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WHAT IS ALREADY KNOWN ABOUT

• 6-mercaptopurine is an antimetabolite prodrug

used in the treatment of cancers and inflammatory

diseases. It has a narrow therapeutic index with

potential life-threatening toxicity linked to its

• A physiologically based pharmacokinetic (PBPK)

model has been developed for 6-mercaptopurine

in adults and children.

• TPMT, an enzyme responsible for the intracellular

metabolism of 6-mercaptopurine has been shown

to have three genetic polymorphic groups;

(heterozygous variant) and low (homozygous

variant) activity groups.

WHAT THIS STUDY ADDS
• The developed PBPK model has been extended to

account for intracellular metabolism of

6-mercaptopurine incorporating genetic

• The model can be used to predict plasma and

tissue concentrations of 6-mercaptopurine and its

metabolites, including 6-thioguanine nucleotide

which is responsible for activity and toxicity.
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THIS SUBJECT

AIMS
To extend the physiologically based pharmacokinetic (PBPK) model developed
for 6-mercaptopurine to account for intracellular metabolism and to explore the
role of genetic polymorphism in the TPMT enzyme on the pharmacokinetics of
6-mercaptopurine.
active metabolite, 6-thioguanine nucleotide.

METHODS
The developed PBPK model was extended for 6-mercaptopurine to account for
intracellular metabolism and genetic polymorphism in TPMT activity. System
and drug specific parameters were obtained from the literature or estimated
using plasma or intracellular red blood cell concentrations of 6-mercaptopurine
and its metabolites. Age-dependent changes in parameters were implemented
for scaling, and variability was also introduced for simulation. The model was
validated using published data.
high (homozygous wild-type), intermediate
RESULTS
The model was extended successfully. Parameter estimation and model
predictions were satisfactory. Prediction of intracellular red blood cell
concentrations of 6-thioguanine nucleotide for different TPMT phenotypes (in a
clinical study that compared conventional and individualized dosing) showed
results that were consistent with observed values and reported incidence of
haematopoietic toxicity. Following conventional dosing, the predicted mean
concentrations for homozygous and heterozygous variants, respectively, were
about 10 times and two times the levels for wild-type. However, following in-
dividualized dosing, the mean concentration was around the same level for the
three phenotypes despite different doses.
polymorphism in TPMT activity.

CONCLUSIONS
The developed PBPK model has been extended for 6-mercaptopurine and can
be used to predict plasma 6-mercaptopurine and tissue concentration of
6-mercaptopurine, 6-thioguanine nucleotide and 6-methylmercaptopurine
ribonucleotide in adults and children. Predictions of reported data from clinical
studies showed satisfactory results. The model may help to improve
6-mercaptopurine dosing, achieve better clinical outcome and reduce toxicity.
015 The British Pharmacological Society
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Introduction account for 80–95% of intermediate or low enzyme ac-
tivity in individuals in Caucasian populations [10]. The
6-mercaptopurine (6-MP) is an antimetabolite analogue
of guanine and hypoxanthine which is widely used in
the treatment of cancers such as acute lymphoblastic
leukaemia (ALL) and inflammatory diseases such as
Crohn’s disease [1, 2]. 6-MP and other purine drugs have
cytotoxic and immunosuppressive properties and often
act as purine antagonists thereby interfering with the
biochemical processes involving endogenous purine
and consequently affecting DNA and RNA synthesis.
Most current treatment protocols for the treatment of
ALL include 6-MP, and have resulted in dramatic im-
provement in long term survival [3]. Survival rate has in-
creased steadily in the last 50 years following the
introduction of 6-MP in the treatment of children with
ALL, with one of the most recent studies reporting a
5 year survival rate greater than 90% [4].

Although 6-MP can be given both by oral and intra-
venous routes, it is more practical to use oral routes
especially in maintenance protocols. Following oral
administration, 6-MP undergoes extensive intestinal
and hepatic metabolism. The oral bioavailability of
6-MP is therefore very low and highly variable as a result
of the high first pass metabolism [5]. Oral absorption of
6-MP is very rapid with a time to maximum concentra-
tions of about 1.5 h and an elimination half-life of
around 2 h [6]. The plasma protein binding of 6-MP is
around 19% [7] and the volume of distribution at steady
state (Vss) is around 0.56 l kg–1 The metabolism of 6-MP
is complex, via three competing routes: xanthine oxi-
dase (XO), hypoxanthine-guanine phosphoribosyl-
transferase (HGPRT) and thiopurine methyltransferase
(TPMT) [2].

The TPMT enzyme demonstrates genetic polymor-
phism which is one of most widely discussed topics in
pharmacogenetics. Several population studies in the lit-
erature have shown a trimodal distribution for the activ-
ity of the TPMT enzyme in red blood cells (RBCs). This
has led to the identification of three genetic polymor-
phic groups amongst individuals: high, intermediate
and low activity groups in approximately 90%, 10%
and 0.3% of the population [2, 8–10]. However, ethnic
differences in RBC TPMT activity have also been ob-
served in different populations in the literature with
different proportions of subjects in the three groups
[10–12]. The three polymorphic groups represent indi-
viduals with homozygous wild-type (wt) alleles, hetero-
zygous for one wild-type and one variant (v) allele and
homozygous variant alleles, which are often represented
as wt/wt, wt/v and v/v, respectively [13]. In addition to
identification of individuals using phenotypes, the mo-
lecular basis for altered TPMT enzyme activity has also
been established using genotyping. This has led to the
identification of several variant alleles, three of which
(TPMT*2, TPMT*3A and TPMT*3C) have been shown to
activity of the TPMT enzyme in RBCs has also been corre-
lated with activity in other tissues such as liver, kidney,
lymphocytes, platelets etc., which makes RBC TPMT en-
zyme activity a marker of TPMT enzyme activity in the
entire human body [11].

