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Abstract

The biological effects of 1a,25-dihydroxyvitamin D3 (1,25(0OH),D3) are terminated primarily by
P450-dependent hydroxylation reactions. However, the hormone is also conjugated in the liver and
a metabolite, presumably a glucuronide, undergoes enterohepatic cycling. In this study, the identity
of human enzymes capable of catalyzing the 1,25(OH),D3 glucuronidation reaction was investigated
in order to better understand environmental and endogenous factors affecting the disposition and
biological effects of vitamin D3. Among twelve different UGT isozymes tested, only UGT1A4 >>
2B4 and 2B7 supported the reaction. Two different 1,25(0OH),D3 monoglucuronide metabolites were
generated by recombinant UGT1A4 and human liver microsomes. The most abundant product was
identified by mass spectral and NMR analyses as the 25-O-glucuronide isomer. The formation of
25-0-glucuronide by UGT1A4 Supersomes and human liver microsomes followed simple
hyperbolic kinetics, yielding respective K, and Vax values of 7.3 and 11.2 uM, and 33.7 + 1.4 and
32.9 + 1.9 pmol/min/mg protein. The calculated intrinsic 25-O-glucuronide M1 formation clearance
for UGT1A4 was 14-fold higher than the next best isozyme, UGT2B7. There was only limited (4-
fold) inter-liver variability in the 25-O-glucuronidation rate, but it was highly correlated with the
relative rate of formation of the second, minor metabolite. In addition, formation of both metabolites
was inhibited > 80% by the selective UGT1A4 inhibitor, hecogenin. If enterohepatic recycling of
1,25(0OH),D3 represents a significant component of intestinal and systemic 1,25(OH),D3 disposition,
formation of monoglucuronides by hepatic UGT1A4 constitutes an important initial step.
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1. Introduction

Variable CYP3A4 catalytic activity in the small intestine contributes to inter-individual
differences in the oral bioavailability and efficacy/toxicity of many drugs. Much of this
variability results from differences in CYP3A4 protein content, which can vary more than 8-
fold even in mucosal epithelium obtained from healthy volunteers [1,2]. Although the source
of that variability is probably multi-factorial, some studies have documented dynamic changes
in CYP3A4 transcription that can occur following activation of the vitamin D receptor (VDR)
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by its natural ligand, 1a,25-dihydroxyvitamin D3 (1,25(0H),D3) [3,4,5,6]. The intestinal
mucosa is an important target tissue for 1,25(OH),D3, where it regulates the expression of
calcium binding and transport proteins and helps maintain calcium homeostasis throughout the
body [7,8,9]. In addition, we have recently shown that up-regulation of CYP3A4 gene
expression by 1,25(0OH),D3 may provide negative feedback control of the hormone’s
biological effects in the intestine through CYP3A4-catalyzed metabolism of 1,25(0OH),D3 to
inactive oxidation products [10].

Delivery of 1,25(0OH),Dj3 to the intestinal mucosa can occur by either vascular or luminal
routes. Although 1,25(0OH),D3 is highly bound to plasma proteins, diffusion of free 1,25
(OH),D3 and/or its uptake across the basolateral enterocyte cell surface are thought to occur
[11]. Alternatively, studies utilizing radiolabeled 1,25(OH),D3 have shown that a putative
glucuronide conjugate of the hormone is excreted into bile and, in some chemical form, gets
reabsorbed through intestinal enterocytes into portal blood [12,13]. Glucuronidation of
different vitamin D species has been well documented [14,15,16,17,18], and it is reasonable
to hypothesize that a glucuronide metabolite of 1,25(0H),D3 is formed in human liver,
exported into the bile, and delivered to the duodenum. Once there, it could be hydrolyzed by
B-glucuronidases, permitting absorption of the active hormone across the apical membrane of
enterocytes and transcriptional activation of VDR gene targets such as CYP3A4. This
mechanism has significant appeal, because it might explain the preferential expression of
CYP3A4 in proximal sections of the small intestine, compared to more distal regions [19].

A necessary first step in the enterohepatic recycling of 1,25(0OH),D3 and regulation of intestinal
CYP3A4 by the mechanism we propose would likely involve a conjugation reaction catalyzed
by hepatic UDP-glucuronosyltransferase(s). In this study, experiments were conducted to
characterize the glucuronidation of 1,25(0OH),D3 and to identify which of the human liver UGT
isozymes is responsible for catalyzing the reaction(s).

2. Materials and methods

2.1. Chemicals

Uridine-5'-diphosphoglucuronic acid (UDPGA), saccharic acid 1,4-lactone, alamethicin,
trifluoperazine, B-estradiol-17-glucuronide, 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) and
B-glucuronidase (Helix pomatia) were purchased from Sigma-Aldrich (St. Louis, MO). 1,25
(OH),D3 and hecogenin were purchased from Tetrionics (Madison, WI) and Science Lab.
Com. (Kingwood, TX), respectively. 1,25(0OH),D3 used for Semi-Preparative Biosynthesis of
the 25-O-glucuronide metabolite was obtained from Alexis Biochemicals (San Diego, CA).
All other chemicals and solvents were of the highest grade commercially available.

