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Our aim was to identify and quantify the sources of variability in
oxypurinol pharmacokinetics and explore relationships with plasma

Non-linear mixed effects modelling was applied to concentration-time
data from 155 gouty patients with demographic, medical history and
renal transporter genotype information.

A one compartment pharmacokinetic model with first order
absorption best described the oxypurinol concentration-time data.
Renal function and concomitant medicines (diuretics and probenecid),
but not transporter genotype, significantly influenced oxypurinol
pharmacokinetics and reduced the between subject variability in the
apparent clearance of oxypurinol (CL/F,) from 65% to 29%. CL/F, for
patients with normal, mild, moderate and severe renal impairment was
1.8,0.6,0.3 and 0.18 | h™, respectively. Model predictions showed a
relationship between plasma oxypurinol and urate concentrations and
failure to reach target oxypurinol concentrations using suggested
allopurinol dosing guidelines.

In conclusion, this first established pharmacokinetic model provides a
tool to achieve target oxypurinol plasma concentrations, thereby
optimizing the effectiveness and safety of allopurinol therapy in gouty

patients with various degrees of renal impairment.

© 2012 The Authors
British Journal of Clinical Pharmacology © 2012 The British Pharmacological Society
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Introduction

The cornerstone of the management of gout is the treat-
ment of the proximate cause, namely hyperuricaemia.
Allopurinol is the most frequently prescribed urate-
lowering agent [1-3] due to its efficacy, tolerability and
convenient, once daily dosing regimen [4]. Allopurinol is
rapidly metabolized (half-life approximately 1h) to its
active metabolite oxypurinol. Oxypurinol is an inhibitor of
xanthine oxidoreductase and has a considerably longer
elimination half-life (approximately 23 h) [5, 6]. As a result,
oxypurinol is responsible for the pharmacological activity
of allopurinol [7].

The pharmacokinetics of both allopurinol and oxypu-
rinol have been described primarily in healthy subjects [6].
There are limited data available regarding the pharmaco-
kinetics of oxypurinol in patients with gout and even less
information for gouty patients with renal impairment. The
oral bioavailability of allopurinol is reasonably high,
approximately 80% [6, 7] and is independent of age [8]. Of
100 mg allopurinol absorbed, 90 mg is metabolized to oxy-
purinol [6]. ‘Fm’ is herein used as the abbreviation to
denote the fraction of the allopurinol dose systemically
available as oxypurinol. The apparent volume of distribu-
tion of oxypurinol (V/F) is approximately 431 and corre-
lates with the body weight of healthy subjects [9],
consistent with the low protein and tissue binding of oxy-
purinol [10]. Oxypurinol is primarily excreted by the
kidneys and undergoes considerable active tubular reab-
sorption [6]. It is unclear which renal transporters mediate
the reabsorption of oxypurinol. However, given the similar
structure and molecular size to urate, organic anion trans-
porters (SLC22A8, SLC22A11, SLC22A13) and other urate
transporters (SLC2A9, ABCG2, SLC17A1) are the most likely
candidates [11, 12].

Although there are relatively limited pharmacokinetic
data in gouty patients [6] the total apparent clearance of
oxypurinol (CL/Fr,) has been shown to be reduced in older
patients [8] and in patients with renal impairment [13-15].
During chronic dosing with allopurinol, steady-state
plasma oxypurinol concentrations increase linearly with
the dose of allopurinol, although there is considerable
inter-patient variability, even in people with normal renal
function [15].The variability in oxypurinol pharmacokinet-
ics during chronic administration in gouty patients with
renal impairment and the effect of concomitant medica-
tions on pharmacokinetics are unknown.The exact causes
of the inter-patient variability in oxypurinol pharmacoki-
netics remain unclear. However, variability in renal func-
tion, adherence, diet, drug-drug interactions and genetic
variation in kidney transporters of oxypurinol are potential
contributing factors.

