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Thesis summary

Cancer is a major global health challenge, causing millions of new cases and deaths each year. It's complex,
influenced by genetics, environment, and lifestyle, with the tumour microenvironment playing a key role. Treatments
like surgery, radiation, and chemotherapy have limitations and side effects, due to the complexity and influence of
genetics, environment, and lifestyle, with the tumor microenvironment playing a key role. Moreover, addressing
disparities in cancer rates among ethnic groups is crucial for equitable healthcare. There are two pharmacokinetics
principles that were utilised in this project: “Top-down” and “Bottom up”.

For the “Top-down”- physiologically based pharmacokinetic modelling (PBPK) work, two tyrosine kinase inhibitors
(TKIs) were investigated based on clinical studies: gefitinib and imatinib.

Gefitinib can inhibit the epidermal growth factor receptor (EGFR) to treat non-small cell lung cancer (NSCLC), and
it is removed by CYP 2D6 and 3A4. The ethnic differences between Caucasian and Chinese cancer populations
were assessed. To explore the impacts of CYP 2D6’s phenotypes on Chinese cancer population group, a virtual
Chinese cancer population group was developed, and multiple dose regimens were conducted and compared with
the Caucasian cancer population group. CYP 2D6 phenotypes' effects on gefitinib plasma concentrations in
Chinese cancer population was evaluated and demonstrated that for the two most prominent CYP 2D6 phenotypes
within the Chinese population, namely EM and IM, a dose increase to 500 mg once daily would better target a
suggested target trough concentration.

Imatinib can inhibit BCR-ABL activity to treat gastrointestinal stromal tumours (GIST) and chronic myeloid leukaemia
(CML). The normal trough plasma concentrations for imatinib in cancer patients is 750-1500 ng/mL. Due to the CYP
2D6 polymorphism, to receive better clinical outcomes within Chinese cancer patients, therapeutic drug monitoring
(TDM) strategy was utilised to adjust imatinib trough plasma concentrations to observe the application results post
adjustment, through implementation of the developed virtual Chinese cancer population. The commonly used
dosing regimen for imatinib is 400—600 mg daily, for advanced disease, it can be used as 600-800 mg daily. Unlike
Caucasian patients, Chinese patients are recommended with lower doses (600 mg/day) in clinical treatment to
achieve effective plasma concentrations.

For the “Bottom up”’- the research focused on improving brain cancer treatment at the cellular level, exploring the
inhibition effects of flavonoids on human brain tumour cells. The blood brain barrier (BBB) has been seen as the
main obstacle for the treatment of brain cancers, because of its ability to prevent the entry and accumulation of the
chemotherapeutic drugs.

Firstly, the cytotoxic properties of selected flavonoids as natural compounds were evaluated by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Secondly, the modulating ability of
selected flavonoids were tested by the H33343 and mitoxantrone intracellular accumulation assay, and the inhibition
effects on the invasion and migration LN 229 cells were assessed by cellular migration assay. Through
accumulation assay, 7-aminoflavone, 5-methoxyflavone showed better inhibition effects than KO143; harmine,
trihydroxyethylrutin and rotenone indicated similar inhibition effects with KO143. Based on the migration assay, the
impacts of these flavonoids on reactive oxygen species (ROS) level and the activation of caspases in LN 229 cells
were evaluated to observe the ability associated with apoptosis. The migration increase level of harmine, and
rotenone is below 10%, and the migration increase level of 7-methoxyflavanone is over 20%. Furthermore, 100 yM
rotenone and 100 uM harmine are detected as the largest detection through ROS assay. Harmine and rotenone
are considered as the promising compounds among the selected eight flavonoids, they had demonstrated their
potential in their inhibition effects on LN229 cells, ability to regulate BCRP efflux function, induce ROS level
increasing and the apoptosis.

Keywords: CNS system; BBB; BCRP; Flavonoids; Gefitinib; Imatinib; PBPK; CYP 2D6 polymorphism; TKI.
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1.1 Cancers

As a major health-threatening disease worldwide and the largest public burden affecting
people’s quality of life, the Global Cancer Observatory has been collecting and monitoring
statistics on cancer for thirty years [1]. Recent research indicates that cancer has caused over

19.3 million new incidences and 10 million deaths by 2020 worldwide [2, 3].

Cancer is a multifaceted and diverse illness characterised by uncontrolled cell growth and
proliferation, which results in the development of malignant tumours [4]. Many factors,
including genetic, environmental, and lifestyle factors, contribute to the development of cancer
[5]. Cancer is produced by mutations or abnormalities in the genetic material of cells at the
molecular level [6]. These mutations can occur naturally or be caused by external causes such
as: radiation, chemicals, or viruses [6]. Moreover, cancer-causing mutations may be passed
from parents [7]. Accumulating mutations in critical genes can result in the activation of
oncogenes, which accelerate cell growth and division, and the inactivation of tumour
suppressor genes, which typically regulate cell development and prevent the formation of
tumours. This imbalance in cell growth and division regulation results in uncontrolled cell

development and the formation of a tumour [7].

In addition, the tumour's microenvironment has a significant impact on the genesis and
progression of cancer. Its microenvironment is made up of neighbouring cells, blood vessels,
and extracellular matrix [8]. Cancer cells can recruit and manipulate these cells and chemicals
to enhance their growth and survival, avoid the immune system, and promote angiogenesis,
the development of new blood vessels that nourish and oxygenate the tumour [9]. In addition
to genetic and microenvironmental variables, lifestyle factors including food, physical exercise,
and smoking may contribute to the development of cancer [10]. These variables can cause
DNA damage and raise the chance of mutations within the microenvironment of a tumour, as

well as disrupt the equilibrium of immune cells and cytokines [11].

Cancer is commonly treated with a range of options including surgery, radiation therapy, and
chemotherapy, all of which target different cancer cell components and the tumour’s
microenvironment [12]. These treatments can be useful in shrinking or eradicating tumours,

but they can also cause severe side effects and are typically not curative [13].

Interestingly, there exist disparities in the incidence of cancer between ethnic groups and
utilising these disparities rationally can contribute to the promotion of equitable public health
management [14]. Clinic visits and treatment regimens are often modified according to
ethnicity in order to minimise variations in diagnostic paths between ethnic groups [15]. The

systematic treatment procedure aims to help all disease-affected groups, and those with a
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greater incidence of cancer receive more screenings; therefore, theoretically, the treatment
effect should be enhanced [16].

1.1.1 Type of tumours

Tumours can be loosely described as a collection of abnormal cells growing in an uncontrolled
way and do not have apoptosis as normal cells in the human body [17]. Tumours can almost
start from anywhere in the human body, and can be categorised into benign tumours,

malignant tumours and premalignant conditions [18].

Benign tumours can be defined as non-cancerous tumours, and it is different from malignant
tumours in a number of respects [19, 20]: Benign tumours usually grow slowly, and do not
invade other tissues or organs, they may be easily removed from the human body after surgery,
and once they are removed, they may not relapse [21]. Furthermore, they normally have a
smooth covering, and the cells in the benign tumours are quite similar to normal cells [22].
Therefore, benign tumours will only be noticed when they grow large, cause pain [23] constrict
tissues or organs such as brain tumours, or have the secretion of chemicals to affect the human
body [24].

On the contrary, malignant tumours grow much faster than benign tumours [25], they invade
and spread into nearby cells or tissues or organs to induce the formation of blood vessels to
support its growth, they may relapse after the surgery, but the surface of the covering is usually
composed of normal cells [26]. Furthermore, the site in the human body where the tumours
start from the beginning is called primary tumours [27], if the tumours spread into other parts
of the body, the new collection of tumours is called secondary tumours [28], which is also called

metastases, and the original tumours is named as metastatic cancer [27].

Moreover, regardless of benign and malignant tumours, there are premalignant conditions
which are also related to tumours. Premalignant cells can be considered as the prophase of
cancer cells [29], and they have the potential to divide and differentiate into mature cancer
cells. During the period of time which premalignant transform into cancer cells, there are
varying degrees of changes in premalignant cells happening, and these changes can usually
be classified as hyperplasia, atypia, metaplasia, dysplasia and carcinoma in situ [30].
Hyperplasia indicates that there are some abnormal cells which have the same appearance of
normal cells, but their speed of dividing and growth is much faster than regular normal cells,

and small amounts of hyperplasia cells are premalignant [31].
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Furthermore, atypia shows that the morphology of this type of cell can be observed to be
different from normal cells, some of atypia cells are premalignant, and sometimes healing and
inflammation may cause the atypia [32]. Additionally, metaplasia [33], can be recognised as a
handful of cells with normal appearance appearing where they should not in most instances,
and there are only small numbers of metaplasia cells are premalignant. Moreover, dysplasia
can be regarded as premalignant conditions, and most of this type of cell are abnormal, and
some of them may be observed as normal cells [34]. Additionally, this type of cell grows faster

than normal cells.

In addition, carcinoma in situ can be thought as the severest condition during the period of
premalignancy [35]. This type of cell is clearly abnormal and have great potential to turn into
mature cancer cells [36], but in this stage, they cannot spread into other tissues or organs [37].
Once the body of the patients are in the premalignant conditions, their body should be
monitored regularly to avoid aggravating the conditions [38]. Besides, unlike cancer cells,

premalignant cells may disappear without treatment.

1.1.2 Brain cancers

As a global burden of disease, brain cancers are present with a low survival rate and high
impact on patients’ lives [39], and is ranked in the top-10 leading causes of mortality [39]. The
incidence of brain and other CNS cancers has been increasing over the past few decades
worldwide. Each year, over 5,000 new cases of primary brain tumours are diagnosed in the
United Kingdom [40]. Population-based studies in the United Kingdom have revealed ethnic
disparities in the incidence rates of the majority of malignancies, with non-Caucasian

populations typically at a lower risk than Caucasian populations [40].

Brain tumours refer to a group of abnormal cells that continually divide and multiply in the brain,
with the ability to infect neighbouring brain cells and tissues and expand [41]. Brain tumours
fall into two categories: benign and malignant [41]. According to the characteristics of
malignant tumours (specifically, brain cancer), malignant brain tumours have a greater
propensity to infect neighbouring cells and tissues than benign brain tumours [42]. In the
meantime, the proliferation rate of malignant brain tumours will be noticeably faster than that
of benign brain tumours [43]. In addition, brain cancer is typically caused by the progression
of astrocytoma or oligodendroglioma, whereas the most common benign brain tumours are

meningiomas or astrocytomas [41].

The main challenge of brain cancer is the blood- brain barrier (BBB), this is a substantial

obstacle in the brain, which functions as a useful boundary between blood and brain to protect
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the brain from neurotoxins [44]. This obstacle is seen as the main challenge for chemotherapy
for brain cancer, it prevents the entry of many macromolecules and over 98% of small
molecules from entering the brain including normal paracellular and diffusion routes [45]. Also,
within the BBB, there are many ABC efflux transporters actively efflux exogenous substances.
Furthermore, the main transport pathway of the BBB is the passive transport because the brain

needs many essential water-soluble nutrients and metabolites to support itself [44].

Alternately, based on the original site of tumours, brain tumours can be classified as either
primary or secondary [46]. Secondary brain tumours refer to cancer cells that grow and
proliferate from tumours in other regions of the body (the main location is not the brain) and
spread through blood or tissue [47], and continue to divide and proliferate in the brain and form

a new collection of tumours in the human body [41].

In addition, the World Health Organization (WHO) revised the classification of brain tumours
five times between 1979 and 2016 based on four characteristics: mitosis, necrosis, nuclear
atypicality, and microvascular hyperplasia [48]. Brain tumours are graded from minimal (I) to
severe (V) [49, 50]. When the grade is lower, so is the severity and destructiveness. Grade |

brain tumour cells closely resemble normal cells morphologically and develop slowly [51].

In Grade I, modest morphological abnormalities can be identified in the brain tumour cells,
and these cells may be able to penetrate neighbouring tissues or cells. Brain tumour cells are
abnormally seen in Grade lll, and they can infect adjacent brain tissue and cells. In Grade 1V,
brain tumour cells grow rapidly and are fully morphologically aberrant in comparison to normal

cells [52]; glioblastoma (GBM) normally refers to Grade |V brain tumour.

Glioblastoma is arguably the most prevalent form of brain cancer [53]. Hence, the treatment of

glioblastoma can be served as the standard treatment for brain cancer [54].

Primary brain cancers arise in the meninges, neuroepithelial tissue, pituitary gland and
associated structures, cranial nerves, germ cells, and haematological organs [55, 56].
Histopathological criteria and immunohistochemistry data were utilised for classification [57].
Headaches and seizures are the most typical symptoms of these brain tumours [58]. Brain
imaging and histology are essential for diagnosing a suspected brain tumour [59]. Gadolinium-
enhanced magnetic resonance imaging (MRI) was the preferred imaging technique [60].
Imaging, like MRI [61], did not reveal any pathologic characteristics that could identify primary
brain tumours from metastatic or non-neoplastic illness [62]. Due to its low sensitivity in
discriminating cancers from benign or inflammatory lesions, fluorodeoxyglucose positron
emission tomography is not advised for the detection of primary lesions [63]. A multidisciplinary

team customizes treatment recommendations depending on tumour kind and location,
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possibility of malignancy, patient age, and medical condition [64]. Typically, surgery, radiation

therapy, and chemotherapy are utilised in the treatment of cancer.

1.1.3 In vitro models for glioblastomas

There are four commonly utilised cell lines for GBM research: LN229, SNB19, U87, and U251
[65]. In 1979, a patient with right frontal parieto-occipital glioblastoma provided the LN229 cell
line, which is cultivated in a medium containing 90% Dulbecco's modified Eagle's medium
(DMEM) and 10% fetal bovine serum (FBS) at 37°C [66].

The SNB19 cell line was derived from the left parieto-occipital glioblastoma of a 47-year-old
man in 1980, and the suggested media is identical to that of the LN229 cell line. In addition,
U87 cell line was derived from a female patient with pleomorphic glioma, while U251 cell line
was derived from a male patient aged 75 years with pleomorphic glioma [67]. There four cell
lines are all originated from neuroepithelial cells [68], thus, they are utilised to develop a useful
model system to study the biology of brain tumours and test potential cancer therapies [69]. In
addition, the BBB might be viewed as the key to overcoming GBM and other CNS illnesses;

hence, the development of BBB models is essential for future research.

1.2 The Central nervous system

The central nervous system (CNS) is a complex network of the brain and spinal cord
responsible for receiving, processing, and transmitting information throughout the body [70].
The CNS is crucial for the proper functioning of the body, and any damage to this system can
lead to severe consequences, including brain cancer [71]. The CNS is vital for behaviour
control and regulating physiological processes. It receives data from sensory receptors,

primarily via the spinal cord [72].

The central nervous system governs the body at its core. It is comprised of the brain and spinal
cord and is responsible for interpreting sensory data, regulating movement, and coordinating
the body's numerous tissues [72]. Neurons in the central nervous system must convey
information via electrical and chemical signals, and the accurate transmission of nerve signals
requires a stable central nervous system microenvironment [73]. Hence, the blood-brain barrier,
the blood-cerebrospinal fluid barrier, and the barrier surrounding the CNS supplied by the

avascular arachnoid epithelium are the three primary locations of the CNS barrier [74].

He Yu, PhD Thesis, Aston University 2023 26



Composed of neurovascular units, junctional complexes, and tight junctions, the blood-brain
barrier is widespread in mammals with a healthy central nervous system and serves as a
barrier to preserve proper central nervous system function [75]. The neurovascular unit is
predominantly made of endothelial cells that create capillaries [76]. The capillaries generated
by these endothelial cells have a total surface area of approximately 150-200cm?.g™" of tissue,
constituting the biggest blood-brain interface in the body [77]. In addition to endothelial cells,
the neurovascular unit contains astrocytes, pericytes, neurons, and extracellular matrix [75].
Occludins are present in complexes involving ligation. Connecting adhesion molecules to
Membrane-associated guanylate kinase-like proteins is Important [78]. Calcium,

phosphorylation, and G protein are necessary for the regulation of Tight junction function [79].

1.3 The Blood Brain Barrier
1.3.1 History

In 1878, Paul Ehrlich [80] began injecting coloured dyes into the bodies of animals, excluding
the brain [81]. In 1885, he found out all the organs and tissues could be coloured by injected
dyes excluding the brain and cerebrospinal fluid (CSF) [80]. Prior research had not addressed
why the brain and CSF were not stained, and the initial conclusion was that the CNS may have
a low affinity for important dyes [80]. In 1900, Lewandowsky [80] found out when cholic acids
or sodium ferrocyanide was given intravenously, neurological symptoms would arise, but CNS

would not have connected effects.

Hence, the concept of “blood brain barrier” (BBB) was brought forward by Lewandowsky in
1900, however it could not explain the mechanism of the “barrier”. The anomaly that brain
could not be stained was explained by Tschirgi [82], Tschirgi found out some injected dyes
could mix with plasma proteins, particularly with albumin [83]. Goldmann [84] utilised Trypan
blue to stain animals and found out the brain and CSF still could not be stained while the
choroid plexuses were stained. Hence, the affinity between CNS and various colours was not

the fundamental basis of the event.

Later the hypothesis of CSF was brought forward by Goldmann in 1913, CSF may transfer
chemicals to the brain through the choroid plexuses [85]. In 1921, Stem and Gautier [86] first
concluded the concept of the BBB, as follows: There is a barrier between the blood and the
brain, substances can be excluded from the brain due to the barrier, and substances must
reach the brain tissue in order to gain access to the CSF in order to enter the brain; if they do
not appear in the CSF, they cannot enter the brain. If the chemicals cannot penetrate the

“barrier”, CSF may transfer them into the brain.
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1.3.2 The structure of the BBB

The BBB can be viewed as the systemic microvasculature of the CNS, which is capable of
regulating the level of small molecules transferred between the blood and the CNS, hence
aiding in the maintenance of CNS homeostasis [71]. The disruption of the BBB can disrupt the
brain's homeostasis and prevent immune cells and tiny chemicals from entering the brain,
leading to neurodegenerative disorders and other neurological diseases such as stroke [87].
Endothelial cells (ECs) and tight junctions (TJs) based on the capillary wall, pericytes,
astrocytes, the basement membrane, and immune cells make up the walls of cerebral
capillaries [88] (Figure 1.1). Adult BBB surface area is between 12-18m?[89], and accessible

brain cells in these capillaries are smaller than 25um [74].

Astrocyte Tight junction

endfoot

Pericyte Tight junction

Basal lamina

Microglia Aslrocyte

Neuron

Figure 1.1 The physiology of the blood brain barrier (BBB).
Obtained from [44].

Tight junctions are formed between the edge of endothelial cells; Vasoactive neurotransmitters and
peptides are found in the axonal projections of neurons onto arteriolar smooth muscle, which control
regional cerebral blood flow; Along the length of the cerebral capillaries, pericytes are randomly
distributed and partially surround the endothelium. The cerebral endothelial cells and pericytes are both
encompassed by and play a role in the nearby basement membrane, which constitutes a unique
perivascular extracellular matrix known as basal lamina 1 (BL1). This matrix differs in composition from
the extracellular matrix found in the glial endfeet surrounding the brain parenchyma (BL2). A thick layer
of foot processes from astrocytes surrounds the capillaries, and this tight cell association is crucial for
producing and maintaining the barrier qualities.

Brain capillary endothelial cells (BCECs) are flat, squamous epithelial cells that form the walls
of blood arteries [90]. The role of ECs is to inhibit the free flow of interstitial fluid (ISF) between

the brain and blood [91]. In addition, TJs are generated between ECs, and pericytes are
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dispersed along brain capillaries, with a portion surrounding ECs (Figure 1.1) [92]. Further, the
ECs and pericytes are surrounded by the basement membrane and this matrix is generally
named perivascular extracellular matrix (basal lamina 1, BL1) [78]. Unlike BL1, BL2 is

composed of the extracellular matrix of glial endfeet and brain parenchyma [93].

The endfeet of astrocytes can stimulate the construction of a network to maintain the barrier,
and microglia are the immune cells which are situated in the brain [94]. Additionally, TJs are
located on the apical plasma membrane, and they are constituted of three key transmembrane
proteins- claudins, occludin and junctional adhesion molecules (JAMs) (Figure 1.2) [95]. The
C-terminal region of occludins can be employed to bind with zonula occludens protein 1 (ZO-
1), ZO-2 and ZO-3 (Figure 1.2) in endothelial cells [96], while JAMs are from immunoglobulin
superfamily [97].

Adheren junctions (AJs) can maintain the TJs and junctional complex, and the main
composition of AJs is vascular endothelium cadherin (Ve-cadherin), which can drive the growth

and production of adhesive complexes between the neighbouring cells [97].

Regarding the function of the BBB, it is able to exclude external substances (toxins and waste),
maintain ion homeostasis and a low level of protein to ensure brain communication and
connectivity, and have minimum immune cell damage to continue immune response and

surveillance [98].

Figure 1.2 The structure of the tight junctions (TJs).

Obtained from [99].

They are proteins consisting of tight junctions, which contain intracellular domains that attach to the
cytoskeleton and extracellular domains that mediate physical interactions.
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1.3.3 Molecular transport pathways at the BBB

The ECs, astrocytes, pericytes, and microglia are interconnected with TJs and AJs to form a
functional barrier within the BBB. The BBB transport pathways can be classified as either
transcellular or paracellular [87]. Lipophilic agents can be delivered through transcellular
channels, and hydrophilic compounds can cross by paracellular pathways [100].
Transmembrane diffusion, carrier-mediated transport (influx and efflux), transcytosis, and
nasal administration are the four major routes for drug transport via the BBB [100]. Many
chemical substances with low molecular weight and lipid solubility can be transferred by
transmembrane diffusion, and high lipid solubility may result in increased BBB permeability
[100]. Typically, the elements that determine lipid solubility are charge, protein binding, and
molecular weight [100]. Moreover, carrier mediated transport (influx and efflux) is primarily
influenced by transporter proteins in the BBB [101]. These transporters can be classified as
influx and efflux transporters; influx transporters such as glucose transporter (GLUT1),
monocarboxylate lactate transporter (MCT1), and sodium-coupled glucose transporters
(SGLTs) [100] can increase the absorption of the drugs, whereas eff [102]. In addition,
transcytosis can transport substances using receptors including Transferrin receptor (TfR)

[103], low-density lipoprotein receptor (LDLR), and neonatal Fc receptor (FcRn) [104].

1.3.4 The function of BBB in drug delivery

Numerous studies have demonstrated that the BBB is a substantial obstacle in the context of
medication delivery, preventing over 98% small molecules and all large molecule drugs from
transversing [105]. The unique function of the BBB is effluxion or impeding exogenous

substances entering the brain to maintain the homeostasis [106].

Lipinski's rule of five “Ro5” was developed in 1997 and is considered as a general guideline
for assessing if a chemical molecule had qualities that would make it likely to be an orally active
medicine in humans or determines whether a chemical compound has a certain
pharmacological or biological activity [107]. The Ro5 is as follows [107]: the molecular weight
(<500), hydrogen bond acceptor groups (HBA, sum of single bond -O and single bond -N, <10),
hydrogen bond donor groups (HBD, sum of single bond -OH and single bond -NH groups, <5),
and finally, calculated partition coefficient (log P) not greater than 5. According to Lipinski, the

Rule of 5 only applies to substances that aren't substrates for active transporters [107].
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The physical and chemical properties of drugs will affect their entry to the brain. Currently, the
main ways for drugs entering into the brain can be classified as 4 categories as follows [108,
109]: A) For passive diffusion, including paracellular and transcellular, the properties of drugs
can be optimised, and paracellular drug transport may be conducted by interrupting BBB
permeability; B) carrier-mediated transport (CMT) mechanisms expressed on the BBB are
utilised; C) absorptive transcytosis: cationic molecules have the ability to be transported
nonspecifically throughout the cell via adsorptive transcytosis and endocytosis; D) receptor-
mediated transcytosis: by binding to receptors, particular ligands are endocytosed and

transported within the cell via receptor-mediated transcytosis.

Blood

A) Transcellular B) Carrier- C) Adsorptive D) Receptor-
Lipophilic Mediated Transcytosis Mediated
Pathway Transport Brain Transcytosis

Figure 1.3 The BBB transport pathways.
Obtained from [109]

(A) The transcellular lipophilic pathway enables small lipophilic molecules to enter the brain via passive
diffusion across the BBB. (B) Carrier-mediated transport (CMT) is a form of facilitated transport in which
molecules are transported from the environment into and through the cell via the action of specific
proteins. C) absorptive transcytosis: cationic molecules can be transported nonspecifically throughout
the cell via adsorptive transcytosis and endocytosis; D) receptor- mediated transcytosis: by binding to
receptors, particular ligands are endocytosed and transported within the cell via receptor-mediated
transcytosis.

The exclusion of chemicals from the brain is typically attributed to their restricted paracellular
permeability, which is a result of the presence of tight junctions that impede them into the BBB
[110]. Adsorptive transcytosis is a mechanism that facilitates the internalization of locally
abundant plasma proteins, such as albumin, which are often transported with difficulty, through
the process of cationization [110]. Transporters are observed within endothelial cells and play

a crucial role in mediating the transportation of diverse substances, including choline, amino
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acids, glucose, purine bases, nucleosides. Specific transporters, such as P-gp and BCRP,
mediate the translocation of molecules across cellular membranes by an energy-dependent

mechanism [110]. These proteins function as efflux transporters.

Receptor-mediated transcytosis is a process characterized by the specific internalization and
transportation of particular proteins, such as insulin and transferrin, via receptor-mediated
endocytosis followed by transcytosis [110]. Occasionally, medications have the capacity to
traverse the BBB because of their atypical permeability, which is attributed to their water
solubility [105]. Cationic molecules have a greater inclination to traverse the BBB, potentially
as a result of their interaction with the negatively charged EC membrane and proteoglycans

situated in the basement membrane [110].

1.3.5 Current formulation strategies to deliver drugs across the BBB

Various strategies have been proposed to improve penetration, including the manipulation of
drug properties, leveraging endogenous transporters or receptors at the BBB, and the adoption
of nanoparticulate drug carriers or antibodies specifically targeting BBB receptors through

receptor-mediated transcytosis (RMT) [111].

It is noteworthy that the BBB primarily permits the entry of lipophilic molecules with low
molecular weights, specifically those under a threshold of approximately 400-500 Da [111].
This restrictive nature poses difficulties in treating neurological disorders. Further complicating
the landscape is the fact that a scant proportion, less than 10%, of potential therapeutic agents
with CNS indications progress to clinical trials, predominantly due to challenges associated

with brain penetration [111].

A range of strategies exist aimed at enhancing the delivery of drugs to the brain. One prominent
method entails the use of nanoparticles and liposomes—minuscule particles that can be
tailored to transport drugs across the BBB [112]. These carriers can be precisely engineered
to target specific neural cells or tissues, potentially optimising drug efficacy. Nonetheless, the
capability of nanoparticles to autonomously traverse the BBB remains a topic of debate, with
some positing the necessity of active targeting [112]. Furthermore, research has also explored
alternative avenues such as leveraging the permeability of the BBB under pathological
scenarios or adopting non-invasive procedures like microbubble-enhanced ultrasound (MEUS)
and transcranial magnetic stimulation (TMS) to transiently disrupt the BBB, thus facilitating

drug penetration [112].
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Additionally, intranasal administration capitalises on the nasal cavity's direct conduits to the
cerebrum through the olfactory and trigeminal pathways, offering another potential solution
[113]. Furthermore, ligand conjugation involves affixing particular ligands to nanocarriers,
allowing these ligands to subsequently adhere to specific BBB receptors and aid in barrier

traversal [113].

Also, membrane coating, in which nanocarriers are wrapped in organic or artificial substrates
like erythrocyte membranes or polymers, is a novel method [113]. This not only improves
biocompatibility, but it also makes immunological clearing less effective. On the other hand,
stimuli-induced BBB disturbance uses agents like ultrasound or changes in osmotic pressure
to temporarily break down the BBB's tight junctions, which makes it easier for drugs to get into
the brain [113].

Besides these strategies, there are numerous drug delivery systems to deliver drugs to specific

places in the brain [113].

Liposomes, which have a double layer of lipids, are promising. These vesicular structures can
put drugs inside them and guide them to specific cells or tissues. By adding ligands to improve

targeting accuracy, their natural biocompatibility can be further increased [113].

Dendrimers, which have complex dendritic topological structures, are another option because
they can be made in a way that can be carefully controlled and may have therapeutic

applications [113].