2.2. Human liver microsomes and recombinant UGT isozymes

Human liver microsomes (HLM) were prepared by standard ultracentrifugation techniques
[20] from nineteen different donor livers selected from the University of Washington Human
Liver Bank and five different donor livers selected from the Eli Lilly liver bank. The protein
concentration in each HLM was measured by the method of Lowry et al [21] using bovine
serum albumin as the reference standard. For some kinetic and inhibition experiments, samples
from five representative livers were pooled. Supersomes containing cDNA-expressed human
UGT isozymes (UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1AY,
UGT1A10, UGT2B4, UGT2B7,UGT2B15, and UGT2B17) were purchased from BD Gentest
(Woburn, MA).
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2.3. Identification of 1,25(0OH),D3 monoglucuronide metabolites formed by HLM

Initial characterization of the 1,25(OH),D3 glucuronidation reaction was performed with 50
mM Tris-HCI (pH 7.4), 1 mg/mL pooled HLM, 50 pg/mL alamethicin, 10 mM MgCl,, 5 mM
saccharic acid 1,4-lactone, 40 uM 1,25(0OH),D3, and 5 mM UDPGA. Briefly, 0.2 mL of 250
mM Tris-HCI (pH 7.4), 1 mg of pooled HLM and 50 pg alamethicin were mixed in a total
volume of 0.75 mL, and placed on ice for 15 min [22]. MgCly, (10 mM in incubation), saccharic
acid 1,4-lactone (5 mM in incubation), and 1,25(OH),D3 (40 uM in incubation) were added.
To initiate the reaction, UDPGA (5 mM in incubation) was added to give a 1-mL final volume.
The reaction was maintained for 180 min at 37°C, and terminated by the addition of chloroform/
methanol (3:1, 4 mL). Incubations conducted without UDPGA served as a negative control.
The resulting reaction mixtures were vortexed and centrifuged at 800g for 15 min. The aqueous
phase from ten replicate incubation mixtures was pooled and concentrated under a N, gas
stream. Reaction products were fractionated by HPLC using a model 1100 series system
(Agilent Technologies, Palo Alto, CA). Chromatographic separations were accomplished
using a Symmetry C18 (4.6 x 250 mm, 5 um) column (Waters, Milford, MA) and a mobile
phase consisting of 5 mM ammonium acetate (pH 4.5) and acetonitrile maintained at a flow
rate of 1.0 mL/min and 45°C. The proportion of acetonitrile was set at 10% for the first two
minutes and then increased linearly to 90% at 15 min post-injection. UV detection of the
analytes was performed at 265 nm. Two peaks, designated as metabolites M1 and M2, were
detected with an approximate peak area ratio of 9:1. Column eluent fractions containing the
major metabolite, M1, were pooled and concentrated under N, gas stream for mass spectral
analysis.

Detection of M1 and M2 was performed using an Agilent 1100 series liquid chromatography
system with a UV diode array detector and MSD mass spectrometer (Palo Alto, CA).
Chromatography was performed on a C18 column (Symmetry C18, 2.1 x 50 mm, 3.5 um,
Waters, Milford, MA) at a flow rate of 0.25 mL/min at 40°C. The mobile phase consisted of
5 mM ammonium acetate (pH 4.5) and acetonitrile. The proportion of acetonitrile was
maintained at 10% from 0 to 2 min and then increased linearly to reach 90% at 20 min post-
injection. UV detection was performed at 265 nm. The mass spectrometer was operated in the
negative ionization mode. The interface was maintained at 350°C with a nitrogen nebulization
pressure of 25 psi, resulting in a flow of 10.0 L/min. 1,25(0OH),D3 glucuronides and -
estradiol-17-glucuronide were detected by selective ion monitoring at m/z 591 and 447,
respectively, following 70-V ion fragmentation.

To characterize the structure of a conjugated 1,25(0OH),D3 metabolite (M1), derivatization
with PTAD prior to mass spectral analysis was carried out. Ethyl acetate (300 uL) containing
70 ng PTAD was added to the dried M1 product (~ 2 ug), and kept at room temperature for
1.5 hr, as described previously [23]. After the addition of 450 uL. methanol to decompose excess
reagent, the solvent was evaporated and the residue was dissolved in the mobile phase (80
uL), 20 pL of which was subjected to LC/MS analysis using a Micromass Quattro |1
(Manchester, UK) mass spectrometer coupled to a Shimadzu LC 10 chromatography system
with a C18 column (2.1 x 150 mm, 3.5 um, Waters, Milford, MA) operated at a solvent flow
rate of 0.25 mL/min. The mobile phase consisted of 10 mM formic acid and methanol (7:3, v/
V). To obtain the characteristic ions that can differentiate the presence of the glucuronic acid
moiety on either the A ring or side chain of 1,25(0OH),D3 [23], the PTAD-derivatized 1,25
(OH),D3 metabolite was ionized by atmospheric pressure electrospray ionization (API-ES) in
the positive ion mode.

