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Abstract 6-mercaptopurine (6-MP) is a purine antimetabolite and prodrug that undergoes extensive intracellular
metabolism to produce thionucleotides, active metabolites
which have cytotoxic and immunosuppressive properties.
Combination therapies involving 6-MP and methotrexate
have shown remarkable results in the cure of childhood acute
lymphoblastic leukaemia (ALL) in the last 30 years. 6-MP
undergoes very extensive intestinal and hepatic metabolism
following oral dosing due to the activity of xanthine oxidase
leading to very low and highly variable bioavailability and
methotrexate has been demonstrated as an inhibitor of xanthine oxidase. Despite the success recorded in the use of
6-MP in ALL, there is still lack of effect and life threatening
toxicity in some patients due to variability in the pharmacokinetics of 6-MP. Also, dose adjustment during treatment
is still based on toxicity. The aim of the current work was to
develop a mechanistic model that can be used to simulate
trial outcomes and help to improve dose individualisation
and dosage regimen optimisation. A physiological based
pharmacokinetic model was proposed for 6-MP, this model
has compartments for stomach, gut lumen, enterocyte, gut
tissue, spleen, liver vascular, liver tissue, kidney vascular,
kidney tissue, skin, bone marrow, thymus, muscle, rest of
body and red blood cells. The model was based on the
assumption of the same elimination pathways in adults and
children. Parameters of the model include physiological
parameters and drug-specific parameter which were obtained
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from the literature or estimated using plasma and red blood
cell concentration data. Age-dependent changes in parameters were implemented for scaling and variability was also
introduced on the parameters for prediction. Inhibition of
6-MP first-pass effect by methotrexate was implemented to
predict observed clinical interaction between the two drugs.
The model was developed successfully and plasma and red
blood cell concentrations were adequately predicted both in
terms of mean prediction and variability. The predicted
interaction between 6-MP and methotrexate was slightly
lower than the reported clinical interaction between the two
drugs. The model can be used to predict plasma and tissue
concentration in adults and children following oral and
intravenous dosing and may ultimately help to improve
treatment outcome in childhood ALL patients.
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Abbreviation
6-MP
6-Mercaptopurine
MTX
Methotrexate
ALL
Acute lymphoblastic leukaemia
PK
Pharmacokinetics
PBPK
Physiologically based pharmacokinetic
RBC
Red blood cell
XO
Xanthine oxidase
HPRT
Hypoxanthine phosphoribosyltransferase
TPMT
Thiopurine methyltransferase
6-TGN
6-Thioguanine nucleotides
6-mMPN 6-Methylmercaptopurine nucleotide
BSA
Body surface area
BW
Body weight
HT
Height
AUC
Area under the concentration
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Introduction
6-mercaptopurine (6-MP) is a purine antimetabolite and a
prodrug that undergoes extensive intracellular metabolism to
produce thionucleotides the active metabolites [1]. 6-MP can
be given both orally and intravenously and is widely used in
the treatment of acute lymphoblastic leukaemia (ALL) and
inflammatory bowel diseases [2, 3]. In the 1980s the use of
combination chemotherapy involving methotrexate (MTX)
and 6-MP in the treatment of childhood ALL emerged, this
has led to remarkable improvement in cure (long term event
free survival) from less than 10 % to more than 80 % today
[4]. In most protocols, 6-MP is considered a very important
and standard agent especially in maintaining remission.
6-MP undergoes very extensive intestinal and hepatic
metabolism following oral dosing which has been linked to
the activity of the xanthine oxidase (XO) enzyme in the gut
and the liver leading to high first-pass metabolism. Consequently the bioavailability of orally administered 6-MP is
very low and highly variable [5]. Although 6-MP can be
given intravenously it is impracticable for use in maintenance treatment protocols especially in children and
treatment of indications such as ALL which involves daily
dosing for several years. The absorption of orally administered 6-MP is very rapid, with maximum concentrations
reached within 1–2 h of dosing and the half-life is around
2 h [6]. The biotransformation of 6-MP is via three competing routes; XO, hypoxanthine phosphoribosyltransferase
(HPRT) and thiopurine methyltransferase (TPMT) [7].
Despite the reported high variability in the PK of orally
administered 6-MP and the complex relationship between
6-MP and its metabolites, therapeutic drug monitoring is
still not routinely used for dose individualization and
optimisation [8]. Modelling and simulation has been suggested as a useful tool for understanding variabilities,
individualise doses and optimise dosage regimens in PK
[9]. There have been very few attempts in the past towards
developing a PK model for 6-MP. A PBPK was developed
to simulate tissue concentration of 6-MP in rats, and also
scaled to human, this model has compartments for plasma,
kidney, liver, muscle, spleen, bone marrow and gut lumen
[10]. Other key tissues/organs were missing from the
model and there was no mass balance in the system. Also
the model implemented a three compartment model for the
biliary secretion and enterohepatic recirculation of the drug
in rat and human when there is no evidence for this. A
population PK model was also published for 6-MP which
describes the plasma concentration of 6-MP in plasma and
intracellular RBC concentration of two metabolites; 6-thioguanine nucleotides and 6-methylmercaptopurine nucleotide [11]. The model also incorporates a dichotomous
covariate model that describes the effect of TPMT
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mutation on the PK of 6-MP. This model was based on
limited data and has not been widely tested. Also the model
is an empirical model that cannot be extrapolated or scaled
to different age groups and cannot be used to predict
concentration in tissues.
In the treatment of ALL, the combination of 6-MP and
MTX remains a very important cornerstone however biochemical, PK and pharmacodynamic (PD) interactions have
been reported between the two drugs [12, 13]. A number of
experimental and clinical studies have described the clinical
outcome from the combination of 6-MP and MTX as synergistic [13]. In terms of PK, MTX has been described as an
inhibitor of XO thereby increasing the bioavailability of
orally administered 6-MP especially when high doses of
MTX are given intravenously [1, 8, 13, 14].
The aim of the current work was to develop a PBPK
model for 6-MP in childhood ALL. The proposed model
incorporated PK interaction between 6-MP and MTX based
on the effect of MTX on XO in the gut and the liver. The
model will be used to simulate tissue concentrations in
organs/tissues such as the RBC, bone marrow and thymus.
The model will complement the PBPK model developed for
MTX [15] in the CRESim (Child-Rare-Euro-Simulation)
project which is an European Union funded project designed
to evaluate the role of modelling and simulation in the
development of drugs for rare diseases. In this sub-project
the disease is childhood ALL and the drugs that have been
selected for the treatment are MTX and 6-MP. The PBPK
models developed for MTX and 6-MP will be combined
with disease models developed under other work packages
to obtain a PBPK-PD model for clinical trial simulation.

