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A previous report has demonstrated the existence of a C4-hydroxylated vitamin D2 metabolite in serum 
of rats treated with pharmacological doses of vitamin D2. However, the biological significance and metabolic 
fate of this metabolite have not been described. To explore its potential biological activities, we therefore syn-
thesized 1α,4α,25-trihydroxyvitamin D3 and its diastereoisomer, 1α,4β,25-trihydroxyvitamin D3, using Trost 
Pd-mediated coupling reaction, and studied their vitamin D receptor (VDR) binding affinity, osteocalcin pro-
moter transactivation activity, and their further metabolism by human CYP24A1 as well as by human liver 
microsomal fraction based on CYP- and UDP-glucuronosyltransferases (UGTs)-reactions.
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Vitamin D3 is converted to 25-hydroxyvitamin D3 
[25(OH) D3], the major circulating form of vitamin D3, by 
25-hydroxylases (CYP2R1 and CYP27A1) in the liver, which 
was then oxidized by 1α-hydroxylase (CYP27B1) at the 
C1α-position to produce the physiologically active form of 
vitamin D3, 1α,25-dihydroxyvitamin D3 [1α,25(OH)2D3, 1], 
in the kidney and in a variety of target tissues in an auto-
crine/paracrine manner. 1α,25(OH)2D3 (1) acts through its 

nuclear receptors, vitamin D receptors (VDRs) to regulates 
cellular growth, differentiation, and apoptosis, in addition 
to its classical roles in calcium homeostasis and bone min-
eralization.1–4) The ubiquitous distribution of VDRs in the 
body makes this hormone a potentially useful therapeutic 
agent for certain cancers, skin diseases, and immune disor-
ders. In fact, 1 and some synthetic analogs of 1 have been 
used clinically in the treatment of bone diseases, secondary 
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Chart 1. Synthesis of 1α,4α,25- and 1α,4β,25-Trihydroxyvitamin D3 (2 and 3)
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hyperparathyroidism, psoriasis, and osteoporosis.5) Both 
25(OH) D3 and 1α,25(OH)2D3 are subject to CYP24A1 degra-
dation via C-24 hydroxylation at the side chain. In addition 
to a number of hydroxylated vitamin D metabolites found in 
the blood of mammals, Reddy et al. have identified 4,25-dihy-
droxyvitamin D2 from the serum of rats intoxicated with phar-
macological amounts of vitamin D2 in 1999.6) However, its bi-
ological significance of the 4-hydroxy group remains unclear. 
Recently, we have synthesized 1α,4β,25-trihydroxy vitamin 

D3 (3) and evaluated its VDR binding affinity and osteocal-
cin promoter transactivation activity.7) Now, we report here 
the preparation of 1α,4α,25-trihydroxyvitamin D3 (2) and the 
studies of its biological activities and further metabolism by 
human CYP24A1 and human liver microsomal fraction to 
compare with those of 1α,4β,25-trihydroxyvitamin D3 (3) and 
the natural hormone 1.

The synthetic route is shown in Chart 1. The A-ring pre-
cursors 6a and 6b for Trost coupling was prepared from 
methyl α-D-glucoside via aldehyde 4.7) TMS-ethynylation of 
4 afforded enyne products 5a and 5b in a 1 : 3 diastereomeric 
ratio, and each diastereomer was able to be separated by 
HPLC. Stereochemistry at the 4-position (steroidal number-
ing) of the major and minor isomers was determined by the 
modified Mosher’s method as 4R and 4S, respectively.7) Depro-
tection under basic conditions and subsequent TBS-protection 
afforded the A-ring precursors 6a and 6b. The mixture of the 
diastereomers of enyne 6a and 6b was coupled with CD-ring 
bromoolefin 7 using Pd-catalyst to give the coupling prod-
ucts,8) and tetrabutylammonium fluoride (TBAF)-deprotection 
followed by HPLC-separation gave the target molecules 29) 
with 4α-orientation and 3 with 4β-orientation,7) respectively.

The binding affinity of 1α,4α,25- and 1α,4β,25-trihy-
droxyvitamin D3 for the human VDR was 0.9% and 2.9% of 
the natural hormone 1, respectively (Table 1).10) Osteocalcin 
promoter transactivation activities expressed as the EC50 val-
ues were evaluated in the human osteosarcoma cell line HOS 

Table 1. Relative Binding Affinity for hVDR and Osteocalcin Promoter 
Transactivation Activity in HOS Cells of 1–3

Compound hVDR binding affinitya) Osteocalcin transactiva-
tion activity (EC50 (nM))

1α,25(OH)2D3 (1) 100 0.03
1α,4α,25(OH)3D3 (2) 0.9 17.4
1α,4β,25(OH)3D3 (3) 2.9 0.22

a) The potency of 1α,25(OH)3D3 is normalized to 100.

