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ABSTRACT - Purpose. To develop a quantitative pharmacokinetic model to characterize the disposition of
methotrexate (MTX) at tumor site in tumor-bearing mice and to predict MTX concentrations in the human tumor.
Methods. The plasma profiles of MTX were obtained from normal mice, while microdialysis technique was
employed to characterize the time course of MTX in tumor from breast tumor-bearing mice. Disposition profiles
of plasma and tumor were analyzed by a hybrid physiologically-based pharmacokinetic (hPBPK) model that
incorporates physiologically-relevant parameters such as tumor blood flow and volume, while plasma
concentrations were used as a forcing input into the vascular-interstitial spaces of the tumor. The plasma profiles
were initially described by a biexponential decay model to obtain a forcing function that enters into the vascular-
interstitial spaces in the tumor. Using a defined forcing function, the tumor free concentrations were fitted to the
hPBPK model. Based on the model developed, sensitivity analysis was conducted with a perturbation of PK
parameters to predict different scenarios of intratumoral MTX transport. The relevant physiological PK
parameters from the mouse model were then scaled-up and utilized to simulate human tumor concentrations.
Results. The mouse hPBPK model adequately characterized the concentration-time profiles of MTX in both
plasma and tumor and produced various transfer rate constants between plasma and tumor. Our model was also
able to reasonably predict MTX concentrations in the human tumor when human physiological data were utilized.
Conclusions. The hPBPK model was able to quantitatively characterize the atypical transport of MTX in the
tumor, supporting the idea that microdialysis is a valuable tool to study tumor biodistribution of drugs and to
predict tumor concentrations in humans based on the pre-clinical data. This information can ultimately aid in the
development of anticancer drugs with improved PK profiles.

This article is open to POST-PUBLICATION REVIEW. Registered readers (see “For
Readers”) may comment by clicking on ABSTRACT on the issue’s contents page.

INTRODUCTION

sites remains a challenging task that requires
The therapeutic efficacy of anticancer drugs is tremendous amount of financial and scientific
critically dependent upon the maintenance of investment (8).
adequate drug concentrations in the “target” site. In the past 30 years, despite many advances in
Because it is difficult to determine the drug molecular and targeted anticancer therapeutics, most
concentration at the site of action, the plasma anticancer drug candidates have continued to fail in
concentration is generally used as a reference index clinical trials and the success rate of drug
for therapeutic purposes (1, 2). However, there is a development in oncology remains significantly
large disparity in drug concentrations between lower than other therapeutic areas (9).
plasma and tumor due to inadequate drug transport Chemotherapeutical failure in cancer patients often
and delivery to tumors and resistance mechanisms occurs due to various reasons. Of the many
developed by tumor cells (3, 4). Suboptimal target challenges, one of the likely

site concentrations can have important clinical
implications, as this can be a potential explanation
for some therapeutic failures (5-7). Thus, the
development of anticancer drugs to intended target

Corresponding Author: Dr. Shabnam Sani, Western New
England University, College of Pharmacy, Department of
Pharmaceutical & Administrative Sciences, 1215 Wilbraham
Road, Springfield, MA 01119, USA; ssani@wne.edu

239



J Pharm Pharm Sci (www.cspsCanada.org) 19(2) 239 - 251, 2016

reasons for the high attrition rate is the failure in
pharmacokinetics and pharmacodynamics, such as
inadequate tumor drug concentrations leading to
insufficient drug efficacy (10). It is known that
adequate delivery of chemotherapeutic agents to the
target site is a prerequisite for antitumor activity (11,
12). Unfortunately, concentration measurements in
the target site have not been a routine practice during
the standard drug development process and certainly
has not been given enough consideration because
regulatory requirements have not mandated target
site characterization. Optimal dose and dosing
regimen selection in oncology still remains semi-
empirical, making the existing oncology schedules
far from being optimized (13). Hence, the
characterization of concentration-time profiles in the
target site (tumor) in addition to the plasma will
definitely improve our understanding of plasma-
tumor transport of anticancer drugs.

