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Abstract The compound 20-HETE is involved in numer-
ous physiological functions, including blood pressure and
platelet aggregation. Glucuronidation of 20-HETE by UDP-
glucuronosyltransferases (UGTs) is thought to be a primary
pathway of 20-HETE elimination in humans. The present
study identified major UGT enzymes responsible for 20-
HETE glucuronidation and investigated their genetic influ-
ence on the glucuronidation reaction using human livers
(n = 44). Twelve recombinant UGTs were screened to iden-
tify major contributors to 20-HETE glucuronidation. Based
on these results, UGT2B7, UGT1A9, and UGT1A3 exhibited
as major contributors to 20-HETE glucuronidation. The K,
values of 20-HETE glucuronidation by UGT1A3, UGTI1A9,
and UGT2B7 were 78.4, 22.2, and 14.8 puM, respectively,
while V., values were 1.33, 1.78, and 1.62 nmol/min/mg
protein, respectively. Protein expression levels and genetic
variants of UGT1A3, UGT1A9, and UGT2B7 were analyzed
in human livers using Western blotting and genotyping, re-
spectively. Glucuronidation of 20-HETE was 51gmﬁcantly
correlated with the proteln levels of UGT2B7 (+* = 0.33, P<
0. 001) and UGTIA9 (+* = 0.31, P< 0.001), but not UGT1A3
(** = 0.02, P> 0.05). A correlation between genotype and
20-HETE glucuronidation revealed that UGT2B7 802C>T,
UGT1A9 —118Ty>T)y, and UGT1A9 1399T>C significantly
altered 20-HETE glucuronide formation (P< 0.05-0.001) .l
Increased levels of 20-HETE comprise a risk factor for car-
diovascular diseases, and the present data may increase our
understanding of 20-HETE metabolism and cardiovascular
complications.—]Jarrar, Y. B., E-Y. Cha, K-A. Seo, J-L. Ghim,
H-J. Kim, D-H. Kim, S-. Lee, and J-G. Shin. Determination
of major UDP-glucuronosyltransferase enzymes and their
genotypes responsible for 20-HETE glucuronidation. jJ.
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The compound 20-HETE is an arachidonic acid (ARA)
metabolite generated through the cytochrome P450
(CYP) pathway (1). CYP4All, CYP4F2, CYP4F3, CYP2U1,
and CYP1A1 are known to metabolize ARA to 20-HETE (2,
3). In addition, 20-HETE plays a role in regulating cardio-
vascular hemostasis (4) as a vasoconstrictor and platelet
activator (5, 6), as well as a hypertensive mediator (7, 8).
Excess levels of 20-HETE are associated with an increased
risk of cardiovascular diseases, such as hypertension (9).
In addition, frequencies of functional variants in CYP4Al1
and CYP4F2 genes, which are involved in the synthesis of
20-HETE, are higher among hypertensive patients (10,
11). In a study conducted on mice to identify biomarkers
for rofecoxib-induced cardiotoxicity, 20-HETE increased
by 120-fold after rofecoxib treatment compared with the
control groups (6). This increase in 20-HETE was corre-
lated with increased platelet aggregation and reduced
bleeding time, suggesting that rofecoxib increases the lev-
els of 20-HETE. Rofecoxib has been withdrawn from the
market due to the increased risk of cardiovascular events.
Furthermore, 20-HETE has been suggested to be a novel
target molecule for the treatment of hypertension and car-
diovascular complications (12). The compound 20-HETE
is known to be excreted outside of the body in a glucu-
ronidated form (9, 13). The excretion of 20-HETE
glucuronide in urine differs widely among individuals
by approximately 10-fold (14), and such variations in
20-HETE levels may affect blood hemostasis or other phys-
iological functions. It was reported that the urinary excre-
tion of 20-HETE glucoronide was increased in hypertensive
patients (9, 11). However, there have been few studies
in relation to the production of 20-HETE or levels of

Abbreviations: ARA, arachidonic acid; CYP, cytochrome P450;
HLM, human liver microsome; UDPGA, uridine diphosphate glucu-
ronlc acid; UGT, UDP-glucuronosyltransferase.
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20-HETE in the tissues of hypertensive patients (15). On
the other hand, 20-HETE was found to decrease the blood
pressure through natriuretic effect in the kidney (16), sug-
gesting that organ-specific mechanisms of 20-HETE may
be important in the regulation of cardiovascular hemosta-
sis. Urinary excretion of 20-HETE glucoronide provides
little information on the regulation of 20-HETE produc-
tion and its levels in blood, which suggests that the me-
tabolism of 20-HETE in the liver coupled with filtration by
the kidney could be the most important determinant of
the urinary excretion and circulating levels (17).

