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RESUMO 

RESUMO 

A farmacocinética (pharmacokinetics, PK) é uma área da farmacologia presente e de 

vital importância para a investigação e desenvolvimento de novos fármacos, 

monitorização pós-comercialização e contínuas otimizações em contexto clínico. O seu 

objetivo fundamental é melhorar os desfechos clínicos dos pacientes, aumentando a 

eficácia dos agentes terapêuticos e reduzindo os efeitos adversos que podem causar, 

contribuindo também para a medicina de precisão. 

Neste projeto de doutoramento, a farmacocinética foi a base dos trabalhos 

desenvolvidos, que abordaram dois problemas de saúde para os quais são 

urgentemente necessárias alternativas terapêuticas: o cancro e infeções bacterianas 

graves. Estas temáticas foram abordadas na Parte I e Parte II desta tese, 

respetivamente. 

 

A primeira parte desta tese foi dedicada à avaliação de novas estratégias para 

melhorar a terapia oncológica. O cancro é uma das principais causas de morte a nível 

mundial e as opções terapêuticas atualmente disponíveis apresentam ainda inúmeras 

limitações no que diz respeito à sua eficácia e aos efeitos secundários adversos que 

provocam. 

Neste projeto foram exploradas e estudadas alternativas para aumentar a eficácia do 

agente quimioterapêutico gemcitabina (Gem). Estas incluíram (a) o estudo da 

farmacocinética da Gem e de conjugados Gem-CPP (péptidos penetradores celulares, 

CPP), (b) a determinação da permeabilidade de conjugados Gem-CPP6, (c) a proposta 

de uma nova via de administração para a Gem (oral) e (d) a combinação de Gem e 5-

FU (outro agente usado em quimioterapia) com fármacos reaproveitados (itraconazole, 

tacrina ou verapamil). 

Estes estudos confirmaram a utilidade dos CPP como veículos de entrega de 

fármacos, demonstrada pela permeabilidade e bioatividade dos conjugados Gem-CPP 

aqui avaliados. A via de administração oral para a gemcitabina foi avaliada como 

farmacocineticamente viável. Foi também identificada como promissora a combinação 

de gemcitabina e de 5-FU com itraconazole, pela sua melhorada bioatividade e previsto 

perfil farmacocinético e desempenho in vivo favorável. 
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RESUMO 

Na segunda parte deste trabalho foi abordado o tratamento de infeções graves. 

Considerando que muitos antibióticos apresentam uma estreita janela terapêutica e 

atuam de forma muito variável entre diferentes indivíduos, o que pode facilmente 

conduzir a tratamentos não eficazes ou a efeitos tóxicos devidos a sobredosagem, é 

essencial otimizar o uso destes fármacos. 

Foram analisados dados clínicos e demográficos de pacientes em internamento 

hospitalar devido a infeções graves e a receber terapia antibiótica com amicacina, 

gentamicina, tobramicina ou vancomicina. O perfil farmacocinético destes antibióticos 

foi analisado, avaliando diferentes regimes terapêuticos e a influencia de parâmetros 

individuais dos pacientes, como o sexo, a idade, o peso e a função renal. 

Nestes estudos, foi destacada a importância de monitorizar estes pacientes e 

realçado o impacto da função renal nos níveis plasmáticos de vancomicina. 

Foi ainda realizado um estudo complementar, analisando diferentes equações 

utilizadas para prever a clearance da creatinina a partir dos níveis séricos e de 

características dos pacientes. 

 

Palavras-chave: farmacocinética, antibióticos, amicacina, gentamicina, tobramicina, 

vancomicina, cancro, gemcitabina, péptidos penetradores celulares, ferramentas in 

silico, modelação e simulação PBPK, GastroPlus™. 
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ABSTRACT 

ABSTRACT 

Pharmacokinetics (PK) is a branch of pharmacology present and of vital importance 

for the research and development (R&D) of new drugs, post-market monitoring, and 

continued optimizations in clinical contexts. Its fundamental purpose is to improve 

patients’ clinical outcomes, enhancing the efficacy of therapeutic agents and reducing 

possible adverse side effects, also contributing towards precision medicine. 

In this PhD project, PK was the core of the developed studies, that focused on two 

concerning health problems for which therapeutic alternatives are urgently needed: 

cancer and serious bacterial infections. These were addressed in Part I and Part II of 

this thesis, respectively. 

 

The first part of this thesis was dedicated to the evaluation of new strategies to 

improve cancer therapy. Cancer is one of the leading causes of death worldwide, with 

currently available therapeutic options still presenting many shortcomings, regarding 

their efficacy and severe side effects. 

Here, alternatives to enhance the bioactivity and efficacy of a drug used in 

chemotherapy, gemcitabine (Gem), were explored and evaluated. These included (a) 

the study of the PK properties of Gem and Gem-CPP (Cell-Penetrating Peptides) 

conjugates, (b) the experimental determination of the permeability of Gem-CPP6 

conjugates, (c) proposing a new administration route for Gem (oral), and (d) the 

combination of Gem and 5-FU (also a chemotherapeutic agent) with repurposed drugs 

itraconazole, tacrine or verapamil. 

These studies have confirmed the value of CPPs as drug delivery vehicles, 

demonstrated by the enhanced permeability and bioactivity of the Gem-CPP conjugates 

assessed here. The oral route of administration for gemcitabine was evaluated as 

pharmacokinetically viable. The combination of Gem and 5-FU with itraconazole was 

also identified as promising, considering its improved in vitro activity, and predicted 

favorable PK profile and in vivo performance. 

 

In the second part of this thesis, the treatment of serious infections was studied. 

Considering many antibiotics present a narrow therapeutic window and perform 

significantly differently amongst different individuals, easily leading to not effective 

treatments or toxic effects caused by overdosing, it is essential to optimize the use of 

these drugs. 
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ABSTRACT 

Clinical and demographic data from inpatients receiving antibiotic therapy with 

amikacin, gentamicin, tobramycin, or vancomycin for the treatment of severe infections 

was analyzed. The PK profile of these antibiotics was assessed, and different dosing 

regimens, as well as the impact of individual parameters as sex, age, body weight, and 

renal function, were evaluated. 

These studies highlighted the importance of therapeutic drug monitoring (TDM) for 

patients treated with these antibiotics and emphasized the impact of renal function on 

vancomycin plasma concentrations. 

An additional study was performed, where different equations used to predict 

creatinine clearance from serum creatinine concentration and considering patients’ sex, 

age, and body composition were evaluated. 

 

Keywords: pharmacokinetics, antibiotics, amikacin, gentamicin, tobramycin, 

vancomycin, cancer, gemcitabine, cell-penetrating peptides, in silico tools, PBPK 

modeling and simulation, GastroPlus™. 
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INTRODUCTION 

INTRODUCTION 

PHARMACOKINETICS (PK) 

Pharmacokinetics is the branch of pharmacology that studies the route and fate of 

substances administered to a living organism until their elimination (how the organism 

affects the drug), while pharmacodynamics studies the biochemical and physiologic 

effects of drugs (how a drug affects an organism) [1,2]. The International Union of Pure 

and Applied Chemistry (IUPAC) defines PK as the “Process of the uptake of drugs by 

the body, the biotransformation they undergo, the distribution of the drugs and their 

metabolites in the tissues, and the elimination of the drugs and their metabolites from 

the body over a period of time.” [3]. The acronym ADME encompasses the PK stages: 

Absorption, Distribution, Metabolism, and Excretion (Figure 1). The acronym LADME 

introduces considerations regarding Liberation of the active substance from the delivery 

system; ADME-Tox or ADMET add the Toxicological aspect. 

 

Figure 1: An overview and summarized description of ADME. Reproduced from [4]. 

