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RESUMO
O uso de modelos farmacocinéticos permite uma seleção, e posterior exclusão, de
compostos com potencial toxicidade, levando a tomadas de decisões mais informadas
em estados iniciais de desenvolvimento de novos fármacos, bem como a formulação de
regimes de dosagem e estudos de farmacocinética. Estes estudos podem ser feitos a
partir da construção de modelos em softwares de simulação como o STELLA® ou com
recurso a programas mais sofisticados especificamente criados para estudos
farmacocinéticos como o GastroPlus™.
No tratamento de cancro, onde o tecido a ser tratado é composto por várias
subpopulações de células e onde várias vias de crescimento celular podem estar
desreguladas, o tratamento com um único fármaco anticancerígeno é insuficiente para
um tratamento efetivo, o que pode levar à implementação de terapias de combinação.
Na realização deste trabalho foi principal preocupação a utilização de abordagens in
vitro como ponto de partida para o desenvolvimento de modelos in silico, no âmbito de
combinações de fármacos para o tratamento de cancro. Por sua vez, esta ligação tem
por base o objetivo posterior de prever a performance da combinação de fármacos in
vivo. Para isso, dois fármacos de referência para o tratamento de cancro [gemcitabina
e 5-fluorouracil (5-FU)] foram estudados, in vitro, em combinação com um fármaco
reaproveitado, ou seja, um fármaco já licenciado e bem caracterizado para uma dada
indicação terapêutica e cuja aplicabilidade na área do cancro pode ser incluída. As
combinações de fármacos foram testadas nas linhagens celulares humana e
cancerígena da próstata PNT2 e PC-3, e na linhagem celular também humana e
cancerígena de pulmão A549. Depois, com recurso ao software de simulação STELLA
® foram desenvolvidos modelos farmacocinéticos de dois compartimentos que
mimetizam o efeito das combinações de fármacos previamente testadas nos ensaios in
vitro e que acoplam essa informação ao seu perfil farmacocinético em humanos.
Considerando o parâmetro de quantificação do efeito das combinações a área sobre a
curva do efeito (AUCefeito), verificou-se que as combinações de fármacos com maior AUC
(o que é um indicador direto de maior % de inibição da proliferação celular), foram as do
itraconazole em combinação com qualquer um dos fármacos anticancerígenos de
referência. Além disso, verificou-se que a % de inibição celular tem uma relação de
dependência com a dose de itraconazole e que se a administração do itraconazole for
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continuada (intervalo de dosagem de 24h) prevê-se um aumento na % de inibição
celular.
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ABSTRACT
Pharmacokinetic models enables filtering out molecules with high potential for toxicity,
improving decision making in clinical drug development in early drug development stage,
the design of dosing regiments and pharmacokinetic (PK) studies. This studies may be
done through the development of models in simulation softwares as STELLA® or using
more sophisticated programs specifically created for pharmacokinetic studies as
GastroPlus™.
In cancer treatment, where tissue to be treated is composed by several cell subpopulations and where several cell growth pathways may be disrupted, single-agent
treatment is insufficient for an effective treatment, which can lead to implementation of
drug combination therapies.
In this work the main concern was the use of in vitro approaches as a starting point for
the development of in silico models, in the context of drug combinations for the treatment
of cancer. In turn, this linkage is based on the later goal of predicting the performance of
the drug combination in vivo. For this, two reference drugs for the treatment of cancer
[gemcitabine and 5-fluorouracil (5-FU)] were studied, in vitro, in combination with a
repurposed drug, that is, an existing licensed and well-characterized drug for a certain
therapeutic indication and whose applicability in the area of cancer may be included.
Combinations of drugs were tested in human and prostate cancer cell lines PNT2 and
PC-3, and in the human cell line and lung cancer A549. Then, using the STELLA®
simulation software, two-compartment pharmacokinetic models were developed that
mimic the effect of drug combinations previously tested in the in vitro assays and which
couple this information to their pharmacokinetic profile in humans.
Considering the combinations effect quantification parameter area under the effect curve
(AUCeffect), it was found that combinations of drugs with higher AUC (which is a direct
indicator of greater % inhibition of cell proliferation) were the itraconazole in combination
with any of the reference anticancer drugs. In addition, it was found that % cell inhibition
is itraconazole-dose dependent and that if itraconazole administration is continued (24
hour dosing interval) an increase in % cell growth inhibition is predicted.
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1. INTRODUCTION
1.1. Drug development process

Drugs are xenobiotics, which means that they are not naturally produced in the body,
thus being foreign to it. They can heal, but they can harm too, depending on the
circumstances in which they are used and in which dose. Citing the physician/alchemist
Paracelsus statement: “All things are poisons, for there is nothing without poisonous
qualities. It is only the dose which makes a thing poison”.1-2
Pharmaceutical development has numerous phases (Figure 1). Firstly, there is the
discovery period, where the target to “attack” is defined and several compounds are
tested against that specific target. The most promising ones (lead compounds) may
suffer chemical modifications (lead optimization) to improve their potency and then
continue to the preclinical phase. At this stage, the drug candidate’s pharmacology is
well characterized through in vitro and in vivo tests, and that includes its
pharmacokinetics (PK), which refers to what the body does to the drug [absorption,
distribution, metabolism, and elimination (ADME)] and pharmacodynamics (PD), which
is more related to what the drug does to the body and places particular emphasis on
dose-response relationships, that is, the relationships between drug concentration and
effect.3 Thus, important parameters can be evaluated, such as dosing regimen, efficacy
degree, and possible toxicity. It is also at this stage where the therapeutic window of the
new drug formulation is determined, which is a crucial step in drug development. In other
words, it’s imperative to establish the dose at which drug starts to be therapeutic and
when it starts to be toxic. If new drug candidate successfully overcomes the preclinical
stage, it enters in clinical trials where parameters like efficacy, safety, and dose selection
are determined in healthy and non-healthy humans.2 The small percentage of new drug
candidates that successfully pass in all the previous stages can then be submitted to
approval and market phases.4-5 Regarding all the variables to consider and all the tests
that need to be performed to a new drug formulation, new drugs approval takes on
average 7 to 9 years. Moreover, the cost of introducing a new drug can range from 600
million to 1 billion euros.2, 6
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Figure 1 - Drug development process. Adapted from https://goo.gl/images/L5REQT.

1.2. Pharmacokinetics

PK refers to the study of the drug’s behavior in the body, like their pharmacologic,
therapeutic and toxic responses in either man or animals. This is the area of the
pharmacology where the kinetics of ADME of a certain drug are studied (Figure 2). The
study of PK involves both theoretical and experimental approaches. On the one hand, in
experimental approaches, one aims for the development of techniques and analytical
methods to measure drug and metabolites in biological samples, such as plasma, serum
or blood, tissues, urine, feces, saliva or any other relevant biologic specimens, and
procedures that facilitate data collection and manipulation. On the other hand, theoretical
approaches aim the development of PK models to predict drug disposition, which
includes drugs distribution and elimination, after its administration.2, 7
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Figure 2 - General scheme of pharmacokinetic principles (ADME). Adapted from https://goo.gl/images/Cq1XAz.

With PK studies, one can measure the drug’s bioavailability, which is the fraction of
unaltered drug that reaches systemic circulation after administration, and thus one can
make dosage adjustments in order to maintain drug plasma concentration within the
therapeutic window. Moreover, it enables the evaluation of the effects of physiological
and pathologic conditions on drug disposition and absorption as well as to correlate the
pharmaceutical responses with the administered doses.2, 7

1.3. Pharmacokinetic models

PK models describe the absorption, distribution, metabolism, and the elimination of
molecules (drugs, compounds under development…) in an organism, thus providing
useful information to foster efficient and informative drug development. These models
not only improve decision making in clinical drug development but also enable the design
of dosing regimens that have the highest probability for the drug to reach its target with
the desired concentration.8-10
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PK models may comprise three categories of models, empirically, physiologically and
compartmentally based PK models.7 An empirically based model is used when limited
information is available. In this case, the model only interpolates the data and allows an
empirical formula to predict the drug level over time, without taking in consideration the
mechanism by which the drug is absorbed, distributed and eliminated in the body. 7 On
the opposite side, there is the physiologically based PK (PBPK) model, the most complex
type of model and the model that more accurately describes a drug PK. In this model,
sample tissues and blood flow monitoring to the liver in vivo are needed, which makes it
more frequently used to describe drug distribution in animals, rather than in humans.
When making physiologic PK models for the human body, since tissue sampling is not
practical, the drug concentration in each tissue may be estimated based on previous
knowledge of the physiologic and biochemical composition of the body human organs.7,
11

Ultimately, the most commonly used PK model is the compartmentally based, which

represents a very simple and useful tool in PK. In this model type tissues are grouped
into compartments, depending on their blood flow and drug binding (tissues with similar
blood flow and drug tissue binding are grouped in the same compartment).7, 12

1.3.1. Compartment models

After drug administration, intravenously, peroral or by any other administration route,
plasma drug concentration changes all the time and this change can be described by
analytical equations. ADME processes are complex, so, an accurate mathematical
description of these processes often leads to heavy calculations for a computer which is
not practical. Thus, simple models, such as the compartmental models, are usually used
in PK studies.1-2, 7
In compartment models, the body is distributed in one or more compartments. A
compartment is not a real anatomic or physiologic region but it is a group of tissues or
organs that behave similarly with a certain drug. The compartments of the model
communicate with each other in a reversible way through rate constants.7, 13
Compartment models allow the description of the drug plasma concentration over time
and, consequently, an accurate estimation of important PK parameters such as
clearance, volume of distribution, half-life elimination and elimination rate constants of a
drug. Through plasma concentration profile analysis, the compartment model that best
describes the profile can be chosen. The profile will depend not only on the drug in study
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but also on the administration route. Thus, the equations that characterize the profile are
also dependent on these factors.2, 7
Independently on the administration route, the main factor that will influence the number
of compartments in a model is the ability of the drug to distribute in the body. In other
words, a drugs distribution time is relative to the time period needed to achieve an
equilibrium between the drug that is in plasma and the drug in the tissues. If the drug is
rapidly distributed, all the tissues will behave similarly with the drug and the drug in
plasma will equilibrate with the tissues or organs almost instantaneously. Thus, its
plasma profile is easily described by a one-compartment model, where there’s only one
compartment to describe the drug concentration in all body. On the opposite side is a
drug that is slowly distributed. In this case, additional compartments are needed to
separate central compartment from groups of tissues or organs with lower capacity to
equilibrate with plasma. Summarily, the longer is the distribution period, the higher is the
number of compartments needed to describe the system.2, 7
In Figure 3 are depicted one- and two-compartment models following oral and
intravenous administration. Plasma and tissues with high flux of fluids from circulatory or
lymphatic systems (well-perfused tissues), such as liver and kidney, are usually grouped
in central compartment (or plasma compartment) – Box 1. Systems with lower perfusion
degree, such as bones, cartilage or fat tissue are usually grouped together in a peripheral
compartment (or tissue compartment) – Box 2.
When a drug is given intravenously, the drug enters directly into the central compartment
(Figure 3, Model 1 and Model 3). When a drug is administered per oral, the drug has to
be absorbed from gastrointestinal tract and enters in blood circulation at a rate
determined by absorption rate constant ka (Figure 3, Model 2 and Model 4). Twocompartment models (Figure 3, Models 3 and 4) have two extra transfer rate constants
to describe the movement of drug from central to peripheral compartment and vice versa
(k12 and k21, respectively). Elimination of drug occurs from the central compartment
because the organs involved in primary drug elimination are kidney and liver. The
elimination is regulated by an elimination rate constant k. Compartment models don’t
usually describe tissue drug levels well but are very useful to predict drug plasma levels.
Knowing the parameters of the compartment model, one can estimate the amount of
drug in the body and the amount of drug eliminated at any time. The compartmental
models are particularly useful when little information is known about the tissues.7

5

FCUP ICBAS FFUP | HELSINKI YLIOPISTO
In vitro - in silico approach for the prediction of in vivo performance of drugs

Figure 3 - Schematic representation of compartment models. Model 1 is a one-compartment model for IV injection.
The drug is administered directly to the central compartment and eliminated at a rate defined by elimination rate constant
k. Model 2 is a one-compartment model for oral administration. The drug enters central compartment at a rate defined by
absorption rate constant ka. Model 3 is a two-compartment model for IV injection. After drug administration drug amount
in central compartment reaches equilibrium with the peripheral compartment. k12 and k21 are the transfer rate constants
that define mass transfer from central compartment to peripheral compartment and vice-versa, respectively. Model 4 is
a two-compartment model for oral administration. Adapted from Ref. 7.

1.3.2. Physiologically based pharmacokinetic model

The concept of PBPK models first appeared in 1937, introduced by Teorell Torsten, the
father of Pharmacokinetics.14-15 The mathematical framework is similar to the one used
in compartment model but in this models, besides the inclusion of a higher number of
compartments, known anatomic and physiologic data are included. Thus, in case
example where a pathology affects the physiology of an organ or tissue, the new
physiology will be taken into consideration. In PBPK models, contrarily to compartment
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models, relevant organs or tissues for the model are realistically represented and more
accurate drug distribution predictions are achieved.7, 16
Model development requires many experimental data collection. In order to realistically
predict drug distribution to every part of the body, blood flow in every tissue is required.
Besides that, real organ volume and its tissue drug concentration have to be described.
The number of compartments included in the model is variable since tissues with no drug
penetration are excluded (usually brain, bones and other parts of the central nervous
system).7 In Figure 4 an example of a PBPK model for drug perfusion after intravenous
injection is shown. Relevant organs or tissues for drug absorption are shown separately,
such as heart, muscle, kidney, and liver, while other tissues are grouped according to
their ability to equilibrate with plasma. Tissues that equilibrate rapidly were included in
the RET group (rapidly equilibration tissue) and tissues that take longer to reach
equilibrium were put in the SET group (slowly equilibrating tissue). The rate of blood
perfusion in every organ or tissue is known and represented by Q. Kidney and liver
elimination rate constants are also included in the model (ke and km, respectively).
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Figure 4 - Representative example of a PBPK model for IV injection. Q’s represent the rate of blood perfusion in every
compartment represented in the model. The compartment may be an organ or a group of tissues with similar blood
perfusion rate. Heart, Muscle, SET (slowly equilibrating tissue), RET (rapidly equilibrating tissue), Kidney and Liver
represent are the different compartments of the model. k’s represent kinetic constants: ke is the rate constant for drug
excretion in kidney and km is the rate constant for hepatic elimination. This model construction requires knowledge about
the size or mass of each tissue compartment, which is experimentally determined. Adapted from Ref. 7.

