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Abstract: The present study reports a novel method for the production and purification of
analytical standards of glucuronide conjugates of bile acids, chenodeoxycholic (CDCA),
lithocholic, (LCA) and hyodeoxycholic (HDCA) acids. CDCA—3G (CDCA—3-glucuronide) and
—24G, LCA—3G and —24G, and HDCA—-6G and —24G were enzymatically formed by using
microsomes from human liver, purified by liquid chromatography, digested with recombinant
B-glucuronidase, and quantified by liquid chromatography/electrospray ionization coupled to mass
spectrometry (LC-ESI/MS). The position of the glucuronosyl moiety on the bile acids was
determined by analyzing the susceptibility to hydrolysis under elevated pH and temperature
conditions of the standards. By using the purified analytical standards, a LC-ESI/MS/MS method
was developed for the determination of these glucuronide conjugates in in vitro assays. The
linearity of the assay ranged from 0.5 to 40 ng/mL for the six glucuronides, and the limit of
guantification (LOQ) was 0.5 ng/mL. Intra- and interday precisions and accuracy values were
all lower than 10.2%. Furthermore, processed sample stability analyses revealed that the six
standards were stable at 4 °C for more than 24 h. This method was successfully used for the
guantification of CDCA, LCA, and HDCA glucuronides formed by human liver or hepatoma
HepG2 cells. In conclusion, such a method allows the purification of high-quality analytical
standards of glucuronide derivatives and may easily be used for the quantification of other endo-
and xenobiotics that are glucuronidated.

Keywords:  Enzymatic production; HPLC purification; glucuronide conjugates; bile acid; LC-ESI/
MS/MS

Introduction cholic acid (CA) and chenodeoxycholic acid (CDCA).

Bile acids (BAs) are biological detergents that subserve a CDCA is subsequently converted into lithocholic acid (LCA)
number of important functions, including cholesterol excre- in the intestine, and LCA, which is highly cholestatic, is
tion, intestinal uptake of fat-soluble vitamins, and the hepatic then detoxified into hyodeoxycholic acid (HDCA) back
generation of bile flow. BAs are synthesized in the liver by  to the liver? Due to their detergent properties, BAs are
the conversion of cholesterol into the primary bile acids, Cytotoxic and perturbations in their normal synthesis, trans-
port, or secretion are associated with a variety of patho-
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One way of controlling BA levels consists of their glucuronide conjugate in urine corresponds to hyodeoxy-
conjugation to the glucuronosyl group. This reaction, called cholic acid (HDCA) glucuronidé? 5 This 6o-hydroxylated
glucuronidation, facilitates BA secretion into the blood, metabolite of LCA is abundantly found in urine from patients
followed by enhanced urinary excretién. Glucuronidation suffering from cholestasi¥:'> '8 Furthermore, plasma levels
consists of the transfer of the glucuronosyl group from UDP- of the glucuronide conjugates of LCA and CDCA are
glucuronic acid (UDPGA) to the acceptor molecule and is increased by 30- and 50-fold, respectively, in such patiénts.
catalyzed by enzymes belonging to the UDP-glucuronosyl-  Glucuronide conjugation of BA involves either the-3
transferase (UGT) famil§ These membrane bound enzymes hydroxyl group or the 24-carboxyl group of the steroid
of the endoplasmic reticulum produce glucuronidated prod- nucleus of CDCA and LCA, resulting in the formation of
ucts that are more hydrophilic and more easily excreted into ether-type or acyl-type glucuronides, respectivéiy! (Fig-
bile or urine? ure 1). CDCA-3-glucuronide (CDCA-3G), CDCA-24G,

An important consequence of BA glucuronidation is the LCA—3G, and LCA-24G were detected in human urine and
introduction of an additional negative charge to the molecule, plasmat!2>2linterestingly, various studies demonstrated that
which allows their transport by conjugate transporters presentthe major urinary BA glucuronide, HDCA, is conjugated at
in liver and intestiné.Glucuronidated BAs represent-8% both its Gx-hydroxyl and 24-carboxyl positiori§3?226
of the BA pool in the plasma of cholestatic patients, while
in urine, the proportion of these metabolites increases to up(15) Marschall, H. U.; Matern, H.; Wietholtz, H.; Egestad, B.; Matern,

to 35% of total BAs'®~12 The most abundant glucuronide S.; Sjovall, J. Bile acid N-acetylglucosaminidatidn. vivo and

conjugate reported in human plasma is CDCA glucuronide, in vitro eV|den(_:e for_a gelectlve conquatlon reaction of 7 beta-

followed by LCA glucuronidé? 14 By contrast, the major Eggaox])-/é%t?d bile acids in humans. Clin. Inzest. 1992 89 (6),

(16) Wietholtz, H.; Marschall, H. U.; Sjovall, J.; Matern, S. Stimulation

(4) Hofmann, A. F. The continuing importance of bile acids in liver of bile acid 6 alpha-hydroxylation by rifampid. Hepatol.1996
and intestinal diseasérch. Intern. Med1999 159(22), 2647 24 (6), 713-718.

