cells were transformed with the human CYP2R1 plasmid and 

pGro7 (encoding GroEL/ES) as described previously (112), and cultures were grown at 

37°C to an absorbance of 1.0 at 600 nm. L-Arabinose (4 mg/mL), isopropyl-b-D-

thiogalactopyranoside (1 mM) and d-aminolevulinic acid (0.5 mM) were added to the 

cultures which were further incubated at 26°C for 42 h with shaking (220 rpm) (83). The 

E. coli cells were harvested by centrifugation (2,500 ´ g) for 20 min at 4°C and 

resuspended in buffer comprising 100 mM potassium phosphate (pH 7.4), 

0.1 mM EDTA, 0.1 mM DTT, 0.1 mM phenylmethanesulfonyl fluoride (PMSF) and 

20% (v/v) glycerol. CYP2R1 was extracted from the resuspended cells by stirring with 

1% (w/v) CHAPS and lysozyme (100 µg/mL), and then sonicated on ice five times for 

40 s each at 40% amplitude using a Vibra-Cell Ultrasonic Processor with a 1.2 cm probe 

(Sonics and Materials, Inc., CT, U.S.A.), with 2 min cooling intervals. Cell debris was 

then removed by centrifugation (104,600 ´ g) for 1 h at 4°C. 
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Membrane and cytosol fractions of E. coli were prepared in order to ascertain the 

distribution of CYP2R1 between these fractions. E. coli cells transformed with the 

CYP2R1 plasmid were grown as described above and harvested by centrifugation 

(2,500 ´ g) for 20 min at 4°C. The resulting cell pellet was then resuspended in buffer 

comprising 10 mM Tris-HCl (pH 7.8) and 0.75 M sucrose, and incubated with lysozyme 

(100 µg/mL) for 30 min, followed by centrifugation (4,720 ´ g) for 20 min at 4°C. The 

pellet was resuspended in buffer comprising 20 mM potassium phosphate (pH 7.4), 

0.1 mM EDTA, 0.1 mM DTT and 0.1 mM PMSF, and sonicated on ice six times for 40 s 

at 40% amplitude, with 2 min cooling intervals, then centrifuged (104,600 ´ g) for 1 h at 

4°C to sediment the membrane fraction. P450 concentration in the supernatant and 

resuspended pellet (membrane fraction) was estimated from a CO-reduced minus reduced 

difference spectrum at 446 and 490 nm with an extinction coefficient of 91,000 M-1cm-1 

(62). 

 

CYP2R1 was purified from the CHAPS extract of resuspended E. coli cells from 1.5 L 

of culture using nickel-affinity chromatography, as described for CYP27B1 (83), on a 

column (1.5 ´ 5.0 cm, Ni-NTA His-band resin) equilibrated with buffer A (50 mM 

sodium phosphate (pH 7.8), 0.3 M NaCl, 0.1 mM PMSF, 20% (v/v) glycerol and 0.05% 

CHAPS). The column was then washed with 100 mL buffer A followed by 300 mL buffer 

A containing 50 mM imidazole. CYP2R1 was eluted with 200 mM imidazole in buffer 

A, and then dialysed overnight at 4°C against 25 volumes buffer B (50 mM potassium 

phosphate (pH 7.4), 0.3 M NaCl, 0.1 mM PMSF, 20% (v/v) glycerol and 0.01% CHAPS) 

to reduce imidazole and CHAPS concentrations. Nickel-affinity chromatography was 

repeated on the dialysed fraction. The CYP2R1 was then applied to an octyl-Sepharose 

column (1 ´ 5 cm), equilibrated with buffer C (20 mM potassium phosphate (pH 7.4), 

0.1 mM EDTA, 0.1 mM DTT, 20% (v/v) glycerol) plus 0.05% CHAPS. The column was 
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washed with three column volumes of buffer C, followed by 50 mL 0.1% CHAPS then 

100 mL 0.2% CHAPS in buffer C. CYP2R1 was eluted with 1% CHAPS in buffer C and 

dialysed overnight at 4°C against 20 volumes buffer C plus 0.3 M NaCl. The P450 

concentration was estimated from a CO-reduced minus reduced difference spectrum as 

described above. 

 

4.2.3. Expression and purification of human POR 

E. coli JM109 cells were transformed with the human POR plasmid (173) and pGro7, and 

cultures were grown at 37°C to an absorbance of 1.0 at 600 nm. L-Arabinose (4 mg/mL) 

and isopropyl-b-D-thiogalactopyranoside (1 mM) were added and cultures incubated at 

26°C for 42 h with shaking at 220 rpm. The cells were harvested by centrifugation 

(2,500 ´ g) for 20 min and the membrane fraction prepared in buffer comprising 

10 mM Tris-HCl (pH 7.8) and 0.75 M sucrose, and incubated with lysozyme 

(100 µg/mL) for 30 min before centrifugation (4,720 ´ g) for 20 min. The pellet was 

resuspended in buffer comprising 20 mM potassium phosphate (pH 7.4), 0.1 mM EDTA, 

0.1 mM DTT and 0.1 mM PMSF, then sonicated on ice six times using a Vibra-Cell 

Ultrasonic Processor (described above) for 40 s each at 40% amplitude, with 2 min 

cooling intervals, then centrifuged (104,600 ´ g) for 1 h at 4°C to collect the membranes. 

POR was solubilised from the resuspended membranes with 1% Triton X-100 for 1 h and 

membrane remnants removed by centrifugation (104,600 ´ g) for 1 h at 4°C. 

 

Purification of POR was based on that described previously for rat NADPH-cytochrome 

P450 reductase (174). The extracted POR was initially purified by NADP-affinity 

chromatography, on a column (1 ´ 4 cm, adenosine 2’,5’-diphosphate agarose gel) 

equilibrated with buffer D (75 mM potassium phosphate (pH 7.4) and 
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0.025% Triton X-100). The Triton X-100 extract was applied to the column which was 

then washed with 100 mL buffer D, and eluted with 200 mg/L NADP+ in buffer D. 

Fractions containing POR from spectral scans (300 – 700 nm) were pooled and the POR 

further purified by anion-exchange chromatography, using a diethylaminoethyl (DE-52) 

cellulose column (1 ´ 5 cm) equilibrated with buffer C plus 0.025% Triton X-100. After 

applying the sample, the column was washed with buffer C plus 0.025% Triton X-100 

followed by 0.05 M NaCl in buffer C plus 0.025% Triton X-100 (100 mL), then 0.1 M 

NaCl in buffer C plus 0.025% Triton X-100 (50 mL). The POR was eluted with 0.3 M 

NaCl in buffer C plus 0.025% Triton X-100, then dialysed at 4°C for 3 h against buffer C 

plus 0.025% Triton X-100. The concentration of purified POR was estimated using a 

molar extinction coefficient of 21,400 M-1cm-1 at 456 nm, as described previously (174). 

 

4.2.4. SDS-PAGE analysis 

The purity of CYP2R1 and POR was analysed by electrophoresis on a 12% 

polyacrylamide precast gel (Bio-Rad). The Ponceau S protein assay (140) was used to 

estimate the amount of total protein in fractions. Protein samples (0.25 or 5 µg) were 

prepared in SDS-sample buffer and loaded onto the gel and electrophoresis was carried 

out in SDS-running buffer at 150 V and the gel stained with Coomassie blue, as described 

previously (175).  

 

4.2.5. Metabolism of vitamin D3 and 20(OH)D3 by CYP2R1 in phospholipid vesicles 

Vitamin D3 or 20(OH)D3 was incorporated into phospholipid vesicles comprising DOPC 

(1.08 µmol) and bovine heart cardiolipin (0.19 µmol) at a concentration of 0.1 mol per 

mol of phospholipid (PL), unless otherwise specified. The vesicles were prepared by first 

removing ethanol solvent from the combined lipids under nitrogen gas then adding 

0.5 mL buffer comprising 20 mM HEPES (pH 7.4), 100 mM NaCl, 0.1 mM EDTA and 
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0.1 mM DTT to the substrate and phospholipid mixture, which was then sonicated for 

10 min in a bath-type sonicator (176). Vesicles (510 µM phospholipid) were incubated 

with CYP2R1 (0.25 µM) in the same buffer used for vesicle preparation, along with 

500 µM NADPH, 2 mM glucose-6-phosphate, 2 U/mL glucose-6-phosphate 

dehydrogenase and 1 µM POR. To compare the effects of phospholipid composition, 

vesicles comprising DOPE (0.36 µmol) and DOPC (0.91 µmol), DOPC only 

(1.27 µmol), or DMPC only (1.27 µmol) were prepared with vitamin D3 as described 

above. In the comparison of assay systems, vitamin D3 (50 µM) was added to the reaction 

mixture from 4.5% HP-b-CD or ethanol stocks, as described before (112,142,177). Tubes 

containing the reaction mixture (0.5 mL) were pre-incubated for 8 min in a 37°C shaking 

water bath, then reactions started by the addition of POR. Where present, cytochrome b5 

(see Results for concentrations) was included in the pre-incubation and the reaction was 

started by the combined addition of NADPH and POR. Reactions were carried out at 

37°C with shaking (see Results for times) before being terminated by the addition of 

2.5 volumes ice-cold dichloromethane. Tubes were centrifuged (670 ´ g) for 10 min and 

the lower organic phase was removed and retained, while the upper aqueous phase was 

extracted twice more 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 section 4.2.7) and stored at -20°C.  

 

4.2.6. Metabolism of vitamin D3 by CYP27A1 in phospholipid vesicles 

Vitamin D3 was incorporated into phospholipid vesicles comprising DOPC and 

cardiolipin as described in section 4.2.5. Vesicles (510 µM phospholipid) were incubated 

with CYP27A1 (0.2 µM) in the same buffer used for vesicle preparation, along with 

2 mM glucose-6-phosphate, 2 U/mL glucose-6-phosphate dehydrogenase, 50 µM 

NADPH, 15 µM human adrenodoxin and 0.4 µM human adrenodoxin reductase, as 



CHAPTER FOUR 
 
 
 

	 91 

before (129). Tubes containing the reaction mixture were pre-incubated for 6 min in a 

37°C shaking water bath and the reactions started by the addition of adrenodoxin. 

Reactions were carried out for 10 min at 37°C before being terminated by the addition of 

2.5 volumes ice-cold dichloromethane. Secosteroids were extracted and prepared for 

HPLC analysis as described above (section 4.2.5.). 