Methodology
PBPK model development and assumptions
The PBPK model proposed for 6-MP is made up of 15
compartments for the following organs/tissues: stomach,
gut lumen, enterocyte, gut tissue, spleen, liver vascular,
liver tissue, kidney vascular, kidney tissue, skin, bone
marrow, thymus, muscle, rest of body and RBC. These
compartments are displayed in Fig. 1. The compartments
in this model are the same as the compartments in the
model developed for MTX (Part 1 of this work). All the
tissues/organs in this model were modelled using standard
flow limited equation for PBPK model, given by


dC
CT
VT
¼ QT CP 
ð1Þ
dt
Kp;T
where VT, CT, QT and Kp,T are the volume of distribution,
concentration, plasma flow and tissue/plasma concentration
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System parameters

Fig. 1 Physiologically based pharmacokinetic model for 6-MP

ratio for the tissues and CP is the systemic plasma
concentration.
The liver and kidney were separated into vascular and
tissue compartments with passive clearances between the
two compartments and this was set to 10,000 times the
value of plasma flows to these organs. This allows a flow
limited assumption to be preserved in the organs. The
volumes of the vascular compartments were set to 10 % of
the volumes of the organs. Intracellular RBC 6-MP concentration was modelled assuming the drug exchange
between the cells and plasma was characterised by the
permeability-surface area product, PSBC assuming passive
diffusion. Intracellular binding was assumed to be an
instantaneous reaction, characterised by the number of
binding sites, nP and dissociation constant, KD [16, 17].
One or more of the enzymes responsible for the metabolism of 6-MP are present in each of the organs/tissues of
the PBPK and as there is limited information in the literature on the activities of these enzymes in the tissues, it
will be almost impossible to account for the activity of
these enzymes explicitly in each of the organs/tissues.
Based on in vivo 6-MP plasma concentration data obtained
from the literature [5, 18], it is possible to separate XO
activity in the gut and liver, the other routes of elimination
were combined into a single parameter. A first order process was assumed for the absorption of 6-MP from the gut
lumen and complete absorption was assumed i.e. fraction
absorbed, Fa is 1. The PK interaction between 6-MP and
MTX was based on the assumption that MTX inhibits XO
in the gut and in the liver.