Methotrexate (MTX) has played a crucial
role in cancer chemotherapy in combination with
other chemotherapeutic agents in the treatment of
various solid tumors such as breast cancer, acute
lymphocytic  leukemia, osteogenic  sarcoma,
choriocarcinoma, lung cancer, and chronic myeloid
leukemia (14). Some classify MTX among the most
effective drugs for treatment of non-malignant
disease and is often considered the “gold standard of
therapy”. Although MTX is an old drug approved by
the FDA in 1953, many studies have reported high
inter-subject variability in clinical response to MTX
due to the inconsistent relationship between plasma
concentrations and intra-tumor levels of the drug
(15-17) and thus, there has been a growing interest
in recent decades to apply microdialysis methodolog
to evaluate the disposition of anticancer agents at the
target site such as the tumor xenografts, CNS, and in
patients with accessible tumors and to develop more
informative quantitative PK models (15, 18, 19).
High inter-subject variability in clinical response to
MTX, the inconsistent relationship between plasma
concentrations and intra-tumor levels of the drug,
and the scarcity of the information about its
accumulation in tumors and normal tissues provided
us with the impetus to develop a more
comprehensive pre-clinical PK model of MTX in
breast tumor that can subsequently be scaled to
predict human breast MTX concentrations. There
have been limited number of reports that have
characterized plasma and tumor exposure of MTX
using microdialysis in clinical and preclinical
settings (15, 16, 18, 19). These efforts have included

non-compartmental and system-based modeling
approaches to study MTX distribution. Most of the
other previous attempts have relied solely on MTX
plasma concentrations to build up compartmental
models (20, 21). These models have described MTX
disposition as a two- or three-compartment model
since the log-scale plasma concentration profiles
showed more than one declining phase after an IV
bolus injection of MTX. However, no investigation
has attempted to develop a comprehensive modeling
approach to quantitatively characterize atypical
transport of MTX in the tumor. Therefore, the
objective of this study is to develop a more
comprehensive quantitative pharmacokinetic model
to characterize the disposition of MTX at the tumor
site using microdialysis in a tumor-bearing mouse
model and to predict tumor concentrations in humans
based on the pre-clinical data.

MATERIALS AND METHODS

Microdialysis System

Linear microdialysis probes (CMA30, 10mm
cuprophane membranes, 6000 Da cutoff) and
peripheral perfusion fluid T1 were purchased from
CMA Microdialysis (Chelmsford, MA). The
peripheral perfusion solution (an isotonic, sterile
solution composed of 147 mM NaCl, 4 mM KCl, and
2.3 mM CaCly) was delivered, using a 1 mL glass
microsyringe at ambient temperature, by a Harvard
apparatus pump, and the perfusates were collected
manually at specified time intervals.

Microdialysis Probe Calibration

In vitro Calibration

Microdialysis probe recovery rates were evaluated in
vitro and in vivo. The objective of the in vitro
calibration study was to determine the diffusion
characteristics of MTX at different concentrations by
the CMA30 dialysis probe. For this, each linear
probe (2 uL/min flow rate, n=3) was exposed to
various concentrations of MTX (1, 10, and 100 uM)
at 37°C with gentle agitation. Samples from the
probe outlet were collected every 10 min (20 pL) for
2 h and the resulting concentration of MTX was
determined. Subsequently, the relative recoveries
were calculated by determining the ratio of the probe
outlet concentration of MTX to the concentration of
the external solution of MTX in the proximity of the
probe, and expressing the ratio as a percentage (Cout
/Crnedium) * 100. Additionally, the reaction time of the
probe was determined using sequential replacement
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of the surrounding medium with different
concentrations of MTX and water at the end of each
cycle.

In vivo Calibration

Relative recovery (RR) of MTX in vivo was
evaluated using the retrodialysis method. In
retrodialysis, or reverse dialysis, the drug itself is
added to the perfusate fluid and its in vivo loss is used
as a measure of in vivo recovery. The principle of this
method relies on the assumption that the diffusion
process is quantitatively equal in both directions
across the semi-permeable membrane. Therefore, the
relative loss of the drug into the tissue, before the
experiment, is representative of its recovery, or
relative gain, from the tissue during the experiment.
Thus, based on this principle, known concentrations
of MTX solution were included in the perfusate fluid
and the rate of drug disappearance through the
membrane was subsequently calculated as the in vivo
recovery. Cou (MTX concentration in the dialysate)
was measured and RR (%) was calculated as the in
vivo recovery according to the following equation:

RR (%) = 100- [100' (C dialysate/ C perfusate)]

Animals (10-14 weeks old) were placed on their
ventral surface and the introducer needle was
inserted initially through the skin and positioned
between the skin and the muscle where it was
withdrawn after the probe membrane was placed
subcutaneously. The dialysis membrane was
positioned in the center of the two insertion sites, and
kept at the site using surgical tape. The in vivo
recovery assessment based on the retrodialysis
method was performed similar to the in vitro
calibration using three different concentrations of
MTX (1, 10, and 100 uM) in xenografted nude mice
(3 animals/concentration).