Although the precise mode of action of 6-MP is not
fully understood, its cytotoxicity and immunosuppres-
sive activities have been linked to the incorporation of
its metabolite, 6-thioguanine nucleotide (6-TGN) into
DNA [14]. It has also been shown that 6-MP has a narrow
therapeutic index (mean peak plasma concentration,
Cmax of 135 – 166 ng ml–1 and area under the concentra-
tion curve, AUC of 251–363 ng ml–1 h) with potential
life-threatening drug induced toxicity [15, 16]. The dif-
ferences between individuals in the accumulation of
6-TGN during 6-MP dosing have been shown to be an
important determinant of haematopoietic toxicity and
anti-leukemic effects [10]. Accumulation of intracellular
6-TGN has been shown to be inversely related to TPMT
enzyme activity. Individuals with high activity produce
more metabolite through the methylation inactivation
pathway, leaving less 6-MP for activation to 6-TGN which
can lead to reduced clinical efficacy of the treatment
[10]. Excess accumulation of TGN has been shown to
produce life-threatening bone marrow toxicity in TPMT
deficient (no activity) individuals and less severe
myelosuppression in TPMT heterozygote (intermediate
activity) individuals [17]. It is therefore very common
for most protocols to incorporate assessment of TPMT
enzyme activity of individuals at the beginning of treat-
ment using phenotype or genotype [17]. It is also very
common for RBC 6-TGN levels and haematological pa-
rameters and liver function to be carefully monitored
during extensive therapy [9, 18].

Recently we developed a physiologically based phar-
macokinetic (PBPK) model for 6-MP in childhood ALL
using clinical data reported in the literature [19, 20].
The model was developed to account for distribution of
drugs in certain tissues which will be linked with a dis-
ease model being developed for clinical trial simulation
in the Child-Rare-Euro-Simulation (CRESim) project
funded by a grant under ERA-NET PRIOMEDCHILD joint
call of 2010 (http://www.priomedchild.eu/). The CRESim
project involves the use of modelling and simulation to
improve treatment outcomes in rare diseases, which in
this case is childhood ALL with the selected drugs being
methotrexate (MTX) and 6-MP. The published model only
accounted for 6-MP concentration in plasma, RBC and
other tissues. Therefore, the aims of this current work
were to extend this model to account for 6-MP metabo-
lite concentrations, especially 6-TGN in RBCs and to
explore the role of genetic polymorphisms in TMPT en-
zyme activity on the pharmacokinetics (PK) of 6-MP in
adults and children.
Br J Clin Pharmacol / 80:1 / 87
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Methods

PBPK model development and assumptions
The proposed PBPK model was based on a published
model [20] with 17 compartments: stomach, gut lumen,
enterocyte, gut tissue, spleen, liver vascular, liver tissue,
kidney vascular, kidney tissue, skin, bone marrow, thy-
mus, muscle, rest of the body, RBC, platelets and lympho-
cytes (Figure 1). These compartments were modelled
using standard PBPK flow limited assumptions which
can be described by equation (1)

VT
dC

dt
¼ QT CP � CT

Kp;T

� �
(1)

where VT, CT, QT and Kp,T are the volume of distribution,
concentration, plasma flow and tissue/plasma concen-
tration ratio for the tissues and CP is the systemic plasma
concentration (Tables 1 and 2). The liver and kidney were
each separated into vascular and tissue compartments
with passive clearances: CLPASS,LIV and CLPASS,KID (10 000
times the value of plasma flows) between the two com-
partments. This allows a flow limited assumption to be
preserved in each of these organs. The volumes of the
vascular compartments were set to 10% of the volumes
of each organ [21, 22]. 6-MP exchange between the
plasma and RBCs was modelled using the permeability-
surface area product (PSBC) assuming passive diffusion.
Intracellular binding within the RBC was ignored in this
Figure 1
Schematic representation of the PBPK model for (A) 6-MP distribution and elimin
red blood cells (parameters with dark background were estimated; for definitio
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model, as it has been shown that this does not signifi-
cantly contribute to the distribution of 6-MP within RBCs
[18, 20]. As shown in Figure 1B, intracellular RBC distribu-
tion and metabolism of 6-MP was specifically accounted
for in the model based on the scheme described in
Derijks et al. [23]. Following distribution of 6-MP into
RBC, it is metabolized by TPMT and HGPRT enzymes into
6-methylmercaptopurine (6-MMP) and 6-thioinosine
monophosphate (6-TIMP), respectively. 6-TIMP can be
further metabolized by TPMT and inosine
monophosphate dehydrogenase (IMPD) into 6-methyl
thioinosine monophosphate and 6-TGN, respectively.
Due to possible structural identifiability problems direct
conversion from 6-TIMP into 6-TGN has been assumed,
ignoring intermediate metabolites between these me-
tabolites. Detailed modelling of these metabolic routes
was only carried out for the RBC due to lack of data in
the literature on 6-TGN, 6-MMPR or other metabolites in
organs/tissues such as liver, kidney, lymphocytes and
platelets but the general TPMT enzyme activity in RBC
(CLR,TPMT), liver (CLL,TPMT) kidney (CLK,TMPT) platelets
(CLP,TMPT) and lymphocytes (CLY,TMPT) were all accounted
for in the model as routes of clearance. Maximum meta-
bolic activity (Vmax, TMPT) in the different tissues and the
Michaelis–Menten constant (Km, TMPT) were obtained
from the literature (see Tables 3 and 4) and were used
to derive the clearances in the different organs/tissues.
Metabolism by XO in the liver and gut were accounted
for in the model by clearance parameters, CLL,XO and
ation in different tissues and (B) distribution and elimination of 6-MP in
n of parameters see Table 4)



