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Abstract Arachidonic acid (AA) can be metabolized to var-
ious metabolites, which can act as mediators of cellular pro-
cesses. The objective of this work was to identify whether
AA, prostaglandin (PG) B; and E,, and 15- and 20-hydroxy-
eicosatetraenoic acids (15- and 20-HETE) are metabolized via
glucuronidation. Assays with human recombinant UDP-glu-
curonosyltransferase 1A (UGT1A) isoforms revealed that
AA and 15-HETE were glucuronidated by UGTI1Al, 1A3,
1A4, 1A9, and 1A10, whereas 20-HETE was glucuronidated
by UGT1Al and 1A4 and PGB; was glucuronidated by
UGT1Al, 1A9, and 1A10. All substrates were glucuronidated
by recombinant UGT2B7, with AA and 20-HETE being the
best substrates. Kinetic analysis of UGT1Al and 1A9 with
AA resulted in K, values of 37.9 and 45.8 pM, respectively.
PGB, was glucuronidated by UGT1Al with a K, of 26.3
M. The K, values for all substrates with UGT2B7 were sig-
nificantly higher than with the UGTI1A isoforms. Liquid
chromatography-mass spectrometry of glucuronides biosyn-
thesized from PGB, and 15-HETE showed that hydroxyl
groups were the major target of glucuronidation.fifi This
work demonstrates a novel metabolic pathway for HETEs
and PGs and the role of UGT1A isoforms in this process.
These results indicate that glucuronidation may play a sig-
nificant role in modulation of the availability of these fatty
acid derivatives for cellular processes.—Little, J. M., M.
Kurkela, J. Sonka, S. Jantti, R. Ketola, S. Bratton, M. Finel,
and A. Radominska-Pandya. Glucuronidation of oxidized
fatty acids and prostaglandins B; and E; by human hepatic
and recombinant UDP-glucuronosyltransferases. J. Lipid Res.
2004. 45: 1694-1703.
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Glucuronide conjugation is one of the major pathways
of biotransformation of steroid and thyroid hormones,
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bilirubin, bile acids, retinoids, xenobiotics, and several
classes of drugs (1-5). The majority of endogenous com-
pounds that are substrates for UDP-glucuronosyltrans-
ferases (UGTs) contain a carboxylic function. Bilirubin,
bile acids, retinoids, and the recently identified new sub-
strates for glucuronidation, Fatty acids (FAs) (6-10), all
form acyl glucuronides. Acyl glucuronides may bind to al-
bumin and other proteins to form adducts that can act as
antigens to stimulate an immunoreaction (11). This cova-
lent binding has been demonstrated for a number of car-
boxylic acid-containing drugs (11). However, carboxyl-
linked glucuronides of endogenous compounds have not
been shown to form similar adducts.

Glucuronidation is considered a detoxification path-
way; however, glucuronidation of some endogenous/
exogenous compounds (e.g., morphine, lithocholic acid,
and estrogens) (12-14), can result in an increase in bio-
logical activity and/or toxicity. Although glucuronidation
in general may terminate the biological activity of some
compounds, it, like hydroxylation and sulfation, may also
be involved in the bioactivation of compounds to toxins,
mutagens, and carcinogens.

To date, 52 individual UGT gene products have been
identified from different species. They are classified into
two families, UGT1A and UGT2B (15, 16), based on the
similarity of their DNA sequences (15, 17). The isoforms
in family 1A are derived from a single gene locus that ex-
tends over 100 kb on human chromosome 2 (18-20). In
contrast, UGT2B isoforms are encoded by separate genes
clustered on human chromosome 4 and exhibit differ-
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ences in amino acid sequence throughout their length, in-
cluding the carboxy-terminal domain (15, 17, 21).

FAs are a relatively complex class of compounds that
includes saturated and monounsaturated or polyunsatu-
rated compounds and are energy-rich molecules that are
also an integral part of cellular membrane components.
FAs can directly and indirectly modulate specific cell-sig-
naling pathways (22). FAs serve as dietary precursors of
prostanoids and other eicosanoids and, thus, are of great
significance in health and the modulation of disease con-
ditions.

The biotransformation of FAs via glucuronidation in hu-
mans is a relatively new concept. The first glucuronides of
oxidized fatty acids (OFAs) were isolated from and identi-
fied in human urine (23-25) and primary human hepa-
tocyte cultures (26). Glucuronides of dihydroxylated linoleic
acid (LA) were first isolated from urine of patients with
generalized peroxisomal disorders and were considered
detoxification products of these cytotoxic diols (24). The
major compounds isolated were LA-9,10- and LA-12,13-
diol glucuronides. A monohydroxylated arachidonic acid
(AA) derivative, 20-hydroxyeicosatetraecnoic acid (20-HETE),
was also isolated as a glucuronide from urine from normal
subjects and, at significantly higher levels, from patients
with hepatic cirrhosis (23, 25). The biosynthesis of the gluc-
uronides of several eicosanoids by isolated human and rat
hepatocytes has been described (26, 27).