 

4.2.7. Analysis of metabolites by reverse-phase HPLC 

The metabolites produced from CYP2R1 or CYP27A1 action on vitamin D3 or 

20(OH)D3 were analysed using a Perkin Elmer HPLC system (Flexar Binary Pump 

Series 200) with a UV detector set at 265 nm, equipped with a C18 column (Grace 

Alltima, 25 cm ´ 4.6 mm, particle size 5 µm). The HPLC method used consisted of an 

initial 64 – 100% methanol in water gradient for 15 min, followed by 100% methanol for 

40 min, at a flow rate of 0.5 mL/min. To confirm product identity in a different solvent 

system, acetonitrile was used consisting of an initial 45 – 100% acetonitrile in water 

gradient for 30 min, followed by 100% acetonitrile for 35 min, at a flow rate of 

0.5 mL/min. Metabolite peaks were integrated and their amounts calculated from their 

percentage conversion from substrate and the initial substrate concentration (142). Where 

appropriate, kinetic parameters determined by fitting the Michaelis-Menten equation to 

the data (Kaleidagraph, Synergy software), as before (142).  

 

4.3. Results 

4.3.1. Characterisation of expressed CYP2R1 

Human CYP2R1 was expressed in E. coli with the N-terminal transmembrane sequence 

deleted and a His4 tag added to the C-terminus (112). To determine whether CYP2R1 was 

associated with the bacterial membranes, the distribution of CYP2R1 between the 

membrane and cytosol fractions of the E. coli cells was analysed. SDS-PAGE revealed 
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that a band that closely corresponds to the predicted mass of CYP2R1 (54.5 kDa) was 

present in the bacterial cells and in both the membrane and cytosol fractions (Figure 

4.1A). CO-reduced minus reduced difference spectra of the membrane and cytosol 

fractions (Figure 4.1C and D, respectively) confirmed that there was P450 present in both 

fractions. For the cytosol the predominant peak was at 420 nm, representative of 

cytochrome P420 and/or bacterial cytochromes, and caused some inaccuracy in the 

quantitation of the P450 peak. The peak at 450 nm in the membrane fraction was notably 

larger than the 420 nm peak. Based on the peaks at 450 nm, 87.5% of total P450 was 

present in the membrane fraction showing that CYP2R1 interacts with the membrane 

despite the deletion of the N-terminal transmembrane sequence. To ensure that the 

maximal yield of CYP2R1 was achieved, CYP2R1 was purified from CHAPS extracts of 

whole E. coli cells rather than the membrane fraction. 

 

Purification of CYP2R1 once by nickel-affinity chromatography removed the majority of 

unwanted proteins from the crude detergent extract (Figure 4.1B), and the major band at 

58.1 kDa was close to the predicted mass of CYP2R1 (57.5 kDa). Further purification by 

repeating the nickel-affinity chromatography removed most of the contaminating band at 

67.4 kDa. A final purification step by hydrophobic-interaction chromatography using 

octyl-Sepharose largely removed remaining unwanted proteins. CYP2R1 was stable 

throughout the purification with minimal conversion to inactive cytochrome P420 (Figure 

4.1E), and the final yield of purified CYP2R1 was 361 nmol/L culture. 
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Figure 4.1. SDS-PAGE analysis and CO-difference spectra for CYP2R1 expression and 

purification. (A) SDS-PAGE analysis of the membrane and cytosol fractions of E. coli. 

Lane 1: Molecular weight markers. Lane 2: Resuspended cell pellet (5 µg). Lane 3: 

Membrane fraction (5 µg). Lane 4: Cytosol fraction (5 µg). Lane 5: CYP2R1 purified 

twice by Ni-affinity chromatography, followed by hydrophobic chromatography on 

octyl-Sepharose. (B) SDS-PAGE analysis of the CYP2R1 purification. Lane 1: CYP2R1 

(0.25 µg) purified twice by Ni-affinity chromatography, followed once by hydrophobic 

chromatography on octyl-Sepharose. Lane 2: CYP2R1 (0.25 µg) purified twice by Ni-

affinity chromatography. Lane 3: CYP2R1 (0.25 µg) purified once by Ni-affinity 

chromatography. Lane 4: E. coli cell CHAPS extract (2.5 µg) before purification. Lane 

5: Molecular weight markers. (C) CO-reduced minus reduced difference spectrum of the 

membrane fraction (see section 4.2.2.). (D) CO-reduced minus reduced difference 

spectrum of the cytosol fraction. (E) CO-reduced minus reduced difference spectrum of 

the final purified CYP2R1. 
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4.3.2. Metabolism of vitamin D3 by CYP2R1 

We investigated three different assay systems for the addition of substrates to CYP2R1, 

via stock solutions in ethanol or HP-b-CD, or incorporated into the membrane of 

phospholipid vesicles, all previously used in assays of the activities of P450s 

(83,112,120,129,142,148,175-177). Vitamin D3 was metabolised to a single product in 

all three assay systems, identified as 25(OH)D3 (as expected) by comparison of its HPLC 

retention time to authentic standard. Addition of vitamin D3 from an ethanol stock, as 

employed in previous studies on CYP2R1 (112,114), displayed the highest conversion to 

25(OH)D3, while addition from HP-b-CD displayed the lowest (Figure 4.2A). Although 

conversion of vitamin D3 to 25(OH)D3 was lower from phospholipid vesicles compared 

to ethanol, phospholipid vesicles were used to further characterise CYP2R1 as they mimic 

the natural environment of the P450 within the microsomal membrane, from which they 

access their hydrophobic substrate (70). Also, it is well-established that vitamin D and its 

hydroxylated products partition greater than 97% into the membrane of phospholipid 

vesicles (22,83,142). We examined the activity of CYP2R1 in vesicles of varying 

compositions, including ones containing DOPC and cardiolipin as this system has been 

well-characterised and widely used for assaying other vitamin D-metabolising P450 

enzymes (83,129,142,175), and phosphatidylcholine and phosphatidylethanolamine, the 

two major phospholipids that constitute the microsomal membrane (178). Incubations 

were carried out for 30 min, and the reaction rate was linear over this time period (Figure 

4.3C) The activity of CYP2R1 on vitamin D3 was not significantly different (ANOVA, 

p > 0.05) between vesicles of all phospholipid compositions tested, including those made 

from saturated DMPC (Figure 4.2B). 

 

Cytochrome P450 oxidoreductase (POR) acts as the redox partner for microsomal P450 

enzymes such as CYP2R1, delivering two electrons, one at a time (179). Therefore, we 
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tested the effect of human POR on the ability of CYP2R1 to metabolise vitamin D3 and 

found that a concentration of 1 µM (ratio of 4:1 to CYP2R1), was required to achieve 

maximum activity (Figure 4.2C). Similarly, cytochrome b5 has been shown to serve as an 

alternative electron donor (180-182) for some microsomal P450s such as CYP3A4, or as 

an allosteric modifier for CYP17A1 (183,184). Cytochrome b5 is known to interact with 

the microsomal membrane (183), therefore we tested cytochrome b5 concentrations that 

gave ratios to CYP2R1 of up to 3:1, in the presence of phospholipid vesicles. No 

significant effect was observed on the rate of vitamin D3 metabolism (ANOVA, p > 0.05) 

(Figure 4.2D) indicating that cytochrome b5 is not a modulator of CYP2R1 activity. 
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Figure 4.2. The effect of the assay system, phospholipid composition, human POR 

concentration and cytochrome b5 on CYP2R1 activity. Incubations were carried out with 

0.25 µM CYP2R1 at 37°C, and products were extracted and analysed by reverse-phase 

HPLC using a 64 – 100% methanol in water gradient for 15 min, then 100% methanol 

for 40 min. Data are presented as mean ± SD for three replicates. (A) Comparison of 

reconstituted assay systems for CYP2R1. Vitamin D3 was added from a stock ethanol 

solution to a final concentration of 50 µM (2% ethanol) or added from a stock of 4.5% 

HP-b-CD to a final concentration of 50 µM (0.45% HP-b-CD), or incorporated into 

phospholipid vesicles (510 µM phospholipid, 0.1 mol/mol PL). Incubations were carried 

out for 40 min with 1 µM POR. The statistical significance of differences were evaluated 

by Tukey’s HSD test where *p < 0.05, **p < 0.01, ***p < 0.001, and one-way ANOVA 

as shown on the panel. (B) Effect of phospholipid composition on CYP2R1 activity. 

Vitamin D3 was incorporated into vesicles of differing compositions (section 4.2.5) and 

incubated with CYP2R1 for 30 min with 1 µM POR. (C) Effect of POR concentration on 

CYP2R1 activity. The reactions with vitamin D3 in vesicles (0.04 mol/mol PL) were 

started with various concentrations of POR and carried out for 30 min. (D) Effect of 

cytochrome b5 on CYP2R1 activity. The reactions with vitamin D3 (0.1 mol/mol PL) 

were started with POR (1 µM) in the presence or absence of cytochrome b5, and carried 

out for 30 min.  
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4.3.3. Metabolism of 20(OH)D3 by CYP2R1 

20(OH)D3, a product of CYP11A1 action on vitamin D3 present in serum, acts as a biased 

agonist on the VDR with low calcaemic activity but strong effects on cell proliferation, 

differentiation and the immune system (see section 1.4). We therefore tested the ability 

of CYP2R1 to metabolise this substrate. Incubation of 20(OH)D3 with CYP2R1 followed 

by extraction and analysis by HPLC showed formation of a single product (Figure 4.3A 

and B). This product was identified as 20,25(OH)2D3 by comparison of its retention time 

to authentic standard, followed by spiking with standard in a different HPLC solvent 

system (Figure 4.3D – F). Triton X-100 was used to solubilise POR from the E. coli 

membrane, and is observed as a peak with a longer retention time than that of 

20,25(OH)2D3 when analysed using a methanol-water system (Figure 4.3A and B). The 

concentration of Triton X-100 in the purification of POR was reduced from 1% to 0.025% 

(174), however some was necessary to maintain the solubility of POR. It should be noted 

that other possible 20(OH)D3-derived products such as 20,24R(OH)2D3, 20,24S(OH)2D3 

and 20,26(OH)2D3 all elute with equivalent or similar rentention times than 

20,25(OH)2D3 in a methanol-water system. Thus, the Triton X-100 peak would not 

obscure their presence. Comparison of the time course for metabolism of vitamin D3 and 

20(OH)D3 by CYP2R1 revealed that both were approximately linear for 30 min, with 

2.6-fold higher activity being seen with vitamin D3 at the substrate concentration used 

(Figure 4.3C).  