System parameters for adults, assumed to be 18–20 years
old and 70 kg weight were obtained from the literature.
These include organ/tissue volumes and plasma flows,
intestinal transit and gastric empting rate constants. Other
parameters include body surface area (BSA), height (HT),
body weight (BW) and haematocrit. The values for these
parameters in adults are shown in Tables 1 and 2. For
scaling of the PBPK model, age-dependent changes in
anatomical and physiological parameters such plasma
flows, organs/tissue volumes and body size descriptors
were obtained from the literature. Cardiac output was
predicted for children using the equation described in
Johnson et al. [19]. Reference values for BW and HT were
obtained from the literature and these were used to predict
BSA using the Haycock and Dubois equations [20, 21].
Reference values were obtained for different organ/tissue
volumes and plasma flows at 0, 1, 5, 10 and 15 years old
[22]. The reference values for plasma flows and organ/
tissue volumes for children and adult were expressed as the
fractions of the cardiac outputs and BW for the different
ages respectively. Simple linear interpolation between
fractions of plasma flows and organ/tissue volumes for the
reference age groups was used to simulate for values in
between the age groups, allowing simulation of values for
plasma flows and organ/tissue volumes for any age
between 0 and 18–20 years old. Reference values for BW,
HT and haematocrit for children were also obtained from
the literature and simple linear interpolation was also used
to obtain values between reference age groups [22, 23].
Drug specific parameters and parameter estimation
Tissue/plasma concentration ratios (Kp) were predicted for
each tissue using the equations proposed by Poulin and
Theil [24], Kp for the rest of body was optimised so that the
predicted volume of distribution at steady state (VSS) is the
same as the observed in vivo value using the following
equation [25]
P
VSS;Obs  VP  Kp;T  VT
P
Kp;REST ¼
ð2Þ
70  VT
The same Kp was assumed for adults and children and
values for different tissues are presented in Table 1.
Fraction unbound in plasma was obtained from the literature [26, 27] and the same value was assumed for adults
and children because it is not clear in the literature which
plasma protein 6-MP binds to. The PBPK model in Fig. 1,
described by differential equations in Appendix 1, was
fitted to plasma and RBC concentration data obtained from
the literature to obtain estimates for some parameters.
Zimm et al. [5, 18] investigated the effect of inhibition of
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Table 1 Organ/tissue volumes (V) and plasma flows (Q) for adults and tissue/plasma concentration ratio (Kp) for each tissue/organ in the PBPK
model
Parameters

V (L)a
Q (L/h)

a

Kp

Organs/tissues
Plasma

Muscle

2.9

29
c

196

36.5

–

0.8

Kidney

Liver

Gut

Enterocyte

0.3

1.8

1.7

0.1

43.7

14

30

11.8

0.82

0.85

–

0.83

a

Obtained from references [22] and [34]

b

70 - RVT

c

cardiac output

d

196 - RQT

Table 2 Other system parameters used in the PBPK model for adults
Parameter

Definition

Value

Source

kg (h-1)

Stomach emptying rate constant

2

[22]

kt (h-1)

Intestinal transit rate constant

0.25

[22]

QENT (L/h)

Enterocytic plasma flow

11.76

[35, 36]

VENT (L)

Volume of enterocyte

0.12

[35]

BSA (m2)

Body surface area

1.85

[22]

HT (m)

Height

1.76

[22]

BW (kg)

Body weight

70

[22]

VRBC (L)

Volume of RBC

2.4

[22]

HCT

Haematocrit

0.45

[22]

first-pass metabolism of 6-MP in rhesus monkey and
human by allopurinol, a potent inhibitor of XO. In the
study 6-MP was given as an intravenous bolus and oral
doses on two different occasions and the experiment was
repeated for both routes with co-administration of allopurinol. The reported mean plasma concentration profiles in
humans on the four occasions were used for parameter
estimation. 75 mg/m2 of 6-MP was administered on all
occasions to ALL children (mean age = 13 years and
range 3–18 years) who were in complete remission and
were receiving maintenance chemotherapy. During comedication with allopurinol, 100 mg of allopurinol was
given three times daily for 2 days before 6-MP dosing.
Lafolie et al. [28] reported individual plasma and RBC
6-MP concentrations in children with acute ALL or nonHodgkin lymphoma receiving oral maintenance therapy.
Mean plasma and RBC concentrations obtained from the
reported individual concentrations were obtained and used
for the parameter estimation. The children were 3–17 years
old (mean age is 9.6 years) and the mean dose used was
59 mg/m2. The data were used to estimate clearance
parameters as well as RBC distribution parameters. The
clearance parameters estimated were clearance due to XO
in the gut (CLGXO) and in the liver (CLLXO) and clearance
due to other enzymes (CLPLAS). RBC distribution
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Skin

Bone marrow

Spleen

Thymus

Rest of body

3.3

1.2

0.15

0.025

–b

10.7

5.9

6.4

2.9

–d

0.64

0.84

0.84

0.2

0.78

parameters estimated were PSBC, nP and KD. Because of
the different ages of the children used in the data for
estimation of clearance, parameters were normalised for a
70 kg adult using allometry and were also used for scaling
to different age groups as follows [29]