Recently, our laboratory has become interested in the
characterization of the glucuronidation of free FAs (FFAs)
and OFAs by reporting the first studies demonstrating that
OFA glucuronides can be biosynthesized by human he-
patic and intestinal microsomes (7, 8, 28). These studies
have demonstrated that LA, LA diols, 13-hydroxyoctadecadi-
enoic acid (13-HODE), and 13-oxooctadecadienoic acid
(13-0X0), as well as AA, are conjugated with glucuronic
acid (GIcUA) in vitro (7, 8, 28, 29). The human UGT2B7
isoform was identified as the only available UGT isoform
with the ability to glucuronidate both the hydroxyl and
carboxyl functions of FA. In addition to our experiments
with OFAs, our in vitro studies with human microsomes
and recombinant UGT2B7 established that LA and AA,
the parent compounds in FA oxidative processes, are also
glucuronidated with relatively high activity at the carboxyl
function by human UGTs (7 and the present study).

In recent studies by Turgeon et al. (10), the glucuronida-
tion of leukotriene By, as well as 5-, 12-, and 15-HETE, by
human liver (HL) microsomes and several recombinant
UGTs was also demonstrated. In this project, we have ex-
tended our studies on FA glucuronidation to the in vitro
characterization of the glucuronidation of the prostaglan-
dins PGB;, PGEy, and 15- and 20-HETE (structures are
shown in Fig. 1 and the biosynthetic pathways from AA are
shown in Fig. 2), compounds with recognized physiologi-
cal significance, for comparison with the glucuronidation
of the corresponding parent compound AA. HL and in-
testinal microsomes and UGT2B7 were found to gluc-
uronidate all of the substrates with varying activities.
These data suggest that human UGT2B7, constitutively
expressed in several tissues, biotransforms OFA at high con-
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Fig. 1. Structures of the substrates used in these studies. HETE,
hydroxyeicosatetraenoic acid.

centrations. Therefore, UGT2B7 can be characterized as a
low-affinity, high-capacity isoform. Human recombinant
UGTs from the 1A family, including 1A1, 1A3, 1A4, 1A9,
and 1A10, have been shown for the first time to accept
these FA derivatives as substrates and can be classified as
high-affinity, low-capacity components of the glucuronida-
tion system.

EXPERIMENTAL PROCEDURES

Materials

[*C]UDP-glucuronic acid (['*C]UDP-GIcUA; specific activity,
325 mCi/mmol), [*H]UDP-GIcUA (specific activity, 10.2 Gi/
mmol), and [®H]AA (specific activity, 98.6 Ci/mmol) were pur-
chased from Perkin-Elmer Life Sciences (Boston, MA). Unla-
beled UDP-GIcUA and AA were obtained from Sigma (St. Louis,
MO). 20-HETE, 15-HETE, PGE,, and PGB, were from Cayman
Chemicals (Ann Arbor, MI). All other chemicals and solvents
were of the highest quality commercially available.

LA
>12 O;;(?'HPETE Lipoxygenases Phospholipase A 2
5,12 or 15-HETE AA Phospholipids
P450 Cyclooxygenases
PGH 2
20-HETE /,_J_‘
TXB g PGE 5

Fig. 2. Metabolism of arachidonic acid (AA). Schematic repre-
sentation of the major pathways in the metabolism of AA. HPETE,
hydroperoxyeicosatetraenoic acid; LA, linoleic acid; PGE,, prosta-
glandin Eo; PGHy, prostaglandin Hy; TxB, thromboxane Bs.
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Stable expression of UGT2B7

Human UGT2B7, a gift from Dr. T. Tephly (Department of
Pharmacology, University of Jowa), was expressed in HK293 cells
as previously described (30). HK293 cells were obtained from
the American Type Culture Collection (Rockville, MD) and
grown in Dulbecco’s modified Eagle’s medium containing 4.5 g/1
glucose, 10 mM HEPES, 110 pg/ml sodium pyruvate, 100 IU/ml
penicillin, 100 pg/ml streptomycin, and 10% fetal bovine serum
(all from Invitrogen, Carlsbad, CA) in a humidified atmosphere
containing 5% COy at 37°C.

Cloning and expression of human UGTs from the UGT1A
family in baculovirus-infected insect cells

The cloning and expression of human hepatic UGTs as fusion
proteins with a carboxy-terminal extension containing an entero-
kinase cleavage site and a His tag have recently been described
(31). The cloning of exon 1 of the extrahepatic human UGTs
1A7, 1A8, and 1A10 and the construction of complete genes us-
ing exons 2-5 of UGT1A9 are detailed by Kuuranne et al. (32).