 

Another major metabolite produced by the action of CYP11A1 on vitamin D3, 

20,23(OH)2D3 (115,116), also displays biological activity (38,119), acting via nuclear 

receptors, VDR, RORa, RORg, and most recently, the aryl hydrocarbon receptor (AhR) 

(discussed further in Chapter 6) (128,132). We therefore tested the ability of CYP2R1 to 

metabolise 20,23(OH)2D3, however no product above background was detected (not 
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shown). The ability of CYP2R1 to 25-hydroxylate the 1a-hydroxyderivative of 

20(OH)D3, 1,20(OH)2D3, was also tested. A very small amount of product whose 

retention time corresponded to that of 1,20,25(OH)3D3 was detected (not shown), 

however it was insufficient for further characterisation.  
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Figure 4.3. HPLC analysis and time course for metabolism of 20(OH)D3 by CYP2R1. 

20(OH)D3 or vitamin D3 (0.1 mol/mol PL) was incubated with 0.25 µM CYP2R1, and 

the reactions started with 1 µM POR. Products were extracted and analysed by reverse-

phase HPLC. (A, B) Zero-time control and test, respectively, for the metabolism of 

20(OH)D3 by CYP2R1 after 60 min. The extract was analysed by reverse-phase HPLC 

using a 64 – 100% methanol in water gradient for 15 min, followed by 100% methanol 

for 30 min, at 0.5 mL/min. The Triton X-100 peak originates from purified POR. (C) 

Time course for the metabolism of 20(OH)D3 and vitamin D3 by CYP2R1. Products 

were analysed as for (A) and (B) except the 100% methanol step was extended to 40 min. 

(D, E, F) Further identification of the major product from CYP2R1 action on 20(OH)D3 

collected from the methanol-water system (B), was carried out in a different solvent 

system comprising 45 – 100% acetonitrile in water for 30 min, followed by 100% 

acetonitrile for 35 min, at 0.5 mL/min. (D) 20,25(OH)2D3 standard. (E) Major product 

collected from (B) corresponding to RT of authentic 20,25(OH)2D3. (F) Major product 

collected from (B) spiked with 20,25(OH)2D3 standard. 

 



CHAPTER FOUR 
 
 
 

	 100 

4.3.4. Comparison of kinetics for secosteroid metabolism by CYP2R1 and CYP27A1 

CYP2R1 and CYP27A1 are known to hydroxylate vitamin D3 at C25, with the latter 

originally thought to be the major vitamin D 25-hydroxylase (75,109,137) before more 

recent genetic studies implicated CYP2R1 as the major 25-hydroxylase (111). We 

therefore compared the ability of human CYP27A1 and CYP2R1 to metabolise vitamin 

D3 under identical conditions in a membrane environment. CYP2R1 converted vitamin 

D3 to 25(OH)D3 with a Km of 0.017 ± 0.003 mol/mol PL and a kcat of 0.25 ± 0.01 min-1 

(Figure 4.4A), while CYP27A1 metabolised vitamin D3 with a Km of 

0.65 ± 0.15 mol/mol PL and kcat of 0.56 ± 0.08 min-1 (Figure 4.4B). CYP2R1 therefore 

displays 17-fold higher catalytic efficiency (kcat/Km) as compared to CYP27A1 

(14.7 mol PL.mol-1.min-1 versus 0.86 mol PL.mol-1.min-1, respectively), due to its very 

much lower Km in the membrane environment. As CYP2R1 also metabolises 20(OH)D3 

(section 4.3.3), the kinetic parameters for the conversion of 20(OH)D3 to 20,25(OH)2D3 

were also examined with CYP2R1 displaying a Km of 0.0026 ± 0.0006 mol/mol PL and 

kcat of 0.035 ± 0.001 min-1 (Figure 4.4A). Both the Km and kcat for this conversion were 

lower than that for the hydroxylation of vitamin D3 so the overall catalytic efficiencies 

(kcat/Km) for these conversions, 13.5 versus 14.7 mol PL.mol-1.min-1, respectively, are 

similar. 
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Figure 4.4. Kinetic analysis of the metabolism of vitamin D3 and 20(OH)D3 by CYP2R1 

and vitamin D3 by CYP27A1. Vitamin D3 and 20(OH)D3 were incorporated into 

phospholipid vesicles and incubated with 0.25 µM CYP2R1 for 30 min or 0.2 µM 

CYP27A1 for 10 min. The products were extracted and analysed as for Figures 4.2 and 

4.3. The Michaelis-Menten equation was fitted to experimental data from a representative 

experiment using Kaleidagraph (Synergy software, version 4.5.2). (A) Comparison of 

kinetics for the metabolism of vitamin D3 and 20(OH)D3 by CYP2R1. (B) Kinetics for 

the metabolism of vitamin D3 by CYP27A1. 

 

4.4. Discussion 

The initial 25-hydroxylation step of vitamin D3 activation is well-known to occur in the 

liver, with mitochondrial CYP27A1 originally thought to be the major P450 enzyme 

physiologically responsible for catalysing this reaction (75,185). However, genetic 
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studies revealed that a mutation in the CYP2R1 gene caused a loss of 25-hydroxylase 

activity, resulting in patients presenting with low 25(OH)D3 levels (109-111). This, plus 

the observation that CYP27A1 mutations do not cause symptoms of vitamin D deficiency 

(76), indicate that CYP2R1 is the physiologically important vitamin D 25-hydroxylase. 

In our study, we compared the ability of purified CYP2R1 and CYP27A1 to metabolise 

vitamin D3 in an identical system of phospholipid vesicles. This revealed that CYP2R1 

had a kcat half that of CYP27A1 but a Km 38-times lower, giving CYP2R1 a 17-fold higher 

catalytic efficiency (kcat/Km) over CYP27A1 for 25-hydroxylation of vitamin D3. This 

result further supports that CYP2R1 and not CYP27A1 is the major 25-hydroxylase in 

humans. This is also in general agreement with another study where a comparison of 

activities was done under non-identical conditions (114); catalytic activity of CYP2R1 

was measured using microsomes isolated from yeast, while activity of CYP27A1 was 

measured in E. coli membranes (discussed further in Chapter 6). It should also be noted 

that CYP27A1 acts on cholesterol and bile acids such as 5b-cholestane-3a,7a,12a-triol 

in the liver (186). CYP27A1 metabolises 5b-cholestane-3a,7a,12a-triol with a 29-fold 

higher catalytic efficiency (Vmax/Km) than cholesterol (187), and cholesterol with a 5.3-

fold higher catalytic efficiency than vitamin D3 (129). Thus 5b-cholestane-3a,7a,12a-

triol and cholesterol are preferred substrates that will efficiently compete with vitamin 

D3 for binding to the enzyme, further reducing its ability to produce 25(OH)D3. In 

contrast, CYP2R1 has high substrate specificity with only vitamins D2 and D3 (and 

20(OH)D3 as discussed below) as known endogenous substrates (112,114). As CYP27A1 

is expressed in various tissues other than liver, such as the skin (137), it may contribute 

to local production of 25(OH)D3 at these sites, where bile acid synthesis does not occur. 

 

Mammalian cytochromes P450 are membrane-bound proteins with their catalytic 

domains open to the hydrophobic region of the phospholipid from which they access 
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hydrophobic substrates such as vitamin D (70). Microsomal P450s have a transmembrane 

anchor at the N-terminus plus a second site of hydrophobic binding primarily involving 

the A’-, F’- and G’-helices and the F-G loop, at the perimeter of the substrate access 

channel (70,188). The CYP2R1 used in this study and another (112) has the N-terminal 

domain deleted but our results show that it is still predominantly associated with the 

bacterial membrane fraction, presumably by this second site (112). Consistent with this, 

our study shows that the expressed CYP2R1 construct can use vitamin D3 within the 

membrane of phospholipid vesicles, with good adherence to Michaelis-Menten kinetics. 

While we cannot exclude that the activity of the CYP2R1 on vesicle-associated substrate 

is influenced by the lack of the N-terminal anchor, the vesicle system does provide a 

model that can be experimentally manipulated, that resembles the endoplasmic reticulum. 

Such a model has been used extensively with mitochondrial P450s which do not have an 

N-terminal membrane anchor (83,129,142,175). It should be noted that it has previously 

been shown that vitamin D and its hydroxyderivatives strongly partition (>97%) into the 

membrane of phospholipid vesicles (83), thus providing a direct source of substrate to the 

access channel of the P450.  

 

The phospholipid vesicles primarily used in this study comprised DOPC and cardiolipin, 

extensively employed in the study of mitochondrial P450s that metabolise various forms 

of vitamin D (83,129,142). Unlike mitochondrial P450s such as CYP11A1 (189) and 

CYP27B1 (175) where the phospholipid composition markedly influenced catalytic 

activity, varying the phospholipid composition of vesicles had little effect on CYP2R1 

activity. Activities were similar in membranes resembling microsomes (DOPC and 

DOPE) (178), or resembling mitochondria (DOPC and cardiolipin), or with completely 

saturated acyl chains (DMPC). This may reflect a less hydrophobic interaction between 
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the CYP2R1 construct and the membrane than seen for mitochondrial P450s, the latter 

having a longer F-G loop (67,69). 

 

Microsomal P450s require electrons transferred via NADPH-P450 oxidoreductase (POR) 

and it has previously been shown that POR deficiency results in dysfunctional 

steroidogenesis (190). This study is the first to use human POR to support CYP2R1 

activity in a reconstituted system and it was shown that a concentration of 1 µM was 

sufficient to essentially saturate the CYP2R1, and corresponded to a POR to CYP2R1 

ratio of 4:1. Cytochrome b5, which is also associated with the microsomal membrane, can 

deliver electrons to some P450 enzymes, in conjunction with or as an alternative to POR 

(183,190). In some instances, rather than deliver electrons it acts as an allosteric modifier, 

such as for 17,20-lyase activity by CYP17A1 (183,184). We added cytochrome b5 to 

CYP2R1 at ratios of up to 3:1, but no effect on activity was observed. This is consistent 

with a previous report on CYP2R1 metabolism of vitamin D3 carried out in the absence 

of a membrane and without cytochrome b5 (112).  