In Figure 4 the model is not complete because there is no way that the drug would go
from injection IV to the tissues. All the arrows point to the left. From venous blood the
blood (and drug) goes through the lungs and heart to the arterial blood and from there
through the tissues.
Unfortunately, much of the data required for model development is experimentally
difficult to obtain, especially for human models. Therefore, this kind of approach is usually
used to describe drug distribution in animal models, since experimental data is easier to
obtain, and then distribution comparison between animal models can be done. In other
words, varying animal model, insight into how physiologic and anatomic differences can
affect drug distribution can be obtained and extrapolation data to human model may be
possible.
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1.4. In silico tools for PK studies

1.4.1. STELLA®

STELLA® is a simulation software application that enables the study of systems through
its graphical representation. The program uses Compartments, Flows, Converters, and
Connectors as building blocks. Compartments accumulate whatever flows into them, net
of whatever flows out of them. Flows fill and drain accumulations. The unfilled arrowhead
on the flow pipe indicates the direction of positive flow. The converter serves a utilitarian
role in the software. It holds values for constants, defines external inputs to the model
and calculates algebraic relationships. In general, it converts inputs into outputs. Hence,
the name "converter." Connectors, as its name suggests, connects model elements.
Moreover, the use of built-in time functions in converters, such as AND, OR,
IF…THEN…ELSE or PULSE, allows a set of rules to be established which the program
uses to control flow through the model, enabling the construction of more complex
models. When the model is complete the user has only to establish a simulation time
period and a time increment (h). This time increment is the interval of time between
calculations. For example, if h=0.25 then every round of calculations (calculation of the
value of every parameter in the model) is made every ¼ of time. Each value calculation
can be made using either Euler’s, 2nd or 4th order Runge-Kutta methods, being Euler’s
the simplest version of Runge-Kutta method. These are integration methods that
estimate a new value (yi+1) through the extrapolation of an old value (yi) following
Equation 1. In Euler’s method, φ is the slope in xi (first derivate in xi). In Runge-Kutta
method, instead of one single derivation, one or more representative slopes (depending
on the order of the method) are determined during h to estimate the new value. This
equation can be applied step by step and trace out the trajectory of the solution.17 Figure
5 is presented for a better interpretation of the method.

Equation 1

𝑦𝑖+1 = 𝑦𝑖 + 𝜑ℎ
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Figure 5 - Graphical depiction of a one-step Runge-Kutta method. Adapted from Ref. 17.

For systems with inherent oscillatory tendencies, Euler’s method incurs in integration
errors that accumulate throughout the simulation giving rise to results far from reality. In
this cases, higher order Runge-Kutta methods represent better integration options, in a
way that the greater the order is and the more accurate the results are. However, the
simulation is slower.
A representative model built in STELLA® software is shown in Figure 6. The mass
amount in Compartment 1 is determined by the difference between the amount that
comes from Compartment 2 (mass transferred through Flow 2) and the amount that
leaves Compartment 1 (mass transferred through Flow 1). The rate at each Flow
building block transfers from one Compartment to the other is dependent on both the
convertor and the stock to which is connected by connecting arrows. Therefore, knowing
all the factors controlling the rate of transfer between the Compartments a model can be
constructed and run.

10

FCUP ICBAS FFUP | HELSINKI YLIOPISTO
In vitro - in silico approach for the prediction of in vivo performance of drugs

Figure 6 - Schematic representation of a model built in STELLA® modeling program. In this model, mass flows from
compartment 1 to compartment 2 and from compartment 2 to compartment 1. Flow rates 1 and 2 are determined by
convertor 1 and 2 respectively.

Many pharmaceutically related systems have been simulated using STELLA®. These
have included models to predict in-vivo oral pharmacokinetic profiles for new drug
formulations, ocular drug distribution or even gene expression.18-20 One of the main
advantages is the flexibility the user has to build and modify a model. Only the graphical
interpretation has to be changed.

1.4.2. GastroPlus™

GastroPlus™ is an advanced technology computational program used in drug R&D.
Contrary to STELLA®, GastroPlus™ has an absorption model incorporated which
enables the simulation of intravenous, gastrointestinal, ocular, nasal and pulmonary
absorption of new molecules. This absorption model is the Advanced Compartmental
Absorption and Transit (ACAT) model, which is based on the original Compartmental
Absorption and Transit model published by Yu and Amidon in 199921, but ACAT includes,
for example, stomach and colon absorption. Thus, the physiological variables of each
segment of the digestive tract are well characterized for different animal models or
human from Fasted to Fed states. The physiological variables include pH, length and
volume, enzymes and transporter protein distributions in the gut in the different species
and for human, scaled to body weight for less than 77.5 kg.
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Apart from ACAT model, which enables the user to obtain a detailed absorption profile
of the molecule in study, GastroPlus simulations consist of the numerical integration of
differential equations that coordinate a set of well-characterized physical phenomena
that occur and interact as a result of drug transport, dissolution/precipitation, lumenal
degradation, absorption/exsorption, excretion, gut metabolism, distribution, hepatic
metabolism,

enterohepatic

circulation,

renal

clearance,

and

other

clearance

mechanisms. Therefore, if appropriate inputs about the compound in study are provided,
such as lipophilicity, acid dissociation constant at logarithmic scale (pKa), solubility,
diffusion coefficient and gastrointestinal permeability and permeability in the ocular and
pulmonary tissues, new drug plasma profile prediction, for a certain dose and
administration route, is possible.
Furthermore, ten extra models are available to extend the capabilities of the basic
GastroPlus™ beyond absorption and pharmacokinetic simulations. One of GastroPlus™
additional modules is ADMET Predictor™ module. With this model, physicochemical and
pharmacokinetic parameters prediction of a new compound is possible through its
molecular structure import. For deeper insight into the pharmacokinetics of a drug,
PKPlus™ and PBPKPlus™ modules are very useful. The former can find the
compartment model (up to three compartments) that best fits existing experimental Cptime data of a drug. As an output gives the PK parameters that characterize the plasma
profile. The latter enables prediction of drug distribution into various tissues as well as
simulation of clearance profiles specific to given tissues. Additionally, an internal module
called PEAR (Population Estimates for Age-Related Physiology) allows studies of human
models with different organ physiologies, such as American, Japanese or Chinese
population organs any age from 0 to 85 years old. Furthermore, coupling PBPK module
to Metabolism and Transporter module one can input specific metabolizing enzymes and
the extension of drug metabolization in any tissue or organ of the PBPK model and
evaluate the effect of this metabolization in drug’s plasma profile.
In spite of its sophistication, GastroPlus™ is relatively easy for someone with a
background in ADME to learn and to use because GastroPlus™ incorporates an intuitive
and modern graphical user interface that enables rapid and smooth transition from
setting up inputs to evaluating results.
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1.4.3. In silico tools for drug combination studies

The lack of satisfactory results with single-agent therapy in patients led to the introduction
of drug combination therapies in health care. The use of drugs with different mechanisms
or modes of action enables multiple targeting, either within the same cell or in multiple
cell subpopulations, or the targeting of multiple diseases simultaneously, providing more
effective treatments. This strategy’s possible favorable outcome includes enhancement
of the efficacy of the therapeutic effect, reducing the dosage but increasing or
maintaining the efficacy, minimizing or avoiding possible toxicity and reducing or slowing
down the development of drug resistance. Due to these therapeutic benefits, drug
combinations have been widely used and became the leading choice for treating of very
dreadful diseases, such as cancer and infectious diseases, including AIDS.22-24
Several in silico tools have been developed for theoretical drug combination studies.
Some research areas are more focused in predicting if the combined effect may be
synergistic, additive or antagonistic, where, by definition, synergism is more than an
additive effect and antagonism is less than an additive effect, while others are more
interest in predicting drug-drug interactions, which aims the evaluation of the influence
of one drug in another’s drug disposition. For this, several PK modeling programs like
Simcyp® or GastroPlus™ have now specific modules to predict drug-drug interaction,
using previous knowledge on main metabolizing enzymes of each one of the drugs in
study. 25-27
Although a wide variety of in silico tools is already available for drug combination studies,
new approaches can be proposed and drug combination effect coupled with drug
disposition simulation is an example of a gap in the existing resources.

1.5. Cancer

1.5.1. Anticancer drugs

Cancer treatment by chemotherapy is one of the most commonly used methodologies in
cancer therapy, either as primary treatment or as an adjunt to another treatment
modalities, such as surgery, radiotherapy or immunotherapy. This approach involves the
use of low-molecular-weight drugs to destroy or reduce the proliferation of cancer cells.28
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Antineoplastic drugs can be classified according to whether they need the cell to be in
cycle (cycle-specific agents) or not (cycle-nonspecific agents). When they depend on the
cell to be in cycle they can be divided into phase-specific agents, when their activity is
greater at a specific phase of the cycle or nonphase-specific agents. Because cells are
not usually in the same phase of the cycle at the same time, cell cycle phase specific
agents need to be administered in separated doses or as a continuous infusion.
Nevertheless, these classifications are not absolute since more than one mechanism
may be involved.28
Cycle specific agents that are not dependent on the phase include alkylating agents, the
antitumor antibiotics, and some miscellaneous agents and they are effective as long as
the cell is in cycle, independently on the phase. Cycle nonspecific agents, which include
mechlorethamine (nitrogen mustard) and the nitrosoureas, are effective through all
phases of the cell cycle since their mechanism of action is not related to the cycle.28
Many of the cell cycle phase-specific drugs are antimetabolites chemically synthesized
to mimic purines, pyrimidines or folates indispensable for nucleic acid and DNA
synthesis. Two examples of pyrimidine analogs are gemcitabine and 5-fluorouracil (5FU), that will be used in this project.28

1.5.1.1.

Gemcitabine

Gemcitabine is a chemotherapeutic drug, a nucleoside analog, which acts against an
extensive range of solid tumors such as pancreatic, non-small cell lung cancer, breast,
and ovarian cancers.29
This anticancer drug has several mechanisms of action including the inhibition of
thymidylate synthetase, important to the inhibition of DNA synthesis and cell death, and
the activation of the c-JUN N-terminal kinase (JNK) and p38 mitogen-activated protein
kinase (p38 MAPK), that are key kinases in two major stress-activated signaling
pathways.30
Gemcitabine is a prodrug whose activity occurs as a result of intracellular conversion to
two active metabolites, gemcitabine diphosphate and gemcitabine triphosphate by the
enzyme deoxycytidine kinase. Gemcitabine diphosphate also inhibits ribonucleotide
reductase, the enzyme responsible for catalyzing the synthesis of deoxynucleoside
triphosphates

required

for

DNA

synthesis.

Finally,

gemcitabine

triphosphate

14

FCUP ICBAS FFUP | HELSINKI YLIOPISTO
In vitro - in silico approach for the prediction of in vivo performance of drugs

(diflurorodeoxycytidine triphosphate) competes with endogenous deoxynucleoside
triphosphates for incorporation into DNA.29

Figure 7 - Phosphorylation and dephosphorylation of gemcitabine (dFdC) in the cell. ENT: equilibrative nucleoside
transporters, CNT: concentrative nucleoside transporters, dFdCMP: gemcitabine monophosphate, dFdCDP: gemcitabine
diphosphate, dFdCTP: gemcitabine triphosphate, dFdU: 2’,2’-difluorodeoxyuridine, dFdUMP: 2’,2’-difluorodeoxyuridine
monophosphate, CDA: cytidine deaminase, DCTD: deoxycytidylate deaminase, 5’-NT: 5’-nucleotidase, UMP/CMP
kinase: nucleoside monophosphate kinase. Up left corner is gemcitabine molecular structure. Adapted from Ref. 29.

Nevertheless, treatment with gemcitabine has limited efficacy due to its high toxicity and
inactivation in the serum, through deamination of its N-4 amine. Another important
disadvantage associated with gemcitabine therapy is that, after initial tumor regression,
some tumor cells may develop different forms of drug resistance, such as resistance
related to nucleoside transporter deficiency. Indeed, the expression of human
equilibrative nucleoside transporter-1 (hENT-1), which plays a key role in gemcitabine
intracellular uptake, was found decreased in resistant cells lines.31
To improve its metabolic stability and cytotoxic activity and to limit drug resistance many
alternatives have emerged, such as the synthesis of prodrugs.29,

32-34

Chemical

modifications could potentially lead to new therapeutic strategies. Various modifications
have already been done in the 4-(N)- and 5’-positions of gemcitabine (Figure 8), such as
the incorporation of poly(ethylene glycol) (PEG), valproic acid, 1,1’,2-tris-nor-squalenoic
acid (squalene) or valeroyl, heptanoyl, lauroyl and stearoyl linear acyl derivates in the 4-
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(N) site or the addition of fatty acid chains or phosphate function protecting groups to the
5’-position.29

Figure 8 - Principal modification sites in gemcitabine molecule.

Additionally, in a recent work developed in our research group, an hexapeptide was
conjugated to 4-(N)- site through anhydride succinic linker (Figure 9). Another strategy
commonly used in cancer treatment to overcome drug resistance and improve efficiency
is drug combination.35

Gemcitabine

Linker

CPP6

Figure 9 - Schematic structure of cell-penetrating
IC50:hexapeptide
0.17 – 0.20 (CPP6)
mM gemcitabine conjugates. Manuscript for
submission: Correia et al, Bioorg. Med. Chem. Lett.

1.5.1.2.

