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ABSTRACT

The main hypothesis of this research project was that optimisation of treatment based
on pharmacokinetic principles is on its own a powerful approach in improvement of
treatment outcomes. This work therefore focused on optimisation of treatment of
cancer based on principles of pharmacokinetics using two main approaches 1)
lipophilic prodrug approach to specifically target the intestinal lymphatic system
following oral administration and 2) identification of orally bioavailable candidate
anticancer agents and biopharmaceutical development to increase the bioavailability
for sufficient systemic exposure to the drug. The first approach was the prodrug
derivatisation to take advantage of the physiological process of intestinal lymphatic
transport in order to deliver anticancer agents to the mesenteric lymph nodes. Similar
prodrug approaches have been researched by other groups but the main focus
previously was on increasing the overall bioavailability where they mostly used long-
chain or triglyceride mimetic prodrug moieties. However, in this project, through a
series of stability and chylomicron association studies, it was revealed that activated
ester prodrugs are the most suitable forms for yielding high concentrations of active
drugs in the mesenteric lymph nodes. It was remarkable that using this novel approach
significantly higher concentrations of the active drugs were achievable in the intestinal
lymphatics without affecting the systemic exposure. The second approach taken in this
PhD project was achieving sufficient systemic exposure of anticancer agents by
identification of orally bioavailable candidate and improvement of oral bioavailability
by biopharmaceutical development. The candidates with promising pharmacokinetic
properties were rank-ordered by application of a rational drug discovery and

development approach of integrated in vitro-in silico assessments. Following in vivo

15



confirmation studies, oral bioavailability was further enhanced for a compound that
exhibited a double-peak phenomenon. The results of the two approaches indicate that
pharmacokinetic optimisation can be useful in development of anticancer agents to

improve the treatment outcomes of cancer.
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1. INTRODUCTION

1.1. Principles of pharmacokinetics in discovery and

development of anticancer agents

1.1.1. Cancer and metastasis

With 14 million new cases and 8.2 million deaths per year, cancer is the major cause
of morbidity and mortality in the world [1]. During the past 20 years, deaths from
different types of cancer have risen by 38.0% with cases such as lymphoma (46.7%),
colorectal cancer (45.7%), prostate (64.5%), and urinary system cancers (90.6%)
increasing dramatically [2]. In 2012, breast, prostate and lung cancers were the most
common cancers found in Europe (Figure 1-1) [1]. One in two people born after 1960

is expected to be diagnosed with cancer during their lifetime in the UK [3].

A particular threat associated with cancer is metastasis, the invasion of cancer cells
from the primary tumour to other distal regions and organs, which is the major cause
of death for cancer patients in the majority of cancer types [4, 5]. Primary tumours
may be controlled by surgery, radiation therapy and chemotherapy. However, most
metastatic tumours are not manageable by surgery or radiation therapy alone and the
treatment mainly relies on chemotherapy, which is usually not sufficiently targeted to
the affected tissues [6]. As a consequence, 5-year survival rates for cancer patients
with metastatic cancer is only 20% across all cancers and therefore development of
metastasis results in poor prognosis [4]. For example, when breast cancer is confined

to the breast tissue only, the 5-year survival rate of patients is 87.1% but when
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metastasis to regional lymph nodes has occurred, it drops to 18.7%. The situation is
even more devastating when it comes to lung cancer, where the 5-year survival rate is
41.5% in cases without lymph node involvement, which decreases dramatically to 4.3%

upon progression to metastasis [7].
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Figure 1-1. Estimated age-standardised cancer incidence and mortality rates (per
100,000 in Europe, 2012). Adapted with permission of the publisher [1].

1.1.2. Limitations of current chemotherapy

Pharmacological treatment of cancer is often limited by lack of efficacy and side
effects. Insufficient efficacy is frequently due to unfavourable pharmacokinetics and
biodistribution profiles including poor bioavailability, rapid clearance and limited
distribution to the tumour tissues [8]. Side effects of anticancer agents are attributed to
the fact that they target vital modulators and regulators controlling growth and

maintenance of the cells. They not only disrupt cell-cycle, inhibit growth factors and
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induce apoptosis of the cancer cells but also those of the normal cells [9]. Therefore,
anticancer agents that specifically target the tissues affected by the tumour and cancer

cells are needed for improvement of treatment of cancer.

Despite the fact that numerous targeted cancer chemotherapies have been discovered
and developed, cancer patients still suffer from inevitable toxicity and sometimes
debilitating side effects. Currently, most anticancer drugs are not molecularly targeted
enough to specifically act on the cancer cells and their unexpected side effects continue
to be discovered [10]. Targeted anticancer therapies which are supposed to only act on
well-defined molecular target or biologic signalling streams still manifest their activity

on normal cells due to unforeseen off-target mechanisms [11, 12].

1.1.3. Pharmacokinetic development and optimisation of

anticancer agents

Pharmacokinetic development and optimisation of chemotherapy is highly desirable
as anticancer agents are known to possess several distinctive features. Firstly, high
inter-patient variability is found in terms of pharmacokinetics as inter-individual
variation in the absorption, distribution, metabolism and excretion (ADME) can be
substantial [13-15]. In addition, anticancer drugs frequently have very narrow
therapeutic window which means the drug exposure can easily be toxic or sub-
therapeutic without careful control [13, 14, 16]. Lastly, clinical responses including

efficacy and toxicity are often delayed and unpredictable [13, 14].
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Therefore, therapeutic dose monitoring (TDM) is often employed in chemotherapy to
ensure that the drug exposure is within the therapeutic window [15, 17]. In addition,
extensive efforts to elucidate the relationship between pharmacokinetics and
pharmacodynamics (PK/PD) have been made through modelling and simulation,
which contributes to selection of the appropriate dose [17, 18]. Other various
pharmacokinetic approaches to optimise chemotherapy include modification of dosing
schedules, alteration of ADME of the drugs and application of pharmacogenetics to
individualise the treatment [14]. The dose schedule can be optimised by using
pharmacokinetic parameters obtained from patients and different dosing regimens can
be coordinated, which includes circadian administration [14, 19]. Pharmacogenetics
have been studied to tailor individual dosing regimen by defining relationships
between genetic polymorphism and the ADME of drugs. An example includes
irinotecan where interindividual differences in metabolism and clearance can be
observed due to polymorphism in organic anion-transporting polypeptide (OATP)
transporter families [13]. Attempts to alter the ADME of drugs have been made by
using biomodulators that affect metabolising enzymes and transporters that can assist
in improving the efficacy or increasing the therapeutic index. For instance, leucovorin
can be coadministered with fluorouracil or mercaptopurine for improving antitumour

effects and alleviate side effects [14].

Improvement in pharmacokinetics of chemotherapy can also be achieved by targeted
site-specific distribution of the drug to the affected compartment. By pharmacokinetic
optimisation that enables delivery of the drug to specific tissues at substantially higher
concentration compared to systemic circulation, unnecessary systemic exposure can

be avoided. This would allow significantly lower doses than the maximum tolerable
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dose to be administered for the required efficacy. Consequently, this would benefit the

patients by mitigating unnecessary adverse effects [11, 12].

For treatment of chronic systemic cancers, such as leukaemia, oral administration
would be the preferred route to achieve prolonged exposure of the body to the
anticancer agents. However, a large portion of potential candidates for anticancer
agents are dropped during development due to unfavourable pharmacokinetics such as
low bioavailability and insufficient systemic exposure [20, 21]. It should also be noted
that low bioavailability is usually also associated with higher inter-individual
variability in the exposure [22]. Therefore, pharmacokinetic optimisation is essential

in development of orally bioavailable anticancer agents.

It is, therefore, important to consider the principles of pharmacokinetics for
optimisation of treatment of cancer. The pharmaceutical science area of
pharmacokinetics has long been playing a critical role in drug discovery and
development [23] and it is of particular importance in cancer treatment. In this PhD
project, two main approaches have been explored: site-specific targeting and increase
in systemic exposure. Targeted delivery to the intestinal lymphatic system was studied
using lipophilic prodrug approach, for which the background is discussed in Section
1.2. The research for pharmacokinetic optimisation in development of orally

bioavailable anticancer agents is further explained in Section 1.3.
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1.2. Maximising exposure of intestinal lymphatic system to

drugs

1.2.1. Cancer and the lymphatic system

The lymphatic system is a one-way flow system which consists of vessels starting from
blind-ended lymphatic capillaries and ending with the thoracic duct, which drains the
lymph into the junction between the left subclavian and jugular veins (Figure 1-2) [24].
The lymph fluid originates from lymph capillaries and flows through the lymphatic
collecting vessels. The main functions of the lymphatic system are maintaining
homeostasis of body fluids, regulation of the immune system, and absorption of dietary

lipids in the case of the intestinal lymphatic system.

A Subclavian- B
2 : Blood itial | :
’ internal jugular Initial lymphatic
Drained by junctions vasculature vessels
right thoracic Basement

duct (blue) ~— 7 membrane

Nl ‘B s

Figure 1-2. Physiological diagram of the lymphatic system. (A) Distribution of
lymphatic vessels. (B) Drainage of molecules into lymphatic vessels. Adapted with
permission of the publisher [6].
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The lymphatic system plays an important role in the pathophysiology of cancer as it
can be both a site for the primary cancer and the major route of metastasis. Lymphatic
tissues can host a group of cancerous cells called lymphomas. Lymphomas are types

of blood cancer that accounts for approximately half of all haematological neoplasms
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[25]. Lymphomas are associated with lymphocytes of the lymph nodes and lymphoid
tissues and include a variety of heterogeneous malignancies that arise from
lymphocytes [26]. The main types of lymphomas are non-Hodgkin’s lymphoma (NHL)
and Hodgkin’s lymphoma. NHL accounts for 4% of all new cases of cancer, and is the
sixth most prevailing cancer in the UK as of 2011 [3]. It is challenging for systemic
chemotherapy to specifically target the tumour in the lymphatics as only limited
amount of drug can be distributed from the systemic circulation into the lymphatic

system [27].

The lymphatic system is one of the most important pathophysiological compartments
in cancer metastasis as it provides primary transportation route for the spreading of
many solid tumours (Figure 1-3) [28]. The incomplete nature of the blind-ended
lymphatic capillaries (lacteals) presents an easily accessible path that promotes
invasion and metastatic dissemination of cancer cells [29, 30]. As mentioned above,
lymph node involvement can be a signal of metastatic progression and thus sentinel
lymph node biopsy is often utilised in quantification of metastasis and staging of
cancer [6]. However, current chemotherapies available for treatment of metastasis are

limited by their poor disposition to the actual site of metastasis [4].
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Figure 1-3. Schematic description of the process of lymphatic metastasis. (A)
Lymphangiogenesis is promoted by cancer cells. (B) Cancer cells migrate through
the lymphatic vessels to form distant metastasis. Adapted with permission of the
publisher [31].

Lymphadenectomy, surgical removal of cancer-affected sentinel lymph nodes, is one
of the solutions for treatment of metastasis but is often accompanied by reoccurrence
[27, 32]. Therefore, non-surgical delivery of anticancer agents to the lymphatic system

for treatment of metastasis and lymphomas is an important mode in many cases.

Delivery of anticancer agents specifically to the lymphatic system has been studied
using different routes of administration. Interstitial administration of drugs can benefit
from the physiological lymphatic uptake that drains interstitial fluid and other
molecules to reach the lymphatic system [33]. It has been found that intradermal
injection is superior to intramuscular or subcutaneous injection for this purpose [34]

and that size of the particle of the drug or formulation is the most determinant factor
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for lymphatic targeting [6]. Lymphatic system targeting following intravenous
administration has also been reported for formulations such as liposomes and
nanoparticles [35, 36]. However, this route requires the particle to penetrate the blood
vessel wall, distribute into the interstitial space and then follow the lymphatic uptake
process similar to interstitially administered drugs [33]. Mucosal delivery to target the
lymphatics has also been studied, mostly for vaccines, through nasal, pulmonary and
genital mucosa [37, 38]. It provides ease of administration and therefore improved
compliance but still faces problems of safety, stability, and variability [37]. Drug
delivery to the lymphatics can be also achieved by the oral route and efficient targeting
can be achieved by taking advantage of the physiological intestinal lymphatic transport
of lipids and lipophilic molecules [39]. It has been studied previously focussing mostly
on potential for increased bioavailability of drugs by circumventing the hepatic first-
pass effect [40, 41]. This oral delivery route was the main focus in this PhD project

and therefore more discussion is made on this below.

1.2.2. Lymphoma and lymphadenopathy in the abdominal

lymphatics

Lymphoma is the most common cause of mesenteric or retroperitoneal
lymphadenopathy [42-44]. In most cases this lymphadenopathy is associated with
NHL [45-48]. In as many as 30-50% of NHL patients, especially those with diffuse
large B-cell or follicular B-cell lymphoma, disease significantly affects abdominal
lymph nodes [47, 49-55]. Figure 1-4 shows a representative computerised tomography
(CT) scan of one such patient with mesenteric lymphadenopathy which is persistent

even in remission stage [42].
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Figure 1-4. Persistent lymphadenopathy in a 62-year-old woman with lymphoma.
(A) Computerised tomography (CT) image shows lymphadenopathy in the
mesentery of the right lower quadrant (arrow). (B) Posttreatment CT image
obtained 2 years later shows persistent, unchanged lymphadenopathy (arrow).
The disease was in remission when this image was obtained. Adapted with
permission of the publisher [42].

There have been recent important advances in targeted and selective treatments of
NHL, including monoclonal antibodies, Bruton’s tyrosine kinases inhibitors,
phosphoinositide-3-kinase inhibitors and inhibitors of other molecular targets [56].
However, chemotherapy (usually in combination with immune therapy) is still the
first-line treatment of NHL patients in many cases [57]. Only a very limited proportion
of a drug can usually be distributed from the systemic circulation into the lymphatic
system [27, 58]. Consequently, in order to achieve sufficient concentrations of
cytotoxic drugs in the affected lymph nodes, the required levels in the systemic
circulation would be very high and associated with significant side effects. Therefore,
there is an unmet need for targeted increased delivery of anticancer agents to the
mesenteric and retroperitoneal lymph nodes for treatment of NHL patients with

substantial abdominal lymph nodes involvement in the disease.
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1.2.3. Targeting the intestinal lymphatic system

Although most drugs absorbed from the gastrointestinal (GI) system are passed to the
portal vein, lipophilic compounds also gain access to the systemic circulation through
the intestinal lymphatics (Figure 1-5) [59, 60]. This distribution to the lymphatic
system is determined mainly by the association of drugs with large lipoproteins, i.e.
chylomicrons (CM) in the enterocytes. This is because drug molecules need to be
associated with CM in order to utilise them as a carrier to the lymphatic system. In fact,
a correlation between CM association and lymphatic absorption is well established
(Figure 1-6) [39, 40, 61-64]. Figure 1-6 does not have a large number of drugs studied,

but additional correlation have been reported in following studies [39, 40, 61-64].
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Figure 1-5. Schematic representation of the intestinal lymphatic transport of
lipophilic drugs when co-administered orally with long chain triglycerides.
Adapted with permission of the author [65].

39



25+
o /‘DDT
g 201 . o
- © ! * 1vit D
2s vit E
o £ 154 benzolalpyrene
ﬁ - Halofantrine
(14
=
8% 10-
ag
= _z Probucol
E 59

iazepam
1 1 ]

|
DTestosﬁalone 40 60 80
% Drug Associated with Chylomicrons ex-vivo

Figure 1-6. Ex vivo CM association model showing correlation of affinity to CM
(%) with lymphatic absorption. Adapted with permission of the publisher [39].

As mentioned above, intestinal lymphatic transport has been previously studied mostly
to increase the oral bioavailability of drugs. In fact, there have been some very
successful attempts with enhanced systemic exposure of certain drugs through
lymphatic absorption [41]. One of the most successful examples include testosterone,
which on its own has <1% oral bioavailability but upon targeting lymphatic transport
by prodrug approach, systemic exposure could be increased by 90-fold [66]. However,
an issue that has been practically overlooked in the past is that the lymphatic system
has functional importance, and drugs that are transported via this route reach very high
concentrations in lymph fluid and lymph nodes, and therefore can exert their activity
within the lymphatic system itself. In a previously reported study, a concentration
gradient as high as 500-fold was found between the lymph and plasma for a model

compound [40].
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The concept of the lymphatic system as an effective pharmacological compartment has
enormous potential for improving the treatment outcomes of a number of diseases with
pathophysiology that is associated in one way or another with the lymphatics.
Examples include autoimmune diseases, human immunodeficiency virus (HIV)
infection, metastatic processes, and lymphatic system-associated cancers such as NHL
with mesenteric or retroperitoneal lymph node involvement. Targeting drugs to the
lymphatic system for treatment of these conditions has the potential to maximise their
therapeutic benefits by creating high concentrations at abdominal lymph nodes before
the drug arrives to the systemic circulation. At the same time, the systemic
chemotherapy dose can be decreased, resulting in reduced side effects associated with

systemic exposure.

Bexarotene (BEX) is an orally bioavailable synthetic rexinoid that selectively binds to
retinoid X receptors [107]. It was the first selective retinoid that entered clinical trials
[108] and it is currently approved for treatment of cutaneous T-cell lymphoma (CTCL)
in patients whose disease is refractory to at least one systemic chemotherapy [109].
Following the approval, the efficacy and safety of BEX was shown in refractory early-
stage CTCL [110] and other related conditions such as panniculitis-like T-cell
lymphoma [111]. Therefore, targeting bexarotene to the intestinal lymphatics by a
lipophilic prodrug approach to take advantage of the intestinal lymphatic transport
could be beneficial for lymphoma patients with the lymphadenopathy in the mesentery

(as described in Section 1.2.2.).

41



1.3. Pharmacokinetic optimisation of cyclin-dependent

kinase inhibitors

1.3.1. Pharmacokinetic optimisation in discovery and

development of orally bioavailable anticancer agents

Drug discovery and development processes are time-consuming and expensive [21, 67,
68]. This is primarily associated with the high attrition rates of drug candidates, mostly
due to undesirable pharmacokinetic and safety profiles [23, 69, 70]. In silico prediction
of drug-likeness of compounds has made substantial improvements but challenges still
remain and experimental testing of compounds is necessary to assist decision making
processes [71, 72]. Therefore, in vitro biopharmaceutical screening of drug candidates
is implemented from early stages of drug discovery and development process [20, 73,
74]. Traditional in vitro biopharmaceutical screening integrated with the modern in
silico simulation tools can narrow down the list of potential drug candidates and
promote development of most promising compounds [68, 74]. This can also provide
guidance to medicinal chemists for further optimisation of the structural design of the

molecules [23, 70].

Conventional chemotherapeutic agents have been mainly relying on intravenous route
of administration [75, 76]. However, due to recent advancements in drug discovery
and development process, increasing number of orally bioavailable anticancer agents
have been developed and are available on the market [75, 77]. Oral administration
offers multiple advantages. Oral dosing allows self-administration by the patients and

avoids the inconvenience of intravenous injections which needs hospitalisation [78,
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79]. Therefore, it improves patient compliance and reduces costs of therapy. It also
prevents risk of infection that might be caused as a complication of injectable routes
of administration. Most importantly, it makes treatment of chronic diseases more

practical [75, 79].

However, many anticancer agents possess unfavourable properties that make sufficient
systemic exposure following oral administration challenging. These properties are
mainly physicochemical characteristics that result in low solubility, poor permeability,
high efflux and rapid pre-systemic metabolism [76]. Additionally, cancer patients
often have had surgeries or radiation therapies and usually have other concomitant
medications, which increases the variability in pharmacokinetics [13]. Therefore,
biopharmaceutical optimisation of anticancer agents is needed during discovery and

development of anticancer agents intended for oral administration.

1.3.2. Development of cyclin-dependent kinase inhibitors

Cyclin-dependent kinases (CDKs) are essential in cell growth as they control
progression of cell cycles and regulate transcription [80]. CDK inhibitors have been
discovered and developed on this premise to seek inhibition of unsuppressed cancer
cell proliferation. The potential of CDK inhibitors in clinic was shown with
flavopiridol in patients with chronic lymphocytic leukaemia (CLL) [81]. Flavopiridol
exerts its inhibitory effects on several CDKSs but the key mechanism responsible for

the anticancer efficacy in CLL correlates mostly with CDK9 inhibition [82, 83].
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Among the CDK family, CDKO9 is particularly related to regulation of RNA
transcription [80]. High expression of CDK9 and cyclin T1, corresponding cyclin
partner of CDK9, is observed in CLL, indicating their key roles in pathologic
mechanism of the disease [81]. CDK inhibitors that inhibit not only CDK?9 but also
other CDKs have shown narrow therapeutic window and unfavourable adverse effect
profiles [83]. Therefore, anticancer agents that specifically target CDK9 are desired

for improved efficacy and reduced toxicity.

Recently, potent and selective CDKJ inhibitors have been synthesised and proved to
trigger apoptosis in primary cells from patients with CLL [82, 84, 85]. Identification
of bioavailable CDK9 inhibitors and research aimed to enhance their bioavailability

will lead to development of efficient treatment for CLL.

1.4. Project hypotheses and aims

Biopharmaceutics and pharmacokinetics are often considered as an observational aid
tool in drug discovery which means that the data is more used to describe the
characteristics of compounds, rather than being used for optimisation in drug discovery.
However, the main hypothesis of this research project was that optimisation of
treatment based on pharmacokinetic principles is on its own a powerful approach in
improvement of treatment outcomes. This work therefore focused on optimisation of
treatment of cancer based on principles of pharmacokinetics using two main
approaches 1) lipophilic prodrug approach to specifically target the intestinal

lymphatic system following oral administration and 2) identification of orally
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bioavailable candidate anticancer agents and biopharmaceutical development to

increase the bioavailability for sufficient systemic exposure to the drug.

1.4.1. Intestinal lymphatic system targeting of anticancer agents

by lipophilic prodrug approach

As explained in Section 1.2.3., intestinal lymphatic uptake of drug molecules
following oral administration relies on the association of the molecule with CM in the
enterocytes. Therefore, by designing prodrugs of anticancer agents so that they possess
the necessary physicochemical properties for enhanced association with CM, we will
be able to target anticancer agents to the intestinal lymphatic system. Specific

objectives for this approach include the following:

¢ Design and synthesis of prodrugs to enhance association with CM by alteration
of physicochemical properties of log P, log D7.4, polar surface area, hydrogen
donor, hydrogen acceptor, etc.

e Evaluation of chemical and enzymatic conversion of the prodrugs to their
corresponding active entities

e Evaluation of intestinal lymphatic system targeting potential using in vitro
association with artificial emulsion and ex vivo association with natural
chylomicrons

e In vivo evaluation of the prodrugs to assess plasma pharmacokinetic profiles
and biodistribution into the intestinal lymphatic system, including mesenteric

lymph nodes and lymph fluids
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e In vitro efficacy evaluation to elucidate pharmacodynamic effects of cell
growth inhibition that can be potentially expected at concentrations observed

within the lymphatic system in vivo.

Chapter 3 will describe method development and validation for determination of
bexarotene (BEX) in biological matrices. Chapter 4 will discuss the prodrug approach

for intestinal lymphatic targeting.

1.4.2. Pharmacokinetic development of CDKO inhibitors

As explained in Section 1.3.1., development of orally bioavailable anticancer agents is
important as oral delivery of drugs is the most preferred route of administration.
Therefore, it is crucial to identify orally bioavailable compounds during drug discovery
and development processes. High oral bioavailability is desired to ensure drug
exposure is at sufficient levels for the therapeutic effects with acceptable dosage,
which will also contribute in mitigating unnecessary side-effects in the GI tract [86].
In addition, higher oral bioavailability will result in lower inter-subject variability
which is critical for anticancer agents that are likely to have narrow therapeutic

windows [22, 87, 88]. Specific objectives for this approach include the followings:

e In vitro biopharmaceutic evaluation of candidate CDK9 inhibitors in terms of
solubility in water and biorelevant media, permeability using Caco-2 cells and
metabolic stability using liver microsomes

e Integration of in vitro biopharmaceutic evaluation data into in silico simulation
by GastroPlus™ to predict pharmacokinetic properties such as oral

bioavailability and identify the most promising candidates
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¢ In vivo confirmation of oral bioavailability of selected lead candidates in rats
by plasma pharmacokinetic studies
e Biopharmaceutical development of promising candidates to enhance further

the oral bioavailability including in silico-in vitro-in vivo approaches

Chapter 5 will describe Caco-2 permeability studies and the lab-to-lab variability in

the assays. Chapter 6 will discuss pharmacokinetic optimisation of CDK9 inhibitor

candidates.
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2. MATERIALS AND METHODS

2.1. Materials

Bexarotene (BEX, CAS: 153559-49-0) was purchased from LC Laboratories (Woburn,
MA, USA). A°-Tetrahydrocannabinol (CAS: 1972-08-3) was from THC Pharm GmbH
(Frankfurt, Germany)). CDKJ inhibitor candidate compounds DF030263, FS90-263,
HMKII-90, HMKI1-101, HMKIII-17, HMKIII-41, HS-47, HS3-72, HS3-77, S3-68
and S3-138 were synthesised by researcher in the Fischer Group at School of
Pharmacy, University of Nottingham (Nottingham, UK). Rat and mouse plasma were
purchased from Sera Laboratories (West Sussex, UK) and human plasma from TCS
Biosciences (Buckingham, UK). Dulbecco’s modified eagle medium [DMEM,
supplemented with GlutaMAX™, 4.5 g/I. D-glucose and 25 mM 4-2-hydroxyethyl-1-
piperazineethanesulfonic acid (HEPES)] was purchased from Gibco (Paisley, UK).
Caco-2 cells of passage number 47 were purchased from Cell Culture Collections,
Public Health England (Salisbury, UK). Diffuse large B-cell lymphoma (DLBCL) cell
lines of DOHH2 and Vallois (VAL) were obtained from the Gene Regulation and RNA
Biology group in University of Nottingham. Hank’s balanced salt solution (HBSS),
HEPES buffer, fetal bovine serum (FBS), antipyrine, cetirizine, chlorpromazine,
cimetidine, desipramine, dexamethasone, diclofenac, furosemide, hydrochlorothiazide,
ketoprofen, metoprolol, naproxen, piroxicam, propranolol, ranitidine, sildenafil,
terbutaline, verapamil, Intralipid®, sodium taurocholate (NaTc), NaCl, NaF, retinoic
acid (RA, all-trans), lecithin and porcine liver esterase were obtained from Sigma
(Gillingham, UK). Thiazolyl blue tetrazolium bromide (MTT), Corning 24-well

Transwell®, Costar Spin-X Centrifuge Tubes, sesame oil, polyethylene glycol 400
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(PEG400) and all solvents (HPLC grade or higher) were purchased from Fisher

Scientific (Loughborough, UK). All solvents were of HPLC grade or higher.

2.2. Chemical synthesis of prodrugs

2.2.1. General synthetic scheme for esterification

Ester prodrugs of BEX and RA were synthesised by adding 2.87 mmol of the desired
alcohol to 0.287 mmol of BEX or RA. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (0.431 mmol) and 4-dimethylaminopyridine
(0.057 mmol) were added as catalysts, and dichloromethane (15 mL) was used as the
solvent. The mixture was stirred using a magnetic stirrer overnight at room
temperature. Purification was performed by flash chromatography using a 200-400
mesh silica gel-packed glass column and hexane:ethyl acetate, 50:2 (v/v) as the mobile
phase. Specific details for compounds that had different synthetic schemes are
described in Appendix 1. The chemical synthetic schemes used in this study were not

from previously reported studies.

2.2.2. Characterisation of synthesised prodrugs

'H NMR and 3C NMR spectra were obtained using Bruker 400 Ultrashield
Spectrometer at 400 and 100 MHz, respectively. Bruker TOPSPIN 2.1 software was
used to analyse the spectra. Chemical shifts were reported as parts per million (ppm)
relative to the tetramethylsilane (internal standard) to the nearest 0.01 ppm and

coupling constants (J) to the nearest 0.1 Hz. High resolution mass spectrometry (HR-

49



MS) was performed using Bruker MicroTOF operated with electrospray ionisation in

positive mode.