The ability of nanoparticles and liposomes to interact with the BBB supports their potential for
application for the delivery of drugs to the brain [112]. While some studies imply that
nanoparticles may penetrate the BBB through a process known as receptor-mediated
transcytosis, in which they bind to particular receptors on brain endothelial cells and then move
across, other studies raise the possibility of an alternative mechanism known as adsorptive-
mediated transcytosis, which depends on electrostatic interactions between the particles and
the cellular surface [112]. These lipid-based structures can be designed to wrap particular
medications and then guided towards chosen brain cells or tissues, a technique that can both

increase the efficacy of drug delivery and reduce side effects [112].

The BBB serves as a selective interface enveloping the microvasculature of the CNS [113].
Constituted of endothelial cells with intricate TJs, the BBB meticulously restricts the passage
of numerous chemical pharmaceuticals and biopharmaceutical agents [113]. As a result,
therapeutic management of CNS ailments becomes intricate, as drugs frequently fail to access
their designated cerebral targets. This impediment can lead to diminished therapeutic

outcomes and augmented adverse effects [113].
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To address these challenges, several strategies have emerged to bolster drug transport to the
cerebral region [113]. Noteworthy among these is passive transcytosis, which leverages
nanocarriers, such as liposomes or nanoparticles. This strategy facilitates drug transit across
the BBB, encompassing the nanocarrier's absorption by ECs, followed by its release beyond
the BBB confine [113].

1.4 The role of drug transporter protein at the BBB

There are a few transporters located at the BBB, such as glucose transporters, amino acid
(AA) transporters, monocarboxylate transporters, ATP-binding cassette (ABC) transporters
and the solute carrier superfamily (SLC) [114]. Glucose transporters are responsible for the
transport of glucose- the necessary nutrients for the brain, eg: GLUT 1, especially expressed
at the BBB [114]. The AA proteins are the ones transporting necessary substances- amino
acids for the protein synthesis, the rate of brain proteins synthesis is not limited by the
availability of amino acids, eg: LAT1 (SLC7A5)- the main AA transporter at the BBB [114].
Glycolysis occurs during the brain's absorption of glucose, and the lactic acid produced is
transferred to Interstitial fluid (ISF) by Monocarboxylate transporters or used as an energy
source during neuronal development, eg: MCT1- may avoid the accumulation of lactic acid in
the BBB [114]. Instead of anticipating the ATP hydrolysis, SLCs can mediate transport of
solutes as secondary active transporters, eg: SLCO2B1 (OATP2B1) transporter is highly
expressed in the endothelial cells of brain capillaries, suggesting its potential role in facilitating

the transportation of several neuropeptides and neurosteroids across the BBB [115].

The ATP-binding cassette (ABC) transporter superfamily is one of the largest membrane
protein families [116]. Two ATP-binding domains, also known as nucleotide-binding domains
(NBDs), and two transmembrane domains (TMDs) are often present in ABC transporters [117]
(Figure 1.4). The two NBDs consist of NBD1 and NBD2, whereas the two TMDs consist of
TMD1 and TMD2 [118] (Figure 1.4). In many organisms, the combination of ABC transporters
may vary [119]. For instance, the ABC transporters in bacteria can be individually combined or
a combination of NBDs and TMDs [120]. The ABC transporters in eukaryotes mostly are a
combination of NBDs and TMDs, and they are combined by a polypeptide, and there may be

some combinations of ABC transporters that are homodimeric or heterodimeric [121].
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P-gp Y GnsGsGKST sQe LSGGQ ILLDEAT LD AHR
MsbA Y GrsGsGKST sQn LSGGQ ILiDEAT LD AHR
Sav Y CmsGgGKST @gQd LSGGQ ILiDEAT LD AHR
BtuD 1 GpnGaGKST gQg LSGGe ILLDEpm Ls sHd
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Figure 1.4 The structure of a minimal ABC transporter with four domains.
Obtained from [120].

The binding of ligands is facilitated by two transmembrane domains (TMDs), while the transportation
process is powered by the binding and hydrolysis of ATP through the two nucleotide binding domains
(NBDs). The transmembrane domains (TMDs) found in various subfamilies of ABC transporters may
not exhibit homology. The nucleotide-binding domains (NBDs) exhibit homology across the whole family.
Every nucleotide-binding domain (NBD) is composed of seven motifs that are highly conserved,
although they are not completely unchanging.

In addition, A, Q, D, and H loops, Walker A and B conserved motifs, and the trademark C motif
are classed as NBDs [122]. The functional ATP site is formed by the Walker A and B motifs
(NBD1) and the signature region (NBD2), which bind ATP in the interspace of NBDs [123].
Typically, the two TMDs conjugate with 6-11 membrane-spanning -helices, and the helices
dictate the substrate specificity. The primary function of ABC transporters is to inflow and efflux
endogenous and xenobiotic chemicals, and the link between ABC transporters and multiple

drug resistance (MDR) results from this function.

There are currently 48 ABC genes in the human genome, and more than 20 ABC transporters
have been linked to human diseases, including cancer, cystic fibrosis, CNS disorders, and
gout [124]. Importantly, the MDR phenomenon is mediated by a group of
phosphoglycoproteins (mostly ABC transporters); these phosphoglycoproteins employ the
energy of ATP hydrolysis to perform active transport to pump out the anticancer medicines of
the tumour cells, in order to decrease the potential toxicity of these anticancer agents to the

tumour cells [125].
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Three major ABC transporters are associated with the MDR phenomenon: P-gp, MRP, and
BCRP [125].

1.4.1 P-glycoprotein (P-gp)

P-glycoprotein (P-gp) was initially discovered in the ovary cell membranes of Chinese hamster
in 1976. It is a glycosylated approximately 170 kDa transmembrane protein that is encoded by
ABCB1 (also known as MDR1)- a MDR gene [126]. P-gp's primary role is to efflux poisons and
xenobiotics, and this active efflux transporter is frequently overexpressed in cancer cells [127].
Active transport is facilitated by P-gp through the utilisation of ATP hydrolysis energy. Relative
to cancer cells without P-gp expression, the concentration of anticancer medication is lower in

these cells.

P-gp has already demonstrated the capacity to generate drug resistance prior to exposure to
chemotherapeutic drugs for anticancer treatment [127]. In addition to being expressed in the
luminal membranes of the endothelium of brain capillaries, P-gp is broadly expressed in the
plasma membranes of numerous organs, including the liver, kidney, and intestine, as well as
other human body tissues [128]. P-gp's structure consists of two homologous halves, each of
which contains six putative transmembrane domains and hydrophilic N- and C-terminal
portions [129]. The C-terminal regions contain nucleotide-binding sequences, which are
employed to bind and hydrolyse ATP [129].

Inhibition of P-gp can also improve the efficacy of anticancer medications [130]; therefore, the
regulation of P-gp must be investigated. In addition, numerous P-gp efflux substrates exist,
such as anticancer drugs Mithramycin, Taxol (paclitaxel, docetaxel), and Actinomycin D;
cytotoxic agents Puromycin, Calcium channel blocker, and Verapamil [129]; HIV protease
inhibitors such as Ritonavir; hormones such as Testosterone and other agents such as Digoxin

[131]; and HIV protease inhibitors such as Ritonavir [129].

1.4.2 Multidrug resistance protein (MRP)

Multidrug resistance proteins (MRPs) are derived from the subfamily C of the ABC transporter,
and the human body contains nine MRPs derived from the same subfamily [132]. These nine
MRPs are denoted by the designations MRP1, MRP2, MRP3, MRP4, MRP5, MRP6, MRP7,
MRP8, and MRP9 [133]. Several transmembrane (TM) helices are located in the TMDs of
these MRPs, which have NBDs for ATP binding and hydrolysis [134]. Being members of the
ABC transporter family, MRP4, 5, 8, and 9 contain two NBDs and two TMDs as well as other
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typical ABC transporters; these four MRPs are referred to as "short MRPs" [135]. The
remaining human MRPs are referred to as "long MRPs" because their structures contain an
extra NH2-proximal MSDO [135]. In addition, as the only known MRP that is relevant to tumour
multidrug resistance [136], MRP1 is encoded by ABCC1, which is predominantly expressed in
the BBB, and it can be related to inflammatory responses and mediation with numerous
anticancer drugs such as methotrexate (MTX) and vincristine, with MK-571 being the typical
MRP1 inhibitor [137]. The precise mechanism of MRP1 is unknown [138].

1.4.3 Breast cancer resistance protein (BCRP)
1.4.3.1 Breast cancer resistance protein structure and function

The human breast cancer resistance protein (BCRP/ABCG2) is a member of the subfamily G
of the ABC transporter superfamily [139]. The BCRP gene was cloned and isolated from the
highly doxorubicin-resistant MCF7 breast cancer cell line (MCF-7/AdrVp) due to its
overexpression [140]. Moreover, BCRP is a transporter with a molecular weight of around
72kDa and 655 amino acids [141]. This protein has a single N-terminal linked to six putative
transmembrane regions[142] (Figure 1.5). BCRP consists of 1 NBD and 1 MBD and is
therefore known as "half transporters" [143]. Otherwise, "complete transporters" like ABCB1
consist of 2 NBDs and 2 MBDs [144], but "full transporters" like ABCC1 include an additional
MSD attached to the amino acid's terminal [145].

(6 Transmembrane domain)

Extracellular

|ATP binding site

Figure 1.5 The structure of the BCRP.

Obtained from [146].
Breast Cancer Resistance Protein (BCRP) is classified as a half-ABC transporter, compared to P-gp,

BCRP is characterised by six transmembrane domains and a single ATP-binding site, while P-gp
possesses twelve transmembrane domains and two ATP-binding sites.

He Yu, PhD Thesis, Aston University 2023 37



Moreover, BCRP has been found to be expressed in several organs, such as the brain, liver,
and kidney, with the highest level found in the placenta [147]. Since the mechanism and
function of BCRP are similar to those of P-gp, the high expression of BCRP in placenta may
reduce the danger of chemotherapeutic drug exposure to the foetus [148]. Due to BCRP's
mechanism, the ability to cause MDR can also be considered a part of BCRP's function [149].
As a distinct member of the ABC transporter family, BCRP's substrates are not restricted to
chemotherapeutic medicines such as gefitinib, mitoxantrone, methotrexate, and other
medications, but also include non-chemotherapeutic pharmaceuticals such as dipyridamole
and statins [150]. P-gp cannot transport hydrophilic conjugated organic anions, although BCRP
can, whereas P-gp can transport hydrophobic molecules [150]. Hence, once P-gp and BCRP
can be produced simultaneously, they may induce a synergistic effect that strengthens the

tissue barrier's (e.g., the BBB) ability to restrict drug permeability [150].

1.4.4 ABC transporters on the BBB and brain tumour

ABC transporters play a pivotal role in modulating drug delivery within gliomas by inducing
multidrug resistance in neoplastic cells and hampering the effective delivery of
chemotherapeutic agents to the cerebral domain [151]. Central to the functions of these
transporters is their involvement in drug efflux mechanisms, which expel therapeutic agents
from the brain and subsequently curtail their access to intended intracerebral targets [151].
Their expression is ubiquitous across various anatomical barriers, prominently including the
BBB, the blood-cerebrospinal fluid barrier (BCSFB), the arachnoid barrier (BAB), and the
blood-brain tumour barrier (BBTB) [151]. Notably, within glioma contexts, the manifestation of
ABC transporters in oncogenic cells presents an added impediment, operating as an auxiliary
barrier to chemotherapeutics. These transporters possess the capability to extrude drugs from
intracellular environs, conferring a heightened resistance to chemotherapeutic regimens [151].
This multidrug resistance phenomenon significantly undermines the efficacy of
chemotherapeutic interventions, culminating in the frequently observed suboptimal prognoses
in patients afflicted with glioblastoma multiforme (GBM) [151]. As such, delving deeper into the
intricate dynamics of ABC transporters and their implications for cerebral drug delivery
emerges as imperative for forging breakthrough therapeutic strategies for glioma management
[151].

Additionally, prior studies have shown significant alterations in the expression levels of ABC

transporters at the blood-brain barrier in relation to neurological disorders., including
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Parkinson's disease, stroke, epilepsy, and Alzheimer's disease [152]. For instance, it has been
observed that the expression of P-gp is elevated in animal models of epilepsy and stroke.
Nevertheless, the processes responsible for generating these alterations are intricate and
encompass multiple signalling pathways [152]. However, it is important to acknowledge that
the chemotherapy drugs may also be subjected to efflux via ABC transporters. As an illustration,
it has been observed that certain anticancer medications, including doxorubicin, vinblastine,
vincristine, and etoposide, are subject to efflux via ABC transporters, resulting in lower than
anticipated concentrations within the brain. Various drugs, including immunosuppressive
agents such as cyclosporine A, corticoids, analgesics like morphine, antibiotics such as
erythromycin, tetracyclines, and fluoroquinolones, antiepileptic drugs like phenytoin, cardiac
glycosides such as digoxin, and antiemetics like domperidone and ondansetron, have been
identified as substrates for different ABC transporters [152]. Several studies have
demonstrated that the upregulation of certain ABC transporters in the BBB might lead to the

emergence of resistance to anticonvulsant medications [152].

1.4.5 Current inhibitors of ABC transporters

The majority of P-gp inhibitors are small molecule inhibitors, which can be categorised into the

first, second, and third generations [153].

First-generation P-gp inhibitors including Verapamil (a Ca®+ channel blocker), trifluoperazine
(a calmodulin antagonist), and quinidine, reserpine, and yohimbine (antihypertensives) failed

because their working doses for inhibition reached hazardous levels [154].

Second generation P-gp inhibitors, such as PSC 833 (valspodar) [153], were developed from
the first-generation inhibitors with modifications, including alterations in chirality aimed at
minimizing toxicity [155]. However, they were unsuccessful because their effectiveness of
inhibition exceeded the tolerant level, and this effect had a negative impact on the therapeutic

effect of the chemotherapeutic drugs.

The third generation of inhibitors were highly focused and overcame the deficiencies of the
second generation. In contrast to the second generation, they did not interact with Cytochrome
P450 (CYP450) 3A4 [153], and the typical therapeutic effect was unaffected by the third-
generation inhibitors. However, this generation exhibited unexpected toxicity, therefore it too

was unsuccessful [153].

For BCRP, recent inhibitors include fumitremorgin C (FTC) and Ko143[156], are effective and

safer than previous inhibitors, such as GF120918 [156], but FTC is neurotoxic and cannot
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inhibit P-gp and MRP-1 [156]. Ko143 has a similar structure to FTC, although it is more
selective than FTC[157]. Yet, both FTC and Ko143 can only block the activity of BCRP

ATPase[156], hence their limitations are evident.

Furthermore, for the current in vitro studies of BCRP modulators, as natural drugs, flavonoids
have shown potential for the promising treatment of MDR. For example, a dimer of flavonoids
known as Ac15(Az8)2, has been found to exhibit significant potency, safety, and selectivity as
a BCRP inhibitor [158]. The findings demonstrate a substantial reversal of drug resistance
mediated by BCRP both in vitro and in vivo, as evidenced by human colon cancer xenograft
trials [158]. The compound AC15(Az8)2 has been found to effectively inhibit the ATPase
activity of the BCRP, leading to a reduction in drug efflux and an increase in intracellular drug
accumulation [158]. Hence, it can be inferred that Ac15(Az8)2 exhibits several characteristics
that make it a promising candidate for further exploration in the context of combination therapy

for the treatment of BCRP-overexpressing malignancy.

Moreover, there is the other flavonoid compound- 5,7-dimethoxyflavone (5,7-DMF), which is
extracted from black ginger, has been found to enhance drug absorption by inhibiting the efflux
of drugs mediated by P-gp and BCRP [159]. This mechanism leads to an increase in drug
absorption inside the Caco-2 cell monolayer [159]. Hence, it is advisable to take into account
the co-administration of health products containing black ginger with medicinal medications
that serve as substrates for BCRP or P-gp, considering of a positive impact on their
pharmacokinetic properties [159]. The findings of this study indicate that the administration of
5,7-DMF, has the potential to enhance the absorption of paclitaxel in Caco-2 cell monolayers
[159]. As an anticancer drug, paclitaxel is typically provided intravenously to patients due to its
limited oral bioavailability, thus the co-administration of 5,7-DMF and paclitaxel may have

potential importance for the development of oral dosage discovery of paclitaxel [159].

1.5 Flavonoids as a novel class of ABC transporter modulators

Flavonoids, a major class of naturally occurring compounds, are plentiful in plants, vegetables,
fruits, rhizomes, flowers, and even wine [160]. Furthermore, flavonoids have shown promised
inhibition effects on ABC transporters. Numerous flavonoids have been demonstrated to
interact with efflux transporters, particularly P-gp and BCRP, in in vitro studies, and the
potential consequences of flavonoid—drug interactions owing to flavonoid modulation of these
efflux transporters have been reported [161]. The significance of these flavonoid—efflux
transporter interactions in pharmacokinetic interactions has not been demonstrated

conclusively [161].
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As a class of natural substances with a polyphenol structure, flavonoids cannot be ignored for
their benefits [162]. Certain flavonoids employed as therapeutic enzyme inhibitors, such as
cyclooxygenase (COX), have anti-inflammatory, antioxidant, and anti-cancer properties [163].
According to studies, flavonoid derivatives may decrease coronary heart disease mortality.
Moreover, flavonoids such as phosphoinositide 3-kinase and xanthine oxidase (XO) can
efficiently regulate human enzymes [164]. Meanwhile, as antioxidant, flavonoids can affect
diseases such as cancer and atherosclerosis, and due to antioxidant action, flavonoids are

now widely employed in many health goods, pharmaceuticals, and even cosmetics [165].

Dietary flavonoids are flavonoids found in foods such as vegetables, fruits, and beverages
[166]. Furthermore, flavonoid derivatives are likewise physiologically active. Being a secondary
metabolite derived mostly from plants, it can play a significant role in the plant growth process
[167]. The subgroup of flavonoids is determined by the carbon numbers, unsaturation, and
oxidation of the C ring, which is regarded to be the basis for flavonoids' classification [168].

Moreover, C ring is connected to B ring [168].

Basic skeleton

Figure 1.6 Basic structure of flavonoids.
Obtained from [168].

Flavonoids possess a fundamental chemical structure characterised by a 15-carbon framework, in which
two benzene rings are linked together by a 3-carbon link. Thus, these compounds are shown as C6-C3-
C6 structures.

Additionally, the flavonoids can be broadly categorised into 6 types, anthocyanin, chalcone,

flavanones, flavones, flavonols and isoflavonoids [168].
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1.5.1 The chemical structure and classification of flavonoids

The basic structure of flavonoids is a diphenylpropane skeleton with a C6-C3-C6 structure
[169]. There are two benzene rings (Rings A and B) joined by three carbon chains and one
pyran ring closed by a benzyl A ring (Ring C) [170]. In addition, flavonoids are typically
categorised according to their distinct chemical structures [171]. Anthocyanins, chalcones,
flavanones, flavones, flavonols, and isoflavonoids are the most prevalent subgroups of
flavonoids [172]. Anthocyanins are the sole category of flavonoids that can be responsible for
plant colour, and position 3 of the C ring is typically coupled to sugar units [173]. Common
anthocyanins include cyanidin, malvidin, and peonidin, and their natural sources include fruits,
vegetables, nuts, and dried fruits, as well as medicinal herbs [172]. However, chalcone, such
as arbutin and phlioridzin, can be referred to as open-chain flavonoids due to their distinct
chemical structures, and the natural sources of chalcone are nearly identical to those of
anthocyanins, with the exception of nuts and dried fruits [174]. Moreover, there is a double
bond between positions 2 and 3 in flavonols and flavones and isoflavonoids [172]. The C ring
is therefore saturated, and it is also known as dihydroflavones [168, 172]. There is a double

bond between positions 2 and 3 for flavones, and a ketone in position 4 of the C ring [172].

The majority of flavones may have a hydroxyl group at position 5 of the A ring [172]. Typical
flavones include apigenin and tangeretin, and the most common natural sources include fruits,
medicinal herbs, and other sources [172]. Moreover, for flavonols such as quercetin, rutin, and
morin [172], there is typically a hydroxyl group in position 3 of the C ring [172], and the most
common natural sources of flavonols are fruits, vegetables, medicinal plants, and others [168].
Moreover, the B ring of isoflavonoids is frequently connected to position 4 of the C ring [175].
Common isoflavonoids include genistin, genistein, and glycitein; their natural sources include

legumes and medicinal herbs [168].

Moreover, flavanones and flavones are present in fruits, medicinal herbs, and other plant
sources [168]. Moreover, anthocyamin can be found in nuts and dried fruits in addition to fruits,
vegetables, medicinal plants, and other sources, it is responsible for producing colours such
as red and blue, and its potential advantages are providing antioxidant power and protection
for vitamins [168]. In addition, each subgroup contains typical flavonoid medications. For
instance, malvidin and peonidin are both anthocyanin [176]; arbutin and phlorizin belong to the
chalcone subgroup [177]; flavanones have naringin, hesperitin and hesperidin as classic
molecules [178]; apigenin, baicalein and rhoifolin are flavones [179]; quercetin, myricetin, rutin

are flavonols [180]; glycitein and daidzin can be considered as isoflavonoidsin [168].
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Anthocyanins Chalcones Flavanones Flavones Flavonols Iseflavoncids
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* Vegetables * Vegetables * Medicinal * Medicinal * Vegetables * Medicinal
* Nuts and * Medicinal plants and plants and ; * Medicinal plants
dried fruits plants and other plants and
* Medicinal other other

plants and

Figure 1.7 Subgroups of flavonoids.
Obtained from [181].

General classes, subclasses, and natural sources of flavonoids.

1.5.2 The impacts of flavonoids on health and cellular function

Numerous prospective health benefits have been attributed to their antioxidant [182] and anti-
inflammatory properties [183]. On the effects of flavonoids on human health, a growing body
of research has emerged in recent years, with studies focusing on their cardiovascular benefits
[184], anti-inflammatory effects [183], anti-cancer [185], antiviral [186], antibacterial [187],
vasodilatory [188], and anti-ischemic [189].
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1.5.2.1 Antioxidant properties

The primary antioxidant effect of flavonoids is to prevent free radical-related chemical reactions
from damaging cells [190], and the antioxidant capacity of many flavonoids is greater than that
of vitamins C and E [191]. Flavonoids have multiple protective mechanisms against free
radical-induced cellular injury [192]. Flavonoids, which are abundant in nature, may have a
role in preventing coronary heart disease [193]. There are approximately eight known
mechanisms for flavonoids to prevent free radical-induced injury [194]. In addition to directly
scavenging reactive oxygen species, flavonoids can also activate metal chelating compounds
and antioxidant enzymes, inhibit NAPDH oxidase, and boost the antioxidant properties of low-
molecular-weight antioxidants [195]. In addition to the mentioned above, flavonoids can
increase the levels of -tocopherol free radicals and uric acid and reduce oxidative stress
caused by NO [196].

1.5.2.2 Cardiovascular benefits

Prior research has demonstrated that flavonoid consumption may reduce the risk of
cardiovascular disease[197], and in addition to French red wine [198], consuming tea may also
reduce the risk of cardiovascular disease [184]. Studies in both the United States and Europe
have investigated the relationship between tea consumption and cardiovascular disease [199].
To clarify the potential influence of tea type on the research effect, multiple studies have
demonstrated that green tea has a positive effect on the heart's health [184], although this
result is presently limited to the Asian population. Additionally, both black and green tea have
the potential to reduce the risk of ischemic stroke [184]. In addition, eating fresh fruits and
vegetables has long-term benefits as well [200]. As dietary active constituents, flavonoids will

also have noticeable effects on berries [201].

A study demonstrated that fresh cranberry juice can efficiently increase the blood's antioxidant
capacity [202]. From the perspective of inhibiting inflammation and scavenging free radicals, it
can be linked to cardiovascular protection [203]. Flavonoids (such as kaempferol, and
quercetin) can exert their antihypertensive effects by activating the cAMP/protein kinase A
cascade, which is implicated in the mechanism of action of NO in endothelial cells [204].
Flavonoids can activate NO synthase in vascular smooth muscle cells by stimulating kinases,
thereby increasing the concentration of NO in endothelial cells [205]. Meanwhile, the activation
of cGMP-protein kinase G cascade will stimulate potassium channel, reduce vascular smooth

muscle contraction, and induce vasodilation. This mechanism of action effectively lowers blood
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pressure and is responsible for anti-inflammatory effects that reduce the incidence of

cardiovascular disease [206].

In addition, flavonoids have been linked to reduced blood pressure and cholesterol levels, both
of which are risk factors for cardiovascular disease [207]. Flavonoids have been shown to
reduce the risk of stroke by increasing the production of nitric oxide in the blood, which relaxes
and dilates blood vessels, thereby enhancing blood flow and decreasing the risk of stroke [208].
Finally, flavonoids may also reduce the risk of atherosclerosis [209], a condition characterized
by the accumulation of plaque in the arteries, which increases the risk of heart attack and
stroke [210]. In addition, flavonoids can reduce arterial plaque, thereby lowering the risk of

atherosclerosis and other forms of cardiovascular disease [211].

1.5.2.3 Anti-Inflammatory effects

By inhibiting the production of pro-inflammatory molecules, such as cytokines and chemokines,
and by activating anti-inflammatory pathways, flavonoids are believed to reduce inflammation
[212]. In addition to possessing anti-allergy properties, flavonoids are capable of inhibiting the

release of histamine, a chemical emitted during an allergic reaction [213].

Flavonoids reduce inflammation in animal models of rheumatoid arthritis and other
inflammatory conditions [214], according to investigations on animals. Flavonoids have been
found to reduce inflammation in asthma and other allergic conditions in humans [215]. In
addition, flavonoids have been shown to reduce allergic rhinitis symptoms and the risk of
developing asthma [216]. Furthermore, it is believed that flavonoids exert their anti-
inflammatory and anti-allergy effects by inhibiting the activity of certain enzymes, such as
cyclooxygenase and lipoxygenase [217]. Flavonoids can reduce inflammation by inhibiting the

activity of these enzymes, which are involved in the production of pro-inflammatory molecules.

1.5.2.4 Neuroprotective effects

Flavonoids may have neuroprotective effects and help to protect against neurological disorders
[218]. Flavonoids can help protect neurons from damage, reduce inflammation, and even help
to repair damaged neurons [219]. The most promising results have been seen in studies

focusing on Alzheimer's disease, Parkinson's disease, and multiple sclerosis [220].

Flavonoids were found to be effective in reducing the oxidative stress associated with

Alzheimer's disease [221]. This is significant because oxidative stress has been linked to the
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formation of amyloid plaques, which are one of the major causes of cognitive decline in patients
with Alzheimer's disease [222]. The flavonoids were also found to improve memory and
cognitive function, suggesting that they may be a potential treatment for Alzheimer's disease
[223].

Flavonoids have also been studied for their potential to reduce the risk of Parkinson's disease
[224]. Flavonoids can help protect the brain from oxidative damage and reduce inflammation,
both of which are factors in the development of Parkinson's disease [225]. Furthermore,
flavonoids have been found to help reduce symptoms of Parkinson's disease such as tremors,
bradykinesia, and rigidity [226]. This suggests that flavonoids may be a promising treatment

option for those suffering from this debilitating disorder [227].

1.5.2.5 Anti-cancer effects

The specific mechanisms by which some flavonoids inhibit or prevent cancer have not been
fully elucidated. Catechins have been regarded as advantageous constituents in tea; yet their
underlying mechanism remains unclear [228]. Daidzein and genistein are widely recognized

isoflavones due to their capacity to induce estrogenic effects in animal models [228].

Certain flavonoids have been discovered to possess the ability to impede cancer processes.
Flavones have been extensively investigated as potential anticancer medicines due to their
ability to inhibit tumour growth in cancer cells through the mechanism of apoptosis [228].
Luteolin has been observed to inhibit the activity of the epidermal growth factor (EGF) breast
cancer cell line in people [228]. The induction of apoptosis in breast cancer cells is triggered
by luteolin through the suppression of fatty acid production, a crucial lipogenic enzyme that is

frequently upregulated in several types of human malignancies [228].

There is evidence to suggest that flavonols possess the ability to impede the development of
breast cancer. Quercetin, a glycoside mostly present in onions, apples, and garlic, has been
observed to induce DNA damage in cancer cells [228]. Three mechanisms exist for
anthocyanins to inhibit the growth of cancer cells [228]: 1) Inhibition of signal pathways to
prevent signal transduction; 2) The regulation of antioncogenes; 3) By influencing the Notch

pathway and beta-catechin.