5-Fluorouracil

5-Fluorouracil (5-FU) is an anticancer drug, uracil analog, whose mechanism of action
has been ascribed to the inhibition of thymidylate synthase (TS) and stoppage of DNA
and RNA synthesis. This drug is not only first choice for the treatment of several
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malignancies, such as colorectal, breast, gastric and head and neck cancer, but it is also
being studied in the treatment of other conditions and types of cancer.36
5-FU-based chemotherapy improves overall and disease-free survival of the patients.
Nonetheless, response rates for 5-FU-based chemotherapy as a first-line treatment is
limited essentially due to the short half-life of this drug and the significant toxicity which
requires dose reduction in 30-40% of the patients.37
Using the same facilitated transport mechanism as uracil, 5-FU enters the cell rapidly
and is intracellularly converted in fluorodeoxyuridine monophosphate (FdUMP),
fluorodeoxyuridine triphosphate (FdUTP) and fluorouridine triphosphate (FUTP). These
are the 5-FU active metabolites that inhibit TS and disrupt DNA and RNA synthesis,
respectively.38-39
The rate-limiting enzyme in 5-FU catabolism is dihydropyrimidine dehydrogenase (DPD),
which converts 5-FU to dihydrofluorouracil (DHFU) (Figure 10). More than 80% of
administered 5-FU is normally catabolized primarily in the liver, where DPD is abundantly
expressed.38 The remaining 20% enters the cell and can either be catabolized by DPD
or anabolized. There are three pathways by which 5-FU may be anabolized and form
cytotoxic nucleotides. The first is through uridine phosphorylase (UP) and uridine kinase
(UK) for conversion to the ribonucleotide 5-fluorouridine-5'-monophosphate (FUMP). The
second involves orotidine-5'-monophosphate phosphoribosyltransferase (OPRT) and its
cofactor phosphoribosyl pyrophosphate (PRPP) to generate FUMP directly. The third,
which is quantitatively less important, uses thymidine phosphorylase and thymidine
kinase for conversion of 5-fluorouracil to FdUMP.38
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Figure 10 - 5-Fluorouracil (5-FU) metabolism. Catabolism pathway: 5-FU is broken down in dihydrofluorouracil (DHFU)
by dihydropyrimidine dehydrogenase (DPD) in the liver or intracellularly. Anabolism pathways: 5-FU can be converted in
three main active metabolites: fluorodeoxyuridine monophosphate (FdUMP), which can inhibit thymidylate synthase (TS),
fluorodeoxyuridine triphosphate (FdUTP), that can be incorporated in the DNA strand and stop chain progression, and
fluorouridine triphosphate (FUTP), which will be involved in RNA damage. The first is originated through thymidine
phosphorylase (TP) catalyzed the conversion of 5-FU to fluorodeoxyuridine (FUDR) which is then phosphorylated by
thymidine kinase (TK). The second results from double phosphorylation of FdUMP. The last one derives from double
phosphorylation of fluorouridine monophosphate (FUMP), which can either be directly converted from 5-FU by orotate
phosphoribosyltransferase (OPRT) with phosphoribosyl pyrophosphate (PRPP) as the cofactor, or indirectly via
fluorouridine (FUR) through the sequential action of uridine phosphorylase (UP) and uridine kinase (UK). The intermediate
fluorouridine diphosphate (FUDP) metabolite can either be phosphorylated and originate FUTP or can be converted in
fluorodeoxyuridine diphosphate (FdUDP) by ribonucleotide reductase (RR). Down left corner is 5-FU molecular structure.
Adapted from Ref. 36.

Over the years, strategies to increase the anticancer activity of 5-FU and to overcome
clinical resistance have been developed. One of them is the combination of 5-FU with
other cytotoxic drugs that will act on targets distinct from 5-FU, like methotrexate, which
will interfere with purine biosynthesis through disruption of tetrahydrofolate synthesis. 40
Other approaches are relative to the reduction of 5-FU degradation or increase of 5-FU
activation, through inhibition of DPD or up-regulation of the anabolic enzymes,
respectively. Despite these improvements, higher response rates and decreased toxicity
still need to be accomplished.36
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1.5.2. Drug repurposing in cancer

Although the existence of a wide variety of anticancer drugs approved and used in clinics,
lack of effectiveness and good outcomes in many cancer patients incites to continuous
hunt for new anticancer drug candidates. New drugs discovery, as stated in section 1.1,
incurs to high investments and time to the pharmaceutical industry. Recently, drug
repurposing has emerged as a strategy to reduce development times and cancer
treatment cost, speeding up the access to new cancer therapies.41-42
Drug repurposing is a drug development strategy to reuse existing licensed and wellcharacterized drugs for new medical indications. In the cancer context, this represents
research in finding the untapped anticancer potential on non-anticancer drugs, which
may result in potential new clinical applications in cancer therapy. Thus, even if new
dosage regimens have to be established, one can rely on previous pharmacokinetic,

toxicological, and safety data from years of widespread clinical use.41-42
Between wide range of non-cancer drugs currently in study to integrate cancer treatment
are itraconazole and verapamil, with at least one peer-reviewed paper supporting its use
against cancer.43-45 Both have shown a survival benefit in at least one randomized trial.
For example, itraconazole has shown survival benefit against metastatic non-squamous
non-small-cell lung cancer while verapamil has been reported to increase the survival of
patients with anthracycline-resistant metastatic breast carcinoma.44-45 However,
itraconazole has been proven to be more relevant than verapamil for cancer treatment,
with more success cases and application in a wider range of cancer types.46-47
Verapamil’s clinical evidence of ACD activity enhancement has been revealed more
limited.48-49
In this work, itraconazole’s and verapamil’s effect in combination with well-known
anticancer agents was evaluated against several cancer cell lines. Based on previous
work in cancer research with tacrine developed in our group, tacrine’s potential for cancer
treatment in combination with well-known anticancer agents was also evaluated.

1.5.2.1.

Itraconazole

Itraconazole is an azole antifungal drug commonly used for the treatment of a broad
range of fungal infections, such as aspergillosis, blastomycosis, candidiasis or
histoplasmosis.50 This drug acts inhibiting lanosterol 14-demethylase (14DM), which
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catalyzes an essential step in the biosynthesis of ergosterol, an important sterol required
for the membrane integrity of fungal cells. Although itraconazole preferably inhibits the
fungal 14DM over its human equivalent enzyme, they do inhibit the human enzyme at
high concentrations, which will interfere with cholesterol biosynthesis, the most familiar
type of animal sterol, vital to cell membrane structure and precursor of fat-soluble
vitamins and steroid hormones.51-52

Figure 11 - Mechanism of action of itraconazole in sterol’s ergosterol and cholesterol biosynthesis.

Besides itraconazole’s capability of lanosterol 14-demethylase inhibition, in a screening
recently performed by Food and Drug Administration (FDA) approved drugs, this drug
showed promising anticancer results. Some of the multiple anticancer mechanisms of
action include the ability to inhibit Hedgehog pathway and angiogenesis,53-56 both
mechanisms related to cancer development (Figure 12), autophagy induction57 and
reversal of multidrug resistance.58
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Figure 12 - Itraconazole’s cell targets in cancer. Itraconazole inhibits cholesterol trafficking through cholesterol trapping
within late endosomal and lysosomal compartments. 59 Therefore, proper cholesterol trafficking essential for mammalian
target of rapamycin (mTOR) activation in endothelial cells is inhibited, leading to mTOR pathway inhibition.59 Furthermore,
mTOR pathway inactivation will also contribute to endothelial cells cycle arrest consequently inhibiting angiogenesis.59
Itraconazole can also bind directly to vascular endothelial growth factor receptor 2 (VEGFR2) preventing binding to its
endogenous ligand vascular endothelial growth factor (VEGF) and reducing endothelial cell proliferation.56 Another
signaling pathway affected by itraconazole is the Hedgehog pathway. Itraconazole can reversibly bind to SMO protein
preventing nuclear translocation of the GLI transcription factors (not shown), which would activate downstream targets
that affect cell growth, survival and differentiation.54, 60 Figure adapted from https://goo.gl/images/6MT9Dg.

1.5.2.2.

Tacrine

Tacrine is an anticholinesterase drug and acts reversibly inhibiting this enzyme (Figure
13). In Alzheimer Disease (AD), where presynaptic cholinergic neurons in the basal
forebrain are destroyed, its main role is to prevent the breakdown of acetylcholine, a
neurotransmitter needed for memory processing and known to be diminished in this
pathology.61-62 Although tacrine was the first drug approved for AD treatment, after other
acetylcholinesterase inhibitors were introduced, it was discontinued because of its liver
toxicity and attendant requirement for monitoring liver function.63 In fact, at therapeutic
doses, tacrine has been reported to induce reversible increases in serum alanine
aminotransaminase (ATL), a biomarker of liver injury, in 30 to 50% of the patients, which
severely limited its clinical use.64-66
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Figure 13 - The life cycle of acetylcholine. After signaling acetylcholine is released from receptors and broken down by
acetylcholinesterase to be recycled in a continuous process. Tacrine reversibly inhibits acetylcholinesterase. Figure
adapted from https://goo.gl/images/Lsv6mr.

Tacrine’s hepatotoxicity is known but the molecular basis of the toxicity is incompletely
understood. An explanation for tacrine-Induced liver dysfunction was proposed by Alain
Berson and his collaborators in 1996, where the weak base tacrine was suggested to
exert a protonophoric effect in mitochondria, which means that it will transport protons
across lipid layer (Figure 14), and thus waste energy without concomitant formation of
adenosine triphosphate in rat and human cells, causing cell death at high doses and cell
dysfunction at lower doses.67 Later, studies performed in mouse liver revealed that
tacrine is a relatively weak catalytic inhibitor of Topo II, a dimer enzyme that transiently
cleaves and then quickly religates the 2 DNA strands.68 mtDNA was identified as an
important target in tacrine toxicity, causing mtDNA depletion and apoptosis in this animal
model.69 Furthermore, in the same study tacrine was found to enhance p53, Bax and
caspase activity, all mechanisms favorable to tumor supresson.69
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Figure 14 - Proposed mechanism for the mitochondrial effects of tacrine. The flow of electrons (e-) through the
respiratory chain extrudes protons from the mitochondrial matrix and creates a large membrane potential across the inner
membrane. Normally, the reentry of protons through ATP synthase then allows ATP synthesis. In the cytosol, the weak
base tacrine exists as the unprotonated form (T) and the protonated species (TH +). The lipophilic, unprotonated tacrine
crosses the outer membrane (step 1) and is protonated in the intermembranous space because of the abundance of
protons in this space (step 2). Protonated tacrine is positively charged and is ‘‘pushed’’ by the membrane potential into
the matrix (step 3). In the relatively more alkaline matrix, protonated tacrine dissociates (step 4) into a proton and
unprotonated tacrine that can cross back through the inner membrane (step 5), ready for another cycle of proton
translocation. The exact site of action of tetraphenylborate (TPB-) is unknown. It may initially speed up the uptake by also
allowing the entry of protonated tacrine (in the form of an ion pair) through the outer membrane (step 1). Figure adapted
from Ref. 65.

1.5.2.3.

Verapamil

Verapamil is a calcium antagonist that acts slowing Ca2+ entry through voltage-activated,
ion-selective channels (calcium channels) in cardiac and vascular smooth muscle
cells.70-71 Therefore, it is commonly used in the management of a variety of cardiac
disorders, such as cardiac arrhythmia and angina pectoris.72-73
Although its extensive first-pass hepatic metabolism, verapamil is commonly
administered orally, at doses ranging from 40 to 480 mg, depending on the dosing
regimen, reaching plasma concentrations up to 900 μg.L-1 without showing adverse
effects.74-76
Apart from its cardiac disorders related applications, verapamil has been known to inhibit
P - glycoprotein (P-gp), an energy-dependent drug efflux pump responsible for multidrug
resistance (MDR) in multiple experimental models and human tumors.77-78
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2. OBJECTIVES
The objective of the present study was to predict the performance of drugs in humans,
through in vitro and in silico approaches. In a nutshell, the drug combinations effect was
evaluated through in vitro methodologies and then the results were reproduced and
analyzed in silico in more detail.
The project started with the study of GastroPlus™ modeling and simulation program, in
the Faculty of Pharmacy of the University of Porto. Then, in the Faculty of Pharmacy of
the University of Helsinki, deep insight into STELLA® simulation software application
was acquired and work plan was methodically delineated.
In the first study (in vitro approach), MTT cell viability assay was performed in healthy
and cancer human prostate cell lines (PNT2 and PC-3, respectively), and non-small cell
lung cancer human cell line. Six different drug combinations were tested, where one of
the drugs is a clinically used ACD (gemcitabine or 5-fluorouracil) and the other is a RD
with promising qualities for cancer treatment:
Drug combinations:
o

Gemcitabine + Itraconazole

o

Gemcitabine + Tacrine

o

Gemcitabine + Verapamil

o

5-FU + Itraconazole

o

5-FU + Tacrine

o

5-FU + Verapamil

At this stage, the main goal was to understand if ACD’s anticancer activity is enhanced
in the presence of one of this RD in those cell lines.
In the second study, (in silico approach) the aim was the development of twocompartment PK models in STELLA® simulation software that mimic the drug
combination effect previously assessed in vitro and couple it to human drug’s PK. Thus,
a general analysis of drug combination’s performance in the human body can be done
over time, doses can be varied and its influence can be evaluated.
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3. EXPERIMENTAL
Gemcitabine and 5-FU are very potent in in vitro cell growth inhibition assays. Many are
the variables that influence IC50 value (in this case, the IC50 value is relative to the
concentration of an anticancer agent that inhibits cell growth by half). Depending on the
tumor type, cell line, time of exposure to the drug, number of cells per well or cell viability
assay chose to perform the experiments, IC50 of the drugs will be different (Table 1).
Therefore, reported IC50 values may help in a way that one can find a range of
concentration to test expecting to find one’s IC50 value for that drug when used in that
specific conditions.

Table 1 - Growth inhibition effect of gemcitabine (Gem) and 5-fluorouracil (5-FU) in lung and prostate cancer cell lines.

Drug

Organ

Cell
line

Treatment /
h

Gem

Lung

A549
A549
A549
PC-3

72
72
72
48

Cells
per
well
4000
4000
-

PC-3
PC-3

72

-

A459
A549
PC-3
PC-3

48
48
120
72

1000
3000
2000
-

Prostate

5-FU

Lung
Prostate

IC50 /
μM

Cell viability
assay

0.01038
MTT
11.54
MTT
0.002
MTT
54.47
Cell Counting
Kit-8
0.5
1.47
Fluorescence
based cell
availability
assay
10.32
MTT
8.21
SRB
1.5
MTT
13.9
Fluorescence
based cell
availability
assay

Ref

79
80
81
82

83
84

85
86
87
84

Besides IC50 data collection, before experimental work start, extensive literature research
about each drug intended to integrate the project was done. In Table 2, general
physicochemical properties are shown. These include molecular weight (MW), drug’s
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solubility in water, logarithmic partition coefficient (logP) and logarithmic acidic
dissociation constant (pKa).

Table 2 - Physicochemical properties of the ACDs 5-FU and gemcitabine and the RD for cancer treatment verapamil,
itraconazole, and tacrine.

5-FU

Gemcitabine

Verapamil

Itraconazole

Tacrine

130.08a

263.20a

454.60a

705.63a

198.26a

11.1088

22.30a

0.4489

< 0.00590

0.217a

logP

-0.8388

-1.40a

5.6690

2.4091

pKa

8.1038

3.60a

3.7090

9.9491

MW (g.mol-1)
Water solubility
-1

(mg.mL )

4.47 - 5.6989
8.6089

a: values obtained from DrugBank, https://www.drugbank.ca/, January of 2018.

Besides their physicochemical properties, PK data was collected. Table 3 depicts drugs
elimination half-life time (t1/2β), plasma clearance (CL), volume of distribution (Vd) and %
protein binding.

Table 3 - Clinical pharmacokinetics of the ACDs 5-FU and gemcitabine and the RD for cancer treatment verapamil,
itraconazole, and tacrine.