Mass spectral analysis of the HLM generated reaction products revealed that M1 was a
monoglucuronide and most likely the 25-O-glucuronide regioisomer. HLM incubation
conditions were modified in order to increase the amount of M1 available for NMR analysis.
Alamethicin-treated pooled HLM (1 mg/mL x 45, ImL aliquots) were incubated for 8 hr with
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100 uM 1,25(0OH),D3 in 100 mM potassium phosphate buffer, pH 7.4, containing 1 mM
MgCl, and 5 mM UDPGA. A pilot experiment confirmed that formation of M1 was linear
with respect to time (up to 24 hr) for that length of time. The reaction was quenched with the
addition of 2 volumes of ethanol and protein was removed by centrifugation at 30009 for 20
min. The volume of supernatant was reduced under a stream of nitrogen gas and subjected to
semi-preparative high-pressure liquid chromatography. Chromatographic separation of the
reaction products was performed with a Waters FractionLynx system consisting of a Waters
ZMD 4000 operating in ESI positive, a model 600 solvent delivery system, a model 2700
sample manager, model 2487 dual wavelength UV detector, and a Fraction Il Collector, using
a Waters Xterra MS C18 column (10 x 300 mm, 10 um) and a mobile phase consisting of 10
mM ammonium acetate (pH 6.8) and 20% acetonitrile at a flow rate of 4 mL/min. A linear
gradient of the acetonitrile concentration was employed: 20% at t = 0 min and 80% at t = 20
min; M1 eluted at 13.5 min under these conditions. The mass peak corresponding to M1 was
isolated and the organic solvent content was reduced under nitrogen. Concentrated M1
fractions from replicate injections were pooled and the remaining liquid was removed by
lyophilization. The solid residue was used for NMR analysis.

An NMR sample of ~1 mg of 1,25(0OH),D3, and a prepared sample of ~100 ug M1 were
separately dissolved in ~150 pL of deuteromethanol and transferred to Wilmad 3mm NMR
tubes. Data were acquired on a Varian INOVA 500 NMR spectrometer employed with a Varian
gradient, triple-resonance Cold Probe. The suite of experiments included a standard proton, a
2D homonuclear gDQF-COSY, heteronuclear direct-correlation multiplicity-edited HSQCAD
and long-range gHMBCAD. The gDQF-COSY data were acquired as 4096 x 128 complex
points, accumulating 128 transients per increment and with spectral widths of 5,498 Hz for
both frequency domains. The experiment had an interpulse delay of 1.127 sec and a total
acquisition time of 14 hr. The HSQCAD data were acquired as 4096 x 128 complex points,
accumulating 256 transients per increment and with spectral widths in F, and F; of 5,498 and
18,850 Hz, respectively. This experiment had an interpulse delay of 1.127 sec, was optimized
for an assumed direct coupling of 135 Hz and had a total acquisition time of 14.5 hr. The
gHMBCAD data were acquired as 4096 x 128 complex points, accumulating 256 transients
per increment and with spectral widths in F, and F; of 5,498 and 22,624 Hz, respectively. This
experiment had an interpulse delay of 1.127 sec, was optimized for an assumed long-range
coupling of 8 Hz and had a total acquisition time of 30 hr. All data were acquired at 25°C and
referenced to the solvent at 3.31 ppm for 1H and 49.15 ppm for 13C.

2.4. Characterization of 1,25(OH),D3 glucuronidation activity of human UGT isozymes

Supersomes (0.04 mg of microsomal protein) containing different cDNA-expressed human
UGT isozymes (UGT1Al, UGT1A3, UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1AJ9,
UGT1A10, UGT2B4, UGT2B7, UGT2B15, or UGT2B17) were treated with alamethicin at
50 pg of alamethicin/mg of microsomal protein on ice for 15 min. Each incubation contained
Supersomes (0.04 mg of microsomal protein), 2 pg of alamethicin, 50 mM Tris-HCI (pH 7.4),
10 mM MgCl,, 5 mM saccharic acid 1,4-lactone, 5 mM UDPGA, and 1 or 20 uM 1,25
(OH),D3 in a 200-pL final volume. The 1,25(0H),D3 was dissolved in methanol and the final
concentration of the organic solvent in the incubation mixture was <1%. After preincubation
for 5 min at 37°C, the reaction was initiated by the addition of UDPGA (5 mM in incubation).
The mixture was incubated at 37°C for 30 min, and the reaction was terminated by the addition
of 125 ulL of ice-cold acetonitrile containing 6% (v/v) acetic acid and 12.5 nmol p-estradiol-17-
glucuronide (as an internal standard, IS). Parallel incubations conducted without UDPGA
served as a negative control.

Measurement of 25-O-glucuronide M1 and M2 was performed by LC-MS analysis as described
above. Quantification of 1,25(OH),D3 glucuronides in the incubation mixtures was
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accomplished using a standard solution containing a known amount of 25-O-glucuronide as
follows. Purified 25-O-glucuronide was dissolved in 50 mM acetate buffer (pH 4.5), and
completely converted to the aglycone, 1,25(0OH),D3, using B-glucuronidase (500 Fishman
units). The resulting amount of 1,25(0OH),D3 formed was quantified by LC/UV analysis using
a standard curve of 1,25(0OH),D3, and defined an equal amount of 25-O-glucuronide in the
acetate solution. Formation of 1,25(OH),D3 glucuronide (25-O-glucuronide and M2) was
quantified by comparing peak area ratios (metabolites/internal standard) from incubations to
ratios in a standard solution of 25-O-glucuronide. Analysis of M2 was considered to be semi-
quantitative, due to the lack of a standard of known concentration.