2658. (17) Wietholtz, H.; Marschall, H. U.; Reuschenbach, R.; Matern, H.;

(5) Akita, H.; Suzuki, H.; Hirohashi, T.; Takikawa, H.; Sugiyama, Matern, S. Urinary excretion of bile acid glucosides and glucu-
Y. Transport activity of human MRP3 expressed in Sf9 cells: ronides in extrahepatic cholestastepatologyl 991 13 (4), 656
comparative studies with rat MRPBharm. Res2002 19 (1), 662.

34—-41. (18) Meng, L. J.; Reyes, H.; Palma, J.; Hernandez, I.; Ribalta, J.;

(6) Kuipers, F.; Enserink, M.; Havinga, R.; van der Steen, A. B.; Sjovall, J. Effects of ursodeoxycholic acid on conjugated bile acids
Hardonk, M. J.; Fevery, J.; Vonk, R. J. Separate transport systems and progesterone metabolites in serum and urine of patients with
for biliary secretion of sulfated and unsulfated bile acids in the intrahepatic cholestasis of pregnandy.Hepatol.1997, 27 (6),
rat. J. Clin. Invest.1988 81 (5), 1593-1599. 1029-1040.

(7) Donner, M. G.; Keppler, D. Up-regulation of basolateral multidrug (19) Ikegawa, S.; Oohashi, J.; Murao, N.; Goto, J. A method for the
resistance protein 3 (Mrp3) in cholestatic rat livetepatology determination of the hepatic enzyme activity catalyzing bile acid
2001, 34 (2), 351-359. acyl glucuronide formation by high-performance liquid chroma-
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glucuronidationJ. Steroid Biochem. Mol. BioR003 85, 235— (20) Ikegawa, S.; Okuyama, H.; Oochashi, J.; Murao, N.; Goto, J.
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(9) Bdanger, A.; Pelletier, G.; Labrie, F.; Barbier, O.; Chouinard, S. urine by liquid chromatography combined with electrospray
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zymes in humangirends Endocrinol. Metal2003 14 (10), 473~ (21) lkegawa, S.; Murao, N.; Motoyama, T.; Yanagihara, T.; Niwa,
479. T.; Goto, J. Separation and detection of bile acid 3-glucuronides

(10) Marschall, H. U.; Griffiths, W. J.; Zhang, J.; Wietholtz, H.; Matern, in human urine by liquid chromatography/electrospray ionization-
H.; Matern, S.; Sjovall, J. Positions of conjugation of bile acids mass spectrometrigiomed. Chromatogrl996 10 (6), 313-317.
with glucose and N-acetylglucosamine in vitdoLipid Res1994 (22) Gall, W. E.; Zawada, G.; Mojarrabi, B.; Tephly, T. R.; Green,
35 (9), 1599-1610. M. D.; Coffman, B. L.; Mackenzie, P. |.; Radominska-Pandya,

(11) Alme, B.; Sjovall, J. Analysis of bile acid glucuronides in urine. A. Differential glucuronidation of bile acids, androgens and
Identification of 3 alpha, 6 alpha, 12 alpha-trihydroxy-5 beta- estrogens by human UGT1A3 and 287 Steroid Biochem. Mol.
cholanoic acidJ. Steroid Biochem198Q 13 (8), 907-916. Biol. 1999 70 (1-3), 101-108.

(12) Takikawa, H.; Otsuka, H.; Beppu, T.; Seyama, Y.; Yamakawa, (23) Marschall, H. U.; Matern, H.; Egestad, B.; Matern, S.; Sjovall,
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selective role of UDP-glucuronosyltransferase 2B4Biol. Chem. and kidney. Arin vitro study on hyodeoxycholic aci@EBS Lett.
1993 268 (34), 25636-25642. 1985 189 (2), 183-187.
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Figure 1. Structures of chenodeoxycholic, lithocholic, and hyodeoxycholic acids and of their glucuronide conjugates. Molecular
weights (MW) of each compound are given in g/mol. Arrows indicate the potential site for glucuronide conjugation.

whereas the formation of HDCA3G has never been analytical standards. Various studies reported chemical
reported. HDCA-6G is formed by the human UGT2B4 and methods for the production and characterization of these bile
UGT2B7 enzymes, whereas LCABG was reported as a acid glucuronided? 242730 However, the present study
product of the UGT2B7 enzyni€?? Interestingly, human  reports a novel method for the purification of BA glucu-
UGT1A3 plays a major role in the formation of 24- ronides, based on enzymatic assays using human liver
glucuronide conjugates of LCA and HDCAwhereas the  microsomes (Figure 2). We demonstrate that these purified
human enzymes glucuronidating CDCA are not yet identi- CDCA—3G, CDCA-24G, LCA-3G, LCA—24G, HDCA—-
fied.
Although these glucuronide conjugates have been identi- (27) Radominska-Pyrek, A.; Zimniak, P.; Chari, M.; Golunski, E.;
fied several years ago, there are no commercial sources of  Lester, R.; St Pyrek, J. Glucuronides of monohydroxylated bile
CDCA—, LCA—, or HDCA—-G. Therefore, investiga- acids: specificity of microsomal glucuronyltransferase for the
tors interested in the selective detection and sensitive glucuronidation site, C-3 configuration, and side chain length.
quantification of these metabolites in either biological fluids Lipid Res.198§ 27 (1), 89-101.