Table 2
Other system parameters used for adults and children in the PBPK model for 6-MP

Parameter* Description

Age (years)

0 1 5 10 15 18

VRBC (l) Volume of red blood cells 0.1 0.2 0.5 0.9 1.9 2.4

VPlat (l) Volume of platelets 0.0006 0.001 0.003 0.006 0.01 0.01

VLym (l) Volume of lymphocytes 0.0005 0.001 0.001 0.002 0.003 0.003

kg (h
–1
) Stomach emptying rate 2 2 2 2 2 2

kt (h
–1
) Intestinal transit rate 0.25 0.25 0.25 0.25 0.25 0.3

BW (kg) Body weight 3.5 10 19 32 56 70

HT (m) Height 0.5 0.8 1.1 1.4 1.67 1.8

*References [25, 26].

Table 1
Organ/tissue volumes (V) and plasma flows (Q) for adults and children and tissue/plasma partition ratios (Kp) for 6-MP used in the PBPK model

Parameters*
Age
(years)

Organs/Tissues

Plasma† Muscle Kidney Liver Gut Enterocyte Skin Bone marrow Spleen Thymus Rest of body

V (l)* 0 0.1 0.8 0.03 0.1 0.2 0.01 0.2 0.05 0.01 0.01 – ‡

1 0.3 1.9 0.07 0.3 0.3 0.02 0.4 0.15 0.03 0.03 –

5 0.9 5.6 0.1 0.6 0.6 0.04 0.57 0.34 0.05 0.03 –

10 1.5 11 0.2 0.8 0.9 0.07 0.8 0.6 0.08 0.04 –

15 2.6 24 0.3 1.3 1.3 0.1 2 1.1 0.1 0.03 –

18 2.9 29 0.3 1.8 1.7 0.1 3.3 1.2 0.2 0.03 –

Q (l h
–1
)* 0 15.2 0.9 3.2 1.1 2.4 0.9 0.9 0.5 0.5 0.2 – §

1 41.1 2.1 6.7 2.3 4.9 2.5 1.7 1.2 1.1 0.6 –

5 90.7 7.1 19.3 7.4 15.9 5.5 5.7 2.7 3.4 1.36 –

10 164.9 15.9 31.6 12.0 25.9 9.9 9.2 5.0 5.5 2.5 –

15 196 32.7 43.3 14 30 11.8 10.8 5.9 6.4 2.9 –

18 196 36.5 43.7 14 30 11.8 10.7 5.9 6.4 2.9 –

Kp – 0.8 0.83 0.82 0.85 – 0.78 0.64 0.84 0.84 0.2

*References [25, 26]. † Cardiac output for flows. ‡ BW � ∑VT. § CO � ∑QT.

PBPK model for 6-mercpatopurine: exploring the role of TPMT activity
CLG,XO that allow elimination by these routes. These
parameters were estimated using in vivo 6-MP plasma
concentration data obtained from the literature [5, 24],
where due to the way the study was implemented
the data allows XO activity in the liver and the gut
to be separated [20]. HGPRT is present in several tis-
sues of the body, but it was impossible to account ex-
plicitly for the activity of this enzyme in these tissues
due to lack of information on the activity of the en-
zyme in each one specifically. A clearance parameter
(CLPLAS) linked to plasma concentration was therefore
estimated to account for elimination other than by
XO and TPMT. Absorption of 6-MP from the gut lumen
was assumed to be complete (Fa=1) and modelled
via a first order absorption rate constant that is
responsible for the transfer from the gut lumen into
the intestine.

System parameters for adults and children
System specific parameters of the proposed PBPK
model obtained from the literature for adults and chil-
dren (see Tables 1 and 2) included: organ/tissue vol-
umes (V) [25, 26], plasma flows (Q) [25, 26], intestinal
transit rate constant (kt) [25], gastric emptying rate con-
stant (kg) [25], body weight (BW) [25], height (HT) [25]
and haematocrit (HCT) [25]. Adults were assumed to
be 18 – 20 years old and 70 kg weight. Reference values
for organ/tissue volumes and plasma flows in children
at 0, 1, 5, 10 and 15 years of age were obtained from
the literature [25]. The reference values for plasma
Br J Clin Pharmacol / 80:1 / 89



Table 3
Summary of TPMT enzyme activity in different tissues obtained from
the literature used in the PBPK model

Tissue Phenotype Vmax(mg l
–1

h
–1
) SD Source

RBCs wt/wt* 2.05 0.28 [8]

wt/v* 1.10 0.16

v/v 0 0

Liver wt/wt 58.06 8.14 [32]

wt/v 27.61 4.44

v/v 0 0

Kidney wt/wt 35.15 9.0 [33]

wt/v 15.97 4.1

v/v 0 0

Lymphocytes wt/wt 10.63 2.54 [34]

wt/v 6.23 1.70

v/v 0 0

Platelets wt/wt 4.18 0.76 [34]

wt/v 2.48 0.68

v/v 0 0

*wt, wild type; v, variant.