5-FU
t1/2β (h)
plasma
clearance
(L.h-1)
Vd area (L)
% Protein
binding

Gemcitabine

Verapamil

Itraconazole

Tacrine

0.3192

2.7 - 4.874

2190

1.4 - 2.593

89.892

52.574

22.8690

145 - 16893

14 - 5438

140.892

162 - 38074

80090

259 - 35093

8 - 12a

< 10a

9074

99.890

55a

0.13 0.3738
48 11438

a – values obtained from DrugBank, https://www.drugbank.ca/, January of 2018.

Moreover, additional research was done regarding their most relevant metabolizing
enzymes. These comprise some of the cytochrome P450 (CYP) isoenzymes, when RDs
are concerned, cytidine deaminase (CDA) and nucleoside kinases that inactivate and
activate, respectively, gemcitabine and dihydropyrimidine dehydrogenase (DPD), that
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catabolizes 5-FU, and uridine kinase (UK) and Urdpase, responsible for 5-FU anabolism.
The enzymes and respective substrate are presented in Table 4.

Table 4 - Metabolizing enzymes of the ACDs 5-FU and gemcitabine and the RD for cancer treatment verapamil,
itraconazole, and tacrine.

Enzymes

CYP's

In.
Act.
C

5-FU

Gemcitabine Verapamil Itraconazole Tacrine

3A5

✓a

3A4

✓a

2C8

✓a

2C9

✓a

1A2

✓a

CDA

✓a

Nucleoside

✓a

kinases
DPD

✓94

UK

✓94

Urdpase

✓94

A

✓a

✓65

CYP’s - cytochrome P540 family enzymes; CYP isoforms: 3A5, 3A4, 2C8, 2C9, 1A2; In - inactivation; Act - activation; C catabolism; A - anabolism; CDA - cytidine deaminase; DPD - dihydropyrimidine dehydrogenase; UK - uridine kinase;
Urdpase - uridine phosphorylase; a - data obtained from DrugBank, https://www.drugbank.ca/, January of 2018.

Lastly, the list of known cellular transporters for each drug was collected and presented
in Table 5.
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Table 5 - Cellular transporters and maximum plasma concentration (Cmax) for single dose oral administration (p.o.) and
multiple dose p.o. and intravenous (i.v.) administration.

5-FU

Gemcitabine

Verapamil

Itraconazole

Tacrine

7a, 8a, 10a,
195,

Transporters

296

2a, 3a and
4,
6,

97-99

100

7,

5,

101

99
102

8

11a, 12a,
13a, 14a,
15a, 16a,

103

7

7a and
21104

17a, 18a,
19a, 20a

Single
Cmax
-1

(μg.L )

p.o.

-

-

90074

127105

2493

Multi

p.o.

-

-

-

1980105

16793

dose

i.v.

-

-

-

4554106

-

dose

1 - Solute carrier family 22 member 7; 2 - ENT1 - Equilibrative nucleoside transporter 1; 3 - ENT2 - Equilibrative nucleoside
transporter 2; 4 - CNT - Concentrative nucleoside transporter; 5 - Sodium/nucleoside cotransporter 1; 6 - Solute carrier
family 28 member 3; 7 - MDR1 - Multidrug resistance protein 1; 8 - MRP7 - multidrug resistance-associated protein 7; 10
- Solute carrier family 22 member 1; 11 - canalicular multispecific organic anion transporter 2; 12 - MRP4 - Multidrug
resistance-associated protein 4; 13 - Solute carrier family 22 member 5; 14 - bile salt export pump; 15 - MRP1 - Multidrug
resistance-associated protein 1; 16 - solute carrier organic anion transporter family member 1A2; 17 - canalicular
multispecific organic anion transporter 1; 18 - solute carrier family 22 member 4; 19 - ATP-binding cassete sub-family G
member 2; 20 - solute carrier organic anion transporter family member 1B1; 21 - MDR2 - multidrug resistance protein 2;
a - data obtained from DrugBank, https://www.drugbank.ca/, January of 2018.

3.1. Drugs

Gemcitabine, 5-FU, itraconazole, tacrine, and verapamil were obtained from SigmaAldrich® and dissolved in sterile dimethyl sulfoxide (DMSO) at 50, 100, 17, 10 and 10
mM, respectively, as a stock solution. The drugs were stored at -20 and diluted with
culture medium prior to use.

3.2. Cell culture

Cell lines
The normal human prostate epithelium cell line PNT-2, human prostate adenocarcinoma
cell line PC-3 and human lung carcinoma cell line A549 were obtained from the American
Type Culture Collection and maintained in RPMI-1640 medium with 2mM L-glutamine
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(Gibco™, Life Technologies) supplemented with 10% heat-inactivated fetal bovine
serum (FBS) (Gibco™, Life Technologies) at 37˚C in a 5% CO2 atmosphere.

All the cell culture procedures were carried out under very clean conditions in
biological safety cabinets, using sterile reagents and materials. Cells were routinely
kept exponentially growing and were sub-cultured by trypsinization twice a week.

Sub-culturing
Sub-culturing consists in the removal of the media and passaging the cells to a new
culture vessel with fresh culture medium, thus enabling the further propagation of the
cell line. In more detail, this process consists in the detachment of the (adherent)
cells from the culture plate upon the action of TrypLE™ Express (Gibco™, Life
Technologies) solution (cleaves peptide bonds on the C-terminal sides of lysine and

arginine). Briefly, after removing the cell culture medium, cells were washed with 1x
PBS (Gibco™, Life Technologies) and 500 μL of TrypLE Express were added to the
cells for around 5 minutes at 37 ºC until the cells were detached from the culture
plate. Cells were then in suspension and with a round morphology.

Evaluation of the cell culture viability with the trypan blue exclusion assay
Cell viability of the cell culture was routinely evaluated using the trypan blue exclusion
assay. After trypsinization, the total number of viable cells was determined by adding
to 50 μL of cell suspension the same amount of trypan blue reagent (Gibco™, Life
Technologies). The viable cells were distinguished from dead cells by microscopic

observation since dead cells incorporate the trypan blue reagent (due to the holes in
the cell membrane characteristic of dead cells) and thus will appear blue. The
number of viable cells was calculated by counting cells in a Neubauer chamber and
was expressed as a number of viable cells / mL of cellular suspension. All
experiments were carried out with exponentially growing cells having over 90% of
cell viability.

29

FCUP ICBAS FFUP | HELSINKI YLIOPISTO
In vitro - in silico approach for the prediction of in vivo performance of drugs

3.3. Cell viability assay

3.3.1. Evaluation of cell growth inhibition with the MTT assay

The MTT cell proliferation assay allows the measurement of cell proliferation rate based
on the capacity of metabolically active cells to reduce the yellow tetrazolium MTT (3-(4,
5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide). Then, the resulting purple
formazan crystals can be solubilized and quantified by spectrophotometric means. Thus,
in order to evaluate the effect of several drugs on cell growth, the MTT assay was
performed.

Optimal cell concentration
Firstly, the optimal cell concentration of each cell line (PC-3, A459, and PNT-2) to be
plated for this assay had to be determined for 72 h incubation; this concentration would
correspond to the concentration of cells that would provide a good detection signal
following 72 h of cell growth in the incubator, while simultaneously allowing cells to be in
exponential growth throughout that incubation period. Therefore, to establish the optimal
cell concentration to be plated for 72 h incubation periods, cells were seeded into a 96well plate at a range of concentrations from 1000 to 100000 cells per well, by plating a
total volume of 100 μL/well and incubated for 24 h to allow cells to adhere to the plate.
The day after (24 h later), 100 μL/well of culture medium (RPMI-1640 medium + 10%
FBS) were added to the cells and cells were further incubated for another 72 h (the same
incubation period as the one to be used in the experiments with the drugs). Following
the 72 h incubation period, the media was removed by aspiration, 100 μL/well of MTT
(Sigma-Aldrich®) solution (0.5 mg/mL in media) was added to each well and cells were
incubated for further 3 h. After the incubation period, the MTT solution was removed by
aspiration, the cells were washed with 100 μL/well of 1x PBS and 100 μL/well of DMSO
were added to dissolve the formazan crystals. The fluorescence was read using a
Varioskan™ LUX multimode microplate reader, at 540 nm. Results were treated in
Microsoft Excel and the optimal cell concentration was determined.
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Dose-Response curve determination for the anticancer drugs alone
The optimal cell concentration determined, as described above, was 4x104 cells/mL (for
all the cells lines) and was then used in the MTT assay. Cells were therefore seeded into
a 96-well plate at a concentration of 3x104 cells/mL by plating 100 μL/well and incubated
for 24 h to allow cells to adhere to the plate. The following day (24 h later), 100 μL/well
of different concentrations of the anticancer drug (gemcitabine or 5-FU) were added to
the cells and these were further incubated for 72 h. The multiple serial dilutions tested of
each anticancer drug were prepared in culture medium (RPMI-1640 medium + 10%
FBS). The ranges of concentrations tested were: for gemcitabine (Gem) from 0.01 to 50
μM; for the 5-FU from 0.05 to 100 μM. DMSO control was also included in the
experiments, even though the maximum concentration used was previously considered
to be a non-toxic concentration to the cells (0.2% DMSO). Following the 72 h cellular
treatment, the media was removed by aspiration, 100 μL/well of MTT solution (0.5 mg/mL
in media) was added to each well and cells were incubated for further 3 h. After the
incubation period, the MTT solution was removed by aspiration, the cells were washed
with 100 μL/well of 1x PBS and 100 μL/well of DMSO were added to dissolve the
formazan crystals. The fluorescence was read in a spectrometer (Varioskan™ LUX
multimode microplate reader), at 540 nm. Results were treated in Microsoft Excel and
GraphPad Prism 6. The dose-response curves for each treatment were then plotted in
appropriate graphs, differences between treatments were compared and the IC50 value,
indicating the concentration resulting in inhibition of 50% of the maximal cell growth, was
determined. The percentage of cell growth inhibition resulting from each drug was
calculated as: [(OD 540 control cells - OD 540 treated cells)/OD 540 control cells] x 100.
This assay was repeated in at least three independent experiments.

Dose-Response curve determination for the anticancer drugs in combination with a RD
The optimal cell concentration determined, as described above, was 4x104 cells/mL (for
all the cell lines) and was then used in the MTT assay. Cells were, therefore, seeded into
a 96-well plate at a concentration of 4x104 cells/mL by plating 100 μL/well and incubated
for 24 h to allow cells to adhere to the plate. The following day (24 h later), 50 μL/well of
different concentrations of the anticancer drug (gemcitabine or 5-FU) were added to the
cells and an extra 50 μL/well of a fixed concentration of RD. Cells were further incubated
for 72 h. The multiple serial dilutions tested of each anticancer drugs were prepared in
RPMI-1640 medium + 10% FBS. The ranges of concentrations tested were: for Gem
from 0.01 to 50 μM; for the 5-FU from 0.05 to 100 μM. The chosen concentration of each
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RD was based on the maximum plasma concentration (Cmax) found in the literature. The
concentrations used in the study were then 1, 8.5 and 0.24 μM for verapamil,
itraconazole, and tacrine, respectively.74, 90, 93, 107 DMSO control was also included in the
experiments, even though the maximum concentration used was previously considered
to be a non-toxic concentration to the cells (0.2 % DMSO). Following the 72 h cellular
treatment, the media was removed by aspiration, 100 μL/well of MTT solution (0.5 mg/mL
in media) was added to each well and cells were incubated for further 3h. After the
incubation period, the MTT solution was removed by aspiration, the cells were washed
with 100 μL/well of 1x PBS and 100 μL/well of DMSO were added to dissolve the
formazan crystals. The fluorescence was read in a spectrometer (Varioskan™ LUX
multimode microplate reader), at 540 nm. Results were treated in Microsoft Excel and
GraphPad Prism 6. The dose-response curves for each treatment were then plotted in
appropriate graphs and differences between treatments were compared. The
percentage of cell growth inhibition resulting from each drug treatment was calculated
as: [(OD 540 nm control cells - OD 540 nm treated cells)/OD 540 nm control cells] x 100.
This assay was repeated in at least three independent experiments.

Further studies with itraconazole in combination with 5-FU or gemcitabine
To study in which way the drug combination response is affected by itraconazole
concentration, further studies were performed. For this purpose, only the human lung
carcinoma cell line A549 was used for simplification purpose.
Two studies were then performed:
1) Range of itraconazole concentrations + ACD (gemcitabine or 5-FU) at a fixed
concentration;
2) Range of ACD (gemcitabine or 5-FU) concentrations + fixed concentration of
itraconazole (three different concentrations were tested).

Cells were seeded into a 96-well plate at a concentration of 4x104 cells/mL by plating
100 μL/well and incubated for 24 h to allow cells to adhere to the plate.
1) The following day (24 h later), 50 μL/well of different concentrations of
itraconazole were added to the cells and an extra 50 μL/well of a fixed
concentration of anticancer drug (gemcitabine or 5-FU). Cells were further
incubated for 72 h. The multiple serial dilutions tested for itraconazole were
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prepared in RPMI-1640 medium + 10% FBS. The concentrations tested ranged
from 0.07 to 4.25 μM since the concentration used in the previous experiments
was 8.5 μM and the serial dilutions had a dilution factor of 2. The concentration
chosen for gemcitabine and 5-FU was one of the concentrations that showed the
lowest effect in the previous experiments: 0.01 and 1 μM respectively
(concentrations also prepared in RPMI-1640 + 10% FBS). The ACD was also
tested alone for control purposes. Furthermore, DMSO control was included in
the experiments, even though the maximum concentration used was previously
considered to be a non-toxic concentration to the cells (0.2 % DMSO);
2) The following day (24 h later), 50 μL/well of different concentrations of ACD
(gemcitabine or 5-FU) were added to the cells and an extra 50 μL/well of a fixed
concentration of itraconazole. Cells were further incubated for 72 h. The multiple
serial dilutions tested for ACD were prepared in RPMI-1640 medium + 10% FBS.
The concentrations tested ranged from 0.005 to 10 μM for gemcitabine, since in
the previous experiments the resulting dose-response curve didn’t have the ideal
shape, and for 5-FU the range was maintained (0.01-100 μM). The
concentrations chosen for itraconazole were 2, 4 and 6 μM (concentrations within
the range of concentrations that showed an effect when administered with a very
low concentration of ACD). itraconazole was also tested alone for control
purposes. Furthermore, DMSO control was included in the experiments, even
though the maximum concentration used was previously considered to be a nontoxic concentration to the cells (0.2 % DMSO).