Glucuronidation is mediated through a superfamily of
enzymes called UDP-glucuronosyltransferases (UGTs).
These enzymes are classified into two major subfamilies in
humans, namely, UGT1A and UGT2B (18). UGT enzymes
are highly variable in their activities and are affected by
several factors, such as gender, age, alcoholic status, and
xenobiotic inhibitors or inducers (19). In addition, ge-
netic polymorphisms in genes encoding UGTs have a
strong impact on UGT expression and activity with clinical
significance in the pharmacogenetics field (20). The
glucuronidation of ARA and its metabolites were investi-
gated and the majority of HETEs were found to be
good substrates for UGT2B7, UGT1A1, UGT1A3, UGT1A4,
UGT1AS8, and UGT1A9 (21). However, detailed studies on
20-HETE glucuronidation among UGT enzymes are lim-
ited. Furthermore, genetic information on the formation
of glucuronated metabolites of 20-HETE is lacking. There-
fore, the objectives of the present study were to identify
the major UGT enzymes responsible for 20-HETE glucu-
ronidation and to investigate the correlation between
genetic variants of the determined UGT enzymes and 20-
HETE glucuronide formation using human liver micro-
somes (HLMs).

EXPERIMENTAL PROCEDURES

Materials

Alamethicin, uridine diphosphate glucuronic acid (UDPGA),
saccharic acid-1,4-lactone, and diclofenac were obtained from
Sigma-Aldrich (St. Louis, MO). The compound 20-HETE was ac-
quired from Cayman (Ann Arbor, MI). The internal standards
(estrone-glucuronide and 7-hydroxycoumarin-glucuronide)
were purchased from Toronto Research Chemicals (Toronto,
ON, Canada). Taq polymerase was from TaKaRa (Otsu, Shiga,
Japan), and the AB BigDye™ Terminator v3.1 cycle sequencing
kit was purchased from Applied Biosystems (Foster City, CA). Pri-
mary antibodies for UGT1A3 and UGT1A9 were bought from
Abcam (Cambridge, MA). The primary antibody for B-actin and
the chemiluminescence kit were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). Recombinant human UGT iso-
forms, pooled HLMs, skimmed milk powder, and primary
antibody for UGT2B7 were purchased from BD Biosciences (San
Jose, CA). All other chemicals and organic solvents were of the
highest grade available from commercial sources.

HLMs

HLMs from 44 Korean donors (48.7 + 10.7 years old; mean +
SD) were obtained from the Biobank at Inje Pharmacogenomics
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Research Center (Inje University College of Medicine, Busan,
Korea). The research protocol for the use of HLMs was approved
by the institutional review board of Busan Paik Hospital (Busan,
Korea) (22).

Assays of 20-HETE glucuronidation using HLMs and
recombinant UGT enzymes

For in vitro 20-HETE glucuronidation assays, pooled HLMs or
recombinant UGT was reconstituted in a reaction mixture con-
taining 20 uM 20-HETE and 1.5 mg/ml alamethicin in 0.5 M
Tris-HCI buffer (pH 7.4), which was preincubated on ice for
15 min, as described previously (23). Because there is limited
information on kinetics for 20-HETE glucuronidation by a set of
UGT enzymes, 20 pM 20-HETE was determined empirically for
initial screening for UGT enzymes responsible for 20-HETE glucu-
ronidation. The reaction was initiated by the addition of 5 mM
UDPGA and incubated at 37°C for 4 h. The recombinant UGT
isoforms used were UGT1A1l, -1A3, -1A4, -1A6, -1A7, -1AS8, -1A9,
-1A10, -2B4, -2B7, -2B15, and -2B17. The reaction was termi-
nated by adding 100 pl of acetonitrile containing 1.2 WM estrone-
glucuronide as an internal standard. Concentrations of 20-HETE
for kinetic analysis were 5, 10, 20, 50, 70, 100, 200, and 500 WM.
Reconstitution conditions for the kinetics of 20-HETE glucuroni-
dation by UGT1A3, -1A9, and -2B7 were identical to the assay
described above. The kinetic parameters were estimated by plot-
ting the reaction rates to the multiple concentrations of substrate
and fitting these data to the Michaelis-Menten equation using
SigmaPlot 8.0 (SPSS Inc., Chicago, IL). An API 3000 LC-MS/MS
system (Applied Biosystems) coupled with an API 3000 LC-MS/
MS system (Agilent Technologies, Santa Clara, CA) was used for
the detection of glucuronide 20-HETE and the internal stan-
dard, as described previously with minor modifications (24).
Briefly, compounds were separated on a reverse-phase Atlantis dC18
column (2.1 mm inner diameter x 150 mm, 3 wm particle size; Wa-
ters, Eschborn, Germany). The nebulizing gas flow was adjusted to
7 psi, curtain gas to a flow of 12 psi, and collision energy to —30 eV.
The autosampler was set at 4°C and the injection volume was
5 pl. The mass transitions m/z for monitoring 20-HETE glucuro-
nide and estrone-glucuronide were 495.3—319.3 and 445—269,
respectively. Peak areas for all compounds were integrated using
Analyst software (version 1.2; Applied Biosystems). Because com-
mercial standards for 20-HETE glucuronide are not available,
quantification of the glucuronide form of 20-HETE was accom-
plished using standard curves of 20-HETE. The glucuronidation
of 20-HETE was compared with diclofenac glucuronidation
among 44 HLMs of Koreans, as described previously (23, 25).
Briefly, diclofenac (50 wM) was incubated with pooled HLMs in
0.5 M Tris-HCI buffered mixture (pH 7.4) containing 1.5 mg/ml
alamethicin. Diclofenac glucuronide was detected using the API
3000 LC-MS/MS system in positive ionization mode. The m/z val-
ues for diclofenac-glucuronide and 7-hydroxycoumarin fragmen-
tation were 424—298 and 339—163, respectively.