2.3. Chylomicron and artificial lipid particle association

assay

2.3.1. Preparation of artificial lipid particle emulsion

To prepare the artificial lipid particle emulsion, Intralipid® 20% (Sigma, Gillingham,
UK) was diluted using phosphate buffered saline (PBS) to yield 100 mg/dL of
triglyceride (TG) concentration [61, 64]. A TG enzymatic kit (Sigma Aldrich, Dorset,
UK) was used to monitor the TG concentration by following manufacturer’s

instructions.

2.3.2. Preparation of human plasma-derived chylomicron

emulsion

The protocol for preparation of human plasma-derived CM emulsion was approved by
the Faculty of Medicine and Health Sciences Research Ethics Committee, Queens
Medical Centre, Nottingham University Hospitals (BT12102015 CBS SoP). Healthy
volunteers (five) of 19-40 years old and with body mass index of 18.5-25 were enrolled
in the study after providing informed consent. The participants were excluded if any
medication was used within one week prior to enrolment. On the morning of the study,
participants received a high-fat meal (equivalent to a full English breakfast). Between

3-4 h following breakfast, 30 mL of blood was collected using heparinised tubes
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(Vacutainer® Blood Collection Tubes) and centrifuged (800 g, 10 min, 15 °C) to obtain

plasma.

CM separation was performed as previously reported with minor modifications [39,
64]. Briefly, KBr (0.57 g) was mixed with 4 mL of plasma to yield density of 1.1
g/mL. PBS with densities of 1.006, 1.019, and 1.063 g/mL were prepared by adding
appropriate amounts of KBr, monitoring the density by measuring the weight of the
solution. These PBS of different densities were layered on top of the plasma to build
density gradient layers in polyallomer ultracentrifuge tubes. The samples were then
centrifuged at 268,350 g for 35 min at 15 °C using an ultracentrifuge (SORVALL®
TH-641 Rotor, Thermo Fisher Scientific, UK). Following ultracentrifugation,
approximately 1 mL of the upper layer containing CM was collected. TG concentration
of CM emulsion was assessed using the TG enzymatic kit (Sigma Aldrich, Dorset,
UK). TG concentration of the emulsion was adjusted to 100 mg/dL by diluting with
PBS of 1.006 g/mL density. The CM emulsion was stored at 4 °C until the association

assay (<24 h).

2.3.3. Association assay procedure

The association of the compounds with artificial lipid particle emulsion and human
CM was assessed using previously reported methodology with minor modifications
[39]. Briefly, 1 mL of artificial lipid particle or CM emulsions (TG concentration 100
mg/dL) was used for the association assay. The emulsion was spiked with stock
solutions of tested compounds (BEX, RA and their prodrugs in acetonitrile) to give a
final concentration of 1.755 uM. The reaction mixtures were incubated at 37 °C for 1
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h with magnetic stirring at 300 rpm. Following the incubation, density gradient
ultracentrifugation was applied as described in Section 2.3.2. to isolate the artificial
lipid particles or CM associated with the tested compounds from the rest of the
experimental medium. The amount of the tested compound residing in this isolated
layer compared to the spiked amount was used to calculate the association %. All

experiments were conducted in quintuplicate or above.

2.4. Prodrug conversion assay

The prodrugs were tested for their stability and conversion into their corresponding
active drug using fasted state simulated intestinal fluid (FaSSIF), fed state simulated
intestinal fluid (FeSSIF), FaSSIF with added esterase enzyme activity (20 1U/mL), rat
plasma, and postprandial rat lymph [89]. The FaSSIF and FeSSIF were prepared as
described in Section 2.8.1. The medium was pre-heated to 37 °C prior to the assay for
5 min. The experiment was initiated by spiking stock solutions of prodrugs to give a
final concentration of 10 uM of the prodrugs in the medium. When the stability of the
artificial emulsion-associated prodrugs was tested in plasma, the association of
compounds with artificial emulsion was performed prior to stability experiments
(according to Section 2.3.3.) and the concentrations of the compounds in the associated
emulsion were measured. The emulsion was then spiked to give a concentration of 10
uM of the prodrugs in plasma. The reaction mixtures were incubated at 37 °C and
shaken at 200 rpm on a temperature-controlled orbital shaker (Thermo Scientific
MaxQ4000, Waltham, MA, USA) for 4 h. Samples were withdrawn at pre-determined
time points, and the reaction was terminated by addition of acetonitrile. The samples

were then subjected to sample preparation as described in Section 2.11. The natural
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log percentage of the prodrug concentration was plotted against incubation time, and
the slope (k) was obtained from the plot. Half-life (t12) was calculated by the following

equation: ty2 = -0.693/k. All experiments were conducted in triplicate.

2.5. Triglyceride solubility measurement

Compounds of BEX, BGA2 and RA were dissolved in fresh aliquots of sesame oil in
excessive amounts in glass vials (in triplicate) and stirred using a magnetic stirring bar
at 37 °C for 72 h. The mixture was then filtered by centrifugation in a Costar Spin-X
Centrifuge Tube (Fisher Scientific, Loughborough, UK) at 2400 g for 5 min. The

filtrates were analysed for concentration of the tested compounds by means of HPLC.

2.6. Cell growth inhibition assay

Cell growth inhibition was assessed by MTT assay with a minor modification from
previously reported methods using DOHH2 and VAL cell lines [90-92]. Cells were
seeded at a density of 2000 cells/well and allowed to adapt overnight. Test compounds
of BEX and RA were serial-diluted with dimethyl sulfoxide (DMSO) and spiked on
the next day to yield 0.1% (v/v) DMSO. Control wells were treated with 0.1% DMSO
vehicle alone. At the time of drug addition, separately prepared wells were processed
for Tzero readings as previously described [92]. The treated cells were incubated further

for 72 h at 37 °C and processed for cell growth assessments.
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2.7. Permeability assay

2.7.1. Cell culture

Caco-2 cells of passage numbers 51-54 were used in the study. Caco-2 cells were
passaged in 75 cm? cell culture flasks (Corning Inc, Corning, NY) at 1x10* cells/cm?
at least twice before seeding in Transwell® plates (Cat 351181 Corning Inc, Corning,
NY). DMEM cell culture medium supplemented with 10% FBS and 1% penicillin-
streptomycin was used and the cells were maintained at 37 °C, 95% relative humidity
and 5% COxz. Cells were seeded at a density of 3.75x10* cells/cm? in the Transwell®
plates. Medium was replaced on the next day following seeding and every other day
thereafter for 21 days before permeability assay. Transepithelial electrical resistance
(TEER) values were measured using an EVOM2 instrument (World Precision
Instruments, Sarasota, FL). Caco-2 monolayers with TEER values between 280-500

Qcm? were used in the permeability assay.

2.7.2. Caco-2 permeability assay

On the day of the experiment, the Caco-2 monolayers were washed twice with
transport buffer (HBSS buffer supplemented with 10 mM HEPES and pH adjusted to
7.4 using HCI or NaOH). The cells were then allowed to equilibrate for 30 min at 37 °C
with the transport buffer. Donor solutions were prepared to yield 50 or 200 uM of the
test compound. For assessment of apical-to-basolateral permeability, the donor
solution (300 pL) was added to the apical side of the monolayer and samples (350 uL)
were collected from the basolateral side. Basolateral-to-apical permeability was

assessed by adding the donor solution (1 mL) to the basolateral side of the membrane
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and collecting samples (120 pL) from the apical side. The samples were withdrawn at
30, 60, 90 and 120 min and fresh transport buffer of equal volume to the samples was
replaced each time. At the end of the assay, TEER was measured again to assess any
unknown pharmacological or toxicological effect of compounds on the monolayers.

All experiments were performed in triplicates.

The apparent permeability coefficient (Papp) Was obtained using the following equation:

Papp = (dQ/dt) (1/(ACy))

where dQ/dt is the steady-state flux (umol/s) from 30 to 120 min, A is the effective
filter area of each well in the Transwell® (cm?) and Co is concentration of the donor
solution (uM) [93, 94]. Efflux ratio was calculated by the ratio of Pap, from basolateral-

to-apical permeability to Papp from apical-to-basolateral permeability.

2.8. Solubility assay

2.8.1. Preparation of biorelevant media

Three different types of fluids simulating the GI environment were prepared according
to previously reported preparation methods [95-97]: FaSSGF, FaSSIF and FeSSIF.
The composition of these three simulated fluids were as described in Table 2-1. Prior
to the assay, the pH of FaSSGF was adjusted to 1.6 and 3.0 using HCI and the pH of

FaSSIF and FeSSIF was adjusted to be between 5.0-7.8 with interval of 0.2 using HCI
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or NaOH. All fluids were prepared on the day before the assay and stored at 4 °C until

use.

Table 2-1. Composition of the simulated fluids (mM)

FaSSGF FaSSIF FeSSIF
NaTc 0.08 3 15
Lecithin 0.02 0.75 3.75
NaCl 34.2 105.9 203.3
NaOH - 8.7 102
NaH2PO4 - 28.65 -
Acetic acid - - 144

FaSSGF, fasted state simulated gastric fluid; FaSSIF, fasted state simulated intestinal fluid;
FeSSIF, fed state simulated intestinal fluid.

2.8.2. Solubility assay procedure

On the day of assay, 198 pL of test medium (FaSSGF, FaSSIF, FeSSIF and water) was
aliquoted into centrifugal tubes (Costar Spin-X Centrifuge Tube, Fisher Scientific,
Leicestershire, UK). A volume of 2 pL of 20 mM stock solution in DMSO was then
spiked into each tube to yield 200 uM of test concentration. The tubes were incubated
at 37 °C shaking at 250 rpm for 2 h using a shaking incubator (Thermo Scientific
MaxQ4000, Thermo Scientific, OH, USA). After the incubation, the samples were
immediately centrifuged for 5 min at 2400 g (Heraeus Fresco 17 Centrifuge, Thermo
Electron, MA, USA). The filtrate was collected and subjected to analysis as described

below (Section 2.11.). The assay was performed in triplicate.
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After obtaining the aqueous solubility results, the pH of the solubility test medium was
measured for each compound. The compounds were spiked in (deionised-distilled
water) DDW at 200 uM to yield a saturated condition. The mixture was stirred at 250
rpm for 2 h at 37 °C and the pH was measured using a pH meter (T50 Graphix, Mettler

Toledo Inc., Leicester, UK).

2.9. Liver microsomal stability assay

2.9.1. Stability assay procedure

Human or rat liver microsomes were used for in vitro liver microsomal stability assay
and the assay was conducted as previously reported with minor modifications [98].
Briefly, the reaction mixture was composed of the following: 84.7 mM of potassium
phosphate buffer (pH 7.4), 10 mM of MgCl;, 0.5 mg protein/mL of microsomes and
1.0 uM of test compounds of CDK9 inhibitor candidates. The reaction was initiated
with addition of 1 mM NADPH. Samples (100 pL) were withdrawn from the reaction
mixture at 0, 10, 20 and 30 min and the reaction was terminated by acetonitrile (300

uL). The experiment was performed in triplicate.

2.9.2. Calculations of stability results
The concentration-time profiles from microsomal stability results were plotted in
semi-log plot. Half-life (t12) was calculated from the plot using the following equation:

0.693

ti2 = — X
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where k represents the slope from the plot of natural log percentage of test compound
remaining versus time. The ti> was then converted into in vitro intrinsic clearance

(CLint, mL/min/kg) by the following equation [99, 100]:

0.693 mlL incubation mg microsomes g liver

int = tij, Mg microsomes g liver . kg body weight

where the mg microsomes/g liver and g liver/kg body weight values were 48.8 and 25.7
for humans and 44.8 and 40.0 for rats, respectively [99, 101]. The hepatic clearance
(CLn) was predicted using the CLint values in each species by the commonly employed

models of well-stirred model and parallel-tube model [100, 102]:
Well-stirred model: CLy = Q - CLint/ (Q + CLint)

Parallel-tube model: CLn = Q - (1 — et/ )

where Q is blood flow rate. Hepatic extraction ratio (En) was then calculated with the

CLn values using the following equation [102]:

where Q represents hepatic blood flow rate, which was 20.7 and 55.2 mL/min/kg for
humans and rats, respectively [101]. The fraction of the compound that enters the liver
and passes through it unchanged (Fn) was obtained from the En values using the
equation: Fn = 1 — Ex [102]. This Fn also refers to the fraction of the compound that
escapes first-pass metabolism of the liver after intestinal absorption following oral

administration.
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2.10. In silico simulations of pharmacokinetics

2.10.1. Simulation of absorption

In silico simulation of fraction absorbed in humans (Fa) was performed using
GastroPlus™ version 9.0.0007. The physicochemical properties of simulated
compound were used as predicted by the built-in ADMET Predictor™ version 7.2.0.0
(Simulations Plus, Inc, Lancaster, CA, USA). Built-in pharmacokinetic model and
physiological parameters for a 30 year-old American male were used as default
settings, and “Human — Physiological — Fasted” settings were applied for the gut
physiology. Paracellular permeability was turned on and logD model was set as

Structure-based version 6.1.

Papp Values of compounds (training set compounds) with known effective permeability
in human (Perf) (training set compounds) were used as an input to calibrate the
permeability model in GastroPlus™ and as a result a “user-defined permeability model”
was established. The same permeability value can result in different simulation results
depending on how the “user-defined permeability model” is determined. Therefore
establishing a “user-defined permeability model” represents calibrating the
permeability model. In other words, the “user-defined permeability model” plays a
role as a calibration curve that can correlate Papp values to Pest values. A detailed
description of the “user-defined permeability model” in GastroPlus™ is in the
Appendix 2. The training set compounds included antipyrine, furosemide,
hydrochlorothiazide, ketoprofen, metoprolol, naproxen, propranolol, ranitidine,
terbutaline and verapamil. Papp values from our laboratory and also the results from
six different sets of literature values were used to produce seven “user-defined
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permeability models™. Log-linear model was selected for all datasets as it was the one
suggested by GastroPlus™ after solving the correlation for all datasets. These
established models were used to quantitatively evaluate the lab-to-lab variability in

Caco-2 permeability models.

The experimental Papp values of application set compounds (desipramine,
dexamethasone, sildenafil, chlorpromazine, diclofenac, piroxicam, cetirizine,
cimetidine and pravastatin) obtained from our laboratory were then applied for Fa
simulation in GastroPlus™. For each compound, all input parameters of permeability
were fixed and only the “user-defined permeability model” was changed for each
simulation. Each Papp value of the application set compounds obtained from this study
was applied to the seven different “user-defined permeability models” and Pesf values
were separately predicted. These Pest values were then used to simulate seven different
Fa values for each compound. All other physicochemical input parameters except
permeability were used as predicted by the ADMET Predictor™. Other input
parameters such as particle size, precipitation time, etc., were used as provided by
default. The dose and formulation were according to the experimental conditions used

in literatures and the information used for simulation are shown in Table 2-2.

Table 2-2. Dose and formulation input parameters of application set compounds
for GastroPlus™ simulation

Compounds Dose (mg) Formulation
Desipramine 50 Tablet
Dexamethasone 15 Tablet
Sildenafil 50 Tablet
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Chlorpromazine 50 Tablet

Diclofenac 50 Tablet
Piroxicam 20 Capsule
Cetirizine 10 Tablet
Cimetidine 100 Tablet
Pravastatin 40 Tablet

The root mean square error (RMSE) was used to assess the differences in values from

different sets. The RMSE was calculated using the following equation:

E Jz’!:l(yz — 5
N

where y: represents values obtained from different sets or laboratories for compound t.

2.10.2. Simulation of oral bioavailability

The results from solubility, permeability and liver microsomal stability assays were
incorporated into GastroPlus™ for in silico simulation of pharmacokinetic properties.
GastroPlus™ setup was as described in Section 2.10.1. Paracellular permeability was
turned on and logD model was set as Structure based version 6.1. A user-defined
permeability model was established as described in Section 2.10.1. using Papp values
of 13 compounds obtained in this project (antipyrine, cimetidine, desipramine,
furosemide, hydrochlorothiazide, ketoprofen, metoprolol, naproxen, piroxicam,
propranolol, ranitidine, terbutaline and verapamil) from the reference compounds list
provided by GastroPlus™ [93]. Built-in advanced compartmental absorption and
transit (ACAT) model and physiologically-based pharmacokinetic (PBPK) model

were applied for the simulation. All other input parameters were as predicted by the
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ADMET Predictor™ or as provided by default. Simulations were performed for fasted

state of the rat and the human.

2.10.3. Simulation of absorption sites

Intestinal absorption of DF030263 compound in different compartments of the Gl tract
was simulated in silico using GastroPlus™ setup described in Section 2.10.1. The
input parameters are listed in Table 2-3. Parameters and settings not mentioned in the
Table 2-3 were used as predicted by the ADMET Predictor™ or as given by software
default. The physiology setting was selected as “Rat-Fasted” or “Rat-Fed” and
paracellular permeation option was turned on. Percentages of the dose absorbed at
different compartments of the Gl tract were simulated at both fasted and fed states for

rats.

Table 2-3. Input parameters for in silico simulation of DF030263 compound

Parameters Value
Molecular weight (g/mol) 435.6
Log P 3.1°
pKa 10.72
Human jejunal permeability (x10™* cm/s) 1.37°
Diffusion coefficient (x10° cm?/s) 0.6288°
Drug particle density (g/mL) 1.2°
Mean precipitation time (sec) 900°
Reference solubility (mg/mL) 0.03846¢
Biorelevant solubilities (mg/mL)
FaSSGF (pH 1.6) 0.6737¢
FaSSIF (pH 6.6) 0.04935¢
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FeSSIF (pH 5.0) 0.06529¢
2Predicted by ACD/Labs
®Predicted by GastroPlus™

¢ GastroPlus™ default values

d Experimental results

2.10.4. Deconvolution of plasma concentration-time profiles

Deconvolution of plasma concentration-time profiles obtained in rats following oral
and intravenous administration of DF030263 was conducted using Phoenix
WinNonlin version 6.3 (Pharsight, Mountain View, CA, USA). The mean plasma
concentration-time profiles following oral and intravenous administrations were used
for the deconvolution. The results of deconvolution were expressed by cumulative

input vs time and input rate vs time.

2.11. Analytical methods for determination of concentration

2.11.1. Sample preparation

The general sample preparation scheme consisted of a combination of protein
precipitation and liquid-liquid extraction applied to samples prior to HPLC injection.
To 100 pL sample, 10 pL of internal standard solution was added and 10 pL of
working stock solution of 10 times higher concentration was added for calibration
curve samples. Acetonitrile (300 puL) was then added for protein precipitation and 300
pL of pH modifier was added when necessary. Liquid-liquid extraction was achieved
with extraction solvent (volume specified below) and the samples were then vortex-

mixed for 10 min and centrifuged at 1160 g for 10 min. The organic layer was
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transferred and evaporated to dryness under N2 gas at 40 °C. Reconstitution solvent
(100 pL) was then added and vortex-mixed for 10 min before being transferred to
HPLC vial for analysis. Specific conditions of pH modifier, extraction solvent and

reconstitution solvent are detailed in Tables from 2-4 to 2-7.

Table 2-4. Sample preparation conditions for compound studied in Chapter 3

pH modifier Extractlgn Reconstltug 1on Internal standard
solvent solvent

Compound

BEX 0.1 M HCl Hexane:ethyl 50% THC

acetate = 10:1

THC, A%-Tetrahydrocannabinol
a Total volume of 3.3 mL used

b Reconstitution solvent expressed as % of acetonitrile in water

Table 2-5. Sample preparation conditions for compounds studied in Chapter 4

Extraction Reconstitution Internal

Compounds pH modifier solvent? solvent® standard
BEX, BME, BET, BPR, BBU, BIP,

BIB, BHE, BOT, B22, B24, B25, B26, 0.1 M HCI Hexane 90% DDT
B27, BAM1, BAM2

RA, RAE, RAC 0.1 M HCI Hexane 50% Probucol
BDH 0.1 M HCI Hexane 50% DDT
BAE1 None Hexane 50% DDT
BAE2 None Hexane 80% DDT
BGA1 0.1 M HCI Hexane 50% DDT
BGA2, BCY1 0.1 M HCI Hexane 50% DDT
BUN, BOC, BOL 0.1 M HCI Hexane 100% Probucol
BTG 0.1 M HCI Hexane 100% Probucol

DDT, dichlorodiphenyltrichloroethane
a Total volume of 3 mL used

b Reconstitution solvent expressed as % of acetonitrile in water
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Table 2-6. Sample preparation conditions for compound studied in Chapter 5

. Extraction  Reconstitution Internal

pH modifier solvent? solvent® standard
Compounds
Antipyrine - DCM 40% Verapamil
Cetirizine - DCM 40% Chlorpromazine
Chlorpromazine 0.1 M NaOH MTBE 40% Verapamil
Cimetidine - MTBE 40% Verapamil
Desipramine - MTBE 40% Dexamethasone
Dexamethasone 0.1 M HCI MTBE 40% Ketoprofen
Diclofenac 0.1 M HCI MTBE 40% Dexamethasone
Furosemide 0.1 M HCI MTBE 20% Dexamethasone
Hydrochlorothiazide - MTBE 20% Dexamethasone
Ketoprofen 0.1 M HCI MTBE 40% Dexamethasone
Metoprolol 0.1 M NaOH EA 20% Atenolol
Naproxen 0.1 M HCI MTBE 40% Dexamethasone
Piroxicam 0.1 M HCI MTBE 40% Furosemide
Propranolol 0.1 M NaOH MTBE 40% Dexamethasone
Ranitidine 0.1 M NaOH DCM 40% Verapamil
Sildenafil - MTBE 40% Verapamil
Terbutaline 0.1 M NaOH EA 20% Metoprolol
Verapamil - MTBE 40% Desipramine

DCM, dichloromethane; MTBE, methyl-tert-butyl ether; EA, ethyl acetate

a Total volume of 2 mL used

b Reconstitution solvent expressed as % of acetonitrile in water

Table 2-7. Sample preparation conditions for compound studied in Chapter 6

pH modifier? Extractlcc)n Reconstltudt on Internal standard
solvent solvent

Compounds

S3-138 MTBE 40% Piroxicam

HMKI1-90 NaOH MTBE 40% Dexamethasone
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HS-47 NaOH MTBE 40% Chlorpromazine

S3-68 NaOH MTBE 40% Chlorpromazine
HMKII1-101 NaOH MTBE 40% Chlorpromazine
Potassium
HMKII11-17 phosphate MTBE 40% Dexamethasone
buffer, pH 7.4°
FS90-263 NaOH MTBE 40% Dexamethasone
DF030263 NaOH MTBE 40% Dexamethasone
HS3-77 NaOH MTBE 40% Dexamethasone
Potassium
HMKI11-41 phosphate MTBE 40% Dexamethasone
buffer, pH 7.4°
HS3-72 NaOH MTBE 40% Dexamethasone

MTBE, methyl-tert-butyl ether

@1 M of HCI or NaOH was used for solubility assay samples and 0.1 M of HCI or NaOH was used for samples
from all other assays

b1 M of potassium phosphate buffer (pH 7.4) was used for only solubility assay samples
¢ Total volume of 2 mL used

d Reconstitution solvent expressed as % of acetonitrile in water

2.11.2. Analytical conditions

Two different HPLC-UV systems were utilised in the current project. One consisted
of a Waters Alliance 2695 separations module coupled with a Waters 996 photodiode
array detector and the other consisted of a Waters 600 Pump, Waters 717 Autosampler
and Waters 2996 Photodiode Array Detector. In each HPLC-UV setup, column oven
was used to maintain column temperature at 40 °C and the samples in the autosampler
were maintained at 4 °C. Injection volume was 40 pL for all samples. Empower™ 2
software was used for data processing. Specific analytical conditions are detailed in

Tables from 2-8 to 2-12.
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Table 2-8. Analytical method conditions for compounds studied in Chapter 3
(Waters Alliance module used)

Mobile phase uv
Flow rate b
o L/min) Column wavelength
Acetonitrile Buffer? (m (nm)
Compound
BEX 75% 25% 0.2 C18 259

a 10 mM ammonium acetate, pH 4.1 (pH adjusted with glacial acetic acid)

b Waters Atlantis C18 2.1 x 150 mm, 5 um particle size column (Milford, MA, USA) equipped with a
SecurityGuard 2 x 4 mm, 3 um particle size (Phenomenex, Macclesfield, UK)

Table 2-9. Analytical method conditions for compounds studied in Chapter 4
(Waters Alliance module used)

Moblie phase (%) Flow rate uv
— - (mL/min) Column® wavelength

Compounds Acetonitrile  Buffer (nm)
BEX, BME, BET, BPR,
BBU, BIP, BIB, BHE,
BOT, B22, B24, B25, B26, 8 15 04 c18 259
B27, BAM1, BAM2
RA, RAE, RAC 85 15 0.4 C18 357
BDH 60 40 0.4 C18 259
BAE1 60 40 0.4 C18 259
BAE2 80 20 0.4 C18 259
BGA1 60 40 0.4 C18 259
BGA2, BCY1 80 20 0.4 C18 259
BUN, BOC, BOL Gradient 1° 0.6 Biphenyl 259
BTG Gradient 2¢ 0.6 Biphenyl 259

210 mM ammonium acetate, pH 4.1 (pH adjusted with glacial acetic acid)

b C18, Gemini C18 2.0 x 150 mm, 3 um particle size; Biphenyl, Kinetex Biphenyl 2.1 x 100 mm, 5 um particle
size

¢ Gradient 1: Buffer 40% at 0-4 min, decrease to 5% at 4-7 min, 5% at 7-23 min, increase to 40% at 23-26 min, 40%
at 26-45 min

d Gradient 2: Buffer 40% at 0-4 min, decrease to 5% at 4-7 min, decrease to 0% at 7-10 min, 0% at 10-25 min,
increase to 40% at 25-27 min, 40% at 27-50 min

Table 2-10. Analytical method conditions for compounds studied in Chapter 5
(Waters 600 pump and 717 autosampler system used)
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Mobile phase Flow rate uv
- ; Column®  wavelength

Compounds Acetonitrile Buffer2  (mL/min) (nm)
Antipyrine 40% 60% 0.4 C18 243
Cetirizine 50% 50% 0.5 C18 229
Chlorpromazine 50% 50% 0.5 C18 254
Cimetidine 60% 40% 0.3 CN 221
Desipramine 50% 50% 0.5 C18 252
Dexamethasone 50% 50% 0.5 C18 240
Diclofenac 60% 40% 0.5 C18 278
Furosemide 40% 60% 0.4 C18 229
Hydrochlorothiazide 40% 60% 0.4 C18 271
Ketoprofen 50% 50% 0.5 C18 254
Metoprolol 70% 30% 0.5 CN 223
Naproxen 50% 50% 0.5 C18 229
Piroxicam 50% 50% 0.5 C18 277
Propranolol 40% 60% 0.5 C18 229
Ranitidine 70% 30% 0.3 CN 227
Sildenafil 40% 60% 0.5 C18 222
Terbutaline 70% 30% 0.3 CN 278
Verapamil 40% 60% 0.5 C18 278

210 mM ammonium acetate, pH 4.1 (pH adjusted with glacial acetic acid)

b C18, Gemini C18 4.6 x 250 mm, 5 um particle size; CN, Luna CN 4.6 x 150 mm, 5 um particle size

Table 2-11. Analytical method conditions for compounds studied in vitro in
Chapter 6 (Waters 600 pump and 717 autosampler system used)

Mobile phase UV
Flow rate b
- Column wavelength
ACN Buffer? (mL/min) (nm)
Compounds
S$3-138 50% 50% 0.5 C18 309
HMKII-90 40% 60% 0.5 C18 277
HS-47 50% 50% 0.5 C18 303
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S3-68 50% 50% 0.5 C18

HMKI1-101 50% 50% 0.5 C18
HMKI11-17 40% 60% 0.5 C18
FS90-263 40% 60% 0.5 C18
DF030263 40% 60% 0.5 C18
HS3-77 40% 60% 0.5 C18
HMKI11-41 40% 60% 0.5 C18
HS3-72 40% 60% 0.5 C18

303

293

298

274

257

274

274

274

@10 mM ammonium acetate, pH 5.0 (pH adjusted with glacial acetic acid)

b C18, Gemini C18 4.6 x 250 mm, 5 um particle size

Table 2-12. Analytical method conditions for compounds studied in vivo in

Chapter 6 (Waters Alliance module used)

Mobile phase uv
Compounds FIOV\; rate oo 1umne wavelength
ACN MeOH  Buffer® (mL/min) (nm)
DF030263 30% 20% 50% 0.4 C18 256.5
HS3-77 30% 20% 50% 0.4 C18 274

210 mM ammonium acetate, pH 5.0 (pH adjusted with glacial acetic acid)

b C18, Gemini C18 4.6 x 250 mm, 5 um particle size

2.12. Animal experiments

2.12.1. Animals

The protocols for plasma pharmacokinetic and biodistribution experiments following

oral administration were reviewed and approved by the University of Nottingham
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Ethical Review Committee in accordance with the Animals [Scientific Procedures]
Act 1986. Male Sprague Dawley rats (Charles River Laboratories, UK) weighing 350-
380 g were used and were housed in the Bio Support Unit, University of Nottingham.
The procedures of continuous lymph collection and pharmacokinetic experiments
following cannulation of the caecum were performed under approved protocol by the
Institutional Animal Care and Use Committee at Rutgers, The State University of New
Jersey. Male Sprague Dawley rats (Envigo, Inc., NJ, USA) weighing 300-350 g were
used for experiments at Rutgers. Free access was given to food and water with
controlled temperature and 12 h light/dark cycle and the animals were acclimatised for

at least six days prior to any procedures at both institutions.