Following the 72 h cellular treatment, the media was removed by aspiration, 100 μL/well
of MTT solution (0.5 mg/mL in media) was added to each well and cells were incubated
for further 3 h. After the incubation period, the MTT solution was removed by aspiration,
the cells were washed with 100 μL/well of 1x PBS and 100 μL/well of DMSO were added
to dissolve the formazan crystals. The fluorescence was read in a spectrometer
(Varioskan™ LUX multimode microplate reader), at 540 nm. Results were treated in
Microsoft Excel and GraphPad Prism 6. The dose-response curves for each treatment
were then plotted in appropriate graphs and differences between treatments. The
percentage of cell growth inhibition resulting from each drug treatment was calculated
as: [(OD 540 nm control cells - OD 540 nm treated cells)/OD 540 nm control cells] x 100.
This assay was repeated in at least three independent experiments.

33

FCUP ICBAS FFUP | HELSINKI YLIOPISTO
In vitro - in silico approach for the prediction of in vivo performance of drugs

3.4. Model development

From data available in the literature and the results of experimental work,
pharmacokinetic models were built in the simulation software STELLA® 10.0.3 (ISEE
Systems).
The structure of the model is described in detail in following chapters, as well as all the
equations, variables and constants used for this purpose.

3.4.1. WinNonLin: PK analysis

Compartmentally based PK STELLA models require the input of PK parameters of each
drug, such as the volume of distribution in central and tissue compartment (Vd1 and Vd2
respectively), clearance (CL) and transfer rate constants from central compartment to
tissue compartment and from tissue compartment to central compartment (k12 and k21,
respectively). The ideal situation would be where all the parameters would belong to the
same source: human plasma concentration versus time data (Cp-time data), belonging
to the same ethnicity, gender, age. Due to lack of data available in the literature
concerning this issue, the only mandatory condition for the data to be collected was to
be human, and that all the PK data for each drug belonged to the same literature source.
Phoenix WinNonLin (64-bit, version 7.00) is a pharmacokinetic/pharmacodynamic
(PK/PD) modeling program that, through the analysis of the Cp-time data of a certain
drug, can generate its PK parameters. Thus, based in only three literature sources (one
for each drug) all the PK parameters were obtained.
For gemcitabine, the data collected came from non-small-cell lung cancer Chinese
patients108 (Table 6). Gemcitabine was intravenously infused for 120 minutes at a rate of
15.7 mg.min-1. Plasma samples were collected until 210 minutes after infusion start.
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Table 6 - Cp-time data of gemcitabine in Chinese non-small-cell lung cancer patients.

Time (min)

Gemcitabine plasma
concentration (μg.mL-1)

30

2.60

120

4.90

130

2.60

140

0.85

150

0.50

165

0.25

180

0.15

210

0.00

For 5-FU, Cp-time data collected belongs to English cancer patients,109 and is presented
in Table 7. 5-FU was administered over 1 minute, by intravenous bolus injection, at a
dose of 900 mg. Plasma samples were collected for 90 minutes.

Table 7 - Cp-time data of 5-FU in English cancer patients.

Time (min)

5-FU plasma
concentration (μg.mL-1)

5

54.61

8

40.23

12

28.20

20

14.82

30

8.56

45

2.98

60

1.35

90

0.65

For itraconazole, the data is relative to healthy subjects, from The Netherlands.106 100
mg of drug were administered intravenously, over 1 hour, and plasma samples were
collected during 96 hours.
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Table 8 - Cp-time data of itraconazole in healthy subjects from The Netherlands.

Time (min)

Itraconazole plasma
concentration (μg.mL-1)

30

3.12

60

3.90

120

0.34

150

0.29

180

0.23

300

0.21

420

0.14

540

0.12

1440

0.04

1920

0.03

2880

0.02

4320

0.01

5760

0.01

3.4.2. Model Structure

Several models were built, depending on the case study. In each case study, each drug
has a specific route of administration. Therefore, the structure of the model is different
for all the situations, varying the variables, the constants and some equations
corresponding to each particular case.
Drugs in each drug combination are not metabolized through the same CYP’s (Table 4),
don’t have transporters in common (Table 5) and in each drug combination, only one of
the drugs is highly protein bonded (Table 3). Knowing this, one admits that no drug
interaction will occur and each drug disposition will not be affected. Thus, the
compartment model is developed for each drug separately, but they are connected in
the same human model.
The layout of each model is shown in the following chapters.
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3.4.2.1.

Determination of the AUC for each drug combination effect, in humans

AUC is usually calculated when bioavailability is concerned, to compare two different
drug formulations, routes of administration or the effect of food on the bioavailability of a
certain drug, for example.110-112 In this models, “AUC plasma concentration” was
calculated for model validation purposes. “AUC effect” was determined to evaluate the
overall effect of each drug combination tested in the non-small cell lung cancer cell line
A549. In current STELLA® model, AUC is recorded using a separate compartment but
it follows a principle which is mathematically expressed in Equation 2.

Equation 2

𝐴𝑈𝐶 = 𝐴𝑈𝐶(𝑡 − 𝑑𝑡) + "𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑖𝑛 𝑠𝑡𝑢𝑑𝑦" ∗ 𝑑𝑡

Gemcitabine + Itraconazole
The model built for gemcitabine is a two-compartmental model since its Cp-time profile
has a two-compartmental distribution. Using gemcitabine Cp-time data for intravenous
infusion obtained from literature and the PK/PD modeling program Phoenix WinNonLin
(64-bit, version 7.00), the curve that best fitted the experimental values was achieved
and the values for each PK parameter (Vd1, Vd2, CL, k12 and k21) were obtained. Thus,
with the input of the parameters obtained through WinNonLin, the model describes the
disposition of gemcitabine over time, after intravenous infusion. The input dose is also
the same as the one reported in the literature source used (infusion of 15.7 mg.min-1 for
120 min).
As a result of the previous in vitro studies, where a range of concentration of gemcitabine
was tested, gemcitabine concentration-dependent % of cell growth inhibition is known.
Therefore, in the model, gemcitabine tissue concentration was linked to % of cell growth
inhibition in cancer cells. In other words, the % of cell growth inhibition is given depending
on the concentration of anticancer drug in the tissue compartment over time. It is
assumed that tumor tissue behaves the same way as other tissues grouped in tissue
compartment, for simplification purposes.
With the in vitro studies in A549 cell line, dose-response curves were obtained, as
reported above. With the constants obtained from those curves, such as the lowest and
highest effect achieved (“Bottom” and “Top” respectively), the steepness of the curve
(“Steepness factor”) and the drug concentration at which 50% of the maximum effect
was obtained (“EC50”), the effect over time can be determined through Equation 3
(because tissue concentration will vary over time).
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The parameters from all the 4 dose-response curves were used in this model (one at a
time) and for each, the AUC effect was evaluated:


Gemcitabine alone



Gemcitabine + Itraconazole 2 μM



Gemcitabine + Itraconazole 4 μM



Gemcitabine + Itraconazole 6 μM

Equation 3

(𝑇𝑜𝑝) − (𝐵𝑜𝑡𝑡𝑜𝑚)

% 𝐸𝑓𝑓𝑒𝑐𝑡 = (𝐵𝑜𝑡𝑡𝑜𝑚) +
1+(

𝑡𝑖𝑠𝑠𝑢𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 −𝑠𝑡𝑒𝑝𝑛𝑒𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟
)
𝐸𝐶50

All the variables, such as drug plasma concentration, drug tissue concentration, drug
amount eliminated and % effect can be plotted in graph or table and evaluated over time.
For the simulation, 4 Runge–Kutta integration method was used, since it’s the most
accurate integration method available in STELLA®. Simulation length and h were chosen
in a way that h was low enough to give accurate results and without compromising the
speed of the simulation and simulation length long enough to allow the lower effect value
to be reached. Therefore, h=0.02 and 400 min of simulation length were used.
In Figure 15 is shown the model for gemcitabine without itraconazole (I=0 μM). For the
three combinations of gemcitabine with itraconazole, the exact same layout was used
and only the “Bottom”, “Top”, “Steepness factor” and “EC50” variables were changed,
according to each situation.
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Figure 15 - Two-compartment model of gemcitabine intravenous infusion administration. The drug is infused to
plasma compartment at a rate of 15.7 mg.min-1 for 120 minutes. The drug is transferred from plasma compartment to
tissue compartment and vice versa at a rate defined by “k 12”*”Gemcitabine plasma amount” and “k21”*”Tissue amount”,
respectively, where “k12” and “k21” are transfer rate constants. The drug is eliminated from plasma compartment to
elimination compartment at a rate defined by “CL”*”Gemcitabine plasma concentration”, where “CL” is a constant and
“Gemcitabine plasma concentration” is a variable that changes over time. “Gemcitabine plasma concentration” is the result
of “Gemcitabine plasma amount” divided by “Vd1” while “Gemcitabine tissue concentration” results from “Tissue amount”
divided by “Vd2”. “Gemcitabine plasma amount” is the net result of the amount of drug that leaves plasma compartment
(to elimination and tissue compartment) and the amount that enters in this compartment (coming from the infusion and
tissue compartment). “AUC plasma concentration” is generated through Equation 2 where the variable in study is
“Gemcitabine plasma concentration”. Considering Equation 3, “Gemcitabine tissue concentration” and the four parameters
obtained from gemcitabine without itraconazole dose-response curve (“Bottom”, “Top”, “Steepness factor” and “EC50”),
the effect of gemcitabine alone is modeled over time.

5-FU + Itraconazole
The model built for 5-FU is a two-compartmental model since its Cp-time profile has a
two-compartmental distribution. Using 5-FU Cp-time data for intravenous injection
obtained from literature and the PK/PD modeling program Phoenix WinNonLin (64-bit,
version 7.00), the curve that best fitted the experimental values was achieved and the
values for each PK parameter (Vd1, Vd2, CL, k12 and k21) were obtained. Thus, with the
input of the parameters obtained through WinNonLin, the model describes the disposition
of 5-FU over time, after intravenous injection. The input dose is also the same as the one
reported in the literature source used (injection of 900 mg).
As a result of the previous in vitro studies, where a range of concentration of 5-FU was
tested, 5-FU concentration-dependent % of cell growth inhibition is known. Therefore, in
the model, 5-FU tissue concentration was associated to % of cell growth inhibition in
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cancer cells. In other words, the % of cell growth inhibition is given depending on the
concentration of anticancer drug in the tissue compartment over time. It’s assumed that
tumor tissue behaves the same way as other tissues grouped in tissue compartment, for
simplification purposes.
With the in vitro studies with the A549 cell line, dose-response curves were obtained, as
reported above. It’s assumed that tumor tissue behaves the same way as other tissues
grouped in tissue compartment, for simplification purposes. With the constants obtained
from those curves, such as the lowest and highest effect achieved (“Bottom” and “Top”
respectively), the steepness of the curve (“Steepness factor”) and the drug concentration
at which 50% of the maximum effect was obtained (“EC50”), the effect over time can be
determined through Equation 3.
The parameters from all the 4 dose-response curves were used in this model (one at a
time) and for each, the AUC effect was evaluated:


5-FU alone



5-FU + Itraconazole 2 μM



5-FU + Itraconazole 4 μM



5-FU + Itraconazole 6 μM

All the variables, such as drug plasma concentration, drug tissue concentration, drug
amount eliminated and % effect can be plotted in graph or table and evaluated over time.
For the simulation, 4 Runge–Kutta integration method was used, since it’s the most
accurate integration method available in STELLA®. Simulation length and h were chosen
in a way that h was low enough to give accurate results and without compromising the
speed of the simulation and simulation length long enough to allow the lower effect value
to be reached. Therefore, h=0.02 and 200 min of simulation length were used.
In Figure 16 is shown the model for 5-FU without itraconazole (I=0 μM). For the three
combinations of 5-FU with itraconazole, the exact same layout was used and only the
“Bottom”, “Top”, “Steepness factor” and “EC50” variables were changed, according to
each situation.
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Figure 16 - Two-compartment model of 5-FU intravenous injection administration. The drug is injected into plasma
compartment at a dose of 900 mg. The drug is transferred from plasma compartment to tissue compartment and vice
versa at a rate defined by “k12”*”Plasma amount 5-FU” and “k21”*”Tissue amount 5-FU”, respectively, where “k12” and “k21”
are transfer rate constants. The drug is eliminated from plasma compartment to elimination compartment at a rate defined
by “CL”*”Plasma concentration 5-FU”, where “CL” is a constant and “Plasma concentration 5-FU” is a variable that
changes over time. “Plasma concentration 5-FU” is the result of “Plasma amount 5-FU” divided by “Vd1” while “Tissue
concentration 5-FU” results from “Tissue amount 5-FU” divided by “Vd2”. “Plasma amount 5-FU” is the net result of the
amount of drug that leaves plasma compartment (to elimination” or tissue compartment) and the amount that enters in
this compartment (coming from tissue compartment). “AUC plasma concentration” is generated through Equation 2 where
the variable in study is “Plasma concentration 5-FU”. Considering Equation 3, “Tissue concentration 5-FU” and the four
parameters obtained from 5-FU without itraconazole dose-response curve (“Bottom”, “Top”, “Steepness factor” and
“EC50”), the effect of 5-FU alone is modeled over time.

3.4.2.2.

Itraconazole’s dose-dependent effect, when combined with gemcitabine
or 5-FU, in humans

After quantification of each drug combination effect (through the determination of their
AUC effect), where the main variable was ACD tissue concentration, itraconazole’s dosedependent effect was evaluated. At this stage of the work, the exact same four doseresponse curves were considered:


ACD alone



ACD + Itraconazole 2 μM



ACD + Itraconazole 4 μM



ACD + Itraconazole 6 μM
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The difference from the previous study lies in the addition of a second two-compartment
model (this time for itraconazole) and the itraconazole dose-dependent effect evaluation.
For this purpose, three different itraconazole doses were tested (100, 300 and 500 mg).
ACD dose remained the same as the previous study (1884 mg of gemcitabine and 900
mg of 5-FU).
For % of cell growth inhibition prediction, in A549 cell line, when ACD is administered in
combination with itraconazole, in humans, two-compartment PK models were built for
each drug in study, in accordance with the literature information about the model that
best fits their Cp-time data. The scheme used for ACD was the same as the one used in
the previous study. For itraconazole, despite the most common administration route
being oral, the intravenous infusion was selected to avoid the low bioavailability
characteristic of this drug. Thus, with the literature human Cp-time data for intravenous
infusion of itraconazole and WinNonLin program, all PK parameters need for twocompartment model construction were collected and the model was built.
Only the “Bottom” value of the ACD dose-response curve was found to be significantly
affected by itraconazole concentration. Therefore, equations that relate the change of
“Bottom” value with the concentration of itraconazole were included in “Bottom”
Converter. In other words, % of cell growth inhibition is given taking into account not only
ACD concentration (Equation 3) but also the influence of itraconazole concentration on
“Bottom” value.
Equation 4 describes the change of “Bottom” value in gemcitabine + itraconazole doseresponse curves and Equation 5 describes it for 5-FU + itraconazole combinations. x is
itraconazole tissue concentration, in μg.mL-1.