The first stage, Absorption, begins with the drug’s administration and analyzes the 

processes until the active substance reaches the bloodstream. Bioavailability, the 

fraction of the active form of a drug that enters the bloodstream, is predominantly 

dependent on the route of administration (e.g., drugs given intravenously are instantly 

delivered to the bloodstream and thus bioavailability is 100%). Other elements 

influencing absorption and bioavailability are medicine’s formulation, substances’ 

chemical properties, administered dose, and possible interactions with blood 

components, food and/or other drugs. 
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INTRODUCTION 

The Distribution phase entails the movement of the drug from the absorption site to 

different tissues around the body, and is influenced by many factors, including blood flow, 

drug’s lipophilicity, molecular size, and interaction with blood components, such as 

plasma proteins. 

As for Metabolism, the chemical alterations most drugs go through are mainly 

catalyzed by enzymes of the superfamily Cytochrome P450 (CYPs), leading to the 

formation of metabolites, that can be inactive and even toxic, or the actual active form of 

the drug (a type of prodrug) [4,5]. Metabolism is ruled by genetic factors (enzyme 

polymorphisms) and is also dependent on age, overall liver function (the main organ 

where metabolism takes place), and drug-drug interactions (enzyme inhibition or 

induction). 

Finally, a drug and its metabolites need to be Excreted from the body, or their 

accumulation can adversely affect normal body functions and metabolism. The main 

route of excretion is through the kidneys, resulting in elimination in the urine. This 

process involves mechanisms of active secretion of free or protein-bound drug by 

transporters and glomerular filtration of unbound drug. Drugs can also be eliminated via 

biliary or fecal excretion, and through the lungs in the expired air (in the case of volatile 

compounds, like anesthetic gases and alcohol). To a lesser extent, drugs can be 

excreted in sweat, saliva, milk (via lactation), or other body fluids. Renal function, age 

and pathologies affecting renal blood flow (e.g., congestive heart failure and kidney 

disease) influence the rate and efficiency of drug elimination. 

 

PK is a comprehensive science, an integral part of many fields, with countless 

applications and inestimable value. It has an important role throughout the process 

of research and development (R&D) of new drugs, extended to its vital significance 

in clinical settings and in improving patients’ care and outcome (Figure 2). 

During R&D of new therapeutic agents, some of the most important factors to 

consider and evaluate are related to LADME properties, and include solubility, 

lipophilicity, permeability, modification or degradation due to chemical stability and 

metabolism, transport, specificity, and targeting. Then, bioactivity and toxicology 

are crucial PD aspects to assess. 
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INTRODUCTION 

 

Figure 2: Diversity of applications of PK. 

 

RESEARCH AND DEVELOPMENT (R&D) OF NEW DRUGS 

The R&D for new therapeutic agents is long, complex, difficult and expensive, and a 

multitude of procedures are required until a new drug can be approved and 

commercialized. Only about 12 percent of drugs entering clinical trials are ultimately 

approved for introduction by the FDA and recent studies estimate the development and 

approval of new drugs takes on average seven to nine years and the cost of introducing 

a new drug can range from $1 billion to more than $2 billion USD [6-8]. This process can 

be divided into 5 stages, depicted in Figure 3 and described below [9]. 

 

Figure 3: Outline and summary of the stages of new drugs R&D. Reproduced from [10]. 
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Early drug discovery 

The development of new drugs can be driven by (1) unfavorable results of previously 

existing treatments (inefficiency, or unanticipated and possibly toxic effects), (2) new 

insights and knowledge about biological and pathophysiological processes or disease 

mechanisms, that may include new targets or biomarkers identification to allow 

compounds to be designed to prevent, stop or reverse particular effects, (3) high 

throughput screening of an enormous selection of compounds to find possible 

candidates for a variety of conditions, or (4) technological advances that provide new 

possibilities and benefits. 

During this early stage, there can be thousands of compounds being evaluated and 

these studies can last 3 to 5 years. It usually begins with targets identification and 

validation, and using High Throughput Screening (HTS) and in silico tools to identify hit 

compounds. Compounds are evaluated regarding their physicochemical properties and 

PK aspects related to ADME profile, mainly based on previous knowledge, extrapolations 

and using in silico tools. These include molecular weight (MW), lipophilicity (partition and 

distribution coefficients, logP and logD), solubility, permeability, acid dissociation 

constant (pKa), polar surface area (PSA), interaction and affinity to known transporters 

and other biomarkers of interest, and also with enzymes that can affect their metabolism 

[11]. After the initial evaluations, only a small number of candidates will be considered 

promising enough to move to the next stage. 

Preclinical studies 

After the Hit to Lead (H2L) process and lead generation and optimization, these drug 

candidates are evaluated to determine their efficacy and safety in in vitro, in vivo and ex 

vivo assays. During this stage (around 1-2 years), researchers evaluate ADME 

properties and PK/PD profile, assess drug delivery and optimize formulation to reach 

maximum bioavailability, and determine a suitable dose range to study in the following 

clinical stage. A proof-of-concept can be established investigating mechanisms of drug 

action/effects (target engagement/PD) and pathways that contribute to the particular 

condition or disease. 

Clinical development and trials 

With the results from the preclinical phase, one or more final drug candidates are 

evaluated on human participants. Prior to the beginning of any clinical trial, an 

Investigational New Drug (IND) Application must be filed to the regulatory entity, 

presenting the results from the preclinical studies and requesting authorization for clinical 

investigations. There are 3 main phases of clinical trials [12]. 
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During phase I, drugs are administered to and tested in a typically small group of 

healthy volunteers (20-80) concerning their safety. Different administration routes may 

be assessed, and the appropriate and safe dosage ranges must be verified. PD effects, 

such as side effects, must be recorded and reported. 

When these aspects are refined, phase II is initiated in patients suffering from the 

studied health condition, to confirm if the drug will demonstrate the desirable effects in 

human patients. Typically, a larger group is enrolled in this phase to explore drug activity, 

measuring efficacy while also investigating observed short-term adverse reactions. 

Finally, the phase III of clinical trials will enroll an even larger group of patients to 

further confirm efficacy and monitor side effects, thus validating drug response signature. 

Throughout all stages of clinical trials, patients undergo pharmacokinetic evaluation 

that includes blood sample collection in established time-points, to measure drug and 

possible metabolites’ concentration. This requires a previous validation of the necessary 

protocols and analytical methods, including High-Performance Liquid Chromatography 

(HPLC) and Mass Spectrometry (MS). Dose escalation, single ascending and multiple 

dose studies can be carried out in all stages of clinical trials. Ideally, during the course 

of and by the end of a clinical trial, if a heterogenous enough population is studied, 

researchers will have gained insights into how the drug candidate may differently affect 

people of different groups (such as by gender, race, or ethnicity) and interact with other 

drugs patients may be receiving for the treatment of other comorbidities. If previous 

treatments for the studied condition were previously available, comparisons in 

effectiveness and overall benefits will be analyzed. 

Regulatory review and approval 

After the conclusion of a clinical trial, the results will be reviewed by a regulatory entity 

(such as the FDA, EMA, or China Food and Drug Administration (CFDA)) in a New Drug 

Application (NDA) formal request. The reviewing process can take 1-2 years and if the 

drug is approved, it will be registered, and manufacturing and commercialization will be 

initiated [13]. 

Post-market surveillance 

Nevertheless, monitoring of drugs never ceases. Post-market monitoring and 

surveillance will always have mechanisms in place, including the FDA Adverse Event 

Reporting System (FAERS) [14], to monitor the efficacy, safety, risk, and benefits of long-

term use by the general population. This system may also lead to label expansion, when 

a drug seems to have positive impacts for additional types of patients/diseases beyond 

the original use for which the drug was approved for marketing. 
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In summary, PK is present and a key element throughout the entire process of 

research, development, clinical and post clinical evaluation of drugs. In fact, poor 

PK properties, such as low bioavailability, were responsible for the failure of about 

40% of lead compounds 30 years ago and still remain one of the main motives 

preventing progression of new drug candidates to further stages [15]. Since then, 

with the acknowledgement of ADME properties as major impactors on clinical 

outcome, technological innovations, and the development of in silico tools and 

software packages, dramatic changes and reductions have been seen on the time, 

human resources, and financial investment necessary to achieve new 

advancements, both in the R&D process and in clinical applications. 