Human hepatic and intestinal microsomes and human
recombinant UGTs

Liver and intestinal tissues were obtained from organ donors
by transplant surgeons at the University of Arkansas for Medical
Sciences under a protocol approved by the Human Research Ad-
visory Committee. HL3 and human intestine (HI) microsomes
(HI55) were prepared from the same donor, a 49 year old male
who died of a stroke, using protocols described previously (33,
34). Small intestine (segment S-2) and colon microsomes from
additional donors were used as detailed in the legend to Fig. 3.

For recombinant UGT2B7 expressed in HK293 cells, a mem-
brane fraction was prepared as described by Battaglia et al. (35)
and aliquots were stored at —70°C until use. Total membrane
fractions from insect cells expressing each UGT isoform used
were prepared as previously described (31). Briefly, frozen
washed cells were disrupted by osmotic shock and homogeniza-
tion, followed by centrifugation at 40,000 g for 120 min. The pel-
lets were suspended and homogenized in a small volume of 25
mM Tris-Cl and 0.5 mM EDTA and stored at —70°C until use.

Enzyme assays with human microsomal fractions and
recombinant UGT isoforms

UGT activities toward PGB; and PGEy, AA, and 15- and 20-
HETE in human hepatic and intestinal microsomes were assayed
using [*C]UDP-GIcUA or [*H]JUDP-GIcUA as the sugar donor
as described in detail previously (9). Briefly, 100 pM [*H]AA and
unlabeled UDP-GIcUA (4 mM) or 100 uM unlabeled eicosanoid
and [“C]UDP-GIcUA or [PH]UDP-GIcUA (4 mM) were incu-
bated in 100 mM HEPES, 5 mM MgCly, and 5 mM saccharolac-
tone with 50 pg of microsomal protein or 10 pg of recombinant
UGT at 37°C for 10-30 min. For the assays with human hepatic
and intestinal microsomes, the HETEs were prepared as micelles
with Brij 58, which served to both solubilize the substrates and
activate UGTs. When detergent was omitted from the incubation
mixture, no detectable glucuronidation was observed. The glu-
curonidation activities for all recombinant proteins with AA and
PGs were assayed in the absence of detergent. These lipid sub-
strates were introduced to the reaction mixture in DMSO (3% fi-
nal concentration). Products and unreacted substrates were sep-
arated by TLC on silica gel plates (Baker Si250-PA, 19C) in
chloroform-methanol-acetic acid-water (65:25:2:4) as previously
described (9).

Enzyme kinetic measurements

Apparent enzyme kinetic parameters (K, and V) were de-
termined using recombinant human UGT2B7, 1A1, and 1A9 at
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a fixed concentration of UDP-GIcUA (4 mM) and varied sub-
strate concentrations (10-750 wM) with an incubation time of 10
min. Kinetic parameters were determined using Prism4 software
(GraphPad Software, San Diego, CA).

Identification of the position of the glucuronide

Initial identification of the position of glucuronidation (hy-
droxyl or carboxyl group) was determined by TLC. Two identical
reaction mixtures were prepared; after incubation, the reaction
was stopped as usual in one sample while the other was incu-
bated with 0.1 N NaOH at room temperature overnight. Both
samples were chromatographed as described above. After devel-
opment, the plates were subjected to autoradiography. Because
carboxyl-linked glucuronides are alkali-labile, comparison of the
recovery of product in each sample (hydroxyl- and carboxyl-
linked glucuronides from the control sample; only hydroxyl-
linked glucuronides from the hydrolyzed sample) allows for a
tentative assignment of the position of glucuronidation.

Preparation of individual glucuronide conjugates for
mass spectrometric analysis

For the preparation of the glucuronide samples for mass spec-
trometry, several standard analytical incubations were performed
with HL3 microsomes and 15-HETE, 20-HETE, PGB,, and PGE,.
After incubation of substrates with UDP-GIcUA for 1 h at 37°C,
reactions were stopped by the addition of 0.1 M glycine-TCA, pH
2.8. (The low pH prevents acyl glucuronides from being hydro-
lyzed.) Samples were applied to a C18 solid-phase extraction car-
tridge (BondElut; Varian, Palo Alto, CA) and treated as previ-
ously described (36). The biosynthesized glucuronide(s) and any
unreacted aglycon were eluted with methanol, which was then
evaporated under nitrogen. For alkaline hydrolysis studies, sam-
ples incubated as above were brought to 0.1 M NaOH, incubated
at room temperature for 1 h, and purified on BondElut car-
tridges as described above.