. . e g (28) Radominska-Pyrek, A.; Huynh, T.; Lester, R.; St Pyrek, J.
or in vitro glucuronidation assays need to produce such Preparation and characterization of 3-monohydroxylated bile acids

of different side chain length and configuration at C-3. Novel

(26) Radominska-Pyrek, A.; Zimniak, P.; Irshaid, Y. M.; Lester, R.; approach to the synthesis of 24-norlithocholic adid.ipid Res.
Tephly, T. R.; St Pyrek, J. Glucuronidation of 6 alpha-hydroxy 1986 27 (1), 102-113.
bile acids by human liver microsomes. Clin. Invest.1987, 80 (29) Goto, J.; Murao, N.; Oochashi, J.; lkegawa, S. Synthesis of bile
(1), 234-241. acid 24-acyl glucuronidesSteroids1998 63 (4), 180-185.
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with recombinant -glucuronidase +
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. J
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Figure 2. Method for the production, purification, and quan-
tification of bile acid glucuronides. Ether and acyl glucuronides
of CDCA, LCA, and HDCA were obtained by incubating the
parent unconjugated molecules in the presence of human liver
microsomes (step 1). Glucuronidated BAs were subsequently
purified by HPLC (step 2) and lyophilized and dissolved in
methanol (step 3). The purity of each BA standard was
assessed by LC-ESI/MS analyses (step 4), and their concen-
trations were determined following $-glucuronidase digestion
by using the corresponding unconjugated molecule as a
standard for LC-ESI/MS quantification (step 5).

6G, and HDCA-24G are suitable for the simultaneous
quantification of the corresponding metabolites formed in
in vitro glucuronidation assays by liquid chromatography
with electrospray ionization (LC-ESI) coupled to mass
spectrometry (MS/MS).

Experimental Section

Materials. Chenodeoxycholic acid (CDCA), hyodeoxy-
cholic acid (HDCA), and lithocholic acid (LCA) were
purchased from Steraloids (Newport, RIjH[]-Chenode-
oxycholic acid (CDCAd,) and PHg4]-lithocholic acid (LCA-
ds) were purchased from C/D/N Isotopes (MdiatreéCanada).
UDP—glucuronic acid and all aglycons were obtained from
Sigma (St. Louis, MO) and ICN Pharmaceuticals, Inc.

sciences Discovery Labware (Woburn, MA). Human hepato-
ma HepG2 cells were from the American Type Culture
Collection (Rockville, MD). Cell culture reagents were from
Life-Technologies (Burlington, ON). NaiRO,-H,O, Na-
HPQ,, andf-glucuronidase type VIl froniEscherichia coli
were purchased from Sigma (St. Louis, MO). Methanol
(HPLC grade) was obtained from VWR Canlab (Mdaire
Canada).

Cell Culture, Purification of Microsomes, and Glucu-
ronidation Assays. HepG2 cell culture and microsome
isolation were performed as previously described.For
glucuronidation assays, BAs (CDCA, LCA, or HDCA, as
well as the corresponding deuterated CD@Aand LCA-
ds) were incubated in the presence of microsomes in a final
volume of 10QuL of a glucuronidation assay buffer: 50 mM
Tris-HCI, 10 mM MgC}, 8.5 mM saccharolactone (Sigma,
St. Louis), 10ug/mL phosphatidylcholine (Sigma), 24y
of alamethicin (Sigma), 2.xg/mL pepstatin (Sigma), 0.5
ug/mL leupeptine (Sigma); added with 2 mM UDPGA, at
37°C. Assays aimed at producing standards were performed
for 2 h using 1Qug of a human liver microsome preparation
composed of microsomal proteins isolated from livers of 19
different donors (BD Biosciences Discovery Labware).
Analytic experiments were incubated fbh in thepresence
of 10 ug of microsome preparations from three human liver
samples (BD Biosciences Discovery Labware) or from
HepG2 cells. The glucuronidation reaction was stopped by
the addition of 100uL of methanol containing 2 nM
butylated hydroxytoluene (BHT). Glucuronidation assays
were then centrifuged at 13 000 rpm for 5 min to remove
the precipitated proteins, and kept-a80 °C until further
analyses.

f-Glucuronidase Digestion.The concentrations of puri-
fied BA glucuronides were determined after digestion with
5000 units/mL ofE. coli f-glucuronidase type VIl in a 25
mM phosphate buffer (pH= 6.5) for 1 h at 37°C. The
reaction was stopped by cooling on dry ice, and samples
were subsequently acidified with acetic acid (pH3) and
extracted with a liquietliquid extraction (ethyl acetate/
chlorobutane, 50/50, v/v). The resulting unconjugated bile
acids formed were quantified with LC-ESI/MS (see below).