Fig. 1. Structures of 1α,25-Dihydroxyvitamin D3 (1) and Synthetic Trihydroxy Analogs with the 4-Hydroxy Groups 2 and 3

Fig. 2. HPLC Profiles of 1α,4α,25- (A) and 1α,4β,25-Trihydroxyvitamin 
D3 (B) and Their Metabolites by Human CYP24A1

After incubation with 5.0 µM of each substrate at 37°C for 60 min in the presence 
of 20 nM hCYP24A1, 2 µM ADX, 0.2 µM ADR, and 1 mM NADPH, the reaction 
mixture was extracted, and analyzed by HPLC. The peaks with arrow heads show 
putative metabolites by human CYP24A1.12)

Fig. 3. HPLC Profiles of 1α,4α,25-Trihydroxyvitamin D3 and Its Metab-
olite in Human Liver Microsomes

The reaction mixture containing 10 µM substrate, 2 mM UDP-GlcUA, 1 mM 
MgCl2, 0.5 mg/mL human liver microsomal fraction was incubated at 37°C for 
60 min (a), and they were further incubated with β-glucuronidase for 60 min (b). 
After addition of methanol to the reaction mixture, metabolites were analyzed by 
HPLC. The peak with arrow head shows a putative metabolite by UGTs.14)
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cells, and are shown in Table 1.11) The data demonstrate that 
neither stereochemistry of the 4-OH group on the active vita-
min D skeleton is effective in enhancing the binding to VDR 
and inducing VDR transactivation.

Metabolism of 1α,4α,25- and 1α,4β,25-Trihydroxyvi-
tamin D3 by CYP24A1 and Drug Metabolizing Enzymes 
in Liver  To investigate the metabolism of 1α,4α,25- and 
1α,4β,25-trihydroxyvitamin D3 by the human CYP24A1, 
a reconstituted system containing adrenodoxin reductase 
(ADR), adrenodoxin (ADX), and the human CYP24A1 was 
utilized.12) Figure 1 shows the HPLC profiles of the substrates 
1α,4α,25- and 1α,4β,25-trihydroxyvitamin D3 and their metab-
olites produced by the human CYP24A1. Both substrates were 
metabolized to several metabolites probably by CYP24A1-de-
pendent multi-step oxidation pathways similar to that for 
1α,25-dihydroxyvitamin D3 or its A-ring diastereomers.13) 
However, no metabolites were observed from each analog 
when the heat-inactivated human CYP24A1 was used (data 
not shown). It should be noted that HPLC profile of the me-
tabolites of 1α,4α,25-trihydroxyvitamin D3 is quite similar to 
that of 1α,25-dihydroxyvitamin D3, while that of 1α,4β,25-tri-
hydroxyvitamin D3 is quite similar to that of 3-epimers of 
1α,25-dihydroxyvitamin D3.13) After 60 min incubation, the 
conversion ratios of 1α,4α,25- and 1α,4β,25-trihydroxyvitamin 
D3 were about 45% and 44%, respectively, which were nearly 
the same conversion ratio of 1α,25-dihydroxyvitamin D3 (data 
not shown).

Next, human liver microsomal fraction including drug-me-
tabolizing enzymes was examined for the metabolism of both 
4-hydroxyvitamin D3 analogs. No metabolite from either 
analog was detected under the experimental conditions with 
1 mM reduced nicotinamide adenine dinucleotide phosphate 
(NADPH), 0.5 mg/mL human liver microsomal fraction, 
suggesting that both analogs were poor substrates for human 
hepatic cytochrome P450s (data not shown). However, ad-
dition of 2 mM UDP-glucuronic acid produced a metabolite 
of 1α,4α,25-trihydroxyvitamin D3 whereas no metabolite of 
1α,4β,25-trihydroxyvitamin D3 was observed (Fig. 2). β-Glu-
curonidase treatment converted the metabolite of 1α,4α,25-tri-
hydroxyvitamin D3 back to 1α,4α,25-trihydroxyvitamin D3 it-
self (Fig. 2). These results strongly suggest that the metabolite 
is a glucuronide of 1α,4α,25-trihydroxyvitamin D3. Based on 
our findings that neither 1α,4β,25-trihydroxyvitamin D3 nor 
1α,25-dihydroxyvitamin D3 was converted to its glucuronide, 
the 4α-hydroxy group of 1α,4α,25-trihydroxyvitamin D3 ap-
peared to be glucuronidated by some hepatic UGT(s).

Conclusion
We have synthesized the diastereoisomers of 4-hydroxyvita-

min D3 analogs 2 and 3 to study their biological activities and 
metabolism. Both isomers showed much weaker VDR binding 
affinity and osteocalcin promoter transactivation activity than 
the natural hormone. In particular, 4α-hydroxylated analog 2 
was found to have the least activities in both assays. Although 
both isomers were metabolized by hCYP24A1 almost the 
same level as the natural hormone, their patterns were differ-
ent from each other. Furthermore, only the 4α-hydroxylated 
analog was metabolized by UGTs to produce a glucuronate 
conjugate. Therefore, the stereochemistry of the 4-OH group 
may affect not only the VDR-mediated biological activities but 
also their metabolism in human.
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