Liquid chromatography coupled with mass spectrometry

Samples containing glucuronides biosynthesized as described
above were analyzed by HPLC coupled with mass spectrometry.
The HPLC system consisted of an XTerra MS C18 column (2.5
pm, 30 X 4.6 mm; Waters, Milford, MA), a model 1100 binary
pump, and an auto sampler (Agilent Technologies, Waldbronn,
Germany). The mobile phase consisted of solvents A [methanol/
water/50 mM ammonium acetate, pH 4 (1:8:1)] and B [metha-
nol/50 mM ammonium acetate, pH 4 (9:1)], and a gradient of
40-100% solvent B was developed over 14 min at 0.7 ml/min.
The HPLC system was coupled with a 1:100 splitter to an API
3000 triple quadrupole instrument (Applied Biosystems/MDS
Sciex Instruments, Foster City, CA) with an electrospray ioniza-
tion source set to the negative ion mode with ion spray voltage at
—4,200 V and orifice voltage at —25 V. Ion chromatograms of the
aglycons and glucuronides were obtained using selected ion
monitoring or as an extracted ion chromatogram when the total
ion chromatogram m/z 50-900 was acquired. The product ion
spectra were obtained using an orifice voltage of —25 V and a
collision energy of —35V, and the data were analyzed with Ana-
lyst 1.3 software (Applied Biosystems/MDS Sciex Instruments).

RESULTS

Glucuronidation of lipid substrates by human
recombinant UGTs

Human hepatic and intestinal microsomes from a sin-
gle donor, recombinant UGT isoforms from the 1A family
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Fig. 3. Comparison of the glucuronidation of PGEy by small in-
testine (segment S-2) and colon microsomes from five donors. As-
says were carried out by incubating microsomal proteins (50 pg)
with PGEy (100 pM) and [3H]UDP-glucuronic acid ([*H]UDP-
GIcUA; 4 mM) for 15 min at 37°C. Reactions were stopped by the
addition of ethanol, and products were separated by TLC. Silica gel
containing glucuronides, as identified by autoradiography of the
TLC plate for 3-5 days at —70°C, was transferred to vials, and radio-
activity was quantitated by liquid scintillation counting. The donors
were as follows: H19, an 18 year old male who died of a subarach-
noid hemorrhage; H21, a 61 year old female who died of a sub-
arachnoid hemorrhage; H55, a 49 year old male who died of a
stroke; H58, a 59 year old male who died of gunshot wound to the
head; H63, a 39 year old male who died in a motor vehicle accident.
Each point represents the mean of at least two sets of duplicate de-
terminations of specific activity of S-2 or colon toward PGEy from
an individual donor. The error bars represent the mean and SD of
the glucuronidation activity of the donor sample set.

expressed in Sf9 cells as His tag proteins, and UGT2B7 ex-
pressed in HK293 cells were screened for their ability to
glucuronidate AA, 15-HETE, 20-HETE, PGE,, and PGBy;
the results are summarized in Table 1. Glucuronidation
assays using UGTs from the 1A family identified UGT1AlI,
1A3, 1A4, 1A9, and 1A10 as being active in the gluc-
uronidation of both AA and 15-HETE. AA, which is gluc-

uronidated on the carboxyl function, was the best substrate
for all recombinant UGTs. Interestingly, 20-HETE was not
accepted as a substrate by UGT1A9 or 1A10 under the ex-
perimental conditions used.

Both PGB, and PGE, were glucuronidated by all recom-
binant UGTs under investigation, with the exception of
UGT1A4. PGB,, which contains only one hydroxyl group,
as opposed to PGEy, which contains two hydroxyl groups,
one on the cyclic ring and one on the side chain, was a
much better substrate for all recombinant UGTs. UGT1A3
was able to glucuronidate both HETE derivatives; how-
ever, 20-HETE was the better substrate by a factor of al-
most 2. UGT1A4 glucuronidated AA and both HETEs
equally, although the activities were among the lowest
measured. UGTIA9 glucuronidated AA and 15-HETE
with the highest activities; PGB, was also glucuronidated
by this isoform, but the activity was low. AA was an excel-
lent substrate for UGT1A10, but the activity of this iso-
form toward 15-HETE and PGB, was relatively low. As also
shown in Table 1, all five substrates were glucuronidated
by recombinant UGT2B7 expressed in HK293 cells, and
the activities varied significantly for the different sub-
strates.

Glucuronidation of lipid substrates by human hepatic and
intestinal microsomes

We also included human hepatic and intestinal micro-
somes from the same donor in these studies (Table 1).
With HL3, PGB, was the best substrate, followed by
20-HETE > PGEy > 15-HETE > AA; with HI55 (segment
S-2), the order was PGB, > PGE, > 20-HETE > 15-HETE >
AA. TLC analysis before and after alkaline hydrolysis of
the products of incubation of the substrates indicated that
hydroxyl glucuronides of all substrates were formed, and
only 20-HETE showed evidence of a relatively minor acyl
glucuronide product.