Predicting many of the relevant physicochemical, pharmacological, and 

pharmacokinetic properties and the disposition attributes of drugs using in silico 

methods can rapidly identify PK liabilities, such as poor bioavailability, high 

metabolism and clearance, potential for drug-food and drug-drug interactions 

(DDI), the need for dose adjustments, and particular alterations in special 

populations. This has become essential from the early stages of R&D of new drugs, 

to the clinical setting and in ensuring the best outcome and minimal side effects for 

patients. 

As such, there has been an increased interest and investment in drug 

metabolism and pharmacokinetics (DMPK) and PK/PD relationship studies, 

including in the development of improved software packages. Most modern tools 

to model and simulate PK profiles can accelerate drug discovery, but also help 

design clinical trials, analyze clinical data in all stages of clinical evaluation, 

regulatory approval, and post market monitoring and surveillance and quickly 

identify adequate therapeutic solutions [16-20]. 

 

PK MODELING AND SIMULATION AND PREDICTION OF ADME  

Numerous methods have been explored to predict and study human 

pharmacokinetics. These include interspecies allometric scaling [21], in vitro-to-in vivo 

extrapolations (IVIVE) [22], quantitative statistical methods such as Quantitative 

Structure–Activity Relationships (QSAR) or Quantitative Structure–Property 

Relationships (QSPR) [23,24], Principal Component Analysis (PCA), Multivariate 

Analysis (MVA) [25], and other in silico methods [26]. These quantitative and mechanistic 
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approaches define processes in complex systems of mathematical equations. Earlier, 

preclinical and clinical PK studies were merely descriptive. Currently, many commercial 

platforms and software packages are available and are more user-friendly, making PK 

modeling and simulation more accessible, without requiring extensive mathematical, 

modeling and/or programming experience. 

PK models are often used to describe the plasma or relevant tissue drug 

concentration throughout time and are built using compartments as “building blocks” with 

increasing complexity, from non-compartmental models, models with 1, 2, or 3 

compartments, to more intricate models, such as whole-body or physiologically based 

pharmacokinetic (PBPK) models and population PK models [27,28]. 

Noncompartmental PK analysis (NCA) 

The most elementary PK information can be provided by NCA. This relies on simple 

algebraic equations to analyze peak concentration and elimination half-life and estimate 

PK parameters. NCA is a much faster and cost-efficient method, convenient for the 

characterization of new drug products, helping the guidance of development at various 

stages [29]. 

Compartmental models 

Different organs and tissues of the body can be defined by compartmental models, 

kinetically interconnected [30]. Typically, a central compartment representing plasma is 

linked to one or two peripheral compartments via rate constants. Although more complex 

than NCA, there is potential for more variability since certain assumptions are made to 

build and parameterize the PK model. Though these models generally do not hold any 

physiological meaning, they can provide important PK descriptors, as clearance and 

volume of distribution, and thus, effective drug half-life or “residence” time. 

Physiologically based pharmacokinetic models 

Using similar mathematical frameworks and a series of differential equations, PBPK 

models have a larger number of compartments, parameterized with physiological 

knowledge of specific organs or tissues and flow rates connecting the system. These 

dynamic models can predict most PK attributes and the concentration-time profile after 

drug administration. PBPK models can be used for a wide variety of purposes and 

applications (described below) and present numerous advantages compared to other 

methods, since PBPK models account for sequential metabolism and permeability 

limited processes [31-35]. 
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Population PK 

While individual PK studies are the best approach when rapid processing of PK 

parameters is needed, or when complete individual PK profiles are to be defined, 

population PK (popPK) analysis and modeling approaches are of value to study 

variability in drug concentrations within a population of patients receiving clinically 

relevant doses of a drug of interest. This method requires concentration-time data from 

multiple individuals and can incorporate covariate information as age, sex, weight, race, 

renal/hepatic function, and even data about concomitant medications that can lead to 

DDIs. This is a more technically convoluted analysis and tends to use complex 

mathematical and compartmental methods to reach conclusions. User-friendly popPK 

software has been developed to support all stages of drug development and surveillance, 

as assessing the sources of PK variability can be essential for drug safety and efficacy, 

and appropriate dosages can be selected for a given population or subgroup with 

information granted by popPK models [36,37]. 

As aforementioned, there has been an increasing interest and investment in 

pharmacokinetic studies, including the development of tools and software for prediction 

of PK attributes, modeling and simulation of profiles. Some of the available software that 

can be used for PK studies are GastroPlus™ and Monolix® by Simulations Plus, Inc. 

(Lancaster, California, USA), Simcyp®, NONMEM (ICON plc), Phoenix® WinNonlin® 

and Phoenix® NLME™ by Certara (UK Limited, Sheffield, UK), and PK-Sim® (OSP, 

Open Systems Pharmacology). 

Sager et al. conducted a systematic review on publications between 2008 and May 

2014 related to PBPK models [33]. Searching the PubMed database for papers that 

included the terms “PBPK” and “physiologically based pharmacokinetic model”, a total 

of 366 articles were analyzed regarding the models’ development and applications. The 

number of these publications has been steadily increasing, from 9 papers in 2008, to 94 

in 2014 (Figure 4A). The most common applications were the study of drug-drug 

interactions (DDI) (28%), prediction of interindividual variability and general clinical 

pharmacokinetics (23%), absorption kinetics (12%), and age-related changes in 

pharmacokinetics (10%) (Figure 4B). For FDA regulatory filings, models were primarily 

used for DDI predictions (60%), followed by pediatrics (21%) and absorption (6%) 

predictions. 



FCUP 
Development of a new pharmacokinetic model using in silico studies, drug delivery systems and analytical methods 

11 

 

INTRODUCTION 

 

Figure 4: "Summary of the PBPK literature analyzed. The number of articles per year that contain one or more PBPK 

models of pharmaceutical agents in humans is shown in (A). The distribution of the PBPK model applications in the original 

data papers is shown in (B).”. Reproduced from [33]. 

In this PhD project, GastroPlus™ software package, including ADMET Predictor™, 

developed by Simulations Plus, Inc., was explored to predict PK attributes, 

concentration-time profiles, and evaluate different dosing regimens, the impact of 

patients’ individual characteristics, namely age, biological sex, weight, and renal 

function, and of choosing different administration routes. 

Simulations Plus, Inc. is celebrating 25 years of extensive knowledge in 

pharmacology, and provides consulting solutions, tools, and user-friendly software 

packages for model-based drug development, to make better data-driven decisions, 

accelerate and reduce the costs of R&D. This company and its product are well 

established and acclaimed. 

“We are a leading provider of modeling and simulation software and consulting 

services supporting drug discovery, development research, and regulatory 

submissions. With our subsidiaries, Cognigen, DILIsym Services, and Lixoft, we 

offer solutions that bridge machine learning, physiologically based 

pharmacokinetics [pharmacometrics and ADMET property prediction], quantitative 

systems pharmacology/toxicology, and population PK/PD modeling approaches. 

Our technology is licensed and applied by major pharmaceutical, biotechnology, 

chemical, consumer goods companies, and regulatory agencies worldwide.” [38]. 

