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Abstract

Renal ischaemia is associated with accumulation of fatty acids (FA) and mobilisation of arachidonic acid (AA). Given the capacity of
UDP-glucuronosyltransferase (UGT) isoforms to metabolise both drugs and FA, we hypothesised that FA would inhibit renal drug
glucuronidation. The effect of FA (C2:0-C20:5) on 4-methylumbelliferone (4-MU) glucuronidation was investigated using human kidney
cortical microsomes (HKCM) and recombinant UGT1A9 and UGT2B7 as the enzyme sources. 4-MU glucuronidation exhibited
Michaelis—-Menten kinetics with HKCM (apparent K, (KiP?) 20.3 uM), weak substrate inhibition with UGT1A9 (K3PP 10.2 uM, K
289.6 uM), and sigmoid kinetics with UGT2B7 (Sggp440.6 puM) Similarly, biphasic UDP-glucuronic acid (UDPGA) kinetics were
observed with HKCM (S50 354.3 uM) and UGT1A9 (S50 88.2 uM). In contrast, the Michaelis—Menten kinetics for UDPGA observed with
UGT2B7 (K3PP 493.2 uM) suggested that kinetic interactions with UGTs were specific to the xenobiotic substrate and the co-substrate
(UDPGA). FA (C16:1-C20:5) significantly inhibited (25-93%) HKCM, UGT1A9 or UGT2B7 catalysed 4-MU glucuronidation.
Although linoleic acid (LA) and AA were both competitive inhibitors of 4-MU glucuronidation by HKCM (K;** 6.34 and 0.15 pM,
respectively), only LA was a competitive inhibitor of UGT1A9 (K;™ 4.06 uM). In contrast, inhibition of UGT1A9 by AA exhibited
atypical kinetics. These data indicate that LA and AA are potent inhibitors of 4-MU glucuronidation catalysed by human kidney UGTs and
recombinant UGT1A9 and UGT2BY7. It is conceivable therefore that during periods of renal ischaemia FA may impair renal drug
glucuronidation thus compromising the protective capacity of the kidney against drug-induced nephrotoxicity.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

FA are predominantly straight-chain monocarboxylic
acids ranging from 4 to 24 carbon atoms that may be
either saturated or unsaturated. They are essential for
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integrated functioning of the human body, serving both
as an energy source and as a unit for energy storage. Their
importance, however, extends beyond their role in anabolic
and catabolic pathways. FA per se act as regulatory
molecules affecting enzyme activity (e.g. acetyl-CoA car-
boxylase) and gene transcription as endogenous ligands of
peroxisome-proliferator-activated receptors [1]. In addi-
tion, FA are esterified in membrane phospholipids and are
critical for the structure and hydrophobicity of mammalian
cell membranes. While all FA contribute to membranous
hydrophobicity, polyunsaturated FA additionally fulfil a
unique role as precursors of potent signal molecules.
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Oxidative metabolism of FA produces prostaglandins,
leukotrienes and hydroxy-fatty acids, collectively referred
to as eicosanoids. These bioactive molecules are synthe-
sised from 20-carbon polyunsaturated FA namely dihomo-
v-linolenic acid, eicosapentaenoic acid and AA. Eicosa-
noids synthesised from AA contribute to major pathophy-
siological conditions including chronic inflammatory
diseases (e.g. rheumatoid arthritis, psoriasis) [2,3], toxic
and immune mediated nephropathies [4], formation of
thrombi and atheroma, and cell proliferation [5].

AA (C20:4n — 6) is the most abundant polyunsaturated
FA in membrane phospholipids and is liberated as a result
of the action of phospholipases and mechanical or mito-
genic stimuli. Free AA is rapidly metabolised by three
enzyme systems: cyclo-oxygenases (COX), lipo-oxyge-
nases (LOX) and cytochromes P-450 (CYP). Oxygenation
of released AA via the action of COX produces prosta-
glandins of the 2-series (e.g. PGE,) and thromboxanes; via
the LOX pathway the 4-series leukotrienes (e.g. LTB,4) and
hydroxy-fatty acids; and via CYP the epoxyeicosatrienoic
acids (EETs) and their corresponding diols and hydroxyei-
cosatetraenoic acids (HETE:).