The intestinal studies were extended to include small

TABLE 1. Glucuronidation of AA and its derivatives by recombinant UGTs expressed in either
baculovirus-infected Sf9 cells (UGT1A isoforms) or HK293 cells (UGT2B7)
and human hepatic and intestinal microsomes

Substrate
UGT Source AA 15-HETE 20-HETE PGB, PGE,
nmol/mg protein/min

UGT1A1 1.82 = 0.12 0.76 = 0.26 1.11 = 0.19 1.47 = 0.30 0.20 = 0.02
UGT1A3 3.04 = 1.02 0.54 = 0.40 0.97 = 0.16 0.76 = 0.29 0.14 £ 0.02
UGT1A4 0.30 = 0.03 0.44 = 0.46 0.33 = 0.09 nd nd
UGT1A9 5.45 £ 1.25 1.17 = 0.42 nd 0.87 = 0.17 0.04 £ 0.01
UGT1A10 1.84 = 0.02 0.30 = 0.03 nd 0.23 = 0.02 0.05 = 0.02
UGT2B7 5.08 £ 0.81 0.34 £ 0.10 1.00 = 0.15 0.74 = 0.07 0.49 £ 0.14
HL3 0.50 = 0.14 0.54 = 0.40 1.54 = 0.22 1.70 = 0.36 0.60 = 0.24
HI55 S-2 0.13 £ 0.08 0.25 = 0.07 0.33 £ 0.02 0.53 = 0.14 0.40 = 0.14

Assays were carried out by incubating 50 g of microsomal protein or 10 pg of recombinant protein with 100
M substrate and [*H]UDP-glucuronic acid ([*HJUDP-GIcUA; 4 mM) for 20 min at 37°C. Reactions were stopped
by the addition of ethanol, and products were separated by TLC. Silica gel containing glucuronides, as identified
by autoradiography of the TLC plate for 3-5 days at —70°C, was transferred to vials, and radioactivity was quanti-
tated by liquid scintillation counting. Results are expressed as means * SD of at least two sets of duplicate determi-
nations. AA, arachidonic acid; 15-HETE and 20-HETE, 15- and 20-hydroxyeicosatetraenoic acid; HI, human intestine;
HL, human liver; nd, not detected; PGBy, prostaglandin By; PGE,, prostaglandin Ey; UGT, UDP-glucuronosyltrans-

ferase.
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TABLE 2. Apparent kinetic constants for AA and its derivatives

Substrate K, Vinax Vinas/ K
nM nmol/mg protein/min  wl/mg protein/min
AA (1A9) 45.8 £ 10 1.1 =0.1 24.0
AA (1A1) 37.9 + 29 0.5+ 0.2 13.2
AA (2B7) 161.4 + 69 2.5 * 0.4 15.5
20-HETE (2B7) 48.4 =17 0.9 = 0.1 18.6
15-HETE (2B7) 64.2 = 30 0.5+ 0.1 7.8
15-HETE (1A9) 70.1 = 27 1.0 = 0.1 14.3
PGB, (2B7) 161.9 + 100 0.8+ 0.2 4.9
PGB, (1A1) 42.7 + 20 1.3 +0.1 31.2
PGE, (2B7) 216.2 = 64 1.2+0.2 5.6

Kinetic analyses were carried out at increasing concentrations of
substrate at a constant concentration of UDP-GIcUA (4 mM), and con-
stants were determined using GraphPad Prism4 software.

intestinal (segment S-2) and colon microsomes from five
different donors. These were assayed for activity toward
PGE,, which has been implicated in the development of
colon cancer (37-39). The results shown in Fig. 3 reveal
that PGEy was glucuronidated by microsomes from small
intestine and colon of all donors studied; however, there
were large differences between donors. Activities were
generally lower in colon than in small intestine except for
donor H19, a generally healthy 18 year old male who had
the highest values for both segments.

Kinetic analysis

The kinetic analyses were carried out with UGT2B7 for
all substrates and were also measured for those UGT1A
isoforms having the highest activities toward certain sub-
strates. Specifically, kinetic parameters were also determined
for UGT1A9 with AA and 15-HETE and for UGT1A1l with
AA and PGB;. The apparent kinetic parameters (K, Vi
and V,,,,/K,,) presented in Table 2 were estimated by plot-
ting the measured initial reaction velocity values as a func-
tion of substrate concentration (Fig. 4) and fitting these
to the Michaelis-Menten equation using Prism4 software.