K. Ogungbenro et al.
flows and organ/tissue volumes for adults and children
were expressed as the fractions of the cardiac output
(CO) and BW, respectively, for the different ages. Simple
linear interpolation between fractions of plasma flows
and organ/tissue volumes for the reference age groups
was used to estimate values for ages in between. The
reference value for adult CO was obtained from the lit-
erature and CO was predicted for children using the
equation described by Johnson et al. [27]. Reference
values for BW, HT and HCT for children were also
Table 4
Other parameters including parameters estimated from fitting the PBPK mode
6-MMPR

Parameter Definition

MW (g) Molecular weight

fu Plasma fraction unbound

ka (h
–1
) Absorption rate constant

CLG,XO,ad (l h
–1
) Intestinal clearance due to XO

CLL,XO,ad (l h
–1
) Hepatic clearance due to XO

CLPLAS,ad (l h
–1
) Plasma clearance

PSBC (l h
–1
) RBC permeability-surface area product

CLHGPRT (l h
–1
) Intracellular HGPRT clearance

CLIMPD (l h
–1
) Intracellular IMPD clearance

CLMMPR (l h
–1
) Intracellular MMPR clearance

CLTGN (l h
–1
) Intracellular TGN clearance

Km,TPMT (mg l
–1
) Michaelis–Menten constant

CPPGL (mg g
–1
) Cytosolic protein g

–1
of liver

*Fixed. † Estimated.

90 / 80:1 / Br J Clin Pharmacol
obtained from the literature and simple linear interpola-
tion was used to obtain values between reference age
groups [25, 28]. BW and HT were used to predict BSA
for adults and children using equations proposed by
Haycock & Dubois [29, 30]. The use of age-dependent
changes in anatomical and physiological parameters
such as plasma flows, organ/tissue volumes and other
body size descriptors allows the model to be used for
prediction of plasma and tissue concentrations following
intravenous and oral dosing in both adults and children.

Drug specific parameters and parameter
estimation
The tissue/plasma partition coefficients (Kp) for the differ-
ent tissues were predicted using the equation proposed
by Poulin et al. [31] and the value for the ‘rest of body’
compartment was calculated such that the predicted fi-
nal Vss of the model was the same as the reported
in vivo value in the literature. The same Kp values were as-
sumed in adults and children. Also the same fraction un-
bound value was used for adults and children due to lack
of information in the literature on the binding of 6-MP.
Vmax [8, 32–34] and Km values [35] (Tables 3 and 4) were
obtained from the literature for the activity of TPMT in
the liver [32], kidney [33], RBCs [8], platelets [34] and lym-
phocytes [34]. The same TPMT activity was assumed in
adults and children due to lack of information in the liter-
ature on the effect of age on TPMT activity. However the
volumes of the organs/tissues were allowed to change
with age. Parameters such as ka, CLL,XO, CLG,XO, CLPLAS,
PSBC, CLHGPRT, CLIMPD and CLMMPR were estimated using
published plasma 6-MP concentrations and intracellular
RBC concentrations of 6-MP and its metabolites 6-TGN
and 6-MMPR (methylmercaptopurine ribonucleotide).
l to plasma 6-MP and intracellular concentrations of 6-MP, 6-TGN and

Estimate (%SE) Source

152.2 –

0.81 [7, 48]

0.33 (161) –†

18.7 (20) –†

38.4 (22) –†

31.3 (11) –†

50 –*

6.3 (30) –†

0.004 (37) –†

0.002 (41) –†

0.009 � BSA1.16
[36]

45.65 [35]

81 [26]
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The parameters were estimated from a simultaneous
fitting of the model to mean data from four different
studies, Zimm et al. [5, 24], Lafolie et al. [18], Hawwa
et al. [36] and Lennard et al. [37]. Plasma concentration
data for 6-MP were obtained from a study designed to in-
vestigate the effect of inhibition of first pass metabolism
of 6-MP in rhesus monkeys and humans by allopurinol, a
potent inhibitor of XO [5, 24]. The study was conducted
in ALL children (mean age 13 years, range 3–18 years)
who were in complete remission and were receiving
maintenance chemotherapy. Plasma concentrations
were obtained in this study following administration of
a standard dose of 6-MP (75 mg m–2) by intravenous
and oral routes (with and without co-administration of al-
lopurinol). During co-medication with allopurinol, 100mg
allopurinol was given three times daily for 2 days before
6-MP dosing. Plasma and intracellular concentrations of
6-MP were reported by Lafolie et al. [18] in a study per-
formed in children with acute ALL or non-Hodgkin lym-
phoma receiving oral maintenance therapy. The
children were 3–17 years old (mean age 9.6 years) and
the mean dose used was 59 mg m–2. The exact time of
the study after initiation of therapy was not specified in
the publication. However because 6-MP is not expected
to accumulate in plasma and RBCs due to its short half-
life [5], a single dose setting was assumed. Hawwa et al.
[36] reported intracellular RBC concentrations of 6-TGN
and 6-MMPR from a clinical study performed in ALL chil-
dren (mean age 10 years, range 3–17 years). Samples
were collected from children who had been on
continuous/maintenance oral 6-MP therapy (median
dose 40, range 5.88–76.47 mg m–2) for at least 1 month.
Lennard et al. [37] reported intracellular RBC 6-TGN con-
centrations for children studied from the start of 6-MP
chemotherapy. The children (mean age 7.8 years, range
2–16 years) received 75 mg m–2 daily dose of 6-MP. The
mean profiles of 6-MP in plasma, and 6-MP, 6-TGN and
6-MMPR in RBCs obtained from the four studies were
used for parameter estimation. It was assumed that these
profiles were from individuals with high 6-TPMT activity
(wt/wt) since it was impossible to obtain mean profiles
for plasma 6-MP and intracellular RBC 6-MP, 6-TGN and
6-MMPR concentrations for the different phenotypes
from the literature. Also, individuals with high activity
make up around 89% of the population from where
these data were obtained. CLL,XO, CLG,XO and CLPLAS were
normalized for a 70kg adult using allometry for scaling
purposes:

CLG;XO ¼ CLG;XO;ad� BW

BWad

� �0:75

(2)

CLL;XO ¼ CLL;XO;ad� BW

BWad

� �0:75

(3)
CLPLAS ¼ CLPLAS;ad� BW

BWad

� �0:75

(4)

Where CLG,XO,ad, CLL,XO,ad and CLPLAS,ad represent the
adult values for the clearance parameters, BW and BWad

are the weight for an individual and adults respectively.
PSBC, CLHGPRT, CLIMPD and CLMMPR were assumed to be
the same for adults and children, but RBC volume was
allowed to change with age.

Variability in system and drug specific
parameters
Variability in both system and drug specific parameters
was introduced for simulation of individual plasma
6-MP and intracellular 6-MP, 6-TGN and 6-MMPR concen-
trations. The main sources of variability in the model for
plasma flows were via BW and HT. Individual organ/tissue
volume was simulated with variability on BW and individ-
ual CO was simulated with variability on BW and HT. Indi-
vidual values for other system and drug specific
parameters were simulated assuming a log normal distri-
bution with a CV of 20%. Individual values of maximum
TPMT enzyme metabolic activity (Vmax,TMPT) in the differ-
ent tissues were simulated from a normal distribution
using the reported mean and standard deviation (SD)
from the literature.

Model validation using simulations
The performance of the developed PBPK model was eval-
uated using plasma 6-MP and intracellular 6-MP, 6-TGN
and 6-MMPR data reported in the literature for different
studies and age groups to those used for parameter
optimization in the previous section. The model was
assessed following oral dosing, in all cases attempts were
made to match the study and the simulation in terms of
age range, BSA, dose and route of administration. Simu-
lations of 1000 virtual subjects was performed in all
cases. The 2.5th, 50th and 97.5th percentiles were
obtained for plasma 6-MP and intracellular 6-MP, 6-TGN
and 6-MMPR concentrations and these were
superimposed on the plots of observed published con-
centration vs. time data obtained from the literature. In
some cases individual plasma 6-MP and intracellular
6-MP, 6-TGN and 6-MMPR concentration–time points
were plotted and in others mean profiles with SD or stan-
dard error bars (SE) for each time point were plotted.
Observed plasma 6-MP and intracellular 6-MP, 6-TGN
and 6-MMPR concentration–time points published in
the literature as plots were digitized using GetData
Graph Digitizer [38]. Simulations were also performed
to investigate the role of genetic polymorphism in TPMT
enzyme activity on the PK of 6-MP. In cases where mean
concentrations of plasma 6-MP and intracellular RBC con-
centrations of 6-MP, 6-TGN and 6-MMPR were reported
Br J Clin Pharmacol / 80:1 / 91
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for the whole population, simulations were carried out
using the distribution of the phenotypes in the popula-
tion and in other cases where concentrations have been
reported for the different groups, simulations were car-
ried out for different phenotypic variants. In all simula-
tions, a Caucasian population was assumed and the
distribution of TPMT enzyme activity in the individuals
in the groups was 89.9%, 10% and 0.1% for wt/wt, wt/v
and v/v, respectively [10]. The data used for model
validation were obtained from Cheok et al. [13], Relling
et al. [39], Lennard et al. [40], Chrzanowska et al. [41],
Adam de Beaumais et al. [42] and Welch et al. [43]. The
data from Cheok et al. [13] and Relling et al. [39] were ob-
tained from a study designed to investigate the effect of
TPMT polymorphism on the pharmacogenetics of 6-MP
toxicity. 6-MP was administered orally in this study to
about 180 children (1–18 years) with ALL in two arms.
In one arm conventional doses (65–85mg m–2) were
given to children and in the other arm, individualized
doses were given based on the toxicity experienced by
the children. Intracellular RBC 6-TGN concentrations
were measured in these subjects and measured TPMT
enzyme activity in RBCs was also used to classify them
into different TPMT phenotypes. The data from Lennard
et al. [40] was obtained from a study conducted in 19
children (3 – 16 years) who received maintenance treat-
ment for ALL. The children included in the study had re-
ceived an oral standard dose (75 mg m–2) for a minimum
of 7 consecutive days before the start of the study [40].
Mean plasma 6-MP concentration–time profile with SD
bars and intracellular RBC 6-TGN concentration after 7
days of treatment was obtained from this publication.
Figure 2
Simulated median profiles (continuous lines), 95% prediction intervals (broken
(filled circles and line bars) in children. i.v.(�), intravenous dosing without allo
without allopurinol; p.o.(+), oral dosing with allopurinol [5, 24]
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Chrzanowska et al. [41] reported a study that was carried
out in 19 children (4 – 16 years) who received mainte-
nance chemotherapy orally for ALL. All children here re-
ceived 50 mg m–2 of 6-MP daily [41] for a minimum of
1 month. The main aim of the study was to analyze any
relationship between intracellular RBC concentration of
6-TGN and 6-MMPR metabolites in ALL children treated
with 6-MP. 6-TGN and 6-MMPR concentrations were
available at one time point per patient and these were
assumed to have been taken after 1 month of treatment.
The data from Adam de Beaumais et al. [42] was obtained
from 20 children (2 – 15 years) with ALL who received
25 mg m–2 of oral 6-MP daily for 56 days, high dose
MTX (5 g m–2 24 h i.v. infusion) was also administered
at 14 days intervals [42]. Intracellular RBC 6-TGN and
6-MMPR concentrations were determined from samples
collected pre- and 72 h post-MTX infusion after 8, 22, 36
and 50 days of therapy. Due to the reduced dose of
6-MP (33% of standard dose) used in this study and the
frequency of MTX dosing, the effect of MTX on 6-MP PK
was not taken into account because this was expected
to be negligible [19, 20]. The data from Welch et al. [43]
were obtained following oral administration of 6-MP to
seven children (2 – 6 years) with ALL [43]. The main aim
of the study was to examine the effect of high plasma
6-MP concentrations on intracellular RBC 6-MMPR con-
centrations at a standard protocol dose of 6-MP. The chil-
dren received a standard dose (75 g m–2) of 6-MP daily
for 16 – 52 weeks (median 29 weeks) and the data re-
ported in the publication included 6-MP plasma, intracel-
lular RBC 6-TGN and 6-MMPR concentrations obtained at
10 time points within one dosing interval from two
lines) and observed mean data ± SD 6-MP plasma concentration data
purinol; i.v.(+), intravenous dosing with allopurinol; p.o.(�), oral dosing