BW 0:75
CLGXO ¼ CLGXO;ad 
ð3Þ
BWad


BW 0:75
CLLXO ¼ CLLXO;ad 
ð4Þ
BWad


BW 0:75
CLPLAS ¼ CLPLASad 
ð5Þ
BWad
where CLGXO,ad, CLLXO,ad and CLPLASad are the adult
values for the clearance parameters and BW and BWad are
the weight for an individual and adults respectively. RBC
distribution parameters were assumed to be the same for
adults and children but RBC volume changes with age.
Inhibition of 6-MP first-pass metabolism by MTX
Inhibition of the PK of 6-MP was modelled through inhibition of first-pass metabolism (inhibition of XO both in
the gut and the liver). Competitive inhibition of the XO
clearance parameters in the gut and the liver (CLGXO and
CLLXO) was assumed and an inhibition constant reported in
the literature was used [14, 30].
Variability
In order to simulate observed plasma concentrations in
different age groups, variability was introduced on the
system and drug-specific parameters. The main sources of
variability in the PBPK model were via BW and BSA.
Cardiac output was modelled as a function of BSA and
through this variability was introduced to plasma flows for
all the tissues/organs. Variability on BW was introduced
into the model through organ/tissue volumes. Variability
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was also introduced on other parameters such as kg (gastric
emptying rate constant), kt (intestinal transit rate constant),
CLGXO, CLLXO, CLPLAS, PSBC, nP, KD and ka (absorption rate constant). A lognormal distribution for the distribution of the parameters and a CV of 20 % were
assumed.
Simulations
To assess the performance of the proposed PBPK model,
plasma concentration profiles were simulated for different
age groups and compared with reported observed data. The
model was assessed following both intravenous and oral
dosing. Attempts were made to match simulations with the
reported age and dose for the different studies. Mean doses
for the studies were used for simulation and in most cases
these were based on BSA. A virtual simulation of 1,000
subjects was performed in all cases and 2.5th, 50th and
97.5th percentiles were calculated and superimposed on the
plot of observed data published in the literature. In some
cases individual plasma or RBC concentration–time points
were plotted and in others mean profiles with standard
deviation (SD) or standard error bars (SE) for each time
point were plotted. Data in graphs were digitized using
GetData Graph Digitizer [31]. Simulations were also performed for the interaction using the models developed for
MTX [15] and 6-MP and clinical studies were also matched in all cases in terms of dose and age.

Results
The Kps predicted for each tissue are shown in Table 2.
Table 3 shows the other drug-specific parameters (clearance and RBC distribution parameters) used in the PBPK
model, including the parameters that were estimated from
fitting. The fitting was done in NONMEM v 7.2 [32]. All
parameters were well estimated with a percentage standard
error (SE %) less than 25 % except nP and KD with SE %
of 89 % and 39 % respectively. Figure 2 shows the plot of
observed and predicted plasma and RBC concentrations for
the fitting [18, 28]. Figure 2a shows the plasma concentration fitting for intravenous dosing of 6-MP with and
without allopurinol; Fig. 2b shows the plasma concentration fitting for oral dosing of 6-MP with and without
allopurinol; Fig. 2c shows the plasma concentration fitting
for oral dosing of 6-MP without allopurinol; and Fig. 2d
shows the RBC concentration fitting for oral dosing of
6-MP without allopurinol. Mean plasma and RBC concentrations were used in all cases and a satisfactory fitting
of the PBPK model to the data was obtained.
Mean predicted plasma concentration profiles of 6-MP
in plasma, muscle, kidney, liver, gut bone marrow, thymus

177
Table 3 Other drug-specific parameters used in the PBPK model
Parameter

Definition

Value

Source

MW (g)

Molecular weight

152.2

–

fu

Plasma fraction unbound

0.81

[26,
27]

ka (h-1)

Absorption rate constant

0.28

–a

CLGXO,ad (L/h)

Intestinal clearance due to XO

25

–b

CLLXO,ad (L/h)

Hepatic clearance due to XO

36.5

–b

CLPLASad (L/
h)

Plasma clearance

39.3

–b

PSBC (L/h)

RBC permeability-surface area
product

145

–b

nP

RBC number of binding sites

0.079

–b

KD (mg/L)