Our previous experiments have demonstrated that LA
is a good substrate for UGT2B7, with a K,, of 146 = 15 uM
and a V,,, of 5.29 * 0.3 nmol/mg/min (28). The K,, for
AA demonstrated in the present studies with the same iso-
form (162 = 69 wM) was very close to that of LA; however,
the V,,,, value was only half that of LA. Kinetic analysis of
the glucuronidation of 15- and 20-HETE with UGT2B7
gave K, values that were similar, 64.2 *= 29 and 48.3 * 17
uM, respectively. However, the V,,,, for 20-HETE, 0.94 =
0.1 nmol/mg/min, was twice as high as that for 15-HETE,
0.5 = 0.1 nmol/mg/min. Thus, the efficiency of gluc-
uronidation of these substrates was 7.8 * 0.5 and 18.6 =
1.7 pl/mg/min for 15- and 20-HETE, respectively.

The glucuronidation of AA by UGT1A9 and 1Al has
been demonstrated here for the first time. The K, value
with UGT1A9 was 45.8 = 10 uM, one of the lowest values
obtained in the present studies, indicating that this iso-
form might be highly specific for the glucuronidation of
AA. AA was also glucuronidated by UGT1Al with very
high affinity; however, the V,,,, value was half of that
obtained for 1A9 (0.5 = 0.2 vs. 1.1 = 0.1 nmol/mg/min,
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respectively). Additionally, it was shown that UGT1A9 gluc-
uronidated 15-HETE with the same affinity as UGT2B7;
however, the V,,,, was double that of the value with
UGT2BY7.

Glucuronidation of PGB} by UGT2B7 and 1A1 has also
been demonstrated for the first time in this work. Kinetic
analysis showed a K, of 161.9 £ 100 uM for PGB; with
UGT2B7, approximately two to four times higher than for
the two HETEs. The V,,,, of 1.2 = 0.2 nmol/mg/min for
PGB, was almost 2-fold higher than for the HETEs. We
also showed that UGT1A1 glucuronidated PGB, with high
efficiency: the K, value for this isoform was 42.7 + 20 pM.
It can be concluded that UGT1A1 is the isoform that has
the greatest affinity for this substrate.

The kinetics obtained for the glucuronidation of PGE,
by UGT2B7 resulted in the highest K,, value measured
(216.2 = 64 pM). It is probable that other unidentified
UGTs may be involved in the glucuronidation of this PG.

Detection of glucuronides by liquid
chromatography-tandem mass spectrometry

At present, the development of precise and sensitive
HPLC-mass spectrometry methods makes it possible to
isolate and identify lipid glucuronides biosynthesized in
vitro (10). Here, we have presented a liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) method for
the in vitro determination of lipid substrate glucuronides.
The spectral analysis by LC-MS/MS was carried out for 15-
and 20-HETE, PGB;, and PGE,. The different ions that
were detected by LC-MS/MS analyses of the tested gluc-
uronides are listed in Table 3. The product ion spectra of
the glucuronides showed the respective aglycons (attribut-
able to the neutral loss of m/z 176) as well as ions at m/z
175 and 113, which are specific glucuronide ions (Table
3). Representative data obtained by LC-MS/MS analysis of
the 15-HETE and PGB, glucuronides are shown in Figs. 5
and 6. Single monoglucuronides of 15-HETE (Fig. 5), as
reported recently (10), and PGB, (Fig. 6) were detected
by LC-MS as the respective deprotonated molecular ions
(Table 3). Similar results from the LC-MS analyses of the
products of 15-HETE glucuronidation were obtained pre-
viously by Turgeon et al. (10). In the case of 20-HETE,
however, two distinct monoglucuronides, a minor and a
major product (Table 3), were detected. TLC analysis (as
discussed above) indicated that the major glucuronide
product was a hydroxyl glucuronide and the minor prod-
uct was the acyl (or carboxyl) glucuronide. No digluc-
uronides were detected for any of the aglycons that were
examined in this study.

Analytical glucuronidation assays showed that only a
single compound was biosynthesized from PGE,. How-
ever, this could not be confirmed by LC-MS analysis. In-
stead of PGE, glucuronide, LC-MS/MS analysis using mul-
tiple reaction monitoring showed ion pairs of 509/333
amu and 509/175 amu with same retention time. The 509
amu mass is consistent with a glucuronide of PGAy, not
PGE,, which gives rise to two daughter ions at 175 and 333
amu, having the masses of dehydrated glucuronic acid
and aglycon, respectively. This can be explained, as has
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TABLE 3. Identification of FA glucuronides by tandem
mass spectrometry

20-HETE 20-HETE
Tons 15-HETE (Major Peak) (Minor Peak) PGB,
m/z
Precursor ion
[M-H]~ 495 495 495 511
Product ions
[M-H-H,O]~ 477 nd 477 493
[M-H-176 m/z] ~ 319 319 319 335
[M-H-glucuronic acid] ~ 301 301 301 317
[Glucuronic acid-H] ~ 193 193 193 193
[Gluc fragment] 175 175 175 175
[Gluc fragment] ~ 157 nd 157 157
[Gluc fragment] 113 113 113 113