Figure 3
Simulated median profiles (continuous lines), 95% prediction intervals (broken lines) and observed plasma 6-MP and intracellular RBC 6-MP, 6-TGN and
6-MMPR concentration data (filled circles) from three different studies (A) Lafolie et al. [18], (B) Hawwa et al. [36] and (C) Lennard et al. [37]

Figure 4
Intracellular RBC 6-TGN median profiles (continuous lines), 95% prediction intervals (broken lines) and box plots of observed data from different TPMT
enzyme polymorphic groups following (A) conventional dosing (B) individualized dosing [13, 39]
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individuals as well as single time point data from six indi-
viduals. Since the time of sampling was not specified, it
was assumed that the data were obtained after 34 weeks
(mid point) of continuous therapy.
Results

Differential equations describing the PBPK model were
implemented in NONMEM [44] and MATLAB [45] for pa-
rameter estimation (Table 4) and simulation purposes, re-
spectively. A summary of organ/tissue volumes and
plasma flows for adults and children are shown in Table 1.
The Kps predicted for each tissue are also presented in
Table 1. Other system parameters used in the PBPK
model for adults and children are presented in Table 2.
A summary of TPMT enzyme activity in the different
tissues/organs from the literature is presented in Table 3.
Other parameters, including parameters that have been
estimated and parameters obtained from the literature,
are presented in Table 4. Figure 2 shows a simulated me-
dian profile, 95% prediction interval and the observed
mean ± SD 6-MP plasma concentration data in children
after intravenous and oral doing with and without
allopurinol. The use of data from intravenous and oral
routes with and without allopurinol allows estimation of
parameters responsible for the first pass effect of 6-MP
through the presence of XO in the gut (CLG,xo) and the
Br J Clin Pharmacol / 80:1 / 93
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liver (CLL,XO). It was assumed that the dose of allopurinol
used in the study completely inhibited XO both in the
liver and the gut [20]. Figure 3 shows simulated median
profiles, 95% prediction intervals and observed plasma
6-MP and intracellular RBC 6-MP, TGN and MMPR con-
centrations from three different studies, Lafolie et al.
[18], Hawwa et al. [36] and Lennard et al. [37]. The mean
of the data in Figures 2 and 3 was used for parameter es-
timation. The simulated median lines in these figures
represent the fitted lines.
Figure 5
Simulated median profiles for plasma 6-MP and intracellular RBC 6-TGN and 6-M
ventional dosing and (B) individualized dosing [13, 39]

Figure 6
Median profiles (continuous lines), 95% prediction intervals (broken lines) and o
lular RBC 6-TGN (filled circles) following oral dosing of 6-MP in ALL children wh
days [40]
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Figures 4 and 5 show simulated profiles from the
PBPK model and observed data for intracellular RBC
6-TGN obtained from the study described in Cheok
et al. [13] and Relling et al. [39]. Figure 4 shows the simu-
lated median profiles, 95% prediction intervals and box
plots of the observed data (assuming measurement after
7 weeks) for intracellular RBC 6-TGN in different TPMT
phenotypes following conventional and individualized
dosing. Figure 5 shows median profiles for plasma 6-MP
and intracellular RBC 6-TGN and 6-MMPR in different
MPR for different TPMT enzyme polymorphic groups following (A) con-

bserved data for plasma 6-MP (filled circles and line bars) and intracel-
o received standard dose (75 mg m–2) for a minimum of 7 consecutive
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TPMT phenotypes following conventional and individu-
alized dosing. Figure 6 shows the result of the model val-
idation using data obtained from Lennard et al. [40] for
comparison. The plasma data in Figure 6 represent the
observed mean ± SD bars at each time point and the
6-TGN data are single time point concentrations from
individuals in the study. The outcome of the model vali-
dation using data obtained from Chrzanowska et al. [41]
is shown in Figure 7. The data in this figure represent
individual measured concentrations from the children.
Figure 8 shows the performance of the model compared
Figure 7
Median profiles (continuous lines), 95% prediction intervals (broken lines) and o
lowing oral dosing of 6-MP (50 mg m–2 daily) in ALL children for at least 1 mon