Some of the pharmaceutical companies and regulatory entities that use and 

acknowledge their products include Orion, Novartis, Sanofi, Pfizer, Merck, AstraZeneca, 

Janssen, the U.S. Food and Drug Administration (FDA), European Medicines Agency 

(EMA), the China Food and Drug Administration (CFDA), the Centers for Disease Control 

and Prevention (CDC), the National Institutes of Health (NIH), and the National Cancer 

Institute (NCI) [39]. 
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 “GastroPlus is a mechanistically based simulation software package that 

simulates intravenous, oral, oral cavity, ocular, inhalation, dermal, subcutaneous, 

and intramuscular absorption, biopharmaceutics, pharmacokinetics, and 

pharmacodynamics in humans and animals. This smoothly integrated platform 

combines a user-friendly interface with powerful science to help you make faster 

and more informed project decisions!” [40]. 

  

Figure 5: Simulations Plus, Inc. and GastroPlus™ logos. 

This software package was specifically designed for PK studies, particularly 

physiologically based pharmacokinetics (PBPK) and physiologically based 

biopharmaceutics modeling (PBBM). Its features and capabilities allow the prediction of 

drug absorption and disposition, and simulation of absorption, pharmacokinetics, and 

pharmacodynamics in humans and many preclinical species, thanks to preinstalled 

physiological parameters and an integrated advanced compartmental and transit (ACAT) 

model (Figure 6). Thus, it supports model-based drug development and PK assessments 

in all phases of drug discovery, translational research, and clinical development. This not 

only improves decision making throughout clinical drug development, but also enables 

the design and optimization of dosing regimens and formulations, increasing the chances 

of the drug to reach its target with the desired concentration and drug plasma 

concentration to be maintained within the therapeutic window [11,31,33,41-43]. 

GastroPlus™ can incorporate 10 additional modules (individually licensed to meet 

each user’s needs): ADMET Predictor™ module (for the prediction of physicochemical 

and PK parameters of compounds), PKPlus™ and PBPKPlus™ modules for an even 

deeper insight into the PK of drugs, and IVIVCPlus™, Additional Dosage Routes, 

Metabolism & Transporter, Drug-Drug Interaction (DDI), PDPlus™, Biologics, and 

Optimization modules. 
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Figure 6: GastroPlus™ Advanced Compartmental Absorption and Transit Model (ACAT). Reproduced from [44]. 

Calculations and simulations rely on the numerical integration of differential equations 

that coordinate a set of well-characterized physical events that occur and are 

interconnected as a result of diverse physicochemical and biologic phenomena. Despite 

its sophistication, GastroPlus™ is relatively easy for someone with a background in 

ADME to learn and use, and quality and highly customizable PBPK models can be easily 

developed due to its intuitive and modern graphical user interface, that enables a rapid 

and smooth transition from setting up inputs to evaluating results. Simulation studies can 

be initiated based on a drug’s structure and a small set of collected data to predict the 

most important parameters in pharmacokinetics (PK), such as the maximum 

concentration reached in plasma and liver, time necessary to reach such concentrations, 

fraction absorbed and bioavailability, and area under the curve (AUC). 

Additionally, GastroPlus™ not only calculates PK attributes but draws a graphical 

representation of concentration over time profiles, for quicker interpretation of simulation 

results. Furthermore, parameter sensitivity analysis (PSA) and population PK analyses 

(including Population Estimates for Age-Related Physiology, PEAR) can also be 

performed in GastroPlus™. 
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Thus far in this thesis, the prominence of PK has been addressed, from its 

central role in the R&D process to its clinical relevance. In fact, applied 

pharmacokinetics is valuable in countless pharmacological evaluations, whether 

for academic purposes, drug development and clinical research, and in clinical 

medicine, for therapeutic drug monitoring and individualized dosing, towards 

precision medicine. 

 

THERAPEUTIC DRUG MONITORING (TDM) 

Even after the myriad of studies and optimizations that were required to approve a 

drug with a determined therapeutic application and recommended dosing regimens 

(label and guidelines), not all drugs will perform as a “one-size-fits-all”. Due to certain 

pharmacological characteristics of some drugs and drug classes, their dosing regimens 

will need to be adjusted and customized for each patient [45,46]. This can be 

accomplished through therapeutic drug monitoring (TDM). 

This branch of clinical chemistry and clinical pharmacology specializes in the 

measurement of circulating drug concentrations to adjust dosing regimens, so as to 

reach a defined target exposure associated with optimal efficacy and minimal toxicity 

[47,48]. TDM can be traced back to the late 1960s and the efforts of clinicians to improve 

patient care and clinical outcome [48]. The cases that required such dosage 

individualization have been extensively reviewed and TDM is now indicated and 

recommended for critically ill patients undergoing sufficiently long treatment to justify 

dosage adjustment efforts and for drugs that have the following pharmacological 

properties [49]: 

1. Poorly predictable PK and significant interpatient variability, resulting in a wide range 

of concentration levels between patients after standard dosage administration; 

2. Narrow therapeutic window, that combined with interpatient variability, poses a high 

risk of misdoing. Standard dosage could be subtherapeutic for some patients, but 

the use of very high standard doses in all patients to ensure overall efficacy is 

forbidden due to the risk of toxicity [50]; 

3. Consistent concentration exposure and response and/or toxicity (PD) relationships. 

Also, effects following changes in drug exposure should be reversible, enabling the 

definition of a range of concentrations associated with optimal efficacy and minimal 

toxicity; 
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4. Lack of readily assessable PD markers and quick response to dosage changes; 

5. Acceptable PK stability, considering within-patient PK variability over time (inter-

occasion variability) and assay and/or model-related errors [51]. 

TDM has been proven favorable and recommended for hundreds of therapeutic 

agents, including anticancer drugs [52], anti-infectives [53], antiretrovirals [54], biologic 

therapeutic agents [55], psychotropic agents [56], etc. Traditionally, clinicians would 

analyze the results from the TDM and empirically modify a patient’s dosage to 

approximate circulating concentrations to the identified target therapeutic window. 

Advantages of this approach include its quite simple interpretation of the TDM data and 

undemanding implementation, as the adjustment can generally be done based on a 

mathematical “rule of three”, changing either dose or dosing interval (Dettli rules [57]). 

Some conventional therapeutic ranges have been extended to nomograms that can 

assist in the adjustment decision. 

Notwithstanding its simplicity and usefulness, traditional TDM holds some limitations. 

The blood samples to determine drug concentration need to be collected only after 

steady-state is reached, typically meaning dosage will only be adjusted 3-4 days after 

beginning of treatment. While this is a suitable timespan for many drugs, in the case of 

infections and antibiotic treatment, the PK/PD target should be promptly achieved. 

Moreover, some antibiotics exhibit nonlinear PK and are concentration and/or time 

dependent. In such cases, dosage adjustment cannot be based on the “rule of three”. 

Another weakness of this approach is likewise related to sampling, as a single sample 

determination (as Cpeak or Ctrough) is frequently an insufficient indicator of drug exposure. 

Also, timing of both dose administration and sample collection is a critical factor to ensure 

accurate interpretation of results and appropriate adjustments [49]. 

Consequently, dosage adjustments based on traditional TDM are considered a 

passive procedure, as therapeutic ranges are often wide and due to the interpatient 

variability and other factors described above, PK/PD targets and successful clinical 

outcome may not by achieved. Improvements to this practice are thus needed. 

Target concentration intervention (TCI) 

Taking advantage of the increasing computational power and advances in computer 

sciences, TCI has been introduced as a more adequate approach. Computer-assisted 

solutions for the interpretation of TDM results in a clinical setting have arisen and 

mathematical models have been developed to further inform clinicians decisions [58]. 
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Model-informed precision dosing (MIPD) 

MIPD has emerged as an integrative approach to precision medicine, considered the 

next milestone of medical progress after evidence based medicine [59]. These 

mathematical models are built with the input from observational population PK studies to 

interpret the measured drug concentration and predict personalized dosing beyond a 

specific approach or technique. When in significant number, these studies assemble data 

on drugs’ average PK parameters, and identify the most impacting covariates or 

individual factors contributing to inter and intraindividual variability. The latter can be 

accounted for using both parametric and nonparametric approaches [60,61]. The main 

difference is that in nonparametric approaches, support points are estimated from the 

clinical data, while parametric approaches use a defined distribution of PK parameters. 