Chromatographic Methods. Three different LC methods
were used for the purification and/or quantification of
unconjugated as well as glucuronide conjugates of BA. In
all cases, the chromatographic system consisted of an
Alliance 2690 (Waters, Milford, MA). Analytes were sepa-
rated with a Synergie RP Hydro column, 1€04.6 mm, 4

(Quibec, Canada). Protein assay reagents were obtained from{31) Claudel, T.; Sturm, E.; Duez, H.; Torra, I. P.; Sirvent, A.; Kosykh,

Bio-Rad Laboratories Inc. (Marnes-la-Coquette, France).

Human liver microsomes were obtained from BD Bio-

(30) Goto, J.; Murao, N.; Nakada, C.; Motoyama, T.; Oohashi, J.;

Yanagihara, T.; Niwa, T.; Ikegawa, S. Separation and character-

ization of carboxyl-linked glucuronides of bile acids in incuba-
tion mixture of rat liver microsomesteroids1998 63 (4), 186—
192.
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um (Phenomenex,Torrance, CA). In all analyses solvent A Furthermore, integrities of detections were ensured by spiking

corresponded to watel mM ammonium formate and samples containing CDCAG or HDCA—G with CDCA-

solvent B to methanetl mM ammonium formate. d,—G, or by spiking those containing glucuronide conjugates
(1) Purification of Bile Acid Glucuronides. The purifica- of LCA with LCA-d,—G. Mass spectrometry conditions were

tion of BA glucuronides was achieved using an isocratic 500°C for desolvation temperature 4000 V spray voltage,

separation (1.0 mL/min) for 7 min of 30% A and 70% B. —45V OR, and—200 V RNG.

For purification, glucuronidation assays were injected by

batches of 4@L, and elution of glucuronide conjugates was Results

monitored by MS. Metabolite fractions were then collected  production and Purification of Bile Acid Glucuronides

and lyophilized at—80 °C for 16 h using a freeze dryer py Microsomes from Human Liver. Analytical standards
system (Labconco Corp. Kansas City, MI). The purified for the quantification of BA glucuronides were produced with

residues were dissolved in methanol and stored& °C. microsomes from human liver incubated in the presence of

These solutions were used as stock solutions for subsequentpCA, LCA, or HDCA (200uM). The glucuronide conju-

analyses. o _ _ _ gates were subsequently purified by HPLC, quantified, and
(2) Quantification of Bile Acid Glucuronides. For characterized (Figure 2). As previously reportegp-22:26

quantitative analyses of BA glucuronides, the calibration incubation of CDCA, LCA, or HDCA with human liver
curves were prepared in methanol:water (50:50, v:v), and microsomes led to the formation of two glucuronide conju-
25 uL of the assays were injected in the HPLC system. gates for each BA. The two glucuronides of each BA shared
Glucuronide conjugate separation was achieved as indicatedhe same ion of 567.5nz for CDCA— and HDCA-
above, and elution took place at a flow rate of 1.0 mL/min glucuronides and of 551.8Vz for LCA—glucuronides. At
with a split ratio of 1:4. Initial conditions were 40% A and that time, the low retention time metabolite was identified
60% B, followed by a linear gradient to 85% B in 3 min. as G1, whereas the latter eluted glucuronide was labeled G2.
This condition was maintained for 2 min, and the column These precursor ions were then selected and induced to
was flushed with 95% B for 2 min and reequilibrated to fragments which were analyzed by the second mass analyzer
initial conditions for an additional 2 min. (Q3) (Figure 3). For all G2 metabolites, tandem MS analyses
(3) Quantification of Unconjugated Bile Acids. Stock resulted in the complete loss of the parent ions (except for
solutions of CDCA, LCA, and HDCA (Steraloids, Newport, HDCA—G2) and gave an almost unique product ion at 391.5,
RI) were prepared in methanol. Calibration curves were 375.2, and 390.8wWz for CDCA—G2, LCA-G2, and
prepared in a 25 mM phosphate buffer (pH 6.5), and HDCA—G2, respectively (Figure 3). These ions corre-
extraction was carried out under the same conditions as forsponded to the deprotonated aglycons formed from cleavage
the samples. Under these conditions the method was linearof the glycosidic bound (MH — 176) (reviewed in ref 33).
from 1 to 400 ng/mL for all BAs. The chromatographic Interestingly, G1 were less sensitive to fragmentation, since
separation was achieved using the same column as forfor all three bile acid derivatives, the parent ions are detected
glucuronide conjugates, and elution took place at a flow rate by the Q3 MS.
of 1.0 mL/min. The initial conditions were 30% A and 70% All six BA glucuronides were subsequently purified by
B, followed by a linear gradient to 85% B in 2 min. This HPLC as described in the Experimental Section (Figure 2).
condition was held for 2 min, and the column was flushed Furthermore, in order to create internal standards for further
with 95% B for 2 min and reequilibrated to initial conditions analyses, the deuterium labeled glucuronidegtéf]f CDCA
for an additional 2 min. and PH,]-LCA were also produced and purified. All purified
Mass Spectrometry.All analytes were detected with an  glucuronides were reconstituted in methanol to form stock
API 3000 triple quadrupole mass spectrometer (Applied solutions, which were subsequently analyzed by LC-ESI/
Biosystems-Sciex, Concord, Canada) equipped with a turboMS to ensure their purity. These analyses revealed that stock
ion-spray source. Unconjugated CDCA, LCA, and HDCA solutions were free from any unconjugated parent BA.
produced fronB-glucuronidase digestion were monitored in Under the indicated conditions (incubation of 4@ of
a negative mode, and their quantification was conducted in microsomes in the presence of 200 of BA for 2 h), the