2.12.2. Pharmacokinetic study

Jugular vein cannulation surgery procedures were conducted under general anaesthesia
for blood sampling. The animals were allowed two days to recover following surgery
and were fasted up to 12 h prior to experiments with free access to drinking water. For
studies in Chapters 3 and 4, formulations were prepared at concentrations equivalent
to 2.5 mg/mL and 10 mg/mL of active drug for intravenous and oral administration,
respectively. PEG400 was used as the dosing vehicle for intravenous administration.
For oral administration, all prodrugs were administered as a solution in sesame oil to
stimulate intestinal lymphatic transport [64]. For oral administration of BEX and RA,
sesame oil was co-administered with BEX or RA formulated in PEG400 due to low
solubility of the two compounds in TG. Oral administration of BEX in the lipid-free
group was performed with PEG400. For studies in Chapter 6, the compounds were

formulated in PEG400:water (50:50, v/v) at concentrations of 2 and 4 mg/mL for

70



intravenous and oral administration, respectively. In all pharmacokinetic studies, the
formulations were administered by an oral gavage for oral administration or via the
jugular vein cannula followed by 0.3 mL heparinised saline (50 1U/mL) for
intravenous injection. Blood samples of 250 pL volume were collected from the
cannula at pre-determined time points following administration. NaF (10 mg/mL) was
used as an anticoagulant and inhibitor of esterase activity [103, 104] for prodrug
studies or KzEDTA (20 mM) was used when only an anticoagulant was needed. Blood

samples were centrifuged at 3000 g for 10 min to obtain plasma.

2.12.3. Biodistribution study

Formulations were prepared as described in Section 2.12.2 and were delivered by an
oral gavage. Animals were euthanised at pre-determined time points. Blood was
collected from the posterior vena cava and lymph samples were taken from the
mesenteric lymph duct. MLNs were dissected and collected as previously described
[63, 105]. The MLNs were isolated from surrounding tissue with care not to
compromise the integrity of the lymph nodes. The MLNs were homogenised
(POLYTRON® PT 10-35 GT, Kinematica AG, Luzern, Switzerland) with 10 mg/mL

NaF in water (1:2, w/v) on an ice bath prior to sample preparation for HPLC analysis.

2.12.4. Postprandial continuous lymph collection

Surgical and experimental procedures for lymph collection were performed as
previously described with minor modifications [106]. Peanut oil (2 mL) was orally

administered to the animals 1-2 h prior to surgery. The thoracic duct was cannulated
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and the cannula was exteriorised under the skin to the back of the neck under general
anaesthesia. The rats were allowed to recover for 24 h before collection and gel-based
food and water were provided during recovery and lymph collection. Postprandial

lymph was collected continuously through the extension tubing into a tube kept on ice.

2.12.5. Colonic administration

Colonic administration was performed with the formulation of 4 mg/mL DF030263 at
3 mL/kg delivered via the cannula inserted into the caecum in freely moving animals.
The formulation was infused using a syringe pump (PHD Ultra, Harvard Apparatus,
Holliston, MA, USA) at a constant rate for 1 h for colonic administration. Following
the administration, blood samples (250 pL) were collected from the jugular vein
cannula at pre-determined time points. Blood samples were centrifuged (3000 g, 10

min) and plasma samples were stored in -80 °C until analysis.

2.13. Statistical analyses

Data were presented as mean + standard deviation (SD) unless stated otherwise.
Assessment of statistical significance in differences between two groups was
conducted by two-tailed unpaired t-test. Statistical significance among three or more
groups was determined by a one-way ANOVA followed by Tukey’s multiple
comparisons test. Statistical significance was declared when a p-value was lower than
0.05. The analyses were performed on GraphPad Prism version 7.01 (GraphPad
Software, Inc., La Jolla, CA, USA). The concentrations that inhibited cell growth by

50% (Glso) were also calculated using GraphPad Prism. Pharmacokinetic parameters
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were calculated by non-compartmental analysis using Phoenix WinNonlin 6.3
software (Pharsight, Mountain View, CA, USA). Non-compartmental analysis was
applied because compartmental analysis was not uniformly applicable to all individual

data.
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3. DEVELOPMENT AND VALIDATION OF

SIMPLE AND SENSITIVE BIOANALYTICAL

METHOD FOR DETECTION OF

BEXAROTENE IN RAT PLASMA

This Chapter has been published in the literature as Lee JB, Zgair A, Kim TH, Kim
MG, Yoo SD, Fischer PM, Gershkovich P, Simple and sensitive HPLC-UV method
for determination of bexarotene in rat plasma, J Chromatogr B Analyt Technol Biomed

Life Sci. 2017 Jan 1;1040:73-80.

3.1. Introduction

In addition to the effectiveness of BEX in lymphoma, described in Section 1.2.3., it
also showed certain promise in non-small cell lung cancer [112-115]. Furthermore,
clinical trials are currently ongoing for efficacy in acute myeloid leukaemia [116, 117]
and other tumours such as aerodigestive tract cancer [118], breast cancer [119],

metastases of differentiated thyroid carcinoma [120] and keratoacanthomas [121].

In the past few years, additional attention was drawn to BEX as it was reported to have
neuroprotective effects [122, 123]. Preclinical studies have shown that BEX reverses
cognitive and neuronal impairments and improves neural circuit function with a
mechanism related to apolipoprotein E, therefore providing a new strategy for

treatment of Alzheimer’s disease [124, 125]. These results were followed by additional

74



studies which showed neuroprotective effects of BEX in Parkinson’s disease [126].
Although some debate on its effectiveness in neurodegenerative diseases still remains
[127, 128], a clinical trial of BEX in Alzheimer’s disease is ongoing and a clinical trial
in healthy volunteers to elucidate its neuroprotective mechanism is also being
conducted [123]. Other clinical trials investigating potential indications of BEX
include trials in chronic severe hand dermatitis [129], lymphomatoid papulosis [130],
psoriasis [131], alopecia areata [132], schizophrenia [133] and Cushing’s disease

[134].

In response to the extensive clinical research of BEX, interest in mechanistic
preclinical studies to explore its benefits in cancer and other diseases persists. Apart
from the already known anticancer effects such as inhibition of cell cycle progressions
and induction of apoptosis [135], studies have demonstrated that BEX induces
differentiation of cells, which can lead to treatment of cancer [136, 137]. It also
prevents multidrug resistance, which is a major problem in chemotherapies [138] and
other studies have shown that it has anticancer effects by inhibition of angiogenesis
and metastasis [139]. Preventive effects of BEX have also been elucidated in lung
cancer [140, 141], breast cancer [142] and intestinal cancer [143]. Other preclinical
studies include research in neurodegenerative diseases as previously mentioned [144,
145], and also research in cholesterol homeostasis [146, 147] and pharmacokinetic
studies to interpret relationships between exposure and effects [112]. Additionally,
recent pharmaceutical research of nano-crystalisation of BEX has been reported with
bioanalysis of plasma samples for pharmacokinetics [148, 149]. Unfortunately, these

studies have not included a validation of the analytical methods used.
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Previously published analytical methods for quantification of BEX in biological
matrices include an assay that involves HPLC with fluorescence detection [150]. This
method achieved good sensitivity with lower limit of quantification (LLOQ) of 0.5
ng/mL and has been applied to clinical pharmacokinetic studies. However, it is limited
by the fact that it requires a high volume of plasma (1 mL) to achieve this sensitivity.
This could be a major limitation for preclinical studies in rodents as sample volume is
usually substantially lower in these studies. Furthermore, the calibration curve of this
method was separated into a low-range and a high-range, and the two ranges utilised
different instruments for analysis. Additionally, there was no full validation of that
analytical method to meet the guidelines proposed by the US Food and Drug
Administration (FDA) [151]. Another published method employed gas
chromatography-mass spectrometry to achieve LLOQ of 1 ng/mL, but requires a
chemical derivatisation step which makes the method time-consuming, complicated
and expensive [152]. A more simple analytical method using HPLC-UV has been
reported but this study was focused on the metabolic pathway of BEX [153]. Therefore
it did not report specific details on the analytical procedure such as LLOQ,

quantification range, use of an internal standard and validation.

Therefore, the aim of this study was to develop a simple, sensitive and cost-efficient
bioanalytical method for determination of BEX in rat plasma, utilising low-volume
samples and a high-range calibration curve. The assay was developed using HPLC
coupled with ultra-violet (UV) detection and full validation of the method was

performed to meet the regulations of the FDA. The developed and validated method
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was applied to a pharmacokinetic study of intravenous bolus administration in rats.
The suitability of the method for mouse and human plasma was also assessed in this

study.

3.2. Scheme of work

Sample preparation and analytical conditions described in Table 2-4 and Table 2-8,
respectively, were applied in this chapter. Plasma pharmacokinetic study described in

Section 2.12.2. was performed and the scheme of work is shown in Figure 3-1.

4 )
Bioanalytical method

Sample
preparation

Application to
Method Method PP o
m pharmacokinetic
development validation
study

HPLC-UV
analysis

Figure 3-1. Schematic diagram of workflow for development, validation and
application of bioanalytical method for BEX in rat plasma.

3.3. Validation criteria

Full validation of the bioanalytical method was conducted in accordance with the

guideline established by the FDA [151].

3.3.1. Selectivity

The selectivity of the developed bioanalytical method was assessed by comparing the

chromatograms of plasma samples spiked with BEX (n = 6) at the LLOQ with the
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chromatograms of blank plasma samples. It was also assessed in plasma samples

obtained from the pharmacokinetic experiment in rats [151].

3.3.2. Accuracy and precision

Accuracy was the bias from nominal concentration and was expressed as relative error
(RE). Precision was the coefficient of variation and was expressed as relative standard
deviation (RSD). The intra-day accuracy and precision were validated by preparing
and analysing six replicates of quality control (QC) samples [LLOQ, low QC (LQC),
medium QC (MQC) and high QC (HQC)] on the same day. The inter-day accuracy
and precision were validated by preparing and analysing six replicates of QC samples
on six different days. The acceptable values for accuracy and precision were RE within
+15% and RSD <15%, respectively, with the exception of RE within +£20% and RSD

<20%, respectively, for the LLOQ.

3.3.3. Sensitivity

The LLOQ was determined as the lowest tested concentration of BEX in spiked plasma
that had acceptable accuracy and precision of RE within £20% and RSD <20%,

respectively, from intra-day and inter-day analyses [151].

3.3.4. Linearity

Calibration curves were constructed at the range of 10 — 10000 ng/mL as described

above with 10 ng/mL as LLOQ. A double blank sample (unspiked plasma) and a blank

78



sample (plasma spiked with IS solution only) were included in each calibration curve.
The peak ratio between BEX and the IS was plotted against nominal concentration to
obtain calibration curves. Calibration curves with correlation coefficient (r?) values of
>0.99 and accuracy of £15% (except for LLOQ where £20% was applied) were

considered to be acceptable.

3.3.5. Recovery

The recovery of BEX was determined by comparing the peak areas of processed
samples with peak areas of solutions of equivalent concentration in the reconstitution
solvent mixture [151]. It was expressed as the mean + SD from three concentrations
tested (LQC, MQC and HQC). The recovery of IS was determined in the same manner

at a concentration of 10 pg/mL.

3.3.6. Freeze and thaw stability

Three freeze-thaw cycles (freezing at -80 °C for 24 h and thawing at room temperature)
were applied to six replicates of QC samples (LQC, MQC and HQC). Following the
third freeze-thaw cycle the samples were processed and a freshly prepared set of

calibration curve was used for quantification.

3.3.7. Bench-top, short-term and long-term stability

Sample stability studies were performed with six replicates of QC samples (LQC,

MQC and HQC). Bench-top stability was assessed by preparing the QC samples and

79



storing them at room temperature for 6 h. The QC samples for short-term stability were
prepared and stored at -20 °C for 24 h. Long-term stability was tested by storing the
QC samples for 2, 4 and 8 weeks at -80 °C. After desired storage time, the samples
underwent sample preparation procedure as described in Section 2.3.2. Quantification

was performed using a calibration curve freshly prepared each time.

3.3.8. Autosampler stability

Six replicates of QC samples (LQC, MQC and HQC) were prepared and processed
according to the sample preparation procedure described above. These processed
samples were stored at 4 °C for 24 h to mimic the condition inside the autosampler of
HPLC-UV system. After 24 h, the analysis was performed and the samples were

quantified using a freshly prepared calibration curve.

3.3.9. Stock solution stability

Working standard solutions for QC samples were prepared at concentrations of 0.25,
4 and 80 pg/mL and were stored in room temperature for 6 h. These solutions were
then used to prepare six replicates of QC samples (LQC, MQC and HQC) and they
were submitted for sample preparation procedure. Calibration curve samples used for
quantification of these QC samples were prepared at the time of sample preparation

procedure.
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3.4. Results and discussion

3.4.1. Method development

As BEX is a weak acid (pKa = 4.08, predicted by ACD/Labs, Toronto, Canada), to
improve the extraction efficiency, the pH of plasma samples was modified using 0.1
M HCI following protein precipitation with acetonitrile. When 0.1 M HCI was not
added to plasma, major fraction of BEX stayed in the ionised form, resulting in poor
recovery. After acidification of the samples, BEX was easily extracted. Since BEX is
a highly lipophilic compound (Log P = 8.55, predicted by ACD/Labs, Toronto,
Canada), non-polar organic solvents were considered to be suitable for the extraction
step [40, 154, 155]. Extraction using n-hexane was attempted initially, but interestingly
addition of ethyl acetate, a relatively polar extraction solvent, improved recovery of
BEX. However, increasing the ratio of ethyl acetate further decreased the recovery and
finally n-hexane-ethyl acetate with the ratio of 10:1 (v/v) was selected as the extraction

solvent.

For the mobile phase mixture, water was initially tried as the aqueous component.
However, BEX was not efficiently retained in the C18 column as it had an ionised
form in water. Therefore 10 mM ammonium acetate buffer was used instead of water
and 10 mM of buffer was deemed to have sufficient buffer strength for concentrations
of BEX tested. The pH of the buffer was tested at a range of 4.0-5.5 and from the shift
of retention time, it was found that BEX was better retained at lower pH. The final pH
of the buffer (pH 4.1) and the composition ratio with acetonitrile were selected to

provide optimal selectivity and sensitivity.
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3.4.2. Method validation

3.4.2.1. Selectivity
The selectivity of the method was demonstrated as interference peaks from blank rat
plasma samples were effectively separated from the peak of BEX (Figure 3-2). It is
also shown in Figure 3-2D that endogenous peaks that originate from plasma of rats
used in pharmacokinetic experiments did not interfere with the peaks of interest.
Therefore the current method provides selective determination of BEX in rat plasma.
The inability of UV-based analytical methods in detecting metabolites can be a

limitation to the current study.
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Figure 3-2. Representative chromatograms from rat plasma. A, Rat plasma
spiked with 10 pg/mL of IS; B, rat plasma spiked with 10 ng/mL BEX and 10
pg/mL of IS (LLOQ sample); C, rat plasma spiked with 100 ng/mL BEX and 10
pg/mL of IS (calibration curve sample); D, rat plasma sample obtained in
pharmacokinetic study 1 h following intravenous bolus administration of 2.5
mg/kg BEX. All observed at A =259 nm.
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3.4.2.2. Accuracy and precision
Accuracy and precision, expressed as RE and RSD, respectively, for intra- and inter-
day validations are shown in Table 3-1. The values for all QC samples (LQC, MQC
and HQC) were within the acceptable range (RE within £15% and RSD <15%). The
values for LLOQ samples were also within the criteria (RE within £20% and RSD
<20%), indicating that the developed method was able to quantify BEX with

appropriate accuracy and precision [151].

Table 3-1. Intra- and inter-day validation results of the analytical method of BEX
in rat plasma using HPLC-UV (n = 6)

Intra-day Inter-day
Concentration Accuracy Precision Accuracy Precision
levels (RE, %) (RSD, %) (RE, %) (RSD, %)
|(-1|6?];?/m L) 4.67 6.10 -2.73 14.30
'(-z(g(;g L) 5.06 10.00 0.27 757
ZI(%Cng/mL) 7.57 3.00 -0.82 12.27
(';80% gL 7.93 3.50 0.54 9.63

LLOQ, lower limit of quantification; LQC, low quality control; MQC, medium quality control;
HQC, high quality control.

3.4.2.3. Sensitivity and linearity
As mentioned in the Section 3.4.2.2., the LLOQ samples had acceptable accuracy and
precision in intra- and inter-day validations and therefore 10 ng/mL was determined to
be the LLOQ for the developed method (Table 3-1). The linearity of the calibration
curves was established over a range of 10-10000 ng/mL as all the points within the

calibration curve, except LLOQ, were within the criteria of RE within £15% and RSD
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<15% and the correlation coefficient (r?) values were >0.99. The LLOQ of 10 ng/ml

Is sufficiently sensitive to support preclinical pharmacokinetic studies in rats.

3.4.2.4. Recovery
The absolute recoveries (mean £ SD) of BEX from rat plasma were 96.2 £ 0.6%, 97.2
+ 1.1%, and 96.0 + 2.8% for the LQC, MQC and HQC samples, respectively. Such
high recovery was reached by optimising the extraction solvent. The high recovery of
this method contributed to achieving good sensitivity. The recovery of the IS was 89.4

*+2.7%.

3.4.2.5. Stability
The stability of spiked rat plasma samples under different storage conditions is shown
in Table 3-2. The RE and RSD values were within acceptable limits for all conditions
tested. The bench-top stability and stock solution stability ensures that the samples and
stock solutions are stable during sample preparation procedures, respectively. Short-
and long-term stability results indicate that these samples can be stored under these
conditions without compromising the accuracy and precision. Samples that had
undergone freeze-thaw cycles have demonstrated that stability is not affected up to
three cycles. Also, autosampler stability indicates that processed samples can be stored
in the autosampler for up to 24 h. Although some stability data in human plasma
samples with BEX has been previously reported, it only included bench-top, freeze-
thaw cycles and autosampler stabilities [150]. To the best of our knowledge, the
present study is the first report of full validation in rat plasma, including all the stability

tests required by the FDA [151].
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Table 3-2. Stability results of rat plasma samples of BEX under various storage
conditions (n = 6)

Concentration
levels

Freeze-thaw

Benchtop Short term Autosampler stability (3
stability (25 °C, stability (-20 °C, stability (4 °C, c cleg
6 h, n=6) 24 h, n = 6) 24.h, n = 6) ycies,
n==6)
RE RSD RE RSD RE RSD RE RSD

(%6) (%)

(%) (%)

(%) (%)

(%) (%)

LQC

(25 ng/mL)
MQC

(400 ng/mL)
HQC

(8000 ng/mL)

0.14 7.05
7.81 4.84
7.58 6.07

-3.99 3.78
-2.41 10.46
-1.67 6.63

7.88 4.27
12.20 2.69
-5.83 5.75

-2.86 13.14
-1.83 12.17
-3.30 8.78

RE, relative error; RSD, relative standard deviation; LQC, low quality control; MQC, medium quality
control; HQC, high quality control.

Table 3-2. (continued)

Concentration
levels

. Long term Long term Long term
Sf;gfl‘i‘tso(';;'?g stability stability stability
6h 3:] = 6) ’ (-80 °C, (-80 °C, (-80 °C,
T 2 wks, n = 6) 4 wks, n = 6) 8 wks, n =6)
RE RSD RE RSD RE RSD RE RSD

(%) (%)

(%) (%)

(%) (%)

(%) (%)

LQC

(25 ng/mL)
MQC

(400 ng/mL)
HQC

(8000 ng/mL)

-4.14 4.08
-2.48 1.68
-8.53 11.56

-10.18 6.78
-13.94 5.72
-11.39 9.79

-8.21 4.07
-7.91 5.52
-1.65 6.54

-3.73 6.49
-8.32 2.64
-7.61 2.50

RE, relative error; RSD, relative standard deviation; LQC, low quality control; MQC, medium quality
control; HQC, high quality control.

3.4.3. Pharmacokinetic study in rats

The applicability of the analytical method was demonstrated in a pharmacokinetic

study in rats following IV bolus administration. The plasma concentration-time

profiles of BEX are shown in Figure 3-3 and pharmacokinetic parameters obtained by

non-compartmental analysis are shown in Table 3-3. The plasma concentration

profiles showed consistency across the animals (Figure 3-3) which is also reflected in

the variability of the obtained pharmacokinetic parameters (Table 3-3). The selectivity,
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sensitivity and range of the calibration curve of the developed method are sufficient to

be utilised in pharmacokinetic studies in rats.
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Figure 3-3. Plasma concentration-time profiles of BEX following intravenous
bolus administration at 2.5 mg/kg in rats (n = 3).

Table 3-3. Pharmacokinetic parameters of BEX obtained following intravenous
bolus administration of 2.5 mg/kg BEX in rats (n = 3)

Parameters Mean SD
AUC_ (h-ng/mL) 4631 453
AUCiqs (h-ng/mL) 4668 452
Co (ng/mL) 6219 1068
twz (h) 1.15 0.02
Vs (ML/kg) 734 104
CL (mL/h/kg) 539 55

AUC;q, area under the curve from time zero to infinity; AUCo-t, area under the curve from
time zero to the last sampling time point; Co, concentration extrapolated to time zero; t1,, half-
life; Vs, volume of distribution at steady state; CL, clearance.
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3.4.4. Assessment of the suitability of the analytical method to

human and mouse plasma.

Following the development and validation of the bioanalytical method for rat plasma,
it was further applied to human and mouse plasma to assess the potential suitability of
the methodology for studies in additional species. The same sample preparation
method was applied to both human and mouse plasma for the levels of LQC, MQC
and HQC. The validity was assessed by inter-day validation and the accuracy and
precision are shown in Table 3-4. Good selectivity was also exhibited by comparing
chromatograms of spiked samples and blank plasma samples for both human and
mouse plasma (Figures 3-4 and 3-5, respectively). The only remarkable point was that
for human plasma, an interference peak appeared at the retention time of IS (Figure 3-
4). The problem was solved by observing the IS peak at 220 nm for human plasma
only (Figure 3-4). These results show that the current method has good potential to be
utilised in studies involving both human subjects and mice. A bioanalytical method for

determination of BEX in mouse plasma has not been previously reported.

Table 3-4. Intra-day validation results of the analytical method of BEX in human
and mouse plasma using HPLC-UV (n = 6)

Human plasma Mouse plasma

Concentration Accuracy Precision Accuracy Precision
levels (RE, %) (RSD, %) (RE, %) (RSD, %)
LQC

(25 ng/mL) -2.67 8.52 5.59 7.08
MQC

(400 ng/mL) -1.69 13.04 10.75 5.87
HQC

(8000 ng/mL) -5.49 14.65 6.96 3.54

RE, relative error; RSD, relative standard deviation; LQC, low quality control; MQC, medium
quality control; HQC, high quality control.
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Figure 3-4. Representative chromatograms from human plasma. A, blank human
plasma observed at A = 259 nm; B, human plasma spiked with 400 ng/mL BEX
observed at A =259 nm (MQC sample); C, blank human plasma observed at A =
220 nm; D, human plasma spiked with 10 pg/mL of IS observed at A = 220 nm.
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Figure 3-5. Representative chromatograms from mouse plasma. A, blank mouse
plasma; B, mouse plasma spiked with 400 ng/mL BEX and 10 pg/mL of IS (MQC
sample). All observed at A =259 nm.
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3.5. Conclusion

The present study describes development and full validation of a simple, sensitive and
cost-efficient bioanalytical method using HPLC-UV for the determination of BEX in
rat plasma. This method utilises 100 pL. volume of samples to achieve LLOQ adequate
to support preclinical pharmacokinetic studies. A full validation of a bioanalytical
method for BEX in rat plasma is reported here for the first time. It was also shown that
the method can be applied to studies involving human subjects and mice. In the current
PhD project, this method was used for quantification of BEX and its prodrugs with

modifications when needed.
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4. INTESTINAL LYMPHATIC SYSTEM

TARGETING BY LIPOPHILIC PRODRUG

APPROACH

4.1. Introduction

Intestinal lymphatic system is an important organ of the immune system as it
accommodates more than half of the body’s lymphocytes [156, 157]. In addition, the
intestinal lymphatic system is important in pathophysiology of lymphomas, HIV
infection and metastasis of some solid tumours. Therefore, efficient targeting of drugs
to the intestinal lymphatic system has potential to improve treatment of lymphatic
system-associated cancers and cancer metastasis, as well as diseases such as

autoimmune disorders and HIV infections [29, 47, 48, 158-162].

Lipophilic prodrug approach has been employed in the past to take advantage of the
intestinal lymphatic transport of drug molecules that otherwise would not have the
necessary physicochemical properties (log P, log D74, polar surface area, number of
hydrogen donors, number of hydrogen acceptors, molar volume, freely rotatable bonds,
density) required for association with chylomicrons. However, previously suggested
approaches were mainly based on glyceride mimetic or very bulky prodrug moieties
[59, 62, 66, 159, 163]. It has been proposed, and there indeed seems to be a long-
standing belief, that simple ester prodrug approach would not be suitable for this
purpose because of its instability during absorption phase [59]. It should also be noted

that these previous studies were mainly to increase systemic exposure of the drug and
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not to specifically target the intestinal lymphatics for the pharmacological effects

within the lymphatic system.

Herein, however, a study where lipophilic prodrug approach was used to target BEX
and RA efficiently to the intestinal lymphatic system by activated ester prodrug
approach is reported. Drugs with a wide list of indications and mechanisms of action
could potentially benefit from targeting to the intestinal lymphatic system by the
proposed approach. However, this work was focused on targeting BEX and RA to
improve the treatment outcomes of non-Hodgkin’s lymphoma (NHL) in patients with
substantial involvement of mesenteric lymph nodes (MLN) in the disease. In this study,
25 prodrugs of BEX were synthesised and assessed, and the activated ester prodrug
has been shown as the most promising approach for targeting the intestinal lymphatic
system. This successful approach was further applied to RA. It is also shown that the
two drugs exert synergism towards treatment of the DLBCL at concentrations which
are realistically achievable in the lymph nodes when suggested targeting approach is

utilised.

4.2. Scheme of work

Chemical synthesis was performed according to Section 2.2. and in vitro/ex vivo
experiments were conducted as described in Sections from 2.3. to 2.6. Procedures for
in vivo studies followed methods of Sections from 2.12. Scheme of work is shown in

Figure 4-1.
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Figure 4-1. Schematic diagram of lipophilic prodrug approach for BEX and RA
to target the intestinal lymphatic system.