RBC dissociation constant

0.43

–b

a

Fixed

b

Estimated

and RBC were obtained for 5, 10 and 18 years individuals
following oral dosing of 75/mg2 is shown in Fig. 3. The
profiles for the tissues except muscle are parallel to plasma
profiles and this shows rapid distribution into these tissues.
However for muscle it appears there is a delay in the distribution of the drug into the tissue. Comparing the three
age groups, there is no significant difference between the
profiles for 5 and 10 years old in terms of area under the
concentration (AUC) and maximum concentration (Cmax)
for all tissues but there is a significant difference between
the profiles for 18 years old and 5 and 10 years old. There
is reduced AUC and Cmax for 18 years old compared to 5
and 10 years old. Figure 4 shows observed data and simulated plasma concentration profiles (2.5th, 50th and
97.5th) following administration of 75 mg/m2 intravenously and orally in children (mean age 13 years) with and
without allopurinol [18]. The mean data is plotted with one
SD bars at each time point. The mean data in these figures
were used for parameters estimation. The predicted variability is satisfactory with possible over prediction for
intravenous dosing. Figure 5 shows observed data and
simulated plasma and RBC concentration profiles (2.5th,
50th and 97.5th) for children (mean age 9.6 years) following oral administration of 75 mg/m2 [28]. The individual data points were digitized from the original
publication and the mean profile was used in parameters
estimation. The 95 % prediction interval shows slight
under-prediction of both the plasma and RBC data but the
trend is satisfactory. Figure 6 shows observed data and
simulated plasma concentration profiles (2.5th, 50th and
97.5th) following administration of 50 mg/m2/h 6-MP to
children (mean age 10 years) as a 48 h infusion. The data is
plotted as mean data and one SD bars at each time point.
Both the mean data and the observed variability are predicted satisfactorily by the PBPK model. Figure 7 shows
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-3

0

5
Time (hr)

0

5
Time (hr)

Fig. 2 Observed and predicted plasma and RBC concentration from
the fitting. a Observed (Zimm et al. [18]) and predicted plasma
concentration without (-) and with (?) allopurinol following IV
dosing b Observed (Zimm et al. [18]) and predicted plasma
concentration without (-) and with (?) allopurinol following oral

0

5
Time (hr)

dosing c Observed (Lafolie et al. [28]) and predicted plasma
concentration following oral dosing d Observed (Lafolie et al. [28])
and predicted RBC concentration following oral dosing Obs observed
data, Pred model prediction)

5 yrs

10 yrs

18 yrs

0.15

0.15
Plas
Musc
Kid
Liv
Gut
BoMa

0.1

0.1

0.1

Conc (mg/L)

0.05

0

0.05

0

5
10
Time (hr)

observed data and simulated plasma and RBC concentration profiles (2.5th, 50th and 97.5th) for children from two
studies. Figure 7a shows plasma data and simulated profiles following oral administration of 50 mg/m2 to children
(mean age 8.5 years) [3], Fig. 7b, c shows plasma and RBC
data and simulated profiles respectively following oral
administration of 75 mg/m2 to children (mean age
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5
Time (hr)

0.15

Conc (mg/L)

Fig. 3 Simulated mean
concentration–time profiles of
6-mercaptopurine in plasma
(Plas), muscle (Musc), kidney
(Kid), liver (Liv), gut (Gut),
bone marrow (BoMa), thymus
(Thy) and red blood cells (RBC)
following oral dosing of 75 mg/
m2 to 5, 10 and 18 years old
subjects

0

Thy
RBC

Conc (mg/L)

10

0

0.05

0

5
10
Time (hr)

0

0

5
10
Time (hr)

9.8 years) [6]. The mean profiles and variabilities are satisfactorily predicted in all cases with possible slight overprediction of plasma data.
Figure 8 shows observed data and simulated plasma
concentration profiles (2.5th, 50th and 97.5th) of 6-MP in
children (mean age 7 years) following oral administration
of 75 mg/m2 alone (Fig. 8a) and combined with 20 mg/m2
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Fig. 4 Observed (Zimm et al. [18]) and simulated (2.5th, 50th and
97.5th) plasma concentration profile following administration of
75 mg/m2 to children (mean age 13 years) intravenously and orally
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Fig. 6 Observed (Zimm et al. [37]) and simulated (2.5th, 50th and
97.5th) plasma concentration profiles following administration of
50 mg/m2/h to children (mean age 10 years) as a 48 h infusion

-3

10

0

-3

2
4
6
Time (hr)

10

0

2
4
6
Time (hr)

Fig. 5 Observed (Lafolie et al. [28]) and simulated (2.5th, 50th and
97.5th) a plasma and b RBC concentration profiles following oral
administration of 75 mg/m2 to children (mean age 9.6 years)

of orally administered MTX (Fig. 8b) [14]. The data are
plotted as mean data with one SD bars at each time points.
The model slightly over predicts the observed 6-MP data
(mean profile and variability) on both occasions. Also the
difference between the mean profile of 6-MP on both
occasions appears to be insignificant. The percentage dif-
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a

Conc (mg/L)

Conc (mg/L)

-2
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-3

0.2

Conc (mg/L)

Conc (mg/L)

5
Time (hr)

b
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0.1

0.15

0.1

0.05

0.05

0

2

6
4
Time (hr)

0

2

4
6
Time (hr)