Current allopurinol dosing guidelines are based on
renal function alone [16]. Target plasma concentrations of
oxypurinol have been suggested including, 5-15mg I
[13] and, more recently, 15-23 mg | [17] at 6-9 h post
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dose.Both ranges are consistent with the finding that 90%
of xanthine oxidase activity is inhibited by oxypurinol con-
centrations of approximately 5 mg I [15]. Monitoring of
plasma oxypurinol concentrations has been suggested in
patients who do not achieve a satisfactory reduction in
plasma urate concentration when dosed according to
guidelines [17]. However, further work on the value of
monitoring plasma oxypurinol concentrations is needed. A
second approach to optimize allopurinol use, and for
which there is increasing support [18-20], is to titrate the
dose until target plasma urate concentrations are
achieved. Nevertheless, further research is required to
understand better the optimal dosing of allopurinol to
reach target plasma urate concentrations, in particular, in
patients with renal impairment and/or who are taking
potentially interacting concomitant medications and
where monitoring plasma oxypurinol concentrations may
add value.

Therefore, the aims of the present study were (i) to
assess the variability in the pharmacokinetics of oxypu-
rinol in patients with gout and to evaluate and quantify
the factors that affect oxypurinol pharmacokinetics and
(i) to correlate plasma oxypurinol concentrations with
urate concentrations potentially to guide dosing of
allopurinol.

Methods

Patients
An observational clinical study was conducted of 155
patients from the hospital and community setting pre-
scribed allopurinol for the treatment of gout. The study
protocol was approved (St Vincent’s Hospital Human
Research Ethics Committee approvals H06/107, H06/141;
and Australian and New Zealand Clinical Trials register:
ACTRN12611000743965, ACTRN012606000276550) and
written informed consent was obtained from each
participant.

Patients were included in the study if they were at least
18 years of age and had been taking allopurinol for at least
7 days. The indication for prescribing allopurinol, namely
gout or hyperuricaemia, was established.

Study procedures

Medication history, including allopurinol dosing regimen
and dose adjustments were recorded. Venous blood
samples, up to 30 per person, were taken at a range of
times over the dosage interval with accurate recording of
sampling times. Plasma urate, creatinine and oxypurinol
concentrations were measured. Where possible, at least
two blood samples were collected within the dosing inter-
val. All blood samples were centrifuged, and plasma stored
at —20°C for analysis.



Understanding variability in oxypurinol pharmacokinetics in patients with gout BJCP

Drug assay

Oxypurinol concentrations in the plasma were measured
using a validated high performance liquid chromatogra-
phy method [21].The limit of detection was 0.14 mg I and
the limit of quantification was 2.0 mg|™. The assay was
linear over the range 2 to 50 mg I" and the intra- and inter-
day coefficients of variation were <2% for both high
(15mg ") and low (5 mg I") quality control samples.

Pharmacogenetic analysis

DNA was extracted from whole blood. Non-synonymous
polymorphisms were determined using an oligo-ligation
assay (SNPlex; Applied Biosystems, Foster City, CA) follow-
ing the manufacturer’s instructions. Polymerase chain
reaction amplification of the genes of interest was per-
formed using oligonucleotide primers (Supplementary
Table S2) and using 10 ng DNA in a final volume of 5 pl.
Amplified DNA was purified with exonuclease | and geno-
typed using the SequenomMassSpeclplex® system by the
Australian Genome Research Facility Ltd (Garvan Institute
of Medical Research, Sydney, Australia). SNP analysis was
performed with the software Typer 4.0.3. (Applied Biosys-
tems, Foster City, CA, USA).

Population pharmacokinetic modelling

The concentration-time data for oxypurinol in plasma
were analyzed using the nonlinear mixed-effects model-
ling program, NONMEM® (Version 7.1.0, ICON Develop-
ment Solutions, Ellicott City, MD, USA) using the first order
conditional estimation (FOCE) method with interaction.
PSN 3.4.2 and Xpose Version 4.3.0 were used for model
diagnostic and validation. One and two compartmental
pharmacokinetic models with linear elimination and a
range of absorption models (zero or first order) were evalu-
ated. Model derived values of CL/Fy, and V/Fy, for oxypu-
rinol were estimated. In this analysis doses (mg day™') of
oxypurinol were assumed to be 90% of the allopurinol
dose [6].