Figure 8
Median profiles (continuous lines), 95% prediction intervals (broken lines) and o
6-MMPR following oral dosing of 6-MP (25 mg m–2 daily) in ALL children for 56
with data obtained from Adam de Beaumais et al. [42].
The data in Figure 8 represent observed mean ± SD bars
for intracellular RBC 6-TGN and 6-MMPR measurements.
Figure 9 shows the prediction of the data obtained from
Welch et al. [43] showing the observed data and the
model prediction for 6-MP plasma, intracellular RBC
6-TGN and 6-MMPR measurements within one dosing in-
terval after 34 weeks of continuous therapy. For clarity,
the intracellular RBC 6-TGN and 6-MMPR data and predic-
tions within the dosing interval (when sampling took
place) are shown separately.
bserved data (filled circles) for intracellular RBC 6-TGN and 6-MMPR fol-
th [41]

bserved data (filled circles and line bars) for intracellular RBC 6-TGN and
days [42]
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Figure 9
Median profiles (continuous lines), 95% prediction intervals (broken lines) and observed data (filled circles) for plasma 6-MP and intracellular RBC 6-TGN
and 6-MMPR following oral dosing of 6-MP (75 mg m–2 daily) in ALL children for 34 weeks (6-MP and 6-MMPR predictions and data during the dosing
interval only has been included) [43]
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Discussion

This work has extended the model developed for 6-MP in
children and adults to include prediction of intracellular
concentrations of 6-MP metabolites in RBC using genetic
information regarding TPMT enzyme activity. The model
has been used to explore the role of genetic polymor-
phism in TPMT enzyme activity on the PK of 6-MP
especially in the prediction of intracellular RBC concen-
trations of 6-MP and its metabolites 6-TGN and 6-MMPR.
The developed PBPK model was based on in vitro–in vivo
extrapolation (IVIVE) [46] with physiological system pa-
rameters such as organ/tissue volumes and plasma flows
obtained from the literature, while drug specific parame-
ters were either obtained from the literature or estimated
using published concentrations of plasma 6-MP and
intracellular RBC concentrations of 6-MP, 6-TGN and
6-MMPR (from datasets separate to those used for later
validation of the model). Age-dependent changes in an-
atomical and physiological parameters were used in the
model for system parameters, while drug parameters
were scaled using allometry or assumed to be the same
as adults. This approach allows data from different age
groups to be combined for parameter estimation and
also allows the model to be used for prediction of plasma
and tissue profiles in both adults and children. The intra-
cellular RBC concentrations of 6-MP, 6-TGN and 6-MMPR
used for parameter estimation did not include informa-
tion about the TPMT phenotype of individuals used
because this information was not available for the
datasets. It was assumed then that these individuals
had high activity since this phenotype constitutes about
89% of individuals in most populations. The same level of
TPMT activity in adults has been assumed in children.
96 / 80:1 / Br J Clin Pharmacol
This is due to a lack of information in the literature about
the maturation of this enzyme (compared with, for
example, that available for the cytochrome P450 enzymes
[27, 47]). The model can however be extended to account
for this information as it becomes available to improve its
performance further. The results of the parameter estima-
tion in Table 4 and Figures 2 and 3 show satisfactory
performance. The parameters were estimated with rea-
sonable precision with %RSE low or moderate for most
parameters except for ka whose %RSE had a high value
(131%). This is probably due to the lack of data in the ris-
ing, absorption phase of the 6-MP plasma concentration
profiles which is where the information required for esti-
mation of this parameter lies. The median profiles and
the 95% prediction intervals for plasma 6-MP and intra-
cellular 6-MP, 6-TGN and 6-MMPR also show satisfactory
description of the data by the modelled fit and coverage
of the variability in the data, respectively. However in
Figure 3B it appears the median profile underpredicts
the data and in Figure 3B and C the prediction interval
over predicts the variability in the data.

The role of genetic polymorphism in the PK of 6-MP
was also explored using simulations based on the devel-
oped PBPK model. The data used to validate the predic-
tions was obtained from the literature. As described
under results, the study whose data was used was de-
signed to investigate the effect of polymorphism in TPMT
activity on pharmacogenetics of 6-MP toxicity [13, 39].
Individuals enrolled in the two arms of the study
(conventional and individualized dosing) were followed
for 2.5 years. In the conventional arm, the cumulative in-
cidence of 6-MP haematopoietic toxicity was highest
(100%) in the patients homozygously mutant for TPMT
(v/v), intermediate (35%) among heterozygous patients
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(wt/v) and lowest (7%) among wild-type patients (wt/wt).
When dosing was individualized in patients, the cumula-
tive incidence of toxicity was comparable between the
three groups (less than 10%). During dose individualiza-
tion, the dose for wt/wt patients was slightly reduced
(528 ± 90 mg m–2 weekly), for wt/v patients a modest re-
duction of 35–50% was achieved (449 ± 160 mg m–2