Flavonoids can regulate many cellular processes and trigger programmed cell death, cell cycle
arrest, and autophagy, thereby inhibiting the proliferation and invasion of cancer cells. They
have been proved to decrease reactive oxygen species (ROS) production and initiate

apoptosis.
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Caspases are a group of intracellular proteins that are widely believed to function as the main
triggers of apoptosis, they can be classified into two different categories: initiators, namely
Caspase-8, -9, and -10, and executors, namely Caspase-3, -6, and -7 [229]. Proteins are
cleaved during apoptosis by caspases, among which caspase-3 has been demonstrated to be
more effective than caspase-7 [229]. The extrinsic and intrinsic pathways are two well-known
methods by which the caspase activation cascade occurs. The activation of the initiator
caspase-8 and cleavage of the downstream effector caspase-3 occur in the extrinsic pathway
in response to stimulation of death receptors like Fas/Apo1 or TRAIL [229]. The release of
cytochrome c¢ (Cyt ¢) into the cytoplasm from the mitochondrial intermembrane gap is a unique
action of the intrinsic pathway that involves mitochondria [229]. The released cytochrome ¢
attracts and activates caspase-9 by binding to the Apaf-1 docking protein and form a caspase-
9 holoenzyme complex, which also includes Apoptotic protease activating factor-1 (Apaf-1)

and Cyt ¢, activates caspase-3 and results in cell death [229].

Reactive oxygen species (ROS) are a kind of free radical; these small molecules function as
intracellular messengers and can have adverse impacts on the integrity of DNA, RNA, and
proteins when present in large amounts [230]. The intrinsic pathway, also known as the
mitochondrial pathway, is a crucial mechanism involved in the regulation of apoptosis. ROS
can activate p53 and/or c-Jun N-terminal kinase (JNK), this activation subsequently leads to
the activation of the pro-apoptotic Bcl-2 protein, resulting in the inhibition of anti-apoptotic
protein function [231]. Simultaneously, ROS induces the oxidation of cardiolipin, resulting in
the cleavage of Cyt ¢ and its subsequent release into the cytoplasm [231]. Furthermore, the
presence of ROS leads to the depolarization of the mitochondrial membrane and/or the
activation of Bax/Bak channels located on the outer mitochondrial membrane (OMM) [231].
This process subsequently results in the release of apoptosis-inducing factor (AIF),
endonuclease G (Endo G), cytochrome ¢, and Smac/Diablo from the mitochondria into the

cytoplasm [231].

Flavonoids can increase p53 and inhibit the Bcl-2 protein to release Cyt C, thus inducing the
activation of caspase-9, then starting apoptosis by the activation of caspase-3 and 7; they can
initiate caspase-8, thereby inducing the apoptosis of cancer cells [232]. The pro-oxidative
effect of flavonoids triggers DNA fragmentation, consequently elevating reactive oxygen

species (ROS) production in cancer cells and ultimately inducing apoptosis [233].
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1.5.3 The inhibition effects of flavonoids as modulators on ABC transporters

P-gp, MRP, and BCRP are the three most prevalent human ABC transporters linked with MDR
[234], and studies have shown that flavonoids can decrease the action of these ABC
transporters to alleviate MDR [235]. Flavonoids can interact with P-gp by influencing the rate
of ATP hydrolysis [236], and certain functional groups of flavonoids, such as the 5-hydroxyl
group, the 3-hydroxyl group, and the 2,3-double bond, may be the key to modulating flavonoids
for the ABC transporters [237].

Quercetin can inhibit Hoechst 33342 by reducing the activity of ATPase [238]. Nevertheless,
not all flavonoids can inhibit P-gp; Genistein (an isoflavone) has been found to have no obvious
inhibitory effect on the MDR mediated by P-gp [239]. In addition, several flavonols, such as
myricetin and robinetin, have an inhibitory impact on the MDR owing to MRP2 [240], and the
phase Il metabolites of quercetin are regarded as a potent MRP2 inhibitor [239]. Several
flavonoids, including genistein, hesperetin, kaempferol, naringenin, and phloretin, as well as
quercetin, have been shown to inhibit the BCRP-associated MDR [239]. The preceding
examples demonstrate that flavonoids have the capacity to inhibit human ABC transporters
[235], which can aid in inhibiting BBB-located transporters to improve the treatment of

chemotherapeutic medicines for brain tumours.

1.6 The role of pharmacokinetics in supporting improved CNS drug delivery

The most difficult task in treating CNS tumours is to apply findings from preclinical research to
the clinic. Surgery and medical treatment will be impacted by the CNS's varied tumour
microenvironment [241]. Traditional pharmacokinetic models, on the other hand, are unable to
assess plasma drug concentrations in the CNS and forecast drug-plasma concentrations in
brain tissue from blood sampling [241]. Anticancer drug absorption is a contentious topic, and
there are not enough tools to measure the duration of drug in the brain or how the continual

flow of cerebrospinal fluid (CSF) affects this sensitive organ [241].

1.6.1 Principles of pharmacokinetics

Physiologically based pharmacokinetic (PBPK) modelling is a mechanistic technique that uses
mathematical equations, mass transport concepts, fluid dynamics, and biological data to
predict the reactions of a chemical within the human body [242]. Compartments are usually
defined by grouping organs or tissues with similar blood perfusion rate and lipid content of the

human body, and organs are divided into sub-compartments [243]. Each compartment model
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is associated with its own mass-energy balance equation, and blood functions as a link that
connects these compartment models [244]. The complete PBPK model functions based on the

principles of absorption, distribution, metabolism, and excretion (ADME) [245].
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Figure 1.8 Plasma Concentration Vs Time Profile.
Obtained from [246].

The plasma-concentration profile shows common pharmacokinetic parameters [247]: Tmax: the peak
time when the drug’s plasma concentration reaches the top in the human body; Cmax: the corresponding
maximum concentration recorded; AUC: a measure of the exposure to the drug; MEC: the minimal
effective concentration; MTC: the minimal toxic concentration. Therapeutic range: the drug-plasma
concentration range between MEC and MTC.

Absorption is the absorption of a medication molecule into the bloodstream, which can occur

following parenteral (but not intravenous) or enteral administration [245].

Distribution refers to the movement of a drug molecule throughout the body, including its

attachment to plasma proteins and accumulation in different tissues [245].

Metabolism is defined by the biotransformation of a drug molecule by enzymes in the liver and

other organs, which might impact its pharmacological efficacy and toxicity.

Excretion refers to the removal of a drug molecule from the body, which might occur by urine,
faeces, or breath [245].
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1.6.2 Physiologically based pharmacokinetic (PBPK) modelling

PBPK modelling provides a framework for the cointegration of pharmacological activities and
physiological parameters to determine the physiological changes during drug disposal [248].
The development of PBPK modeling originated from the idea proposed by a few scientists
regarding variations in drug parameters within the human body, which was documented in
1937 [249]. Pharmacokinetics refers to the physiological responses of the human body to the

effects of a medicine after it has been absorbed [250].

PBPK models provide an opportunity to assess intricate clinical circumstances, including the
administration of drugs to specific populations such as pregnant women and paediatric patients,
genetic variations in individuals, and drug-drug interactions (DDIs) [251]. The PBPK model is
a fundamental tool for developing specific prescription plans in the medical field, it has the
potential to predict prescriptions for various demographic groups, such as gender, ethnicity,
age, and illness status [251]. Therefore, it improves the management and evaluation of
prescriptions across diverse populations. Besides their broad application in commercial
software like Simcyp® Population-based simulator, PBPK models can be applied in other
areas such as novel drug development, government regulatory evaluation, and preclinical
investigations [251]. The PBPK model provides a cost-effective and time-efficient approach,

allowing for an evaluation of drug safety and efficacy prior to its clinical usage [251].

1.6.3 General physiologically based pharmacokinetic (PBPK) modelling building

process

The creation of PBPK models depends on the collection of a significant number of drug-related
data and the system parameters of people and preclinical experimental animals, which are
provided by a huge number of clinical and published data [252]. Included in a drug's
physicochemical qualities are its acidity and alkalinity, molecular weight, solubility, permeability,
and capacity to bind to plasma proteins [253]. In addition, different ethnicities will be factored
into the crucial analytical portion to establish distinct test groups that will replicate the
population. The mentioned pharmacokinetic parameters will be described as four sections step
by step followed the corresponding physiological changes happened in the human body-

namely ADME: absorption, distribution, metabolism, and elimination [254].

In order to build a PBPK model, it is necessary to comprehend the PBPK model's cognition,
which is the process of merging drug knowledge and biological changes caused by
medications [255]. Through the plasma concentration-time curve, the changes of the
medication within the human body and their interaction can be expressed [256]. Various

tissues and organs in the human body will participate in the drug distribution process, and the
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drug concentration of each tissue and organ during and after processing can be used as an
empirical reference in the study [257]. Thus, a substantial quantity of clinical data is required
to develop the physiological parameters of numerous organs and tissues for the PBPK model
[258].

While the development of the PBPK model must take into account the features of the drug and
the organs and tissues involved in the human body, the emphasis is generally placed on these
two aspects: drug parameters and body parameters, when developing the model [257]. Initially,
drug properties can be categorised into these followed major groups: permeability and partition
coefficient, drug conjugation process, and metabolic transporters [259]. The permeability and
partition coefficient of pharmaceuticals can be determined by prediction models and
experimental assessment, as the physicochemical parameters of drugs can be regarded as
the parameters of distribution in the human body [260]. Although this step will be evaluated by
in vitro tests, this passive process will not be applied to all scenarios, thus while this step can
play a role in quantifying organ and tissue balance, this passive process will not be applicable
to all situations [261]. The body's parameters are utilised as a reference for the internal
environment to participate in the development of the model, and the body's principal organs
will participate in the ADME process of the drug [261]. Organ characteristics include organ
surface area and volume, blood flow rate, protein-bound abundance [262], and tissue
composition of body-participating organs. Some examples are the heart, lungs, brain, stomach,
spleen, pancreas, intestine, liver, kidney, gonads, thymus, adipose tissue, muscle, bone, and
skin [261]. The tissues are connected via the arterial and venous blood compartments, and
each tissue has its own blood-flow rate, volume, tissue-partition coefficient, and permeability
[263]. A significant advantage of PBPK modelling is the availability of a thorough structural
representation of an organism's physiology [264]. The model's many parameters are derived
either from compilations of prior information or from formulas that have been rigorously tested
[264].
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Figure 1.9 Involved organs for physiologically based pharmacokinetic (PBPK) modelling
modelling.

Obtained from [265].

The basic structure of PBPK models consists of blood vessels connecting compartments that represent
various human parts. (A detailed representation of the gut is shown in the insert) Species-specific tissue
volume (or weight) and tissue blood flow rate are used to define each compartment. Adipose, bone,
brain, gut, heart, kidney, liver, lung, muscle, skin, and spleen are among the major body tissues/organs
that are regarded as separate compartments. The inset includes a detailed illustration of the gut as a
representative example. CLint: intrinsic clearance.

The development techniques for PBPK models can be loosely categorised into three groups
[266]. The first group represents the "top-down" development method, which combines clinical
data with conventional models [266, 267]. This is also called Pop-PK, this method can use
DDlIs performance of drugs to describe and analyze the source of abnormal factors, but this
method cannot predict the overview of DDIs’ outcomes of drugs [268]. The second category is
"bottom-up," which is just the reverse of the first group, which relies on the combination of
computer and in vitro data [266, 267], this method uses organs/tissues as compartments and
the blood flow connected them. Furthermore, this method can be able to predict the drugs’
performance, the common software with this method are: SimCYP, Monolix and R, et cetera
[268]. Obviously, this development strategy is formed during the initial phases of drug
development [266]. "Middle out" is the third group, which incorporates both in vivo and in vitro
data. This development strategy for continuous optimization also includes model optimization
and clinical data feedback [266].

In the "top-down" development method, the classic empirical models have the advantage of
being safe to research populations, but the disadvantages are quite apparent, as the sources

of these models are the literature, although the number of the data is sufficient, but the system
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parameters of the organs are not known [269]. While the majority of drug-related system
metrics refer to average persons, with minimal or no data collection for particular populations
or populations with various diseases [269, 270]. Hence, as the complexity of the demand for
the PBPK model increases, even though the system parameters of the medication are
determined in vitro by the “bottom-up” development method, the in vitro experiment is uncertain,
and it is difficult to make timely and effective adjustments. Based on the restrictions of the first
two PBPK creation approaches, the "middle out" method takes both of their benefits into
account. When it comes to data processing, however, it is evident that the optimization of

computer processing data will have a significant effect on the development of models [269].

There is an example which targeted the improvement of anticancer drugs in the CNS through
PBPK modelling. To investigate the impact of the combination of focused ultrasound (FUS)
and microbubbles on the transportation of two chemotheraputic drugs often used in the
treatment of brain metastases, namely doxorubicin and ado-trastuzumab emtansine (T-DM1),
were utilised to conduct a comprehensive study [271]. Trastuzumab emtansine is an
anticancer drug commonly used in the treatment of non-specific cancers, and T-DM1 is an
antibody-drug conjugate (ADC) [271]. The PBPK model demonstrates that the combination of
FUS with microbubbles can diminish the vascular barrier of the patients’ brains, enhance
interstitial convective transport within solid tumours, and significantly improve the absorption

of small chemotherapeutic medicines by endothelial cells [271].

1.6.4 The current application of physiologically based pharmacokinetic (PBPK)

modelling

Before the end of 2015, the European Medicines Agency (EMA) assessed the impact of PBPK
modeling adoption in drug development, noting its rising use for simulating drug effects in
diverse populations, yet with limited government disclosure. The potential influence of PBPK
model outcomes on medication development and market surveillance was recognized. EMA's
review covered 97 reports, of which 79 were publicly accessible official documents. Among 22
procedures related to MA, 3 explicitly referenced the PBPK paradigm, and 25 programs linked
to the new MA explicitly cited PBPK models. Notably, most references to PBPK models were
absent from public publications in the majority of the 51 programs identified from 67 PBPK
models submitted by pharmaceutical companies [272]. In 2014, the US FDA seminar titled
"Application of Physiologically-based Pharmacokinetic (PBPK) Modelling to Support Dose
Selection" addressed PBPK's current application in academia and industry, along with
challenges in dose regulation for specific population groups, taking into consideration safety

and effectiveness concerns [273]. The substantial potential of PBPK models for investigating
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drug safety and development in specific populations was emphasized. Analysis of FDA-
submitted PBPK models revealed a focus on drug interactions, particularly predictions
concerning CYP3A and 2D6 enzyme activities. It was noted that when drugs are CYP enzyme
substrates, the impact of CYP enzyme inhibitors should be considered. However, a gap in
PBPK model development remains, particularly for breakthrough drugs. Importantly, the US
FDA, EMA, and Japan's Ministry of Health Labour and Welfare (MHLW) endorse PBPK
modeling for DDI assessment and hepatic impairment studies. Additionally, both the FDA and
the Medicines and Healthcare Products Regulatory Agency (MHRA) of the United Kingdom
have organized PBPK workshops [274].

Furthermore, individual variations in the pharmacokinetics and pharmacodynamics of
molecular targeted therapies, such as small molecule tyrosine kinase inhibitors (smTKIs), exist
to ethnicity [275]. Variations in treatment efficacy and side effects may result from these

distinctions, consequently impacting patient survival and quality of life.

Research has indicated that administering an equivalent dosage of smTKiIs to individuals of
diverse ethnic backgrounds may lead to varying systemic exposures, levels of effectiveness,
and toxicity [275]. Extrinsic and intrinsic factors contribute to these variations. Intrinsic factors
include body size, weight, and inheritance. Extrinsic factors include smoking, medicinal use,
and diet habits. Variations in gene expression or activity among ethnic groups have the
potential to impact drug-metabolizing enzymes and transporters, consequently influencing the
drug's pharmacokinetics [275]. Furthermore, variations in pharmacodynamics may result from

variations in sensitivity or resistance to drug target proteins due to genetic variation.

By recognising these distinctions, it is possible to identify ethnic groups that are particularly
vulnerable to treatment resistance or adverse reactions. Prescribers can enhance dosage
selection and identify patients who require drug concentration monitoring to optimise treatment
efficacy while minimising adverse effects by considering ethnicity as an important
consideration [275]. This improves the quality of life for patients, increases treatment success,

and facilitates the individualization of treatment plans.

Drug-drug interactions (DDls) are an additional major concern in the field of anticancer
treatments [276]. Inducers of specific drug-metabolizing enzymes have the potential to elevate
the clearance rate of anticancer medications, consequently impacting their clinical
effectiveness [276]. To ensure optimal treatment outcomes, potential DDI must be closely
monitored throughout treatment and adjusted in accordance with the patient's ethnicity and

other unique characteristics.
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1.6.5 Software applications for PBPK modelling: the Simcyp simulator

The utilisation of PBPK software approaches is advantageous due to the general acceptance
of compartment models within the scientific field for their ability to predict drug dose and
outcomes of different dose administrations [244]. The physiologically based pharmacokinetic
(PBPK) model has the capability to assess the disease or damage condition of vulnerable
populations by utilising pharmacokinetic (PK) data, such as clearance [244]. It is currently
challenging to accurately estimate in clinical practice when administering medications to these
vulnerable population groups. Predictions of toxicology can provide the evaluation of potential
threats to human health. The utilisation of the PBPK modellings offers notable advantages in
terms of saving time and cost, and integrating machines and artificial intelligence can further

enhance the development of a more robust model [244].

Simcyp simulator is a computer- based software using designed programmes based on a
series of inference methods and algorithms to conduct the prediction of drugs’ ADME process
in the human body [277]. As a reference for predicting the changes of drugs in the human body
in response to physiological changes, PBPK models must integrate organ volume and tissue
composition as physiological properties of the human body [278]. When considering the
physicochemical properties of the drug, its permeability, plasma protein stability, and enzyme
activity must be taken into consideration [253]. By simulating virtual populations, Simcyp is
primarily used to investigate the absorption, distribution, metabolism, and excretion of
pharmaceuticals in a specific population [279]. The results of PBPK modelling will be used to
evaluate the impact of physiological information of different populations, such as ethnicities,
age, sex, and disease, and to combine drugs to have an impact on drug development, such
as modifying drug design or exploring drug interactions [280]. For instance, cancer patients
have higher levels of alpha-1 acid glycoprotein (AAG) than healthy volunteers [281], indicating
that the demographic distribution of the population is crucial to the effect of drug PK. To modify
the specific physiological parameters of the virtual population, it is necessary for the
establishment of a new model of PBPK to synthesize a large quantity of clinical data, as well

as to synthesize the correlation between patients [282].

The advantages of the application of Simcyp are obvious. Simcyp can replace or accelerate
the preparation of clinical trials through modelling, which is one motivation for utilising it [283].
In the early stages of drug discovery, dosage assessment can be carried out on virtual humans
using Simcyp, including testing the dosing regimens; thus, Simcyp can participate in the
decision-making process during drug discovery [283]. Simcyp can save expenses and offer
suggestions for clinical trials. Multiple populations including sensitive populations can benefit

from the application of Simcyp [283].
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1.7 Basis for this research project
1.7.1 Aims

The overall aim of this research project is to promote cancer treatment and improve the current
cancer therapies for specific population groups by utilising two perspectives to explore the

depth of the project- pharmacokinetics and pharmacology.

For PBPK modelling, the ethnic differences caused by CYP 2D6 phenotype frequencies is the
focus to target different populations. The PBPK research in this thesis focuses on the Chinese
cancer population group. The first generation of tyrosine kinase inhibitors (TKIs)- gefitinib and
imatinib - were selected for investigation in PBPK research due to their widespread clinical use

in cancer treatment.

For gefitinib study, the main goal was to build a virtual Chinese cancer population model
utilising gefitinib and its clinically relevant dose regimen using the principles of mechanistic
pharmacokinetic modelling and virtual clinical trials. Additionally examined and noted for future

therapeutic application were the effects of DDIs and CYP 2D6 polymorphism.

For imatinib study, the main goal of this study was to utilise the established therapeutic drug
monitoring (TDM) approach and virtual clinical trials to develop a dosing adjustment strategy
that is clinically applicable for virtual Chinese cancer populations. The strategy aims to ensure
the maintenance of optimal plasma imatinib levels. Additionally, the study investigated the

influence of various ethnic groups on TDM.

For brain tumour, the research focused on exploring specified flavonoids’ impact on brain
tumour cells and investigate the influenced level of BCRP located in the BBB. BBB is a
permeability barrier that restricts the delivery of anticancer drugs to brain lesions. Passive drug
diffusion and active transport via a BBB-expressed drug efflux transporter protein are required
for drug transport. This study seeks to investigate the potential of flavonoids as natural drugs
to modulate the BCRP function towards human glioblastoma LN 229 cells. This involved

cultured cells and fundamental molecular techniques and quantitative analysis.

Therefore, to achieve the aims, the overall objectives were listed below.

1.7.2 Objectives

To achieve the aims, the overall objectives were:
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e Develop the gefitinib Chinese cancer population model by validating the previously
single dose studies in Caucasian subjects and optimizing this model with multiple
studies. Validate the developed Chinese cancer population model by multiple dose
regimens. Assess the impacts of DDIs using CYP inhibitors (3A4 and 2D6) and inducer
(3A4) and explore the impacts of 2D6 inhibitors for different CYP2D6 phenotypes’
patients.

e Validate the previously developed imatinib PBPK model using published single and
multiple dose studies in Caucasian population and validate the imatinib model in a
virtual Chinese cancer population. Observe TDM dosing regimen and compare the
different imatinib TDM outcomes between Caucasian and Chinese cancer populations.
To explore a virtual-TDM dosing regimen of imatinib in Chinese cancer population
group, and to assess the differences of TDM strategies caused by multiple ethnic
groups.

e Assess the cytotoxicity of flavonoids on LN 229 cells, the effect of flavonoids to
modulate the expression of BCRP, the effect of flavonoids on cellular migration, the
effect of flavonoids as anti-cancer agents on reactive oxygen species generation and

the effect of flavonoids as anti-cancer agents on the activation of caspases.

He Yu, PhD Thesis, Aston University 2023 57



Chapter 2 The pharmacokinetics of
gefitinib in a Chinese Cancer
population group: a virtual clinical

trials population study

Disclaimer
Elements of this chapter have been published as follows:

YU, H. & SINGH BADHAN, R. K. 2021. The Pharmacokinetics of Gefitinib in a Chinese Cancer
Population Group: A Virtual Clinical Trials Population Study. Journal of Pharmaceutical

Sciences, 110, 3507-3519.
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2.1 Introduction

Lung cancers are a common cause of cancer related deaths worldwide [284] with non-small
cell lung cancer (NSCLC) comprising approximately 85 % of lung cancers [284, 285]. Lung
cancer can be classified as four main subgroups: squamous cell carcinoma, large cell
carcinoma, adenocarcinoma and small cell carcinoma [286]. The first 3 subgroups are normally
seen as the most common lung cancer-non-small lung cancer. In NSCLC, adenocarcinoma is
the predominant type of NSCLC, which is 32-40% of incidence, followed by squamous in 25-
30% of cases and large cell carcinoma in 8-16% of cases [287, 288]. Squamous and SCLC
cancers develop primarily in the central airways [289], whereas adenocarcinomas (including
bronchioloalveolar cancer) develop in the periphery [290, 291]. Large cell carcinoma is a less
differentiated version of the other types of NSCLC. The normal lung lacks squamous
epithelium, and these tumours develop as a result of metaplastic alterations caused by
smoking [292, 293]. SCLCs have neuroendocrine characteristics and develop from cells that
have been instructed to specialise along these lines. Adenocarcinoma develops from
bronchiole progenitor cells (Clara cells) or alveolar progenitor cells (Type |l pneumocytes) or
mucin generating cells [291]. The widely accepted standard for identifying non-small cell lung
cancer is histopathology study by skilled pathologists, which specifies the cancer kinds [294].
However, there are other types of lung cancer which are not normal as above mentioned. A
limited fraction of tumours with mixed (sarcomatoid and adenosquamous carcinomas) or not
otherwise specified (NOS) histologies and clinical features are indistinguishable from other
subtypes [292].

In terms of the definition of NSCLC, it is any epithelial type of lung cancer excluding small cell
carcinoma. NSCLC is difficult to treat and the survival rates are poor, ranging from 68 % in
patients with stage 1B disease to up to 10 % in patients with stage 4A/B disease [295].
Currently, non-small cell lung cancer (NSCLC) accounts for 30% of all cancer-related deaths
within the Chinese population [296], and its prevalence is projected to rise to approximately
40% by 2030 [297].

Treatment is stage dependant, and tyrosine kinase inhibitors (TKIls) are a commonly used
group of agents which target the epidermal growth factor receptor (EGFR), a key receptor
implicated in the growth and proliferation of the cancers. The cell surface and transmembrane
receptors are essential components of the signalling pathways and are involved in signal
transduction. At the cellular level, a large class of receptors involved in the daily signalling
pathways of cells are receptor tyrosine kinases (RTK) located on the cell surface [298].
Epidermal growth factor (EGF) is a family member for erythroblastosis oncogene B (ErbB)
family of RTK [298]. As the first discovered member of ErbB family in 1978, EGFR(ErbB1,
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HER1) is a 170-kDa monomeric glycoprotein [299], when it combines with epidermal growth
factor (EGF), the complex can normally show physiological activities in cells. Meanwhile, there
are other receptors with similar chemical structures, ErbB2 (neu, HER2), ErbB3 (HER3) and
ErbB4 (HER4) [300, 301]. ErbB is the term obtained from the resemblance between these
receptors and avian ErbB, a viral oncogene. Human epidermal growth factor receptor (HER)
is the alternative name for this group's receptors. In addition, ErbB2 is sometimes referred to
as neu since it was produced from a mouse glioblastoma cell line, which is a kind of neural
tumour [298]. ErbB receptors are found in the basolateral membrane of epithelial cells, where
they interact with their ligands in the stroma to mediate communication between the epithelium

and the extracellular matrix [298].

EGFR is a trans-membrane protein which contains both an extracellular epidermal growth
factor domain and an intracellular tyrosine kinase domain. As a tyrosine kinase receptor, EGFR
is associated with the occurrence and progression of NSCLC by gene mutation or amplification
[302], and the activating mutation of EGFR typically occurs in the tyrosine kinase domain [303],
which can activate the following signalling pathways in the absence of contact with EGFR
ligends, for example, EGF. In the case of ligand binding, downstream signalling pathways are
triggered, whereas EGFR, which normally binds to ligands (e.g. EGF), can form
phosphorylated dimers to activate downstream signalling pathways (e.g. RAS/RAF/MAPK,
JAK/STAT) [304], which is the key during cell proliferation, survival, and apoptosis.

TKIls can be classified into first, second and third generation inhibitors and targeting the EGFR
has been the primary focus in clinical oncology. Uncommon EGFR mutation (termed a
“‘complex” or “compound” mutation) can be seen as the most frequent reason that occurred in
lung cancer patients, and based on clinical research, different EGFR mutations may have
different sensitivities to TKls [305]. The past two decades have focussed on two orally
administered EGFR-TKI agents, gefitinib and erlotinib [306]. However, gefitinib was the first
agent granted approval by the Food and Drug Administration (FDA) for the treatment of lung
cancer [307]. Gefitinib is known as N-(3-chloro-4-fluorophenyl)-7-methoxy-6-(3-morpholin-4-
ylpropoxy)quinazolin-4-amine (shown in Figure 2.1), its formula is CzH24CIFNsOs and
molecular weight is estimated as 446.9g/mol. Additionally, erlotinib’s name is N-(3-
ethynylphenyl)-6,7-bis(2-methoxyethoxy)quinazolin-4-amine and formula is C22H23N304, and
its molecular weight is similar to gefitinib’s, which is 393.4g/mol [308]. Furthermore, gefitinib
and erlotinib possess similar chemical structures. However, their pharmacokinetic and
pharmacodynamic features resulting from their distinct molecular architectures and binding
capacities. Significantly more hazardous than gefitinib, erlotinib may induce rash, nausea,
vomiting, tiredness, and stomatitis [309]. Despite the fact that it may not shorten the patients’

survival time, a number of research indicate that it will diminish their quality of life [310, 311].
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There are two causes behind these outcomes: Firstly, their gap between oral dose and
maximum tolerable dosage are different: erlotinib oral dose 150mg/day; maximum tolerable
dosage, 150 mg/day. Meanwhile, gefitinib oral dose 250mg/day; maximum tolerable dosage,
600 mg/day; Secondly, the pharmacokinetics of the two EGFR TKiIs are distinct. Gefitinib
accumulates more in tumour tissue than in plasma after absorption, while erlotinib does the
converse [309]. The anticancer effectiveness of gefitinib and erlotinib was almost same in the
subset of patients with EGFR mutation status. In addition, in one research of advanced cancer
patients with solid tumours, a single 100 mg IV dosage of erlotinib was well tolerated and was

associated with very mild side effects [312].