Between subject, between occasion and
residual variability

The overall variability in the pharmacokinetic parameters
was estimated as population parameter variability (PPV).
The PPV incorporated the between subject variability
(BSV) and the between-occasion variability (BOV). BOV
includes both between occasion and within occasion vari-
ability. An occasion was defined as a change in concomi-
tant medication(s) and/or readmission into hospital as
assessed for each concentration-time data. The correla-
tions between random variables were explored. Additive,
proportional and combined error models were evaluated
to describe the residual unexplained variability.

Covariate model development
The covariates analyzed were age, gender, total body
weight (TBW), lean body weight (LBW) [22], creatinine

clearance (CLc,) estimated using the Cockcroft-Gault equa-
tion [23] corrected for LBW or using TBW, concomitant
medications (including probenecid, diuretics, low dose
aspirin, colchicine, warfarin, angiotensin Il receptor antago-
nists, B-adrenoceptor antagonists, angiotensin converting
enzyme inhibitors, calcium channel blockers, HMG-CoA
reductase inhibitors and antibiotics), adherence (as
assessed by using the Beliefs about Medicine Question-
naire (BMQ) [24]) and genetic polymorphisms in renal
transporters including SLC2A9, ABCG2, SLC22A13, SLC17A1,
SLC22A11 and SLC22A8. Patients whose genotype was not
assessable were assigned the reference (wild-type) geno-
type. The individual covariates were centered on the
median value and all covariates were investigated. A step-
wise approach was used to identify covariates that contrib-
uted to the CL/Fy, and V/F, of oxypurinol.The forward and
backward thresholds were set at P < 0.05 and P < 0.01,
respectively. Covariates were included in the final model (i)
if they increased the likelihood of the base model, (ii) if
they explained some of the proportional variability and (iii)
if they were biologically plausible.

Model selection and validation

Model selection was based on a number of criteria includ-
ing the ¥ test (likelihood ratio), goodness of fit plots, bio-
logically plausible parameter estimates and numerical
(NPC) and visual predictive checks (VPC) stratified for the
significant covariates. Non-parametric bootstrap with
re-sampling and replacement was performed [25] to
assess the stability of the final model and to refine the
uncertainty around the parameters.

Simulations

To understand the impact of important covariates on
plasma concentrations of oxypurinol and their relationship
with plasma concentrations of urate, model simulations
were performed. Different dosing regimens and effects of
dose adjustments and covariates on the pharmacokinetics
of oxypurinol and plasma concentrations of urate were
explored.

Results

Patients

Patients with gout (n = 155), comprising hospitalized inpa-
tients (n = 129) and community patients (n = 26), were
enrolled. Blood samples were obtained from 155 patients
who were taking allopurinol for the treatment of gout (n =
146) or asymptomatic hyperuricaemia (n = 9). Patients with
asymptomatic hyperuricaemia are referred to as gouty
patients throughout the manuscript. The demographic
and clinical characteristics of the gouty patients included
in the analysis are shown in Table 1.All patients were being
prescribed at least one other medication, with a median of
9 (range 1-18) medications other than allopurinol. This list

Br | Clin Pharmacol / 74:3 | 479
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Table 1

The demographic and clinical profile of the 155 patients with gout

Patient characteristic Median Range
Number of patients 155

Male/Female 132/23

Age (years) 69.0 28.0-93.6
Height (cm) 172 147-198
Weight (kg) 83.0 42.5-139.0
BMI (kg m—2) 27.6 17.4-46.4
Creatinine clearance (ml min=")* 37.6 6.0-130.4
Plasma urate concentration (mmol I-') 0.33 0.14-0.81
Allopurinol dose (mg day™") 300 50-400
Duration of gout (years)t 1" 0.2->40
Tophi present 20 (13)

Pharmacokinetic data

Number of blood samples 1013

Concentration (mg I-") 0.14-70.9
Samples per patient 1-30
Number of occasionst 1-5
Concomitant medication

Diuretic§ 72 (46)

Probenecid 20 (13)

SD, standard deviation; BMI, body mass index. *Estimated using the Cockcroft—
Gault equation with total body weight; 1Self-reported; +An occasion is classified
as either (i) a new admission into hospital or (i) commencement of a new
concomitant medication and/or post a major event (e.g. surgery) 8Including furo-
semide, thiazide diuretics and spironolactone.