The most recurrently recognized covariates include age, body weight, biological sex, 

and serum creatinine (important to evaluate renal function). Genetic aspects, 

comorbidities, clinical status of the patient (disease status, renal/hepatic function, 

biological markers, treatment tolerance, etc.), as well as comedications also influence 

PK attributes [62]. 

Bayesian inference is also of undeniable value for TDM and MIPD (Figure 7). The 

main components of the Bayesian approach are prior distribution, likelihood principle, 

posterior probabilities, decision rules, and predictive probability [63-65]. 

 

Figure 7: “Schematic graphical representation of the interpretation of a TDM result for imatinib, measured at 845 μg/L in 

a 35 years, 90 kg male patient 9 hours after the last intake of his 400 mg q.d. dosing regimen. (A) Population percentiles 

showing the expected range of concentrations in the general population. (B) A priori percentiles showing concentrations 

expected in patients having similar individual characteristics (covariates). (C) A posteriori percentiles deduced by Bayesian 

inference from the a priori expectation and from the patient's observation (represented as the red dot, with whiskers 

depicting the associated intra-individual error). (D) A posteriori percentiles predicted after adjustment of the dosage to 600 

mg q.d., able to drive the patient's trough concentration close to the target and the associated prediction range into the 

acceptance interval (represented as the blue horizontal line and band, respectively).” Reproduced from [49]. 
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Medicine has witnessed admirable advances, and countless therapeutic agents are 

currently available for the treatment of most diseases and maladies. Nevertheless, new 

drugs are unceasingly being investigated and developed for the treatment of diseases 

for which there is still no existing therapeutic options, for new conditions that emerge 

occasionally (e.g., due to the Zika virus and, more recently, SARS-CoV-2), for diseases 

with increasing incidence, and when currently available therapeutic options are 

insufficient and alternatives are needed. This is the case for cancer and severe 

infections, a leading cause of death worldwide, and a growing concern due to the high 

risk of misdoing and rising antibiotic resistance, respectively. 

In summary, in this PhD project, PK properties were evaluated and PBPK models 

were developed and explored to assess delivery, permeability and efficacy of a 

chemotherapeutic agent conjugated with CPPs (gemcitabine-CPP prodrugs) and 

combinations of anticancer agents with repurposed drugs, and to further analyze 

impacting variability factors on antibiotic disposition. 

These studies add insights that can contribute to new further refined MIPD. 
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CANCER 

Worldwide, cancer is one of the most concerning, severe and fatal diseases, being 

among the leading causes of death. An estimated 9.6 million deaths, or one in six deaths, 

in 2018, were due to cancer. The prevalence of this condition has been growing at an 

alarming rate, and 18 million new cases were reported in 2018. There are disparities in 

the incidence of cancers between sexes, age and ethnic groups, and in different regions 

of the globe. Globally, prostate, lung, and colorectal cancers are the most prevalent in 

men (about 43%), while breast, lung, and colorectal cancers affect women the most 

(around 50%) [66,67]. 

The management and treatment of cancer is extremely difficult, mainly due to the 

complexity of this multifactorial condition. In fact, a team of multidisciplinary professionals 

is usually involved throughout the progression of a patient’s journey. Cancer treatment 

options include surgery, chemotherapy and radiotherapy, and a combination of these is 

often recommended and employed. The management of this condition depends on 

numerous factors, including the stage and progression of the disease, the general health 

status of the patient, and the available treatment options for each specific diagnosis [68]. 

Despite the remarkable advancements in the development of new therapeutic options 

and overall treatment improvement, that has resulted in the amelioration of patients’ 

clinical outcomes, currently available cancer treatments still present several 

shortcomings. 

The complexity in recognizing the cancer altered cells and distinguishing them from 

normal healthy cells, the intratumoral and intertumoral heterogeneity and interindividual 

variability, the difficulty in reaching metastases, and the development of drug resistance 

represent the main difficulties in cancer therapy and are responsible for low treatment 

efficacy [69]. Additionally, adverse side effects are frequent, and can include fatigue, 

nausea, vomiting, appetite and weight changes, hair loss, hematologic alterations 

including anemia, among others [69,70]. 

Thus, new alternatives are incessantly being researched, aiming at increasing the 

overall treatment efficacy and reducing the associated side effects. These include the 

development of new therapeutic agents and prodrugs, drug repurposing and drug 

combinations, immunotherapy and gene therapy [71,72]. 

The combination of two or more antineoplastic agents (or polychemotherapy) has 

been approved by the FDA and is standard treatment for several cancers [73]. For breast 

cancer, antimetabolites (methotrexate and 5-fluorouracil) are traditionally combined with 

alkylating agents (such as cyclophosphamide) [74]; in the case of lung cancer, in 
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particular metastatic small-cell lung cancer, a combination chemotherapy, generally 

including platinum-based agents plus etoposide or irinotecan, is the core first-line 

treatment [75]. This approach is widely accepted, as it results in higher response rates 

than single-agent chemotherapy. 

Repurposed drugs (drugs that have been approved for other applications but have 

shown potential por cancer treatment) as single-therapy or in combination with traditional 

chemotherapeutic agents, have been extensively studied [76-78]. Some of these 

combinations have reached clinical trials, but none has been approved so far. A proof-

of-concept clinical trial is evaluating the combination of 9 repurposed drugs with 

metronomic temozolomide for recurrent glioblastoma (NCT02770378). In this project, 

this strategy was explored, and the combination of gemcitabine or 5-FU with 

itraconazole, tacrine or verapamil was evaluated regarding bioactivity and PK features. 

Regarding prodrugs for the treatment of cancer, designing for selective activation in 

target tissues is undoubtedly the most efficient and attractive approach [79-81]. Other 

strategies involve the improvement of physicochemical properties, as solubility and 

lipophilicity, enhancement of permeability and transport and of pharmacokinetic 

properties [78,82-84]. 

In this context, prodrugs using amino acid or peptide moieties have demonstrated 

very promising results, with improvements in several physicochemical and 

pharmacokinetic properties, namely enhanced solubility, lipophilicity, permeability, 

bioavailability, specificity with accurate delivery to target tissues or organs, prevention of 

fast metabolism, and decreased toxicity [85,86]. 

Although amino acids are basic constituents of a cell structure, they require 

specialized transport systems to cross the plasma membrane. Amino acid transporters 

are ubiquitous and have overlapping substrate specificity. They can transport not only 

amino acids but also amino acid related compounds, acting as delivery vehicles, and can 

be used for targeting drug delivery, for example to the corneal epithelium, taking 

advantage of endogenous nutrient transporters that are over-expressed in certain 

tissues and organs [87]. The importance of these transporters in PK has been recognized 

through several studies that report an improved bioavailability of amino acid linked 

compounds [88-90]. Moreover, amino acids are the building blocks for proteins and are 

thus generally regarded as safe [86]. Amino acid prodrugs have been developed for 

cancer treatment, including amino acid esters of gemcitabine [91] and an amino acid 

ester prodrug of brivanib, in phase III clinical trials for the treatment of hepatocellular 
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carcinoma and colon-rectal cancer [92]. A review on “Amino Acids in the Development 

of Prodrugs” was prepared and is presented in the Supporting Information of this thesis. 

The same rationale has been applied for the development of peptide prodrugs. 

Adding peptide moieties to existing drugs has also resulted in improved physicochemical, 

pharmacological and pharmacokinetic properties [93-97]. 

 

Prodrug conjugates with Cell-Penetrating Peptides (CPPs) 

A particularly interesting class of peptides are Membrane Active Peptides (MAPs). 