Gefitinib is known to be slowly absorbed orally, with a bioavailability of approximately 60 %
and time to maximum plasma concentration (Tmax) of 3-7 hours, unaffected by dose nor food
intake [313]. As a lipophilic dibasic molecule, gefitinib possesses a free base during medication
administration, which slows its absorption. This suggests that gefitinib has the clear pH-
independent property. When the pH is low, the solubility will be high, but in terms of the
absorption process in the stomach environment, the pH will be about 5, resulting in a
considerable drop in absorption [314]. In addition, the solubility of gefitinib changes in various
simulated human body environments with varying pH values. Gefitinib's solubility in human
intestinal fluid (HIF) and fasting simulated small intestinal fluid (FaSSIF) (both with a pH of
around 7) is almost identical to 0.08 mg/mL, which is very low. When the solubility is simulated
in the fed simulated small intestinal fluid (FeSSIF), it is somewhat more than in the HIF and
FaSSIF, at 1.950mg/mL. In simulated gastric fluid (NaCl 2 g/L + 65.75 mL/L 1 M HCI) (SGF),

however, the solubility may exceed 9.5 mg/mL at a final pH of around 1.6 [314].

Its volume of distribution is high, in excess of 1000 L and with a long half-life of approximately
48 hours and is highly protein bound (fupiasma < 0.05) [313, 315]. Gefitinib elimination is primarily
mediated through hepatic biotransformation through primarily CYP 3A4 and 2D6 [316, 317]
with less than 4 % being eliminated renally [318]. The therapeutic range is thought to be wide,
ranging from 10-5000 ng/mL [319], however pharmacodynamic target endpoints are

suggested to require a trough concentration of > 200 ng/mL [320-322].

Interindividual variability in TKIs is common, for a variety of reasons. Many TKls are neutral
or weak bases and their acid dissociation constant (pKa) is therefore associated with pH
dependant solubility, which could contribute towards interindividual variability in subjects taking
acid-supressing agents [323], a phenomena contributing to the reduced peak plasma
concentrations (Cmax) and area under the curve (AUC) for gefitinib. Gefitinib is accessible as a
free base and has pKa values of 5.4 and 7.2, thus it ionises in solution when pH drops. Gefitinib

is sparingly soluble at pH 1, but essentially insoluble at pH 7, with a rapid decrease in solubility
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between pH 4 and 6 [324]. Further, although most TKIs are low clearance drugs [325],
interindividual variability associated with drug metabolism is often associated with changes in
hepatic exposure (governed by the unbound fraction in plasma) and the intrinsic hepatic

clearance and associated enzyme abundance [325].

When comparing East Asian and non-East Asian populations for the influence of racial
differences on TKI treatment, a demographic analysis of 384 NCSLC patients indicated that
survival outcomes were comparable between the two groups [326], and that racial differences
had no significant effect. A history of non-smoking, on the other hand, had a beneficial effect
on treatment outcomes. According to this study, non-smoking patients were more likely to have
a normal body mass index (BMI) in a retrospective investigation utilizing the Glans-look lung
cancer database [327], and Asians were as diagnostically beneficial prognostic factors as non-
smoking history. Asians represent a distinct subset within the population with an EGFR
mutation, and associated study is critical for furthering our understanding of NSCLC. It is worth
noting that even within the Asian population, when NSCLC patients were compared for ethnic
differences, the EGFR mutation results of Xinjiang Uygur and Han people were significantly
different [328], demonstrating that even within the Asian population, ethnic differences can
resultin different EGFR mutations. The mechanism of EGFR mutation consequently influences
clinical therapy outcomes. As a result, studies targeting specific subgroups are critical while

undertaking research in Asian populations, particularly with regard to EGFR-TKI therapy.

Physiological and biochemical changes in the oncology populations compared to healthy
populations can influence pharmacokinetics. The cause of this is multifactorial but can be
attributed to impaired hepatic [329] and renal function [330], lower albumin/higher a-one acid
glycoprotein and altered functional metabolic capacity of the liver [331]. Furthermore,
prominent physiological differences are evident when comparing Chinese population groups
to Caucasian population groups, namely revolving around body weight, liver size, functional
metabolic capacity of the liver and variations in polymorphic frequencies of CYP-isozymes
[332, 333].

Previously Chen et al (2018) [334] described a pharmacokinetic model for gefitinib exploring
change in plasma levels within Caucasian CYP 2D6 ultrarapid metabolisers (UM) and
extensive metabolisers (EM) populations following drug-drug interactions. They demonstrated
that CYP 2D6 UM phenotypes presented with significantly reduced AUC when compared to
EM phenotypes, however concluded that such a change would have limited impact as this
reduction is still above gefitinib's in-vitro ICqo for EGFR activating mutations in NSCLC patients.
Given the fact that CYP 2D6 is highly polymorphic and possess frequencies which differ

between Caucasian (UM: < 5 %; intermediate metabolisers (IM): <2 % ; poor metabolisers
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(PM):<10 %) and Asian patients (UM: ~1 %; IM: 30-50 %; PM: ~1-3 %) [335, 336], assessing
the impact of such differences in phenotype frequencies on gefitinib pharmacokinetics is
warranted. Furthermore, given the paucity of information comparing the clinical
pharmacokinetics of gefitinib in Chinese cancer population groups, we applied the principals
of mechanistic physiologically based pharmacokinetic modelling to: (i) develop a Chinese
cancer population group; (ii) compare gefitinib between Caucasian vs Chinese cancer groups

and (iii) assess the impact of CYP 2D6 phenotypes on gefitinib plasma concentrations.
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Figure 2.1 Chemical structure of gefitinib.
Obtained from [337].
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Figure 2.2 Chemical structure of erlotinib.

Obtained from [338].

2.2 Aims and objectives

The primary aim of this study was to use the principles of mechanistic pharmacokinetic
modelling and virtual clinical trials to develop a virtual Chinese cancer population model using
gefitinib and its clinically relevant dosing regimen. The impacts of DDIs and CYP 2D6

polymorphism were also investigated and observed for further clinical usage.

To achieve the aims, the overall objectives were:
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e To validate the previously single dose studies to validate a gefitinib model in Caucasian
subjects.

e To optimize and develop the gefitinib model using multiple studies.

e To validate the established Chinese cancer population model by multiple dose
regimens.

e To assess the impact of DDIs using CYP inhibitors (3A4 and 2D6) and inducer (3A4)
within this virtual Chinese cancer population model on gefitinib plasma concentration.

e To explore the impacts of 2D6 inhibitor for different CYP2D6 phenotypes’ patients using

this developed Chinese cancer population model.

2.3 Methods

All simulations were carried out using the physiologically-based pharmacokinetic (PBPK)
modelling tool Simcyp to conduct virtual clinical trials simulations in subjects (Simcyp Ltd, a
Certara company, Sheffield, UK, Version 19). Unless otherwise stated, mixed genders (50:50)
were incorporated into all simulations. We adopted a workflow model with four stages (Figure
2.2).

Step 1 Step 1 Step 2 Step 3 Step 4
Full body model Distribution Chinese Cancer Chinese Cancer Chinese Cancer
Full PBPK Rodgers and Metabolism Population development Drug-drug interactions Drug-drug interactions
Rowland approach Optimisation of Kp and and validation Polymorphisms
Clint
+ Single-dose oral * Multiple-dose studies + Multiple dose (50 mg/d * 3A4Inhibitor (itraconazole) * 2D6 Inhibitor (bupropion)
« Single dose IV infusion * Multiple-dose studies * 3A4 Inducer (rifampicin) * 2D6 EM, UM and PM

* Single ascending oral itraconazole DDI * 2D6 Inhibitor (bupropion)
doses

l Development . Verification l Exploration »

Figure 2.3 The workflow model for model development, validation, and exploration.
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2.3.1 Step 1: Validation of a gefitinib model in Caucasian subjects

We utilised a previously developed model of gefitinib [334] and expanded upon existing
validation attempts by considering 5 studies within healthy Caucasian populations: (i) 24
healthy Caucasian male volunteers (18-62 years old) received a single dose of gefitinib 250
mg orally on day 4 alone or in the presence of itraconazole 200 mg/day for 12 days [339]; (ii)
8 healthy Caucasian volunteers (aged 18-65 years old) receiving an intravenous infusion of
gefitinib 50 mg or 100 mg [313]; (iii) 17 patients with advanced solid tumours (over 18 years
old) administered a single 50 mg gefitinib intravenous infusion over 5 minutes [313]; (iv) 5
healthy Caucasian volunteers receiving 100 mg once daily for 3 days [340]; (v) 4 healthy

Caucasian volunteers receiving ascending single doses (10, 25, 50 and 75 mg) [340].

2.3.2 Step 2: Development and validation of a virtual Chinese cancer population

To assess the applicability of the model within a specific Chinese cancer population, we
adapted the existing Chinese population to account for the physiological alterations previously
reported [329] to occur in the oncology population group, namely reduced haematocrit,
increased a-1 acid glycoprotein and decreased albumin and reduced glomerular filtration rate
(GFR) [341]. The Simcyp Healthy Volunteer (Caucasian) and Cancer (Caucasian) population
groups were compared in order to assess the degree of change in the aforementioned
physiological parameters and associated variances, and these changes were altered within
the Simcyp Chinese (healthy volunteers) population group to establish the Chinese cancer
population. Thereafter, the simulated patient demographic data, namely simulated weight,
height, body surface area (BSA), haematocrit, albumin, AAG, GFR and serum creatinine, were
graphically examined as a function of age in 2000 simulated subjects (1000 males and 1000
females). In order to evaluate if the adapted population model could adequately describe the
Chinese cancer population, we assessed the simulated demographic parameters with those
reported within the literature [342-351] for Chinese (all parameters) or Japanese (AAG)

populations.

In order to validate the adaptations, the pharmacokinetics of gefitinib in the virtual Chinese
cancer population was compared to reported studies in Chinese cancer patients where gefitinib
was dosed to: (i) 11 patients at 250 mg gefitinib once daily for 15 days [352]; (i) 58 NSCLC
patients dosed 250 mg once daily and where steady state trough plasma concentration were
reported [353]; (iii) 22 NSCLC patients dosed 250 mg once daily and where steady state trough

plasma concentrations were reported [354].

He Yu, PhD Thesis, Aston University 2023 65



For all subsequent simulations, an age range of 40-50-year-old was selected, reflecting the

abundant age ranges identified from this section.

2.3.3 Step 3: Comparison of the impact of drug-drug interactions on gefitinib

pharmacokinetics between Caucasian and Chinese cancer populations

Drug-drug interactions are common with TKIs [355], and clinically relevant DDIs have been
reported for gefitinib [339, 356] due to its primary metabolic routes being governed by CYP
3A4 and CYP 2D6 [316, 317]. However CYP 2D6 is highly polymorphic and the use of
inhibitors of 2D6 in poor metaboliser (PM) phenotypes is suggested to warrant close monitoring

for safety and toxicity due to the possibility of raised plasma concentrations [357].

To assess the impact of DDI we assessed the role of three perpetrator agents, itraconazole
(3A4 inhibitor), rifampicin (3A4 inducer) and bupropion (2D6 inhibitor) on gefitinib (as a victim
drug) pharmacokinetics in the virtual Chinese cancer population (n=100), aged 40-50 years
with 50 % female. A 250 mg once daily gefitinib dose was administered for 28 days for inhibitor
studies with 200 mg once daily (itraconazole) or 150 mg once daily (bupropion). For inducer
studies, rifampicin was dosed throughout the study at 600 mg once daily for 60 days with
gefitinib dosed on days 28-56.

2.3.4 Step 4: The impact of drug-drug interactions on gefitinib pharmacokinetics in CYP

2D6 polymorphic Chinese cancer subjects

To assess the impact of DDIs on gefitinib pharmacokinetics in individuals entirely polymorphic
for CYP2D6, we utilised the virtual Chinese cancer population group comprising EM, PM, IM
or UM populations in a study involving bupropion. A 250 mg once daily gefitinib dose was
administered for 28 days with coadministration of 150 mg once daily (bupropion) to 100
subjects aged 40-50 years with 50 % female, with the resulting pharmacokinetics assessed on

the final dosing day.

2.3.5 Predictive performance

In order to confirm the predictive performance of model simulations during the validation steps

for Section 2.1 and 2.2, we utilised a prediction of pharmacokinetic metric to within two-fold
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(0.5-2.0 fold) of that published clinical data as being generally accepted [358-360], supported

by a standard deviation ratio (SDratio) calculated as follows:

2 . 2 .

. SD observed SD predicted Mean predicted

SDratio = ( ) + ( b ) X P (1)
Mean observed Mean predicted Mean observed

where SD observed and SD predicted are the SD of observed and predicted values; Mean
observed and mean predicted are the arithmetic mean of observed and predicted values.
Model performance was finally graphically considered by comparing the mean ratio and
SDratios.

2.3.6 Visual predictive checks

In addition, a visual predictive checking (VPC) strategy was utilised where the predicted mean
and 5" and 95" percentiles of the concentration—time profiles were visually compared with
retrospective observed data, with the prediction assumed to be valid when the predicted data

points overlapped with the observed data sets [361-363].

2.3.7 Data and statistical analysis

All the observed data acquired from published studies was extracted by WebPlotDigitizer
v.3.10 (http://arohatgi.info/\WWebPlotDigitizer/). Statistical analysis was conducted with
GraphPad Prism version 8.0 for Windows (GraphPad Software, La Jolla, CA, USA,

www.graphpad.com) and statistical significance determined as P < 0.05.

2.4 Results
2.4.1 Step 1: Validation of a gefitinib model in Caucasian subjects

The model simulated plasma concentration-time profiles and pharmacokinetic parameters
were consistent with observed data and ranges (Figure 2.3) and broadly within 2-fold for the
geometric mean Cmax, Tmax and AUC, for both oral and IV infusion administered under single

and multiple dose regimens (Figure 2.4) (2.7.2 Section 2).
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Dosing PK Parameters Observed Predicted
AUC 024 h) 96.50 (65.90) 156.83 (138.69)
Segura et al (2003) o 8.60 (5.50) 11.10 (8.87)
[364]
tmax 5 (3-5) 3.9(1.72)
AUC0-48 h) 127 (67) 230.3 (222.34)
Yasui-Furukori et al
(2007) [365] Crmax 6.5(2.4) 11.10 (8.87)
tmax 5 (4-10) 3.9(1.71)
AUC0-120 h) 225.04 (291.91)  312.34 (347.90)
Massaroti et al
% (2005) [366] Crmax 9.02 (8.82) 11.10 (8.87)
[=
7] tmax 5.03 (1.91) 3.89 (1.71)
AUC0-s hy [Day 1] 53.8 (26.7) 65.37 (53.52)
AUC0-s hy [Day 8] 159.8 (49.8) 205.76 (104.80)
Segura ot al Cmax [Day 1] 10.4 (4.8) 11.09 (8.87)
(2005)[367] Crax [Daly 8] 26.1 (7.1) 31.61 (15.18)
(V]
= tmax [Day 1] 3 (3-5) 3.87 (1.62)
§ tmax [Day 8] 8 (3-8) 4.15(0.83)

Table 2.1 Summary of pharmacokinetics parameters from the single and multiple-dose studies.

AUC, area under the curve; Cmax, maximum plasma concentration and tmax, time at maximum plasma
concentration. Data represent mean (standard deviation). AUC: ng/ml h; Cmax: ng/ml; and tmax: h.

He Yu, PhD Thesis, Aston University 2023 68



300+ 300
275+ 275
250+ 250
226+ 225

ntration (ng/ml)

o
@
2
Plasma

=T T T T T e
72 96 120 144 168 192 216 240

Time (hour) Time (hour)

Plasma
‘encentration (ng/mL)

T T
60 80 100 120 140 160 130 200 220 240

Time thour) Time (hour)

1000 1000

Plasma
centration (ng/mLy

Cang

— T T T T —
9 20 40 60 30 100 120 140 180 20 40 €0 80 100 120 140 180
Time (hour) Time (hour)

=
g
2
=

D 24 48 72 95 120 144 168 192 216 240 0 12 24 36 48 60 72 84 96 108 120
Time {hour)

Fime (hour)

Figure 2.4 Simulated plasma concentration-time profiles of gefitinib in Caucasian subjects.

Single oral dose administration of 250 mg (A) or 500 mg (B) gefitinib on day 4 alone or in the presence
of 200 mg once daily itraconazole (left and right panels, respectively) [368]; (C) intravenous gefitinib
infusion of a 50 mg (left) and 100 mg (right) dose in healthy Caucasian subjects [369]; (D) a 50 mg
single intravenous infusion dose (5 min duration) administered to Caucasian Cancer patients; (E) a
100 mg once daily dose for three days in healthy Caucasian subjects [370].

Filled red circles and associated vertical lines indicate the observed mean and standard deviation from

clinical data; solid black lines indicated predicted population mean plasma concentration profile and
dotted lines indicate the corresponding 5th and 95th percentile range of the predicted mean.
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Figure 2.5 Model validation summary.

Forest plot showing the predicted mean + SD over the observed ratio of pharmacokinetic parameters in
subjects, with the dotted and shaded area representing the 2-fold range [0.5 to 2] and solid black line
the line of unity. Caucasian: @ 381, b 370]: ¢ 369): Chinese: 437" Itra: itraconazole; AUC: area under the
curve, Cmax: peak plasma concentration; tmex: time to maximum plasma concentration; Cinf:
concentration at the end of the infusion; Cl: Clearance; AUCo-24: area under the curve for a 24-hour
dosing period; AUCins: area under the curve to infinity.

2.4.2 Step 2: Development and validation of a virtual Chinese cancer population

The adaptation of the existing Simcyp Chinese population with elements of the pre-defined
Simcyp Cancer population, was successfully confirmed with clinical patient demographic
parameters being broadly within 90 % CI of the simulated values (Figure 2.5) without requiring

optimisation.
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Figure 2.6 Validation of the Chinese cancer population.

The simulated weight, height, body surface area (BSA), haematocrit, albumin, alpha-1-acid glycoprotein
(AAG), glomerular filtration rate (GFR) and serum creatinine as a function of age within the Chinese
cancer (mixed gender) population. Blue shaded regions represent a 90% confidence interval from 2000
virtual individuals simulated (black circles) using Simcyp and the solid black line represents the mean
values. The coloured bars represent mean and standard deviations obtained from literature studies.

[372-381]

For albumin and AAG, a second population was simulated with a 50% reduction in% CV.
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Model simulated plasma concentration-time profiles and pharmacokinetic parameters in the
virtual Chinese cancer population were consistent with observed data and ranges for those
reported [371] (Figure 2.6A) and were within 2-fold of the observed data (Figure 2.4) (Table S
2.6).

(A) 700+ 700
650 650
600 600 .
soo wd
g 5004 = 500 ..,
) 450 5 450 :
=5 400 = E 400+ L
Z % 350 25 350 .
- g 300 £ 3004
£ 2501 . ® é 250
“ 2004 ° 2004
150, L0 150
1007 A 100
50 . 50
0+ 0 T 1
i

T T T T
330 335 340 345 350 355 360

Time (hour)

(B) © o e

2000+ ns ns *r o 1000

1000 900

L4 " - -
. e : ¢
- e b .
c ]l 3 . . * H 800+ . “
] J - by - - M c *
B .. Y - L .
£ 1 : - - ® 7004
5 =3 E T t -
Sy T EE o
E B 12 5 .
- -

= 1 = i~ 2 SE
== 7 D < <5 3009
s P g
o g - o - [-%
] - k4 - 400
F=] - < 2
£ . . £ .
= E 300+ -
5 - 3
o [G]

200+

100

S
o & 2
U TS &
?® @ © 7 ?
G & ¢! o
LS o

Figure 2.7 Gefitinib pharmacokinetics in Chinese cancer patients.

(A) Multiple oral 250 mg dose once daily for 15 days on day 1 (left panel) and day 15 (right panel) [5];
(B) Trough plasma concentration from 55 NSCLC patients dosed 250 mg once daily [382]; (C) Steady
state peak plasma concentration from 22 NSCLC patients dosed 250 mg once daily [354].

(A) and (B): filled circles indicate the observed clinical data and dotted lines indicate the corresponding
5th and 95th percentile range of the predicted mean; (C) and (D): solid black circles indicate observed
clinical concentrations for Ma et al. or Zhao et al. and simulated concentrations for other populations,
with vertical red lines indicate interquartile range and horizontal lines indicated the observed or predicted
median.

Simulated median trough plasma concentration in Chinese cancer (113.2 ng/mL) or Chinese

(146.5 ng/mL) populations were not significantly different from those reported from 55 NSCLC
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patients dosed 250 mg once daily [353], 175.5 ng/mL (Figure 2.6 B). However, statistically
significant differences were demonstrated in the Simcyp Caucasian and Cancer population
groups (P < 0.05) (Figure 2.6B) (Table S 2.7).

Similarly, predicted median peak plasma concentrations in Chinese cancer populations (299.7
ng/mL) were not significantly different from those reported concentrations from 22 NSCLC
patients dosed 250 mg once daily (481 ng/mL) [354], but were significantly different in Simcyp
Caucasian, Cancer and Chinese populations (Figure 2.6 C) (Table S 2.8).

2.4.3 Step 3: Comparison of the impact of drug-drug interactions on gefitinib

pharmacokinetics between Caucasian and Chinese cancer populations

To address the potential impact of ethnicity on gefitinib use across oncology population groups,
we assessed the extent of drug-drug interactions (DDIs) using a CYP 3A4 inhibitor
(itraconazole), CYP 3A4 inducer (rifampicin) and a CYP 2D6 inhibitor (bupropion), in both

Caucasian cancer and Chinese cancer groups.

For inhibitor studies with both itraconazole (Figure S 2.1 A) and bupropion (Figure S 2.1 C),
the interaction resulted in an approximate 1.5-fold increase in AUC. The AUC Ratio and trough
plasma concentration (Cmin) ratio were greater for CYP 2D6 inhibition with bupropion compared
to itraconazole but not statistically significantly different. However, the Cmax ratio was
statistically significantly higher for bupropion (1.59 + 0.48) when compared to itraconazole
(1.45 £ 0.31) (P < 0.001) (Table S 2.9). When compared to Caucasian cancer patients, the
AUC ratio was not significantly different for itraconazole but was significantly different for
bupropion (Caucasian: 1.34 + 0.21; Chinese: 1.55 + 0.34) (P<0.001). Furthermore, the Cmin
ratio was significantly different for bupropion (Caucasian: 1.42 + 0.25; Chinese: 1.75 + 0.62)
(P<0.001) (Table S 2.10). Further, the inhibition of CYP 3A4 reduces fmsas (fraction of drug
metabolised by CYP 3A4) by approximately 50 % in Chinese but 30 % in Caucasian subjects,
with inhibition of CYP 2D6 reducing fmope (fraction of drug metabolised by CYP 2D6) by

approximately 12 % in Chinese and 7 % in Caucasian subjects (2.7.4 Section 4). C

In the presence of an inducer, rifampicin (Figure S 2.1B), the interaction resulted in an
approximate 3.3-fold decrease in AUC (P < 0.001) with 2.5- and 4-fold decreases in Cmax ratio
and Cni, ratio respectively (Table S 2.9). When compared to Caucasian Cancer patients, the
AUC, Cmax and Cnin ratios were not significantly different (Table S 2.10). The induction of CYP
3A4 increased fmaas by approximately 2.2-2.4-fold in both Chinese and Caucasian and

reduced fmaps by approximately 2-fold in both populations (2.7.4).
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2.4.4 Step 4: The impact of drug-drug interactions on gefitinib pharmacokinetics in CYP

2D6 polymorphic Chinese cancer subjects

Following multiple dosing simulations, the presence of bupropion resulted in an increase in the
plasma concentrations of gefitinib in all but the PM phenotype (Figure 2.10A) (Table 2.2).
Furthermore, compared to EM subjects, UM phenotypes resulted in the largest decrease in
plasma concentrations and PM the largest increase in plasma gefitinib concentrations (Figure
2.10A) (Table 2.2). When compared to EM, the changes in Cmax, Cmin and AUC were
statistically significantly different in both the absence (P < 0.001) and presence (P < 0.010) of
the interaction (Table 2.2) (Figure 2.11).
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Figure 2.8 Gefitinib pharmacokinetics in Chinese cancer CYP 2D6 polymorphic patients.

The pharmacokinetics of gefitinib following multiple 250 mg once daily oral doses for 28 days dose in
the absence (black) or presence (red) of bupropion, for (A) extensive metabolizers [EM], poor
metabolizers [PM], ultrarapid metabolizers [UM] and intermediate metabolizers [IM], dotted lines
indicate the corresponding 5th and 95th percentile range of the mean (solid line). (B) CYP2D6 fraction
metabolized for EM, UM and IM (PM = 0). Solid circles represent simulated values with horizontal red
lines representing media and 5th and 95th percentiles. ** P < 0.01; *** P < 0.001; **** P < 0.0001.
Stars above data points indicates statistical testing between the control (EM) and phenotypes with
matching study design (i.e., all [-] or all [+] bupropion).
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EM

CYP 2D6 Polymorphism

PM um IM
AUC (ng/mL.h) 3991.14 (4563.97) 15809.15 (8943.55) 1356.2 (1069.29) 6589.44 (4823.40)
Tmax () 2.09 (0.81) 3.15 (0.63) 1.55 (0.6) 2.57 (0.73)
Cmax (ng/mL) 210.04 (200.08) 740.87 (382.92) 81.83 (53.74) 336.5 (207.89)
Absence Cmin (ng/mL) 131.97 (181.21) 572.37 (356.23) 35.83 (34.09) 214.95 (187.99)
CL (L/h) 154.7 (163.2) 22.60 (15.63) 311.6 (237) 58.64 (42.2)
fmaas 25.28 (18.4) 100 11.59 (7.1) 39.09 (14)
fm2pe 81.15 (19.40) 0 90.41 (8.04) 60.91 (14)
AUC Ratio - 3.96 0.34 1.65
Polymorph @ ratio Cmax Ratio - 3.52 0.39 1.60
Cmin Ratio - 433 0.27 1.63
AUC (ng/mL.h) 5941.38 (6076.58) 15810.32 (8944.2) 2666.34 (2261.09) 8786.03 (6574.28)
Tmax (h) 1.78 (0.76) 3.14 (0.63) 1.21 (0.46) 2.26 (0.71)
Cmax (ng/mL) 330.77 (255.86) 740.91 (382.95) 188.28 (107.66) 452.66 (274/81)
Presence Cmin (ng/mL) 187.62 (235.02) 572.41 (356.28) 69.96 (73.4) 289.33 (256.07)
CL (L/h) 93.2 (93.08) 22.60 (15.63) 166.8 (133) 45.11 (33.61)
fmana 28.23 (21.7) 100 17.16 (9.75) 50.93 (15.47)
fmape 71.98 (21.70) 0 83.85 (9.8) 49.07 (15.47)
AUC Ratio 1.61 (0.35) 1(0) 1.95 (0.49) 1.33 (0.17)
Interaction Crax Ratio 1.83 (0.49) 1(0) 2.48 (0.6) 1.36 (0.17)
summary ° @
Cmin Ratio 1.51 (0.32) 1 (0) 2.05 (0.52) 1.33(0.19)
AUC Ratio - 2.66 0.45 1.48
inteﬁgg;gzrfa[:io c Crmax Ratio - 2.24 057 1.37
Cmin Ratio - 3.1 0.39 1.55

Table 2.2 The impact of CYP 2D6 polymorphisms on the extent drug interactions with bupropion for a 250 mg gefitinib dose.

AUC: area under the curve; Cmax: maximum plasma concentration; Cmin: minimum (trough) plasma concentration; Tmax: time to maximum plasma concentration;
CL: total clearance; fmsa4: fraction of drug metabolised by CYP 3A4; fmzpe: fraction of drug metabolised by CYP 2D6; Data reported as geometric mean and
(standard deviation). @ Ratio of each polymorph against EM for each pharmacokinetic parameter (Cmax, Cmin or AUC) in the absence of a drug interaction. ® Ratio

of each pharmacokinetic parameter (Cmax, Cmin or AUC) in the presence and absence of a drug interaction. ¢ Ratio of each polymorph against EM for each
pharmacokinetic parameter (Cmax, Cmin or AUC) in the presence of a drug interaction.
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Figure 2.9 Forrest plot summary of the impact of drug-drug interaction simulations on gefinitib
pharmacokinetics, conducted in Chinese and Caucasian simulated cancer popualtions.

Forest plots showing the predicted gefitinib mean + SD ratios of area under the curve (AUC), peak
plasma concentration (Cmax) and trough plasma concentration (Cmin). (A) Drug-drug interaction
simulations in Chinese cancer and Caucasian cancer populations. (B) Drug-drug interaction simulations
between gefitinib and bupropion in the Chinese cancer population for each CYP 2D6 polymorph (PM:
poor metabolizer; IM: intermediate metabolizer; UM: ultrarapid metabolizer; EM: extensive metabolizer).