Corrections for Microdialysis Experiments

The concentrations of MTX in the dialysate samples
obtained in microdialysis experiments were
corrected based on the in vivo recovery of the
proximate dialysate concentration obtained from
each recovery study. Estimates of the “true”
dialysate concentrations were calculated based on
the in vivo relative recovery by the following
equation:

“True” dialysate concentration =
concentration / in vivo recovery value

100+ dialysate

Data Collection

The animal work was approved by IACUC of
Charles River Laboratories, Shrewsbury, MA.
Details of experimental procedures have been
described in our previous investigation (22, 23).
Briefly, 200 mg/kg MTX was intravenously injected
into two groups of mice (CD-1 or nude strain). The
first group (CD-1 mice) was used to collect plasma
at 1, 3, 5, 15, 30, 60 and 120 min after drug
administration. The second group included nude
mice subcutaneously xenografted (a size of 600 mg)
with breast cancer (MDA-MB-231) tumor.
Throughout the study, the length (L) and width (W)
of any tumors that developed were measured in
millimeters using calibrated vernier calipers, where
L is the longer of the two dimensions. The
corresponding tumor weight was calculated by using
the following experimental formula: Weight of the
tumor (mg) = (L x W?)/2. The core of the tumor was
visually defined as a half of the measured length of
the tumor. Microdialysis probes (2 uL/min flow rate)
were used to collect the unbound drug after the
equilibrium from the core of the tumor at time
periods of 10 min to 120 min with an interval of
every 10 min (n=3). The HPLC method was used to
quantify MTX concentrations from collected
samples using the method described in our previous
publication (23). All the raw data, instead of the
mean values, were used in the pharmacokinetic
analysis based on the pharmacokinetic model
introduced below.

Hybrid physiologically-based pharmacokinetic
modeling of MTX tumor transport

A hybrid physiologically-based pharmacokinetic
(hPBPK) model was designed to focus on a single
target of interest, such as tumor, to avoid the
complexities and considerable resources of
developing a global or whole animal physiologic
model (24). There are two constituents of a hybrid
pharmacokinetic model, 1) a forcing function; which
is an equation describing plasma drug concentrations
profile, and 2) a model for a tissue or tumor
compartment that can retain the physiologic
attributes, such as organ blood flow (24-27). The
condensed nature of the hybrid PK model requires
drug concentration measurements in at least two
sites, plasma and tumor. Briefly, to convert total
MTX concentrations to free (unbound) MTX
concentrations in plasma the measured plasma
concentrations were factored by 0.6, a degree of
plasma protein binding of MTX (28). This

241



J Pharm Pharm Sci (www.cspsCanada.org) 19(2) 239 - 251, 2016

conversion was necessary since the measured MTX
concentrations in the tumor by microdialysis only
reflect the free concentrations of the drug. An
assumption was made that protein binding of MTX
during the experiment period would remain constant.
The free drug concentration-time profile of plasma
MTX was described by a biexponential function
(Ase™t + BeeP) using SAAM II® (version 2.2,
University of Washington, Seattle, WA, USA).
Then, the forcing function, f{?), was obtained by
multiplying the biexponential equation by the
physiologic blood flow rate (Q) to the tumor:

J1) = (Ase '+ BeeP)+Q

The forcing function was subsequently used as an
input function into the tumor “core”. A tumor core
was subdivided into vascular (V) and interstitial
spaces (/) (Figure 1-A). This approach of dividing
tumor into different spaces was previously employed
by Gallo et al. to build an hPBPK model for
temozolomide (24). In addition, we introduced a lag
time (Tia,) to account for a delayed appearance of the
drug in the tumor. The Ti,, was estimated by a curve
feathering method and subtracted from the time
profile of the tumor concentrations. In order to
increase parameter identifiability, the relative
“volume” ratio (») of tumor interstitial fluid volume
(V3) to vascular volume (V) was obtained from the
literature (24). This r value was used in the model to
reduce the number of unknown parameters. We
assumed CL,; = CL,, and thereby j.V, = ji*V:
(Figure. 1-A). Since V/V,=r, and j;, = j./r, the model
is left with only three unknown parameters (s, jio and
Vy), which are solved by modeling analysis (see
Table 1 for symbol description).