Carboxylic acids are common substrates for UGT (EC
2.4.1.17). Of the 27 known human UGT genes, 14 (UGT
1A1, 1A3, 1A4, 1A6, 1A7, 1AS8, 1A9, 1A10, 2A1, 2B4,
2B7, 2B15, 2B17, and 2B28) encode proteins that are
catalytically active towards a myriad of xeno- and endo-
biotics. The glucuronidation of medium chain FA and the
unsaturated FA, LA, a-linolenic and AA by rat UGT2B1
was reported in 1994 [6]. Later studies demonstrated that
monkey UGT2B9 (89% identical to human UGT2B7) and
human UGT1A3 glucuronidated C2—C12, and C10 and
C12 straight-chain saturated FA, respectively [7,8]. More
recently, glucuronidation of LA, the immediate precursor
of AA, by human liver microsomes and glucuronidation
of the two naturally occurring metabolites of LA, 13-
hydroxyoctadecadienoic acid (13-HODE) and 13-oxooc-
tadecadienoic acid (13-OXO) by human UGT2B7, was
reported [9-11]. Subsequent studies also established that
AA, 20-HETE and PGE, were substrates for human
hepatic and intestinal UGTs and recombinant UGT2B7
[12].

Although knowledge of xenobiotic metabolism is often
based on studies using predominantly liver, significant
glucuronidation activity towards endogenous and exogen-
ous compounds has been reported for human kidney [13].
Substrates for renal UGTs include paracetamol, morphine,
4-MU, 1-naphthol, 4-nitrophenol, propofol, mycophenolic
acid, hyodeoxycholic acid, estradiol and testosterone
amongst others [14—16]. UGT activity is primarily loca-
lised to the cortical region and the isoforms identified in
human renal tissue include 1A3, 1A6, 1A9, 2B4, 2B7,
2B10, 2B15 and 2B17 [17-19].

The physiological functions of the kidney are varied and
numerous, and the metabolism of AA plays an important
role in integrating renal dynamics in particular renal

vascular tone, glomerular function and fluid and electrolyte
balance. Although the concentration of free AA in resting
cells is universally described as ‘low’, once released the
concentration can range from 10 to 100 uM [20]. Progres-
sion to acute renal failure is also accompanied by increased
intracellular accumulation of FA. Since most UGT iso-
forms are capable of metabolising both drugs and endo-
biotics, we hypothesised that FA would inhibit renal drug
and chemical glucuronidation. In order to assess the
potential effects of FA on renal glucuronidation, we uti-
lised 4-MU as the probe UGT substrate and HKCM and
recombinant UGTI1A9 and UGT2B7 as the enzyme
sources. UGT1A9 and UGT2B7 were selected for inves-
tigation as both are known to be expressed in human
kidney [17,18] and both have the capacity to glucuronidate
substrates containing a carboxylic acid function, a char-
acteristic chemical feature of FA [17]. Accordingly, the
inhibitory effect of a range of saturated (C2-C20) and
unsaturated (C14:1-C20:5) FA on 4-MU glucuronidation
by HKCM and recombinant UGT1A9 and UGT2B7 was
determined.

2. Materials and methods
2.1. Materials

The following compounds were purchased from Sigma-
Aldrich: UDPGA, 4-MU, 4-MU-B-p-glucuronide and the
FA (either as the free acid or the sodium salt) acetic (C2:0),
butyric (C4:0), n-caproic (C6:0), caprylic (C8:0), capric
(C10:0), myristic (C14:0), myristoleic (C14:1), palmitic
(C16:0), palmitoleic (C16:1), stearic (C18:0), oleic
(C18:1), linoleic (C18:2), a-linolenic (C18:3), arachidic
(C20:0), gondoic (C20:1), eicosadienoic (C20:2n6),
dihomo-vy-linolenic (C20:3), arachidonic (C20:4), eicosa-
pentaenoic (C20:5). Fatty acids were dissolved in ethanol
(100% analytical grade) and stored desiccated in amber
glass vials at —20°. Purity of the solutions as determined by
GC (data not shown) was >99.5% over a 3-month period.
All other chemicals were of the highest analytical grade
available and obtained from commercial sources.