Fig. 8 Observed (Balis et al. [14]) and simulated (2.5th, 50th and
97.5th) plasma concentration profiles of 75 mg/m2 oral 6-mercaptopurine in children, mean age 7 years (range 3–14 years) a 6mercaptopurine only b 6-mercaptopurine co-administered with
20 mg/m2 oral MTX

ference in AUC for predicted and observed are 5.5 and
31 % respectively and for Cmax are 7.3 and 26 %
respectively. These results show under-prediction of the
extent of interaction by the model. Figure 9 shows
observed data and predicted plasma concentration profiles
of MTX (Fig. 9a) and 6-MP (Fig. 9b) during maintenance
treatment for four cycles in an ALL patient who was on
stable 20 mg/m2 orally administered MTX and 75 mg/m2
orally administered 6-MP. The plots show adequate prediction of the MTX data and over-prediction of 6-MP data
by the model. The plots also show that both observed and
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Fig. 7 Observed and simulated
(2.5th, 50th and 97.5th) plasma
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profiles a plasma following oral
dosing of 50 mg/m2 in children
mean age 8.5 years (Mawatari
et al. [3]) b plasma and c RBC
following oral dosing of 75 mg/
m2 in children mean age
9.8 years (Lonnerholm et al.
[6])
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10

predicted variability in 6-MP is higher compared with
MTX. Figure 10 shows simulated mean profiles of 6-MP
following administration of 75 mg/m2 orally administered
6-MP alone and co-administration of 75 mg/m2 orally
administered 6-MP and 5 g/m2 of MTX administered as a
24 h infusion to 5, 10 and 18 years old. The profiles
showed a significant change in AUC and Cmax with and
without MTX. The percentage change in AUC and Cmax
were 63.4 and 48.6 %, 62.7 and 47.0 % and 70.1 and
50.2 % for 5, 10 and 18 years old respectively. There is no
significant difference between the mean profiles of 6-MP
for 5 and 10 years old when the profiles are compared likefor-like, that is when profiles with and without MTX are
compared separately. However profiles for 18 years old are
reduced both in terms of AUC and Cmax when compared
to the profiles for 5 and 10 years old when with and
without profiles are compared separately.

Discussion and conclusion
This study has developed a PBPK model for plasma and
tissue concentration prediction of 6-MP in adults and
children following intravenous and oral dosing. The study
is focused on childhood ALL patients as part of a project
that is dedicated to the use of modelling and simulation in
prediction of clinical trial outcomes in rare diseases. In
childhood ALL, 6-MP is often used together with MTX in
a number of protocols especially during maintenance
treatment and therefore any potential interaction between
the two drugs has to be accounted for adequately for efficient clinical trial simulation. In the first part of this work, a
model was developed for MTX and in this part in addition
to developing a model for 6-MP, the reported PK
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Fig. 9 Observed and predicted (2.5th, 50th and 97.5th profiles)
plasma concentration of a Methotrate b 6-mercaptopurine obtained
from four cycles of treatment from a single patient during maintenance treatment with stable 20 mg/m2 of oral methotrexate and
75 mg/m2 of oral 6-mercaptopurine

interaction between 6-MP and MTX was accounted for in
the model.
The PBPK model developed for 6-MP in this work has
separate compartments for key tissues/organs, these were
linked through physiological blood flows and organ volumes. Since there was no clinical data available for model
building in this project, published data was relied upon for
both model building and validation. One advantage of using
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PBPK as opposed to conventional empirical compartmental
modelling is that it is easier to combine data from different
sources and age groups and also scaling beyond age groups
that have been studied is more efficient through the use of
age-dependent anatomical and physiological information
available in the literature. In developing a PBPK model for
6-MP a method that has been described as in vitro-in vivo
extrapolation [33] was combined with parameter estimation
using observed clinical data. Information obtained from the
literature from in vitro experiments was combined with
physicochemical properties of the drug to predict the PK of
6-MP. Also, plasma and RBC concentration data were
obtained from the literature to estimate other parameters
that could not be predicted from in vitro experiments. Due
to lack of data in adults in the literature, plasma and RBC
concentration data for different paediatric age groups were
used for parameter estimation, however the parameters
(clearance) were scaled to adult. The data used to estimate
the clearance parameters in the model were obtained from
administration of 6-MP to children both by intravenous
bolus and oral routes with and without allopurinol. The
presence of data from the two routes allows estimation of
clearance parameters responsible for first-pass effect of
6-MP through the presence of XO in the gut (CLGXO) and
the liver (CLLXO) because allopurinol is a potent inhibitor of
XO. Estimation of CLGXO and CLLXO was based on the
assumption that allopurinol completely inhibits XO in the
gut and the liver at the dose used in the clinical study. This
assumption was partially tested by estimating a separate

0.1
0.08

0.1
0.08

0.06

0.06

0.06

0.04

0.04

0.04

0.02

0.02

0.02

0

0

2

4
6
Time (hr)

8

0

0

2

4
6
Time (hr)

8

6-MP+MTX

0

0

2

4
6
Time (hr)