Genotyping

Genomic DNA was isolated from human liver tissues using the
DNeasy kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s protocol. Specific primers were designed to amplify the
flanking region of UGT2B7 (802C>T and 211G>T), UGT1A9
(—118T¢>T}pand 1399C>T), and UGTIA3 (31T>C, 133C>T, and
140T>C) (supplementary Table I). Excluding UGT2B7*71S, all
PCR products were directly sequenced for the detection of the
mutations. PCR was performed in a reaction volume of 30 .l that
contained 100 ng of genomic DNA, 1x PCR bulffer, 0.2 mM deoxy-
ribonucleotide triphosphate, 0.2 uM of each primer, 1.5 mM MgCl,,
and 1 unit of Taq polymerase. PCR was performed in the GeneAmp
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PCR 9700 (Applied Biosystems) with initial denaturation of 95°C
for 5 min, followed by 30-35 cycles of denaturation at 95°C for 30 s,
annealing at 51-61°C for 30 s, and extension at 72°C for 10-80 s.
A final termination of the elongation step was performed at 72°C
for 7 min. The PCR conditions and primers are summarized in
supplementary Table I. Amplified PCR products were purified us-
ing a PCR purification kit and directly sequenced using an AB Big-
Dye™ Terminator v3.1 cycle sequencing kit (ABI Prime 3130
Genetic Analyzer; Life Technologies, Carlsbad, CA). A Tagman
SNP genotyping assay was used to detect UGT2B7#71S (rs12233719:
assay ID C_45181106_10) using the ABI HT 7900 (Applied Biosys-
tems) according to the manufacturer’s instructions.

Immunoblot analysis

HLMs were prepared as described previously (22). Liver mi-
crosomal proteins were boiled at 95°C for 5 min in loading buffer
[0.1 M Tris-HCI (pH 6.8), 4% SDS, 1.5% bromophenol blue,
20% glycerol, and 5% mercaptoethanol]. The denatured micro-
somal proteins (15 pg per lane) were separated on a 13% SDS-
polyacrylamide gel electrophoresis and then transferred to a
nitrocellulose membrane in buffer containing 25 mM Tris-HCI,
192 mM glycine, and 20% (v/v) methanol. The membrane was
blocked with 5% skimmed milk in Tris-buffered saline supple-
mented with 0.1% Tween 20 solution at room temperature for
1 h. Polyclonal anti-UGT1A3 IgG and anti-UGT1A9 IgG, mono-
clonal anti-UGT2B7 IgG, and monoclonal anti-GADPH IgG were
used as primary antibodies overnight at 4°C. The immunoreac-
tive protein was detected using the ECL method (GE Healthcare
Bio-Sciences, Little Chalfont, Buckinghamshire, UK) and visual-
ized by autoradiography on an LAS 3000 (Fuji Film Life Science,
Stamford, CT). Band densities were quantified using a Multi-
Gauge (Fuji Photo Film Corporation, Science Laboratory, Tokyo,
Japan). The relative UGT protein levels in Western blotting were
normalized to GAPDH, which was immunoblotted as a loading
control. Gel to gel variations in band densities were normalized
using the reference amount of microsomal protein (15 pg per
lane) for each electrophoresis (22).

Statistical analysis

All enzyme activity values represent the mean + SD of triplicate
reactions. The correlation coefficients between the formation
rates of glucuronide metabolite of 20-HETE and UGT protein
expression among 44 HLMs were calculated using Pearson’s cor-
relation coefficient. The effect of genetic polymorphisms in
UGTs and demographic data on 20-HETE glucuronidation was
assessed using a one-way ANOVA. All statistical analysis was per-
formed using the SAS program (version 9.1.3; SAS Institute,
Cary, NC). Statistically significant changes compared with the
control group are indicated as *P < 0.05, ¥*P < 0.01, and ***P <
0.001.