2.2. Human kidney tissue

Human kidney tissue from six subjects who had under-
gone radical nephrectomy for malignant disease was
obtained from the joint Flinders Medical Centre/Repatria-
tion General Hospital Tissue Bank, Adelaide, South
Australia. Approvals for tissue collection and in vitro
xenobiotic metabolism studies were obtained from the
Research and Ethics Committee of the Repatriation Gen-
eral Hospital and the Flinders Clinical Research Ethics
Committee, Flinders Medical Centre, South Australia.
Renal cortical tissue distant to the primary tumour was
isolated from fresh kidneys immediately following surgery
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Table 1

Human kidney donor details and tissue histology

Tissue code Gender Age (years) Drug history Histology

K1 M 73 Ranitidine Not available

K3 M 79 Acetylsalicylic acid Benign nephrosclerosis, mild hypertensive-like vascular change but no
evidence of primary glomerular disease

K4 M 83 Anmitriptyline, paracetamol Benign hypertensive-like vascular change, foci of tubular atrophy
and inflammation. No primary glomerular disease

K5 M 72 Diclofenac, doxepin Mild focal benign nephrosclerosis consistent with age of patient.
No significant abnormality

K6 M 80 Lansoprazole, acetylsalicylic acid, Mild benign nephrosclerosis with no evidence of primary glomerular

allopurinol disease, consistent with age of patient
K7 M 43 Omeprazole, dexamethasone Minimal glomerulosclerosis and focal interstitial inflammation. Mild

hypertensive-like vascular changes, no significant interstitial scarring

and samples were either placed in 10% neutral phosphate
buffered formalin for routine histology, used immediately
for the preparation of microsomes, or cryopreserved
(—=70°) for later studies. Representative tissue samples
were examined by a specialist histopathologist (AT).
Only age related benign nephrosclerosis and, hyperten-
sive-like vascular changes were reported and all sections
were confirmed as cortex free of medulla. Relevant details
of the donors and tissue histology are summarised in
Table 1.

2.3. Preparation of renal cortical microsomes

HKCM were prepared using a standard differential ultra-
centrifugation technique [16] with minor modifications.
Cortical tissue was homogenised initially using an Ultra-
Turrax (max 60 s) in 0.25 M sucrose/2 mM Tris (pH 7.5)
followed by three passes with a Potter—Elvehjem homo-
geniser and then centrifuged (4°) at 600 g for 10 min
followed by 10,000 g for a further 10 min. The supernatant
fraction was removed, the pellet resuspended in 10 mM
Na,HPO,/1.15% KCI (pH 7.4) and centrifuged 100,000 g
for 60 min. The microsomal pellet was resuspended in
0.1 M Na,PO,4 (pH 7.4)/20% (w/v) glycerol, analysed for
protein concentration [21] and stored at —70°.

2.4. Expression of UGTIA9 and UGT2B7

UGT1A9 and UGT2B7 were stably expressed in human
embryological kidney 293T (HK293) cells (ATCC).
Cells were transfected separately with the UGT1A9 and
UGT2B7 cDNAs cloned into the expression vector
pEF-IRES-puro-6 and selected with puromycin [22].
Microsomes were prepared from cells expressing UGT1A9
as described previously [23]. As microsome preparation
resulted in loss of activity of UGT2B7, harvested cells
were resuspended in storage buffer (100 mM K,HPO,/
1 mM EDTA/0.5 mM dithiothreitol) and cell lysate pre-
pared by probe sonication using four 1 s bursts interspersed
by 3 min cooling on ice. The lysate was centrifuged briefly
(12,000 g x 5 min) and the supernatant fraction stored at
—70° until required for activity studies.