of medications did not include vitamin and mineral
supplements but did include over the counter medicines,
such as aspirin.The frequency of concomitant medications
largely reflected the frequency of comorbidities in the
study population. Genotyping results for polymorphisms
in renal transporter genes SLC2A9, ABCG2, SLC22A13,
SLC17A1, SLC22A11 and SLC22A8 are presented in Supple-
mentary Table S1.Due to genotyping failure and poor DNA
quality, seven patients were assigned the reference (wild-
type) genotype for the SLC2A9 variant, rs3733591, and two
patients were assigned to the reference genotype for all
polymorphisms. Genetic variation for the selected poly-
morphisms in SLC17A1, SLC2A9 and ABCG2 were common.
By contrast, there were no patients carrying both variant
alleles for the polymorphisms in SLC22A8, SLC22A11 or
SLC22A13. All variation was within Hardy-Weinberg
equilibrium.

Oxypurinol concentration-time observations (n =
1013, 1-30 per patient) ranging from 0.14-70.9 mg I", col-
lected primarily during the dosing interval (0-24 h) were
available for the population modelling. The number of
occasions ranged from 1-5 per patient (Table 1) and indi-
vidual allopurinol doses ranged from 50-400 mg day™
(median of 300 mgday™). The dose of allopurinol was
altered in 21 patients. All data below the limit of quantifi-
cation (<2 mg I, n = 23) were above the limit of detection
and therefore measurable and included in the analysis.

480 / 74:3 / Br] Clin Pharmacol

Seven patients were removed from the analysis because
they were not at steady-state as demonstrated by large
day to day fluctuations in plasma oxypurinol concentra-
tions (n = 4), were undergoing dialysis (n = 2) or were in
acute renal failure (n = 1).

Model building

A one compartment pharmacokinetic model with first
order input and combined error model was found to best
describe the observed concentration-time data. The BSV
was estimated for CL/F,, and V/F, as well as the covari-
ance between these parameters. The inclusion of BOV on
CL/Fy resulted in a further reduction in the likelihood
ratio and was found to be 21%. The diagnostic plots and
VPC confirmed that the base model adequately described
the data.

Covariate pharmacokinetic model

The final model included CL¢ estimated using LBW, the
concomitant use of diuretics (including thiazide or furo-
semide) and/or probenecid therapy as significant covari-
ates for CL/Fn. V/F, was allometrically scaled using LBW,
despite not leading to a significant improvement in the
likelihood or decrease in the BSV, since biologically V/F., is
likely to be dependent on body weight. The rs1165196
polymorphism in SLC17A1, which encodes the sodium-
dependent phosphate transporter 1 NPT-1, increased the
CL/Fw by 31%. However, after adjustment for Clc, this
effect was not observed (Figure 1, Table 2). Patients carry-
ing the rs16890979 polymorphism in SLC2A9, which
encodes the facilitated glucose transporter member 9
(GLUT9), had a 17% reduction in the CL/F.,, independent of
CLc and probenecid use. Interestingly, the reduction in
CL/Fy was more pronounced (reduced by 41%) in patients
taking a diuretic (Figure 1) and hence the effect of the
polymorphism was not observed after accounting for
diuretic use (Table 2). Overall, adherence to allopurinol
therapy, as measured by the BMQ [24], was associated with
a slight (20%), but not significant decrease in the‘apparent’
oral availability of oxypurinol (F.). Although age and
gender improved the likelihood of the model, they did not
explain any BSV in CL/F., and were, therefore, not retained
in the model (Table 2).

Inclusion of significant covariates showed substantial
reduction in the BSV in CL/F, from 65% to 28% and in V/F,
from 66% to 45%. The estimates of the final model were
0.621h™" and 38.11kg™ for CL/F,, and V/Fy, respectively.
The results of the base and final (covariate) pharmacoki-
netic model are summarized in Table 3.