RESULTS

Assays for 20-HETE glucuronidation were performed in
a reaction containing 20 pM 20-HETE, 15 pg of pooled
HLMs, and 1.5 mg/ml of alamethicin in 0.5 M Tris-HCI
buffer (pH 7.4), and 20-HETE glucuronide was detected
using LC-MS/MS. To ascertain the experimental condi-
tions, 20-HETE glucuronide formation was tested and
compared with reactions lacking UDPGA. The 20-HETE
glucuronide was detected at a retention time of 2.91 min
in samples incubated with UDPGA. The product ion spec-
tra of the glucuronidated 20-HETE peak showed m/z
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values of 495, 319, and 175, which were representative
of 20-HETE glucuronide, 20-HETE aglycon, and glucu-
ronic acid, respectively (24). Twelve recombinant UGT
enzymes were screened to determine the major contrib-
utors of UGT enzymes for 20-HETE glucuronide forma-
tion. UGT2B7, UGT1A9, and UGT1A3 showed strong
20-HETE glucuronidation, followed by UGT2B4, UGT1A1,
UGTI1AS, and UGTI1BI5 in a decreasing order (Fig. 1).
The kinetic parameters K,,, V, .., and CL;, for 20-HETE
glucuronidation with UGT1A3, -1A9, and -2B7 were deter-
mined as presented in Table 1. The K, values of UGT1A9
and -2B7 were 22.2 and 14.8 pM, respectively. However,
UGT1AS3 exhibited a higher K, value (78.4 wM) when
compared with those of UGT1A9 and UGT2B7, indicating
that UGT1A3 has a lower affinity toward 20-HETE glucu-
ronidation than the UGT1A9 and -2B7. The V,,, values
for 20-HETE glucuronidation by UGT1A3, -1A9, and -2B7
were similar. The intrinsic clearance values were evaluated
under Michaelis-Menten equation, resulting in the highest
value obtained from UGT2B7, followed by UGT1A9, and
UGTI1A3.

We then determined the levels of 20-HETE glucuronide
in 44 HLMs (Fig. 2). A wide variation was observed in
the levels of 20-HETE glucuronidation among HLMs.
The mean + SD of 20-HETE glucuronidation was 728 =
100 pmol/min/mg. However, an over 10-fold variation in
20-HETE glucuronidation was observed in human liver sam-
ples. Because UGT activity is affected by sex, age, and alco-
holic status (19), the impact of the demographic data of
the HLM donors on 20-HETE glucuronidation was exam-
ined (supplementary Table II). Neither sex nor age af-
fected the formation of 20-HETE glucuronide. Although
the rate of 20-HETE glucuronidation was higher among
alcoholics (832 + 335 pmol/min/mg) than nonalcoholics
(659 £ 273 pmol/min/mg), the difference in glucuronida-
tion activity failed to reach statistical significance (P >
0.05).

Because UGT2B7, -1A9, and -1A3 are critical UGT en-
zymes involved in the glucuronidation of 20-HETE (Fig.
1), the primary genetic polymorphisms in UGT2B7, -1A9,
and -1A3 genes known to alter the metabolic activity of
these UGTs among Asian ethnic groups were identified
(26-28). The major functional polymorphisms were
UGT2B7 (802C>T and 211G>T), UGT1A9 (—118Ty>T,,
and 1399C>T), and UGT1A3 (31T>C, 133C>T, and
140T>C).The frequencies of these polymorphisms among
44 HLMs are presented in Table 2. All analyzed polymor-
phisms were within Hardy-Weinberg equilibrium. A high
degree of linkage disequilibrium (D’ = 0.879, # = 0.734)
was observed between the two analyzed genetic variants,
—118T¢>T}y and 1399C>T on the UGT1A9 gene and be-
tween 31T>C and 140T>C on the UGT1A3 gene (Fig. 3).
The results showed that UGT1A9 —118Ty>T,,, UGT1A9
1399C>T, and UGT2B7 802C>T genetic variations signifi-
cantly influenced 20-HETE glucuronidation (P < 0.05-
0.001) (Table 3). The rates of 20-HETE glucuronidation
among UGT1A9 —118T,/T,, —118Ty/T},, and —118T(/ T},
were 375 + 135, 696 + 264, and 929 + 270 pmol/min/mg,
respectively. The rates of 20-HETE glucuronidation among
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Fig. 1.

Screening for UGT enzymes responsible for the formation of 20-HETE glucuronide using recombinant human UGT isoforms.