Sensitivity Analysis

In order to understand the impact of pharmacokinetic
parameters on the tumor disposition of MTX, the
sensitivity of the hPBPK model parameters was
examined by perturbing the values of each model
parameter by several orders of magnitude (i.e. 0.125,
0.25,0.5, 1,2, 4 and 8 folds). The concentration-time
profiles of MTX were subsequently simulated using
the altered values and the impact of parameters
alteration on the MTX tumor concentration profiles,
AUC and mean residence time (MRT) was

evaluated. The AUC was calculated by the
trapezoidal method with an extrapolation from the
last time point to time infinity. The MRT was
computed from dividing the area under the first
moment curve (AUMC) by AUC.

Prediction of MTX concentrations in the human
tumor using the hPBPK model

In order to describe MTX disposition in human
tumors, we attempted to scale up our hPBPK mouse
model. The relevant physiological PK parameters
from the mouse hPBPK model, including plasma
flow rate (Q) and the rate constants (ji and jio), were
scaled up using the following equation:

Human parameter = Mouse parameter * (Human
body weight/Mouse body weight)®; where b is an
allometric exponent fixed to 0.75 and 0.25 for the
scaling of Q and j.i/ jio parameters, respectively. The
total tumor volume was estimated to be 65.4 mL
based on the tumor diameter of 5 cm from the human
MTX data in the literature (29). Since the interstitial
volume of the breast tumor is 50% of the tumor size
(30), the interstitial tumor volume was estimated to
be 32.7 mL in humans. Once the PK parameters were
scaled up, the human plasma and tumor data for
MTX were utilized from the literature (29).
Subsequently, the forcing function equation was
recalculated using the free MTX plasma
concentrations in humans (50% protein binding was
taken into the consideration (31)) and incorporated
into the hPBPK model. The final scaled-up PK
parameters which were used to simulate human
MTX tumor concentrations are provided in Table 2.

RESULTS

In vitro Calibration

In vitro recovery experiments demonstrated that a
stable equilibrium was attained after 30 min, and that
the relative recovery of MTX after equilibration was
constant at three different concentrations: 1, 10, and
100 uM (Figure. 1). The mean in vitro recovery for
MTX was 39.3 £ 3.5 %. The reaction time of the
linear probe, when MTX concentration in the
surrounding medium was changed, was 20 min and
the probe was cleared of the drug within 20 min after
MTX solutions were replaced with water.
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Figure 1. In vitro relative recovery (%) of MTX. Time-dependent equilibration of MTX (100 uM) during in vitro
microdialysis. Microdialysis was performed at 37°C with gentle agitation. Data are expressed as mean + SE (n=3).

In vivo Calibration

In vivo data indicated that equilibrium conditions in
nude mice were reached after 40 min and that
recovery was concentration-independent. The mean
in vivo recovery for all concentrations of MTX was
25.5+4.2 %.

Hybrid physiologically-based pharmacokinetic
modeling of MTX

Prior to hPBPK model, the plasma concentration-
time profile was analyzed by a biexponential decay
model in order to obtain a forcing function that enters
the vascular space in the tumor compartment (Figure.
2-A).

The plasma concentration of MTX (Figure. 2-B) was
described as:

Cp = 896.1+e 0455 4+ 35 5000221

The associated rate constants and volumes of
distribution are shown in Table 1. The forcing
function, a product of C, and plasma flow into the
tumor (0.1065 mL/min), was subsequently defined
as:

(1) = (896.14e 0455+ 35.50¢002)20.1065

Using the forcing function f{z), the tumor free
concentrations of MTX were fitted to the hPBPK
model with a focus on tumor vascular and interstitial
spaces. The rate constant characterizing MTX
transfer from the vascular to the interstitial space (j.)
was estimated to be 0.0233 min™! whereas the transfer
rate constant from the interstitial space to the
vascular space (ji) was 0.00602 min!. This model
also provided an exit rate constant of the drug from
the tumor through the interstitial space (i = 0.286
min'). The model parameters are summarized in
Table 1.
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Figure 2. Hybrid physiologically-based pharmacokinetic (hPBPK) model of MTX. A: Schematic structures of hPBPK
model for MTX disposition. On the left is the plasma part, which is the source of the driving force of a biexponential decay
function (C,) that is used as an input into the tumor. On the right is the tumor part which composes vascular and interstitial
spaces. B: Plasma concentration-time profile of MTX after an IV bolus injection of the drug. Shown are measured MTX
concentrations (x) and biexponential decay predicted concentrations of MTX (-). C: Tumor concentration-time profile of
MTX after an IV bolus injection of the drug. Shown are measured MTX concentrations (o) and hPBPK model-predicted
concentrations of MTX (-).
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Table 1. hPBPK model parameters.