Equation 4

𝐵𝑜𝑡𝑡𝑜𝑚 = 2.44𝑥 2 − 1.95𝑥 − 1.06

Equation 5

𝐵𝑜𝑡𝑡𝑜𝑚 = 2.15𝑥 2 − 1.15𝑥 − 0.47

Regarding the other variables that describe dose-response curve (“Top”, “Steepness
factor” and “EC50”) average of the three values was used (the values relative to ACD +
itraconazole 2, 4 and 6 μM dose-response curves).
The model for gemcitabine + itraconazole combination is shown in Figure 17. 5-FU +
itraconazole combination model is shown in Figure 18. Once again, the exact same

42

FCUP ICBAS FFUP | HELSINKI YLIOPISTO
In vitro - in silico approach for the prediction of in vivo performance of drugs

layout was used to test three different doses of itraconazole and 5-FU dose remained
the same.
All the variables, such as drug plasma concentration, drug tissue concentration, drug
amount eliminated and % effect can be plotted in graph or table and evaluated over time.
For the simulation, 4 Runge–Kutta integration method was used, since it’s the most
accurate integration method available in STELLA®. Simulation length and h were chosen
in a way that h was low enough to give accurate results and without compromising the
speed of the simulation and simulation length long enough to allow the lower effect value
to be reached. Therefore, for gemcitabine + itraconazole combination, h=0.02 and 400
min of simulation length were used and for 5-FU + itraconazole, h=0.02 and 200 min of
simulation length were used.
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Itraconazole dose-dependent Effect was modelled.

Considering Equation 3, “Gemcitabine tissue concentration”, the average of gemcitabine + itraconazole dose-response curve parameters “Top”, “Steepness factor” and “EC50”, and Equation 4,

compartment (coming from infusion and tissue compartment). “AUC plasma concentration” is generated through Equation 2 where variable in study is “Itraconazole plasma concentration”.

“Vd2”. “Itraconazole plasma amount” is the net result of the amount of drug that leaves plasma compartment (to elimination and tissue compartment) and the amount that enters in this

“Itraconazole plasma concentration” is the result of “Itraconazole plasma amount” divided by “V d1” while “Itraconazole tissue concentration” results from “Itraconazole tissue amount” divided by

elimination compartment at a rate defined by “CL”*” Itraconazole plasma concentration”, where “CL” is a constant and “Itraconazole plasma concentration” is a variable that changes over time.

“k12”*”Itraconazole plasma amount” and “k21”*” Itraconazole tissue amount”, respectively, where “k 12” and “k21” are transfer rate constants. Drug is eliminated from plasma compartment to

at a rate of 8.3, 5 or 1.7 mg.min-1 during 1h (500, 300 or 100 mg doses, respectively). It is transferred from plasma compartment to tissue compartment and vice versa at a rate defined by

with % of cell growth inhibition in A549 cancer cell line. Gemcitabine’s model has been described in Figure 15. In itraconazole compartment model drug is infused to plasma compartment

Figure 17 – Two-compartmental PK model for gemcitabine with iv infusion, two-compartment PK model for itraconazole with iv infusion and the relation of their tissue concentration
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dose-dependent Effect was modelled.

Considering Equation 3, “Tissue concentration 5-FU”, the average of 5-FU + itraconazole dose-response curve parameters “Top”, “Steepness factor” and “EC50”, and Equation 5, Itraconazole

compartment). “AUC plasma concentration” is generated through Equation 2 where variable in study is “Itraconazole plasma concentration”.

net result of the amount of drug that leaves plasma compartment (to elimination and tissue compartment) and the amount that enters in this compartment (coming from infusion and tissue

result of “Itraconazole plasma amount” divided by “Vd1” while “Itraconazole tissue concentration” results from “Itraconazole tissue amount” divided by “V d2”. “Itraconazole plasma amount” is the

“CL”*” Itraconazole plasma concentration”, where “CL” is a constant and “Itraconazole plasma concentration” is a variable that changes over time. “Itraconazole plasma concentration” is the

“k21”*” Itraconazole tissue amount”, respectively, where “k 12” and “k21” are transfer rate constants. Drug is eliminated from plasma compartment to elimination compartment at a rate defined by

1h (500, 300 or 100 mg doses, respectively). It is transferred from plasma compartment to tissue compartment and vice versa at a rate defined by “k 12”*”Itraconazole plasma amount” and

concentration with % of cell growth inhibition in A549 cancer cell line. In itraconazole compartment model drug is infused to plasma compartment at a rate of 8.3, 5 or 1.7 mg.min-1 during

Figure 18 - Two-compartmental PK model for 5-FU with iv injection (described in Figure 16), two-compartment model for itraconazole with iv infusion and the relation of their tissue
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3.5. Model validation

In order to understand if two-compartment models were well constructed or if there were
no errors in parameter inputs, two assessments were done. First, STELLA generated
Cp-time curves were plotted against literature Cp-time data and general shape of the
curve and fitting was evaluated. The other parameter used to evaluate the accuracy of
the models was AUC plasma concentration. Thus, using the exact same dosages and
routes of administration as the ones used in the literature experiments, Cp-time curve
and AUC plasma concentration were determined and compared with literature data.
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3.6. Schematic representation of the project

Figure 19 - Schematic representation of the project. First, MTT assay was performed in normal human prostate
epithelial cell line PNT-2, human prostate adenocarcinoma cell line PC-3 and human lung carcinoma cell line A549. The
range of concentrations of the anticancer drug (ACD) was used in combination with a fixed concentration of repurposed
drug (RD). Second, MTT assay was performed in A549 cell line. One of the assays consisted in testing a range of
concentrations of itraconazole in combination with a fixed concentration of ACD, and the other comprised testing a range
of concentrations of anticancer drug (ACD) in combination with a fixed concentration of itraconazole (three different
concentrations were tested). Results of last in vitro assay were treated in GraphPad and “Bottom”, “Top”, “EC 50” and
“Steepness factor” parameters were obtained. In the meantime, Cp-time data of gemcitabine, 5-FU, and itraconazole were
obtained from literature and PK analysis was performed through WinNonLin program. PK parameters obtained for each
drug and the four parameters obtained from GraphPad were then used in STELLA model construction.
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4. RESULTS AND DISCUSSION
4.1. In vitro experiments

In order to evaluate the effect of several drug combinations in cell proliferation, MTT
assay was performed following 72 h treatment in human lung carcinoma A549 cell line,
human prostate adenocarcinoma PC-3 cell line and normal human prostate epithelium
PNT2 cell lines. For this study, the drug combinations used were the following:

Table 9 - Drug combinations used in cell proliferation studies.

ACD

RD
Itraconazole

Gem +

Verapamil
Tacrine
Itraconazole

5-FU +

Verapamil
Tacrine

Range of ACD concentrations + fixed concentration of RD
Firstly, several ACD concentrations (gemcitabine or 5-FU) were tested with or without
RD (itraconazole, verapamil or tacrine) at a fixed concentration.
Figure 20 shows the dose-response curve of gemcitabine combinations and gemcitabine
alone in each one of the cell lines. As shown in this results, all the cell lines are sensitive
to gemcitabine but to different degrees. Gemcitabine alone dose-response curve is
approximately the same as gemcitabine in combination with verapamil or tacrine, in A549
and PNT2 cell lines (Figure 20 A and C, respectively), with an IC50 rounding 0.01 and
0.04 μM respectively. The major difference between those combinations and
gemcitabine alone is in PC-3 cell line where IC50 ranged from 0.06 to 0.59 μM, but the
difference was not considered to further studies. On the other hand, itraconazole
combination improved substantially the overall effect, comparing to ACD alone. In
healthy and cancer prostate cell lines (PNT2 and PC-3, respectively), itraconazole effect
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is noticeable when gemcitabine concentration is low (<0.5 μM in PNT2 and <0.1 μM in
PC-3 cell lines). At higher concentrations, Gem + I curve matches the control line
suggesting that the overall effect is due to gemcitabine. In A549 cell line itraconazole
considerably enhanced % of cell growth inhibition in all gemcitabine concentrations
tested.
Although the concentration chosen for RD is a concentration reported as safe for clinical
use,74, 93, 105 PNT2 healthy cell line was used as a control. As shown in Figure 20 C, at
gemcitabine’s lowest concentration, % of cell growth inhibition is about 30% with or
without RD (expect for itraconazole). Considering this, verapamil and tacrine are
expected not to be at a cytotoxic concentration. However, RD should have been used
alone for control purposes. Lacking this control, conclusions about itraconazole toxicity
cannot be taken.
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Figure 20 - Dose-response curve of gemcitabine in combination with RD. Percentage of cell growth inhibition of
human lung carcinoma A549 cell line (A – left top), human prostate adenocarcinoma PC-3 cell line (B – right top) and
normal human prostate epithelium PNT2 cell line (C – left bottom), treated with wide range of concentrations of
gemcitabine (Gem) alone (black line) or Gem in combination with a fixed concentration of RD (verapamil (V) (green line),
itraconazole (I) (blue line) or tacrine (T) (orange line)), during 72h, determined with MTT assay. Results are the mean of
at least three independent experiments. The DMSO control did not present toxicity to the cells (data not shown).
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Figure 21 shows the results for 5-FU combinations and 5-FU alone. As shown in this
results, 5-FU alone dose-response curve is approximately the same as 5-FU in
combination with verapamil or tacrine, in all the tested cell lines. Slight differences
between 5-FU alone IC50 and drug combinations IC50 were detected within each cell line
(IC50 values ranging from 2.15 to 5.8 μM in A549 cell line, rounding 13 μM in PC-3 and
rounding 12 μM in PNT2 cell line).
As verified in gemcitabine experiments, itraconazole in combination with 5-FU also
improved substantially the overall effect, comparing to ACD alone. In fact, according to
this results, the overall effect of 5-FU + I combination is almost independent on 5-FU
concentration, suggesting that the observed response is mostly due to itraconazole
effect. However, this conclusion cannot be validated due to the lack in RD alone control.
Concerning the use of PNT2 healthy cell line as control, in this study case, verapamil
and tacrine concentration doesn’t seem to be cytotoxic. As shown in Figure 21 C, at 5FU lowest concentration % of cell growth inhibition was about 2% with or without RD
(except for itraconazole). Considering this, verapamil and tacrine are expected not to be
at a cytotoxic concentration. However, as explained before, RD should have been used
alone for control purposes. Lacking this control, conclusions about itraconazole toxicity
cannot be taken.
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Figure 21 - Dose-response curve of 5-FU in combination with RD. Percentage of cell growth inhibition of human lung
carcinoma A549 cell line (A – left top), human prostate adenocarcinoma PC-3 cell line (B – right top) and normal human
prostate epithelium PNT2 cell line (C – left bottom), treated with wide range of concentrations of 5-fluorouracil (5-FU)
alone (black line) or 5-FU in combination with a fixed concentration of RD (verapamil (V) (green line), itraconazole (I) (blue
line) or tacrine (T) (orange line)), during 72h, determined with MTT assay. Results are the mean of at least three
independent experiments. The DMSO control did not present toxicity to the cells (data not shown).

The three selected repurposed drugs were expected to show noticeable improvement in
% of cell growth inhibition when combined with gemcitabine or 5-FU. However, tacrine
and verapamil didn’t reveal promising activity.
The former, tacrine, has been reported to enhance tumor suppressor’s activity, such as
caspase, Bax, and p53 in mouse hepatocytes,69 as stated earlier. However, when used
in combination with gemcitabine or 5-FU, at a concentration of 1 μM, in A549, PC-3, and
PNT2 cell lines it didn’t reveal significant improvement in % cell inhibition, comparing to
the control (ACD alone).
The latter, verapamil, is known to promote intracellular chemotherapeutic drugs
accumulation. It has been study in multiple types of cancer cell lines, such as lymphoma,
myeloma,

non-small

cell

lung

cancer,

colorectal

carcinoma,

leukemia,

and

neuroblastoma cell lines, in combination with multiple ACD such as vincristine,
vinblastine, doxorubicin, daunorubicin and paclitaxel and have proven efficacy in
reversing multidrug resistance through inhibition of P-gp, one of the main responsible
proteins for drug extrusion in cancer.113-118 In a recent study has also been tested
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Verapamil in combination with gemcitabine, in chemotherapy-resistant pancreatic cancer
side population (SP) cells, showing not only enhancement of cytotoxicity when used in
combination with this chemotherapeutic agent, but also apoptosis induction of stem-like
SP cells in L3.6pl and AsPC-1 pancreatic carcinoma models and significant inhibition of
pancreatic cancer tumor growth in vivo potentially by targeting stem-like side population
cells.119
Although the first-generation inhibitor of P-gp and possible capability of inducing
apoptosis and inhibiting tumor growth, verapamil didn’t show significant improvement in
drug combinations tested against PNT2, PC-3, and A549 cell lines.
As shown in the results above, itraconazole was the only RD significantly increasing the
% of cell growth inhibition when combined with an ACD (gemcitabine or 5-FU).
Itraconazole has been extensively studied in cancer research and several anticancer
mechanisms of action have been identified, which include the ability to inhibit Hedgehog
pathway and angiogenesis, both mechanisms related to cancer development (Figure
12), autophagy induction and reversal of multidrug resistance.53-58 Therefore,
enhancement of cell growth inhibition may be explained by the targeting of an additional
pathway in cell division.
To understand how the itraconazole concentration did affect the % of cell growth
inhibition, lower itraconazole concentrations were tested, since the concentration tested
in the previous experiments was the maximum plasma concentration recommended.

Range of itraconazole concentrations + fixed concentration of ACD
A range of concentrations of itraconazole was either tested alone (control) or in
combination with a fixed concentration of ACD. ACD was also tested alone as a control.
Figure 22 shows itraconazole dose-response curve (black line), where improvement of
cell growth is achieved at concentrations lower than 2 μM. Concentrations higher than
this value drove to cell growth inhibition in a dose-dependent manner. In I + 5-FU
combination dose-response curve (green line), 5-FU alone effect (first value of the curve)
is almost insignificant. Itraconazole effect for concentration up to 2 μM is also null in drug
combination effect improvement. Only itraconazole concentrations higher than 2 μM,
enhance % of cell growth inhibition in I + 5-FU drug combination. However, the doseresponse curve overlaps itraconazole alone dose-response curve. Hereupon, this data
is not enough to understand if itraconazole is improving 5-FU effect or if the result is only
due to itraconazole itself. In I + Gem combination dose-response curve (blue line),
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gemcitabine alone effect (first value of the curve) is about 50% and this value doesn’t
change when itraconazole concentrations are lower than 2 μM. At higher concentrations,
the drug combination effect is higher than itraconazole or gemcitabine effect alone.
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Figure 22 - Dose-response curve of itraconazole in combination with ACD. Percentage of cell growth inhibition of
human lung carcinoma A549 cell line treated with a range of concentrations of itraconazole alone (black line) or
itraconazole in combination with a fixed concentration of ACD (Gem (blue line) or 5-FU (green line)), during 72h,
determined with MTT assay. Results are mean of at least three independent experiments. The DMSO control did not
present toxicity to the cells (data not shown).