8

Fig. 10 Simulated mean profiles of oral 6-mercaptopurine (75 g/m2) following co-administration with methotrexate (5 g/m2) administered as a
24 h infusion to 5, 10 and 18 years old children
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parameter due to XO in the gut and not inhibited by allopurinol. The parameter was identifiable from the available
clinical data and the estimate obtained was 0.1 L/h. Since
the estimate was insignificant the parameter was removed
from the final analysis, this suggests that allopurinol as
expected completely inhibit XO in the gut and the liver at
the dose used in the clinical study.
Kps are a very important component of PBPK models and a
number of equations have been developed for their prediction
when experimentally determined values in preclinical species
are not available. This requires input parameters such as the
physicochemical properties of the drug and fraction unbound
in plasma. In this work the equation proposed by Poulin and
Theil [24] has been used and the Kp for the rest of body was
optimised so that predicted VSS matches the observed value.
The predicted VSS using these Kps was 0.66 L/kg and the
reported values for VSS in the literature for two different studies
were 0:56 L/kg ðSD ¼ 0:38Þ [18] and 0:9 L/kg ðSD ¼ 0:3Þ.
The optimised Kp for the rest of body was 0.2 and the predicted
Kp for adipose which made up of more than 50 % of the rest of
body was 0.15. This shows that 6-MP distribution to adipose
and other related tissues is limited.
Although 6-MP is metabolised by three competing routes,
that is XO, HPRT and TPMT, only XO has been accounted for
explicitly in the current work. Other routes have been
accounted for by a plasma clearance parameter, mainly
because there is no information on the activity of HPRT in all
the tissues in which it has been reported to be present. HPRT
has been reported to be widely distributed throughout the
body, its activity has been demonstrated in tissues/organs such
as erythrocyte, lymphocyte, liver, kidney, spleen and central
nervous system. TPMT activity has been reported in tissues
such as erythrocyte, lymphocytes, kidney and liver and the
genetic polymorphism of this enzyme has also been widely
discussed. Absence of TPMT activity in this model represents
an important drawback of this work, its incorporation in the
model will allow better prediction of tissue and plasma concentrations especially in different groups using genetic
information. It is anticipated that it will be possible to incorporate TPMT activity in this model as more information
becomes available in the literature on the role of 6-MP
metabolites in the clinical effect of 6-MP and individual
metabolite concentrations in the tissues are available. Individual plasma and metabolite concentrations in the tissues at
different time points after dosing from different genetic
polymorphic groups with different TPMT activity are necessary to further improve this model both in terms of development and validation. Information from in vitro experiments
from the literature will be combined with parameter estimation to obtain estimates for other parameters in the model.
The PK interaction between 6-MP and MTX has also
been predicted using the model developed for the two
drugs incorporating inhibition of XO by MTX. There are
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limited clinical studies in the literature that have looked
into the effect of MTX on the PK of 6-MP. The study by
Balis et al. [14] reported modest clinical interaction
between low oral dose MTX (20 mg/m2) and a standard
oral dose of 6-MP (75 mg/m2) in children (31 and 26 %
change in AUC and Cmax respectively). The model was
able to predict an interaction between the two drugs
although to a lower extent. Another study on the interaction
between MTX and 6-MP in the literature is by Innocenti
et al. [1]. A clinical interaction was reported in childhood
ALL patients receiving daily oral doses of 6-MP (25 mg/
m2) and an intravenous infusion of high dose MTX (2 or
5 g/m2 as 24 h infusion) once every other week. At 2 g/m2
the reported change in AUC and Cmax were 69 and 108 %
respectively and at 5 g/m2 these were 93 and 121 %
respectively. However there was an inconsistency in the
results obtained in this study compared with other studies
and that is why this interaction was not studied in the
current work. The Cmax and AUC obtained by Innocenti
et al. [1] when 25 mg/m2 of 6-MP was given orally alone
were comparable to what have been obtained in patients of
similar age groups who are on three times the dose used in
the study (75 mg/m2 orally administered 6-MP) [14]. It is
not clear why 25 mg/m2 orally administered 6-MP was
used in the study since the standard dose is 75 mg/m2.
However an attempt was made to investigate interaction
between high dose MTX given as a 24 h intravenous
infusion (5 g/m2) and a standard oral dose of 6-MP (75 mg/
m2) in 5, 10 and 18 years old. The results showed significant changes in AUC and Cmax in the three age groups.
The effect of MTX on the PK of 6-MP when MTX is given
intravenously and 6-MP is given orally is through enterohepatic recirculation of MTX which has been accounted
for in the model. When MTX is given intravenously, it is
eliminated by the liver and via the gall bladder it is emptied
into the gut lumen for reabsorption. During MTX reabsorption it inhibits XO in the enterocyte and hepatocytes
thereby reducing the first-pass effect of XO on 6-MP bioavailability leading to increased AUC and Cmax.
The use of 6-MP in combination with MTX has shown
remarkable improvement in cure of childhood ALL in the
last 30 years. Despite the huge success, there is still considerable lack of effect and life threatening toxicity in some
patients, possible due to substantial variability in the PK of
6-MP and its intracellular metabolites due to genetic
polymorphism in the enzymes. Dose adjustment during
treatment is still based on toxicity and therapeutic drug
monitoring in not routinely used. The model developed in
this work represents an attempt to improve dose individualisation and dosage regimen optimisation through modelling and simulation ultimately to achieve a better
outcome in patients with childhood ALL. Although the
focus of the work has been on childhood ALL, it can be
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extended to other disease condition such as other types of
cancer, Crohn’s disease and ulcerative colitis.
In conclusion, a PBPK model has been developed for
6-MP, this model can be used to predict plasma and tissue
concentrations in adults and children following intravenous
and oral dosing. The model is focused on childhood ALL
and PK interaction with MTX a drug commonly given in
combination with 6-MP has been incorporated in the
model. This model will help to improve clinical outcome in
the use of 6-MP through better dosing.
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Tissue
VKID;T