single ion monitoring mode (SIM) at 3918z for HDCA purification processes produced from 1 tou¢Pof conjugates
and CDCA, 375.5mwz for LCA, 395.5m/z for CDCA-dy, per mg of microsomes, for CDCA3G and HDCA-6G,
and 379.5 for LCAd,. respectively.

The glucuronide conjugates were also monitored in a Identification of the Purified Bile Acid Glucuronides.
negative mode, but quantification was achieved by the The presence of only two nucleophilic acceptor groups for
multiple reaction monitoring (MRM) mode. Negative-product the glucuronosyl moiety on LCA (Figure 1) indicated that
MRM ion pairs werem/z551.5— 375.5 for LCA-G, 567.5 the two purified glucuronide conjugates correspond to ECA
— 391.5 for HDCA-G and CDCA-G, 571.5— 395.5 for 3G (ether glucuronide) and LCA24G (acyl glucuronide).
CDCA-d,—G, and 555.5— 379.5 for LCAd,—G. The
concentration of glucuronides produced in assays Was sz) riffiths, W. J. Tandem mass spectrometry in the study of fatty
obtained by reporting the peak area ratios to the standard  acids, bile acids, and steroiddass Spectrom. Re2003 22 (2),
curves established with the corresponding purified conjugate. 81-152.
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Figure 3. Multiple reaction monitoring of bile acid glucuronide conjugates formed in the presence of microsomes from human
liver. (A—C) Chromatographic separation of the glucuronide conjugates formed by incubating BA (200 uM) in the presence of
microsomal proteins of human liver (10 ug). (a—f) Spectra of product ions from low-energy collision (Q3) of the deprotonated
ions of CDCA—G1 (a: eluted at 4.32 min), CDCA—G2 (b: eluted at 4.74 min), LCA—G1 (c: eluted at 3.98 min), LCA—G2 (d:
eluted at 4.55 min), HDCA—GL1 (e: eluted at 1.88 min), and HDCA—G2 (f: eluted at 2.34 min). Asterisks (*) indicate the m/z
value corresponding to the unconjugated bile acids.

As shown in Figure 1, CDCA and HDCA contain three ammonium formate buffered at pH-3.0 with 0.05 M HCI
potential acceptor groups. In addition to their carboxyl group or 0.05 M NaOH) and at 60C (Figure 4). We observed

at position 24, CDCA contains two hydroxyl groups at that incubation of CDCA G2, LCA—G2, and HDCA-G2
positions 3 and 7, whereas the 3- and 6-OH groups of HDCA in high-pH buffered solution fio2 h drastically reduced the
can be conjugated to the glucuronosyl moiety. However, concentration of the detected glucuronides. The same condi-
previous studies demonstrated that incubation of these acidgions had no effect on CDCAG1, LCA—G1, and HDCA-

with human or rat liver microsomes produces only two G1 (Figure 4A,C,E). In addition, incubation of the standards
glucuronide conjugates: the acyl 24 glucuronides, and thefor 2 h at 60°C resulted in the detection of only 12%, 10%,
ether CDCA-3G and HDCA-6G conjugates, respec- and 40% percent of the initial concentration of CDEG2,
tively.182226.34Considering that acyl glucuronides are highly LCA—G2, and HDCA-G2, respectively (Figure 4B,D,F).
susceptible to hydrolysis under alkaline pH and elevated
temperature conditiond;?333538 standards were incubated (36)
in the presence of increasing pH buffered solutions (10 mM

Skopp, G.; Potsch, L. An investigation of the stability of free and
glucuronidated 11-nor-delta9-tetrahydrocannabinol-9-carboxylic
acid in authentic urine sample3. Anal. Toxicol.2004 28 (1),