 

20,25(OH)2D3 has previously been shown to be present in human skin and serum, 

indicating its in vivo production (135). This study shows that CYP2R1 can produce 

20,25(OH)2D3 from 20(OH)D3. Besides CYP2R1, other vitamin D-metabolising P450s 

such as CYP27A1, CYP24A1 and CYP3A4, can also metabolise 20(OH)D3 to 

20,25(OH)2D3. Unlike CYP2R1 they make a range of other products as well, including 

both C24-epimers of 20,24(OH)2D3 for CYP24A1 and CYP3A4 (see Chapter 3), and 

20,26(OH)2D3 for CYP27A1 (120,129,148,177). CYP2R1 displays a Km for 20(OH)D3 

that is 12-fold lower than any of these other CYPs that convert 20(OH)D3 to 

20,25(OH)2D3 and may therefore be the most important in vivo, where 20(OH)D3 

concentrations are low compared to vitamin D3 and 25(OH)D3 (135). It should be noted 
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that 25(OH)D3 is not a substrate for CYP11A1, so 20,25(OH)2D3 cannot be made from 

25(OH)D3 (116). 20,25(OH)2D3 has been shown in other studies to act via the VDR, 

displaying anti-proliferative effects with higher potency than 20(OH)D3, and recent 

molecular modelling studies predict binding of 20,25(OH)2D3 to the RORs and AhR, 

which is discussed further in Chapter 6.  
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5. Metabolism of 20(OH)D3 by Huh7 cells 

5.1. Introduction 

The characterisation of 20-hydroxyvitamin D3 metabolism by human liver microsomes 

and the respective microsomal cytochrome P450 enzymes likely to be responsible for 

catalysing these reactions have been detailed in previous chapters. CYP3A4 appears to 

be the major microsomal P450 enzyme contributing to 20(OH)D3 metabolism, at least at 

high concentrations of 20(OH)D3, with CYP3A4 inhibition causing a marked, but not 

complete, reduction in metabolites produced by microsomes (see Chapter 3). CYP3A4 

metabolises 20(OH)D3 to three major products, 20,24R(OH)2D3, 20,24S(OH)2D3 and 

20,25(OH)2D3 (177). Microsomal CYP2R1 also contributes to the formation of 

20,25(OH)2D3, being capable of 25-hydroxylating 20(OH)D3 (see Chapter 4). Another 

P450 enzyme, CYP27A1, best known for its role in bile acid synthesis, is expressed in 

liver mitochondria and is also able to metabolise 20(OH)D3 (129). CYP27A1 converts 

20(OH)D3 to 20,25(OH)2D3 and 20,26(OH)2D3 as its two major products. Therefore, we 

wished to explore the possibility of using cultured liver cells to analyse the metabolism 

of 20(OH)D3 by both mitochondrial and microsomal cytochromes P450. 

 

Liver cells can be used as tools in pharmaceutical research for examining drug 

metabolism, toxicity and drug-drug interaction. In particular, primary human hepatocytes 

are considered the ‘gold standard’ for this, however they are scarce and may be in various 

states of differentiation, resulting in differences in the expression of the different drug-

metabolising enzymes. Moreover, limited longevity of the cells in culture limits their use. 

The cell line HepG2 shows high similarity to human hepatocytes in terms of expression 

of cellular proteins. However, it displays low basal levels of P450 expression, requiring 

induction with P450-specific drug inducers. A recently described cell line, HepaRG, has 

been shown to express P450 genes such as CYP1A2, CYP2B6, CYP2C9, CYP2E1, and 
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CYP3A4, which are the major forms also seen in primary human hepatocytes. Kanebratt 

and Andersson (191) showed that the addition of 2% DMSO to the culture medium 

induced differentiation of HepaRG cells, increasing their expression of P450 enzymes, in 

particular CYP3A4, to levels comparable to that in primary human hepatocytes. Thus, the 

HepaRG cell line is a good candidate for drug metabolism studies. However, due to 

licencing restrictions and high cost, this cell line was inaccessible for the current study. 

Therefore, we decided to use Huh7 cells, which have also been used as model 

hepatocytes, to study the metabolism of 20(OH)D3.  

 

Huh7 is a continuous cell line established from a male patient with well-differentiated 

hepatocellular carcinoma (192), and has the potential to be used for drug metabolism 

studies (193). When treated with DMSO, these cells differentiated and maintained their 

differentiated hepatocyte state. When transcript levels of CYP enzymes were analysed, 

they appeared to have increased with differentiation (192,193). As an increase in mRNA 

levels does not always translate to enzyme activity, assays were also carried out to 

determine the activity of known xenobiotic metabolic pathways catalysed by specific 

P450 enzymes, including CYP3A4 (192,193). It was shown that DMSO-treated Huh7 

cells displayed an increase in CYP3A4 activity (192). This suggests that treating Huh7 

cells with DMSO to try to achieve increased expression of CYP3A4 would be worth 

testing, and that Huh7 cells appear to be a suitable system in which to study 20(OH)D3 

metabolism. 

 

CYP27A1 is the only known mitochondrial P450 in liver and can metabolise vitamin D3, 

acting as a 25-hydroxylase (see section 1.3.1). The major physiological role of CYP27A1 

appears to be in bile acid synthesis, where it catalyses the first step in the oxidation of the 

side chain of cholesterol and other bile acid intermediates (186,194,195). Like 
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microsomal CYP3A4, CYP27A1 can also metabolise 20(OH)D3. However, the product 

profile resulting from the metabolism of 20(OH)D3 by these two enzymes differs, with 

CYP27A1 producing 20,25(OH)2D3 and 20,26(OH)2D3, while CYP3A4 produces 

20,25(OH)2D3, 20,24R(OH)2D3 and 20,24S(OH)2D3 (129,177). Thus, 20,26(OH)2D3 

and 20,24S(OH)2D3 appear to be markers to CYP27A1 and CYP3A4 activity, 

respectively. Therefore, analysis of the product profile from metabolism of 20(OH)D3 by 

Huh7 cells, and in particular examining these two metabolites, may give us an indication 

of the relative microsomal and mitochondrial contributions, at least at the relatively high 

substrate concentrations required for HPLC analysis.  

 

5.2. Materials and Methods 

5.2.1. Materials 

The Huh7 cell line used in this study was kindly provided by Prof. George Yeoh (Harry 

Perkins Institute of Research, Perth, Australia) who assisted in this study. Dulbecco’s 

modified Eagle’s medium (DMEM) was also from Harry Perkins Institute of Research. 

Dimethyl sulfoxide (DMSO), testosterone, DL-isocitric acid and dithiothreitol (DTT) were 

from Sigma Aldrich (NSW, Australia). Foetal bovine serum (FBS) was from Bovogen 

Biologicals Pty. Ltd. (Victoria, Australia). 1(OH)D3 was purchased from Cayman 

Chemicals (Michigan, U.S.A.) and 6b-hydroxytestosterone was purchased from 

Steraloids, Inc. (Rhode Island, U.S.A.). Mouse liver mitochondria were prepared as part 

of the same procedure described previously for the isolation of mouse liver microsomes 

(149) (see Chapter 2). Other materials and hydroxyvitamin D3 standards are as described 

in Chapter 2, section 2.2.1. 

 



CHAPTER FIVE 
 
 
 

	 111 

5.2.2. Metabolism of 20(OH)D3 by subcellular fractions, supersomes and purified 

hCYP27A1 

The metabolism of 20(OH)D3 by mouse liver mitochondria, human liver microsomes, 

purified human CYP27A1 and supersomes expressing human CYP3A4 was investigated 

using similar procedures. As human liver mitochondria were not commercially available, 

mouse liver mitochondria were used instead for comparison given that CYP27A1 is the 

only known liver mitochondrial P450 in both species and the enzyme from the two species 

exhibits similar properties (81). 20-Hydroxyvitamin D3 (500 µM) was dissolved in 4.5% 

HP-b-CD overnight and diluted 10-fold for use giving 50 µM secosteroid in 0.45% HP-

b-CD for all incubations, with a typical incubation volume of 0.5 mL. 20(OH)D3 (50 

µM) was incubated with mouse liver mitochondria (1.5 mg/mL) in buffer comprising 

0.25 M sucrose, 50 mM HEPES sodium salt (pH 7.4), 20 mM KCl, 5 mM MgSO4 and 

0.2 mM EDTA. The incubation was supplemented with 0.5 mM NADPH as cofactor, and 

5 mM isocitrate. The assay with human liver microsomes (1.5 mg/mL) was carried out in 

buffer identical to that used with mouse liver mitochondria, with a cofactor and 

regeneration system comprising 2 mM glucose-6-phosphate, 2 U/mL glucose-6-

phosphate dehydrogenase and 0.5 mM NADPH, as in section 3.2.3. The assay of 

20(OH)D3 (50 µM) with purified CYP27A1 (0.5 µM) was carried out in buffer 

comprising 20 mM HEPES acid (pH 7.4), 100 mM NaCl, 0.1 mM EDTA, 0.1 mM DTT, 

along with human adrenodoxin reductase (0.4 µM), human adrenodoxin (15 µM), 

glucose-6-phosphate (2 mM), glucose-6-phosphate dehydrogenase (2 U/mL) and 

NADPH (0.05 mM). 20(OH)D3 (50 µM) was incubated with CYP3A4 supersomes 

(60 nM) in buffer comprising 50 mM potassium phosphate (pH 7.4), 3.3 mM MgSO4, 

with a cofactor and regeneration system comprising 2 mM glucose-6-phosphate, 2 U/mL 

glucose-6-phosphate dehydrogenase and 0.5 mM NADPH, as in section 3.2.2.  
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Tubes containing all components except CYP3A4 supersomes, human liver microsomes, 

human adrenodoxin (for CYP27A1 assays) or NADPH/isocitrate (for mouse liver 

mitochondria assays) were preincubated for 7 min at 37°C, then reactions were started 

with these respective components and carried out for 30 min in a 37°C shaking water 

bath. Reactions were stopped by the addition of 2.5 vol ice-cold dichloromethane, then 

tubes were centrifuged at 670 ´ g for 10 min. Products were extracted as described 

previously in Chapters 2, 3 and 4. The combined extracts were dried under nitrogen gas 

at 30°C and dissolved in the solvent required for HPLC analysis, and stored at -20°C. 

 

5.2.3. Preparation of Huh7 cells 

The Huh7 cells were grown in a T75 flask in standard DMEM containing 1 g/L glucose, 

3.7 g/L sodium bicarbonate and 10% foetal bovine serum (FBS), at 37°C in an 

atmosphere of 5% CO2. At 85% confluence, cells were plated on 60 or 100 mm dishes, 

as required. Once confluent (~ 3 days), standard DMEM was replaced with DMEM 

containing various concentrations of DMSO (see below) to induce differentiation and 

expression of P450 enzymes.  

 

5.2.4. Huh7 cell growth and assay conditions 

Initial optimisation of Huh7 growth conditions was done by Prof George Yeoh, an expert 

liver cell biologist (Liver Disease and Carcinogenesis Laboratory, Harry Perkins Institute 

of Medical Research and the University of Western Australia Centre for Medical 

Research, Nedlands, Australia). The Huh7 cells were initially treated with DMEM 

containing 1% DMSO for 7 days before assay to allow sufficient time for induction of 

differentiation and initiation of expression of P450 enzymes, to compare to the results of 

Choi et al. (192) who cultured for up to 20 days following DMSO treatment. However, 

the high concentration of DMSO and length of time exposed to DMSO appeared to be 
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detrimental for cell growth as judged by Professor Yeoh, therefore 0.5% and 0.4% DMSO 

concentrations were also trialled. The maximum level of DMSO that gave healthy cells 

was 0.4% in the DMEM culture media for a culture time of three days in 100 mm dishes. 