The glucuronide form of 20-HETE was biosynthesized by incubating 20 uM 20-HETE with the indicated recombinant UGT isoform pro-
teins (15 ug) (BD Biosciences), 1.5 mg/ml alamethicin in 0.5 M Tris-HCI buffer (pH 7.4), and 5 mM UDPGA. The glucuronidated metabo-
lite of 20-HETE was detected by scanning daughter ions of the deprotonated glucuronide at m/z495.Our results represent one independent
data set from two separate experiments. Values represent the mean + SD of triplicates. UGT1A3, -1A9, and -2B7 metabolized 20-HETE more
efficiently than other UGTs. Further details are described in the Experimental Procedures.

UGTI1A9 1399C/C, 1399C/T, and 1399T/T were 489 =+
338, 714 + 305, and 811 + 257 pmol/min/mg, respectively.
The respective rates of 20-HETE glucuronidation among
UGT2B7 802C/C, 802C/T, and 802T/T were 874 + 242,
702 + 315, and 619 + 293 pmol/min/mg. The frequency of
UGTI1A3 (31T>C, 133C>T, and 140T>C) genotypes were
low in the studied HLMs and no significant impact on the
glucuronidation of 20-HETE was observed among the ana-
lyzed UGT1A3 genetic polymorphisms in this study.
Table 4 shows that 20-HETE glucuronidation rates were
the lowest among HLMs with UGTIA9 —118T,/1399C
mutations and UGT2B7 802T genetic variation (P< 0.001,
ANOVA). The rate of 20-HETE glucuronidation in HLMs
combined with the UGTIA9 —118T,/1399C haplotype
and UGT2B7 802T genetic variation was 346 + 171 pmol/
min/mg, while the rate of 20-HETE glucuronidation in

TABLE 1.

HLMs combined with the UGT1A9 —118T,,/1399C
haplotype and UGT2B7 802C genetic variation was 1070 +
247 pmol/min/mg. The relative protein expression of
UGT2B7, -1A9, and -1A3 (the primary UGTs in 20-HETE
glucuronidation) in HLMs was examined using Western
blot analysis. The results showed high interindividual vari-
ation in protein expression of UGTs among HLM samples
(Fig. 4). Therefore, the present study investigated the cor-
relation between UGT1A3, -1A9, and -2B7 protein expres-
sion and 20-HETE glucuronidation. UGT1A9 and -2B7
protein expression levels were strongly correlated with 20-
HETE glucuronide formation (P < 0.001), as shown in
Fig. 5A, B. Liver microsomes with the UGT2B7 802T vari-
ant did not show lower UGT2B7 expression than UGT2B7
802C wild-type genotypes (Fig. 5A). Moreover, HLMs with
homozygous UGT1A9 —118T, showed lower UGTI1A9

Kinetic analysis of 20-HETE analysis by UGT1A3, UGT1A9, and UGT2B7 isoforms

Kinetic Parameters

UGT Isoform K, (nM) Vinax (nmol/min/mg protein) CL;,, (Vina/K,) (ul/min/mg protein)
UGT1A3 78.4 1.33 17.0
UGT1A9 22.2 1.78 84.5
UGT2B7 14.8 1.62 109.6

The best fit of data was determined by the examination of required parameters using SigmaPlot 8.0. The
formation of 20-HETE glucuronide showed a fit to Michaelis-Menten kinetics. Details are described in the

Experimental Procedures.

Effect of UGT polymorphisms on 20-HETE glucuronidation
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Fig. 2. The compound 20-HETE glucuronidation by HLMs (n = 44). HLMs (15 pg per reaction) were preincubated with 20 puM 20-HETE
in a reaction mixture containing 1.5 mg/ml alamethicin and 0.5 M Tris-HCI buffer (pH 7.4) on ice for 15 min. The reaction was initiated
by adding 5 mM UDPGA at 37°C for 4 h and terminated with 100 pl of acetonitrile. The formation of 20-HETE glucuronide was analyzed
using HPLC coupled with MS. Further details are described in the Experimental Procedures.

protein expression than UGT1A9 —118Ty, This lower
protein expression was correlated with a decreased 20-
HETE glucuronidation rate (Fig. 5B). The formation of
20-HETE glucuronidation was proportional to the glucu-
ronidation of diclofenac (72 = 0.64, P < 0.001), which is
known to be a prototype substrate of UGT2B7 and
UGT1A9 (Fig. 6). This correlation further supports that
UGT2B7 and UGT1A9 are involved in the formation of
20-HETE glucuronidation. Although UGT1A3 protein ex-
pression was correlated with 20-HETE glucuronidation
(72 =0.022), the correlation coefficient value was not statis-
tically significant (P> 0.05).