Two classes of MAPs are Cell-Penetrating Peptides (CPPs) and Anti-Microbial Peptides 

(AMPs). CPPs are small sequences of amino acids (typically less than 40 residues) that 

have proven efficacy in transposing cell membranes via transporter and receptor-

independent mechanisms, mainly endocytosis. Importantly, CPPs can also intrinsically 

carry and deliver a wide variety of cargos inside cells in a non-cytotoxic manner (and 

maintaining the integrity of the cell in opposition to AMP), with no restriction with respect 

to the size or type of cargo, from small therapeutic molecules with low molecular weight, 

such as some drugs and nucleic acids, imaging agents useful to diagnostics, to large 

plasmid DNA, antibodies, or even entire proteins. These can be covalently or 

noncovalently bound to the CPP. Moreover, these peptides and CPP-cargo conjugates 

are versatile, and usually easy to synthesize, functionalize, and characterize. Using this 

transport system, bioactive cargos can be delivered directly inside cells, and obtain high 

levels of protein activation/inactivation, gene expression or silencing, or tumor targeting, 

for example. As such, CPP-drug conjugates can become excellent prodrugs (Figure 8). 

 

Figure 8: CPPs as delivery vectors – intracellular delivery of CPP-cargo complexes. Reproduced from [98]. 
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CPP-drug conjugates have been developed for the treatment of cancers [99,100], 

involving doxorubicin [101,102], methotrexate [103], paclitaxel [104], and gemcitabine 

[105]. 

During this PhD project, various Gem-CPP conjugates were developed and studied 

in Part I. An original research paper where gemcitabine was conjugated with cell-

penetrating hexapeptides (yielding CPP6-gemcitabine conjugates) and identified as 

promising for the treatment of prostate cancer after evaluation in different cell lines is 

presented in the Supporting Information of this thesis. Moreover, a review on “Cell-

penetrating peptides in oncologic pharmacotherapy” was prepared [106]. 

 

Gemcitabine 

Many chemotherapy drugs are based on the use of nucleoside analogues. One of 

such analogues is 2′,2′-difluorodeoxycytidine, or Gemcitabine (Gem). Gemcitabine has 

many distinctive properties from other nucleoside analogues, including its broad 

spectrum of activity [107]. This drug is particularly effective against pancreatic cancer, 

and the use of its hydrochloride salt was approved by the FDA in 1996 as first-line 

treatment for patients with locally advanced (non-resectable Stage II or Stage III) or 

metastatic (Stage IV) pancreatic adenocarcinoma previously treated with fluorouracil (5-

FU) [108]. 

Currently, it is known that Gem is efficient against a wide range of solid tumors, and 

is approved and indicated by the FDA for the treatment of advanced ovarian cancer (that 

has relapsed at least 6 months after completion of platinum-based therapy) in 

combination with carboplatin; as first-line treatment of metastatic breast cancer (after 

failure of prior anthracycline-containing adjuvant chemotherapy, unless anthracyclines 

were clinically contraindicated) in combination with paclitaxel; and for the treatment of 

non-small cell lung cancer in combination with cisplatin. For the treatment of pancreatic 

cancer, gemcitabine is used as a single agent [109]. It is also being investigated in other 

cancer and tumor types, such as advanced biliary tract carcinomas [110], bladder cancer 

[111], and sarcomas [112]. 

This metabolic inhibitor is a polar drug with low membrane permeability and oral 

bioavailability, and is primarily administered by intravenous infusions. However, the 

efficacy of gemcitabine is hindered by a number of factors. Gemcitabine is rapidly 

metabolized and enzymatically converted in the blood stream, liver, kidney, and even 

various tumor tissues to an inactive form, mainly by cytidine deaminase (CDA). Thus, it 

has a short plasma circulation time and elimination half-life, that is dependent on the 
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infusion time, age and gender of patients, and ranges from 42 to 94 min for short 

infusions [109]. Nucleoside transporters are required to transpose the membrane and 

enter cells and multiple kinases are needed to active gemcitabine to gemcitabine 

triphosphate (dFdCTP), the active form of this drug (Figure 9). Poor efficacy or even 

resistance to gemcitabine are common, due to under-expression or depletion of 

transporters or activating kinases [107,113]. 

Furthermore, similarly to other chemotherapeutic agents, treatment with gemcitabine 

also causes side effects. The most common (≥ 20%) adverse reactions reported for 

gemcitabine as a single agent are nausea/vomiting, anemia, increased alanine 

aminotransferase (ALT), increased aspartate aminotransferase (AST), neutropenia, 

increased alkaline phosphatase, proteinuria, fever, hematuria, rash, thrombocytopenia, 

dyspnea, and edema [109]. 

 

 

Figure 9: Mechanism of intracellular activation and deactivation of gemcitabine. Adapted from [114]. 

 

As such, in this project, prodrugs of Gem consisting of conjugates with CPPs 

(providing protection from metabolic deactivation, and transport and delivery) were 

evaluated concerning their permeability and PK properties and profile. Also, the PK of 

the combination of Gem or a similar antineoplastic agent, 5-FU, with repurposed drugs 

itraconazole, verapamil or tacrine was analyzed in silico to predict in vivo performance. 

The work developed in the first part of this project has also provided the experience 

in the development of PBPK models, helpful for the studies carried out in the second 

part, regarding the application of these models to assess the optimization of antibiotic 

use and dosage personalization. 
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INFECTIONS AND ANTIBIOTIC THERAPY 

Infections are a serious health threat. They are caused by infectious agents (also 

called pathogens) such as virus, microorganisms like bacteria, fungi, parasites, and even 

arthropods. The immune system is able to fight many infections, but specific medication 

is often needed, especially since some of these agents are becoming more and more 

aggressive. Additionally, severe consequences can arise from the infectious agents 

reaching the bloodstream and spreading to other locations, and also from sepsis, a life-

threatening condition where tissues and organs are gravely affected by the own body's 

response to infection. This project focused on the anti-infective class of antibiotics. 

The first antibiotic ever discovered was penicillin, by Alexander Fleming in 1928. Since 

then, and more predominantly after the 1940s, antibiotics have revolutionized the 

treatment of patients with severe bacterial infections, significantly reducing morbidity and 

mortality. However, these drugs have been overused and are currently one of the most 

widely, and often injudiciously, prescribed and used therapeutic drugs worldwide. This 

has led to a bacterial selection of resistant strains. 

Nowadays, antibiotic resistance is one of the biggest public health concerns, being a 

major problem both in hospital environments and in outpatient situations. A report by the 

World Health Organization (WHO) revealed antibiotic resistance is a “serious threat (that) 

is no longer a prediction for the future, it is happening right now in every region of the 

world and has the potential to affect anyone, of any age, in any country. Antibiotic 

resistance – when bacteria change so antibiotics no longer work in people who need 

them to treat infections – is now a major threat to public health.” [115,116]. 

This is a major reason supporting the importance of monitoring and optimizing 

antibiotics use, and also the implementation of Antibiotic Stewardship Programs (ASP). 

The Centers for Disease Control and Prevention (CDC) identified 7 core elements of 

antibiotic stewardship in 2014 and recommend that all hospitals have an ASP (Figure 

10) [117]. Tracking (monitoring process measures), reporting information on antibiotic 

use and resistance, and education of clinicians and health care providers are 3 of these 

core elements. Optimizing the use of antibiotics leads to the maximization of therapeutic 

success and will extend the clinical lifespan of currently available antimicrobial agents, 

by limiting the emergence of resistance [118,119]. 
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Figure 10: The core elements for antibiotic stewardship programs. Reproduced from [120]. 

 

 

Antibiotics and the need for TDM and dosage adjustment  

As discussed earlier, monitoring patients and adjusting their dosing regimens can be 

vital to ensure their successful clinical outcome, with minimized side effects. It has been 

extensively demonstrated that this is crucial in the case of antibiotics, with confirmed 

beneficial results [121-126]. 