2.5. Determination of kinetic parameters for 1,25(0OH),D3 monoglucuronide formation

Kinetic parameters (K, and Vinax) for 1,25(0OH),D3 monoglucuronide formation were
determined using pooled HLM (final concentration, 0.5 mg/mL), and UGT1A4, UGT2B4 and
UGT2B7 Supersomes (0.2 mg microsomal protein/mL) under conditions that were linear with
respect to protein concentration (for HLM up to 1.5 mg/mL, for UGT up to 1 mg/mL) and time
(up to 60 min). The range of substrate concentrations were as follows: 0.005-40 uM for pooled
HLM and UGT1A4, 2-40 uM for UGT2B4, and 1-40 uM for UGT2B7. Each set of data was
fitto a simple hyperbolic (eg. 1) or substrate inhibition (eg. 2) model using nonlinear regression
data analysis (GraFit 3.09; Erithacus Software Ltd., Horley, Surrey, UK):

V=Viax X [S]/(Kn+[S]) (1)
V=Vinax X [S1/(Kn+[S1+[S1*/K ;) @

where V is the velocity of reaction, Vax is the maximum velocity, K, is Michaelis-Menten
constant, [S] is the substrate concentration, and Kgj is inhibition constant.

2.6. Inter-liver differences in 1,25(0OH),D3 monoglucuronide formation

To evaluate inter-liver differences in 1,25(OH),D3 monoglucuronide formation, 19 individual
HLM (0.5 mg/mL) were incubated with 1,25(OH),D3. The assay was carried out as described
above, except at a substrate concentration of 10 uM. N-glucuronidation rates for
trifluoperazine, a known UGT1A4 specific substrate [24,25,26,27] were determined to
compare 1,25(0OH),D3 monoglucuronide formation rates with UGT1A4 activity using the
same HLM (0.5 mg/mL). The trifluoperazine assay was carried out as described previously
[26,28]. Correlation coefficients (r) of glucuronide formation were calculated using SAS
system for windows version 6.12 (SAS Institute Inc., Cary, NC). A p value of less than 0.05
was regarded as statistically significant.

2.7. Inhibition of 1,25(0OH),D3 monoglucuronide formation

Inhibition of 1,25(0OH),D3 monoglucuronide formation was evaluated using hecogenin, a
known inhibitor of UGT1A4 [27,28]. Pooled HLM (0.5 mg/mL) or UGT1A4 Supersomes (1
mg/mL) were preincubated with alamethicin at 50 ug of alamethicin/mg of microsomal protein,
and different concentrations (0, 5, 20, 50, 100, and 200 uM) of hecogenin for 10 min at room
temperature, followed by the addition of 50 mM Tris-HCI (pH 7.4), 10 mM MgCl,, 5 mM
saccharic acid 1,4-lactone, and 1 uM 1,25(0OH),D3. The reaction was initiated by the addition
of 5mM UDPGA (a final volume of incubation, 200 pL). After incubation at 37°C for 30 min,
the reaction was terminated by the addition of 125 pL of ice-cold acetonitrile containing 6%
(v/v) acetic acid and 12.5 nmol B-estradiol-17-glucuronide. The final concentration of organic
solvent in the incubation mixture was < 2%, and all control incubations contained the same
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volume of the inhibitor vehicle. Other procedures for quantitating 25-O-glucuronide and M2
formation were carried out as described above.

2.8. Comparison of intestinal and hepatic UGT1A4 gene expression

3. Results

Paired (same donor) human liver and intestinal (jejunal) samples from nine Caucasian donors
were obtained from the University of Washington School of Pharmacy Human Tissue Bank
(Seattle, WA). Total RNA was isolated from the tissue samples using TRIzol reagent
(Invitrogen, Carlsbad, CA). Analysis of each product revealed no evidence of significant
MRNA degradation. Reverse transcription was performed using random hexamers, according
to the manufacturer’s instructions for the SuperScript First-Strand Synthesis System for RT-
PCR (Invitrogen) and Lin et al [20].

Real-time gquantitative PCR was performed with the ABI 7900 system (Applied Biosystems,
Foster City, CA). The primers and probe sequences for GAPDH were:
GAGGGGCCATCCACAGTCTT (reverse), GATCATCAGCAATGCCTCCT (forward),
6FAM-ACTCATGACAGTCCATGCCATCAC-TAMRA (probe). For all other gene targets
(UGT1A1, UGT1A4, UGT1A8, UGT2B4, UGT2B7, and ubiquitin C), Assays-on-
Demand™ products from Applied Biosystems (containing appropriate gene-specific primers
and probe) were used. GAPDH, shown to be one of the most stably expressed control genes
among different tissues [29], was chosen as the internal control gene to compare the gene
expression levels between different organs (i.e., liver and intestine for this study). Another
internal control gene, UBC (ubiquitin C) was used for validation of results. One intestine and
one liver sample with relatively high expression of the target genes were selected to create
standard curves after serial dilutions. Therefore, all gene expression levels are expressed in
arbitrary units. The real-time quantitative PCR mixture (25 uL final volume) consisted of 50
ng of cDNA (5 pL), the appropriate forward and reverse primers (400 nM each), 100 nM
TagMan probe (or appropriate Assays-on-Demand™ gene expression products, Applied
Biosystems, Foster City, CA), and 1x TagMan Universal PCR Master Mix (Applied
Biosystems). Amplification and detection were performed with the ABI 7900 system with the
following PCR reaction profile: 50 °C for 2 min, 95°C for 10 min, and 45 cycles of 95°C for
15 sec and 60°C for 1 min.