DISCUSSION

The compound 20-HETE plays an important role in car-
diovascular pathology and drug induced cardiotoxicity (5,
6). The glucuronidation reaction of 20-HETE is believed
to inhibit 20-HETE and facilitate its elimination (24).
However, factors contributing to variations in 20-HETE

elimination remain poorly understood. To the best of our
knowledge, this is the first study to investigate the effect of
genetic polymorphisms in UGTs on 20-HETE glucuroni-
dation activity. Our results demonstrated that UGT2B7
802C>T, UGT1A9 —118Tg>Tp, and UGT1A9 1399C>T ge-
netic variants were associated with a significant change in
20-HETE glucuronide formation in HLMs. Our data sug-
gest that these genetic variants may affect levels of 20-
HETE in blood circulation, in addition to the genetic poly-
morphisms in 20-HETE-synthesizing CYPs, which showed
a clinically significant association with hypertension devel-
opment (10, 11). Therefore, UGT2B7 802C>T, UGT1A9
—118T¢>T}y, and UGTIA9 1399C>T variants may play a
role in modulating platelet activation through differences
in 20-HETE glucuronidation. Further studies are required
to determine their contribution to platelet activation in a
larger clinical study.

20-HETE is reportedly glucuronidated by UGT2B7,
-1A1, and -1A3, and at a minor rate by UGT1A4 using UGT
isoforms cloned and expressed in baculovirus-infected
insect cells (24). In the present study, we screened the

TABLE 2. The frequencies of UGT1A3, UGT1A9, and UGT2B7 genetic variants among HLMs (n = 44)

Enzyme
Gene Variants” Region Reference Function Total  wt/wt wt/mt mt/mt Frcqucncyb (%)
UGTI1A3 140T>C Exon 1 rs6431625  Decrease 44 38 6 0 7
31T>C Exon 1 rs3821242  Decrease 44 27 15 2 22
133C>T Exon 1 rs45625338  Increase 44 38 5 1 8
UGT1A9 —118Ty>T,, Promotor rs3832043 Increase 44 5 26 13 59
1399C>T Intron 1 rs2741049  Increase 44 15 24 5 39
UGT2B7 211G>T Exon 1 rs12233719  Decrease 44 30 12 2 18
802C>T Exon 2 rs7439366  Decrease 44 13 18 13 50

The reference number used was GenBank accession NT_030640.1.
“Position is indicated in relation to the start codon ATG of the UGT genes; the A in ATG is +1.

"All of the frequencies are within Hardy-Weinberg equation (X%, P>0.05).
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20-HETE glucuronidation among 12 UGT isoforms using
recombinant UGTs purchased from BD Gentest (Woburn,
MA), which were also expressed in the baculovirus-infected
insect cell system. In addition to UGT2B7, -1A1, and -1A3,
our results demonstrated that UGTI1AS, -1A9, -2B4, and
-2B15 isoforms glucuronidated 20-HETE (Fig. 1). In par-
ticular, UGT1A9 strongly glucuronidated 20-HETE in addi-
tion to UGT1AL, -1A3, and -2B7. UGT1A9 has been shown
to glucuronidate 5-, 12-, and 15-HETE, which are isomers
of 20-HETE (21). In the present study, UGT1A3, -1A9,
and -2B7 were determined as major contributors to the

UGTIAZP UGTIAL

Fig. 3. Linkage disequilibrium map of UGTI1A9
and -1A3 SNPs within the UGT1A gene locus geno-
typed in a Korean population (n = 44). The linkage
disequilibrium was generated using Haploview 4.1
from the data related to five SNPs that are known to
influence UGT1A9 and -1A3 activity. The linkage dis-
equilibrium was analyzed using the statistics ID’] and
# values. Red depicts a significant linkage while white
indicates weak linkage between the pairs of SNPs.
The numbers inside the squares indicate the D’ value
multiplied by 100.

20-HETE glucuronidation. The kinetic analyses were per-
formed using these three enzymes. It was predicted that
UGT2B7 and UGT1A9 exhibited 6- and 5-fold higher CL;,,
values than the UGT1A3, respectively. This observation in-
dicates that UGT2B7 and UGT1A9 might be highly specific
for the glucuronidation of 20-HETE. Further studies would
be needed to explore the consequences of these in vitro
findings of the 20-HETE glucuronidation in vivo system.
Variation in 20-HETE glucuronidation among HLMs
was observed in this report (Fig. 2). This observation
agrees with a previous study that showed interindividual

TABLE 3. The effect of UGT1A3, UGT1A9, and UGT2B7 genetic variants on 20-HETE glucuronidation

20-HETE Glucuronidation
(pmol/min/mg)

Gene Genetic Variation Genotype n Mean + SD P
UGT1A3 140T>C T/T 40 784 + 230 Reference
T/C 4 836 + 315 0.678
C/C 0 0 —
31T>C T/T 27 730 + 281 Reference
T/C 15 732 + 296 0.983
C/C 2 685 0.845
133C>T C/C 38 756 + 230 Reference
C/T 5 571 + 230 0.098
T/T 1 472 0.231
UGTIA9 —118T¢>T), Ty/ Ty 5 375 + 135 Reference
To/ Ty 26 696 + 264 0.014*
T/ Ty 13 929 + 270 0.001%*
1399C>T C/C 5 489 + 338 Reference
C/T 21 714 + 305 0.294
T/T 18 811 + 257 0.031%*
UGT2B7 211G>T G/G 30 728 + 304 Reference
G/T 12 738 + 326 0.925
T/T 2 678 + 106 0.821
802C>T C/C 13 874 + 242 Reference
C/T 18 702 + 315 0.111
T/T 13 619 + 293 0.023*