Polymorph ratio: the pharmacokinetic parameter in each polymorph relative to EM phenotype in the
absence of a drug interaction; Polymorph interaction ratio: the pharmacokinetic parameter in each
polymorph relative to EM phenotype in the presence of a drug interaction; Drug-drug interaction ratio:
the pharmacokinetic parameter in the presence of the interaction relative to the absence for each
polymorph.

The dotted line represents a 2-fold range [0.5 to 2] and solid black line the line of unity.

In the absence of bupropion, the impact of CYP 2D6 polymorphisms was assessed by
comparing the ‘polymorph ratios’ (PR), (Cmax, Cmin @and AUC for each phenotypes vs EM, all in
the absence of the interaction). The predicted PR were broadly consistent for changes in AUC,
Cmax and Cnmin, ranging from 2.7-3.18 (PM), 0.25-0.34 (UM) and 1.23-1.58 (IM) for (Table 2.2).
When compared to EM, the fraction metabolised by CYP 3A4 (fmsas) decreased by 63 % for
UM and increased by 46 % for IM (Figure 2.11). Whereas the fraction metabolized by CYP
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2D6 (fmaps) increased by 27 % for UM and decreased by 19 % for IM (Figure 2.10B) (Figure
2.11). As expected, phenotypes demonstrated statistically significant lower (PM and IM) or

higher (UM) clearances in the absence of bupropion (P < 0.001) (Table 2.2).

In the presence of bupropion, the impact of the DDI on each polymorph was assessed by
comparing the Cmax, Cmin and AUC ratios (presence vs absence of bupropion). These were
broadly consistent, ranging from 1.48-1.79 (EM), 1 (PM), 1.92-2.40 (UM) and 1.29-1.32 (IM)
(Table 2.2) (Figure 2.11). In the presence of bupropion, fmsas decreased by 35 % for UM and
increased by 21 % for IM, compared to EM (Table 2.2) (Figure 2.11). Whereas fm.ps increased
by 5 % for UM and decreased by 15.6 % for IM, compared to EM (Table 2.2) (Figure 2.10B)
(Figure 2.11).

In the presence of bupropion, phenotypes demonstrated statistically significant differences in
clearance (P < 0.001) (Table 2.2), which decreased by 39 % (EM), 18 % (IM) and 50 % (UM).

The impact of CYP 2D6 polymorphisms in the presence bupropion, was assessed by
comparing the ‘polymorph interaction ratio’ (PIR) (Cmax, Cmin and AUC for each phenotypes vs
EM, all in the presence of the interaction). The PIR was broadly higher for PM and IM
phenotypes but lower for UM phenotypes (Table 2.2), with decreases reported for trough
concentrations (Cmin) PIR for PM (22 %) and IM (16 %) but an increase for UM (48 %) (Figure
2.11).

When assessing the percentage of subjects with trough concentrations below 200 ng/mL for a
250 mg daily dose, the interactions resulted in only a moderate decrease, approximately 10
%, in EM and UM groups and 22 % decrease for IM (Table 2.3). Furthermore, subjects
possessing trough concentration below 50 ng/mL were high both in the absence (80 %) and in
the presence (56 %) of an interaction for UM (Table 2.3). Whereas for IM this was 8 % and 5
% (Table 2.3).

When this dose was increased to 500 mg once daily, for EM and PM subjects the percentage
of subjects with trough concentrations below 200 ng/mL decreased both in the absence and
presence of bupropion (Table 2.3). However, for UM these remained high (absence: 95 %;
presence: 80 %), with IM phenotypes presenting with lower numbers of subjects, 25 %

(absence) and 17 % (presence) (Table 2.3).
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CYP 2D6 Polymorphism

Trough
concentration EM PM UM
(ng/mL)
250 mg 500 mg 250 mg 500 mg 250 mg 500 mg 250 mg 500 mg
<200 83 60 14 3 99 95 62 25
100-199 23 20 11 3 4 11 37 17
Absence
50-99 21 20 3 0 14 29 17 7
<50 39 20 0 0 80 55 8 1
<200 72 49 14 3 92 80 48 17
100-199 27 25 11 3 13 24 31 12
Presence
50-99 21 12 3 0 23 26 12 4
<50 24 12 0 0 56 30 5 1

Table 2.3 Percentage of subjects with trough concentrations below a pharmacodynamic cut-off in polymorphic subjects.

Percentage of subjects with gefitinib trough concentrations, following a 250 mg or 500 mg once daily dose, below the therapeutic window, in the absence of

presence of bupropion, demarking for CYP2D6 phenotype (EM: extensive metabolizer; PM: poor metabolizer: UM: ultrarapid metabolizer).
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2.5 Discussion

Globally, lung cancers are a common cause of cancer related deaths [284], with NSCLC
contributing to approximately 85 % of all lung cancers [284, 285]. Furthermore, the prevalence
of lung cancer is high across China and is expected to increase by approximately 40 % by
2030 [297]. A common anticancer agent used to treat NSCLC is gefitinib, an inhibitor of the
EGFR TK domain. Gefitinib significantly improves the survival of patients with advanced lung
adenocarcinoma [383]. However, confounding treatment is the uncertainly of the impact of
CYP 2D6 polymorphisms on the potential requirement for dose titrations, which may be
necessary to optimise anticancer activity in addition to reducing the occurrence of adverse

drug reactions such as, rash, liver dysfunction and diarrhoea [384, 385].

This study built upon existing studies reporting a PBPK model for gefitinib [334, 386], by
conducting an extensive validation with a variety of single and multiple dose studies, with oral
and IV-infusion dosing routes. In validation studies with both healthy Caucasian and Chinese
subjects, predicted gefitinib plasma concentrations were within the range reported in clinical
studies (Figure 2.3) and mean predicted pharmacokinetics parameters were all within 2-fold of
those reported (Figure 2.4). Tmax tended to be underpredicted but within the 2-fold boundary.
This may be a result of the wide inter-subject variability in oral absorption pharmacokinetics
[339, 340, 387-390], with a similar underprediction reported by Chen et al (2018) [318]. This
is likely to be a result of typical inter-subject variability in Gl physiology or the result of variation
in gastric emptying in addition to precipitation/dissolution of gefitinib in the Gl tract [387, 388,
390]. In addition, the post-prandial increase in stomach pH could alter the dissolution/solubility
of gefitinib, however this would be balanced against the increased gefitinib solubility offered by
the increased bile salts and volume expansion in the small-intestine, which together may

contribute to this wide variability [313].

Furthermore, for the IV-infusion validation studies (Table S 2.4), all pharmacokinetic
parameters were predicted to within 2-fold of those reported, however an overprediction was
noted for the prediction of clearance from these studies [313], albeit still within the 2-fold
criterion. This may, in part, be due to the approach at estimating an appropriate intrinsic
clearance by Chen at al [318], and given the polymorphic nature of CYP 2D6, the prediction of

clearance could be improved through better in-vitro estimates for each polymorph.

Having confirmed the robustness of the model in a wider range of retrospective clinical studies
when compared to previous attempts by others [318, 386], we next combined both the Simcyp
Cancer (based on Caucasian subjects) and Simcyp Chinese populations (Figure 2.5). We
adapted the existing Chinese population to account for the physiological alterations previously

reported [329] to occur in the oncology population group, namely reduced haematocrit,
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increased a-1 acid glycoprotein and decreased albumin and reduced GFR [341]. Parameters
describing the mean and % CV for these changes were taken from the Simcyp Chinese
population. Chinese cancer patients tended to be older, typically > 40 years old (Figure 2.5).
However, a population of 2000 subjects aged 20-70 year old were simulated, and demographic
parameters were compared with reported variances for key changes within the adapted
population (Figure 2.5) [342, 344, 346-348]. The resulting analysis demonstrated that the
mean and 90 % prediction intervals were within the range (mean and standard deviation)
reported in studies (Figure 2.5). To further validate the adaptions to the population, we utilised
three reports of gefitinib plasma concentrations in Chinese cancer patients. Simulations were
able to recapitulate the spread of observed gefitinib plasma concentrations (Figure 2.6A), with
calculated parameters within 2-fold of those reported (Figure 2.3) (2.7.3) (Figure 2.6B and 6C).
Higher AUC and trough concentrations have been reported previously in Chinese vs
Caucasian healthy subjects and Chinese cancer vs Caucasian cancer subjects [391, 392]. The
peak and trough plasma concentrations between Caucasian and Chinese (in both healthy
volunteer and cancer) subjects showed clear differences, with Chinese subjects demonstrating
higher predicted plasma concentrations in all cases when compared to Caucasian subjects
(Figure S2.7 and Figure S 2.8). Such difference may be driven by physiological and
biochemical differences between the ethnicities and between their health status (healthy or
cancer), and may include changes such as impaired hepatic [329] and renal function [330],
lower albumin/higher a-1-acid glycoprotein and altered functional metabolic capacity of the
liver [331], in addition to more direct prominent physiological differences when comparing
Chinese population groups to Caucasian population groups, such as differences in body
weight, liver size, functional metabolic capacity of the liver and variations in polymorphic

frequencies of CYP-isozymes [332, 333].

The prevalence of drug-drug interactions is significant in cancer chemotherapy. Cytotoxic
agents are often administered in combination to achieve maximum therapeutic outcomes,
which can often lead to significant interpatient variability as a result of drug interactions [393,
394]. Given that the primary metabolism pathways for gefitinib are CYP 3A4 (fmszas ~30-40 %)
and CYP 2D6 (fmaps ~60-70 %) [316, 317], and that the former may contribute to the wide
inter-individual variability [325, 395, 396] and the latter a cause of potential phenotype based
variations in plasma levels [397], we considered DDIs for CYP 3A4 inhibition (itraconazole)
and 3A4 induction (rifampicin) and a CYP 2D6 inhibition (bupropion).

For inhibition studies, the Cmax ratio for bupropion was significantly different when compared to
itraconazole, suggesting gefitinib plasma concentrations are more susceptible to CYP 2D6
inhibition than CYP 3A4 inhibition (Figure 2.11). When compared with Caucasian cancer

subjects, only bupropion demonstrated a statistically significant difference in Cnin ratio and
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AUC ratio (Figure 2.11). The cause of this difference may be related the more prevalent CYP
2D6 polymorphic frequencies in Chinese patients and is further discussion in subsequent

sections.

In the presence of rifampicin, a potent CYP 3A4 inducer, deceases in AUC, Cnax and Cin were
similar to those reported by Swaisland et al (2005) [339] in healthy Caucasian subjects (Figure
2.11). Further, the extent of the interaction was similar in both Caucasian and Chinese cancer
subjects, with no statistically significant differences. As expected, the presence of the CYP
2D6 phenotypes within the Chinese population (EM: 59.7 %; PM: 3 %; IM: 39 %; UM: 1 %)
may have contributed to a differential outcome for DDIs compared to Caucasian population
(EM: 86.5 %; PM: 8.2 %; IM: 0 %; UM: 5.3 %) and this was further assessed in specific CYP
2D6 phenotypes with drug interactions with bupropion (Table 2.2) (Figure 2.11).

In the absence of a drug interaction, PM and UM expectedly demonstrated opposing effects
on AUC, Cnaxand Cnin (Table 2.2) (Figure 2.11). The inhibitor effects of bupropion on CYP 2D6
expectedly reduced fmype for all phenotypes (except PM), with a concomitant increase in fmsa4

with IM demonstrating also equivalent contributions from each isozyme.

When attempting to translate the complexities associated with DDI affecting polymorphic CYP
isozymes, we finally compared the number of subjects with predicted trough concentration
either (i) < 50 ng/ml, (ii) 50-99 ng/mL, (iii) 100-199 ng/mL and (iv) <200 ng/mL (Table 2.3). The
therapeutic range is thought to be wide, ranging from 10-5000 ng/mL [319] however
pharmacodynamic trough concentration are suggested to be > 200 ng/mL [320-322].This is
primary based around assessment of median overall survival (OS) metrics, in wild-type and
EGFR-mutated NSCLC [321, 398].

At the dose studied, 250 mg once daily, a high proportion of subjects (>70 %) demonstrated
trough concentrations < 200 ng/mL in both the absence and presence of bupropion, for EM
and UM phenotypes. For UM phenotypes, in the absence of an interaction 80% of subjects
possess though concentration of < 50 ng/mL, which decreased to 56 % in the presence of the
interaction (Table 2.3). However, given that the frequency of UM within the Chinese population
is low (~1 %), this may be less relevant than compared to the IM frequency (30-50 %), where
higher doses, 500 mg once daily, resulted in the 25 % and 17 % of subjects with trough

concentrations below 200 ng/mL (Table 2.3).

For EM phenotypes, the high percentage of subjects with trough levels below 200 ng/mL would
indicate the possibility of subtherapeutic levels. However, steady state trough levels following
a 250 mg dose in a Chinese cancer population have been reported to span a range of

approximately 40-500 ng/mL [353], with over 60 % of their reported subjects have trough
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concentrations lower than 200 ng/mL. When considering the range reported by Ma et al [353],
we simulated a similar range (39 %) of subjects demonstrated trough concentration less than
50 ng/mL. However, a dose increase to 500 mg results in a 28 % (absence) and 32 %

(presence) decrease in the number of subjects with trough levels below 200 ng/mL.

The UM phenotype demonstrated nearly all subjects (99 %) possessed trough levels below
200 ng/mL and 80 % below 50 ng/mL. There is currently a paucity investigating the
pharmacokinetics of gefitinib in UM phenotypes, and the importance of assessing its impact
on gefitinib has been previously indicated by regulators [399]. This may partly be a result of
the complexity associated with relating genotype to specific phenotypes [400]. Furthermore,
in the context of the Chinese population group, the frequency is low (~1 %). Nevertheless,
further work is necessary to investigate the impact of UM phenotype of the need for dose
adjustments, given the higher frequency of the UM phenotypes in both African, Middle East
and Caucasian population groups (5-8 %) [401]. Furthermore, the availability of more specific
intrinsic clearances for each CYP 2D6 polymorph, may improve the application of the model

in the Chinese population.

For CYP 2D6 PM phenotypes, trough plasma concentrations were simulated to be almost 3
times higher than the suggested target trough of 200 ng/mL. Whilst this may be beneficial for
therapy, NSCLC patients with activating epidermal growth factor receptor (EGFR) mutants
tend to be highly responsive for gefitinib [385, 402], and potentially up to 50 times as sensitive
[403]. Furthermore, a common adverse reaction is a gefitinib-induced rash which can occur at
frequency of between 30 % - 87 %, with a severe form having an incidence of 7 %—-22 %, and
which can result in treatment cessation [402, 404]. For PM subjects, at such increased trough
gefitinib plasma concentrations, the incidence of skin rashes may be high [321], albeit it with a
lower risk within the Chinese population due to low frequencies of the PM phenotype. More
commonly however are IM phenotype, was in the absence and presence of bupropion, a 250
mg dose resulted in trough levels broadly in-excess of the 200 ng/mL cut-off and within a range
reported by other studies [320-322].

Whilst the requirement for TDM for gefitinib is currently not mandatory, at a standard dose of
250 mg once daily, a significant number of subjects possess maintenance trough levels below
200 ng/mL. Furthermore, the contribution of CYP3A4 to gefitinib metabolism may add to the
wide inter-individual variability simulated within our studies and also reported in clinical studies
[395, 396]. Current clinical guidelines advocate the 250 mg once daily rather than a higher
dose of 500 mg once daily due to a lack of a clinical difference at the higher doses [405, 406].
However our results demonstrate that a dose increase to 500 mg once daily may be warranted

to increase trough concentrations and prolong response to treatment [398], particularly in EM
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and IM phenotypes. However, for the UM phenotype, further research is required to clinically
explore the relationships between resultant lower gefitinib trough concentrations and a

pharmacodynamic response.

The polymorphisms associated with CYP 2D6 are well characterised, however surprisingly the
potential impact of these polymorphisms on gefitinib dosing is sparse and further research is
required to examine this. Furthermore, given the differences in CYP 2D6 polymorph
frequencies in Chinese subjects compared to Caucasian subjects, the model presented could
be updated in the future to address the paucity in current knowledge surrounding the
metabolism pathway fractions (i.e., fmcyp 206 and 3a4) in relation to how clearance is influenced

by CYP 2D6 polymorph frequencies in Chinese cancer subjects.

PBPK modelling, as demonstrated by our study and others [318], provides the potential to
investigate the complexity associated with CYP isozyme related polymorphism in complex
pathophysiological states such as Cancer, where the risk of drug-drug interactions are
common, particularly where the polymorphic frequencies are not examined in detail due to low
frequencies. Furthermore, although TDM is not formally part of gefitinib dosing, further clarity
on the proposed plasma concentration dosing window is required to fully exploit clinical

outcomes.

2.6 Conclusion

This study developed and validated a Chinese Cancer population group using the Simcyp
Simulator, with which the impact of CYP 2D6 polymorphism and CYP 2D6 inhibition (by
bupropion) were investigated to assess the need for dose titrations. The model demonstrated
that for the two most prominent CYP 2D6 phenotypes within the Chinese population, namely
EM and IM, a dose increase to 500 mg once daily would better target a suggested target trough
concentration. However, further work is required to better define the target plasma

concentrations.
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2.7 Supplementary materials

2.7.1 Section 1

Parameters Gefitinib Notes
Compound type Weak Base
Molecular weight (g/mol) 446.9
Log P 4152
fu 0.089°
pKa 1 5.42
B/P 0.8
Vss (L/kg) 24.4 optli:nlililschjB ?; 2::2?:: cﬁitgm
ka (h™") 0.15 Optimised
fa 1
CLintsa4 (ML/min/pmol) 0.42 Optimised
CLintzpe (uL/min/pmol) 25 Optimised
Absorption Model First Order
Distribution Model Full PBPK

Table S 2.1 Gefitinib model parameters.

Unless otherwise stated, data obtained/adapted from Chen et al (2017) [318]. B/P, ratio of concentration
of drug in blood to that in plasma; Ciint, intrinsic metabolic clearance for each CYP isozyme; 2D6,
cytochrome P450 2D6; 3A4, cytochrome P450 3A4; fa, fraction of dose absorbed; fu, unbound fraction
of drug in plasma; ka, first-order absorption rate constant; Log P, partition coefficient; pKa, acid
dissociation constant; Vss, volume of distribution at steady state; Optimised, model parameters were
optimised to produce parameters with better certainty, and which best recovered published clinical drug
profiles during stages 1 and 2 (see Methods). Parameter optimisation was conducted with the Weighted

Least Square (WLS) approach and the Nelder-Mead minimisation method on Simcyp®.

He Yu, PhD Thesis, Aston University 2023



2.7.2 Section 2: Validation

+ltraconzaole

-ltraconzaole

Predicted

Observed

Parameters

Predicted

Observed

5348 (2060-18400) 3266.12 (728.50-38187.54)

AUC(0-=) (ng/mL.h)

()]
£
8 Cmax (ng/mL)
N
Tmax (h)
g AUC(o-~) (ng/mL.h)
8 Cmax (ng/mL)
n

2968 (1310-7140)
103.3 (51.5-194)
5.0 (3.0-7.0)
6921 (4790-14200)
227.8 (70.1-638)

5.0 (3.0-24.2)

2716.39 (672.30-27120.30)
70.22 (29.13-172.84)
4.08 (1.96-8.31)
5289.45 (1346.48-54299.42)
162.29 (38.26-461.69)

2.94 (1.65-6.62)

155.9 (69-400) 130.78 (38.09-348.15)

5.0 (3.0-7.0) 4.38 (1.97-8.32)

7645.46 (800.07-73688.74)

10919 (4090-27100)
210.80 (46.19-696.30)

301.8 (117-654)

5.0 (3.0-7.0) 2.94 (1.65-6.62)

Tmax ()
Table S 2.2 Pharmacokinetics parameters for single dose studies of gefitinib in the absence and presence of 200 mg itraconazole daily.

AUC(o--): area under the curve from time 0 to infinity, Cmax: maximum concentration; Tmax: time to maximum concentration.

Geometric means (range): AUC and Cmax; Median (range): Tmax. Observed data obtain from Swaisland et al (2005) [339].
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Dose (mg)

Parameters

Observed

Predicted

AUC (0-24) (pg/L.h)

34.9 (22.2-53.0)

57.45 (13.54-130.27)

10 Crmax (Mg/L) 2.6 (1.5-4.2) 3.05 (0.64-8.05)
Trmax () 5.5 (5.0-7.0) 3.4 (1.75-9.11)
AUC (0-24) (ug/L.h) 78.8 (52.5 -118) 104.28 (28.86-315.68)
25 Crmax (Mg/L) 6.8 (4.0 - 11.8) 6.09 (1.09-17.63)
Trmax () 5.0 (3.0 - 7.0) 3.4 (1.75-9.11)
AUC (0-24) (ug/L.h) 171.6 (97.6-246.4) 214.16 (67.71-851.36)
50 Crmax (Mg/L) 13.1(9.4-16.8) 15.45 (3.19-45.26)
Trmax () 5.5 (5.0-7.0) 3.4 (1.75-9.11)
AUC (0-24) (ug/L.h) 291.9 (179.9-392) 397.91 (86.57-1027.04)
75 Crmax (Mg/L) 24.9 (15.8-33.3) 22.68 (4.28-62.89)
Tmax () 5.0 (5.0-5.0) 3.4 (1.75-9.11)

Table S 2.3 Summary pharmacokinetics parameters for different single dose studies of gefitinib in the purpose of validation in healthy male subjects.

AUC: area under the curve determined over a 24-hour period; Cmax: maximum concentration; Tmax: time to maximum concentration. Geometric means (range):
AUC and Cmax; Median (range): Tmax. Observed data obtain from Swaisland et a/ (2001) [340].
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PK Parameters

Observed

Predicted

100 mg 50 mg

50 mg Cancer

AUC (0-24) (hg/mL.h)
Cint
Tmax (h)

Cl (mL/min)
AUC (0-24) (ng/mL.h)
Cinf (ng/mL)
Tmax (h)

Cl (mL/min)
AUC (0-24) (hg/mL.h)
Cinf (ng/mL)
Tmax (h)

Cl (mL/min)

601 (548-727)
115 (97-143)
1.0 (1.0-1.1)

693 (471-885)

1050 (917-1330)

223 (190-301)
1.0 (1.0-1.1)

1020 (759-1250)

791 (447-1230)

2231 (823-4300)

na

514 (194-1460)

859.5 (556.12-1482.49)
140.2 (96-157.21)
0.96 (0.95-1.05)
1004 (555-1466)
1718 (1112.24-2564.97)
238.2 (192.2-314.34)
0.96 (0.95-1.05)
1004 (555-1466)
792.06 (545.31-1516.50)
2424.8 (1983-3078)
na

1004 (555-1466)

Table S 2.4 Pharmacokinetics parameters following an intravenous infusion of single doses in healthy male subjects and cancer patients.

AUCo--: Area under the curve from 0 to infinity; AUCo-24: area under the curve for a 24 hours period on the specific dosing period; Tmax: time to maximum plasma
concentration. Geometric means (range): AUC, Cinr, Cl; Median (range): Tmax. Observed data obtain from Swaisland et al (2005) [313].
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Parameter Days Observed Predicted

Day 1 502 (217-818) 490.39 (95.95-1873.14)
AUCo.24 (pg/L.h) Day 2 737 (342-1194) 808.15 (108.66-1358.40)
Day 3 994 (482-1663) 1114.11 (128.51-4296.27)
AUCo.- (ug/L.h) Day 3 2236 (917-4731) 2322.27 (705.01-5279.45)
Day 1 39.5 (16.7-71.0) 29.54 (5.97-89.45)
Crmax(lg/L) Day 2 471 (22.6-79.4) 41.68 (19.74-76.20)
Day 3 63.6 (33.3-97.5) 49.79 (7.9-203.40)
Day 1 5.0 (3.0-7.0) 3.1 (1.58-6.91)
Trmax ()P Day 2 5.0 (3.0-8.0) 3.1(1.58-6.91)
Day 3 6.0 (5.0-7.0) 3.1 (1.58-6.91)

Table S 2.5 Pharmacokinetics parameters following multiple doses of gefitinib in healthy male subjects.
AUCo--: Area under the curve from 0 to infinity; AUCo.24: area under the curve for a 24 hours period on the specific dosing period; Cmax: maximum plasma

concentration; Tmax: time to maximum plasma concentration. Geometric means (range): AUC and Cmax; Median (range): Tmax. Observed data obtain from
Swaisland et al (2001) [313].
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2.7.3 Section 3: Validation in Chinese cancer patients

Day 1 Day 15
Parameters
Observed Predicted Observed Predicted
AUCo-- (ng/mL.h) 6397 (35) 3951.92 (48) 18101 (62) 12752 (51)
AUCo-24 (ng/mL.h) 3436 (20) 2648.11 (20) 7978 (29) 5812.18 (36)
Cmax (ng/mL) 272 (31) 212.82 (39) 465 (28) 359.78 (42)
Tmax (h) 3 (3-6) 2.41(0.51-11.41) 4 (3-6) 2.16 (0.51-4.82)

Table S 2.6 Pharmacokinetics parameters for a single and a multiple dose study of gefitinib in Chinese cancer subjects.

AUCo--: Area under the curve from 0 to infinity; AUCo.24: area under the curve for a 24 hours period on the specific dosing period; Cmax: maximum plasma

concentration; Tmax: time to maximum plasma concentration. Geometric means (% CV): AUC, Cmax. Median (range): tmax. Observed data obtain from Zhang et
al (2020) [371].
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Trough plasma concentration (ng/mL)

Geometric . 25% 75%

Median . .

mean Percentile Percentile

Ma et al (2019) 170.3 175.5 130.3 237.5
Chinese cancer 97.75 106.5 45.04 197.1
Chinese 138.7 146.5 66.14 302.7
Cancer 57.2 53.44 36.12 80.76
Caucasian 61.53 59.1 39.66 85.71

Table S 2.7 Steady state trough plasma concentration from 58 NSCLC patients dosed 250 mg
once daily.

Trough plasma concentrations reported from Ma et al (2019) [353] and simulated in the Chinese cancer,
Chinese Healthy Volunteer, Cancer and Caucasian Healthy Volunteer Simcyp populations.

He Yu, PhD Thesis, Aston University 2023 91



Peak plasma concentration (ng/mL)

Geometric . 25% 75%
Median . .
mean Percentile Percentile
Zhao et al (2011) 449.7 481 347 617.5
Chinese cancer 293.1 295.2 169.3 546.6
Chinese 2221 228.4 131.4 380.1
Cancer 131.9 130.0 76.65 207.6
Caucasian 137.6 130.1 97.50 177.7

Table S 2.8 Steady state peak plasma concentration from 22 NSCLC patients dosed 250 mg once
daily.

Trough plasma concentrations reported from Zhao et al (2011) [354] and simulated in the Chinese
cancer, Chinese Healthy Volunteer, Cancer and Caucasian Healthy Volunteer Simcyp populations.
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2.7.4 Section 4: Drug-drug interactions

3A4 2D6
[Inhibitor] [Inducer] [Inhibitor]
Itraconazole Rifampicin Bupropion
AUC (ng/mL.h) 17304.51 (22474.71) 14080.86 (17088.67) 17304.51 (22474.71)
Tmax (h) 2.34 (0.76) 2.33(0.75) 2.34 (0.76)
Cmax (ng/mL) 278.97 (237.16) 279.01 (237.21) 278.97 (237.16)
Absence
Cmin (ng/mL) 55.59 (99.72) 80.95 (129.48) 55.59 (99.72)
fmsaa 31.67 (19.4) 31.67 (19.4) 31.67 (19.4)
fmzoe 68.3 (19.41) 68.3 (19.41) 68.3 (19.41)
AUC (ng/mL.h) 32167.55 (54824.08) 3291.85 (3581.58) 24822.14 (30438.71)
Tmax (h) 2.59 (0.91) 1.57 (0.44) 1.95 (0.73)
Cmax (ng/mL) 453.97 (505.16) 99.59 (75.64) 389.14 (294.19)
Presence
Cmin (ng/mL) 113.59 (257.45) 12.55 (17.94) 85.23 (143.02)
fmsaa 17.62 (14.20) 72.17 (19.23) 41.06 (22.13)
fmzoe 82.38 (14.2) 27.83 (19.23) 59.94 (22.13)
AUC Ratio 1.47 (0.36) 0.29 (0.14) 1.54 (0.35)
Interaction .
Summary @ Cmax Ratio 1.43 (0.29) 0.4 (0.14) 1.57 (0.47)
Cnmin Ratio 1.47 (0.39) 0.23 (0.15) 1.75 (0.63)

Table S 2.9 The impact of drug-drug interactions on gefitinib pharmacokinetics in Chinese

cancer populations.