3.1. Identification of 1,25(0OH),D3 monoglucuronide metabolites formed by HLM

After incubation of 1,25(0OH),D3 (Chemical structure shown in Fig. 1) with pooled HLM and
UDPGA, two metabolites (M1 and M2) were identified by UV absorbance (not shown) and
selective mass detection at m/z 591, which corresponds to [M-H]™ under the API-negative ion
mode (Fig. 2). Both metabolites were generated in a UDPGA-, microsomal protein- and time-
dependent manner at substrate concentrations between 0.005 and 40 uM (not shown). After
treatment with B-glucuronidase, LC-UV analysis (265 nm) revealed that M1 and M2 were
converted to the aglycone, 1,25(0OH),Ds, suggesting that both metabolites are glucuronide
conjugates of 1,25(0OH),D3 (data not shown). In addition, when microsomes from several
species were screened for 1,25(0OH),D3 glucuronidation activity, the rank order for formation
of M1 was human > Beagle dog > Sprague Dawley rat >> Cynomologous monkey.

To further identify the most abundant metabolite (M1), LC/MS and NMR analyses were
performed. The PTAD adduct of M1 under the API—positive ion mode (full scan) showed the
presence of ions at m/z 790 and 768, corresponding to the sodium adduct and the protonated
form of the derivative, respectively, and its characteristic fragment ion at m/z 314 (Fig. 3). This
fragment originates from cleavage of the C6-7 bond of the A ring skeleton that contains intact
(unconjugated) hydroxyl groups at 1a and 3 positions. This result suggests conjugation of the

Biochem Pharmacol. Author manuscript; available in PMC 2009 April 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hashizume et al.

Page 7

intact molecule at the 25-O position of the side chain (shown in Fig. 1), as described by Higashi
et. al [23]. These conclusions were confirmed by daughter ion analysis (MRM) of the m/z 750
precursor ion (MH*-H,0) under the API-positive ion mode (i.e. 750 — 314; data not shown).
Formation of M2 was insufficient to permit similar structural identification, but it presumably
corresponded to the 1-O or 3-O-glucuronide isomer.

3.2 Structural identification of M1 by NMR

To confirm the identity of M1 by NMR analysis, semi-preparative purification of M1 from
incubation mixtures was carried out. NMR data for 1,25(OH),D3 was acquired for comparison
to M1. The proton and carbon assignments for both 1,25(0OH),D3 and M1 are listed in Table
1. Most of the data for M1 equated well to that of the parent molecule, with the exception of
resonances at the side chain terminus. The proton and carbon resonances at positions 24-27
exhibited slight changes to their chemical shifts. The most pronounced was the downfield shift
of 7.5 ppm from 71.5 to 79.0 ppm for C25, consistent with the attachment of the glucuronide.
The key information to locate the glucuronide at the 25-position was the long-range
gHMBCAD data that exhibited a correlation from the anomeric H1' resonance at 4.45 ppm to
the C25 resonance at 79.0 ppm, affording an unequivocal connectivity from the glucuronide
ring to the side chain (indicated by an arrow in Fig. 4). The 26/27 methyl protons also exhibited
the long-range gHMBCAD correlations to the quaternary C25. All of the gHMBCAD
correlations for M1 are listed in Table 1.

3.3 Characterization of 1,25(0OH),D3 glucuronidation activity of human UGT isozymes

Screening of 1,25(0OH),D3 glucuronosyltransferase activity was performed using twelve
human UGT isozymes (UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A7, UGT1AS,
UGT1A9, UGT1A10, UGT2B4, UGT2B7, UGT2B15, and UGT2B17) incubated with 1 or 20
uM of 1,25(0H),D3. UGT1A4 and UGT2B7 catalyzed 25-O-glucuronide and M2 formation,
while UGT2B4 catalyzed 25-O-glucuronide formation only. Other UGT isozymes exhibited
no detectable catalytic activity under the incubation conditions that were employed (data not
shown).

3.4. Determination of kinetic parameters for 1,25(0OH),D3 monoglucuronide formation

Kinetic analyses of 1,25(0OH),D3 monoglucuronide formation were performed using pooled
HLM, and UGT1A4 (UGT1A4*1), UGT2B4 and UGT2B7 Supersomes (Table 2, OFig. 5).
The rates of 25--glucuronide and M2 formation by HLM followed simple hyperbolic kinetics
yielding respective Ky, and Vpyax values of 11.2 uM and 10.4 uM, and 32.9 + 1.9 pmol/min/
mg protein and 3.3 £ 0.2 pmol/min/mg protein, respectively. The kinetic profile of 25-O-
glucuronide and M2 formation by UGT1A4 was similar to that of HLM; the K, and Vinax
valueswere 7.3 uMand 4.1 uM, and 33.7 £ 1.4 and 5.6 = 0.3 pmol/min/mg protein, respectively.
Formation of 25-O-glucuronide by UGT2B4 also followed simple hyperbolic kinetics, yielding
a Ky, value (57.8 uM) that was 5-fold higher than that of HLM. In contrast, UGT2B?7 catalyzed
25-0-glucuronidation followed substrate inhibition kinetics, differing from that of HLM,
UGT1A4 and UGT2B4. Although both UGT2B isozymes supported the reaction, the
calculated maximum intrinsic 25-O-glucuronide formation clearance for UGT1A4 (4.62 pL/
min/mg protein) was 14-fold and 62-fold higher than that of UGT2B7 (0.33 pL/min/mg
protein) and UGT2B4 (0.07 pL/min/mg protein), respectively.