dCKID;T
¼ CLPASSKID fuCKID;V
dt
CLPASSKID fuCKID;T

Kp;KID

(4) Liver
Vascular
VLIV;V



dCLIV;V
¼ QHE CP  CLIV;V
dt
 CLPASSLIV fuCLIV;V þ

CLPASSLIV fuCLIV;T
Kp;LIV

þ

ðQGUT þ QENT ÞCGUT
 ðQGUT þ QENT ÞCLIV;V
Kp;GUT

þ

QSP CSP
 QSP CLIV;V þ QENT CENT
Kp;SP

Tissue
VLIV;T

dCLIV;T
CLPASSLIV fuCLIV;T
¼ CLPASSLIV fuCLIV;V 
dt
Kp;LIV
CLLXO fuCLIV;T

Kp;LIV

(5) Gut
Tissue

Equations that describe the concentration in each tissue/
organ of the PBPK model for 6-mercaptopurine



dCGUT
CGUT
VGUT
¼ ðQGUT þ QENT Þ CP 
dt
Kp;GUT

(1) Systemic plasma

Lumen

VP

dCP
¼ ðQHE þ QGUT þ QENT þ QSP ÞCLIV;V
dt
QMU CMU QSK CSK QBM CBM
þ QKID CKID;V þ
þ
þ
Kp;MU
Kp;SK
Kp;BM
QTH CTH QRE CRE
þ
þ
þ QHE þ QGUT þ QENT þ QKID
Kp;TH
Kp;RE
þ QMU þ QSK þ QSP þ QBM þ QTH þ QRE ÞCP
 CLPLASCP  PSBCfuCP þ PSBCCRBC;U

(2) Muscle
dCMU
VMU
dt

Enterocyte
VENT

dCENT
¼ kaALUM  QENT CENT  CLGXO CENT
dt

(6) Stomach
dAST
¼ kgAST
dt
(7) Skin



CMU
¼ QMU CP 
Kp;MU

(3) Kidney
Vascular
VKID;V

dALUM
¼ kgAST  kaALUM  ktALUM
dt



dCKID;V
¼ QKID CP  CKID;V
dt
 CLPASSKID fuCKID;V
CLPASSKID fuCKID;T
þ
Kp;KID



dCSK
CSK
¼ QSK CP 
VSK
dt
Kp;SK
(8) Bone Marrow


dCBM
CBM
¼ QBM CP 
VBM
dt
Kp;BM
(9) Spleen



dCSP
CSP
¼ QSP CP 
VSP
dt
Kp;SP
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(10) Thymus
VTH



dCTH
CTH
¼ QTH CP 
dt
Kp;TH

7.
8.

(11) Rest of the body


dCRE
CRE
¼ QRE CP 
VRE
dt
Kp;RE
(12) Red blood cell
dCRBC
¼ PSBCfuCP  PSBCCRBC;U
VRBC
dt rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 

CRBC;U ¼
ðnP þ KD  CRBC Þ2 þð4KD CRBC Þ
ðKD þ nP  CRBC ÞÞ=2

9.

10.
11.

6-MP and MTX interaction
Enterocyte
VENT

dCENT;6MP
¼ ka6MP ALUM;6MP  QENT CENT;6MP
dt


CENT;6MP CLGXO

1 þ CENT;MTX =Ki

12.

13.

Liver tissue
VLIV;T

dCLIV;Tð6MPÞ
¼ CLPASSLIV fu6MP CLIV;Vð6MPÞ
dt
CLPASSLIV fu6MP CLIV;Tð6MPÞ

Kp;LIVð6MPÞ
CLLXO fu6MP CLIV;Tð6MPÞ =Kp;LIVð6MPÞ

1 þ CLIV;TðMTXÞ fuMTX =Ki

14.

15.

16.
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