2.5. Quantification of 4-MU glucuronide formation

A modified fluorescence assay described previously by
Miners et al. [24] was used for quantification of 4-MU
glucuronide formation by HKCM, UGT1A9 and UGT2B7.
Preliminary studies established both the conditions for
linearity of the reaction with respect to time and protein
concentration, and that substrate consumption during the
course of the incubation was less than 10%. The standard
incubation medium to determine the kinetics of 4-MU
glucuronidation comprised 0.1 M KH,PO, (pH 7.4),
5 mM MgCl,, UDPGA (HKCM 2.5 mM; UGT1A9 and
UGT2B7 5mM), 4-MU 0-0.2mM for HKCM and
UGT1A9; 0-2 mM for UGT2B7 and protein (HKCM
and UGT1A9 0.017 mg/mL; UGT2B7 0.033 mg/mL) in
a total volume of 0.6 mL. HKCM samples were incubated
(37°) for 20 min while the duration of the incubation for
UGT1A9 and UGT2B7 was 45 min. Reactions were ter-
minated by the addition of 0.6 M glycine—-0.4 M trichlor-
oacetic acid (0.14 mL) and cooling on ice. Incubation
mixtures were extracted with chloroform and the fluores-
cence of 4-MU glucuronide in the aqueous phase deter-
mined at 365 nm using an excitation wavelength of
315 nm. Quantification was undertaken by reference to
standard curves prepared using 4-MU glucuronide con-
centrations in the range of 0-10 uM. Experiments to
determine the apparent K,,, (K3*P) for UDPGA were under-
taken as described using HKCM, UGT1A9 and UGT2B7
with the following changes; the concentration of 4-MU
was fixed (0.5 mM) and the concentration of UDPGA
varied from 0.01 to 5 mM for HKCM, and 0.05-7.5 mM
for UGT1A9 and UGT2B7.

2.6. Inhibition of UGT activity by FA

Initially a range of FA C2-C20:5 (10 uM) dissolved in
ethanol (final concentration 1% v/v) were screened for an
inhibitory effect on 4-MU glucuronidation catalysed by
HKCM, UGT1A9 and UGT2B7. For these studies, the
concentration of 4-MU corresponded to the apparent
K,,/s50; viz. 0.02 mM for HKCM, 0.01 mM for UGT1A9
and 0.45 mM for UGT2B7. Kinetic studies were undertaken



194 P. Tsoutsikos et al./Biochemical Pharmacology 67 (2004) 191-199

to determine apparent K; values where significant inhibition
was observed. The FA investigated subsequent to the initial
screening study included LA (C18:2) and AA (C20:4). The
source of UGT protein was HKCM and UGT1A9 and the
effect of the individual FA was investigated using varying
concentrations of 4-MU (0.01-0.06 mM) and either C18:2
(1-8 uM) or C20:4 (0.02-0.2 uM).

2.7. Kinetic and statistical analyses

Data points for HKCM represent the mean of five to six
individual kidneys each studied in duplicate. For UGT1A9
and UGT2B7 data represent the mean of duplicate estima-
tions. The kinetic parameters Ssg, K3, Vi,ax and K; were
derived from untransformed data fitted using an extended
least squares modelling program (EnzFitter, Biosoft).
Equations used included: Michaelis—Menten (MM) for
single- and two-enzyme systems, substrate inhibition
and the Hill equation [25]. All data were analysed using
simple (robust) weighting and the kinetic parameters are
reported as mean &+ SE of the parameter estimate. The
goodness of fit was determined from the analysis of
variance for the curve fit, #* values and standard error
estimates [26]. Statistical significance of the effect of FA
on 4-MU glucuronidation by HKCM was determined using
a univariate ANOVA (SPSS v 11.5) with factors FA and
kidney, and with Scheffé post hoc tests. The combined
kidney—FA interaction was not significant and was removed
from the model. Values of P < 0.05 were considered
statistically significant.