(34) Mano, N.; Nishimura, K.; Narui, T.; lkegawa, S.; Goto, J. 35-40.
Characterization of rat liver bile acid acyl glucuronosyltransferase. (37) Shipkova, M.; Armstrong, V. W.; Oellerich, M.; Wieland, E. Acyl
Steroids2002 67 (3—4), 257262. glucuronide drug metabolites: toxicological and analytical im-
(35) Vanderhoeven, S. J.; Lindon, J. C.; Troke, J.; Tranter, G. E.; plications.Ther. Drug Monit.2003 25 (1), 1-16.
Wilson, I. D.; Nicholson, J. K. NMR and QSAR studies on the (38) Hansen, S. H.; Christiansen, |. Separation of isomers of acyl
transacylation reactivity of model 1beta-O-acyl glucuronides. I: glucuronides using micellar electrokinetic capillary chromatog-
design, synthesis and degradation rate measuredXenobiotica raphy in dynamically coated capillariéslectrophoresif004 25
2004 34 (1), 73-85. (18—19), 32773281.
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Figure 4. Effect of pH and temperature on bile acid glucuronides purified. Identification of the purified glucuronide conjugates
was performed by incubating the purified glucuronides of CDCA (A, B), LCA (C, D), and HDCA (E, F) in the presence of increasing
pH buffered solutions (A, C, E) or at 60 °C (B, D, F) for 2 h. These experiments identified CDCA—-G1, CDCA-G2, LCA-G1,
LCA—-G2, HDCA—-G1, and HDCA—-G2 as CDCA—-3G, CDCA—-24G, LCA—3G, LCA—-24G, HDCA—-6G, and HDCA—-24G,
respectively. Values are means + SD of two experiments performed in triplicate.

By contrast the elevated temperature had only minor effectsassays never exceeded 10%, thus indicating that the glucu-
on the amount of CDCAG1, LCA—G1, and HDCA-GL1. ronidation assay buffer does not alter the LOQ nor the
These experiments under extreme conditions were conductedvorking range of the method.
to characterize the position of the glucuronide group on the Processed sample stabilities of the purified glucuronides
bile acid molecules, and identified CDCAS1, —G2, LCA— of CDCA, LCA, and HDCA were determined in the mobile
G1l, —G2, HDCA-G1, and HDCA-G2 as CDCA-3G, phase for low-quality control (LQC, 1.5 ng/mL), medium-
—24G, LCA—-3G, —24G, HDCA-6G, and—24G, respec-  quality control (MQC, 25 ng/mL), and high-quality control
tively (Figure 4). (HQC, 40 ng/mL) samples to determine whether a loss of
Quantification, Linearity Data, and Stability at 4 °C glucuronide occurs or not during the analytical run (data are
of the Purified Standards. Each purified standard was summarized in Table 1). Stock solutions of each purified
subsequently quantified by LC-ESI/MS after digestion with conjugate were diluted at the indicated concentration in
p-glucuronidase fol h at 37°C. The complete deconjugation methanol:water (50:50, v:v) and were incubated &C4or
of each glucuronide derivative was assessed by comparing24 h. Results demonstrated that the analytical standards are
the level of glucuronide conjugates detected by LC-ESI/MS stable at £C for at least 24 h, with relative error (accuracy)
from digested and undigested samples (data not shown). values varying from—12.3% to 10.1% and coefficients of
Seven point nonzero calibration graphs, ranging from 0.5 variation (precision values) ranging from 0.4% to 9.0%
to 50 ng/mL for all purified glucuronides, were performed (Table 1). Similar experiments performed at°ZDindicated
with samples prepared in either methanol:water (50:50, v:v) that purified standards are also stable for 24 h at room
or glucuronidation assay buffer. The limit of quantification temperature (data not shown).
(LOQ) in incubation medium or methanol:water was 0.5 ng/  Precision and Accuracy of the Method. Intra- and
mL for all analytes using a signal noise ratio of 3 (Figure interday precisions and accuracy assays were performed in
5). Furthermore, the peak area ratios versus concentrationghe glucuronidation assay buffer spiked with three concentra-
over the working range (0-550 ng/mL) were linear (cor-  tions of each bile acid glucuronide (1.5, 25, and 40 ng/mL).
relation coefficients higher than 0.999) for all six standards The intraday assay was performed by analyzing five aliquots
in both methanol:kD and assay buffer (data not shown). of each concentration, whereas the interday data were
Finally, variations in slopes or intercepts between the realized by repeating the intraday assays on three different
calibration graphs from methanok@ and glucuronidation  days. All precision values (CV) were lower than 10%,
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Figure 5. Chromatographic separation of the six bile acid glucuronides purified as analytical standards and diluted at the limit
of quantification. All isolated glucuronide derivatives were pooled at the same concentration (0.5 ng/mL, which corresponds to
the LOQ), prior to LC-ESI/MS/MS analysis.The chromatogram shown is representative of five experiments. The retention time
for each conjugate is also indicated.