Post-DMSO treatment, the Huh7 cells growth medium was replaced with 4 mL DMEM 

containing the appropriate substrate (50 µM) added from a DMSO stock to a final DMSO 

concentration of 0.4%. Cultures were further incubated for 24 h at 37°C in an atmosphere 

of 5% CO2. Substrates tested with Huh7 cells included testosterone, 20(OH)D3 and 

1(OH)D3. After 24 h, the 100 mm dishes were scraped and cells transferred to a 35 mL 

ground glass tube, then 20 mL ice-cold dichloromethane was added to disrupt the cells 

and extract the lipid fraction. After mixing, the tubes were centrifuged at 670 ´ g for 10 

min. The lower organic phase containing the metabolites was removed and retained. 

Extraction of the upper aqueous phase was repeated another five times each with 20 mL 

dichloromethane and the extracts combined. The extracts were then completely dried 

under nitrogen gas at 30°C and dissolved in solvent for HPLC analysis and stored at -

20°C. Large-scale incubations to produce enough metabolites for identification required 

three 100 mm dishes of cells to be pooled and extracted.  

 

5.2.5. Analysis of extracted metabolites by HPLC 

The metabolites produced by Huh7 cells were analysed on a C18 column (Grace Alltima, 

250 ´ 4.5 mm, particle size 5 µm) using a Perkin Elmer HPLC system (Flexar Binary 

Pump Series 200) with a UV detector set at 265 nm for vitamin D derivatives and 242 nm 

for testosterone derivatives. The HPLC method used for analysing testosterone 

derivatives consisted of an initial 30 – 75% acetonitrile in water gradient for 25 min, 

followed by a 75 – 100% acetonitrile in water gradient for 10 min, then 100% acetonitrile 

for 10 min, at a flow rate of 0.5 mL/min. The HPLC method used for analysing vitamin 

D derivatives consisted of a 45 – 100% acetonitrile in water gradient for 30 min, followed 
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by 100% acetonitrile for 35 min, or for 45 min when 1(OH)D3 was used as an internal 

standard, at a flow rate of 0.5 mL/min. 

 

5.2.6. Rechromatography of the metabolites produced from 20(OH)D3 incubation with 

Huh7 cells to further confirm their identities 

Incubation of 20(OH)D3 with Huh7 cells resulted in a number of metabolites being 

produced, which were identified by comparison of their retention times to those of 

authentic standards such as 20,24R(OH)2D3, 20,24S(OH)2D3, 20,25(OH)2D3 and 

20,26(OH)2D3. The mobile phase for HPLC was a 45 – 100% acetonitrile in water 

gradient as described above. The eluate was collected from the C18 column from 27 – 42 

min, a range that contained the products of interest. This was then re-analysed on the C18 

column using a 30 – 100% acetonitrile in water gradient for 40 min, followed by 100% 

acetonitrile for 15 min, as this gave separation of the major products closer-to-baseline 

than for the original gradient. 

 

5.3. Results 

5.3.1. Metabolism of testosterone by Huh7 cells 

Treatment with 1% DMSO has previously been reported to induce the differentiation of 

Huh7 cells thus increasing the expression of phase I drug-metabolising enzymes such as 

CYP3A4 (192). However, we found that 1% DMSO was detrimental to cell growth and 

survival and instead found the maximal DMSO concentration for growing Huh7 cells to 

be 0.4% for a culture time of three days. The Huh7 cells were therefore grown to 

confluency, then treated with 0.4% DMSO for three days prior to adding substrates, to 

allow for differentiation and induction of the expression of P450s. Testosterone is a well-

known marker substrate for CYP3A4, which catalyses its 6b-hydroxylation (196). 

Testosterone was therefore used as a substrate to confirm the presence of CYP3A4 
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activity. DMSO-treated Huh7 cells metabolised testosterone to the expected 6b-

hydroxytestosterone. An unidentified peak with a slightly longer retention time to 

testosterone in the no substrate control (likely from the serum) was also observed in the 

test incubation, although bigger. The product, 6b-hydroxytestosterone, was identified by 

comparison of its retention time to that of authentic 6b-hydroxytestosterone (Figure 5.1). 

Unexpectedly, the amount of 6b-hydroxytestosterone produced by Huh7 cells was 1.4 

times lower for the DMSO-treated cells compared to non-DMSO-treated cells, which was 

also observed in a repeat experiment, indicating a lack of induction of the expression of 

CYP3A4.  
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Figure 5.1. HPLC analysis of products from the metabolism of testosterone by DMSO-

treated Huh7 cells. Testosterone (50 µM) was incubated with DMSO-treated Huh7 cells 

in a final volume of 5 mL, for 24 h at 37°C with 5% CO2. The products were extracted 

and analysed on a C18 column with the UV detector set at 242 nm, using a gradient of 

30 – 75% acetonitrile in water for 25 min, followed by 75 – 100% acetonitrile in water 

for 10 min, then 100% acetonitrile for 10 min, at a flow rate of 0.5 mL/min. (A) No 

substrate control, DMEM and 1% FBS were incubated for 24 h under identical conditions 

to the test, then extracted and analysed. (B) Metabolism of testosterone by DMSO-treated 

Huh7 cells. 

 

5.3.2. Metabolism of 1(OH)D3 by Huh7 cells 

To determine whether DMSO-treatment influenced mitochondrial CYP27A1 activity, 

1(OH)D3 was used as a substrate, which CYP27A1 metabolises to 1,25(OH)2D3 (197). 

1(OH)D3 was metabolised by Huh7 cells to the expected 1,25(OH)2D3 identified by 

comparison of its retention time to authentic 1,25(OH)2D3 (Figure 5.2), as well as a 

number of minor unidentified products. Production of 1,25(OH)2D3 was approximately 
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double in DMSO-treated Huh7 cells (0.72 nmol/plate) compared to non-DMSO-treated 

control cells (0.35 nmol/plate). It therefore appears that the DMSO-treatment may have 

increased the level of CYP27A1 in cells or perhaps their mitochondrial content. However, 

specific induction of CYP2R1, which can also convert 1(OH)D3 to 1,25(OH)2D3 (114), 

cannot be ruled out, but given the lack of induction of CYP3A4, this seems less likely 

(see Chapter 6). 

 

Figure 5.2. HPLC analysis of products from the metabolism of 1(OH)D3 by DMSO-

treated Huh7 cells. 1(OH)D3 (50 µM) was incubated with 0.4% DMSO-treated Huh7 

cells in a final volume of 5 mL, for 24 h at 37°C with 5% CO2. 20(OH)D3 (10 nmol) as 

an internal standard was added at the end of incubation and products were extracted and 

analysed on a C18 column with the UV detector set at 265 nm, 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. (A) No substrate control, DMEM and 1% FBS were incubated 

for 24 h under identical conditions to the test incubation, then extracted and analysed. 

(B) Metabolism of 1(OH)D3 by DMSO-treated Huh7 cells. 
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5.3.3. Metabolism of 20(OH)D3 by Huh7 cells 

Despite the lack of induction of CYP3A4 in Huh7 cells treated with DMSO for 3 days, it 

was decided to go ahead and test for their ability to metabolise 20(OH)D3. Due to the 

requirement for a large number of cells to detect and identify products, only test cells 

treated for 3 days with 0.4% DMSO, were used in these experiments with 20(OH)D3. 

20(OH)D3 was metabolised to numerous products that were not seen in the no-cells 

control (Figure 5.3). Background noise was high, due at least in part to the many peaks 

seen in the no-cell control. Their retention times in the test incubation were compared to 

those of a mixture of authentic standards of known CYP metabolites of 20(OH)D3 

(Figure 5.4). These standards included 20,24R(OH)2D3, 20,24S(OH)2D3, 20,25(OH)2D3 

and 20,26(OH)2D3, which have been previously shown to be produced by CYP27A1, 

CYP3A4, or CYP2R1 action on 20(OH)D3. To help confirm the identities of products, 

the cell extract was then spiked with the authentic standards and peaks corresponding to 

20,24S(OH)2D3, 20,25(OH)2D3 and 20,26(OH)2D3 increased in size, while the peak 

corresponding to 20,24R(OH)2D3 standard eluted separately from the peaks of the Huh7 

cell extract indicating that it was not present (Figure 5.4C). Thus, 20,24S(OH)2D3, 

20,25(OH)2D3 and 20,26(OH)2D3 were tentatively identified as products of 20(OH)D3 

metabolism by Huh7 cells. 20,24S(OH)2D3 is a product uniquely produced by 

microsomal CYP3A4 action on 20(OH)D3 (177), while 20,26(OH)2D3 is a product 

predominantly produced in liver mitochondria by CYP27A1 action on 20(OH)D3 (see 

Chapter 6) (129), indicating both microsomal and mitochondrial contributions to 

20(OH)D3 metabolism.  

  



CHAPTER FIVE 
 
 
 

	 119 

 

Figure 5.3. HPLC analysis of products from the metabolism of 20(OH)D3 by DMSO-

treated Huh7 cells. 20(OH)D3 (50 µM) was incubated with 0.4% DMSO-treated Huh7 

cells in a final volume of 5 mL, for 24 h at 37°C with 5% CO2. 1(OH)D3 (10 nmol) was 

added as an internal standard at the end of incubation and products were extracted and 

analysed on a C18 column with the UV detector set at 265 nm, 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. (A) No cells control, 20(OH)D3, DMEM and 1% FBS were 

incubated for 24 h under identical conditions, then extracted and analysed. (B) 

Metabolism of 20(OH)D3 by Huh7 cells. 
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Figure 5.4. Identification of products from metabolism of 20(OH)D3 by DMSO-treated 

Huh7 cells. The eluate containing products from metabolism of 20(OH)D3 by Huh7 cells 

was collected from 27 – 42 min from previous HPLC analysis (as in Figure 5.3) and re-

injected on the C18 column and analysed using a gradient of 30 – 100% acetonitrile in 

water for 40 min, followed by 100% acetonitrile for 15 min, at a flow rate of 0.5 mL/min. 