3. Results
3.1. UDPGA kinetics
The kinetic parameters for the co-substrate UDPGA and

for glucuronidation of 4-MU were studied using HKCM
and recombinant UGT1A9 and UGT2BY7. In the presence

of a fixed concentration of 4-MU (0.5 mM) apparent
biphasic Eadie—Hofstee plots were observed for UDPGA
when using HKCM (Fig. 1A) and UGT1A9 (Fig. 1B). The
data for HKCM were best fitted to the Hill equation with
h <1, indicative of negative co-operativity (Table 2).
The apparent sso for individual kidneys ranged from
259.1 to 416.9 uM, with a Hill coefficient in the range
of 0.7-0.8. From the composite fit of all data (five kidneys
each studied in duplicate) the sso (UDPGA) and i were
3543+ 17.9 uM and 0.75 £ 0.015, respectively. Similar
to HKCM, the UDPGA kinetic data for UGT1A9 were best
modelled by the Hill equation; s5y 88.2 + 1.018 uM. V.«
4.1 =+ 0.01 nmol/min/mg and A 0.8 & 0.009. In contrast,
linear kinetics for UDPGA (Fig. 1C) consistent with a
MM model were observed for UGT2B7 with K3PP
493.2 + 0.1 pM and V.« 0.5 = 0.00003 nmol/min/mg.

3.2. Kinetics of 4-MU glucuronidation

4-MU glucuronidation by HKCM conformed to a single
enzyme MM model (Fig. 1D). From the fit of all data (six
kidneys each studied in duplicate) the K3PP, V;,,, and CL;j,
values were 20.3 £0.03 pM, 8.7 &£ 0.005 nmol/min/mg
and 428.5 pL/min/mg, respectively. Data from the indivi-
dual kidneys displayed a 1.4-fold variation in the apparent
K,, and a 2-fold variation in V,,,, (Table 2). 4-MU glucur-
onidation by UGT1A9 was characteristic of substrate inhi-
bition (Fig. 1E). However, inhibition was minor as the Kj;
(289.6 £ 12.9 uM) was ~28-fold greater than the apparent
K,, for 4-MU, viz. 10.2 £0.29 uM. In contrast, 4-MU
glucuronidation by UGT2B7 exhibited sigmoidal kinetics
indicative of positive homotropic cooperativity (Fig. 1F)
with an apparent sso of 440.6 £ 14.3 uM, V., 1.02+
0.02 nmol/min/mg and Hill coefficient /2 1.65 £ 0.062.

3.3. Effect of FA on 4-MU glucuronidation

Saturated FA (C2—C20) and the monoenoic FA myris-
toleic acid (C14:1) had no statistically significant effect on

Table 2
Kinetic parameters for 4-MU glucuronidation and the co-substrate UDPGA using HKCM
Kidney tissue code Kinetic parameters (+SE)*

4-MU glucuronidation UDPGA

K,, (uM) Vinax (nmol/min/mg) CL;,¢ (LL/min/mg) S50 (uM)b ht
K1 18.9 +£ 0.7 8.4 + 0.1 443.5 416.9 £ 38.6 0.7 £ 0.02
K3 25.1 £ 0.7 79 £ 0.1 315.6 - -
K4 235 +0.2 7.7 £ 0.02 326.2 382.1 £17.9 0.8 + 0.02
K5 18.8 £ 0.6 12.8 £ 0.1 679.5 353.8 £ 11.2 0.8 £ 0.01
K6 21.9 £ 0.6 9.1 £0.1 414.7 320.1 £ 2.6 0.7 £+ 0.004
K7 17.9 £ 0.6 6.4 + 0.1 358.4 259.1 £ 104 0.7 £ 0.01
All data® 20.3 £ 0.03 8.7 £ 0.005 428.5 3543 £17.9 0.75 £+ 0.015