Parameter description (unit) Symbol Value (%CYV)
Transfer rate constant from vascular space to interstitial space (min'") Jvi 0.02334 (9.0)
Transfer rate constant from interstitial space to vascular space (min’") 0.00602 (9.0)
Elimination rate constant from the tumor through the interstitial space (min'") 0.28602 (21.0)
Lag time (min) * 8.5

The relative ratio of tumor interstitial fluid volume to vascular volume

3.875 [fixed, (32)]

Interstitial volume of tumor (mL)

1.03327 (21.0)

(SIS EN TN TR o F e
N k)
oS

First term constant in the forcing function equation (pg/mL) 896.1 (74.6)
Second term constant in the forcing function equation (ng/mL) 35.5(54.0)
Disposition rate constant of the first term in the forcing function equation (min') 0.485 (51.5)
Disposition rate constant of the second term in the forcing function equation (min™) 0.022 (39.7)
Plasma flow rate (mL/min) 0.1065 [fixed, (32)]
Area under the curve in tumor (minepg/mL) Tumor 4UC 13132

Mean residence time in tumor (min) Tumor MRT 107.4

Total body clearance (mL/minekg) ** CL 47.0

* Estimated by curve feathering method.

** Obtained from the forcing function. %CV, the percent of the coefficient of variation (CV). Vi, A, B, AUC and CL values

are based on the free MTX concentrations.

Sensitivity analysis. Sensitivity analysis of the
hPBPK model showed that j,; was the most effective
parameter on changing the terminal slope of the
tumor profile (Figure. 3). A reduction in j,; by 8-time
resulted in an increased MRT by 5.7 folds (Figure.
3). However, a change in j,; value did not influence
the AUC of MTX in tumor interstitium (Figure. 4).
An 8-fold perturbation of j; did not affect the
terminal slope, AUC or MRT of MTX in the tumor
(Figures. 3 and 4). Additionally, decreased jip and V;
values did not alter the terminal slopes of MTX, but
they increased AUC values with a negligible effect
on MRT of MTX in the tumor (Figures. 3 and 4).
Finally, a perturbation of O resulted in a direct effect
on AUC value without affecting the terminal slopes
or MRT of MTX in tumor (Figures. 3 and 4).

hPBPK model-based simulation of MTX
concentrations in human tumor

We further examined if our pre-clinical hPBPK
model can reasonably predict the disposition of
MTX in human tumor. The previously published
human MTX concentrations from both plasma and
tumor microdialysis (29) were utilized in this
exercise. The simulation was conducted as described
previously in the Materials and Methods section. The
results shown in Figure 5 indicated that our model
recapitulated MTX concentrations in human breast

tumor. Table 2 shows pharmacokinetic parameters
associated with tumor transport of MTX in humans.

DISCUSSION

To gain therapeutic benefits, a drug must reach the
site of action at adequate concentrations. Traditional
pharmacokinetic models utilize plasma
concentrations as a surrogate marker that reflects
drug concentrations at the site of action. However, in
many cases plasma concentrations alone have failed
to estimate drug concentrations in tissues of interest
(15-17). Microdialysis is a sampling technique that
allows the measurements of free drug concentrations
within the target tissues. Microdialysis was used to
obtain the concentration-time profile of MTX, our
drug of interest, at the tumor site. We chose MTX for
several reasons; MTX has played a crucial role in
cancer chemotherapy in combination with other
chemotherapeutic agents in the treatment of various
human malignancies, including breast cancer,
osteosarcoma, and lung cancer (14, 33). The MTX
dose used in this experiment (200 mg/kg) in mice is
equivalent to 600 mg/m? (34) which falls into a low-
dose MTX regimen (35). The systemic PK of MTX
is well-characterized and a large body of data is
available in the literature (36, 37).
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Figure 3. Simulated MTX tumor concentrations with changes in PK parameters of the hPBPK model. To better
understand the influence of pharmacokinetic parameters on the tumor disposition of MTX, PK parameter values were altered
by several folds above and below original values and MTX concentration-time profiles in the tumor were characterized.