Significant difference in 20-HETE glucuronidation rates compared with the wild genotypes is represented by

*P<0.05 and **P<0.01.
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TABLE 4. Combined effects of UGT1A9 and UGT2B7 variants on 20-HETE glucuronidation

UGT1A9 Genotype —118T¢>T,

UGT2B7 Genotype

20-HETE Glucuronidation
(pmol/min/mg)

1399 C>T 802C>T n Mean + SD r
T,/Ty C/C C/C 0 0
C/T 3 346 + 171
T/T 2 419
To/ Ty C/T Cc/C 9 786 + 267
C/T 8 700 + 110 <0.0001
T/T 5 536 + 330
T,/Ty, T/T C/C 3 1070 + 247
C/T 6 960 + 301
T/T 3 920 + 199

“Pvalues were calculated based on one-way ANOVA.

variation in the levels of 20-HETE elimination in human
urine (14). Because 20-HETE is eliminated in human
urine in the glucuronidated form, factors that affect UGT
activity may affect 20-HETE elimination. Sex, age, alco-
holic status, and genetic polymorphisms are known to af-
fect UGT expression and activity (19). In the present
study, the demographic data (sex, age, and alcoholic sta-
tus) was not significantly associated with 20-HETE glucu-
ronidation among HLMs (P> 0.05) (supplementary Table II).
However, genetic polymorphisms (UGT2B7 802C>T,
UGTI1A9 —118T¢>T, and UGT1A9 1399C>T) influenced
20-HETE glucuronidation. These results suggest that ge-
netic variations in UGT1A9 and -2B7 play major roles in
interindividual variation in 20-HETE glucuronidation and
elimination in humans.

Genotyping for the detection of UGT2B7 (802C>T and
211G>T), UGT1A9 (-118Ty>T;, and 1399C>T), and
UGTI1A3 (31T>C, 133C>T, and 140T>C) polymorphisms
were performed and analyzed to determine their contri-
bution to 20-HETE glucuronidation and their effects on
UGT protein expression. As shown in Table 2, all deter-
mined frequencies of UGT polymorphisms were within
Hardy-Weinberg equilibrium. The frequencies of these
variants were similar to those of other Asian populations

.1 =}

2 2

E S

£ &

- s oz =

I I I
UGT2B7 - e — e —
UGT1A9 == = -— D -
UGT1A3 we - -— S
GAPDH -— e -— o o

(26-28). Moreover, UGT1A9 —118T¢>T;, and 1399C>T
genetic variations were found in high linkage disequilib-
rium in the present study (Fig. 3) and among Asians, but
not Caucasians (29, 30).

Western blot analysis of UGT1A3, -1A9, and -2B7 showed
that their protein expression varied significantly among
the studied HLMs (Fig. 4). UGT1A9 and -2B7 protein ex-
pression levels were correlated strongly with 20-HETE glucu-
ronidation among 44 HLMs from Koreans (P < 0.001)
(Fig. 5A, B). These results suggest that factors affecting
protein expression of UGT1A9 and -2B7, such as genetic
variations, environmental inducers/inhibitors, and dis-
eases, may affect 20-HETE glucuronidation. For example,
the 20-HETE glucuronidation rate has been reported to be
higher among patients with liver cirrhosis (31), and UGT
expression was higher in liver cirrhosis than normal tissues
(32), suggesting that UGTs play a role in 20-HETE glucu-
ronidation in a protein-dependent manner.

In the present study, genetic polymorphisms UGT1A9
—118Ty>T), and 1399C>T significantly affected 20-HETE
glucuronidation among HLMs (P < 0.001). The UGT1A9
—118Ty showed less 20-HETE glucuronidation activity
than UGT1A9 —118T},. In addition, HLMs combined
with the UGT1A9 —118T,/1399C haplotype and UGT2B7

— — WD = -

Fig. 4. Representative Western blot analysis for UGT1A3, UGT1A9, and UGT2B7 in HLMs isolated from
Korean liver donors. The HLM proteins (15 pg/lane) from liver tissues (lanes 3—10) were electrophoresed
on 13% SDS-polyacrylamide gels. The presented results are randomly selected immunoblots of HLMs with
the indication of band specificity in each UGT enzyme. The reference microsomal proteins (lanes 1 and 2)
were used for normalization of the gel to gel variations in the band densities due to different exposure times
in each film. Resolved proteins were transferred to a nitrocellulose membrane and immunoblotted using
primary antibodies against UGT1A3, UGT1A9, and UGT2B7, as described in the Experimental Procedures.
The immunoreactivity of GAPDH was used as an internal control for the relative protein expression in