4.3. Results

4.3.1. Preparation of prodrugs of BEX

A total of 25 prodrugs of BEX were designed in silico to possess the necessary
physicochemical properties needed for association with CM and therefore high
potential for the intestinal lymphatic transport following oral administration [61, 164].
All prodrugs were then successfully synthesised and purified. The structures of the
prodrugs are shown in Figure 4-2 and physicochemical properties are listed in Table

4-1; characterisation of these molecules can be found in Appendix 1.
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Figure 4-2. Chemical structures of BEX and its prodrugs.
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Table 4-1. Physicochemical properties of BEX and its prodrugs

Polar Non-
. . Molar
surface H- terminal Density volume H-
area  Acceptors rotatable (g/cm?3) Donors
(A?) bonds

Log P

(cm3)

BEX 4.04 8.55 37.3 2 3 1.042 334.2 1
BME 7.67 7.67 26.3 2 4 1.007 359.6 0
BET 7.98 7.98 26.3 2 5 1.000 376.1 0
BPR 8.24 8.24 26.3 2 6 0.994 392.6 0
BBU 8.40 8.40 26.3 2 7 0.988 409.1 0
BIP 8.25 8.25 26.3 2 5 0.993 393 0
BIB 8.54 8.54 26.3 2 6 0.987 409.5 0
BDH 5.76 5.76 66.8 4 8 1.079 404.5 2
BHE 10.00 10.00 26.3 2 9 0.978 442.1 0
BOT 10.88 10.88 26.3 2 11 0.969 475.2 0
BUN 12.45 12.45 26.3 2 14 0.958 524.7 0
BOC 14.74 14.74 26.3 2 21 0.938 640.2 0
BOL 14.18 14.18 26.3 2 20 0.944 633.8 0
BTG 19.66 19.66 122.3 9 45 1.002 | 1011.3 0
B22 9.17 9.17 26.3 2 8 0.977 442.5 0
B24 9.13 9.13 26.3 2 6 1.043 420.3 0
B25 9.43 9.43 26.3 2 6 1.034 437.6 0
B26 8.91 8.91 26.3 2 7 0.982 426 0
B27 9.67 9.67 26.3 2 7 0.971 459.8 0
BGA1l 6.91 6.91 46.61 4 6 1.048 413.5 0
BGA2 K 7.69 46.61 4 8 1.033 446.5 0
BAE1 6.76 7.62 29.54 3 7 1.007 416.4 0
BAE2 7.18 8.77 29.54 3 9 0.984 483.2 0
CEVN  7.73 7.73 61.83 5 9 1.057 452.7 0
CEVPE  8.41 8.41 61.83 5 9 1.12 460.6 0
BCY 6.83 6.83 61.83 5 6 1.117 412.2 0

95



4.3.2. Association with lipoproteins

As shown in Figure 4-3, all prodrugs possessed higher associations than BEX with
artificial emulsion prepared from Intralipid® in vitro and with natural human CM ex
vivo (p <0.05), indicating improved potential to target the intestinal lymphatic system.
The affinity of tested compounds for the artificial emulsion and natural human CM did
not differ statistically for most prodrugs except for compounds BGA2 and BAE2. The
correlation between the in vitro and ex vivo assessments demonstrated an R? value of

0.694 (Figure 4-4).
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Figure 4-3. Association % of compounds with human chylomicron and artificial
emulsion prepared from Intralipid®, representing potential of intestinal
lymphatic system targetability. *, p<0.05; **, p<0.01 (mean + SD, n =5 or 6).
Association of BTG with artificial emulsion could not be measured due to
constraints in analytical methods.
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Figure 4-4. Correlation graph between association (%) of compounds with
human chylomicron and artificial emulsion prepared from Intralipid® (mean *
SD). Moderate correlation with coefficient of correlation (R?) of 0.694 was found
between the two test media.

4.3.3. Conversion of BEX prodrugs to BEX

The prodrugs were tested for their stability and convertibility in vitro to the active drug
(BEX) in rat plasma and FaSSIF with added esterase enzyme activity (Figure 4-5). In
this project, conversion of the prodrugs in the lymphatic system would be the most
desired information. However, due to practical limitations and high similarities of
plasma with lymph, plasma was selected as a surrogate test medium instead of lymph
fluid (detailed explanation can be found in Discussion section). All prodrugs had an
ester bond which can be cleaved by esterases to release BEX. The degradation of
prodrugs corresponded to generation of BEX and no other peaks were apparent in the
HPLC-UV chromatograms at wavelength of 259 nm, indicating direct
biotransformation of the prodrugs to BEX. Therefore, the half-lives shown in Figure

4-5 represent the stability and convertibility of the prodrugs to BEX. These half-lives
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were proportionally prolonged with the increase in the chain length or the bulkiness of
the prodrug moieties. Compounds BOT and B27 were converted to BEX in rat plasma
but not in the simulated intestinal fluid. Compounds BUN, BOL, BOC and BTG did
not degrade and they did not release BEX in either media. To test the chemical stability
of the prodrugs, compounds BET and BDH were representatively tested in FeSSIF and
FaSSIF without enzyme. BET was selected because it was the least stable in enzymatic
stability tests and BDH because it had —OH groups which other prodrugs did not

possess. As a result, they were found to be stable and half-lives were unobtainable.

100 7
Rat plasma - FaSSIF + esterase

[
=)

Half-life (h)

o
-

Figure 4-5. Half-lives of prodrugs in rat plasma and FaSSIF with added esterase
activity (20 1U/mL), representing their converting rate to BEX (mean £ SD, n =
3). Half-lives of BOT and B27 in FaSSIF + esterase were not obtainable because
no prodrug cleavage was observed.

Based on their relatively high affinity for CM, which represents high potential for
lymphatic system targetability, and short half-life in rat plasma, which represents rapid
enzymatic convertibility, BET and BCY were selected as the most promising prodrug
candidates for additional studies. Therefore, prodrug conversion was then studied in
further detail for compounds BET and BCY in an environment that would more closely
mimic in vivo situations (Figure 4-6). The compounds were associated with artificial
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emulsion prior to spiking the rat plasma, as it is the associated form of drug with
lipoproteins that would be delivered to the intestinal lymphatics. The conversion of the
prodrugs was significantly delayed when they were in the associated form (half-lives
increased 2.7- and 4.5-fold for BET and BCY, respectively). Control groups in which
the plasma was pre-treated with artificial emulsion prior to addition of prodrugs were
employed to determine whether this delay was caused by an interaction between the
artificial emulsion and enzymes in plasma. It can be seen that the delayed conversion
only occurs when prodrugs are associated with the artificial emulsion prior to being
introduced to the plasma. The conversion of BET and BCY was also tested in
postprandial lymph collected from rats. The half-lives in lymph were comparable to

those obtained in plasma in which the prodrugs were in lipoprotein-associated forms.
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Figure 4-6. Detailed bio-relevant assessment of stability of BET and BCY
mimicking various in vivo situations (mean + SD, n = 3). Bars in light orange
represent stability of prodrugs when they are spiked in the form of drug-
chylomicron (CM) complex as it would be the associated form that reaches
intestinal lymphatics. Bars in dark blue were tested to evaluate if the presence of
Intralipid® was inhibitory towards the enzymatic activity. Bars in light blue
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represent stability tested ex vivo with postprandial lymph where CM is present in
abundant amount. **, p<0.01.

4.3.4. TG solubility of BEX and its prodrugs

Accurate TG solubility results were obtained for BEX and BGAZ2, for which the
solubility was relatively low, at 1.77 £ 0.10 and 2.67 + 0.06 mg/mL, respectively
(mean £ SD, n = 3). BET, BCY and BTG were all soluble in sesame oil at
concentrations >10 mg/mL active drug (BEX), which was the concentration of
formulation used in in vivo studies. Further concentration escalation of these
compounds to determine the maximal solubility in TG would require excessive
amounts of material and therefore was not performed due to limited availability of the

synthesised compounds.

4.3.5. Plasma pharmacokinetics of BEX and selected prodrugs

BEX, BET, BCY and BTG were tested in vivo for pharmacokinetic profiles (Figure 4-
7 and Table 4-2). Selection of these prodrugs was based on the fact that BET had the
fastest conversion rate among first-generation prodrugs before the activated ester BCY
was synthesised and BTG is the TG mimetic prodrug commonly applied in prodrug
approaches targeting intestinal lymphatics. Figure 4-7A shows plasma
pharmacokinetic profiles following intravenous administration. Prodrugs were rapidly
converted to BEX in plasma and there was no statistically significant difference
between elimination half-lives (t12) of BEX following administration of BEX and the
prodrugs (Table 4-2). Figure 4-7B shows plasma concentration-time profiles of BEX

and BEX prodrugs following oral administration. Neither the plasma concentration-
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time profiles nor the pharmacokinetic parameters (Table 4-2) differed for BEX
between lipid-free and lipid-coadministered groups following oral administration. The
oral bioavailability values (Fora)) of BEX following administration of each prodrug
was calculated based on the intravenous administration profile obtained previously
[165]. The bioavailabilities did not differ significantly compared to administration of
BEX itself with lipid (p>0.05) (Table 4-2). For the compound BTG, only BEX was

detected while the intact form of BTG was not detected in plasma at any time point.
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Figure 4-7. In vivo pharmacokinetic profiles of BEX and their prodrugs. A, BEX
(2.5 mg/kg) and its prodrugs (equivalent to 2.5 mg/kg of BEX) following i.v.
administration in rats (mean £ SD, n = 3). B, BEX (10 mg/kg) and its prodrugs
(equivalent to 10 mg/kg of BEX) following oral administration in rats (mean *
SD, n =4 to 6). For both A and B, administered compounds are mentioned as the
title of each graph. Symbols represent the compound quantified and the medium
of samples, as specified in the legends below each graph. Concentrations in
plasma and lymph are presented in ng/mL. Concentrations in mesenteric lymph
nodes (MLN) are presented in ng/g.
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Figure 4-8. Maximum achievable concentration of BEX and its prodrugs in
plasma, lymph and mesenteric lymph nodes (MLN) following oral administration
in lipid-coadministration conditions in rats. Concentrations in plasma and lymph
are presented in ng/mL. Concentrations in MLN are presented in ng/g.

Table 4-2. Plasma pharmacokinetic parameters of BEX following administration
of BEX or its prodrugs by i.v. and p.o. administration (mean £ SD).

Compound dosed BEX BET BCY BTG
R
oy S5 S o e o e
oo S5 G s mL amoses s
ety B e M e 65w s
tue (h) 30£07 3712 tox 2t tox 2n% 2o
Foral (%)! 5% 306+95 o .o se Bt

! Calculated based on the AUC-¢ obtained following intravenous administration of BEX at 2.5 mg/kg
[165]. AUCins, area under the curve from time zero to infinity; AUCo-t, area under the curve from time
zero to the last sampling time point; Co, concentration extrapolated to time zero; Cmax, maximum

observed concentration; tiz, half-life; Fora, Oral bioavailability.
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4.3.6. Biodistribution of BEX and selected prodrugs to the

intestinal lymphatics

The biodistribution of BEX, BET, BCY and BTG was assessed in lymph collected
from the mesenteric lymph duct and in MLNs (Figure 4-7B). The two sampling time
points were considered as the most important for each compound in assessment of
lymphatic transport: Tmax observed in plasma and 1 h before Tmax. This was based on
our previous reports showing that the concentration of drugs in the intestinal
lymphatics could actually be higher prior to the Tmax Observed in plasma [63].
Concentrations of BEX prodrugs BET and BCY in lymph fluid were 50- to 130-fold
higher than those found in plasma, indicating substantial intestinal lymphatic transport
of the tested prodrugs. Similar to plasma results above intact BTG was not detected in

lymph and MLNSs.

The concentrations of active drug BEX in MLNs were substantially higher than those
found in plasma when BTG and BCY were administered (1.5- and 3.5-fold,
respectively). This MLN/plasma concentration gradient was not as high as that
exhibited by levels of prodrugs as seen in Figure 4-8 (6.8- to 49-fold). However, the
prodrug approach still resulted in efficient and targeted delivery of BEX to MLNSs. The
maximal observed concentration of BEX in MLNs following BEX, BET and BCY
administrations is depicted in Figure 4-9. Oral administration of BCY in condition
which facilitate lymphatic transport resulted in 17-fold higher concentration of BEX

in MLNs compared to administration of BEX itself at equivalent BEX dose.
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Figure 4-9. Maximal observed concentration of BEX achieved in mesenteric
lymph nodes (MLN) (ng/g) following oral administration of BEX, BET, BTG and
BCY (mean £ SD). **, p<0.01; ***, p<0.001.

4.3.7. Application of the prodrug approach to intestinal

lymphatic targeting of RA

The prodrug approaches which resulted in successful intestinal lymphatic transport of
BEX were applied to another drug, RA. Two lead candidates were synthesised: ethyl
ester, RAE and cyclic ester, RAC (Figure 4-10A). Both RAE and RAC showed
improved association with artificial emulsion and natural human CM compared with
RA (Figure 4-10B). The conversion rate of RAC to RA was faster than that of RAE,
which was consistent with BET and BCY prodrugs of BEX (Figure 4-10C), and
therefore RAC was selected as the lead RA prodrug for subsequent in vivo studies. RA
and RAC were tested in vivo for plasma pharmacokinetics and biodistribution to the
intestinal lymphatics following oral administration in conditions which facilitate

lymphatic transport (Figure 4-10D). The plasma concentration-time profiles of RAC
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resembled the profiles observed with BCY and the maximum concentration of RA
achieved in MLNs following administration of RAC was 2.4-fold higher compared to
administration of RA itself at equivalent dose (Figure 4-10E). On the other hand,
similar to the case of BEX and its prodrugs, the plasma AUCs of RA obtained
following administration of RA and RAC did not differ significantly (3313 + 1846 and

2541 £ 540 h-ng/mL, respectively, p>0.05).
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Figure 4-10. Application of the prodrug approach to RA (retinoic acid). A,
chemical structures of RA and its prodrugs; B, association with human
chylomicrons and artificial emulsion (mean = SD, n = 6); C, half-life in rat plasma
and fasted state simulated intestinal fluid (FaSSIF) with esterase (mean + SD, n
= 3); D, in vivo pharmacokinetic profiles in plasma and intestinal lymphatics
following oral administration of RA (10 mg/kg) or RAC (at equivalent to 10
mg/kg RA) in rats (mean = SD, n = 5 or 6); E, maximum concentration of RA
achieved in mesenteric lymph nodes (MLN) (ng/g) following oral administration
of RA and RAC (mean £ SD). *, p<0.05.

106



4.3.8. In vitro efficacy and synergism

The anticancer effects of BEX and RA were assessed by MTT assay using DLBCL
cell lines. The Glso of each drug was firstly determined in each cell line. Subsequently,
cells were co-treated with different doses of RA and a range of BEX concentrations in
order to obtain the Glso of BEX in the presence of RA. Cell growth was significantly
and synergistically inhibited by BEX in conjunction with RA at low doses in both cell
lines (0.625% x Glso of RA: 0.425 and 0.400 uM for DOHH2 and VAL, respectively),
which is shown by the shift in dose-response curves (Figure 4-11A). The effective
synergy in cell growth inhibition between the two drugs is shown as isobole plots
following a previously reported method [166] (Figure 4-11B). Synergy is
demonstrated by the Glso values of BEX in the presence of RA (orange dots) all of
which are significantly lower than the ‘expected’ concentrations equivalent to an
additive effect (blue line). Significantly reduced Glso values of BEX when RA is co-
administered also demonstrates improved potency and synergy of BEX and RA in

DLBCL (Figure 4-11C).
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Figure 4-11. Assessment of cell growth inhibition and synergism of BEX and RA
using MTT assay in DLBCL cell lines of DOHH2 and VAL. A, dose-response
curves showing cell growth inhibition of BEX in presence of various
concentration of RA; B, isobolograms indicating effective synergism between
BEX and RA. Blue lines represent expected effectiveness when the two drugs are
additive, where the y-intercept is Glsp of BEX and x-intercept is Glso of RA.
Orange dots represent Glso observed with synergism (mean £ SD); C, synergism
expressed by reduced Glsg of BEX in presence of RA. All MTT assay results
shown from 4 trials of n =6 (mean £ SD). *, p<0.05; **, p<0.01; ***, p<0.001.

4.4. Discussion

In this study, the lipophilic ester prodrug approach was applied to target drugs
selectively to the intestinal lymphatics. Systemic treatment usually struggles to deliver
sufficiently high concentration of drugs into the intestinal lymphatics where many
immune system-related diseases prevail [27, 58, 167, 168]. The concept underlying
the lipophilic prodrug approach for efficient and selective lymphatic targeting was to
take advantage of the physiological process of intestinal lymphatic absorption of

dietary lipids from the Gl tract. Lipophilic prodrugs of BEX had substantially higher
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association with CM compared with BEX. This was crucial for the current study as the
association of drugs with CM in the enterocytes is the key process that determines
whether lipophilic compounds can be delivered via the intestinal lymphatic transport
pathway or not. The difference between log P and log D7.4, therefore the ionisability
of compounds at pH 7.4, has been previously discussed as the most critical
physicochemical property affecting the affinity to CM [61]. The BEX prodrugs studied
in this study have their prodrug moieties attached to the carboxylic acid group of BEX
hence minimising the ionisability and resulting in significantly improved association

(Figure 4-1 and Table 4-1).

It should be noted that the lipophilic prodrug approach to target intestinal lymphatics
has been utilised in a limited number of previous studies [33]. However, much of the
previous research employed TG-mimetic or long-chain fatty acid prodrug moieties in
order to maximise lymphatic transport [59, 62, 66, 159, 163]. In the current work, TG-
mimetic and long-chain fatty acid prodrug moieties (BUN, BOC, BOL and BTG) were
also included which indeed resulted in high association with CM (Figure 4-3).
However, it was remarkable that prodrugs with short-chain prodrug moieties (BME,
BET and BPR) exhibited equally high affinity to CM, which indicated comparable
potential for selective delivery to the intestinal lymphatics. The association was also
tested with artificial emulsion (Intralipid®) which resulted in similar affinity as natural
CM for most compounds. Intralipid® is a lipid emulsion mostly consisting of TG, and
therefore the similarity in association suggests that the affinity to TG is the most
important factor in the association of compounds with CM. However, some

compounds showed significantly different association levels between artificial
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emulsion and natural human CM (Figure 4-3), which indicates that surface

apolipoproteins play a role in association with CM for at least some molecules [61].

Prodrugs need to release their active drug molecule in order to exert their
pharmacological effects. Since the main interest of this study is delivery of active drug
to the intestinal lymphatic system, it would be ideal to assess release of the active
moiety directly in intestinal lymph fluid for all prodrug candidates. However, there
are drawbacks to using the lymph fluid due to the practical limitations of lymph
volume which could be collected which would result in excessive number of animals
required and technical difficulties associated with lymphatic cannulation surgeries.
Therefore, the initial screening of all prodrugs was performed by means of stability in
plasma, while the most promising prodrugs were selected to assess their stability
directly in the postprandial lymph. Plasma has very similar properties to lymph fluid
with respect to enzymatic conversion of compounds. Although slightly lower protein
binding has been observed in lymph compared to plasma for some drugs, it is known
that the composition and levels of enzymes in the lymph fluid is similar to those in
blood [169, 170]. Therefore, rat plasma was chosen as a surrogate model to initially

screen candidate prodrugs for the enzymatic release of the active moiety.

The stability of the prodrugs tested using rat plasma showed that hydrolysis of the ester
bond was the main metabolic pathway. The decrease of prodrug concentration directly
corresponded to the increase of active drug (BEX) concentration and no other
metabolites of the prodrugs were observed in the chromatograms. A range of half-lives

were obtained from various prodrug moieties (Figure 4-5) which revealed structure-
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activity relationships: 1) the length and bulkiness of prodrugs correlated with
prolonged half-lives which was consistent with previous reports [171]; 2) comparison
between BET vs BIP, B24 and B25 showed that the methyl group at position 1 of the
prodrug moiety increased prodrug stability which is also consistent with previous

reports [126].

Prodrug conversion studied in FaSSIF with esterase represented degradation of the
prodrugs in the GI environment prior to absorption. Only esterase was added to the
FaSSIF because all prodrugs had ester bonds and the purpose of the experiment was
to assess the conversion of the prodrugs by the esterase in the GI environment (pH,
solubilising factors, absence of protein and temperature). An ideal prodrug for the
current study would be one that is stable in the Gl tract but readily releases the active
drug once it reaches the intestinal lymphatics. Therefore a prodrug with a long half-
life in FaSSIF with esterase and a short half-life in rat plasma would be preferred for
subsequent in vivo studies. That being said, it has been reported that a relatively short
half-life in GI fluids might not be always a significant issue in prodrug absorption
[172]. In addition, lipid-based formulations can hinder enzymatic reactions in the Gl
tract [173]. Therefore, BET was selected as the initial candidate prodrug for
subsequent in vivo studies as it was the most readily converting prodrug with relatively

high association with CM among the first generation of prodrugs.

The plasma pharmacokinetic profiles and biodistribution of BEX to MLNs following
oral administration of BEX itself were not affected by presence of lipids and the

concentrations in MLNs were lower than that in plasma (Figure 4-7B). This indicates
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that BEX itself had no intestinal lymphatic transport when it was administered orally
in conditions which facilitate lymphatic absorption. BET (a short-chain alkyl ester
prodrug) has significantly higher association with CM than BEX and therefore resulted
in substantially higher concentration in the intestinal lymphatics (MLNs and lymph)
compared to plasma. Successful targeting of BET to the intestinal lymphatics was
achieved: the obtained concentrations were 41- and 6.0-fold higher in lymph and
MLNSs, respectively, than in plasma. On the other hand, the concentration of BEX, the
active drug, was comparable between the three matrices of MLNs, lymph and plasma.
It was demonstrated that the affinity of BET with CM was sufficient to deliver
considerable concentrations of the prodrug to the lymphatics but the conversion rate

was not rapid enough to yield high concentrations of BEX in the lymphatic system.

BTG (a triglyceride mimetic prodrug) was also assessed for in vivo pharmacokinetics
and showed, comparable to BET, intestinal lymphatic targeting of BEX (Figure 4-7B).
The fact that intact BTG was not found in all in vivo samples is consistent with a
previous study which showed that TG-mimetic prodrugs are hydrolysed in the intestine
before absorption and subsequent re-synthesis occurs in the enterocytes to yield TG-
related molecules [159]. Conversion of BTG was not observed in rat plasma in vitro,
but still in vivo it yielded levels of BEX in the intestinal lymphatics comparable to that
in plasma (Figure 4-7B). This likely indicates that conversion of BTG to BEX would
rely on lipase enzymes in the intestinal lumen that can recognise it as TG, rather than
esterase-mediated release of BEX in plasma. The FaSSIF with added esterase activity
was not able to facilitate this enzymatic reaction because of the absence of specific
lipase enzymes. The lipase was not added in order to maintain simplicity of the
experimental setup.
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Following the in vivo results of BET and BTG, second generation activated ester
prodrugs of BEX were designed (BCY, BGAl, BGA2, BAE1, BAE2, BAML1 and
BAM2). The recognition sites for the enzymes are away from the main scaffold for
these prodrugs, thereby reducing steric hindrance of the enzymatic cleavage [174].
Examples of these enzymatic reactions are depicted in Figure 4-12. Indeed, most of
these molecules showed higher rates of release of active drug (BEX) compared to the
first generation prodrugs (Figure 4-5). Among these activated ester candidates, BCY
was selected to proceed to in vivo studies due to its high affinity for CM combined
with the large difference between half-lives in rat plasma and FaSSIF with esterase
(Figures 4-3 and 4-5). Although BGA2 was also considered as a possible candidate,

its low TG solubility precluded progress to in vivo studies.
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Figure 4-12. Examples of enzymatic hydrolysis of activated esters. Adapted with
permission of the publisher [174].

In vivo studies with BCY showed that it indeed released higher amounts of free BEX
in the lymph nodes compared to BET and BTG following intestinal lymphatic
transport of the prodrug. The concentration of BEX in MLNs was 3.1-fold higher than
that in plasma when BCY was administered (Figure 4-7B). The concentration of BEX
in MLNs achieved by administration of BCY was 17-fold higher than that achieved by
administration of BEX (Figure 4-8). It clearly demonstrated that enhanced release of
BEX from the activated ester prodrug significantly improved targeting of BEX to the
MLNSs. It should be emphasised that the MLNs are the physiological compartment of
interest as this is where the relevant cancerous cells reside, HIV hides and replicates,

and lymphadenopathy persists [27, 47, 49, 52, 54, 58, 63].

It was noted that there was apparent discrepancy between the release of BEX by the

prodrugs in rat plasma in vitro and intestinal lymphatics in vivo. In rat plasma in vitro,
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the half-lives of BET and BCY were 20 and 8 min, respectively, but contrary to this
rapid conversion, the release of BEX in the intestinal lymphatics in vivo seemed to be
slower. From the in vivo profiles (Figure 4-7), it is evident that the prodrug resides in
the intestinal lymphatics for >1 h, but the conversion to BEX was not at the level
observed in vitro (Figure 4-5). Therefore, it was thought that the release of BEX in the
intestinal lymphatic system in vivo was slower than the release in vitro in rat plasma.
It was hypothesised that association of the prodrugs with lipoproteins would hinder
their conversion, as the associated form would be passed on to the intestinal lymphatics.
It was indeed observed that lipoprotein-associated forms of the prodrugs exhibited
delayed conversion in plasma (Figure 4-6). The half-lives obtained in postprandial
lymph were prolonged similarly to the lipoprotein-associated forms in plasma, which
could be due to association of the prodrugs with the very high number of CM present
in the postprandial lymph. This was further confirmed by the TG measurements in
each test medium (Appendix 3). Taken together, it likely indicates that association
with CM delays enzymatic conversion of the prodrugs in the intestinal lymphatics in

vivo but does not prevent the release completely.

The activated ester prodrug approach was then applied to another active drug, RA. The
in vitro and ex vivo CM association results of ethyl ester, RAE, and cyclic ester, RAC,
confirmed that the trend of improved association was consistent with BEX prodrugs
(Figure 4-10B). Similar to BEX, RA also possesses a carboxylic acid group and
derivatisation of this group results in minimal ionisability of the compound. Therefore,
it can be proposed that the current prodrug approach could be applied to parent drug
molecules that possess carboxylic acid groups that can be easily masked and result in

minimal difference between log P and log D7.4.The activated cyclic ester prodrug was
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again found to release the active moiety (RA) more rapidly than the ethyl ester prodrug
(Figure 4-10C). The in vivo pharmacokinetics also showed similar profiles to BEX and
BCY as the concentration of RA in MLNs was 2.9-fold higher than that in plasma
(Figure 4-10D). The successful targeting of the prodrug to the intestinal lymphatics
and the release of RA resulted in 2.4-fold higher concentration of RA in MLNs
compared to when RA itself was administered orally (Figure 4-10E). This difference
was not as high as that achieved for BEX by BCY, and it is thought to be due to
relatively slow release of RA from the prodrug, even when the activated ester prodrug
moiety was applied. This can be seen from the difference of half-lives between BCY

and RAC (Figures 4-5 and 4-10).