However, little is known about its accumulation in
tumors and normal tissues. Moreover, preliminary
clinical evidence has shown that plasma levels of
MTX are not predictive of intra-tumor levels and
there is a high inter-subject variability in clinical
response to MTX (29, 36). This deficiency provided
us with the impetus to develop a more
comprehensive pre-clinical PK model of MTX in
breast tumors that could subsequently be scaled to
predict human breast MTX concentrations. In this
study, MTX concentration-time profiles that we
previously obtained from plasma and tumor (22, 23)
were used to develop a hPBPK model to better
describe MTX disposition in solid tumor and to more
precisely predict MTX concentrations in the tumor.
Although the compartment model can
quantitatively describe MTX disposition in both
plasma and tumor, it does not represent real physical
spaces or physiological processes in the body. In
contrast, hPBPK model offers better physiological
understanding of the model, such as tumor plasma
flow and physical volume of tumor interstitial fluid.
This additional information can facilitate allometric

scaling from animal models to humans. The hPBPK
model is more focused on MTX disposition within
tumor regions than the conventional whole-body
PBPK. Instead of using a transit compartment to
account for the delayed appearance of MTX in the
tumor, Ti,e was introduced to the model to allow for
curve fitting and estimation of PK parameters. This
approach of using Ty, reduced the number of
unknown parameters and permitted the use of a
simpler model. Since the hPBPK model is focused
on MTX disposition in the tumor with a fixed input
forcing function from plasma, the sensitivity analysis
was conducted only for tumor spaces. Our model
demonstrated that the effect of j,; on the terminal
slope and MRT of MTX in the tumor is significant.
In addition, a perturbation in j,; did not affect the
AUC value. One can find that j,; describes the entry
rate of distribution to the sampling site (tumor). Our
hPBPK model also suggests that a reduction in j;y and
Jjvi will provide the best therapeutic strategy since the
AUC and MRT of MTX will increase in the tumor
(Figure. 3).
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Figure 4. Sensitivity analysis on AUC and MRT upon changes in PK parameters of the hPBPK model. To identify the
effect of certain PK parameters on AUC and MRT, PK parameter value of interest was changed while fixing the rest of the
parameters during simulation process. Subsequently, AUC and MRT were calculated using the trapezoidal method utilizing
the simulated concentration time profile.
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It is plausible to reduce the rate constant, j;y, by either
formulating novel nano-particulate delivery systems
of MTX, or by conjugated forms of MTX and/or by
modifying physicochemical properties of such drug
delivery systems. In addition, our model can help in
drug combination studies where one can enhance

Table 2. Scaled-up hPBPK parameters from mouse to human.

MTX accumulation in the tumor. For instance, the
rate constants of MTX in the tumor could be altered
by transporter modulators (e.g. Pgp inhibitors) in the
tumor environment to increase MTX efficacy, which
can be studied using animal models along with the

hPBPK model.

Parameter description (unit) Symbol Value (%CV)
Transfer rate constant from vascular space to interstitial space (min™) Jvi 0.151 (scaled-up)
Transfer rate constant from interstitial space to vascular space (min™) Jiv 0.03897 (scaled-up)
Elimination rate constant from the tumor through the interstitial space (min!) Jio 1.85 (scaled-up)
Lag time (min) * Thag 25

The relative ratio of tumor interstitial fluid volume to vascular volume r 3.875 [fixed, (32)]
Interstitial volume of tumor (mL) V. 32.7 (scaled-up)
First term constant in the forcing function equation (pg/mL) A 4.34 (12.0)
Second term constant in the forcing function equation (ug/mL) B 0.72 (10.4)
Disposition rate constant of the first term in the forcing function equation (min™") o 0.055 (11.0)
Disposition rate constant of the second term in the forcing function equation (min!) A 0.0019 (38.6)
Plasma flow rate (mL/min) (0] 28.8 (scaled-up)
Area under the curve in tumor (minepg/mL) Tumor AUC  69.9

Mean residence time in tumor (min) Tumor MRT 106.5

Total body clearance (mL/min<kg) ** CL 2.6

* Estimated by visual inspection since the rising phase in tumor concentrations was not captured in human data from the
literature. ** Obtained from the forcing function. %CV, the percent of the coefficient of variation (CV).
Vi, A, B, AUC and CL values are based on the free MTX concentrations.