HILMs.
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Fig. 5. Correlation between 20-HETE glucuronidation and UGT protein amount with genotypes among
HLMs (n = 44). A: Correlation between 20-HETE glucuronidation and UGT2B7 genotypes with its protein
level. Solid circles, UGT2B7 802C/C; open triangles, UGT2B7 802C/T; open circles, UGT2B7 802T/T. B:
Correlation between 20-HETE glucuronidation and UGT1A9 genotypes with its protein level. Solid circles,
UGTI1A9 —118Ty/Ty; open triangles, UGT1A9 —118T,/T)y; open circles, UGTIA9 —118T,,/T,. The for-
mation of 20-HETE glucuronide was analyzed by HPLC coupled with MS. The protein expression was ana-
lyzed by Western blot. Genotyping of UGT2B7 802C>T and UGT1A9 —118Ty>T), variants was determined
by direct DNA sequencing. Further details are described in the Experimental Procedures.

802T genetic variants showed the lowest rate for 20-HETE
glucuronidation (Table 4). UGTIA9 expression was
higher in HLMs with the UGT1A9 —118T,,/1399T than
with —118T,/1399C, which correlated with increased 20-
HETE glucuronidation rates. UGT1A9 —118T¢>Ty, is a
promoter genetic variation, which showed increased
UGT1A9 activity (33). The 1399C>T variant is an intronic
polymorphism in the UGT1A9 gene, which was signifi-
cantly correlated with UGT1A9 protein levels and activi-
ties (30). The molecular mechanism by which UGTIA9
—118Ty>T;, and 1399C>T variants influence 20-HETE
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Fig. 6. Correlation between 20-HETE glucuronidation and di-
clofenac glucuronidation in HLMs. The formation of 20-HETE
glucuronide was analyzed by HPLC coupled with MS. Diclofenac
(50 wM) was incubated with HLMs (n = 44) in 0.5 M Tris-HCI buff-
ered mixture (pH 7.4) containing 1.5 mg/ml alamethicin for 1 h.
Diclofenac glucuronide was detected by using HPLC coupled with
MS in a positive ionization mode. The m/zs for diclofenac-glucuro-
nide and 7-hydroxycoumarin (internal standard) fragmentation
were 424—298 and 339—163, respectively. Further details are de-
scribed in the Experimental Procedures.

Effect of UGT polymorphisms on 20-HETE glucuronidation

glucuronidation may be the result of increased transcrip-
tional regulation and hence the increased availability of
UGT1A9 enzymes for 20-HETE glucuronidation.

UGT2B7 802C>T is a nonsynonymous variant that leads
to the substitution of histidine to tyrosine in codon 268. In
vitro experiments indicated that the UGT2B7 802C>T
variant shows 2-fold higher activity compared with the
wild-type allele (34). However, clinical studies demon-
strated that UGT2B7 802C>T polymorphisms were associ-
ated with lower enzyme activity and decreased drug
metabolism, such as epirubicin and diclofenac (35, 36).
UGT2B7 802C>T was reported to be associated with pro-
moter polymorphisms, which were related to the de-
creased activity of the UGT2B7 enzyme (37). In the
present study, HLMs containing the UGT2B7 802C>T
variant exhibited lower 20-HETE glucuronidation, as
shown in Table 3, without demonstrating lower UGT2B7
expression compared with the wild-type (Fig. 5A). Al-
though the number of HLMs in the present study was
small (n = 44), the UGT2B7 802C>T variant appeared to
be associated with decreased activity of 20-HETE glucu-
ronidation without affecting expression levels. However,
further studies are required to explore its influence on
UGT2B7 protein expression, as well as its effect on 20-
HETE glucuronidation.

Overall, we identified major UGT enzymes responsible
for 20-HETE glucuronidation using recombinant UGT en-
zymes in vitro system. The effects of genetic polymor-
phisms in UGTs, UGT2B7 802C>T, UGT1A9 —118T¢>T)y,
and UGT1A9 1399C>T variants were significant on the al-
tered levels of 20-HETE glucuronide formation in human
liver tissues. Further investigations are required to explore
the consequences of these genotypes on the 20-HETE
glucuronidation in vivo system. This study is the first to
examine the effects of genetic polymorphisms in UGTs on
20-HETE glucuronidation using human liver tissues. Ap-
plication of our genotype information to the clinical field
with respect to 20-HETE levels may increase our understand-
ing regarding the role of 20-HETE under pathophysiological
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conditions in humans, such as variable platelet activation
and cardiovascular complications Bl
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