3.5. Inter-liver differences in 1,25(0OH),D3 monoglucuronide formation

To evaluate inter-liver variability in 1,25(OH),D3 monoglucuronide formation, a panel of 19
HLM was screened for 25-O-glucuronide and M2 formation rates. The variability in 25-O-

glucuronide and M2 formation was only 4-fold (7.7-29.3 pmol/min/mg protein; mean = 16.2
+ 5.7 pmol/min/mg protein) and 6-fold (0.6-3.8 pmol/min/mg protein, mean = 1.7 + 0.8 pmol/
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min/mg protein), respectively. There was a strong correlation between 25-O-glucuronide and
M2 formation rates catalyzed by the panel of 19 HLM (r = 0.92, p<0.0001). In addition,
formation of each 1,25(OH),D3 monoglucuronide by HLM correlated well with N-glucuronide
formation from trifluoperazine, a UGT1A4 probe substrate (25-O-glucuronide formation, r =
0.86, p<0.0001; M2 formation, r = 0.81, p<0.0001).

3.6. Inhibition of 1,25(0OH),D3 monoglucuronide formation

The effects of hecogenin (a UGT1A4 inhibitor) on 25-O-glucuronide and M2 formation by
pooled HLM were determined (Fig. 6). A hecogenin concentration above 20 uM strongly
inhibited 25-0-glucuronide formation and M2 formation catalyzed by pooled HLM. 25-O-
glucuronide and M2 formation by UGT1A4 were completely inhibited by 50 uM hecogenin.
In the presence of 200 puM of trifluoperazine, a UGT1A4 probe substrate, 25-O-glucuronide
formation by HLM was also decreased to 75% of control (data not shown).

3.7. Comparison of hepatic and intestinal mMRNA expression of UGT isozymes

To compare the 1,25(0OH),D3 mono-glucuronidation potential of liver and intestine, we
measured the gene expression level of several UGT isozymes using nine paired human liver
and intestinal tissues. We found that, relative to the intestine, there was a higher UGT1A4 and
UGT2B7 mRNA content in the liver (~6-fold and 7-fold, respectively) (Fig. 7) using
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the internal control gene. For
comparison, the median value for the ratio of UGT1A1 mRNA in liver versus intestine was
~1. Inaddition, consistent with the reported preferential expression of UGT1A8 and UGT1A10
in human intestine [30], we found that the median value for the liver to intestine mMRNA ratio
for these two isozymes were both about 0.3. For data validation, we found a roughly equivalent
level of hepatic and intestinal expression of another internal control housekeeping gene,
ubiquitin C (not shown).

4. Discussion

Previous investigators have shown that, in humans, the most active form of vitamin D3, 1,25
(OH),Dg3, can be exported into bile as a polar conjugate, including glucuronide(s), and
reabsorbed in the proximal small intestine [12,13]. Based on the extensive enterohepatic
recycling of glucuronides of bile acids and related steroids, it is likely that 1,25(0OH),D3
undergoes similar metabolism, biliary transport and intestinal reabsorption processes. In this
study, we demonstrated that two different monoglucuronide isomers of 1,25(0OH),D3 were
produced by the human liver, with preferential conjugation at the 25-hydroxy position. It is
interesting that glucuronidation occurred at the hindered 25-position of 1,25(0OH),D3, that is
part of the tert.-hydroxy group. We also observed a third minor monoglucuronide peak after
the 8 hr-incubation used to purify M1 for NMR analysis (not shown). Presumably, these minor
metabolites correspond to the other potential regioisomers, 1a-O- and/or 3-O-
monoglucuronide [7, Litwiller]. However, their low rate of formation precluded definitive
identification.

Although 1,25(0OH),D3 was shown previously to be directly glucuronidated in humans (using
B-glucuronidase treatment) [12,13], the exact structure of the metabolite has been unclear until
the present work. A monoglucuronide metabolite of 1,25(0OH),D3 was isolated from rat bile
and was assumed to be conjugated at the 1- or 3-hydroxy group, but its structure was not fully
determined [Litwiller et al.]. In addition, it was reported that the 24- and 3-hydroxy groups of
24,25-dihydroxyvitamin D3 were directly conjugated and that the 25-glucuronide was not
detected in bile after administration of 24,25-dihydroxyvitamin D3 to rats [16,17]. In dog bile,
the 23-B-glucuronide of 23,25-dihydroxy-24-oxovitamin D3 was identified as the major
metabolite, but 24,25-dihydroxyvitamin D3 glucuronides, which would be direct conjugates,
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were not found after administration of 24,25-dihydroxyvitamin D3 [15]. In contrast to this
information from animal studies, our data indicates preferential glucuronidation of the 25-
position of 1,25(0OH),D3 in humans. Admittedly though, this apparent species difference could
simply reflect the regioselectivity of the UGT1A4 enzyme for what are structurally different
vitamin D chemical species.

Glucuronide conjugation is often catalyzed by multiple UGT isozymes due to their broad
substrate specificities. These are characteristically high K, (micromolar) reactions for both
endogenous and exogenous substrates [31]. For example, the conjugations of bilirubin and
estradiol by UGT1AL exhibit a K, of 24 and 28 pM, respectively [22,32]. Similarly, several
hydroxysteroids are glucuronidated by UGT1A4 [24], with K, values (7-18 uM) similar to
that observed for 1,25(0OH),D3 (7-11 uM, Table 2). The apparent intrinsic clearance (Vmax/
K, for the reaction is presumably sufficient to support enterohepatic cycling of 1,25
(OH),D3-glucuronide, as has been observed previously [12,13]. Indeed, the calculated intrinsic
clearance of 1,25(0OH),D3 by UGT1A4, compares reasonably well (21-51%) with that of the
sapogenins, androstanediol and pregnanediol, compounds that are considered excellent
UGT1A4 substrates [24].