In addition, the synergistic anticancer effects of BEX and RA were demonstrated in
DLBCL cell lines (Figure 4-11). BEX is a known specific agonist for retionid X
receptor (RXR) and all-trans RA is a specific agonist for the RA receptor (RAR) [175].
These receptors need to dimerise in order to exert their pharmacological effects and
RXR can hetero-dimerise with RAR or peroxisome proliferator-activated receptor
(PPAR) to regulate cell proliferation and differentiation [176]. Hetero-dimerisation
between RXR-PPAR leads to cell proliferation whereas RXR-RAR hetero-dimers can
evoke anti-proliferative effects and apoptosis [175]. The synergism between BEX and
RA has not been reported previously and herein, it is demonstrated that such synergism
between the two drugs exists. Therefore, delivering both BEX and RA efficiently and
selectively to the intestinal lymphatic system adopting an activated ester approach can
potentially result in better treatment for people affected by DLBCL, especially when

there is significant involvement of MLNs in the disease.
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In this study, specific and targeted delivery of drugs to the intestinal lymphatics
utilising the lipophilic prodrug approach is reported. It had been previously stated that
simple ester prodrugs would not be very efficient in enhancing intestinal lymphatic
transport [59]. Indeed, lymphatic transport of BEX and RA prodrugs did not alter the
overall bioavailability of the respective active drugs. However, the aim of the project
was to change the paradigm of targeting intestinal lymphatics from increasing
bioavailability to delivering high concentrations of the active drug to the intestinal
lymphatic compartments. For this purpose, the suitable prodrugs proved to be ones
that modify the physicochemical properties to increase the affinity to CM, while also
readily releasing the active drug upon reaching the lymphatics. This was effectively
accomplished by simple esterification, but required activated esters for enhanced
release of the active moiety within the intestinal lymphatic system. The lack of change
in the overall bioavailability of the active drug is in fact a substantial benefit for
anticancer agents, as increased systemic exposure could lead to increased toxicity and
side effects. It highlights the significance of BCY, since it increased exposure of the
MLNs to BEX by 17-fold while maintaining the overall systemic bioavailability. It
should be noted that in previous studies when TG mimetics or long chain fatty acids
were used as prodrug approaches to deliver the drug into the intestinal lymphatics, the
fold-increase in concentration achieved in MLNs was comparable to the BTG in this
study, and substantially lower than what has been achieved by the activated ester

approach (BCY) [159].
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4.5. Conclusion

This study reports an activated ester lipophilic prodrug approach to deliver efficiently
and selectively BEX and RA to the intestinal lymphatics. These two drugs have been
demonstrated to exert synergistic growth inhibitory effects in vitro if delivered
simultaneously. Prodrugs of a various range of physicochemical properties with
different chain lengths and bulkiness were synthesised and assessed for targeting the
active drug to the intestinal lymphatics. The findings indicate that commonly used
long-chain fatty acid prodrugs and TG mimetic prodrugs might not be the most
efficient in delivering the active drug to the intestinal lymphatic system. However, it
was found that activated esters which promote conversion are very efficient for the
purpose of delivery to and release of the active drug within the intestinal lymphatic
system. The approach of activated ester prodrugs could benefit patients affected by a
large number of pathological conditions with involvement of the intestinal lymphatics

in the disease.
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D. PERMEABILITY OF DRUGS:
QUANTITATIVE ANALYSIS OF LAB-TO-
LAB VARIABILITY IN CACO-2

PERMEABILITY ASSAYS

In the current PhD project, Caco-2 cell-based permeability assay was applied for
testing permeability and predicting oral absorption of drug candidates, which is to
follow in Chapter 6. During the establishment of the Caco-2 assay, it was noted that
lab-to-lab variability can be significant in the results from the assay and that it could
substantially affect prediction of oral absorption. Therefore, further research in this
lab-to-lab variability was conducted and it is described in this Chapter. This Chapter
has been published in the literature as Lee JB, Zgair A, Taha DA, Zang X, Kagan L,
Kim TH, Kim MG, Yun HY, Fischer PM, Gershkovich P, Quantitative analysis of lab-
to-lab variability in Caco-2 permeability assays, Eur J Pharm Biopharm. 2017 May;

114:38-42.

5.1. Introduction

The extent of gastro-intestinal absorption is one of the key properties for drugs
intended for oral administration [177-182]. Of many factors that govern intestinal
absorption of a compound, permeability is often tested in vitro by means of cell-based

assays such as the Caco-2 assay [94, 178-183]. While the Caco-2 assay is the gold
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standard for in vitro permeability assessment, interpretation of the results from such

assays needs careful attention due to high lab-to-lab variability [94, 182].

This variability can be attributed to factors such as cell passage number, cell culture
conditions, number of cells, cell monolayer integrity, etc., and can potentially mislead
decisions if permeability results from different laboratories are directly compared
[182]. The lab-to-lab variability itself is a known phenomenon in the field, but the
extent of variability and the consequences of direct comparison of results from
different laboratories have not been explicitly shown before. Therefore, the aim of this
study is to compare Caco-2 permeability results between different laboratories and to
evaluate potential implications of the direct use of permeability results from different

laboratories for predicting oral drug absorption.

5.2. Scheme of work

Permeability studies were performed as described in Section 2.7. In silico simulation
was conducted by procedures of Section 2.10.1. Scheme of work is shown in Figure

5-1.
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Figure 5-1. Schematic diagram of analysing lab-to-lab variability in Caco-2 assay
and investigating potential impact of the variability in prediction of oral
absorption.

5.3. Results and discussion

5.3.1. Permeability assay

The Papp values obtained from the permeability study in our laboratory are listed in
Table 5-1. Human Pet or Fa values plotted against Caco-2 Papp values from our
laboratory are shown in Figure 5-2. These trends in Figure 5-2 are in agreement with
previously reported results [177-180, 183]. However, substantial differences were
found across the datasets from different laboratories for absolute Papp values for each
individual compound (Table 5-1). This was demonstrated by the root mean square
error (RMSE) value, which was as high as 0.581 between the Papp values in our
laboratory and Irvine et al. In this particular case, the Papp of antipyrine was different
by as much as 13-fold. Therefore it is clear that Caco-2 permeability results (Papp)

should not be directly compared across different laboratories.
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Table 5-1. Pqpp values of training set compounds from our laboratory and six

different literature datasets

Apparent permeability coefficient (Pagp, x 10 cm/s)

Our Alsenz  Irvine Li Zhu  Skolnik  Kerns
Compounds laboratory etal® et al? etal* etal® et al® et al®
Antipyrine 11.32 54.3 150 35.7 28.2 - 12
Furosemide 0.25 0.31 0.14 1.3 0.12 1.29 0.086
Hydrochlorothiazide 0.37 0.42 0.92 15 0.51 1.81 0.75
Ketoprofen 10.53 24.36 93 34.7 - 18.49 20
Metoprolol 8.19 3177 140 33.2 23.7 17.74 2.3
Naproxen 12.71 53.07 - 33.8 39.5 31.07 28
Propranolol 11.28 47.2 110 39.4 41.9 21.29 3.3
Ranitidine 0.37 0.67 - 21 0.49 251 0.47
Terbutaline 0.27 171 0.41 0.8 0.38 2.38 -
Verapamil 9.67 44.67 - 45.7 - 22.68 24
RMSEP - 0480 0581 0459 0395 0.301 0.260

& Values from references [177-181, 183]

b Root mean square error between each set of Papp values and experimental results from

our laboratory
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Figure 5-2. Correlation between Caco-2 Papp values from experimental results (i.e.
our laboratory) and human Pess values from the literature (A) and human Fa
values from literature (B). Pesf values are from reference [183] and Fa values are
from references [177-180, 184-187].

5.3.2. Simulation of F;

In order to demonstrate the potential consequence of directly comparing Papp Values
across laboratories, Fa was simulated using GastroPlus™ for the application set
compounds (Table 5-2). It was thought that Fa is a more informative parameter than
Pett for drug discovery scientists of different disciplines and also Fa values are more
available in the literature compared to Pest values. The simulation was performed by

applying the Papp values obtained from our laboratory to permeability models
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calibrated with different datasets. The RMSE values were calculated to assess the
differences between the simulated Fa values and Fa values reported in the literature.
The RMSE for F, of the application set compounds simulated after calibration using
Papp Of the training set compounds from our laboratory was 0.128. When calibration
using Papp Of the training set compounds from other literature datasets were applied,
the RMSE values for F5 across all of the application set compounds were higher in all
except one case (0.119-0.275). This shows that Caco-2 Papp values cannot be related
across labs due to the high lab-to-lab variability. Based on these high RMSE values, it
can be seen that direct comparison of Caco-2 permeability results measured
experimentally to those reported by a different laboratory can mislead interpretation

and the subsequent predictions.

Table 5-2. Caco-2 Papp values and simulated Fa values of application set
compounds

Caco- Intestinal absorption (Fa, %0)
2 Papp - -
5 Our Alsenz Irvin Li Zhu  Skolnik Kerns Literature
(x10 labor- b eet et b b b c
Compounds cmis):  atoryb etal alb alb etal. etal. etal. values

Biopharmaceutics classification system class 1

Desipramine 8.55 100.0 98.2 88.7 95.8 98.8 97.8 100.0 100
Dexamethasone 4.14 99.7 94.9 88.6 88.4 97.0 85.0 99.8 100
Sildenafil 22.68 100.0 99.9 98.5 99.9 99.9 100.0 100.0 92
RMSE 0.046 0.055 0.100 0.084 0.049 0.099 0.046

Biopharmaceutics classification system class 2

Chlorpromazine 3.7 100.0 98.3 94.2 92.8 99.3 84.9 100.0 100
Diclofenac 13.28 100.0 99.8 98.3 99.7 99.9 99.9 100.0 100
Piroxicam 11.45 99.9 98.2 915 97.1 98.5 98.8 99.9 100
RMSE 0.001 0.014 0.060 0.045 0.009 0.087 0.001

Biopharmaceutics classification system class 3

Cetirizine 1.14 87.0 59.7 58.2 36.3 74.2 16.6 93.6 60
Cimetidine 0.95 41.3 12.2 12.3 6.3 211 2.8 60.0 60
Pravastatin 0.14 15.8 9.8 16.4 3.3 19.3 0.2 24.7 34
RMSE 0.217 0.309 0.293 0.382 0.254 0.458 0.201
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Overall RMSE* - 0.128 0.182 0.182 0.228 0.149 0.275 0.119

#Values experimentally obtained from current study

® GastroPlus™ simulated F. values based on user-defined permeability models established
using datasets from our laboratory, Alsenz et al, Irvine et al, Li et al, Zhu et al, Skolnik et al
and Kerns et al, respectively

¢ Experimental values of intestinal absorption in humans from references [177-180, 184-187]

9Root mean square error between each set of F, values and literature values

The RMSE values were further analysed according to biopharmaceutical classification
system (BCS) classes (Figure 5-3). BCS class 3 compounds showed higher RMSE
values than class 1 or 2, indicating that permeability-limited compounds can be more
sensitive to the lab-to-lab variability. Additionally, it should be stressed that Papp
values of known compounds (such as those in the training set) have to be evaluated
before any permeability assessment can be made from a particular experimental setting.
The literature dataset of Kerns et al. was an exception, where the RMSE was lower

(0.119) than for the experimental results obtained in our laboratory.
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Figure 5-3. Root mean square error (RMSE) for simulated Fa values of
application set compounds belonging to different BCS classes.
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5.4. Conclusion

In conclusion, Caco-2 cell permeability results for the same compounds can differ

substantially between different laboratories. The variability can be caused by multiple

factors regarding the experimental setup of the assay including passage numbers, cell

seeding density, monolayer formation period, TEER achieved and transport buffer

used. Specific experimental setup used in other laboratories are summarised in Table

5-3. These differences can be critical, especially when it comes to application of these

results, such as prediction of Fa. This study shows quantitative lab-to-lab variability of

Caco-2 permeability results and the potential consequences this can have in application

of these results in predicting intestinal absorption of drugs.

Table 5-3. Different experimental settings used in different laboratories for Caco-

2 permeability assays

Seeding Transport buffer
Passage density l]\c/lonola_yer TEER
number 4 ormation (Q-cm?) ;
(x 10 (days) Apical Basolateral
cells/cm?)
Our 51-54 375 21 280-500 HBSS + 10 mM HEPES, pH
laboratory 7.4
Alsenz 40 mM Bis-Tris/120 mM
etal 103-112 15625 ! i Tris-base buffer, pH 7.4
Irvine 31-42 63 21-25 5230 HBSS + 10 mM HEPES, pH
etal 7.4
L 32-70 6 21 300-540 DMEM
etal
Skolnik 23.37 ) 19-23 300-400 HBSS + 10 mM HEPES, pH
etal 7.4
Kerns HBSS + HBSS +
26-40 - 21-25 - HEPES, pH HEPES, pH
etal 6.0 70
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The Caco-2 permeability assay established in this Chapter was applied in subsequent
studies to predict oral absorption of drug candidates. When GastroPlus™ was used for
application of Caco-2 assay results, the calibration by Papp values of the training set

compounds in this Chapter was applied.
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6. PHARMACOKINETIC DEVELOPMENT

OF CDK9 INHIBITORS

6.1. Introduction

Oral delivery of chemotherapeutic candidates can often be limited by undesirable
pharmacokinetics such as low solubility, poor permeability and rapid clearance, which
are the most critical factors that govern the oral bioavailability of drugs [76, 184, 188-
191]. Preclinical in vivo pharmacokinetic evaluations without any specific information
on these parameters would result in excessive amount of time-consuming and
expensive experiments. Moreover, rational drug development approach utilising in
silico and in vitro assessments prior to in vivo experimentations will lead to more
ethical research, and substantially reduce the number of animals used in experiments
[20, 23]. This is an important issue, and rational drug development approach would
help compliance with current rigorous regulations of animal experiments and promote
implementation of the three Rs (replace, reduce and refine) in preclinical research

[192-195].

In many published studies, indeed only one or two in vitro biopharmaceutical
parameters were assessed before proceeding to in vivo evaluations [196-204].
However, if only one or two in vitro biopharmaceutical parameters are examined, it
can mislead the drug discovery processes as oral absorption is an interplay between
multiple factors [184, 188]. Therefore, comprehensive in vitro biopharmaceutical

evaluations of biopharmaceutical properties coupled with in silico simulation of the
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drug candidates is necessary to facilitate development of the most promising

candidates [23, 205].

In this study, a rational drug discovery approach involving an integrated in vitro and
in silico pharmacokinetic evaluation was applied to identify orally bioavailable CDK9
inhibitor candidates. CDKs belong to the serine threonine protein kinases family and
are related to regulation of cell cycle and transcription [85]. Deregulated CDKs play a
critical role in promoting tumour growth resulting in uncontrolled cell division, and
therefore CDKSs are potential therapeutic targets for cancer treatment [206, 207]. In
particular, CDK9 are involved in the regulation of RNA transcription and apoptosis
regulators [208]. Overexpression of CDK9 has been observed in CLL and the efficacy
of CDK9 inhibitors on primary CLL cells has been reported [82]. In this study, in vitro
biopharmaceutical properties of selected candidates were assessed and the results were
incorporated into in silico simulation. In vivo oral bioavailability assessment in rats
has also been performed to confirm the predictability of in vitro and in silico
assessments. Further studies were carried out to assess and to optimise the
biopharmaceutical properties of DF030263 in order to achieve efficient treatment of
CLL following oral administration of this compound. An in vitro-in vivo-in silico
approach was applied to provide adequate solution towards improvement of the oral
bioavailability. Biopharmaceutical optimisation approaches including controlled
release in the colon and postprandial conditions have also been assessed for DF030263

in this work in order to enhance systemic exposure of the compound.
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6.2. Scheme of work

In vitro biopharmaceutical assessments were performed as described in Sections from
2.7. to 2.9. In silico simulations were conducted following Sections from 2.10.2. to
2.10.4. Procedures for in vivo experiments were as detailed in Sections 2.12.2. and

2.12.5. Scheme of work is shown in Figure 6-1.
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Figure 6-1. Schematic diagram of pharmacokinetic development of CDK9
inhibitors

6.3. Results

6.3.1. In vitro biopharmaceutical evaluation of candidate CDK9
inhibitors

Total of 11 CDK®9 inhibitor candidate compounds selected based on their CDK9 K;

values and selectivity towards CDK9 compared to other off-target proteins were
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assessed for the permeability, solubility and liver microsomal stability (Figure 6-2).
The results from Caco-2 permeability assay are shown in Table 6-1. HS-47 showed
the highest permeability with the lowest efflux ratio. The apical-to-basolateral Papp
values for all compounds were lower than that of metoprolol (8.19 x 10 cm/s) in this
experimental setup [93], which is the reference standard compound for high
permeability recommended by the FDA [184]. Therefore none of the candidates were
considered as highly permeable. The levels of S3-138 were below the lowest level of

quantification (data not shown).
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Figure 6-2. Chemical structures of the candidate CDK®9 inhibitors.

Table 6-1. Caco-2 permeability results of CDK9 inhibitor candidates (mean + SD)

Molecular ~ CDK9 Pepp (10° cm/s) Efflux
Compounds weight Ki (nM)? Apical — Basolateral Basolateral — Apical ratio
S3-138 415.49 3 - - -
HMKI1-90 423.52 7 0.3+£0.0 14+04 4.49
HS-47 448.55 7 7.2+38 9.6+x14 1.33
S3-68 462.58 7 45+24 6.8+0.1 1.49
HMKI1-101 418.48 7.5 45+04 72+16 1.62
DF030263 435.59 10 25%0.2 146+0.5 5.71
HMKI11-41 394.45 16.5 02+0.1 147+28 68.73
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HS3-77 409.55 20 5615 8.1+0.2 1.46

HMKI11-17 405.44 21 0.2+0.0 174+1.0 98.09
HS3-72 413.53 27 5.6+1.2 7.7+0.2 1.38
FS90-263 450.55 35 02+0.1 44+1.1 23.98

2 Inhibitory constant obtained for CDK9. Adopted from results from Fischer lab,

University of Nottingham (unpublished)

Solubility results of the candidate CDK9 inhibitors are listed in Table 6-2. Most
compounds showed the highest solubility in FaSSGF. For all compounds, FeSSIF
resulted in higher solubility than FaSSIF. When solubility of S3-138 was tested in
DDW and FaSSIF, the concentration was below the lowest limit of quantification (50
nM). HS3-77 and HS3-72 were fully solubilised at the initial test concentration (200
KUM) in FaSSGF, and were subjected to additional assessment at test concentration of
500 uM with 50 mM in DMSO. Interestingly, they were fully solubilised at higher
concentration as well, but further concentration escalation was not feasible due to
limitation of solubility in DMSO. Therefore the results were expressed as >500 UM

for HS3-77 and HS3-72 in FaSSGF.

Table 6-2. Solubility of CDK9 inhibitor candidates in biorelevant media and
DDW (mean + SD)

Aqueous Solubility (uM)
Solubility FaSSGF FaSSIF FeSSIF
Compounds (uM) PH (pH 1.6) (pH 6.5) (pH 5.0)
S3-138 <50 nM 8.54 104.1+4.3 <50 nM 6.9+1.6
HMKI1-90 100.2+£ 2.7 8.75 63.5+3.7 81.3+1.6 1545+2.4
HS-47 14+0.8 8.44 179.9+8.9 48+0.6 425+23
S3-68 1.6+0.3 8.50 1625+ 15 7.7+£1.3 485+22
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HMKI1-101 3.0+0.6 8.55 0.06 +0.01 9.7+22 294+71

DF030263 88.3+44 8.60 154.7+10.4 109.8+2.8 1499+79
HMKI11-41 219+0.8 8.55 178.3+0.9 18.5+0.7 848+14
HS3-77 56.5+1.4 8.61 >500 pM 90.1+29 1635+ 1.1
HMKIII-17 6.3+04 8.51 163.6+8.9 9.0+0.1 273+14
HS3-72 834+13 8.58 >500 uM 1158+ 2.9 179.0+ 4.6
FS90-263 109.3+4.3 8.70 164.4+7.8 109.0+ 144 169.2+5.1

FaSSGF, fasted state simulated gastric fluid; FaSSIF, fasted state simulated intestinal fluid;
FeSSIF, fed state simulated intestinal fluid.

Metabolic stability results of the CDK9 inhibitor candidates obtained by means of
human and rat liver microsomes are shown in Table 6-3. HMKIII-17 was predicted to
be the least affected by the hepatic first-pass metabolism as this compound had the
highest Fr values in both species tested. Compounds S3-68 and HMKII-101 showed
very fast metabolism and therefore high CLint values, which resulted in CLy = Q as
predicted by the parallel-tube model in both tested species. Concerning the differences
between the two species, CLint was consistently higher in the rat but overall the F
values were comparable. HMKI1-90 showed the greatest difference in Fn between the
two species by 1.5- and 2.7-fold predicted by the well-stirred and parallel- tube models,

respectively.

Table 6-3. Liver microsomal metabolic stability of CDK9 inhibitor candidates in
human and rat liver microsomes (mean £ SD)

Human
Well-stirred model Parallel-tube model
Half-life CLint cL F oL

min mL/min/k h h h 0
compounds D muminkg @) (mUminkg) (%)
92.2 + 51.8+ 394 +

S3-138 241 19.6 £4.5 100+1.3 61 126+1.8 8.9
36.2 29.7 + 10.1

HMKI1-90 108 51.4+16.9 145+1.3 65 18.6 +1.3 65
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405 + 323+ 126+
HS-47 86 44.4 +10.6 140+1.0 48 181+11 54
79+ 0.0+
S3-68 72+06 242.6+19.7 191+01 20.7+£0.0
0.6 0.0
84+ 0.0+
HMKII-101 7.7+05 227.3+156 19.0+0.1 05 20.7+£0.0 00
439+ 343+ 147 +
DF030263 47 399+41 13.6+0.5 24 17.7+0.6 30
86.5+ 50.7 £ 378+
HMKII1-41 6.3 202+15 102+04 18 129+ 0.6 27
446 + 34.7 152+
HS3-77 28 39.1+£25 135+0.3 14 175+04 18
388.5 819+ 80.1+
HMKIII-17 785 46+1.0 3.7+0.6 31 41+0.8 37
31.7+ 274+ 71+
HS3-72 39 55.2+5.6 15.0+04 20 192+04 18
176+ 173+ 09+
FS90-263 15 99.0+8.5 171+0.2 19 205+0.1 0.3
@ Well-stirred model [100]: CLrn = Q - CLint/ (Q + CLin)
b Parallel-tube model [100]: CLy = Q - (1 — etCLiy/ Q)
Table 6-3. (continued)
Rat
Half- cL Well-stirred model Parallel-tube model
- int
life (mL/min/kg) Clan Fn ClLn Fh (%)
Compounds  (MiN) (mL/min/kg) (%) (mL/min/kg)
75.2 % 62.0 £ 541+
S3-138 171 34.4+£9.0 21.0+£3.2 59 254 +46 8.4
35.1+ 435+ 274+
HMKI1-90 71 72.8+14.6 31.2+27 50 40.1+£39 71
252+ 357+ 16.7 £
HS-47 48 100.6 +17.4 355+23 492 46.0+ 3.1 56
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5.6 £ 11.1+ 0.0+

S3-68 03 4447 + 26.5 49.1+0.3 06 55.2+0.0 0.0
3.2+ 6.6 + 0.0+

HMKII-101 04 785.9 + 109.4 515+04 0.8 55.2+0.0 0.0
35.7 + 442 + 28.3 +

DF030263 19 69.7 + 3.6 30.8+0.7 13 39.6+1.1 19
40.7 £ 475+ 331+

HMKII1-41 35 61.3+5.4 29.0+1.2 29 36.9+1.7 39
271+ 375+ 189 +

HS3-77 39 92.9+124 345+1.8 33 448+25 45
254.5 83.9+ 825+

HMKII1-17 +086 10.7+£3.7 8.9+26 48 9.7+3.1 56
15.6 + 25.1+ 6.3+

HS3-72 6.8 177.9+62.3 413144 79 51.7+4.0 79
11.8+ 20.8 + 2.2+

FS90-263 01 210.0+2.1 43.7+0.1 0.2 54.0+0.0 01

Rat
Well-stirred model Parallel-tube model
CLint CLn CLn
1 o) o)
Compounds (mL/min/kg) (mL/min/kg) Fn (%0) (mL/min/kg) Fn (%)

S3-138 34.4+9.0 21.0+3.2 62.0+5.9 254+ 4.6 54.1+8.4
HMKI11-90 72.8+14.6 31.2+27 435+5.0 40.1+3.9 274+7.1
HS-47 100.6 +17.4 355+23 35.7+42 46.0+3.1 16.7 £ 5.6

S3-68 4447 + 26.5 49.1+0.3 11.1+0.6 55.2+0.0 0.0+£0.0

HMKII-101 785.9 + 109.4 515+04 6.6 £0.8 55.2+0.0 0.0+£0.0
DF030263 69.7 + 3.6 30.8+0.7 442+13 39.6+1.1 28.3+1.9
HMKII1-41 61.3+5.4 29.0+1.2 475+22 369+1.7 33.1+3.2
HS3-77 929+124 345+1.8 375+33 448+25 18.9+45
HMKIII-17 10.7+3.7 8.9+26 83.9+438 9.7+3.1 82.5+5.6

HS3-72 177.9 +62.3 413+4.4 25.1+7.9 51.7+4.0 6.3+7.2

FS90-263 2100+ 2.1 43.7+0.1 20.8+0.2 54.0+0.0 22+0.1

@ Well-stirred model [100]: CLy = Q - CLint/ (Q + CLiny)
b Parallel-tube model [100]: CLy = Q - (1 — etClip/ Q)
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6.3.2. In silico simulation of pharmacokinetic properties

The results from the permeability, solubility and metabolic stability assays were
incorporated into GastroPlus™ for in silico simulation of pharmacokinetic properties
following oral administration (Table 6-4). The pH measured in DDW was also given
as input for simulation because the pH of the DDW might change as compound is
added to measure the solubility. Fraction absorbed in the Gl tract (F2), fraction passed
to the portal vein (Fpp) and oral bioavailability (Foral) Were given as the outputs of
simulation. S3-138 was excluded from simulation due to insufficient data available.
Solubilities of HS3-77 and HS3-72 in FaSSGF were used as predicted by GastroPlus™
because exact experimental values could not be determined. Out of the ten compounds
assessed, HS3-77, HS3-72 and DF030263 were predicted to have the highest oral

bioavailability in the rank order of HS3-77>HS3-72>DF030263.

Table 6-4. In silico simulation of pharmacokinetic properties of CDK9 inhibitor
candidates

Human Rat

Compounds  Fa (%) Fop (%) Foral (%0) Fa (%) Fop (%) Foral (%0)
HMKI1-90 24.32 24.28 19.32 16.58 13.57 11.07
HS-47 17.58 17.58 15.36 29.79 29.78 24.92
S3-68 10.97 10.97 6.27 18.15 18.14 9.99
HMKII-101  3.65 3.65 2.49 18.08 18.08 9.28
DF030263 73.55 73.54 64.61 59.05 58.68 51.31
HMKIII-41  1.59 1.51 1.46 0.67 0.61 0.58
HS3-77 99.92 99.92 93.14 99.33 99.32 90.02
HMKIII-17  0.79 0.79 0.78 0.35 0.35 0.34
HS3-72 99.96 99.96 88.64 99.65 99.65 80.51
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FS90-263 4.84 4.70 2.60 2.82 2.77 1.37

Fa, fraction absorbed; Fpy, fraction passed to the portal vein; F, bioavailability

6.3.3. In vivo evaluation of pharmacokinetics

In vivo pharmacokinetic experiments were carried out in rats in order to confirm
identification of orally bioavailable candidate CDKJ inhibitors. HS3-77 and HS3-72,
which had the highest predicted oral bioavailability by in silico simulation, were
initially tested in vivo for oral bioavailability. HS3-72 exhibited a suspected adverse
effect of behaviour change (most probably related to neurotoxicity) during preliminary
experiments (n = 2) immediately following intravenous administration of a lower dose
(1 mg/kg). Therefore the study with HS3-72 had to be immediately terminated and no
data have been generated. The plasma concentration-time profiles of HS3-77
following intravenous and oral administration are shown in Figure 6-3. HS3-77
showed rapid absorption following oral administration with Tmax of 1 h (Table 6-5).

HS3-77 was confirmed to be orally bioavailable with bioavailability of 42.7 + 2.6%.
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Figure 6-3. Plasma concentration-time profiles of HS3-77 following intravenous
and oral administration in rats (n = 3, mean = SD).

Table 6-5. Pharmacokinetic parameters of HS3-77 obtained from in vivo
pharmacokinetic experiments in rats

i.v. administration p.o. administration
Parameter Mean SD Mean SD
Dose (mg/kg) 2 - 12 -
ti2 (h) 1.58 0.03 2.36 1.18
Co or Cmax (Ng/mL) 804 45 255 62
Tmax (h) - - 1.00 0.00
AUC -t 803 101 1967 106
AUCo-int 832 108 2134 129
CL (mL/h/kg) 2428 298 - -
Vss (mL/kg) 4145 382 - -
Bioavailability (%) - - 42.7 2.6

tip, half-life; Co, concentration extrapolated to time zero; Cmax, maximum observed
concentration; Tmax, time of maximum observed concentration; AUCo-t, area under the curve
from time zero to the last sampling time point; AUCo_.in;, area under the curve from time zero
to infinity; CL, clearance; Vs, volume of distribution at steady state.
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6.3.4. Biopharmaceutical development of compound DF030263

6.3.4.1. In vivo oral bioavailability evaluation of DF030263
In vivo oral bioavailability of DF030263 was also evaluated in rats as it was the third-
ranked promising candidate from in silico simulations (Figure 6-4). The plasma
concentration-time profile obtained following oral administration showed a distinct
double-peak phenomenon, which was not apparent following intravenous
administration. The first peak appeared after rapid absorption of the compound at 0.5
h while the second peak followed a delayed absorption, appearing at 4 h. Although the
time between the two peaks varied for individual animals, this double-peak
phenomenon was observed in all rats tested for oral administration (n = 4), which
warranted further studies described below. The mean oral bioavailability of DF030263
was determined to be 23.8% and other pharmacokinetic parameters obtained from the

plasma concentration-time profiles are shown in Table 6-6.
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Figure 6-4. Above, mean plasma concentration-time profiles of DF030263 in
fasted rats following intravenous (2 mg/kg) and oral (12 mg/kg) administration
(n = 4, each group). Below, individual plasma concentration-time profiles of

DF030263 in 4 fasted rats following oral administration (12 mg/kg).