(A) Authentic standards of known 20(OH)D3 metabolites. (B) Extract from the 

incubation of 20(OH)D3 with DMSO-treated Huh7 cells, with retention times labelled 

for peaks that correspond to known 20(OH)D3 metabolites. (C) Huh7 cell incubation 

extract spiked with authentic standards of known 20(OH)D3 metabolites, with retention 

times of peaks and standards labelled. 
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The ratios for production of 20,25(OH)2D3, 20,26(OH)2D3 and 20,24S(OH)2D3 were 1: 

2.3: 2.1, respectively (Table 1). Given that the liver mitochondrial and microsomal P450s 

previously shown to act on 20(OH)D3 are primarily 25-hydroxylases, the low ratio of 

20,25(OH)2D3 to the other two products is surprising. However, the amount of 

metabolites produced was low against a noisy background, making accurate quantitation 

difficult. Nevertheless, the synthesis of 20,24S(OH)2D3 can be attributed to microsomes 

(CYP3A4) since it is not made by CYP27A1, while 20,26(OH)2D3 is a minor product of 

microsomes but a major product of mitochondria, suggesting mitochondria are most 

likely responsible for its synthesis (see Chapter 6).  

 

5.3.4. Comparison of metabolism of 20(OH)D3 between the various in vitro systems 

The metabolism of 20(OH)D3 by purified CYP27A1, CYP3A4 supersomes, mouse liver 

mitochondria and human liver microsomes was measured simultaneously in an attempt 

to attribute the specific production of the derivatives to the respective organelle. 

Metabolism of 20(OH)D3 by purified CYP27A1 produced two major products, 

previously identified as 20,25(OH)2D3 and 20,26(OH)2D3, as well as several minor 

products (Figure 5.5A) previously reported by Tieu et al. (129). 20(OH)D3 was 

metabolised by mouse liver mitochondria to similar products seen with human CYP27A1 

(liver mitochondrial enzyme) such as 20,25(OH)2D3 and 20,26(OH)2D3 and several other 

unidentified products (Figure 5.5B). We also identified 20,24R(OH)2D3 as an additional 

product made by CYP27A1 as well as by liver mitochondria, based on its retention time 

compared to the standard (Table 5.1).  
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Figure 5.5. Metabolism of 20(OH)D3 by 

purified human CYP27A1, mouse liver 

mitochondria, CYP3A4 supersomes, 

human liver microsomes and DMSO-

treated Huh7 cells. 20(OH)D3 (50 µM) 

was incubated with the respective systems 

for 30 min at 37°C and analysed on a C18 

column with a 45 – 100% acetonitrile in 

water gradient for 35 min, followed by 

100% acetonitrile for 35 or 45 min, at a 

flow rate of 0.5 mL/min. Asterisks indicate 

peaks that were observed in the controls. 

(A) 20(OH)D3 metabolism by CYP27A1. 

(B) 20(OH)D3 metabolism by mouse liver 

mitochondria. (C) 20(OH)D3 metabolism 

by CYP3A4 supersomes. (D) 20(OH)D3 

metabolism by human liver microsomes. 

(E) 20(OH)D3 metabolism by Huh7 cells, 

using 1(OH)D3 as an internal standard.  
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Table 5.1. Retention times of metabolites produced from the metabolism of 20(OH)D3 

by various in vitro systems. Typical data presented are from a representative experiment. 

 
Retention Time of Metabolites (min) 

20,25(OH)2D3 20,26(OH)2D3 20,24R(OH)2D3 20,24S(OH)2D3 

CYP27A1 26.94 28.63 29.25 - 

CYP3A4 26.92 - 29.06 31.17 

Mouse liver 
mitochondria 26.94 28.64 29.09 - 

Human liver 
microsomes 26.94 28.64 29.09 31.18 

Huh7 Cells 26.92 28.49 29.26 31.26 
NB: Retention times were measured in the same experiment except for products from Huh7 cells. 

 

Metabolism of 20(OH)D3 by liver microsomal CYP3A4 has previously been shown to 

produce 20,25(OH)2D3, 20,24R(OH)2D3 and 20,24S(OH)2D3 (177) (see Chapter 3). This 

analysis was repeated simultaneously with that of the metabolism of 20(OH)D3 by human 

liver microsomes to enable direct comparison. It produced the expected profile with the 

amount of each product decreasing in the same order as their elution (Figure 5.5C). 

Similarly, these products were also seen in the metabolism of 20(OH)D3 by human liver 

microsomes at similar ratios (Figure 5.5D, Table 5.2) (see section 3.3.2), a strong 

indication of CYP3A4 action. Human liver microsomes also metabolised 20(OH)D3 to 

20,26(OH)2D3 (Figure 5.5D), as described in Chapter 3.  

 

The metabolism of 20(OH)D3 by the Huh7 cells resulted in numerous products, with 

20,25(OH)2D3, 20,26(OH)2D3 and 20,24S(OH)2D3 being tentatively identified among 

these products, indicating both microsomal and mitochondrial contribution. However, the 

ratios of 20,25(OH)2D3, 20,26(OH)2D3 and 20,24S(OH)2D3 (1: 2.3: 2.1) in the Huh7 cell 

extracts did not correlate to ratios observed for either CYP27A1 or CYP3A4 (see Table 

5.2). The amount of metabolites produced was low making accurate quantitation difficult. 
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Also, peaks that appeared in the control where cells were omitted from the incubation, 

were not consistently seen in the test incubation with cells, and the test appeared to have 

additional peaks not identified or seen in the control. However, as mentioned earlier, the 

synthesis of 20,24S(OH)2D3 can be attributed to microsomes (CYP3A4) since it is not 

made by CYP27A1, while 20,26(OH)2D3 is a minor product of microsomes but a major 

product of mitochondria, suggesting mitochondria are most likely responsible for its 

synthesis. 

 

Table 5.2. Ratios of metabolites produced from 20(OH)D3 metabolism by various in 

vitro systems. Data are presented from a representative experiment. 

 
Ratios 

20,25(OH)2D3 20,26(OH)2D3 20,24R(OH)2D3 20,24S(OH)2D3 

CYP27A1 1 0.93 0.19 - 

CYP3A4 1 - 0.43 0.068 

Mouse liver 
mitochondria 1 1.35 1.35 - 

Human liver 
microsomes 1 0.22 0.59 0.095 

Huh7 cells 1 2.3 - 2.1 

NB: Ratio of metabolites were measured in the same experiment except for products from Huh7 cells. 

 

5.4. Discussion 

Huh7 cells reportedly have the potential to be used in drug metabolism studies as it has 

previously been shown that culturing Huh7 cells in DMSO induces differentiation and 

increases expression of phase I drug-metabolising enzymes which include P450s (192). 

However, we found that when grown in the presence of 1% DMSO for lengths of up to a 

week, cells would not survive and therefore the final DMSO concentration used to culture 
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cells was reduced to 0.4%, and treatment for only a maximum of three days was possible 

before the cells started detaching.  

 

The metabolism of testosterone to 6b-hydroxytestosterone in microsomes is commonly 

used as a marker for CYP3A4 activity and was used as an indication of induction of 

CYP3A4 expression and thus microsomal activity in DMSO-treated Huh7 cells. We 

found that production of 6b-hydroxytestosterone in cells treated with 0.4% DMSO for 

three days was 1.4 times less than in non-DMSO-treated cells, indicating a lack of 

induction of CYP3A4 expression. CYP27A1 which is abundant in liver mitochondria, 

metabolises 1(OH)D3 to 1,25(OH)2D3 and was therefore used as an indicative measure 

of CYP27A1 activity in mitochondria. Production of 1,25(OH)2D3 was higher in DMSO-

treated Huh7 cells, which suggests that induction of differentiation of Huh7 cells by 

DMSO may instead lead to an increase in mitochondrial content, and thus CYP27A1 

activity, without any induction of microsomal CYP3A4. Furthermore, the lack of an 

increase of microsomal CYP3A4 activity on testosterone in DMSO-treated Huh7 cells 

and thus lack of microsomal CYP activity overall, would suggest it is unlikely that 

production of 1,25(OH)2D3 was from action of microsomal CYP2R1, another CYP 

enzyme reported to metabolise 1(OH)D3 (109,114). Thus, 1(OH)D3 metabolism to 

1,25(OH)2D3 is thought to be a result of CYP27A1 action. While DMSO was reported 

by Choi et al. to induce differentiation and expression of phase I drug-metabolising 

enzymes in Huh7 cells such as microsomal P450s, the lack of an increase in CYP3A4-

specific testosterone metabolism following DMSO treatment in our study does not 

support this. Our data are consistent with the study by Sivertsson et al. which saw no 

effect on CYP3A4 activity when confluent Huh7 cells were grown in the presence of 1% 

DMSO. Although in our hands the DMSO-treated cells appeared to be a poor model for 
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analysing microsomal P450 activities, it was still decided to explore their ability to 

metabolise 20(OH)D3 with the limitations of this sytem in mind.  

 

The metabolism of 20(OH)D3 by both liver mitochondrial and microsomal P450s has 

previously been reported. Microsomal CYP3A4 and mitochondrial CYP27A1 display a 

similar affinity for 20(OH)D3, metabolising 20(OH)D3 solubilised in cyclodextrin with 

Km values, 32.6 ± 2.8 µM and 33.0 ± 2.1 µM, respectively (129,177). CYP27A1 does 

however metabolise 20(OH)D3 with a slightly higher turnover (0.78 min-1) than CYP3A4 

(0.54 min-1). It was therefore of interest to investigate the relative contributions of 

mitochondria and microsomes to 20(OH)D3 metabolism in liver cells, in particular Huh7 

cells for this study. 20(OH)D3 was metabolised by mitochondrial CYP27A1 to two major 

products, 20,25(OH)2D3 and 20,26(OH)2D3 and minor products with one tentatively 

identified as 20,24R(OH)2D3, at ratios of 1: 0.93: 0.19, respectively. As CYP27A1 is a 

liver mitochondrial enzyme expressed in both human and mouse, the same three products 

were also seen in the metabolism of 20(OH)D3 by mouse liver mitochondria, providing 

further evidence that CYP27A1 is the enzyme responsible for 20(OH)D3 metabolism in 

liver mitochondria. 20(OH)D3 was metabolised by CYP3A4 supersomes to three major 

products identified as 20,25(OH)2D3, 20,24R(OH)2D3 and 20,24S(OH)2D3 at a ratio of 

1: 0.43: 0.068, respectively, as observed before (see Chapter 3). The metabolism of 

20(OH)D3 by human liver microsomes resulted in four major products identified, 

20,25(OH)2D3, 20,26(OH)2D3, 20,24R(OH)2D3 and 20,24S(OH)2D3, as before (177) 

(see Chapter 3). As CYP3A4-inhibition experiments (see Chapter 3) have previously 

shown that CYP3A4 is the major P450 responsible for 20(OH)D3 metabolism in human 

liver microsomes, CYP3A4 is primarily responsible for the production of 20,25(OH)2D3, 

20,24R(OH)2D3 and 20,24S(OH)2D3. With this information, we can attribute the 

production of certain products to specific P450s. Therefore in identifying the products 
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from metabolism of 20(OH)D3 by Huh7 cells, we can assign the P450s responsible for 

`their formation and hence estimate mitochondrial or microsomal contribution.  