AUC: area under the curve; Cmax: maximum plasma concentration; Cmin: minimum (trough) plasma
concentration; Tmax: time to maximum plasma concentration. Data reported as geometric mean and
(standard deviation). 2 Ratio of each pharmacokinetic parameter (Cmax, Cmin or AUC) in the presence
and absence of a drug interaction. fmsaq4: fraction of drug metabolized by CYP 3A4; fmaps: fraction of
drug metabolised by CYP 2D6. Data reported as geometric mean and (standard deviation).
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[Inhibitor]

Itraconazole

[Inducer]

Rifampicin

2D6
[Inhibitor]

Bupropion

AUC (ng/mL.h)

8495.96 (13117.16)

8495.96 (13117.16)

8495.96 (13117.16)

Tmax (h) 2.07 (0.68) 2.07 (0.68) 2.07 (0.68)
Cmax (ng/mL) 165.15 (150.8) 165.15 (150.8) 165.15 (150.8)
Absence
Chmin (ng/mL) 28.29 (63.16) 28.29 (63.16) 28.29 (63.16)
fmaas 29 (23.5) 29 (23.5) 29 (23.5)
fm2ps 71 (24) 71 (24) 71 (24)
AUC (ng/mL.h) 17132.67 (42322.1) 1916.77 (2165.25) 10495.63 (13328.4)
Tmax (h) 2.16 (0.8) 1.39 (0.36) 1.59 (0.6)
Cmax (ng/mL) 261 (369.26) 60.13 (47.01) 225.92 (150.83)
Presence
Chmin (ng/mL) 73.39 (244.97) 4.3 (7.09) 33.92 (63.85)
fmaas 20.65 (24.4) 69.75 (16) 33.8 (23.3)
fm2ps 79.35 (24.4) 30.25 (16) 66.2 (23.2)
AUC Ratio 1.42 (0.43) 0.3 (0.14) 1.34 (0.21)
Interaction .
Summary Cmax Ratio 1.38 (0.28) 0.4 (0.14) 1.52 (0.28)
Cmin Ratio 1.49 (0.56) 0.25(0.14) 1.42 (0.25)

Table S 2.10 The impact of drug-drug interactions on gefitinib pharmacokinetics in Caucasian
cancer populations.

AUC: area under the curve; Cmax: maximum plasma concentration; Cmin: minimum (trough) plasma
concentration; Tmax: time to maximum plasma concentration. Data reported as geometric mean and
(standard deviation). 2 Ratio of each pharmacokinetic parameter (Cmax, Cmin or AUC) in the presence
and absence of a drug interaction. fmsaa4: fraction of drug metabolised by CYP 3A4; fmaps: fraction of
drug metabolised by CYP 2D6. Data reported as geometric mean and (standard deviation).
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Figure S 2.1 Gefitinib pharmacokinetics in Chinese cancer patients.

Multiple oral 250 mg dose once daily for 28 days, dosed in the absence (black) or presence (red) of (A)
200 mg once daily itraconazole (3A4 inhibitor); (B) rifampicin (3A4 inducer) dosed throughout the study
at 600 mg once daily for 60 days with gefitinib dosed on days 28-56; (C) bupropion (2D6 inhibitor) dosed
at 150 mg once daily. Studies were conducted in Chinese Cancer population (n=100). Dotted lines
indicate the corresponding 5™ and 95™ percentile range of the mean (solid line).
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Chapter 3 The application of virtual
therapeutic drug monitoring to
assess the pharmacokinetics of

imatinib in a Chinese Cancer

population group

Disclaimer
Elements of this chapter have been published as follows:

YU, H. & BADHAN, R. K. S. 2023. The Application of Virtual Therapeutic Drug Monitoring to
Assess the Pharmacokinetics of Imatinib in a Chinese Cancer Population Group. Journal of
Pharmaceutical Sciences, 112, 599-609

He Yu, PhD Thesis, Aston University 2023 96



3.1 Introduction

Tyrosine kinase inhibitors (TKIs) have revolutionised the treatment of several cancers [407],
but there still remains a need to consider optimising dosing to ensure personalised anticancer
treatment in a range of patient groups [408]. Imatinib, which inhibits BCR-ABL activity, has
gained attention as one candidate which would benefit from TDM approaches [409-411],
particularly in gastrointestinal stromal tumours (GIST) and chronic myeloid leukaemia (CML).
As a member of the first generation of TKils, imatinib was the first TKI to be used to treat

chronic myeloid leukaemia (CML) [412].

The BCR-ABL oncoprotein is a result of mutations in the BCR/ABL fusion gene, which is the
most prevalent genetic variant in chronic myeloid leukaemia, accounting for nearly 95% of
cases [413-415]. The BCR-ABL oncoprotein's tyrosine activity facilitates the uncontrolled
transmission of various downstream signalling pathways, which results in uncontrolled cell
proliferation. Hematopoietic stem cells (HSCs) altered with BCR-ABL mutant genes are
unable to differentiate normally or undergo apoptosis, and hence change into leukaemia stem
cells (LSCs) [413, 416]. Unpolished stem cells continue to grow and amass in the bone
marrow, eventually resulting in leukaemia. The BCR-ABL oncoprotein contains a tyrosine
kinase domain [417], and when this domain interacts with ATP, thus, CML develops. Thus,
inhibiting the binding of the two with a TKI prevents the BCR-ABL oncoprotein from activating
its tyrosine kinase activity to achieve the goal of CML treatment [413, 418]. Imatinib is a type
of TKI that is classified as an ATP-competitive inhibitor, it is also the first TKI approved to use
in EU and USA in 2001 for clinical treatment [412, 419]. It suppresses the growth of cells
expressing the BCR-ABL gene and promotes apoptosis by competing with ATP for binding
sites [413].

Gastrointestinal stromal tumours (GIST) are one of the commonest types of mesenchymal
tumour localised to the gastrointestinal tract [420, 421], affecting approximately 7 people per
million per year in Western countries [422], 16 people per million per year in Korea [423, 424]
and approximately 4 people per million per year in China [425]. Globally, the incidence of GIST
is over 10 cases per million individuals, which corresponds to at least 8000 new cases in
Europe each year [426, 427]. The most common anatomical site of original tumour in 9747
GISTs was the stomach (55.6%), followed by the small intestine (31.8%), the colon (6.0%),
other/various locations (5.5%), and the oesophagus (0.7%) [428]. The maijority of GISTs are
caused by oncogenic mutations in the tyrosine kinase receptor KIT and/or platelet-derived
growth factor receptor- a(PDGFR-a) [429, 430]. Over 80% GIST patients respond to imatinib
or achieve persistent stabilisation of tumour development with ongoing therapy can be a daily

dosage of 400 to 600 mg imatinib [430]. Whilst surgical resection is the mainstay treatment,
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only 70 % of patients attain a 5-year post-operative survival [431] and the economic burden of
therapeutic interventions is high, at over $100,000 per patient per year [432]. Furthermore, a
large study in Chinese patient identified a steep rise in cases after 50 years old, with males
being more predisposed than females. This phenomenon could potentially be attributed to
mutations in the expression of the Escape from X-Inactivation Tumour Suppressor gene on
chromosomal Y and its severe downregulation. Additionally, alcohol use and smoking,
particularly among males, can be responsible as cancer risk factors as well [425].
Furthermore, chronic myeloid leukaemia (CML) is a myeloproliferative neoplasm defined by
the Philadelphia (Ph) chromosome and driven by the BCR-ABL1 tyrosine kinase [433].
Chronic myeloid leukaemia (CML) accounts for approximately 20 % of all cases on leukaemia
within adults [434]. Approximately 33 % of patients with CML treated with imatinib demonstrate
a lack of complete cytogenetic response (CCyR) or present with drug resistance/toxicity [435-
437]. Additionally, the standard of therapy for individuals newly diagnosed with chronic myeloid
leukaemia (CML) in chronic phase is a daily dosage of 400 mg imatinib (CML-CP) [438].
However, greater doses of imatinib may increase response in patients with CP-CML taking
imatinib. Patients receiving 800 mg per day for 12 months attained cytogenetic and major
molecular responses more rapidly than those receiving 400 mg per day [439]. Imatinib dosage
escalation to a daily dose of 600 mg or 800 mg has showed potential efficacy in individuals

with a sluggish or poor response and disease progression [438, 440].

In both cases, a key in the paradigm of treatment is imatinib, which has revolutionised
treatment outcomes and improved survival times [441, 442]. Imatinib is well absorbed with an
absolute bioavailability of > 98 % [443, 444], which is not dose or dosage form dependant
[445, 446]. Its half-life is approximately 18 hours, and multiple dosing often leads to target
plasma concentration in-excess of the 0.5 uM required for TKI in-vitro [445, 447]. Furthermore,
it is highly protein bound (>95 %) [448] and has a large volume of distribution (Vd) > 400 L
[444]. The elimination of imatinib is governed by CYP 2C8 (primary role) [449] and 3A4 [450-
452], with other CYP isozymes (CYP1A2, CYP2D6, CYP2C9 and CYP2C19) playing a minor
role (< 3 % contribution in total) [450-453]. Furthermore, being a low extraction drug, the
elimination of imatinib is highly sensitive to protein binding and intrinsic clearance.
Confounding the pharmacokinetics of imatinib, is its wide inter-individual variability with
steady-state trough concentrations varying by over 20-fold in CML patients [454, 455],
although this is thought to be a result of the intracellular site of action. It is often utilised at a

fixed daily dose of 400 mg, which can be increased to 600 mg in accelerated disease phases.

Oncology patients tend to demonstrate altered physiology which may influence a drugs
pharmacokinetics, with key changes including reduced haematocrit, increased a-1 acid

glycoprotein and decreased albumin and reduced glomerular filtration rate (GFR) [329, 341].
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Furthermore, racial and weight differences between Chinese and Caucasian patient
demographics have a direct role in current Chinese guidelines for treatment. Furthermore, the
tolerance of Chinese patients to higher doses (> 400 mg/day) is often lower than that of
Caucasian patients, with the (United States) National Comprehensive Cancer Network
(NCCN) guidelines recommending 800 mg/day [456-458] for those who show limited
improvement at the standard dose (400mg/daily) (originating from Caucasian studies),

whereas in Chinese studies doses are recommended at 600 mg/day [459, 460].

Given the long-term use of imatinib, appropriate steady-state levels are critical in limited side
effects and toxicity such as myelosuppression, nausea, diarrhoea, hypophosphatemia,
musculoskeletal symptoms, rash, fatigue, and headaches [461]. For both CML and GIST, a
target trough concentration of 1000 ng/mL and 1100 ng/mL has been suggested, respectively
[462, 463]. Whilst these are often drive around pharmacodynamic endpoints (e.qg.
hematologic, cytogenetic and molecular responses), some groups have advocated the use of
such concentrations as pharmacokinetic predictors of response [464, 465]. Furthermore, given
the wide inter-individual variability reported in trough concentration (560-100 %) [466], sub- or

supra- therapeutic dosing is possible [466, 467].

In order to address the clinical consequences of this variability, Gotta et al (2014) coined the
term “rescue TDM” to refer to ‘corrective’ dosing based on therapeutic drug monitoring (TDM)
for specific cases to support optimal imatinib plasma concentrations [411]. Recently, Buclin et
al (2020) [409] utilised the work by Gotta et al [411] to emphasize the need for TDM for
imatinib, providing a structured approach to accomplish this. In the approach originally
developed by Gotta et al (2014) [411], dose adjustments were support for subtherapeutic
patients (500-800 mg once daily) and supratherapeutic patients (200-400 mg once daily).

Cmin Was the preferred imatinib pharmacokinetic indicator when performing TDM. Usually Crax
and AUC can also be used as indicators, but for imatinib, the intra-patient variability is much
smaller than the inter-patient variability [468], so the Cnin is obtained 5 to 7 days after the first
dose of the drug reaches a steady state in the body of patients, just before the second dose
is administered. When Cnin is utilised as an indication, it can also be viewed as the difficulty
and opportunity presented by imatinib-specific TDM. TDM can effectively reduce the cost of
clinical application of imatinib, but the difficulty of obtaining clinical data is significantly greater
than the difficulty of laboratory monitoring [427, 468]; therefore, the formation of a true
standard framework TDM must be continuously enhanced to be suitable for different patient
populations. To confirm that TDM can perform the anticipated regulatory role in the treatment
of GIST with imatinib, a study evaluated whether patients with advanced GIST could obtain

longer progression-free survival (PFS) with defined Cnin values for imatinib was performed in
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2016 [469]. The experimental results demonstrate that when the specified control
concentration of imatinib is 760ng/ml, the PFS obtained in GIST patients is favourably
associated with the concentration, validating the viability of TDM. Furthermore, there were 28
clinical studies considered in a 2019 study of the treatment results of imatinib in chronic
myeloid leukaemia(CML) TDM [470]. The findings of the investigation demonstrate that TDM
can predict the efficacy of imatinib with absolute certainty. The suggested therapeutic range
is between 1000 and 1500ng/ml, and larger trough concentrations will not enhance the drug's

effectiveness.

Higher plasma concentrations have been reported in Chinese cancer patients when compared
to Caucasian cancer patients [471, 472]. Given the physiological difference between Chinese
and Caucasian cancer patients, particularly changes in alpha-1-acid glycoprotein, the
assessment of optimal doses to attain targeted plasma concentrations is warranted and can
be pragmatically achieved through the use of mechanistic physiologically-based

pharmacokinetic modelling approaches [473].

In this study, we utilise previous work conducted by our group to assess the requirements and
approaches towards dose titrations in Chinese cancer patients, with explicit account of the
physiological differences encountered in Chinese cancer patients compared to Caucasian

cancer patients.

3.2 Aims and objectives

The primary aim of this study was to use the published TDM strategy and virtual clinical trials
to provide a clinically relevant dosing adjustment strategy for virtual Chinese cancer
populations that could be implemented to maintain effective plasma imatinib levels, the

impacts of multiple ethnic groups on TDM were explored.

To achieve the aims, the overall objectives were:

e To validate the previously developed imatinib PBPK model using published single and
multiple dose studies in Caucasian population.

e To validate the imatinib model in a virtual Chinese cancer population.

e To observe TDM dosing regimen in the virtual Chinese cancer population.

e To compare the different imatinio TDM outcomes between Caucasian and Chinese

cancer populations.
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3.3 Methods

In order to conduct virtual clinical trials simulations in subjects, the physiologically based
pharmacokinetic (PBPK) modelling tool Simcyp (Simcyp Ltd, a Certara company, Sheffield,
UK, Version 19) was utilised. Unless otherwise stated, all simulations utilised mixed genders

(50:50). Further, we adopted a workflow model with four stages (Figure 3.1).

Stage 1 Stage 2 Stage 3

Caucasian Chinese Cancer Chinese Cancer Chinese Cancer

Single and multiple dose Previously developed Caucasian Cancer Caucasian Cancer
studies Chinese Cancer 400 mglonce daily
population

Single- and Multiple- Multiple-dose Multiple-dose Multiple-dose
dose studies studies studies Stage 4 studies
4 studies 4 studies Identify subjects with trough Dose adjustment between

concentrations outside limits 100 mg to 800 mg daily on
selected subjects

Healthy populations Oncology poputation Oncology population Oncology population
Verification Verification TDM Baseline TDM
(compound) {population and (identification) {optimisation)

compound)

Figure 3.1 The workflow model for model verification and TDM.

3.3.1 Step 1: Validation of imatinib in Caucasian subjects

We utilised a previously developed and validated model of imatinib [474], with some
modifications. The validation dataset utilised included 4 studies within Caucasian populations:
(i) 12 healthy Caucasian volunteers (2 female) (40-58 years old) who received a single dose
administration of imatinib 400 mg [444]; (ii) 34 cancer patients (6 female) (28-84 years old)
who received multiple doses of imatinib 400 mg with sampling on days 1 and 15 [475]; (iii) 50
cancer patients (21 female) (39-82 years old) who received multiple doses of imatinib 400
mg/day for 15 days [476]; (iv) 103 patient (83 female) (18-77 years old) who received multiple
doses of imatinib 400mg/day for 15 days [477].

3.3.2 Step 2: Validation of imatinib in a virtual Chinese cancer population

In order to assess differences in pharmacokinetics of imatinib in Chinese and Caucasian
cancer subjects, we utilised a previously developed virtual Chinese cancer population group

[478] in a virtual trial to compare predicted trough imatinib plasma concentration to those
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reported at steady state for doses of (i) 100, 200, 250, 300, 400, 600, 600 and 800 mg once
daily (36 subjects aged 17-79 years) [479]; (ii) 190 GIST subjects dosed 400 mg once daily
(31-85 years) [480] ; (iii) 84 CML subjects dosed 300-600 mg once daily (18-76 years) [481];
(iv) 129 GIST subjects dosed 200-600 mg once daily (29-75 years) [482]. This virtual Chinese
cancer population group incorporates physiological alterations previously reported [329] to
occur within oncology populations includes reductions in haematocrit, increases a-1 acid

glycoprotein and decreases in both albumin and GFR [341].

3.3.3 Step 3: Imatinib TDM in a virtual Chinese cancer population

Although there is no definitive guidance on the need for TDM for imatinib, previous studies
have examined approaches to implementing TDM in clinical practice [409-411, 483-486].
Utilising the “rescue TDM” approach coined by Gotta et al (2014), we implemented the
subsequent structured approach to TDM suggested by Buclin et al (2020) [409] (Figure 3.2),

in order to assess the need for imatinib TDM in a virtual Chinese cancer population group.

A 10x10 trial design (100 subjects) was implemented (20-50-year-olds, 50 % female) with a
dose of 400 mg once daily for 28 days, followed by dose adjustments in 100 mg daily
increments to the target dose and maintained for a further 28 days at each specific target
dose. At day 28 (before adjustment) and day 56 (after adjustment), subjects were identified
who demonstrated trough plasma concentrations below or above the target thresholds, and
the impact of the dose adjustment was quantified in relation to ability to target the therapeutic
concentration range (750-1500 ng/mL) identified by Buclin et al (2020) [409].

As a comparison, an identical trial design was implemented for the Simcyp Cancer

(Caucasian) population group.
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Figure 3.2 TDM-guided dose titrations.

Dose titrations were conducted based on approaches previously described [409]. Subjects with
imatinib trough plasma concentration outside of the prescribed target trough window (750-1500
ng/mL), following a 400 mg once daily (to steady state) dosing schedule, were identified and
subjected to dose adjustment based on either a dose increase or decrease, dependent upon their
trough plasma concentration.

3.3.4 Predictive performance

For the validation steps 1-3, predictive performance was determined within 2-fold (0.5-2.0-
fold) range of reported pharmacokinetic parameters [358, 487, 488]. A visual predictive
checking (VPC) strategy (U.S. Food and Drug Administration, 2012) [489-491] was also
adopted for predicting plasma concentration-time profiles. This checking strategy was
performed visually when the predicted plasma-concentration profiles, including the predicted
mean and 5" and 95" percentiles, was compared with the observed data which should overlap
with the predicted data sets. Furthermore, the prediction accuracy of the simulation profiles
was evaluated using average fold error (AFE) (Equation 1) and absolute average fold error
(AAFE) (Equation 2) [492-494] were calculated to further validate provide a measure of

precision and bias, as follows:

1, predt
n z log( obs¢ )

AFE =10 (1)

44FE = 107 2o (555t

(2)
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where n represents the number of observations, pred: and obs; are the predicted and observed
concentrations at time t. Deviations from unity refer to over-prediction (AFE > 1) or under-
prediction (AFE < 1) of the observed data. AAFE measures the absolute error from the true
value and inherent determined bias of the profile. AAFE values of <2 were considered

appropriate [495].

Mean predicted values (e.g., Cmax or Cmin) were compared with observed values and the

standard deviation ratio (SDratio) calculated (Equation 3) [473] as follows:

2 . 2 .
. SD observed SD predicted Mean predicted
SDratio = \/( ) + ( P ) X u (3)

Mean observed Mean predicted Mean observed

where SD observed and SD predicted are the SD of observed and predicted values; Mean
observed and mean predicted are the arithmetic mean of observed and predicted values. A

criterion of < 2-fold was deemed an acceptable prediction of values [358, 487, 488].

The observed clinical data used in verification studies were extract using WebPlotDigitizer v.
3.10 (https://automeris.io/WebPlotDigitizer/). Statistical significance was confirmed as p <
0.05.

3.4 Results
3.4.1 Step 1: Validation

The model was successfully validated against 5 adult imatinib single- and multiple-dosing
regimen studies, with the majority of plasma concentrations falling within the 5" and 95"
percentiles of the predicted concentrations (Figure S 3.1). Further, in all cases the AFE and
AAFE were between 0.85-1.21 and 0.98-1.14, indicating successful model predictions (Table
S 3.1).
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3.4.2 Step 2: Validation of imatinib in a virtual Chinese cancer population

Simulated median steady-state trough and peak imatinib plasma concentrations in Chinese
cancer populations were broadly within 1.5-fold of those reported for a variety of doses from
100 mg — 800 mg (Figure 3.3) with mean prediction ratio and SD-ratio within the 2-fold
boundary (Table 3.1).
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Figure 3.3 Imatinib plasma concentration following oral dose administration in Chinese
cancer subjects.

Steady-state trough plasma concentration reported following (A) 100, 200, 250, 300, 400, 600, 600
and 800 mg once daily doses (36 subjects aged 17-79 years) [479]; (B and C) 190 GIST subjects
dosed 400 mg once daily (31-85 years) [480] demarked for age and body weight; (D) 84 CML subjects
dosed 300-600 mg once daily (18-76 years) [481]; (E and F) 129 GIST subjects dosed 200-600 mg
once daily (29-75 years) [482]. Circles indicate the predicted (black) or observed (red) individual data.
Where individual concentration observed data was not reported, the reported observed mean and
range were used and is represented by red horizontal lines (mean) and range (upper and lower
horizontal lines).
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Chmin (ng/mL) Comparison
Dose (mg) Predicted Observed Ir\gﬁ(a)n glajtioa
100 369.11 (82.74-1162.87) 378 (140-334) 0.98 1.08
200 738.015 (85.46-2327.15) 640 (346-1222) 1.15 1.12
250 922.41 (111.8-2909.74) 986 (440-1265) 0.94 1.02
300 1106.8 (138.2-3492.63) 940 (337-2781) 1.18 1.24
400 1475.37 (150.8-4659.26) 1139 (421-7493) 1.32 1.42
500 1843.795 (320.49-5827.25) 1422 (1283-2155) 1.31 1.38
28 600 2212.075 (76.14-6996.38) 2076 (1103-3775) 1.07 1.08
_g % 800 2948.395 (101.38-9336.94) 3879 (2303-5017) 0.76 1.05
§ 300 1221.7 (756.7) 1564.65 (596.2) 0.80 1.24
8 400 1593.4 (987.2) 1521.3 (610.3) 1.07 1.42
‘TE 500 2078.9 (1289.9) 0.82 1.38
o 2540.3 (1298.1)
§ 600 2208 (1291.3) 0.87 1.08
200 849.7 (541.2) 732.6 1.16 nd
300 1227.2 (828.1) 996 (337.7) 1.23 1.45
400 1635.8 (1105.6) 1446.2 (757.3) 1.13 1.52
© 500 2024.5 (1388.5) 1631.9 (507.1) 1.23 1.24
g S 600 2246.9 (1440.2) 1802.3 (709.1) 1.24 1.13
gé 800 2802.7 (1724.1) 1832.7 1.56 nd
200 738.3 (78.2-2981.1) 960.1 (367.2-1751.2) 0.73 1.26
300 1107.6 (102.15-4471.9) 1087.5 (253.2-2452.1) 1.02 1.11
400 1484.3 (143.2-5963.2) 1270.9 (224.7-2809.3) 1.17 1.23
600 2215.3 (192.4-6788.9) 3162.6 (1327-5112.8) 0.73 1.42
Crmax (Ng/mL)
200 1832.2 (701.6-3548.2) 1988.5 (1232.2-3699.3)  0.93 1.23
© 300 2748.3 (1053.6-5342.6) 2456.3 (701.8-4256.7) 1.11 1.15
g o 400 3665.7 (1406.2-7102.1) 2604.8 (802.6-5211.9) 1.43 1.33
(ﬁ%é 600 5205.7 (2113.6-9303.4) 3785.6 (2516.5-5897.3)  1.39 1.23

Table 3.1 Predicted and observed imatinib trough or peak plasma concentrations at in the
Chinese cancer population group.

Data represents mean (range) or mean (SD). Cmin: trough plasma concentration; Cmax: peak plasma
concentration; Mean ratio: ratio of predicted to observed concentration; nd: not determined. @ SD ratio:
ratio of predicted to observed SD ratio. Observed SD was obtained or calculated from original reference
source.
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3.4.3 Step 3: Imatinib TDM in a virtual Chinese cancer population

In order to examine the requirement for TDM-based dose adjustment, simulations in Chinese
and Caucasian cancer populations assessed the changes in trough imatinib plasma
concentrations following dose adjustment from a baseline of 400 mg once daily across a range
of 200-800 mg once daily. Trough plasma concentrations were higher for Chinese than
Caucasian subjects (Figure 3.4A) (Table 3.2) with a standard dose resulting in trough levels
of 1816.2 ng/mL (52.85-8257.29 ng/mL) and 1216.6 ng/mL (121.23-4464.89 ng/mL)
respectively (Table 3.2) (Figure 3.4B).

Trough plasma concentration (ng/mL)

Dose Chinese Caucasian

(mg) Mean (Range) SD Mean (Range) SD

200 907.79 (26.46-4095.64) 721.56 608.28 (60.66-2231.98) 413.81
300 1361.92 (39.66-6168.77) 1083.70  912.44 (90.96-3348.33) 620.79
400 1816.2 (52.85-8257.29) 1446.70  1216.6 (121.23-4464.89) 827.82
500 2270.62 (66.02-10360.15) 1810.49 1520.77 (151.48-5581.64) 1034.90
600 272517 (79.17-12476.44) 2175.04  1824.95 (181.71-6698.57)  1242.03
800 3634.66 (105.42-16745.82) 2906.26  2433.36 (242.1-8933.03) 1656.426

Table 3.2 Predicted imatinib trough plasma concentrations at difference doses in Chinese and
Caucasian cancer subjects.

Data represents mean (range) and standard deviation (SD).

In order to engage in virtual-TDM, we considered each simulated subject and sampled the
steady-state trough plasma concentration (following 400 mg once daily dosing), prior to dose-
titrations. At a 400 mg dose, fewer Chinese subjects possessed trough concentrations within
the target range (750-1500 ng/mL) when compared to Caucasian subjects, 26 % and 43 %
respectively (Table 3.3). However, a greater number of Chinese subjects possessed trough
concentrations in excess of the upper limit of the target range (>1500 ng/mL), 51 %, when

compared to Caucasian subjects, 25 % (Table 3.3).

In Chinese and Caucasian populations, 9 % and 13 % of subjects, respectively, possessed
sub-therapeutic concentration in the range of 550-750 ng/mL, of which all were recapitulated
to the target range, upon the application of the appropriate TMD method (Figure 3.2) (Table

3.3). However, for those with plasma concentration < 550 ng/mL, a dose increase to 800 mg
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was only able to recover 50 % (Chinese) and 42.1% (Caucasian) of those subject to within the
target therapeutic range (Table 3.3). For subjects with plasma concentration >1500 ng/mL, a
dose reduction to 200 mg once daily was able to recover 67 % (Chinese) and 84 %

(Caucasian) of those patients of within the target therapeutic range (Table 3.3).
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Figure 3.4 Simulated imatinib plasma concentrations in Chinese and Caucasian cancer
subjects at different doses.