Under normal physiological conditions, the concentration of 1,25(0OH),D3 circulating in
human plasma is relatively invariant and closely regulated (about 0.15 nM, Brumbaugh,
Science 1997). For example, van Hoof et al (Eur J Endocrinol 144:391-6, 2001) reported total
concentrations that varied between only 0.1 and 0.2 nM in 12 healthy women. Similarly, Ebling
etal. (J Clin Endocrinol 75:176-82, 1992) observed a 3-fold range of total serum 1,25
(OH),D3 concentrations in 44 healthy women between the ages of 20 and 87 yrs. The liver
distribution of 1,25(0OH),D3 has been investigated in rats using quantitative whole-body
autoradiography [Kissmeyer]. After dosing (ca; 12 ug), total radioactivity in liver at 8 hr was
1.5-fold higher than that in blood (121 vs 79 ng/g tissue) although the composition of 1,25
(OH),D3 in each tissue was unknown. Assuming that the liver/blood concentration ratio is the
same in rats and humans under normal physiological conditions, the 1,25(0OH),D3
concentration in liver may be similar to that in blood(serum). Because the apparent Ky, for 1,25
(OH),D3 glucuronidation by UGT1A4 is much higher than circulating blood (and hepatic)
concentrations of 1,25(OH),D3, the extent of hepatic 1,25(OH),D3 glucurnonidation (and
biliary excretion) would be expected to vary in proportion to circulating levels of hormone.
Inter-individual differences in the intake of vitamin D from the diet or its synthesis in the skin
can affect the pool of circulating 25(0OH),D3 from which 1,25(0OH),Dj is derived and, thus,
may also have some effect on the extent of hepatic glucuronidation, particularly when altered
physiological conditions are encountered.

The formation of quaternary N-glucuronides can exhibit pronounced inter-species differences,
with limited activity in some animals used for toxicity testing [34]. In humans, UGT1A4, as
well as UGT1A3, appears responsible for the formation of these products (ref 24; Miners,
2004). Glucuronide metabolites of 1,25(0OH),D3 produced by human liver microsomes were
detected in dog, rat and monkey liver microsomal incubations, but there was also evidence for
an inter-species difference, with these animal species exhibiting lower 1,25(0H),D3
glucuronidation activity than humans. Although the identity of the UGT enzyme(s) catalyzing
1,25(0OH),D3 conjugation in animals is unknown, the available data are consistent with a
reduced level of UGT1A4-related activity in some animals compared to humans.

An inter-species difference in 1,25(0H),D3 O-monoglucuronide formation has interesting
biological implications if the process represents the first step in the preferential delivery of a
potent VDR ligand to proximal intestinal enterocytes. One might anticipate far less pronounced
differences in proximal vs. distal CYP3A expression in species that do not efficiently
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glucuronidate 1,25(0OH),D3. It might also predict differences in the regulation of other VDR
gene targets such as the intestinal calcium binding protein, calbindin D9K.

The possible involvement of human UGT1A4 in the delivery of 1,25(0OH),Ds to the proximal
intestine has interesting implications with respect to calcium homeostasis during pregnancy.
The oral clearance of the selective UGT1A4 substrate lamotrigine is enhanced significantly
during pregnancy [35]. Moreover, induction of human hepatic UGT1A4 during pregnancy has
been recapitulated in a transgenic mouse model [36], wherein the investigators suggest that
this occurs as a ‘natural defense mechanism to facilitate the detoxification or elimination of
blood products resulting from catabolism during early embryogenesis.” Our results suggest an
additional outcome—an increase in hepatic UGT1A4 activity during pregnancy may enhance
the delivery of 1,25(0OH),D3 to the proximal small intestine and promote calcium absorption
in response to increased demands during fetal development.

The glucuronidation of 1,25(0OH),D3 could also represent an inactivation/systemic clearance
process. However, the terminal urinary (and fecal) excretion products of vitamin D3 observed
in humans (including glucuronides) are derived primarily from initial hydroxylation at the
C-24, C-23 and C-26 positions [18,37]. This suggests that direct glucuronidation of 1,25
(OH),Dj3 is not a significant terminal elimination pathway. Some UGT isoforms, such as
UGT1A4, are also expressed in the intestine as well as liver, and the impact of intestinal UGTs
on the first-pass effect and enterohepatic circulation of drugs is well recognized. After secretion
into the bile as glucuronides, the conjugates can be subsequently hydrolyzed by B-
glucuronidases located in the lumen of the gastrointestinal tract. The interplay between the
conjugating enzymes of the intestinal mucosa and the de-conjugating enzymes of bacteria is
unclear but, presumably, both processes are essential for transcellular delivery of the
glucuronide metabolite into blood (i.e., uptake across the apical membrane and re-conjugation
of the UGT substrate, followed by active export across the basolateral membrane into blood).
The presence of UGT1A4 in the small intestine would serve this role with regard to 1,25
(OH),D3recycling. However, the higher expression of UGT1A4 in the liver, compared to small
intestine, suggests that active hormone would accumulate and exert its genomic effects in the
enterocytes and also undergo CYP-catalyzed oxidations (ref 10). Indeed, formation of 1,25
(OH),D3-glucuronide in the liver and enterohepatic recycling may simply serve as a reservoir
and critical tissue-selective hormone delivery pathway. In this regard, it is interesting to note
that we observed only minor inter-individual differences in the 25-O-glucuronidation activity
of a panel of 19 human livers, consistent with a conserved and important metabolic function.
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Abbreviation

1,25(0OH),D3

1a,25-dihydroxyvitamin D3
UDPGA

Uridine-5'-diphosphoglucuronic acid
PTAD

4-phenyl-1,2,4-triazoline-3,5-dione
HLM

human liver microsomes
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HPLC
high performance liquid chromatography
LC/MS/MS
liquid chromatography-tandem mass spectrometry
LC/MS
liquid chromatography-mass spectrometry
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Chemical structures of (A) 1,25(0OH),D3 and (B) 1la-hydroxy,25-glucuronide-Ds.
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Fig. 2.