As shown in Figure 22, only itraconazole concentrations above 2 μM enhanced the % of
cell growth inhibition, when in combination with an ACD (Figure 22). Thus, in order to
evaluate the itraconazole concentration effect in ACD dose-response curve, further
experiments were done.

Range of ACD concentrations + fixed concentration of itraconazole
ACD range of concentrations was tested with or without a fixed concentration of
itraconazole. Three different concentrations of itraconazole were tested: 2, 4 and 6 μM.
Itraconazole was also tested alone as a control.
Figure 23 shows gemcitabine + itraconazole (A) and 5-FU + itraconazole (B) doseresponse curves. According to the results, itraconazole concentration doesn’t
significantly affect the highest % of cell growth inhibition (“Top” value), but it strongly
affects the lowest value of the curve (“Bottom” value). In other words, the highest effect
(“Top” value) achieved with gemcitabine or 5-FU alone is approximately the same as
drug combinations, values rounding 73% (Table 10) and 59% (Table 11), respectively.
Thus, it was concluded that itraconazole different concentrations don’t affect the “Top”
value of the drug combinations dose-response curve. On the other hand, the lowest %

53

FCUP ICBAS FFUP | HELSINKI YLIOPISTO
In vitro - in silico approach for the prediction of in vivo performance of drugs

of cell growth inhibition (“Bottom” value) strongly depends on itraconazole concentration,
varying in a dose-dependent manner. Again and as stated above, when itraconazole
concentration is low (2 μM), % of cell growth is enhanced, comparing to the control (ACD
alone) for unknown reasons. Increasing itraconazole concentration to 4 and 6 μM
increases “Bottom” value from 0 (control) to about 13% and 33%, respectively, in both
combination groups (Figure 23 A and B).
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Figure 23 - Dose-response curves of ACD in combination with itraconazole. A: Percentage of cell growth inhibition
of human lung carcinoma A549 cell line treated with wide range of concentrations of gemcitabine (Gem) alone (control)
or Gem in combination with a fixed concentration of itraconazole (I), during 72h, determined with MTT assay; B:
Percentage of cell growth inhibition of human lung carcinoma A549 cell line, treated with wide range of concentrations of
5-FU alone (control) or 5-FU in combination with a fixed concentration of I, during 72h, determined with MTT assay.
Results are the mean of at least three independent experiments. The DMSO control did not present toxicity to the cells
(data not shown).

In Table 10 are presented the four parameters that describe, through Equation 3, every
dose-response curve for gemcitabine and itraconazole combinations (Figure 23 A),
obtained from GraphPad Prism 6. “Bottom” values were used in Equation 4 construction.
However, in order to obtain scientifically meaningful equation, Gem + I=2 “Bottom” value
was excluded.
Average value of “Top”, “Steepness factor” and “EC50” parameters were used in STELLA
model converters (Figure 17). However, since GraphPad fits a model to experimental
data, obtained parameters may have big errors associated. Therefore, Gem + I=0
“Steepness factor” was not included in average “Steepness factor” measurement.
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Table 10 - Dose-response curve parameters for gemcitabine and itraconazole combinations, obtained from GraphPad.
(N.A.: non applicable.)

Gem + …

Steepness

EC50 (μg.mL-1)

Bottom (%)

Top (%)

I=6 μM

34.33 ± 2.43

80.39 ± 1.71

4.30 ± 1.30 0.0016 ± 3.2x10-7

I=4 μM

12.83 ± 2.79

73.07 ± 1.97

4.37 ± 0.99 0.0018 ± 3.1x10-7

I=2 μM

-5.51 ± 1.83

67.47 ± 1.29

5.35 ± 1.12 0.0022 ± 1.6x10-7

I=0 μM

-1.06 ± 2.35

70.12 ± 1.67 23.14 ± 4.20x105

Average

N.A.

72.76

Factor

0.0026 ± 2.2x105

4.67

0.0021

In Table 11 are presented the four parameters that describe, through Equation 3, every
dose-response curve for 5-FU and itraconazole combinations (Figure 23 B), obtained
from GraphPad Prism 6. “Bottom” values were used in Equation 5 construction.
However, similarly to what was done in the previous situation, in order to obtain
scientifically meaningful equation, 5-FU + I=2 “Bottom” value was excluded. Average
value of “Top”, “Steepness factor” and “EC50” parameters were used in STELLA model
converters (Figure 18).

Table 11 – Dose-response curve parameters for 5-FU and itraconazole combinations, obtained from GraphPad. (N.A.:
non applicable.)

5-FU + …

Bottom (%)

Steepness factor EC50 (μg.mL-1)

Top (%)

I=6 μM

33.22 ± 1.58

63.24 ± 1.62

2.77 ± 1.23 0.3615 ± 0.0122

I=4 μM

13.42 ± 3.09

56.05 ± 2.87

2.90 ± 2.40 0.2018 ± 0.0071

I=2 μM

-6.99 ± 2.14

57.52 ± 2.11

1.70 ± 0.26 0.2663 ± 0.0016

I=0 μM

-0.47 ± 1.32

57.80 ± 1.32

2.19 ± 0.27 0.2812 ± 0.0009

Average

N.A.

58.65

2.39

0.2777

4.2. WinNonLin: PK analysis

The concentration-time curves of gemcitabine in plasma were evaluated by
compartmental analysis (Phoenix WinNonLin (64-bit, version 7.00)). The best fitting was
achieved with a two-compartmental model (Figure 24) and PK parameters were obtained
through PK analysis (Table 12). The precision of the measurements are expressed in %
of the coefficient of variation (%CV) and are also presented in Table 12.
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In spite of WinNonLin prediction (blue line) don’t fit all experimental values (red circles),
k10, AUC, Cmax and CL values obtained are in accordance with the literature (Table 12).
However, transfer rate constants k12 and k21 and tissue compartment volume of
distribution (Vd2) measurements are not very precise, but, since no more accurate data
was available, the values were included in STELLA model.

Figure 24 - Gemcitabine Cp-time curve prediction through two-compartmental model fitting of its observed Cptime data. Red circles correspond to the experimental data, obtained from the literature, and the continuous blue line
corresponds to the in silico Cp-time curve prediction. Plasma concentration is given in μg.mL-1 and time in minutes.

Table 12 - Gemcitabine PK parameters obtained from WinNonLin.

Gemcitabine parameters

Estimate

Literature values108

CV (%)

k10 (min-1)

5.54x10-2

144.9

7.00x10-2

k12 (min-1)

6.64x10-4

45998.6

-

k21 (min-1)

1.02x10-1

29203.6

-

499.58

10.3

453.00

Cmax (μg.mL-1)

4.16

10.5

4.92

CL (mL.min-1)

3771.20

10.3

3940.05

Vss (mL)

68464.40

37.4

-

Vd1 (mL)

68019.62

148.8

-

Vd2 (mL)

444.79

19137.5

-

AUC (μg.mL-1.min)

k10: elimination rate constant; k12: transfer rate constant from central compartment to tissue compartment; k21: transfer rate
constant from tissue compartment to central compartment; AUC: area under the plasma concentration-time curve; Cmax:
maximum plasma concentration; CL: clearance; Vss: steady state volume of distribution; Vd1: volume of distribution of
central compartment; Vd2: volume of distribution of tissue compartment.
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The concentration-time curves of 5-FU in plasma were evaluated by compartmental
analysis (Phoenix WinNonLin (64-bit, version 7.00)). The best fitting was achieved with
a two-compartmental model (Figure 25) and PK parameters were obtained through PK
analysis (Table 13). The precision of the measurements are expressed in % of the
coefficient of variation (%CV) and are also presented in the table.
As shown in Figure 25, WinNonLin prediction (blue line) fits almost perfectly all
experimental values (red circles). All PK parameters obtained are also in accordance
with literature values (Table 13).

Figure 25 - 5-FU Cp-time curve prediction through two-compartmental model fitting of its observed Cp-time data.
Red circles correspond to the experimental data, obtained from the literature, and the continuous blue line corresponds
to the in silico Cp-time curve prediction. Plasma concentration is given in μg.mL-1 and time in minutes.
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Table 13 - 5-FU PK parameters obtained from WinNinLin.

5-FU parameters
k10 (min-1)

Estimate

Literature values109

CV (%)

9.17x10-2

4.9

k12 (min )

-2

3.21x10

29.5

k21 (min-1)

1.07x10-1

28.1

-

1058.81

1.6

926.80

Cmax (μg.mL-1)

97.14

5.1

-

CL (mL.min-1)

850.01

1.6

1069.20

Vss (mL)

12056.99

4.9

15912.00

Vd1 (mL)

9265.14

5.1

-

Vd2 (mL)

2791.84

14.2

-

-1

AUC (μg.mL-1.min)

-

k10: elimination rate constant; k12: transfer rate constant from central compartment to tissue compartment; k21: transfer rate
constant from tissue compartment to central compartment; AUC: area under the plasma concentration-time curve; Cmax:
maximum plasma concentration; CL: clearance; Vss: steady state volume of distribution; Vd1: volume of distribution of
central compartment; Vd2: volume of distribution of tissue compartment.

The concentration-time curves of itraconazole in plasma were evaluated by
compartmental analysis (Phoenix WinNonLin (64-bit, version 7.00)). The best fitting was
achieved with a two-compartmental model (Figure 25) and PK parameters were obtained
through PK analysis (Table 14). The precision of the measurements are expressed in %
of the coefficient of variation (%CV) and are also presented in the table.
Although the steady-state volume of distribution (Vss) is quite lower than the volume of
distribution reported in literature source, WinNonLin prediction (blue line) fits almost
perfectly all experimental values (red circles) and % CV is quite low in all parameters
determined. Therefore, WinNonLin prediction was assumed to be reliable. In fact, the
volume of distribution parameter determined in the literature is Vdarea,106 which means
that it was determined during the elimination phase and not at steady-state, as in
WinNonLin prediction.120 Therefore, parameters cannot be compared.
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Figure 26 - Itraconazole Cp-time curve prediction through two-compartmental model fitting of its observed Cp-time
data. Red circles correspond to the experimental data, obtained from the literature, and the continuous blue line
corresponds to the in silico Cp-time curve prediction. Plasma concentration is given in μg.mL-1 and time in minutes.

Table 14 - Itraconazole PK parameters obtained from WinNonLin.

Itraconazole parameters

Estimate

Literature values106

CV (%)

k10 (min-1)

2.80x10-2

8.8

2.66x10-2

k12 (min-1)

2.38x10-2

9.4

-

k21 (min-1)

2.34x10-3

15.3

-

437.73

7.9

449.88

Cmax (μg.mL-1)

3.88

0.6

-

CL (mL.min-1)

228.45

7.9

246.67

Vss (mL)

90922.24

20.9

558000

Vd1 (mL)

8145.37

2.6

-

Vd2 (mL)

82776.88

22.9

-

AUC (μg.mL-1.min)

k10: elimination rate constant; k12: transfer rate constant from central compartment to tissue compartment; k21: transfer rate
constant from tissue compartment to central compartment; AUC: area under the plasma concentration-time curve; Cmax:
maximum plasma concentration; CL: clearance; Vss: steady state volume of distribution; Vd1: volume of distribution of
central compartment; Vd2: volume of distribution of tissue compartment.

59

FCUP ICBAS FFUP | HELSINKI YLIOPISTO
In vitro - in silico approach for the prediction of in vivo performance of drugs

4.3. STELLA® models

4.3.1. Input data for the model

For the models described in the experimental section, two types of parameters were
used: 1) the parameters related with the drug in study obtained through WinNonLin
(Table 12, Table 13 and Table 14), which were used as constants without further
modification, and 2) the parameters obtained from the in vitro studies (Table 10 and
Table 11).

4.3.2. Model validation

In order to evaluate the model accuracy, Cp-time curve was determined, through STELLA
model, and compared with the experimental values.
Figure 27 shows that gemcitabine STELLA model (Figure 15) is quite accurate in
predicting gemcitabine’s plasma concentration over time. Since the input values came
from WinNonLin, and WinNonLin Cp-time curve prediction don’t fit all experimental
values, then Cp-time curve predicted through STELLA won’t fit them all as well.

Plasma concentration (μg.mL-1)

Gemcitabine plasma concentration
6
5
4
3

STELLA prediction

2

Experimental values

1
0
0

50

100

150

200

250

Time (min)

Figure 27 - Graphical representation of experimental Cp-time data of gemcitabine and Cp-time curve generated in
silico for this drug over 210 minutes.
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For the 5-FU STELLA model, Figure 28 demonstrates Cp-time curve predicted with
STELLA (blue line) fitting all the experimental values (orange circles). Thus, one can
assume that the model is accurately predicting 5-FU’s plasma concentration over time.

Plasma concentration (μg.mL-1)

5-FU plasma concentration
120
100
80
60

STELLA prediction

40

Experimental values

20
0
0

20

40

60

80

100

Time / min

Figure 28 - Graphical comparison between experimental Cp-time data of 5-FU and Cp-time curve generated in silico
for this drug over 90 minutes.

Similarly to the previous case, itraconazole Cp-time curve predicted with STELLA (blue
line) is also fitting all the experimental values (orange circles) (Figure 29). Once more,
one can assume that the model is accurately predicting itraconazole plasma
concentration over time.
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Itraconazole plasma concentration
4,5

Plasma concentration (μg.mL-1)

4
3,5
3
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STELLA prediction

2

Experimental values

1,5
1
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0
0

1000

2000

3000

4000

5000

6000

7000
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Figure 29 - Graphical comparison between experimental Cp-time data of itraconazole and Cp-time curve generated
in silico for this drug over 5000 minutes.

Besides Cp-time curve graphical analysis, in order to validate STELLA models, AUC
value was determined and compared with literature source.
In Figure 30, three AUC values are depicted for each drug: AUC calculated from
experimental data (literature value), WinNonLin PK analysis, and STELLA model
simulation prediction. As expected, for each drug, STELLA prediction is in perfect
accordance with WinNonLin PK analysis, showing the exact same AUC value. Literature
value is slightly different from STELLA and WinNonLin values probably because
integration method used for AUC calculation was different (all literature sources used
trapezoidal rule, while STELLA and WinNonLin predictions resorted to 4th order RungeKutta method).
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Figure 30 - Graphical representation of AUC plasma concentration of gemcitabine, 5-FU, and itraconazole when
determined experimentally, through WinNonLin or STELLA models.