(A) Simulated plasma concentration in 100 Caucasian (upper panels) or Chinese (lower panels)
cancer subjects (20-50-year-olds) following an initial dose of 400 mg once daily to steady-state (10
days) and thereafter dose titrations to between 200-400 mg once daily (left panels) or 500-800 mg
once daily (right panels). Horizontal dashed line indicates lower target trough plasma concentration
(750 ng/mL). (B) Simulated plasma concentration in 100 Caucasian (open circles) or Chinese (solid
green circles) cancer subjects (20-50-year-olds) at steady-state doses of between 200-800 mg once
daily Horizontal shaded regions represents target trough plasma concentration (750-1500 ng/mL).
Red lines indicate median and 5"- and 95™ percentiles.
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Pre-adjustment

_ Trough Mean troggh iﬁg{ﬁds Dose Adjusted Mean trough SD subjects within
Population . concentration (ng/mL)  trough Adiustment © Dose concentration (ng/mL) target therapeutic
level (ng/mL) 9 9N ! (mg) (ng/mL) 9 range post-
range . d
adjustment
Pre-Adjustment Adjustment
<550 320.99 156.12 14 x2 800 640.61 311.36 50 % (n=7)
550-650 611.67 16.77 3 x1.5 600 916.79 245 100 % (n=3)
Chi 650-750 695.22 30.57 6 x1.25 500 868.64 38.15 100 % (n=6)
inese
750-1500 1102.7 216.96 26 None 400 1102.7 216.96 na
x0.5 200 1496.31 950.81 66.7 % (n=34)
>1500 2995.07 1909.81 51
x0.75 300 22454 1429.34  29.4 % (n=15)
<550 336.97 136.91 19 x2 800 673.34 273.68 42.1 % (n=8)
550-650 593.7 30.84 6 x1.5 600 890.39 46.66 100 % (n=6)
) 650-750 683.21 25.01 7 x1.25 500 853.89 31.13 100 % (n=7)
Caucasian
750-1500 1126.77 22342 43 None 400 1126.77 22342 na
x0.5 200 1169.04 389.53  87.5 % (n=21)
>1500 2338.47 779.16 25
x0.75 300 1753.71 584.33 44 % (n=11)

Table 3.3 Predicted imatinib trough plasma concentrations at difference doses in cancer subjects following the application of TDM.

100 subjects (20-50-year-olds) were initiated on an initial dose of 400 mg once daily to steady-state (10 days) (‘Pre-Adjustment’) and thereafter
dose titrated to between 200-800 mg once daily (‘Adjustment’). 2 Trough levels were demarked for therapeutic range (750-1500 ng/mL) and regions
above and below this. P Represents the percentage of subjects (n=100 in total) with trough levels within the range indicated. ¢ Represents the
adjustment made to the initial steady-state dose (400 mg once daily) and below this. ¢ Represents the number of pre-adjustment subjects who have
a concentration, following the revised dose adjustment, within the target trough range (750-1500 ng/mL). na: not applicable
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3.5 Discussion

The management and treatment of patients with CML and GIST have significantly
improved since the first TKI, imatinib, was introduced, with similar survival rates to that of
control subjects [496]. As a selective inhibitor of the protein tyrosine kinase Bcr-Abl,
platelet-derived growth factor receptors (PDGFRa and PDGFR) and KIT, imatinib has
been demonstrated as part of the treatment of CML and GIST [497, 498].

Monitoring the plasma concentration of imatinib may be beneficial in optimizing treatment
strategies [499], particularly given that all tyrosine kinase inhibitors are administered orally
and, usually, as fixed doses regardless of the patient’s weight, age, or gender, leading to
inconsistent bioavailability and individual differences in plasma levels across a population
[500].

For adult CML/GIST patients, the current recommended dose is 400 or 600 mg once daily
[501], resulting in quite diverse plasma concentrations in different ethnic groups, with the
average plasma imatinib concentration in 10 countries (Asia (China, South Korea, Japan,
and India), Europe (France, Norway, the Netherlands, Belgium, and ltaly), and North
America (United States)) ranging from 800-1500 ng/mL [502].

In this study, we utilised virtual-TDM to optimise imatinib therapy in virtual Chinese and
Caucasian cancer subjects. The imatinib model was adapted and validated in single and
multiple dose studies in Caucasian subjects [444, 475-477] in addition to a being validated
using a previously developed virtual Chinese cancer population group [478] with
CML/GIST multiple dose studies [479-482]. In these validation studies, the predicted
imatinib plasma concentrations were within the range reported in clinical studies (Figure
S 3.1) (Figure 3.3) and mean predicted pharmacokinetics parameters were all within 2-
fold of those reported (Table 3.1). Some level of under/over-prediction was evident in
Figure 3.3F and G, when predicting trough (Figure 3.3F) and peak (Figure 3.3G) plasma
concentrations with observed data from 129 GIST subjects dosed 200-600 mg once daily
(29-75 years) [503]. However, the observed data recruited a total of 129 patients in an
observational phase 4 trial, with patients demarked for imatinib daily dose and hence the
observed data for each dose reflect a smaller subset of the total patient number, and this
may have contributed to the under/overprediction at the higher doses. Nonetheless,

median predictions were within 2-fold of those reported.
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Failures in imatinib treatment can be attributed to the resistance mutations of imatinib in
the kinase domain of BCRABL1 [504]. In these cases, therapeutic drug monitoring (TDM)
may provide clinicians with opportunities for informed dosage decisions. The European
CML Treatment and Outcome Study (EUTOS) [505], offered guidance on approaches for
TDM with imatinib in addition to identify the relationship between imatinib plasma
concentration and response. Using centralised TDM and clinical outcome data including
cytogenetic response (CyR) and molecular response (MR), the imatinib plasma
concentrations of thousands of CML patients were collected in the registry, and the
population PK modelling was used to analyze the data. This model describes
pharmacokinetic parameters of imatinib in specific population, quantifies the impact of
patient characteristics on the behaviour of imatinib, and provides an individual estimate of
Cmin. Additionally, the observations suggest that due to the lower concentration of imatinib
and the slower response rate, early dose optimization of TDM may benefit some patients
[505]. This study exemplifies the potential of TDM for different populations and provides
theoretical evidence for individual variations. Critically, this study suggested at a defined

therapeutic target concentration which was utilise as the basis for this work.

Having confirmed the ability of the model to recapitulate plasma concentrations within both
Caucasian cancer and Chinese cancer populations, we subsequently applied TDM-based
dose adjustment, using the approach developed by EUTOS [411], in simulations by
assessing the changes in trough imatinib plasma concentrations following dose
adjustment from a baseline of 400 mg once daily across a range of 200-800 mg once daily
(Figure 3.4).

For all doses studied, the trough imatinib plasma concentration was higher than that
predicted within Caucasian Cancer subjects, concurring with previous reports which have
highlighted that broadly lower doses may be required in Asian versus Caucasian subjects
[471, 506-511].

Notability, there was a wide interpatient variability in predicted plasma concentrations in
both population groups (Figure 3.4), a feature also reported by others [455, 462, 512]. The
cause of this may be attributed to both variability in the abundance of CYP metabolic
pathways or transporter expression/function pathways. However, in the context of
comparing Chinese and Caucasian cancer population, the differences in both body weight

and body surface area may also contribute to this, with our virtual Chinese and Caucasian
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cancer populations possessed body weights of 62.21 kg + 9.45 kg and 74.3 kg + 14.8 kg
and BSA of 1.69 m?+0.16 m?1.85 m?+ 0.21 m?. This difference is the often quoted reason
for Chinese cancer population required lower doses to support treatment outcomes

broadly lower doses are required in Chinese versus Caucasian subjects [471, 506-511].

For Chinese cancer subjects, at the standard dose of 400 mg once daily, only 26 % of
subjects possessed trough concentrations within the expected therapeutic range, with 51
% exceeding 1500 ng/mL (Table 3.3). In applying TDM approaches, whilst a doubling of
dose to 800 mg was only able to recapitulate 50 % (n=7) of the subtherapeutic subjects
at 400 mg below 550 ng/mL, the equivalent 1.25-fold (500 mg) and 1.5-fold (600 mg)
increase in dose was able to recover all subtherapeutic subjects between 550-750 ng/mL
into the target range. For trough levels above 1500 ng/mL, a 50 % reduction in dose was
able to recover 66% of subtherapeutic subjects into the target window. Similar trends
were identified for Caucasian cancer subjects, albeit with dose adjustment for subjects
with trough levels above 1500 ng/mL resulting in an increase in the recovery to target
concentrations. Drug included adverse effects are likely with high imatinib plasma
concentrations, and include, nausea, vomiting, oedema and cutaneous reactions [513].
The latter occurs often at higher doses (400-800 mg/day), although most are mild in nature
[514]. Although our study was limited to 200 mg/day as the lowest dose, case reports of

100-200 mg/day have demonstrated to result in improve clinical outcomes [515, 516].

The case for TDM for imatinib has been widely made by many [408, 409, 411], and clear
cost-effectiveness with TDM-guided therapy versus fixed dose therapy has been
demonstrated with improved in ‘cost per quality-adjusted life year’ [410, 517]. TDM has
been applied with imatinib in a number of approaches. Lamkheet et al (2017) [484],
demonstrated that under standard imatinib dosing, < 40 % of subjects had trough levels
within the target range (calculated per individual) which with dose adjustment (400 mg to
800 mg) leading to > 90 % of subjects with adequate trough levels. Similarly, Yoon et al
(2013) [516], considered dose titrations in toxicity cases in two GIST patients and
demonstrated reduced intolerable adverse events through dose reductions to 100

mg/daily.

However, challenges remain. As highlighted by Buclin et al (2020) [409], ranging from
throughput limitations of current analytic methods for the detection of imatinib, lack of

specific anticancer TDM cost-effectiveness studies to support implementation, constrains

He Yu, PhD Thesis, Aston University 2023 114



of precise trough sampling, and ultimately the unwillingness of prescribers to modify

established dosing approaches.

3.6 Conclusion

This study demonstrates the application of physiologically based pharmacokinetic
modelling and virtual clinical trials, to engage in virtual-TDM of imatinib in a specific
Chinese cancer population. Clear differences are evident between Caucasian and
Chinese cancer patients, and this warrants further analysis to fully implement TDM in

multiple ethnic groups.
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3.7 Supplementary materials

Section 1: Validation results
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Figure S 3.1 Predicted Imatinib plasma concentration following oral dose administration.

(A) 12 healthy Caucasian volunteers (2 female) (40-58 years old) who received a single dose
administration of imatinib 400 mg [444]; 34 cancer patients (6 female) (28-84 years old) who
received multiple doses of imatinib 400 mg with sampling on days 1 (B) and 15 (C) [475]; (D) 50
cancer patients (21 female) (39-82 years old) who received multiple doses of imatinib 400 mg/day
for 15 days [476]; (E) 103 patient (83 female) (18-77 years old) who received multiple doses of
imatinib 400mg/day for 15 days [477]. Filled red circles and vertical lines indicate the observed
mean and standard deviation obtain from clinical data; solid black lines are the predicted population
mean plasma concentration profile and associated dotted are the corresponding 5th and 95th
percentile range of the predicted mean.

He Yu, PhD Thesis, Aston University 2023 116



Study PK Parameters Observed Predicted

o AUC -+ (ug.h/mL) 32.6 £ 16.5 38.3+13.9
=) Peng et al
= Crmax (ug/mL) 1.8+1.2 1.5+0.5
(2004)
tmax (h) 2.5 (1-6) 2.3 (1.4-3.2)
> AUC 0-24 h) (ug.h/mL) 49.7 +18.2
[a]
. Petain et al Crmax (Hg/mL) 1.81£0.8
5 (2008) tmax () 2.5 (1.3-3)
S CL/F (L/h) 10.9 (19) 11.3 (51)
>
g AUC0-24 ) 65.1 £43.3
o ™y Petain et al Cmax (pg/mL) 38+19
£ (2008) tmax () 2.4 (15-3.5)
=
= CL/F (L/h) 10.9 (19) 10.6 (49)
>
a AUC 024 1) (UM.h) 131.6 + 87.8
02 Eechoute et al Cnax (uM) 7.74£3.9
2 (2012) tmax (D) 2.4 (1.5-3.5)
E
= CL/F (L/h) 9.5 (50) 10.5 (49)
>
8 AUC 0-24 h) (ug.h/mL) 49.4 +19.3
o E’“ Renard et al Crmax (Hg/mL) 3.0+1.9
£ (2015) tmax () 2.5 (1.4-3.4)
=
= CL/F (L/h) 10.8 (43) 10.3 (51)

Table S 3.1 Predicted and observed imatinib pharmacokinetics in validation datasets.

AUC (0--). area under the plasma concentration-time curve from time zero to infinity; AUC(o-24): area
under the plasma concentration-time curve during 24 h after dose; Cmax: peak plasma concentration;
CL/F: apparent clearance; tmax: time to maximum plasma concentration. Data presented as mean

(SD) or ‘'mean (CV). For tmax, data is presented as mean (range).
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Chinese

Parameter Healthy Cancer
Male Female Male Female
Haematocrit (%) 45.3 (9.5) 40.5(10.9) 34.2(15) 29.2(14.5)

a-1 acid glycoprotein

(g/L) 0.638923)  0.575(24) 1.15(36.4) 1.25(39.8)
Albumin (g/L) 50.34 (10)  49.38 (10) 39.5(19.7) 39.2 (15.4)
GFR (mL/min) 106.4 (19)  119.1(24) 102.7 (18) 92.2 (21)

Creatinine (umol/L) 76.5 (16) 57 (20.4)  87.8(16) 69 (17)
Weight (kg) 64.6 (18) 57.5(19)  67.4(13) 55.2(10)

Table S 3.2 Demographic and biochemical changes describing the Chinese Cancer
population.

Simcyp population group parameter changes used in the development of the Chinese cancer
population group. For a full description of the model development and validation please see Yu et
al (2021) [473].
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Chapter 4 The modulation effects
of flavonoids on breast cancer
resistance protein in

glioblastomas cells
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4.1 Introduction

Glioblastomas multiforme (GBM) is widely acknowledged as an exceptionally aggressive
neoplasm and is considered the predominant malignant primary tumour that affects the
brain and CNS [518]. It accounts for 48.6% of malignant CNS tumours and for 14.5% of
all CNS cancers [518]. Patients with GBM often have a median overall survival (OS) of

only 15 months, which is a fairly brief timeframe [518].

The primary challenge in addressing malignant gliomas lies in the presence of the BBB, a
barrier consisting of specialised capillary endothelial cells with tight junctions composed
of claudins (specifically claudins -1, -3, -5), occludins, and junctional adhesion molecules
[519]. The BBB selectively permits the passive diffusion of small molecules with molecular
weights less than 500 Da and sizes less than 400 nm, provided they possess lipophilic
properties. In contrast, molecules that do not meet these criteria rely on alternative
processes to traverse the blood-brain barrier, such as pinocytosis, receptor- or carrier-
mediated transcytosis, and solute-carrier-protein pathways [519]. The maintenance of
BBB integrity and homeostasis is augmented by ABC transporters, including P-gp, MDR1,
BCRP, and various other resistance proteins that are present in the lumen and meninges

[519]. Regulating these efflux pumps has mainly been unsuccessful.

Increased active transport efflux of anticancer medications and decreased drug
concentration within the cancer cells are seen in multidrug-resistant cancer cells as the
primary reasons why cancer treatment fails [520]. The origin of this phenomena is
commonly attributed to the upregulation and/or function of ABC transporters within the
tumour-brain-barrier and at the BBB itself [520].

The current body of research focuses on the utilisation of third generation P-gp inhibitors,
specifically tariquidar, in conjunction with first-line chemotherapy for the management of
NSCLC [520]. Furthermore, tariquidar is also known as a BCRP modulator, can inhibit
BCRP in a lower concentration (~1 pM) than P-gp (~2.3 uM). However, natural products
such as flavonids, have been recently explored for their ability to modulate drug

transporter function and impart anti-cancer effects on cellular development/progression.

As candidate natural compounds, several flavonoids have been assessed for cytotoxic
effects on BCRP-MDCKII cells as in vitro studies [521]. Amentoflavone, apigenin,

biochanin A, chrysin, diosimin, genkwanin, hypericin, kaempferol, kaempferide,
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licochalcone A, and naringenin have shown substantial suppression on BCRP (over 50%)
[521]. This inhibition was accompanied by a notable enhancement in the absorption of
mitoxantrone into BCRP-MDCKII cells. The eleven flavonoids that significantly inhibited
BCRP are divided into several categories, including flavone, dihydroflavone, flavonol,
biflavone, chalcone, isoflavone, and dianthrone [521]. Furthermore, prior research has
indicated a positive association between the upregulation of BCRP and an elevated
resistance to TMZ [521]. Conversely, the inhibition of BCRP has been found to enhance
the ability of TMZ to penetrate the brain and exhibit antitumour effects [521]. Licochalcone
A and Genkwanin showed effective inhibition effects when co-utilised with TMZ in U251,
U251T and T98G cells [521], the inhibition% of these 2 drugs in U251T and T98G are both

over 95%, which indicated as promising BCRP inhibitors, further research is needed.

Given that the practical application of existing BCRP inhibitors (e.g. GF120918, FTC) is
hindered due to a range of neurotoxic effects [522], the current study is centred around

the identification of suitable inhibitors/modulators of BCRP using flavonoids.
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4.2 Aims and objectives

Based on the ability of flavonoids- depressing BCRP function on the glioblastoma cells at
the BBB, the aims of this chapter are to determine and estimate the impacts and
expression of flavonoids on BCRP function in LN229 cells. The experiments involved the
apoptosis and application of reactive oxygen species inducing agents. LN229 cells were

used as the test subjects.
The overall objectives as follows:

e To assess the cytotoxicity of flavonoids on LN 229 cells;

e To assess the effect of flavonoids to modulate the expression of BCRP in LN 229
cells;

e To assess the effect of flavonoids on cellular migration of LN 229 cells;

e To assess the effect of flavonoids as anti-cancer agents on reactive oxygen
species generation in LN 229 cells;

e To assess the effect of flavonoids as anti-cancer agents on the activation of

caspases in LN 229 cells.

He Yu, PhD Thesis, Aston University 2023 122



4.3 Materials

Drugs: Dulbecco's modified essential media with 4.5 g/L glucose (DMEM), Fetal Bovine
Serum (FBS), L-glutamine, Antibiotic-Antimycotic® (100X) were obtained from Biosera
(Sussex, UK); 0.25 % wil/v trypsin-EDTA; Phosphate buffered saline (PBS) solution;
Hoescht-33342 (H33342); ROS assay kit (Ab113851, Abcam Cambridge, UK); A
fluorescence Caspase-3/7 assay kit (Cayman Chemicals, 10009135, USA); Ko143, and

all other chemicals were sourced from Sigma (Dorset, UK);

For this chapter, the used flavonoids were listed as follows: Harmine, 4-hydroxy-3-
methoxycinnamaldehyde, 7-aminoflavone, rotenone, trihydroxyethylrutin  and 5-
methoxyflavone, 6-hydroxyflavanone, 7-methoxyflavanone. The corresponding stock
solution were prepared with dimethyl sulfoxide (DMSO), the concentration of all these

stock solutions was 10mM and stored at —80 °C for further application.

4.4 Methodology
4.4.1 Culture of LN 229 cells

The LN229 cell line (ATCC: CRL-2611), derived from human glioblastoma, was cultivated
in a growth medium consisting of 1% foetal bovine serum (FBS), 1% volume/volume

antibiotic-antimycotic, and Dulbecco's Modified Eagle Medium (DMEM).

The cells were added into an uncoated T75 flask and cultivated for a period of 4-5 days
until reaching confluency. Subsequently, a volume of 1 mL of trypsin-EDTA solution with
a concentration of 0.25% weight/volume was added into the flask and allowed to incubate
for a duration of 3 minutes. Following this, the trypsin-EDTA solution was neutralised by
adding an equal volume of growth media. The cell suspension was subsequently
transferred onto T25, T75 flasks; 24 well-, 96 well-plates for subsequent experimental

procedures.

4.4.2 The cellular toxicity of flavonoids on LN 229 cells

As a cell viability assay, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium

bromide (MTT) assay was used to determine and evaluate the cytotoxicity under the
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impacts of our chosen flavonoids. A 96-well plate with 50,000 cells per well was seeded
and incubated in the 37 °C constant temperature and humidity (5% CO.) incubator for 24
hours. Then the medium of cells was removed and were incubated with a 6-fold
concentration range of flavonoids (0.001-100 uM) for 24 hours. During the 24 hours, MTT
sterile powder was diluted with DMSO until this storage concentration of MTT was 5mg/mL

and stored in -20 °C refrigerator. On the day of experiment, MTT storage was diluted as a

working concentration of 0.5mg/mL (1:10) using serum-free medium. When the 96-well
plate was ready, the medium was removed, and the wells were washed with pre-warmed
PBS. Thereafter, the 96-well plate was treated with MTT working concentration, namely
0.5mg/mL. The 96-well plate was covered with foil and incubated in the dark for 4 hours.
After 4 hours, MTT working solution was removed and the purple crystals left in the wells
were dissolved with 100uL/well DMSO. Then the 96-well plate was wrapped with foil again
and shaked gently on an orbital shaker for 15 minutes. After 15 minutes, the absorbance
of the wells was measure with a multilabel microplate reader at 362 nm and the cell viability
was calculated as follows:
UV absrobance in drug — treated cells

% cell viability = X 1
7 cell viability UV aborbance in control cells 00

4.4.3 Inhibition of efflux function of BCRP in Hochest-33342 and Mitoxantrone

intracellular accumulation assay towards LN 229 cells

The accumulation assay is to determine the fluorescence of the accumulated amount of
Hoescht-33342 (H33342) and mitoxantrone in the LN229 cells, so as to assess the
impacts of the flavonoids on BCRP function. For preparation of this assay, a 96-well plate
with 50,000 cells per well was seeded and incubated in the 37 °C constant temperature
and humidity (5% COZ2) incubator for 24 hours. On the day of this assay, the medium was
removed, and the cells were incubated with a 6-fold concentration of flavonoids (0.001-
100uM) for 1 hour. Then, the cells were incubated with a 6-fold concentration of flavonoids
(0.001-100uM) with 10uM Hoescht-33342 (H33342) or mitoxantrone for 1 hour. Thereafter,
all the medium was removed, and this 96-well plate was washed with cold PBS twice and
100uL PBS was added into each well. Then this well plate was frozen in the -80 °C
refrigerator for 30 minutes. After 30 minutes, all the cells were scratched and removed

from this well plate and transferred into a black 96-well plate. The resulting intracellular
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fluorescence group used H33342 was measured by a multilabel microplate reader (Tecan
Spark 10M®) at an excitation and emission wavelength of 340 nm and 510 nm,
respectively. The resulting intracellular fluorescence group used mitoxantrone was
measured by a multilabel microplate reader (Tecan Spark 10M®) at an excitation and

emission wavelength of 355 nm and 465 nm, respectively.

4.4.4 Cellular migration assay towards LN 229 cells in the presence of flavonoids
The main features of glioblastomas cells are invasion and migration [523]. As the most
common malignant brain tumour, GBM cells can migrate away from the central tumour
mass into healthy brain tissues, these growing GBM cells can promote tumour growth in
the invaded area [524].

This cellular migration assay is to assess the migration rate of LN 229 cells in the presence
of flavonoids. A 24-well plate with 70,000 cells per well was seeded and incubated in the
37 °C constant temperature and humidity (5% CO2) incubator for 24 hours, and the
medium was replaced with flavonoids diluted by serum-free medium (concentration: 50
MM) for 24 hours of incubation. Thereafter, vertical and horizontal scratches were made in
the middle of each well by a 20 L pipette tip. The wells were washed with PBS to remove
the scratched cells debris. Images were captured after the incubated 24 hours. The
closure distance was measured by Image J and used to calculate the percentage of wound
closure under the impacts of flavonoids. The percentage of wound closure was calculated
using the ImagedJ software according to the differences between the initially scratched
area and new closure area following the incubation period. To compare effectiveness, a

minimum cut-off of 50 % inhibition of cellular migration was utilised.

Wound closure (%) = % x 100 [525]
0

Wy = Wound area at 0 h (um)
W:= Wound area at Ah (um)
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4.4.5 ROS assay towards LN 229 cells

ROS, a by-product of aerobic metabolism in cells, can activate signaling pathways that
promote regular cell growth [526]. By raising ROS levels, anticancer drugs can destroy
cancer cells [526]. Due to the features of cancer cells, which make them more vulnerable
to oxidative damage, drugs that regulate ROS may improve the efficacy of cancer
therapies [526].

ROS assay is to assess the potential for optimal flavonoids to activate ROS pathways in
LN229 cells. A fluorescent probe 2',7'-dichlorofluorescin diacetate (DCF-DA) cellular ROS
assay kit (Ab113851, Abcam Cambridge, UK) was utilised. Once DCFDA diffuses into a
cell, esterase converts it to a nonfluorescent molecule. The intracellular generated ROS
is capable of oxidizing this non-fluorescent molecule into the highly fluorescent compound-

2' 7' dicholoroflouresciene (DCF).

A dark, clear bottom 96-well plate with 25,000 cells per well was seeded and incubated
for 24 hours. On the day of the assay, the media was removed and 100 yL per well of
1xBuffer was added to wash each well. Then, 100 pL per well diluted DCFDA (25uM) was
added into the 96 well plate to stain cells and leave this well plate in 37 °C constant
temperature and humidity (5% CO2) incubator for 45 minutes’ incubation. Thereafter, the
cells were treated with the selected flavonoids at 10 uM, 100 uM and 500 uM and positive
control TBHP solution at 50 uM, 100 uM for 4 hours’ incubation. Furthermore, 30 minutes
prior to completion of treatment, 100 pyL per well 2xDCFDA dilution was added on top of
the treated cells. After the whole 4 hours incubation was completed, the 96 well plate was
transferred to the microplate reader (Tecan Spark 10M®) without washing and read end
point in the presence of selected flavonoids and DCFDA with an excitation and emission

wavelength range between 485 nm and 535 nm.

4.4.6 The activation of Caspase-3/7 assay

A fluorescence Caspase-3/7 assay kit (Cayman Chemicals, 10009135, USA) was utilised
to assess the ability of the selected flavonoids to activate apoptosis in LN229 cells. A
specific substrate, N-Ac-DEVD-N’-MC-R110, was employed during this assay, which upon
cleavage by active caspase-3 or caspase-7, a highly fluorescent product was generated

and measured using excitation and emission wavelengths of 485 and 535 nm, respectively.
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A 96-well plate at a density of 50,000 cells per well in the appropriate LN229 cells culture
media was seeded and incubated for 24 hours. Thereafter the cells were treated with
selected flavonoids and active caspase-3 positive control all at 10 uM and 100 pM for 4
hours. Then, the plate was centrifuged in a plate centrifuge at 800xg for 5 minutes and
the media was aspirated. Thereafter, 200 yL/well of assay buffer was added into each well
and the plate was re-centrifuged at 800xg for 5 minutes. Next, the supernatant was
removed and 100 uL/well of cell lysis buffer was added, followed by the incubation under
gentle shaking for 30 minutes at room temperature. Thereafter, the plate was centrifuged
for an additional 10 minutes at 800 x g followed by the transfer of 90 uL supernatant into
the corresponding wells of a new black 96-well plate, each well was added with 10 uL of
the caspase-3/7 assay buffer. Then, 100uL of the active caspase-3 positive control were
added into corresponding wells, and each well was added with 100 uL caspase-3/7
substrate solution. Then, the plate was incubated for 90 minutes at 37 °C, 5% CO?. The
fluorescence intensity of the well plate was measured with a plate reader (Tecan Spark

10M®) using excitation and emission wavelengths of 485 and 535 nm, respectively.

4.4.7 Statistical Analysis

All data is presented as mean * standard deviation, with experiments being conducted in

at least 3 replicate independent experiment unless otherwise stated.

Where appropriate, statistical analyses was performed in GraphPad Prism 9 (La Jolla,
California, USA), with t-tests used to determine differences between the mean values. A

significance p-value of <0.05 was considered as statistically significant.
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4.5 Results
4.5.1 Assessment of intracellular toxicity of the flavonoids in LN 229 cells.

A MTT cytotoxicity assay was utilised to investigate the cellular toxicity towards LN229
cells, it was conducted across a 6-fold concentration (0.001-100 uM) range of modulators
for 24 hours. All the modulators displayed limited toxicity up to 100 uM, with an 1C50
determined only for harmine (336.3 + 2.52 uM), 4-hydroxy-3-methoxycinnamaldehyde
(641.2 £2.80 uM), 7-aminoflavone (1261 + 3.1 yM) and 7-methoxyflavanone (968.2 + 2.98
HUM).
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Figure 4.1% Cellular viability under the treatment of selected flavonoids.