 

Huh7 cells metabolised 20(OH)D3 to 20,25(OH)2D3, 20,26(OH)2D3 and 

20,24S(OH)2D3 at ratios of 1: 2.3: 2.1, respectively (Table 5.2). The higher ratios of 

20,26(OH)2D3 and 20,24S(OH)2D3 to 20,25(OH)2D3 produced by Huh7 cells was unlike 

what was observed in mouse liver mitochondria or human liver microsomes. This may be 

due to the longer incubation time of 20(OH)D3 with Huh7 cells (24 h) compared to 

mitochondria or microsomes as the observed ratios may be an indication of selective 

accumulation of 20,24R(OH)2D3 and 20,24S(OH)2D3, possibly due to further 

metabolism and hence depletion of 20,25(OH)2D3. Although it has previously been 

shown that neither CYP3A4 nor CYP27A1 carries out further metabolism of 

20,25(OH)2D3 (129,177), in a whole cell context the involvement of other enzymes 

cannot be ruled out. The production of 20,26(OH)2D3 indicates mitochondrial 

contribution, while the production of 20,24S(OH)2D3 indicates microsomal contribution, 

and the almost 1:1 ratio to each other would suggest a roughly equal contribution of both 

microsomal and mitochondrial action on 20(OH)D3. However, the low level of CYP3A4 

activity in non-DMSO-treated Huh7 cells and the lack of its induction by DMSO may 

cause an underestimation of the microsomal contribution in vivo. In liver cells in vivo, 

which exhibit high expression of microsomal P450s, particularly CYP3A4, there may be 

a more substantial microsomal contribution to the metabolism of 20(OH)D3, compared 

to that by mitochondrial CYP27A1.  

 

In conclusion, the expected products previously identified for 20(OH)D3 metabolism by 

liver mitochondria and microsomes were tentatively identified as metabolites of 

20(OH)D3 by Huh7 cells. However, poor conversion to products and the lack of 
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microsomal P450 induction in Huh7 cells by DMSO, as well as the difficulty in 

identifying the products against a noisy background, make DMSO-treated Huh7 cells an 

unsuitable model for further work. 
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6. General discussion and conclusions 

6.1. Discussion 

The major biologically active form of vitamin D3 is 1,25(OH)2D3, which plays an 

important physiological role in maintaining calcium and phosphorus homeostasis. 

1,25(OH)2D3 also displays anti-proliferative, pro-differentiative, and 

immunomodulatory effects that could be exploited in a therapeutic context. However, the 

pharmacological use of 1,25(OH)2D3 is limited, as high doses cause hypercalcaemia (1). 

20(OH)D3 is the major product of CYP11A1 action on vitamin D3 and displays 

therapeutic effects similar to that of 1,25(OH)2D3 in rodent models (see section 1.4). 

Furthermore, in vivo studies done in mice have shown that pharmacological doses of 

20(OH)D3 do not raise serum calcium levels nor display any other toxic effects (54,124). 

This makes 20(OH)D3 a potential candidate for development as an anti-inflammatory, 

anti-fibrotic or anti-cancer drug. While the metabolism of 20(OH)D3 by kidney 

cytochromes P450 (CYP27B1 and CYP24A1) has been characterised, P450s in the liver 

endoplasmic reticulum may also play a key role in metabolising 20(OH)D3, especially 

for its inactivation. Thus, this project set out to characterise the metabolism of 20(OH)D3 

by human liver microsomal P450 enzymes as a prerequisite to the development of this 

secosteroid, and related ones also possessing a 20-OH group, as potential therapeutic 

agents. 

 

Mouse models have been used to examine the pharmacological effects of 20(OH)D3 

(121-123,125); it is therefore important to understand how mouse liver microsomes 

metabolise 20(OH)D3. The initial characterisation of 20(OH)D3 metabolism by mouse 

liver microsomes also allowed for conditions to be optimised to facilitate the subsequent 

characterisation of the metabolism of 20(OH)D3 by human liver microsomes. We found 

that mouse liver microsomes metabolised 20(OH)D3 to six products, with the two major 
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products being identified as 20,24(OH)2D3 (later shown to be the R isomer, 

20,24R(OH)2D3 (145)) and 20,25(OH)2D3. Mouse liver microsomes displayed similar 

Km values (23 – 32 µM) for the formation of 20,24R(OH)2D3 and 20,25(OH)2D3 from 

20(OH)D3, suggesting that 20(OH)D3 may bind with a preferred orientation to a single 

site on a P450 enzyme that can carry out both 24- and 25-hydroxylation reactions. 

CYP3A4, CYP2J2 and CYP2R1 are human liver microsomal P450s that have been 

reported to have the ability to carry out 25-hydroxylation reactions on vitamin D 

(91,107,137). Whilst CYP2R1 is also expressed in mice, CYP2J2 and CYP3A4 are not; 

CYP2J3 is the rodent counterpart of CYP2J2, and six mouse isoforms of CYP3A 

(Cyp3a11, Cyp3a13, Cyp3a16, Cyp3a25, Cyp3a41 and Cyp3a44) play a similar role to 

that of CYP3A4 (137,138). The rodent CYP2J3 has previously been reported to catalyse 

25-hydroxylation of vitamin D3 (137), while the six isoforms of CYP3A have collectively 

been reported to catalyse 23- and 24-hydroxylation of 1,25(OH)2D3 (138). Thus 

CYP2R1, CYP2J3 and/or CYP3A isoforms are key candidates that might be responsible 

for either, or both 24- and 25-hydroxylation of 20(OH)D3 that was measured with mouse 

liver microsomes. While it is likely that CYP2R1 and CYP3A4 will be involved in the 

metabolism of 20(OH)D3 in human liver microsomes, human CYP2J2 displays low 

activity on vitamin D3. It is found at higher levels in tissues other than the liver such as 

small intestine where it plays a role in drug metabolism, and the heart where it is involved 

in arachidonic acid epoxygenation (137,198,199). 

 

Subsequent studies with human liver microsomes showed that they metabolised 

20(OH)D3 to seven products, four of which were identified as 20,24R(OH)2D3, 

20,24S(OH)2D3 and 20,25(OH)2D3, as seen in mouse liver microsomes, as well as 

20,26(OH)2D3. The Km values for formation of all the products from 20(OH)D3 

metabolism by human liver microsomes were reasonably similar (114 – 217 µM), 
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indicating that the hydroxylation reactions could have been carried out by a single P450 

enzyme, as indicated for mouse liver microsomes. To gain a better understanding of the 

metabolism of 20(OH)D3 by human liver microsomes, individual microsomal P450s 

previously reported to act on vitamin D were tested for their ability to metabolise 

20(OH)D3.  

 

CYP3A4 is a microsomal P450 that is abundantly expressed in the liver and small 

intestine, and is primarily involved in xenobiotic metabolism. CYP3A4 has previously 

been shown to metabolise vitamin D2, 1(OH)D2, 1(OH)D3, 25(OH)D3 and 1,25(OH)2D3 

(107,108,155,156). Our ability to test the activity of CYP3A4 on 20(OH)D3 was 

facilitated by the commercial availability of CYP3A4 supersomes which are microsomes 

isolated from baculovirus-infected insect cells expressing CYP3A4 as well as cytochrome 

b5 and P450 reductase. Given the complete functional assay system of the supersomes, 

they are commonly used for pharmacological studies (138,155,156,200). Because of its 

hydrophobic nature, 20(OH)D3 was dissolved in HP-b-CD to aid its solubility and 

delivery to human liver microsomes and CYP3A4 supersomes, where the P450 was 

already in a membrane environment. We found that CYP3A4 supersomes metabolised 

20(OH)D3 to three major products, 20,24R(OH)2D3, 20,24S(OH)2D3 and 

20,25(OH)2D3. Both 20,24R(OH)2D3 and 20,24S(OH)2D3 were further metabolised to 

three trihydroxyvitamin D3 products each, with one common product likely to be 

20,24R,24S(OH)3D3. The ratio for the formation of the three major products by CYP3A4, 

20,25(OH)2D3:20,24R(OH)2D3:20,24S(OH)2D3 was 1:0.41:0.14, similar to that 

observed for the formation of the same three products by human liver microsomes 

(1:0.47:0.16). Furthermore, the metabolism of 20(OH)D3 by human liver microsomes in 

the presence of CYP3A family-specific inhibitors showed a reduction in the formation of 
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the three major CYP3A4 products (see Chapter 3, section 3.3.3). This suggests that 

CYP3A4 is primarily responsible for 20(OH)D3 metabolism in human liver microsomes.  

 

Product formation from 20(OH)D3 metabolism by human liver microsomes in the 

presence of CYP3A family-specific inhibitors was not completely inhibited, indicating 

contribution of P450 enzymes that are not from the CYP3A family. One likely candidate 

is CYP2R1, another liver microsomal P450 (discussed in Chapter 4, section 4.1), which 

is thought to be the major 25-hydroxylase involved in vitamin D activation as described 

in Chapter 1 (see section 1.3.2.). CYP2R1 has previously been expressed in both yeast 

and E. coli, and has been shown to hydroxylate vitamin D2, vitamin D3, 1(OH)D2 and 

1(OH)D3 at C25 (112,114). To test the metabolism of 20(OH)D3, the CYP2R1 construct 

used by Strushkevich et al. for the elucidation of the crystal structure of CYP2R1 was 

kindly provided by these workers (see section 4.2.1), before being expressed in E. coli 

and the CYP2R1 purified. The His4-tagged CYP2R1 was successfully purified by nickel-

affinity chromatography followed by hydrophobic-interaction chromatography. The 

latter step replaced the cation-exchange chromatography reported in (112) because the 

low pH of the buffer required for cation-exchange caused the protein to precipitate. In 

contrast to Strushkevich et al., the metabolism of 20(OH)D3 by the purified CYP2R1 was 

characterised in a reconstituted membrane environment provided by phospholipid 

vesicles. The vesicles used to measure CYP2R1 catalytic activity served to replicate the 

in vivo membrane environment into which vitamin D secosteroids have been reported to 

partition greater than 97% (83,142). As well as catalysing the expected hydroxylation of 

vitamin D3 to 25(OH)D3, CYP2R1 also catalysed the 25-hydroxylation of 20(OH)D3 to 

form 20,25(OH)2D3 as the only product, with similar catalytic efficiency being observed 

for the two substrates. Thus, it is likely that CYP2R1 contributes to 20(OH)D3 

metabolism in human liver microsomes which may be particularly important if 
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20(OH)D3 is used pharmacologically. Competition of exogenous 20(OH)D3 with 

vitamin D3 might reduce 25(OH)D3 production, in turn reducing 1,25(OH)2D3 levels 

and potentially causing hypocalcaemia. 