Table 1. Stability of Purified Bile Acid Glucuronides Conserved at 4 °C for 24 h?

concn conen
added RE® Cve added RE? Cve

(ng/mL) (%) (%) (ng/mL) (%) (%)

CDCA-3G 1.59 6.0 0.9 LCA—-24G 1.5 8.4 4.8
25¢ —6.2 0.8 25¢ 1.0 2.1

40f —2.0 0.7 40f -5.7 1.4

CDCA-24G 1.5 7.0 2.4 HDCA—-6G 1.5 —-12.3 9.0
25¢e 2.1 0.5 25¢e 0.7 3.7

40f 2.1 0.4 40f -0.7 3.1

LCA-3G 1.5 10.1 1.6 HDCA—-24G 1.5 —-8.3 7.6
25¢ 8.4 2.6 25¢ -9.7 1.7

40f 6.1 6.1 40f 5.6 3.5

an= 3, bRE: Relative error. ¢ CV: Coefficient of variation. ¢ 1.5 ng/mL: Low-concentration quality control. € 25 ng/mL: Medium-concentration
quality control. 40 ng/mL: High-concentration quality control.

whereas accuracies were comprised ir-H% to +10% species. The advantages of being able to analyze conjugated
range (data not shown), thus demonstrating that the quantitaspecies without lengthy physical separation and hydrolysis,

tive method is precise and accurate. as offered by LC/MS, have long been recogni#dgecently,
Formation of Bile Acid Glucuronides by Microsomal improved sensitivity in bile acid quantification was obtained
Proteins from Human Liver and Hepatoma HepG2 Cells. with the introduction of MS/MS instrumerftsand then with

The purified analytical standards were used to quantify the ESI*! However, these sensitive technologies require high-
glucuronidation activity of CDCA, LCA, and HDCA by quality analytical standards. The lack of commercial sources
microsomes from three human liver samples or from of BA glucuronides requires investigators interested in the
hepatoma HepG2 cells (Table 2). BAs (2001) were sensitive quantification of these conjugates to produce their
incubated with microsomal proteins (@) for 1 h at 37 own analytical standards. The present study reports a rapid
°C. The glucuronide conjugates were quantified in the and simple method for the production and purification of
glucuronidation assay buffer; however, when required, assaysanalytical standards for the simultaneous quantification of
were diluted to reach the linearity zone of the method. In all the glucuronide derivatives of CDCA, LCA, and HDCA.
samples, HDCA was the more effectively transformed into
its 6-glucuronide conjugate, whereas CDCA and LCA were (39) Joh_nson_, D. W Contemporary cIi_nicaI_usa_ge of_ LC/MS: analysis
at least 5-fold more conjugated into 24-glucuronides than g;tz"glog'scﬁgérlnpo”am carboxylic acid<Clin. Biochem 2005

into 3-glucuronides (Table 2). HepG2 cells produced sig- (40) Ecker]s, C, Eas.t, P. B.; Haskins, N. J. The use of negative ion

nificantly |(_3W9r amounts of aII. gllucuronides., and CDEA thermospray liquid chromatography/tandem mass spectrometry for
3G formation was below the limit of detection (Table 2). the determination of bile acids and their glycine conjugaBas.
Mass Spectronl99], 20 (11), 731-739.
; ; (41) Mills, K. A.; Mushtaq, I.; Johnson, A. W.; Whitfield, P. D;
Discussion ) o . Clayton, P. T. A method for the quantitation of conjugated bile
A comprehensive measurement of BA derivatives requires acids in dried blood spots using electrospray ionization-mass

separation and analysis of each of the conjugated (and free)  spectrometryPediatr. Res1998 43 (3), 361-368.
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Table 2. Formation of Glucuronide Conjugates of CDCA, LCA, and HDCA by Human Liver and Hepatoma HepG2 Cell
Microsomes?

samples CDCA-3G CDCA—-24G LCA—-3G LCA—24G HDCA—-6G HDCA—24G
A 13.67 +£1.2 111.5+9.2 141+13 76.0 £ 0.9 11982 + 758 300 + 39
B 8.7+ 0.7 65.7 £5.3 111 +£0.9 52.3 £3.9 9150 + 522 160 + 13
Cc 19.6 £2.3 121.8+11.4 18.0£0.9 78.0£ 25 12616 + 447 264 £ 19
HepG2 BLD® 13.1+16 1+05 31+05 357.2 £52.3 549 + 3.6

2Ten micrograms of microsomes from three human liver samples or from HepG2 cells were incubated in the presence of 200 uM
chenodeoxycholic (CDCA), lithocholic (LCA), or hyodeoxycholic (HDCA) acids and UDP-glucuronic acid (UDPGA, 2 mM) for 1 h at 37 °C in the
glucuronidation assay buffer described in the Experimental Section. Glucuronide conjugates were quantified by using the LC-ESI/MS/MS method
described. All values are expressed in ng/h/mg proteins and are means + SD of three determinations. ? BLD: below the limit of detection.