](ETA(1)+BOVCL)

TVCL/F,, =0, x[(CL¢, —37.6)™ x,°UF x 97"

TVV/F,, =0, x(LBW/60)"

where CL/F., apparent clearance of oxypurinol, V/F.,
apparent volume of distribution of oxypurinol, Clc,
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Figure 1

A box plot of the apparent renal clearance of oxypurinol (random effect) in all patients for the (A) NPT-1 rs1165196 polymorphism unadjusted for covariates
(n=31,60,64), (B) NPT-1 rs1165196 polymorphism adjusted for covariates (n = 31, 60, 64), (C) GLUT9 rs16890979 polymorphism unadjusted for covariates
(n=108,47), (D) GLUT9 rs16890979 polymorphism adjusted for covariates (n = 108, 47), (E) GLUT9 rs16890979 polymorphism not taking a diuretic (n = 85)
and (F) GLUT9 rs16890979 polymorphism in patients taking a diuretic (n = 70). Patients carrying both reference (wild-type) alleles (grey), one variant allele
(light grey stripes) or both variant alleles (white)

Table 2

The influence of significant covariates individually and in combination on the apparent clearance of oxypurinol

Between subject Proportional Likelihood

variability (%) error (%) ratio
Base model 65 21.7 3296
rs1165196 polymorphism in SLC17A1 40 16.7 3291
rs16890979 polymorphism in SLC2A9 36 16.7 3345
Cler 39 13.7 3054
CLcr + rs16890979 polymorphism in SLC2A9 36 13.6 3162
Clcr + diuretic use 31 13.4 3022
CLcr + diuretic use + probenecid use* 28 13.3 3004
ClLcr + diuretic use + probenecid use + gender 27 13.2 2996
ClLcr + diuretic use + probenecid use + gender + age 27 13.1 2987

Clcy, estimated creatinine clearance using Cockcroft-Gault equation with lean body weight; *Final covariate model.

estimated creatinine clearance using the Cockcroft-Gault taking probenecid), PPV, population parameter variability,
equation and based on LBW (mlmin™), DIUR, diuretic ETA, individual random effect, BOVCL, the between occa-
co-administration (DIUR = 1 if patient taking a diuretic), sion variability in the apparent clearance of oxypurinol and
PROB, probenecid co-administration (PROB = 1 if patient LBW, lean body weight (kg).

Br | Clin Pharmacol / 74:3 / 481
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Table 3

Parameter estimates of the base model, the covariate model and the 1000 bootstrap runs (median and 95th percentiles)

Parameter Base model
Objective Function Value 3296
Fixed parameters
CL/F (1 h7")* 1.587
V/Fm ()t 32.6
Kfm 0.19
Random parameters (CV%)
BSV CL/Fm 65
BSV V/Fn 66
CcoV (CL/V), R -0.13
BOV CL/Fm 26
Effects of covariates on CL/Fn
Creatinine clearance (6¢)
Diuretics (67)
Probenecid (6s)
Residual Error
Additive (mg I-") 0.63
Proportional (CV%) 22.0

Covariate
(final) model

1000 bootstrap replicates
median (95% Cl)

3039 3015
0.595 0.594 (0.548, 0.646)
38.1 38.3(33.2,44.4)
0.447 0.438 (0.301, 0.628)
28 28 (21, 33)
45 44 (33, 54)
0.33 0.30 (-0.12, 0.48)
21 20 (13, 28)
0.0250 0.025 (0.021, 0.028)
-0.294 —0.298 (-0.386, —0.207)
0.383 0.384 (0.264, 0.499)
1.32 1.32(0.77, 1.64)
13.1 12.9 (9.4, 17.2)

CUFm, apparent clearance of oxypurinol; V/Fy,, apparent volume of distribution; Km, formation rate constant; Diuretics, the effect of diuretic use (thiazide, furosemide, spirono-
lactone) on oxypurinol clearance; Probenecid, the effect of probenecid on oxypurinol clearance; BSV, between subject variability; COV, covariance; r, correlation coefficient;
BOV, between occasion variability; *For a typical patient that has a estimated creatinine clearance of 37.6 ml min~'; tFor a typical patient who has a lean body weight of 60 kg.

Model evaluation

The goodness of fit plots for the final (covariate) model
showed no visual or statistical bias for the model predic-
tions.The NPC (data not shown) and VPC (Figure 2) verified
the appropriateness of the model. The VPC also demon-
strated that the model was appropriate in patients with
varying degrees of renal impairment including severe and
moderate renal impairment (Figure 2B). The non-
parametric bootstrap had a good convergence demon-
strating that the model was stable (Table 3).