 

The four identified products from 20(OH)D3 metabolism by human liver microsomes, 

20,24R(OH)2D3, 20,24S(OH)2D3, 20,25(OH)2D3 and 20,26(OH)2D3 have all previously 

been shown to display biological activity at similar or higher potency than their parent 

20(OH)D3. 20,24R(OH)2D3, 20,25(OH)2D3 and 20,26(OH)2D3 were shown to inhibit 

colony formation by SKMEL-188 melanoma cells in soft agar with higher potency than 

20(OH)D3 or 1,25(OH)2D3 (120), and inhibited keratinocyte proliferation with similar 

IC50 values to 1,25(OH)2D3 (39). Both 20,24(OH)2D3 epimers were shown to display 

immunomodulatory effects, downregulating the production of the inflammation marker, 

IFNg, by mouse splenocytes (145). These four 20(OH)D3 metabolites can be further 1a-

hydroxylated by kidney mitochondrial CYP27B1, with their 1a-hydroxyderivatives also 

displaying similar biological activity (84,145). Like 20(OH)D3 and 1,25(OH)2D3, these 

metabolites elicit their effects via the VDR, as shown in experiments using ligand-

induced translocation of the VDR from the cytoplasm to the nucleus (39,123). 20(OH)D3 

is a biased agonist for the VDR, selectively inducing genomic effects, rather than non-

genomic effects such as calcium regulation (38,39).  

 

Recently, 20(OH)D3 has been shown to be a ligand for the retinoic acid-related orphan 

receptors (ROR) a and g, members of a subfamily of nuclear receptors. RORa and g are 

found in various tissues including the skin, and are involved in regulating metabolism and 

the immune system including transcription of the IL-17 gene (128,201). Natural ligands 

of these receptors include sterols and oxysterols, some acting as agonists, others as 

inverse agonists. 20(OH)D3 and another 20(OH)D3-derived metabolite produced by the 
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action of CYP11A1, 20,23(OH)2D3, have been identified as inverse agonists of RORa 

and RORg, reducing the activity of the receptor when bound (39,128,201). Molecular 

modelling with the VDR and RORs a and g shows that 20(OH)D3 metabolites and their 

respective 1a-hydroxyderivatives are likely to act as biased agonists for the VDR, 

displaying favourable docking scores for binding to the genomic pocket of the VDR, and 

inverse agonists for the RORs a and g (39). In addition, there is some experimental 

evidence for these 20(OH)D3 metabolites and their 1a-hydroxyderivatives inhibiting 

ROR-luciferase reporter activity in HaCat keratinocytes with similar or slightly higher 

IC50 values than for 20(OH)D3 or 1,25(OH)2D3 (39). 20,23(OH)2D3 has recently been 

shown to induce aryl hydrocarbon receptor (AhR) signalling (132). 20,23(OH)2D3 

displayed marked AhR-mediated activation of a luciferase reporter compared to 

20(OH)D3 and 1,25(OH)2D3. Therefore, it is possible that other 20(OH)D3 metabolites 

containing hydroxyl groups along the side chain may also act on AhR, mediating AhR-

dependent biological effects (132,202). 

 

Kidney mitochondrial CYP24A1 is well-known for its involvement in the inactivation of 

1,25(OH)2D3 through multiple oxidation reactions resulting in the excretory product, 

calcitroic acid. 20,25(OH)2D3 and 20,24R/S(OH)2D3 have also been observed in previous 

studies as products from CYP24A1 action on 20(OH)D3 (120,148). The literature 

indicates that 20(OH)D3 is metabolised with twice the catalytic efficiency by CYP24A1 

than observed for CYP3A4 in the present study (148,177). Since their activities are not 

markedly different, the contribution of each enzyme to 20(OH)D3 metabolism in vivo 

would largely depend on their relative expression levels. Expression of CYP24A1 is 

modulated by 1,25(OH)2D3, with high levels of 1,25(OH)2D3 increasing CYP24A1 

expression by a tightly regulated feedback mechanism (94). In contrast, 20(OH)D3 only 

modestly stimulates CYP24A1 expression and thus does not induce its own metabolism 
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by the enzyme (123). The effect of 20(OH)D3 on CYP3A4 expression is currently 

unknown, however as for CYP24A1, 1,25(OH)2D3 stimulates CYP3A4 expression (203). 

CYP3A4 is highly inducible, with its gene expression being shown to be regulated by 

endogenous compounds such as glucocorticoids and drugs such as rifampicin which 

function via the glucocorticoid receptor (GR) and pregnane X receptor (PXR), 

respectively (167,204,205).   

 

Liver mitochondrial CYP27A1 which is involved in bile acid biosynthesis, can also 

metabolise vitamin D, and was previously thought to be the major vitamin D-25-

hydroxylase (see section 1.3.1). Most recently, CYP27A1 has been shown to act on the 

previtamin D3 photoproduct, lumisterol3 (L3), producing metabolites that display 

biological activity, suggesting another physiologically relevant role, other than bile acid 

biosynthesis, for CYP27A1 (81). CYP27A1 has also been reported to metabolise 

20(OH)D3 giving two major products, 20,25(OH)2D3 and 20,26(OH)2D3 (129). One of 

the minor products of 20(OH)D3 metabolism by human liver microsomes was identified 

as 20,26(OH)2D3. Given that neither CYP3A4 nor CYP2R1 produced 20,26(OH)2D3 

from 20(OH)D3, the source of 20,26(OH)2D3 production by microsomes may be due to 

contamination with mitochondria, and hence CYP27A1, by the commercial human liver 

microsomes used in this study. This is further substantiated by the fact that 20,26(OH)2D3 

was not observed as a product of mouse liver microsomes (see section 2.4), which were 

isolated and prepared in our laboratory, with care being taken to remove any light 

mitochondria before sedimenting the microsomal fraction (see section 2.2.2). If 

20,26(OH)2D3 is indeed only produced by CYP27A1 in mitochondria, this would 

strengthen its use as a mitochondrial marker of 20(OH)D3 metabolism, as we have done 

for cultured cells (see section 5.4). 
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A previous study compared the ability of CYP2R1 and CYP27A1 to catalyse the 25-

hydroxylation of vitamin D3. However, in that study, CYP2R1 was expressed in yeast 

and catalytic activity was measured in the resulting microsomes prepared from yeast, 

whereas E. coli membrane fraction containing expressed CYP27A1 was assayed with 

saturating exogenous redox partners, making comparison of their kinetic parameters 

difficult. My study used purified enzymes and substrate incorporated into identical 

membrane environments provided by phospholipid vesicles, allowing for direct 

comparison of the kinetic parameters of CYP2R1 and CYP27A1 for the metabolism of 

vitamin D3 and 20(OH)D3. CYP2R1 displayed a 17-fold higher catalytic efficiency than 

CYP27A1 for the 25-hydroxylation of vitamin D3, indicating that vitamin D3 is a better 

substrate for CYP2R1 than it is for CYP27A1. This provides further support for CYP2R1 

being the physiologically important vitamin D-25-hydroxylase, as described in section 

4.1. Our study showed that 20(OH)D3 is also a good substrate for CYP2R1, being 25-

hydroxylated to 20,25(OH)2D3 with a similar catalytic efficiency to vitamin D3.  

 

Both liver microsomal and mitochondrial P450s have been shown to act on 20(OH)D3. 

Thus, the Huh7 cell line was used to investigate the relative contribution of microsomes 

and mitochondria to the metabolism of 20(OH)D3, as it was a hepatic cell line that 

showed reasonable P450 expression upon DMSO-induced differentiation (192). 

However, the low rate of CYP3A4-specific testosterone metabolism by Huh7 cells and 

their lack of induction by DMSO, suggests that this cell line is not a particularly good 

model for examining vitamin D metabolism, especially by CYP3A4. To overcome this 

problem of lack of induction, future studies should employ primary human hepatocytes 

and other inducers such as rifampin (rifampicin) to upregulate CYP3A4 expression (206). 

Despite the issues with Huh7 cells, we did show that Huh7 cells metabolised 20(OH)D3 

to 20,25(OH)2D3, 20,26(OH)2D3 and 20,24S(OH)2D3. Given that 20,26(OH)2D3 and 
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20,24S(OH)2D3 are markers of CYP27A1 and CYP3A4 action on 20(OH)D3, 

respectively, and they are produced in almost equal proportions, it would appear that there 

is a relatively equal contribution of these mitochondrial and microsomal P450s to the 

metabolism of 20(OH)D3. However, these metabolites can only be used as an indicator 

of what occurs in vivo, as CYP27A1 plays a major role in bile acid biosynthesis with 

substrates for this biosynthetic pathway able to outcompete 20(OH)D3 for CYP27A1 

metabolism (see section 4.4). Likewise, CYP3A4 has a broad range of endogenous and 

xenobiotic substrates it can metabolise, all of which may compete with 20(OH)D3. Thus, 

if 20(OH)D3 was to be used as a therapeutic drug, the liver P450s that contribute most to 

20(OH)D3 metabolism in vivo could depend on the concentration of 20(OH)D3 used, the 

P450 expression levels and the presence of competing substrates.  

 

In conclusion, liver microsomes are likely to substantially contribute to 20(OH)D3 

metabolism in vivo, with evidence from cultured liver cells that both liver mitochondria 

and microsomes contribute to 20(OH)D3 metabolism. Given that 20(OH)D3 is further 

activated, rather than inactivated, by human liver microsomes, the question of how 

20(OH)D3 inactivated remains unanswered. It is possible that 20(OH)D3 may undergo 

3-epimerisation to form 3-epi-20(OH)D3, like the 3-epimerisation of 1,25(OH)2D3 to 3-

epi-1,25(OH)2D3 (29), which may have reduced biological activity. Conjugated forms of 

25(OH)D3 have been detected in plasma, such as 25(OH)D3-3-sulfate and 25(OH)D3-3-

glucuronide (26), therefore 20(OH)D3 may also undergo some form of conjugation in 

order for its inactivation and excretion. These would be interesting topics for future 

investigation. 
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