These compounds were formed from unconjugated bile acidsloss for sugar-conjugated bile aci#sTandem MS analyses
by classical glucuronidation assays. The same approach waslso revealed that fragmentation of acyl glucuronides resulted
also efficient to produce internal standards of glucuronide in a greater loss of the parent ions than that of hydroxyl-
conjugates with deuterated molecules. linked glucuronides (Figure 3). Furthermore, in CDEA
The limiting step for such a method concerns the identi- LCA—, and HDCA-24G, fragmentation only led to the loss
fication of the glucuronide conjugate products. Previous of the sugar group, thus confirming the lower stability of
studies reported proton nuclear magnetic resonance (NMR)the carboxyl linked glucuronides, as previously repofted.
of such conjugate®2842In the present study, the position By contrast, dissociation of the ether-type glucuronides failed
of the glucuronosyl group on the steroid nucleus of each to completely break the parent ions and resulted in the
BA was determined by comparing the resistance of the six formation of various product ions in addition to the conju-
compounds to elevated pH and temperature conditions.gated molecule. These observations are in accordance with
Indeed, a large number of studies definitely established thethe pH and temperature sensitivity-based differentiation
high susceptibility of carboxyl-linked glucuronide derivatives between carboxyl- and hydroxyl-linked glucuronides.
to hydrolysis under alkaline pH and elevated temperature The LC-ESI/MS/MS method developed in the present
conditionst?20-35-38 This approach allowed the characteriza- study was used to quantify the formation of the glucuronide
tion of the 24-acyl glucuronide conjugates of CDCA, LCA, derivatives by human liver and hepatoma HepG2 cells
and HDCA. samples. With the exception of proteins from HepG2 cells
The stability of the second glucuronide of CDCA, LCA, that were unable to form quantifiable levels of CDEBG,
and HDCA suggested that they corresponded to hydroxyl- all microsomal preparations produced the assayed glucu-
linked glucuronide conjugates. The presence of only one OH ronide conjugates. Furthermore, in accordance with previous
group at position C3 of LCA revealed that the stable reports, a predominant formation of CDER4G and LCA-
conjugate corresponds to LG/8G, a metabolite generally 24G was observed in all samples, whereas HDCA was
formed in the presence of human liver microsofeéé4®  predominantly conjugated at positiom.620-2226 On the
By contrast, both CDCA and HDCA molecules present two Other hand, glucuronide conjugates of BAs are easily purified
potential OH acceptor groups at positions 3 and 7 (CDCA) from human urine and plasma by using solid-phase extrac-
or 3 and 6 (HDCA). However, previous reports clearly tion;20213%44herefore, the quantification method developed
established that bile acids carrying@Bydroxyl group, such ~ here could be extended to the measurement of circulating
as HDCA, are glucuronidated at @2 26in contrast to BAs ~ and urinary levels of these conjugated metabolites.
lacking a hydroxyl group at this position, i.e., CDCA, which  In conlusion, this five-step method which allows the
are glucuronidated at G81121Qverall, these observations production of high-purity analytical standards may easily be
indicate that the purified BA glucuronides were CDEA  used for the production of standards for a variety of endo-
3G and—24G, LCA-3G and—24G, and HDCA-6G and or xenobiotics detoxified as glucuronide conjugates, including
—24G. other BAs such as cholic acid, deoxycholic acid, hyocholic
Analyses of low energy collision induced dissociation of acid, or ursodeoxycholic acid glucuronides. In addition, the
the six analytical standards revealed the formation of various S@me method also allows an easy production of internal
product ions. Interestingly, the low-energy fragmentation of standards, just by using the deuterated analogue of the
all six glucuronides resulted in abundant losses corresponding2nalyzed molecule. In addition, replacing human liver

to the removal of the sugar moiety, which is a characteristic microsomes by recombinant UGT enzymes could further
ensure the identity of the standard produced and enhance

the yield of the method. However, since the human CDCA-
conjugating UGT enzymes have not been yet identified, such

(42) Bradford, M. M. A rapid and sensitive method for the quanti-
tation of microgram quantities of protein utilizing the prin-

ciple of protein-dye bindingAnal. Biochem.1976 72, 248 an approach could not be used in the present study.
254.

(43) Radominska, A.; Green, M. D.; Zimniak, P.; Lester, R.; Tephly, (44) Johnson, D. W.; ten Brink, H. J.; Schuit, R. C.; Jakobs, C. Rapid
T. R. Biosynthesis of hydroxyl-linked glucuronides of short-chain and quantitative analysis of unconjugated C(27) bile acids in
bile acids by rat liver 3-hydroxysteroid UDP-glucuronosyltrans- plasma and blood samples by tandem mass spectronietripid
ferase.J. Lipid Res.1988 29 (4), 501-508. Res.2001, 42 (1), 9-16.
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