4.3.3. AUC effect: Drug combination effect comparison

To compare drug combination effect in A549 cancer cell line, AUC of effect was
determined in STELLA®. The effect is calculated through Equation 3, where the only
variable is ACD tissue concentration. All the other parameters are constants and
characterize the dose-response curve obtained from in vitro studies. In other words,
depending on ACD tissue concentration, and the parameters introduced in model
converters (Table 10 and Table 11), “Effect” gets a certain value over time. AUC effect
quantifies the overall effect during simulation.
According to the results (Figure 31), and in accordance with the in vitro experimental
results (Figure 23), the higher the itraconazole concentration, the higher is the AUC effect
value. In gemcitabine combinations, when itraconazole tissue concentration is 4 μM and
6 μM, AUCEffect is about 9% and 22% higher than control (gemcitabine without
itraconazole), respectively. In 5-FU combinations, these values reach 12% and 34%
improvement relative to control (5-FU without itraconazole), respectively. However, when
itraconazole concentration is 2 μM, AUC effect is lower than control, in both combination
groups, for unknown reasons.
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Although gemcitabine and 5-FU elimination half-life (t1/2) is identical (10 and 12 minutes,
respectively),108-109 the former is infused at a rate of 15.7 mg per minute, over 2 hours,
which represents a total dose of 1884 mg, while the latter is administered through 1
minute i.v. injection at a dose of 900 mg. Therefore, the AUC effect of 5-FU is expected
to be much smaller than gemcitabine’s, due to a reduced exposure time of 5-FU in tissue.
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Figure 31 - Graphical representation of AUC for gemcitabine + itraconazole and 5-FU + itraconazole combinations.

Besides the AUC effect, further analysis was done regarding itraconazole dosedependent effect. This time, instead of one only variable (ACD concentration), as in the
previous study, % effect will also depend on itraconazole tissue concentration over time.
“% Effect” is still calculated through Equation 3, where ACD tissue concentration is the
main variable, but “Bottom” parameter is now an equation dependent on itraconazole
tissue concentration, instead of being a constant (Equation 4 and Equation 5).
In Figure 36 are presented five different graphs that enable the evaluation of drug
concentration in the tissue compartment and its relationship with % effect over time.
Graphs A and B show effect-time curve of ACD and itraconazole drug combination.
Using constant ACD dose administration and three different doses of itraconazole,
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differences between effect-time curves can be seen. According to Figure 36 A and B,
depending on itraconazole dose administration, the final part of the curve is different.
For gemcitabine + itraconazole drug combination (Figure 36 A), first, “% Effect” remains
constant, at a level of 73% of cell growth inhibition. Then, at minute 260 “Effect” starts
dropping abruptly. This drop can be explained with a deeper analysis of Equation 3.
Gemcitabine concentration affects “% Effect” through exponential function described by
Equation 6, where x is gemcitabine tissue concentration. According to this equation, at
very high concentrations, gemcitabine tissue concentration influence on “% Effect” can
be despised because f(x) will result in a very low value (Equation 6). Then, this value will
be summed to 1 and divided to (“Top”-“Bottom”) values. When this concentration is
reduced to a value lower than 0.008 μg.mL-1, f(x) increases exponentially reducing “%
Effect” abruptly. Figure 36 C shows gemcitabine tissue concentration-time curve. Figure
32 is a graphical representation of Equation 6, for better understanding.

Equation 6

−4.67
𝑥
𝑓(𝑥) = (
)
0.0019

Figure 32 - Graphical representation of Equation 6, using desmos.com calculator.

After the drop in “% Effect” value, slight differences between effect-time curves start to
be noticed. At this point, itraconazole tissue concentration plays the main role in the
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overall effect, since “% Effect” equals “Bottom” value (Equation 3), which is directly
dependent on itraconazole tissue concentration.
In Figure 36 E, itraconazole tissue concentration is shown for the three studied doses.
According to the results, itraconazole concentration is slowly eliminated from the tissue
compartment and will maintain % of cell growth inhibition relatively constant while it is
been eliminated from the tissue compartment. In fact, if higher values of itraconazole
tissue concentration were considered, “% Effect” would be equally higher. This can be
mathematically explained through Equation 4 analysis. Figure 33 is a graphical
representation of Equation 4, where the x-axis is itraconazole tissue concentration and
the y-axis is “Bottom” value. Since the highest itraconazole concentration value used in
Equation 4 formulation was 4.2 μg.mL-1 (6 μM), higher concentrations were not
considered for graphical representation.
Itraconazole multiple dosing simulation was tried in the STELLA® simulation program,
with the objective of increasing itraconazole tissue concentration, but limitations in the
software's builtin functions did not allow the study.

Figure 33 - Graphical representation of equation 4, using desmos.com calculator. The x-axis is itraconazole tissue
concentration in μg.mL-1 and the y-axis is “Bottom” value in %.
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For 5-FU + itraconazole drug combination (Figure 36 A), first, “% Effect” remains
constant, at a level of 59% of cell growth inhibition. Then, at minute 70 effect starts
dropping abruptly. This drop can be explained with deeper analysis of Equation 3. 5-FU
concentration influences “% Effect” through exponential function described by Equation
7, where x is 5-FU tissue concentration. According to this equation, at very high
concentrations 5-FU tissue concentration influence on “% Effect” can be despised
because f(x) will result in a very low value. Then, this value will be summed to 1 and
divided to (“Top”-“Bottom”) values. When this concentration is reduced to a value lower
than 0.5 μg.mL-1, f(x) increases exponentially reducing “% Effect” abruptly. Figure 36 D
shows 5-FU tissue concentration-time curve. Figure 34 is a graphical representation of
Equation 7, for better understanding.

Equation 7

𝑥 −2.62
𝑓(𝑥) = (
)
0.28

Figure 34 - Graphical representation of Equation 7, using desmos.com calculator.

When the drop in “% Effect” value starts, slight differences between effect-time curves
start to be noticed. At this point, itraconazole tissue concentration plays the main role in
the overall effect, since “% Effect” equals “Bottom” value (Equation 3), which is directly
dependent on itraconazole tissue concentration. As stated above, if higher values of
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itraconazole tissue concentration were considered, “% Effect” would be equally higher.
This can be mathematically explained through Equation 5 analysis. Figure 35 is a
graphical representation of Equation 5, where the x-axis is itraconazole tissue
concentration and the y-axis is “Bottom” value. Since the highest itraconazole
concentration value used in Equation 5 formulation was 4.2 μg.mL-1 (6 μM), higher
concentrations were not considered for graphical representation.
Itraconazole multiple dosing simulation was tried in the STELLA® simulation program,
with the objective of increasing itraconazole tissue concentration, but limitations in the
software's builtin functions did not allow the study.

Figure 35 - Graphical representation of Equation 5, using desmos.com calculator. The x-axis is itraconazole tissue
concentration in μg.mL-1 and the y-axis is “Bottom” value in %.

While drug dose-response curve enables the establishment of a relationship between
drug concentration and % of cell growth inhibition, this kind of approach enables the
study of drug concentration-% of cell growth inhibition relationship over time. In other
words, one can be elucidated about how long a drug will exert its maximum effect when
administered at a certain dose until metabolization reduces drug concentration to a nontherapeutic level.
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Figure 36 - ACD + itraconazole combination STELLA simulation. A and B: Effect curves for gemcitabine + itraconazole
and 5-FU + itraconazole combinations, respectively. Three itraconazole doses were tested; C and D: Tissue
concentration-time curves of gemcitabine and 5-FU, when intravenously administered at a dose of 1884 mg (infusion) and
900 mg (injection), respectively; E: Tissue concentration-time curve of itraconazole for three different doses of intravenous
infusion.
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4.4. Limitations in pharmacokinetics modeling

The work developed in this project was innovative and well succeeded. However, some
difficulties were detected during the project, for example, the impossibility to make
multiple dosing regimen (for iv infusion) in the STELLA® simulation program.
As mentioned in section 4.3.3., itraconazole concentration in the tissue compartment
was not high enough to significantly influence the overall “% Effect”. The idea of using
multiple dosing regimen was to reach steady-state plasma concentration (Css),
increasing itraconazole accumulation in tissue compartment, and thus, to predict the
influence of itraconazole in % cell growth, in multiple dosing regimen. Thus, alternatives
to the STELLA® simulation program were explored to overcome this problem, which
included the use of Gastroplus™ simulation software and Microsoft Excel.
GastroPlus™ has a module that enables, through the upload of a drug’s molecular
structure, the prediction of several physicochemical and pharmacokinetic properties of
that drug. With the input of those parameters, it is possible to run a simulation in
GastroPlus™ simulation module and predict drug’s plasma concentration profile for
different administration routes and dosing regimens. Although the sophistication of the
program, not all the parameter values predicted correctly represent real values. Thus,
when available, experimental data is preferable for model construction.
In this project, an attempt to replicate experimental Cp-time data of itraconazole, in
GastroPlus was made, but neither uploading itraconazole molecular structure nor
inputting experimental parameters could replicate the concentration plasma profile
reported in the literature. As shown in Figure 37, itraconazole Cmax predicted through this
program, for 100 mg, 1 h iv infusion, is about 0.095 μg.mL-1, while the equivalent value
reported in the literature, for the same dosing regimen, is 3.9 μg.mL-1.
GastroPlus™ is a complex software and it is not solely ruled by simple pharmacokinetics
equations. To run a simulation in this program the input of a few parameters is needed.
Apart from common parameters input as dose, dosage form, solubility and the pH at
which it was measured, logP and pKa’s (if any), it is also required knowledge about
particle radius, particle density and diffusion coefficient. In the simulation presented in
Figure 37, most of the parameters used were predicted through itraconazole structure
upload. Therefore, even with the input of some experimental values, itraconazole Cptime is quite different from the reported one. Thus, it was impossible to validate the model
and multiple dosing regimen could not be evaluated.
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Figure 37 - Itraconazole Cp-time profile predicted through GastroPlus™ simulation software.

Given the circumstances, the study of itraconazole’s multiple dosing regimen was done
in Microsoft Excel. The literature Css value was used as the itraconazole plasma
concentration. The transfer rate constants k12 and k21 previously obtained through
WinNonLin were used to simulate itraconazole flow between plasma and tissue
compartment. Then the “Bottom” value was calculated at every time point, which is
dependent on itraconazole tissue concentration on that specific time point (Equation 4
or Equation 5). Finally, “% Effect” was calculated through Equation 3. Figure 38 is the
graphical representation of “% Effect” over time, for 5-FU + itraconazole combination,
when itraconazole plasma concentration is maintained constant. For “Bottom” value
calculation, Equation 5 was used since it is the equation that relates itraconazole tissue
concentration with “Bottom” value in 5-FU + itraconazole combinations. Gemcitabine +
itraconazole combination are not presented since the only difference is the equation used
in “Bottom” determination, and the equivalent equation would demonstrate similar
results.
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Figure 38 - 5-FU + itraconazole combination effect calculated through Microsoft Excel. Itraconazole plasma
concentration is maintained at a concentration reported as steady-state when 300 mg of itraconazole are administered at
24 h dosing interval. This enables itraconazole accumulation in the tissue compartment and subsequent increase in %
inhibition of cell growth.

Figure 39 schematizes the general idea of the itraconazole multidose study using
GastroPlus™.
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Figure 39 - Schematic representation of itraconazole multi-dosing idealized study. First, the impossibility to simulate
multi-dosing iv infusion in STELLA® simulation software led to the use of GastroPlus™ modeling program. The idea
started with itraconazole structure input for the prediction of mandatory parameters to run a simulation, complementing
the information with experimental data. Then, if itraconazole plasma profile was coincident with experimental data, the
model would be validated and dosing regimen could be changed to multiple dosing iv infusion. Running a new simulation,
steady-state itraconazole plasma concentration would be obtained and data could be exported to Microsoft Excel for
further treatment. Finally, effect could be evaluated when itraconazole plasma concentration is constant.
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There are several potential benefits in employing in silico models in the process of drug
R&D. However, reliable results require complex and data-intensive models.
Furthermore, the use of complex models in drug development requires adequate
resources and well-qualified researchers with a good understanding of the ADME data
required to drive the models.
STELLA models developed in this work are simple but innovative. Ideally, parameters
used in the model structure should be more consistent, but for a first idea of the general
behavior of the drug combinations in human body the data used is quite appropriate. For
example, starting with Cp-time data origin, the two-compartment model built for
gemcitabine is reproducing drug disposition in a Chinese cancer patient, while the twocompartment model for Itraconazole is reproducing drug disposition in a healthy Dutch
patient. Moreover, the tumor is assumed to behave like the tissues grouped into a tissue
compartment but no such assumption was confirmed or validated. Nevertheless, this
studies might be useful for comparative effect purposes and to provide mechanistic
predictions of dosing regimens.
Keeping the simplicity of this models, small adjustments can be done in future
experiments, like as:


Cp-time data could be obtained from an associate Hospital, for example, ensuring
that all the data comes from the same source;



Ideally and if possible, rate transfer constant between tumor tissue and plasma,
as well as tumor volume of distribution should be measured;



Drug combinations could be tested in primary cancer cell lines corresponding to
the cancer type in study, from where transfer rate constants and volume of
distribution were determined.
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5. CONCLUSIONS AND FUTURE PERSPECTIVES
At the end of this project, the defined goals were accomplished. Insight into GastroPlus™
and STELLA® modeling programs was achieved, in vitro experiments were done
successfully and drug combination modeling was possible. Not all in vitro studies
resulted in favorable data for further modeling but gladly itraconazole combinations
showed workable results. Models were developed and drug combination effect was
simulated in in silico human model. Itraconazole multiple-dosing iv infusion could not be
studied through STELLA® or GastroPlus™ softwares but the most important calculations
could be done in Microsoft Excel.
In summary, the results of the present study provide a new possible combination for lung
and prostate cancer treatment and a new tool to quantify drug combinations effect, the
area under the dose-response-time curve, or AUCeffect. Furthermore, the innovative idea
developed in this work resides in an in silico study that enables the coupling of cell
viability assay data with human drug disposition. Thus, it is now possible to study tissue
drug concentration-% of cell growth inhibition relationship over time. In other words, one
can be elucidated about how long a drug will exert its maximum effect when administered
at a certain dose until metabolization reduces drug concentration to a non-therapeutic
level.
For the future, other drug combinations can be tested in cell models, and % effect can
be evaluated over time through similar models. However, some limitations and
inconsistencies were found in the developed models, which may require some
upgrading. Furthermore, future experiments may need different model construction,
depending on the context in which they are inserted, but understanding how STELLA®
modeling program works, one can “play” with the data and build the most convenient
model in pharmacology.
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