Table 6-6. Plasma pharmacokinetic parameters obtained from
pharmacokinetic experiments

Intravenous Oral administration at

administration fasted state
Parameters (n=14) (n=4)
Dose (mg/kg) 2 12
Co (ng/mL) 410.8 + 46.4 -
Cmax (ng/mL) - 149.9 £ 34.8
Tmax (h) - 4
CL (L/h/kg) 29+04 -
Vss (L/Kg) 99+1.1 -
AUCy_ (h-ng/mL) 673.1+98.1 960.9 + 231.2
Bioavailability (%6) - 23.8+5.7

in vivo

* Colonic administration was performed by infusion for 1 h through a cannula inserted to the

caecum.

** Significantly different compared to oral administration at fasted state (p <0.05).

Co, concentration extrapolated to time zero; Cmax, maximum concentration observed; T max,
time of maximum concentration observed; ti, elimination half-life; CL, clearance; Vs,
volume of distribution at steady state; AUC,_., area under the curve from time zero to the last

observed point.
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6.3.4.2. Deconvolution of plasma concentration-time profiles
Deconvolution of the plasma concentration-time profiles obtained from in vivo oral
bioavailability evaluation was performed in order to understand the absorption or input
function of DF030263 following oral administration. The results of cumulative input
or input rate vs time are shown in Figure 6-5. It can be seen from Figure 6-5A that the
absorption shows a biphasic input function; the first phase between 0-1 h and the
second phase between 2-6 h. This becomes more apparent in Figure 6-5B where two
peaks are shown from the input rate vs time graph. These results indicated possibility

of existence of two absorption windows for DF030263 along the Gl tract.
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Figure 6-5. Deconvolution results of plasma concentration-time profiles obtained
from oral bioavailability evaluation of DF030263. Connected lines represent
mean and dotted lines represent SD. A, cumulative input vs time; B, input rate vs
time; C, individual graphs for cumulative input vs time; D, individual graphs for
input rate vs time.

6.3.4.3. In vitro solubility tests
In vitro solubility tests were conducted with simulated fluids of FaSSGF, FaSSIF and
FeSSIF to provide information on solubilisation behaviour of DF030263 along the Gl
tract. The pH values of these simulated fluids are commonly used to represent the mean
pH found in the GI tract. However, different pH values are observed in different
segments of the GI tract in vivo [209-211]. Therefore, in this study, the pH of each
simulated fluid was adjusted to represent the pH range found in vivo and solubility of
DF030263 was tested at each pH level. In general, DF030263 showed higher solubility
in acidic environment (Figure 6-6). DF030263 exhibited pH-dependent solubility
especially in FaSSIF where the solubility decreased steeply when the pH increased
above 6.6. This indicated that there could be high probability of precipitation in
segments of Gl tract with higher pH levels. This pH-dependent decrease was less
apparent in FeSSIF. A limitation of this approach is that the modified pH might had
effects on other components of the simulated fluids. In this case, the changes in
solubility might be effects from the modified characteristics of the fluid by changes in
the other components and not so much the pH. To clarify whether the solubility is
purely pH-dependent, the solubility-pH profiles can be tested in buffers (without

phospholipids or bile acids) of different pH levels.
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Figure 6-6. Solubility of DF030263 in FaSSGF, FaSSIF and FeSSIF at various pH
(n = 3). FaSSGF, fasted state simulated gastric fluid; FaSSIF, fasted state
simulated intestinal fluid; FeSSIF, fed state simulated intestinal fluid.

6.3.4.4. In silico simulation of intestinal absorption
In silico simulation was performed to predict intestinal absorption of DF030263 in
vivo. GastroPlus™ utilises ACAT model for their intestinal absorption simulation
[212], which compartmentalises the GI tract into nine different compartments.
Therefore it was able to predict the fraction of the dose that will be absorbed at the
different compartments. The simulation results at both fasted and fed states of the rat
are shown in Figure 6-7. The results show that DF030263 is predicted to be firstly
absorbed at the proximal regions of the small intestine and then has an additional

absorption window in the caecum and colon.
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Figure 6-7. In silico simulation of intestinal absorption of DF030263 at each
compartment of the gastrointestinal tract. *Asc Colon, ascending colon; Amt Abs,
total amount absorbed in the gastrointestinal tract.

6.3.4.5. Colonic and postprandial administration of DF030263
Following the above results, colonic and postprandial administration of DF030263
were evaluated in order to improve oral bioavailability of DF030263. Colonic
administration was delivered by infusion through the cannula inserted to the caecum
for 1 h to mimic controlled release of the drug in the large intestine. Postprandial oral
gavage administration was performed on rats that had free access to food and water
throughout the experiment. The double-peak phenomenon observed after
administration by oral gavage at fasted state was not seen in the case of postprandial
administration or colonic delivery (Figure 6-8). Colonic administration resulted in
rapid absorption (Tmax = 1.5 h) but no improvement in bioavailability was noted (Table
6-7). On the other hand, oral administration at fed state resulted in significantly higher

Cmax and bioavailability compared to fasted state.
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Figure 6-8. Mean plasma concentration-time profiles of DF030263 in rats
following oral administration at fed state (12 mg/kg, n = 6) and colonic
administration (12 mg/kg, n = 3).

Table 6-7. Plasma pharmacokinetic parameters obtained from in vivo
pharmacokinetic experiments for fed state and colonic administration

Oral administration at fed Colonic administration

state
Parameters (n=6) (n=3)*
Dose (mg/kg) 12 12
Co (ng/mL) - -
Cmax (ng/mL) 346.6 + 50.3** 302.2+37.1
Tmax (h) 7 15
CL (L/h/kg) - -
Vss (L/kg) - -

145



AUCy-¢ (h-ng/mL) 2570.2 £ 382.4** 978.9+143.8

Bioavailability (%6) 63.6 + 9.5%* 24.2+36

* Colonic administration was performed by infusion for 1 h through a cannula inserted to the
caecum.

** Significantly different compared to oral administration at fasted state (p <0.05).

Co, concentration extrapolated to time zero; Cmax, maximum concentration observed; T max,
time of maximum concentration observed; ti,, elimination half-life; CL, clearance; Vs,
volume of distribution at steady state; AUC,_., area under the curve from time zero to the last
observed point.

6.4. Discussion

6.4.1. Rational drug development approach utilising in vitro-in

silico-in vivo pharmacokinetic evaluations

Eleven CDKO inhibitor candidates, selected based on their in vitro efficacy and
selectivity to the CDKO9, were studied for their pharmacokinetic properties using a
rational early drug development approach. In vitro biopharmaceutics was evaluated in
terms of permeability, solubility and metabolic stability and in silico simulation was
performed using GastroPlus™ to integrate the results from in vitro studies. Finally, in
vivo pharmacokinetic experiments were performed to confirm the identification of an
orally bioavailable CDK9 inhibitor candidate. This study shows a demonstration of a
rational drug discovery approach utilising in vitro and in silico pharmacokinetic
evaluations prior to in vivo studies in order to efficiently identify orally bioavailable

drug candidates.

While none of the compounds could be classified as highly permeable, HMKI1-90,

DF030263, HMKIII-41, HMKIII-17 and FS90-263 demonstrated efflux ratio>2
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(Table 6-1) in Caco-2 cells permeability experiments, which indicates that they could
be substrates for the efflux transporters, such as p-glycoprotein [213, 214]. This could
be potentially important, as these candidate compounds are intended for treatment of
cancer, where substrates for such efflux transporters can be limited by multi-drug
resistance developed by the cancerous cells [215-217]. In a previous study, primary
samples from CLL patients also showed correlation between expression of p-
glycoprotein and multi-drug resistance, which could be a possible concern for these

compounds [217].

For most compounds, solubility was enhanced in acidic environment of FaSSGF (pH
1.6), owing to their weakly basic chemical properties (Table 6-2). All compounds
showed higher solubility in FeSSIF than in FaSSIF which indicates that solubilisation
of the compounds would be improved at fed state. The contents of GI lumen at fed
state is different from the fasted state mainly in levels of phospholipids and bile acids,
which leads to change in the pH, buffer capacity and surface tension of intestinal fluids

[96, 218].

In the metabolic stability assay, it is generally considered that compounds with Fr<30%
are highly susceptible for extensive hepatic first-pass metabolism [102, 219].
Therefore, all the compounds except S3-138, HMKIII-4land HMKIII-17 were
predicted to be highly influenced by the hepatic first-pass metabolism during the oral

absorption process (Table 6-3).
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The results of the in vitro biopharmaceutical evaluations were incorporated into
GastroPlus™ and in silico simulation was performed to predict the pharmacokinetics
in humans and rats following oral administration (Table 6-4). The properties of
permeability, solubility and metabolic stability of the compounds are considered to be
the most critical characteristics affecting the oral bioavailability [184, 188-191].
GastroPlus™ software was used as a tool that compiles the factors which could affect
oral bioavailability and provide reasonable pharmacokinetic prediction [92, 220-223].
From the simulation results, it was predicted that compounds of HS3-77, HS3-72 and

DF030263 compounds would have oral bioavailability of >50%.

To confirm that an orally bioavailable CDKJ inhibitor candidate was identified, in vivo
pharmacokinetic experiments were performed with the most promising candidates
(Figure 6-3 and Table 6-5). The mean oral bioavailability of HS3-77 was 42.7% which
was not as high as predicted by the in silico simulation (90.0%). This indicated that
there could be additional factors to permeability, solubility and metabolic stability that
govern oral bioavailability which were overlooked in this study. Such factors could
include formulation effect or precipitation rate of the compounds. Another reason
could be that the models used in GastroPlus™ have not been validated. Additionally,
more advanced techniques could have been applied for in vitro biopharmaceutical
screening to improve the relevant in vitro-in vivo correlation (discussed further in

Chapter 7).

Overall structure-property relationship analysis of the candidate CDK?9 inhibitors is

summarised in Figure 6-9. Substitution of the bicyclic ring group of DF030263 with a
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methyl piperazine group increased permeability and solubility in FaSSGF (Panel A).
Substitution of the N,4-dimethylthiazol-2-amine group of HS3-77 with a 2-
methylimidazo[1,2-a]pyridine group resulted in comparable permeability and
solubility but decreased metabolic stability (Panel B). To note, this substitution also
caused acute toxicity. The methyl piperazine group of HS3-72 substituted with a
sulfonamide group increased metabolic stability by removing a metabolically labile
group but dramatically reduced permeability (Panel C). Addition of a cyanide group
to HMKIII-41 also increased the metabolic stability but decreased solubility in all
fluids (Panel D). This was unexpected as a cyanide group should increase the polarity
of a compound and one could expect improved solubility from this substitution. When
a methyl group was added to HMKII1I-17, permeability was increased but the methyl
group showed high liability for metabolic clearance (Panel E). The N,4-
dimethylthiazol-2-amine group of DF030263 was substituted with a 2-
methylimidazo[1,2-a]pyridine group and a cyanide group was added to DF030263.
These structural changes resulted in decreased metabolic stability as seen with HS3-
77 and HS3-72 and decreased permeability as seen with HMKII1-41 and HMKIII-17
(Panel F). Substitution of the bicyclic ring group of FS90-263 with a homopiperazine
group increased metabolic stability but elimination of a tertiary amine resulted in
decreased solubility in FaSSGF (Panel G). Substitution of the 7-membered ring group
of S3-68 with a 6-membered ring group resulted in increased metabolic stability with
comparable permeability and solubility; the cyanide group and the sulfonamide group
of S3-138 resulted in minimal permeability and solubility (Panel G). Only statistically
significant increase or decrease (p<0.05) are mentioned in the above structure-property

relationship analysis.
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Figure 6-9. Structure-property relationship of the candidate CDK®9 inhibitors.

Literature search shows that there are a number of studies in which in vivo
pharmacokinetic screening was performed without any in vitro biopharmaceutical
evaluations during identification of orally bioavailable therapeutic candidates [224-
228]. Not only would this approach have been costly and time consuming, but also
would result in sub-optimal implementation of the three Rs in preclinical research
[194]. In addition, when some compounds did not show favourable pharmacokinetics
in vivo, specific reasons behind these results could not be identified and therefore
direction for design of additional candidates could not be derived efficiently. There are
even some studies where a single lead candidate was selected for in vivo oral
bioavailability experiments relying on in vitro efficacy profiles only [229, 230]. In

these cases, candidates that are overall more promising might have been neglected
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because optimisation of treatment should be a combination of pharmacokinetics and

pharmacodynamics.

Moreover, many studies only applied one or two in vitro biopharmaceutical
assessments before conducting in vivo pharmacokinetic studies [196-204]. However,
oral bioavailability is a result of interplay between several factors; mainly solubility,
permeability and metabolic stability [184, 188]. This is demonstrated in this current
study where the bioavailable compound HS3-77 was not the most soluble, most
permeable, or most metabolically stable compound from the list. It should be stressed,
that if the candidates were chosen based on metabolic stability alone, as done in many
other studies [198-204], HS3-77 would have been one of the least compounds to test
in vivo pharmacokinetics. It has also been demonstrated in this study that chemical
modification for optimisation of a single biopharmaceutical parameter might not result
in improvement of the oral bioavailability, especially as it might affect other properties.
This is exemplified by Panel C in Figure 6-9 where efforts to increase metabolic
stability decreased permeability and therefore overall predicted bioavailability was

reduced by 61-fold.

On the other hand, some studies actually had comprehensive evaluations of in vitro
biopharmaceutical properties prior to in vivo experiments [231, 232]. However, the
rationale behind the selection of candidates for in vivo experiments in these studies
was often obscure and unexplained. Therefore there is a need for a justified approach
to the integration of various in vitro biopharmaceutical parameters and utilisation of

them in promoting the most desirable candidates. In this study, in silico simulation
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using GastroPlus™ was utilised as a platform that can integrate the in vitro evaluation
results. Such in silico simulation would be useful to give a rank-order of compounds

and select those to be prioritised for further development.

6.4.2. Biopharmaceutical development of compound DF030263

6.4.2.1. In vivo oral bioavailability evaluation and the double-peak

phenomenon
Following in vivo pharmacokinetic evaluation of compounds HS3-77 and HS3-72,
DF030263 was also assessed in vivo as it was the third-ranked in predicted
bioavailability and it has remarkable activity towards CDKO. In the initial in vivo oral
bioavailability evaluation, DF030263 showed mean oral bioavailability of 23.8%.
Interestingly, a distinct double-peak phenomenon was observed and it only appeared
after oral administration of DF030263 (Figure 6-4). Similar double-peak phenomenon
following oral administration has been reported for a number of drugs including
acetaminophen [233], alprazolam [234], cimetidine [235], epinastine [236],
furosemide [237], pafenolol [238], ranitidine [239] and veralipride [240]. This
phenomenon is usually attributed to the following three main causes [234, 239, 241-
244]: 1) enterohepatic recirculation where the drug in the systemic circulation is
secreted via bile and reabsorbed from the Gl tract; 2) variable absorption properties
along the GI tract (also called “absorption windows”); 3) gastric emptying time is
varied depending on motility of the Gl tract, gastric pH or the lipidic formulation effect.
In all cases, this erratic pattern of absorption can potentially be problematic for CDK9
inhibitors as relatively narrow therapeutic window is known to be one of their

potential drawbacks [245].
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In the case of DF030263 compound, enterohepatic recirculation was excluded from
the possible reasons because the plasma concentration-time profile following
intravenous administration did not show a double peak. Variance in gastric emptying
time was also unlikely to be the reason because the time between the two peaks was
as long as 3-6.5 h. Moreover, all four rats orally administered at fasted state displayed
double-peaks. Therefore, absorption window of DF030263 in the Gl tract was thought
to be discontinuous and further studies were conducted to elaborate the two-site

absorption windows hypothesis.

6.4.2.2. Two-site absorption windows hypothesis
Deconvolution of the plasma concentration-time profiles were conducted to elucidate
absorption rate over time for DF030263 following oral administration. Deconvolution
represents a mathematical process that can inversely uncover the input function when
the oral administration profile is known and drug disposition characteristics are
defined by the intravenous administration profile [246]. This allows determination of
the absorption characteristics which can often be challenging to measure or quantify
in situ [247]. As shown in Figure 6-5, the absorption function of DF030263 exhibited

a biphasic process which leads to the two-site absorption.

The two-site absorption windows hypothesis was further supported with the results of
the in silico simulation using GastroPlus™. The built-in ACAT and generic
physiologically-based pharmacokinetic models in the software provide effective

predictions of pharmacokinetic profiles in preclinical species and humans [248-251].
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In this study, intestinal absorption of DF030263 in different compartments of the rat
Gl tract was predicted. The simulation results predicted clear discontinuation of
absorption in the distal region of the small intestine and a second absorption window
in the large intestine (Figure 6-7). Additionally, the secondary absorption phase
following oral administration also corresponded to the oral-to-caecal transit time in
rats (2-3 h) [238, 252]. This corroborated the assumption that a second absorption
window exists in the large intestine. Such site-specific absorption of drugs is known
to occur due to properties related to solubility, stability or interaction with luminal

contents [253].

The luminal pH levels can differ in different segments of the Gl tract and therefore in
vitro solubility tests were carried out in a range of pH using simulated biorelevant
media of FaSSGF, FaSSIF and FeSSIF. The solubility of DF030263 was maintained
at the highest levels in the acidic environment of FaSSGF and the lower pH ranges of
FaSSIF and FeSSIF (Figure 6-6). This is explained by the fact that DF030263 is a
weak base with a pK, of 10.7 (predicted by ACD/Labs, Toronto, Canada) and therefore
would be solubilised more efficiently in such acidic environment. When the pH level
was increased above 6.6, DF030263 showed pH-dependent solubility with decreasing
solubility especially in the FaSSIF. This suggested that DF030263 could be
precipitating in the regions of the GI tract where the pH is relatively high, such as the
distal small intestine. The luminal pH in the rat small intestine increases as it reaches
the distal region; from pH 6.5 in the duodenum to 7.1 in the ileum [209]. This
possibility of precipitation in the small intestine with higher pH has been
acknowledged especially for weakly basic compounds and it has been put forward as

a critical drug development obstacle, significantly limiting the oral bioavailability of
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these compounds [218]. The luminal pH drops again when it reaches the colon to 6.6
[209], which can provide opportunity for DF030263 to resolubilise and be available
for absorption again. The pH-dependent solubility was therefore thought to be the main
reason behind the two-site absorption windows. Since humans have a similar luminal
pH levels pattern to rats, this phenomenon is likely to occur in humans as well [211,

254].

6.4.2.3. Exploitation of the two-site absorption windows
In order to improve the oral bioavailability of DF030263, the pH-dependent solubility
and potential precipitation in the distal region of the small intestine had to be mitigated.
Colonic administration mimicking controlled release of DF030263 in the large
intestine and postprandial oral administration were tested for this purpose.
Deconvolution and in silico simulation of the intestinal absorption both indicated a
second absorption window in the large intestine. Additionally, when partial AUC is
calculated for the oral administration profile at fasted state, the window between 2-12
h accounts for 86% of the total AUC. With all the above-mentioned factors, colonic

administration was thought to possibly improve the bioavailability of DF030263.

Colonic administration was performed via a cannula inserted into the caecum and
DF030263 solubilised in the dosing vehicle was infused for 1 h. Therefore it would
not pass through the distal region of the small intestine where the pH is relatively
higher and the solubility of DF030263 is lower. Consequently, potential loss in
absorption of DF030263 due to the precipitation-resolubilisation process can be

avoided.
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As shown in Figure 6-8, colonic administration resulted in rapid absorption and only
single peaks were observed in all rats tested. This is consistent with a previous study
where pafenolol, which had double-peak following oral administration, showed a
single peak when administered through an intraintestinal cannula to target a specific
absorption window in the GI tract [238]. In spite of the single peak, colonic delivery
did not improve the bioavailability of DF030263, but it was rather comparable to the
oral administration at fasted state (Table 6-6). As a result, it was confirmed that the
large intestine is indeed an absorption window but oral bioavailability cannot be
improved by controlled release to this site. It is likely that the amount of dose that can
be absorbed from the large intestine has been already absorbed from simple oral

administration.

Postprandial oral administration was also tested mainly based on the premise that
solubility is enhanced in fed conditions. The in vitro solubility results in Figure 6-6
clearly show that in FeSSIF, the solubility was higher and was less dependent on the
change of pH. The presence of food in the Gl tract modifies the luminal contents which
leads to changes in pH, buffer capacity and surface tension thereby affecting
solubilisation of drugs [218]. Therefore less precipitation of drugs can be anticipated
at fed state especially for weak bases with poor solubility [218] which means that more
drug can be available for absorption. Also an important food-effect is the delay in
gastric emptying which alters the Gl transit time [253]. This delay can allow the drug
to reside longer time at the first absorption window which is the proximal region of

the small intestine.
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The plasma concentration-time profile following postprandial oral administration
showed a single-peak with substantially improved bioavailability (Figure 6-8 and
Table 6-6). Avoidance of the double-peak phenomenon by the food-effect has been
previously reported [244, 252] but did not necessarily relate to increase in
bioavailability. In the case of DF030263, higher solubility, less precipitation and
prolonged exposure to the first absorption window had significantly positive effects
towards improving the oral bioavailability. Delayed gastric emptying had also caused
extended absorption phase resulting in Tmax Of 7 h. It is also noteworthy that the
variability in the bioavailability was reduced at fed state (Table 3), which is crucial for
drugs such as CDK inhibitors where the narrow therapeutic window is a limitation

[245].

To note, there could be interspecies differences between the rats and the humans in the
Gl physiology and luminal contents which might result in different food effects.
However, the changes of pH between fasted and fed states are similar between the two
species and the rat intestinal fluid has slightly higher concentration of bile salt and
phospholipid compared to the FeSSIF [210, 254, 255]. Therefore, similar pattern of

food effect could be expected in humans although the extent might vary.

6.5. Conclusion

In this study, a rational development of CDK9 inhibitors is reported. Traditional in

vitro biopharmaceutical experiments were coupled with in silico simulation tools in
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order to efficiently identify the most promising candidate prior to in vivo
experimentation. From these assessments, it was predicted that HS3-72, HS3-77 and
DF030263 would have the highest oral bioavailability. The prediction was based on
the combined net effect of permeability, solubility and metabolic stability on the oral
bioavailability. In vivo oral bioavailability experiments were carried out in rats to
confirm the findings. As a result, orally bioavailable candidate HS3-77 was has been
identified, with bioavailability on rats as high as 42.7%. This study shows a rational
approach in drug discovery involving pharmacokinetic assessments where various
factors are integrated in identification of orally bioavailable drug candidates. This
approach would not only improve efficiency in drug discovery and development but

would also reinforce efficient implementation of the three Rs in preclinical research.

Further biopharmaceutical development with compound DF030263 demonstrated an
in vitro-in vivo-in silico approach in improving the oral bioavailability. The two-site
absorption windows hypothesis was suggested and supported by in vitro and in silico
studies following observation of a double-peak phenomenon in vivo. Exploitation of
the two-site absorption was attempted in order to improve the bioavailability. Colonic
administration confirmed that the large intestine is a second absorption window but
indicated that controlled release to the colon would not enhance the drug exposure.
Instead, oral administration at fed state took advantage of the food-effect in terms of
improved solubilization, reduced precipitation and delayed Gl transit time, thereby

increasing the bioavailability.
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/. GENERAL DISCUSSION AND FURTHER

WORK

7.1. General discussion

In this PhD project, optimisation of treatment of cancer was sought of based on
principles of pharmacokinetics. It aimed to address some of the limitations of current
treatments that arise due to insufficient systemic or tissue-specific exposure to the

drugs.

The first approach was to take advantage of the physiological process of intestinal
lymphatic transport in order to deliver anticancer agents to the mesenteric lymph nodes.
Using this novel approach significantly higher concentrations of the active drugs were
achievable in the MLNs without affecting the systemic exposure. Conventional
chemotherapeutic agents rely on the fact that cancerous cells have higher proliferation
rates compared to normal cells [256]. However, they hardly have any selectivity and
therefore undesired exposure frequently results in side effects from chemotherapy
[256]. Recent advancements in regards to site-specific delivery approach of anticancer
agents include antibody drug conjugates [257], nanoparticles [258] and colloidal
systems [259] aimed at tumour-specific delivery of drugs. Tumour-specific targeting
can be achieved by those delivery systems that possess the ligands that have highly
selective affinity towards cancer cells [256, 260]. Size-dependent disposition of the
nanoparticles can result in high concentration of the anticancer agents in the tumours
by the enhanced permeability and retention effect [261, 262]. Although these

approaches offer some degree of site-specific delivery, most of them, if not all, are
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limited to parenteral administration. This highlights the significance of the intestinal
lymphatic delivery studied in this project because significant targeting of deep

lymphatics can be achieved following oral administration.

Development and validation of novel bioanalytical method for determination of BEX
in rat plasma was firstly performed prior to prodrug derivatisations [165]. BEX is a
synthetic retinoid currently approved for cutaneous T-cell lymphoma and it also
possesses therapeutic potential for other types of cancer [109, 111, 116, 165]. The
bioanalytical method was a crucial part of the PhD project as all determination of
concentrations in any samples was achieved by means of HPLC-UV. The LLOQ
achieved by the method was 10 ng/mL, which was sufficient to describe the
pharmacokinetics of BEX. The full validation included sample stability studies of
short-term, long-term, freeze-thaw cycles and autosampler conditions that assured the
integrity of samples throughout the project. Although modifications were applied to
the method for quantification of prodrug concentrations and BEX generated from the
prodrugs, the basis of a fully-validated method contributed in obtaining reliable and

reproducible results.

Following design and synthesis of prodrugs of BEX, they were tested for their
association with CM and conversion back to BEX. All prodrugs were designed to
increase the lipophilicity and minimise the ionisability at pH 7.4, which are the main
factors in CM association of compounds [61]. As a result, all prodrugs displayed
increased association with CM compared to BEX (9%), which indicated their

improved potential in targeting the intestinal lymphatics. The stability and conversion
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of the prodrugs were assessed using rat plasma to represent the lymphatic system and
FaSSIF with esterases to mimic the Gl environment. Structure-activity relationships
were observed where the half-lives of the prodrugs correlated with the lengths and
bulkiness of the prodrug moieties. It could also be seen that the methyl group at
position 1 of the prodrug moiety significantly delayed the conversion probably due to
increased steric hindrance. Among the first-generation prodrugs, BET, the ethyl ester
prodrug, showed the most rapid conversion in rat plasma (t12 = 0.34 h) and a relatively

high CM association of 37%.

Intestinal lymphatic targeting was confirmed by in vivo plasma pharmacokinetic and
biodistribution studies. The initial set of studies with BET resulted in successful
targeting of the prodrug to the intestinal lymphatics (6.0 to 41-fold higher than plasma).
However, it did not release as much BEX and therefore BEX concentrations were
comparable between the intestinal lymphatics and plasma. From these results, it was
thought that stability of the prodrugs was the key determinant for successful delivery
of the active drug. An ideal prodrug would be one that is stable in the GI environment
but rapidly releases BEX upon reaching the lymphatic system. The first generations
of the prodrugs showed that the stability in the lymphatic system was the limiting step
and therefore activated ester prodrugs were designed to enhance the release of BEX in
the lymphatics. BCY, the cyclic ester prodrug among the activated esters, had more
rapid conversion than BET in rat plasma (ti2 = 0.13 h) and also higher association with
CM (59%). As a result, more than 17-fold higher concentration of BEX could be
achieved in the MLNs following administration of BCY compared to when BEX itself
was administered. The activated ester prodrug moiety was also applied to RA which

resulted in 2.4-fold higher targeting of the active drug to the MLNs, compared to when
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RA was administered. In this study, the synergy between BEX and RA in cell growth
inhibition was also demonstrated for the first time in DLBCL. Overall, it suggests that
the lymphadenopathy in the MLNs could be more efficiently treated if BEX and RA
are simultaneously delivered to the intestinal lymphatics by the activated ester prodrug

approach.