“+SE of parameter estimate.
®Substrate concentration at which v = 0.5 V [25].
°Hill coefficient.

dComposite fit of all data (five to six kidneys each studied in duplicate).
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Fig. 1. Eadie-Hofstee plots for UDPGA and 4-MU glucuronidation catalysed by HKCM, UGT1A9 and UGT2B7. HKCM data for the co-substrate UDPGA
(A) and 4-MU glucuronidation (D) are presented as mean of five to six kidneys, respectively, each studied in duplicate. Data for UGT1A9 (B and E) and
UGT2B7 (C and F) are presented as the mean of duplicate determinations. Points are experimentally determined values, the solid lines show the computer

derived curves of best fit.

4-MU glucuronidation (Fig. 2A) catalysed by HKCM
(N =5), or on UGT1A9 (Fig. 2B) or UGT2B7 activity
(Fig. 2C). In contrast, unsaturated FA (C16:1-C20:5)
inhibited significantly (P < 0.001) HKCM catalysed
4-MU glucuronidation in comparison to the control data
(activity in the absence of FA) (Fig. 2A). Irrespective of the
enzyme source (Fig. 2A—C), monoenoic FA from C16:1 to
C20:1 inhibited 4-MU glucuronidation by 25-60%
while increasing the degree of unsaturation (five double
bonds) resulted in >70% inhibition (range 71-93%). The
most potent inhibitor of HKCM, UGT1A9 and UGT2B7
catalysed 4-MU glucuronidation was C20:4, ie. AA
(Fig. 2A-C).

Investigation of the mechanism of inhibition was
undertaken using the °‘essential’ FA LA (C18:2) and
AA (C20:4) with either HKCM or UGTI1A9 as the
enzyme source. Studies were not conducted with
UGT2B7 because of the inherent difficulties of studying
inhibitory kinetics in the presence of sigmoidal substrate
kinetics (Fig. 1F). Inhibition of 4-MU glucuronidation
by HKCM was competitive for both FA, with respective
apparent K; values of 6.34 4+ 0.08 uM and 0.15 +0.01 uM
for LA and AA (Fig. 3A and B). Similarly, LA was a
competitive inhibitor of 4-MU glucuronidation catalysed
by UGTI1A9 (apparent K; 4.06 +0.26 uM, Fig. 3C).
However, when using UGT1A9 protein, inhibition of
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Fig. 2. Effect of FA (C2-C20:5) on 4-MU glucuronidation catalysed by HKCM, UGT1A9 and UGT2B7. Results are presented as percent of control activity
(in the absence of fatty acid) +SD from five individual kidneys (HKCM) each studied in duplicate (A). Data for UGT1A9 (B) and UGT2B7 (C) are presented
as mean of duplicate determinations. Statistical significance is denoted as *P < 0.001.

4-MU glucuronidation by AA exhibited atypical kinetics
(Fig. 3D).

4. Discussion

This study has demonstrated that 4-MU glucuronidation
activity in HKCM (CL;,; 428.5 pL/min/mg) is directly
comparable to that reported previously for 4-MU glucur-
onidation by human liver microsomes (CL;, 413.8 uL/
min/mg) [24]. Recent studies have also reported compar-
able activity between human liver and human kidney
microsomes for the glucuronidation of mycophenolic acid
[16] and propofol [27]. Although extrapolation of in vitro
kinetic parameters (using appropriate scaling factors) indi-

cates that the contribution of the kidney to glucuronidation
clearance in vivo is likely to be minor in comparison to the
liver [28], these data nevertheless suggest that renal UGTs
have an important ‘local’ detoxification role in the kidney.
Indeed due to the concentrative action of renal transporters
and the reabsorption of water, the urine concentration of
many drugs and their metabolites may be higher than their
respective plasma concentrations. Given the critical role of
the kidney in drug and xenobiotic excretion the presence of
UGT and other xenobiotic metabolising enzymes may
assume major significance for protection against drug-
induced nephrotoxicity.