Simulations

To investigate the impact of renal function, allopurinol
dose changes and concomitant medicines on (i) the
concentration-time profile of oxypurinol and (i) the
relationship between oxypurinol and urate concentra-
tions, simulations and long-term model predictions, were
derived.Representative patients are shown in Figure 3A-C.
Simulations demonstrated that plasma concentrations of
oxypurinol and urate were inversely related, hence plasma
urate concentrations increased if plasma concentrations of
oxypurinol decreased and vice versa (Figure 3A-C). The
simulations also confirmed that renal function and allopu-
rinol dose were important determinants of both plasma
oxypurinol and urate concentrations (Figure 3A,B).Further-
more, commencement of probenecid therapy, which
increases the CL/F., was associated with lower plasma con-
centrations of oxypurinol and urate (Figure 3C). Target
plasma urate concentrations, less than 6 mgdl™” (0.36
mmol I"), were achieved with a range of plasma oxypu-
rinol concentrations. Furthermore, model predictions high-
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lighted the significance of renal function on the plasma
oxypurinol concentrations achieved with a particular dose
of allopurinol (Figure 4).

Discussion

The population pharmacokinetic analysis has, for the first
time, quantitatively explored the relative impact of a range
of clinical characteristics, including genetic factors, on the
pharmacokinetics of oxypurinol in people with hyperuri-
caemia and/or gout. This model has the potential to be
used for dose adjustment based on target plasma oxypu-
rinol concentrations and guide titration of allopurinol dose
against plasma concentrations of urate to optimize clinical
response.

A one compartment pharmacokinetic model with first
order input described the concentration-time data well,
which is consistent with previous work in a paediatric
population [26]. The pharmacokinetic parameters found in
this study of hospitalized and community patients are
similar to those reported in previous non-compartmental
analyses. The mean CL/F, was similar to that in gouty
patients [27]. However, it was almost half (approximately
47%) of that reported for healthy volunteers (1.3 1h™") [6].
This is because healthy volunteers have a renal function of
approximately 120 ml min™ and the median CLc of the
present population was 37.6 mlmin~'. The estimated
population V/F, of oxypurinol (38.1 1,95% Cl 33.2,44.4) was
similar to that reported for healthy volunteers (41.3 1) [6].
Given that the distribution of oxypurinol is similar to the
fractional water content of the body, this finding is in
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agreement with the reduced fractional water content of
the body and lean body mass in old age [28] and is also
consistent with the pharmacokinetics of other low protein
bound drugs, such as digoxin, when dosed in the elderly
[29].

In the final model, CL¢, and concomitant diuretic and
probenecid therapy were identified as significant factors
associated with inter-individual variability in the apparent
clearance of oxypurinol. Approximately 26% of the vari-
ability in the apparent clearance of oxypurinol was
explained by CLc.This is consistent with the primarily renal
excretion of oxypurinol [30] and with other clinical studies
[16, 31]. From the present model, a reduction in CLc, of
10 mlmin™" causes a 4.23 mlmin™' decrease in CL/Fy.
Between-occasion variability in CL/F., was 21%. There are
many factors which could influence the pharmacokinetics
of oxypurinol within an individual between occasions.
While adherence to prescribed dosing regimens of allopu-
rinol is the most likely explanation, small changes in renal
function between occasions may also contribute.Variation
in diet, such as higher protein content, which increases the
renal clearance of oxypurinol [32], and variable absorption
of allopurinol from the gastrointestinal system or variable
conversion of allopurinol to oxypurinol in the liver, are also
possible contributors.

The estimation of renal function using the Cockcroft &
Gault equation based upon LBW [22, 23], rather than TBW,
more closely described the relationship between CL/Fy,

and renal function in this patient cohort. This can be
explained on the basis that TBW often over estimates renal
function in overweight or obese people whereas LBW nor-
malizes the effect of obesity on renal function [33]. In the
present cohort of gouty patients, 28% (n = 44) were obese
(defined as BMI > 30 kg m™).