LN 229 cells were seeded and grown on 96 well plates for 24 hours, followed by exposure to
selected flavonoids over concentration range of 0.001-1000 pM for 24 hours: Harmine (A), 4-
Hydroxy-3-methoxycinnamaldehyde (B), 7-Aminoflavone (C), Rotenone (D), Trihydroxyethylrutin
(E) and 5-Methoxyflavone (F), 6-Hydroxyflavanone (G), 7-Methoxyflavanone (H), prior to an MTT
assay being performed. 20 pl/ well (0.5 mg/mL) of MTT was added and the plates were incubated
for additional 24 hours. The media was removed and 100 yL/well of DMSO was added, then the
plate absorbance was measured at 570 nm. The output data was reported as IC50. Filled circles
and associated vertical lines indicate the observed mean and standard deviation from clinical data;
solid black lines indicated predicted % Cellular viability mean verse flavonoids concentration profile
in a log scale.
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4.5.2 Assessment of modulated BCRP function in Hochest-33342 and Mitoxantrone

intracellular accumulation assay towards LN 229 cells

To exclude the effects of fluorescence on the determined results, the fluorescence of PBS,
H33342, mitoxantrone and selected flavonoids were examined. The fluorescence of
harmine was extremely high, thus it was removed from Figure 4.2. The fluorescence of 7-

aminoflavone showed significance when compared to H33342 (* P < 0.01). However, the
fluorescence of 7-aminoflavone showed significance when compared to PBS (**** P <

0.0001). Meanwhile, the fluorescence of 5-methoxyflavone also showed significance
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when compared to PBS (** P < 0.001). Therefore, harmine, 7-aminoflavone, 5-

methoxyflavone utilised mitoxantrone during the accumulation assay.
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7-Aminoflavone =

Trihydroxyethylrutin
5-Methoxyflavone =

Rotenone
7-Methoxyflavanone =
6-Hydroxyflavanone =

4-Hydroxy-3-methoxycinnamaldehyde

Figure 4.2 The determined fluorescence of the Hoechst 33342, PBS, and flavonoids.

The Hoechst 33342 and flavonoids were diluted with PBS and determined in a 96 well plate, and
each compound had 8 replicates. * P < 0.05, ** P < 0.01, *** P £ 0.001 and **** P < 0.0001. The
resulting intracellular fluorescence was measured by a multilabel microplate reader (Tecan Spark
10M®) at an excitation and emission wavelength of 340 nm and 510 nm, respectively.
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Figure 4.3 Assessment of the intracellular Hoechst 33342 accumulation in the presence of
Ko143 and flavonoids.

LN229 cells were cultured in the 96-well plates at 37°C in a humidified atmosphere of 5% CO2 in
air for 24 h. The media was prepared, and cells were subsequently incubated with a percentage
increase range (1 yM-100 puM) of 7-Methoxyflavanone, 6-Hydroxyflavanone, Trihydroxyethylrutin,
Rotenone and 4-Hydroxy-3-methoxycinnamaldehyde, Hoechst 33342 and Ko143. Significant
differences between Ko143 and flavonoids are shown above. * P < 0.05, ** P <0.01, *** P < 0.001
and **** P < 0.0001. The resulting intracellular fluorescence was measured by a multilabel
microplate reader (Tecan Spark 10M®) at an excitation and emission wavelength of 340 nm and
510 nm, respectively.
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Figure 4.4 Assessment of the intracellular Mitoxantrone accumulation in the presence of
Ko143 and flavonoids.

LN229 cells were cultured in the 96-well plates at 37°C in a humidified atmosphere of 5% CO2 in
air for 24 h. The media was prepared, and cells were subsequently incubated with a percentage
increase range (1 uM-100 pM) of harmine, 5-methoxyflavone, 7-aminoflavone, mitoxantrone and
Ko143. Significant differences between Ko143 and flavonoids are shown above. * P < 0.05, ** P <
0.01, *** P < 0.001 and **** P < 0.0001. The resulting intracellular fluorescence was measured by
a multilabel microplate reader (Tecan Spark 10M®) at an excitation and emission wavelength of
355 nm and 465 nm, respectively.
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4.5.3 Assessment of cellular migration towards LN 229 cells in the presence of

flavonoids

In order to examine the ability of the flavonoids to inhibit cellular migration of human
glioblastoma cells LN229, a cellular migration assay was conducted where the migration
of cells within a scratch was quantified over 24 hours in the presence of 50 uM of the
flavonoids (Figure 4.5). Incubation with all modulators resulted in statistically significant

decreases in cellular migration compared to control (*** P < 0.001 and **** P < 0.0001),

except for 5-methoxyflavone, 7-aminoflavone, 4-hydroxy-3-methoxycinnamaldehyde,

trinydroxyethylrutin, 6-hydroxyflavanone (Figure 4.5).

Harmine and rotenone demonstrated < 10 % migration following 24 hours with the overall
order of migration (Figure 4.5) being: untreated > 6-hydroxyflavanone > 4-hydroxy-3-
methoxycinnamaldehyde > 5-methoxyflavone > 7-aminoflavone > trihydroxyethylrutin > 7-

methoxyflavanone > harmine > rotenone (Figure 4.5).
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Figure 4.5 Cellular migration assay

Percentage closure of LN229 cells following scratches made to the plate surface. Cells were
incubated with serum free media containing 50 uM of the flavonoids for 24 hours within a humidified
atmosphere of 5% CO2 in air. Images were taken under the microscope before and after 24 hours
of incubation, with the horizontal dashed line representing a 50% closure cut-off. All the flavonoids
are shown above. * P <0.05, ** P <0.01, ** P <0.001 and **** P < 0.0001.
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Figure 4.6 Cellular migration assay.

Images of the wound at 0 and 24 hours of LN229 cells following scratches made to the plate surface.
Cells were incubated with serum free media containing 50 uM of the modulators for 24 hours within
a Cell-IQ incubator. Automated looped images were taken prior to incubation A: Untreated; B:
Harmine; C: Rotenone; D: 5-Methoxyflavone; E: 7-Methoxyflavanone; F: 7-Aminoflavone; G: 4-
Hydroxy-3-methoxycinnamaldehyde; H: Trihydroxyethylrutin; I: 6-Hydroxyflavanone.

He Yu, PhD Thesis, Aston University 2023 136



4.5.4 Evaluation of ROS levels towards LN 229 cells in the presence of flavonoids

Based on the results of scratch assay, the harmine, rotenone and 7-methoxyflavanone
were selected to assess their ability to ROS pathways in human glioblastomas LN229

cells. A ROS assay was conducted across a concentration range of 10-100 yM.

Among these 3 drugs, rotenone 100 yM showed the largest ROS detection, 269.26 +
41.82% of the untreated group. It was the only one that showed statistically significant in

ROS production when compared to the untreated group.
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Figure 4.7 Radical oxygen detection assay

LN 229 cells were seeded in a 96-well plate and incubated for 24 hours before being washed by
1xBuffer. Then, the cells were treated with 25uM DCFDA and incubated for 45 minutes. Thereafter,
the cells were treated with the selected flavonoids at 10 and 100 yM, and positive control TBHP
solution at 50 pyM, 100 uM for 4 hours’ incubation. The fluorescence of DCFDA was measured with
an excitation and emission wavelength range between 485 and 535 nm. Results are presented
normalized against untreated cells. * P < 0.05, ** P <0.01, *** P £0.001 and **** P < 0.0001.
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4.5.5 Evaluation of the activated caspase-3/7 towards LN 229 cells in the presence

of flavonoids

The activation of caspase-3 and -7 serves as the functional and ultimate event in the
apoptotic cascade. This activation is utilised as a marker to identify apoptosis and as a
therapeutic target for addressing apoptotic resistance in cancer. The Cayman’s caspase-
3/7 fluorescence assay kit selected a specific substrate, N-Ac-DEVD-N’-MC-R110, which
was cleavage by caspase-3 or -7 and produced a fluorescence compound. This

compound can be measured within the wavelength range of 485 and 535 nm.

Harmine, rotenone and 7-methoxyflavanone were selected to be assessed at

concentrations of 10 and 100 uM for each drug (Figure 4.7).

At 10 pM, no statistically significant differences were observed in Caspase activity when
compared to untreated controls. At 100 uM, only harmine demonstrated a statistically

significant (P <0.001) increase in Caspase activity when compared to the untreated group.

For 10 uM of each drug, none of them showed statistically significance compared to the
untreated group. Furthermore, the results, RFU- % of untreated group are similar, 97.01+
2.55 % for harmine, 97.32+ 0.95 % for rotenone and 98.95+ 1.20 % for 7-

methoxyflavanone.

For 100 uM of each drug, there was no statistically significance of rotenone and 7-
methoxyflavanone, and the RFU results are similar to the results of 10 uyM of the
corresponding drugs, 97.61t 3.54 for rotenone and 98.08t 217 % for 7-
methoxyflavanone. However, with the 100 uM concentration of harmine, it demonstrated
statistically significance (P < 0.001) compared to the untreated group. Unlike the other 2

drugs, the RFU of 100 yM harmine was 109.62+ 4.09 % compared to the untreated group.
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Figure 4.8 Caspase-3/7 assay

LN 229 cells were seeded in a 96-well plate and incubated for 24 hours before being incubated by
3 selected flavonoids (harmine, rotenone and 7-methoxyflavanone) for another 4 hours, and
concentrations of 10 and 100 uM for each drug were used during the incubation. Caspase-3 or -7
cleaved the substrate, N-Ac-DEVD-N'-MC-R110, and the generated fluorescent compound was
detected at the wavelength of excitation and emission wavelengths of 485 and 535 nm, respectively.

Results are presented normalized against untreated cells. * P < 0.05, ** P < 0.01, *** P < 0.001

and **** P < 0.0001.
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4.6 Discussion

As natural drugs, flavonoids are famous for its low toxicity, thus, MTT assay was utilised
to assess the intracellular toxicity of the selected flavonoids at first. Additionally, the
potential of flavonoids as BCRP inhibitor may cause the increasing accumulation of drugs
towards the cancer cells. To explore the ability of flavonoids’ BCRP inhibition effects on
human glioblastomas LN 229 cells, this chapter used the accumulation assay. To evaluate
the potential of flavonoids’ ability to inhibit the migration of cancer cells, cellular migration
assay was utilised. Furthermore, ROS assay was selected to assess the potential for
flavonoids to activate ROS pathways in LN229 cells, and A fluorescence Caspase-3/7
assay was utilised to assess the ability of the selected flavonoids to activate apoptosis in
LN229 cells.

4.6.1 Intracellular toxicity of the flavonoids in LN 229 cells

There were 8 flavonoids were screened for their intracellular toxicity within LN229 cells,
and the concentration range was 0.001-100 uyM (a 6-fold log-concentration range). The
data was reported as IC50. The lowest IC50 was for harmine (336.3 + 2.52 yM), the
relatively high 1C50 were for 7-methoxyflavanone (968.2 £+ 2.98 uM) and 4-hydroxy-3-
methoxycinnamaldehyde (641.2 + 2.80 uM). The demonstrated minimal toxicities of the
other four flavonoids- rotenone, trihydroxyethylrutin, 5-methoxyflavone and 6-
hydroxyflavanone were up to 1000 yM. Apparently, this is not the expected results,
because for the studied human cell lines, they will be toxic. However, the higher tolerance

of flavonoids of LN 229 cells compared to other cell lines makes it different.

The cellular toxicity of harmine was tested towards two human cancer cell lines, namely,
MCF7 breast cancer and HCT116 colon cancer [527]. Furthermore, the IC50 of harmine
for them were 1.3£0.2 yM and 0.70+0.03 uM [527], respectively. It was clear that harmine

was toxic to these cell lines and these cell lines could be thought as relatively sensitive.

Furthermore, the IC50 of 4-hydroxy-3-methoxycinnamaldehyde for A-549 cell line
(adenocarcinomic human alveolar basal epithelial cells) was between 1.3 and 8.0 pM [528],

Additionally, the IC50 of 7-aminoflavone was tested towards four human cancer cell lines,
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including HL-60 (57.2 + 2.0 yM), NALM-6 (54.5 + 2.2 yM), WM115 (90.6 £+ 5.4 uyM) and
COLO205 (73.1 £ 4.6 M) (IC50 + SD) [529]. The IC of rotenone for Hela and MCF-7 cell
lines were 0.2 + 0.1, 0.4 + 0.1 uM, respectively[530]. Furthermore, the IC of 5-
methoxyflavone for U937 and MOL-4 cell lines [531] were 46.70 + 1.60, 26.39 + 2.22 uM,

respectively.

4.6.2 Intracellular accumulation of H33342 and mitoxantrone towards LN 229 cells

in the presence of flavonoids

The BCRP is a significant ATP efflux transporter that use ATP as an energy source to
remove xenobiotics from the cells [532]. The overexpression of BCRP within cancer cells
is common due to the MDR phenomenon. The BCRP inhibitors target BCRP, might
effectively impede its efflux function, thereby leading to enhanced drug accumulation
within cancer cells [533]. Multiple flavonoid compounds have been discovered to show
inhibitory properties against BCRP, such as the flavones retusin and ayanin [533].
Therefore, the design for this accumulation assay is to assess the inhibitory ability of the

BCRP of selected flavonoids within glioblastomas cells.

To assess the efflux function of flavonoids as BCRP inhibitors, the fluorescent BCRP
probe substrates, H33342 and mitoxantrone, were used. The results showed different
responses over the gradient concentration range 1-100 uM of flavonoids: 5-
methoxyflavone showed the greatest increase (1.46-fold) in mitoxantrone intracellular
accumulation while KO143 was 1.27-fold increase, rotenone and trihydroxyethylrutin
showed higher percentage increase (1.36-1.38-fold) in H33342 intracellular accumulation-
which are similar to Ko143 (1.34-fold). Thereafter, harmine and 7-aminoflavone (1.31-

1.33-fold) also determined as higher accumulation increase than KO 143.

5-Methoxyflavone has been recognised as a potential chemical with favourable biological
activity and selectivity towards DNA pol-B in various in vitro Alzheimer's disease models
[534]. The evaluation of in vivo assays, particularly the assessment of brain uptake of 5-
methoxyflavone, is promising to promote the development of therapy options for

Alzheimer's disease [534].

As a major P-gp-mediated efflux pump modifier, rotenone demonstrated the most potent
inhibitory effects on cell proliferation in both the L5178 and MDA-MB-231 cell lines [535].
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It was found that the administration of rotenone resulted in a proportional rise in the
fluorescence activity ratio (FAR) and a much greater accumulation of the drug compared
to the verapamil control in lymphoma cells of mice [535]. The fluorescence accumulation
ratio (FAR) is a quantitative metric used to assess the cellular uptake of rhodamine 123,

a fluorescent dye.

Rutin exhibits non-selective inhibition of P-GP and BCRP pumps in breast cancer [536],
thus, the inhibition effects of trihydroxyethylrutin on BCRP also was tested.

The inhibitory effect of harmine on breast cancer resistance protein (BCRP) was observed
in a study utilising MDA-MB-231 cells [537], a breast cancer cell line known for its elevated
BCRP expression levels. Harmine significantly diminishes the resistance mediated by
BCRP to anticancer drugs such as mitoxantrone and camptothecin [537]. Given that this
compound did not demonstrate inhibition of P-gp overexpressing cells, it appears that its
effect on multidrug-resistant (MDR) cells is specific to BCRP [537].

In conclusion, among these 8 flavonoids, there are 5 flavonoids showed good modulation
effects on BCRP, the overall order to modulation effects (Figure 4.3, Figure 4.4) being: 5-
methoxyflavone > trihydroxyethylrutin > rotenone > 7-aminoflavone > harmine. 5-
Methoxyflavone showed the best performance in modulating functions of BCRP towards
LN 229 cells.

4.6.3 Inhibition of cellular migration towards LN 229 cells in the presence of

flavonoids

Harmine, rotenone and 7-methoxyflavanone demonstrated inhibition effects on cellular
migration of LN 229 cells, and these 3 drugs showed more than 50% inhibition of migration
at 50 uM concentration (Figure 4.5). The percentage of closure of harmine and rotenone
are both under 10%, namely, 7.69% and 3.88%, respectively. Meanwhile, the percentage

of closure of 7-methoxyflavanone is 26.8%.

According to recent research findings, harmine has been found to exhibit inhibitory effects
on BCRP, resulting in a reduction in resistance to the anticancer medications Mitoxantrone
and camptothecin in MDA-MB-231 cells [538]. The study conducted by Wink et al. shown
that harmine effectively inhibited the activity of telomerase in MCF-7 cells [538].

He Yu, PhD Thesis, Aston University 2023 143



Furthermore, it was observed that harmine exhibited inhibitory effects on the growth and
migration of breast cancer cells. This was evident both in vitro, using MDA-MB-231 and
MCEF-7 cells, and in vivo, in an MCF-7 xenograft mice model [538], and in BT549 (breast

cancer) cell line [539].

Rotenone was found to show inhibition effects on BCRP homodimer [540]. However, there

is no further research specific for rotenone and BCRP.

4.6.4 Ability of harmine, rotenone and 7-methoxyflavanone to induce ROS

production

There exists empirical evidence suggesting that flavonoids have the capacity to stimulate
cells to generate an excessive amount of ROS, resulting in detrimental effects on cell
adhesion molecules (CAM) (catechins and naringenin), lipids, and proteins associated
with cancer cells [541]. Consequently, this phenomenon triggers cell apoptosis and
autophagy. There is existing evidence suggesting that flavonoids (catechins and
naringenin) possess the ability to impede the proliferation of colon cancer cells by
triggering cell death via ROS in a ROS-dependent mechanism [541]. This character of
flavonoids is not limited in one type of cancer. Additionally, flavonoids exhibit a selective
reduction in the viability of cancer cells while demonstrating no detrimental effects on
normal cells. The anticancer properties of apigenin, luteolin, and myricetin are attributed
to their ability to modulate ROS signalling pathways [542]. The activation of the extrinsic
apoptosis pathway occurs when flavonoids effectively eliminate ROS within ovarian
cancer cells [542]. Meanwhile, the presence of activated cancer cells leads to the
formation of endogenous ROS, which subsequently triggers the activation of the intrinsic

apoptotic pathway [542].

According to the assessment of the impacts of selected flavonoids on the increasing
intracellular ROS, rotenone 100 uM showed the statistically significant in ROS production

when compared to the untreated group (269.26 + 41.82% of the untreated group).

A quantitative relationship between the induction of apoptosis by rotenone and the
formation of mitochondrial ROS using HL-60 cells (human promyelocytic leukaemia cell
line) by rotenone was established [543]. This discovery not only validated the involvement

of rotenone-induced mitochondrial ROS in the process of apoptosis, but also
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demonstrated that rotenone can cause apoptosis by augmenting the generation of
mitochondrial ROS [543]. Furthermore, rotenone was discovered that increasing the level
of intracellular ROS, and inhibiting CI to decrease the proliferation and migration of LoVo

and MDST8 (The human colourectal cancer) cell lines [544].

4.6.5 Ability of harmine, rotenone and 7-methoxyflavanone to activate caspase-3/7

pathways

Apoptosis is a regulated mechanism of cell death that is facilitated by cascades of
caspase-dependent proteolytic cleavage [545]. The deregulation of apoptosis is a pivotal
factor in the facilitation of carcinogenesis and also impedes the efficacy of chemotherapy.
The prevailing consensus in the scientific community suggests that the lack of apoptotic
cell death plays a substantial role in the progression of cancer [545]. In addition, apart
from their proven functional involvement in the process of apoptotic cell death, caspases
have been discovered to have increasingly significant roles in other biological processes
including cell proliferation, differentiation, tissue homeostasis, and immunological
modulation [546]. The apoptotic caspases can be categorised into two discrete groups:
the apical caspases, encompassing caspase-2, -8, -9, and -10, and the effector caspases,

comprising caspase-3, -7, and -6 [545].

Apoptosis involves the cleavage and activation of executioner caspases-3 and -7,
resulting in substantial intracellular proteolysis, impairment of cellular processes, and non-
inflammatory demise of cells [547]. The activation of Caspase-3/7 is commonly regarded
as the definitive molecular indicator for apoptotic cell death [547]. Numerous in vitro
investigations on the flavonoid myricetin have demonstrated that it has a cytotoxic effect
on cancer cells, including those from the colon, oesophagus, and breast, as well as
leukaemia and melanoma cells [548]. The findings indicates that increased production of
caspase-9 and caspase-3 levels has resulted in the activation of the mitochondrial
apoptosis pathway [548]. Previous research has indicated that, pectolinaringenin (a
flavonoid compound) inhibits the growth of human gastric cancer cells via modulating the
PI3BK/AKt/mTOR pathway, causing G2/M arrest, apoptosis, and autophagy [548].
Therefore, the impacts of flavonoids’ participation on the process of apoptosis and

migration of cancer cells cannot be ignored.
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The fluorescent compound N-Ac-DEVD-N-MC-R110, which is a substrate for active
caspase-3/7, was employed in this study because to its capacity to generate a detectable
signal following cleavage by caspase enzymes. Harmine, rotenone and 7-
methoxyflavanone were assessed for the impact on the cleavage of caspase-3/7 pathway
for the apoptosis at 10 and 100 uM (Figure 4.7). Harmine at 100 uM showed 109.62+%
4.09 %-fold in caspase activity compared to the untreated LN 229 cells. This is the only

drug demonstrated statistically significance (P < 0.001).

The experimental results revealed that a significant increase in harmine concentration led
to the activation of apoptosis through the facilitation of cleaved-caspase 3 and cleaved-
caspase 9 aggregation in MGC-803 and SGC-7901 (human gastric cancer) cell lines [549].
Additionally, harmine demonstrated efficacy in inducing autophagy in cellular systems
[549]. Furthermore, harmine was found its ability to induce the activation of caspase-3/7

and caspase 9, which induces the apoptosis in neuroblastoma (NB) cell lines [550].

In addition, harmine hydrochloride (Har-hc), a derivative from harmine, was discovered its
inhibition effects on the proliferation and migration of C6, U87, U373 (the glioblastoma)
cell lines [551].

Harmine exhibited an anti-proliferative impact on HepG2 (human hepatocellular
carcinoma) cells through the induction of apoptosis, the proliferation of HepG2 cells was
dose-dependently reduced by harmine [552]. The apoptotic process was mediated by
mitochondrial signalling mechanisms. The induction of programmed cell death in HepG2

cells was found to be correlated with the activation of caspase-3 and caspase-9 [552].

4.7 Conclusion

As an ABC efflux transporter, BCRP plays an important role in the phenomenon of MDR
in cancer cells. The overexpression of BCRP will cause the lower intracellular
concentration of anticancer agents, and the chemotherapy will be worse than expected.
In this research, 8 flavonoid compounds were screened in LN229 (human glioblastoma)
cells for their cytotoxicity, ability to modulate the efflux function, inhibit the migration of
cancer cells and the regulation for intracellular ROS and impacts on the process of

apoptosis.
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According to the outcomes of the experiments, there were 2 promising flavonoids:
rotenone and harmine. Both have proved that their inhibition effects on LN229 cells, ability
to regulate BCRP efflux function, induce ROS level increasing and the apoptosis. Based
on the results, they both have inhibition effects on GBM cell migration, and Rotenone
showed over 2- fold ROS detection compared to the untreated GBM cells; Harmine
indicated that the activation of caspase-3/7- the indicator of apoptosis, which showed its

potential.

This chapter stresses the potentials of these 2 flavonoids in pro-oxidant process and the
ability to promote cancer cell death pathways. In the future, these 2 flavonoids can be
utilised to explore their effects of permeability on simulated BBB model and the following

impacts.
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Chapter 5

Conclusion and future works
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5.1 Conclusion

As a world leading cause of death, cancer is a threaten of people’s health. The research
for the treatment of cancer is still the focus nowadays. This study is to improve the
treatment of incurable cancers by investigating natural drugs- flavonoids and improving

the treatment of tyrosine kinase inhibitors (TKIs).

The difficulty of curing brain cancer makes it a research-worthy problem. The main
obstacle of the treatment of brain cancer is the BBB, which prevents the entry of most
chemotherapeutic drugs. BCRP is an efflux transporter protein located on the BBB. The
inhibition of BCRP can increase the concentrations of chemotherapeutic drugs inside the
brain crossing the BBB. The selections of BCRP inhibitors are difficult, few promising
drugs were excluded from the current study of BCRP inhibitors because of their toxicity.
Flavonoids were utilised in this study, because its features as natural drugs existed in the
world and relatively low cellular toxicity. In this section, a glioblastomas cell line- LN 229

cell line was utilised.

Tyrosine kinase inhibitors (TKIs) is utilised in the therapy of several cancers, such as non-
small cell lung cancer (NSCLC) and gastrointestinal stromal tumours (GIST) and chronic
myeloid leukaemia (CML). Gefitinib and Imatinib were selected to conduct the PK
modelling in this study because there is enough clinical data to develop a virtual population
model. The foundation of these two PK studies in this research is the developed Chinese
cancer population group model. The ethnicities differences between Caucasian and Asian
population were noticed and the different levels of CYP 2D6 phenotypes caused by
ethnicities were investigated to acquire better clinical regimes for Asian people, thus, this
research focus on Chinese population at first and the other Asian populations’ therapies
can be optimised in the future. The therapeutic drug monitoring (TDM) strategy was also
investigated for adjusting the imatinib plasma level to get better clinical therapeutic
outcomes. Using the true standard framework TDM can enhance the suitability of dosing

regimens for different patient populations.

In Chapter 2, a virtual Chinese Cancer population group was developed and validated
using the Simcyp Simulator, and the impact of CYP 2D6 polymorphism and CYP 2D6

inhibition (by bupropion) were assessed using this model. It is noticed that two most
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prominent CYP 2D6 phenotypes within the Chinese population, namely EM and IM, a
dosage escalation to 500 mg administered once daily would more effectively achieve the

desired target trough concentration.

In Chapter 3, virtual clinical studies were used in a developed virtual Chinese cancer
population group and Caucasian cancer population group. TDM can effectively reduce the
cost of clinical application of imatinib and optimise the imatinib plasma concentrations for
Chinese cancer population. Based on the TDM strategy, we observe whether the changes
are beneficial to the maintenance of optimal plasma imatinib levels in both populations.
Cim was utilised as the specific imatinib pharmacokinetic indicator, which is obtained when
the plasma concentration reached at the steady state of the first dose. According to the
dose studies, Chinese cancer patients need lower imatinib doses than Caucasian patients,
this might be attributed to the differences in both body weight and body surface area. The
therapeutic window of Cnin is 750-1500 ng/mL, after the dose adjustment of TDM, the
patients whose previous Cnin are 550-650 or 650-750 ng/mL, can target into the effective
therapeutic range, no matter they are Caucasian or Chinese cancer patients. The other
concentration range of these two populations get better outcomes as well, but apparently,
Chinese cancer population received more obvious therapeutic range than Caucasian

patients.

In Chapter 4, 8 flavonoid compounds were examined and screened for their cytotoxicity,
their modulating functions as BCRP inhibitor, their inhibition effects on human
glioblastomas migration and their impacts towards LN 229 cells. It is worthwhile
mentioning that their activation of apoptosis through ROS level changes and caspase-3/7
pathways, helps us to select flavonoids for the future works. According to the results of
the series of experiments, 2 flavonoids- harmine and rotenone, were selected as potential

anticancer agents for further research.

In the end, 2 candidate flavonoid compounds- harmine and rotenone are selected as
promising BCRP modulators towards LN 229 cells. The inhibition effects on the human
glioblastoma’s cells’ migration and pro-oxidant effects to promote apoptosis process are
obvious. Therefore, the combination medication including these 2 drugs can be evaluated
within LN 229 cells for the future studies.
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5.2 Future works

There are more flavonoid compounds can be assessed. Apart from BCRP modulating
function, the modulation effects on other ABC transporters can also be considered, such
as P-gp and MRP. The performance of modulating function of these unexplored flavonoids
in LN 229 cell line associated with P-gp and MRP can be observed. Additionally, the

combination medication including flavonoids can be explored as well.
For the future works, there are 3 directions | would like to explore.

Firstly, the utilisation of the High-Performance Liquid Chromatography (HPLC) technique
for the evaluation of BCRP modulator- flavonoids (harmine, rotenone and other flavonoids)
in an in-vitro setting can also be explored [553]. This method enables the qualitative and
quantitative examination of the flavonoids present in the sample, providing information on
both the identity of the components and their respective concentrations. The identified

concentration of flavonoids can be utilised in the developed BBB model.

Secondly, Western Blot analysis to assess alterations in the protein expression of BCRP
can be examined [554]. Additionally, LN 229 cells can be subjected to modulators for a
duration of 24 hours, and alterations in protein expression can be evaluated through
western blotting to examine the influence of these modulators on the protein expression
of BCRP. Consequently, any changes in the expression of BCRP (either upregulation or
downregulation) can provide insights into the enhanced permeability of anticancer drugs

across brain cells.

Thirdly, developing a BBB model with LN 229 cell line, the aim of this is to assess the
effects of glioblastomas cells on the integrity of an in vitro co-culture BBB model. The
effects of flavonoids on the permeability of BBB model can also be included. There are a
few different in vifro BBB models, the primary considerations for model selection
encompass the research objectives. In instances when monolayer or co-culture models
are employed, which typically require 3-4 days to attain a stable TEER value and are very

straightforward to construct, they might be utilised [555].
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Appendix A

Harmine

H H 4-Hydroxy-3-methoxycinnamaldehyde
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