Detection of monoglucuronides generated following incubation of 1,25(0OH),D3 with HLM.
The reaction was performed for 30 min at 37°C in a 200-uL mixture containing 40 uM 1,25
(OH);D3, 1 mg/mL HLM, 50 pg/mL alamethicin, 50 mM Tris-HCI (pH 7.4), 10 mM MgCl,,
5 mM saccharic acid 1,4-lactone, and 5 mM UDPGA. 1,25(0OH),D3 glucuronides (M1 and
M2, panel A) and estradiol-17-glucuronide (internal standard (IS), panel B) were detected by
selective ion monitoring at m/z 591 and m/z 447, respectively, as described under Materials
and Methods.
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M1 was performed using derivatization with 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) as
described previously [23]. The PTAD adduct of M1 gave a characteristic fragment ion of at

m/z 314 in the API—positive ion mode.
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Fig. 4.

Identification of M1 by NMR as the 25-glucuronide metabolite of 1,25(0H),D3. GHMBCAD
spectrum with the proton spectrum shown as the trace across the top of the spectrum. The peak
indicated by an arrow affords the major evidence of M1 being a 25-glucuronide (see results).
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Fig. 5.

Substrate concentration-rate profiles of 25-O-glucuronide (M1) and M2 formation by
UGT1A4, UGT2B4 and UGT2B7. Each incubation contained 0.04 mg microsomal protein of
Supersomes (UGT1A4, UGT2B4 or UGT2B7), 2 ng of alamethicin, 50 mM Tris-HCI (pH
7.4), 10 mM MgCl,, 5 mM saccharic acid 1,4-lactone, 5 mM UDPGA, and 0.05, 1, 2, 5,10,
20, 30, or 40 uM 1,25(OH),D3 in a total volume of 200 pL. After preincubation for 5 min at
37°C, the reaction was initiated by the addition of UDPGA. After 30-min incubation, the
reaction was terminated by the addition of 125 pL of ice-cold acetonitrile containing 6% (v/v)
acetic acid and 12.5 nmol B-estradiol-17-glucuronide (1S). Closed and open circles indicate
the catalytic activities of 25-O-glucuronide (M1) formation and M2 formation, respectively.
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Fig. 6.

Inhibition of 25-O-glucuronide (M1) and M2 formation in human liver microsomes by
hecogenin. Pooled HLM (0.5 mg/mL) were preincubated with alamethicin at 50 pg of
alamethicin/mg of microsomal protein, and different concentrations (0, 5, 20, 50, 100, and 200
puM) of hecogenin for 10 min at room temperature, followed by the addition of 50 mM Tris-
HCI (pH 7.4), 10 mM MgCl,, 5 mM saccharic acid 1,4-lactone, and 1 uM 1,25(0OH),Ds3. The
reaction was initiated by the addition of 5 mM UDPGA (a final volume of a mixture, 200 pL).
After incubation at 37°C for 30 min, the reaction was terminated by the addition of 125 uL of
ice-cold acetonitrile containing 6% (v/v) acetic acid and 12.5 nmol p-estradiol-17-glucuronide
(1S). Closed and open circles indicate the catalytic activities of 25-O-glucuronide (M1)
formation and M2 formation, respectively.
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Fig. 7.

Comparison of MRNA expression levels of UGT isozymes in paired (same donor) human liver
and intestine. Paired (same donor) human liver and intestinal (jejunal) samples from nine
Caucasian donors were used. Real-time quantitative PCR was performed as described in text.
GAPDH was chosen as the internal control gene.
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Table 2
Kinetic parameters associated with 25-O-glucuronide (M1) and M2 formation in
HLM, UGT1A4, UGT2B4 and UGT2B7

Km (uM) Vmax (pmol/min/mg protein) Vmax/Km (ul/min/mg protein) Ksi (uM)

25-O-glucuronide (M1)

HLM 11.2+1.8 32.9£1.9 2.94 -

UGT1A4 7.3x1.0 33.7£1.4 4.62 —

UGT2B4 57.8+13.1 4.3+0.6 0.07 —

UGT2B7 4.2+1.3 1.4+0.2 0.33 81.0+42.1
M2

HLM 10.4+1.9 3.3+0.2 0.32 -

UGT1A4 4.1+0.8 5.6+0.3 1.37 —

UGT2B4 N.D. N.D. N.D. N.D.

UGT2B7 1.4+0.5 0.2+0.02 0.14 -

Kinetic parameters were derived by fitting data to a simple hyperbolic model (eq. 1) except kinetic parameters for 25-O-glucuronide formation by UGT2B7
(substrate inhibition model, eq. 2). A dash (=) indicates parameter not present in a kinetic model used to fit data.

N.D., not determined due to no activity.
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