2 -

Tumor concentration (pug/mL)

60
Time (min)

Figure 5. Simulation of MTX concentrations in human breast tumor using the scaled-up hPBPK model. Open squares
are observed data from human MTX tumor-microdialysis and the solid line represents predicted MTX concentrations in

human breast tumor using the scaled-up hPBPK model.
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The utility of our hPBPK model was validated
using published MTX data from human subjects with
breast cancer. Physiological PK parameters were
utilized for the inter-species scale-up which
ultimately allowed us to simulate MTX
concentrations in the human tumor. We noted that
the simulation profile did not accurately capture the
measured concentrations at the last time point. This
discrepancy could be a result of the different
mechanism of MTX transport at various
concentrations. At high concentrations as in our
mouse experiment, MTX follows passive diffusion,
whereas lower MTX concentrations in human
studies may follow active saturable transport, as
discussed in the following section.

Although our hPBPK model in this investigation
was able to quantitatively describe MTX disposition
based on MTX concentrations collected from both
plasma and tumor, there are several drawbacks in
this model that may affect the accuracy of
predictions. First, MTX may follow both linear
and/or nonlinear kinetics depending on the available
free concentrations of MTX at the site of transport
(38). At low concentrations, MTX is transported by
ABC transporters and organic anion transporters (39,
40) as well as folate transporters that contribute to
the nonlinear pharmacokinetic behavior of MTX. In
this study, MTX transport may include both linear
and nonlinear processes since MTX was IV bolus
injected into the animal subjects. However, we did
not incorporate the nonlinear process into our model
due to the limitation of the single-dose experiment
and the short duration of the experiment. Second, the
plasma protein binding was assigned as a fixed value
throughout the entire time profile. The element of the
nonlinearity of MTX protein binding (41) was not
taken into consideration in this model. In reality, any
changes in the protein binding fraction may affect the
prediction of the actual transfer rate constants. Third,
the time frame for plasma MTX collection, which
was within 120 min, may be insufficient for a precise
estimation of the terminal half-life or for gaining a
complete picture of all phases of MTX disposition in
plasma. However, a limited period of time is required
for this experiment since mice needed to be
anesthetized for the whole duration of the sampling
period to ensure the accuracy of the position of the
microdialysis probes. Fourth, whether or not the
same transfer rate constant exists in normal tissues
compared with the tumor tissues is questionable.
Nevertheless, the difference in pH between the tumor
and normal tissues is still considerable (42, 43). This

difference in pH and resultant changes in transporter
properties (44) may promote an asymmetrical
transport of MTX into the tumor compared with
normal tissues. In addition, microdialysis has its own
limitations (45). While retrodialysis is a useful and
simple calibration method commonly used to
estimate recoveries, a drawback of this method is
that possible changes in recovery over time are not
measured (45-48). Recovery is influenced by various
solute and tissue-related factors. Among these
factors are the physico-chemical properties of the
solute of interest and its diffusion coefficient in the
tissue, the extracellular fluid volume fraction, and
the processes for elimination from the tissue,
including active transport mechanisms (46).
Changes in recovery during the experiment can be
partially taken into account via retrodialysis by
calibrator and many of these factors have been
incorporated as parameters in mathematical models
(46-51). Finally, microdialysis only measures
extracellular free concentrations rather than
intracellular concentrations of drugs. This limitation
could be overcome using a radiolabeled MTX that
can give important information about the total
amount of MTX in tumor, although MTX
metabolites should also be adequately distinguished.
Therefore, using complementary techniques will
help to improve the proposed model by including
intracellular concentrations of MTX in addition to
extracellular ones obtained by microdialysis.

CONCLUSIONS

In summary, a hPBPK model was developed to
better describe MTX disposition in the tumor based
on free drug concentrations in tumor and plasma
along with an incorporation of the physiologically-
relevant values such as tumor blood flow and tumor
interstitial volume. The hPBPK model helped to
focus on MTX disposition in the tumor and allowed
for the prediction of different scenarios upon
perturbations of the PK parameters of the model.
Furthermore, the model-based predictability of MTX
concentrations in the tumor was verified using
published human microdialysis data. Future studies
should include more information about MTX
concentrations from different regions of the tumor
(i.e. core and periphery of the tumor) into the models,
collecting MTX from non-human primate models
(e.g. monkey species) and applying different
transporter blockers to increase our understanding of
MTX disposition in the tumor.
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