weekly) and for v/v patients the reduction was around
90% (72 ± 60 mg m–2 weekly). There was excellent agree-
ment between the incidence of haematopoietic toxicity
following both conventional and individualized dosing
and the intracellular RBC 6-TGN level. The levels of intra-
cellular RBC 6-TGN in the three groups was in the order
v/v, wt/v and wt/wt (highest to lowest), which corre-
sponds to the 100%, 35% and 7% incidence of toxicity
observed in the three groups, respectively, following
conventional dosing. In addition to the correlation be-
tween incidences of haematopoietic toxicity and intra-
cellular RBC 6-TGN concentrations obtained in the
clinical trial, these results also show that the intracellular
RBC 6-TGN concentration is inversely related to TPMT en-
zyme activity. Following individualized dosing, the simi-
lar levels of intracellular RBC 6-TGN then obtained
between v/v, wt/v and wt/wt also compared favourably
with similar levels of incidence of haematopoietic toxic-
ity (less than 10%) for all the groups. The PBPK model de-
veloped in the present work was used to predict the
reported intracellular RBC 6-TGN concentration in this
study and the results presented in Figure 4 are encourag-
ing. The median lines appear to underpredict slightly the
central tendency of the data and the prediction intervals
appear to over predict the variability in the data, but,
overall, the trend in the observed data were well pre-
dicted. Variability predicted by the model was lower for
individualized dosing compared with conventional dos-
ing. There was some difference between the prediction
intervals for wt/wt for conventional and individualized
dosing because different doses were used on both occa-
sions. The dose in the latter was also individualized. The
mean profiles for plasma 6-MP, intracellular 6-TGN and
6-MMPR for both conventional and individualized dosing
show interesting results (Figure 5). The mean plasma
6-MP profiles for the three phenotypes following con-
ventional dosing (Figure 5A) are similar as expected be-
cause patients in the three groups received the same
dose. However there are big differences in the intracellu-
lar RBC level of 6-TGN between the three groups. The
concentration is about 10 times and twice the levels in
wt/wt vs. v/v and wt/v, respectively. The concentrations
of intracellular RBC 6-MMPR are fairly similar for wt/wt
and wt/v, with wt/v levels slightly lower. Intracellular
RBC 6-MMPR was not produced by the v/v phenotype be-
cause it was assumed in the model that this group had no
TPMT activity which was also consistent with the unde-
tectable level of intracellular RBC 6-MMPR reported in
the literature for this group [39]. Following individualized
dosing (Figure 5B), there were differences in the plasma
6-MP profiles between wt/wt and wt/v and v/v, which
was consistent with the difference in the doses for the
three groups. However despite the marked differences
in doses and plasma 6-MP profiles between the groups,
the intracellular levels of RBC 6-TGN were roughly the
same for the three groups with only a small difference
in the level of intracellular RBC 6-MMPR between wt/wt
and wt/v phenotypes. The mean levels of intracellular
RBC 6-TGN predicted by the model following conven-
tional and individualized dosing were therefore consis-
tent with observed data and also with the reported
incidence of haematopoietic toxicity reported for the dif-
ferent phenotypes in the study. These results highlight
an important benefit of using a PBPK model for analysis
of this type of data, as it allows concentrations of the
drug in the tissue of interest to be evaluated. As shown
by the results above the most relevant tissue is RBCs
which has also been shown to be relevant for therapeutic
activity.

The results of the simulations in Figures 6–9 for
plasma 6-MP and intracellular RBC 6-TGN and 6-MMPR
also show satisfactory results. The model was used to
simulate observed data obtained from different studies
where different doses were used for different study
lengths. The prediction intervals adequately predicted
the variability in the data. In these studies the profiles
were not separated for different phenotypes. Therefore
reported distributions of different phenotypes in the
population were used for the simulations. The prediction
intervals are wide because of the wide ranges in age and
doses used for the children in the different studies.

This work represents an attempt to develop a model
that incorporates information on the intracellular metab-
olism of 6-MP as well as the effect of genetic polymor-
phism in TPMT enzyme activity on the PK of 6-MP,
especially on the intracellular concentration of 6-TGN in
RBCs which has been linked to activity and toxicity. As
described above the results can be described as encour-
aging, and the model has the potential to also be ex-
tended to include genotype information which has
been described for the TPMT enzyme. However the per-
formance and relevance of the model could still be fur-
ther improved by a well-designed clinical study for
6-MP that has modelling of the concentration data ob-
tained as one of its core aims. The data that have been
used for the present work have been obtained from the
literature across several different studies, spread across
many years and locations, and with different patient
populations, with potential therefore for random varia-
tion and inconsistencies that cannot be accounted for.
A future study could be designed using the model re-
ported in this work to plan different aspects of future
clinical work. Plasma 6-MP and intracellular concentra-
tions of 6-MP, 6-TGN and 6-MMPR could then be ob-
tained in a way that they will provide more adequate
Br J Clin Pharmacol / 80:1 / 97
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and useful information for parameter estimation and
model validation.

In conclusion a PBPK model has been developed for
6-MP which can be used to predict plasma concentra-
tions of 6-MP and tissue concentrations of 6-MP, 6-TGN
and 6-MMPR in adults and children. The model may help
to improve 6-MP dosing to achieve better clinical out-
come and reduce toxicity.
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