Similar prodrug approaches have been researched by other groups but the main focus
was on increasing the overall bioavailability where they mostly used long-chain or
triglyceride mimetic prodrug moieties [62, 159]. However, in this project, through a
series of stability and CM association studies, it was revealed that activated ester
prodrugs is a very efficient approach for yielding high concentrations of active drugs
in the MLNs. It was remarkable that 17- and 2.4-fold higher concentrations of the BEX
and RA, respectively, were achievable in the MLNs without affecting the systemic
exposure. This can be an extremely important factor as undesired increase in systemic

exposure of anticancer agents can bring unwanted side effects.

A second approach of this PhD project was pharmacokinetic development and
optimisation of CDK9 inhibitors. Before the optimisation work began, Caco-2
permeability assay was setup and its lab-to-lab variability was quantified [93]. The
variability in the Caco-2 assays can originate from many various factors and it was
shown that the results can differ significantly between laboratories. The results from
the assays were applied to in silico simulation for prediction of fraction absorbed and

it was demonstrated that the results can be substantially different. Therefore in this
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study, a list of reference compounds were tested in order to enhance accuracy and

predictability of the in vitro permeability assay.

The aims of pharmacokinetic development of CDK9 inhibitors were achieving
sufficient systemic exposure of anticancer agents by identification of orally
bioavailable candidate and further biopharmaceutical development in order to increase
the systemic exposure. Recent trend of research on chemotherapy brings higher
demand for orally bioavailable compounds [263]. More than half of CDK inhibitors
already approved or under clinical trials are intended for oral administration and
therefore sufficient oral bioavailability is indeed a crucial factor for a drug candidate
to have a merit for further development [206]. Application of combinatorial chemistry
allows increased number of molecules to be synthesised and efficient pharmacokinetic
assessments are needed to identify the promising candidates with strong rationale [20,
263]. Although the concept of in vitro biopharmaceutical screening is not novel,
reports of drug discovery studies that lack this process can often be found in public
domain [224-228]. This PhD project has demonstrated the benefits of in vitro-in silico-
in vivo approach for rational drug discovery and biopharmaceutical development of a

promising candidate.

Eleven CDKO inhibitor candidates were initially selected based on their in vitro
efficacy and selectivity results. The rational drug discovery approach applied included
in vitro biopharmaceutical assessments of solubility, permeability and metabolic
stability. The solubility values of all compounds were in the micromolar range which

meant that they were only slightly soluble in the tested media. None of the tested
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compounds qualified as highly permeable from Caco-2 permeability assays. Therefore
all candidate compounds would probably fall into BCS Class IV, but it cannot be
ascertained as the solubility criteria depends on therapeutic dose which is not yet
known for these novel compounds. Most compounds were classified as predicted to

be highly affected by hepatic first-pass effect by the liver microsomal stability studies.

The results were then incorporated into in silico simulations for integration of the in
vitro results. It was predicted that >50% bioavailability could be achieved with three
compounds with rank-order of HS3-77>HS3-72>DF030263. The simulation results
were then confirmed in vivo and oral bioavailability of HS3-77 was slightly above
42%. HS3-72 was also tested but toxicity was observed and therefore it was
discontinued. DF030263 compound showed bioavailability of 24% and it also

exhibited an interesting double-peak phenomenon, which led to further studies.

An in vitro-in silico-in vivo approach of biopharmaceutical development was applied
to further enhance the oral bioavailability. Deconvolution of plasma pharmacokinetic
profiles revealed distinct two phases of absorption. Intensive solubility studies in a
range of pH showed that the solubility of DF030263 decreased dramatically when the
pH increased over 6.6. In silico simulation of compartmentalised intestinal absorption
indicated that the absorption would be discontinued in distal region of the small
intestine and resumes in the large intestine. These results altogether suggested that

there could be two absorption sites for DF030263 along the Gl tract.

164



In vivo studies were conducted in order to exploit this two-site absorption phenomenon.
Colonic administration was attempted to target the second site of absorption as it could
avoid possible precipitation of the compound in the GI tract which might have been
causing the discontinuation of absorption. However it resulted in bioavailability that
was very similar to the existing result of 24%. It was then noted that the solubility
study results suggested that fed state would not only increase the overall solubility but
also prevent precipitation of the compound at high pH ranges. Therefore, oral
administration at postprandial state was tested and the oral bioavailability was

increased 2.6-fold, from 24% to 63%.

Overall, this PhD project describes pharmacokinetic optimisation of treatment of
cancer. Two main approaches of site-specific targeting and improved systemic
exposure were employed. Targeted delivery of anticancer agents by lipophilic prodrug
approach would allow unnecessary systemic exposure to be mitigated whilst achieving
substantially higher concentrations in the intestinal lymphatics. Rational drug
discovery and development processes applied to CDK9 inhibitor candidates
demonstrate efficient identification of orally bioavailable candidates and
biopharmaceutical optimisation based on principles of pharmacokinetics. The results
of the two approaches indicate that pharmacokinetic optimisation can be useful in

development of anticancer agents to improve the treatment outcomes of cancer.
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7.2. Further work

7.2.1. Intestinal lymphatic system targeting of anticancer agents

by lipophilic prodrug approach

As a future work, a study involving fluorescein diacetate could be designed.
Fluorescein diacetate itself is a non-fluorescent molecule. Within a living cell, it can
be rapidly converted to fluorescein via hydrolysis by intracellular esterases. This
fluorescein is fluorescent and hence its detection indicates intracellular esterase
activity [264, 265]. Therefore, fluorescein diacetate could be used to monitor esterase
activity in the MLN by fluorescent detection. This can be a useful information as the
success of intestinal lymphatics targeting via prodrug approach depends on the release
of the active drug from the prodrug in the intestinal lymphatics. However, the rate of
release of the prodrug in the intestinal lymphatics in situ is not practically measurable.
The use of fluorescein diacetate can help determine the relative esterase activity in the

MLN compared to the in vitro/ex vivo assessment performed for prodrug conversion.

The current work of prodrug approach was a proof of concept where pharmacokinetic
targeting of anticancer agent to the intestinal lymphatics was assessed. A proof of
principle study could be designed as another future work where improved efficacy by
the prodrug approach can be evaluated. For this purpose, in vivo systemic lymphoma
models in mice or rats can be utilised [266, 267]. These models would have
spontaneously developed lymphoma in the animals and therefore also the
lymphadenopathy in the mesentery [267]. The prodrugs developed in the current
project can be tested in these models and reduced lymphoma mass in the MLN would

be the primary endpoint to assess the effectiveness of the prodrug approach.
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7.2.2. Pharmacokinetic development of CDK9 inhibitors

A consequential future work for this approach would be to evaluate whether the
systemic exposure achieved with the current candidates would be sufficient for them
to be efficacious in preclinical models. For this purpose, systemic leukaemia or
xenograft models of mice could be used with assessment of efficacy and safety [268,

269].

A future work more focused on pharmacokinetics could be conducted to investigate
the discrepancy between in silico simulation and in vivo evaluation of the oral
bioavailability. The three main factors (solubility, permeability and metabolic stability)
that govern oral bioavailability of a compound were assessed in vitro and the results
were incorporated into in silico simulation using GastroPlus™. However, the in silico
simulation results differed by more than 2-fold for both HS3-77 (predicted Forai = 90.0%
and experimental Fora = 42.7%) and DF030263 (predicted Fora = 51.3% and
experimental Foral = 23.8%). There could have been potential limitations which will
be further explained below: 1) in vitro-in vivo correlation of the in vitro

biopharmaceutical assessments and 2) factors incorporated in the in silico simulation.

The in vitro biopharmaceutical assessments of solubility, permeability and metabolic
stability applied in this project followed generally known protocols in the field. These
protocols have been established based on the reasonable correlation that they have

shown between in vitro and in vivo pharmacokinetics. However, there have been
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various advances made in the field to improve this in vitro-in vivo correlation,
Solubility was tested with biorelevant media of FaSSGF, FaSSIF and FeSSIF in this
project but there are different compositions of these fluids proposed in the literature
and improvements are made as physiological data is updated [270, 271]. For
permeability tests, there have been improvements by application of different buffers
[272, 273], cell culture methods [190, 274] and different membranes [275, 276]. The
metabolic stability assay in this project utilized liver microsome and it has been
proposed that improvements could be made when microsomal binding is considered
[277]. Moreover, liver microsome mostly consists of phase | enzymes and therefore
more accurate metabolism can be predicted when tissue slices or hepatocytes are used
for the assay [278]. Overall, the methods for the in vitro assessment used in this project
were useful in providing rank-order of the candidates but variations of the protocols

could have helped improving the in vitro-in vivo correlations.

GastroPlus™ was used for in silico simulation of oral bioavailability based on the
results from in vitro assessments. GastroPlus™ is a powerful in silico tool in predicting
oral absorption and pharmacokinetics during drug discovery and development [279,
280]. However, it should be noted that this software is a compilation of available
theories and principles established for in vitro-in vivo correlations. It is not able to offer
accurate prediction without the input of critical factors. The fact that the simulation
results were deviated more than 2-fold from experimental results even with input of
solubility, permeability and metabolic stability indicates that there could more factors
that can significantly affect the oral absorption. These could include factors such as
the time a molecule takes to precipitate, saturation of the permeable membrane and

effect of excipient used (PEG400 in this project). Investigation of these factors and
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incorporating them into in silico simulation could enhance the predictive power of the

simulation results.
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APPENDICES

Appendix 1. Synthesis and characterisation results

General synthetic scheme for esterification

Ester prodrugs of BEX and RA were synthesised by adding 2.87 mmol of the desired
alcohol to 0.287 mmol of BEX or RA. As catalysts, 0.431 mmol of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide and 0.057 mmol of 4-dimethylaminopyridine
were added and 15 mL of dichloromethane was used as the solvent. The mixture was
stirred using a magnetic stirrer overnight at room temperature. Purification was
performed by flash chromatography using a 200-400 mesh silica gel-packed glass
column and hexane:ethyl acetate, 50:2 (v/v) as the mobile phase. Specific details for

compounds with different conditions are stated below for each compound.

Characterisation of synthesised prodrugs

'H NMR and ¥C NMR spectra were obtained using Bruker 400 Ultrashield
Spectrometer at 400 and 100 MHz, respectively. Bruker TOPSPIN 2.1 software was
used to analyse the spectra. Chemical shifts were reported as parts per million (ppm)
relative to the tetramethylsilane (internal standard) to the nearest 0.01 ppm and
coupling constants (J) to the nearest 0.1 Hz. The following abbreviations were used
while quoting the spectra: s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet. High
resolution mass spectrometry (HR-MS) was performed using Bruker MicroTOF
operated with electrospray ionisation in positive mode. Purity of each compound was
tested in respective chromatographic conditions as stated in Supplementary Material

2.
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BME (bexarotene methyl ester). General synthetic scheme for esterification of BEX
was used with methanol as the reactant. The final compound was obtained as white
solid (82.0% yield), melting point 150-152 °C. Purity was >98% by HPLC-UV. H
NMR (400 MHz, CDCls): 6 7.98 (dt, J1 = 8.4 Hz, J»=1.8 Hz, 2H), 7.37 (dt, J1= 8.4
Hz, J,= 1.8 Hz, 2H), 7.15 (s, 1H), 7.10 (s, 1H), 5.83 (d, J = 1.2 Hz, 1H), 5.34 (d, J =
1.2 Hz, 1H), 3.93 (s, 3H), 1.97 (s, 3H), 1.73 (s, 4H), 1.33 (s, 6H), 1.30 (s, 6H). 13C
NMR (100 MHz, CDClz): 6 167.12, 149.35, 145.74, 144.52, 142.48, 138.18, 132.88,
129.78, 129.13, 128.21, 128.17, 126.72, 116.94, 52.18, 35.36, 34.14, 34.03, 32.07,
32.03, 22.76, 20.07. HR-MS (ESI*): m/z [M+ H]" calculated for C2sH3102, 363.2319,

found 363.2306.

BET (bexarotene ethyl ester). General synthetic scheme for esterification of BEX
was used with ethanol as the reactant. The final compound was obtained as white
crystal (66.9% vyield), melting point 95-97 °C. Purity was >97% by HPLC-UV. 'H
NMR (400 MHz, CDCls): § 7.98 (dt, J1 = 8.5 Hz, J.=1.9 Hz, 2H), 7.35 (dt, J1= 8.5
Hz, Jo= 1.9 Hz, 2H), 7.14 (s, 1H), 7.09 (s, 1H), 5.82 (d, J = 1.3 Hz, 1H), 5.34 (d, J =
1.3 Hz, 1H), 4.39 (g, J = 7.2 Hz, 2H), 1.96 (s, 3H), 1.72 (s, 4H), 1.40 (t, J = 7.1 Hz,
3H), 1.32 (s, 6H), 1.29 (s, 6H). 13C NMR (100 MHz, CDCls): 5 166.63, 149.36, 145.61,
144.46,142.44,138.21, 132.86, 129.74, 129.48, 128.20, 128.17, 126.67, 116.81, 60.99,
35.36, 34.14, 34.03, 32.07, 32.03, 20.06, 14.48. HR-MS (ESI*): m/z [M+ HJ*

calculated for CosH3302, 377.2475, found 377.2470.
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BIP (bexarotene isopropyl ester). General synthetic scheme for esterification of BEX
was used with isopropanol as the reactant. The final compound was obtained as white
solid (45.0% yield), melting point 77-79 °C. Purity was >98% by HPLC-UV. *H NMR
(400 MHz, CDCls): 6 7.98 (dt, J1 = 8.6 Hz, J,=1.8 Hz, 2H), 7.35 (dt, J1= 8.6 Hz, J>=
1.8 Hz, 2H), 7.15 (s, 1H), 7.10 (s, 1H), 5.82 (d, J = 1.4 Hz, 1H), 5.34 (d, J = 1.3 Hz,
1H), 5.26 (septet, J = 6.2 Hz, 1H), 1.96 (s, 3H), 1.72(s, 4H), 1.38 (d, J = 6.2 Hz, 6H),
1.33 (s, 6H), 1.30 (s, 6H). 3C NMR (100 MHz, CDCls): & 166.11, 149.38, 145.50,
144.45,142.43, 138.23, 132.86, 129.88, 129.69, 128.18, 128.15, 126.61, 116.71, 68.37,
35.37, 35.35, 34.13, 34.03, 32.07, 32.02, 22.09, 20.04. HR-MS (ESI"): m/z [M+ H]*

calculated for C,7H3502, 391.2632, found 391.2636.

BIB (bexarotene isobutyl ester). General synthetic scheme for esterification of BEX
was used with isobutanol as the reactant. The final compound was obtained as white
solid (89.5% yield), melting point 62-64 °C. Purity was >97% by HPLC-UV. 'H NMR
(400 MHz, CDCl3): § 7.95 (dt, Ji = 8.5 Hz, J, =1.8 Hz, 2H), 7.34 (dt, J1 = 8.5 Hz, J
= 1.8 Hz, 2H), 7.12 (s, 1H), 7.08 (s, 1H), 5.81 (d, J = 1.3 Hz, 1H), 5.33 (d, J = 1.3 Hz,
1H), 4.47 (d, J = 6.3 Hz, 2H), 2.10 (nonet, J = 6.7 Hz, 1H), 1.98 (s, 3H), 1.73 (s, 4H),
1.34 (s, 6H), 1.31 (s, 6H), 1.05 (d, J = 6.8 Hz, 6H). 3C NMR (100 MHz, CDCl3): &
166.63, 149.37, 145.61, 144.46, 142.45, 138.22, 132.85, 129.74, 129.49, 128.19,
128.16, 126.67, 116.78, 71.07, 41.50, 35.38, 35.36, 34.13, 34.03, 32.07, 32.03, 29.20,
28.07, 27.81, 22.75, 20.59, 20.04, 19.57, 19.32, 11.56. HR-MS (ESI*): m/z [M+ H]"

calculated for CogH3702, 405.2788, found 405.2779.
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BDH (bexarotene 3,3’-dihydroxyisobutyl ester). General synthetic scheme for
esterification of BEX was used with 2-hydroxymethyl-1,3-propanediol and N,N-
dimethylformamide (DMF) as the reactant and the organic solvent, respectively. The
flash chromatography for purification was also different from the general synthetic
scheme that the following solvents were used for mobile phase: hexane:ethyl acetate
=50:50, 500 mL; hexane:ethyl acetate = 40:60, 250 mL; hexane:ethyl acetate = 30:70,
250 mL; hexane:ethyl acetate = 20:80, 500 mL. The final compound was obtained as
white crystal (56.6% yield), melting point 116-118 °C. Purity was >98% by HPLC-
UV. 'H NMR (400 MHz, CDCls): & 7.95 (dt, J1 = 8.5 Hz, J,=1.8 Hz, 2H), 7.34 (dt, J;
=8.5Hz, Jo= 1.8 Hz, 2H), 7.12 (s, 1H), 7.08 (s, 1H), 5.81 (d, J = 1.3 Hz, 1H), 5.33 (d,
J=1.3 Hz, 1H), 4.47 (d, J = 6.3 Hz, 2H), 3.93-3.76 (m, 4H), 3.13 (broad s, 2H), 2.18
(septet, J = 5.5 Hz, 1H), 1.94 (s, 3H), 1.70 (s, 4H), 1.30 (s, 6H), 1.28 (s, 6H). 3C NMR
(100 MHz, CDCls): 6 166.97, 149.19, 145.93, 144.47, 142.43, 138.04, 132.76, 129.80,
128.79,128.12, 126.70, 116.98, 62.97, 62.32, 42.71, 35.30, 35.28, 34.08, 33.97, 32.01,
31.96, 19.99. HR-MS (ESI"): m/z [M+ H]" calculated for C2gH3704, 437.2686, found

437.2680.

BPR (bexarotene propyl ester). General synthetic scheme for esterification of BEX
was used with 1-propanol as the reactant. The final compound was obtained as white
solid (90.0% yield), melting point 66-68 °C. Purity was 98.0% by HPLC-UV. 'H NMR
(400 MHz, CDCls): & 8.00 (dt, J1= 8.4 Hz, J,=1.9 Hz, 2H), 7.37 (dt, J1= 8.4 Hz, J,=
1.9 Hz, 2H), 7.16 (s, 1H), 7.11 (s, 1H), 5.84 (d, J = 1.1 Hz, 1H), 5.35 (d, J = 1.1 Hz,
1H), 4.30 (t, J = 6.7 Hz, 2H), 1.98 (s, 3H), 1.81 (sextet, J = 7.2 Hz, 2H), 1.73 (s, 4H),
1.34 (s, 6H), 1.31 (s, 6H) 1.05 (t, J = 7.4 Hz, 3H). 3C NMR (100 MHz, CDCl5): &

166.69, 149.38, 145.61, 144.47, 142.45, 138.22, 132.87, 129.75, 129.50, 128.21,
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128.17, 126.68, 116.80, 66.60, 41.51, 36.23, 35.38, 35.36, 34.14, 34.04, 33.88, 32.08,
32.03, 29.82, 29.52, 29.22, 29.04, 27.83, 22.85, 22.81, 22.76, 22.28, 20.60, 20.06,
19.58, 18.91, 14.46, 14.26, 11.57, 10.66. HR-MS (ESI*): m/z [M+ H]" calculated for

C27H3502, 391.2632, found 391.2636.

BBU (bexarotene butyl ester). General synthetic scheme for esterification of BEX
was used with 1-butanol as the reactant. The final compound was obtained as white
solid (102 mg, 87.8% yield), melting point 54-56 °C. Purity was >98% by HPLC-UV.
'H NMR (400 MHz, CDCl3): & 7.99 (dt, J;: = 8.4 Hz, J,=1.9 Hz, 2H), 7.37 (dt, J1= 8.4
Hz, J2= 1.9 Hz, 2H), 7.15 (s, 1H), 7.10 (s, 1H), 5.83 (d, J = 1.2 Hz, 1H), 5.34 (d, J =
1.2 Hz, 1H), 4.34 (t, J = 6.6 Hz, 2H), 1.97 (s, 3H), 1.77 (quintet, J = 8.0 Hz, 2H), 1.73
(s, 4H), 1.50 (sextet, J = 7.6 Hz, 2H), 1.33 (s, 6H), 1.30 (s, 6H), 1.00 (t, J = 7.4 Hz,
3H). 3C NMR (100 MHz, CDCls): § 166.70, 149.36, 145.60, 144.47, 142.44, 138.21,
132.86, 129.74, 129.49, 128.20, 128.16, 126.67, 116.80, 64.89, 41.50, 35.37, 35.35,
34.14, 34.03, 32.07, 32.03, 30.94, 29.85, 29.81, 29.51, 29.21, 29.04, 27.82, 22.76,
22.48, 20.06, 19.58, 19.43, 14.46, 14.26, 14.20, 13.90, 11.57. HR-MS (ESI*): m/z [M+

H]* calculated for C2gH3702, 405.2788, found 405.2777.

BHE (bexarotene hexyl ester). General synthetic scheme for esterification of BEX
was used with 1-hexanol as the reactant. The final compound was obtained as white
solid (91.8% yield), melting point 46-48 °C. Purity was >98% by HPLC-UV. *H NMR
(400 MHz, CDCls): 6 7.99 (dt, J1 = 8.5 Hz, J,=1.8 Hz, 2H), 7.37 (dt, J1=8.5 Hz, J> =
1.8 Hz, 2H), 7.16 (s, 1H), 7.11 (s, 1H), 5.84 (d, J = 1.3 Hz, 1H), 5.35 (d, J = 1.3 Hz,

1H), 4.33 (t, J = 6.7 Hz, 2H), 1.97 (s, 3H), 1.78 (quintet, J = 7.9 Hz, 2H), 1.73 (s, 4H),
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1.47 (quintet, J = 7.2 Hz, 2H), 1.40-1.34 (m, 4H), 1.33 (s, 6H), 1.31 (s, 6H), 0.93 (t, J
=7.0 Hz, 3H). 3C NMR (100 MHz, CDCl3): § 166.72, 149.36, 145.60, 144.47, 142.45,
138.21, 132.87, 129.74, 129.51, 128.20, 128.16, 126.67, 116.82, 65.21, 35.37, 35.36,
34.14, 34.04, 32.08, 32.03, 31.62, 28.86, 25.87, 22.70, 20.06, 14.15. HR-MS (ESI*):

m/z [M+ H]" calculated for C3oHs102, 433.3101, found 433.3097.

BOT (bexarotene octyl ester). General synthetic scheme for esterification of BEX
was used with 1-octanol as the reactant. The final compound was obtained as white
solid (87.1% yield), melting point 66-68°C. Purity was >98% by HPLC-UV. *H NMR
(400 MHz, CDCls): 8 7.99 (dt, J1 = 8.6 Hz, J,=1.8 Hz, 2H), 7.37 (dt, J1= 8.6 Hz, Jo=
1.8 Hz, 2H), 7.16 (s, 1H), 7.11 (s, 1H), 5.84 (d, J = 1.4 Hz, 1H), 5.35 (d, J = 1.3 Hz,
1H), 4.33 (t, J = 6.7 Hz, 2H), 1.97 (s, 3H), 1.78 (quintet, J = 6.7 Hz, 2H), 1.73 (s, 4H),
1.51-1.42 (m, 2H), 1.40-1.26 (m, 20H), 0.91 (t, J = 7.0 Hz, 3H), 1.47 (quintet, J = 7.2
Hz, 2H), 1.40-1.34 (m, 4H), 1.32 (d, J = 11.2 Hz, 12H), 0.91 (t, J = 7.0 Hz, 3H). 3*C
NMR (100 MHz, CDClz): 6 166.69, 149.36, 145.59, 144.46, 142.44, 138.22, 132.86,
129.74, 129.51, 128.20, 128.16, 126.67, 116.80, 65.20, 41.50, 35.37, 35.35, 34.13,
34.03, 32.07, 32.03, 31.94, 29.40, 29.34, 29.21, 29.04, 28.89, 26.21, 22.84, 22.79,
22.77, 20.59, 20.06, 19.58, 14.46, 14.23, 11.57. HR-MS (ESI*): m/z [M+ H]*

calculated for C32Ha502, 461.3414, found 461.3392.

BUN (bexarotene undecanyl ester). General synthetic scheme for esterification of
BEX was used with 1-undecanol as the reactant. The final compound was obtained as
white solid (70.0% yield), melting point 38-40 °C. Purity was >98% by HPLC-UV.

IH NMR (400 MHz, CDCls):  7.98 (dt, J1 = 8.6 Hz, J2=1.8 Hz, 2H), 7.36 (dt, J1= 8.6
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Hz, J2= 1.8 Hz, 2H), 7.15 (s, 1H), 7.09 (s, 1H), 5.83 (d, J = 1.4 Hz, 1H), 5.34 (d, J =
1.3 Hz, 1H), 4.32 (t, J = 6.6 Hz, 2H), 1.96 (s, 3H), 1.77 (quintet, J = 6.6 Hz, 2H), 1.72
(s, 4H), 1.50-1.41 (m, 2H), 1.41-1.20 (m, 26H), 0.90 (t, J = 6.6 Hz, 3H). 3C NMR
(100 MHz, CDCls): 6 166.71, 149.38, 145.60, 144.48, 142.46, 138.22, 132.87, 129.74,
129.52, 128.21, 128.17, 126.67, 116.80, 65.22, 35.38, 35.37, 34.15, 34.04, 32.08,
32.05,32.04, 29.74, 29.73, 29.68, 29.47, 29.44, 29.90, 26.21, 22.83, 20.06, 14.25. HR-

MS (ESI*): m/z [M+ H]" calculated for C3sHs102, 503.3884, found 503.3884.

BOC (bexarotene octadecanyl ester). General synthetic scheme for esterification of
BEX was used with 1-octadecanol as the reactant. The final compound was obtained
as white solid (67.9% yield), melting point 62-64 °C. Purity was >98% by HPLC-UV.
'H NMR (400 MHz, CDClg): § 7.99 (dt, J1= 8.5 Hz, J,=1.8 Hz, 2H), 7.37 (dt, J1= 8.5
Hz, J,= 1.8 Hz, 2H), 7.16 (s, 1H), 7.10 (s, 1H), 5.83 (d, J = 1.3 Hz, 1H), 5.35 (d, J =
1.2 Hz, 1H), 4.33 (t, J = 6.6 Hz, 2H), 1.97 (s, 3H), 1.78 (quintet, J = 6.7 Hz, 2H), 1.73
(s, 4H), 1.51-1.42 (m, 2H), 1.42-1.20 (m, 40H), 0.91 (t, J = 6.6 Hz, 3H). 3C NMR
(100 MHz, CDCls): 6 166.69, 149.38, 145.59, 144.46, 142.45, 138.22, 132.86, 129.74,
129.52, 128.29, 128.16, 126.67, 116.79, 65.20, 35.38, 35.37, 34.14, 34.04, 32.08,
32.03, 29.85, 29.82, 29.74, 29.70, 29.51, 29.45, 28.91, 26.22, 22.84, 20.06, 14.26. HR-

MS (ESI%): m/z [M+ H]" calculated for C42HesO2, 601.4979, found 601.4943.