The apparent clearance of oxypurinol was reduced by
29% in patients receiving concomitant diuretic therapy.
This observation is consistent with previous studies dem-
onstrating a decrease in the urinary excretion of both urate
and oxypurinol in the presence of furosemide [34]. Both
thiazide and loop diuretics increase plasma concentrations
of urate [35, 36] through a combination of volume deple-
tion and increased reabsorption of urate by transporters in
the proximal tubule [37]. Given the similarity in the renal
handling of urate and oxypurinol, the effects of diuretics
on the renal transport of oxypurinol are thought to be
similar to the effects of these drugs on urate transport.
Hence, diuretics are thought to interact with allopurinol by
increasing the reabsorption of oxypurinol. By contrast, the
apparent clearance of oxypurinol was increased by 38% in
patients receiving probenecid concomitantly. Studies have
shown that probenecid increases the renal clearance of
oxypurinol [21, 30] by decreasing the reabsorption of
oxypurinol through inhibition of renal transporters
[38]. Overall, the combined influence of diuretics and
probenecid explained a further 4% of the variability in
CL/Fn. These data suggest that individualizing allopurinol
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Figure 3

The dosing history and corresponding (simulated) plasma concentrations of oxypurinol (lines) and urate (black dots) of a patient with gout who (A) has
significant changes to their renal function, (B) has a change in their allopurinol dose from 300 mg day™' to 100 mg day™' and (C) was commenced on
allopurinol, had the doses of allopurinol increased from 100, 200 to 300 mg day' and was subsequently commenced on probenecid therapy during the
period of observation. The dashed lines represent the time each change was implemented

dosage should consider use of these medications either
alone or in combination.

This present study is the first to investigate the
influence of renal transporter polymorphisms on the phar-
macokinetics of oxypurinol. The frequency of genetic
variants in various renal transporters implicated in the
bi-directional transport of urate was similar to previous
studies in patients with gout [39-42]. Two polymorphisms,
rs1165196 in NPT-1 and rs16890979 in GLUT9 were associ-
ated with CL/F., (Figure 1).NPT-1 is expressed in the apical
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membrane of proximal tubule cells and is suggested to
mediate the secretion of urate [43]. GLUT9 is expressed at
both the apical and basolateral membrane of proximal
tubule cells and is involved in the reabsorption urate [44].
Although oxypurinol transport via NPT-1 and GLUT9 has
not been demonstrated, given the similar charge, structure
and size to urate, it is a likely substrate. The rs1165196
polymorphism in NPT-1 was associated with a 32%
increase in CL/Fy, in patients carrying both variant alleles.
The relationship between NPT-1 polymorphisms and the
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The model predicted median (black lines) and 95% confidence intervals (grey lines) plasma concentrations of oxypurinol over time for patients being dosed
with allopurinol according to the current dosing guidelines. Each panel depicts a patient with particular renal function receiving an allopurinol dose of (A)
350 mg day™' (CL¢, = 120 mI min™), (B) 300 mg day™" (CLc¢, = 100 ml min™"), (C) 250 mg day™" (CL¢, = 80 mI min™), (D) 200 mg day™' (CL¢, = 60 ml min™), (E)
150 mg day ™' (CL¢, = 40 mI min™") and (F) 100 mg day' (CL¢, = 20 mI min™") according to current allopurinol dosing guidelines [16]. The dashed line
represents the minimum recommended target plasma oxypurinol concentration 15.2 —22.8 mg |
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fractional clearance of urate has not been determined.
However rs1165196 has been associated with reduced
plasma concentrations of urate [39,40] and a lower risk of
developing gout [39]. Further molecular studies are
required to elucidate the mechanism underlying these
clinical associations. The rs16890979 polymorphism in
GLUT9 was associated with a lower CL/F, in patients car-
rying either one (by 17%) or both (by 21%) variant alleles,
particularly in patients not receiving diuretic therapy
(Figure 1).Similarly, other GLUT9 polymorphisms in linkage
disequilibrium with rs16890979 have been associated with
reduced fractional clearance of urate in gouty patients [45,
46]. Despite the initial influence of genetic variants in
NPT-1 and GLUT9 on CL/F.,, none of the candidate
polymorphisms could further explain the variability in
oxypurinol pharmacokinetics after consideration of the
estimated CL¢ and use of diuretics. This may be because
firstly, the study was not designed to investigate the influ-
ence of genetic variation in renal transporters on oxypu-
rinol pharmacokinetics and, secondly, the number of
patients carrying both variant alleles was small. Finally, the
renal handling of both oxypurinol and urate is complex
and the interplay of renal transporters with other renally
eliminated medicines/compounds remains unclear.
Overall, this study suggests that in addition to transporting
urate, GLUT9 and NPT1 may also transport oxypurinol (or
indirectly regulate oxypurinol transport) in the proximal
tubule cell. However, confirmation from in vitro studies is
required.