This project focused on aminoglycosides amikacin, gentamicin and tobramycin, and 

glycopeptide vancomycin. These antibiotics are widely used to treat severe infections, 

caused by Gram-negative (aminoglycosides) and Gram-positive (vancomycin) bacteria. 

They are also the most frequently monitored in inpatients, which can be explained by 

their narrow therapeutic indexes and potential to cause adverse effects, namely 

nephrotoxicity, particularly in prolonged treatments [127-129]. Though historically, TDM 

was implemented mostly to prevent toxic adverse effects, mainly for glycopeptides and 

aminoglycosides, the assessment of trough and peak concentrations is considered 

diagnostically and therapeutically important, and strongly recommended for patients 

using the aforementioned antibiotics. The value of TDM of these antibiotics has been 

demonstrated [125,126,130-138]. Although TDM has been recommended for these 

antibiotics, it is still not a routine clinical practice, for reasons still not systematically 

reviewed. Not only does this process entails costs, it is also a massive challenge 

particularly for intensive care units, since these patients often present altered PK and 

significant inter- and intra-individual pharmacokinetic (PK) variability [139]. 
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The Clinical Chemistry Service of the Department of Pathology in Centro Hospitalar 

Universitário do Porto (CHUP) monitors inpatients receiving antibiotic therapy that 

includes aminoglycosides amikacin, gentamicin, and tobramycin, and glycopeptide 

vancomycin. The health condition and welfare of patients is supervised by a team of 

medical professionals, and biological samples, mainly blood, are collected and 

biochemically analyzed regularly. Therapeutic drug monitoring (TDM) evaluates drug 

concentrations and other biochemical markers (among which, in the case of these 

antibiotics, creatinine is of key importance to assess renal function) to ensure the 

appropriate dose is being administered to the patients, continuously recommending 

dosing adjustments to optimize clinical outcome without developing severe side effects. 

Thanks to a collaboration with this service, demographic and clinical information from 

a pool of inpatients with serious infections receiving therapy with these antibiotics was 

accessed and analyzed. This data was used to study the drug disposition and PK profile 

of these four antibiotics (amikacin, gentamicin, tobramycin, and vancomycin) using 

PKPB modeling and population simulations, and to evaluate the influence of patients' 

biological sex, age, weight, and renal function. These PBPK models not only confirmed 

the impact of renal function, but also alerted to the fleetness of increasing levels of 

vancomycin in plasma, that can quickly reach toxic levels and cause severe adverse 

effects. 
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CHAPTER 1 

Combination of Gemcitabine with Cell-Penetrating Peptides: A 

Pharmacokinetic Approach Using In Silico Tools 

 

Abigail Ferreira, Rui Lapa, Nuno Vale 

Biomolecules, 2019, 9(11), pp. 693. DOI: 10.3390/biom9110693. 

 

This initial work aimed at the preliminary assessment of the PK attributes of 

gemcitabine and derived prodrug conjugates with Cell-Penetrating Peptides (CPPs). 

These conjugates had been previously synthesized and evaluated for their stability, 

gemcitabine release and bioactivity in three cancer cell lines within the research group. 

In the first approach to PBPK modeling and simulations using software package 

GastroPlus™, the main PK properties of these drugs were predicted and the disposition 

profile evaluated. 

Moreover, to provide further insight on the relationship between amino acid 

sequences and CPPs’ penetration ability, the physicochemical properties of the 20 

natural amino acids were calculated to build a z-scale. Then, this z-scale was applied to 

a database of peptides (CPPs and non-CPPs), and quantitative structure-activity 

relationships (QSAR), principal component analysis (PCA), and multivariate analysis 

(MVA) were used to correlate peptide properties with cellular penetration power. 
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CHAPTER 2 

Permeability evaluation of gemcitabine-CPP6 conjugates in Caco-2 

cells 

 

Abigail Ferreira, Sara Moreira, Rui Lapa, Nuno Vale 

ADMET and DMPK, 2021, 9(1), pp. 41-48. DOI: 10.5599/admet.882 

 

As part of the efforts to study and further understand some of the mechanisms 

underlying the improved activity of conjugates of CPPs with conventional anticancer 

drugs, the absorption and permeability of three of these conjugates was evaluated using 

the in vitro standard model, a monolayer of human colon carcinoma cells, Caco-2. These 

three cell-penetrating hexapeptides (CPP6) conjugates with Gem were previously 

developed by this research group, and their bioactivity assessed in different cell lines. 

In this work, the transport of Gem-CCP6 conjugates across a monolayer of Caco-2 

cells was analyzed and compared to that of isolated gemcitabine and the respective 

CPP6. The Gem-CPP6-2 conjugate and respective CPP6-2 (KLPVMW) revealed the 

highest permeability, crossing the monolayer of Caco-2 cells to a greater extent. 

  

http://www.doi.org/10.5599/admet.882


44 FCUP 
Development of a new pharmacokinetic model using in silico studies, drug delivery systems and analytical methods 

 

PART I – CHAPTER 2 

  



FCUP 
Development of a new pharmacokinetic model using in silico studies, drug delivery systems and analytical methods 

45 

 

PART I – CHAPTER 2 

 



46 FCUP 
Development of a new pharmacokinetic model using in silico studies, drug delivery systems and analytical methods 

 

PART I – CHAPTER 2 



FCUP 
Development of a new pharmacokinetic model using in silico studies, drug delivery systems and analytical methods 

47 

 

PART I – CHAPTER 2 



48 FCUP 
Development of a new pharmacokinetic model using in silico studies, drug delivery systems and analytical methods 

 

PART I – CHAPTER 2 



FCUP 
Development of a new pharmacokinetic model using in silico studies, drug delivery systems and analytical methods 

49 

 

PART I – CHAPTER 2 



50 FCUP 
Development of a new pharmacokinetic model using in silico studies, drug delivery systems and analytical methods 

 

PART I – CHAPTER 2 



FCUP 
Development of a new pharmacokinetic model using in silico studies, drug delivery systems and analytical methods 

51 

 

PART I – CHAPTER 2 



52 FCUP 
Development of a new pharmacokinetic model using in silico studies, drug delivery systems and analytical methods 

 

PART I – CHAPTER 2 

 
 



FCUP 
Development of a new pharmacokinetic model using in silico studies, drug delivery systems and analytical methods 

53 

 

PART I – CHAPTER 3 

CHAPTER 3 

Permeability of Gemcitabine and PBPK Modeling to Assess Oral 

Administration 

 

Abigail Ferreira, Rui Lapa, Nuno Vale 

Current Issues in Molecular Biology, 2021, 43(3), pp. 2189-2198. 

DOI: 10.3390/cimb43030153 (registering DOI). 

 

As the most frequently employed chemotherapy treatment involves intravenous 

infusions, an invasive and unpleasant procedure, an alternative administration route was 

proposed and evaluated regarding the pharmacokinetic profile and feasibility. In this 

work, an oral administration via tablet was proposed and analyzed using GastroPlus™, 

revealing this is a promising treatment option. Despite maximum concentration reached 

in plasma was predicted to be lower following oral administration, the estimated area 

under the curve (AUC) was greater for three of the studied oral regimens following tablet 

administration, providing enhanced drug exposure. Importantly, although studied doses 

were higher than conventionally used, no drug accumulation was predicted over time 

and with prolonged treatment. 
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CHAPTER 4 

New in vitro-in silico approach for the prediction of in vivo performance 

of drug combinations 

 

Cristiana Correia, Abigail Ferreira, Joana Santos, Marjo Yliperttula, Arto Urtti, Nuno 

Vale 

Molecules, 2021, 26(14), pp. 4257. DOI: 10.3390/molecules26144257 

 

Combination therapy of conventional anticancer drugs with repurposed drugs is a very 

promising approach that has demonstrated encouraging results. This work evaluated the 

combinations of anticancer drugs gemcitabine and 5- fluorouracil (5-FU) with repurposed 

drugs itraconazole, verapamil or tacrine in vitro, for their activity against cancer cell lines. 