Renal ischaemia resulting from either extra- or intra-
renal factors accounts for approximately 50% of all cases of
acute renal failure and is associated with the development
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Fig. 3. Dixon plots for inhibition of 4-MU glucuronidation catalysed by HKCM and UGT1A9. Inhibition by LA (A, 1-8 uM) and AA (B, 0.02-0.2 uM) was
studied using HKCM (N = 3 kidneys studied in duplicate) in the presence of 20 (@), 40 (H) or 60 uM (A) 4-MU. Linoleic and AA inhibition of 4-MU
glucuronidation catalysed by UGT1A9 using 10 (@), 20 () or 30 uM (A) 4-MU are shown in C and D. Data represent mean of duplicate determinations.
Note the atypical kinetics observed with AA (D). Points are experimentally determined values (A-D), the solid lines show the computer derived lines of best

fit (A-C).

of significant biochemical alterations [29]. These include
mobilisation of AA, accumulation of free FA, long-chain
acyl carnitines and long-chain acyl coenzyme A esters, and
decreased B-oxidation in both mitochondria and peroxi-
somes [30-32]. Given the high therapeutic concentration of
long-chain FA that accumulate in renal ischaemia we
investigated the effect of saturated and unsaturated FA
on renal UGT activity. 4-MU is a non-selective UGT
substrate and therefore represents a convenient probe
for comparing the glucuronidation activity of tissues and
recombinant enzymes. Although the primary focus of this
investigation was the effect of FA on renal UGT activity,
aspects of 4-MU glucuronidation and UDPGA kinetics
observed in these studies warrant discussion. Whereas 4-
MU glucuronidation by HKCM exhibited single-substrate
MM kinetics (KPP 20.3 uM), atypical kinetics were
observed for UGT1A9 and UGT2B7. 4-MU glucuronida-
tion by UGT1A9 fitted a ‘weak’ substrate inhibition model
(K, 102 uM, K 289.6 uM) while 4-MU glucuronida-
tion by UGT2B7 exhibited positive homotropic coopera-
tivity (Sso 440.6 uM, h = 1.65). By definition cooperative

kinetics suggests that UGT2B7 has two binding sites for
4-MU.

Our data support a recent study that ascribed atypical
kinetics for morphine-3, and morphine-6-glucuronidation
by UGT2B7 to a multi-site model involving simultaneous
binding of two substrate molecules acting in a negatively
cooperative manner [33]. However, the results of the
present studies and that of Stone et al. [33] contrast with
previous reports that have suggested that UGT2B7 has one
substrate binding site [34,35]. Evidence of kinetic data
representing either ‘one binding site’ or ‘two binding sites’
highlights the complexity of kinetic mechanisms manifest
by UGTs. Our study reports positive homotropic coopera-
tivity with UGT2B7 when 4-MU is the substrate. This
contrasts with the negative cooperativity observed with
morphine as the substrate [33] and further contrasts with
the single site MM kinetics observed with UGT2B7 when
5-hydroxyrofecoxib was the substrate [36]. The presence
of two or more binding sites has also been suggested
recently for UGT1Al as kinetic data indicative of
both single and multi-site interactions were observed for
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estradiol-17 and estradiol-3-glucuronidation [37]. Clearly,
the kinetics observed in the present study with recombinant
UGT2B7 and those reported previously with UGTIA1
reflect unique interactions that are substrate specific. In
addition, accumulating evidence also suggests that some
active UGT isoforms exist as dimers, although the impact
of dimerisation on the kinetics of UGT-catalysed reactions
is unknown [38]. Thus currently, variability in the kinetic
behaviour of UGT necessitates the selection of appropriate
models for describing the kinetics of drug glucuronidation.