The current study also investigated the effect of adher-
ence on the variability in CL/Fn. Non-adherence tended,
though not significantly, to be associated with a lower F.
Adherence to allopurinol is known to be poor even when
compared with other chronic conditions such as type Il
diabetes [47, 48]. The reason this effect did not reach sta-
tistical significance may be because most patients
reported a high level of adherence to allopurinol. This is
not unexpected for the present cohort given the older age,
higher frequency of comorbidities and hospitalization,
which are all reported to increase adherence to gout
therapy [47, 48]. Although, the BMQ accounts for approxi-
mately 20% of the variance in adherence [24, 49], imple-
mentation of an electronic monitoring system, the current
gold standard in adherence measures, may provide a more
sensitive measure of adherence to allopurinol in future
studies. Although some effects of non-adherence between
hospital admissions may be accounted for in the between
occasion variability, clearly further investigation into the
relative contribution of adherence to the overall influence
on the pharmacokinetics of oxypurinol in community
patients is warranted.

There have been few systematic pharmacokinetic—
pharmacodynamic studies of oxypurinol, making it diffi-
cult to estimate the appropriate dose of allopurinol
required to achieve a target oxypurinol concentration to
optimize efficacy, viz. the urate lowering effect. A recent
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study in gouty patients suggested that plasma oxypurinol
concentrations between 15.2-22.8 mg I (6-9 h post dose)
are required to achieve plasma urate concentrations below
0.6 mgdl™ (0.36 mmol ") [17]. These target concentra-
tions are higher than previous recommendations [13]. The
simulations demonstrate that target plasma urate concen-
trations can be achieved with a range of allopurinol doses
(Figure 3A-C). For example, some patients achieve target
plasma concentrations of urate with plasma oxypurinol
concentrations below 5.1 mg I while others need concen-
trations greater than 23 mg |"".There is an inverse relation-
ship between plasma concentrations of oxypurinol and
urate consistent with previous studies [13]. However,
patient characteristics and concomitant medications can
influence plasma concentrations of both analytes
(Figure 3A-C).Indeed drugs which increase the CL/Fy, such
as probenecid, lower both plasma oxypurinol and urate
concentrations. Together, these data indicate that a more
detailed assessment of the efficacy of oxypurinol in
patients with gout and varying comorbidities is required.

Allopurinol dosing guidelines based on renal function
have been widely accepted. Predictions from the current
model suggest that following suggested allopurinol
dosing guidelines [16] would result in failure to achieve
target plasma oxypurinol concentrations in the majority of
patients (Figure 4). For example, a gouty patient with
normal renal function receiving the recommended
300 mg day' would have average steady-state oxypurinol
concentrations of 7 mg ™" (Figure 4A). This is significantly
less than the suggested target concentration of
15.2 mg I". Indeed, clinical studies demonstrate an inad-
equate reduction in plasma urate concentrations using
suggested dosing guidelines [20]. Clearly, revision of the
current dosing guidelines is required to avoid under treat-
ment of this potentially curable condition.

In this study of patients with gout, we have developed
and validated, for the first time, a robust population phar-
macokinetic model for oxypurinol. This study highlights
the significance of renal function as well as certain con-
comitant medications, such as diuretics and probenecid in
determining the pharmacokinetics of oxypurinol, and
hence the dose selection of allopurinol, in patients with
gout. Findings from this study may enable the establish-
ment of allopurinol dosing guidelines to produce the most
favourable reduction in plasma urate concentrations for an
individual and reduce the incidence of tophaceous gout
and acute attacks [42] of gout, a goal we believe can be
achieved in the majority of patients.
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