Subsequently, these results were analyzed using multiple pharmacokinetic 

compartmental models developed in this work. This research has coupled in vitro 

bioactivity data and in silico tools to study the relationship between tissue drug 

concentration and inhibition of cell growth. Of the investigated combinations, 

itraconazole was the most effective in combination with either reference anticancer 

drugs, showing dose-dependent cell growth inhibition, and an increase in effect was 

predicted if itraconazole administration was continued. 
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CHAPTER 5 

In silico pharmacokinetic study of vancomycin using PBPK modeling 

and therapeutic drug monitoring 

 

Abigail Ferreira, Helena Martins, José C Oliveira, Rui Lapa, Nuno Vale 

Current Drug Metabolism, 2021; 22(2), pp. 150-162. 

DOI: 10.2174/1389200221999210101232417 

 

Antibiotics are one of the most prescribed drugs worldwide. However, it is crucial to 

optimize their use to ensure a successful clinical outcome and to prevent the widespread 

of resistance to these drugs, dangerously threatening to render them ineffective. 

Vancomycin has been used for over five decades to treat serious infections, including 

those caused by methicillin-resistant Staphylococcus aureus (MRSA). 

As a result of a collaboration with Centro Hospitalar Universitario do Porto (CHUP), 

clinical and demographic data from inpatients was analyzed and the influence of different 

treatment regimens, as well as patients' age, weight, and renal function on the 

biodistribution of this antibiotic was investigated. The main pharmacokinetic parameters 

and the plasma concentration-time profiles were estimated using GastroPlus™. 

The main factors impacting the PK of vancomycin were renal function and total body 

weight, and a direct proportionality was observed between dose and plasma levels of 

vancomycin. 

  

http://www.doi.org/10.2174/1389200221999210101232417
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CHAPTER 6 

PBPK modeling and simulation of antibiotics amikacin, gentamicin, 

tobramycin, and vancomycin used in hospital practice 

 

Abigail Ferreira, Helena Martins, José Carlos Oliveira, Rui Lapa, Nuno Vale 

Life, 2021, 11(11), pp. 1130. DOI: 10.3390/life11111130 

 

Following the previous work, a broader study was carried out, including clinically used 

antibiotics amikacin, gentamicin, tobramycin, and vancomycin. The clinical and 

demographic data was collected and analyzed, and the PK profile of these antibiotics 

was evaluated using PBPK modeling and simulation in GastroPlus™. Similarly to what 

had been observed for vancomycin, renal function and weight were the predominant 

parameters impacting the biodistribution of these drugs. Importantly, of the four studied 

antibiotics, vancomycin had the most substantial accumulation in plasma over time. 

Once again, the importance of monitoring patients, specifically those with impaired 

renal function, the elderly and obese patients, and conducting therapeutic drug 

monitoring (TDM) was demonstrated to be essential, as dose adjustment can be crucial 

not only to ensure a favorable clinical outcome, but also to prevent adverse toxic effects. 

Furthermore, the value of in silico tools and PBPK modeling and simulation was verified 

as very useful and helpful in providing assorted knowledge. 
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CHAPTER 7 

A retrospective study comparing creatinine clearance estimation 

using different equations on a population-based cohort 

 

Abigail Ferreira, Rui Lapa and Nuno Vale 

Mathematical Biosciences and Engineering, 2021, 18(5), pp. 5680-5691. 

DOI: 10.3934/mbe.2021287 

 

Given the critical impact of renal function on the dose adjustment process and on the 

pharmacokinetic profile of the antibiotics studied in this thesis, this parameter was 

considered and examined further. As the actual most accurate indicator glomerular 

filtration rate (GFR) is not easily measured in clinical settings, numerous equations were 

developed over the decades to estimate renal function. Twelve of these equations were 

selected and analyzed to better understand the differences between them in the resulting 

estimated renal clearance, as well as the influence of the input parameters sex, age, and 

body composition. Demographic data and serum creatinine concentrations from the 

population previously studied were analyzed and renal clearance was estimated 

according to each equation. The highlighted differences complement the knowledge 

about the available methods to estimate renal function and can help clinicians make a 

customized and best fitted decision when choosing how to evaluate a patient’s renal 

function. 
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FINAL REMARKS AND FUTURE PERSPECTIVES 

Throughout this PhD project, the importance of pharmacokinetics was highlighted and 

some of its applications explored. Some of these applications were addressed in this 

thesis, from basic research, drugs’ R&D, to optimization of patients’ clinical outcomes in 

hospital settings, and the advancements towards precision medicine. 

Regarding cancer treatment, aiming at the enhancement of therapeutic agents’ 

efficacy and reduction of side effects, a number of strategies were approached in this 

project. Gemcitabine was the selected drug to the studies developed, which revealed 

very promising results. 

The first approach consisted of conjugating gemcitabine with Cell-Penetrating 

Peptides (CPPs). A preliminary assessment on the PK disposition of previously 

developed Gem-CPP conjugates was performed, and the relationship between the 

penetration ability of CPPs and their physicochemical properties was also analyzed. 

Hexapeptides CPP6 were likewise conjugated with gemcitabine. The bioactivity of 

these conjugates had been determined and, since permeability is a physicochemical 

property strongly influencing ADMET profile, the transport of these conjugates across a 

monolayer of Caco-2 cells was examined, an in vitro standard for these determinations. 

These studies demonstrated these peptides are able to effectively transport 

gemcitabine into cells, where this antimetabolite can act as a cytotoxic agent, 

substantiating their potential as drug delivery vehicles. 

Given gemcitabine is administered intravenously, an invasive and unpleasant route, 

an alternative oral route of administration was proposed and evaluated. Some of the 

studied regimens of oral administration reached higher AUC compared to the IV infusion, 

supporting this route of administration as a viable alternative to the traditional method. 

The combination of gemcitabine, as well as of 5-FU, with repurposed drugs 

itraconazole, tacrine and verapamil, was evaluated. The results from in vitro studies were 

modeled and analyzed using in silico PK models to predict the in vivo performance of 

these combinations. Itraconazole combined with either chemotherapeutic agent was 

considered the most favorable. 

Furthermore, the work from the first part of this project provided the knowledge and 

experience on the development of PBPK models, later used to analyze clinical data of 

patients receiving antibiotic therapy and assess the influence of their individual 

characteristics, as biological sex, age, body weight, and renal function. 
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Studying different dosing regimens and parameters of interindividual variability, these 

models confirmed the impact of renal function on the drug disposition and PK profile of 

antibiotics amikacin, gentamicin, tobramycin, and vancomycin, as well as the 

considerable influence of body weight. This was particularly significant in the case of 

glycopeptide vancomycin, where impaired renal function can lead to the accumulation of 

this antibiotic in plasma that can quickly reach toxic levels. 

 

Future perspectives 

Continuing the work developed in this project, these studies can be transferable and 

applied to other patient populations benefiting from therapeutic drug monitoring and 

dosing adjustments. To further refine and validate these models, being able to determine 

plasma concentrations more frequently between drug administrations to confirm PK 

disposition would be immensely advantageous, along with assessing patients before, 

throughout and after therapy, ideally in larger study populations. 

The investigations achieved in this project provided insights that can contribute to the 

development of novel and improved therapies for cancer treatment. Additionally, 

analyzing population data with PBPK models is a precious tool and certainly 

indispensable in the progress towards a true precision medicine (Figure 11). 

 

 

Figure 11: Model-Informed Precision Dosing workflow. Reproduced from [140]. 
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