BOL (bexarotene oleyl ester). General synthetic scheme for esterification of BEX
was used with oleyl alcohol as the reactant. The final compound was obtained as
colourless gum (90.7% yield). Purity was >98% by HPLC-UV. *H NMR (400 MHz,

CDCl3): 5 7.99 (dt, J1= 8.5 Hz, J2=1.8 Hz, 2H), 7.37 (dt, J1= 8.5 Hz, Jo= 1.8 Hz, 2H),
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7.16 (s, 1H), 7.11 (s, 1H), 5.84 (d, J = 1.3 Hz, 1H), 5.38 (tt, J1 = 5.5 Hz, J» = 1.8 Hz,
2H), 5.35 (d, J = 1.3 Hz, 1H), 4.33 (t, = 6.6 Hz, 2H), 2.09-2.00 (m, 4H), 1.97 (s, 3H),
1.78 (quintet, J = 7.0 Hz, 2H), 1.73 (s, 4H), 1.51-1.42 (m, 2H), 1.42-1.21 (m, 32H),
0.91 (t, J = 6.7 Hz, 3H). 3C NMR (100 MHz, CDCl3): & 166.67, 149.37, 145.59,
144.46, 142.44, 138.22, 132.86, 130.12, 129.93, 129.74, 129.51, 128.19, 128.16,
126.66, 116.78, 65.17, 35.38, 35.36, 34.14, 34.03, 32.07, 32.05, 32.03, 29.92, 29.88,
29.67, 29.58, 29.46, 29.42, 29.36, 28.90, 27.36, 27.33, 26.20, 22.83, 20.05, 14.25. HR-

MS (ESI*): m/z [M+ H]" calculated for C42He302, 599.4823, found 599.4828.

BTG (bexarotene triglyceryl ester). General synthetic scheme for esterification of
BEX was used with glyceryl 1,3-dipalmitate as the reactant. The final compound was
obtained as white solid (60.4% yield), melting point 46-48°C. Purity was >98% by
HPLC-UV. 'H NMR (400 MHz, CDCls): § 7.97 (dt, J1 = 8.5 Hz, J=1.7 Hz, 2H), 7.37
(dt, J1= 8.5 Hz, J2= 1.7 Hz, 2H), 7.14 (s, 1H), 7.10 (s, 1H), 5.84 (d, J = 1.3 Hz, 1H),
5.52 (quintet, J = 4.4 Hz, 1H), 5.36 (d, J = 1.3 Hz, 1H), 4.44-4.30 (m, 4H), 2.33 (t, J =
7.4 Hz, 4H), 1.97 (s, 3H), 1.73 (s, 4H), 1.61 (quintet, J = 7.2 Hz, 4H), 1.37-1.21 (m,
60H), 0.91 (t, J = 6.6 Hz, 6H). *C NMR (100 MHz, CDCls): § 173.46, 165.61, 149.25,
146.13,144.54, 142.49, 138.09, 132.81, 130.01, 128.49, 128.18, 126.74, 117.06, 69.86,
62.28, 35.35, 34.22, 34.14, 34.03, 32.07, 32.02, 29.84, 29.80, 29.75, 29.57, 29.50,

29.37, 29.23, 25.01, 22.83, 22.75, 20.05, 14.25.

B22 (bexarotene 2-ethylbutyl ester). General synthetic scheme for esterification of
BEX was used with 2-ethyl-1-butanol as the reactant. The final compound was

obtained as colourless oil (90.5% yield). Purity was >98% by HPLC-UV. H NMR
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(400 MHz, CDCls): & 7.99 (dt, J1 = 8.5 Hz, J,=1.8 Hz, 2H), 7.37 (dt, J1 = 8.5 Hz, J,=
1.8 Hz, 2H), 7.16 (s, 1H), 7.10 (s, 1H), 5.84 (d, J = 1.3 Hz, 1H), 5.35 (d, J = 1.3 Hz,
1H), 4.27 (d, J = 5.7 Hz, 2H), 1.97 (s, 3H), 1.73 (s, 4H), 1.68 (septet, J = 6.2 Hz, 1H),
1.48 (quintet, J = 7.2 Hz, 4H), 1.33 (s, 6H), 1.31 (s, 6H), 0.97 (t, J = 7.4 Hz, 6H). 3C
NMR (100 MHz, CDCls): § 166.74, 149.37, 145.59, 144.46, 142.45, 138.22, 132.86,
129.74, 129.54, 128.19, 128.16, 126.67, 116.78, 67.01, 41.51, 40.71, 36.52, 36.23,
35.38, 35.36, 34.28, 34.14, 34.04, 33.88, 32.08, 32.03, 29.21, 29.04, 27.82, 25.98,
23.70, 22.76, 22.48, 20.59, 20.05, 19.58, 18.91, 14.46, 14.20, 11.57, 11.28. HR-MS

(ESI*): m/z [M+ H]* calculated for CaoHa102, 433.3101, found 433.3094.

B24 (bexarotene benzyl ester). General synthetic scheme for esterification of BEX
was used with benzyl alcohol as the reactant. The final compound was obtained as
colourless oil (83.4% vyield). Purity was >98% by HPLC-UV. 'H NMR (400 MHz,
CDCls): & 8.03 (dt, J1= 8.5 Hz, J=1.6 Hz, 2H), 7.50-7.33 (m, 7H), 7.16 (s, 1H), 7.11
(s, 1H), 5.84 (d, J = 1.2 Hz, 1H), 5.39 (s, 2H), 5.36 (d, J = 1.2 Hz, 1H), 1.97 (s, 3H),
1.73 (s, 4H), 1.34 (s, 6H), 1.31 (s, 6H). 3C NMR (100 MHz, CDCls): & 166.42, 149.32,
145.85, 144.49, 142.46, 138.16, 136.29, 132.85, 129.92, 129.09, 128.72, 128.33,
128.24, 128.19, 128.18, 126.72, 116.92, 66.73, 41.50, 36.23, 35.67, 35.35, 34.27,
34.14, 34.03, 33.87, 32.07, 32.03, 29.21, 29.04, 27.82, 25.98, 22.76, 22.48, 20.59,
20.05, 19.58, 18.91, 14.46, 14.20, 11.57, 9.00. HR-MS (ESI*): m/z [M+ H]" calculated

for C31H3502, 439.2632, found 439.2626.

B25 (bexarotene 1-phenylethyl ester). General synthetic scheme for esterification of

BEX was used with 1-phenylethanol as the reactant. The final compound was obtained
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as colourless oil (74.1% yield). Purity was >98% by HPLC-UV. 'H NMR (400 MHz,
CDCls): 8 8.03 (dt, J1 = 8.5 Hz, J»=1.8 Hz, 2H), 7.51-7.29 (m, 7H), 7.16 (s, 1H), 7.11
(s, 1H), 6.15 (quartet, J = 6.6 Hz, 1H), 5.84 (d, J = 1.2 Hz, 1H), 5.35 (d, J = 1.2 Hz,
1H), 1.97 (s, 3H), 1.73 (s, 4H), 1.69 (d, J = 6.6 Hz, 3H), 1.34 (s, 6H), 1.31 (s, 6H). 13C
NMR (100 MHz, CDClz): 6 165.80, 149.34, 145.73, 144.48, 142.46, 142.01, 138.19,
132.85, 129.86, 129.49, 128.68, 128.18, 128.17, 127.99, 126.68, 126.17, 116.83, 72.96,
41.50, 36.51, 36.23, 35.37, 35.36, 34.27, 34.14, 34.04, 33.87, 32.07, 32.03, 29.21,
29.04, 27.82, 25.98, 22.76, 22.58, 22.48, 20.59, 20.04, 19.58, 18.91, 14.46, 14.34,
14.20, 11.57, 9.00. HR-MS (ESI*): m/z [M+ H]* calculated for Cs;H3702, 453.2788,

found 453.2780.

B26 (bexarotene 1-ethylpropyl ester). General synthetic scheme for esterification of
BEX was used with 3-pentanol as the reactant. The final compound was obtained as
colourless oil (79 mg, 65.8% vyield). Purity was >98% by HPLC-UV. *H NMR (400
MHz, CDCls): & 8.00 (dt, J1 = 8.5 Hz, J,=1.8 Hz, 2H), 7.37 (dt, J1= 8.5 Hz, J,= 1.8
Hz, 2H), 7.15 (s, 1H), 7.10 (s, 1H), 5.83 (d, J = 1.3 Hz, 1H), 5.34 (d, J = 1.3 Hz, 1H),
5.03 (quintet, J = 6.1 Hz, 1H), 1.98 (s, 3H), 1.73 (s, 4H), 1.72 (quintet, J = 7.4 Hz, 4H),
1.33 (s, 6H), 1.30 (s, 6H), 0.97 (t, J = 7.4 Hz, 6H). 3C NMR (100 MHz, CDCls): &
166.46, 149.38, 145.48, 144.45, 142.44, 138.25, 132.88, 129.85, 129.73, 128.18,
128.15, 126.63, 116.70, 41.51, 36.52, 36.24, 35.39, 35.37, 34.28, 34.14, 34.04, 33.88,
32.08, 32.04, 29.22, 29.05, 27.83, 26.70, 25.98, 22.76, 22.49, 20.59, 20.06, 19.58,
18.91, 14.46, 14.20, 11.57, 9.77, 9.00. HR-MS (ESI*): m/z [M+ H]" calculated for

C29H3902, 419.2945, found 419.2936.
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B27 (bexarotene 1-isopropyl-2-methyl-propyl ester). General synthetic scheme for
esterification of BEX was used with 2,4-dimethyl-3-pentanol as the reactant. The final
compound was obtained as colourless oil (117 mg, 91.3% yield). Purity was >98% by
HPLC-UV. 'H NMR (400 MHz, CDCls): & 8.00 (dt, J: = 8.5 Hz, J»=1.8 Hz, 2H), 7.37
(dt, J1= 8.4 Hz, J2= 1.8 Hz, 2H), 7.14 (s, 1H), 7.10 (s, 1H), 5.83 (d, J = 1.2 Hz, 1H),
5.34 (d, J = 1.2 Hz, 1H), 4.85 (t, J = 6.1 Hz, 1H), 2.10-1.95 (m, 5H), 1.72 (s, 4H), 1.32
(s, 6H), 1.30 (s, 6H), 0.96 (d, J = 6.7 Hz, 12H). 3C NMR (100 MHz, CDCls): § 166.63,
149.36, 145.46, 144.45, 142.45, 138.25, 132.89, 129.83, 129.67, 128.18, 128.15,
126.65, 116.71, 83.33, 41.51, 36.52, 36.24, 35.37, 34.28, 34.15, 34.05, 33.88, 32.09,
32.04, 29.83, 29.22, 29.05, 27.83, 25.99, 22.77, 22.49, 20.59, 20.07, 19.79, 19.59,
18.92, 17.51, 14.47, 14.21, 11.58, 9.00. HR-MS (ESI*): m/z [M+ H]* calculated for

C31H430,, 447.3258, found 447.3255.

BGAL (bexarotene N,N-dimethylacetamide ester). BGAL1l was synthesised by
adding 0.344 mmol of 2-chloro-N,N-dimethylacetamide to 0.287 mmol of BEX.
Catalysts of 0.412 mmol Kl and 0.344 mmol K>COs were added and 4 mL of DMF
was used as the solvent. The mixture was stirred at 100 °C using a magnetic stirrer
overnight. Purification was performed by flash chromatography using hexane:ethyl
acetate = 7:3 (v/v) as the mobile phase. The final compound was obtained as white
solid (42.5% vyield), melting point 134-136 °C. Purity was >97% by HPLC-UV. H
NMR (400 MHz, CDCls): & 8.05 (dt, Ji = 8.4 Hz, J»=1.8 Hz, 2H), 7.36 (dt, J. = 8.4
Hz, J2= 1.8 Hz, 2H), 7.14 (s, 1H), 7.09 (s, 1H), 5.82 (d, J = 1.2 Hz, 1H), 5.34 (d, J =
1.2 Hz, 1H), 4.96 (s, 2H), 3.06 (s, 3H), 3.01 (s, 3H), 1.95 (s, 3H), 1.71 (s, 4H), 1.32 (s,
6H), 1.29 (s, 6H). 3C NMR (100 MHz, CDCls): & 171.30, 166.60, 166.26, 149.35,

146.11, 144.49, 142.45, 138.14, 132.90, 130.19, 128.43, 128.22, 128.18, 126.75,
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117.03, 61.98, 60.54, 41.50, 36.11, 35.76, 35.36, 34.14, 34.03, 29.20, 27.81, 13.97,
22.75,21.17, 20.58, 20.07, 19.57, 18.90, 14.45, 14.33, 11.56. HR-MS (ESI*): m/z [M+

H]" calculated for CogH3sNO3, 434.2690, found 434.2687.

BGA2 (bexarotene N,N-diethylacetamide ester). BGA2 was synthesised by adding
0.344 mmol of 2-chloro-N,N-diethylacetamide to 0.287 mmol of BEX. Catalysts of
0.412 mmol Kl and 0.344 mmol K>COs were added and 4 mL of DMF was used as
the solvent. The mixture was stirred at 100 °C using a magnetic stirrer overnight.
Purification was performed by flash chromatography using DCM:MeOH with 0.7 N
NH3s =50:2 (v/v) as the mobile phase. The final compound was obtained as white solid
(59 mg, 29.7% yield), melting point 146-148 °C. Purity was >98% by HPLC-UV. 'H
NMR (400 MHz, CDCls): & 8.05 (dt, Ji: = 8.5 Hz, J»=1.8 Hz, 2H), 7.36 (dt, J.= 8.5
Hz, Jo=1.8 Hz, 2H), 7.14 (s, 1H), 7.09 (s, 1H), 5.82 (d, J = 1.2 Hz, 1H), 5.34 (d, J =
1.2 Hz, 1H), 4.96 (s, 2H), 3.44 (q, J = 7.2 Hz, 2H), 3.33 (q, J = 7.2 Hz, 2H), 1.95 (s,
3H), 1.71 (s, 4H), 1.32 (s, 6H), 1.29 (s, 6H), 1.27 (t, J = 7.2 Hz, 3H), 1.17 (t, J = 7.2
Hz, 3H). *C NMR (100 MHz, CDCls): § 166.29, 165.70, 149.34, 146.04, 144.46,
142.42,138.13, 132.88, 130.16, 128.49, 128.20, 128.16, 126.72, 117.00, 61.94, 53.55,
41.19, 40.61, 35.35, 35.33, 34.11, 34.01, 32.04, 32.00, 23.95, 20.04, 14.35, 13.04. HR-

MS (ESI%): m/z [M+ H]" calculated for C3oH40NO3, 462.3003, found 462.3007.

BAE1 (bexarotene dimethylaminoethyl ester). General synthetic scheme for
esterification of BEX was used with 2-dimethylaminoethanol as the reactant. Flash
chromatography was performed with DCM:MeOH with 0.7 N NHz = 50:2 as the

mobile phase for purification of the product. The final compound was obtained as
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yellowish gum (73.1% yield). Purity was >97% by HPLC-UV. 'H NMR (400 MHz,
CDCls): 5 7.98 (dt, J1 = 8.5 Hz, J=1.8 Hz, 2H), 7.36 (dt, J1= 8.5 Hz, J,=1.8 Hz, 2H),
7.14 (s, 1H), 7.09 (s, 1H), 5.82 (d, J = 1.3 Hz, 1H), 5.34 (d, J = 1.2 Hz, 1H), 4.46 (t, J
= 5.8 Hz, 2H), 2.76 (t, J = 5.8 Hz, 2H), 2.38 (s, 6H), 1.95 (s, 3H), 1.72 (s, 4H), 1.32 (s,
6H), 1.29 (s, 6H). 3C NMR (100 MHz, CDCls): & 166.54, 149.32, 145.79, 144.48,
142.45, 138.15, 132.84, 129.85, 129.07, 128.18, 128.16, 126.70, 116.91, 62.92, 57.89,
53.54, 45.86, 35.35, 35.34, 34.13, 34.02, 32.06, 32.01, 20.04. HR-MS (ESI"): m/z [M+

H]* calculated for C2sH3sNO2, 420.2897, found 420.29009.

BAE2 (bexarotene diisopropylaminoethyl ester). General synthetic scheme for
esterification of BEX was used with 2-diisopropylaminoethanol as the reactant. Flash
chromatography was performed with DCM:MeOH with 0.7 N NH3z = 50:2 as the
mobile phase for purification of the product. The final compound was obtained as
yellowish gum (80 mg, 36.5% vyield). Purity was >97% by HPLC-UV. *H NMR (400
MHz, CDCls): § 7.98 (dt, J1 = 8.5 Hz, J,=1.8 Hz, 2H), 7.36 (dt, J1= 8.5 Hz, J,=1.8
Hz, 2H), 7.14 (s, 1H), 7.09 (s, 1H), 5.82 (d, J = 1.2 Hz, 1H), 5.34 (d, J = 1.2 Hz, 1H),
4.27 (broad s, 2H), 3.07 (broad s, 2H), 2.81 (broad s, 2H), 1.96 (s, 3H), 1.72 (s, 4H),
1.32 (s, 6H), 1.29 (s, 6H), 1.07 (broad s, 12H). *C NMR (100 MHz, CDCls): & 166.63,
149.36, 144.48, 142.45, 138.19, 132.87, 129.79, 128.21, 128.17, 126.69, 116.88, 53.55,
49.50, 43.95, 35.36, 35.35, 34.14, 34.03, 32.07, 32.03, 20.99, 20.07. HR-MS (ESI"):

m/z [M+ H]" calculated for C32H4sNO, 476.3523, found 476.3536.

BAML1 (bexarotene isopropyl carbonate ethyl ester). BAM1 was synthesised by

adding 0.344 mmol of 1-chloroethyl isopropyl carbonate to 0.287 mmol of BEX.
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Catalysts of 0.412 mmol Kl and 0.344 mmol K>CO3 were added and 4 mL of DMF
was used as the solvent. The mixture was stirred at 65 °C using a magnetic stirrer for
2 h. Purification was performed by the general synthetic scheme. The final compound
was obtained as colourless oil (45.6% yield). Purity was >97% by HPLC-UV. 'H NMR
(400 MHz, CDCl3): 6 7.99 (dt, J1 = 8.5 Hz, J»=1.7 Hz, 2H), 7.36 (dt, J1= 8.5 Hz, J;
=1.7 Hz, 2H), 7.14 (s, 1H), 7.10 (s, 1H), 7.04 (g, J = 5.4 Hz, 1H), 5.83 (d, J = 1.2 Hz,
1H), 5.35 (d, J = 1.2 Hz, 1H), 4.93 (septet, J = 6.2 Hz, 1H), 1.96 (s, 3H), 1.72 (s, 4H),
1.66 (d, 5.4 Hz, 3H), 1.33 (d, 6.2 Hz, 6H), 1.32 (s, 6H), 1.30 (s, 6H). 3C NMR (100
MHz, CDCls): 6 164.51, 152.67, 149.26, 146.32, 144.55, 142.49, 138.06, 132.83,
130.15, 128.20, 128.16, 126.76, 117.18, 91.76, 72.84, 53.55, 35.36, 35.34, 34.14,
34.04, 32.07, 32.02, 21.82, 21.78, 20.05, 19.88. HR-MS (ESI): m/z [M+ Na]*

calculated for C3oH3sNaOs, 501.2611, found 501.2611.

BAM2 (bexarotene cyclohexyl carbonate ethyl ester). BAM2 was synthesised by
adding 0.344 mmol of 1-chloroethyl cyclohexyl carbonate to 0.287 mmol of BEX.
Catalysts of 0.412 mmol KI and 0.344 mmol K>COs were added and 4 mL of DMF
was used as the solvent. The mixture was stirred at 65 °C using a magnetic stirrer for
2 h. Purification was performed by the general synthetic scheme. The final compound
was obtained as colourless oil (109 mg, 48.8% yield). Purity was >98% by HPLC-UV.
'H NMR (400 MHz, CDCl3): & 7.99 (dt, J1 = 8.5 Hz, J,=1.7 Hz, 2H), 7.36 (dt, J1= 8.5
Hz, Jo=1.7 Hz, 2H), 7.14 (s, 1H), 7.10 (s, 1H), 7.04 (q, J = 5.4 Hz, 1H), 5.83 (d, J =
1.2 Hz, 1H), 5.35 (d, J = 1.2 Hz, 1H), 4.66 (septet, J = 4.7 Hz, 1H), 1.99-1.90 (m, 2H),
1.95 (s, 3H), 1.82-1.69 (m, 2H), 1.72 (s, 4H), 1.66 (d, 5.4 Hz, 3H), 1.65-1.43 (m, 6H),
1.32 (s, 6H), 1.29 (s, 6H). *C NMR (100 MHz, CDCls): & 164.51, 152.67, 149.26,

146.30, 144.54, 142.49, 138.07, 132.83, 130.15, 128.19, 126.76, 117.16, 91.79, 60.53,
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41.50, 35.36, 35.34, 34.14, 34.03, 32.06, 32.02, 31.55, 31.53, 29.20, 25.30, 23.73,
22.75, 20.05, 19.88, 14.45, 14.34, 11.56. HR-MS (ESI*): m/z [M+ Na]" calculated for

CasHs2NaOs, 541.2924, found 541.2939.

BCY (bexarotene (5-methyl-2-0xo-1,3-dioxolen-4-yl)methyl ester). General
synthetic scheme for esterification of BEX was used with (5-methyl-2-0xo0-1,3-
dioxolen-4-yl)methyl alcohol as the reactant. Purification was performed by using
hexane:EA = 88:12 as the mobile phase. The final compound was obtained as white
solid (170 mg, 85.6% yield), melting point 96-98 °C. Purity was >98% by HPLC-UV.
'H NMR (400 MHz, CDCl3): & 7.98 (dt, J: = 8.5 Hz, J,=1.7 Hz, 2H), 7.38 (dt, J1= 8.5
Hz, Jo=1.7 Hz, 2H), 7.14 (s, 1H), 7.10 (s, 1H), 5.84 (d, J = 1.2 Hz, 1H), 5.36 (d, J =
1.2 Hz, 1H), 5.09 (s, 2H), 2.26 (s, 3H), 1.96 (s, 3H), 1.72 (s, 4H), 1.32 (s, 6H), 1.29 (s,
6H). 13C NMR (100 MHz, CDCls): § 171.28, 165.97, 152.27, 149.17, 146.47, 144.58,
142.51, 140.30, 137.98, 133.80, 132.80, 130.04, 128.21, 128.18, 127.92, 126.87,
117.31, 60.52, 54.24, 35.33, 35.31, 34.13, 34.02, 32.05, 32.00, 23.96, 21.16, 20.04,
14.32, 9.57. HR-MS (ESI*): m/z [M+ H]" calculated for C29H330s, 461.2323, found

461.2323.

RAE (retinoic acid ethyl ester). General synthetic scheme for esterification of RA
was used with ethanol as the reactant. Purification was performed by using
[(hexane:toluene, 50:50)]:ethyl acetate = 50:2 as the mobile phase. The final
compound was obtained as yellow gum (70.6% yield). Purity was >98% by HPLC-
UV.'™H NMR (400 MHz, CDCl3): § 7.09 — 6.96 (m, 1H), 6.35 — 6.24 (m, 2H), 6.21 —

6.12 (m, 2H), 5.82 —5.77 (m, 1H), 4.20 (g, J = 7.1 Hz, 2H), 2.12 — 1.97 (M, 3H), 2.06
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—1.99 (m, 3H), 1.76 — 1.70 (m, 3H), 1.71 — 1.59 (m, 2H), 1.55 — 1.43 (m, 2H), 1.32 (t,
J=7.1Hz, 3H), 1.05 (s, 6H). 13C NMR (100 MHz, CDCls): & 167.21, 152.70, 139.54,
137.70, 137.48, 137.28, 135.18, 132.13, 130.91, 130.35, 129.99, 129.50, 129.34,
128.63, 128.46, 118.60, 116.59, 59.64, 39.61, 34.27, 33.11, 28.96, 21.74, 19.23, 14.36,
13.83, 12.90. HR-MS (ESI*): m/z [M+ H]* calculated for C22H3302, 329.2475, found

329.2476.

RAC (retinoic acid (5-methyl-2-oxo0-1,3-dioxolen-4-yl)methyl ester). General
synthetic scheme for esterification of RA was used with (5-methyl-2-oxo-1,3-
dioxolen-4-yl)methyl alcohol as the reactant. Purification was performed by using
hexane:EA = 90:10 as the mobile phase. The final compound was obtained as yellow
gum (68.5% vyield). Purity was >98% by HPLC-UV.H NMR (400 MHz, CDCls): &
7.07 (dd, J1 = 11.4 Hz, J; = 15.0 Hz, 1H), 6.37 — 6.25 (m, 2H), 6.24 — 6.12 (m, 2H),
5.79 (s, 1H). 3C NMR (100 MHz, CDCls): § 207.07, 166.19, 154.99, 152.26, 140.41,
139.71, 137.65, 137.15, 134.58, 133.97, 133.27, 132.00, 130.23, 130.11, 129.31,
129.15, 129.03, 117.48, 116.63, 114.61, 52.97, 39.60, 39.53, 34.27, 33.12, 33.06,
30.93, 28.95, 21.74, 21.08, 19.20, 14.05, 12.95, 9.40. HR-MS (ESI*): m/z [M+ H]*

calculated for C25Hs330s5, 413.2323, found 413.2308.
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Appendix 2. Establishment of a “user-defined permeability

model”

In GastroPlus™, Pagp values of compounds with known Pest can be given as input to
establish a “user-defined permeability model”. An example of a “user-defined
permeability model” setup is shown in Appendix Figure 2-1. GastroPlus™ provides a
list of compounds that the software has known values of Pes (this Pest value is not
shown to the users). When the user inputs Pap values of these compounds,
GastroPlus™ performs internal correlation between the input Papp values and their Pes
values. The users are then informed of the regression results of the internal correlation.
The Papp value of the compound of interest can then be applied to this “user-defined

permeability model” to give an estimate of the Pest value.

Therefore establishing a “user-defined permeability model” represents calibrating the
permeability model in GastroPlus™. Most importantly, same permeability value can
result in different simulation results depending on how the “user-defined permeability
model” is determined. In this study, same Papp Values of application set compounds
have been applied to different “user-defined permeability models” established by Papp
values of training set compounds from different laboratories. This was to demonstrate
the consequences of directly comparing Papp values of a compound across different

laboratories.
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Permeability Converter I;li-

File

C:AUsers\Public\Simulations Plus, Inc\GastroPlus3.0\CaExp.upd

Regression Results

BLCS Compound Exp Perm -
AMILORIDE l n_uu Selected .
AMOICILLIN 00 Model R™2 SEP MAE AlC
ANTIFYRIME 11.32 " Linear | 0.71522 | 1.8095 | 1.3451 | 43424
ATEWOLOL 0.0
BENSERASIDE [IR1] i+ Log Linear | 08647 | 024318 | [0.20682 | -5 7038
CAREAMAZEFIME 0.0
CEPHALEXIN nao ™ Paower | 07258 | 1.??83| 1.32D?| 43016
CIMETIDINE 0.0
DESIPRAMINE 0.0
D-GLUCOSE 0a
EMALAPRIL 0.0
EMALAPRILAT 0a
FLUVASTATIN 0.0 Spearman's Rank Conelation Coef. for Uszer Data : 09591
FUROSEMIDE 0.25
HYDROCHLOROTHYAZIDE 0.37 Current Primary Permeability : 1
INOGATRAM [IR1]
KETOPROFEM 10.53 Human Peft E stimate with Selected Madel: 039703
LEVODOPRA 0.0
| ISINMPRI n ﬂj

: - Peff = 10" [-0.4012 + 1.08 * loglJ zerPerm) |
|

Appendix Figure 2-1. Establishment of a “user-defined permeability model” in
GastroPlus™. The “BCS Compound” refers to the list of reference compounds
provided by GastroPlusTM. The Papp values of these reference compounds are given
as input in the “Exp Perm” column. Following the internal correlation process
(initiated by clicking the “Solve” button), regression results are shown for the
correlation. The user can select the models between “Linear”, “Log Linear” or
“Power”, after analysing the parameters of each model. Following this process, the
user inputs the Papp value for the compound of interest in the “Current Primary
Permeability” box. After all these processes, the Peft value estimated by the “user-
defined permeability model” will be given in the “Human Peff Estimate with
Selected Model” box.
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Appendix 3. TG measurements in each test medium used

for further conversion studies of BET and BCY (mg/mL, n

=3)
AVG SD
Blank rat plasma 0.31 0.01
Rat plasma spiked with Intralipid® 0.33 0.02
Postprandial rat lymph 4.05 1.58
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