As discussed, evidence of non-hyperbolic substrate
kinetics for UGT catalysed reactions is increasing. How-
ever, an additional complicating factor highlighted by
this study is the apparent variability in UDPGA kinetics.
Negative cooperativity (h < 1) was observed in this study
for UDPGA kinetics determined in the presence of a fixed
concentration of 4-MU and using UGT1A9 as the enzyme
source (apparent ssy 88.2 uM). Like UGT1A9, biphasic
UDPGA kinetics were observed with 4-MU as the ‘second’
substrate when using HKCM (apparent ssq 354.3 uM). A
similar observation of biphasic UDPGA kinetics inter-
preted as a two MM model (K7?P 40 and 143 pM) has
been reported with human liver microsomes using
I-naphthol as the second substrate [24]. In contrast, linear
UDPGA kinetics were observed with 4-MU using
UGT2B7 (KiPP 493.2 uM). Interestingly, using different
sources of UGT protein (e.g. human liver microsomes, rat
hepatocytes) and varying xenobiotic substrates an array of
kinetics has been observed for the co-substrate UDPGA,
for example, biphasic and linear kinetics with 1-naphthol
and 4-MU, respectively [24] and mixed cooperativity with
bilirubin [39]. However, this is the first report describing
different UDPGA kinetic models for recombinant UGTSs,
negative cooperativity for UGT1A9, and hyperbolic
kinetics for UGT2B7. Taken together, these observations
clearly indicate that the initial phenomenological reports of
non-MM kinetics for UGT catalysed reactions can equally
occur when investigating the kinetics of either the primary
substrate or the co-substrate (i.e. UDPGA).

Naturally occurring FA can be classed simply as satu-
rated and unsaturated. In a general but not exclusive sense,
the former are involved in energy storage while the latter
influence the physical properties of membranes and are
also involved in eicosanoid production. In this study,
saturated FA (C2-C20) did not inhibit 4-MU glucuronide
formation catalysed by either HKCM, UGTI1A9 or
UGT2BY7. In contrast, increasing both the chain length
and the degree of unsaturation of the FA from monounsa-
turated (e.g. C16:1) through to polyunsaturated (e.g.
C20:5) resulted in substantial inhibition (25-93%) of 4-
MU glucuronidation by HKCM, UGT1A9 and 2B7. Of
interest was the substantial inhibition observed with AA
and LA. The latter is an omega-6 FA precursor for the
production of AA, which is known to accumulate during
periods of renal ischaemia and is extensively metabolised
to biologically active eicosanoids.

Further investigation of the inhibitory effects of the LA
and AA established that LA was a potent competitive
inhibitor of 4-MU glucuronidation by both HKCM and
UGT1A9 with apparent K; values 6.34 and 4.06 pM,
respectively. AA was an order of magnitude more potent
than LA as a competitive inhibitor of HKCM UGTs
(apparent K; 0.15 pM) but, unlike the competitive kinetics
observed with LA, the kinetics of inhibition of UGT1A9 by
AA were atypical. Establishing inhibitory constants for LA
and AA using UGT2B7 was not undertaken because of the
complexity of interpreting inhibitory kinetics in the pre-
sence of sigmoid substrate kinetics (observed with 4-MU).
This precluded further studies investigating the mechanism
of FA inhibition using UGT2B7. Significant glucuronida-
tion activity has been reported for human kidney and in
particular it has been proposed that the level of UGT2B7
may be comparable with that of liver [28]. It should be
noted, however, that although both LA (KPP 124 uM) and
AA (KPP 149 mM) are substrates for UGT2B7 [11,12] the
apparent K,,, values reported suggest that UGT2B7 may not
be the predominant isoform glucuronidating FA in human
kidney.

The results reported here indicate that, at physiologi-
cally relevant concentrations unsaturated FA are inhibitors
of renal UGT activity. In this respect, LA and AA rank as
the most potent endogenous inhibitors of UGT activity
demonstrated to date [40]. Importantly, our data suggest
that during periods of renal ischaemia FA may impair renal
drug metabolism via glucuronidation thus potentially
exposing the kidney to high concentrations of drugs
and/or their metabolites. Although the in vivo significance
of our data needs to be fully investigated, the premise
underlying our findings is indeed appealing.
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