Gluc, glucuronic acid. The samples were prepared by incubation
of the aglycons with HL. microsomes (HL3). The products were par-
tially purified by solid-phase extraction and subsequently subjected to
HPLC and identified by negative ion electrospray ionization tandem
mass spectrometry. Deprotonated aglycon substrate ions [M-H-176
m/z]~ and the loss of 194 m/z indicating the loss of glucuronic acid
[M-H-glucuronic acid]~ from the precursor ions [M-H]~, were found
in all spectra. Other abundant ions seen in all of the spectra were [gluc-
uronic acid-H]~ and the diagnostic glucuronide moiety fragments at
m/z 175 and 113. nd, not detected.

been described previously by Hankin, Wheelan, and Mur-
phy (27), by PGAy being produced by dehydration of
PGE, at the low pH (2.8) used for the preparation of the
sample for MS. At present, we cannot confirm this be-

1.20e6
1.00e6
8.00e5
6.00e5
4.00e5

2.00e5

0.00 " " LA I I A basded

cause chemically synthesized standards of these gluc-
uronides are not available for LC-MS identification. There-
fore, the fragmentation patterns and spectra of these
glucuronides are not included in this paper.

DISCUSSION

The present work is a continuation of our former stud-
ies that clearly indicated that FFAs and their hydroxylation
products, all of biological and pharmacological impor-
tance, are excellent substrates for glucuronidation. Now,
we have extended our investigation to the study of the
biotransformation of HETEs and PGs biosynthesized from
AA, as shown in Fig. 2.

The availability of human UGT isoforms expressed as
His tag conjugates in Sf9 cells allowed us to directly
compare the glucuronidation of AA and its oxidized de-
rivatives by these isoforms. As shown in Table 1, enzymes
expressed as His tag proteins have glucuronidating effi-
ciencies similar to, or in some cases higher than, those of
UGT2B7 expressed in HK293 cells. Therefore, this set of
proteins can be successfully used for the evaluation of the
glucuronidation of other endogenous and exogenous
UGT substrates.

The evaluation of glucuronidation activity with micro-
somes from a single HL and HI is not representative of
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Fig. 5. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of 15-HETE glucuronide
biosynthesized by human liver (HL) microsomes. Glucuronides were prepared by incubation of HL mi-
crosomes (HL3) (50 wg) with 15-HETE (200 wM) and UDP-GIcUA (4 mM) for 2 h at 37°C. Reactions were
stopped with 0.1 M glycine-TCA, pH 2.8, samples were partially purified by solid-phase extraction on C18 car-
tridges, and the products were separated and analyzed by HPLC coupled with MS. The glucuronidation
product was detected by daughter ion scanning of the deprotonated glucuronide at m/z 495 (upper panel).
The ion in the MS/MS spectrum (lower panel), seen at m/z 319.1, corresponds to deprotonated 15-HETE
that was formed after the loss of the glucuronide moiety (176 amu). The product ions at m/z174.9 and 112.8
are specific marker ions (fragments) of the glucuronide moiety.
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Fig. 6. LC-MS/MS analysis of the PGB, glucuronide biosynthesized by HL microsomes. Microsomal proteins (50 pg) from HL3 (see text
for details) were incubated with 200 uM PGB, and 4 mM UDP-GIcUA at 37°C for 30 min. Samples were partially purified on C18 cartridges,
and the products were separated and analyzed by HPLC coupled with MS. The glucuronidation product was detected by daughter ion scan-
ning of deprotonated glucuronic acid conjugate at m/z 511 (upper panel). The ion in the MS/MS spectrum (lower panel), seen at m/z 335,
corresponds to deprotonated PGB, that was formed after the loss of the glucuronide moiety (176 amu). The product ions at m/z174.9 and
113.1 are specific marker ions (fragments) of the glucuronide moiety. cps, counts per second.

the activity in tissues from other donors, because we have
shown that there is a great deal of interindividual varia-
tion in the activity of human hepatic and intestinal UGTs
(28, 34, 40). These initial studies were carried out to assess
the general ability of human UGTs to glucuronidate these
substrates, and the hepatic microsomes were later used for
preparative synthesis of the glucuronide conjugates for
LC-MS/MS. We also checked the ability of small intestinal
and colon microsomes from five different donors to gluc-
uronidate PGEy. The rationale for these experiments was
that several studies have shown that PGE, is involved in
the development of malignancy in human colon (37-39)
and we were interested in checking the ability of UGTs in
the colon to detoxify this compound.

Our present studies have identified new, physiologically
important substrates, AA, PGB}, PGEy, and 20-HETE, for
human microsomal and recombinant UGTs. As shown in
Table 1, AA, which is glucuronidated at the carboxyl

group, the only function available for glucuronidation, is
the best substrate for both recombinant UGT1A isoforms
and UGT2B7. This is the first demonstration that UGT1A1l,
1A3, 1A4, 1A9, and 1A10 glucuronidate AA in the nano-
molar range.

Analysis of 20- and 15-HETE, as well as the PG glucuronida-
tion kinetic data (Table 2, Fig. 4), clearly demonstrated
that, although UGT2B7 is involved in the glucuronidation
of all substrates used in this work, the K, values are rela-
tively high (except with the HETEs) and probably do not
reflect physiological concentrations of substrates. Our
studies have also confirmed the results obtained by Tur-
geon etal. (10) that 15-HETE is glucuronidated by UGT1Al,
1A3, 1A9, and UGT2B7. The K, values obtained in both
laboratories with UGT2B7 were nearly identical.

Although it has previously been reported that 20-HETE
glucuronide is present in urine from normal human sub-
jects at concentrations much higher than PGE, (23), this
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is the first report that 20-HETE glucuronide is formed in
vitro by human UGT isoforms. 20-HETE is formed as a re-
sult of the cytochrome P450-mediated metabolism of AA.
20-HETE is a potent vasoconstrictor (41-43) and may also
play an important role in renal function and the patho-
genesis of hypertension (44). Hydroxylated derivatives of
AA such as 15- and 20-HETE are usually produced in the
body after the consumption of foods rich in fats or under
certain pathological conditions (25). The glucuronidation
of HETEs can be considered a biotransformation process
that results in the excretion of these lipids from the body
after conversion to more soluble compounds. However,
because HETEs are also important signaling molecules,
their biotransformation via glucuronidation could be, as
in the case of PGs, considered a termination of biological
activity.

Our studies have identified human recombinant UGT2B7
as being capable of forming a PGEy glucuronide. It has
been demonstrated previously that metabolism of PGE, in
isolated hepatocytes leads to a series of products including
glucuronide conjugates (27). However, the in vitro forma-
tion of this compound is a new discovery. PGEy is a major
product of AA metabolism via cyclooxygenase-2 and is also
the major prostanoid product of AA metabolism in colo-
rectal tissue (45). Because PGE, is actively glucuronidated
by human intestinal mucosa, one can speculate about the
significance of this reaction. Because UGT2B7 is the only
isoform that has been identified to date that is able to glu-
curonidate PGEy, and because it is a major isoform ex-
pressed in human colon, the increased expression of
UGT2B7 in the colon may protect against the accumula-
tion of this PG. On the other hand, lower expression may
promote the accumulation of this PG and, thereby, the de-
velopment of cancer. As presented in Fig. 4, the gluc-
uronidation of PGEy in small intestinal segment S-2 and
colon is relatively high in some donors but demonstrates
very significant individual variation. High expression of
UGT2B7 in small intestine and colon, and the ability of
this isoform to glucuronidate PGEy, could be a very im-
portant colon cancer protective pathway.

Additionally, we examined the glucuronidation of an-
other PG, PGB, for which the physiological role is not yet
clearly defined. The fact that PGB, is glucuronidated with
relatively high affinity by UGT1A1, and with slightly lower
affinity by UGT2BY7, is also a new discovery. To our knowl-
edge, this is the first demonstration of glucuronidation of
PGB, by human UGTs and demonstrates a new biotrans-
formation pathway for this product of AA metabolism. This
may represent a detoxification step or, if PGB, is a ligand
for nuclear receptors, as are other OFAs, may provide ad-
ditional evidence that UGTSs, like other drug-metabolizing
enzymes, are involved in controlling steady-state concen-
trations of signaling molecules and/or ligands for nuclear
receptors, as has been discussed by Nebert (46, 47).

In summary, our present studies have identified novel
substrates for in vitro glucuronidation: AA, PGB;, PGE,
and 20-HETE. We have demonstrated previously that
LA and its derivatives, LA-9,10- and LA-12,13-diols, as well
as 13-HODE and 13-OXO, are excellent substrates for

1702  Journal of Lipid Research Volume 45, 2004

UGT2B7 (7, 8, 28). This work establishes the role of hu-
man recombinant UGT2B7 and several isoforms from the
UGTI1A family in the glucuronidation of physiologically
and pharmacologically important lipid compounds, such
as PGs, HETEs, and AA. Because glucuronidation is the
most effective detoxification process, it can be postulated
that UGT2BY7 is involved in the glucuronidation of these
lipids when they accumulate above normal physiological
concentrations. On the other hand, the UGTs from the
1A family, especially 1A1 and 1A9, may be responsible for
the glucuronidation of oxidized lipid substrates at physio-
logical concentrations. il
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